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Abstract

Aim—Mature, differentiated enterocytes are essential for normal gut function and critical to
recovery from pathological conditions. Little is known about the factors that regulate intestinal
epithelial cell differentiation in the adult intestine. The transcription factor, Cdx2, involved in
enterocytic differentiation, remains expressed in the adult. Since we have implicated SIfn3 in
differentiation in vivo and in vitro, we examined whether it also mediated differentiation in the
IEC-Cdx2-L1 cell model of differentiation.

Materials and Methods—IEC-Cdx2-L1 cells, permanently transfected with Cdx2 under the
control of isopropyl-B-D-thiogalactoside (IPTG), were stimulated to differentiate by 16-day
exposure to IPTG. Transcript levels of Cdx2, SIfn 3 and villin were determined by quantitative
reverse transcriptase-polymerase chain reaction of mRNA isolated from IPTG-treated and control
cells. SIfn3 expression was lowered with specific SiRNA to investigate the role of SIfn3 in Cdx2-
driven villin expression in IPTG-differentiated cells.

Results—SIfn3 and villin expression was significantly greater in IPTG-treated cells. SIfn3
SiRNA lowered SIfn3 expression and abolished the IPTG-induced rise in villin expression (p<0.05
by ANOVA); Cdx2 expression was unaffected by SIfn3 siRNA.

Discussion—The data indicate that the presence of SIfn3 is required for Cdx2 to induce villin
expression and thus, differentiation. However, SIfn3 must also promote differentiation
independently of Cdx2 since IEC-6 cells that do not normally express Cdx2 can be differentiated
by a variety of SIfn3-dependent mechanisms.
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Introduction

The intestinal epithelium exhibits great capacity for self-renewal and differentiation.
Enterocytes differentiate as they migrate from the crypts to the villus tips where they are
eventually shed [1]. Differentiated enterocytes are essential to the maintenance of normal
absorptive function as well as to adaptation to various pathological states such as fasting,
total parenteral nutrition, ileus and short gut syndrome [2]. However, the intracellular
signaling pathways responsible for differentiation along the crypt-villus axis of the small
intestine remain largely unknown. Several transcription factors influence differentiation
during embryonic development and homeostasis of the adult intestine [3, 4]. Among them,
Cdx2, a gene of the paraHox cluster, encodes for a homeodomain transcription factor that
plays an important role in gut patterning in the embryo [5]. In adult animals, Cdx2
expression is restricted to the intestinal epithelium where it regulates diverse genes that
define a functionally differentiated phenotype [6].

Schlafen3 (SIfn3) is a member of a family of growth regulatory genes first described in mice
in 1999 that influence T-cell development, differentiation in haematopoietic cell lines, and
the inflammatory response to HIV infection [7-11]. Our laboratory has demonstrated that
SIfn3 promotes differentiation in rat intestinal epithelial cells (IEC). In vitro, disparate
differentiation stimuli upregulate SIfn3 expression in IEC-6 cells; SIfn3-specific SIRNA
decreases both basal and stimulated dipeptidyl dipeptidase 4 (DPPIV) activity, a canonical
marker of differentiation [12]. In vivo, jejunal SIfn3 levels are low in atrophic adult rat
mucosa expression and increase with gestational age [13, 14]. Finally, intraluminal
instillation of a SIfn3 adenovirus enhances mucosal MRNA and protein levels of several
differentiation markers (villin, sucrase-isomaltase, DPPIV, and Glut2) while treatment with
silencing RNA lowers their expression [15].

How SIfn3 regulates the expression of these differentiation markers also awaits elucidation.
Schlafens have been shown to affect cell cycle proteins like cyclin D1 and p27Kip1 [16, 17]
but their interactions with homeodomain proteins have not been investigated. We
hypothesized that Cdx2 might induce and act through SIfn3 to drive differentiation. We
tested our hypothesis in a well-accepted model of enterocytic differentiation, IEC-6 cells
permanently transfected with Cdx2 (IEC-Cdx2-L1) under IPTG control [18-20]. Although
our previous observations suggest that SIfn3 can induce differentiation independently of
Cdx2 in native IEC-6 cells that lack Cdx2 [12], our results here also indicate that SIfn3 acts
downstream of Cdx2 and mediates at least some of the Cdx2 effects on rat enterocytic
differentiation.

Materials and Methods

Cell Culture

The stable Cdx2-transfected IEC-6 cell line (Cdx2-L1), developed and characterized by Suh
and Traber [18] was a gift of Dr. J.Y. Wang (University of Maryland, Baltimore, MD). Cells
were maintained in Dulbecco’s Modified Medium supplemented with 0.1 U/ml bovine
insulin and 5% heat-inactivated FBS in a humidified 5% CO2 atmosphere. Isopropyl-p-D-
thiogalactoside (IPTG; 4 mM) treatment for 16 days was used to induce gene expression;
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non-IPTG-treated cells served as controls. To lower SIfn3 expression, 16-day-differentiated
cells were trypsinized and replated at 30% confluence and then treated with specific SIfn3
SiRNA (50-200 nM), or a non-targeting control (NT1) (Ambion, Thermo Scientific,
Pittsburgh, PA) using Oligofectamine or Lipofectamine RNAIMAX (Life Technologies,
Grand Island, NY). Cells were lysed after 18-48 hours for assay of Cdx2, SIfn3 and villin
expression by RT-PCR; changes in SIfn3 protein expression were confirmed by Western
blot.

Quantitative RT-PCR

RNA was extracted with the RNeasy kit (QIAGEN, Valencia, CA). Complementary DNA
was then amplified with SYBR Green Real-Time PCR Master Mix on an Applied
Biosystems 7500 Real-Time PCR (Invitrogen, Grand Island, NY) using the following rat
primers: SIfn3: for-attctgctgtgcagtgttcg/rev-ttgcttggagaaacatgctg; villin: for-
caacttctatgagggagactgctac/rev-tagtcatccagetgtgtggtataga; Cdx2: for-
cgatacatcaccaccaggagg/rev-tggctctgeggttctgaaa; and 18S: for-agttccgaccataaacgatge/rev-
cccttecgtcaattectttaa, all from Integrated DNA Technologies (Coralville, 1A). Expression
levels were calculated from the threshold cycle (Cy) as 272ACt ysing 18S as the reference.

Western blot

Control and IPTG-induced IEC-Cdx2-L1 cells were lysed 48 hours after exposure to SIfn3
SiRNA. Equal amounts of protein, determined by the bicinchoninic acid method (BCA,
Thermo Fisher, Rockford, IL), were separated by SDS-Page electrophoresis and the proteins
transferred to nitrocellulose membranes. Membranes were exposed to SIfn3 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA); GAPDH (glyceraldehyde 3-phosphate
dehydrogenase; Meridian Life Sciences, Memphis, TN) served as control. Bands were
detected on an Odyssey Infrared Imaging System using Li-Cor Biosciences secondary
antibodies (Lincoln, NB) and densitometry analyzed on a Kodak 440CF Image Station
(Rochester, NY).

Statistical analysis

At least three experiments were performed with similar results. Data from representative
experiments are presented as X+SE; one-way ANOVA was used to calculate significance,
seeking 95% confidence.

Results

IPTG treatment induces differentiation in IEC-Cdx2-L1 cells

We first determined whether 16 days of IPTG treatment enhanced Slfn3 and villin
expression, used as an index of differentiation. Cdx2, SIfn3, and villin expression were
significantly elevated after exposure to IPTG (Fig. 1, *p<0.05).
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Lowering SIfn3 levels via specific sSiRNA decreases villin expression in differentiated IEC-
Cdx2-L1 cells

Since both SIfn3 and villin expression were elevated in IPTG-treated IEC-Cdx2-L1 cells, we
asked whether the increase in villin mRNA was a consequence of the cells’ differentiation
status or more directly correlated to the higher levels of SIfn3. SIfn3 siRNA decreased
baseline expression by 30% and completely ablated the IPTG-induced increase in SIfn3 (Fig
2A; p<0.05 by one-way ANOVA). As shown in Fig 2B, SIfn3 protein levels paralleled RNA
expression, higher with IPTG and significantly lower after sSiRNA exposure (p<0.05 by
ANOVA). SIfn3 siRNA reduced basal and significantly blunted the IPTG-driven increase in
villin expression (Fig 3; p<0.05 by ANOVA).

Cdx2 expression is not decreased in IEC-Cdx2-L1 cells after lowering SIfn3 levels via

SiRNA
We confirmed that Cdx2 expression was elevated in IPTG-differentiated cells. However,
Cdx2 expression appeared somewhat elevated in the face of decreased SIfn3 (Fig 4),
suggesting that SIfn3 acts downstream of Cdx2 to regulate villin expression. Results shown
in Figs 2A, 3 and 4 were all obtained from the same experimental samples while results
depicted in Fig 2B were derived from samples in separate parallel studies.

Discussion

While we have previously implicated SIfn3 in the induction of differentiation by
extracellular stimuli such as repetitive deformation, butyrate and TGF-beta [12], our present
results further suggest that SIfn3 is required for at least some aspects of differentiation
mediated by the intracellular trigger Cdx2. Cdx2 is a member of a regulatory network that
controls intestinal differentiation, proliferation, adhesion and apoptosis [3, 21, 22]. Mouse
embryos lacking Cdx2 develop a foregut type of mucosa while loss of Cdx2 in adult mice
alters intestinal gene expression and villus morphology, leading to chronic diarrhea and
death [6]. Conversely, mice overexpressing Cdx2 exhibit reduced post-natal growth, perhaps
because of early epithelial maturation and decreased nutrient absorption [5].

IEC-Cdx2-L1 cells express elevated SIfn3 and villin levels when stimulated to differentiate
by IPTG. Villin is a well-described marker for differentiation [23] and we have previously
reported that adenoviral overexpression of SIfn3 increases villin expression in human
Caco-2 intestinal epithelial cells in vitro and in rat intestinal mucosa in vivo while lowering
SIfn3 with siRNA decreased villin expression [12, 13, 15], establishing a correlation
between SIfn3 and villin abundance. How SIfn3 promotes enterocytic differentiation or
villin expression remains unknown. Two Cdx2 binding sites have been identified in the
villin promoter, and Cdx2 regulates villin expression in the human SW480 cell line [24].
Increasing Cdx2 by IPTG induction increased SIfn3 expression in IEC-Cdx2-L1 cells, while
Cdx2 expression under the admittedly artificial conditions of the exogenous IPTG promoter
remained elevated after treatment with SIfn3 siRNA, suggesting that Cdx2 lies upstream of
SIfn3. That villin expression was lower in the presence of persistently elevated Cdx2 levels
further suggests that SIfn3 is required for the Cdx2 effect on villin expression. Basal Cdx2
expression in these cells may reflect some “leakiness” of the promoter, an effect that may
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account for our observation that villin expression is significantly lower in response to
modestly decreased SIfn3 levels in the absence of IPTG. Conversely, these results may
support a Cdx2-independent action of SIfn3 on villin expression.

Figure 5 delineates a hypothesized relationship between Cdx2, SIfn3, and villin based upon
our current observations and previously published data. Exogenous physiologic stimuli are
known to induce both SIfn3 [12] and Cdx2 [3]. In this manuscript, we demonstrate that
specifically overexpressing Cdx2 under the control of an IPTG-driven promoter can itself
induce SIfn3 in IEC-6 rat enterocytes, and that this induction of SIfn3 is required for the
effect of Cdx2 on villin expression.

Little is known about the intracellular signaling pathways that regulate Cdx2 activity,
particularly in response to extracellular signals. Cdx2 may affect differentiation via
interactions with other transcription factors, such as HNF1a/p, GATA4-6, or ETS and may
bind to either promoter or enhancer elements in its target genes [4, 21, 25]. Cdx2 binding
and co-operation with individual transcription factors are also dictated by the differentiation
status of the cell [26]. In addition, Cdx2 can alter differentiation through non-transcriptional
mechanisms including inhibition of DNA repair, interactions with Smad3 or -catenin and
stabilization of p27KiP1 [27]. Our results indicate that absence of SIfn3 interferes with Cdx2-
dependent villin expression in differentiated IEC-Cdx2-L1 cells. Thus, although Cdx2 binds
the villin promoter directly, SIfn3 may act as a necessary co-factor to facilitate Cdx2 co-
operation with a specific transcription factor or to affect one of its non-transcriptional
functions.

Native IEC-6 cells do not express Cdx2 [18]. However, villin is expressed when IEC-6 cells
are grown beyond confluence [28] and butyric acid stimulates differentiation in those cells
[17]. Our previous results also support a direct role for SIfn3 in IEC-6 differentiation in
response to several exogenous stimuli [12]. Furthermore, when SIfn3 is expressed in IEC-6
by adenoviral infection, DPPIV activity is significantly elevated when compared to the non-
transfected controls (unpublished observations Yuan and Basson). Thus, although Cdx2
promotes rat intestinal epithelial cell differentiation in part through SIfn3, SIfn3 can mediate
differentiation independently of Cdx2.

A well-differentiated small intestinal mucosa is essential for proper function as it supports
optimal nutrient absorption and barrier function. Highly differentiated IEC-Cdx2-L1 cells
migrate faster than parental IEC-6 controls [20], also underscoring the importance of a
differentiated mucosa to wound healing. The mucosa must simultaneously act as an
absorptive surface that can actively translocate nutrients to supplement passive diffusion and
a barrier to toxins and bacteria. We have previously traced in vitro influences on intestinal
epithelial differentiation by luminal contents such as butyrate [29-31] and glutamine [32],
growth factors such as TGF- [33] or somatostatin [34], chemical factors like pH [35], and
even physical forces like repetitive deformation during peristalsis or villous motility [36,
37]. In short gut syndrome, when there is inadequate mucosal capacity to maintain nutrition
[2], attention has chiefly focused on the use of mitogens such as teduglutide to stimulate
enterocytic proliferation to increase mucosal mass, but such mitogenic stimuli may actually
reduce differentiation [38]. Conversely, malignancy represents an obvious loss of
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differentiation while proliferation increases. Mucosal atrophy and dedifferentiation in the
absence of luminal nutrients [39] may also be important for the loss of barrier function that
occurs in this setting.

It therefore becomes important to elucidate the pathways by which intestinal epithelial
differentiation is regulated as well as those that regulate intestinal epithelial proliferation.
Cdx2 is well-described to be one of the key transcription factors that turn on a gene program
for enterocytic differentiation [3—6]. Such transcription factors are generally thought to act
directly on promoters for gene transcriptions, and this is certainly true. However, the present
results suggest that the induction of SIfn3 by Cdx2 may be essential to Cdx2 promotion of at
least one differentiation marker, villin. This is particularly interesting since we have recently
reported that SIfn3 is a predominantly cytosolic protein, and its activity is not affected by
blocking its entry into the nucleus [40]. Precisely how SIfn3 works in this setting is not yet
known. We have previously demonstrated that other cytoplasmic signals such as tyrosine
kinases [41], PKC [42], and cyclic nucleotides [43] can modulate intestinal epithelial
differentiation.

Certainly transcriptional activity is ultimately affected, as we demonstrate here by showing
an increase in villin promoter activity. SIfn3 and its human ortholog(s) likely bind to other
proteins, either sequestering them from nuclear entry, protecting them from degradation so
that they are available for subsequent activity, or manipulating them in some other way that
ultimately results in some third class of proteins being available within the nucleus.
However, taken together with our present results, this both suggests a previously
unsuspected complexity to the actions of Cdx2 and raises the possibility that manipulation of
the pathway by which SIfn3 promotes enterocytic differentiation may ultimately be a
desirable clinical pharmacological target. Enhancing enterocytic differentiation should be
considered in any effort at improving function in conditions such as fasting, total parenteral
nutrition or adaptation to massive bowel resection. To that end, Cdx2-SIfn3 interactions, at
the transcriptional or non-transcriptional level, remain an important topic for further study.
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Figure 1.
Treatment of IEC-Cdx2-L1 enterocytes with 4 uM IPTG for 16 days significantly induces

Cdx2 expression. This is accompanied by significant increases in expression of Schlafen3
(SIfn3) and villin, a marker of differentiation (*p<0.05 vs control cells without IPTG).
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Figure2.
A) SIfn3 specific SIRNA lowers basal and ablates IPTG-stimulated SIfn3 expression in IEC-

Cdx2-L1 cells when compared to the non-targeting control sSiRNA (NT1) (*p<0.05vs NT1
control, #p<0.05 vs NT1-IPTG by one-way ANOVA, representative of 3 similar). B) IPTG
exposure increases SIfn3 protein levels in NT1-treated cells (*p<0.05); specific SiRNA
significantly lowers both basal and IPTG-stimulated SIfn3 protein expression (#p<0.05 vs
NT1 and NT1-IPTG by ANOVA). Bars: densitometric analysis of n=5; a representative
Western blot is shown above the bars.
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Lowering SIfn3 expression with SIfn3 specific siRNA significantly decreases both basal and
IPTG-induced villin mRNA levels in IEC-Cdx2-L1 cells (*p<0.05 vs NT1 control, #p<0.05

vs NT1 and NT1-IPTG, representative of 3 similar).
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Figure4.
Cdx2 expression levels, elevated by IPTG-treatment, are not affected by SIfn3-specific

SiIRNA, suggesting that Cdx2 lies upstream of SIfn3 in IEC-Cdx1-L1 enterocytes (*p<0.05
vs control cells without IPTG, representative of 4 similar).
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Figure5.
Cartoon illustrates the hypothesized relationship between Cdx2, Schlafen 3, and enterocytic

differentiation markers such as villin, based upon current and previously published
observations.
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