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Intestinal epithelial cells are derived from stem cells at the crypts that

undergo differentiation into transit-amplifying cells, which in turn form ter-

minally differentiated enterocytes as these cells reach the villus. Extensive

alterations in both transcriptional and translational programs occur during

differentiation, which can induce the activation of cellular stress responses

such as ER stress-related unfolded protein response (UPR) and autophagy,

particularly in the cells that are already committed to becoming absorptive

cells. Using an epithelial cell model of enterocyte differentiation, we report a

mechanistic study connecting enterocyte differentiation to UPR and autop-

hagy. We report that differentiated colon epithelial cells showed increased

cytosolic Ca2+ levels and activation of all three pathways of UPR: inositol-

requiring enzyme 1 (IRE1), protein kinase RNA-like ER kinase, and acti-

vating transcription factor 6 (ATF6) compared to the undifferentiated cells.

Enhanced UPR in the differentiated cells was accompanied by the induction

of autophagy as evidenced by increased ratio of light chain 3 II/I, upregula-

tion of Beclin-1, and downregulation of p62. We show for the first time that

mechanistically, the upregulation of hepatocyte nuclear factor 4a (HNF4a)
during differentiation led to increased promoter binding and transcriptional

upregulation of two major proteins of UPR: X-box binding protein-1 and

ATF6, implicating HNF4a as a key regulator of UPR response during dif-

ferentiation. Integrating wet-lab with in silico analyses, the present study

links differentiation to cellular stress responses, and highlights the impor-

tance of transcription factor signaling and cross-talk between the cellular

events in the regulation of intestinal cell differentiation.

Introduction

The intestinal epithelium consists of a polarized mono-

layer of columnar epithelial cells, goblet cells that

secrete mucus, Paneth cells that have immune

regulatory functions, and enteroendocrine cells that

secrete hormones necessary to coordinate digestion

and absorption [1]. All of these cells are highly
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differentiated and are generated from Lgr5+ intestinal

stem cells that reside in the crypt [2]. The stem cells

give rise to committed transit-amplifying (TA) cells

that migrate upwards from the crypt as they undergo

cell division. At the crypt–villus junction, proliferation

of the epithelial cells ceases and they differentiate into

absorptive cells [3]. During the process of cellular dif-

ferentiation, large volumes of transmembrane and

secretory proteins are processed in the ER, leading to

the activation of an ER stress response called the

unfolded protein response (UPR) that is important for

the maintenance of homeostasis [4]. Three principal

arms of the UPR have been identified: activating tran-

scription factor 6 (ATF6), inositol-requiring enzyme 1

(IRE1), and double-stranded RNA-dependent protein

kinase (PKR)-like ER kinase (PERK). ATF6 is a type

II transmembrane protein; under ER stress, its cytoso-

lic amino-terminal segment undergoes proteolysis

and it functions as a transcription factor that induces

the expression of UPR target genes including those

encoding chaperones and other transcription factors

such as X-box binding protein 1 (XBP1). As one of

the IRE1 paralogs in mammals, IRE1a is ubiquitously

expressed and is required for XBP1 mRNA splicing.

The translation product of the spliced XBP1, XBP1s,

induces the expression of components of ER-associ-

ated degradation [5,6]. PERK possesses a luminal sen-

sor domain and a cytosolic effector domain with

kinase activity. During ER stress, PERK phosphory-

lates eukaryotic initiation factor 2a (eIF2a), at Ser 51;

this is an inhibitory phosphorylation that transiently

suppresses global translation initiation while inducing

the selective translation of ATF4 that upregulates

UPR target genes [6].

Induction of ER stress has been shown to be higher

in the more differentiated TA cells compared to the

stem cells in the intestinal crypts, suggesting that ER

stress can play a role in intestinal stem cell fate and

decision to differentiate [7]. In a high-throughput study

using a systems biology approach, hepatocyte nuclear

factor 4a (HNF4a) was identified as a crucial tran-

scription factor that was highly enriched at the pro-

moters of genes that are expressed in the intestinal

villi, as compared to the crypt or embryonic endoderm

[3]. HNF4 a is a highly conserved orphan receptor

that belongs to the nuclear hormone receptor super-

family and is expressed in the mucosal epithelial cells

of the gastrointestinal tract (intestine/colon, stomach),

liver, kidney, and pancreas. It transcriptionally regu-

lates the expression of various genes and functions in

various processes such as intestinal cellular differentia-

tion during endoderm development and in the adult,

as well as the metabolism of nutrients and drugs, and

epithelial polarization [8]. Interestingly, in pancreatic

beta cells as well as gastric epithelial cells, HNF4a was

shown to enhance the expression of XBP1 [9,10].

The presence of ER stress often leads to the induction

of macroautophagy (hereafter referred to as autop-

hagy). Autophagy involves the formation of isolation

membranes eventually generating double-membraned

vesicles called autophagosomes that contain cytosolic

components including organelles. The autophagosomes

fuse with lysosomes, leading to the degradation of

cytosolic components [11]. The ER can provide a scaf-

fold for the formation of autophagosomes, potentially

at sites where the mitochondria contact the ER, generat-

ing a cradle from which the isolation membrane

extrudes and recruits a number of autophagy-related

proteins (ATGs). As the autophagosome matures, a key

ATG8 family of proteins called the microtubule-associ-

ated protein 1A/1B-light chain 3 (LC3) A, B, and C is

recruited and lipidated yielding LC3-II, which is then

covalently attached to nascent autophagosomal mem-

branes [12]. Therefore, the LC3-II-to-LC3-I ratio is

broadly used as a reliable index of autophagy [13].

Autophagy may be nonspecific, or it may specifically

target damaged organelles, protein aggregates, or

pathogens with the aim to restore homeostasis. The

choice of the ‘cargo’ depends on the cargo receptors, for

example, p62/SQSTM1 is a receptor protein that can

link cargo to ATG8, such as during the autophagic

removal of protein aggregates [14,15].

In the presence of bacterial invasion, Paneth cells of

the gut were shown to undergo ER stress leading to

secretory autophagy whereby LC3-positive autophago-

somes were used to secrete lysozyme (important for

antibacterial defense) rather than fuse with the lyso-

some [16]. Gut epithelial cells, which are known to

participate in immunological reactions [17], have been

shown to undergo autophagy in response to bacterial

secretory products as a stress response [18]. Addition-

ally, autophagy resulting from nutrient starvation was

shown to enhance barrier function by reducing the

expression of a pore-forming protein claudin-1 [19].

We have previously reported that Caco-2 cells can

undergo autophagy even in the absence of nutrient

starvation during contact inhibition-mediated sponta-

neous differentiation [13]. In the current study, we

have aimed to better understand the mechanism for

the induction of ER stress, UPR, and subsequent

autophagy in the course of enterocyte-like differentia-

tion of colon epithelial cells. We report for the first

time that the expression of HNF4a in terminally dif-

ferentiated colon epithelial cells was associated with

the upregulation of XBP1 and ATF6; this in turn led

to the activation of UPR and upregulation of various
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ER stress markers. Here, we demonstrate a novel regu-

latory node involving HNF4a, which links ER stress

to intestinal enterocyte differentiation.

Results

Enhanced expression of HNF4a in differentiated

colon epithelial cells

It is known that the differentiation of secretory cells in

the villus of the small intestine of mice is closely regu-

lated by the transcription factors Hnf4a and Cdx2

[20]. Additionally, the expression of HNF4a has been

reported to be increased in confluent Caco-2 cells

when compared to preconfluent cells [21]. To examine

whether the HNF4a expression increased in the course

of differentiation, we first confirmed the induction of

differentiation in Caco-2 cells. Caco-2 cells were col-

lected during their proliferative phase (subconfluent),

as well as on days 0, 10, and 20 after attaining 100%

confluence. Along with enhanced dome formation [13]

(Fig. 1A), differentiation was confirmed by enhanced

expression of differentiation markers sucrase isomal-

tase (SI) (Fig. 1B), enhanced expression, and activity

of alkaline phosphatase (ALP) [22] (Fig. 1C), and

increase in E-cadherin expression [22] (Fig. 1D). In

Fig. 1. Confirmation of differentiation in Caco-2 cells: (A) Caco-2 cells were assessed using an inverted light microscope for morphological

changes during spontaneous differentiation. Representative images are given for subconfluent cells, confluent (day 0) cells, and

differentiated cells collected 10 and 20 days after reaching confluency. Domes in the differentiated cells are shown with arrows. The

brightness and contrast of the image were artificially adjusted to ensure maximum visibility of the cells. (B) SI expression was observed to

increase in spontaneously differentiating Caco-2 cells (n = 5; each with three technical replicates). The results are given as mean � SEM. t-

Test was used to compare d0 or differentiated cells with undifferentiated (subconfluent) cells (ns = not significant; **P ≤ 0.01). (C) ALP

activity was determined by a spectrophotometric assay using pNPP phosphatase (right panel) and also by staining the cells with NBT/BCIP

substrate which generates an intense black-purple precipitate at the site of ALP binding. Higher ALP expression in the differentiated cells

is reflected by the darker color of the precipitate (left panel). Scale bars represent 320 µm for each microscope images. The results are

shown as mean � SEM (n = 5). t-Test was used to compare the means with d0 cells and for statistical significance (***P ≤ 0.001). (D)

Western blot showing an increase in E-cadherin expression in the spontaneously differentiated Caco-2 cells (representative image of two

biological replicates). (E) Western blot showing an increase in the expression of CEA in the spontaneously differentiated Caco-2 cells. Graph

shows the mean � SEM from four independent replicates, and t-test was used for comparison with subconfluent cells (*P ≤ 0.05 and

****P ≤ 0.0001).
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addition, cell density-dependent increase in expression

of carcinoembryonic antigen (CEA) [23] was observed

in postconfluent Caco-2 cells (Fig. 1E).

The differentiated Caco-2 cells showed increased

protein expression of HNF4a and CDX2 in the

nuclear protein fraction (Fig. 2A) and total protein

extract (Fig. 2B, upper panel). A combination of alter-

native splicing and alternative promoter usage is

known to generate ten different HNF4a isoforms

(GRCh38.p7 Primary Assembly, NCBI) (Table S1).

Isoforms produced by the activity of the proximal pro-

moter are referred to as P1, whereas isoforms pro-

duced by the more distal promoter are designated as

P2 [24]. These two isoform classes differ in both their

N and C termini [25]. Therefore, HNF4a expression

during spontaneous differentiation of Caco-2 cells was

examined with two different HNF4a antibody clones:

clone C-19, which can recognize isoforms 1, 2, 4, 5, 7,

8, and 9, and clone K9218, which can detect isoforms

1, 2, and 3 [26]. We have observed enhanced expres-

sion of HNF4a with both antibodies (Fig. 2B, lower

panel). We also examined the mRNA expression of

HNF4a by using primers designed on the basis of the

region conserved in all isoforms (Fig. 2C, left panel)

and expression profiles of both P1 (transcript variants

1, 2, 3, and 7) and P2 transcripts (transcript variants

4, 5, 6, 8, 9, and 10) (Fig. 2C, right panel) during

spontaneous differentiation of Caco-2 cells. mRNA

expression of transcripts 7, 8, 9, and 10 was not

detected in undifferentiated or differentiated Caco-2

cells (data not shown). We found that although expres-

sion of both P1 transcripts (transcript variants 1, 2,

and 3) and P2 transcripts (transcript variants 4, 5, and

6) were increasing during the differentiation, the level

of increase in the expression of P1 variants was more

prominent. Further analysis of a microarray dataset

(GSE84742) [27] consisting of data from murine cells

collected from distal colon crypt base (undifferenti-

ated) and luminal surface (differentiated) confirmed

that the expression of Hnf4a was higher in differenti-

ated surface epithelia (Fig. 2D).

To determine whether the expression of HNF4a also

differed according to the state of differentiation of col-

orectal (CRC) tumor samples, we used four tissue

microarrays (TMA) consisting of a total of 202 CRC

cases and 14 normal samples. We observed that most of

the normal colonic epithelial cells (n = 14 spots) had

weak HNF4a staining (12/14), while two (2/14) dis-

played strong HNF4a staining. The staining for CDX2,

a known target of HNF4a as well as a transcriptional

binding partner, was positive in most samples (12/14)

and strong positive in two (2/14). The tumors were

grouped into two major classes based on their

differentiation status: low-grade (well-differentiated and

moderately differentiated; grades 1 and 2, respectively)

and high-grade (poorly differentiated and undifferenti-

ated; grades 3 and 4, respectively) (Fig. 2E). In the

tumor samples, a significant (Pearson chi-square test)

association was observed between the degree of differen-

tiation and the expression of both HNF4a (P = 0.041)

and CDX2 (P = 0.029). No association was seen for the

expression of two unrelated proteins p53 (P = 0.275)

and cathepsin E (CTSE; P = 0.438). The expressions of

HNF4a and CDX2 were also highly correlated to each

other in the tumor samples (n = 188, r = 0.405,

P = 0.000, Kendall rank correlation).

Enhanced hydroxymethylation of the HNF4a pro-

moter by ten-eleven translocation family of enzymes

(TET) dioxygenases was reported in terminal hepato-

cyte differentiation, which could contribute to the

increased expression of HNF4a observed in these cells

[28]. To determine whether a similar mechanism was

responsible for the increased expression of HNF4a
during terminal differentiation of colon epithelial cells,

5.0 kb upstream and 5.0 kb downstream regions of the

transcription start site (TSS) [29] of P1 and P2 tran-

scripts were analyzed for cytosine hydroxymethylation

in differentiated and undifferentiated T84 cells

(GSE69333) [30]. T84 is a colon carcinoma epithelial

cell line that can also undergo differentiation sponta-

neously after reaching 100% confluency [31]. In accor-

dance with the increased expression of HNF4a mRNA

(Fig. 2C), we observed enhanced cytosine hydrox-

ymethylation in the analyzed regions for both P1 and

P2 transcripts in the course of differentiation (peak

fold enrichments with the smallest q values are as fol-

lows: at day 12, fold change for P2 promoter = 4.6,

q = 0.019 and P1 fold change = 5.8, q = 0.0017; at day

15, fold change for P2 promoter = 4.3, q = 2.3E-4 and

P1 fold change = 8.5, q = 4.37E-15) (Fig. 2F). Of note,

increase in hydroxymethylation in the differentiated

cells compared to undifferentiated cells was also identi-

fied beyond the 5.0 kb downstream (intragenic region)

of the TSS (Table S2).

HNF4a transcriptionally upregulates XBP1 and

ATF6 during intestinal epithelial differentiation

To determine the targets of HNF4a in differentiated

and undifferentiated Caco-2 cells, we analyzed a pub-

licly available HNF4a ChIP-sequencing dataset

(GSE23436) using proliferating and differentiated

Caco-2 cells [32]. Gene Ontology (GO) was used to

perform enrichment analysis on the genes in which the

promoters are significantly occupied by HNF4a in

both differentiated and undifferentiated cells. We
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specifically chose to examine the GO terms related to

differentiation, ER stress, and autophagy as we have

previously shown that spontaneously differentiated

Caco-2 cells can undergo autophagy even in the

absence of nutrient starvation [13]. We observed statis-

tically significant enrichment of the GO terms ‘cell dif-

ferentiation GO:0030154’, ‘response to ER stress

GO:0034976’, and ‘autophagy GO:0006914’ in the

HNF4a binding sequences in both undifferentiated

and differentiated Caco-2 cells (Fig. 3A). We next

sought to understand whether there were any common

genes in all three GO terms that were regulated by

HNF4a. Two genes were in common for both differenti-

ated and undifferentiated cells in the three GO terms:

XBP1 and PARK2. HNF4a recruitment to the pro-

moter of PARK2 did not change with differentiation;

however, the recruitment of HNF4a to the promoter of

XBP1 was significantly higher in the differentiated cells

(P = 5E-4) (Table S3). Besides, the GO term ‘ER over-

load response (GO:0006983)’ was found to be signifi-

cantly enriched (P = 4.19E-02) only in the differentiated

Caco-2 cells, endowing an explicit role to HNF4a in

UPR during differentiation. XBP1 was also of particu-

lar interest to us as it is activated upon disruption of

homeostasis in the ER and activation of the UPR [5].

We next examined the expression of XBP1 in the

course of differentiation of Caco-2 cells and found an

increase in the levels of both unspliced and spliced

XBP1 at both mRNA (lower panels) and protein levels

(Fig. 3B). To understand whether the expression of

XBP1 was altered in tumor cells based on their degree

of differentiation, we also analyzed a publicly available

microarray dataset (GSE17538) that stratified tumors

according to well-, moderate, and poorly differentiated

tumors [33]. Interestingly, we observed that the mRNA

expression of XBP1 was higher in the well-differenti-

ated tumors compared to the moderate differentiated

tumors (moderately differentiated vs well-differentiated

P = 0.004233, other comparisons were statistically not

significant) (Fig. 3C). This suggested that poorly dif-

ferentiated high-grade tumors, similar to undifferenti-

ated Caco-2 cells, showed reduced levels of HNF4a
(Fig. 2E) as well as reduced levels of XBP1 mRNA

further suggesting an HNF4a-mediated regulation of

XBP1 expression.

We analyzed ChIP-Seq data (publicly available

GSE23436 dataset, [32]) to determine the HNF4a
binding regions (peaks) in the 2000 bp upstream

region of XBP1 gene in proliferating and differentiated

Caco-2 cells. We observed an enrichment in the bind-

ing of HNF4a to the XBP1 promoter in the differenti-

ated Caco-2 cells compared to the proliferating Caco-2

cells (Fig. 3D). To experimentally confirm whether

XBP1 was a direct target of HNF4a in differentiated

Caco-2 cells, ChIP was carried out, which indicated

significantly higher binding of HNF4a to the XBP1

promoter in the differentiated compared to the undif-

ferentiated Caco-2 cells (Fig. 3E, upper panel).

Enhanced binding of HNF4a to the CDX2 promoter

in the differentiated Caco-2 cells served as a positive

control in ChIP experiments (Fig. 3E, lower panel).

We next analyzed a publicly available microarray data-

set (GSE11759 [34]) for the expression of Xbp1 in

wild-type and conditional intestinal epithelial Hnf4a
knockout mouse samples and found a robust and sig-

nificant downregulation of Xbp1 expression in the

Fig. 2. Enhanced expression of HNF4a in differentiated colon epithelial cells: (A) Nuclear levels of HNF4a and CDX were increased during

spontaneous differentiation of Caco-2 cells (representative image from three biological replicates). (B) HNF4a expression increased in the

total protein extract of differentiated Caco-2 cells (upper western blot panel). HepG2 (human hepatocellular liver carcinoma) whole cell lysate

was used as a positive control. Different HNF4a antibody clones (C-19 and K9218) showed enhanced expression of HNF4a in the total

extract of differentiated Caco-2 cells (lower western blot panel). Change in the protein levels of HNF4a during the course of differentiation is

shown as a bar graph (on the right; n = 3). The results are given as mean � SEM. t-Test was used to compare undifferentiated

(subconfluent) cells with confluent (d0) or differentiated cells (d10 and d20) (ns = not significant; ****P ≤ 0.0001). (C) HNF4a mRNA

increased in d10 and d20 differentiated cells (left panel; n = 4), and both P1 and P2 transcripts of HNF4a were found to be enhanced in

those cells (right panel). The results are shown as mean � SEM (n = 4; each with three technical replicates). t-Test was used for

comparison of undifferentiated (subconfluent) cells with day 10 or 20 differentiated cells (ns = not significant; *P ≤ 0.05, **P ≤ 0.01,

***P≤ 0.001). (D) Dataset (GSE84742) analysis from murine cells revealed higher expression of Hnf4a in the luminal surface (differentiated)

cells (n = 4) compared to the distal colon crypt base (undifferentiated) cells (n = 4). (E) Representative images of immunostains in normal

colon mucosa and CRC carcinomas that were grouped into two major classes: poorly differentiated (high-grade; grades 3 and 4, n = 173)

and well-differentiated (low-grade; grades 1 and 2, n = 23). In the tumor samples, a significant association was observed between the

degree of differentiation and the expression of both HNF4a and CDX2. (F) 5-mC ChIP-Sequencing data were obtained from a publicly

available dataset GSE69333: GSM1697907 for day 0, GSM1697908 for day 4, GSM1697909 for day 12, and GSM16979010 for day 15.

HNF4a gene and its isoforms are shown. Compared to day 0 undifferentiated cells, substantial increase in hydroxymethylation in the 5.0 kb

upstream and 5.0 kb downstream regions of the TSS of P1 and P2 transcripts, as well as in the intragenic region of the gene, was found in

the differentiated cells.
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intestine of Hnf4a knockout mice compared with their

wild-type (control) counterparts (Fig. 3F).

To determine whether ER stress induced in the

course of differentiation was responsible for the

increase in the expression of HNF4a, we treated undif-

ferentiated Caco-2 cells with tunicamycin (TN), an ER

stress-inducing agent. Induction of ER stress with TN

was confirmed by an increase in the level of spliced

XBP1 (Fig. 3G, right panel); however, we did not

observe any increase in the expression of HNF4a in

the treated cells (Fig. 3G, upper panel). This suggests

that ER stress occurred downstream of HNF4a activa-

tion during the differentiation of Caco-2 cells.

Activation of the endonuclease IRE1 leads to the

splicing of XBP1 mRNA. We therefore analyzed

whether enhanced expression of XBP1 in the differenti-

ated Caco-2 cells was also accompanied by enhanced

splicing [5,6]. A robust increase in phosphorylation of

IRE1a at Ser724 (Fig. 4A) in concert with the increased

spliced XBP1 levels (Fig. 3B) was seen in 10 and 20 days
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postconfluent Caco-2 cells. Additionally, the inhibitory

phosphorylation of eIF2a at Ser51 was increased in dif-

ferentiating Caco-2 cells (days 5 and 10 after reaching

100% confluency) and then decreased in the fully differ-

entiated cells (day 20 after reaching 100% confluency)

(Fig. 4B) indicating that at the early stages, the cells

undergo UPR, which may be relieved at the later stages

of differentiation. The results indicate that both IRE1/

XBP1 and PERK/eIF2a axes were activated in Caco-2

cells during spontaneous differentiation.

Alterations in Ca2+ release from the ER and down-

stream signaling are frequently observed during ER

stress [35]. We observed that intracellular Ca2+ level

was significantly higher in day 10 differentiated Caco-2

cells compared to the day 0 cells (Fig. 4C). Intracellu-

lar Ca2+ can activate calmodulin-dependent protein

kinase kinase beta, which in turn, is known to phos-

phorylate AMP-activated protein kinase (AMPK) [36].

Additionally, active AMPK can inhibit the energy sen-

sor protein mammalian target of rapamycin (mTOR)

[37]. We observed an increase in the phosphorylation

of AMPK at Thr172 (Fig. 4D) as well as a reduction

in the levels of p-mTOR in the differentiated Caco-2

cells, compared to the undifferentiated cells (Fig. 4E),

suggesting that alterations in Ca2+ responsive proteins

occurred due to the changes in cytosolic Ca2+ levels.

Additionally, when we treated the undifferentiated

Caco-2 cells (with lower levels of cytoplasmic Ca2+)

with thapsigargin (TG), a sarco/endoplasmic reticulum

Ca2+ ATPase (SERCA) inhibitor that raises the cyto-

plasmic Ca2+ levels, we observed enhanced phosphory-

lation of eIF2a. Moreover, when we treated the day

10 differentiated cells (which showed enhanced ER

stress and Ca2+ levels) with GSK2656157, a PERK

inhibitor, we observed a dramatic decrease in the

phosphorylation of eIF2a, while BAPTA-AM, an

intracellular Ca2+ chelator, modestly reduced the phos-

phorylation of eIF2a (Fig. 4F), indicating that increase

in the intracellular Ca2+ was not the only event respon-

sible for the induction of UPR during differentiation.

Next, we asked whether ATF6, another transcrip-

tional arm of UPR, is also modulated during the differ-

entiation of Caco-2 cells. Activation of the ATF6 arm is

characterized by a proteolytic cleavage of the 90 kDa

full-length proform of ATF6 into an N-terminal

50 kDa (ATF6-p50) and a 36 kDa fragment (ATF6-

p36) [38]. We observed an increase in the mRNA level

(Fig. 5A), as well as protein expression and processing

of ATF6 in differentiated Caco-2 cells (Fig. 5B). The

underglycosylated form of ATF6, p90-ATF6, was

detected in differentiated cells which indicates the acti-

vation of ATF6 to trigger UPR [39,40]. Additionally,

analysis of the HNF4a ChIP-Seq dataset (GSE23436)

indicated that the ATF6 promoter showed enhanced

HNF4a recruitment in differentiated Caco-2 cells com-

pared to undifferentiated cells (Fig. 5C) which we

Fig. 3. HNF4a transcriptionally upregulated XBP1 during intestinal epithelial differentiation: (A) Analysis of ChIP-Seq dataset (GSE23436)

revealed statistically significant enrichment of the GO terms ‘cell differentiation’, ‘response to ER stress’, and ‘autophagy’ in the HNF4a

binding sequences in the proliferating (undifferentiated) and spontaneously differentiated Caco-2 cells. Venn diagrams are used to represent

overlapping genes for the three GO terms. XBP1 was one of the two genes that was common to all three GO terms in the differentiated

cells. (B) Western blot analysis indicated enhanced expressions of both spliced XBP1 (XBP1s) and unspliced XBP1 (XBP1u) in spontaneously

differentiating Caco-2 cells (upper panel). qRT-PCR showed increased expression of XBP1 mRNA, as well as splicing of XBP1 (XBP1s)

during spontaneous differentiation of Caco-2 cells (lower panels). qRT-PCR results are given as mean � SEM. Statistical analyses were

carried out with respect to subconfluent cells, by using t-Test (n = 3 with three technical replicates each; **P ≤ 0.01, ***P ≤ 0.001). (C)

Analysis of GSE17538 microarray dataset which stratified colon tumors as well, moderately, and poorly differentiated indicated higher

mRNA expression of XBP1 in the well-differentiated tumors (n = 16) compared to the moderate (n = 163) or poorly differentiated (n = 28)

tumors. (D) Schematic representation of ChIP-Seq (GSE23436 dataset) peaks in the 2000 bp upstream region of XBP1 gene in proliferating

(GSM575228) and differentiated (GSM575229) Caco-2 cells. XBP1 gene and its 2000 bp upstream region are shown. 2.42 fold enrichment

(P = 0.51E-3) in the binding of HNF4a at the XBP1 promoter (region between the bases 27526717-27526996, on chr22) was found in the

differentiated Caco-2 cells with respect to undifferentiated (subconfluent) cells. ChIP-Seq data from three pooled experiments were

analyzed. (E) ChIP assay revealed that HNF4a binding site enrichment in the XBP1 promoter (chrbiop22; between the bases 27526796 and

27526967) was higher in the differentiated Caco-2 cells with respect to proliferating (subconfluent) cells (upper panel) (n = 5; each with

three technical replicates). HNF4a binding at the CDX2 promoter used as a positive control (lower panel) (n = 4; each with three technical

replicates). ChIP data obtained by qRT-PCR for the HNF4a antibody were normalized to IgG controls and plotted as fold change

(mean � SEM). t-Test was used to compare enrichment of the HNF4a binding at the XBP1 or CDX2 promoters in subconfluent

(undifferentiated) and 10-day differentiated cells (*P ≤ 0.05, **P ≤ 0.01). (F) Probe-specific expression of Xbp1 was analyzed in wild-type

and Hnf4a knockout (mutant) samples (GSE11759). For probe 1 (1420011_s_at), P = 0.004951825; for probe 2 (1420012_at),

P = 0.322953318; for probe 3 (1420886_a_at), P = 0.007230887; for probe 4 (1437223_s_at), P = 0.00466318). (G) qRT-PCR showed that

the levels of spliced XBP1 (XBP1s) increased with TN treatment in subconfluent Caco-2 cells (on the right), but did not affect the level of

HNF4a expression in undifferentiated Caco-2 cells (on the left). For qRT-PCR, results are shown as mean � SEM (n = 3; each with three

technical replicates) and t-test was used to compare veh. (DMSO)-treated Caco-2 cells with TN-treated Caco-2 cells (****P ≤ 0.0001).
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further confirmed experimentally by ChIP (Fig. 5D).

Similar to the expression of HNF4a and XBP1, in silico

analysis of the expression of ATF6 (GSE17538) was

found to be related to the extent of differentiation of

colon tumors; thus, lower expression was seen in poorly

differentiated cancer samples compared to moderate

and well-differentiated samples (poorly differentiated vs

well-differentiated P = 0.036023, other comparisons

were statistically nonsignificant) (Fig. 5E).

Interaction of HNF4a with the promoters of two

well-known ER stress markers, XBP1 and ATF6,

prompted us to ask the extent to which HNF4a regu-

lates gene expression during UPR. Analysis of

GSE11759 microarray data indicated that 23% of

genes under the GO term ‘Response to ER Stress’

(GO:0034976) [35] was differentially expressed in

intestinal epithelial cells between wild-type and Hnf4a
knockout mouse (P < 0.05) (Fig. 5F).
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ER stress leads to the induction of autophagy in

differentiating epithelial cells

Activation of ER stress is very frequently accompanied

by the development of autophagy [11]. We asked

whether the induction of differentiation in Caco-2 cells

could induce autophagy in these cells. We observed an

enhanced ratio of LC3-II/LC3-I, increased levels of

Beclin-1 protein, and reduced levels of p62 protein

(indicating enhanced autophagic flux) (Fig. 6A) as well

as increased content of autophagy vesicles during spon-

taneous differentiation model of Caco-2 cells (Fig. 6B,

C). Increased LC3 puncta formation in the differenti-

ated Caco-2 cells when compared to the undifferenti-

ated cells was also observed (Fig. 6D). Additionally,

both ER stress and autophagy have been implicated in

the process of differentiation [4,41]. Examination of the

GO term ‘Autophagy’ (GO:0006914) indicated that

24% genes were statistically significantly differentially

expressed between Hnf4a wild-type and Hnf4a

Fig. 4. Intracellular level of Ca+2 increased and IRE1 and PERK; arms of UPR, were induced in Caco-2 cells undergoing differentiation: (A)

Increased IRE1a and (B) eIF2a phosphorylation were seen in differentiating Caco-2 cells indicating the activation of ER stress pathways

(representative western blot of two biological replicates). (C) Cytoplasmic level of Ca+2 was increased in day 10 postconfluent Caco-2 cells

(n = 5). (D) Western blot showed an increase in the phosphorylation of AMPK (representative immunoblot of three biological replicates) (E)

and a decrease in phosphorylation of mTOR during the differentiation of Caco-2 cells (representative of two biological replicates). (E)

Phosphorylation of eIF2a at Ser51 in the differentiated Caco-2 (d10) cells could be reversed with the PERK inhibitor GSK2656157 and induced

in the undifferentiated cells (d0) with the SERCA inhibitor TG. (F) A very modest reduction in the phosphorylation of eIF2a was observed in

differentiated Caco-2 cells treated with BAPTA-AM, an intracellular Ca2+ chelator (representative western blot of two biological replicates).

Fig. 5. ATF6 is transcriptionally regulated by HNF4a and activated during differentiation: (A) qRT-PCR shows that mRNA expression of ATF6

increases during the course of differentiation (n = 4; each with three technical replicates). The results (mean � SEM) were analyzed with

respect to subconfluent cells by using t-Test (**P ≤ 0.01). (B) Western blot showing an increase in the levels of cleaved ATF6 in

spontaneously differentiating Caco-2 cells. The levels of unprocessed ATF6 were observed to decrease in the differentiated cells

(representative of two biological replicates). (C) Schematic representation of ChIP-Seq (GSE23436 dataset) peaks in the 2000 bp upstream

region of ATF6 gene in proliferating (GSM575228) and differentiated (GSM575229) Caco-2 cells. In the lower panel, HNF4a binding site

enrichment regions (P < 0.05) in the ATF6 promoter in differentiated Caco-2 cells with respect to proliferating (subconfluent) Caco-2 cells

are given as bar plots (GSE23436). ChIP-Seq data from three pooled experiments were analyzed. (D) ChIP assays show that HNF4a binding

site enrichment in ATF6 promoter (chr1; between the bases 161766125 and 161766363) was higher in the differentiated Caco-2 cells with

respect to proliferating (subconfluent) cells. ChIP qRT-PCR results (n = 3, with three technical replicates for each; mean � SEM) were

normalized to IgG controls and given as fold change. t-Test was used to compare enrichment of HNF4a binding at the ATF6 promoter in

undifferentiated (subconfluent) and differentiated (d10) cells (***P ≤ 0.001). (E) Analysis of GSE17538 microarray dataset indicates higher

mRNA expression of ATF6 in the well-differentiated tumors (n = 16) compared to the moderate (n = 163) or poorly differentiated tumors

(n = 28). (F) Pie chart shows 19 out of 82 ER stress-related genes (GSE11759 dataset) were differentially expressed in Hnf4a knockout

mice (n = 3) compared to wild-type controls (n = 3). Selection criteria were based on P < 0.05.
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knockout mice (GSE11759) (Fig. 6E). This result sug-

gests that the HNF4a-regulated ER stress observed in

differentiating Caco-2 cells may also lead to the induc-

tion of autophagy.

Since the Caco-2 model of differentiation requires the

cells to be confluent, we queried whether the increase in

expression of HNF4a and observed autophagy in the

differentiated cells could simply be attributed to cell con-

fluency. We examined the expression of HNF4a in the

colon cancer cell line SW-480 that was cultured for

10 days after reaching 100% confluency. These cells

showed the confluency-dependent increase in the expres-

sion of CEA but did not show an increase in the expres-

sion of HNF4a (Fig. 7A). Importantly, we observed an
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increase in the ratio of LC3-II/LC3-I in differentiated

T84 colon cancer cells that can also undergo contact-de-

pendent spontaneous differentiation compared to undif-

ferentiated subconfluent cells (Fig. 7B). Therefore, it can

be concluded that enhanced HNF4a expression and

observed autophagy in the spontaneously differentiated

Caco-2 cells are differentiation-dependent, rather than

confluency-dependent.

Discussion

Caco-2 cells are derived from a colon adenocarcinoma,

but have the ability to differentiate into enterocyte

type cells and are considered to be a good model for

the differentiation of committed gut epithelial cells

[42]. HNF4a is a transcription factor that is known to

be highly enriched in promoters of genes upregulated

in the crypt to villus axis and orchestrates key pro-

cesses such as intestinal epithelial cell differentiation,

nutrient metabolism, barrier functions, and protection

against pathogens [3,35]. Increased activity of HNF4a
in the differentiated cells is accompanied by its

increased expression. We suggest that this increased

expression could have resulted from increased hydrox-

ymethylation of cytosines in the promoter and coding

region of HNF4a in the differentiated cells. The cova-

lent modification of cytosine (C) to 5-methylcystosine

(5mC) is an important regulator of gene expression

[43]. 5mC can be enzymatically converted to 5-hydrox-

ymethylcytosine (5hmC) through the activity of TET.

Analyses of genomic 5mC and 5hmC sequences demon-

strate depletion or enrichment of these modified cyto-

sine residues in mammalian promoters, exons, gene

bodies, enhancers, and gene clusters [44]. 5hmC is gener-

ally enriched about 0.5–2 kb upstream and downstream

of the TSS, and there is a positive correlation between

the level of gene expression and enrichment for 5hmC in

the body of genes [30,44] suggesting that hydroxymethy-

lation observed in both the promoter and coding region

of HNF4a could have contributed to the increase in

expression observed.

We observed for the first time that the increase in

expression and activity of HNF4a during differentiation

led to the transcriptional upregulation of two of the three

primary ER stress mediators: XBP1 and ATF6. HNF4a,
which is considered to be important in the development

of endodermal organs, is also required for continued

maintenance of XBP1 in differentiated, adult cells [9,10].

Analysis of a publicly available ChIP-Sequencing dataset

(GSE23436) [32] indicated that the only gene that showed

promoter enrichment for HNF4a in the differentiated

Caco-2 cells that was common to the GO terms ER

stress, cell differentiation, and autophagy (please see

below for further discussions on autophagy) was XBP1.

Besides its function as an UPR regulator, XBP1 is also

recognized as a major regulator of highly secretory cells

such as plasma cells, Paneth cells, pancreatic acinar cells,

mammary epithelial cells, and salivary gland cells, and is

selectively required for granulocyte maturation [45–47].

The levels of XBP1 and p-eIF2a were shown to be very

low in crypt base columnar cells compared to the TA

cells higher up in the crypt [7], revealing that ER stress

and eIF2a signaling may also have roles in mediating the

complex signals needed for the differentiation of intesti-

nal epithelial stem cells. As one of the three arms of

UPR, ATF6 was also found to be upregulated and acti-

vated during the spontaneous differentiation of colon

epithelial cells through increased recruitment of HNF4a
to the ATF6 promoter in differentiated cells.

Proteomic analysis of spontaneously differentiated

Caco-2 cells indicated that many of the significantly

upregulated proteins have a function in lipid metabolism

Fig. 6. Induction of autophagy in differentiating colon epithelial cells: (A) Expression of three ATG proteins, LC3, Beclin-1, and p62, is shown

by western blot (representative immunoblot of three biological replicates). Ratio of LC3-II to LC3-I, as well as Beclin-1 expression increased,

while p62 protein level decreased in differentiated Caco-2 cells. t-Test was used to compare LC3-II to LC3-I ratio (n = 10; mean � SEM) in

subconfluent cells with confluent (d0) or differentiated (d10 and d20) cells (**P ≤ 0.01, ***P ≤ 0.001). (B) Formation of autophagic vacuoles in

differentiated Caco-2 cells. Rapamycin (Rap)- and chloroquine (CHQ)-treated subconfluent Caco-2 cells were used as positive control.

Subconfluent cells, confluent-undifferentiated cells (d0), and 10-day differentiated cells (d10) were stained with CYTO-ID� Green Detection

Reagent and analyzed by flow cytometry. Results are presented as a histogram overlay. Subconfluent cells were used for gating (M1), and

unstained cells were used to determine the level of background fluorescence. Increased percentages of Cyto-ID�-positive cell populations

(M1%) and enhanced magnitude of fluorescence signal (mean fluorescence intensity) were observed in the differentiated cells (n = 2). The

results (mean � SEM) were analyzed with respect to subconfluent cells by using t-Test (*P ≤ 0.05, **P ≤ 0.01). (C) Fluorescent puncta inside

the Caco-2 cells represent Cyto-ID� Green autophagy dye-stained autophagosomes/autolysosomes. Autophagy induction in differentiated Caco-

2 cells was quantified by the determination of mean fluorescence intensities. Scale bars show 11 µm. The results of four biological replicates

are given as mean � SEM. t-Test was used for comparing subconfluent cells with the other experimental groups (**P ≤ 0.01, ***P ≤ 0.001).

(D) Undifferentiated and differentiated Caco-2 cells were transiently transfected with the GFP-LC3 plasmid for puncta quantification. The

number of cells containing GFP-LC3 punctate increased significantly on day 10 compared to day 0 Caco-2 cells. The result belongs to four

biological replicates and is shown as mean � SEM. t-Test was used for comparison (****P ≤ 0.0001). (E) Pie chart shows 23 out of 95 ATG

genes were differentially expressed when Hnf4a was knocked down (GSE11759 dataset). The genes were selected according to P < 0.05.
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[22]. While a broad spectrum of insults such as nutrient

deprivation, changes in calcium concentration, failure of

post-translational modifications, or increase in secretory

protein synthesis can lead to protein misfolding in the

ER and activate UPR, each individual UPR pathway

also has unique and specialized roles in diverse develop-

mental and metabolic processes [48,49]. For example, the

ER is a major site of lipid metabolism and many relevant

enzymes are located in this organelle. Enterocytes

accumulate lipids through fatty acid and cholesterol

transport as well as de novo biosynthesis; and HNF4a, in
particular, was shown to regulate the expression of genes

necessary to absorb dietary lipids in enterocytes [20].

Recent findings highlight ATF6 as a major regulator of

organogenesis, differentiation, and tissue homeostasis

[50,51] as well as cellular metabolism [52]. Collectively,

our data suggest that the HNF4a-mediated increase in

the expression of XBP1 and ATF6 and induction of ER
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stress and UPR may activate a novel regulatory network

module that can orchestrate lipid homeostasis and energy

status during enterocyte differentiation.

ER stress is closely associated with the development

of autophagy [11], primarily as a mechanism to allevi-

ate ER stress. Our data indicate that even in nutrient

replete conditions, autophagy was induced during

spontaneous differentiation along with the activation

of the AMPK-mTOR signaling cascade, most likely

due to increased cytosolic Ca2+ levels. Additionally,

increased cytosolic Ca2+ can activate the kinase death-

associated protein kinase-1 (DAPK1), which in turn,

can favor the release of Beclin-1 from inhibitory inter-

actions with Bcl2 and initiate autophagy [53]. We have

observed an increase in the mRNA expression of

DAPK1 during the course of differentiation of Caco-2

cells (data not shown). Thus, in the current study,

increased Ca+2 levels and subsequent signaling could

have led to the induction of autophagy [54]. Several

recent findings have indicated that a steady-state induc-

tion of autophagy is necessary for the maintenance of

intestinal stem cells by reducing ROS and DNA dam-

age and ensuring proper cell cycle progression [55,56].

Autophagy also plays a crucial role as a cellular stress

responder by providing alternative energy source fol-

lowing starvation or by degradation of intracellular

components and can function in different cellular con-

texts such as cell differentiation and cell-fate determi-

nation, adult stem cell self-renewal, somatic cell

reprogramming, organogenesis, and mitigation of

inflammation [57–59]. A recent study conferred a novel

role for autophagy in the gut. The authors showed that

ER stress protected against decreased barrier function

and ER stress-mediated ATF6/DAPK1 signaling in

enterocytes led to enhanced autophagy-mediated killing

of bacteria (xenophagy) thereby reducing the potential

for metabolic stress to reactivate or maintain inflamma-

tion [60]. Therefore, it is likely that both enhanced

biosynthesis of macromolecules, changes in metabo-

lism, and altered Ca2+ homeostasis in the differentiated

cells may have led to ER stress and subsequently to the

induction of autophagy.

Overall, we attribute a novel function to HNF4a as

a mediator of UPR resulting from ER stress during

colon epithelial differentiation through the transcrip-

tional upregulation of XBP1 and ATF6 during entero-

cyte differentiation (Fig. 8). Recently, Lambert

et al.[61] have shown that all HNF4a isoforms have

diverse functions in colon cancer cell line models and

Ko et al.[26] have demonstrated that each isoform het-

erodimer and isoform homodimer pair can regulate

distinct subsets of genes in an in vitro model of human

hepatocytes. This suggests that differential expression

of the various HNF4a isoforms as well as their associa-

tion as hetero- and/or homodimers may determine the

expression profile of HNF4a target genes in a given

Fig. 7. HNF4a expression and autophagy depend on differentiation

rather than culture confluency in the Caco-2 and T84

spontaneously differentiating models of intestinal epithelial cells.

(A) Expression levels of HNF4a in SW-480 colon cancer cell line

cultured under confluency for 10 days are shown by western blot

(representative of two biological replicates). (B) Enhanced HNF4a

expression and increase in the LC3 II/I ratio are shown by western

blot in spontaneously differentiated T84 cells (representative of

three biological replicates).

Fig. 8. Increased expression of HNF4a in differentiating colon

epithelial cells orchestrates an ER stress response. ER stress

activates UPR by three sensors located at the ER membrane:

IRE1a, ATF6, and PERK. We have shown that with a concomitant

increase in the cytoplasmic calcium (Ca2+) levels, all three arms of

UPR are activated in the Caco-2 model of epithelial differentiation.

HNF4a functions as a key mediator of UPR through the

transcriptional upregulation of XBP1 and ATF6. Additionally, as a

downstream UPR event, autophagy was also seen to be activated

during differentiation.
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tissue. Since both P1 and P2 isoforms were shown to be

upregulated during the course of differentiation, with a

stronger increase in the P1 transcripts, future studies on

the expression and dimerization patterns of individual

HNF4a isoforms can help clarify the mechanism by

which HNF4a regulates target gene expression, particu-

larly during epithelial differentiation.

Materials and methods

Cell culture, differentiation, and treatments

Caco-2 cells (S�AP Enstit€us€u, Ankara, Turkey) were grown

in Eagle’s minimum essential medium (Thermo Fisher Scien-

tific, Boston, MA, USA) containing 20% FBS, 2 mM L-glu-

tamine, 19 nonessential amino acids, 1% penicillin–
streptomycin, and 1 mM Na pyruvate at 37 °C in a humidi-

fied atmosphere of 5% CO2 and 95% air. For the induction

of differentiation [62], cells were grown to confluency (day

0), after which the cells were collected at various intervals.

Treatments of Caco-2 cells were carried out at 37° C as

follows: Cells were treated with 1 lM TG for 6 h; 25 lM of

the intracellular Ca2+ chelator BAPTA-AM for 6 h in Ca2+

free medium; 1 lM of the PERK inhibitor GSK2656157 for

1 h; and 5 lg�mL�1 TN for 24 h. DMSO was used as vehi-

cle (annotated as veh. in figures) for GSK2656157, TG,

and TN treatments.

T84 cells (ATCC) were grown in 1 : 1 mixture of Ham’s

F12 medium (Gibco, Waltham, MA, USA) and Dulbecco’s

modified Eagle’s medium (Gibco) with 10% FBS, 2 mM L-

glutamine, and 1% penicillin–streptomycin at 37 °C in a

humidified 5% CO2 incubator. The cells were differentiated

spontaneously as described for the Caco-2 cells.

SW-480 cells were obtained from ATCC (Middlesex,

UK) and grown in RPMI-1640 supplemented with 10%

FBS, 2 mM L-glutamine, and 1% penicillin–streptomycin at

37 °C in a humidified 5% CO2 incubator. Cell culture med-

ium and supplements were purchased from Biological

Industries, Beit Haemek, Israel.

Alkaline phosphatase activity

Alkaline phosphatase activity was determined by using p-ni-

trophenyl phosphate (Sigma-Aldrich, St. Louis, MO, USA)

as a substrate. The substrate (200 lL) was added to 10 lL
of the total protein in a 96-well plate, mixed by pipetting,

and incubated at room temperature in the dark for 30 min.

The absorbance of the samples was measured at 405 nm in

a spectrophotometer, and the specific activity was calculated.

For a qualitative analysis of ALP activity, a nitro blue

tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate

p-toluidine (NBT/BCIP) salt (Roche, Basel, Switzerland)

was used. Briefly, Caco-2 cells were grown to confluency

and cultured further 10 and 20 days. At each time point,

the cells were washed with 19 TBS twice and fixed in 70%

EtOH for 10 min followed by three washes with 19 TBS.

A single NBT/BCIP tablet was dissolved in 10 mL ddH2O

immediately before use, and the cells were incubated for

2 h in the dark with this staining solution at room temper-

ature. The reaction was stopped by washing the cells with

19 TBS. The plate was photographed using an Olympus

CKX41 inverted microscope (Shinjuku, Tokyo, Japan)

equipped with Olympus U-CMAD3 camera.

Tissue microarray construction and

immunohistochemistry

Four TMAs were constructed from formalin-fixed paraffin-

embedded tissues of CRC carcinoma (CRC) by the

Advanced Tissue Arrayer (ATA100; Chemicon, Temecula,

CA, USA) manual arrayer. From 202 CRC cases, one or two

1-mm spots of representative tumor tissues (adenocarcinoma

n = 193, adenosquamous carcinoma n = 1, malignant epithe-

lial tumor n = 1, medullary carcinoma n = 1, mucinous car-

cinoma n = 5, synchronous adenocarcinoma n = 2) and

normal colon mucosa samples (n = 14) were included in

these TMAs. The TMAs containing human colon tissue and

cancer samples were constructed with the approval from the

Non-Interventional Clinical Research Ethics Committee of

Hacettepe University (HEK 12/147-22). In this process,

informed consent from patients was obtained.

Four-micrometer-thick sections were stained with hema-

toxylin–eosin for histologic assessment of the samples in

the TMAs. After the confirmation of diagnosis, additional

sections were immunohistochemically stained for HNF-4a
using a polyclonal goat antibody (1 : 100 dilution). For

this, the slides were first deparafinized by incubation at

75 °C for 40 min followed by two washes with xylene for

10 min each followed by rehydration in decreasing concen-

trations of ethyl alcohol (96%, 90%, and 70%, respec-

tively). Antigen retrieval was carried out by heating the

slides for 10 min in citrate buffer at pH 6.0 (Genemed

Biotechnologies Inc. San Francisco, CA, USA) in a micro-

wave. After that, samples were blocked using biotinylated

rabbit anti-goat secondary antibody (BA-5000; Vector Lab-

oratories, Burlingame, CA, USA), and the avidin-biotin

peroxidase method was carried out. The signals were devel-

oped using the 3,30-diaminobenzidine (DAB, TA-125-HD;

Thermo Scientific/LabVision, Waltham MA, USA) as a

chromogen. Finally, samples were stained with hematoxylin

briefly for counterstaining. Dehydration and preparation of

slides for microscopic examination were performed as

required. Immunostaining for p53, CDX2, and CTSE was

carried out in a similar manner. The primary and the anti-

gen retrieval methods are shown in Table S4. UltraVision

Polyvalent (Rabbit-Mouse) HRP Kit (TP-125-HL; Thermo

Scientific/LabVision) was used for the secondary antibody

and the avidin-biotin peroxidase method. All immunostains

were developed using DAB.
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Degree of differentiation (histologic grading) was

assessed by reviewing the TMA spots and assigning a dif-

ferentiation score per case using the grading system recom-

mended by the College of American Pathologists (https://

documents.cap.org/protocols/cp-gilower-colonrectum-17pro

tocol-4010.pdf accessed 5/3/2017) (1: well-differentiated, 2:

moderately differentiated, 3: poorly differentiated, and 4:

undifferentiated). Nuclear HNF4a staining was assessed by

semiquantifying the strength of overall staining per case (0:

no staining, 1: weak staining, 2: strong staining). CDX2

immunostain was assessed in a similar manner. SPSS (ver-

sion 23.0, IBM, Armonk, NY, USA) was used for tabula-

tion and statistical analysis. Pearson chi-square test was

used to assess the relationship between immunohistochemi-

cal expression scores and histologic grades of tumor. The

relationship between immunostaining scores themselves was

assessed with Kendall rank correlation coefficient.

Protein isolation and western blot

Total cellular proteins were isolated from proliferating or

confluent Caco-2 cells using the M-PER Mammalian Pro-

tein Extraction Reagent (Thermo Scientific) containing 19

protease and phosphatase inhibitors (Roche), in accordance

with the manufacturer’s instructions. Nuclear and cytoplas-

mic fractions were isolated from proliferating or confluent

Caco-2 cells grown in T25 flasks. At specific days after

reaching confluency, the cells were washed with ice-cold

PBS twice followed by incubation in a hypotonic buffer

(300 lL, on ice for 15 min) containing 10 mM HEPES pH

7.5, 4 mM NaF, 10 lM Na2MoO4, 0.1 mM EDTA, 19 Pro-

tease and phosphatase inhibitors (Roche). After this, the

samples were transferred to Eppendorf tubes and mixed

with 75 lL of 10% NP40 (Pan-Reac AppliChem, Darm-

stadt, Germany) by gentle pipetting followed by centrifuga-

tion for 30 s at 4 °C at 14 000 g. The supernatants were

collected in prechilled Eppendorf tubes as the ‘cytoplasmic

fractions’. The nuclear pellet remaining in the tube was

resuspended in 80 lL of a nuclear extraction buffer con-

taining 10 mM HEPES, pH 7.9, 1 mM DTT, 0.1 mM

EDTA, 420 mM NaCl, 1.5 mM MgCl2, 10% glycerol, 19

protease and phosphatase inhibitors. The tubes were vor-

texed for 15 s at the highest speed followed by incubation

in an orbital shaker at 4° C for 15 min followed by another

round of vortexing for 30 s at 15-min intervals. The sam-

ples were centrifuged for 10 min at 14 000 g, and the

supernatants were collected in prechilled Eppendorf tubes

as the ‘nuclear fractions’. The temperature was maintained

at 4° C for every step.

For western blot, total (20–50 µg) or cytoplasmic and

nuclear fractions (5–10 µg) were separated using 10% SDS/

PAGE gels followed by wet-transfer to poly(vinylidene

difluoride) membranes using standard techniques. For a list

of antibodies used, please see Table S5. The bands were

developed using a Clarity ECL Substrate (Bio-Rad,

Hercules, CA, USA) and visualized in a ChemiDoc MP

Imaging System (Bio-Rad). Band intensities were normal-

ized to the housekeeping proteins b-actin or GAPDH, and

the results are given as ‘fold change’. TopoIIb and a-tubu-
lin were used as nuclear and cytoplasmic markers, respec-

tively.

RNA isolation, cDNA synthesis, and qRT-PCR

assays

Total RNA from Caco-2 cells at different days after conflu-

ency was isolated using the RNeasy RNA Extraction Kit

(Qiagen, Hilden, Germany) according to the manufac-

turer’s guidelines. The RNA was treated with DNAseI

(Thermo Scientific) to remove genomic DNA contamina-

tion, and cDNA synthesis was carried out using 500 ng of

the RNA using RevertAid First Strand cDNA Synthesis

Kit (Thermo Scientific).

For real-time PCR (RT-qPCR), a Rotor GeneQ 6000

(Qiagen) was used. Relative expressions were calculated

with respect to the housekeeping gene (b-actin) using the

Pfaffl method [63], and the results were expressed as ‘fold

change’. All RT-qPCRs followed the MIQE guidelines [64].

Primer sequences used for expression analyses are shown in

Table S6.

Intracellular calcium measurement

Caco-2 cells were grown to confluency in T25 flasks and

either collected immediately (day 0) or kept growing post-

confluency for 10 days (day 10 samples). At the time of

collection, the cells were detached by trypsin, washed with

complete medium, and centrifuged for 10 min at 14 000 g.

To detect intracellular Ca2+ Fura-2/AM (Invitrogen, Carls-

bad, CA, USA), a cell permeable ratiometric fluorescent

dye that can bind to free calcium was used. The cells were

loaded with 2.5 µM of the dye for 45 min at 37 °C in Ca2+-

standard buffer containing 145 mM NaCl, 5 mM KCl,

1 mM MgCl2, 1 mM CaCl2, 10 mM glucose, and 10 mM

HEPES (pH 7.4). The cells were then centrifuged and

resuspended in Ca2+-standard buffer for 15 min at room

temperature for de-esterification followed by three washes

in the same buffer.

To determine the Ca2+ levels, fluorescence was measured

from 100 lL aliquots of cells (containing approximately

1 9 106 cells per mL) at 37 °C every 2 s for 60 s using a

Spectramax M5 microplate reader (Molecular Devices, San

Jose, CA, USA) at an excitation wavelength of 340 nm

(complexed calcium) and 380 nm (free calcium) and at a

fixed emission at 510 nm. To eliminate the background flu-

orescence, fluorescent readings from the same number of

cells not loaded with Fura-2/AM were subtracted from the

fluorescence values of the Fura-2/AM-loaded samples. A

ratio of the 340 nm/380 nm fluorescence signals was indica-

tive of the free cytosolic Ca2+ concentration.
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Imaging and flow cytometry-based detection of

autophagy

To detect autophagic flux in the proliferating and differen-

tiated Caco-2 cells, a CYTO-ID� Autophagy Detection Kit

(Enzo Life Sciences, Farmingdale, NY, USA) was used.

Subconfluent (60–70% confluent), 100% confluent (day 0),

and differentiated (day 10) cells were used for this assay as

described previously [13]. As a positive control, autophagy

was induced in subconfluent Caco-2 cells incubated for

24 h with 500 nM rapamycin and 30 lM chloroquine. Sub-

confluent Caco-2 cells incubated with vehicle (DMSO and

dH2O for rapamycin and chloroquine, respectively) under

identical culture conditions were used as negative controls.

To quantitatively determine autophagic flux, proliferating

or differentiated Caco-2 cells were incubated with the

CYTO-ID� Green Detection Reagent and assayed in the

green channel (FL1) of a BD AccuriTM C6 flow cytometer

(BD Biosciences, Ann Arbor, MI, USA). For a qualitative

analysis of the autophagic puncta, CYTO-ID�-stained

autophagosomes/autolysosomes in proliferating or differen-

tiated Caco-2 cells were examined under a Leica DMI4000

confocal microscope equipped with a Leica 639/1.40 Oil

HC PL APO objective (Leica Microsystems, Wetzlar, Ger-

many). Imaging was carried out using the GFP filter set.

Mean fluorescence intensity was calculated as the average

of regions of interest by using IMAGEJ software (National

Institutes of Health, Bethesda, MD, USA).

Transfections

To determine LC-3 puncta formation, Caco-2 cells were pla-

ted in 6-well plates and cells at the 0th day or 10th day after

reaching confluency were transiently transfected for 48 h

with 2.5 lg of an EGFP-LC3 vector. For microscopy, the

cells were fixed in 4% formaldehyde for 15 min at room tem-

perature and permeabilized in 19 PBS containing 0.3% Tri-

ton X-100 for 10 min at room temperature. The cells were

collected, resuspended in mounting medium (Slow Fade

Gold antifade reagent; Invitrogen), and taken on glass slides

for visualization under a fluorescence microscope (Leica). To

quantify LC3 puncta formation, 100–200 GFP-positive cells

with at least five green dots per cell were counted for each

replicate. The ratio of cells with five or more puncta (repre-

senting autophagic cells) to the total number of GFP-positive

cells was calculated and presented as a graph. The EGFP-

LC3 vector was kindly provided by Tamotsu Yoshimori [65].

Chromatin immunoprecipitation (ChIP)

The culture medium from proliferating or differentiated

Caco-2 cells was removed, and the cells were fixed with

ChIP-IT� Fixation Buffer (Active Motif, Carlsbad, CA,

USA) for 15 min according to the manufacturer’s protocol.

To stop the fixation reaction, 125 mM glycine was added to

the existing culture media and incubated for 5 min. The cells

were then washed twice with 19 PBS at room temperature.

After aspirating PBS completely, cross-linked cells were

gently detached in ice-cold 19 PBS containing protease inhi-

bitors on ice, using a scraper. After centrifugation at

13 000 g for 1 min at 4 °C, the pellets were then frozen in

liquid nitrogen and stored at �80 °C or used immediately.

For sonication, cells were suspended in ChIP SDS lysis buf-

fer (1.0% SDS, 10 mM EDTA, 50 mM Tris/HCl pH 8.1, 19

protease inhibitor cocktail, 1 mM PMSF) on ice for 10 min,

and then sonicated using an ultrasonic cup horn sonicator

(Q700 QSonica�; Newtown, CT, USA) with a pulse mode of

30-s ON and 30-s OFF for 20 min, while output intensity

was 100%. Following sonication, the samples were cen-

trifuged at 14 000 g for 15 min at 4 °C and the supernatants

were collected to a new tube. DNA amount was determined,

and 50 µg of chromatin was diluted 10 times in ChIP dilu-

tion buffer (0.01% SDS, 1.1% Triton X, 1.2 mM EDTA,

16.7 mM Tris/HCl pH 8.1, 167 mM NaCl, 19 protease inhibi-

tor cocktail, 1 mM PMSF) followed by preclearing with

10 : 1 v/v chromatin : Protein A/G PLUS-Agarose Beads

(Santa Cruz Biotechnology, Dallas, TX, USA) for 2 h at

4 °C, using a rotator. Samples were centrifuged at 1800 g for

2 min at 4 °C, and the supernatants were collected in a new

tube. 10% v/v of supernatant was saved in a fresh tube to be

used as ‘input’. Fifty microgram of chromatin samples was

rotated o/n at 4 °C with 5 µg of HNF4a (Thermo Fisher Sci-

entific, K9218, cat no: MA1-199) or CDX2 antibodies

(Abcam, Cambridge, UK, Cat No: ab15258) or correspond-

ing IgG antibodies (Santa Cruz Biotechnology, Cat No:

sc:2028 for HNF4a and sc:2025 for CDX2). The day after,

80 µL of Protein A/G PLUS-Agarose beads (Santa Cruz

Biotechnology, Cat No: sc-2003) was added to each sample

(IgG or specific antibody), and the samples were incubated

with the beads mixture at 4 °C under rotary agitation for

2 h. Following centrifugation at 1800 g, 4 °C for 2 min, the

supernatants were discarded and the beads were washed

twice with low salt buffer (0.1% SDS, 1% Triton X-100,

2 mM EDTA, 20 mM Tris/HCl pH 8.1, 150 mM NaCl), twice

with high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM

EDTA, 20 mM Tris/HCl pH 8.1, 500 mM NaCl), once with

LiCl buffer (0.25 M LiCl, 1% IGEPAL-CA630, 1% deoxy-

cholic acid, 1 mM EDTA, 10 mM Tris pH 8.1), and twice

with TE buffer (10 mM Tris/HCl, 1 mM EDTA, pH 8.0).

After washing, elution buffer containing 1% SDS and 0.1 M

NaHCO3 was added onto the beads to elute the protein com-

plex from the antibody by incubating at room temperature

for 15 min with rotation. Five molar of NaCl was added to

the eluates, and protein–DNA crosslinks were reversed by

heating at 65 °C for 4 h. Ten millimolar EDTA, 40 mM Tris/

HCl pH 6.5, and proteinase K containing eluates were incu-

bated at 45 °C for 1 h followed by column purification of

DNA using ChIP DNA Clean & Concentrator Kit (Zymo

Research, Irvine, CA, USA). The purified DNA samples

were used in qRT-PCRs. The ChIP primers used in the qRT-

PCRs are given in Table S7.

2519The FEBS Journal 287 (2020) 2504–2523 ª 2019 Federation of European Biochemical Societies

S. Tunc�er et al. HNF4a links differentiation to ER stress

 17424658, 2020, 12, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.15152 by B

ilecik Seyh E
debali, W

iley O
nline L

ibrary on [13/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



In silico analyses

The raw files for GSE17538 were downloaded using the

GEOquery [66] package from Bioconductor (https://www.b

ioconductor.org/install/). Raw data were then normalized

using GCRMA [67] and annotated with hgu133plus2.db

[68] packages, respectively. Afterward, cancer samples were

classified into poor (n = 28), moderate (n = 163), and well-

differentiated (n = 16) based on the clinical data available

in ArrayExpress database (https://www.ebi.ac.uk/arrayex

press/experiments/). Probes for the genes of interest were

extracted from the expression matrix, and the highest

expressing ones were used for further graphical and statisti-

cal analysis. All statistical tests were carried out on R Pro-

gramming Language version 3.5.1 [69].

The normalized data as well as probe annotation file for

GSE84742 were downloaded from ArrayExpress database

(https://www.ebi.ac.uk/arrayexpress/experiments/). Individ-

ual files were converted into an overall data frame using

basic R packages, and probes were matched to their respec-

tive symbols using dplyr package [70].

Differential expression analysis for GSE11759 Hnf4a
wild-type vs knockout was performed using limma package

[71], and the probes representing genes for ER stress and

autophagy were selected based on the information provided

by the annotation package. Selection criteria were based on

P-value < 0.05 and when multiple probes were present, the

most significant ones were taken into consideration. All sta-

tistical tests indicated on respective figures were carried out

on R Programming Language version 3.5.3 [69].

For HNF4a ChIP-Sequencing dataset (GSE23436) anal-

ysis, MACS2 peak calling results for GSM575228 (prolifer-

ating cells) and GSM575229 (differentiated cells) were

obtained from GEO database [32]. For the annotation of

the peaks 2000 bp upstream region was obtained from

UCSC Genome Browser [72] and merged with GALAXY

tool [73]. PantherDB was used for the enrichment analysis

of obtained genes [74].

For XBP1 and ATF6 enrichment analysis from HNF4a
ChIP-Sequencing dataset (GSE23436), SRA files were

downloaded and reads were mapped to hg18 genome

assembly using bowtie version 2.3.3 [75]. MACS2 was used

for peak calling [76]. For the annotation of the peaks,

2000 bp upstream region was obtained from UCSC Gen-

ome Browser [72] and merged with GALAXY tool [73].

Reads were visualized with EaSeq [77].

To analyze the GSE69333 dataset, raw sequencing files

were obtained for GSM1697907 (day 0), GSM1697908 (day

4), GSM1697909 (day 12), and GSM16979010 (day 15)

with SRA toolkit. Reads were mapped to hg19 genome

using bowtie2 version 2.3.3 [75]. Peak caller software

MACS2 [76] was used to identify enriched peaks against

the day 0 sequence. Five thousand base pair upstream and

downstream region of TSS data was obtained from UCSC

Genome Browser [72] and merged with GALAXY tool

[73]. GSM1697907 (day 0) cells were used as control for

peak calling. The up- and downstream regions are shown

with different colors. Peaks with lowest q value were

reported. Reads were visualized with EaSeq [77].

Statistical analyses

All experiments were repeated at least three times, and data

are expressed as mean � standard error of mean (SEM).

Statistical analyses between experimental results were based

on unpaired t-test, and GRAPHPAD (Prism version 6.00 for

Windows, GraphPad Software, La Jolla, CA, USA) was

used for data analyses and for the generation of graphs,

unless otherwise indicated.
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