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Abstract

Pioneer transcription factors initiate cell-fate changes by binding to silent target genes. They are
among the first factors to bind key regulatory sites and facilitate chromatin opening. Here, we
identify an additional role for pioneer factors. In early Caenorhabditis elegans foregut
development, the pioneer factor PHA-4/FoxA binds promoters and recruits RNA polymerase 11
(Pol I1), often in a poised configuration in which Pol 1l accumulates near transcription start sites.
At a later developmental stage, PHA-4 promotes chromatin opening. We found many more genes
with poised RNA polymerase than had been observed previously in unstaged embryos, revealing
that early embryos accumulate poised Pol Il and that poising is dynamic. Our results suggest that
Pol Il recruitment, in addition to chromatin opening, is an important feature of PHA-4 pioneer
factor activity.

Embryonic development depends on precise patterns of gene expression that are orchestrated
by key transcription factors such as pioneer transcription factors. Pioneer factors function at
the earliest stage of transcriptional onset to facilitate chromatin opening at cis-regulatory
sites, which enables additional factors to bind DNA (1). The founding pioneer factor is
mammalian FoxAl, which associates with liver genes and promotes chromatin accessibility
before transcriptional activation. In vitro, FoXA proteins bind nucleosomes and block
chromatin compaction by H1 linker histones (1), and in vivo FOXA proteins open chromatin
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with the histone variant H2A.Z (2). It is unknown whether chromatin opening is the sole
mechanism of transcriptional priming induced by pioneer transcription factors.

In Caenorhabditis elegans, pha-4 encodes a selector gene that specifies foregut fate (3).
pha-4is orthologous to FoxA proteins (4, 5) and interacts with H2A.Z (2), raising the
question of whether pha-4 functions as a pioneer transcription factor in addition to its
selector activities. We performed five tests that revealed that p/ha-4 had pioneer activity.
First, PHA-4 associated with target genes M05B5.2, ceh-22, and myo-2beginning at the 8E
stage (“E” for endodermal cells), when PHA-4 was first detected (Fig. 1, A and B, and fig.
S1A). We observed binding to promoters that are activated at early, mid-, or late
embryogenesis and confirmed that the mid- (ceh-22) and late-stage (/myo-2) genes were not
expressed in our 8E sample (gastrulation stage). These data indicate that PHA-4 associates
with endogenous foregut promoters hours before transcriptional onset, which is as expected
for a pioneer factor. Second, we determined that PHA-4 bound nucleosomal DNA in vitro
equivalently to its orthologs FoxAl and FoxA2 (Fig. 1C). Third, chromatin sites bound by
PHA-4 in vivo [measured with chromatin immunoprecipitation (ChlP)] (6) lacked stable
nucleosomes [measured with formaldehyde-assisted isolation of regulatory elements
(FAIRE)] (fig. S1C) (7), indicating PHA-4 association with open chromatin. Moreover,
regions bound by PHA-4 were enriched for activating histone marks H3K4me2, H3K4me3,
and acetylated H3K27 (fig. S1C) (8). Fourth, single-cell analysis with artificial
chromosomes (Fig. 1D) revealed that chromatin was open in the foregut, where PHA-4 is
expressed, but not in other cell types, which lack PHA-4, nor with a target promoter bearing
a mutated PHA-4-binding site (Fig. 1E) (9). Fifth, we tracked PHA-4 association with
chromatin during mitosis and observed that a portion of PHA-4 was retained on DNA in
dividing foregut cells (fig. S2) (10). Together, the results reveal that PHA-4 fulfilled the
criteria of a pioneer transcription factor (Fig. 1 and fig. S1B). It associated with binding sites
early in development, bound DNA packaged in nucleosomes in vitro, and decompacted
chromatin in vivo.

To examine the role of PHA-4 in transcription, we mapped Pol Il occupancy by means of
genome-wide ChlP-sequencing (ChIP-seq). Previous studies with C. efegansPol Il had
focused on relatively late time points, after transcription was established for many genes (6,
11). Our interest was earlier stages, before transcriptional onset. We analyzed early embryos
after PHA-4 bound to target genes but before their transcription (~8E stage) and compared
those embryos to mid-stage, transcriptionally active embryos (bean stage) (staging is
provided in fig. S3). To localize Pol Il, we mapped its position relative to the transcription
start site (TSS) (11) and calculated three scores: promoter occupancy for Pol 11 spanning the
TSS (Fig. 2A), Pol Il within gene bodies (Fig. 2B), and the poising index as the ratio of the
promoter to the gene body values (Fig. 2C). The poising index reflects the relative quantity
of Pol Il close to the site of transcriptional initiation (12). Poising has been detected in
diverse organisms including, to a degree, C. elegans (12, 13).

We began by surveying the whole genome. In early embryos, most genes showed little Pol 11
at either promoters or gene bodies (Fig. 2, A and B), suggesting that most of the genome
was inactive. However, ~20% of genes had Pol Il near the TSS and little Pol 11 within gene
bodies, leading to a high poising index (=2.5) (Fig. 2C). As development progressed, the Pol
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I1 signal for both promoters and gene bodies increased, resulting in a broad range of poising
values (Fig. 2C and fig. S4C). This result suggested that the mid-stage poising scores
reflected a surge in Pol Il activity at the level of initiation and elongation, and that poising in
C. elegans is temporally regulated, similar to other animals (12). Most genes had docked Pol
I1, in which Pol Il bound just upstream of the TSS (14) (Fig. 2D) (11). Pol Il “pausing” was
also observed 3 to the TSS, like other species (12, 14), but we observed fewer cases of
pausing as compared with docking. We suggest that poising in C. elegansis more prevalent
than had been previously recognized. Earlier studies observed some poising in starved larvae
and in samples bearing mixtures of stages (6, 13, 14). In our samples, poising was associated
with both early and mid-stages, with index values typically higher in early embryos because
occupancy of Pol Il within gene bodies was low. Our analysis gives a picture of Pol 1l
loading and transcriptional onset during embryogenesis.

We next examined Pol 1 at foregut-associated genes. We observed an enrichment of poised
Pol I1: 27% of foregut genes were poised early compared with 17% for the whole genome
(Fig. 2C). At the bean stage, 36% of PHA-4-bound promoters had a poising index >2.5,
compared with 29% for the whole genome. We confirmed the ChlP-seq result by means of
ChlIP—quantitative polymerase chain reaction (PCR) for four foregut genes exhibiting
different Pol 11 poising scores (11). For example, Pol Il was poised at the ceh-22 promoter in
early embryos before transcriptional onset, but it subsequently decreased at the TSS and
increased in the gene body (Fig. 2E and fig. S4B). Quantitative reverse transcriptase—-PCR
(RT-PCR) analysis demonstrated that ce/-22 mRNA was activated in mid-embryos, as
expected (Fig. 3, B and C) (11, 15). These data suggest that poised Pol Il often reflects
preparation for transcriptional activation (12). Consistent with this idea, genes with poised
Pol 11 were associated with Gene Ontology (GO) terms “embryonic development” and
“embryonic morphogenesis” (table S1). However, poising likely has additional roles because
we also detected embryonic poised Pol Il at a subset of genes not expressed in embryos
(such as mex-3) or associated with GO terms such as “post-embryonic development.”

Pol Il poising at developmentally expressed genes has been observed in Drosophila embryos
(16), but poising in C. eleganshad been associated predominantly with starvation (6, 13). A
likely explanation for the difference between the prior studies and ours is the embryonic
stage (11). For example, we found that mixtures of embryos with a range of ages lacked
poised Pol Il for ceh-22, underscoring the importance of staging (fig. S4A).

To test whether pha-4 affects Pol 11 occupancy, we performed Pol 11 ChIP with a pha-4(ts)
temperature-sensitive strain that combines pha-4(zu225nonsense) with smg-1(cc546ts) (fig.
S6A) (17). smg-1(cc546) alone served as a control. Growth of pha-4(ts) was complicated
because pha-4is an essential gene, and therefore we relied on ChlP—quantitative PCR,
which requires less material.

At restrictive temperature, pha-4 mutants failed to accumulate poised Pol |1 at three tested
loci (ceh-22, T06D8.3, and K10D3.4) or elongating Pol Il at one (M05B5.2) (Fig. 3A and
fig. S6B) (11). mig-38, which has PHA-4 bound but is expressed broadly, was not affected
by pha-4(ts) (Fig. 3A). Recent studies found that Pol 11 poising was not tissue-specific for
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Drosophila muscle (16), but our analysis indicates that PHA-4 helps Pol 1l associate with its
target foregut genes in worms.

Pioneer transcription factors promote chromatin opening at target genes to modulate gene
expression. We therefore wondered whether chromatin opening by PHA-4 affected Pol Il
loading. We adapted FAIRE (7, 11) to track regions of the C. elegans genome with absent or
unstable nucleosomes. In older, wild-type embryos, we found a strong correlation between
PHA-4 binding and open chromatin, characterized by a high FAIRE signal, at both
promoters (H2A.Z*, H3K4me3*, and H3K27ac*) and enhancers (H3K4me1/2*) (fig. S7).
Conversely, Pol Il occupancy was only weakly correlated with open chromatin (fig. S7A),
which is similar to Drosophila (18). To determine the contribution of pha-4to chromatin
opening, we surveyed three foregut genes by means of FAIRE—quantitative PCR at early and
mid-stages after pha-4 inactivation (Fig. 4A). At the 8E stage, p/a-4(ts) embryos had a
FAIRE signal equivalent to wild-type embryos for ceh-22and K10D3.4, suggesting that
PHA-4 did not contribute to chromatin opening at these early stages. 706D8.3, however,
showed a ~10% decrease in FAIRE, suggesting nucleosomes depended on p/a-4 for at least
some opening. In mid-stage embryos, reduction of pha-4lead to a decrease in open FAIRE
regions spanning the PHA-4 binding site and the Pol Il binding site for 706D8.3and
K10D3.4. The effect was less dramatic for cen-22, with a small reduction at the PHA-4
binding region. Nevertheless, PHA-4 still promoted ceh-22 opening. These data suggest that
PHA-4 promotes chromatin opening at mid-stages, at least for the surveyed genes, but has
less of an effect early.

We extended these results in three ways. First, we determined that pha-4(ts) had no impact
on three nonforegut genes (eft-3, mig-38, and srw-99) (Fig. 4A). Second, we used artificial
chromosomes bearing PHA-4 target promoters and fluorescently tagged PHA-4 to examine
chromatin opening in single cells (9). We observed decompaction of artificial chromosomes
in the foregut of mid-stage embryos but not early embryos (Fig. 4, B to D) (9). Artificial
chromosomes in nonforegut cells failed to decompact at either stage (Fig. 4, B and C).
Third, a comparison of wild-type 4E embryos (with little to no PHA-4) and 8E embryos
(with detectable PHA-4) revealed a decrease in FAIRE values at the 8E for both foregut and
nonforegut genes (fig. S7). Thus, PHA-4 binding did not induce detectable decompaction at
the 8E stage compared with the 4E. The data suggest that PHA-4 induces decompaction
predominantly at mid-stages, after Pol Il binding.

This study reveals widespread poised Pol Il during C. elegans development and shows that
the pioneer transcription factor PHA-4 contributes to Pol Il recruitment at poised and
transcribed genes within the foregut. PHA-4 activity is critical during early embryonic
stages when we observe Pol Il recruitment, suggesting these early events are essential for
proper organogenesis (17). C. elegans embryos develop in 13 hours, with rapid changes in
gene expression. Pol Il poising may accommodate these dynamics by promoting rapid
and/or synchronous transcriptional onset (12, 19). Recruitment of poised Pol 1l is followed
by decompaction of chromatin. One appealing hypothesis is that deposition of Pol 1l at TSS
regions may participate in chromatin opening, along with PHA-4 (18). This scenario
predicts that Pol 11 binds to regions that would otherwise contain stable nucleosomes, a
prediction that is borne out by our FAIRE analysis, and that Pol Il interferes with the
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construction of nucleosomes. It will be of interest to see whether other pioneer factors or
FoxA proteins also poise Pol II.
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Fig. 1. PHA-4 isa pioneer factor
(A) PHA-4: :green fluorescent protein (GFP) (green) during stages of embryogenesis. Early

embryos are enriched for 8E stage, and mid-embryos are enriched for bean stage (11). (B)
PHA-4: :GFP: :FLAG (11) binding endogenous targets M05B5.2 (expressed early), ceh-22
(mid), and myo-2 (late), detected with ChIP—quantitative PCR. Wild-type embryos lack
FLAG, a negative control. zaf-1 is not a PHA-4 target. 7= 3 replicates, mean £ SEM. (C)
PHA-4 binds nucleosomes. Shown is recombinant PHA-4 compared with FOXA proteins
incubated with the albumin enhancer containing a FoxA1 binding site as free DNA (DNA)
or nucleosomal (Nuc) DNA. Bound PHA-4 generated slow migrating bands (red). (D)
Artificial chromosomes with PHA-4: :yellow fluorescent protein (YFP) bound target
promoters in single cells. (E) PHA-4: :YFP (green) bound artificial chromosomes (purple,
Lacl) bearing the ceh-22 promoter (arrows). PHA-4: :YFP binding was abolished when
ceh-22 carried a mutated PHA-4 binding site (APHA-4; bottom). Asterisks mark artificial
chromosomes in nonforegut cells. Scale bar, 2 pm.
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Fig. 2. Early embryos accumulate poised Pol 11
(A) Pol Il occupancy at promoters (enrichment over input). (B) Normalized gene activity

scores for Pol Il occupancy within gene bodies. (C) Poising index. For (A) to (C), numbers
are provided in table S3; “Early” and “Mid” denote stages. (D) Pol 11 is enriched upstream
of the TSS. Genes with Pol 1 peaks near defined TSSs (11) were divided into four quartiles
according to gene body activity scores (from low, black, to high, white) and graphed for Pol
11 across the gene. (E) Pol Il at the cef-22locus in early, mid-, and late or mixed stage
embryos. Mixed population sample is from (6).
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Fig. 3. PHA-4 isrequired for Pol |1 occupancy at foregut genes
(A) Pol Il occupancy at mig-38 (poised, ubiquitous) versus ce/-22and T06D8.3 (poised,

foregut) in smg-1 control versus pha-4(ts) embryos, normalized to eft-3 (set at 1) and srw-99
(set at 0). Error bars indicate /7= 3 replicates, mean £ SEM. (B) mRNA abundance
(quantitative RT-PCR) for mig-38, ceh-22, and T06D8.3 for wild-type or pha-4(ts) embryos
early (E) or mid (M). n= 3 replicates, mean + SEM. (C) Gene expression profiles from (20).
Early stage (dark gray arrowhead) is at the fifth and sixth AB-div. Mid-stage (light gray
arrowhead) is equivalent to ventral enclosure.
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Fig. 4. PHA-4 promotes chromatin openness during mid-stage embryogenesis
(A) Chromatin opening tracked by FAIRE—quantitative PCR. Early (left), FAIRE signals for

three poised foregut genes were similar between wild-type (white) and pha-4(ts) (gray).
Mid- (right), FAIRE signals were reduced at poised foregut genes in pha-4(ts) embryos. The
gene structures show positions for PHA-4 binding (R1) and TSS (R2) sites. /7= 3 replicates,
mean + SEM. (B) Artificial chromosomes (CFP: :Lacl, purple) bearing the ceh-22 promoter
bound by PHA-4: :YFP (green) in early and mid-stage embryos. Dotted lines distinguish
foregut (F) from nonforegut (NF). Scale bar, 2 um. (C) Areas of artificial chromosomes
carrying the ceh-22 promoter in foregut (pha) versus nonforegut (non-pha). (D) Areas of
artificial chromosomes carrying the ceh-22 promoter in the foregut at different stages. *P =
0.01 to 0.05; ***F< 0.001.
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