
Lineage Commitment in Blood

Repressing Alternate Fate
During differentiation, activating the correct lineage is 
not enough. Competing fates must also be actively 
repressed to ensure stable and irreversible 
commitment. 
Pioneer transcription factors initiate lineage programs 
by binding closed chromatin and increasing 
accessibility. However, this same accessibility can 
inadvertently expose elements of alternative fates. 
Safeguard repressors counterbalance this risk by 
silencing non-selected trajectories and restricting 
plasticity during critical transitions. 
We previously identified PROX1 as a safeguard 
repressor in hepatocyte differentiation, where it 
represses alternative gene programs. 
In this study, we investigate whether similar repressors 
operate in hematopoiesis to reinforce lineage fidelity 
under dynamic regulatory cues.

Transcriptional regulation of cell fate plasticity in hematopoiesis
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Despite strong activation cues, hematopoietic progenitors 
retain the potential to adopt alternative identities. Without 
repression of competing programs, fate instability and 
aberrant differentiation can occur. We hypothesize that active 
repression mechanisms restrict plasticity during early 
branching events, especially between myeloid and erythroid 
trajectories.
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PU.1, EBF1, and TCF1 act early to 
bias hematopoietic progenitors 
toward distinct fates, influencing 
downstream regulators such as 
PAX5, RUNX1, and C/EBPα. These 
transcription factors establish lineage 
competence and help partition 
chromatin accessibi l i ty among 
competing programs.
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Pioneer–RNA polymerase II interactions
In addition to these enhancer- dependent mechanisms of 
epigenetic memory, there are examples of a specific type 
of epigenetic memory, which is implemented at promot-
ers and is associated with increased levels of H3K4me3 
and/or H3K4me2. In yeast, where most regulation 
occurs in the promoter- proximal region, transcrip-
tional memory (for example, as observed after inosi-
tol starvation) is associated with increased H3K4me2 
levels at target promoters90 through occupancy by the 
transcription factor Sfl1. The priming of promoters by 
increased H3K4me3 levels was associated with enhanced 
recruitment of promoter- proximal RNA polymerase II 
(Pol II)90, which would thus be ready for initiation of 
transcription upon activation.

Some pioneers may have evolved a specialized func-
tion that fulfils similar promoter priming through their 
direct interaction with Pol II, and this ability is associ-
ated with enhanced transcription activation91. The vast 
majority of pioneered loci are intergenic or intronic 
enhancers; only a few promoters were documented to 
be pioneer dependent such as the Oacyl promoter, which 
is opened by PAX7 (REF.92). However, recent evidence 
suggests that some pioneers may have a unique role in 
transcription regulation through association with Pol II.  
Indeed, this was first shown for the Caenorhabditis elegans  

FOXA homologue PHA-4, which binds promoters 
and recruits Pol II93. PHA-4 appears required for Pol II 
pausing in early development and hence for controlled 
release of Pol II later for synchronized initiation of gene 
expression.

It was recently reported that in mammalian cells, 
FOXA3 has a unique ability to interact with Pol II, 
in contrast to the related FOXA1 and FOXA2 (REF.91). 
The three FOXA factors bind similar subsets of pio-
neered enhancers91, but only FOXA1 and FOXA2 are 
required for initiation of liver development94. By the 
reprogramming of mouse embryonic fibroblasts into 
hepatocyte- like cells, FOXA3 was shown to translocate 
from distal regulatory elements to the transcription start 
site of liver- specific genes. FOXA3 directly interacts with 
Pol II, and its recruitment to the transcription start site 
is required for significant target- gene expression and 
hepatocyte reprogramming. Upon transcription activa-
tion, FOXA3 appears to remain associated with Pol II: 
FOXA3 mutants that fail to interact with Pol II also fail 
to significantly activate target- gene transcription. This 
crucial role of FOXA3 in the establishment of high- level, 
cell- specific gene expression is unique so far: it remains 
to be seen whether other pioneers may share similar 
activity. The association of FOXA3 with Pol II may con-
tribute to establishment of transcriptional memory, but 
this possibility remains to be assessed.

Cell fate specification by pioneers
The primary role of pioneer factors is to implement cell 
fate decisions during development. By opening previ-
ously inaccessible regulatory elements, pioneers enable 
combinations of transcription factors to drive cell fate. 
In this developmental context of their function, pio-
neers exert activities classically associated with selector 
genes, which are responsible for specification of tissue 
identity, whereas their cooperating transcription factors 
often represent determination factors, which establish 
cell- type identity (FIG. 4). TABLE 1 lists pioneers and their 
cooperating transcription factors involved in cell fate 
decisions. In this section, we provide a discussion of cell 
fate specification by pioneers that is centred on their 
activity; for further information, we direct the reader to 
recent reviews on pioneers and cell fate specification3 
and on pioneers and cell- type reprogramming16,17.

Activation of zygotic gene expression
The earliest developmental decision is activation of the 
zygote gene expression programme. This process relies 
on maternally expressed mRNAs for the production 
of factors that activate zygotic genes: these factors are 
pioneer factors. Two pioneers have been particularly 
studied in this context, Zelda in D. melanogaster24 and 
double homeobox protein 4 (DUX4) in mammals95. 
Although Zelda is responsible for activation of the ear-
liest zygotic genes, its activity is later complemented 
by another zinc- finger transcription factor pioneer, 
GAGA96. Later, at the cellularization step, another 
zinc- finger transcription factor, Odd paired (Opa) 
participates in driving the transition from pair- rule to 
segmental patterns of gene expression97; Opa appears  
to have pioneer- like properties98. There is no homologue of  
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Fig. 4 | Pioneer and non-pioneer transcription factors cooperate for specification 
and determination of cell fates. a | Haematopoietic stem cells give rise to lymphoid and 
myeloid progenitors, which are further specified towards alternative cell fates through 
the activity of different pioneers. The pioneer EBF1 specifies the progenitor cells towards  
the B cell lineages in cooperation with PAX5, which is itself induced by EBF1, whereas 
TCF1 (also known as TCF7) specifies the T cell lineages in cooperation with GATA3  
or RUNX1. The macrophage lineage is specified by PU.1 in cooperation with CCAAT/
enhancer-binding protein- α (C/EBPα). b | In the pituitary gland, two lineages that express 
the same hormone precursor, pro- opiomelanocortin (POMC), arise in developmentally 
distinct tissues, the intermediate pituitary lobe and the anterior pituitary lobe; 
POMC-expressing cells in the two lobes process POMC into different hormones (not 
shown). The same transcription factor (TF), TPIT, determines terminal cell differentiation 
in both lineages, but prior expression of the pioneer PAX7 specifies the intermediate 
pituitary fate through opening of a unique repertoire of enhancers, which control 
melanotrope- specific gene expression. DP, double positive.
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ZNF385D & α-globin
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ZNF385D regulon activity is highest in early and 
progenitor stages but declines sharply in terminal 
erythroid cells, suggesting a repressive role during 
differentiation. Based on target gene analysis, 
ZNF385D appears to regulate several erythrocyte-
associated genes, including those at the alpha-globin 
locus. Its deactivation may be necessary to permit 
full activation of erythroid programs in late stages, 
pointing to a potential function as a safeguard that 
delays premature commitment.

One such target is the alpha-globin 
super-enhancer MCS-R2, a major 
regulatory element that drives HBA1 
and HBA2 expression. While GATA1 
is a known activator of this enhancer 
in late erythropoiesis, the early 
binding pattern of ZNF385D suggests 
it may act on the same element to 
restrict premature expression during 
earlier stages.
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ZNF385D emerges as a promising transcriptional regulator in late erythropoiesis based on its 
GRaNPA rank and regulon activity. 
Although its role in hematopoiesis is not well characterized, predicted repression of erythroid-
specific targets suggests a function in stabilizing lineage commitment. 
Binding near the MCS-R2 enhancer, which regulates the alpha-globin genes, further supports a 
role in controlling terminal erythroid maturation. 
We hypothesize that ZNF385D limits unwanted transcriptional programs during differentiation and 
functions as a safeguard repressor. 
Ongoing CRISPR-based knockout and overexpression experiments will test its functional 
relevance in erythroid differentiation.
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ZNF385D regulon activity

Inferring GRNs from Single-Cell Data Identifying Key Regulators

We used a publicly available 
multiome bone marrow dataset 
(Multiome; RNA + ATAC) to 
reconstruct d i fferent iat ion 
trajectories from hematopoietic 
stem cells toward erythroid, 
myeloid, and lymphoid fates. 
Pseudotime was inferred from 
UMAP space, and lineage-
specific pseudobulk profiles 
were constructed to reflect fate 
progression. 
From these profiles, we inferred 
gene regulatory networks using 
two complementary tools: 
scGRaNIE, which integrates 
chromatin accessibility and 
expression, and SCENIC+, 
which infers regulons from co-
expression and motif analysis. 
These GRNs were evaluated 
using GRaNPA to prioritize 
transcription factors involved in 
l i neage commi tmen t and 
potential repression of alternate 
fates.

SCENIC+ and 
scGRaNIE
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CD16+ Monocyte We applied GRaNPA to rank transcription factors 
across stages of erythroid differentiation. As expected, 
GATA2 and TAL1 ranked highly in early stages, while 
GATA1 dominated the intermediate phase. In addition, 
several less-characterized factors emerged at later 
stages. 
ZNF385D was one such factor: although its expression 
is largely restricted to early erythroid progenitors and 
HSCs, it ranked highly in late erythroid stages. The 
UMAP on the right shows its regulon activity is absent 
in mature cells, suggesting that its loss of activity may 
be functionally important. These findings highlight 
ZNF385D as a candidate repressor whose silencing 
could help consolidate erythroid fate.

Erythroid differentiation
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Transcription factors ranked by importance across 
erythroid differentiation (GRaNPA)
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MPP=Multipotent Progenitor
CMP=Common Myeloid Progenitors

MEP=Megakaryocyte–erythroid progenitor
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