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SUMMARY

EKLF/KIf1 is a zinc-finger transcription activator essential for erythroid lineage commitment and
terminal differentiation. Using ChlP-seq, we investigate EKLF DNA binding and transcription
activation mechanisms during mouse embryonic erythropoiesis. We utilize the Nan/+ mouse

that expresses the EKLF-E339D (Nan) variant mutated in its conserved zinc-finger region and
address the mechanism of hypomorphic and neomorphic changes in downstream gene expression.
First, we show that Nan-EKLF limits normal EKLF binding to a subset of its sites. Second, we
find that ectopic binding of Nan-EKLF occurs largely at enhancers and activates transcription
through pioneering activity. Third, we find that for a subset of ectopic targets, gene activation is
achieved in Nan/+ only by Nan-EKLF binding to distal enhancers, leading to RNA polymerase

Il pause-release. These results have general applicability to understanding how a DNA binding
variant factor confers dominant disruptive effects on downstream gene expression even in the
presence of its normal counterpart.
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In brief

Mukherjee and Bieker identify transcriptional mechanisms leading to dysregulation of gene
expression in the Nan/+ erythroid cells, which express a mutant variant (E339D) of the master
EKLF/KLF1 transcriptional regulator. They illuminate the ways by which co-expression of a
variant factor interferes with the proper function of its wild-type counterpart.

INTRODUCTION

The Krippel-like factor (KLF) family of transcription factors regulates gene expression
to facilitate diverse biological processes.1-3 A notable member, KLF4, is involved in
maintenance of pluripotency and is one of four factors used for cellular reprogramming
to generate induced pluripotent stem cells.* Many KLF proteins play crucial roles during
hematopoiesis, especially during embryonic development.>-8

EKLF/KIf1 is an erythroid transcription factor that activates expression of genes required
for lineage commitment, terminal erythropoiesis, enucleation, and erythroblast island
macrophage function.-13 EKLF/KIf1 binds a tripartite DNA sequence, CCM-CRC-CCN,
using three tandem C2H2 zinc fingers at its C terminus.1415 EKLF binds to the regulatory
elements of most erythroid genes, such as globins, erythrocyte membrane proteins, cell-
cycle factors, and iron/neme regulators.16
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EKLF mutations have profound effects on mammalian erythropoiesis.1’-24 While embryonic
lethality at E14.5 in homozygous EKLF™~ mice25:26 can be attributed to the global
downregulation of EKLF targets,2’+28 monoallelic point mutations in the EKLF zinc

finger, such as the mouse EKLF-E339D (neonatal anemia; Nan) and human EKLF-E325K
(congenital dyserythropoietic anemia; CDA type V), cause dominant phenotypes resulting
from aberrant transcriptional changes.17:29-34 In each case the same conserved glutamate

in the second zinc finger of EKLF is mutated (reviewed in Kulczynska-Figurny et al.35).
The Nan E339D mutation is embryonic lethal at E10-11 in Nan/Nan homozygotes,36:37 and
Nan/- heterozygotes are dysmorphic prior to E12.518, thus causing a more severe phenotype
than EKLF~~. Nan/+ heterozygotes survive until adulthood with severe anemia,1”-3! and
global gene expression and EKLF DNA binding analysis in the context of Nan reveal

altered EKLF binding preference and ectopic expression of non-erythroid genes.30-32:35

The human EKLF/KLF1-E325K mutation causes CDA IV (OMIM: 613673), with which
patients present with severe hemolytic anemia and a range of other symptoms38-41 resulting
from aberrant transcriptomic effects during terminal erythroid differentiation.33:34:42,43

EKLF/KIf1 utilizes the cellular transcription machinery comprising general transcription
factors and co-factors via interactions with its N-terminal transactivation domain (reviewed
in Yien and Biekerll). Among the prominent interactors are protein acetyltransferases CBP
and P300, each of which acetylates EKLF at two specific sites**-47 and also acetylates
H3K27,48 leading to transcriptionally poised promoters*%:50 and active enhancers.51-53
Acetylation of EKLF facilitates its interaction with the BRG1 subunit of the SWI/SNF
chromatin remodeling complex,5-54-56 thus providing a mechanistic link to EKLF’s role in
chromatin remodeling.5” The EKLF-CBP interaction may thus be crucial for transcription
activation, since it can facilitate chromatin opening and pre-initiation complex (PIC)
formation at transcription start sites (TSSs).>8 This leads to transcription initiation by RNA
polymerase 1l (Pol I) and pausing near the TSS and subsequent release of the paused
RNA Pol 11 into elongation upon enhancer activation.59-62 RNA Pol 11 pause-release is the
rate-limiting step of transcription in many metazoan genes governing cell-fate decisions
and development.63-65 Paused RNA Pol 11 is phosphorylated at serine 5 of its C-terminal
domain (CTD) repeat (YSPTSPS), while elongating RNA Pol |1 is phosphorylated at Ser2
of its CTDS6 by the action of positive elongation factors recruited in response to acetylated
histones at promoters and enhancers.5”

Our study focuses on global EKLF binding dynamics during embryonic erythropoiesis in
primary wild-type (WT) and Nan/+ mouse fetal liver and its correlation with chromatin
accessibility, CBP occupancy, and histone acetylation and finally its effect on RNA Pol 11
pausing and elongation. Our goal is to elucidate the mechanisms of transcription activation
by EKLF/KIf1 during embryonic erythropoiesis /n7 vivo and in the context of RNA Pol

Il pause-release control. In addition, we aim to understand the unusually severe effects

of conservative E-to-D change in Nan-EKLF and the molecular mechanisms leading to
dominant anemia through global gene dysregulation. The Nan/+ mouse as a model to
study transcription activation by EKLF provides a significant advantage, since ectopic DNA
binding and gene activation by Nan-EKLF are exclusive to this system. These details

are also globally relevant to understanding how cell-restricted transcriptional modulators
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play a coordinating role in establishing selective gene regulation during development and
differentiation.

RESULTS

Terminal erythroid maturation is reduced during embryonic erythropoiesis in Nan/+

E13.5 Nan/+ fetal livers (FLs) are pale with reduced total cell numbers, indicative of
impaired erythropoiesis.1”18 To quantify the progress of erythroid maturation in the FL,
we examined the expression of the terminal erythroid marker Ter119 (Figure S1A). Mature
Ter119+ erythroid cells in Nan/+ FL are significantly reduced compared with WT, indicating
blocks in erythroid progression (Figure S1B). Moreover, the Ter119+ Nan/+ FL cells have
lower Ter119 expression compared with WT (Figures S1C and S1D). Further, we assessed
the expression of CD44, whose expression reduces progressively with decreasing cell size
during erythroid maturation®® in the Ter119+ population (Figure S1E). WT FL shows three
distinct populations with progressive maturation stages from P1 to P3 (Figure S1F). The
mature P3 population is significantly reduced in Nan/+, whereas the less mature P1 and P2
populations are higher in Nan/+ (Figure S1G), indicating that most of the erythroblasts in
Nan/+ FL are early stage. These observations depict a delay or partial block in terminal
erythroid maturation in Nan/+ during embryonic erythropoiesis.

The Nan mutation alters EKLF DNA binding preference as well as the genomic distribution
of EKLF binding sites in Nan/+ FL

To determine the effect of the heterozygous Nan mutation on EKLF DNA binding during
embryonic erythropoiesis in Nan/+, we used chromatin immunoprecipitation sequencing
(ChlP-seq) on E13.5 FLs with a custom-designed anti-EKLF antibody called 7B2a. Peak
analysis (Table S1) showed that about one-third of EKLF peak locations in WT are
unoccupied in Nan/+ (Figure 1A) and vice versa (Figure 1B). There are more peaks in
Nan/+ compared with WT (Figure 1C). Most WT EKLF peaks are located at promoters

or TSSs, but significant binding is also seen at annotated intronic and intergenic regions
(Figure 1D). This is significantly altered in Nan/+, with reduced binding at promoters

and increased binding to introns and intergenic regions, indicating ectopic binding (Figure
1D). On examining select overexpressed or ectopically expressed genes in Nan/+,32 we
found that for AssZ and GngZthere is ectopic Nan-EKLF binding at promoters and introns
(Figure S2A), while Serpine/has Nan-EKLF bound exclusively at its promoter (Figure
S2B). Others, such as /L4ra, PacsZ, and Psap, have ectopic Nan-EKLF binding at a specific
intron (Figure S2C).

To determine the specificity of 7B2a, we performed motif analysis of peaks in WT and
Nan/+. We found that in WT, the canonical EKLF/KIf1 motif is the top enriched motif,
thus attesting to the high specificity of 7B2a (Figure 1E). The motif enriched in Nan/+ is
a variant of the EKLF motif, with a strong preference for G (on the C-rich strand) at the
second nucleotide of the middle zinc-finger binding sequence (Figure 1E, asterisk). This
is consistent with earlier findings that Nan-EKLF does not prefer binding to the cognate
EKLF binding sequence with CAC (on the C-rich strand) due to the nature of the Nan
mutation.17:30 For peaks called exclusively in Nan/+ and not in WT (likely bound by
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Nan-EKLF), we found that, along with the altered preference in the middle nucleotide
(Figure S3A, denoted by star), there is also degeneracy at the adjacent nucleotide (Figure
S3A, denoted by circle) which is normally strictly G (on the G-rich strand) in WT.30

Other transcription factor motifs, such as GATA, are co-enriched with WT EKLF motifs
(Figure 1F). This is consistent with the known cooperativity of EKLF and Gatal in
transcription regulation during definitive erythropoiesis.2” Interestingly, GATA motifs are
not co-enriched with EKLF peaks in Nan/+ (Figure 1G), suggesting that Nan-EKLF binds to
regions of the genome independent of Gatal binding. On examining the occupancy of Gatal
using ChIP-seq data from E12.5 FL,%9 we found that most WT EKLF peaks in E13.5 FL
have co-occupancy with Gatal (Figure S3B), consistent with our motif analysis (Figure 1F).
In contrast, very few of the EKLF peaks in Nan/+ show co-occupancy with Gatal (Figure
S3C), explaining the lack of co-enriched GATA and EKLF motifs in Nan/+.

Pioneering by EKLF is robust at promoter regions in the presence of Gatal and CBP and is
altered in Nan/+ in specific contexts

EKLF’s known interaction with CBP#547 led us to measure the global effect of EKLF
binding on CBP occupancy. We also measured the effect of CBP binding by examining
H3K27ac using ChIP-seq, since H3K27 is a prominent substrate of CBP’? and allows
us to locate enhancer regions. We separated the EKLF peaks at promoters and enhancers
in WT and Nan/+ and determined co-occupancy with CBP, H3K27ac, and Gatal (Figure
2). Pioneering activity also correlates with high chromatin accessibility, and thus, we
corroborated CBP and H3K27ac levels with ATAC-seq.

First, we found that EKLF at promoters in both WT and Nan/+ has high co-occupancy
with CBP and H3K27ac and the promoters have accessible chromatin (Figures 2A and 2B).
Promoter-bound EKLF in both WT and Nan/+ also correlates highly with Gatal occupancy
at E12.5 (Figures 2A and 2B). An example of this is the EKLF target gene Epb42, with
EKLF binding at the promoter in both WT and Nan/+ correlating with a Gatal peak at E12.5
and accessible chromatin at the promoter (Figure S4A). Second, we found that mostly WT
EKLF intronic and intergenic peaks are cooccupied with CBP, have high H3K27ac levels
indicating active enhancers, and have accessible chromatin (Figure 2C). This is visible at
the E£2f2 (Figure S4B) and Dmin (Figure S4C) loci, where there are multiple EKLF peaks
at intronic enhancers, some of which also correlate with Gatal peaks. Interestingly, at the
Dmitnlocus, the third and fourth intronic enhancer sites, which show both WT EKLF and
Gatal peaks, lose EKLF binding in Nan/+ and also lose accessible chromatin and CBP in
Nan/+ (Figure S4C). This indicates that at these sites pioneering requires the presence of
EKLF, without which chromatin accessibility is lost. In addition, in some cases, intronic
enhancers may be bound by both EKLF and Gatal, but pioneering is visible only at the
promoters, such as in the A/ad locus (Figure S4D).

In Nan/+, CBP, H3K27ac, and chromatin accessibility do not correlate as highly with
non-promoter-bound EKLF (Figure 2D) as they do with promoter-bound EKLF (Figure 2B).
Cooperativity in pioneering activity between EKLF and Gatal is likely mediated at least in
part by their interactions with the CBP/p300 complex.” Overall, the intronic and intergenic
EKLF peaks in Nan/+ have low Gatal, CBP, H3K27ac, and chromatin accessibility (Figure
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2D) compared with promoters in Nan/+ (Figure 2B). These observations suggest that the
pioneering ability of EKLF is robust in the presence of Gatal and more effective at promoter
regions than at intronic/intergenic regions in Nan/+. This is clearly visible at the Fam159b
(Shisal2b) locus, where a strong Nan-EKLF peak at the TSS correlates with high amounts
of CBP, H3K27ac, and accessible chromatin specifically in Nan/+ (Figure S4E). The //4ra
locus has ectopic Nan-EKLF binding at a Gatal-occupied site in an intronic enhancer, which
causes increased chromatin accessibility at that site along with higher CBP, but no difference
is observed at the TSS between WT and Nan/+ (Figure S4F). The strongest evidence that
EKLF alone can act as a pioneer transcription factor comes from genes such as Sema4b

and Larp4b (Figures SAG and S4H), along with Fam159b, shown earlier (Figure S4E).

The Semad4b locus shows a couple of different patterns (Figure S4G). At intron 1 there is
strong ectopic Nan-EKLF binding leading to a moderate increase in CBP and accessible
chromatin, but no Gatal (Figure S4G, first box from left). At intron 2 there isa WT EKLF
peak coinciding with Gatal binding, which loses EKLF binding in Nan/+ (Figure S4G,
second box from left). Interestingly, despite the loss of EKLF binding here, chromatin is
still accessible in Nan/+, indicating that at this site the presence of Gatal alone is sufficient
for pioneering, whereas at the intron 1 site the presence of Nan-EKLF alone can perform
pioneering. Larp4b also has an ectopic Nan-EKLF site in intron 1, which has minimal

Gatal binding, but has increased chromatin accessibility in Nan/+ due to ectopic Nan-EKLF
binding (Figure S4H).

Loss of EKLF and CBP binding downregulates genes in Nan/+ by decreased enhancer
activation and reduced RNA polymerase Il pausing and elongation

Since EKLF is a transcription activator, we examined the effect of EKLF occupancy and
pioneering in WT and Nan/+ on gene expression. We correlated EKLF peaks in WT

and Nan/+ with RNA-sequencing (RNA-seq) data from our earlier studies on Nan/+30:32

to determine direct gene targets of EKLF that are differentially expressed in Nan/+. We
reanalyzed the RNA-seq data using Salmon’2 by mapping it to the latest mouse genome
annotations and found 204 downregulated and 260 ectopic or overexpressed genes in Nan/+
(Table S2). Of these, 91 downregulated genes also had EKLF peaks in WT at either
promoters or enhancers and were thus directly activated by EKLF (Figure 3A and Table S3).
We found that EKLF binding is lost or reduced at both promoters and intronic regions of
these targets in Nan/+ (Figures 3A and S5A), and motif analysis of these peaks revealed that
the EKLF motif with CAC loses EKLF binding in Nan/+ (Figure S5B). This is consistent
with our earlier findings!’ (Figure 1E), but reveals that even in the presence of WT EKLF

in Nan/+, EKLF binding to specific CAC motifs is limited, and these genes lose expression.
Downregulated EKLF targets such as Dmin, Tfrc (CD7I), and Steap3have EKLF peaks

at their promoters and introns, and these are absent in Nan/+ (Figure S5C). Others, such

as Tspo2, Rgce, and CdknZc (p18), have promoter-bound EKLF, whereas £2f2has EKLF
binding at intronic enhancers, which is absent in Nan/+ (Figure S5C). EKLF binding is
dramatically reduced in Nan/+ at the B-like globin locus Locus Control Regions and also
(but less pronounced) at the B-globin promoters (Figure S5C).

Next, we determined the mechanism of gene downregulation in Nan/+ by assessing the
contribution of CBP/p300-mediated H3K27 acetylation and its effect on RNA Pol Il
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pausing and elongation. Reduced EKLF binding in Nan/+ leads to reduced CBP occupancy
predominantly at introns (Figure 3B). Enhancer activation, however, is drastically reduced
at both TSSs and introns as evidenced by a significant reduction in H3K27ac in Nan/+
(Figure 3C). At the highly downregulated Dmin locus, there is reduced CBP, H3K27ac,
and accessible chromatin in Nan/+ at the third and fourth EKLF peak Dminintrons (Figure
S5D). In contrast, at the Rgcc locus, there is reduced EKLF and chromatin accessibility at
the TSS in Nan/+ and reduced CBP and H3K27ac at the TSS and introns (Figure S5E).
Finally, at the £2f21locus, reduced EKLF, CBP, H3K27ac, and accessible chromatin in
Nan/+ are seen only at intronic enhancers (Figure S5F).

To assess the effect of reduced enhancer activation on RNA Pol 11, we examined global
occupancy of both paused (phospho-Ser5) and elongating (phospho-Ser2) forms of RNA Pol
I1. We found overall reduced paused (Figure 3D) and elongating (Figure 3E) RNA Pol Il at
the downregulated EKLF targets in Nan/+. This indicates that gene downregulation due to a
loss of EKLF binding is mainly regulated by RNA Pol |1 recruitment and pausing at the TSS
rather than by regulating RNA Pol |1 pause-release. This is apparent when we examine the
correlation between paused Pol 11 at the TSS and elongating Pol I1 at the gene bodies in WT
and Nan/+ (Figure S5G). In Nan/+, there is reduced Ser5p at the TSS and reduced Ser5p and
Ser2p at the gene bodies compared with WT (Figure S5G).

To determine the consequence of gene downregulation on the phenotypic effects seen in
Nan/+, we performed gene ontology (GO) analysis on the downregulated EKLF targets
(Table S4). We found that they are involved in erythrocyte homeostasis, transport, and
localization and mostly comprise erythrocyte membrane proteins critical for membrane
integrity and signaling (Table S4). Of these, Dminand 7spoZ2are important erythrocyte
membrane proteins strongly downregulated in Nan/+ (Figure 3F) due to the loss of both
paused and elongating RNA Pol Il in Nan/+ resulting from reduced enhancer activation

by CBP at the TSS and intronic regions (Figure 3G). In addition, 7frc (CD71) shows a
moderate 2-fold downregulation in Nan/+ (Figure 3F) with roughly equivalent pausing in
WT and Nan/+ (Figure 3G, compare Pol2 Ser5), but lower elongation in Nan/+ (Figure 3G —
compare Pol2 Ser2). A few downregulated EKLF targets important for cell-cycle regulation,
such as £2f2, CdknZc, and Rgcce (Figure 3H), show reduced enhancer activation, lower
paused RNA Pol Il at their TSS, and lower elongation in Nan/+ (Figure 31). Thus, important
erythroid EKLF targets lose expression in Nan/+ due to reduced enhancer activation and
RNA Pol Il recruitment.

Ectopic binding of Nan-EKLF and CBP to intronic and intergenic distal enhancers
influences pioneering and enhancer activation at the TSS of certain genes, leading to their
ectopic or overexpression in Nan/+

Since a major cause of deleterious effects in Nan/+ can be attributed to the ectopic or
overexpression of genes not normally expressed during terminal erythroid maturation,32 we
assessed which mechanisms of transcription activation are employed by Nan-EKLF at these
loci. First, we examined EKLF occupancy at the ectopic or overexpressed genes in Nan/+
that also have EKLF ChlP-seq peaks and are direct targets of Nan-EKLF (Table S3) and
found higher occupancy at intronic and intergenic regions in Nan/+ (Figure 4A). Further,
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we examined the enrichment of EKLF peaks at these loci (promoter or intronic/intergenic
enhancer) and found higher enrichment at introns/intergenic locations in Nan/+ (Figure
4B). This suggests that Nan-EKLF (and by extension, EKLF) can activate transcription
effectively by binding to intronic or intergenic enhancers and influence events at the
promoter/TSS regions.

Next, we correlated ectopic Nan-EKLF binding and transcription activation with enhancer
activation mediated by its interaction with CBP. We found that CBP levels are significantly
higher at both the promoter/TSS and the intronic/intergenic regions (Figure 4C), and this
also correlates with moderately higher H3K27ac at the TSS of these genes (Figure 4D).
This suggests that Nan-EKLF can independently activate enhancers near the TSS through
CBP even by binding elsewhere in the gene body. GO analysis of ectopic Nan-EKLF targets
revealed genes with functions such as apoptosis and immune functions that could likely
impede terminal erythroid maturation (Table S4). Some of these genes are also involved in
stress-responsive transcription and proinflammatory responses mediated by IL-6 that could
worsen the effects on terminal erythropoiesis in Nan/+ (Table S4).

In Nan/+ there is a sharp intronic enhancer peak at the first intron that correlates with an
ATAC peak at that location, higher CBP in the vicinity, and higher H3K27ac along the entire
body of the Psapand //4ra genes (Figures 4E and 4F) and Pacs2 (Figure S6A), all of which
have functions related to immune regulation and cell death (see supplemental information).
At the Psap locus, the ectopic Nan-EKLF peak at the distal enhancer correlates with higher
CBP and ATAC peaks at the TSS and the enhancer in Nan/+ (Figure 4E). Thus, pioneering
and enhancer activation may depend on the context of EKLF and CBP binding, with

higher likelihood at promoters marked by higher H3K27ac levels, but enhanced by distal
EKLF/CBP at intronic or intergenic regions. A minor variation is seen at the //4ra locus,
where EKLF, CBP, and accessible chromatin at the TSS are comparable between WT and
Nan/+, but ectopic Nan-EKLF binding to an intronic enhancer drives higher CBP occupancy
and H3K27 acetylation in Nan/+ (Figure 4F). Hmox1 is another important ectopic gene that
leads to potentially deleterious effects in Nan/+32 and has two ATAC peaks upstream of its
promoter (Figure 4G). Peak 1 has no discernible differences in any of the factors, while

at peak 2 there is ectopic Nan-EKLF binding and a slightly higher chromatin accessibility
(Figure 4G). Thus, HmoxI overexpression in Nan/+ is likely driven by Nan-EKLF binding
to the upstream distal intergenic enhancer site 2. The gene with highest ectopic expression
in Nan/+ is AssI (Table S2), for which ectopic expression is mostly driven by Nan-EKLF
binding at the AssZ promoter, and this correlates with higher CBP, H3K27ac, and chromatin
accessibility (Figure 4H, dotted box). Nan-EKLF also binds to intronic regions of Assz,
leading to higher CBP deposition, but pronounced effects are seen only at the TSS (Figure
4H).

In contrast, in £g/n3, ectopic Nan-EKLF binding to the promoter and distal intronic
enhancer correlates with Nan-specific CBP, ATAC, and H3K27ac deposition (Figure S6B).
Thus, EKLF binding to distal enhancers can lead to active transcription from a canonical
TSS and points to the involvement of long-range chromatin interactions that likely mediate
this process. Other ectopic genes such as Serpinel and Fam159b have ectopic Nan-EKLF
binding at the promoter, correlating with ectopic ATAC and CBP peaks at the TSS and
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correspondingly higher H3K27ac occupancy along the gene in Nan/+ (Figures S6C and
S6D), indicating that for Fam159band Serpinel, ectopic expression in Nan/+ is driven by
the promoter.

Ectopic Nan-EKLF binding and CBP-mediated pioneering and enhancer activation
regulates RNA polymerase Il pausing

When we examined paused RNA Pol Il at the TSS of ectopic or overexpressed targets, we
were surprised to notice that a subset of genes had high levels of paused RNA Pol 11 even

in WT, despite higher elongating RNA Pol 1l only in Nan/+ (i.e., S5p-hi S2p-lo vs. S5p-hi
S2p-hi) (Figure 5A, red line). When we compared the TSS and gene body occupancies of
Pol 11 Ser5p and Ser2p in WT and Nan/+, we also found that the distribution of Ser5p at

the TSS does not change in Nan/+, while Ser2p at the gene bodies increases significantly
(Figure 5B). We calculated the difference between WT and Nan/+ in paused Pol Il near the
TSS and found that, indeed, about half of the ectopic or overexpressed genes had similar
levels of paused Pol Il at their TSS in Nan/+ compared with WT (Table S5). To explore

this mechanism further, we analyzed these ectopic or overexpressed gene sets separately and
denoted them by their RNA Pol Il pausing pattern in WT as high pausing index (S5-hi S2-lo,
“hi-P1”) and low pausing index (S5-1o S2-lo, “lo-PI”) (Table S5). We calculated the pausing
index of these categories in WT based on the ratio of Ser5p at the TSS and Ser5p at the gene
bodies and found that the hi-PI genes indeed have a higher pausing index in WT than lo-PI
genes (Figure 5C). This also becomes apparent when we plot the difference in paused and
elongating Pol 1l in Nan/+ over WT by means of a quadrant plot showing that the correlation
is lower for the hi-P1 genes (Figure 5D, left) and much higher for the lo-PI genes (Figure
5D, right). This suggests that this subset of genes already has paused RNA Pol Il in WT and
yet is not highly expressed. Their ectopic expression or overexpression in Nan/+ is probably
driven by ectopic binding of Nan-EKLF at promoters or distal enhancers.

The RNA expression levels for genes in both categories are significantly higher in Nan/+,
as expected (Figure 5E). However, when we quantify and plot the distribution of RNA Pol
Il Ser5p occupancy around the TSS (=30, +100) in hi-PI genes, we find no significant
difference (Figure 5F). Similarly for the same TSS regions, the EKLF, CBP, and H3K27ac
levels are also similar in WT and Nan/+ (Figure 5F). This is also apparent when we
analyze the ChIP-seq enrichment profile +3 kb around the TSS (Figure 5F). This strongly
indicates that there is EKLF-driven pioneering mediated by CBP at the TSS of hi-PI
genes in WT leading to RNA Pol Il recruitment and pausing, but no or low expression
(Figure 5E). In contrast, lo-PI genes have higher paused Pol Il in Nan/+ compared with
WT, and this correlates with ectopic Nan-EKLF binding leading to CBP recruitment and
H3K27 acetylation at the TSS in Nan/+ (Figure 5G). This suggests that the lo-PI genes are
regulated by a canonical mechanism of RNA Pol Il recruitment, pausing, and subsequent
pause-release driven by Nan-EKLF-mediated pioneering.

Earlier studies have shown that certain genes involved in stress-response or developmental
pathways may be regulated by modulating the release of TSS-proximal paused RNA

Pol 11.63-65.73.74 These genes usually have a high pausing index or traveling ratio under
normal conditions, and RNA Pol |1 is released when the cell experiences stress, or
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differentiation signals, in the latter case. Thus, we asked whether the hi-PI and lo-PlI

genes were functionally different, which would explain their different modes of regulation.
GO analysis of each gene set showed that the hi-P1 genes were involved primarily in
development and differentiation as well as in stress-responsive transcription (Figure 6A),
with some overlapping genes in both functional categories, such as Nck2and M3 (Figure
6A). Representative loci from the hi-Pl category (Figures 6B and 6C), all having at

least one common function of cytoskeleton reorganization,’® 6 demonstrate the pattern

of transcription factor and co-factor occupancy shown in Figure 5F. At the TSS there are
comparable levels of EKLF, CBP, H3K27ac, and RNA Pol Il Ser5p (paused) in both WT
and Nan/+ (Figures 6B and 6C). However, certain genes show a variation of this pattern with
an ectopic binding site for EKLF in an intron that is not annotated as an alternate TSS, and
interestingly, there can be paused RNA Pol Il at this site in both WT and Nan/+ (Figures
6D and S7A), or there is higher paused RNA Pol 11 specifically in Nan/+ (Figures S7B and
S7C). In both cases, there is higher CBP at the intronic regions, although H3K27ac levels
are mostly similar in WT and Nan/+ (Figures 6B-6D and S7A-S7C). This suggests that
ectopic Nan-EKLF binding can mediate ectopic RNA Pol Il pausing through CBP-mediated
pioneering. Finally, HmoxI shows a distinct pattern of regulation with respect to RNA Pol |1
pausing, in which there are similar amounts of EKLF at the TSS and site 1 distal intergenic
enhancer (Figure S7D). In Nan/+ the ectopic Nan-EKLF peak at the site 2 distal intergenic
enhancer correlates with higher pausing at sites 1 and 2, but pausing at the TSS remains the
same (Figure S7D). This suggests that ectopic Nan-EKLF binding at distal enhancers can
influence RNA Pol 11 pausing upstream and downstream of its binding site, likely mediated
by long-range interactions.

Lo-PI genes upregulated in Nan/+ are mostly involved in membrane-associated functions
such as transport, membrane biogenesis, and membrane raft functions (Figure 6E). They
show a canonical mechanism of Nan-EKLF-driven ectopic expression where there is Nan-
specific recruitment of EKLF and CBP at the TSS, leading to higher H3K27ac levels and
higher paused and elongating RNA Pol 11 (Figures 6F, 6G, and S8A-S8C). However, there
a few striking exceptions to this pattern, such as those seen at /L4ra and Psap (Figures

6H and S8D). Here, there are comparable levels of EKLF at the promoter in both WT and
Nan/+, but ectopic Nan-EKLF binding at a distal intron leads to higher pausing specifically
in Nan/+ at that intronic site as well as the TSS (Figures 6H and S8D), and this pattern

is similar to Critc1, Pacs2, and MobZ of the hi-Pl gene set (Figures STA-S7C). CBP levels
at the TSS or intronic regions are also higher in Nan/+ (Figures 6H and S8D), indicating
cross talk between the intron-bound Nan-EKLF and the canonical TSS of /L4ra and Psap.
Together, these data strongly indicate that Nan-EKLF (and by extension EKLF/KIf1) can
mediate RNA Pol 1l pausing at its binding sites by CBP-mediated pioneering.

Ectopic Nan-EKLF binding to distal enhancers of high-pausing-index genes drives ectopic
expression or overexpression by releasing paused RNA polymerase Il at the TSS

The hi-PI gene category is intriguing due to the presence of paused RNA Pol Il in WT
but low or no expression (Figures 5E and 5F). At these genes, paused RNA Pol Il is
released specifically in Nan/+, as seen from the higher levels of RNA Pol Il Ser2p along
the gene and accumulating closer to the transcription end site (TES) (Figures 7A and 7B).
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We find correspondingly similar levels of EKLF, CBP, and H3K27ac at the TSS in WT
and Nan/+, but higher EKLF and CBP at the gene body specifically in Nan/+ (Figure

7A). EKLF at gene bodies of hi-PI genes is likely Nan-EKLF bound to intronic enhancers
(Figure 1D) as evidenced by higher EKLF and CBP at intronic enhancers of hi-PI genes
only in Nan/+ (Figure 7B). Surprisingly, H3K27ac levels at the intronic regions of hi-PlI
genes are similar (Figure 7B). This could suggest that EKLF and CBP drive pause-release
in Nan/+ independent of H3K27 acetylation and points to additional mechanisms of CBP
action. Thus, we propose one model for Nan-EKLF-driven gene activation in Nan/+ where
in WT, EKLF and CBP bound to the promoters/TSS drive promoter-proximal pausing of
RNA Pol Il but no or low elongation (Figure 7C). In Nan/+, ectopic Nan-EKLF binding to
distal enhancers recruits CBP, and paused RNA Pol Il is released independent of H3K27
acetylation (Figure 7C).

In contrast, lo-PI genes are regulated by a canonical mechanism where there is ectopic
Nan-EKLF binding to promoters, correlating with higher CBP, H3K27ac, and RNA Pol

Il pausing at the TSS (Figures 7D and 5G). Further, significantly higher elongating RNA
Pol 1l Ser2p at the gene body in Nan/+ correlates with higher EKLF, CBP, and H3K27ac
(Figure 7E). There is also higher chromatin accessibility at both the TSS and the specific
intronic enhancers of the lo-PI genes in Nan/+ (Figure 7F). This points to a model of gene
activation where ectopic Nan-EKLF binding at promoters can initiate pioneering and CBP-
mediated H3K27 acetylation leading to recruitment and pausing of RNA Pol Il (Figure 7G).
Further, ectopic Nan-EKLF at intronic or intergenic distal enhancers can activate RNA Pol 11
pause-release into productive elongation (Figure 7F). This mechanism of Nan-EKLF-driven
transcription activation involves both CBP recruitment and its canonical function of H3K27
acetylation at promoters and enhancers.

DISCUSSION

Our studies have examined the transcriptional control of erythropoiesis from multiple facets.
First, we take advantage of the Nan/+ mouse to examine normal and aberrant red cell
transcriptional activation /7 vivo during early development. Second, a global analysis and
comparison of EKLF binding in WT and Nan/+ cells illuminates the particular effects of

the dominant E339D mutant co-existing with WT in the same cell. Third, binding has

been correlated with open/closed chromosomal structure, the presence/absence of the CBP
co-activator, and acetylation at H3K27 residues. Finally, the surprising effects of Nan-EKLF
on RNA Pol Il have revealed a previously undescribed non-homogeneous partitioning of
pause-release effects at intrinsic and, most excitingly, at ectopic sites of EKLF-E339D
binding. Our study has thus delineated the genome-wide impact of EKLF binding on
downstream events leading to transcription activation. Together, these studies provide a
detailed picture of how a transcription factor acts as a pioneer to establish transcription
during embryonic development and how this function becomes subverted in the presence of
a seemingly minor (i.e., conservative) mutation.

The presence of Nan-EKLF in the midst of WT EKLF leads to a number of abnormal effects
on erythroid gene expression. It remains perplexing that, even in heterozygosity, the E339D
mutation can limit binding of WT EKLF to a specific subset of cognate sites, resulting in
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a selective and drastic reduction in the expression of erythroid genes. Based on absolute
quantification of EKLF protein,’’ there are ~8,000 molecules per erythroid cell, which is
similar to the number of occupied binding sites in the genome. The amount of WT protein
is then decreased by 50% in the Nan/+ cell, rendering a limiting amount of protein available
to bind normal target sites. A further explanation for the negative effect is that binding

is dictated by EKLF’s interactions with transcription co-factors through posttranslational
modifications, 11 such that the WT and mutant EKLF in Nan/+ must compete with limiting
amounts of these co-factors.”8.79

From a structural point of view, it is interesting that the conservative E-to-D change not
only limits the recognition of the central nucleotide in the target DNA sequence (as noted
previouslyl7:39), but also reduces the specificity of the overall 9-bp target recognition
sequence from CCM CRC CCN to NCM YKC CYN. Nevertheless, we find that Nan-EKLF
DNA binding preferences from our data are consistent with earlier biochemical studies and
previous determinations of Nan-EKLF target site preference (CCM NKC CYN).17:30 The
central glutamate is conserved at that site within zinc-finger 2 in all KLF proteins across
all species,80-82 and X-ray studies of the highly similar KLF4 zinc fingers demonstrate
that substitution of D alters the cognate recognition.83:84 Further, the co-occurrence of
Gatal motifs in WT but not Nan-EKLF sites suggests that binding sites of lineage
transcription factors have “clustered” during evolution to activate genes involved in a
particular developmental process synchronously.85-87 In addition, our studies demonstrate
that the presence of a KLF protein with a change that significantly alters binding is
detrimental and not biologically well tolerated within the cell, leading to a significantly
altered genetic output even in the company of the WT.

The pioneering activity of EKLF/KIf1 has been inferred from its similarity to KLF4, which
has zinc fingers that are >90% identical to those of EKLF82:88 and is a well-established
pioneer factor.89 KLF family proteins are also implicated in facilitating accessibility of
co-localized factors and chromatin assembly at GC-rich regulatory target sites.8” KLF4
belongs to the “group 1 pioneer factors” that exhibit strong nucleosome binding via their
a-helical domains,®? and due to their strong identity in the C2H2 region, EKLF likely uses
the same means for this effect. Although binding to nucleosomes has not been directly
demonstrated, EKLF has been shown to bind histone H3 via its zinc-finger region.44:91
Interactions between pioneer factors and core histones is proposed to be critical for
opening chromatin and forming/establishing genetic networks during development.92 The
importance of the P300/CBP co-activator for enhancer/promoter interactions has been well
established®2; EKLF binds both these proteins and by this property alters the surrounding
chromatin and activates adjacent gene expression.444°

Quite unexpectedly, we find that WT EKLF is normally bound to genes not expressed in
the WT cell (hi-PI genes), which also retain H3K27ac, low levels of CBP, and paused RNA
Pol 1l. In the presence of Nan-EKLF, the availability of a Nan-EKLF consensus at nearby
intergenic/intronic regions enables these genes to increase their levels of CBP, resulting

in “ectopic” expression by selective release of RNA Pol II. Their observed functions in
differentiation, development, and stress responses may well correspond to observations in
Drosophila wherein genes not likely to be expressed nonetheless have poised RNA Pol Il
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at the TSS that is ready to respond to external signals.?3:%4 This may enable synchronous
activation of genes, such as in response to cytokine signals,® e.g., during later development
in the present case.

A more direct ectopic expression scenario follows from lo-PI genes without poised

Pol 11/CBP/H3K27ac or expression in WT but active only in Nan/+ and bound by all
components. These targets provide the strongest evidence for the pioneering activity of
EKLF (Nan), and selective activation in Nan/+ is a true example of mis-expression. These
two examples of ectopic expression fall into the general paradigm of lineage transcription
factors being pioneers but then requiring co-activator recruitment for ultimate and optimal
target gene activation.% We suggest that this is because, at a basal level, there is an excess
of transcription repressors over activators in the erythroid cell,”® and this must be overcome
by directed and muscular recruitment of co-activators to ensure robust gene activation and
differentiation.

Limitations of the study

STARXME
RESOURCE

The reengineered anti-EKLF antibody worked well for the global ChiIP analysis, as verified
by its specificity for the EKLF cognate recognition motif. However, its limitation in the
present study is that it does not distinguish between extant WT and Nan-EKLF proteins in
the Nan/+ cell. Tagging each EKLF allele with a singular in-frame antigen will be required
for this discriminatory ability to be attained. In this context, the global presence of positive
and negative transcriptional elongation effectors (such as P-TEFb, BRD4, DSIF, and NELF)
will be of interest to assess and compare at lost/gained EKLF binding sites in WT vs. Nan/+
erythroid cells.

THODS
AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, James J Bieker
(james.bieker@mssm.edu).

Materials availability—There are restrictions to the availability of the mouse monoclonal
EKLF 7B2a antibody due to the lack of an external centralized repository for its distribution
and our need to maintain the stock. We are negotiating with suppliers for commercial
availability. In the interim we are glad to share this antibody with compensation by requestor
for its shipping, and after completion of a Materials Transfer Agreement.

Data and code availability

. Statement about the data: All NGS data generated from ChlIP-Seq and ATAC-Seq
is deposited in Gene Expression Omnibus (GEO) and are publicly available as of
the date of publication, accession number GSE210779. Gatal ChlP-Seq data was
obtained from GEO accession number GSE32110.

. Statement about the code: The original code is
deposited on Github at https://github.com/mkaustav84/biekerlab/blob/
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19bbdcf064436e7dd7502¢60d8f2db8285829dba/scripts.md and Zenodo with
https://doi.org/10.5281/zenodo.7315756.

. General statement: Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—The Nanmouse strain (K/F1Va/K/f1*) established previously’:37:97 was used for
all experiments in this study. As hematologic values do not differ between sexes,1” we did
not genotype the sex of the embryos. The adult heterozygous Nan mouse is designated
Nan/+and the strain is fully inbred (C3H/101 background). Embryos are generated from
intercrosses between Nan/+ males and +/+ females. Mice were sacrificed at embryonic day
E13.5. All animal experiments are approved by the IACUC committee at Mount Sinai.

METHOD DETAILS

Cell isolation—Fetal livers were dissected from WT and Nan/+ E13.5 littermate embryos
and mechanically dispersed into single cells by gentle pipetting and straining through a
70uM filter into ice-cold PBS containing 2% FBS.

Flow cytometry—Primary cells from littermate WT and Nan/+ E13.5 fetal livers were
stained for FACS with 1:100 dilution of the following antibodies: anti-Ter119-APC and anti-
CDA44-FITC. Flow Cytometry data was analyzed by FCS Express, and gating was performed
based on unstained and single-color compensation controls from the same samples, using
the same dyes and within the same experiment. Cell populations were gated for erythroid
differentiation stage based on CD44 expression and cell size.%8

Generation of 7B2a anti-EKLF antibody—One of our early monoclonals (7B2) has
proven useful for some studies,?8-190 and we had optimized the ChIP protocol such that

we are able to use 7B2 for directed target analysis.32 However, it still failed when used

for ChIP-seq (unpublished). As 1gG3 antibodies (the 7B2 isotype) can have issues with
solubility and aggregation, we amplified the 7B2 heavy and light chains via PCR of clone
7B2 hybridoma DNA, cloned them into vectors containing mouse 1gG2a constant and 1gK
regions, and isolated the antibody after cotranfection of these two constructs into Epsi293 or
HD293F cells, which secreted the antibody into the supernatant (performed in conjunction
with GenScript USA). This was purified via protein A, yielding the 7B2a antibody. ELISA
testing indicated that affinity/avidity were equivalent to our parental antibody, IP test results
were better than with 7B2, and importantly, directed ChlIP (tests on binding to $maj and
E2F2 promoters) gave excellent signal/noise. As a result we used 7B2a for all experiments.

Chromatin immunoprecipitation and sequencing (ChIP-Seq)—Antibodies used
for ChIP are shown below:

ChIP experiment Antibody

EKLF/KIf1 EKLF 7B2a mouse monoclonal antibody
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ChIP experiment Antibody
H3K27ac Anti-Histone H3 (acetyl K27) antibody - ChIP Grade
CBP CBP (D6C5) Rabbit mAb

RNA Polymerase Il Ser5p  Anti-RNA polymerase Il CTD repeat YSPTSPS (phospho S5) antibody
RNA Polymerase Il Ser2p  Anti-RNA polymerase Il CTD repeat YSPTSPS (phospho S2) antibody
Rabbit 1gG control Normal rabbit IgG

Mouse IgG control Normal mouse 1gG

For each ChIP experiment, cells from one WT or one Nan/+ E13.5 fetal liver were used

as a biological replicate, and each experiment constituted 3 biological replicates except

for RNA Pol 11 Ser5p and Ser2p ChlPs which had two biological replicates each. Where
possible, littermates were used for replicates within each ChIP experiment. 3 million cells
from each fetal liver were used for RNA Pol Il and H3K27ac ChlPs, and for transcription
factor ChlIPs we used 7.5 million cells. Primary fetal liver cells were cross-linked in

1% formaldehyde and cell pellets were stored at —80°C. Frozen cells were thawed and
resuspended in MNase lysis buffer (0.2% NP-40, 10mM NaCl, 10mM Tris pH 8.0) and

kept on ice for 15 mins. Cells were pelleted and resuspended in MNase lysis buffer with
1mM CaCl,, 40 units Micrococcal nuclease (MNase) and incubated at 37°C for 15 min. The
MNase reaction was stopped by adding EDTA to a final concentration of 2mM and nuclei
were pelleted by centrifugation. The pellet was resuspended in 1X RIPA buffer with 1X
Protease Inhibitor Cocktail and sonicated using a cup-horn sonicator (Ultrasonic VC505) at
80 Amplitude for 50 cycles with pulses of 40s on and 50s off. The lysed and fragmented
chromatin was cleared by centrifugation and 5%v/v was stored at —80°C as input. 5-10ug
of antibody (depending on the titer) was added to the lysate along with a control 1gG

(for enrichment estimation) and antibody-lysate mixture was incubated at 4°C for 16h
(overnight). The lysate-antibody mixture was then incubated with Protein-A or Protein-

G Dynabeads, depending on the antibody serotype, for 2h at 4°C. Immunoprecipitated
complexes on Dynabeads were then washed three times in 1X RIPA with protease inhibitors,
and three times in wash buffer containing 0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM
Tris pH 8.0, 500mM NacCl, and protease inhibitors. This was followed by three washes in
wash buffer containing 1% NP-40, 1% sodium deoxycholate, ImM EDTA, 10mM Tris pH
8.0, and 250 mM LiCl. Finally, beads were washed three times in 1X TE buffer containing
10mM Tris pH 8.0 and 1mM EDTA. Elution was performed by adding elution buffer
containing 10mM Tris pH 8.0, ImM EDTA, 200mM NaCl and 1% SDS and incubating

at 65°C in a Thermomixer (Eppendorf Cat# 5382000023) with gentle mixing for 20 mins.
Eluate containing ChIP DNA and input chromatin was removed and incubated at 65°C

with gentle mixing overnight for reverse crosslinking. DNA was treated with 0.1ug/uL
Proteinase K for 1h at 55°C followed by purification using Phenol:chloroform extraction and
ethanol precipitation. ChIP efficiency was verified by gPCR by comparing enrichment over
input for various ChIP experiments with enrichments obtained with IgG control. ChIP-Seq
libraries were made using a Neb Next DNA Ultra Il DNA library preparation kit following
manufacturer’s instructions. Libraries were quantified using Qubit fluorometer (Invitrogen)
and library quality was assessed using a high-sensitivity DNA kit on Agilent Bioanalyzer,
followed by Illumina next generation sequencing.
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Assay for transposase accessible chromatin (ATAC-Seq)—ATAC-Seq was
performed using 100,000 cells from WT and Nan/+ E13.5 fetal livers in two biological
replicates each from independent Nan/+ mice. The protocol was only slightly modified
from.101.102 Briefly, cells were lysed in 10mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM
MgCI2, and 0.1% IGEPAL CA-630. Transposition mix included Illumina 2x Tagment
DNA Buffer and Tn5 Transposase. AmpureXP beads were used for DNA purification and
SPRIselect beads for size selection. PCR amplification utilized NEB Next High Fidelity 2x
PCR master mix and Nextera primers. In order to reduce GC and size bias, and to avoid
saturation, the extent of PCR after five cycles was determined using 10% of the initial PCR
in a side reaction that included SYBR Green 1. The suitable number of cycles required for
the second round of PCR for the final library was then determined by adding 3 additional
cycles to the number of cycles corresponding to 25% maximum intensity. Libraries were
quantified with a Qubit fluorometer (Invitrogen) and library quality was assessed using a
high-sensitivity DNA kit on an Agilent Bioanalyzer. The ATAC libraries were sequenced on
a HiSeq platform set for 100nt/single reads. ATAC-seq oligos were as described,101.102

QUANTIFICATION AND STATISTICAL ANALYSIS

The analysis, software, and quantification methodology that are specific to NGS experiments
are included under the relevant subsections below. Information regarding replicate numbers
and error bars is provided in figure legends. If degrees of significance as p valueis depicted
in a figure, details regarding the statistical test used are provided in the figure legend.

Bioinformatics and computational methods

RNA-seq: Reads were mapped using Salmon to the mouse transcriptome version Ensembl
GRCm38. Raw counts were imported using tximport package and count normalization and
differential gene expression analysis was performed using DESeq2.193 Subsequent analyses
and plotting were done using Python Pandas, Matplotlib, and Seaborn libraries. Genes
were designated as differentially expressed based on a p-adjusted threshold of 0.01. This
p-adjusted value is based on the inherent Benjamini-Hochberg correction for FDRs in the
DESeq2 package.

ChlP-seq and ATAC-Seg—~Reads were aligned to the mouse genome mm210 version
using Bowtie2194 and sorted bam files were generated using samtools.1% For IGV
visualization, input-normalized bigwig files were generated using Deeptools using the
RPKM method19 and then sorted and combined using bedtools (Encode). ChIP enrichment
profiles and heatmaps were also generated using Deeptools computeMatrix, plotHeatmap
and plotProfile functions using the resulting input-normalized sorted, and combined

bigwig files. Peak calling, motif analysis and enrichment calculation was performed using
Homer07 using the findPeaks.pl, getDifferentialPeaksReplicates.pl, find-Motifs.pl, and
annotatePeaks.pl programs. All subsequent analysis was performed using Python Pandas,
Numpy, MS Excel and plots were generated using the Python Seaborn library. All the code
and options used for each of the above program is deposited at Github: https://github.com/
mkaustav84/biekerlab/blob/19bbdcf064436e7dd7502c60d8f2db8285829dba/scripts.md and
Zenodo: https://doi.org/10.5281/zenodo.7315756.
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Gatal E12.5 Fetal Liver ChIP-Seq data was obtained from6 and analyzed using the same
methods as above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

EKLF binding /n vivoin WT compared with Nan/+ erythroid cells has been
established

Heterozygous expression of Nan-EKLF interferes with WT binding at select
sites

Nan-EKLF is a pioneer at ectopic sites of gene activation, altering CBP and
H3K27ac

Nan-EKLF alters RNA Pol Il pause-release status at ectopic activation sites
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Figure 1. The EKLF/KIf1 Nan mutation alters EKLF DNA binding in E13.5 mouse FL
(A and B) Input-normalized coverage and enrichment heatmaps 2 kb from the peak center

of 7B2a EKLF ChlIP-seq peaks in (A) WT and (B) Nan/+.

(C) Venn diagram comparing EKLF peak numbers in WT and Nan/+ depicting overlapping

and non-overlapping peaks.

(D) Distribution of genomic locations of EKLF peaks in WT (left) and Nan/+ (right).

(E) Alignment of the motif sequences determined by Homer in WT and Nan/+ EKLF
ChlP-seq to the consensus EKLF motif. The asterisk is explained in the text.

(F and G) Top 10 motifs determined by Homer from sequences of EKLF ChIP-seq peaks in

(F) WT and (G) Nan/+. See also Figures S2 and S3 and Table S1.
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A WT Promoter Peaks (n = 2293) B Nan/+ Promoter Peaks (n = 1274)

EKLF  CBP H3K27ac ATAC  Gatal EKLF  CBP H3K27ac ATAC  Gatal

ST ———————

s g b o o e s g A A

(o]

WT Enhancer Peaks (n = 4011)

EKLF CBP H3K27ac ATAC Gatal

Figure 2. Pioneering by EKLF and Nan-EKLF in the context of EKLF peak location and
presence or absence of additional transcription factors and co-factors

(A and B) ChiIP-seq heatmaps of EKLF, CBP, H3K27ac, Gatal, and ATAC-seq showing
input-normalized enrichment +3 kb from the center of WT EKLF promoter peaks in (A) WT
and (B) Nan/+ FL.

(C and D) Same data as in (A) and (B) from introns and intergenic EKLF peaks in (C)

WT and (D) Nan/+. E12.5 Gatal ChIP-seq data were obtained from Papadopoulos et al.%°
Number of peaks is mentioned above the heatmaps. See also Figure S4.
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Figure 3. Loss of Nan-EKLF binding at specific sites downregulates genes by reducing
pioneering and RNA polymerase Il pausing and elongation

(A) Input-normalized ChIP-seq coverage and enrichment heatmap of EKLF from -2 kb
upstream of the TSS to +2 kb downstream of the TTS at direct EKLF targets downregulated

in Nan/+.

(B and C) Normalized ChlP-seq enrichment of (B) CBP and (C) H3K27ac at same locations

asin (A).

(D and E) Input-normalized ChIP-seq heatmap of (D) RNA Pol Il Ser5p £2 kb of the TSS
and (E) RNA Pol Il Ser2p from -2 kb upstream of the TSS to +2 kb downstream of the TTS

of the genes in (A).

(F and G) (F) Select EKLF targets downregulated in Nan/+ that have functions in erythroid
maturation and (G) Integrative Genomics Viewer (IGV) tracks showing normalized ChIP-
seq coverage of EKLF, CBP, H3K27ac, and RNA Pol Il Ser5p and Ser2p at these loci. For

Dmin alternate transcripts are shown.

(H and I) (H) Cell-cycle targets downregulated in Nan/+ and (1) EKLF, CBP, H3K27ac, and
RNA Pol Il Ser5p and Ser2p ChlP-seq data for these loci.
Dotted blue boxes indicate locations of EKLF peaks and blue arrows indicate direction of
transcription. The y-axis scale is normalized within each experiment and the number range
at the left or right end indicates the scale.See also Figure S5 and Table S3. Error bars
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represent the standard deviation from mean of the fragments per kilobase of exon per million
mapped fragments (FPKM) values from three biological RNA-seq experiments.
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Figure 4. Ectopic or overexpression of genes caused by ectopic Nan-EKLF binding and CBP-
mediated pioneering

(A) Input-normalized EKLF ChlP-seq coverage and enrichment heatmap —2 kb upstream of
the TSS to +2 kb downstream of the TTS at Nan-EKLF targets upregulated in Nan/+.

(B) Input-normalized coverage profile £3 kb from the peak center of Nan-EKLF peaks at
promoters (top) and intronic/intergenic enhancers (bottom) at Nan-EKLF targets upregulated
in Nan/+.

(C and D) Input-normalized ChIP-seq coverage and enrichment heatmap -2 kb upstream of
the TSS to +2 kb downstream of the TTS at Nan-EKLF targets upregulated in Nan/+ for (C)
CBP and (D) H3K27ac.

(E-H) Left: IGV tracks showing normalized ChlP-seq coverage of EKLF, CBP, H3K27ac,
and ATAC-seq. Dotted blue boxes indicate locations of EKLF peaks and blue arrows
indicate direction of transcription. The y-axis scale is normalized within each experiment
and the number range at the right end indicates the scale. Right: RNA-seq expression level
of ectopically expressed genes Psap, //4ru, Hmox1, and Ass1. See also Figure S6 and Table
S4. Error bars represent the standard deviation from the mean of the FPKM values from
three biological RNA-seq experiments.
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Figure 5. Ectopic expression or overexpression in Nan/+ is driven by modulating both RNA Pol
11 pausing and RNA Pol Il pause-release

(A) Heatmap of input-normalized ChiP-seq enrichment of RNA Pol 11 Ser5p +2 kb from the
TSS and RNA Pol 11 Ser2p -2 kb upstream of the TSS to +2 kb downstream of the TTS
of ectopic or overexpressed Nan-EKLF targets. Thick red line indicates high-pausing-index

genes.

(B) Scatterplot of the Ser5p RNA Pol Il at the TSS and Ser2p Pol 1 at gene bodies of

ectopic genes in WT and Nan/+.
(C) Distribution of pausing index of genes in high- and low-pausing-index categories based
on Pol 11 Ser5p at the TSS and gene bodies. Whiskers indicate outlier variability outside the
upper and lower quartiles.
(D) Quadrant plots showing the difference between WT and Nan/+ of paused RNA Pol 11
Ser5p at the TSS (x axis) and elongating RNA Pol 11 Ser2p at the gene body (y axis) of

genes in (A) with high and low pausing index.
(E) Violin plot showing distribution of RNA-seq expression as log2 FPKM for genes

designated as hi-Pl (high pause index) and lo-PI (low pause index) in Table S5. The p value
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is indicated as the false discovery rate (FDR) threshold of DESeq?2 analysis from RNA-seq
data (adjusted p using the Benjamini-Hochberg method).

(F) Left: violin plots showing the distribution of RNA Pol Il Ser5p, EKLF, CBP, and
H3K27ac enrichment around the TSS (-30 to +100) of hi-PI genes. Right: corresponding
input-normalized ChIP-seq coverage profiles £3 kb of the TSS of hi-PI genes.

(G) Left: violin plots showing the distribution of RNA Pol Il Ser5p, EKLF, CBP, and
H3K27ac enrichment (-30 to +100) around the TSS of lo-PI genes quantified by Homer.
Right: corresponding input-normalized ChlIP-seq coverage profile +3 kb of the TSS of lo-PI
genes. The p values of the violin plots were calculated based on a pairwise Student t test
assuming a homoscedastic one-tailed distribution.
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Figure 6. Functional differences in genes with high or low pausing index

(A) Gene ontology (GO) analysis of hi-PI genes.

(B-D) Left: IGV tracks of individual hi-PI genes from various GO categories in (A). Right:
RNA-seq expression data.
(E) GO analysis of lo-PI genes.
(F-H) Left: IGV tracks of individual lo-PI genes from various GO categories in (E).
Dotted blue boxes indicate locations of EKLF peaks and blue arrows indicate direction

of transcription. The y-axis scale is normalized within each experiment and the number
range at the left or right end indicates the scale. Right: RNA-seq expression data. Error
bars represent the standard deviation from mean of the FPKM values from three biological
RNA-seq experiments, adjusted p < 0.01. See also Figures S7 and S8.
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Figure 7. Ectopic or overexpression in Nan/+ by enhancer-driven RNA Pol 11 pause-release
(A) Input-normalized RNA Pol 11 Ser2p, EKLF, CBP, and H3K27ac ChIP-seq coverage

profiles from -2 kb upstream of the TSS to +2 kb downstream of the TES of hi-PI genes.
(B) Enhanced boxplots showing quantile distributions for cumulative ChlP-seq enrichment
of RNA Pol Il Ser2p at the gene body and up to +200 bp downstream of the TES.
For EKLF, CBP, and H3K27ac, cumulative ChIP-seq enrichment distribution is shown at
intronic enhancers of hi-Pl genes. The p values were calculated based on a pairwise Student
t test assuming a heteroscedastic one-tailed distribution.

(C) Model for the EKLF-dependent RNA Pol Il pausing and subsequent Nan-EKLF-
mediated enhancer-driven release of paused RNA Pol |1 leading to overexpression or ectopic
expression of hi-Pl genes.
(D) Input-normalized RNA Pol 1l Ser2p, EKLF, CBP, and H3K27ac ChlP-seq coverage
profiles from -2 kb upstream of the TSS to +2 kb downstream of the TES of lo-PI genes.
(E) Same analysis and plots as in (B) for lo-PI genes.
(F) ATAC-seq coverage profile =2 kb upstream of the TSS to +2 kb downstream of the TES
of lo-P1 genes.
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(G) Model for the Nan-EKLF-driven RNA Pol Il pausing and subsequent pause-release
leading to ectopic expression of lo-PI genes.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EKLF 7B2a mouse monoclonal this study this study

antibody

Anti-Histone H3 (acetyl K27) Abcam Cat# ab4729; RRID:AB_2118291

antibody - ChIP Grade
CBP (D6C5) Rabbit mAb

Anti-RNA polymerase || CTD Abcam

repeat YSPTSPS (phospho S5)

antibody

Anti-RNA polymerase || CTD Abcam

repeat YSPTSPS (phospho S2)

antibody

Normal rabbit 1gG Millipore Sigma

Normal mouse 1gG Santa Cruz Biotechnologies
Anti-Ter119-APC eBioscience
anti-CD44-FITC Biorad

Cell Signaling technologies

Cat# 7389; RRID:AB_2616020
Cat# ab5131; RRID:AB_449369

Cat# ab5095; RRID:AB_304749

Cat# 12-370; RRID:AB_145841
Cat# sc-2025; RRID:AB_737182
Cat# 17-5921-81; RRID:AB_469472
Cat# MCA89FT; RRID:AB_2076574

Chemicals, peptides, and recombinant proteins

Micrococcal Nuclease Millipore Sigma N5386

10X RIPA buffer Cell Signaling Technologies 9806

Protease Inhibitor Cocktail tablets Roche 11873580001

EDTA free

Dynabeads Protein-A Life Technologies 100-02D

Dynabeads Protein-G Life Technologies 100-04D

Proteinase K Millipore Sigma P2308

Critical commercial assays

Neb Next DNA Ultra I| DNA New England Biolabs E7645

library preparation kit

DNA High Sensitivity Assay kit Agilent 5067-4627

2x Tagment Buffer Illumina FC-121-1030

Tn5 Transposase Illumina FC-121-1030

QuantiTect SYBR Green PCR Kit Qiagen 204143

Deposited data

ChIP-seq and ATAC-seq this study NCBI-GEO: GSE210779

Code this study https://github.com/mkaustav84/biekerlab/blob/
19bbdcf064436e7dd7502c60d8f2db8285829dba/scripts.md

Code this study https://doi.org/10.5281/zenodo.7315756

Experimental models: Organisms/strains

KIf1Nen /Kif1 * Luanne Peters

MGI:4819280

Software and algorithms

FCS Express 7 denovosoftware.com
Salmon salmon.readthedocs.io
Tximport Bioconductor
DESeq2 Bioconductor

DeNovo software™

Version 1.9.0
https://doi.org/10.18129/B9.bioc.tximport
https://doi.org/10.18129/B9.bioc. DESeq2
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REAGENT or RESOURCE SOURCE IDENTIFIER

Python Pandas pandas.pydata.org N/A

Python Seaborn matplotlib.org N/A

Python Matplotlib seaborn.pydata.org N/A

Bowtie2 bowtie-bio.sourceforge.net/bowtie2/  Version 2.4
index.shtml

Samtools www.htslib.org Version 1.1

Deeptools deeptools.readthedocs.io Version 3.5

Bedtools bedtools.readthedocs.io Version 2.30

Homer homer.ucsd.edu \fersion 4.1

Biorender biorender.com N/A

Other

AmpureXP beads Beckman Coulter A63880

SPRiselect beads Beckman Coulter B23317
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