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Summary

CHAF1B is the p60 subunit of the chromatin assembly factor (CAF1) complex, which is
responsible for assembly 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-leukemia effect by binding chromatin at discrete sites and
interfering with occupancy of transcription factors that promote myeloid differentiation, such as
CEBPA. Reducing Chafl1b activity by either heterozygous deletion or overexpression of a CAF1
dominant negative allele is sufficient to suppress leukemogenesis /77 vivo without impairing normal
hematopoiesis.
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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; Stillman,
1986). This complex is localized to the nucleoplasm and frequently contains a histone
H3/H4 heterodimer, each component in a 1:1:1:1 stoichiometry (Hu et al., 2006; Verreault et
al., 1996). The canonical function of CAF1 is to facilitate the assembly 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 independent function in the stabilization of heterochromatic
regions. The C-terminal region of CHAF1A contains the primary PCNA-interacting motif
responsible for tracking the CAF1 complex to the replication fork, an internal acidic region,
and a large region at the carboxyl end responsible for direct interaction with CHAF1B
(Dong et al., 2001; Shibahara and Stillman, 1999). Previous studies demonstrated that
shRNA-mediated knockdown of CHAF1A results in loss of expression of CHAF1B due to
degradation of the proteins (Ye et al., 2003). RBBP4 is a 7x WD-repeat protein with two a-
helical domains at both ends of the peptide that facilitate its direct interaction with histone
H4 (Qian and Lee, 1995; Qian et al., 1993; Zhang et al., 2013). RBBP4 also tightly interacts
with HDAC1. Although RBBP4 has no enzymatic activity on its own, it is widely
considered to act as a critical scaffold component of the larger HDAC1 complex (Song et al.,
2008; Taunton et al., 1996).

CHAF1B is a 7x WD-repeat protein that is responsible for mediating the interaction
between ASF1A/H3/H4 and CHAF1A within the CAF1 complex (Mattiroli et al., 20173;
Mattiroli et al., 2017b; Smith and Stillman, 1989; Tyler et al., 2001). In this way, CHAF1B
is a central facilitator of multiple S-phase-linked CAF1 functions: (1) CHAF1A-directed
localization to the replication fork via interaction with PCNA, (2) H3/H4 chaperone function
by direct interaction 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-mediated nucleosome assembly in
determining cell fate by regulating transcription. For example, CHAF1A was implicated as
an epigenetic 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 knockdown 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).

CHAFIBiis located within the Down syndrome (DS) critical region of chromosome 21, and
thus its trisomy is potentially associated with DS-related pathologies (Blouin et al., 1996;
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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
AMKUL 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; Staibano et al., 2011), though the mechanisms underlying this overexpression are
unexplored.

Given that dysregulation of genes that regulate chromatin is frequently observed in
hematologic malignancies, we investigated the role of CHAF1B in normal and malignant
hematopoiesis.

Chaf1b is required for hematopoiesis

To determine the requirement for Chaf1b in normal hematopoiesis, we utilized a mouse
strain generated by injecting embryonic stem cells containing a Chaf1b allele with floxed
exon 3 into wild-type C57BI/6 blastocysts (Figure 1A). We crossed the strain with Mx1-Cre
transgenic mice and then induced gene deletion by treating Char1b floxed/Mx1-Cre animals
with plpC (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 (Figure S1B), we predicted that homozygous loss of
Chaf1bwould be lethal. Indeed, MxI-Cre/Chaf1b™" mice (referred to as Chaf1b null or
Chaf1t~2) died within two weeks of plpC injection due to pancytopenia and loss of
hematopoietic cells in the bone marrow (Figure 1C-E). In addition to the complete loss of
bone marrow cellularity in Chaf1tA2 mice, we observed a modest but statistically
significant reduction in the cellularity of the bone marrow of plpC-treated MxI-Cre/Chaflb
*/fl (Chaf1b heterozygous deleted or Chaflb'2 hereafter) mice (Figure S1C). Whereas bone
marrow from Chaf1t~'® mice was unable to form colonies, Chaf16*'2 bone marrow gave
rise to colonies, albeit fewer than mice with wild-type bone marrow (Figure S1D). Annexin
V staining of bone marrow following plpC treatment revealed a substantial increase in
apoptosis in the Chaf1bnull mice and a modest increase in the heterozygous deleted animals
10 days after injection (Figure S1E).

Flow cytometric analysis of bone marrow following plpC injection (after 7 days for
Chaf1tN2 and 60 days for Chaf1b*'® and Chaf1b'* mice) revealed that homozygous
deletion of Charflbresulted in a depletion of hematopoietic stem and progenitor cells (Figure
S1F-1). By contrast, Chaflb™'® bone marrows displayed an increase in the percentage of LK
cells without any significant skewing in myeloid progenitors, a decrease in LSK cells and an
increased proportion of short-term SLAM -positive cells (Figure S1F-I), compared to
Chaf1b** controls. We confirmed the Chaf1b heterozygous deletion phenotype by
analyzing Char1b-floxed mice that were crossed to the Vav-Cre strain (Figure S2A-F). Vav-
Cre* Chaf1b™f pups were never observed, supporting our hypothesis that Chafibis required
for viability.
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Loss of Chaflb impairs hematopoietic reconstitution

To confirm a cell autonomous role for Charf1bin hematopoiesis, we mixed equal numbers of
wild-type Ly5.1 bone marrow cells with those from Ly5.2 MxI-Cre/Chaflb*’*, Mx1-Cre/
Chaf1b™ or Mx1-Cre/Chaf1b™" mice, and then transplanted the cells to irradiated Ly5.1
recipients. As expected, there was a near complete loss of hematopoietic cells derived from
homozygous Chafilb null cells by 8 weeks after plpC injection (Figure 1F). After four
months, we observed an almost complete elimination of the Ly5.2* Chaf1t~2 cells in the
bone marrow (Figure 1G). Secondary transplants revealed that the heterozygous deletion,
but not the homozygous deletion, was capable of serial reconstitution (Figure 1H).

We next examined the effect of Chafib deletion on c-Kit* hematopoietic stem and
progenitor cells (HSPCs) in vitro. First, we deleted one or both alleles of Chafibby
transduction of the floxed HSPCs with MIGR1-Cre and found that these cells had a
competitive disadvantage in culture over time (Figure 11). Heterozygous 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 Chafib heterozygous
deleted HSPCs expanded as well as control cells, there was a significant increase in cell
death as measured by annexin V/PI staining 72 hours post infection (Figure 1K). Apoptosis
of MIGR1-Cre/ Chaf1b™" 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
Chafl1b deletion, suggesting failure to enter S-phase from Gg/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 trisomy 21 (Malinge et al., 2012). In order 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 expression of CHAF1B
correlates with poor prognosis (Figure 2A). Further, our analysis of five primary AML
patient samples showed these tumors consistently express CHAF1B at 2—4 times the level of
healthy CD34* cells (Figure 2B, Table S1). This increased expression was also observed in
nine different human AML cell lines, with some of the highest expressers of CHAF1B also
having MLL-rearrangements (Figure 2C). According to the Cancer Cell Line Encyclopedia
(CCLE), CHAF1B is overexpressed in nearly every malignancy (Figure S3A). However, the
tumors with the highest levels of CHAF1B overexpression were predominantly leukemias.
Further analysis of CHAF1B expression 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 /n vitro colony replating
assays. 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 almost 2:1 by 72 hours (Figure 2D-F). The enhanced
competitive capacity /n vitro was associated with increased entry into S-phase of the cell
cycle (Figure 2G).
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We next transplanted Ly5.2 hematopoietic progenitor cells overexpressing CHAF1B or GFP
alone (MIGR1) to irradiated Ly5.1 recipient mice and monitored engraftment and
contribution to hematopoiesis over time. CHAF1B overexpression resulted in a progressive
increase in contribution of the CHAF1B-overexpressing HSPCs to the peripheral blood
(Figure 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
marrow MNCs two weeks posttransplantation (Figure 2K). We also observed modest but
statistically significant increase in the percentage of lin"Scal*c-kit* (LSK) cells (Figure 2L).
Analysis of primary recipients revealed no increase in the percentage of lin~c-kit* (LK) cells
in the bone marrow (Figure 2M), but precocious myeloid differentiation patterning, skewed
towards production of granulocyte/macrophage progenitors (GMPs) (Figure 2N).

CHAF1B overexpression enhances leukemogenesis in an MLL-AF9 model of AML

In order to determine the contribution of CHAF1B to promoting leukemogenesis, 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 (Figure 3B), putting
them within the range observed in primary AML patient samples (Figure 2B). Further
overexpression of CHAF1B in MLL-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 proliferative 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 succumbed 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-overexpressing
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 1207 upregulated
genes revealed 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 1647 downregulated genes included those
involved in cell signaling, responses to MAPK cascade, and promotion of leukocyte
differentiation (Figure 3J).

Chaflb is required to maintain the undifferentiated state of MLL-AF9 leukemic cells and for
leukemia progression

We next derived stable clones of MLL-AF9 Chaf1/f! leukemic cells harboring MSCVCre-
ERT2 or MSCV-puro. Treatment of the cells with B-estradiol led to 40% and >95%

decreases in CHAF1B expression in heterozygous and homozygous targeted cells within 48
hours, respectively (Figure 4A). Homozygous deletion of Charflb completely abrogated the
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colony forming capacity of the leukemic cells, and notably, the heterozygous deletion also
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 hours (Figure 4D). Since the loss of colony
formation could not be fully explained by cell death or cell cycle arrest, we assayed the
differentiation status of these cells. We found that C/af1b depletion was sufficient to induce
differentiation of leukemia cells as determined by increased cell size, loss of blast-like
nuclear/cytoplasmic morphology, and increased CD11b staining (Figure 4E). Additionally,
we observed progressive reductions in surface staining for CD34 and CD117 (markers of
immature hematopoietic 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 Charf1b downregulation is consistent with the observation that CHAF1B expression
declines during normal hematopoietic cell differentiation (Figures S1B, S4A).

RNA-seq analysis revealed that the expressions of 1961 genes were increased and 1109
decreased following Char1b deletion, suggesting CHAF1B may have an additional role in
repressing transcription (Figure 4G). We confirmed our RNA-seq results by gRT-PCR for
the top differentially regulated genes (Figure S4B). Of note, heterozygous deletion of
Chaf1bwas associated with an intermediate change in expression of the same genes (Figure
S4B). The activated genes were enriched in pathways associated with immune system
processes, regulation of migration, and cell differentiation (Figure 4H). By contrast, the
pathways that were negatively enriched upon Chaf1b knockout are those involved in
metabolic processes and DNA replication, the latter two consistent with the notion that loss
of CHAF1B leads to defects in chromatin organization (Figure 41). However, we expect that
Chaf1bnull leukemic cells were still able to assemble chromatin due to rescue of assembly
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
substantially upregulated in Char1bnull leukemic cells (Figure S4C-D).

Previous studies have shown that DNA damage can drive differentiation in the hematopoietic
system (Santos et al., 2014). To determine if replication-linked DNA damage was a possible
driver of differentiation in our MLL-AF9 leukemic cells, we induced Chaf1b deletion in
Chaf1t™ HSPCs and MLL-AF9LCs and measured DNA damage over time. We found
progressive incorporation of yH2A.X in Chaf1t~® HSPCs. However, there was no change
in yH2A.X incorporation in Chaf1t~® MLL-AF9 leukemic cells (Figure S4E). Increased
H3.3 transcription 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 Chaf16™" MLL-AF9 leukemia
cells using ShRNA to knockdown HIRA and were able to observe DNA damage after
Chaf1b deletion (Figure S4F, G).

Finally, to determine if Chaflb deletion-mediated differentiation could block
leukemogenesis in vivo, we engrafted Chaflb-floxed CreERT2* MLL-AF9 leukemic cells
into irradiated recipient mice and monitored the peripheral blood for evidence of disease. At
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3 weeks post-transplant, a time when we observed elevated white blood cell counts in
recipient mice (Figure 4J), we initiated Chafl1b deletion by injecting mice with tamoxifen.
Both heterozygous and homozygous deletion of Charflbin LCs 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 succumbed to leukemia after 50—
60 days as a result of tumors that escaped Char1b deletion.

CHAF1B occupies discrete regions of chromatin in leukemic cells

In order 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-Rearranged), and
JURKAT (T-ALL) and found CHAF1B occupied discrete regions of the chromatin
associated with promoters and distal intergenic elements in each cell type (Figure 5A-F). We
confirmed the specificity of our CHAF1B antibody for ChlP-seq analysis in U937 cells
expressing CHAF1B shRNA, which had reduced signal genome-wide following knockdown
(Figure S5A-C). Genomic regions bound by CHAF1B in MOLM13 cells also tended to co-
occupancy with CHAF1A. GO analysis of CHAF1B-bound regions showed enrichment for
genes associated with myeloid differentiation (Figure S5D-F). Analysis of the Leucegene
AML RNA-seq database (http://mistic.iric.ca/) further confirmed that expression of
CHAF1B and CHAF1A are highly corelated (Figure S5G). We observed similar occupancy
of CHAF1B near differentiation genes in U937 and JURKAT cells (Figure S5H, ).

Next, we extended the human cell ChIP-seq data to primary mouse MLL-AF9 LCs
overexpressing CHAF1B (Figure 5G, S5J). Analysis of the CHAF1B signature in these
murine cells revealed occupancy at promoters and distal intergenic regions similar to
MOLM13 cells (compare Figures 5A, G). Additionally, we found co-occupancy with other
regions of protranscriptional chromatin including H3K4me3 regions, K3K27ac regions, and
accessible regions by ATAC-seq (Figure 5H-J). Interestingly, we did not see strong co-
occupancy with PCNA, suggesting the rest of the DNA replication complex is likely not
present at these sites of accumulation (Figure 5H). A substantial proportion of genes whose
expression changed with Chaf1b loss were occupied by CHAF1B (Figure 5K). Consistent
with the observation of transcriptional upregulation by RNA-seq of differentiation genes, we
also observed over 5000 unique sites in the chromatin where there was a statistically
significant increase in H3K27ac signature at CHAF1B-bound chromatin following Chafib
deletion (Figure 51). These were predominantly associated with differentiation of
hematopoietic 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 Charf1bwas deleted (Fig 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 chromatin accessibility at stem cell enhancers
(Cheloufi et al., 2015), we turned to ATAC-seq to determine if deletion of Chafib caused
dysregulation of gene expression via changes in chromatin accessibility. We assayed the
unique ATAC-seq peaks that co-occupied with a CHAF1B peak, and to our surprise,
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observed a general reduction in accessibility at CHAF1B binding sites after Chaf1b deletion
(Figure S6A). Further analysis revealed that although there was a global reduction in ATAC-
seq signal at CHAF1B-occupied regions, approximately 1100 and 1224 peaks were
associated with the most decreased or the most increased ATAC signals respectively (Figure
S6B-C). In fact, a very small percentage of the genes whose accessibility changed the most
upon Chaf1b depletion overlapped with genes whose transcriptional levels changed (Figure
S6D-E). For example, although Hiraand Becnl were among the genes with the greatest
changes in chromatin accessibility following Chaf1b deletion (Figure S6F-G), 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 from Chaf1b deleted or CHAF1B-overexpressing 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 of these factors, as well as CEBPA, RUNX2,
ETVS5, and SP1, were also strongly enriched at CHAF1B-binding sites genome-wide (Figure
6B). We pursued the top three motif hits further and found CEBPA, RUNX2, and FLI1
cooccupied chromatin 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 up-
regulated 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 (Figure 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 LCs. To test this
hypothesis, we knocked down CEBPA and FLI1 in LCs 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
formation induced by Chaflb-deletion in a dosedependent 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 (Figure 6H), with these peaks being proximal to genes associated
with differentiation (Figure 61). ChlP-seq analysis in human leukemia cell lines confirmed
this effect, as MOLM13 and U937 cells (AML cell lines) showed inversed occupancy of
CHAF1B with CEBPA (Figure S7A, B) while CHAF1B and GATA3 showed inversed
occupancy in JURKAT cells (Figure S7C).

CHAF1B maintains MLL-AF9 leukemic cells through its replication-dependent nucleosome
assembly function

Since CHAF1B is a replication-dependent nucleosome assembly factor, we first measured
CHAF1B expression during 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
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S/G,/M and is absent from Gg/G1 cells (Figure 7C). We found that CHAF1B-gem was
sufficient to rescue the anti-differentiation activity of Chafib (Figure 7D), suggesting that a
Gg/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* Chaf1b™" leukemic cells (Figure 7E) and compared their ability
to rescue the knockout phenotype of differentiation. CHAF1B has two major protein
domains: a 7x WDA40 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). CHAF1BAWDA40 and
CHAF1BRR482AA |ocalized to the nucleus similar to wild-type CHAF1B, whereas
CHAF1BAp150 localized to the cytoplasm (Figure 7F). Interestingly, CHAF1BAwd40 was
able to partially rescue the Chaflb deletion, suggesting that the WD40 domain is partially
needed to prevent differentiation, though its exact contributions remain unclear. By contrast,
the CHAF1BAp150 and CHAF1BRR482AA gleles were unable to rescue Chaflb 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 has demonstrated that depletion 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 sgRNAs (Figure 8A) We observed substantial differentiation in these cells 96 hours
after CHAF1B deletion induction as measured by surface expression of CD11b and changes
in morphology (Figure 8B, C). We also confirmed the anti-tumor effect of Chaf1b deletion
in a conditional KrasG12D model of myeloproliferative disease (MPD). Upon induction
with plpC, MxI-Cre*KrasG12D'' mice succumbed to MPD within 100 days. This survival
was substantially improved when one allele of Chaflbwas simultaneously deleted due to
restoration of normal bone marrow function and multi-lineage differentiation (Figure
S8A,B).

We found heterozygous deletion of Char1bin leukemic cells was sufficient to block
leukemogenesis /n vivo (Figure 4K), while heterozygous deletion of Chaf1bin healthy
hematopoietic tissues did not impair reconstitution /n vivo (Figure 1C, F, H). This suggests
there may be a therapeutic window for inhibition 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 interactions with PCNA and the replication
fork (Ye et al., 2003) in HSPCs and leukemic cells. The CAF1DN did not affect HSPC
colony formation /n vitro (Figure 8D), hematopoietic reconstitution /in vivo (Figure 8E), or
the proportions of healthy stem and progenitor cells /7 vivo (Figure 8F-H). While this
construct had no discernable effect on leukemic cells in suspension culture, we observed a
reduction in colony formation /n vitro (Figure 81). These cells were still able to replate,
though the reduction in colony potential could have been due to partial differentiation of
leukemic blasts driven by the CAF1DN in methylcellulose (Figure 8J). Of note, introduction
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of the CAF1DN into MLL-AF9 leukemia cells was sufficient to completely block leukemia
formation /n 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 facilitating nucleosome assembly
on newly replicating DNA and also participates in DNA damage repair (Martini et al., 1998;
Nabatiyan and Krude, 2004; Zhu et al., 2009). Though 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 U20S
cells (e et al., 2003). For example, animals deficient 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 haripins 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 overexpressed 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 hypothesize that the CAF1 complex may
play a role in maintaining cancer stem cell fate. In fact, a recent study showed knockdown 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 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 CHAF1B controls transcription in leukemia cells is through direct
accumulation at discrete sites in the chromatin rather than regulation of chromatin
accessibility. Although we found that there were some ATAC-seq peaks that were elevated
upon Chafl1b loss, the vast majority of changes at CHAF1B-bound regions resulted in
decreased accessibility. It should be noted, however, that the genome wide profile of
accessible regions is substantially different between leukemia cells (our study) and iPSCs
(Cheloufi et al., 2015). Our findings are more consistent with a recent study that
demonstrated that accessible regions of chromatin are a better indicator of cell identity than
mMRNA expression (Corces et al., 2016). Our data point to a model in which CHAF1B
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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 mechanism of competition at
accessible sites during replication. CHAF1B therefore has a cell type specific effect on gene
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 Ap150 (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, though it is likely
that this region serves as a scaffold for other protein complexes. Based on these gene
complementation experiments, we propose that CHAF1B is recruited to the chromatin
through its replication-dependent nucleosome assembly function and then remains on
specific loci to preserve a cellular state. A recent study by Gao et al. demonstrated the ability
of ASF1A to occupy promoters of lineagespecific differentiation genes in embryonic stem
cells (Gao et al., 2018). 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, though 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-111, 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 specifically is a
demonstration of a member of the CAF1 complex having this dual function.

Given that expression of the CAF1DN allele led to differentiation of leukemia cells and
complete block of leukemogenesis /n vivo, but did not impair normal colony formation or
hematopoietic reconstitution of normal hematopoietic cells, we conclude that targeted
disruption of the CAF1 complex by targeting the PCNA:CHAF1A:CHAF1B interaction
might provide a differentiation-driving strategy for MLL rearranged leukemias and other
tumors with high CHAF1A/B levels. Recent studies provide important insights into the
structure of the CAF1 complex in yeast (Mattiroli et al., 2017a; Mattiroli et al., 2017b).
These data may facilitate development of differentiating inducing agents for MLL-
rearranged leukemia.

STAR Methods
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, John Crispino (j-crispino@northwestern.edu).
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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—Chaflb-targeted C56BI/6 embryonic stem cells were obtained from EUCOMM
(European Conditional Mouse Mutagenesis). These cells were introduced into C57BI/6
blastocysts to derive chimeras. Two male chimeras were bred to wild-type albino C57BI/6
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
backcrossed to wild-type C57BI/6J mice for six additional rounds of breeding. Targeted
mice were then bred to C57BI/6 Flp* mice to create Char16'f 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 facility. All animal studies were performed with approval from the
Northwestern University Institutional Animal Care and Use Committee and conducted in
accordance with institutional and national regulatory standards.

Cell Lines and primary cultures—Human leukemia cell lines U937 (male, CALM10-
AFF10) and MOLM13 (male, MLL-AF9, FLT3-ITD) were gifts from Dr. 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 LGlutamine (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
FIt3L (StemCell Technologies). Primary murine hematopoietic stem and progenitor cells
(HSPCs) were selected from flushed bone marrow of the hindlimbs using a CD117*
selection kit according to manufacturer’s protocol (StemCell Technologies). All primary
HSPCs were 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) supplemented 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% CO,.

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. plpC (Invivogen) was
administered at 12.5 mg/kg in a 200 pL bolus by IP injection at indicated time points
following transplantation or birth. Tamoxifen (Sigma) was suspended in corn oil (Sigma)
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and administered 10 days following transplantation at 75 mg/kg in a 100 pL 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-MLLAF9-IRES-Neo
retrovirus at 2500 RPM for 90 minutes at 32C. Two days following spinoculation, HSPCs
were treated with G418 at a 1:125 concentration (Sigma). Once all non-transduced cells
were eliminated, the remaining cells were transferred to leukemic cell (LC) media consisting
of RPMI-1640 supplemented with 10% FBS, penicillin/streptomycin, I-glutamine, 100
ng/mL recombinant mSCF, 50 ng/mL recombinant mIL6, and 20 ng/mL recombinant mIL3
to expand. 2x108 MLL-AF9 pre-leukemic cells were transplanted into irradiated recipient
mice via the tail vein along with 2x10° 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 LC media with G418 for an additional 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 ug of retroviral DNA backbone was
transfected into Platinum-Eco cells using FuGene ExtremeGene-9 (Roche) transfection
reagent. pLKO.1 shRNA lentiviral particles were generated with 293T cells according to the
RNAI Consortium protocol. pRRL-eGFP lentiviral particles were generated with 10 pg of
lentiviral backbone cotransfected 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 Amicon Ultra-100 filter tubes by centrifugation. Lentivirus production
and relative titer was confirmed with 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 pg/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 90 minutes 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,
MIGR1CAF1DN; or cells were selected for MSCV-puro, MSCV-CreERT2 expression by
culturing for one week in 10 pg/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 Ilu (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), and all cell
mixtures were stained with an appropriate color of Fixable Viability Dye (Life
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Technologies) to exclude dead cells from analysis. Following sorting, cells were maintained
in complete media supplemented with 2.5 pg/mL gentamicin.

Measurement of cell cycle and apoptosis—For cell cycle analysis, 2.5x10° 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. /n vivo EAU 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. /n
vivo cell cycle was determined by treating mice with 50 mg/mL EdU (Abcam) in 200 pL of
PBS and injected intraperitoneally. Two hours following injection, bone marrow was
isolated, and lineagedepleted bone marrow cells were stained for EdU incorporation as
described above. For the analysis of cell death, 2.5%10° 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 ug/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— Chaf1b™"" HSPCs or Chaf1t™ LCs
were spinoculated with MSCV-Cre-eGFP to induce Char1b deletion. 24, 48 and 72 hours
following spinoculation, cells were incubated with FVVD510 (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 pL 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 washed with FACS buffer and pellets were fixed in 4% PFA
in PBS at room temperature for 15 minutes. Following fixation, cells were washed in FACS
buffer and resuspended in 100 pL saponin buffer with intracellular antibodies. Cells were
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incubated for 1 hour on ice protected from light. After incubation, cells were washed in
saponin buffer and pellets resuspended in FACS buffer for analysis on LSRII flow cytometer.

Western blots—2x10° cells were lysed in RIPA supplemented with PMSF (Cell Signaling
Technologies) and HALT Protease Inhibitor Cocktail (Thermofisher). After brief sonication,
debris was pelleted at 120009 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
NUuPAGE™ 4-12% BisTris Protein Gels (Invitrogen). Dual-color protein ladder (BioRad)
was run as size marker. Proteins were then transferred to 0.45um pore Immobilon-P PVDF
membrane (Millipore) for 2 hours in methanol. Protein transfer was confirmed by Ponceau
stain (Sigma-Aldrich) and membranes 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.

gRT-PCR—2x108 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 gRT-PCR, cDNA was produced with the SuperScript IV kit
(Invitrogen) from 250 ng of DNAse-digested RNA according to manufacturer specifications
using random hexamers. Quantitative PCR was performed on an Applied Biosystems 7500
thermocycler using the following primer sequences listed in Table S1 and analyzed via
AACT method.

Colony forming unit assays—2x10* BM mononuclear cells, 5103 BM HSPCs, or 500
MLL-AF9 leukemia cells per dish were plated in M3434 (StemCell Technologies) and
incubated for 5-7 days. On the last day colonies were counted by visualization through an
inverted tissue culture microscope. Discrete clusters containing >100 cells were considered
to be colonies. For replating, colonies were resuspended and washed in PBS, and 5x10° cells
were plated into plates with fresh M3434 methylcellulose and the process was repeated up to
6 generations. 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 L 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 WrightGiemsa 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.
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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 Chaflb in MLL-AF9 leukemia cells—MLL-AF9 cells were transduced
with MSCV-CreERT2 and selected for three days with puromycin at 10 pg/mL or five days
with blasticidin at 5 pg/mL (Invitrogen). After selection, LCs were treated with B-estradiol
(SigmaAldrich) dissolved in ethanol at 10~’M 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 pL of ATAC buffer
(25 pL 2x TD buffer, Nextera; 2.5 pL TDEL, Nextera; 0.5 uL Digitonin, Promega; 22 pL
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 previously described (Buenrostro et al.,
2013). Paired-end sequences were merged and aligned to the mouse (UCSC mm9).
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
performed with 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.

ChlP-segq—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
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chromatin was sonicated with a Covaris Focused-ultrasonicator and immunoprecipitated
with the indicated antibody. For samples utilized for ChlP-seq, libraries were prepared with
the high throughput library preparation kit standard PCR amp module (KAPA Biosystems)
for next-generation sequencing. ChIP-seq reads were aligned to the mouse (UCSC mm?9) 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,
ChiIP-seq in MLL-AF9 cells peak detection was performed with MACS (model-based
analysis of ChlP-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 by total coverage in this window. Heatmaps
and metagene plots of the genes with changed H3K27ac read coverage around the TSS
(x3kb) after Chafib 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-CAF1DN was sub-cloned from pCDNA3-HA-
p150c (gift from Peter D. Adams, UK Beatson, 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 into MSCV-blast from MSCVCreERT2-puro. RNAI consortium shRNA in
pLKO.1 were obtained from Sigma (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 pLentiCrisprVV2 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 ug/mL puromycin for 48 hours before validation of knockdown
efficiency by western blot or QPCR. Sequences of the shRNAs are provided in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

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

All ChIP-seq, ATAC-seq and RNA-seq datasets were deposited with accession number
GEO: GSE120063.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. CHAF1B is elevated in multiple blood and solid tumor types
. One allele of Chafibis sufficient for normal hematopoiesis
. Chaf1b deletion differentiates AML cells and prevents leukemia development
in vivo

. CHAF1B impairs occupancy of CEBPA on elements along myeloid
differentiation genes

\Wolk et al. show that overexpression of the chromatin assembly factor complex subunit
CHAF1B promotes leukemogenesis by interfering with chromatin occupancy of
transcription factors that promote myeloid differentiation. Reducing CHAF1B activity
suppresses leukemogenesis without impairing normal hematopoiesis.
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Significance

Overexpression of the chromosome 21 gene CHAFI1B is observed in acute myeloid
leukemia (AML), including cases with trisomy 21 or MLL rearrangements. Although
AML in Down syndrome has a favorable prognosis, individuals with MLL
rearrangements have a poor prognosis, and effective therapies are needed. We
demonstrate that the chromatin assembly factor complex (CAF1) member CHAF1B
blocks differentiation of leukemia cells by binding promoters of myeloid differentiation
genes and inhibiting their expression. Reduction of CAF1 activity by overexpression of a
dominant negative CAF1 mutant had no effect on healthy hematopoiesis but dramatically
suppressed the growth of MLL-AF9 leukemia cells /n vitro and in vivo. This work
therefore suggests that targeting the CAF1 complex may be a therapeutic strategy for
AML.
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Figure 1: Chaflb is required for hematopoiesis.
(A) Schematic of the floxed allele of Chafiband genotype confirmation in tail DNA. (B)

gPCR of CHAF1B transcription in HSPCs after infection with MIGR1-Cre. (C) Survival
curve of Mx1-Cre wild-type, Chaflb heterozygous or Chaflbhomozygous floxed mice
following pIpC treatment. (D) Peripheral blood white cells (WBC), red blood cells (RBC),
and platelet counts (PLT). (E) Sternum bone marrow H&E stain 10 days following pIpC
injection. Pictures are representative of three independent trials, scale bars represent 250 um.
(F) Contribution of Chaf1bwild-type, heterozygous and homozygous deficient cells to the
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peripheral blood following 1:1 competitive transplant. (G) Ly5.2 donor cell contribution to
the bone marrow 4 months after transplant. (H) Contribution of Chafi1bwildtype,
heterozygous and homozygous deficient cells to the peripheral blood of secondary transplant
recipients. () /n vitro competitive growth assay of HSPCs following introduction of Cre. (J)
HSPC colony formation assay following /n vitro deletion of Chafib. (K) Cell death
following Charf1b deletion by MIGR1-Cre. L) Cell cycle analysis of Chafibtargeted cells
by EdU/DAPI staining of HSPCs 72 hours post transduction. * indicates statistical
significance (p<0.05) as determined by log-rank test (C), one-way ANOVA with Bonferroni
correction (D, F-L). Results shown are representative of three independent biological
replicates (E), are depicted as mean +/- SD from three independent biological replicates (B,
I, J, L), are mean +/- SD from indicated numbers of mice (D, F, H), or mean +/- SD from
3-5 mice with points representing individual mice (G, K). See also Figures S1 and S2.
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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) 1/3'9 of patients based on CHAF1B expression. (B) Measurement of CHAF1B
expression in AML patient samples relative to proliferating CD34* cells by gRT-PCR. (C)
Measurement of CHAF1B expression in AML cell lines relative to proliferating CD34* cells
by gRT-PCR. Blue bars depict MLL rearranged cell lines. (D) Western blot of CHAF1B in
MSCV or MSCVCHAF1B 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) /n
vitro competition assay measuring the percentage of GFP* cells in suspension culture over
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time. (G) Cell cycle analysis (EdU/DAPI) of HSPCs 72 hours after transduction with
CHAF1B. (H) /n 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) Percentage of GFP* cells in the peripheral blood of secondary
recipients of bone marrow from mice in (E). Each line represents an individual mouse (K)
EdU incorporation in Lin- BM MNCs of mice 4 weeks following transplantation with
CHAF1B-overexpressing HSPCs. (L,M) LSK (L) and LK (M) populations in the hind limb
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. *
indicates statistical significance (p<0.05) when compared to MIGR1 control as determined
by log-rank test (A), one-way ANOVA with Bonferroni correction (B, E-G, H-J, N), Mann-
Whitney test (C), or two-tailed t-test with Welch’s correction (D, K-M). Results shown are
quantifications of at least three independent biological replicates or lines/points represent
individual mice. Bar graphs depict mean +/- SD. See also Figure S3 and Table S1.
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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 to HSPCs. (C) Western blot
of CHAF1B in Chaf1b™ MLL-AF9 LCs expressing MIGR1-CHAF1B or MIGR1-Cre. (D)
Colony forming unit assay of leukemic cells following transduction with MIGR1-CHAF1B.
Type 1 vs 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, verticle
line indicates SD, and each dot represents an individual mouse. (H) MDS plot of genes
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significantly changed in CHAF1B overexpressing leukemic cells vs control (p<0.01). (1,J)
GO pathway analysis of genes that are increased (l) or decreased (J) after CHAF1B
overexpression in leukemic cells. * indicates statistical significance (p<0.05) as determined
by log-rank test (F), two-tailed t-test with Welch’s correction (B, G), or one-way ANOVA
with Bonferroni’s correction (D). Results shown are indicative of at least three biological
replicates, or absolute numbers are notated. Bar graphs depict mean +/- SD.

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

\Volk et al. Page 30

>
vy
@)
O

—_

£ 1.0 © 60

o8 2 N * Chafib™ &
%‘Z‘: i =4 > 40 Chafb* G
sE 3 £ + Chafib” @
Q o 0.4 = g 20 *—% Vehicle =
BT o2 2 50 - S

£ 0.0 - 0 £ 0

&) R N £ & &\6 0 24 48 72

o o o & & Hours B-Estradiol Induction

E Chaf1b** Chaf1b** Chaf1b** F

- 0 e
B b
a, %

g

CD11b MFI
)
S
S
S

a® 2500 Chaf1b"*
REpa Chaf1b
@ 2000
= Qq/b‘ b‘xb'\q’

B-Estradioll

% EIOH Hours B-Estradiol Induction

CD11b

FSC

H Immune System Process
Cell Adhesion

Positive Regulation of Migration
Inflammatory Response

Cell Differentiation

vaue§ & & 2 2
p KR

UL I DNA Replication
Cell Proliferation
. Amino Acid Biosynthesis
£ 1961 genes up ATP Metabolic Process
1109 genes down Stem Cell Population Maintenance
VR -~ - || — NS s A9
0 2 4 6 8 10 12 pvalle & & & & O
log2(CPM)
J K 2x10% CreERT2* LCs ___
2x10° BM MNC Support
++
40 Gharth = —— Chaf1b** Tamoxifen
= 30 Chafib™" 51007 —— Chaf1b*" Tamoxifen
> Chafb s g _
8 20 , No LCs 2 504 —— Chaf1b"" Tamoxifen
2 10 2 é N — Chaf1b** Corn Oil
o s 8 0 — Chaf1b*" Corn Oil
0 = 0 L m— T T 1 Chafib"" C 0il
v oo X0 0 20 40 60 80 100 an=orm ol
. n=10 mice/group
Weeks post transplantation Days Post Transplant

Figure 4: Loss of Chaflb induces differentiation of MLL-AF9 leukemic cells.
(A) gRT-PCR analysis of MLL-AF9 leukemic cells (LCs) with CreERT2 for Chaflb mRNA

expression after Cre induction with estradiol. (B) Colony forming unit assay with CreERT2
MLL-AF9 LCs 24 hours after induction of Chafib deletion. (C) Annexin V/PI stain of LCs
after Cre induction with estradiol. (D) Cell cycle analysis of LCs 72 hours after Cre
induction with estradiol. (E) WrightGiemsa stain of leukemic cells 72 hours following
Chafl1b deletion. Scale bar indicates 50 um. Representative FACS plots (FSC vs CD11b) of
each condition are shown beneath the images. (F) Mean fluorescence intensity of CD34,
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CD117 and CD11b in leukemic cells following Chafib deletion. (G) MDS plot showing
genes with significantly (p<0.01) altered expression 48 hours after Chaf1b deletion. (H, I)
GO Pathway analysis of genes that are increased (H) or decreased (1) 48 hours following
Chaf1b deletion in leukemic cells. (J) Peripheral circulating leukocyte counts measured by
complete blood count. Gray box indicates dated of tamoxifen injections. (K) Survival of
recipient mice following injection with tamoxifen (solid lines) or vehicle (dotted lines). *
indicates statistical significance (p<0.05) as determined by One-way ANOVA with
Bonferroni’s correction (A-D, F, J), or log-rank test (K). Unless otherwise indicated, results
shown are representative of three independent biological replicates. Bar graphs depict mean
+/- SD. See also Figure S4.
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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). (G)
Distribution of CHAF1B occupancy in MLL-AF9 leukemia cells. (H) Meta-analysis of
ATAC-seq, H3K4me3, H3K27ac, PCNA, and input peaks localized to CHAF1B peaks in
MLL-AF9 LCs. (1) Meta-analysis of H3K27ac peaks that increase at CHAF1B occupied
sites before and after Charf1b deletion. (J) Track examples of Jundand TgmZ2. Gray boxes
indicate areas of interest. (K) Venn diagram of unique genes with discrete CHAF1B peaks
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compared to genes upregulated or downregulated 48 hours after Chaf1b deletion. (L)
GREAT analysis of genes and pathways localized near peaks determined in (K). See also
Figure S5.
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Figure 6: CHAF1B interferes with CEBPA to drive differentiation in leukemic cells.
(A) RNA-seq analysis in leukemic cells overexpressing CHAF1B or deleted for Char1b. (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 ChlIP-seq in
MLL-AF9 LCs. (D) Track example of Mpoand Lpo. Gray/dashed boxes indicate regions of
interest in Mpal Lpo respectively. (E) CEBPA mRNA levels after sShRNA knockdown in LCs
as measured by gRT-PCR. (F) Colony assay in leukemic cells with CEBPA shRNA
following Chaf1bhomozygous deletion by CreERT2. (G) Metaplot of significantly altered
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CEBPA peaks before and after Chaf1b deletion centered on CHAF1B peaks. (H) Log fold
change in significantly altered CEBPA peaks. (1) Gene ontology analysis based on the
nearest TSS to peaks identified in G and H. * indicates p<0.01 as determined by one-way
ANOVA with Bonferroni’s correction. Results shown are mean +/-SDinEand F. Cisa
compilation of two biological replicates. Individual replicates are shown in G. See also
Figures S6 and S7.
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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) CFU assay of LCs
expressing CHAF1B-gem after excision of endogenous Chafib. (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

indicate 2.5 um.

G) CFU assay in LCs expressing various CHAF1B deletion mutants after

excision of endogenous Chaflb. * indicates p<0.05 as determined by two-way ANOVA with
Bonferroni’s correction (D, G). Results shown are mean +/— SD (D, G) or representative of
three independent biological replicates (A-D, F).
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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. (C)
Morphology of leukemia cells 96 hours after induction of CHAF1B deletion. Scale bars
indicate 25 um. (D) CFU 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 bone marrow of mice reconstituted with MIGR1
or CAF1DN-expressing HSPCs. Horizontal lines indicate the mean, verticle lines indicate
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SD. (I) Colony replating assay with leukemic cells overexpressing MIGR1 or CAF1DN. (J)
Morphology of leukemic cells after third plating from G. Scale bars represent 25 um. (K)
Survival curve of recipient mice receiving 2000 LCs overexpressing CAF1DN. (L) CFU
assay in sorted MOLM13 and U937 cells expressing empty vector, CHAF1B, or CAF1DN.
(M) Proposed mechanism of CHAF1B-mediated gene expression. * indicates statistical
significance (p<0.05) as determined by one-way ANOVA with Bonferroni’s correction (A,
B, D, E, I, L), or Student’s t-test with Welch’s correction (F, G), or log-rank test (K). D, E,
H, I, L are mean = SD from three separate biological replicates, individual points symbolize
individual mice in F and G. See also Figure S8.
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