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Abstract

RNA binding proteins (RBPs) are key arbiters of post-transcriptional regulation and are found 

to be found dysregulated in hematological malignancies. Here, we identify the RBP RBMX 

and its retrogene RBMXL1 to be required for murine and human myeloid leukemogenesis. 

RBMX/L1 are overexpressed in acute myeloid leukemia (AML) primary patients compared to 

healthy individuals, and RBMX/L1 loss delayed leukemia development. RBMX/L1 loss lead 

to significant changes in chromatin accessibility, as well as chromosomal breaks and gaps. We 
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found that RBMX/L1 directly bind to mRNAs, affect transcription of multiple loci, including 

CBX5 (HP1α), and control the nascent transcription of the CBX5 locus. Forced CBX5 expression 

rescued the RBMX/L1 depletion effects on cell growth and apoptosis. Overall, we determine that 

RBMX/L1 control leukemia cell survival by regulating chromatin state through their downstream 

target CBX5. These findings identify a mechanism for RBPs directly promoting transcription and 

suggest RBMX/L1, as well as CBX5, as potential therapeutic targets in myeloid malignancies.

Main

Acute myeloid leukemia (AML) is an aggressive hematological malignancy characterized 

by uncontrolled expansion of poorly differentiated myeloid cells. Despite our increasing 

knowledge of the molecular basis underlying this disease, the five-year overall survival 

in adult AML is less than 20% and has only improved marginally in the last 30 years1, 

highlighting the need for better treatment strategies. Recently, RNA binding proteins 

(RBPs) have emerged as critical players in cancers, including hematological malignancies. 

Mutations and aberrant expression of RBPs have been found to contribute to leukemia 

development2. For example, elevated expression of the RBP MSI2 predicts poor prognosis 

and drives aggressive myeloid leukemia3–8. Despite their importance and therapeutic 

potential, only a small fraction of RNA regulators have been investigated in leukemia.

It is well established that RBPs bind to nascent RNA and regulate the intracellular 

fate of individual transcripts through a variety of post-transcriptional processes, including 

alternative splicing, nucleocytoplasmic transport, translation, and degradation. Interestingly, 

recent studies revealed that these RBP functions extend to transcription factors, such as 

RBM259, enzymes involved in DNA repair, including Ku80/XRCC510,11, and chromatin 

dynamic regulators, exemplified by PRC212. Many of these canonical and non-canonical 

RBPs are associated with chromatin and directly regulate transcription in leukemia 

cells9. Therefore, RBP functions in cancer go beyond the traditional framework of post­

transcriptional regulation and remain largely unknown.

In order to discover RBP regulatory pathways in leukemia, we previously performed an 

in vivo pooled shRNA screen for 127 MSI2’s protein interactors and associated genes13. 

In this screen, the RBP RBMX (RNA binding motif protein, X-linked; also known as 

hnRNPG) was among the top hits, with four independent targeting shRNAs selectively 

depleted in the bone marrow (BM) of murine MLL-AF9 driven leukemia (Extended data 

Fig. 1a). RBMX contains one RNA-recognition motif (RRM), is ubiquitously expressed, 

and belongs to a gene family consisting of several RBMX-like retrogenes14. Among these, 

RBMXL1 is the only retrogene predicted to encode a functional protein, sharing 95% 

homology with RBMX at the protein level14,15. RBMX has previously been implicated 

in regulating alternative splicing, chromatid cohesion, and genome instability16–24. Several 

studies suggested that RBMX acts as a tumor suppressor in multiple solid cancers, including 

lung, endometrial, breast, and oral tumors18,25–30. Yet, its role in blood cancer remains 

unknown. In this study, we reveal that RBMX and RBMXL1 (RBMX/L1) are oncogenic 

regulators of human and mouse leukemia. We determine that RBMX/L1 control leukemia 
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cell survival by regulating the chromatin state through their downstream target CBX5 (also 

known as HP1α [heterochromatin protein 1 alpha]).

Results

Rbmx is required for murine leukemia maintenance

To further evaluate the effects of RBMX depletion in leukemia initially observed with 

our in vivo shRNA screen, we performed shRNA knockdown of RBMX in murine MLL­

AF9 leukemia cells. We found a reduction in myeloid colony formation and a significant 

increase in colony myeloid differentiation (Fig. 1a–c and Extended data Fig. 1b,c). RBMX 

depletion also led to increased apoptosis, indicating the requirement of RBMX for leukemia 

cell survival (Fig. 1d and Extended data Fig. 1d). Notably, while RBMX knockdown 

substantially reduced colony formation in MLL-AF9 leukemia cells, it did not affect the 

colony forming ability of normal hematopoietic stem and progenitor c-Kit+ BM cells (Fig. 

1e and Extended data Fig. 1e–f). These results suggest a differential effect of RBMX loss 

in leukemia versus normal hematopoietic cells. RBMX requirement was not restricted to 

MLL-AF9 leukemia, as we observed similar effects on colony reduction of AML1-ETO9a 

leukemia cells upon RBMX knockdown with one shRNA, correlating with the extent of 

knockdown (Extended data Fig. 1g,h). Overall, our data supports that RBMX maintains 

leukemia cell survival in vitro.

We next wanted to assess the functional requirement of RBMX in leukemia initiation and 

maintenance in vivo. To this end, we utilized the previously developed Rbmx conditional 

knockout mice containing two LoxP sites flanking exon 4 of Rbmx (female Rbmxf/f or 

male Rbmxf) (Extended data Fig. 1i). We crossed these mice with mice carrying an Mx1­
Cre locus in order to generate the female RbmxΔ/Δ or male RbmxΔ genotypes within 

the hematopoietic compartment upon treatment with polyinositol-polycytosine (pIpC). We 

confirmed Rbmx deletion in RbmxΔ/Δ and RbmxΔ BM cells three weeks post pIpC treatment 

by genotyping PCR and qRT-PCR (Extended data Fig. 1j,k). Importantly, since Rbmx is 

located on the X chromosome, we decided to gender stratify our studies.

In order to evaluate if RBMX is essential for MLL-AF9-mediated leukemogenesis, 

we transformed female RBMX wildtype (Rbmxf/f) and primary knockout (RbmxΔ/Δ) 

hematopoietic stem and progenitor cells (HSPCs) with the MLL-AF9 fusion oncogene 

and transplanted them into lethally irradiated mice (Extended data Fig. 1l). MLL-AF9 

transformed cells from Rbmx knockout donor mice showed no delay in leukemia 

development nor any difference in disease burden compared to cells from wildtype donors 

(Extended data Fig. 1m,n). Similarly, deletion of Rbmx in male animals did not result in a 

delay in leukemia development (Extended data Fig. 1o,p).

We next evaluated the role of RBMX in leukemia maintenance in vitro and in vivo by 

transducing MLL-AF9 Rbmxf/f cells with a retrovirus expressing puromycin tamoxifen­

controlled Cre recombinase (Cre-ER) (Fig. 1f). Acute reduction of RBMX protein 

in these established leukemia cells was verified 24 hours after 4-hydroxytamoxifen 

(4-OHT) treatment, which resulted in significantly reduced colony formation (Fig. 

1g,h). Furthermore, leukemic Rbmxf/f Cre-ER mice treated with tamoxifen demonstrated 
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significantly delayed leukemogenesis in vivo (Fig. 1i). The effects of acute deletion of 

RBMX could be rescued with forced ectopic RBMX expression (Fig. 1j, k and Extended 

data Fig. 1q,r). Together, these results suggest that RBMX is required for leukemia 

maintenance but dispensable for the disease initiation.

Retrogene Rbmxl1 compensates for Rbmx loss

To determine if RBMX depletion was maintained in the initiation and maintenance 

experiments, we sorted leukemia cells from the moribund animals and performed 

immunoblot analysis. We observed an equivalent RBMX protein abundance in mice 

transplanted with Rbmx deleted leukemia cells as with wildtype control cells (Fig. 

2a,b). Since RBMX and its retrogene RBMXL1 share 95% protein homology and are 

indistinguishable by commercial RBMX antibodies by immunoblotting, we hypothesized 

that the RBMX protein depletion could be masked by Rbmxl1 expression. In order to 

distinguish between Rbmx and Rbmxl1 expression in the BM of the recipient mice, 

we performed qRT-PCR and found complete deletion of Rbmx and detectable Rbmxl1 
expression in the Rbmx deleted leukemia cells compared to the control cells (Fig. 2c–e). 

These results imply that the detected protein in the immunoblot analysis of Rbmx deleted 

leukemia cells is RBMXL1 and not RBMX.

Notably, we also detected RBMXL1 protein in RbmxΔ/Δ and RbmxΔ BM cells three 

weeks post pIpC treatment (Extended data Fig. 2a). However, we did not detect RBMXL1 

protein signal in murine MLL-AF9 leukemia cells four days after RBMX depletion (Fig. 

1a) and in leukemic Rbmxf/f Cre-ER cells 24 hours after 4-OHT treatment (Fig. 1f). 

We performed qRT-PCR in these cells and found that while Rbmx mRNA was depleted, 

Rbmxl1 expression was detected in the RBMX depleted cells at an equivalent level as 

in the control cells (Extended data Fig. 2b,c). These data suggest that RBMXL1 protein 

abundance increases after a longer period of time of RBMX loss (in RbmxΔ/Δ and RbmxΔ 

BM cells three weeks post pIpC treatment and in the MLL-AF9 leukemia transplant setting) 

and not upon acute RBMX depletion. Taken together, these data indicate that RBMXL1 

can compensate for RBMX loss and that both RBMX and RBMXL1 could contribute to 

leukemia development and maintenance.

To test the functional redundancy of RBMXL1, we depleted RBMXL1 in Rbmx deficient 

leukemia cells (Fig. 2f). This resulted in a significant reduction in colony formation, 

increased colony myeloid differentiation, and induction of apoptosis in cells deficient for 

both RBMXL1 and RBMX compared to those only depleted of RBMX (Fig. 2g–k and 

Extended data Fig. 2d–f). Correspondingly, RBMXL1 depletion in Rbmx deficient leukemia 

cells resulted in significantly delayed leukemogenesis in vivo without reduced disease 

burden (Fig. 2l and Extended data Fig. 2g). The mice that succumbed to leukemia had 

various levels of RBMXL1 depletion, suggesting that some leukemia cells may select 

against total RBMXL1 loss (Extended data Fig. 2h). Overall, these data indicate that 

RBMXL1 compensates for Rbmx deletion in vitro and in vivo and may explain why we 

observed no significant delay in leukemia initiation solely upon Rbmx deletion.
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RBMX and RBMXL1 promotes human leukemogenesis

To understand the role of RBMX and RBMXL1 in normal human hematopoietic and 

leukemia cells, we first surveyed multiple published cancer expression datasets. We found 

that RBMX mRNA was expressed the highest in AML compared to other types of cancer 

(Fig. 3a). While RBMX expression was elevated in patients with AML subtypes of different 

chromosomal translocations compared to normal HSPCs (Fig. 3b), RBMX expression was 

significantly higher in AML subtypes positive for NPM1 mutation and FLT3-ITD mutation 

compared to those without these mutations (Extended data Fig. 3a). In AML, the leukemic 

stem cell population (LSC+) expressed significantly higher RBMX levels compared to the 

non-LSC population (LSC−) (Extended data Fig. 3b)31. Our database survey also found 

that RBMX may play a role in CML progression and maintenance, as RBMX expression 

is increased in CML chronic phase compared to accelerated phase. RBMX expression was 

further increased in blast crisis (Fig. 3c)32. To further determine the abundance of RBMX/L1 

in myeloid leukemia, we examined RBMX and RBMXL1 mRNA and protein levels across 

multiple human myeloid leukemia cell lines, including AML and CML, in comparison 

to normal HSPCs derived from cord blood (CB-CD34+). RBMX/L1 mRNA and protein 

were more abundant in myeloid leukemia cell lines (Fig. 3d and Extended data Fig. 3c,d). 

Importantly, we observed higher RBMX/L1 expression in 7 out of 13 AML primary patient 

samples compared to normal CB-CD34+ HSPCs, normal peripheral blood (PB), BM, and 

aged-BM (Fig. 3e and Supplementary Table 1).

To define the role of RBMX and related genes in human AML cells, we surveyed 

the previously published genome-wide CRISPR-based screen data of 14 AML cell lines 

for RBMX, RBMXL1, its other retrogenes (RBMXL2 and RBMXL3), and its paralog 

RBMY1A133. We found RBMX to be among the most depleted genes in the genome 

(Extended data Fig. 3e,f). To expand on this study, we depleted both RBMX and RBMXL1 

in three human AML cell lines (MOLM13, THP-1, and Kasumi-1) and two CML blast 

crisis cell lines (KCL-22 and K562) using two independent shRNAs that targeted both 

transcripts. Depletion of both proteins in these cell lines reduced proliferation, increased 

myeloid differentiation, and significantly induced apoptosis (Fig. 4a–p and Extended data 

Fig. 4a–d).

To confirm that the effect of shRNA-mediated knockdown was on-target, we expressed 

a shRNA-resistant form of RBMX in leukemia cells. This reintroduction of RBMX was 

sufficient to significantly rescue both the proliferation and apoptotic phenotypes resulting 

from endogenous RBMX/L1 depletion (Extended data Fig. 4e–g). As further evidence, 

we used an independent approach to deplete RBMX/L1 in MOLM13 cells by generating 

CRISPR-Cas9-mediated mutation of RBMX/L1 using two independent single guide RNAs 

(sgRNAs). Consistent with the shRNA knockdown of RBMX/L1 experiments, sgRNA­

mediated RBMX/L1 knockdown led to reduced cell proliferation, increased differentiation, 

and induction of apoptosis (Extended data Fig. 4h–k). Overall, data from the genome-wide 

CRISPR-based screen as well as our data from the shRNA depletion and CRISPR-Cas9 

deletion experiments suggest the requirement of RBMX/L1 for leukemia cell survival 

among a diverse set of oncogenic drivers.
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To determine whether RBMX/L1 are required for human leukemogenesis in vivo, we 

transplanted RBMX/L1 depleted MOLM13 cells into immunodeficient recipient NSG mice. 

While all mice transplanted with scramble-shRNA leukemic cells (Control) succumbed to 

the disease with a median latency of 51.5 days, only 3 out of 20 mice transplanted with 

RBMX/L1-shRNA leukemic cells developed leukemia (Fig. 4q). We next knocked down 

RBMX/L1 expression in patient-derived xenografts (PDX) derived from three AML patients 

(AML-1, AML-11, and AML-13, Fig. 3e) with high RBMX/L1 expression. We verified 

RBMX/L1 depletion in the transduced PDX cells before transplanting into recipient NSG 

mice (Extended data Fig. 4l–n). Depletion of RBMX/L1 resulted in significantly delayed 

leukemogenesis of PDX AML-1 cells, inhibited the ability to develop leukemia of PDX 

AML-13 cells, and prevented engraftment potential of PDX AML-11 cells (Fig. 4r–t and 

Extended data Fig. 4o). We found that RBMX/L1 expression was maintained when the 

recipient mice died of leukemia, indicating that there was an outgrowth of primary leukemia 

cells with RBMX/L1 expression (Extended data Fig. 4p).

Since RBMX loss in murine leukemia cells compared to normal c-Kit+ hematopoietic cells 

led to a differential effect, we next wanted to understand if there is also a differential 

requirement for RBMX/L1 function in human leukemia cells compared to normal HSPCs. 

We depleted RBMX/L1 in CB-CD34+ HSPCs and found a reduction in colony-forming units 

(CFUs) in all lineages and an increase in myeloid differentiation but no change in apoptosis 

(Fig. 5a–d and Extended data Fig. 4q). RBMX overexpression in CB-CD34+ HSPCs led to 

reduced differentiation, as demonstrated by decreased CFU-GM and CFU-E colony numbers 

and decreased myeloid differentiation markers (Fig. 5e–h and Extended data Fig. 4r–s). 

Notably, RBMX overexpression did not affect HSPC cell proliferation (Fig. 5i). These 

data suggest that high levels of RBMX suppress HSPC differentiation potential, supporting 

the role of RBMX in the leukemia cell differentiation state. While RBMX overexpression 

did not affect cell growth in HSPCs, we speculate that its elevated levels in pre-leukemic 

cells might cooperate with other dysregulated factors to promote cell proliferation. Taken 

together, our results demonstrate that human leukemia cells are dependent on RBMX/L1 for 

their survival and suggest a specific requirement for both proteins in myeloid leukemia cells 

compared to normal HSPCs.

RBMX/L1 loss results in dysregulated chromatin compaction

We next investigated the mechanism(s) underlying RBMX/L1’s function in leukemia. Since 

RBMX was identified through our initial MSI2-interactome screen, we first examined its 

relationship to the MSI2 program. We observed that MSI2’s canonical targets HOXA9 and 

MYC were unaffected upon RBMX/L1 depletion (Extended data Fig. 5a)7. Since previous 

studies identified RBMX roles in chromosome biology and other nuclear processes16–22, 

we next evaluated whether RBMX/L1 are more highly expressed in the chromatin fraction 

compared to the cytoplasmic fraction of AML cells. We performed cellular fractionation 

in MOLM13 cells and observed that RBMX/L1 are predominantly present in the chromatin­

bound fraction (Fig. 6a). As MSI2 primarily functions as a cytoplasmic translational 

regulator6,7, these data further suggest that MSI2 and RBMX are functioning independently 

in leukemia cells.
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Loss of RBMX has previously been reported to cause premature chromatid separation 

and chromosome segregation defects in HeLa cells16,34. In order to evaluate the impact 

of RBMX/L1 loss on chromosome structure in AML cells, we performed complex 

chromosomal karyotyping three days after RBMX/L1 depletion. Instead of chromosomal 

segregation defects, our karyotyping analysis revealed a significant increase in irregular 

chromatin compaction and metaphases with breaks and gaps in RBMX/L1 deficient cells 

(Fig. 6b,c). To more precisely map how RBMX/L1 alters chromatin state, we performed 

an assay for transposase-accessible chromatin (ATAC) sequencing in MOLM13 cells three 

days after RBMX/L1 knockdown. Loss of RBMX/L1 led to a significant genome-wide 

reorganization of chromatin compaction, with 2,633 regions gaining accessibility and 2,052 

regions losing accessibility (Fig. 6d, Extended data Fig. 5b, and Supplementary Table 2).

Since heterochromatin plays a pivotal role in genome packaging and highly-ordered 

chromatin structures, we looked further into chromatin accessibility in pericentric and 

telomeric heterochromatin. Consistent with the genome-wide results, we found significant 

redistribution of heterochromatin compaction (503 regions gaining accessibility and 381 

regions losing accessibility; Fig. 6e,f and Extended data Fig. 5c). Most changes in chromatin 

compaction occurred at the promoter, distal intergenic, and intronic regions (Extended data 

Fig. 5d,e). Functional enrichment analysis found that genes with increased accessibility 

showed the most significant enrichment for chromatin binding, suggesting that additional 

chromatin functions are dependent on RBMX/L1 (Supplementary Table 3,4). Overall, our 

ATAC-seq and karyotyping data suggest that RBMX/L1 loss alters chromatin compaction 

and structure in AML cells.

RBMX/L1 directly bind to CBX5 (HP1α) transcripts

To understand how the aberration in chromatin compaction could result from RBMX/L1 

depletion, we performed RNA-sequencing on MOLM13 cells two days after RBMX/L1 

knockdown, a timepoint prior to our observed chromatin compaction changes. We found 70 

genes significantly downregulated (log2 [fold change] < 1, FDR < 0.02) and 29 significantly 

upregulated (log2 [fold change] > 1, FDR < 0.02; Extended data Fig. 5f and Supplementary 

Table 5,6). In contrast to previous studies, we observed that the gene expression changes 

were not due to splicing defects (Extended data Fig. 5g and Supplementary Table 7–

11)17–22. To determine if these differentially expressed genes were the result of direct 

RBMX/L1 binding, we overlapped RBMX/L1 PAR-CLIP data22 with our RNA-sequencing 

data (Supplementary Table 12–14). Our analysis revealed that RBMX/L1 directly binds and 

affects the mRNA levels of 11 genes (Fig. 7a and Extended data Fig. 5h). We performed 

RNA-IP on MOLM13 cells expressing RBMX-Flag and validated that RBMX binds to 10 

out of these 11 genes (Extended data Fig. 5i). To assess the clinical relevance of RBMX/L1 

in leukemia, we examined the overall survival of AML patients in the TCGA database, 

stratified by RBMX direct down-regulated targets that were validated by PAR-CLIP, RNA­

IP, and RNA-sequencing (CBX5, CBS, DACH1, SEPT11, UNG, XBP1, PABPC4, and 

SLC38A1). Our analysis determined that the RBMX/L1 direct pathway signature predicts 

significantly worse outcomes in AML (Extended data Fig. 5j). Previous studies have 

linked mutations and aberrant expression of most of these RBMX/L1 direct targets to 

leukemia35–46. Since DACH1, CBX5, CBS, and SEPT11 were found to be functionally 

Prieto et al. Page 7

Nat Cancer. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



important in AML and/or associated with chromatin, we validated these targets to have 

reduced protein abundance upon RBMX/L1 depletion in MOLM13 cells (Extended data Fig. 

6a).

To understand the basis for how RBMX/L1 loss results in substantial changes 

to the organization and integrity of chromatin, including pericentric and telomeric 

heterochromatin, we examined the direct targets that were validated by immunoblot analysis. 

Of these genes, CBX5, also called HP1–, is known to be a structural component of 

heterochromatin and regulator of chromatin compaction (Supplementary Table 15) CBX5 

binds H3K9me3 histone marks to promote heterochromatin formation, which is pivotal 

for chromatin compaction and chromatin segregation47–50. Furthermore, CBX5 has been 

implicated in myeloid leukemia with increased expression in high (c-Kithigh) versus low (c­

Kitlow) leukemia stem cell populations. Additionally, CBX5 depletion reduced murine MLL­

AF9 myeloid leukemia cell colony formation35. RBMX/L1 PAR-CLIP analysis identified 

RBMX/L1 binding to two CBX5 transcript regions: CBX5 3’UTR and the beginning of 

CBX5 intron 1 (Fig. 7b). Moreover, we confirmed that RBMX/L1 depletion reduced CBX5 

mRNA and protein abundance in both human and mouse AML cells (Fig. 7c and Extended 

data Fig. 6a–e). Taken together, these data suggest that RBMX/L1 could promote proper 

chromatin compaction through its direct regulation of CBX5.

CBX5 is a functional target of RBMX/L1 in leukemia cells

As RBPs are known to control post-transcriptional regulation, we then investigated the 

possible mechanisms for how RBMX/L1 affect CBX5 transcript abundance. Consistent with 

our finding that global splicing was not altered, we found that the RNA levels of all CBX5 
exons and exon-exon junctions were reduced to a similar extent, indicating that CBX5 
mRNA expression downregulation could not be explained by alternative splicing (Extended 

data Fig. 6f). Another post-transcriptional regulatory mechanism is mRNA stability control, 

but CBX5 mRNA levels in RBMX/L1-depleted cells had equivalent half-lives as the 

control cells (Extended data Fig. 6g). As our findings established that RBMX/L1 did 

not regulate CBX5 post-transcriptionally, we next determined if RBMX/L1 altered the 

transcriptional activity of CBX5. RBMX/L1 loss resulted in reduced nascent transcription 

of the CBX5 locus, as measured by the Click-iT EU nascent RNA capturing method (Fig. 

7d,e). Interestingly, this decreased transcription effect was also observed with at least six of 

the other RBMX/L1 direct target genes (Extended data Fig. 6h). Taken together, these data 

suggest that RBMX/L1 directly control the transcription of their direct targets, including the 

CBX5 locus.

Given the effect of RBMX/L1 on CBX5 nascent transcription, we then performed single 

molecule RNA fluorescence in situ hybridization (smFISH) to understand how RBMX/L1 

depletion influenced transcription kinetics at the CBX5 locus51. We employed this technique 

as smFISH captures the population heterogeneity of mRNA expression at single molecule 

sensitivity and facilitates the direct observation of the transcriptional activity through the 

visualization of active transcription sites52,53. Using this technique, we detected CBX5 
with an average of 15 mRNAs/cell. RBMX/L1 depletion led to statistically significant 

reduction in CBX5 mRNA/cell (Fig. 6f,g). We also analyzed the number of copies and 
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signal intensity of the first CBX5 intron, the putative binding site for RBMX/L1, as a 

readout of transcriptional burst size at active transcription sites53–56. RBMX/L1 depletion 

led to a significant decrease in the copy number and signal intensity compared to control 

(Fig. 7h and Extended data Fig. 6i). Altogether, these data suggest that RBMX/L1 have a 

direct effect on the transcription rates of CBX5.

To understand the functional interaction of RBMX/L1 with CBX5 transcripts, we utilized a 

luciferase reporter assay. We hypothesized that the reduced nascent transcription of CBX5 
was likely due to binding of RBMX/L1 to intron 1 of CBX5 and not to the 3’UTR, as 

we observed an effect on CBX5 transcription but no defect in CBX5 mRNA stability upon 

RBMX/L1 depletion. Thus, we performed a luciferase reporter assay using the intron 1 

region identified in the PAR-CLIP data. RBMX overexpression increased luciferase signal, 

and this increased signal was dependent on RBMX/L1 binding, as deletion of the intron 1 

binding sites abrogated this effect (Fig. 7i–k). Notably, nascent RNA capture analysis of the 

luciferase reporter demonstrated a significant increase in absolute number of CBX5-Intron 
1 and Renilla luciferase (Rluc) transcripts upon RBMX overexpression, indicating that our 

assay recapitulated the regulation of endogenous CBX5 (Extended data Fig. 6j).

To determine the RBMX domain responsible for this binding, we tested a series of RBMX 

mutants. RBMX is composed of an N-terminal RRM, followed by a low complexity region 

of ~300 amino acids. Low complexity regions are known to facilitate phase-separation, an 

extreme form of local high-concentration hubs that are important for various RBP molecular 

functions57–62. RBMX’s low complexity region consists of a serine and arginine-rich region 

(SRR) followed by a tyrosine-rich region (TRR). The TRR contains a highly conserved 

C-terminal RNA binding domain (RBD) of 58 amino acids, which includes three RGG 

repeats16,63. In contrast to the deletion of the RRM, deletion of the low complexity region 

resulted in decreased luciferase activity, indicating it was required for regulating CBX5 

expression (Fig. 7i–k).

We next hypothesized that if CBX5 is a functional downstream target of RBMX/L1, 

then CBX5 depletion should phenocopy RBMX/L1 loss in leukemia cells. Upon CBX5 

depletion, we detected a reduction in cell proliferation and induction of apoptosis in 

MOLM13 cells, similar to the phenotypes observed upon loss of RBMX/L1 (Fig. 8a–c 

and Extended data Fig. 6k). In contrast to RBMX/L1 loss, we observed no effect on myeloid 

differentiation upon CBX5 depletion (Fig. 8d). Consistent with this observation, forced 

expression of CBX5 was sufficient to reverse the effects on proliferation and apoptosis but 

not myeloid differentiation after RBMX/L1 depletion (Fig. 8e–i and Extended data Fig. 

6l–m).

To determine if there is a relationship between RBMX and CBX5 in human leukemia, we 

examined a published patient database64. Consistent with our studies, increased RBMX 
expression corresponds with elevated CBX5 mRNA expression in AML patients (Fig. 

8j). Notably, we found CBX5 protein abundance to positively correlate with RBMX/L1 

protein abundance in AML patients (Fig. 3e and Fig. 8k–h). Furthermore, CBX5 protein 

was reduced in both PDX AML-1 and AML-11 cells depleted for RBMX/L1 (Fig. 8m,n). 
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Altogether, these data indicate that RBMX/L1 maintain the chromatin state that is essential 

for the survival of AML cells through their transcriptional regulation of CBX5 (Fig. 8o).

Discussion

The RNA binding protein RBMX has been implicated as a tumor suppressor in multiple 

types of solid cancers18,25–30. However, its function as an oncogene or its role in blood 

cancer has not yet been studied. Here, we uncover that RBMX and its retrogene RBMXL1 

are regulators of leukemia survival. Using genetic approaches, we demonstrated that RBMX 

is required for maintaining leukemia in vitro and in vivo. Furthermore, we showed that the 

RBMX retrogene RBMXL1 exhibits a compensatory role in leukemogenesis.

RBMX and RBMXL1 abundance is increased in human AML cell lines and in patients 

compared to normal HSPCs. We found that RBMX/L1 are required for human AML 

leukemogenesis. Moreover, our data demonstrated a differential requirement for RBMX/L1 

in leukemia cells compared to normal human blood cells. Our study suggests that these 

proteins could be biomarkers, as well as potential therapeutic targets in AML. Importantly, 

the identification of dysregulated RBPs in hematological malignancies has led to the rapid 

development of potential therapeutic strategies to specifically target several RBPs. For 

example, sulfonamides were determined to selectively degrade RBM3965–67, the small 

molecule Ro-08-2750 was recently characterized as a MSI RNA competitive inhibitor68, 

and chemically stable analogs of the bacterially derived products pladienolides and 

herboxidienes were developed to target the splicing factor SF3B69–72.

Mechanistically, RBMX has been shown to localize within heterochromatin regions and 

influence chromosome segregation by recruiting sister chromatid cohesion. Furthermore, 

RBMX was shown to play roles in alternative splicing in multiple cell contexts16–22,34. 

Here, we found that RBMX/L1 regulate chromatin compaction and chromosome integrity in 

AML cells through controlling the key heterochromatin component CBX5. We demonstrated 

that RBMX/L1 directly bind to CBX5’s intronic regulatory element and promote the 

transcriptional activity of the CBX5 locus at single molecule resolution. This action was 

mediated though the low complexity region of RBMX, which raises the possibility that 

RBMX forms phase transitions to maintain transcriptional regulation at specific loci. 

Since CBX5 overexpression rescued the defects of cell growth and apoptosis but not 

differentiation after RBMX/L1 loss, we speculate that other RBMX/L1 direct targets may 

be responsible for this RBMX/L1 function in myeloid leukemia. Overall, we find that 

RBMX/L1 control myeloid leukemogenesis in part through regulation of the chromatin 

state. RBMX/L1 and their regulation of CBX5 provide a model for how chromatin­

associated RBPs regulate transcription.

Methods

Mice

Rbmxf sperm (strain C57BL/6NTac-Rbmx<tm2a(KOMP)Wtsi>/WtsiH) was purchased 

through EMMA (European Mutant Mouse Archive), which contained floxed LoxP sites 

flanking exon 4. The Memorial Sloan Kettering Cancer Center (MSKCC) Mouse Genetics 
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Core performed in vitro fertilization using the Rbmxf sperm and implanted the embryos 

into FLP female mice. Rbmxf and Rbmxf/f mice were then crossed with Mx1-Cre mice 

to generate Rbmxf and Rbmxf/f Mx1-Cre- and Rbmxf and Rbmxf/f Mx1-Cre+ mice. For 

transplantation experiments, female C57BL/6 CD45.1 or CD45.2 mice, aged 6- to 8-week­

old and purchased from Taconic Biosciences and Jackson Laboratories, respectively, were 

used as recipients. All animal studies were performed on animal protocols, #11-10-025, 

approved by the Institutional Animal Care and Use Committee (IACUC) at MSKCC.

Cell lines

MOLM13, KCL-22, Kasumi-1, K562, THP-1, U937, TF-1, NB4, HL-60, KG-1, Nomo-1, 

and 293T cell lines, purchased from ATCC and DSMZ (Supplementary Table 16), were 

authenticated by Genetica DNA Lab - Cell Line Testing (www.celllineauthentication.com). 

Cells were routinely tested and confirmed negative for mycoplasma in house by using a 

Mycoplasma Test from Lonza Biosciences (#LT07-218).

Viral transduction of hematopoietic and leukemic cells

All transduction of hematopoietic and leukemic primary cells and cell lines with lentiviruses 

or retroviruses in this study was performed by spinfection at 1400 RPM for 1 hour in media 

containing 10 μg/ml polybrene, unless stated otherwise.

Generation of MLL-AF9 leukemic cells

MLL-AF9 leukemic cells were generated as previously described73. Briefly, LSK cells were 

sorted, using antibodies listed in Supplementary Table 17, from the BM of 6 to 8-week-old 

Rbmxf/f or RbmxΔ/Δ mice and cultured overnight in Stemspan SFEM medium (Stem Cell 

Technologies) with 10 ng/ml IL-3, 10 ng/ml IL-6, 50 ng/ml SCF, 10 ng/ml TPO, and 20 

ng/ml FLT-3 ligand). Cells were transduced with MLL-AF9 expressing retroviruses and 

expanded in M3434 methylcellulose medium (Stem Cell Technologies) for 7 days. Cells 

were then sorted for GFP positivity. 20,000 GFP+ cells and 250,000 BM support cells were 

injected into lethally irradiated 6-week-old C57BL/6 mice.

Generation of MLL-AF9 Rbmxf/f Cre-ER cells

This procedure was performed as previously described73. Briefly, mouse leukemic BM 

cells from Rbmxf/f mice were grown in RPMI medium containing 10% FBS, 10 ng/ml 

IL-3, 10 ng/ml SCF, 10 ng/ml IL-6, and 10 ng/ml GM-SCF. Cells were transduced with 

MSCV-Cre-ER-puromycin retroviruses twice and selected with 3 μg/ml puromycin.

Tamoxifen-mediated deletion of Rbmxf/f Cre-ER cells

For deletion of Rbmx, cells were treated with 0 nM or 200 nM of 4-OHT Tamoxifen 

(Sigma-Aldrich). After 24- or 48-hours cells were plated for colony-forming unit assays.

Leukemic transplants

Leukemic transplantation experiments were performed as previously described73, 

specifically as noted in that paper “For primary transplant of transformed MLL-AF9 

LSK cells in leukemia initiation experiments, 200,000 GFP+ leukemic cells were injected 
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retro-orbitally with 250,000 BM support cells into 6-week-old C57BL/6 mice, which were 

lethally irradiated with 900 rads. In secondary transplants, 250,000 BM leukemic cells were 

transplanted into C57BL/6 mice sublethally irradiated with 450 rads. MLL-AF9 leukemia 

maintenance experiments were performed by injecting MLL-AF9 [Rbmxf/f puro-Cre-ER] 

into sublethally irradiated mice and treating the mice with 160 mg/kg Tamoxifen or corn oil 

3 days post-transplant.”

shRNA-mediated depletion of murine MLL-AF9 leukemia cells

Murine MLL-AF9 cells were transduced with lentivirus expressing either shRNA targeting 

luciferase (control shRNA) or shRNAs targeting Rbmx (shRNA96 and shRNA97, sequences 

in Supplementary Table 18). 2 days after transduction, cells were treated with 2 μg/ml 

puromycin for 2 days and then plated for colony-forming unit assays.

shRNA-mediated depletion of Rbmx deficient leukemia cells

RbmxΔ/Δ MLL-AF9 transformed cells were transduced with lentivirus expressing either 

shRNA targeting luciferase (control shRNA) or shRNAs targeting Rbmxl1 (shRNA587 and 

shRNA932, sequences in Supplementary Table 18). 2 days after transduction, cells were 

treated with 3 μg/ml puromycin for 2 days and then plated for colony-forming unit assays. 

For overexpression experiments, cells were spinfected with MSCV-IRES-GFP (Addgene 

#20672) retrovirus expressing either empty vector as control or Flag-RBMX. RBMX 
was cloned into MSCV-IRES-GFP vector from Origene hnRNPG (RBMX) (NM_002139) 

Human Tagged ORF Clone. 2 days after transduction, cells expressing RBMX were sorted 

for GFP positivity.

Purification, culture, and shRNA mediated depletion of cord blood-derived HSPC-CD34+ 

cells

Purification of human CD34+ HSPCs was performed as previously described74. CD34+ cells 

were transduced with lentivirus expressing either control scramble shRNA (Addgene #1864) 

or shRNAs targeting RBMX and RBMXL1 (shRNA1 and shRNA2). To differentiate HSPCs 

into myeloid lineage cells, cells were cultured under myeloid-promoting media containing 

the following cytokines: 100 ng/ml SCF, 10 ng/ml FLT-3 ligand, 20 ng/ml IL-3, 20 ng/ml 

IL-6, 20 ng/ml GM-CSF, and 20 ng/ml G-CSF (Peprotech, NJ).

shRNA-mediated depletion and proliferation assay of human leukemia cells

Leukemia cells were cultured in RPMI media (Cellgro) supplemented with 10% FBS, 

glutamine, and 1% penicillin/streptomycin at 37°C and 5% CO2. MOLM13, KCL-22, 

Kasumi-1, K562, and THP-1 cells were transduced with lentivirus expressing either control 

scramble shRNA (Addgene #1864) or shRNAs targeting RBMX and RBMXL1 (shRNA1 

and shRNA2). 1- or 2-days after transduction, depending on the cell line, cells were treated 

with 3 μg/ml puromycin for 2 days after puromycin selection. For proliferation assays, cells 

were then plated at 250,000 cells/ml and counted every 24 hours at the indicated timepoints 

using a hemocytometer. MOLM13 cells were transduced with lentivirus expressing either 

control scramble shRNA (Addgene #1864) or shRNAs targeting CBX5 (shRNA368 and 

shRNA704). 2-days after transduction, cells were treated with 3 μg/ml puromycin for 2 days 
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and then plated at 250,000 cells/ml. For overexpression experiments, KCL-22 cells were 

transduced with MSCV-IRES-GFP (Addgene #20672) retrovirus expressing either empty 

vector as control or Flag-RBMX. RBMX was cloned into MSCV-IRES-GFP vector from 

Origene hnRNPG (RBMX) (NM_002139) Human Tagged ORF Clone.

CRISPR-mediated deletion and proliferation assay of human leukemia cells

Cas9 expressing MOLM13 cell line (obtained from the Daniel Bachovchin Laboratory 

at MSKCC) were transduced with lentivirus pLKO5.sgRNA.EFS.GFP expressing either 

control GFP empty vector or sgRNAs targeting RBMX and RBMXL1 (sg-1 and sg-2, 

sequence in Supplementary Table 18). GFP+ sorted cells were plated for proliferation assay 

as described above. GFP+ cells were gated by flow cytometry to assess apoptosis and 

differentiation as described for shRNA transduced cells.

Patient samples

BM and PB samples from patients with AML were used in this study. Informed consent 

was obtained from patients according to protocols approved by the MSK IRB and in 

accordance with the Declaration of Helsinki. This research was approved by MSKCC 

Institutional Review Board (protocol #18-272). Diagnosis and disease status were confirmed 

and assigned according to World Health Organization (WHO) classification criteria. Patient 

characteristics are summarized in Supplementary Table 1 and Nature research reporting 

summary linked to this article.

Generation of patient-derived xenograft (PDX)

Primary cells from AML patients (AML-1, AML-11 and AML-13) were thawed from 

cryopreserved vials and immediately injected into immunodeficient NSG mice. Engraftment 

of human leukemia cells, as measured by human CD45 surface marker, was checked after 

approximately 1 month. The mice were sacrificed when they showed signs of illness. BM 

and spleen cells were collected and used for RBMX/L1 knockdown and transplantation.

In vivo transplantation of human leukemia cell line and PDX leukemia cells

1-day after transduction with scramble shRNA, shRNA1, or shRNA2 expressing 

lentiviruses, MOLM13 cells were treated with 3 μg/ml puromycin for 1 day. 500,000 

selected cells were injected into 6-8 weeks old female NSG mice that had been sublethally 

irradiated with 450 rads the day before transplantation. For the in vivo transplantation 

experiments of PDX AML-1 and AML-13, primary transplanted cells were used, and for 

PDX AML-11, secondary transplanted cells were used. BM and/or spleen leukemia cells 

were transduced with scramble shRNA or shRNAs targeting RBMX and RBMXL1 and 8 

μg/ml polybrene. 1-day after transduction, cells were sorted on the basis of human CD45 

and GFP double positivity. 500,000 (PDX AML-1) and 80,000 (PDX AML-11 and 13) 

sorted cells were transplanted.

Colony-forming unit (CFU) assays

CFU assay was performed as previously described73. Briefly, for murine BM cells 

and MLL-AF9 transformed leukemia cells, 10,000 cells were plated on methylcellulose 
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(Methocult M3434, Stem Cell Technologies), and colonies were scored 6-7 days after 

plating for murine BM cells. For Rbmxf/f Cre-ER cells, after 24 or 48 hours of 

4-OHT Tamoxifen (Sigma-Aldrich) or ethanol treatment, 10,000 cells were plated on 

methylcellulose with 100 nM or 200 nM 4-OHT Tamoxifen (Sigma-Aldrich) or ethanol 

treatment. Colonies were scored 6 days after plating. For Rbmxl1 knockdown Rbmx 
deficient leukemic cells, 1,000 or 10,000 cells were plated with 3 μl/ml puromycin. For 

CB-CD34+ cells, 10,000 cells were plated on methylcellulose (MethoCult H4434, Stem 

Cell Technologies). Colonies (BFU-E, CFU-E, CFU-GM, and CFU-GEMM) were scored 14 

days after plating.

Immunoblot analysis

Cells were counted and washed twice with PBS prior to collection. ~125,000 cells were 

resuspended and lysed in 40 μl 1X Laemmli protein sample buffer and boiled for 5 

minutes. The lysates were separated on a 4-15% gradient SDS-PAGE and blotted onto a 

nitrocellulose membrane. Membranes were incubated with the following antibodies: RBMX, 

CBX5, FLAG, GAPDH, Histone H3, PABPC4, DACH1, CBS, SEPT11, HOXA9, MYC, 

and ACTIN (Catalogue# in Supplementary Table 19) at 1 in 1000 dilution in 5% skim milk 

TBST.

Immunoblot analysis of cytoplasmic and chromatin-bound proteins

MOLM13 cells washed twice with PBS were subjected to Subcellular Protein Fractionation 

procedure with the corresponding kit (Pierce). Cytoplasmic extracts and chromatin-bound 

fractions were lysed, denatured, and performed immunoblot analysis.

RNA purification and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells using TRIZOL (Sigma-Aldrich) and the RNeasy RNA 

extraction kit (Qiagen). RNA was reverse transcribed into cDNA using iSCRIPT kit (Bio­

Rad). qRT-PCR was performed using the ABI 7500 Realtime PCR system. β actin was used 

to normalize for cDNA loading. Relative quantification of the target genes was calculated 

using the 2−ΔCt method.

mRNA stability assay

Control and RBMX/L1-depleted MOLM13 cells 2 days after transduction were treated with 

5 μg/ml actinomycin D (Sigma-Aldrich) and collected at the indicated timepoints. Total 

RNA was isolated from the cells for qRT-PCR as described above. mRNA levels for each 

timepoint were normalized to levels at the starting point of the treatment.

Nascent mRNA assay

Newly synthesized RNA transcripts from control and RBMX/L1-depleted MOLM13 

cells 2 days after transduction were isolated using Click-iT Nascent RNA Capture Kit 

(Invitrogen). cDNA was synthesized from RNA using SuperScript VILO cDNA Synthesis 

Kit (Invitrogen). qRT-PCR was performed as described above.
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Flow cytometry

To measure myeloid differentiation, murine cells and human leukemic cells were stained 

with antibodies listed in Supplementary Table 17 at 1 in 200 dilution. To measure apoptosis, 

cells were incubated with anti-Annexin V (Supplementary Table 17) at 5 in 150 dilution 

in the 1X Annexin-V binding buffer (Thermo Fisher, V13246) and DAPI was added prior 

to flow cytometry. To quantify human leukemia engraftment, BM cells from recipient mice 

were stained with the antibodies listed in Supplementary Table 17, all at 1 in 200 dilution. 

Cells were analyzed using BD FACS LSR Fortessa instruments.

Morphological analysis

125,000 MOLM13 cells were washed once with PBS, cytospun onto slides at 500 RPM/5 

minutes, and air-dried prior to GIEMSA staining. Cell morphology was imaged using Zeiss 

Imager M-2 equipped with AxioCam ERc 5s at 400X magnification.

Complex chromosomal karyotyping

Complex chromosomal karyotyping was done by the Molecular Cytogenetics Core at 

MSKCC. Briefly, MOLM13 control and RBMX/L1 depleted cells were incubated in media 

containing 0.5 μg/ml Colcemid for 45 minutes, then in 0.075 mol/L KCl at 37°C for 10 

minutes and fixed in methanol-acetic acid (3:1). Metaphase spreads were prepared as per 

standard laboratory procedure. A minimum of 20 DAPI-banded metaphases were fully 

karyotyped and an additional 100 consecutive metaphases scored to assess chromosome 

morphology and chromosomal instability in the form of breaks/gaps and gross chromosomal 

structural alterations that can be easily recognized without karyotyping (ring chromosomes, 

dicentric/tricentrics, radial figures, exchanges, and giant marker chromosomes). Due to 

limitation of chromosome morphology and/or resolution, presence of subtle chromosomal 

abnormalities cannot be positively excluded. Composite karyotype contains all clonally 

occurring abnormalities within the sample and indicative of karyotypic heterogeneity.

smFISH

Probes specific to the CBX5 3’UTR and the first CBX5 intron were performed in Oligo7 

software. Fifteen 30mer targeting sequences were identified using requirements in the 

Supplementary Table 20, with a minimum of 10bp between successive probes. smFISH was 

performed as previously described75, specifically noted in that paper the following method 

sections “Poly-l-lysine coating of #1.0 12mm coverslips, probe design, sequential smFISH, 

smFISH imaging and Image analysis for smFISH”. Intronic signal intensity is determined by 

the summed intensity of single, thresholded spots.”

Luciferase reporter assay

Original (CBX5) or deleted (ΔCBX5) intron 1 of human CBX5 was cloned upstream of 

Renilla luciferase reporter gene in pRL-Null vector (Promega AF025844). For ΔCBX5 

construct, the RBMX/L1 CBX5 binding site was deleted. pRL-Null CBX5 or pRL-Null 

ΔCBX5 construct was co-transfected with Firefly luciferase control, as well as MSCV-

IRES-GFP (Addgene #20672) empty vector control (EV), Flag-RBMX, or the indicated 

Flag-RBMX mutant in 293T cells. Flag-RBMX mutants were deleted as follows: ΔRRM 
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(Δ9-81 amino acids), ΔSRR (Δ173-217), ΔTRR (Δ218-391), ΔRBD (Δ334-391), RGG 

Mutant (arginine-to-phenylalanine mutations in the three RGG repeats of the RBD [R373F, 

R377F, R384F]). 48 hours post transfection, Renilla and Firefly luciferase signal was 

measured by Dual-Luciferase Reporter Assay System (Promega).

RNA-Immunoprecipitation (RNA-IP)

MOLM13 cells overexpressing RBMX-Flag (RBMX-R2) were collected (20 x 106 cells 

were used per IP reaction) and washed twice with ice-cold PBS. Cells were lysed in 

ice-cold IP lysis buffer (50mM Tris-HCL pH 7.5; 300mM NaCl and 0.5% NP40) for 30 

minutes on ice and frozen down at −80°C immediately to aid the lysis. On the IP day, 

lysate was spun down to precipitate the debris. Supernatant was collected and incubated 

with 7.5 ug anti-Flag antibody (Sigma Aldrich clone M2- F1804) or mouse IgG (Millipore 

12-371) overnight at 4°C. RNA-RBMX-Flag-antibody complexes were pulled down using 

Dynabeads Protein A/G (Millipore) and washed 5 times in 100% IP lysis buffer, 70% IP 

lysis buffer and 30% PBS, 50% IP lysis buffer and 50% PBS, 30% IP lysis buffer and 70% 

PBS, and 100% PBS. RNA was extracted using phenol-chroloroform method and quantified 

for qRT-PCR.

RNA sequencing analysis

Total RNA was isolated from MOLM13 cells 2 days after transduction. RNA-sequencing 

was performed as previously described13, specifically noted on that paper “RNA was 

denatured, and the first strand cDNA was synthesized using oligo (dT)-primer-containing 

Illumina-compatible linker sequence. After RNA removal, the second cDNA strand 

was synthesized with a random decamer containing another Illumina-compatible linker 

sequence. Illumina-compatible annealing sequences and external barcodes were introduced 

during amplification of the libraries.”

Differential expression analyses

Raw reads were first analyzed for quality control using FastQC. Reads were then aligned 

to the hg19 assembly of the human genome using the STAR aligner. The resulting 

BAM files had their reads counted using the summarizeOverlaps function from the 

GenomicAlignments package in R. A count table of reads mapping to genes was constructed 

and a differential expression analysis was conducted using the DESeq software package. 

Prior to significance assessment, genes were filtered according to a reads per kilobase (RPK) 

value of 500 given the deep average depth of uniquely mapped reads (106,458,498) present 

in the samples. Statistical significance was determined with the negative binomial test using 

average read counts for controls and RBMX/RBMXL1 knockdown for all genes passing 

the RPK filter. The Benjamini-Hochberg correction was applied to all nominal p-values 

to account for multiple hypotheses testing to yield q-values. Genes were determined to be 

significantly differentially expressed if they possessed a q-value that was less than or equal 

to .05.
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Differential splicing analysis

rMATS v4.0.1(turbo)76 software was used to perform differential splicing analysis between 

MOLM13 control and RBMX/L1 depleted cells 2 days after transduction. Human hg19 

annotation was adopted as the background reference (gencodeGRCh37.v19.annotation.gtf). 

Alternative splicing events of five kinds (SE, A5SS, A3SS, MXE and RI) were determined 

by FDR < 0.05 as well as inclusion level differences larger than 0.1 between control and 

RBMX/L1-depleted cells.

PAR-CLIP sequencing analysis

PAR-CLIP sequencing of RBMX/L1 (HNRNPG) was obtained from NCBI GEO database 

with accession ID: GSE7408522. Fastq files of two replicates were downloaded with 

IDs: GSM1909463 and GSM1909464. Before alignment, tool ‘cutadapt’ was used to 

trim illumina TruSeq Small RNA 3’ Adapter: TGGAATTCTCGGGTGCCAAGG. Bowtie 

alignment was performed with allowing at most 2 bases of mismatch (parameter: -v 2). 

After sorting and indexing the bam files, the PARpipe pipeline from Ohler’s lab77 (https://

github.com/ohlerlab/PARpipe) was used to identify potential mRNA binding clusters of 

RBMX/L1.

Assay for transposase-accessible chromatin sequencing (ATAC-seq) and analysis

MOLM13 control and RBMX/L1 depleted cells were processed for ATAC-sequencing 

3 days after transduction. ATAC-sequencing was performed as previously described73. 

Pipeline ‘proatac’ (https://proatac.readthedocs.io/en/latest/) was used to perform 

preprocessing steps, including trimming, mapping, and initial quality controls. To identify 

reads peaks, MACS2 was applied with running mode ‘—broad’78. Next, peaks called 

on individual sample were merged into a single bed file using ‘Bedtools merge’. Then, 

function ‘Bedtools multicov’ was used to count reads that overlapped with each peak. 

This calculation resulted in a matrix indicating number of reads count for each peak 

(column) in each ATAC sample (row). Peaks with low mean reads counts < 50 were 

removed, followed by quantile normalization on sample level. Peaks were further annotated 

to human hg19 using R package ‘ChIPseeker’. Two-sided Students.t.test was applied to 

the normalized reads counts table to identify ATAC-seq peaks with significantly increased 

or decreased accessibility in RBMX/L1-depleted cells. Functional enrichment analysis 

for genes associated with significantly changed peaks was performed using g.profiler 

(https://biit.cs.ut.ee/gprofiler/gost). Hierarchical clustering was performed on the peaks with 

significantly altered accessibility between control and RBMX/L1-depleted cells. Command 

‘heatmap.2’ from R package ‘gplots’ was adopted for this analysis using 1-(spearman 

correlation)/2 as the distance. The above analyses were repeated by only using peaks falling 

into pericentric or telomeric heterochromatin regions, which take 10% total length of entire 

chromosome arms.

Statistics and reproducibility

Two-tailed Student’s t test was used to test the significant difference in the graphs, except 

when stated otherwise. A two-sample equal variance with normal distribution was used. 

Significant difference was considered if p values are less than 0.05. Data are presented as 
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means +/− s.e.m., except when stated otherwise. The number of independent experiments, 

patient samples, or events were indicated in the figure legends. For in vitro human cell line 

knock-down using shRNAs, data points were excluded if the knock-down did not work, 

confirming by immunoblots. In the luciferase assay in 293T cells, data points were excluded 

if the transfection did not work, confirming by the signal of firefly luciferase control. No 

other data was excluded. The investigators were not blinded to allocation during experiments 

and outcome assessment. For in vivo transplantation studies, survival probabilities were 

estimated using the Kaplan-Meier analysis and significant difference between groups was 

accessed by two-sided Mantel-cox test. Minimum of six animals per group were chosen to 

have an estimated 80% power in detecting a greater than 1.50 s.d. difference in means at 

a significant level of α = 0.05 using a two-sided test. Animals were randomly assigned to 

experimental groups. Statistical tests were performed using GraphPad Prism 8.0 and the R 

statistical environment.

Further information on research design is available in the Nature Research Reporting 

Summary linked to this article.

Data availability

ATAC-seq and RNA-seq data that support the findings of this study have been deposited 

in the Gene Expression Omnibus (GEO) database under the accession code GSE153637. 

Previously published microarray data in LSC+ vs LSC− fractions were reanalyzed here 

are available under accession code GSE76009. Previously published PAR-CLIP data of 

RBMX/L1 (HNRNPG) that were re-analyzed here are available under accession code 

GSE74085. Previously published TCGA data that were re-analyzed here are available at 

https://www.cbioportal.org/. Previously published ONCOMINE data that were re-analyzed 

here are available at https://www.oncomine.org/resource/login.html. Source data of all 

figures have been provided for this study. All other data supporting the findings of this 

study are available from the corresponding author on reasonable request.
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Extended Data

Extended Data Fig. 1. RBMX is required for murine leukemia maintenance but is dispensable 
for leukemia initiation
(a) Log2 fold depletion of control shRNAs (n = 5 independent shRNAs) and Rbmx-specifc 

shRNAs (n = 4 independent shRNAs) in MLL-AF9 leukemic BM cells in pooled in vivo 
shRNA screen.

(b) qRT-PCR showing efficient Rbmx deletion in MLL-AF9 leukemia cells 4 days post 

transduction. n = 3 independent experiments.
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(c) Representative FACS plots of Fig. 1c.

(d) Representative FACS plots of Fig. 1d.

(e-f) qRT-PCR of Rbmx in normal c-Kit+ BM cells (control and shRNA97: n = 4, shRNA96: 

n = 3 independent experiments) and in MLL-AF9 leukemia cells (n = 3 independent 

experiments).

(g) qRT-PCR of Rbmx in AML1-ETO leukemia cells. n = 3 independent experiments.

(h) Colony formation assay of cells in h. n = 3 independent experiments.

(i) Diagram for generating Rbmx conditional knockout mice.

(j) Genotyping PCR detecting Rbmx deletion in BM cells isolated from RbmxΔ/Δ and 

RbmxΔ mice before leukemic transformation. Cre bands indicate the presence of Mx1-Cre 
allele. Representative image of 2 independent experiments with similar results.

(k) qRT-PCR showing Rbmx deletion of cells in j. n = 3 independent experiments.

(l) Experimental scheme for leukemia initiation experiments.

(m) Kaplan-Meier survival analysis of mice injected with female MLL-AF9-transformed 

Rbmxf/f and RbmxΔ/Δ cells. Rbmxf/f n = 9, RbmxΔ/Δ n = 10 mice; two-sided Mantel-Cox 

test.

(n) Spleen and liver weights from mice that succumbed to disease in m. Rbmxf/f n = 8, 

RbmxΔ/Δ n = 9 mice.

(o) Kaplan-Meier survival analysis of mice injected with male MLL-AF9 transformed 

Rbmxf and RbmxΔ cells. Rbmxf/f n = 10, RbmxΔ/Δ n = 12 mice; two-sided Mantel-Cox 

test.

(p) Spleen and liver weights from mice that succumbed to disease in o. Rbmxf/f n = 8, 

RbmxΔ/Δ n = 6 mice.

(q) Immunoblot analysis of MLL-AF9 Rbmxf/f Cre-ER cells expressing ectopic human 

RBMX and knocking down of endogenous RBMX when treated with 400nM 4-OHT. The 

experiment was performed 4 times with similar results.

(r) qRT-PCR of the cells from q. n = 3 independent experiments.

Data presented in a-b, e-h, k, n, p, r as mean +/− s.e.m. p value determined by two-tailed 

Student’s t test, unless stated otherwise.
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Extended Data Fig. 2. Retrogene Rbmxl1 is functionally redundant with Rbmx in vitro and in 
vivo.
(a) Immunoblot analysis of RBMX/L1 protein in the BM cells isolated from Rbmxf/f and 

Rbmxf mice and RBMXL1 from RbmxΔ/Δ and RbmxΔ before leukemic transformation. The 

experiment was performed once.

(b) qRT-PCR of Rbmx and Rbmxl1 expression by shRNAs specific to Rbmx (but not 

Rbmxl1) in MLL-AF9 leukemia cells. Control and shRNA96: n = 3, shRNA97: n = 4 

independent experiments.

(c) qRT-PCR of Rbmx and Rbmxl1 expression in MLL-AF9 Rbmxf/f Cre-ER cells treated 

with 4-OHT for 24 hours. n = 3 independent experiments.
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(d) Quantitative FACS analysis summary of Gr-1+Mac-1+ and CD115+F4/80+ cells in 

control and RBMXL1-knockdown leukemic RbmxΔ/Δ cells 4 days post transduction. Control 

and shRNA587: n = 6, shRNA932: n = 4 independent experiments.

(e) Representative FACS plots of Fig. 2j.

(f) Representative FACS plots of Fig. 2k.

(g) Spleen and liver weights from mice that succumbed to disease in Fig. 2l. Control: n = 9, 

shRNA587: n = 5, shRNA932: n = 4 mice.

(h) Immunoblot analysis of leukemic BM cells isolated from mice that succumbed to disease 

in Fig. 2l. The experiment was performed once.

Data presented in b-d, and g as mean +/− s.e.m. p value determined by two-tailed Student’s 

t test, unless stated otherwise.

Extended Data Fig. 3. RBMX and RBMXL1 overexpression in myeloid leukemia.
(a)RBMX expression in AML patients with indicated status of NPM1 and FLT3-ITD 

mutation. Data are presented as mean of normalized RPKM +/− s.e.m, on the basis of 

data from the BeatAML vizome dataset (Tyner JW et al. Nature. 2018). Double negative n = 
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286, FLT3-ITD positive n = 54, NPM1 mut positive n = 59, double positive n = 49 patient 

samples; two tailed Student’s t test with Welch’s correction.

(b)RBMX expression in leukemic stem cell (LSC+) and non-leukemic stem cell population 

(LSC−) in AML patient samples on the basis of data from Ng SW et al. Nature. 2016 

(GSE76009). LSC− n = 89, LSC+ n = 138 patient samples; data as mean +/− s.e.m, two­

tailed Student’s t test.

(c-d) qRT-PCRs showing RBMX and RBMXL1 mRNA levels in multiple myeloid leukemia 

cell lines. For RBMX CB-CD34+, THP-1, HL-60, U-937 and K562: n = 3, MOLM13, 

Nomo-1 and NB4: n = 5, Kasumi-1, KCL-22, KG-1 and TF-1: n = 4 independent 

experiments; For RBMXL1 CB-CD34+, Nomo-1, THP-1, HL-60, U-937 and TF-1: n = 

3; MOLM13, Kasumi-1, K562 and KG-1: n = 4; NB4 and KCL-22: n = 5 independent 

experiments. Data as mean +/− s.e.m, two-tailed Student’s t test.

(e) CRISPR score rank of RBMX, its retrogenes (RBMXL1, RBMXL2, and RBMXL3), and 

its paralog RBMY1A1. CRISPR score is the average log2 fold-change in the abundance of 

all sgRNAs targeting the gene after 14 population doublings33.

(f) CRISPR score of RBMX, its retrogenes, and its paralog across the 14 tested leukemia 

cell lines.
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Extended Data Fig. 4. RBMX and RBMXL1 are required for human myeloid leukemia cell 
survival.
(a) Giemsa staining of control and RBMX/L1-knockdown MOLM13 cells from Fig. 4k. 

Original magnification 400X. Scale bar, 20μm. The experiment was performed once; control 

and shRNA1: 9 images, shRNA2: 16 images were collected.

(b-d) Representative FACS plots of Fig. 4m, o and p, respectively.
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(e) Immunoblot analysis of RBMX/L1 in KCL-22 transduced with EV or RBMX 

overexpressing vector (RBMX-R2) and shRNA control or shRNAs against RBMX/L1. The 

experiment was performed 3 times with similar results.

(f) Proliferation assay of cells in e. n = 3 independent experiments.

(g) Quantitative FACS analysis of apoptotic cells in control and RBMX/L1-knockdown 

KCL-22-EV and KCL-22-RBMX-R2 cells 5 days post transduction. n = 3 independent 

experiments.

(h) Immunoblots for RBMX/L1 in MOLM13-Cas9 cells transduced with sgRNAs targeting 

RBMX/L1 (sg-1 and sg-2). The experiment was performed 4 times with similar results.

(i) Proliferation assay of cells in h. n = 4 independent experiments.

(j) FACS analysis of myeloid differentiation markers CD11b and CD33 in cells from h. n = 

4 independent experiments.

(k) Quantitative FACS analysis summary of apoptosis of cells in h, 3 days post transduction. 

n = 4 independent experiments.

(l) Immunoblots analysis of GFP+ PDX AML-1 cells. The experiment was performed once.

(m) qRT-PCR showing depletion of RBMX/L1 in GFP+ PDX AML-13 cells. n = 1 

experiment.

(n) Immunoblots for RBMX/L1 upon RBMX/L1 depletion in GFP+ PDX AML-11 cells. 

The experiment was performed once.

(o) Representative FACS plots of Fig. 4t.

(p) Immunoblot and band densitometry of RBMX/L1 in BM cells from animals transplanted 

with PDX AML-1 cells that succumbed to leukemia. The experiment was performed once.

(q-s) Representative FACS plots of Fig. 5c, g and h, respectively.

Data presented in f-g, i-k as mean, error bars, s.e.m. p values were calculated using two­

tailed Student’s t test, unless indicated otherwise.
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Extended Data Fig. 5. Loss of RBMX and RBMXL1 results in a dysregulated chromatin state in 
leukemia cells.
(a) Immunoblot analysis of RBMX/L1, MYC, and HOXA9 in RBMX/L1 depleted 

MOLM13 cells. The experiment was performed 3 times with similar results.

(b) Heatmap of the top 1,000 peaks from ATAC-sequencing from control and RBMX/L1­

knockdown MOLM13 cells. n = 3 independent experiments.

(c) Scatterplot showing accessibility changes at pericentric and telomeric heterochromatin 

upon RBMX/L1-knockdown. n = 3 independent experiments.
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(d) Location of increased accessible and decreased accessible ATAC-sequencing peaks in 

RBMX/L1-knockdown MOLM13 cells.

(e) Location of increased accessible and decreased accessible ATAC-sequencing pericentric 

and telomeric heterochromatin peaks in RBMX/L1-knockdown MOLM13 cells.

(f) Gene expression heatmap of the top 99 upregulated and downregulated genes from RNA­

sequencing analysis of MOLM13 cells upon RBMX/L1 knockdown. n = 4 independent 

experiments.

(g) Tables showing alternative splicing events and genes MOLM13 cells upon RBMX/L1 

depletion. n = 4 independent experiments.

(h) mRNA expression of the 11 genes from the overlap in Fig. 7a. n = 4 independent 

experiments; data as mean +/− s.e.m, two-tailed Student’s t test.

(i) qRT-PCR of recovered RNA in RNA-IP at 11 candidate target genes shown in Fig. 7a. n 
= 4 independent experiments; data as mean +/− s.e.m, two-tailed Student’s t test.

(j) Overall survival analysis of AML patients with low versus high expression of RBMX/L1 

direct regulated pathway including 8 down-regulated targets validated by PAR-CLIP, RNA­

IP and RNA-sequencing (CBX5, CBS, DACH1, SEPT11, UNG, XBP1, PABPC4, and 

SLC38A1). Data from TCGA database.
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Extended Data Fig. 6. Loss RBMX/L1 in MOLM13 cells leads to decreased CBX5 transcript 
expression.
(a) Immunoblot analysis and band densitometry of RBMX/L1, DACH1, CBX5, CBS, and 

SEPT11 upon RBMX/L1 depletion in MOLM13 cells. The experiment was performed 3 

times with similar results.

(b)CBX5 mRNA expression in leukemic RBMXL1 depleted RbmxΔ cells. n = 5 

independent experiments.
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(c) Immunoblots and band densitometry of RBMX/L1 and CBX5 in leukemic RBMXL1 

depleted RbmxΔ cells. The experiment was performed 3 times with similar results.

(d)CBX5 mRNA expression upon RBMX/L1 depletion in MOLM13-Cas9 cells. n = 4 

independent experiments.

(e) Immunoblots and band densitometry of RBMX/L1 and CBX5 upon RBMX/L1 depletion 

in MOLM13-Cas9 cells. Same immunoblot as Extended data Fig. 4h with longer exposure 

for RBMX/L1 band. The experiment was performed 3 times with similar results.

(f) qRT-PCR of CBX5 mRNA expression at indicated exon and exon-exon junction. Exon 

3 amplicon: n = 3, all other amplicons: n = 6 independent experiments; data as mean +/− 

s.e.m, two-tailed Student’s t test.

(g) mRNA stability of RBMX and CBX5 upon RBMX/L1 depletion in MOLM13 cells. 0 

min and 90 min: n = 5, 30 min and 270 min: n = 4, 150 min: n = 3 independent experiments.

(h) qRT-PCR of nascent mRNAs of RBMX/L1 candidate targets upon RBMX/L1 depletion. 

DACH1: n = 4, SEPT11 and PABPC4: n = 5, CBS control and shRNA1 n = 6 and shRNA2 n 
= 5, XBP1 control n = 6 for, shRNA1 and shRNA2 n = 4, UNG control and shRNA1 n = 6, 

shRNA2 n = 4 independent experiments.

(i) Quantitative summary of smFISH with CBX5-Intron 1 probe (Fig. 7f). Control: n = 229, 

shRNA1: n = 71, shRNA2: n = 38 foci.

(j) qRT-PCR measuring absolute number of CBX5-Intron 1 and Renilla luciferase (Rluc) 

nascent mRNA transcripts in CBX5-Intron 1 luciferase reporter assay. n = 4 independent 

experiments.

(k) qRT-PCR of CBX5 and RBMX mRNA upon CBX5 depletion in MOLM13 cells. n = 3 

independent experiments.

(l) qRT-PCR of RBMX and CBX5 mRNA upon RBMX/L1 depletion in MOLM13-EV and 

MOLM13-CBX5 cells. EV-shRNA2 n = 4, all other groups: n = 3 independent experiments.

(m) Cells from Fig. 8e were plated for proliferation assay and counted 4 days post 

transduction. n = 3 independent experiments.

Data presented in b, d, f-m as mean +/− s.e.m. p values were calculated using two-tailed 

Student’s t test, unless indicated otherwise.
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Figure 1. RBMX is required for murine leukemia maintenance in vitro and in vivo.
(a) Immunoblot showing knockdown of RBMX in mouse MLL-AF9 bone marrow (BM) 

leukemia cells. The experiment was performed 3 times with similar results.

(b) Colony formation assay in RBMX-knockdown mouse MLL-AF9 leukemia cells. 

Number of colonies was normalized to that of control MLL-AF9 leukemia cells. n = 6 

independent experiments.

(c) Quantitative FACS analysis summary of myeloid differentiation markers in control and 

RBMX-knockdown MLL-AF9 leukemia cells. Control and shRNA96: n = 5 independent 

experiments, shRNA97: n = 4 independent experiments.

(d) Quantitative summary of FACS analysis of apoptotic (Annexin V+) cells in control and 

RBMX-knockdown MLL-AF9 leukemia cells 5 days post transduction. n = 4 independent 

experiments.

(e) Colony formation assay in normal c-Kit BM cells, n = 5 independent experiments, and 

MLL-AF9 leukemia cells, n = 6 independent experiments.

(f) Experimental scheme for investigating the role of RBMX in leukemia maintenance in 
vitro and in vivo by generating inducible MLL-AF9 Rbmxf/f Cre-ER cells.

(g) Immunoblot showing depletion of RBMX after 24 hours of 200nM 4-OHT (TAM) 

treatment. The experiment was performed 3 times with similar results.

(h) Colony formation assay in MLL-AF9 Rbmxf/f Cre-ER cells treated with 4-OHT. n = 3 

independent experiments.
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(i) Kaplan-Meier analysis of leukemia maintenance survival of mice injected with MLL-AF9 

Rbmxf/f Cre-ER cells with or without TAM treatment. NO TAM: n = 14 mice, TAM: n = 13 

mice; two-sided Mantel-Cox test.

(j) Colony formation assay in control and MLL-AF9 Rbmxf/f Cre-ER cells depleted of 

endogenous RBMX and overexpressing ectopic human RBMX-FLAG. EV control: n = 10, 

RBMX control: n = 9, EV 4-OHT: n = 7, RBMX 4-OHT: n = 8, independent experiments.

(k) Quantitative summary of FACS analysis of Gr-1+Mac-1+ cells in control and MLL-AF9 

Rbmxf/f Cre-ER cells depleted of endogenous RBMX and overexpressing ectopic human 

RBMX-FLAG. n = 3 independent experiments.

Data presented in b, c, d, h, j, and k as mean +/− s.e.m. p value determined by two-tailed 

Student’s t test for all experiments in this figure, unless stated otherwise.
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Figure 2. Retrogene Rbmxl1 is functionally redundant with Rbmx in leukemia maintenance in 
vitro and in vivo.
(a) Immunoblot analysis with RBMX/L1 protein abundance in leukemic BM cells isolated 

from Rbmxf/f mice and RBMXL1 from RbmxΔ/Δ mice that succumbed to leukemia in 

Extended data Fig. 1n and p. The experiment was performed once.

(b) Immunoblot analysis with RBMX/L1 in leukemic BM cells isolated from mice untreated 

with TAM and RBMXL1 from mice treated with TAM that succumbed to disease in Fig. 1h. 

The experiment was performed once.
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(c-e) qRT-PCR showing efficient Rbmx deletion and detectable Rbmxl1 expression in 

leukemic BM cells isolated from (c) female mice (Extended data Fig. 1n), (d) male mice 

that succumbed to disease in leukemia initiation experiment (Extended data Fig. 1p), and (e) 
mice that succumbed to disease in leukemia maintenance experiment (Fig. 1h). Rbmxf/f: n = 

8, RbmxΔ/Δ: n = 8, Rbmxf: n = 6, RbmxΔ: n = 6, NO TAM: n = 10, TAM: n = 7 mice.

(f) Experimental scheme for RBMXL1 depletion using Rbmxl1-specific shRNAs in 

leukemic RbmxΔ/Δ cells.

(g) Immunoblot analysis showing knockdown of RBMXL1 in leukemic RbmxΔ/Δ cells 4 

days post transduction. The experiment was performed 3 times with similar results.

(h) qRT-PCR showing depletion of Rbmxl1 in leukemic RbmxΔ/Δ cells 4 days post 

transduction. Control and shRNA932: n = 3, shRNA587: n = 4 independent experiments.

(i) Colony formation assay in RBMXL1 depleted and control leukemic RbmxΔ/Δ cells. 

Number of colonies was normalized to that of the control. n = 3 independent experiments.

(j) Quantitative summary of FACS analysis showing myeloid differentiation (Gr-1 and 

Mac-1) in leukemic RbmxΔ/Δ colonies upon RBMXL1 depletion. Control: n = 5, 

shRNA587, shRNA932: n = 4 independent experiments.

(k) Quantitative summary of FACS analysis of apoptotic cells in control and RBMX­

knockdown leukemic RbmxΔ/Δ cells 5 days post transduction. n = 3 independent 

experiments.

(l) Kaplan-Meier survival analysis of mice injected with control or RBMXL1-knockdown 

leukemic RbmxΔ/Δ cells. Control: n = 13, shRNA587: n = 10, shRNA932: n = 10 mice; 

two-sided Mantel-Cox test.

Data presented in c-e and h-k as mean +/− s.e.m. p value determined by two-tailed Student’s 

t test for all experiments in this figure, unless stated otherwise.
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Figure 3. RBMX and RBMXL1 are overexpressed in myeloid leukemia
(a)RBMX mRNA expression in AML compared to other cancers, on the basis of data from 

The Cancer Genome Atlas (TCGA) database. Data are presented as mean log2 expression 

with range. AML, pink dots. Ordinary one-way ANOVA test with multiple comparisons.

(b) Graph shows that RBMX is elevated in samples from patients with AML as compared to 

normal HSPCs. AML: n = 48, AML t(15;17): n = 54, AML inv(16)/t(16;16): n = 47, AML 

t(8;21): n = 60, AML t(11q23)/MLL: n = 43 patients. HSC: n = 6, GMP: n = 7, MEP: n = 
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4 healthy individuals (Bloodspot data of RBMX probe 1556336_at from the U133 Plus 2.0 

array). Data as mean +/− s.e.m, two-tailed Student’s t test.

(c)RBMX mRNA expression in different phases of chronic myeloid leukemia (CML), on the 

basis of data from ONCOMINE database (Radich dataset). CP: n = 42, AP: n = 15, BC: n = 

36 CML patients. Data are presented in arbitrary unit, mean +/− s.e.m, two-tailed Student’s t 
test.

(d) Immunoblot and band densitometry showing RBMX and RBMXL1 protein abundance 

in multiple human myeloid cells lines compared to normal HSPCs. The experiment was 

performed twice with similar results.

(e) Two immunoblots (from two separate runs) measuring RBMX/L1 protein abundance 

in healthy CB-CD34+ cells, primary AML patient samples, healthy peripheral blood (PB), 

healthy BM cells, and aged (>60 years old) BM (Aged-BM). CB-CD34+ (1), (2), and (3) 

samples were pooled from 10, 4, and 5 individuals, respectively. PB, BM, and Aged-BM 

sample were each pooled from 3 individuals. Each AML patient sample represents one 

individual. Band densitometry presented below each blot, with blast percentage indicated 

above each bar.
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Figure 4. RBMX and RBMXL1 promote human leukemogenesis.
(a-e) Immunoblot showing RBMX and RBMXL1 knockdown in MOLM13, THP-1, 

Kasumi-1, KCL-22, and K562 cells. The experiment was performed 3 times for each cell 

line with similar results.

(f-j) Proliferation assay upon RBMX/L1 depletion in indicated cell line. MOLM13 Control 

and shRNA2: n = 5, shRNA1: n = 4; THP-1: n = 4; Kasumi-1: n = 4; KCL-22: n = 7; and 

K562: n = 3 independent experiments.
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(k-o) Quantitative FACS summary of differentiation markers upon RBMX/L1 depletion in 

indicated cell line. MOLM13 Control and shRNA2: n = 6, shRNA1: n = 4; THP-1: n = 6; 

Kasumi-1: n = 4; KCL-22: n = 5; and K562: n = 4 independent experiments.

(p) Quantitative FACS summary of apoptotic cell death in indicated RBMX/L1-depleted cell 

line. MOLM13 Control: n = 5, shRNA1: n = 3, shRNA2: n = 4; THP-1: n = 6; Kasumi-1: 

n = 4; KCL-22 Control and shRNA1: n = 6, shRNA2: n = 5; and K562 Control: n = 4; 

shRNA1 and shRNA2: n = 3 independent experiments.

(q) Kaplan-Meier analysis of NSG mice injected with MOLM13 cells transduced with 

RBMX/L1-specific shRNAs or control. Control: n = 8, shRNA1: n = 9, shRNA2: n = 10 

mice; two-sided Mantel-Cox test.

(r-s) Kaplan-Meier analysis in NSG mice injected with patient-derived xenograft (PDX) 

cells (patient AML-1 and patient AML-13 from Fig. 3e) transduced with RBMX/L1-specific 

shRNAs or control. PDX AML-1 Control: n = 3, shRNA1: n = 3, shRNA2: n = 3 mice. PDX 

AML-13 Control: n = 5, shRNA1: n = 4, shRNA2: n = 3 mice; two-sided Mantel-Cox test.

(t) RBMX/L1 depletion resulted in decreased engraftment potential of PDX AML-11 (Fig. 

3e). Quantitative FACS summary of indicated human CD45 marker and GFP (marker of 

shRNA expression vector). Control: n = 6, shRNA1: n = 4, shRNA2: n = 5 mice.

Data presented in f-p and t as mean +/− s.e.m. p value determined by two-tailed Student’s t 
test for all experiments in this figure, unless stated otherwise.
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Figure 5. RBMX and RBMXL1 differentially regulate human HSPCs.
(a) Immunoblot showing RBMX/L1 knockdown in CB-CD34+ cells. The experiment was 

performed 3 times with similar results.

(b) Colony formation for cells from a. n = 3 independent experiments.

(c) Quantitative FACS summary of CD33 and CD11b for cells from a after 2 days in 

myeloid differentiating media. n = 4, independent experiments.

(d) Quantitative FACS analysis for apoptosis in CB-CD34+ cells. n = 6 independent 

experiments for day 4; n = 3 independent experiments for day 5.

(e) Immunoblot showing CB-CD34+ cells overexpressing RBMX (RBMX-R2) compared to 

control (EV). The experiment was performed 3 times with similar results.

(f) Colony formation assay for cells in e. n = 3 independent experiments.

(g-h) Quantitative FACS analysis summary showing CD33+ CD11b+ population, n = 6 

independent experiments, and CD34+ CD38− population, n = 6 independent experiments, for 

cells from e at day 7 in myeloid differentiation promoting media.

(i) Proliferation assay for cells from e. n = 3 independent experiments.
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Data presented in b-d and f-h as mean +/− s.e.m. p value determined by two-tailed Student’s 

t test for all experiments in this figure, unless stated otherwise.
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Figure 6. RBMX and RBMXL1 regulate the chromatin state in leukemia cells.
(a) Immunoblot analysis showing that RBMX and RBMXL1 are predominantly localized in 

the chromatin-bound fraction. The experiment was performed once. GAPDH: cytoplasmic 

fraction loading control. Histone H3: chromatin-bound fraction loading control.

(b) Complex karyotyping of cells depleted of RBMX/L1 and control 3 days post 

transduction. The experiment was performed 5 times with similar results, 450 images 

collected.
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(c) Quantitative summary of complex karyotyping of b. Control and shRNA1: n = 5, 

shRNA2: n = 3 independent experiments. Data as mean +/− s.e.m, two-tailed Student’s t 
test.

(d) ATAC-sequencing identified major changes in chromatin state in RBMX/L1-knockdown 

cells compared to control 3 days after transduction. Significant changes (peaks) determined 

by two-tailed Student’s t test, q-value < 0.05. n = 3 independent experiments.

(e) Heatmap of all pericentric and telomeric heterochromatin peaks from the ATAC­

sequencing in d. n = 3 independent experiments.

(f) Representative tracks of the ATAC-sequencing in d with increased and decreased 

compaction at pericentric heterochromatin.
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Figure 7. RBMX/L1 directly bind to CBX5 transcripts.
(a) Venn diagram showing overlap between genes differentially expressed after RBMX/L1 

depletion (RNA-seq) and genes bound by RBMX/L1 (PAR-CLIP)22.

(b) RNA-sequencing and PAR-CLIP profiles of CBX5 transcript; arrows mark two 

significant RBMX enrichment sites at the start of intron 1 and in the 3’UTR.

(c) Downregulated steady state CBX5 mRNA expression upon RBMX/L1 depletion in cells 

2 days post transduction. n = 3 independent experiments.

(d) Experimental scheme depicting nascent mRNA capture protocol.
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(e) Downregulated nascent CBX5 mRNA expression upon RBMX/L1 depletion in cells 

2 days post transduction. Control and shRNA1: n = 6, shRNA2: n = 5 independent 

experiments.

(f) Representative smFISH images of cells 2 days after RBMX/L1 depletion. Pre-mature 

and mature full-length CBX5 mRNA/cell measured by CBX5–3UTR probes and nascent 

transcript abundance measured by CBX5-Intron1 probes. The experiment was performed 

twice with similar results.

(g-h) Quantitative summary of smFISH number of CBX5-3UTR foci per cell and number of 

CBX5-Intron1 foci per cell. Control: n = 433, shRNA1: n = 271, shRNA2: n = 362 cells.

(i) Diagram of full-length RBMX and RBMX mutants used in luciferase reporter assay.

(j) Diagram of vector used in luciferase reporter assay.

(k) Luciferase reporter assay, using the original intron 1 or the mutated CBX5 intron 1, with 

different RBMX mutants. EV CBX5 and RBMX CBX5: n = 15, ΔSRR EV ΔCBX5: n = 

6, RBMX ΔCBX5: n = 5, ΔRRM CBX5: n = 7, ΔRRM ΔCBX5: n = 3, ΔSRR CBX5: n 
= 7, ΔSRR ΔCBX5: n = 3, ΔTRR CBX5 n = 6, ΔTRR ΔCBX5 n = 7, ΔRBD CBX5 and 

ΔRBD ΔCBX5: n = 6, RGG mutant CBX5 and RGG mutant ΔCBX5: n = 7 independent 

experiments.

Data presented in c, e, g-h, and k as mean +/− s.e.m. p value determined by wo-tailed 

Student’s t test, unless stated otherwise.
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Figure 8. RBMX/L1 acts through direct regulation of CBX5 transcription.
(a) Immunoblot showing CBX5 depletion in MOLM13 cells. The experiment was 

performed 3 times with similar results.

(b) Proliferation assay of cells from a. n = 4 independent experiments.

(c) Quantitative apoptosis analysis summary of cells from a. n = 4 independent experiments.

(d) Quantitative FACS summary of CD11b and CD33 of cells from a. n = 4 independent 

experiments.
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(e) Immunoblots of RBMX/L1, endogenous CBX5, and CBX5-Flag in RBMX/L1 depleted 

MOLM13 cells expressing CBX5-Flag. The experiment was performed 5 times with similar 

results.

(f) Proliferation assay of cells from e. n = 5 independent experiments.

(g) Quantitative apoptosis analysis summary of cells from e. n = 4 independent experiments.

(h-i) Quantitative FACS summary of CD11b (h) and CD33 (i) of cells from e. n = 5 

independent experiments.

(j)CBX5 mRNA levels in high versus low RBMX expressing AML patients (OHSU dataset, 

Nature 2018) (high RBMX defined as a value > mean + 1 s.d. and low RBMX as a value < 

mean – 1 s.d.). High group: n = 82 patients, low group: n = 74 patients.

(k) Immunoblot analysis and band densitometry of CBX5 in AML patient samples 

compared to CB-CD34+ cells, normal PB, BM, and aged BM. Same immunoblot as Fig. 

3e left panel. The experiment was performed once.

(l) Correlation of RBMX/L1 protein and CBX5 protein abundance quantified in Fig. 3e 

(right blot) and Fig. 8l. Simple linear regression, R square indicated. p value (F test) 

indicating the slope significantly different than zero.

(m-n) Immunoblot analysis and band densitometry of RBMX/L1 and CBX5 upon 

RBMX/L1 depletion in PDX AML-1 (m) (same immunoblot as Extended data Fig. 4l) 

and PDX AML-11 (n) (same immunoblot as Extended data Fig. 4n). Each immunoblot was 

performed once.

(o) Model for the RBMX/L1 requirement in AML. RBMX/L1 binds to CBX5 RNA and 

regulates the transcriptional activity of the CBX5 locus, which then maintains proper 

chromatin compaction in leukemia cells.

Data presented in b-d and f-j as mean +/− s.e.m. p value determined by two-tailed Student’s 

t test, unless stated otherwise.
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