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Receptors for activated C kinases (RACKs) have been shown to coordinate PKC-mediated hypertrophic 
signalling in mice. However, little information is available on its participation in embryonic gene 
expression. This study investigated the involvement of RACK1 in the expression of embryonic genes 
in a zebrafish (ZF) ex vivo heart culture model by using phenylephrine (PE) or a growth factors 
cocktail (GFs) as a prohypertrophic/regeneration stimulus. Blebbistatin (BL) inhibition has also been 
studied for its ability to block the signal transduction actions of some PEs. qRT‒PCR and immunoblot 
analyses confirmed the upregulation of RACK1 in the PE- and GFs-treated groups. BL administration 
counteracted PE-induced hypertrophy and downregulated RACK1 expression. Immunohistochemical 
analyses of the heart revealed the colocalization of RACK1 and embryonic genes, namely, Gata4, Wt1, 
and Nfat2, under stimulation, whereas these genes were expressed at lower levels in the BL treatment 
group. Culturing ZF heart cells activated via GFs treatment increased the expression of RACK1. The 
overexpression of RACK1 induced by the transfection of recombinant RACK1 cDNA in ZF heart cells 
increased the expression of embryonic genes, especially after one week of GFs treatment. In summary, 
these results support the involvement of RACK1 in the induction of embryonic genes during cardiac 
hypertrophy/GFs stimulation in a fish heart model, which can be used as an alternative study model for 
mammals.
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Receptor for activated C kinase 1 (RACK1) is a member of the tryptophan-aspartate repeat (WD-repeat) family 
of proteins with homology to the β subunit of G proteins1,2. Although WD-repeat proteins lack enzymatic 
activity, they are subject to posttranslational modifications, suggesting that their cellular location and function 
can be reversibly modulated3. RACK1, constituted by WD folders, appears to play multiple roles in the cell 
and serves as a hub for diverse signal transduction pathways4. The association of RACK1 with the active 
conformation of PKC favours eIF6 phosphorylation and acts as a component of alternative eIF3d-dependent 
translation5–7. Additionally, RACK1 represses translation by binding to the Argonauta/miRNA (miRISC) 
complex in both invertebrates and vertebrates8. Altering RACK1 expression impacts miRISC functions and 
impairs the association of the complex with the translating ribosomes9. RACK1 also plays an important role in 
the nucleus by activating P300 protein-dependent acetylation of nucleosomes10. Owing to its multiple functions, 
RACK1 expression is essential, and RACK1 knockout mice die during embryonal development11. In the mouse 
heart, PKC-RACK interactions and RACK expression modulate PKC-mediated manifestation of the cardiac 
phenotype; in particular, cardiac-specific transgenic overexpression of PKB subunit (PKCbII) cDNA provoked 
cardiac hypertrophy12.

RACK1 signal transduction cascades, which are associated with cardiac hypertrophy, have yet to be 
elucidated10. RACK1 may be involved in the activation of mammalian cardiac fibroblasts and their transformation 
into active myofibroblasts, which are responsible for excessive extracellular matrix production and deposition, 
which is typical of cardiac fibrosis13,14. This process is due to RACK1 activity and the downregulation of key 
miRNAs, such as miR133a and miR115. Recently, research in mice established a correlation between the Speckle-
type pox virus-zinc finger (POZ) protein and RACK1 in heart fibrosis16.
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Some differences in fibroblast activation between zebrafish (ZF) and mammals have been reported. In 
ZF, cardiac hypertrophy is characterized by hyperplasia and a growing number of myofibrils in myocytes17. 
Resident ZF fibroblasts deposit fewer connective fibrils than do mammalian fibroblasts and are eventually 
pushed to transdifferentiate into myocytes and components of the vascular system18,19. This process occurs in 
both regeneration and hypertrophy-induced processes through the downregulation of miR1, miR133a, and 
miR133b, which directly or indirectly control the expression of embryonal genes such as Gata binding protein 4 
(GATA4), nuclear factor of activated T cells-2 (NFAT2), and Wilms tumor-suppressor gene-1 (WT1)17,18. In the 
hypertrophy process induced by phenylephrine (PE), cells undergo tonic contraction through the involvement 
of various calcium channels in the inner and plasma membranes. The resulting calcium waves can activate 
PKC phosphorylation processes, miR-downregulation, RACK1 activation and re-expression of embryonic 
genes10,17,20.

We previously demonstrated that microRNAs (miR1, miR133a, and miR133b) are essential for controlling 
the expression of key embryonic genes involved in differentiating cardiac tissue components (epicardium, 
myocardium, and endocardium) during ZF heart regeneration and in PE-induced hypertrophy17,18,21,22. 
Moreover, blebbistatin (BL) was shown to counteract the activity of PE, probably by blocking calcium waves22. 
In this study, by using the same ex vivo culture model of the ZF heart, we aimed to determine the role of RACK1 
in embryonic gene re-expression during the cardiac hypertrophy process.

Materials and methods
The study was conducted in accordance with the guidelines from Directive 2010/63/EU of the European 
Parliament on the protection of animals used for scientific purposes and was approved by the protocol code N. 
10–87/2010 (and the upgrades until 2020) authorization/s from the Italian Health Ministry. All methods have 
been doneand reported in following with ARRIVE guidelines.

Ex-vivo experiments
Adult of ZF (n = 339 of which 162 female and 177 male), strain Tuebingen (WT, PETRA-AQUA s.r.o., Czech 
Republic) weighing 0.40 ± 0.05 g and lengths of 3.4 ± 0.07 cm were used for the experiments. No particular criteria 
were set for including and excluding animals. The ZF were gently placed in a tray containing the dose 4 mg/ml 
ethyl 3-aminobenzoate methanesulfonate salt (MS222, cat. A5040, Sig-ma‒Aldrich/Merck/Merck) necessary to 
put fish to death (MS222 used both to do firstly anesthesia and, after 10 min, also euthanasia, according to the 
ARRIVE essential 10 guidelines). In a flow laminar hood (PBI, International), the fish was placed on a sponge 
and under microscope to remove the heart. The heart was extracted and washed in L15c media [L15, Liebovitz 
buffer cat. L5520, Sigma‒Aldrich/Merck] supplemented with 80 units penicillin/streptomycin (Sigma‒Aldrich/
Merck) + 0.5 mg/ml L-glutamine (Sigma‒Aldrich/Merck) + 5% fetal calf serum (GIBCO) and 0.8 mM CaCl2 
(Sigma‒Aldrich/Merck)] and transferred to 12-well Petri dishes and divided into four groups: (1) the control 
(CTR) cultured with L15c medium; (2) the batch treated with phenylephrine 500 µM (PE, L-phenylephrine, 
cat. P1240000, Merck) for 96 h; (3) the batch treated with a cocktail of growth factors (GFs); and (4) the batch 
treated simultaneously with PE and blebbistatin (BL, (-) blebbistatin, cat. B0560, Sigma‒Aldrich/Merck) 10 µM 
for 96 h (PE/BL). This latter group was considered to confirm the inhibitory action of BL on treatment with PE. 
To evaluate the inhibitory effects of BL on PE, the other two experimental groups were used: (5) the batch treated 
with PE for 72 h and then treated with BL for 24 h (called PE + BL), and (6) the batch treated with BL for 24 h 
and then treated with PE for 72 h (called BL + PE). The cocktail of GFs was developed in our laboratory and has 
already been published21. Briefly, L15c was spiked with a mixture enriched with growth factors consisting of 5 
ng/ml recombinant human Cardiothropin-1 (CT, Peprotech, Inc.), 2 nM thrombin (TR, Sigma‒Aldrich), 40 ng/
ml recombinant human, fibroblast growth factor-basic (FGFb, FGF2, Invitrogen, Biosource), 10 ng/ml fibroblast 
growth factor-4 (FGF-4, Sigma‒Aldrich/Merck) and 10 ng/ml platelet-derived growth factor-BB (PDGF-BB, 
Sigma‒Aldrich/Merck).

RNA extraction and qRT-PCR analysis
The collected hearts (n = 6 in triplicate experiments) were placed in 0.5 mL of RNAlater (stabilization solution, 
Invitrogen, US) and stored at -80  °C. The extraction and purification of total RNA were performed via a 
previously published procedure22. Briefly, after the isolation and purification of total RNA via Thermo Fisher 
Kits (US), the quantity and purity of the extracted RNA (A260/280 ratio) were tested via the Molecular Device 
SpectraMax QuickDrop SPM. An Agilent Bioanalyzer 2100 with an RNA 6000 Pico Kit was used to verify the 
integrity of the RNA. The TaqMan GEX Assay (Thermo Fisher/Applied Biosystem) was used in combination 
with DNase directly in the sample already extracted. For these cDNAs, amplification via real-time PCR was 
performed via PowerUp SYBR Green Master Mix and appropriate primers: Receptor for Activated C Kinase 
1 (RACK1, Dr03118827_m1), Myosin Heavy Chain 7 (MYH7, Dr-03431146_m1), Brain Natriuretic Peptide 
(BNP, specific for ZF ventriculus, ID ARAADCC) and S18 (HS99999901_S1) were purchased as primers from 
Thermo Fisher Scientific (US). The relative expression of the genes was calculated by comparing the cycle times 
for each target PCR. The Ct values of each PCR target were normalized by subtracting the cycle threshold (Ct) 
value of S18, which was represented by the value ΔCt. The level of relative expression was calculated via the 
following equation:

	 Relative gene expression = 2−(△Ct_sample−△Ct_control)

ignificant differences (probability values, p) between the experimental groups and control/untreated animals 
were calculated on the basis of the means from three parallel experiments ± standard deviations (SDs) and 
analysed via one-tailed ANOVA-Bonferroni correction. One-way ANOVA is used to evaluate the difference 
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in means between three or more groups, taking into account only the groups and no other factors. Bonferroni 
correction is applied in comparisons among groups that are not too large and permits the collection of correct 
statistical data.

Immunoblot analysis
The hearts (n = 10 for each group in triplicate experiments) were homogenized manually with a pestle in lysis 
buffer [Tris-HCl (20 mM, pH 7.4) + EGTA (10 mM) + NaCl (150 mM) + Triton X-100 (1%, Sigma‒Aldrich/
Merck) glycerol (10%, Sigma‒Aldrich/Merck) + sodium dodecyl sulfate (SDS, 1%, Sigma‒Aldrich/Merck)] 
supplemented with protease and phosphatase inhibitors (PPIs). Protein extraction from cells was performed 
in RIPA buffer [Tris-HCl (10 mM, pH 8.0) + NaCl (140 mM), EDTA (1 mM, Sigma‒Aldrich/Merck) + Triton 
X-100 (1%, Sigma‒Aldrich/Merck) + SDS (0.1%)] supplemented with PPIs. Following the standard protocol, the 
proteins were quantified with a BCA protein assay kit (Pierce, Rockford, IL, USA). Proteins were loaded on 4–20% 
polyacrylamide precast gels from 30 to 50 µg of total protein (TGX Stain-free precast gels; Bio-Rad). The blotted 
proteins were transferred onto a nitrocellulose membrane via a Trans-Blot Turbo SystemTM (7 min at 2.5 A) 
and a Transfer PackTM (Bio-Rad). The primary antibodies used were anti-mouse RACK1 IgM (Bioscience, US) 
and rabbit anti-actin (Invitrogen, US). After incubation with the appropriate horseradish peroxidase-conjugated 
secondary antibody, the bands were visualized via the Clarity Western ECL substrate with a ChemiDoc MP 
imaging system (Bio-Rad). Bands were quantified for densitometry using Bio-Rad Image Lab software.

Histology and immunohistochemistry
Sample preparation for histology and immunohistochemistry
The hearts cultured ex vivo (n = 7 for each group) were placed in a fixed solution of 4% paraformaldehyde in 
PBS (Santa Cruz Biotechnology, US) + 10% sucrose for 24 h at 4 °C. The fixed hearts were incubated overnight 
in PBS containing 10% sucrose. Some heart samples (three from each group) were embedded in paraffin. The 
sections obtained with a Reichert-OME microtome were mounted on APES-treated slides (Sigma‒Aldrich). The 
dewaxed sections were processed for histochemistry and DAB immunohistochemistry. The other hearts (4 from 
each group) were embedded in OCT compound (Invitrogen) at -40 °C and sectioned with a cryomicrotome 
(Leitz) for fluorescence-immunohistochemistry. Superfrost Plus Gold (Espredia, NL/USA) slides were used. 
The sections were observed with an AxioScope (Zeiss) microscope supported with software for image analysis 
(Axiovision 100 software, Zeiss). The confocal images were acquired by a Zeiss LSM 710 scanning module with 
34 spectral R/FL detection channels and 6 laser lines (405,458, 488, 514, and 633 nm) by acquiring at least 6–8 
analysis plans.

Masson’s trichrome staining
The deparaffinized sections were stained following the procedure published in22 and described in the 
supplementary material.

Immunohistochemistry
The cryosections obtained from 4 hearts of each group (N = 24) were treated with phosphate buffer (PBS) 
supplemented with 2% Tween + 1 mM EDTA (Sigma‒Aldrich/Merck), and the slides were placed in citrate 
buffer to visualize the antigens for 20 min at 40 °C. Subsequently, the slides were washed with PBSTX (0.8% 
Triton X-100 in PBS). The sections were treated for 12  h with 0.01% Sudan Black (Sigma‒Aldrich/Merck) 
in PBSTX. The sections were then processed in 0.1% Triton X-100 (Sigma‒Aldrich/Merck) + 0.1% DMSO 
(Sigma‒Aldrich/Merck) + 2% BSA (Sigma‒Aldrich/Merck) and incubated at 4 °C with the primary antibody. 
The primary antibodies used were as follows: (1) anti-Wilms Tumour 1 (WT1, rabbit recombinant polyclonal 
protein antibody, Abcam) 1:10017 or (2) anti-Gata4 (GATA4 rabbit recombinant polyclonal protein antibody, 
Abcam) 1:10021 or (3) anti-Nfat2 (NFAT2 rabbit recombinant polyclonal protein antibody, Abcam) 1:150017. 
These antibodies were used in conjunction with the RACK1 anti-mouse IgM antibody (BD, Bioscience, USA). 
The antibodies were diluted in PBST + 1% normal goat serum (NGS, Sigma‒Aldrich/Merck). After 48  h of 
incubation at 4 °C, the slides were washed with PBSTX and incubated with PBSTX + 1% NGS (Sigma‒Aldrich/
Merck) + 2% BSA before they were incubated with the following fluorophore-conjugated secondary antibodies: 
(1) red fluorescent goat anti-mouse IgM (GAM, 1:200, Alexa-conjugates 594 wavelength, Invitrogen) and (2) 
green florescent goat anti-rabbit (GAR, 1:200, Invitrogen, 488 nm wavelength) for 1 h at room temperature. The 
nuclei were counterstained with 4’,6-diamidin-2-fenilindolo (DAPI, 1:1000, Vectastain). Slides were mounted 
with Fluoreshield Mounting medium. The confocal analysis was performed by using a ZEISS LSM 710-scanning 
module with 34 spectral R/FL detection channels and 6 laser lines (405, 458, 488, 514, and 633 nm) with at least 
six analysis plans for each sample. To obtain a correct and standardized fluorescence intensity from the samples, 
each fluorescence channel was first set on a sample treated only with secondary antibodies/DAPI and then set 
on the control sample without treatments (CTR group). The analysis of antibody staining was as follows: WT1/
RACK1/DAPI; NFAT2/RACK1/DAPI; and GATA4/RACK1/DAPI immunostaining was carried out on a single 
section. Each image acquired from the relative fluorescent canal was converted to RGB, merged for the three 
color canals, and normalized to the background by the Adobe Photoshop 6 program (Adobe Systems, Mountain 
View, CA, USA). The resolution of each image was selected to be 1024 × 1024 pixels (single stack).

Cell culture, RACK1/HA transfection and immunocytochemistry
Cell culture
Nine hearts were cultured in growth factor (GF) medium composed of basic cardiac medium (L15-Sigma/
Aldrich supplemented with 100X penicillin/streptomycin, 0.5 mg/ml L-glutamine, 5% fetal calf serum (FCS, 
GIBCO), 0.8 mM CaCl2) spiked with a mixture enriched with growth factors consisting of 5 ng/ml recombinant 
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human Cardiothropin-1 (CT, Peprotech Inc.), 2 nM thrombin (TR, Sigma‒Aldrich/Merck), 40 ng/ml 
recombinant human, fibroblast growth factor-basic (FGFb, FGF2, Invitrogen, Biosource), 10 ng/ml fibroblast 
growth factor-4 (FGF-4, Sigma‒Aldrich) and 10 ng/ml platelet-derived growth factor-BB (PDGF-BB, Sigma‒
Aldrich/Merck) and maintained for 24  h post explantation as described previously21. After that period, the 
nonadherent cells were collected and used to prepare primary cultures of cardiac-activated cells. The cells were 
distributed in triplicate in wells of polystyrene plates with 0.5 ml each of GF medium. Some of the cells were used 
for immunocytochemistry with double staining for RACK1/WT1, RACK1/NFAT2, and RACK1/GATA4. The 
nuclei were stained with DAPI (1:1000, Vectastain). The other part was used to transfect the cells or, as a control, 
was maintained with lypofectamine/medium (see Sect. 2.5.3).

Immunocytochemistry of cytospin cells (CSc)
Approximately 100 µl of cultured cells were taken from the wells, fixed with 4% PFA in PBS + 20% sucrose, 
centrifuged at 1000 rpm for 10 min at 9°C on slides (Superfrost Plus Gold-Espredia, NL/USA), and dried for 15 
min at room temperature under UV‒steril flow. Once dry, the pellets on the CSc-slide were washed with 500 µl 
of PBS for 5 min and processed for immunostaining. The CSs were washed with PBSTX 0.8% 15’ followed by 
unmaskin solution (20’/37°C) and subsequently washed with PBSTX 0.8% 10’/RT. The slides were incubated 
in Sudan black solution (0.01  g/70% alcohol, Sigma‒Aldrich), treated with 5% H2O2 in PBSTX for 10  min 
to eliminate possible autofluorescence due to peroxisomes, and then washed with 0.8% PBSTX. The slides 
were treated with nonspecific blocking reagent (normal mouse serum 1% (Sigma‒Aldrich/Merck), normal 
goat serum 1%, and bovine serum albumin 2% in PBSTX). The slides were finally incubated with a mixture of 
primary antibodies against RACK1/WT1, RACK1/GATA4, or RACK1/NFAT2 for 12 h at 4 °C. As a control for 
the reaction, a slide was treated with the solution used to dilute the antibodies (PBSTX 0.8 + BSA 1%). After 12 h, 
the slides were washed in PBSTX 0.8% and treated with PBSTX 0.8% + BSA 5% to block the nonspecific reaction 
of secondary antibodies. The slides were treated with a mixture of secondary antibodies: goat-anti-rabbit-green 
fluorescent (GAR-FITC, Alexa Fluor 488  nm, 1:200, Invitrogen)/goat-anti-mouse-red fluorescent (GAM-
TRITC, AlexaFluor 586 nm, Invitrogen) in PBS supplemented with 5% BSA (Sigma‒Aldrich) and mounted with 
25 µl of PBS-glycerol/DAPI (Sigma‒Aldrich). The slides were observed with an AxioScope microscope (Zeiss) 
equipped with image analysis software.

Transfection procedure
The protocol has been adapted to ZF cells from23. One day before transfection, 0.5 × 105 cells were seeded per 
well in 500 µl of 1:1 Opti-MEM I (Invitrogen/31985)/basic medium (without antibiotics/fetal calf serum until 
the time of transfection, L15-OT). For each transfection sample, DNA–Lipofectamine 2000 complexes were 
prepared by diluting 0.8 µg of DNA (containing Rack1 and hemagglutinin; RACK1/HA Invitrogen, V79020) 
in 50 µl of Opti-MEM I. In parallel, a control of Transfection (CTR) was prepared using 50 µl of Opti-MEM 
without RACK1/HA. Four microliters of Lipofectamine 2000 (Thermo Fisher Scientific US/IT) was diluted in 
100 µl of Opti-MEM I, and after mixing gently, the mixture was divided into two Eppendorf vials. After 5 min at 
room temperature, the liquid Lipofectamine/Opti-MEM I from each vial was added to the Eppendorf without 
plasmid (CTR) or to the Eppendorf with the plasmid (RACK1/HA) to reach a final volume of 100 µl each. Two 
vials containing 100 µl of the transfection mixture were added to each well containing cells and L15-OT. The 
buffers/cells in the wells were mixed gently by rocking the plate back and forth under sterile flow. The plate was 
incubated at 28°C in a humidified incubator for 24 h until transgene expression (T0 and T1) was assayed. Owing 
to the low metabolism of healthy cells, incubation for 24 h was necessary to achieve 80% transfection success. 
After this period, the cells were washed in osmolar PBS and centrifuged at 1000 rpm/10’. Half of the cells were 
fixed with a mixture of PFA 4%/PBS added to 5% sucrose at 4 °C for 24 h (called the T0 samples). The remaining 
part was added to CTR or RACK1/HA wells containing L15c/GFs supplemented with 1% gentamicin (to prevent 
the expulsion of RACK1/HA plasmids), and the plate was placed in a cell incubator at 28 °C. L15c/GFs (150 µl) 
were added to the wells two times per week (samples were referred to as T1). After this period, the transfected 
and control cells were washed with osmolar PBS, centrifuged at 1000 rpm/10’, and fixed as described above.

An immunocytochemical assay was performed on CSc (CTR and RACK/HA from the T0 and T1 samples) on 
poly-L-lysine-coated slides (Bright-GB). Double immunostaining was performed as described in Sect. 2.5.2. The 
primary antibodies used were as follows: (1) rabbit anti-hemagglutinin (batch C29F4/Thermo Fisher Scientific 
(US), 1:100; HA-TAG) in combination with (2) mouse anti-RACK1 (see above) to ascertain the presence of 
both in the cells. To study the presence of RACK1 + in the transfected cells in combination with the eventually 
increased expression of embryonic genes, (3) a mouse HA-TAG monoclonal antibody (Ab1424, Abcam (UK) 
1:200) in combination with (4) rabbit-NFAT2, rabbit-WT1 or rabbit-GATA4 (see above) was used.

The secondary antibodies (IIAbs) used were green-fluorescent Alexa Fluor® 488-conjugated goat anti-mouse 
IgG (1:200, Invitrogen, US) and Alexa Fluor® 596-conjugated goat anti-rabbit IgG (1:200, Invitrogen, US). 
The IIAbs were incubated at room temperature for 30 min, washed in 0.8% PBST, and then coated with PBS/
glycerol/DAPI mounting media (Sigma‒Aldrich, US) and cover glass. As controls for the immunohistochemical 
reactions, cytoslides marked with secondary antibodies (i.e., GAM and GAR) in combination with DAPI were 
used to avoid false positives. The confocal analysis of immuno-marked slides was performed via a ZEISS LSM 
710 instrument with a combination of four to six plans for laser scanning. To obtain a correct and standardized 
fluorescence intensity from the samples, each fluorescence channel was first set on a sample treated only with 
secondary antibodies/DAPI and then set on the control sample without treatments (CTR group).
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Results
RACK1 is co-espressed with hypertrophy markers in the ZF heart
Morphological analysis of cardiac tissue treated with GFs or PE via Masson trichomic staining confirmed the 
hypertrophy induced by PE and the counteracting effects of BL22. GFs treatment caused a slight increase in 
the number of myofibrils in the explanted ZF heart, accompanied by moderate hyperplasia of epicardial cells 
(Supplementary Materials, Fig. S1). Thus, similar to PE treatment, GFs treatment did not affect hypertrophy; 
rather, it was only a proliferation stimulus. To test whether hypertrophy and/or hyperplasia affect the expression 
of RACK1, cardiac myosin/heavy chain 7 (MYH7) and brain natriuretic peptide (BNP), a hypertrophy marker 
specific to the ventricular portion of the heart, we performed quantitative real-time PCR (qRT‒PCR) analyses 
of RNA isolated from ZF hearts subjected or not subjected to ex vivo treatments. These analyses (Fig.  1) 
revealed that PE and GFs treatment increased the expression of RACK1 (PE and GFs vs. CTR or other groups 
(*); ANOVA-Bonferroni correction p < 0.001). The samples treated simultaneously with PE and BL (PE/BL) 
or PE + BL showed no significant changes. In contrast, compared with those in the control group, the RACK1 
expression in the PE-treated group was significantly lower (BL + PE vs. CTR, p < 0,05, **). MYH7 expression 
(Fig. 1) was significantly upregulated in PE but also in PE + BL and GFs (*). The highest expression was observed 
in the PE treatment group, with statistical significance in all the other groups (p < 0.001 or p < 0.005, ANOVA–
Bonferroni correction), indicating increased expression of this sarcomeric myosin in the PE-treated hearts. The 
PE + BL group presented an increase in MYH7 (vs. CTR, p < 0,01). Compared with the CTR group, the GFs 
group presented a slight increase (GFs vs. CTR, p < 0.05). BNP was increased in the PE group (PE vs. CTR; 
p < 0.001, *), PE group vs. all other groups p < 0.001 (**, ANOVA-Bonferroni correction) and PE + BL group 
(PE + BL vs. CTR p < 0.01). Conversely, this upregulation was partially repressed after pre- and cotreatment with 
BL. The GFs also presented a greater mean than did the control, but the variability among the samples was not 
statistically significant.

Immunoblot analysis of RACK1 expression
Western blot analyses (Fig.  2) were performed to evaluate the Rack1 protein (RACK1) expression level in 
treated heart samples (PE, PE/BL, PE + BL, BL + PE, and GFs). The normalization of actin levels indicated that, 
compared with the CTR group, the PE-treated group presented a fourfold increase in RACK1 expression (Fig. 2, 
p < 0.001, *). The other treatment groups also presented slight increases in the presence of protein. In particular, 
the GFs increased (p < 0.05, *). The PE + BL group expressed less protein than the CTR group did (**; p < 0.05), 
in contrast with the mRNA quantified via qRT‒PCR.

Localization of RACK1 in tissue
Immunohistochemistry analysis via nickel enhancement/DAB on whole hearts revealed RACK1 positivity 
at the level of the epicardium, endocardium, and myocardium (Fig. S2, supplementary data). In particular, 
compared with untreated control hearts, hearts treated with PE or GFs showed detectable staining for RACK1 
at the epicardium and endocardium levels (CTR vs. PE vs. GFs Figure S2, Supplementary Data). Hearts treated 
simultaneously with PE and BL were positive in the epicardium, which was greater than that of the untreated 
control but less intense than that of the PE and GFs. In contrast, hearts pretreated with PE showed an intense 
reaction at the level of muscle fibres and the epicardium compared with those in the untreated control hearts 
but were less intense than those in the PE- and GF-treated hearts. In particular, the endocardium was markedly 
lower in the PE-treated group than in the GFs-treated group. The patterns of the hearts posttreatment with PE 
were similar to those of the GFs.

Immunohistochemistry and cytochemistry of RACK1/embryonal markers support their 
colocalization in tissue
To verify whether RACK1 colocalized with embryonic gene expression, a double-labelling confocal analysis was 
conducted with different RACK1 embryonic markers (Figs. 3, 4 and 5, merged staining data: S3—Supplementary 
Data; GATA4, WT1, NFAT2;). All the sections showed RACK1 labelling similar to that observed with DAB/
nickel-enhanced immunohistochemistry while highlighting its coexpression with different embryonic 
genes (GATA4, WT1, and NFAT2 proteins). In particular, GATA4 (Fig.  3) is expressed in the epicardium, 
endocardium, and myocardium, resulting in complete overlap with RACK1 expression. The colocalization of 
WT1 with RACK1 (Fig. 4) resulted in exclusive positivity in the epicardium. The NFAT2 (Fig. 5) marker was 
clearly positive in the endocardium lining cardiomyocytes and colocalized with RACK1. In heart samples from 
plants treated with GFs, the staining of these proteins was similar to that in the PE group, but the expression of 
embryonic markers was lower. In the PE/BL group (treated simultaneously with PE and BL), RACK1 positivity 
was greater than that in the control. This positivity was mainly localized around the fibres (in cardiomyocytes), 
where it colocalized with GATA4 and NFAT2. Furthermore, WT1 positivity in the epicardium was less marked. 
In contrast, in hearts pretreated with PE, GATA4 staining was intense and greater than RACK1 positivity. WT1 
and NFAT2 showed less intense reactions in the epicardium and endocardium, respectively, than did PE and 
GFs. Post-PE-treated hearts presented a less intense reaction to RACK1 and a lower signal for cardiac markers. 
The merged images of RACK1/GATA4/DAPI, RACK1/WT1/DAPI, and RACK1/NFAT2/DAPI staining are 
shown in the Supplementary Materials (Figure S3).

Rack1+_transfected epicardial/endocardial cells presented increased expression of 
embryonal markers
Cardiac cells activated by GFs in ex vivo cultured hearts leave the organ as transdifferentiated cells and start to 
proliferate in the culture buffer. Previously, we identified two types: epicardium-activated and endocardium-
activated cells that express embryonal genes. In particular, activated Epicardium expresses WT1/GATA4, and 
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endocardium-activated Epicardium expresses NFAT2/GATA421. To determine whether RACK1 is associated 
with the expression of these embryonal genes, GF-activated cells were transfected with a plasmid containing 
rack1/hemagglutinin-Tag (RACK1/HA) and analysed 24 h after the transfection event (T0, Fig. 6) or for one 
week (T1, Fig. 7). T1 cells were also cultured in culture media containing GFs to stimulate both the proliferation 
and expression of embryonic genes. Transfected cells at T0 and T1 were compared to control cells (CTR) that did 
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not contain the plasmid. Immunocytochemistry was conducted with double labelling and an anti-HA antibody 
to detect RACK1 expression via the plasmid (green fluorescence) and the endogenous embryonic genes GATA4, 
WT1, and NFAT2 (red fluorescence). The labelling analysis was conducted with a confocal microscope to obtain 
a clear signal of the labels and evaluate their possible relationship with RACK1 upregulation.

CTR cells did not show any positivity to HA and, therefore, to plasmid-encoded RACK1. These findings also 
supported the normal expression of endogenous RACK1 at T0 (Fig. 4) and T1 (Fig. 7) due to stimulation by GFs. 
At T0, the transfected cells all expressed RACK1/HA (Fig. 6), whose presence largely colocalized with GATA4, 
WT1, and NFAT2 expression.

In particular, GATA4 was more highly expressed in RACK1/HA-positive cells than in CTR cells. Moreover, 
GATA4 in RACK1/HA cells was locally diffused at the cytoplasmic level but was poorly detectable or comparable 
to CTR at the nuclear level. At T1, RACK1/HA-positive cells displayed marked expression of GATA4 at both 
the nuclear and cytoplasmic levels. Figure 7 shows CTR cell labelling at both the nuclear and cytoplasmic levels.

Figure 1.  Quantitative RT‒PCR analysis of RACK1 and hypertrophy markers. The graph shows the relative 
expression of Rack1 (RACK1), myosin heavy chain 7 (MYH7), and brain natriuretic peptide (BNP). In 
the PE-treated samples, a significant increase in markers was observed compared with those in the control 
samples (PE vs. CTR; PE vs. all groups p < 0.001,*). The GFs group, despite the variability of the samples, was 
significantly greater than the CTR and the other groups were, except for the PE group (GFs vs. CTR, PE/BL, 
PE + BL BL + PE, *, p < 0.01). The PE/BL and PE + BL groups presented nonsignificant modifications, whereas 
the BL + PE group presented a reduction (BL + PE vs. CTR, **, p < 0,05). MYH7 expression was significantly 
upregulated in the PE and PE + BL groups (PE vs. CTR, *, PE vs. all groups, **, p < 0.001; PE + BL vs. all groups 
without PE, *, p < 0.005). Compared with the CTR group, the GFs group presented a slight increase (GFs vs. 
CTR, *, p < 0.05). BNP was increased in the PE group (PE vs. CTR; p < 0.001; *; PE vs. all other groups). **, 
p < 0.05) and the PE + BL group (PE + BL vs. CTR, *; p < 0.01). Conversely, this upregulation was partially 
repressed after pre- and cotreatment with BL. The GFs also presented a greater mean than did the control, but 
the variability among the samples was not statistically significant. Hearts from the fish in each group (n = 6) 
were subjected to triplicate experiments—statistical analysis: ANOVA with the Bonferroni correction.

◂

Figure 2.  Immunoblot analysis of RACK1 protein expression in the experimental groups vs. CTR. 
Immunoblot images of Rack1 protein (RACK1) expression (upper part) and nonsarcomere actin (below) were 
used as housekeeping proteins. The graph shows the means of at least three independent experiments of the 
density ratio between the RACK1 and actin bands (mean ± S.D.). Compared with that in the CTR group, RAC1 
expression was strongly marked in the PE group (p < 0,001, *), but appreciable positivity was also observed 
in the GFs in the CTR group (P < 0,05, *). The level of RACK1 was comparable to that of CTR in the other 
treatment groups. The PE + BL group expressed less protein than the CTR group did (**; p < 0.05). Hearts from 
the fish used in triplicate experiments (n = 10 in each group) were subjected to statistical analysis: ANOVA 
with the Bonferroni correction.
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WT1 expression in the CTR at T0 (Fig. 6) was mild, and WT1 was detected mainly in the nucleus. At T1 
(Fig.  7), positivity was detected mainly in the cytoplasm. In RACK1/HA-positive cells, WT1 positivity was 
mainly nuclear and colocalized in some regions with RACK1/HA positivity.

At T0, NFAT2 (Fig. 6) was positively immunostained, with a few spots at the nuclear level in both RACK1/
HA cells and CTRs. At T1 (Fig. 7), the control displayed slightly greater positivity for NFAT2 than at T0, and 
NFAT2 was also positive at the cytoplasmic level. Interestingly, at T1 in RACK1/HA-transfected cells (Fig. 7), 
NFAT2 immunostaining became more intense in the cytoplasm than in the nucleus. NFAT2 positivity also 
appeared to colocalize with RACK1/HA.

Discussion
RACK1 is expressed in cardiac tissue and extensively expressed in PE- and GFs-treated hearts
In ZF, RACK1 has been detected in some organs/tissues, such as the epidermis, intestinal tract, liver24, and 
cardiovascular system25; however, a possible correlation between RACK1 and embryonal gene expression is rare. 
Currently, RACK1/embryonal gene correlation is known to be necessary from the gastrula stage to the adult 
stage because any knockout-RACK1 model is not life compatible26.

In ZF, as well as in mammals, the epithelial cells of the heart undergo proliferation and transdifferentiation 
by re-expressing embryonic genes when subjected to hypertrophic regeneration21. The expression of GATA4, 
NFAT2, and WT1 embryonal markers appears to be dependent on miR expression18, possibly involving RACK1 
in our previous analysis of their translational control.

In the present research, in the cardiac control group, RACK1 was expressed at low levels and was widespread in 
the epicardium, myocardium, and endocardium. This observation is consistent with other findings in vertebrate 
or invertebrate tissues because of the constitutive expression of differentiated cells or a predifferentiating 
process27. For example, RACK1 is expressed transiently in the skeletal muscle of postnatal mice, is abundant in 

Figure 3.  Double staining with RACK1 and GATA4 was analysed via confocal microscopy. RACK1 (red 
fluorescence) is fundamentally expressed in the CTR myocardium. In all the experimental groups, RACK1 
was increased and colocalized with the GATA4 antibody (green fluorescence). GATA4 is strongly expressed 
in PE and GFs and moderately expressed in PE + BL and PE/BL. Moreover, it was expressed at lower levels in 
the BL + PE treatment. The hearts utilized for the experiments were N = 4/5 sections in each group in triplicate 
experiments. Blue fluorescence: DAPI (nuclear marker); scale bar: 500 μm.
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the early phase of muscle growth and almost disappears in mature adult fibres28. During oogenesis in Drosophila, 
somatic RACK1 plays a non-cell-autonomous role in maintenance and function2.

In contrast to that in the CTR- or BL-treated samples, RACK1 expression was markedly increased in the PE-
treated samples by approximately sixfold-fold according to qRT‒PCR and doubled according to immunoblotting. 
This observation suggests that RACK1 may be involved in the hypertrophy process. This finding is supported by 
evidence of high expression of hypertrophy markers, such as MYH7 and BNP, in line with RACK1 expression in 
different samples. Similarly, heart samples cultured with buffer supplemented with GFs, which has already been 
standardized in our laboratory21, presented a RACK1 expression level that was double that of the CTR.

Previously, in both PEs and GFs, chemostimulation was related to the downregulation of key microRNAs 
(i.e., miR1, miR133a, and miR133b)17,18. These miRs lead to different pathways that cause cells to differentiate 
into various cardiac types (epicardial, endocardial, and myocyte) by repressing embryonic gene expression 
directly or indirectly17,18. In this context, the observation of high expression of RACK1 and, contemporarily, 
notable embryonic gene expression may indicate direct or indirect relationships between these molecules. 
Interestingly, the RACK1 mRNA and protein levels in the groups treated with BL were compared. Interestingly, 
in the pretreatment with BL and in the contemporary treatment with PE and BL, the expression of RACK1 was 
comparable on average to that in the control. Instead, in the group posttreated with BL (PE + BL), the mRNA 
level was significantly greater than that in the control, while the protein level appeared to be significantly lower. 
An explanation could be that, in mammalian cardiomyocytes, the eIF6/p27BBP-his-myc protein complex is 
also localized in Z discs directly activated by cytoskeletal disruption generated by the BL and is able to decrease 
protein synthesis by attaching to the 60 S subunit29. Furthermore, eIF6 directly interacts in the cytoplasm, with 
RACK1 limiting its presence30.

Figure 4.  Double staining of RACK1 and WT1 was performed via confocal microscopy. RACK1 (red 
fluorescence) is expressed at lower levels in the epicardium than in the myocardium in the CTR. In all the 
experimental groups, RACK1 expression was increased, and RACK1 was particularly colocalized with the 
WT1 antibody, which stains the epicardium (green fluorescence). WT1 is strongly expressed in PE and GFs 
and moderately expressed in PE + BL, PE/BL, and BL + PE. The hearts utilized for the experiments were 
N = 4/5 sections in each group in triplicate experiments. Blue fluorescence: DAPI (nuclear marker); scale bar: 
500 μm.
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RACK1 colocalized with embryonal markers in activated cells
The zinc finger protein GATA4 is a hypertrophy-responsive transcription factor in mammals that forms a complex 
with an intrinsic histone acetyltransferase, p300. Previous studies have indicated that Cdk9 forms a functional 
complex with p300/GATA4 and is required for the p300/GATA4-transcriptional pathway during cardiomyocyte 
hypertrophy. RACK1 also plays an important role in this phase10,31. Moreover, in rats, cardiomyocytes cultured 
with PE block hypertrophy when RACK1 phosphorylation is inhibited10. In our model of cardiac hypertrophy 
in the ZF, GATA4 was highly expressed in the PE and GFs groups and was partially expressed in the PE and BL 
groups compared with the CTR group. These findings, together with high RACK1 expression in PE/samples, 
contrast with those of Suzuki et al.10. However, considering the multiple functions of RACK1 in the cytoplasm, we 
can hypothesize that its major function in PE and GFs is to favour GATA4 translation instead of phosphorylating 
the p300/GATA4 complex32. Further transfection experiments confirmed this hypothesis (see below).

The Wilms’ tumor suppressor gene wt1 encodes a C protein with four C-terminal Kruppel-type zinc 
finger transcription factors, which play important roles in the development of the mammalian genitourinary 
system and heart33,34. The expression of this transcription factor is exclusive to the activated epicardium in 
mammals as well as in ZF18,35. In ZF, wt1a- and wt1b-expressing cardiomyocytes exhibited altered cell adhesion 
properties, delaminated from the myocardium, and upregulated epicardial gene expression, which led to their 
transdifferentiation into epicardial-like cells36. In the present research, WT1 was highly expressed in the PE- 
and GF-treated groups compared with the other groups, confirming previous findings. Interestingly, RACK1 
colocalized with this gene. WT1+ cells show mutually exclusive binding of either protein phosphatase 2 A or 
integrin to RACK1, which is controlled by an agonist-dependent interaction between RACK1 and the insulin-
like growth factor I receptor37. Insulin-dependent regulation of the composition of this RACK1 protein complex 
impacts cell migration38. Integrins are likely related to hyaluronic acid in the extracellular matrix, which causes 

Figure 5.  Double staining of RACK1 and NFAT2 was performed via confocal microscopy. RACK1 (red 
fluorescence) is fundamentally expressed in the myocardium of CTR. In all the experimental groups, RACK1 
expression was increased, and RACK1 colocalized with the NFAT2 antibody to mark the endocardium (green 
fluorescence). NFAT2 is strongly expressed in PE and GFs and moderately expressed in PE + BL, PE/BL, and 
BL + PE. The hearts utilized for the experiments were N = 4/5 sections in each group in triplicate experiments. 
Blue fluorescence: DAPI (nuclear marker); scale bar: 500 μm.
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the cells to migrate after epithelial‒mesenchymal transdifferentiation20. In a hypertrophy or regeneration cardiac 
ex vivo model, WT1 was highly expressed in activated epicardial cells18,21.

NFAT is a family of transcription factors (NFAT 1–539–41), found in the cytosol in its phosphorylated, 
inactive form42. NFAT2 is mediated by activation and controlled by calcineurin, a Ca2+-dependent phosphatase, 
and RACK1. At sustained elevations in cytoplasmic calcium, calcineurin dephosphorylates NFATC1–C4, 
allowing NFAT to translocate to the nucleus and activate gene transcription42–44. NFAT2 is expressed in 
muscles, including the heart, during differentiation, maturation, and hypertrophy42. Transgenic mice with 
cardiomyocyte-specific G protein-coupled receptor kinase overexpression activate NFAT reporters basally 
and after hypertrophic stimulation, including transverse aortic constriction and phenylephrine treatment44. 
In ZF, enhanced NFAT2 expression was demonstrated during PE treatment in ex vivo cultured hearts22. In 
response to PE treatment, calcium waves can activate calmodulin, which, in a cascade, activates serine/threonine 
phosphatases and calcineurin. The latter can bind to the N-terminal regulatory domain of NFAT, inducing 
dephosphorylation and conformation changes. In the present study, NFAT2 was enhanced by GF treatment and 
partially by PE. Interestingly, nickel-enhancement/DAB immunostaining revealed that RACK1 was localized 
in the endocardium after PE treatment (the PE, PE + BL, PE/BL, and BL + PE groups), demonstrating a role for 
endocardium activation in hypertrophy. BL and PE treatments, as indicated by their lower expression, align with 
the previously described Ca++-wave blocking capacity of BL.

Transfection of activated cells with a plasmid containing RACK1/hemagglutinin affected 
embryonic gene expression
In our ZF model, the activated epicardial and endocardial cells presented RACK1 and basic embryonic gene 
expression levels of GATA4, WT1, and NFAT2 under L15c without GFs. The myocytes remain in the ex vivo 
organ; thus, they were used only for histochemical analyses. However, the expression of embryonic genes and 
RACK1 increased in response to culture with growth factor (GF)-supplemented medium. This observation aligns 
with our previous observations, indicating enhanced embryonic gene expression21. Compared with that in the 
nontransfected control cells, embryonic gene expression was increased in the activated/RACK1+-transfected 
cells. Moreover, after one week of culture in GFs-supplemented medium, all the genes were strongly expressed 

Figure 6.  Confocal analysis at 24 h post-transfection (T0). The plasmid containing rack1+ and the reporter 
hemagglutinin (RACK1+/HA) produced green fluorescence. The cells were double-labelled with embryonal 
markers (GATA4, WT1, and NFAT2; red fluorescence) and compared to nontransfected cells (CTR). GATA4 is 
increased in transfected cells and is localized mainly in the cytoplasm. WT1 is comparable to the CTR. NFAT2 
is sparsely expressed in the CTR and, in both cases, is localized in the nucleus. The nucleus was labelled with 
DAPI (blue fluorescence). DAPI/Ab: DAPI-labelled antibody (GATA4, WT1 or NFAT2). TRANSF/MERGE: 
Transfected cells labelled with all the antibodies (against HA and one embryonal marker). CTR/MERGE: 
nontransfected cells labelled with all the antibodies. The hearts utilized for the experiments were N = 4/5 
sections in each group in triplicate experiments. The hearts utilized for the experiments were N = 3, and 
analysis was performed with 104 cells in each group in triplicate. Bar: 20 μm.

 

Scientific Reports |        (2024) 14:25698 11| https://doi.org/10.1038/s41598-024-76138-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


in the transfected cells, suggesting that some RACK1 is involved in their translation. In particular, GATA4 is 
strongly expressed at the nuclear level in transfected/GFs-cultivated cells. Thus, RACK1 overexpression enhances 
the presence of the GATA4 protein (detected by specific antibodies) and increases GATA4 activity in the nucleus. 
Unfortunately, there are no previous reports about the possible role of RACK1 in GATA4 translation.

Epicardium-derived cells, which become activated upon injury and migrate to the injured area, can 
differentiate into various types of myocardial cells. These cells are WT1 positive in both mammals and fish21,45. 
WT1, Wilms’ tumor suppressor protein, is a zinc finger-containing transcription factor that activates or 
represses transcription depending on the cell type and promoter context and that adheres to proteins with a 
WD40 motif46. After activation, WT1+ cells undergo mesenchymal transition and can activate angiogenesis and 
a new extracellular matrix by stimulating resident fibroblasts47. In this study, WT1 expression was increased in 
RACK1+/HA-transfected cells after 1 week of culture in growth factors (GFs)-supplemented medium and 24 h 
after transfection. WT1 was localized mainly to the nucleus. Similarly, in nontransfected cells, WT1 expression 
was also increased after 1 week but was less pronounced than that in the transfected cells. Taken together, these 
observations suggest a possible role for RACK1 in WT1 protein translation.

NFAT2 is a marker of endocardial-activated cells and is expressed early in ZF development. NFAT can change 
dynamically in phosphorylation status through the action of additional molecules such as nuclear p300, GATA, 
and RACK148,49. After 1 week of culture GFs-supplemented medium, the RACK1+/HA cells presented high 
NFAT2 gene expression. The localization was principally cytoplasmic instead of nuclear. Interestingly, after 1 week 
of culture in GFs-supplemented medium, NFAT2 expression was significantly greater in RACK1+/HA cells than 
in nontransfected or T0-transfected cells. In previous studies, the overexpression of RACK1 was hypothesized 
to play a role in NFAT binding and blocking its nuclear translocation44. However, in our case, the high presence 
of NFAT2 in the cytoplasm and nucleus in T1 RACK1/HA-transfected cells could not be explained simply as a 
block of translocation because it seems to be linked to increased protein translation. Interestingly, when RACK1 
expression is decreased by myocardial infarction, cardiomyocytes undergo apoptosis49. This observation was 
confirmed by the blocking of RACK1+/HA-transfected cardiomyocyte apoptosis. In this context, the NFAT2 
protein may also be involved because it regulates PD-1 (programmed death-1) expression50.

Figure 7.  Confocal microscopy analysis after transfection and one week of culture in medium supplemented 
with GFs (T1). The plasmid containing RACK1/HA emitted green fluorescence. The cells were double-labelled 
with embryonal markers (GATA4, WT1, and NFAT2; red fluorescence) and compared to nontransfected cells 
(CTR). GATA4 is strongly increased in transfected cells and is localized mainly in the nucleus. Compared with 
CTR, WT1 is highly expressed in the nucleus and cytoplasm. Compared with its expression in the nucleus, 
NFAT2 is more highly expressed in the cytoplasm than CTR, which is localized in the nucleus. Nuclei are 
marked with DAPI (blue fluorescence); DAPI/Ab: DAPI labelling + antibody (GATA4 or WT1 or NFAT2). 
TRANSF/MERGE: transfected cells labelled with all the antibodies (against HA and one embryonal marker). 
CTR/MERGE: nontransfected cells labelled with all the antibodies. The hearts utilized for the experiments 
were N = 3, and analysis was performed with 104 cells in each group in triplicate. Bar: 20 μm.
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Conclusions and mechanistic hypothesis of RACK1 interactions
RACK1, an adapter protein that interacts with a variety of signalling molecules to promote phosphorylation in 
combination with PKC51–53, is also a component of the 40S subunit of the ribosome that interacts with Scp1605 
and is necessary for 60S subunit assembly29,54. In particular, RACK1 may be involved in alternative-translation 
eIF-3d-dependent processes by attaching to the 5’UTR loop of mRNA29,53. RACK1 is also involved in other 
alternative translation machinery by functioning as an adapter favouring the ribosome 40S/60S junction in the 
ITAF-internal ribosome entry site (IRES) complex55. The IRES sequence has a longer loop than does the eIF3d 
dependent, highly structured 5’UTR, which lacks a methylated cap structure at the 5’ end and represents the 
most ancient translation system (conserved from viruses40). Since the translated eIF4E-dependent cap represents 
a recent machinery type in evolution, it is possible that ancient embryonic genes (common in vertebrates) could 
be translated by the eIF-3d-dependent or IRES-ITAF typology40 (Fig. 8).

The present research demonstrated the involvement of RACK1 in heart hypertrophy or GF activation ex vivo. 
In samples treated with PE or GFs, RACK1 was increased, and we observed significant expression of GATA4, 
WT1, and NFAT2. Several studies in mammals have confirmed that PE stimulation activates signalling pathways 
associated with cardiomyocyte hypertrophy, including the ERK/JNK/p38 (MAPK), calcineurin-NFAT, JAK/
STAT, and p300/GATA4 pathways32. In chickens, fibroblast growth factors induce RACK1, and this induction 
of RACK1 expression is accompanied by a significant increase in the number of active PKC molecules/PKC 
enzymatic activity56. Thus, it is not surprising that some key embryonic genes are re-expressed by PE in GFs; 
however, RACK1 may play a role in this process. By overexpressing a plasmid containing rack1, we confirmed 
the involvement of this protein in activating cardiac cells and enhancing embryonic gene expression. Although 
some remarks can be made regarding the possible outcomes of RACK1 loss of function, this was not investigated 
in this study. Since loss-of-function or KO models of RACK1 are not viable in mammals26,57, we decided to 
limit the experiment to overexpression. Further studies on RACK1 should highlight its direct versus indirect 
involvement in transcribing and translating embryonic genes since an increase in the canonical translation 
mechanism has also been reported in heart regeneration or hypertrophy58. Moreover, RACK1 may be indirectly 
involved in the translation of specific RBP-bound mRNAs59.

Ideally, RACK1 may be involved in eIF-3d-dependent translation and increase the protein level of GATA4 
(Fig.  8) or NFAT2. Ongoing bioinformatic analysis revealed a dimensional loop in the 5’ mRNA of GATA4 
that attaches to the eIF-3d cap complex and thus RACK1, whereas NFAT2 is still difficult to prove. Among 
the several variants described in WT1 mRNA, there is evidence for a non-AUG (CUG) translation initiation 
codon upstream of the first AUG. A long 5’UTR sequence, compatible with the IRES sequence, could suggest a 
possible role of RACK1 in translation [47 51] (Fig. 8). Since NFAT2 translation is increased in transfected cells, 
RACK1 may also be directly involved in the translation of the protein by interacting with alternative translation 
machinery. This ancient, early-expressed gene may be derived from alternative translation motifs. Further 
bioinformatic and experimental tests should be conducted to confirm this hypothesis (Fig. 8).

The signals identified by comparative studies should be the focus of follow-up candidate approaches to 
determine the exact roles that key signals or genes play in regeneration/disease. They should also investigate how 
this signal can be manipulated to facilitate reparative process control. In this context, this research highlights 
RACK1’s potential as a candidate marker of cardiac cell activation.
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