
Schlafen-3: A novel regulator of intestinal differentiation

Vaishali B. Patel1,3, Yingjie Yu1,3, Jayanta K. Das1,3, Bhaumik B Patel1,2,3, and Adhip PN
Majumdar1,2,3
1Veterans Affairs Medical Center, Wayne State University, Detroit, MI 48201, USA
2Karmanos Cancer Institute, Wayne State University, Detroit, MI 48201, USA
3Department of Internal Medicine4, Wayne State University, Detroit, MI 48201, USA

Abstract
Schlafen-3 (Slfn-3), a novel gene, has been shown to be a negative regulator of proliferation. The
current investigation was undertaken to determine whether Slfn-3 might play a role in regulating
cellular differentiation. Butyric acid, a short chain fatty acid, which induced differentiation of
intestinal cells as evidenced by increased alkaline phosphatase (ALP) activity in the rat small
intestinal IEC-6 cells, also produced a marked increase in Slfn-3 expression. Furthermore,
overexpression of Slfn-3 caused stimulation of ALP activity in IEC-6 cells, which was exacerbated
by butyrate. On the other hand, downregulation of Slfn-3 by slfn-3-si-RNA greatly attenuated the
butyrate mediated induction of differentiation of IEC-6 cells. Additionally, we observed that
increased expression of Slfn-3 in colon cancer HCT-116 cells stimulated TGF-β expression and
modulated expression of its downstream effectors as evidenced by increased expression of p27kip1
and downregulation of CDK-2. In addition, Slfn-3 increases E-cadherin expression but
downregulates β-catenin. In conclusion, our data show that Slfn-3 plays a critical role in regulating
intestinal mucosal differentiation. Furthermore our data also show that TGF-β signaling pathway
plays an important role in mediating slfn-3 induced differentiation.
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INTRODUCTION
The mammalian small intestinal mucosa is a single layer of epithelial cells that self renews
itself every 4–5 days [1]. The stem cells, located in the crypts of the intestinal mucosa are
responsible for orchestrating this process as well as for producing proliferating transit-
amplifying/progenitor cells. On the other hand the villi harbor the differentiated specialized
cells belonging to one of the following four categories namely: enterocytes, neuroendocrine
cells, goblet cells and paneth cells [1;2]. The process of differentiation into one of the four
types is orchestrated by Wnt/β-catenin, Bone morphogenic protein (BMP) and NOTCH
pathways mediated through various transcription factors such as krupple like factor(klf)-4,
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Sox9, elf3 and neurogranin-3 [[1;3;4;5;6]. This homeostatic process in intestinal differentiation
is molecularly well characterized.

We have recently reported that Schlafen-3 (Slfn-3), a novel gene, to be downregulated in the
intestinal mucosa during aging Fisher-344 rats [[7]. However, its role in regulating intestinal
mucosal homeostasis is unknown. Slfn-3 belongs to murine mutigene family consisting of 10
genes [8]. A unique domain named “Slfn box” along with the adjacent ATP/GTP binding AAA
domain is common to all the members in the family. The members are classified into three
distinct subtypes based on protein length and functional domain homology namely short,
intermediate and long. Slfn-3 belongs to intermediate group [[8;9;10]. In addition, members
in the intermediate and long family have a highly conserved “SWADL” domain which is
defined by a five amino acid sequence (Ser-Trp-Ala-Asp-Leu). Five members in the large
subgroup (Schlafen-5, Schlafen-8, Schlafen-9, Schlafen-10 and Schlafen-14) also have a C-
terminal sequence motif homologous to the superfamily-I of DNA/RNA helicases, which are
known to mediate many different aspects of DNA and RNA metabolism, such as transcription,
splicing and translation to RNA degradation [9;11;12].

Slfns 1–3 have been reported to possess potent growth inhibitory properties in vitro via
downregulation of Cyclin D1 [13]. Slfns plays an important role in maturation of immune cell
as evident by decreased thymocyte numbers in transgenic mice expressing Slfn-1 or -8 in the
T-cell lineages as well as change in expression of Schlafen gene(s) following infection and/or
induction of pro-inflammatory factors such as AP-1 and NF-κB [8;14]. More interestingly,
there is evidence that Slfn expression increases during cellular differentiation of hematopoietic
cells [15]. More recently, Slfn-2 induction has been shown to be essential during the process
of receptor activator of NF-κβ ligand (RANKL) induced differentiation of monocytes/
macrophages to osteoclasts [16]. However, the causal role of increased Slfn expression in
induction of differentiation has not been established and more importantly it has not been
studied in relation to intestinal mucosal differentiation. Since, Slfn-3 expression decreases with
aging in the colonic mucosa and that aging is associated with decreased cellular differentiation
in adipocytes [7;17], we hypothesized that Slfn-3 might play a role in regulating intestinal
differentiation. The current investigation was undertaken to test this hypothesis.

METHODS AND MATERIALS
Cell culture and transfection

Human colon cancer HCT-116 cells and rat small intestinal (IEC-6) cells were obtained from
American Type Culture Collection (ATCC, Rockville, MD, USA). They were maintained in
tissue culture flasks in a humidified incubator at 37°C in an atmosphere of 95% air and 5%
CO2. The HCT-116 cells, maintained in DMEM was supplemented with 10% FBS and 1%
antibiotic/antimycotic, whereas for IEC-6 cells the DMEM medium was supplemented with
0.1 Unit/ml bovine insulin. The medium for both cell lines was changed three times a week
and the cells were passaged using trypsin/ethylenediamine-tetracetic acid (EDTA). We chose
IEC-6 cells for our experiments for the following reasons: (a) IEC-6 cells, although immortal,
are derived from normal weanling rats and thus represent normal intestinal mucosal cells and
(b) Slfn-3 is a murine protein and IEC-6 represents murine intestinal cells, which is suitable
for measurement of changes in intrinsic Slfn-3 expression. The reason for choosing HCT-116
cells was that they are of human origin and devoid of Slfn-3 gene.

In some experiments, the cells were transfected with the vector plasmids pEGFP-N1
(Clonetech, CA) or expression plasmid pEGFP-N1/Slfn-3 using Lipofectamine 2000
according to the manufacturer’s instruction. Generation of pEGFP-N1 and pEGFP-N1/Slfn-3
is described below. For transfection, approximately 0.5~1 × 106 IEC-6 or HCT-116 cells in 2
ml DMEM/10% FBS were plated in the 35 mm tissue culture dishes.After 24 h, the cells were
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transfected with Lipofectamine-2000 according to the manufacterer’s instruction. Four
microgram of plasmid DNA was used in each well, and incubated for 48 h .

Cloning of rat schlafen 3 cDNA and Recombinant plasmid construct
This was carried out as described previously [7]. Briefly, total RNA from rat colonic mucosal
cells was reverse transcribed with Slfn-3 sequence specific oligos, 5’-
TGGTAGAGCGCTTGCCTAGT-3’, and the Slfn-3 cDNA was amplified using primers
designed against the date base sequence of coding region (NM_053687): forward primer, 5’-
CTCAAGCTTGGATTTCATCTGGGAAGCAG-3’, reverse primer, 5’-
GTGGATCCCTAGGCTCTGGGTTCAGTCCCC-3’. Briefly, 1 µg of purified RNA was
reverse transcribed in the presence of 2.5 mM MgCl2, 1× RT-PCR buffer [1 mM dNTPs, 10
mM dithiothreitol, 10 units RNase inhibitor, 1.25 µM Schlafen-3] sequence specific oligo and
15 units Multiscribe Reverse Transcriptase in a final reaction volume of 20 µl. The components
were mixed, briefly spun down and incubated at 25°C for 10 min for hybridization. Reactions
were carried out at 42°C for 30 minutes in a Gene Amp PCR system 9600 (Perkin-Elmer), and
then by cooling to 4°C. The RT reactions were subjected to polymerase chain reaction (PCR)
amplification. Five microliter of cDNA products was amplified with 25 µl of PfuUltra hotstart
2× PCR Master Mix (Stratagene, La Jalla, CA), 0.3 µM of upstream and downstream primers
in 50 µl reaction volume. Reactions were carried out in the Gene Amp PCR system 9600, first
hold for 2 minutes at 95°C for activated PfuUltra Hotstart DNA Polymerase, followed by 40
cycles at 95°C for 30 seconds, 62°C for 60 seconds, 72°C for 2 minutes, and final extension
at 72°C for 10 min. The PCR products were separated by electrophoresis in a 1% agarose gel
and visualized by ethidium bromide staining. The 1816 bp of target DNA fragments were
recovered, digested and cloned into HindIII and BamH I sites of plasmid, pEGFP-N1,
(Clontech, CA) to generate Slfn3-GFP protein. The constructs were sequenced and confirmed
to contain Rattus norvegicus Schlafen-3.

Growth inhibition assay
Changes in cell growth were analyzed by 3-(4, 5-dimethylthiazol-2yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay as described previously [18]. The intensity of the
color developed, which is the reflection of number of live cells, was measured at a wavelength
of 570 nm. All values were compared to the corresponding controls. All assays were performed
with 6 replicates.

Western-blot analysis
Western blot analysis was performed essentially according to our standard protocol [18].
Briefly, the cells were solubilized in lysis buffer [50 mM Tris; 100 mM NaCl; 2.5 mM EDTA;
1% Triton X-100; 1% Nonidet P-40; 2.5 mM Na3VO4; 25 µg/ml aprotinin; 25 µg/ml leupeptin;
25 µg/ml pepstatin A; and 1 mM phenylmethylsulfonyl fluoride (PMSF)]). Following
clarification at 10,000 × g for 15 min, the supernatant was used for Western-blot analysis. In
all analyses, protein concentration, determined by the Bio-Rad Protein Assay kit (Bio-Rad,
Hercules, CA), was standardized among the samples. Aliquots of cell lysates containing 50 µg
of protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Following electrophoresis, proteins were transferred electrophoretically onto
supported nitrocellulose membranes (Osmonics, Gloucester, MA). Membranes were incubated
for 1 h at room temperature with blocking buffer, TBS-T (20 mM Tris, pH 7.6, 100 nM NaCl,
0.1% Tween-20) and 5 % nonfat dry milk with gentle agitation. After washing the membranes
with TBS-T, they were incubated overnight at 4°C in TBS-T buffer containing 5% milk and
with one of the primary antibodies (1:1000 dilution. The membranes were washed 3 times with
TBS-T, and subsequently incubated with appropriate secondary antibodies (1:5000 dilutions)
in TBS-T containing 5% milk for 2 hours at room temperature with gentle agitation. The
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membranes were washed again with TBS-T, and the protein bands were visualized by enhanced
chemiluminescence (ECL) detection system (Amersham). The membranes containing the
electrophoresed proteins were exposed to X-Omat film. The membranes were then stripped (2
× for 15 min at 55 °C) in stripping buffer containing 100 mM 2-mercaptoethanol, 2% SDS and
62.5 mM Tris-HCl pH6.7, and reprobed with β-actin as loading control. All Western blots were
performed at least three times for each experiment. Densitometric measurements of the scanned
bands were performed using the digitized scientific software program UN-SCNAT. Data were
normalized to β-actin.

Statistical Analysis
Unless otherwise stated, data were expressed as mean ± SD. Where applicable, the results were
compared by using the unpaired, two-tailed Student t-test, as implemented by Excel 2000
(Microsoft Corp., Redmond, WA). P values <0.05 were considered statistically significant.

Results
The primary objective of the current investigation was to determine whether Slfn-3 plays a role
in regulating intestinal differentiation. The first set of experiments was designed to examine
the causal relationship between Slfn-3 expression and differentiation. To accomplish this goal
we used butyric acid, a short chain fatty acid produced as a result of degradation of dietary
fiber by colonic microbes, which has been shown to inhibit cell proliferation but induces
differentiation of the intestinal mucosal cells [19;20]. The latter is evident by increased
expression and activity of the brush border enzyme, alkaline phosphatase (ALP).

In the current investigation, a dose of 2 mM sodium butyrate (Na-butyrate) was used to induce
maturation/differentiation of IEC-6 cells. This dose has been found to cause a 50% inhibition
of growth of IEC-6 cells, as determined by MTT assay (data not shown). To examine the effect
of butyrate on differentiation of intestinal cells, induction in ALP activity was determined in
IEC-6 cells following incubation with 2 mM Na-butyrate for 6-, 12- and 24 h. We observed
no significant increase in ALP activity 6 h or 12 h after incubation with 2 mM Na-butyrate,
whereas after 24 h there was a significant 30% increase in ALP activity, when compared with
the control (Fig. 1A). To determine whether a relationship exists between intestinal
differentiation and Slfn-3, IEC-6 cells treated with or without 2 mM Na-butyrate for 6, 12 and
24 h were then analyzed for Slfn-3 expression by Western-blot. Na-butyrate caused no apparent
change in Slfn-3 levels after 6 h, but at 12 h there was a robust 3.25 fold induction in Slfn-3 h
expression, which returned essentially to the baseline by 24 h (Fig 1B). Taken together, the
results show that butyrate that induces intestinal differentiation also stimulates Slfn-3
expression. Furthermore, the observation that stimulation of Slfn-3 expression by butyrate
precedes butyrate-mediated induction of ALP activity suggests a role for Slfn-3 in cellular
differentiation.

To further determine the role of Slfn-3 in regulating intestinal differentiation, IEC-6 cells were
transiently transfected with Slfn-3 cDNA, control vector or Sfln-3-siRNA. Parental IEC-6 cells
served as negative control. Twenty-four hours following transfection, cells were treated with
2 mM Na-butyrate for another 24 h following which they were analyzed for ALP activity. As
expected, butyrate caused a modest 30% increase in ALP activity in cells transfected with the
control vector, whereas the Slfn-3 transfected cells showed a robust 180% increase in ALP
activity in response to butyrate when compared with the parental cells (Fig. 2). In contrast, in
IEC-6 cells transfected with Slfn-3 si-RNA demonstrated only a minor 15% increase in ALP
activity, compared to the untreated parental cells (Fig 2). The results suggest that induction of
Slfn-3 in small intestinal cells is essential for differentiation.
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Although the precise regulatory mechanisms for the Slfn-3-mediated intestinal mucosal
differentiation are not fully understood, we examined the possibility whether TGF-β a
polypeptide growth factor with pleiotropic effects that affects growth and differentiation [21],
might be involved in this process. To test this possibility, human colon cancer HCT-116 cells,
which are devoid of Slfn-3 gene, was used. Transfection of Slfn-3 cDNA into HCT-116 cells
that induced differentiation, as evidenced by a 40% increase in ALP activity, also augmented
TGF-β expression by 55%, when comapred with the corresponding controls (Fig. 3A & B).
Increased expression of TGF-β in Slfn-3-transfected HCT-116 cells was accompanied by a
concomitant rise in E-cadherin and reduction in β-catenin levels, when compared with the
vector-transfected controls (Figs. 3A and B). Changes observed in the expression of E-cadherin
and β-catenin in HCT-116 cells following transfection of Slfn-3 gene are compatible with
inhibition of cellular growth and induction of differentiation.

To understand the implications of Slfn-3 mediated stimulation of TGF-β in induction of
differentiation, we examined downstream regulatory events of the growth factor. Previously,
we demonstrated that transfection of colon cancer HCT-116 cells with Slfn-3-cDNA results in
cell cycle arrest at G1 phase accompanied by downregulation of cyclin-D1, phopho-Rb and
PCNA [7]. As a follow-up we have examined the levels of selected cyclin dependant kinases
(Cdks) and their inhibitiors. We observed a 52% reduction in Cdk-2 (Fig. 3B), whereas the
levels of CDK-4 showed no apparent change (data not shown). On the other hand, levels of
p27kip1, the universal inhibitor of Cdks, were 2-fold increased over the vector transfected
control, which may have contributed to the reduction in Cdk2 (Fig. 3B).

Discussion
Butyric acid, a short chain fatty acid, is produced in the human colon by bacterial fermentation
of carbohydrates. In addition to serving as a major energy substrate for colonic mucosa, it has
important physiologic roles such as inhibition of cell proliferation and induction of
differentiation [22]. Therapeutic potential of butyrate in colon cancer has been demonstrated
where it causes induction of differentiation as shown by stimulation of brush border enzymes
such as ALP,[20]. The our current observation of increased in ALP activity in rat IEC-6 cells
in response to Na-butyrate is in agreement with what has been reported earlier. However the
fact that we only observed 30–40% induction in IEC-6 cells by Na-butyrate is the probably the
result of cell type studied. It has been demonstrated that the extent of ALP activation depends
on the dose and cell type and is greater in transformed cancer cells such as caco-2 as opposed
to normal intestinal epithelial IEC-6 cells [23].

Although the mechanism of butyrate induced differentiation is poorly understood, our data for
the first time, demonstrate that expression Slfn-3, a novel gene, which we have shown to inhibit
intestinal cell proliferation [7]), is stimulated by butyrate. This stimulation is associated with
increased activity of ALP, indicating a relationship between the two. Additional support for
the role of Slfn-3 in regulating intestinal mucosal differentiation comes from the observation
that transfection of intestinal cells with Slfn-3-si-RNA markedly attenuates the butyrate
mediated stimulation of differentiation.

Our current data also demonstrate that Slfn-3 causes increased expression of TGF-β, a
polypeptide growth factor with pleiotropic effects that affects growth and differentiation [21].
This suggests a role for TGF-β in regulating Slfn-3 mediated differentiation of intestinal cells.
This is further supported by the observation that downstream events of TGF-β signaling are
also modulated, as evidenced by increased expression of p27kip1 and down regulation of
CDK-2. Intestinal differentiation has been shown to require Induction of p27kip1 that inhibits
CDK2 activity [24;25]. Our observation that overexpression of schlafen aguments p27kip1 with
concommitent decrease in CDK-2, suggests a possible role for Slfn-3 in intestinal
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differentiation [24]. Previously it had been demonstrated that butyrate induced differentiation
was associated with upregulation of p21waf1 and p27kip1 but the mechanism was not
elucidated [26]. Our current data demonstrate that Slfn-3 which is induced by butyrate play a
critical role in regulating intestinal differentiation.

In conclusion, our current data demonstrate that butyrate mediated induction of differentiation
of intestinal cells is associated with parallel rise in schlafen-3 expression. Downregulation of
Slfn-3 by slfn-3 si-RNA greatly attenuates butyrate mediated induction of differentiation.
Additionally, TGF-β play an important role in mediating slfn-3 induced differentiation.
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Figure 1.
(A)Time related change in ALP in IEC-6 cells treated with butyrate (2mM). The results are
expressed as % change in ALP activity compared with untreated control and (B) Time related
change in Schlafen-3 expression in IEC-6 cells treated with butyrate (2mM). Cells were
incubated with butyrate for 6, 12 and 24 hours. Western blots were probed with anti-Schlafen
3/4 antibody. The number below the bands represent % of the corresponding untreated control.
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Figure 2.
Change in ALP activity following incubation of IEC-6 cells with butyrate (2mM) in cells
pretransfected with scramble cDNA, Schlafen-3 cDNA (Slfn3) and Schlafen-3 si-RNA (Slfn3-
SiRNA). Data are expressed as % change in ALP activity compared with untreated control.
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Figure 3.
Changes in ALP activity (A) and expression of TGF-β, p27kip1, CDK-2, E-Cadherin and β-
catenin (B) following scramble cDNA or Schlafen-3 cDNA (Slfn3) transfection in HCT-116
cells. ** p<0.001 compared to control. The number below the bands represent % of the
corresponding untreated control.
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