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A B S T R A C T

Short chain fatty acids (SCFAs) are produced by commensal bacteria in the gut and are known to reduce in-
flammation through transcriptional inhibition of cytokines and inflammatory proteins such as cyclooxygenase-2
(COX-2). Butyrate is a SCFA that was reported to alter the mRNA stability of inflammatory genes by increasiing
the expression of the RNA binding protein (RBP) Tristetraprolin (TTP). We have hypothesized that butyrate may
regulate gene expression post-transcriptionally through global effects on the expression or cytoplasmic trans-
location of RBPs. Using bioinformatics analyses of publicly available microarray data as well as colon cancer cell
lines treated with sodium butyrate, we have observed that butyrate treatment led to a general reduction in
expression of several (but not all) RBPs and inhibition in the cytosolic translocation of HuR, a well-known
stabilizing RBP. This was reflected in reduced NanoLuc reporter activity of several different AU-rich element
(ARE) sequences in the presence of butyrate; this suppression was retained even when HuR was overexpressed.
Mechanistically, we have shown that reduced activity of HuR was related to decreased phosphorylation of p38
and MK2 and enhanced phosphorylation of Chk2. As a proof of concept, we show butyrate-mediated inhibition
in binding of HuR to the 3’UTR of COX-2 mRNA resulting in reduced mRNA and protein levels of the in-
flammatory gene. Overall, our data suggest that butyrate can reduce the expression of inflammatory genes not
only by transcriptional regulation, but also by post-transcriptional regulation via inhibition of mRNA stabilizing
proteins.

1. Introduction

Butyric acid is a short chain fatty acid (SCFA) that is generated in
the gut along with acetic acid and propionic acid when bacterial species
such as those belonging to the class Clostridia clusters IV and XIVa
metabolize resistant starches and fibers in the diet [1,2]. Butyrate plays
several important roles in the human colonic epithelial cells including
energy generation, maintenance of the gut barrier, as well as im-
munomodulatory and anti-inflammatory functions [1]. It has been well-
documented that butyrate can reduce proliferation and induce apop-
tosis and differentiation of transformed colonic epithelial cells [3].
Moreover, colorectal cancer (CRC) patients have reduced representa-
tion of butyrate producing bacteria in fecal samples compared to

healthy individuals [4]. Several butyrate mediated effects can be at-
tributed to its epigenetic histone deacetylase inhibition (HDACi) ac-
tivity, leading to the de-repression of genes such as the cyclin depen-
dent kinase inhibitor p21, the proapoptotic protein Bcl-2 homologous
antagonist/killer (BAK) or the orphan nuclear receptor PPARγ [5].

Butyrate has been recognized in the colon for reducing inflamma-
tion primarily through the suppression of nuclear factor kappa B (NF-
κB) [3,6]. In fact, butyrate has been used in clinical trials with some
success in patients with inflammatory bowel disease and Crohn's dis-
ease [7]. In a recent trial, obese patients subjected to oral supple-
mentation of sodium butyrate for 4 weeks did not show any major
changes in the cytokine profile in their peripheral blood mononuclear
cells (PBMCs) indicating that local rather than systemic changes may be
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expected from butyrate supplementation [8].
During an inflammatory response, cytokine secretion is rapidly sti-

mulated through increased activity of a number of transcription factors.
Once the purpose of the inflammatory response has been met, cytokine
secretion needs to revert to homeostatic levels in order to promote re-
solution of inflammation. Many studies have indicated that RNA
binding proteins (RBPs) can bind to cis-elements such as Adenylate- and
Uridylate-rich elements (ARE) present in the 3′ untranslated regions (3’
UTRs) of inflammatory mRNAs to rapidly regulate their levels and
thereby adapt to changing environmental conditions [9,10]. Some of
these proteins promote mRNA stabilization thereby leading to increased
protein expression, e.g. hnRNP A1 and HuR/ELAVL1, whereas others
primarily decrease mRNA expression through destabilization, e.g. AUF1
(hnRNP D), tristetraprolin (TTP), TIAR and TIA-1, and CUGBP2 [11].
Recognition of AREs by destabilizing RBPs can lead to a decay of
mRNAs through deadenylation of the mRNA [12], decapping or a delay
in translation [13]. Stabilizing RBPs, on the other hand, function by
preventing the association of destabilizing RBPs or miRNAs that repress
translation [14]. Competition between these stabilizing and destabi-
lizing RBPs for binding to similar sequences at the 3’UTR may decide
the final fate of the mRNA [15].

RBPs are believed to be functional mostly in the cytoplasm by se-
questering target mRNAs in processing bodies. The localization of these
proteins in the nucleus or the cytoplasm is closely regulated [15,16].
For example, signaling through the checkpoint protein Chk2 enhances
the translocation of HuR to the cytoplasm to enhance the half-life of
target mRNAs, while in the nucleus it can participate in the regulation
of pre-mRNA splicing [17].

A few studies in the literature have suggested the intriguing idea
that butyrate, in addition to epigenetically regulating gene expression
through its HDACi activity, may also post-transcriptionally regulate the
expression of various genes via the regulation of expression of RBPs.
Thus, Tristetraprolin (TTP) also known as zinc finger protein 36
(ZPF36), a destabilizing RBP, was shown to be transcriptionally upre-
gulated in the presence of butyrate, leading to a reduction in the
transcript levels of the inflammatory protein COX-2 [18] and the cell
cycle protein cyclin B1 [19]. Butyrate was also shown to reduce the
mRNA levels of TNFα through an upregulation of the RBP TIS11B [20],
member of a family of proteins that also includes TTP. The 3’UTR of
COX-2 has a length of approximately 2 kilobases and was classified as a
Cluster 3 ARE with a stretch of WAUUUAUUUAUUUAW [21] that are
mostly located in the first 100 or so bases and respond to the presence
of various regulatory proteins, including RBPs [22].

In this study we have hypothesized that butyrate may affect the
global expression of RBPs. Mining publicly available microarray data
(GSE45220 [23], GSE4410 [24] and GSE17397 [25]) we observed that
there was an overall suppression of RBP expression in butyrate treated
colon epithelial cells and examined mechanistically whether butyrate
mediated suppression of RBPs could affect the post-transcriptional
regulation of genes. Using a number of different colon cancer cell lines,
we confirmed that butyrate reduced the expression and/or cytoplasmic
translocation of several different RBPs as well as their binding to dif-
ferent ARE sequences. Focusing on HuR, a stabilizing RBP, we show
that the reduction in cytoplasmic levels of the protein could be attrib-
uted to an increase in the phosphorylation of the checkpoint protein
Chk2 and a reduction in the phosphorylation of the stress activated p38
and MAPKAPK2 (MK2) pathway. Finally, as a proof of concept, we
examined the regulation of expression of COX-2 in the presence of
butyrate. We observed a dose dependent decrease in the expression of
COX-2 in cells treated with butyrate. Interestingly, this reduction was
not through an inhibition of the inflammatory transcription factor NF-
κB, but a decrease in the binding of HuR to the 3’UTR of COX-2 [26].
Overall, our data show that butyrate, in addition to its well-known
epigenetic role of inhibiting histone deacetylases, may also regulate
gene expression at the post-transcriptional level by modulating the
activity of RBPs.

2. Materials and methods

2.1. Bioinformatics analyses

Three publicly available microarray datasets were analyzed for this
study. The first dataset, GSE45220 [23], consisted of expression values
for HT-29 cells treated with vehicle (control) or 2 mM sodium butyrate
(NaBt) for 24 h. The second dataset, GSE17397 [25], consisted of ex-
pression values for HeLa cells treated with vehicle (control) or 5 mM
sodium butyrate (NaBt) for 15 h. The third dataset, GSE4410 [24],
consisted of expression values for a non-transformed mouse colonic
epithelial MCE301 cell line treated with vehicle (control) or 2 mM NaBt
for 6-, 12- and 24 h.

The raw data for GSE45220 and GSE17397 were downloaded from
the GEO Database (https://www.ncbi.nlm.nih.gov/geo/) and normal-
ized by Robust Multichip Average (RMA) [27] and oligo [28] packages.
A total of 414 human RBPs were downloaded from the RBPDB database
[29] and matched to the probes by their ENSMBL IDs and Gene Sym-
bols. Finally, a total of 446 probes representing 395 unique human
RBPs were extracted from the expression matrix. Probe annotations
were carried using the gene-centric hugene10sttranscriptcluster.db [30]
and huex10sttranscriptcluster.db [31] packages, respectively. Differential
expression was determined using limma package from Bioconductor
[32]. All data normalization and annotations were carried out in the R
environment 3.6.0 version for Windows.

For GSE4410, the pre-normalized microarray data was downloaded
from Array Express database (https://www.ebi.ac.uk/arrayexpress/
experiments/E-GEOD-4410/?query=gse4410) and transformed in
logarithmic scale of base 2. A total of 404 mouse RBPs were down-
loaded from the RBPDB database [29]. The annotation file for Affy-
metrix Mouse Expression 430A Array release number 35 was down-
loaded from the Affymetrix webpage (http://www.affymetrix.com/
support/technical/byproduct.affx?product=moe430). Affymetrix
probes that quantify the expression of the mouse RBPs were extracted
from the annotation file in R language environment version 3.5.1 by
using the relevant functions of dplyr package (https://cran.r-project.
org/web/packages/dplyr/index.html). In total, 608 probes re-
presenting 301 unique genes were matched and used for further ana-
lysis. After differential expression (DE) analysis, in the cases of genes
with two or more probes, only the most significant ones were used.
Separate DE analysis was carried out for control versus each treatment
time point (6, 12 and 24 h) using the limma package from Bioconductor
[32], and it showed no overall significant gene (FDR < 0.1) due to the
low number of replicates (2 per case). Therefore, our selection criterion
was based on p < 0.05.

Interaction scores for the networks were downloaded and trans-
ferred to Cytoscape version 3.7.1 for visualization [33]. Heat maps
were generated using the Morpheus software of Broad Institute
(https://software.broadinstitute.org/morpheus).

2.2. Cell culture and treatments

Caco-2 and HT-29 cells were purchased from ŞAP Enstitüsü
(Ankara, Turkey), HCT-116 cells were purchased from the German
Cancer Research Center (DKFZ, Heidelberg, Germany). Caco-2 cells
were grown in Eagle's Minimum Essential Medium (EMEM) (Thermo
Fisher Scientific, Boston, MA, USA) containing 20% FBS, 2 mM L-glu-
tamine, 1× non-essential amino acids, 1% penicillin-streptomycin and
1 mM sodium pyruvate. HT-29 and HCT-116 cells were cultured in
McCoy's 5A modified medium supplemented with 10% FBS, 2 mM L-
glutamine and 1% penicillin–streptomycin. Cells were grown at 37 °C in
a humidified atmosphere of 5% CO2/95% air. Unless otherwise in-
dicated, all cell culture media and components were purchased from
Biological Industries (Beit Haemek, Israel). All cells were routinely
tested for mycoplasma contamination [34] and cultured with a pro-
phylactic dose (2.5 μg/ml) of Plasmocin® (Invivogen, Toulouse,
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France). Where indicated, cells were treated with sodium butyrate
(NaBt, Sigma Aldrich Chemie GmbH, Taufkirchen, Germany) at a
concentration of 1, 3 or 5 mM for 6 h or 48 h. Water was used as vehicle
(annotated as veh. in figures) for NaBt. For the actinomycin D (ActD,
Sigma) chase assay, HT-29 cells were treated with NaBt (5 mM) for 39 h
in complete medium, washed and treated with NaBt only (5 mM), NaBt
plus ActD (10 mg/ml) or ActD alone for 9 h in serum free medium. Cells
were collected every hour for 9 h and assayed for the expression of
COX-2 by qRT-PCR.

The spontaneous differentiation of Caco-2 cells was carried out as
described previously [35]. Briefly, Caco-2 cells were plated and allowed
to grow until they reached 100% confluency. These cells were con-
sidered as Day 0 cells. Following this, the cells were allowed to grow for
10 or 20 more days with daily changes of the medium to obtain the Day
10 or Day 20 cells. Cells collected at 60% confluency were considered to
be proliferating. Cells collected at the respective days were then pro-
cessed for RNA or protein isolation or transfection.

2.3. RNA isolation and quantitative PCR

RNA isolation was carried out using a NucleoSpin RNA kit
(Macherey Nagel, Düren, Germany) according to the manufacturer's
instructions. RNA concentration was measured with the BioDrop μLITE
(BioDrop, Cambridge, UK). RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific) was used for the synthesis of cDNA synthesis from
the RNA. qRT-PCR was carried out in a Bio-Rad CFX Connect (Bio-Rad,
Hercules, CA, USA). Reaction conditions for qRT-PCR and product sizes
are shown in Supplementary Table 1. To determine the reaction effi-
ciency of the primers used in qRT-PCR, standard amplification curves
were generated initially. Expressions of β-Actin or RAB7A were used for
normalization.

Prior to qRT-PCR, cDNA was diluted 1:20 with nuclease free dH2O.
The diluted cDNA (2 μl) was mixed with 5 μl 2× Fast Start SYBR Green
(Roche, Basel, Switzerland), 0.25 μM forward and reverse primers and
made up to a total volume of 10 μl with dH2O. To determine changes in
expression levels, Ct values (threshold cycle) after 40 cycles reaction
were calculated by the relative standard curve method. Transcriptional
level changes were calculated according to Pfaffl method [36]. MIQE
guidelines were followed during the qRT-PCR reactions [37].

2.4. Plasmids and constructs

AU rich RBP binding sequences (Artificial ARE and HuR binding
ARE) were cloned at the BamH1site into a Super NanoLuc reporter
vector. This vector contains the RPSM30 promoter that was reported to
be non-responsive to many agents including cytokines [38]. The vector
was kindly shared by Prof Khalid S. A. Khabar of the King Faisal Spe-
cialist Hospital and Research Centre, Riyadh, Saudi Arabia. The ARE
rich region from the 3’UTR of COX-2 was amplified using an MGC
Human PTGS2 Sequence-Verified cDNA (Dharmacon, Lafayette, CO,
USA) (NCBI Reference Sequence NM_000963.3, 4507 bp mRNA, Cat-
alog no: MHS6278–202756618 Clone ID: 3880850) as a template using
Pfu enzyme and cloned into the BamH1 site of the Super NanoLuc re-
porter vector. The entire 3’UTR of COX-2 was also amplified from the
same cDNA and cloned into the XhoI and NotI sites of psiCHEK2 vector.
For overexpression of HuR, the coding sequence was amplified from the
pGEX-6P-1 ELAVL1 expression vector (Dundee University MRC PPU
Reagents & Services). A Kozak sequence (5’ GCCACC 3′) was introduced
immediately upstream of the start codon while a MYC tag (5’ GAACA
AAAACTCATCTCAGAAGAGGATCTG 3′) was introduced immediately
upstream of the stop codon by PCR. The resulting sequence was cloned
into the Sal1 and Not1 sites of a pGWIZ RPSM30 expression vector.
Gene expression in this mammalian expression vector was under the
control of the RPSM30 promoter (kindly shared by Prof Khalid S. A.
Khabar of the King Faisal Specialist Hospital and Research Centre,
Riyadh, Saudi Arabia). All PCR reactions for cloning were carried out

using the high fidelity Phusion Taq polymerase (NEB, Ipswich, MA,
USA) and all constructs were confirmed by sequencing. Please see
Supplementary Table 1 for a list of all oligos and primers used in this
study.

2.5. Protein isolation and western blot

M-PER Mammalian Protein Extraction Reagent (Thermo Fisher
Scientific) containing 1× protease and phosphatase inhibitors (Roche)
was used for the isolation of whole cell extract in accordance with
manufacturer's instructions. For the isolation of nuclear and cyto-
plasmic fractions, the cells were washed twice with ice cold phosphate
buffered saline (PBS) and then lysed in 300 μl of a hypotonic buffer
containing 10 mM HEPES pH 7.5, 4 mM NaF, 10 μM Na2MoO4, 0.1 mM
EDTA, 1× protease and phosphatase inhibitors (Roche) and incubated
on ice for 15 min. Then, 75 μl of 10% NP-40 (Pan-Reac AppliChem,
Darmstadt, Germany) was added, mixed by pipetting up and down and
supernatants containing the cytoplasmic fraction were obtained by
pulse centrifugation at highest speed for 30 s at 4 °C. The nuclear pellet
was resuspended in 80 μl of Nuclear Extraction Buffer containing
10 mM HEPES, pH 7.9, 0.1 mM EDTA, 1 mM DTT, 1.5 mM MgCl2,
420 mM NaCl, 10% glycerol and with 1× protease and phosphatase
inhibitors, incubated on ice on an orbital shaker and vortexed for 30 s at
15 min intervals. The lysate was centrifuged for 10 min at 14000 xg at
4 °C. The supernatant was considered as the nuclear fraction.

Total (20–50 μg) or cytoplasmic and nuclear proteins (5–10 μg)
were separated in 10% SDS-PAGE gels and transferred to PVDF mem-
branes using standard techniques. Bands were visualized with the
Clarity ECL Substrate (Bio-Rad) and ChemiDoc MP Imaging System
(Bio-Rad). Band intensities were normalized to housekeeping proteins
and the results given as “fold change”. Topo IIβ or Lamin1B were used
as nuclear markers while GAPDH, α-Tubulin or β-actin were used as
cytoplasmic or whole cell extract markers. Please see Supplementary
Table 2 for a list of all antibodies used in this study.

2.6. Luciferase assay

For luciferase assays to determine 3’UTR activity, Caco-2 and HT-29
cells at 50–60% confluency in 48-well plates were used. The growth
medium was changed with Opti-MEM reduced serum medium (Thermo
Fisher Scientific). The cells were co-transfected with 40 ng of the
NanoLuc reporter vector cloned with ARE sequences and 360 ng firefly
reporter vector as an internal control or 40 ng NanoLuc vector cloned
with ARE sequences, 80 ng HuR overexpressing vector (or 80 ng empty
vector to keep the DNA amounts constant) and 280 ng firefly vector
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) at a 1:2
(plasmid: transfection reagent) ratio according to manufacturer's in-
structions. After 6 h (for Caco-2 cells) or 24 h (for HT-29 cells) in-
cubation at 37 °C, the transfection medium was removed and replaced
with complete medium containing 5 mM NaBt or vehicle (control) for
48 h. For the analysis of Firefly and NanoLuc activities Nano-Glo Dual
Luciferase Reporter Assay System (Promega, Madison, WI, USA) was
used according to the manufacturer's instructions and the activities
were measured by a luminometer (Turner Biosystems, Thermo Fisher
Scientific).

2.7. RNA immunoprecipitation (RNA IP)

RNA IP was carried out according to the protocol of Peritz et al.
2006 [39]. To evaluate the binding of endogenous HuR protein to an
HuR binding ARE sequence, HCT-116 in T25 flasks were transfected
with 3.5 μg of a NanoLuc vector in which the HuR binding sequence
was cloned. 10 μl Lipofectamine 2000 (Invitrogen) was used and the
transfection was carried out for 6 h after which the cells were either
treated with either 5 mM NaBt or vehicle (water) for 48 h in complete
medium. To determine the binding of endogenous HuR to the 3’UTR of
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COX-2, Caco-2 cells in T25 flasks were treated with 5 mM NaBt or ve-
hicle for 48 h. For each RNA immunoprecipitation, 5 × 106 cells were
used; for input, 3 × 105 cells were used. Cells were lysed with 1 ml
polysome lysis buffer (PLB) [100 mM KCl, 5 mM MgCl2, 10mMm
HEPES, pH 7.0, 0.5% Nonidet P-40, 1 mM DTT, 100 Uml−1 RNasin
RNase inhibitor (Promega), 2 mM vanadyl ribonucleoside complexes
solution (Sigma), 25 μl ml−1 protease inhibitor cocktail (Roche)]. Next,
50% Protein A/G magnetic beads (Thermo Scientific) were equilibrated
by washing the beads with 500 μl of PLB twice and then restoring the
original volume with the same buffer (PLB). The bead slurry was se-
parated into three aliquots of 50 μl each. Two of the aliquots were used
for pre-clearing while the other aliquot was used for incubation with
the antibody bound cell lysate. First, one aliquot of the pre-clearing
slurry was added to 1 ml of cell lysate and incubated with rotation at
4 °C for 1 h. After incubation, the beads were collected with a magnetic
rack. The collected supernatant was incubated with the second pre-
clearing aliquot of bead slurry with rotation at 4 °C for 1 h. Next, the
supernatant was incubated with 4 μg of α-HuR (ProteinTech, Manche-
ster, UK, Cat no: 66549–1-Ig) or 4 μg of mouse IgG (Santa Cruz, Cat. no:
sc-2025) with rotation at 4 °C overnight. The next day, the third aliquot
of the bead slurry was added to this cell lysate and incubated with
rotation at 4 °C for 4 h. The beads were collected using the magnetic
rack and the supernatant was removed. The beads were washed with
500 μl PLB four times with rotation at 4 °C for 5 min for each wash,
followed by 4 more washes with PLB containing 1 M urea with rotation
at 4 °C for 5 min each. The beads were next re-suspended with 100 μl
PLB containing 0.1%SDS and 30 μg proteinase K and incubated at 50 °C
for 30 min. One volume (100 μl) of phenol-chloroform-isoamyl alcohol
mixture was added and vortexed. To separate the phases, the beads
were centrifuged. The upper phase was taken to a fresh eppendorf tube
and 5 μl glycogen (20 mg/ml), 12 μl 3 M sodium acetate and 250 μl
100% ethanol were added to 100 μl of the upper phase and mixed. The
mixture was incubated at −20 °C overnight for ethanol precipitation.
The mixture was centrifuged for 20 min at 4 °C at 16000 ×g. Ethanol
was removed and the pellet was allowed to air-dry, re-suspended in
RNase free water and stored at −80 °C.

The immunoprecipitated RNA samples were converted to cDNA and
analyzed by qRT-PCR using primers spanning the Super NanoLuc lu-
ciferase sequence of the vector or the coding sequence as well as 3’UTR
region of COX-2 (please see Supplementary Table 1 for primer se-
quences and product sizes). The primer sequences to determine the
binding of HuR to the 3’UTR of eIF4E (positive control) was obtained
from Topisirovic et al. [40]. First, a standard amplification curve was
generated using the input cDNA and accordingly the dilution factor was
determined as 1:500. The input Ct value was determined by extracting
the transformation of dilution factor in logarithmic scale base 2 from
the measured input Ct value of both treated and untreated samples. The
ΔCt value was calculated by extracting the calculated input Ct value
from the Ct values of immunoprecipitated samples. For untreated
samples, untreated input Ct value was used and for treated samples,
treated input Ct value was extracted. Mean of ΔCt values of IgG pre-
cipitated samples was calculated and ΔΔCt value was calculated for
treated and untreated samples separately by extracting the mean value
from ΔCt of IgG and HuR precipitated samples. The fold change of HuR
precipitated samples compared to IgG precipitated samples was calcu-
lated for both untreated and NaBt treated samples.

2.8. Statistical analyses

All experiments were repeated at least 2–3 times independently,
with 3–6 technical replicates in each independent replicate and re-
presented as mean ± standard error of mean (SEM). Unless otherwise
indicated, statistical analyses between experimental results were based
on ANOVA or unpaired t-test. Statistical analyses and graphing were
carried out using GraphPad Prism (La Jolla, CA, USA). A p value ≤0.05
was considered as statistically significant.

3. Results

3.1. In silico analyses showing global repression in the expression of RBPs in
cells treated with sodium butyrate

Publicly available microarray datasets obtained from work with HT-
29 (GSE45220) or HeLa (GSE17397) cells treated for 24 h with 2 mM
NaBt (HT-29) or for 15 h with 5 mM NaBt (HeLa), were analyzed for the
expression of RBPs. For GSE45220, a total of 446 probes representing
395 unique human RBPs (hRBPs) were extracted from the expression
matrix. Differential expression analysis (FDR < 0.1) showed that NaBt
treatment resulted in an overall greater downregulation of RBPs (80
genes) compared to their upregulation (13 genes) (Fig. 1A, list of all
genes are given in Supplementary Table 3). For GSE17397, a total of
388 unique probes representing 366 unique hRBPs were extracted from
the expression matrix. Similar to the HT-29 data, differential expression
analysis (FDR < 0.1) showed that NaBt treatment resulted in an
overall greater downregulation of RBPs (80 genes) compared to their
upregulation (22 genes) (Supplementary Fig. 1A, list of all genes are
given in Supplementary Table 3).

To determine whether the expression of RBPs in cells treated with
NaBt was temporally regulated, the publicly available microarray data
(GSE4410) obtained from work with a immortalized non-transformed
mouse colon epithelial cell line treated for 0, 6, 12 and 24 h with 2 mM
sodium butyrate (NaBt) was analyzed for the expression of RBPs [24].
Differential expression analysis (p < 0.05) indicated that NaBt treat-
ment again resulted in an overall greater downregulation of RBPs (117
genes) compared to their upregulation (43 genes) (List of all genes are
given in Supplementary Table 3). Of these, 25 genes were significantly
downregulated at every time point while 9 genes were significantly
upregulated at every time point (Supplementary Fig. 1B). Volcano plots
of RBP genes significantly up and down-regulated in the presence of
NaBt indicated that the effect was highly temporal with a stronger
downregulation observed at longer time points (Supplementary Fig. 1C,
list of all genes are given in Supplementary Table 3).

We next queried whether the genes that were significantly down
and upregulated in the presence of NaBt formed a signaling network.
Data from GSE45220 indicated while the RBPs that were down-
regulated in HT-29 cells treated with 2 mM NaBt formed a tight net-
work indicating that these genes were part of a closer and more ex-
tensive interaction network, the RBPs that were upregulated did not
form a significant interaction network (Fig. 1B). MCE301 cells
(GSE4410) also showed the same trend with the downregulated RBP
genes showing a stronger interaction network compared to the upre-
gulated genes, which increased as the duration of treatment was in-
creased (Supplementary Fig. 1D).

3.2. Downregulation of several RBPs in NaBt treated colon cancer cell lines

To confirm the in silico data that indicated downregulation of many
RBPs, we treated colon cancer cell lines Caco-2 and HT-29 with 3 and
5 mM NaBt for 48 h followed by the isolation of whole cell lysates as
well as nuclear and cytoplasmic fractions. An MTT assay indicated that
Caco-2 cells retained around 77 ± 4% and 64 ± 2% of cell viability
when treated for 48 h with 3 mM and 5 mM NaBt, respectively. HT-29
cells retained 40 ± 3% and 32 ± 6% of viability when treated for 48 h
with 3 mM and 5 mM NaBt, respectively (Supplementary Fig. 2). We
next examined the expression of four RBPs, AUF1, CUGBP2, TIAR and
HuR that are known to bind to the 3’UTR of COX-2 [11]. These genes
showed reduced expression (AUF1, CUGBP2 and TIAR), or no change in
expression (HuR) in the HT-29 dataset (GSE45220, Supplementary
Fig. 3). Confirming the in silico data, the cytoplasmic, nuclear and
whole cell extract (WCE) levels of the destabilizing proteins AUF1
(Fig. 2A), CUGBP2 (Fig. 2B) and TIAR (Fig. 2C) were observed to de-
crease in NaBt treated HT-29 and Caco-2 cells. Interestingly, treatment
of HT-29 cells with 3 and 5 mM NaBt treatment did not lead to any
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decrease in expression of the stabilizing protein HuR; rather, a reduc-
tion in the cytoplasmic levels of the protein was observed (Fig. 2D),
corroborating the lack of any change of mRNA expression seen in
GSE45220 (Supplementary Fig. 3). In Caco-2 cells there was a reduction
in nuclear as well as whole cell extract of the protein; however, no
significant alteration was observed in the cytoplasmic levels (Fig. 2D).

To confirm the role of NaBt in modulating 3’UTR activity using a
reporter assay, we chose two different RBP binding sequences: 1) An
artificial ARE sequence [41], which could bind to several different RBPs
such as HuR, HuB and TTP as indicated by an analysis of the sequence
using the database for RNA binding protein specificities RBPDP (http://
rbpdb.ccbr.utoronto.ca/) 2) An artificial ARE sequence consisting of
binding sequences for the RBP HuR only. Each of these sequences were
cloned into an RPSM30 NanoLuc reporter vector [38]. This vector was
designed with a ribosomal protein (RPSM30) promoter that was shown
to respond minimally at the transcriptional level to many different
treatments [38]. In the current study, using cells transfected with the
empty vector and treated with 5 mM NaBt, we observed that this

promoter was non- responsive to NaBt; whereas the SV40 promoter in
the psiCHEK2 vector was strongly responsive to NaBt (Supplementary
Fig. 4A). When we transfected Caco-2 cells with each of these constructs
there was a dramatic increase in luciferase activity in both ARE se-
quences (Fig. 3A). This indicated that stabilizing proteins such as HuR,
were functional in these cells. Importantly, when we treated the cells
with 5 mM NaBt for 48 h, we observed a very significant decrease in the
luciferase activity, confirming that there was an overall suppression in
the activity of endogenous stabilizing RBPs in Caco-2 cells in the pre-
sence of NaBt (Fig. 3A).

To further confirm whether the treatment with NaBt was able to
suppress stabilizing RBPs, we transfected Caco-2 and HT-29 cells with
an HuR overexpressing construct along with the HuR binding ARE se-
quence (Fig. 3B). For both cell lines we observed that when HuR was
overexpressed, a significant increase in luciferase activity was observed
as expected, confirming the RNA stabilizing effect of HuR. When the
cells were treated with NaBt, a strong suppression of reporter activity
was seen indicating that even when HuR was found in abundance, NaBt

Fig. 1. Analysis of microarray data of HT-29 cell line (GSE45220) showing differential expression of RBPs in the presence of NaBt. (A) Heatmap of significantly
differentially expressed RBPs showing downregulated (80) and upregulated (13) genes upon NaBt treatment. Heatmap was generated by Morpheus software, Broad
Institute (https://software.broadinstitute.org/morpheus/). (B) STRING network analysis showing that the downregulated RBPs (upper panel) after 24 h of treatment
with NaBt form a complex and highly interconnected interaction network as compared to the upregulated RBPs (lower panel). Yellow color represents the genes
forming the core of the interaction network based on clustering analysis on Cytoscape. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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could suppress the stabilizing function.
Next, we carried out an RNA immunoprecipitation (RNA IP) to

determine whether the binding of HuR to a target ARE sequence was
affected in the presence of NaBt. For this we transfected HCT-116 cells
with the HuR binding ARE construct for 6 h, followed by treatment with
5 mM NaBt or vehicle for 48 h and then carried out the RNA IP assay.
HCT-116 cells were selected for this assay as these cells are very easy to
transfect and, similar to HT-29 cells, showed a decrease in cytoplasmic
levels of HuR when treated with NaBt (Supplementary Fig. 4B). We
observed a significant decrease in the binding of endogenous HuR to its
binding sequence in the presence of NaBt compared to the vehicle
treated cells (Fig. 3C). The binding of HuR to the 3’UTR of eIF4E was
used as a positive control [40].

3.3. Signaling cascade for HuR translocation in the presence of NaBt

The translocation of HuR from the nucleus to the cytoplasm is a
closely regulated event [16] . Since we observed a decrease in both
cytoplasmic translocation of HuR and its binding to target sequences in
the presence of NaBt, we hypothesized that treatment with NaBt may
affect signal transduction pathways that regulate the nucleo-cyto-
plasmic shuttling and 3’UTR binding of HuR. It is known that both
cytoplasmic translocation and binding to target mRNA sequences is
regulated by the activation through phosphorylation of a p38 MAP
Kinase-MAPKAPK2 (MK2) signaling axis for the stabilization of a
number of inflammatory mRNAs such as COX-2 and TNFα [42,43]. We
observed that in both Caco-2 and HT-29 cells, treatment with 1, 3 and
5 mM NaBt for 48 h resulted in a decrease in phosphorylation of p38
(Fig. 4A) while the levels of the total proteins remained the same. Both
total and phosphorylated levels of MK2 decreased in the Caco-2 cells,
whereas for HT-29 cells there was a decrease in the levels of phos-
phorylated MK2, and to a lesser extent the total MK2. This indicates
that the decrease in activation of the p38-MK2 signaling axis could be
associated with the reduction in the cytoplasmic translocation of HuR
as seen in HT-29 cells or reduced binding to HuR target mRNA se-
quences as seen in Caco-2 cells. Interestingly, very slight fluctuations
(Caco-2) or no change (HT-29) in the phosphorylation of MK2 was
observed in cells treated with another HDAC inhibitor suberoylanilide
hydroxamic acid (SAHA) (Supplementary Fig. 5A) indicating that the
effect of NaBt in this signaling network may not be related to the in-
hibition of HDAC activity.

It has been shown previously that the translocation of HuR can also
be regulated through phosphorylation by the stress related kinase Chk2
in a cell cycle dependent manner [15,16]. Since the cytoplasmic
translocation of HuR was reduced in HT-29 cells, we first examined
whether NaBt treatment resulted in cell cycle arrest in these cells. HT-
29 cells that were overnight starved for synchronization showed an
increase in the proportion of G1 cells indicating a G1/S arrest as ex-
pected; the same cells after release into complete medium for 12 h
showed a decrease in G1 phase cells indicating that the cells were cy-
cling again and that the starvation model was suitable for synchroni-
zation (Supplementary Fig. 5B). We observed that many more of the
synchronized cells treated with 5 mM NaBt for 3, 6, 9 and 12 h were in
the S and G2/M phases compared to the control (vehicle) treated cells
that were in G1 phase (Supplementary Fig. 5C). The cell cycle check
point protein Chk2 is known to induce cell cycle arrest at S and G2/M in
the presence of DNA damaging agents [44] and was shown to phos-
phorylate HuR at S88, S100, and T118; moreover, these

phosphorylations were shown to dissociate HuR from the 3’UTR of a
target mRNA [45]. We have observed that concomitant with increased
number of cells at S and G2/M, synchronized HT-29 cells treated with
NaBt also underwent enhanced phosphorylation of Chk2 after 3-12 h of
treatment (Fig. 4B). Longer time points (beyond 12 h) were not ex-
amined for the phosphorylation of Chk2 as the cells were most likely to
not be synchronized any more. At the 6 h time point, when we observed
the highest phosphorylation of Chk2 in HT-29 cells, we also observed a
very strong decrease in the cytoplasmic levels of HuR (Fig. 4C). Inter-
estingly, synchronized Caco-2 did not show any change in the phos-
phorylation of Chk2 after 6 h of treatment with NaBt (Fig. 4D), sup-
porting idea that p38/MK2 mediated reduction in mRNA binding was
likely to be more functional in regulating HuR activity in these cells. It
is also possible that the progression of the cell through different stages
of the cell cycle in Caco-2 cells is different from HT-29 and alterations
in the phosphorylation of Chk2 occur at different time intervals.

3.4. NaBt treatment can post transcriptionally regulate the expression of
inflammatory mRNAs

To determine the functional consequences of NaBt mediated reg-
ulation of RBP expression and activity, we chose COX-2 as a candidate
mRNA that is known to be regulated post transcriptionally by RBPs
[10]. We treated Caco-2 and HT-29 cells that are known to express
COX-2 [46] with different doses (1-5 mM) of NaBt for 6- 48 h and ob-
served a significant decrease in the expression of COX-2 in the presence
of NaBt in both Caco-2 (Fig. 5A for 48 h of treatment, Supplementary
Fig. 6A for other time points) and HT-29 (Fig. 5B for 48 h of treatment,
Supplementary Fig. 6B for other time points) cells. These data indicate
that the expression of COX-2 was decreased as early as 6 h and re-
mained suppressed at 48 h of treatment. The expression of COX-1,
which has housekeeping functions and is regulated differently from
COX-2, was seen to increase with NaBt treatment in both HT-29 and
Caco-2 cells (Supplementary Fig. 6C). Since the expression of COX-2
can be regulated at both transcriptional [47] and post-transcriptional
[18] levels by NaBt, we first determined the activity of the transcription
factor NF-κB that is known to transcriptionally upregulate COX-2 genes
during an inflammatory response [26]. Treatment of Caco-2 cells for 6 h
with NaBt did not lead to any alteration in NF-κB transcriptional ac-
tivity as observed with a luciferase assay but treatment with NaBt for
48 h showed an increase in transcriptional activity (Fig. 5C, left panel).
HT-29 cells, treated for the same duration (48 h) and dose (5 mM) of
NaBt showed a decrease in transcriptional activity (Fig. 5C, right
panel). We also examined the nuclear translocation of the p65 subunit
of NF-κB and observed that 48 h NaBt treated Caco-2 cells had greater
nuclear levels of p65 whereas the 48 h NaBt treated HT-29 cells showed
no difference in nuclear p65 levels compared to vehicle treated cells
(Fig. 5D). These data indicate that the transcriptional activity of NF-κB
could not be accounted directly for the decrease in expression of COX-2
observed in the presence of NaBt suggesting the involvement of, among
other mechanisms, post transcriptional regulation. We therefore carried
out an Actinomycin D (ActD) chase assay with HT-29 cells. This cell line
was selected for the assay as we observed an inhibition of NF-κB acti-
vation as well as alterations in both signaling pathways i.e. the reduc-
tion in phosphorylation of p38-MK2 and the increase in phosphoryla-
tion of Chk2 in these cells. In the NaBt+ActD treated cells, we observed
a decrease in the COX-2 mRNA levels at the early time points of
treatment with ActD indicating the loss of new mRNA synthesis [48]. In

Fig. 2. Expression of RBPs in HT-29 and Caco-2 cells treated with NaBt. Caco-2 (upper panels) and HT-29 (lower panels) cells were treated for 48 h with NaBt
followed by the isolation of nuclear and cytoplasmic fractions as well as whole cell extract (WCE). (A) The expression of two different AUF1 isoforms in Caco-2 and
four different isoforms in HT-29 are shown. Expression of (B) CUGBP2 (C) TIAR and (D) HuR are shown. The experiments were repeated at least three times
independently and densitometric analyses showing fold change in expression in the NaBt treated cells with respect to the vehicle treated cells are shown. Statistical
analyses were carried out using ANOVA followed by Tukey's multiple comparisons test. TOPOIIβ or Lamin B1 were used as nuclear loading controls while GAPDH
was used as the cytoplasmic loading control. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.
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the following hours, however, the NaBt + ActD treated cells showed a
significantly greater decrease in the COX-2 mRNA levels compared to
the ActD alone or NaBt alone treated cells, indicating destabilization of
the mRNA (Fig. 5E). To determine the half-life of the COX-2 mRNA
from the ActD chase assay, trend lines were generated according to best
fit for the graph of time (in minutes) versus expression. For the ex-
pression data from ActD treated cells, a polynomial equation was ob-
tained (y = 1197.2 × 2–1974.8× + 776.56, R2 = 0.972). For the ex-
pression data from NaBt treated cells, a linear equation was obtained
(y = −421.52× + 412.35, R2 = 0.2631). For the expression data from
NaBt + ActD treated cells, a logarithmic equation was obtained
(y = −149ln(x) – 77.639, R2 = 0.7329). According to these equations,
the half-life of the COX-2 mRNA was determined as 88 min for ActD
treated cells, 202 min for NaBt treated cells and 30 min for NaBT+ActD
treated cells.

Next, we examined the activity of the ARE binding sequences from
the 3’UTR of COX-2 using the NanoLuc reporter assay. Here we used
Caco-2 cells since these cells are easier to transfect compared to HT-29
cells and showed reduced reporter activity in the presence of NaBt
when transfected with an artificial ARE sequence (Fig. 3A). When Caco-
2 cells were transfected with the COX-2 ARE sequence along with the

HuR overexpression vector, significant increase in the luciferase ac-
tivity was observed, indicating stabilization of the mRNA. More im-
portantly, treatment of the cells with 5 mM NaBt for 48 h resulted in a
significant decrease in the luciferase signal suggesting the inhibition of
HuR activity and therefore destabilization (Fig. 5F). We also carried out
an RNA IP to determine effect of NaBt on the endogenous binding of
HuR to the 3’UTR of COX-2. While we could successfully precipitate
HuR-bound 3’UTR sequences of COX-2 in the vehicle treated cells, the
precipitation was dramatically reduced in the cells treated with 5 mM
NaBt (Fig. 5G). Minimal precipitation was observed with isotype spe-
cific IgG. Finally, overexpression of HuR resulted in an increase in the
protein levels of COX-2, most likely due to stabilization of the COX-2
mRNA. When the HuR overexpressing cells that were treated with bu-
tyrate, the COX-2 protein levels were reduced further suggesting an
inhibition of HuR activity in the presence of butyrate (Fig. 5H).

NaBt treatment has been reported to induce differentiation in Caco-
2 cells [49]. To determine whether treatment with NaBt for 48 h could
induce differentiation in Caco-2 cells and whether this differentiation
had any effect on the post transcriptional regulation of COX-2, we first
determined the expression of differentiation markers. Treatment of
Caco-2 cells with 3 and 5 mM NaBt resulted in a 1.5–2-fold increase in

Fig. 3. Effect of NaBt on 3’UTR activity of different
ARE sequences. Caco-2 or HT-29 cells were treated
with 5 mM NaBt for 48 h and transfected with these
constructs separately or the empty vector for 24 h.
The cells were then collected and processed for lu-
ciferase activity. A vector encoding the firefly luci-
ferase gene was used as a normalization control. (A)
Caco-2 cells transfected with an artificial ARE se-
quence that binds to several RBPs and an artificial
ARE sequence that solely binds to HuR showed
suppression in 3’UTR activity in the presence of
NaBt. (B) Caco-2 or HT-29 cells transfected with the
HuR ARE showed stabilization of the reporter when
the cells were transfected with an HuR over-
expression vector. This stabilization was lost when
the cells were also treated with 5 mM NaBt. (C) RNA
IP showing reduced enrichment of HuR binding ARE
sequences in 5 mM NaBt treated cells HCT-116
compared to vehicle treated cells. Right panel:
Positive control for RNA IP for enrichment of HuR
binding to the 3’UTR of eIF4E. Statistical analyses of
two independent biological replicates was carried
out by ANOVA followed by Tukey's multiple com-
parison test.
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the expression of sucrose isomaltase (SI) (Supplementary Fig. 7A).
Caco-2 cells were also spontaneously differentiated by growing 100%
confluent cells (Day 0) for 10 (Day 10) or 20 (Day 20) more days so that
the cells can undergo differentiation [35]. Post-confluent differentiated
Caco-2 cells led to an increase in SI expression of over 400 fold (Sup-
plementary Fig. 7A). We also determined the protein expression of

carcinoembryonic antigen (CEA) and again observed a modest increase
in expression in 3 and 5 mM NaBt treated cells compared to a more
dramatic increase in spontaneously differentiated cells (Supplementary
Fig. 7B). These data indicate that NaBt treatment did induce differ-
entiation-like features in Caco-2 cells, but the change in expression of
the markers was more modest compared to the spontaneously

Fig. 4. Signal transduction pathway for the reduced cytoplasmic translocation of HuR in the presence of NaBt (A) Reduced phosphorylation of p38 and MK-2 in Caco-
2 (left panel) and HT-29 (right panel) cells treated with NaBt for 48 h. (B) Increased phosphorylation of Chk2 in HT-29 cells treated with NaBt for 3, 6, 9 and 12 h. HT-
29 cells were starved overnight and then released in 10% serum containing medium for 12 h (UT). The cells were then treated with either vehicle or NaBt for 3-12 h.
The proteins were collected and assayed for phosphorylation of Chk2. Statistical significance was determined with t-test (*p < 0.05). (C) Cytoplasmic levels of HuR
in synchronized HT-29 cells treated with NaBt for 3-12 h. HT-29 cells were serum starved overnight and then released in 10% serum containing medium for 12 h. The
cells were then treated with either vehicle or NaBt for 3-12 h. Cytoplasmic proteins were collected and assayed for HuR by Western blot. (D) Lack of change in
phosphorylation of Chk2 in synchronized and released Caco-2 cells treated with NaBt for 6 h. Densitometric analysis was carried out with respect to the vehicle
treated cells and normalized to the loading control (β-actin). Statistical analyses of three independent biological replicates was carried out by ANOVA followed by
Tukey's multiple comparison test.
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differentiated cells. We next determined COX-2 expression in the
spontaneously differentiated cells and observed a significant decrease
in expression of COX-2 at both mRNA and protein levels in the spon-
taneously differentiated cells compared to the proliferating and Day 0
confluent cells (Supplementary Fig. 7C). To determine whether the
decrease in expression of COX-2 was regulated via the 3’UTR, we
transfected proliferating, confluent (Day 0) and differentiated (Day 10)
cells with a reporter vector (psiCHEK2) in which the entire 3’UTR of
COX-2 was cloned. We used the psiCHEK2 vector instead of the Na-
noLuc vector with the RPSM30 promoter for two reasons: first, as the
spontaneous differentiation of Caco-2 cells did not require treatment
with any agents, we could disregard the possibility of aberrant pro-
moter activation. Secondly, differentiated Caco-2 cells are relatively
more challenging to transfect. Therefore, by using the psiCHEK2 vector,
which has both Renilla and Firefly sequences, we only needed to
transfect the cells with a single plasmid. We observed that the 3’UTR
activity of COX-2 remained identical independent of whether the cells
were proliferating, confluent or differentiated (Supplementary Fig. 7D),
indicating that the regulation during differentiation was primarily
transcriptional. This also corroborates with our previous findings [50]

of reduced transcriptional activation of NF-κB in the differentiated
Caco-2 cells compared to the undifferentiated cells. It is thus likely that
reduced activity of transcription factors could have resulted in the re-
duced expression of COX-2 in the spontaneously differentiating model.

4. Discussion

Butyric acid is a short chain fatty acid (SCFA), which, along with
propionic acid and acetic acid, is generated in copious amounts by the
gut microbiome using dietary fibers [6], estimated to be between 70
and 140 mM in the proximal colon and 20-70 mM in the distal colon
[51] depending on the diet. Considering a ratio of acet-
ate:propionate:butyrate 60:20:20 [52], the level of butyrate is expected
to be between 14 and 28 mM in the proximal colon and 4–14 mM in the
distal colon. Many of the beneficial functions of butyrate have been
attributed to its ability to inhibit histone deacetylases (HDACi) [53];
moreover, a few studies have indicated that the HDACi function of
butyrate may regulate the expression of RNA binding proteins, thereby
modulating mRNA stability and gene expression [18,54]. We therefore
aimed to examine whether regulation of gene expression in the

Fig. 5. COX-2 expression can be downregulated post-transcriptionally via reduced HuR binding in NaBt treated cells. mRNA and protein expression of COX-2 in (A)
Caco-2 and (B) HT-29 cells treated with different concentrations of NaBt for 48 h. (C) Luciferase assay showing no change in NF-κB transcriptional activity after 6 h
treatment with NaBt and an increase in activity after 48 h treatment with NaBt in Caco-2 cells. 48 h NaBt treatment led to a significant decrease in NF-κB activity in
HT-29 cells (t-test, ***P > 0.001, ****P < 0.0001). (D) Western blot indicating that nuclear level of NF-κB p65 was increased in 5 mM NaBt treated Caco-2 cells; no
alteration was seen in HT-29 cells. (E) ActD chase assay showing greater reduction in COX-2 mRNA levels of cells treated with ActD (10 mg/ml) + NaBt (5 mM)
compared to NaBt or ActD alone. (ANOVA with Tukey's post hoc test, *P < 0.05, ***P < 0.001) (F) Luciferase reporter assay showing stabilization of ARE
sequences in the 3’UTR of COX-2 with HuR overexpression in Caco-2 cells; treatment with 5 mM NaBt resulted in a significant reduction in luciferase activity even
with HuR overexpression. (G) RNA IP showing reduced enrichment of HuR binding sequences from the COX-2 3’UTR when Caco-2 cells were treated with 5 mM
NaBt. (H) Western blot showing increased protein expression of COX-2 in HuR overexpressing Caco-2 cells. This increase in expression was reversed when the cells
were treated with 5 mM NaBt.
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presence of butyrate may be carried out through post-transcriptional
alterations in mRNA stability. We first carried out an in silico analysis of
publicly available microarray datasets (GSE45220 [23], GSE4410 [24]
and GSE17397 [25]) for the expression of different RBPs in epithelial
cells treated with NaBt and observed that the expression of most RBPs
(but not all) was reduced in the NaBt treated cells compared to control.
Confirmatory experiments indicated that the expression as well as cy-
toplasmic translocation of several RBPs, irrespective of their destabi-
lizing or stabilizing function, were reduced in Caco-2 and HT-29 cells
treated with NaBt. Using reporter assays, we further confirmed that the
expression of a luciferase gene could be suppressed in the presence of
butyrate via ARE sequences cloned downstream of the reporter gene.

To better understand the mechanism of suppression of the reporter
gene expression, we focused on the RNA binding protein HuR. HuR was
selected as the candidate RBP in the current study since it is already
known to stabilize mRNAs related to diverse cellular and biological
process including inflammation. Additionally, the microarray dataset
GSE45220 [23] and our wet lab data indicated that the expression of
HuR was not altered in the presence of butyrate; rather, its cytoplasmic
translocation was affected. Interestingly, although Caco-2 and HT-29
cells treated with SAHA showed a reduction in COX-2 mRNA and
protein levels (data not shown), we did not observe any activation of
the p38-MK2 pathway in these cells treated with SAHA. This suggest
that post-transcriptional regulation of gene expression may not solely
be mediated via changes in gene expression of RBPs via the HDAC in-
hibitory activity of butyrate. The phosphorylation of p38 and its
downstream activator MK2 were reduced in both Caco-2 and HT-29
cells treated with butyrate. Phosphorylation of HuR at T118 by p38/
MK2 was shown to enhance the cytoplasmic translocation of HuR [55]
leading to the stabilization of inflammatory mRNAs [56]. Of note, in
spite of a lack of alteration in the cytosolic levels of HuR in Caco-2 cells
treated with butyrate, we observed a decrease in its mRNA binding.
This could have resulted from other factors (RBPs or small RNAs) that
can bind to the 3’UTR and outcompete HuR in the presence of butyrate.
Indeed, we have observed alterations in the expression of many dif-
ferent RBPs in the presence of butyrate (Fig. 1A). Young et al. have
shown that miR-16 and HuR, with antagonistic effects on COX-2 ex-
pression, compete for binding to its 3’UTR [57]. Moreover, an activated
p38/MK2 axis was shown to enhance the binding of HuR to the 3’UTR
of TNFα through phosphorylation and inhibition of binding of the
competing destabilizing protein TTP [43]. Therefore, it is likely that
reduced p38 activation in the presence of butyrate in the current study
resulted in both reduced cytoplasmic translocation (as seen in HT-29
cells) and reduced target mRNA binding (as seen in Caco-2 cells) of
HuR. Tong et al. [58] reported the lack of any inhibition of p38 phos-
phorylation in HT-29 cells treated with butyrate. However, in that
study (unlike the current study), the cells were stimulated with TNFα,
which itself is known to strongly enhance the phosphorylation of p38
[59]. Therefore, it is likely that in TNFα stimulated cells, the phos-
phorylation of p38 was via a signaling pathway that could not be in-
hibited in the presence of butyrate.

Phosphorylation of HuR at S88, S100 and T118 through the cell
cycle related kinase Chk2 can also enhance the nuclear retention of
HuR in a cell cycle dependent manner, especially at the S/G2 transition
[45]. We observed that when synchronized and subsequently released
HT-29 cells were treated with butyrate, the proportion of cells at the S
and G2 phases increased in a temporal manner, which was accom-
panied by a remarkable increase in the phosphorylation of Chk2, and a
reduction in the cytosolic levels of HuR. Interestingly, we did not ob-
serve any changes in the phosphorylation of Chk2 in Caco-2 cells,
which also corroborates with a lack of change in cytosolic translocation
of HuR observed in these cells (Fig. 2D).

Reporter gene assays showed that several different sequences could
be stabilized when HuR was overexpressed; however, in the presence of
butyrate, this stabilization function was lost with a reduction in the
reporter signal. The fact that overexpression of HuR could not reverse

the inhibitory effect of NaBt on reporter activity can be evaluated in
two ways. First, other RBPs (such as TTP [18]) could outcompete the
binding of HuR to mRNA sequences in the presence of NaBt and were
functional in suppressing reporter activity. Second, signaling pathways
activated in the presence of NaBt that reduce the cytosolic translocation
or mRNA binding of HuR may persist even when HuR is available in
supra-physiological amounts. It is known that overexpressed HuR lo-
calizes to the nucleus [60]; therefore, butyrate mediated inhibition in
p38/MAPK signaling or increase in Chk2 signaling could have inhibited
the cytosolic localization or mRNA binding of HuR even in HuR over-
expressing cells.

Butyrate treatment has been shown to reduce the expression of
several inflammatory cytokines such as IL-8, IL-17, IL-1b, IL-6, IL-12
and TNF-α in colonic epithelial cells through the inhibition of tran-
scription factors such as NF-κB [61,62]. In the current study we did not
observe any remarkable or consistent reduction in the transcriptional
activation of NF-κB in the presence of butyrate in the cell line models
we used, and therefore hypothesized that the anti-inflammatory func-
tion of butyrate could also be attributed, at least in part, to the desta-
bilization of inflammatory mRNAs. We chose COX-2 as a candidate
gene as it is already known to be extensively regulated in a post-tran-
scriptional manner, and is known to be transcriptionally upregulated by
NF-κB [63]. In fact, butyrate and other HDAC inhibitors such as Tri-
chostatin A (TSA) and SAHA were shown to enhance the transcriptional
activity of Early Growth Response protein 1 (EGR1) and thereby the
expression of the destabilizing protein TTP resulting in the destabili-
zation of COX-2 mRNA [18]. Indeed, the expression of TTP (Zpf36) was
observed to be increased very early in our in silico analysis of mouse
colonic epithelial cells treated with butyrate (Supplementary Fig. 1B).

We observed that the mRNA levels of COX-2 were considerably
lower in the presence of butyrate even when new mRNA synthesis was
blocked with Actinomycin D. Moreover, the enhanced stability of COX-
2 mediated through the binding of overexpressed HuR to the 3’UTR of
COX-2 could be reversed in the presence of butyrate. Additionally,
using RNA IP, we observed that the binding of endogenous HuR to the
3’UTR of COX-2 was reduced in butyrate treated cells. Overall, our data
indicate that NaBt treatment resulted in the reduced cytoplasmic
translocation of HuR which could then lead to a reduction in the mRNA
stability of COX-2.

Inflammation is essential to protect the host organism from infec-
tion and other insults. When an inflammatory response occurs, it is
normally well-regulated with several mechanisms in place for self-
limitation and rapid resolution [64]. Self-regulation can include many
processes such as secretion of anti-inflammatory cytokines, inhibition
of pro-inflammatory signal cascades, removal of receptors for in-
flammatory mediators, and activation of regulatory cells. Two studies
carried out on animals fed with a fiber enriched diet showed increased
production of butyrate in the colon and higher levels of butyrate in the
feces. In both studies reduction in inflammatory signaling was reported
[65,66]. It has also been suggested that the benefits of dietary supple-
mentation of butyrate through a high fiber diet are more apparent at
the tissue level in the colon rather than in the systemic circulation [8],
indicating therapeutic opportunities for the gut epithelium. Our data
suggest that in addition to the well-known effects of butyrate in redu-
cing the activation of NF-κB and transcription of pro-inflammatory
cytokines, the SCFA may also regulate the stability of inflammatory
mRNAs at the post-transcriptional level through the regulation in ex-
pression and cytosolic translocation of RNA binding proteins.

It should be pointed out that the beneficial effects of the SCFA
propionate has been questioned recently whereby the metabolite was
shown to increase hyperglycemia and weight gain by increasing gly-
cogenolysis and release of glucagon [67]. Additionally, low dose
(0.05 mM) treatment of butyrate (but not propionate or acetate) was
shown to enhance proliferation and fibrosis in hepatocytes in vitro; long
term dietary consumption of butyrate (100 mM) in mice led to in-
creased hepatic inflammation, fibrosis and expression of hepatocellular
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carcinoma markers, although no tumors were seen [68]. In the current
study we focused on HuR; however, the expression and cytoplasmic
translocation of several other RBPs were also reduced in the presence of
butyrate. It remains to be seen which mRNAs these RBPs target and
what biological effect such targeting may have. Future studies are
needed to better elucidate the precise role of microbial derived SCFAs
on gene expression and metabolism, particularly in the context of
gastrointestinal cancers.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2019.109410.
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