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TO THE EDITOR:

Somatic mutation in the ubiquitin-activating enzyme E1 gene
UBAT is a key biomarker of VEXAS (vacuoles, E1-enzyme, X-linked
auto-inflammatory, somatic) [1]. UBAT mutations were recently
also detected in myelodysplastic neoplasm (MDS) [2]. Of note, the
most frequent UBAT variants in VEXAS and MDS lead to reduced
UBAT proteins [3]. To investigate whether RNA expression of UBAT
is also reduced in MDS, we analyzed a transcriptomic dataset
generated by bulk RNA-sequencing (RNA-seq) in CD34+ bone
marrow hematopoietic stem and progenitor cells (BM HSPCs) in
MDS and chronic myelomonocytic leukemia (CMML) (n =72, 29
MDS with excess blasts (EB), 22 MDS with low blasts (LB), and 21
CMML, Supplementary Table 1) [4]. Because UBAT is an
X-chromosomal gene escaping X-inactivation in female individuals
[5], all healthy donors (HD; n = 12) and patients were male.

RNA-Seq indicated that, compared to HD, UBAT RNA level in BM
HSPCs was moderately decreased in MDS-EB (75% 8%, P < 0.005)
and MDS-LB (70% +7%, P <0.0001; Fig. 1A), but not in CMML
(P=0.22; Fig. 1A). Using an antibody that detects both UBA1a and
UBA1b [3], we confirmed lower UBAT protein levels, particularly
UBA1a, in BM mononuclear cells (MNC) from patients with
decreased UBAT RNA (MDS #1 and #2), but not patients with
normal UBAT RNA expression (MDS #3) (Supplementary Fig. 1A).
Sanger sequencing in BM MNC from 33 patients in the cohort (15
MDS-EB and 18 MDS-LB) did not detect the hotspot UBAT p.Met41
mutations.

For clinical characteristics, MDS-EB patients with UBAT RNA
downregulation (=1.5-fold decrease compared with HD) (n=11)
had lower white cell counts in peripheral blood (PB) compared to
MDS-EB with normal UBAT RNA (n = 18; 2.2 x 10°/L compared with
3.5%x10%L, P=0.02). This difference was more obvious for
neutrophil (0.69 x 10%/L compared with 1.5Xx 10°/L, P<0.005)
(Supplementary Fig. 1B). There is a higher percentage of complex
cytogenetic abnormalities in patients with UBAT downregulation
(55% compared with 22%, P=0.05). In MDS-LB, patients with
UBAT downregulation (n=11) had lower levels of hemoglobin
(9.2 g/dL compared with 10.8 g/dL, P = 0.048) but higher platelet
counts (187 x 10%/L compared with 105 x 10°/L, P = 0.02) (Supple-
mentary Fig. 1C). To investigate the biological signals affected by

UBAT downregulation in MDS, we performed gene set enrichment
analysis (GSEA, REACTOME) [6] using RNA-seq data. While no
pathway was specifically altered in MDS-EB with UBAT down-
regulation compared to HD, multiple pathways were specifically
activated in MDS-LB with UBAT downregulation (g < 0.25; Fig. 1B)
but not in other MDS-LB. Of note, most of these pathways are
involved in inflammation and innate immune signal activation.
Consistently, a tendency of increased level of interferon-f was
detected in PB of MDS-LB with UBAT downregulation (Supple-
mentary Fig. 1D).

We next examined whether UBAT downregulation co-occurred
with specific mutations in MDS. Figure 1C illustrated mutations
detected by targeted sequencing of 81 myeloid neoplasm genes in
42 patients (20 MDS-LB and 22 MDS-EB) [7]. While no mutation
specifically co-occurred with UBAT downregulation in MDS-EB
(Fig. 1Q), in MDS-LB, mutations in splicing genes (SF3B1, SRSF2,
U2AF1, and ZRSR2), particularly in SF3B1, tended to co-occur with
UBA1 downregulation (Fig. 1C). Of the 11 MDS-LB patients with UBAT
downregulation, ten (91%) carried splicing gene mutations, and
among them 6 (55%) had SF3B1 mutations. Mutant SF3B7 is known
to cause alternative pre-mRNA splicing in hematopoietic cells [8]. To
examine whether the SF3B7 mutations in MDS-LB cause abnormal
splicing of UBAT pre-mRNA in MDS BM HSPCs, we analyzed
alternative splicing (alternative 3’ and 5’ splicing-sites, mutually
exclusive exons, retained introns, and skipped exons) in SF3B1
mutant MDS-LB. This analysis detected 1060 significant alternative
splicing events (>30% change compared with HD; P < 0.05) in SF3B1
mutant but not wildtype MDS-LB (Supplementary Fig. 2A). There was
no UBAT alternative splicing in these events, suggesting that the
co-occurrence of UBAT downregulation and SF3B1 mutations in
MDS-LB was not due to mis-splicing of UBAT pre-mRNA by mutant
SF3B1. On the other hand, genes specifically overexpressed in
MDS-LB with concurrent UBAT downregulation and SF3B1 mutations
were enriched in pathways of autophagy, mitophagy, cell-cycle
regulation, innate immunity, mTOR signals, and signals regulated by
forkhead-box transcription factor-O (FOXO; Fig. 1D). Consistently,
major FOXO family members, FOXO3 and FOXO4, were over-
expressed specifically in MDS-LB with both UBAT downregulation
and SF3B1 mutations (n = 6; Supplementary Fig. 2B). PB interferon-3
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Fig. 1 UBA1 RNA expression is downregulated in myelodysplastic syndrome (MDS). A Relative reads per kilobase of transcript per million
reads mapped (RPKM) in bone marrow CD34+ cells from patients with chronic myelomonocytic leukemia (CMML), MDS with excess blasts
(MDS-EB), or MDS with low blasts (MDS-LB) relative to healthy donors (HD). Bars represent the means + S.E.M. P-values were calculated using
one-way ANOVA test. B REACTOME signaling pathways that are specifically activated in MDS-LB with UBA1 downregulation. FDR false
discovery rate. C Frequent mutations detected by next-generation sequencing in the bone marrow of patients with MDS. D REACTOME
signaling pathways that are associated with genes specifically upregulated in MDS-LB UBA1 downregulation and SF3B1 mutation. These
pathways were defined by GSEA analysis using the list of genes specifically overexpressed in MDS-LB with both UBA1 downregulation and
SF3B1 mutation comparing to HD (but not in other patients with MDS-LB comparing to LD).
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level also had a strong tendency to be increased in patients with
concurrent UBAT downregulation and SF3B7 mutation (Supplemen-
tary Fig. 2C). These findings suggest a cooperative interaction
between UBAT downregulation and SF3B7 mutation to activate
disease-driving signals in MDS.
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To investigate whether decreased UBAT activity contributes to
impaired functions of BM HSPC in MDS, we applied TAK243 [9, 10],
a small-molecule UBAT inhibitor to human BM HSPC. TAK243
(50 nM) reduced poly-ubiquitination (K63) in hematopoietic K562
cells (Supplementary Fig. 3A). The same dose was assessed for its
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Fig. 2 Impact of UBA1 inhibition by TAK243 in human bone marrow hematopoietic stem and progenitor cells and mice. TAK243 in
cultured CD34+ bone marrow hematopoietic stem and progenitor cells (n=6) led to decreased (A) colony-forming units (CFU) and (B)
CD71-/CD235+ erythroid cells. Significant differences in white blood cell count (WBC) (C) and hemoglobin (D) between mice treated with
TAK243 (n = 4) and those treated with vehicle control (n = 4). Significant differences in frequencies of bone marrow (BM) early erythroid cells
(CD714) (E) and mature erythroid cells (Ter119+) (F) between TAK243- and control-treated mice (n=8 for each treatment). G BM
histopathology findings at 100x (upper) magnification from control-treated (top) and TAK243-treated (bottom) mice. H Significant differences
in spleen weight between TAK243— (n=9) and control-treated (n=8) mice. Significant differences in frequencies of BM granulocyte-
marcrophage progenitor (GMP) (I) megakaryocyte-erythroid progenitors (MEP) (J) and hematopoietic stem cells (HSC) (K) between mice
treated with TAK243 (n=9) and those treated with vehicle control (n =8). L Colony-forming units (CFU) in the third plating of colony
formation assays using bone marrow LSK cells of TAK243— (n =9) and control-treated (n = 8) mice. M CD45.2 chimerism in the peripheral
blood (PB) of CD45.1 recipient mice transplanted with bone marrow cells of TAK243— (n=6) and control-treated (n =4) CD45.2 mice.
N Signaling pathways associated with upregulated genes in LSK cells of TAK243-treated mice compared with control-treated mice. FDR false

discovery rate. Bars represent the means + S.E.M. P-values were calculated using one tail t-test.

impact in hematopoietic repopulation activities of CD34 + BM
HSPCs by colony formation unit (CFU) assays. TAK243-treated
CD34+ cells from HD (n=6) had significantly fewer CFU than
control-treated counterparts (Fig. 2A). Moreover, there were
significantly fewer CD71-/CD235a+ erythroid cells in TAK243-
treated colonies than in control-treated colonies (Fig. 2B). These
results support that UBAT inhibition has a negative effect on
hematopoietic repopulating activity of BM HSPCs, particularly their
erythropoietic activity.

We next characterized the in vivo effect of TAK243 (10 mg/kg) in
hematopoiesis of adult BL6 mice. TAK243 reduced poly-
ubiquitination (K63) and Ubala but increased free-ubiquitin in
spleen cells of treated mice (Supplementary Fig. 3B). In PB, TAK243
led to significant decreases in white cell counts (4x10°/L
compared with 6.2x 10°/L, P<0.05; Fig. 2C) and hemoglobin
levels (9.8 g/dL compared with 13.9 g/dL; Fig. 2D). Consistently,
both BM CD71+ early erythroid cells (10.5% compared with
40.0%; Fig. 2E) and Ter119+ late-stage erythroid cells (16.3%
compared with 58.8%; Fig. 2F) were decreased in TAK243-treated
mice compared with control-treated mice. Histopathologic review
showed a reduction of erythroid cells (clusters of dark nuclear cells
in hematoxylin and eosin stains) in BM biopsies of TAK243-treated
mice compared with control-treated mice (Fig. 2G), providing
further evidence that erythropoiesis is inhibited by UBAT
inhibition. In addition, spleens in TAK243-treated mice were
significantly larger than in control-treated mice (0.20 g compared
with 0.07 g; Fig. 2H), suggesting extramedullary hematopoiesis.
Moreover, TAK243-treated mice had decreased lymphocyte
frequencies (81% compared with 90%; Supplementary Fig. 3C)
but increased frequencies of PB monocytes (3.3% compared with
1.8%; Supplementary Fig. 3D) and neutrophils (13.3% compared
with 7.1%; Supplementary Fig. 3E), suggesting a myeloid-skewing.
Consistently, frequencies of BM Gr1+/CD11b+ myeloid popula-
tion significantly increased (67.9% compared with 16.0%; Supple-
mentary Fig. 3F), whereas frequencies of BM CD220+ lymphoid
cells decreased (1.4% compared with 6.6%; Supplementary
Fig. 3G).

In BM HSPCs, TAK243 led to increased frequency of granulocyte-
macrophage progenitors (GMP, 0.59% compared with 0.31%;
Fig. 2I) and decreased frequency of megakaryocyte-erythroid
progenitors (MEP, 0.21% compared with 0.37%; Fig. 2J). The
frequency of BM hematopoietic stem cells (HSC, lineage—/Sca1+/
cKit+(LSK)/CD150+/CD48-) also significantly decreased in
TAK243-treated mice compared with control-treated mice
(0.004% compared with 0.009%; Fig. 2K). We evaluated the
repopulating activity of BM HSPC by CFU assays using LSKs.
Significantly lower CFU was observed in LSKs from TAK243-treated
mice (Fig. 2L). Moreover, in competitive transplantation analysis,
the recipient CD45.1 mice transplanted with CD452 BM
from TAK243-treated donors had significantly lower CD45.2
chimerism than that in recipient mice that were transplanted
with BM from control-treated donors (Fig. 2M).

Leukemia (2024) 38:2284 - 2288

To dissect molecular signals underlying the impaired hemato-
poiesis led by UBAT inhibition, we performed RNA-seq using BM
LSKs from drug-treated mice and identified 271 genes to be
significantly upregulated in BM LSKs from TAK243-treated mice
compared with counterparts from control-treated mice (>2-fold,
g < 0.05; Supplementary Table 2). GSEA indicated that these genes
were enriched in pathways known to regulate hematopoiesis and
leukemogenesis, such as PI3/AKT and integrin signaling pathways
(Fig. 2N). TAK243 also led to increased innate immune genes such
as complement cascade genes C1s2 and C6 (Supplementary
Fig. 3H).

UBAT encodes the major activating enzymes for ubiquitination,
which is one of the most important protein modifications that
regulate numerous biological processes and signals, including
hematopoiesis [11-13]. As far as we know, the current work is the
first to report that, in addition to somatic mutations of UBAT, there
is also a mild but significant downregulation of UBAT RNA in BM
HSPCs of MDS. Moreover, particularly in MDS-LB, UBAT down-
regulation is associated with activation of inflammatory signals
and mutations of splicing genes such as SF37B. Of note, the
decrease of UBAT RNA expression in MDS was relatively modest
(~30% downregulation), which could be due to the essential role
of UBAT in ubiquitination processes. In C. elegans and yeast, total
loss of UBAT is lethal [14, 15]. Consistently, the UBAT mutations
identified in both VEXAS and MDS only lead to partial reductions
but not complete loss of UBAT proteins [3]. We also demonstrate
that, in both human BM cells and mice, inhibition of UBAT activity
leads to impaired hematopoiesis, including reduced repopulating
activity of BM HSPC, myeloid-bias, and reduced erythropoiesis,
without obvious cytotoxicity (Supplementary Fig. 3l). Of impor-
tance, these alterations led by UBAT inhibition are similar with key
pathological features of MDS. Overall, our findings provide
important information to further characterize UBAT and its
pathophysiological roles in both MDS and the overlapping
systemic inflammatory and autoimmune diseases.
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