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ABSTRACT
Objective: Fragile X syndrome (FXS) is a leading cause of inherited intellectual disability, yet epidemiological 
data from Eastern and Southeastern Türkiye remain scarce. This study aimed to determine the diagnostic 
yield and allele distribution of FMR1 expansions in a male cohort from these underserved regions. 
 
Methods: We conducted a retrospective, single-center audit of 306 consecutive male referrals tested for FMR1 CGG 
repeats between January 2019 and August 2025. Analysis was performed using PCR-based sizing and triplet-primed PCR. 
 
Results: The overall prevalence of FMR1 expansions was 5.2% (16/306). Full mutations (>200 repeats) were identified in 
3.3% (10/306) of the cohort, all in children aged ≤11 years. Premutations (55–200 repeats) were found in 2.0% (6/306) of 
cases, with a notably wider age distribution extending into late adulthood. No intermediate (gray zone) alleles were detected. 
 
Conclusion: These findings confirm a clinically significant yield for FMR1 testing in the region. The absence of gray zone 
alleles and the detection of older premutation carriers highlight distinct referral patterns and the critical need for family 
cascade screening.
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INTRODUCTION
Fragile X syndrome (FXS) is the most common 
inherited cause of intellectual disability and a frequent 
single-gene contribution to autism spectrum disorder, 
arising from CGG trinucleotide repeat expansion in 
the 5′ untranslated region of the FMR1 gene with 
consequent transcriptional silencing and deficiency of 
the FMRP protein (1). Beyond the classic full-mutation 
phenotype, the clinical relevance of sub-threshold 
expansions has become increasingly clear: individuals 
with premutation-range alleles may remain cognitively 
typical yet manifest other systemic or neuropsychiatric 
features across the lifespan, while “intermediate/gray-
zone” alleles warrant careful interpretation in the context 
of family planning and intergenerational risk (1).
Foundational reviews synthesized early molecular 
and clinical insights, delineating the genotype–
phenotype correlations that underlie FXS, articulating 
the role of methylation in pathogenesis, and anchoring 
FMR1 analysis as a core investigation in males with 
developmental delay, intellectual disability, or autistic 
features (2). These works also highlighted technical 

considerations such as the need to accurately size CGG 
repeats, detect mosaicism, and assess methylation that 
continue to inform contemporary laboratory algorithms 
(2).
More recently, professional consensus statements have 
emphasized standardization in reporting repeat categories 
(normal, intermediate/gray-zone, premutation, and full 
mutation), pre- and post-test counseling, and referral 
pathways that align laboratory findings with actionable 
clinical recommendations (3). Such documents 
underscore that reporting should be unambiguous 
about reproductive implications (e.g., the potential for 
premutation expansion upon maternal transmission), 
while cautioning against over-interpretation of gray-
zone alleles in the absence of corroborating evidence. 
These principles remain pertinent in regions where 
access to specialized genetics services is variable and 
where referral patterns may concentrate testing in a 
limited number of tertiary laboratories.
Concurrently, the “Fragile X spectrum” framework 
integrates full-mutation FXS with premutation-
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associated conditions (including fragile X–associated 
tremor/ataxia syndrome (FXTAS) and fragile X–
associated primary ovarian insufficiency [FXPOI]) and 
recognizes additional neuropsychiatric and somatic 
correlates observed in some premutation carriers (4). 
This spectrum view reframes FMR1 testing from a 
single-disease assay to a gateway for broader family-
centered risk assessment and longitudinal care, spanning 
pediatrics through adulthood (4).
Despite these global advances, epidemiologic and 
service-delivery data from Türkiye remain uneven, 
with most published experience stemming from western 
urban centers. Eastern and Southeastern Anatolia, 
characterized by distinct demographic structures and 
healthcare access dynamics, are under-represented 
in the literature. To address this gap, we conducted a 
single-center, laboratory-based study of consecutive 
male referrals from Eastern and Southeastern Anatolia 
(2019–2025). Our objectives were to (i) quantify the 
regional diagnostic yield of FMR1 testing, (ii) describe 
the distribution of CGG repeat categories in a real-world 
referral cohort, and (iii) contextualize these findings 
within contemporary Fragile X spectrum concepts and 
reporting standards. Grounded in established molecular 
pathophysiology and aligned with current practice 
recommendations (1-4), this study aims to provide 
a region-specific baseline that can inform clinical 
pathways, genetic counseling, and future population-
level investigations across Türkiye.

METHODS
Study design and setting
We conducted a retrospective, single-center laboratory 
study of consecutive FMR1 CGG-repeat tests performed 
between January 2019 and August 2025 at a tertiary 
genetics laboratory that provides diagnostic services to 
Eastern and Southeastern Anatolia. The laboratory is a 
regional referral hub receiving samples from pediatric 
and adult neurology, child and adolescent psychiatry, 
medical genetics, and developmental pediatrics clinics.
Study population: eligibility and case ascertainment
All male patients with a valid test request for FMR1 CGG 
sizing during the study period were eligible. Female 
referrals and repeat tests on the same individual were 
excluded; when multiple entries existed, only the earliest 
chronologic test was retained. Demographic and referral 
data were abstracted from the laboratory information 
system (LIS) and requisition forms. Geographic 
assignment to Eastern vs. Southeastern Anatolia was 
based on the province recorded in the requisition; when 
residence was missing, the referring hospital province 
was used as a proxy.
Pre-analytical procedures
Peripheral blood was collected in EDTA tubes and 
transported at 2–8 °C. Genomic DNA was extracted 
using silica-membrane or magnetic-bead methods 
validated in the laboratory. DNA quantity and purity 
were assessed by spectrophotometry (A260/280) and 
fluorometry; samples below laboratory thresholds were 

re-extracted.
Molecular testing workflow
Primary screening employed PCR-based CGG sizing 
with fluorescently labeled primers and capillary 
electrophoresis for allele sizing. To mitigate allele 
dropout in large expansions and detect size heterogeneity, 
triplet-primed PCR (TP-PCR) was reflexed for: (i) 
single-allele profiles, (ii) borderline large alleles near 
the upper PCR sizing limit, or (iii) electropherograms 
suggestive of mosaicism. When TP-PCR indicated a 
large expansion, methylation assessment (methylation-
sensitive PCR and/or Southern blot) was performed as 
clinically indicated to confirm full mutation status and 
characterize methylation mosaicism. Each analytical run 
included internal controls spanning the reportable range 
and an external control panel at least monthly.
Allele categorization and reporting
CGG-repeat categories followed widely accepted cut-
offs: normal (<45 repeats), intermediate/“gray-zone” 
(45–54), premutation (55–200), and full mutation 
(>200). Reports specified: (i) largest detected allele size 
(for males), (ii) evidence of mosaicism when present, and 
(iii) interpretive comments on clinical and reproductive 
implications (e.g., cascade testing, counseling for 
extended family in premutation cases). Results were 
reviewed by two qualified personnel prior to release.
Data management and outcomes
De-identified data were exported from the LIS into 
an analysis dataset. Variables included age at testing, 
province (or referring center), and FMR1 category. 
The primary outcome was expansion positivity 
(premutation or full mutation). Secondary outcomes 
were the distribution of categories (normal, intermediate, 
premutation, full) and the ratio of full-mutation to 
premutation detections.

STATISTICAL ANALYSIS
Analyses were descriptive. Categorical variables 
are presented as counts and percentages with 95% 
confidence intervals (CIs) computed using the Wilson 
method. Positivity was summarized descriptively by age 
stratum. No formal hypothesis testing was pre-specified, 
in keeping with the descriptive, audit-based design. All 
analyses were performed on de-identified data.
The laboratory participates in internal quality audits 
and external proficiency testing for FMR1 assays. 
Assay performance characteristics (analytic sensitivity/
specificity across the CGG spectrum, sizing precision, 
and methylation call concordance) are documented in the 
laboratory validation dossier and are reviewed annually.

RESULTS
A Study Population and Demographics
A total of 306 consecutive male referrals from the 
Eastern and Southeastern Anatolia region underwent 
FMR1 CGG repeat analysis between January 2019 and 
August 2025. The median age of the cohort was 6.0 years 
(interquartile range [IQR]: 4.0–10.0; range: 0–67 years). 
All molecular assays were successfully completed with 
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no test failures reported.
Diagnostic Yield and Allele Distribution
The overall diagnostic yield (premutation or full 
mutation) was 5.2% (16/306; 95% CI: 3.2–8.3), 
corresponding to approximately 1 in 19 tested males.
The distribution of FMR1 allele categories was as 
follows:
•	 Normal: 290 individuals (94.8%; 95% CI: 91.7–

96.8) carried alleles within the normal range (<45 
repeats).

•	 Full Mutation: 10 individuals (3.3%; 95% CI: 
1.8–5.9) were identified with full mutations (>200 
repeats).

•	 Premutation: 6 individuals (2.0%; 95% CI: 0.9–4.2) 
carried premutation alleles (55–200 repeats).

•	 Intermediate (Gray Zone): No intermediate alleles 
(45–54 repeats) were detected in this cohort.

Among the expansion-positive cases (n=16), the ratio of 
full mutations to premutations was approximately 1.7:1 
(62.5% vs. 37.5%).
Age-Stratified Findings
Expansion positivity was most concentrated in early 
school-age children. The highest positivity rate was 
observed in the 6–11 year age group (8.0%; 9/113).
•	 0–2 years: 3.0% (1/33) positivity.
•	 3–5 years: 2.7% (3/110) positivity.
•	 12–17 years: 2.4% (1/41) positivity.
The genotype distribution showed distinct age-related 
patterns. All full mutation cases (n=10) were identified 
in children aged ≤11 years (median: 6.5 years), 
consistent with referrals for developmental delay or 
autism spectrum disorder. In contrast, premutation 
carriers (n=6) presented across a wider age spectrum 
(median: 13.5 years; mean: 29.0 years), including two 
individuals aged ≥60 years, reflecting detection through 
family cascade screening or late-onset presentations.

DISCUSSION
Fragile X–associated disorders arise from variation 
in the CGG trinucleotide-repeat tract within the 5′ 
UTR of the FMR1 gene and span a continuum from 
the classic full-mutation Fragile X syndrome (FXS) to 
premutation-associated conditions across the lifespan 
(1). The core molecular lesion in FXS CGG expansion 
with consequent hypermethylation and transcriptional 
silencing of FMR1, leads to deficiency of the RNA-
binding protein FMRP, a key regulator of synaptic 
development and plasticity, explaining the characteristic 
neurodevelopmental phenotype and frequent co-
occurrence with autism spectrum features (2).
Over the past two decades, professional guidance 
has converged on common principles for testing 
and reporting: clear categorization of repeat sizes, 
unambiguous language around reproductive risk, 
and integration of pre- and post-test counseling to 

support families making cascade testing decisions (3). 
This framework aligns with the modern “Fragile X 
spectrum” concept, which situates full-mutation FXS 
alongside premutation-related entities such as fragile X–
associated tremor/ataxia syndrome (FXTAS) and fragile 
X–associated primary ovarian insufficiency (FXPOI), 
and recognizes additional neuropsychiatric and medical 
correlates in some carriers (4).
Clinically, boys with FXS often present in early childhood 
with global developmental delay, language impairment, 
behavioral dysregulation, and learning difficulties; 
recognition of these patterns facilitates timely referral 
for genetic evaluation and early intervention services 
(5). Pediatric cohorts consistently show that rational test 
utilization (guided by developmental red flags, family 
history, and dysmorphology) improves diagnostic 
yield and expedites habilitative care plans (6). For 
general pediatricians, practical algorithms emphasize 
when to order FMR1 testing, how to interpret category 
boundaries, and how to coordinate multidisciplinary 
follow-up once a diagnosis or carrier state is established 
(7).
At the molecular level, loss of FMRP perturbs activity-
dependent translation at synapses and disrupts multiple 
pathways implicated in cognition and behavior, helping 
to connect the genotype with neurodevelopmental 
outcomes (8). Importantly, premutation alleles confer 
risks distinct from full mutations: in adults, RNA-
mediated toxicity underlies FXTAS and contributes to 
other premutation-associated features, expanding the 
clinical conversation from a purely pediatric disorder 
to a multigenerational health issue that benefits from 
systematic family tracing (9). Therapeutic research, while 
not yet curative, has advanced from pathophysiology to 
targeted trials, ranging from modulators of glutamatergic 
and GABAergic signaling to emerging gene- and RNA-
directed strategies, underscoring the value of precise 
molecular diagnosis for prognosis and trial eligibility 
(10).
Heterogeneity in developmental trajectories and 
behavioral profiles is the rule rather than the exception, 
with variability shaped by genetic background, 
mosaicism, environment, and access to supportive 
services—factors that argue for regionally grounded 
data to inform local care pathways (11). Because many 
affected individuals interface first with primary care, 
missed or delayed recognition of Fragile X–associated 
disorders remains a concern; strengthening front-line 
awareness and creating clear referral channels for 
testing are practical levers to close that gap (12). Deeper 
mechanistic work continues to refine models of synaptic 
dysfunction and network-level disturbances, offering 
additional targets for intervention and biomarkers for 
stratified trials (13). Parallel progress in laboratory 
methods (combining PCR-based sizing, triplet-primed 
PCR to detect large expansions, and methylation 
assays to resolve full mutations and mosaicism) has 
standardized detection across the clinical spectrum and 
improved reporting fidelity (14).
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Despite these advances, population-anchored and 
service-delivery data from Türkiye remain uneven, with 
most published experience drawn from western urban 
centers. Eastern and Southeastern Anatolia (regions 
with distinct demographic structures, healthcare access 
patterns, and referral behaviors) are under-represented 
in the literature. To address this gap, we undertook a 
single-center, laboratory-based study of consecutive 
male referrals tested for FMR1 between 2019 and 2025 
within our Eastern/Southeastern Anatolia catchment.
In our cohort, the overall expansion positivity of 5.2% 
(16/306) indicates a clinically meaningful diagnostic 
yield for FMR1 testing in this under-characterized region. 
Two features are noteworthy. First, no intermediate 
(“gray-zone”) alleles were detected, which contrasts with 
the more continuous allele distributions often observed 
in unselected populations and likely reflects the strongly 
indication-driven nature of referrals to a single tertiary 
laboratory. Second, whereas all full mutations were 
identified in children aged ≤11 years (consistent with 
referral for developmental delay or autism spectrum 
disorder) premutation carriers spanned a much wider age 
range, including two individuals aged ≥60 years. This 
age dichotomy reinforces the multigenerational nature 
of FMR1-associated conditions and the value of cascade 
testing to identify at-risk relatives who may present later 
in life.
This study has several limitations. Its single-center, 
laboratory-based design and the male-only cohort limit 
generalizability, and detailed genotype–phenotype 
correlations were not assessed. Although referral 
province was recorded, the cohort was not powered 
to compare yields between Eastern and Southeastern 
Anatolia, and such geographic comparisons should 
be interpreted with caution. Building on the present 
findings, systematic family cascade screening, together 
with longitudinal follow-up and genetic counseling 
of relatives and subsequent generations of identified 
carriers, will be important both to refine regional risk 
estimates and to support affected families; data emerging 
from these relatives are expected to further strengthen 
this line of work. Larger, multicenter studies that include 
both sexes, standardized phenotyping, and structured 
cascade testing are warranted to consolidate regional 
estimates and to inform counseling and public health 
strategies across Türkiye.

CONCLUSION
In this single-center cohort from Eastern and 
Southeastern Anatolia, FMR1 testing of male referrals 
yielded a clinically meaningful expansion positivity of 
5.2%, with full mutations concentrated in young children 
and premutations distributed across a wide age range. 
The absence of gray-zone alleles and the identification 
of older premutation carriers highlight distinct regional 
referral patterns and underscore the importance of family 
cascade screening and counseling. These region-specific 
data provide a practical baseline to inform testing 
pathways, pre-test probability estimates, and genetic 

counseling across Türkiye.
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