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Introduction
Myelodysplastic syndrome (MDS) affects 4 in 100,000 individuals 
in the United States, with over 13,000 new cases annually (1) and is 
caused by mutations that lead to ineffective blood production and 
poor outcomes (2–4). The majority of  patients die of  hemorrhage 
and unresolved cytopenias or from transformation to secondary 
acute myeloid leukemia (sAML) (3, 5). Survival rates for patients 
with MDS or sAML are approximately 37% and less than 30%, 
respectively (1, 6).

Depending on the molecular subtype of  MDS and risk stratifi-
cation of  patients (7), treatment can include supportive approaches 
such as erythropoietin, luspatercept, or blood transfusions, which 
provide modest clinical benefit. Higher-risk patients with life-threat-
ening cytopenias and poor prognostic cytogenetics receive the 
hypomethylating agents decitabine or azacitidine to prolong surviv-
al, often with little improvement in their overall quality of  life (7, 8). 
The only curative therapy for MDS or resultant sAML is allogeneic 
stem cell transplantation (6), and this has recently been extended to 
include HLA-haploidentical donors (9). However, many patients 
are ineligible for these potentially curative approaches because of  
age-related comorbidities and health complications arising from 
the disease such as infection and bleeding. Furthermore, the suc-
cess rates of  recent clinical trials with the goal of  extending patient 
survival have unfortunately been low (10), leaving more tractable 
curative approaches for MDS an unmet clinical need. This points 
to a gap in our understanding of  the biology of  MDS hematopoi-
etic stem and progenitor cells (HSPCs) that underlies the lack of  
durable responses or curative potential with currently available 
therapies. Across hematologic malignancies, new therapies have 
been made possible by major advancements in understanding the 
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high abundance (Figure 1B and Supplemental Table 1). Through 
STRING network analysis, we observed 2 functional nodes of  
highly interconnected proteins: the spliceosome and ribosomal 
subunits (Figure 1C and Supplemental Figure 1B).

To assess which of  the ubiquitylated proteins contribute to 
MDS/AML clonogenicity, we conducted a CRISPR-KO assay of  
candidate substrates. We designed an sgRNA library to target all 
the differentially ubiquitylated proteins identified in FBXO11-KO 
MDS-L cells (Figure 1D). We then transduced Cas9-expressing 
F-36P cells with the target-focused sgRNA library and performed 
colony-forming assays as a readout of  clonogenic potential. We 
performed this screen in F-36P control and FBXO11-depleted 
cells (Supplemental Figure 1C), allowing us to focus on the genes 
with whose KO effects in the clonogenic assay were dependent on 
FBXO11 expression (Figure 1E, Supplemental Figure 1D, and Sup-
plemental Table 2). Integration of  all 3 datasets identified nucleop-
hosmin 1 (NPM1) and HNRNPU as the lead candidate substrates 
of  FBXO11 (Figure 1, F and G). Both proteins lost ubiquitylation 
events when FBXO11 was deleted, showed FBXO11-dependent 
effects on MDS progenitor colony-forming ability by CRISPR-KO, 
and were detected in endogenous FBXO11 complexes in the F-36P 
cells. While NPM1 is the most frequently mutated gene in de novo 
AML (27), it is rarely mutated in MDS or other chronic myeloid 
disorders (28). Studies in Npm1-deficient mice showed that loss of  
NPM1 contributes to MDS phenotypes including premature aging 
of  hematopoietic stem cells (HSCs) (29) and a decrease in active 
HSCs (30). In patients with MDS, loss of  NPM1 could occur in 
when common deletions on chromosome 5q include the NPM1 
locus (31). Indeed, NPM1 protein is downregulated in the major-
ity of  previously evaluated MDS and AML patient samples (29), 
irrespective of  del(5q) status. Thus, we focused on NPM1 as a key 
candidate substrate for SCF-FBXO11 ubiquitylation that is rele-
vant to the pathogenesis of  MDS.

We observed biologically relevant hits in the CRISPR/Cas9-
KO screen that did not meet our criteria for direct FBXO11 
substrates. Read counts for EZH2 guides were enriched in 
FBXO11-depleted colonies (Supplemental Figure 1E). We previ-
ously reported that destabilizing EZH2 splicing was increased in 
samples from patients with MDS or secondary AML expressing 
low levels of  FBXO11 (12). Moreover, loss of  EZH2 is an inde-
pendent prognostic indicator of  worsened outcomes in patients 
with MDS (32). Our data suggest that dual loss of  FBXO11 and 
EZH2 may accelerate disease progression. Additionally, guides 
targeting the RNA-binding protein SYNCRIP were enriched only 
in the single-guide control (sgCTRL) colonies (Supplemental 
Figure 1E). SYNCRIP has been studied in the context of  AML, 
where its overexpression supported leukemic stem cell self-renew-
al and normal hematopoietic stem cells (33, 34). Interestingly, we 
found that our sgRNA sequences exclusively targeted a SYNCRIP 
sequence unique to its nuclear isoform (Supplemental Figure 1F), 
suggesting that loss of  this SYNCRIP isoform may be important 
for MDS, distinct from the canonical isoform studied in AML. By 
multiplexing FBXO11 and SYCNRIP gRNAs, we observed par-
tial rescue of  the colony-forming ability imbued by sgFBXO11 
in vitro (Supplemental Figure 1G). FBXO11-deficient cell states 
may cooperate with the loss of  EZH2 or SYNCRIP during MDS 
progression and would be worth exploring in future studies.

genomics, cytogenetics, and gene expression programs in patients’ 
cells (11), increasingly so at the single-cell level. Of  note, the MDS 
proteome remains unexplored.

We previously performed a whole-genome CRISPR-KO screen 
to identify genes that support MDS cell survival and identified the 
F-box protein 11 (FBXO11) as a leading candidate (12). FBXO11 
is mutated in lymphoid malignancies (13–15), required for nor-
mal hematopoiesis (16, 17), expressed at low levels in a subset of  
patients with AML (12), and implicated in regulating MHC class 
II expression in AML (18). F-box proteins such as FBXO11 are 
substrate receptors that determine the specificity for ubiquitylating 
enzyme complexes termed SKP1–CUL1–F-box (SCF) ligases (19). 
Ubiquitylation is an abundant posttranslational modification that 
was originally identified as a degradation signal (20). Decades of  
research have elucidated additional roles for ubiquitylation and its 
varied chain types in autophagy, innate-immune complex scaffold-
ing, epigenetic histone modifications, and DNA damage responses, 
which have been summarized in several reviews (21–24). Many of  
these pathways are hallmarks of  cancer development (25), which 
make the ubiquitylating enzyme complexes that regulate them 
attractive to mine for therapeutic vulnerabilities.

In our study, we aimed to define the role of  FBXO11 downregu-
lation in MDS progression by identifying disease-relevant substrates 
and evaluating its contribution to MDS pathogenesis. We postulate 
that a deeper understanding of  the cellular mechanisms underlying 
MDS progression and the protein networks that dynamically rewire 
them will aid the discovery of  new therapeutic strategies.

Results
Integrated proteomics defines nucleophosmin 1 as an SCF-FBXO11 sub-
strate. To determine the molecular interactions of  FBXO11 rele-
vant to MDS progression, we devised a multipronged approach 
to identify candidate substrates for ubiquitylation mediated by 
FBXO11. First, we reanalyzed ubiquitin proteomics data from 
WT versus FBXO11-deficient MDS-AML cells (12) to identify 
proteins that quantitatively lost ubiquitylation in the absence 
of  FBXO11. Next, we performed co-IP and mass spectrometry 
(MS) analyses of  FBXO11 in MDS-AML cells to detect proteins 
in FBXO11 complexes. Last, we used the Ub proteomics data 
to generate a focused sgRNA library and performed a targeted 
CRISPR/Cas9 screen to evaluate the effect of  the loss of  these 
proteins on MDS-AML colony-forming ability.

In quantifying the ubiquitylated peptide intensities with a 
fold change (FC) of  greater than|0.5| reported in the FBXO11-
KO/WT MDS-L cells, we observed enrichment of  RNA-bind-
ing proteins (Figure 1A, red). To clarify which substrates are 
more likely to be direct targets of  the SCF-FBXO11 complex, 
we performed co-IP of  FBXO11 complexes in F-36P cells (26), 
established from a patient with MDS-refractory anemia with 
excess blasts that had progressed to AML. FBXO11 is most 
abundantly expressed in the nucleus, so we performed nuclear 
fractionation followed by endogenous FBXO11 co-IP and liquid 
chromatography/MS (LC/MS) (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI193636DS1). We identified significant inter-
actors with FBXO11, including, as expected, the SCF complex 
members S-phase kinase associated protein 1 and cullin 1 in 
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Figure 1. Integrated multiomics defines NPM1 as an SCF-FBXO11 substrate. (A) Heatmap of log2FC values for ubiquitylated peptides in MDS-L FBXO11-
KO versus WT cells. Shown are hits with a FC of greater than |0.5|. Known RNA-binding proteins are labeled in red. Data were reanalyzed from ref. 12. (B) 
Scatter plot of the results from co-IP and MS identification of endogenous FBXO11 complexes in F-36P cell nuclear fractions. Shown are the –log(P value) 
against the FC enrichment of individual proteins identified in the FBXO11 IP versus the IgG control IP. The blue box highlights proteins with a P value of 
less than 0.05 and a FC of greater than 1.5. The P value was derived by G test. (C) STRING network analysis of FBXO11-interacting proteins identified by 
MS. Only input nodes are shown, with the threshold cutoff of medium confidence at 0.7. The thickness of the lines connecting nodes indicates the relative 
strength of evidence supporting the protein-protein interactions. (D) Strategy for the FBXO11 substrate-focused CRISPR/Cas9 screen, in which the gRNA 
library encompasses all of the differentially ubiquitylated peptides identified from the ubiquitin proteomics experiment represented in A. (E) Summary 
table of significant hits from the MAGeCK (Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout) analysis of the CRISPR screen in D, demon-
strating selective enrichment or depletion of guides in sgCTRL or sgFBXO11 colonies. (F) Schematic overview of the integrated multiomics approach to 
identify relevant candidate FBXO11 substrates meeting the listed criteria, revealing NPM1 and HNRNPU. (G) FC in individual gRNA read counts for NPM1 
and HNRNPU in the colony-forming assay (day 10) versus initial representation (day 0) in the CRISPR screen. The FC for individual guides was compared 
between sgCTRL and sgFBXO11 experimental groups, shown on the graphs. n = 6 guides per gene, in 2 independent biological replicates of the CRISPR 
screen. *P < 0.05, by 2-tailed, paired t test.
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core spliceosome components and includes NPM1, on the basis 
of  our data, we hypothesized that the FBXO11-NPM1 interaction 
could facilitate alternative splicing. To test this, we used a cassette 
exon splicing reporter system in vitro (36). We transfected increas-
ing amounts of  FBXO11-long or FBXO11-short in combination 
with the RG6 reporter plasmid into HEK293T cells. Skipping of  
the reporter cassette exon encodes DsRed, while inclusion of  the 
exon, by default, encodes GFP (Figure 3A). Increased expression 
of  FBXO11-long, which bound NPM1 in co-IPs, led to suppres-
sion of  the in vitro splicing reporter (as the normalized percentage 
of  DsRed). Conversely, FBXO11-short alleviated this suppression 
and demonstrated a greater proportion of  exon skipping (Figure 3, 
B–D). We also performed the splicing assay on sgCTRL and sgF-
BXO11 F-36P cells and evaluated reporter expression at 24 hours 
(Figure 3E). In the sgFBXO11 group, we observed de-repression of  
cassette splicing, similar to that of  FBXO11-short, which failed to 
interact with NPM1 (Figure 2, A and B). To test the contribution 
of  NPM1 to splicing suppression, we generated subclones of  F-36P 
cells that overexpressed an NPM1-mPlum fusion and then deliv-
ered control or FBXO11-targeted gRNAs. We hypothesized that 
NPM1-overexpressing cells would be less sensitive to the reporter 
de-repression observed when FBXO11 was knocked out in isola-
tion. In the context of  NPM1 overexpression, sgFBXO11 failed to 
drive a significant change in the DsRed signal relative to the sgNT 
controls (Figure 3, F and G).

To evaluate FBXO11-mediated splicing in patients’ samples, we 
analyzed RNA-Seq data from MDS CD34+ cells (37). We observed 
significantly lower expression of  FBXO11 compared with expres-
sion in healthy controls, irrespective of  the most common splic-
ing factor mutations (Figure 3H). We also found that low FBXO11 
expression in MDS (third quartile) was associated with a greater 
number of  disease-associated alternative splicing events than was 
seen in samples with high FBXO11 expression (first quartile) com-
pared with healthy controls (Figure 3I). There were more skipped 
exon events in FBXO11-low samples. We then compared the alter-
native splicing events in FBXO11-low MDS versus healthy samples 
and focused on events in MDS samples that lacked any splicing fac-
tor mutations (Supplemental Figure 2A). We observed significant, 
aberrant exon inclusion in putative FBXO11-associated events in 
the SLC22A16 and AFTPH genes (Figure 3J). Furthermore, we vali-
dated the specific exon inclusion events in HUDEP2 erythroid pro-
genitor cells with KO of  FBXO11, which were previously sequenced 
(Supplemental Figure 2, B and C) (17, 37). These findings support 
a model in which, through its ubiquitin substrate receptor function, 
FBXO11 rewired an NPM1-centric RNA-binding protein network 
that suppressed SE splicing events in MDS.

The FBXO11-NPM1 nexus is perturbed in the MDS HSPC pro-
teome. Using in vitro models, we established the ubiquitylation of  
NPM1 facilitated by FBXO11, providing the basis for how loss 
of  FBXO11 could support MDS progression through disrupted 
splicing activity and RNA-binding protein (RBP) rewiring. To 
uncover which protein-protein interactions are altered in patient 
HSPCs, we applied a low-input proteomics pipeline and utilized 
data integration methods to assay the FBXO11-NPM1 network 
in MDS CD34+ cells. We performed total quantitative label-free 
MS of  primary MDS CD34+ cells (n = 13 patients) and healthy 
control CD34+ cells (n = 6 donors) (Figure 4A and Supplemental 

FBXO11 facilitates ubiquitylation of  NPM1 and its distribution 
into the nucleoplasm. We validated the interaction of  FBXO11 with 
NPM1 in the nucleus cells by reciprocal co-IP assays in HEK293T 
cells. We exogenously expressed the 2 major isoforms of  FBXO11: 
the canonical FBXO11 transcript variant 4 (FBXO11-long) or the 
FBXO11 transcript variant 1 (FBXO11-short), which utilizes an 
alternative start site that skips the first 84 amino acids. FBXO11-
long showed enhanced binding to NPM1 in reciprocal co-IPs 
(Figure 2, A and B). We expected that ubiquitylation of  NPM1 
would be increased through this interaction, so we performed a 
ubiquitylation assay, in which we overexpressed FBXO11-long 
or FBXO11-short with GFP-tagged ubiquitin and precipitated 
NPM1 (Figure 2C). We observed a significant increase in ubiq-
uitylated NPM1 with the expression of  FBXO11-long, but not 
FBXO11-short (Figure 2D), consistent with our observations 
that FBXO11-short did not efficiently interact with NPM1. Our 
data demonstrate that interaction with FBXO11 was sufficient to 
induce polyubiquitylation of  NPM1.

To map the ubiquitylation site of  NPM1, we analyzed the 
Ub proteomics dataset and identified the di-glycine (GG) ubiqui-
tin footprint on lysine (K) 248 of  NPM1. The K248 ubiquitylat-
ed peptide was decreased in the FBXO11-KO MDS-L cells com-
pared with control MDS-L cells, suggesting that this Ub event 
was mediated by FBXO11. K248 was located within the C-ter-
minus of  NPM1 (Figure 2E). The folded C-terminus is 1 mono-
mer of  the pentameric core of  NPM1 in the nucleolus. Since 
overexpression of  FBXO11 did not degrade NPM1, we hypoth-
esized that ubiquitylation of  NPM1 would affect its nuclear 
distribution, dynamically affecting its molecular function (35). 
We generated NPM1-GFP fusion expression constructs and 
mutated K248 to an arginine to prevent its ubiquitylation by the 
SCF-FBXO11 complex. We expressed NPM1-GFP and NPM1-
K248R-GFP in HEK293T cells and compared NPM1 expres-
sion and localization (Figure 2F). Strikingly, the K248R mutant 
formed rounded, more restricted clusters in the nucleoli of  the 
cells compared with WT NPM1, which showed diffusivity (Fig-
ure 2F). To quantify these patterns, we measured the circularity 
and aspect ratio, which are calculated descriptors of  shape elon-
gation (Figure 2, G and H).

We next evaluated the effects of  FBXO11 on NPM1 distri-
bution in primary human HSPCs (Figure 2I). When we knocked 
down FBXO11 in CD34+ cells using shRNA, we also observed 
that NPM1 formed more frequent and less elongated clusters in 
the nucleus (Figure 2, J–L), consistent with our observations using 
the K248R mutant in HEK293T cells. While NPM1 formed more 
frequent clusters in shFBXO11 cells, the normalized MFI of  total 
NPM1 was significantly decreased (Figure 2M). This suggests that 
ubiquitylation of  NPM1 by SCF-FBXO11 ultimately protected 
NPM1 protein levels in the nucleus of  HSPCs. We observed a sig-
nificantly stronger correlation of  NPM1 and FBXO11 in the nuc-
leoplasm of  CD34+ cells compared with the nucleolar subcompart-
ment (Figure 2, N and O).

Low FBXO11 expression leads to de-repression of  splicing through 
NPM1 and is associated with alternative splicing events in MDS. Alter-
native splicing is a putative driver of  MDS pathogenesis, and over 
50% of  patients with MDS harbor mutations in splicing factor 
mutations. Given that the FBXO11 interactome is composed of  
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Table 3). Principal component analysis using the top 50% most 
variable proteins we identified revealed that healthy CD34+ cells 
clustered away from MDS samples (Supplemental Figure 3A). 
Notably, expression levels of  both NPM1 and HNRNPU protein 
were markedly lower in MDS HSPCs compared with healthy 
controls (Figure 4B) as well as several ribosomal subunits that are 
also part of  the FBXO11 interactome. We integrated FC values of  
our MDS HSPC proteome data with reported FC values of  the 
MDS HSPC transcriptome for all individual genes in both datasets 
and observed no correlation (Supplemental Figure 3B). Many of  
the downregulated RBPs and ribosomal subunits of  the FBXO11 
network showed relatively minor changes at the transcript level 
(|log

2FC|<0.2), suggesting that posttranslational mechanisms like 
ubiquitylation imparted by the SCF-FBXO11 complex dominate 
control of  the MDS proteome.

To dissect the MDS HSPC proteome, we performed unsuper-
vised hierarchical clustering of  the samples (38) (Figure 4C). All 
of  the healthy controls clustered distinctly from MDS, whereas 
the MDS samples generated 2 separate clusters: one was predomi-
nantly composed of  MDS samples (red), while the other contained 
samples from patients who were diagnosed with AML–myelo-
dysplastic-related changes (MRCs) (blue, Supplemental Table 4). 
To classify the dominant molecular pathways in the MDS HSPC 
proteome, we performed gene ontology (GO) molecular function 
analysis for the largest clusters that were downregulated (cluster 
2) or upregulated (cluster 8) relative to healthy controls (Figure 4, 
D and E). mRNA and rRNA binding proteins encompassed most 
downregulated proteins, whereas acylglycerol acyltransferases were 
strikingly represented in upregulated proteins in MDS samples.

To determine the extent to which the FBXO11-NPM1 pro-
tein-protein interaction network is disrupted in primary MDS, we 
integrated our FBXO11 interactome data generated in the STRING 
database with the quantitative proteomics data from the MDS 
CD34+ cells (Figure 4F). In support of  our hypothesis that the 
FBXO11-NPM1 interactome is perturbed in MDS, we detected a 
broad loss of  this network in the MDS samples compared with con-
trol samples, as represented by negative log2FC values from MDS 
samples versus healthy samples projected onto the FBXO11 inter-
action network (Figure 4G, –log2FC = blue; + log2FC = red). Gene 
set enrichment analysis (GSEA) of  the FBXO11 interactome showed 
significant disruption of  this network relative to the rest of  the MDS 
HSPC proteome (Supplemental Figure 3C, normalized enrichment 

score [NES] = –3.11; P < 0.0001). Evaluating all gene sets in the 
MDS HSPC proteome showed that MYC targets were downregu-
lated (Figure 4H). Other downregulated pathways included NPM1 
and ribosome and spliceosome biology (Figure 4H and Supplemen-
tal Table 5). Our data, therefore, uncover substantial perturbation of  
the FBXO11-NPM1 nexus in MDS and, to our knowledge, provide 
the first dataset demonstrating that the HSPC proteome is remodeled 
during MDS pathogenesis and progression.

MYC binds to the FBXO11 promoter, and its occupancy is dimin-
ished by TLR2 activation. While other FBXO11-interacting pro-
teins are predominantly affected at the protein level, FBXO11 
itself  is downregulated at the transcriptional level in MDS 
CD34+ cells (Figure 3H and Supplemental Figure 3B). In addi-
tion to the GSEA data (Figure 4H), Ingenuity Pathway Anal-
ysis (IPA) (39) inferred MYC as the upstream regulator of  the 
FBXO11 subnetwork, at the top of  the molecular mechanism 
hierarchy (Figure 5A). We hypothesized that FBXO11 may be 
a direct target gene of  MYC and that decreased MYC activity 
could explain how FBXO11 expression is diminished. To test 
this, we queried ChIP-Seq datasets in the ENCODE database 
to determine whether MYC binds the FBXO11 promoter. In 
myeloid leukemia cell lines, we found binding of  MYC at the 
FBXO11 promoter but did not observe peaks in undifferentiat-
ed embryonic stem cell or lymphoblast lines (Figure 5B). To 
validate these observations in MDS cells, MYC occupancy at 
2 regions in the FBXO11 promoter was assessed in F-36P and 
MDS92 cells. We found that MYC occupancy was enriched at 
the FBXO11 promoters compared with the IgG control sample 
(Figure 5, C and D). Moreover, since prior reports showed that 
TLR2-TRAF6 activation suppresses oncogenic MYC activity in 
myeloid malignancies (40), we tested whether the TLR2 agonist 
CU-T12-9 reduces MYC’s association with the FBXO11 pro-
moter. Indeed, we found that 24-hour treatment of  F-36P and 
MDS92 cells with CU-T12-9 strongly blocked MYC binding to 
the FBXO11 promoter sequences in the ChIP-qPCR assay (Fig-
ure 5, C and D). Importantly, our data also show that TLR2 
itself  was significantly upregulated in the MDS HSPC proteome 
(Figure 5E). This observation is in agreement with prior models, 
which showed that aberrant innate immune activation through 
TLRs — as part of  a highly complex inflammatory milieu — 
impaired normal HSPC function and supported the expansion of  
MDS HSPCs (41). Our data support the model in which TLR2 

Figure 2. FBXO11 facilitates ubiquitylation of NPM1 and permits its distribution into the nucleoplasm. (A) Immunoblots of overexpressed FLAG-FBXO11 
isoforms in HEK293T cells. Blotting was done for endogenous NPM1 and H2A. Endogenous NPM1 IPs were probed for FBXO11 and NPM1. (B) Immunoblots 
of co-IP FLAG-FBXO11 complexes of FBXO11 and NPM1. (C) Left: Input immunoblots for FLAG-FBXO11, NPM1, ubiquitin-GFP, and H2A in HEK293T cells. 
IPs of NPM1 were performed to detect ubiquitylation by FBXO11. Right: NPM1 versus IgG control IP, immunoblotted for GFP-ubiquitin. n = 3. (D) Densi-
tometry for NPM1 poly-ubiquitin bands from C. The area quantified is 75 kDa and above. n = 3. *Q < 0.05, by Kruskal-Wallis ANOVA corrected for multiple 
comparisons by the Benjamini method. (E) Schematic depicting K248-Ub of NPM1 in its C-terminal core. The ubiquitin (Ub) footprint was identified by MS, 
Figure 1A and Supplemental Table 1. (F) HEK239T cells were transfected with NPM1-GFP or NPM1-K248R-GFP fusions. Red outlines indicate GFP-bright 
regions annotated in QuPath. Scale bars: 10 μm. (G and H) Annotated regions quantified for circularity (G) and aspect ratio (H). n = 2. Dots represent indi-
vidual NPM1+ regions.*P < 0.05 and **P < 0.01, by 2-tailed Mann-Whitney U test. (I) Confocal images of human CD34+ cells expressing shCTRL or shFBXO11 
mCherry constructs. Images are pseudocolored for FBXO11 (magenta), NPM1 (green), and DAPI (blue). Scale bars: 5 μm. (J) NPM1-bright objects per cell. 
*P < 0.05, by 2-tailed Mann-Whitney U test. (K) Circularity values for NPM1-bright objects in the shCTRL and shFBXO11 images. *P < 0.05, by 2-tailed 
Mann-Whitney U test. (L) Aspect ratio values for NPM1-bright objects in the shCTRL and shFBXO11 images. *P < 0.05, by 2-tailed Mann-Whitney U test. 
(M) Relative MFI values for FBXO11 signal and NPM1 signal on a per-cell basis. ****P < 0.0001, by 2-tailed t test. (N) Human CD34+ cells stained for FBXO11 
(green) and NPM1 (magenta). Colocalization (white arrowheads) where green and magenta overlap. Scale bars: 5 μm. (O) Pearson correlation values for 
NPM1 and FBXO11 signals in the nucleolus (NPM1-bright) and nucleoplasm (NPM1-dim). Each dot represents 1 cell, with greater than 100 cells at ×63. ****P 
< 0.0001, by 2-tailed Mann-Whitney U test.
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activation in MDS blocked MYC-driven activation of  FBXO11. 
Our studies demonstrate that the resultant loss of  FBXO11 por-
tended marked dysregulation of  NPM1.

FBXO11 deficiency enhances MDS HSPC fitness in vitro. Next, we 
evaluated FBXO11 levels in primary MDS CD34+ cells and found 
that they was strikingly reduced in MDS versus CD34+ cells from 
healthy individuals along with a concomitant decrease in NPM1 
expression (Figure 6A). We noted a positive correlation between 
FBXO11 and NPM1 protein expression levels (Figure 6B). We then 

tested whether the combined loss of  FBXO11 and NPM1 could 
confer an advantage to HSPCs, as observed in MDS. We performed 
CRISPR-based cell fitness assays (42) to edit NPM1 and FBXO11 
alone or in combination in human CD34+ HSPCs. On day 3 after 
electroporation, the initial edited pool was measured as the per-
centage of  reads with insertion-deletion (indel) events in NPM1 and 
FBXO11 and monitored over time. By day 14, the relative propor-
tion of  NPM1-FBXO11 dual-edited cells in the pool had substan-
tially expanded compared with single-gene edits (Figure 6C).

Figure 3. Low FBXO11 leads to derepression of splicing by NPM1 and is associated with alternative splicing events in MDS. (A) Schematic of splicing report-
er delivered to F-36P cells. (B) Immunoblot for FBXO11 in HEK293T lysates with an increasing transfected plasmid dose of FBXO11-long and FBXO11-short, 
compared with endogenous hnRNPR and SYNCRIP. (C) Percentage of DsRed+ cells normalized to reporter-positive cells in B measured by FACS at 48 hours. 
*Q < 0.05 and **Q < 0.01, by multiple 2-tailed t tests corrected for multiple comparisons. (D) Representative flow plots of FBXO11-long and FBXO11-short 
reporter-positive cells. (E) DsRed-eGFP+ F-36P cell percentages normalized to reporter-positive cells. n = 3 independent experiments; n = 3 wells per group. 
**P < 0.01, by 2-tailed t test. (F) FC in DsRed+ cells in sgFBXO11 versus sgNT, in the context of parental F-36P cells or F-36P cells with NPM1 overexpression. 
**Q < 0.01. (G) Representative flow plots of sgFBXO1 versus sgNT in F-36P cells overexpressing NPM1. (H) log2FC of FBXO11 expression in healthy control 
cells or MDS CD34+ samples, grouped by common splicing factor mutations. SF WT, splicing factor WT. *Q < 0.05, by 1-way ordinary ANOVA corrected for 
multiple comparisons using the Benjamini method. (I) Number of significant alternative splicing events determined by rMATS analysis. (J) Top: Schematic of 
junction reads versus skipped reads, used to determine exon inclusion levels for splicing events. Bottom: Exon inclusion levels for putative FBXO11-depen-
dent splicing events in SLC22A16 and AFTPH in MDS CD34+ samples that were null for any splicing factor mutation. Each dot represents 1 patient.
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Figure 4. The FBXO11-NPM1 nexus is perturbed in the MDS HSPC proteome. (A) Workflow to isolate CD34+ cell fractions from healthy donor (n = 6) and 
MDS patient (n = 13) samples, to normalize to 25,000 live cells per replicate tube, and perform total quantitative proteomics by DIA of peptide spectra. 
Illustration was created in BioRender.com. (B) Volcano plot of differentially detected proteins in MDS samples versus healthy controls. Each data point 
indicates 1 protein, with coordinates reflecting the –log10 of the P value against its log2FC for patients with MDS (n = 13) versus healthy donors (n = 6). 
Color-coding indicates a P value cutoff of less than 0.05 and a log2FC cutoff >|0.5|. (C) Heatmap of the top 400 differentially expressed proteins in MDS 
versus healthy controls. Unsupervised hierarchical clustering of patient samples was performed using ClustVis. Each column represents 1 replicate tube 
from the indicated patient samples below the map. R1, run 1; R2, run 2. (D) GO molecular function analysis of cluster 2 proteins, the largest cluster down-
regulated in MDS. (E) GO molecular function analysis of cluster 8 proteins, the largest cluster upregulated in MDS. (F) Schematic depicting the data inte-
gration performed using Cytoscape to quantify the FBXO11 interactome in primary MDS HSPCs. Schematic was created in BioRender.com. (G) Resultant 
data visualization of the integrated proteomics analysis performed in F. Blue indicates down in MDS; red indicates up in MDS. (H) Normalized enrichment 
scores from GSEA of the significantly differentially expressed proteins in the MDS proteome versus healthy controls.
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We tested a second model of  MDS using Nup98-Hoxd13–trans-
genic mice (44). We isolated c-Kit+ HSPCs and transduced the 
cells ex vivo with lentiviral vectors encoding shControl (shCTRL) 
or 1 of  3 independent shRNAs targeting Fbxo11 (Figure 6N). We 
expanded a subset of  Fbxo11 targeted cells in methylcellulose and 
collected them to confirm knockdown of  FBXO11. All 3 shFbxo11 
samples showed a striking decrease in NPM1, which is consistent 
with our observation in primary MDS CD34+ cells and further sup-
ports a model in which ubiquitylation by SCF-FBXO11 maintained 
NPM1 levels (Figure 6O). In parallel, we transplanted equivalent 
numbers of  shRNA-expressing cells normalized by GFP+ reporter 
percentages and monitored the peripheral blood counts for these 
groups over time. Mice receiving shFbxo11-expressing HSPCs pre-
sented with significant neutropenia and monocytopenia compared 
with mice in the control group 2 months after transplantation (Fig-
ure 6P), as well as BM hypercellularity (Figure 6, Q and R). There 
were no differences in lymphocyte, RBC, platelet counts, or overall 
survival between the shCTRL Nup98-Hoxd13 recipients and the shF-
bxo11 recipients (Supplemental Figure 4, K and L). Taken together, 
our in vitro and in vivo MDS models exhibited the expansion of  
FBXO11-low MDS HSPCs and demonstrated their contribution to 
MDS progression through exacerbated neutropenia. By using mod-
els of  MDS and examining the proteome of  primary MDS HSPCs, 
we observed the loss of  NPM1 regulation by the SCF-FBXO11 
complex and show that this underlies the poor prognostic features 
of  MDS progression.

FBXO11 mutations in myeloid malignancies reveal an N-termi-
nal intrisically disordered region. Given the tumor-suppressive 
functions of  FBXO11 in hematologic malignancies, we queried 
whole-exome sequencing data from the Memorial Sloan Ketter-
ing Cancer Center (MSK) IMPACT-HEME study for FBXO11 
mutations. While mutations in FBXO11 have been identified in 
diffuse, large B cell lymphoma (DLBCL) and Burkitt’s Lympho-
ma (13, 14), these mutations predominantly occur in the sub-
strate recognition sites on FBXO11: CASH domains from amino 
acids 418–837. However, FBXO11 mutations in myeloid malig-
nancies had gone unreported, with the exception of  a P45-Q53 
deletion in 1 patient in the OHSU Acute Myeloid Leukemia 
study (https://www.cbioportal.org).

As expected, our analysis revealed FBXO11 mutations in 
patients with lymphoid disorders that were within the CASH 
domains, including the well-characterized Y692H mutation 
that disrupts BCL6 binding (Figure 7A, blue). Strikingly, we 
also identified 12 mutations that clustered in the N-terminus of  
FBXO11 — between residues 1 and 56 — including patients with 
myeloid malignancies (Figure 7A, red). Using the AlphaFold 
Protein Structure Database (45), we mapped the myeloid muta-
tions onto the FBXO11 structure (Figure 7B). These mutations 
mapped to a low-confidence predicted substructure, upstream of  
the alternative start site at M85 for FBXO11-short (12), which 
we showed did not efficiently bind NPM1. We plotted the vari-
ant allele frequencies of  all identified mutations along the lin-
ear domain structure of  FBXO11 and observed variant allele 
fractions of  the N-terminal mutations equivalent to those in 
the CASH domain (Figure 7C and Supplemental Figure 5A). 
We detected N-terminal mutations in patients who had myelo-
fibrosis, myelofibrosis (MF) progressed from myeloproliferative 

To evaluate the function of  FBXO11 in human MDS cells, we 
used CRISPR/Cas9 or shRNA approaches to knock down FBXO11 
in F-36P and MDS92 cells and assessed the effect on myeloid colo-
ny-forming ability of  the cells in vitro (Figure 6, D and E, and Sup-
plemental Figure 4A). We observed that reducing FBXO11 increased 
the colony-forming ability of  MDS cells, indicative of  increased 
clonogenicity. To determine whether this effect was MDS disease 
specific, we knocked out FBXO11 in healthy CD34+ HSPCs from 2 
independent donors. A partial reduction in FBXO11 expression in 
normal human HSPCs (Supplemental Figure 4B) led to a decrease 
in the colony-forming ability of  granulocyte-monocyte progeni-
tors (CFU-GMs), indicating that FBXO11 is important for normal 
myeloid colony formation. The number of  erythroid colonies was 
unchanged (Supplemental Figure 4C). Similarly in normal mouse 
c-kit+ HSPCs, homozygous deletion of  Fbxo11 ex vivo impaired 
myeloid colony formation, with a trend toward decreased erythroid 
or multipotent progenitor colonies (Supplemental Figure 4D). To 
further test its role as a tumor suppressor in MDS, we overexpressed 
FBXO11 in F-36P and MDS92 cells. Overexpression of  FBXO11 in 
both settings resulted in slower growth of  the FBXO11-expressing 
GFP+ cells (Figure 6, F and G), concomitant with a trend toward 
increased apoptosis in F-36P cells, as determined by flow cytometry 
for annexin-V and DAPI (Supplemental Figure 4, E and F). Our 
data indicate that lower levels of  FBXO11 uniquely supported MDS 
clonogenic potential, while it was detrimental to normal human and 
mouse myeloid progenitors in vitro.

Knockdown of  Fbxo11 exacerbates neutropenia in murine models of  
MDS. On the basis of  our in vitro findings, we hypothesized that 
depletion of  Fbxo11 by genetic approaches might accelerate MDS. 
We used a model of  murine MDS using the retroviral transduction 
transplantation model of  RUNX1 (41-214), which induces features 
of  MDS within 4–6 months and a low incidence of  AML in a sub-
set of  mice (43). To study the effects of  FBXO11 on RUNX1-driv-
en MDS, we isolated c-kit+ HSPCs from Fbxo11+/+ Mx1-Cre+ and 
Fbxo11+/fl Mx1-Cre+ donor mice (CD45.2+) and expressed the 
human ortholog mutant RUNX1 (41-214) by retroviral transduc-
tion (Figure 6H). We normalized the number of  RUNX1 (41-214) 
GFP+ cells between experimental groups and injected them into 
irradiated congenic recipient mice (CD45.1+). After 4 weeks of  
engraftment, both group of  mice received injections of  polyinos-
inic:polycytidylic acid (pIpC), which led to deletion of  the single 
floxed allele of  Fbxo11 in the Fbxo11+/fl Mx1-Cre+ group. We moni-
tored peripheral blood counts and the percentage of  RUNX1-GFP+ 
cells in the periphery (Supplemental Figure 4G). Fbxo11+/– recipient 
mice showed greater expansion of  RUNX1 (41-214) GFP+ cells in 
the peripheral blood and bone marrow (BM) compared with con-
trols (Figure 6, I and J). Although we did not observe a signifi-
cant difference in overall survival (Supplemental Figure 4H), by 
6- months after transplantation, the mice became moribund and 
were sacrificed for analysis. We did not see changes in the mul-
tipotent stem cell compartment of  the BM (Figure 6K); however, 
the Fbxo11+/– mice showed a reduction in immunophenotypically 
defined granulocyte-monocyte progenitor (GMP) populations, 
concomitant with significantly worse neutropenia in the periphery 
(Figure 6L, Supplemental Figure 4I, and Figure 6M). Lymphocyte, 
RBC, and platelet counts were not significantly changed by Fbxo11 
in the MDS model (Supplemental Figure 4J).
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well as intermolecular interactions (47). We utilized IUPred2 
(48–50) to evaluate the probability of  disorder for the amino acid 
sequences in FBXO11-long (Figure 7D). The first 85 amino acids 
of  FBXO11 upstream of  where its short isoform would start 
were highly probabilistically disordered, with IUPred2 scores 
approaching 1. To determine whether this novel IDR in FBXO11 
could mediate aggregation, we evaluated the staining pattern of  
Flag-tagged FBXO11-long or FBXO11-short in HEK293T cells 
by confocal microscopy. In cells that expressed FBXO11-long, 
we saw a combination of  diffuse nucleus-positive signals among 

neoplasm (MPN), chronic myelomonocytic leukemia (CMML), 
or MDS (Table 1) and had no history of  a lymphoid malignan-
cy. To test if  the mutant alleles coded for protein, we expressed 
FBXO11 mutants in HEK239T cells and confirmed their predict-
ed molecular weights (Supplemental Figure 5B).

The N-terminal region unique to the FBXO11-long isoform 
contains small polyglutamine (polyQ) tracts, which are known to 
exist in intrinsically disordered regions (IDRs). IDRs are defined 
as regions failing to form stable structures while exhibiting bio-
logical properties (46) and affect intramolecular aggregation as 

Figure 5. MYC binds the FBXO11 promoter, and this is suppressed by TLR2 activation in MDS. (A) Upstream regulator analysis of FBXO11-interacting 
proteins performed using IPA software. MYC was identified as a significant upstream regulator of the FBXO11 interactome (P = 1.07 × 1015). Shown is the MYC 
mechanistic network in hierarchical format, with FBXO11-interacting proteins in blue. (B) Integrative genomics viewer gene track of FBXO11 from MYC ChIP-
Seq results in ENCODE. (C and D) FC of MYC binding to FBXO11 promoter sequences, calculated from MYC ChIP-qPCR in F-36P and MDS92 cells. TLR2 agonist 
(CU-T12-9) treatment resulted in a complete loss of MYC expression. *Q < 0.05, by 2-way ANOVA corrected for multiple comparisons using the Benjamini 
method. (E) TLR2 peptide intensity determined by quantitative proteomics from MDS patient sample replicates in which TLR2 peptides were detected. Each 
dot indicates 1 replicate. ****P < 0.0001, by 2-tailed Mann Whitney U test.
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controls, while in the Nup98-Hoxd13 murine model, knockdown of  
Fbxo11 led to a profound decrease in NPM1. This was consistent 
with our in vitro data showing that ubiquitylation of  NPM1 by 
the SCF-FBXO11 complex was ultimately protective. We believe 
our findings are notable because posttranslational modifications 
of  NPM1 controlled its folding, assembly into pentamers, local-
ization, and binding to other proteins (51–53). For example, under 
normal conditions, p-Thr199 localized NPM1 to nuclear speckles, 
where it bound RNA structural elements and led to the suppression 
of  pre-mRNA splicing (54, 55). Along with NPM1 and HNRNPU, 
FBXO11 interactions were markedly enriched for core spliceosome 
components, RBPs, and ribosomal subunits. Deletion of  FBXO11 
led to aberrant exon skipping by splicing reporter assays, and this 
effect was rescued by NPM1 overexpression. Furthermore, in MDS 
CD34+ cells, low expression levels of  FBXO11 were associated with 
an alternative splicing program.

Through our quantitative proteomics analysis of  HSPCs 
from patients with MDS compared with those of  healthy con-
trols, we discovered that the FBXO11-NPM1 interactome was 
profoundly perturbed in MDS. Despite our understanding that 
alternative splicing is a key pathway relevant to MDS, clinical 
trials for splicing modulators in patients with MDS did not show 
an improvement in complete or partial response rates (56, 57). 
Here, we provide evidence that ubiquitylation events mediated 
by FBXO11 (58, 59) could restructure RNA-binding protein net-
works in MDS HSPCs, potentially underlying the limited ther-
apeutic window for targeting any one spliceosome component. 
RNA-binding proteins also link to ribosome biogenesis in MDS 
(60, 61), and NPM1 is central to this process. Ribosomal sub-
units in the FBXO11-NPM1 nexus were downregulated in the 
MDS HSPC proteome, independent of  del (5q) or the ribosomal 
assembly factor mutations observed in other marrow failure dis-
orders (62–64).

Using in vivo murine MDS models driven by RUNX1- or 
Nup98-Hoxd13, we found that animals with knockdown of  Fbox11 
had exacerbated neutropenia compared with animals with intact 

less-defined foci (Figure 7E). In contrast, when we expressed 
FBXO11-short, we detected large, distinct FBXO11 foci in the 
nucleus of  the cells. To quantify this pattern, we analyzed the SD 
of  AF488+ signal intensity on a per-pixel basis within each nucle-
us. FBXO11-short+ cells had a significantly greater deviation of  
FBXO11 intensity relative to the rest of  the pixels in a cell (Fig-
ure 7F). To understand how the FBXO11 IDR might affect MDS 
cell states, we reexamined RNA-Seq data from MDS-L cells in 
our prior studies, in which we knocked out FBXO11 and reex-
pressed FBXO11-long or FBXO11-short. We compared the gene 
expression programs of  these MDS cells by GSEA. We observed 
profound changes to pathways affecting the ribosome, metabo-
lism, and RNA processing with FBXO11-long overexpression 
(Figure 7G), which were consistent with the pathways we saw 
altered in the primary MDS HSPC proteome. Taken together, 
we have uncovered a functional N-terminal IDR in FBXO11 
that is mutated in myeloid malignancies. We show that this IDR 
altered intramolecular FBXO11 nuclear organization, facilitated 
intermolecular NPM1 binding and ubiquitylation, and markedly 
affected MDS cell gene expression programs.

Discussion
In exploring the MDS proteome through FBXO11, we uncovered 
rewiring of  protein interaction hubs controlling splicing and ribo-
some biogenesis. NPM1 is at the center of  this hub and is a target of  
FBXO11-mediated ubiquitylation. Our data suggest that inefficient 
ubiquitylation of  NPM1 caused by suppression of  the substrate 
receptor FBXO11 contributes to MDS pathogenesis.

Ubiquitylation of  NPM1 did not result in its degradation; rath-
er, FBXO11-mediated ubiquitylation of  NPM1-K248 permitted the 
redistribution of  NPM1 into the nucleoplasm of  normal HSPCs. 
By qualitatively examining single CD34+ cells with confirmed 
knockdown of  FBXO11 compared with control cells, we observed 
the redistribution of  NPM1 signal into slightly more circular and 
more fragmented bodies. In primary MDS HSPCs, we saw that 
both FBXO11 and NPM1 were depleted compared with healthy 

Figure 6. Genetic deletion of Fbxo11 expands MDS progenitors in vitro and worsens murine MDS in vivo. (A) Immunoblots of FBXO11, NPM1, and H3 with 
densitometry. Each sample was normalized to H3, and then to controls. (B) Densitometric values of FBXO11 and NPM1 from A. Pearson correlation for all 
pairs of values and line of best fit with a 95% CI. (C) Cell fitness assay using primary CD34+ cells. FC in indel percentages at the end of the assay versus 
the initial read. For double knockout, the indel percentage tracks NPM1 edits. *Q < 0.05 and **Q < 0.01, by 2-group specific longitudinal mixed-effects 
analysis corrected for multiple comparisons. (D) Number of colonies. *Q < 0.05, **Q < 0.01, and ***Q < 0.001, by multiple t tests corrected for multiple 
comparisons. n = 3. (E) Number of colonies. n = 62 with 3 wells per assay. *Q < 0.05 and **Q < 0.01, by t tests on pooled replicates corrected for multi-
ple comparisons. (F) Growth curve of F-36P GFP+ vector or FBXO11-overexpressing cells. n = 9 wells per group. ****P < 0.0001, by t test from the linear 
mixed-effects model with wells as a random effect. (G) Growth curve of MDS92 GFP+ vector or FBXO11-overexpressing cells. n = 9 wells per group. ****P 
< 0.0001, by t test from the linear mixed-effects model with wells as a random effect. (H) Schematic of the RUNX1-driven MDS mouse model on an 
inducible Mx1-Cre+ Fbxo11+/+ or Fbxo11+/– background. (I) Percentage of GFP+ peripheral blood cells isolated from Fbxo11+/+ RUNX1-GFP or Fbxo11+/– RUNX1-
GFP transplants. n = 7–10 mice per group. ****P < 0.0001, by fixed-effects (type III) analysis. (J) Percentage of GFP+ mononuclear cells isolated from BM 
aspirates of transplant recipients at 11 weeks. n = 8–9 mice per group. *P-linear < 0.05, by 2-tailed t test. (K) Percentage contribution to the LSK, Lin-/
Sca1+/Kit+/SLAM+ (signaling lymphocyte activation molecules) (LSK-SLAM+) gate of immunophenotypically defined HSPCs in surviving RUNX1 trans-
plant recipients. n = 6 mice per group. LT-HSC, long-term HSC; ST-HSC, short-term HSC; MPP-GM, granulocyte-monocyte biased multipotent progenitors; 
MPP-MkE, megakaryocyte-erythroid biased multipotent progenitors; MPP Ly, lymphoid-biased multipotent progenitor. Q > 0.05, by t tests corrected for 
multiple comparisons (no significant differences were detected). (L) Percentage contribution of RUNX1-GFP+ common myeloid progenitor (CMP), GMP, and 
megakaryocyte-erythrocyte progenitor (MEPs) in the Lin–c-kit+ HSPC compartments. n = 6 mice per group. *P < 0.05, by multiple unpaired tests, t test for 
groups with normal distribution, or Mann-Whitney U test. (M) Differential CBCs in mice 16 weeks after pIpC. *P < 0.05, by unpaired, 2-tailed t for groups 
with normal distribution or Mann-Whitney U test. (N) Strategy of Nup98-Hoxd13-driven MDS mouse model with shCTRL or shFbxo11 vectors. n = 6–10 mice 
per group. (O) Western blot for FBXO11, NPM1, and ACTIN in c-kit+ cells from Nup98-Hoxd13+ mice, transduced with lentiviral shCTRL or shFbxo11. (P) CBC 
in Nup98-Hoxd13 transplants at 2 months. shFbxo11 groups were pooled. *P < 0.05 and **P < 0.005, by unpaired, 2-tailed t test for groups with normal 
distribution or Mann-Whitney U test. (Q) BM cellularity of Nup98-Hoxd13 mice. shFbxo11 groups were pooled. *P < 0.05 and **P < 0.01, by Mann-Whitney 
U test. (R) Representative H&E-stained femur cells from Q. Original magnification, ×10. Scale bar: 200 μm.
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in some studies, especially those involving patients with de 
novo MDS (66, 67). Our experimental models demonstrate that 
FBXO11 deficiency and the resultant shutdown of  an NPM1 net-
work portend MDS disease progression.

Mutations in the FBXO11 substrate–binding CASH domains 
were previously identified in diffuse large B cell lymphoma, and 
multiple scattered mutations were reported in a rare FBXO11-re-
lated neurodevelopmental disorder (68). Here, we screened 
patients with hematologic malignancies from the MSK-IM-
PACT-HEME study and uncovered what we believe to be nov-
el FBXO11 mutations in a previously undiscovered IDR in its  
N-terminus. Of  note, in myeloid diseases, we only observed the 

Fbxo11. This observation is clinically relevant, as neutropenia, 
combined with anemia, is a prognostic indicator of  MDS-related 
morbidity and transformation to AML (65). In the RUNX1-driv-
en transplant experiments, Fbxo11 deficiency led to expansion of  
RUNX1-mutant clones in the periphery and BM, which would be 
more consistent with AML transformation than overt marrow 
failure. Moreover, in the Nup98-Hoxd13 model, the neutropenia 
and monocytopenia in Fbxo11-knockdown animals were even 
worse and were accompanied by striking BM hypercellularity 
and a reduction in NPM1 protein levels. While not formally part 
of  the Revised International Prognostic Scoring System scoring 
for MDS, BM hypercellularity predicted worse overall survival  

Figure 7. Identification of FBXO11 mutations in myeloid malignancies reveals a functional N-terminal IDR. (A) Map of FBXO11 mutations identified 
by whole-exome sequencing of the MSK-IMPACT cohort of patients with hematologic malignancies. (B) Alpha-fold predicted structure of FBXO11 with 
structural features and mutations within myeloid diseases mapped in the disordered N-terminus. (C) Variant allele frequencies plotted along the amino 
acid residues affected by FBXO11 mutations; FBXO11 functional domains are boxed. N-term., N-terminus; ZnF-UBR, zinc finger-ubiquitin-protein ligase E3 
component n-Recognin 1. (D) Prediction of intrinsically unstructured proteins 2 (IUPRED2) score of amino acid residues in FBXO11-long. The  blue arrow-
head indicates the initial methionine residue in FBXO11-short. (E) Representative confocal images of FBXO11-long and FBXO11-short expressed in HEK293T 
cells. Scale bars: 10 μm. (F) Quantification of signal distribution of FBXO11-long+ and FBXO11-short+ cells using the SD of FLAG-FBXO11 signal across each 
nucleus. **P < 0.01, by 2-tailed, unpaired Mann-Whitney U test. (G) GSEA analysis of RNA-Seq data (GSE156708) from MDS-L cells that were FBXO11-KO 
compared with MDS-L parental cells, cells with reexpression of FBXO11-long cDNA, or cells with reexpression of FBXO11-short cDNA. The size of circle 
indicates the number of genes in the set.
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BM transplantation. Donor cells were isolated from the tibia, 
femur, iliac crest, and spine of  Fbxo11fl/+ Mx1-Cre+ mice and enriched 
for HSPCs using the CD117 magnetic bead isolation kit (catalog 
130-091-224, Miltenyi Biotec). Cells were stimulated overnight and 
then transduced with the indicated retro- or lentiviruses. Recipient 
mice (CD45.1+) were conditioned for transplantation using 9.5 Gy 
irradiation prior to tail vein injection of  donor cells in 100 μL PBS.

Virus production and transductions. Runx1 retroviral constructs 
were provided by Dong-Er Zhang (UCSD, San Diego, Califor-
nia, USA). Mouse shRNA constructs targeting Fbxo11 were 
purchased from Origene (pLenti-GFP vector). Human lentiviral 
shRNA constructs targeting FBXO11 in the pLVRU6MP-mCher-
ry vectors were purchased from Genecopoeia. Lentiviruses were 
produced in VSVG packaging by the St. Jude Viral Vector Core. 
Retrovirus was produced by transfecting Plat-E cells with 10 μg 
transfer plasmid with pMD2.G in 6 mL per 10 cm dish, seeded 
at 5 × 106 cells/10 cm plate in DMEM with 10% FBS, 1 μg/
mL puromycin, and 10 μg/mL blasticidin. Prior to transfection, 
culture media were removed and replaced with 5 mL prewarmed 
Opti-MEM. The transfection reaction was 1 mL Opti-MEM 
with no serum, 10 μg MigR1-RUNX1-41-214 plasmid, and 20 
μL Turbofect, incubated for 15–20 minutes at room tempera-
ture, and then carefully transferred to plates dropwise followed 
by overnight incubation. Transfection media were replaced with 
5 mL Opti-MEM with serum and incubated for 24 hours. Super-
natant was collected at 48 hours. Media containing retroviruses 
were collected and filtered through a 0.4 μm filter and used fresh 
on isolated c-Kit+ cells. Viral supernatant (3 mL) was added to 
c-Kit+ cells and then spinoculated at 300 g for 1.5 hours at 32°C. 
Cells were incubated for 1–2 hours at 37°C, and then media 
were replaced and cells were spinoculated a second time with 
an additional 3 mL viral supernatant before being incubated  
overnight at 37°C.

Flow cytometry and immunophenotyping. Peripheral blood and 
BM cells from tibias, femurs, and pelvic bones were collected, and 
the samples were RBC lysed, washed, and resuspended in FACS 
buffer (PBS/2% FBS) and analyzed on a BD Symphony A3. BM 
hematopoietic progenitors were stained with immunophenotyping 
panels as previously described (69). All flow cytometric data were 
analyzed using FlowJo, version 10.

Generation of  the CRISPR-KO library and KO screen analysis. In 
brief, the CRISPR-KO library was first designed using CRISPick  
(70, 71). Oligonucleotides were synthesized by TWIST Bio-
science. Library amplification and Gibson Assembly into the 
LRG vector (72) (Addgene, no. 65656) backbone was performed 
according to the method of  Joung et al. (73). Validation of  sgRNA 
representation was performed using calc_auc_v1.1.py (https://
github.com/mhegde/) and count_spacers.py (73). MaGeCK- 
VISPR/0.5.7 (74, 75) was used to identify guides and genes that 
were significantly depleted or enriched in FBXO11-KO versus 
control cells. Detailed methods can be found alongside the data in 
Supplemental Table 2.

Cell lysis and nuclear fractionation. F-36P and HEK293T 
cells were washed with PBS and harvested by trypsinization. 
Cells were pelleted and resuspended in cold buffer A (20 mM 
HEPES pH 7.4, 10 mM KCl, 0.2 mM EDTA) with protease 
inhibitors. Cytosolic fractions were obtained by adding 10% 

rare N-terminal mutations, not those in the CASH domains. This 
suggests that the N-terminus might have lineage-specific func-
tions in myeloid progenitor cells. Our data show that one func-
tion of  the FBXO11 IDR is to facilitate the binding and ubiqui-
tylation of  NPM1.

Ubiquitin substrate receptor proteins such as FBXO11 have 
served as surface interfaces for molecular glues, proteolysis target-
ing chimeras, and induced proximity platforms. By improving our 
understanding of  the biology of  these proteins and substrate spec-
ificity in hematologic malignancies, we will be able to apply small 
molecules to direct stem and progenitor cell states as a therapeutic 
approach for treating aggressive hematologic diseases.

Methods
Sex as a biological variable. Both male and female murine recipients 
were used in the transplantation experiments. MDS samples includ-
ed specimens from both male and female individuals. Sex was not 
analyzed as a biological variable in this study.

Cell lines and cell culture. The MDS92 cell line was provided by 
Daniel Starczynowski (Cincinnati Children’s Hospital Medical 
Center, Cincinnati, Ohio, USA) and cultured in RPMI with 10% 
FBS, 1% penicillin-streptomycin, and 10 ng/mL IL-3. The F-36P 
cell line (American Type Culture Collection [ATCC]) was main-
tained in RPMI with 20% FBS, 1% penicillin-streptomycin, and 
10 ng/mL GM-CSF. Cell line identities were confirmed by short 
tandem repeat profiling, and all cultures were verified as mycoplas-
ma-negative by PCR. F-36P–Cas9 cells were generated by transduc-
tion with Cas9-blasticidin lentivirus followed by blasticidin selec-
tion. HEK293T (ATCC) and Plat-E (ATCC) cells were cultured in 
DMEM supplemented with 10% FBS and 1% penicillin-streptomy-
cin; Plat-E media additionally contained 1 μg/mL puromycin and 
10 μg/mL blasticidin.

CRISPR/Cas9 deletions by electroporation. FBXO11-deficient cell 
pools for CRISPR/Cas9 screening were generated by electropora-
tion of  sgFBXO11 or sgCTRL constructs into SpCas9+ cells using 
the Lonza 4D Nucleofector X unit and appropriate buffers (P3 for 
CD34+, SF for F-36P, SE for MDS92). All electroporations were 
performed in 20 μL cuvette strips per the manufacturer’s proto-
col. gRNAs with modified scaffolds (Synthego) were mixed with 
3×NLS-SpCas9 (St. Jude Protein Production Facility) at a 3:1 
molar ratio; for multiplexing, the 3× ratio was divided among all 
gRNAs. For example, 1 gRNA = 1.5 μL gRNA (100 μM stock) 
plus 1 μL Cas9 (50 μM); 2 gRNAs = 0.75 μL each gRNA plus 1 μL 
Cas9. The electroporation programs were DN-100 for MDS92 and 
EH-100 for F-36P–Cas9 cells.

Animal models and comparative pathology. BM cellularity in trans-
planted mice was evaluated by blinded analysis of  H&E-stained 
femur sections. Fbxo11tm1a (EUCOMM)Wtsi mice were obtained from 
Eucomm IMPC and established at St. Jude by Peng Xu and Mitch-
ell Weiss. Mice were first crossed with FlpO+ mice to delete the lacz 
reporter cassette and then with Mx1-Cre+ mice to generate the con-
ditional allele model (Figure 5). Genotyping of  the Tm1A Fbxo11 
allele was performed using tail genomic DNA. Mx1-Cre+ (strain no. 
003556) and Nup98-Hoxd13 (strain no. 010505) mice were from The 
Jackson Laboratory. All donors were C57BL/6J (CD45.2+, strain 
no. 000664); recipients were B6.SJL-Ptprca Pepcb/BoyJ (CD45.1+, 
strain no. 002014).
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quantified using the MaxLFQ algorithm implemented in the iq r  
package (80). Detailed methods can be found alongside these 
data in Supplemental Table 3.

NPM1 co-IP and ubiquitylation assays. HEK293T cells were 
cotransfected with FBXO11 isoforms and ubiquitin-eGFP 
(Addgene, no. 187910) using TransIT-LT1. Nuclear lysates were 
immunoprecipitated with anti-NPM1 (Thermo Fisher Scientific, 
32-5200) conjugated to Protein A/G magnetic beads (Thermo Fish-
er Scientific, 88803). Bound complexes were eluted in 2× SDS and 
analyzed by Western blotting using anti-FBXO11 (Novus Biologi-
cals, NB100-59826), anti-NPM1 (Cell Signaling Technology [CST], 
92825S), and anti-GFP (Thermo Fisher Scientific, A-11122).

CD34+ cell confocal microscopy. CD34+ cells were prepared on 
slides by cytospin, fixed in 4% paraformaldehyde, permeabilized 
with 0.1% Triton X-100, and blocked with 5% BSA. Cells were 
incubated with primary antibodies (NPM1 4 μg/mL, FBXO11 
10 μg/mL) overnight at 4°C, followed by fluorophore-conjugat-
ed secondary antibodies (Alexa Fluor 488/647, 1:1,000; Thermo 
Fisher Scientific). Nuclei were stained with DAPI (0.1 μg/mL). 
Images were captured on a Zeiss 780 confocal microscope with 
a ×63 oil objective. Settings were reused for images. Colocal-
ization analysis was performed using macros in FIJI applied to 
raw images with NPM1 (green) and FBXO11 (far red) channels. 
Pearson correlation values for FBXO11 and NPM1 were deter-
mined in each cell. NPM1-bright and NPM1-dim nuclear com-
partments were determined by nuclear regions of  interest (ROIs) 
around the DAPI channel, applying masking according to the 
automatic/relative thresholding of  NPM1 within nuclei. Images 
were pseudocolored by look-up tables. The same masking was 
applied to identify NPM1-bright objects and shape descriptors. 
The aspect ratio was calculated using the formula AR = min-
Feret/maxFeret.

ChIP. MDS92 and F-36P cells (107 per replicate, n = 3) were 
crosslinked with 1% formaldehyde, lysed in SDS buffer, and 
sonicated to 200–500 bp fragments. Chromatin was diluted and 
incubated with anti-MYC (CST, 9402S) or IgG (CST, 2729S) 
overnight, followed by Protein A/G bead capture. Sequential 

NP-40, followed by brief  vortexing and centrifugation (14,000 
rpm, 30 seconds, 4°C). Nuclear pellets were washed with buffer 
A, lysed in cell lysis/IP buffer (20 mM phospho-buffer pH 7.5, 
150 mM NaCl, 10% glycerol, 0.2% Triton X-100), and incu-
bated at 4°C for 20 minutes with rotation. Insoluble chromatin 
fractions were digested with DNase (Thermo Fisher Scientif-
ic, 88700) and clarified by centrifugation. Nuclear soluble and 
insoluble fractions were combined for IP.

Purification and proteome profiling of  FBXO11 complexes. The 
immunoprecipitated FBXO11-interacting proteins described 
above were identified by proteome profiling with spectral counting 
at the St. Jude Proteomics Core Facility as previously described 
(76, 77). Detailed methods can be found alongside these data in 
Supplemental Table 1.

RNA expression analyses and rMATs of  samples from patients with 
MDS. FBXO11 expression in MDS CD34+ cells with or without 
splicing factor mutations was analyzed using the Gene Expres-
sion Omnibus (GEO) dataset GSE58831 (37). Samples in the 
upper (75%) and lower (25%) quartiles of  FBXO11 expression 
were designated FBXO11-high and FBXO11-low, respectively. 
Replicate multivariate analysis of  transcript splicing (rMATS) 
was used to identify significant alternative splicing events (FDR 
< 0.05, P < 0.05, |inclusion level difference| >0.15) compared 
with healthy controls.

Splicing reporter assay. F-36P–Cas9 cells were transfected with 
sgCTRL or sgFBXO11, followed by electroporation with 1 μg RG6 
splicing reporter plasmid (Addgene, no. 80167). Cells were incu-
bated for 24–48 hours, and reporter activity was quantified by flow 
cytometry. HEK293T cells were transiently cotransfected with RG6 
reporter and FLAG-tagged FBXO11 isoforms using TransIT-LT1, 
and reporter expression was analyzed 48 hours after transfection.

Processing of  MDS CD34+ patient samples and data-independent 
acquisition proteomics analysis. Total BM cells from patients with 
MDS were obtained under IRB-approved protocols at North-
western University and Albert Einstein College of  Medicine. In 
brief, data-independent acquisition (DIA) data were analyzed 
using DIA-NN, version 1.8, as previously described (78, 79) and 

Table 1. Patient characteristics associated with FBXO11 mutations identified in myeloid malignancies

Age Sex
Diagnosis at the time of 

mutational testing
Disease stage at mutational 

sequencing FBXO11 exon Mutation(s) VAF
Co-occurring  

mutated genes

73 M MF Stable disease exon1, exon 4 p.P45_Q53del, 
p.D161Y 0.3947 FANCD2, JAK2, MGA, 

ASXL1

76 M
CMML (concurrent AITL, 

lymphoproliferative b cell 
disorder)

Newly diagnosed CMML, 
relapsed/persistent AITL + 

lymphoproliferative B cell disorder
exon17 p.Y692H 0.4544 TET2, CHEK2, SRSF2

62 F MF Progressive disease exon1 p.P49Q 0.2000 JAK2, PLCG1, SAMHD1, 
SRC, TOP1

64 F t-MDS (after B cell NHL and 
breast cancer) Progressive disease exon17 p.Y692H 0.2816 CBL, RUNX1, WT1

72 F CMML; AML after mutational 
testing Relapse exon1 p.Q42_P46del 0.0714

ASLX1, RUNX1, TET2, 
ALK, CBL, ETV6, SMC1A, 

EZH2, CREBBP

61 F MDS; AML after mutational 
testing Newly diagnosed exon1 p.Q55_Q56dup 0.1205 SRSF2, IDH2, MPL

AITL, Angioimmunoblastic T-cell Lymphoma; NHL, non-Hodgkin’s Lymphoma; M, male; F, female; VAF, variant allele frequency.
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CD34+ cell fitness assay. One million CD34+ cells were transiently 
transfected using CRISPR cell fitness assay protocols as previously 
described (42, 81). The Lonza 4D-Nucleofector X-unit was used 
for electroporation with solution P3 and the program EH-100 in 
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performed using CRIS.py (82) to determine the indel frequencies. 
Out-of-frame indels are shown in plots.

Whole-exome sequencing of  FBXO11 mutations. Patient specimens 
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ples were deidentified.
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and continuous outcomes, with the donor included as the cluster 
variable, as appropriate. An additive genetic model was used. A 
linear mixed-effects model was used to evaluate the effect of  time 
on continuous outcomes, adjusting for linear, quadratic, and cubic 
terms of  time as needed, with mice or wells as the random effect. 
The Shapiro-Wilk test was conducted to assess normality for the 
raw data or residuals. All P values were 2 sided. To correct for 
multiple comparisons, as appropriate, the FDR adjusted P values 
(Q values) were calculated using the Benjamini and Hochberg 
method and controlled at 0.05 (83). R–4.4.0 was used to conduct 
statistical analyses.
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informed consent under IRB approval from Northwestern Univer-
sity, Albert Einstein College of  Medicine, and Memorial Sloan Ket-
tering Cancer Center.

Data availability. Proteomics data have been deposited in the 
PRoteomics IDEntification (PRIDE) database under accession 
numbers PXD059844 and PXD059857. Supporting data are pro-
vided in the Supporting Data Values file. Other primary data are 
available from the corresponding author.



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 7J Clin Invest. 2026;136(2):e193636  https://doi.org/10.1172/JCI193636

dation and is inactivated in diffuse large B-cell 
lymphomas. Nature. 2012;481(7379):90–93.

	15.	Schneider C, et al. FBXO11 inactivation leads to 
abnormal germinal-center formation and lymphop-
roliferative disease. Blood. 2016;128(5):660–666.

	16.	Groza T, et al. The International Mouse Phenotyp-
ing Consortium: comprehensive knockout pheno-
typing underpinning the study of  human disease. 
Nucleic Acids Res. 2023;51(d1):D1038–D1045.

	17.	Xu P, et al. FBXO11-mediated proteolysis of  
BAHD1 relieves PRC2-dependent transcrip-
tional repression in erythropoiesis. Blood. 
2021;137(2):155–167.

	18.	Chan KL, et al. Inhibition of  the CtBP complex 
and FBXO11 enhances MHC class II expression 
and anti-cancer immune responses. Cancer Cell. 
2022;40(10):1190–1206.

	19.	Cenciarelli C, et al. Identification of  a fam-
ily of  human F-box proteins. Curr Biol. 
1999;9(20):1177–1179.

	20.	Johnson ES, et al. Ubiquitin as a degradation sig-
nal. EMBO J. 1992;11(2):497–505.

	21.	Swatek KN, Komander D. Ubiquitin modifica-
tions. Cell Res. 2016;26(4):399–422.

	22.	Shaid S, et al. Ubiquitination and selective auto-
phagy. Cell Death Differ. 2013;20(1):21–30.

	23.	Yau R, Rape M. The increasing complexity of  the 
ubiquitin code. Nat Cell Biol. 2016;18(6):579–586.

	24.	Dikic I, Schulman BA. An expanded lexicon 
for the ubiquitin code. Nat Rev Mol Cell Biol. 
2023;24(4):273–287.

	25.	Hanahan D. Hallmarks of  cancer: new dimen-
sions. Cancer Discov. 2022;12(1):31–46.

	26.	Chiba S, et al. Establishment and erythroid 
differentiation of  a cytokine-dependent human 
leukemic cell line F-36: a parental line requiring 
granulocyte-macrophage colony-stimulating 
factor or interleukin-3, and a subline requiring 
erythropoietin. Blood. 1991;78(9):2261–2268.

	27.	Wang R, et al. Targeted therapy in NPM1-mutat-
ed AML: Knowns and unknowns. Front Oncol. 
2022;12:972606.

	28.	Caudill JS, et al. C-terminal nucleophosmin 
mutations are uncommon in chronic myeloid dis-
orders. Br J Haematol. 2006;133(6):638–641.

	29.	Morganti C, et al. NPM1 ablation induces HSC 
aging and inflammation to develop myelodysplas-
tic syndrome exacerbated by p53 loss. EMBO Rep. 
2022;23(5):e54262.

	30.	Raval A, et al. Effect of  nucleophosmin1 haploin-
sufficiency on hematopoietic stem cells. Leukemia. 
2012;26(4):853–855.

	31.	Jerez A, et al. Topography, clinical, and genomic 
correlates of  5q myeloid malignancies revisited. J 

Clin Oncol. 2012;30(12):1343–1349.
	32.	Sakhdari A, et al. Immunohistochemical loss of  

enhancer of  Zeste Homolog 2 (EZH2) protein 
expression correlates with EZH2 alterations and 
portends a worse outcome in myelodysplastic syn-
dromes. Mod Pathol. 2022;35(9):1212–1219.

	33.	Vu LP, et al. Functional screen of  MSI2 inter-
actors identifies an essential role for SYNCRIP 
in myeloid leukemia stem cells. Nat Genet. 
2017;49(6):866–875.

	34.	Herrejon Chavez F, et al. RNA binding protein 
SYNCRIP maintains proteostasis and self-renew-
al of  hematopoietic stem and progenitor cells. Nat 

Commun. 2023;14(1):2290.

	35.	Mitrea DM, et al. Self-interaction of  NPM1 mod-
ulates multiple mechanisms of  liquid-liquid phase 
separation. Nat Commun. 2018;9(1):842.

	36.	Orengo JP, et al. A bichromatic fluorescent report-
er for cell-based screens of  alternative splicing. 
Nucleic Acids Res. 2006;34(22):e148.

	37.	Pellagatti A, et al. Impact of  spliceosome muta-
tions on RNA splicing in myelodysplasia: dysreg-
ulated genes/pathways and clinical associations. 
Blood. 2018;132(12):1225–1240.

	38.	Metsalu T, Vilo J. ClustVis: a web tool for visual-
izing clustering of  multivariate data using Prin-
cipal Component Analysis and heatmap. Nucleic 

Acids Res. 2015;43(w1):W566–W570.
	39.	Kramer A, et al. Causal analysis approaches 

in Ingenuity Pathway Analysis. Bioinformatics. 
2014;30(4):523–530.

	40.	Muto T, et al. TRAF6 functions as a tumor 
suppressor in myeloid malignancies by directly 
targeting MYC oncogenic activity. Cell Stem Cell. 
2022;29(2):298–314.

	41.	Trowbridge JJ, Starczynowski DT. Innate immune 
pathways and inflammation in hematopoietic 
aging, clonal hematopoiesis, and MDS. J Exp 

Med. 2021;218(7):e20201544.
	42.	Radko-Juettner S, et al. Targeting DCAF5 sup-

presses SMARCB1-mutant cancer by stabilizing 
SWI/SNF. Nature. 2024;628(8007):442–449.

	43.	Matsuura S, et al. Expression of  the runt homol-
ogy domain of  RUNX1 disrupts homeostasis 
of  hematopoietic stem cells and induces pro-
gression to myelodysplastic syndrome. Blood. 
2012;120(19):4028–4037.

	44.	Lin YW, et al. NUP98-HOXD13 transgenic mice 
develop a highly penetrant, severe myelodysplas-
tic syndrome that progresses to acute leukemia. 
Blood. 2005;106(1):287–295.

	45.	Jumper J, et al. Highly accurate protein 
structure prediction with AlphaFold. Nature. 
2021;596(7873):583–589.

	46.	Martinez-Yamout MA, et al. Glutamine-rich 
regions of  the disordered CREB transactivation 
domain mediate dynamic intra- and intermo-
lecular interactions. Proc Natl Acad Sci U S A. 
2023;120(47):e2313835120.

	47.	Oldfield CJ, Dunker AK. Intrinsically disordered 
proteins and intrinsically disordered protein 
regions. Annu Rev Biochem. 2014;83:553–584.

	48.	Meszaros B, et al. IUPred2A: context-dependent 
prediction of  protein disorder as a function of  
redox state and protein binding. Nucleic Acids Res. 
2018;46(w1):W329–W337.

	49.	Erdos G, Dosztanyi Z. Analyzing protein disor-
der with IUPred2A. Curr Protoc Bioinformatics. 
2020;70(1):e99.

	50.	Dosztanyi Z, et al. The pairwise energy content 
estimated from amino acid composition discrim-
inates between folded and intrinsically unstruc-
tured proteins. J Mol Biol. 2005;347(4):827–839.

	51.	Destouches D, et al. Implication of  NPM1 phos-
phorylation and preclinical evaluation of  the 
nucleoprotein antagonist N6L in prostate cancer. 
Oncotarget. 2016;7(43):69397–69411.

	52.	Koike A, et al. Recruitment of  phosphorylat-
ed NPM1 to sites of  DNA damage through 
RNF8-dependent ubiquitin conjugates. Cancer 

Res. 2010;70(17):6746–6756.
	53.	Kapitonova AA, et al. Phosphorylation code of  

human nucleophosmin includes four cryptic sites 
for hierarchical binding of  14-3-3 proteins. J Mol 

Biol. 2024;436(12):168592.
	54.	Tarapore P, et al. Thr199 phosphorylation tar-

gets nucleophosmin to nuclear speckles and 
represses pre-mRNA processing. FEBS Lett. 
2006;580(2):399–409.

	55.	Ghosh A, et al. Identification of  G-quadruplex 
structures in MALAT1 lncRNA that interact with 
nucleolin and nucleophosmin. Nucleic Acids Res. 
2023;51(17):9415–9431.

	56.	Steensma DP, et al. Phase I first-in-human dose 
escalation study of  the oral SF3B1 modulator 
H3B-8800 in myeloid neoplasms. Leukemia. 
2021;35(12):3542–3550.

	57.	Assi R, et al. Final results of  a phase 2, open-label 
study of  indisulam, idarubicin, and cytarabine in 
patients with relapsed or refractory acute myeloid 
leukemia and high-risk myelodysplastic syn-
drome. Cancer. 2018;124(13):2758–2765.

	58.	Guo YE, et al. Pol II phosphorylation regulates a 
switch between transcriptional and splicing con-
densates. Nature. 2019;572(7770):543–548.

	59.	Zhou Y, et al. Posttranslational regulation of  the 
exon skipping machinery controls aberrant splicing 
in leukemia. Cancer Discov. 2020;10(9):1388–1409.

	60.	Parenteau J, et al. Introns within ribosomal pro-
tein genes regulate the production and function of  
yeast ribosomes. Cell. 2011;147(2):320–331.

	61.	Petibon C, et al. Introns regulate the production 
of  ribosomal proteins by modulating splicing of  
duplicated ribosomal protein genes. Nucleic Acids 

Res. 2016;44(8):3878–3891.
	62.	Chlon TM, et al. Germline DDX41 mutations 

cause ineffective hematopoiesis and myelodyspla-
sia. Cell Stem Cell. 2021;28(11):1966–1981.

	63.	Ruggero D, Shimamura A. Marrow failure: 
a window into ribosome biology. Blood. 
2014;124(18):2784–2792.

	64.	Yu H, Signer RAJ. Proteostasis disruption in 
inherited bone marrow failure syndromes. Blood. 
2025;146(3):304–317.

	65.	Hausman R, et al. Neutropenia (even mild) and 
anemia are poor prognostic factors in myelo-
dysplastic syndromes. Front Med (Lausanne). 
2025;12:1558585.

	66.	Tong WG, et al. Predicting survival of  patients 
with hypocellular myelodysplastic syndrome: 
development of  a disease-specific prognostic score 
system. Cancer. 2012;118(18):4462–4470.

	67.	Morita K, et al. Prognostic significance of  bone 
marrow cellularity in myelodysplastic syndromes: 
a retrospective analysis. Paper presented at: 
2016 ASCO Annual Meeting; June 3–7, 2016; 
Chicago, Illinois, USA. https://meetings.asco.
org/abstracts-presentations/124096. Accessed 
November 21, 2025.

	68.	Gregor A, et al. De novo variants in the F-Box 
protein FBXO11 in 20 individuals with a variable 
neurodevelopmental disorder. Am J Hum Genet. 
2018;103(2):305–316.

	69.	Hall T, et al. Modeling GATA2 deficiency in 
mice: the R396Q mutation disrupts normal hema-
topoiesis. Leukemia. 2025;39(3):734–747.

	70.	Doench JG, et al. Optimized sgRNA design to 
maximize activity and minimize off-target effects of  
CRISPR-Cas9. Nat Biotechnol. 2016;34(2):184–191.

	71.	Sanson KR, et al. Optimized libraries for CRIS-



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2026;136(2):e193636  https://doi.org/10.1172/JCI1936361 8

PR-Cas9 genetic screens with multiple modalities. 
Nat Commun. 2018;9(1):5416.

	72.	Shi J, et al. Discovery of  cancer drug targets by 
CRISPR-Cas9 screening of  protein domains. Nat 
Biotechnol. 2015;33(6):661–667.

	73.	Joung J, et al. Genome-scale CRISPR-Cas9 
knockout and transcriptional activation screening. 
Nat Protoc. 2017;12(4):828–863.

	74.	Li W, et al. Quality control, modeling, and visual-
ization of  CRISPR screens with MAGeCK-VIS-
PR. Genome Biol. 2015;16:281.

	75.	Li W, et al. MAGeCK enables robust identi-
fication of  essential genes from genome-scale 
CRISPR/Cas9 knockout screens. Genome Biol. 
2014;15(12):554.

	76.	Hunt LC, et al. An adaptive stress response that 
confers cellular resilience to decreased ubiquitina-
tion. Nat Commun. 2023;14(1):7348.

	77.	Zhou JY, et al. Galectin-3 is a candidate bio-
marker for amyotrophic lateral sclerosis: discov-
ery by a proteomics approach. J Proteome Res. 
2010;9(10):5133–5141.

	78.	Demichev V, et al. DIA-NN: neural networks 
and interference correction enable deep pro-
teome coverage in high throughput. Nat Methods. 
2020;17(1):41–44.

	79.	Demichev V, et al. dia-PASEF data analysis 
using FragPipe and DIA-NN for deep pro-
teomics of  low sample amounts. Nat Commun. 
2022;13(1):3944.

	80.	Pham TV, et al. iq: an R package to estimate rel-
ative protein abundances from ion quantification 
in DIA-MS-based proteomics. Bioinformatics. 
2020;36(8):2611–2613.

	81.	Mittal P, et al. PHF6 cooperates with SWI/SNF 
complexes to facilitate transcriptional progres-
sion. Nat Commun. 2024;15(1):7303.

	82.	Connelly JP, Pruett-Miller SM. CRIS.py: a 
versatile and high-throughput analysis program 
for CRISPR-based genome editing. Sci Rep. 
2019;9(1):4194.

	83.	Benjamini Y, Hochberg Y. Controlling the false 
discovery rate: a practical and powerful approach 
to multiple testing. J R Stat Soc Series B Stat Meth-
odol. 1995;57(1):289–300.


