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Abstract

BACKGROUND—Adult-onset inflammatory syndromes often manifest with overlapping clinical 

features. Variants in ubiquitin-related genes, previously implicated in autoinflammatory disease, 

may define new disorders.

METHODS—We analyzed peripheral-blood exome sequence data independent of clinical 

phenotype and inheritance pattern to identify deleterious mutations in ubiquitin-related genes. 

Sanger sequencing, immunoblotting, immunohistochemical testing, flow cytometry, and 

transcriptome and cytokine profiling were performed. CRISPR-Cas9–edited zebrafish were used 

as an in vivo model to assess gene function.

RESULTS—We identified 25 men with somatic mutations affecting methionine-41 (p.Met41) in 

UBA1, the major E1 enzyme that initiates ubiquitylation. (The gene UBA1 lies on the X 

chromosome.) In such patients, an often fatal, treatment-refractory inflammatory syndrome 

develops in late adulthood, with fevers, cytopenias, characteristic vacuoles in myeloid and 

erythroid precursor cells, dysplastic bone marrow, neutrophilic cutaneous and pulmonary 

inflammation, chondritis, and vasculitis. Most of these 25 patients met clinical criteria for an 

inflammatory syndrome (relapsing polychondritis, Sweet’s syndrome, polyarteritis nodosa, or 

giant-cell arteritis) or a hematologic condition (myelodysplastic syndrome or multiple myeloma) 

or both. Mutations were found in more than half the hematopoietic stem cells, including 

peripheral-blood myeloid cells but not lymphocytes or fibroblasts. Mutations affecting p.Met41 

resulted in loss of the canonical cytoplasmic isoform of UBA1 and in expression of a novel, 

catalytically impaired isoform initiated at p.Met67. Mutant peripheral-blood cells showed 

decreased ubiquitylation and activated innate immune pathways. Knockout of the cytoplasmic 

UBA1 isoform homologue in zebrafish caused systemic inflammation.

CONCLUSIONS—Using a genotype-driven approach, we identified a disorder that connects 

seemingly unrelated adult-onset inflammatory syndromes. We named this disorder the VEXAS 

(vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic) syndrome. (Funded by the NIH 

Intramural Research Programs and the EU Horizon 2020 Research and Innovation Program.)

IDENTIFYING THE CAUSES OF SYSTEMIC INflammatory diseases, particularly in adult populations, 

remains a challenge that limits our understanding of the pathophysiology, prognosis, and 
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treatment. Genetic approaches have provided important insights into pathogenic mechanisms 

in both mendelian autoimmune1 and autoinflammatory2,3 diseases and in genetically 

complex disorders.4 Somatic mutations, acquired and then clonally selected, have long been 

implicated in benign and neoplastic hematologic diseases5 but remain a poorly understood 

contributor to autoinflammatory and rheumatologic diseases; these mutations have been 

identified largely with the use of targeted sequencing approaches.6

The widespread availability of genomic DNA sequencing has led to genotype-driven 

approaches to delineate human disease.7-9 The starting point of this approach typically 

involves bringing together a group of persons who have undergone genomic sequencing and 

who do not necessarily have similar phenotypes. The objective is to find damaging variants 

in a common gene that underlie a previously unrecognized grouping of patients with 

particular clinical characteristics. These studies take advantage of shared genetic 

commonalities, rather than clinical similarities, to overcome the limitations of recognizing 

discrete phenotypes. Rheumatologic diseases may be well suited to this approach because of 

their complex and highly variable clinical presentations.

In the current study, we used a genotype-driven approach to identify a genetic cause of 

inflammatory disease. We thereby identified recurrent and inactivating acquired mutations in 

UBA1, a gene encoding the ubiquitin-activating enzyme 1, in men with a late-onset, 

treatment-refractory inflammatory syndrome with associated hematologic abnormalities. 

UBA1 is necessary for the initiation of ubiquitylation, a type of post-translational 

modification of proteins that is used to regulate diverse aspects of cellular biology, including 

intracellular signaling and protein degradation through the proteasome or the autophagy–

lysosome system. We named this disorder the VEXAS (vacuoles, E1 enzyme, X-linked, 

autoinflammatory, somatic) syndrome.

METHODS

PARTICIPANTS

Three affected men, each with a somatic UBA1 variant, were identified by analysis of 

exome data from genetic databases at the National Institutes of Health (NIH) Clinical 

Center. Fifteen additional men in observational cohorts at the NIH Clinical Center were 

identified on the basis of clinical similarities to the previous three affected men: their 

somatic UBA1 variants were confirmed by Sanger sequencing. Seven other participants 

were identified in study populations at University College London and Leeds Teaching 

Hospitals NHS Trust in the United Kingdom. All participants were enrolled in research 

studies that had been approved by the respective institutional review boards and provided 

written informed consent. Clinical diagnoses were defined according to standard criteria.
10-16

GENETIC AND FUNCTIONAL ANALYSIS

We sequenced the exomes of the first 3 participants and 3 additional participants and 

sequenced UBA1 in the other 19 participants and their unaffected family members. We 

prioritized genes involved in the post-translational process of ubiquitylation because of its 
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regulation of innate immune responses.17 We analyzed fractionated cell types in blood and 

fibroblast samples obtained from the participants using digital droplet polymerase-chain-

reaction assay, immunoblotting, immunohistochemical testing, electron microscopy, flow 

cytometry, and cytokine profiling. To study the effect of presumed etiologic variants on 

UBA1 function, we edited the genome of zebrafish using the CRISPR (clustered regularly 

interspaced short palindromic repeats)–Cas9 (CRISPR-associated protein 9) system. The 

Supplementary Appendix, available with the full text of this article at NEJM.org, includes a 

description of the methods used for these procedures.

STATISTICAL ANALYSIS

Continuous variables are presented as means with standard deviations or medians with 

interquartile ranges and were compared with the use of parametric or nonparametric tests as 

appropriate. Categorical variables are expressed as absolute numbers and percentages and 

were compared with the use of the chi-square test. Statistical methods for the transcriptomic 

analyses are described in the Supplementary Appendix. Post hoc Bonferroni correction was 

performed for experiments with multiple comparisons, and the results are presented as 

adjusted P values.

RESULTS

GENOTYPE-FIRST SCREENING TO IDENTIFY THE VEXAS SYNDROME

We screened the exomes and genomes of 1477 persons referred because of undiagnosed 

recurrent fevers, systemic inflammation, or both and 1083 persons affected by atypical, 

unclassified disorders who were identified through the Undiagnosed Diseases Program.18 

The combined population of participants was roughly balanced with respect to sex and 

spanned a wide range of ages (Fig. 1A). We identified 3 men, all with novel (absent from 

public databases including the Genome Aggregation Database), predicted deleterious, and 

apparently heterozygous variants at the same codon, methionine-41 (p.Met41) of the X-

linked gene UBA1, which is highly intolerant to haploinsufficiency (as indicated by a 

“probability of being loss-of-function intolerant” [pLI] score of 1.0, on a range of 0.0 to 1.0, 

with a higher score indicating a greater degree of intolerance for loss-of-function variants in 

healthy persons). The seemingly heterozygous variants seen in these 3 affected men raised 

questions of mosaicism or aneuploidy, because males usually have only one copy of X-

chromosomal genes. Mindful of the potential role of somatic mutations in adult-onset 

disease, we evaluated all the variants, including those with a lower-than-expected allele 

frequency.

We confirmed all UBA1 variants of interest using Sanger sequencing (Fig. 1A and Fig. S1 in 

the Supplementary Appendix) and determined that the variants were absent from fibroblasts 

in the tested participants (Fig. S2). None of the 25 affected men had affected family 

members, and all 8 available relatives tested negative for the mutation. The participants did 

not have aneuploidy on karyotype analysis, nor were X-chromosomal copy-number 

variations present, as determined by high-density single nucleotide polymorphism array 

analysis (Fig. S2C). We therefore predicted that these apparently heterozygous variants were 
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somatic (also known as mosaic or postzygotic) mutations, with genetically heterogenous 

cells carrying either hemizygous wild-type or mutated UBA1.20

To corroborate these findings, we interrogated exome data primarily from whole-blood 

samples obtained from 141,600 persons (77,162 unaffected adults and 64,438 persons who 

had been referred for diagnostic testing, mostly for neurodevelopmental diseases) who had 

undergone sequencing at a diagnostic company (GeneDx). None of the unaffected persons 

had a UBA1 p.Met41 allele fraction exceeding 5%. As for the affected persons, only 5%, the 

majority of whom were children, had immune phenotypes. However, we identified 3 men 

with UBA1 p.Met41 variants exceeding 71% variant allele frequency (Table S1), all with 

late-onset inflammatory disease. Thus, both screens identified UBA1 p.Met41 somatic 

mutations exclusively in men with adult-onset inflammatory disorders.

GENETIC FEATURES OF THE VEXAS SYNDROME

To characterize mosaicism, we isolated and sequenced different hematopoietic cell 

populations. The participants with UBA1 mosaic mutations had predominantly wild-type 

lymphocytes (T and B cells) and predominantly mutant myeloid cells (neutrophils and 

monocytes) in peripheral blood (Fig. 1B and 1C). Despite UBA1 mutations being lineage-

restricted in the blood, early marrow progenitor cells showed mosaicism. Hematopoietic 

stem cells and multipotent progenitors, granulocyte–monocyte progenitors, megakaryocyte–

erythroid progenitors, and lymphoid progenitors isolated from bone marrow had abundant 

mutant cells, but mutations were absent in mature lymphocytes. The participants had 

decreased peripheral lymphocyte counts, which suggests that the mutant cells either did not 

proliferate or were eliminated, an outcome that resulted in an increased proportion of the 

wild-type genotype (Fig. S3).

CLINICAL FEATURES OF THE VEXAS SYNDROME

The first 3 participants were men in whom severe inflammatory syndromes had developed in 

the fifth to seventh decade of life. Common clinical features included alveolitis, ear and nose 

chondritis, skin lesions, and thromboembolic disease (Fig. 2). Each participant had 

progressive hematologic abnormalities, including macrocytic anemia, thrombocytopenia, 

and myeloid dyspoiesis, but none had an overt hematologic malignant condition. The only 

common genetic lesion among these 3 participants was a nonsynonymous missense mutation 

at UBA1 p.Met41 (Fig. S4). We identified 22 additional participants who had overlapping 

clinical phenotypes; 7 of these participants were from an existing cohort of patients with 

relapsing polychondritis (ClinicalTrials.gov number, NCT02257866) (Table 1; see also the 

Supplementary Appendix). Among 18 participants who had undergone genetic screening on 

the basis of their clinical characteristics (male with adult-onset inflammatory syndrome and 

cytopenia, as well as chondritis, vasculitis, neutrophilic dermatosis, or a combination of 

these), 14 (78%) were found to have UBA1 mutations.

The 25 participants with confirmed mutations in UBA1 underwent extensive clinical 

assessment (Tables S2 through S8). All were male with a median age at disease onset of 64 

years. Each of these participants had one of three somatic variants in codon 41 in UBA1 
(predicting amino acid substitutions p.Met41Val [NM_003334.3:c.121A→G; ClinVar 
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accession number, SCV001438043], p.Met41Thr [NM_003334.3:c.122T→C; ClinVar 

accession number, SCV001438045], or p.Met41Leu [NM_003334.3:c.121A→C; ClinVar 

accession number, SCV001438044]). The majority of these participants had recurrent fevers, 

pulmonary involvement, dermatologic manifestations (including neutrophilic dermatoses 

and cutaneous vasculitis), macrocytic anemia, hematopoietic dyspoiesis, and bone marrow 

vacuolization restricted to myeloid and erythroid precursor cells (Table 1, Fig. 2, Table S3, 

and Figs. S5 and S6). Electron microscopy revealed myeloid cells that were undergoing cell 

death and had vacuoles consisting of lipid droplets and disordered cellular organelles, 

including degenerating mitochondria.

Subgroups of participants met or partially met established diagnostic or classification criteria 

for a number of clinical conditions (Table 1 and Table S2). Transformation into a 

myelodysplastic syndrome with excess blasts or acute myeloid leukemia did not occur in 

any participant. All 25 participants had highly elevated levels of acutephase reactants and 

had no response to multiple disease-modifying antirheumatologic drugs (Tables S4 and S5). 

Glucocorticoids, often administered in high doses, were the only treatment that consistently 

ameliorated severe inflammatory symptoms. Of the 25 participants, 10 (40%) died from 

disease-related causes (respiratory failure or progressive anemia) or complications related to 

treatment.

IMMUNOLOGIC FEATURES OF THE VEXAS SYNDROME

Transcriptome analysis of the peripheral blood of participants revealed a shared gene 

expression signature consistent with the activation of multiple innate immune pathways (Fig. 

S7A and S7B and Table S9). Gene-expression profiling of isolated monocytes and 

neutrophils that were studied during a clinically quiescent period during which the 

participants had been receiving minimal treatment showed highly activated inflammatory 

signatures in multiple pathways including tumor necrosis factor, interleukin-6, and 

interferon-γ, a finding that is consistent with cell-intrinsic severe myeloid inflammation 

(Fig. S7C and Tables S10 through S12). Activation of pathways affecting the unfolded 

protein response and integrated stress response was identified only in myeloid cells (Fig. 

S8).21 Elevated levels of multiple cytokines in the serum were consistent with the findings 

from the transcriptome analysis (Fig. 3). Peripheral B cells and monocytes showed atypical 

differentiation, with loss of immature B cells and nonclassical and intermediate monocyte 

populations (Fig. S9). Functional studies of neutrophils obtained from the participants with 

the VEXAS syndrome, as compared with those from age- and sex-matched healthy controls, 

showed preserved phagocytic capacity in mutant cells but enhanced spontaneous neutrophil 

extracellular trap formation, findings that are consistent with dysregulated proinflammatory 

neutrophil activation (Fig. S10).

VEXAS SYNDROME AND LOSS OF CYTOPLASMIC UBA1 FUNCTION

UBA1 encodes the major E1-activating enzyme required for initiation of all cellular 

ubiquitin signaling.22-25 UBA1 is expressed as two isoforms differing in translation start site 

— nuclear UBA1a (initiated at p.Met1) and cytoplasmic UBA1b (initiated at p.Met41) (Fig. 

4A). Unexpectedly, monocytes obtained from the participants with the VEXAS syndrome, 

as compared with those from the controls, and ectopically expressed UBA1 Met41Val, as 
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compared with the wild-type enzyme, had similar nuclear and cytoplasmic localization, 

despite loss of the initiating methionine for UBA1b (Fig. S11A through S11C).

We next analyzed the expression of UBA1 Met41 variants in human embryonic kidney 

(HEK293T) cells by immunoblotting, which revealed loss of UBA1b and an unanticipated 

faster-migrating band (Fig. 4B and Fig. S11B). We hypothesized that the protein generating 

the faster-migrating band might be an isoform generated by translation initiation from a 

downstream start codon (Fig. 4A). Indeed, introduction of a mutation targeting the Met67 

codon resulted in the disappearance of the faster-migrating band, suggesting that the 

transcription of the messenger RNA of this novel isoform of UBA1, denoted here as UBA1c, 

is initiated from the Met67 codon. UBA1c localized to the cytoplasm (Fig. S11A), a finding 

consistent with our observations regarding monocytes from the participants with the VEXAS 

syndrome. Purified recombinant UBA1c was catalytically impaired in thioester assays, as 

compared with purified recombinant UBA1a and UBA1b, a finding that was indicated by the 

predominance of the faster-migrating uncharged form in the UBA1c lane in contrast to the 

excess of charged forms with other tested UBA1 proteins (Fig. 4C). We therefore concluded 

that Met41 variants result in the reduction of cytoplasmic UBA1 function by favoring the 

production of a catalytically deficient UBA1c over that of a catalytically proficient UBA1b.

We then attempted to confirm this cytoplasmic isoform switch by investigating the 

consequences of such a switch in the cells from the participants. Purified T cells from the 

participants, which were predominantly wild type, and from the unaffected controls had 

equivalent amounts of UBA1a and UBA1b proteins (Fig. 4D). In contrast, monocytes, which 

predominantly carried mutated UBA1 variants in the participants, had decreased levels of 

UBA1b and detectable levels of UBA1c, which confirmed the results of the transfection 

studies (Fig. 4D). Mutant monocytes were defective in ubiquitylation, as shown by a loss of 

polyubiquitin species and a concomitant increase in free ubiquitin (Fig. 4D). These cells also 

showed increased eIF2α phosphorylation and altered LC3 levels, which suggests that loss of 

ubiquitylation activates cellular stress responses that lead to up-regulation of the unfolded-

protein response (as indicated by increased eIF2α phosphorylation) and dysregulation of 

autophagy (as indicated by altered LC3 levels) (Fig. 4D).

To study the contribution of nuclear and cytoplasmic UBA1 isoforms to inflammatory 

disease in vivo, we established CRISPR-Cas9–edited zebrafish models (Table S13). 

Zebrafish uba1 and human UBA1 are highly homologous (Fig. S12). Because uba1 is 

essential for viability,26-28 we assessed inflammation during early development. 

Homozygous loss of all isoforms of Uba1 (Δuba1 [Δ indicates loss of protein]) or loss of 

Uba1b alone (Δuba1b) but not Uba1a (Δuba1a) in transgenic Tg(mpx:EGFP [mpx promoter 

controlling expression of enhanced green fluorescent protein]) zebrafish led to lower 

numbers of neutrophils than the numbers in sibling control heterozygous or wild-type fish 

(Fig. S13). All three zebrafish lines deficient in uba1 also showed growth abnormalities and 

early death between 7 and 21 days after fertilization, a finding that may be due in part to the 

germline nature of these mutations as compared with the somatic variants found in the 

participants with the VEXAS syndrome. Finally, Δuba1 or Δuba1b, but not Δuba1a, led to 

up-regulation of the expression of inflammatory genes in zebrafish, similar to that seen in 
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the participants (Fig. 4E). Taken together, these results support the concept that systemic 

inflammation results from disruption of cytoplasmic UBA1 and its zebrafish homologue.

DISCUSSION

The genotype-first, phenotype-neutral strategy to understand human disease has yielded a 

positive outcome — the identification of a cause of severe adult-onset inflammatory disease. 

We identified myeloid lineage-restricted UBA1 somatic mutations as the common cause of 

clinically complex and seemingly disparate diagnoses with overlapping hematologic 

features.

Ubiquitylation is a three-step process performed by the concerted actions of ubiquitin-

activating enzymes (E1), which include 2 unique enzymes29; ubiquitin-conjugating enzymes 

(E2), which include approximately 40 unique enzymes30; and substrate specific ligases (E3), 

which include more than 600 unique enzymes.31 Physiologic regulation of ubiquitin 

signaling often occurs at the level of E2 and E3 enzymes, but much less is known about 

control of ubiquitin activation. Our finding that a major cause of the VEXAS syndrome is a 

depletion of cytoplasmic UBA1 supports a critical function of subcellularly regulated 

ubiquitin activation during hematopoiesis.

UBA1 is required for nearly all cellular ubiquitin signaling and is essential in model 

organisms and cultured cells. The identification of UBA1 variants exclusively in the somatic 

state probably reflects the finding that mutations affecting p.Met41 are lethal when they are 

germline and that this mutation is compatible with life only when mosaic in specific cell 

types.32,33 We observed that inflammation in the participants with the VEXAS syndrome is 

driven by mutant myeloid cells, which outnumber wild-type myeloid cells. These findings 

suggest that myeloid precursor cells can survive with this somatic mutation and that mutant 

lymphocytes are negatively selected within bone marrow, observations that are consistent 

with the selective toxicity of the unfolded protein response and proteotoxic stress in 

lymphocytes as compared with myeloid cells.34 The fact that we identified this mutation 

only in men, all of whom were clinically affected, suggests that the additional allele in 

women protects against effects of the mutant allele, although it is possible that, owing to 

skewed X-inactivation, the disease is milder in women. More generally, our findings suggest 

that X-linked mosaic mutations may cause other diseases.

Somatic mutations in hematopoietic stem cells have long been known to be associated with 

myeloid cancers and bone marrow failure syndromes and benign hematologic conditions 

such as paroxysmal nocturnal hemoglobinuria and, more recently, have been recognized as 

common, age-related processes, referred to as clonal hematopoiesis of indeterminate 

potential.35,36 Somatic mutations are also causally linked to T-cell–mediated dysregulation 

in pure red-cell aplasia37,38 and large granular lymphocytosis.39 Myeloid-restricted somatic 

mutations in UBA1 may underlie myelodysplastic disease, accompanied by systemic 

inflammation. For example, hematologic abnormalities in the spectrum of myelodysplastic 

syndrome develop in older men with relapsing polychondritis, with an increased risk of 

death.40 The co-occurrence of relapsing polychondritis with myelodysplasia may be 

explained by the VEXAS syndrome. Similarly, concomitant myelodysplasia has been 
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reported in each of the rheumatologic conditions that were linked to the VEXAS syndrome 

in the current study, including polyarteritis nodosa, Sweet’s syndrome, and giant-cell 

arteritis.41 Given the increased mortality among patients with the VEXAS syndrome, efforts 

to identify effective treatment strategies that target the clonal somatic process, such as bone 

marrow transplantation or gene-editing therapies, should be considered.

Using a genotype-driven approach, we identified a disorder that connects seemingly 

unrelated adult-onset inflammatory syndromes. We named this genetic disorder the VEXAS 

syndrome, which is caused by myeloid-restricted somatic missense mutations in UBA1. Our 

findings show that somatic mutations can cause severe inflammatory conditions that 

manifest in adulthood.
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Refer to Web version on PubMed Central for supplementary material.

Authors 

David B. Beck, M.D., Ph.D.,
National Human Genome Research Institute, NIH, Bethesda

Marcela A. Ferrada, M.D.#,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Keith A. Sikora, M.D.#,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Amanda K. Ombrello, M.D.#,
National Human Genome Research Institute, NIH, Bethesda

Jason C. Collins, Ph.D.,
National Institute of Dental and Craniofacial Research, NIH, Bethesda

Wuhong Pei, Ph.D.,
National Human Genome Research Institute, NIH, Bethesda

Nicholas Balanda, B.Sc.,
National Human Genome Research Institute, Undiagnosed Diseases Program, 
Common Fund, Office of the Director, NIH, Bethesda

Daron L. Ross, M.D.,
National Human Genome Research Institute, Undiagnosed Diseases Program, 
Common Fund, Office of the Director, NIH, Bethesda

Daniela Ospina Cardona, B.Sc.,
National Human Genome Research Institute, NIH, Bethesda

Zhijie Wu, M.D., Ph.D.,
Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Beck et al. Page 8

N Engl J Med. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bhavisha Patel, M.D.,
Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Kalpana Manthiram, M.D.,
National Human Genome Research Institute, NIH, Bethesda

Emma M. Groarke, M.D.,
Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Fernanda Gutierrez-Rodrigues, Ph.D.,
Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Patrycja Hoffmann, N.P.,
National Human Genome Research Institute, NIH, Bethesda

Sofia Rosenzweig, B.Sc.,
National Human Genome Research Institute, NIH, Bethesda

Shuichiro Nakabo, M.D., Ph.D.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Laura W. Dillon, Ph.D.,
Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Christopher S. Hourigan, D.M., D.Phil.,
Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Wanxia L. Tsai, M.S.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Sarthak Gupta, M.D.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Carmelo Carmona-Rivera, Ph.D.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Anthony J. Asmar, Ph.D.,
National Institute of Dental and Craniofacial Research, NIH, Bethesda

Lisha Xu, M.S.,
National Human Genome Research Institute, NIH, Bethesda

Hirotsugu Oda, M.D., Ph.D.,
National Human Genome Research Institute, NIH, Bethesda

Wendy Goodspeed, R.N.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Karyl S. Barron, M.D.,

Beck et al. Page 9

N Engl J Med. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



National Institute of Allergy and Infectious Diseases, NIH, Bethesda

Michele Nehrebecky, N.P.,
National Human Genome Research Institute, NIH, Bethesda

Anne Jones, R.N., B.S.N.,
National Human Genome Research Institute, NIH, Bethesda

Ryan S. Laird, B.Sc.,
National Human Genome Research Institute, NIH, Bethesda

Natalie Deuitch, M.S., C.G.C.,
National Human Genome Research Institute, NIH, Bethesda

Dorota Rowczenio, Ph.D.,
National Amyloidosis Centre, Royal Free Hospital London NHS Foundation Trust 
and University College London, London, United Kingdom.

Emily Rominger, B.Sc.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Kristina V. Wells, B.Sc.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Chyi-Chia R. Lee, M.D.,
Laboratory of Pathology, Center for Cancer Research, National Cancer Institute, 
NIH, Bethesda

Weixin Wang, Ph.D.,
Department of Laboratory Medicine, NIH, Bethesda

Megan Trick, B.Sc.,
Department of Laboratory Medicine, NIH, Bethesda

James Mullikin, Ph.D.,
National Institutes of Health (NIH) Intramural Sequencing Center, National Human 
Genome Research Institute, NIH, Bethesda

Gustaf Wigerblad, Ph.D.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Stephen Brooks, Ph.D.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Stefania Dell’Orso, Ph.D.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Zuoming Deng, Ph.D.,

Beck et al. Page 10

N Engl J Med. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Jae J. Chae, Ph.D.,
National Human Genome Research Institute, NIH, Bethesda

Alina Dulau-Florea, M.D.,
Department of Laboratory Medicine, NIH, Bethesda

May C.V. Malicdan, M.D., Ph.D.,
National Human Genome Research Institute, Undiagnosed Diseases Program, 
Common Fund, Office of the Director, NIH, Bethesda

Danica Novacic, M.D.,
National Human Genome Research Institute, Undiagnosed Diseases Program, 
Common Fund, Office of the Director, NIH, Bethesda

Robert A. Colbert, M.D., Ph.D.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Mariana J. Kaplan, M.D.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Massimo Gadina, Ph.D.,
National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Sinisa Savic, M.B., B.S., Ph.D.,
National Institute for Health Research-Leeds Biomedical Research Centre and 
Leeds Institute of Rheumatic and Musculoskeletal Medicine, University of Leeds, 
Leeds, United Kingdom.

Helen J. Lachmann, M.B., B.Chir., M.D.,
National Amyloidosis Centre, Royal Free Hospital London NHS Foundation Trust 
and University College London, London, United Kingdom.

Mones Abu-Asab, Ph.D.,
National Eye Institute, NIH, Bethesda, Maryland

Benjamin D. Solomon, M.D.,
National Human Genome Research Institute, NIH, Bethesda

Kyle Retterer, M.S.,
GeneDx, Gaithersburg, Maryland

William A. Gahl, M.D., Ph.D.,
National Human Genome Research Institute, Undiagnosed Diseases Program, 
Common Fund, Office of the Director, NIH, Bethesda

Shawn M. Burgess, Ph.D.,
National Human Genome Research Institute, NIH, Bethesda

Beck et al. Page 11

N Engl J Med. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ivona Aksentijevich, M.D.,
National Human Genome Research Institute, NIH, Bethesda

Neal S. Young, M.D.,
Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Katherine R. Calvo, M.D., Ph.D.,
Department of Laboratory Medicine, NIH, Bethesda

Achim Werner, Ph.D.#,
National Institute of Dental and Craniofacial Research, NIH, Bethesda

Daniel L. Kastner, M.D., Ph.D.#,
National Human Genome Research Institute, NIH, Bethesda

Peter C. Grayson, M.D.#

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Affiliations

National Human Genome Research Institute, NIH, Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Institute of Dental and Craniofacial Research, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Human Genome Research Institute, Undiagnosed Diseases Program, 
Common Fund, Office of the Director, NIH, Bethesda

National Human Genome Research Institute, Undiagnosed Diseases Program, 
Common Fund, Office of the Director, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

Beck et al. Page 12

N Engl J Med. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute of Dental and Craniofacial Research, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute of Allergy and Infectious Diseases, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Amyloidosis Centre, Royal Free Hospital London NHS Foundation Trust 
and University College London, London, United Kingdom.

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Laboratory of Pathology, Center for Cancer Research, National Cancer Institute, 
NIH, Bethesda

Department of Laboratory Medicine, NIH, Bethesda

Department of Laboratory Medicine, NIH, Bethesda

National Institutes of Health (NIH) Intramural Sequencing Center, National Human 
Genome Research Institute, NIH, Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Beck et al. Page 13

N Engl J Med. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Human Genome Research Institute, NIH, Bethesda

Department of Laboratory Medicine, NIH, Bethesda

National Human Genome Research Institute, Undiagnosed Diseases Program, 
Common Fund, Office of the Director, NIH, Bethesda

National Human Genome Research Institute, Undiagnosed Diseases Program, 
Common Fund, Office of the Director, NIH, Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

National Institute for Health Research-Leeds Biomedical Research Centre and 
Leeds Institute of Rheumatic and Musculoskeletal Medicine, University of Leeds, 
Leeds, United Kingdom.

National Amyloidosis Centre, Royal Free Hospital London NHS Foundation Trust 
and University College London, London, United Kingdom.

National Eye Institute, NIH, Bethesda, Maryland

National Human Genome Research Institute, NIH, Bethesda

GeneDx, Gaithersburg, Maryland

National Human Genome Research Institute, Undiagnosed Diseases Program, 
Common Fund, Office of the Director, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

Hematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda

Department of Laboratory Medicine, NIH, Bethesda

National Institute of Dental and Craniofacial Research, NIH, Bethesda

National Human Genome Research Institute, NIH, Bethesda

National Institute of Arthritis and Musculoskeletal and Skin Diseases, NIH, 
Bethesda

Beck et al. Page 14

N Engl J Med. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

Supported by the National Institutes of Health (NIH) Intramural Research Programs, including the Intramural 
Research Programs of the National Human Genome Research Institute (NHGRI), the National Institute of Arthritis 
and Musculoskeletal and Skin Diseases, the National Heart, Lung, and Blood Institute, the National Institute of 
Dental and Craniofacial Research, the Undiagnosed Diseases Program of the Common Fund of the Office of the 
Director of the NIH, the National Institute of Allergy and Infectious Diseases, and the NIH Clinical Center, and by 
the EU Horizon 2020 Research and Innovation Program (Immun-AID; grant agreement number 779295, to Dr. 
Savic).

Disclosure forms provided by the authors are available with the full text of this article at NEJM.org.

We thank the staff at the NIH Intramural Sequencing Center and the Regeneron Genetics Center for performing 
exome sequencing, the staff at the NHGRI Flow Cytometry Core and especially Ms. Stacie Anderson and Ms. 
Martha Kirby for assistance with experiments, the staff at the National Cancer Institute Sequencing Core Facility, 
the members of the Undiagnosed Diseases Network, the affected participants and their families and the healthy 
adult controls for participation in this research study, and Drs. Arturo Diaz, Tanaz Kermani, Carol Langford, 
Clement Michet, Kimberly Reiter, Rennie Rhee, Larry Schainker, Michael Stein, Christine Hsieh, Olga Frankfurt, 
and Nicole Thomas for referring patients for this study.

REFERENCES

1. Briggs TA, Rice GI, Daly S, et al. Tartrate-resistant acid phosphatase deficiency causes a bone 
dysplasia with autoimmunity and a type I interferon expression signature. Nat Genet 2011;43:127–
31. [PubMed: 21217755] 

2. Manthiram K, Zhou Q, Aksentijevich I, Kastner DL. The monogenic autoinflammatory diseases 
define new pathways in human innate immunity and inflammation. Nat Immunol 2017;18:832–42. 
[PubMed: 28722725] 

3. Beck DB, Aksentijevich I. Biochemistry of autoinflammatory diseases: catalyzing monogenic 
disease. Front Immunol2019;10:101. [PubMed: 30766537] 

4. Okada Y, Wu D, Trynka G, et al. Genetics of rheumatoid arthritis contributes to biology and drug 
discovery. Nature 2014; 506:376–81. [PubMed: 24390342] 

5. Cooper JN, Young NS. Clonality in context: hematopoietic clones in their marrow environment. 
Blood 2017;130: 2363–72. [PubMed: 29046282] 

6. Hoffman HM, Broderick L. It just takes one: somatic mosaicism in autoinflammatory disease. 
Arthritis Rheumatol 2017;69:253–6. [PubMed: 27748054] 

7. Cooper GM, Coe BP, Girirajan S, et al. A copy number variation morbidity map of developmental 
delay. Nat Genet 2011; 43:838–46. [PubMed: 21841781] 

8. Fitzgerald TW, Gerety SS, Jones WD, et al. Large-scale discovery of novel genetic causes of 
developmental disorders. Nature 2015;519:223–8. [PubMed: 25533962] 

9. Hansen AW, Murugan M, Li H, et al. A genocentric approach to discovery of Mendelian disorders. 
Am J Hum Genet 2019;105:974–86. [PubMed: 31668702] 

10. McAdam LP, O’Hanlan MA, Bluestone R, Pearson CM. Relapsing polychondritis: prospective 
study of 23 patients and a review of the literature. Medicine (Baltimore) 1976;55:193–215. 
[PubMed: 775252] 

11. Damiani JM, Levine HL. Relapsing polychondritis — report of ten cases. Laryngoscope 
1979;89:929–46. [PubMed: 449538] 

12. von den Driesch P Sweet’s syndrome (acute febrile neutrophilic dermatosis). J Am Acad Dermatol 
1994;31:535–56. [PubMed: 8089280] 

13. Lightfoot RW Jr, Michel BA, Bloch DA, et al. The American College of Rheumatology 1990 
criteria for the classification of polyarteritis nodosa. Arthritis Rheum 1990;33:1088–93. [PubMed: 
1975174] 

14. Koster MJ, Matteson EL, Warrington KJ. Large-vessel giant cell arteritis: diagnosis, monitoring 
and management. Rheumatology (Oxford) 2018;57:Suppl_2:ii32–ii42. [PubMed: 29982778] 

Beck et al. Page 15

N Engl J Med. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://NEJM.org


15. Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to the World Health Organization 
classification of myeloid neoplasms and acute leukemia. Blood 2016; 127:2391–405. [PubMed: 
27069254] 

16. Rajkumar SV, Dimopoulos MA, Palumbo A, et al. International Myeloma Working Group updated 
criteria for the diagnosis of multiple myeloma. Lancet Oncol 2014;15(12):e538–e548. [PubMed: 
25439696] 

17. Aksentijevich I, Zhou Q. NF-κB pathway in autoinflammatory diseases: dysregulation of protein 
modifications by ubiquitin defines a new category of autoinflammatory diseases. Front Immunol 
2017;8:399. [PubMed: 28469620] 

18. Gahl WA, Tifft CJ. The NIH Undiagnosed Diseases Program: lessons learned. JAMA 
2011;305:1904–5. [PubMed: 21558523] 

19. Karczewski KJ, Francioli LC, Tiao G, et al. The mutational constraint spectrum quantified from 
variation in 141,456 humans. Nature 2020;581:434–43. [PubMed: 32461654] 

20. Biesecker LG, Spinner NB. A genomic view of mosaicism and human disease. Nat Rev Genet 
2013;14:307–20. [PubMed: 23594909] 

21. Navid F, Colbert RA. Causes and consequences of endoplasmic reticulum stress in rheumatic 
disease. Nat Rev Rheumatol 2017;13:25–40. [PubMed: 27904144] 

22. Finley D, Ciechanover A, Varshavsky A. Thermolability of ubiquitin-activating enzyme from the 
mammalian cell cycle mutant ts85. Cell 1984;37:43–55. [PubMed: 6327059] 

23. Schulman BA, Harper JW. Ubiquitinlike protein activation by E1 enzymes: the apex for 
downstream signalling pathways. Nat Rev Mol Cell Biol 2009;10:319–31. [PubMed: 19352404] 

24. Lenk SE, Dunn WA Jr, Trausch JS, Ciechanover A, Schwartz AL. Ubiquitin-activating enzyme, 
E1, is associated with maturation of autophagic vacuoles. J Cell Biol 1992;118:301–8. [PubMed: 
1321157] 

25. Stephen AG, Trausch-Azar JS, Handley-Gearhart PM, Ciechanover A, Schwartz AL. Identification 
of a region within the ubiquitin-activating enzyme required for nuclear targeting and 
phosphorylation. J Biol Chem 1997;272:10895–903. [PubMed: 9099746] 

26. Lee TV, Ding T, Chen Z, et al. The E1 ubiquitin-activating enzyme Uba1 in Drosophila controls 
apoptosis autonomously and tissue growth non-autonomously. Development 2008;135:43–52. 
[PubMed: 18045837] 

27. Wishart TM, Mutsaers CA, Riessland M, et al. Dysregulation of ubiquitin homeostasis and β-
catenin signaling promote spinal muscular atrophy. J Clin Invest 2014;124:1821–34. [PubMed: 
24590288] 

28. Yan H, Chin M-L, Horvath EA, Kane EA, Pfleger CM. Impairment of ubiquitylation by mutation 
in Drosophila E1 promotes both cell-autonomous and non-cell-autonomous Ras-ERK activation in 
vivo. J Cell Sci 2009;122:1461–70. [PubMed: 19366732] 

29. Jin J, Li X, Gygi SP, Harper JW. Dual E1 activation systems for ubiquitin differentially regulate E2 
enzyme charging. Nature 2007;447:1135–8. [PubMed: 17597759] 

30. Stewart MD, Ritterhoff T, Klevit RE, Brzovic PS. E2 enzymes: more than just middle men. Cell 
Res 2016;26:423–40. [PubMed: 27002219] 

31. Deshaies RJ, Joazeiro CAP. RING domain E3 ubiquitin ligases. Annu Rev Biochem 2009;78:399–
434. [PubMed: 19489725] 

32. Lek M, Karczewski KJ, Minikel EV, et al. Analysis of protein-coding genetic variation in 60,706 
humans. Nature 2016; 536:285–91. [PubMed: 27535533] 

33. Forbes SA, Beare D, Boutselakis H, et al. COSMIC: somatic cancer genetics at high-resolution. 
Nucleic Acids Res 2017; 45:D1:D777–D783. [PubMed: 27899578] 

34. Grootjans J, Kaser A, Kaufman RJ, Blumberg RS. The unfolded protein response in immunity and 
inflammation. Nat Rev Immunol 2016;16:469–84. [PubMed: 27346803] 

35. Jaiswal S, Natarajan P, Silver AJ, et al. Clonal hematopoiesis and risk of atherosclerotic 
cardiovascular disease. N Engl J Med 2017;377:111–21. [PubMed: 28636844] 

36. Steensma DP, Bejar R, Jaiswal S, et al. Clonal hematopoiesis of indeterminate potential and its 
distinction from myelodysplastic syndromes. Blood 2015;126:9–16. [PubMed: 25931582] 

Beck et al. Page 16

N Engl J Med. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Luzzatto L, Risitano AM. Advances in understanding the pathogenesis of acquired aplastic 
anaemia. Br J Haematol 2018;182:758–76. [PubMed: 29974931] 

38. Young NS. Aplastic anemia. N Engl J Med 2018;379:1643–56. [PubMed: 30354958] 

39. Koskela HLM, Eldfors S, Ellonen P, et al. Somatic STAT3 mutations in large granular lymphocytic 
leukemia. N Engl J Med 2012;366:1905–13. [PubMed: 22591296] 

40. Dion J, Costedoat-Chalumeau N, Sène D, et al. Relapsing polychondritis can be characterized by 
three different clinical phenotypes: analysis of a recent series of 142 patients. Arthritis Rheumatol 
2016;68: 2992–3001. [PubMed: 27331771] 

41. Mekinian A, Grignano E, Braun T, et al. Systemic inflammatory and autoimmune manifestations 
associated with myelodysplastic syndromes and chronic myelomonocytic leukaemia: a French 
multicentre retrospective study. Rheumatology (Oxford) 2016;55:291–300. [PubMed: 26350487] 

Beck et al. Page 17

N Engl J Med. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1 (facing page). Identification of Lineage-Restricted UBA1 Somatic Variants in the 
VEXAS Syndrome.
Panel A shows a schematic representation of a genotype-first screening approach to identify 

novel disease-causing variants and Sanger-sequencing chromatograms for mosaic variants in 

Patients 1 through 3 at UBA1 methionine-41 (p.Met41); the black triangles indicate the 

bases with distinct nucleotides. The term gnomAD denotes Genome Aggregation Database,
19 pLI probability of being loss-of-function intolerant (scores on the pLI range from 0.0 to 

1.0, with a higher score indicating a greater degree of intolerance for loss-of-function 

variants in healthy persons), and VEXAS vacuoles, E1 enzyme, X-linked, autoinflammatory, 

somatic. Panel B shows a dendrogram of hematopoietic differentiation with overlying 

Sanger sequencing of sorted bone marrow progenitors and peripheral-blood lineages from a 

representative case (in Patient 1). UBA1 mosaic variants were enriched in progenitor cells 

and myeloid lineages and were absent in lymphocytes. GMPs denotes granulocyte–

monocyte progenitors, HSCs hematopoietic stem cells, LPs lymphoid progenitors, MEPs 

megakaryocyte–erythroid progenitors, and MPPs multipotent progenitors. Panel C shows 

quantification of variant allele fraction with the use of digital droplet polymerase-chain-

reaction assay in isolated cell lines including peripheral blood, fibroblasts, HSCs and MPPs, 
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LPs, GMPs, and MEPs sorted from bone marrow–biopsy samples and neutrophils, 

monocytes, and T cells and B cells sorted from peripheral-blood samples.
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Figure 2. Clinical Manifestations of the VEXAS Syndrome.
Lung involvement included pulmonary infiltrates and pleural effusions (Panel A), vasculitis 

of medium-sized bronchial arteries (Panel B), and neutrophilic alveolitis (Panel C). 

Characteristic vacuoles were present in myeloid precursor cells from bone marrow aspirates 

(Panel D). Cutaneous manifestations included neutrophilic dermatosis with small- to 

medium-vessel vasculitis (Panel E) and tender plaques (Panel F). Cartilaginous involvement 

included auricular chondritis (Panel G) and nasal chondritis (Panel H), which were 

sometimes associated with periorbital inflammation. Hematoxylin and eosin staining was 

used in Panels B, C, and E, and Wright–Giemsa staining was used in Panel D.
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Figure 3. Serum Cytokines in Men with the VEXAS Syndrome.
Cytokine profiling was performed with the use of serum samples obtained from patients 

with the VEXAS syndrome, and the results were compared with those from controls. 

Enzyme-linked immunosorbent assay revealed higher inflammatory markers in the patients 

with the VEXAS syndrome than in the controls. Panel A shows the results for C-reactive 

protein values in the 25 participants with the VEXAS syndrome (values for the controls are 

not shown). The dashed line indicates the upper limit of the normal range (<5 mg per 

deciliter). Panel B shows the results for interleukin-8, with median values of 14.4 mg per 

liter (interquartile range, 9.2 to 18.5) among 18 samples from 13 participants with the 

VEXAS syndrome and 6.5 mg per liter (interquartile range, 5.1 to 8.6) among 12 controls. 

Panel C shows the results for interferon-inducible protein 10 (IP-10), with median values of 

1995 pg per milliliter (interquartile range, 1443 to 3201) among 18 samples from 13 

participants with the VEXAS syndrome and 734 pg per milliliter (interquartile range, 564 to 

893) among 12 controls. Panel D shows the results for interferon-γ, with median values of 

19.2 pg per milliliter (interquartile range, 11.4 to 23.3) among 14 samples from 13 

participants with the VEXAS syndrome and 10.6 pg per milliliter (7.7 to 13.4) among 12 

controls. In Panels B, C, and D, the long horizontal line represents the median value, and 

shorter bars represent the interquartile range.
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Figure 4 (facing page). Loss of Cytoplasmic UBA1 Function Leading to Inflammation.
Panel A shows a schematic diagram with protein isoforms and domains for UBA1. UBA1a 

is a long isoform with a nuclear localization sequence (NLS) and a translation start site at 

p.Met1, and UBA1b is a short isoform without an NLS with a translation start site at 

p.Met41. AAD denotes active adenylation domain, FCCH first catalytic cysteine half-

domain, IAD inactive adenylation domain, SCCH second catalytic cysteine half-domain, Ub 

ubiquitin, and UFD Ub fold domain. Panel B shows immunoblots of transfected human 

embryonic kidney (HEK293T) cells. Hemagglutinin (HA)-tagged UBA1 Met41 constructs 

lead to expression of a novel short isoform, abrogated by the introduction of a Met67Ala 

mutation. The term αHA denotes anti-HA, and WT wild type. Panel C shows a 

representative Ub thioester formation assay with the use of purified recombinant UBA1 
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isoforms. UBA1c shows impaired activity, whereas UBA1a p.Met41Val activity is similar to 

that in a UBA1a WT control. Ub thioester–charged forms of UBA1 variants are labeled with 

“~Ub.” The quantification of five replicates is shown below in a bar chart. Thioester 

formation activity differed significantly between UBA1c and UBA1a WT (adjusted P<0.05). 

Panel D shows immunoblots of isolated T cells and monocytes from three participants with 

the VEXAS syndrome and age-matched controls. In the participants with the VEXAS 

syndrome, T cells are primarily WT and monocytes are primarily mutant. Mutant cells show 

decreased UBA1b and polyubiquitylation (Poly-Ub) levels, an increased free Ub level, and 

increased eIF2α phosphorylation (p-EIF2α) and LC3 levels. Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as a loading control. Panel E shows higher levels of 

inflammatory gene expression in Δuba1 and Δuba1b embryos than in Δuba1a and sibling 

control heterozygous or WT control embryos (calculated as log10 factor change in the 

messenger RNA [mRNA] level). A Δ indicates loss of protein, and T bars standard errors. 

EF1-α denotes elongation factor 1α, ISG15 interferon-stimulated gene 15, and TNF tumor 

necrosis factor.
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Table 1.

Demographic and Clinical Characteristics of Participants with the VEXAS Syndrome.*

Characteristic Participants
(N = 25)

Demographic characteristics

Male sex — no. (%) 25 (100)

Median age at onset (range) — yr 64 (45–80)

Died before the current study — no. (%) 10 (40)

Genetic characteristics

Somatic UBA1 (NM_003334.3) variant (p.Met41) — no. (%) 25 (100)

 p.Met41Thr (c.122T→C) 15 (60)

 p.Met41Val (c.121A→G) 5 (20)

 p.Met41Leu (c.121A→C) 5 (20)

Key clinical features

Fever — no. (%) 23 (92)

Skin involvement — no. (%)† 22 (88)

Pulmonary infiltrate — no. (%) 18 (72)

Ear and nose chondritis — no. (%) 16 (64)

Venous thromboembolism — no. (%) 11 (44)

Macrocytic anemia — no. (%) 24 (96)

Bone marrow vacuoles — no./total no. (%) 18/18 (100)

Laboratory findings

Median C-reactive protein (IQR) — mg/liter 73 (18–128)

Median ESR (IQR) — mm/hr 97 (64–124)

Current or past treatment

Glucocorticoids — no. (%) 25 (100)

Median no. of synthetic DMARDs (IQR) 2 (1–3)

Median no. of biologic or target synthetic DMARDs (IQR) 2 (0.5–3)

Diagnostic or classification criteria that were met — no. (%)

Relapsing polychondritis 15 (60)

Sweet’s syndrome 8 (32)

Myelodysplastic syndrome 6 (24)

Multiple myeloma or monoclonal gammopathy of undetermined significance 5 (20)

Polyarteritis nodosa 3 (12)

Giant-cell arteritis 1 (4)

*
DMARDs denotes disease-modifying antirheumatic drugs, ESR erythrocyte sedimentation rate, IQR interquartile range, and p.Met41 

methionine-41.

†
The most common skin-biopsy findings were neutrophilic dermatosis (in 8 participants), leukocytoclastic vasculitis (in 7 participants), and 

medium-vessel arteritis (in 3 participants).
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