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MRTF-A gain-of-function in mice impairs homeostatic renewal
of the intestinal epithelium
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The actin-regulated transcription factor MRTF-A represents a central relay in mechanotransduction and controls a subset of SRF-
dependent target genes. However, gain-of-function studies in vivo are lacking. Here we characterize a conditional MRTF-A
transgenic mouse model. While MRTF-A gain-of-function impaired embryonic development, induced expression of constitutively
active MRTF-A provoked rapid hepatocyte ballooning and liver failure in adult mice. Specific expression in the intestinal epithelium
caused an erosive architectural distortion, villus blunting, cryptal hyperplasia and colonic inflammation, resulting in transient weight
loss. Organoids from transgenic mice repeatedly induced in vitro showed impaired self-renewal and defective cryptal
compartments. Mechanistically, MRTF-A gain-of-function decreased proliferation and increased apoptosis, but did not induce
fibrosis. MRTF-A targets including Acta2 and Pai-1 were induced, whereas markers of stem cells and differentiated cells were
reduced. Our results suggest that activated MRTF-A in the intestinal epithelium shifts the balance between proliferation,
differentiation and apoptosis.
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INTRODUCTION
Myocardin-related transcription factor A (MRTF-A/MAL/MKL1)
belongs to the myocardin family of transcriptional coactivators
controlling the expression of subsets of serum response factor
(SRF) - dependent target genes [1–3]. MRTF-A and its close
relative, MRTF-B, regulate several immediate early genes and
cytoskeletal components, thereby controlling critical biological
functions [4, 5]. By means of its N-terminal RPEL domain, MRTF-A
binds to monomeric G-actin, thus rendering the protein tran-
scriptionally inactive unless Rho-dependent actin dynamics result
in MRTF release and activation of target gene expression [6–10].
MRTF/SRF-mediated transcriptional regulation is important for

various tissues, as demonstrated by developmental defects in
knockout animals. MRTF-A null mice harbor a defective myoe-
pithelium in the mammary gland, whereas MRTF-A and -B double
knockout is early embryonically lethal, presumably due to
redundancy in MRTF-A and MRTF-B functions [11–14]. Similarly,
severe gastrulation defects occur upon deletion of the Srf gene
locus [15]. In breast and kidney epithelial cells, MRTF-A activation
has been reported to upregulate SNAI2 and ACTA2 and induce an
epithelial-mesenchymal or epithelial-myofibroblast transition
(EMT/EMyT), which results in a profibrotic epithelial phenotype
[16–21].
The intestinal epithelium balances two main functions, namely

the selective nutrient uptake and the protective surface barrier. To

reliably fulfill both tasks, the intestinal epithelium is rapidly
renewed, with the entire epithelium turned over every 3–7 days
[22]. Starting from Lgr5+ stem cells in the crypts, progenitor cells
divide and differentiate into six functionally specialized cell types,
including paneth cells as multifunctional stem cell guardians,
mucin-producing goblet cells, and the bulk of absorptive
enterocytes in the villi [23–25]. Pushed upwards, the short-lived
cells are eventually shedded at the top of the villi and undergo
anoikis in the intestinal lumen. Injury, viruses, toxins, stress and
autoinflammation, as occurs in inflammatory bowel diseases (IBD),
can severely damage the epithelium by compromising the
sensitive cryptal stem cell compartment and cause villus atrophy
[26]. Partial breakdown of the protective surface barrier exposes
the intestine to the harmful gut content, thereby causing acute
inflammation and further damaging the intestinal architecture.
Rapid repair by epithelial self-renewal is essential to reestablish
barrier integrity, either by utilizing reserve stem cells, or
reacquisition of stemness by multiple cell types, or adaptive
differentiation of villus epithelial cells [27–29].
During development, MRTF-A is profoundly expressed in

epithelia, including epithelial cells of the small intestine and
colon [30]. However, the role of MRTFs in the intestinal epithelium
has not been investigated yet. In addition, MRTF gain-of-function
studies in vivo are lacking. By ectopic expression in cell lines, we
have previously observed that activated MRTF-A is anti-
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proliferative and pro-apoptotic, whilst it causes luminal filling,
polarization defects and induction of EMT markers in 3D MCF10A
cultures [20, 31, 32]. To investigate the effects of MRTF-A gain-of-
function in vivo, we generated MRTF-A transgenic mice in which
we partially deleted the regulatory RPEL domain. Expression of
this constitutively active MRTF-A variant during embryogenesis
was lethal, as was its activation in the adult due to rapid liver
failure. Induced expression of gain-of-function MRTF-A in the
intestinal epithelium resulted in weight loss, villus atrophy, cryptal
hyperplasia and inflammation, whilst intestinal shortening was not
observable. MRTF-A target genes were induced, whereas most
markers of intestinal cell types, including the Lgr5+ stem cells,
were downregulated. Organoid cultures from transgenic mice
showed that the epithelial atrophy was caused by increased
apoptosis, decreased proliferation and reduced crypt functionality.
The recovery of the mice in the second week could be
recapitulated in organoids and suggested that cells escaping the
Cre-mediated recombination fueled the epithelial self-renewal.

MATERIALS AND METHODS
Generation of the inducible MRTF-A Δ 3–5 (Rosa26:MRTF-A)
mice
The HA-tagged MRTF-A cDNA lacking the RPEL1/2 domains and the
intervening spacer1 (named MRTF-A Δ3–5) was cloned into an established
Rosa26 targeting vector, replacing the Cas9-P2AEGFP ORF (Addgene
#61408) [33]. To allow conditional expression, this vector contains a STOP
cassette flanked by loxP sites between a CAG promoter and the cDNA.
After electroporation into R1 mouse embryonic stem cells (ATCC), a clone
positively tested for successful homologous recombination was injected
into blastocysts to generate chimeric mice. The germ line transmission of
chimeras was validated by backcrossing with C57BL/6n mice (Charles River
Laboratories). Rosa26:MRTF-Awt/fl were interbred to validate mendelian
segregation and fertility of male and female mice. Global activation of
MRTF-A was achieved by breeding with heterozygous Nestin-Cre [34].
Homozygous transgenic mice (Rosa26:MRTF-Afl/fl) were mated with
heterozygous Rosa26:CreERT2 [35], Villin-Cre or Villin-CreERT2 [36] mice
to generate offspring of constitutional, inducible or conditional MRTF-A
gain-of-function mice.
For induction, 10 mg/ml tamoxifen (TRC-T006000-25G, BIOZOL) was

prepared freshly in MIGLYOL 812 (CSLO3274.250, VWR) by shaking it at
37 °C overnight in the dark. During experiments, it was stored at 4 °C for a
maximum of one week and prewarmed to 37 °C before intraperitoneal
injection of 100 µl to delete the STOP cassette as indicated. All mouse work
was approved by the local authorities (Az. 42502-2-1592 MLU), and mice
were maintained under the guidelines of the animal facility of the Martin
Luther University of Halle-Wittenberg.

Genotyping
Polymerase chain reaction (PCR) was used for validation of homologous
recombination of the targeting construct. All the primers used are
mentioned in Supplementary Table S1. For the confirmation of the
intended locus, primer pairs were designed beyond the homologous arms
on both sides of the Rosa26 locus and used with another primer pair within
the targeting construct. An internal primer pair was used for confirming
the entirety of the targeting construct and detecting the STOP cassette
between the CAG promoter and the cDNA.
Genotyping was performed from ear excisions or organoids. After lysis in

400 µl lysis buffer (100mM Tris-HCl, 5 mM EDTA, 0.2% SDS, 200mM NaCl,
pH 8–8.5) supplemented with 2 µl Proteinase K (New England Biolabs),
DNA was precipitated with isopropanol. DNA concentration was deter-
mined using NanoDrop ND-1000 (NanoDrop) and 150 ng were used for
subsequent PCR analysis using specific primers for the detection of Cre or
the floxed STOP cassette. The PCR products were separated on a 1%
agarose gel and imaged using the Gel stick system (Intas Science Imaging).

Luciferase reporter assay
Reporter assays were described previously [8]. Briefly, NIH3T3 or HCT-8
cells were seeded in a 12-well plate and transfected with 250 ng of the
p3D.A-Luc, 50 ng pRL-TK luciferase reporter plasmids and 700 ng of the
indicated MRTF-A constructs, using polyethylenimine (23966-1,

Polysciences). Transfected cells were cultured under 0.5% serum condi-
tions for 24 h. To assess the Rosa26 targeting construct, HCT-8 cells stably
selected with G418 were treated with TAT-Cre Recombinase (SCR508,
Merck). Firefly luciferase activity was measured by Dual-Glo Luciferase
Assay (Promega) and normalized to the renilla luciferase and the vector
control.

Histological analysis
H&E (Art. No. 9194.2, Carl Roth, Karlsruhe, DE), PAS (Art. No. HP01.1, Carl
Roth) and Sirius Red (13422.01000, Morphisto, Offenbach, DE) staining was
performed according to the manufacturers’ instructions. Pictures were
taken by EVOS™ XL Core Imaging System (Thermo Fisher Scientific,
Dreieich, DE) or Axioimager equipped with Axiocam MRc (Zeiss, Jena, DE).
PAS and Sirius Red staining was quantified using ImageJ software (NIH,
Bethesda, MD, USA, http://rsb.info.nih.gov/ij/). The positively stained area is
represented as percentage of the total tissue area of the section.
For immunofluorescence staining, the mouse intestine was rinsed with

ice-cold phosphate buffer saline (PBS) and fixed for 2 h at 4 °C with 2%
paraformaldehyde in PBS. Fixed tissue was rinsed with PBS and transferred
to 30% sucrose in PBS overnight. The tissue was embedded in tissue-
freezing medium (TissueTek O.C.T., Sakura, JPN). Cryosectioning was done
with a microtome cryostat at −20 °C and 10-μm-thick sections were
collected on microscope slides (SuperFrost Plus, Menzel Gläser, DE).
Sections were boiled in EDTA antigen retrieval buffer (1 mM EDTA, 10mM
Tris pH 9.0, 0.05% Tween) for 10min. Staining was performed after
blocking with background-reducing buffer (#S302283-2, Dako) for 20min
with anti-HA (1:500, H6908, Sigma, Taufkirchen, DE) antibodies for 2 h at
room temperature. Staining of Krt20 (1:500, #13063, Cell Signaling),
Chromogranin A (Chga, 1:500, ab15160, Abcam), lysozyme EC 3.2.1.17
(1:500, A009902-2, Agilent Dako) and Olfm4 (1:500, #39141, Cell Signaling)
was performed accordingly but without antigen retrieval. Incubation with
secondary antibody (Alexa Fluor 488-labeled goat anti rabbit IgG, 1:1000,
Molecular Probes, Eugene, OR, USA) and DAPI was performed for 2 h at
room temperature. Pictures were taken using a Axio Observer fluorescence
microscope equipped with Plan Apochromat 20×/0.8 objective and
Axiocam MRm (Zeiss).

Primary organoid culture, staining, and swelling assays
Intestinal organoids were prepared from either MRTF-Afl/wt; Villin-CreERT2−/−

(Mfl/wt; VC−/−, control) or MRTF-Afl/wt; Villin-CreERT2+/− (Mfl/wt; VC+/−,
experimental) mice and cultured in the IntestiCult™ Organoid Growth
Medium (Mouse) (Cat. No. 06005, Stemcell Technologies, Vancouver, Canada)
according to the manufacturer’s instructions. Recombination in organoids was
induced with 0.15 µM tamoxifen (1mM stock in DMSO) at the time points
indicated. Immunofluorescence staining was done in ibidi µ-Slide 8 well (Cat.
No. 80826, ibidi, Gräfelfing, DE) as described [37]. For Mucin2, organoids were
boiled in citrate antigen retrieval buffer (10mM Sodium citrate, 0.05% Tween
20, pH 6.0) for 30min prior to incubation with Muc2 antibodies (1:500,
GTX100664, GeneTex). Additional antibodies used were cleaved caspase-3
(1:500, #9664, Cell Signaling, Leiden, Netherlands), Ki-67 (1:500, #9129, Cell
Signaling) and phospho-histone H3 (Ser10) (1:1000, #06-570, Merck,
Darmstadt, DE). Organoids were stained with secondary antibody (1:1000,
Alexa 488 goat anti rabbit IgG, Molecular Probes) together with DAPI. Images
were taken by a Zeiss Axio Observer fluorescence microscope equipped with
ApoTome2 and quantified using ImageJ software. The intensity of staining
was normalized to the area and the DAPI staining.
For forskolin-induced swelling assays, tamoxifen (0.15 µM) treated

organoids were grown for two days, splitted again into flat bottom 96-
well plate in 5 µl matrigel containing 20-80 organoids and 100 µl culture
medium and left overnight for recovery to ensure similar size organoids.
After the addition of forskolin (10 µM) images were taken every 5min for
another 50min, using 10 wells per condition. Individual organoid areas
were quantified using ImageJ software, and swelling was quantified as the
average increase of the initial area.

Immunoblotting
The jejunum was first washed extensively with ice-cold PBS to remove all
debris, then washed three time with 3 mM N-Acetyl-L-cysteine (A9165,
Sigma) to remove the attached mucus. The cleaned jejunum was cut into
small pieces of around 3mm and incubated in chilled 30mM EDTA for
20min with agitation at room temperature. Villi and crypts were collected
by pipetting the tissue up and down in PBS/0.1% BSA with a 5ml pipette.
All the intestinal cells from three repetitions were collected by
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centrifugation and were washed three times with 3 mM N-Acetyl-L-
cysteine. Collected cells were lysed in RIPA buffer (0.1% SDS, 0.5%
Desoxycholate, 1% Triton X-100, 1 mM EDTA, 150mM NaCl, 50 mM Tris pH
7.4) containing protease and phosphatase inhibitors (1 mM PMSF, 10mg/
ml Aprotinin, 2 mM sodium orthovanadate) and protein concentration was
estimated by BCA assay (Thermo Fisher) according to the manufacturer’s
protocol. Tamoxifen-treated organoids were washed two times with ice-
cold PBS to remove the matrigel prior to lysis. Immunoblotting was done
against vinculin (V9131, Sigma, 1:1000), SRF (Cat. No. 61385, Active Motif,
1:1000), α-SMA (A5228, Sigma, 1:1000), Snai2 (MAB4271, Millipore, 1:500),
cleaved caspase-3 (9664, Cell Signaling, 1:500), phospho-Histone H3
(Ser10) (53348T, Cell Signaling, 1:500) Tubulin (T9026, Sigma, 1:3000) and
HA (H6908, Sigma, 1:1000) overnight at 4 °C. Fluorophore-conjugated
secondary antibodies IRDye 700 or IRDye 800 (1:15000, LICOR Biosciences)
or HRP-conjugated secondary antibodies (1:5000, Cell Signalling) were
incubated for 1 h at room temperature. Imaging and quantifications were
done using either the Odyssey Image Scanner System with the software
Image Studio V 3.1.4 (LI-COR Biosciences, Cambridge, UK), or the ChemiDoc
MP imaging system (Biorad), followed by quantification using ImageJ
software, as described before [38].

Expression analysis via qRT-PCR
RNA was extracted either from intestinal segments or intestinal organoids
using NucleoSpin RNA Mini kit for RNA purification (Macherey-Nagel)
according to the manufacturer’s instructions. For cDNA synthesis, the Verso
cDNA Synthesis kit (Thermo Scientific) was used with 1 μg of total RNA and
Oligo-dT primers. Transcript analysis was performed using the LightCycler
480 System (Roche, Mannheim Germany) and DyNamo Colorflash SYBR
Green qPCR kit (Thermo Scientific) according to the manufacturer’s
instructions using specific primers for the indicated genes. Primer
sequences used in this study are presented in the supplementary table
S1. Calculations were done using the ΔΔ cycle threshold (Ct) method [39].

Statistical analysis
Data are presented as mean ± SEM. Statistical analysis was performed
using unpaired Student’s t-test, where p < 0.05 was considered statistically
significant, and p values are denoted as follows: *p < 0.05, **p < 0.01 and
***p < 0.001.

RESULTS
Characterization of MRTF-A Δ3–5 as a gain-of-function variant
The analysis of the physiological functions of MRTF-A has been
impeded by the functional redundancy between MRTF-A and
MRTF-B, by the early embryonic lethality of double-knockouts, and
by the lack of gain-of-function studies in vivo. We therefore
generated transgenic mice allowing conditional MRTF-A gain-of-
function studies. A loxP-STOP-loxP vector was created to permit
Cre-induced recombination and subsequent MRTF-A expression
from the Rosa26 locus. To design a constitutively active MRTF-A,
we cloned MRTF-A Δ3–5 which lacks the sequences from exon 3
to exon 5. This construct encodes a protein with an in-frame
deletion of RPEL motif one, spacer one and RPEL motif two, which
are part of the negative regulatory N-terminal region of MRTF-A
(Fig. 1A). We chose this Δ3–5 construct to reduce the known anti-
proliferative effects of MRTF-A lacking the entire N-terminus
(MRTF-A ΔN) [31]. Moreover, MRTF-A Δ3–5 maintains important
phosphorylation sites on the N-terminus which are involved in
nuclear export, thus theoretically permitting some regulation by
cellular cues [40].
Constitutive activity of this construct was firstly tested in the

well-characterized NIH3T3 cell culture model. Transiently trans-
fected MRTF-A Δ3–5 strongly induced a MRTF/SRF-dependent
luciferase reporter, but less than the previously characterized
MRTF-A ΔN. Consistently, whilst MRTF-A ΔN accumulated in the
nucleus, MRTF-A Δ3–5 localized to both the nucleus and the
cytoplasm (Supplementary Fig. S1A, B). Stable transfection of
colorectal HCT-8 cells with the conditional targeting vector
revealed an inducible expression of HA-tagged MRTF-A Δ3–5
upon treatment with recombinant HTNC-Cre recombinase in vitro,

accompanied by significant reporter induction (Supplementary
Fig. S1C, D).
Following electroporation in R1 (129 Sv) embryonic stem cells,

neomycin-resistant colonies were validated by PCR for homo-
logous recombination (Supplementary Fig. S2A). One of the
selected ESC clones was injected into blastocysts to generate
germ line chimeras, and after backcrossing the F1 generation was
characterized by genotyping (Supplementary Fig. S2B). Hetero-
zygous founder mice harboring the floxed MRTF-A Δ3–5 (hereafter
named Rosa26:MRTF-Afl/wt) were then intercrossed. Mice homo-
zygous for Rosa26:MRTF-A showed in quantitative PCR that
neomycin phosphotransferase DNA content is comparable to that
of Gapdh, but twice as high as in heterozygotes, indicating single
integration of the construct (Supplementary Fig. S2C).

Ubiquitous expression of activated MRTF-A in transgenic mice
Breeding of Rosa26:MRTF-Afl/wt with a Cre deleter mouse strain
[34] resulted in non-mendelian ratios, in contrast to Rosa26:MRTF-
Afl/wt intercrosses (Table 1). By genotyping, we could not detect
any double-positive mice with the corresponding deletion of the
STOP cassette, whilst the remaining genotypes were equally
distributed. Preliminary characterization of prenatal embryos in
timed breeding of homozygous MRTF-A transgenes with hetero-
zygous Cre mice revealed the absence of embryos in 46% of the
uterine sacs at day E12.5 (Fig. 1B), presumably resulting from
embryonic maldevelopment and reabsorption. This strongly
suggests an early embryonic lethality of mice expressing the
constitutively active MRTF-A Δ3–5 ubiquitously. Due to the early
stage, we were as yet unable to further characterize the plausible
cause of death of these embryos.
To enable expression of MRTF-A Δ3–5 which is postnatally

inducible by tamoxifen, we bred homozygous Rosa26:MRTF-Afl/fl

mice with Cre-ERT2 transgenics [35]. These breedings showed
normal litter sizes and the expected 50% mendelian ratio of the
offspring upon genotyping (Table 1). Upon tamoxifen injection,
deletion of the lox-STOP-lox cassette was confirmed by PCR in all
organs tested, including heart, liver, kidney, intestine and testis
(Fig. 1A, C). We then intraperitoneally injected two to three
months old double-positive and control mice lacking CreERT2 for
three consecutive days with 1 mg of tamoxifen, and sacrificed
them at day 4 for further analysis (Fig. 1D).
Strikingly, organ analysis showed that tamoxifen-injected

Rosa26:MRTF-Afl/wt Cre-ERT2+/− mice exhibited visibly diseased
livers and cholestasis. Histological analysis showed massive
ballooning of the hepatocytes with an accumulation of lipids
and signs of necrosis, despite a generally maintained liver
architecture and little immune infiltration (Fig. 1E). At this stage,
all other organs analyzed seemed to be little affected, suggesting
that this rapid liver response is causal for lethality in adult mice
ubiquitously overexpressing MRTF-A Δ3–5 (Fig. 1E and Supple-
mentary Fig. S3). However, the extraordinary speed and strength
of this lethal phenotype prevented a more detailed investigation
of the unknown etiology.

Conditional activation of MRTF-A in the intestinal epithelium
To further analyze the functional effects of our MRTF-A gain-of-
function mice, we focussed on the intestinal epithelium. Our first
approach to interbred Villin-Cre transgenics with our floxed MRTF
mice did not generate viable offspring, again indicating embryo-
nic lethality (Table 1). Therefore we crossed homozygous
Rosa26:MRTF-Afl/fl mice with Villin-CreERT2 mice, allowing condi-
tional and tamoxifen-inducible MRTF-A gain-of-function in intest-
inal epithelial cells [36]. Double-positive mice (Rosa26:MRTF-Afl/wt

Villin-Cre-ERT2+/−), injected at 2 months of age with a single dose
of tamoxifen, lost more than 15% body weight within 6–7 days,
but fully recovered until day 11 (Fig. 2A, B). Obvious signs of
diarrhea were not observed. Upon dissection at day 7, slightly
inflamed intestinal areas were visible in double-positive mice,
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suggesting a transient intestinal malfunction and/or inflammation
(Fig. 2C). However, the dissected small and large intestines did not
show obvious macroscopic defects nor altered length or weight at
day 7 (Fig. 2C, D).
Organ-specific recombination was analyzed by genotyping of

the intestine, liver, pancreas and kidney. The STOP cassette was
not removed in the control mice and in the liver, pancreas and
kidney of double-positive mice; only intestinal tissue showed

evidence of a dose-dependent recombination at day 7 (Fig. 3A).
Concomitantly, HA-tagged MRTF-A Δ3–5 protein and its known
target smooth muscle actin were increasingly detected in
intestinal protein extracts of double-positive mice, but were
absent in controls, as expected (Fig. 3B). Further analysis of
putative target proteins in several mice sacrificed at day 7
showed a correlation of MRTF-A Δ3–5 expression with SRF and
smooth muscle actin (α-SMA), but changes in vinculin or Snai2
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protein amounts were not detectable in this tissue (Fig. 3C, D).
Hereafter we used a single tamoxifen injection of 10 mg/ml
(100 µl, total amount 1 mg per mouse) for all further
experiments.

Prompted by the rapid and reversible weight loss, we suspected
a transient malfunction of the intestinal epithelium by MRTF-A
gain-of-function. Histological staining revealed an erosive archi-
tectural distortion with villus blunting, accompanied by marked
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Fig. 2 Induced gut-specific MRTF-A gain-of-function results in rapid and transient weight loss. A Schematic of the breeding, injection and
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Table 1. Outcome of mouse breedings.

Rosa26:MRTF-Afl/wt crossed with

Number of breeding Viable offsprings Offspring genotype (expected %); actual %

Rosa26:MRTF-Afl/wt 16 128 31 fl/fl (25%); 24.2%

64 fl/wt (50%); 50.0%

33 wt/wt (25%); 25.8%

Nestin-Cre+/− 8 29 0 Δ/wt; +/− (25%); 0%a

9 wt/wt; +/− (25%); 32.1%

9 fl/wt; −/− (25%); 32.1%

11 wt/wt; −/− (25 %); 39.3%

Rosa26:MRTF-Afl/fl crossed with

Rosa26:CreERT2+/− 5 39 22 fl/wt; +/− (50%); 56.4%

17 fl/wt; −/− (50%); 43.6%

Villin-Cre+/− 4 11 0 Δ/wt; +/− (50%); 0 %a

11 fl/wt; −/− (50%); 100%

Villin-CreERT2+/− 11 86 40 fl/wt; +/− (50%); 46.5%

46 fl/wt; −/− (50%); 53.5%
aEmbryonic lethality.
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cryptal hyperplasia, most prominently in the duodenum of the
small intestine (Fig. 4A). An organized intestinal epithelium was
hardly discernable by HE staining, and the brush border was
absent. Similarly, the colon also showed erosive and architecturally
distorted epithelia. While cryptal hyperplasia was less obvious, HE
staining demonstrated epithelial expansion, edema and profound
immune cell infiltration. The pathologies were partially reminis-
cent to those observed after intestinal injury, and in celiac or
inflammatory bowel diseases. PAS staining was reduced in the
intestines of double-positive mice, indicating depletion of goblet
cells and impaired mucin production (Fig. 4A, B). No obvious
fibrotic response was detectable by Sirius Red staining, consistent
with the absence of intestinal shortening. In line with the absence
of genetic recombination, kidney and liver were histologically
unaffected, and were thus not implicated in the weight loss
(Fig. 4C). Immunofluorescence of the small intestine confirmed the
presence of the MRTF-A Δ3–5 protein in the crypts and along the
epithelial cell layer of double-positive mice, mostly localizing to
the cytoplasm (Fig. 4D). Together, the results suggest a transient
severe damage of the intestinal epithelia, which is compensated
by cryptal hyperplasia in the duodenum, and causes inflammation
and leukocyte infiltration in the colon.
Sixty days after tamoxifen injection, only a weak recombination

product could be amplified from different parts of the small and
large intestine, suggesting that most cells expressing the MRTF-A
gain-of-function allele were depleted (Supplementary Fig. S4A, B).
However, a few recombined cells appear to have sustained and
gave rise to isolated HA-positive crypt-villus structures, despite

undectable levels of MRTF-A Δ3–5 in total protein extracts
(Supplementary Fig. S4C, D). Inflammation was no longer
observable at day 60, and length and weight of the intestine
was unaltered (Supplementary Fig. S4E, F). Consistently, the
intestines of injected mice showed a completely restored
histology at day 60. Villus blunting, cryptal hyperplasia and
immune cell infiltration had ceased, and PAS staining returned to
normal (Supplementary Fig. S5). These results suggest that the
activated MRTF-A Δ3–5 transiently impaired dynamic self-renewal
of the intestinal epithelium, which is later repopulated mainly by
non-recombined cells.

Impaired growth and regeneration of transgenic mini-guts
To get further insights into the epithelial recovery and turnover
upon MRTF-A Δ3–5 expression, we analyzed the intestines of
transgenic mice treated once with tamoxifen and generated
intestinal organoids from these after 21 days. At this time point,
genotyping showed only a very weak band of the Cre-induced
recombination product in double-positive mice (green arrowhead
in Fig. 5A), whereas the floxed allele dominated, indicating that
the majority of cells expressing the activated MRTF-A Δ3–5 were
depleted from the self-renewing epithelia (Fig. 5A). Intestinal
organoids were prepared from the small intestine and cultivated
for further 21 days in matrigel, allowing the formation of self-
renewing “mini-guts”. Both double-positive and control organoids
grew relatively normally, with outward-bulging crypts and some
accumulation of darkly-visible material (presumably extruded
enterocytes undergoing anoikis) in the inner lumen over time
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(Fig. 5B, day 0). At this time, there was no recombination product
visible (red arrowhead in Fig. 5A). However, after recombination
was then induced again by tamoxifen in vitro, increasing defects
in growth and self-renewal were observed, especially after
splitting of the organoids on day 2 after treatment (Fig. 5B).
Genotyping confirmed a substantial depletion of the floxed allele
and the concomitant appearance of the recombination product,
lacking the STOP cassette (Fig. 5A).
Nevertheless, some double-positive organoids remained viable

after tamoxifen treatment, but were round and lacked the
outward-bulging crypts containing the stem cell compartment.
The lumina appeared profoundly darkened, probably from
accumulating dead cells. We kept cultivating these organoids for
another 20 days and thereby coincidentally selected growth-
competent organoids. The renewing capacity and the in vitro
crypt formation eventually recovered and at day 22 of the
experiment was indistinguishable from the control organoids.
These re-growing organoids from double-positive mice lacked the
expected recombination product, however. Instead, an aberrant
recombination event had apparently occurred in the surviving
cells, which resulted in a larger recombination product partially
retaining the STOP cassette in front of the MRTF-A transgene (Fig.
5A, red arrowhead at day 22, and data not shown). Consistently,
expression of MRTF-A and its target genes Acta2 (encoding
smooth muscle actin) and vinculin in these organoids was
unchanged compared to the control (Fig. 5C and data not shown).
Together, this suggests that recovery of organoid growth in vitro
required cells which escaped Cre-induced recombination, similar
to the intestinal regeneration in vivo.

MRTF-A Δ3–5 expression disrupts cryptal structure and
function
To better understand the nature of the defect caused by MRTF-A
Δ3–5, we freshly isolated organoids from single-positive and
double-positive mice and activated MRTF-A Δ3–5 after three
weeks of culture. Following two and four days of tamoxifen
treatment, MRTF-A Δ3–5 protein was readily detectable in protein
extracts of double-positive organoids (Fig. 6). Concomitantly, we
observed an increase in cleaved caspase-3 and a decrease of the
proliferation marker phospho-Histone H3 (Fig. 6). Analysis by
immunofluorescence microscopy confirmed that HA-tagged
MRTF-A Δ3–5 was expressed throughout the double-positive
organoids within two to four days (Fig. 7A). Apoptotic cells
positive for cleaved caspase-3 were visible within the lumen of
control organoids, whilst the intensity of cleaved caspase-3 was
increased at day 4 in double-positive organoids (Fig. 7B). The
proliferation marker Ki-67 and the mitotic marker phospho-
Histone H3 was visible in distinct cells of the epithelia, whose
number and overall fluorescence intensity decreased in double-

positive organoids (Fig. 7C, D). This suggested aberrant apoptosis
simultaneously to a decreased proliferation rate in epithelia with
MRTF-A gain-of-function.
Optical sections of phalloidin-stained control organoids showed

a pronounced apical F-actin belt lining the lumen and weaker
basolateral actin filaments surrounding the columnar-shaped cells
(Fig. 8A). After tamoxifen-induced MRTF-A gain-of-function,
phalloidin intensity, cell polarization and outward-bulging crypts
were decreased. Concomitantly, immunostaining of cytokeratin
20, a marker for differentiated enterocytes located mostly in villi,
was also reduced (Fig. 8B). To visualize particular cell types present
in intestinal organoids, 3D-reconstructed images of whole-mount
organoids stained for Chga (enterochromaffine cells), Muc2
(goblet cells), Olfm4 (stem cells) and lysozyme (paneth cells) were
analyzed. Whilst positively stained cells were easily detectable in
single-positive und untreated control organoids, tamoxifen-
induced double-positive organoids showed altered localization
and integrity of these cell types (Fig. 8C). Of note, Olfm4-positive
stem cells were reduced and lysozyme-positive paneth cells
appeared to localize randomly. Together, this indicated that
polarization, differentiation and crypt architecture is affected by
MRTF-A Δ3–5.
To test whether the cryptal compartment is particularly affected

by MRTF-A gain-of-function, we analyzed the cAMP-dependent
chloride channel CFTR, which is predominantly expressed in the
crypt [41]. Firstly, we investigated CFTR mRNA expression and
found that it was reduced by around 50% in tamoxifen-treated
organoids from double-positive mice (Fig. 9A). Moreover, CFTR
mediated swelling of the organoids by forskolin treatment was
functionally affected. Time-course analysis revealed that the
swelling and the volume increase was abated in organoids
expressing MRTF-A Δ3–5 (Fig. 9B, C). This suggests that the cryptal
compartment, which harbors the stem cell population and is
responsible for organoid self-renewal, is particularly harmed by
MRTF-A gain-of-function. In addition, MRTF-A Δ3–5 may also
functionally affect intestinal physiology via CFTR reduction.

Altered expression of targets and cell type markers
As a transcription factor, MRTF-A controls mRNA expression of
various target genes, and can thereby affect the differentiation of
epithelial lineages. Thus, we analyzed relative mRNA amounts in
the duodenum, jejunum, ileum, proximal and distal colon from
mice sacrificed 7 days after tamoxifen injection. Firstly, the
upregulation of total MRTF-A mRNA in comparison to control
mice was confirmed by qRT-PCR (Fig. 10A). Secondly, the
previously characterized target genes Bok, Vcl and Acta2 were
also upregulated, the latter one most prominently in duodenum
and jejunum (Fig. 10B). Moreover, expression of Pai-1 (serpine1),
which we previously characterized as a G-actin-regulated putative

150 kDa - - HA (MRTF-A Δ3-5)

50 kDa - - Tubulin

- cleaved Caspase-3
15 kDa -

20 kDa -

15 kDa -

20 kDa -

- P-Histone H3

M
Day 0 Day 2 Day 4

Mfl/wt; VC-/-

Mfl/wt; VC+/-

(    )
(    )

Organoid extracts 
from:

TAM:
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immunoblotting of lysates from cultured organoids after 0, 2 and 4 days of tamoxifen treatment, using antibodies against HA, cleaved
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MRTF-A target gene in fibroblasts, was induced between 10 and
30 fold in different intestinal segments (Fig. 10B) [31, 42].
Since some myosin family members are known MRTF-SRF

targets (Myo1C, Myh9, Myh14) and are involved in microvilli-

dependent villus atrophy, we also tested expression of myosins. As
yet, the mRNA of Myo5B, Myo1A and Myh14 appeared slightly
reduced in some regions of the gut, whilst Myo1C and Myh9 were
moderately elevated at day 7 (Supplementary Fig. S6). However,
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the generally weak effects did not proove a direct or causal role of
deregulated myosins in the observed pathologies.
Given that we showed increased leukocyte infiltration in HE-

stained large intestines, we quantified the expression of pro-
inflammatory cytokines. TNFalpha, MCP-1 and Cxcl-1 mRNA were
increased in the small intestine around 5–10 fold after 7 days (Fig.
10C). In the proximal and distal colon, however, all cytokine
mRNAs were upregulated, many of them to a much higher extent
(Fig. 10D). This suggests an early inflammatory process in the
double-positive mice, probably caused by destruction of the
epithelial architecture following the impaired self-renewal process
upon aberrant MRTF-A gain-of-function.
Next, we analyzed expression of marker genes specific for

enterocytes, enterochromaffine cells, goblet cells, stem cells
and paneth cells. Overall, most marker genes were significantly
reduced in the five intestinal segments analyzed, albeit to a
different extent (Fig. 10E). The goblet cell marker Muc2 was
particularly attenuated in proximal and distal sections of the
colon. Paneth cell markers Lyz1, Defa-6 and Wnt3a were most
prominently reduced in all parts of the small intestine, whereas
they showed less or no changes in the colon. Axin2, Lgr5 and
Olfm4, which are considered as stem cell markers, were
downregulated in most parts of the intestine. A similar albeit
smaller reduction in most cell type-specific marker expression
was also observed in the intestinal organoids treated with
tamoxifen in vitro, simultaneous to the increase in MRTF-A
target genes (Supplementary Fig. S7). Specifically, Lgr5 was
significantly reduced by 40–70% in all intestinal segments of
the double positve mice. Considering that cryptal Lgr5-positive
stem cells are required to rapidly replenish the highly plastic
intestinal epithelium, including all other more specialized cell
types, this reduction may explain some of the defects
observed.

Finally, we immunostained the small intestine of the transgenic
mice to visualize the number and localization of selected cell
types. In areas where the epithelial architecture was still
sufficiently maintained for assessment, MRTF gain-of-function
mice showed partially detaching cells with little specific Krt20
localization, whilst in control mice Krt20 localized apically in
polarized villus enterocytes (Fig. 10F). The numbers of Chga-
positive enterochromaffine cells and PAS-positive goblet cells
were strongly reduced. In the crypts, Olfm4-positive stem cells and
lysozyme-positive paneth cells were not only strongly reduced in
numbers, but also mislocated, and the typical alternating pattern
of the two cell types was absent in double-positive intestines (Fig.
10F). These results indicate that physiological renewal from the
cryptal stem cell compartment and differentiation into villus
epithelial cells is impaired by MRTF-A gain-of-function in vivo at
day 7 after induction. At day 60, however, expression of cell type
markers and cytokines had reversed to normal, in line with the
resolved phenotype, and only a slight increase of MRTF-A and
Acta2 expression mostly in the small intestine was still detectable
(Supplementary Fig. S8). Together, the data suggest that genetic
MRTF-A activation transiently impaired stem cell-driven renewal of
the intestinal epithelium and caused apoptotic injury of villus cells,
followed by inflammation. Resolving the phenotype occurred due
to cryptal hyperplasia and repopulation with cells which had
escaped MRTF-A Δ3–5 expression after the single tamoxifen dose.

DISCUSSION
The intestinal epithelium is a highly dynamic tissue which is
constantly and rapidly undergoing self-renewal from cryptal stem
cells. In a genetic mouse model, we show here that inducible
MRTF-A gain-of-function impairs the delicate balance between
proliferation, differentiation and apoptosis. This affected most of
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its cell types, including the stem cells. The intestinal epithelium
was thus severely damaged by activated MRTF-A expression and
acute villus atrophy, inflammation and cryptal hyperplasia was
observed. An “adaptive differentiation model” of atrophy-induced
villus epithelial cells (aVEC) expressing fetal markers was recently

proposed to repair acute injuries [29]. Whether the rapid
restoration of the barrier in our mouse model occurs via these
aVEC needs to be clarified, but we note no upregulation of stem
cell markers at day 7. Nevertheless, we observed cryptal
hyperplasia, a well-described compensatory mechanism upon
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injury, which may be driven by inflammation and submucosal
growth factor release.
MRTF activity was recently implicated in intestinal fibrosis

associated with IBD and myofibroblast-mediated gut shortening
[43–45]. Using the Villin-CreERT2 model, we did not see obvious
fibrotic responses neither in acutely affected animals nor at later
time points after MRTF-A activation. This supports the hypothesis
that a fibrotic response is predominantly dependent on mesench-
ymal fibroblasts within the intestine, and that there is little
transdifferentiation between cell lineages. Secondly, the rapid
depletion of most of the recombined intestinal epithelial cells
likely prevented a persistent induction of EMT, epithelial-
myofibroblast transition, or a subsequent establishment of a
profibrotic epithelial phenotype, as it was demonstrated for other
epithelia via involvement of MRTF-A [16–21]. In line, we did not
observe Snai2 upregulation in the affected intestine.
After one tamoxifen injection, the fast recovery of our mice after

7 days was apparently driven by the intestinal cells which had
escaped Cre-mediated deletion of the STOP cassette and
replenished the stem cell pool. Repeated tamoxifen injections
which exacerbate the activity of the Cre recombinase caused a
lethal intestinal malfunction (not shown), suggesting a mosaic
expression of MRTF-A Δ3–5 after only one tamoxifen injection. It
needs to be clarified whether the repair and recovery occurred by
dynamic dedifferentiation of multiple cell types or by surviving
reserve stem cells [22]. However, some recombined cells and
elevations of MRTF-A and Acta2 expression were still evident in
the small intestine after 60 days, when phenotype and histology
have largely reverted to normal. Whether this has consequences
on susceptibility for small bowel enteropathies like IBD remains to
be investigated.
Mechanistically, increased apoptosis and decreased prolifera-

tion was implicated in MRTF-A induced epithelial damage, in line
with previous observations in cultured cells [31, 32]. Amongst
others, the intestinal stem cells and their multifunctional
guardians, the paneth cells, were partially depleted upon MRTF-
A activation, as judged by reduced expression of their markers, the
lack of cryptal outgrowth in vitro and the organoid swelling
experiments. The (transient) depletion of the intestinal stem cells,
which are known to be particularly susceptible to damage,
decreases all other cell types and shifts the balance from renewal
to death [22]. Moreover, the anti-proliferative effect of MRTF-A
may also impair the division of the transit amplifying cells.
Following an upward movement, intestinal cells physiologically

die of anoikis after extrusion at the tips of the villi. A very elegant
paper recently showed that this movement, in addition to the
pushing forces by mitotic pressure from the crypt, requires active
Arp2/3 dependent tensile migratory forces in villi [46]. Addition-
ally, the strength of cell contacts and actomyosin activity also
enables the collective upward migration in the crypt [47]. MRTF-A
is a master regulator of mechanotransduction and directly
controls expression of many cytoskeletal and cell adhesion
components such as myosins, actins, integrins and vinculin
[4, 42]. Thus, we speculate that the MRTF-A activation in the
intestinal epithelial cells may also affect the upward movement
and hence steady-state turnover. Whether this acts in addition to,

or is even causative for, the induction of apoptosis in our model
remains to be determined. Intriguingly, the epithelial cells of the
small intestine in MRTF-A gain-of-function mice showed altered
morphology, loss of brush border, and lack of polarized columnal
epithelial architecture, which suggests changes in their actin
cytoskeleton.
For our gain-of-function mouse model, we generated a novel

constitutively active MRTF-A construct by deleting sequences
corresponding to the murine exons 3–5, which encode amino
acids 81–146 in the N-terminal RPEL domain (according to murine
MRTF-A full length, transcript variant 2 with 14 exons and 1029
amino acids, NCBI NM_001082536.2 and NP_001076005.2)
[3, 8, 48]. This domain contains three 22-amino acids RPEL motifs
[7]. Truncation of the entire N-terminus is known to render the
protein constitutively active (MRTF-A ΔN) [8]. The 3 RPEL motifs
are separated by short spacers and both, the RPEL motifs as well
as the intervening spacers, have been shown to bind specifically
to G-actin. The actin-binding capabilities of RPEL1 (exon 3), RPEL2
(exon 5) and the intervening spacer1 as a trimeric complex control
the extracellular signal-induced subcellular localization and
transcriptional activity of MRTF-A, as these domains exhibit a
high binding-affinity towards G-actin [9, 49]. In contrast, the
binding of RPEL3 (exon 6) to actin is less stable. This suggested
that actin-binding to RPEL1, RPEL2, and spacer1 - rather than to
RPEL3 and spacer2 - is required for the repression of MRTF-A’s
transcriptional activity. In vitro testing confirmed that our MRTF-A
Δ3–5 is indeed constitutively active, with intermediate activity
between MRTF-A full length and MRTF-A ΔN. Using this construct
for a conditional transgenic mouse, we generated a unique MRTF
gain-of-function model which helps to better understand the
in vivo consequences of elevated MRTF activity. Limitations of our
approach are, however, the maintained endogenous MRTF-A locus
and the elevated expression level of the transgene driven by an
unrelated promoter, as demonstrated in comparison to total
MRTF-A in control mice.
Serum response factor (SRF), the transcription factor primarily

targeted by MRTFs, has previously been analyzed in gain-of-
function mice by the Nordheim lab. A SRF-VP16 construct caused
spontaneous hepatocellular carcinoma after 25–40 weeks [50].
This carcinogenic effect is thought to be primarily caused by
MRTF-independent, TCF-dependent pro-proliferative target genes
[5]. In contrast, we observed here upon ubiquitous MRTF gain-of-
function a massive architectural distortion and ballooning of the
liver, reminiscent of acute liver intoxication, which was not
reported for SRF-VP16 transgenic mice. While we do not know the
underlying mechanism, we note that the speed of this lethal effect
is, to our knowledge, unprecedented for an inducible transgene.
The described phenotype is unlikely explainable by hepatic
stellate cell-mediated liver fibrosis alone [51]. Unfortunately,
speed and lethality prevented thorough analysis concerning
carcinogenic effects of ubiquitous MRTF-A activation in mice,
but we did not observe obvious nodules in the liver, neither in the
intestine of Villin-CreERT2 breedings. In embryonic stem cells, SRF-
VP16 causes a massive increase of stress fibers and lamellipodia
[52]. This is consistent with previous observations of MRTF-A
affecting the cytoskeletal architecture through a subset of SRF

Fig. 10 Relative changes in gene expression in the mouse intestine upon MRTF-A gain-of-function at day 7 after tamoxifen treatment.
RNA was prepared from the five indicated intestinal segments of three double-positive and three control mice, all injected once with 1mg
tamoxifen. qRT-PCR was performed with intron-spanning primer pairs for the genes indicated, and normalized to housekeeping control
genes. Bar colors represent the duodenum, jejunum, ileum, proximal colon and distal colon, as indicated. A Relative mRNA of MRTF-A
transcripts (including the transgenic) in comparison to the single-positive control mice. B MRTF-A target genes Acta2, Bok, Vcl and Pai-1.
C Inflammatory marker genes in the small intestine. D Inflammatory marker genes in the large intestine. E Marker genes for intestinal cell
types as indicated underneath. Entero, enterocytes; ECC, enterochromaffine cells; Gob, goblet cells; Stem, stem cells; Paneth, paneth cells.
F Cell type-specific staining of villi (Krt20, Chga) and crypts (Olfm4, Lysozyme) of the small intestine of double-positive and control mice using
immunofluorescence against the indicated proteins (green) or PAS (violet). Nuclei were counterstained with DAPI and are false-colored in red,
except for PAS staining. Error bars, SEM (n= 3). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Scale bars, 30 μm.
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target genes [4, 31, 42]. We propose that this may contribute to
some of the disturbances in our MRTF gain-of-function mice,
including the lethality upon embryonic and ubiquitous activation
of MRTF-A. For example, embryonic lethality may occur as early as
in gastrulation, in line with the previously shown phenotypes of
SRF knockouts [15, 52].
MRTF-A is readily expressed in most tissues, including the small

and large intestine of the mouse [30]. The absence of an obvious
intestinal phenotype in the knockout does not preclude a
pathological effect upon aberrant activation, as we showed here.
Several studies have implicated high Rho-actin-MRTF-SRF signal-
ing with fibrotic response in various tissues, including the gut
during IBD such as Crohn’s and colitis [43–45]. The rapid and
pronounced intestinal phenotype we describe for the genetic
MRTF-A gain-of-function does not permit chronic autoinflamma-
tory responses, but harbors similar characteristics like villi short-
ening, reduced brush border zone and loss of epithelial markers.
Interestingly, we previously identified Pai-1 (Serpine1) as a G-actin-
regulated MRTF/SRF target gene [31, 42]. Pai-1 was also
upregulated in the MRTF-A gain-of-function intestinal epithelium.
Recently, elevated PAI-1 has been shown to augment mucosal
damage in IBD by linking the epithelium to a pro-inflammatory
immune response [53]. This raises the possibility that both
mesenchymal and epithelial MRTF-A plays a role in enteropathies
and explains how initial tissue stiffening can become auto-
propagative via elevated levels of PAI-1. Thus, an intestine-specific
MRTF-A gain-of-function mouse model might be useful to better
understand intestinal injury, repair and regeneration.
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