
Genome-wide CRISPR-Cas9 screen identifies leukemia-specific 
dependence on a pre-mRNA metabolic pathway regulated by 
DCPS

Takuji Yamauchi1,2,3, Takeshi Masuda4, Matthew C. Canver5, Michael Seiler6, Yuichiro 
Semba2, Mohammad Shboul7, Mohammed Al-Raqad7,8, Manami Maeda1, Vivien A. C. 
Schoonenberg5, Mitchel A. Cole5, Claudio Macias-Trevino5, Yuichi Ishikawa1, Qiuming 
Yao9, Michitaka Nakano2, Fumio Arai3, Stuart H. Orkin5, Bruno Reversade7, Silvia 
Buonamici6, Luca Pinello9, Koichi Akashi2,10, Daniel E. Bauer5, and Takahiro Maeda1,10,*

1Division of Hematology, Department of Medicine, Brigham and Women’s Hospital, Harvard 
Medical School, Boston, Massachusetts 02115, USA

2Department of Medicine and Biosystemic Science, Kyushu University Graduate School of 
Medical Sciences, Fukuoka 812-8582, Japan

3Department of Stem Cell Biology and Medicine, Graduate School of Medical Sciences, Kyushu 
University

4Department of Pharmaceutical Microbiology, Faculty of Life Sciences, Kumamoto University, 
Kumamoto 862-0973, Japan

5Division of Hematology/Oncology, Boston Children’s Hospital, Department of Pediatric Oncology, 
Dana-Farber Cancer Institute, Harvard Stem Cell Institute, Department of Pediatrics, Harvard 
Medical School, Boston, Massachusetts 02115, USA

6H3 Biomedicine, Inc., Cambridge, MA 02139, USA

7Institute of Medical Biology, A *STAR, 8A Biomedical Grove, Singapore 138648, Singapore

8Al-Balqa Applied University, Faculty of Science, Al-Salt, 19117, Jordan

9Department of Pathology & Center for Cancer Research, Massachusetts General Hospital and 
Harvard Medical School, Boston, MA 02114, USA

*Corresponding Author and Lead Contact: t_maeda@cancer.med.kyushu-u.ac.jp. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

AUTHOR CONTRIBUTIONS
T.Y., M.C.C., L.P., D.E.B. and T.M. designed CRISPR-Cas9 screen experiments. T.Y., Y.S. and T.M reviewed CRISPR screen data. 
T.M., M.M., Y.I., Y.S. and M.N. executed CRISPR-CAS9 experiments, cell biology experiments, RNA-Seq, western blot analysis, 
immunohistochemistry and in vivo mouse studies, supervised by F.A., L.P., S.H.O., K.A., D.E.B. and T.M. T.M. performed mass-
spectrometry and analyzed proteomic data. M.S., S.B. Y.S., Q.Y. and L.P. analyzed RNA-Seq data. M.S., M. A. R. and B.R. provided 
patient data. M.C.C., V.A.C.S., M.A.C. and C.M.T. analyzed CRISPR saturation mutagenesis data, supervised by L.P. and D.E.B. T.Y 
and T.M. wrote the manuscript with help from all authors.

DECLARATION OF INTERESTS
The authors declare no competing interests.

HHS Public Access
Author manuscript
Cancer Cell. Author manuscript; available in PMC 2019 March 12.

Published in final edited form as:
Cancer Cell. 2018 March 12; 33(3): 386–400.e5. doi:10.1016/j.ccell.2018.01.012.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10Center for Cellular and Molecular Medicine, Kyushu University Hospital, Fukuoka 812-0054, 
Japan

SUMMARY

To identify novel targets for acute myeloid leukemia (AML) therapy, we performed genome-wide 

CRISPR-Cas9 screening using AML cell lines, followed by a second screen in vivo. Here, we 

show that the mRNA decapping enzyme scavenger (DCPS) gene is essential for AML cell 

survival. The DCPS enzyme interacted with components of pre-mRNA metabolic pathways, 

including spliceosomes, as revealed by mass spectrometry. RG3039, a DCPS inhibitor originally 

developed to treat spinal muscular atrophy, exhibited anti-leukemic activity via inducing pre-

mRNA mis-splicing. Humans harboring germline bi-allelic DCPS loss-of-function mutations do 

not exhibit aberrant hematologic phenotypes, indicating that DCPS is dispensable for human 

hematopoiesis. Our findings shed light on a pre-mRNA metabolic pathway and identify DCPS as a 

target for AML therapy.

eTOC

Yamauchi et al. perform in vitro and in vivo CRISPR-Cas9 genetic screening of p53 WT AML to 

identify potential therapeutic targets. They find that AML relies on the DCPS decapping enzyme, 

and a DCPS inhibitor shows anti-leukemia activity in tumor models without impacting normal 

hematopoiesis.

INTRODUCTION

Acute myeloid leukemia (AML) is a devastating disease with a long-term survival rate of 

less than 30% (Ferrara and Schiffer, 2013). Recent progress has been made to define its 

mechanisms, and sequencing studies now provide a near-complete picture of the AML 

genome (Welch et al., 2012). Nonetheless, to devise urgently needed therapies, functional 
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studies are necessary to assess the significance of AML-associated mutations (Boehm and 

Hahn, 2011; Garraway and Lander, 2013; Lawrence et al., 2014).

Successful application of the S. pyogenes-derived type 2 clustered regularly interspaced 

short palindromic repeats (CRISPR)-Cas9 system for genome editing is transforming the 

landscape of genetic research in many organisms (Cho et al., 2013; Cong et al., 2013; Jinek 

et al., 2012; Mali et al., 2013). Furthermore, given its high efficiency and flexibility, the 

system is ideal for use in genome-wide recessive genetic screens and proof-of-principle 

studies using cancer cell lines demonstrate the potential of this technology to identify genes 

essential for cancer cell survival (Koike-Yusa et al., 2014; Shalem et al., 2014; Shi et al., 

2015; Wang et al., 2014). Since AML cells generally exhibit low mutational burdens 

(Alexandrov et al., 2013) and mutation of the TP53 tumor suppressor gene has a significant 

impact on AML prognosis (Zhang et al., 2016), it is critical to perform a screen employing 

AML lines whose genetic background, namely TP53 status, are well-defined.

RESULTS

A genome-wide CRISPR-Cas9 screen identifies DCPS as an AML essential gene

To establish AML cell lines with a relatively “clean” genetic background, we first generated 

AML in mice by transducing either the CALM/AF10 or MLL/AF9 leukemia oncogene into 

mouse bone marrow hematopoietic stem cells (HSCs) and then transferred cells to sub-

lethally irradiated recipients. Primary AML cells were harvested 3-6 months later, serially 

transplanted three times, and then cultured in the presence of cytokines. The resultant two 

independent lines were then transduced with the Cas9 nuclease (Figure 1A). Cells of both 

lines exhibited normal karyotypes (Figure S1A). To perform the genome-wide CRISPR-

Cas9 screen, we used the mouse lentivirus-based GeCKO v2 library, which contains 130,209 

single-guide RNAs (sgRNAs) targeting 20,611 protein-coding genes and 1,175 miRNAs 

(Sanjana et al., 2014; Shalem et al., 2014). Cas9-expressing AML cells of both lines were 

transduced with the library (day 0) and treated with puromycin on day 1. We passaged the 

cells 5-6 times over a 16-day incubation period, while maintaining at least 500 cells per 

sgRNA throughout (Figure S1B). Genomic DNA was isolated from cells on days 3 and 18 

and deep-sequenced to measure read counts of each sgRNA. Changes in abundance of each 

sgRNA were assessed using the MAGeCK program (Li et al., 2014; Shalem et al., 2014). 

We obtained over 400 million mapped reads per sample, suggesting that at least 600 cells 

were transduced with each sgRNA (Figure S1C). Strikingly, sgRNAs targeting Trp53 were 

among the most enriched after a 16-day incubation of both AML lines, indicating intact 

TP53 activity in both lines (Figures 1B and 1C). We identified nearly 1,700 dropout genes in 

each line at a false discovery rate (FDR) of 0.25, with significant overlap between the lines 

(Figure 1D, Figure S1D and Table S1). As expected, genes encoding components of basal 

cellular machineries were highly enriched in dropout genes (Figure S1E). Dropout genes 

were abundantly expressed in primary mouse CALM/AF10 or MLL/AF9 leukemia cells, an 

observation strongly suggesting those genes are functional in AML cells and that sgRNA 

off-target effects are negligible (Figure S2A). Overall, we identified 2256 dropout genes at a 

FDR of 0.25 using two AML lines (Figure 1D). sgRNAs targeting the genes with a well-

defined function in leukemogenesis, among them, Kras, Nras, Bcl2l1, Jak1, Jak2, Brd4 and 
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Brd9, were significantly depleted, confirming quality and efficiency of our dropout screens 

(Figure S2B).

To identify potentially actionable targets, we selected genes meeting the following criteria: 

1) they encoded a protein with an available inhibitor and/or 2) their germline mutation loss-

of-function phenotype was relatively moderate based on the literature or the human exome-

sequencing database (Lek et al., 2016; Lim et al., 2014; Narasimhan et al., 2016; Saleheen et 

al., 2017; Sulem et al., 2015). We excluded genes encoding components of basal cellular 

machineries (e.g. histones, ribosomal proteins, or polymerases), as targeting these factors 

would likely be deleterious to normal tissues (Figure 1D). Since AML lines used in initial 

screens were maintained in the presence of cytokines, it was possible that some dropout 

genes encoded essential effectors of cytokine signaling, but were dispensable for activity of 

primary AML cells. To address this issue, we performed a second in vivo validation screen 

targeting 470 genes (Figure 1D and Table S2). Cas9-expressing MLL/AF9 cells were 

transduced with a library containing 8 sgRNAs per gene plus 100 non-targeting sgRNAs and 

then transferred into sub-lethally irradiated recipients (Figure S2C). DNA samples from pre- 

and post-transplant were deep-sequenced with sgRNA abundance determined using 

MAGeCK software (Figure S2D). Nearly one fourth of the 470 genes tested in the second 

screen were dispensable in vivo and another one fourth exhibited only moderate effects (not 

shown). Non-targeting sgRNAs showed variable effects (Figure S2E). Overall, we identified 

130 genes necessary for AML cell survival both in vitro and in vivo for further evaluation 

(Figure 1D).

Among genes significantly depleted in our primary screen was the mRNA decapping 

enzyme scavenger (Dcps), which encodes a mRNA 5′ cap binding enzyme implicated in 

mRNA decay (Milac et al., 2014) (Figure 1E). Read counts for each Dcps-targeted sgRNA 

significantly decreased in both AML lines over the 16-day incubation period (Figure 1F), 

which also demonstrated significant dropout in the second screen (Figure 1G). DCPS protein 

harbors an N-terminal domain that shares structural homology to yeast mRNA export factor 

Mex67 and a C-terminal domain that contains a histidine triad (HIT) sequence (His274, 

His276, and His278) in which His276 is critical for decapping activity (Gu et al., 2004; Han 

et al., 2005). To determine DCPS amino acid residues necessary for AML cell survival, we 

performed a negative selection CRISPR-Cas9 mutagenesis scan (Shi et al., 2015) of all Dcps 
coding exons using the Ctps (cytidine 5′-triphosphate synthase) gene as control (Table S3). 

sgRNAs targeting either the N- or C-terminal DCPS domains, namely those targeting aa 

230-240 or the HIT sequence, respectively, were significantly decreased after the 16-day 

incubation, strongly suggesting a critical role for those residues in AML survival (Figure 1H 

and 1I). In contrast, 238 sgRNAs targeting all Ctps coding exons were largely dispensable 

(Figure S2F).

The DCPS inhibitor RG3039 slows proliferation and induces AML cell differentiation

We next asked whether DCPS inactivation inhibits proliferation of human AML cell lines. 

To this end, we generated lentivirus-based, GFP-tagged shRNA targeting DCPS and 

evaluated the proportions of GFP-positive (shRNA+) and -negative (shRNA-) cells by FACS 

over time (Figure 2A). Efficient DCPS knockdown in the GFP-positive fraction was 
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confirmed by Western blot (Figure 2B). Cells that expressed shRNA-DCPS, but not those 

transduced with scrambled shRNA, demonstrated a proliferative disadvantage as compared 

to non-transduced cells, indicating a toxic effect of shRNA-DCPS in AML cells (Figure 2A). 

DCPS knockdown induced cell cycle arrest (Figure 2C) and apoptosis (Figure 2D). Notably, 

DCPS-knockdown MOLM-13 cells underwent myelo/monocytic differentiation, as 

evidenced by FACS analysis and morphological examination (Figure 2E and 2F).

The DCPS inhibitor RG3039, an orally-active quinazoline derivative, was originally 

developed to treat spinal muscular atrophy (SMA) (Jarecki et al., 2005). We examined 

RG3039 binding to DCPS protein in AML cells via a cellular thermal shift assay (CETSA) 

(Martinez Molina et al., 2013; Xu et al., 2016). To do so, we treated MOLM-13 cells with 

RG3039 or control DMSO vehicle and then raised resulting cell lysates to various 

temperatures in order to test whether DCPS protein is protected against heat-induced 

denaturation in the presence of RG3039. Soluble fractions of protein lysates were collected 

and subjected to Western blot. While DCPS protein was not detected in lysates of DMSO 

control cells subjected to higher temperature, DCPS protein remained soluble in lysates of 

RG3039-treated cells dose-dependently and thus was detectable by Western blot (Figures 2G 

and 2H). Time course CETSA analysis showed that engagement of ligand with DCPS 

occurred immediately after RG3039 administration and then gradually decreased over 24 

hours (not shown).

We next assessed anti-leukemia effects of RG3039 by treating 4 human AML lines with 

RG3039 for 11 days and generating growth curves. That analysis showed that RG3039 had 

dose-dependent anti-proliferative effects, although compound sensitivity varied among lines 

(Figure 2I). We also assessed the effects of RG3039 on the cell cycle via a 5-ethynyl-2′-

deoxyuridine (EdU) incorporation assay. While EdU was efficiently incorporated into 

DMSO-treated control cells, EdU incorporation was significantly decreased in RG3039-

treated cells, and the proportion of cells in S phase was extremely low in treated versus 

untreated cells (Figures 2J and 2K). RG3039-treated cells also underwent apoptosis after 72 

hr of drug treatment, as revealed by Annexin V stain (Figure 2L). As observed in DCPS-

knockdown AML cells, RG3039 treatment induced differentiation of human (Figures S3A 

and S3B) and mouse (Figures S3C and S3D) AML. Importantly, observed anti-leukemic 

effects of RG3039 were caused via TP53-independent mechanisms, as CALM/AF10 and 

MLL/AF9 AML cells whose TP53 function was abrogated by CRISPR-Cas9-mediated 

Trp53 knockout were also sensitive to the compound (Figure S3E). Preferential DCPS 

dependency of leukemia cells was also validated using the DEMETER, an siRNA-based 

gene dependency database (Tsherniak et al., 2017). Strikingly, leukemia cells (n=28) were 

significantly more dependent on DCPS than were cells from non-hematological tumors 

(n=454) (Figure S3F). Of note, the leukemia cell line least dependent on DCPS was THP-1, 

which is relatively insensitive to shRNA-mediated DCPS knockdown or RG3039 treatment 

(Figures 2A and 2I).

DCPS binds to the nuclear RNA processing machinery

Since DCPS protein was predominantly nuclear in human primary AML cells (Figure S4A), 

we hypothesized that DCPS primarily functions in that compartment rather than in the 
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cytoplasmic mRNA decay pathway. To search for nuclear proteins potentially interacting 

with DCPS, we undertook immunoprecipitation (IP) with an anti-DCPS antibody of lysates 

of MOLM-13 cells followed by mass spectrometry analysis. Analysis was done in triplicate 

using non-specific immunoglobulins as control. Western blot analysis of IP’d proteins 

indicated successful pull-down of endogenous DCPS protein in each experiment (Figure 

3A). Among highly significant interactors, we identified components of pre-mRNA 

processing machineries including spliceosomes, the transcription-export complex (TREX), 

and the nuclear pore complex (NUP), as well as complexes functioning in pre-rRNA 

processing (Figures 3B, 3C and Table S4). DCPS also bound to NuRD (Nucleosome 

Remodeling Deacetylase) subunits, suggesting a potential function in transcriptional 

regulation. Importantly, sgRNAs targeting genes encoding DCPS-interacting proteins were 

generally depleted in our CRISPR-Cas9 screens, indicating that binding events are 

functionally significant (Figures 3D). The cap-binding complex (CBC), which consists of 

CBP20 (also known as NCBP2) and CBP80 (NCBP1), reportedly binds the 5′ cap of an 

mRNA in the nucleus and functions in RNA export and pre-mRNA splicing (Izaurralde et 

al., 1995; Izaurralde et al., 1994; Visa et al., 1996). We therefore used publicly available 

datasets to ask whether DCPS interacts with proteins that also participate in the CBC 

complex (Andersen et al., 2013). We found that some DCPS-interacting proteins are 

common to the CBC complex, including proteins also found in the TREX and NUP complex 

(Figure S4B).

DCPS inactivation causes pre-mRNA mis-splicing and induces a type I interferon response 
in AML cells

Given that DCPS binds the splicing machinery, we asked whether DCPS inhibition would 

impair pre-mRNA splicing in AML cells. To assess this possibility, we treated AML cells or 

granulocyte macrophage progenitors (GMPs), the normal counterpart of AML cells, with 

RG3039 and performed RNA-seq to determine potential transcriptome-wide splicing 

changes (Figure 4A). Of note, CETSA analysis showed comparable binding affinity between 

RG3039 and DCPS protein in cells, regardless of cell type (Figure S4C), suggesting that 

RG3039 inhibits DCPS enzymatic activity comparably in GMPs and AML cells. RNA-seq 

data were analyzed using a bioinformatic pipeline enabling quantification of exon-exon 

junctions without predetermining alternative splicing models or annotating splice junctions 

as described (Darman et al., 2015). We observed 493 and 704 mis-splicing events in AML 

cells at 6 hr and 10 hr after RG3039 treatment, respectively, while there were significantly 

fewer in GMPs (294 and 416 events at 6 hr and 10 hr, respectively) (Figure 4B and Table 

S5). Alternative 5′ splice site (ss) selection was most frequently observed in both AML cells 

and GMPs (Figure 4B), although mis-spliced genes differed between the two cell types 

(Figure 4C). Mis-spliced mRNAs containing premature termination codons undergo 

nonsense-mediated mRNA decay (NMD), preventing production of aberrant proteins 

(Lykke-Andersen and Jensen, 2015). Bioinformatic prediction analysis revealed that 

approximately 40% of genes aberrantly-spliced at either alternative 3′ or 5′ splice sites 

were NMD-sensitive in AML cells, but this outcome was not evident in GMPs (Figure 4D). 

Transcripts predicted to undergo NMD in AML cells were, in fact, significantly down-

regulated after 10 hours of RG3039 treatment (Figure 4D). Notably, most aberrant splicing 
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events observed in AML cells occurred at the first exon (or the first intron, in cases of intron 

retention) (Figure 4E).

Since DCPS associates with several pre-mRNA processing machineries, its inhibition could 

significantly impact pre-mRNA metabolism in ways not limited to pre-mRNA splicing. In 

fact, a genome-wide CRISPR screen, in which RG3039 was added to the medium of Cas9-

expressing MLL/AF9 cells from days 10 to 18, failed to identify sgRNAs uniquely enriched 

in the presence of RG3039 (Table S1), suggesting that RG3039 exerts anti-leukemic activity 

via multiple mechanisms rather than a single pathway. To assess overall effects of DCPS 

inhibition on the leukemia transcriptome, we performed Gene Set Enrichment Analysis 

(GSEA) and functional annotation clustering using the Metascape program (http://

metascape.org/). Both analyses identified gene signatures representing a type-I interferon 

response in RG3039-treated AML cells but not in GMPs (Figures 4F, S4D and Table S5). 

This activity may account for anti-leukemic effects observed following DCPS inhibition. Of 

note, genes aberrantly-spliced in AML cells were not necessarily enriched for factors 

functioning in IFN signaling (Figure S4E).

DCPS is dispensable for steady-state hematopoiesis in mice and humans

To determine effects of RG3039 on normal mouse hematopoiesis in vivo, we treated wild-

type C57BL/6J mice with RG3039 daily for 12 days and examined peripheral blood (PB) 

counts over a time course (Figure S5A). RG3039/DCPS engagement was confirmed via 

CETSA in bone marrow (BM) cells the day after the last RG3039 injection (Figure S5A). 

While RG3039 treatment was tolerable and did not cause gross side effects, it induced a 

mild leukocytopenia at higher dosage (Figure S5B). BM cellularity was also slightly reduced 

with no cell-type specificity in RG3039-treated mice (Figures S5C and S5D). When mice 

were treated with RG3039 for a longer period (28 days), we observed mild transient anemia, 

which was normalized within a week of drug withdrawal (Figure S5E). Nonetheless, these 

data indicate that mice largely tolerate pharmacological inhibition of DCPS enzymatic 

activity.

To evaluate effects of DCPS deficiency on human hematopoiesis, we employed a 

xenotransplant model, in which human cord blood-derived CD34 cells reconstitute human 

hematopoiesis in mice (Yamauchi et al., 2013). To do so, we initiated RG3039 treatment 6 

weeks after transplant and administered drug daily for 14 days (Figure 5A). We observed 

comparable proportions of blood cells of human origin (hCD45+) in peripheral blood in 

DMSO (vehicle)- and RG3039-treated mice (Figure 5B). Mice were euthanized after 14 

injections (days), at which time we examined proportions of hCD45+ cells and cellularity in 

BM. A small portion (2 × 106 cells) of BM mononuclear cells (BMMNCs) was transferred 

to irradiated recipients (6 mice per experimental group) for the 2nd transplant. While 

RG3039 treatment did not alter reconstitution of human hematopoiesis in recipients’ BM 

upon 1st transplant (Figure 5C), subsets of BMMNCs were slightly skewed toward the 

myeloid lineage (Figure 5D). RG3039 treatment also did not alter proportions of 

hematopoietic stem/progenitor cells (HSPCs) (Figure 5E).

We next assessed effects of DCPS inhibition on human HSPC function via 2nd 

transplantation assay (Figure 5A) and observed comparable engraftment efficiency, 
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regardless of BM source: engraftment of human blood cells was observed in 4/6, 3/6 and 4/6 

of recipient mice that were transplanted with BM cells from DMSO-, RG3039 (10 mg/kg) - 

and RG3039 (20 mg/kg) treated donors in consistent with our previous study (Yamauchi et 

al., 2013) (Figure S5F). Furthermore, proportions of hCD45+ cells in BM were comparable 

among experimental groups, indicating that DCPS inhibition does not grossly perturb human 

HSPC function (Figure S5F).

To explore effects of DCPS deficiency on normal hematopoiesis in humans, we examined 

PB counts of three children harboring germline homozygous loss-of-function mutations as 

well as heterozygous relatives in a Jordanian family reported previously (Ng et al., 2015). 

The variant (c.201+2T>C) at the first splice donor site of intron 1 (Figure 5F) led to 

complete loss of the most abundant DCPS isoform as well as its decapping activity, leaving 

minimal levels of a novel DCPS isoform barely detectable at the protein level (Ng et al., 

2015). Three individuals homozygous for the loss-of-function variant (III-1, -2 and -6) and 

the two carriers (II-8 and -9) exhibited normal blood counts (Figures 5G and 5H), indicating 

that DCPS is dispensable for steady-state hematopoiesis in humans.

RG3039 exhibits anti-leukemia effects in human AML xenograft models

Next, we explored potential anti-leukemia effects of RG3039 in vivo in a mouse model of 

human AML. Specifically, we tested RG3039 efficacy using patient-derived xenograft 

(PDX) AML models established from three human AML lines (Townsend et al., 2016) 

(Figure S6A). After xenotransplantation, proportions of AML cells per total mononuclear 

cells in PB were examined over time by FACS, and RG3039 treatment was initiated once 

AML cells constituted 0.1-0.5% (Figure 6A). In the first cohort of mice, we monitored 

proportions of AML cells in PB until the last day of a two-week drug treatment (Figure 6B) 

and then euthanized mice to assess proportions of AML cells in BM (Figure 6C). RG3039 

exhibited anti-leukemic activity, as evidenced by the lower leukemia burden in PB and BM, 

although treatment response varied by lines tested (Figures 6B and 6C). RG3039 binding to 

DCPS protein in AML cells in vivo was confirmed by CETSA using AML cells in BM 

(Figure S6B). In the second cohort, RG3039 was administered intraperitoneally for two 

weeks once AML cells were detected in PB as described above, and survival curves were 

generated. RG3039-treated mice survived significantly longer than vehicle-treated mice, 

indicative of therapeutic efficacy of RG3039 monotherapy against AML in vivo (Figure 6D). 

Of note, FHIT (fragile histidine triad), a newly-identified scavenger decapping enzyme 

(Taverniti and Séraphin, 2015), is differentially expressed in AML cells and normal 

hematopoietic cells (Figure S6C): Western blot analysis showed that human AML cells (cell 

lines, PDX lines and primary AML samples) express FHIT protein at significantly lower 

levels than do normal hematopoietic cells (cord blood and BMMNCs) (Figure S6C). Thus, 

lack of FHIT-mediated decapping activity may render AML cells more vulnerable to DCPS 
deficiency, accounting in part for leukemia-specific sensitivity to DCPS depletion or DCPS 

inhibition.
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DISCUSSION

Investigators have discovered genes essential for cancer using genome-wide CRISPR-Cas9 

screening (Hart et al., 2015; Tzelepis et al., 2016; Wang et al., 2017). We established two 

mouse AML lines whose genetic backgrounds are well-defined: both exhibit a normal 

karyotype and harbor functionally-normal Trp53. This experimental system is particularly 

relevant as it mimics human primary AML cells where TP53 is less frequently mutated than 

in solid tumors (Welch et al., 2012). Furthermore, an in vivo validation screen controlled for 

potential artifacts emerging from in vitro culture conditions. Another unique feature of our 

screen was that we selected potentially-actionable targets using databases for chemical 

inhibitors (Google search and DGIdb (Wagner et al., 2016)) and human genomic databases 

[ExAC (Lek et al., 2016), gnomAD (http://gnomad.broadinstitute.org), OMIM, ClinVar]. 

This approach was inspired by recent discovery of low-frequency coding-sequence variants 

that alter the risk of coronary artery disease and the successful translation of that approach to 

drug development (Abifadel et al., 2003; Myocardial Infarction and Investigators, 2016; 

Sabatine et al., 2015).

DCPS was identified as an actionable target for AML after rigorous discovery processes, 

including unbiased genome-wide screens in vitro, “manual” selection of genes implicated in 

a human genetics database, and then an in vivo validation screen We focused on DCPS for 

the following reasons: 1) sgRNAs targeting DCPS were markedly depleted both in vitro and 

in vivo, with high statistical significance; 2) RG3039, a DCPS inhibitor, was available and 

tested safe in a phase I clinical trial (Van Meerbeke et al., 2013), suggesting it could be “re-

purposed’ as AML therapy; and 3) individuals homozygous for a DCPS loss-of-function 

mutation survive but exhibit intellectual disability and craniofacial and neuromuscular 

abnormalities, suggesting DCPS is dispensable in adulthood. Domain-mapping experiments 

further confirmed that DCPS is essential for AML cell survival and identified amino acid 

residues required for that activity.

RG3039 was originally developed as a drug to treat SMA (Jarecki et al., 2005). It inhibits 

DCPS catalytic activity via binding to a site within the HIT sequence, interfering with DCPS 

binding to the 7-methylguanosine (m7G) cap of mRNA (Gu et al., 2004). RG3039 and its 

derivatives significantly improve symptoms and survival in SMA mouse models at similar 

doses that used in our in vivo studies (Gogliotti et al., 2013; Gopalsamy et al., 2017; Van 

Meerbeke et al., 2013). Importantly, RG3039 was granted Orphan Drug and Fast Track 

designations from the FDA and has been judged safe in a phase I trial in healthy volunteers 

(Gogliotti et al., 2013; Van Meerbeke et al., 2013), although details of the study (e.g. 

treatment schedule, dosage, side effects) were not currently available in publicly-available 

databases. Our data also indicate that RG3039-mediated DCPS inhibition does not grossly 

alter normal hematopoiesis. Furthermore, BM cells from RG3039-treated mice reconstituted 

human hematopoiesis similarly to controls in second transplant experiments, suggesting that 

DCPS inhibition does not perturb HSC/progenitor function. Importantly, individuals with 

Al-Raqad syndrome (MIM 616459) who harbor biallelic loss-of-function germline DCPS 
mutations exhibit normal peripheral blood counts (Ahmed et al., 2015; Ng et al., 2015). 

While the loss-of-function allele (c.201+2T>C) reportedly expresses an aberrant transcript, 

its mRNA levels are very low and the endogenous protein is barely detected in patient-
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derived primary fibroblasts, which also lack detectable DCPS enzymatic activity (Ng et al., 

2015). Since DCPS inhibitors with more potency and specificity are being developed 

(Gopalsamy et al., 2017), it would be interesting to test their anti-leukemia activity.

CETSA analysis confirmed binding of RG3039 and DCPS in AML cells as previously 

reported (Martinez Molina et al., 2013; Xu et al., 2016). RG3039 suppressed proliferation of 

human AML cells in vitro and in vivo. Since amino acid residues outside the HIT sequence 

that bind RG3039 were necessary for AML survival in a domain-mapping experiment, we 

expect that pharmacological inhibition of DCPS function beyond its enzymatic activity 

could exert more potent anti-leukemia effects. In fact, DCPS knockout (via CRISPR/Cas9) 

or knockdown (via shRNA) promotes more potent anti-leukemic activity than inhibition of 

its enzymatic activity by RG3039 treatment. For example, following DCPS knockdown in 

AML cells, expression of differentiation markers was more robust than was seen following 

RG3039 treatment. In this regard, a Cereblon-based target degradation system (Winter et al., 

2015) might be an interesting option to completely inactivate DCPS function.

It is unclear why AML cells are more vulnerable to DCPS deficiency than are cells 

functioning in normal human hematopoiesis. It also remains unknown exactly how DCPS 

inhibition causes cell cycle arrest, cellular apoptosis and differentiation in AML cells. 

Considering that DCPS interacts with multiple pre-mRNA processing machineries, either 

directly or indirectly (e.g. through RNA or chromatin), DCPS inhibition could broadly alter 

pre-mRNA metabolism in the nucleus, including pre-mRNA splicing.

RNA-seq experiments revealed that RG3039-induced mis-splicing is much less pronounced 

in GMPs, the normal counterpart of AML cells. Furthermore, genes mis-spliced to create 

alternative 3′ss and 5’ss vary between AML cells and GMPs and exhibit distinct NMD-

prediction patterns. Importantly, an IFN signature was not evident in RG3039-treated GMPs, 

indicating differential effects of DCPS inhibition on pre-mRNA splicing and the overall 

transcriptome between cell types. RG3039 induced aberrant splicing, namely alternative 

splicing at 5′ and 3′ splice sites of the first exon, in marked contrast to aberrant splicing 

observed in the SF3B1-mutant chronic lymphocytic leukemia (CLL) cells (Darman et al., 

2015), Sf3b1-mutant mouse myeloid progenitors (Obeng et al., 2016) or Srsf2-mutant 

mouse AML cells (Lee et al., 2016). We do not yet know how DCPS depletion leads to pre-

mRNA mis-splicing. However, two explanations are plausible. The first involves the nuclear 

cap binding complex (CBC), which consists of a 5’cap binding protein NCBP20 (a.k.a. 

CBP20) and NCBP1 (a.k.a. CBP80) and is implicated in pre-mRNA splicing 

(Gonatopoulos-Pournatzis and Cowling, 2014). CBC reportedly interacts with components 

of small nuclear ribonucleoproteins (snRNPs), which are necessary for efficient co-

transcriptional spliceosomal assembly (Pabis et al., 2013). Multiple lines of evidence suggest 

that interaction between the 5′ end m7G cap and CBC is necessary to splice the first intron 

(Inoue et al., 1989; Izaurralde et al., 1995; Izaurralde et al., 1994; Jiao et al., 2013). Like 

CBC, DCPS, which binds to the m7G cap in the nucleus, may function as a platform to 

recruit spliceosomes co-transcriptionally. An alternative is that in the nucleus CBC and 

DCPS may compete for m7G cap-containing pre-mRNAs, and DCPS depletion would favor 

engagement of CBC with the m7G cap, perturbing pre-mRNA splicing, as described (Shen 

et al., 2008).
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RG3039 treatment affects splicing of more than 300 genes in AML cells, and DCPS 

complexes with multiple pre-mRNA processing machineries. Given that a type I interferon 

response was the most enriched gene expression signature following RG3039 treatment in 

AML cells, we postulate that DCPS inhibition broadly alters pre-mRNA metabolism, 

including splicing, and produces aberrant transcripts that induce a cell-intrinsic response, 

such as ribotoxic stress-induced apoptosis, an outcome reminiscent of that observed in 

RNAi-treated cells (Bridge et al., 2003; Wurtmann and Wolin, 2009).

We report that RG3039 monotherapy had anti-leukemic effects and prolonged survival of 

human AML PDX models. In this model, instead of treating mice immediately after AML 

cell transfer, we initiated RG3039 treatment once they constituted 0.1-0.5% of peripheral 

blood mononuclear cells, at which point AML cells constituted 70-90% of BM cells. 

Considering that leukemia burden at the time of treatment was very high, and that these 

AML cells harbor complex genomic backgrounds and are refractory to multiple 

chemotherapies, the observation of anti-leukemic activity in vivo by RG3039 as a 

monotherapy is significant. Since somatic mutations of spliceosomal genes are common in 

myelodysplastic syndromes (MDS) and AML (Lee et al., 2016) and mRNA splicing is 

reportedly impeded in those cells (Darman et al., 2015; Lee et al., 2016; Obeng et al., 2016), 

it would be interesting to test whether AML/MDS cells harboring a spliceosome mutation 

are particularly sensitive to DCPS inhibition. Along the same line, combinatorial treatment 

using RG3039 plus a compound targeting spliceosomal function, such as an SF3B1 inhibitor 

(Lee and Abdel-Wahab, 2016), might be a potential therapeutic approach worthy of 

investigation.

In summary, we identified DCPS as a target for AML therapy. While DCPS is implicated in 

the mRNA decay pathway, it is primarily localized to the nucleus and functions to maintain 

pre-mRNA metabolism; moreover, its loss renders leukemia cells vulnerable to cell cycle 

arrest and apoptosis. Since DCPS is dispensable for steady-state-hematopoiesis in humans, 

DCPS inhibitors, such as RG3039, warrant attention as potential therapeutic approaches for 

AML.

STAR★METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to the Lead 

Contact, Takahiro Maeda (t_maeda@cancer.med.kyushu-u.ac.jp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—12–16 weeks-old C57BL/6 male mice were purchased from Jackson Laboratory. 

C57BL/6.Rag2nullIl2rgnullNOD-Sirpa (BRGS) mice were described previously (Yamauchi et 

al., 2013). 6-10 weeks-old BRGS mice were used for experiments. Mice were bred and 

maintained in individual ventilated cages and fed with autoclaved food and water at Kyushu 

University Animal Facility. All animal experiments were approved by the Institutional 

Animal Care and Use Committees, according to national and institutional guidelines.
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Generation of Cas9-expressing mouse AML cell lines—Mouse bone marrow HSCs 

were harvested from male C57BL/6 mice and transduced with a retrovirus encoding the 

CALM/AF10 or MLL/AF9 oncogene. Transduced cells were transplanted into lethally-

irradiated recipient mice. Primary AML cells were collected 3-6 months later, serially 

transplanted 3 times to obtain clonally homogenous population, and harvested to establish 

cell lines (Figure 1A). Cells were cultured in the presence of cytokines as described above 

and infected with lentivirus encoding both the S. pyogenes Cas9 protein and the blasticidin 

resistance gene (lentiCas9-Blast, Addgene). Blasticidin (Sigma) selection was initiated 24 h 

later. Trp53 mutant CALM/AF10 or MLL/AF9 AML cells were established by lentivirally 

transducing sgRNA against Trp53 into parental AML lines, followed by Nutlin-3a, a Mdm2 

inhibitor, treatment.

Cell culture—Mouse leukemia cells (CALM/AF10 and MLL/AF9) were cultured in 

Iscove’s Modified Dulbecco’s Media (IMDM) (Life Technologies) supplemented with 20% 

Fetal Bovine Serum (FBS) (Omega Scientific), 1% penicillin streptomycin (Life 

Technologies), and mouse SCF (20 ng/ml), mouse IL-3 (10 ng/ml) and mouse IL-6 (10 

ng/ml) (all from PeproTech). Human leukemia cell lines (MOLM-13, OCI-AML3, MV4-11, 

and THP-1) were cultured in Roswell Park Memorial Institute (RPMI) medium (Life 

Technologies) with 10% FBS and 1% penicillin streptomycin.

Lentiviral transduction—Lentivirus transduction was performed as described (Shalem et 

al., 2014). In brief, HEK293T cells were cultured with Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Life Technology) supplemented with 10% FBS and 1% penicillin 

stereptomycin. Cells were transfected with 6.7 μg psPAX2 (Addgene), 4.1 μg VSV-G 

(Addgene), and 10 μg lentiviral vectors using 60 μg of linear polyethylenimine 

(Polysciences). Lentiviral supernatants were harvested at 48 and 72 hours post-transfection 

and concentrated by ultracentrifugation (24,000 rpm for 2 hours at 4°C with a Beckman 

Coulter SW 32 Ti rotor). AML cells were plated into 12-well plates (0.5-3 × 106 cells per 

well) with medium supplemented with 8 μg/ml polybrene (Sigma) and spin-infected at 2,000 

rpm for 2 hours at 37°C.

Xenotransplantation—Lineage (Lin)-depleted cord blood (CB) cells were obtained using 

magnetic beads (Lineage cell depletion kit; Miltenyi Biotec, Bergisch Gladbach, Germany). 

To reconstitute human hematopoiesis in mice, Lin− CB cells (2 × 104 per mouse) were 

injected into irradiated (550 cGy) BRGS mice via the tail vein (Yamauchi et al., 2013). Mice 

were euthanized 6 weeks later, and their BM cells (2 × 106 per mouse) were transferred to 

irradiated secondary recipients to assess HSPC reconstitution capacity. Recipients of the 

second transplant were euthanized 6 weeks later, and engraftment of human blood cells in 

BM was assessed by FACS.

To establish patient-derived xenograft (PDX) models, three PDX lines were obtained from 

Leukemia/Lymphoma Xenograft Core (LLX) of the Dana-Farber Cancer Institute (DFCI). 

Somatic mutations in cells were assessed via the Rapid Heme Panel (DFCI). 1-2 × 106 AML 

cells were injected into irradiated (550 cGy) BRGS mice (Yamauchi et al., 2013) via the tail 

vein. After transplantation, mice were given sterile water containing prophylactic 

enrofloxacin (Baytril; Bayer HealthCare).
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Peripheral blood analysis in patients with biallelic DCPS loss-of-function—A 

Jordanian family consisting of three children (III-1, III-2 and III-6) exhibiting intellectual 

disability, craniofacial and neuromuscular abnormalities and two unaffected siblings (III-7 

and III-8) were described previously (Ng et al., 2015). Peripheral blood counts of all were 

examined with standard methodology using an automated analyzer, with consent of patient 

or parent.

METHOD DETAILS

Immunohistochemistry—Immunohistochemistry was performed on paraffin sections 

with the conventional avidin–biotin–peroxidase method. Antigen retrieval was performed 

using citrate buffer. Endogenous peroxidases were quenched by incubating sections in 3% 

H2O2 in PBS for 5 min. Sections were blocked in PBS with 0.1% Tween-20 (PBST) for 1h. 

DCPS antibody (Santa Cruz, A-12) was added overnight at 4°C. Slides were incubated with 

biotin-conjugated secondary antibodies (1:400; Vector Laboratories) using a VECTA-STAIN 

Elite ABC kit (Vector Laboratories) and developed with 3,3′-diaminobenzidine (DAB). 

Slides were mounted with Permount medium (Thermo Fisher Scientific).

Genome-wide CRISPR screen—The GeCKO v2 mouse library (Shalem et al., 2014) 

was purchased from Addgene. It consists of two half-libraries (A and B), containing 

altogether 130,209 sgRNAs (67,405 in Library A and 62,804 in Library B) targeting 20,611 

protein-coding genes and 1,175 miRNAs plus 1,000 non-targeting control sgRNAs. The 

plasmid pool was prepared as described (https://www.addgene.org/pooled-library/zhang-

human-gecko-v2/). The library representation was validated via Miseq (Illumina). Genome-

wide screens were performed as described (Shalem et al., 2014). Briefly, 1.2×108 AML cells 

(per half library) were transduced at a transduction efficiency of 30% with the viral pool to 

achieve an average coverage of more than x500. Cells were treated with puromycin (Sigma) 

24 h after transduction (on day 1) and 3×106 cells were harvested two days later (day 3) to 

obtain input DNA. Remaining cells were passaged 5-6 times over a 16-day incubation 

period. At least 3×107 cells were maintained at any given time to ensure sgRNA 

representation (Figure S1B). On day18, cells were harvested and genomic DNA extracted 

using a Blood & Cell Culture DNA Midi Kit (Qiagen).

sgRNA library design for the second screen—470 genes were chosen for a 

secondary screen in vivo as described (Figure 1D). For each gene, eight sgRNAs were 

chosen from the previously published mouse genome-wide sgRNA libraries “Brie” and 

“Asiago” (Doench et al., 2016). If fewer than 8 sgRNAs per gene were available within 

these libraries, sgRNA sequences were taken from the mouse “GeCKOv2” genome-wide 

library until 8 sgRNAs were obtained (Sanjana et al., 2014). The final library included 3,760 

gene-targeting sgRNAs and 100 non-targeting sgRNAs as negative controls. Each sgRNA 

oligo was synthesized as described (Canver et al., 2015) and cloned using a Gibson 

Assembly master mix (New England Biolabs) into lentiGuide-Puro plasmid (Addgene 

plasmid no. 52963), which had been BsmBI-digested, PCR-purified, and dephosphorylated. 

Gibson Assembly products were transformed to electrocompetent cells (E. cloni, Lucigen). 

Sufficient colonies were isolated to ensure ~50x coverage of the library. The plasmid library 

was deep-sequenced using Miseq to confirm representation.
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In vivo second screen in a mouse AML model—2×107 MLL-AF9-Cas9 cells were 

transduced with the viral pool at transduction efficiencies of 20% to achieve over x1,000 

coverage (Figures S2C and S2D). Cells were treated with puromycin 24h after transduction 

and cultured 2 days, at which time 2×106 puromycin-resistant cells were harvested to obtain 

input DNA. Remaining cells were transferred to sub-lethally irradiated recipient mice 

(Figure S2C). Mice were euthanized 3 weeks later, and AML cells were harvested from 

bone marrow to obtain output DNA samples.

Domain saturating mutagenesis—All NGG-restricted sgRNAs were identified within 

coding exons of Dcps (n=154) and Ctps (n=238) (Canver et al., 2017). 100 non-targeting 

sgRNAs were included as negative controls. Library synthesis was performed as per the 

second screening library, as noted above. Read counts from final and initial time points were 

normalized to control-nontargeting guides via the MAGeCK count function (Li et al., 2014), 

which was used to calculate log2 fold-changes in guide abundance. Guides were then 

mapped to the protein by mapping the double-stranded break site to the corresponding 

codon. Lastly, scores for amino acids with no assigned guide were interpolated via LOESS 

regression, using known guide scores and location as input. Scores for each amino acid were 

then mapped onto the DCPS structure publicly available in the Protein Data Bank (PDB ID: 

1vlr (Han et al., 2005)). Structure sequence was aligned to the sequence of the protein 

isoform to which guides were originally mapped using Biopythons pairwise2 module (Cock 

et al., 2009) (local alignment with Blosum62 matrix, opening gap cost -10, extension -0.5). 

Scores from guides mapping to the same amino acid were averaged. The protein structure 

was recolored in PyMOL (https://www.pymol.org) based on aligned scores, by placing them 

in the B-factor field. For visual clarity, scores were divided into bins of 1 log2 fold-change.

Library preparation for next generation sequencing—Library preparation was 

performed as described (Shalem et al., 2014). sgRNA inserts were PCR-amplified from 130 

μg genomic DNA using Herculase 2 fusion DNA polymerase (Agilent). Resulting PCR 

products were purified and sequenced on a NextSeq500 sequencer (Illumina) to assess 

change in abundance of each sgRNA between initial and final cell populations.

shRNA-mediated DCPS knockdown—Lentivirus vectors containing shRNA against 

human DCPS were purchased from Sigma Aldrich (TRCN0000335923, TRCN0000335924 

and TRCN0000005569). Vector fragments containing shRNA sequence were isolated by 

MfeI/SpeI digestion of the pLKO vector, gel-purified and sub-cloned into PPIG (pLKO 

Puro-IRES-GFP) lentivirus vectors. Lentivirus transduction was performed as described 

above.

Cellular thermal shift assay (CETSA)—CETSA was performed to assess binding of 

RG3039 to DCPS protein in cells as described (Martinez Molina et al., 2013; Xu et al., 

2016).

Cell cycle and apoptosis assay—For cell cycle analysis, a 5-ethynyl-2′-deoxyuridine 

(EdU) incorporation assay was performed using the Click-iT Plus EdU Alexa Fluor 647 

Flow Cytometry Assay Kit following the manufacturer’s specifications (Life Technologies). 
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FxCycle™ Violet (Life Technologies) was used for DNA content analysis. FITC-Annexin V 

(BioLegend) was used to identify apoptotic cells.

Immunoprecipitation/mass spectrometry—MOLM-13 cells were cultured in RPMI 

containing 10% FBS. Proteins were extracted with RIPA Buffer. DCPS complexes were 

pulled down using anti-DCPS antibody (Bethyl) followed by separation on SDS-PAGE. 

Proteins in gels were reduced using 10 mM dithiothreitol for 30 min, and alkylated using 50 

mM iodoacetamide for 30 min. After overnight trypsin digestion, peptides were purified 

with SDB-XC StageTip. NanoLC-MS/MS were conducted using a Triple TOF 6600 

(SCIEX) with an ekspert nanoLC 415 system (Eksigent Technologies). The mobile phase 

consisted of (A) 0.1% FA in water and (B) 0.1% FA in acetonitrile. A linear gradient of 5% 

B to 32% B in 60 min, 32% B to 80% B in 5 min and 80% B for 5 min was employed. 

Samples were injected onto a ChromXP C18CL (3 μm, 200μm × 0.5 mm) column serving as 

a trap column and then separated on a ChromXP C18CL (3 μm, 75 μm × 15 mm) column. 

For Information Dependent Acquisition, precursor ions were scanned from 400 to 1250 with 

an accumulation time of 50 msec. For sequential window acquisition of all theoretical mass 

spectra (SWATH), precursor ions ware taken by a Variable Q1 Window Acquisition from 

100 to 2000. MS data were subjected to a search against the Uniprot Human database with 

Protein Pilot V.5.0 (AB Sciex). The false discovery rate was set below 1%. The spectral 

library for SWATH analysis was generated from IDA data, and peak area of peptides was 

calculated by PeakView (AB Sciex).

RNA-Seq—Two independent primary AML lines per oncogene (CALM/AF10 or MLL/

AF9) were obtained from the bone marrow of leukemic mice (CALM/AF10 #1 and #2 and 

MLL/AF9 #1 and #2; Figure S2A) and RNA was extracted using an RNeasy Mini Kit 

(Qiagen). Libraries were generated using the Ovation Mouse RNA-Seq System following 

the manufacturer’s specifications (NuGEN). All libraries underwent 75 bp single-end 

sequencing on an Illumina NextSeq500 sequencer. For RNA-seq of RG3039-treated AML 

cells (Figure 4), CALM/AF10 cells or GMPs (Lin−Sca-1−c-Kit+FcγR+CD34+) were treated 

with RG3039 (1 μM) in the presence of cytokines, harvested over a 0, 6 and 10h time 

course, and RNA samples were prepared. Libraries were constructed and underwent 150 bp 

paired-end sequencing on an Illumina NextSeq500 sequencer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparing dropout p values with gene expression—To investigate the relationship 

between dropout probability and gene expression, we used a scatter plot, as proposed by 

Tzelepis et al (Tzelepis et al., 2016). Dropout probability was obtained using MAGeCK 

software (Li et al., 2014). We used Salmon (Patro et al., 2017) with default parameters for 

RNA-seq quantification, and averaged TPM values across three replicates per condition.

Quantification of RNA-Seq data and identification of differential splicing 
events—Raw sequence reads were aligned to mouse reference mm10 using the STAR 

aligner (Dobin et al., 2013). We assessed individual junction counts for each cohort by 

summing these counts over all samples in that cohort. Estimation of intron retention counts 

were performed by defining a 6 nt window over each exon-exon junction (3 nt in exon and 3 
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nt in intron), and all reads which completely overlapped this window were considered 

intronic (Darman et al., 2015). Individual junction usage in each cohort was then converted 

to a percent spliced in (PSI) measurement by dividing the count of that junction by the total 

count of all junctions sharing a splice site with it in that cohort. We assessed differential 

junction PSI between cohorts similar to (Darman et al., 2015), however a binomial z-test of 

logit-transformed PSI values was used to assess the likelihood of observation, and these p 

values were corrected using FDR. A q-value < 0.05 was considered significant.

Gene expression analysis—Isoform quantification was performed using Kallisto (Bray 

et al., 2016) against GENCODE M2. Total gene counts were compiled by summing isoform 

counts for all isoforms belonging of that gene. Differential analysis was performed using 

EdgeR (Robinson et al., 2010) to assess significance of gene expression changes between 

cohorts. Gene expression changes corresponding to a q-value < 0.05 were considered 

significant.

NMD prediction—Prediction of splice variant induction of nonsense mediated decay 

(NMD) was performed as previously described (Darman et al., 2015). Briefly, all RefSeq 

annotated transcripts for each gene containing a given significant splicing event were 

modified to contain the novel junction (i.e., intron retention events involve the removal of 

annotated junctions, alternative 3′ splice sites cause the extension of downstream exons, 

etc). Each transcript was then translated in silico and it was determined whether a premature 

termination codon (PTC) had been inserted more than 50 nt from the last exon-exon 

junction, which is predicted to result in targeting by the NMD pathway (Rivas et al., 2015). 

If all transcripts associated with a given gene were predicted to result in degradation, that 

gene was predicted to be NMD-targeted. Similarly, if all transcripts were not predicted to 

contain a PTC that gene was predicted not to be targeted by the NMD pathway.

DATA AND SOFTWARE AVAILABILITY

RNA-seq data from CALM/AF10 AML or normal GMP cells were deposited in the Gene 

Expression Omnibus (GEO) database under accession number GSE107288.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Genome-wide CRISPR-Cas9 knockout screening is a powerful tool for functional 

genomics. We performed genome-wide CRISPR-Cas9 dropout screens utilizing AML 

lines exhibiting a normal karyotype and harboring functionally-normal Trp53, which 

enabled straightforward interpretation of screening results. We then selected potentially 

actionable targets using databases relevant to chemical inhibitors and human genetics. We 

identified DCPS as a drug target for AML therapy. We report that RG3039, a DCPS 

inhibitor proven safe in a phase I clinical trial, exhibits anti-leukemia activity and identify 

a pre-mRNA metabolic pathway required for AML survival. Our work suggests a 

potential opportunity to “re-purpose’ DCPS inhibitors for AML therapy.
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Highlights

1. Genome-wide CRISPR-based screens were performed with Trp53-intact 

mouse AML cells.

2. Potentially actionable targets were identified using publicly-available 

databases.

3. DCPS, an mRNA decapping enzyme, was identified as a target for AML 

therapy.

4. RG3039, a DCPS inhibitor, showed toxicity against AML but not normal 

blood cells.
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Figure 1. Genome-wide CRISPR-Cas9 screens identify Dcps as an AML essential gene
(A) Generation of Cas9-expressing mouse AML cell lines. Two mouse lines expressing Cas9 

endonuclease (CALM/AF10-Cas9 and MLL/AF9-Cas9) were used for screens. (B) Genes 

significantly enriched or dropped-out after a 16-day incubation were identified using the 

MAGeCK program (Li et al., 2014; Shalem et al., 2014). Representative results (GeCKO 

library B screen in MLL/AF9 cells) of the enrichment screen are shown. A modified robust 

ranking aggregation (RRA) algorithm was used to rank sgRNAs based on p values (Li et al., 

2014; Shalem et al., 2014). (C) Graphs show read counts of individual sgRNAs targeting 
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Trp53 before and after a 16-day incubation. P values were calculated using a Wilcoxon 

matched-pairs signed rank test. (D) Experimental schema of in vitro and in vivo CRISPR-

Cas9 screens. Overall, we identified 130 AML essential genes for further evaluation. (E) A 

representative RRA score plot showing top dropout genes (GeCKO library B screen in 

CALM/AF10 cells). (F) Read counts of sgRNAs targeting Dcps significantly decreased after 

a 16-day incubation in both AML lines. P values were calculated using a Wilcoxon matched-

pairs signed rank test. (G) Read counts of single sgRNAs targeting Dcps before and 3 weeks 

after leukemia transfer are shown. Read counts of 7 sgRNAs are shown, as one out of 8 

sgRNA (#14) was not detected on day 0. (H) Domain-saturating DCPS mutagenesis. All 

NGG-restricted sgRNAs (n=154) were identified within Dcps coding exons. The pool was 

transduced into CALM/AF10-Cas9 cells and a dropout screen was performed. Read counts 

from final and initial time points were normalized to non-targeting guides and log2 fold-

change in guide abundance was calculated. Guides were then mapped to protein by mapping 

double-stranded break sites to a codon. (I) Dropout scores (log2 fold-change) for each 

amino acid were mapped onto a structure publicly available in the Protein Data Bank (PDB 

ID: 1vlr). Since DCPS forms a homodimer, one monomer is depicted in pink for visual 

clarity, and scores are divided into bins of 1 log2 fold-change. Red asterisk indicates HIT 

sequence, where the 7-methylhuaninosine (m7G) cap of mRNA binds. See also Figures S1, 

S2 and Tables S1, S2 and S3.
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Figure 2. Treatment of AML cells with the DCPS inhibitor RG3039 induces cell-cycle arrest, 
apoptosis and differentiation
(A) Human AML cell lines were transduced with a lentivirus vector encoding an shRNA and 

GFP cassette, and the fraction of GFP-positive cells was measured at indicated times by 

FACS. At each time point that proportion was normalized to the number of GFP-positive 

cells present at day 3 (two days after transduction). Scrambled-shRNA served as control. 

The data is from one experiment. (B) shRNA knockdown efficiencies were assessed by 

Western blot. Cont: control sample without transduction. Scr: scrambled shRNA. (C) EdU 

Yamauchi et al. Page 25

Cancer Cell. Author manuscript; available in PMC 2019 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(5-ethynyl-2′-deoxyuridine) incorporation assay. MOLM-13 cells transduced with either 

scrambled or DCPS shRNA clone#69 were pulsed with EdU and proportions of EdU-

positive cells were assessed by FACS on indicated days after transduction. (D) Proportions 

of apoptotic cells were assessed by Annexin V staining. (E) Expression levels of surface 

CD15 and CD11b in MOLM-13 cells were assessed by FACS following shRNA-mediated 

DCPS knockdown (day 5). (F) May-Giemsa stain of cytospin preparations showing 

monocytic differentiation of MOLM-13 cells upon DCPS knockdown. (G) Representative 

result of a cellular thermal shift assay (CETSA). (H) DCPS protein is resistant to heat 

denaturation in the presence of RG3039 dose-dependently. (I) Growth curves were 

generated for AML lines treated with RG3039. Data are represented as means ± SD. (J) 
MOLM-13 cells were pulsed with EdU and treated with either DMSO or RG3039. 

Proportions of EdU-positive cells and their DNA contents were analyzed by FACS 24 hr and 

72 hr after RG3039 treatment. (K) Bar graphs show proportions of cells at each stage of the 

cell cycle after DMSO or RG3039 treatment. (L) Proportions of apoptotic cells were 

assessed by Annexin V stain following control DMSO or RG3039 treatment. Data (n=3) are 

represented as means ± SD. See also Figure S3.
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Figure 3. DCPS protein interacts with components of pre-mRNA metabolic pathways
(A) Immunoprecipitation (IP) of endogenous DCPS protein was performed in triplicate. 

DCPS was detected (red arrowhead) by Western blot when IP was performed with anti-

DCPS antibody but not with control immunoglobulins (Ig), indicative of specificity (left). 

Asterisks denote non-specific immunoglobulin light and heavy chain signals. Protein lysates 

used for mass spectrometry were analyzed by SDS-PAGE and silver stained (right). (B) 
Volcano plot displaying results of triplicate IP/mass spectrometry experiments. Y-axis shows 

negative log10 p values, which represent reproducibility of events among three independent 

experiments; x-axis indicates log2 ratio of normalized protein abundance between anti-

DCPS antibody and control Ig IPs. (C) Proposed model for nuclear DCPS function. DCPS 

complexes with components of pre-mRNA processing pathways including, spliceosomes, 

the transcription-export complex (TREX) and the nuclear pore complex (NUP). (D) Genes 

encoding DCPS-interacting proteins were found essential for AML survival in CRISPR-

Cas9 screens. The Y-axis shows the lowest FDR q-value of each gene among 4 dropout 

screens (GeCKO library A and B screens in CALM/AF10 or MLL/AF9 cells); the X-axis 

indicates log2 ratio of normalized protein abundance between anti-DCPS antibody and 

control Ig IPs. See also Figure S4 and Table S4.
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Figure 4. DCPS inhibition impedes pre-mRNA processing pathways in AML cells
(A) RNA-Seq analysis of effects of DCPS inhibition on pre-mRNA splicing and 

transcriptome activity. RNA samples were prepared prior to and 6 hr and 10 hr after RG3039 

treatment of CALM/AF10 mouse leukemia cells or GMPs. (B) Event counts and ratios 

relative to control of indicated splicing patterns (10 hr after RG3039 treatment) are shown. 

Data are represented as means ± SD. (C) Venn diagrams show overlap of mis-spliced genes 

between CALM/AF10 AML cells and GMPs. (D) Waterfall plots indicate NMD-sensitivities 

and expression changes of genes aberrantly-spliced following RG3039 treatment. (E) 
Locations of Mis-splicing events. (F) GSEA analysis of RG3039-treated AML cells. See 

also Table S5.
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Figure 5. DCPS is dispensable for steady-state hematopoiesis in humans
(A) Schematic representations of xenotransplant experiments. BM cells of mice treated with 

DMSO (vehicle) or RG3039 were transferred to secondary recipients to assess capacity to 

reconstitute human hematopoiesis. BRGS mice (Yamauchi et al., 2013) were used as 

recipients. (B) Proportions of human CD45+ cells were assessed by FACS on indicated days 

after the first transplant. 6 mice per condition were analyzed at each time point. (C) Dot 

graphs show proportions and numbers of hCD45+ cells in BM after first transplant. n.s.: not 

significant. Data are represented as means ± SD (n=6 per condition). (D) Bar graphs show 

proportions of B cells (hCD19+), T cells (hCD3+) and myeloid cells (hCD33+) in BM (n=6 

per condition). Myeloid compartments were further defined using the myelo/monocytic 

markers CD11b, CD14 and CD15. Data are represented as means ± SD. P values were 

calculated using an unpaired t-test with Welch’s correction. (E) Bar graphs show proportions 

of hematopoietic stem cells (HSCs: CD34+CD38−) and progenitors (CD34+CD38+) in BM. 
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Data are represented as means ± SD (n=6 per condition). (F) Schematic representations of 

the germline loss-of-function mutation observed in a Jordanian family (Ng et al., 2015). 

Thymine (red) near the splice donor site downstream of exon 1 was mutated to cytosine, 

creating an alternative cryptic splice site (blue) and resulting in an in-frame premature 

termination 40bp downstream exon 1. (G) Family tree of the affected pedigree. Asterisks 

denote individuals whose peripheral blood counts were assessed in this study. (H) Peripheral 

blood counts of affected individuals and unaffected relatives are shown. See also Figure S5.
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Figure 6. Treatment with a DCPS inhibitor has anti-leukemia effects in AML PDX models
(A) Workflow of PDX experiments. (B) Proportions of hCD45+ cells in PB were examined 

by FACS. Duration of RG3039 treatment (20 mg/kg for 14 days) is depicted in grey. Data 

are represented as means ± SD (n=4-5). (C) Mice were euthanized after RG3039 treatment, 

and BM leukemia burden was assessed by FACS. Dot graphs show proportions of hCD45+ 

cells in BM. Data are represented as means ± SD (n=3-5). P values were calculated using an 

unpaired t-test with Welch’s correction. (D) Survival curves (n=5 per group). Duration of 

RG3039 treatment (20 mg/kg for 14 days) is depicted in grey. P values were calculated using 

a Mantel-Cox log-rank test. See also Figure S6.
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