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SUMMARY
CHAF1B is the p60 subunit of the chromatin assembly factor (CAF1) complex, which is responsible for as-
sembly of histones H3.1/H4 heterodimers at the replication fork during S phase. Here we report that CHAF1B
is required for normal hematopoiesis while its overexpression promotes leukemia. CHAF1B has a pro-leuke-
mia effect by binding chromatin at discrete sites and interfering with occupancy of transcription factors that
promote myeloid differentiation, such as CEBPA. Reducing Chaf1b activity by either heterozygous deletion
or overexpression of a CAF1 dominant negative allele is sufficient to suppress leukemogenesis in vivowithout
impairing normal hematopoiesis.
INTRODUCTION

Chromatin assembly factor 1B (CHAF1B) is the p60 subunit of

the heterotrimeric chromatin assembly factor 1 (CAF1) complex

that also includes a large subunit CHAF1A (p150) and a small

subunit RBBP4 (RbAp48, p48) (Smith and Stillman, 1989; Still-

man, 1986). This complex is localized to the nucleoplasm and

frequently contains a histone H3/H4 heterodimer, each compo-

nent in a 1:1:1:1 stoichiometry (Hu et al., 2006; Verreault et al.,

1996). The canonical function of CAF1 is to facilitate the assem-

bly of H3-H4 tetramers at the replication forks during S phase

(Krude, 1995; Marheineke and Krude, 1998).

CHAF1A is a multi-domain protein that has a replication-linked

nucleosome assembly activity as well as a replication-indepen-

dent function in the stabilization of heterochromatic regions. The

C-terminal region of CHAF1A contains the primary proliferating

cell nuclear antigen (PCNA)-interacting motif responsible for
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Figure 1. Chaf1b Is Required for Hematopoiesis

(A) Schematic of the floxed allele of Chaf1b and genotype confirmation in tail DNA.

(B) qPCR of CHAF1B transcription in HSPCs after infection with MIGR1-Cre.

(legend continued on next page)
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central facilitator of multiple S-phase-linked CAF1 functions: (1)

CHAF1A-directed localization to the replication fork via interac-

tion with PCNA, (2) H3/H4 chaperone function by direct interac-

tion with ASF1A, and (3) potential HDAC1 complex-mediated

functions through RBBP4. CHAF1B also has several reported

functions outside of canonical S-phase nucleosome assembly

related to DNA-damage repair following UV irradiation damage

through the nucleotide excision repair system (Gaillard et al.,

1996; Martini et al., 1998; Polo et al., 2006).

Previous reports have also implicated a role for CAF1-medi-

ated nucleosome assembly in determining cell fate by regulating

transcription. For example, CHAF1A was implicated as an epige-

netic silencing factor that maintains gene repression in an

S-phase-dependent manner (Poleshko et al., 2010). The CAF1

complex was also reported to be critical in silencing of proviruses

(Yang et al., 2015). Most notably, a study showed that knock-

down of CHAF1A or CHAF1B potently enhanced the efficiency

of somatic cell reprogramming through the opening of chromatin

at specific sites, allowing transcription factor binding to enhancer

regions of embryonic stem cell genes (Cheloufi et al., 2015).

CHAF1B is located within the Down syndrome (DS) critical re-

gion of chromosome 21, and thus its trisomy is potentially asso-

ciated with DS-related pathologies (Blouin et al., 1996; Katsanis

and Fisher, 1996). Our previous studies revealed that CHAF1B is

more highly expressed in acute megakaryocytic leukemia

(AMKL) cells from individuals with DS than in AMKL cells from

those without trisomy 21 (Malinge et al., 2012). Furthermore,

several solid tumor types show increased expression of

CHAF1B, and in these cases CHAF1B expression is directly

linked to metastasis and disease severity. Cancers with elevated

CHAF1B expression include high-grade gliomas, melanomas,

endometrial tumors, and prostate cancer (de Tayrac et al.,

2011; Mascolo et al., 2010; Polo et al., 2010; Staibano et al.,

2009, 2011), although the mechanisms underlying this overex-

pression are unexplored.

Given that dysregulation of genes that regulate chromatin is

frequently observed in hematologic malignancies, we investi-

gated the role of CHAF1B in normal andmalignant hematopoiesis.

RESULTS

Chaf1b Is Required for Hematopoiesis
To determine the requirement for Chaf1b in normal hematopoi-

esis, we utilized a mouse strain generated by injecting embry-

onic stem cells containing a Chaf1b allele with floxed exon 3
(C) Survival curve of Mx1-Cre wild-type, Chaf1b heterozygous, or Chaf1b homoz

(D) Peripheral blood white cells (WBC), red blood cells (RBC), and platelet count

(E) Sternum bone marrow H&E stain 10 days following pIpC injection. Pictures a

(F) Contribution of Chaf1b wild-type, heterozygous, and homozygous deficient c

(G) Ly5.2 donor cell contribution to the bone marrow 4 months after transplant.

(H) Contribution of Chaf1b wild-type, heterozygous, and homozygous deficient c

(I) In vitro competitive growth assay of HSPCs following introduction of Cre.

(J) HSPC colony formation assay following in vitro deletion of Chaf1b.

(K) Cell death following Chaf1b deletion by MIGR1-Cre.

(L) Cell-cycle analysis of Chaf1b targeted cells by 5-ethynyl-20-deoxyuridine (EdU

Asterisk indicates statistical significance (*p < 0.05; n.s., not significant) as determ

F–L). Results shown are representative of three independent biological replicate

(B, I, J, and L), are mean ± SD from indicated numbers of mice (D, F, and H), or

See also Figures S1 and S2.
into wild-type C57Bl/6 blastocysts (Figure 1A). We crossed

the strain with Mx1-Cre transgenic mice and then induced

gene deletion by treating Chaf1b floxed/Mx1-Cre animals

with polyinosine:polycytosine (pIpC) (Figure S1A). This process

reduced CHAF1B expression in a dose-dependent manner by

allele as measured by qRT-PCR (Figure 1B). Since CHAF1B is

widely expressed throughout the hematopoietic system (Fig-

ure S1B), we predicted that homozygous loss of Chaf1b would

be lethal. Indeed, Mx1-Cre/Chaf1bfl/fl mice (referred to as

Chaf1b null or Chaf1bD/D) died within 2 weeks of pIpC injection

due to pancytopenia and loss of hematopoietic cells in the bone

marrow (Figures 1C–1E). In addition to the complete loss of

bone marrow cellularity in Chaf1bD/D mice, we observed a

modest but statistically significant reduction in the cellularity

of the bone marrow of pIpC-treated Mx1-Cre/Chaf1b+/fl (here-

after Chaf1b heterozygous deleted or Chaf1b+/D) mice (Fig-

ure S1C). Whereas bone marrow from Chaf1bD/D mice was

unable to form colonies, Chaf1b+/D bone marrow gave rise to

colonies, albeit fewer than in mice with wild-type bone marrow

(Figure S1D). Annexin V staining of bone marrow following pIpC

treatment revealed a substantial increase in apoptosis in the

Chaf1b null mice and a modest increase in the heterozygous

deleted animals 10 days after injection (Figure S1E).

Flow-cytometric analysis of bonemarrow following pIpC injec-

tion (after 7 days for Chaf1bD/D and 60 days for Chaf1b+/D and

Chaf1b+/+ mice) revealed that homozygous deletion of Chaf1b

resulted in a depletion of hematopoietic stem and progenitor

cells (Figures S1F–S1I). By contrast,Chaf1b+/D bonemarrowdis-

played an increase in the percentage of LK cells without any sig-

nificant skewing in myeloid progenitors, a decrease in LSK cells,

and an increased proportion of short-term SLAM-positive cells

(Figures S1F–S1I), compared with Chaf1b+/+ controls. We

confirmed the Chaf1b heterozygous deletion phenotype by

analyzing Chaf1b-floxed mice that were crossed to the Vav-

Cre strain (Figures S2A–S2F). Vav-Cre+Chaf1bfl/fl pups were

never observed, supporting our hypothesis that Chaf1b is

required for viability.

Loss of Chaf1b Impairs Hematopoietic Reconstitution
To confirm a cell-autonomous role for Chaf1b in hematopoiesis,

we mixed equal numbers of wild-type Ly5.1 bone marrow cells

with those from Ly5.2 Mx1-Cre/Chaf1b+/+, Mx1-Cre/Chaf1b+/fl,

or Mx1-Cre/Chaf1bfl/fl mice, and transplanted the cells to irradi-

ated Ly5.1 recipients. As expected, there was a near complete

loss of hematopoietic cells derived from homozygous Chaf1b
ygous floxed mice following pIpC treatment.

s (PLT).

re representative of three independent trials. Scale bars represent 250 mm.

ells to the peripheral blood following 1:1 competitive transplant.

ells to the peripheral blood of secondary transplant recipients.

)/DAPI staining of HSPCs 72 hr post transduction.

ined by log-rank test (C) or one-way ANOVA with Bonferroni correction (D and

s (E), are depicted as mean ± SD from three independent biological replicates

mean ± SD from 3–5 mice with points representing individual mice (G and K).
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Figure 2. CHAF1B Overexpression Promotes the Proliferation of Hematopoietic Cells

(A) Survival analysis of TCGA LAML dataset comparing the top (red line) and bottom (blue line) one-third of patients based on CHAF1B expression.

(B) Measurement of CHAF1B expression in AML patient samples relative to proliferating CD34+ cells by qRT-PCR.

(C) Measurement of CHAF1B expression in AML cell lines relative to proliferating CD34+ cells by qRT-PCR. Blue bars depict MLL-rearranged cell lines.

(D) Western blot of CHAF1B in MSCV or MSCV-CHAF1B expressing HSPCs. Value shown is CHAF1B expression level relative to MSCV control.

(E) Colony-replating assay in methylcellulose with HSPCs following CHAF1B overexpression. GFP+ cells were sorted between each plating.

(F) In vitro competition assay measuring the percentage of GFP+ cells in suspension culture over time.

(G) Cell-cycle analysis (EdU/DAPI) of HSPCs 72 hr after transduction with CHAF1B.

(H) In vivo competitive reconstitution assay using HSPCs transduced with CHAF1B. Each line depicts percent of peripheral blood GFP+ cells and represents an

individual mouse.

(I) Peripheral white blood cell count of mice receiving CHAF1B-overexpressing HSPCs.

(J and K) Percentage of GFP+ cells in the peripheral blood of secondary recipients of bone marrow from mice in (E) is shown in (J). Each line represents an

individual mouse. (K) EdU incorporation in Lin- BM MNCs of mice 4 weeks following transplantation with CHAF1B-overexpressing HSPCs.

(L and M) LSK (L) and LK (M) populations in the hindlimb bone marrow of primary recipient mice 4 months after transplant.

(N) Distribution of myeloid progenitors from the LK population of recipient mice 4 months after transplant.

(legend continued on next page)
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null cells by 8 weeks after pIpC injection (Figure 1F). After

4 months, we observed an almost complete elimination of the

Ly5.2+ Chaf1bD/D cells in the bone marrow (Figure 1G). Second-

ary transplants revealed that the heterozygous deletion, but not

the homozygous deletion, was capable of serial reconstitution

(Figure 1H).

We next examined the effect of Chaf1b deletion on c-Kit+ he-

matopoietic stem and progenitor cells (HSPCs) in vitro. First, we

deleted one or both alleles of Chaf1b by transduction of the

floxed HSPCs with MIGR1-Cre and found that these cells had

a competitive disadvantage in culture over time (Figure 1I). Het-

erozygous Chaf1b loss resulted in a modest reduction in colony

formation, while the homozygous deletion resulted in an almost

complete block in colony formation (Figure 1J). Although Chaf1b

heterozygous deleted HSPCs expanded as well as control cells,

there was a significant increase in cell death as measured by

annexin V/propidium iodide (PI) staining 72 hr post infection

(Figure 1K). Apoptosis of MIGR1-Cre/Chaf1bfl/fl HSPCs was

completely abrogated by expression of CHAF1B, confirming

that the phenotype is specifically due to Chaf1b loss (Figure 1K).

Cell-cycle analysis further demonstrated that the proportion of

cells in S phase was reduced upon Chaf1b deletion, suggesting

failure to enter S phase from G0/G1 (Figure 1L).

CHAF1B Overexpression Enhances Proliferation
of HSPCs
We previously reported that CHAF1B is overexpressed in AMKL

patients with DS, consistent with its gene amplification via tri-

somy 21 (Malinge et al., 2012). To more generally determine the

contributions of CHAF1B to AML, we analyzed the AML dataset

from The Cancer Genome Atlas (TCGA) and found that higher

expressionofCHAF1Bcorrelateswithpoorprognosis (Figure2A).

Furthermore, our analysis of five primary AML patient samples

showed these tumors to consistently express CHAF1B at 2–4

times the level of healthy CD34+ cells (Figure 2B and Table S1).

This increased expression was also observed in nine different

human AML cell lines, with some of the highest expressers of

CHAF1B also havingMLL rearrangements (Figure 2C). According

to the Cancer Cell Line Encyclopedia (CCLE), CHAF1B is overex-

pressed in nearly every malignancy (Figure S3A). However, the

tumors with the highest levels of CHAF1B overexpression were

predominantly leukemias. Further analysis of CHAF1B expres-

sion in different FAB subtypes of AML in TCGA did not reveal

any clear specificity for subtype (Figure S3B).

To determine the consequences of increased expression of

CHAF1B in the hematopoietic system, we overexpressed

CHAF1B in HSPCs and performed in vitro colony-replating as-

says. We found that 5-fold overexpression of CHAF1B in HSPCs

enhanced colony replating and imparted a significant growth

advantage in culture, with overexpressing cells outcompeting

control-transduced cells by almost 2 to 1 by 72 hr (Figures 2D–

2F). The enhanced competitive capacity in vitro was associated

with increased entry into S phase of the cell cycle (Figure 2G).
Asterisk indicates statistical significance (*p < 0.05; n.s., not significant) when

ANOVA with Bonferroni correction (B, E–J, and N), Mann-Whitney test (C), o

quantifications of at least three independent biological replicates, or lines/p

Figure S3 and Table S1.
We next transplanted Ly5.2 hematopoietic progenitor cells

overexpressing CHAF1B or GFP alone (MIGR1) to irradiated

Ly5.1 recipient mice and monitored engraftment and contribu-

tion to hematopoiesis over time. CHAF1B overexpression

resulted in a progressive increase in contribution of the

CHAF1B-overexpressing HSPCs to the peripheral blood (Fig-

ure 2H). This was accompanied by an increase in the peripheral

white blood cell count (Figure 2I). By contrast, cells with CHAF1B

overexpression were less competitive in secondary transplants

(Figure 2J). This phenotype may be the result of the excessive

proliferation of hematopoietic progenitors, which was observed

in lineage-negative bone marrowMNCs 2 weeks post transplan-

tation (Figure 2K). We also observed a modest but statistically

significant increase in the percentage of lin�Sca1+c-kit+ (LSK)

cells (Figure 2L). Analysis of primary recipients revealed no in-

crease in the percentage of lin�c-kit+ (LK) cells in the bone

marrow (Figure 2M), but precocious myeloid differentiation

patterning, skewed toward production of granulocyte/macro-

phage progenitors (Figure 2N).

CHAF1B Overexpression Enhances Leukemogenesis in
an MLL-AF9 Model of AML
To determine the contribution of CHAF1B to promoting leuke-

mogenesis, we turned to the MLL-AF9 model of murine AML

(Figure 3A). MLL-AF9 leukemic cells expressed CHAF1B at twice

the level of their non-transformed HSPC counterparts (Fig-

ure 3B), putting them within the range observed in primary

AML patient samples (Figure 2B). Further overexpression of

CHAF1B inMLL-AF9 leukemic cells (Figure 3C) increased colony

formation, with a notable enrichment in less-differentiated type 1

colonies (Figure 3D). We did not detect an increase in actively

cycling cells (Figure 3E), but this may be due to the highly prolif-

erative state of these cells. We then transplanted MLL-AF9

leukemic cells overexpressing CHAF1B or eGFP alone into

irradiated recipients and measured survival over time. Mice

engrafted with MLL-AF9 cells that overexpress CHAF1B suc-

cumbed to disease significantly faster than those transplanted

with control-transduced MLL-AF9 cells (Figure 3F). Analysis of

the transplanted mice at 30 days revealed CHAF1B-overex-

pressing MLL-AF9 leukemic cells had overtaken the bone

marrow and the spleen, with CHAF1B-overexpressing leukemic

cells accounting for almost 90% of mononucleated cells in both

organs (Figure 3G).

Transcriptome analysis of CHAF1B-overexpressing MLL-AF9

leukemia cells revealed a substantial effect on gene expression

(Figure 3H). Pathway analysis of the 1,207 upregulated genes re-

vealed numerous leukemic stem cell-associated pathways

including those involved in metabolic processes, biogenesis,

and negative regulation of leukocyte differentiation (Figure 3I).

The most enriched pathways for the 1,647 downregulated genes

included those involved in cell signaling, responses to mitogen-

activated protein kinase cascade, and promotion of leukocyte

differentiation (Figure 3J).
compared with MIGR1 control as determined by log-rank test (A), one-way

r two-tailed t test with Welch’s correction (D and K–M). Results shown are

oints represent individual mice. Bar graphs depict mean ± SD. See also
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Figure 3. CHAF1B Enhances Leukemic Development

(A) Schematic representation of the method of generating MLL-AF9 leukemic cells.

(B) CHAF1B mRNA levels in MLL-AF9 leukemic cells compared with HSPCs.

(C) Western blot of CHAF1B in Chaf1bfl/fl MLL-AF9 leukemic cells expressing MIGR1-CHAF1B or MIGR1-Cre.

(D) Colony-forming unit assay of leukemic cells following transduction with MIGR1-CHAF1B. Type 1 versus type 2 colonies are represented.

(E) Cell-cycle analysis of leukemic cells following transduction with MIGR1-CHAF1B. One representative plot is shown of three independent experiments.

(F) Survival curve of mice engrafted with MIGR1 or MIGR1-CHAF1B expressing leukemic cells.

(G) Leukemic cell burden within the bone marrow (left) and spleen (right) 30 days after transplantation. Horizontal line indicates mean, vertical line indicates SD,

and each dot represents an individual mouse.

(H) MDS plot of genes significantly changed in CHAF1B overexpressing leukemic cells versus control (p < 0.01).

(I and J) GO pathway analysis of genes that are increased (I) or decreased (J) after CHAF1B overexpression in leukemic cells.

Asterisk indicates statistical significance (*p < 0.05; n.s., not significant) as determined by log-rank test (F), two-tailed t test with Welch’s correction (B and G), or

one-way ANOVAwith Bonferroni’s correction (D). Results shown are indicative of at least three biological replicates, or absolute numbers are notated. Bar graphs

depict mean ± SD.
Chaf1b Is Required to Maintain the Undifferentiated
State of MLL-AF9 Leukemic Cells and for Leukemia
Progression
We next derived stable clones of MLL-AF9 Chaf1bfl/fl leukemic

cells harboring MSCV-Cre-ERT2 or MSCV-puro. Treatment of
712 Cancer Cell 34, 707–723, November 12, 2018
the cells with b-estradiol led to 40% and >95% decreases in

CHAF1B expression in heterozygous and homozygous targeted

cells within 48 hr, respectively (Figure 4A). Homozygous deletion

of Chaf1b completely abrogated the colony-forming capacity of

the leukemic cells and, notably, the heterozygous deletion also



Figure 4. Loss of Chaf1b Induces Differentiation of MLL-AF9 Leukemic Cells

(A) qRT-PCR analysis of MLL-AF9 leukemic cells with CreERT2 for Chaf1b mRNA expression after Cre induction with estradiol.

(B) Colony-forming unit assay with CreERT2 MLL-AF9 leukemic cells 24 hr after induction of Chaf1b deletion.

(C) Annexin V/PI staining of leukemic cells after Cre induction with estradiol.

(legend continued on next page)
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substantially reduced colony formation (Figure 4B). Deletion was

associated with increased cell death, although the increase was

modest in the heterozygous cells despite the profound loss of

colonies (Figure 4C). Neither heterozygous nor homozygous

deletion had a significant effect on cell proliferation at 72 hr (Fig-

ure 4D). Since the loss of colony formation could not be fully

explained by cell death or cell-cycle arrest, we assayed the dif-

ferentiation status of these cells. We found thatChaf1b depletion

was sufficient to induce differentiation of leukemia cells as deter-

mined by increased cell size, loss of blast-like nuclear/cyto-

plasmic morphology, and increased CD11b staining (Figure 4E).

Additionally, we observed progressive reductions in surface

staining for CD34 and CD117 (markers of immature hematopoi-

etic cells), as well as an increase in CD11b (marker of myeloid

differentiation) on MLL-AF9 leukemic cells following Chaf1b

deletion (Figure 4F). This effect of Chaf1b downregulation is

consistent with the observation that CHAF1B expression de-

clines during normal hematopoietic cell differentiation (Figures

S1B and S4A).

RNA sequencing (RNA-seq) analysis revealed that the expres-

sions of 1,961 genes were increased and 1,109 decreased

following Chaf1b deletion, suggesting CHAF1B may have an

additional role in repressing transcription (Figure 4G). We

confirmed our RNA-seq results by qRT-PCR for the top differen-

tially regulated genes (Figure S4B). Of note, heterozygous dele-

tion of Chaf1b was associated with an intermediate change in

expression of the same genes (Figure S4B). The activated genes

were enriched in pathways associated with immune system pro-

cesses, regulation of migration, and cell differentiation (Fig-

ure 4H). By contrast, the pathways that were negatively enriched

upon Chaf1b knockout are those involved in metabolic pro-

cesses and DNA replication, the latter two consistent with the

notion that loss of CHAF1B leads to defects in chromatin organi-

zation (Figure 4I). However, we expect that Chaf1b null leukemic

cells were still able to assemble chromatin due to rescue of as-

sembly by HIRA, because our RNA-seq analysis revealed that

CHAF1B and HIRA are expressed at relatively similar levels,

and the H3 variant H3.3 (the preferred H3 for HIRA) was substan-

tially upregulated in Chaf1b null leukemic cells (Figures S4C

and S4D).

Previous studies have shown that DNA damage can drive dif-

ferentiation in the hematopoietic system (Santos et al., 2014). To

determine whether replication-linked DNA damage was a

possible driver of differentiation in our MLL-AF9 leukemic cells,

we induced Chaf1b deletion in Chaf1bfl/fl HSPCs and MLL-AF9

leukemic cells and measured DNA damage over time. We found

progressive incorporation of gH2A.X in Chaf1bD/D HSPCs. How-

ever, there was no change in gH2A.X incorporation in Chaf1bD/D

MLL-AF9 leukemic cells (Figure S4E). Increased H3.3 transcrip-
(D) Cell-cycle analysis of leukemic cells 72 hr after Cre induction with estradiol.

(E) Wright-Giemsa stain of leukemic cells 72 hr following Chaf1b deletion. Scale ba

plots (forward scatter [FSC] versus CD11b) of each condition are shown beneath

(F) Mean fluorescence intensity of CD34, CD117, and CD11b in leukemic cells fo

(G) MDS plot showing genes with significantly (p < 0.01) altered expression 48 h

(H and I) GO pathway analysis of genes that are increased (H) or decreased (I) 4

(J) Peripheral circulating leukocyte counts measured by complete blood count. G

(K) Survival of recipient mice following injection with tamoxifen (solid lines) or veh

Asterisk indicates statistical significance (*p < 0.05) as determined by one-way A

otherwise indicated, results shown are representative of three independent biolo
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tion in MLL-AF9 leukemic cells following Chaf1b deletion led us

to hypothesize that HIRA may be functionally compensating for

CHAF1B loss in DNA replication as previously demonstrated in

Candida albicans (Lopes da Rosa et al., 2011; Stevenson and

Liu, 2013). We assayed this role for HIRA in Chaf1bfl/fl MLL-AF9

leukemia cells using shRNA to knock down HIRA and were able

to observe DNA damage after Chaf1b deletion (Figures S4F

and S4G).

Finally, to determine whetherChaf1b deletion-mediated differ-

entiation could block leukemogenesis in vivo, we engrafted

Chaf1b-floxed CreERT2+ MLL-AF9 leukemic cells into irradiated

recipient mice and monitored the peripheral blood for evidence

of disease. At 3 weeks post transplant, a time when we observed

elevated white blood cell counts in recipient mice (Figure 4J), we

initiated Chaf1b deletion by injecting mice with tamoxifen. Both

heterozygous and homozygous deletion of Chaf1b in leukemic

cells resulted in almost complete elimination of the disease as

measured by survival (Figure 4K) and resolution of white blood

cell levels in the peripheral blood (Figure 4J). Several mice suc-

cumbed to leukemia after 50–60 days as a result of tumors

that escaped Chaf1b deletion.

CHAF1B Occupies Discrete Regions of Chromatin in
Leukemic Cells
To determine the mechanism by which CHAF1B maintains the

undifferentiated state of leukemic cells, we analyzed CHAF1B

chromatin occupancy in three human leukemia cell lines—

MOLM13 (AML, MLL-rearranged), U937 (AML, non-MLL-rear-

ranged), and JURKAT (T-ALL)—and found that CHAF1B occu-

pied discrete regions of the chromatin associated with promoters

and distal intergenic elements in each cell type (Figures 5A–5F).

We confirmed the specificity of our CHAF1B antibody for chro-

matin immunoprecipitation sequencing (ChIP-seq) analysis in

U937 cells expressing CHAF1B shRNA, which had reduced

signal genome-wide following knockdown (Figures S5A–S5C).

Genomic regions bound by CHAF1B in MOLM13 cells also

tended to co-occupancywith CHAF1A. Gene ontology (GO) anal-

ysis of CHAF1B-bound regions showed enrichment for genes

associated with myeloid differentiation (Figures S5D–S5F). Anal-

ysis of the Leucegene AML RNA-seq database (http://mistic.iric.

ca/) further confirmed that expression of CHAF1B and CHAF1A

are highly co-related (Figure S5G). We observed similar occu-

pancy ofCHAF1Bnear differentiation genes inU937 and JURKAT

cells (Figures S5H and S5I).

Next, we extended the human cell ChIP-seq data to primary

mouse MLL-AF9 leukemic cells overexpressing CHAF1B (Fig-

ures 5G and S5J). Analysis of the CHAF1B signature in thesemu-

rine cells revealed occupancy at promoters and distal intergenic

regions similar to MOLM13 cells (compare Figures 5A and 5G).
r represents 50 mm. Representative FACS (fluorescence-activated cell sorting)

the images.

llowing Chaf1b deletion.

r after Chaf1b deletion.

8 hr following Chaf1b deletion in leukemic cells.

ray box indicates dated of tamoxifen injections.

icle (dotted lines).

NOVA with Bonferroni’s correction (A–D, F, and J) or log-rank test (K). Unless

gical replicates. Bar graphs depict mean ± SD. See also Figure S4.

http://mistic.iric.ca/
http://mistic.iric.ca/


Figure 5. CHAF1B Accumulates at Discrete Sites in the Chromatin of Leukemic Cells
(A–C) Distribution of CHAF1B peaks in MOLM13 (A), U937 (B), and JURKAT (C).

(D–F) Track examples of CHAF1B occupancy in MOLM13 (D), U937 (E), and JURKAT (F).

(legend continued on next page)

Cancer Cell 34, 707–723, November 12, 2018 715



Additionally, we found co-occupancy with other regions of

pro-transcriptional chromatin including H3K4me3 regions,

K3K27ac regions, and accessible regions by ATAC-seq (assay

for transposase-accessible chromatin using sequencing; Fig-

ures 5H–5J). Interestingly, we did not see strong co-occupancy

with PCNA, suggesting that the rest of the DNA replication com-

plex is likely not present at these sites of accumulation (Fig-

ure 5H). A substantial proportion of genes whose expression

changed with Chaf1b loss were occupied by CHAF1B (Fig-

ure 5K). Consistent with the observation of transcriptional upre-

gulation by RNA-seq of differentiation genes, we also observed

over 5,000 unique sites in the chromatin where there was a sta-

tistically significant increase in H3K27ac signature at CHAF1B-

bound chromatin following Chaf1b deletion (Figure 5I). These

were predominantly associated with differentiation of hemato-

poietic cells (Figure 5L). The specificity of the CHAF1B murine

antibody was validated by comparing the degree of chromatin

occupancy in wild-type versus MLL-AF9 cells in which Chaf1b

was deleted (Figure S5K).

Changes in Chromatin Accessibility Do Not Predict
Expression of CHAF1B Bound Genes
Because CHAF1B is a chromatin assembly factor and a previous

study reported that depletion of CHAF1B led to enhanced chro-

matin accessibility at stem cell enhancers (Cheloufi et al., 2015),

we turned to ATAC-seq to determine whether deletion of Chaf1b

caused dysregulation of gene expression via changes in chro-

matin accessibility. We assayed the unique ATAC-seq peaks

that co-occupied with a CHAF1B peak, and to our surprise

observed a general reduction in accessibility at CHAF1B binding

sites after Chaf1b deletion (Figure S6A). Further analysis re-

vealed that although there was a global reduction in ATAC-seq

signal at CHAF1B-occupied regions, approximately 1,100 and

1,224 peaks were associated with the most decreased or the

most increased ATAC signals, respectively (Figures S6B and

S6C). In fact, a very small percentage of the genes whose acces-

sibility changed the most upon Chaf1b depletion overlapped

with genes whose transcriptional levels changed (Figures S6D

and S6E). For example, although Hira and Becn1 were among

the genes with the greatest changes in chromatin accessibility

following Chaf1b deletion (Figures S6F and S6G), there were

no concomitant changes in expression of either gene

(Figure S6H).

CHAF1B Inhibits CEBPA-Mediated Differentiation of
Leukemic Cells
Analysis of RNA-seq data fromChaf1b deleted or CHAF1B-over-

expressing leukemic cells revealed an abundance of genes that

appeared to be repressed by CHAF1B. This class included

notable myeloid differentiation transcription factors including

CEBPE, FLI1, and RUNX1 (Figure 6A). The DNA binding motifs
(G) Distribution of CHAF1B occupancy in MLL-AF9 leukemia cells.

(H) Meta-analysis of ATAC-seq, H3K4me3, H3K27ac, PCNA, and input peaks lo

(I) Meta-analysis of H3K27ac peaks that increase at CHAF1B occupied sites bef

(J) Track examples of Jund and Tgm2. Gray boxes indicate areas of interest.

(K) Venn diagram of unique genes with discrete CHAF1B peaks compared with g

(L) GREAT (genomic regions enrichment of annotations tool) analysis of genes a

See also Figure S5.
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of these factors, as well as CEBPA, RUNX2, ETV5, and SP1,

were also strongly enriched at CHAF1B binding sites genome-

wide (Figure 6B). We pursued the top three motif hits further

and found that CEBPA, RUNX2, and FLI1 co-occupied chro-

matin sites bound by CHAF1B (Figure 6C). All three factors

showed increased occupancy at the promoter and a proximal

enhancer of Mpo, one of the top upregulated genes in MLL-

AF9 leukemic cells following Chaf1b deletion (Figure 6D). Lpo,

a gene not changed in expression after Chaf1b deletion, did

not show such changes in transcription factor binding (Fig-

ure 6D). These findings led us to hypothesize that CHAF1B

may block differentiation by interfering with the occupancy of

transcription factors at myeloid differentiation genes. Therefore,

we expected that knockdown of the relevant transcription factor

should restore leukemogenic capacity to Chaf1b deleted

leukemic cells. To test this hypothesis, we knocked down

CEBPA and FLI1 in leukemic cells and induced Chaf1b deletion

before plating in methylcellulose (Figure 6E). While knockdown

of FLI1 did not rescue colony formation (data not shown), we

found that CEBPA knockdown partially restored colony forma-

tion induced by Chaf1b deletion in a dose-dependent manner

(Figure 6F). We pursued possible interplay between CHAF1B

and CEBPA by ChIP-seq by identifying 434 sites of significantly

altered CEBPA chromatin occupancy following Chaf1b deletion

in leukemic cells (Figure 6G). The vast majority (401 out of 434) of

these peaks were increased following Chaf1b deletion (Fig-

ure 6H), with these peaks being proximal to genes associated

with differentiation (Figure 6I). ChIP-seq analysis in human leuke-

mia cell lines confirmed this effect, as MOLM13 and U937 cells

(AML cell lines) showed inversed occupancy of CHAF1B with

CEBPA (Figures S7A and S7B) while CHAF1B and GATA3

showed inversed occupancy in JURKAT cells (Figure S7C).

CHAF1BMaintains MLL-AF9 Leukemic Cells through Its
Replication-Dependent Nucleosome Assembly Function
Since CHAF1B is a replication-dependent nucleosome assem-

bly factor, we first measured CHAF1B expression during the

cell cycle (Figure 7A). We found that CHAF1B expression

increased with cell-cycle progression, with late S- and M-phase

cells expressing the highest levels (Figure 7B). To determine the

requirement for CHAF1B during the phases of the cell cycle, we

expressed a geminin-degron tagged CHAF1B (CHAF1B-gem)

that is stabilized in S/G2/M and is absent from G0/G1 cells (Fig-

ure 7C). We found that CHAF1B-gem was sufficient to rescue

the anti-differentiation activity of Chaf1b (Figure 7D), suggesting

that a G0/G1 function CHAF1B is not necessary to maintain MLL-

AF9 leukemic cells.

We next assayed CHAF1B nucleosome assembly function

by overexpressing mutant alleles of CHAF1B in CreERT2+

Chaf1bfl/fl leukemic cells (Figure 7E) and compared their ability

to rescue the knockout phenotype of differentiation. CHAF1B
calized to CHAF1B peaks in MLL-AF9 leukemic cells.

ore and after Chaf1b deletion.

enes upregulated or downregulated 48 hr after Chaf1b deletion.

nd pathways localized near peaks determined in (K).



Figure 6. CHAF1B Interferes with CEBPA to Drive Differentiation in Leukemic Cells

(A) RNA-seq analysis in leukemic cells overexpressing CHAF1B or deleted for Chaf1b.

(B) De novo motif analysis of DNA bound by CHAF1B peaks.

(C) Metaplot of CEBPA, RUNX2, and FLI1 occupancy centered on CHAF1B peaks as determined by ChIP-seq in MLL-AF9 leukemic cells.

(legend continued on next page)
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has twomajor protein domains: a 73WD40 repeat domain, and a

p150-interacting region that is required for replication-dependent

nucleosome assembly by directly interacting with CHAF1A and

ASF1A. Residues RR482/483 (contained within a b sheet in the

p150-interacting region) are critical for CHAF1B interaction with

ASF1A (Tang et al., 2006). CHAF1BDWD40 and CHAF1BRR482AA

localized to the nucleus similar to wild-type CHAF1B, whereas

CHAF1BDp150 localized to the cytoplasm (Figure 7F). Interest-

ingly, CHAF1BDwd40 was able to partially rescue the Chaf1b

deletion, suggesting that the WD40 domain is partially needed

to prevent differentiation, although its exact contributions remain

unclear. By contrast, the CHAF1BDp150 and CHAF1BRR482/483AA

alleles were unable to rescue Chaf1b deletion, indicating that

replication-dependent nucleosome assembly is critical to

CHAF1B function in leukemic cells (Figure 7G).

CHAF1B Is a Potential Target for Leukemic Therapy
Our studies with MLL-AF9 cells have demonstrated that deple-

tion of CHAF1B leads to myeloid differentiation. To confirm this

function of CHAF1B in other cell types, we induced CHAF1B

deletion in human AML cell lines MOLM13 and U937 using

CRISPR with two separate single guide RNAs (Figure 8A) We

observed substantial differentiation in these cells 96 hr after

CHAF1B deletion induction as measured by surface expression

of CD11b and changes in morphology (Figures 8B and 8C). We

also confirmed the anti-tumor effect of Chaf1b deletion in a con-

ditional KrasG12D model of myeloproliferative disease (MPD).

Upon induction with pIpC, Mx1-Cre+KrasG12Dlsl mice suc-

cumbed to MPD within 100 days. This survival was substantially

improved when one allele of Chaf1b was simultaneously deleted

due to restoration of normal bone marrow function and multi-

lineage differentiation (Figures S8A and S8B).

We found that heterozygous deletion of Chaf1b in leukemic

cells was sufficient to block leukemogenesis in vivo (Figure 4K),

while heterozygous deletion of Chaf1b in healthy hematopoietic

tissues did not impair reconstitution in vivo (Figures 1C, 1F, and

1H). This suggests that theremay be a therapeutic window for in-

hibition of CHAF1B as an anti-leukemic strategy. As a proof of

concept, we introduced a CAF1 dominant negative allele of

CHAF1A (CAF1DN) that binds to CHAF1B and prevents interac-

tions with PCNA and the replication fork (Ye et al., 2003) in

HSPCs and leukemic cells. The CAF1DN did not affect HSPC

colony formation in vitro (Figure 8D), hematopoietic reconstitu-

tion in vivo (Figure 8E), or the proportions of healthy stem and

progenitor cells in vivo (Figures 8F–8H). While this construct

had no discernible effect on leukemic cells in suspension culture,

we observed a reduction in colony formation in vitro (Figure 8I).

These cells were still able to replate, although the reduction in

colony potential could have been due to partial differentiation

of leukemic blasts driven by the CAF1DN in methylcellulose (Fig-
(D) Track example of Mpo and Lpo. Gray/dashed boxes indicate regions of inter

(E) CEBPA mRNA levels after shRNA knockdown in leukemic cells as measured

(F) Colony assay in leukemic cells with CEBPA shRNA following Chaf1b homozy

(G) Metaplot of significantly altered CEBPA peaks before and after Chaf1b delet

(H) Log fold change in significantly altered CEBPA peaks.

(I) GO analysis based on the nearest transcription start site to peaks identified in

Asterisk indicates statistical significance (*p < 0.01) as determined by one-way AN

(C) is a compilation of two biological replicates. Individual replicates are shown i
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ure 8J). Of note, introduction of the CAF1DN into MLL-AF9 leu-

kemia cells was sufficient to completely block leukemia forma-

tion in vivo (Figure 8K). We also confirmed the activity of the

CAF1DN in human AML cell lines MOLM13 and U937, and

observed a similar repression in colony number (Figure 8L).

Together these data led us to our proposed model that CHAF1B

is recruited to the chromatin through its canonical replication-

linked nucleosome assembly function, but the maintenance of

the leukemic stem cell transcription program occurs through

an extra-canonical function characterized by competition with

transcription factors for chromatin occupancy (Figure 8M).

DISCUSSION

The chromatin assembly complex has an essential role in facili-

tating nucleosome assembly on newly replicating DNA and

also participates in DNA-damage repair (Martini et al., 1998; Na-

batiyan and Krude, 2004; Zhu et al., 2009), although loss of any

component of the CAF1 complex in yeast leads to dysregulation

of Okazaki fragment length (Smith and Whitehouse, 2012) and

reduction in CAF1 activity can lead to DNA damage and S-phase

arrest in U2OS cells (Ye et al., 2003). For example, animals defi-

cient for the large CHAF1A subunit exhibit lethality at the 16-cell

stage due to defects in pericentric heterochromatin organization

(Houlard et al., 2006). More recent studies using hairpins

directed to the CAF1 complex have reported additional functions

of the complex in preserving somatic cell identity (Cheloufi et al.,

2015) and chromatin compaction during spermatogenesis

(Doyen et al., 2013). While CHAF1A and CHAF1B are overex-

pressed in multiple cancer types (Gevaert and Plevritis, 2013;

Shah et al., 2014), the mechanisms leading to this increase in

expression are not known. Based on our work in AML, we hy-

pothesize that the CAF1 complex may play a role in maintaining

cancer stem cell fate. In fact, a recent study showed that knock-

down of CHAF1A was sufficient to induce differentiation of

neuroblastoma cells through dysregulation of neuroblastoma

genes and a loss of metabolic gene expression due to global

reduction in H3K9me3 modifications (Barbieri et al., 2014).

However, the mechanism by which the CAF1 complex regulates

gene expression and contributes to tumorigenesis during

replication-dependent nucleosome assembly, especially in the

hematopoietic system, has not been demonstrated.

A recent study reported that CAF1 preserves somatic cell

identity by suppressing expression of stem cell genes through

control of chromatin accessibility (Cheloufi et al., 2015). Their

findings suggest that CAF1 deficiency improves the efficiency

of conversion to induced pluripotent stem cells (iPSCs) through

increased chromatin accessibility and SOX2 occupancy of distal

enhancers of embryonic stem cell genes in fibroblasts. Our

model differs in that the mechanism we propose by which
est in Mpo/Lpo respectively.

by qRT-PCR.

gous deletion by CreERT2.

ion centered on CHAF1B peaks.

(G) and (H).

OVA with Bonferroni’s correction. Results shown are mean ± SD in (E) and (F).

n (G). See also Figures S6 and S7.



Figure 7. CHAF1B Maintains Leukemic Cells through Its Replication-Dependent Nucleosome Assembly Function

(A) Schematic of U937 cell-cycle analysis.

(B) CHAF1B expression at different stages of the cell cycle. Representative plots are shown with mean ± SD of the mean fluorescence intensity quantification on

the right.

(C) Expression of CHAF1B or CHAF1B-gem at different stages of the cell cycle as measured by flow cytometry.

(D) Colony-forming unit assay of leukemic cells expressing CHAF1B-gem after excision of endogenous Chaf1b.

(E) Schematic of CHAF1B deletion mutants.

(F) Live cell imaging of the localization of the endogenous CHAF1B (red) and the ectopically expressed CHAF1B alleles (green) in MLL-AF9 leukemia cells, cell

tracker for plasma membrane (magenta), and DAPI to visualize the nucleus (blue). Scale bars represent 2.5 mm.

(G) Colony-forming unit assay of leukemic cells expressing various CHAF1B deletion mutants after excision of endogenous Chaf1b.

Asterisk indicates statistical significance (*p < 0.05) as determined by two-way ANOVA with Bonferroni’s correction (D and G). Results shown are mean ± SD

(D and G) or representative of three independent biological replicates (A–D and F).
CHAF1B controls transcription in leukemia cells is through direct

accumulation at discrete sites in the chromatin rather than regu-

lation of chromatin accessibility. Although we found that there

were some ATAC-seq peaks that were elevated upon Chaf1b

loss, the vast majority of changes at CHAF1B-bound regions re-

sulted in decreased accessibility. It should be noted, however,

that the genome-wide profile of accessible regions is substan-

tially different between leukemia cells (our study) and iPSCs

(Cheloufi et al., 2015). Our findings are more consistent with a
recent study demonstrating that accessible regions of chromatin

are a better indicator of cell identity than mRNA expression

(Corces et al., 2016). Our data point to amodel in which CHAF1B

restricts differentiation and preserves the stem cell program by

preventing recruitment of lineage-specific transcription factors

(e.g., CEBPA in AML cells and GATA3 in T-ALL cells, possibly

SOX2 in iPSCs) to DNA through what appears to be a mecha-

nism of competition at accessible sites during replication.

CHAF1B therefore has a cell type-specific effect on gene
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Figure 8. Disruption of CHAF1B Is a Potential Anti-leukemic Strategy
(A) Confirmation of CRISPR-mediated CHAF1B deletion by intracellular flow cytometry.

(B) Surface expression of CD11b by flow cytometry as determined by the MFI.

(legend continued on next page)
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regulation: in differentiated cells, CHAF1B preserves cell identity

while in malignant cells, CHAF1B preserves the undifferentiated

state. This differential activity of CHAF1B is likely mediated by

the composition of lineage-specific transcription factors and

accessible regions of chromatin within the nucleus.

The CHAF1B deletion mutant study confirms that MLL-AF9

leukemic cells require the nucleosome assembly function of

CHAF1B to maintain their undifferentiated state, because both

the Dp150 (CHAF1A binding deficient) and the RR482/483AA

(ASF1A binding deficient) mutants are unable to rescue colony

formation following Chaf1b deletion. The function of the WD40

repeat region of CHAF1B has yet to be defined, although it is

likely that this region serves as a scaffold for other protein

complexes. Based on these gene complementation experi-

ments, we propose that CHAF1B is recruited to the chromatin

through its replication-dependent nucleosome assembly func-

tion and then remains on specific loci to preserve a cellular

state. A recent study by Gao et al. (2018) demonstrated the abil-

ity of ASF1A to occupy promoters of lineage-specific differenti-

ation genes in embryonic stem cells. Other components of

the DNA replication machinery have similar discrete binding

patterns within regions of DNAse/ATAC-accessible chromatin,

including ORC2 and the MCM family of proteins, although the

exact mechanism detailing how these proteins are retained at

those loci is not fully understood (Miotto et al., 2016; Tsai

et al., 2015). There is precedence for a dual role of transcription

factors in DNA replication. For example, Roeder and colleagues

demonstrated that the transcription factor OTF-1 and the DNA

replication factor NF-III are identical, indicating that one factor

can have dual replication and transcription functions (O’Neill

et al., 1988). Our findings demonstrate the dual effects of a

DNA replication factor on transcription in cancer cells, and spe-

cifically is a demonstration of a member of the CAF1 complex

having this dual function.

Given that expression of the CAF1DN allele led to differentia-

tion of leukemia cells and complete block of leukemogenesis

in vivo, but did not impair normal colony formation or hematopoi-

etic reconstitution of normal hematopoietic cells, we conclude

that targeted disruption of the CAF1 complex by targeting the

PCNA:CHAF1A:CHAF1B interaction might provide a differentia-

tion-driving strategy for MLL-rearranged leukemias and other tu-

mors with high CHAF1A/B levels. Recent studies provide impor-

tant insights into the structure of the CAF1 complex in yeast

(Mattiroli et al., 2017a, 2017b). These data may facilitate devel-

opment of differentiating inducing agents for MLL-rearranged

leukemia.
(C) Morphology of leukemia cells 96 hr after induction of CHAF1B deletion. Scal

(D) Colony-forming unit assay of HSPCs overexpressing CAF1DN.

(E) Contribution of CAF1DN-expressing HSPCs to peripheral blood.

(F–H) Analysis of GFP+ LK (F), LSK (G), and myeloid progenitor (H) population in b

Horizontal lines indicate the mean, vertical lines indicate SD.

(I) Colony-replating assay with leukemic cells overexpressing MIGR1 or CAF1DN

(J) Morphology of leukemic cells after third plating from (G). Scale bars represen

(K) Survival curve of recipient mice receiving 2,000 leukemic cells overexpressin

(L) Colony-forming unit assay of sorted MOLM13 and U937 cells expressing em

(M) Proposed mechanism of CHAF1B-mediated gene expression.

Asterisk indicates statistical significance (*p < 0.05) as determined by one-way A

Welch’s correction (F and G), or log-rank test (K). (D), (E), (H), (I), and (L) show them

individual mice in (F) and (G). See also Figure S8.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CHAF1B (human, ChIP) Aviva Cat: OAAF06171

CHAF1B (mouse, ChIP) Novus Biologicals Cat: 88235i

CHAF1A (human, ChIP) Novus Biologicals Cat: 74608; RRID: AB_1048403

CEBPA (ChIP) Cell Signaling Cat: 8178; RRID: AB_11178517

FLI1 (ChIP) Abcam Cat: ab15289; RRID: AB_301825

RUNX2 (ChIP) Cell Signaling Cat: 12556; RRID: AB_2732805

PCNA (ChIP) Cell Signaling Cat: 13110; RRID: AB_2636979

H3K4me3 (ChIP) Cell Signaling Cat: 9751; RRID: AB_2616028

H3K27ac (ChIP) Cell Signaling Cat: 8173; RRID: AB_10949887

GATA3 (ChIP) Cell Signaling Cat: 5852; RRID: AB_10835690

RNA PolII (WB) Cell Signaling Cat: 14958; RRID: AB_2687876

CHAF1B (Human and Mouse, WB) Aviva Cat: OAAF06171

HIRA (WB) Cell Signaling Cat: 12463

GAPDH (WB) Santa Cruz Biotech Cat: sc-365062; RRID: AB_10847862

HRP-Conjugated Rabbit Secondary Antibody Sigma Cat: GENA934; RRID: AB_2722659

HRP-Conjugated Mouse Secondary Antibody Sigma Cat: GENXA931

CHAF1B-FITC Aviva Cat: OAAF06171-FITC

HA-FITC Cell Signaling Cat: 2350; RRID: AB_491023

Lineage Kit (biotin) Stem Cell Technologies Cat: 1985

Fixable Viability Dye (Violet) Invitrogen Cat: L34955

Fixable Viability Dye (e780) eBioscience Cat: 65-0865-14

CEBPA-PE Cell Signaling Cat: 89899

yH2A.X (APC) BD Cat: 560447; RRID: AB_1645414

Ly5.2 (APC) eBioscience Cat: 17-0454-82; RRID: AB_469400

SA (PacBlue) eBioscience Cat: 48-4317-82; RRID: AB_10359737

CD117 (APC) eBioscience Cat: 17-1171-82; RRID: AB_469430

Sca1 (FITC) eBioscience Cat: 11-5981-82; RRID: AB_465333

CD34 (PE) eBioscience Cat: RM3604; RRID: AB_1472575

FcY (PerCP Cy5.5) eBioscience Cat: 45-0161-82; RRID: AB_996659

CD48 (PE) eBioscience Cat: 12-0481-82; RRID: AB_465694

CD150 (PE-Cy7) eBioscience Cat: 25-1502-82; RRID: AB_10805742

CD11b (FITC) eBioscience Cat: 11-0112-82; RRID: AB_464935

Bacterial and Virus Strains

NEB� Stable Competent E. coli

(High Efficiency)

NEB Cat: C3040I

Chemicals, Peptides, and Recombinant Proteins

RPMI-1640 Gibco Cat: 11875093

HI-FBS Gibco Cat: 10082147

Penicillin/Streptomycin Gibco Cat: 15140122

L-Glutamine Gibco Cat: 25030081

Recombinant Mouse SCF STEMCELL Technologies Cat: 78064

Recombinant Mouse IL3 STEMCELL Technologies Cat: 78042

Recombinant Mouse IL6 STEMCELL Technologies Cat: 78052

Stemspan SFEM STEMCELL Technologies Cat: 09650

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

hLDL STEMCELL Technologies Cat: 02698

Puromycin Invivogen Cat: ant-pr-1

Blasticidin Invivogen Cat: ant-bl-1

Methocult STEMCELL Technologies Cat: M3434

polyI:C Invivogen Cat: tlrl-pic-5

Tamoxifen Sigma-Aldrich Cat: T5648-1G

Corn Oil Sigma-Aldrich Cat: C8267-500ML

Three-step Stain Thermofisher Cat: 3300

EdU Abcam Cat: ab146186

16% PFA Thermofisher Cat: 28906

HALT protease inhibitor cocktail Thermofisher Cat: 87785

PMSF Cell Signaling Cat: 8553S

Critical Commercial Assays

Annexin V assay BD Cat: 556547

Click-IT EdU assay Thermofisher Cat: C10424

Directzol RNA Miniprep Zymo Cat: R2050

TruSeq Stranded Total RNA LT - (with

Ribo-ZeroTM Human/Mouse/Rat) - Set A

Illumina Cat: RS-123-2201

TruSeq Stranded Total RNA LT - (with

Ribo-ZeroTM TM Human/Mouse/Rat) - Set B

Illumina Cat: RS-123-2202

High-Throughput Library Preparation Kit

Standard PCR Amp Module - 96 rxn

KAPA Biosystems Cat: KK8234

Nextera DNA Library Preparation Kit Illumina Cat: FC-121-1030

Deposited Data

NGS Data This study GEO: GSE120063

Experimental Models: Cell Lines

Platinum-Eco Retroviral Packaging Cell Line Cell Biolabs Inc Cat: RV-101; RRID: CVCL_B488

U937 ATCC CRL-1593.2; RRID: CVCL_0007

THP1 ATCC TIB-202; RRID: CVCL_0006

MOLM13 ATCC ACC-554; RRID: CVCL_2119

JURKAT ATCC TIB-152; RRID: CVCL_0367

MV4-11 ATCC CRL-9591; RRID: CVCL_0064

ML2 DSMZ ACC-15; RRID: CVCL_1418

CTS Collaborator (Niu et al., 2016)

CMS Collaborator (Niu et al., 2016)

HL60 ATCC CCL-240; RRID: CVCL_0002

NB4 DSMZ ACC-207; RRID: CVCL_0005

OCI DSMZ ACC-582; RRID: CVCL_1844

Experimental Models: Organisms/Strains

C57BL/6NHsd (Mus musculus) Envigo RRID: MGI:5659255

B6.SJL-Ptprca Pepcb/BoyJ (Mus musculus) Jackson Labs 002014; RRID: IMSR_JAX:002014

Chaf1b-targetted ESCs Eucomm Chaf1btm2a(EUCOMM)Hmgu

B6.Cg-Tg(Mx1-cre)1Cgn/J (Mus musculus) Jackson Labs 003556; RRID: IMSR_JAX:003556

B6.129S4-Krastm4Tyj/J (Mus musculus) Jackson Labs 008179; RRID: IMSR_008179

Primary Mouse MLL-AF9 This study

Primary human AML This study Table S1.

Oligonucleotides

See Table S2 for genotyping and qPCR primers

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

MIGR1 Addgene Plasmid #27490

pCDNA3-P150c (Ye et al., 2003)

MSCV-CHAF1B Addgene

MIGR1-CHAF1B This study

MIGR1-CAF1DN This study

MSCV-puro Addgene Plasmid #68469

MSCV-CreERT2-puro Addgene Plasmid #22776

MSCV-CreERT2-blast This study

MSCV-C1BeGFP This study

MSCV-C1BmCherry This study

MSCV-C1BdWD40eGFP This study

MSCV-C1Bdp150eGFP This study

MSCV-C1BRRAAeGFP This study

LentiCrisprV2 Addgene Plasmid #52961

See Table S1 for shRNA/sgRNA seed

sequences and protospacers

Software and Algorithms

Bowtie Version 1.1.2 (Langmead et al., 2009) http://bowtie-bio.sourceforge.net/index.shtml

Ngs.plot.2.47 (Shen et al., 2014) https://github.com/shenlab-sinai/ngsplot

STAR Aligner (Dobin et al., 2013) https://github.com/alexdobin/STAR

Tophat 2.1.0 (Kim et al., 2013) https://ccb.jhu.edu/software/tophat/index.shtml

MACS 1.4 (Zhang et al., 2008) http://liulab.dfci.harvard.edu/MACS/

EdgeR 3.0.8 (Robinson et al., 2010) http://bioconductor.statistik.tu-dortmund.de/packages/

2.11/bioc/html/edgeR.html

Metascape (Tripathi et al., 2015) http://metascape.org/gp/index.html#/main/step1

Mouse Reference Genome (mm9) Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/mouse

Human Reference Genome (hg19) Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/human

Prism 6 Graphpad http://www.graphpad.com/scientific-software/prism/

FlowJo Treestar https://www.flowjo.com/

R3.2.1 https://www.r-project.org/

ImageJ http://rsb.info.nih.gov/ij/index.html

Nikon Essentials Nikon

Leica Application Suite 4.4 Leica

Gene Expressions Commons Seita et al., 2012 https://gexc.riken.jp/models/3/genes
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, JohnCrisp-

ino (j-crispino@northwestern.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects
Samples from individuals with acute myeloid leukemia were obtained from both male and female adult subjects (details provided

in Table S1) with informed consent. The study was approved by the Wayne State University and the Northwestern University

Institutional Review Boards.

Animals
Chaf1b-targeted C56Bl/6 embryonic stem cells were obtained from EUCOMM (European Conditional Mouse Mutagenesis). These

cells were introduced into C57Bl/6 blastocysts to derive chimeras. Two male chimeras were bred to wild-type albino C57Bl/6
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females, and pigmented offspring were checked for full insertion of critical portions of the targeting construct by PCR and sanger

sequencing. Complete Chaf1b targeted mice were back-crossed to wild-type C57Bl/6J mice for six additional rounds of breeding.

Targetedmice were then bred to C57Bl/6 Flp+ mice to createChaf1b+/fl animals. Wild-type Ly5.2, Ly5.1, Mx1-Cre, and Vav-Cre mice

were obtained from Jackson Laboratory. Both male and female mice were included in the study. For genotyping, tail-tips were

collected at weaning, digested, then recovered DNA was amplified using primers listed in Table S2. Mice were housed in barrier fa-

cility. All animal studies were performedwith approval from the Northwestern University Institutional Animal Care andUse Committee

and conducted in accordance with institutional and national regulatory standards.

Cell Lines and Primary Cultures
Human leukemia cell lines U937 (male, CALM10-AFF10) andMOLM13 (male, MLL-AF9, FLT3-ITD) were gifts fromDr. Ali Shilatifard at

Northwestern University. Jurkat (male) cells were a gift from Dr. Panos Ntziachristos at Northwestern University. These cell lines were

authenticated by short tandem repeat testing (IDEXX) prior to use, and cultured in RPMI-1640 (Gibco) supplemented with 10% FBS

(Gibco), Penicillin/Streptomycin (Gibco), and L-Glutamine (Gibco). CD34+ cells were obtained from Fred Hutchinson Cancer Center

and cultured in StemSpan (StemCell Technologies) supplemented with 50 ng/ml SCF (StemCell), 10 ng/mL each of IL3, IL6, and Flt3L

(StemCell Technologies). Primary murine hematopoietic stem and progenitor cells (HSPCs) were selected from flushed bonemarrow

of the hindlimbs using a CD117+ selection kit according tomanufacturer’s protocol (StemCell Technologies). All primary HSPCswere

maintained in StemSpan (StemCell Technologies) supplemented with 50 ng/mL recombinant murine SCF, 10 ng/mL recombinant

murine IL3, 10 ng/mL recombinant murine IL6, and 1:200 human LDL. MLL-AF9 cells were maintained in RPMI-1640 (Gibco) supple-

mented with 10% FBS, L-glutamine, 100 ng/mL recombinant murine SCF, 50 ng/mL recombinant murine IL6, and 20 ng/mL

recombinant murine IL3. All cells were cultured in 6-well flat-bottom plates at 37C with 5% CO2.

METHOD DETAILS

Bone Marrow Transplantation and Treatment
Ly5.2 or Ly5.1 recipient mice were exposed to 9 Gy of ionizing radiation in a Gammacell 40 irradiator. Immediately prior to and

following irradiation, mice were fed bactrim-supplemented water and injected with the indicated numbers of hematopoietic cells

by the tail vein. pIpC (Invivogen) was administered at 12.5 mg/kg in a 200 mL bolus by IP injection at indicated time points following

transplantation or birth. Tamoxifen (Sigma) was suspended in corn oil (Sigma) and administered 10 days following transplantation at

75 mg/kg in a 100 mL bolus by IP injection daily for five days.

Derivation of MLL-AF9 Leukemia Cells
HSPCs from indicated genotypes of mice were isolated as described above and spinoculated with MIGR1-MLL-AF9-IRES-Neo

retrovirus at 2500 RPM for 90 minutes at 32C. Two days following spinoculation, HSPCs were treated with G418 at a 1:125 concen-

tration (Sigma). Once all non-transduced cells were eliminated, the remaining cells were transferred to leukemic cell (LC) media con-

sisting of RPMI-1640 supplemented with 10% FBS, penicillin/streptomycin, l-glutamine, 100 ng/mL recombinant mSCF, 50 ng/mL

recombinant mIL6, and 20 ng/mL recombinant mIL3 to expand. 2x106 MLL-AF9 pre-leukemic cells were transplanted into irradiated

recipient mice via the tail vein along with 2x105 bone marrow support cells. Mice developed disease after 2-3 months, and spleens

were harvested. Mononuclear cells from spleens of diseased mice were dissociated and cultured in LCmedia with G418 for an addi-

tional five days to eliminate non leukemia cells from the culture. These cells were used for all MLL-AF9 leukemic cell studies.

Retroviral and Lentiviral Experiments
10 mg of retroviral DNA backbone was transfected into Platinum-Eco cells using FuGene ExtremeGene-9 (Roche) transfection re-

agent. pLKO.1 shRNA lentiviral particles were generated with 293T cells according to the RNAi Consortium protocol. pRRL-eGFP

lentiviral particles were generated with 10 mg of lentiviral backbone co-transfected with second generation packaging plasmids.

Eighteen hours after transfection, cells were washed with fresh DMEM collection media and viral supernatant was collected at 48

and 72 hours after transfection. Viral particles were concentrated using AmiconUltra-100 filter tubes by centrifugation. Lentivirus pro-

duction and relative titer was confirmedwith Lenti Go-Stix (Roche). Virus was then either used fresh or aliquoted and frozen at -80C in

low-protein binding tubes (Eppendorf). For transduction, cells were placed in 12-well flat-bottom plates in 1 mL of growth medium.

Polybrene (10 mg/mL, Millipore) was then added to 1 mL of concentrated virus before being mixed with the target cells. Cells were

then spinoculated at 2250 RPM for 90minutes at 32C. Following centrifugation, cells were rested in the incubator for 6 hours and then

given an additional 1 mL of growth medium. Experiments were conducted the following days and cells were grown as described

above. Cells were selected for retroviral expression by FACS sorting for GFP 24 hours following transduction with MIGR1,

MIGR1-CHAF1B, MIGR1-CAF1DN; or cells were selected for MSCV-puro, MSCV-CreERT2 expression by culturing for one week

in 10 mg/mL puromycin (Gibco). Complete selection was confirmed by co-selecting non-transduced cells.

Cell Sorting and Flow Cytometry
Cells were suspended in sterile FACS buffer (PBS, 0.5% BSA, 1 mM EDTA) and sorted for indicated markers using a FACS ARIA IIu

(BD). All flow cytometry analysis was performed on a BD LSRII flow cytometer, acquired using BD FACSDiva, and analyzed using

FlowJo (Treestar). The analysis was performed on single cells as determined by forward scatter or DNA stain (where appropriate),
Cancer Cell 34, 707–723.e1–e7, November 12, 2018 e4



and all cell mixtures were stained with an appropriate color of Fixable Viability Dye (Life Technologies) to exclude dead cells from

analysis. Following sorting, cells were maintained in complete media supplemented with 2.5 mg/mL gentamicin.

Measurement of Cell Cycle and Apoptosis
For cell cycle analysis, 2.5x105 MLL-AF9 cells or normal HSPCs were cultured in growth conditions and pulsed with EdU at 10 nM

final concentration (ThermoFisher) for 60 minutes at 37C. In vivo EdU incorporation was performed by injecting 50 mg/mL EdU

(Abcam, resuspended in PBS) intraperitoneally into mice. Two hours after injection, mice were sacrificed and bone marrow cells

were collected for further analysis. Cells were washed and incubated with FVD780 fixable viability dye (eBioscience) for 30 min at

4C, then washed twice with ice-cold PBS with 1 mM EDTA. Cells were fixed in 4% PFA for 15 minutes, and permeabilized with

0.05% Saponin wash buffer supplemented with BSA and EDTA. AF647 azide (Invitrogen) was affixed to EdU using Click-It chemistry

via a kit from Life Technologies. DNA was stained using DAPI. Live single cells were analyzed for cell cycle using an LSRII flow

cytometer. In vivo cell cycle was determined by treating mice with 50 mg/mL EdU (Abcam) in 200 mL of PBS and injected intraper-

itoneally. Two hours following injection, bone marrow was isolated, and lineage-depleted bone marrow cells were stained for EdU

incorporation as described above. For the analysis of cell death, 2.5x105 MLL-AF9 cells or normal HSPCs were washed twice

with PBS and incubated with Annexin V-APC/PI (BD Biosciences) according to manufacturer’s protocol and analyzed for cell death

using an LSRII flow cytometer.

Immunofluorescence Staining
MLL-AF9 cells were allowed to attached to the glass bottom dishes (MatTek) coated with 25 mg/ml of fibronectin for 1 hour at 37C.

Cells were stained with Hoechst (Sigma-Aldrich) for 1 hour, washed with phosphate buffer saline and incubated with cell tracker dye

(Molecular Probes) for 30 min to label the membrane. Fluorescent images were obtained using the Nikon A1R+ confocal microscope

under a 60X Plan-Apochromat oil immersion lens. Image pseudocoloring was performed using Nikon Elements and ImageJ.

Replication-Dependent DNA Damage Assay
Chaf1bfl/fl HSPCs or Chaf1bfl/fl LCs were spinoculated with MSCV-Cre-eGFP to induce Chaf1b deletion. 24, 48 and 72 hours

following spinoculation, cells were incubated with FVD510 (eBiosciences) for 30 minutes at 4C. After wash with FACS buffer, cells

were fixed in 4% PFA in PBS for 15 minutes at room temperature. yH2A.X-APC antibody (BD) was diluted 1:75 in Saponin buffer

(0.05% Saponin, 1% BSA, PBS) and 100 mL added to the fixed cells. Cells were incubated on ice for 1 hour before wash and

were assayed with an LSRII (BD) flow cytometer using FlowJo software (TreeStar).

Intracellular Staining for CHAF1B
MLL-AF9 LCs or human AML cell lines were incubated with appropriately colored viability dye for 30 minutes at 4C to exclude dead

cells from analysis. Then cells were washedwith FACS buffer and pellets were fixed in 4%PFA in PBS at room temperature for 15mi-

nutes. Following fixation, cells were washed in FACS buffer and resuspended in 100 mL saponin buffer with intracellular antibodies.

Cells were incubated for 1 hour on ice protected from light. After incubation, cells were washed in saponin buffer and pellets resus-

pended in FACS buffer for analysis on LSRII flow cytometer.

Western Blots
2x106 cells were lysed in RIPA supplemented with PMSF (Cell Signaling Technologies) and HALT Protease Inhibitor Cocktail

(Thermofisher). After brief sonication, debris was pelleted at 12000g for 10 minutes at 4C and supernatant transferred to a fresh

tube. 4x LDS buffer and 10x sample reduction buffer (Invitrogen) was added to final concentration of 1x, and samples were heated

at 70C for 30 minutes before running on NuPAGE� 4-12% Bis-Tris Protein Gels (Invitrogen). Dual-color protein ladder (BioRad) was

run as size marker. Proteins were then transferred to 0.45mm pore Immobilon-P PVDF membrane (Millipore) for 2 hours in methanol.

Protein transfer was confirmed by Ponceau stain (Sigma-Aldrich) andmembranes were blocked in 5%milk for 1 hour before probing

with primary antibody. All primary antibodies were resuspended 1:1000 in 4% BSA and probed overnight at 4C with gentle rocking.

After 5 washes in TBS-T, membranes were probed with appropriate HRP-conjugated secondary antibody (Sigma Aldrich) at 1:5000

for one hour in 5% milk. HRP signal was catalyzed with Thermofisher Pico substrate and visualized with HyBlot CL radiography film

(Denville). Band intensity was calculated relative to control with ImageJ.

qRT-PCR
2x106 MLL-AF9 or normal HSPCs were lysed in TRIzol (Invitrogen) and RNA was purified with the Direct-Zol RNA Miniprep kit with

on-column DNAse digestion (Zymo Research). For qRT-PCR, cDNA was produced with the SuperScript IV kit (Invitrogen) from

250 ng of DNAse-digested RNA according tomanufacturer specifications using random hexamers. Quantitative PCRwas performed

on an Applied Biosystems 7500 thermocycler using the following primer sequences listed in Table S2 and analyzed via DDCT

method.

Colony Forming Unit Assays
2x104 BM mononuclear cells, 5x103 BM HSPCs, or 500 MLL-AF9 leukemia cells per dish were plated in M3434 (StemCell Technol-

ogies) and incubated for 5-7 days. On the last day colonies were counted by visualization through an inverted tissue culture
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microscope. Discrete clusters containing >100 cells were considered to be colonies. For replating, colonies were resuspended and

washed in PBS, and 5x103 cells were plated into plates with fresh M3434methylcellulose and the process was repeated up to 6 gen-

erations. Human AML cell lines were plated in complete M4100 (RPMI-1640 + 20% FBS) and counted in a similar manner to the

mouse experiment.

Complete Blood Counts and Blood Smears
50 mL of blood from the tail vein was collected in EDTA-coated tubes (Fisher) and analyzed using a Hemavet950 (Drew Scientific).

Remaining blood was smeared on a non-charged glass slide and stained with modified Wright-Giemsa Three Step Stain Set

(ThermoFisher). After the slides were dried, cover slips were fixed using Permount, and morphology observed by light microscopy

(Leica DM4000B). Images were acquired using Leica Application Suite V4.4 software. This same methodology was applied to

cytospun samples as well for visualization.

Tissue Histology
Sternum, spleen, lung, and liver were fixed whole in normal buffered formalin for 48 hours before transfer to 70% ethanol (spleen,

lung, liver) or normal buffered formalin (sternum) for H&E treatment and stain.

Deletion of Chaf1b in MLL-AF9 Leukemia Cells
MLL-AF9 cells were transduced with MSCV-CreERT2 and selected for three days with puromycin at 10 mg/mL or five days with blas-

ticidin at 5 mg/mL (Invitrogen). After selection, LCs were treated with b-estradiol (Sigma-Aldrich) dissolved in ethanol at 10-7M final

concentration. Cells were harvested at 24 hour intervals for four days and measured for morphology changes by cytopsin and

Wright-Giemsa stain, cell death by Annexin V/PI stain, and surface markers (eBioscience: CD34, CD117, CD11b) by flow cytometry.

TCGA Analysis
The TCGA LAML dataset was analyzed using UCSC cancer browser by first setting a signature for CHAF1B expression, and ranking

patients based on CHAF1B expression level. Then the top and bottom third of CHAF1B expressing patients were plotted separately

as a function of survival over time. Significance was calculated using a log-rank test.

ATAC-Seq
Pellets of 5x103 LCs or HSPCs were resuspended in 50 mL of ATAC buffer (25 mL 2x TD buffer, Nextera; 2.5 mL TDE1, Nextera; 0.5 mL

Digitonin, Promega; 22 mL nuclease-free water) for 15 minutes and agitated at 300 RPM at 37C. After transposition, DNA fragments

were collected using a Qiagen MinElute PCR purification kit. Sequencing libraries were prepared and controlled for quality as pre-

viously described (Buenrostro et al., 2013). Paired-end sequences were merged and aligned to the mouse (UCSCmm9). Alignments

were processed with Bowtie version 1.1.2, first trimming the sequencing adaptors and then allowing only uniquely mapping reads

with up to two mismatches within the 50 base pair read. The resulting reads were normalized to total reads aligned (reads per

million, rpm).

RNA-Seq
48 hours after CHAF1B overexpression/knockout mouse hematopoietic stem and progenitor cells/leukemic cells were collected and

lysed with Trizol reagent. Total RNA was extracted from Trizol using Direct-Zol RNA Miniprep kit with on-column DNAse digestion

(Zymo Research). 500 ng RNA was used for library preparation with TruSeq Stranded Total RNA with Ribo-Zero Gold kit (Illumina,

RS-123-2201) with ERCC spike in (Thermofisher). The sequenced reads were aligned to the mouse genome (UCSC mm9) with

STAR aligner using gene annotations from Ensembl 72, and intronic reads were discarded. Sequencing result was normalized to

ERCC spike in and differential gene expression performedwith EdgeR (Empirical analysis of digital gene expression data in R) version

3.08 (Robinson et al., 2010). Adjusted p values were computed using the Benjamini-Hochberg method. Protein coding genes, long

non-coding RNA and pseudogenes with adjusted p values less than 0.01 were used for the downstream analysis with DAVID.

ChIP-seq
MLL-AF9 leukemic cells overexpressing MIGR1-CHAF1B, murine MLL-AF9 LCs, or human AML/ALL cell lines were subjected to

ChIP assays according to a published protocol (Liang et al., 2015). Briefly, cells were crosslinked with 1% paraformaldehyde for

15 minutes and were quenched with glycine for 5 minutes at room temperature. Fixed chromatin was sonicated with a Covaris

Focused-ultrasonicator and immunoprecipitated with the indicated antibody. For samples utilized for ChIP-seq, libraries were pre-

paredwith the high throughput library preparation kit standard PCR ampmodule (KAPABiosystems) for next-generation sequencing.

ChIP-seq reads were aligned to themouse (UCSCmm9) or human (UCSC hg19) reference genome. Alignments were processed with

Bowtie version 1.1.2, allowing only uniquely mapping reads with up to two mismatches within the 50 bp read. The resulting reads

were extended to 150 bases toward the interior of the sequenced fragment and normalized to total reads aligned (reads per million,

rpm). For histone marks, ChIP-seq in MLL-AF9 cells peak detection was performed with MACS (model-based analysis of ChIP-Seq)

version 1.4.2 using default parameters (Zhang et al., 2008). The average coverage (calculated using rpm tracks described above)

across the entire region is shown in the boxplots where p values were calculated with the Wilcoxon signed-rank test. Heatmaps

depict log2 fold change of coverage profiles in a 4 kb window around the merged peak center in 25 bp binned averages and sorted
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by total coverage in this window. Heatmaps and metagene plots of the genes with changed H3K27ac read coverage around the TSS

(±3kb) afterChaf1b knockout were plotted with ngs.plot 2.47 and ranked by read intensity. The CHAF1B read coverage at these sites

was plotted with the same order.

GREAT Analysis
Annotated BED files from ChIP sequencing experiments were uploaded to GREAT (http://bejerano.stanford.edu/great/public/html/)

for further pathway and peak localization analysis. Peaks were assumed to be affecting the nearest gene.

Plasmids, shRNA and sgRNA
MIGR1-CAF1DNwas sub-cloned from pCDNA3-HA-p150c (gift fromPeter D. Adams, UKBeatson, Glasgow). MIGR1-MLL-AF9-Neo

was a gift from Dr. Jiwang Zhang at Loyola University Chicago. MIGR1-CHAF1B was subcloned from MSCV-CHAF1B (Addgene

plasmid #34901). MSCV-CreERT2-puro (Addgene #22776) was a gift from Tyler Jacks, MSCV-CreERT2-blasticidin was generated

by subcloning intoMSCV-blast fromMSCV-CreERT2-puro. RNAi consortium shRNA in pLKO.1were obtained fromSigma (shRNA to

CHAF1B, CEBPA, HIRA). All plasmids were confirmed by restriction enzyme digest and sanger sequencing prior to use for this study.

pLKO.1 and pLentiCrisprV2 constructs containing shRNA and sgRNA, respectively, were either obtained from Sigma (Mission

shRNA) or sgRNA protospacers were generated in-house using the Broad Institute GPP Web Portal (https://portals.

broadinstitute.org/gpp/public/analysis-tools/sgrna-design). sgRNA protospacers identified using the GPP web portal were cloned

into pLentiCrisprV2-puro and packaged/infected as described above. Cells were selected in 1 mg/mL puromycin for 48 hours before

validation of knockdown efficiency by western blot or QPCR. Sequences of the shRNAs are provided in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed with GraphPad Prism 6. Unless otherwise indicated in the figure legend, plots shown are repre-

sentative of at least three independent biological replicates. In mouse experiments, each point represents one individual mouse.

When comparing two normally-distributed populations, significance was determined by two-tailed t-test with Welch’s correction.

When comparing two non-normally-distributed populations, significance was determined using the Mann-Whitney two-tailed

U test. When comparing multiple populations, significance was determined using one-way ANOVA with Bonferroni post-hoc test

for multiple comparison correction. Differences in survival in either patients or mice was determined by log-rank test. Power was

calculated by b value of > 0.8 and an a value of <0.05 in order to determine the sufficient number of replicates for experiments.

The nature of the statistical analysis performed for each dataset is included in the figure legends.

DATA AND SOFTWARE AVAILABILITY

The accession number for all ChIP-seq, ATAC-seq and RNA-seq datasets reported in this paper is GEO: GSE120063.
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