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Abstract

Intestinal epithelial differentiation may be stimulated by diverse pathways including luminal short 

chain fatty acids and repetitive mechanical deformation engendered by villous motility and 

peristalsis. Schlafen 12 (SLFN12) is a cytosolic protein that stimulates sucrase-isomaltase (SI) 

expression. We hypothesized that two disparate differentiating stimuli, butyrate and repetitive 

deformation, would each stimulate SLFN12 expression in human Caco-2 intestinal epithelial cells 

and that increased SLFN12 expression would contribute to the differentiating activity of the 

human Caco-2 intestinal epithelial cells. We stimulated Caco-2 cells with 1–2 mM butyrate or 

repetitive mechanical deformation at 10 cycles/minute at an average 10% strain, and measured 

SLFN12 and SI expression by q-RT-PCR. Sodium butyrate enhanced SLFN12 expression at both 1 

mM and 2 mM although SI expression was only significantly increased at 2 mM. Repetitive 

deformation induced by cyclic mechanical strain also significantly increased both SLFN12 and SI 

gene expression. Reducing SLFN12 by siRNA decreased basal, deformation-stimulated, and 

butyrate-stimulated SLFN12 levels, compared to control cells treated with non-targeting siRNA, 

although both deformation and butyrate were still able to stimulate SLFN12 expression in siRNA-

treated cells compared to control cells treated with the same siRNA. This attenuation of the 

increase in SLFN12 expression in response to mechanical strain or butyrate was accompanied by 

parallel attenuation of SI expression. Butyrate stimulated SI-promoter activity, and reducing 

SLFN12 by siRNA attenuated butyrate-induced SI- promoter activity. These data suggest that 

SLFN12 mediates at least in part the stimulation by both butyrate and repetitive mechanical 

deformation of sucrase-isomaltase, a late stage differentiation marker in human intestinal epithelial 

cells.
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Introduction:

The digestive and absorptive functions of the gut mucosa are determined by external factors 

such the luminal nutrients and microbiome to which it is exposed luminally and the blood 

flow that perfuses it submucosally as well as by internal factors such as the surface area of 

the mucosa and the phenotype of the individual intestinal epithelial cells. These are critically 

important issues for the management of patients with short gut syndrome, in which 

inadequate intestinal length can preclude oral nutrition unless diet, motility, and luminal 

microbiology are carefully monitored. Beyond such external factors, direct pharmacologic 

intervention in short gut syndrome is largely targeted to the stimulation of enterocytic 

proliferation to increase the remaining absorptive surface area. Both glutamine and 

teduglutide may be used in this fashion. However, while glutamine[1, 2] and teduglutide [3] 

stimulate intestinal epithelial proliferation, speeding proliferation may also decrease the time 

available for enterocyte maturation, reducing the individual digestive and absorptive capacity 

of individual enterocytes. An ideal approach would therefore target both enterocyte 

proliferation and differentiation.

Enterocytic differentiation is itself complex. Diverse factors, including nutrients, growth 

factors, and mechanical stimuli, each target different intracellular mechanisms and aspects of 

enterocyte phenotype. We recently reported that repetitive mechanical deformation, sodium 

butyrate, and TGF-beta each stimulate the differentiation of rat non-malignant IEC-6 cells 

by inducing the expression of Schlafen 3. In each case, Schlafen 3 is induced and reducing 

Schlafen 3 by siRNA prevents further differentiating effects [4]. However, humans do not 

express Schlafen 3, so this would not be a useful target for pharmacologic intervention.

The Schlafens are a poorly understood superfamily of proteins which in many cases are 

without obvious functionality [5]. Long Schlafens have a nuclear targeting sequence, and 

can regulate gene transcription within the nucleus, but neither short Schlafens nor 

intermediate Schlafens such as Schlafen 3 possess such a nuclear targeting sequence, so their 

actions are less clear. Schlafen 12 is a human Schlafen protein that we have previously 

reported to promote differentiation in human prostate cancer [6] and which promotes sucrase 

expression in human Caco-2 intestinal epithelial cells and non-malignant human HIEC-6 

cells.[7] We now sought to determine whether two disparate differentiating stimuli, butyrate 

[8–10] and repetitive mechanical deformation [11, 12], stimulate Schlafen 12 expression in 

Caco-2 cells and, if so, whether such Schlafen 12 expression is required for the 

differentiating activity of these stimuli.
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Material and Methods

Materials:

Dulbecco’s modified Eagle’s medium (DMEM), 0.05% Trypsin-EDTA, Lipofectamine, 

RNAiMAX and Plus Reagent were obtained from Thermo Fisher (Waltham, MA). Sodium 

butyrate and other fine reagents were purchased from Sigma (Sigma-Aldrich, St. Louis, 

MO). Human transferrin was obtained from Roche Applied Science. Dharmafect-Duo 

transfection reagent, Double-stranded short interfering RNAs (siRNAs) targeting human 

forms of SLFN12 and control non-targeting siRNA (NT1 siRNA) were purchased from 

Dharmacon (Lafayette, CO). We used at least two different sequences targeted to human 

SLFN12 for our initial studies of the effects of siRNA on mRNA. These yielded similar 

results and have been pooled for presentation

Cell Culture:

We studied Caco-2BBE intestinal epithelial cells, a subclone of the original Caco-2 cell line, 

selected for their ability to differentiate in culture as indicated by the formation of an apical 

brush border and the expression of brush-border enzymes [13, 14]. These Caco-2BBE 

intestinal epithelial cells were purchased from American Tissue Culture Collection (ATCC, 

Manassas, VA 20108 USA).

We maintained the cells at 37 C with 8% CO2 in DMEM with 4500 mg/L D-glucose, 4 mM 

glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin, 100 μg/mL streptomycin, 10 

μg/mL transferrin, 10 mM HEPES (pH 7.4), and 3.7 g/l NaHCO3, supplemented with 10% 

fetal bovine serum (FBS). All studies were performed on cells within 10 to 15 passages. For 

mechanical strain studies, cells were maintained at 37 C with 5% CO2 in DMEM 

supplemented with 10% heat-inactivated fetal bovine serum (FBS). A stock solution of 

sodium butyrate was made in sterile phosphate buffer saline (PBS) and a working 

concentration was made in cell culture medium.

Application of mechanical strain:

The cells were subjected to mechanical deformation using the Flexercell Strain Unit 

(FX-4000; Flexercell). Briefly, Caco-2 cells were plated on elastomer membranes pre-coated 

with collagen-I (Flexcell International corp., Hillsborough, NC) and were exposed to a 

continuous cycles of strain/relaxation generated by a cyclic vacuum produced by a 

computer-driven system (Flexcell 4000; Flexcell International corp., Hillsborough, NC). 

Caco-2 cells were subjected to a 20-kPa vacuum at 10 cycles/minute, with a stretch/

relaxation ratio of 1:1 (3.0 second deformation alternating with 3.0 second in neutral 

conformation), creating an average 10% deformation that we have previously demonstrated 

to modulate brush-border enzyme activity in human intestinal Caco-2 cell monolayers [11] 

[15]. These parameters are similar in magnitude and frequency of those observed during 

normal intestinal peristalsis [16] and villous motility [17]. The vacuum applies negative 

pressure that stretches the membranes to a known percentage elongation. We have 

previously demonstrated that strain is transmitted to adherent cells cultured on the upper 

surface of the membrane, which experience similar elongation [18]. The six-well plates were 

maintained in a 37°C humidified incubator with 5% CO2 during the application of repetitive 
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strain. Similar plates containing control cultures were kept in the same incubator but were 

not subjected to strain.

In a separate set of studies, we assessed the effects of co-stimulation with 2 mM sodium 

butyrate and mechanical strain with relevant controls. Forty-eight hours after transfection 

with non-targeting siRNA or siRNA to SLFN12, Caco-2 cells were further treated with 2 

mM sodium butyrate or repetitive mechanical strain for 24 hours or the combination of both. 

After this additional 24 hours, the experiment was terminated and RNA was extracted for 

qRT-PCR.

Transfection with siRNA:

Below are the details of the siRNA sequences for non-targeting (NT) and SLFN12 obtained 

by Dharmacon (Lafayette, CO, USA) used in this study.

siGENOME Non-Targeting siRNA #1, Catalog # D-001210-01-20, control siRNA/siNT-1,

Target Sequence: UAGCGACUAAACACAUCAA

ON-TARGETplus Human SLFN12 siRNA-individual, Catalog # J-018142-10, siSLFN12-1,

SLFN12 Target Sequence: GAACAGAACUUGAUCGGAA

ON-TARGETplus Human SLFN12 siRNA-individual, Catalog # J-018142-11, siSLFN12-2,

SLFN12 Target Sequence: UCAGGAAGGAUAACGUAUA

ON-TARGETplus Human SLFN12 siRNA-individual, Catalog # J-018142-12, siSLFN12-3,

SLFN12 Target Sequence: GUGUUGAUUUGGAAACGAA

ON-TARGETplus Human SLFN12 siRNA-individual, Catalog # J-018142-19, siSLFN12-4,

SLFN12 Target Sequence: GAAAGUGUCUCACGAGCUA

All the siRNA for the SLFN12 (siSLFN12-1 to −4) tested individually for the knockdown 

efficiency at 100 nM concentrations each. Based on this data, siSLFN12-1 and siSLFN12-4 

cocktail/mixture for SLFN12 at 50 nM concentrations for each used for further studies.

Caco-2 cells (250,000 cells/well) were plated into six-well plates one day before transfection 

with siNT-1 (Control, 100 nM) or siSLFN12 (100 nM) using RNAiMAX transfection 

reagent (7.5 ul/well) formulated in Opti-mem (serum-free medium) at a total volume of 300 

(150+150) ul/well. The mixture was added gradually into the 1 ml of complete medium 

already present in each well. Experiments were terminated after 72 hours for RNA 

extraction.

RNA isolation and qRT-PCR:

Total RNA was isolated from Caco-2 cells using RNeasy Mini Kit, Qiashredders, DNase 

treatment and the QiaCube instrument per manufacturer’s protocols (Qiagen, Valencia, CA). 
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cDNA synthesis was prepared from RNA samples using QuantiTect Reverse Transcription 

kit (Qiagen) or SMARTScribe Reverse Transcription kit (Takara Clontech, Mountain View, 

CA). cDNA samples were analyzed by qPCR analysis using the BioRad CFX96 Touch Real-

Time PCR Detection System and the BioRad SsoAdvanced Universal SYBR Green 

Supermix (BioRad Laboratories, Hercules, CA). Expression levels were determined from 

the threshold cycle (Ct) values using the method of 2−ΔΔCt using Ribosomal Protein Lateral 

Stalk Subunit P1 (RPLP0) as the reference control gene. Primer design was as follows: 

human RPLP0 forward 5’-GCAATGTTGCCAGTGTCTG-3’, reverse 5’-GCCTTGA CC 

TTT TCAGCAA-3’; human Slfn12 forward 5’-ATCTGGGCTTGCAAGAGAAC-3’, reverse 

5’-TTTTTGCCA GCTTCT GC TTT-3’; human sucrase-isomaltase (SI) forward 5’-

GCCAGCTTATTGGGCTTTGGGTT-3’, reverse 5’-

AACTGAGGAAGGTCCTGGAATGCT-3’. Primers were purchased from Integrated DNA 

Technology (IDT, Coralville, IA). The cycle conditions for the PCR were 1 cycle of 3 

minutes at 95°C, 40 cycles of 30 seconds at 95°C, 30 seconds at the annealing temperature 

of 60°C and 30 seconds at 72°C, and then a melt curve of 1 cycle 65°C for 30 seconds and 

60 cycles 65°C for 5 seconds + 0.5°C/cycle with a ramp of 0.5°C/s and a plate read each 

cycle.

Promoter activity assays:

Promoter activity assay was performed as described previously [19] with slight 

modifications. Briefly, 104 Caco-2BBE cells/well were seeded in 96-well (0.32 cm2) plates. 

On the following day, cells were transfected with 50 ng/well of the empty vector alone or 

human sucrase-isomaltase (SI) LightSwitch promoter reporter GoClone construct 

(Switchgear Genomics, Carlsbad, CA) using Dharmafect-Duo transfection reagent as per 

manufacturer recommendations. The mixture of DNA and transfection reagent was 

incubated at room temperature for 20–30 minutes and then added to the cells. After 48 hours 

of transfection, cells were either maintained without further treatment or treated with 2mM 

sodium butyrate for 24 hours and luciferase activity was measured. For siRNA studies, cells 

were co-transfected with siNT1 (Control, 100 nM) or siSLFN12 (100 nM) RNA with 50 

ng/ml human sucrase-isomaltase (SI) LightSwitch promoter reporter goclone construct using 

Dharmafect-Duo transfection. This mixture was incubated at room temperature for 20–30 

minutes and then added to the cells. Forty-eight hour hours after transfection, cells were 

incubated with or without 2 mM sodium butyrate (NaB) for additional 24 hours. The 

experiment was terminated by addition of luciferase substrate as per the manufacturer’s 

recommendations. Briefly, 100 μl/well (buffer + substrate) LightSwitch Luciferase assay 

reagent (Switchgear Genomics) was added and incubated for 30 minute at room temperature 

in the dark. Relative Luminescence (RLU) was measured using a VERITAS Microplate 

Luminometer (Turner Biosystems, Sunnyvale, CA).

SI-promoter activity assay with mechanical stimuli performed as described above. The 

transfection reaction was scaled up for the 6-well bioflex cell plates. After 48 hours of 

transfection, these plates were either incubated under static conditions without repetitive 

deformation as a control or subjected to cyclic strain as described above. The experiment 

was terminated by addition of luciferase substrate as per the manufacturer’s 

recommendations. Briefly, 500 μl/well (buffer + substrate) LightSwitch Luciferase assay 
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reagent (Switchgear Genomics) was added and incubated for 30 minutes at room 

temperature in the dark. Relative Luminescence (RLU) was measured by collecting these 

lysed cells incubated with substrate to 96-well plate. The reading was performed using a 

VERITAS Microplate Luminometer (Turner Biosystems, Sunnyvale, CA).

Statistical analysis:

All experiments were done independently at least three times unless indicated otherwise. All 

data are expressed as mean ± standard error (X±SE). Statistical analysis was performed 

using paired or unpaired t tests as appropriate. A P value of <0.05 was considered 

significant.

Results:

Sodium butyrate increases both Schlafen 12 (SLFN12) and Sucrase-Isomaltase (SI) gene 
expression:

To determine whether physiologically relevant concentration (1 and 2 mM) of butyrate [20] 

increase the expression of SLFN12 or SI in human Caco-2 intestinal epithelial cells, we 

incubated confluent Caco-2 cells with 1 or 2 mM sodium butyrate for 24 hours and extracted 

RNA to measure the expression of SLFN12 and Sucrase-Isomaltase (SI). Butyrate 

significantly enhanced the expression of SLFN12 at both 1mM and 2mM (Figure 1A) while 

SI expression was significantly increased only at 2mM butyrate. (Figure 1B).

Repetitive deformation increases Schlafen 12 and Sucrase-Isomaltase (SI) gene 
expression:

Caco-2 cells were grown to confluence on collagen-I coated flexible membranes and 

subjected to mechanical strain for 24 hours. Cells cultured in parallel in the absence of 

mechanical strain served as controls, and RNA was extracted to measure the expression of 

SLFN12 and SI. Repetitive deformation induced by mechanical stretch significantly 

increased the expression of both SLFN12 (Figure 2A) and SI in Caco-2 cells (Figure 2B).

Schlafen 12 reduction modulates butyrate-induced Sucrase-Isomaltase (SI) promoter 
activity:

To investigate the potential role of Schlafen 12 in mediating the effects of sodium butyrate 

on SI-promoter activity, we first sought to confirm that butyrate treatment stimulated the SI 

promoter. Caco-2 cells (10,000 cell/well) were plated in ninety-six well plates. On the 

following day, cells were transfected with empty vector or SI-promoter GoClone construct 

for 48 hours followed treatment with either vehicle control (PBS) or 2 mM sodium butyrate 

for an additional 24 hours. Cells transfected with the SI-promoter construct displayed 

significantly increased basal promoter activity compared to cells transfected only with the 

empty vector, validating the activity of the SI promoter construct (n=5, p<0.05). SI-promoter 

activity was significantly further increased by the addition of 2 mM butyrate in comparison 

to cells transfected with the SI-promoter construct without butyrate (n=5, p<0.05) (Figure 

3A).
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We also assessed the SI-promoter activity after mechanical stimuli. Consistent with the qRT-

PCR data, the SI-promoter activity significantly increased with cyclic strain as compared to 

cells maintained under static conditions (Figure 3B).

We therefore next evaluated modulation of butyrate-induced SI-promoter activity by 

SLFN12 reduction with siSLFN12. We have previously evaluated our reagents for 

knockdown and overexpression of SLFN12 protein in Caco-2 cells and other cell lines [21] 

Immunocytochemical staining in Caco-2 cells confirmed that either adenoviral SLFN12 

overexpression or knockdown using siRNA to SLFN12 results in changes in SLFN12 

protein immunoreactivity that parallel SLFN12 mRNA changes by qRT-PCR. As there were 

no reliable and specific antibodies available to Western blot for SLFN12 at the time of 

writing this manuscript, we therefore chose to use qRT-PCR to confirm our SLFN12 

knockdown in this work.

We initially used four different siRNAs for SLFN12 and tested the knockdown efficiency of 

each. Sub-confluent Caco-2 cells were transfected with non-targeted control siRNA (siNT-1) 

or one of four individual sequences of siRNA to Schlafen12 for 72 hours. RNA was 

extracted and qRT-PCR was performed. Maximum reduction of the SLFN12 expression was 

obtained by siSLFN12–1 and siSLFN12–4 (Figure 3C). Therefore, henceforth, a mixture of 

siSLFN12–1 and siSLFN12–4 at 50 nM concentrations of each was used for further studies.

For SI-promoter activity assay, Caco-2 cells (10,000 cell/well) were plated in ninety-six well 

plates and on the following day the cells were co-transfected with the SI-promoter construct 

with either non-targeting control siRNA (siNT1) or siRNA directed at SLFN12 (siSLFN12) 

for 48 hours. The cells were then either maintained without further treatment or treated with 

2 mM sodium butyrate for an additional 24 hours prior to measurement of luciferase activity. 

The average knockdown efficiency obtained for all of the siSLFN12 experiments was 68.9% 

±5.4. Reducing SLFN12 by siRNA substantially and statistically significantly attenuated 

butyrate-induced SI promoter activity (n=5, p<0.05, Figure 3D).

Schlafen 12 reduction modulates butyrate-induced Sucrase-Isomaltase (SI) gene 
expression:

Sub-confluent Caco-2 cells were next transfected with siNT1 or siRNA to Schlafen12 for 48 

hours and then incubated without or with 2mM sodium butyrate for an additional 24 hours. 

RNA was extracted for qRT-PCR. Reducing SLFN12 by siRNA reduced basal SLFN12 

expression and substantially attenuated the induction of SLFN12 expression by butyrate but 

did not prevent it. n=5, p<0.05, Figure 4A) SI gene expression was similarly reduced in 

parallel with SLFN12 and the effects of butyrate on SI expression were significantly 

attenuated. (n=5, p<0.05, Figure 4B).

Schlafen 12 modulates mechanical strain-induced Sucrase-Isomaltase (SI) gene 
expression:

Finally, we sought to determine whether Schlafen 12 might similarly be involved in the 

effects of repetitive mechanical deformation on Caco-2 SI gene expression. Caco-2 cells 

were plated on collagen-I-coated flexible membranes. On the following day, the cells were 

transfected with control siNT1 or siRNA to Schlafen12 for 48 hours. Cells were then 
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repetitively exposed to an average 10% mechanical strain at 10 cycles/minute for an 

additional 24 hours. In parallel, cells were transfected but not subjected to mechanical strain 

as controls. RNA was extracted for qRT-PCR. Reducing SLFN12 by siRNA substantially 

attenuated but did not prevent the deformation-induced increase in SLFN12 expression (n=5, 

p<0.05, Figure 5A). Again, SI gene expression paralleled SLFN12 expression and the 

stimulation of SI expression by repetitive deformation was attenuated by reducing SLFN12 

(n=5, p<0.05, Figure 5B).

Finally, we assessed the co-stimulation effect of 2 mM sodium butyrate and mechanical 

strain on SI expression in SLFN12 knockdown Caco-2 cells. As expected, mechanical strain 

or sodium butyrate alone promoted SLFN12 expression while knockdown of SLFN12 

reduced SLFN12 expression. Co-stimulation further increased SLFN12 expression as 

compared to treatment with either mechanical strain or butyrate alone (Figure 6A), while 

knockdown of SLFN12 hampered this co-stimulatory effect on SLFN12. Similarly, SI 

expression was increased in response to cyclic strain or butyrate alone as compared to its 

respective controls while silencing SLFN12 blocked the effect. Surprisingly, although co-

stimulation with both mechanical strain and butyrate stimulated SI expression compared to 

controls, there was no further increase in SI expression compared with either cyclic strain or 

butyrate alone (Figure 6B). Reduction of SLFN12 by siRNA prevented the stimulation of SI 

expression by co-stimulation with strain and butyrate.

Discussion:

Intestinal epithelial differentiation is a complex process, regulated by diverse extracellular 

stimuli, including luminal nutrients, growth factors, and mechanical stimulation. Sucrase-

isomaltase expression is a late stage marker of intestinal epithelial differentiation [22] 

stimulated by short chain fatty acids such as sodium butyrate at physiologically relevant 

concentrations [20]. Repetitive mechanical deformation has previously been demonstrated to 

stimulate the expression of DPP-IV and reduce intestinal alkaline phosphatase in Caco-2 

cells [4], but its effects on sucrase-isomaltase (SI) expression have not previously been 

studied. This study suggests that repetitive deformation stimulates sucrase-isomaltase 

expression as well. Moreover, SLFN12 appears to mediate, at least in part, the phenotypic 

effects of both butyrate and repetitive deformation.

Although we have previously reported that both butyrate and cyclic strain stimulate 

expression of a different differentiation marker, DPPIV, in rat IEC-6 cells via induction of 

Schlafen 3, it was by no means obvious from this that strain and/or butyrate would induce SI 

in human cells via Schlafen 12. First, not all differentiation markers vary in parallel. For 

instance, repetitive differentiation stimulates DPPIV expression in human Caco-2 cells 

cultured on type I collagen but inhibits alkaline phosphatase expression in these same cells 

in these same circumstances[11] even though both alkaline phosphatase and DPPIV are 

stimulated in Caco-2 cells by culture on inserts that allow basal nutrition [23]. Similarly, 

short chain fatty acids such as butyrate may induce expression of some genes and reduce the 

expression of others [24, 8]. Indeed, the induction of SI by cyclic strain in human intestinal 

epithelial cells has not previously been described. Second, Schlafen 3 is a rodent protein 

with about 40% homology to human Schlafen 12, and so it was important to confirm that 
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Schlafen 12 might have the same effects in human intestinal epithelial cells that Schlafen 3 

does in rodent cells. The failure of pathways and drug targets to cross species lines is 

unfortunately common in drug development. [25–27].

Third, to our knowledge, the effects of repetitive mechanical strain and butyrate have not 

been studied in combination as we did here. Thus, our present results, while consistent with 

previous observations in the literature, are novel and relevant.

Although originally derived from a colon cancer, Caco-2BBE cells are a good model for the 

study of enterocytic differentiation. Caco-2 cells upon differentiation express several 

morphological and biochemical characteristics of small intestine enterocytes [28]. These 

cells grow in monolayers and evince a columnar polarized morphology, with microvilli on 

the apical side, tight junctions between adjacent cells, and small intestinal hydrolase 

(sucrase-isomaltase, lactase aminopeptidase N, dipeptidylpeptidase-IV) enzyme activities on 

the apical membrane. These cells also differentiate spontaneously in long term culture, with 

increased expression of typical enterocytic differentiation markers such as sucrase-

isomaltase and glucose transporter GLUT-5 as passage number increases [29]. Yang and 

colleagues (2013) have also observed increased sucrase-isomaltase protein after four days of 

post-confluent culture in Caco-2 cells [30]. Caco-2 cells thus represent a good model to 

study the regulation of endogenous sucrase-isomaltase expression [31]. Although the 

magnitude of the stimulation of sucrase-isomaltase expression by strain and butyrate 

described here might seem modest, these are comparable to that studied by others 

previously, consistent with physiological changes, and likely to be potentially biologically 

important because this is an enzyme whose effects will be amplified [32–38] [39]. An 

increase of sucrase-isomaltase expression/activity following butyrate treatment in Caco-2 

cells [40, 41] [42] and HT-29 cells[43], has been reported previously with similar results to 

our present findings. The effect of butyrate treatment on sucrase-isomaltase promoter 

activity has not been investigated previously.

The Schlafens are a poorly understood superfamily of proteins that were first described in 

the early 1990’s [44]. Although their function and mechanism of action is unclear, some 

other Schlafen proteins have previously been reported to contribute to the differentiation of 

monocytes to dendritic cells [45], monocytes to macrophages [46], and immature to mature 

enterocytes [47] [48]. We have previously reported that butyrate and repetitive deformation 

induce Schlafen 3 expression in rat IEC-6 cells [4], that Schlafen 3 overexpression or 

reduction modulates enterocytic differentiation in rats in vivo [47] and that Slfn3 acts from 

within the cytosol to induce enterocytic differentiation in Caco-2 cells by a mechanism 

involving its P-loop [19]. Schlafen 3 expression correlates with other enterocytic 

differentiation markers in rat small intestinal mucosa in vivo [47] and increases in the rat gut 

mucosa after birth in parallel with other differentiation markers while decreasing postnatally 

in the lung and liver. [49]. Indeed, Schlafen 3 is required for the induction of villin 

expression by the differentiating transcription factor Cdx2 in rat IEC-6-Cdx2-L1 cells. [50]. 

Thus, there may be good reason to link Schlafen 3 to rodent enterocyte differentiation. 

However, Slfn3 is not expressed in humans. SLFN12 is a human protein approximately 40% 

homologous to Slfn3 and which contains a structure similar to the Slfn3 P-loop. Viral 

SLFN12 overexpression appears to stimulate Caco-2 sucrase-isomaltase expression by itself 
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[7], but whether SLFN12 contributes to the effects of butyrate or repetitive deformation in 

human cells was not previously known.

Butyrate induces intestinal epithelial differentiation [10, 9, 24], at least in part, by inhibiting 

histone deacetylation [51] while repetitive deformation acts in a matrix-dependent and 

integrin-dependent manner to stimulate a complex intracellular signaling web that has both 

cytoskeletally-dependent and cytoskeletally-independent components [52, 53, 4, 54–56]. 

Surprisingly, these two very disparate stimuli each appear to converge upon SLFN12 in their 

stimulation of SLFN12 expression. The stimulation of SLFN12 expression by each stimulus, 

together with the attenuation of their effects on SI expression by siRNA targeting SLFN12, 

suggests that both butyrate and repetitive deformation act at least in part through their 

promotion of SLFN12 expression. Because both stimuli still increase SLFN12 (albeit in an 

attenuated fashion) even in siRNA-treated cells, it is not possible to determine from these 

studies whether the stimulation of SLFN12 completely explains the effects of butyrate and 

repetitive deformation on SI expression or whether either of these stimuli may induce SI via 

both SLFN12 expression and some other pathway. This remains a subject for future study.

Although co-stimulation with both butyrate and mechanical strain increased SLFN12 

expression more than either stimulus alone, a parallel further increase in SI was not observed 

with co-stimulation. This could be explained by the expression of the SI is already at 

maximum level or both the treatment interferes with each other for regulation of SI 

expression as opposed to SLFN12 regulation and the last possibility could be the hyper-

activation of the SLFN12 by co-stimulation results in activation of other possible negative 

feedback regulation of SI expression.

Differences between the effects of butyrate alone in the co-stimulation experiment and the 

effects of butyrate in the experiment studying only butyrate effects could be explained by the 

required methodology for the former. The repetitive deformation studies were conducted in 

cell culture medium containing 10% heat- inactivated fetal bovine serum previously [11] 

because serum fibronectin in medium that is not heat inactivated blocks and in some cases 

reverses the response to cyclic strain [18]. In contrast, the butyrate only experiment was 

conducted in culture medium in which the serum was not heat-inactivated. It is likely that 

heat inactivation also interferes with other cytokines and growth factors in the serum that 

could interact with butyrate effects.

In summary, taken together with our previous observations, the present study demonstrates 

that human Schlafen 12 and its murine ortholog Schlafen 3 are likely to mediate, at least in 

part, the stimulation of sucrase-isomaltase expression by both butyrate and repetitive 

mechanical deformation in intestinal epithelial cells. Further elucidation of how SLFN12 

functions may guide the development of new interventions to stimulate enterocyte 

differentiation that could be useful to promote intestinal adaptation in patients with mucosal 

atrophy after prolonged fasting or patients with short gut syndrome.
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Figure 1: Sodium butyrate increases SLFN12 and sucrase-isomaltase (SI) gene expression in 
human intestinal epithelial Caco-2 cells.
Confluent Caco-2 cells were treated with vehicle control (PBS) or physiological 

concentrations of butyrate (1mM and 2mM NaB) for 24 hours. SLFN12 and SI gene 

expression were measured by qPCR. (A) Sodium butyrate significantly increases SLFN12 

mRNA both at 1mM and 2mM in comparison to vehicle control cells (n=5, *p<0.05). (B) 

Butyrate at 2mM significantly increases SI expression in comparison to vehicle control cells 

(n=5, *p<0.05) while 1mM did not change the expression of SI in comparison to vehicle 

control cells.
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Figure 2: Repetitive mechanical deformation increases SLFN12 and sucrase-isomaltase gene 
expression in human intestinal epithelial Caco-2 cells.
Caco-2 cells were grown to confluence on collagen-I coated flexible membranes and 

subjected to an average 10% mechanical strain at 10cycle/min for 24 hours. Cells cultured in 

parallel in the absence of mechanical strain served as controls and RNA was extracted to 

measure the expression of SLFN12 and SI. (A) Repetitive mechanical deformation 

significantly increases SLFN12 mRNA and (B) SI mRNA in comparison to unstimulated 

control cells (n=5, *p<0.05).
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Figure 3: SLFN12 modulates butyrate-induced sucrase-isomaltase promoter activity in human 
intestinal epithelial Caco-2 cells.
Caco-2 cells were transfected with empty vector or SI-promoter GoClone construct for 48 

hours followed by treatment with PBS control (Cont) or 2mM butyrate (NaB) for additional 

24hr. For siRNA studies, Caco-2 cells were co-transfected with SI-promoter construct and 

control siNT1 or SLFN12 siRNA (siSLFN12) for 48hours followed by treatment with 2mM 

butyrate for additional 24 hours, then luciferase activity was measured. (A) Basal SI-

promoter activity increased in comparison to empty vector (n=5, *p<0.05) and NaB further 

increased SI-promoter activity in comparison to empty vector or SI-promoter construct alone 

(n=5, *p<0.05 vs empty vector; n=5, **p<0.05 vs SI-promoter alone). (B) SI-promoter 

activity after mechanical stimulation increased compared to control (static) cells (n=7, 

*p<0.05). (C) Knockdown efficiency of each of the siRNA putatively targeting SLFN12 

(siRNA-1, siRNA-2, siRNA-3 and siRNA-4) with respect to control non-targeting siRNA 

(siNT-1) transfected in Caco-2 cells. Each siRNA was used at 100 nM (n = 4, *, p < 0.05, 

siNT vs siSLFN12). (D) Sodium butyrate enhances SI promoter activity in siNT1-treated 

cells (n = 5, *, p < 0.05). Reduced SLFN12 expression by siSLFN12 attenuated basal (n = 5, 

*, p < 0.05) and butyrate-induced SI-promoter activity (n=5, #, p<0.05).
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Figure 4: SLFN12 modulates butyrate-induced sucrase-isomaltase gene expression in human 
intestinal epithelial Caco-2 cells.
Caco-2 cells were transfected with control siNT1 or siSLFN12 for 48 hours followed by 

treatment with PBS control (0 mM) or 2 mM butyrate for additional 24 h. SLFN12 and SI 

gene expression were measured by qPCR. (A) Sodium butyrate (NaB) enhances SLFN12 

expression and (B) SI expression in siNT1-treated cells (n = 5, *, p < 0.05). Reduced 

SLFN12 expression by siSLFN12 attenuated butyrate-induced (A) SLFN12 (n=5, #, p<0.05) 

or (B) SI expression. SLFN12 siRNA inhibited basal (A) SLFN12 (n = 5, *, p < 0.05) and 

(B) basal SI expressions.
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Figure 5: SLFN12 modulates repetitive mechanical deformation-induced sucrase-isomaltase gene 
expression in human intestinal epithelial Caco-2 cells.
Caco-2 cells were plated on collagen-I coated flexible membranes and next day cells were 

transfected with control siNT1 or siSLFN12 for 48 hours followed by mechanical strain at 

10cycle/min for 24 hours. Cells cultured in parallel in the absence of mechanical strain 

served as controls and SLFN12 and SI gene expression were measured by qPCR. Repetitive 

mechanical deformation enhances (A) SLFN12 and (B) SI expression in siNT1-treated cells 

(n = 5, *, p < 0.05). Reduced SLFN12 expression by siSLFN12 attenuated deformation-

induced (A) SLFN12 and (B) SI expression (n=5, #, p<0.05). SLFN12 siRNA inhibited 

basal (A) SLFN12 and (B) basal SI expression (n = 5, *, p < 0.05).
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Figure 6: Co-stimulatory effects of repetitive mechanical deformation and butyrate on SLFN12 
and SI-expression in the absence and presence of siRNA to SLFN12.
(A) SLFN12 and (B) SI expression analyzed by qTR-PCT in Caco-2 cells transfected with 

siNT-1 control siRNA or the siRNA-1/siRNA-4 mixture to reduce SLFN12. Forty-eight 

hours after transfection, these cells were maintained for an additional 24 hours under control 

conditions (black bars), with cyclic strain (shaded bars from lower left to upper right), 2 mM 

butyrate (shaded bars from upper right to lower left), or in combination for co-stimulation 

(cross-hatched bars). Cells not exposed to cyclic strain were cultured under static conditions 

and cells not treated with butyrate were treated with an equal volume of PBS as a vehicle 

control (n=4, *p<0.05, siNT static vs either strain or static-NaB or strain-NaB).

Chaturvedi et al. Page 20

Hum Cell. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction:
	Material and Methods
	Materials:
	Cell Culture:
	Application of mechanical strain:
	Transfection with siRNA:
	RNA isolation and qRT-PCR:
	Promoter activity assays:
	Statistical analysis:

	Results:
	Sodium butyrate increases both Schlafen 12 (SLFN12) and Sucrase-Isomaltase (SI) gene expression:
	Repetitive deformation increases Schlafen 12 and Sucrase-Isomaltase (SI) gene expression:
	Schlafen 12 reduction modulates butyrate-induced Sucrase-Isomaltase (SI) promoter activity:
	Schlafen 12 reduction modulates butyrate-induced Sucrase-Isomaltase (SI) gene expression:
	Schlafen 12 modulates mechanical strain-induced Sucrase-Isomaltase (SI) gene expression:

	Discussion:
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:

