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Abstract

Background: Caveolae are membrane invaginations measuring 50–100 nm. These organelles, composed of caveolin
and cavin proteins, are important for cellular signaling and survival. Caveolae play incompletely defined roles in human
kidneys. Induction of caveolin-1/CAV1 in diseased tubules has been described previously, but the responsible
mechanism remains to be defined.

Methods: Healthy and atrophying human kidneys were stained for caveolar proteins, (caveolin 1–3 and cavin
1–4) and examined by electron microscopy. Induction of caveolar proteins was studied in isolated proximal
tubules and primary renal epithelial cells. These cells were challenged with hypoxia or H2O2. Primary tubular
cells were also subjected to viral overexpression of megakaryoblastic leukemia 1 (MKL1) and MKL1 inhibition
by the MKL1 inhibitor CCG-1423. Putative coregulators of MKL1 activity were investigated by Western blotting
for suppressor of cancer cell invasion (SCAI) and filamin A (FLNA). Finally, correlative bioinformatic studies of
mRNA expression of caveolar proteins and MKL1 were performed.

Results: In healthy kidneys, caveolar proteins were expressed by the parietal epithelial cells (PECs) of Bowman’s capsule,
endothelial cells and vascular smooth muscle. Electron microscopy confirmed caveolae in the PECs. No expression was
seen in proximal tubules. In contrast, caveolar proteins were expressed in proximal tubules undergoing atrophy. Caveolar
proteins were also induced in cultures of primary epithelial tubular cells. Expression was not enhanced by hypoxia or free
radical stress (H2O2), but proved sensitive to inhibition of MKL1. Viral overexpression of MKL1 induced caveolin-1/CAV1,
caveolin-2/CAV2 and SDPR/CAVIN2. In kidney tissue, the mRNA level of MKL1 correlated with the mRNA levels for
caveolin-1/CAV1, caveolin-2/CAV2 and the archetypal MKL1 target tenascin C (TNC), as did the MKL1 coactivator FLNA.
Costaining for TNC as readout for MKL1 activity demonstrated overlap with caveolin-1/CAV1 expression in PECs as well
as in atrophic segments of proximal tubules.

Conclusions: Our findings support the view that MKL1 contributes to the expression of caveolar proteins in healthy
kidneys and orchestrates the induction of tubular caveolar proteins in renal injury.

Keywords: Caveolae, Caveolin, Cavin, Kidney fibrosis, MKL1, FLNA, SCAI

* Correspondence: karl.sward@med.lu.se; martin.johansson@med.lu.se
†Equal contributors
3Department of Experimental Medical Science, Lund University, Lund, Sweden
1Department of Translational Medicine, Clinical Pathology, Lund University,
SUS Malmö, Jan Waldenströms gata 59, SE-20502 Malmö, Sweden
Full list of author information is available at the end of the article

© The Author(s). 2017 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. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Krawczyk et al. BMC Nephrology  (2017) 18:320 
DOI 10.1186/s12882-017-0738-8

http://crossmark.crossref.org/dialog/?doi=10.1186/s12882-017-0738-8&domain=pdf
http://orcid.org/0000-0001-8510-3102
mailto:karl.sward@med.lu.se
mailto:martin.johansson@med.lu.se
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Background
The human kidney is target for a vast array of disorders
and kidney disease is increasing at an almost epidemic
rate, imparting an enormous burden on patients and
health care budgets. If the reparative mechanisms of the
kidney are overrun, manifest organ injury will ensue, but
the cellular source for renal epithelial regeneration has
yet to be established unequivocally. The classical view
that randomly surviving cells dedifferentiate and repopu-
late the injured tubules has recently been challenged by
data favouring progenitor or stem cells as primary re-
generative actors [1]. Regardless of this debate, we and
others have described remarkable changes of tubular
phenotype in response to injury and during regeneration,
and also that the parietal epithelial cells (PEC) of
Bowman’s capsule normally express the markers of these
regenerating cells [2]. These tubular phenotypic alter-
ations play an ill-defined role in disease resolution or
progression. A protein that has consistently been found
to become induced in the injured proximal tubular epi-
thelium is caveolin-1/CAV1 [3–7]. Given that caveolin-
1/CAV1 and caveolae have been proposed to influence
signaling, transport and disease processes in the kidney
[8–10] it is important to understand the mechanisms
that underlie induction of caveolin-1/CAV1 and poten-
tially other caveolar proteins in kidney disease.
Caveolae are 50–100 nm-sized membrane invagina-

tions that play multiple roles in cell signaling and chol-
esterol homeostasis. They are present at high density in
mesenchymal tissues such as striated and smooth
muscle cells, adipocytes and in endothelial cells. Biogen-
esis of caveolae is a complex process, involving at least
seven different genes from two families [11]. Most well-
studied are the caveolins (caveolin-1/CAV1, caveolin-2/
CAV2, caveolin-3/CAV3), which are integral membrane
proteins with an unusual topology, where the N- and C-
termini are intracellular. Recently discovered additional
components of caveolae are the four cavin isoforms:
Polymerase I and transcript release factor (PTRF/
CAVIN1) Serum deprivation response (SDPR/CAVIN2),
Protein kinase C delta binding protein (PRKCDBP/
CAVIN3), and Muscle-related coiled-coil protein (MURC/
CAVIN4). Cavins are cytosolic proteins that form homo-
and heterotrimers that constitute building blocks for the
striated coat of caveolae [11]. Rare null mutations in the
genes responsible for caveolae result in lipo- and muscular
dystrophies [12–14]. In addition, homozygous loss of
PTRF/CAVIN1 has effects on smooth muscle motility and
cardiac rhythmicity [14, 15]. A number of transcriptional
control mechanisms for caveolin-1/CAV1 and expression
of caveolae have been described. Among those with a
positive regulatory impact are the myocardin family coac-
tivators [16], hypoxia-inducible factor 1α (HIF1α) [17],
peroxisome proliferator-activated receptor gamma (PPARG)

[18], sterol regulatory element-binding proteins (SREBP)
[19, 20] and forkhead box O (FOXO) transcription factors
[21]. Any one of these transcription factors could tentatively
be mechanistically responsible for de novo expression of
caveolar proteins in diseased kidney tubules. Free rad-
icals have moreover been proposed to induce caveo-
lae, but the underlying mechanisms have not been
precisely defined [22].
The myocardin family of transcriptional coactivators

consists of four proteins: myocardin (MYOCD), megakar-
yoblastic leukemia 1 (MKL1), megakaryoblastic leukemia
2 (MKL2) and MEF2 activating motif and SAP domain
containing transcriptional regulator (MAMSTR). These
proteins stimulate transcription and play essential roles in
striated and smooth muscle [23, 24]. The term “coactiva-
tor” reflects that myocardin family members bind to DNA
via other transcription factors. The best established ex-
ample is through the serum response factor (SRF) and via
DNA motifs referred to as CArG-boxes [23, 24], but the
cardiac isoform of myocardin may also influence
transcription via MEF2 [25]. MKL1 (Megakaryoblastic
leukemia 1) moreover interacts with SMAD3 and this
complex binds to a GCCG-like motif in the human Slug
promoter [26]. The latter effect is of relevance in the con-
text of epithelial to mesenchymal transition. All myocar-
din family members have a conserved SAP domain (from
SAF-A and -B/Acinus/PIAS) and a number of transcrip-
tional targets appear to be SAP domain-dependent [27].
How the SAP domain binds to DNA however remains
unclear. Studies have identified important roles of myocar-
din family members in cardiovascular [28, 29] and fibrotic
[30, 31] diseases, and it is becoming increasingly apparent
that the pro-motile and pro-contractile effects of these
coactivators are important for the metastatic process
[32, 33]. In cancer cells, it has been shown that MKL1 ac-
tivity is strongly enhanced by down-regulation of its repres-
sor SCAI (suppressor of cancer cell invasion) [32]. MKL1
signaling is also prevented by binding to the globular form
of actin (G-actin), whereas polymerization into filamentous
actin (F-actin) dislocates MKL1, thereby inducing nuclear
translocation and activation of MKL1 [23]. Among the
known regulatory factors positively influencing MKL1 is
filamin A (FLNA). This is a structural protein that cross-
links F-actin, attaches actin to integrins and also serves to
anchor a set of plasma membrane proteins. FLNA acts
through direct complex formation with MKL1 in the nu-
cleus thereby enhancing transcription [34].
Recent experimental findings have defined roles for

MKL1 and MKL2 in kidney cells. Work with kidney epi-
thelial cell lines showed that disruption of intercellular
junctions caused nuclear translocation of SRF and
MKL2 and resultant transcriptional activation [35]. A re-
cent study also showed that MKL1 regulates fibrosis in
diabetic nephropathy [36].
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The aim of the present work was to investigate the
molecular mechanisms responsible for induction of
caveolins and cavins in injured proximal tubules in situ
and in tubular epithelial cells in vitro. We investigated
the influence of hypoxia, free radicals and the myocardin
family coactivator MKL1. Our studies support the view
that MKL1 is responsible for the caveolin distribution in
healthy and sclerotic human kidneys and for the induc-
tion of caveolar proteins in kidney epithelial cells in
vitro. We furthermore present correlative evidence sug-
gesting that SCAI repression and FLNA induction may
contribute to MKL1 induced transcription and expres-
sion of caveolar proteins in tubular epithelial cells.

Methods
Immunohistochemistry
Tissues were fixed in 4% neutral buffered paraformalde-
hyde, paraffin embedded and cut at 3 μm. Immunohisto-
chemistry was performed as described previously [2].
Staining was performed using the EnVision system for
detection and DAKO Techmate 500 equipment, accord-
ing to the instructions of the manufacturer (DAKO,
Glostrup, Denmark). Chromogen was diaminobenzidine
(DAB). For double stainings the Ventana Benchmark
Ultra automated staining equipment was used according
to routine protocols provided by the manufacturer. As
chromogens, prefilled cartridges of OptiView DAB IHC
Detection Kit and Alkaline Phosphatase Red (Ventana
Medical Systems, Tucson, AZ) were used. The anti-
bodies used were directed against caveolin-1/CAV1
(D46G3, 1:800, Cell Signaling, Danvers, MA), caveolin-
2/CAV2 (610685), 1:500) and caveolin-3/CAV3 (610421,
1:500) both BD Transduction Laboratories, PTRF/
CAVIN1 (ab78553, 1:500, Abcam, Cambridge, UK),
SDPR/CAVIN2 (AF5759, 1:2000, R&D Systems, Abingdon,
UK), PRKCDBP/CAVIN3 (16250–1-AP, 1:500, Proteintech,
Manchester, UK) and TNC (MB1, 1:50, Novocastra, Leica
Biosystems, Newcastle, UK). Hematoxylin was used as
nuclear counterstain. As negative control, kidney tis-
sue was stained according to the same protocol with
exclusion of the primary antibody incubation step
(Additional file 1: Figure S1).

Transmission electron microscopy
Human kidney tissue was fixed in 2% glutaraldehyde
buffered with 0.1 M cacodylate/0.1 M sucrose buffer, at
pH 7.2. After 60 min the tissue was osmium treated,
dehydrated and embedded in Agar 100 resin. Curing
was performed at 60 °C for 48 h. Ultrathin sections were
cut and stained with 2% uranyl acetate for 25 min and
lead citrate for 2 min. TEM was performed using a JEOL
1230 microscope (Jeol, Tokyo, Japan) and 60 K digital
images were captured. Caveolar diameters were deter-
mined using ImageJ (NIH, Bethesda, MD). Dimensions

of caveolae in PECs were compared with caveolae in an
existing image archive from human detrusor smooth
muscle [37].

Preparation of kidney epithelial cells and isolated tubules
Ethical permission was granted by the ethical committee
at Lund University (LU680–08 and LU289–07) and the
procedures followed were in accordance with the
Helsinki Declaration. For isolation of primary kidney
epithelial cells, kidneys were obtained from nephrecto-
mies carried out due to localized renal tumors with writ-
ten informed consent. Cortical tissue distant from the
tumor was isolated and placed in cold Dulbecco’s modi-
fied Eagle’s medium (GE Healthcare, Logan, UT) with
10% fetal calf serum and 1% penicillin/streptomycin
(Thermo Scientific, Waltham, MA). The tissue was
rinsed, minced and subjected to overnight treatment
(37 °C) with collagenase I (300 U/ml, Thermo Fischer
Scientific Waltham, MA) and deoxyribonuclease I type
II (200 U/ml, Sigma-Aldrich, St. Louis, MO). After trit-
uration with a 10-ml pipette, the suspension was serially
passed through tissue strainers with mesh sizes of 100
and 70 μm, excluding glomeruli. The suspension was
thereafter treated with trypsin–EDTA for 5 min and
passed through a 20-μm strainer, resulting in single cells.
For isolation of proximal tubules, cortical tissue was

placed in DMEM medium supplemented with 10% fetal
bovine serum (Saveen-Werner, Limhamn, Sweden) and
1% penicillin/streptomycin solution. One mm thick, cor-
tical sections were prepared and incubated in 250 U/ml
collagenase type II (Invitrogen) solution with shaking to
digest the tissue. Proximal and distal tubules were
isolated manually using watchmakers forceps and a
standard cell culture inverted microscope under ocular
inspection. Tubules were isolated according to their
varying thickness, refractive appearance and degree of
convolution. The isolation protocol was validated by
immunohistochemistry and lectin staining. Positive
markers for proximal tubules were: CD10 (Ventana,
Tuscon, AZ) and Fluorescein labeled Lotus tetragonolobus
Lectin (Vector Laboratories, Burlingame, CA). Positive
markers for distal tubules were E-cadherin (Ventana,
Tuscon, AZ) and Dolichos biflorus Agglutinin (Vector
Laboratories, Burlingame, CA). Results from the validation
experiments for isolation of proximal and distal tubules are
shown in Additional file 2: Figure S2. The tubular contam-
ination was negligible. Cell cultures were initiated
from either isolated tubules or digested cortical tissue.
Primary kidney epithelial cells and cells from isolated

proximal tubules were cultured in DMEM high glucose
supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin solution, at 37 °C and 5% CO2. Cell
culture experiments were also conducted using serum
free medium [38] Briefly, for these experiments DMEM/
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F12 medium (GE Healthcare, South Logan, UT) supple-
mented with insulin transferrin selenium (Thermo
Fischer Scientific, Waltham, MA), 10 ng/ml of epidermal
growth factor (Thermo Fischer Scientific, Waltham,
MA), 10 pg/ml of triiodothyronine (Sigma Aldrich, St
Louis, MO), 36 ng/ml hydrocortisone (Sigma Aldrich, St
Louis, MO) and 1% penicillin/streptomycin solution was
used. Cells were cultured until they reached 50% con-
fluency, 100% confluency, or until 3 or 5 days post
confluency.

Treatment protocols
To induce oxidative stress, cells were treated with
700 μM H2O2 (Sigma Aldrich, St Louis, MO) for 2 h.
Thereafter medium was exchanged and cells were left to
recover in the incubator for 24 h, 48 h and 72 h.
Hypoxia was generated in a Whitley H35 Hypoxysta-

tion (Don Whitley Scientific, Shipely, UK). Primary renal
cell cultures were placed in the hypoxia chamber at 1%
pO2 and medium was changed to hypoxic pre-
conditioned media. Cells were incubated for 24 h and
72 h. Control cells were incubated in 21% pO2.
To inhibit MKL1, cells were treated with CCG-1423

(Sigma Aldrich, St Louis, MO). Cells exposed to the in-
hibitor were harvested at 50% confluency, 100% con-
fluency, and at 3 and 5 days post confluency. At each
time point, control and treated cells were collected for
Western blot analysis. Cells were scraped in ice cold
PBS, spun down and snap frozen in liquid nitrogen.
Pellets were stored in −80 °C until further analysis.
For viral transduction, kidney epithelial cells were

seeded in 6-well plates. At 24 h after seeding, cells were
transduced using 25, 50 and 100 MOI (multiplicity of
infection) of Ad-CMV-MKL1-eGFP (Vector Biolabs
Burlingame, CA). As a control 25, 50 and 100 MOI
respectively of Ad-CMV-null was used. Cells were in-
cubated with virus for 96 h and then harvested for
qPCR analysis.

Quantitative PCR
Nucleic acid was extracted using the QIAshredder and
RNeasy Mini Plus kit (Qiagen Inc., Hilden, Germany).
The quality and concentration of RNA was determined
using a Nanodrop spectrophotometer (Thermo Fischer
Scientific, Waltham, MA). cDNA was synthesized with
random primers and reverse transcriptase enzyme
(MultiScribe, Applied Biosystems, Foster City, CA). The
GeneAmp 7300 sequence detector was used for qPCR
with the SYBR Green Master Mix (Applied Biosystems,
Foster City, CA). Reactions were performed in triplicate,
and three housekeeping genes (UBC, YWHAZ, and
SDHA) were used for normalization (Table 1).
For the qPCR results in Fig. 6, cells were lysed in

Qiazol and total RNA was isolated with Qiagen miRNeasy

mini kit in a Qiacube according to the manufacturer’s in-
structions (Qiagen, Hilden, Germany). qPCR reactions
were performed on a real time thermal cycler (StepOne-
Plus™, Applied Biosystems, Foster City, CA) using Quanti-
fast SYBR Green RT-PCR kit and Quantitect primer
assays for: 18S, caveolin-1/CAV1, caveolin-2/CAV2,
PTRF/CAVIN1 and SDPR/CAVIN2. The comparative Ct
method (2–[delta][delta]Ct method) was used to quantify
relative RNA levels for all qPCR experiments.

Western blotting
Frozen cell pellets were lysed with RIPA buffer containing
cOmplete™ protease inhibitor cocktail (Sigma Aldrich, St
Louis MO) for 20 min on ice. Every five minutes, lysates
were vortexed. On completion of lysis, lysates were spun
for 20 min at 4 °C to pellet remaining debris. Protein
lysates from human kidney cortex were prepared by dis-
rupting the tissue using a TissueLyser LT (Qiagen, Hilden,
Germany) for two cycles of 30 s at 50 Hz in RIPA buffer.
Lysates were further disrupted by sonication and spun for
20 min at 4°C to remove debris. Protein concentrations
were determined using the Bradford assay. Western blot-
ting was performed by standard methods using precast
gels and the Trans-blot Turbo transfer system from BIO-
RAD, (Hercules, CA). The following primary antibodies
were used: caveolin-1/CAV1 (D46G3) from Cell Signaling
(Danvers, MA), caveolin-2/CAV2 (610685) and HSP90
(610418) from BD Transduction Laboratories (San Jose,
CA), PRKCDBP/CAVIN3 (16250–1-AP) from Proteintech
(Rosemont, IL), β-actin (A5441) from Sigma-Aldrich (St
Louis, MO) and PTRF/CAVIN1 (ab48824), SDPR/
CAVIN2 (ab113876), PRX-SO3 (ab16830), Filamin A
(ab76289) and SCAI (ab124688) from Abcam (Cambridge,
UK). HRP-conjugated anti-mouse and anti-rabbit second-
ary antibodies from Cell Signaling (Danvers, MA) were
used and bands were visualized using enhanced
chemiluminescence (Pierce West Femto, Thermo Fischer
Scientific, Waltham, MA) in an Odyssey Fc Imager
(LI-COR Biosciences, Lincoln, NE).

Table 1 Primer sequences used in the analysis
Gene Forward (5′-3′) Reverse (5′-3′)

UBC 5′-ATTTGGGTCGCGGTTCTTG 5′-TGCCTTGACATTCTCGATGGT

YWHAZ 5′-ACTTTTGGTACATTGTGGCTTCAA 5′-CCGCCAGGAGGACAAACCAGTAT

SDHA 5′-TGGGAACAAGAGGGCCATCTG 5′-CCACCACTGCATCAAATTCATG

CAV1 5′-GAAAGAAGATGGGGGAGGAG 5′- AAAGTCCCCAAAGGCAGAAT

CAV2 5′-ACGACTCCTACAGCCACCAC 5′-CGTCCTACGCTCGTACACAA

CAVIN1 5′-GCTCCTTCCGAACTTCCTCT 5′-ACTTGGACAACCAGGACAGG

CAVIN2 5′-CTTGTGCCTTGTCCCAAAAT 5′-CGCGTAGCTACCCTCATAGC

CAVIN3 5′- CTTGTGCCTTGTCCCAAAAT 5′- TTATTGATGGTGAGCGCAAG
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Statistical analyses
Kidney mRNA expression data (n = 32) were re-
trieved from the GTEx project (https://gtexportal.org/
home/) [39] and normalized using the method of
Robinson and Oshlack [40]. Correlation coefficients
were calculated using the Spearman method in Graph
Pad Prism (GraphPad Software, La Jolla, CA). P < 0.05
was considered significant. For the remainder of our
experiments, pair-wise comparisons were made using
an unpaired Student’s t-test. Multiple comparisons
were done using one-way ANOVA followed by the
Bonferroni post-hoc test.

Results
Investigation of the tissue distribution of caveolar proteins
in human kidney
In order to determine the cell-type specific expression of
caveolar proteins in kidney tissue, healthy human kidney
samples were stained using antibodies against caveolins
(caveolin-1/CAV1, caveolin-2/CAV2 and caveolin-3/CAV3)
and cavins (PTRF/CAVIN1, SDPR/CAVIN2, PRKCDBP/
CAVIN3 and MURC/CAVIN4). The results of the stainings
are shown in Fig. 1 and summarized in Table 2. Smooth
muscle cells expressed caveolin-1/CAV1, caveolin-2/CAV2,
PTRF/CAVIN1 and PRKCDBP/CAVIN3 as expected.
Caveolin-1/CAV1 staining was also seen in the endothe-
lium of blood vessels, including glomerular and peritubular
capillaries and in the PECs of Bowman’s capsule (Fig. 1a, b).
The proximal tubules were however negative. Staining pat-
terns for caveolin-2/CAV2, PTRF/CAVIN1, SDPR/CAVIN2
and PRKCDBP/CAVIN3 overlapped considerably with
this pattern (Fig. 1c-d and g-l). In arteries however,
SDPR/CAVIN2 appeared to be preferentially localized
to endothelial cells whereas PRKCDBP/CAVIN3 was
preferentially localized to the vascular media. Little, if any,
staining for caveolin-3/CAV3 and MURC/CAVIN4 could
be detected (Fig. 1e-f and data not shown). Thus, caveolar
proteins were detected in normal kidney, but not in prox-
imal tubules. Normal kidney tissue always contains focal
sclerotic glomeruli, as part of the normal ageing process.
In these areas, the adjoining proximal tubules showed
light microscopic signs of atrophy, such as narrowing of
diameter, basal membrane thickening and wrinkling of the
basal membrane. Interestingly, in the proximal tubular
segments adjacent to sclerosing glomeruli, we could detect
staining for caveolin-1/CAV1, caveolin-2/CAV2, SDPR/
CAVIN2 and PRKCDBP/CAVIN3 (Fig. 1m-p and
Table 2). These results indicate that proximal tubular at-
rophy involves de-novo expression of caveolar proteins.

Electron microscopy and calculation of renal caveolar size
distribution
To ascertain that positive staining for caveolar proteins
corresponds to morphologically identifiable caveolae,

kidneys were examined by transmission electron micros-
copy. We focused on PECs in view of the intense stain-
ing for caveolar proteins in these cells. Caveolae were
present at a relatively high density in PECs and they had
both apical and basal orientations (Fig. 2a, b), con-
firming that positive staining for caveolar proteins in-
deed coincides with the presence of caveolae at the
ultrastructural level.
Invaginated structures with several connected caveo-

lae, so called rosettes, were also observed (Fig. 2b, in-
sert). The size distribution of caveolae in PECs (Fig. 2c)
suggested a somewhat larger size than in human de-
trusor cells, 80 vs 70 nm in mean diameter, but the
range was clearly within limits reported for caveolae in
other tissues. Caveolae were absent from epithelial cells
in uninjured proximal tubules (not shown).

Exposure to H2O2 or hypoxia does not induce the
expression of caveolar proteins in primary kidney
epithelial cells
In an attempt to understand the basis for tubular epithe-
lial induction of caveolar proteins in sclerotic kidneys we
next tested plausible triggering mechanisms using pri-
mary kidney epithelial cells in culture. Previous studies
in other systems have shown that free radicals may in-
duce expression of caveolins and caveolae [22]. Further-
more, oxidative stress is a likely insult causing tubular
atrophy. However, when kidney epithelial cells were ex-
posed to H2O2 we found that the mRNA levels for renal
caveolin and cavin isoforms were unchanged or even re-
duced (Fig. 3a). Western blotting for caveolins and
cavins similarly revealed reductions of caveolin-2/CAV2,
PTRF/CAVIN1, SDPR/CAVIN2 and PRKCDBP/CAVIN3
(Fig. 3b-d) whereas caveolin-1/CAV1 protein levels
remained unchanged (Fig. 3b). The oxidation of the en-
zyme peroxiredoxin (Prx-SO3), a measure of oxidative
stress, increased as expected, confirming oxidative stress
(Fig. 3b bottom). These findings did therefore not sup-
port increased oxidative stress as an explanation for the
induction of caveolar proteins seen in atrophic tubules.
Hypoxia and hypoxia-inducible factor 1 have been

demonstrated to positively regulate caveolin-1/CAV1 in
clear cell renal cell carcinoma [17]. We therefore next
addressed the possibility that hypoxia may be the causa-
tive factor for the induction of caveolar proteins in atro-
phic tubules. Contrary to expectation, after culturing
primary kidney epithelial cells for 24 h at 1% oxygen the
mRNA levels for caveolin-2/CAV2 and SDPR/CAVIN2
were reduced (Fig. 4a). SDPR/CAVIN2 was reduced also
at the protein level whereas the other caveolins and
cavins remained unchanged (Fig. 4b). The directionality
of these changes argued against hypoxia as a causative
mechanism for induction of caveolins and cavins in hu-
man kidney epithelial cells.
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Fig. 1 Caveolar proteins are normally not expressed in proximal tubules, but are induced in atrophic tubular segments. Immunohistochemical
stainings of human renal tissue showing the distribution of caveolar proteins. Expression of caveolin-1/CAV1 and caveolin-2/CAV2 (a through d)
was observed in the PECs, endothelial cells and smooth muscle cells (SMC). No caveolin-3/CAV3 staining could be detected (e and f). PTRF/CAVIN1
staining was observed in PECs and SMCs of large arteries (g and h). PECs and endothelial cells stained positive for SDPR/CAVIN2 (i and j). PRKCDBP/
CAVIN3 staining was observed in PECs, and SMCs of arteries, (k and l) whereas MURC/CAVIN4 staining could not be detected (data not shown). In
proximal tubules undergoing atrophy due to normal kidney ageing, tubular cells were positive for caveolin-1/CAV1, caveolin-2/CAV2, SDPR/CAVIN2
and PRKCDBP/CAVIN3 (m-p). G - glomerulus, PT - proximal tubules, IC - inflammatory cells, PEC - parietal epithelial cells. Inserted squares mark areas
magnified in the following image
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Tubular microdissection as a means to study tubular
caveolar induction
We next reflected on the ease with which caveolins and
cavins could be detected in primary kidney epithelial
cells in culture, contrasting with the situation in situ
where healthy proximal tubules were negative for these
proteins. The kidney epithelial cells used were prepared

by standard methods where the full kidney cortex is dis-
sociated into single cell culture, after sieving the glom-
eruli. Even though the major part of the cortex is made
up of proximal tubules it is formally possible that such
cultures could be dominated by a cell type of other ori-
gin, such as PECs, which stained positive for caveolin-1/
CAV1 and caveolin-2/CAV2 as well as cavin 1–3 in

Table 2 Distribution of caveolin and cavin isoforms in human kidney tissue as assessed by immunohistochemistry

Proximal tubules PEC Endothelial cells SMC

normal sclerotic
segments

normal glomerular
endothelium

capillary
endothelium

larger arteries

caveolin-1/CAV1 – + + + + + +

caveolin-2/CAV2 – + + + + + +

caveolin-3/CAV3 – – – – – – –

PTRF/CAVIN1 – – + – – + +

SDPR/CAVIN2 – + + + + + –

PRKCDBP/CAVIN3 – + + – – + +

MURC/CAVIN4 – – – – – – –

The symbols + and - denote presence and absence of staining respectively

Fig. 2 Parietal epithelial cells of Bowman’s capsule display a high density of caveolae as demonstrated by electron microscopy. Panels a and b
show presence of caveolar invaginations in apical and basal plasma membranes of PECs, marked by arrowheads (insets show higher magnification views).
Scale bar: 0,5 μm. Panel c shows the size distribution of caveolae in PECs as compared to human detrusor smooth muscle cells, showing a median size
of 80 nm
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healthy kidneys. To approach this issue, we devised a
microdissection strategy in which proximal tubules were
manually separated from distal tubules and glomeruli. In
cell culture conditions, isolated proximal tubules first
adhered to the culture dishes followed by collapse of the
tubular structure and attachment to the substrate. Cells
then started to proliferate in all directions. We were able
to detect positive staining for caveolin-1/CAV1 in a
major fraction of the cells already at the stage of tubular
collapse (Fig. 5a). We also enzymatically dissociated cells
from batches of isolated proximal tubules, seeded them
and allowed them to form colonies. When such cells
were stained for caveolin-1/CAV1 they were uniformly
positive (Fig. 5b). Having noted the early up-regulation

of caveolin-1/CAV1 during tubular cell culture, we next
set out to quantify the spontaneous induction of caveo-
lins and cavins in culture by Western blotting. Cells
were harvested at 50 and 100% confluence and at 3 and
5 days post-confluency. In keeping with the staining re-
sults from the isolated proximal tubules, we found
steady induction of all caveolins and cavins reaching a
maximum at 5 days post-confluence (Fig. 5c, summa-
rized results in Additional file 3: Figure S3). Choice of
medium may affect results from in vitro experiments.
Therefore we cultured epithelial cells isolated using the
standard protocol in a defined serum free medium
(SFM). Similar results were obtained using this defined
medium (Fig. 5d).

Fig. 3 Suppression of caveolins and cavins by H2O2 in primary kidney epithelial cells. To explore putative causative mechanisms for the induction
of caveolar mRNA and proteins in sclerotic kidneys, primary renal epithelial cells were cultured in vitro with and without H2O2 exposure. The mRNA
levels were analyzed by qPCR at 24 h (a) and by Western blotting at 24-72 h (b-d). c and d show the quantification of Western blot results for PTRF/
CAVIN1 and SDPR/CAVIN2, *(p < 0.05), n = 6. Induction of oxidative stress was confirmed by increased oxidation of Prx-SO3
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Manipulation of caveolar proteins by MKL1 inhibition and
overexpression
It has recently been discovered that two members of the
myocardin family of transcriptional coactivators (MKL1
and MYOCD) control the majority of genes involved in
biogenesis of caveolae in smooth muscle. In unrelated
studies one of the myocardin family members, MKL1
has been shown to be involved in epithelial-to-
mesenchymal transition [41] and kidney fibrosis [36, 42].
We therefore considered the possibility that MKL1 may
be responsible for the induction of caveolin-1/CAV1 and
other caveolar proteins in atrophic proximal tubules and
in tubular cells in primary culture. To address this, prox-
imal tubular epithelial cells were treated with the MKL1 in-
hibitor CCG-1423 to test if this substance would inhibit the
spontaneous induction of caveolar proteins in culture. In
keeping with the hypothesis CCG-1423 reduced the protein
levels of caveolin-1/CAV1 and PTRF/CAVIN1 significantly
(Fig. 6a and b) at 5 days post-confluence. We next trans-
duced MKL1 into kidney epithelial cultures using an
adenovirus (Ad-CMV-MKL1) and examined the mRNA
levels of CAV1–2, SDPR/CAVIN2 and PTRF/CAVIN1.
Similar to the spontaneous induction seen during primary
culture, MKL1 transduction increased caveolin-1/CAV1
mRNA levels, however not PTRF/CAVIN1 mRNA levels
(Fig. 6c). Caveolin-2/CAV2 was also induced by MKL1
transduction (Fig. 6d), and SDPR/CAVIN2, whose spontan-
eous induction was largest of all caveolae proteins, in-
creased more than 30-fold (Fig. 6e). Slight discrepancies
between protein and mRNA levels for caveolins and cavins
are to be expected, because formation of caveolae is known
to stabilize caveolins and cavins at the protein level. Taken
together, these findings supported the view that MKL1 may
be responsible for the induction of caveolins and cavins in
primary culture of kidney epithelial cells.

Analysis of MKL1 repressing and enhancing cofactors in
tubular cell culture
Our results so far demonstrated that caveolin-1/CAV1
and PTRF/CAVIN1 are absent from normal cortical tu-
bules, but show increased levels during primary cell cul-
ture and that this increase is controlled by MKL1
activity. To further investigate the control of MKL1 ac-
tivity we also analyzed the expression of the known
MKL1-repressor SCAI and the MKL1 coactivator FLNA
in protein lysates from normal kidney cortex and com-
pared these with lysates from cultured tubular cells. We
found SCAI to be expressed at high levels in normal kid-
ney cortex, but absent in cultured tubular cells. The
reverse pattern was observed for FLNA, which was
strongly induced by culture of cortical epithelial tissue
(Fig. 6f ). We therefore suggest that MKL1 activity in cul-
tured tubular epithelial cells may be affected by recipro-
cal changes in FLNA and SCAI.

MKL1 correlation analysis using the GTEx data base and
staining for the MKL1 target gene TNC in pathological
kidney tissue
To further explore whether MKL1 might be responsible
for the expression of caveolar proteins in situ, we exam-
ined if correlations existed between MKL1 and CAV1/
CAV2 using the expression database GTExPortal.com.
The mRNA level of MKL1 in human kidney indeed cor-
related significantly with the levels of both caveolin-1/
CAV1 (Fig. 7a) and caveolin-2/CAV2 (Fig. 7b). An
archetypal target of MKL1 is tenascin C (TNC) [43], and
as expected, MKL1 correlated significantly with TNC in
human renal tissue (Fig. 7c). TNC, in turn, correlated
with caveolin-1/CAV1 (Fig. 7d) and also the MKL1 coac-
tivator FLNA showed strong correlation with caveolin-1/
CAV1 (Fig. 7e). We next used TNC staining as a readout

Fig. 4 Hypoxia has an inhibitory effect on some of the caveolin and cavin levels. To investigate if hypoxia may induce expression of caveolar proteins,
cultured tubular cells were exposed to hypoxia (1% O2). The mRNA (a) and protein levels (b) of caveolins (caveolin-1/CAV1, caveolin-2/CAV2) and
cavins (PTRF/CAVIN1, SDPR/CAVIN2, PRKCDBP/CAVIN3) in primary kidney epithelial cells after normoxic (white bars) or hypoxic (black bars)
culture for 24 h are shown. Hypoxia resulted in statistically significant decrease of caveolin-2/CAV2 and SDPR/CAVIN2 expression, whereas
the other caveolar proteins were unaltered *(p < 0.05)

Krawczyk et al. BMC Nephrology  (2017) 18:320 Page 9 of 15

http://gtexportal.com


for MKL1 activity in kidney tissue. In healthy kidneys,
PECs of Bowman’s capsule were found to rest on a thin
rim of TNC-positive matrix (Fig. 7f, g), while proximal
and distal tubules were negative for both TNC and
caveolin-1/CAV1. In contrast, in sclerotic kidneys with
distinctly atrophic tubules, caveolin-1/CAV1 positive
proximal tubular epithelial cells were found to rest on a
reticular matrix that stained strongly positive for TNC
(Fig. 7h). Epithelial TNC staining therefore coincided
with caveolin-1/CAV1 staining in healthy and diseased
human kidneys, supporting the view that these proteins
are co-regulated in kidney epithelial cells.

Discussion
We find that caveolins (caveolin-1/CAV1, caveolin-2/
CAV2, but not caveolin-3/CAV3) and cavins (PTRF/
CAVIN1, SDPR/CAVIN2, and PRKCDBP/CAVIN3, but

not MURC/CAVIN4) are highly expressed in blood ves-
sels and in the PECs of Bowman’s capsule in healthy hu-
man kidney tissue, but absent from proximal tubules. In
sclerotic kidneys on the other hand, caveolar proteins
(caveolin-1/CAV1, caveolin-2/CAV2, SDPR/CAVIN2
and PRKCDBP/CAVIN3) are also expressed in atrophy-
ing proximal tubules. In vitro studies showed that caveo-
lins and cavins are induced in epithelial cells in culture
and that this can be inhibited by an MKL1 inhibitor and
mimicked by viral overexpression of MKL1. We also
show that CAV1/CAV2 mRNA expression levels correl-
ate with MKL1 and with the archetypal MKL1 target
tenascin C (TNC) in human kidney tissue. TNC and
caveolin-1/CAV1 stainings coincide in both normal and
diseased kidneys. Together these findings argue that
MKL1 activity is an important determinant of caveolin-
1/CAV1 distribution in healthy and diseased kidneys.

Fig. 5 Spontaneous induction of caveolins and cavins by proximal tubule epithelial cell dissociation and culture. a. Immunohistochemical staining
for caveolin-1/CAV1 in a manually isolated proximal tubule. Caveolin-1/CAV1 is positive in most cells growing out from the collapsed proximal tubule.
b. Proximal tubules were manually isolated to homogeneity, enzymatically dissociated and cultured. Following formalin fixation, cells were stained
for caveolin-1/CAV1. Only a minor fraction of colonies should have been positive for caveolin-1/CAV1 if cultures were overgrown by a caveolin-1/
CAV1- positive progenitor cell, but instead we found all resulting colonies to be positive. The increased expression of caveolins (CAV1–3) and cavins
(PTRF/CAVIN1, SDPR/CAVIN2 and PRKCDBP/CAVIN3) with time in culture are illustrated by Western blot in panel (c). Panel d presents the increased
expression of caveolin-1/CAV1 when cultured in serum free medium (SFM). Quantification of Western blot data is shown in Additional file 3: Figure S3
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It is interesting that PECs are endowed with such a
broad repertoire of caveolar proteins, normally only
encountered in mesenchymal cell types. To our know-
ledge this is clearly a unique feature of this epithelium.

The stratum basale of stratified squamous epithelia,
although structurally dissimilar, is the only other epi-
thelial tissue that at least partially recapitulates this
structural aspect.

Fig. 6 Control of caveolar proteins by megakaryoblastic leukemia 1 (MKL1). a. Western blots showing protein levels of caveolin-1/CAV1 and PTRF/
CAVIN1 at different cell densities and at 3 and 5 days post-confluence in the absence (−) or presence (+) of 10 μM CCG-1423. Quantification of
Western blot data from CCG-1423 treatment at 5 days post-confluence are shown in (b) (n = 4). c. Results of qPCR showing caveolin-1/CAV1 and
PTRF/CAVIN1 mRNA levels after viral transduction with different multiplicities of infection (MOI) of Ad-CMV-MKL1. Panels d and e show qPCR for
caveolin-2/CAV2 and SDPR/CAVIN2 at 100 MOI of Ad-CMV-null or Ad-CMV-MKL1. *(p < 0.05), **(p < 0.01), ***(p < 0.001). f. Western blots for the
MKL1 coactivator FLNA and repressor SCAI, comparing levels in normal kidney cortical tissue lysates and cultured kidney epithelial cells obtained
from the same kidneys 5 days post confluency. As caveolin-1/CAV1 and PTRF/CAVIN1 expression becomes evident during culture, a parallel de novo
expression of FLNA is seen. Conversely, the pronounced cortical levels of SCAI are diminished during culture
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Our findings are well in line with the recent finding
that myocardin and MKL1 regulate caveolin and cavin
expression in human coronary artery smooth muscle
cells [16]. Induction of many of the target genes of these
transcriptional coactivators requires binding to the

serum response factor [23, 24]. Caveolins and cavins,
with exception for PTRF/CAVIN1, were in that study
however unaffected by SRF knock down [16], arguing
that they are controlled by the so called SAP domain.
This domain is conserved in all myocardin family

Fig. 7 MKL1, TNC and FLNA correlation analysis using GTEx data and immunohistochemical colocalization of caveolin-1/CAV1 and TNC in healthy
and diseased human kidneys. Human kidney expression data were retrieved from the GTExPortal and MKL1 expression levels were correlated with
caveolin-1/CAV1 (a), caveolin-2/CAV2 (b) and TNC (c) using the Spearman test. Spearman Rho values and P-values are given in each panel. TNC
(d) and FLNA (e) expression levels also correlated with caveolin-1/CAV1. Panels F through H show human kidney tissue co-stained for TNC (brown)
and caveolin-1/CAV1 (red). In (f) and (g), staining of normal kidney tissue is shown. Caveolin-1/CAV1 expression is limited to PECs (black arrowhead),
smooth muscle cells of the arterial media (black arrow) and endothelial cells (white arrow). PECs also co-express TNC as shown by the presence of both
brown and red staining in panel G which shows Bowman’s capsule at high magnification with a distinct, but thin, linear basal TNC band. In h, kidney
tissue demonstrating signs of tubular atrophy due to nephrosclerosis is shown. Here, a diffuse reticular and interstitial TNC deposition is seen (brown).
Adjacent tubules show signs of atrophy in the form of epithelial simplification and loss of tubular width. Caveolin-1/CAV1 is expressed in the injured
tubules. Caveolin-1/CAV1 positive (red) proximal tubular cells (PT) resting on a TNC-positive matrix (brown) are shown at higher magnification in the
inset of panel (h). All specimens were counterstained with hematoxylin. Scale bars in f and h = 100 μm. Scale bar of inset in h = 50 μm.
Scale bar in g = 75 μm
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members [23] suggesting that all of them may harbor
the potential to induce caveolae. An archetypal SAP
domain-dependent target of MKL1 is tenascin C [43]. In
contrast to caveolin-1/CAV1, which is an integral mem-
brane protein, this protein resides in the extracellular
matrix where it functions as an integrin ligand. Distinct
localizations were indeed revealed in our co-staining ex-
periments for TNC and caveolin-1/CAV1 which sup-
ported overall co-localization. It could be argued that
coincident detection of nuclear MKL1 in the same cells
would further strengthen the hypothesis that MKL1 was
responsible for caveolin-1/CAV1 induction. An assess-
ment of MKL1 distribution at a single time point is,
however, a poor reflection of time-integrated MKL1 ac-
tivity. In fact, distribution of a long-lived target protein,
such as TNC, might be a better record of historical
MKL1 activity.
Our studies on primary kidney epithelial cells demon-

strated an MKL1-dependent induction of caveolins and
cavins in culture. This finding is in good agreement with
the work by Zhuang et al. [7], showing that while prox-
imal tubular cells in situ are negative for these proteins,
they are readily detectable when proximal tubules, or
cells derived from them, are cultured in vitro. It has
been previously demonstrated that cell dissociation, cell
shape changes, and spreading cause MKL1 activation
[35, 41]. Similar processes could be responsible for
MKL1 activation and the following caveolin-1/CAV1 in-
duction in the cultured kidney epithelial cells studied
herein. MKL1 activity has also been shown to be modi-
fied by a number of coactivators and repressors. In
cancer cells, MKL1 signaling has been shown to be
inhibited by nuclear complex formation with SCAI, and
in the original study a qPCR based tissue screen indi-
cated high SCAI levels in the kidney [32]. We therefore
hypothesized that SCAI may exert an inhibitory effect
on MKL1 activity in proximal tubular cells. Furthermore,
MKL1 signaling is intimately connected to the ratio of
filamentous to globular actin. FLNA is a protein that
functions to interconnect F-actin strands and also acts
as a nuclear enhancer of MKL1 activity. Having noticed
high levels of caveolar proteins in cultivated tubular
cells, but absence of tubular expression in normal hu-
man kidney, we decided to analyze the presence of these
modifying factors. We thus blotted for caveolin-1/CAV1,
PTRF/CAVIN1, FLNA and SCAI in cortical tissue ly-
sates from human kidney and lysates from primary tubu-
lar cells cultivated from the cortex of the same kidneys.
Interestingly, FLNA was absent from cortical tissue
lysates, but strongly induced in parallel with the increase
in caveolin-1/CAV1 and PTRF/CAVIN1 expression in
cultured proximal tubular cells. SCAI expression on the
other hand virtually disappeared when the cortical cells
were cultured. These results support the notion that

MKL1 activity in tubular cells is enhanced by increased
levels of FLNA and reduced expression of SCAI when
cells are cultured in vitro.
We can rule out PEC or other contaminating cells as

an explanation for increased levels of caveolar proteins
in cultured kidney cortex cells. This is because caveolar
protein induction was seen in small micro-dissected
proximal tubular segments that should contain only
proximal epithelial cells and no PECs. If increased levels
of caveolar proteins were due to some rare cell, only
a minor fraction of outgrowing cells would stain posi-
tive for caveolin-1/CAV1. When proximal tubules
were manually isolated and cells dissociated, close to
100% of the resulting colonies were positive for
caveolin-1/CAV1.
The induction of caveolar proteins has been suggested

to occur through different mechanisms. Previous studies
on the effects of hypoxia on caveolae have yielded
contradictory results. Initial studies by Wang et al. [17]
showed higher expression of caveolin-1/CAV1 in clear-
cell renal cell carcinoma, where HIF1α and HIF2α are
constitutively active. This was mimicked by hypoxia and
was normalized by expression of the von Hippel Lindau
(VHL) factor. A conserved hypoxia response element
capable of binding HIF1α and HIF2α was moreover
identified in the caveolin-1/CAV1 promoter, and VHL
loss was associated with an increased density of caveolae.
Together, these findings supported the view that caveo-
lae are positively regulated by HIF. Regazzetti et al. [44]
on the other hand found that hypoxia reduced cavin-1
and cavin-2 levels in adipocytes whereas caveolin-1/
CAV1 levels remained unchanged. Hypoxia moreover re-
duced the density of caveolae at the ultrastructural level
and these changes were mimicked by the HIF-1α inhibi-
tor echinomycin. The apparently opposing results of
these studies could be due to the use of different cells.
We found, using primary kidney epithelial cells, that
hypoxia reduced the mRNA levels of caveolin-2/CAV2
and SDPR/CAVIN2 whereas the caveolin-1/CAV1 level
remained unchanged, in good agreement with the find-
ings of Regazzetti et al. [44]. We conclude that hypoxia
is unlikely to be a critical factor for induction of caveolar
proteins in sclerotic kidneys.
A previous study has demonstrated that sublethal

hydrogen peroxide concentrations up-regulate PTRF/
CAVIN1 levels in human and mouse fibroblasts. H2O2

moreover increased association of caveolin-1/CAV1 with
PTRF/CAVIN1 and increased the density of caveolae
[22]. We speculated that this mechanism could be re-
sponsible for ectopic caveolin expression in sclerotic kid-
neys. We were however unable to induce caveolins and
cavins using H2O2 despite testing different treatment
protocols and close monitoring of cell viability. We
cannot explain why fibroblasts and kidney epithelial cells
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respond differently to free radicals, but the proteomes of
these cells are likely to be vastly different. The repressive
effect of H2O2, especially on caveolin-2/CAV2, PTRF/
CAVIN1 and SDPR/CAVIN2 protein levels and the lack
of effect on caveolin-1/CAV1 protein, argued against a
major role of oxidative stress in induction of caveolar
proteins in kidney disease.
This study is not the first to document increased stain-

ing for caveolin-1/CAV1 in diseased proximal tubular
epithelial cells. Vallés et al. [6] demonstrated increased
proximal tubular staining for caveolin-1/CAV1 following
longstanding ureteral obstruction. Caveolin-1/CAV1 in-
duction has also been demonstrated in ischemic [3, 4]
and toxic [5] kidney injury. Induction of caveolin-1/
CAV1 thus appears to represent a conserved response of
injured/regenerating proximal tubules. This may be a re-
flection of underlying MKL1 activation in regenerating
epithelia. Recent work has established a role of MKL1 in
kidney fibrosis [36, 42], but associated induction of
caveolin-1/CAV1 was not demonstrated. The upstream
mechanism of MKL1 activation in regenerating kidneys
is presently unclear. Co-activation by FLNA and repres-
sion of SCAI, an inhibitor of MKL1 activity [32] that has
recently been demonstrated to play a role in kidney
fibrosis [42], are attractive possibilities.

Conclusions
Our results show induction of caveolin and cavin expres-
sion in sclerotic kidneys and in kidney epithelial cells in
culture. In vitro induction of caveolin-1/CAV1 can be
inhibited and mimicked by MKL1 inhibition and overex-
pression, respectively. Caveolin-1/CAV1 also co-localizes
with the archetypal MKL1 target tenascin C in both
healthy and sclerotic kidneys, arguing for a similar tran-
scriptional mechanism in situ. Our findings provide fur-
ther support for the notion [16] that the myocardin
family members may explain the tissue distribution of
caveolae also in the kidney. MKL1 mediated induction
of tubular caveolae during renal disease most probably
plays an important role in the renal response to injury,
requiring further study.

Additional files

Additional file 1: Figure S1. Negative control for Immunohistochemical
stainings. Immunohistochemical staining of human renal tissue, with exclusion
of primary antibody incubation step, serving as a negative control for stainings
presented in Fig. 1. G - glomerulus, PT - proximal tubules, SMC – smooth
muscle cells, PEC - parietal epithelial cells. (TIFF 3675 kb)

Additional file 2: Figure S2. Validation of the protocol for manual isolation
of proximal tubules. Tubules isolated according to size and refractive properties
were immunohistochemically stained or incubated with segment specific
lectins. In A staining of isolated proximal tubules with the proximal
marker CD10 is shown, whereas the distal marker E-cadherin stains
negative (B). Tubules were also stained with fluorescein labeled tubular
segment specific lectins: Positive staining results after incubating proximal

tubules with the proximal tubule marker Lotus tetragonolobus Lectin (LTL) is
shown in (C). In D the staining of distal tubules by the distal marker Dolichos
biflorus Agglutinin (DBA) is shown. (TIFF 5794 kb)

Additional file 3: Figure S3. Quantification of Western blots in Fig. 5C
for caveolin-1/CAV1, caveolin-2.CAV2, caveolin-3/CAV3, PTRF/CAVIN1,
SDPR/CAVIN2 and PRKCDBP/CAVIN3 as compared to HSP90 in kidney
epithelial cultures of 50 or 100% confluency or 3 and 5 days post
confluency (p.c). n = 3, *(p < 0.05), **(p < 0.01), ***(p < 0.001). (TIFF 789 kb)

Acknowledgements
Biomedical technicians Maria Nilsson and Elise Nilsson are thankfully acknowledged
for performing immunohistochemical staining. We also thank Nikolay Oskolkov at
Lund NBIS for access to GTEx expression data.

Funding
This study was supported by grants from The Marianne & Marcus Wallenberg
Foundation, the National Association against Kidney Diseases, Professor Lars-
Erik Gelins Commemorative fund, Governmental funding of Clinical Research
within the National Health Service (ALF), SUS foundations and donations, the
Malmö General Hospital Research Fund for cancer research, the Strategic
Cancer Research Program Biocare, the Swedish Cancer Society, the Swedish
Research Council (K2015-65X-22,662-01–3) and the Faculty of Medicine at
Lund University. KKK is supported by the European Union Marie Curie Initial
Training Network SMARTER (http://smallartery.eu/).

Availability of data and materials
All data is presented in the figures of the article. Experimental protocols and
comments regarding materials used are available to share with other
interested researchers.

Authors’ contributions
Study design, conception and/or interpretation and analysis of data. (KMK,
JH, HN, KKK, KS, MJ). Drafting the article or revising it. (KMK, JH, HN, KKK, KS,
MJ). Providing intellectual input and content of definitive importance to the
work. (KMK, JH, HN, KKK, KS, MJ). Final assessment and approval of the manuscript.
(KMK, JH, HN, KKK, KS, MJ).

Ethics approval and consent to participate
Ethical permission was granted by the ethical committee at Lund University
(LU680–08 and LU289–07) and the procedures followed were in accordance
with the Helsinki Declaration.

Consent for publication
None.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Translational Medicine, Clinical Pathology, Lund University,
SUS Malmö, Jan Waldenströms gata 59, SE-20502 Malmö, Sweden.
2Department of Laboratory Medicine, Lund University, Lund, Sweden.
3Department of Experimental Medical Science, Lund University, Lund, Sweden.

Received: 11 November 2016 Accepted: 25 September 2017

References
1. Lombardi D, Becherucci F, Romagnani P: How much can the tubule

regenerate and who does it? An open question. Nephrol Dial Transplant.
2016;31(8):1243-50.

2. Lindgren D, Bostrom AK, Nilsson K, Hansson J, Sjolund J, Moller C, Jirstrom
K, Nilsson E, Landberg G, Axelson H, et al. Isolation and characterization of
progenitor-like cells from human renal proximal tubules. Am J Pathol. 2011;
178(2):828–37.

Krawczyk et al. BMC Nephrology  (2017) 18:320 Page 14 of 15

dx.doi.org/10.1186/s12882-017-0738-8
dx.doi.org/10.1186/s12882-017-0738-8
dx.doi.org/10.1186/s12882-017-0738-8
http://smallartery.eu/


3. Zager RA, Johnson A, Hanson S, dela Rosa V. Altered cholesterol localization
and caveolin expression during the evolution of acute renal failure. Kidney
Int. 2002;61(5):1674–83.

4. Mahmoudi M, Willgoss D, Cuttle L, Yang T, Pat B, Winterford C, Endre Z,
Johnson DW, Gobe GC. In vivo and in vitro models demonstrate a role for
caveolin-1 in the pathogenesis of ischaemic acute renal failure. J Pathol.
2003;200(3):396–405.

5. Fujigaki Y, Sakakima M, Sun Y, Goto T, Ohashi N, Fukasawa H, Tsuji T,
Yamamoto T, Hishida A. Immunohistochemical study on caveolin-1alpha
in regenerating process of tubular cells in gentamicin-induced acute
tubular injury in rats. Virchows Archiv : an international journal of pathology.
2007;450(6):671–81.

6. Valles PG, Manucha W, Carrizo L, Vega Perugorria J, Seltzer A, Ruete C. Renal
caveolin-1 expression in children with unilateral ureteropelvic junction obstruction.
Pediatr Nephrol. 2007;22(2):237–48.

7. Zhuang Z, Marshansky V, Breton S, Brown D. Is caveolin involved in normal
proximal tubule function? Presence in model PT systems but absence in
situ. American journal of physiology Renal physiology. 2011;300(1):F199–206.

8. Chen J, Chen JK, Harris RC. Angiotensin II induces epithelial-to-mesenchymal
transition in renal epithelial cells through reactive oxygen species/Src/caveolin-
mediated activation of an epidermal growth factor receptor-extracellular
signal-regulated kinase signaling pathway. Mol Cell Biol. 2012;32(5):981–91.

9. Elvira B, Honisch S, Almilaji A, Pakladok T, Liu G, Shumilina E, Alesutan I, Yang W,
Munoz C, Lang F. Up-regulation of Na(+)-coupled glucose transporter SGLT1 by
caveolin-1. Biochim Biophys Acta. 2013;1828(11):2394–8.

10. Moriyama T, Marquez JP, Wakatsuki T, Sorokin A. Caveolar endocytosis is
critical for BK virus infection of human renal proximal tubular epithelial cells.
J Virol. 2007;81(16):8552–62.

11. Kovtun O, Tillu VA, Ariotti N, Parton RG, Collins BM. Cavin family proteins
and the assembly of caveolae. J Cell Sci. 2015;128(7):1269–78.

12. Minetti C, Sotgia F, Bruno C, Scartezzini P, Broda P, Bado M, Masetti E,
Mazzocco M, Egeo A, Donati MA, et al. Mutations in the caveolin-3
gene cause autosomal dominant limb-girdle muscular dystrophy. Nat
Genet. 1998;18(4):365–8.

13. Kim CA, Delepine M, Boutet E, El Mourabit H, Le Lay S, Meier M, Nemani M,
Bridel E, Leite CC, Bertola DR, et al. Association of a homozygous nonsense
caveolin-1 mutation with Berardinelli-Seip congenital lipodystrophy. J Clin
Endocrinol Metab. 2008;93(4):1129–34.

14. Rajab A, Straub V, McCann LJ, Seelow D, Varon R, Barresi R, Schulze A, Lucke
B, Lutzkendorf S, Karbasiyan M, et al. Fatal cardiac arrhythmia and long-QT
syndrome in a new form of congenital generalized lipodystrophy with
muscle rippling (CGL4) due to PTRF-CAVIN mutations. PLoS Genet. 2010;6(3):
e1000874.

15. Sward K, Albinsson S, Rippe C. Arterial dysfunction but maintained systemic
blood pressure in cavin-1-deficient mice. PLoS One. 2014;9(3):e92428.

16. Krawczyk KK, Yao Mattisson I, Ekman M, Oskolkov N, Grantinge R, Kotowska D,
Olde B, Hansson O, Albinsson S, Miano JM, et al. Myocardin family members
drive formation of Caveolae. PLoS One. 2015;10(8):e0133931.

17. Wang Y, Roche O, Xu C, Moriyama EH, Heir P, Chung J, Roos FC, Chen
Y, Finak G, Milosevic M, et al. Hypoxia promotes ligand-independent
EGF receptor signaling via hypoxia-inducible factor-mediated upregulation of
caveolin-1. Proc Natl Acad Sci U S A. 2012;109(13):4892–7.

18. Yu S, Matsusue K, Kashireddy P, Cao WQ, Yeldandi V, Yeldandi AV, Rao MS,
Gonzalez FJ, Reddy JK. Adipocyte-specific gene expression and adipogenic
steatosis in the mouse liver due to peroxisome proliferator-activated receptor
gamma1 (PPARgamma1) overexpression. J Biol Chem. 2003;278(1):498–505.

19. Bist A, Fielding PE, Fielding CJ. Two sterol regulatory element-like sequences
mediate up-regulation of caveolin gene transcription in response to low
density lipoprotein free cholesterol. Proc Natl Acad Sci U S A. 1997;94(20):
10693–8.

20. Cao S, Fernandez-Zapico ME, Jin D, Puri V, Cook TA, Lerman LO, Zhu XY,
Urrutia R, Shah V. KLF11-mediated repression antagonizes Sp1/sterol-
responsive element-binding protein-induced transcriptional activation
of caveolin-1 in response to cholesterol signaling. J Biol Chem. 2005;
280(3):1901–10.

21. van den Heuvel AP, Schulze A, Burgering BM. Direct control of caveolin-1
expression by FOXO transcription factors. The Biochemical journal. 2005;
385(Pt 3):795–802.

22. Volonte D, Galbiati F. Polymerase I and transcript release factor (PTRF)/cavin-
1 is a novel regulator of stress-induced premature senescence. J Biol Chem.
2011;286(33):28657–61.

23. Olson EN, Nordheim A. Linking actin dynamics and gene transcription to
drive cellular motile functions. Nat Rev Mol Cell Biol. 2010;11(5):353–65.

24. Miano JM. Myocardin in biology and disease. Journal of biomedical research.
2015;29(1):3–19.

25. Creemers EE, Sutherland LB, Oh J, Barbosa AC, Olson EN. Coactivation of
MEF2 by the SAP domain proteins myocardin and MASTR. Mol Cell. 2006;
23(1):83–96.

26. Morita T, Mayanagi T, Sobue K. Dual roles of myocardin-related transcription
factors in epithelial mesenchymal transition via slug induction and actin
remodeling. J Cell Biol. 2007;179(5):1027–42.

27. Gurbuz I, Ferralli J, Roloff T, Chiquet-Ehrismann R, Asparuhova MB. SAP domain-
dependent Mkl1 signaling stimulates proliferation and cell migration by
induction of a distinct gene set indicative of poor prognosis in breast
cancer patients. Mol Cancer. 2014;13:22.

28. Minami T, Kuwahara K, Nakagawa Y, Takaoka M, Kinoshita H, Nakao K,
Kuwabara Y, Yamada Y, Yamada C, Shibata J, et al. Reciprocal expression of
MRTF-A and myocardin is crucial for pathological vascular remodelling in mice.
EMBO J. 2012;31(23):4428–40.

29. Ackers-Johnson M, Talasila A, Sage AP, Long X, Bot I, Morrell NW, Bennett
MR, Miano JM, Sinha S. Myocardin regulates vascular smooth muscle cell
inflammatory activation and disease. Arterioscler Thromb Vasc Biol. 2015;
35(4):817–28.

30. Small EM, Thatcher JE, Sutherland LB, Kinoshita H, Gerard RD, Richardson JA,
Dimaio JM, Sadek H, Kuwahara K, Olson EN. Myocardin-related transcription
factor-a controls myofibroblast activation and fibrosis in response to myocardial
infarction. Circ Res. 2010;107(2):294–304.

31. Zhou Y, Huang X, Hecker L, Kurundkar D, Kurundkar A, Liu H, Jin TH, Desai
L, Bernard K, Thannickal VJ. Inhibition of mechanosensitive signaling in
myofibroblasts ameliorates experimental pulmonary fibrosis. J Clin Invest.
2013;123(3):1096–108.

32. Brandt DT, Baarlink C, Kitzing TM, Kremmer E, Ivaska J, Nollau P, Grosse R.
SCAI acts as a suppressor of cancer cell invasion through the transcriptional
control of beta1-integrin. Nat Cell Biol. 2009;11(5):557–68.

33. Scharenberg MA, Chiquet-Ehrismann R, Asparuhova MB. Megakaryoblastic
leukemia protein-1 (MKL1): increasing evidence for an involvement in
cancer progression and metastasis. Int J Biochem Cell Biol. 2010;42(12):
1911–4.

34. Muriel O, Echarri A, Hellriegel C, Pavon DM, Beccari L, Del Pozo MA.
Phosphorylated filamin a regulates actin-linked caveolae dynamics.
J Cell Sci. 2011;124(Pt 16):2763–76.

35. Fan L, Sebe A, Peterfi Z, Masszi A, Thirone AC, Rotstein OD, Nakano H,
McCulloch CA, Szaszi K, Mucsi I, et al. Cell contact-dependent regulation of
epithelial-myofibroblast transition via the rho-rho kinase-phospho-myosin
pathway. Mol Biol Cell. 2007;18(3):1083–97.

36. Xu H, Wu X, Qin H, Tian W, Chen J, Sun L, Fang M, Xu Y. Myocardin-related
transcription factor a epigenetically regulates renal fibrosis in diabetic nephropathy.
J Am Soc Nephrol. 2015;26(7):1648–60.

37. Ekman M, Rippe C, Sadegh MK, Dabestani S, Morgelin M, Uvelius B, Sward K.
Association of muscarinic M(3) receptors and Kir6.1 with caveolae in human
detrusor muscle. Eur J Pharmacol. 2012;683(1–3):238–45.

38. Detrisac CJ, Sens MA, Garvin AJ, Spicer SS, Sens DA. Tissue culture of human
kidney epithelial cells of proximal tubule origin. Kidney Int. 1984;25(2):383–90.

39. Consortium GT. The genotype-tissue expression (GTEx) project. Nat Genet.
2013;45(6):580–5.

40. Robinson MD, Oshlack A. A scaling normalization method for differential
expression analysis of RNA-seq data. Genome Biol. 2010;11(3):R25.

41. O'Connor JW, Gomez EW. Cell adhesion and shape regulate TGF-beta1-
induced epithelial-myofibroblast transition via MRTF-A signaling. PLoS
One. 2013;8(12):e83188.

42. Fintha A, Gasparics A, Fang L, Erdei Z, Hamar P, Mozes MM, Kokeny G,
Rosivall L, Sebe A. Characterization and role of SCAI during renal fibrosis and
epithelial-to-mesenchymal transition. Am J Pathol. 2013;182(2):388–400.

43. Asparuhova MB, Ferralli J, Chiquet M, Chiquet-Ehrismann R. The transcriptional
regulator megakaryoblastic leukemia-1 mediates serum response factor-
independent activation of tenascin-C transcription by mechanical stress.
FASEB J. 2011;25(10):3477–88.

44. Regazzetti C, Dumas K, Lacas-Gervais S, Pastor F, Peraldi P, Bonnafous S,
Dugail I, Le Lay S, Valet P, Le Marchand-Brustel Y, et al. Hypoxia inhibits
Cavin-1 and Cavin-2 expression and down-regulates caveolae in adipocytes.
Endocrinology. 2015;156(3):789–801.

Krawczyk et al. BMC Nephrology  (2017) 18:320 Page 15 of 15


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Immunohistochemistry
	Transmission electron microscopy
	Preparation of kidney epithelial cells and isolated tubules
	Treatment protocols
	Quantitative PCR
	Western blotting
	Statistical analyses

	Results
	Investigation of the tissue distribution of caveolar proteins in human kidney
	Electron microscopy and calculation of renal caveolar size distribution
	Exposure to H2O2 or hypoxia does not induce the expression of caveolar proteins in primary kidney epithelial cells
	Tubular microdissection as a means to study tubular caveolar induction
	Manipulation of caveolar proteins by MKL1 inhibition and overexpression
	Analysis of MKL1 repressing and enhancing cofactors in tubular cell culture
	MKL1 correlation analysis using the GTEx data base and staining for the MKL1 target gene TNC in pathological kidney tissue

	Discussion
	Conclusions
	Additional files
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

