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The manipulation of DNA replication and transcription can be harnessed to control cell fate. Central to the regu-
lation of these DNA-templated processes are histone chaperones, which in turn are emerging as cell fate regulators.
Histone chaperones are a group of proteinswith diverse functions that are primarily involved in escorting histones to
assemble nucleosomes and maintain the chromatin landscape. Whether distinct histone chaperone pathways
control cell fate andwhether they function using relatedmechanisms remain unclear. To address this, we performed
a screen to assess the requirement of diverse histone chaperones in the self-renewal of hematopoietic stem and
progenitor cells. Remarkably, all candidates were required to maintain cell fate to differing extents, with no clear
correlation with their specific histone partners or DNA-templated process. Among all the histone chaperones, the
loss of the transcription-coupled histone chaperone SPT6 most strongly promoted differentiation, even more than
the major replication-coupled chromatin assembly factor complex CAF-1. To directly compare how DNA replica-
tion- and transcription-coupled histone chaperones maintain stem cell self-renewal, we generated an isogenic dual-
inducible system to perturb each pathway individually. We found that SPT6 and CAF-1 perturbations required cell
division to induce differentiation but had distinct effects on cell cycle progression, chromatin accessibility, and
lineage choice. CAF-1 depletion led to S-phase accumulation, increased heterochromatic accessibility (particularly
at H3K27me3 sites), and aberrant multilineage gene expression. In contrast, SPT6 loss triggered cell cycle arrest,
altered accessibility at promoter elements, and drove lineage-specific differentiation, which is in part influenced by
AP-1 transcription factors. Thus, CAF-1 and SPT6 histone chaperones maintain cell fate through distinct mecha-
nisms, highlighting how different chromatin assembly pathways can be leveraged to alter cell fate.
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Histone chaperones are a diverse family of proteins that
can bind specific combinations of histones and assemble
nucleosomes tomaintain the chromatin landscape during
DNA replication, transcription, recombination, and/or

repair (Burgess and Zhang 2013; Hammond et al. 2017;
Grover et al. 2018; Franklin et al. 2021). For example, some
histone chaperones bind exclusively to the replicative his-
tone dimers and assemble nucleosomes throughout the
genome during DNA replication, whereas others bind to
histone variants and assemble nucleosomes at specific
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genomic loci independently of DNA replication (Mattiroli
et al. 2015; Martire and Banaszynski 2020; Ray-Gallet and
Almouzni 2021). Moreover, histone chaperones perform
other complex functions, including in DNA and RNAme-
tabolism and the recruitment of regulatory proteins to
chromatin (Pardal et al. 2019; Franklin et al. 2021). De-
spite these general roles during various DNA transac-
tions, accumulating evidence supports specific roles of
histone chaperones in cell fate control (Filipescu et al.
2013; Cheloufi and Hochedlinger 2017; Franklin et al.
2021).

Ourwork and that of others have demonstrated a specif-
ic role for the chromatin assembly factor-1 (CAF-1) in safe-
guarding cell fate in various cellular contexts (Heyd et al.
2011; Cheloufi et al. 2015; Hatanaka et al. 2015; Ishiuchi
et al. 2015; Cheloufi and Hochedlinger 2017; Volk et al.
2018; Cheng et al. 2019; Ng et al. 2019; Zhang et al.
2022). CAF-1 is a trimeric histone chaperone complex
composed of CHAF1A, CHAF1B, and RBBP4 subunits
(Smith and Stillman 1989) that is involved in the DNA
replication-coupled deposition of newly synthesized repli-
cative histone H3:H4 dimers. In addition to its role in
chromatin assembly, CAF-1 is also involved in hetero-
chromatin regulation (Quivy et al. 2008; Cheng et al.
2019). Although CAF-1 plays a general role in chromatin
maintenance, studies in reprogramming, pluripotent
stem cells, and hematopoietic cells have shown that its
loss results in local chromatin changes that allow tran-
scription factors to bind regulatory regions and promote
the activation of fate genes (Cheloufi and Hochedlinger
2017; Franklin et al. 2021).

The role of histone chaperones in cell fate regulation
goes beyond replication-coupled chromatin assembly.
For example, SPT6 is a histone chaperone involved in
transcription-coupled chromatin maintenance and RNA
processing, regulating cell fate in different contexts (Bort-
vin and Winston 1996; Hartzog et al. 1998; DeGennaro
et al. 2013; Jeronimo et al. 2019; Bobkov et al. 2020; Vos
et al. 2020; Narain et al. 2021; Aoi et al. 2022; Miller
and Winston 2023; Miller et al. 2023). Moreover, given
its diverse functions, SPT6 has been implicated in both
cell identity maintenance and cellular differentiation
(Wang et al. 2013, 2017; Obara et al. 2020; Li et al. 2021;
Vo et al. 2021; Miller et al. 2023). For example, the loss
of SPT6 inmouse embryonic stem cells triggered their dif-
ferentiation (Wang et al. 2017). In contrast, studies in epi-
thelial and muscle cells point to the necessity of SPT6 in
promoting cell differentiation (Wang et al. 2013; Li et al.
2021; Vo et al. 2021). Noticeably, this divergent behavior
may depend on how SPT6 controls cell fate under self-re-
newal versus induced differentiation conditions.

Besides SPT6 and CAF-1, two major players in tran-
scription- and replication-coupled nucleosome assembly,
a number of other histone chaperones have been implicat-
ed in cell fate control, including those that associate with
specific histone variants (Franklin et al. 2021). However,
the implication of histone chaperones in cell fate regula-
tion is based on studying individual factors in different
cellular settings. Moreover, recent genome-wide screens
do not typically recover histone chaperones as major

hits and may be limited due to their pooled nature, cover-
age limitations, and sensitivity of the readout (Wang et al.
2021; Replogle et al. 2022; Do et al. 2024). To circumvent
these challenges, we performed an arrayed screen to sys-
tematically assess the function of known histone chaper-
ones in the maintenance of cell fate in the same cellular
setting. Specifically, we used a well-established and ro-
bust ex vivo hematopoietic system that has been widely
used to understand the mechanisms of normal differenti-
ation and malignant dependencies (Wang et al. 2006;
Sykes et al. 2016; Blanco et al. 2021; Franklin et al.
2022; Do et al. 2024). In this system, mouse bone marrow
cells are conditionally immortalized at the granulocyte
andmacrophage progenitors (iGMPs) state through the ex-
pression of a transgene encoding the HOXA9 transcrip-
tion factor fused to the estrogen receptor ligand binding
domain (ER-HOXA9) (Schnabel et al. 2000; Wang et al.
2006; Sykes et al. 2016). iGMPs are maintained in their
stem and progenitor state when cultured in estradiol (E2)
under self-renewing culture conditions. Notably, E2 with-
drawal induces their synchronous, homogeneous, and ter-
minal differentiation into functional neutrophils. Here,
we tested which histone chaperone pathways are impli-
cated in the maintenance of their stem cell state.

The combination of this robust hematopoietic system
and our focused screen approach revealed that inhibition
of all histone chaperones under self-renewal conditions
triggered some degree of iGMP differentiation, with
SPT6 scoring as the top candidate. Given the dynamic re-
lationship between transcription and replication (Chen
et al. 2019; Gnan et al. 2020), and to understand how the
manipulation of histone chaperone pathways coupled to
these processes affect cell identity, we generated a dual-in-
ducible iGMP system, where CAF-1 and SPT6 can be indi-
vidually perturbed. Although inhibiting either pathway
triggered iGMP differentiation, their mechanisms of ac-
tion had distinct effects, ultimately leading to different
lineage choices. Our study introduces a new paradigm to
study histone chaperones and reveals how replication-
and transcription-coupled processes function through dif-
ferent mechanisms to maintain the myeloid progenitor
cell state.

Results

A histone chaperone screen reveals a major role for SPT6
in maintaining cell identity

The iGMPs in our hematopoietic system can be main-
tained in culture as myeloid stem and progenitor cells
while retaining the potential to be induced into functional
macrophages or neutrophils, previously shown to recapit-
ulate normal in vivo differentiation (Wang et al. 2006;
Sykes et al. 2016). We reasoned that under self-renewing
conditions, any histone chaperone candidate required for
the maintenance of iGMPs will prevent their differentia-
tion into mature myeloid cells. Therefore, under self-re-
newing conditions, we depleted histone chaperones and
assessed differentiation using a pan-myeloid cell surface
differentiation marker, CD11b (Fig. 1A). To determine
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the role of histone chaperones in maintaining iGMP cell
identity, we designed a miR30-based shRNA library tar-
geting 25 histone chaperones (De Koning et al. 2007;
Das et al. 2010; Avvakumov et al. 2011), with each candi-
date defined as a protein that interacts with histones and
exerts nucleosome assembly. We targeted each histone
chaperone candidate with two to six shRNAs by individ-
ual retroviral transduction of iGMPs in parallel with a
control Renilla luciferase shRNA (shCtrl) (Supplemental
Table S1). iGMP differentiation was then quantified by
measuring the expression of CD11b using flow cytometry.
Targeting of all candidates induced differentiation to
a greater degree than the control shRNA, suggesting a
universal role of all histone chaperone pathways in the
maintenance of the iGMP self-renewing state (Fig. 1B;
Supplemental Fig. S1A,B).
Although we did not identify a clear trend between the

strength of differentiation and histone chaperone classifi-
cations, replication-independent histone chaperones
scored among the top hits (Fig. 1C; Supplemental Fig.
S1C). Interestingly, the top two candidates, SPT6 and
DAXX, have distinct roles in regulating the chromatin
landscape (Fig. 1C). DAXX deposits the histone H3.3 var-
iant in heterochromatic regions (Drané et al. 2010; Lewis
et al. 2010; He et al. 2015;Wasylishen et al. 2020), whereas
SPT6 recycles histones H3:H4 during transcription, facil-
itating the passage of RNA Pol II through nucleosomes
and maintaining centromeric regions (DeGennaro et al.
2013; Jeronimo et al. 2019; Bobkov et al. 2020; Miller
et al. 2023). We validated that shRNAs targeting Supt6
and Daxx induced differentiation in two independently
derived iGMP clones (Supplemental Fig. S1D). However,
only SPT6 exhibited a positive correlation between the
level of knockdown and the strength of iGMP differentia-
tion (Supplemental Fig. S1E). Based on this correlation,
the strong depletion of SPT6 protein, and the more pro-
found differentiation effect upon SPT6 loss (Fig. 1B,C;
Supplemental Fig. S1D–F), we focused subsequent analy-
ses on SPT6.
Additional shRNAs were designed targeting distinct

SPT6 mRNA sites using a colorless pLKO lentiviral
shRNA vector that allowed us to take advantage of the
pan-myeloid differentiation knock-in reporter transgene
lysozyme-GFP (GFP) (Faust et al. 2000) built into our
iGMP system (Supplemental Fig. S1G,H). Using two inde-
pendent lysozyme-GFP iGMP clones immortalized with
either ER-HOXA9 or ER-HOXB8 transgenes, we validated
that SPT6 knockdown induced expression of both theGFP
reporter and the CD11b surface marker (Supplemental
Fig. S1I,J). Notably, constitutive depletion of SPT6 result-
ed in decreased viability of the iGMPs, hindering further
analysis of our differentiation system (Supplemental Fig.
S1K). To overcome this effect on cell viability, we generat-
ed a Dox-inducible Supt6 tetO-shRNA, permitting con-
trolled SPT6 knockdown on demand in the iGMPs (Fig.
1D). Two independent Dox-inducible Supt6 shRNAs effi-
ciently depleted SPT6 and consistently triggered differen-
tiation in HOXA9 and HOXB8 iGMP clones (Fig. 1D–F;
Supplemental Fig. S1G). Importantly, we ruled out poten-
tial off-target effects of these shRNAs by add-back of an

RNAi-resistant SUPT6H (Supt6 human homolog)
cDNA, which efficiently suppressed the differentiation
phenotype triggered by Dox induction of both Supt6
shRNAs (Fig. 1G–I). Notably, overexpression of SPT6
alone did not affect the self-renewal state of iGMPs. Taken
together, these results indicate that SPT6 is essential to
maintain the self-renewing and undifferentiated state of
myeloid progenitors.

A novel dual-inducible system for perturbing replication-
and transcription-coupled chromatin assembly

Perturbations of the DNA replication and transcription
processes, not necessarily limited through manipulating
nucleosome assembly, can have profound influence on
cell fate. For example, a recent study demonstrated that
replication stress mediated by nucleotide depletion trig-
gers the differentiation of iGMPs (Do et al. 2024). More-
over, manipulation of transcription factors is known to
alter cell fate trajectories (Takahashi and Yamanaka
2016). Our screen revealed that histone chaperones play
a broad role in cell fate maintenance, with SPT6 having
themost pronounced effect (Fig. 1). Among the candidates
tested, SPT6 and CAF-1 stand out as major regulators of
transcription- and replication-coupled chromatin mainte-
nance. Consistently, upon closer examination of the
scores for our 25 histone chaperone candidates in recent
genome-wide CRISPR–Cas9 screens conducted in two in-
dependent human leukemic models as well as our iGMP
system (Wang et al. 2021; Replogle et al. 2022; Do et al.
2024), we found that SPT6 and CAF-1 promote cellular
differentiation across these distinct cellular contexts (Sup-
plemental Fig. S2A). Given these observations, we rea-
soned that the manipulation of these two pathways
individually can illuminate the mechanisms underlying
the activity of each factor, which can inform potential
strategies on how to control cell fate during these DNA-
templated processes (Fig. 2A).
To generate an inducible iGMP system in which CAF-1

and SPT6 pathways could be perturbed in an isogenic cel-
lular context, we built on our previously established sys-
tem of IPTG-inducible CAF-1 depletion (Franklin et al.
2022). We transduced our validated Dox-inducible Supt6
tetO-shRNA into iGMPs containing the IPTG-inducible
lacO-shRNA targeting the Chaf1b middle subunit of
CAF-1 (Figs. 1D, 2B). This double IPTG- and Dox-induc-
ible iGMP line allowed us to selectively perturb each
pathway and compare the individual effects, referred to
here as CAF-1 KD and SPT6 KD cell states (Fig. 2A,B).
Multiple double-inducible iGMP clones were derived

that demonstrated pronounced differentiation upon Dox
induction (Fig. 2C). Consistent with the 14 Supt6 shRNAs
tested (Supplemental Fig. S1G), the differentiation
strength of these clones correlated with the degree of
SPT6 knockdown (Fig. 2C–E). Moreover, HOXA9 clones
bearing the Dox-inducible Supt6 shRNA without the
CAF-1 IPTG-inducible shRNA also exhibited a strong
dose-dependent differentiation phenotype, measured by
activation of the lysozyme-GFP reporter and loss of the
stemness marker cKit (Supplemental Fig. S2B–G).

Cell fate control via divergent chromatin sites
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Figure 1. SPT6 and other histone chaperone pathways maintain iGMPs. (A) Schematic for the arrayed screen design targeting 25 different
histone chaperones through individual retroviral infection with pLMN-miR30-shRNAs. Infected (GFP+) cells were analyzed for mean fluo-
rescence intensity (MFI) of CD11b expression with flow cytometry. (HC) Histone chaperone. (B) Screen results showing the differentiation
score of individual shRNAs in iGMPs. The differentiation score is based on the Z-score of CD11b geometric mean fluorescence intensity
(MFI) (see the Materials and Methods; Supplemental Fig. S1A,B). Colored points represent shRNAs targeting Supt6 (blue), Daxx (purple),
Chaf1b (red), Chaf1a (light red), and Renilla luciferase (shCtrl; black). Data represent the average Z-score of n=3 experimental replicates.
(C ) Annotation table of targetedhistone chaperones. Categories include histone chaperones known to interactwith replicative histones, var-
iant histones, H2A/H2B, orH3/H4 and histone chaperones known to be involved in replication-dependent (RD) and replication-independent
(RI) pathways. Z-score represents the average of all shRNAs in B targeting the indicated histone chaperone. (D, top panel) Schematic of the
tetO-shRNA (EZ-tet-pLKO-Blast; Addgene 85973) used for shCtrl and inducible depletion of SPT6. (Bottom panel) Western blot quantifying
SPT6with ACTIN as a loading control after 2 days of Dox induction. HOXA9-iGMPs andHOXB8-iGMPs transducedwith two independent
tetO-shRNAs targeting Supt6 (shSupt6-13/14) and a scrambled shRNA as control (shCtrl). (E) Histograms showing GFP expression quanti-
fied with flow cytometry in HOXA9-iGMPs and HOXB8-iGMPs after 2 day Dox induction of shCtrl or one of two independent Supt6
shRNAs (shSupt6-13/14). (F ) Bar plots summarizing the percentage of GFP+ cells shown in F. Experiments represent one polyclonally trans-
duced population per cell line and shRNA. Experiments with HOXA9-iGMPs fromD–Fwere independently repeated three times with con-
sistent results. (G, top panel) Schematic of rescue experiment performed by transducing tetO-shSupt6-HOXA9-iGMPs with pUltra
expression vector containing the ubiquitin C promoter driving a polycistronic transcript. The HA-SPT6 vector encodes mCherry (mCh),
P2A self-cleaving peptide, and HA fused to the SUPT6H N terminus (HA-SPT6; human SPT6 homolog). pUltra backbone with mCh still
encoded was used as a control (mCh only). Cells treated with Dox for 2 days were analyzed with flow cytometry and Western blotting
and compared with untreated iGMPs. (Bottom panel) Western blot quantifying HA and SPT6 expression with ACTIN as a loading control.
Cells with exogenous HA-SPT6 ormCh only were measured before and after 48 h of Dox induction. (H)Histogram showing GFP expression
quantified with flow cytometry. shSupt6-13 and shSupt6-14 HOXA9-iGMPs with mCh only or with HA-SPT6 are treated with Dox for 2
days. Representative of n=3 clonal replicates. (I ) Bar plot summarizing fold induction of GFP (= +Dox GFP MFI/−Dox GFP MFI) as shown
in H. n=3 clonal replicates for each shRNA and condition. The dotted line represents no fold induction (=1).
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Collectively, these multiple iGMP clones allowed us to
selectively perturb SPT6 and CAF-1 pathways and com-
pare their effects individually. Moreover, HOXA9
inactivation by E2 withdrawal within these dual-induc-
ible clones allowed us to compare these conditions
with normal differentiation (Wang et al. 2006; Sykes
et al. 2016), referred to here as the neutrophil cell state
(Fig. 2B).

Next, we analyzed viability, target protein depletion,
and differentiation over time in two independently de-
rived dual-inducible clones following SPT6 or CAF-1
depletion (Fig. 2F–I; Supplemental Fig. S3A–D). In both
systems, target depletion was achieved as early as 24 h af-
ter Dox or IPTG treatment (Fig. 2G; Supplemental Fig.
S3A,B). Consistent with the mixed-lineage state of CAF-
1 KD iGMPs (Franklin et al. 2022), dual-inducible clones
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maintained stemness gene expression despite gaining
GFP (Fig. 2H–I; Supplemental Fig. S3C,D). In contrast,
SPT6 depletion exhibited a stronger phenotype resem-
bling the neutrophil-induced condition but severely im-
pairing cell growth after 48 h (Fig. 2F,H,I). Based on
these findings, we focused subsequent analyses on the
24 and 48 h time points to investigate themechanisms un-
derlying the differentiated states resulting from SPT6 or
CAF-1 depletion.

Distinct transcriptional and replicative effects induced
by CAF-1 and SPT6 perturbation during the cell cycle

Progression through cell division provides a window of op-
portunity for cell fate changes, as demonstrated across var-
ious reprogramming and differentiation systems as well as
during normal development and tissue homeostasis (Soufi
and Dalton 2016; Liu et al. 2019; Martell et al. 2023). How-
ever, how histone chaperones influence cell fate decisions
during the different phases of the cell cycle remains elu-
sive. We previously reported that CAF-1 KD iGMPs couple
differentiation with cell cycle progression, whereas iGMPs
can differentiate into neutrophils during G1/G0 arrest
(Franklin et al. 2022). Given the stronger differentiation
phenotype induced by SPT6 depletion and themore abrupt
effect on cell viability (Fig. 2), we addressedwhether cell cy-
cle progression in the SPT6 KD cells was also uncoupled
fromdifferentiation. SCFwas omitted from the cultureme-
dia to induce a G1/G0 arrest (Fig. 3A–C; Supplemental Fig.
S4A,B), and differentiation was quantified in SPT6 KD,
CAF-1KD, andneutrophil cell states. As reported previous-
ly, HOXA9 inactivation exhibited a normal differentiation
response concomitant with cell cycle arrest, whereas the
differentiation of CAF-1 KD cells was dependent on cell cy-
cle progression (Fig. 3B,C; Franklin et al. 2022; Do et al.
2024). Strikingly, cells arrested after SPT6 KD did not dif-
ferentiate despite the phenotypic parallels with neutrophil
differentiation (Fig. 3B,C). We complemented this result
using a label retention assay (CellTrace) to track the differ-
entiation dependency on cellular divisions. The number of
cell divisions and differentiation of cells was tracked over
48 h using flow cytometry (Supplemental Fig. S4C,D). Re-
markably, the SPT6 KD and CAF-1 KD cells responded
similarlywhere cells undergoing the fewest numberof divi-
sions exhibited no differentiation. In contrast, neutrophils
exhibited a higher degree of differentiation in populations
with comparably fewer cell divisions (Supplemental Fig.
S4C,D). Of note, faster-dividing cells exhibited better dif-
ferentiation outcomes in all three conditions, reinforcing
the idea that cell cycle progression promotes cell fate
changes.

Given the distinct roles of SPT6 and CAF-1 in chroma-
tin assembly (Fig. 2A), we assessed their impact on global
transcription and DNA synthesis across the cell cycle. To
this end, we measured EU and EdU incorporation using
click chemistry as a function of DNA content, allowing
us to track nascent RNA andDNA synthesis across differ-
ent cell cycle phases.

Our analysis revealed striking differences, with SPT6
depletion specifically reducing RNA synthesis during

G1/G0 (Fig. 3D,E; Supplemental Fig. S4E). Notably,
SPT6-depleted cells gradually accumulated in G1/G0,
mirroring neutrophil differentiation, whereas the remain-
ing S-phase cells exhibited a sharp reduction in EdU incor-
poration, reflecting reduced replicative activity (Fig. 3F–I).
In contrast, CAF-1-depleted cells accumulated in S phase,
showing a slower and more moderate decline in EdU in-
corporation (Fig. 3F–I), consistent with the reduced
DNA replication speed observed upon rapid CAF-1 degra-
dation in human cells (Dreyer et al. 2024). Furthermore,
analysis of lysozyme-GFP reporter expression as a func-
tion of DNA content revealed that upon SPT6 depletion,
differentiated cells predominantly accumulated in G1/
G0, whereas CAF-1 depletion led to their accumulation
in S phase (Fig. 3J; Supplemental Fig. S4F).

Together, our data suggest that the differentiation in-
duced by CAF-1 and SPT6 perturbations depends on cell
cycle progression, with distinct effects on global DNA
replication and transcription (Fig. 3; Supplemental Fig.
S4). These effectsmay lead to a replication stress response,
ultimately driving cellular differentiation, as recently
demonstrated (Sykes et al. 2016; Do et al. 2024). To assess
this, we examined the activity of the ataxia-telangiectasia
mutated and Rad3-related (ATR) signaling pathway by
probing the phosphorylation states of ATR targets Chk1
and RPA32, finding no response under either condition
(Supplemental Fig. S5A). We then measured H2AX phos-
phorylation, which can respond to transcription-associat-
ed DNA damage independently of the ATR pathway (Mah
et al. 2010; Barlowet al. 2013; Zeman andCimprich 2014).
Although CAF-1 depletion did not induce a response,
SPT6 depletion led to a modest increase in H2AX phos-
phorylation compared with control cells treated with
the DNA replication inhibitor hydroxyurea (Supplemen-
tal Fig. S5A). Moreover, immunofluorescence analysis of
SPT6-depleted cells revealed pronounced punctate foci,
suggesting local DNA damage sites (Supplemental Fig.
S5B–D). Together, our results indicate that CAF-1 and
SPT6 perturbations drive cellular differentiation in a cell
cycle-dependent manner, with CAF-1 primarily affecting
S phase, and SPT6 playing a more pronounced role in
G1/G0.

Shared and unique transcriptional signatures of SPT6
and CAF-1 loss in iGMPs

To determine the underlying transcriptional response of
the cellular phenotypes observed upon SPT6 and CAF-1
depletion compared with normal neutrophil differentia-
tion (Figs. 2, 3), we performed transcriptional profiling
48 h following induction of SPT6 KD, CAF-1 KD, or neu-
trophil differentiation. Global analysis of differentially ex-
pressed genes (DEGs) revealed that SPT6 KD cells
manifested the highest number of transcriptional chang-
es, with both SPT6KD andCAF-1 KD cells demonstrating
a bias toward transcriptional upregulation of DEGs (SPT6
∼65% and CAF-1 ∼90%) (Fig. 4A,B). Pairwise compari-
sons upon depletion of either histone chaperone revealed
that many CAF-1 KD upregulated genes are also upregu-
lated in SPT6 KD iGMPs (Fig. 4C). In contrast, when
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Figure 3. Cell cycle dependencies upon CAF-1 and SPT6 perturbations. (A) iGMPs were arrested with 0.1× or 0.01× SCF (arrest), in par-
allel with normal 1× SCF treatment. For SPT6 KD and CAF-1 KD conditions, arrest was performed following 12 h of pretreatment with
Dox and IPTG, respectively. For neutrophil differentiation conditions, cells were arrested for 12 h before inducing differentiation for 36
h. SCF concentrations were maintained throughout the 48 h (arrest). Samples were collected “postarrest” to confirm arrest (see Supple-
mental Fig. S4A,B) and at the “end point” as shown in the schematic. (B) Histograms showing cKit and GFP expression quantified by flow
cytometry at the “end point” of each treatment, as shown in A. iGMP, SPT6 KD, CAF-1 KD, and neutrophil histograms are overlaid for
each SCF condition. (C ) Quantification of GFP and cKit expression levels shown in B for each treatment relative to 1× SCF. n=2 clonal
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replicates. Phases were gated based on DAPI signal (see also histograms in Supplemental Fig. S4E). (F ) Cell cycle plots showing EdU in-
corporation and total DNA staining (DAPI) quantified with flow cytometry. G1/G0, S, and G2/M cell cycle phases are gated based on
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as shown in H for n= 2 clonal replicates. (J) Cell cycle plots as shown in F, but with GFP− (gray) and GFP+ (green) cells displayed for
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Fig. S4F).
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Figure 4. Common and distinct transcriptional signatures upon SPT6 and CAF-1 loss in iGMPs. (A) Venn diagrams showing the overlap of
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are upregulated or downregulatedwithin each condition. Thenumber ofDEGs is presentedwithin the respective bars. (C ) RNA-seqXYplots
showing pairwise comparisons of gene log2 transformed fold changes (LFCs). For each plot, genes differentially expressed (FDR<0.05 and
|LFC| >1) in both conditions are shown in black. Genes differentially expressed in only one of the displayed conditions (unique DEGs) are
colored according to their respective conditions. Dotted lines indicate twofold change cutoffs. The number of commonDEGs in each quad-
rant is givenwith the percentage of all commonDEGs. Select genes are labeled following the same color scheme. LFCs represent n=2 clonal
replicates. Pearson’s correlation coefficient (r) is providedwithP-values<2.2 ×10−16. (D) RNA-seq volcano plot. Log2 transformed fold chang-
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compared with neutrophil differentiation, many CAF-1
KD or SPT6 KD upregulated genes are instead downregu-
lated (Fig. 4C). Interestingly, when considering commonly
downregulated genes between CAF-1 KD and SPT6 KD
iGMPs (albeit below our twofold change cutoff), we found
that replicative histone genes followed the same trend
(Supplemental Fig. S6A). This is consistent with the fact
that replicative histone genes are induced during S phase
(Groth et al. 2007; Günesdogan et al. 2014; Marzluff and
Koreski 2017; Mendiratta et al. 2019) and thus are sensi-
tive to these perturbations and accompanying cell cycle
defects and dependencies (Fig. 3; Supplemental Fig. S4).
Additionally, we also detected the upregulation of
several histone variant genes in all conditions (Supple-
mental Fig. S6A). This trend is particularly more pro-
nounced in CAF-1 KD iGMPs for H3 variant genes
H3f3b and H3f4, suggesting a compensatory mechanism
tomaintain chromatin, as reported previously (Ray-Gallet
et al. 2011). Together, the common regulation of gene ex-
pression upon CAF-1 and SPT6 depletion supports their
redundant role to promote cellular differentiation despite
their independentmolecular roles inDNA replication and
transcription.
To understand the significance of these transcriptional

changes (Fig. 4A–C), we first focused on specific genes rel-
evant to our differentiation system. To this end, we exam-
ined the behavior of neutrophil-specific genes and a
previous hematopoietic multilineage gene set regulated
by CAF-1 in our iGMPs and in primary mouse HSPCs
(Fig. 4C–E; Franklin et al. 2022; Do et al. 2024). Consistent
with our screen readout, we found commonly regulated
myeloid transcription factors and neutrophil-specific
genes in all three conditions (Fig. 4E). However, when con-
sidering the multilineage gene set, the gene expression
changes support their common regulation by CAF-1 and
SPT6 but not HOXA9, given that most of them are un-
changed or downregulated during neutrophil differentia-
tion (Fig. 4D,E). This finding, together with the observed
bias toward transcriptional upregulation, suggests that
both histone chaperone pathways restrict aberrant gene
expression to maintain the identity of iGMPs (Fig. 4A–E).
We next examined transcriptional effects that are specif-

ic to SPT6, given its broad role in regulating gene transcrip-
tion. Indeed, compared with CAF-1 KD cells and
neutrophils, SPT6 KD iGMPs have a greater number of
uniquely upregulated and downregulated genes (1946 and
1152, respectively) (Fig. 4A,B). Moreover, gene ontology
analysis using the Hallmark gene sets revealed unique en-
richment of the TNF-α signaling pathways in SPT6 KD-
upregulated genes, whereas SPT6KD-downregulated genes
were enriched for cell cycle and Myc targets (Fig. 4F; Sup-
plemental Fig. S6B). In contrast, CAF-1 KD- and neutro-
phil-upregulated genes revealed significant enrichment in
distinct inflammatory responses such as interferon γ,
with no specific enrichment of downregulated genes.
Although neutrophil-downregulated genes did not have

any strongly enriched Hallmark gene sets, we confirmed
that they were enriched for myeloid gene regulation using
the transcription factor (TF) perturbation gene sets (Sup-
plemental Fig. S6C). For example, in neutrophils, Myc-ac-

tivated targets and CEBPA-repressed targets were
downregulated. Furthermore, in neutrophil-upregulated
genes, we noted myeloid TF networks being highly en-
riched, further confirming their myeloid commitment
status.
Altogether, the common transcriptional responses in

CAF-1 KD, SPT6 KD, and neutrophils cell states are con-
sistent with the differentiation phenotype observed in all
conditions (Fig. 4A–E). However, the unique transcrip-
tional changes may explain differences in cell cycle dy-
namics and cell identities (Figs. 2, 3), which may be
controlled by the divergent chromatin functions of SPT6
and CAF-1 (Figs. 1C, 2A).

SPT6 and CAF-1 safeguard distinct chromatin
environments in iGMPs

Given the common and distinct transcriptional signatures
triggered by CAF-1 and SPT6 depletion (Fig. 4; Supple-
mental Fig. S6) and their known function in replication
and transcription, we investigated how these perturba-
tions may influence chromatin accessibility. To this
end, we performed assay for transposase-accessible chro-
matin followed by sequencing (ATAC-seq) after 48 h in
each condition. Differentially accessible regions (DARs)
were computed globally by comparing SPT6, CAF-1, and
neutrophil conditions with untreated iGMPs (Fig. 5A,B).
The loss of CAF-1 triggered a relatively small number of
DARs with a strong bias toward opening of chromatin (n
= 3554 for open and n= 1433 for closed DARs). In contrast,
SPT6 KD cells and neutrophil differentiation resulted in
more accessibility changes, with SPT6 KD cells having
the most sites (n= 11,624 for open and n = 9340 for closed
DARs) (Fig. 5A,B).
Remarkably, even though the three conditions resulted

in cell differentiation, therewas little overlap between the
three conditions (n = 53 for open and n = 192 for closed
DARs) (Fig. 5A). Moreover, the magnitude of opening
and closing of these DARs differed, with SPT6 KD having
the strongest effect on increased chromatin accessibility
(Fig. 5C; Supplemental Fig. S7A). Consistent with the
unique transcriptional response of SPT6 KD cells (Fig.
4A,B), a substantial number of open and closed DARs
were also unique to SPT6 KD (Fig. 5A).
To understand whether changes were localized to spe-

cific genomic regions, we assessed the genomic annota-
tions and chromatin features of open and closed DARs
across the three conditions (Fig. 5D,E; Supplemental Fig.
S7A). As expected, most DARs mapped to intronic and
intergenic regions regardless of opening or closing, except
for the openedDARs of SPT6 KD, where ∼65%mapped to
gene promoters (Fig. 5D). This enrichment is approxi-
mately threefold higher than in neutrophils and CAF-1
KD, highlighting a potential specific role of SPT6 in regu-
lating promoter elements that cannot be compensated for
by other chromatin factors (Fig. 5D). This is unexpected
because SPT6 participates in all steps of the transcription-
al process, suggesting compensatory mechanisms outside
promoter regions (DeGennaro et al. 2013; Gopalakrishnan
and Winston 2021; Narain et al. 2021).

Cell fate control via divergent chromatin sites
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Figure 5. SPT6 and CAF-1 coordinate reg-
ulation of distinct chromatin environ-
ments. (A) Venn diagrams showing the
overlap of opened (LFC>1 and FDR< 0.05)
or closed (LFC<−1 and FDR < 0.05) differ-
entially accessible regions (DARs) between
SPT6 KD, CAF-1 KD, and neutrophil dif-
ferentiation. Opening and closing are quan-
tified with ATAC-seq and relative to
accessibility in iGMPs. (LFC) Log2 trans-
formed fold change. (B) Stacked bar plot
showing proportions of DARs that are
opened or closed for each condition, with
the number of DARs displayed inside
the bar. (C ) ATAC-seq metaplots showing
mean counts per million over differentially
accessible regions (DARs). Metaplots for
each condition (colored lines) are overlaid
on the corresponding ATAC-seq signal in
iGMPs (black lines). The X-axis represents
the center of each DAR as 0, with a ±1.5
kb genomic window. Metaplots represent
n = 2 clonal replicates and quantify average
counts per million over 10 bp bins. (D)
Stacked bar plots showing proportions of
opened and closed DARs annotated to ge-
nomic regions. Promoters are defined as
within 1.5 kb upstream of or 500 bp down-
stream from annotated transcription start
sites. UTRs are defined as DARs overlap-
ping annotated 5′ or 3′ genic untranslated
regions. Exons and introns are DARs that
overlap annotated exonic or intronic re-
gions, respectively. Intergenic regions are
defined as all other DARs not overlapping
one of the other genomic features. Annota-
tions are presented in the order of priority
and assigned with at least 1 bp overlap. (E)
ChIP-seq (H3K27ac and H3K4me3) and
CUT&RUN (H3K4me1, H3K27me3, and
H3K9me3) metaplots showing mean signal
in iGMPs (fold change enrichments over
input or IgG, respectively). Mean signal is
averaged in 10 bp bins over 3 kb windows
centered on opened or closed DARs from

each condition (|LFC| > 1 and FDR< 0.05) or on ATAC-seq peaks not differentially accessible (no change; |LFC| < 0 or FDR> 0.05). Meta-
plots represent n = 3 (H3K27ac, H3K4me1, H3K9me3, and H3K27me3) and n = 2 (H3K4me3) independent experiments. (F ) H3K27me3
CUT&RUN and H3K4me3 ChIP-seq metaplots, as shown in E, showing mean signal in iGMPs. Mean signal is averaged in 10 bp bins
over 3 kb windows centered on TSSs of differentially expressed genes (RNA-seq read counts with |LFC| > 1 and FDR< 0.05) in each con-
dition or centered on randomly sampled TSSs from genes not differentially expressed (no change; |LFC| < 0 or FDR> 0.05) or from genes
not detected (RNA-seq CPM=0 in all conditions). (G) Box plots summarizing the gene-wise log2 transformed RNA-seq counts per mil-
lion (CPM) of all detected genes (black box plots) in each condition. Themedian, second/third quartiles, and 1.5× interquartile range are
represented as the center line, box bounds, and extended lines, respectively. Red and blue dots represent lowly expressed (<3 CPM in
iGMPs) genes with H3K27me3-marked (red) or H3K4me3-marked (blue) promoters. Mean CPMs are represented for n = 2 clonal repli-
cates. Pairwise Wilcoxon rank sum tests were performed with Holm’s correction for multiple comparisons. (∗) P = 0.018, (∗∗) P =
0.00022, (∗∗∗) P < 2.2 × 10−16. (H) Genomic snapshots of SPT6 KD- and CAF-1 KD-responsive genes from the IGV genome browser using
the mm10 reference. Baseline chromatin tracks are displayed as base-pair resolution fold change over background (input for H3K27ac,
H3K4me3 ChIP-seq, and IgG for H3K4me1, H3K27me3, and H3K9me3 CUT&RUN) in iGMPs. ATAC-seq tracks are base-pair resolu-
tion counts per million (CPM) in each indicated condition (iGMPs, SPT6 KD, CAF-1 KD, or neutrophils). RNA-seq tracks are displayed
as base-pair resolution CPM in each indicated condition. Schematics for expressed genes are displayed below the snapshots, with
UTRs, exons, and introns represented. Arrows indicate the direction of transcription. Bracketed numbers represent the scale maxi-
mum. Shaded boxes display regions of interest within the snapshot associated with accessibility changes and certain histone mark en-
richments. A scale bar and starting coordinate are shown for each locus.
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Figure 6. SPT6 uniquely maintains AP-1 (FOS/JUN family) binding sites. (A) TOBIAS ATAC-seq footprinting volcano plot showing the
predicted changes in total transcription factor binding between SPT6 KD and CAF-1 KD. Red dots represent genes from the TNF-α signal-
ing via NF-kB gene set (see Fig. 4F), with the FOS and JUN transcription factor family labeled. (B) Schematic of AP-1 TF miniscreen de-
pleting FOS and JUNTFs in the context of SPT6KD,CAF-1 KD, and neutrophil differentiation conditions. (C ) Heatmap of cKit+ andGFP+

population fold changes quantified by flow cytometry relative to scrambled shRNA (shCtrl) in each condition. Log2 fold changes for n=2
clonal replicates are shown in individual columns. (D) Reverse transcription quantitative PCR (RT-qPCR) of Fosl2mRNA for n=2 clonal
replicates in iGMPs transduced with shCtrl, shFosl2-1, or shFosl2-2, quantified 3 days after infection. (E) Histogram showing FOSL2 ex-
pression quantified by flow cytometry. iGMPs were transduced with two independent shRNAs targeting Fosl2 and compared with shCtrl
cells transducedwith scrambled shRNA.Depletionwas quantified 3 days after infection. Histograms are representative of n =2 clonal rep-
licates. (F ) Bar plot summarizing FOSL2 expression withmean fluorescence intensity (MFI) shown in E relative to the shCtrl. Themean of
n=2 clonal replicates. (G) Histograms showing GFP expression quantified with flow cytometry 5 days after transducing nontargeting
shRNA (shCtrl) or Fosl2 shRNAs, including 2 days of inducing with SPT6 KD, CAF-1 KD, and neutrophil differentiation. Representative
of n=2 clonal replicates. (H) Bar plots summarizing GFP mean fluorescence intensity (MFI; from samples in G) relative to shCtrl.
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To examine whether the initial iGMP chromatin states
can predict the accessibility changes, we used our previ-
ously described maps of active and repressive histone
marks in iGMPs (Franklin et al. 2022) and compared their
enrichment over the opened, closed, and unchanged chro-
matin regions in all three conditions (Fig. 5E; Supplemen-
tal Fig. S7A). Consistent with the finding of promoter
sensitivity following SPT6 loss, we detected a stronger en-
richment of H3K4me3 and H3K27ac at the opened DARs
in SPT6 KD cells, suggesting that SPT6 maintains nucle-
osome density at active promoters. In contrast, we detect-
ed a strong enrichment of H3K27me3 and H3K9me3 at
the opened DARs compared with the closed and un-
changed DARs in CAF-1 KD cells. Notably, neutrophil
differentiation did not show similar trends of histone
mark enrichments, except for H3K9me3, suggesting
unique roles for SPT6 and CAF-1 in the maintenance of
promoters and H3K27me3 elements, respectively. The
pairwise comparison of chromatin accessibility changes
in all three conditions highlighted the unique roles of
SPT6 andCAF-1 inmaintaining nucleosomes at divergent
chromatin environments, given the negligible overlap in
DARs between these two conditions (Fig. 5A; Supplemen-
tal Fig. S7B).

This divergent effect of SPT6 KD and CAF-1 KD on
chromatin regions may explain their distinct transcrip-
tional signatures and subsequent differences in cell identi-
ty. Indeed, when we examined transcriptional changes of
genes neighboring DARs, we found intriguing differences.
Although the opened sites predominantly resulted in in-
creased expression of neighboring genes in all three condi-
tions, we found a regulatory decoupling at the closed
DARs in SPT6 KD and CAF-1 KD conditions (Supplemen-
tal Fig. S7C,D). Here, a large proportion of these closed
sites (∼55% for SPT6 KD and >90% for CAF-1 KD) had
upregulated gene neighbors comparedwith neutrophil dif-
ferentiation, where ∼30% of closed sites had upregulated
gene neighbors (Supplemental Fig. S7C,D). Interestingly,
we detected a stronger H3K4me1 enrichment in closed
DARs in all conditions, suggesting a commonmechanism
for aberrant activation of neighboring genes at these
closed sites (Fig. 5E; Supplemental Fig. S7A).

We next examined chromatin features over the promot-
ers of DEGs, with a focus on H3K4me3 and H3K27me3
marks, given their profound enrichments in SPT6 KD
and CAF-1 KD open DARs, respectively. H3K4me3 was
enriched regardless of gene expression changes, whereas
H3K27me3 was preferentially enriched at CAF-1 KD-
upregulated DEGs (Fig. 5F). Consistent with this observa-
tion, low-expressed and nonexpressed genes (CPM<1)
with H3K27me3-marked promoters showed significant
upregulation in CAF-1 KD compared with neutrophil dif-
ferentiation and SPT6 KD cells, especially among the low-
est-expressed genes (Fig. 5G). However, this uniqueCAF-1
KD sensitivity was not observed with H3K4me3-marked
promoters (Fig. 5G). Together, these results suggest that
H3K27me3-marked regions are specifically sensitive to
the loss of CAF-1, resulting in increased gene expression
in these regions. This may be due to loss of chromatin
compaction or decoupling of repressive chromatin factors

from H3K27me3 chromatin. We did not observe a similar
trend with SPT6 KD, suggesting alternative mechanisms
leading to transcriptional activation of SPT6-sensitive
promoters.

Many of the opened promoters in SPT6 KD iGMPs in-
volved signaling genes, including Rgs1, Jun, and Fos.
This finding was consistent with the enrichment of the
TNF-α–NF-κβ signaling pathway that we detected, with-
out considering changes in chromatin accessibility (Figs.
4F, 5H; Supplemental Fig. S8A). Gene ontology analysis
of the genes neighboring SPT6 KD open DARs revealed
even stronger enrichment of the TNF-α–NF-κβ signaling
pathway (Supplemental Figs. S7C,D, S8B). The enrich-
ment in this subset of upregulated genes suggests an ex-
quisite sensitivity of these promoters to SPT6 loss. In
contrast, open sites in CAF-1 KD cells involved fate genes
marked with H3K27me3, consistent with the mixed line-
age and dysfunctional state of these cells (Fig. 5H; Supple-
mental Fig. S8A).

Taken together, our analysis of the chromatin state at
differentially accessible regions revealed that promoters
are sensitive to SPT6 loss, and heterochromatic regions
(H3K27me3-enriched sites in particular) are sensitive to
CAF-1 loss. Furthermore, these observations suggest
that SPT6 and CAF-1 specifically maintain the chromatin
landscape at distinct chromatin elements, and that the ac-
tivity of histone chaperones at these sites is required to
maintain cell fate.

Perturbation of SPT6 and CAF-1 leads to unique changes
in transcription factor chromatin accessibility

The transcriptional response at CAF-1- and SPT6-sensi-
tive sites and subsequent cell fate change may be depen-
dent on the availability of specific transcription factors
(TFs) that can bind these regions and regulate target genes.
The correlation between chromatin accessibility and tran-
scription suggests that these TFs may act as activators
(Supplemental Fig. S7C,D). To identify functionally rele-
vant TF candidates, we used TOBIAS ATAC-seq foot-
printing to compute differential binding scores of TF
binding sites (Bentsen et al. 2020). By comparing CAF-1
KD and SPT6KDATAC-seqmaps, we noted that TF bind-
ing sites differed between the two conditions (Fig. 6A).
Consistent with the enrichment of the TNF-α–NF-κB sig-
naling pathway in SPT6 KD-upregulated genes, including
the strong transcriptional activation of some of these fac-
tors in SPT6KD cells (Figs. 4C, 5H; Supplemental Figs. S8,
S9A), we found that binding sites for JUN/FOS family
members were especially enriched in the footprint analy-
sis (Fig. 6A). This class of proteins is known to form AP-1
TF complexes in various combinations and is encoded by
early immediate genes that respond to various cellular
processes, including proliferation, apoptosis, and differen-
tiation (Liebermann et al. 1998).

To functionally determine whether JUN/FOS family
members are driving the differentiation phenotype in
SPT6 KD cells, we performed a focused AP-1 TF shRNA
screen (Fig. 6B,C). iGMPs with individual constitutive
AP-1 TF knockdown were assessed for effects on cellular
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differentiation induced by SPT6 KD, CAF-1 KD, and neu-
trophil conditions. Unexpectedly, the depletion of thema-
jority of these TFs in conjunction with inducing
differentiation in all three conditions further enhanced
the phenotype. However, we found that the depletion of
these TFs alone prior to the induction of the three condi-
tions was sufficient to induce differentiation, arguing that
they are required for the maintenance of iGMPs (Fig. 6C).
This initial differentiation state triggered by the AP-1 TF
knockdown alone in iGMPs may then sensitize the re-
sponse after induction of SPT6 KD, CAF-1 KD, and neu-
trophil differentiation. Notably, FOSL2 was the only
candidate whose depletion showed a consistent rescue of
the differentiation induced in SPT6 KD and CAF-1 KD
states (Fig. 6C–H). However, similar to the other AP-1
TF candidates, its depletion also reduced cKit signal (Fig.
6C). These results suggest complex functions of the AP-
1 TFs in maintaining cell fate and inducing differentia-
tion. This complexity may depend on the gene expression
of various AP-1 TF combinations during different cell
states and their dosage. Consistentwith this idea, examin-
ing previously published results by ENCODE and Tabula
Muris projects (Schaum et al. 2018; Luo et al. 2020), we
found differential expression of AP-1 TF across different
hematopoietic lineages, with FOSL2 in particular being
enriched among the myeloid differentiated cells (Supple-
mental Fig. S9B,C).
Taken together, our TF motif predictions and AP-1 TF

loss-of-function analyses suggest that although these
TFs are commonly required to promote differentiation
in the context of CAF-1 and SPT6manipulations, their ac-
tivity in SPT6 KD cells may depend on the accessibility of
the SPT6-responsive sites (Figs. 5, 6A).

CAF-1 and SPT6 perturbations trigger alternative
differentiation paths

Given the distinct chromatin and transcriptional changes
between the CAF-1- and SPT6-depleted iGMPs (Figs. 4–6),
wewonderedwhether the respective differentiation states
mimic the cellular morphology and phagocytic ability of
neutrophils. Interestingly, even with extended time of ei-
ther perturbation, their morphology was different from
that of neutrophils (Fig. 7A). Moreover, consistent with
the previously reported partial differentiation of CAF-1
KD iGMPs into a mixed-lineage state (Franklin et al.
2022), CAF-1 KD dual-inducible iGMPs were dysfunc-
tional in engulfing bacterial particles (Fig. 7B,C). In con-
trast, SPT6 KD iGMPs gained a significant phagocytotic
function despite being morphologically different from
neutrophils (Fig. 7B,C).
These observations prompted us to further investigate

the identities that CAF-1- and SPT6-depleted iGMPs dif-
ferentiate into. To this end, we conducted transcriptome
analysis at single-cell resolution (scRNA-seq) to capture
the differentiation granularity upon CAF-1 or SPT6 deple-
tion. Using uniform manifold approximation and projec-
tion (UMAP) analysis (Becht et al. 2019), we identified
divergent clusters distinguishing CAF-1 KD and SPT6
KD populations (Fig. 7D,E). Remarkably, SPT6 KD cells

exhibited a more distinct differentiation trajectory com-
pared with CAF-1 KD cells, supporting the more robust
differentiation response measured in our screen using a
pan-myeloid differentiation marker as a readout (Figs. 1,
2, 7D,E). Interestingly, unsupervised clustering of vari-
able genes revealed distinct single-cell expression signa-
tures, with SPT6 KD cells upregulating macrophage-
related genes such as Adgre1 and Laptm5, whereas CAF-
1 KD cells predominantly activated neutrophil-associated
genes, including Elane, Ly6c2, Lcn2, and Mmp8 (Supple-
mental Fig. S10A).
Given the robust differentiation of SPT6-depleted cells

into functionally phagocytotic cells and iGMPs’ potential
to differentiate into macrophages or neutrophils, we won-
dered whether cells were adopting a different fate. To
determine differentiation paths in either condition, we
computed GMP, neutrophil, and macrophage lineage
scores using publicly available data sets from primary
cells (Supplemental Material; Supplemental Fig. S10B,C;
Choi et al. 2019). Consistent with the induction of a
mixed-lineage state, we found that CAF-1 KD cells exhib-
ited high GMP and neutrophil lineage scores (Fig. 7F). In-
terestingly, the SPT6 KD iGMPs display a distinctive,
higher macrophage lineage score (Fig. 7F). Moreover, mac-
rophage markers such as Adgre1 and Cd14 as well as the
phagocytosis gene signature are enriched specifically in
SPT6-depleted populations (Fig. 7G; Supplemental Fig.
S10F). Notably, pairwise comparisons of macrophage ver-
sus neutrophil lineage scores confirmed a macrophage-
like bias in SPT6-depleted cells, as evidenced by both
scRNA-seq and bulk RNA-seq analyses (Supplemental
Fig. S10D,E).
To further validate the macrophage transcriptional sig-

nature of SPT6 KD cells, we assessed the expression of
cell surface markers common and specific to neutrophils
and macrophages. In line with our RNA-seq analyses,
neutrophils and CAF-1 KD iGMPs showed an increased
proportion of double-positive CD11b/Gr-1 population, in-
dicating a normal bias toward neutrophil lineage as they
gain the neutrophil-specific marker Gr-1. In contrast,
SPT6-depleted cells only induced the common myeloid
marker CD11b (Fig. 7H,I). Assessment of additional he-
matopoietic surface markers confirmed that SPT6 pertur-
bation directs cells toward a macrophage lineage, as
judged by expression of the macrophage-specific marker
F4/80 (ADGRE1) (Fig. 7J; Supplemental Fig. S10G). In con-
trast, CAF-1 KD cells uniquely induced the Sca1 stem cell
marker and CD105 erythroid marker, consistent with a
mixed-lineage state. Taken together, these results high-
light the divergent differentiation pathways with pertur-
bations of CAF-1 and SPT6.
Finally, we investigated whether the macrophage-like

differentiation bias in SPT6 depletion is dependent on
the activity of AP-1 TFs.We first analyzed previously pub-
lished FOSL2 ChIP-seq data sets from primary macro-
phages (Abe et al. 2024) over our opened and closed
chromatin sites in all three conditions (Fig. 5) and found
that FOSL2 binding is enriched over opened elements
compared with closed sites, a trend specific to SPT6-sen-
sitive sites (Supplemental Fig. S10H). Consistent with
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Figure 7. SPT6andCAF-1 perturbations induce divergent differentiation paths. (A)Morphology of iGMPs after 0, 24, 48, or 72h of SPT6KD,
CAF-1KD, or neutrophil differentiation.Magnification, 1000×. Scale bar, 10 µm. Experimentwas repeated independently in two cloneswith
similar results. (B) Phagocytosis flow cytometric assay. Density plots of iGMPs and 72 h after induction for each condition, showing GFP
signal versus fluorescently labeled bacterial particles (pHrodo). (C ) Phagocytosis time-course analysis reflecting the percentage of GFP+/
pHrodo+ cells (B shows a representative example of gating) for iGMPs and after 24, 48, or 72 h of SPT6 KD, CAF-1 KD, and neutrophil dif-
ferentiation. The line connects the mean of two clonal replicates with the range displayed. (D) UMAP analysis of single-cell transcriptomes
in iGMPs (n=1419), 48 h of SPT6 KD (n=1220), and 48 h of CAF-1 KD (n=1425). Single cells are colored according to unsupervised cluster
assignment (see theMaterials andMethods). (E) UMAPanalysis as inDwith cells colored according to treatment (iGMPs, SPT6KD, orCAF-
1 KD). (F ) UMAP feature plots representing lineage scores summarizing average signal over background for gene sets enriched in primary
granulocyte–macrophage progenitors (GMPs), macrophages, or neutrophils (see the Materials and Methods; Supplemental Fig. S10B,C).
(G) UMAP feature plot displaying the log-normalized expression of select macrophage-specific marker genes Adgre1 and Cd14. (H) Repre-
sentative flow cytometry contour plot representing CD11b (pan-myeloidmarker) andGr-1 (neutrophil-specificmarker) expression in iGMPs
or after 72 h of SPT6KD,CAF-1 KD, or neutrophil differentiation. Contours are colored according to each condition. (I ) Time-course analysis
of percent populations based on CD11b versus Gr1 expression. Representative gating as shown inH. (J) Representative flow cytometry anal-
ysis measuring the expression of F4/80 (macrophage-specific), CD105 (erythroid-specific), or Sca1 (stemness marker) in iGMPs or 72 h after
SPT6 KD, CAF-1 KD, or neutrophil differentiation. (K ) Bar plot showing F4/80 expression after 48 h of SPT6 KD in cells transduced with
shCtrl, shFosl2-1, or shFosl2-2 (as shown in Fig. 6B). n=2 clonal replicates. (L) Phagocytosis flow cytometric assay quantifying the percentage
of phagocytic differentiated cells (GFP+/pHrodo+) in iGMPs andafter 48h of SPT6KD,CAF-1KD, andneutrophil differentiation in cells trans-
duced with shCtrl, shFosl2-1, or shFosl2-2 (as shown in Fig. 6B). Mean of n=2 clonal replicates.
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these observations, codepletion of SPT6 and FOSL2 re-
sults in a reduction of the F4/80 macrophage marker and
a strong suppression of phagocytosis (Fig. 7K–L; Supple-
mental Fig. S10I,J). Together, our results suggest that in re-
sponse to SPT6 depletion, the AP-1 TF activity pushes
cells toward a macrophage-like differentiation trajectory.

Discussion

Weperformed a histone chaperone-focused screen, reveal-
ing their universal role in maintaining cellular identity,
with SPT6 identified as the top-scoring candidate (Fig.
1). Using CAF-1 and SPT6 as models for replication-
and transcription-coupled histone chaperones (Fig. 2), we
demonstrated how these processes preserve cellular iden-
tity by regulating specific chromatin sites. We found that
heterochromatic regions are particularly sensitive to
CAF-1 depletion, whereas active promoter elements are
sensitive to SPT6 depletion (Fig. 5).
Integrating RNA-seq, ATAC-seq, and histonemodifica-

tion profiles, we linked these chromatin-sensitive sites to
the activation of H3K27me3 silenced genes in CAF-1-de-
ficient cells and to AP-1 transcription factor activity in
SPT6-deficient cells (Figs. 5, 6). Although both perturba-
tions rely on cell cycle progression to drive differentiation,
they have distinct effects on global DNA replication and
transcription: SPT6 depletion disrupts transcription pri-
marily in G1/G0, whereas CAF-1 depletion impairs S-
phase progression (Fig. 3).
Interestingly, SPT6 depletion biases cells toward amac-

rophage-like state,whereas CAF-1 depletion promotes dif-
ferentiation toward a neutrophil-like state, albeit with a
mixed-lineage signature (Fig. 7). Based on these findings,
we propose a model in which, in self-renewing stem and
progenitor cells, CAF-1 maintains H3K27me3-repressed
genes during S phase, whereas SPT6 sustains active pro-
moters during G1/G0. Inhibiting CAF-1 results in the
promiscuous activation of various transcription factors,
driving a multilineage state, whereas inhibiting SPT6 ac-
tivates AP-1 transcription factors, promoting a specific
lineage choice (Supplemental Fig. S11).

SPT6 in different cellular contexts and effects on
chromatin and transcription

To our knowledge, this is the first study pointing to the
role of SPT6 in the maintenance of hematopoietic stem
and progenitor identity. Our findings complement evi-
dence linking SPT6 to cell fate control in other systems
(Wang et al. 2013, 2017; Obara et al. 2020; Li et al.
2021). Compared with CAF-1, which broadly safeguards
cellular identity (Cheloufi et al. 2015; Cheloufi and
Hochedlinger 2017; Volk et al. 2018; Cheng et al. 2019;
Franklin et al. 2022), SPT6’s role is more dynamic. Unlike
its prodifferentiation role in myogenesis and epidermal
formation, SPT6 depletion in embryonic stem cells and
hematopoietic progenitors induces differentiation, under-
scoring the importance of cellular context. Here, as in
ESCs, master regulatory programs maintain the progeni-

tor state and suppress differentiation genes. SPT6 deple-
tion disrupts this balance, leading to differentiation.
It will be interesting to compare chromatin sensitivity

sites and gene expression changes upon SPT6 depletion
across these different cellular contexts. This may reveal
specific genic features leading to transcriptional activa-
tion or repression. We show here that SPT6 depletion
had the most profound effect on transcriptional output
(Figs. 3, 4). At genic regions, this could occur through
SPT6 regulation of promoter pause release, transcrip-
tion elongation, histone marking, or post-transcriptional
processing, given its complex protein domains. Several re-
ports show a role for mammalian SPT6 in transcriptional
initiation and pause–release (Endoh et al. 2004; Li et al.
2021; Narain et al. 2021). Interestingly, however, a recent
study in DLD-1 cells counterintuitively found that SPT6
depletion can induce RNA Pol II pause–release (Aoi
et al. 2022). This supports SPT6 as a dynamic gatekeeper
of transcription fidelity more than simply a proelongation
factor. Although further research is necessary to reconcile
these results with SPT6’s known role in promoting elon-
gation, it is tempting to speculate that SPT6 may dynam-
ically regulate pausing or elongation depending on the
specific regulatory factors at promoters (Aoi et al. 2022).
In addition to its role in transcriptional regulation, SPT6
has also been involved in post-transcriptional gene regula-
tion such as RNA stability, splicing, and export (Yoh et al.
2007, 2008; Dronamraju et al. 2018; Oqani et al. 2019).
Notably, EU labeling of nascent RNA reveals a global
transcriptional effect (Fig. 3), suggesting that SPT6 influ-
ences ribosomal RNA transcription (Engel et al. 2015). Fu-
ture studieswill reveal how these diverse roles of SPT6 are
involved in the regulation of cell identity genes in various
cellular contexts.

Coordination between histone chaperone pathways
coupled to DNA replication and transcription
during cell cycle

Our results support the role of SPT6 and CAF-1 in
the maintenance of iGMPs via different mechanisms.
Their loss triggers iGMP differentiation while exerting
divergent effects on chromatin accessibility, activity of
transcription factors, and transcriptional response, ulti-
mately leading to alternate lineage choice. Specifically,
SPT6 affects active chromatin at promoter regions, where-
as CAF-1 affects heterochromatic regions. Thus, despite
the separable roles of SPT6 and CAF-1 in transcription-
and replication-dependent chromatin assembly and their
specific requirement at distinct chromatin elements that
we uncovered here, the two pathways are in place tomain-
tain stem cell identity. Notably, the maintenance of chro-
matin at these regions by SPT6 and CAF-1 does not seem
to be compensated for by other histone chaperone path-
ways. Our cell cycle analysis suggests that CAF-1 main-
tains cell fate primarily through its action during S
phase, whereas SPT6maintains cell fate through its activ-
ity during G1/G0 phases. However, we cannot rule out ad-
ditional roles for each histone chaperone throughout the
cell cycle. For example, SPT6 has been recently linked
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to function during S phase in yeast cells and inDrosophila
embryos (Narain et al. 2021; Miller and Winston 2023;
Miller et al. 2023; Kemp et al. 2024). It will be interesting
to investigate how each chaperone maintains chromatin
as a function of cell cycle phases and how they interact
with replication and transcription machineries. Such
roles are undoubtedly related to the necessary coordina-
tion between DNA replication and transcription during
the cell cycle.

Materials and methods

Cell culture

Immortalized granulocyte–macrophage progenitors
(iGMPs) (Wang et al. 2006; Sykes et al. 2016) with different
combinations of transgenes, generated in this study, were
cultured as described previously, with the respective con-
stitutive or induced transgene expression (Supplemental
Material; Franklin et al. 2022).

Histone chaperone shRNA screen

miR-30 shRNA libraries were a gift fromChris Vakoc. Six-
ty-thousand iGMPs per well in a 96 well plate were infect-
edwith 200 µL of viral supernatant (see “Virus Production
and Infection” in the Supplemental Material). Two days
after infection, cells were selected with G418 antibiotic
for 5 days and then analyzed by flow cytometry after stain-
ing for CD11b. After gating shRNA-positive cells, the geo-
metric means of CD11b signal (PE/Cyanine7 channel)
were collected, and Z-score was normalized based on the
mean and standard deviations of all samples.

SPT6 rescue

HOXA9-iGMP clones containing tetO-shSupt6 shRNA13
or shRNA14 (three independent clones for each shRNA)
were transduced with pULTRA-HA-SPT6 or pULTRA-
hot (mCherry-only) lentiviral vectors (see “Plasmid Clon-
ing”; Fig. 1G). pULTRA-HA-SPT6 was transduced at low
efficiency, so mCherry+ cells were purified by fluores-
cence-activated cell sorting (FACS). Purified HA-SPT6
iGMPs were then induced with Dox, and GFP fold induc-
tion was compared with mCherry-only transduced
iGMPs.

Flow cytometry

Cell surface markers were live-cell-stained with 1:200 an-
tibody dilutions in 100 µL of FACS buffer (PBS with 5%
FBS, 1 mM EDTA) for 20 min in the dark at 4°C or on
ice. After incubation, cells werewashed twicewith excess
FACS buffer and then resuspended in FACS buffer for flow
cytometry. Intracellular FOSL2was stained by fixing cells
with 4% formaldehyde for 15 min at room temperature
and incubating them with 1:100 FOSL2 antibody (Milli-
pore Sigma MABS1261) in a saponin-based permeabiliza-
tion buffer for 2 h at 4°C. Cells were washed twice and

incubated with antirat AF594 antibody (A-11007) 1:500
in saponin-based permeabilization buffer for 1 h in
the dark at 4°C. The mouse antibodies used—CD11b-
PE/Cyanine7 (101216), cKit-PE/Cyanine5 (105809), Gr-
1-PE (108407), F4/80-PE/Cyanine5 (123112), CD105-PE
(120407), and Sca1-PE/Cyanine7 (108113)—were pur-
chased from BioLegend. Flow cytometry data were ac-
quired with NovoExpress (v1.5) on NovoCyte 2100Y/
Quanteon cytometers at University of California River-
side. Flow data were analyzed with FlowJo (v9 and v10).
Flow cytometry analysis included gating cells by forward
versus side scatter to exclude debris and dead cells fol-
lowed by gating height versus area scatter to isolate live,
single-cell events. Further gates were then applied as
needed for parameters of interest based on negative and
positive controls.

Growth curve

Cells were seeded at low density (3000 cells/mL) on the
same day for each condition and then counted at subse-
quent time points with a hemacytometer. SPT6 KD,
CAF-1 KD, and neutrophil differentiation treatments
were as described in “Cell Culture and Transgene Expres-
sion” in the Supplemental Material.

Cell cycle (EdU) and global transcription (EU) analysis

For 5-ethynyl uridine (EU) incorporation assay, iGMPs un-
treated or after 24 and 48 h of SPT6 KD, CAF-1 KD, and
neutrophil differentiation were labeled with 1 mM EU
for 1 h at 37°C.

For cell cycle analysis (EdU), iGMPs untreated or after
24 and 48 h of SPT6 KD, CAF-1 KD, and neutrophil differ-
entiation were labeled with 10 µM 5-ethynyl-2′-deoxyur-
idine (EdU) for 1 h at 37°C (Click-iT Plus EdU kit,
Thermo C10646).

After EU or EdU labeling, cells were collected at 1 mil-
lion cells/mL, fixed with 4% formaldehyde, and permea-
bilized with a saponin-based wash. EU and EdU were
labeled in a reaction cocktail with an Alexa fluor 647
picolyl azide for 30 min at room temperature (Click-iT
Plus EdU). After labeling, total DNA content was stained
with 250 ng/mL DAPI or 1× FxCycle violet (also referred
to as DAPI) either overnight at 4°C or for 1 h at room tem-
perature. Cells were then analyzed by flow cytometry in
FACS buffer (PBSwith 5%FBS, 1mMEDTA). After gating
out debris, dead cells, and doublets, the gates for cell cycle
phases were made based on DNA content versus EdU sig-
nal. For EU-labeled samples, G1/G2, S, and G2/M popula-
tions were gated based on DAPI signal only, gating on the
classical G1 and G2 peaks with intermediate cells as S
phase.

Growth arrest

For uninduced cells, growth arrest was achieved by incu-
bating cells in media with depleted SCF (0.1× or 0.01×
SCF) and compared with self-renewal culture conditions
(1× SCF). SPT6 KD and CAF-1 KD cells were induced for
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12 h before withdrawing SCF to achieve depletion at the
time of arrest. For neutrophil differentiation, because
HOXA9 translocation happens within hours (Sykes et al.
2016; Blanco et al. 2021; Franklin et al. 2022; Do et al.
2024), cells were induced after 12 h of arrest. DNAcontent
was analyzed by DAPI staining and flow cytometry after
12 h of arrest (postarrest) and by flow cytometry for GFP
after 48 h of arrested treatment (end point).

CellTrace assay

CellTrace (Thermo Fisher C34564) was used according to
the manufacturer’s recommendation. Uninduced iGMPs
were collected in PBS and stained with 1:1000 CellTrace
reagent at 1 million cells/mL. Cells were incubated for
20min at 37°C during staining. Complete cell cultureme-
diawas added to stained cells at 5× the sample’s volume to
quench extra staining reagent and incubated for 5 min at
37°C. Cells were pelleted and resuspended in complete
media. SPT6 KD, CAF-1 KD, and neutrophil conditions
were induced after staining, and cells were collected after
48 h to analyze CellTrace signal by flow cytometry.

Phagocytosis assay

Uninduced, SPT6KD, CAF-1 KD, or neutrophil differenti-
ated iGMPs were resuspended in media along with
fluorescently labeled, heat-killed Escherichia coli biopar-
ticles (Thermo Fisher P35361). Bioparticles were resus-
pended in live-cell imaging buffer (Thermo Fisher
A14291DJ) at 1 mg/mL. Bioparticles were diluted 1:10 in
fresh, complete cell culture media with 1 million cells/
mL. Cells with bioparticles were incubated for 2 h at 37°
C, collected, and analyzed for flow cytometry.

Microscopy

iGMPs before or after 24, 48, and 72 h of SPT6 KD, CAF-1
KD, and neutrophil differentiation were spun onto glass
slides (30,000–40,000 cells each) with a Cytospin at 600
rpm for 5 min at room temperature. For morphology, cells
were fixed with methanol and sequentially stained with
eosin Y andmethylene blue/azure A (modifiedWright-Gi-
emsa stain and Richard-Allan Scientific three-step stain).
Images were acquired using a Nikon Eclipse 80i upright
microscope.
For immunofluorescence, iGMP, 24 h, and 48 h condi-

tions were prepared in parallel with cells treated for 4 h
with 5 mM hydroxyurea (HU+) or vehicle (HU−). Cells
were fixedwith 4% formaldehyde for 10min at room tem-
perature., permeabilized with 0.1% Triton-X in phos-
phate-buffered saline (PBST), and saturated with 10%
FBS in PBST. Cells were washed three times with PBST
and incubated overnight at 4°Cwith primary antibody tar-
geting γH2AX (1:100; Cell Signaling Technology 9718S)
in 10% FBS-PBST. Cells were washed three times and
incubated with antirabbit secondary antibody (1:1000;
Invitrogen A21245) in 10% FBS-PBST for 1 h at room tem-
perature. Coverslips were mounted with VectaShield Plus
DAPI mounting media (Vector Laboratories H-2000), and

images were acquired on a Leica DMi8 microscope with
Leica application suite X (v3.3). Images were analyzed
with ImageJ to quantify fluorescent signal and number
of foci per cell. Briefly, single-channel images of DAPI
were loaded and reduced to 8 bits, thresholded, and water-
shed. Nuclei were defined as regions of interest with An-
alyze Particles, and these regions were then used to
analyze the γH2AX channel. Here, images were reduced
to 8 bits, smoothened with Gaussian blur, and then quan-
tified withMeasure for each region of interest (nuclei). For
focus counts, images were then analyzed with Find Max-
ima, and points were counted per nucleus.

Whole-cell lysates

Cells were collected in 1× Lamelli buffer (pure water with
200 mM Tris-HCl at pH 6.8, 1% [w/v] SDS, 250 µg/mL
bromophenol blue, 10% [w/v] glycerol, 1% β-mercaptoe-
thanol) at 10million cells/mL to createwhole-cell lysates.
Whole-cell lysates were processed by centrifugation at
>15,000g for 2 min followed by DNA shearing with soni-
cation using a Branson probe sonifier at 15%–30% ampli-
tude, depending on lysate volume, for 10 sec. If lysates
foamed, sonication ended abruptly, and processing pro-
ceeded. Alternatively, aspiration with a 27 gauge needle
was used to shear and solubilize DNA instead of sonica-
tion. After shearing, samples were boiled for 3 min at
100°C in a heat block and then placed for 5min on ice. Ly-
sates were centrifuged at maximum speed for 30 sec. If ly-
sates were still too viscous, sonication and boiling were
repeated. Lysates were then analyzed or stored indefinite-
ly at −80°C.

SDS-PAGE and Western blot analysis

Whole-cell lysates were size-separated on 6%–15% SDS–
polyacrylamide gels in running buffer (pure water with 3
mg/mL Tris, 14.4 mg/mL glycine, 1% [w/v] SDS) and
transferred to a nitrocellulose membrane (Bio-Rad
1620097) for 1–2 h at 120–145 V and 4°C in transfer buffer
(pure water with 3 mg/mL Tris, 14.4 mg/mL glycine).
Membranes were blocked for 1 h in Tris-buffered saline
(TBS; pure water with 8 mg/mL NaCl, 2.4 mg/mL Tris
at pH adjusted to 7.6 with HCl) with 0.05% Tween-20
(TBST) and 5% (w/v) dry skim milk, washed three times
in TBST for 5 min, and incubated overnight at 4°C with
primary antibody diluted 1:500–1:2000 in TBST with
3% BSA. Blots were washed three times for 5 min in
TBST, incubated with horseradish peroxidase (HRP)-con-
jugated secondary antibodies, and diluted 1:2000 in
TBSTwith 5% (w/v) dry skimmilk for 1 h at room temper-
ature, and blots were washed three times for 5 min in
TBST. β-Actin was detected with HRP-conjugated prima-
ry antibody (Millipore Sigma A3854), diluted 1:20,000 in
TBST with 5% (w/v) dry skim milk, and incubated with
the membrane for 15–30 min at room temperature. HRP
was detected by Western Lightning Plus (PerkinElmer
NEL103E001EA) or SuperSignal West Pico Plus (Thermo
Fisher 34578) chemiluminescent substrate. Chemilumi-
nescent signal was detected by exposing membranes to
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X-ray film in a dark room, followed by film development
and image scanning, or detected with a Bio-Rad Chemi-
Doc imaging system. β-Actin (ACTIN) and TATA-binding
protein (TBP) were used as loading controls.

The following antibodies were used: anti-CHAF1B (San-
ta Cruz Biotechnology sc-393662), anti-SPT6 (Bethyl
A300-801A), anti-pRPA32-S4/8 (Bethyl A300-245A),
anti-HA (Cell Signaling Technologies 3724), anti-
γH2AX-S139 (Cell Signaling Technologies 9718S), anti-
H2AX (Cell Signaling Technologies 2595S), anti-pChk1-
S345 (Cell Signaling Technologies 2348S), anti-Chk1
(Cell Signaling Technologies 2360S), anti-pRPA32-S33
(Cell Signaling Technologies 10148), anti-RPA32 (Cell
Signaling Technologies 2208S), anti-TBP (Abcam ab818),
anti-β-Actin (Millipore Sigma A3854), antimouse IgG
(Millipore Sigma AP124P), antirabbit IgG (Millipore
Sigma AP307P), and antirat IgG (Millipore Sigma A9037).

Plasmid cloning

For inducible CAF-1 depletion,Chaf1b targeting shRNAs
were cloned into the pLKO-TRC912 1X LacI IPTG-induc-
ible vector (Broad Institute) harboring a puromycin-select-
able marker described previously (Franklin et al. 2022).
Inducible Supt6 targeting shRNAs were cloned into the
EZ-tet-PLKO-Blast plasmid (Addgene 85973) via restric-
tion digestion and ligation. shRNAs targeting Jun, Junb,
Jund, Fos, Fosb, Fosl1, and Fosl2 were cloned into the
pLKO.1-blast plasmid (Addgene 26655) with restriction
digestion and ligation. Briefly, 21-mer shRNA sequences
targeting the respective gene mRNAs were retrieved
from the GPP web portal (Broad Institute). Sense and anti-
sense oligos were designed with these 21-mer sequences,
and phosphorylation and annealing reactions were set
up with 10 µM sense oligo, 10 µM antisense oligo, 1× T4
DNA Ligation buffer (NEB B0202S), and 500 U/mL T4
polynucleotide kinase (NEB M0201S) and filled with
pure water to 10 µL each. Oligos were phosphorylated by
incubating reactions in a thermocycler for 30 min at 37°
C and then denatured and annealed by incubating them
for 5 min at 95°C and gradually decreasing (−5°C/min)
temperature to 25°C.

Plasmidswere digested for 4 h at 37°C in 35 µL reactions
containing 5 µg of plasmid, 1.5 µL of each restriction en-
zyme needed, appropriate 1× buffer, and pure water for
the balance volume. If restriction enzymes could be
heat-deactivated, they were incubated for 20 min at
65°C/80°C, depending on enzyme requirements. Other-
wise, reactions were bound to a silica column, washed
twice with an ethanol-based wash, and eluted in 35 µL
of pure water using a PCR purification kit (Thermo Fisher
K310002). After heat inactivation or purification, digested
plasmid was dephosphorylated by adding 140 U/mL
Quick CIP (recombinant calf intestinal alkaline phospha-
tase; NEBM0525) and, if samples were purified, 1× appro-
priate buffer.

Ligation reactionswere then set upwith∼5 nmol/µL di-
gested plasmid, 1:200 annealed oligos, 1× T4 DNA ligase
buffer, and 20,000 U/mL T4 DNA ligase (NEB M0525)
and filled with pure water. Ligation reactions were incu-

bated overnight at 16°C. Reactions excluding annealed
oligos were used to test plasmid self-ligation efficiency.

Ligated plasmids were transformed into NEB stable
competent E. coli by incubating 100 µL of competent
cell stock with 23 µL of the ligation reaction for 10 min
on ice followed by heat shock for 30 sec at 42°C and
then incubation for 5min on ice. The full volume of trans-
formed bacteria was then spread evenly over LB agar con-
taining antibiotic. Bacteria were incubated overnight at
37°C, and single colonies were picked and inoculated
into 5 mL of LB broth. Liquid bacteria broth was then in-
cubated overnight at 37°C. Cultures were collected via
maximum-speed centrifugation, and plasmids were iso-
lated from bacterial cell pellets. If needed, bacterial cul-
tures were stored for up to 5 days at 4°C, and bacteria
cell pellets were stored indefinitely at −20°C.

Plasmid isolation was performed using the GeneJET
plasmidminipreparation kit (Thermo Fisher K0502) by re-
suspending bacterial cell pellets in resuspension solution
withRNaseA, lysing the cellswith lysis solution, neutral-
izing the lysis with neutralization solution, and centrifug-
ing at maximum speed for 15 min to pellet cell debris and
chromosomal DNA. Supernatants were then transferred
to GeneJET columns, and plasmids were bound to the
silica membrane. Plasmids were washed twice with etha-
nol-based wash solution and then dried by centrifugation
at maximum speed for 3 min. Plasmids were eluted in 50
µL of pure water. Plasmids were sent for Sanger sequenc-
ing at Azenta (formerly known as GeneWiz) to confirm
successful insertion of shRNA sequences. A list of the
shRNA targeting sequences used is in Supplemental
Table S1.

The HA-SPT6 expression plasmid was cloned using
NEB HiFi DNA assembly (E2621). The pULTRA-hot
(Addgene 24130) plasmid was digested with EcoRI and
BamHI and purified with PureLink Quick PCR purifica-
tion kit (K310002). The SPT6 CDS was amplified from
an SPT6 expression vector (provided as a gift by Lucas Far-
nung), and the fragment was gel-purified with PureLink
Quick gel extraction kit (K210012; PCR primers are listed
in Supplemental Table S1). The digested plasmid and pu-
rified fragment were assembled with a synthesized oligo
(Supplemental Table S1), resulting in an HA tag added
on the N terminus of human SPT6 inserted downstream
from the mCherry-P2A sequence in pULTRA-hot (see
Fig. 1G). pULTRA-hot without modification was used as
a control.

Bulk RNA-seq data analysis

See the SupplementalMaterial for RNA-seq library gener-
ation. For bulk RNA-seq data analysis, we trimmed our
PE150 reads with fastp (Chen 2023) (v0.23.2) using default
settings. We then aligned reads to the mouse mm10
reference genome (Gencode M25 primary assembly)
with STAR (v2.7) (Dobin et al. 2013), setting “‐‐outFilter
MultimapNmax 20 ‐‐alignSJoverhangMin 8 ‐‐alignSJD
BoverhangMin 1 ‐‐outFilterMismatchNmax 999 ‐‐outFil
terMismatchNoverReadLmax 0.04 ‐‐alignIntronMin 20
‐‐alignIntronMax 1000000 ‐‐alignMatesGapMax 1000000
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‐‐sjdbScore 1” according to ENCODE standards (Hitz et al.
2023). Read counts for individual genes were quantified
with subread featureCounts (v2.0.3; setting “-B -O -p ‐‐

countReadPairs -s 2 -C -g gene_id” for stranded, paired-
end counting excluding multimapping reads) using the
Gencode M25 primary assembly annotation file. Read
counts were used for differential expression analysis
with edgeR (v3.14) (Robinson et al. 2010). Briefly, analysis
included filtering genes with very low counts, TMM nor-
malization of library sizes, dispersion estimates, and gene-
ral linear model QLF testing. Adjusted P-values were
corrected with the Benjamini–Hochberg method. Differ-
entially expressed genes (DEGs) were defined by at least
twofold change with an FDR of <0.05. Gene set enrich-
ment was performed by submitting gene symbol lists to
the Enrichr (Kuleshov et al. 2016) web browser interface
and extracting q-values from the enriched gene sets
from the MSigDB Hallmark 2020 and TF perturbations
followed by expression libraries. Data were then plotted
with Prism. DEG expression data were plotted in R using
ggplot2 and pheatmap.
For analysis ofmacrophage and neutrophil scores, genes

enriched in primary GMPs, neutrophils, andmacrophages
were extracted from the Haemopedia RNA-seq database
(Choi et al. 2019) through the Haemosphere web portal
(https://www.haemosphere.org, v4.9.5). GMP, macro-
phage, and neutrophil gene sets were derived by extracting
gene symbols from the High Expression Search function
for “GMP,” “Mac,” and “NeutBM” cell types, respective-
ly, which identified genes enriched in those cell types
compared with all other cell types in the data set (Haemo-
pedia mouse RNA-seq data set). Using these gene sets,
scores were calculated by taking the average RPKM of
each gene set for each condition and normalizing it to
the average expression of genes in all three gene sets.
To determine expression of Fos and Jun family tran-

scription factors in mouse bone marrow, we obtained
raw paired-end reads from ENCODE’s rRNA-depleted, to-
tal RNA-seq project (ENCSR654KWB) (Luo et al. 2020).
Transcript abundance estimates were quantified by pseu-
doaligning the paired reads to a custom transcriptome
containing the Gencode VM26 transcriptome (mm39)
and mouse consensus transposable elements (RepBase
25.05) with kallisto quant (kb_python 0.27.3 [kallisto|bus-
tools]). Abundance estimates were further analyzed with
sleuth (v0.30.1) in R. A heat map of z-scaled TPMs nor-
malized across cell types was generated in R with pheat-
map (v.1.0.12).

10x Chromium single-cell RNA-seq data analysis

See the SupplementalMaterial for scRNA-seq library gen-
eration. Reads from iGMPs, SPT6 KD, and CAF-1 KD sin-
gle cells were pseudoaligned to a custom transcriptome
using kb count from kallisto | bustools (kb_python
0.27.3) (Melsted et al. 2021). The transcriptomewas gener-
ated by combining the mm39 Gencode VM26 reference
genome (primary assembly with comprehensive gene an-
notation) with consensus mouse transposable elements
(RepBase 25.05) andwith an eGFP coding sequence and in-

dexingwith kallisto. Downstreamanalysis was performed
in R (v4.3) with Seurat (v5.1) (Hao et al. 2024). Initial qual-
ity control was performed using DropletUtils (v1.20.0) to
remove background noise (empty droplets or ambient
RNA) for each sample. Further quality control excluded
cells with <1700 genes (potential dead/dying cells),
>6500 genes (potential doublets), >40,000 UMIs (potential
doublets), or mitochondrial gene percentage of >10%. Af-
ter quality control, we analyzed 1419 cells for iGMPs,
1425 cells for CAF-1 KD, and 1220 cells for SPT6 KD.
Raw reads for Tabula Muris bone marrow (Schaum et al.
2018) were obtained from GSE109774 and pseudoaligned
using the same custom transcriptome but without eGFP
coding sequences and filtered for quality control using
DropletUtils (v1.20.0) to remove background noise, and
cells with <1000 genes, >7000 genes, >60,000UMIs, ormi-
tochondrial gene percentage of >3% were removed. Fol-
lowing the Seurat pipeline, raw counts for each data set
were log-normalized based on total reads per cell and
scaled according to all detected genes. Then, principal
component analysis (PCA) was performed for linear di-
mension reduction. Next, nearest-neighbor graph con-
struction, clustering, and nonlinear dimension reduction
were performed using the first 14 dimensions for iGMP
scRNA-seq data and the first 30 dimensions for Tabula
Muris bonemarrow scRNA-seq data to capture themajor-
ity of the variation within each data set. For the Tabula
Muris bone marrow scRNA-seq data set, the cell type
for each cluster was annotated using scType (Ianevski
et al. 2022). Specifically, clusters annotated as neutrophil,
macrophage, classical monocytes, intermediate mono-
cytes, erythroid-like, and erythroid precursor cells were
subset for downstream analysis. Cell identity scores
were generated using gene sets enriched in primary
GMPs, neutrophils, or macrophages from Haemosphere
(Choi et al. 2019), generated as described in “Bulk RNA-
Seq Data Analysis.” These gene sets were validated for
scRNA-seq by scoring the Tabula Muris data set (Supple-
mental Fig. S10B,C). To evaluate the iGMP, SPT6 KD,
CAF-1 KD, and TabulaMuris data sets with GMP, neutro-
phil, and macrophage lineage scoring, AddModuleScore
from Seurat was used to calculate the average expression
level based on the enriched genes adjusted for average
expression of randomly selected control genes for each
cell. The following packages were used to generate plots:
Seurat (v5.1), ComplexHeatMap (v2.16.0), and ggplot2
(v3.5.1).
For Fosl2 expression in bone marrow scRNA-seq, ex-

pression data were downloaded from the Tabula Muris
(Schaum et al. 2018) web portal using FACS method and
marrow tissue filters with the Fosl2 gene symbol (ac-
cessed June 2024).

ATAC-seq data analysis

See the Supplemental Material for ATAC-seq library gen-
eration. Reads were processed with the ENCODE Uni-
form Processing Pipeline (Hitz et al. 2023) to produce
quality control data, read alignments, and signal tracks.
For this pipeline, reads were trimmed with cutadapt and

Cell fate control via divergent chromatin sites

GENES & DEVELOPMENT 19

 Cold Spring Harbor Laboratory Presson April 18, 2025 . Published by genesdev.cshlp.org Downloaded from 

https://www.haemosphere.org
https://www.haemosphere.org
https://www.haemosphere.org
https://www.haemosphere.org
https://www.haemosphere.org
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.352316.124/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.352316.124/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.352316.124/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.352316.124/-/DC1
https://genesdev.cshlp.org
http://www.cshlpress.com


aligned against themm10 reference genome (mm10 no alt
analysis set ENCODE) using bowtie2 (v0.7.17) (Li and
Durbin 2010). The pipeline filtered out reads mapping to
the mitochondrial genome or to multiple locations and
duplicate reads based on read start position. The pipeline
then shifted reads to account for Tn5 insertions and called
peakswith the filtered, shifted reads usingMACS2, where
individual reads were centered on the cut sites. MACS2
was also used for signal track generation; however, we
modified the pipeline slightly to generate base-pair resolu-
tion counts per million signal files instead of the default
fold change over background. For differential accessibility
analysis, a unified set of peaks was created bymerging the
peaks from all conditions. For each sample, MACS3 call-
peak was used on the Tn5 shifted reads, with individual
reads centered on the cut site, using an FDR threshold of
0.01 (“‐‐nomodel ‐‐shift ‐‐extsize 150”). For each condi-
tion, peaks common between replicates were kept (bed-
tools intersect defaults) and then all peaks were merged
into a single file (bedtools merge defaults), creating a
unified peak set. ATAC-seq read counts were then calcu-
lated over these unified peaks with featureCounts (“-B -p
‐‐countReadPairs -s 0 -C”). Unified peaks were annotated
with the closest gene using the R package ChIPseeker
annotatePeak function, defining promoters as peaks with-
in 1500 bp upstream of or 500 bp downstream from
annotated TSSs. For annotations, the R libraries org
.Mm.eg.db and TxDb.Mmusculus.UCSC.mm10.known-
Gene were loaded and used. Briefly, analysis included fil-
tering geneswith very low counts, TMMnormalization of
library sizes, dispersion estimates, and general linearmod-
el QLF testing. Adjusted P-values were corrected with the
Benjamini–Hochberg method.

Differentially accessible regions (DARs) were defined
by at least twofold change with an FDR of <0.05. ATAC--
seq quantifications were plotted in R with ggplot2 and
pheatmap. ATAC-seq footprinting was performed
using the TOBIAS pipeline (Bentsen et al. 2020) with
default settings. For TOBIAS, the filtered, deduplicated
alignments were used as input files with all motifs
downloaded from the JASPAR database (vertebrate
nonredundant).

ChIP-seq data analysis

See the Supplemental Material for ChIP-seq library gener-
ation. FOSL2 ChIP-seq from bone marrow-derived macro-
phages was downloaded from GSE247941 (Abe et al.
2024). Paired-end (PE) reads for H3K4me3, H3K27ac, and
FOSL2 ChIP-seq were processed with the ENCODE Uni-
formProcessing Pipeline (Hitz et al. 2023) to produce qual-
ity control data, read alignments, and signal tracks. Fastq
files for n = 2 (H3K4me3, FOSL2, and inputs) or n = 3
(H3K27ac and inputs) replicates were used with the pipe-
line. For this pipeline, reads were mapped to mm10
(mm10 no alt analysis set ENCODE; bowtie2, v2.2.9), du-
plicates and reads mapping to multiple locations were re-
moved, and peaks were called with MACS2 (v2.2.6) using
all default parameters for paired-end sequencing. The
pipeline produced base-pair resolution signal over back-

ground fold change signal files for pooled replicates with
MACS2. These signal files were used with deepTools
computeMatrix (reference point or scale regions with
“-missingDataAsZero ‐‐binSize 10”; other parameters
were adjusted as presented in the figures) and plotHeat-
map (default parameters) to generate heat maps and
meta-analysis profiles.

Significance testing for FOSL2 binding over ATAC-seq
DARs was performed by first summarizing mean signal
over each set of DARs with deepTools multiBigwigSum-
mary (default settings) using log2 fold enrichment signal
tracks.

CUT&RUN/CUT&Tag data analysis

CUT&RUN and CUT&Tag assays were prepared as de-
scribed previously (Skene et al. 2018; Kaya-Okur et al.
2019; Franklin et al. 2022). See the SupplementalMaterial
for details. Paired-end (PE) fastqs were processed with the
ENCODE Uniform Processing Pipeline (Hitz et al. 2023)
to produce quality control data, read alignments, and sig-
nal tracks. Fastq files for n = 3 replicates (H3K4me1,
H3K27me3, H3K9me3, and IgG) were used with the pipe-
line. For this pipeline, reads were mapped to mm10
(mm10 no alt analysis set ENCODE; bowtie2, v2.2.9), du-
plicates were removed, multimapping and discordant
reads were excluded, and peaks were called with
MACS2 using all default parameters for paired-end se-
quencing. The pipeline produced base-pair resolution sig-
nal over background fold change signal files for pooled
replicates with MACS2. These were used with deepTools
computeMatrix (reference point or scale regions with
“-missingDataAsZero ‐‐binSize 10”; other parameters
were adjusted as presented in the figures) and plotHeat-
map (default parameters) to generate heat maps and
meta-analysis profiles.

H3K27me3-marked regions (related to Fig. 5) were de-
termined by quantifying CUT&RUN reads over 15 kb
bins genome-wide with deepTools bamCoverage. Using
reads per kilobase, the top 5% of regions was taken as
H3K27me3-marked regions. H3K27me3 silenced genes
were genes with an annotated TSS within these regions
and filtered for genes with RNA-seq CPM <1 in iGMPs.
H3K27me3 CUT&RUN results were confirmed with in-
dependent CUT&Tag assays.

Sequencing quality control

Quality control of ATAC-seq, RNA-seq, ChIP-seq, and
CUT&RUN reads included analyzing reads for off-species
enrichment, GC bias, and library complexity. All libraries
were confirmed to lack contamination of off-target model
species, E. coli (except for CUT&RUN E. coli spiked li-
braries), and mycoplasma using fastScreen with standard
parameters. In cases where GC bias was present, all
batched libraries were confirmed to have similar GC
bias. All batched libraries were confirmed to have similar
library complexity.
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Data availability

The RNA-seq, ATAC-seq, and scRNA-seq data generated
in this study have been made available in the Gene Ex-
pression Omnibus (GEO) under superseries GSE288727.
ChIP-seq and CUT&RUN data that have been previously
published in the GEO database are publicly available un-
der superseries accession numbers GSE158229 and
GSE247945. Genome assemblies used in this study
(GRCm38/mm10) are publicly available and were down-
loaded from Gencode (M25 primary assembly) for RNA
sequencing analysis or from ENCODE (mm10 no alt
analysis set ENCODE) for DNA sequencing analysis.
Gencode annotations (M25 primary assembly annota-
tions) were downloaded for use with bulk RNA sequenc-
ing analysis. Gencode annotations and genome assembly
for GRCm39/mm39 (M26 reference chromosome annota-
tions and M26 primary assembly) were downloaded for
use with single-cell RNA sequencing analysis.

Code availability

No custom programswere used in this analysis. Published
pipelines are referenced and were installed according to
the instructions. Default parameters were used, and con-
sequential decisions in types of files supplied, databases,
or sources are noted here. Tools and packages used for an-
alyzing signal files, read counts, or other custom analysis
are specified here, and consequential nondefault parame-
ters are given. Inconsequential, nondefault parameters
such as output file name, number of processors used, or
plot colors are excluded. In addition, plot-specific, nonde-
fault parameters that are provided in the figures, such as
genomic window distance around TSSs in the metaplots,
are not provided here.
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