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Remodeling of the cardiac striatin
interactome and its dynamics in
the diabetic heart
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Diabetic cardiomyopathy (DbCM) is a silent and complex condition involving numerous signaling
pathways that impair cardiomyocyte metabolism and cardiac performance. Striatin (STRN) is a
multifaceted protein that binds metabolic proteins, yet its role in diabetic heart remains unexplored.
Here we characterized the cardiac STRN interactome by performing immunoprecipitation on left
ventricle (LV) proteins from control and diabetic hearts (rats treated with streptozotocin for 24 weeks)
to dissect its derivative protein complex. Diabetic rats exhibited pathological heart remodeling
characterized by increased heart weight/body weight ratio, elevated levels of Atrial Natriuretic

Factor (ANF), and altered expression of alpha and beta-myosin heavy chain isoforms. Notably, STRN
expression mirrored that of the remodeling marker ANF across all cardiac chambers. Proteomic
analysis yielded 247 proteins interacting with STRN exclusively in diabetic LV, 94 in both control and
diabetic LV, and 11 only in control LV. STRN retained a higher interaction with some STRN interacting
phosphatase and kinase complex (STRIPAK) proteins (i.e. protein phosphatase 2A (PP2A), and
sarcolemmal associated membrane protein (SLMAP)) in diabetic LV, indicating a preserved role of this
signalosome in diabetic settings. Functional enrichment and gene ontology revealed that the STRN
interactome in diabetic LV carried signalosomes related to cardiac contractility, endoplasmic reticulum
stress, mitochondrial function, and apoptotic processes. Western blot experiments confirmed the
interaction between STRN and SLMAP in both control and diabetic heart. These data suggest a pivotal
role for the STRN signalosome in cardiometabolic disorders, potentially paving the way for novel
therapeutic management of DbCM. Targeting the STRN interactome in DbCM, mainly the first-line
interactors SLMAP, PP2A, and Cav-1 may offer hope for patients with diabetes-induced cardiac injuries.
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Diabetic cardiomyopathy (DbCM) is a silent manifestation in patients with uncontrolled hyperglycemia
characterized by systolic/diastolic dysfunction without the presence of known risk factors for cardiovascular
diseases!. Given the current worldwide projections for diabetes in 2050, there is a serious concern for the spread
of cardiac complications due to the absence of a cure for DbCM2. Our poor understanding of the complex
etiology of DbCM, particularly the role of metabolic signalosomes (protein networks regulating signaling
pathways) implicated in the onset of the pathological cascades driving the diabetic heart into failure, limits the
progress in developing targeted therapeutic strategies®.
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Striatin (STRN) is a scaffold protein that was identified as a regulatory subunit of the trimeric holoenzyme
protein phosphatase 2 A (PP2A)%. It possesses binding capabilities to proteins implicated in various cellular
functions® some of which are involved in cardiac remodeling and metabolic disorders, particularly diabetes.
While the literature extensively highlights the role of STRN in various cellular functions using mainly cultured
cell lines (more specifically cancer cells)®; the role of STRN in the diabetic heart is not yet elucidated. Interestingly,
studies showed that the protein STRN contains binding domains for important molecules that are implicated in
diabetes and are central for cardiac function/dysfunction. These include calmodulin (CaM)’, PP2AS, caveolin
(Cav)?, and the sarcolemmal associated membrane protein (SLMAP)!? among others (Fig. 3). Several of these
proteins have been implicated in the pathogenesis of DbCM. For example, Galbo et al. reported that PP2A plays
a primordial role in the development of insulin resistance and glucose metabolism, while others characterized
a direct role of PP2A in DbCM and its derivative injuries to the myocardium!!-!%. Similarly, caveolins have
been shown to regulate signalosomes involved in DbCM (i.e.NF-«xB and the mitochondrial complex I) and its
derived myocardial injuries'>!6. Additionally, the membrane protein SLMAP, which is central in organizing
cardiomyocyte membranes and cardiac function, has also been implicated in diabetic complications!”. All
together, these studies highlight an important role for the STRN interactome (Network of STRN-interacting
proteins) in diabetes.

In the same vein, reduction in both calcium (Ca?*) transients and contraction has been reported in the
diabetic cardiomyocyte, thus leading to systolic and diastolic dysfunction!8. We previously reported that STRN
localizes to hot spots in cardiomyocytes, more precisely the caveola and t-tubules, and that it interacts with
signalosomes implicated in cardiac function to relay biological signals from the sarcolemma to the internal
environment of cardiomyocytes!”. We also showed that, in cardiomyocytes, cardiac STRN interacts with CaM
and Caveolin-3 in a Ca%*- sensitive manner to control their contraction!®. Nonetheless, there are few studies
highlighting the implication of STRN in cardiac function with focus on arrhythmogenic right ventricular
tachycardia®’, hypertension®!?2, cardiac hypertrophy (Induced by angiotensin II), together with a role for STRN
in regulating sodium currents in iPSC-derived cardiomyocytes?>24,

In view of its role in cardiac function as well as its interaction with metabolic proteins that are involved in
diabetes, we sought to investigate the cardiac protein network of STRN in remodeled diabetic hearts. Therefore,
we assessed the expression of STRN and Atrial Natriuretic Factor (ANF) in the four chambers of diabetic
heart to link its expression with pathological cardiac remodeling. We also immunoprecipitated STRN from the
remodeled LVs of diabetic rats at chronic stage of diabetes (24 weeks post-streptozotocin), and we dissected
the diabetic STRN interactome by tandem mass tagging (TMT) mass spectrometry. We found that in diabetic
hearts, cardiac STRN expression paralleled that of the remodeling maker ANF in all heart chambers. We also
found that STRN interacts with proteins mainly involved in cardiac contractility, endoplasmic reticulum stress,
mitochondrial function, and apoptotic processes. Moreover, several key proteins of the STRIPAK complex (i.e.
PP2A, Cav-1, and SLMAP) showed enhanced interaction with STRN in diabetic hearts which highlights a
functional signature of STRN in this signaling complex in DbCM.

Material and methods

Experimental model of streptozotocin-induced diabetes

The present study was approved by the Animal Research Oversight Committee (AROC) of Khalifa University
(KU) of Science and Technology and by the College of Medicine & Health Sciences Animal Ethics Committee of
United Arab Emirates University (UAEU). All methods were performed in accordance with ARRIVE guidelines
and the relevant guidelines and regulations of the AROC. The animals were housed at the animal care facility of
UAEU in a temperature (22 +2 °C) and humidity (40-60%) controlled area with a 12/12 h light/dark cycle. They
were fed ordinary rodent chow and were acclimatized at least 1 week under these conditions before the start
of the study. Eight male Wistar rats weighting 245-300 g were randomly divided into a diabetic group (n=4)
where rats were injected intraperitoneally with streptozotocin (STZ) (50130, Sigma-Aldrich) dissolved in citrate
buffer (60 mg/kg body weight), and a control group (n=4) injected with citrate buffer alone. Experiments were
performed 24 weeks after STZ treatment. Two-days after STZ injection, and on the day of heart extraction, blood
glucose was estimated using glucose test strips for control and STZ groups confirming sustained hyperglycemia
in our animal model (Fig. 1). The body weight of the experimental rats was measured, animals were sacrificed
by decapitation using a guillotine then the hearts were removed, weighed, perfused with ice-cold phosphaste-
buffered saline (PBS), and stored at— 80 °C for further processing.

Protein extraction and Western blot

Cardiac LVs were minced with fine scissors and homogenized in ice-cold lysis radioimmunoprecipitation assay
buffer (RIPA buffer, Cat. No. R0278, Sigma-Aldrich) supplemented with complete protease inhibitor cocktail
(Cat. No. 11836145001, Roche) using an electric TissueRuptor (Qiagen), on ice. Samples were kept on ice for
30 min for maximal yield of proteins. The homogenate was cleared by centrifugation (10,000g, 5 min, 4 °C)
and the supernatant was collected. Protein concentration was determined using the Pierce BCA protein assay
kit (Cat. No. 23225, Thermo Fisher Scientific) according to the manufacturer’s protocol. 20 ug of proteins were
size fractionated on a 10% polyacrylamide gel, and transferred on a PVDF membrane. Blots were probed with
antibodies for the following proteins: a-MHC (Mouse cardiac alpha-myosin heavy chain antibody, 1:1000,
ab50967, Abcam), f-MHC (Mouse, beta-myosin heavy chain, 1:1000, ab11083, Abcam) and GAPDH (anti-
glyceraldehyde 3-phosphate dehydrogenase mouse antibody, 1:1000, Cat#5174, CST) for loading control.
Secondary antibody (anti-mouse) linked to horse radish peroxidase (HRP) was used as appropriate, and the
protein bands were revealed with ECL chemiluminescent substrate (Bio-Rad Laboratories, Inc.) using the Azure
biosystems 400 imaging system. Densitometry analysis of the protein bands was determined using Image]
software (NTH).
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Fig. 1. Blood glucose level and cardiac remodeling in STZ-treated rats. (A) Blood glucose level 2 days and

24 weeks after STZ injection (Control n=4, Diabetic n=4) (B) HW/BW after 24 weeks of STZ treatment.

(C). Representative western blot bands and histogram analysis for a and 3-MHC in control and diabetic rat
hearts at 24 weeks post-STZ treatment, normalized to GAPDH (in arbitrary units, a.u.). Values represent
mean = SEM (n=4 samples for each protein and condition). *p <0.05, **p <0.01, ***p <0.0001, using Students’
t-test. Control data are shown in light red, and diabetic data are shown in dark red across all jitter plots and
histograms.

Gene Forward primer (5'-3') Reverse primer (3'-5')

rANF TTCTCCATCACCAAGGGCTT | GACCTCATCTTCTACCGGCA
rSTRN GCTTGTTGTCCTGTTCAGCA | CCTTGCTGAACGATGCTACC
rGAPDH | GTATGACTCTACCCACGGCA | GCCAGTAGACTCCACGACAT

Table 1. List of primers used in this study.

RNA extraction and quantitative real time PCR

Left ventricle tissues were homogenized and total RNA was extracted using Qiazol Lysis reagent (Qiagen,
Germany) following manufacturer’ instruction. The extracted RNA was quantified using nanodrop (Invitrogen,
USA), and 1 pg of RNA was used to generate complementary DNA (cDNA) using high-capacity cDNA
synthesis kit (Thermo Scientific). RT-qPCR was performed using HOT FIREPol® EvaGreen® qPCR Mix Plus
(Solis Biodine, Estonia) on Bio-Rad CFX96 real-time PCR system (Bio-Rad, USA). Relative quantification was
expressed as 2722Ct, where AACt is the difference between the ACt values of the control and the diabetes samples
analyzed in triplicates. GAPDH gene was used as endogenous control. Table 1 details the primers used in the
RT-qPCR assays.

Immunoprecipitation

A total of 500 pg of LV lysates from either control (n=4) or diabetic (n=4) rats were incubated with 2.5 pg
of STRN antibody (BD #610838), and 500 pg from the same lysates were also incubated with 2.5 ug of mouse
IgG (mlgG) antibody (CST #5415) as a negative control. Samples were maintained overnight at 4 °C on a
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rotator. Next day, for each sample, a volume of 50 ul of Dynabeads Protein G Immunoprecipitation (IP) kit
(Invitrogen Catalog number: 10007D) was prepared on an Invitrogen™ DynaMag™-2 Magnet set-up, according
to the manufacturer’s protocol. The dynabeads were subsequently resuspended in 200 pl of washing + antibody
binding buffer, and added to the lysate +antibody solution (STRN or mIgG). The mixture underwent a 3-h
rotation at 4 °C on a sample mixer. Following IP, three washes were performed using 200 pl of washing buffer,
and the protein complex was eluted by boiling for 5 min. Proteins were separated on a 10% polyacrylamide gel
as detailed in the Western blot section and the blots were probed with anti-STRN antibody to validate this assay,
before interrogating the STRN protein complex using Liquid Chromatography/Mass Spectrometry (LC/MS)
proteomics. The same steps were performed and the protein complex was labelled with TMT for the quantitative
proteomics analysis as detailed in the next sections.

To validate the STRN-SLMAP interaction in our animal model, IP assay was performed in which 500 ug of
rat LV lysates (Control and diabetic) were incubated with 2.5 ug of SLMAP antibody (Abnova #677784), and
500 pg from the same preparations were also incubated with 2.5 pg of mouse IgG (mIgG) antibody (CST #5415)
as a negative control. Similar steps were followed as detailed in the previous paragraph. The SLMAP complexed
proteins were dissociated by boiling 5 min and the denatured proteins were loaded on a polyacrylamide gel
for Western blot analysis. The membrane was blotted with anti-SLMAP and anti-STRN and was revealed with
protein A/G-HRP to avoid non-specific bands pertaining to the IgG fragments (~ 25 and 50 kDa). This assay was
used to validate the STRN/SLMAP interaction identified by proteomic profiling.

Preparation of protein digests and high pH reversed-phase fractionation of labelled peptides
Immuno-isolated samples were reduced, S-alkylated and digested from the beads (1.25 pg trypsin/lys-C, 37 °C,
overnight). The peptide digests were TMT labelled then pooled and desalted using a SepPak cartridge according
to the manufacturer’s instructions (Waters). The eluted peptides from the cartridge were fractionated by high pH
reversed-phase chromatography system (Ultimate 3000 HPLC, Thermo Fisher Scientific). In brief, the peptide
digests were loaded onto a C18 Column (XBridge BEH, 130 A, 3.5 um, 2.1 mm x 150 mm, Waters) in buffer A
and eluted with an increasing gradient of buffer B (20 mM Ammonium hydroxide in acetonitrile, pH 10) from
0 to 95% over 60 min. The resulting fractions (8 in total) were dried and resuspended in 1% formic acid prior
to online liquid chromatography tandem mass spectrometry (LC-MS/MS, Orbitrap Fusion Lumos, Thermo
Scientific).

Liquid chromatography tandem mass spectrometry

The LC-MS/MS was performed on a fully automated Ultimate 3000 nano-LC system in line with an Orbitrap
Fusion Lumos mass spectrometer (Thermo Scientific). Mobile phases consisted of 0.1% formic acid for solvent
A and 0.1% formic acid in 80% acetonitrile for solvent B. In brief, peptides in solvent A were injected onto a C18
nano-trap column (Acclaim PepMap, Thermo Scientific). After washing with 0.5% (vol/vol) acetonitrile 0.1%
(vol/vol) formic acid, peptides were resolved on a C18 analytical column (Acclaim PepMap, 250 mm x 75 pm,
Thermo Scientific) over a 150 min linear gradient. The gradient was set as follows: 1-6% B for 1 min, 6-15% B for
58 min, 15-32% B for 58 min and 32-40% B for 5 min. A 6-min wash at 90% B was used to prevent carryover and
10-min equilibration at 1% B completed the gradient. A constant flow rate of 300 nl min™' was used. Peptides
were ionized by nano-electrospray ionization at 2.0 KV using a stainless-steel emitter with an internal diameter
of 30 um (Thermo Scientific) and a capillary temperature of 300 °C.

The spectra were acquired with an Orbitrap Fusion Lumos system operated in data-dependent acquisition
mode using an SPS-MS3 workflow. FTMS1 (Fourier Transform Mass Spectrometry) spectra were collected at
a resolution of 120,000, an automatic gain control (AGC) target of 200,000 and a max injection time of 50 ms.
Precursors were filtered with an intensity threshold of 5000 according to charge state (to include charge states
2-7) and with monoisotopic peak determination set to Peptide. Previously interrogated precursors were excluded
using a dynamic window (60 s+ 10 ppm). The MS2 precursors were isolated with a quadrupole isolation window
of 0.7 m/z. ITMS2 (Ion Trap Mass Spectrometry) spectra were collected with an AGC target of 10,000, max
injection time of 70 ms and CID collision energy of 35%.

For FTMS3 analysis, the Orbitrap was operated at a resolution of 50,000, an AGC target of 50,000 and a
max injection time of 105 ms. Precursors were fragmented by high energy collision dissociation (HCD) at a
normalized collision energy of 60% to ensure maximal TMT reporter ion yield. Synchronous precursor selection
(SPS) was enabled to include up to 10 MS2 fragment ions in the FTMS3 scan.

Mass spectrometry data curation and statistical analysis

The mass spectrometry data were searched against the rat Uniprot database protein groupings determined by
PD2.4 refined using a custom script to select the best annotated master proteins. Peptide matches to multiple
proteins were resolved by referring to the list of master proteins determined during total protein analysis. Raw
IP values representing the abundance of each protein compound were subject to log transformation (log2). Only
proteins with values in all four samples representing each condition were considered for downstream analysis.
Unsupervised and supervised statistical analyses were performed on IP data that passed the quality control
step. The analysis was performed using MetaboAnalyst v6.0%. The data was curated by normalizing all the
peptides abundance from each sample to the abundances of STRN peptide in the same samples. The abundance
of proteins for the STRN IP for each rat was divided by the abundance of proteins of the corresponding IgG
control. The derived values were log2 transformed and the fold change (FC) and p values were determined to
carry on statistical tests and plot the graphs as detailed in the corresponding figure legends of the results section®.
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Pathway enrichment and network analyses of immunoprecipitation hits

Proteins interacting with STRN in diabetic LVs were searched against Rattus norvegicus UniProt proteome
database using its ID mapping tool (https://www.uniprot.org/proteomes/UP000002494). Proteins showing
significantly differential binding to STRN in diabetic LVs were subsequently subjected to protein-protein
interaction (PPI) analysis using String analysis tools (www.string-db.org) to identify all implicated molecular
functions and biological processes in this network of proteins. K-means clustering was applied on the whole
network and false discovery rate (FDR) was used to infer statistical significance for each enriched term and
process. p Values were corrected for multiple testing within each term using the Benjamini-Hochberg procedure.
Identified clusters of proteins in our network were searched against the curated Rattus norvegicus proteins as
background, and were annotated and assigned to all particular biological terms. The strength of enrichment of a
particular term was determined by calculating the ratio between (i) the number of proteins in our network that
are annotated with a term and (ii) the number of proteins that are expected to be annotated with this term in a
random network of the same size, expressed as Log10(observed/expected).

Statistical analyses
Statistical analyses were run using graphpad prism (version 10.0). The results were expressed as mean+SEM
of n samples. Unpaired t-test was employed and the results were considered statistically significant at p <0.05.

Results

Pathological cardiac remodeling in STZ-treated rats

STZ was used as a single injection in rats to induce type 1 diabetes (T1D). Blood glucose levels of all rats were
measured 2 days post-STZ injection, and on the day when the rats were culled (24 weeks post-STZ). As shown
in Fig. 1A, the STZ-induced diabetic rats exhibited a fivefold increase in blood glucose levels at the two different
time points (2 days and 24 weeks post-STZ) compared to controls, indicating sustained hyperglycemia in our
animal model. The increased heart weight/body weight (HW/BW) ratio in the diabetic rats indicates cardiac
hypertrophy (Fig. 1B). This remodeling was supported by the increased expression of ANF and f-MHC isoform,
paralleled with a decline in the expression of the a-MHC isoform (Fig. 1C and 2), thus indicating a pathological
remodeling of these hearts?.

STRN expression parallels that of ANF in cardiac chambers at 24 weeks post-STZ

We investigated the expression of STRN gene in the four chambers of diabetic heart, along with the marker
of cardiac remodelling, ANF. Real time PCR data showed that the expression of STRN mRNA mirrored the
expression of ANE. Specifically, both STRN and ANF showed significant increase in the right atrium, left atrium,
and left ventricle, whereas the variations in their expression in the right ventricle were not statistically significant
(Fig. 2). Together, these data showed a correlated expression of STRN with that of the cardiac remodeling genes
in the diabetic heart, thus implicating STRN in DbCM.

Structural features and domain composition of STRN

To gain insight into the structural organization of STRN, we utilized AlphaFold to generate a predicted 3D
model of the protein. This structure, supported by sequence analysis, revealed distinct domains (caveolin
binding domain, coiled-coil motif, PP2A-A and C, STRN interactive proteins STRIP1 and STRIP2, SLMAP
and calmodulin binding domain with WD40 repeat at the C-terminal) that likely contribute to STRN’s role in
cellular processes (Fig. 3).

Characterization of the cardiac STRN protein complex in control and diabetic left ventricle
STRING analysis illustrated in Fig. 4A showed a network of proteins interacting with STRN; however, this
network has not been investigated in the heart. To evaluate the protein network that interacts with cardiac
STRN and its dynamics in diabetic heart, we performed an IP of STRN on solubilized protein extracts from
both control and diabetic rat LV, with a specific monoclonal antibody for STRN. Immunoblotting revealed that
STRN was successfully immunoprecipitated in both control and diabetic LVs denoted by a single lucid band that
corresponded to the same STRN band that is detected in the input, but was absent in the control mouse IgG Lane
(Fig. 4B). We further performed TMT labelled quantitative analysis on the immunoprecipitated proteins using
the STRN antibody. Proteins interacting with STRN are presented in Fig. 4C as three quadrants (Control LV,
diabetic LV, and common to both control and diabetic conditions). The identified proteins were searched against
the curated Rattus norvegicus UniProt proteome database (https://www.uniprot.org/proteomes/UP000002494)
using UniProt ID mapping tool to identify their corresponding gene/protein IDs.

Interestingly, we identified 247 proteins interacting with STRN exclusively in diabetic LV, highlighting the
significant alterations in protein interactions under diabetic conditions. Structural proteins mainly included
Myh9, Myh7, Tuba4a, actin, Actcl. Mitochondrial proteins such as Vdacl, Vdac2, Slc25all and Mrpl47 were
identified. The metabolic enzymes that were identified included Nnt, Sdha, Pfkm, Dlat. It is worth noting that the
following proteins PP2A-A subunit, PP2A-B subunit, SLMAP, and Cav-1 (encoded by ppp2rla, ppp2r2a, simap,
and cav-1 genes, respectively) showed high interaction with STRN in the diabetic LVs than controls suggesting
a role for this complex in diabetes-induced cardiac remodeling.

In our analysis of PPI with STRN, 94 proteins were identified in both control and diabetic LV. Metabolic
enzymes involved in energy metabolism included Pkm and Tkt. Heat shock proteins crucial for protein folding
and stress responses such as Hsp90ab1, Hspa8, Hsp90aal, and Hspa4 were prevalent. Various cytoskeletal and
structural proteins such as keratins (KRT6A, KRT6B, KRT10 etc.) and actin-related proteins (Actr3, Arpc3)
were also precipitated with STRN, showing interactions with components essential for maintaining cellular
architecture. The presence of translation and elongation factors (Eef2, Eeflg, Eif3a etc.) was also noted suggesting
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Fig. 2. Expression of STRN and ANF in the heart chambers of rats at 24 weeks after STZ treatment.
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for each marker and condition) *p <0.05, **p <0.01, ns: not significant, using Student’s t-test.
Strn
WD-repeat Domain
Information NH2 N\\\Q\\N COOH
Striatin; Binds calmodulin in a calcium dependent . - e =

manner. May function as scaffolding or signaling
protein; Belongs to the WD repeat striatin family

Identifier: ENSRNOP00000006527, Strn
Organism: Rattus novergicus

AlphaFold model

(P70483)
identity: 99.9%
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a role for STRN in protein synthesis. Mitochondrial proteins, including Hsp90b1, Tomm?22, and Mavs and
RNA binding and processing proteins such as Fus, PPIA, and RBBP7 were observed, along with signalling and
regulatory proteins like Ywhae, Rhoa, and Rackl.

In control LV, among 11 interactors with STRN, we found several RNA binding and processing proteins,
including Hnrnphl, Srsf5 and Fubpl, highlighting a potential involvement in mRNA regulation. Mitochondrial
proteins including Echl and Mrpl2, were also prominent, suggesting a link to mitochondrial function.
Additionally, kinases like Aurkaipl and Prkaal, as well as cytoskeletal components like Dnah12, were identified,
indicating diverse biological processes associated with STRN.

Detailed annotations of all identified proteins are provided in Supplementary Table 1.

STRN interactors dynamics in diabetic left ventricle

To explore the functional annotation of STRN in diabetic hearts we investigated the STRN interactors in diabetic
LV. We performed a STRING analysis to draw the PPI network of STRN in control LVs together with those
complexing with STRN at both control/diabetic settings (Fig. 5A) compared to the STRN protein network in
the diabetic LV only (Fig. 5B) (www.string-db.org). The analysis in Fig. 5A identified a cluster of 30 proteins
interacting with STRN in control and control/diabetic LVs, and in Fig. 5B a cluster of 71 proteins interacting
with STRN in diabetic LV only, including direct interactors (SLMAP, Cav-1, PPP2R1A and PPP2R2A) together
with additional associated proteins.

Next, we performed functional enrichment and gene ontology (GO) analysis on these STRN interactors
(Fig. 6), while focusing on the 10 most significant pathways with unique functions. The biological processes
identified include actin-myosin filament sliding, mitochondrial ATP transmembrane transport, positive
regulation of ER-associated ubiquitin-dependent protein catabolic process, actin filament fragmentation,
regulation of voltage-gated sodium channel activity, regulation of mitochondrial membrane permeability
involved in the apoptotic process, cellular response to angiotensin, mitochondrial transport, heart process, and
striated muscle contraction.

The identified molecular functions cover pathways involved in cellular energetics, cytoskeletal organization
and receptor-mediated signaling. These include ATP antiporter activity, voltage-gated anion channel activity,
microfilament motor activity, MHC class I protein binding, structural constituent of cytoskeleton, GTP binding,
GTPase activity, adenyl nucleotide binding, ATP binding, and signaling receptor binding.

Detailed analysis revealed that the reported interactors with STRN in diabetic LV are involved in specific
cellular functions. These components include Myosin II filament, mitochondrial permeability transition pore
complex, Myosin II complex, Myosin filament, endoplasmic reticulum (ER) chaperone complex, protein
phosphatase type 2A complex, mitochondrial nucleoid, ER-Golgi intermediate compartment, microtubule,
actin cytoskeleton, and cell-cell junction. The identified proteins localize to various anatomical sites within the
cardiovascular and skeletal systems, including the left atrium, right atrium, left ventricle, right ventricle, blood
vessels, heart, cardiovascular system, skeletal system, and muscle.

Fig. 5. STRING analysis network for STRN and its interactors in diabetic and control left ventricle. The
networks show proteins interacting with STRN, with nodes representing proteins and edges corresponding
to protein—protein interactions. (A) STRN interactors in control and both control/diabetic LV. (B) STRN
interactors in diabetic LV.
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Cardiac STRN interacts with SLMAP in control and diabetic hearts

We sought to confirm the interactions between STRN and the regulator of cardiac function, SLMAP, that
was highlighted by the proteomics analysis. Therefore, we performed IP of cardiac lysates from control and
diabetic rats using a monoclonal antibody specific to SLMAP (the proteomics data being done using anti-STRN
antibody), followed by Western blot analysis with either anti-STRN or anti-SLMAP (Fig. 7). Immunoblotting
with anti-SLMAP showed the endogenous isoforms of SLMAP around 35, 63, and 83 kDa in the two input lanes
(Control and diabetic hearts). These three isoforms, along with other isoforms of SLMAP were enriched in the
IP lanes (Control and Diabetic). The presence of several protein bands of SLMAP interacting with STRN reflects
a clustering of different SLMAP polypeptides in the heart (up to 26 different splice variants)*”%. This is in accord
with our previously reported data in transgenic mice overexpressing SLMAP in the heart®. The absence of
these bands in the IgG lanes confirms a specific and successful IP of the SLMAP isoforms. Using the anti-STRN
antibody, bands were revealed in the IP and input lanes only (110 kDa), thus confirming the interaction between
SLMAP and STRN in both control and diabetic hearts.

Discussion

In the present work, we employed a quantitative proteomic approach to comprehensively illustrate the proteomic
landscape of STRN interactors in the diabetic LV. Our findings show that STRN expression paralleled that of ANF
in the heart chambers, suggesting a potential functional link between them in cardiac remodeling. In support to
this contention, recent literature highlights a correlation between STRN and key cardiac remodeling markers,
including B-MHC (Myh7) and ANF (Nppa). Deletion of STRN significantly attenuated the upregulation of Myh7
expression in response to angiotensin II treatment, suggesting a diminished hypertrophic response. Similarly,
while Nppa expression in STRN*/~ mice did not reach statistical significance, a trend toward reduced expression
was observed, indicating a potential modulatory effect of STRN on ANF levels during cardiac stress?>. However,
this modulation may reflect STRN’s involvement in a broader network influencing hypertrophy, with additional
factors, such as compensatory pathways, likely contributing to ANF regulation.

Our experiments have demonstrated STRN’s interaction with SLMAP, Cav-1 and PP2A-a as first line
interactors based on the STRING analysis. Our findings are in line with previous studies showing that
SLMAP is part of the STRN interacting phosphatase and kinase complex (STRIPAK), and that STRN co-
immunoprecipitates with Cav-1%3*, STRN also associates with PP2A subunits?, and variants in ppp2rla can alter
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Fig. 7. Molecular interaction of STRN with SLMAP in control and diabetic heart. Immunoprecipitation (IP)
with anti-SLMAP antibody or mIgG of total proteins from control and diabetic left ventricles of rat hearts.
Immunoblotting (IB) with anti-STRN and anti-SLMAP. The several protein bands shown in the IP lanes using
the SLMAP antibody are SLMAP polypeptides that interact together in cardiac tissues.

its interaction with STRN, thus impacting PP2A holoenzyme assembly and function®!. Notably, our results have
shown that these interactions are enhanced in diabetes, plausibly contributing to the pathological remodeling
of the diabetic heart. In fact, these proteins are known for their contribution to pathological cardiac remodeling
and injuries®?~3%. Given that our diabetic hearts also exhibited similar remodeling patterns, it is possible that
the enhanced interactions between these proteins and STRN potentiated their signaling in the injured heart.
Supporting this, previous proteomics analysis showed that SLMAP is downregulated in GLP-1RA treated
mice. GLP-1RA regulated SLMAP via miR-29b-3p, and inhibiting GLP-IR reversed these effects, indicating a
potential role for SLMAP in DbCM pathogenesis*. Meanwhile, activation of PP2A catalytic subunit has been
reported to attenuate myocardial apoptosis in diabetic mice, suggesting a protective role of PP2A against cardiac
remodeling in DbCM". Similarly, Cav-1 knockout mice exhibited significant insulin resistance® and impaired
cardiac function®.

Interestingly, our GO analysis further demonstrated that these interacting proteins are involved in vital
processes/signaling pathways related to diabetes pathogenesis, and are distributed across all heart chambers and
the cardiovascular system. Enriched contractile functions within the protein cluster suggest that STRN and its
interactors are central for cardiac contractility in diabetic heart. This could be primarily achieved by regulating
the activity of voltage-gated sodium channels, striated muscle contraction, actin-myosin filament sliding, and
the cellular response to angiotensin. In fact, we have previously reported that the SLMAP/STRN complex is
positioned to regulate the excitation-contraction coupling in the heart!” by impacting the sarcoplasmic
reticulum structure and the expression/function of the sarcoplasmic reticulum Ca**- handling proteins®®. We
believe that the enhanced interaction of STRN with the highlighted key proteins may stabilize this complex in
DbCM and could possibly lead to the pathological cardiac remodeling observed in this condition.

STRN knockout induces a gain of function of I, and impaired Ca** handling in mESC-derived
cardiomyocytes, which mirrors key mechanisms underlying pathological remodeling in DbCM?*!. The gain
of function of I, can lead to prolonged action potentials and increased intracellular sodium, disrupting Ca?*
homeostasis through sodium-calcium exchanger dysregulation®®3°. Impaired Ca?* handling further exacerbates
contractile dysfunction and promotes maladaptive signaling pathways, contributing to the structural and
functional deterioration characteristic of DbCM*®%!. This highlights the critical role of STRN in influencing ion
channel and Ca** handling abnormalities in the progression of diabetic heart disease.

We previously showed that cardiac STRN is expressed in cardiomyocytes and it interacts with CaM and
Cav-3 in a Ca?*-sensitive manner to control cardiomyocyte contraction!”. Dysregulation of these interactions,
as observed in DbCM, can impair Caz*—handling, leading to contractile dysfunction, oxidative stress, and
maladaptive remodeling®. Similarly, the cellular response to angiotensin II has been linked to cardiac contractility
through multiple mechanisms involving Ca** handling*2. Disruptions in intracellular Ca?* homeostasis
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contribute significantly to impaired mechanical function in the diabetic heart, increasing the prevalence of
contractile dysfunction*®. Notably, cardiac angiotensin II has been shown to play a role in the pathophysiology
of DbCM*. Recently, STRNs implication in angiotensin II-induced cardiac hypertrophy was highlighted®.
Collectively, our results align with other studies showing that STRN and its interactors could contribute to
pathological remodeling of the diabetic heart and cardiac dysfunction.

On the other hand, the association of Cav-1 with STRN may have relevance to STRN’s role in cardiac
contraction. Cardiac-specific overexpression of Cav-1 has been shown to attenuate ventricular arrhythmia,
improve Ca?* cycling, and reduce cardiac remodeling®>. Cav-1 deficiency in diabetic mice led to more severe
cardiac injury, increased activation of the NF-«B signaling pathway, and upregulation of genes related to
hypertrophy and inflammatory fibrosis. Conversely, overexpression of Cav-1 mitigated these adverse effects,
suggesting its protective role against cardiac remodeling in DbCM!.

In addition, it was reported that an increased expression of STRN in the vasculature accounts for the activation
of mineralocorticoid receptor (MR), and that STRN may regulate endocrine mechanisms in STRN*/~ mice,
through aldosterone®’. These highlight a possible endocrinological role for STRN accounting for metabolic
disorders, namely DbCM. Elevated MR activity promotes oxidative stress, inflammation, and fibrosis, processes
that are further exacerbated by increased STRN levels, thus leading to maladaptive cardiac remodeling and
impaired function*. These mechanisms highlight the critical interplay between MR activation, STRN, and the
progression of DbCM, offering potential therapeutic targets for intervention.

Additionally, our data indicate that the cardiac STRN interactome in diabetic LV carries functional
signatures mainly implicated in metabolic and cell death pathways (i.e. mitochondrial ATP transmembrane
transport, mitochondrial membrane permeability in apoptotic process, ATP binding and other mitochondrial
and oxidative processes). Mitochondrial functions such as ATP production, reactive oxygen species (ROS)
generation and apoptosis are commonly altered in diabetes*”. Abnormal mitochondrial Ca?* handling is
central to diabetic cardiac dysfunction®. The STRIPAK complex regulates mitochondrial function and overall
cellular homeostasis, with components like mammalian STE20-like kinase 4 (Mst4) and STRN playing roles
in apoptosis of cardiac cells>”. STRN dynamics and its subcellular shuttling during apoptosis, along with its
caspase-dependent cleavage, have been reported®. A novel STRIPAK assembly comprising SG2NA and DJ1 (a
sensor for oxidative stress) protects against oxidative stress®>. STRIPAK’s contribution to mitochondrial function
underscores STRN interactome’s role in mitochondrial processes within diabetes®>*. ER stress is closely linked
to diabetes pathogenesis, it is triggered by factors such as lipotoxicity, ROS, inflammation, and misfolded protein
accumulation. This cascade not only promotes cell autophagy through a Ca?*-dependent pathway but also drives
apoptosis, thus significantly contributing to cardiomyocyte loss®>. Such cellular disruptions are critical in the
pathogenesis of DbCM, where heightened ER stress and apoptosis exacerbate myocardial dysfunction, leading
to impaired cardiac contractility and diastolic dysfunction®®.

In conclusion, our data clearly show that the STRN interactors are remodeled in the diabetic LV, with
enhanced interaction with Cav-1, SLMAP, and PP2A in this condition. Nonetheless, the expression of STRN
paralleled that of the remodeling biomarker, ANFE in all four chambers of the heart: this is an additional
indication of pathological signaling of STRN in the diabetic heart. Notably, the interaction between STRN and
SLMAP was further validated by western blot analysis (Fig. 8). Given their functional role in diabetes-induced
cardiac injuries, the retention of these above-mentioned proteins within the STRN interactome in diabetic heart
suggests an operative signature in the pathogenesis of DbCM. How STRN relays signaling cascade within the
heart remains elusive and calls for deeper investigations. In fact, whether this remodeling is controlled by STRN
alone, its interacting proteins individually, or as an interplay between all the constituents of this signalosome
remains to be determined. Thus, it is important to expand these findings to human cardiac tissue to assess
therapeutic targets within the STRN interactome and explore their potential in clinical applications in DbCM.

Limitations

One limitation of our study is the use of a T1D model instead of T2D. While T1D and T2D are known to have
distinct etiologies, recent studies have shown that both types share overlapping genetic and biological pathways
relevant to DbCM. However, T2D specific factors including lipid dysregulation and chronic inflammation, may
uniquely modulate these pathways, potentially altering STRN interactome differently. Future studies employing
T2D models could help elucidate these potential differences in cardiac remodeling. Another limitation is the fact
that the IP was done using an antibody against STRN. The role of STRN in inhibiting or activating its interactors
remains to be determined in the settings of diabetes. Most of the interactome studies are made by overexpressing
a tagged protein in cell lines to avoid possible non-specific interaction of proteins with the antibody used for
IP. However, the downside of such application is that the network of proteins identified will not reflect the real
network of proteins formed in the myocardium, and more importantly in diabetic settings. It is also worth
noting that the IP of STRN was performed on total protein lysates from the myocardium including different
types of cells, along with cardiomyocytes. Therefore, it is imperative to characterize the STRN interactome in
cardiomyocytes by employing cardiomyocyte culture in diabetic settings.
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