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SHANK3 and beta-synuclein are novel blood-based biomarkers
for the Phelan-McDermid Syndrome: a pilot study
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Phelan-McDermid syndrome (PMS) is a relatively frequent cause of syndromic intellectual disability (ID) and autism spectrum
disorder (ASD). It is typically caused by genetic alterations in the 22913 chromosomal region, most often involving heterozygous
deletions or mutations in the SHANK3 gene. More than half of affected individuals exhibit functional impairments in speech,
cognition, motor skills, and behavior. Despite multiple ongoing therapeutic programs, objective and scalable liquid biomarkers to
support patient stratification and to monitor disease course or treatment response are still lacking. Here, in a pilot study involving
23 individuals with PMS, we identified two biomarkers that are significantly altered compared to a control group and are associated
with symptom severity. First, SHANK3 protein was detectable in peripheral blood mononuclear cells (PBMCs) and was markedly
reduced in PMS (mean —77% vs. controls), consistent with SHANK3 haploinsufficiency; lower PBMC SHANK3 levels were associated
with the presence of developmental regression, supporting its potential utility as a target-engagement/monitoring biomarker
rather than a diagnostic screen. Additionally, plasma levels of beta-synuclein, a neuron-specific synaptic protein, were elevated in
PMS and positively correlated with the severity of speech impairment. Both biomarkers were successfully back-translated in a

Shank3 transgenic mouse model, where beta-synuclein levels were normalized through modulation of the mGlu5 receptor.
Together, these results provide initial evidence for SHANK3 in PBMCs and plasma beta-synuclein as complementary liquid
biomarkers to aid prognosis and enable objective monitoring of therapeutic response in PMS, warranting validation in larger and

pediatric longitudinal cohorts.
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INTRODUCTION

Phelan-McDermid Syndrome (PMS) is a complex neurodevelop-
mental disorder classified as a syndromic form of autism
spectrum disorder (ASD) [1]. The core clinical features of PMS
include neonatal hypotonia, dysmorphic features, global devel-
opmental delay, absent or severely impaired speech, intellectual
disability, seizures, and ASD associated behavioural phenotypes
[1-3]. PMS results from a deletion on the distal long arm of
chromosome 22, specifically the 22q13.3 region, with deletion
sizes ranging from less than 100 kb to more than 9 Mb [4]. This
deletion can also be the result of a ring chromosome 22. In nearly
all these cases, the SHANK3 gene is affected. Moreover, another
subgroup of patients with PMS carries a pathologic SHANK3
variant or has breakpoint mutation within the gene [4, 5]
Consequently, SHANK3 haploinsufficiency is widely considered
the principal driver of the neurological phenotype [1]. Rare cases
have been described in which the deletion does not include
SHANK3 [6-10], underscoring both the genetic heterogeneity of
2213 alterations and the clinical variability across the PMS
spectrum. Importantly, PMS is estimated to occur at approxi-
mately 1 in 15,000-20,000 individuals, placing it among the more

prevalent single-gene/defined-etiology contributors to syndromic
neurodevelopmental disability.

SHANK3 encodes a key scaffolding protein primarily localized at
the postsynaptic density (PSD) of excitatory synapses. There, it
plays a critical role in modulating synaptic maturation and
function, also by linking surface receptors and other PSD proteins
to the actin cytoskeleton [11-13]. Notably, SHANK3 expression has
also been detected in glial cells such as oligodendrocytes [14] and
significant white matter changes have been described in PMS
individuals as well as in Shank3 mouse models [15]. Alterations in
SHANK3 have been strongly linked to ASD in numerous studies
[16-18]. It is estimated that SHANK3 mutations or deletions
account for approximately 1% of all ASD cases [16].

While the molecular diagnosis of PMS is straightforward once
genetic testing is performed. However, due to the variability in
symptom presentation and the often non-specific clinical pheno-
type, PMS remains underdiagnosed [5, 10, 15, 19]. a major unmet
need lies elsewhere: the field lacks objective, scalable liquid
biomarkers that can support patient stratification, inform prog-
nosis, and—critically—provide monitoring and pharmacodynamic
endpoints for therapeutic trials. This need is increasingly pressing
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given the growing number of academic and industry-led
programs in PMS, including approaches aimed at synaptic
function, neurotrophic pathways, and emerging gene-based
strategies. Current trial endpoints often rely on behavioral
assessments and other measures that can be variable, age-
dependent, and sensitive to rater and contextual effects.
Biomarkers that can be repeatedly sampled with minimal burden
would therefore be valuable, not as diagnostic screening tools, but
as measures of disease biology and treatment response over time.

In this study, we examined whether peripheral SHANK3
expression could be detected and leveraged as a blood-based
marker, motivated by the central role of SHANK3 in PMS and the
practical advantages of peripheral sampling. We assessed SHANK3
mRNA and protein in peripheral blood mononuclear cells (PBMCs)
from a well-characterized Shank3 knockout mouse model [20]
(Shank3A11 — /—) and from individuals with PMS and matched
controls. In parallel, we investigated beta-synuclein as an
additional candidate blood marker. This selection was hypoth-
esis-driven: beta-synuclein is a neuron-enriched synaptic protein
measurable in blood using sensitive targeted proteomic meth-
odologies and has been implicated as a marker of synaptic
dysfunction in other neurological contexts, making it a plausible
readout to explore in a SHANK3-related synaptopathy [21-25].

Finally, to connect molecular measures with clinically meaningful
features and to evaluate therapeutic responsiveness in a translational
framework, we examined associations between these biomarkers and
phenotypic characteristics in the human cohort and tested treatment-
related modulation in the Shank3 mouse model using mGlu5
receptor modulation [26]. mGlu5 signaling is mechanistically linked
to synaptic scaffolding [12, 13, 26, 27] and has shown beneficial
effects in Shank3-related models, providing a rationale to probe
whether a candidate liquid marker might also serve as a
pharmacodynamic readout. Collectively, our approach aims to
establish feasibility for two complementary blood-based measures
—PBMC SHANK3 as a potential target-engagement/monitoring
marker and plasma beta-synuclein as a candidate marker associated
with clinical features and treatment response—thereby supporting
future longitudinal and pediatric validation studies.

MATERIALS/SUBJECTS AND METHODS

Ethical statement

Informed consent was obtained from all human donors or their
legal guardians prior to sampling. All experiments with human
participants were conducted in compliance with national law and
found to be approved by the local ethics committee in Ulm,
Germany (no. 124/23 for healthy control individuals, no. 321/16 for
individuals with PMS). All experiments with mice have been
conducted according to national and EU law and approved by
Regierungsprasidium Tibingen (Nr. o. 103-17).

Mice

The Shank3A11-/- (referred as Shank3 KO) mice were previously
described (Schmeisser et al, 2012). Shank3 fullKO mice were
purchased from Jackson Laboratory. All mice were housed under
standard laboratory conditions, with access to food and water ad
libitum, and a 12h dark/light cycle. WT, Shank3A11+ /- and
Shank3A11-/- mice used in this study were obtained from
heterozygous breeding on a C57BL/6 background. Animal from
both sexes were included in all experiments. All animal experi-
ments were conducted in compliance with the guidelines for the
welfare of experimental animals issued by the Federal Govern-
ment of Germany, and approved by the Ethics Committee of
Regierungsprasidium Tibingen, (Nr. 0. 103-17).

Mice blood collection, plasma and PBMC isolation

Adult mice were anesthetized by inhalation of CO2. Blood was
collected via cardiac puncture and the mice were sacrifice by
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decapitation. The blood was immediately placed in an EDTA-KE
tube (Sarstedt 061664001) and processed.

For PBMCs isolation, the collected blood was diluted 1:1 with
PBS -/- + 2% FBS solution at room temperature. The right amount
of Lymphoprep Density Gradient Solution (Cat. 07905) was add to
a fresh tube and the diluted blood was gently layered on top of
the density gradient medium. Samples were centrifuged at 800 g
for 30 min at room temperature. Carefully, cells were harvested
and washed in PBS -/-+ 2% FBS solution. After a centrifugation at
3000 rpm for 10 min at room temperature, the supernatant was
discarded and the pellet was processed for further uses.

For Plasma isolation, the whole blood was centrifuged at 2000 g
for 15 min at 4 °C.

Human blood collection, plasma and PBMC isolation

Blood collection for individuals with PMS was performed at one
afternoon during a family gathering. Families were contacted prior
to the meeting and also informed about the study during two
medical-scientific presentations prior to blood collection. Pre-
ference was given to recruiting adolescents and adults, and
younger children were recruited if it was known that they
tolerated blood drawing well. Two physicians performed the
blood collections. Acute and chronic infections or inflammatory
conditions were considered as exclusion criteria. Controls were
recruited among Ulm university. The same exclusion criteria were
applied, and participants did not report any neurological or
mental illnesses.

Sample size was determined by availability rather than an a
priori power calculation because PMS is a rare disorder, and we
enrolled all eligible participants available during the family
gathering. We then performed a sensitivity (MDE) analysis
showing that the group sizes provide ~80% power (two-sided
a=0.05) to detect moderate to large standardized group
differences (Cohen’s d ~0.9). In covariate-adjusted OLS models,
biomarkers were z-scored and standardized effects are reported
directly as the coefficient in SD units (with confidence intervals).

Human whole blood was collected using the BD Vacutainer CPT
cell preparation tube with sodium citrate (Ref. 362761). After
collection, tubes are gently inverted and cenrifuged at 1800g for
30min at room temperature. After centrifugation plasma was
collected and stored at —80 °C. Mononuclear cells are collected,
washed in PBS -/-+2% FBS solution and centrifuged again at
3000 rpm for 10 min at room temperature. After the centrifuga-
tion, supernatant is discarded and the pellet is processed for
further uses.

Biochemistry and quantitative immunoblot analysis

PBMCs were resuspended in Modified RIPA Buffer (10 mM TrisHcl
pH 7,4, 1% Triton X-100, 0,1% SDS, 1% Sodium Deoxycholate,
5mM EDTA) with phosphatase (PhosphoSTOP™, Roche 04906837)
and protease Inhibitor (Complete™ Mini EDTA-free Protease
Inhibitor Cocktail, Merck 11873580001). Cells were homogenizated
using a 26 G needle and ultrasound (10 pulses). Samples were left
in ice for 15 min and subsequently cell debris were separated from
the protein lysate by a centrifugation step at 13.000 rpm for
10 min at 4°C. Finally, supernatant was collected and stored at
—80 °C or processed for further uses.

Protein concentration of cell lysates was calculated using the
Bradford Assay and the signal intensity was measured using the
Cytation3 ELISA reader. All samples were read in duplicates and
the protein concentration was calculated in Microsoft Excel based
on a standard curve previously calculated.

Equal amounts of each sample (40 pg) were separated using
4-20% gradients Mini-PROTEAN TGX Free-Stain precast gels.

After electrophoresis, the gel was activated for 45 sec using the
ChemiDoc MP from BioRad. Protein was blotted on nitrocellulose
membranes using the Trans-Blot Turbo Transfer System (BioRad).
After the transfer, the total protein was imaged using the
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ChemiDoc MP machine and the membrane was blocked with 5%
BSA in Tris-buffered saline containing 0.2% Tween-20 (TBST 0.2%)
for 4 h at RT on a shacker. Membranes were incubated overnight
at 4 °C with primary antibody in blocking solution. The folowing
primary antibodies were used: SHANK3, cell signaling technolo-
gies, 64555, TREM2, ReD, MAB1729; TREM2, Cell Signaling
Technologies, 91068; DAP12, Abcam, 283679; DAP12, Santa Cruz,
sc133174; CD3, Abcam, AB11089.

Subsequently, membranes were washed 3 times with TBST 0.2%
and incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Dako) diluted in blocking solution for 1 h at
RT. Afterward, membranes were washed 3 times with TBST 0.2%
and the signal was measured using the Clarity Western ECL
Substrate (BioRad 1705061) in the ChemiDoc MP machine.

All signals were quantified using Imagelab software (Biorad)
and normalized against the value of the respective signal for total
protein.

Quantitative real-time PCR

Isolation of total RNA was performed using the RNeasy Mini kit
(Qiagen) as described by the manufacturer and eluted in a total of
30 ul RNAse-free water.

Quantitative real-time reverse transcription PCR (QRT-PCR) was
carried out in a one-step, single-tube format using the Quantin-
Nova SYBR Green RT-PCR kit (Qiagen).

Thermal cycling and fluorescence detection were performed
using the Rotor-Gene-Q real-time PCR machine model 2-Plex HRM
(Qiagen). The qRT-PCR was assayed in 0.1 ml strip tubes in a total
volume of 20 ul reaction mixture containing 1 ul of RNA, 2 ul of
oligonucleotides, 10 ul of QuantiNova SYBR Green Master Mix,
6.8 ul of RNase-free water and 0.2 ul of Reverse Transcription Mix.
The used validated primers were purchased from Qiagen
(Mm_Gapdh_3_SG QT01658692; Hs_SHANK3_2_SG QT01851801;
Hs_GAPDH_1_SG QT00079247) or Eurofins (Shank3 fw 5'-
CCAAGTTCATCGCTGTGAAGG - 3% rev 5- TGTCATACTGTCG-
CATCTGCA - 3').

Resulting data was analyzed utilizing the GAPDH gene to
normalize transcript levels.

Cycle threshold (ct) values were calculated by the Rotor- Gene-
Q Software (version 2.0.2, Qiagen). All reactions were run in
technical duplicates, and mean ct values for each reaction were
taken into account for data analysis.

Blood smear staining

A drop of blood was placed on the slide (Fisher Scientific
16069901) and spreaded by using another slide placed at a 45°
angle. Air-dried smears were fixed for 1 min in methanol. Smears
were air-dried and washed three times with PBS (Gibco).
Subsequently, slides were incubated with primary antibody
(SHANK3 cell signaling 64555, 1:100) for 1 h at room temperature.
After that two washes with PBS were performed and blood
samples were incubated with AlexaFluor-conjugated secondary
antibodies (Thermo Fisher Scientific, 1:250) for 1h at room
temperature. Finally, two washes with PBS were performed and
slides were mounting using the ProLong Gold antifade reagent
with DAPI (Thermo Fisher Scientific P36935).

Plasma beta-synuclein analysis

Beta-synuclein concentration in human plasma samples was
quantified as previously described [21, 22]. In brief, beta-
synuclein was immunoprecipitated from 500 uL plasma using a
monoclonal anti-beta-synuclein antibody (EP1537Y, Abcam) and
quantified using multiple reaction monitoring mass spectrometry
(IP-MS). An external calibration curve was generated using
recombinant full-length beta-synuclein (rPeptide) at concentra-
tions ranging from 2-100 pg/mL and 15N-labeled beta-synuclein
was included in all samples as internal standard. Samples were
analyzed in two runs and quality control samples (low and high)
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were included to monitor the performance of measurements
(intra- and interassay CVs were 2.9-10.9 and 3.8-14.4%).

Since the required volume of 500 pl plasma for the validated IP-
MS method is not applicable to murine studies and preliminary
data indicated that beta-synuclein plasma levels in mice are
substantially higher than in humans, we here exploratorily used an
beta-synuclein immunoassay for the microfluidic Ella platform
(Simple Plex Human beta-synuclein Cartridge from Biotechne) to
quantify beta-synuclein in murine plasma samples. We tested the
suitability of this assay for measurement in murine plasma
samples in a pilot experiment using a pooled mouse plasma
sample. The intraassay CVs for murine plasma QC samples was
5.3-8.3%.

Pharmacological treatment

VU0409551 (Tocris 5693) was resuspended in a betaciclodextrin
20% (Sigma 332607) solution. Shank3 WT and KO mice received an
intraperitoneal injection of VU (5 mg/Kg) or vehicle for 10 days.
Blood was collected 30 min after the last injection.

Genetic reports and phenotype data

The survey included questions on the following binary or ordinal
scaled phenotypes: speech (none/single words/sentences), gait
disorder, muscle weakness (none/mild/severe), epilepsy (none/
one seizure/multiple seizures), use of epilepsy medication,
regression, cognitive impairment (none or mild/moderate/
severe), behavioral problems (autism/hyperactivity or ADHD/
catatonia/sleep disorder/anxiety disorder/depression or mania
or bipolar disorder), therapy with intranasal insulin (none/
previous use/current use). Parents or legal guardians answered
the questions. Respondents could contact the study director on
site in person at any time if they had any questions while
completing the questionnaire. The survey was generally
reported to be understandable, and there were few questions
from parents or legal guardians seeking clarification of individual
questions. If ordinal scale questions were answered between
two values, the respondents were contacted again. If they
continued to choose an intermediate value, the more severe
phenotype was chosen. Regression was defined in the ques-
tionnaire as the loss of previously learned skills. None of the
participants (PMS and healthy individuals) had an infection at
the time of blood collection. Healthy individuals were only
enrolled in the study if they had no neurological or psycholo-
gical problems in their lives.

According to the genetic report subjects with PMS were
grouped by genotype into terminal deletions (D = deletions with
SHANK3 haploinsufficiency), interstitial deletions without SHANK3
haploinsufficiency (I), or SHANK3-associated mutations (V =var-
iants), including pathogenic SHANK3 variants, SHANK3 intragenic
deletions, or breakpoint mutations in the SHANK3 gene with
translocation.

Statistical analysis

Analyses of mouse and human data for SHANK3 and beta-synuclein
expression. Data are displayed as mean * standard error of the
mean (SEM). Statistical analysis and graphs were generated using
GraphPad Prism (version 9.4.1, GraphPad, San Diego,
California, US).

After checking for outliers, normal distribution was tested using
the Shapiro-Wilk test. Based on the number of comparisons and
the pattern of the data distribution, an appropriate statistical test
was used to analyze the data.

Statistical tests were two-tailed with a significance levels (p-
values) of a <0.05 with 95% confidence interval. The significance
level was displayed as follow: *p <0.05, **p <0.01, ***p <0.001,
*®xxxp < 0,0001.

For all graphic data, n indicates number of biological replicates.
The n values are reported in the figure legends.
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Analysis of subgroup differences. To assess whether the group
differences in potential biomarker values (SHANK3 and beta-
synuclein) were independent of potential confounders, the linear
regression analyses using ordinary least squares (OLS) were
performed. Levels of two biological measurements were modeled
in relation to group status (PMS vs. Control), age, and sex.
Influential covariates were further tested via within-group
Pearson’s correlation analyses. Where applicable, these variables
were included as adjustment factors in other models.

Since the SHANK3 protein expression was quantified via the
analysis of Western blot bands and normalized to total protein per
lane, SHANK3 values had no absolute unit and varied across an
arbitrary scale. Therefore, SHANK3 was standardized (z-scored)
prior to all regression analyses to enable interpretable effect
estimates, opposed to beta-synuclein, which raw concentrations
(pg/ml) were used to preserve unit-based explainability.

Furthermore, to account for genetic heterogeneity within the
PMS cohort, additional multiple linear regression (MLR) models
were fitted including genotype as a covariate (Deletion, Ring,
Variants). The performance of each model was summarized using
adjusted R?, and significance of individual predictors was
evaluated using Wald statistics (t-values) at a threshold of
p < 0.05. Additionally, the genotype-specific variation in original-
scale SHANK3 levels was first tested with a Kruskal-Wallis analysis
(a=0.05), in GraphPad Prism. Pairwise contrasts of z-scored
SHANK3 and beta-synuclein across PMS genotypes were then
evaluated with Tukey’s honest significant difference procedure,
adjusted for multiple comparisons, and reported relative to the
control group. Analyses were conducted in Python within a fully
reproducible workflow unless otherwise noted.

Outlier identification. Outliers were identified using six methods:
z-score thresholding (| z| > 3), interquartile range (IQR., 1.5 X IQR),
median absolute deviation (MAD. 3XxMAD), Grubbs’ test
(a=0.05), Dixon's Q test (two-sided, n < 30), and isolation forest
(contamination = 0.1). These outlier detectors were selected to
capture both parametric and non-parametric irregularities in case
of small sample size. A majority-voting approach was used, in
which data points flagged by at least five methods were excluded
as outliers from the corresponding dataset, minimizing bias from
implementing just a single detection strategy.

In the SHANK3 PMS dataset, one outlier was identified (code P5,
see Supplementary Table), and another excluded due to poor
western blot quality. Exclusions were limited to the respective
dataset.

In the beta-synuclein control group, one sample (code C24) was
consistently flagged as an outlier by all six detection models. The
exclusion was limited to this dataset.

Code P7 was not included in any of the analysis due to the
genetic status as PMS SHANK3-unrelated.

Analyses of the human phenotypic data in relation
biomarker levels. Internal consistency of the questionnaire was
assessed separately for binary and ordinal variables. For the binary
subset, it was calculated using the Kuder-Richardson Formula 20.
For the ranked questions, the Cronbach’s alpha was used.

The multiple-choice question on behavior problems was
rearranged into separate binary-coded variables. All Likert scale
variables were uniformly recoded to a 0-2 range to align the
scoring across variables.

Nine questionnaire items that had at least five non-zero
responses were kept for phenotypic analysis (five questions were
removed).

Associations between the measurements of interest and
behavioral/clinical phenotypes obtained from the questionnaire
were investigated using bootstraped regression (1000 iterations).
The models were selected based on measurement type: ordinal
logistic regression for Likert scale features, and regularized binary
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logistic regression for dichotomous variables. Each model was run
both with and without adjustment for PMS genotypes groups. To
further explore within-genotype patterns, point-biserial correla-
tions (for SHANK3) and Spearman rank correlations (for beta-
synuclein) were computed separately within each genotype
subgroup per significant phenotype.

To provide group-level effect sizes, additional comparisons were
performed for the variables that showed significant associations
with z-scored SHANK3 expression or plasma beta-synuclein levels
in regression models. For these analyses, ordinal predictors were
converted to binary, with adjacent levels combined based on
clinical interpretability. Welch’s t-tests were used for group
comparisons, and effect sizes were reported as Cohen'’s d.

Lastly, to assess the potential relationship between two markers,
unstandardized SHANK3 expression and plasma beta-synuclein
concentrations were correlated using Spearman’s rank correlation,
and z-scored SHANK3 and z-scored beta-synuclein were combined
into regression model as interactive terms to control for shared
influence.

RESULTS
Peripheral blood mononuclear cells isolated from mice
express SHANK3
To test whether SHANK3 can be measured in peripheral blood, we
isolated peripheral blood mononuclear cells (PBMCs) from wild-
type (WT) mice and Shank3A11 — /— mice. SHANK3 protein was
first assessed by western blot, using mouse cortex lysates as a
positive control (Fig. 1A). In WT PBMCs, we detected a SHANK3
band corresponding to the high-molecular-weight isoform,
whereas no SHANK3 signal was observed in Shank3A11 —/—
PBMCs, supporting assay specificity (Fig. 1A). Quantification
confirmed a significant reduction of SHANK3 protein in
Shank3A11 — /— PBMCs, and intermediate levels were observed
in Shank3A11 +/— mice, consistent with gene dosage (Fig. 1B).
To exclude that differences reflected broad shifts in myeloid
composition or general PBMC alterations, we quantified TREM2
and its adaptor DAP12 as myeloid-associated proteins and found
no significant differences across genotypes (Fig. 1D). In addition,
to provide orthogonal validation at the transcript level and further
exclude non-specific immunoreactivity, we quantified Shank3
mRNA in PBMCs by gPCR. Shank3 transcripts were detectable in
WT PBMCs and significantly reduced in Shank3A11 — /— PBMCs
(Fig. 1Q). Together, these results demonstrate that SHANK3 is
measurable in PBMCs and is reduced in a Shank3 loss-of-function
context.

SHANK3 levels are markedly reduced in PBMCs from
individuals with PMS

After establishing peripheral detectability in mice, we assessed
SHANK3 expression in PBMCs from individuals with PMS and
healthy controls (Supplementary Table 1). SHANK3 was evaluated
using complementary approaches (western blot, immunostaining,
and RT-gPCR). Western blot quantification revealed a robust
reduction of SHANK3 protein in PMS PBMCs, with a mean
decrease of ~77% compared to controls (Fig. 2A). As expected
for heterozygous SHANK3 alterations, SHANK3 remained detect-
able in PMS samples but was markedly reduced relative to
controls.

To test whether the group difference could be explained by
demographic covariates, we performed an OLS regression model
controlling for sex and age. Z-scored SHANK3 levels remained
significantly lower in PMS (coefficient = —1.35, p <0.001), while
sex and age were not significant predictors (sex p =0.755; age
p = 0.733). The model explained ~44% of the variance in SHANK3
levels (adjusted R? = 0.44).

Given genetic heterogeneity in PMS, we next included PMS
genotype as a covariate (deletion, ring, variant). SHANK3 levels
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Fig. 1 Shank3 expression in mice peripheral blood mononuclear cells. A Example of Shank3 expression in WT, Shank3A11-/- (KO) and
Shank3 fullKO (fKO) cortical synaptosomal fraction (5 pg) and in peripheral blood mononuclear cells (40 ug) from WT and Shank3A11-/- (KO)
adult mice. B Representative western blot images and relative SHANK3 quantification from peripheral blood mononuclear cells isolated from
Shank3 WT, HT and KO adult mice. Protein expression was normalized to the respective total protein levels. Data were analyzed by one-way
ANOVA; n =7 WT, n =3 Shank3A11 + /—, n =7 Shank3A11-/-. ** p < 0.01; **** p < 0.0001. C Shank3 mRNA expression from PBMCs of WT and
Shank3A11-/- adult mice. Data were analyzed by two-tailed Mann-Whitney test; n =6 WT, n =6 Shank3A11-/-. ** p <0.01. D Representative
western blot images and relative protein quantification from peripheral blood mononuclear cells isolated from adult mice. Protein expression
was normalized to the respective total protein levels. Data obtained from the quantification of DAP12 were analyzed by unpaired, two-tailed
Student’s t-test with Welch's correction; TREM2 was analyzed by unpaired, two-tailed Student’s t-test; n =7 WT, n =7 Shank3A11-/-. ****
p < 0.0001.

remained significantly reduced in PMS (coefficient=—1.05, Plasma beta-synuclein is elevated in PMS and normalizes with
p < 0.0001). Consistent with SHANK3 haploinsufficiency across mGlu5 modulation in Shank3 mice

PMS etiologies affecting SHANK3, all genotype groups showed To identify an additional liquid biomarker with potential relevance
significant reductions versus controls, while differences among to synaptic dysfunction [21, 23-25, 28] and treatment response,

PMS genotypes were not significant (Supplementary Fig. 1). we measured plasma beta-synuclein using immunoprecipitation
Moreover, Tukey’s HSD on z-scored SHANK3 levels revealed mass spectrometry. Beta-synuclein levels were significantly

significant reductions versus controls for the Deletion ( — 1.34 SD, increased in PMS compared to controls (Fig. 2D).

adjusted p =0.0001), Ring (— 1.54 SD, adjusted p =0.0091), and To evaluate potential confounding, we fit an OLS model

Variants (— 1.33SD, adjusted p =0.001) genotypes. No pairwise adjusting for sex and age. Beta-synuclein remained significantly
differences among the PMS genotypes reached significance (all higher in PMS (coefficient=+0.98, p=0.044). Age was a
adjusted p > 0.98). significant negative predictor (p = 0.004), indicating lower beta-

To further support specificity and rule out trivial explanations synuclein with increasing age, while sex was not significant
related to PBMC yield/composition, we quantified TREM2/DAP12 (p = 0.34). This model explained ~24% of the variance (adjusted
and found no significant differences between PMS and controls R®>=0.24). Consistently, within the PMS group beta-synuclein
(Fig. 2A). We additionally quantified CD3 as a T-cell marker to showed a moderate negative correlation with age (Pearson
assess whether group differences could reflect gross differences r=—0.54, p=0.009), whereas no significant age relationship
in lymphocyte abundance; CD3 levels did not differ between was observed in controls (Pearson r=+0.26, p=0.337). In a
groups (Fig. 2A). Immunostaining confirmed SHANK3 signal in follow-up model including age and PMS genotype, the PMS-
human blood-derived cells (Fig. 2B), and RT-qPCR corroborated control group difference was attenuated and did not reach
significantly reduced SHANK3 mRNA levels in PMS PBMCs conventional significance (coefficient = +0.72, p = 0.06); post-hoc

(Fig. 2Q). genotype comparisons were not significant, although all PMS
Finally, to address rare PMS cases without SHANK3 involvement, genotype groups showed elevated mean levels versus controls.
we analyzed an internal comparison sample from an individual To test translational relevance and explore whether beta-synuclein
with a 22913 deletion not encompassing SHANK3. In this case, might function as a pharmacodynamic marker, we evaluated plasma

SHANK3 protein and mRNA levels were comparable to controls beta-synuclein in Shank3A11 —/— mice. Shank3A11 —/— mice
(Supplementary Fig. 1), consistent with the expectation that exhibited elevated plasma beta-synuclein relative to WT (Fig. 3A, left).
SHANK3 reduction is linked to SHANK3-inclusive PMS genotypes. We then treated mice with VU0409551, a positive allosteric modulator

Collectively, these findings demonstrate that SHANK3 is measur- of mGlu5 previously shown to ameliorate molecular/behavioral
able in human PBMCs and is specifically reduced in PMS cases deficits in Shank3 models [26]. Following 10 days of chronic
affecting SHANK3. treatment, plasma beta-synuclein was significantly reduced in
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Fig. 2 SHANK3 expression in human peripheral blood mononuclear cells. A Representative western blot images and relative protein
quantification from peripheral blood mononuclear cells isolated from healthy donor and PMS patients. Protein expression was normalized to
the respective total protein levels. Data obtained from the quantification of SHANK3 were analyzed by unpaired, two-tailed Student’s t-test
with Welch’s correction; n = 24 controls, n = 20 patients; TREM2 was analyzed by unpaired, two-tailed Student’s t-test; n = 12 controls, n =11
patients; DAP12 data were analyzed by two-tailed Mann-Whitney test; n =7 controls, n =7 patients; CD3 was analyzed by unpaired, two-
tailed Student’s t-test; n = 14 controls, n = 10 patients. **** p <0.0001. B Immunocytochemistry of SHANK3 (red), CD3 (green) and DAPI (blue)
in a peripheral blood smear of healthy donor sample. Scale bar: 10 um. C SHANK3 mRNA expression from PBMC of controls and PMS patients.
Data were analyzed by unpaired, two-tailed Student’s t-test; n =8 controls, n = 7 patients. **** p <0.0001. D Plasma concentration of beta-
synuclein in healthy donors and PMS patient samples. Data were analyzed by unpaired, two-tailed Student’s t-test with Welch’s correction;

n = 22 controls, n =22 patients; * p <0.05.

Shank3A11 —/— mice and shifted toward WT levels (Fig. 3A). The
same treatment showed no effect in WT mice (Fig. 3A) These findings
support beta-synuclein as a candidate treatment-responsive plasma
biomarker in a Shank3 context.

Lower PBMC SHANKS3 levels are associated with
developmental regression

We tested associations between SHANK3 (z-scored) and beha-
vioral/clinical phenotypes derived from the caregiver survey using
bootstrap-based regression. Among the tested phenotypes, only
regression (binary) was significantly associated with SHANK3
levels. Individuals with regression had significantly lower SHANK3
expression compared to those without regression (unadjusted for
genotype: coefficient=—1.9, 95% Cl [ — 4.04, —0.58], p = 0.002;
bootstrapped n = 1000). This relationship persisted after control-
ling for PMS genotype (coefficient=—2.19, 95% CI [—6.83,
—0.23], p=0.03; bootstrapped n = 1000). Subgroup analyses by
genotype did not vyield statistically significant associations,
although the variants subgroup showed a strong negative point-
biserial correlation (r=—0.722) that did not reach significance

SPRINGER NATURE

(p = 0.06), consistent with limited power (n = 7). Direct compar-
ison of unstandardized SHANK3 levels confirmed significantly
lower SHANK3 in individuals with regression (Fig. 3B, left).

Plasma beta-synuclein levels are associated with speech
impairment severity
We next evaluated the relationship between beta-synuclein and
clinical phenotypes using bootstrap-based ordinal regression
controlling for age. Only speech was significantly associated with
beta-synuclein levels. Higher ordinal speech scores were linked to
lower beta-synuclein (unadjusted for genotype: coefficient=
—0.81, Cl [—1.56, —0.28], p=0.0001; bootstrapped n =997),
and the association remained after adjusting for genotype
(coefficient = —0.83, CI [ — 1.64, —0.25], p =0.002; bootstrapped
n=997). Genotype-stratified analyses showed one significant
association within the variants subgroup (Spearman r= —0.84,
p=0.019).

To facilitate interpretability and estimate effect size, we
grouped participants by functional speech: individuals using
sentences (group 1) versus those with no speech or only single

Translational Psychiatry (2026)16:201
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words (group 2). Beta-synuclein was significantly higher in group 2
with a very large effect size (Fig. 3B, right).

Combined models of SHANK3 and beta-synuclein

SHANK3 and beta-synuclein showed a weak, non-significant
negative correlation (Spearman r=-0.146, p=0.5395). We
nevertheless fit combined models to explore complementary
predictive information. In show severity, beta-synuclein showed a
significant negative association (p = 0.041), whereas SHANK3 and
the interaction term were not significant. For regression,
SHANK3 showed a negative effect (p =0.05) and the interaction
term showed a suggestive trend (p =0.082). These exploratory
results are consistent with partially distinct biological information
captured by the two measures and motivate validation in larger
longitudinal cohorts.

DISCUSSION

Phelan-McDermid syndrome (PMS) is a rare, genetically defined
neurodevelopmental disorder most commonly caused by dele-
tions or pathogenic variants affecting SHANK3 at 22q13. In routine
care, PMS is ultimately confirmed by genetic testing [10, 29, 30]
once clinically suspected [28]. Therefore, the central translational
challenge in PMS is not the development of alternative diagnostic
screening tests, but rather the lack of objective, scalable
biomarkers that can support patient stratification, inform prog-
nosis, and provide monitoring and pharmacodynamic endpoints
for therapeutic trials. This need is increasingly urgent given the

Translational Psychiatry (2026)16:201

growing number of interventional programs in PMS [31] and the
limitations of behavioral outcome measures, which are often
variable, age-dependent, and sensitive to contextual factors.

In this pilot study, we identify two complementary blood-based
biomarker candidates: SHANK3 protein and mRNA in PBMCs, and
plasma beta-synuclein. A major advantage of blood-based
measures is the feasibility of repeated sampling with minimal
burden, enabling longitudinal designs that are essential for
understanding individual developmental trajectories and treat-
ment effects [32-37].

PBMC SHANKS3 as a target-engagement and monitoring
biomarker

We demonstrate that SHANK3 is detectable in PBMCs and is
robustly reduced in both a Shank3 loss-of-function mouse model
and individuals with PMS. In humans, PBMC SHANK3 protein levels
were reduced on average by ~77% compared with controls,
consistent with SHANK3 haploinsufficiency in most PMS geno-
types. Importantly, this reduction remained significant after
adjusting for age and sex, and SHANK3 levels were comparably
reduced across PMS genotypes that involve SHANK3. Conversely,
an internal comparison sample with a 22q13 deletion not
involving SHANK3 showed SHANK3 levels comparable to controls,
supporting biological and analytic specificity.

Because PBMCs represent a heterogeneous mixture of immune
cell types, we assessed whether the observed SHANK3 reduction
could reflect broad differences in immune composition or sample
quality rather than SHANK3 biology. Levels of TREM2/DAP12 did
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not differ between groups, and CD3—used as a coarse marker for
T-lymphocyte abundance—also showed no group differences,
arguing against major shifts in PBMC yield or gross lymphocyte
composition as the primary explanation [38]. Immunostaining
further supported detectable SHANK3 signal in blood-derived
cells, although future work using cell-type-specific markers and
sorted immune subsets will be needed to identify the precise
cellular sources and to determine whether PMS involves subtle
immune compositional changes that could influence PBMC-based
measures. However, based on previous reports of SHANK
expression in immune cells [39] and clinical indications that PMS
may be associated with increased susceptibility to infection
[40-45], it is conceivable that altered SHANK3 expression impacts
immune function.

A key translational implication is that PBMC SHANK3 is best
viewed as a target-engagement/monitoring biomarker rather than
a diagnostic screening tool. This framing is particularly relevant
given the availability of genomic confirmation for PMS. Consistent
with this intended use-case, we observed that lower PBMC
SHANK3 levels were associated with the presence of develop-
mental regression, suggesting potential value for prognosis or
stratification. At the same time, we emphasize that peripheral
SHANK3 levels may not directly mirror CNS SHANK3 levels.
Establishing peripheral-central correspondence (including age-
stratified designs and paired peripheral/CNS measurements in
model systems) is an important next step.

Plasma beta-synuclein as a candidate phenotypic and
pharmacodynamic marker

Given the synaptic biology of PMS and the need for trial-ready
markers, we also evaluated plasma beta-synuclein, a neuron-
enriched synaptic protein measurable in blood using sensitive
targeted proteomic approaches and previously implicated as a
marker of synaptic pathology in other neurological contexts
[22-25, 46-48]. We found a modest but significant elevation of
plasma beta-synuclein in PMS compared with controls. In
regression models, age emerged as a relevant covariate, and
within the PMS group beta-synuclein showed an inverse relation-
ship with age, underscoring the need for age-stratified and
longitudinal validation—particularly in pediatric cohorts. Impor-
tantly, beta-synuclein levels were associated with speech impair-
ment severity, suggesting potential utility for phenotypic
stratification and clinical trial enrichment strategies.

To explore whether beta-synuclein might also function as a
treatment-responsive biomarker, we back-translated this measure
in the Shank3 mouse model. Beta-synuclein was elevated in
Shank3A11 — /— plasma and was normalized by chronic treat-
ment with the mGlu5 positive allosteric modulator VU0409551.
We chose mGlu5 modulation because synaptic glutamatergic
signaling is mechanistically connected to SHANK3-related synaptic
scaffolding and because mGlu5-directed interventions have
shown beneficial effects in Shank3-related models [26]. While
these findings do not establish clinical efficacy, they support beta-
synuclein as a plausible pharmacodynamic readout of pathway
engagement and treatment-related normalization in a Shank3
context. This is particularly relevant given the phenotypic
variability and individual developmental trajectories characteristic
of PMS [19]. Regression—the loss of previously acquired skills—is
commonly reported among individuals with PMS [49, 50], and
several pharmaceutical companies are actively pursuing causal
therapies, including gene therapy, SHANK3 upregulation, and
synaptic modulation approaches (see clinicaltrials.gov) [51, 52].

Translation, limitations, and future directions

Several limitations should be considered. First, this is a pilot
cohort; larger multi-center cohorts are required to confirm effect
sizes, refine covariate adjustment (including medication, comor-
bidities, time-of-day and other pre-analytic variables), and
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determine reproducibility across sites and platforms. Second, our
human cohort is adult-enriched; given the age dependence
observed for beta-synuclein and the developmental nature of
PMS, validation in pediatric and longitudinal cohorts is essential.
Third, PBMC-based SHANK3 quantification currently relies on
research-grade methods; while our data support specificity
(including KO controls and orthogonal mRNA validation), transla-
tion to higher-throughput formats will require further assay
development and standardization. Finally, clinical phenotyping
was derived from caregiver-reported survey data, which can
introduce noise and limit resolution; future work should integrate
standardized clinical instruments and objective measures where
feasible.

Despite these limitations, our findings provide initial
evidence for two accessible blood-based measures that capture
complementary aspects of PMS biology: PBMC SHANK3 as a
feasible marker related to SHANK3 haploinsufficiency and
regression status, and plasma beta-synuclein as a neuron-
enriched marker associated with speech impairment and
responsive to pathway modulation in a Shank3 model. Together,
these biomarkers may help enable more objective monitoring of
disease course and therapeutic response in PMS, supporting the
design and interpretation of ongoing and future interventional
studies.

Weblinks

ClinicalTrials.gov: https://clinicaltrials.gov/. Phelan-McDermid
Guideline: https://ern-ithaca.eu/guidelines/ern-ithaca-guidelines/
phelan-mcdermid-guideline/.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
authors, upon reasonable request.
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