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Abstract

IMPORTANCE—The normal absorptive function and structural maintenance of the intestinal 

mucosa depend on a constant process of proliferation of enterocytic stem cells followed by 

progressive differentiation toward a mature phenotype. The mechanisms that govern enterocytic 

differentiation in the mucosa of the small intestine are poorly understood.

OBJECTIVE—To determine whether schlafen 3 (but not other schlafen proteins) act in vivo and 

whether its effects are limited to the small intestine. We have previously demonstrated in 

nonmalignant rat intestinal IEC-6 cells that schlafen 3 levels correlate with the expression of 

various differentiation markers in vitro in response to differentiation stimuli.

DESIGN—Randomized controlled experiment.

SETTING—Animal science laboratory.

PARTICIPANTS—Male Sprague-Dawley rats 8 to 13 weeks old.

MAINOUTCOMES AND MEASURES—Messenger RNA (mRNA) from jejunal and colonic 

mucosa was isolated, and transcript levels of schlafen proteins 1, 2, 3, 4, 5, 13, and 14; sucrase 

isomaltase (SI); dipeptidyl peptidase 4 (Dpp4); glucose transporter type 2 (Glut2); and villin were 
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measured by quantitative reverse transcriptase–polymerase chain reaction. We tested parallel 

variations in protein levels by Western blotting and Dpp4 enzyme activity.

RESULTS—The transcript level of schlafen 3 (Slfn3) correlated with the levels of the 

differentiation markers SI, Dpp4, Glut2, and villin. However, the expression of schlafen proteins 

1, 2, 4, 5, 13, and 14 did not correlate with the expression of the differentiation markers. The 

mucosal mRNA levels of Slfn3, SI, Glut2, and Dpp4 were all substantially higher in the rat 

jejunum than in colonic mucosa by a mean (SE) factor of 51.0 (13.2) for 6 rats (P < .05), 599 (99) 

for 8 rats (P < .01), 12.5 (5.5) for 8 rats (P < .01), and 14.0 (3.9) for 8 rats (P < .01), respectively. 

In IEC-6 cells, infection with adenovirus-expressing GFP-tagged Slfn3 significantly increased 

Slfn3 expression and Dpp4-specific activity compared with GFP-expressing virus (in 6 rats; P < .

05).

CONCLUSIONS AND RELEVANCE—Taken together with our previous in vitro observations, 

the results suggest that small intestinal enterocytic epithelial differentiation in rats may be 

regulated by Slfn3 in vivo, as in vitro, and that these effects may be specific to the small intestinal 

enterocytic phenotype as opposed to that of the mature colonocyte. Slfn3 human orthologs may be 

targeted to stimulate intestinal differentiation in patients with short bowel syndrome

Numerous intracellular signals have been shown to influence small intestinal epithelial 

differentiation in response to certain stimuli. These include the Notch pathway,1 epidermal 

growth factor, transforming growth factor α (TGF-α), and TGF-β.2 Understanding the 

signals by which enterocytic differentiation is governed is important because abnormalities 

of enterocytic differentiation are a key part of mucosal atrophy after long-term fasting or 

starvation.3,4 Furthermore, enterocytic differentiation may represent an important and novel 

pharmacologic target to promote small bowel mucosal function in short gut syndrome.5

Schlafen 3 (Slfn3) may be of particular interest. In rat IEC-6 enterocytes in vitro, Slfn3 

appears to be necessary for enterocytic differentiation in response to an array of diverse 

stimuli, including, at the least, TGF-β, repetitive deformation, and sodium butyrate.6 The 

schlafen family of proteins regulates a range of biological processes, including 

differentiation, tumorigenesis, and apoptosis in hematopoetic and epithelial cells.7–9 Slfn3 is 

a member of this family and is expressed in the intestinal mucosa, liver, and lungs.10 In 

vitro, the expression of Slfn3 in rat IEC-6 intestinal cells correlates with the terminally 

differentiated state of enterocytes because Slfn3 suppression reduces cell differentiation.6

Colonic cell lines such as Caco-2 are frequently used to model small intestinal epithelial 

biology in vitro,11,12 and “differentiation” becomes a moving target depending on the cell 

line, environment, stimuli, and end points under study. Although the normal colonic 

epithelium in vivo is certainly elaborately differentiated, normal colonocytes differ markedly 

from small bowel enterocytes in many ways, including the activity of glutamine 

synthetase13 and the sensitivity of alkaline phosphatase14 to mutagens15 and its resistance to 

apoptosis.16 We hypothesized that Slfn3 expression would differ between normal rat small 

intestinal mucosa and normal rat colonic mucosa, that these differences would correlate with 

differences in the expression of conventional markers of enterocytic differentiation, and that 

the pattern of intestinal expression of Slfn3 would differ from that of other schlafen proteins. 

To test these hypotheses, we compared Slfn3 expression with variations in the transcript and 
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protein level of villin, sucrase iso-maltase (SI), glucose transporter type 2 (Glut2), and 

dipeptidyl peptidase 4 (Dpp4), as well as with differences in the specific activity of the 

Dpp4 enzyme. In further studies, we directly assessed the effects of specific overexpression 

of Slfn3 in IEC-6 cells using an adenoviral expression system.

Methods

Animal Procedures and Tissue Harvest

All animal procedures were reviewed and approved by the Michigan State University Office 

of Radiation, Chemical, and Biological Safety and the Institutional Animal Care and Use 

Committee. Animal care was in accordance with the standards of the Public Health Service 

and the Association for Assessment and Accreditation of Laboratory Animal Care 

International. Male Sprague-Dawley rats 8 to 10 weeks old were used for all experiments. 

We harvested mucosa from progressively distal segments of the intestine. The jejunum, 

ileum 1, and ileum 2 small intestinal segments were harvested 10, 25, and 45 cm from the 

ligament of Treitz, respectively, whereas the segment that we labeled “ileum 3” was 

harvested 5 cm proximally to the cecum. The colonic samples were harvested 2 cm distal to 

the cecum.

Cell Culture

Nontransformed rat intestinal IEC-6 epithelial cells (American Type Culture Collection) 

were maintained at 37°C in 5% carbon dioxide, as previously described.4

Western Blot Analysis

Mucosal scrapings from target intestinal segments after harvest were immediately immersed 

in ice-cold lysis buffers (50mM Tris hydrochloride, 1mM ethylene diamine tetraace-tic acid, 

1mM ethylene glycol tetraacetic acid buffer, 1% Triton X-100, 1% dichloroacetate, glycerol, 

10mM NaPyroPO4, and 50mM sodium fluoride). Tissue was homogenized using Bullet 

Blender (Next Advance) and then centrifuged at 15 000g for 10 minutes at 4°C. Cultured 

IEC-6 cells were lysed in a lysis buffer, centrifuged at 15 000g for 10 minutes at 4°C, 

resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and transferred to 

Hybond ECL nitrocellulose membrane (Amersham Pharmacia Biotech), as previously 

described.17 Nonspecific binding sites were blocked for 1 hour at room temperature. 

Membranes were probed with antibodies to Slfn3, SI, Glut2, Dpp4, and villin (Santa Cruz 

Biotechnology) with appropriate secondary antibodies. Bands were visualized using the 

Odyssey imaging system (Licor) and analyzed with the Kodak Image Station 440CF. All 

exposures used for densitometric analysis were within the linear range.

RNA Isolation and Quantitative Reverse Transcriptase–Polymerase Chain Reaction

Total RNA was isolated from the cells using Tri-Reagent (Molecular Research Center, Inc) 

in accordance with the manufacturer’s instructions. The RNA concentration was measured 

spectrophotometrically at an optical density of 260 nm. The complementary DNA (cDNA) 

was prepared from RNA samples as described previously.18 The cDNA samples were 

analyzed by quantitative reverse transcriptase–polymerase chainreaction (qRT-PCR) using 

the BioRad MyiQ Real-Time PCR system and the BioRad SYBR Green supermix (BioRad 
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Laboratories). Expression levels were determined from the threshold cycle (Ct) values using 

the method of 2−ΔΔCt and 18S expression as the reference control gene.18 Primers sequences 

used for qRT-PCR are listed in the eTable in the Supplement. The cycle conditions for the 

PCR were 1 cycle of 3 minutes at 95°C and 40 cycles of 30 seconds at 95°C, 30 seconds at 

the annealing temperature (57°C), and 30 seconds at 72°C.

Dpp4-Specific Activity Assay

Dpp4 activity was measured using the Dpp4-Glo assay (Pro-mega) according to the 

manufacturer’s protocol. The standard Dpp4 enzyme was purchased from Sigma. IEC-6 

cells in a 6-well plate or in 10 mg of tissue were harvested in 0.5 mL of ice-cold phosphate-

buffered saline and homogenized using Bullet Blender. The sample was centrifuged for 10 

minutes at 10 000 rpm at 4°C. The supernatant was collected and stored at −80°C. Dpp4 

activity was measured in 50 μL of asample diluted 30 times in phosphate-buffered saline.

Adenovirus Vector Construction and Cell Treatment

The Slfn3 cDNA of the rat Slfn3 gene was subcloned in-frame into pShuttle-CMV, 

linearized, and recombined into the plas-mid pAdTrack-CMV to create Ad-GFP-Slfn3. All 

viruses were found not to be replication-competent adenoviruses by use of PCR (E1 region 

amplification) and direct sequencing methods. Ad vector production and characterization 

were performed as described previously19 (80% confluent IEC-6 cells to 4000 vp/cell Ad-

GFP [control] or Ad-GFP- Slfn3 for 48 hours).

Statistical Analysis

Values are group mean (SE) values of the nontransformed data. Prior to analysis, all data 

were checked to ensure that they fit a normal distribution and were corrected if necessary.4 

Statistical analysis was performed using unpaired t tests or 1-way analysis of variance, as 

appropriate. Differences between mean values were considered to be statistically significant 

at P < .05.

Results

Slfn3 exhibits a distinct pattern of expression in rat intestinal mucosa. We compared the 

expression of various schlafen isoforms across the sampled segments of intestinal mucosa, 

studying genes for which the sequence was available in the National Center for 

Biotechnology Information database. The level of Slfn1 was significantly higher in the colon 

than in the various small intestinal segments (for 6 rats; Figure 1A; P < .05). Levels of 

Slfn2, Slfn5, and Slfn13 were significantly higher in the jejunum than in other segments (for 

6 rats; Figure 1B, D, and E; P < .05). Only Slfn3 displayed significantly lower transcript 

levels in the colon than in all sampled small bowel segments (for 6 rats; Figure 1C; P < .05). 

The transcript levels of Slfn14 in the small intestine did not differ from those in the large 

intestine (Figure 1F), whereas Slfn4 expression was not detected in any segment of the 

intestine using either of 2 different sets of primers (data not shown).

The expression pattern of Slfn3 is similar to that of Dpp4, SI, and Glut2 among segments of 

the small intestine and colon. Like Slfn3, expression levels of villin, Dpp4, Glut2, and SI 
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were significantly lower in the colon than in the jejunum or upper ileum (segments Il1 and 

Il2) (for 6 rats; Figure 2A–D; P < .05). The expression levels of SI and Glut2 were lower in 

the distal ileum (IL3) than in the upper ileum (IL1-2) or jejunum (for 6 rats; Figure 2C and 

D; P < .05).

The protein levels of Slfn3 and the intestinal differentiation markers in the small intestine 

vary from those in the large intestine. We further measured protein levels of Slfn3, villin, 

Glut2, SI, and Dpp4 in the gut mucosa. As in our qRT-PCR studies, we found that the 

protein levels of Slfn3, villin, SI, and Dpp4 were all significantly lower in the colon than in 

the small intestine (for 5 rats; Figure 3A, B, and E; P < .05). Notably, the lower ileum (IL3) 

contained significantly less SI than did the other small intestinal segments (IL1-2 and J), but 

even the distal ileal mucosa had more SI than did the colon (for 5 rats; Figure 3D and E; P 

< .05).

Dpp4, a brush border enzyme that cleaves NH2-terminal peptides from polypeptides, is 

expressed in multiple cells and tissues. Dpp4 activity was higher in the middle ileum (IL2) 

than in the jejunum (for 5 rats; Figure 3F; P < .05), but, overall, Dpp4 activity was 

significantly higher in each segment of the small intestine than in the colon (for 5 rats; 

Figure 3F; P < .05).

Ad-GFP-Slfn3 transfection increased Slfn3 protein and messenger RNA (mRNA) levels and 

stimulated Dpp4-specific activity in IEC-6 cells. Because these results were only correlative, 

we sought to verify the direct effects of Slfn3 overexpression on a functional marker of 

intestinal epithelial differentiation. Ad-GFP-Slfn3 infection of IEC-6 cells substantially 

increased the level of Slfn3 transcript expression compared with GFP-treated mock 

transfectants (for 6 rats; Figure 4A; P < .05). Overexpression of Slfn3, compared with GFP-

treated mock transfectants, in these IEC-6 cells significantly increased Dpp4-specific 

activity a mean (SE) factor of 1.98 (0.2) (for 3 rats; Figure 4B; P < .01).

Discussion

Various stimuli and mechanisms have been proposed to influence intestinal differentiation in 

vitro and in vivo. However, relatively little is known about the differentiation between small 

and large intestinal epithelia. These studies suggest that Slfn3 is a potential specific 

regulator of small intestinal epithelial differentiation. Among the tested schlafen proteins, 

only Slfn3 expression correlated with the expression of differentiation markers along the 

longitudinal axis of the intestine. This was confirmed by the protein level and Dpp4 enzyme 

activity data. We further demonstrated in vitro that overexpression of Slfn3 increases Dpp4 

enzymatic activity, an important marker of functional enterocytic differentiation.

Slfn3 belongs to a family of growth regulating genes with cytoplasmic and nuclear 

localization.20 This group contains an adenosine triphosphate–binding domain (AAA_4), a 

predicted transcriptional regulator area with a helix-turn-helix domain (COG2865), and a 

provisional common region (PHA02782). The adenosine triphosphate–binding region has 

RNA helicase-like activity and is involved in T-cell development and activation. According 

to their structural similarities, schlafen proteins are categorized into subgroups I (including 
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Slfn1 and Slfn2), II (including Slfn3 and Slfn4), and III (including Slfn5, Slfn13, and 

Slfn14).20,21 Slfn1, Slfn2, and Slfn4 may be involved in the regulation of immune cell 

development and the differentiation of osteoclasts.7,9, 22 Slfn5 has been reported to be 

involved in the antitumor properties of IFN-α.23 The roles played by Slfn13 and Slfn14 have 

not yet been identified. Despite conserved regions, the schlafen proteins demonstrate distinct 

patterns of expression along the length of the intestine.

Enzymesand transportproteins of the brush border membrane are characteristic features of 

differentiated enterocytes. Our data suggest that Slfn3 may regulate the expression and 

activity of Dpp4, which is expressed in differentiated epithelia and endothelia of normal 

cells and cancer cells.24,25 The expression patterns ofSlfn3resemble those of mRNA and the 

other schlafen proteins and the specific activity of Dpp4 along the intestinal longitudinal 

axis, and Slfn3 overexpression increases Dpp4-specific activity in nonmalignant rat 

intestinal epithelial IEC-6 cells. We also reported previously that basal IEC-6 Dpp4 activity 

can be reduced by Slfn3 silencing.6 Slfn3 was induced over 162-fold, but Dpp4-specific 

activity was induced only 1.9-fold. The very large induction of Slfn3 is a function of the 

viral transfection system that was used, and Slfn3 is not easily titered. It is likely that this is 

much more than is required to induce a maximal Slfn3 effect. In addition, it is likely that 

other factors also influence Dpp4 transcription, such as hepatocyte nuclear factor 1α.26 Most 

importantly, however, such a doubling of Dpp4-specific activity, although modest compared 

with the much larger induction of Slfn3, is likely to be highly biologically significant. Dpp4 

is an enzyme, so even small changes in its activity are likely to result in larger amplified 

changes in its reaction product. Dpp4 changes in vitro in response to such stimuli as butyrate 

or repetitive deformation by only 30% to 40%.27,28 In vivo, the Dpp4 protein level decreases 

by approximately 60% during defunctionalized atrophy of the intestinal mucosa.17 The 90% 

increase in Dpp4 activity observed here in response to Slfn3 overexpression seems of 

biological relevance in comparison. Dpp4 is expressed in the intestinal brush border of 

mature enterocytes, and its expression is controlled, in part, by diet.29 Atrophy of the 

intestinal mucosa reduces Dpp4 and SI protein levels.17 To demonstrate that the 

correlationbetweenSlfn3 and Dpp4 was not unique to a single enterocytic differentiation 

marker, we also studied the mRNA and SI, villin, and Glut2 protein levels. Villin is a 

calcium-regulated actin-binding protein of the microvillus core of the brush border, 

expressed in both crypts and villi of the small and large intestine.30 SI is a glucosidase 

enzyme expressed in the brush border of mature enterocytes and increasingly expressed 

during developmental maturation of the intestine.31 Levels of the fructose and glucose 

transporter Glut2 are regulated by components of diet such as fructose and fat.32 

Expressions of both Glut2 and SI increase after polyamine-induced differentiation in vivo.33 

In each case, we found higher levels of these markers in the small bowel than in the colon, 

along with higher levels of Slfn3.

We stripped the mucosa from eachbowel segmentanddis-carded the muscular and serosal 

layers, and we confirmed this by a preliminary histological evaluation (data not shown). 

Nevertheless, it is possible that some of the mRNA and protein levels that we studied might 

have had a nonepithelial origin. Inflammatory cells, fibroblasts, endothelial cells, and other 

cell types are also found in the mucosa. Although we would not have expected substantial 

levels of the enterocytic differentiation markers to be present in these other cell types, it is 
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certainly possible that the sampling of Slfn1 or Slfn2, for instance, could have been biased 

by an immune cell schlafen protein. However, Walsh et al10 have shown that Slfn3 

immunoreactivity in the gut is strongly concentrated in the epithelial cells.

If Slfn3 is involved in enterocytic differentiation, what other signaling mechanisms might 

contribute to its effects? Enterocytic differentiation can involve multiple mechanisms. Notch 

signaling has been shown to regulate the fate of the cells of the mucosal crypt in 

differentiation after postmitotic events,1 whereas exogenous growth factors affect cell 

proliferation and differentiation along the rat gastrointestinal tract.34,35 Although the 

potential interaction between the Notch signal pathway and Slfn3 awaits further study, at 

least 1 growth factor, TGF-β, appears to stimulate Slfn3 expression.6 A previous in vitro 

study6 suggested that Slfn3 is necessary for the induction of enterocytic differentiation by 

repetitive deformation, TGF-β, and butyrate and that this effect might involve 

phosphatidylinositol 3-kinase (PI3K), focal adhesion kinase (FAK), or p38 signaling. 

Gauthier et al36 reported that suppression of FAK and PI3K signaling initiated a higher level 

of apoptosis in the jejunum compared with the colon in mice. The question as to whether 

FAK and PI3K signaling may be involved in the differential regulation of Slfn3 between the 

small and large intestines and the question as to what the exact roles of FAK and PI3K are in 

Slfn3 regulation of enterocyte differentiation remain to be answered.

Although both the small and the large intestine display active wingless-type MMTV 

integration site family (WNT) signaling, the pattern of its expression is dramatically 

different between human jejunum and the human colon.37 In vitro in the HCT-116 colon 

cancer line, Patel and colleagues38 suggested that Slfn3 may increase protein levels of TGF-

β, p27, and E-cadherin but reduce protein levels of CDK-2 and β-catenin. E-cadherin has 

been shown to regulate WNT-dependent transcription in colon cancer cells via binding to β-

catenin.39 Thus, Slfn3 might be involved in TGF-β-induced and/or WNT-induced small 

intestinal differentiation as well. All these signals represent important avenues for further 

study.

In this work, we analyzed the expression of schlafen proteins in vivo in the intestinal 

mucosa along the longitudinal gut axis. We determined that the patterns of Slfn3 expression 

resemble those of other small intestinal epithelial differentiation makers and brush border 

enzymes in vivo and can control the expression of Dpp4 in vitro. Although much work 

remains to be done to delineate the mechanism by which Slfn3 acts, our study supports the 

hypothesis that Slfn3 plays an important role in intestinal differentiation. These data extend 

our understanding of enterocyte-specific signaling in the maintenance of the digestive and 

absorptive function of the small intestinal mucosa. Targeting Slfn3 and its downstream 

effector signals may ultimately facilitate mucosal preservation and improve the recovery of 

patients with intestinal atrophy, atresia, or massive small bowel resections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Different Schlafen Proteins Exhibiting Different Patterns of Expression in the Rat 
Intestinal Mucosa
Transcript levels of Slfn1 (A), Slfn2 (B), Slfn3 (C), Slfn5 (D), Slfn13 (E), and Slfn14 (F) in 

the jejunum (Jj), upper ileum (IL1), middle ileum (IL2), lower ileum (IL3), and colon (Co) 

of rats were determined by quantitative reverse transcriptase–polymerase chain reaction. A 

significant difference is indicated if the letter above one error bar is different from that of 

another (P < .05). Error bars indicate standard errors.
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Figure 2. Transcript Levels of Differentiation Markers, Which Vary Along the Length of the Rat 
intestinal Mucosa
Transcript levels of villin (A), Dpp4 (B), Glut2 (C), and SI (D) were measured by 

quantitative reverse transcriptase–polymerase chain reaction in the mucosa of the jejunum 

(Jj), upper ileum (IL1), middle ileum (IL2), lower ileum (IL3), and colon (Co). Ordinate 

scales were matched to the ordinate scales in Figure 1 to facilitate interpretation. A 

significant difference is indicated if the letter above one error bar is different from that of 

another (P < .05). Error bars indicate standard errors.
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Figure 3. Slfn3 and Differentiation Marker Protein Levels and Dpp4 Activity Mirroring 
Transcript Level in Rat Intestinal Mucosa
Protein levels of Slfn3 (A), villin (B), Glut2 (C), SI (D), and Dpp4 (E) were measured in the 

jejunum (Jj), upper ileum (IL1), middle ileum (IL2), lower ileum (IL3), and colon (Co) of 

rats by Western blotting of mucosal lysates. Dpp4 enzyme activity (F) was measured in 

intestinal rat mucosal samples. A significant difference is indicated if the letter above one 

error bar is different from that of another (P < .05). Error bars indicate standard errors. RLU 

indicates relative luminescence units.

Kovalenko and Basson Page 13

JAMA Surg. Author manuscript; available in PMC 2015 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Slfn3 Induction Modulating Dpp4 Activity In Vitro
A, 80% confluent IEC-6 monolayers were infected with Ad-Slfn3 for 48 hours (in 6 rats). B, 

Ad-GFP-Slfn3 infection of IEC-6 cells increased Dpp4-specific activity in lysates from 

these IEC-6 monolayers (in 3 rats). Error bars indicate standard errors. RLU indicates 

relative luminescence units.
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