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Abstract

Gene network transitions in embryos and other fate-changing contexts involve combinations of 

transcription factors. A subset of fate-changing transcription factors act as pioneers; they scan and 

target nucleosomal DNA and initiate cooperative events that can open the local chromatin. But a 

gap has remained in understanding how molecular interactions with the nucleosome contribute to 

the chromatin-opening phenomenon. Here we identified a short alpha-helical region, conserved 

among FOXA pioneer factors, that interacts with core histones and contributes to chromatin 

opening in vitro. The same domain is involved in chromatin opening in early mouse embryos for 

normal development. Thus, local opening of chromatin by interactions between pioneer factors 

and core histones promotes genetic programming.
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Cell fate changes during embryonic development, stem cell differentiation, regeneration, and 

directed reprogramming with ectopic transcription factors all require new genetic networks 

to be activated. The new networks include silent genes that may be antagonistic to the 

starting cell type and thus reside in chromatin that is inaccessible to many transcription 

factors and the transcriptional machinery. Such DNA inaccessibility can be conferred by 

nucleosome occupancy with a minimum of exposed DNA, the presence of linker histones, 

and different types of repressed chromatin features1-4. Indeed, regulatory DNA, such as 

enhancers, inherently promote nucleosome formation5-7, underscoring the question of how 

the nucleosome barrier is overcome. Among each set of transcription factors required for a 

given cell fate change, it has become clear that a subset of the factors has the inherent 

biochemical property of targeting a DNA binding motif on a nucleosome, in vitro and in 

vivo, and hence have been termed pioneer transcription factors8-12. Here we investigate the 

important next step after nucleosome targeting—the mechanism by which local chromatin is 

opened to enable cooperative events for new genetic networks.

FOXA transcription factors, including the paradigm pioneer factors FOXA1 and FOXA2, 

are evolutionarily conserved and regulate diverse biological processes during embryonic 

development and adult life13. In mammalian embryos, Foxa2 is the first FOXA family 

member to be expressed in the endoderm, primitive streak, node, and notochord, followed by 

Foxa1 and then Foxa3, with partially overlapping expression patterns in developing and 

mature tissues14-16. The earlier expression of Foxa2 than Foxa1 and Foxa3 is reflected in the 

more severe phenotypes in mice lacking Foxa2, resulting in embryonic lethality17,18. The 

evolutionary significance of FOXA proteins is underscored by the C. elegans PHA4 

recognizing the same DNA motif as mammalian FOXA factors, binding nucleosomes, and 

being important for foregut development19,20.

FOXA1 can bind its target motif on a recombinant mononucleosome21 and on a central 

nucleosome within a recombinant nucleosome array8,22. Such arrays are phased by repeats 

of 5S gene sequences23 that flank a central “N1” sequence from the Alb gene, where a 

naturally occurring nucleosome is targeted by FOXA proteins in liver cells24,25. Nucleosome 

arrays bound by linker histone H1 generate compact structures that resemble chromatin 

fragments from cells26. FOXA1 binding to the N1 nucleosome on an H1-compacted array 

leads to the exposure of the underlying nucleosome, as seen by DNase and restriction 

enzyme sensitivity, without apparent nucleosome displacement8. Induced hypersensitivity on 

chromatin in vitro occurs in the absence of an ATP-dependent nucleosome remodeler, and 

indeed nucleosome remodelers have been reported to be refractory to linker histone-

compacted chromatin27-29. In addition to its central DNA binding domain30, FOXA proteins 

contain an N-terminal trans-activation domain31 and two short amino acid segments in the 

C-terminus, designated CRII and CRIII, that are conserved in FOXA factors from humans to 

Drosophila32 and contribute to transcriptional activity33. The C-terminal region of FOXA 

proteins was found to bind histone octamers and is necessary for chromatin opening in 

vitro8. In vivo, pioneer factor binding can lead to opening of the local chromatin, in some 

cases apparently displacing a nucleosome34 or displacing linker histone, but retaining 

nucleosomes25,35,36. Yet in vivo, FOXA binding to regulatory sequences occurs with diverse 

other factors that could recruit remodelers and chromatin modifying enzymes. Thus, it is 

unclear whether FOXA proteins, after targeting a nucleosome in vivo, are dependent upon 
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the same chromatin opening activity that has been defined on nucleosome array templates in 

vitro.

Here we investigate the basis for the FOXA1-core histone interaction. We demonstrate a 

chromatin-opening activity of an α-helical domain within the C-terminal region, and we 

assess the function of the α-helical domain in chromatin opening and function in mouse 

embryogenesis. The results show that the mechanism for generating chromatin accessibility 

in vitro is intrinsic to a pioneer factor’s ability to enable chromatin accessibility in 

development for proper cell fate control.

Results

Core histones crosslink to an α-helical region within the FOXA1 C-terminal domain.

To understand how FOXA1 opens chromatin, we sought to map which FOXA1 protein sites 

can be crosslinked to core histones. We incubated purified FOXA1 protein with recombinant 

histone octamers in the presence of formaldehyde, a lysine crosslinker. The crosslinked 

material was applied to SDS-PAGE, where in addition to the parent FOXA1 and core histone 

bands, we observed two protein bands, designated A and B, with an approximate mass 

expected for FOXA1 crosslinked to one or another core histone (Extended Data Fig. 1a,b). 

Bands A and B were excised from the gel, along with the control FOXA1 and core histone 

bands, and subjected to trypsinization and mass spectrometry. Bands A and B each 

contained FOXA1 and core histones; here we focus on FOXA1 contact sites. Formaldehyde 

crosslinking blocks tryptic cleavage at lysines and thus loss of a tryptic cleavage product can 

indicate a site of crosslinking. Comparison of FOXA1 peptide masses in the crosslinked 

bands to two control samples of non-crosslinked FOXA1 revealed one peptide in band A and 

another peptide in band B that were reduced in abundance compared to the controls 

(Extended Data Figs. 1c and 2). The strategy revealed two possible FOXA1 interacting sites 

with core histones, at lysine residues K270 and K414 (Fig. 1a). K270 is just downstream of 

the DNA binding domain37. K414 is between FOXA conserved regions II (CRII) and III 

(CRIII), originally defined by the few FOXA homologs sequenced at the time33, and within 

the C-terminal region previously shown to be necessary for compacted chromatin opening in 

vitro8.

We compared the FOXA amino acid sequence from 10 residues before CRII to the end of 

the protein for all eumetazoan FOXA homologs. FOXA1 and FOXA2 sequences from 226 

and 194 species, respectively, and 33 available sequences for FOXA3, along with the 

original Drosophila Forkhead protein, were clustered, and representatives of clades are 

shown in Extended Data Figure 3. The results revealed an additional 12 amino acid 

conserved domain among FOXA1 and FOXA2 homologs, but not in FOXA3 or Forkhead, 

immediately downstream of CRII (summarized in Fig. 1b). The new conserved domain is 

predicted to have 9 amino acids of an amphipathic α-helical structure. Given the proximity 

of the putative α-helical region to CRII, to test whether the domain can form an α−helix, we 

synthesized a 20 amino acid peptide spanning the region and into CRII, and a peptide with a 

double proline mutant (PP) that should disrupt an α−helical structure (Fig. 1c). Upon 

assessing the peptides by circular dichroism, in the presence of the co-solvent TFE, the wild-

type FOXA1 peptide exhibited a large increase in ellipticity below 200 nm and a growing 
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negative band in the 215-230 nm range, indicating an α−helical content; such was not 

observed for the PP mutant (Fig. 1c, red arrows, left panel).

We tested the role of the K270 and K414 regions for histone interactions by generating 

FOXA1-K269AAA, containing a triple alanine substitution around K270, and FOXA1-ΔHx, 

containing a 10 amino acid deletion that spans the alpha helical domain (Fig. 2a). Purified 

recombinant wild-type and mutant FOXA1 proteins were attached to beads and tested for 

their ability to pull down a mixture of H2A/H2B dimers and H3/H4 tetramers. In four 

experiments, FOXA1-K269AAA was about two-thirds as effective as wild-type FOXA1 in 

pulling down histones H3 and H4, and FOXA1-ΔHx was about one-third as effective (Fig. 

1d). Testing the ability to interact with histone octamers, we made the comparable FOXA2-

ΔHx allele and found that it was half as effective as wild-type FOXA2 in retaining octamers 

(Extended Data Fig. 3b). We conclude that the conserved FOXA histone α−helical domain 

promotes interactions with core histones and focused on its chromatin opening properties.

FOXA α-helical domain is required for chromatin opening in vitro.

To assess the relative functionality of the conserved CRII, α-helix, and CRIII domains in the 

FOXA1 C-terminal region, we generated: (i) clusters of mutations predicted to perturb 

hydrophobicity in each domain (hy); (ii) deletions of each domain (Δ), and; (iii) mutations 

predicted to alter charge (chg) and α-helical structure (double proline mutant: PP) (Fig. 2a). 

Recombinant mutant FOXA1 proteins were compared to the wild-type protein for their 

ability to generate a DNase hypersensitive site at two FOXA1 binding sites in the middle of 

a linker histone-compacted nucleosome array. As seen previously8, DNase cleavage of the 

nucleosome arrays reveals the expected nucleosome repeat pattern across the 2.7-kb 

chromatin fragment (Fig. 2b, lanes 1-3). Linker H1 addition dramatically suppresses DNase 

digestion across the template (Fig. 2b, lanes 4 and 5), reflecting chromatin inaccessibility. 

Purified FOXA1 protein robustly generated hypersensitivity at its target sites in the H1-

compacted chromatin, independent of other proteins or nucleosome remodelers (Fig. 2b, 

lanes 6 and 7). Notably, all of the mutant FOXA1 proteins generated similar hypersensitivity 

except for the deletion or double proline mutant of the α-helical domain, which were much 

weaker (Fig. 2b, lanes 8-23; see lanes 13 and 19). The results indicate that the histone-

interacting FOXA α-helical domain is necessary for opening compacted chromatin in vitro.

FOXA α-helical region contributes to target gene activation in cellular chromatin.

We next investigated whether the FOXA1 C-terminal domains are necessary for target gene 

activation in cellular chromatin using the mouse liver cell line H2.3538. We knocked down 

endogenous FOXA1 expression with siRNAs and observed about a 60% decrease in 

expression of the endogenous FOXA target genes Apoa1 and Ttr1; additional transduction of 

wild-type FOXA1 restored Apoa1 and Ttr1 expression (Extended Data Fig. 4a,b). 

Transduction of the FOXA1 mutants into the knockdown cells revealed that deletions of 

CRII or CRIII allowed restoration of Apoa1 and Ttr1 expression, but mutation or deletion of 

the α-helical region significantly impaired the ability of FOXA1 to induce the endogenous 

target genes (Extended Data Fig. 4b). The exogenous FOXA1 protein levels of the 

phenotypic mutants were comparable to wild-type (Extended Data Fig. 4c), demonstrating 
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the importance of the histone-interacting, α-helical domain in activating genes in cellular 

chromatin.

Deletion of the FOXA2 α-helical region in mice impairs embryonic development.

Foxa2 is the first member of the FOXA family to be expressed during embryonic 

development, starting in the anterior primitive streak around embryonic day 6 (E6), and 

persisting in node, head process/notochord, visceral and definitive endoderm and their 

derivatives, as well as in the ventral region of the neural tube (floor plate) and the ventral 

midbrain14-16. Homozygous Foxa2 null mutants were generated by deleting the coding 

sequence or 3’-most exon, which contains the DNA-binding and C-terminal domains17,18. 

Both null mutant embryos showed variable penetrance in early stages and lethality between 

E11 and E13.

To address whether the α-helical region of FOXA is involved in chromatin opening in 

embryonic development, we utilized recombinase-mediated cassette exchange (RMCE)39 to 

modify the Foxa2 genomic locus. For control mice, we inserted a flexible linker40 and 

tagRFP downstream of the wild-type Foxa2 coding sequence (Extended Data Fig. 5a) to 

allow FOXA2-positive cells to be isolated by fluorescence activated cell sorting (FACS). All 

13 homozygous Foxa2-WT-tagRFP (Foxa2WT-tagRFP/WT-tagRFP) mice, recovered from 75 

three-week old mice from heterozygote intercrossings (Extended Data Fig. 5b), were viable 

and fertile, exhibiting the minor phenotype of a hopping gait.

For mutant mice, we generated a ΔHx allele by recombineering into the Foxa2-tagRFP allele 

(Fig. 2a and Extended Data Fig. 5a). The heterozygous Foxa2-ΔHx-tagRFP 
(Foxa2ΔHx-tagRFP/WT) mice were viable and fertile. However, no homozygous Foxa2-ΔHx-
tagRFP (Foxa2ΔHx-tagRFP/ΔHx-tagRFP) mice were recovered upon genotyping 66 three-week 

old mice from heterozygote intercrosses (Fig. 3a). At E7.5, approximately 17% of 

homozygous Foxa2-ΔHx-tagRFP embryos exhibited a gross phenotype, with a minute 

embryonic portion compared to their extraembryonic portion (Fig. 3c; embryonic portion is 

indicated by a bracket). The remaining mutant embryos from E7.5 to E8.5 showed 

developmental retardation compared to heterozygous or wild-type littermates (Fig. 3b and 

Extended Data Fig. 5c). At E8.25 to E8.5, by which time Foxa1 and Foxa3 have become 

active, about 10% of homozygous Foxa2-ΔHx-tagRFP embryos exhibited a gross 

phenotype, similar to that seen in the null mutants reported at that stage17,18. At E9.5, one 

out of four homozygous Foxa2-ΔHx-tagRFP embryos exhibited the gross phenotype of a 

small head and unfolded heart tube (Fig. 3f). At E12.5, one out of five homozygous Foxa2-
ΔHx-tagRFP embryos were reduced in size and exhibited grossly abnormal head, abdomen 

morphology, and a kinked neural tube (Extended Data Fig. 6a), as in the null mutants17,18. 

At E15.5, one out of eight heterozygotes exhibited a bloody body and a yolk sac without any 

blood vessels, and one out of nine homozygous Foxa2-ΔHx-tagRFP embryos exhibited a 

smaller and paler body, grossly abnormal in the abdomen, and a yolk sac without any blood 

vessels (Fig. 3g). None of these phenotypes were seen in homozygous Foxa2-WT-tagRFP 
embryos (Fig. 3c-g and Extended Data Fig. 5b). Although further analysis is required to 

understand the variable penetrance of homozygous Foxa2-ΔHx embryonic phenotypes, loss 
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of the α-helical region from the mouse Foxa2 genomic locus markedly affects embryonic 

development and leads to embryonic or perinatal lethality.

Distinguishing FOXA2-positive endoderm and node/notochord/head process cells in the 
early embryo.

To analyze the earliest and direct effect of the Foxa2-ΔHx mutants in vivo, we focused on 

E7.5 embryos, when the expression of the other FOXA factors was still low. The expression 

of Foxa2-tagRFP in the endoderm and node/notochord/head process in E7.5 embryos (Fig. 

4a) allowed us to independently assess the Foxa2-ΔHx allele in different cell contexts by 

RNA-seq and ATAC-seq. From E7.5 Foxa2-WT-tagRFP and Foxa2-ΔHx-tagRFP 
homozygous embryos, we isolated three RFP populations by FACS: “FOXA2-tagRFP-

negative”; “FOXA2-tagRFP-middle,” which were gated to avoid autofluorescence and 

included up to the maximum tagRFP intensity of heterozygous (Foxa2tagRFP/WT) cells; and 

“FOXA2-tagRFP-high,” which exhibited a higher tagRFP signal than heterozygous cells 

(Fig. 4a and Extended Data Fig. 6b). RNA-seq confirmed the highest Foxa2 expression in 

FOXA2-tagRFP-high population, less in FOXA2-tagRFP-middle population, and little or no 

expression in FOXA2-tagRFP-negative population (Fig. 4b). In the FOXA2-tagRFP-high 

population, Foxa1 was modestly expressed and Foxa3 was expressed at a low level (Fig. 4b), 

which could partially compensate for a Foxa2-ΔHx effect. In the FOXA2-tagRFP-middle 

population, both Foxa1 and Foxa3 were expressed at low but detectable levels at E7.5 (Fig. 

4b).

The FOXA2-high population exhibited node/notochord/head process-related gene 

expression (Fig. 4c for T, Shh, Noto, Lhx1) and cilium related Gene Ontology (GO) terms 

(Fig. 4d), consistent with the role of cilia in the node for establishing left-right asymmetry41. 

From ATAC-seq data, differential open chromatin sites in the FOXA2-high population, over 

FOXA2-negative cells, were enriched with de novo motifs for FOX and other node/

notochord/head process-related transcription factors (LHX and OTX2) (Fig. 4e and 

Extended Data Fig. 8a). By contrast, the FOXA2-middle population was enriched for 

expression of endoderm transcription factors (Fig. 4c for Ttr, Afp, Hnf4a, Sox7, Gata4) and 

metabolism and transport related GO terms, consistent with endodermal function (Fig. 4d). 

Differential open chromatin sites in the FOXA2-middle population was enriched with a FOX 

de novo motif and motifs for other endoderm transcription factors (HNF1, GATA, HNF4) 

(Fig. 4e and Extended Data Fig. 8a). We conclude that, at E7.5, the FOXA2-high population 

was enriched for node/notochord/head process cells and FOXA2-middle population was 

enriched for endodermal cells.

Deletion of α-helical region of FOXA2 affects gene expression in E7.5 embryos.

The Foxa2-ΔHx mutant affects distinct gene categories in FOXA2-high (node/notochord/

head process cells) and FOXA2-middle (endoderm) populations in E7.5 embryos, including 

major effectors of embryonic development. The downregulated genes in the FOXA2-high-

mutant population are mainly related to basic cell components, whereas those in the 

FOXA2-middle-mutant are related to cell differentiation, including Klf5 and Sox17 (Fig. 5a, 

Extended Data Figs. 7a and 9a, and Supplementary Table 1). Although they were not 

statistically significant due to deviations among replicates, Sox7 and Gata4 were 
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downregulated in the FOXA2-high-mutant population (Extended Data Fig. 7b and 

Supplementary Table 1). Sox17 and Sox7 are expressed in endoderm and endothelial cells, 

respectively, with Sox17 knockout mouse embryos exhibiting severe defects in gut tube 

formation42 and Sox7 knockout mouse embryos exhibiting embryonic growth retardation 

and abnormal vascularization of the yolk sac43, consistent with the Foxa2-ΔHx phenotypes 

(Fig. 3b,g). Klf5 is essential for blastocyst development and normal self-renewal44,45. Gata4 
is expressed in endodermal tissues and heart, and its knockout embryos exhibit defects in 

ventral morphogenesis and heart tube formation46,47, consistent with heart tube defects seen 

in Foxa2-ΔHx embryos (Fig. 3f).

The upregulated genes in Foxa2-ΔHx embryos are related to negative regulators of cell 

proliferation in the FOXA2-high population and alternative fate differentiation in the both 

FOXA2-high and -middle populations (Fig. 5a, Extended Data Figs. 7a and 9a, and 

Supplementary Table 1). Foxa2 is normally expressed in the anterior of E7.5 embryos (Fig. 

3c), whereas the upregulated genes in Foxa2-ΔHx embryos—Hoxb1 and Meox1, and Notch 

and RA signaling related factors, Dll1, Aldh1a, and Cyp26a1—are normally expressed in 

posterior of E7.5 embryos and/or are essential for caudal body patterning48-53 (Fig. 5a and 

Extended Data Fig. 7a). Another upregulated gene, Tgfb2, is essential various aspects of 

embryonic development54 (Fig. 5a and Extended Data Fig. 7a). Upregulation of these genes 

is consistent with the abnormal body patterning and developmental arrest in Foxa2-ΔHx 
embryos (Fig. 3c-e). Altogether, the FOXA2 α-helix helps induce endodermal 

differentiation in the FOXA2-middle population and prevents alternative cell fates in the 

FOXA2-middle and -high populations.

Deletion of α-helical region of FOXA2 alters the accessible chromatin landscape in E7.5 
embryos.

ATAC-seq analysis55 revealed a marked effect of Foxa2-ΔHx on chromatin accessibility. At 

E7.5, Foxa2-ΔHx embryos lost 20,196 open chromatin sites in FOXA2-high cells and 

23,591 open chromatin sites in FOXA2-middle cells (Fig. 5b). The Foxa2-WT-specific open 

chromatin sites, which lost accessibility in Foxa2-ΔHx embryos, were enriched with de novo 

motifs for FOX and lineage-related factors LHX and TBX/EOMES for FOXA2-high cells, 

and HNF1 and GATA for FOXA2-middle cells (Fig. 5b and Extended Data Fig. 8b). More 

than 90% of Foxa2-WT-specific and 85% of Foxa2-ΔHx-specific open chromatin sites lie 

outside of promoter regions (Extended Data Fig. 9b), consistent with Foxa2 targets seen in 

adult liver36,56. Interestingly, chromatin sites that became open in Foxa2-ΔHx (n = 11,482 

for FOXA2-high cells, n = 12,368 for FOXA2-middle cells) were enriched for de novo 

motifs including FOXA, SOX, and MSX (Fig. 5b and Extended Data Fig. 8b). Among SOX 

family genes, Sox4 and Sox11 (SoxC) were expressed in both FOXA2-high and -middle 

populations, and SOX4 was reported to interact with co-repressor complex with EZH2 

(polycomb regulator) and HDAC3 (histone deacetylase) 57 MSX1 functions as a repressor 

that recruits linker histone H1b, Groucho-related factors, and Polycomb to its binding 

sites58-60. We note that when FOXA1 recruits Groucho, it restricts local chromatin access22, 

and FOXA1 co-binds with repressors at silent genes in liver where local transcription is 

suppressed61. Thus, the Foxa2-ΔHx defect in chromatin opening could impair SOX4 and 

MSX1 from binding and inhibiting chromatin repression. ATAC peaks associated with 
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differentially expressed genes tend to show correlative changes of their openness with down- 

and up-regulated genes (Fig. 5c,d). The chromatin sites that remained open in Foxa2-WT 
and -ΔHx were most enriched with ubiquitous transcription factors (SP1, E2F2, NFY), 

which preferentially bind to promoters, and less with FOXA motif (Fig. 5b and Extended 

Data Fig. 8b, “common sites”) and were over-represented by promoter regions (Extended 

Data Fig. 9b). In mammalian genomes, enhancers tend to be open in a tissue-specific 

manner, while promoters are more likely to be open in a ubiquitous fashion36; thus, 

promoter sites keep open states independent of FOXA2. In summary, many distal regulatory 

sites in the chromatin of the endoderm and node/notochord/head process are dependent upon 

accessibility via the histone-interacting, α-helical domain of FOXA2.

Discussion

The ability to target nucleosomal DNA allows pioneer factors to enable cooperative 

interactions with other transcription factors in silent chromatin, causing changes in gene 

expression networks for new cell fates. Yet it has not been clear whether chromatin opening 

in vivo is strictly dependent upon cooperating transcription factors and nucleosome 

remodelers62-64 or is dependent upon, in some cases, a chromatin opening ability that can be 

discerned for the pioneer transcription factor in vitro, independent of cofactors or 

nucleosome remodeling complexes8. In this paper, we discovered a histone-interacting, α-

helical domain of FOXA1 that contributes to chromatin opening on compacted nucleosome 

arrays in vitro, targeting a specific nucleosome that harbors two enhancer binding sites for 

the factor24,65,66. Notably, the same FOXA2 α-helical domain contributes to opening 

chromatin at many thousands of sites in the early endoderm and node/notochord lineages for 

proper embryonic differentiation and growth. We conclude that the ability of a transcription 

factor to interact with core histones in nucleosome target sequences, separately from 

interacting with DNA, can be crucial for pioneer activity and proper embryonic 

development.

The occurrence of motifs for other cell type-determining factors with the FOXA2-opened 

sites in embryos (Fig. 5b), along with functional assessments of FOXA2-targeted chromatin 

in endoderm differentiation from embryonic stem cells67, indicates that FOXA2-mediated 

chromatin opening in vivo is likely a cooperative event with other transcription factors. 

Indeed, the original discovery of FOXA factors binding to the Alb enhancer in 

undifferentiated embryonic endoderm, by in vivo footprinting, revealed co-occupancy with 

GATA transcription factors68,69, and recombinant FOXA1 was later found to enhance 

GATA4 binding to dinucleosomes in vitro70. However, that GATA4 could target a central 

nucleosome on a compacted nucleosome array and elicit nuclease sensitivity on its own, 

albeit more weakly than FOXA18, indicates that there are chromatin dynamics elicited by 

transcription factors that can only be seen on complex chromatin substrates and not on 

isolated nucleosomes or dinucleosomes. We speculate that many pioneer factors will be 

found to interact with core histones and that such interactions will enable cooperative events 

in chromatin, as for FOXA1. Indeed, the transcription factor EBF1 opens chromatin during 

B cell development, and chromatin opening requires a C-terminal domain separate from its 

DNA binding domain71.
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Recent studies reveal that pioneer factor binding to closed chromatin in vivo is a fast step, 

with resultant open chromatin states with co-bound factors being a slow step11,72-74. Thus, 

there remains a gap in understanding how the open chromatin states that are elicited on 

compacted nucleosome arrays in vitro relate to opening of chromatin in the complex 

environment of the nucleus. The difference could relate to the more diverse and physically 

compacted chromatin states in vivo, as seen by the differential ability of transcription factors 

to target repressive H3K27me375 and H3K9me376 domains, in addition to unmodified and 

closed chromatin domains. Biophysical and in vivo studies are revealing details by which 

transcription factor binding to nucleosomes can result in partial unwrapping of the DNA, 

with the factor still bound to nucleosomal sequences77-80. In summary, there appear to be 

additional steps between the initial slow scanning of pioneer factors in chromatin81, 

sampling of cell-specific and non-specific target sites82, and when they enable cooperative 

events with other transcription factors and chromatin remodelers11,35,74,82-85. It will take 

more complex chromatin templates in vitro to understand the mechanisms of chromatin 

opening, as it is possible for nucleosome arrays to be compacted with linker histone, which 

in vivo can be displaced by FOXA1 and FOXA236, as well as with co-repressors that 

compact the chromatin further22.

High-throughput screens for nucleosome binding are revealing significant numbers of 

transcription factors that can target binding sites on recombinant nucleosomes that lack pre-

existing histone modifications86,87. Nucleosome binding is enabled when a transcription 

factor recognizes a DNA sequence via a short α−helix in the DNA binding domain87, which 

is a separate from the histone interaction and chromatin opening function of the α-helical 

domain in the C-terminal region of FOXA1 and FOXA2 described here. Based on our study, 

further analysis of histone interactions and understanding how they enable chromatin 

opening, as well as how they may enable engagement with different types of silent 

chromatin domains, will bring us closer to being able to control cell fates at will.

Online methods

FOXA1-core histone crosslinking analysis.

In brief, recombinant FOXA1 was incubated with core histone octamers, which dissociate 

into dimers and tetramers at the salt concentrations used, crosslinked with formaldehyde, 

and crosslinked and control bands were analyzed by MALDI-TOF spectrometry. FOXA1 

and octamers at 0.25 nM each were incubated in 90 μl of 150 mM KCl; 20 mM HEPES, pH 

7.6; 0.1%Tween 20; 0.5 mM EDTA; 0.5 mM EGTA; 10% glycerol for 2 h at room 

temperature. Formaldehyde (10 μl of a 10% solution) was added and mixed for 1 min. The 

mixture was precipitated with 5 volumes of acetone and incubated overnight, with 

occasional mixing. Precipitates were spun in a microfuge at 4 °C for 20 min and the pellets 

resuspended into SDS-PAGE running buffer. SDS-PAGE loading buffer was added, heated 

to 95 °C for 5 min, spun briefly, then run on an SDS-PAGE for 2 h. The gel was stained with 

Coomassie blue, destained, and the bands were excised for trypsinization and MALDI-TOF 

analysis. Spectra were evaluated by quantitation of signals and displayed in MoverZ.
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FOXA sequence homology analysis.

The non-redundant database was filtered to contain sequences only from eumetazoans 

(animals, no invertebrates) and the substitution matrix was set to BLOSUM45 to allow for 

more distal matches. Sequence hits were filtered using an expected value cutoff of 1E-10 

and a bit score (normalized sequence similarity) of 100 or better. In each species, the best 

match by bit score was obtained. FOXA1 and FOXA2 “hits” (the matching part of the 

sequence in each species) were then loaded into the multiple sequence alignment tool 

CLUSTAL OMEGA to produce a phylogeny. Obvious clades on the dendrogram were 

examined and a representative from each was selected. Finally, a list of 19 species, mostly 

mammalian, was created for Extended Data Figure 3. Additionally, Drosophila Fkh1 was 

added to the list for an out-group contrast. The hits from these species were re-uploaded to 

CLUSTAL OMEGA and the alignment was produced. The alignment is split into FOXA1, 

FOXA2, FOXA3, and Fkh1 hits, and the hits are sorted by protein similarity within each 

group.

Peptides and circular dichroism (CD) spectroscopy.

Synthetic peptides FCIC-1 (NH-SSEQQHKLDFKAYEQALQYS-OH) and FCIC-2 (NH-

SSEQQHKLDFKPYEQPLQYS-OH) were purchased from AnaSpec, Inc. (San Jose, CA). 

Peptides were purified to >98% by reverse-phase HPLC. The mass of the peptides, measured 

by matrix-assisted laser desorption mass spectrometry, was within 1.6 and 0.4 Da of the 

theoretical mass for FCIC-1 and FCIC-2, respectively. Because of the limited solubility of 

FCIC-1 at neutral pH, stock solutions of 163 μM FCIC-1 and 170 μM FCIC-2 were prepared 

by dissolving the lyophilized peptides in a dilute solution of sodium hydroxide at pH 10. For 

CD measurements in the absence and presence of trifluoroethanol (TFE), 240 μl of stock 

solution was mixed with 60 μl of a water/TFE mixture to yield final TFE concentrations in 

the range from 0 to 20% (by volume), which enhances secondary structure in aqueous 

solutions. The pH was adjusted to 8.2 by adding small amounts of HCl. Final peptide 

concentrations were 130 and 136 μM for FCIC-1 and FCIC-2, respectively. CD spectra were 

acquired at 20 °C on an Aviv 62A spectropolarimeter (Aviv, Lakewood, NJ), using 1 mm 

quartz cuvettes. Each CD spectrum is an average of five scans recorded in the far-UV region 

(190-260 nm) with a band pass of 2 nm. Peptide concentration was determined by measuring 

tyrosine absorbance at 275 nm in acidified stock solutions, using an extinction coefficient of 

2,800 M−1 cm−1. In the absence of TFE (filled circles in Fig. 1c), both peptides exhibit a 

strong negative band near 200 nm and a minor shoulder near 225 nm characteristic of a 

largely disordered (random coil) conformation. Addition of TFE to FCIC-1 results in 

pronounced spectral changes, including a large increase in ellipticity below 200 nm and a 

growing negative band in the 215-230 nm range. These changes are consistent with a 

solvent-induced increase in α-helix content from less than 2% in water to about 10% at the 

highest TFE concentration measured (20% by volume), assuming a molar mean-residue 

ellipticity of −34,100 mdeg cm−2 dmol−1 for a fully α-helical peptide88. By contrast, 

addition of TFE has little or no effect on the far-UV spectrum of the control peptide, 

FCIC-2. The fact that the control peptide remains unstructured even in the presence of TFE 

indicates that any tendency of the peptide to form helical secondary structure is completely 

disrupted by the two Ala-Pro substitutions.
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Core histone pulldown assay.

Recombinant wild-type FOXA1 and mutants thereof were produced in E. coli, purified to 

homogeneity, and used in a pulldown assay with recombinant core histones as described 

previously8.

Chromatin accessibility assay on compacted nucleosome arrays.

Recombinant mutant FOXA1 proteins were produced as described21,89, added to end-

labeled, linker histone-compacted nucleosome arrays, digested with DNase, and analyzed as 

described8,90.

Cell culture and transient transfection of siRNA and plasmids.

H2.35 is a temperature-sensitive mouse liver cell line that maintained in an undifferentiated 

state at the permissive temperature (33 °C) and expresses various liver genes at the 

restrictive temperature (39 °C). H2.35 cells were maintained at 33 °C in the low-glucose 

DMEM (Invitrogen #11885-084) with 4% fetal bovine serum and 0.2 μM dexamethasone. 

For the FOXA1 knockdown, H2.35 were plated with a mixture of FoxA siRNA (Thermo, 

#s67625 and #s67627) and Lipofectamine RNAiMAX (Invitrogen, 13778) and cultured at 

33 °C. 12 h after the siRNA transfection, the cells were transfected with a FOXA1 

expression vector by Lipofectamine LTX (Invitrogen #15338-100) and cultured at 33 °C for 

6 h. The transfected cells were then moved to 39 °C and cultured for 3 days for RNA and 

protein extraction.

Creating Foxa2WT-tagRFP and Foxa2ΔHx-tagRFP knock-in alleles in mice.

All procedures were in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals and were approved by an IACUC committee at University of Pennsylvania. 

Foxa2WT-tagRFP/WT and Foxa2ΔHx-tagRFP/WT mice were generated by recombinase-mediated 

cassette exchange (RMCE) gene targeting in embryonic stem cells (Extended Data Fig. 

3a)39. For the Foxa2WT-tagRFP allele, the stop codon of Foxa2 was removed and a flexible 

linker (SGGGGS GGGGS GGGGS GGGGS)40 plus tagRFP91 was inserted following the 

Foxa2 coding sequence. For the Foxa2ΔHx-tagRFP allele, a 10-amino acid of the Foxa2 α-

helix region (LKAYEQVMHY) was removed from Foxa2WT-tagRFP allele. These knock-in 

mice were maintained on a C57Bl6/J x CD-1 mixed background. The PCR primers for 

genotyping Foxa2WT-tagRFP and Foxa2ΔHx-tagRFP knock-in alleles (generating 231-bp 

product) and non-modified allele (generating 197-bp product) are listed below:

lox2272-F: 5’-AGT GTT GTC TTC TGC CTT TGA G-3’

lox2272-R: 5’-GCT TAC CTT AGT CTC GGT CTT GG-3’

The PCR primers for genotyping Foxa2WT-tagRFP allele (generating 300-bp product) and 

FoxA2ΔHx-tagRFP (generating 270-bp product) are listed below:

tRFP-F: 5’-GCT CTT CGC CCT TAG ACA CC-3’

tRFP-R: 5’-ATC AGC CCC ACA AAA TGG AC-3’
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Because none of the E7.5 embryonic phenotypes investigated in this study is evidently sex 

biased, embryos were not sexed, and a mixed population of male and female embryos was 

analyzed for RNA-seq and ATAC-seq.

Image data acquisition.

Widefield fluorescence images of Foxa2WT-tagRFP and Foxa2ΔHx-tagRFP embryos were 

acquired on a Nikon ECLIPSE TE2000-U Microscopy and a CoolSNAP EZ CCD camera.

Fluorescence activated cell sorting (FACS) of mouse embryo cells.

Females of 3-5 weeks old Foxa2WT-tagRFP/WT and Foxa2ΔHx-tagRFP/WT were superovulated 

by intraperitoneal injection of 7.5 IU pregnant mare serum gonadotropin (PMSG) (Prospec, 

#HOR-272) and, 48 h later, followed by a second injection of 7.5 IU human chorionic 

gonadotropin (HCG) (Sigma, #G1063-1VL) and then bred to males of same genotype. E7.5 

mouse embryos were dissected into phenol red-free DMEM/F12 (Invitrogen, # 11039-021) 

supplemented with 5% fetal bovine serum (FBS). Extra-embryonic portion was removed and 

kept for PCR genotyping. tagRFP intensity of embryos was evaluated by taking a 

fluorescence image (Nikon TE2000-U) in order to distinguish Foxa2WT-tagRFP and 

Foxa2ΔHx-tagRFP homozygous embryos from heterozygous and wild-type embryos. About 10 

embryos of homozygous (for sorting), heterozygous (for setting a FACS gate), or wild-type 

(for setting a FACS gate) were washed with PBS, dissociated with 200 μl of 0.05% Trypsin-

EDTA (Invitrogen, #25300054) for 5 min at 37 °C, and then stopped with 200 μl of 

DMEM/F12 supplemented with 20% FBS. The embryos were pipetted up and down to 

obtain single cell suspension, spun down to remove supernatant, and resuspended in 

DMEM/F12 supplemented with 10% FBS. The cell suspensions were filtered through 35-μm 

filter cap (BD Falcon #352253) and transferred to FACS tubes (BD Falcon #352063). Based 

on tagRFP intensity of wild-type and heterozygous embryos, three sorting gates were set: 

“FOXA2-tagRFP-negative” and “FOXA2-tagRFP-middle”, which were gated by avoiding 

autofluorescence of WT and including up to maximum tagRFP intensity of heterozygous 

(Foxa2tagRFP/WT) cells expressed, and “FOXA2-tagRFP-high”, which exhibited higher 

tagRFP signal than heterozygous cells did (Extended Data Fig. 6b). These three populations 

of homozygous embryos were isolated on a BD Influx Cell Sorter.

RNA-seq.

Three biological replicates of total RNA from 2,500-5,000 embryonic cells was isolated 

using the RNeasy Micro kit (QIAGEN, #74004) and genomic DNA was digested on column 

with the addition of RNase-free DNase I. The RNA was eluted from the columns using 

RNase-free water. RNA-seq libraries with the RNA equivalent of 1,000 cells were generated 

by SMART-Seq2 method as previously described92. The RNA-seq libraries were quantified 

using the NEBNext Library Quant Kit for Illumina (New England Biolabs, #E7630S) and 

the size distribution of the libraries was validated using the High Sensitivity DNA Analysis 

Kit (Agilent, #5067-4626). The libraries were pooled and single-end sequenced on an 

Illumina NextSeq 500 with 75-bp read length.
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Alignment and processing RNA-seq data.

RNA-seq reads were mapped to the mouse mm10 genome with STAR-2.5.2a using the 

parameters --outFilterMultimapNmax 20 --alignSJoverhangMin 8 --alignSJDBoverhangMin 

1 --outFilterMismatchNmax 999 --alignIntronMin 20 --alignIntronMax 100000093. After 

alighment, the number of reads per transcript were estimated using HTSeq-0.6.194, and 

DESeq295 was used to normalize read counts and call differentially expressed genes. Gene 

ontology enrichment analyses were performed using DAVID Bioinformatics Resources 

6.896.

ATAC-seq.

ATAC-seq from two biological replicates was performed essentially as previously 

described55 with the following differences: in total, 2,000-5,000 embryonic cells were used 

per ATAC-seq library and the transposition reaction was done in 5 μl instead of 50 μl 

reaction. Also, the QIAGEN MinElute purification before PCR was eliminated and instead 

the 5 μl reaction was taken immediately after transposition directly into the 50 μl PCR. The 

ATAC-seq libraries were quantified using the NEBNext Library Quant Kit for Illumina (New 

England Biolabs, #E7630S) and the size distribution of the libraries was validated using the 

High Sensitivity DNA Analysis Kit (Agilent, #5067-4626). The libraries were pooled and 

paired-end sequenced on an Illumina NextSeq 500 with 2 x 38-bp read lengths.

Alignment and processing ATAC-seq data.

Paired-end ATAC-seq reads were mapped to the mouse mm10 genome with STAR-2.5.2a 

using the parameters --outFilterMultimapNmax 20 --outFilterMismatchNmax 999 --

alignMatesGapMax 1000000 --alignIntronMax 193. Reads mapping to the mitochondria, 

unmapped contigs, and chromosome Y, and mate-pairs longer than 2 kb, and possible PCR 

duplicates were removed. We used MACS297 to call peaks on replicate-pooled tags with the 

parameters --nomodel --nolambda --keep-dup all --call-summits. We extracted peaks with 

FDR < 0.01 and filtered out the peaks that were overlapped with the consensus excludable 

ENCODE blacklist and mitochondrial homologs55. WT-specific and ΔHx-specific peaks 

were identified using BEDtools intersect -wa -v while common peaks were identified using 

BEDtools intersect’s default behavior (reporting regions shared between peaks in both 

conditions). Peaks which were exact duplicates were removed from the common peaks for 

HOMER analysis. HOMER-v4.9 findMotifsGenome.pl script was used for de novo motif 

analysis98 with parameters -size 200 -mask.

Quantification and statistical analysis.

To check the significance of all comparisons, the Wilcoxon rank sum test was used to 

calculate P-values for data used to generate box plots. Differential expression was analyzed 

using DESeq2 (Wald test) with FDR correction at 10%. Gene Ontology enrichment analysis 

was performed using DAVID (EASE/Fisher's exact test) with FDR correction at 10%.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting 

Summary linked to this paper.
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DATA AVAILABILITY

Genomic data have been deposited in the Gene Expression Omnibus database under 

accession number GSE134465.

Extended Data

Extended Data Fig. 1. The FOXA α-helix binds core histones
a, Schematic of crosslinking of histone octamers used as input and FOXA1. SDS-PAGE 

analysis of FOXA1 or FOXA1 crosslinked to core histones, stained with Coomassie blue. 
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Crosslinked products of a mobility expected for FOXA1 and core histone together are noted 

as band A and band B. The full blot gel is presented in the Source Data files. b, Underlined 

sequences are identified by peptide mass matching while the subset highlighted by green are 

used for relative peptide quantification in Extended Data Figure 2. c, Strategy to map 

candidate interaction sites, explaining how crosslinked peptides gain a much greater mass 

and become depleted from the m/z spectrum.

Extended Data Fig. 2. Mass spectrometry identification of FOXA1 peptides depleted by 
crosslinking to core histones
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Relative quantification of FOXA1 peptides in crosslinked bands A and B shown in Extended 

Data Figure 1a. The integrated intensities of ions corresponding to peptides 

YPHAKPPYSYISLITMAIQQAPSK and 

ASQLEGAPAPGPAASPQTLDHSGATATGGASELK were used for normalizing tabulated 

intensities of other FOXA1 peptide ions. Those peptide intensities found unaltered in bands 

A and B (Extended Data Figure 1a) are shown in the blue panel while those whose 

intensities changed in the FOXA1:Histone x-linked bands are shown in the red panel, and 

noted by red arrows, as discussed in the main text. Lower right, quantitation of peptide 

signals of aa415-443 over control peptide signals of aa313-246 within the same respective 

spectrum, demonstrating a diminution of aa415-442 in band A due to blockage at K414.
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Extended Data Fig. 3. Amino acid sequence comparison of FOXA family C-terminal regions
a, A putative α-helical region is conserved in FOXA1 and FOXA2 homologs. Conserved 

regions II and III are highlighted in teal and the α-helical region around K414 (orange) is 

highlighted in green. b, FOXA2 wild-type (WT) protein and delta-helix (ΔHx) mutant bound 

to Sepharose beads in a pulldown assay to assess binding to histone octamers. The bar graph 

represents mean +/− s.e.m. of four replicates. P values are from a one-sided paired t-test, 

comparing the ratio of the core histones H3/H2A/H2B as a group and H4 to the recovered 

amount of full length FOXA2 in the same lane (n = 4 experiments; *, P < 0.05 different from 

WT). Dashed lines indicate partial FOXA2 degradation products from the C-terminus of the 
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6X-his tagged FOXA2 proteins, which were tagged on the N-terminus. The full gel is 

presented in the Source Data files.

Extended Data Fig. 4. Deficiency in activation of endogenous FOXA1 liver target genes by 
FOXA-ΔHx and FOXA1-PP mutant proteins
a, Schematic of functional assay for FOXA1 wild-type and mutants in H2.35 liver cells. b, 

Apoa1 and Ttr1 expression analysis by RT-qPCR relative to expression levels in the control. 

Results shown as mean +/− s.e.m. of four biological replicates. P values are from two-sided 

Student's t-test. c, Western blot analysis of two biological replicates for endogenous and 

exogenous FOXA proteins, demonstrating similar amounts of FOXA-ΔHx and FOXA1-PP 
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mutant proteins as FOXA1-WT, and thus indicating an intrinsic deficiency in the mutants' 

abilities to restore expression of endogenous liver genes in a Foxa1 knock-down 

background. Two experiments were repeated independently with similar results. Full blots 

are presented in the Source Data files.

Extended Data Fig. 5. Gene targeting at the mouse Foxa2 locus
a, Generation of Foxa2WT-tRFP and Foxa2ΔHx-tRFP knock-in alleles with targeting and 

exchange cassettes. b, Frequency of genotypes resulting from heterozygous intercrosses of 

Foxa2WT-tRFP/WT at embryonic stages. c, Box and whisker plots show stage distribution at 

wild-type, heterozygous, and homozygous of Foxa2WT-tRFP and Foxa2ΔHx-tRFP embryos at 

E8.5. The bottom and top of the boxes correspond to the 25th and 75th percentiles, and the 

internal band is the 50th percentile (median). The ends of the whiskers represent 1.5 times 

the IQR. The points represent outliers. The indicated P-values are obtained by one-sided 

Wilcoxon rank sum test.
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Extended Data Fig. 6. FACS gating to sort FOXA2-tRFP positive and negative cells in E7.5 
embryos
a, Bright field images of Foxa2ΔHx-tRFP/WT and Foxa2ΔHx-tRFP/ΔHx-tRFP (with a gross 

phenotype) littermate at E12.5 from heterozygous intercrosses. Images are representative of 

the numbers of embryos indicated in Figure 3a. b, Representative FACS pattern of FOXA-

tRFP-high (P5 gate), -middle (P4 gate), and -negative (P3 gate) cells from Foxa2tRFP/tRFP 

E7.5 embryos. Foxa2WT/WT and Foxa2tRFP/WT samples were loaded only for setting the 

gates, but not for the sorting. The FOXA2-tRFP-middle (P4 gate) was set by avoiding 

autofluorescence and including up to the maximum tRFP intensity of heterozygous 

(Foxa2tRFP/WT) cells expressed. The FOXA2-tagRFP-high (P5 gate) exhibited a higher 
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tagRFP signal than heterozygous cells. The FACS experiments were repeated more than 40 

times independently with similar results.

Extended Data Fig. 7. Deletion of α-helical region of FOXA2 alters gene expression in E7.5 
embryos
a, Heatmaps show DESeq adjusted RNA-seq counts for all differentially expressed genes 

with adjusted p-value < 0.1 (by one-sided Wald test with FDR correction at 10%). The 

individual replicates of wild-type (Foxa2WT-tRFP /WT-tRFP) and ΔHx 

(Foxa2ΔHx-tRFP/ΔHx-tRFP) in FOXA2-tRFP-high and -middle cells were presented. n = 3 

biologically independent RNA-seq datasets per group. b, RNA-seq tracks of each biological 

replicate of FOXA2-tRFP-mid cells from E7.5 Foxa2WT/WT (green) and 

Foxa2ΔHx-tRFP/ΔHx-tRFP (gray) embryos at down-regulated gene loci in 

Foxa2ΔHx-tRFP/ΔHx-tRFP.
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Extended Data Fig. 8. Deletion of α-helical region of FOXA2 alters the accessible chromatin sites 
in E7.5 embryos
a, de novo motif enrichment analysis at differential open chromatin sites (ATAC-seq peaks) 

between FOXA2[WT]-tRFP-high cells and FOXA2[WT]-tRFP-middle cells. P-value (by 

one-sided Monte Carlo simulation with FDR controlled at 5%) and % targets are indicated in 

parentheses. n = 2 biologically independent ATAC-seq datasets per group. b, de novo motif 

enrichment analysis at differential open chromatin sites (ATAC-seq peaks) of “wild-type 

(Foxa2WT-tRFP /WT-tRFP)-specific”, “ΔHx (Foxa2ΔHx-tRFP/ΔHx-tRFP)-specific”, and “wild-type 

and ΔHx common” open chromatin sites in E7.5 FOXA2-tRFP-high cells and FOXA2-

tRFP-middle cells. P-value (by one-sided Monte Carlo simulation with FDR controlled at 

5%) and % targets are indicated in parentheses. n = 2 biologically independent ATAC-seq 

datasets per group.
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Extended Data Fig. 9. Deletion of α-helical region of FOXA2 alters gene expression and 
accessible chromatin landscapes in E7.5 embryos
a, GO term enrichment analysis of downregulated and upregulated genes in FOXA2-tRFP-

high and FOXA2-tRFP-middle cells. P-value (by one-sided EASE/Fisher's exact test) and 

gene count are indicated in parentheses. n = 3 biologically independent RNA-seq datasets 

per group. b, The distribution of WT-specific, ΔHx-specific, and WT-ΔHx common open 

chromatin sites at non-overlapped genomic features.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 ∣. A FOXA site of core histone interaction is located in an α-helical structure of the C-
terminal domain.
a, Domain structure of FOXA1 and amino acid positions of crosslink sites with core 

histones. DBD, DNA-binding domain; TA, transactivation domain. b, Amino acid sequences 

of FOXA family members, highlighting conserved region II (CR II), predicted α-helix, and 

conserved region III (CR III). c, Far-UV CD spectra of wild-type peptide (WT) and double 

proline-containing control peptide (PP), in unbuffered aqueous solutions (pH 8.2) containing 

0%, 5%, 10%, and 20% TFE, recorded at 20 °C. Each spectral display is an average of five 

scans. Arrows indicate spectral changes indicative of α-helicity. d, FOXA1 wild-type (WT) 

protein and mutants bound to Sepharose beads in a pulldown assay to assess binding to a 

mixture of histone dimers (H2A-H2B) and tetramers (H3-H4). All lanes shown were on the 
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same gel, with the last two lanes in place of other lanes that were cropped out. The full blot 

is presented in the Source Data files. The bar graph represents mean +/− s.e.m. of four 

replicates. P values in the bar graph are from a one-sided paired t-test, comparing the ratio of 

the core histones H3/H4 and H2A/H2B to the recovered amount of FOXA1 in the same lane 

(n = 4 experiments).
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Figure 2 ∣. FOXA α-helix is required for efficient chromatin opening in vitro.
a, C-terminal sequence of FOXA1 with conserved regions highlighted, amino acid changes 

for designated mutations, and SDS-PAGE analysis of recombinant proteins used for 

chromatin binding assays. b, DNase I hypersensitive assay of recombinants FOXA1 (wild-

type and mutants) to end-labeled nucleosome arrays compacted by linker histone H1. Lanes 

2 and 3 exhibit canonical linker sequence cleavage pattern of the nucleosome arrays, lanes 4 

and 5 exhibit the extent of compaction and inaccessibility caused by linker histone binding, 

and lanes 6 and 7 show the selective accessibility to DNase elicited by FOXA1 binding to 

two target sequences on the central Alb N1 nucleosome. Lanes 8-23, patterns elicited by 

FOXA1 protein mutations; lane 24, marker. All lanes shown were on the same gel, with 
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lanes between 5 and 6, and 23 and 24, cropped out. The full gel and blot images are 

presented in the Source Data files.
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Figure 3 ∣. Deletion of the α-helix encoded by Foxa2 impairs mouse embryonic development.
a, Frequency of genotypes resulting from heterozygous intercrosses of Foxa2ΔHx-tRFP/WT at 

designated embryonic stages. Numbers of embryos with a gross phenotype are indicated in 

parentheses. b, Box and whisker plots show stage distribution at wild-type, heterozygous, 

and homozygous of Foxa2WT-tRFP and Foxa2ΔHx-tRFP embryos at E7.5. The bottom and top 

of the boxes correspond to the 25th and 75th percentiles, and the internal band is the 50th 

percentile (median). The ends of the whiskers represent 1.5 times the IQR. The point 

represents an outlier. The indicated P-values are obtained by one-sided Wilcoxon rank sum 

test. c-g, Bright field and fluorescence images of Foxa2WT /WT, Foxa2ΔHx-tRFP/WT, and 

Foxa2ΔHx-tRFP/ΔHx-tRFP littermates from heterozygous intercrosses and 
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Foxa2WT-tRFP /WT-tRFP embryos as controls. White brackets indicate embryonic portion. 

Images are representative of the numbers of embryos indicated in a. Scale bar represents 200 

μm.
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Figure 4 ∣. Identifying two different FOXA2-positive populations in E7.5 embryos.
a, Schematic of FACS isolation of FOXA2-positive cells in E7.5 embryos for RNA-seq and 

ATAC-seq. b, RNA-seq tracks of FOXA2-tRFP high, mid, and negative cells from E7.5 

Foxa2WT-tRFP /WT-tRFP (green) and Foxa2ΔHx-tRFP/ΔHx-tRFP (gray) embryos at Foxa2, Foxa1, 

and Foxa3 loci. c, RNA-seq tracks of FOXA2-tRFP high, mid, and negative cells from E7.5 

Foxa2WT-tRFP /WT-tRFP embryos at node/notochord and endodermal gene loci. d, GO term 

enrichment analysis of differentially expressed genes in FOXA2-tRFP-high cells and 

FOXA2-tRFP-middle cells compared with FOXA2-tRFP-negative cells (adjusted P-value < 

0.1 by one-sided Wald test with FDR correction at 10%). P-value (by one-sided EASE/

Fisher's exact test) and gene count are indicated in parentheses. n = 3 biologically 

independent RNA-seq datasets per group. e, De novo motif enrichment analysis at 
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differential open chromatin sites (ATAC-seq peaks) in FOXA2-tRFP-high cells and FOXA2-

tRFP-middle cells (see Extended Data Fig. 7a for statistics of the motif analysis). Numbers 

of peaks in the intersection represent the number of FOXA2-high or FOXA2-middle peaks 

with one or more overlaps to the other data set, allowing for one-to-many peak overlaps.
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Figure 5 ∣. Deletion of α-helical region of Foxa2 affects gene expression and the accessible 
chromatin landscape in E7.5 embryos.
a, The MA-plots depict the log2 fold changes (y-axis) over the means of normalized counts 

for all the genes in the RNA-seq DESeq dataset in E7.5 FOXA2-tRFP-high cells and 

FOXA2-tRFP-middle cells. Numbers of genes and points are colored red if the adjusted P-

value (by one-sided Wald test with FDR correction at 10%) is less than 0.1. n = 3 

biologically independent RNA-seq datasets per group (see Extended Data Fig. 7a for 

heatmaps showing differentially expressed genes for individual replicates). b, The heatmaps 

show the ATAC-seq signal at “wild-type (Foxa2WT-tRFP /WT-tRFP)-specific”, “ΔHx 
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(Foxa2ΔHx-tRFP/ΔHx-tRFP)-specific”, and “wild-type and ΔHx common” open chromatin sites 

in E7.5 FOXA2-tRFP-high cells and FOXA2-tRFP-middle cells. De novo motifs enriched at 

each category are indicated next to the heatmaps (see Extended Data Fig. 8b for statistics of 

the motif analysis). c, RNA-seq and ATAC-seq tracks of from E7.5 wild-type 

(Foxa2WT-tRFP /WT-tRFP ) (green) and ΔHx (Foxa2ΔHx-tRFP/ΔHx-tRFP) (gray) embryos at 

down-regulated genes (Gprc5a and Zfp984) and an up-regulated gene (Gm14403). d, Scatter 

plot of ATAC-seq signal of wild-type (Foxa2WT-tRFP /WT-tRFP ) against ΔHx 

(Foxa2ΔHx-tRFP/ΔHx-tRFP) at open chromatin sites associated with down-regulated genes 

(blue circles) and up-regulated genes (red circles) in ΔHx.
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