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pressure overload-induced ventricular dysfunction but ab protects cancer cells from
chemotherapeutic agents. It is upregulated in the myocardim of heart failure patients
and clears hypoxia-induced intracellular metabolites. Ti& study employs ABCG2
knockout (KO) mice to elucidate the relevance of ABCG2 for ediac and pulmonary
vascular structure and function in chronic hypoxia, and use human primary cardiac
broblasts to investigate the potential role of ABCG2 in catiac brosis.

Methods and results:  ABCG2 KO and control mice (i D 10) were subjected to 4 weeks
normoxia or hypoxia. This allowed for investigation of theteraction between genotype
and hypoxia (GxH). In hypoxia, KO mice showed pronounced tig (RV) and left (LV)
ventricular diastolic dysfunction. Compared to normoxiagnd-diastolic pressure (EDP)
was increased in control vs. KO mice byC1.1 0.3 mmHgvs.C4.8 0.3 mmHg, p for
GxH< 0.001 (RV) andC3.9 0.5 mmHgvs.C11.5 1.6 mmHg, p for GxHD 0.110
(LV). The same applied for myocardial brosis withC0.3  0.1% vs. 1.3 0.2%, p
for GxH D 0.036 (RV) andC0.06 0.03% vs. C0.36 0.08%, p for GxH D 0.002 (LV),
whereas systolic function and capillary density was unafééed. ABCG2 de ciency did not
in uence hypoxia-induced pulmonary hypertension or vasclar remodeling. In line with
these observations, human cardiac broblasts showed incrased collagen production
upon ABCG2 silencing in hypoxia (p for GxHD 0.04).

Conclusion: Here we provide evidence for the rst time that ABCG2 membraga
transporter can play a crucial role in ventricular dysfunin and brosis in
hypoxia-induced pulmonary hypertension.

Keywords: ABC transporters, right ventricular function, hy
pulmonary hypertension

poxia, diastolic dysfunction, ventricular brosis,
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Nagy et al. ABCG2 in Biventricular Dysfunction

INTRODUCTION In this study, we explored the role of ABCG2 in hypoxia-
induced remodeling of the right ventricle. We provide eviden

Right ventricular (RV) failure is the main cause of prematurethat under chronic hypoxia, loss of ABCG2 leads to biventecu

death of patients with pulmonary hypertension (PH)dgaard  prosis with diastolic dysfunction, without aecting RV

et al., 2009; Paulin et al., 2Q15espite a growing body afterload, capillary density or hypoxia-induced pulmonary
of evidence on molecular mechanisms of RV failure, thergascular remodeling.

are abundant unknown pathways and factors needed to be
identi ed. RV dysfunction is commonly seen as a consequenc ETHODS
of chronic RV pressure overload and a developing imbalance o
RV oxygen demand and supply with neurohormonal activationAnimals
and abnormal energy metabolisnsgno et al., 2007; Bogaard Male ABCG2 global knockout (KO) mice (FVB/N) were
et al., 2009; Tuder et al., 2012; Voelkel et al., 2012; Vonlpurchased from Taconic Europe (Laven, Denmark). We applied
Noordegraaf and Westerhof, 2013; Paulin et al., 0Bt there  the chronic hypoxic mouse model, a routinely used method in
are also structural changes with myocardial brosis as th@stm various research eldsGamboa and Andrade, 2010; Crnkovic
striking feature that is strongly associated with RV dystion et al., 201); which allows the investigation of the e ects of
and prognosis. hypoxia. The experimental condition of 10% oxygen corresponds
ABC transporters are active transmembrane proteins capabig a height of about 5,000 m. For the hypoxia-induced pulmonary
to move a wide variety of substrates across extra- and ieliidar  hypertension group 10-12 week old mice (10 wild type (WT)
membranes thereby modulating cell metabolism and cellulagnd 11 KO per group) were placed in normobaric 10% hypoxic
toxicity (Dean et al., 2001 Recent study shows, that knock chambers [fraction of inspired oxygen (FiDof 0.10] for 4
out or inhibition of ABCC4 transporter (also known as MRP4) weeks. Control mice were kept in normobaric normoxia (giO
prevents and reverses hypoxia-induced pulmonary hypertensiosf 0.21). Oxygen concentration was monitored and maintdine
in mice (Hara et al., 201)1 Similarly to ABCC4, another ABC continuously using the OxyCycler system (BioSpherix, Lagona
transporter family member, the ABCG2 is transcriptionallyNY, USA). ABCG2 KO mice and WT animals were kept
regulated by hypoxia-inducible transcription factor (HIFhWéh  under conventional conditions on chow-fed diet. Chambers
exports endogenous toxic metabolites that are induced byrébr - were opened twice per week for feeding and cleaning. All
hypoxia, thereby preventing their intracellular retentiofo(ker  experiments were approved by the Federal Ministry of Science
et al., 2002; Krishnamurthy et al., 2004; Zhou et al., 005and Research (Austria), according to national regulations
Loss of ABCG2 results in an accumulation of porphyrinsAustrian Ministry of Education, Science and Culture, BMWF-
and haeme degradation products and portends poor survivae.010/0062-11/3b/2012).
under hypoxia Krishnamurthy et al., 2004 The expression of
ABCG2 transporter was predominantly localized to the capillar Haemodynamic Measurements
endothelial cells, and cardiomyocytes in the he&iilpach et al., Heart catheterization was performed under constant inhalati
2008; Higashikunietal., 20).0n heart failure, the left ventricular of 2% iso urane-oxygen narcosis, using the closed chest
expression of the ABCG2 transporter is strongly elevated angchnique through a small incision on the submandibular aesa
correlates with atrial natriuretic peptide (ANP}0lbach et al., described previouslydrnkovic et al., 201)1 The right ventricle
2009. In addition, ABCG2 protects against pressure overload(RV) was catheterized via the right jugular vein and pressure
induced cardiac hypertrophy and left heart failuteiashikuni  were monitored continuously in order to determine the positio
et al., 201pand is cardioprotective after myocardial infarction of the catheter. After data collection from the right heaat,
(Higashikuni et al., 200These ndings suggest that ABCG2 is catheter was inserted into the right carotid artery wherecdhl
an important protective factor for the myocardium, particular pressure was measured, and then advanced into the left glentri
under conditions of chronic myocardial hypoxia like ischemi where pressures were also recorded. Left ventricular pressur
heart disease or lung disease with hypoxemia. measurements—demanding an additional vascular access fro
In the clinical setting, ABCG2 is also known as Breasthe carotis—were performed after data collection from thyhti
Cancer Resistance Protein (BCRP), as one of the major factorentricle, which is a laborious procedure. In certain animhis,
causing drug resistance in cancer celizdkacs et al., 2006; the time of left ventricular measurements the haemodynamic
Wu et al., 2008 ABCG2 transports many di erent substrates, system became unstable, therefore they were excluded frem th
providing resistance against multiple chemotherapeutic tggen analysis. Furthermore, in some animals the quality of pressure
Therefore, ABCG2 has been considered as an important targetcording was not su cient to measure precise LVEDP or
in cancer treatment to improve sensitivity for chemotherapyRVEDP (and Tau, mindP/dt, maxdP/dt) by the applied analysis
(Breedveld et al., 2006; Hardwick et al., 20@nd ABCG2 module of the software.
inhibitors have been tested in clinical studiés(ijtzer et al., Data was collected using SPR-671 1.4F catheters (Millar
2002; Kuppens et al., 2007; Molina et al., 20&&ich new drug Instruments Inc., Houston, TX, USA) coupled to a Millar PCU-
developments necessitate a thorough investigation of tleeab 2000 pressure control unit and PowerLab 8/30 acquisitiotesys
the molecular target not only under physiological but als@len  (AD Instruments, Spechbach, Germany) with a sampling rate
stress conditions which are commonly present in cancer pttienof 1 kHz. Before insertion into the vein, the catheter was
with their main comorbidities. placed into a small horizontal uid- lled tube and calibrade
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to atmospheric pressure (accuracy 0.1 mmHg). Recordingsas performed with 0,01 M sodium citrate solution (pH 6.0)

were made over a 2-min period and analyzed with Powerlaim 95 C. Duplicates were processed without primary antibodies
Pro Software (AD Instruments, Spechbach, Germany). Endas controls. ABCG2 protein expression was detected with
diastolic pressure (EDP), Tau index [Taorrespondent heart anti-BCRP1/ABCG?2 antibody (#AV43649, Sigma-Aldrich, Bain

rate (Supplementary Figure S1)], mindP/dt and maxdP/dt weréouis, USA). Quantitative assessment of capillary densityén th

calculated from pressure tracings using a software analysight heart and in left ventricl€C septum was identi ed by anti-

module. thrombomodulin (#AF3894, R&D systems, Minneapolis, USA)
_ staining. The number of capillaries was reported relative ® th
Assessment of Right Heart Hypertrophy total sample area in each case.

Following haemodynamic measurements, animals were

exsanguinated, lungs and hearts were perfused via the righinage Analysis

ventricle with phosphate bu ered saline. The heart was digskct Immunostained sections were digitized using slide scanner
free and kept on ice in PBS solution. After removing the atrigAperio, Oxford, UK) with an objective of 40 magni cation.
from the heart, the right ventricle (RV) was dissected frdme t Digital image analysis was carried out by using Visiopharm
left ventricle plus septum (LE€S) and the separated regions Integrator System (VIS) semi-automated image analysiaacé,
were weighed to obtain the ratio of the right heart to the leftversion 4.2.9.0. (Visiopharm, Hoersholm, Denmark).

ventricle plus septum [RV/(LZS)] or to the animal's body

weight (RV/BW). Cardiac Fibroblast Isolation
_ _ Mouse cardiac broblasts were isolated using a combined
Pulmonary Arterial Banding method of mechanical disruption and enzymatic digestionhwit

The pulmonary arterial banding (PAB) surgery was performecollagenase bu er. Briey, hearts from 9 weeks old (FVB/N)
as previously described@emnazarov et al., 20198Mice were mice were removed and perfused with 1 ml of collagenase bu er
anesthetized with intra-peritoneal fentanyl 0.05 mg/kg andKrebs-Ringer bu erC 0.5 mg/ml collagenase II, 2.5 mM CaCl2
midazolam 5 mg/kg and anesthesia was maintained with 2and 1 mg/ml BSA) in a retrograde manner from the aorta.
3% iso urane. After orotracheal intubation, the mice wereThe hearts were dissected free of connective tissue, yessel
mechanically ventilated using a volume controlled smaliverd  atria. Right ventricles were carefully dissected, leftneles were
ventilator MiniVent Type 845 (Hugosachs, March-Hugstettenopened, and both were washed free of blood. 3-3 right- and
Germany). Ventilation settings were adjusted accordingady left ventricles were combined and transferred into colfease
mass using formulasTérnavski et al., 2004 Vt(ml) D 6.2 bu er where minced into small pieces. In between 3 rounds
M(kg)™1.01, where Vt(ml) is tidal volume and M(kg) is body of digestion step (6 min/3T), tissue pieces were triturated
mass of animal; and RR(min) D 53.5 M(kg)"~ 0.26, where repeatedly with pipetting until no visible tissue fragmentsldou
RR(min 1) is ventilation rate. A mouse weighing 25g wasbe observed. Cell suspensions were collected and plated in T75
ventilated with tidal volume of 1561 and ventilation rate of 140 tissue culture asks in DMEM/F-12 (1:1) (#21001-020, Gibco by
breaths/min. life technologies, Paisley, UK) medium supplemented with 10%
Anincision was made in the second left intercostal spacegusinFCS, 1% L-glutamine and antibiotic-antimycotic solutidrhe
sterile technique, the pericardium was removed, and a paytiallmedium was changed after 3 h, adherent cells were cultivdted t
occlusive titanium clip was placed around the main pulmonary 90% con uency, when cells were detached using 0.25% (w/v)
artery (Weck, Research Triangle Park, NC, USA). The pulmonarnyypsin/EDTA, and recultured until passage 3 for experiments.
artery was occluded to 0.3 mm, which approximately correspondshe purity of the isolated cells was validated by an expression
to 75% occlusion of the lumen diameter. The mice were thepanel of characteristic broblast markers.
sutured and allowed to recover from anesthesia. Post-operat
analgesic therapy was achieved by a subcutaneous injedtionlaung Fibroblast Isolation
buprenorphine 0.1 mg/kg every 24 h for 3-5 days depending oMouse lung broblasts were isolated using a mechanical
animal's condition. Sham-treated animals underwent thmesa disruption method. Brie y, lungs from 9 weeks old (FVB/N) neic

procedure with a vascular clip placed next to the vessel. were removed, dissected free of connective tissue, traahea
_ _ large vessels. After washing free of blood, lungs of 3 anivetls
Immunohistochemistry combined, cut into small pieces and passed through ari®0

Right lung was perfusion- xed through the trachea with 4%mesh to avoid bigger vessels and bronchii. Cell suspensiars we
formalin and embedded into paran blocks. The isolated collected and plated in T75 tissue culture asks in DMEM/F-
heart was dissected in order to determine hypertrophy and2 (1:1) (#21001-020, Gibco by life technologies, Paitl&Yy,
processed also into paran for sectioning. Formalin- xed medium supplemented with 10% FCS, 1% L-glutamine and
para n-embedded lung and heart tissue was cut to 315n  antibiotic-antimycotic solution. The medium was changdtéa
thick sections and stained with Masson's trichrome to detiee 2 days, adherent cells were cultivated tilB0% con uency,
collagen content. The level of brosis in right ventricley i when cells were detached using 0.25% (w/v) trypsin/EDTA,
left ventricle C septum and around pulmonary vessels wasand recultured until passage 3 for experiments. The purity
qguanti ed on the whole specimen area using image analysisf the isolated cells was validated by an expression panel of
software (Visiopharm, Hoersholm, Denmark). Antigen retrédé  characteristic broblast markers.
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Cell Culturing, Cell Stimulation staining duplicates were processed without primary antibsdie
Human cardiac broblasts from the ventricle were obtaineah  Images were taken using Olympus Basic BX61VS Fluorescence
Promocell. All experiments were performed with human cellsnicroscope at magni cation of 40.

in passage two to seven grown in complete broblast medium

(Fibro Life® S2) or with mouse broblasts in passage 3 culturedpygliferation Assay

in DMEM/F-12 (1:1) (10% FCS, 1% L-glutamine, 0.2% P/Sky man cardiac broblasts were silenced as described above,

Prior to all stimulations, cells were kept in quiescent mediu |5¢0r seeded in 96 well plates 20,000 cellsiwell. The following
(VaSCULlfé Basal Medium 0%FCS with 1% P/S, or DMEM/F-day media was Changed to VasculifeBasal Medium (2%

12 (1:1) 0%FCS with 0.2% P/S for mouse broblasts) for 1%08, 1% P/S) preincubated for 12 h in a hypoxic chamber,

h, whereas treatments were performed in medium containing,q the cells were placed in hypoxia (FiO2 of 0.01). After
2% FCS (Vasculife Basal Medium 2% FCS with 1% P/S orpy 1 preincubated VascuLife Basal Medium (2% FCS

DMEM/F-12 (11) 2%FCS with 0.2% P/S for mouse broblasts)i% P/S) was administered together withnZurie/ml [3H]'

A target-speci ¢ siRNA sequence, directed against human Ofyymigine (American Radiolabeled Chemicals, St.Louis, USA)
mouse ABCG2 was purchased from Santa Cruz Biotechnologyjiteration rate was determined by thymidine incorpoati

(#sc-41151 (h), #sc-37054 (m), Santa Cruz Biotechnologytier 24 h as an index of DNA synthesis, measured as
Heidelberg, Germany). As control, a negative-control siRNA;gigactivity by radioactive scintillation counter (Watl

sequence was employed (#sc-37007, Santa Cruz Biotechnologysy wmicroBetaTriLux, Minnesota, USA). Experiments were
Heidelberg, Germany). Cells were transfected with sSIRNAgsi performed in quintuplicates.

Amaxa Basic Nucleofector Kit (#VPI-1002, Lonza, Cologne,
Germany). The siRNA-mediated down-regulation of the targe .

protein was assessed 48 h after transfection by quantitati\)éydroxypm“ne Assay ,

PCR and western blotting. Hypoxic treatment of the cells>!€nced human or mouse broblasts were seeded in 6 well
were carried out in an hypoxic work station from Biospherix P1ates, 200,000 cells/well. The following day, media wasgerth
(BioSpherix, Lacona, NY, USA) using fully-integrated indobg ~ ©© VascuLife' Basal Medium (2% FCS, 1% P/S for human
and work station with dynamic programmable hypoxic and non-C€llS) or DMEM/F-12 (1:1) (2%FCS with 0.2% P/S for mouse
condensing humidity control at 3T. Hypoxic exposure (FiO2 broblasts) medium preincubated for 12 h in a hypoxic chamber,

of 0.01) was used for 48 h. and cells -treated by this preconditioned media- were placed
in hypoxia (FiO2 of 0.01) for 48 h. Later, cells were harvested
Immuno uorescence and protein samples were hydrolysed in 6 M HCI at 65

Mouse heart sections were deparanised at @for 2 h for 20 h. Following incubation, the tubes were cooled to
and incubated with 0.17% (w/v) trypsin for 20 min at &  00M temperature and centrifuged for 10 min at 13,000

followed by blocking with 10% BSA in PBS for 40 min.9: Supernatants werencubated with the detection reagents
Then samples were incubated overnight atC4with anti- Provided in the kit (Quickzyme Biosciences, Leiden, The

ABCG2 (#AV43649, Sigma-Aldrich, 1:100 in 10% BSA) andletherlands) at 60C for 2 h and plate was read at 570 nm using
anti-Vimentin (Abcam #ab11256, 1:200 in 10% BSA) antitmdie SPectrophotometer.
followed by incubation with Alexa Fluor 488 and 555-labeled
antibodies for 45 min at room temperature (Life Technologies\WWestern Blot Analysis
1:500 in 0.1% BSA). Sections were counterstained witRrotein extracts of mouse ventricles or broblasts were prega
4%6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sizg-  in RIPA bu er containing protease-inhibitor and phosphatase-
Aldrich) to identify nuclear DNA. For control staining dugates inhibitor tablets (Roche, Vienna, Austria). After mechaalic
were processed without primary antibodies. disruption of tissue samples, equivalent amounts of proteirewer
Fibroblasts were grown on eight-well chamber slides andeparated on a SDS polyacrylamide gel, followed by electro-
xed by addition of 4% paraformaldehyde for 20 min at transfer to nitrocellulose membrane. Nonspecic antibody
37 C. Fixed cells were rinsed three times with PBS theiinding was blocked by incubation in 5% (m/v) non-fat dry
permeabilized with 0.1% Triton-X100 in PBS for 15 minmilk powder in TBS-T (20 mM Tris-Cl, pH 7.5, 150 mMNacCl,
at room temperature followed by blocking with 3% BSA in0.1% (v/v) Tween 20) at room temperature for 1 h. Then,
PBS for 30 min. Then the cells were incubated overnightamples were incubated overnight atC4 with antibodies:
at 4 C with anti-ABCG2 (Abcam #ab3379, 1:100 in PBS)anti-ABCG2 (#ab3380, Abcam) and amtitubulin (#ab4074,
anti-Fibronectin (Abcam #ab23750, 1:100 in 0.1% BSA)- antAbcam) for ventricular tissues, and anti-ABCG2 (#AV43649,
Vimentin (Abcam #ab11256, 1:400 in 0.1% BSA), anti-Peniost Sigma-Aldrich, Saint Louis, USA) and anti-GAPDH (#sc-25578,
(Abcam #ab14041, 1:200 in 0.1% BSA), anti-S100A4 (AbcaBanta Cruz Biotechnology, Heidelberg, Germany) for besis.
#ab27957, 1:200 in 0.1% BSA) or anti-F-actin (Life tectgield After 1 h incubation in room temperature with peroxidase-
#A34055-conjugated, 1:80 in 0.1% BSA) antibodies respégtiv labeled secondary antibody (Pierce Biotechnology, Rockford
followed by incubation with Alexa Fluor 555-labeled secamyd USA), specic immunoreactive signals were detected using
antibodies (Life Technologies, 1:1,000 in PBS, exceptif)}actEnhanced ChemiLuminescence kit (Amersham Biosciences,
for 30 min at room temperature. Cells were counterstainediwit Buckinghamshire, UK) or West Pico Substrate (Thermo
DAPI (Sigma-Aldrich) to identify nuclear DNA. For control Scienti ¢, Rockford, USA).
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RNA Extraction and Quantitative and normoxia vs. hypoxia were compared separately within
Real-Time (Q-)PCR Analysis both genotypes using Bonferroni adjusted Mann-Whitney
RNA was extracted from mouse formalin-xed paran- Test(four comparisons). For comparison of two groups, Mann-
embedded ventricle samples, using RNeasy FFPE Kit (#73544hitney U test was carried outp(< 0.05 were considered
Qiagen, Hilden, Germany). From cells RNA was extracted using{gni cant). In the gures, only the results of the applied
spin-columns of peqGOLD Total RNA isolation kit (PegLab,Post hocanalysis or the Mann-WhitneyJ test are shown to
Erlangen, Germany). Nanodrop 2000c spectrophotometé?rOVide information about intergroup contrasts. The gerlera
(Nanodrop, Rockland, USA) was used to quantify the€ ect of hypoxia and genotype is presented in the adjusted rank
concentration and the purity of the isolated total RNA.transformed two-way ANOVA Supplementary Table S2.
Extracted RNA was reverse transcribed using iScript cDNA

Synthesis Kit (BioRad, CA, USA). The nal reaction mixturesva RESULTS

incubated for 5 min at 25C, followed by 30 min at 4Z and

the reaction was terminated by heating at 85for 5 min. The ABCG2 Knockout Has No In uence on

reverse transcription reaction product was directly usedha t Hypoxia-Induced Pulmonary Hypertension

PCR reaction or stored at20 C. Gene expression was measureqn normoxia, RVSP, LVSP, systolic blood pressure, Fultonsinde
by quantitative real time PCR analysis using QuantiFasiry/v CsS)]and hematocrit showed no di erences between the
SYBR PCR Kit (Qiagen, Hilden, Germany). Reaction mixtureg, o genotypes. RVSP, Fulton index and hematocrit increased i
contained SYBR Green mastermix, forward plus reverse primeggsponse to chronic hypoxia, independent of genotype, indigati
(Supplementary Table S1), and cDNA samples. Ampli cationpat the development of hypoxic pulmonary hypertension was
was quanti ed with Lightcycler 480 system (Roche) using theot 4 ected by ABCG2. There were no interactions of hypoxia

next protocol: 1 (95 C, 5 min); 40 (95 C, 10's; 60C, 30 4nd genotype in any of these parametéFg(ires 1A-F.
s). The data for ampli cation curves were acquired after the

extension phase at 6G. After ampli cation, melting curves were . . . . . .

analyzed ch)>r validating PCR prgducts. Genes \A?ere measured %Igm (_:an'_[ Diastolic DySfunCtlon_m ABCG2
duplicates. The expression of targeted genes are showrcas KO Mice in Response to Hypoxia

values normalized to the level of Beta-2 microglobulin (Bg)m Representative RV pressure recordings obtained from right
housekeeping gene using the averaged CT values by the formi@art catheterisation are shown from wild type (WT) and

1 CT D CT(Housekeeping Gene)—CT(Gene of Interest). ABCG2 knockout (KO) mice under hypoxia Figure 2A. Under
normoxic conditions, the pressure of the right ventricle bet
Cytokine and Chemokine Measurements end of diastole (RVEDP) did not dier signi cantly between

Circulating cytokine and chemokine pro ling was performed KO and WT mice (1.12 0.29 mmHg vs. 1.69 0.12 mmHg)
on blood-derived serum samples from hypoxia-treated WT andFigure 2B). Hypoxia caused a signi cant increase in RVEDP in
ABCG2 KO mice (n:4 WT and 4 KO) using a dedicated mous&oth WT and KO mice, compared to the respective normoxic
cytokine array kit (#ARY006, R&D systems, Minneapolis, USA)ontrols { < 0.001, Supplementary Table S2). However, the
The array was performed according to manufacturer's protocok ects were signi cantly stronger in KO than in WT mice as
Briey, 50 m serum samples were mixed with the provideddemonstrated by the interaction of the factors hypoxia and
biotinylated antibody cocktail, then incubated overnigit C) ~ genotype  for interaction< 0.001,Figure 2B). Thus hypoxia
with the array nitrocellulose membrane containing duplEsbf caused diastolic dysfunction in KO mice. The time constant
antibody spots against the chemokines. The chemilumingsceff ventricular pressure decay [Tau)] did not di er between
signal produced in the following step was proportional to theany of the experimental group&igure 20), indicating that the
amount of captured cytokines. Developed X-ray Ims werediastolic dysfunction was mainly relevant in the late didist
analyzed using ImageJ software (Bethesda, Maryland, USA)ase. There was decreased mindP/dt in hypoxia independent of
Correspondent pixel densities are shown as arbitrary unitgenotypelf< 0.001Figure 2D). This is consistent with hypoxic
normalized to the given reference spots of the membranes. ~ pulmonary vasoconstriction causing larger pressure decenglu
early diastole. Similarly an increase was observed with Pvaixd
Statistical Analysis (Figure 2E Supplementary Table S2).
Numerical values are given as meanSD for all measurements. Left ventricular end-diastolic pressure (LVEDP) of WT and
Statistical analysis was performed with SPSS Statistiegaseft KO mice did not dier in normoxia but hypoxia caused
(IBM, USA: SPSS Inc.) and GraphPad Prism 5. Dierencean elevation |§ D 0.001, Supplementary Table S2). Although
according to the genotype (KO vs. WT) and the treatmenthe e ect was more pronounced in KO mice, the interaction
(normoxia vs. hypoxia) and their interactions (GxH) were between hypoxia and genotype did not reach signi canzéof
analyzed by adjusted rank transformed two-way ANOVAYs interaction D 0.11,Figure 3B), which might be due to lower
and Schumann, 20)0Due to the exploratory character of the sample sizes in these groups. In the left ventricle hypoxia had
study, nop-value adjustment was applied for the analysis of signi cant e ect on mindP/dt independent of genotype D
main e ects and interactions in the di erent parameters. For 0.013,Figure 3D). However, neither the genotype nor hypoxia
post hocanalysis of the interaction, KO and WT mice werehad any signi cant e ects on Tau or maxdP/dF{gures 3C,E
compared separately in both treatment (normoxia vs. hypoxia)Supplementary Table S2).

Frontiers in Physiology | www.frontiersin.org 5 February 2017 | Volume 8 | Article 98


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Nagy et al. ABCG2 in Biventricular Dysfunction

l Normoxia

>
w
(¢}

B Hypoxia
40+ ok ek
100+ 100~ l
ol |l . L T
=) =) =
n & I I
=3 20 o 50- E 5
2 2 i
& 10- O 7]
i 0
WT KO WT KO WT KO
D E F
0.5+ i S ** o 601 wok
0.4 0.104
7y Q 404
% 0ad = 3y
> = =
= ) k7]
S 0.24 < 0.05- T
z E 20
0.14
0.0- 0.00- 0-
WT KO WT KO WT KO

FIGURE 1 | Knocking out ABCG2 does not in uence hypoxia-indu ced pulmonary hypertension.  Bar graphs summarize(A) right ventricular systolic pressure
(RVSP)If D WT nox:9, WT HOX:9, KO nox:10, KO HOX:11)B) left ventricular systolic pressure (LVSPh© WT nox:8, WT HOX:8, KO nox:5, KO HOX:7) an¢C)
systolic blood pressure (SBP)(D WT nox:9, WT HOX:9, KO nox:5, KO HOX:11) of WT and ABCG2 KO mi@xposed to normoxia or chronic hypoxia(D) Right
ventricular hypertrophy shown by right ventricular (RV) feft ventricular plus septum (LZS) ratio) ¢ D WT nox:9, WT HOX:10, KO nox:11, KO HOX:11) an¢E) RV to
body weight (BW) ratio it D WT nox:9, WT HOX:10, KO nox:11, KO HOX:11). Percentage of bl haematocrit (Hct) levels in mice after normoxia or chronihypoxia
shown in subset(F) (hn D WT nox:7, WT HOX:7, KO nox:7, KO HOX:7). Bar graphs represemtilues as means SD (* corresponds to hypoxic treatment within

genotype; *p < 0.05, **p < 0.01, **p < 0.001).

Increased Ventricular Fibrosis in ABCG2 to visualize capillaries in RV and LV sections (see Supplementa

KO Mice under Hypoxia’ without Changes Figure S3). Interestingly, neither hypoxia, nor the lack 8iGG2
had any e ect on ventricular capillary density (see Supplementary

g‘ni?p:]ll?r%)(%en;gi were no dierences in the RV Figures S3B,C, Supplementary Table_ S2). This_indicates that

(Figures 4A.B and LV (Figures 4C,0) brosis scores of KO the observgd EDP elevation and ventr_lcular brosis may occu

mice compared to WT. Hypoxia caused a signi cant increasgomlolmeIy independent of vessel density.

in ventricular brosis scores in KO, but not in WT mice. This _. . . .

was true for the right 6 for interaction< 0.05) and for the left FiProsis-Related Genes in Ventricular

ventricle p for interaction< 0.01).Figure 4shows that brosis Tissue of Hypoxic Mice

was more pronounced in the RV but the response pattern inThe expression pro le of brosis-related molecular markers i

terms of hypoxia and genotype was the same in both ventriclethe RV and LV was investigated by Q-PCR, in order to investigat

The observed increase in RV brosis correlated signi cgntith ~ ongoing brotic processes (see Supplementary Figure S4).éAt th

RVEDP o< 0.05,R2 D 0.59, see Supplementary Figure S2). Orend of 4 weeks hypoxic treatment, when myocardial brosis was

the other hand, neither hypoxia, nor the lack of ABCG2 had anylready established, there were no signi cant changes istmo

signi cant e ect on lung brosis (Figures 4E, . of the investigated genes. In the RV, Col3Al was signi gantl
Previous studies in the transverse aortic constriction elod upregulated in ABCG2 KO mice in hypoxigp & 0.05). This

showed that mice lacking ABCG2 have reduced angiogenesisuld be due to both, hypoxia or increased RV afterload, henev

in the LV, which was associated with cardiac hypertrophyas there was no such increase in the LV, this indicates that

(Higashikunietal., 2010, 20).T o investigate the involvement of the ongoing upregulation was mainly due to the persistently

ABCG?2 on the capillary density, we stained for thrombomonuli increased afterload in the case of the RV.
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FIGURE 2 | Exacerbated right ventricular diastolic dysfunct ion in ABCG2 knockout mice in response to hypoxia. (A) Representative pressure curves
showing right ventricular pressure recordings, illustratg (arrows) end-diastolic pressure (RVEDP) alterations ABCG2 KO (dashed line) compared to WT mice
(continuous) under hypoxia. Summarized haemodynamic panaeters showing (B) RVEDP i D WT nox:7, WT HOX:7, KO nox:7, KO HOX:7),C) Tau index 0 D WT
nox:6, WT HOX:7, KO nox:7, KO HOX:7)D) mindP/dt (n D WT nox:7, WT HOX:7, KO nox:7, KO HOX:7) an¢E) maxdP/dt (n D WT nox:7, WT HOX:7, KO nox:7,
KO HOX:7) obtained from right ventricle of ABCG2 KO and WT necexposed to normoxia or chronic hypoxia. Bar graphs represet values as means SD
(Interaction p corresponds to hypoxiagenotype interaction, #corresponds to difference betweergenotypes in hypoxia, * corresponds to hypoxic treatment whin
genotype; *p < 0.05, *p ##p < 0.01).

Increased Extracellular Matrix Production broblasts expressed ABCG2 proteinFigures 6A,B. The

in ABCG2 Silenced Mouse Isolated Cardiac e ciency of our siRNA against ABCG2 was quanti ed on the
Fibroblasts under Hypoxia mRNA and protein level, and showed nearly 80% silencing
As shown in Figure 5A, ABCG2 was coexpressed with (Figl_Jre 6B). Silencing_of A.‘BCGZ did not change prima_ry
vimentin— broblastic marker in mouse ventricular tissue. cardiac broblast proliferation under normoxia or hypoxia

Cardiac broblasts (see Supplementary Figure S5) derived fro (Flggre 6Q. However, when ABC.GZ was supressed in humgn
mouse right- Figure 5B) and left ventriclesKigure 5C showed cardiac brot_)lasts th_ere was an mcrease_d collagen prodactio
increased collagen production in the absence of ABCG2 undéyﬁder_hypoxm showing signi _cant mtgracuon betvyeen ABCG2
hypoxia p < 0.05). On the other hand, silencing of ABCG2S!€ncing and treatmentp(for interaction < 0.05,Figure 6D).

did not aect the extracellular matrix production of mouse This indicates that n human primary ca.rdl'ac broblasts,
primary lung broblasts in hypoxia Figure 5D). These results ABCGZ_pIays a protective role against hypoxia-induced callage
suggest that in hypoxic mouse ventricular broblasts, -but imo production.

pulmonary broblasts- ABCG2 protects against excess catlage

production. Regulation of ABCG2 in the Stressed

. . Mouse Ventricle
Increased Extracellular Matrix Production ABCG2 expression was signi cantly increased in the RV of

in ABCG2 Silenced Human Primary Cardiac chronic hypoxia-treated micep(< 0.05,Figures 7A,B but not

Fibroblasts under Hypoxia in the hypoxic left ventricle Kigures 7C,0). Upregulation of
In human primary cardiac broblasts, the readouts werethe ABCG2 gene was observed in RVs of pulmonary artery
proliferation and the collagen production. Human cardiacbanded micefg< 0.01, see Supplementary Figure S6), suggesting

Frontiers in Physiology | www.frontiersin.org 7 February 2017 | Volume 8 | Article 98


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Nagy et al. ABCG2 in Biventricular Dysfunction

Interaction
A B p=0.11
[ I
e *
= 154
(2]
()
o = 1
o 4
© £ 104
3 E
— o 4
£ g
(% o
b % 5
b =4
Q 4
-
0-
0 50 100 150 200 —_—
Time (ms) Wr Ko
Euormo_xia
c D E ypoxia
104 0- 10000-

-5000+

0- -10000-+——m 0-

Tau index

min dP/dt (mmHg/s)
max dP/dt (mmHg/s)

I

WT KO WT KO WT KO

FIGURE 3 | Left ventricular diastolic dysfunction in ABCG2 kno ckout mice in response to hypoxia. (A)  Representative pressure curves showing left
ventricular pressure recordings, illustrating (arrows)e-diastolic pressure (LVEDP) alterations in ABCG2 KO (daed line) compared to WT mice (continuous) under
hypoxia. Summarized haemodynamic parameters showingB) LVEDP,(C) Tau index, (D) mindP/dt, and (E) maxdP/dt obtained from left ventricle of ABCG2 KO and
WT mice exposed to normoxia or chronic hypoxia.{D WT nox:5, WT HOX:7, KO nox:5, KO HOX:6) Bar graphs represenaiues as means SD (*corresponds to
hypoxic treatment within genotype; p < 0.05).

that after chronic hypoxic exposure, afterload but not hypoxidhe human chronic hypoxemic conditions. After development

regulates ABCG2 in the myocardium. of pulmonary arterial remodeling, the RV has to cope with
an increased afterload which initially results in the elewat
DISCUSSION of systolic and diastolic ventricular pressures, leadingRio

hypertrophy and nally to RV decompensatiori¢ite-Moreira

The present study investigated the role of the ABC membrangt al., 1999; Humbert et al., 2004; Martos et al., 2007; Vonk
transporter family member ABCG2 in hypoxia on cardiac andNoordegraaf and Galie, 2011; van de Veerdonk et al., 2011;
pulmonary vascular function. Our results show, that ABCG2Paulin et al., 2015 We found signi cantly increased ABCG2
knockout mice developed signicant biventricular diastolic levels in the right- but not the left ventricles of hypoxic andls.
dysfunction and brosis under chronic hypoxia. In contrast, In chronic hypoxic pulmonary hypertensive mice the RV had to
ABCG2 KO animals showed lung vascular remodeling, incaaseéadapt to persistently increased afterload in addition to hypoxi
pulmonary pressure and RV hypertrophy similar to WT mice, This might be the reason why gene expression di erences could
thus the absence of ABCG2 had no in uence on the developmerite detected only in the RV at the end of the hypoxic exposure,
of hypoxia-induced PH. These results may help in understagdi indicating a putative role of this transporter in the stresbeert.
the protective role of ABCG2 for function and structure of the This notion is also supported by an increased ABCG2 expression
heart under hypoxic conditions and raise some concern againé1 the RV of pulmonary arterial banded (PAB) mice (see
the use of speci c inhibitors for cancer therapy. Supplementary Figure S6), an animal model recapitulating

Exposure of mice to chronic hypoxia causes many of th&olely RV pressure overload observed in pulmonary
anatomic and haemodynamic alterations of the lung and thélypertension.
heart that are known from patients with chronic lung disease Incomplete ventricular relaxation at end-diastole causes
(Stenmark et al., 2009; Ryan et al., 9Q1thus recapitulates elevated lling pressure which is the main characteristic of
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FIGURE 4 | Increased ventricular brosis in ABCG2 KO mice unde r hypoxia. (A) Masson's trichrome staining shows presence of collagen (bie) in right
ventricular sections of ABCG2 KO and WT mice after normoxicrchypoxic exposure. The same is shown for the left ventricléC), and in lung tissue in subset(E).
Quanti cation shows presence of collagen in the right{B) and left ventricle(D), as well as in the lung(F). (n D WT nox:6, WT HOX:7, KO nox:7, KO HOX:7) Scale bal
indicates 50 mm. Bar graphs represent values as means SD (Interaction p corresponds to hypoxiagenotype interaction, #corresponds to difference between
genotypes in hypoxia, * corresponds to hypoxic treatment whin genotype;# p < 0.05, *p < 0.05, *p < 0.01).
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FIGURE 5 | Increased extracellular matrix production in ABCG 2 silenced mouse isolated cardiac broblasts under hypoxia. (A) Fluorescent
immunostainings indicate DAPI nuclear staining (blue)wéntin (red), ABCG2 (green) and an overlaid picture (merge)a single—plane image of the mouse ventricle.
Arrows pointing out cardiac cells coexpressing ABCG2 and wmientin. Inset represents correspondent negative control. &le barD 20 nm. Graphs represent collagen
content as percentage in mouse primary broblasts derived fsm right ventricles(B), left ventricles(C) or from lungs (D) (h D 4), and show ABCG2 mRNA expression
in correspondent broblasts after transfection with contrd siRNA or sSiABCG21G D 3). Western blot gel pictures represent protein levels of ABG2 in the respective
cells. Equalized loading was con rmed with GAPDH. Bar graphsepresent values as means SD (p < 0.05).

diastolic dysfunction. In the LV, elevated ventricular ED#? increase in EDP. Parameters describing early diastohxadbn,

a well-established indicator of heart failure and predictdr such as Tau or mindP/dt remained unchanged between
mortality (Salem et al., 2006When ABCG2 KO mice were genotypes, collectively indicating a disturbed ventricular
exposed to chronic hypoxia, we observed overt worsening dfinction exclusively at the end of diastole. Such diastolic
biventricular diastolic function, as indicated by a sigreant changes can be caused by myocardial brosis, which may
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FIGURE 6 | Increased extracellular matrix production in ABCG 2 silenced human primary cardiac broblasts under hypoxia. (A ) Fluorescent
immunostaining indicate DAPI nuclear staining (blue) andB&€G2 (red) in a single—plane image of human cardiac broblastnset represents correspondent negative
control. Scale barD 20 mm. (B) Bar graph shows ABCG2 mRNA expression in human primary cardc broblasts after transfection with control siRNA or siABG2
(n D 3). Western blot gel picture represents protein levels of ABG2 in human primary cardiac broblasts. Equalized loading @&s con rmed with GAPDH. (C) Human
primary cardiac broblast proliferation, measured by incgporation of [3H]thymidine § D 4). (D) Graph represents collagen content in human primary cardiac
broblasts, measured by hydroxyproline assayrf D 5). Bar graphs represent values as means SD (Interaction p corresponds to hypoxiagenotype interaction,
#corresponds to difference between genotypes in hypoxia™ p < 0.01).

lead to functional changes of the ventriclegin et al., 2003 shows that the hypoxia-induced structural changes in the
Extracellular matrix deposition may provide a cardioproteeti ventricular myocardium are markedly exaggerated in ABCG2
eect by increasing myocardial structural resistance KO mice, suggesting that ABCG2 protects from hypoxia-induced
protecting against elevated pressutérenning et al.,, 2000 myocardial brosis. Interestingly, the same response pattar
However, excess brosis can decrease ventricular perfocmanterms of diastolic dysfunction was found in the right andtlef
(Chiaoetal., 2002 ventricle. This suggests that hypoxi@r seand not hypoxia-
Elevated myocardial brosis is one of the main pathologicainduced changes in afterload were the main cause for elévate
features associated with diastolic heart failukéatos et al., ventricular end-diastolic pressure and myocardial brosis
2007; Rain et al., 20).3Furthermore, therapies ameliorating ABCG2 KO animals.
ventricular brosis have been shown to improve diastolic In comparison to the WT animals ABCG2 KO mice has
function (Brilla et al., 2000; Diez et al., 2002ur study elevated circulating levels of G-CSF, IL-1ra, CXCL1, and®MC
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FIGURE 7 | Increased ABCG2 expression in the stressed right v entricle of chronic hypoxic mice.  Graph shows ABCG2 gene expression in righ(A) - and left
ventricles(C) of mice exposed to chronic hypoxia§ 6 for each group). Subset(B,D) shows western blot analysis of ABCG2 in right- and left venitle homogenates
respectively from mice after exposure to hypoxia for 4 weeké D 5 for normoxia,n D 7 for hypoxia). Signal densities were quanti ed using dengimetric analysis.
(*p < 0.05).

in hypoxia (see Supplementary Figure S7). The elevation of thestress, a condition very often associated to hypoMial(er et al.,
brosis-associated cytokiness(gano et al., 2005; Dobaczewsk2019. Another elegant study suggested that ABCG2 protects
and Frangogiannis, 2009; Vicenova et al., 2009; Sahin afidm hypoxia by preventing the accumulation of porphyrins,
Wasmuth, 2013 might have also contributed to the increasedexplaining why the lack of ABCG2 increases the sensitivity to
ventricular brosis, observed in ABCG2 KO mice under hypoxia hypoxia Krishnamurthy et al., 2004 It is likely that in the
Fibroblast-mediated matrix production may lead to increise hypoxic heart, the lack of ABCG2 leads to an accumulation of
ventricular brosis which may result in elevated end-dislst ~ metabolic products, directly triggering collagen produatim
pressure, as it can be also implied by a correlation of RVEDPardiac broblasts.
with right ventricular brosis. It is well accepted that the In spite of these ndings, the development of ABCG2
excess brous tissue deposition in the heart is generally dumhibitors is being expedited, because ABCG2 provides
to increased extracellular matrix synthesis and/or prodifare multidrug resistance for tumor cells by active drug e ux,
potential of cardiac broblastsGamelliti et al., 2006 Herein  thus the bioavailability of anticancer drugs can be improved
we also showed that cardiac broblasts do express ABCGRy co-administration with ABCG2 inhibitors Kreedveld
transporter in the mouse heart. When these primary cells weret al., 2006; Wu et al., 2008Therefore, close attention to
isolated from the ventricular tissue, they showed an insegla the cardiac side e ects of this new anticancer strategy is
collagen production upon ABCG2 silencing under hypoxiawarranted, especially in hypoxemic patientsegsler et al.,
Nevertheless, broblasts from mouse lungs did not show ¢hes1996; Nieto et al., 2012; Campos-Rodriguez et al., 2013;
changes, which was in agreement with @uvivo observations Laveneziana et al., 2018nd those with ischemic heart disease.
with increased ventricular brosis in KO mice under The present ndings suggest, that ABCG2 inhibition might
hypoxia. cause adverse cardiac e ects, if it were to be used in cancer
In line with the observations in the mouse ventricular patients.
broblasts, we showed that human primary cardiac broblasts d
express ABCG2 and that its silencing signi cantly increabeit  CONCLUSIONS
collagen production under hypoxia. This indicates that theules
obtained from the mouse model might be relevant for cardiagve provide evidence that loss of ABCG2 under hypoxia
brosis and diastolic dysfunction in humans. It has beenwiio |eads to biventricular brosis and diastolic dysfunctionutb
that ABCG2 provides cytoprotective e ects under oxidativedoes not a ect the development of pulmonary hypertension.
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