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Aims In patients with pulmonary hypertension, right ventricular hypertrophy (RVH) is a detrimental condition that ulti-
mately results in right heart failure and death. The ubiquitin proteasome system has been identified as a major
protein degradation system to regulate cardiac remodelling in the left heart. Its role in right heart hypertrophy,
howevers, is still ambiguous.

Methods RVH was induced in mice by pulmonary artery banding (PAB). Both, expression and activity of the proteasome was

and results found to be up-regulated in the hypertrophied right ventricle (RV) compared to healthy controls. Catalytic inhibi-
tion of the proteasome by the two proteasome inhibitors Bortezomib (BTZ) and ONX-0912 partially improved
RVH both in preventive and therapeutic applications. Native gel analysis revealed that specifically the 26S protea-
some complexes were activated in experimental RVH. Increased assembly of 26S proteasomes was accompanied
by elevated expression of Rpné, a rate-limiting subunit of 26S proteasome assembly, in hypertrophied cardiomyo-
cytes of the right heart. Intriguingly, patients with RVH also showed increased expression of Rpné in hypertrophied
cardiomyocytes of the RV as identified by immunohistochemical staining.

Conclusion Our data demonstrate that alterations in expression and activity of proteasomal subunits play a critical role in the
development of RVH. Moreover, this study provides an improved understanding on the selective activation of the
26S proteasome in RVH that might be driven by the rate-limiting subunit Rpné. In RVH, Rpné therefore represents
a more specific target to interfere with proteasome function than the commonly used catalytic proteasome

inhibitors.
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1 . Introd uction . share the pathological feature of alterations in the pulmonary vasculature
' (remodelling)® which causes elevated pulmonary arterial pressure. The
Right ventricular hypertrophy (RVH) is of important prognostic value for  :  right ventricle (RV) adapts to this increased afterload with hypertrophy
the outcome of patients with pulmonary hypertension (PH)" and several :  (Cor pulmonale).* With progression of the disease, the adaptive hyper-
cardiomyopathies.? Although there are different causes of PH, they all * trophy of the myocardium shifts to a maladaptive state of cardiac

* Corresponding authors. Tel: +-49 641 99 42420; fax: +49 641 99 42419, E-mail: ralph.schermuly@innere.med.uni-giessen.de (RT.S.); Tel: +49 89 3187 4673;
E-mail: silke.meiners@helmholtz-muenchen.de (S.M.)

T These authors contributed equally to this work.
* Members of the German Center for Lung Research (DZL).

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author(s) 2019. For permissions, please email: journals.permissions@oup.com.

6102 Aey €1 uo Jasn wnyjibojolewseH 4S9 Aq 96/ 1S/S0LZAS/IA/E60 L 0 | /IOP/10BIISHE-0[0ILE-80UBAPE/SIOSBAOIPIRD/WOD dNo"oIWspeoe//:sdny Wwolj papeojumoq


http://orcid.org/0000-0003-0938-2431
http://orcid.org/0000-0002-8122-7033
http://orcid.org/0000-0001-8177-2085

T. Heitmeier et al.

remodelling. A pathological hallmark is the appearance of cardiac fibro-
sis.* The change in tissue structure, namely increased size of cardiomyo-
cytes and overproduction of extracellular matrix, subsequently alters
conduction of electric signals and the mechanical function of the heart.
Eventually, this results in right heart failure (RHF)® which represents one
of the most common causes of death in patients with PH.® Standard
therapies in left heart diseases have so far failed to improve RV maladap-
tive remodelling.” In conclusion, there is an urgent need for new thera-
peutic strategies to target RV dysfunction by preventing or reversing
cardiac remodelling.

One hallmark of cardiomyocyte hypertrophy is altered protein
homoeostasis that involves an overall increase in protein synthesis but
also in protein degradation.8 The ubiquitin—proteasome system is the
major systems for intracellular protein degradation.” For that, proteins
are first tagged with polyubiquitin chains and later degraded by the 26S
proteasome. The protein degrading proteasome consists of a 20S cata-
lytic core and one (26S proteasome) or two (30S proteasome) 19S reg-
ulatory caps. The 20S catalytic core forms a barrel that comprises three
catalytic active sites. In a caspase-, trypsin-, or chymotrypsin-like manner
(C-L, T-L, or CT-L), the catalytic subunits B1, B2, and B5 cleave the tar-
get proteins after acidic, basic or hydrophobic amino acids, respec-
tively."® Proteasome activators bind to the 20S catalytic core and
facilitate opening of its—usually closed—pores, and allow substrate en-
try."" Among the known five proteasome activators, the 195 regulator
(also called PA700) mediates ATP-dependent degradation of ubiquitin-
tagged proteins.'” The 195 proteasome is involved in the recognition
and binding of the protein substrate to funnel it into the, now opened,
205 core."

The ubiquitin—proteasome system is critically involved in numerous
cellular processes such as cell cycle control, transcriptional regulation,
stress and immune responses, and disposal of misfolded proteins.™ It has
been found dysregulated in numerous diseases including cancer, inflam-
mation, fibrosis, PH, and cardiomyopathies.15 The 26S proteasome has
been comprehensively analysed by proteomic analyses in samples of
whole hearts.'® Proteasome expression and activity was differentially reg-
ulated in hypertrophic vs. failing hearts; while proteasome function was
found to be up-regulated in experimental left ventricular hypertrophy
(LVH) and dilative cardiomyopathy in patients, proteasome activity was
impaired in failing left hearts.!” Specific catalytic proteasome inhibitors
have been applied in different experimental models of LVH where it suc-
cessfully counteracted development and also reversed established LVH."8
However, proteasome inhibitors accelerated progression to heart failure
in experimental models of left heart failure."? Similarly, they have re-
cently been tested in experimental models of RVH and RHF with contro-
versial results; while the proteasome inhibitor Bortezomib (BTZ)
alleviated RVH,?" proteasome inhibition partially augmented RHF.*>

In this study, we identify the activation of the proteasome as a contrib-
uting factor to development and maintenance of RVH. Specifically, we
observed activation of the 26S proteasome and overexpression of the
19S subunit Rpné in experimental RVH and in right hearts of patients
with PH. These data identify Rpné as a novel potential target to specifi-
cally interfere with 26S proteasome activation in RVH.

2. Methods

For details on the immunohistochemical, protein, activity, and RNA anal-
yses of mouse and human tissue, the reader is referred to the
Supplementary material online.

2.1 Invivo studies

All animal experiments were approved by the local ethics committee of
the Regierungspraesidium Giessen and were performed conform the
guidelines from Directive 2010/63/EU of the European Parliament on
the protection of animals used for scientific purposes. The pulmonary ar-
tery banding (PAB) surgery to provoke RVH, echocardiographic assess-
ments, and haemodynamic measurements were performed as reported
previously.”® The proteasome inhibitors BTZ [dose: 0.5 mgkg body
weight (BW)] and ONX-0912 (dose: 50 mg/kg BW) were used for pre-
ventive (BTZprev and ONXprev) and therapeutic treatment (BTZther and
ONXther) (Supplementary material online, Figure S1). Three weeks after
PAB, the mice were sacrificed and histology and protein/mRNA analysis
were performed for various targets in RV tissue. For profound details of
the model, drugs and molecular analyses the reader is referred to the
Supplementary material online.

2.2 Anaesthesia, analgesia, and euthanasia
The below described general anaesthesia via inhalation was used for
echocardiography, PAB surgery, and haemodynamic measurements.
First, the mouse was placed for about 5 min into an induction chamber
where it was exposed to a mix of 5% isoflurane and 100% oxygen
(Vetequip inhalation anaesthesia system SN: 3470). Once the righting
and the pinch-toe reflexes were negative, the mouse was placed supine
on the corresponding examining table. Next dexpanthenol was placed
onto the eyes to avoid their dehydration. A rectal probe recorded the
body temperature which was maintained at 37°C by a warming plate.
Together with chest movement and pinch-toe reflex these parameters
served as anaesthetic monitoring. Anaesthesia was maintained with 2.0%
isoflurane-oxygen mix, delivered either by nose cone (echocardiogra-
phy, haemodynamic measurements) or via tracheal tube (PAB surgery).
Ventilation was carried out at 120-150/min, a breath volume of 200250
pL and 2 L flow. PAB surgery was performed to provoke RVH by reduc-
ing the cross-sectional area (CSA) of the artery to 0.3 mm (about 66% of
original CSA). Briefly, a titanium clip was placed around the pulmonary
trunk. In the case of the sham group, the same procedure was performed
without placing a titanium clip. After PAB surgery, isoflurane was turned
off while keeping the ventilation with oxygen. The mouse was discon-
nected time and again to check if it was already breathing spontaneously.
In this case, the tube was removed and the mouse put into a cage under
an infrared lamp. The whole procedure from induction to emergence of
the anaesthesia took 25-35 min.

Concerning pain management, 30—45min before PAB surgery the
mouse received 0.1 mg/kg Buprenorphine (Temgesic, Essex Pharma
GmbH, Munich) subcutaneously (SC). For the next 48 h after surgery,
the mouse received 0.1 mg/kg buprenorphine SC BID (bis in die) and
2.0 mg/kg carprofen over the drinking water. All mice were checked daily
according to a score sheet with a special interest in the development of
clinical signs for right heart failure (inactivity, ruffled fur, dyspnoea, and
ascites).

Euthanasia took place after haemodynamic measurements; the heart
catheter was gently removed from the still anaesthetised mouse before
it was sacrificed by incision of the heart to bleed out.

2.3 Human material

Human tissue samples of RVs were obtained for routine histological
diagnostics. Paraffin sections of seven RV biopsy samples from patients
with diagnosed PH were analysed, as well as RV biopsies from three
non-PH and non-DCM controls that were investigated for suspected
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myocarditis. Tissue that was not needed any more for diagnostic
approaches was used for staining in this study. The patients gave in-
formed consent for histological and immunohistological examinations,
and the human tissue samples usage was approved by the ethics commit-
tee of the University of Tuebingen that conforms the declaration of
Helsinki. For further information on patients’ characteristics refer
Supplementary material online, Table S1.

2.4 Statistical analysis

The presented data comprise the means and standard error means
(SEM). Significance was determined by one-way analysis of variance
(ANOVA) and Newman—Keuls test. The comparison of two groups was
analysed by the unpaired t-test. Significance was defined as P <0.05.
Statistical details and sample size are indicated in the figure legends.
Finally, Pearson correlation coefficients were used for analyses of the
correlations.

3. Results

3.1 Impaired function of RV is accompanied

by structural changes

Mice that underwent PAB surgery successfully developed RVH within 3
weeks as determined by RV mass in relation to tibia length (RV/TL,
Supplementary material online, Table S2). Echocardiography revealed an
increase in both inner diameter (RVID) and wall thickness (RVWT) of
RV in PAB compared with sham (Supplementary material online, Table
$2). The relatively thin RV, compared to the left ventricle (LV) that is
used to work in a high-pressure system,”* reacts quickly with a dilatation
to the banding of the pulmonary artery. The increase in RVWT addition-
ally demonstrates the development of RVH in our mouse model. The
mice did not show any clinical signs for RHF during daily checks. To as-
sess heart function, tricuspid annular plane systolic excursion (TAPSE),
and cardiac index (Cl) were measured by echocardiography
(Supplementary material online, Table S2). Both parameters were signifi-
cantly decreased in PAB compared to sham animals indicating a deterio-
ration of heart function in PAB mice. Histology revealed an increase in
cardiomyocyte size (Supplementary material online, Table S2) as well as
in collagen content in the RV (Supplementary material online, Table $2)
of PAB mice compared to healthy controls. Taken together, these func-
tional and structural data reveal development of RVH in the absence of
heart failure in our mouse model of PAB.

3.2 Proteasome activity is increased
in RVH

The proteolytic activity of the proteasome in RV was determined using
luminescent substrates for the B1 and B5 active sites. As depicted in
Figure 1A, the caspase like (C-L), as well as the chymotrypsin like (CT-L)
activity were significantly increased by more than three-fold in PAB com-
pared to sham mice. We confirmed this pronounced increase in protea-
somal activity using a second method. The use of activity-based probes
(ABP) allows discrimination of several active sites of the proteasome
upon binding of a fluorescently labelled probe.® This ABP acts like a spe-
cific proteasome inhibitor as it covalently binds to the active-site threo-
nine of the catalytic subunits of the proteasome.?® As such, the extent of
binding of the labelled ABP is a direct measure for the number of active
sites present and can be quantified for the different catalytic subunits af-
ter separation of proteasome complexes by SDS-PAGE (Figure 1B). ABP

analysis unambiguously confirmed concerted activation of the activity of
all three catalytic subunits $1, B2, and B5 in the RV of the PAB mice com-
pared to sham. Finally, we have analysed the correlations between the
proteolytic activities of the proteasome (C-L and CT-L) and important
histological, functional, haemodynamic, and echocardiographic parame-
ters in the sham and PAB groups (Supplementary material online, Figure
§13). There was a significant positive correlation between the C-L and
CT-L, and several histological and morphometric parameters: cardio-
myocyte hypertrophy [P=0.02/r* = 0.26 (C-L and cardiomyocyte size)
and P=0.03/r* = 0.24 (CT-L and cardiomyocyte size)]; collagen content
[P=0.02/* = 0.28 (C-L and collagen content) and P=0.005/r* = 0.36
(CT-L and collagen content)]; and RVID [P=0.0008/r* = 0.48 (C-L and
RVID) and P = 0.002/r* = 0.43 (CT-L and RVID)]. In addition, we noted a
significant negative correlation between the C-L and CT-L, and TAPSE
[P =0.0009/r*=0.47 (C-L and TAPSE) and P=0.001/r* = 0.45 (CT-L and
TAPSE)]. Finally, there was no correlation between the C-L and CT-L,
and systolic blood pressure (SBP).

3.3 Proteasome inhibition attenuates
development of RVH

In order to investigate whether this increase in proteasome activity con-
tributes to the development of RVH in PAB, we applied two distinct pro-
teasome inhibitors. The reversible proteasome inhibitor BTZ has been
FDA approved in 2003 as a first generation inhibitor for the treatment of
multiple myeloma patients and was used in several preclinical models of
human diseases.”” In contrast, the carfilzomib analogue ONX-0912 rep-
resents a second-generation proteasome inhibitor. It is applied orally*®
and binds irreversibly only to the B5 active site of the proteasome.”’

Preventive treatment of PAB mice twice a week with either BTZ
(0.5mg/kg BW intraperitoneally) or ONX-0912 (50 mg/kg applied by
oral gavage) did not significantly alter the ratio of RV mass to tibia length
(RV/TL, Supplementary material online, Figure S2A and C). In contrast,
echocardiography demonstrated significant improvement of RV struc-
ture (RVID, Figure 2A and C) and function (TAPSE, Figure 2B and D), while
RV free wall thickness was not altered (RVWT, Supplementary material
online, Figure S2B and D). The ClI (Supplementary material online, Figure
S2E and G) increased slightly but significantly at constant heart rate (HR,
Supplementary material online, Figure S2F and H) only in the preventively
ONX-treated group. Histology showed that preventive treatment with
BTZ led to a reduction of cardiomyocyte size (Figure 2E), while results
did not reach significance in the ONXprev group compared with the
placebo-treated PAB group (Figure 2G). Collagen content showed a ten-
dency to decrease in the BTZ and ONX-0912-treated groups compared
with the PAB placebo control (Figure 2F and H). Constant SBP and dia-
stolic blood pressure (Supplementary material online, Figure $3) indi-
cated that both proteasome inhibitors had no considerable systemic
effects on haemodynamic parameters. However, there was a reduction
of SBP in the ONXprev group in comparison to the sham control
(Supplementary material online, Figure S3C). In summary, these findings
suggest that catalytic proteasome inhibition had beneficial effects on RV
morphology and function in experimental RVH.

3.4 Therapeutic proteasome inhibition
reduces RVH

In a next step, we tested both inhibitors for their therapeutic effects on
established RVH (BTZther and ONXther). To confirm development of
RVH in our mouse model, we performed echocardiography after 1
week of PAB surgery and compared right heart parameters to
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Figure | Increased proteasome activity upon RVH. (A) Three weeks after PAB (n = 9—11), proteasome activity assay revealed an increase in C-L, and CT-
L in hypertrophied RVs compared to the healthy control group (sham, n=9-11). (B) Representative gel showing RV extracts labelled under native condi-
tions with the ABP MV151 and separation of catalytic active subunits of the proteasome by SDS gel electrophoresis with the standard proteolytic subunits
p1, 2, and 5 and the immunoproteasome subunits 31, 52i, $5i. (C) Densitometry quantified the overall increase in catalytic activity of the proteasome in
PAB compared to sham as determined by ABP labelling and gel electrophoresis (n = 9). *Significance compared to control group (sham); Unpaired t-test

(P < 0.05). Results are presented as mean £ SEM.

echocardiographic data at baseline (Supplementary material online,
Figure S5); PAB mice had already developed pronounced changes in RV
structure and function (Supplementary material online, Figure S5). The
animals now received either BTZ or ONX-0912 as described above to
investigate the possible therapeutic effect of proteasome inhibition on
established RVH. Final echocardiography was performed 2 weeks later.
Cl and HR changed neither in BTZther nor in ONXther compared to PAB
(Supplementary material online, Figure S6E—H). As in the preventive ap-
proach, therapeutic treatment with BTZ (BTZther) significantly reduced
RVID compared to PAB (Figure 3A), while RVWT did not change
(Supplementary material online, Figure S6B). In the therapeutic ONX
group, proteasome inhibition had beneficial effects on RVH as evidenced
by significant reduction of RVID (Figure 3C) and RVWT (Supplementary
material online, Figure S6D) compared to PAB. TAPSE improved signifi-
cantly in both ONXther and BTZther (Figure 3B and D), but only ONXther
reduced RV/TL (Supplementary material online, Figure S6C). Treatment
with BTZ influenced neither cardiomyocyte size nor collagen content
(Figure 3E and F). In contrast, both histopathological parameters were sig-
nificantly reduced upon the treatment with ONX (Figure 3G and H).
Finally, BTZ treatment did not exert any systemic effects on haemody-
namic parameters (Supplementary material online, Figure S7). However,
there was a reduction of SBP in the ONXther group in comparison to the
sham and PAB controls (Supplementary material online, Figure S7C). This
finding has to be taken in consideration in the future studies, as a poten-
tial side effect. In summary, these findings suggest that therapeutic appli-
cation of proteasome inhibitors improved RV structure and function in
experimental RVH, with ONX being more effective than BTZ.

3.5 26S proteasome activity augmented in
RVH

These data support a potential therapeutic value of catalytic proteasome
inhibitors in the therapy of RVH. A major drawback of the therapeutic
application of proteasome inhibitors, however, are their systemic side
effects such as neuropathy®® and cardiac proteotoxicity.*® Targeting dis-
tinct proteasomal complexes by interfering with the assembly of the 20S

core complex and its proteasome activators was recently proposed as a
more specific approach to reduce side effects.®’ In order to better un-
derstand proteasome activation in RVH, we analysed the formation of
proteasome complexes in the right heart of PAB mice compared to
healthy controls. Western blot analysis and subsequent densitometry
revealed increased levels of the catalytic subunit B1 as well as of subunit
a3 (Figure 4A) in PAB mice. Moreover, expression of the 19S regulatory
subunits Rpt5 and Rpné was also clearly elevated in the hypertrophied
RV of PAB mice (Figure 4A). These findings were accompanied by aug-
mented activity of singly and doubly capped 26S proteasome complexes
as revealed by labelling of active proteasome complexes in native gels us-
ing the aforementioned ABPs (Figure 4B). Enhanced 26S proteasome ac-
tivity was associated with increased turnover of ubiquitinated substrates
as indicated by elevated levels of K48-polyubiquitinated proteins (Figure
4A). These data indicate that an elevation in proteasomal activity is due
to an increased activity of the 26S proteasomes which mediate ubiquitin-
dependent protein degradation in the hypertrophied RV."?

3.6 Rpné increased in hypertrophied RV

tissue

We corroborated our data by focusing on the cell-specific expression of
the 19S subunit Rpné in hypertrophied RV. Recent publications have
identified Rpné as a major regulator for the assembly and activation of
the 265 proteasome complexes.®? Cell-specific expression of Rpné in
diseased tissue may be used as a surrogate marker for elevated 26S pro-
teasome activity.>> Immunohistochemical staining for Rpné in the RV of
sham and PAB mice revealed co-localization of Rpné (red colour) with
tropomyosin (brown colour), indicating expression of Rpné in the cyto-
plasm of cardiomyocytes (Figure 5A). The staining of both Rpné and
tropomyosin was patchy in the sham group. However, in the PAB group,
Rpné as well as tropomyosin immunostaining revealed more diffuse dis-
tribution in the cytoplasm of cardiomyocytes, which might be indicative
of disease-associated phenotypic alterations of cardiomyocytes following
PAB. We observed an increase in Rpné staining in RVH of PAB mice com-
pared to healthy tissue of sham mice, which goes in line with our
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Figure 2 Preventive proteasome inhibition partly improved function and structure of RV. (A, C) Three weeks after PAB, preventive proteasome inhibition
by Bortezomib (BTZprev, n=9-11) and ONX (ONXprev, n = 9-11) significantly reduced the RVID compared to the placebo-treated group (PAB, n=9-11).
(B, D) Both proteasome inhibitors significantly increased right ventricular function as determined by TAPSE. (E, G) Preventive proteasome inhibition with
Bortezomib (BTZprev) but not ONX (ONXprev) resulted in a decrease in CM CSA compared to placebo-treated PAB controls. (F, H) Analysis of the collagen
content revealed a slight decrease in PAB mice treated with proteasome inhibitors. Staining with WGA-FITC for cardiomyocyte size measurement and Sirius
Red for collagen detection see Supplementary material online, Figure $4. $Significance compared to placebo-treated PAB group (n = 9—11). *Significance com-
pared to healthy control group (sham, n= 9-11); One-way ANOVA with Newman—Keuls test (P < 0.05). Results are presented as mean £ SEM.

quantitative western blot data for Rpné. These data suggest that elevated
expression of Rpné contributes to increased 26S proteasome activity in
hypertrophied cardiomyocytes in mice. In order to apply this finding to
human RVH, we stained biopsies of RV tissue obtained from patients
with RV cardiomyopathies for Rpné (Figure 5B). Of note, Rpné (pale red
colour) expression was again co-localized to cardiomyocytes and it was
significantly elevated in hypertrophied heart tissue of patients with RVH
(Figure 5C). Interestingly, in humans, expression of Rpné was only faint in
tropomyosin (dark red colour) expressing cardiomyocytes of normal
heart tissue, whereas it was eminently induced throughout the cyto-
plasm of tropomyosin-positive cardiomyocytes of hearts from patients
with RVH.

3.7 Effects of BTZ treatment on
proteostasis and inflammatory signalling

in RVH

BTZ treatment did not result in accumulation of K48-linked polyubiquiti-
nated proteins in the RV tissue, as compared to the control group (PAB)
(Supplementary material online, Figure ST1A). In addition, there was no

induction of autophagy upon the treatment with BTZ (LC3B)
(Supplementary material online, Figure S11B). However, the application
of BTZ significantly increased the expression of IkBa, in comparison to
the PAB control (Supplementary material online, Figure S11B).

4. Discussion

4.1 Proteasome inhibition partially reduces
RVH

Despite the success of proteasome inhibition in the field of haemato-
poietic tumours, severe side effects were reported since the first ap-
proval of BTZ in 2003 as third treatment of multiple myeloma.>*
Application over a longer period resulted in accumulation of misfolded
and non-sense proteins.34 From research on BTZ, neuropathies were
well-known,? but case reports described also signs of cardiac toxicity af-

ter the treatment with both reversible>®3°

and irreversible®® protea-
some inhibitors which reversed upon termination of therapy.>” This was
taken into consideration when designing this study by choosing a sequen-

tial design to adjust the right dose and administering both proteasome
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Figure 3 Therapeutic proteasome inhibition reduced experimental RVH. (A, C) Three weeks after PAB, therapeutic proteasome inhibition by
Bortezomib (BTZther, n =8-10), and ONX (ONXther, n = 8-10) significantly reduced the RVID compared to the placebo-treated control group (PAB, n = 8—
10). (B, D) Both proteasome inhibitors significantly increased right ventricular function as determined by TAPSE. (E, G) Therapeutic proteasome inhibition
with ONX (ONXther, n=8-10) but not BTZ (BTZther, n=8-10) led to a significant decrease in CM CSA compared to placebo-treated PAB controls (PAB,
n=8-10). (F, H) Collagen content significantly decreased in RV that had been treated therapeutically with ONX (ONXther, n=8-10, H), but not in BTZ-
treated RV (BTZther, n=8-10, F). Staining with WGA-FITC for cardiomyocyte size measurement and Sirius Red for collagen detection see Supplementary
material online, Figure S8. Significance compared to placebo-treated control group (PAB, n = 8-10). *Significance compared to healthy control group (sham,
n=8-10); One-way ANOVA with Newman—Keuls test (P < 0.05). Results are presented as mean £ SEM.

inhibitors only twice weekly. We carefully chose inhibitor doses that
were non-toxic and would allow prolonged and repeated treatment
without inducing any off-target effect. Several reports applied BTZ in
mice at higher doses and for longer time points without observing toxic-
side effects.®®**° Regarding the dosing of ONX, we applied a low dose
and repetitive dosing based on data from our lab and others.*'**

The groups of Hedhli** and Stansfield* had reported that protea-
some inhibition in experimental LVH not only decreased, but also pre-
vented cardiac remodelling. Our data for RVH provide evidence that
treatment with BTZ or ONX only partially improves RV function and
structure, suggesting that partial proteasome inhibition in the beginning
of RVH may at least delay the development of RHF. Proteasome inhibi-
tors have also been shown to exert anti-fibrotic effects in hearts at non-
toxic doses.* It is thus well feasible that slightly reduced fibrotic remod-
elling as observed in our PAB model of RVH contributes to the overall
protective effects of BTZ and ONX in our study. On the molecular level,
the applied inhibitor doses did not induce pronounced accumulation of
polyubiquitinated proteins in the RV (Supplementary material online,
Figure S11A) and also did not result in a compensatory induction of
autophagy (Supplementary material online, Figure S11B),* suggesting
that indeed the proteasome is only partially inhibited. The beneficial

effects of partial proteasome inhibition have previously been discussed."
Of note, BTZ treatment induced accumulation of the NF-kB inhibitor
IkBo—but not IkBf—in the RVs of BTZ-treated mice indicating sup-
pression of inflammatory NF-kB signalling, a well-established effect of
proteasome inhibition (Supplementary material online, Figure $11B).*” It
is tempting to speculate that this reduced activation of NF-xB contrib-
utes to the anti-hypertrophic effects of BTZ in our study, as suggested
for left heart hyper‘crophy.“s'49 Interestingly, we observed that ONX was
more efficient in recovering RVH function and structure than BTZ. This
effect might be related to the distinct pharmacologic features of the bor-
onate inhibitor BTZ and the o, B-epoxyketone inhibitor ONX-0912.%°
While BTZ reversibly inhibits both the chymotrypsin- and caspase-like
activity, ONX-0912 is selective for the chymotrypsin-like activity which
it inhibits irreversibly.”” Moreover, off-target effects have been described
for BTZ but are not evident for the ONX-0912 analogue carfilzomib
which has also recently been approved for treatment of multiple mye-
loma.?’ These distinct pharmacological features of the two applied pro-
teasome inhibitors BTZ and ONX-0912 may thus account for the
observed effects as supported by our previous comparative study on
lung fibrosis.*" A comparative analysis on the therapeutic effects of re-
versible vs. irreversible proteasome inhibitors on heart function, like in
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Figure 4 Augmented 26S proteasome activity in RVH. (A) Three weeks after PAB, western blotting of murine RV tissue (PAB, n = 6) revealed an increase
in the proteasomal subunits a3, B1, Rpt5, and Rpné as well as in K48-linked polyubiquitinated proteins (K48-Ubi) compared to the control group (sham,
n = 6). For quantification see densitometric analysis of subunit expression, normalized to the respective f3-actin loading control. (B) Labelling of RV extracts
with the ABP MV151 and subsequent native gel analysis revealed an increase in the singly and doubly capped 26 and 30S proteasome complexes compared
to sham. For densitometric analysis, signals for 26S, 30S, and 20S complexes were determined and compared to that of sham controls (n = 9-12). 20S cata-
lytic core proteasome; 30S proteasomes contain two regulatory 19S caps at both sides of the 20S catalytic core while 26S proteasomes contain only one 19S
cap on one 20S proteasome. *Significance of PAB compared to healthy control group (sham); Unpaired t-test (P < 0.05). Results are presented as

mean + SEM.

our study, has not been performed before and adds to the understanding
of the differential effects of distinct proteasome inhibitors.

4.2 Proteasome activity increased in RVH

We provide evidence that the catalytic activity of the proteasome
increases in experimental RVH. This is in contrast to two other studies
reporting a decrease in proteasome function; Rajagopalan et al>' ob-
served that proteasome activity was decreased in mice with PAB in-
duced RVH. This was associated with up-regulation of key regulators for
the UPS such as several E3 ligases and the 19S subunit Rpt5. Fessart et
al?* also observed an impairment of the proteasome system in rats with
hypoxia- or monocrotaline-induced RVH. Importantly, both studies ana-
lysed animals that had developed clinical signs of RHF in contrast to our
model of RVH. We thus hypothesize that proteasome function in RVH
vs. RHF is related to the extent of maladaptive cardiac remodelling. This
has also been suggested for the left heart: in TAC-induced left heart hy-
pertrophy, Ranek et al.>* observed an increase in the activity of the pro-
teasome within 2 weeks. Heart function and proteasome activity,

however, deteriorated within the following weeks until heart failure
eventuated. Tsukamoto et al.>® corroborated this finding in experimental
LVH and in LVH samples of patients with heart failure. These data indi-
cate that the activity of the proteasome is related to the stage of myocar-
dial remodelling with enhanced activity upon adaptive hypertrophic
remodelling and loss of proteasome function accompanying progressive
heart failure. We propose that this concept also holds true for right
heart remodelling; adaptive RVH is accompanied by an increase in pro-
teasomal activity, whereas at later stage of maladaptive cardiac remodel-
ling not only heart but also proteasome function deteriorates.
Accordingly, proteasome inhibitors may have opposite effects, depend-
ing on the stage of cardiac remodelling. During adaptive cardiac remodel-
ling they act protective and even reverse right and left heart remodelling,
while at maladaptive remodelling catalytic proteasome inhibitors will
have detrimental effects. Any further inhibition of the proteasome will
then result in cardiac proteotoxicity and provoke a hypertrophied right
heart to fail.>* According to this concept, determination of proteasome
activity in RV or LV biopsies emerge as a novel discriminating marker for
defining progressive stages of heart dysfunction with the potential to
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Figure 5 Expression of Rpné in normal and diseased hearts of (A) mice and (B) humans. (A) PAB was used to induce RVH in mice. Mice with RVH revealed
cytoplasmic overexpression of Rpné in cardiomyocytes (red stain, upper row) which were identified in a parallel section with the cell-specific marker protein
tropomyosin (brown stain, lower row). (B) Tropomyosin-expressing cardiomyocytes (dark red stain, lower row) from patients with RVH showed diffuse cy-
toplasmic overexpression of Rpné (pale red stain, upper row) as compared to normal hearts. (C) Semi-quantitative analysis of Rpné expression in human
samples is shown. Unpaired t-test (P < 0.05). Results are presented as mean = SEM (n = 3-7).

define a personalized therapeutic regimen for patients with PH or
cardiomyopathies.

4.3 Increased assembly of the 26S

proteasome in RVH

Our analysis of proteasome expression and function revealed that the in-
creased proteasome activity in hypertrophied RV can be ascribed to aug-
mented formation and activity of 26S proteasome complexes. Activation
of 26S proteasomes was accompanied by an increased turnover of poly-
ubiquitinated substrates as shown previously.® This finding is also in line
with the recently described positive feedback of the mTOR pathway to
the proteasome that links increased protein synthesis to activation of
proteasomal protein degradation.54 In this study, Zhang et al>* demon-
strated mTOR-dependent transcriptional activation of the proteasome
via the transcription factor Nrf1. In contrast, we were unable to observe
concerted induction of proteasomal gene expression on the mRNA
level. The only proteasomal gene that we found transcriptionally acti-
vated in experimental RVH was the 19S regulatory subunit Rpné
(Supplementary material online, Figure $9). Of note, this subunit has

been proposed to act as a structural clamp that stabilizes the interaction
of the 195 regulatory complex with the 20S catalytic core.>” In line with
these structural data, Rpné has been identified as a rate-limiting subunit
for regulating assembly of 26S proteasomes in differentiating embryonic
stem cells and myofibroblasts.>**3 The particular role of Rpné for the ac-
tivation of 26S proteasome function is also supported by the recent ob-
servation that phosphorylation of Rpné by protein kinase A enhances
assembly of 265 proteasome complexes.>® Taken together, these data
strongly support the notion that Rpné is a potential marker for enhanced
26S proteasome activity. In line with this concept, increased 26S protea-
some activity was accompanied by Rpné overexpression in hypertro-
phied RVs of PAB mice with predominant localization to hypertrophied
cardiomyocytes as determined by quantitative western blot and semi-
quantitative immunohistochemistry analysis. We also observed Rpné to
be highly expressed in hypertrophied cardiomyocytes in RV of human
patients. This finding opens the possibility that immunohistochemical de-
tection of Rpné might be used as a surrogate biomarker for elevated
proteasome activity in order to discriminate progressive stages of heart
dysfunction as proposed above.
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Moreover, identification of Rpné as an important regulator for 26S
proteasome activity suggests that this subunit might serve as a novel dis-
tinct target to specifically interfere with 26S proteasome activation.
Indeed, genetically induced overexpression of Rpné conferred resistance
of Caenorhabditis elegans worms to proteotoxic stress.>” Conversely, si-
lencing of Rpné altered differentiation of human embryonic stem cells>>
and counteracted TGFf-induced myodifferentiation of human lung
fibroblasts.>® These studies suggest that targeting the assembly of the
19S complex via Rpné might provide a more specific approach to inter-
fere with hypertrophy-associated 26S proteasome activation compared
to the indiscriminate inhibition of all proteasome complexes using cata-
lytic proteasome inhibitors.

5. Conclusion

Our study revealed that

® proteasome expression and activities increased in experimental RVH,

® proteasome inhibition had beneficial therapeutic effects on RVH with
ONX-0912 being more potent than BTZ, and

® 26S proteasome formation increased via the regulatory unit Rpné,
making Rpné a more specific target for proteasome interference than
catalytic inhibition.

To the best of our knowledge, we provide for the first time evidence
that there is an up-regulation of Rpné in experimental RVH. Moreover,
Rpné was found when investigating RV tissue of human hypertrophied
hearts, indicating the relevance of this animal model to the human situa-
tion. Future investigations can focus on Rpné as new, more specific ther-
apeutic target for proteasome interference.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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