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Key Points

e UBA1 mutations were identified in 1% of MDS patients, enriched in patients with few
myeloid mutations or established disease classification.

e Inflammatory clinical presentation and vacuoles were observed in 83% and 71%,
respectively, of patients with pathogenic UBA1 mutations.

Abstract

Mutations in UBA1, which are disease-defining for VEXAS syndrome, have been reported in
patients diagnosed with myelodysplastic syndromes (MDS). Here, we define the prevalence and
clinical associations of UBA1 mutations in a representative cohort of patients with MDS. Digital
droplet PCR profiling of a selected cohort of 375 male patients lacking MDS disease-defining
mutations or established WHO disease classification identified 28 patients (7%) with UBAT
p.M41T/V/L mutations. Using targeted sequencing of UBAT in a representative MDS cohort
(n=2,027), we identified an additional 27 variants in 26 patients (1%), which we classified as
likely/pathogenic (n=12) and unknown significance (n=15). Among the total 40 patients with
likely/pathogenic variants (2%), all were male and 63% were classified by WHO?'® as MDS-
MLD/SLD. Patients had a median of one additional myeloid gene mutation, often in TET2
(n=12), DNMT3A (n=10), ASXL1 (n=3), or SF3B1 (n=3). Retrospective clinical review where
possible showed that 83% (28/34) UBA71-mutant cases had VEXAS-associated diagnoses or
inflammatory clinical presentation. The prevalence of UBA7-mutations in MDS patients argues
for systematic screening for UBAT in the management of MDS.

Introduction

Patients with myelodysplastic syndromes (MDS) have heterogeneous clinical presentation,
response to therapy and outcomes. The recent integration of genetic alterations alongside
established clinical and morphologic features in disease classification and risk stratification have
informed clinical management'™. However, 5-10% of patients have no established disease
defining mutations®**. Furthermore, inflammatory symptoms of poorly-understood etiology
complicate diagnosis and clinical management in 10-30% of MDS patients, and are associated
with high-risk disease®"°.

One such overlap between MDS and inflammatory presentation is VEXAS (vacuoles, E1
enzyme, X-linked, autoinflammatory, somatic) syndrome, a severe systemic autoinflammatory
disease'. VEXAS is linked to mutations in the UBA7 gene, which encodes the major E1-
activating enzyme required for ubiquitylation. While mutations at the p.M41 hotspot were the
first to be associated with VEXAS, additional variants in UBA7 have since been characterized
as pathogenic'>"’. UBA1 mutations typically co-occur with common myeloid driver gene
mutations including DNMT3A, TET2, and SF3B1 in VEXAS"', clonal hematopoiesis'®, and
MDS™?. The prevalence of MDS in VEXAS patients is also high (25-55%)'"'%%° however,
UBA1 mutations have not been systematically screened in a representative diagnostic MDS
population. In this study, we define the prevalence, co-mutation patterns, and clinical profiles of
MDS patients with UBA1 mutations.
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Study Design

Molecular data from a systematic sequencing screen of 152 myeloid driver genes used for the
development of the IPSS-M, were evaluated across a representative diagnostic and treatment-
naive MDS cohort (n=3,323)*. Detailed molecular, cytogenetic, and clinical data were available.
We hypothesized that UBA71 mutations would be prevalent in male patients without myeloid
driver mutations or established disease classification. First, 375 cases (Cohort A) with inclusion
based on: 1) male gender; and 2) no identified driver mutations or mutations only in DTA
(DNMT3A, TET2, ASXL1) genes; or 3) MDS unclassifiable (eg. MDS-U) according to the WHO
revised 4th edition classification (WHO?'®)?'?2 or 4) subsets of MDS/MPN overlap syndromes
(MDS/MPN-U, MDS/MPN-RS-T, aCML) per WHO 2016 Classification (Figure 1A) were profiled
using UBA1 p.M41 digital droplet PCR (ddPCR). To determine the prevalence of UBA1
mutations in MDS, the cohort was then expanded to profile 2,027 representative patients, both
male and female across WHO?'® subtypes (Cohort B) using targeted sequencing of the UBA1
locus. UBA1 variants were called as previously described using the Isabl platform®%3%. 204
cases were profiled with both assays. Retrospective review of inflammation-associated clinical
history and morphology was performed for UBA 7-mutated cases where possible.

This study is approved under Memorial Sloan Kettering Institutional Review Board IRB #15-017.

Results and Discussion

Profiling of UBA1 by ddPCR for Cohort A identified 30 UBA1 p.M41T/V/L mutations in 7% (28 of
375) of the patients (mutant droplet fraction median: 0.376, range: 0.00018-0.877). This
included 15 patients with p.M41T (c.122T>C), 7 with p.M41V (c.121A>G), 4 with p.M41L
(c.121A>C), and 2 patients with more than one mutation (1 with p.M41V/T, and 1 with
p.M41L/V) (Figure 1B). The median age at diagnosis in cases with UBA71 p.M41 mutation was
72 years (range 44-89) and 71 years (range 21-93) for cases without (Supplemental Table 1).
There was no significant difference in available clinical parameters (age, blast percentages,
blood counts) between UBA7-mutant and -wildtype MDS. These data demonstrate that
mutations in UBA1 are frequent (7%) in male MDS patients without established disease
classification or typical disease-associated mutation patterns.

In order to 1) determine whether UBA 1 mutations were indeed enriched in patients without clear
MDS disease classification, 2) detect recently described mutations beyond the p.M41 locus'?™",
and 3) enable discovery of novel variants in UBA1, we sequenced the entire UBAT gene across

an expanded cohort of 2,027 MDS patients (Cohort B) (Figure 1A and Supplemental Table 2).

By NGS in Cohort B, we identified 35 UBA71 mutations in 34 (1.7%) patients, of which 20
(0.97%, all male) had likely pathogenic variants and 14 had variants of unknown significance
(VUS) (3/14 female) (Figure 1B). The 20 likely pathogenic variants comprised 13 p.M41T/V/L
hotspot mutations with a broad range of variant allele fractions (VAF) (0.013-0.94), and 7
previously described non-p.M41 mutations to include 2 p.S56F (VAF 0.87 and 0.93), 2 p.A478S
(VAF 0.72 and 0.80), 2 p.S621C (VAF 0.80 and 0.82) and 1 p.Y55H (VAF 0.025) (Figure 1C,
Supplemental Table 3). The VUS are provided in Supplemental Table 3 to support future


https://paperpile.com/c/OLJnEf/qdqaE
https://paperpile.com/c/OLJnEf/8XQg+pGMm
https://paperpile.com/c/OLJnEf/qdqaE+BEuD8+Sb1H
https://paperpile.com/c/OLJnEf/hhrG3+KVBMA+KUkSn+dajRT+Wt5mz+preMK

studies. Within 204 cases profiled by both assays, all 8 p.M41T/V/L mutations were identified
with concordant VAF estimations (R?=0.999 p<0.0001) (Figure 1D). This data demonstrates
that 1% (20/2027) of MDS patients had established pathogenic mutations in UBA1, and that
UBA1 mutations are strongly enriched (7%), but not limited to, male subjects diagnosed with
MDS but without disease defining genetic alterations.

Integration of Cohort A and B (n=2,198) yielded 40 patients (all male) with pathogenic UBA1
variants (Table 1). The WHO?'® classification (available for 39) was MDS-SLD/MLD (24), MDS-
EB1 (4), MDS-U (3), CMML (2), aCML (2), MDS-RS-MLD (1), MDS/MPN-RS-T (1), MDS/MPN-
U (1) (Figure 1E). Two patients were re-classified as AML after clinical review due to a history
of AML diagnosis. Most patients had IPSS-M Very-Low/Low Risk (73% 27/37) (Figure 1F).
These patients typically had no myeloid driver gene co-mutations or only one, often in the
epigenetic regulators TET2 (n=12) or DNMT3A (n=10) (Figure 1G, 2A). They had fewer ASXL1
(n=3, p=0.022) and SF3B1 (n=3) co-mutations (Figure 2B). Loss of the Y chromosome was
frequent (13%, n=5). In 8 patients with pathogenic UBA71 mutations with VAF>2% and co-
occurring DNMT3A mutations, DNMT3A and UBA1 VAF were correlated (r2=0.87, p=0.0005),
suggesting that co-mutation leads to clonal expansion (Figure 2C). Conversely, TET2 co-
mutations were either subclonal (n=4) or clonally dominant (n=8) to UBA1. The distinct clonal
architectures in DNMT3A- or TETZ2-co-mutated cases suggest different mechanisms of
cooperation and selection.

VEXAS syndrome has been associated with a wide range of clinical characteristics and is not
yet defined by specific diagnostic criteria. We conducted a detailed clinical review of UBA1
positive cases focusing on inflammatory presentation and treatment. Sufficient clinical history
was available for 85% (34/40) of cases with pathogenic UBA1 variants (Figure 2A,
Supplemental Tables 4-5). Of these, 4 patients had rheumatologic diagnoses (all had
p.M41T/V/L) and 12 additional patients had inflammatory symptoms associated with VEXAS-like
presentation. Of these 16 cases, 12 had multi-organ system involvement. Eleven patients were
treated with steroids (n=11) and disease-modifying anti-rheumatic drugs or biologics (n=4). An
additional nine patients had elevated acute phase reactants (APRs) suggesting subclinical
levels of inflammation (Figure 2A). Inflammatory manifestations were usually reported
preceding or around the time of MDS diagnosis (median time 227 days prior; range 4.4 years
prior to 4.8 years after) (Supplemental Figure 1). Five patients had monoclonal gammopathy of
unknown significance. Vacuoles, a cardinal feature in VEXAS, were identified in all 13 patients
with UBAT1 p.M41 VAF >2% and in 71% (15/21) of patients with available slides. Taken
together, 83% (28/34) of patients with pathogenic variants had inflammatory clinical
presentations (Figure 2D).

Patients with UBA1 VUS (n=14; 3 female) had distinct co-mutation patterns and risk compared
to those with pathogenic variants. They had more myeloid driver gene mutations, with 50%
(7/14) having 3 or more co-mutations, than the cases with pathogenic UBA1 mutations (18%;
7/40) and were more likely to harbor alterations associated with adverse-prognosis® (Figure 1G,
2A). Consequently, patients with VUS had a higher proportion of moderate or high IPSS-M risk
(64%; 7/11) compared to those with pathogenic variants (27%) (Figure 1F). Three patients out
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of 13 cases with UBA71 VUS and available clinical history had inflammatory presentations
associated with VEXAS and an additional 7 had elevated APRs. Three had vacuoles. Functional
validation is needed to determine whether these VUS are linked to the inflammatory clinical
presentation.

Acute myeloid leukemia (AML) transformation has been reported in only a few UBA7-mutated
MDS patients®>?°. Among UBA7-mutated patients in Cohorts A and B, 3 transformed to AML.
One patient had a low VAF UBA1 p.M41V (0.0002 by ddPCR) subclonal to TET2, SF3B1, FLT3,
and ASXL2 co-mutations. The second had UBA1 p.S56F (VAF 0.868) and 7q deletion. The third
had VUS UBAT p.R869L (VAF 0.222) and IRF1, NFE2 and RRAS co-mutations. Among the
other UBA1-mutant patients that died or were censored after 1 year (n=37), none transformed to
AML.

We next assessed whether UBA1 mutations carried prognostic value in Cohort A, which lacked
prognostic biomarkers. We did not identify a significant difference in overall survival between
UBA1-mutant (n=27) and wildtype (n=312) patients (log-rank test p=0.4) (Figure 2E). Further
studies are required to understand whether UBA1 mutations with or without co-occurring
myeloid driver mutations and/or inflammatory presentation are prognostic in low-risk MDS.

In summary, within a large representative diagnostic cohort of MDS patients, 1% of patients
harbored likely pathogenic UBA1 mutations. Notably, UBA1 mutations were frequent (7%) in the
subset of male patients with few or no mutations in myeloid driver genes. UBA7-mutated
patients were predominantly IPSS-M low risk (73%) with a median of 1 additional mutation,
usually in DNMT3A or TET2. UBA1 mutations were seen in both dominant clones or as
subclones. Of all patients with UBA1 pathogenic variants, inflammatory presentation was seen
in 83% and vacuoles were present in 71%. Importantly, vacuoles were found in all patients with
p.M41 mutations at >2% VAF. Our data confirms that for the majority of UBA71-mutated MDS
cases, there was overlapping inflammatory clinical presentation. Limitations of our study include
ascertainment of the MDS cohort prior to the association of UBA1 mutations with VEXAS
resulting in lack of standardized inflammation assessment across the entire cohort.

Our study highlights the need to consider UBA1 mutations in the diagnostic workup for MDS
and MDS/VEXAS overlap. The enrichment of UBA1 mutations in patients lacking MDS disease-
defining alterations may represent a VEXAS population diagnosed as MDS, while others have
cardinal genomic and clinical presentations of MDS along with UBA7 mutations and
inflammatory phenotype, suggesting a potential VEXAS/MDS overlap syndrome. The
systematic incorporation of UBA1 mutations in the diagnostic workup of MDS and inflammatory
conditions will provide the necessary data to inform diagnostic criteria that may differentiate
MDS to VEXAS, and/or MDS/VEXAS overlap. Future prospective studies are needed to define
the clinical implications of UBA1 mutations, associated inflammatory presentation, and co-
occurring myeloid driver mutations as prognostic factors.
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Figure Legends

Figure 1: Prevalence of UBA1 mutations in MDS

(A) Schematic of study design showing Cohort A (top) profiled by ddPCR and Cohort B
(bottom) profiled by NGS for UBA1 mutations.

(B) Lollipop plot showing likely-pathogenic mutations (top) and VUS (bottom) in UBAT
detected by ddPCR and/or NGS. Variants are colored by VAF and point shape indicates
whether the variant was detected by ddPCR, NGS, or both. VUS in the non-canonical
transcripts are reported in the box below the axis.

(C) VAF of UBA1 mutations detected by NGS in Cohort B.

(D) Correlation of UBAT NGS VAF and ddPCR mutant droplet fraction for patients (n=8) with
UBA1 p.M41T/V/L variants detected by both assays.

(E) Stacked barplot of WHO 2016 class (available for n=53/54).

(F) Stacked barplot of IPSS-M Risk Category (available for n=48/54).

(G) Stacked barplot of number of co-occurring mutations in 54 UBA1-mutated patients (left)
and Cohort B (right).

Figure 2: Co-mutation patterns and clinical presentation of UBA7-mutant MDS

(A) Oncoprint for the total cohort of UBA7-mutant patients (n=54) including results of
retrospective review of clinical history for inflammatory features (bottom). Patients are
ordered by decreasing UBA1 VAF per group (p.M41, non-p.M41 pathogenic, VUS).

(B) Frequency of co-mutations in UBA1-mutated and -wildtype patients.

(C) VAF of pathogenic UBA1 and co-occurring DNMT3A (top) and TET2 (bottom) mutations.
Grey dashed line represents the identity line. Black solid line represents a linear model
fit to the data.

(D) Stacked barplot of clinical inflammatory manifestations for n=54 patients.

(E) Kaplan-Meier curve for overall survival in Cohort A (ddPCR) of MDS patients with or
without mutations in UBA 7. Number of patients per group and p-values are indicated on
the plot.
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Table 1: Characteristics of n=54 UBA1-mutated cases. Table is split by UBA1 mutation: p.M41,
non-p.M41 pathogenic, and VUS.

11


http://paperpile.com/b/OLJnEf/8XQg
http://paperpile.com/b/OLJnEf/8XQg
http://paperpile.com/b/OLJnEf/8XQg
http://paperpile.com/b/OLJnEf/8XQg
http://paperpile.com/b/OLJnEf/pGMm
http://paperpile.com/b/OLJnEf/pGMm
http://paperpile.com/b/OLJnEf/BEuD8
http://paperpile.com/b/OLJnEf/BEuD8
http://paperpile.com/b/OLJnEf/BEuD8
http://paperpile.com/b/OLJnEf/BEuD8
http://paperpile.com/b/OLJnEf/BEuD8
http://paperpile.com/b/OLJnEf/Sb1H
http://paperpile.com/b/OLJnEf/Sb1H
http://paperpile.com/b/OLJnEf/Sb1H
http://paperpile.com/b/OLJnEf/Sb1H
http://paperpile.com/b/OLJnEf/h4Og1
http://paperpile.com/b/OLJnEf/h4Og1
http://paperpile.com/b/OLJnEf/h4Og1
http://paperpile.com/b/OLJnEf/h4Og1
http://paperpile.com/b/OLJnEf/IW806
http://paperpile.com/b/OLJnEf/IW806
http://paperpile.com/b/OLJnEf/IW806
http://paperpile.com/b/OLJnEf/IW806
http://paperpile.com/b/OLJnEf/IW806

Table 1: Characteristics of UBA7-mutated patients (n=54)

Characteristic

Age at sample time
WHO 2016 Classification
MDS-SLD/MLD
MDS-RS-SLD/MLD
MDS/MPN-RS-T
MDS-U
MDS/MPN-U
MDS-EB1/2
CMML
aCML
AML
Unknown
IPSS-M
Very-Low
Low
Moderate-Low
Moderate-High
High
Very-High
Unknown
SEX
F
M
Bone Marrow Blast (%)
Unknown
White Blood Count (1e9/L)
Unknown

Absolute Neutrophil Count
(1e9/L)

p-M41T/V/L,N=33" Other Pathogenic, N= 71

73 (65, 79)

20 (62%)
0 (0%)
1 (3.1%)
2 (6.2%)
1(3.1%)
4 (12%)
2 (6.2%)
2 (6.2%)
0 (0%)
1

7 (23%)
16 (52%)
4 (13%)
2 (6.5%)
2 (6.5%)
0 (0%)
2

0 (0%)
33 (100%)
2.00(1.00, 4.00)
0
4.30(3.42,7.61)
2
3.00(1.80, 4.66)

1

69 (64, 73)

4(57%)
1 (14%)
0 (0%)
1 (14%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
1 (14%)
0

2 (33%)

2 (33%)

0 (0%)

2 (33%)

0 (0%)

0 (0%)
1

0 (0%)
7 (100%)
1.00 (1.00, 1.00)
0
2.45(2.04,4.95)
1
1.10(0.94,3.23)

VUS,N= 141

72(55,77)

6 (43%)
1(7.1%)
0 (0%)
0 (0%)
0 (0%)
5 (36%)
1(7.1%)
0 (0%)
1(7.1%)
0

1(9.1%)

3 (27%)

1(9.1%)

2 (18%)

2 (18%)

2 (18%)
3

3 (21%)
11 (79%)
4.00 (3.00, 8.00)
1
3.80(2.59,5.23)
2
1.58(1.00, 2.84)



Unknown
Monocytes (1e9/L)

Unknown
Hemoglobin (g/dL)

Unknown
Platelets (1e9/L)

Unknown

"Median (IQR); n (%)

1
0.31(0.10,0.52)
5
10.45 (8.75, 11.15)
1
118 (86, 174)
1

0 2
0.36(0.20, 0.65) 0.10(0.10,0.44)
2 3

9.90(8.48,11.60)  10.35(8.17,11.07)

0 0
57 (25, 65) 50 (31, 70)
0 1
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