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MRP1 knockdown down-regulates the deposition of collagen
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Abstract Multidrug resistance-associated protein 1
(MRP1) belongs to ATP-binding cassette transporters
family. The overexpression of MRP1 is predominantly
related with the failure of chemo-radiotherapy in various
tumors. However, its possible role in hypertrophic scar
(HS) is hardly investigated. Here we showed that the
mRNA level and protein expression of MRP1 were higher
in HS and HS derived fibroblasts (HSFs) than that in nor-
mal skin (NS) and NS derived fibroblasts (NSFs).
Immunohistochemistry and immunofluorescence showed
that the percentage of positive cells was higher in HS and
HSFs. Meanwhile, the co-localization of MRP1 and o-
SMA was stronger in HS. MRP1 knockdown in HSFs
provoked a significant reduction in the protein expressions
of collagen 3 and o-SMA in vitro. Moreover, MRP1 siRNA
transfection could decrease the deposition of collagen in
cultured tissues ex vivo and inhibit the scar formation in
rabbit ear scar model in vivo. H&E staining and Masson
trichrome staining revealed thinner and more orderly
arranged collagen fiber in the MRP1 siRNA transfection
group. The appearance of scar was improved as well. All
these results indicate that MRP1 plays an important role in
the formation of HS, MRP1 knockdown could be a
potential method to reduce the accumulation of collagen
and to improve the abnormal deposition of extracellular
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matrix in HS, which indicates that down-regulation of
MRPI1 has the potential therapeutic effect in the treatment
and prophylaxis of HS.
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Abbreviations

MRP1  multidrug resistance-associated protein

HS Hypertrophic scar

HSFs HS derived fibroblasts

NS Normal skin

NSFs NS derived fibroblasts

Coll Collagen 1

Col3 Collagen 3

ABC ATP-binding cassette

CFTR  Cystic fibrosis transmembrane conductance
regulator

CF Cystic fibrosis

DAPI  4',6'-diamidino-2-phenylindole

o-SMA  o-smooth muscle actin

Introduction

Hypertrophic scar (HS) resulting from burns, trauma and
operation is a common fibrotic disease, often leads to
aesthetical and functional obstacles, causing psychological
and physical problems (Brown et al. 2008; Bayat et al.
2003). After injury, fibroblasts are activated and migrate
into the wound and then synthesize matrix proteins. It is
widely accepted that the major characteristics of fibrosis
are the excessive abnormal deposition and the metabolism
disorder of collagen-based extracellular matrix proteins,
mainly including collagen 1 (Coll), collagen 3 (Col3)
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(Zhang et al. 2013). The transformation of fibroblasts to
myofibroblasts during scar formation is reflected by o-
SMA. Clinical therapy is currently unsatisfying, and the
specific mechanism of scar formation remains unclear.

ATP-binding cassette (ABC) transporters are a family of
transmembrane proteins that transport a wide variety of
substrates across biological membranes in an energy
dependent manner (Dean et al. 2001). MRP1 (ABCC1), a
190kD transmembrane protein, is one of 13 polytopic
proteins that comprise the ‘C’ subfamily of ABC transport
proteins (Yabuuchi et al. 2002; Cole 2014). MRPI1 has
close association with the effect of chemo-radiotherapy in
many types of cancers (Deeley et al. 2006; Li et al. 2010;
Bagnoli et al. 2013; Hlavac et al. 2013). It is also found to
express in cutaneous disorder such as psoriasis and mela-
noma. However, there are seldom reports in HS. In view of
the close structural homology and possible functional
overlap between cystic fibrosis transmembrane conduc-
tance regulator (CFTR) and MRP1, MRP1 was investi-
gated as potentially relevant factors in cystic fibrosis (CF)
pathophysiology (Riordan et al. 1989). It might participate
in formation of CF phenotype and might be a novel phar-
macotherapy target of CF (Hurbain et al. 2003). It is rea-
sonable for us to hypothesis that MRP1 may play an
important role in the formation of HS.

Here, we found that MRP1 was overexpressed in HS
and HSFs. MRP1 knockdown could reduce the expression
of Col3, a-SMA in vitro and decrease the deposition of
collagen as well as improve the formation of HS in vivo.
All these results indicate that MRP1 plays the important
role in HS formation. Our study suggests valuable insights
into the molecular mechanism on HS formation and
provides possible evidence of the therapeutic effect of
MRP1 on HS.

Materials and methods
Cell culture

Cell culture was performed as previously reported method
(Liu et al. 2012). Briefly, NS and HS were obtained from
patients (n = 3) who underwent plastic surgery at Xijing
Hospital (Xi’an, China). All specimens were obtained from
the Human Subjects Committee of the local institution.
Dermal portions were minced and incubated in a solution
of collagenase type I (Sigma, 0.1 mg/mL) at 37 °C for 3 h
to separate fibroblasts. Fibroblasts were pelleted and grown
in Dulbecco modified eagle medium (DMEM, Gibco)
supplemented with 10 % fetal calf serum (FCS, Gibco),
100 U/mL penicillin and 100 U/mL streptomycin at 37 °C
ina 5 % (v/v) CO, humidified atmosphere. Cells between
the third and fifth sub-passages were used for the following
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experiments. The cells were seeded into six-well plates
(2 x 10° cells per well) in DMEM with 10 % FCS.

RT-PCR

RNA was isolated with Trizol Reagent (Invitrogen)
according to the manufacturer’s instructions (Zhang et al.
2011). Synthesis of cDNA was conducted according to the
Prime Script RT Kit protocol (Takara). Real-time PCR was
performed using the Bio-Rad IQ5 Real-Time System and
was carried out using a SYBR Premix Ex Tagq kit (Takara) in
a final volume of 20 pL for PCR. The primer sequence used
were as follows: MRP1 Sense: 5'-GTGATGGCGATGAA
GACCAAGA-3', anti-sense: 5-GCCAGCTCCCAGGCA
TAAAG-3; B-actin Sense: 5-TGGCACCCAGCACAATG
AA-3', anti-sense: 5'-CTAAGTCATAGTCCGCCTAGAA
GCA-3'. RT-PCR were performed in triplicate. The mRNA
level were normalized to those of the housekeeping gene
encoding [-actin.

Western blot

50 pg lysates were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred to
PVDF membranes (Millipore). After blocking with 5 %
nonfat milk, the membranes were incubated with human
anti-Coll (1:1000, Abcam), anti-Col3 (1:1000, Abcam),
anti-o-SMA (1:1000, Abcam), B-actin antibodies (1:500,
Santa Cruz) overnight at 4 °C, next day the membranes
were incubated with horseradish peroxidase conjugated
secondary antibodies (1:3000, Boster) 37 °C for 1 h. Pro-
teins were visualized by enhanced chemiluminescence
system using FluorChem FC (Alpha Innotech).

Immunofluorescence

NSFs and HSFs were fixed with 4 % paraformaldehyde in
PBS for 30 min, washing four times with PBS, cells were
permeated with 0.1 % Triton-X100 in PBS for 10 min at
room temperature and then blocked with 1 % bovine serum
albumin at 37 °C for 1 h. The samples were incubated at
4 °C overnight with anti-MRP1 (1:100, Abcam). After
washing with PBS, the samples were incubated at 37 °C for
1 h with either FITC-488 or CY3-555 (1:100, Invitrogen).
Then the samples were stained with 4/, 6'-diamidino-2-
phenylindole (DAPI) for 30 min. The coverslips were then
mounted on to glass slides and viewed with Olympus Box-
Type Photofluorography Unit Model FSX100.

Immunohistochemistry

NS and HS were fixed in 10 % buffered formalin solution.
The paraffin embedded sections with 5 um thick were
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dewaxed and microwave thermal remediation was made by
using citrate antigen retrieval solution, endogenous per-
oxidase activity was quenched with 3 % hydrogen peroxide
for 15 min, and then blocked non-specific binding by
normal goat serum for 30 min. The sections were incubated
overnight at 4 °C with anti-MRP1 (1:100, Abcam). The
next day, the secondary antibody (IgG-HRP) was incubated
at 37 °C for 1 h by application instruction of PV6000
Histostain TM Kit (ZSJQ, China). Finally, after
diaminobenzidine staining, they were counterstained with
hematoxylin. An isotype matched IgG was used as negative
control. Images were captured using an Olympus FSX100
fluorescence microscope.

SiRNA transfection

MRP!1 siRNA were transfected with lipofectamine™ 2000
(Invitrogen) in HSFs following the manufacturer’s protocol.
HSFs were transfected with 100 nM non-targeting control
siRNA (scramble siRNA) or special MRP1 siRNA. About
24 h thereafter, transfection mixture was removed and
replaced with fresh DMEM, and HSFs were cultured for
another 48 h before the termination, the samples were
harvested to use for western blot and RT-PCR. SiRNA
sequence Sense: 5'-GGAAGAAGGAAUGCGCCAATT-3,
anti-sense: 5'-UUGGCGCAUUCCUUCUU CCTT-3'; Sense:
5'-GCAGACCUCUUCUACUCUUTT-3, anti-sense: 5'-AAG
AGUAGAAGAGGUCUGCTT-3'; Sense: 5-CCUACUUC
CUCAUGAGCUUTT-3, anti-sense: 5-AAGCUCAUGA
GGAAGUAGGCT-3'.

Ex vivo culture of HS

Ex vivo culture of HS were performed as described pre-
viously (Yasuoka et al. 2008). HS tissues from three
individuals (n = 3) were cut into 10 x 10 mm sections,
and lipofectamine™2000 transfected 100 nM MRP1
siRNA was injected intra-dermally in a 100 pL volume.
6 h after injection, the specimens were cut into 5 X 5 mm
thick sections and incubated for an additional 7 days. The
tissues were then fixed in 4 % paraformaldehyde. H&E and
Masson trichrome staining were performed using standard
protocols (Shi et al. 2012; Wong et al. 2011).

Rabbit ear model

We used rabbit ear model of HS in this study as previously
described (Kryger et al. 2007; Morris et al. 1997). Six New
Zealand white rabbits in each group (n = 6) weighing
2.0-2.5 kg were purchased from the Experimental Animal
Center of the Fourth Military Medical University and
maintained in separate cages. The animal experiments were
approved by the Experimental Animal Committee of the

Fourth Military Medical University. The rabbits were
anaesthetized by intraperitoneal injection of sodium pen-
tobarbital (30 mg/kg). In a sterile environment, six round
wounds, 10 mm in diameter were created on each ear.
Epidermis, dermis and perichondrium were completely
removed. The wounds were then covered with sterile gauze
for 1 day. On postoperative 7 day, 100 nM MRP1 siRNA
was injected intra-dermally into the wound. After 3 days,
MRP1 siRNA was injected again, scramble siRNA as
control. The images were observed every 3 days. The
rabbits were killed on the 28th day. The harvested speci-
mens were analyzed by H&E staining and Masson tri-
chrome staining.

Statistics

Quantitative data was expressed as the mean + SEM.
Statistical analysis was performed by student’s ¢ test using
a SPSS 17.0 program and p < 0.05 was considered statis-
tically significant.

Results
MRP1 was overexpressed in HS

To explore the expression of MRPI in HS, we tested the
mRNA and protein levels of MRP1 in NS, HS, NSFs and
HSFs respectively. The mRNA level in HSFs was higher
than that in NSFs (p = 0.04523) (Fig. la). We further
detected the protein expression of MRP1 which showed
four-fold higher in HSFs compared to NSFs (p = 0.00107)
(Fig. 1b, c¢). Immunofluorescence showed there were more
positive cells in HSFs than in NSFs (Fig. 1d). Immuno-
histochemistry showed that MRP1 was localized in the
cytoplasm of dermis fibroblasts and highly expressed in
HS, the percentage of MRP1 positive cells was increased in
HS (Fig. 1g),the protein level of MRP1 was two-fold
higher in HS (p = 0.00311) (Fig. le, f). Besides, the co-
localization of MRP1 and a-SMA was stronger in HS by
immunofluorescence (Fig. 1h). Taken together, all these
results suggest MRP1 is overexpressed in hypertrophic scar
and it may be involved in HS formation.

MRP1 knockdown decreased the deposition
of collagen in HSFs

The major characteristics of fibrosis are excessive
abnormal deposition of collagen, mainly including Coll,
Col3 and the transformation of fibroblasts to myofibrob-
lasts (characterized by o-SMA positive expression). Since
the expression of MRP1 was higher in HSFs, it was
important to detect whether the high expression of MRP1
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Fig. 1 The expression of MRP1 in NS, HS, NSFs and HSFs, the
paired samples from the same individual (n = 3) a mRNA levels in
NSFs and HSFs were detected by RT-PCR. b—c¢ Protein expressions in
NSFs and HSFs tested by western blot. d Immunofluorescence shown
the expressions in NSFs and HSFs, Scale bars 25 pm. e—f Protein
expressions in NS and HS detected by western blot.

Fig. 2 The expression of Coll,
Col3 and o-SMA in HSFs after
MRPI knockdown. a-b 100 nM
MRPI siRNA and scramble
siRNA were transfected with
80 % confluence HSFs,
knockdown efficiency of siRNA
on mRNA and protein level
were detected by RT-PCR and

-
1 )
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g Immunohistochemistry staining shown the expressions of MRP1
in NS and HS using 5 pm paraffin sections, Scale bars left, 100 um;
right, 50 um. h The co-localization of MRP1 and o-SMA in NS and
HS shown by immunofluorescence, Scale bars 100 pm,
MRP1(green), o-SMA(red), DAPI(blue). Error bars represent
mean £ SD of n = 3; *p < 0.05; **p < 0.01
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western blot. b—¢ Protein
expressions of Coll, Col3 and
o-SMA after MRP1 siRNA
transfection were detected by
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*p < 0.05; **p < 0.01
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was associated with excessive deposition of collagen. We
knockdown MRP1 by MRP1 siRNA, the effect of MRP1
knockdown was tested by mRNA level (p = 0.001909)
(Fig. 2a) and protein expression (p = 0.04113) (Fig. 2b).
Protein expressions of Col3 and a-SMA were down-reg-
ulated three-fold and one and a half-fold respectively by
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MRP1 siRNA in HSFs (p = 0.007705, p = 0.001598),
while Coll level was not changed (p = 0.348414)
(Fig. 2b, c). These results indicate that MRP1 knockdown
in HSFs could downregulate fibrotic related protein to
decrease the deposition of collagen and improve the for-
mation of scar.
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MRP1 knockdown relieved the accumulation
of collagen in HS tissues

As we found that MRP1 siRNA could reduce the deposi-
tion of collagen in vitro, we further detected the influence
of MRP1 siRNA on cultured HS ex vivo by directly
injecting in subcutaneous tissue. Immunofluorescence and
western blot showed that MRP1 was knockdown by MRP1
siRNA (p = 0.046283) (Fig. 3a, b). Proteins extracted
from cultured tissues in the MRP1 siRNA group presented
decreased expression of Col3 and a-SMA (p = 0.024906,
p = 0.045559), there was no statistical difference for Coll
between the scramble siRNA group and the MRP1 siRNA
group (p = 0.170233) (Fig. 3b, ¢). H&E staining and
Masson trichrome staining showed that MRP1 siRNA
resulted in thinner and orderly arranged collagen fibers
compared to the control group, while the appearance of
scar was improved (Fig. 3d, e). These results suggest that
MRP1 knockdown improves the arrangement of collagen
and provides a potential target for the treatment of HS.
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Fig. 3 Dermal architecture in cultured HS tissues after MRP1
knockdown, HS tissues were obtained from patients (n = 3) who
underwent plastic surgery a the expression of MRP1 was detected by
immunofluorescence after injected 100 nM siRNA and scramble
siRNA into intradermal section. b—c¢ Protein expressions of Coll,
Col3 and o-SMA after MRPI1 siRNA transfection were detected by

MRP1 knockdown improved ECM deposition
and decreased scarring formation in rabbit ear scar
model

To further assess the effect of MRP1 knockdown on scar-
ring formation, cutaneous incision wound models were
established on New Zealand white rabbit ear and were
treated with MRP1 siRNA by subcutaneous injection. The
wound tissues were harvested 4 weeks later. As shown in
Fig. 4a, the appearance of rabbit ear scar was obviously
improved after MRP1 siRNA treatment, the height index
was significantly decreased (Fig. 4b), there were statistical
differences between the scramble siRNA group and the
MRP1 siRNA group at the 21th and 28th days
(p = 0.037725, p = 0.0415581). The efficiency of MRP1
knockdown was tested by immunofluorescence, and fluo-
rescence intensity was less in MRP1 siRNA treatment
group (Fig. 4c). H&E and Masson trichrome staining
showed that the deposition of collagen was observably
improved, which presented thinner and orderly arranged
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western blot. d H&E staining shown the structure of morphology after
MRPI1 siRNA injection. e Masson trichrome staining shown the
deposition, density and arrangement of collagen after MRP1 knock-
down. Scale bars left, 100 pm; right, 50 um. Error bars represent
mean £ SD of n = 3; *p < 0.05; **p < 0.01
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Fig. 4 Dermal architecture in rabbit ear scar model after MRPI
knockdown, six rabbits in each group (n = 6) al00 nM MRP1 siRNA
and scramble siRNA were injected into subcutaneous section on 7th
and 9th day after operation, the growth situation of rabbit ear scars
presented in different periods. b The heights of rabbit ear scars at
different time points were measured. ¢ Immunofluorescence shown

collagen fibers at the 28th day after MRP1 siRNA treat-
ment, while arranged in a disordered manner, with a bulky
appearance in the scramble siRNA group (Fig. 4d, e).
These results prove that MRP1 knockdown could improve
scarring formation in rabbit ear model and further present
MRP1 has an anti-fibrosis effect in HS.

Discussion

Hypertrophic scar is a common complication of burn injury
that can be regarded as a fibroproliferative disorder, which
can cause significant problems in growth, movement and
esthetics. Healing by fibrosis, instead of regeneration,
places a huge burden on public health. Dermal fibroblasts
are responsible for synthesizing collagen and other ECM
proteins, thus they play a critical role in the wound healing
and scarring formation (Russell and Witt 1976; Zhang et al.
2013). After skin injury, fibroblasts transdifferentiate into
myofibroblasts, which characterized by increased expres-
sion of a-SMA, increased the ability of collagen synthesis
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the expressions of MRP1 in rabbit ear scar tissues at the 28th day after
operation. Scale bars 200 um. d H&E staining presented structure of
rabbit ear scar in the MRPI siRNA and scramble siRNA treated
group. e Masson trichrome staining shown the arrangement of
collagen, Scale bars left, 100 pm; right, 50 pm

and secretion of fibroblasts and facilitate the wound heal-
ing. However, the persistence of myofibroblasts after
wound healing may result in the formation of hypertrophic
scars. Therefore, we usually measure HS by the expression
of Coll, Col3 and a-SMA.

Human MRP1 is encoded by ABCCI, located on chro-
mosome 16p13.12. Cole et al. discovered a non-P-gp
mediated MDR mechanism in the human lung cancer cell
line H69AR in 1992 (Cole et al. 1992). In the past decades,
MRP1’s relevance in human neoplasm has been firmly
established and it is still considerable to be pre-clinical and
clinical interest. The presence of MRP1 in human skin has
been verified in earlier studies (Baron et al. 2001). MRP1 is
mainly localized in plasma membrane in many tumor cells,
it also has been described in other cellular localizations such
as lysosomes, cytoplasmic vesicle and secretory vesicles
putatively derived from the Golgi apparatus. Our results
presented MRP1 was localized in the cytoplasm of dermis
and revealed granular accumulation in HS. Up-regulation of
MRP1 expression was found in lesional skin taken from
patients with psoriasis and lichen planus (Sehgal 1990;
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Fayyazi et al. 1999), and we found that MRP1 was highly
expressed in HS. Elevated mRNA and protein levels had
been also observed in HS and HSFs. Besides, the co-local-
ization of MRP1 and o-SMA was stronger in HS. These
results suggest overexpression of MRP1 is closely associ-
ated with HS, it may participate in the trans-differentiation
of fibroblasts to myofibroblasts.

We had presented MRP1 was highly expressed in HS, it
also had been reported MRP1 was related with cystic
fibrosis (Riordan et al. 1989). The recent research showed
MRP1 mRNA expression was up-regulated in liver fibrosis,
which decreased liver distribution of entecavir (Xu et al.
2015), the drug transport mechanism in liver fibrosis was
associated with the activation of farnesoid X receptor (Chen
et al. 2015; Meng et al. 2014). We also found that MRP1
siRNA could significantly decrease the expressions of Col3
and a-SMA protein in HSFs and HS tissues, while there was
no difference for Coll level. Although Coll is the most
abundant of all in HS fibrosing tissues, as a regulator of HS,
MRP1 can be just for special effect for Col 3 and a-SMA.
MRP1 knockdown could change the proportion of collagen
to improve the formation of scarring, the ratio of Coll/Col3
was inclined to normal. The proliferative activity of HSFs
was inhibited. Pifieiro (Pifieiro et al. 2011) also found MRP1
knockdown in human prostate cancer cells was associated
with decreased proliferation. We further verified the effect
of MRP1 knockdown in cultured HS tissues and in the rabbit
ear scar model. The outcome revealed that MRP1 knock-
down could inhibit the process of scarring formation, which
reflected the appearance was improved and the collagen was
arranged orderly, which proved that MRP1 knockdown
decreased the deposition of collagen to inhibit HS formation,
which was beneficial to inhibit fibrosis. These results were in
accordance with in MRP1 deficient mice which indicated
that there was no gross abnormalities in lungs and other
tissues after treatment with the chemotherapeutic (Wijnholds
et al. 1997). Therefore, MRP1 is likely to be a candidate
factor for changing the abnormal distribution and accumu-
lation of ECM and treating HS.

Taken together, the overexpression of MRP1 was clo-
sely related with HS, it may be a regulator to participate in
the formation of HS. MRPI siRNA could decrease the
deposition of collagen and improve scarring formation,
which provides a possible therapy target for HS and has an
important theoretical and clinical meaning. But it is still
unknown that which pathway MRP1 participate in and how
they interact with each other. The specific mechanism still
needs further research.
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