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Abstract

Mutations in hepatocyte nuclear factor 1 transcription factors (HNF1α/β) are associated with 

diabetes. These factors are well studied in the liver, pancreas and kidney, where they direct tissue-

specific gene regulation. However, they also have an important role in the biology of many other 

tissues, including the intestine. We investigated the transcriptional network governed by HNF1 in 

an intestinal epithelial cell line (Caco2). We used chromatin immunoprecipitation followed by 

direct sequencing (ChIP-seq) to identify HNF1 binding sites genome-wide. Direct targets of HNF1 

were validated using conventional ChIP assays and confirmed by siRNA-mediated depletion of 

HNF1, followed by RT-qPCR. Gene ontology process enrichment analysis of the HNF1 targets 

identified multiple processes with a role in intestinal epithelial cell function, including properties 

of the cell membrane, cellular response to hormones, and regulation of biosynthetic processes. 

Approximately 50% of HNF1 binding sites were also occupied by other members of the intestinal 

transcriptional network, including hepatocyte nuclear factor 4A (HNF4A), caudal type homeobox 

2 (CDX2), and forkhead box A2 (FOXA2). Depletion of HNF1 in Caco2 cells increases FOXA2 

abundance and decreases levels of CDX2, illustrating the coordinated activities of the network. 

These data suggest that HNF1 plays an important role in regulating intestinal epithelial cell 

function, both directly and through interactions with other intestinal transcription factors.
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Introduction

The key properties of the epithelium lining the intestine are the absorption of nutrients, 

solutes and water, together with maintenance of a protective barrier against microorganisms 

and noxious substances. There is substantial functional diversity within the epithelium from 

the proximal (small) intestine to the distal (colon) regions and among cell types along the 

crypt-villus axis. The crypt-villus units encompass several differentiated cell types including 

enterocytes, enteroendocrine, goblet and Paneth cells (1). A unique feature of the intestinal 

epithelium is its constant renewal controlled by the coordinated proliferation and 

differentiation of epithelial stem cells and progenitor cells in the base of the crypt (2). The 

highly dynamic status of the epithelium is regulated by a transcriptional network, which 

controls signaling pathways (3, 4), the abundance of critical proteins for solute and ion 

transport, and the absorption of nutrients (5-7). This network includes hepatocyte nuclear 

factor 1 alpha and beta (HNF1α/β), caudal-type homeobox 2 (CDX2), hepatocyte nuclear 

factor 4 alpha (HNF4α), and GATA family factors (8-11).

HNF1α and HNF1β are very similar within both their dimerization- and DNA-binding 

domains, and they can bind as homo- or hetero-dimers to the same DNA motif (12, 13). 

HNF1α was originally identified as a transcription factor (TF) critical for liver-specific gene 

transcription (14). However, both HNF1α and HNF1β were subsequently detected in other 

organ sites, including the pancreas, kidney, and digestive tract (15, 16). The HNF1 factors 

are implicated in several types of diabetes. Mutations in both HNF1α and HNF1β may cause 

maturity-onset diabetes of the young (MODY) a monogenic form of diabetes (17, 18). More 

recently, genome-wide association studies (GWAS) identified genetic variants within or 

close to the HNF1α and HNF1β genes that associated with late onset type 2 diabetes 

(19-22). The role of HNF1 in coordinating gene expression in the pancreas and kidney is 

well studied. Dominant mutations in HNF1α cause progressive impairment of β-cell 

function in the pancreas (23, 24). Moreover, HNF1α drives highly tissue-specific 

transcriptional programs with markedly different effects of Hnf1α deficiency evident in 

mouse pancreatic islets and liver (25). Liver dysfunction in Hnf1α knockout mice is largely 

due to decreased enzyme production, while kidney phenotypes of glycosuria/phosphaturia 

result from insufficient transport proteins in the renal proximal tubule (26-28).

In contrast to the in depth analyses of the role of HNF1α/β in the pancreas and liver, much 

less is known about the function of these TFs in the intestine, though cooperation between 

HNF1, CDX2 and GATA4 is known to promote intestinal cell differentiation (29). Studies of 

HNF1 targets in the human intestine to date are mainly focused on individual loci rather than 

pathways of differentiated function and include several metabolic genes (6, 30). Disruption 

of the mouse Hnf1α gene impacts barrier function, glucose transport, cell proliferation and 

differentiation of the intestinal epithelium (10), though the HNF1 target genes responsible 

for these defects are unknown. Glucose absorption is an important function of the intestinal 

epithelium and is particularly relevant to the HNF1 transcriptional network in this tissue, due 

to the association between HNF1 and diabetes. However, very little is known about how 

HNF1 affects intestinal glucose transport. Two distinct families of glucose transporters are 

located on the apical membrane of enterocytes: the facilitative diffusion glucose transporters 
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(GLUTs), and the Na+/glucose cotransporters (SGLTs) (31, 32). HNF1α directly regulates 

SLC2A2 (GLUT2) expression in mouse pancreatic β-cells (33), and SGLT2 in kidney (27).

One powerful way of revealing the transcriptional network coordinated by a specific factor 

in differentiated cell types is to generate data on its genome-wide binding profile. Here we 

use chromatin immunoprecipitation followed by deep sequencing (ChIP-seq), to map the 

HNF1 binding sites genome-wide in differentiated Caco2 cells. Post-confluent Caco2 cells 

have many similarities with mature absorptive enterocytes (34, 35). It is likely that since 

Caco2 is a colon carcinoma line it also exhibits aspects of a cancer-related genomic 

signature, though a comparison of with normal primary intestinal epithelial cells, was not a 

focus of this study. We show that the majority of HNF1 binding sites are located in 

intergenic and intronic regions of the genome. These data add substantially to previous 

analyses of HNF1 regulation of many individual genes, which generally examined HNF1-

binding elements in the gene promoters. Moreover, by comparing this HNF1 dataset with 

CDX2 and HNF4α ChIP-seq data in Caco2 cells (36), we observed auto- and cross-

regulatory circuits for these factors. Finally, we show that the solute carrier family 2, 

member 2 (SLC2A2) gene, which encodes the facilitated glucose transporter SLC2A2/

GLUT2, is a direct target of HNF1 in human intestinal cells. Our data provide insights into 

how HNF1 exerts its regulatory functions in a specific cell type and may contribute to the 

intestinal phenotype of diabetes.

Materials and Methods

Cell culture and transient siRNA knockdown

The human colon carcinoma cell line Caco2 was grown in DMEM (Dulbecco’s Modified 

Eagle’s medium) supplemented with 10% FBS (fetal bovine serum). All data were generated 

using cells that were at least 48h post-confluent. For siRNA double knockdown of HNF1α 

and HNF1β, Caco2 cells were reverse-transfected with LipofectamineTM RNAiMAX 

(Invitrogen) according to the manufacturer’s protocol. A mixture of 20nM each of HNF1α 

(sc-35567) and HNF1β siRNA (sc-37928) or 40nM control siRNA (sc-37007) was used (all 

from Santa Cruz Biotechnology [SCB]). Whole cell lysate and RNA were extracted 48 hr 

post-transfection.

ChIP-seq

Chromatin from Caco2 cells was prepared as described previously (37) with modifications. 

Two independent experiments were performed. Sonicated chromatin was incubated with 

Protein A beads (Dynabeads, Life Technology [LT]) coupled to 10μg rabbit anti-HNF1 

antibody (SCB, sc-8986x) overnight at 4°C. Input DNA was also prepared for both 

replicates and used to provide background signal intensity. ChIP DNA purification and 

library construction used protocols reported previously (38). Sequencing was performed on 

an Illumina Hi-Seq 2000 machine. Fastq files were aligned to human genome hg19 using 

Bowtie (v 1.0.0) with a seed length of 40 and a maximum number of 3 mismatches allowed 

in the seed. Only uniquely mapped reads were included in further analysis. Homer software 

(39) was used to generate tag directories and peaks were called with a 0.1% false discovery 

rate (FDR). ChIP-seq data are deposited at http://www.ncbi.nlm.nih.gov/geo/GSE 67740. 
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Homer was also used for de novo motif finding within a 200bp window centered on 

identified peaks, unless otherwise specified.

Western blot analysis

Cells were lysed by standard protocols, proteins separated by SDS-PAGE and quantitated by 

western blot. Antibodies used were against HNF1 (sc-8986), FOXA2 (sc-6554), HNF4A 

(sc-8987) all from SCB, also CDX2 (Bethyl Laboratories, A300-692A), SLC2A2 

(Millipore, 07-1402), GATA4 (Abcam, ab61767), and β-tubulin (Sigma-Aldrich, T4026). 

Protein quantification was performed using Image J software (NIH) (http://rsb.info.nih.gov/

ij/).

qRT-PCR (quantitative reverse transcription-PCR)

Total RNA was extracted using TRIzol (Invitrogen) and cDNA was made from total RNA by 

using the Taqman reverse-transcription reagents (LT, N8080234). Gene expression was 

measured using SYBR green PCR master mix (LT, 4367659) and gene-specific primers 

(Supplementary Table 1).

Glucose uptake assays

48 hr after HNF1α/β or control siRNA transfection, Caco2 cells were treated with either 

vehicle control (PBS) or 100μM 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-

d-glucose (2-NBDG), a fluorescent glucose mimic (Life Technologies, N13195) for 2h. 

Cells were then analyzed by fluorescence activated cell sorting (FACS). Ten thousand events 

were recorded for each condition.

Results

Genome-wide HNF1 occupancy defined by ChIP-seq

HNF1α and β occupancy genome wide was mapped by ChIP-seq in 3 days post-confluent 

Caco2 cells. We showed previously that the antibody used was effective in conventional 

ChIP experiments (40, 41), and although it detects both HNF1α and β, the former is much 

more abundant in Caco2 cells [40], so these data largely reflect the binding sites for HNF1α. 

Two independent biological replicas were analyzed and peak calling, annotation, and motif 

analysis was performed using the Homer software package (39). Applying a false discovery 

rate (FDR) of 0.1%, 5060 and 4955 peaks were called in the two biological replica 

experiments. Among these peaks, 2906 overlapped between the replicas and were included 

in further analysis.

The distribution of HNF1 peaks in the genome is shown in Fig. 1A, where 48% and 44% 

respectively, of the 2906 are located in intergenic or intron regions. The remaining 8% of 

peaks are found in promoters (defined as −1kb to +100bp with respect the transcription start 

site of genes) or in other genomic regions (untranslated regions (UTRs) and exons). The 

cystic fibrosis transmembrane conductance regulator (CFTR) gene provided a positive 

control for the ChIP-seq experiment, since we identified HNF1 binding sites in introns 1, 10, 

and 11 of the gene previously (40-42) (Fig. 1B). Several HNF1 binding sites were chosen for 

further validation of the ChIP-seq data, including peaks within HNF1α, HNF1β and 
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SLC2A2 (all intronic), CDX2 (10kb downstream) and HNF4A and solute carrier family 5 

(sodium/sugar cotransporter) member A9 (SLC5A9) (both promoter). Conventional ChIP 

was performed using the same protocol as for the ChIP-seq experiment and > 2 fold 

enrichment of HNF1 was seen for all loci tested except CDX2 (Fig. 1C). To test whether 

HNF1-bound genes were also regulated by HNF1, we used RNA extracted from Caco2 cells 

in which HNF1 was depleted by specific siRNAs or non-targeting siRNA-treated control 

cells. The expression level of genes that are involved in transporter activity and the immune 

response and have HNF1 peaks within 20kb of their gene body were assayed by RT-qPCR 

(Suppl. Fig. 1). Four of the 5 genes tested were downregulated significantly after HNF1 

depletion.

De novo motif analysis (Homer) of the 2906 HNF1 ChIP-seq peaks was then performed to 

determine the enrichment of TF binding sites. The HNF1 binding motif was the most 

significantly enriched motif (P = 1e−1659) and ~63% of all peaks contained this motif (Fig. 

1D). Also enriched were binding motifs for forkhead box A2 (FOXA2), HNF4 and CDX2, 

(P = 1e−145/−30/−29) respectively (Fig. 1D). A complete list of the de novo motifs identified 

is shown in Supplementary Table 2. These findings suggest that our HNF1 ChIP-seq data are 

robust and also that the other TFs identified could be involved in HNF1-mediated 

transcriptional regulation.

HNF1 cooperates with other transcription factors to form a transcriptional regulatory 
network

Since binding motifs for other intestinal transcription factor were identified within the HNF1 

ChIP-seq peaks (Fig. 1D), we next investigated whether HNF1 cooperated with other factors 

at these sites. We performed replica FOXA2 ChIP-seq experiments in Caco2 cells (43) 

(GEO:GSE66218) and utilized the Caco2 CDX2 and HNF4A ChIP-seq data published by 

Verzi et al. (36) (GEO:GSE23436). All data sets were processed with the same pipeline. We 

then intersected the FOXA2, CDX2, HNF4A and HNF1 ChIP-seq data sets using 3 different 

criteria: ChIP-seq peaks 1) have at least 1bp overlap with HNF1 peaks (strict); 2) are located 

within 500bp of HNF1 peaks (+/− 500bp); 3) map to within 1kb of HNF1 peaks (+/− 1kb) 

(Fig. 2A). With the strict criterion, out of 2906 HNF1 ChIP-seq peaks, 1495 are occupied by 

HNF4A, 1420 by CDX2, and 1472 by FOXA2. A total of 748 peaks are occupied by all four 

factors. Relaxing the HNF1 peak overlap criteria (+/− 500bp and +/− 1kb), identified only a 

small number of additional peaks for the other factors (Fig. 2A), suggesting the binding sites 

for all 4 factors are in close proximity. Next, we plotted the ChIP-seq signals of these factors 

in the +/− 500bp region surrounding the center of all HNF1 binding sites (Fig. 2B). The 

heatmap shows that ChIP signals from FOXA2, CDX2, and HNF4A are enriched near 

HNF1 peaks with very similar patterns, indicating that these factors may interact as part of a 

single complex. CTCF ChIP signals (ENCODE data) provided a negative control and did not 

show co-localization with the intestinal TFs. The GATA motif is also enriched in the HNF1 

peaks in Caco2 cells (Fig.1D). Both GATA4 and GATA6 are expressed in these cells 

(reviewed in (11)). However, there are no genome-wide data for GATA4, so instead we 

analyzed the GATA motif density near HNF1 binding sites (Fig. 2C). These results show 

enrichment of the GATA motif near HNF1 sites, suggesting that GATA4 or GATA6 may also 

cooperate with HNF1 and function to fine-tune gene expression.
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To investigate further whether HNF1, FOXA2, and HNF4A bind cooperatively to DNA, we 

depleted HNF1α/β in Caco2 cells and then performed ChIP with antibodies specific to each 

factor. CFTR is regulated primarily by distal cis-acting enhancers, which are recruited to the 

promoter by specific transcription factors (44), (45); (40-43), (reviewed in (46)). Figure 3A 

shows the sites of HNF1 occupancy that were tested at cis-regulatory elements in CFTR 

introns 10 and 11 and in SLC2A2 intron 8. As expected, HNF1α/β depletion significantly 

reduced occupancy of these factors at all sites tested (Fig. 3B). FOXA2 enrichment also 

decreased significantly after HNF1α/β loss at peaks in CFTR (intron 10) and SLC2A2 

(intron 8), suggesting that HNF1 may stabilize bound FOXA2. HNF4 enrichment was 

unchanged after HNF1α/β depletion at all 3 loci tested.

To determine whether there is transcriptional cross-talk between HNF1, FOXA2, CDX2, 

HNF4A, and GATA4, we depleted both HNF1α/β and measured the impact on expression of 

the other genes by RT-qPCR (Fig. 4A). HNF1α transcript levels decreased significantly 

demonstrating efficient siRNA–mediated depletion. HNF1β transcript levels were not 

significantly altered, likely due to the very low endogenous level of HNF1β in Caco2 cells. 

We observed a significant increase in FOXA2 mRNA levels, but changes in abundance of 

HNF4A, CDX2 and GATA4 did not reach statistical significance. Next, TF proteins were 

measured by western blot after HNF1α/β depletion (Fig. 4B). Though HNF4A and GATA4 

levels were not altered, CDX2 significantly decreased and FOXA2 increased (p<0.05) (Fig. 

4B, 4C). A search for HNF1 ChIP-seq peaks at the HNF1α/β, HNF4A, CDX2, FOXA2 and 

GATA4 loci (Fig, 4D) revealed intronic peaks in HNF1α and HNF4A. In contrast the nearest 

sites of HNF1 occupancy were 10 kb upstream and ~15 kb downstream of the CDX2 gene 

and ~40 kb 3’ to the FOXA2 locus. Thus the impact of HNF1 on FOXA2 expression may 

not be direct. No HNF1 peaks were found near the GATA4 gene. Together, these data 

suggest that HNF1α/β, HNF4α, and CDX2 may generate an auto- and cross-regulatory 

network and cooperate to regulate gene expression in intestinal epithelial cells.

HNF1 is involved in multiple biological pathways important for intestinal epithelial function

Next, the nearest gene annotation method (39) was used to predict genes that might be 

regulated by HNF1 occupancy of a cis-regulatory element. Though this method has an 

inherent weakness, since critical cis-elements may be at considerable genomic distances 

from the genes they control, it still has value in the absence of better analytical tools. Each 

HNF1 binding site was assigned to the nearest transcriptional start site (TSS) to generate a 

nearest gene list (Supplementary Table 3). The genes in this list were then used for a gene 

ontology process enrichment analysis using the Database for Annotation, Visualization and 

Integrated Discovery (DAVID) (47, 48). The ten most enriched processes are shown in Table 

1 and the complete output, together with the genes that are associated with each enriched 

process, are shown in Supplementary Table 4.

The GO process with the most significant P-value is plasma membrane part (GO:0044459, 

P=2.35E-11), which includes genes encoding proteins with diverse functions at the cell 

membrane. These comprise cell junction proteins and proteins with roles in cell adhesion 

and transmembrane transport. Several catenin and claudin genes, which play an important 

role in the defensive barrier function of the intestinal epithelium, have HNF1 binding sites 
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within 10 kb flanking the gene or in introns (Supplementary Fig. 2). Multiple genes 

encoding ion- or small molecule transporters required for intestinal absorption of nutrients, 

electrolytes and water also had HNF1 occupancy within introns or near to their TSS 

(Supplementary Fig. 2). These include chloride channel, voltage-sensitive 3 (CLCN3), 

potassium channel, subfamily K, member 5 (KCNK5), SLC4A4 (sodium/bicarbonate 

cotransporter), and SLC2A2 (GLUT2, glucose tranporter) (Fig. 5C).

Another highly significant GO process was response to hormone stimulus (GO:0009725, 

P=1.00E-7), reflecting the important role of hormone-regulated metabolic processes in 

intestinal biology. The insulin receptor substrate 1 and 2 genes (IRS1/2) are both included in 

this process and have a pivotal role in response to insulin and glucose homeostasis (49, 50). 

IRS1 shows HNF1 occupancy at multiple intronic sites and within the 3’UTR (Suppl. Fig2.). 

Due to the well-established link between HNF1 and diabetes, and the association of HNF1 

and genes involved in glucose homeostasis revealed by our ChIP-seq data, we asked whether 

HNF1 has a role in glucose transport in intestinal epithelial cells. Again using post-confluent 

Caco2 cells, we monitored the rate of glucose uptake using a fluorescent glucose analog 2-

[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-d-glucose (2-NBDG). Cells were 

transfected with either siRNAs specific for HNF1α and HNF1β together, or with a negative 

control siRNA. After 48h, 100μM 2-NBDG was added to the cells and intracellular 

fluorescence was measured by FACS 2h after the treatment. One representative experiment 

is shown in Fig. 5A, where the red trace (representing the knockdown cells) shifts leftward 

when compared to the negative control siRNA-transfected cells (blue trace), corresponding 

to a reduction in glucose uptake. Quantification of the FACS data showed that the decrease 

in glucose uptake after HNF1 depletion was significant (Fig. 5B, paired t test, p<0.05). 

Among the potential HNF1 target genes, SLC2A2, which encodes the facilitated glucose 

transporter SLC2A2 (GLUT2), was a plausible candidate to explain the reduced glucose 

uptake after HNF1 depletion. This transporter is abundant in the intestine (51) and where it 

is known to be critical for glucose transport (reviewed in (52)). Within the SLC2A2 gene a 

cluster of HNF1-bound peaks is seen in intron 8, which overlaps with sites of both CDX2 

and HNF4A occupancy (Fig. 5C), suggesting these TFs have a role in its regulation. This 

cluster of intronic TF binding sites may correspond to an enhancer element that interacts 

with the SLC2A2 gene promoter by a looping mechanism, similar to that we described 

previously at the CFTR locus (44). Verification of the intron 8 HNF1 binding in SLC2A2 by 

conventional ChIP is shown in Fig. 1C. Moreover, HNF1 depletion in Caco2 cells 

significantly reduced SLC2A2 mRNA levels as measured by RT-qPCR (Fig. 5D).

Positive regulation of biosynthetic processes (GO:0009891, P=7.87E-8), which includes 

many transcription factors, also has a very high P-value and may reflect the role of HNF1 as 

a central regulator of the intestinal transcriptional network. The regulatory network 

coordinating HNF1 and CDX2, HNF4A, and FOXA2 was examined in Fig. 2-4. Among 

other HNF1-bound TF genes are Sonic Hedgehog (SHH) and Peroxisome Proliferator-

Activated Receptor Gamma (PPARG), which are shown in Supplementary Fig. 2.
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Discussion

HNF1 was originally identified as a liver specific transcription factor (53) though it soon 

became clear that this factor had an important role in tissue specific gene expression in many 

other tissues. The discovery of mutations in HNF1 in diabetes led to extensive 

characterization of its functions in pancreas and kidney. In comparison, HNF1 function in 

intestine has received less attention. However, HNF1 is abundant in the intestinal epithelium, 

where it directs critical transcriptional programs (29, 30). HNF1 is known to cooperate with 

CDX2 to activate the differentiation program of human intestinal epithelial cells, while 

GATA4 may drive morphological change (29). Though promoter occupancy by HNF1 

(shown by conventional ChIP) is known to contribute to intestinal expression of a number of 

individual genes, there are currently no genome-wide (ChIP-seq) data for this factor in 

human intestinal epithelial cells. Here we report HNF1 ChIP-seq data in post-confluent 

Caco2 cells, which identified 2907 binding sites with high confidence. Among these were 

ChIP-seq peaks at the promoters of genes that were previously shown to be regulated by 

HNF1, including sucrose-isomaltase (SI) (30), fibrinogen α chain and β chain (FGA and 

FGB), and serpin peptidase inhibitor, clade A (SERPINA 1) (53). However, our genome-

wide data showed that promoter bound HNF1 only comprises ~5% of the total binding 

events. The majority of cis-regulatory elements that recruit this factor are intergenic and 

intronic and thus may have been overlooked in previous studies. Consistent with these 

observations are our previous data showing the important role of HNF1 recruitment to 

intronic elements in regulating CFTR gene expression (40, 41). These genome-wide data 

facilitate investigation of the transcriptional network that includes HNF1 and the specific 

pathways and genes that it controls.

Within the transcriptional network in the intestinal epithelium multiple TFs cooperate to 

coordinate gene expression patterns. It is known from single locus and phenotypic studies 

that HNF1, CDX2, FOXA2, HNF4 and GATA4 are pivotal to this network (29, 30, 40). 

FOXA2 and HNF1 are both activators of the CFTR gene (40). We showed previously that 

HNF1 depletion had no effect on CFTR mRNA abundance in Caco2 cells, while depletion 

of FOXA2 had a dramatic repressive effect, (40). This observation is consistent with data in 

the current manuscript showing increased FOXA2 expression after HNF1 knockdown. 

HNF1 was shown previously to interact with CDX2 and GATA4 at gene promoters (6, 30). 

Also, HNF1, CDX2, and GATA4 function together to drive enterocyte differentiation (29). 

GATA4 also interacts with CDX2 and HNF1α to regulate the SI gene (30). FOXA2 ChIP-

seq data in mouse liver further suggest that the HNF1 motif is enriched around FOXA2 

peaks (54). Combining CDX2 and HNF4A ChIP-seq data generated by others (36), with our 

FOXA2 data (43), we demonstrate that HNF1 co-occupies the same genomic regions as 

these factors in intestinal epithelial cells. This observation provides compelling evidence that 

intestinal gene expression is regulated cooperatively by these factors.

We found that not only does HNF1 cooperate with these TFs, it also impacts the expression 

of FOXA2 and CDX2. FOXA2 is characterized as a pioneer factor because of its ability to 

bind to condensed chromatin and remodel it for other factors to bind (55). CDX2 is 

exclusively expressed in intestinal epithelium (56) and behaves as a master regulator of 

intestinal fate. CDX2 levels decreased in Hnf1α/β −/− double mutant mice and a novel 

Yang et al. Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HNF1 binding site was observed 10kb upstream of the CDX2 promoter (57), which is also 

evident in our data. Mutations in both HNF4A and HNF1 are associated with MODY (18, 

58) and cause similar diabetic phenotypes, suggesting they may be functionally linked. In 

summary, our data show that HNF1 forms a complex transcriptional network with CDX2, 

HNF4A, and FOXA2 to regulate intestinal gene expression.

Glucose absorption in small intestine is crucial for glucose homeostasis. Since HNF1 is 

associated with diabetes, we asked whether this factor regulated genes involved in glucose 

transport. We determined that depletion of HNF1 impaired glucose absorption in Caco2 

cells. SLC2A2 encodes the facilitative diffusion glucose transporter SLC2A2, which is 

critical for glucose uptake in the apical membrane of intestinal epithelium (52). 

Furthermore, an intronic SNP in the SLC2A2 gene is associated with high fasting glucose 

level in an eQTL study (59). However, several other glucose transporter genes are also 

candidates for regulation by HNF1 since SLC2A2, SLC2A8, SLC2A9, and SLC5A2 all 

have HNF1 binding sites nearby or within them. SLC2A8 is predominantly expressed in the 

testis (60), SLC2A9 is most highly expressed in kidney and liver (61) while SLC5A2 is also 

abundant in the kidney (62). Our data show SLC2A2, SLC2A8 and SLC5A2 are all 

expressed in Caco2 cells although SLC2A2 and SLC5A2 transcripts are relatively more 

abundant. It is likely that HNF1 targets multiple genes in the intestinal epithelium to exert its 

effects on glucose absorption.
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Figure 1. Characterization of genome-wide HNF1 binding in differentiated Caco2 cells
(A) Pie chart showing the percentage of peak distribution in intergenic, intron, promoter, and 

other regions. (B) UCSC genome browser image showing HNF1 ChIP-seq peaks in the 

CFTR gene region (marked by arrowheads). (C) Validation of HNF1 target genes identified 

by the ChIP-seq data. Results are the mean of 3 independent experiments with error bars 

showing S.E.M. (D) Homer de novo motif analysis for HNF1 binding sites. The nucleotide 

frequencies of the genomic sequences aligned at the motif are shown in a sequence logo 

representation (63). The percentages of motif incidence in target and background regions are 

also listed.
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Figure 2. Crosstalk between HNF1 and other transcription factors
(A) Bar graph showing the number of overlapping peaks between HNF1 and other factors 

with different stringencies as indicated in the figure. (B) Heatmap scale indicates normalized 

ChIP-seq tag counts of FOXA1, CDX2, HNF4A, and CTCF near HNF1 binding sites. Each 

row of the heatmap represents a 1kb genomic window centered at an HNF1 binding peak 

summit. (C) Histogram showing GATA4 motif density near HNF1 binding sites. Motif 

density is calculated for each HNF1 peak and averaged before plotting across a +/− 500bp 

region centered on the HNF1 binding peak similar to (B).
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Figure 3. Cooperative binding of HNF1, FOXA2 and HNF4A
(A) Diagrams show HNF1 binding sites at the CFTR and SLC2A2 gene loci. (B) ChIP data 

showing enrichment of HNF1, FOXA2, and HNF4A at selected sites in negative control 

(NC) and HNF1 depleted (siHNF1) Caco2 cells. n=3, *p<0.05.
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Figure 4. HNF1 regulates the expression levels of its co-factors
(A) RT-qPCR data showing the mRNA levels of transcription factors in HNF1α/β 

knockdown (siHNF1) Caco2 cells relative to negative control (NC) cells. Data are 

normalized to β2 microglobulin (β2M) and with NC set to 1. n=3, *p<0.05. (B) Western 

blots showing the protein levels of transcription factors in NC and HNF1α/β knockdown 

(siHNF1) Caco2 cells with β-tubulin as loading control. (C) Quantification of the western 

blots by densitometry, TFs normalized to β-tubulin with NC set to 1. n=3, *p<0.05. (D) 

UCSC genome browser image showing the HNF1 peaks near the gene bodies of other TFs.
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Figure 5. HNF1 modulates glucose transport in Caco2 cells
(A) Glucose uptake represented by FACS data showing fluorescence distribution of control 

and HNF1 depleted (KD) Caco2 cells treated with either vehicle control or 2-NBDG. (B) 

Quantification of 3 biological replicates of FACS results. Paired t-test was used to calculate 

the p-value. (C) UCSC genome browser image showing HNF1, HNF4A and CDX2 binding 

sites in the SLC2A2 gene body. (D) RT-qPCR data showing the mRNA levels of HNF1α, 

HNF1β, and SLC2A2 gene in HNF1 knockdown (siHNF1) Caco2 cells relative to negative 

control (NC) cells. Data are normalized to β2 microglobulin (β2M) and with NC set to 1. 

n=4, *p<0.05.
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Table 1

Ten most enriched gene ontology terms generated by DAVID using genes with HNF1 peaks close to their 

promoters.

GO terms P value

GO:0044459~plasma membrane part 2.35E-11

GO:0048545~response to steroid hormone stimulus 1.67E-08

GO:0051270~regulation of cell motion 1.98E-08

GO:0031328~positive regulation of cellular biosynthetic
process

6.59E-08

GO:0009891~positive regulation of biosynthetic process 7.87E-08

GO:0009725~response to hormone stimulus 1.00E-07

GO:0009719~response to endogenous stimulus 1.24E-07

GO:0010557~positive regulation of macromolecule
biosynthetic process

1.25E-07

GO:0001822~kidney development 1.42E-07

GO:0000902~cell morphogenesis 1.44E-07
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