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Abstract

The leukemogenic CALM-AF10 fusion protein is found in patients with immature acute myeloid 

and T-lymphoid malignancies. CALM-AF10 leukemias display abnormal H3K79 methylation and 

increased HOXA cluster gene transcription. Elevated expression of HOXA genes is critical for 

leukemia maintenance and progression; however, the precise mechanism by which CALM-AF10 

alters HOXA gene expression is unclear. We previously determined that CALM contains a CRM1-

dependent nuclear export signal (NES), which is both necessary and sufficient for CALM-AF10-

mediated leukemogenesis. Here, we find that interaction of CALM-AF10 with the nuclear export 

receptor CRM1 is necessary for activating HOXA gene expression. We show that CRM1 localizes 

to HOXA loci where it recruits CALM-AF10, leading to transcriptional and epigenetic activation 

of HOXA genes. Genetic and pharmacological inhibition of the CALM-CRM1 interaction prevents 

CALM-AF10 enrichment at HOXA chromatin, resulting in immediate loss of transcription. These 

results provide a comprehensive mechanism by which the CALM-AF10 translocation activates the 

critical HOXA cluster genes. Furthermore, this report identifies a novel function of CRM1: the 

ability to bind chromatin and recruit the NES-containing CALM-AF10 transcription factor.
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Introduction

Controlled regulation of homeobox HOX cluster genes is critical for normal proliferation 

and differentiation in embryogenesis(1). During hematopoiesis, HOXA genes are transcribed 

at high levels in hematopoietic stem cells and immature progenitor cells, and their 

expression is downregulated upon differentiation and maturation (2, 3). HOXA9 and 

HOXA10 are overexpressed in the majority of human acute myeloid leukemias (AMLs) (4, 

5). In mouse leukemia models, ectopic expression of HOXA9 or HOXA10 confers a growth 

advantage to immature myeloid cells and is sufficient to cause leukemia in vivo (6, 7). 

Therefore, deregulation of the HOXA pathway is a common and driving mechanism of 

leukemic transformation.

Excessive levels of HOXA gene expression are seen in leukemias harboring CALM-AF10 

rearrangements, which are found in pediatric and adult patients with immature acute 

myeloid and T-lymphoid malignancies (8–10). CALM-AF10 leukemia cells display a global 

reduction in H3K79 methylation, while HOXA cluster genes are locally hypermethylated, 

corresponding with their elevated expression (11–13). AF10 contains an essential 

octapeptide/leucine zipper (OM-LZ) domain that interacts with DOT1L, the sole 

mammalian H3K79 methyltransferase (14). DOT1L is thought to be aberrantly targeted to 

chromatin by CALM-AF10, leading to global changes in H3K79 methylation and gene 

expression (12). DOT1L inhibitors have recently been developed and shown to suppress 

HOXA gene expression and reduce viability of CALM-AF10 leukemia cells (15, 16). 

Therefore, aberrant recruitment of DOT1L by CALM-AF10 is critical for HOXA expression 

and leukemia cell survival, yet the mechanism by which this occurs is unclear.

We previously determined that CALM contains a nuclear export signal (NES) that is 

essential for CALM-AF10-mediated leukemogenesis (13). NES motifs interact with the 

nuclear export receptor CRM1, which in turn drives translocation of NES-containing 

proteins from the nucleus to the cytoplasm through the nuclear pore complex (17). Indeed, 

CALM-AF10 undergoes nucleocytoplasmic shuttling, resulting in predominant cytoplasmic 

localization (13, 18). Nuclear export of CALM-AF10 causes cytoplasmic mislocalization of 

DOT1L, which likely contributes to global H3K79 hypomethylation that is seen in CALM-

AF10 leukemia cells (13). However, we also observed that the CALM NES is necessary for 

CALM-AF10 to upregulate HOXA gene expression. In these studies, we sought to establish 

how the CALM NES motif affects the ability of CALM-AF10 to activate HOXA gene 

expression, specifically via interaction with the nuclear export receptor, CRM1.

We demonstrate that acute treatment with the CRM1 inhibitor Leptomycin B (LMB) results 

in loss of HOXA transcript levels in CALM-AF10 cells. This occurs prior to epigenetic 

changes, and the effects of LMB treatment on HOXA transcript levels are kinetically similar 

to those of Actinomycin D, suggesting that CALM-AF10 transcriptionally regulates HOXA 

genes in a CRM1-dependent manner. We also show that CALM-AF10 binds HOXA loci, 

while mutation of the NES motif or treatment with LMB prevents this interaction. 

Furthermore, we find that CRM1 localizes to HOXA loci in both CALM-AF10 and wild-type 

cells. These data support a model by which CRM1 directly recruits CALM-AF10 to the 
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HOXA cluster, resulting in increased HOXA gene expression and ultimately cellular 

transformation.

Methods

Cell culture

Retroviral packaging Plat-E(19) and HEK293 cells were maintained in DMEM 

supplemented with 10% fetal bovine serum (FBS), penicillin, and streptomycin (Life 

Technologies, Carlsbad, CA, USA). MEF lines were immortalized with SV40 T/t antigen, as 

described previously (20). MEFs were maintained in the same basic medium supplemented 

with non-essential amino acids and glutamine. Murine leukemia cell lines were generated 

from mice with CALM-AF10- or Hoxa9/Meis1-derived acute leukemias, as described 

previously (13). Leukemic bone marrow cells were grown in RPMI 1640 medium 

supplemented with 5 ng/ml recombinant murine IL-3 (PeproTech, Rocky Hill, NJ, USA), 

10% FBS, glutamine, penicillin and streptomycin. Human U937 (ATCC, Manassas, VA, 

USA) and P31/Fujioka (21) cells were grown in the same medium without IL-3.

Transfection/Infection of cell lines

Retroviral plasmid constructs were derived as described previously. Plat-E cells were 

transfected by the calcium phosphate method. MEFs were infected by co-culture with 

filtered Plat-E supernatant in the presence of Polybrene (2 µg/ml). Transfection/infection 

efficiencies were verified by GFP percentage by flow cytometry (Accuri C6, Ann Arbor, 

MI, USA).

Real Time qRT-PCR

Total RNA was isolated from MEFs or leukemic cells using the RNeasy Mini kit (Qiagen, 

Valencia, CA, USA). RNA was reverse transcribed using the iScript kit (Bio-Rad, Hercules, 

CA, USA). Quantitative PCR amplification was performed using either the iQ Sybr Mix 

(Bio-Rad) with the iQ5 Optical System (Bio-Rad) or iTaq Universal SYBR Green Supermix 

(Bio-Rad) with the ViiA 7 Real Time PCR System (Life Technologies). In MEFs, Hoxa 

gene expression levels were normalized to the levels of Gapdh and then to empty vector by 

the comparative threshold (CT) method. For pharmacological inhibitor studies, equal 

amounts of RNA were used for reverse transcription reactions, and gene expression is 

shown relative to time zero. Primers used for qRT-PCR are listed in Supplementary Table 1.

Chromatin Immunoprecipitation (ChIP)

Di-methylated H3K79 ChIP assays were performed as described previously (13). For ChIP 

with anti-Flag and anti-CRM1 antibodies, formaldehyde-fixed cells were lysed with a mild 

lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mm EDTA, 1% Triton-X) and 

sonicated to an average fragment size of 1.5 kb. Immunoprecipitation was performed with 

anti-FLAG M2 Affinity Gel (Sigma-Aldrich, St. Louis, MO, USA) or anti-CRM1 (Santa 

Cruz, Dallas, TX or Bethyl, Montgomery, TX) antibodies incubated at 4oC for 3–5 hr or 

overnight, respectively. Salmon sperm-conjugated protein G sepharose beads (35 µL, 

Millipore, Billerica, MA, USA) were added to anti-CRM1 ChIPs and rocked at 4°C for an 

additional 3 hr. Following RNAse A and proteinase K treatment, input and ChIP DNA were 
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purified with a PCR purification kit (Qiagen) and amplified by real time RT-PCR. 

Amplification values were normalized to input. Primer sequences used to amplify genomic 

DNA are listed in Supplementary Table 2.

Co-Immunoprecipitation and Western blotting

For co-immunoprecipitation experiments, MEFs stably expressing empty vector, Flag-

tagged CALM-AF10 or Flag-tagged CALM(mutNES)-AF10 were fixed, lysed, and 

sonicated as for ChIP experiments. Anti-Flag M2 affinity gel was used to IP Flag-tagged 

constructs. After washing with lysis buffer, Laemmli sample buffer was added to the gel and 

samples were boiled for 15 min. Western blots were performed according to standard 

protocols. Primary antibodies included: CRM1 (Santa Cruz), CALM (Sigma), Histone H3 

(Cell Signaling, Danvers, MA, USA), and di-methylated H3K79 (Cell Signaling). 

Fluorescently conjugated secondary antibodies were incubated for 1 hr at RT, and blots were 

developed using the Odyssey Infra-red imaging system (Li-Cor Biosciences, Lincoln, NE, 

USA).

Luciferase Reporter Assays

HEK293 cells were transiently co-transfected with pTAL-Hoxa9-LUC (a kind gift from Jay 

Hess (22)) and MSCV-IRES-eGFP CALM-AF10, CALM(mutNES)-AF10 or a size-

matched anti-sense CALM-AF10 constructs by the calcium phosphate method. Luciferase 

assays were performed using the Luciferase Assay Kit (Promega, Madison, WI, USA) 

according to manufacturer’s instructions and measured using a luminometer (Promega). To 

correct for transfection differences, luciferase values are normalized to percent GFP-positive 

cells and are shown relative to the size-matched anti-sense control.

Pharmacological Inhibitor Studies

Leptomycin B (LMB) was obtained from Sigma Aldrich, and Actinomycin D (Act D) was 

obtained from Lundbeck Inc (Deerfiled, IL, USA). MEFs were treated with 0.7 nM LMB for 

2.5 hr before cells were either collected for RNA isolation or fixed for ChIP. Murine and 

human leukemia cells were treated with 0.7 nM LMB or 5 µg/mL Act D for 0, 60, 150, or 

300 min, and RNA was isolated. The DOT1L inhibitor, SGC0946 was obtained from the 

Structural Genomics Consortium (SGC) and used at 1 µM for up to 4 days.

Statistical Analysis

Data are presented as mean plus or minus SEM (n = 3 or more). Statistical analysis was 

performed by Student’s t-test when two groups were compared. Statistical analysis was 

performed by one-way ANOVA followed by Dunnett’s post-test when three or more groups 

of data were compared. Statistical analyses of gene expression with LMB or ActD were 

performed by two-way ANOVA followed by Bonferroni’s Multiple Comparison Test. 

Values were considered statistically significant when P values were less than 0.05 (unless 

specified otherwise in the Figure Legends). All analyses were carried out using PRISM 

software (GraphPad Software, Inc.).
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Results

Interaction of CALM-AF10 with CRM1 is necessary to upregulate Hoxa gene expression

CALM-AF10 interacts with the nuclear export receptor CRM1 via a NES within aa 544–553 

of CALM (Figure 1A). Point mutation of hydrophobic residues within the NES abolishes 

interaction with CRM1 (Figure 1B) and also abrogates the ability of CALM-AF10 to 

activate Hoxa expression in murine embryonic fibroblasts (MEFs) (previously reported (13) 

and shown in Figure 1C). Furthermore, while CALM-AF10 transcriptionally activates the 

Hoxa9 promoter in a luciferase reporter assay (Hoxa9-LUC), CALM(mutNES)-AF10 does 

not alter luciferase levels (Figure 1D). Therefore, the CALM-derived NES motif is essential 

for CALM-AF10-mediated upregulation of Hoxa gene expression.

To determine whether interaction with CRM1 is specifically necessary for elevated Hoxa 

expression, we treated CALM-AF10 or vector expressing cells with Leptomycin B (LMB). 

LMB is a well-characterized CRM1 inhibitor that covalently modifies the CRM1 NES 

binding domain, thereby preventing interaction of CRM1 with cargo molecules, such as 

CALM-AF10 (23). As shown in Figure 2A, short treatment with LMB (2.5 h, 0.7 nM) 

abolished CALM-AF10-induced expression of Hoxa9, Hoxa10 and Hoxa11 in MEFs.

To extend the observations made in MEFs, murine CALM-AF10 leukemia cells were treated 

with LMB, and Hoxa transcript levels were measured. As shown in Figure 2B, 2.5 h LMB 

treatment resulted in at least a 50% reduction of Hoxa7–11 transcript levels in CALM-AF10 

cells. To verify that these effects are specific to CALM-AF10 leukemia cells, we tested 

leukemia cells derived by co-transduction of Hoxa9 and Meis1 (Hoxa9/Meis1), which do not 

aberrantly express endogenous Hoxa genes. In contrast, Hoxa transcript levels were 

unchanged in Hoxa9/Meis1 leukemic cells after 2.5 h LMB treatment (Figure 2C). Together, 

these results suggest that the interaction of CALM-AF10 with CRM1 is necessary for 

upregulation of Hoxa cluster gene expression.

Upregulation of Hoxa genes in CALM-AF10 leukemias is thought to be a consequence of 

perturbed H3K79 methylation across Hoxa loci (11, 15). Because 2.5 h LMB treatment 

resulted in reduced Hoxa transcript levels, we assessed its effect on levels of di-methylated 

H3K79 in murine CALM-AF10 leukemic cells. As shown in Figure 2D, H3K79 methylation 

at Hoxa loci is unchanged following 2.5 h LMB treatment. Therefore, we conclude that 

H3K79 hypermethylation by itself is not sufficient to maintain Hoxa gene expression. This 

suggests that in addition to enabling DOT1L-mediated histone methylation, CALM-AF10 

regulates Hoxa transcript levels through another mechanism.

Treatment with the CRM1 inhibitor Leptomycin B hinders transcription of Hoxa genes in 
CALM-AF10 leukemia cells

To explore whether the CRM1/CALM-AF10 interaction directly affects transcription of 

Hoxa genes, we compared the activity of LMB to that of Actinomycin D (ActD) in murine 

CALM-AF10 leukemia cells. Because ActD prevents RNA Polymerase-mediated 

transcriptional elongation, Hoxa transcript levels in ActD treated cells reflect mRNA 

stability rather than active transcription (24). As shown in Figure 3, incubation with ActD (5 

µg/ml) results in loss of Hoxa9, Hoxa10, Gapdh, and β2M transcript levels over the course 
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of 300 min (5 hr). Likewise, treatment with LMB (0.7 nM) results in reduced Hoxa9 and 

Hoxa10 transcript levels with kinetics similar to ActD (Figure 3). Importantly, Gapdh and 

β2M transcript levels are not decreased in LMB treated cells, demonstrating that LMB does 

not block all active transcription in CALM-AF10 leukemia cells. These findings suggest that 

blocking the CRM1/CALM-AF10 interaction with LMB specifically inhibits aberrant 

Hoxa9 and Hoxa10 transcription that occurs in these leukemias.

To extend our observations of the effects of LMB on Hoxa gene expression to human 

disease, we treated two human CALM-AF10 cell lines, U937 and P31/Fujioka (P31) with 

ActD or LMB. Both U937 and P31 cells are derived from patients with hematopoietic 

disorders driven by CALM-AF10 translocations (13, 21, 25). Cells were incubated with 

ActD (5 µg/ml) or LMB (0.7 nM) for up to 300 min, and transcript levels were measured by 

qRT-PCR. In both U937 (Figure 4A) and P31 cells (Figure 4B), HOXA9 and HOXA10 

levels are reduced in the presence of LMB with kinetics similar to ActD. In contrast, 

GAPDH and β2M are reduced in the presence of ActD, but their levels remain unchanged 

upon exposure to LMB. These results are in agreement with our previous studies that 

showed that both U937 and P31 cell viabilities are reduced following exposure to LMB 

treatment (13). Next, we measured the levels of di-methylated H3K79 in U937 cells treated 

with LMB. As shown in Figure 4C, H3K79 methylation at HOXA loci is unchanged 

following 2.5 h LMB treatment, similar to that observed in murine CALM-AF10 leukemic 

cells (Figure 2D). We conclude that LMB-mediated CRM1 inhibition represses HOXA gene 

transcription independently of altered H3K79 methylation in both murine and human 

CALM-AF10 leukemia cells.

The rapid reduction of Hoxa transcripts induced by LMB in CALM-AF10 cells contrasts 

with the maintenance of H3K79 methylation at Hoxa loci (Figures 2D and 4C). Epigenetic 

deregulation of H3K79 methylation via aberrant recruitment and/or activity of DOT1L is 

thought to regulate overexpression of Hoxa genes in CALM-AF10 leukemias. Hence, 

pharmacological inhibitors of DOT1L have recently been developed for clinical use and 

have been shown to reduce Hoxa gene expression in these cells (15, 16). To test whether 

pharmacological inhibition of DOT1L reduces Hoxa gene expression with kinetics similar to 

ActD and LMB, we treated murine CALM-AF10 leukemia cells with the DOT1L inhibitor 

SGC0946 (1 µM) (26). Unlike LMB and ActD, SGC0946 does not alter Hoxa9 or Hoxa10 

transcript levels over the course of 5 hr of treatment (Figure 5A). Similar to published 

studies, we found that Dot1L inhibition does lead to decreased Hoxa9 and Hoxa10 transcript 

levels after 4 days of treatment (Figure 5B) (15, 16). Likewise, cellular di-methylated 

H3K79 levels are reduced after 2 days of treatment with SGC0946 (Figure 5C). Next, we 

verified that HOXA9 or HOXA10 transcript levels are not altered in human CALM-AF10 

leukemic cells treated with the DOT1L inhibitor SGC0946 over the course of 5 hr (Figure 

5D). Congruent with recent findings (16), we also observed that the U937 cells are 

insensitive to long term DOT1L inhibition, as both cell growth and di-me H3K79 levels did 

not change following 6 days of treatment with SGC0946 (data not shown). From these 

results, we conclude that ActD and LMB treatment inhibit Hoxa9 and Hoxa10 transcript 

levels with similar kinetics in both human and murine CALM-AF10 cells. In contrast, murine 
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CALM-AF10 cells require a more prolonged exposure to a DOT1L inhibitor, while human 

U937 cells show minimal response to DOT1L inhibition.

CALM-AF10 is targeted to Hoxa loci in a CRM1-dependent manner

Our results thus far support a model in which CALM-AF10 must interact with CRM1 (via 

the NES) to upregulate Hoxa gene transcription. However, it remains unclear whether these 

effects at the Hoxa locus are directly or indirectly mediated by CALM-AF10. To assess 

whether the effects of CALM-AF10 on Hoxa gene transcription are direct, we performed 

chromatin immunoprecipitation (ChIP) using anti-Flag antibodies in MEFs stably expressing 

empty vector, Flag-tagged CALM-AF10, or Flag-tagged CALM(mutNES)-AF10. As shown 

in Figure 6A, CALM-AF10 is enriched at the transcriptional start site (TSS) of Hoxa9 and 

Hoxa10 and within the coding region of Hoxa9. However, we did not find enrichment of 

CALM-AF10 at the TSS or within the first exon of Hoxa5, in contrast to the report by 

Okada and colleagues (11). To determine whether the CALM-AF10 NES motif is required 

to interact with chromatin, we studied the point mutant CALM(mutNES)-AF10 that does not 

bind CRM1 and is unable to activate Hoxa genes or transform murine bone marrow (13). 

Interestingly, while CALM(mutNES)-AF10 is an entirely nuclear protein (13), we did not 

observe enrichment of CALM(mutNES)-AF10 at Hoxa9 or Hoxa10 chromatin loci (Figure 

6A). Therefore, point mutation of the hydrophobic residues within the NES abrogates the 

ability of CALM-AF10 to bind chromatin and subsequently activate transcription of the 

Hoxa genes.

To further establish whether interaction with CRM1 is required for CALM-AF10 

localization at Hoxa chromatin, we treated CALM-AF10-expressing cells with LMB and 

performed ChIP using anti-Flag antibodies. Strikingly, we observed a significant loss of 

CALM-AF10 enrichment at Hoxa9 and Hoxa10 chromatin following only 2.5 hr treatment 

with LMB (Figure 6B), mirroring the phenotype of CALM(mutNES)-AF10 (Figure 6A). 

These results are also congruent with the kinetics of Hoxa transcript reduction caused by 

LMB (Figure 2A). Therefore, we conclude that the localization of CALM-AF10 at Hoxa 

loci requires interaction between the CALM-derived NES and CRM1. Both genetic and 

pharmacologic inhibition of this interaction not only prevents CALM-AF10 from localizing 

to Hoxa chromatin but also blocks CALM-AF10-mediated activation of Hoxa gene 

transcription.

CRM1 is enriched at Hoxa loci in the presence and absence of CALM-AF10

Our observation that CALM-AF10 interacts with Hoxa chromatin in a CRM1-dependent 

manner led us to hypothesize that CRM1 itself may bind Hoxa loci thus allowing for 

recruitment of CALM-AF10. However, as the major mammalian nuclear export receptor, 

CRM1 is solely thought to affect gene regulation through its translocation of nuclear factors 

to the cytoplasm. It was therefore surprising to find significant enrichment of CRM1 at Hoxa 

chromatin in MEFs expressing CALM-AF10 (Figure 7A). The pattern of CRM1 localization 

across the Hoxa cluster is similar to that seen with CALM-AF10 with highest enrichment at 

the TSS and within the first exon of Hoxa9 (Figure 6A–B). Importantly, we did not observe 

CRM1 enrichment at a region of heterochromatin (Chr8, Figure 7A), suggesting that CRM1 
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localizes to specific loci. These results can be recapitulated using a different anti-CRM1 

antibody (Figure S1A).

The observation that CRM1 binds Hoxa chromatin in CALM-AF10 expressing MEFs led us 

to question whether CRM1 is also present at HOXA loci in leukemia cells. We performed 

ChIP using anti-CRM1 antibodies in the human CALM-AF10 leukemia cell line, U937. 

Similar to experiments performed in MEFs, CRM1 is enriched at HOXA9 and HOXA10 

gene regions, but we did not detect enrichment at a heterochromatin region (Chr12, Figure 

7B). The observations that CRM1 binds HOXA chromatin and that HOXA transcript levels 

are sensitive to LMB in human CALM-AF10 leukemic cells (Figure 4) support a mechanism 

by which CRM1 mediates the effects of CALM-AF10 on HOXA transcription during 

leukemogenesis.

Finally, we sought to determine whether the localization of CRM1 at Hoxa loci is dependent 

on CALM-AF10. We performed ChIP using an anti-CRM1 antibody in MEFs expressing an 

empty retroviral vector. As shown in Figures 7C and S1B, we observed similar enrichment 

of CRM1 at Hoxa chromatin in the absence of CALM-AF10. The presence of CRM1 at 

Hoxa loci in wild-type MEFs suggests a model whereby CRM1 recruits CALM-AF10 to 

DNA. In other words, the CALM-AF10 fusion protein is able to hijack this normal function 

of CRM1, allowing for CALM-AF10 localization at the Hoxa gene cluster and resulting in 

H3K79 hypermethylation, increased transcription and ultimately cellular transformation.

Discussion

In previous work, we showed that CALM contains a CRM1-dependent NES that is essential 

for CALM-AF10-mediated transformation (13). Interaction with CRM1 mediates nuclear 

export of CALM-AF10 and leads to cytoplasmic mislocalization of the AF10 binding 

partner, DOT1L (Figure 7D) (13). Mislocalization of DOT1L to the cytoplasm is associated 

with global H3K79 hypomethylation, which in turn may contribute to genomic instability 

(12). In the current studies, we continue to explore the molecular mechanisms by which the 

CALM-AF10 translocation drives leukemogenesis.

We have demonstrated that in addition to mediating nuclear export of CALM-AF10, the 

interaction of CRM1 with CALM-AF10 directly regulates HOXA cluster gene expression. 

We found that short treatment (2.5 h) with the CRM1 inhibitor, LMB, results in loss of Hoxa 

transcript levels in both MEFs and leukemia cells expressing CALM-AF10. These effects 

are specific to CALM-AF10 cells, as Hoxa levels are unchanged following LMB treatment in 

vector-expressing MEFs and in Hoxa9/Meis1-driven leukemia cells (Figures 2A and 2C). 

From these results, we conclude that Hoxa gene expression is particularly sensitive to 

CRM1 inhibition in CALM-AF10 cells.

Prior to these studies, CALM-AF10-mediated upregulation of Hoxa gene expression was 

solely thought to be a consequence of DOT1L-mediated H3K79 hypermethylation at this 

locus. However, we observed that although Hoxa transcript levels were reduced in the 

presence of LMB, di-methylated H3K79 levels remained unchanged (Figures 2D and 4C). 

These results suggest that exposure to LMB impairs Hoxa gene expression via a mechanism 
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that is distinct from DOT1L-mediated methylation. Indeed, while a reduction in Hoxa9 and 

Hoxa10 transcript levels requires a prolonged treatment with the DOT1L inhibitor (4 days in 

murine leukemic cells), HOXA levels are reduced after only 2.5 hours in either murine or 

human CALM-AF10 cells. The effects of LMB on HOXA9 and HOXA10 transcript levels are 

similar to those seen with inhibition of RNA Polymerase in both mouse and human CALM-

AF10 leukemia cells. These results suggest that in addition to facilitating H3K79 

methylation at HOXA loci, CALM-AF10 may also drive transcription of HOXA9 and 

HOXA10.

To further explore how CRM1 affects Hoxa regulation by CALM-AF10, we studied the 

direct binding of CALM-AF10 at Hoxa loci. We found that interaction of CALM-AF10 with 

Hoxa loci was inhibited by both mutation of the NES motif and treatment with LMB. 

Therefore, enrichment of CALM-AF10 at Hoxa loci requires interaction between the 

CALM-derived NES and CRM1. Likewise, we found that CRM1 also localizes to HOXA 

loci in MEFs and human leukemia cells expressing CALM-AF10. The binding pattern of 

CRM1 across HOXA9 and HOXA10 is similar to that observed for CALM-AF10. Finally, 

we found that CRM1 localizes to Hoxa chromatin in MEFs that do not express CALM-

AF10.

Taken together, these data support a mechanistic model of CALM-AF10-mediated 

leukemogenesis that is critically dependent on the CALM-CRM1 interaction (Figure 7D). In 

non-CALM-AF10 cells, CRM1 not only mediates nuclear export, but also localizes to Hoxa 

loci for reasons that at this time remain unclear. Both of these roles for CRM1 are exploited 

by interaction with the aberrant CALM-AF10 fusion protein, which drives leukemic 

transformation. Specifically, as discussed earlier, CRM1 mediates nuclear export of CALM-

AF10 resulting in mislocalization of DOT1L and global loss of di-methylated H3K79 levels 

(Figure 7Di). Global H3K79 hypomethylation may alter structure and organization of the 

genome and has been shown to contribute to genome instability (12), each of which could 

contribute to the leukemic state. In addition to mediating nuclear export, the localization of 

CRM1 to HOXA loci results in recruitment of CALM-AF10, which in turn increases both 

H3K79 methylation and transcription of HOXA genes (Figure 7Dii). Our data demonstrate 

the during acute LMB treatment, H3K79 hypermethylation is not sufficient to maintain 

HOXA gene expression. However, maintenance of H3K79 methylation has previously been 

shown to be necessary for HOXA expression and leukemogenesis (11, 15). Taken together, 

these findings implicate CALM-AF10 in control of both the immediate transcription and 

maintained epigenetic state of the HOXA genes via interaction with both CRM1 and 

DOT1L. The HOXA genes are key effectors of leukemogenesis, and their overexpression 

ultimately contributes to cellular transformation.

While elucidating the mechanisms of CALM-AF10-driven leukemias, we discovered a novel 

role for CRM1: its ability to bind HOXA gene loci and to modulate their epigenetic and 

transcriptional status through recruitment of CALM-AF10. While this is the first 

demonstration of CRM1 at chromatin in mammalian cells, the CRM1 ortholog, Xpo1 was 

found to be associated with transcriptionally active genes in a genome-wide ChIP screen in 

S. cerevisiae (27). In addition, other members of the nuclear transport machinery, such as 

nucleoporins, have been shown to bind DNA and transcriptionally regulate gene expression 
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(28, 29). In the future, it will be important to assess the physiologic role of CRM1 at 

chromatin and to determine whether it interacts with other components of the nuclear pore 

and plays a direct role in gene regulation. Because CALM-AF10 is recruited to HOXA 

chromatin via interaction with CRM1, we predict that under normal circumstances, CRM1 

may recruit NES-containing factors to specific genomic loci. CRM1 is known to interact 

with many transcription factors that contain NES motifs (such as p53(30), STAT1(31), 

MAP2K1(32) and IκB(33)) and mediate their nuclear/cytoplasmic localization. Therefore, it 

is tempting to speculate that in addition to mediating nuclear export, CRM1 may directly 

interact with transcription factors at DNA to regulate gene expression. In support of this 

notion, mutation of the NES motif or treatment with LMB has been shown to inhibit the 

ability of transcription factors Oct-6 and Sox10 to activate their downstream targets (34, 35). 

Likewise, acute (6 h) treatment with the CRM1 inhibitor KPT-276 results in decreased cell 

cycle gene expression in myeloma cells, similar to our observations of HOXA transcript 

levels in leukemia cells (36).

The critical role of CRM1 in CALM-AF10-mediated leukemogenesis, may extend to other 

leukemic fusion proteins. This might be particularly relevant in the case of leukemogenic 

fusions involving the nucleoporins NUP98 or NUP214, which physiologically interact with 

CRM1 and are also associated with HOXA gene overexpression (37–39). Intriguingly, it has 

recently been proposed that CRM1 may directly cooperate with NUP98/NUP214 in binding 

chromatin and regulating transcription during leukemogenesis (40). In the future, it will be 

interesting to assess a more general role for CRM1 in regulating transcription in leukemias 

that overexpress HOXA genes.

The use of CRM1 inhibitors for the treatment of hematologic malignancies was first 

attempted more than 20 years ago. Although initial clinical trials with Leptomycin B in 

humans were associated with significant toxicity (41), several novel CRM1 inhibitors have 

recently been developed and are being tested in preclinical trials for patients with 

hematological malignancies, such as AML (42–44). Based on our observations in CALM-

AF10 leukemias, we hypothesize that inhibition of CRM1 may affect tumor cell viability by 

directly blocking the transcription of effector genes such as HOXA9 and HOXA10, in 

addition to their well-recognized ability to prevent nuclear export of NES containing 

proteins.

In summary, we have identified a novel molecular mechanism by which the CALM NES 

enables CALM-AF10-mediated activation of HOXA gene expression via interaction with the 

nuclear export receptor, CRM1. Genetic and pharmacologic inhibition of CRM1 prevents 

CALM-AF10 enrichment at HOXA loci, resulting in loss of HOXA gene transcription. 

CRM1 is first present at HOXA chromatin where it recruits CALM-AF10, highlighting a 

novel role for CRM1 in gene regulation through direct loci interaction, rather than nuclear 

export. We conclude that CRM1 is a central mediator of and promising therapeutic target in 

CALM-AF10-mediated leukemogenesis.
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Figure 1. CALM-AF10 interacts with CRM1 via the CALM-derived NES, which is necessary for 
Hoxa upregulation in MEFs
(A) Alignment of the NES within CALM (aa 544–553) and the consensus sequence of 

CRM1-dependent NES where ϕ represents any hydrophobic residue and x represents any 

amino acid. The hydrophobic aa of the CALM NES were point mutated to alanines (A) to 

create the CALM(mutNES)-AF10 mutant. (B) Co-immunoprecipitation experiments were 

performed to assess the interaction of CALM-AF10 and CRM1. MEFs stably infected with 

empty Vector, Flag-CALM-AF10 or Flag-CALM(mutNES)-AF10 were treated as described 

for ChIP experiments using Anti-Flag affinity gel. Co-IP complexes were visualized by 

SDS-PAGE using antibodies against CRM1 or CALM (recognizes CALM-AF10 fusions). 

(C) Hoxa cluster transcript levels were measured by qRT-PCR in MEFs expressing empty 

vector or CALM(mutNES)-AF10. Results are normalized to GAPDH and then to vector 

controls by the ΔΔCt method. Results are shown as mean ± SEM from at least 3 

experiments. (D) Luciferase assays were performed using the Hoxa9-LUC reporter construct 

and either anti-sense CALM-AF10 (asCtrl), CALM-AF10, or CALM(mutNES)-AF10. 

Results are shown relative to asCtrl and as mean ± SEM from 4 separate experiments. 

Statistical analysis was performed by one-way ANOVA; *P<0.05.
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Figure 2. Inhibition of CRM1 with Leptomycin B reduces Hoxa cluster expression in CALM-
AF10 cells
(A) MEFs stably expressing empty vector or CALM-AF10 were treated with 0.7 nM LMB 

for 2.5 h, and Hoxa transcript levels were measured by real time qRT-PCR. Results are 

normalized to GAPDH and then to untreated empty vector MEFs by the ΔΔCt method. 

Statistical analysis was performed by one-way ANOVA for each Hoxa gene followed by 

Dunnett’s multiple comparison test; *P<.01. (B) Murine CALM-AF10 or (C) Hoxa9/Meis1 

leukemia cells were grown in the absence or presence of LMB (0.7 nM, 2.5 h). Hoxa 

transcript levels were measured by qRT-PCR. Results are normalized to GAPDH and then to 

untreated cells by the ΔΔCt method. Statistical analysis was performed by Student’s t-test; 

*P<0.05. (D) ChIP analysis of di-methylated H3K79 in the promoter regions of Hoxa cluster 

genes in murine CALM-AF10 leukemia cells. Results were generated by qRT-PCR and are 

shown as a percent of input. For all panels, results are shown as mean ± SEM compiled from 

at least 3 separate experiments.
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Figure 3. Leptomycin B and Actinomycin D inhibit Hoxa expression with similar kinetics in 
murine CALM-AF10 leukemia cells
Murine CALM-AF10 leukemia cell lines were treated with 5 µg/ml Actinomycin D (ActD) 

or 0.7 nM LMB for 60, 150, or 300 min, and real time qRT-PCR was performed. Hoxa9, 

Hoxa10, Gapdh or β2M transcript levels were normalized to time zero (untreated). Results 

are shown as mean ± SEM from at least 3 experiments. Statistical analysis was performed 

by two-way ANOVA followed by Bonferroni’s Multiple Comparison Test; *P<0.05.
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Figure 4. Leptomycin B and Actinomycin D inhibit HOXA expression with similar kinetics in 
human CALM-AF10 leukemia cell lines
Human CALM-AF10-positive leukemia cell lines U937 (A) and P31/Fujioka (P31; B) were 

treated with 5 µg/ml ActD or 0.7 nM LMB for 60, 150, or 300 min, and real time qRT-PCR 

was performed. HOXA9, HOXA10, GAPDH or β2M transcript levels were normalized to 

time zero (untreated). Results are shown as mean ± SEM from at least 3 experiments. 

Statistical analysis was performed by two-way ANOVA followed by Bonferroni’s Multiple 

Comparison Test; *P<0.05 (C) ChIP analysis of di-methylated H3K79 in the promoter 
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regions of HOXA cluster genes in human CALM-AF10 U937 cells. Results were generated 

by qRT-PCR and are shown as a percent of input. Results are shown as mean ± SEM from 3 

experiments.
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Figure 5. Inhibition of DOT1L with SGC0946 lowers Hoxa transcript levels with slower kinetics 
than LMB in murine CALM-AF10 cells
(A-B) Murine CALM-AF10 cells were treated with either DMSO or 1 µM SGC0946, a 

specific DOT1L inhibitor, for 60, 150, or 300 min (A) or 2–4 days (B), and Hoxa9 and 

Hoxa10 transcript levels were measured by real time qRT-PCR. Hoxa9 and Hoxa10 

transcript levels are normalized to GAPDH and then to respective DMSO-treated controls by 

the ΔΔCt method. Results are shown as mean ± SEM from at least 3 experiments. (C) 
Representative western blot of di-methylated H3K79 and Histone H3 levels in CALM-AF10 

leukemic cells treated with DMSO (4 days) or SGC0946 (1 mM; 2–4 days). (D) Human 

CALM-AF10 leukemic cells (U937, left; P31/Fuji, Right) were treated with either DMSO or 

1 µM SGC0946 for 60, 150, or 300 min. HOXA9 and HOXA10 transcript levels were 

measures by real time qRT-PCR, normalized to GAPDH and to respective DMSO-treated 

controls by the ΔΔCt method. Results are shown as mean ± SEM from 3 experiments.

Conway et al. Page 19

Leukemia. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. CALM-AF10 presence at Hoxa loci is dependent on CRM1 interaction
(A) ChIP was performed using anti-Flag antibodies in MEFs expressing empty Vector, Flag-

CALM-AF10, or Flag-CALM(mutNES)-AF10. (B) Vector or CALM-AF10 expressing 

MEFs were treated with 0.7 nM LMB for 2.5 h, and ChIP using anti-Flag antibodies was 

performed. Hoxa amplification was measured by real time qPCR and shown as a percent of 

input. Results represent mean ± SEM from at least 3 experiments. Statistical analysis was 

performed by one-way ANOVA for each Hoxa gene, followed by Dunnett’s Multiple 

Comparison Test; *P<0.05.
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Figure 7. CRM1 interacts with Hoxa chromatin in both the presence and absence of CALM-
AF10
(A) ChIP analyses were performed using anti-CRM1 antibodies in MEFs expressing 

CALM-AF10. Hoxa amplification was measured by real time qPCR and shown as a percent 

of input. A region of heterochromatin (Chr8) was used as a negative control. (B) ChIP 

analyses were performed using anti-CRM1 antibodies in CALM-AF10-positive U937 cells. 

HOXA amplification was measured by real time qPCR and shown as a percent of input. A 

region of heterochromatin (Chr12) was used as a negative control. (C) CRM1 ChIP 
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experiments were performed using anti-CRM1 antibodies in MEFs stably infected with an 

empty vector. Results represent mean ± SEM from at least 3 experiments. Statistical analysis 

was performed by Student’s t-test; *P<0.05. (D) Schematic model demonstrating the 

molecular mechanisms of CALM-AF10-mediated leukemogenesis. In wild-type (non-

CALM-AF10) cells, in addition to mediating protein nuclear export, CRM1 also localizes to 

HOXA loci. CRM1 mediates the leukemogenic effects of CALM-AF10 through two major 

mechanisms. (i) CRM1-mediated nuclear export of CALM-AF10 results in cytoplasmic 

mislocalization of DOT1L and subsequent global H3K79 hypomethylation, potentially 

resulting in genomic instability. (ii) Within the nucleus, CRM1 recruits CALM-AF10 to 

HOXA loci, resulting in transcriptional and epigenetic activation of the leukemogenic HOXA 

genes.
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