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Abstract

Germline variants that disrupt components of the epigenetic machinery cause syndromic
neurodevelopmental disorders. Using exome and genome sequencing, we identified de novo
variants in KDM2A, a lysine demethylase crucial for embryonic development, in 18 individuals
with developmental delays and/or intellectual disabilities. The severity ranged from learning
disabilities to severe intellectual disability. Other core symptoms included feeding difficulties,
growth issues such as intrauterine growth restriction, short stature and microcephaly as well as
recurrent facial features like epicanthic folds, upslanted palpebral fissures, thin lips, and low-
set ears. Expression of human disease-causing KDM2A variants in a Drosophila melanogaster
model led to neural degeneration, motor defects, and reduced lifespan. Interestingly, pathogenic
variants in KDM2A affected physiological attributes including subcellular distribution,
expression and stability in human cells. Genetic epistasis experiments indicated that KDM2A
variants likely exert their effects through a potential gain-of-function mechanism, as eliminating
endogenous KDM2A in Drosophila did not produce noticeable neurodevelopmental
phenotypes. Data from Enzymatic-Methylation sequencing supports the suggested gene-disease
association by showing an aberrant methylome profiles in affected individuals’ peripheral
blood. Combining our genetic, phenotypic and functional findings, we establish de novo

variants in KDM2A as causative for a syndromic neurodevelopmental disorder.
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96 Introduction

97  The epigenetic machinery encompasses proteins that function as writers, erasers, readers and
98  remodelers of epigenetic marks on DNA and histones. The eraser KDM2A removes mono- and
99  di-methylation from Histone 3 at Lysine 36 (H3K36). The post-translational demethlyation of
100 lysine residues on histone tails mediated by histone lysine demethylases (KDMs), and
101 specifically by KDM2A, are important players in gene regulation and have shown to be crucial

102 for embryonic development and processes like proliferation, apoptosis and differentiation.*

103  Pathogenic germline variants in genes of the epigenetic machinery cause a now established
104  group of rare Mendelian disorders.?3 Within this broad group, variants disrupting KDMs are a
105  frequent cause of neurodevelopmental disorders (NDDs),*® which encompass a heterogeneous
106  group of conditions characterized by aberrant brain development and function, leading to
107  cognitive, motor, and behavioral impairments. Previously, two de novo missense and one de
108  novo frameshift variant in KDM2A were described in three individuals with autism and a
109  neurodevelopmental disorder, but only as members of much broader cohorts looking into the

110  genetic architecture of these phenotypes.”®

111 Here, we describe the overlapping phenotype of 18 individuals with de novo variants in
112 KDM2A. We combined the power of genetically modified fruit fly, which our lab has
113 successfully used to in the delineation of other novel NDDs®*2 with human cell culture, as
114  well as methylome data based on blood-derived DNA from affected individuals, to establish
115 the gene-disease association of de novo variants in KDM2A and a syndromic

116  neurodevelopmental disorder.

117
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118 Subjects and methods

119  Recruitment of affected individuals and consent

120  This study was approved by the ethics committee of the University of Leipzig (402/16-ek).
121 Written informed consent for molecular genetic testing and data publication was obtained from
122 all individuals and/or their legal representatives by the referring physicians according to the
123 guidelines of the ethics committees and institutional review boards of the respective institutes.
124  The compilation of the cohort was supported by international collaboration and online
125  matchmaking via GeneMatcher.'® Phenotypic and genotypic information were obtained from

126  the referring collaborators using a standardized questionnaire.
127
128  Variant identification

129  Trio exome or genome sequencing was performed for all affected individuals and their parents
130  except for individual 12 (duo exome with targeted variant testing of the other parent) and 16
131 (singleton exome). All individuals were evaluated in the context of local diagnostic protocols.
132 Since no causative variants were identified in a known rare disease gene, research evaluation
133 of the sequencing data was done to potentially identify causative variants in candidate genes.
134  The gnomAD v4 dataset served as the control population.!* There were no significant findings,
135  apart from the described variants in KDM2A, which likely explain the neurodevelopmental
136 phenotypes of the respective individuals. All variants described were aligned to hg38, mapped
137  to the KDM2A MANE Select transcript NM_012308.3 and classified according to ACMG

138  criteria (Table S1).1%16
139

140  Insilico prediction
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141  Missense variants were assessed using CADD-v1.6%', REVEL'® MutPred2,’® VEST4% and

142  BayesDel? using deleterious predictions cutoffs defined by Pejaver et al.?? (Table S2).
143
144  Fly Stock

145 The KDM2A-WT, KDM2A-P235L, KDM2A-Y141C, and KDM2A-H811N lines were
146  generated by site-specific insertion of the transgene at BestGene Inc using the attP2 insertion
147  vector as previously done.?® All Drosophila stocks were maintained on standard cornmeal
148  medium at 29°C in light/dark-controlled incubators. The ELAV-gal4 (#8760), GMR-gal4
149  (#1104), and Luciferase (#35788) were obtained from the Bloomington Drosophila stock

150  center.
151
152  Climbing assay

153  The rapid iterative negative geotaxis (RING) assay was done as previously described.!t2425
154  Briefly, flies expressing KDM2A variants or luciferase pan-neuronally were aged for 20 days
155  before being transferred to fresh vials. Flies were knocked three times on the base of a bench
156  and a video camera was used to record the flies climbing up the wall of the vials. The velocity
157  (cm/s) was calculated and analyzed from three independent experiments using GraphPad

158  Prism 6.
159
160  Lifespan assay

161  The lifespan assay was performed as previously described.'?* Briefly, flies expressing
162  KDM2A variants or luciferase pan-neuronally were raised on standard cornmeal food. 1-3-day

163  old adult progeny flies were transferred to fresh food twice a week, the number of dead flies

8
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164  were counted every day, and survival functions were calculated and plotted as Kaplan-Meier
165  survival curves. Log-rank with Grehan-Breslow-Wilcoxon tests were performed to determine
166  significance of differences in survival data between the groups using GraphPad Prism 6

167  software.
168
169  Eye severity experiments in Drosophila

170  Glass multiple reporter promoter element (GMR-gal4) was used to cross KDM2A or luciferase
171  inthe eyes. Images of the right eyes from F1 generation adult female Drosophila were taken at
172 day 1 using a Leica M205C dissection microscope equipped with a Leica DFC450 camera.
173 External eye severity was quantified using a previously published scoring system.?® Statistical
174  analyses were performed using GraphPad Prism 6 with group comparisons were performed

175  using One-way ANOVA.
176
177  Western blotting

178  Drosophila: On day 1, heads from adulte female F1 generation were collected from each cross
179  and snap-frozen on dry ice. Five heads were used per lane of the western blots. Heads were
180  crushed on dry ice and incubated in RIPA buffer containing 150 mM NaCl, 1% NP40, 0.1%
181  SDS, 1% sodium deoxycholate, 50 mM NaF, 2mM EDTA, 1mM DTT, 0.2mM Na
182  orthovanadate, 1 x protease inhibitor cocktail (Roche; 11836170001). Lysates were sonicated
183  and centrifuged to remove exoskeletal debris. Supernatants were boiled in Laemmli Buffer
184  (Boston Bioproducts; BP-111R) for 5 min and proteins were separated using 3—-8%, NUPAGE
185  tris-acetate gels (ThermoFisher Scientific: EA03785B0OX). Proteins were transferred onto
186  nitrocellulose membranes (iBlot 2 transfer stacks; Invitrogen, IB23001) using the iBlot2 system

187  (Life Technologies; 13120134). Membranes were blocked in milk (BLOT—QuickBlocker

9
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188  reagent; EMD Millipore; WB57-175GM) and incubated overnight in primary antibody (Rabbit
189  anti-KDM2A, Abcam; ab191387; 1:1000). Blots were washed and incubated in secondary
190  antibody for 1 hour (anti-rabbit, DY Light 800, Pierce, 1:10 000). Imaging was performed using
191  the Odyssey CLx (LI-COR Biosciences). Protein levels were quantified using Image Studio
192  (LI-COR Biosciences), and statistical analyses were performed with GraphPad Prism 6. All

193  Western blots were performed in triplicate using biological replicates.

194  Mammalian cells: Human embryonic kidney 293T (HEK293T) cells from ATCC were
195 cultured in advanced Dulbecco’s Modified Eagle Medium (DMEM) (Gibco; 12491023)
196  containing 10% FBS (Biowest; S01520) and 1 x GlutaMAX (Gibco; 35050079). Cells were
197  lysed by boiling for 5 min in 1 x LDS Sample buffer (Invitrogen; NP-0007) and RIPA buffer.
198  All NuPAGE and western blotting steps were performed as described above. Experiments were

199  performed in triplicate using three independent lysate preparations from cultured cells.

200  Plasmids: KDM2A-WT-HA (VB: 220629-1403rdb), KDM2A-P235L-HA (VB220629-
201 1413ecm), KDM2A-Y141C-HA (VB: 220629-1409axj), and KDM2A-811N-HA (VB:220629-

202 1405kmm) was constructed by VectorBuilder Inc.

203  Immunofluorescence: HEK293T cells transfected with KDM2A plasmid grown on coverslips
204  were rinsed in PBS (Lonza 17-512F) and fixed in 4% paraformaldehyde (Sigma P6148) for
205 20 min at room temperature. Following fixation, the samples were washed four times (% 10
206  min) in PBS and blocked with blocking buffer: 5% normal goat serum (NGS; Abcam AB7681)
207  in PBS with 0.1% TritonX-100 (PBST). The samples were incubated overnight at 4 °C with
208  primary antibody Rabbit anti-KDM2A (1:1000) and mouse anti-HA (H3663; 1:1000; Millipore
209  Sigma), washed four times (x 10 min) with 0.1% PBST, and incubated with secondary antibody
210  (goat anti-mouse Alexa Fluor 568; A22287: 1:500 and goat anti-rabbit Alexa Fluor 488; A-
211 11008:1:500, Invitrogen) for 2 h at room temperature followed by 0.1% PBST washes. Samples

212 were mounted onto slides using Fluoroshield (Sigma F6057).

10
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213 Nuclear-Cytoplasmic Fractionation: HEK293 T cells transfected with KDM2AWT, or
214 KDM2A variants (P235L, Y141C, and H811N) were harvested and nuclear-cytoplasmic
215  fractionation was done using the NE-PER nuclear-cytoplasmic extraction kit per

216  manufacturer’s protocol (ThermoFisher Scientific).

217  Cycloheximide Chase Assay: To evaluate the stability of the KDM2A WT and the P235L
218  variant, HEK293-T cells were transfected with the KDM2A plasmids and incubated for
219 24 hours. Protein synthesis was then inhibited by addition of 0.5 mg/mL cycloheximide. At
220 5 different time points (0, 6, 12, 24, and 48 hours after cycloheximide addition) the cells were
221  harvested, and samples’ supernatants were subjected to immunoblot analysis with HA antibody

222 to recognize KDM2A and loading control Tubulin.

223

224  Methylome analysis and Episignature

225  DNA was extracted from peripheral blood using standard protocols at the respective centers.
226 DNA quantity was measured using Qubit 4 and Qubit dSDNA BR Assay-Kit (ThermoFisher
227  Scientific, Darmstadt, Germany). A total amount of 200 ng DNA was used for ultrasonic
228  fragmentation of the DNA with a focused ultrasonicator (ME220, Covaris®, Massachusetts,
229  United States). Library preparation was done using NEB Enzymatic Methyl-seq Library
230  Preparation Kit. 187.5 ng library was used for capture with the Twist Human Methylome Panel
231 according to the manufactures protocol (TWIST Bioscience, South San Francisco, United
232 States). This panel targets 5.549 million CpG sites (in comparison: on the EPIC v2.0 array 0.930
233 million CpG sites are covered; 0.163 million CpGs are unique on the array while 4.782 million
234  are unique in the methylome panel). 2x150 bp sequencing was done on one lane of a S4
235  cartridge (s4 reagent kit (300 cycles), running on a NovaSeq6000 (Illumina, San Diego, CA,
236  United States). The average coverage of targets regions was 120x. As control group, DNA from

237  peripheral blood of healthy age- and sex-matched individuals were selected. Raw reads were
11
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238 quality checked using FastQC and trimmed using cutadapt.?’” Trimmed data was aligned to
239 GRCh38 using BWA-meth, duplicates were marked using Picard — MarkDuplicates.
240  Methylation calls were extracted from the deduplicated alignment files using MethylDackel.
241  Bedgraphs were filtered for regions covered > 30X. Calling of differential methylated regions
242  (DMR) between case and control group was done using metilene with the following settings,
243 min. length of CpG >=10, min. length in nt > 0, min. absolute methylation difference >=0.1,
244  adjusted p-value <0.05.2% To generate an episignature of the KDM2A cases, called DMRs were

245  filtered using an adjusted p-value < 0.01 and a minimal absolute methylation difference of 10%.

246 To visualize the episignature, methylation rates of the DMRs were extracted from the
247  MethylDackel output. Hierarchical clustering and heatmap visualization were performed using

248  the clustermap function implemented from the Seaborn Python package.?

249

12
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250 Results

251 Clinical description

252 Here we describe a cohort of 18 individuals including one prenatal case with de novo variants
253 in KDM2A. An overview of the clinical data on all individuals is presented in Figure 1A and

254  Table 1 (for a detailed phenotypic description see the supplemental case reports and Table S3).

255  All individuals, excluding the prenatal case, exhibited developmental delay (DD) and/or
256 intellectual disability (ID) with severity of DD/ID ranging from learning disabilities to
257  severe ID. The majority of individuals were affected by mild DD/ID (11/17) or learning
258  disabilities (2/17), while four individuals presented with severe DD/ID. Microcephaly was
259  observed in six individuals, including the prenatal case. Three of the six individuals presented
260  with primary microcephaly and three with secondary microcephaly. Autism was diagnosed in
261  four individuals, while other behavioural abnormalities such as attention deficit hyperactivity
262  disorder or aggressive behaviour were noted in seven individuals. Seizures ocurred in five
263 individuals with onsets ranging from four months to ten years. Seizure types included focal-
264  and generalized seizures as well as epileptic spasms. At the last assessment, two individuals
265 continued to experience seizures, while three achieved seizure freedom. Hypotonia was
266  reported in four individuals. Cranial MRI was performed in 13 individuals, revealing normal
267  results in seven. Minor and nonspecific abnormalities, such as cerebellar tonsillar ectopia and
268  multiple white matter hyperintensities, were reported in four individuals. Of note, individual 4
269  did present with a malformation of cortical development of the polymicrogyria spectrum. None
270  of the individuals was reported to show signs of developmental regression. Another notable
271 recurring phenotype in the cohort were growth abnormalities including intrauterine growth
272 restriction (IUGR) and/or short stature in thirteen individuals, including the prenatal case. Eight

273 individuals showed IUGR and nine individuals developed short stature. Of note, four of these

13
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274  thirteen individuals presented with both IUGR and short stature later in life. Feeding difficulties
275  were observed in six individuals, four of whom experienced these issues during the neonatal
276  period, with two requiring tube feeding. Additionally, two individuals had persistent difficulties
277  gaining weight later in life. The referring clinicians reported dysmorphic facial features in
278  twelve individuals: epicanthus, upslanted palpebral fissures, thin upper and/or lower lips and
279  low-set ears emerged as recurrent descriptive features that each occurred in at least three

280 individuals (Figure 1B, Table 1).
281
282  Genetic results

283  Exome and/or genome sequencing revealed de novo variants in KDM2A in 17 of the 18 affected
284  individuals (Figure 1C). Individual 16 was identified using a singleton exome, but segregation
285 analysis of the KDM2A variant in the parents was not available. We identified eleven distinct
286  de novo missense variants and seven predicted loss-of-function (pLoF) variants. None of the
287  variants are recurrent and only two missense variants affect the same amino acid residue
288  p.Lys776. All of the identified variants are absent from gnomAD (v4 dataset).!* The eleven
289  missense variants all affect moderate to highly conserved amino acid residues of KDM2A, but
290 insilico prediction of potential deleteriousness varies within the cohort. Seven of the missense
291  variants are predicted to be damaging by multiple algorithms, while results of the other four

292  variants encompass mixed and benign predictions (Table S2 and S5).

293  According to gnomAD, KDM2A is a gene with a significantly reduced number of pLoF as well
294  as missense variants, indicating that there is a selective constraint on both types of variants in
295 the general population that lacks severe, early-onset phenotypes such as DD and ID

296  (LOEUF =0.06; pLI = 1; o/e for missense variants = 0.49; z-score = 6.9).%4

297
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298  P235L variant alters nuclear localisation and decreases KDMZ2A protein levels

299 KDM2A protein is primarily localized in the nucleus, and its interaction with unmethylated
300 CpG DNA is crucial for maintaining heterochromosomal homeostasis.*>3! To investigate the
301  impact of missense variants on the intracellular localization of KDM2A proteins, we introduced
302  HA-tagged wild-type (WT) and mutant forms (P235L, Y141C, and H811N) of KDM2A into
303 HEK 293T cells. While the expression of WT, Y141C, or H811N did not visibly affect the
304  distribution and localization of KDM2A, the expression of the P235L variant led to the
305 relocation of predominantly nuclear KDM2A to the cytoplasm (Figure 2A, 2B). Remarkably,
306 the expression of the exogenous P235L variant also caused the cytoplasmic mislocalization of
307  endogenous KDM2A (Figure 2A, 2C). To further illustrate the disruption in the localization of
308 KDM2A variants, nucleocytoplasmic fractionation was performed in HEK293T cells
309  expressing exogenous WT or mutant KDM2A proteins, and both exogenous and endogenous
310 KDM2A were probed using Western blotting (Figure 2D). Interestingly, we observed a
311  significant decrease in the nuclear/cytoplasmic ratio in both exogenous and endogenous
312 KDM2A proteins in the P235L variant. In contrast, no such alterations were detected in cells
313  expressing Y141C or WT (Figure 2E, 2F), indicating that the P235L variant interferes with

314  transport of KDM2A into the nucleus.

315  Given the altered distribution of both exogenously expressed and endogenous KDM2A protein
316  caused by P235L, we next sought to assess the impact of these variants on KDM2A protein
317  levels. Specifically, we introduced WT, P235L, and Y141C plasmids into HEK cells and
318  examined both exogenous and endogenous KDM2A through Western blotting (Figure 2G). In
319 the WT and Y141C conditions, there was no notable change in the expression of endogenous
320 KDM2A. However, the P235L variant significantly decreased the levels of both exogenously
321 expressed and endogenous KDM2A proteins (Figure 2G-1). This suggests that the P235L

322 variants likely disrupt the stability of KDM2A proteins and exert a dominant-negative effect.
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323

324  To investigate the mechanisms underlying the reduced KDM2A levels, we compared the
325  stability of KDM2A between the WT and P235L mutant protein. We performed Western blot
326  (WB) analysis on HEK cells transfected with either the WT or P235L plasmid. Protein lysates
327  were harvested at 0, 6, 12, 24, and 48 hours after cycloheximide (CHX) treatment (Figure 3A,
328 3B). The WB analysis revealed that KDM2A protein is less stable in the P235L variant-
329  expressing cells, with a half-life (ty2) of 4.35 hours compared to a ti2 of 7.04 hours in WT-
330 expressing cells. This suggests that the differential reduction of KDM2A in P235L variants is

331  due to differences in the stability of the KDM2A protein.

332

333 KDMZ2A variants cause eye degeneration, motor defects, and reduce lifespan in a

334  Drosophila model

335  We next investigated the in vivo effects of missense variants in the Drosophila model system.
336 To achieve this, we generated transgenic Drosophila expressing human KDM2A WT and
337  missense variants (P235L, Y141C, and H811N) through PhiC31 integrase-mediated site-
338  specific insertion of a single copy of the human KDM2A gene. The expression of these
339  transgenes in flies using the eye tissues-targeting GMR-gl4 driver revealed a mutation-
340 dependent rough eye phenotype, with the P235L variant exhibiting more pronounced effects
341  (Figure 4A, 4B). The expression of WT showed a very mild phenotype. Likewise, in line with
342  with observations from HEK 293T cells, the expression of the P235L variant in fly eyes resulted

343  inanotable decrease in KDM2A protein levels (Figure 4C, 4D).

344 To assess wether ectopic expression of KDM2A variants could cause motor deficits, we
345  evaluated locomotion in 20-day-old flies. We expressed these variants pan-neuronally with the

346  Elav-gal4 driver. While expression of KDM2A WT mildly but significantly reduced climbing
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347  velocity, a more profound decrease in climbing ability was observed in flies expressing the
348 KDM2A mutants, particularly in the P235L variant (Figure 4E). To further determine the toxic
349  impact of KDM2A, we assessed the effects of KDM2A variants on survival. Pan-neuronal
350  expression of WT or mutant KDM2A significantly reduced survival compared to the luciferase
351 control. However, the P235L variant led to a significantly shorter lifespan compared to both
352 KDM2A WT or the other variants (Figure 4F), suggesting that the P235L variant exerts a more

353  toxic effect in vivo.

354  Given our data showing that the P235L variant disrupts normal subcellular distribution and
355  potentially impairs the function of endogenous KDM2A protein, we further investigated the
356  toxicity of KDM2A variants in a Drosophila model where the endogenous Kdm2 gene (the
357  single fly homolog of human KDM2A and KDM2B) is either knocked down (KD) or knocked
358  out (KO). First, we knocked down Kdm2 in Drosophila eyes while expressing human wild-type
359 (WT) and mutant (P235L, Y141C, and H811N) KDM2A. KD of endogenous Kdm2 in
360  Drosophila eyes did not result in any overt degeneration, and expression of human KDM2A-
361  WT in the Kdm2 KD background produced only a mild phenotype. In contrast, expression of
362 the human KDM2A variants (P235L, Y141C, and H811N) in the Kdm2 KD background
363  significantly exacerbated the degenerative eye phenotype compared to their respective controls

364  (Figure 5A, 5B).

365  We further utilized the Trojan-MiMIC Gal4 driver system, which employs Recombination-
366  Mediated Cassette Exchange (RMCE) of a Mi{MIC} insertion, resulting in the expression of
367  GAL4 under the control of Kdm2 regulatory sequences.** Consequently, Drosophila Kdm2
368 is knocked out in the Trojan-Gal4Kdmz2 lines, allowing for a robust analysis of human KDM2A
369  variants in a clean genetic background. We assessed motor function and lifespan in adult flies
370  expressing human KDM2A WT and its variants in the specific cell types where endogenous

371 Drosophila Kdm2 is normally expressed. The lack of phenotype in Kdm2 knockout animals
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372 suggests that the loss of Kdm2 in adults is not critical under the conditions tested (Figure 5C,
373 5D). Similarly, we found that expression of human KDM2A wild-type did not affect motor
374  function or lifespan compared to Kdm2 knockout flies. However, the human KDM2A
375  mutations (P235L, Y141C, and H811N) resulted in significantly worse motor function and
376  survival compared to both the knockout and the human wild-type scenarios (Figure 5C, 5D).
377  Altogether, these findings suggest that these variants in KDM2A are toxic, possibly due to a

378  gain-of-function mechanism.

379

380 Methylome analysis

381  As KDM2A is a component of the epigenetic machinery, it was hypthesized that disruption of
382 KDM2A function by de novo variants would cause an abnormal methylation pattern in
383  peripheral blood as a de facto functional read-out. Analysis of enzymatic-methylation
384  sequencing data of twelve individuals with pLoF variants and missense variants compared to a
385  control group, identified of 817 differentially methylated regions (DMRs). After applying
386  stringent filtering criteria (p-adj<0.01 and minimum mean methylation difference > 10%), we
387 defined a first episignature of the KDM2A cases. This signature includes 414 DMRs
388 (406 hypermethylated and 8 hypomethylated regions) with a median methylation difference of
389  17.4%, and a median length of ~200nts/16CpGs (Table S8). Hierarchical clustering of cases
390 and controls revealed a distinct KDM2A cluster with individuals harboring frameshift variants
391 (individuals 14, 15, 16 and 18) and missense variants (individuals 2, 4, 7 and 8) grouping
392  together within this KDMAZ cluster (Figure 6). Data of four individuals (individuals 1, 5, 9 and
393  11) with missense variants was shown to group outside the bigger KDMAZ2 cluster, suggesting

394 that these variants may not cause a severe disruption of KDM2A function (Figure S3).

395

18


https://doi.org/10.1101/2025.03.31.25324695
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.03.31.25324695; this version posted April 2, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Anderson et al., KDM2A-related neurodevelopmental disorder

396 Discussion

397 Inthis study, we provide a detailed description of 18 individuals with heterozygous variants in
398 KDMZ2A, including 17 with confirmed de novo status, all presenting with a syndromic

399  neurodevelopmental disorder.

400 The affected individuals show an overlapping phenotype of DD/ID and several recurrent
401  symptoms of note: growth abnormalities (including IUGR and short stature), microcephaly and
402  feeding difficulties that are present in 35 — 72 % of individuals. DD/ID and growth
403  abnormalities are a recurrent symptom among the Mendelian disorders of the epigenetic
404  machinery,? underscoring that the KDM2A-related rare disease delineated here shows a clinical
405  overlap. Many of these disorders also present with a recognizable facial gestalt and include
406 some of the classic dysmorphic syndromes such as Kabuki syndrome (e.g. KMT2D,
407  MIM 147920) or Rubinstein-Taybi syndrome (e.g. CREBBP, MIM 180849). The affected
408 individuals in the KDM2A cohort also showed facial dysmorphism, highlighted by recurrent
409  observations of epicanthus, upslanted palpebral fissures, thin upper and/or lower lips and low-
410 set ears as potentially defining features (Figure 1B). Deep phenotyping of facial images of
411  affected individuals with the help of facial recognition tools could help to detect this potential
412  typical facial gestalt of the KDM2A-related syndromic neurodevelopmental disorder in routine
413 clinical genetic care.’**® A malformation of cortical development (MCD), like the
414  polymicrogyria observed in individual 4 is not a phenotype seen in other disorders of the
415  epigenetic machinery. The trio exome analysis of this individual did not reveal any additional
416  causative variant(s) for this phenotype in genes known to cause MCD nor additional variant(s)
417  in other candidate genes.*® It remains therefore unclear, wether polymicrogyria is part of the
418  phenotypic spectrum of the KDM2A-related disorder or if another, undetected genetic cause is
419 involved. Of note, feeding difficulties were only present in individuals with de novo missense

420 variants in KDM2A, and absent in individuals with pLoF variants suggesting a potential
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421  genotype-phenotype correlation. Similarly, microcephaly was observed exclusively in
422  individuals with missense variants, with the exception of the prenatal case carrying a pLoF
423  variant. Other recurrent phenotypes, however, did not show any potential genotype-phenotype
424  correlations as they were observed in individuals that harbor missense variant and individuals

425  with pLoF variants.

426  According to the data from gnomAD (v4 dataset),!* KDM2A is a gene with a significantly
427  reduced number of pLoF and missense variants. This indicates a selective constraint on both
428  types of variants in a control population that lacks severe, early-onset phenotypes such as DD,
429  ID, microcephaly or short stature (missense o/e = 0.49, z-score 6.9; pLoF o/e = 0.02,
430 LOEUF =0.06). Among KDM genes (lysine demethylases), KDM2A is the most highly
431  constrained gene with respect to both missense variants (Z-score in gnomAD) and pLOF
432  variants (LOEUF, see constraint score landscape of KDM genes in Figure S1 as well as

433  Table S6).

434 It is now also possible to evaluate prior assessments on what phenotypes could be caused by
435  variants in candidate genes such as KDM2A. In a recent work by Dhindsa et al., using a machine
436  learning approach based on gene constraint, expression and many other gene-level annotations,
437 KDM2A was predicted to cause an autosomal dominant phenotype of DD, developmental
438  epileptic encephalopathy and autism on the 99.5 percentile or higher for each phenotype
439 individually.®” This prior assessment underscores our phenotypic findings, including that both
440  autism and epilepsy are important parts of the phenotypic spectrum of the KDM2A-related
441  syndromic disorder, although only five affected individuals presented with seizures and four

442  had a diagnosis of autism.

443  The identified de novo missense variants in KDM2A are located in or around the JmjC- and

444  CxxC-domain, essential for the demethylation activity and DNA binding, respectively. In
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445  KDM2B, de novo missense variants are also preferably located in or around these two domains

446  specifically (Figure S2).

447  In this study, we investigated the consequence of missense variants in KDM2A on the
448  subcellular distribution of the KDM2A protein and toxicity. Previous studies demonstrated that
449  KDMZ2A protein primarily localizes to the nucleus, where it binds to unmethylated CpG DNA
450 via the ZF-CxxC domain.*® Consistent with these findings, KDM2A WT expressed in
451  HEK293T cells exhibited predominantly nuclear localization. In contrast, our observations
452  revealed distinct localization patterns for the Y141C and H811N variants, which displayed
453  primarily nuclear with occasional cytoplasmic aggregation, while the P235L variant showed
454  significant nuclear exclusion and cytoplasmic accumulation (Figure 2). Moreover, the
455  endogenously expressed KDM2A protein undergoes cytoplasmic redistribution in the presence
456  of exogenously expressed P235L variant. This observation was further supported by nuclear-
457  cytoplasmic fractionation experiments, which consistently demonstrated predominant
458  cytoplasmic localization of the P235L variant, suggesting a potential disruption in nuclear
459  import. The loss of nuclear KDM2A protein may impair its ability to repress the transcription
460  of centromeric satellite repeats and maintaining a heterochromatic state.3 Additionally, nuclear
461  redistribution of KDM2A to the cytoplasm may also impair its ability to bind and regulate the
462  stability of non-phosphorylated nuclear B-catenin, thereby potentially affecting the Wnt/p-
463  catenin signaling pathway.>® Alternatively, cytoplasmic accumulation of KDM2A protein may
464  confer a toxic gain-of-function. However, further investigations are required to elucidate the
465  precise underlying mechanism. Moreover, our data revealed that the forced expression of the
466  P235L variant is accompanied by a significant reduction in both endogenous and exogenously
467  expressed KDM2A protein levels indicating compromised protein stability. This was confirmed
468  through cycloheximide chase experiments which showed that the P235L variant reduces the

469 half-life of KDM2A protein, suggesting that this variant negatively impacts protein stability.
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470  The observed redistribution of KDM2A from the nucleus to the cytoplasm may exert toxic
471  effects on cells. Similar mechanisms have been reported in amyotrophic lateral sclerosis and
472  frontotemporal dementia (ALS/FTD) where pathogenic variants in proteins like FUS and TDP-
473 43, lead to nuclear clearance contributing to cellular toxicity in various animal models including
474  flies.?3* To test whether KDM2A variants induce toxicity in an in vivo system, we generated
475  Drosophila models expressing three missense variants (Y141C, P235L, and H811N). Ectopic
476  expression of KDM2A in neuronal cells led to eye degeneration, motor deficits, and reduced
477  survival (Figure 2), with the P235L variant exhibiting the highest toxicity, consistent with our
478 invitro findings. While KDM2A WT caused mild toxicity, this parallels observations from FUS
479  expression studies in flies.?® Our data suggests both loss of nuclear function or and a potential
480  gain-of-function effect in the cytoplasm contribute to the observed cellular toxicity, particularly
481  evident in the P235L variant. Further research is needed to examine the exact mechanisms
482  underlying KDM2A variant-mediated toxicity. Our in vivo fly data using a Kdm knockout (KO)
483  or knockdown (KD) system suggested a possible dominant-negative effect of KDM2A variants.
484  Our data showed that the expression of human wild-type KDM2A in the KD or KO background
485  did not affect eye severity, motor function, or lifespan, which were similar to those observed in
486 KD or KO Kdm flies. In contrast, expression of KDM2A variants resulted in significantly worse
487  phenotypes compared to both KO flies and those expressing human KDM2A WT. These
488  findings suggest that variants in KDM2A may confer a new or enhanced toxic effect,

489  characteristic of gain-of-function mutations.

490 We analysed blood derived DNA and detected a KDM2A-related episignature, further
491  underscoring a shared pathomechanism among affected individuals. In the future, with further
492  refinement, this episignature could serve as a valuable tool for interpreting variants of unknown

493  significance and aid in the diagnosis of affected individuals.
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494  In summary, we use different lines of clinical, genetic, functional and epigenetic evidence to
495  firmly establish de novo variants in KDM2A as the cause of a syndromic neurodevelopmental

496  disorder.

497

23


https://doi.org/10.1101/2025.03.31.25324695
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.03.31.25324695; this version posted April 2, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Anderson et al., KDM2A-related neurodevelopmental disorder
a9 Data and code availability

499  All identified variants in KDM2A have been uploaded to ClinVar

500 https://www.ncbi.nlm.nih.gov/clinvar/submitters/506086/.

501 FastQC is availabe at https://www.bioinformatics.babraham.ac.uk/projects/fastgc/

502 BWA-meth is available at https://github.com/brentp/bwa-meth.

503  Picard is available at https://broadinstitute.github.io/picard/

504  MethylDackel is available at https://github.com/dpryan79/MethylDackel

505 Pipeline for enzymatic-methylation sequencing data processing is available at:

506 https://github.com/StephanHolgerD/methylmappdedupmethyldackelsnakemake

507
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so8  Supplemental information

509  Supplemental data includes detailed case reports of the described individuals, two tables (Table

510 S1, Table S2). Tables S3-S7 are provided separately as an Excel file.

511
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725 Figure titles and legends

726  Figure 1. Prevalence of clinical findings and variant location on KDM2A protein level.

727  (A) Radial bar chart illustrating the core symptoms of the KDM2A-related neurodevelopmental
728  disorder sorted by frequency. Numbers denote the frequency if each symptom in the cohort.

729  DD: developmental delay; ID: intellectual disability.

730  (B) Facial appearance of individuals at different ages that harbor missense variants or predicted
731 loss-of-function variants in KDM2A. Epicanthus, upslanted palpebral fissures, thin upper and/or

732 lower lips and low-set ears were noted as recurrent dysmorphic facial features.

733 (C) Linear schematic representation of the KDM2A protein and location of the variants
734  [GenBank: NM_012308.3]). Bold numbers indicate individual within the cohort. Blue variants

735  represent missense, red variants indicate predicted loss-of-function variants.

736
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737  Figure 2. KDMZ2A variants alter the subcellular distribution of KDM2A protein in

738  mammalian cells.

739  (a) Representative immunofluorescence images of human embryonic kidney cells 293T
740  (HEK293T) transfected with HA-tagged wild type KDM2A (KDM2A-WT) or variants (P235L,
741  Y141C, or H811N) stained for exogenous (green) and endogenous (red) KDM2A protein. DAPI
742 was used to label nuclei. (b) Exogenous KDM2A nuclear intensity quantification showed that
743 the P235L (****p<0.0001) but not the Y141C or H811N showed significantly decreased
744  nuclear intensity compared to exogenous KDM2A-WT (N = 14-20 cells). (c) Endogenous
745  KDM2A nuclear intensity quantification showed that the P235L (****p<0.0001) but not the
746  Y141C or H811N produced a significant reduction in nuclear intensity of endogenous KDM2A
747  protein as compared to KDM2A-WT (N = 14-20 cells). (d) Western blots (WB) of cytoplasmic
748  (C) and nuclear (N) fractions from HEK cells transfected with KDM2A-WT, P235L, and
749  Y141C variants probed for exogenous KDM2A (anti-HA), endogenous KDM2A (anti-
750 KDMZ2A), nuclear membrane marker (laminB1), and tubulin. (e) Nuclear-cytoplasmic (N/C)
751  ratio quantification of endogenous KDM2A (n = 3 blots, ***p < 0.001). (f) Nuclear-
752 cytoplasmic (N/C) ratio quantification of exogenous KDM2A (N = 3 blots, ***p < 0.001). (g)
753  WB of HEK cells transfected with KDM2A-WT, P235L, Y141C stained for endogenous
754  KDM2A (anti-KDM2A) and exogenous KDM2A (anti-HA). Tubulin was used as loading
755  control. (h-i) WB quantification of endogenous KDM2A (h) and exogenous KDM2A (i) in
756  HEK cells (*p<0.05, N = 3). One-way ANOVA were preformed to determine significance in
757  panel b, c, e, f, h, and i. All quantifications represent mean + s.e.m.
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Figure 3. The P235L mutation alters the stability of the KDM2A protein

(a) Schematic of the cycloheximide (CHX) experiment conducted in HEK293T cells. (b)
Representative Western blot showing KDM2A protein levels (anti-HA) in HEK293T cells
transfected with either WT or P235L KDM2A plasmid at 0, 6, 12, 24, and 48 hours following
CHX addition. Tubulin was used as a normalization control. (c) Quantification of the
degradation rate and half-life (t2) of KDM2A after CHX treatment revealed an accelerated
depletion of KDM2A in P235L-expressing cells compared to exogenous WT expression

(nonlinear regression—one-phase decay, n=3).
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768  Figure 4. A Drosophila model expressing KDM2A variants display differential toxicity in

769  vivo.

770  (a) Representative panel of adult Drosophila eyes expressing KDM2A-WT, P235L, Y141C,
771 H811N or luciferase (luc) control. (b) Quantification of eye degeneration severity demonstrated
772 that KDM2A variants significantly enhance toxicity as compared to wild type KDM2A
773 (****p<0.0001, N=15-20). (c) WB of Drosophila expressing KDM2A (WT, P235L, Y141C,
774  and H811N) in the eye (GMR-gal4) stained with anti-KDM2A and anti-tubulin. (d) WB
775  quantification of KDM2A in Drosophila showed that P235L but not the Y141C or H811N
776  variants had a significantly reduced protein level compared to KDM2A-WT (****p<0.0001, N
777 = 3). (e) Quantification of climbing velocity (cm/s) in flies expressing KDM2A-WT, P235L,
778  Y141C, and H811N pan-neuronally (Elav-gal4) compared to Luciferase control or wild type
779  KDM2A (n = 3 trials, 10 animals per trials, **p < 0.01, *p < 0.05). (f) Kaplan-Meier survival
780  curve of flies expressing KDM2A-WT, P235L, Y141C, and H811N in neurons compared with
781  Luciferase control (n = 50-80, ****p < 0.0001). One-way ANOVA was performed in b, d, and
782 ¢, while Log-rank with Grehan-Breslow-Wilcoxon tests were performed to determine

783  significance for panel f. All quantifications represent mean * s.e.m.
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785  Figure 5. Expression of human KDMZ2A variants in a Drosophila Kdm2 knockdown or
786  knockout model increases toxicity. (a) Images of Drosophila eyes expressing human WT or
787 mutant KDM2A in the context of either endogenous Kdm2 or RNAi-mediated Kdm2
788  knockdown (KD). (b) Quantification shows that human KDM2A variants significantly increase
789  eye degeneration severity in the Kdm2 KD background compared to controls with endogenous
790  Kdm2 (****p<0.0001, n=20). Notably, neither hKDM2A-WT with endogenous Kdm2 KD nor
791  Kdm2 KD alone caused overt eye degeneration. (c-e) Quantification analyses revealed a
792  significant reduction in (c) the percentage of flies capable of climbing (****p<0.0001, n=6
793  trials/10 flies per trial), (d) climbing velocity (****p<0.0001, n=3 trials/15-20 flies per trial),
794 and (e) lifespan (Kaplan-Meier survival curve, ****p<0.0001, n=80-90 flies) in Kdm2 KO
795  Drosophila expressing human KDM2A variants (P235L, Y141C, and H811N) using the Trojan-
796  Gal4 system, compared to hKDM2A-WT with endogenous Kdm2 KD or KO flies alone.
797  Statistical significance was determined by one-way ANOVA for panels b, ¢, and d, and by Log-

798  rank with Grehan-Breslow-Wilcoxon tests for panel e. All data are presented as mean + s.e.m.
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Figure 6. Episignature of pLoF and missense variants in KDM2A. Heatmap displays
hierarchical clustering of selected CpG sites of the episignature. Columns represent probes
(grey: control probes; yellow: KDM2A pLoF variants; light red: KDM2A missense variants;
number represents individual in the cohort). Rows represent CpG sites. Color represents
methylation ranging from dark blue (ho methylation) to dark red (full methylation). A distinct
separation between control samples and those from individuals with variants in KMD2A is

observed.
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Table 1. Clinical and genetic details of all affected individuals with causative variants in KDM2A

Ind. Age? Variant DD/ID Seizure type Microcephaly  Growth, feeding Neurological Dysmorphic features Further findings
(Sex) (NM_012308.3) (age of onset) findings, autism,
outcome behaviour
1 removed Cc.422A>G, severe - + (primary) feeding difficulties - midface hypoplasia, bilateral hypotonia,
du to p.(Tyr141Cys), (tube fed), poor epicanthus, lowset & posteriorly  hyporeflexia
medRxiv  de novo weight gain, short rotated ears, saggy cheeks
policy stature
2 removed ¢.704C>T, severe, - - - autism large pinnae, helical deformities, -
du to p.(Pro235Leu), no speech depressed nasal bridge, small
medRxiv  de novo jaw, short forehead
policy
3 removed ¢.850C>T, mild - + (secondary)  feeding ADHD triangular face -
du to p.(His284Tyr), difficulties, poor
medRxiv  de novo weight gain, short
policy stature
4 removed C€.956G>A, severe, focal - short stature dysarthria upslanted palpebral fissures, MRI: polymicrogyria
du to p.(Arg319GIn), no speech  (removed du to narrow mouth with thin upper
medRxiv  de novo medRxiv policy) and lower vermillion of the lip,
policy not seizure free conical tapered fingers
5 removed ¢.1571T>G, mild generalized + (primary) IUGR, feeding - triangular face, pointed chin -
du to p.(Phe524Cys), (removed du to difficulties
medRxiv  de novo medRxiv policy)
policy seizure free
6 removed c.1703G>A, mild - + (secondary)  IUGR, feeding behavioural bilateral epicanthus cryptorchidism
du to p.(Arg568GlIn), difficulties (tube abnormalities,
medRxiv  de novo fed), short stature ~ ADHD
policy
7 removed ¢.1772T>C, mild - - feeding autism, ADHD, frontal bossing, broad nasal hypotonia, decreased
du to p.(Met591Thr), difficulties, short ~ aggressive bridge, bilateral epicanthus, high facial muscle tone
medRxiv  de novo stature behaviour anterior hairline, temporal
policy narrowing, low-set ears
8 removed ¢.1796G>C, mild - + (secondary)  IUGR, feeding - protruding metopic suture, delayed temporary
du to p.(Arg599Pro), difficulties, low upslanted palpebral fissures, teeth eruption
medRxiv  de novo weight, short bilateral epicanthus,
policy stature thin lower lip
9 removed €.2327A>G, learning - - - autism - -
du to p.(Lys776Arg), disability
medRxiv  de novo
policy
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Table 1. Clinical and genetic details of all affected individuals with causative variants in KDM2A

Ind. Age? Variant DD/ID Seizure type Microcephaly  Growth, feeding Neurological Dysmorphic features Further findings
(Sex) (NM_012308.3) (age of onset) findings, autism,
outcome behaviour
10 removed ¢€.2328G>T, mild generalized - - ADHD, upslanted palpebral fissures -
du to p.(Lys776Asn), (removed du to sensory/auditory
medRxiv  de novo medRxiv policy) processing
policy not seizure free disorder
11 removed €.2431C>A, mild epileptic spasms - - autism, Asperger-  NA hypotonia
du to p.(His811Asn), (removed du to like
medRxiv  de novo medRxiv policy)
policy seizure free
12 removed ¢.58C>T, mild - - IUGR, short behavioural Bilateral epicanthus, hypotonia
du to p.(Arg20%), stature, delayed abnormalities upslanted palpebral fissures,
medRxiv  de novo bone age forward facing ears
policy
13 removed ¢.579C>G, NA NA + (primary) IUGR NA NA
du to p.(Tyrl93%),
medRxiv  de novo
policy
14 removed ¢.1676dup, learning - - - dyspraxia, ADHD, high palate, thin upper lip supernumerary nipple
du to p.(11e560Aspfs*71),  disability impuslsivity,
medRxiv  de novo anxiety
policy
15 removed c.1677del, mild, - NA IUGR - micrognathia, mildly upslanted  umbilical hernia,
du to p.(lle560Leufs*32), 1Q 64 palpebral fissures galbladder-,
medRxiv  de novo pancreatic-, and
policy cardiac malformations,
diabetes type 1 (all
likely due to GATA6
variant)?
16 removed  ¢.2404dup, mild - - IUGR, short - micrognathia, thin upper lip, -
du to p.(Thr802Asnfs*49), stature small midface
medRxiv  heterozygous
policy
17 removed c.2667del, severe focal NA short stature ADHD, anxiety - inverted nipples,
du to p.(Asp889Glufs*47), dyscognitive bilateral club foot
medRxiv  de novo (removed du to
policy medRXxiv policy)

seizure free
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Table 1. Clinical and genetic details of all affected individuals with causative variants in KDM2A

Ind. Age? Variant DD/ID Seizure type Microcephaly  Growth, feeding Neurological Dysmorphic features Further findings
(Sex) (NM_012308.3) (age of onset) findings, autism,
outcome behaviour
18 removed ¢.2809_2812dup, mild - - IUGR anxiety low-set ears, thin upper lip with -
du to p.(Cys938%), long philtrum, retrognathia, long
medRxiv  de novo and narrow nose
policy

Abbreviations: ADHD, Attention deficit hyperactivity disorder; DD, developmental delay; F, female; Ind., Individual; ID, intellectual disability; IUGR, intrauterine growth restriction; M, male; m,
months; NA, not available; y, years.

Further clinical details are provided in Table S3.

2 age at last assessment; P see Table S3 and supplemental case report

44


https://doi.org/10.1101/2025.03.31.25324695
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.03.31.25324695; this version posted April 2, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Platzer et al., KDM2A-related neurodevelopmental disorder

45


https://doi.org/10.1101/2025.03.31.25324695
http://creativecommons.org/licenses/by-nc-nd/4.0/

B Removed du to medRxiv policy

o
5
[a]
12}
o 4
%, 3
%O'
.
\%é_
e
(2
autism 23
mild DD/ID
4
o® %
<
& %
g %“o
-Q5

@
2
3

2
S
k=]
=]
£
-
@
2

13.p.(Tyr193+)
i 2-p.(Pro235Leu)
1-p.(Tyr141Cys)
] To1 o 3-p(His284Tyr)

|12-p.(Arg20%)| bp.(ArgBlQGInH

|5-p.(Phe524Cys)

15-p.(lle560Leufs*32)

14- p.(lle560Aspfs*71)|

|9-p.(LysT76Arg)
|10-p.(LysT76Asn)
i |16-p.(ThrB02Asnfs*49)

| 6-p.(Arg568Gin)

|7-p.(Met591Thr)|
8-p.{Arg599Pro)|

11-p.(HisB11Asn)

17-p.(Asp889Glufs*47)
18-p.(Cys938%)

Pt

Jmjc

type type
1

F-box

T T
200 400

600

800 1000 1162


https://doi.org/10.1101/2025.03.31.25324695
http://creativecommons.org/licenses/by-nc-nd/4.0/

[ Hewin ! Y141C ” P235L "KDM:A-W‘r]'

I 1
e ——— = |Endo KDM2A,

S — _-:EZIZO KDM2A

| . :L aminB1

i —-— -— - Tub

KDMZANC rato

oe)

N
o

Exogenous KDM2A C

1]

Endogencus KDM2A

KDMZA protein levels

Endogenous KDM2A

I Exogenouns KOMZA
NS

EDM2A protein levess



https://doi.org/10.1101/2025.03.31.25324695
http://creativecommons.org/licenses/by-nc-nd/4.0/

hKDMZA-WT or
P235L plasmid 1.‘.;\ (0, 6,12, 24, 48 hrs) t.‘.;;_n
transfection
KDM2A-WT KDM2A-P235L
CHX chase

Time(hrs) 48 24 12 6 0 48 24 12 6 O

—o hKDM2A-WT 12 =7.04
-= hKDM2A-P235L 1,,=4.35

T T T 1

12 24 36 48
Time (hrs)


https://doi.org/10.1101/2025.03.31.25324695
http://creativecommons.org/licenses/by-nc-nd/4.0/

o9

§ 8_ Lt
s 2 6-
ﬁ —
s Qo -
- >
LX) »n 4
3 2,
& W 29
0

HB1N | Y141C

M

100

i
Survival (%)
2

KDM2A protein levels

: |
}.: -
14 .i ."'i il 35' :,":is
n
0- 0 10 20 30



https://doi.org/10.1101/2025.03.31.25324695
http://creativecommons.org/licenses/by-nc-nd/4.0/

GMR-gal4

JD

Control " dKdm2 KD

|hKDM2A—H81 1N||hKDM2A-Y 141 C|| hKDM2A-P235L|| hKDM2A-WT

o

w -

Eye severity score
—_ N

0

ey e

Wi

Control
dKdm® D
UAS-hKDM2AMT
UAS-hKDM2AP235L
UAS-hKDM2A141¢
UAS-hKDM2ARETIN

C

% Climbing

0

Kdm 2TG¢ + +
Control + -
UAS-KDM2AWT -+
UAS-KDM2AP235L - -
UAS-KDM2AYI41C .
UAS-KDM2AHE1IN

D

Contral

g
o

UAS-KDM2AWT -+
UAS-KDM2APZ35L .
UAS-KDM2AY141C
UAS-KDM2AHB1IN

Survival (%)

HE = Luc
Lo 3 |~ reomeawr NS
%5 £ |~ nkom2apazsL
. S| - hKOM2A-Y141C
2 hKDM2A-HE11N
504
e =
S HIEL
0 . s T
0 20 40

e


https://doi.org/10.1101/2025.03.31.25324695
http://creativecommons.org/licenses/by-nc-nd/4.0/

methylation rate



https://doi.org/10.1101/2025.03.31.25324695
http://creativecommons.org/licenses/by-nc-nd/4.0/

