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Abstract

The transcriptional co-regulator host cell factor-1 (HCF-1) plays critical roles in promoting cell cycle progression in diverse
cell types, and in maintaining self-renewal of embryonic stem cells, but its role in pancreatic b-cell function has not been
investigated. Immunhistochemistry of mouse pancreas revealed nuclear expression of HCF-1 in pancreatic islets. Reducing
HCF-1 expression in the INS-1 pancreatic b-cell line resulted in reduced cell proliferation, reduced glucose-stimulated insulin
secretion, and reduced expression of the critical b-cell transcription factor Pdx1. HCF-1 is a known co-activator of the E2F1
transcription factor, and loss of E2F1 results in pancreatic b-cell dysfunction and reduced expression of Pdx1. Therefore we
wondered whether HCF-1 might be required for E2F1 regulation of Pdx1. Chromatin immunoprecipitation experiments
revealed that HCF-1 and E2F1 co-localize to the Pdx1 promoter. These results indicate that HCF-1 represents a novel
transcriptional regulator required for maintaining pancreatic b-cell function.
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Introduction

Diabetes develops due to a deficiency in circulating insulin

caused by pancreatic b-cell destruction and/or impaired b-cell

function. In type 1 diabetes, pancreatic b-cells are selectively

destroyed resulting in reduced b-cell mass, while in type 2

diabetes, loss of insulin-secretory ability as well as b-cell apoptosis

lead to defects in glucose homeostasis [1,2]. Understanding the

factors responsible for maintaining b-cell mass and b-cell function

is, therefore, a key step in developing therapeutics to prevent the

development of diabetes.

While a number of key DNA-binding transcription factors are

known to be critical in regulating the proliferation, survival,

differentiation, and proper functioning of b-cells [3,4], relatively

little is known about the transcriptional co-factors that act to

assemble appropriate transcriptional complexes and enable

transcription factors to carry out their functions. The transcrip-

tional co-regulator host cell factor-1 (HCF-1) is emerging as a

critical co-factor to many different DNA-binding transcription

factors with key roles ranging from cell cycle progression [5,6]

and DNA-damage induced apoptosis [7] to maintenance of

embryonic stem cell pluripotency [8]. HCF-1 contains multiple

protein-protein interaction domains [9] but has no detectable

DNA-binding or enzymatic activity. Instead, HCF-1 largely

functions as a scaffolding protein assembling appropriate

transcriptional complexes at target gene promoters, and

bridging interactions between transcription factors and chroma-

tin remodeling factors [7,10–12]. Given HCF-1’s ability to

associate with, and modulate the function of, a variety of

transcription factors including the cell cycle regulating E2F

family proteins [12], the embryonic stem cell pluripotency factor

Ronin [8], the Schwann cell differentiation factor Krox20 [13],

and metabolic and stress-regulating proteins such as PGC-1a

[14] and FoxO [15], we hypothesized that HCF-1 will also play

a key role in pancreatic b-cell function. In this study, we

demonstrate an essential role for HCF-1 in glucose-stimulated

insulin secretion in the INS-1 pancreatic b-cell line suggesting

that HCF-1 represents a promising future therapeutic target for

the prevention and treatment of diabetes.

Materials and Methods

Ethics Statement
All animal procedures were approved by the Cornell University

Institutional Animal Care and Use Committee (#2007-0051).

Immunohistochemistry (IHC)
6-week-old male C57BL/6 mice were fed with 60% HFD for 12

weeks. Pancreas tissues were collected from these mice and fixed in

10% formaldehyde, and processed by the Cornell Histology Core

Facility for sectioning. Paraffin-embedded pancreas tissue were

rehydrated, boiled in 1 mM EDTA for antigen retrieval, and

stained with Histostain kit and DAB substrate from Invitrogen.

Primary antibodies used for immunohistochemistry were 1:100

dilution of HCF-1 (Bethyl Labs) or 1:100 dilution of anti-rabbit-

IgG (Santa Cruz). IHC sections were scanned using the Aperio

Scanscope.
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Cell Culture, siRNA Transfection, and shRNA Cell
Selection and Induction

The INS-1 rat insulinoma cell line was a gift from L. Qi [16]

and was maintained and transfected with siRNA as previously

described, with some modifications [15]. In brief, INS-1 cells were

transfected twice, one day apart, with 5 nM siRNA using

Lipofectamine RNAiMax per the manufacturer’s protocol. siRNA

duplexes directed against rat HCF-1 were purchased from

Dharmacon and targeted the following sequences:; siHCF-1

#1:59-AGAACAACATTCCGAGGTA-39; siHCF-1 #2:59-

GCTTATAAATTTCGAGTTG-3; siHCF-1 #3 59-CGGCAA-

GATTATCGAGTAC-39; siHCF-1 #4:59-GGAAGAGACT-

GAAGGCAAA-39. Non-targeting control siRNA was also from

Dharmacon.

Inducible shRNA-mediated HCF-1 knockdown INS-1 cells were

generated by transduction with a pInducer10 lentiviral construct

expressing the shRNA from a tetracycline sensitive promoter [17].

The HCF-1 shRNA construct targets the following sequence:

shHCF1:59-CCCGAGGTACCTGAATGACTTA-39. shRNA

construct targeting luciferase (shLuc) was used as a control. The

shLuc target sequence is as follows: shLuc: 59-ACT-

GAAGTCTCTGATTAAGTAC-39. VSV-G pseudotyped lentivi-

ral particles were generated by calcium phosphate transfection of

293T cells with the pInducer10-shRNA construct, psPAX2

packaging plasmid, and pMD2.G VSV-G plasmid. Cells were

selected and maintained in media containing 0.6 mg/mL puro-

mycin. Experiments were carried out in the absence of puromycin.

shRNA was induced by adding doxycycline to the media at a

concentration of 4 mg/mL. Induction was maintained throughout

the course of experiments.

Immunoblotting
Preparation of cell lysates and immunoblotting were performed

as described previously [15]. The following antibodies were used:

HCF-1 (Bethyl Labs), b-actin (Millipore), Pdx1 (Cell signaling).

Densitometric analysis was performed using ImageJ software.

Cell Growth Curve and BrdU Incorporation Assays
For siRNA cell growth curve experiments, 105 cells were seeded

in each well of a 6-well plate at the time of the first siRNA

transfection. 3 wells per condition were counted using the trypan

blue exclusion method. For shRNA experiments, 2.56104 cells

were seeded in each well of a 6-well plate and induced with

doxycycline. 3 wells per condition were counted using the trypan

blue exclusion method.

For siRNA BrdU incorporation experiments, 105 cells were

seeded in each well of a 6-well plate containing a glass coverslip at

the time of the first siRNA transfection. Three days after the first

siRNA transfection, cells were incubated in media containing

10 mM BrdU (Sigma). The following day, cells were fixed and

stained with anti-HCF-1 and anti-BrdU antibody [6]. Cells were

fixed in 2% paraformaldehyde, permeabilized with 0.5% TritonX-

100, and blocked for 20 minutes in 3% BSA. Coverslips were

incubated with anti-HCF-1 antibody (Bethyl Labs) for 1 hour,

washed and incubated with cy3-conjugated anti-rabbit IgG for 30

minutes, fixed and DNA denatured with 4N HCl for 20 minutes,

and incubated with FITC-conjugated anti-BrdU (BD Biosciences)

antibody. Nuclei were stained with DAPI. Coverslips were

mounted on glass slides using Vectashield (Vector Labs).

Coverslips were examined and pictures obtained on a Leica DM

5000B fluorescent microscope. At least 400 cells were counted per

siRNA treatment.

For shRNA BrdU incorporation experiments, cells were seeded

on a 10 cm dish such that approximately 26106 cells would be

present at the time of the assay. Cells were induced to express

shRNA for 2, 4, or 6 days with doxycycline treatment, and were

then incubated with 10–20 mM BrdU for 30 minutes. Immediately

following BrdU incubation, cells were trypsinized and washed in

1%BSA, fixed in 70% ethanol and kept at 220uC until all samples

were collected. 56105 fixed cells were denatured with 2N HCl/

0.5% Triton X-100 for 30 minutes, neutralized with 0.1 M

sodium tetraborate, pH 8.5, resuspended in 0.5 mL 0.5% Tween

20/1% BSA/PBS, then incubated with FITC-conjugated anti-

BrdU (BD Biosciences) antibody. Cells were washed with 0.5%

Tween 20/1%BSA/PBS and counted on an LSR II (Becton

Dickinson) flow cytometer.

Reverse-transcription Coupled Quantitative PCR (RT-
qPCR)

RNA was isolated from INS-1 cells treated with the indicated

siRNAs using Trizol reagent and was reverse-transcribed using

Superscript III First-Strand kit (Invitrogen). cDNAs were analyzed

by quantitative-PCR using the SYBR Green system on a Roche

LightCycler 480 real time PCR machine and quantified relative to

a standard curve. b-actin was used as an internal control. Primer

sequences can be found in Table S1.

Glucose-stimulated Insulin Secretion and Intracellular
Insulin Content Analysis

For siRNA experiments, 106 INS-1 cells were sequentially

transfected with sicontrol or HCF-1 siRNA in 10 cm plates. One

day after the second siRNA transfection, cells were trypsinized and

seeded at 106 cells per well in 24-well plates in RPMI medium

containing 5 mM glucose. The following day, cells were washed

once with warm KRB buffer (119 mM NaCl, 4.74 mM KCl,

2.54 mM CaCl2, 1.19 mM MgSO4, 1.19 mM KH2PO4, 25 mM

NaHCO3, 10 mM HEPES and 0.2% fatty acid free BSA) and

incubated for one hour in 0.5 mL KRB buffer at 37uC. Cells were

then incubated in 0.5 mL of KRB buffer containing either 3 mM

or 16.7 mM glucose for 1 hour at 37uC. Supernatant was

collected and insulin measured using a rat/mouse insulin ELISA

kit (Millipore). Cells were lysed in cell lysis buffer or incubated with

acidified ethanol (75% ethanol, 1.5% HCl) overnight at 220uC to

measure intracellular insulin content. Insulin measurements were

normalized to cellular protein content as determined by Bradford

assay. For shRNA experiments, INS-1 cells were treated with

6 days of doxycycline induction. Insulin secretion assay and

ELISA were performed as described above.

Chromatin Immunoprecipitation (ChIP) Assays
1.56106 INS-1 cells were transfected with siRNA in 10 cm

plates as described above. Two days after the second siRNA

transfection, cells were cross-linked with 1% formaldehyde for 10

minutes at room temperature. Glycine was added to a final

concentration of 125 mM for 5 minutes. Cells were washed with

cold PBS and lysed in buffer containing 25 mM HEPES, 1.5 mM

MgCl2, 10 mM KCl, 0.5% NP40, 1 mM DTT and protease

inhibitors. Nuclei were pelleted and lysed in buffer containing

50 mM HEPES, 140 mM NaCl, 1 mM EDTA, 1% Triton X-

100, 0.1% sodium deoxycholate, and protease inhibitors, and

sonicated using a Diogenode Bioruptor. Chromatin was immu-

noprecipitated overnight using antibodies against HCF-1 (Bethyl

labs A301-399A) or E2F1 (Santa Cruz, C-20) and recovered with

protein A agarose resin (Thermo Scientific). The protein A resin

was washed, immunoprecipitated complexes eluted, and crosslinks
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Figure 1. HCF-1 is required for glucose-stimulated insulin secretion. (A) Immunohistochemistry showing HCF-1 expression in mouse
pancreas. Pancreas from 6-week-old male C57BL/6 mice was stained with HCF-1 (left panel) or IgG-control (right panel). HCF-1 is expressed in the
nuclei of cells from the exocrine pancreas and the islet of Langerhans. (B) Western blot analysis of HCF-1 protein levels from INS-1 cells transfected
twice with control or four different HCF-1 siRNAs. (C) Western blot analysis of HCF-1 levels from cells induced to express shLuc or shHCF-1 shRNA with
doxycycline treatment. (D) Glucose-stimulated insulin secretion analysis of cells treated with HCF-1 siRNA. Insulin secretion determined by insulin
ELISA and normalized to total cellular protein. Results shown are pooled from three independent experiments, and represent mean +/2 SEM.
*denotes a p-value ,0.05 relative to sicontrol (Student’s t-test). (E) Glucose-stimulated insulin secretion of INS-1 cells expressing shLuc or shHCF1

HCF-1 Is Required for b-Cell Function
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reversed. DNA was purified using a Qiagen PCR purification kit,

and assayed by quantitative PCR. Primer sequences can be found

in Table S1.

Data Analysis
Data are represented as mean +/2 SEM and analyzed by the

Student’s t-test, except for the BrdU incorporation assay, which is

represented as mean and 95% confidence interval and analyzed by

Pearson’s Chi-squared test with Yates’ correction. A p-value of less

than 0.05 was considered to be statistically significant.

Results and Discussion

To probe a possible function of HCF-1 in pancreatic b-cells, we

first examined the expression of HCF-1 in mouse pancreas by

immunohistochemistry (Figure 1A). We found that HCF-1 is

broadly expressed within the pancreas with both exocrine

pancreas and islet of Langerhans cells exhibiting strong nuclear

HCF-1 expression.

To characterize the role of HCF-1 in pancreatic b-cells, we

utilized HCF-1 siRNA to deplete HCF-1 in the INS-1 pancreatic

b-cell line (Figure 1B). Consistent with previous studies showing

the importance of HCF-1 in regulating cell cycle progression in

various cell lines [5,6,12], INS-1 b-cells treated with three different

HCF-1 targeting siRNAs exhibited defects in cell growth over time

as well as decreased BrdU incorporation (Figure S1A and S1C)

indicating a defect in cell proliferation. To further confirm the

observations with siRNA-mediated knockdown of HCF-1, we

engineered an inducible shRNA lentivirus targeting HCF-1

mRNA and generated a stable INS-1 cell line which conditionally

expressed this shRNA upon treatment with doxycycline

(Figure 1C). Similar to our observations with the HCF-1 siRNA-

treated cells, INS-1 cells with shRNA-mediated knockdown of

HCF-1 also showed decreased cell growth and proliferation over

time (Figure S1B and S1D).

We next examined whether HCF-1 also affects these cells’

functional ability to secrete insulin in response to glucose. INS-1 b-

cells transfected with control siRNA exhibited a robust 4-fold

increase in insulin secretion when stimulated with high (16.7 mM)

vs low (3 mM) glucose, as determined by ELISA analysis

(Figure 1D). HCF-1 siRNA-treated cells (si#1 and si#3), by

contrast, did not show any increase in insulin secretion in response

to high glucose, indicating that HCF-1 is absolutely required for

glucose-stimulated insulin secretion in the INS-1 b-cell model.

shRNA-mediated knockdown of HCF-1 similarly led to a

significant decrease in glucose-stimulated insulin secretion

(Figure 1E), albeit not as robust as observed with siRNA-mediated

knockdown of HCF-1 which is likely due to differences in

knockdown levels achieved with siRNA versus shRNA (compare

Figure 1B to Figure 1C). We then examined whether the reduced

insulin secretion phenotype might arise from an overall reduction

in insulin content in these cells. Indeed, analysis of the intracellular

insulin content showed that HCF-1 knockdown cells have reduced

levels of insulin (Figure 1F), indicating that the decrease in the

cellular insulin pool may contribute to the reduction in glucose-

stimulated insulin secretion. However, as the reduction in

intracellular insulin levels are modest, and the amount of insulin

secreted represents a small fraction (less than 1/10th) of the total

intracellular insulin available, additional defects associated with

insulin secretion likely represent the major contributor to the

greatly impaired ability of the HCF-1 knockdown cells to secrete

insulin in response to high glucose.

In mature b-cells, the transcription factor pancreatic duodenal

homeobox 1 (Pdx1) promotes insulin gene transcription and

insulin secretion [18,19] and is required for b-cell proliferation

[20]. Decreased Pdx1 expression results in reduced cellular insulin

shRNA. Fold induction calculated as the ratio of insulin secretion from cells treated with 16.7 mM glucose relative to cells treated with 3 mM glucose.
Data shown are from three independent experiments, and are expressed as mean +/2 SEM. *denotes a p-value ,0.05 (Student’s t-test). (F) Cellular
insulin content analysis of cells treated with HCF-1 siRNA. Insulin content determined by insulin ELISA and normalized to total cellular protein. Results
shown are pooled from three independent experiments, and represent mean +/2 SEM. *denotes a p-value ,0.05 relative to sicontrol (Student’s t-
test).
doi:10.1371/journal.pone.0078841.g001

Figure 2. HCF-1 regulates expression of Pdx-1. (A) Western blot
analysis of Pdx-1 protein levels in HCF-1 knockdown cells. (B) Relative
Pdx1 protein levels as determined by densitometry analysis. Pdx1 levels
were normalized to b-actin levels. Results are pooled from 5
experiments and represent mean +/2 SEM. **denotes a p-value = 0.03,
***denotes a p-value = 0.05 (Student’s t-test). (C) RT-qPCR analysis of
Pdx1, Ins1 and Ins2 transcript levels in HCF-1 knockdown cells. The mean
normalized RNA level for each gene in sicontrol treated cells was set to
1. The data shown are pooled from three independent experiments and
are represented as mean +/2 SEM. *denotes a p-value ,0.05 relative to
cells treated with sicontrol siRNA (Student’s t-test).
doi:10.1371/journal.pone.0078841.g002

HCF-1 Is Required for b-Cell Function
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content and reduced glucose-stimulated insulin secretion [21],

which are phenotypes we observe with reduced HCF-1 expression.

We therefore wondered whether HCF-1 may in fact regulate the

expression of Pdx1. Indeed, we found that HCF-1 siRNA treated

cells showed significant reductions in levels of Pdx1 protein

(Figure 2A and 2B) and mRNA transcripts (Figure 2C). The Pdx1

target genes Ins1 and Ins2 also showed significantly reduced

expression with HCF-1 knockdown (Figure 2C), correlating well

with our observation of reduced intracellular insulin levels in cells

depleted of HCF-1. These results suggest that loss of HCF-1 leads to

diminished Pdx1 activity through reductions in Pdx1 expression,

which likely contribute to reduce proliferation and insulin secretion

in b-cells. Importantly, human PDX1 mutations are associated with

the development of diabetes [22–24]. Thus, as a modulator of Pdx1

expression, HCF-1 represents a novel b-cell factor implicated in

affecting diabetes development and progression.

We reasoned that HCF-1, as a known transcriptional co-

regulator, likely regulates Pdx1 gene expression by modulating the

activity of a DNA-binding transcription factor which itself acts upon

the Pdx1 promoter. Among the known HCF-1 transcription factor

partners, FoxO1 and E2F1 have been implicated in pancreatic b-

cell regulation. In b-cells, FoxO1 inhibits the expression of the Pdx1

gene by opposing FoxA2-mediated transcription of the Pdx1 gene

[25]. FoxO1 also represses Pdx1 transcriptional activity by affecting

Pdx1 nuclear translocation [25,26]. Recently, HCF-1 was impli-

cated to function as a novel repressor of FoxO transcription factors

in mammals [15]. Furthermore, in C. elegans, HCF-1 represses the

transcriptional activity of the C. elegans FoxO homolog by binding to

it, thus preventing it from localizing to the promoters of its target

genes [27].

In contrast to a role for HCF-1 as a FoxO1 repressor, HCF-1 is a

known co-activator of the E2F1 transcription factor and functions to

bridge interactions between E2F1 and chromatin modifying

enzyme complexes at the gene promoter [12]. Like FoxO1, E2F1

has also been shown to function as a critical pancreatic b-cell

transcription factor. E2F1 null mice have reduced expression of

Pdx1, reduced pancreatic b-cell mass and reduced pancreatic insulin

content [28]. E2F1 also regulates insulin secretion through

promoting the expression of the KATP channel, Kir6.2, involved in

glucose-stimulated insulin secretion [29].

FoxO1 has been shown to bind to the consensus forkhead

binding sequence located in the highly conserved Pdx1 homology

2 (PH2) region of the mouse Pdx1 promoter [25]. Examination of

the proximal promoter region of the rat Pdx1 promoter revealed

an additional consensus forkhead binding sequence located 186 bp

upstream of the transcription start site. We performed chromatin

immunoprecipitation (ChIP) to determine whether FoxO1 binding

to the Pdx1 promoter may be affected by HCF-1 as would be

predicted based on a previously proposed model of HCF-1-

mediated repression of FoxO activity [27]. However, we were

unable to detect a significant enrichment of FoxO1 at the Pdx1

promoter with or without HCF-1 knockdown under our experi-

mental conditions (data not shown).

Unlike FoxO1, E2F1 localization to the Pdx1 promoter has not

been previously shown. However, E2F1 is known to bind sites

predominantly located in the proximal promoter of its target

genes, and near to CpG islands [30]. The proximal promoter of

the rat Pdx1 gene contains a highly conserved CpG island [31] as

well as a sequence (TTCGCGG) located 168 bp upstream of the

transcription start site resembling the consensus E2F1 binding

element (TTTXGCGC) [32]. We performed chromatin immu-

noprecipitation (ChIP) experiments to assess whether HCF-1 and

E2F1 bind to the Pdx1 promoter. Interestingly, we found that

HCF-1 enrichment at the Pdx1 promoter was significantly higher

than at the negative control region of chromosome 3, and

comparable to that observed at the known HCF-1/E2F1 target

gene cyclin A2 which was included here as a control [12]

(Figure 3A). HCF-1 siRNA treatment reduced HCF-1 occupancy

at both the Pdx1 and cyclin A2 promoters (Figure 3A). Examination

of E2F1 promoter localization also revealed significant enrichment

of E2F1 at both the cyclin A2 promoter as well as at the Pdx1

promoter, indicating that HCF-1 and E2F1 are both localized to

the proximal promoter of Pdx1 (Figure 3B). E2F1 enrichment, in

contrast to HCF-1, was not significantly affected by HCF-1

knockdown (Figure 3B), consistent with previous studies indicating

that HCF-1 is not required for E2F1 recruitment to E2F1 target

gene promoters [12]. These results indicate that HCF-1 and E2F1

may indeed cooperate to promote Pdx1 gene regulation. HCF-1

might generally promote E2F1 transcriptional activity in pancre-

atic b-cells. Consistent with this possibility, we also observe

reduced expression of the E2F1 transcriptional target gene Kir6.2

in HCF-1 knockdown cells (Figure S2).

Figure 3. HCF-1 and E2F1 occupy the Pdx1 promoter. INS-1 cells
treated with HCF-1 siRNA or control siRNA were subjected to chromatin
immunoprecipitation assays using antibodies directed against (A) HCF-
1, (B) E2F1 or isotype-matched rabbit IgG. Immunoprecipitated DNA
was quantified using qPCR and calculated as percent of input DNA.
Results shown are pooled from three independent experiments and
represent the mean +/2 SEM. HCF-1 and E2F1 enrichment at the Pdx1
and cyclin A2 promoters was significantly greater than at the negative
control region (chrIII) (*denotes a p-value ,0.05, Student’s t-test).
Knockdown of HCF-1 reduced HCF-1 enrichment at the Pdx1, cyclin A2
promoters (p-value = 0.01) to a significantly greater extent than at the
control region promoter (p-value = 0.04), whereas E2F1 enrichment was
not affected by HCF-1 knockdown. Cyclin A2 is a known E2F1 target and
was included as a control.
doi:10.1371/journal.pone.0078841.g003
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Our data indicate that HCF-1 modulates the expression of three

E2F1 targets (cyclin A2, Pdx1, and Kir6.2), involved in distinct

aspects of b-cell function. This may suggest that HCF-1 and E2F1

co-regulation is an important generalized mechanism for main-

taining proper b-cell function. Future global analysis to identify

additional transcriptional targets commonly regulated by HCF-1

and E2F1 will reveal the key downstream mediators likely

contributing to the common phenotypes observed in HCF-1-

and E2F1-deficient b-cells. In conclusion, we have identified a role

for the transcriptional co-regulator HCF-1 as an essential regulator

of Pdx1 expression, with consequences to b-cell growth and

glucose-stimulated insulin secretion. Thus, HCF-1 represents a

novel target for future therapies aimed at treating and preventing

the progression of diabetes.

Supporting Information

Figure S1 HCF-1 is required for proliferation of INS-1 b-
cells.
(TIF)

Figure S2 HCF-1 knockdown reduces expression of
E2F1 target genes.

(TIF)

Table S1 Sequences of PCR primers used.

(TIF)
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