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Background: VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic) 
syndrome is a severe adult-onset autoinflammatory disease caused by somatic 
mutations in the X-linked UBA1 gene, most commonly affecting codon 41. Early 
molecular confirmation is essential, but sequencing-based methods may be 
limited by turnaround time, cost, and sensitivity for low-level somatic variants. 
We aimed to validate a rapid, accessible allele-specific real-time PCR assay for 
detection of the most frequent UBA1 hotspot mutations associated with VEXAS 
syndrome.
Methods: In this prospective monocentric study conducted at the University 
Hospital “P. Giaccone” (Palermo, Italy), 17 adults were enrolled: six patients with 
high clinical suspicion of VEXAS syndrome and eleven healthy controls. UBA1 
variants c.121A>G, c.121A>C, and c.122T>C were screened using a SYBR Green–
based allele-specific real-time PCR kit with mutation-specific reaction mixes and 
an internal housekeeping control, followed by melting curve analysis for variant 
discrimination. All PCR-positive samples were confirmed by Sanger sequencing.
Results: Allele-specific real-time PCR identified UBA1 mutations in 5/6 (83.3%) 
suspected VEXAS cases. Sanger sequencing confirmed all real-time PCR–positive 
results, demonstrating 100% concordance between methods.
Conclusion: This allele-specific real-time PCR assay enables rapid and reliable 
detection of the most common UBA1 codon 41 mutations associated with VEXAS 
syndrome using standard real-time PCR platforms. The approach provides a 
practical, cost-effective screening strategy to support timely diagnosis in patients 
with high clinical suspicion.
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1 Introduction

VEXAS (Vacuoles, E1 enzyme, X-linked, Autoinflammatory, 
Somatic) syndrome is a recently identified adult-onset autoinflamma-
tory disorder caused by somatic mutations in the X-linked UBA1 
gene, which encodes the E1 ubiquitin-activating enzyme (1). It is esti-
mated to affect nearly one million individuals worldwide, with patho-
genic UBA1 variants present in approximately 1 in 13,600 people, 
although comprehensive global prevalence data remain limited. First 
described in 2020, VEXAS syndrome predominantly affects males 
over 50 years of age and presents with a complex constellation of rheu-
matologic, dermatologic, pulmonary, and hematologic manifestations, 
including recurrent fever, chondritis, neutrophilic dermatosis, pulmo-
nary infiltrates, macrocytic anemia, and thrombocytopenia (1, 2). The 
syndrome is associated with significant morbidity and mortality, with 
reported mortality rates of 30–40%, making early and accurate diag-
nosis critical for appropriate clinical management (3, 4).

The molecular hallmark of VEXAS syndrome is the presence of 
somatic mutations in UBA1 gene, with more than 90% of cases har-
boring mutations at methionine 41 (p.Met41), specifically p. 
Met41Thr, p.Met41Val, and p.Met41Leu (5, 6). These mutations result 
in impaired ubiquitination, leading to dysregulated protein degrada-
tion, endoplasmic reticulum stress, and activation of innate immune 
pathways (7). The somatic nature of these mutations, occurring 
postzygotically in hematopoietic stem and progenitor cells, presents 
unique diagnostic challenges as the mutations are lineage-restricted, 
predominantly affecting myeloid cells while being absent in lymphoid 
lineages and fibroblasts (8). Genetic identification of VEXAS patients 
is essential for guiding appropriate management strategies and 
improving clinical outcomes.

Current diagnostic approaches for detecting UBA1 mutations 
include Sanger sequencing and next-generation sequencing (NGS) 
(4). While Sanger sequencing has been widely used and can detect 
mutations with variant allele fractions (VAFs) as low as 10–20%, it has 
limited sensitivity for detecting low-level somatic mutations (9, 10). 
NGS-based methods offer broader genomic coverage and can detect 
variants at VAFs ≥0.2 (corresponding to 20% variant allele frequency) 
with adequate sequencing depth (≥20×), but they are associated with 
longer turnaround time (TAT), higher costs, complex bioinformatic 
requirements, and may miss low-level mutations due to coverage limi-
tations (11). Furthermore, the requirement for high sequencing depth 
and specialized analysis pipelines limits the accessibility of NGS test-
ing in many clinical laboratories (12, 13).

Real-time PCR-based methods offer several advantages for detect-
ing somatic mutations in clinical settings, including rapid TAT, high 
sensitivity, cost-effectiveness, and compatibility with standard molec-
ular biology equipment available in most diagnostic laboratories 
(14–16). Allele-specific real-time PCR approaches can achieve detec-
tion sensitivities of 0.01–0.1% mutant allele fraction, significantly 
exceeding the capabilities of conventional sequencing methods (17–
19). Recent studies have demonstrated the feasibility of developing 
targeted real-time PCR assays for detecting the most common UBA1 
p. Met41 mutations, with high-resolution melting and allele-specific 
oligonucleotide PCR showing promise for both diagnostic screening 
and molecular monitoring of disease burden (13, 19).

Given the clinical urgency of diagnosing VEXAS syndrome, the 
predominance of recurrent hotspot mutations at p. Met41, and the 
limitations of current sequencing-based approaches, there is a critical 
need for rapid, sensitive, and widely accessible diagnostic methods. 

Real-time PCR-based detection of UBA1 mutations represents a prac-
tical solution that can facilitate earlier diagnosis, enable monitoring of 
VAFs during treatment, and improve access to genetic testing for 
patients with suspected VEXAS syndrome.

In this study, we describe the development and validation of a 
real-time PCR assay for the rapid and reliable detection of the three 
most common UBA1 somatic mutations associated with VEXAS 
syndrome.

2 Materials and methods

2.1 Study population

This observational, prospective, monocentric cohort study 
was performed at the University Hospital “P. Giaccone” of 
Palermo, Italy. We enrolled 17 adult patients: six patients with a 
high clinical suspicion of VEXAS syndrome and eleven healthy 
controls.

Patients exhibiting clinical manifestations and laboratory findings 
consistent with a presumptive diagnosis of VEXAS syndrome were 
recruited from the Unit of Rheumatology of the University Hospital 
“Paolo Giaccone” in Palermo, Italy. The clinical suspicion for VEXAS 
syndrome arises in adults with a combination of treatment-refractory 
systemic inflammation, hematologic abnormalities, such as macro-
cytic anemia, thrombocytopenia, and/or monocytopenia, and charac-
teristic vacuolization of myeloid and erythroid precursors on bone 
marrow examination (4, 20, 21).

Healthy controls were adult volunteers with no history of inflam-
matory, autoimmune, hematologic, or neoplastic diseases recruited 
at the Institute of Clinical Biochemistry, Clinical Molecular 
Medicine, and Clinical Laboratory Medicine, University of 
Palermo, Italy.

All participants provided written informed consent prior to inclu-
sion in the study, which was conducted in accordance with the prin-
ciples of the Declaration of Helsinki.

2.2 Genotyping UBA1 gene

Venous peripheral blood samples were collected in K3EDTA 
tubes. Genomic DNA was isolated from 200 μL of whole blood using 
the MagNA Pure system (Roche Diagnostics, Indianapolis, IN) with 
the MagNA Pure LC DNA Isolation Kit I, following the manufactur-
er’s protocol.

DNA quantity was assessed spectrophotometrically. The optimal 
concentration of genomic DNA was 200–240 ng for reaction (recom-
mended 260/280 nm ratio between 1.8 and 2.1), according to the 
manufacturer. DNA quality was assessed to minimize variability in 
assay performance. DNA integrity was evaluated by electrophoretic 
profiling, while purity was determined using spectrophotometric 
ratios (A260/A280 and A260/A230).

Genotyping of UBA1 mutations was performed using an allele-
specific PCR (AS-PCR) kit (INF-005, BioMol Laboratories Srl, 
Italy), enabling the detection of three somatic variants in the UBA1 
gene: c.121A>G, c.121A>C, and c.122T>C. Amplification was car-
ried out using SYBR Green–based real-time PCR on an automated 
platform (Bio-Rad CFX96 Dx, Bio-Rad Opus Dx, or Agilent 
AriaDx).
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Each sample was analysed in parallel using three mutation-
specific reaction mixes targeting UBA1 c.121A>G, c.121A>C, 
and c.122T>C variants, together with an internal housekeeping 
gene used as amplification control (Table 1). The limit of detec-
tion is ≥5 ng of genomic DNA, the limit of blank >40 Cq with a 
reproducibility of 99.9%, and specificity and sensitivity of 99.9 
and 98%, respectively. No-template control was included to 
exclude peaks potentially generated by primer dimers.

Real-time PCR was performed under the thermal cycling 
conditions reported in Table 2, followed by a dissociation (melt-
ing curve) analysis from 70 °C to 90 °C with 0.2 °C increments. 
Fluorescence acquisition was carried out in the SYBR Green/FAM 
detection channel during amplification and melting curve analy-
sis. Variant-specific amplification is identified based on charac-
teristic melting temperature (Tm) peaks (79 ± 1 °C for the 
amplified c.121A>G UBA-1, 84.4 ± 1 °C for the amplified 
c.121A>C UBA-1, 85.4 ± 1 °C for the amplified c.122T>C UBA-
1), while successful amplification of the housekeeping gene 
(76.5  ± 1 °C) was required to validate each run (Figure 1). 
Sequence annotation was based on the human reference genome 
GRCh38.p14 (chromosome X, NC_000023.11 - positions 
47,198,799–47,199,299).

Serial dilution experiments were performed using wild-type 
and mutation-positive DNA samples mixed at different propor-
tions to evaluate the analytical sensitivity and specificity of 
the assay.

Three synthetic constructs were synthesized, each comprising 
a 1,000-bp fragment that included the respective specific muta-
tion, c.121A>G; c.121A>C; c.122T>C of UBA1 gene (Gene 
Universal, Newark DE 19713).

Three different mixes c.121A>G; c.121A>C and c.122T>C 
UBA-1 were evaluated against the three constructs showing 
amplification exclusively with the construct harboring its corre-
sponding mutation, demonstrating complete absence of cross-
reactivity. The assay was conducted in triplicate across three 
different real-time PCR platforms (Biorad Opus Dx, Agilent 
AriaDx e Thermofisher QuantStudio™ 5 Real-Time PCR 
System).

Assay sensitivity was assessed by using a construct containing 
the UBA-1 wild-type sequence (Gene Universal, Newark DE 
19713) in combination with serial dilutions of each mutation-
bearing construct. The assay was conducted in triplicate across 
three different real-time PCR platforms (Biorad Opus Dx, Agilent 
AriaDx e Thermofisher QuantStudio™ 5 Real-Time PCR 
System).

3 Results

DNA analysis performed by allele-specific real-time PCR using 
BioRad platforms revealed the presence of UBA1 mutations in five 
of the six patients with suspected VEXAS syndrome. Specifically, 
four patients carried the c.121A>G variant, while one patient pre-
sented the c.121A>C variant. Representative melting curve profiles 
of mutation-positive and mutation-negative samples are shown in 
Figure 2.

To confirm the real-time PCR findings, samples were further ana-
lysed by Sanger sequencing. Sequencing analysis confirmed the pres-
ence of the corresponding UBA1 variants in all real-time PCR–positive 
patients, validating the accuracy of the molecular screening results 
(Figure 3). The remaining sample was confirmed negative by real-
time PCR.

To further evaluate assay specificity, the allele-specific real-time 
PCR method was tested on multiple cell lines known to be negative 
for the investigated UBA1 mutations. No mutation-specific amplifica-
tion peaks were observed in any of the negative control cell lines, con-
firming the absence of non-specific amplification and supporting the 
analytical specificity of the assay. These findings further strengthen 
the reliability of the proposed method for routine molecular screening 
of UBA1 hotspot mutations associated with VEXAS syndrome 
(Table 3).

4 Discussion

In this study, we developed and validated an allele-specific 
real-time PCR assay for the rapid detection of the three most 

TABLE 1  Interpretation criteria for allele-specific PCR–based detection of UBA1 variants.

Housekeeping Mix 1
(c.121A>G)

Mix 2
(c.121A>C)

Mix 3
(c.122T>C)

Interpretation

Tm 76.5 ± 1 °C
Positive for

Tm 79 ± 1 °C

Negative for

Tm 84.4 ± 1 °C

Negative for

Tm 85.4 ± 1 °C

Presence mutation

121A>G

Tm 76.5 ± 1 °C
Negative for

Tm 79 ± 1 °C

Positive for

Tm 84.4 ± 1 °C

Negative for

Tm 85.4 ± 1 °C

Presence mutation

121A>C

Tm 76.5 ± 1 °C
Negative for

Tm 79 ± 1 °C

Negative for

Tm 84.4 ± 1 °C

Positive for

Tm 85.4 ± 1 °C

Presence mutation

122T>C

Tm 76.5 ± 1 °C
Negative for

Tm 79 ± 1 °C

Negative for

Tm 84.4 ± 1 °C

Negative for

Tm 85.4 ± 1 °C
Absence mutations

TABLE 2  Thermal cycling conditions and dissociation curve parameters for the real-time PCR 

assay.

Number of 
cycles

Temperature (°C) Time

1 cycle 50 °C 2 min

1 cycle 94 °C 5 min

30 cycles

95 °C 50 s

60 °C 40 s

72 °C 50 s

1 cycle of dissociation 70 °C to 90 °C with an increase of 0.2 °C
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prevalent UBA1 somatic mutations associated with VEXAS syn-
drome, namely c.121A>G, c.121A>C, and c.122T>C. Our find-
ings demonstrate that this approach is reliable, sensitive, and 
readily applicable in a routine diagnostic laboratory setting, 
addressing several unmet needs in the current diagnostic path-
way of this recently described and clinically severe disorder.

Allele-specific real-time PCR identified UBA1 mutations in five 
of six patients with suspected VEXAS syndrome. The remaining 
sample was negative by real-time PCR and was also confirmed as 
negative by Sanger sequencing. In addition, the assay was tested on 
multiple mutation-negative cell lines, confirming the absence of non-
specific amplification. These findings support the clinical usefulness 

FIGURE 1

Representative melting curve analysis for allele-specific PCR detection of UBA1 variants. (A) UBA1 c.121A>G variant: absence (left) and presence (right) 
of the mutation. (B) UBA1 c.121A>C variant: absence (left) and presence (right) of the mutation. (C) UBA1 c.122T>C variant: absence (left) and presence 
(right) of the mutation.
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of real-time PCR as a rapid, cost-effective, and accessible diagnostic 
tool for VEXAS syndrome.

The high detection rate in our cohort aligns with current 
understanding of VEXAS syndrome epidemiology and diagnostic 
challenges. The American College of Rheumatology guidance 
statement emphasizes that genetic identification of UBA1 muta-
tions is essential for definitive diagnosis and appropriate manage-
ment of VEXAS syndrome (4). Our real-time PCR approach 
specifically targets the three most prevalent mutations at codon 41 
(c.121A>G, c.121A>C, and c.122T>C), which account for more 
than 90% of reported VEXAS cases (4). This targeted approach 
provides a practical balance between comprehensive coverage and 
diagnostic efficiency. The advantages of real-time PCR-based 
detection over conventional sequencing methods are particularly 
relevant for VEXAS syndrome diagnosis. While Sanger 

sequencing can identify mutations with VAFs roughly above 20%, 
it lacks sensitivity to detect lower mutational burdens that may 
still cause clinically significant disease (4, 10). In contrast, allele-
specific PCR methods can achieve detection sensitivities ranging 
from 0.01 to 0.1% mutant allele fraction, significantly exceeding 
conventional sequencing capabilities (22–24). This enhanced sen-
sitivity is critical given that recent population-based studies have 
identified VEXAS-associated UBA1 variants with VAFs as low as 
4.5%, and disease severity appears to correlate with VAF levels 
(25, 26).

The melting curve analysis employed in our assay provides a 
straightforward readout that can be interpreted in real-time with-
out requiring complex bioinformatic analysis. High-resolution 
melting analysis has demonstrated high sensitivity (97.5% overall) 
for detecting disease-associated mutations in humans, with even 
higher sensitivity (98.7%) when using modern instruments (27). 
The technique is particularly well-suited for detecting known 
hotspot mutations, as in VEXAS syndrome, where the majority of 
pathogenic variants cluster at specific codons (28, 29). The charac-
teristic Tm peaks for each mutation (79 ± 1 °C for c.121A>G, 
84.4 ± 1 °C for c.121A>C, and 85.4 ± 1 °C for c.122T>C) provide 
clear discrimination between wild-type and mutant alleles, with 
the housekeeping gene control (76.5 ± 1 °C) ensuring assay 
validity.

The clinical implications of rapid UBA1 mutation detection are 
substantial. VEXAS syndrome is associated with significant morbidity 
and mortality rates of 30–40%, making early and accurate diagnosis 
critical for appropriate clinical management (4). The syndrome pres-
ents diagnostic challenges due to its overlap with other rheumatologic 
and hematologic conditions, including relapsing polychondritis, Still’s 
disease, and myelodysplastic syndromes (1). Real-time PCR can facili-
tate earlier diagnosis by providing results within hours rather than the 
days to weeks typically required for NGS or even standard Sanger 
sequencing, potentially enabling more timely therapeutic 
intervention.

Our assay design incorporates several technical features that 
enhance its robustness and clinical applicability. The use of SYBR 
Green-based detection eliminates the need for expensive labelled 
probes, reducing costs while maintaining high specificity (30, 31). The 
parallel analysis of three mutation-specific reaction mixes with an inter-
nal housekeeping control ensures comprehensive screening while 

FIGURE 2

Melting curve analysis of a mutation-positive sample by allele-specific real-time PCR. (A) Positive melting curve profile; (B) Negative melting curve 
profile.

FIGURE 3

Sanger sequencing confirmation of UBA1 variants identified by real-
time PCR. (A) Representative electropherogram of a sample harboring 
the c.121A>G (ATG>GTG) variant; (B) Representative 
electropherogram of a sample carrying the c.121A>C (ATG>CTG) 
variant; (C) Electropherogram of a wild-type (WT) control sample.
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minimizing false-negative results. This approach is consistent with 
established principles for allele-specific PCR design, where the intro-
duction of artificial mismatches and appropriate primer design can 
significantly enhance discrimination between wild-type and mutant 
alleles (32, 33).

The compatibility of our assay with multiple real-time PCR plat-
forms (Bio-Rad CFX96 Dx, Bio-Rad Opus Dx, and Agilent AriaDx) 
enhances its accessibility for clinical laboratories. This platform flexibil-
ity is particularly important given that real-time PCR instruments are 
widely available in diagnostic laboratories, unlike the specialized equip-
ment and bioinformatic infrastructure required for NGS (34). The rela-
tively modest DNA input requirement (200–240 ng per reaction) and 
straightforward workflow make the assay suitable for routine clinical 
implementation. However, several limitations of our approach warrant 
consideration. First, the assay specifically targets only the three most 
common mutations at codon 41 and does not detect mutations at other 
positions, such as p.Ser56, which are associated with milder inflamma-
tory phenotypes of VEXAS (4). Recent reports have also identified 
pathogenic mutations outside of exon 3 that can cause VEXAS-like 
clinical presentations (4). Therefore, while our assay provides rapid 
screening for the most common mutations, negative results in patients 
with high clinical suspicion should prompt more comprehensive genetic 
testing using NGS or whole-exome sequencing to ensure complete cov-
erage of the UBA1 gene. Second, while allele-specific PCR can achieve 
very high analytical sensitivity, the clinical sensitivity depends on the 
VAF in the sample tested. UBA1 mutations in VEXAS syndrome are 
lineage-restricted, predominantly affecting myeloid cells while being 
largely absent in lymphoid lineages. The detection of mutations in 
peripheral blood may be compromised by certain treatments, particu-
larly hypomethylating agents such as azacitidine, which can reduce 
VAFs. In cases where peripheral blood testing is negative despite high 
clinical suspicion, bone marrow-derived samples may yield higher VAFs 
and improved detection rates (4). Third, our study cohort was relatively 
small (n = 17, with 6 suspected VEXAS cases), limiting our ability to 
comprehensively assess assay performance characteristics across a broad 
range of VAFs and clinical presentations. Larger validation studies are 
needed to establish definitive sensitivity and specificity metrics, deter-
mine the lower limit of detection in clinical samples, and evaluate per-
formance across diverse patient populations. Additionally, longitudinal 
studies would be valuable to assess the utility of real-time PCR for moni-
toring VAF changes during treatment, as recent evidence suggests that 
VAF levels may correlate with disease activity and treatment 
response (10).

The cost-effectiveness of real-time PCR compared to NGS is 
another important consideration for clinical implementation. While 
NGS provides comprehensive genomic coverage and can detect variants 
at multiple loci simultaneously, it is associated with higher costs, longer 
TAT, and complex bioinformatic requirements (7). For targeted detec-
tion of known hotspot mutations, real-time PCR offers a more eco-
nomical alternative that can be implemented in laboratories with 
standard molecular biology equipment. This is particularly relevant for 
resource-limited settings or for initial screening in patients with sus-
pected VEXAS syndrome, with NGS reserved for cases requiring more 
comprehensive analysis. Future directions for this work include expand-
ing the assay to cover additional UBA1 mutations, including those at p. 
Ser56 and splice site variants such as c.118-1G>C, which together 
account for a significant proportion of VEXAS cases. Development of 
multiplex assays that can simultaneously detect multiple mutations in a 
single reaction would further enhance efficiency and reduce costs. TA
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Additionally, integration of quantitative analysis capabilities would 
enable precise VAF determination, which has prognostic implications 
and could guide treatment decisions.

In conclusion, our allele-specific real-time PCR assay provides a 
rapid, sensitive, and cost-effective method for detecting the most 
common UBA1 mutations associated with VEXAS syndrome. The assay 
demonstrated 100% concordance with Sanger sequencing in our valida-
tion cohort and offers several practical advantages for clinical imple-
mentation, including short TAT, compatibility with standard laboratory 
equipment, and straightforward interpretation. While the assay has 
limitations in terms of mutation coverage and requires confirmation of 
negative results in high-suspicion cases, it represents a valuable addition 
to the diagnostic toolkit for VEXAS syndrome. As awareness of this 
recently described condition grows and the number of patients requir-
ing genetic testing increases, accessible and efficient diagnostic methods 
will be crucial for ensuring timely diagnosis and appropriate manage-
ment of this serious and potentially life-threatening disorder (35).
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