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Abstract
Heterozygous variants in SYNGAP1 and STXBP1 cause distinct neurodevelopmental disorders due to
haploinsufficiency of essential synaptic proteins. As gene targeted approaches to correct these disorders
often target non-conserved genomic regions, thus limiting their clinical translation, we generated
humanized mouse models wherein the entire Syngapl or Stxbpl loci were replaced with their human
counterparts. Stxbpl humanized mice exhibited impaired viability, while Stxbpl hybrid mice (Stxbpl””“)
were viable and suitable for evaluating target engagement of human-specific therapeutics. Syngapl
humanized mice were viable and successfully crossed with Syngapl heterozygous mice to produce a

Hh . Syngap1™ mice displayed haploinsufficient

Syngapl humanized-haploinsufficient model (Syngapl
levels of human SYNGAPL, disease-relevant behaviors, and EEG abnormalities including epileptiform
activity and generalized slowing. Importantly, parallel analysis in a cohort of patients with SYNGAP1-
disorder revealed similar electrophysiological signatures. Finally, we showed that human gene-targeted

antisense oligonucleotides modulate human SYNGAP1 expression in Syngap1™

neurons. Together, we
describe new models to support pre-clinical therapeutic development for SYNGAP1 and STXBP1
disorders and identify translational biomarkers of SYNGAP1-disorder in mice and humans to benchmark

therapeutic testing.
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Introduction

De novo, heterozygous mutations in Synaptic Ras GTPase Activating Protein 1 (SYNGAP1) and Syntaxin
Binding Protein 1 (STXBP1) cause distinct, rare neurodevelopmental disorders (NDDs) with an incidence
of ~1 in 10,000 and ~1 in 30,000 births, respectively [1, 2]. Mutations reduce levels of post-synaptic
SYNGAP1 and pre-synaptic STXBP1, each of which are required for proper synaptic function and
neuroplasticity [3, 4]. SYNGAP1 and STXBP1 epileptic encephalopathies are characterized by severe-to-
profound intellectual disability, epilepsy, motor dysfunction and autistic features [5-7]. There are no

treatments available to alter disease course or that address the genetic cause of these disorders.

Various Stxbpl heterozygous knockout mouse models (Stxbpl™) have been generated and validated to
study STXBP1-disorder in vivo [3, 8-10]. Like patients, Stxbpl™ mice have haploinsufficient levels of
STXBP1 and some phenotypic features associated with STXBP1 loss-of-function, including hyperactivity,
impaired cognition, anxiety-like behaviors and motor dysfunction. Mouse models also recapitulate
electroencephalographic (EEG) signatures observed in humans, including spike-wave discharges and
myoclonic seizures [3, 9]. Similarly, existing mouse models of SYNGAP1-disorder (Syngapl”' and knock-
in models harboring known pathogenic variants) show SYNGAP1 protein haploinsufficiency [11-13], are

hyperactive, have memory deficits [11, 14], and show altered EEG power spectra [15].

Several therapeutic modalities to rescue haploinsufficiency disorders are in development and include
antisense oligonucleotide (ASO) approaches [16-18], engineered translational activators [19, 20],
CRISPR activation and gene editing strategies. These candidate therapies target specific regions of the
human gene that are not fully conserved in rodents, precluding in vivo testing [8, 12]. This highlights the
need for generating animal disease models that incorporate the molecular features of the target human
gene to enable in vivo testing of human gene-targeted approaches, ultimately accelerating their transition

to the clinic.

Towards this goal, we generated and characterized Syngapl and Stxbpl humanized mouse models
wherein the entire Syngapl or Stxbpl murine loci were replaced with the orthologous human sequences.
This included the upstream and downstream regulatory regions, allowing broad utility for different gene-

targeted strategies. We next generated a Syngapl humanized-disease mouse model that was
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haploinsufficient. Our data show that Syngale“" mice exhibit key disease-related behaviors and distinct
EEG abnormalities. SYNGAP1-disorder patients that underwent EEG analyses revealed similar
signatures including spike-wave discharges and generalized slowing. We also demonstrate that human
SYNGAP1-targeted approaches can modulate SYNGAPL1 levels in cultured neurons, establishing a

platform for pre-clinical development of human-specific gene therapies.
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80 Materials and Methods

81  Generation of Syngapl and Stxbpl humanized mouse models

82 The Syngapl humanized mouse model is a non-conditional knock-in (KI) model generated by introducing
83 a ~37.5 kb of gDNA encoding the human SYNGAP1 and ZBTB9 genes in place of a ~34.7 kb of the
84 murine Syngapl and Zbtb9 genes (Figure 1A) via Bacterial Artificial Chromosome (BAC) targeting in
85 mouse Embryonic Stem (ES) cells. The entire Syngapl locus is humanized (including promoter, proximal
86  enhancers, 5’UTR, coding sequence, intronic regions and the entire 3'UTR), while the Zbth9 is only
87  humanized up to the STOP codon (Figure 1A, magenta box). This allows for the inclusion of the
88  SYNGAPL1 antisense transcript (SYNGAP1-AS) within the humanized region (Figure 1A, orange box), to
89  enable testing of therapeutic approaches targeting this element. The final KI human gDNA was flanked
90  with loxP sites. The BAC ID used for the Syngapl humanization is RP11-175A4. Syngapl humanization
91 may affect the expression of the Cuta gene (Figure 1A, brown boxes) as Syngapl and Cuta appear to
92 share a divergently transcribed promoter and approximately half of the region corresponding to this

93 promoter was humanized.

94  The Stxbpl humanized mouse model is a non-conditional KI model also generated by BAC targeting in
95 mouse ES cells. The BAC replaced the murine genomic region from approximately 5.4 kb upstream of
96 Stxbpl exon 1 through to near the end of exon 19 with the human genomic region from approximately 4.0
97 kb upstream of STXBP1 exon 1 (Transcript ENST00000373299) through to the end of the final exon of
98 human STXBP1 (Transcript ENST00000636962). This represents the introduction of ~89 kb of gDNA
99 encoding the human STXBP1 (including promoter, proximal enhancers, 5’UTR, coding sequence, intronic
100 regions and the entire 3'UTR) in place of ~66Kb of the murine Stxbpl. The final KI human gDNA was
101 flanked with loxP sites. The humanized region may express the miR-3911 (Figure 2A, red box) and
102 INcRNA ENST00000624141 (Figure 2A, yellow box), as well as the short 35 residue isoform of PTRH1
103 (Uniprot: AOA286YERO) (Figure 2A, orange boxes). The BAC ID used for the Stxbpl humanization is

104 RP11-42D4.

105  All mouse gene engineering steps were performed by Ozgene. The BAC constructs for Syngapl and

106 Stxbpl humanization were constructed by a third-party who performed quality control via restriction
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107 digestion and Pulse-Field Gel Electrophoresis. Inserted cassettes and additional modified parts of the
108 BACs were confirmed by PCR and sequencing. Ozgene also performed independent quality controls by
109 sequencing or qPCR of key regions such as loxP sites, neomycin and hygromycin cassettes, junctions,
110  and presence of SYNGAP1 and STXBP1 transgenes. The BACs were electroporated into C57BL/6 ES
111 cells and gPCR assays were carried out to confirm correct targeting as well as presence of the selection
112  cassettes and the corresponding inserts. Gene-targeted ES cell clones were injected into goGermline
113 blastocysts to produce goGermline chimeras followed by F1 heterozygous targeted mice (Hu/+) in which
114  the selection cassettes (neomycin and hygromycin) were removed by mating the chimeras to a ubiquitous

115 Flp line.

116  The resulting Syngapl and Stxbpl humanized mouse models are made available through JAX under

117 MMRRC_069939 and MMRRC_071410, respectively.
118  Generation of Syngap1 and Stxbpl humanized-disease mouse models

119 B6;129-Syngap1™""/J mice were obtained from The Jackson Laboratory (JAX #008890). To generate

tm1Rlh

120  the Syngapl humanized-disease mouse model, male mice B6;129-Syngapl 1J (Syngapl*") were

Hu/- Hu/+

121 bred with Syngap1"™"" females to generate Syngap1™ and wild-type Syngap1™" littermates.

122 86;129S-Stxbp1tm15“d/J mice were obtained from The Jackson Laboratory (JAX #006381), and male mice

123 B6;129S-Stxbp1™"YJ (Stxbp1™) were crossed with either Stxbp1™* or Stxbp1"™™ females to try to

Hu/- Hu/+

124  generate Stxbpl™ and wild-type Stxbpl™" littermates.

125  Genotyping for B6;129-Syngap1™R"/J and B6;129S-Stxbp1™"“/J mice was performed by Transnetyx

126  using real-time PCR or in-house using the primer-probe sets in Supplementary Table 1.
127  Animals

128  The Syngapl humanized mouse model was maintained on a pure C57BL/6J genetic background, while
129 86;129-Syngap1‘mlR'h/J mice were maintained on a mixed background of 129S1/SvimJ and C57BL/6J.
130 The Syngapl humanized-disease mouse model was on a mixed background of 129S1/SvimJ and
131 C57BL/6J. The Stxbpl humanized model was maintained on a mixed genetic background of C57BL/6J

132 outcrossed one generation to the BALB/c strain. B6;129S-Stxbp1™*"“/J mice were maintained in a pure


https://doi.org/10.1101/2024.08.22.609238
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.22.609238; this version posted November 8, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

133 C57BL/6J background. Stxbpl humanized-disease mice were on a mixed background of C57BL/6J and

134 BALB/c strain.

135 Both male and female mice were used in this study. Mice were maintained on a 12:12-h light:dark cycle
136  with ad libitum access to food and water and were weaned at 21 days. For Syngapl and Stxbpl
137 humanized mouse models, body weight measurements were obtained twice per week until animals
138 reached 12 weeks of age. For the Syngapl humanized-disease mouse model, body weights were

139 recorded weekly until mice reached 15 weeks of age. Survivability was assessed up to 36 weeks of age.

140 Both male and female mice were generated at the Children’s Hospital of Philadelphia (CHOP) for

Hu/- Hu/+

141 behavioral phenotyping. Genetic background of these mice (Syngapl™ and Syngapl ™) were confirmed

142 by miniMUGA testing of 1 mouse per litter and showed a genetic background of ~85% C57BL/6J.
143 Copy nhumber variation assay

144  Ear samples or tail snips from mice were collected in 1.5 mL tubes for genotyping. Genomic DNA (gDNA)
145  extraction was performed by adding 100 pL of DirectPCR Lysis Reagent (Viagen Biotech #402-E)
146  supplemented with proteinase K (Viagen Biotech #505-PKP) and incubating the samples at 56 °C
147  overnight. Proteinase K was then inactivated at 86 °C for 45 min and samples were centrifuged at 8,000 x
148 g for 1 min. The supernatant containing gDNA was directly used for gPCR-based genotyping or stored at

149 4 °C.

150  The copy number variation assay with gPCR was prepared by mixing the following reagents: 1 pL of
151 crude gDNA, 1X PrimeTime Gene Expression Master Mix (IDT #1055772), 1X primers/probe mix and
152 nuclease-free water to a final volume of 10 pL. Three technical replicates were performed for each
153 sample. qPCR was carried out on a QuantStudio 3 Real-Time PCR System (ThermoFisher) with a
154 passive reference of ROX using the following cycling conditions: 95 °C for 3 min for 1 cycle, 95 °C for 15 s
155 and 62 °C for 1 min for 40 cycles. ACt was calculated by subtracting the average Ct of the reference gene
156 from the average Ct of the gene of interest for each sample. AACt values were obtained by subtracting
157  the average ACt value of the control sample from the ACt of the test samples and then converted into

158 272 to obtain the fold change of gene expression. Mouse Tert was used as endogenous control. In all
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159 reactions, samples from WT animals (+/+) were included to determine a reference Ct value corresponding

160 to the presence of two copies of the mouse allele.

161 RNA isolation and RT-qPCR

162 Isolated brain tissue (~1/4 of a cortex for Stxbpl and Syngapl humanized mouse models or hemi-brain
163 for Syngapl humanized-disease mice) was mixed with 1 mL of TRIzol reagent (Invitrogen #15596018)
164 and a 5 mm stainless steel bead (Qiagen #69989) in an RNase-free microcentrifuge tube. Brain tissue
165 was then homogenized in a TissueLyser LT homogenizer (Qiagen #85600) for 5 min at 50 Hz. The
166  homogenate was centrifuge at 12,000 x g for 5 min at 4 °C and seated for an additional 5 min to
167  precipitate insoluble debris. The supernatant was transferred to a new tube, mixed with 200 pL of
168  chloroform (Acros Organics #190764), shaken vigorously and centrifuged at 12,000 x g for 15 min at 4
169  °C. Agqueous phase was transferred to a new tube containing 500 pL of ice-cold isopropanol (Sigma-
170  Aldrich #190764) followed by incubation for 10 min on ice and centrifugation at 12,000 x g for 10 min at 4
171 °C to precipitate RNA. Supernatant was discarded and 1 mL of ice-cold 75% ethanol (Decon laboratories
172 #2701) was added to wash the pellet followed by centrifugation at 7,500 x g for 5 min at 4 °C.
173 Supernatant was again discarded and RNA pellet was air-dried for 20 min. RNA was resuspended in 100
174 puL of RNase-free water and allowed to reconstitute for 10 min at 56 °C. To ensure RNA integrity for
175  downstream applications, the resuspended RNA was purified using the Quick RNA Miniprep kit (Zymo
176  #R1055) following manufacturer’s instructions. Purified RNA was resuspended in 50 pL of RNase-free
177  water. RNA concentration was determined by measuring OD,g NmM absorbance in a Synergy HTX reader

178 (Biotek).

179 cDNA synthesis was performed using the SuperScript IV First-Strand Synthesis System with ezDNase
180 Enzyme (ThermoScientific #18091300) using random hexamer primers according to manufacturer’s

181 instructions. The ezDNase treatment step was performed for all conditions.

182 Probe-based gPCR was prepared by mixing the following reagents: 1 uL of cDNA, 1X PrimeTime Gene
183 Expression Master Mix (IDT #1055772), 1X primers/probe mix and nuclease-free water to a final volume
184  of 10 pL. Three technical replicates were performed for each sample. gqPCR was carried out on a

185 QuantStudio 3 Real-Time PCR System (ThermoFisher) with a passive reference of ROX using the


https://doi.org/10.1101/2024.08.22.609238
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.22.609238; this version posted November 8, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

186  following cycling conditions: 95 °C for 3 min for 1 cycle, 95 °C for 5 s and 60 °C for 30 s for 40 cycles. ACt
187  was calculated by subtracting the average Ct of the reference gene from the average Ct of the gene of
188 interest for each sample. AACt values were obtained by subtracting the average ACt value of control

-AACt

189  samples from the ACt of the test samples and then converted into 2 to obtain the fold change of gene

190  expression.

191  AllgPCR primer-probe sets sequences can be found in Supplementary Table 1.

192 Protein isolation and Western blot

193 For characterization of the Syngapl and Stxbpl humanized mouse models, isolated cortices (~1/4 of
194  cortex per animal) were mixed with 500 pL of 1.5x Laemmli buffer [15% glycerol (Amresco #M152), 3%
195 SDS (Sigma #L5750), 3.75 mM EDTA (Bio-Rad #1610729) and 75 mM Tris, pH 7.5 (Invitrogen
196  #15567027)] in a 2 mL sample tube (Qiagen #990381), and a 5 mm stainless steel bead (Qiagen #69989)
197  was added. Tissue was then homogenized in a TissueLyser LT homogenizer (Qiagen #85600) for 5 min at
198 50 Hz followed by incubation at 95 °C during 10 min. Protein lysates were briefly spun down and the
199 supernatants were transferred to a new microcentrifuge tube. For characterization of the Syngapl
200 humanized-disease mouse model, hemi-brains were mixed with 750 pL of 1X RIPA buffer (Cell Signaling
201 Technology #9806S) supplemented with phosphatase (PhosSTOP, Roche #4906845001) and protease

202 (cOmplete, Roche #11836170001) inhibitor cocktails and homogenized as described above.

203 Protein extracts were quantified using the Pierce 660nm Protein Assay Kit (Thermo #22662)
204  supplemented with lonic Detergent Compatibility Reagent (Thermo #22663) or the Pierce BCA Protein
205  Assay Kit (Thermo #23225) in a 96-well plate, according to manufacturer's protocol. Samples were diluted
206 to the same final concentration, mixed with 1x Orange G dye (Sigma #03756) containing 10% B-
207  mercaptoethanol (Sigma #M3148) and incubated 10 min at 100 °C before loading. Precast 4-15% TGX
208 protein gels (Bio-Rad #4561086) were loaded with 10-20 ug of total protein lysate and run for 1h at 135V.
209 Proteins were transferred to 0.45 um nitrocellulose membrane (Bio-Rad #1704271) with a Trans-Blot
210  Turbo Transfer system (Bio-Rad) using the pre-determined high molecular weight transfer protocol (10
211 min, 2.5 A constant). Blocking of the membrane was performed using Intercept (TBS) Blocking Buffer (LI-

212 COR #927-60001) for at least 1h at room temperature. Incubation with primary antibodies (all diluted
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213 1:1000 in blocking buffer containing 0.1% Tween-20) was carried out overnight at 4 °C. Rabbit anti-
214  SYNGAP1 (Cell Signaling Technology #5539S), rabbit anti-STXBP1 (Muncl8-1, Cell Signaling
215 Technology #13414S), mouse anti-phospho-ERK1/2 (Cell Signaling Technology #9106), rabbit anti-
216 ERK1/2 (Cell Signaling Technology #9102) and mouse anti-ATP5F1 (Abcam #ab117991) were used.
217  Membrane was then rinsed with 1x Tris-buffered saline with 0.1% Tween (TBST) 4 times for 5 min.
218 Incubation with secondary antibodies (diluted 1:10,000 in blocking buffer containing 0.1% Tween-20) was
219 performed at room temperature for 1h. For STXBP1 and ERK blots, IRDye 680RD anti-rabbit (LI-COR
220  #926-68073) and IRDye 800CW anti-mouse (LI-COR #926-32212) were used. For SYNGAP1 blots,
221 IRDye 800CW anti-rabbit (LI-COR #926-32213) and IRDye 680RD anti-mouse (LI-COR #926-68072)
222  were used. Membrane was rinsed again with 1x TBST 4 times for 5 min and imaged on Odyssey Imager

223 (LI-COR) using a resolution of 169 pm.

224  Western blot quantifications were normalized to ATP5F1 according to LI-COR’s Housekeeping Protein

225 Normalization Protocol. A standard curve was included in each blot to ensure assay linearity.

226 Behavioral assessments

227  Animals were transported in their home cages to testing room(s), habituated for 1-2 hours, and all testing
228 apparatuses were thoroughly disinfected before testing and between animals. At 4-weeks and 30-weeks
229 of age, animals were weighed and underwent open field, elevated plus maze, and horizontal ladder
230  testing on nonconsecutive days. For open field testing, animals were individually placed in well-lit, 10.75 x
231 10.75 x 8 inch plexiglass chambers which were housed in a sound attenuating cubicles (Med Associates
232 Inc., ENV-51050-A). Animals were tracked for 30 minutes using Activity Monitor (Med Associates Inc,
233 Version 6.02) to assess; overall activity levels via total distance traveled, stereotypy (abnormal repetitive
234 behaviors) via number of stereotypic events, and anxiety-like behaviors via time spent in the center of the
235 testing chamber. As an additional test for anxiety-like and exploratory behaviors, elevated plus maze was
236 performed. Animals were individually placed in the center of the maze, continuously recorded for 10
237 minutes, and tracked using ANY-Maze (version 6.0). Center of mass was used to quantify the time in

238  open arms and number of open arm entries.

10
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239 Horizontal ladder testing was used to assess locomotor coordination and precision. A 64 cm long ladder
240  with rungs spaced 2 cm apart was elevated 17 cm above the testing table and a hollow black escape box
241 placed at one end. Animals were placed at the starting (open) end of the ladder and following a
242 successful pass were kept in the dark escape box for 1-2 minutes before starting the next pass. Following
243  a “training” pass to familiarize animals with the apparatus and escape box, 5 successful passes were
244 recorded. Passes were considered successful if the animal traversed the ladder without turning around or
245 pausing for >2 seconds. If unsuccessful, animals were replaced at the start. The same blinded observer

246  scored all videos and foot slips were counted if the animal’s paw broke the plane of the ladder rungs.

247  To assess spatial learning and memory, animals underwent Barnes maze testing consisting of 4 training
248 days and 1 test day, at 5-weeks and 31-weeks of age. The Barnes Maze table (San Diego Instruments;
249 36 inch diameter table; 20, 2 inch holes) was positioned in the center of well-lit room with black walls,
250  discrete visual cues (large white shapes) on each of the 4 walls, and a video camera positioned directly
251 above the table. Videos were recorded and analyzed using ANY-Maze (version 7.3). On training days all
252 holes were occluded except the “target hole” which was unblocked, allowing mice to enter a dark escape
253 box. The target hole remained in the same position for each animal during training days and was changed
254  every 4 animals to minimize the influence of any unknown cues or preferences. Training days consisted
255  of two non-consecutive trials during which animals were placed in the middle of the table and covered
256  with a cardboard box (15 cm x 15 cm) for 1 minute to habituate. The box was removed and the animal
257 recorded for 150 seconds. If the animal did not successfully enter the target hole after 150 seconds, it
258  was gently guided into the target hole and remained there for 60 seconds. On the test day, the target hole

259  was occluded, and animals were recorded for a single 150 second trial.
260 Rodent EEG acquisition and processing

261 For bilaterally recordings of the barrel cortices, auditory cortices, visual cortices, motor cortices, and CA1
262 of the hippocampi, recording electrodes were constructed and implanted as previously described [21]. 4
263 Syngale“’+ and 7 Syngapl”“" mice were implanted between 6-8 weeks old. 48 hours after implantation

264  animals were continuously recorded for up to 72 hours with an acquisition rate of 20,000Hz.
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265 EEG analyses were performed in MATLAB wusing a custom built analysis program

266 (https://github.com/DavidsonLabCHOP/Felix-Brown EEGcode 2025). Recordings were down sampled to

267 2,500Hz and segmented into 30-minute epochs. Recording quality was determined by evaluating root-
268  mean-square error and overall skewness. Epochs with a root-mean-square error of less than 30uV or
269  greater than 200uV or skewness greater than 0.4 were removed from further analyses. Spike-wave
270  discharges were defined as having amplitudes 2.5 times larger than baseline root-mean-square
271  amplitude, a frequency of 6-10 Hz, and lasting at least 1 second [3, 22, 23]. For quantification, spike wave

272 discharges were only counted if occurring in at least 4 leads at once.

273 For power spectra analysis, filtered recordings were divided into 5-second epochs and epochs containing
274  artifacts (defined as a root-mean-square error z-score >3) were removed. Fast Fourier transform was
275 performed, and power spectra was quantified of each major frequency band (delta 0-4 Hz, 4-8 theta Hz,
276 alpha 8-13 Hz, beta 13-25 Hz, and gamma 25-50 Hz), and power for each band across all epochs were
277 averaged. The area under the curve for each frequency band was calculated, and bilateral recordings
278  from the same regions were averaged for each animal. To calculate alpha-delta and alpha-theta ratios,
279 the mean total power for each major frequency band per animal was used. For spike detection, spikes
280 were defined as having a voltage deflection greater than 5 standard deviations above the mean

281 amplitude, occurring at least 200ms apart, and having a width of 50 - 200ms.

282 Participant EEG acquisition and analysis

283  We collected EEGs from retrospective routine exams recorded within the CHOP care network. SYNGAP1
284  patients were identified by an existing clinical diagnosis within their Electronic Health Record (EHR).
285 Putative control patients were first selected as those having only normal EEGs on record. We next
286 constructed a list of unique ICD9/10 codes, and a panel of three epileptologists created exclusionary
287  criteria for codes anticipated to affect cerebral function or influence EEG readings. Putative control
288 patients with at least one year of patient history post-EEG and no intersection with the exclusion codes
289  were retained as controls. Within both SYNGAP1 and control cohorts, any EEG recorded during an

290  emergency visit was omitted.
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291  We included all clinical EEGs meeting the above criteria; in the event of extended outpatient, inpatient
292 long-term monitoring (LTM), or long-term ambulatory home monitoring EEGs, recordings were truncated
293 to the first 4 hours. All EEGs were collected using the standard 10-20 system with the machine reference
294  placed between electrodes ‘Cz’ and ‘Fz’. For each recording, we applied a 60 Hz harmonic filter and 95
295 Hz infinite impulse response (lIR) filter for anti-aliasing. To normalize between acquisition technologies, all
296 EEG recordings were down sampled to 200 Hz. Artifact removal (e.g. blinks, cardiac noise) was
297  performed through an automated independent component analysis (ICA) pipeline via MNE-ICALabel [24,
298 25]. We then applied a 2nd order bandpass filter from 0.5-70 Hz and a Laplacian montage. Through
299 manual review we constructed an annotation handling ruleset to avoid events conflicting with resting state
300 (e.g. sleep, seizures). After this preprocessing, we screened recordings for uninterrupted four-second

301  epochs, rejecting any recordings with less than 15 qualifying epochs.

302 To calculate bandpowers, we applied Welch’s method, at 1 Hz intervals, for each EEG electrode across
303 all epochs, reporting the median power for each electrode at each frequency. Relative power was derived
304 in powerbands described as delta (1-4Hz), theta (4-8Hz), alpha (8-13Hz), and beta (13-30Hz). For
305 reporting powerbands globally and regionally, the median relative power was found between all
306 associated electrodes (where frontal: (‘Fpl’, ‘Fp2’, ‘F3’, ‘F4’, ‘Fz’), temporal: (T3, ‘T4, ‘TS, ‘T6’, ‘F7’,

307 ‘F8’,), occipital: (‘O1’, 'O2’), parietal: (‘P3’, ‘P4’, ‘Pz’), and central: (‘\C3’, ‘C4’, ‘Cz’)).

308 Using EEG reports archived in the EHR for SYNGAPL1 recordings, we extracted clinician annotations
309 regarding the occurrence of spike-wave discharges. These were ordinally characterized as ‘None’,

310  ‘Occasional’, or ‘Frequent’.

311 For comparison of power spectra and calculations of alpha-delta and alpha-theta ratios, area under the
312 curve for each major frequency band (Delta 1-3Hz, Theta 4-7Hz, Alpha 8-12Hz, Beta 13-29Hz, and
313 Gamma 20-70Hz) were calculated per brain region. Leads were grouped into the following brain regions:
314  temporal (leads T3, T4, T5, T6, F7, and F8), parietal (leads Pz, P3, and P4), central (leads Cz, C3, and

315 C4), frontal (leads Fp1, Fp2, Fz, F3, and F4), and occipital (leads O1 and O2).

316  Primary cortical neuron isolations and ASO treatments
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317 Primary cortical neurons were isolated at embryonic day 16-18 from pregnant Syngale”’Hu females
318 crossed with Syngapl"” males. Cortical tissue was isolated from individual embryos in 1x HBSS (Gibco
319  #14170-112) supplemented with 1% Penicillin/Streptomycin (Gibco #15140122), 1% HEPES (Gibco
320  #15630080) and 1% Sodium Pyruvate (Gibco #11360070) and cut into small pieces (~2 mm). Cortices
321  were stored on ice and pooled based on genotyping. In brief, DNA from embryos was extracted using the
322 Kapa Mouse genotyping kit (Roche #41106300) and diluted 1:100 for gPCR using SYBR Green (Bio-RAD
323 #1725271) with recommended primers from Jax (strain #008890) to detect the presence of the WT or null
324  Syngapl allele. Cortices were digested via incubation in 20 U/mL Papain plus DNase (Worthington
325 Biochemical Corporation, #LK003178 and #LKO003172) for 15-20 minutes at 37°C in 1X HBSS with
326  supplements. Digestion was halted by the addition of 10% Heat inactivated-FBS (Corning #MT35-010-
327 CV) and washed once in Neurobasal media (Gibco #21103049) and then Neurobasal supplemented with
328 1% B27 Plus (Gibco #A3582801), 1% GlutaMax (Gibco #35050061), and 1% Penicillin/Streptomycin.
329 Cortices were manually dissociated into single cells by trituration with a 5 ml Serological pipette 3-4 times
330 followed by 25-30 times with a p1000 pipette tip in 2-3 mL of supplemented Neurobasal media. Live cells
331  were counted with trypan blue on a hematocytometer. Cells (200,000) were seeded in 24-well plates
332 (Corning #353226). Plates were coated with 50 pg/mL of poly-D-lysine (Sigma-Aldrich #P1149) in 0.1 M
333 Borate Buffer, pH 8.5 in a sterile environment over night at room temperature. The next day, plates were
334 washed at least 3 times in sterile H,O and incubated in a humidified environment at 37°C in 5% CO2 in
335 supplemented Neurobasal media with 5 pg/mL of laminin (Gibco #23017015). After seeding, cells were
336 incubated in a humidified environment at 37°C in 5% CO,, and the following day media was changed.
337  Subsequently, 50% media changes were performed once per week until day in vitro (DIV) 10, and twice a

338 week thereafter.

Hu/-

339  ASO treatments were performed via gymnotic delivery of the ASO in DIV5-7 Syngapl™ primary neurons

340  for 7 days. ASOs were purchased from IDT and sequences can be found in Supplementary Table 2.
341 Statistical analyses

342 Measurements were taken from distinct samples. The number of samples is stated explicitly in the figure

343  and represented as individual data points for bar graphs. Kaplan—Meier survival curves were used to
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344 represent the survivability of the different model mice and the Mantel-Cox (Log-rank) test was used to
345 statistically compare the overall survival between groups. Statistical significance was defined as p < 0.05.
346 Data plots and statistical analyses were performed in GraphPad Prism 10.1 software. Linear mixed model
347  was performed in R (Version 2024.12.1+563). Individual statistical tests applied to each data set are given
348  in the respective figure legends. Data are represented as mean values + standard error of the mean

349  (SEM).

350  Study approval

351 Mouse breeding and procedures were performed at the University of Pennsylvania Perelman School of
352 Medicine animal facility or at CHOP in accordance with the standards set forth by the University of
353 Pennsylvania Institutional Animal Care and Use Committee or CHOP’s Institutional Animal Care and Use
354  Committee and the Guide for the Care and Use of Laboratory Animals published by the US National

355 Institutes of Health under protocol #807524 and #1358.

356  All human EEG recordings were obtained for clinical indications at CHOP and analyzed retrospectively.
357  The CHORP Institutional Review Board (IRB) has waived the requirement for consent under IRB protocol

358  20-017641.

359 Data availability

360  All the data that support the findings of this study are provided in the article and its supplementary

361 information files.

362
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363 Results
364  Generation of a knock-in Syngapl humanized mouse model

365 The Syngapl humanized mouse is a non-conditional KI model in which the mouse Syngapl locus was
366 replaced with the human SYNGAP1l gene (Figure 1A). We generated hybrid (Syngapl““”'), fully

Hu’H“) and wild-type littermate (Syngapl”") animals for which we confirmed the

367 humanized (Syngapl
368 presence of 1, 2 and 0 copies of the human SYNGAP1 transgene in the targeted mouse locus using a
369 CNV gPCR assay (Figure 1B). Grossly, hybrid and humanized Syngapl mice were indistinguishable from

370 pure wild-type littermates.

371 A 36-week-long survivability study of male and female mice with hybrid, fully humanized and wild-type
372  genotypes demonstrated no change in body weights, growth rates, or viability, indicating that both mono-

373  and bi-allelic humanization of the Syngapl locus are well tolerated (Figure 1C). Genotypic ratios

Hu/+ Hu/+

374  calculated from the offspring of Syngapl hybrid matings (Syngapl™" x Syngapl™ "), which should result
375 in 50% of Syngap1™*, 25% of Syngap1™™ and 25% of Syngap1”* mice, indicated normal Mendelian

376  inheritance (Figure 1D).

377  The Syngapl humanized mouse model was characterized at the RNA and protein level with cerebral

Hu/Hu

378 cortex samples. As expected, Syngapl mice expressed only human SYNGAP1 transcript, while

Hu/Hu

379 Syngapl””’+ showed a ~50% reduction in human SYNGAP1 mRNA levels relative to Syngapl (Figure
380 1E, middle panel). Human SYNGAP1 expression inversely correlated with mouse Syngapl expression,
381 confirming successful humanization of the locus (Figure 1E, left panel). Using a cross-reactive gPCR
382 assay to detect both mouse and human SYNGAPL1 transcripts, there was a 1.4x increase in total
383  SYNGAP1 mRNA in both Syngap1™" and Syngap1"™" mice (Figure 1E, right panel), indicating that
384  SYNGAPL1 is efficiently transcribed following humanization of its genomic locus. Western blotting using a
385 SYNGAPL1 antibody raised against a fully conserved region of the protein surrounding Arg1070 (mouse
386 and human SYNGAP1 are 99% conserved at the amino acid level) revealed that Syngapl””’Hu had ~35%
387 increased total SYNGAPL protein levels relative to wild-type littermates, with a subtler potential increase

388  with mono-allelic humanization (Figure 1F). These data point towards modestly enhanced transcription of

389  the human SYNGAPL1 gene and/or increased stability of the human SYNGAP1 mRNA in humanized mice.
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390  Generation of a knock-in Stxbp1 humanized mouse model

391 Similarly, the Stxbpl humanized mouse model was generated by replacing the mouse Stxbpl locus with
392 the human STXBP1 gene (Figure 2A). We confirmed the presence of the expected copies of human
393 STXBP1 transgene in Stxble“’+ (1 copy), Stxbpl”“’Hu (2 copies) and Stxbpl"’+ mice (0 copies) (Figure
394  2B). In terms of physical appearance, Stxbpl model mice occasionally presented abnormal tail

395 morphologies (i.e. kinked tails).

396  Bi-allelic humanization of the Stxbpl gene significantly reduced viability. Male Stxbp1™*™

presented an
397  abrupt ~90% mortality rate around 9 weeks of age, while Stxbp1™™ females showed a milder, more
398  stepwise mortality phenotype with a ~30% mortality at 36 weeks (Figure 2C). However, these

Hu/+

399  observations were not recapitulated in either male or female Stxbpl™ " mice, suggesting that mono-allelic

400  but not bi-allelic humanization is well tolerated (Figure 2C). Male Stxbp1™™

mice body weights were not
401 significantly different from hybrid or wild-type littermates, discarding growth impairments as a potential
402 cause of death (Figure 2D). When evaluating the genotypic distribution from the offspring of Stxbpl
403 hybrid matings (Stxble”’+ X Stxbpl”””), we observed a significant underrepresentation in the number of
404  weaned Stxbpl”“’Hu mice (~15% of the offspring) relative to the expected 25% Mendelian ratio, indicating

Hu/Hu

405 ~40% embryonic lethality in Stxbpl mice (Figure 2E).

406 In molecular characterizations from cerebral cortex tissues, Stxbpl”“'Hu

mice presented only human
407 STXBP1 mRNA, confirming successful humanization (Figure 2F, left and middle panels). Cross-reactive
408 gPCR did not detect significant differences in total STXBP1 mRNA levels across the different genotypes
409 (Figure 2F, right panel). When assessing STXBP1 protein abundance (100% conservation of STXBP1
410 amino acid sequence between mouse and human), there was a ~40% reduction in STXBP1 protein levels
411  in Stxbpl™™ mice relative to wild-type and Stxbpl"™* littermates (Figure 2G). The STXBP1

412  downregulation observed in Stxbp1"""

is not readily explained by a transcriptional mechanism, since
413 total STXBP1 mRNA levels were unaffected. Post-transcriptional dysregulation of the human STXBP1
414 MRNA in the mouse context may contribute to reduced expression, as could the insertion of additional

415 human genomic elements not naturally present in the mouse genome, such as miR-3911 and a IncRNA

416  encoded in the reverse strand (see Figure 2A). Such dysregulation would be expected to produce an
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Hu/+

417 intermediate reduction in protein expression in Stxbpl mice, which was not observed, raising the

418 possibility that reduced STXBP1 expression may be a secondary consequence of an unanticipated,

419 pathogenic phenotype resulting from bi-allelic humanization of this locus.

Hu/Hu

420  Given that the original Stxbpl animals on a pure C57BL/6J genetic background were not viable until

421 they underwent a one-generation outcross with the BALB/c strain, we investigated whether further

Hu/Hu

422  outcrossing to BALB/c could improve Stxbpl viability. After outcrossing to BALB/c for two additional

Hu/+

423  generations, Stxbpl™" mice with a 3x outcrossed background were subsequently bred together to obtain
424 fully humanized animals, but this unexpectedly increased embryonic lethality (Supplementary Figure 1).
425 Finally, we attempted the generation of an Stxbpl humanized-disease mouse model by crossing our
426  Stxbp1™" or Stxbp1™™ mice (in 1x and 3x backgrounds) with Stxbpl heterozygous knockout mice
427 (Stxbpl*", B6;129S-Stxbpltm1Sud/J) [8]. Unfortunately, these matings did not produce offspring with

428  Stxbp1™ genotypes, precluding the generation of an Stxbp1 humanized haploinsufficiency model.
429  Syngapl humanized-haploinsufficient mice

430  To generate a Syngapl-disease mouse model that would recapitulate disease-linked phenotypes and

Hu/Hu

431 allow for testing of human gene-targeted therapies, we crossed the Syngapl mice with Syngapl-

432 heterozygous mice generated by Kim et. al. (Syngap1"", B6;129-Syngap1™""/J) in which exons 7 and 8
433 of Syngapl are deleted, resulting in the introduction of a premature termination codon [12] (Figure 3A).

434  These matings produced equal ratios (~50% each) of Syngapl humanized-haploinsufficient mice

Hu/+

435 (Syngapl”“") and hybrid control littermates (Syngapl ™) (Figure 3A), indicating no embryonic lethality.

Hu/- Hu/+

436 Body weights up to 15 weeks of age showed that Syngapl™ and Syngapl ™ females were similar in

Hu/-

437 growth rate and size, while Syngapl™ males were modestly smaller than Syngapl”““ starting at 12

438  weeks of age (Figure 3B).

439 Cross-reactive RT-gPCR of brain RNA extracts from Syngale“" revealed a ~30% reduction in total
440 (mouse and human) SYNGAP1 mRNA relative to hybrid controls (Syngapl””“) (Figure 3C, left),
441 suggesting that mutant Syngapl mRNA is subject to nonsense-mediated decay (NMD) due to the

442 presence of a premature termination codon [for review on NMD, see ref. [26]]. As a control, there was
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443 also reduced Syngapl mRNA levels (~20%) in Syngapl”' mice relative to wild-types (Figure 3C, right),

444  which is in agreement with previous gPCR-based RNA characterizations of this mouse model [11].

445  Western blotting showed a ~50% reduction in total SYNGAP1 protein levels in Syngapl””" hemi-brain
446  tissue, similar to the decrease seen in Syngapl"” mice compared to WT controls (Figure 3D). The
447 absence of full SYNGAP1 protein and/or truncated protein species produced by the null allele indicates
448  that the mutant transcripts are either translationally inactive or generate a truncated protein that is readily
449  degraded. Given SYNGAP1's role as a negative regulator of the Ras-Raf-MEK-ERK signaling pathway
450  [13, 27], ERK signaling was examined by assessing basal levels of phosphorylated ERK (p-ERK) relative

451  to total ERK. Syngap1™" mice displayed a non-significant trend toward increased p-ERK over total ERK

Hu/+ /¥

452 relative to Syngapl (Figure 3E), consistent with observations in Syngapl”' vs. Syngapl™ mice

453 (Figure 3E). These data demonstrate the successful generation of a Syngapl mouse model that

454  expresses haploinsufficient levels of human SYNGAPL.
455  Syngapl humanized-haploinsufficient mice exhibit age-dependent behavioral phenotypes

456  To characterize behavioral phenotypes at multiple ages, juvenile (4 to 5 weeks old) and adult (30 to 31

Hu/+ Hu/-

457  weeks old) male and female Syngapl ™ and Syngapl " underwent a series of locomotor and cognitive

458  tests. 30-minute open field assays showed an increase in total distance traveled (Figure 4A) and in

Hu/-

459 stereotypic behaviors (Figure 4C) [28] in juvenile Syngapl™ mice, indicating hyperactivity and cognitive
460  dysfunction in line with prior behavioral characterizations of non-humanized Syngapl haploinsufficient
461 mouse models [11, 29]. However, these differences were not preserved in 30-week-old Syngap1™ mice
462 (Figure 4B&D). Neither 4- nor 30-week mice exhibited differences in anxiety-like behaviors in the open
463 field test, as determined by time spent in the center of the arena (Figure 4E&F). As other mouse models
464  of SYNGAPL1 haploinsufficiency display reduction in anxiety-like behaviors [29-31], elevated plus maze

Hu* and Syngap1™”, irrespective

465 test was also assessed. We observed no differences between Syngapl
466 of age, in either the number of open arm entries or time spent in open arms of the maze (Figure 4G&H),
467 confirming a lack of an anxiety phenotype in the humanized-haploinsufficient mice. Next, we evaluated
468 locomotor coordination and precision using a horizontal ladder test. While no differences were seen in

Hu/-

469  juvenile mice, 30-week-old Syngapl mice exhibited significantly more foot slips compared to
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470 Syngale”’+ mice (Figure 4l). Similarly, Muhia et. al. [32] and Nakajima et. al. [31] found deficits in
471 locomotor adaptation in 12- and 53-week-old mice via accelerating rotarod. Therefore, locomotor
472 phenotypes likely represent an age-dependent phenotype and may arise from aberrant plasticity during a
473 period of heightened locomotor plasticity from P30-60 [33]. Finally, we performed the Barnes maze test to

474  assess rodent spatial learning and memory. During the learning phase of the Barnes Maze (first four

Hu/+ Hu/-

475  days), no differences were seen between Syngapl ™ and Syngapl™ at either age when time to enter
476  the target hole was measured (Figure 4J). However, on the fifth day (test day), both juvenile and adult
477 Syngapl””" mice took significantly longer to contact the target hole, indicating impaired spatial memory
478 and/or diminished memory recall (Figure 4K). These findings show that Syngapl humanized-
479 haploinsufficient mice recapitulate several behavioral phenotypes associated with SYNGAP1-disorder,

480  some of which are age dependent.
481  Syngapl humanized-haploinsufficient mice display electrophysiological abnormalities.

482 To determine if humanized-haploinsufficient mice exhibit electrophysiological abnormalities, intracranial

Hu/+ Hu/-

483 EEG recordings were obtained from 4 Syngapl ™ and 7 Syngapl ™ mice aged 6 to 9 weeks. Electrodes
484  were implanted into the auditory cortices, barrel cortices, motor cortices, visual cortices, and CA1 of
485 hippocampi bilaterally. Forty-eight hours post-implantation EEGs were recorded continuously for up to 72
486 hours (Figure 5A). To evaluate epileptiform signatures of network excitability, we quantified the number of
487  spike-wave discharges (SWDs) per 12-hour period occurring in at least 4 leads simultaneously. SWDs
488  were detected in all Syngale“" mice during both daytime and nighttime but were completely absent in
489 control animals (Figure 5B). Power spectral densities in Syngale“” mice showed an increase in low-
490 frequency activity as indicated by elevated delta power in all brain regions during both nighttime (Figure
491 5C&D) and daytime (Supplementary Figure 2A&B). This robust and widespread generalized slowing
492 likely reflects cerebral dysfunction associated with SYNGAP1-disorder [34—36]. For each brain region, the
493 mean power of major frequency bands was used to calculate alpha-delta (Figure 5E) and alpha-theta

Hu/-

494  ratios (Figure 5F). Syngapl™ mice exhibited a significant reduction in alpha-delta ratio in the motor
495  cortex during both daytime and nighttime. In the hippocampus, alpha-theta ratios showed a trend toward

496  reduction at both times. Differences in normalized band power between genotypes were only observed in
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497  the auditory cortex during the daytime (Supplementary Figure 2C-G), while spike frequency differed only
498 in the hippocampus at nighttime (Supplementary Figure 2H&I). Overall, these findings demonstrate that
499 Syngapl””" mice display distinct EEG features that correspond with epileptiform activity and generalized

500 background slowing.

501 EEG analysis of individuals with SYNGAP1-disorder reveal spike-wave discharges and low-

502 frequency shifts

503  To evaluate whether individuals with SYNGAP1-disorder show electrophysiological signatures that

Hu/-

504  parallel our findings in Syngapl™ mice, we analyzed surface EEGs from control and SYNGAP1-disorder
505 participants (Figure 6A). The presence and frequency of SWDs were quantified from SmartForms for 19
506  participants (52 EEGs total). SWDs were present in 63% of participants and 40.4% of EEGs (Figure 6B).
507  For power spectral densities comparisons, age-matched groups - control (84 EEGs, n = 84) and
508 SYNGAP1-disorder (21 EEGs, n = 21) — were analyzed and compared (Supplementary Figure 3). We
509 observed regional increases in low-frequency power in parietal and central leads (Figure 6C&D).
510 SYNGAPL1 participants also showed decreased alpha-delta ratios in parietal and occipital leads (Figure
511 6E) and, as predicted by Galer et. al. [37], a brain-wide reduction in alpha-theta ratios (Figure 6F). To
512 assess age differences, participant data were stratified into younger (10 years of age) and older (> 10
513  years of age) groups (Supplementary Figures 4A&B and 5A&B, respectively). The low-frequency shift
514  was also seen in parietal and central leads in younger SYNGAPL1 participants (Supplementary Figure
515  4C-D) and extended to frontal and temporal leads in older participants (Supplementary Figure 5C-D).
516 Similar decreases in alpha-delta and alpha-theta ratios were present in both age groups (Supplementary
517 Figures 4E&F and 5E&F). Overall, these human EEG signatures are parallelled by those seen in the

518 Syngapl humanized-haploinsufficient model and provide translational biomarkers to assess therapeutic

519 efficacy and predict the potential clinical effect of human gene-targeted therapies.
520 Human SYNGAP1-targeted ASOs modulate SYNGAP1 expression in Syngap1™ neurons

521 Our final goal was to determine whether human SYNGAP1 expression could be modulated in the
522 Syngapl humanized-haploinsufficient mouse model using a human-specific SYNGAP1 therapy. We and

523 others had previously identified an alternative 3’ splice site (Alt. 3'ss) event in SYNGAPL1 exon 10-11 that
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524 promotes NMD and restricts SYNGAP1 expression (Figure 7A) [16, 17]. This Alt. 3'ss event is dependent
525 on the binding of polypyrimidine tract binding proteins (PTBPs) to SYNGAP1 pre-mRNA, opening the
526 opportunity for a therapeutic splice switching strategy using steric-blocking ASOs to specifically disrupt
527  PTBP binding and upregulate SYNGAP1 (Figure 7A). Our previous study identified two main ASO
528  candidates named ET-019 and ET-085 targeting PTBP binding sites located upstream (Site-1) and
529  downstream (Site-2) from the Alt. 3'ss, respectively, that redirected splicing and increased SYNGAP1
530 mRNA abundance in SYNGAP1 patient-derived iPSC-neurons [17]. Here we tested these human-specific

Hu/-

531 compounds in Syngapl™ derived primary neurons to examine their ability to upregulate human
532 SYNGAP1. Gymnotic delivery of ET-019 and ET-085 in Syngapl”“" -derived primary neurons was well
533 tolerated and significantly increased SYNGAP1 mRNA abundance (1.7- and 1.5-fold, respectively)
534 relative to mock-treated cells or a negative control ASO (ET-SC2) with the same length and chemistry
535 (Figure 7B). In follow-up ASO testing, we found that ET-019 upregulated human SYNGAPL1 in a dose-
536  dependent fashion, reaching a ~2.9-fold increase at 20 pM concentration (Figure 7C), indicating effective
537 human target engagement and improved human SYNGAPL1 expression in a haploinsufficient mouse
538 model. In parallel, we also investigated whether SYNGAP1 expression could be downregulated using a
539 gapmer ASO (Gap-SYN) specifically designed to trigger RNase H1l-mediated degradation of human
540 SYNGAP1 mRNA. Syngale“" primary neurons treated with Gap-SYN showed a strong reduction (~70%)
541 in SYNGAP1 mRNA levels, confirming successful knockdown of the target (Figure 7B). Together, our

542 data indicates that SYNGAP1l expression can be modulated bidirectionally in the humanized

543 haploinsufficiency context using human gene-targeted ASOs.
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544 Discussion

545 Here we generated humanized Syngapl and Stxbpl mouse models to enable human gene-targeted
546  therapeutic development for SYNGAP1 and STXBP1 disorders. We further demonstrate construct validity

547  for a Syngapl humanized-disease model (Syngapl”“”)

, Which recapitulates haploinsufficiency,
548 hyperactivity, cognitive, motor, and electrophysiological abnormalities observed in patients with

549 SYNGAP1-disorder.

550  Stxbp1™" mice were non-viable until outcrossed one generation to BALB/c. While the genetic cause for

Hu/Hu

551  the impaired viability of Stxbpl mice is unclear, further outcrossing to BALB/c did not ameliorate

552  embryonic lethality, and precluded the generation of Stxbpl humanized-disease mice (Stxbp1™").
553 However, hybrid Stxbp1™* mice were viable and expressed normal levels of STXBP1, providing a useful

554 model to assess human target engagement and mechanistic interrogations of clinical drug candidates.

555  Our Syngapl humanization also included the human SYNGAP1 antisense transcript (SYNGAP1-AS),
556  which may modulate SYNGAP1 expression and as such presents a potential therapeutic target available

Hu/-

557 only in this line. While all Syngapl™ animals have consistent SYNGAP1 loss-of-function, a weak inverse
558 correlation between SYNGAP1 and active ERK levels, as indicated by ERK phosphorylation, was
559 observed. Alternative cellular phenotypes such as AMPA receptor trafficking or dendritic spine morphology

560 [38] may represent more sensitive measures to detect downstream rescue of human SYNGAP1

561 haploinsufficiency.

562  Consistent with other Syngapl*” mouse lines, Syngap1™"

mice displayed disease-related behaviors
563 including hyperactivity, increased repetitive behaviors, and memory deficits [12]. However, in aged mice,
564  activity levels normalized and deficits in locomotor coordination and adaptation developed (Figure 4),
565 suggesting impaired motor commands and/or altered sensorimotor feedback during ongoing movement.
566 Diverging from other Syngapl”' mouse models, Syngapl”“" mice showed no differences in anxiety-like
567 behaviors [14, 15, 31]. The lack of anxiety-related behaviors in multiple tests may reflect differences in

568 human SYNGAP1 transcript stability or translation efficiency compared to mouse transcripts, leading to a

569 slight increase in protein production beyond that of endogenous mouse Syngapl alleles (Figure 1).
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570  Additionally, we cannot rule out the potential effect of genetic background as it has impacted behavioral

571 phenotypes in other neurodevelopmental disease models [3, 39].

572 EEG analyses in Syngapl”“” mice and in individuals with SYNGAP1-disorder reinforce the face validity of
573 this new mouse model by revealing convergent electrophysiological phenotypes. Spike-wave discharges -
574 indicative of absence seizures [23, 40] — occurred in Syngale“” mice and were present in 12 of 19
575  SYNGAP1 participants or 40.4% of annotated EEGs. While Syngap1™" mice displayed an elevated
576  absolute power spectral density, SYNGAPL1 patients exhibited increased power confined to low frequency
577  bands (i.e. delta and theta). Generalized slowing of EEG rhythm was brain-wide in mice but restricted to
578  parietal and central leads in participants. However, generalized slowing was further confirmed in
579 participants by regional reductions in alpha-delta ratios and a broad decrease in alpha-theta ratios
580 (Figure 5). These low-frequency EEG shifts are not unique to SYNGAP1-disorder as similar patterns are
581 reported in multiple encephalopathies [41, 42], and in other CNS disorders including temporal lobe
582 epilepsy [43], ischemic stroke [44], chronic pain, Parkinson’s disease [45], and Angelman syndrome [46].
583 In Angelman syndrome, elevated delta power predicts lower performance on the Bayley Scale of Infant
584  and Toddler Development and correlates with reduced cognitive, motor, and language performance.
585  Whether similar relationships are seen in SYNGAP1-disorder will be determined by the ongoing ProMMiS
586 natural-history study (NCT06555965). Given the presence of disease-relevant behaviors and EEG
587  slowing found here in Syngale“" mice, we anticipate the ProMMiS study will reveal similar associations

588  between EEG slowing and functional outcomes [47].

589 EEG signals predominately reflect synchronized synaptic currents [48, 49] with low-frequency rhythms
560 arising from thalamic and cortical generators [50-53]. Accordingly, the low-frequency shift observed here
591 may reflect weakened thalamocortical input and/or altered inhibitory interneuron function. Generalized
592 slowing is linked to thalamocortical deafferentation in numerous conditions [45, 54, 55], and consistent
593  with this, Syngapl”' mice show weakened thalamocortical inputs onto layer-5 pyramidal neurons in the
594  primary sensory cortex [56]. This suggests that thalamocortical deafferentation likely contributes to the
595 low-frequency shift in SYNGAP1-disorder. Additionally, impaired maturation and altered synaptic drive of

596  parvalbumin (PV) interneuron in Syngapl*” mice [57] may further bias these networks to slower rhythms,
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597 as PV mediated inhibition typically suppresses low frequencies and supports faster oscillations [58, 59].
568  These mechanisms are not mutually exclusive as perineuronal nets modulate thalamocortical inputs to
599 cortical PV neurons [60], and together likely contribute to the low-frequency shifts seen here in both mice

600 and participants.

601 Finally, we show that two human-specific ASOs [17] can effectively modulate human SYNGAP1

Hu/-

602  expression in Syngapl™" primary neurons (Figure 7B&C). As these splice-switching oligos act through
603 PTBP disruption [17], our data suggest that mouse PTBP proteins can also recognize and regulate the
604  Alt. 3'ss of human SYNGAP1. Ultimately, the Syngap1™"mouse model generated here will enable in vivo
605  testing of human gene-targeted therapies, and the conserved electrophysiological signatures among

606 SYNGAPL1 patients and mice provide translational biomarkers to accelerate the arrival of these therapies

607 to the clinic.

608
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789 Figure legends

790 Figure 1. Generation of the Syngapl humanized mouse model. (A) Cartoon depicting the Syngapl
791 locus after humanization. FRT and F3 are two heterotypic recognition sequences used for FLP-mediated
792 neomycin and hygromycin cassette removal. The human SYNGAPL1 transgene is flanked with loxP sites.
793 5’ regulatory region indicates promoter and proximal enhancers. (B) gPCR from gDNA of wild-type (+/+),
794  hybrid (Hu/+) and fully humanized (Hu/Hu) Syngapl mice. Tert was used as endogenous control. (C)
795 Body weights of Syngapl model mice. (D) Genotypic ratios from the offspring of Syngapi™* x
796  Syngapl™" breedings. Created with BioRender. (E) RT-qPCR from cerebral cortex tissue of 9-week-old
797  Syngapl model mice. Atp5f1 mRNA was used as endogenous control. (F) SYNGAP1 western blot from
798  samples in (E). ATP5F1 was used as endogenous control. (B, C, E and F) Data are represented as mean
799  values + SEM. Data points represent independent biological replicates. (E and F) White and gray data
800 points indicate females and males, respectively. (B, E and F) One-way ANOVA with Dunnett’'s multiple
801 comparison test vs. wild-type (+/+). (C) 2-way ANOVA with Dunnett's multiple comparison test vs. wild-

802 type (+/+) (D) Chi-square test (df = 2, n =45, p = 0.9048). SYNGAP1-AS, SYNGAP1 antisense transcript.

803 FC, fold change. ns, non-statistically significant.

804 Figure 2. Generation of the Stxbpl humanized mouse model. (A) Cartoon depicting the Stxbpl locus
805 after humanization. FRT and F3 are two heterotypic recognition sequences used for FLP-mediated
806 neomycin and hygromycin cassette removal. The human STXBP1 transgene is flanked with loxP sites. 5’
807 regulatory region indicates promoter and proximal enhancers. (B) gPCR from gDNA of wild-type (+/+),
808 hybrid (Hu/+) and fully humanized (Hu/Hu) Stxbpl model mice. Tert was used as endogenous control. (C)
809 Kaplan-Meier survival curves of Stxbpl”“’+ and Stxbpl””’Hu mice. (D) Body weights of Stxbpl model mice.

810 Red arrow indicates the last data available for male Stxbpl””’Hu

. (E) Genotypic ratios from the offspring of
811 Stxble“’+ X Stxble“’+ breedings. Created with BioRender. (F) RT-gPCR from cerebral cortex tissue of 8-
812  week-old Stxbpl model mice. Atp5f1 mRNA was used as endogenous control. (G) STXBP1 western blot
813  from samples in (F). ATP5F1 was used as endogenous control. (B, D, F and G) Data are represented as

814  mean values + SEM. Data points represent independent biological replicates. (F and G) White and gray

815 data points indicate females and males, respectively. (B, F and G) One-way ANOVA with Dunnett's
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816  multiple comparison test vs. wild-type (+/+). (C) Mantel-Cox test. (D) 2-way ANOVA with Dunnett’s
817 multiple comparison test vs. wild-type (+/+). (E) Chi-square test (df = 2, n = 161). FC, fold change. ns,

818  non-statistically significant.

819 Figure 3. Molecular characterization of a Syngapl humanized-haploinsufficient mouse model. (A)
820  Cartoon depicting the breeding scheme utilized to generate the Syngapl humanized-haploinsufficient
821 mouse model and the corresponding genotypic ratios from the offspring. Created with BioRender. (B)
822 Body weights of Syngapl humanized-disease mice. (C) RT-qPCR from hemi-brain tissue of 34-week-old
823  and 14 to 23-week-old Syngapl humanized-haploinsufficient and Syngapl heterozygous-haploinsufficient
824  mice, respectively. Actb and Atp5f1 mRNA were used as endogenous control. (D) SYNGAP1 western blot
825 from samples in (C). ATP5F1 was used as endogenous control. (E) Phosphorylated ERK and total ERK
826  western blots from samples in (C). (B, C, D and E) Data are represented as mean values + SEM. Data
827 points represent independent biological replicates. (C, D, E) White and gray data points indicate females
828 and males, respectively. (A) Binomial test. (B) 2-way ANOVA with Sidak’s multiple comparison test (C, D
829  and E) Unpaired t-test. FC, fold change. ns, non-statistically significant. * p < 0.05. ** p < 0.01. ** p <

830  0.001.

831 Figure 4. Phenotypic characterization of the Syngapl humanized-haploinsufficient mouse model.
832 Open field testing of 4- and 30-week-old mice for (A and B) overall activity levels via total distance
833 traveled, (C and D) number of stereotypic behaviors and (E and F) total time in center of arena (4-week
834  old: Hu/+, n = 8; Hu/-, n = 10. 30-week old: Hu/+, n = 9; Hu/-, n = 10). (G) Elevated plus maze testing for
835 time in open arms and (H) number of open arm entries. (I) Horizonal ladder testing from 4- and 30-week-
836 old mice for number foot slips per 5 trials. (J) Learning phase of Barnes maze testing from 4- and 30-
837  week-old mice. (K) Barnes maze test day, time to find target hole. (A, B, C, D, E, F, and J) Data are
838 represented by group means + SEM. (G, H, |, and K) Data are represented as mean + SEM. Dots
839 represent individual animals. White and gray data points indicate females and males, respectively. (A, B,
840 C, D, E, F, and J) Mixed-effects analysis followed by Tukey’s multiple comparisons test when appropriate.
841  Significance stars represent between group comparisons. (G, H, |, and K) Mann-Whitney test between

842 genotypes. *p < 0.05, **p < 0.01.

33


https://doi.org/10.1101/2024.08.22.609238
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.22.609238; this version posted November 8, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

843 Figure 5. EEG mapping of the Syngapl humanized-haploinsufficient mouse model. (A)
844 Representative EEG traces from Hu/+ and Hu/- mice. (B) Number of spike-wave discharges per 12 hours
845 for daytime and nighttime (Hu/+, n = 4; Hu/-, n = 7). (C) Nighttime low frequency and (D) high frequency
846  power spectral densities by brain region. Shaded gray backgrounds represent EEG frequency bands.
847  Delta 0-4Hz, Theta 4-8Hz, Alpha 8-13Hz, Beta 13-25Hz, and Gamma 25-50-Hz. (E) Alpha-delta ratios by
848  brain region for daytime and nighttime. (F) Alpha-theta ratio by brain region for daytime and nighttime. (B,
849 E, and F) Data are represented as mean + SEM. Dots represent individual animals, white and gray data
850 points indicate females and males, respectively. (C and D) Lines represent group means and shading
851 represents = SEM. (B) Mann-Whitney. (C and D) Linear mixed model to compare area under the curve for
852 each power spectra within each brain region as a function of strain, frequency, and the interaction
853 between strain and frequency. Post hoc comparisons were corrected using Tukey's HSD. (E and F)

854 Unpaired t test within regions. **p < 0.01, ***p < 0.001.

855 Figure 6. Quantitative EEG analysis in age-matched SYNGAPL1 participants. (A) Representative EEG
856  traces from a control and a SYNGAP1-disorder participant. (B) Presence and frequency of spike-wave
857 discharges in SYNGAP1-disorder participants (participants, n = 19; EEGs, n = 52). Individual shapes
858 represent 1 EEG recording and shape/color represent frequency of spike-wave discharges from
859 SmartForms. (C) Low frequency and (D) high frequency power spectral densities by leads/region (control
860 individuals, n = 84; SYNGAP1-disorder participants, n = 21. 1 EEG from each individual was included.).
861 (E) Alpha-delta ratio by leads/region (F) Alpha-theta ratio by leads/region. (C and D) Lines represent
862 group means and shading represents + SEM. (E and F) Bars represent group means + SEM. (C and D)
863 Linear mixed model to compare area under the curve for each power spectra within each brain region as
864  a function of group, frequency, and the interaction between group and frequency. (E and F) Mann-

865  Whitney test within regions.**p < 0.01, ***p < 0.001.

866 Figure 7. Bidirectional modulation of human SYNGAPL1 expression in Syngapl”“"—derived primary
867  neurons using ASOs. (A) Cartoon schematic representing the ASO-mediated splice-switching approach
868  to upregulate human SYNGAP1 expression by disrupting PTBP binding to SYNGAP1 pre-mRNA. (B)

Hu/-

869 Left, cartoon depicting the breeding scheme used to obtain Syngapl™ embryos for primary neuron
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isolation. Created with Biorender. Right, RT-gPCR from Syngapl””" primary cortical neurons treated with
ASOs for 7 days. All ASOs were added at 10 uM except for Gap-SYN, which was added at 3 uM. ET-SC2
was used as a non-targeting ASO control. (C) RT-gPCR from Syngale“" primary cortical neurons treated
with ASOs for 7 days. Atp5f1 mRNA was used as endogenous control. A gPCR assay spanning exons 16-
17 of human SYNGAP1 was used. Atp5f1 mRNA was used as endogenous control. (B) One-way ANOVA
with Dunnett’s multiple comparison test vs. mock-treated cells (-). (C) Kruskal-Wallis with Dunn’s multiple
comparison test vs. mock-treated cells. Data are represented as mean values + SEM. Data points

represent independent biological replicates. Alt. 3'ss, alternative 3’ splice site. FC, fold change.
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