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SUMMARY

Terminal differentiation requires massive restructuring of the transcriptome. During intestinal
differentiation, the expression patterns of nearly 4,000 genes are altered as cells transition from
progenitor cells in crypts to differentiated cells in villi. We identify dynamic occupancy of RNA
polymerase 11 (Pol 1) to gene promoters as the primary driver of transcriptomic shifts during
intestinal differentiation /n vivo. Changes in enhancer-promoter looping interactions accompany
dynamic Pol Il occupancy and are dependent upon HNF4, a pro-differentiation transcription
factor. Using genetic loss-of-function, chromatin immunoprecipitation sequencing (ChlP-seq),
and immunoprecipitation (IP) mass spectrometry, we demonstrate that HNF4 collaborates with
chromatin remodelers and loop-stabilizing proteins and facilitates Pol Il occupancy at hundreds
of genes pivotal to differentiation. We also explore alternate mechanisms that drive differentiation
gene expression and find that pause-release of Pol 1 and post-transcriptional mRNA stability
regulate smaller subsets of differentially expressed genes. These studies provide insights into the
mechanisms of differentiation in renewing adult tissue.
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Graphical Abstract

In brief

Vemuri et al. demonstrate the critical role of dynamic RNA polymerase Il activity in driving
transcriptome shifts during intestinal differentiation. The intestinal transcription factor HNF4
sculpts a favorable chromatin landscape and is required for dynamic polymerase recruitment
driving differentiation. Their study offers insights into transcriptional mechanisms driving tissue
renewal.

Regulatory methods driving intestinal differentiation
1) Dynamic Pol Il occupancy
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INTRODUCTION

Transcriptomic shifts are a fundamental prerequisite for cellular differentiation across
various tissues and organs. These shifts involve a dynamic reprogramming of gene
regulatory patterns, where specific sets of genes are activated or suppressed to guide a
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cell’s transformation from a multipotent state into a highly specialized and functional cell
type. The intestinal epithelium is a prime example of rapid and perpetual differentiation.

In the mucosa of the small intestine, stem cells and actively dividing progenitor cells
are predominantly located within the crypts of Lieberkiihn.1 In contrast, differentiated,

non-dividing cells responsible for vital absorptive and secretory functions are found along

the protruding villi. The entire lifespan of a stem cell from the base of the crypt until
it differentiates as it migrates to the tip of the villus is 3-5 days.23 Differentiation of
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the intestinal epithelium from crypts onto villi underlies many areas of intestinal health,
encompassing everything from nutrient absorption to immune defense.4-6

A fundamental aspect of crypt-villus differentiation lies in the precise control of

gene expression, ensuring that cells along this axis maintain distinct identities and
functions. Studies centering on c/s-regulatory elements have provided valuable insights
into chromatin patterns and gene regulatory events occurring in the intestinal epithelium.
During murine embryogenesis, significant chromatin modifications at distant regulatory
elements lay the groundwork for the subsequent activation of enterocyte-specific genes
during differentiation.’” Subsequently, multiple studies have highlighted distinct chromatin
accessibility patterns among various intestinal epithelial cell populations during cell fate
specification, especially with regard to secretory lineages.8-11 The coordination between
transcription factors CDX2 and HNF4a. at enhancer sites helps in maintaining an open
chromatin state in differentiated villus cells.}2 Profiling of H3K27ac, H3K4me2, and DNase
I in crypt and villus cell populations revealed that this state of accessible chromatin is
universal across both cell types, which facilitates lineage specification of differentiated
cell types based on the available set of transcription factors.13-14 The upregulation of
differentiation specific genes such as those associated with enterocyte metabolism also
corresponds with a loss of DNA methylation from the stem to the differentiated cell

state, along with an increase in enhancer activity, and CDX2 and HNF4 binding.12:14.15
This cascade of epigenomic events culminates in a dynamic transcriptome as cells
progress from crypts to villi, resulting in the differential regulation of nearly 4,000
genes.16-18 Nevertheless, it remains unclear how upstream regulators intersect with basic
trans-regulatory mechanisms, such as the recruitment and regulation of RNA polymerase 11
(Pol I1) at gene promoters.

Surprisingly, the genomic distribution of Pol Il along the crypt-villus axis remains
unexplored, underscoring the gap in our knowledge of gene regulation during intestinal
differentiation. The recruitment of Pol Il to target gene promoters is intricately linked to
three-dimensional intrachromosomal contacts within topologically associated domains.19:20
The spatial organization of chromatin loops brings distal enhancers into close proximity
with gene promoters, facilitating the recruitment of transcription factors and the assembly
of the transcriptional machinery, including Pol 11.21 In the context of the intestine, the
pro-differentiation factor HNF4 exerts a significant influence on this process, as evidenced
by loss of enhancer-promoter looping events (measured by H3K4me3 HiChlIP-seq, which
identifies long range interactions associated with H3K4me3 marked promoters) in villus-
specific genes when HNF4 is depleted.1’

Within the Pol 11 transcription process itself, multiple regulatory checkpoints influence gene
expression through a variety of factors and mechanisms. At the initiation checkpoint, the
assembly of the transcription initiation complex and the recruitment of Pol Il at the gene
promoter mark the commencement of gene transcription. Variations in Pol 11 recruitment

to the gene promoter can lead to substantial alterations in gene expression.22 Additionally,
promoter-proximal pausing of Pol Il (hereafter referred to as “Pol 1l pausing”) has emerged
as a prominent regulatory mechanism influencing gene expression.23-26 This phenomenon
involves the temporary halting of Pol 11 shortly after transcription initiation, poised to

Cell Rep. Author manuscript; available in PMC 2024 July 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vemuri et al.

RESULTS

Page 4

rapidly respond to environmental cues. The dynamic equilibrium between paused and
actively elongating Pol Il has far-reaching implications for the spatial and temporal control
of gene expression patterns. Additionally, fluctuations in the stability of transcribed mRNA
after splicing can influence the patterns of gene expression during differentiation.27.28

In this study, we delve into the intricate regulatory network involving Pol 11 occupancy,
Pol Il pausing, chromatin looping, transcription factor binding, and post-transcriptional
regulation, shedding light on the sophisticated mechanisms governing regionalized gene
expression in the intestinal epithelium. Additionally, we zoom in on the impact of
transcription factors such as HNF4 on Pol Il occupancy, elucidating its role in bridging
the intestinal epigenome with gene expression.

Dynamic Pol Il occupancy drives differential gene expression during intestinal
differentiation

Thousands of genes are differentially expressed in the context of intestinal differentiation,
as evidenced by RNA sequencing (RNA-seq) data acquired from isolated crypt and villus
epithelium.18 Our analysis of this data has identified 1,663 transcripts that displayed
enrichment in villi and 2,313 transcripts exhibiting enrichment in crypts (log2 fold change
[12FC] > 1 or < -1, false discovery rate [FDR] < 0.05, Fragments Per Kilobase of

transcript per Million mapped reads [FPKM] >1) (Figure 1A). However, the contribution

of RNA polymerase Il (Pol Il) dynamics during intestinal differentiation has not been
systematically explored. Changes in Pol Il recruitment and occupancy, pause-release, or
downstream mRNA stability could all contribute to differentiation-specific gene expression.
To address this knowledge gap, we conducted chromatin immunoprecipitation sequencing
(ChlP-seq) analysis in isolated duodenal villus or crypt cells, using an antibody-targeting
total RNA polymerase Il (Figure 1B). ChlIP replicates from each cell type exhibited a high
degree of correlation (Pearson coefficient > 0.9) (Figure S1A). There were 6,429 genes that
exhibited detectable Pol 11 signal-over-noise (Figures S1C-S1E; Table S1), as determined
using size-matched random regions to calculate background signal (Figure S1B). Individual
replicates across the 6,429 genes demonstrated a comparable distribution pattern across the
gene bodies, wherein enhanced signal was generally observed at transcriptional start sites
(TSS). This signal gradually decreased toward the transcriptional end sites (TES), and its
strength further decreased upon entering intergenic regions (Figures S1D-S1F), consistent
with other reports of Pol 11 distribution.29:30 Genomic browser tracks of housekeeping genes,
Actband Gapdh, provided visual validation of the signal quality and robustness inherent in
the ChIP experiment (Figure S1F).

To test whether Pol Il is dynamically recruited to different genes during intestinal
differentiation, we employed DESeg?2 to quantitatively determine differences between villus
and crypt as a function of Pol 1l ChIP read counts per gene. Using an FDR cut-off

of 0.05 and at least a 1.5-fold difference, we identified two subsets of 780 and 392

genes with significantly enriched Pol Il in the villus versus crypt, respectively (Figure

1C; Tables S2 and S3). These gene subsets exhibited greater compartment-specific Pol 11
occupancy both at the TSS and across the gene body (Figures 1D and S2A). Illustrative
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examples of differentially enriched Pol Il genes include Apoa4 and Krt20in the villus

and Rp/3and Myc in the crypts (Figure 1E). We see in these examples that differential

Pol 1l occupancy also corresponds with differential expression of steady-state mMRNA,

as evidenced by the significantly elevated transcripts detected by RNA-seq. Functional
annotation of villus-enriched Pol 1l gene sets demonstrated enrichment of mature enterocyte
properties, such as brush border and lipid metabolism, whereas genes with enriched Pol

Il in crypts had functions associated with a proliferative phenotype (Figure 1F; Table

S2). These observations suggest that Pol 11 occupancy is highly distinct and is pivotal in
controlling cell-specific intestinal functions. To more broadly examine whether dynamic Pol
Il occupancy correlated with dynamic gene expression during differentiation, we examined
changes in Pol 11 read counts versus changes in corresponding mRNA transcripts for genes
exhibiting dynamic Pol Il occupancy during differentiation. We saw a robust association
between dynamic Pol Il occupancy and steady-state gene expression (Figures 1G and S2B),
with nearly 92% of villus-enriched Pol Il genes and 85% of crypt-enriched Pol Il genes
also showing significant mRNA enrichment in their respective compartment (Figure S2C).
These results indicate that dynamic Pol Il occupancy is a major driver of the extensive
transcriptomic changes that occur during intestinal differentiation.

A subset of genes exhibits dynamic regulation at the post-transcriptional level

While dynamic Pol Il occupancy seemed to explain a large proportion of intestinal gene
expression changes, there were 4,026 genes that had detectable Pol 11 ChlIP, signal but

did not make our DESeq2 cut-offs (Figure 1C; Table S3). We categorized this gene set

as having similar Pol Il occupancies between crypt and villus cells, although we observed
that most genes in this set still exhibited varying Pol Il occupancy at non-significant levels
(genes indicated by black dots, Figure 1C). Within the set of 4,026 genes, a subgroup

of 700 genes exhibited differential expression (FPKM > 1, 12FC > 1 or < -1, FDR <

0.05) despite sharing similar Pol Il occupancy levels, suggesting alternative mechanisms
of transcript regulation at these loci (Figures 2A and 2B; Table S2). A metagene analysis
on these 700 genes confirmed similar Pol 11 binding profiles spanning from the TSS to

the TES, with nearly overlapping confidence intervals (Figure 2C). Given the uniformity
in Pol 1l occupancies across these genes in both crypts and villi, we became intrigued

by the possibility that the distinct expression patterns observed in this subgroup might be
attributed to post-transcriptional mechanisms, such as alterations in mRNA stability. We
examined changes in MRNA stability using the crypt versus villus RNA-seq data described
above. Intronic reads in RNA-seq data are an indicator of newly transcribed, unspliced
transcripts, whereas exonic reads should be present in both spliced and unspliced transcripts.
We estimated the differences in mRNA stability across the crypt-villus axis using DiffRAC,
which is designed to calculate the abundance of de novo transcripts versus mature mMRNAS
using the relative quantities of intronic reads (pre-mRNA) versus exonic reads (mature
mRNA).31 Analyzing the read distribution across gene exons and introns under distinct
conditions enables us to discern whether the transcript remains stable in those conditions
(Figure 2D). For this analysis, we removed 30 genes from the 700 that either had no
introns or had zero intron counts in all replicates across both crypts and villi. In these 670
genes, we observed a wider spread in effect size estimates for differential stability than

for differential Pol 11 (Figure 2E; Table S3). To put this into perspective, nearly 22% of
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the 670 genes exhibited differential stability at a fold-change of 1.5 compared with none

at the same filter for differential Pol Il (Figure 2E). However, a similar analysis with the

set of genes showing differential Pol Il occupancy (1,172 villus- and crypt-enriched Pol
I1-bound genes) showed a similar fraction (18%) of genes exhibited differential mMRNA
stability in addition to differential Pol Il occupancy (Figure S3A; Table S3). Thus, while
dynamic mRNA stability contributes to differential expression during differentiation, it does
not appear unique to genes lacking dynamic Pol Il occupancy. We observed that 80% of the
villus-enriched transcripts and 72% of the crypt-enriched transcripts within the main set of
670 genes exhibited a compartment-specific increase in mMRNA stability (Figure S3B). Gene
Ontology (GO) terms associated with transcripts that are stable and differentially expressed
in crypts predominantly pertain to proliferation, whereas those linked with transcripts stable
and enriched in villi are primarily related to immunity and lipid metabolism (Figure S3C;
Table S2). To further explore the influence of stability on the expression of genes specific

to differentiation, we examined two genes responsible for promoting barrier health and
providing protection against colitis (Muc1582:33 and Sdc4*) (Figures 2F and 2G). Muc13
and Sdc4 each exhibit strikingly similar Pol Il distributions in both the villus and crypt
compartments, despite their mRNA transcript enrichment in only one of these compartments
(Muc13in villus [Figure 2F] and Sdc4 in crypts [Figure 2G]). Interestingly, there are
minimal variations in intronic reads for both genes relative to the changes in exonic reads,
indicating similar transcription rates but more substantial changes in the abundance of
spliced mRNA. This finding suggests that the changes in crypt-villus expression levels of
Mucl13and Sdc4 can primarily be attributed to post-transcriptional effects. In summary, our
study indicates that mMRNA transcript stability serves as a mechanism regulating dynamic
expression during intestinal differentiation in a subset of genes.

Dynamic pause-release of Pol Il governs regulation of genes during crypt-villus transitions

The dynamic pause-release mechanism of Pol |1 serves as a rapid tool for finely adjusting
gene expression in response to evolving cellular conditions.23:28 We contemplated the
possibility that there might be genes that achieve higher expression levels in the villus by
transitioning from a paused and unexpressed state in the crypts. Leveraging Pol Il ChlP-seq
data, we binned Pol Il reads into two zones: the promoter-proximal region (=100 bp to +300
bp from TSS) and the gene body (+350 bp from TSS to TES). This enabled us to compute
the pausing index (P1),35-38 which gauges the ratio of reads in the promoter-proximal region
to those in the gene body, normalized by region length (Figure 3A). The PI provides insights
into Pol 11 pausing at gene promoters. We initially validated the utility of the Pl as an
analytical tool for assessing promoter-proximal pausing of Pol Il (Figure S4A). Genes were
classified based on their Pl in crypt and villus cells. We observed that genes with a Pl > 2
displayed a distinct peak in Pol Il signal at the TSS, followed by a decline in signal toward
the TES. The sharpness of this TSS peak became more pronounced for genes with Pl > 3
and PI > 4. Conversely, genes with a Pl < 2 lacked a distinct TSS peak and tended to exhibit
a higher signal in the gene body, with a pile-up of Pol Il toward the TES, likely due to a
slowdown of elongation3940 (Figure S4A). We applied DESeq? to the calculated Pls and
identified 476 genes with more pronounced pausing of Pol Il in the crypts (I12FC < 0.58,

p < 0.05) (Figure 3B; Tables S2, and S3). Of these crypt-paused/villus elongating genes,
280 genes displayed higher mRNA expression in the villus, suggesting that they could be
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regulated by changes in pause-release between crypts and villi (Figure 3C; Table S2). A
metagene analysis of Pol Il distribution across these 280 genes revealed an elevated Pol 11
signal along the gene body in villus cells compared to the crypts (Figure 3D). However,
this analysis also demonstrated a distinct and prominent peak near the TSS in the crypts,
suggesting the presence of Pol Il pausing in the crypts, but not in the villi. This observation
is consistent with pause-release as the regulatory mechanism governing this subset of
villus-enriched mMRNAs. Functional annotation shows this set primarily encompassed genes
with established villus-specific roles, including functions such as nutrient absorption, lipid
transport, immune-related activities, and apoptosis. (Figure 3E; Table S2). An illustrative
example showing a gene from this set, DgxZ, provides additional confirmation of the
heightened Pol 11 signal near the promoter-proximal region within the crypts. Moreover,
there is a general enhancement in the Pol 1l signal across the DgxZ gene body in the villus.
Crucially, there is also clear evidence of significantly higher steady-state gene expression in
the villus, as evident by the differences in RNA-seq FPKMs (Figure 3F).

In our exploration of differentially expressed genes within the intestinal epithelium, it
became apparent that a combination of different regulatory mechanisms was involved in
achieving the distinct expression patterns seen during differentiation. To assess the relative
impact of various mechanisms contributing to differentiation-induced gene expression, we
first plotted the measured differential Pol 11 occupancy of villus-enriched genes against
their corresponding measurement of differential Pol 1l pausing. We observed that among
transcripts enriched in the villus, most of them exhibited increased Pol 11 occupancy in

the villus compared with the crypts. A smaller proportion of villus-enriched transcripts
underwent pause-release upon differentiation from crypts onto villi (Figure 3G). Our
analysis showed that 53% of villus-enriched transcripts were primarily governed by
differential Pol 11 occupancy (Pol 11 ChlP-seq; differential Pol Il occupancy: 12FC > 0.58),
whereas only 16% were regulated by changes in pausing and pause-release from crypts to
villi (Pol 11 ChlP-seq; differential PI: I2FC < 0.58) (Figure 3H). Interestingly, within the
genes corresponding to villus-enriched transcripts, while there was a noticeable increase in
Pol 11 occupancy in villus cells, Pol Il pausing seemed to be relatively similar in both crypt
and villus cells. These observations imply that in addition to genes undergoing pause-release
during the crypt-villus transition, other genes might still experience pausing in the villus
and engage in pause-release when required. This aligns with previous research suggesting
that Pol 11 pausing is a mechanism that readies genes for prompt initiation of transcriptional
elongation.23:36:41.42 Finally, 22% of villus-enriched transcripts showed enriched mRNA
stability in the villus compared with the crypts (Figure 3H), providing another mechanism
that fine-tunes differentiation-specific gene expression. In summary, it appears that the
primary mechanism driving differential gene expression during differentiation across the
crypt-villus axis is the differential occupancy of RNA polymerase II.

Dynamic transcriptional enhancer activities are associated with differential Pol Il
occupancy during intestinal differentiation

Given that the primary regulatory mechanism in the intestinal epithelium involves the
dynamic recruitment and occupancy of Pol I, we recognized the necessity of incorporating
the impact of distal regulatory elements, especially enhancers, to gain a comprehensive
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grasp of the alterations in gene expression linked to cellular differentiation. We postulated
that alterations in Pol 1l occupancy would be concomitant with shifts in chromatin looping
patterns between enhancers and promoters. To explore this, we compared associations
between dynamic Pol Il occupancy and the frequency of compartment-specific enhancer-
promoter looping interactions, as measured by H3K4me3 HiChlP-seq in intestinal villus
and crypt cells.1” Ligation events captured between distal regulatory elements and each
gene promoter were measured in both crypts and villus. Our analysis revealed that 68% of
the villus-enriched transcripts (Figure 4A) and 53.5% of crypt-enriched transcripts (Figure
4B) displayed a higher frequency of chromatin loops (H3K4me3 Hi-ChlP-seq; I2FC >
0.58 or < -0.58) and Pol Il occupancy (Pol Il ChlP-seq; I2FC >0.58 or < -0.58) in the
corresponding compartment. An illustrative example at the ApoB gene promoter shows an
increase in villus enhancer-promoter interactions (as measured by H3K4Me3 HiChIP-seq)
had a corresponding increase in its Pol 1l occupancy (as measured by Pol Il ChiP-seq)

and gene transcript levels (as measured by FPKM values from crypt vs. villus RNA-seq)
(Figure 4C). A similar relationship was observed at a crypt-enriched gene promoter, Dmbt1
(Figure 4D). To confirm that the observed differential chromatin looping at villus- and
crypt-enriched Pol Il promoters is indeed attributable to differences in looping patterns
rather than variations in the H3K4me3 promoter mark, we examined the enrichment of
H3K4me3 at promoters associated with both villus- and crypt-enriched chromatin loops, Pol
Il occupancy, and gene expression patterns.*3 Our analysis did not reveal any remarkable
differences in H3K4me3 binding between the crypt and villus regions at these promoters
(Figure S4B).

Since there was a correlation between looping events, dynamic Pol 11 activity, and variations
in gene expression, our subsequent focus was on pinpointing the potential transcription
factors responsible for driving these dynamic occurrences within the differentiated intestinal
epithelium. A total of 5,135 enhancer regions linked with promoters displaying villus-
enriched looping events, Pol 11 occupancy, and gene expression were identified. To discern
the transcription factors operating within these 5,135 villus-enriched enhancer regions,

we conducted a DNA-binding motif analysis. Notably, the motif corresponding with
hepatocyte nuclear factor 4 alpha/gamma (HNF4A/G) emerged as the highest-ranking
factor, implicating HNF4 as a key regulator of Pol Il dynamics and gene expression

in differentiated villi (Figure 4E; Table S4). Collectively, our findings lead us to the
conclusion that the dynamic occupancy of Pol 11 during intestinal differentiation correlates
with dynamic chromatin looping events. This interplay ultimately gives rise to unique gene
expression patterns, with this process seemingly under the influence of HNF4 transcription
factors.

HNF4 transcription factors interact with chromatin remodeling and chromatin looping
proteins and are required for Pol Il occupancy to differentiation genes

HNF4 transcription factors have roles in activating enhancer chromatin and are essential
for the expression of vital villus-enriched genes.#4-46 Nevertheless, the influence of HNF4
on the dynamics of Pol 11 remains uncertain, specifically regarding its influence on Pol

Il occupancy and the subsequent implications for its role as a pro-differentiation factor.

To study this, we leveraged a previously generated mouse model that integrates the Villin-
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CreFRT2 transgenic allele” with Hnf4af"ox/10x48 on an Hnf4g™~~ background*4 (hereafter
referred to as HNF4ayPXO) (Figure 5A). Loss of both HNF4 paralogs in the intestinal
epithelium upon tamoxifen treatment triggered a surplus of proliferative cells, loss of

villus integrity, and differentiation failure at 4 days after the initial tamoxifen-induced

gene knockout (Figure 5B), consistent with previous reports.*4 We sought to determine the
impact of HNF4 loss on the occupancy of Pol 11 at the genes analyzed above (6,429 genes
identified in Figure S1) using ChIP-seq in control and HNF4a.yPKO duodenal villus cells

3 days after tamoxifen treatment, when HNF4 factors are depleted, but the tissue lacks

an overt phenotype.** Upon loss of HNF4 factors, we observed a notable decrease in Pol

Il occupancy that was particularly pronounced at HNF4-dependent target genes (defined

as bound and regulated by HNF4 as measured by HNF4A/G ChlP-seq**; within 30 kb

of HNF4-binding sites; and differentially regulated in wild-type [WT] vs. HNF4ayPKO
RNA-seq*4) (Figures 5C, S5A, and S5B; Table S2). For example, within a 210-kb window
on chromosome 3, Pitx2, a gene not previously identified as being influenced by HNF4,
displayed minimal differences in Pol 11 occupancy between WT and HNF4ayPXO villus
cells. In stark contrast, Enpep, a known HNF4 target, exhibited a significant decrease in

Pol 11 occupancy upon the absence of HNF4 factors (Figure 5D). Additionally, our research
revealed that the influence of HNF4 was predominantly observed in villus-enriched Pol Il
genes, with approximately 34% of them demonstrating dependence on HNF4. Conversely,
crypt-enriched Pol Il genes, genes undergoing pause-release upon differentiation onto villi,
and genes displaying post-transcriptional stability changes exhibited lower dependence

on HNF4, at rates of 4%, 17.5%, and 18%, respectively (Figure S5C). Additionally,

we observed a dependence on HNF4 for the chromatin looping events acquired during
differentiation. Among 618 genes identified with both villus-enriched Pol 11 occupancy (Pol
Il ChiP-seq: I2FC > 0.58, FDR < 0.05) and villus-enriched steady-state gene expression
(crypt vs. villus RNA-seq: I2FC > 1, FDR < 0.05, FPKM > 1), 512 genes gained interactions
with their corresponding enhancers upon differentiation (identified by changes in crypt vs.
villus H3K4me3 HiChlP-seq: I2FC > 0). Approximately 30% of these enhancers exhibited
HNF4 occupancy (Figure S5D).

Building on these findings, we sought to identify all genes exhibiting distinct Pol Il patterns
in WT mice compared with HNF4a.yPKO mice. By applying DESeq2 on Pol 11 ChlP-seq
read counts (I2FC > 0.58 or < —0.58, FDR < 0.05), we identified nearly 2,000 genes

that had differential Pol 11 occupancy between control and HNF4ayPKO villus epithelia
(997 WT-enriched Pol 11 genes; 882 HNF4a.yPKO -enriched Pol 11 genes) (Figure 6A;
Tables S2 and S3). Clear differential Pol Il signals at both genes gaining and losing HNF4
were demonstrated in the heatmap (Figure 6B). Moreover, at the individual gene level, the
contrasting Pol 11 occupancy is clearly visible in the representative examples (Figure S6A).
Functional annotation of genes showing loss of Pol 1l occupancy in the HNF4ayPKO reveals
functions associated with differentiation, whereas those genes gaining Pol Il occupancy

in the HNF4ayPXO are associated with cellular proliferation and stress responses (Figure
6C; Table S2). We observed a strong correlation between dynamic Pol Il occupancy and
gene expression changes in the HNF4ayPKO (Figures S6B and S6C). We also discovered
that approximately 40% of the genes losing Pol 11 occupancy in the HNF4a.yPKO were
also bound by HNF4 in ChIP-seq and show decreased RNA levels in the HNF4a.yPKO,
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underscoring the critical role of HNF4 in regulating Pol 1l occupancy and transcriptional
activity during intestinal differentiation (Figure S6D).

To gain insights into the mechanisms underlying HNF4-mediated Pol Il occupancy, we
performed rapid immunoprecipitation mass spectrometry of endogenous proteins (RIME)*?
using anti-HNF4a antibodies in primary mouse epithelium (Figure 6D; Table S5). While
analysis of the HNF4 interactome has been performed in cell lines®%>1 and murine colon,>2
we provide here an analysis focused on the differentiated small intestine. Differential
analysis of raw peptide counts from IgG and HNF4a co-immuno-precipitated samples led
to the identification of 29 proteins that exhibit significant interaction with HNF4a (I12FC >
0.58, FDR < 0.05) (Table S5). Our analysis showed that 48% of the HNF4a interactome was
associated with transcription, functioning as transcription factors (10%), transcriptional co-
regulators (7%), members of chromatin remodeling complexes (21%), or proteins involved
in chromatin looping (10%) (Figures 6E and S6E; Table S5). Of note was the substantial
presence of chromatin remodeling proteins, particularly those within the SWI/SNF complex,
such as SMARCA4, SMARCE1, and SMARCD2, among others. Additionally, we detected
interactions with SMC1A and SMC3, key constituents of the cohesin protein complex,
pivotal for enabling DNA looping®3:54 (Figures 6E and S6E). Based on these findings, we
propose a model that suggests the following mechanism: HNF4 binding to an enhancer
region initiates chromatin remodeling facilitated by the SWI/SNF complex. This remodeling
leads to the formation of a chromatin loop between the enhancer and gene promoter, thus,
creating a favorable environment for the recruitment and occupancy of Pol Il to a target
gene regulated by HNF4 (Figure 6F). By influencing chromatin accessibility, interacting
with transcriptional regulators, and facilitating the assembly of transcriptional complexes,
HNF4 ensures proper Pol Il occupancy and subsequent gene expression driving intestinal
differentiation.

DISCUSSION

The regulation of gene expression during tissue differentiation is a multifaceted process,
and the relative significance of Pol Il recruitment and occupancy, pause-release, and mRNA
stability can vary across different tissue types and developmental contexts. While de novo
Pol Il recruitment is a fundamental step in transcription and often contributes to differential
gene expression during differentiation, other mechanisms may take precedence in different
tissues. For instance, in embryonic stem cells, the dynamics of Pol Il pause-release and
elongation rates are prominent as cells differentiate into various lineages.*2 In contrast,
during skeletal muscle regeneration, both Pol Il pause-release and mMRNA stability have
been implicated in sculpting the muscle-specific transcriptome.>>:56 In immune cells, such
as T cells, mRNA stability and post-transcriptional regulation are prominent mechanisms
for orchestrating rapid and precise gene expression changes in response to immune
challenges.5” These diverse examples underscore the tissue-specific and context-dependent
nature of gene expression regulation for maintaining cellular homeostasis.

The intestinal epithelium, characterized by its constant renewal, presents a valuable yet
underexplored model system for studying the mechanisms of transcriptional differentiation.
Maintaining the equilibrium between epithelial cell proliferation and differentiation
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constitutes a critical physiological response during viral infections,®® periods of fasting,>®
or during the consumption of fat-rich diets.89 Deviations from the normal levels

of differentiation can render individuals more susceptible to diseases pathologies,

including metabolic syndrome89 and cancer.60-62 Understanding the mechanisms governing
differentiation is also of paramount importance in the field of regenerative medicine,

where the delicate balance between cell expansion and the generation of fully functional,
differentiated tissue is pivotal to success. The intestinal crypt-villus unit plays a vital

role in upholding intestinal equilibrium and overall health. Nonetheless, the precise gene
regulatory mechanisms during the transition from crypts onto villi remain unclear. Our
research has extensively examined the impact of diverse Pol Il patterns driving alterations
in gene expression and cell-specific functions along this axis. A key result from our study
was that the driver of gene expression changes across the crypt-villus axis stemmed from
the dynamic recruitment and occupancy of Pol Il to gene promoters. Additionally, smaller
subsets of genes were regulated through changes in Pol Il pausing and post-transcriptional
mechanisms. Moreover, we demonstrated that dynamic chromatin looping also plays a role
in shaping the observed patterns of Pol 1l occupancy in intestinal genes. This phenomenon is
greatly influenced by the transcription factor HNF4 in differentiated villus cells.

Current research in intestinal biology frequently highlights the bone morphogenetic protein
(BMP) signaling pathway as the central force behind intestinal differentiation.63 This
assertion is grounded in sophisticated studies employing transgenic expression of BMP
antagonists leading to ectopic crypt formation in the villus.8465 A focal point for future
investigations could include the molecular mechanisms of how the BMP signaling pathway
activates differentiation-specific gene expression. SMAD4 acts as the transcriptional effector
of BMP, and mutations within it are among the most prevalent in colon cancers.62:66-69
SMAD4 and HNF4 mutually activate each other’s expression and subsequently bind to and
activate genes associated with enterocyte differentiation.*4 Yet the impact of this interaction
on cis- and trans-regulatory factors within the differentiated intestinal genome remains
undocumented. It raises intriguing questions about whether HNF4’s role in mediating open
chromatin might facilitate the access of other pro-differentiation factors like SMADA4, to
DNA, thereby modulating the expression of differentiation genes. Or if they collaborate in
processes such as chromatin opening, recruitment of Pol Il, or the release of transcriptional
pauses. These findings have the potential to uncover crucial transcriptional mechanisms of
pro-differentiation factors in normal intestinal physiology, shedding light on their relevance
to conditions such as inflammatory bowel disease and cancer.

In conclusion, this comprehensive understanding of the regulatory network underlying
dynamic crypt-villus gene expression patterns not only advances our knowledge of intestinal
biology, but also provides insights into the broader mechanisms of tissue specialization

and homeostasis. Further investigations into intestinal regulatory mechanisms promise to
uncover additional layers of complexity and deepen our understanding of the remarkable
adaptability and functionality of the intestinal epithelium.
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Limitations of the study

This study primarily utilized Pol Il ChiP-seq to track the dynamics of Pol 1l occupancy
along the intestinal crypt-villus axis. However, this approach has limitations as its resolution
does not facilitate a direct distinction of the various states of engaged Pol Il; rather, it infers
them based upon the total ChlP-seq signal distribution. Another limitation of our research

is its primary focus on bulk crypt-villus populations, which could mask differences in Pol Il
function between the heterogeneous cell types of the epithelium. A logical next step would
involve validating the outcomes of this study using more refined cell populations along

the duodenal crypt-villus axis, as well as in the jejunum, ileum, and colon, to account

for regional variations in gene expression. Recent advances in single-cell sequencing
methodologies offer promising avenues for such validation. Finally, our study primarily
focused on the small intestine; understanding colonic regulatory mechanisms concerning Pol
Il represents important future research.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Michael P. Verzi
(verzi@biology.rutgers.edu).

Materials availability—This study did not generate any unique reagents and the mouse
lines generated in this study are available upon execution of a suitable Materials Transfer
Agreement.

Data and code availability

. ChIP-seq data from this publication have been deposited to GEO accession
number GEO: GSE244918. Mass spectrometry data from the RIME analysis
have been deposited into the MassIVVE database with the dataset identifier
MassIVE: MSV000093071. This paper analyzes existing, publicly available data.
The following datasets from GEO were reanalyzed with our sequencing data:
GEO: GSE13394918 was used to perform RNA-seq analysis of villus-enriched
genes and crypt-enriched genes, and to identify regions of open chromatin in
the villus; GEO: GSE14869117 was used to analyze enhancer-promoter looping
across the crypt-villus axis; GEO: GSE1129464* was used to identify HNF4
binding patterns in intestinal epithelial cells; GEO: GSE1607763 was used to
evaluate distribution of H3K4me3 binding at villus- and crypt-enriched gene
promoters.

. All original code used in this study as well as data files and
additional documentation can be found in our GitHub repository at https://
github.com/VerziLab/Intestinal-RNA-Pol-11-Dynamics (https://doi.org/10.5281/
zen0do.11051235).

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice— Villin-CreFRT2 transgene,*” Hnf4a”™8 and Hnf4,Crispr/Crisorta g leles were
integrated to generate conditional compound mutants and controls. Experimental Villin-
CreFRT2 Hnf4 mutant mice (8-12 weeks old) were intraperitoneally administered tamoxifen
at 50 mg/kg/day (Sigma, T5648). Wild-type, cage mate controls were administered corn

oil vehicle (Sigma, C8267). For Pol 1l ChlP-seq experiments, duodenal villi were collected
after 2 consecutive days of tamoxifen or vehicle treatment. For histology experiments, tissue
was collected after 3 consecutive days of tamoxifen or vehicle treatment. For RIME, villi
from the proximal half of the small intestine of C57BL/6 mice was collected. Mice of both
sexes were used in all experiments. Mouse protocols and experiments were approved by the
Rutgers Institutional Animal Care and Use Committee and all relevant ethical regulations
were followed. All samples were collected between 9:00a.m. to 12:00p.m. to avoid circadian
variability.

METHOD DETAILS

Epithelial cell Isolation—The initial third of the small intestine (duodenum) was
dissected and opened longitudinally to wash the inter-lumen space and expose epithelial
cells. Tissue was cut into 1-inch pieces and rinsed with ice-cold PBS. Tissue was treated
with 3mM EDTA/PBS for 25 min for mutant mice and 35 min for wild-type, with changes
in EDTA solution at the initial 5- and 10-min time points. Mechanical force was applied

to release the epithelial cell layer from the underlying mesenchyme. Crypts and villi were
separated with a 70uM filter. The smaller crypts pass through the pores of the filter while the
larger villi stay on top. Both crypts and villi were collected from wild-type mice, while only
villi were collected from Hnf4 mutant mice. Cells were washed twice with ice-cold PBS and
pelleted by centrifugation at 300 rcf at 4°C.

Histology and immunostaining—Intestinal tissues were fixed overnight in 4%
paraformaldehyde at 4°C, washed with PBS, and dehydrated through ascending alcohols
before paraffin embedding. Five-micrometer paraffin sections were used for Hematoxylin &
Eosin staining (H&E). The staining was imaged with a Lumenera INFINITY3 camera and
Infinity Analyze imaging software (v6.5.6).

ChlP-seg—*For Pol 11 ChlIP-seq, crypt and villus cell pellets were cross-linked with 1%
formaldehyde (Sigma, F8775) at 4°C for 10 min and then at 25°C for 50 min. Cells were
pelleted and washed with ice-cold PBS twice by centrifugation at 300 rcf at 4°C. Fixed cells
were lysed in 3X volume of lysis buffer consisting of 1% SDS, 10mM EDTA, 50mM Tris-
HCI pH 8.0, 1X protease inhibitor cocktail (G-Biosciences, 786-433). Cells were sonicated
for 35 min using a Diagenode Bioruptor to shear chromatin to 200-500bp.

Protein A/G beads (Invitrogen, 10001D and 10004D) were washed with 1% BSA in PBS
and pre-loaded with Anti-RNA polymerase 11 antibody (Millipore, 05-623, Lot 3506610).
Antibody-conjugated beads were washed twice with 1% BSA and incubated with sheared
chromatin in dilution buffer (1% Triton X-100, 2mM EDTA, 150mM NacCl, 20mM Tris-
HCI, pH 8.0). The final concentration of SDS in the sonicate was 0.26%. Chromatin and
beads were incubated on a rotator at 4°C overnight. Chromatin-bound, antibody-conjugated
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beads were collected by magnetic separation. Unbound chromatin was discarded. Beads
were washed five times with RIPA buffer (50mM HEPES pH 7.6, 1mM EDTA, 0.7%
Sodium deoxycholate, 1% NP-40, 0.5M LiCl), and once with TE buffer (10mM Tris,
0.1mM EDTA). Cross-links were reversed in buffer containing 0.1M NaHCO3 and 1% SDS
overnight at 65°C to release ChIP DNA. DNA was column purified using the MinElute
PCR purification kit (Qiagen, 28004) and quantified using Picogreen (Invitrogen, P7581).
Libraries were prepared using the ThruPLEX DNA-Seq kit (Takara, R400675) and DNA
Unique Dual Index Kit (Takara, R400666). Paired-end sequencing of ChIP-seq libraries was
performed (150 bp) to a depth of at least 30 million reads on the Illumina NovaSeq 6000
platform, demultiplexed and converted to fastq format.

Rapid Immunoprecipitation Mass Spectrometry of Endogenous Proteins
(RIME)—Villus cells from the proximal small intestine of C57BL/6 mice were collected

in ice-cold PBS by scraping the everted tissue with a coverslip. Care was taken to avoid
collecting the muscle layer. Cell suspensions were pooled, snap-frozen in liquid nitrogen
and submitted to Active Motif for RIME analysis according to published protocols.*? RIME
was carried out using an antibody against HNF4a (Santa Cruz Biotechnology, sc-6556X,
Lot B1015) to identify peptides which interact with HNF4a using mass spectrometry. An
isotype-matched 1gG antibody was used as control.

QUANTIFICATION AND STATISTICAL ANALYSIS

ChlP-seq data processing—FastQC (v0.11.3)72 was used to check the quality of raw
sequencing reads. Alignment to the mouse reference genome (MGSCv37/mm9) was done
using bowtie2 (v2.2.6)74 and alignments were sorted using Samtools (v0.1.19).%1 When
required, MergeSamFiles from Picard Tools (v1.95) was used to merge replicate bam

files (http://broadinstitute.github.io/picard). deepTools2 bamCoverage (v2.4.2)7° was used
to generate RPKM-normalized bigwig files from individual and merged bam files. The
Integrative Genomic Viewer (v2.8.13)82 was used to visualize normalized bigwig tracks. The
BEDTools utility (v2.17.0)"3 was used to merge, intersect, or subtract the intervals of bed
files. Enriched genes and/or ontologies were identified with GREAT (v4.0.4)80 or DAVID
(v2021).81.92 For generation of heatmaps and metagene profiles, bigwigs were first quantile-
normalized using Haystack (v0.4.0).”7 deepTools2 (v2.4.2) computeMatrix, plotHeatmap
and plotProfile were used to generate plots at defined genomic regions. multiBamSummary
and plotCorrelation from deepTools2 (v2.4.2) were used to compute Pearson correlations
showing similarity between replicates.

RNA-seq and HiChlP-seq data processing—RNA-seq data (GEO: GSE133949) was
re-analyzed using Kallisto (v0.44.0)70 and DESeqz2 (v1.36.0)71 for the R programming
language (R v4.2/RStudio v2022.02.3/Bioconductor v3.15). GSEA (v4.2.2)8 was
performed on pre-ranked gene lists. Genes with FPKM > 1 were used for further analysis.
Heatmapper84 and Morpheus (https:/software.broadinstitute.org/morpheus) were used for
k-means clustering and/or visualization of normalized transcript levels of genes of interest.

For identification of differential loops from H3K4me3 HiChlP-seq data, we considered all
loops with g < 0.0001 in at least one replicate and raw counts = 4 in both replicates.
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DESeq2 (v1.36.0) was applied to identify differential looping events using sequencing
counts. Promoters involved in these differential looping events were extracted and annotated
using BEDTools (v2.17.0) by intersection with a whole genome promoter bed file (UCSC
transcription start site £2 kb). The number of loops associated with each gene promoter was
summed and averaged between replicates, and DESeq2 (v1.36.0) was run again to identify
differential looping between each gene promoter. The R package, Sushi (v1.20.0)76 was used
to visualize HiChlP-seq looping data. For simplicity, we combined biological replicates for
visualizing loops in Sushi.

Pol 1l ChlP-seq bioinformatics data analysis—For analysis of Pol 11 ChlP-seq

data, each gene was partitioned into the promoter-proximal region and the gene body.

Raw gene-level counts data for each region was obtained using featureCounts from

the Subread package (v2.03).”8 Modified whole genome annotation files specific to the
promoter-proximal region and gene body regions were generated as input for featureCounts.
Custom annotation files were generated as follows: 1) From the mm39 transcript-level
annotation (RefSeq), TSS coordinates were extracted from forward and reverse strands for
all isoforms associated with a gene; 2) SAF annotation format files were generated with only
promoter-proximal region (TSS, —100bp to +300bp) and gene body regions (TSS+350bp to
500bp before TES); 3) Finally, transcripts shorter than 1000bp were removed. The isoform
with the strongest signal at the promoter-proximal region was retained for further analyses.
For analysis of Pol Il occupancy and pausing, transcripts from non-standard chromosomes,
non-coding transcripts, and those with less than 18 counts/kb gene length were excluded.
For the remaining transcripts, promoter-proximal and gene body counts were normalized

by region length. Pausing Index (PI) was calculated as the ratio of normalized reads at the
promoter proximal region to the normalized gene body reads for each gene.

Differential expression analyses were performed using the DESeq?2 package (v1.36.0). For
analysis of differential Pol Il occupancy, total reads mapped to the full gene were used. For
differential pausing analyses, the Pl multiplied by a factor of 1000 was used as DESeq?2
input.

Data visualization was performed using GraphPad Prism (v9.50) and the R packages ggplot2
(v3.3.6),85 ggpubr (v0.6.0),86 metagene (v2.8.1)87 and eulerr (v7.0.0).88

Differential mRNA stability analysis—Differential mRNA stability analysis was
performed as previously described.3! Briefly, crypt vs. villus RNA-seq data was aligned

to Ensembl GRCm39 version 109 using HISAT2 (v 2.2.0).93 Using the CRIES workflow
(https://github.com/csglab/CRIES),9 reads were mapped to constitutive exonic and intronic
regions for transcripts supported by both Ensembl and Havana consortia and quantified
with featureCounts (v2.03). Genes without introns or those with zero intron counts in all
replicates across all conditions were removed from subsequent analyses. DiffRAC was used
to infer changes in mRNA stability as described previously.3!

Transcription factor motif analysis—Enhancers associated with villus-enriched gene
sets were identified by employing BEDtools intersect and pairToBed to overlay their
promoters with H3K4me3 HiChlIP-seq regions. Enhancer locations were further refined
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by use of a subsequent BEDtools intersect step with villus ATAC-seq peaks!8 to center
enhancer regions within areas of open chromatin. HOMER findMotifsGenome.pl (v.4.8.3)
was used to call transcription factor motifs enriched at enhancers.’®

RIME data analysis—Analysis of interacting proteins was performed in duplicate for
each immunoprecipitation. Bioinformatic analysis was performed with the software Scaffold
(v5.2.2)%0 and enriched peptide fragments which showed 2-fold enrichment over 19G
controls, > 1 spectral count and > 2 unique peptide fragments were listed as interacting
partners of HNF4a..

Statistical analysis—Data is presented as mean + s.e.m., and statistical comparisons
were performed using two-way analysis of variance (ANOVA) or two-sided Student’s
t-test at p < 0.05 with GraphPad Prism (v.9.50) or ggplot2 (v3.3.6). Mann-Whitney U-test
and Kruskal-Wallis test (followed by post hoc Dunn’s test) were used as part of RNA-
seq analysis. Bioinformatics-related statistical analysis was performed with the embedded
statistics in each package, including DESeq2,”! GSEA,83:94 and DAVID.81.92
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Highlights

Dynamic Pol Il occupancy shapes transcriptomic alterations during intestinal
differentiation

Fewer genes are regulated by shifts in Pol Il pause-release and mRNA
stability

Chromatin remodelers are a major component of the HNF4 interactome in the
mature intestine

HNF4 is crucial for recruiting Pol 11 to intestinal differentiation gene
promoters
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Figure 1. Dynamic Pol Il occupancy correlates with dynamic gene expression during intestinal
differentiation

(A) Hematoxylin and eosin (H&E) staining shows crypt and villus structure from WT mice.
Images are representative of three biological replicates. Heatmap of villus-enriched and
crypt-enriched transcripts reveals dynamic gene expression patterns during differentiation
from crypts onto villi (crypt vs. villus RNA-seq, 7= 13 villi and 12 crypts; DESeq2: I2FC >
1or<-1, FDR < 0.05, FPKM > 1) GEO: GSE133949).

(B) Experimental design for Pol Il ChIP sequencing from isolated duodenal crypt and villus
cells (n = 3 biological replicates).

(C) VWolcano plot of differential Pol 11 occupancy between villus and crypt cells (n =3
biological replicates). Significant Pol Il occupancy was called with DESeq2 (I2FC > 0.58 or
< —-0.58; FDR < 0.05) (see Table S3). Genes with significant Pol 1l enrichment in the villus
and crypt were identified with blue and red points, respectively. Points in black represent
genes with similar Pol 11 binding patterns in both cell types. 780 genes in the villus and 392
genes in the crypt exhibit differential Pol 11 occupancy (see Table S2).

(D) Metagene plots show the average signal profiles of Pol Il in genes with villus-enriched
or crypt-enriched Pol Il (differential Pol 1l occupancy; DESeg2, I2FC > 0.58 or < —0.58;
FDR < 0.05). Confidence bands were generated at 95%.
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(E) Functional annotation (DAVID) of villus-enriched Pol 1l genes and crypt-enriched Pol |1
genes. pvalues were calculated using DAVID (see full table in Table S2).

(F) Examples of differential Pol Il binding to gene loci as illustrated using merged Pol 11
ChiIP-seq replicate data. Villus tracks are depicted in blue and crypt tracks are depicted in
red (demonstrated through merged Pol 1l ChlP-seq replicate data, n=3 per group). Loci are
indicated above, data visualized using IGV. Bar plots show FPKM values for each gene in
crypt and villus derived from RNA-seq (GEO: GSE133949). FPKM data are presented as
mean + SEM (n = 13 villi and 12 crypts, two-sided Student’s t test).

(G) Quadrant plots comparing Pol ll-enriched genes with crypt versus villus differential
expression patterns. The red and blue points indicate crypt- and villus-enriched Pol 11 gene
sets respectively (differential Pol 11 occupancy; DESeq2, I2FC > 0.58 or < —0.58; FDR <
0.05), which display large magnitude FCs in Pol 11 occupancy and differential expression
(crypt vs. villus RNA-seq, DESeq2 I2FC > 1 or < -1, FDR < 0.05, FPKM > 1; GEO:
GSE133949) (see Table S3). The dotted purple lines show a FC cut-off of 1.5.
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Figure 2. A subset of genes with similar Pol Il occupancy yet differential expression is regulated
post-transcriptionally

(A) Quadrant plots comparing 6,429 genes (from Figure S1)with gene expression from crypt
versus Villus RNA-seq (GEO: GSE133949). The red and blue points indicate crypt- and
villus-enriched Pol 11 gene sets respectively (differential Pol 11; DESeqg2, I2FC > 0.58 or <
-0.58; FDR < 0.05). Black points indicate genes that have similar Pol Il signal (differential
Pol 1I; DESeq2, 12FC < 0.58 or > -0.58). Black points highlighted with red boxes indicate
genes with similar Pol 1l occupancy yet are differentially expressed (crypt vs. villus RNA-
seq; DESeq2 I2FC > 1 or < -1, FDR < 0.05, FPKM > 1; GEO: GSE133949). The dotted
purple lines show a FC cut-off of 2.

(B) Venn diagram shows there are 700 genes with similar Pol 11 occupancy but differential
gene expression between crypt and villus cells (see Table S2).

(C) Metagene profile shows similarity in Pol 1l occupancy patterns between crypt and villus
in the 700 genes. Confidence bands were generated at 95%.

(D) Schematic showing principle behind DiffRAC,3! a computational framework used to
assess differential mMRNA stability based on differential exonic and intronic read counts.

(E) Plot shows 670 genes (genes without introns were excluded) with similar Pol 11
occupancy Yet differential expression are more likely to be regulated by differential mMRNA
stability than any differences in Pol Il, as evidenced by comparison with differential crypt-

Cell Rep. Author manuscript; available in PMC 2024 July 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Vemuri et al.

Page 27

villus gene expression (differential mMRNA stability: crypt vs. villus RNA-seq, DiffRAC
DESeq2, I2FC > 0 or < 0; differential gene expression: crypt vs. villus RNA-seq, DESeq?2
I2FC >1or< -1, FDR <0.05, FPKM > 1; GEO: GSE133949) (see Table S3).

(F and G) Representative examples of genes showing similar Pol 1l occupancies (genomic
tracks) yet significantly different exonic counts (bar plots). Villus-enriched is shown in (F)
and crypt-enriched is shown in (G). Loci are indicated above, data visualized using IGV.
Villus tracks are depicted in blue and crypt tracks are depicted in red (demonstrated through
merged Pol Il ChIP-seq replicate data, n=3 per group). Bar plots depict FPKM values,
exonic counts and intronic counts for each gene in crypt and villus derived from RNA-seq
(GEO: GSE133949). The data are presented as mean + SEM (n = 13 villi and 12 crypts,
two-sided Student’s t test).
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Figure 3. Pause-release of Pol 11 during crypt-villus transitions is an additional gene regulatory
mechanism

(A) Diagram illustrating the procedure for calculating the P1 as a measure of promoter-
proximal pausing of Pol Il (see Table S1).

(B) Schematic illustrating the approach used to identify 476 genes demonstrating
significantly elevated promoter-proximal pausing of Pol Il within the crypt (see Table S2).
(C) Heatmap shows expression patterns of 448 annotated genes which exhibit higher Pol
Il pausing in the crypt versus the villus (Pol Il ChIP-seq; differential PI: DESeq2, I2FC <
-0.58, p< 0.05) (see Table S2).

(D) Metagene plot of 280 genes that exhibit greater Pol 11 pausing in the crypt yet

higher expression in the villus, pointing to Pol Il pause-release being the major regulatory
mechanism. Confidence bands were generated at 95%.

(E) Functional annotation of 280 crypt-paused, villus-expressed genes shows gene classes
which preferentially undergo pause-release in the villus versus the crypt (see full table in
Table S2).

(F) An illustration of Pol Il occupancy patterns at the DgxI gene. Genomic tracks show
elevated Pol 11 presence at promoters in crypt cells contrasted with heightened Pol Il
occupancy along gene bodies in villus cells (demonstrated through merged Pol 11 ChlP-seq
replicate data, n=3 per group). Villus tracks are depicted in blue and crypt tracks are

Cell Rep. Author manuscript; available in PMC 2024 July 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vemuri et al.

Page 29

depicted in red, data visualized using IGV. Bar plots show FPKM values for each gene in
crypt and villus derived from crypt versus villus RNA-seq (GEO: GSE133949). FPKM data
are presented as mean + SEM (n = 13 villi and 12 crypts, two-sided Student’s t test).

(G and H) Comparison of differential Pol Il pausing and differential Pol Il occupancy at
1,417 genes with villus-enriched transcripts (crypt vs. villus RNA-seq: DESeq2 12FC >

1, FDR < 0.05, FPKM > 1; GEO: GSE133949) (see Table S3) reveals differential Pol I
occupancy to be the major gene regulatory mechanism driving differentiation-specific gene
expression compared with changes in Pol Il pause-release or mRNA stability.
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Figure 4. Dynamic transcriptional enhancer activities are associated with differential Pol 11
occupancy during intestinal differentiation

(A and B) Quadrant plots showing distribution of genes with villus-enriched (A) and
crypt-enriched (B) transcripts from RNA-seq data (crypt vs. villus RNA-seq: DESeq?2
I2FC > 1 or < -1, FDR < 0.05, FPKM > 1; GEO: GSE133949) with respect to their
associated differential enhancer-promoter loops (H3K4Me3 HiChlIP-seq: GEO: GSE148691)
and differential Pol 11 occupancy (Pol Il ChIP-seq). The dotted purple lines show a FC
cut-off of 1.5.

(C and D) Gene loci of ApoB (C) and Dmbt1 (D) with corresponding enhancer-promoter
loops and Pol Il occupancy. Villus tracks are depicted in blue and crypt tracks are depicted
in red (demonstrated through merged Pol 1l ChlP-seq replicate data, n=3 per group). All
loops shown have g < 0.0001 and counts of >4. Bar plots show FPKM values for each gene
in crypt and villus derived from RNA-seq (GEO: GSE133949). FPKM data is presented as
mean + SEM (n = 13 villi and 12 crypts, two-sided Student’s t test).

(E) Schematic showing the gene set selected for motif analysis using HOMER (genes with
higher chromatin looping events, increased Pol Il occupancy, and elevated gene expression
in the villus) to identify enhancer-bound transcription factors driving differentiation. The
highest-scoring motif identified in the analysis corresponds with the transcription factor
HNF4 (see full table in Table S4).
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Figure 5. Loss of the transcription factor HNF4 compromises Pol Il recruitment and occupancy
at its target genes

(A) Schematic illustrating the timepoint at which cell collection was performed in
HNF4ayPKO mice. For ChIP studies, HNF4a.yPKO mice were injected with tamoxifen
for 2 consecutive days and harvested the following day. For histology, HNF4ayPKO mice
were injected with tamoxifen for 3 consecutive days and harvested the following day.

(B) Hematoxylin and eosin (H&E) staining shows loss of HNF4 paralogs leads to loss

of villus integrity and prevalence of elongating crypts (representative of two biological
replicates per group).

(C) Metagene plots show a reduction in Pol 1l occupancy in HNF4a.yPKO villus cells (n =
3 biological replicates). This reduction is particularly pronounced at the genes dependent on
HNF4, compared with those which are not (HNF4 targets defined as bound and regulated
by HNF4 as measured by HNF4A/G ChlP-seq: within 30 kb of HNF4-binding sites;

and differentially regulated in WT versus HNF4ayPKC RNA-seq; GEO: GSE112946).
Confidence bands were generated at 95%.

(D) Examples of differential Pol 11 binding to gene loci in WT and HNF4a.yPKO villus
within a 210-kb window on chromosome 3 (as illustrated using merged Pol 1l ChlP-seq
replicate data, n=3 per group). WT tracks are depicted in blue and HNF4ayPXO tracks
are depicted in green. Loci are indicated above, data visualized using IGV. Bar plots show
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FPKM values for each gene in WT and HNF4ayPXO cells derived from RNA-seq (GEO:
GSE112946). FPKM data are presented as mean = SEM (n = 3 biological replicates per
group, two-sided Student’s t test).

Cell Rep. Author manuscript; available in PMC 2024 July 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 33

A B Pol Il ChiIP-seq

HNF4ayPK°-enriched WT-enriched WT HNF4ayPko
e
Pol Il ChiP-seq Reads from 882 genes =1
WT and HNF4ayP*®
(6429 genes)

|

DESeq2

997 genes

i

|

i

i

i

|

i
A
Sl

i

logy, p value
2

_—
FC=15
FDR<0.05 7 254¢, ¢

R

WT-enriched cluster
(997 genes)
|

-3 -2 -1 0 1 2 3
-log, fold change

Functional annotation of differential Pol Il enriched gene sets in
WT and HNF4ayPk0

WT-enriched genes HNF4ayP*o-enriched genes
Brust border Ribosome

Lipid metabolic process Transiation

Mitochondrion

Cytoplasmic stross granule

Nuclear spock

15 “

HNF4ayPX-enriched cluster
(882 genes)

H 10 © 2 w2
10gg(Benjamini P valuo) 10g,(Benjamini P valuo)

3.0kb TSSTES +3.0Kb

D RIME using Anti-HNF4a antibodies E
Anti-HNF4A - 4
0 antibodies % e R N
HNFA o o oo % o & %
*® _ % £ 3
°® o o ©\ee i ®
¢ % ] m/z %
L] ' o g
HNF4A and its a2
interacting proteins &
3 1
F 0

T T T T T T T T
-10-8 -6-4-20 2 4 6 810
Log, Fold Change

SWI/SNF
SMARCA4
SMARCE1
SMARCD2

¥ 3 ﬁ
—_HNF4

r (" Polll )
4 9
. Promoter I Differentiation gene |

sSMcC1

sMc3
(Cohesion
subunits)

Figure 6. HNF4 fosters open chromatin and enhances Pol Il recruitment and occupancy at genes
specific to differentiation

(A) Volcano plot of differential Pol 11 occupancy between WT and HNF4ayPXO villus cells
(n = 3 biological replicates). Significant Pol 11 occupancy was called with DESeq?2 (Pol Il
ChiIP-seq: I2FC > 0.58 or < —0.58, FDR < 0.05) (see Table S3). Genes with significant Pol 11
enrichment in WT and HNF4ayPXO were identified as blue and green points, respectively.
Points in black represent genes with similar Pol 11 binding patterns in both cell types. 997
genes in the WT and 882 genes in the HNF4ayPKO exhibit differential Pol 11 occupancy
(see Table S2).

(B) Heatmap shows the distribution of Pol 11 signal across the gene loci for 997 and 882
WT- and HNF4ayPKO-enriched Pol 11 gene sets, respectively (Pol Il ChlP-seq: DESeq2,
I2FC > 0.58 or < -0.58; FDR < 0.05).

(C) Functional annotation of differential Pol Il gene sets shows an enrichment in HNF4-
dependent, villus-specific functions in WT and a reversion to a crypt-like state in the
HNF4ayPKO, pvalues were calculated using DAVID (see full table in Table S2).

(D) Schematic for RIME using anti-HNF4a antibodies.

(E) Differential analysis of peptide counts from RIME directed against HNF4a and 1gG

in primary mouse epithelium shows that cohesin subunits and peptides of the SWI/SNF
complex co-1P with anti-HNF4a. Peptide fragments with more than one spectral count and
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more than two unique peptide fragments were used for analysis (DESeq?2 of peptide counts,
FDR < 0.05) (see Table S5).

(F) Proposed model suggesting a mechanism by which HNF4 facilitates enhancer-promoter
looping and chromatin remodeling, thus providing a conducive environment for Pol |1
recruitment and occupancy at differentiation-specific promoters.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-RNA polymerase Il antibody Millipore Cat # 05-623, RRID:AB_309852

Anti-HNF4a antibody

Santa Cruz Biotechnology

Cat # sc-6556, RRID:AB_2117025

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma T5648

Corn Qil Sigma C8267
Formaldehyde Sigma F8775
Paraformaldehyde Electron Microscopy Sciences 15714-S
Hematoxylin solution (Harris) VWR 95057-858

Eosin Y solution, alcoholic Sigma HT110180
Critical commercial assays

MinElute PCR Purification Kit Qiagen 28004

Thruplex DNA-seq kit Takara R400675

DNA Unique Dual Index Kit Takara R400666
Quant-iT™ PicoGreen™ dsDNA Reagent Invitrogen P7581
Dynabeads™ Protein A for Invitrogen 10001D
Immunoprecipitation

Dynabeads™ Protein G for Invitrogen 10004D
Immunoprecipitation

EvaGreen Dye Biotium 31000

Deposited data

Pol 11 ChIP-seq This study GEO: GSE244918
HNF4a RIME mass spectrometry This study MassIVE: MSV000093071

Experimental models: Organisms/strains

Mouse: Villin-CrefRT2
Mouse: Hnf4a™: Villin-CrefRT2

Mouse: Hnfda™'; Hnfdy rsererisor: \jfljn-
CrefRT2

el Marjou et al., 200447
Hayhurst et al., 200148
Chen et al., 2019b%

MGI:3053826
MGI:2183520
N/A

Software and algorithms

Kallisto v0.44.0
DESeq2 v1.36.0

FastQC v0.11.3

BEDTools v2.17.0
Bowtie2 v2.2.6
deepTools2 v2.4.2
Sushi v1.20.0
Picard Tools v1.95
Haystack v0.4.0

Bray et al., 20167°
Love et al., 201471

Andrews, 201072

Quinlan and Hall, 201073

Langmead and Salzberg, 201274

Ramirez et al., 201675
Phanstiel et al., 201476
Broad Institute

Pinello et al., 201877

https://github.com/pachterlab/kallisto

https://bioconductor.org/packages/release/bioc/html/

DESeq2.html

https://www.bioinformatics.babraham.ac.uk/projects/

fastqc/
https://bedtools.readthedocs.io/en/latest/

https://bowtie-bio.sourceforge.net/bowtie2/index.shtml

https://deeptools.readthedocs.io/en/develop
https://github.com/PhanstielLab/Sushi
http://broadinstitute.github.io/picard/
https://github.com/lucapinello/Haystack
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

featureCounts v2.03
HOMER v4.8.3
GREAT v4.0.4
DAVID v2021
IGV v2.8.13
GSEAVv4.2.2
Heatmapper
Morpheus
ggplot2 v3.3.6
ggpubr v0.6.0
Metagene v2.8.1

Eulerr v7.0.0

CRIES
DiffRAC
Scaffold v5.2.2

Liao et al., 201478

Heinz et al., 20107°
McLean et al., 201080
Huang da et al., 200981
Robinson et al., 201182
Subramanian et al., 200583
Babicki et al., 201684
Broad Institute

Wickham, 201685
Kassambara, 202386

Beauparlant et al., 202287
Larsson and Gustafsson, 201888

Alkallas et al., 20178°
Perron et al., 202231
Searle, 2010%

https://subread.sourceforge.net/featureCounts.html
http://homer.ucsd.edu/homer/motif/
http://great.stanford.edu/public/html/
https://david.ncifcrf.gov

https://igv.org
https://www.gsea-msigdb.org/gsea/index.jsp
http://www.heatmapper.ca
https://software.broadinstitute.org/morpheus/
https://ggplot2.tidyverse.org
https://rpkgs.datanovia.com/ggpubr/

https://bioconductor.org/packages/release/bioc/html/
metagene.html

https://cran.r-project.org/web/packages/eulerr/vignettes/
introduction.html

https://github.com/csglab/CRIES
https://github.com/csglab/DiffRAC

https://www.proteomesoftware.com/products/scaffold-5

Prism v9.50 GraphPad https://www.graphpad.com/features
Other
Custom scripts and code This study https://github.com/VerziLab/Intestinal-RNA-Pol-11-

RNA-seq analysis of villus-enriched genes

Aita et al., 202218

and crypt-enriched genes; ATAC-seq analysis

of open chromatin in the villus

HiChlP-seq analysis of villus-enriched and

Chen et al., 202117

crypt-enriched enhancer-promoter looping

events

HNF4 ChiP-seq

H3K4me3 ChIP-seq analysis of villus-

Chen et al., 20194
Ferrari et al., 202143

enriched and crypt-enriched gene promoters

Dynamics/ (DOI: https://doi.org/10.5281/
zeno0do.11051235)

GEO: GSE133949

GEO: GSE148691

GEO: GSE112946
GEO: GSE160776
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