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ARTICLE INFO ABSTRACT

Keywords: Transforming Growth Factor Beta (TGF-p) is a master regulator of cardiac fibrosis, in part through the type II
Fibrosis TGF-p receptor (TGFBR2) which initiates signaling after ligand binding. We previously identified the co-
TGF-p signaling chaperone protein Bel2-associated athanogene (BAG3) as a modulator of TGFBR2 through ubiquitination and
2::;‘:’ac fibroblast proteasomal degradation. However, the E3 ligase of TGFBR2 was not known. Using induced pluripotent stem
HSP70 cell-derived cardiac fibroblasts, we identified C-terminal interacting protein of HSP70 (CHIP) as an E3 ubiquitin
E3 ligase ligase utilized by BAG3 for TGFBR2 degradation in cardiac fibroblasts. Overexpression of CHIP significantly

decreased TGFBR2 stability, while inhibition of CHIP led to increased sensitivity to TGF-p and subsequent
promotion of a fibrogenic program. Further, the BAG3-HSP70 interaction was crucial to this process, as
disruption of the axis increased TGFBR2 stability and sensitivity to TGF-f signaling. Together, these findings
demonstrate that the BAG3-HSP70-CHIP axis controls TGF-f signaling in cardiac fibroblasts and could serve as a

new therapeutic target for cardiac fibrosis.

1. Introduction

Pathological fibrosis, the process of excessive extracellular matrix
deposition, is a histological hallmark of end-stage cardiovascular dis-
eases, from ischemic heart disease to genetic cardiomyopathies [1,2].
Damaged cardiomyocytes are replaced by fibrotic scar, which leads to
reduced tissue compliance, decreased mechanical function, and accel-
erates the progression to heart failure [1]. The Transforming Growth
Factor p (TGF-p) pathway is a well-studied master regulator of fibrosis
[3,4]. TGF-B is involved in many cellular processes, including prolifer-
ation, apoptosis, cell growth, and homeostasis [4,5]. The initiator of all
signaling within this pathway is the transmembrane type II TGF-p re-
ceptor (TGFBR2). Interactions of TGF-§ ligand and TGFBR2 result in
dimerization with the TGFBR1 co-receptor and downstream substrate
phosphorylation events, including SMAD2 and SMAD3, which upregu-
late transcription of several pro-fibrotic genes, including collagen 1
(COL1A1) [6].

Control of the TGF-f pathway is tightly regulated by various

mechanisms, such as protein degradation, which is facilitated by the
ubiquitin system. Ubiquitination occurs through the cascade of three
separate enzymes: the E1 ubiquitin-activating enzyme, the E2 ubiquitin-
conjugating enzyme, and the E3 ubiquitin ligase. Within this system, the
specificity and complexity of ubiquitination is derived from the E3
ligase, which selects the substrate for ubiquitination [7]. The number of
each enzyme type demonstrates this clearly: in humans, there are only
two known E1 enzymes, approximately 40 E2 enzymes, and over 600 E3
ligases that have been identified. Within the TGF-f signaling pathway,
researchers have identified E3 ligase WWP2 as a mediator of degrada-
tion of SMAD2 [8], and the C-terminal interacting protein of HSP70
(CHIP) as a mediator for the degradation of SMAD3 [9]. Additionally,
SMAD ubiquitin regulatory factor 1 (SMURF1) and SMURF2 are E3 li-
gases for SMAD1 and SMADS5 [10].

Bcl2-associated athanogene 3 (BAG3) is a regulator of cardiac pro-
teostasis. BAG3 is a co-chaperone protein that forms a complex with
client proteins and heat shock protein 70 (HSP70) [11]. Loss-of-function
variants of BAG3 give rise to cardiomyopathies [12-14]. Moreover,
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BAG3 levels are diminished in patients with non-genetic heart failure
[15-17]. In cardiomyocytes, BAG3 is responsible for the turnover of
several sarcomere proteins at the Z-disk, including Filamin-C
[16,18,19]. In recent work, we identified BAG3 as a regulator of
TGFBR2 degradation through the proteasomal pathway within cardiac
fibroblasts. Loss of BAG3, therefore, increased TGFBR2 levels and sub-
sequent TGF-f signaling and fibrosis [17].

However, BAG3 lacks intrinsic E3 ligase activity. Rather, it recruits
E3 ligases for protein disposal. The E3 ligase through which BAG3 reg-
ulates TGFBR2 is not known. In this study, we utilized our established
model of BAG3 in iPSC-derived cardiac fibroblasts to identify CHIP as an
E3 ligase that BAG3 recruits to modulate TGFBR2 degradation. We also
found that the BAG3-HSP70 axis is critical to this process. Together, we
show that disruption of the BAG3-HSP70-CHIP axis leads to the pro-
gression of cardiac fibrosis.

2. Methods
2.1. 2.1 iPSC culture

Human induced pluripotent stem cells (iPSC) were maintained in
mTeSR Plus medium (Stem Cell Technologies) with 1 % penicillin/
streptomycin (Gibco) on Matrigel-coated plates and passaged every 3-4
days using 0.5 mM EDTA and treated with 5 pM Rock inhibitor (RI) for
one day after passaging. The male isogenic wild-type and BAG3 knock-
out (BAG3™/7) WTC [20] lines of iP§ cells were obtained from Dr. Bruce
Conklin by MTA between Columbia University and the Gladstone
Institute.

2.2. Cardiac fibroblast differentiation and culture

The wild-type and BAG3 KO iPSCs were differentiated into cardiac
fibroblasts (iCFs) using an established protocol [21]. Briefly, iPSCs were
replated at a density of 1.5E06 cells per well in a 6-well plate in mTeSR
Plus with RI and refreshed to mTeSR Plus the following day. Two days
after the initial replate, the cardiac progenitor cell differentiation was
initiated by switching to chemically defined medium with 3 components
(CDM3) [22]. The cells were subjected to 4-8 pM CHIR9902 (Tocris) for
1 day, CDM3 for 1 day, and CDM3 with 2 pM Wnt-C59 (Tocris) for 2
days. On day 5, the cells were dissociated using Accutase (Stem Cell
Technologies) and replated at 20,000 cells/cm? on Matrigel-coated 6
well plates in Advanced DMEM with 2 pM retinoic acid, 5 pM CHIR, and
5 pM RIL. On Day 6, the medium was refreshed to Advanced DMEM +5
pM CHIR and 2 pM retinoic acid for two days. On Day 8, cells were
transferred to Advanced DMEM, and then cultured from Day 11 to Day
14 in Advanced DMEM with 2 pM SB431542 (Tocris). On Day 14, cells
were split at a density of 10,000/cm? into a Fibroblast Growth Medium 3
(Promocell) supplemented with 20 ng/mL FGF2 (Peprotech) and 10 pM
SB431542 until Day 20. Differentiated cardiac fibroblasts were main-
tained in Fibroblast Growth Medium 3 (FGM3) and cultured up to pas-
sage 4.

2.3. Transfection of siRNA and plasmids

Transfections were performed on iCFs that were approximately
50-70 % confluent. siRNA of CHIP (Thermofisher, ID: 195025) and
WWP2 (Thermofisher, ID: 200486) were transfected using Lipofect-
amine RNAiMAX following manufacturer's protocol. DNA constructs of
FLAG-tagged full-length BAG3 and BAG3 lacking the functional do-
mains, as well as the V5-tagged TGFBR2, and MYC-tagged CHIP and
WWP2 used in this study were purchased from and cloned by Vector-
builder (www.vectorbuilder.com). V5-PRKAR1A was previously pub-
lished [23]. DNA plasmids were transfected using Viafect (Promega)
following manufacturer's protocol with a ratio of 6:1 transfection re-
agent to plasmid (v/w).
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2.4. Luciferase assay

Cells were transfected with SBE4-Luc (Addgene #16495) and pRL
(Promega E2261) at a 1:1 ratio using Viafect as described. 24 h after
transfection, media was refreshed with or without 10 ng/mL TGFp1
(Peprotech 100-21C). 24 h later, luciferase activity was analyzed using
the Dual-Glo Luciferase Assay Kit (Promega E2920) according to the
manufacturer's instructions, using the Synergy H1 Plate Reader
(BioTek).

2.5. Treatments of iCFs

iCFs were treated with 10 ng/mL TGF-p1 (Peprotech) for 15 min up
to 48 h. The cells were subjected to 1 pM JG-98 (Selleck Chemicals) or
the equivalent volume of DMSO for 48 h.

2.6. Western blot

Protein samples were obtained by adding Pierce IP Lysis Buffer
(Thermofisher #87787) containing protease and phosphatase inhibitors
(Thermofisher #78442) on iCFs and scraped into the plate. The collected
lysate was intermittently vortexed for 20 min while remaining on ice.
Cell debris was removed by centrifugation of the lysate at 16,000g for 10
min.

The protein content in the supernatant was quantified using the
Pierce BCA kit (Thermofisher). Lysates were mixed with 4x Laemmli
buffer and boiled at 95 °C for 5 min and 15 pg total protein was loaded in
a 4-20 % Tris-glycine gel (Thermofisher, XP04205BOX). The gels were
transferred onto 0.2 pm nitrocellulose membranes and blocked in 5 %
non-fat dry milk. Incubation with primary antibodies was done over-
night at 4 °C in 5 % BSA in TBS with 0.1 % Tween 20 (TBST).

The following primary antibodies were used: phospho-SMAD2 (Cell
Signaling Technologies, #3108, 1:1000), total SMAD2/SMAD3 (Cell
Signaling Technologies, #3102, 1:1000), phospho-SMAD3 (Cell
Signaling Technologies, #9520, 1:500), phospho-p38 (Cell Signaling
Technologies, #4511, 1:1000), total p38 (Cell Signaling Technologies,
#8690, 1:1000), V5 (Cell Signaling Technologies, #13202. 1:1000),
MYC (Cell Signaling Technologies, #2272, 1:1000), WWP2 (Pro-
teintech, #12197-1-AP, 1:1000), HSPB8 (Proteintech, #15287-1-AP,
1:1000), BAG3 (Proteintech, #10599-1-AP, 1:3000), HSP70 (Pro-
teintech, #10995-1-AP, 1:2000), TGFBR2 antibody (Thermo Fisher
Scientific, 701,683, 1:250 in TBST), and CHIP (Santa Cruz, #sc-133,083,
1:100), HRP-conjugated p-actin (Cell Signaling Technologies, #5125,
1:1000), and HRP-conjugated GAPDH (Cell Signaling Technologies,
#3683, 1:1000).

The next day, the membranes were washed and blotted with an HRP-
linked mouse or rabbit secondary antibody (1:5000) in milk for 1 h at
room temperature. Western blot membranes were imaged on a Licor
Odyssey Fc system, after incubation with ECL, and band intensity was
quantified in the ImageStudio Lite Software (v5.2). For blots involving
the detection of endogenous TGFBR2, whole-cell lysates were prepared
following the protocol detailed in our previous study [17]. Briefly, cells
were lysed in 1 % sodium dodecyl sulfate in 10 mM Tris-HCl buffer
containing 1 mM sodium orthovanadate boiled for 20 min, and ho-
mogenized by passing through a 26.5-gauge needle 10 times. After
centrifugation at 16,000g for 10 min, the supernatant protein concen-
tration was measured with BCA, to obtain 40 ug per lane and mixed with
4x Laemmli buffer.

2.7. Immunoprecipitation

For all immunoprecipitation studies, samples were lysed in a custom
buffer (MS lysis buffer) containing 0.5 %(v/v) NP-40 detergent, 150 mM
sodium chloride, 10 mM potassium chloride, 1.5 mM magnesium chlo-
ride, and 10 mM Tris-HCl buffer supplemented with protease and
phosphatase inhibitors. Lysate was placed on ice for 20 min with
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intermittent vortexing, and centrifuged at 16,000g for 10 min at 4 °C.
The supernatant was removed to a clean tube and protein concentration
quantified with Pierce BCA Kit (ThermoFisher). Each immunoprecipi-
tation reaction contained 300-500 pg of equivalent protein.

FLAG (Sigma M8823) and MYC (Pierce #88842) conjugated mag-
netic beads were used for immunoprecipitation, according to the man-
ufacturer's protocol. Briefly, 20 pL of beads were used per reaction and
incubated with samples overnight at 4 °C. The next day, beads were
washed with MS lysis buffer 10 times, eluted in 0.1 M glycine-HCI pH 2.8
for 25 min with agitation, and quenched in 1 M Tris-HCI. Samples were
reduced in 4x Laemmli and boiled for 5 min at 95 °C for subsequent
Western Blot.

2.8. Chase studies

Control samples were washed in PBS and subsequently lysed on the
plate in 2x Laemmli buffer and boiled for 20 mins at 95 °C. iCFs were
subsequently treated with 50 pg/mL cycloheximide (Sigma C4859) in
FGMS3 and lysed similarly at timepoints 1 h, 3 h, and 6 h. The samples
were boiled for 20 min at 95 °C and stored at —20 °C or directly used for
Western Blot.

2.9. Immunofluorescence

Cells were fixed by 4 % formaldehyde (Sigma, Cat no. 252549) in
PBS for 15 mins at room temperature and subsequently washed three
times for 5 mins with PBS. Afterwards, samples were permeabilized in
0.25 % (v/v) Triton X-100 (Sigma-Aldrich, Cat no. T8787-250ML) for 10
mins at room temperature and blocked using the blocking buffer con-
sisting of 10 % (v/v) FBS in PBS for 1 h at room temperature under
gentle shaking. The primary antibodies were diluted in 5 % BSA in PBS
and incubated overnight at 4 °C. The primary antibodies used were anti-
Rabbit Collagen I (1:1000, Abcam, ab34710), anti-Mouse ASMA (1:500,
Abcam, ab7817), anti-chicken Vimentin (1:1000, Abcam, ab24525),
anti-Mouse Ki67 (1:1000, Cell Signaling Technologies, #9449S). The
next day, samples were washed three times for 5 mins in DPBS. The
secondary antibodies (Goat anti-Mouse IgG Alexa Fluor 594, Invitrogen;
Goat anti-Rabbit IgG Alexa Fluor 647, Invitrogen, Goat anti-Chicken IgG
Alexa Fluor 388, Invitrogen) were diluted 1:2000 in 5 % BSA in PBS and
incubated for 60 min at room temperature in the dark under gentle
shaking. Subsequently, three washes of 5 mins in DPBS were performed.
The samples were counterstained using DAPI (1:1000 in DPBS, BD
Pharmingen). Samples were imaged using the Nikon Al Confocal Mi-
croscope. The percentage of proliferative cells was determined by the
number of Ki67-positive nuclei compared to DAPI-stained nuclei, as
analyzed by CellProfiler [24].

2.10. RT-gPCR

mRNA was isolated from treated cells in a 12 wells plate using the
RNeasy Mini Kit (Qiagen, Cat no. 74106) according to the manufac-
turer's instruction. RNA quality was ensured with proper 260/230 ratio
between 1.8 and 2.2 using the NanoDrop One (Thermofisher). cDNA
samples were obtained from 1 pg RNA using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Cat no. 4368813) ac-
cording to the manufacturer's instructions. Reverse transcriptase quan-
titative polymerase chain reaction (RT-qPCR) was performed with 5 ng
cDNA per sample, 10 pM of forward and reverse primer (see Table 1),
and Fast SYBR Green Master Mix (Applied Biosystems, Cat no. 4385612)
in a 96 wells plate (Applied Biosystems, Cat no. 4346906). Thermal
cycling was performed in a StepOne Plus Real Time PCR System
(Applied Biosystems) using 40 cycles of two-step PCR protocol of 95 °C
melting for 3 s and 60 °C annealing and extension for 30 s, prior to an
initial hot start at 95 °C for 20 s.
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Table 1
Primer sets for RT-qPCR.

Gene of Interest Oligo Sequence (5' - 3")

p-ACTIN Fw CACCATTGGCAATGAGCGGTTC
B-ACTIN Rev AGGTCTTTGCGGATGTCCACGT
ACTA2 Fw CCGACCGAATGCAGAAGGA
ACTA2 Rev ACAGAGTATTTGCGCTCCGAA
COL1A1 Fw GATTCCCTGGACC TAAAGGTGC
COL1A1 Rev AGCCTCTCCATCT TTGCCAGCA
CHIP Fw AGGCCAAGCACGACAAGTACAT
CHIP Rev CTGATCTTGCCACACAGGTAGT
FN-EDA Fw TCCAAGCGGAGAGAGT
FN-EDA Rev GTGGGTGTGACCTGAG
IL-11 Fw GGACCACAACCTGGATTCCCTG
IL-11 Rev AGTAGGTCCGCTCGCAGCCTT
LOX Fw GATACGGCACTGGCTACTTCCA
LOX Rev GCCAGACAGTTTTCCTCCGCC
TIMP1 Fw GAGAGACACCAGAGAACCCAC
TIMP1 Rev CCACAGCAACAACAGGATGC
TIMP3 Fw ACCGAGGCTTCACCAAGATG
TIMP3 Rev CATCATAGACGCGACCTGTCA

2.11. Total collagen secretion assay

Supernatants of iCFs cultured on soft 8 kPa plates were collected, and
collagen was concentrated using a concentrating solution (Chondrex
#90626) according to the manufacturer's instructions. Secreted collagen
was measured using Sirius Red Total Collagen Detection Kit (Chondrex
#9062) from the absorbance at 530 nm, using the Synergy H1 Plate
Reader (BioTek).

2.12. Collagen ELISA

Collagen I al concentration was determined using ELISA (Abcam,
ab210966), according to manufacturer's protocol. Briefly, the superna-
tant of iCFs cultured on soft 8 kPa plates treated with DMSO or JG-98,
respectively, was diluted 1:1000 in sample diluent. Absorbance was
measured at 450 nm using the Synergy H1 Plate Reader (BioTek). The
collagen I ol concentration was subsequently normalized to the cell
density as determined by BCA assay (Pierce).

2.13. Analysis of global mass spec data

Detailed methods of BAG3 interactome assessment and generation of
the dataset is available in our prior study [17]. Briefly, wild-type BAG3
containing a 3x FLAG tag and an empty vector were overexpressed in
BAG3~/~ iCFs. BAG3 was immunoprecipitated using FLAG beads and
the eluate was sent for mass spectrometry analysis. Significantly
changed protein abundances were determined by t-test analysis (FDR <
0.01) to identify proteins demonstrating statistically significant changes
in abundance.

2.14. Statistical analysis

Statistical significance was evaluated by a Student's t-test, one-way
ANOVA followed by Bonferroni's post-hoc test, or a two-way ANOVA
followed by Sidak's post-hoc test after confirming normal distribution by
the Shapiro-Wilk test with « = 0.05, using GraphPad Prism 10.4.0
(GraphPad Software, La Jolla, CA). For non-Gaussian distributed sam-
ples, we performed the Kruskal-Wallis test followed by Dunn's test to test
for statistical differences. The p-value of less than 0.05 was considered
statistically significant. P-values are displayed in the graphs. Error bars
indicate standard deviation. Specific statistical analysis per graph is
indicated in the figure captions.
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3. Results

3.1. CHIP is identified as E3 ubiquitin ligase of TGFBR2
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ubiquitination, we hypothesized that the specific E3 ligase of TGFBR2
functions in close proximity to BAG3. We explored our existing inter-
actome data of FLAG-tagged BAG3 overexpressed in BAG3™/~ cardiac
fibroblasts derived from induced pluripotent stem cells (iCFs) [17]. We

Given that direct ligase-substrate binding is required for identified five candidate E3 ligases: CHIP/STUBLI (referred to as CHIP),
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Fig. 1. CHIP is identified as an E3 ligase of TGFBR2 in iCFs. A) Proteomic analysis of BAG3 immunoprecipitation identified the high-confidence interactors with
BAG3 in iCFs, including several E3 ligases. B) Silencing of CHIP and WWP2 and their effects on V5-TGFBR2 levels on Western Blot. C) Densitometry quantification of
V5-TGFBR2 levels upon silencing of CHIP or WWP2. Significance indicated by one-way ANOVA with post-hoc Dunnett's. Error bars represent the mean with standard
deviation. D) Cycloheximide chase studies over the course of 6 h of V5-TGFBR2 upon overexpression of an Empty Vector, MYC-CHIP, or MYC-WWP2 construct on
Western Blot. E) Densitometry quantification of V5-TGFBR2 degradation rate from (D), normalized to 0 h per condition. Significance indicated by two-way ANOVA
with post-hoc Sidék. p-values less than 0.05 are considered statistically significant. In all experiments, n = 3 biological triplicates, where n indicates a single well

of cells.
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HECW1/2, RNF149, RNF213, and WWP2 (Fig. 1A). Based on previous
reports, CHIP and WWP2 were the likely candidates for the E3 ligase and
we selected these for further study [8,25,26].

To identify the turnover and levels of TGFBR2, we overexpressed V5-
tagged TGFBR2 in wild-type iCFs. We confirmed that the V5-TGFBR2
was functional in the TGF-f signaling pathway, as evidenced by the
increased activity of an SBE4 luciferase reporter (Supplementary
Fig. 1A). To study the candidate E3 ligases of TGFBR2, we co-transfected
V5-TGFBR2 and siRNAs targeted to WWP2 and CHIP (Supplementary
Fig. 1B, C). Interestingly, silencing CHIP resulted in significant upre-
gulation of V5-TGFBR2 protein expression, whereas silencing WWP2 did
not increase V5-TGFBR2 levels significantly (Fig. 1B, C). To exclude the
possibility of the lysine residue in the V5 tag as a possible site for
ubiquitination that would interfere with the assay, we further co-
transfected siRNAs with a V5-tagged unrelated gene (PRKARIA)
plasmid and demonstrated that the expression of this construct did not
change upon silencing of CHIP and WWP2 (Supplementary Fig. 1D).

We next examined the effects of CHIP and WWP2 overexpression on
the stability of TGFBR2. By inhibiting protein translation with cyclo-
heximide (CHX), we assayed the stability and degradation of V5-
TGFBR2 levels over time. Overexpression of CHIP significantly accel-
erated the degradation rate of TGFBR2, while overexpression of WWP2
did not have an effect compared to the empty vector control (Fig. 1D, E).
Together these knockdown and overexpression studies suggested CHIP
as a regulator of TGFBR2 degradation.

To further validate CHIP as an E3 ligase for TGFBR2, we examined
TGFBR2 ubiquitination upon silencing of CHIP. Immunoprecipitation of
V5-TGFBR2 after co-transfection with siCHIP indeed demonstrated
significantly decreased ubiquitination (Fig. 2A,B). V5-TGFBR2 levels
were again upregulated upon silencing of CHIP (Fig. 2C). Notably, we
confirmed the presence of a CHIP-TGFBR2-BAG3-HSP70 interaction
through immunoprecipitation of Myc-CHIP (Fig. 2D). Conversely, Myc-
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WWP2 did not interact with V5-TGFBR2 (Supplementary Fig. 2). We
further confirmed the upregulation of endogenous TGFBR2 levels upon
silencing of CHIP (Fig. 2E,F). Taken together, these data support that
CHIP, rather than WWP2, is an E3 ligase of TGFBR2 in cardiac
fibroblasts.

3.2. BAG3 and its interaction with HSP70 are required for TGFBR2
degradation by CHIP

CHIP is named after its interaction with HSP70 in a chaperone-
dependent manner [27]. Thus, after the identification of CHIP as an
E3 ligase of TGFBR2, we investigated the role of the BAG3-HSP70
complex in this process. We co-expressed V5-TGFBR2 and Myc-CHIP
in BAG3 knock-out iCFs and assessed TGFBR2 turnover. In contrast to
wild-type iCFs, overexpression of CHIP did not significantly accelerate
the turnover of V5-TGFBR2 in BAG3™/~ iCFs (Fig. 3A,B), suggesting that
BAGS3 is required for the CHIP-mediated degradation of TGFBR2.

BAG3 is a multi-domain protein with several functional domains,
including a BAG domain at the C-terminus, a WW domain, a proline-rich
domain (PxxP), and two IPV domains that bind HSPB8. We further
assessed the contributions of BAG3's functional domains (Supplemen-
tary Fig. 3A) to TGFBR2 degradation. To this end, we designed FLAG-
tagged BAG3 plasmids containing deletions of the WW, IPV, PxxP, and
BAG domains and confirmed disruption of the known binding in-
teractions between HSP70 and HSPB8 (Supplementary Fig. 3B). Next,
we overexpressed these plasmids in BAG3™/~ iCFs to parse out the ef-
fects of the mutant-BAG3 plasmids and the full-length BAG3. Interest-
ingly, overexpression of any BAG3 protein significantly decreased the
protein expression of V5-TGFBR2, with the greatest decrease found for
the wild-type BAG3 (Fig. 3C,D). Conversely, deletion of any of these
functional domains within BAG3 attenuated the effect on V5-TGFBR2,
particularly in the ABAG variant. This is in line with our previous
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Fig. 2. Validation of CHIP as specific E3 ligase of TGFBR2 in iCFs. A) Silencing of CHIP reduces TGFBR2 ubiquitination. B) Quantification of ubiquitination using
densitometry, normalized to immunoprecipitated V5. C) Quantification of V5-TGFBR2 within input samples of (A). D) Immunoprecipitation of Myc-CHIP identifies
V5-TGFBR2 as an interactor while confirming the known interactors HSP70 and BAG3. E) Western blot of endogenous TGFBR2 upon silencing of CHIP, with
densitometry quantification in F). Significance indicated by unpaired two-tailed Student's t-test. Error bars represent the mean with standard deviation. p-values less
than 0.05 are considered statistically significant. For all quantitative experiments, n = 3, where n indicates a single well of cells, thus presenting biological triplicates.
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presenting biological triplicates.

finding that the E455K mutation in the BAG domain (which disrupts
HSP70 binding), reduces the ubiquitination of TGFBR2 when compared
to wild-type BAG3 [17]. As further evidence, we chemically disrupted
the BAG3-HSP70 interaction using the small molecule JG-98 in wild-
type iCFs [28]. JG-98 significantly increased the stability of V5-
TGFBR2 (Fig. 3E,F). Together, these data suggest that the BAG3-
HSP70 axis is required for the turnover of TGFBR2 by CHIP.

3.3. Inhibition of CHIP and the BAG3-HSP70 Axis increase sensitivity to
TGFp Signaling

We next explored if modulating CHIP and the BAG3-HSP70 axis
could significantly alter TGF-§ signaling via TGFBR2 in wild-type iCFs.
We examined the phosphorylation events downstream of TGF-§ ligand
binding to TGFBR2 in response to silencing of CHIP and inhibition of the
BAG3-HSP70 axis by JG-98 (Fig. 4A,B). Silencing of CHIP and treatment
with JG-98 significantly increased SMAD2, SMAD3, and p38 phos-
phorylation, consistent with our previous findings of BAG3 loss in iCFs
(Fig. 4C-E, G-I). In addition, silencing of CHIP and exposure to JG-98 in
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wild-type iCFs both increased the responsiveness to TGF-f measured by
a smad-binding element (SBE4) luciferase reporter (Fig. 4F,J). In sum,
these data provide further evidence that the BAG3-HSP70-CHIP axis
negatively regulates TGF-p signaling through TGFBR2 degradation.

3.4. Inhibition of the BAG3-HSP70 Axis promotes a fibrogenic program in
cardiac fibroblasts

JG-98 has been investigated as an anti-neoplastic agent, however, it
was found to have cardiotoxic side effects [28]. We reasoned that, given
the dependence of TGFBR2 degradation on the BAG3-HSP70-CHIP axis,
JG-98 may also exhibit pro-fibrotic effects. Wild-type iCFs were treated
with JG-98 for 48 h and collagen 1, a-smooth muscle actin (aSMA), and
vimentin expression were assessed by immunofluorescence. Each of
these pro-fibrotic markers exhibited increased expression in JG-98
treated cells (Fig. 5A-D). The increased collagen expression upon inhi-
bition of the BAG3-HSP70 axis was further investigated by assessing the
total collagen secretion by picosirius red (Fig. 5E), Collagen I ol secre-
tion by ELISA (Supplementary Fig. 4 A), and COL1IA1 mRNA levels by
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presenting biological replicates.

RT-qPCR (Fig. 5F), each showing increased expression upon addition of
JG-98. Further investigation of pro-fibrotic transcriptional changes, as
measured by RT-qPCR, revealed upregulation of fibronectin extra
domain A (FN-EDA), the pro-fibrotic cytokine IL-11 [29], and ACTA2
(Fig. 5G-I). Moreover, mRNA of extracellular-matrix altering proteins
TIMP1, TIMP3, and LOX, were significantly increased upon JG-98
exposure (Supplementary Fig. 4B-D). Interestingly, we observed an in-
crease in the transcription of CHIP upon JG-98 exposure, suggesting a
compensatory response (Supplementary Fig. 4E). Lastly, we observed a
more proliferative phenotype of JG-98 treated cells by measuring Ki67
positively stained nuclei (Fig. 5J), which we previously found to be
mediated by TGFBR2 [17]. Together, these results demonstrate that
disruption of the BAG3-HSP70-CHIP activates a fibrogenic program in
cardiac fibroblasts.

In summary, we have identified CHIP as an E3 ligase for TGFBR2 and
established that the BAG3-HSP70 axis is required for its function in this
context (Fig. 6).
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4. Discussion

BAG3 was first identified in 2006 as a genetic locus associated with
dilated cardiomyopathy (DCM) and with myocardial fibrosis [30]. Since
then, germline loss-of-function mutations in BAG3 have been implicated
in the development of cardiomyopathy [12]. Furthermore, loss of BAG3
has been observed in patients with non-genetic heart failure [16]. While
cardiac fibrosis has traditionally been regarded as a consequence of
cardiomyocyte cell death [31,32], we established a primary role of
BAG3 in cardiac fibroblast homeostasis [17]. In the present study, we
further elucidate the mechanistic underpinnings of this process.

We establish CHIP as an E3 ligase that BAG3 recruits to ubiquitinate
TGFBR2 in cardiac fibroblasts through interaction with HSP70. These
findings are in line with previous studies that show that CHIP regulates
the TGF-f pathway. Specifically, CHIP has been identified as an E3 ligase
of SMAD3 [9] and shown to modulate TGF-p signaling by facilitating
ubiquitin-mediated degradation of SMAD3 [33]. HSP70 has been
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Fig. 5. Disruption of the BAG3-HSP70 axis by JG-98 increases fibrogenesis in cardiac fibroblasts. A) Immunofluorescent staining of Collagen I, a-smooth muscle
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the web version of this article.)

described in this pathway by facilitating the formation of the SMAD3-
CHIP complex and thereby enhancing its ubiquitination and subse-
quent degradation [34].

While it has been previously established that BAG3 interacts with E3
ligases CHIP and WWP2, to facilitate protein degradation [18,25], three
other E3 ubiquitin ligases, HECW1/2, RNF149, and RNF213, were also
identified as direct interactors of BAG3 [17]. Experimentally, we
confirmed that while CHIP and WWP2 both bind BAG3 and HSP70, only
CHIP interacts with TGFBR2. This raises the interesting possibility that
BAG3 and HSP70 recruit different E3 ligases depending on the specific
client protein. RNF149 and RNF213 have both been shown to interact
with the established pathways in differing cell types. RNF149 facilitates
the degradation of CHIP in neurons [35] and RNF213 gene silencing
upregulates TGF-B1 ligand levels through an unidentified mechanism in
bone marrow-derived mesenchymal stem cells to induce Moyamoya
disease [36]. Thus, while these E3 ligases have not been associated with
BAGS3 nor fibrosis, they pose avenues for further research.

This study was able to assess the unique role of BAG3 in cardiac fi-
broblasts by utilizing iPSC-derived CFs from a healthy wild-type donor
and their isogenic BAG3 knock-out. We observed a contribution of each
functional domain of BAG3 in TGFBR2 protein stability, suggesting that
each domain is independently responsible for BAG3 function.

20

Unsurprisingly, the most prominent role seems to be in the BAG domain,
necessary for BAG3-HSP70 interaction [18,37], with clinical implica-
tions for patients with mutations in the BAG domain, such as the com-
mon E455K mutation [12,38]. The exact mechanism by which the other
domains stabilize TGFBR2 remains unknown but may be related to
hindered BAG3 activity.

Silencing CHIP increases the stability of TGFBR2 and TGF-§ sensi-
tivity, promoting the fibrogenic program in cardiac fibroblasts. Phar-
macological inhibition of the BAG3-HSP70 axis by JG-98 has a similar
effect, inducing IL-11 and ACTA2 expression and increasing collagen I
secretion. These results are in line with previous in vitro work of the Kirk
group on BAG3 in primary cardiac fibroblasts [39], in addition to our
own work [17]. Other in vitro studies that examined components of the
BAG3-HSP70-CHIP axis in cardiac fibroblasts did not investigate pro-
fibrotic effects [40,41]. In vivo, we have shown the effects of BAG3-
HSP70 loss in human myocardium from DCM patients with truncating
variants of BAG3 that do not bind HSP70. Examining these tissues
revealed increased levels of collagen deposition and fibrosis [17,31]. In
addition, single-nuclei sequencing of these human hearts revealed a
distinctive sensitivity to TGF-p signaling, accompanied by increased
expression of IL-11 [17]. IL-11 has been previously established as a
crucial pro-fibrotic agent [29], corroborating the pro-fibrotic effect of
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fibrogenesis.

JG-98 through the induction of IL-11 transcription.

JG-98 was initially reported as a potential therapeutic for malig-
nancies [42], however, a recent study has suggested potential car-
diotoxicity due to BAG3's action in cardiomyocytes [28]. Here, we
extend the evidence of its cardiotoxicity to cardiac fibroblasts, further
suggesting off-target effects of JG-98. As such, therapeutic strategies
relying on the inhibition of the BAG3-HSP70 axis, such as cancer
treatments, should consider the pro-fibrotic effects of JG-98, especially
since the composition and stiffness of the cancer-associated ECM play a
large role in cancer progression and efficacy of cancer treatment
[43,44].

Although monolayer studies limit the ability to assess structural
changes in the collagen and ECM stiffness, we demonstrated upregula-
tion of tissue inhibitor of metalloproteinase-1 (TIMP1), ACTA2, and
lysyl oxidase (LOX). These genes are known to promote myocardial
fibrosis through myofibroblast activation and collagen crosslinking
[45-47]. This highlights the need for further investigation into the role
of the BAG3-HSP70-CHIP axis in modulating the ECM beyond increased
collagen secretion. Additionally, these pro-fibrotic gene expression
changes enable the release of latent TGFp [48], which, in conjunction
with elevated levels of TGFBR2, may have a synergistic effect on
fibrogenesis.

In summary, this study reveals the role of BAG3 and its complex
formation with HSP70 and CHIP in the development and progression of
cardiac fibrogenesis. Our findings raise the possibility of stabilizing f the
BAG3-HSP70-CHIP axis as a therapeutic target for cardiac fibrosis.
Previous studies have shown that HSP70 overexpression protects against
pulmonary fibrosis in multiple mouse models [49,50]. Similar studies of
CHIP overexpression have been performed in mice for hepatic fibrosis
[51,52], while extracellular vesicles encapsulating CHIP have been
shown to alleviate collagen deposition and renal fibrosis when delivered
to the kidney [53]. The therapeutic potential of stabilization of the
BAG3-HSP70-CHIP axis is further emphasized by the downregulation of
BAG3 protein levels in patients with heart failure [16], thereby not
limiting this therapeutic avenue to patients harboring pathogenic vari-
ants of BAG3.

The current study is limited by the use of relatively simple in vitro
monolayers, derived from a single pair of male hiPSC, to investigate the
BAG3-HSP70-CHIP axis. Given that fibrosis is a multifaceted disease
involving multicellular signaling pathways and can take months to
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develop, future studies using more physiologically relevant models, such
as engineered heart tissues or mice, are required to further elucidate the
role of the BAG3-HSP70-CHIP axis in cardiac fibrosis.
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