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Summary

NPM1 is the most frequently mutated gene in cytogenetically normal acute myeloid leukemia 

(AML). In AML cells, NPM1 mutations result in abnormal cytoplasmic localization of the mutant 

protein (NPM1c), however it is unknown whether NPM1c is required to maintain the leukemic 

state. Here, we show that loss of NPM1c from the cytoplasm, either through nuclear relocalization 

or targeted degradation, results in immediate downregulation of homeobox (HOX) genes followed 

by differentiation. Finally, we show that XPO1 inhibition relocalizes NPM1c to the nucleus, 

promotes differentiation of AML cells, and prolongs survival of Npm1mutated leukemic mice. We 

describe an exquisite dependency of NPM1-mutant AML cells on NPM1c, providing the rationale 

for the use of nuclear export inhibitors in AML with mutated NPM1.

In Brief

Brunetti et al. show that specific loss of NPM1c from the cytoplasm leads to downregulation of 

HOX genes and differentiation in NPM1 mutant AML. Blocking NPM1c nuclear export by XPO1 

inhibition reduces cytoplasmic NPM1c, promotes AML differentiation, and prolongs the survival 

of a mouse model of NPM1c+ AML.

Graphical Abstract
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Introduction

Nucleophosmin (NPM1) is an abundant multifunctional nucleolar protein involved in the 

maintenance of genome stability and ribosome biogenesis (Grisendi et al., 2006). NPM1 is 

the most frequently mutated gene in cytogenetically normal acute myeloid leukemia (AML) 
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(Falini et al., 2005; Falini et al., 2015; Schlenk et al., 2008). NPM1 mutations are considered 

AMLinitiating lesions, being highly associated with frank leukemia, absent in clonal 

hematopoiesis, and detectable in all leukemic cells in patients with NPM1-mutated leukemia 

(Grimwade et al., 2016; Ivey et al., 2016).

NPM1 mutations are almost invariably small insertions in the terminal exon that result in the 

loss of the nucleolar localization signal and the generation of a novel C-terminal nuclear 

export signal (NES) (Bolli et al., 2007; Falini et al., 2006). Consequently, in contrast with 

the nucleolar localization of the wild-type (WT) protein, the mutant protein is aberrantly 

localized in the cytoplasm of leukemic cells (NPM1-cytoplasmic or NPM1c). NPM1 
mutations in AML are always heterozygous (Falini et al., 2007), and WT NPM1 is essential 

for cell survival (Grisendi et al., 2005).

Several studies have indicated the cytoplasmic dislocation of NPM1 in AML is critical to its 

oncogenicity (Falini et al., 2009). All NPM1 mutations act to maximize the export of the 

mutant to the cytoplasm, including rare mutations found outside of exon 12 (Falini et al., 

2009), and in the infrequent NPM1 leukemic mutants with residual nucleolar targeting 

ability, stronger NESs are selected (Bolli et al., 2007). In spite of these findings, a functional 

requirement for NPM1c and its nuclear export for maintenance of the leukemic state has not 

been demonstrated.

While mutant NPM1 is an attractive therapeutic target as it is highly expressed, its similarity 

to the WT protein, and the cell survival requirement for WT NPM1, has thus far prevented 

the development of therapeutics directed against NPM1 itself. However, if NPM1mutant 

AML is actually dependent on the nuclear export of NPM1c, disruption of its export could 

offer an alternative therapeutic strategy for the large fraction of AML patients that harbor 

NPM1 mutations.

The downstream mechanisms through which NPM1c may act could also offer a point of 

intervention, but they are poorly understood. NPM1-mutant AML cells display a unique 

gene expression profile, characterized by high expression of multiple members of the HOXA 

and HOXB clusters (Alcalay et al., 2005; Spencer et al., 2015). HOX gene upregulation in 

AML is thought to reflect a stem cell-like state (Spencer et al., 2015), but may also 

contribute to pathogenesis. Thus, the degree to which HOX gene upregulation is directly 

dependent on NPM1c, or simply reflects the differentiation state, has been debated. In this 

work, we aimed to elucidate the role of HOX gene expression in AML using allele-specific 

gene editing of NPM1 and pharmacologic inhibition of nuclear export.

RESULTS

Allele-specific editing of NPM1c results in nuclear relocalization of mutant NPM1

We first sought to establish a strategy for specific manipulation of the mutant NPM1 allele 

(herein referred to as NPM1c), while leaving the WT allele intact. We reasoned that the 

specificity of CRISPR-Cas9 targeting, combined with the high efficiency of introducing 

Cas9sgRNA ribonucleoprotein complexes (RNPs) into hematopoietic cells (Gundry et al., 

2016), would enable specific NPM1c targeting. Our initial goal was to introduce indels in 
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the NPM1c allele that would disrupt the nuclear export signal, potentially relocalizing the 

mutant protein to the nucleus. We thus designed an sgRNA (sgNPM1c) spanning the C-

terminal 4 bp insertion that characterizes NPM1 mutation A (herein NPM1mutA) (Figure 

1A), found in both OCI-AML3 and IMS-M2 AML cell lines (Chi et al., 2010; Quentmeier et 

al., 2005).

Electroporation of Cas9-sgNPM1c RNPs (referred to henceforth by indicating the guide 

RNA only (sgNPM1c)) into OCI-AML3 cells led to efficient indel generation at the mutant 

allele (86 ± 2% of sequenced alleles) with no evidence of indels at the WT allele (Figure 1B 

and Table S1). To examine the localization of the resulting edited alleles, we generated 

constructs in which the 3’ end of NPM1 was replaced with each of the four most frequently 

observed alleles (Figure 1B) along with an N-terminal GFP tag (Figure S1A), and expressed 

these constructs in 293T cells. All tested alleles resulted in mutant NPM1 proteins with 

nuclear localization (Figure S1B). In both OCI-AML3 and IMS-M2 cells transfected with 

sgNPM1c, immunofluorescence with an antibody against the N-terminus of NPM1 

confirmed the loss of cytoplasmic NPM1 (Figure 1C). Western blot analysis showed no 

change in the level of total NPM1, but loss of the C-terminal mutant epitope (Figures 1D and 

S1C), confirming efficient disruption of the mutant allele, without affecting protein levels. 

Altogether, these results demonstrate that CRISPR-Cas9 can be used to specifically target 

the NPM1c allele, resulting in nuclear relocalization of mutant NPM1, while leaving the WT 

NPM1 allele intact.

Nuclear relocalization of NPM1c induces differentiation and cell growth arrest of AML cells

We next sought to study the phenotypic impact of NPM1c relocalization to the nucleus. To 

obtain clones with edited NPM1c, we plated 150 individual OCI-AML3 cells that had been 

transfected with sgNPM1c. Strikingly, only 4 clones were recovered, all of which were 

unedited (not shown), suggesting that nuclear relocalization of NPM1c may result in a 

proliferative defect.

We therefore assessed the impact of nuclear relocalization of NPM1c on cell growth using a 

pool of edited cells. As anticipated, NPM1c editing significantly impaired the growth of 

OCI-AML3 and IMS-M2 cells beginning respectively at day 9 and day 5 post-

electroporation (Figures 2A and S2A). Because the majority of cells (~80%), but not all, 

were efficiently targeted by sgNPM1c (Table S1), we reasoned that the small residual 

fraction of unedited AML cells would outcompete edited cells over time. Indeed, sequencing 

of the NPM1c locus to assess the proportion of edited cells at day 3 versus day 12 post-

transfection revealed a drop from nearly 80% to ~4%, indicating significant selection against 

cells with a disrupted Cterminal NES (Figure 2B). The selective growth advantage of cells 

lacking edited NPM1c was also observed in OCI-AML3 cells transplanted into NSG mice 

(Figures S2B and S2C).

After evaluating cell growth, we asked whether nuclear relocalization of NPM1c was 

inducing differentiation in NPM1-mutant cells. Indeed, transfection with sgNPM1c, but not 

with control sgRNAs (targeting genes for CD19 or CD45), resulted in morphological 

differentiation of both OCI-AML3 and IMS-M2. Specifically, OCI-AML3 cells acquired 

mature monocytic morphology 9 days after electroporation, while IMS-M2 developed 
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azurophilic granules, suggesting granulocytic differentiation, 6 days after electroporation 

(Figure 2C). Differentiation was confirmed by flow cytometry at the same timepoints. 

Transfection with sgNPM1c significantly increased CD11b and CD14 expression in OCI-

AML3 cells (Figures 2D and S2D) and myeloperoxidase (MPO) expression in IMS-M2 cells 

(Figure 2E). To demonstrate that differentiation was induced only in cells with disrupted C-

terminal NES, we FACS sorted undifferentiated and differentiated OCI-AML3 cells and 

confirmed that editing of the NPM1c allele was specific to differentiated cells (Figure S2E 

and Table S2). Finally, we analyzed the cell cycle with flow cytometry in OCI-AML3 cells 

transfected with sgNPM1c or controls. While no differences in G1, S and G2 phase were 

detected at day 5, cells transfected with sgNPM1c underwent significant G1 arrest at day 9 

(Figures 2F and S2F) after electroporation. Importantly, the G1 arrest was nearly ubiquitous 

in differentiated cells (Figure S2G).

We next assessed the impact of nuclear relocalization of NPM1c in an NPM1c/FLT3ITD/ITD 

primary derived xenograft model (PDX2) and in primary patient AML samples. Both PDX2 

and primary AML samples harboring NPM1mutA transfected with sgNPM1c displayed 

immunophenotypic (Figures 3A and 3B) and morphologic (Figure S3A) differentiation, 

most pronounced between day 9 and day 12 after electroporation. Of note, primary AML 

samples with mutated NPM1 underwent differentiation irrespective of cooccurring 

mutations (Table S3), while no differences in CD11b expression were seen in NPM1 WT 

samples transfected with sgNPM1c compared to controls (Figure 3B). To confirm that 

differentiation was induced only in edited cells, we performed high-throughput amplicon 

sequencing of FACS-sorted undifferentiated and differentiated primary cells (Pt. 004), 

confirming that only differentiated cells had a disrupted NPM1c C-terminus (Figure S3B 

and Table S4).

To demonstrate that nuclear relocalization of NPM1c imparts a cell growth defect in vivo, 

we transfected cells with sgNPM1c or control sgRNAs and performed subcutaneous 

injections into NSG mice (Figure 3C). Consistent with the OCI-AML3 data, even though we 

injected PDX2 cells that had a ~40% indel frequency (Table S4), we observed almost 

complete loss of edited NPM1c alleles (0.1 ± 0.1%) 6 weeks following injection (Figure 

3D). PDX2 cells transfected with control sgRNAs showed no evidence of in vivo selection 

(Figure 3D). Taken together, cell line and primary sample data support the conclusion that 

the maintenance of the leukemic phenotype, defined by proliferation and lack of 

differentiation, is dependent on an intact NPM1c C-terminal nuclear export signal.

NPM1-mutant AML cell differentiation and growth arrest are dependent on the nuclear/
cytoplasmic ratio of NPM1c

The indels created above disrupted the C-terminal NES, but did not regenerate the nucleolar 

localization signal of the WT NPM1 allele. Therefore, we considered whether different 

levels of nuclear, or nucleolar, localization would have different biological effects. We 

sought to introduce specific test alleles into the endogenous locus to ensure normal 

expression levels relative to the remaining WT protein.

We optimized conditions to introduce into the mutant NPM1 allele via homology-directed 

repair (HDR) particular variants along with a GFP fusion to track edited cells over time 
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(Figure 4A). This knock-in strategy resulted in up to ~2% GFP-tagged cells (Figure 4B), the 

vast majority of which exhibited precise editing, as confirmed by PCR and Sanger 

sequencing of the NPM1 endogenous locus (Figures S4A and S4B). Thus, we generated 

OCI-AML3 and IMS-M2 cells with full correction of the NPM1c to a WT allele (fused to 

GFP; NPM1WT/WT-GFP cells) resulting in complete nucleolar localization of GFP, 

immunophenotypic differentiation (analyzed at day 9 in OCI-AML3 and day 6 in IMS-M2) 

and loss of the edited cells due to competition with unedited cells over the course of 15 days 

(Figure 4B and 4C).

Using the same strategy, we knocked-in four alleles with a disrupted C-terminal NES 

(AlleleX-GFP; Alleles 1–4 in Figure 1B). Each of these displayed nuclear localization of 

GFP and similar patterns of differentiation and cell growth as NPM1WT/WT-GFP cells (Figure 

4C and4D). To verify that differentiation and growth arrest were secondary to the loss of the 

NES and not to the presence of the GFP at the C-terminus, we repeated the experiment using 

the same four alleles, adding the auto-cleaving peptide P2A between the C-terminus of 

NPM1 and GFP (Figure S4C) and confirmed similar patterns of differentiation and cell 

growth (Figure S4C and S4D).

We then generated a simple GFP knock-in retaining NPM1 mutation A (MutA-GFP), as well 

as an additional allele with a second NES (MutA-GFP-NES) to enforce cytoplasmic 

localization of mutant NPM1. Strikingly, NPM1WT/MutA-GFP cells showed both cytoplasmic 

and nuclear localization of NPM1-GFP, whereas NPM1WT/MutA-GFP-NES cells exhibited 

nearly complete cytoplasmic localization (Figure 4C). Their differentiation behavior was 

proportional to the nuclear/cytoplasmic ratio of NPM1-GFP. Cells with the 

NPM1WT/MutA-GFP-NES genotype remained completely undifferentiated and were not 

outcompeted in either cell line, whereas NPM1WT/MutA-GFP cells underwent intermediate 

differentiation and were outcompeted, albeit at a slower rate than cells with fully nuclear 

NPM1-GFP (Figures 4C, 4D and S4E). The differentiation behavior of the 

NPM1WT/MutA-GFP cells compared to those with two NESs indicates that even slight 

perturbation of the C-terminal NES, caused by the GFP fusion, confers a diminution of the 

leukemic phenotype.

Together, these experiments unequivocally establish that cell proliferation and maintenance 

of an undifferentiated state in NPM1-mutant cells is tightly associated with the nuclear/

cytoplasmic ratio of NPM1. Furthermore, the data confirm that differentiation and cell 

growth cessation in leukemic NPM1c+ cells observed upon nuclear relocalization of mutant 

NPM1 is indistinguishable from that obtained through correction of the mutant to the wild-

type allele.

Addition of the second NES allowed us to create a stable GFP-tagged OCI-AML3 cell line 

(NPM1WT/MutA-GFP-NES) that could be propagated indefinitely. These cells remained 

sensitive to NPM1c disruption, as an sgRNA (sgNPM1c‡) targeting the same region as 

sgNPM1c (Figure S4F) resulted in disruption of the reading frame, loss of GFP signal, 

differentiation and growth arrest of cells beginning at day 9 after electroporation (Figure 

S4G and S4H). The GFP marker allowed us to screen and sort for pure populations of 

unedited (GFP positive) and edited (GFP negative) cells, prior to immunophenotypic 

Brunetti et al. Page 6

Cancer Cell. Author manuscript; available in PMC 2019 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differentiation (Figure S4I), and to assess the impact of NPM1c editing on AML progression 

in vivo. As expected, disruption of the C-terminus led to a significant survival advantage 

(Figure S4J) confirming that cytoplasmic NPM1c is necessary for maintenance of the 

leukemic phenotype in vivo.

Nuclear relocalization of NPM1c results in disruption of the HOX/MEIS1 program

The rapid loss of the leukemic phenotype upon nuclear relocalization of mutant NPM1 

prompted us to use this system to probe the molecular changes that follow elimination of 

cytoplasmic NPM1c. We examined the transcriptome of OCI-AML3 and IMS-M2 cells 3 

days after transfection with sgNPM1c. Differential expression analysis revealed loss of the 

transcriptional signature (Alcalay et al., 2005) that characterizes NPM1c+ AML (Figure 

S5A). We identified 16 genes with at least two-fold downregulation (p<0.01) in common 

with both cell types (Figure 5A and Table S5). Half of the downregulated genes belonged to 

the HOXA cluster, HOXB cluster, or MEIS1 (hereafter referred to as HOX/MEIS1) (Figures 

5A–5C).

Since recent data suggest that HOX/MEIS1 are regulated at the chromatin level in NPM1-

mutant leukemias (Kuhn et al., 2016), we assessed the effect of nuclear relocalization of 

NPM1c on the epigenetic state at HOX/MEIS1 loci. We performed ChIP sequencing for 

histone marks associated with active (H3K4me3 and H3K27ac) or repressive (H3K27me3) 

chromatin in OCI-AML3 cells 3 days after electroporation. While minimal H3K27me3 

changes were observed, substantial loss of H3K4me3 and H3K27ac was found at HOX/

MEIS1 (Figure 5D and S5B).

The striking reduction of the enhancer mark, H3K27ac, prompted us to assess the genome-

wide distribution of enhancer activity following nuclear relocalization of NPM1c. We 

characterized and compared the H3K27ac-defined enhancer landscape in sgNPM1c or 

control (sgCD45) transfected OCI-AML3 and IMS-M2 cells. We found that HOXA and 

HOXB clusters as well as MEIS1 could be classified as super-enhancers by the ROSE2 

(Rank Ordering of Super-Enhancers 2) algorithm (Brown et al., 2014) (Figure 5E). 

Moreover, the HOX/MEIS1 super-enhancers were among those enhancers with the highest 

loss of signal following transfection with sgNPM1c (Figure 5F). The magnitude of the 

transcriptional and epigenetic changes at HOX/MEIS1 loci suggested that HOX proteins 

might act as master transcription factors (TFs) in NPM1-mutant AML cells.

HOXA and HOXB cluster genes are highly expressed in HSCs and are critical for their self-

renewal (Argiropoulos and Humphries, 2007; Sauvageau et al., 1994). Furthermore, ectopic 

expression of HOX family members promotes generation of HSCs from pluripotent cells, 

implicating them as master regulators of the hematopoietic lineage (Doulatov et al., 2013; 

Kyba et al., 2002; Wang et al., 2005). A hallmark of such master TFs is that they are 

expressed in a cell-type specific manner, co-occupy super-enhancers, and regulate their own 

expression through autoregulatory loops. Master TFs have also been shown to control the 

differentiated cell states (Whyte et al., 2013). To determine whether the altered 

superenhancer landscape observed upon nuclear relocalization of NPM1c could be explained 

by disruption of one or more master TFs, we modeled the core regulatory circuitry (Lin et 

al., 2016) of OCI-AML3 cells and IMS-M2 cells transfected with sgNPM1c or controls 
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(sgCD45). Multiple HOXA and HOXB cluster genes were present in the core regulatory 

circuitries of OCIAML3 (Figure S5C) and IMS-M2 cells (Figure S5D), and HOX were the 

only TFs that displayed dynamic changes in their core circuitry connectivity scores 

following nuclear relocalization of NPM1c (Figures S5C-S5E). Specifically, HOX-driven 

connectivity was markedly reduced, suggesting downregulation of their targets in concert 

with reduction in HOX/MEIS1 expression and enhancer activity. Altogether, these results 

indicate that nuclear relocalization of NPM1c disrupts the HOX transcriptional program, 

strongly correlating with the loss of the leukemic phenotype.

Targeted degradation of endogenous NPM1c links HOX/MEIS1 expression to cytoplasmic 
NPM1

While the data above implicate NPM1c in maintaining high expression of the HOX/MEIS1 

program, the 3 day time-lag between NPM1c editing, nuclear relocalization, and molecular 

analysis prevented a direct causal link from being established. Thus, we sought to establish a 

framework in which we could rapidly eliminate cytoplasmic NPM1c and examine the 

consequences for HOX/MEIS1 expression. To this end, we used our CRISPR-knock-in 

strategy to tag endogenous NPM1c with an FKBP-based degron (Nabet et al., 2018), to 

enable inducible NPM1c degradation.

Specifically, we knocked-in an FKBP12 (F36V) fragment fused to GFP (NPM1c-dTagGFP-

NES, or Degron 1) into the endogenous NPM1 mutant allele in OCI-AML3 and IMS-M2 

cells (Figure 6A). To avoid potential confounding effects of the bulky GFP tag, we also 

generated an additional degron knock-in allele in which NPM1c-FKBP12 (F36V) and GFP 

are separated by the sequence of a P2A self-cleaving peptide (NPM1c-dTag-P2A-GFP or 

Degron 2) (Figure 6A). Amplicon sequencing verified the structures (not shown), and 

fluorescence microscopy of NPM1WT/Degron1 OCI-AML3 cells confirmed almost complete 

cytoplasmic localization of the fusion protein (Figure S6A). These cell lines could be 

maintained indefinitely. Due to impaired growth of IMS-M2 cells at low cell concentrations, 

experiments were performed on GFP-positive pooled cells, while OCI-AML3 experiments 

were performed on GFP-positive single cell-derived clones.

We optimized induction of degradation using the small molecule dTAG-47 (Huang et al., 

2017) by treating NPM1WT/Degron1 OCI-AML3 Clone 2 and IMS-M2 cells with increasing 

concentrations of the compound for 24 hr. These experiments established 500 nM as the 

lowest dose for maximal degradation (Figure S6B and S6C). Flow cytometry revealed that 

treatment with dTAG-47 at 500 nM induced more than 85% loss of the fusion protein within 

4 hr (Figure 6B and S6D). Western blot analysis confirmed loss of Degron1 and Degron2 

proteins with no change in WT NPM1 (Figure S6E).

We then induced degradation of the fusion protein and collected RNA for transcriptome 

analysis 6 hr following addition of dTAG-47 to NPM1WT/Degron1 OCI-AML3 and IMS-M2 

cells. Acute loss of NPM1c resulted in very few significant transcriptional changes (p<0.01) 

with HOXA9, HOXA11, HOXB3, HOXB8, MEIS1 and CDKN2C emerging as the only 

genes with more than 40% downregulation in both cell lines (Figures 6C, S6F-S6H). These 

results establish a direct link between the transcriptional regulation of HOX/MEIS1 and the 

presence of cytoplasmic NPM1 in AML cells.
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We next investigated the phenotype of AML cells following NPM1c degradation for up to 12 

days. Loss of cytoplasmic NPM1 induced a significant cell growth defect beginning at day 6 

and immunophenotypic differentiation analyzed at day 7 of dTAG-47 treatment in 

NPM1WT/Degron1 OCI-AML3 and IMS-M2 cells (Figures 6D–6F). Importantly, 

NPM1WT/Degron2 OCIAML3 and IMS-M2 cells also differentiated and underwent cell 

growth inhibition upon addition of dTAG-47, reproducing what was observed in 

NPM1WT/Degron1 cells (Figures 6D and S6I).

Since all-trans retinoic acid (ATRA) and arsenic trioxide (ATO) have been shown to induce 

partial proteasome-mediated degradation of NPM1c (Martelli et al., 2015), we tested the 

ability of ATRA and ATO to induce HOX downregulation. As expected, treatment of OCI-

AML3 cells with ATRA/ATO led to a significant reduction of HOXA9 mRNA levels (Figure 

S6J).

Finally, to further establish that HOX/MEIS1 overexpression, as a direct consequence of 

NPM1 cytoplasmic localization, drives the leukemic phenotype, we asked whether 

exogenous expression of HOX genes could prevent the differentiation observed upon 

NPM1c degradation. Indeed, transduction of NPM1WT/Degron1 OCI-AML3 and IMS-M2 

cells with a lentiviral construct encoding HOXA9 along with MEIS1 significantly inhibited 

differentiation despite treatment with dTAG-47 (Figure 6E and6F). To demonstrate that the 

ability of HOXA9/MEIS1 to prevent differentiation is not restricted to our degron model, we 

ectopically expressed HOXA9/MEIS1 in NPM1WT/MutA-GFP-NES OCI-AML3 cells. We then 

used sgNPM1c‡ to disrupt the MutA-GFP-NES allele resulting in loss of GFP signal (Figure 

S6K). As expected, nuclear relocalization of mutant NPM1 resulted in remarkable 

differentiation in untransduced controls, while edited HOXA9/MEIS1-transduced cells 

displayed significantly lower expression levels of CD11b (Figure S6L and S6M).

Altogether these results demonstrate that expression of HOX/MEIS1 genes declines 

immediately following loss of cytoplasmic NPM1 and that mutant NPM1 must directly 

facilitate or maintain the activation state of these master regulatory genes. Additionally, 

ectopic expression of HOXA9 and MEIS1 could overcome the loss of cytoplasmic NPM1, 

reinforcing the view that the HOX program acts downstream from NPM1c to maintain an 

undifferentiated state.

Nuclear export inhibitor KPT-330 induces nuclear relocalization of NPM1c, loss of HOX 
expression and differentiation

The demonstration that cytoplasmic NPM1 is essential for the leukemic phenotype opens the 

possibility of using nuclear export inhibitors as therapeutic agents in NPM1-mutated AML. 

Exportin 1 (XPO1) is the major nucleo-cytoplasmic transport protein in mammalian cells 

(Fornerod et al., 1997). Inhibition of XPO1 leads to nuclear retention of multiple tumor 

suppressors, including p53, p21, APC and Rb, subsequently triggering an apoptotic response 

in neoplastic cells (Gravina et al., 2014). KPT-330 (Selinexor) is a selective inhibitor of 

XPO1 that was developed as a pan-cancer agent and has been successfully tested in pre-

clinical (Chen et al., 2017; Etchin et al., 2013a; Etchin et al., 2013b; Nakayama et al., 2016) 

and phase I clinical studies in both solid and hematologic cancers (Abdul Razak et al., 2016; 

Chen et al., 2018; Garzon et al., 2017; Gounder et al., 2016). Importantly, along with tumor 
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suppressors, XPO1 also mediates the cytoplasmic transport of NPM1, and its inhibition 

results in nuclear relocalization of NPM1c (Bolli et al., 2007; Falini et al., 2006; 

Ranganathan et al., 2012).

Thus, we tested Selinexor in different AML models to assess whether nuclear relocalization 

of NPM1c through XPO1 inhibition could reproduce the phenotype observed by genetic 

disruption of the C-terminal NES. We first optimized Selinexor dosing using our GFPtagged 

NPM1c allele. We treated GFP-positive OCI-AML3 cells (NPM1WT/MutA-GFP-NES) with 

increasing doses of Selinexor for 12 hr, finding that 50 nM was the lowest dose that fully 

relocalized GFP to the nucleus; lower doses induced partial inhibition of NPM1 nuclear 

export (Figure 7A).

We treated multiple AML cell lines with 50 nM Selinexor for up to 12 days and found that 

cell growth of NPM1c+ cell lines was significantly inhibited compared to WT NPM1 cell 

lines (Figure 7B). Importantly, XPO1 inhibition led to immunophenotypic differentiation of 

OCIAML3 cells (Figures 7C and 7D) and NPM1-mutated fresh primary AML samples 

(Figures 7E and S7A). Furthermore, treatment of cell lines and PDX2 cells with Selinexor 

for 24 hr resulted in rapid loss of H3K27ac at HOX/MEIS1 loci (Figures S7B and S7C). 

RNA sequencing performed on 3 primary AML samples with mutated NPM1 showed 

significant downregulation of HOX/MEIS1 following 24 hour treatment with Selinexor 

(Figures 7F, S7D and S7E).

Together, these results indicate that nuclear relocalization of NPM1c via XPO1 inhibition 

results in downregulation of the HOX/MEIS1 program and induction of differentiation, 

similar to the effects of nuclear relocalization of NPM1c driven by allele-specific CRISPR 

editing.

Selinexor prolongs survival of Npm1c/Flt3-ITD leukemic mice

Finally, we tested whether Selinexor could have in vivo anti-leukemic effects in a mouse 

model harboring a conditional Npm1c allele (Sportoletti et al., 2013). NPM1 and FLT3 
mutations are commonly found together in human AMLs (Papaemmanuil et al., 2016). We 

therefore crossed the conditional Npm1c mouse with a line harboring an internal tandem 

duplication (ITD) of Flt3 (Flt3-ITD) knocked-in to the murine Flt3 locus (Lee et al., 2007). 

In this model, NPM1c and FLT3-ITD strongly synergize in promoting leukemogenesis, as 

doublemutant mice invariably succumb to a fully penetrant AML within about 12 months 

(Mallardo et al., 2013; Mupo et al., 2013)

To test the in vivo effects of Selinexor on leukemias, we waited until mice developed 

evidence of disease defined as white blood cell (WBC) count higher than 40 × 103/μL, 

hemoglobin level lower than 10 g/dL and platelet count lower than 100 × 103/μL We then 

treated Npm1c/Flt3-ITD leukemic mice with either Selinexor or vehicle using previously 

reported doses (Etchin et al., 2013a) for a total of 8 administrations over 21 days (Figure 

7G).

Remarkably, Selinexor treatment significantly prolonged the survival of leukemic mice 

(Figure 7G). WBC counts and spleen weights analyzed at the time of the last administration 
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were significantly reduced in mice treated with Selinexor, compared to vehicle (Figure 7H, 

7I and S7F). Platelet counts were higher in treated mice, as compared with controls, 

suggesting restoration of efficient megakaryopoiesis (Figure S7G). Leukemic infiltration of 

the liver was also markedly reduced (Figure S7H). These data establish the efficacy of 

Selinexor in a mouse model of NPM1-mutant AML, supporting the possibility of its 

potential use, alone or in combination with other agents, in patients with NPM1-mutant 

AML.

DISCUSSION

Here, CRISPR-Cas9 allele-specific editing allowed us to systematically uncover the 

exquisite dependency of NPM1-mutant AML on its nuclear localization and on sustained 

HOX gene expression. Demonstrating this dependency in NPM1-mutant AML cell lines of 

distinct genetic backgrounds, in primary AML samples, as well as in mice definitively 

demonstrates that differentiation upon loss of mutant NPM1 from the cytoplasm results is a 

programmed response independent of co-occurring mutations. Previous studies had 

suggested the relevance of NPM1c to AML maintenance (Balusu et al., 2011), but due to the 

inability to specifically target the mutant form of NPM1, the effects of reducing total NPM1 

protein, as opposed to NPM1c alone, could not be dissociated.

Our study has also extended the use of CRISPR technology to knock in large and complex 

multicistronic DNA sequences bypassing vector construction, an approach that will be 

useful in other contexts. While off-target effects can be a concern, our consistent data from 

numerous experiments of pools and clones argue against this potential caveat.

Whether NPM1 mutations maintain leukemia through a gain-of-function in the cytoplasm or 

a reduced NPM1 dosage in the nucleus (loss-of-function) has been hotly contested (Grisendi 

et al., 2006; Heath et al., 2017). This is not resolved by our nuclear relocalization 

experiments, as NPM1c is simultaneously removed from the cytoplasm and nuclear levels 

are restored. However, our data showing that specific degradation of NPM1c leads to 

reduction, within hours, of key features of the leukemic program, definitively establish that 

mutant NPM1 acts in a gain-of-function manner to maintain AML.

These studies also have implications for views on the role of HOX/MEIS1 gene expression 

in AML. Overexpression of HOX/MEIS1 has repeatedly been shown to be associated with 

some sub-types of AML, particularly those with NPM1 mutations (Alcalay et al., 2005; 

Spencer et al., 2015), but whether their expression is functionally associated with AML, or 

simply a marker for their primitive state (Spencer et al., 2015), has not been clear. 

Overexpression of Hox genes in murine hematopoietic progenitors causes increased cell 

growth and leukemia development, which is accelerated by co-overexpression with Meis1 
(Argiropoulos and Humphries, 2007; Sauvageau et al., 1997). In agreement, CRISPR 

dropout studies demonstrated that a functional HOX network is essential for growth of 

NPM1c+ AML cells (Dovey et al., 2017; Tzelepis et al., 2016; Wang et al., 2017). 

Additionally, epigenetic therapies targeting HOX/MEIS1 are effective in NPM1 mutant 

AML cells (Kuhn et al., 2016). Together, these studies suggest that HOX/MEIS1 genes 

could be necessary for the maintenance of the leukemic state in NPM1-mutated AML. Here, 
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the nearly immediate plunge of HOX/MEIS1 expression after degradation of NPM1c 

suggests a close link to maintaining transcription of these key genes.

Mechanisms that link the cytoplasmic localization of NPM1c and HOX expression are not 

clear. An attractive hypothesis is that NPM1c could directly bind and displace from the 

nucleus putative factors required for differentiation, such as the myeloid transcription factor 

PU.1 (Gu et al., 2016) and the architectural protein CTCF (Wang et al., 2018). In this model, 

loss of mutant NPM1 from the cytoplasm would restore the normal activity of these factors; 

however, the very rapid down-regulation of HOX genes that we demonstrate makes this 

scenario unlikely.

An alternative mechanism could be related to a gain-of-function interaction between NPM1c 

and XPO1, mediated by the novel C-terminal NES of the mutant protein. Interestingly, 

XPO1 has also been shown to interact with NUP98, a member of the nuclear pore complex 

involved in transport of mRNAs and proteins to the cytoplasm and implicated in 

transcriptional activation (Gough et al., 2011). Intriguingly, fusions of NUP98 (often with 

chromatin remodelers) are frequently found in leukemia and are also associated with high 

HOX/MEIS expression (Gough et al., 2011; Xu et al., 2016). Moreover, XPO1 has been 

shown to be enriched at HOX loci, and to bring NUP98 fusion proteins to these loci (Oka et 

al., 2016). Together, these data link proteins involved in nuclear transport (XPO1 and 

NUP98) with chromatin remodeling and HOX expression. Therefore, we speculate that 

NPM1c, by binding to XPO1, could be coupling nuclear transport and the transcriptional 

machinery to somehow enforce HOX expression. Thus, we suggest it is not the cytoplasmic 

localization of NPM1c per se, but the act of nuclear transport itself, that is pathologic.

Regardless of the mechanism, our data strongly suggest that the further development of 

therapeutic agents that act through nuclear export inhibition in the context of AML with 

mutated NPM1 is warranted. Since XPO1 inhibition results in increased nuclear levels of 

multiple tumor suppressors (Gravina et al., 2014), its impact is unlikely to be attributed 

solely to NPM1c. Single agent Selinexor has been tested in a phase I trial in adult AML 

patients (Garzon et al., 2017) and cases with mutated NPM1 did not show a higher response 

rate. However, the small number and heterogeneity of the patients preclude conclusive 

subgroup analysis. Furthermore, the toxicity profile of Selinexor requires periodic dosing, 

which is likely ineffective to ensure sustained nuclear relocalization of mutant NPM1 and 

cellular differentiation. Nevertheless, further studies with XPO1 inhibitors should be 

pursued, ideally in the context of AML patients with mutated NPM1.

In summary, our studies define the dependency of NPM1-mutant AML on NPM1c and 

provide the rationale for the clinical use of XPO1 inhibitors. Although further experiments 

are needed to reveal the molecular mechanisms, we demonstrate that NPM1c facilitates 

HOX/MEIS1 expression and that HOX genes support the leukemic state in NPM1-mutant 

AML.
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STAR METHODS

CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Margaret A. Goodell (goodell@bcm.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—NSG Mice were housed in AAALAC-accredited, specific-pathogen-free animal care 

facilities at Baylor College of Medicine (BCM). BCM Institutional Animal Care and Use 

Committees approved all procedures. Breeding pairs of NSG mice were purchased from the 

Jackson Laboratory. 6–10 weeks female NSG mice were used for our experiments and were 

fed autoclaved food and water. Npm1c/Flt3-ITD mice were generated and housed at the 

University of Perugia (UniPG) animal facility. UniPG Animal Care Committee approved all 

procedures. To generate Npm1c/Flt3-ITD double-mutants, mice with the NPM1 mutation A 

(Npm1TCTG/TCTG or Npm1c) (Sportoletti et al., 2013) were bred with Mx1-Cre transgenic 

mice (B6.Cg-Tg(Mx1cre)1Cgn/J) and with a line harboring an internal tandem duplication 

(ITD) of Flt3 (Flt3-ITD) knocked-in to the murine Flt3 locus (Flt3-ITD B6.129-

Flt3tm1Dgg/J) (Lee et al., 2007), to generate Npm1TCTG/TCTG; Mx1-Cre; FLT3WT/ITD mice. 

Expression of Mx1-Cre and excision of PGK-Neo cassette were induced by polyinosinic-

polycytidylic acid (pIpC) treatment in vivo. In brief, 8- to 12-week-old Npm1TCTG/TCTG; 
Mx1-Cre; FLT3WT/ITD mice were injected intraperitoneally with 250 mg/dose pIpC every 

other day for 3 injections.

Cell Lines—All human AML cell lines were cultured in RPMI supplemented with 10% 

FBS. Due to impaired cell growth at low concentrations, IMS-M2 cells were maintained at 

concentrations between 2×105 and 2×106/ml. NPM1 mutation A was confirmed at least once 

in every batch of OCIAML3 and IMS-M2 cells by Sanger sequencing. HS-5 (prior to co-

culture with primary AML cells) and 293T cells were cultured in DMEM with 10% FBS. 

Penicillin/streptomycin were added to all cell cultures except from media used for 

electroporated cells.

Patient Derived Xenograft Model (PDX2)—Leukemic cells from a 66 years old female 

patient with newly diagnosed AML with mutated NPM1 were harvested and injected 

subcutaneously into NSG mice. UniPG hospital review board approved the procedure and 

the patient signed a written informed consent. Injected cells produced subcutaneous masses 

that were dissected, crushed and filtered to obtain a single cell suspension. Cells were 

subcutaneously injected into new NSG recipients, allowing for propagation. At each round 

of transplantation, an aliquot of cells can be used to perform experiments and leftovers are 

subcutaneously transplanted into new NSG recipients. Conventional cytogenetics performed 

on leukemic cells at diagnosis revealed a normal karyotype. Molecular analysis at diagnosis 

showed NPM1 mutation A and FLT3 internal tandem duplication (ITD) with a mutant allele 

frequency of 8.6%. The FLT3-ITD allele frequency, determined after the first engraftment 

following diagnosis, demonstrated the selection of an FLT3-ITD homozygous population 

(mutant allele frequency: 88%). For shortterm culture (up to 24 hr) PDX2 cells were 

cultured in IMDM supplemented with 10% FBS, 2% L-glutamine, 10ng/ml FLT3L, 10 
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ng/ml TPO and 10 ng/ml SCF at concentrations between 1 and 2.5×106/ml. For longer 

culture times, PDX2 cells were co-cultured with stromal HS-5 cells using same medium and 

same concentrations.

Primary AML samples—Fresh primary AML samples were purchased from MD 

Anderson Cancer Center (Leukemia sample bank, MDACC, Houston, TX). All patients 

signed a written informed consent before sample acquisition. Sequencing results of a custom 

panel of 81 genes recurrently mutated in hematologic malignancies, as well as standard 

karyotyping results were provided by MDACC. Leukemic cells were isolated through Ficoll 

gradient. For short-term culture (up to 24 hr) primary AML cells were cultured in IMDM 

supplemented with 10% FBS, 2% L-glutamine, 10ng/ml FLT3L, 10 ng/ml TPO and 10 

ng/ml SCF at concentrations between 1 and 2.5×106/ml. For longer culture times, primary 

AML cells were co-cultured with stromal HS-5 cells using same medium and same 

concentrations.

METHODS DETAILS

sgRNA design and synthesis—Protospacer sequences for each target gene were 

identified using the CRISPRscan platform (Moreno-Mateos et al., 2015). For gene 

disruption experiments in cell lines, sgRNAs were synthetized as previously described 

(Brunetti et al., 2018; Gundry et al., 2016). In brief, primers containing a T7 promoter, the 

protospacer sequence, and a 21-nt sequence corresponding to the 5′ end of the sgRNA 

scaffold sequence were obtained from Integrated DNA Technologies (IDT). Full-length 

DNA templates were then produced by an overlap PCR between each custom forward 

primer and a universal reverse scaffold primer (Table S6). The PCR products were purified 

with the MinElute PCR purification kit and in vitro transcribed with the HiScribe T7 High 

Yield RNA Synthesis Kit following manufacturer instructions. In vitro transcription products 

were purified using the RNA Clean & Concentrator-25, according to manufacturer 

instructions and eluted in nuclease-free water. For gene disruption experiments in PDX2 and 

primary AML cells as well as for HDR experiments in OCI-AML3 and IMS-M2 cells, 

synthetic sgRNAs were directly purchased from Synthego. sgNPM1c‡ was manually 

designed based on the genomic sequence of the NPM1c-GFP-NES allele and purchased as a 

synthetic sgRNA from Synthego (Table S6).

Cas9-sgRNA pre-complexing and transfection—To obtain Cas9-sgRNA RNPs, 1 μg 

of either in vitro transcribed or synthetic sgRNA was incubated with 1.5 μg Cas9 for 30 min 

at room temperature. AML cell lines were electroporated in Buffer R (ThermoFisher), while 

primary AML samples in Buffer T (ThermoFisher). In each replicate, 1.5–2.5 × 105 cells 

were electroporated. Electroporation was performed using the Neon Transfection System. 

Electroporation conditions used for both AML cell lines and primary AML samples were 

1600 V, 10 ms, 3 pulses.

Cloning and transfection of GFP-NPM1 plasmids—OCI-AML3 cells were 

transfected with sgNPM1c. 3 days after electroporation, DNA was harvested and the 

targeted locus (NPM1 exon 12) was PCR amplified. PCR product was cloned into pCR2.1-

TOPO vector using the TOPO-TA cloning kit following manufacturer’s instruction. Based 
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on amplicon sequencing results, the 4 most represented alleles (allele 1, 2, 3 and 4) were 

identified (See Figure 1B) and pCR2.1-TOPO plasmids containing the desired alleles were 

selected. NPM1 Exon 12 from alleles 1, 2, 3 and 4 were subsequently cloned into the 

pEGFP-C1-NPM1 vector containing GFP fused at the N-terminus of the NPM1c coding 

sequence. Final products were transfected into HEK293T cells using Lipofectamine 2000, 

following manufacturer’s instruction. Images were collected 24 hr after transfection. Nuclear 

staining was obtained adding Hoechst 33342 (ThermoFisher) to the culture medium, 5 min 

prior to image acquisition.

Precise editing of NPM1c allele OCI-AML3 and IMS-M2 cells—Templates for 

homology directed repair (HDR) were ordered as linear DNA fragment pools from Twist 

Biosciences (Table S6). HDR templates were designed with 400bp homology arms, with the 

left homology arm designed from NPM1 intron 11 DNA sequence and the right homology 

arm from NPM1 3’ UTR DNA sequence. Templates were PCR amplified with KAPA HiFI 

HotStart ReadyMix and TWIST F and TWIST R primers (Table S6). PCR products were 

purified using the Qiagen MinElute PCR purification kit following manufacturer’s 

instructions.

To generate the alleles with different frameshift mutations (alleles 1, 2, 3 and 4 in Figure 

1B), stop codons resulting from frameshifts were replaced with a GSG linker followed by 

the EGFP coding sequence and a stop codon.

To generate the templates for alleles 1, 2, 3 and 4 with the P2A cleavable linker (Figure 

S4C), the TWIST construct MutA-P2A-GFP was used as the DNA template in a KAPA HiFI 

HotStart PCR reaction with primers AlleleX P2A F and NPM1 ex12 R (Table S6).

For the alleles encoding for mutant NPM1 with partial (MutA-GFP) or near complete 

cytoplasmic localization (MutA-GFP-NES), nuclear export signal (NES) prediction analysis 

by NetNES (la Cour et al., 2004) performed on the MutA-GFP allele suggested that the 

addition of GFP to the C-terminus of mutant NPM1 could have an impact the strength of the 

C-terminal NES. We therefore designed an additional allele that contained a second copy of 

the Exon 12 NES at the 3’ of GFP (MutA-GFP-NES) (Table S6).

For the degron templates, we replaced the stop codon in the endogenous NPM1c allele with 

a GSG linker followed by the FKBP12 (F36V) (Nabet et al., 2018) coding sequence and 

either a second GSG linker followed by the EGFP coding sequence and second copy of the 

Exon 12 NES (Degron 1) or a second GSG linker, a P2A sequence, and the EGFP coding 

sequence (Degron 2). 400bp homology arms were used as in other templates (Table S6).

In each replicate 1.5 – 2.5 × 106 cells were electroporated with 350 ng of each of the 

templates along with Cas9-sgNPM1c RNPs, pre-complexed as described above. GFP 

expression was first analyzed 3 days after electroporation both by fluorescence microscopy 

and flow cytometry. Correct integration of the templates was confirmed by PCR, using a 5’ 

primer outside of the HDR template and a 3’ primer within the EGFP sequence, followed by 

Sanger sequencing (See Figure S4).
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Treatment with dTAG-47—The compound dTAG-47 was provided by Behnam Nabet and 

Dennis L. Buckley. Due to inability of growing single cell derived clones from IMS-M2 cell 

line, experiments on NPM1WT/Degron1 and NPM1WT/Degron2 IMS-M2 cells were performed 

on bulk GFP-positive cells, while experiments on NPM1WT/Degron1 and NPM1WT/Degron2 

OCI-AML3 cells were performed on GFP-positive single cell derived clones. To determine 

the optimal concentration of dTAG-47 to obtain efficient degradation of NPM1c, we 

exposed NPM1WT/Degron1 to increasing concentrations of dTAG-47 and determined GFP-

expression by flow cytometry after 24 hr. To study the dynamics of NPM1c degradation 

upon dTAG-47, we treated with NPM1WT/Degron1 OCI-AML3 and IMS-M2 cells for up to 

24 hr 500 nM dTAG-47 and recorded GFP expression (Median Fluorescence Intensity) at 

multiple time points. DMSO was used as control in all experiments. Experiments to 

determine cell growth were performed using 500 nM dTAG-47 or 0.05% DMSO (control). 

Cells were split 1:5 every 3 days with new medium and fresh dTAG-47 or DMSO. Viable 

cell counts were determined using trypan-blue exclusion.

Transplant of AML cells—For in vivo experiments on edited PDX2, cells were harvested 

from subcutaneous masses and cultured for 48 hr. For each replicate 6×105 cells were 

electroporated with sgCD19, sgCD45 or sgNPM1c and left in culture for additional 24 hr. 

Each one of replicates was subcutaneously injected into NSG recipients. Masses arising 

from edited cells were allowed to grow for 6 weeks and then harvested for DNA 

purification. Purified DNA was used for PCR amplification of targeted loci (Table S6) and 

high-throughput amplicon sequencing.

For in vivo experiments on edited OCI-AML3 cells, for each replicate 4×105 cells were 

electroporated with sgCD19, sgCD45 or sgNPM1c and left in culture for 72 hr. Each one of 

the replicates was transplanted into non-irradiated NSG recipients through tail-vein 

injection. Mice were euthanized 6 weeks after transplant. At the time of sacrifice, leukemic 

cells had almost exclusively engrafted livers.

For in vivo experiments on edited NPM1WT/MutA-GFP-NES OCI-AML3, 4×106 cells were 

electroporated with sgNPM1c‡ and left in culture for 72 hr. Edited (GFP negative) and 

unedited (GFP positive) cells were FACS sorted and aliquots of 2.5×105 GFP positive or 

GFP negative cells were transplanted into sublethally irradiated (2.5 Gy) NSG mice.

HOXA9/MEIS1 lentivirus synthesis and transduction—Custom pLV-puro-

EFS>HOXA9-T2A-MEIS1 lentiviral vector was purchased from VectorBuilder. pLV-puro-

EFS>HOXA9-T2A-MEIS1 (lentiviral vector), pMD2.G and psPAX2 (packaging vectors) 

were co-transfected into two 10 cm plates with 70% confluent 293T cells using 

Lipofectamine 3000. Supernatant containing lentiviral particles was harvested at 48 h and 72 

h after transfection. To concentrate the viral particles, 4X polyethylene glycol (PEG) (32% 

PEG6000, 0.4 M NaCl, and 0.04 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES)) was added to the supernatant and incubated at 4°C overnight. Viral particles were 

then centrifuged at 1500 g for 45 min and finally resuspended in X-VIVO 15 medium 

(Lonza). OCI-AML3 and IMS-M2 cells were spin infected at 1100 rpm for 2 h at room 

temperature, in RPMI supplemented with polybrene (7 μg/ml) and subsequently incubated 
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overnight. 48 hr after infection puromycin was added to the medium at a concentration of 1 

μg/ml. Parental untransduced cells were used as control for puromycin selection efficiency.

Treatment of AML cells with Selinexor—GFP positive CRISPR-engineered OCI-

AML3 cells with cytoplasmic mutant NPM1 (MutAGFP-NES) were treated for 12 hr with 

increasing concentrations of Selinexor (10 nM, 25 nM, 50 nM and 100 nM). Experiments to 

determine cell growth and differentiation of cell lines were performed with 50 nM Selinexor. 

Cells were re-plated every 3 days at equal concentrations and new fresh drug was added 

simultaneously. Viable cell counts were determined using trypan-blue exclusion. For 

experiments to study the impact of Selinexor on the differentiation of primary AML 

samples, cells were treated with 50 nM Selinexor or DMSO, while co-cultured with HS-5 

cells. Medium with fresh drug was replaced every 3 days. For RNA-sequencing and ChIP-

sequencing experiments, primary cells were treated with 100 nM Selinexor or DMSO for 24 

hr without co-culturing with stromal cells.

Treatment of OCI-AML3 cells with arsenic trioxide and all-trans retinoic acid—
To induce pharmacological degradation of NPM1c, OCI-AML3 cells were continuously 

treated with arsenic trioxide and/or all-trans retinoic acid for 48 hr at the concentrations 

indicated, as previously published (Martelli et al., 2015). Cells were collected at 16 hr and 

48 hr for RNA purification and qPCR analysis of HOXA9 expression levels.

AML diagnostic criteria, Selinexor administration and mice survival—Complete 

blood counts were performed starting 1 month after the last pIpC injection. Criteria for the 

diagnosis of leukemia were defined following Kogan et al. (Kogan et al., 2002) Mice were 

defined leukemic when all 3 conditions were met: 1) leukocytosis (WBC > 40 × 103/μl), 2) 

anemia (HGB < 10 g/dl), 3), thrombocytopenia (PLT < 100 × 103/μl). After the onset of 

leukemia mice were divided in two groups and treated with either vehicle or Selinexor one 

administration every 3 days for 8 times (20 mg/kg for days 1, 4 and 25 mg/kg on the others 

administrations). Survival was defined as the time from the end of treatment to death or 

moribund state.

Blood collection and complete blood count—Blood was sampled from anesthetized 

mice from the retro-orbital plexus for blood count determination. Blood was taken into glass 

capillary tube. Complete blood count was performed using an XE-2100 hematology 

automated analyzer (Dasit).

Histology—Paraffin-embedded tissues were cut into 7-μm-thick sections and stained with 

hematoxylin eosin. Images were collected using an Olympus B61 microscope and a UPlan 

FI ×100/1.3 NA oil objective; Camedia 4040, Dp_soft Version 3.2, Magnification 10X and 

20X.

Immunofluorescence—5–8 × 104 cells were cytospinned on slides for 5 min at 300rpm 

(Cytocentrifuge Wescor Cytopro 7620) and fixed in 4% paraformaldehyde for 10 min at 

room temperature. Fixed cells were permeabilized with Triton X-100 0.1% for 6 min at 

room temperature. Permeabilized cells were incubated with BSA 1%/Tween 0.5% in PBS 

for 30 min at room temperature and then with a primary rabbit anti N-terminal NPM1 
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antibody overnight at 4°C. Anti-rabbit Alexa-Fluor 488 immunoglobulin G fluorescent 

antibody (Molecular Probes by Life Technologies) was used as secondary antibody. Nuclei 

were stained with 4,6-diamidino-2-phenylindole (DAPI) in Prolong Gold mounting reagent 

(Molecular Probes by Life Technologies). Immunofluorescence images were collected with 

the Axioplan 2 microscope (Zeiss) and processed with CellSens Digital Imaging Software 

(Olympus).

Live cell imaging—Images of GFP-NPM1 transfected HEK293T cells were collected 

using a Leica DM6000 microscope and processed with LAS X software (Leica). 

Deconvolution microscope DeltaVision Elite (GE Healthcare) was used to acquire images of 

GFP positive CRISPRengineered OCI-AML3 cells (60X magnification in immersion oil). 

Vital dye Hoechst 33342 (Thermo Fisher Scientific) was used to stain the nuclei of live cells. 

Images were processed with the SoftWorRx application (GE Healthcare)

Morphological analysis—For each slide 5–8×104 cells were cytospinned for 5 min at 

300rpm (Cytocentrifuge Wescor Cytopro 7620). Cells were subsequently stained with May-

Grünwald for 3 min, washed with distilled water for 3 min and stained with Giemsa for 17 

min. Images were acquired on the Axioplan 2 microscope (Zeiss) and processed with 

CellSens Digital Imaging Software.

Flow cytometry—In all samples cell debris were excluded based on FSC-A/SSC-A dot-

plot and viable cells were gated as propidium idodide negative cells. To assess 

differentiation levels, PE-conjugated anti CD11b and APC-conjugated CD14 were used. Due 

to different differentiation patterns, in IMSM2 cells differentiation was evaluated using PE-

conjugated anti-MPO following fixation/permeabilization with Cytofix/Cytoperm kit (BD 

Bioscience), according to manufacturer’s instructions. CD45 expression was assessed using 

a FITC-conjugated anti CD45 antibody. When needed, HS-5 stromal cells were excluded 

from analysis by gating out CD45 negative cells. Cell cycle analysis was performed using 

the FITC BrdU Flow Kit following manufacturer instructions. Singlets were gated using the 

FSC-A/FSC-H dot-plot. Flow cytometry and cell sorting were performed respectively with 

the LSR II cytometer (BD Biosciences) and FACSAriaI cell sorter (BD Biosciences).

Western blotting—20 micrograms of purified proteins were separated by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) on either a 4–20% or a 4–15% gradient gel 

(BioRad) and transferred onto PVDF membranes (Thermo Fisher Scientific). For the blot in 

Figure 1D duplicate sets of samples were run for parallel blotting. Accurate loading was 

verified with Ponceau staining (Thermo Fisher Scientific) (Figure S1C). Membranes were 

incubated overnight at 4°C with the following primary antibodies: mouse anti beta-actin; 

rabbit anti N-teminal NPM1; homemade rabbit antimutant NPM1 (NPM1c) antibody. Anti-

mouse or anti-rabbit horseradish peroxidase-conjugated antibodies (Santa Cruz) were used 

as secondary antibodies.

High throughput amplicon sequencing—Sequencing libraries were prepared using 

Illumina Nextera XT Kit and sequenced on an Illumina NextSeq 500 instrument (single end 

75 bp reads). Indel frequencies were computed by using a custom aligner/script.
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RNA isolation, reverse transcription and real-time PCR—Total cellular RNA was 

isolated using an RNeasy micro kit and eluted in 15μl. Following isolation, 500ng-1μg of 

RNA was reverse transcribed using SuperScript III following manufacturer instructions. 

RealTime PCR (RT-PCR) was performed using the BioRad CFX96 Touch using TaqMan 

universal master mix and FAM probes. For HOXA9 qPCR following ATRA/ATO, SYBR 

Green PCR master mix and custom primers were used instead of FAM probes. The mRNA 

levels of test genes were normalized to GAPDH fold change calculated by the ΔΔCt method.

RNA-seq libraries—Total RNA was extracted from cells using the Qiagen RNeasy Micro 

kit. Purified total RNA was quantified using a Qubit and 200–500ng of total RNA was used 

as input into the Illumina TruSeq Stranded mRNA LT Sample Prep Kit according to kit 

protocols. Amplified libraries were purified and quantified using the KAPA quantification 

kit. RNA-seq libraries were run on an Illumina NextSeq 500 instrument (single end 75 bp 

reads).

RNA-seq data analysis—Data was demultiplexed using bcl2fastq and aligned to the 

NCBI RefSeq build hg19 using hisat2 (Kim et al., 2015). Aligned SAM files were converted 

to .bam files for post-processing using samtools (Li et al., 2009). For genome visualization, 

aligned files were normalized and convered to bigWig files using Deeptools. Transcript 

abundances were calculated using the cuffquant module of Cufflinks. FPKM values were 

calculated and normalized using cuffnorm. To identify conserved modules across both cell 

lines, we defined significantly downregulated genes as those with a p value < 0.01 and log2 

fold change (control sgRNAs/sgNPM1c) less than −1. Comparisons between control 

sgRNAs and sgNPM1c were assessed by the student’s t-test (2 tail). GSEA was performed 

using default parameters. Heatmap in figure S7 was generated using Morpheus.

ChIPmentation—ChIPmentation was carried out as previously described (Schmidl et al., 

2015), with minor adaptions. Cells were washed once with PBS and fixed with 1% 

paraformaldehyde in up to 1 ml PBS for 10 min at room temperature. Glycine was added at a 

final concentration of 0.125M to stop the reaction. Cells were collected at 500 g for 10 min 

at 4 °C (subsequent work was performed on ice and used cool buffers and solutions unless 

otherwise specified) and washed twice with up to 0.5 ml ice-cold PBS supplemented with 

1X Xpert Protease Inhibitor Cocktail Solution. The pellet was lysed in sonication buffer (10 

mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 0.25% SDS, 1X protease inhibitors) and 

sonicated with a Covaris S220 sonicator for 9 min in a microTUBE until the size of 

fragments was in the range of 200–700 bp. Lysates were transferred to new tube and diluted 

1:1.5 with equilibration buffer (10mM Tris, 233mM NaCl, 1.66% Triton X-100, 0.166% 

sodium deoxycholate, 1 mM EDTA, 1X protease inhibitors). Lysates were centrifuged at full 

speed for 10 min at 4 °C and the supernatant containing the sonicated chromatin was 

transferred to a new tube. The lysate was then brought to RIPA buffer conditions (final 

concentration: 10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 140 mM NaCl, 1% Triton 

X-100, 0.1% SDS, 0.1% sodium deoxycholate, 1X protease inhibitors) to a volume of 100 μl 

per immunoprecipitation. The antibody was added to the lysates and incubated on a rotator 

overnight at 4 °C. Used antibodies were H3K4me3 (1  μg per immunoprecipitation), 

H3K27ac (1 μg per immunoprecipitation) and H3K27me3 (1 μg per immunoprecipitation). 
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5μl magnetic Protein A beads (Life Technologies) were washed twice and resuspended in 

10μl of RIPA-LS supplemented with 0.1% BSA. Blocked beads were added to 

immunopreciptated lysates and incubated for 2 hr on a rotator at 4 °C. Beads were washed 

subsequently with RIPA-LS (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 140 mM NaCl, 

1% Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate and 1X protease inhibitors) 

(twice), RIPA-HS (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 500 mM NaCl, 1% Triton 

X100, 0.1% SDS, 0.1% sodium deoxycholate and 1X protease inhibitors) (twice) and RIPA-

LiCl (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 250 mM LiCl, 1% Triton X-100, 0.5% 

sodium deoxycholate, 0.5% NP40 and 1X protease inhibitors) (twice). Beads were washed 

with cold Tris-Cl pH 8.0, to remove detergent, salts and EDTA. Beads were washed once 

more with cold Tris-Cl pH 8.0 but the reaction was not placed on a magnet to discard 

supernatant immediately. Instead, the whole reaction including beads was transferred to a 

new tube and then placed on a magnet to remove supernatant to decrease background. Beads 

were then resuspended in 25 μl of the tagmentation reaction mix (10 mM Tris pH 8.0, 5 mM 

MgCl2, 10% v/v dimethylformamide) containing 1 μl Tagment DNA Enzyme from the 

Nextera DNA Sample Prep Kit and incubated at 37 °C for 2  min in a thermocycler. The 

beads were washed with

RIPA-LS (twice) and once with cold Tris-HCl pH 8. Beads were washed once more with 

cold Tris-HCl pH 8.0 but the reaction was not placed on a magnet to discard supernatant 

immediately. Instead, the whole reaction including beads was again transferred to a new tube 

and then placed on a magnet to remove supernatant. Beads were then incubated with 50 μl 

elution buffer (0.5% SDS, 300 mM NaCl, 5 mM EDTA and 10 mM Tris-HCl pH 8.0) 

containing 2 μl of Proteinase K for 1 h at 55 °C and 8  h at 65 °C, to revert formaldehyde 

cross-linking, and supernatant was transferred to a new tube. Finally, DNA was purified with 

Qiagen MinElute columns and eluted in 22μl of elution buffer (10mM Tris-HCl pH 8.0).

Enrichment of the libraries was performed in a 50-μl reaction using 0.75 μM primers, 25μl 

NEBNext High-Fidelity 2X PCR Master Mix and 20μl of the purified library. Libraries were 

amplified for N+1 cycles, where N is equal to the rounded-up Cq value determined in a test 

qPCR reaction with 1μl of the library. Enriched libraries were purified using SPRI AMPure 

XP beads at a beads-to-sample ratio of 1:1, followed by a size selection using AMPure XP 

beads to recover libraries with a fragment length of 200–400 bp. Library preparation was 

performed using custom Nextera primers as described for ATAC-seq (Buenrostro et al., 

2013). ChIP-seq libraries were run on an Illumina NextSeq 500 instrument (single end 75 bp 

reads).

ChIP-Seq analysis—75bp single-end sequencing reads were mapped to the hg19 genome 

using Bowtie2 (Langmead et al., 2009) with default paramaters. MACS version 1.4.2 peak 

finding algorithm was used to identify regions of ChIP-Seq enrichment with -p 1e-9 -w -S --

space=50 -nolambda parameters specified.

Calculating read density—We calculated the normalized read density of ChIP-seq 

datasets using bamliquidator. Briefly, ChIP-seq reads aligning to the region were extended 

by 200 bp and the density of reads per base pair (bp) was calculated. The density of reads in 
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each region was normalized to the total number of million mapped reads producing read 

density in units of reads per million mapped reads per bp (rpm per bp).

Mapping typical enhancers and super-enhancers using H3K27ac enhancer 
definitions—H3K27ac super-enhancers (SEs) and typical enhancers (TEs) were mapped 

using the ROSE2 software package. Default parameters, including exclusion of TSS-

proximal signal (within 2.5 kb), were used and a stitching parameter was determined that 

consolidated proximal peaks while optimizing the enriched fraction of stitched peaks (as per 

default settings of ROSE2 software package).

Identifying gained/lost super-enhancers—In order to quantify changes in super-

enhancers between two conditions, ChIP-Seq signal was calculated at the set of all enhancer 

regions considered super in at least one condition. Superenhancers were ranked and median 

normalized for each condition and compared between the two conditions to determine fold 

change in signal. For waterfall plots, super-enhancers were ranked by fold change in signal.

Core regulator circuitry (CRC)—Core regulatory circuitry analysis was performed 

using H3K27ac ChIP-seq data as previously described (Lin et al., 2016)(Lin et al., 2016)

(Lin et al., 2016)(Lin et al., 2016)(Lin et al., 2016)(Lin et al., 2016)(Lin et al., 2016)(Lin et 

al., 2016)(Lin et al., 2016)(Lin et al., 2016)(Lin et al., 2016)(Lin et al., 2016)(Lin et al., 

2016)(Lin et al., 2016)(Lin et al., 2016)(Lin et al., 2016)(Lin et al., 2016) (https://

github.com/linlabcode/pipeline/tree/master/crc). In brief, SEs identified with ROSE2 are 

assigned to the closest transcript predicted to be expressed. For each SE, enriched TF 

binding sites are determined using FIMO (Grant et al., 2011) at putative nucleosome free 

regions (valleys) flanked by high levels of H3K27ac. Valleys are calculated using an 

algorithm adapted from (Ramsey et al., 2010). SE-assigned TFs with SEs that contain at 

least 3 DNA sequence motif instances for their own protein products are defined as auto-

regulated TFs. From the set of auto-regulated TFs, the TFs predicted to bind to the SEs of 

other auto-regulated TFs are identified. All possible fully interconnected auto-regulatory 

loops of TFs are then constructed and ranked through recursive identification. The highest 

scoring (by clique score metric) fully interconnected auto-regulatory loop of TFs is selected 

as the CRC model. For the core regulatory circuitry analysis of OCI-AML3 (Figure S5C) 

and IMSM2 (Figure S5D) H3K27ac data from cells transfected with sgCD45 control was 

used.

Calculating CRC IN and OUT ratios for all SE associated TFs—To calculate 

dynamic changes in the CRC upon nuclear relocalization of NPM1c, we applied the CRC 

code to the combined H3K27ac landscape (sgCD45 and sgNPM1c). For each predicted TF 

binding site (edge) present in SE DNA sequences assigned to that TF (“IN” edges) and to all 

other SEs in the CRC (“OUT” edges), the H3K27ac signal is recorded from both conditions 

(sgCD45 and sgNPM1c). Because the edges are identified in valleys (H3K27ac-depleted 

regions), the H3K27ac signal from a 200bp flanking region is also recorded. For each SE-

associated TF, the sum of signal for the IN and OUT edges are used to calculate ratios 

between sgCD45 and sgNPM1c. Together the IN and OUT ratios provide information on the 
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degree to which individual TFs are gaining (higher IN and OUT ratios) or losing (lower IN 

and OUT ratios) strength in the CRC (Figure S5E).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 7.0 was used for statistical analysis. If not specified otherwise, all 

comparisons between two groups were performed using a parametric t-test without assuming 

equal standard deviations (Welch’s correction). For comparing survival curves, p value was 

calculated by Log-rank (Mantel-Cox) test. See also figure legends for more details.

DATA AND SOFTWARE AVAILABILITY

Raw and processed RNA-seq and ChIP-seq data have been deposited to GEO with the 

following accession number: GSE111180.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Relocalization or degradation of mutant NPM1 induces differentiation of 

AML cells

• High HOX expression maintains the leukemic state in NPM1-mutant AML

• HOX overexpression is directly dependent on mutant NPM1

• AML dependency on mutant NPM1 can be exploited therapeutically
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Significance

The treatment of acute myeloid leukemia (AML) is still a challenge. This is partly due to 

an insufficient understanding of the molecular mechanisms that promote and maintain the 

leukemic state of AML cells. NPM1 mutations are among the most common genetic 

events in AML and their role in leukemogenesis is still obscure. Here, we show that HOX 

expression, differentiation levels and cell growth of AML cells are dependent on mutant 

NPM1 and its aberrant cytoplasmic localization. Additionally, we demonstrate that 

nuclear relocalization of NPM1c through inhibition of XPO1 results in differentiation of 

AML cells and in vivo antileukemic activity. This work provides a rationale for the use of 

nuclear export inhibitors in a large fraction of patients with AML.
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Figure 1. Allele-specific targeting of NPM1c relocalizes mutant NPM1 to the nucleus.
(A) Schematic representation of the allele-specific editing strategy. An sgRNA spanning the 

4 bp insertion of NPM1 mutant A (sgNPM1c) was designed to specifically target the mutant 

allele.

(B) The nucleotide sequence, C-terminal amino-acid sequence, and corresponding allele 

frequency (n=3; mean ± SEM) of the most represented mutant alleles observed following 

amplicon sequencing of OCI-AML3 cells transfected with sgNPM1c.
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(C) Immunofluorescence with an antibody against the N-terminus of NPM1 (total NPM1) 4 

days after transfection with the indicated sgRNA. An unedited cell with cytoplasmic protein 

is shown (white arrow). Scale bar: 20 μm.

(D) Immunoblot of total NPM1 (top) and NPM1c C-terminal epitope (middle) 4 days after 

transfection with the indicated sgRNA. See also Figure S1 and Table S1.
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Figure 2. Nuclear relocalization of NPM1c induces cell growth arrest and differentiation in AML 
cell lines.
(A) Viable cell counts by trypan blue exclusion of OCI-AML3 (O3; NPM1c+) and OCI-

AML2 (O2; NPM1 WT) cells transfected with Cas9 only, a guide targeting CD19 (sgCD19), 

or sgNPM1c. Equal numbers of cells were plated 5 days after electroporation. Results are 

reported as ratio to Cas9 only control. (OCI-AML3 n=3, OCI-AML2 n=2; mean ± SEM).

(B) Indel frequencies at targeted loci (i.e. CD19, CD45 and NPM1c) calculated by 

highthroughput amplicon sequencing at days 3 and 12 after electroporation with indicated 

sgRNAs (n=3, mean ± SEM).

Brunetti et al. Page 31

Cancer Cell. Author manuscript; available in PMC 2019 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) May-Grünwald Giemsa staining of OCI-AML3 and IMS-M2 cells 9 and 6 days, 

respectively, after transfection with the indicated sgRNA. Arrows indicate azurophilic 

granules. Scale bar: 20 μm.

(D) Flow cytometry analysis of CD11b expression in OCI-AML3 cells 9 days after 

electroporation. Left panel shows distribution of CD11b signal in cells transfected with 

sgRNAs against the indicated genes (CD19 and CD45 serving as controls). Right panel 

shows the percentage of CD11b+ cells (n=6; mean ± SEM). The cut-off point for CD11b 

positivity was set at the last one percentile of the gaussian curve of Cas9 only controls.

(E) Flow cytometry analysis of myeloperoxidase (MPO) expression in IMS-M2 cells 6 days 

after electroporation. Left panel shows distribution of MPO signal for indicated sgRNA. 

Right panel shows the percentage of MPO+ cells (n=6; mean ± SEM). The cut-off point for 

MPO positivity was set at the last one percentile of the gaussian curve of Cas9 only controls.

(F) Cell cycle analysis by BrdU incorporation and 7-AAD 5 and 9 days following 

electroporation with sgNPM1c and controls (n=3, mean ± SEM). * p<0.05, ** p<0.01, *** 

p<0.001; unpaired t-test with Welch’s correction. See also Figure S2 and Table S2.
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Figure 3. Nuclear relocalization of NPM1c induces cell growth arrest and differentiation in 
primary AML cells.
(A) Flow cytometry analysis of CD11b expression in PDX2 cells 9 days after 

electroporation. Left panel shows distribution of CD11b signal after treatment with the 

indicated sgRNA. Right panel shows the percentage of CD11b+ cells (n=4; mean ± SEM). 

The cut-off point for CD11b positivity was set at the last percentile of the gaussian curve of 

Cas9 only controls.

(B) CD11b expression analysis by flow cytometry in 3 NPM1-mutant primary AML 

samples (top) and 3 NPM1 WT samples (bottom) transfected with sgNPM1c or control 

sgRNA targeting CD19 (sgCD19), analyzed at day 12 following electroporation. A table 

with the genetic characteristics of the primary samples is provided in Table S3.

(C) Schematic representation of the in vivo experiment with PDX2 cells. Cells were 

harvested from subcutaneous masses and cultured for 48 hr. For each replicate 6×105 cells 

were electroporated with sgCD19, sgCD45 or sgNPM1c and left in culture for additional 24 

hr. Each one of replicates was subcutaneously injected into NSG recipients. Resulting 

masses were allowed to grow for 6 weeks and then harvested for DNA purification.

(D) Indel frequencies at targeted loci (i.e. CD19, CD45 and NPM1c) calculated by 

highthroughput amplicon sequencing at the time of transplant and on leukemic cells 

harvested from masses (purple circles in Figure 3C) (n=3; mean ± SEM). * p<0.05, ** 

p<0.01, *** p<0.001; unpaired t-test with Welch’s correction. See also Figure S3 and Tables 

S3 and S4.
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Figure 4. Leukemic phenotype of AML with mutated NPM1 is dependent on the nuclear/
cytoplasmic ratio of NPM1c.
(A) Schematic representation of precise editing strategy of the C-terminus of the NPM1c 

allele through homology-directed repair (HDR).

(B) Flow cytometry plots showing precisely edited OCI-AML3 and IMS-M2 cells (GFP+) at 

days 6 and15 following correction of the NPM1 mutant allele to the WT sequence.

(C) HDR templates used for precise editing of the NPM1c allele (left). Fluorescence 

microscopy showing sub-cellular localization (middle) and flow cytometry showing 
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immunophenotypic differentiation features including CD11b (OCI-AML3) and MPO (IMS-

M2) (right). MFI=median fluorescence intensity. Scale bar: 25 μm.

(D) Percentages of edited cells (GFP+) over 15 days. The cut-off point for GFP positivity 

was set at the last percentile of the gaussian curve of sgNPM1c-only transfected cells (n=7 

for OCIAML3, n=5 for IMS-M2; mean ± SEM). See also Figure S4.
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Figure 5. Nuclear relocalization of NPM1c induces HOX/MEIS1 downregulation.
(A) Heatmaps and Venn diagram showing genes downregulated >2 fold (p<0.01) in OCI-

AML3 and IMS-M2 cells 3 days after transfection with sgNPM1c, compared to control 

sgRNAs (sgCD19 and sgCD45). The 16 genes downregulated in both cell lines are listed. 

Size of text corresponds to significance of downregulation. (n=2 for OCI-AML3, n=3 for 

IMS-M2; p value derived from two-tailed Student’s t-test).
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(B) Volcano plots depicting differentially expressed genes in OCI-AML3 cells transfected 

with sgNPM1c compared with control sgRNAs. (n=2; p value derived from two-tailed 

Student’s ttest).

(C) Volcano plot depicting differentially expressed genes in IMS-M2 cells transfected with 

sgNPM1c compared with control sgRNAs. (n=3; p value derived from two-tailed Student’s 

ttest).

(D) Gene track view of H3K27me3, H3K4me3, and H3K27ac ChIP-seq signal at distal 

HOXA locus 3 days after transfection of sgCD45 (black) or sgNPM1c (red) into OCI-AML3 

cells.

(E) Enhancers in OCI-AML3 or IMS-M2 cells ranked by increasing H3K27ac signal. The 

cut-off discriminating typical enhancers (grey) from super-enhancers (red) is depicted with 

vertical and horizontal dashed lines.

(F) Waterfall plot depicting change in H3K27ac ChIP-seq signal at super-enhancers 3 days 

after transfection of sgNPM1c or sgCD45 control in OCI-AML3 and IMS-M2 cells. Genes 

associated with myeloid differentiation are depicted in grey. See also Figure S5 and Table 

S5.
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Figure 6. Targeted degradation of NPM1c induces cell growth arrest, differentiation and rapid 
downregulation of HOX/MEIS1.
(A) Homology recombination templates used for targeted degradation of mutant NPM1.

(B) Kinetics of Degron1 fusion protein degradation in NPM1WT/Degron1 OCI-AML3 (Clone 

2) and IMS-M2 cells (bulk) following treatment with 500 nM dTAG-47 or DMSO as 

assessed by flow cytometry at multiple time points. Fold changes were calculated as ratio of 

GFP median fluorescence intensity (MFI) of dTAG-47-treated and DMSO-treated cells. 

(n=3; mean ± SEM).
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(C) Scatter plot showing differentially expressed genes in NPM1WT/Degron1 OCI-AML3 

(Clone 2) and NPM1WT/Degron1 IMS-M2 (bulk) cells after 6 hr treatment with 500 nM 

dTAG-47 or DMSO. Black dots indicate genes with significant (p<0.01) differential 

expression (n=3; p value derived from two-tailed Student’s t-test).

(D) Viable cell counts by trypan blue exclusion of NPM1WT/Degron1 and NPM1WT/Degron2 

OCIAML3 (clones) and IMS-M2 (bulk) cells treated with 500 nM dTAG-47 for up to 12 

days. Results are reported as ratio to DMSO-treated cells (n=3; mean ± SEM).

(E) Distribution of CD11b signal in untransduced and HOXA9/MEIS1-transduced 

NPM1WT/Degron1 OCI-AML3 (Clone 2) cells after 9 days of treatment with 500 nM 

dTAG-47 or DMSO (top). Distribution of MPO signal in untransduced and HOXA9/MEIS1-

transduced NPM1WT/Degron1 IMS-M2 (bulk) cells after 6 days of treatment with 500 nM 

dTAG-47 or DMSO (bottom).

(F) CD11b levels expressed as MFI in untransduced (Untr.) and HOXA9/MEIS1-transduced 

(H9/M1) NPM1WT/Degron1 OCI-AML3 (Clone 2) cells after 9 days of treatment with 500 

nM dTAG-47 or DMSO (left). MPO levels expressed as MFI in NPM1WT/Degron1 IMS-M2 

cells (bulk) transduced as above after 6 days of treatment with 500 nM dTAG-47 or DMSO 

(right) (n=3 for OCI-AML3, n=6 for IMS-M2; mean ± SEM). HA=homology arm; 

O3=OCI-AML3; IMS=IMS-M2; C1=Clone 1; C2=Clone 2. * p<0.05, ** p<0.01, *** 

p<0.001; unpaired t-test with Welch’s correction. See also Figure S6.
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Figure 7. XPO1 inhibition recapitulates genetic disruption of mutant NPM1 nuclear export 
signal.
(A) Fluorescence microscopy of NPM1WT/MutA-GFP-NES OCI-AML3 cells treated with 

increasing concentrations of Selinexor for 12 hr. Scale bar 20 μM

(B) Cell counts of indicated NPM1 WT and NPM1c+ cell lines treated with either 50 nM 

Selinexor or DMSO for 12 days. Cells were counted and replated at equal concentrations 

with fresh drugs every 3 days. (n=6 for OCI-AML3, n=2 for MOLM-13, n=4 for all other 

cell lines; mean ± SEM)
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(C) Flow cytometry analysis of CD11b expression in OCI-AML3 (NPM1c+) and HL-60 

(NPM1 WT) cells after 6 and 12 days of treatment with 50 nM Selinexor or DMSO.

(D) Percentage of CD11b+ cells by flow cytometry analysis in OCI-AML3, HL-60, THP-1 

and MV 4–11 cells after 6 and 12 days of treatment with 50 nM Selinexor. The cut-off point 

for CD11b positivity was set at the last one percentile of the Gaussian curve of DMSO-

treated cells.

(E) Flow cytometry contour plot showing CD14 and CD11b expression levels in a primary 

AML sample (Pt. 004) treated for 12 days with 50 nM Selinexor or DMSO.

(F) RNA-sequencing data showing distal HOXA and MEIS1 locus in 3 primary AML 

samples treated with 100 nM Selinexor or DMSO for 24 hr.

(G) Kaplan-Meier survival curves of Npm1c/Flt3-ITD leukemic mice treated with Selinexor 

or vehicle. Selinexor was administered every 3 days at 25 mg/kg for the first two doses (blue 

arrows) and at 20 mg/kg for the following six doses (black arrows) for a total of eight 

administrations over 21 days (n=7 for vehicle, n=4 for Selinexor; log-rank test).

(H) White blood cell counts of Npm1c/Flt3-ITD leukemic mice analyzed at the time of the 

last administration of Selinexor or vehicle (n=14 for vehicle, n=17 for Selinexor; mean ± 

SEM).

(I) Spleen weight of Npm1c/Flt3-ITD leukemic mice analyzed at the time of the last 

administration of Selinexor or vehicle. Horizontal line depicts mean. * p<0.05, ** p<0.01, 

*** p<0.001; unpaired t-test with Welch’s correction. See also Figure S7.

Brunetti et al. Page 41

Cancer Cell. Author manuscript; available in PMC 2019 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Summary
	In Brief
	Graphical Abstract
	Introduction
	RESULTS
	Allele-specific editing of NPM1c results in nuclear relocalization of mutant NPM1
	Nuclear relocalization of NPM1c induces differentiation and cell growth arrest of AML cells
	NPM1-mutant AML cell differentiation and growth arrest are dependent on the nuclear/cytoplasmic ratio of NPM1c
	Nuclear relocalization of NPM1c results in disruption of the HOX/MEIS1 program
	Targeted degradation of endogenous NPM1c links HOX/MEIS1 expression to cytoplasmic NPM1
	Nuclear export inhibitor KPT-330 induces nuclear relocalization of NPM1c, loss of HOX expression and differentiation
	Selinexor prolongs survival of Npm1c/Flt3-ITD leukemic mice

	DISCUSSION
	STAR METHODS
	CONTACT FOR REAGENTS AND RESOURCE SHARING
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Mice
	Cell Lines
	Patient Derived Xenograft Model (PDX2)
	Primary AML samples

	METHODS DETAILS
	sgRNA design and synthesis
	Cas9-sgRNA pre-complexing and transfection
	Cloning and transfection of GFP-NPM1 plasmids
	Precise editing of NPM1c allele OCI-AML3 and IMS-M2 cells
	Treatment with dTAG-47
	Transplant of AML cells
	HOXA9/MEIS1 lentivirus synthesis and transduction
	Treatment of AML cells with Selinexor
	Treatment of OCI-AML3 cells with arsenic trioxide and all-trans retinoic acid
	AML diagnostic criteria, Selinexor administration and mice survival
	Blood collection and complete blood count
	Histology
	Immunofluorescence
	Live cell imaging
	Morphological analysis
	Flow cytometry
	Western blotting
	High throughput amplicon sequencing
	RNA isolation, reverse transcription and real-time PCR
	RNA-seq libraries
	RNA-seq data analysis
	ChIPmentation
	ChIP-Seq analysis
	Calculating read density
	Mapping typical enhancers and super-enhancers using H3K27ac enhancer definitions
	Identifying gained/lost super-enhancers
	Core regulator circuitry (CRC)
	Calculating CRC IN and OUT ratios for all SE associated TFs

	QUANTIFICATION AND STATISTICAL ANALYSIS
	DATA AND SOFTWARE AVAILABILITY

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

