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Reviewers' comments:
Reviewer #1 (Remarks to the Author):

In this manuscript, Schoger et al. profiled the single-cell transcriptome analysis of hearts with
inducible cardiomyocytes-specific Wnt activation, compensatory and failing hypertrophic modeling.
The study combines various transcriptomic, proteomic, and biochemical analyses to identify the
effects of hypertrophic modeling on cardiomyocytes' adaptive behaviors. The authors provide
evidence that upregulated exosome synthesis is found in the hearts of B-catAex3 mice. They also
suggest that the hypertrophic model induces the activation of transcriptomic profiles regarding
exosome biogenesis. Lastly, they recruited the iPSCs method to validate the findings through
pharmacological perturbation.

While the study provides an appealing phenomenon of altered exosome secretion in hypertrophic
models, many single-cell analysis approaches are conjectures producing tools and need
independent experiments to validate the hypothesis. Given the enormous literature on adaptive
mechanisms in heart hypertrophy, this study would be improved by providing in-depth
experimental observations in addition to transcriptomic and proteomic analyses. Although
proteomics data to some extent confirms the observations from the transcriptional profiles, it is
necessary to run functional assays in justifying the claims. The following outline several
suggestions to improve the study.

1. Please illustrate the rationale behind using three different models, including the inducible mouse
model, TAC hypertrophic model, and iPSC-derived cardiomyocytes model.

2. In fig. 1, What is the algorithmic standard/characteristics to divide cardiomyocytes into sub-
clusters. Is there a difference in the proportion of CM1 and CM2 between control and diseased
cells? If there is a difference in CM1 and CM2 percentages, how to explain the difference?

3. Authors use CHIR99021 to increase the Wnt signaling pathway activity and observed increased
activity of exosome secretion as shown in iPSC-CMs. This study could be significantly improved by
adding Wnt signaling pathway blocker on top of CHIR99021, which eliminates the possible side
effects of CHIR99021 in inducing the exosome secretion. In other words, to make a strong
correlation between upregulated exosome biogenesis and activated Wnt signaling pathway, it will
be worthwhile to study the effects of blunted Wnt signaling pathway on exosome secretion using
iPSC-CMs.

4.1n fig. 7E, the localization of CRYAB is not significantly different from DMSO to CHIR99021, the
difference centers on the intensity of the CRYAB if the same exposure time is used. It would be
helpful if the western blotting data can be shown to demonstrate the cytoplasmic accumulation of
CRYAB in the CHIR99021 group vs the control.

Reviewer #2 (Remarks to the Author):

Manuscript by Schoger et al investigates EV secretion of cardiomyocytes with canonical Wnt
activation by stabilized beta-catenin. The study shows a collection of transcriptomic and proteomic
data from mouse and human iPSC-CM models that characterizes differential expression of
proteosome constitutes such as CRYAB. The study can be improved with minor changes discussed
below.

1. In Figure 1A, the legends and the axis labeling could be enlarged for better readability. It is also
difficult to discern the cells from the two conditions with the triangle and circle shapes. Can the
authors provide a separate UMAP plot that distinguishes the cells from the two conditions using
different colors? Also the conditions are currently labeled "disease" and "healthy" but shouldn't this
be "wildtype" and "b-cat exon 3 deletion"?

2. In Fig 1C, are the feature plots representing cells from both CM1 and CM2 clusters (e.g., from
all cardiomyocytes identified from each group)? If so, how do the gene expressions look within
CM1 cluster and within CM2 cluster separately? Are there other genes that show significant up-
/down-regulation in the two distinct CM populations between control vs. exon3 deletion?



3. Labeling in Fig. 2A are too small to read.
4. Please correct spelling errors in figure legend for Fig 5.

5. Most of Wnt-associated genes investigated in the study seem to be canonical Wnt-responsive
genes. Have the authors also looked to see if there are any changes in expression of endogenous
Wnt ligands, receptors, co-receptors, and the proteins that directly participate in the Wnt signaling
pathway?

6. In the Introduction, the authors state that stabilization of beta-catenin (and hence canonical
Wnt activation) in cardiomyocytes are deleterious (line 62, page 2). However there exist a myriad
of studies that also argue otherwise. As the authors have also shown in Fig. 7 of this manuscript,
canonical Wnt activation can lead to CM proliferation as well as other injury repair mechanisms.
Therefore this notion should be more delicately discussed.

7. In the Discussion, the authors mention the possibility of detecting EVs in the circulating blood. I
wonder if this is truly possible, as I am under the impression that the amount of EVs secreted is
not enough for them to be detected in bloodstream.



Reviewer #1 (Remarks to the Author):

In this manuscript, Schoger et al. profiled the single-cell transcriptome analysis of hearts with inducible
cardiomyocytes-specific Wnt activation, compensatory and failing hypertrophic modeling. The study
combines various transcriptomic, proteomic, and biochemical analyses to identify the effects of
hypertrophic modeling on cardiomyocytes' adaptive behaviors. The authors provide evidence that
upregulated exosome synthesis is found in the hearts of B-catAex3 mice. They also suggest that the
hypertrophic model induces the activation of transcriptomic profiles regarding exosome biogenesis.
Lastly, they recruited the iPSCs method to validate the findings through pharmacological perturbation.
While the study provides an appealing phenomenon of altered exosome secretion in hypertrophic
models, many single-cell analysis approaches are conjectures producing tools and need independent
experiments to validate the hypothesis. Given the enormous literature on adaptive mechanisms in
heart hypertrophy, this study would be improved by providing in-depth experimental observations in
addition to transcriptomic and proteomic analyses. Although proteomics data to some extent confirms
the observations from the transcriptional profiles, it is necessary to run functional assays in justifying
the claims. The following outline several suggestions to improve the study.

We thank the reviewer for emphasising this point, which encouraged us to perform further
validation in the revised version of our manuscript. Please find below a point-by-point
discussion addressing all concerns.

1. Please illustrate the rationale behind using three different models, including the inducible mouse
model, TAC hypertrophic model, and iPSC-derived cardiomyocytes model.

The reason of using different experimental models is based on the fact that our study is centred
on a hypothesis-driven question based on Wnt signaling activation in cardiac remodeling.
Employing a transgenic mouse model with Wnt/B-catenin signaling activation, allows us to
precisely study the mechanism driven by Wnt activation in cardiomyocytes and contributing to
the cardiac remodeling. Due to the artificial nature of transgenic models, we next compared
our finding with a disease experimental TAC hypertrophic model. With these two models, we
could should that an EV-mediated response is part of the disease condition. Next, we aimed
at confirming that the identified biological process was relevant in cardiomyocytes of human
nature. We are aware of the limitations of IPSC-derived cardiomyocytes, and therefore used
the system to specifically answer the question whether human derived cardiomyocytes were
able to modulate EV-response upon stress caused by Wnt activation. We thank the reviewer
for making this point and integrated these arguments in the discussion of the revised
manuscript for a better comprehension of the study (lines 391-394).

2. In fig. 1, What is the algorithmic standard/characteristics to divide cardiomyocytes into sub-
clusters.

Our entire pipeline is based on the standard Seurat workflow (Stuart and Butler et al.
Comprehensive Integration of Single-Cell Data. Cell (2019) [Seurat V3]). This workflow consist
of several steps, starting with the normalization of the countmatrix in our assay. We used the
NormalizeData tool selecting the standard LogNormalize method. This method uses the gene
counts for each cell; divides them by the total cell counts and multiplied by the scale factor.
This is then natural-log transformed using loglp. After normalization of the data, we run
FindVariableFeatures tool, which identifies the genes that are outliers on a “mean variability
plot” using on the “vst” algorithm. This algorithm first fits a line to the relationship of
log(variance) and log(mean) using local polynomial regression (loess). Then, it standardizes



the features values (gene expression) using the observed mean and expected variance (given
by the fitted line). Feature variance is then calculated on the standardized values after clipping
to a maximum. We then scaled and centred the genes in the dataset and regressed out the
cofounding variables using the ScaleData tool. After that, we reduced the dimensions using
RunPCA tool. Here, it first construct a KNN graph based on the Euclidean distance in PCA
space, and then it refines the edge weights between any two cells based on the shared overlap
in their local neighbourhoods (Jaccard similarity). To cluster the cells, the tool next applies
modularity optimization techniques such as the Louvain algorithm to iteratively group cells
together, with the goal of optimizing the standard modularity function. The FindClusters
function implements this procedure, and contains a resolution parameter that sets the
‘granularity’ of the downstream clustering, with increased values leading to a greater number
of clusters. We finally visualize the clusters using UMAP. Using this workflow, when analysing
all cells together, we were able to visualize one clearly defined CM cluster (based on CM
markers). After that, we sub-setted this CM cluster and re-analysed separately. This way, we
were able to increase the resolution, observe the different CM subclusters in our CM, and
compare them between conditions. This is now adapted in the current revised version for data

presented in Fig. 1 and 5.

Is there a difference in the proportion of CM1 and CM2 between control and diseased cells?
If there is a difference in CM1 and CM2 percentages, how to explain the difference?

Yes, there are differences in the CM proportions of the different conditions. In order to illustrate
the differences, first differences between all cell types are depicted and secondly, the
differences between CM subclusters are subsequently showed in Fig. 1A.

The difference between the proportion of subCM1 and subCM2 may be due to the stress
caused by the Wnt signaling activation, which in this model only reached in a subset of CMs
(Cre mediated recombination resulting in around 80% of edited cells). When comparing both
clusters conditions, we observed that enriched transcripts in the CM1 population categorized
to processes related to cell energy and normal cardiac functions, while the CM2 population
presented a signature of developmental processes. Thus, CM2 represents a more adaptive
cluster, which is increased upon stress condition. This is now integrated in Extended Fig. 2F.

3. Authors use CHIR99021 to increase the Wnt signaling pathway activity and observed increased
activity of exosome secretion as shown in iPSC-CMs. This study could be significantly improved by
adding Wnt signaling pathway blocker on top of CHIR99021, which eliminates the possible side
effects of CHIR99021 in inducing the exosome secretion. In other words, to make a strong correlation
between upregulated exosome biogenesis and activated Wnt signaling pathway, it will be worthwhile
to study the effects of blunted Wnt signaling pathway on exosome secretion using iPSC-CMs.

This is an excellent observation, which allowed us to expand our conclusions. This experiment
has been performed by blocking CHIR-mediated Wnt signaling activation with iso-quercetin
(Iso-QC), which specifically blocked the binding of b-catenin and the transcription factor
(TCF/LEF) mediating target gene activation®. In this experiment, we confirmed an increase of
the EV marker TSG101 upon CHIR treatment (Wnt activation), whereas a reduction of this
marker was observed upon Iso-QC rescue treatment. Additional stress stimulus triggered by
TGF-b?, showed increased EV marker TSG101 although to a lesser extent. This suggests that
stress is the primary cause of increased loading of released EV. This is now included in Fig.
7D and 7E, result lines 259-265 and discussion lines 381-387.




4. In fig. 7E, the localization of CRYAB is not significantly different from DMSO to CHIR99021, the
difference centers on the intensity of the CRYAB if the same exposure time is used. It would be
helpful if the western blotting data can be shown to demonstrate the cytoplasmic accumulation of
CRYAB in the CHIR99021 group vs the control.

This is correct, although we used the same exposure time we cannot depicted difference in
quantity with this visualization. For that, we have performed Western blot analysis, which
showed no difference of overall protein quantity among the different conditions in whole cell
lysate. These data indicated that only the localization of CRYAB is affected upon acute stress.
This has been introduced in Fig. 7E and Lines 269-270.

Major changes in the manuscript are highlighted in red and include:

e Data presentation in Fig. 1, 4, 5, 6 and 7 and Extended Data 2E-G and 10 as well as
all the GO analysis

e Addition of data in Main Figures: 1G, 4A, 5C, 7C, 7D and 7E and Extended Data: 2G
and 2F; 3A, 9B and 10

e Cell number was increased for the analysis presented in Fig. 5.

e Lines 49-55 and lines 276-292 discuss the deleterious and regenerative roles of Wnt
signaling.

e Lines 93-99 describe the cell subclustering in the b-catenin stabilization model.

e Lines 109-110 describe common GO of downregulated DGEs in CM1 and CM2 of
hearts with b-catenin stabilization.

e Lines 116-120; 197-200 and 257-259 describe the data showing increased levels of
the Ub-proteins in tissue and EVs isolated from Wnt activated hearts as well as in EVs
from iPSC-derived cardiomyocyte upon Wnt activation, respectively.

e Lines 259-265 and discussion lines 381-387 present the data on IsoQC rescue
experiments in iPSC-cardiomyocytes upon Wnt activation.

e Lines 269-270 describe the expression of CRYAB in whole cell lysates from iPSC-
derived cardiomyocyte upon Whnt activation and rescue

e Lines 391-394 argument the use of the different models in the study.

e Lines 401-403 discuss possible detection of EVs present in the circulation.

e Labeling in the Figures were improved and spelling mistakes were corrected.

e The information on the manuscript has been more focused and graphs in Fig. 2 and
Fig 7 have been moved to Extended figures.

We thank the reviewer for the excellent recommendations, which have helped us improve the
presentation of our data and extended the validity of our study.
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Reviewer #2 (Remarks to the Author):

Manuscript by Schoger et al investigates EV secretion of cardiomyocytes with canonical Wnt
activation by stabilized beta-catenin. The study shows a collection of transcriptomic and proteomic
data from mouse and human iPSC-CM models that characterizes differential expression of
proteosome constitutes such as CRYAB. The study can be improved with minor changes discussed
below.

1. In Figure 1A, the legends and the axis labeling could be enlarged for better readability. It is also
difficult to discern the cells from the two conditions with the triangle and circle shapes. Can the
authors provide a separate UMAP plot that distinguishes the cells from the two conditions using
different colors? Also the conditions are currently labeled "disease" and "healthy" but shouldn't this
be "wildtype" and "b-cat exon 3 deletion"?

Thanks for these comments, the figure’s labelling and data presentation have been improved
accordingly.

2. In Fig 1C, (A) are the feature plots representing cells from both CM1 and CM2 clusters (e.g., from
all cardiomyocytes identified from each group)?

(B) If so, how do the gene expressions look within CM1 cluster and within CM2 cluster separately?

(C) Are there other genes that show significant up-/down-regulation in the two distinct CM populations
between control vs. exon3 deletion?

(A) Yes, these plots were depicting the two subsets together. In the revised version, we are
depicting them separately. We would like to mention, that we recently upgraded our pipeline,
which allows reducing even more the background noise and distinguished more clearly the
different clusters. The cell filters are the same as used in previous versions, therefore, it gave
comparable results by sub-setting the data. This gave more detailed resolution of the CM
clusters (CM1 and CM2), which is now presented in Fig. 1 A and B and modified in the text
line 93-97.

(B) Accordingly, we illustrated expression of Wnt targets and stress markers in the sub-clusters
CM1 and CM2 using dot plots for both conditions in Fig. 1C and 1E. The stress scores is also
depicted for CM1 and CM2, which indicated stronger stressed signature in CM2 from b-catenin
activated hearts as compared with CML1, in line with the overall Gene Ontology characterizing
this subcluster as a more adaptive developmental cluster. Additionally, a Volcano plot of the
different subclusters is presented in Extended Fig. 2G and integrated in the text in 97-98.

(C) Yes, with our analysis CM1 showed a total of 144 and CM2 showed 65 dysregulated genes
(up/down) (p<0.05 and LogFC 0.25) by comparing control vs. b-catenin stabilization. From this,
23% are commonly dysregulated. The Volcano plot showing the total DGEs is presented in
Extended Fig. 2G and the common GO of downregulated DGEs in CM1 and CM2 of b-catenin
stabilization is added in Extended Fig. 3A and lines 109-110.

3. Labeling in Fig. 2A are too small to read.
This was adjusted.

4. Please correct spelling errors in figure legend for Fig 5.
This was corrected.



5. Most of Wnt-associated genes investigated in the study seem to be canonical Wnt-responsive genes.
Have the authors also looked to see if there are any changes in expression of endogenous Wnt ligands,
receptors, co-receptors, and the proteins that directly participate in the Wnt signaling pathway?

We indeed had a look at different Wnt signaling related genes, which do not show major
changes among the clusters (shown below). In our transgenic model, we are primarily affecting
Whn activation further downstream and therefore we don’t expect major changes of upstream
Wnt ligands and receptor. Indeed, in our data we observed no major modifications in the
expression of endogenous Wnt ligands, receptors or co-receptors when comparing by
conditions in cardiomyocytes, endothelial cells, fibroblasts, pericytes, macrophages (CMs, EC,
FB, PC and MC). Only neural like cell (NLC) cluster showed upregulation of Fzd7, Fzd6 and
Lrp6 and less expression of Fzd3 in Wnt activated hearts. (Figure 1, below). Increase of the
Whnt ligads and receptors WNT3A, WNT5A, FZD2 as well as decrease of the Wnt inhibitor
DKK3 were previously described in models of hypertrophic remodeling in different animal
models’. We didn’t observed major changes in these genes in the hypertrophic model.
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Figure 1: Violin plots showing expression levels for Wnt ligands, receptors (Frizzled, Fzd) and co-receptors (Low-density
lipoprotein receptor-related protein. Lrp) in different cell types in control (orange) and B-cat®e3 (green) hearts.

6. In the Introduction, the authors state that stabilization of beta-catenin (and hence canonical Wnt
activation) in cardiomyocytes are deleterious (line 62, page 2). However there exist a myriad of
studies that also argue otherwise. As the authors have also shown in Fig. 7 of this manuscript,
canonical Wnt activation can lead to CM proliferation as well as other injury repair mechanisms.
Therefore this notion should be more delicately discussed.

This is an excellent comment; we have now complemented introduction and discussion
concerning deleterious and regenerative roles of Wnt signaling in the revised version (lines 49-
55 and lines 275-289).

We would like to also add that it is a consensus that low Wnt signaling activity maintains
homoeastasis in the adult heart. However, during cardiac pathologic remodeling components
of Wnt signaling become reactivated in multiple cell types including cardiomyocytes®. Due to
contradictory data found by using different models of injury, it is a debate whether b-catenin




signaling should be stimulated or inhibited after myocardial injury*. What is clear is that b-
catenin levels are upregulated in cardiomyocytes that are challenged with various
pharmacological and mechanical hypertrophic stimuli, whereas b-catenin stabilization can
induce cardiomyocyte hypertrophy and cell cycle activation”®. In line with these findings,
deletion of Gsk3b, which results in accumulation of b-catenin, led to substantially induced cell
cycle activity of cardiomyocytes accompanied by cardiac-related death in mice'®. Accordingly,
cardiomyocyte-specific deletion of b-catenin shows an attenuated TAC-induced hypertrophic
remodeling * **. We previously showed that b-catenin stabilization and concomitant Wnt
transcriptional activation in cardiomyocytes resulted in increased transcription of
developmental and cell cycle regulators with cardiomyocytes polynucleation, suggesting endo-
reduplication, rather than newly formed myocytes and subsequently followed by heart failure®. This
is similar to the Hippo signaling, which regulates developmental heart growth and proliferation*2
as well as cardiomyocyte dedifferentiation and dysfunction upon long-term activation of the
pathway in postnatal cardiomyocytes. This suggests that persistent reactivation of the cell
cycle is not beneficial in adult cardiomyocytes. Similar to the approach in the present study,
Buikema et al. 2 induced massive expansion of hiPSC-CMs by glycogen synthase kinase-38
(GSK-3B) inhibition using CHIR99021 and concurrent reduction of cell-cell contacts, indicating
that additional mechanisms are responsible for cell division arrest and progression to bona fide
cell proliferation. Thus, it seems that the activation of the WNT cascade stimulates
dedifferentiation and proliferation of mammalian myocytes; however, the response may be
determined by environmental and mechanical cues as well as the developmental plasticity of
the cardiomyocytes.

7. In the Discussion, the authors mention the possibility of detecting EVs in the circulating blood. |
wonder if this is truly possible, as | am under the impression that the amount of EVs secreted is not
enough for them to be detected in bloodstream.

This is of course a critical point, which is under investigation. However, previous studies have
demonstrated that cardiomyocyte-derived EVs are present in the circulation and that the
increased number of cardiac-derived EVs in the blood reflects cardiac injury. It also further
confirmed that cellular stress and cardiomyocyte damaging conditions increased EV release,
that can serve as biomarker of cardiac injury'* **.This was introduced in the revised version
lines 401-403.

Major changes in the manuscript are highlighted in red and include:

e Data presentation in Fig. 1, 4, 5, 6 and 7 and Extended Data 2E-G and 10 as well as
all the GO analysis

e Addition of data in Main Figures: 1G, 4A, 5C, 7C, 7D and 7E and Extended Data: 2G
and 2F; 3A, 9B and 10

e Cell number was increased for the analysis presented in Fig. 5.

e Lines 49-55 and lines 276-292 discuss the deleterious and regenerative roles of Wnt
signaling.

e Lines 93-99 describe the cell subclustering in the b-catenin stabilization model.

e Lines 109-110 describe common GO of downregulated DGEs in CM1 and CM2 of
hearts with b-catenin stabilization.

e Lines 116-120; 197-200 and 257-259 describe the data showing increased levels of
the Ub-proteins in tissue and EVs isolated from Wnt activated hearts as well as in EVs
from iPSC-derived cardiomyocyte upon Whnt activation, respectively.



e Lines 259-265 and discussion lines 381-387 present the data on I1soQC rescue
experiments in iPSC-cardiomyocytes upon Wnt activation.

e Lines 269-270 describe the expression of CRYAB in whole cell lysates from iPSC-
derived cardiomyocyte upon Whnt activation and rescue

e Lines 391-394 argument the use of the different models in the study.

e Lines 401-403 discuss possible detection of EVs present in the circulation.

e Labeling in the Figures were improved and spelling mistakes were corrected.

e The information on the manuscript has been more focused and graphs in Fig. 2 and
Fig 7 have been moved to Extended figures.

We thank the reviewer for the excellent recommendations, which have helped us improve the
presentation of our data and extended the validity of our study.
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