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Introduction
It is widely recognized that the maintenance of  hematopoietic stem cells (HSCs) and hematopoietic 
homeostasis is dependent on normal regulation of  ribosome function and protein synthesis (1, 2). 
This requires coordinated expression of  many genes, including 80 genes encoding the protein com-
ponents of  the ribosome (i.e., ribosomal protein genes; RP genes) and the genes encoding regulators 
of  ribosome biogenesis and protein translation. Mutations in such genes cause congenital disorders, 
including Diamond-Blackfan anemia (DBA) (3), Shwachman-Diamond syndrome (SDS) (4), and oth-
er related conditions. Additionally, 5q– syndrome is linked to Rps14 gene deletions (5, 6). Collectively, 
these diseases are referred to as ribosomopathies and are characterized by hematopoietic pathologies, 
including anemia, pancytopenia, BM failure, and increased risk of  hematologic malignancies, as well 
as growth, skeletal, and other developmental abnormalities in some cases (7, 8). At the molecular lev-
el, these pathologies are associated with the activation of  p53 stress response as a result of  ribosome 
dysfunction in affected cells (9–13). Despite the strong association of  ribosomal defects with hema-
topoietic abnormalities, the cell-intrinsic mechanisms that regulate RP gene expression specifically in 
HSCs remain poorly understood.

Ribosomopathies are congenital disorders caused by mutations in the genes encoding ribosomal 
and other functionally related proteins. They are characterized by anemia, other hematopoietic 
and developmental abnormalities, and p53 activation. Ribosome assembly requires coordinated 
expression of many ribosomal protein (RP) genes; however, the regulation of RP gene expression, 
especially in hematopoietic stem cells (HSCs), remains poorly understood. MYSM1 is a 
transcriptional regulator essential for HSC function and hematopoiesis. We established that HSC 
dysfunction in Mysm1 deficiency is driven by p53; however, the mechanisms of p53 activation 
remained unclear. Here, we describe the transcriptome of Mysm1-deficient mouse HSCs and 
identify MYSM1 genome-wide DNA binding sites. We establish a direct role for MYSM1 in RP 
gene expression and show a reduction in protein synthesis in Mysm1–/– HSCs. Loss of p53 in mice 
fully rescues Mysm1–/– anemia phenotype but not RP gene expression, indicating that RP gene 
dysregulation is a direct outcome of Mysm1 deficiency and an upstream mediator of Mysm1–/– 
phenotypes through p53 activation. We characterize a patient with a homozygous nonsense 
MYSM1 gene variant, and we demonstrate reduced protein synthesis and increased p53 levels 
in patient hematopoietic cells. Our work provides insights into the specialized mechanisms 
regulating RP gene expression in HSCs and establishes a common etiology of MYSM1 deficiency 
and ribosomopathy syndromes.
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MYSM1 is a chromatin-interacting protein with deubiquitinase (DUB) catalytic activity comprising 
SANT, SWIRM, and catalytic MPN domains (14, 15). A recently described familial MYSM1 deficiency 
syndrome is characterized by BM failure, with anemia, leukopenia, and complex developmental aberra-
tions (16–18), although its molecular mechanisms remain poorly understood. We and others demonstrat-
ed the essential role of  MYSM1 in maintaining HSC function and hematopoiesis in mouse models (19). 
Murine MYSM1 deficiency results in loss of  HSC quiescence (20), increased apoptosis of  multipotent 
progenitors (MPPs) (21), and a severe depletion of  most downstream hematopoietic lineages, including 
erythrocytes (19), lymphocytes (22–26), and DCs (27). In both humans and mice, MYSM1 deficiency can 
also present with skeletal and other developmental abnormalities (18, 19, 22). Overall, this suggests that 
MYSM1 functions are conserved between humans and mice, and highlights the biomedical significance of  
understanding MYSM1 mechanisms of  action.

Recent studies indicated that MYSM1 promotes the expression of  genes encoding several hemato-
poietic lineage–specification transcription factors, including Ebf1 in B cell progenitors (22), Id2 in NK cell 
progenitors (24), Flt3 in DC precursors (27), and Gfi1 in the HSC and MPP cells (20). It was suggested that 
MYSM1 promotes the expression of  these genes via deubiquitination of  histone H2A (H2A-K119ub) at 
their promoters and via local recruitment of  other transcriptional regulators such as E2A at the Ebf1 locus 
(22). Importantly, all previous studies focused on a small number of  putative MYSM1-regulated genes. The 
lack of  systematic and genome-wide studies of  MYSM1-regulated loci remains a major limitation for the 
understanding of  MYSM1 biological functions and mechanisms of  action.

In recent work, we demonstrated that MYSM1 is an essential negative regulator of  the p53 stress 
response pathway in hematopoietic cells (21, 28, 29), with Mysm1 deficiency resulting in a strong induction 
of  p53 stress response genes in hematopoietic cells (21, 28). Strikingly, p53 ablation in Mysm1–/–p53–/– dou-
ble-KO mice restores normal HSC function and lymphocyte development (28, 29). Moreover, deletion of  
the major proapoptotic p53 effector protein PUMA in Mysm1–/–Puma–/– mice partially rescues hematopoi-
esis, restoring the viability of  hematopoietic progenitors but not lymphocyte development (21). Overall, 
these studies established that p53 activation is the common pathway driving loss of  HSC function and 
lymphopenia in Mysm1 deficiency. However, the mechanisms leading to p53 activation in Mysm1 deficiency 
have yet to be defined. In particular, the established molecular function of  MYSM1 as a transcriptional 
activator and its essential role in p53 stress response repression remain difficult to reconcile.

To further characterize the functions of  MYSM1 and the mechanisms leading to hematopoietic dysfunc-
tion in MYSM1 deficiency, we performed genome-wide analyses of  MYSM1-regulated genes in hematopoi-
etic stem and progenitor cells (HSPCs). This included RNA sequencing (RNA-Seq) of  sorted Mysm1-defi-
cient mouse HSCs and ChIP-Seq mapping of  MYSM1 DNA binding sites in hematopoietic progenitor cell 
lines. We demonstrate a direct role for MYSM1 in the regulation of  genes encoding protein components of  
the ribosome (RP genes) and other regulators of  translation. Mechanistically, the dysregulation of  RP genes 
in Mysm1 deficiency was upstream of  p53 activation and associated with reduced HSCs protein synthesis 
rates and p53-dependent anemia. We also describe a new patient with a homozygous nonsense variant in the 
MYSM1 gene, demonstrate reduction in protein synthesis rate and activation of  p53 in patient blood cells, 
and compare disease presentation to ribosomopathy syndromes. Together, these findings indicate common 
mechanisms of  hematopoietic dysfunction in MYSM1 deficiency and ribosomopathy disorders.

Results
Transcriptional landscape of  Mysm1-deficient mouse HSCs. We previously established that MYSM1 has essential 
cell-intrinsic functions in the earliest hematopoietic compartments (19, 20), while MYSM1 loss in mature 
hematopoietic cells or the niche has minimal impact on hematopoiesis (25, 26, 30). To gain an in-depth 
understanding of  the mechanisms driving hematopoietic failure in Mysm1 deficiency, we performed RNA-
Seq transcriptional profiling of  FACS sorted primary HSC, MPP1, and MPP2 cells, gating on Lin–cK-
it+Sca1+ (LSK) CD150+Flt3–, and CD34–CD48– for HSCs, CD34+CD48– for MPP1, and CD34+CD48+ 
for MPP2 cells (Figures 1A and Supplemental Figure 1; supplemental material available online with this 
article; https://doi.org/10.1172/jci.insight.125690DS1) (31, 32). Cells were harvested from Mysm1fl/fl CreERT2 
mice following tamoxifen-induced Mysm1 deletion and compared against cells from tamoxifen-treated 
Mysm1fl/+ CreERT2 and corn-oil vehicle–treated Mysm1fl animals. This inducible KO model focused our 
analysis on the direct effects of  Mysm1 loss, eliminating many of  the complex developmental phenotypes 
seen in constitutive Mysm1 deficiency (33). Cells from multiple mice were pooled to achieve yields of  > 1 ng 
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of  RNA per sample, and 3 independent samples were analyzed per genotype for each cell type for tamoxi-
fen-induced mice and 2 independent samples for vehicle-treated mice.

Dimension reduction analysis of  gene expression profiles showed a clear segregation based on the cell 
populations following their path of  differentiation (PC1, 42.6% variance) (Figure 1B). There was also a clear 
segregation based on genotype (PC2, 12.0% variance), demonstrating a major transcriptome change in homo-
zygous Mysm1-deficient cells (Mysm1Δ/Δ) relative to the 2 control groups. Importantly, cells from the 2 control 
groups, the tamoxifen-treated Mysm1fl/+ CreERT2 and vehicle-treated Mysm1fl mice, clustered together, and 
this indicates that the cellular transcriptome is not affected by CreERT2 expression or tamoxifen treatment. 
For this reason, we grouped both control groups together as the WT group for subsequent analyses.

Differential gene expression analyses were conducted by comparing Mysm1Δ/Δ with Mysm1WT samples for 
each population. Across all comparisons, a total of  702 genes were considered significantly dysregulated, with 
a fold change ≥ 1.5 and FDR ≤ 0.01 (Supplemental Table 1). Mysm1Δ/Δ HSCs had the most profound dys-
regulation of  gene expression, with 357 upregulated and 239 downregulated genes. Mysm1Δ/Δ MPPs showed 
fewer dysregulated genes (44 upregulated and 67 downregulated in MPP1, and 88 upregulated and 19 down-
regulated in MPP2), as well as lower average fold-changes in gene expression relative to the corresponding 
Mysm1WT cells (Figure 1C). This, along with high relative Mysm1 expression in HSCs (Supplemental Figure 
2A), suggests that MYSM1 has more prominent cell-intrinsic roles as a transcriptional regulator in HSCs.

To explore the biological functions dysregulated within the transcriptome of  Mysm1Δ/Δ cells, we per-
formed Gene Set Enrichment Analysis (GSEA) (34). GSEA highlighted upregulation of  genes involved in 
cell proliferation, DNA replication, and mitosis in HSCs (Figure 1D and Supplemental Table 2), consistent 
with the previously reported loss of  HSC quiescence in Mysm1 deficiency (20, 21). In contrast, MPP2-up-
regulated gene signatures were enriched for p53 pathway and apoptosis (Supplemental Table 2), reflecting 
the previously characterized activation of  p53 stress responses in Mysm1-deficient hematopoietic progeni-
tors (21, 28, 29). Therefore, the transcriptome of  Mysm1 deficiency showed differential signatures in HSCs 
and MPPs, which are in turn manifested in their corresponding distinct phenotypes. Importantly, our data 
demonstrate a highly substantial downregulation of  genes involved in translation and ribosome biogenesis 
in Mysm1Δ/Δ HSCs (Figure 1D).

Hierarchical clustering analysis segregated the 702 genes dysregulated in at least 1 cell type into Clusters 
I–IV (Figure 1E). Gene ontology (GO) enrichment analysis was performed for the genes in each cluster (Fig-
ure 1F). Detection of  enriched biological processes was somewhat restricted for Clusters III and IV, due to the 
limited numbers of  genes in these clusters. Nevertheless, Cluster III contained genes involved in apoptosis and 
cell cycle arrest, such as Cdkn1a, Ccnd1, P2rx7, Bcl2l1, and Zmat3, and it was upregulated in Mysm1Δ/Δ HSCs 
and MPPs. Cluster IV contained MHC-II and other immunity-related genes and was upregulated in Mysm1Δ/Δ 
MPP2 cells in comparison with Mysm1WT MPP2 cells. Cluster II was highly enriched for genes involved in cell 
cycle progression that gradually increase in expression with the maturation of  WT HSCs to MPP1 and MPP2 
cells. In Mysm1Δ/Δ HSC and MPP1 cells, Cluster II genes were prematurely upregulated, concordant with the 
loss of  quiescence and hyperproliferation of  these cells in Mysm1 deficiency (20, 21). Importantly, Cluster I 
represented the genes reduced in expression in Mysm1Δ/Δ cells, with the strongest reduction in Mysm1Δ/Δ HSCs 
(Figure 1C). Surprisingly, this cluster was enriched for genes involved in translation, including the eIF4A2 
RNA helicase subunit of  eIF4F cap-binding initiation complex, eEF1G involved in aminoacyl-tRNA delivery 
to the ribosomes, and others (Supplemental Table 1). The cluster also included 35 significantly downregulated 
genes encoding proteins of  the small and large ribosomal subunits (RP genes).

MYSM1 maintains RP gene expression in HSCs. Given the strong association of RP gene mutations to hema-
topoietic dysfunction in ribosomopathies including DBA (3), we performed further analyses focusing on the RP 
gene set. GSEA comparing RP gene expression in WT HSC, MPP1, and MPP2 cells revealed elevated RP gene 
expression in HSCs relative to MPPs (Supplemental Figure 2, B and C). While this finding is unexpected due to 
the quiescent state, low protein synthesis, and distinct metabolic activities characteristic of HSCs (1, 2, 35, 36), 
it is consistent with previous reports (37). Further GSEA comparing RP gene expression in our Mysm1WT and 
Mysm1Δ/Δ data sets demonstrated a significant and global downregulation of RP genes in Mysm1Δ/Δ cells, with the 
most severe reduction in HSCs (Figure 2, A and B). We also performed GSEA focused specifically on the RP 
gene set mutated in DBA syndrome and again showed prominent downregulation of these genes in Mysm1Δ/Δ 
cells, with the most severe reduction in HSCs (Figure 2, C and D).

As the p53 stress response was previously established as a mediator of  HSC dysfunction in Mysm1 defi-
ciency (28, 29), we performed GSEA for p53-regulated stress response genes. We confirmed the upregulation 
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Figure 1. RNA-Seq analysis of the transcriptome of Mysm1-deficient HSC and MPP cells. (A) Schematic representation of the inducible Mysm1-deletion 
model in mice and the gating strategies for HSC, MPP1, and MPP2 cells. The KO group is composed of Mysm1fl/fl CreERT2 mice following tamoxifen-induced 
Mysm1 deletion. The WT group is composed of tamoxifen-treated Mysm1fl/+ CreERT2 and corn-oil vehicle-treated Mysm1fl mice. (B) Partial Least Square 
Regression graph demonstrates the gene expression profiles of each RNA-Seq sample: differences between cell types are described by principal component 
1 (PC1, 42.6% variability) and differences between genotypes by PC2 (12% variability). (C) Fold changes of 702 significantly dysregulated genes in Mysm1 -
-deficient HSCs and MPPs. (D) Normalized enrichment scores (NES) of 4437 preestablished biological processes expression signatures used in the Gene Set 
Enrichment Analysis. (E) Heatmap displaying 702 significantly dysregulated genes when comparing KO with WT expression levels. The significance thresh-
old is fold change ≥ 1.5 and FDR ≤ 0.01. Relative expressions to the average of HSC WT group are used to generate the heatmap. Hierarchical Clustering 
(HCL) of the genes is performed, using Pearson correlation and average linkage, to generate the 4 gene clusters. (F) Gene ontology (GO) enrichment analysis 
on genes from the 4 clusters described in E. Top 4 enriched biological processes terms are displayed.
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of  p53 target genes in Mysm1Δ/Δ HSCs and MPPs, but we observed that their induction was progressive, with 
the weakest effects in HSCs and strongest in MPP2 cells (Supplemental Figure 2D). We note that the higher 
expression of  Mysm1 in HSCs relative to MPPs (Supplemental Figure 2A) coincides with a more prominent 
downregulation of  RP genes in Mysm1Δ/Δ HSCs, which suggests a direct functional link between MYSM1 
and RP gene expression. In contrast, the progressive upregulation of  p53 target genes in MPP2 cells suggests 
that their induction is an indirect response to the cellular stress of  ribosomal dysfunction in HSCs.

In summary, our analyses of  Mysm1-deficient HSC and MPP transcriptomes characterize the gene 
expression signatures underlying the loss of  quiescence (20, 21) and p53 stress response activation (21, 28, 
29) in these cells, respectively. Additionally, we report a profound downregulation of  RP genes and genes 
encoding regulators of  translation in Mysm1-deficient HSCs.

MYSM1 binding to RP gene promoters. To gain further insight into the genomic regions directly regulated 
by MYSM1 in hematopoietic cells, we mapped MYSM1 DNA binding sites by ChIP-Seq. The experiments 
were carried out in 2 murine hematopoietic progenitor lines: a multipotent progenitor line HPC7 (38) wide-
ly used as a model to study transcriptional programs of  hematopoiesis (39, 40) and pro–B cell line Ba/F3 
that was used in our previous work to model p53 activation and other molecular mechanisms of  Mysm1 
deficiency (21). The ChIP-Seq data reveal that MYSM1 binds at a relatively limited number of  sites across 
the genome, corresponding to 2099 significant binding peaks, and the most MYSM1 binding sites are com-
mon between HPC7 and Ba/F3 cells (Figure 3A). Ordering the MYSM1 binding sites by their distance to 
the nearest gene transcription start site (TSS), the 2099 sites were classified as either gene-proximal (<1 kb 
to TSS, 102 sites) or gene-distal (>1 kb to TSS, 1997 sites) (Figure 3A).

ChIP-Seq was carried out to characterize the epigenetic status at MYSM1-bound sites in HPC7 and 
Ba/F3 cells. We assessed H3K27ac, a marker of  active promoters and enhancers, and H2AK119ub, 
a repressive marker previously established as a target of  MYSM1 in specific contexts (14). Gene-dis-
tal MYSM1 sites harbored the epigenetic status of  transcriptionally inactive sites, with absence of  
H3K27ac and higher level of  H2AK119ub (Figure 3A and Supplemental Figure 3). Conversely, the 
data reveal high levels of  H3K27ac and low levels of  H2AK119ub at the gene-proximal MYSM1 
binding sites, indicating that they represent transcriptionally active gene promoters (Figure 3A and 
Supplemental Figure 3).

To gain functional insight into MYSM1 binding targets, GO and disease ontology analyses were per-
formed on genes in the vicinity of  each MYSM1 binding site using Genomic Regions Enrichment of  Anno-
tations Tool (GREAT) (41). Genes near the 102 gene-proximal MYSM1 binding sites were highly enriched 
for biological process ontology terms “translation,” “protein metabolic process,” and “ribosome biogen-
esis” (Figure 3B) and disease ontology terms “congenital hypoplastic anemia” and “Diamond-Blackfan 
anemia” (Figure 3C). Importantly, all of  these GO-terms refer to the same set of  genes encoding ribosomal 
proteins, translation factors, and other functionally related proteins. Analysis of  genes near the 1997 gene 
distal MYSM1 binding sites showed no significant enrichment of  either biological process or disease ontol-
ogy terms, highlighting the challenge of  inferring a role for intergenic MYSM1 binding in gene regulation. 
Overall, these data provide further supporting evidence for a direct role of  MYSM1 in regulating genes 
involved in ribosome assembly and translation.

Direct role of  MYSM1 in the maintenance of  RP gene expression. To identify genes that are likely to be 
directly regulated by MYSM1 in HSCs and MPPs, we consolidated our RNA-Seq and ChIP-Seq data sets, 
searching for genes dysregulated in Mysm1 deficiency with nearby MYSM1 binding sites. Dysregulated 
genes in RNA-Seq Clusters II, III, and IV — related to regulation of  cell cycle progression, apoptosis, 
and immunity (Figure 1, E and F) — had neither proximal nor distal MYSM1 binding sites (Figure 4A). 
This suggests that their expression is not directly controlled by MYSM1, but rather becomes dysregulat-
ed in Mysm1 deficiency through indirect mechanisms. In contrast, many of  the downregulated genes in 
RNA-Seq Cluster I, including the genes encoding RPs and translational regulators, had MYSM1 binding 
sites within 1 kb of  their TSS (Figure 4A and Supplemental Table 3), suggesting direct activation of  their 
expression by MYSM1. Strikingly, 35% of  gene-proximal MYSM1 binding sites mapped to the promoters 
of  Cluster I genes. Furthermore, 89% of  the genes that had MYSM1 binding sites in the ChIP-Seq data 
and were dysregulated in expression in Mysm1Δ/Δ cells in RNA-Seq data–encoded ribosomal proteins and 
translation factors (Supplemental Table 3). The promoters of  these genes were marked with high levels of  
histone H3K27ac and low levels of  histone H2AK119ub (Figure 4B and Supplemental Figure 4), indicat-
ing their active transcription in HSPCs.
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A subset of  the genes identified as directly regulated by MYSM1 was selected for further validation. 
This included 8 genes encoding proteins of  the small and large ribosomal subunits, of  which 3 are known to 
be mutated in DBA (Rps10, Rps24, Rpl11) (3), as well as the gene encoding translation factor eEF1G (Figure 
4B). MYSM1 binding to the promoters of  all the selected genes was validated through ChIP–quantitative 
PCR (ChIP-qPCR) in Ba/F3 lines (Figure 4C). Furthermore, the effect of  MYSM1 loss on the expression 
of  these genes was analyzed by qPCR, comparing previously established Mysm1-knockdown (shMysm1) 
Ba/F3 cells against control cells expressing off-target shRNA against firefly luciferase (shFF) (21). This 
demonstrated downregulation in the expression of  the genes in shMysm1 Ba/F3 cells (Figure 4D), con-
sistent with our Mysm1Δ/Δ HSC transcriptome data. Therefore, we have validated MYSM1 binding to the 
promoters of  these genes and have shown that MYSM1 loss results in their downregulation in vitro and in 
vivo, demonstrating the direct role of  MYSM1 in their transcriptional regulation.

To further validate our ChIP-Seq findings, levels of  histone modifications at promoters of  
MYSM1-regulated RP genes were analyzed by ChIP-qPCR. We compared histone mark enrichment in 
knockdown shMysm1 and control shFF Ba/F3 cells, with a focus on DBA-mutated genes Rps10, Rps24, 
and Rpl11. Consistent with the active chromatin state observed in our ChIP-Seq data (Supplemental 
Figure 3) and with the high levels of  RP gene expression, levels of  H2AK119ub at RP gene promoters 
in both shMysm1 and shFF cells were very low. No significant increase in H2AK119ub levels was seen 
in the Mysm1-knockdown Ba/F3 cells (data not shown), suggesting that MYSM1 promotes the expres-
sion of  these genes through mechanisms other than direct catalytic activity on H2AK119ub. This is 
consistent with the classical role of  histone H2AK119ub as a marker of  stable long-term gene silencing 
during cell differentiation and development, but not in the regulation of  housekeeping genes such 

Figure 2. Ribosomal protein genes and DBA-causing genes have reduced expression in Mysm1-deficient HSC 
and MPP cells. (A and C) Gene Set Enrichment Analysis (GSEA) ranked and demonstrated reduced expression of 
80 ribosomal protein (RP) genes (A) 17 DBA-causing RP genes in Mysm1-deficient cells (C) among 10,769 genes 
detected in HSCs and MPPs in the RNA-Seq data set. Each relevant gene is represented by a dot and a vertical 
bar below. (B and D) Box plots showing reduced expression of RP genes (B) and DBA-causing RP genes (D) in 
Mysm1-deficient HSCs and MPPs.
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as RP genes (42–44). On the other hand, we observed a consistent reduction in the levels of  histone 
H3K27ac at all 3 RP gene promoters tested in Mysm1-knockdown Ba/F3 cells, correlating with and 
suggesting a mechanistic link to their reduced gene expression (Figure 4E).

Protein synthesis rates are diminished in Mysm1-deficient HSCs. Since ribosome function and protein 
synthesis are dependent on the coordinated expression of  RP genes, we sought to assess the effects of  
RP gene downregulation on ribosome function in Mysm1-deficient hematopoietic cells. Knockdown 
shMysm1 and control shFF Ba/F3 cells were treated with an inhibitor of  rRNA synthesis (actinomy-
cin D) or an inhibitor of  protein translation (cycloheximide). Over a range of  concentrations of  both 
inhibitors, Mysm1-deficient Ba/F3 cells showed increased levels of  cell death as compared with control 
cells (Figure 5, A and B). This indicated that loss of  MYSM1 sensitizes hematopoietic progenitors to 
inhibition of  ribosome biogenesis and protein synthesis.

Figure 3. ChIP-Seq reveals MYSM1 binding 
at ribosomal protein gene promoters. (A) 
Heatmap showing the intensities of MYSM1 
and H3K27ac around 2099 MYSM1 binding 
sites identified in ChIP-Seq data from HPC7 
and Ba/F3 cells. The sites are ranked based 
on their distances to the nearest gene TSS. 
The gene-proximal sites are defined as 
having the nearest gene TSS within 1 kb. 
The gene-distal sites are defined as having 
the nearest gene TSS farther than 1 kb. 
(B and C) Gene Ontology (B) and disease 
ontology (C) analyses on the nearest genes 
to each MYSM1 binding site, performed on 
the GREAT website (http://great.stanford.
edu). The –log10(binomial FDR) value for 
each term is plotted.
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We further analyzed the effects of  Mysm1 deficiency on protein synthesis rates of  mouse primary 
HSCs in vivo, using the O-propargyl-puromycin (OPP) incorporation method (1, 45). OPP was admin-
istered i.p. to Mysm1–/– and WT mice, and their BM was harvested 1 hour later for flow cytometric 
analysis of  intracellular OPP. We observed a significant reduction of  OPP incorporation in Mysm1–/– 
HSCs, indicating reduced protein synthesis rates (Figure 5, C and D, and Supplemental Figure 5). This 
provides further supporting evidence for the functional significance of  RP gene downregulation as a 
mediator of  hematopoietic dysfunction in Mysm1 deficiency.

Figure 4. Validation of the direct role of MYSM1 in the regulation of ribosomal protein gene expression. (A) Consolidation of ChIP-Seq and RNA-Seq 
data sets showing that gene-proximal MYSM1 binding sites preferentially locate near Cluster I genes dysregulated in Mysm1-deficient HSC/MPP cells. 
The percentages of MYSM1 binding sites that have at least 1 significantly dysregulated gene TSS within the indicated search window are plotted. 
The random genes cluster consists of 10 groups of 300 genes randomly selected from 10,169 expressed genes. The random binding sites consist of 10 
groups of 2000 genomic locations randomly selected from the mm9 genome. A binding site with more than 1 gene TSS from the same gene cluster is 
counted only once. Fisher Exact Test is used to calculate the P value. (B) Genomic snapshots of select dysregulated genes. ChIP-Seq tracks of input 
DNA, MYSM1, H3K27ac, and H2AK119ub are shown on the top 4 lanes. The gene feature track is shown in the middle. Averaged RNA-Seq tracks are in 
the bottom 6 lanes, with fold changes comparing expression levels in WT and KO samples indicated for each cell type. The maximum data range of 
each track is indicated at the top right corner of the track. (C) Enrichment of MYSM1 at RP gene promoter sites, validated with ChIP-qPCRs in MYSM1-
FLAG Ba/F3 hematopoietic progenitor cells. Data presented is from 1 experiment and were reproduced in 3 independent experiments. (D) Downreg-
ulation of RP gene expression in knockdown shMysm1 Ba/F3 cells relative to control shFF Ba/F3 cells, validated with qPCRs. Each dot represents 
relative fold change from 1 of 3 independent experiments. Two to 3 technical replicates were performed per experiment. (E) Representative H3K27ac 
ChIP-qPCRs showing reduced relative enrichments in knockdown shMysm1 Ba/F3 cells relative to control shFF Ba/F3 cells. Data presented are from 1 
experiment and were reproduced in 2 independent experiments.
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Downregulation of  RP gene expression in Mysm1 deficiency is independent of  p53 activation. Activation of  p53 
stress responses and induction of  its downstream proapoptotic effector PUMA are some of  the defining 
characteristics of  Mysm1–/– hematopoietic cells and a driving mechanism for Mysm1–/– phenotypes (21, 
28, 29). We previously established Mysm1–/– p53–/– and Mysm1–/– Puma–/– mouse lines, showing a complete 
rescue of  HSC functions and lymphocyte development with p53 deletion and a partial rescue of  progen-
itor cell numbers with Puma deletion (28, 29). Here, we further used these double-KO lines to dissect the 
relationship between p53/PUMA pathway activation and RP gene downregulation in Mysm1 deficiency.

We first performed RNA-Seq on the combined HSC/MPP1/MPP2 cell population from Mysm1–/– 
Puma–/–, Mysm1–/– Puma+/–, Mysm1+/+ Puma–/–, and WT mice, gating on LSK and CD150+. The data were 
analyzed together with our previously published RNA-Seq data sets from MPP3/MPP4 (LSK CD150–) 
cells from the same mice (Supplemental Figure 6 and  Supplemental Table 4) (21). A dimension reduc-
tion analysis (Supplemental Figure 6A) confirmed clear separation between the gene expression profiles 
of  CD150+ and CD150– cells (PC1, 41.7%) and between Mysm1-deficient and Mysm1 WT samples (PC2, 
12.4%). In contrast Mysm1+/+ Puma–/– samples grouped together with WT, indicating no differences in 
their gene expression profiles (Supplemental Figure 6A). Unbiased clustering of  the genes dysregulated in 
Mysm1-deficient samples was performed, resulting in 8 clusters of  gene expression patterns (Clusters 1–8; 
Supplemental Figure 6B). Consistent with our previous findings (21), activation of  p53 stress response was 
a major signature of  Mysm1 deficiency that persisted in Mysm1–/– Puma–/– samples, with Cluster 1 contain-
ing hallmark p53 target genes, such as Cdkn1a/p21, Bax, and Pmaip1/NOXA (Supplemental Figure 6B and 
Supplemental Table 4). Importantly, downregulation of  RP gene expression in Mysm1 deficiency was also 
strongly evident in the data and persisted in Mysm1–/– Puma–/– samples, with over half  of  Cluster 4 genes 
encoding RPs, eEF1G, and other functionally related proteins (Supplemental Figure 6B and Supplemental 
Table 4). GSEA analyses further confirmed a global and significant downregulation of  RP gene expression 
in Mysm1–/– HSPCs, including both LSK CD150+ and LSK CD150– subsets. Importantly, this significant 
downregulation of  RP gene expression was found to persist in Mysm1–/– Puma–/– HSPCs (Figure 6A and 
Supplemental Figure 6C), demonstrating that it is independent of  PUMA and the downstream apoptosis 
of  Mysm1-deficient HSPCs.

We then assessed the expression of  RP genes in Mysm1–/– p53–/– double-KO mice, performing qPCR on 
sorted LSK CD150– hematopoietic progenitors. The data once again show a persistent downregulation in 
the expression of  RP genes and the translation factor eEF1G in Mysm1–/– p53–/– HSPCs (Figure 6B). Protein 
levels of  the translation factor eEF1G were analyzed by intracellular flow cytometry, demonstrating an 
equivalent reduction in eEF1G levels in the HSPCs of  both Mysm1–/– and Mysm1–/– p53–/– mice (Figure 6, C 
and D). The persisting dysregulation of  RP gene and Eef1g expression in Mysm1–/– p53–/– HSPCs, despite a 
rescue of  hematopoietic phenotypes, therefore demonstrates that these transcriptional changes are indepen-
dent of  p53 stress response activation, HSC loss of  quiescence, and lymphopenia. These findings support a 
model where RP gene dysregulation is the direct outcome of  Mysm1 deficiency and is upstream and caus-
ative for p53 activation and hematopoietic phenotypes in Mysm1 deficiency.

Anemia phenotypes of  Mysm1 deficiency are mediated by p53 stress response activation. Anemia is a major 
feature of  human ribosomopathies, such as DBA (8, 46), where it is associated with p53 activation in the 
affected cells, in both human patients (11–13) and mouse models (47–49). Importantly, MYSM1 deficiency 
in both humans and mice is also associated with anemia (16–18), and we previously reported that Mysm1–/– 
mice have reduced erythrocyte count, increased mean corpuscular volume (MCV) and mean corpuscular 
hemoglobin (MCH), but normal MCH concentration (MCHC) (19). The mechanisms underlying this ane-
mia have not been previously investigated.

We tested for the role of  p53 as a mediator of  anemia in Mysm1–/– mice (Figure 7). Loss of  p53 in 
Mysm1–/– p53–/– mice resulted in a striking complete rescue of  the Mysm1–/– erythroid phenotype, with a 
full normalization of  erythrocyte count in the blood (Figure 7A) and megakaryocyte-erythroid progenitor 
(MEP) numbers in the BM (Figure 7B), restoration of  hematocrit and blood hemoglobin levels (Figure 7C), 
and normalization of  MCV and MHC parameters (Figure 7D). We therefore conclude that p53 activation 
is the essential mediator of  anemia in Mysm1 deficiency. Together with our previous report showing a 
complete rescue of  lymphopenia in Mysm1–/– p53–/– mice (28), this finding further demonstrates that p53 
activation mediates the multi lineage depletion of  mature hematopoietic cells in Mysm1 deficiency.

Bbc3/PUMA and Cdkn1a/p21 are p53-inducible factors that act as key mediators of  p53-regulated 
apoptosis and cell cycle arrest, and they are strongly overexpressed in Mysm1–/– HSPCs (21). We observed 
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that the loss of  Cdkn1a/p21 does not affect the Mysm1–/– erythroid phenotype, with Mysm1–/– p21–/– mice 
being phenotypically equivalent to Mysm1–/– in all parameters (Supplemental Figure 7). In contrast, loss of  
Bbc3/PUMA resulted in a partial rescue of  the erythroid phenotype, with a mild but significant increase in 
erythrocyte count, hematocrit, and blood hemoglobin concentration in Mysm1–/– Puma–/– as compared with 
Mysm1–/– mice (Supplemental Figure 8). Considering our previous finding of  persistent p53 activation in 
Mysm1–/– Puma–/– hematopoietic cells (Supplemental Figure 6 and Supplemental Table 4) (21), we conclude 
that the anemia in Mysm1 deficiency is triggered in part via p53/PUMA-mediated cell apoptosis, in addi-
tion to other p53-dependent but PUMA-independent mechanisms.

Overall, we demonstrate that MYSM1 directly regulates the expression of  the genes encoding ribo-
somal proteins and translation regulators in HSCs. We propose that Mysm1 deficiency results in ribosomal 
stress that triggers p53-mediated anemia and other hematopoietic dysfunction. Given the many lines of  
evidence linking anemia and BM failure in DBA and other ribosomopathies with p53 activation (10-13, 
47–50), our work highlights the common mechanisms underlying hematopoietic dysfunction in MYSM1 
deficiency and ribosomopathy syndromes.

Clinical features and mechanisms of  MYSM1 deficiency in humans. MYSM1 deficiency is a rare congenital disor-
der, with only 6 patients described previously (16–18, 51). Here, we characterize a 10-month old male patient 
with a potentially novel homozygous nonsense MYSM1 gene variant. The index patient is a fourth child of  
consanguineous parents (first cousins) from Turkey (Figure 8A). His parents and 2 older sisters are healthy. 
Of note, the parents’ first child died at the age of 9 months due to a mitochondrial DNA depletion syndrome, 

Figure 5. Hypersensitivity to ribosomal stress and reduction in protein synthesis rates in Mysm1 deficiency. (A and B) 
Mysm1-knockdown Ba/F3 cells are hypersensitive to ribosomal and translational stress. Control shFF and knockdown 
shMysm1 cells were treated with actinomycin D (A) or cycloheximide (B) across of a range of concentrations for 48 
hours, and cell viability was measured by flow cytometry. The data are from 3 shMysm1 and 3 shFF lines, each analyzed 
in duplicate, and were reproduced in 2 independent experiments. Statistical comparisons were made using 2-way 
ANOVA with Holm-Šidák’s post hoc test; *P < 0.05, **P < 0.01, ****P < 0.0001. (C and D) Reduction in the protein 
synthesis rate in Mysm1–/– primary HSCs, measured using the in vivo OPP-incorporation method. (C) Dot plot comparing 
the OPP incorporation levels in WT and Mysm1–/– HSCs. Data presented are from 3 mice per genotype; the results were 
reproduced across 2 independent experiments; means ± SEM are presented; statistical comparison using Student’s t 
test; *P < 0.05. (D) Representative flow cytometry histograms showing OPP-incorporation in HSCs from 2 WT and 2 
Mysm1–/– mice. Control histogram represents a mouse that received DMSO vehicle control, instead of the OPP injection.
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Figure 6. MYSM1-dependent regulation of ribosomal protein genes is independent of p53 activation. (A) Gene Set Enrichment Analysis (GSEA) 
demonstrating reduced expressions of 80 RP genes in Mysm1–/– Puma+/– and Mysm1–/– Puma–/– hematopoietic stem and progenitor cells (LSK CD150+) 
relative to control WT cells; 10,987 genes expressed in the RNA-Seq data set are ranked based on signal/noise ratio, and each relevant RP gene 
is represented by a dot and a vertical bar below. Box plots for the relative log2 expression of the RP genes also show downregulation in Mysm1–/– 
Puma+/– and Mysm1–/– Puma–/– cells relative to control WT cells. (B) Downregulation of RP gene expression in Mysm1–/– and Mysm1–/– p53–/– hemato-
poietic progenitor cells; FACS-sorted LSK CD150– cells were analyzed by qPCR. Mean ± SEM from 3–5 mice per group is presented; statistical compari-
sons using 2-way ANOVA; ****P < 0.0001. (C and D) Analysis of eEF1G protein levels in hematopoietic stem and progenitor cells of WT, Mysm1–/–, and 
Mysm1–/– p53–/– mice by intracellular flow cytometry. Dot plots showing mean fluorescence intensity (MFI) of eEF1G staining (C), and representative 
flow cytometry histograms (D), gated on live CD150+ or CD150– Lin–cKit+Sca1+ (LSK) cells. Reduction in eEF1G levels in Mysm1–/– and Mysm1–/– p53–/– 
groups relative to the control WT group is shown. Mean ± SEM from 3–4 mice per genotype is presented; statistical comparisons using 1-way ANOVA 
with Bonferroni’s post hoc test; *P < 0.05, **P < 0.01.
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caused by a homozygous 4-bp deletion in DGUOK; however, prenatal diagnosis from chorionic villous sam-
pling in the index patient showed that he is not homozygous for the 4-bp DGUOK deletion. Additional conven-
tional chromosome analysis showed male karyotype (46, XY karyotype) without pathological findings.

Birth took place at 38th week of  gestation by cesarean section. Postpartum, anemia (hemoglobin [Hb] 
8.1 g/dL), and leukopenia were noticed, and at the age of  3 weeks, RBC transfusion was required (Hb 6.8 
g/dL) (Figure 8C). Longitudinal hematologic profile of  the patient is provided in Supplemental Table 5A, 
and a comparison of  the disease presentation to the diagnostic criteria of  major ribosomopathy syndromes is 
provided in Supplemental Table 6. The main hematologic findings were transfusion-dependent hyporegen-
erative anemia with normal MCH and MCV, mild to severe neutropenia with regeneration during infection, 
and mild BM cytopenia. Mild thrombocytopenia was observed only once (95 G/L), and monocytopenia 
developed over time (Supplemental Table 5A). Flow cytometry of  peripheral blood demonstrated reduction 
in neutrophils, basophils, monocytes, and B cells (Figure 8D and Supplemental Table 7). Hypogammaglob-
ulinemia (IgG < 108 mg/dL) was seen at the age of  11 months. The patient also had significantly elevated 
erythrocyte adenosine deaminase (eADA) (1366 IU/L EC, n = 250–650), characteristically seen in DBA 
syndrome (52). Further routine diagnostics did not identify the cause for the symptoms, with normal Hb 
electrophoresis and exclusion of  folic acid, vitamin B12, or iron deficiency. Moreover, the patient provided 
no evidence of  pancreas insufficiency (normal elastase excretion in feces), characteristically seen in SDS 
(4). Discrete dysmorphic features were present, including midface hypoplasia, brachydactyly, and rhizome-
lic shortening of  arms. A mild retardation of  motor development was diagnosed at the age of  7 months. 
Genetic counseling took place at the age of  10 weeks, and genetic diagnostics were initiated. Meanwhile, the 
patient had repetitive need for transfusions, was given antibiotic prophylaxis, and has been listed for HLA-
matched family donor HSC transplantation, as successfully performed earlier for MYSM1 deficiency (18).

Exome sequencing identified a homozygous nonsense variant, leading to premature stop codon, in 
MYSM1 exon 8 (c.869C>G, p.Ser290*), that was further validated by targeted Sanger sequencing (Figure 
8B). No mutations were identified in known DBA-causing genes (3), and complete information about rare 
and novel nonsynonymous homozygous variants identified in the patient’s exome sequencing data is pro-
vided in Supplemental Table 5B. Importantly, MYSM1 was the only affected gene in this patient that was 

Figure 7. Loss of p53 rescues the anemia phenotype caused by Mysm1 deficiency. The data presented are from WT, p53–/–, Mysm1–/–, Mysm1–/– p53+/–, and 
Mysm1–/– p53–/– mice. (A) Hematology analysis of erythrocyte counts in peripheral blood of the mice. (B) MEP cell number in mouse BM, presented per 1 
tibia and femur, gating on Lin–cKit+Sca1– CD34–CD16/32–CD127– cells. (C) Hematocrit and blood hemoglobin concentration. (D) MCV, MCH, and MCHC param-
eters. (E) Hematology analysis of leukocyte and lymphocyte counts in mouse blood. Mean ± SEM from ≥ 3 mice per genotype is presented; statistical 
comparisons using 1-way ANOVA with Bonferroni’s post hoc test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 8. Characterization of the patient with homozygous nonsense mutation in MYSM1 gene. (A) Family pedigree with segregation of MYSM1 variant. Index 
patient (II-4) with transfusion dependent anemia was born from a consanguinous union; M/M, homozygous carrier; WT/M, heterozygous carrier; n.h., not homo-
zygous; diagonal line, deceased individual. The deceased brother (died at the age of 9 months due to a mitochondrial DNA depletion syndrome) was not available 
(N/A) for testing. (B) Sanger sequence chromatograms of detected variant c.869C>G (NM_001085487.2) in MYSM1; homozygous in index patient, heterozygous in 
each parent. (C) Longitudinal hematological assessments of the patient, demonstrating anemia phenotype associated with reduced hemoglobin (Hb), hemato-
crit, and erythrocytes. Timing of erythrocyte transfusions is indicated and is the likely cause of the variations in the data. (D) Reduced frequency of neutrophils 
(CD16+CD66b+), basophils (CD123+MHCII–), classical monocytes (CD14+MHCII+), and B cells (CD19+CD20+) in the patient blood. Plots are gated on live cells; percentage 
of cells within each gate is shown with the control figure representing mean ± SD of 3 independent biological samples and the patient figure representing an 
average of 3 technical replicates from a single blood sample. Full data on all blood cell types in provided in Supplemental Table 7. (E and F) Representative flow 
cytometry histograms showing reduction in protein synthesis rate and increase in p53 protein level in the index patient; the plots are gated on Lin–CD38+CD34– 
hematopoietic progenitor cells, with full data on all blood cell populations provided in Supplemental Table 8. Protein synthesis rate is measured using the O-prop-
argyl-puromycin (OPP) incorporation method; control samples represent OPP-untreated but stained cells or cells stained with an isotype-control antibody.
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previously linked to anemia and leukopenia in human patients and mouse models (16–19), convincingly 
pointing to MYSM1 as the major candidate causative gene for the pathologies. Both parents were shown 
to carry the MYSM1 variant in a heterozygous state, indicating a biallelic localization of  the variant in the 
index patient. The variant has not been described before, neither in gnomAD (The Genome Aggregation 
Database; https://gnomad.broadinstitute.org/) (53) nor in the in-house database of  the Institute of  Human 
Genetics with more than 15,000 individuals. Additionally, Sanger sequencing in the asymptomatic siblings 
showed familial segregation of  the MYSM1 variant, consistent with autosomal-recessive inheritance.

To explore the mechanisms for hematopoietic dysfunction, further flow cytometry analyses were per-
formed on patient blood. This demonstrated reduction in protein synthesis rate in many leukocyte popula-
tions, as measured using the OPP-incorporation method (Figure 8E and Supplemental Table 8). Further-
more, increase in p53 protein levels was also observed (Figure 8F and Supplemental Table 8), suggesting 
p53 stress response activation. Together with our other data, these findings provide further support for the 
common mechanisms of  hematopoietic dysfunction in MYSM1 deficiency and ribosomopathy syndromes.

Discussion
To our knowledge, this work provides the first unbiased genome-wide analysis of  MYSM1-regulated genes 
and demonstrates an essential role for MYSM1 in the induction of  RP genes in HSCs. We observe that 
MYSM1-regulated RP genes are strongly expressed in WT HSCs as compared with downstream MPPs, 
despite the quiescent state and low protein synthesis rate of  steady-state WTs HSCs (1, 2). Mysm1 KO results 
in the loss of  this transcriptional signature, with Mysm1–/– HSCs adopting RP gene expression profiles more 
representative of  WT MPP cells. This coincides with HSC dysfunction and loss of  hematopoietic homeosta-
sis in Mysm1–/– mice. These findings provide important insights into the functions of  MYSM1 as an essential 
HSC transcriptional regulator, and the specialized mechanisms regulating RP gene expression in HSCs.

These findings represent an important advance in our understanding of  the mechanisms underlying 
HSC dysfunction and hematologic pathologies in Mysm1 deficiency. We and others have shown that, in 
mice, these phenotypes are mediated by the aberrant activation of  p53 in the affected cells (21, 28, 29); 
however, the precise mechanisms driving p53 activation remained unclear. Here, we propose that reduced 
expression of  RP genes in Mysm1 deficiency and the resulting ribosomal stress are the major triggers of  p53 
activation. Ribosomal stress is indeed a well-characterized trigger for p53 activation (10, 50), and studies of  
ribosomopathy disorders report p53 activation in patients (11–13) and mouse models (47–49). Our profile 
of  the transcriptional state of  Mysm1–/– mouse HSCs provides a model of  HSC transcriptome under the 
conditions of  ribosomal stress. It shows that the induction of  p53 stress response genes increases progres-
sively with HSC differentiation, coupled with increased cell apoptosis (21). This is consistent with studies 
of  p53 activation in HSCs in response to other forms of  stress. Studies of  irradiation responses similarly 
showed reduced expression of  proapoptotic p53 target genes in HSCs relative to MPPs and a higher HSC 
resistance to apoptosis (54–56). The mechanisms underlying these specifics of  p53 regulation and cell fate 
decisions in HSCs in response to genotoxic, ribosomal, and other cellular stresses merit further investi-
gation. Overall, our work draws the mechanistic link between MYSM1 functions as an activator of  gene 
expression in HSCs (14) and the p53-driven hematopoietic failure in Mysm1 deficiency (21, 28, 29).

Multiple factors suggest conservation of  MYSM1 function and the pathogenic mechanisms of  MYSM1 
deficiency between mice and humans, including high MYSM1 protein homology (87%), conservation of  
the core pathways of  ribosome biogenesis and p53 stress response, and the similarities in the phenotype of  
Mysm1-deficient mice and human patients (16–18). In the current work, we characterize a MYSM1 deficien-
cy syndrome patient and report a reduction in protein synthesis rates and increase in p53 protein levels in 
the patient’s blood cells. This, combined with our extensive data from mouse models, indicates that common 
mechanisms drive disease pathology in MYSM1 deficiency and ribosomopathy syndromes. Interestingly, a 
homozygous mutation in MYSM1 was recently identified in an exome sequencing study in 1 patient misdiag-
nosed with DBA (57). Because a significant number of  DBA patients do not carry mutations or deletions in 
established DBA-causing genes (3, 8), this together with our current work provides a rationale for screening 
such patients, as well as patients with other undiagnosed congenital BM failures, for mutations in MYSM1.

Our conclusions may also have implications for other disorders of  hematopoiesis, including hemato-
logic malignancies. Inhibitors of  ribosome biogenesis and translation are being widely evaluated as novel 
cancer chemotherapy drugs (58, 59), and our work suggests that MYSM1-inhibition may sensitize hemato-
poietic cells to such agents. Future work will need to address whether targeting MYSM1 can also sensitize 
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leukemia stem cells to such inhibitors and will need to evaluate the efficacy of  potential combination ther-
apies in hematologic malignancies.

In previous studies, MYSM1 transcriptional functions have been linked to its DUB catalytic activity and 
protein-to-protein interactions with transcription factors and epigenetic regulators. MYSM1 is one of  many 
nuclear DUBs that can deubiquitinate histone H2AK119ub (14, 60), a transcriptionally repressive histone 
mark deposited on chromatin by the polycomb repressive complex 1 (PRC1) for long-term gene repression 
during development (42–44). MYSM1 catalytic activity on histone H2AK119ub has been linked to its role as 
a transcriptional activator of  androgen receptor target genes in prostate cancer cell lines (14) and lineage-spec-
ification genes including Gfi1, Ebf1, Id2, and Flt3 in hematopoietic cells (20, 22, 24, 27). Our data from hema-
topoietic progenitors demonstrate that H2AK119ub levels on RP gene promoters are very low, consistent with 
the high expression of  these genes. With Mysm1 knockdown, RP gene promoters show a reduction in levels of  
histone H3K27ac, a marker of  active transcription, while levels of  H2AK119ub do not increase significantly. 
This suggests that MYSM1 regulates these genes through alternative H2AK119ub-independent mechanisms. 
Interestingly, MYSM1 has been shown to interact with histone acetylase pCAF, suggesting a possible mecha-
nism through which MYSM1 may modulate H3K27ac levels (14). Other nuclear DUBs with catalytic activity 
for histone H2A have been shown to regulate gene expression and hematopoiesis through diverse mecha-
nisms (60), including catalytic activity on histone H2AK119ub (61), on other ubiquitinated histones (62) and 
on transcriptional regulators (63), indicating that the molecular mechanisms for MYSM1 regulation of  gene 
expression are likely complex, context-specific, and involve multifaceted interactions.

Recent work characterized aspects of  the molecular mechanisms that link RP gene mutations to tissue 
pathology in ribosomopathies. The studies report that RP mutations may impact cellular physiology by 
reducing ribosome numbers (7, 64) or affecting ribosome composition (65, 66). Recent studies also attri-
bute disease pathology to alterations in the relative translation rates of  different transcripts (7), linking the 
reduction in Gata1 translation, in particular, to erythroid pathology (64, 67). Impact of  RP gene mutations 
on the extraribosomal functions of  certain RPs is also considered (68–71). At this time, we cannot rule out 
that reduced RP expression and protein synthesis in Mysm1-deficient HSCs may affect the differential rates 
of  translation of  specific transcripts or impact certain extraribosomal RP functions. However, we observe 
a full rescue of  hematopoietic phenotypes in Mysm1–/– p53–/– double-KO mice (28, 29), despite persistence 
of  RP gene dysregulation. This indicates that the disease pathology in Mysm1 deficiency is driven primarily 
via p53 activation in response to RP gene dysregulation and ribosomal stress, rather than by other potential 
molecular and functional effects of  RP gene downregulation.

In summary, we demonstrate an essential role for the chromatin binding factor MYSM1 in the normal 
expression of  RP genes and other genes encoding regulators of  translation in HSCs. Our work provides 
insights into the functions of  MYSM1 and the specialized mechanisms regulating RP genes in HSCs. More-
over, our work establishes that common mechanisms underlie the hematopoietic dysfunction in human 
MYSM1 deficiency and ribosomopathy syndromes.

Methods
Mouse Lines. The Mysm1tm1a(KOMP)WTSI mouse line with over 100-fold reduction in Mysm1 levels was pre-
viously described (19, 72) and is referred to as Mysm1–/–. The p53-KO and PUMA/Bbc3-KO lines were 
obtained from The Jackson Laboratory (JAX002101 and JAX011067, respectively). The mice were main-
tained under specific pathogen–free conditions. All lines were on the C57BL/6 genetic background. Mice 
used in experiments were 8–14 weeks in age; both males and females were used and sex matched across 
experimental groups.

Inducible KO mouse models. The Mysm1fl/fl mouse line was generated by crossing the Mysm1tm1a(KOMP)WTSI 
mice to the mouse line with a ubiquitous expression of  Flp recombinase Gt(ROSA)26Sortm1(FLP1)Dym/Wtsi 
(73), as described previously (33). This line was subsequently crossed to the Gt(ROSA)26Sortm1(cre/ERT2) line 
to generate Mysm1fl/fl CreERT2 mice for tamoxifen-induced deletion of  Mysm1 (33). The mice were injected 
i.p. with tamoxifen (MilliporeSigma, T5648) in sterilized corn oil at 0.15 mg/gram per injection, with 8 
doses in total administered over 16 days. Successful deletion of  Mysm1 exon 3 was validated by genotyp-
ing of  the genomic DNA from hematopoietic and lymphoid organs, and the loss of  Mysm1 transcript was 
further confirmed by qPCR with LSK HSC/MPP cells from mouse BM, as described previously (21, 33). 
Mysm1fl/+ CreERT2 mice undergoing identical tamoxifen treatment, as well as Mysm1fl mice treated with 
corn-oil only, were used as controls.
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Tissue culture. Murine pro-B lymphocyte cell line Ba/F3 (DSMZ, ACC 300) was maintained at 0.5 × 
106 to 2 × 106 cells/mL in RPMI-1640 (Wisent) with 10% FCS (Wisent), 2 mM L-glutamine, 100 μg/mL 
streptomycin, 100 U/mL penicillin (Wisent), and 5% WEHI conditioned media as the source of  IL-3. Mul-
tipotent hematopoietic progenitor cells HPC7, derived from murine ES-cells via constitutive expression of  
LIM-homeobox gene LH2, were provided by Leif  Carlsson (Umea Center for Molecular Medicine, Umea, 
Sweden) (38) and previously extensively characterized (39, 40). HPC7 cells were cultured at 0.5 × 106 to 2 × 
106 cells/mL in IMDM (Invitrogen), with 10% FCS (Thermo Fisher Scientific), 100 μg/mL streptomycin, 
100 U/mL penicillin (Wisent), 7.48 × 10–5M MTG (M6145, MilliporeSigma), and 100 ng/mL murine SCF 
(Shenandoah Biotechnology, Cedarlane).

Three Mysm1 shRNA knockdown (shMysm1) and control shFF Ba/F3 cell lines were previously described 
(21) and derived through retroviral transduction of  the cells with pMSCV-Puro-IRES-GFP shRNA vectors 
(Addgene) (74). Ba/F3 cell lines stably expressing triple-FLAG–tagged murine MYSM1 were also previously 
described (21), and HPC7 cells expressing the same construct were derived with similar protocols. All lines 
were maintained under 2μg/mL puromycin selection (Wisent). In specific experiments, the cells were treated 
with inhibitors actinomycin D (SBR00013, MilliporeSigma) and cycloheximide (C7698, MilliporeSigma).

Mouse hematology. Hematology analysis of  mouse blood was performed by the Diagnostics Laboratory 
of  the McGill Comparative Medicine Animal Resources Centre (CMARC), as previously described (33).

Cell sorting. Cell sorting protocols were as previously described (21). Briefly, BM was flushed in PBS 
supplemented with 0.1% BSA and 2 mM EDTA, filtered through 40-μm cell strainers, and subjected to 
RBC lysis in ACK buffer (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM EDTA). The samples were stained with 
biotin anti–mouse Lineage Panel (BioLegend), PE-Cy7 cKit (2B8, BioLegend), APC-Cy7 Sca-1 (D7, Bio-
Legend), FITC CD48 (HM48-1, eBioscience), APC CD150 (TC15-12F12.2, BioLegend), PE Flt3 (A2F10, 
eBioscience), Brilliant Violet 421 CD34 (RAM34, BD Biosciences), and streptavidin-PECy5 (BioLegend). 
Cell sorting was performed on FACSAria and analyzed with FACS Diva software (BD Biosciences).

Protein synthesis rate measurements. Analysis of  protein synthesis rates was performed using the OPP 
incorporation method, using previously described protocols (1, 45). Briefly, the mice were injected 
i.p. with OPP (Medchem Source) at 50 mg/kg in PBS at 1 hour before BM collection. The cells were 
stained with Fixable Viability Dye eFluor506 (eBioscience) and for appropriate cell surface markers; 
they were then fixed and permeabilized with BD Cytofix/Cytoperm kit (BD Biosciences) according to 
the manufacturer’s protocols and washed with PBS. This was followed by staining for OPP incorpora-
tion using the Click-iT Plus OPP Alexa Fluor 488 Protein Synthesis Assay Kit (Invitrogen) according 
to the manufacturer’s protocols. Samples were analyzed by flow cytometry on FACS Canto II with 
FACS Diva software (BD Biosciences).

RNA isolation and qPCR. RNA isolation from cell lines was carried out with the EZ-10 DNAaway RNA 
mini-prep kit (BioBasic) according to the manufacturer’s protocol. The RNA was quantified with Nano-
Drop spectrophotometry (Thermo Fisher Scientific) and reverse transcribed with the M-MLV reverse-tran-
scription kit (Invitrogen). RNA isolation from FACS-sorted hematopoietic cells was done using the Mag-
MAX total RNA kit (Ambion) according to the manufacturer’s protocol. RNA quality was assessed on 
Bioanalyzer RNA Pico chips (Agilent), and cDNA was prepared using the qScript XLT cDNA Supermix 
(Quanta Biosciences) with 2–5 ng RNA inputs. All qPCRs were performed on a StepOnePlus instrument 
with Power SYBR Mastermix (Applied Biosystems). The primers were purchased from IDT Technologies, 
and the sequences are provided in Supplemental Table 9.

RNA-Seq. The protocols were as previously described (21). Briefly, RNA was isolated using the Mag-
MAX total RNA kit (Ambion) and quality assessed using Bioanalyzer RNA Pico chips (Agilent). rRNA 
depletion and library preparation were performed using the SMARTer Stranded RNA-Seq kit (Takara Clon-
tech). The libraries were sequenced on an Illumina HiSeq 2500 sequencer in paired-end 50-bp configura-
tion. The high quality of  sequence reads was confirmed using FastQC tool (Babraham Bioinformatics), 
and low-quality bases were trimmed from read extremities using Trimmomatic v.0.33 (75). Reads were then 
mapped to the mouse UCSC mm9 reference assembly using TopHat v2.0.9 in conjunction with Bowtie 1.0.0 
algorithms (76–78). Gene expression was quantified by counting the number of  uniquely mapped reads with 
featureCounts using default parameters (79). We retained genes that had an expression level of  minimum 5 
counts per million (CPM) reads in at least 3 of  the samples and performed quantile normalization with the 
preprocessCore (Bioconductor) package to remove batch effects (80). TMM normalization and differential 
gene expression analyses were conducted using the edgeR Bioconductor package (81); pairwise comparisons 
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were performed between samples across different mouse genotypes. Genes with changes in expression ≥ 
|1.5| fold and Benjamini-Hochberg adjusted P ≤ 0.01 were considered significant. For data visualization in 
Integrative Genomics Viewer (IGV) (82), replicates with the same genotype were combined, and bigwig files 
were generated using a succession of  genomeCoverageBed and wigToBigWig tools and scaled per 10 million 
reads mapping onto exons. GO and disease ontology enrichment analyses on differentially expressed gene 
clusters were performed with DAVID Bioinformatics Resources 6.8 (83), and GSEA was performed using 
MSigDB database v5.2 (https://www.gsea-msigdb.org/gsea/msigdb/index.jsp) (34).

ChIP. ChIP was performed as described previously (84), with minor modifications. Briefly, cells were fixed 
with 1% formaldehyde in the culture media for 10 minutes at room temperature, followed by addition of 0.125 
M of glycine to stop fixation. Nuclei were extracted with 5 minutes lysis in 0.25% Triton buffer, followed by 30 
minutes in 200 mM NaCl buffer. Nuclei were resuspended in sonication buffer and sonicated for 12 cycles of  
30 seconds with a digital sonifier (Branson Ultrasonics) at 80%, with 30 seconds rest in cooled circulating water.

Beads were prepared overnight with 40 μL of Dynabeads Protein G (Invitrogen) conjugated to 3–5 μg 
of  antibodies: anti-Flag M2 (MilliporeSigma, F1804, for MYSM1-FLAG ChIP), anti-H3K27Ac (Abcam, 
ab4729) or anti-H2AK119Ub (Cell Signaling Technology, D27C4; Supplemental Table 10). Immunoprecip-
itation was performed by overnight incubation of  antibody-bead matrices with sheared chromatin from the 
equivalent of  5 × 106 cells. For MYSM1-FLAG ChIP, 6 washes were performed with low stringency buffers, 
while 4 medium-stringency washes were used for histone ChIP. Samples were decross-linked by overnight 
incubation at 65°C in 1% SDS buffer; following RNaseA and Proteinase K enzymatic treatments, ChIP DNA 
was purified using Qiaquick PCR Cleanup kit (QIAGEN). ChIP enrichment was quantified using qPCR anal-
ysis, with primer sequences provided in Supplemental Table 11. All Ct values were normalized to those of  
the proopiomelanocortin (Pomc) gene, which serves as a negative binding region. Enrichment was calculated 
relative to input DNA for MYSM1-FLAG, and relative to total histone H3 for histone marks.

ChIP-seq libraries were prepared using the Illumina TruSeq kit and sequenced on an Illumina HiSeq 2500 
sequencer, with input DNA from the same cells sequenced as negative control. The reads were mapped to 
the UCSC mouse mm9 reference genome with Bowtie 1.0.0 (85), and chromatin binding sites were identified 
using peak detection algorithm MACS1.4.1 (86), with comparisons for read enrichment against control input 
DNA from the same cells. Normalized sequence read density profiles (bigwig) were generated with Homer 
tool (87) and visualized with IGV (82). GO and disease ontology enrichment analyses on genes associated 
with MYSM1 ChIP-Seq binding clusters were performed on GREAT 3.0.0 (41) with Basal plus extension 
option, searching for genes within 2 kb upstream, 2 kb downstream, and 200 kb in distal.

ChIP-Seq and RNA-Seq data consolidation. Full gene annotations were obtained from UCSC mouse 
mm9 reference genome. An in-house Python script was developed to load the genomic locations of  
ChIP-Seq binding sites and RNA-Seq dysregulated genes, and search for gene TSS within a specific dis-
tance to each ChIP-Seq binding site.

Exome sequencing, sanger sequencing, and other analyses of  patient samples. Blood samples from the patient and 
his parents were collected, and DNA was extracted using the Gentra Puregene Blood Kit (QIAGEN). Exome 
sequencing was performed using a Sure Select Human All Exon 60 Mb V6 Kit (Agilent) and a HiSeq4000 
(Illumina) as previously described (88). Reads were aligned to the UCSC human reference assembly (hg19) 
with BWA v.0.5.8. More than 98% of the exome was covered at least 20×. Single-nucleotide variants and small 
insertions and deletions were detected with SAMtools v.0.1.7. Copy number variations were called using the 
software ExomeDepth and Pindel. Variant prioritization was performed based on an autosomal recessive pat-
tern of inheritance (homozygous or compound heterozygous with a minor allele frequency < 0.1%), as well as 
an autosomal dominant pattern of inheritance (heterozygous with a minor allele frequency < 0.001% that could 
not be identified in the parents). Sanger sequencing was performed on the index patient and the patient’s parents 
to confirm the described variant, and also on the patient’s siblings to show the familial segregation of the variant. 
Flow cytometry analyses of patient samples are described in detail in Supplemental Methods, with antibodies 
and gating strategies summarized in Supplemental Tables 12 and 13 and Supplemental Figures 9 and 10.

Data availability. ChIP-Seq and RNA-Seq data are available in the National Center for Biotechnology 
Information GEO database under the following accession number: GSE150667.

Statistics. Statistical analyses used Prism 7 (GraphPad Inc.), with Student’s 2-tailed t test for 2 data sets 
and 1- or 2-way ANOVA for multiple comparisons; P < 0.05 was considered significant. Further informa-
tion on the statistical analyses is provided above for RNA-Seq and ChIP-Seq data, and in the figure legends 
for other data sets.
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Study approval. All mouse experiments were in accordance with the guidelines of  the Canadian Council 
on Animal Care and protocol AUP-2011-6029, approved by the McGill Animal Care Committee.

The patient was referred to the Children’s Hospital Schwabing of  the Technische Universitaet 
Muenchen (TUM) and the Munich Municipal Hospital Group (MMHG), as well as to the Institute of  
Human Genetics at the TUM (Munich, Germany). Genetic analyses of  the samples was approved by the 
local Ethics Committee of  the TUM and performed according to the standard of  the Declaration of  Helsin-
ki, after written informed consent from both parents. Other experiments were approved by IRB Assurance 
no. IRB00002927, CHU Sainte-Justine IRB no. 1, Montreal, Canada; protocol no. 4181; parent institution 
IORG0002378 - CHU Sainte-Justine; assurance no. FWA00021692.
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