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Abstract The miR-29 family is involved in fibrosis in multi-
ple organs, including the intestine where miR-29b facilitates
TGF-{3-mediated up-regulation of collagen in mucosal fibro-
blasts from Crohn’s disease (CD) patients. Myeloid cell
leukemia-1 (MCL-1), a member of the B-cell CLL/
Lymphoma 2 (BCL-2) apoptosis family, is involved in liver
fibrosis and is targeted by miR-29b via its 3’-UTR in cultured
cell lines. We investigate the role of MCL-1 and miR-29b in
primary intestinal fibroblasts and tissue from stricturing CD
patients. Transfection of CD intestinal fibroblasts with pre-
miR-29b resulted in a significant increase in the mRNA ex-
pression of MCL-1 isoforms [MCL-1Long (L)/Extra Short
(ES) and MCL-1Short (S)], although MCL-1S was expressed
at significantly lower levels. Western blotting predominantly
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detected the anti-apoptotic MCL-1L isoform, and immunoflu-
orescence showed that staining was localised in discrete nu-
clear foci. Transfection with pre-miR-29b or anti-miR-29b
resulted in a significant increase or decrease, respectively, in
MCL-1L foci. CD fibroblasts treated with IL-6 and IL-8, in-
flammatory cytokines upstream of MCL-1, increased the total
mass of MCL-1L-positive foci. Furthermore, transfection of
intestinal fibroblasts with pre-miR-29b resulted in an increase
in mRNA and protein levels of IL-6 and IL-8. Finally, immu-
nohistochemistry showed reduced MCL-1 protein expression
in fibrotic CD samples compared to non-stricturing controls.
Together, our findings suggest that induction of MCL-1 by IL-
6/1L-8 may surmount any direct down-regulation by miR-29b
via its 3’-UTR. We propose that an anti-fibrotic miR-29b/IL-6
IL-8/MCL-1L axis may influence intestinal fibrosis in CD. In
the future, therapeutic modulation of this pathway might con-
tribute to the management of fibrosis in CD.
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Abbreviations

BCL-2 B-cell CLL/Lymphoma 2

BH BCL-2 homology domains

CD Crohn’s disease

DMEM Dulbecco’s modified Eagle’s medium
LPS Lamina proprial stromal

MCL-1 Myeloid cell leukemia-1

MCL-IL  Myeloid cell leukemia-1 long isoform
MCL-1S  Myeloid cell leukemia-1 short isoform
MCL-1ES Myeloid cell leukemia-1 extra short
miRNA MicroRNA

NSCD Non-stricturing Crohn’s disease.

NT Non-treated
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NTC Non-targeting control
SCD Stricturing Crohn’s disease
Introduction

Crohn’s disease (CD) is characterised by transmural inflam-
mation of the affected bowel, which drives disease progres-
sion from an inflammatory to a fibrostenosing (stricturing)
phenotype (Rieder et al. 2011; Thia et al. 2010). Intestinal
wound healing following acute inflammation-induced dam-
age is a complex sequence of events including inflammatory
cell activation of subepithelial fibroblasts. This leads to in-
creased collagen deposition and to a decrease in extracellular
matrix (ECM) degradation resulting from an imbalance be-
tween tissue-degrading matrix metalloproteinases and their
inhibitors (Di Sabatino et al. 2009; Graham et al. 1988;
Regan et al. 2000). The production of ECM proteins by acti-
vated fibroblasts is critical for intestinal wound healing and
the contraction of the wound area (Tomasek et al. 2002).
Chronic inflammation disturbs this physiological response
causing over-production of ECM molecules. This is normally
prevented by activation of apoptosis and subsequent removal
of the ECM-producing cells. Thus, the over-production of
ECM molecules by activated fibroblasts may be a conse-
quence of resistance to apoptosis. Failure of apoptosis pro-
motes the persistence of activated fibroblasts in tissues once
repair has been completed. Fibrotic disorders, including pul-
monary fibrosis, are often characterised by an overabundance
of fibroblasts and fibroblast resistance to apoptosis (Uhal et al.
1998; Huang et al. 2013), indicating that surmounting apopto-
sis resistance might be an effective treatment strategy for most
chronic fibroproliferative diseases. However, the success of
such a strategy requires a complete understanding of the
anti-apoptotic pathways.

The microRNA (miRNA) miR-29b is one member of the
miR-29 family, which comprises miR-29a, miR-29b-1, miR-
29b-2 and miR-29¢ (Chang et al. 2008; Eyholzer et al. 2010;
Mott et al. 2010). The miR-29 family precursors are tran-
scribed in two bi-cistronic clusters: miR-29a/b-1 on chromo-
some 7 (7q32) and miR-29b-2/c on chromosome 1 (1g32). A
single nucleotide outside of the seed sequence distinguishes
mature miR-29a and miR-29c¢, whilst miR-29b-1 and miR-
29b-2 have identical mature sequences. However, expression
of each family member is probably dependent on context, as
differential expression and subcellular localisation for individ-
ual members has been demonstrated (Hwang et al. 2007),
indicating that their functional roles are unlikely to be the
same. To date, the miR-29 family has been studied predomi-
nantly in the context of cancer and is known for its tumour-
suppressor function (reviewed by Wang et al. 2013). This
family has also been implicated in the pathogenesis of fibrosis
in various organs: the expression of all three members is
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reduced in fibrosis of the kidney and liver (Qin et al. 2011;
Roderburg et al. 2011; Xiao et al. 2012), and miR-29b is
down-regulated following myocardial infarction (van Rooij
et al. 2008) in the lungs of patients with idiopathic pulmonary
fibrosis (Maurer et al. 2010) and in skin fibroblasts of patients
with systemic sclerosis (Pandit et al. 2011).

The role of this miRNA family in CD-related fibrosis has
not been extensively studied. However, we recently demon-
strated reduced miR-29 expression levels in the mucosa over-
lying strictured gut in CD patients and have shown that TGF-3-
mediated up-regulation of collagen in fibroblasts from CD pa-
tients is facilitated by reduction of miR-29b (Nijhuis et al.
2014). In addition, loss of miR-29-mediated immunoregulation
in CD dendritic cells is linked to the elevated expression of IL-
23 associated with this disease (Brain et al. 2013).

A role for miR-29 in resistance to apoptotic cues in CD
fibroblasts has not yet been considered. Interestingly, online
prediction tools identified MCL-1, an anti-apoptotic protein
and member of the B-cell CLL/Lymphoma 2 (BCL-2) family,
as a miR-29b target in four of the five target prediction sites
examined (TargetScan, MiRWalk, miRanda and DIANA Tools;
Fig. 1a). Several groups have now validated this prediction
demonstrating the binding of miR-29b to the 3’UTR of MCL-
1 through luciferase assays (Garzon et al. 2009; Li et al. 2013;
Mott et al. 2007; Roggli et al. 2012; Steele et al. 2010; Xiong

MCL1 3 AUCGUGGUACCAAUCUGAUCGGACGAAAA &'

miR-29b 5 UAGCACCAUUUGAAAUCAGUGUU 3'

b
Mcl-1 gene
Exon 1 Exon Exon 3
-
MCL-1L 1 2 3
MCL-1S 1 e 3
MCL-1ES ]— 1] 2 3

Fig. 1 Identification of a single miR-29b binding site with the 3’'UTR of
MCL-1. a Predicted binding site of miR-29b within the 3’UTR of MCL-1
(the 3°UTR is identical for all three isoforms). Nucleotides in red indicate
complementary binding between the seed sequence of miR-29b and the
3’UTR of MCL-1. b Schematic overview of MCL-1 gene consisting in
three exons. Alternative splicing produces three isoforms: MCL-1L,
containing the full length of all three exons; MCL-1S, exon 2 is lost due
to alternative splicing; and MCL-1ES, in which the first exon undergoes
alternative splicing. The MCL-1L protein containing all three BH do-
mains is part of the anti-apoptotic BCL-2 family, whilst MCL-1S and
MCL-1ES have death-inducing properties. Red line indicates the epitope
of the antibody used to detect MCL-1. The antibody detects both MCL-
IL and MCL-1S but not MCL-1ES
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et al. 2010). The MCL-1 gene consists in three exons that
undergo alternative splicing to generate three different mRNA
transcripts: MCL-1 long(L), MCL-1 short (S) and MCL-1 extra
short (ES) (Fig. 1b); MCL-1L is the full-length and most abun-
dant isoform. MCL-18 is expressed at lower levels than MCL-
1L (Bae et al. 2000; Bingle et al. 2000; Garzon et al. 2009; Li
et al. 2013; Kim 2009; Kim and Bae 2013), whilst MCL-1ES
was identified as minimally expressed by RT-PCR (Kim 2009).
In cancer, MCL-1L was expressed at much higher levels than
MCL-1S and MCL-IES isoforms; the latter was expressed at
low or undetectable levels (Palve et al. 2014). The MCL-1L
protein’s anti-apoptotic function is consistent with its 35% ho-
mology with the C-terminus of the anti-apoptotic BCL-2 family
members and its BCL-2 homology domains (BH)-1, BH-2 and
BH-3 (Fig. 1b) (Kozopas et al. 1993). Alternative splicing pro-
duces the pro-apoptotic proteins, MCL-1S and MCL-1ES (Bae
et al. 2000; Bingle et al. 2000; Kim and Bae 2013). The down-
regulation of MCL-1L by miR-29b has been shown to occur
predominantly at the protein level (Garzon et al. 2009; Mott
et al. 2007; Roggli et al. 2012; Steele et al. 2010; Xiong et al.
2010; Zhang et al. 2011) rather than at the mRNA level (Garzon
et al. 2009), indicating that miR-29b might act as a post-
transcriptional regulator dependent on disease context and cell
type. A pro-apoptotic role for miR-29b in the context of MCL-1
has been shown previously for a number of cellular models and
diseases including cancer, diabetes and pre-eclampsia (Li et al.
2013; Mott et al. 2007; Roggli et al. 2012; Xiong et al. 2010;
Zhang et al. 2011). However, these investigations did not iden-
tify the MCL-1 isoform directly. Deletion of the Mcl-1 gene in
murine hepatocytes resulted in liver cell damage caused by
spontaneous induction of apoptosis (Weng et al. 2011).
Evaluation of MCL-1 in CD intestinal fibrosis and any inter-
action with miR-29b, remains to be investigated.

By modulating expression of miR-29b in intestinal fibro-
blasts isolated from CD patients, we now show that MCL-1L
expression is altered by this miRNA via the cytokines IL-6
and IL-8 and that MCL-1L levels in stricturing CD tissue
samples are lower than in non-stricturing CD samples.

Material and methods
Isolation of intestinal fibroblasts and culturing

Intestinal fibroblasts were isolated from the mucosa overlying a
stricture in resection specimens from individual CD patients
and maintained as independent cultures as described previously
(Nijhuis et al. 2014). The number of patients from which cul-
tures were isolated is denoted in the figure legends. The studies
received the appropriate local Ethics Committee approval (East
London REC2) and informed consent was obtained in all
cases. Briefly, intestinal mucosa from CD patients undergoing
surgery for stricturing disease was used to isolate intestinal

fibroblasts. The mucosa was washed twice with HBSS with
EDTA (1 mM for 10 min at 37 °C) under gentle agitation to
remove epithelial cells. Specimens were cut into smaller pieces
and incubated in 20 ml Dulbecco’s modified Eagle’s medium
(DMEM) (PAA, UK) with collagenase type 1A (1 mg/ml) and
DNase I (10 U/ml) for 45-60 min under gentle agitation at
37 °C in 5% CO, atm. Cells were washed twice with PBS
and transferred to a T25 flask and maintained in DMEM sup-
plemented with 10% heat-inactivated FCS, penicillin (100
U/ml) and streptomycin (100 pg/ml) (Pen/Strep). Adherent
cells were passaged at 80% confluency at 1:2 to 1:3 ratio using
Trypsin-EDTA (PAA). Intestinal fibroblast cultures between
passages 4 and 10 were used for functional experiments.

Transfection of intestinal fibroblasts

Intestinal fibroblasts were seeded overnight in 96-well plates
(Nunc, UK) before being transiently transfected with 60 nM
negative control siRNA (non-targeting control, NTC
#1027281), 60 nM pre-miR-29b, or 120 nM anti-miR-29b
(all from Qiagen, UK) using Dharmafect 3 transfection re-
agent (Dharmacon, USA). Next, 48 h post-transfection, cells
were fixed for immunofluorescence. RNA was extracted from
6 wells and combined for qRT-PCR and the culture medium
collected for ELISA experiments.

Stimulation experiments

Intestinal fibroblasts were seeded in 96- or 24-well plates
overnight in complete medium. The next day, cells were stim-
ulated with recombinant human 1 or 10 ng/ml IL-6 or IL-8
(R&D Systems, UK) for 4, 8 or 24 h in complete medium.
Cells cultured in 96-well plates were then fixed for immuno-
fluorescence and RNA was extracted from cells cultured in
24-well plates.

RNA extraction and qRT-PCR

Total RNA from intestinal fibroblasts was extracted using the
miRNeasy kit (Qiagen) according to the manufacturer’s pro-
tocol. RNA concentrations were determined using a
NanoDrop Spectrophotometer (NanoDrop Technologies,
USA) and 1 pl was run on an agarose gel (1%) to assess
RNA quality. RNA samples were reverse transcribed using a
High-Capacity-RNA to cDNA kit (Applied Biosystems,
USA) in a 20-pl reaction. cDNA was then incubated with
TagMan assays (MCL-1L/MCL-1ES, MCL-1S, IL6, ILS,
COLIA2, COL3AI or GAPDH) and TagMan Universal
MasterMix (Applied Biosystems) on a 7500 Fast System
RealTime PCR cycler (Applied Biosystems) according to
the manufacturer’s instructions. The Tagman probe for
MCL-1L also detects the MCL-1ES isoform while there is no
commercially available probe for just MCL-1ES. A separate
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probe for selective MCL-1S was used. Fold-changes were
calculated using the 2" method normalised to GAPDH.

Immunofluorescence

Intestinal fibroblasts cells were fixed with 3.7% PFA for 15 min
at RT before being washed with PBS and permeabilised in
0.1% Triton X-100 (Sigma, UK) in PBS for 20 min. Cells were
then washed and blocked for 30 min with 0.25% Bovine Serum
Albumin (BSA; Sigma) in PBS before incubation for 2 h with
primary antibody MCL-1 (1:250, Cat #32087; Abcam, UK).
The antibody used to detect MCL-1 (Cat #ab32087; Abcam)
binds epitopes in both the anti-apoptotic MCL-1L and pro-
apoptotic MCL-1S isoforms but not MCL-1ES. Cells were
washed for 30 min with PBS/BSA (0.25%) and incubated for
2 h with Alexa-Fluor-488 conjugated secondary antibody
(1:500; Invitrogen, UK), Hoechst 33342 (1:10,000;
Invitrogen) and CellMask Deep Red (1:20,000; Invitrogen)
for 2 h. Cells were washed twice with PBS before being imaged
on the IN Cell Analyzer 1000 microscope (GE Healthcare, UK)
under identical exposure conditions. The IN Cell Developer
v.1.8 was used to create a mask overlying the foci. This mask,
in combination with Hoechst-positive nuclei, was used to de-
termine the median MCL-1 foci mass within each nuclei [foci
mass/nuclei = (total foci pixel intensity x total foci area)/total
nuclei count]. Pixel intensities were compared to NTC
transfected cells. IN Cell Developer v.1.8 (GE Healthcare)
was used to analyse the images.

Western blotting

Validation of the MCL-1 antibody by western blotting was
performed on cell lysates from isolated fibroblasts. The colo-
rectal cancer cell line (CRC) HCT116 was used as a positive
control, as MCL-1 has been detected previously in this cell
line (Bolesta et al. 2012). Other CRC cell lines used were
DLD-1, HT-55, HT-29, SW837 and VACOA4S. Lysates were
separated using a 4-12% sodium dodecyl sulphate-
polyacrylamide gel (Invitrogen). After electrophoresis, pro-
teins were transferred using an electrical field onto PVDF
membranes (GE Healthcare). Membranes were blocked for
1 h with 5% non-fat milk in PBS-Tween before being incu-
bated with MCL-1 (1:250) and {3-actin (1:50,000; Abcam)
primary antibodies overnight at 4 °C in blocking buffer.
Goat anti-rabbit or anti-mouse antibodies conjugated to horse-
radish peroxidase (1:3,000; DAKO, UK) were used as a sec-
ond layer, before detection using the ECL plus kit (Amersham
Biosciences, UK).

Immunohistochemistry

Formalin-fixed paraffin-embedded 4-um human tumour sec-
tions were dewaxed in xylene and placed in absolute alcohol
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before application of an endogenous peroxide block for
10 min and rehydrating through graded alcohol concentra-
tions. Antigen retrieval was performed by microwaving sec-
tions in a TRIS/EDTA buffer (pH 9.0) for 15 min. Non-
reactive staining was blocked using goat serum (1:25 dilution)
before MCL-1 primary rabbit antibody application (1:100) for
45 min. Sections were washed in PBS before the secondary
goat anti-rabbit antibody (1:250) was applied for 45 min.
After further washing, antibody binding was detected using
a diaminobenzidine reaction kit (Cat #3468, DAKO, UK).

Tissue imaging and scoring

IHC slides were analysed using a light microscope and scored
by a pathologist according to stain intensity and proportion of
MCL-1-positively staining cells. The percentage of crypt cells
and lamina proprial stromal (LPS) cells showing staining at two
levels of intensity (1: weak; 2-3: intermediate/strong) was de-
termined. A weighted score from the percentages was then cal-
culated using the following formula: (1 x the percentage staining
at intensity 1)+ (2 x the percentage staining at intensity 2-3).

ELISA

Supernatants were taken from intestinal fibroblast cells fol-
lowing transfection with NTC, pre-miR-29b and anti-miR-
29b. Cytokines IL-6 and IL-8 were quantified using R&D
DuoSet ELISA kits following the manufacturer’s protocol
(R&D Systems, USA).

Statistics

Graphpad Prism analysis software was used to calculate sig-
nificance using a two-tailed Student’s ¢ tests. A p value of
<0.05 was considered statistically significant.

Results

MiR-29 up-regulates the MCL-1L/ES mRNA transcript
to a greater extent than MCL-1S

To assess the relationship between miR-29b and MCL-1
mRNA expression, intestinal fibroblasts were transfected with
NTC or pre-miR-29b and fold change in MCL-1 mRNA was
determined relative to the NTC control. A significant increase
in MCL-1 mRNA transcript levels was observed in intestinal
CD fibroblasts (MCL-1L/ES, p =0.004; MCL-1S, p =0.0008;
Fig. 2a). It should be noted that, although both MCL-IL and
MCL-1S transcripts were detected in the isolated fibroblasts,
the expression of MCL-1L was expressed 43 times higher than
MCL-1S (p=0.0044; Fig. 2b). The probe for MCL-IL also
detects MCL-IES but the later is likely expressed at much
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lower levels than MCL-1L and MCL-1S as reported previously
(Kim 2009; Kim and Bae 2013; Palve et al. 2014). These data
show the up-regulation of MCL-1/ES transcripts following
transfection of miR-29b in intestinal fibroblasts.

MCL-1L is the predominant protein isoform in CD
intestinal fibroblasts

Next, the expression of the MCL-1 protein in intestinal fibro-
blasts was investigated. A dominant band at 41 kDa that cor-
related with the molecular weight of MCL-1L was confirmed
(Fig. 2c; Supplementary Table S1). By contrast, the 31-kDa
band equivalent to the molecular weight for MCL-1S was
much fainter. Image J software used to quantify MCL-1-
positive bands showed that the MCL-1L isoform was detected
at higher levels than MCL-1S in CD fibroblasts and CRC cell
lines (Fig. 2c). Taken together, the mRNA and protein data

indicate that the most common isoform present in CD fibro-
blasts is the anti-apoptotic MCL-1L (Fig. 2).

MiR-29 up-regulates MCL-1L protein

To explore further the effects of miR-29b on MCL-1L in intes-
tinal fibroblasts, protein expression and localisation was deter-
mined by immunofluorescence using the MCL-1 antibody that
detects predominately the MCL-1L isoform in the CD fibro-
blasts (Fig. 2c). Fibroblasts were transfected with NTC, pre-
miR-29b or anti-miR-29b and the MCL-1L protein was found
localised in discrete nuclear foci (Fig. 3a, b). Intestinal fibro-
blasts transfected with pre-miR-29b generated a significant in-
crease in the median MCL-1L-positive foci mass, whilst cells
transfected with anti-miR-29b resulted in a significant decrease
in median foci mass compared to cells transfected with NTC
(pre-miR-29b, p =0.0029; anti-miR-29b, p =0.0003; Fig. 3c).
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Fig.2 Expression of MCL-1 mRNA following miR-29b tranfection and
MCLI1 protein in CD fibroblasts. a Intestinal fibroblasts transfected (n =
5, each from a different individual) with NTC or pre-miR-29b.
Fold change in expression of MCL-1L/ES and MCL-1S measured by
gRT-PCR. b Expression values (22" for MCL-1L/ES and MCL-1S
normalised to GAPDH. Bars represent mean values with SEM.
*#p<0.01, ***p<0.001. ¢ Cell lysates from six CRC cell lines
(HCT116, DLD-1, HT29, HT55, SW837 and VACO4S) and intestinal

fibroblasts from CD patients were subjected to western blotting. An
antibody against both MCL-1L and MCL-1S and f3-actin was used at
1:200 and 1:50,000, respectively. The molecular weights for MCL-1L
and MCL-1S are 41 kDa and 31 kDa, respectively and both isoforms
are detected in CRC lines and CD fibroblasts. The molecular weight of
MCL-1ES is 25 kDa and was not detected. A very faint non-specific band
about 30 kDa is also detected but only in the CRC lines not the CD
fibroblasts
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Representative images are shown in Fig. 3d—f. In addition,
over-expression of miR-29 increased the number of MCL-1
foci (p =0.0198; Supplementary Fig.S1)

Taken together, these data demonstrated that miR-29b in-
duced an increase of the anti-apoptotic MCL-1L form at both
the mRNA and protein level in intestinal fibroblasts. In sup-
port of this, transfection with pre-miR-29 or anti-miR-29 did
not alter the number of cells compared to NTC transfected
cells (pre-miR-29, p=0.773; anti-miR-29b, p =0.784;
Supplementary Fig. S2), indicating that the pro-apoptotic
forms of MCL-1 (MCL-1S and MCL-1ES) protein are not
induced by miR-29b.

miR-29b up-regulates MCL-1L potentially through IL-6
and IL8

We hypothesised that the up-regulation of MCL-1 observed
following miR-29b transfection occurs via two known up-
stream regulators of MCL-1, interleukin (IL)-6 and IL-8
(Puthier et al. 1999a, b; Sarkar et al. 2012). First, we examined
the regulatory effect of IL-6 and IL-8 on MCL-1. Intestinal
fibroblasts from CD patients were treated with IL-6 and IL-8
(1 or 10 ng/ml) for 4, 8 or 24 h and MCL-1L foci quantitated.
Fibroblasts treated with either IL-6 or IL-8 for 4 h up-
regulated the median mass of MCL-1-positive foci (1 ng/ml
IL-6, p=10.029; 10 ng/ml IL-6, p=0.509; 1 ng/ml IL-8,

Hoechst

MCL-1

Hoechst

MCL-1

Fig. 3 MCL-1L protein expression following miR-29b transfection.
Intestinal fibroblasts (n =3, each from a different individual) were
transfected with NTC, pre-miR-29b and anti-miR-29b for 72 h. Cells
were fixed and stained with Hoechst 33342 (blue) and an antibody
against MCL-1 (green) a, b Representative immunofluorescence
images of CD fibroblasts transfected with NTC to illustrate the
generation of the MCL-1L foci overlying mask (b). ¢ Fold change in
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p=0.025; 10 ng/ml IL-8, p =0.015; Fig. 4a). Stimulation for
longer than 4 h (8 or 24 h; 1 or 10 ng/ml) diminished this up-
regulation (all p values >0.08; Fig. 4b, c). These data support
the hypothesis that I1-6 and IL-8 up-regulate MCL-1L protein
expression in CD intestinal fibroblasts.

To identify whether the miR-29b/IL-6/IL-8 axis affects the
collagen genes previously shown to be down-regulated in fi-
broblasts from CD patients by miR-29b (Nijhuis et al. 2014),
mRNA expression of both COLIA2 and COL3AI was mea-
sured following stimulation with IL-6 or IL-8 (10 ng/ml). Fold
change in expression relative to non-treated (NT) fibroblasts
demonstrated no change in the expression of either COLIA2
or COL3A] following stimulation with IL-6 (COLIA2, p =
0.1988; COL3A1, p=0.1997; Fig. 4d) or IL-8 (COLIA2, p =
0.2274; COL3A1, p=0.1222; Fig. 4d).

To further test the hypothesis that miR-29b up-regulates
MCL-1 via IL-6 or IL-8, intestinal fibroblasts were transfected
with NTC and pre-miR-29b. /L6 and /L8 mRNA expression
was assessed via QRT-PCR and normalised to the housekeep-
ing gene GAPDH. Fibroblasts transfected with pre-miR-29b
showed a significantly increased fold change of /L6 compared
to NTC transfected cells (p =0.0077; Fig. 5a). IL§ mRNA
levels were also up-regulated by pre-miR-29b and approached
significance (p = 0.06; Fig. 5b). ELISA was then used to mea-
sure IL-6 and IL-8 production in the supernatant of fibroblasts
following transfection. Levels of both cytokines were

7000 *k
C 6000
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4000 dkk

Median foci mass

pre-miR-29b anti-miR-29b

anti-miR-29b

pre-miR-29b

median foci mass/nuclei following transfection with pre-miR-29b or
anti-miR-29b relative to NTC. d—f Representative images of MCL-1L
foci following transfection with NTC, pre-miR-29b or anti-miR-29.
Rectangles outline digital zoomed area. Bars over columns mean values
+SEM. **p<0.01, ***p <0.001. Zoomed images g-i 20 um bars,
original images d-f 100 pm
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Fig. 4 MCL-1L protein
expression is induced by IL-6 and
IL-8. Intestinal fibroblasts (n =5,
each from a different individual)
were treated with 1 or 10 ng/ml of
IL-6 or IL-8 for 4, 8 and 24 h.
Cells were fixed stained with
Hoechst 33342 and an antibody
against MCL-1 and median foci
mass quantitated. a—¢ Median
MCL-1L mass/nuclei following
treatment with 1 or 10 ng/ml IL-6
or IL-8, relative to NT at 4 h (a),
8 h (b) and 24 h (¢). d Intestinal
fibroblasts (n =3, each from a N
different individual) were treated
with 10 ng/ml of IL-6 and IL-8 for
48 h. qRT-PCR was performed on
extracted RNA and mRNA levels
COLIA2 and COL3A1
determined. The graphs represent
fold change relative to the NT
control. Bars above columns
mean+SEM, *p < 0.05
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(n=6, each from a different individual) were transfected with NTC or
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level, although this change did not quite reach significance for
IL8 (Fig. 5) and their release into the supernatant.

MCL-1 expression is reduced in fibrotic CD tissue

We have shown previously that miR-29b was down-regulated
in stricturing CD (SCD) compared to non-stricturing (NSCD)
(Nijhuis et al. 2014). Based on our finding here, we
hypothesised that anti-fibrotic MCL-1 expression will also
be reduced in SCD intestinal tissue resected from CD patients.
Immunohistochemistry was performed on four healthy control
samples and four paired SCD and NSCD samples (Fig. 6a—f).
A decrease in staining intensity of both crypt and LPS cells in
SCD compared to NSCD tissues was found, while the levels
of MCL-1 in control gut was similar to NSCD tissues
(Fig. 6g, h). The reduction in MCL-1 expression in stricturing

Fig. 6 MCL-1 protein expression
in CD tissue samples.
Immunohistochemical staining
for MCL-1 in human ileal tissue:
four paired NSCD and SCD tissue
samples and four samples from
healthy control patients. a, b
Mucosa from a healthy control
patient. Staining in both epithial
cells and lamina proprial stromal
(LPS) cells. ¢, d Mucosa from a
patient with non-stricturing CD
showing extensive cytoplasmic
MCL-1 expression by crypt epi-
thelial and LPS cells. e, f Mucosa
from a patient with stricturing CD
showing extensive staining in the
epithelial cells but little or no
expression by LPS cells. Digitally
zoomed areas on the right (b, d,
f). g, h The weighted score from
the intensity percentages is shown
for both crypt cells (g) and LPS
(h) cells

CD tissue provides in vivo support for a role for the anti-
fibrotic miR-29b/MCL-1 axis in CD.

Discussion

It has been reported that direct targeting of the 3’UTR of
MCL-1L by miR-29 leads to its down-regulation in cell
lines (Garzon et al. 2009; Li et al. 2013; Mott et al. 2007;
Roggli et al. 2012; Steele et al. 2010; Xiong et al. 2010).
In contrast, we found that transfection with pre-miR-
29b of primary fibroblasts isolated from CD patients re-
sulted in an increase of MCL-1L at both mRNA and pro-
tein levels. In addition, we have shown previously that
miR-29b is anti-fibrotic in CD intestinal fibrosis (Nijhuis
et al. 2014). This accords well with both our observation
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here, that this miRNA up-regulates MCL-1L in fibro-
blasts, and the reported anti-fibrotic properties in the liver
(Kahraman et al. 2009; Vick et al. 2009; Weng et al.
2011). Hence, we hypothesised that the up-regulation of
MCL-1L via miR-29b in intestinal CD fibroblasts is indi-
rect. Moreover, that the mediator(s) through which this
up-regulation is affected is strong enough to overcome/
override the modest direct down-regulation that miR-29b
may exert on MCL-1L through its 3’UTR.

One of the most potent inducers of MCL-1 is IL-6
(Puthier et al. 1999a, b), a classic pro-survival cytokine
that is crucial in mounting an effective immune response.
In addition, recent studies have shown that IL-6 expres-
sion is up-regulated in renal fibrosis in mice (Fielding
et al. 2014) and that this cytokine can induce the expres-
sion of collagen I (O’Reilly et al. 2014). Furthermore, IL-
6 has been implicated in a variety of fibrotic conditions
via alternative trans-signalling pathways (O’Reilly et al.
2012). The up-regulation of MCL-1 by IL-6 is most likely
due to the activation of the STAT3 transcript factor
(reviewed in Aggarwal et al. 2009). A second cytokine,
IL-8, can also increase the expression of MCL-1 (Puthier
et al. 1999b) and elevated serum levels of IL-8 are asso-
ciated with fibrosis in chronic liver disease (Nobili et al.
2004). In this study, we confirmed the up-regulation of
MCL-1 by IL-6 and IL-8 in intestinal fibroblasts at the
protein but not mRNA level (Fig. 4). Crucially, transfec-
tion with pre-miR-29b significantly increased the produc-
tion of IL-6 and IL-8 (Fig. 5), identifying a functional
interplay between miR-29b, IL-6/IL-8 and MCL-I1L.

Fig. 7 Proposed model of the a
role of miR-29b in CD fibrosis.
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Moreover, the down-regulation of MCL-1 by miR-29b
can be abrogated by IL-6 (Zhang et al. 2001). This sug-
gests that the induction of MCL-1 by IL-6/IL-8 may sur-
mount its direct down-regulation by miR-29b via 3’-UTR
of MCL-1. Overall, our observational data led to a hy-
pothesis that an anti-fibrotic miR-29b/IL-6 IL-8/MCL-1
axis exists in CD intestinal fibrosis.

To our knowledge, this is the first time MCL-1 expression
has been investigated in tissue samples from CD patients. In
support of our findings, Liu and colleagues showed that MCL-
1 is down-regulated in intestinal tissues from patients with
ulcerative colitis and mice with dextran sodium sulfate-
induced colitis (Liu et al. 2010). The decrease in MCL-1 in
fibrotic CD tissue samples supports our previous observations
of reduction of miR-29b expression in stricturing CD (Nijhuis
et al. 2014). A hypothetical model of how TGF-3 may exert
its pro-fibrotic action through the miR-29b/IL-6/MCL-1 axis
is shown in Fig. 7. We propose a mechanism whereby the up-
regulation of the anti-fibrotic mediator MCL-1 by miR-29b is
mediated through IL-6 and IL-8. The pro-fibrotic cytokine
TGF-f3 modulates fibrosis through down-regulation of miR-
29b, resulting in increased deposition of collagen and there-
fore fibrosis. Hence, the down-regulation of miR-29b results
in reduced MCL-1 expression. Further functional experiments
are warranted to confirm this anti-fibrotic pathway in vivo.
The latter may well require the development of new animal
models including conditional modulation of miR-29b expres-
sion in the mouse intestine using a suitable knock-in construc-
tion. In the future, therapeutic modulation of this pathway to
reduce fibrosis might be possible.

b

Fibrosis

Fibroblast

miR-29b

|\

.

L
1
72
.
t—

Fibrosis

@ Springer



334

Cell Tissue Res (2017) 368:325-335

Acknowledgements Our thanks to Dr Luke Gammon and the IN Cell
core facility at the Blizard Institute at the Queen Mary University of
London.

Compliance with ethical standards

Conflict of interest No conflict of interest to disclose

Funding This work was supported by Crohn’s & Colitis UK (formerly
the National Association of Crohn’s and Colitis) [grant number M/10/03].

Author contributions statement All authors have made substantial
contributions to the conception and design of the study, or acquisition
of data, or analysis and interpretation of data. AN designed experiments,
obtained tissue samples, conducted experiments and drafted the paper;
RC conducted experiments and revised the manuscript; SM obtained
tissue samples, conducted experiments and drafted the manuscript; RF
interpreted and scored IHC experiments and revised the manuscript; CLB
designed experiments, analysed and interpreted data and revised the man-
uscript; JOL supervised the project, interpreted the data and revised the
manuscript; AS supervised the project, interpreted the data and revised
the manuscript. All authors approved the final approval of the submitted
version.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Aggarwal BB, Kunnumakkara AB, Harikumar KB, Gupta SR, Tharakan
ST, Koca C, Dey S, Sung B (2009) Signal transducer and activator
of transcription-3, inflammation, and cancer: how intimate is the
relationship? Ann N Y Acad Sci 1171:59-76

Bae J, Leo CP, Hsu SY, Hsueh AJ (2000) MCL-18, a splicing variant of
the antiapoptotic BCL-2 family member MCL-1, encodes a
proapoptotic protein possessing only the BH3 domain. J Biol
Chem 275:25255-25261

Bingle CD, Craig RW, Swales BM, Singleton V, Zhou P, Whyte MK
(2000) Exon skipping in Mcl-1 results in a bcl-2 homology domain
3 only gene product that promotes cell death. J Biol Chem 275:
22136-22146

Bolesta E, Pfannenstiel LW, Demelash A, Lesniewski ML, Tobin M,
Schlanger SE, Nallar SC, Papadimitriou JC, Kalvakolanu DV,
Gastman BR (2012) Inhibition of Mcl-1 promotes senescence in
cancer cells: implications for preventing tumor growth and chemo-
therapy resistance. Mol Cell Biol 32:1879-1892

Brain O, Owens BM, Pichulik T, Allan P, Khatamzas E, Leslie A,
Steevels T, Sharma S, Mayer A, Catuneanu AM, Morton V, Sun
MY, Jewell D, Coccia M, Harrison O, Maloy K, Schonefeldt S,
Bornschein S, Liston A, Simmons A (2013) The intracellular sensor
NOD2 induces microRNA-29 expression in human dendritic cells to
limit IL-23 release. Immunity 39:521-536

Chang TC, Yu D, Lee YS, Wentzel EA, Arking DE, West KM, Dang CV,
Thomas-Tikhonenko A, Mendell JT (2008) Widespread microRNA
repression by Myc contributes to tumorigenesis. Nat Genet 40:43-50

Di Sabatino A, Jackson CL, Pickard KM, Buckley M, Rovedatti L,
Leakey NA, Picariello L, Cazzola P, Monteleone G, Tonelli F,
Corazza GR, MacDonald TT, Pender SL (2009) Transforming

@ Springer

growth factor beta signalling and matrix metalloproteinases in the
mucosa overlying Crohn’s disease strictures. Gut 58:777-789

Eyholzer M, Schmid S, Wilkens L, Mueller BU, Pabst T (2010) The
tumour-suppressive miR-29a/b1 cluster is regulated by CEBPA
and blocked in human AML. Br J Cancer 103:275-284

Fielding CA, Jones GW, McLoughlin RM, McLeod L, Hammond VJ,
Uceda J, Williams AS, Lambie M, Foster TL, Liao CT, Rice CM,
Greenhill CJ, Colmont CS, Hams E, Coles B, Kift-Morgan A,
Newton Z, Craig KJ, Williams JD, Williams GT, Davies SJ,
Humphreys IR, O’Donnell VB, Taylor PR, Jenkins BJ, Topley N,
Jones SA (2014) Interleukin-6 signaling drives fibrosis in unre-
solved inflammation. Immunity 40:40-50

Garzon R, Heaphy CE, Havelange V, Fabbri M, Volinia S, Tsao T, Zanesi
N, Kornblau SM, Marcucci G, Calin GA, Andreeff M, Croce CM
(2009) MicroRNA 29b functions in acute myeloid leukemia. Blood
114:5331-5341

Graham MF, Diegelmann RF, Elson CO, Lindblad WJ, Gotschalk N, Gay
S, Gray R (1988) Collagen content and types in the intestinal stric-
tures of Crohn’s disease. Gastroenterology 94:257-265

Huang SK, Scruggs AM, Donaghy J, Horowitz JC, Zaslona Z,
Przybranowski S, White ES, Peters-Golden M (2013) Histone mod-
ifications are responsible for decreased Fas expression and apoptosis
resistance in fibrotic lung fibroblasts. Cell Death Dis 4, e621

Hwang HW, Wentzel EA, Mendell JT (2007) A hexanucleotide element
directs microRNA nuclear import. Science 315:97-100

Kahraman A, Mott JL, Bronk SF, Werneburg NW, Barreyro FJ,
Guicciardi ME, Akazawa Y, Braley K, Craig RW, Gores GJ
(2009) Overexpression of mcl-1 attenuates liver injury and fibrosis
in the bile duct-ligated mouse. Dig Dis Sci 54:1908-1917

Kim JH (2009) MCL-1ES, a novel variant of MCL-1, associates with
MCL-1L and induces mitochondrial cell death. FEBS Lett 583:
2758-2764

Kim JH, Bae J (2013) MCL-1ES induces MCL-1L-dependent BAX- and
BAK-independent mitochondrial apoptosis. PLoS ONE 8, 79626

Kozopas KM, Yang T, Buchan HL, Zhou P, Craig RW (1993) MCL1, a
gene expressed in programmed myeloid cell differentiation, has se-
quence similarity to BCL2. Proc Natl Acad Sci U S A 90:3516—
3520

Li P, Guo W, Du L, Zhao J, Wang Y, Liu L, Hu Y, Hou Y (2013)
microRNA-29b contributes to pre-eclampsia through its effects on
apoptosis, invasion and angiogenesis of trophoblast cells. Clin Sci
(Lond) 124:27-40

Liu G, Friggeri A, Yang Y, Milosevic J, Ding Q, Thannickal VJ,
Kaminski N, Abraham E (2010) miR-21 mediates fibrogenic acti-
vation of pulmonary fibroblasts and lung fibrosis. J Exp Med 207:
1589-97

Maurer B, Stanczyk J, Jiingel A, Akhmetshina A, Trenkmann M, Brock
M, Kowal-Bielecka O, Gay RE, Michel BA, Distler JH, Gay S,
Distler O (2010) MicroRNA-29, a key regulator of collagen expres-
sion in systemic sclerosis. Arthritis Rheum 62:1733-1743

Mott JL, Kobayashi S, Bronk SF, Gores GJ (2007) mir-29 regulates Mcl-
1 protein expression and apoptosis. Oncogene 26:6133-6140

Mott JL, Kurita S, Cazanave SC, Bronk SF, Werneburg NW, Fernandez-
Zapico ME (2010) Transcriptional suppression of mir-29b-1/mir-
29a promoter by c-Myc, hedgehog, and NF-kappaB. J Cell
Biochem 110:1155-1164

Nijhuis A, Biancheri P, Lewis A, Bishop CL, Giuffrida P, Chan C,
Feakins R, Poulsom R, Di Sabatino A, Corazza GR, MacDonald
TT, Lindsay JO, Silver AR (2014) In Crohn’s disease fibrosis-
reduced expression of the miR-29 family enhances collagen expres-
sion in intestinal fibroblasts. Clin Sci (Lond) 127:341-350

Nobili V, Marcellini M, Giovannelli L, Girolami E, Muratori F, Giannone
G, Devito R, De Benedetti F (2004) Association of serum
interleukin-8 levels with the degree of fibrosis in infants with chron-
ic liver disease. J Pediatr Gastroenterol Nutr 39:540-544



Cell Tissue Res (2017) 368:325-335

335

O’Reilly S, Ciechomska M, Cant R, Hiigle T, van Laar JM (2012)
Interleukin-6, its role in fibrosing conditions. Cytokine Growth
Factor Rev 23:99-107

O’Reilly S, Chiechomska M, van Laar JM (2014) A3.22 IL-6 trans sig-
nalling drives collagen via an epigenetic mechanism mediated
through SMAD3. Ann Rheum Dis 73(Suppl 1):A50-51

Palve V, Mallick S, Ghaisas G, Kannan S, Teni T (2014) Overexpression
of Mcl-1L splice variant is associated with poor prognosis and
chemoresistance in oral cancers. PLoS ONE 9, ¢111927

Pandit KV, Milosevic JN, Kaminski N (2011) MicroRNAs in idiopathic
pulmonary fibrosis. Transl Res 157:191-199

Puthier D, Bataille R, Amiot M (1999a) IL-6 up-regulates mcl-1 in human
myeloma cells through JAK / STAT rather than ras / MAP kinase
pathway. Eur J Immunol 29:3945-3950

Puthier D, Derenne S, Barillé S (1999b) Mcl-1 and Bcl-xL are co-
regulated by IL-6 in human myeloma cells. Br J Haematol 107:
392-395

Qin W, Chung AC, Huang XR, Meng XM, Hui DS, Yu CM, Sung JJ, Lan
HY (2011) TGF-beta/Smad3 signaling promotes renal fibrosis by
inhibiting miR-29. J Am Soc Nephrol 22:1462-1474

Regan MC, Flavin BM, Fitzpatrick JM, O’Connell PR (2000) Stricture
formation in Crohn’s disease: the role of intestinal fibroblasts. Ann
Surg 231:46-50

Rieder F, Lawrance IC, Leite A, Sans M (2011) Predictors of fibrostenotic
Crohn’s disease. Inflamm Bowel Dis 17:2000-2007

Roderburg C, Urban GW, Bettermann K, Vucur M, Zimmermann H,
Schmidt S, Janssen J, Koppe C, Knolle P, Castoldi M, Tacke F,
Trautwein C, Luedde T (2011) Micro-RNA profiling reveals a role
for miR-29 in human and murine liver fibrosis. Hepatology 53:209-218

Roggli E, Gattesco S, Caille D, Briet C, Boitard C, Meda P, Regazzi R (2012)
Changes in microRNA expression contribute to pancreatic beta-cell
dysfunction in prediabetic NOD mice. Diabetes 61:1742—1751

Sarkar A, Hellberg L, Bhattacharyya A, Behnen M, Wang K, Lord JM,
Moller S, Kohler M, Solbach W, Laskay T (2012) Infection with
Anaplasma phagocytophilum activates the phosphatidylinositol 3-
Kinase/Akt and NF-kappaB survival pathways in neutrophil
granulocytes. Infect Immun 80:1615-1623

Steele R, Mott JL, Ray RB (2010) MBP-1 upregulates miR-29b that
represses Mcl-1, collagens, and matrix-metalloproteinase-2 in pros-
tate cancer cells. Genes Cancer 1:381-387

Thia KT, Sandborn WJ, Harmsen WS, Zinsmeister AR, Loftus EV Jr
(2010) Risk factors associated with progression to intestinal compli-
cations of Crohn’s disease in a population-based cohort.
Gastroenterology 139:1147-1155

Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA (2002)
Myofibroblasts and mechano-regulation of connective tissue remod-
elling. Nat Rev Mol Cell Biol 3:349-363

Uhal BD, Joshi I, Hughes WF, Ramos C, Pardo A, Selman M (1998)
Alveolar epithelial cell death adjacent to underlying myofibroblasts
in advanced fibrotic human lung. Am J Physiol 275:L1192-1199

van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH,
Marshall WS, Hill JA, Olson EN (2008) Dysregulation of
microRNAs after myocardial infarction reveals a role of miR-
29 in cardiac fibrosis. Proc Natl Acad Sci U S A 105:13027—
13032

Vick B, Weber A, Urbanik T, Maass T, Teufel A, Krammer PH, Opferman
JT, Schuchmann M, Galle PR, Schulze-Bergkamen H (2009)
Knockout of myeloid cell leukemia-1 induces liver damage and
increases apoptosis susceptibility of murine hepatocytes.
Hepatology 49:627-636

Wang Y, Zhang X, Li H, Ren X (2013) The role of miRNA-29 family in
cancer. Eur J Cell Biol 92:123-128

Weng SY, Yang CY, Li CC, Sun TP, Tung SY, Yen JJ, Tsai TF, Chen CM,
Chen SH, Hsiao M, Huang PH, Yang-Yen HF (2011) Synergism
between p53 and Mcl-1 in protecting from hepatic injury, fibrosis
and cancer. J Hepatol 54:685-694

Xiao J, Meng XM, Huang XR, Chung AC, Feng YL, Hui DS, Yu CM,
Sung JJ, Lan HY (2012) miR-29 inhibits bleomycin-induced pul-
monary fibrosis in mice. Mol Ther 20:251-1260

Xiong Y, Fang JH, Yun JP, Yang J, Zhang Y, Jia WH, Zhuang
SM (2010) Effects of microRNA-29 on apoptosis, tumorige-
nicity, and prognosis of hepatocellular carcinoma. Hepatology
51:836-845

Zhang YK, Wang H, Leng Y, Li ZL, Yang YF, Xiao FJ, Li QF, Chen XQ,
Wang LS (2011) Overexpression of microRNA-29b induces apo-
ptosis of multiple myeloma cells through down regulating Mcl-1.
Biochem Biophys Res Commun 414:233-239

@ Springer



	MCL-1 is modulated in Crohn’s disease fibrosis by miR-29b via IL-6 and IL-8
	Abstract
	Introduction
	Material and methods
	Isolation of intestinal fibroblasts and culturing
	Transfection of intestinal fibroblasts
	Stimulation experiments
	RNA extraction and qRT-PCR
	Immunofluorescence
	Western blotting
	Immunohistochemistry
	Tissue imaging and scoring
	ELISA
	Statistics

	Results
	MiR-29 up-regulates the MCL-1L/ES mRNA transcript to a greater extent than MCL-1S
	MCL-1L is the predominant protein isoform in CD intestinal fibroblasts
	MiR-29 up-regulates MCL-1L protein
	miR-29b up-regulates MCL-1L potentially through IL-6 and IL8
	MCL-1 expression is reduced in fibrotic CD tissue

	Discussion
	References


