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Abstract

Anthracyclines such as doxorubicin (Dox) are effective chemotherapeutic agents, however their
use is hampered by subsequent cardiotoxicity risk. Our understanding of cardiomyocyte protective
pathways activated following anthracycline-induced cardiotoxicity (AIC) remains incomplete.
Insulin-like growth factor binding protein (IGFBP) 3 (Igfbp-3), the most abundant IGFBP

family member in the circulation, is associated with effects on the metabolism, proliferation,

and survival of various cells. Whereas Igfbp-3 is induced by Dox in the heart, its role in AIC

is ill-defined. We investigated molecular mechanisms as well as systems-level transcriptomic
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consequences of manipulating Igfbp-3 in AIC using neonatal rat ventricular myocytes and

human induced pluripotent stem cell-derived cardiomyocytes. Our findings reveal that Dox
induces the nuclear enrichment of 1gfbp-3 in cardiomyocytes. Furthermore, Igfbp-3 reduces DNA
damage, impedes topoisomerase I1b expression (Top2p) which forms Top2p -Dox-DNA cleavage
complex leading to DNA double-strand breaks (DSB), alleviates detyrosinated microtubule
accumulation — a hallmark of increased cardiomyocyte stiffness and heart failure — and favorably
affects contractility following Dox treatment. These results indicate that Igfbp-3 is induced by
cardiomyocytes in an effort to mitigate AIC.

Graphical Abstract

Doxorubicin induces Igfbp-3 upregulation and nuclear translocation in cardiomyocytes. Igfpb-3
overexpression impedes Top2p expression and decreases Dox induced dsDNA break. In parallel,
the heart failure markers Ajgpa and Nppb are significantly downregulated, while Cpt1b, 1dh3g,

and Naufvi, which positively regulate cellular metabolic activity are significantly upregulated by
Igfbp-3 overexpression. Functionally, 1gfbp-3 knockdown leads to contractile dysfunction in iPSC-
CM after Dox treatment, associated with upregulation of tubulin family genes and accumulation of
detyrosinated tubulin.

Keywords

Igfbp-3; cardioprotection; cardiotoxicity; cardiomyocytes; iPSC-CM; NRVM; transcriptomics;
anthracycline; doxorubicin

INTRODUCTION

Anthracyclines such as doxorubicin (Dox) are effective chemotherapeutic agents (1).
Their use however is hindered by the risk of anthracycline-induced cardiotoxicity (AIC)
(2). Despite recent advances in targeted therapies, ~33% of breast cancers and ~66%

of lymphomas are treated with anthracyclines, while 50-60% of childhood cancer
survivors have a history of anthracycline exposure (3). Whereas multiple injury pathways
are implicated in AIC (1, 4, 5), a proposed unifying mechanism is the targeting of
topoisomerase I1b (Top2p) which regulates topological changes during DNA transcription.
Formation of a Top2p -Dox-DNA cleavage complex leads to DNA double-strand breaks
(DSB), perturbation of transcription pertinent to cardiomyocyte (CM) energetics and
function, phosphorylation of the DNA DSB response coordinator histone H2AX (y-H2AX),
and CM death (6). However, our understanding of CM injury response pathways at play
following anthracycline treatment remains incomplete.

Whereas prior transcriptomic studies reported insulin-like growth factor (IGF) binding
protein (IGFBP) 3 (Igfbp-3) induction by Dox (7, 8), its role in AIC remains ill-defined.
Igfbp-3 is the most abundant IGFBP family member in the circulation (9), and can either
inhibit the proliferative effect of IGFs by restricting their access to receptors or potentiate
IGF actions by increasing the phosphorylation of IGF receptors (10). Igfbp-3 can act as a
secreted circulating factor as well as an intracellular molecule implicated in major signaling
pathways. Indeed, beyond their IGF-dependent actions, a direct and context-dependent role
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for Igfbp-3 in DNA damage and apoptosis has been suggested. In cancer cells, whereas
Igfbp-3 may potentiate DNA-damage induced apoptosis (11, 12), it also has a pro-survival
effect through activation of sphingosine kinase-1, formation of nuclear complexes with
epidermal growth factor receptor (EGFR) (13, 14), or suppression of oxidative stress (15).
Immortalized HIC2 rat cardiomyoblast cells were previously used to study a pro-apoptotic
effect of 1gfbp-3 under concomitant serum starvation and Dox treatment (16), however these
cells are known to have limited generalizability to primary cardiomyocytes (17).

In this setting, we investigated the molecular mechanisms as well as systems-level
transcriptomic effects of manipulating Igfbp-3 abundance in AIC using neonatal rat
ventricular myocytes (NRVM), whose identical genetic background facilitates causality
studies, and human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM),
which permit a patient-specific approach for precision medicine. Our results indicate that
these two model systems provide complementary information in AIC, and that Igfbp-3

has a protective effect in AIC by reducing DNA DSB, impeding Top2f expression, and
alleviating detyrosinated microtubule accumulation, which reduces cardiomyocyte stiffness
and improves contractile function (18).

MATERIALS AND METHODS

NRVM isolation and culture

Culture plates were coated with 0.1% gelatin before use. NRVM were prepared as
previously described (19), and maintained in DMEM supplemented with 10% fetal bovine
serum (FBS) for 24h. The medium was then replaced with fresh DMEM supplemented
with 1% Insulin-Transferrin-Selenium (ITS-G, ThermoFisher, Waltham, MA, USA), before
transfection or drug treatment.

iPSC-CM differentiation and culture

iPSC-CM were differentiated from a human iPSC cell line (iPS23 UCLA, Los Angeles,
CA, USA) using a previously described method (20, 21). Briefly, iPSCs were maintained
in mTeSR1 (Stemcell Technology, Vancouver, Canada). Culture plates were coated with
0.1% gelatin before use. RPMI11640 supplemented with B27 minus insulin (Invitrogen,
Waltham, MA, USA) was used as differentiation medium. On day 0-1, 6 uM CHIR99021
(Selleckchem, Houston, TX, USA) was added to the differentiation medium. Between
day 3-5, 5 pM IWR1 (Sigma-Aldrich, St. Louis, MO, USA) was added to refresh the
differentiation medium. After day 7, the medium was replaced with RPM11640 plus B27
maintenance medium. From day 10-11, RPMI 1640 without D-glucose, supplemented
with B27, was transiently used for metabolic purification of cardiomyocytes. Purity of
iPSC-CM was assessed by cardiac troponin T positivity (Abcam, Cambridge, UK) on
confocal imaging and confirmatory expression of cardiomyocyte markers including NK2
homeobox-5, myosin heavy chain (MYH)-6, MYH-7, and myosin light chain-7 by PCR.

Adenoviral transduction, siRNA silencing, and doxorubicin treatment

The structure of adenoviruses used is depicted in Fig. S3E-H. NRVM were transduced with
adenovirus expressing rat Igfbp-3 (Mector Biolabs, San Francisco, CA, USA), rat n-terminus
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3XFLAG lgfbp-3 (Abmgood, Richmond, BC, Canada), and negative control adenovirus
(Ad-Null, Vector Biolabs) with a multiplicity of infection (MOI) of 10. Negative control
SiRNA, rat 1gfbp-3 siRNA (Qiagen, Hilden, Germany) were transfected into NRVM using
lipofectamine RNAIMAX (Thermo Fisher) according to the manufacturer’s instruction.
iPSC-CM were transduced with adenovirus expressing human Igfbp-3 and human Igfbp-3
shRNA (Vector Biolabs) with a MOI of 30. 48h after transduction or transfection, NRVM
and iPSC-CM were treated with 1uM Dox (Sigma-Aldrich) for 24h (7). gPCR primers used
to verify the overexpression and knockdown are:

Human Forward Primer: AGAGCACAGATACCCAGAACT
Human Reverser Primer: GGTGATTCAGTGTGTCTTCCATT
Mouse Forward Primer: CCAGGAAACATCAGTGAGTCC
Mouse Reverser Primer: GGATGGAACTTGGAATCGGTCA
Rat Forward Primer: TTCCTCAATGTGCTGAGTCCC

Rat Reverser Primer: TTTCCCCTTGGTGTCATAGCC

Dox injection in neonatal and adult mice

C57BI/6 mice (Jackson Labs, Bar Harbor, ME, USA) were used for all injections. For
neonatal mice, 10 mg/kg Dox was injected IP into the lower left abdominal quadrant at P1,
and the hearts harvested at P2. For adult mice, 20 mg/kg Dox was injected IV through the
tail-vein and the hearts harvested 24h after injection. Phosphate-buffered saline (PBS) was
injected in control animals. All animals are randomly allocated for treatments.

Immunofluorescent staining and confocal imaging

NRVM, iPSC-CM and OCT embedded heart sections were fixed with 4% paraformaldehyde
for 15 min, and permeabilized with 0.25% Triton X-100 (Sigma-Aldrich) in PBS for 20 min.
at room temperature (RT). Samples were then incubated with 2% BSA in PBS at RT for

30 min. to block non-specific binding, and incubated with 1 pg/mL primary antibody in 2%
BSA diluted in PBS with gentle shake for 1h at RT. Samples were washed in PBS for 5

min. three times, incubated with secondary antibody in 2% BSA for 1h at RT in the dark
and washed in PBS for 5 min. three times. DAPI was used for nuclear counter staining and
cells were imaged with a Leica TCS SP8 confocal microscope. For STED imaging, Alexa
594 and Atto 647N were used for dual channel imaging and fluorophore deactivation were
achieved by a 775nm laser. The theoretical resolution was adjusted to about 30nm lateral
and 80nm axial. The area of tubulin and detyrosinated tubulin was analyzed with ImageJ by
quantifying pixels with an intensity higher than 15 (256 maximum) to exclude background
noise.

Western blotting

Proteins were extracted from cells or hearts with M-PER Mammalian Protein Extraction
Reagent supplied with Halt Protease Inhibitor Cocktail (ThermoFisher). Lysates were
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centrifuged at 18000g to remove cellular debris and protein concentration was determined
by Pierce Rapid Gold BCA Protein Assay Kit (ThermoFisher). 20 ug protein was loaded for
each experimental condition and the membrane was stained with 1 ug/mL primary antibody
in 2% BSA overnight, followed by secondary antibody for 2h at RT.

Cell fractionation assay

NRVM were washed twice with PBS and dissociated with TrypLE Express Enzyme
(ThermoFisher). Cell fractionation was performed using the Abcam Cell Fractionation Kit
according to the manufacturer’s protocol. Briefly, cells were re-suspended to 6.6 x 106
cells/mL, and cytoplasmic fraction and membrane fraction were extracted with Detergent |
and Detergent Il diluted with Buffer A.

Phase-contrast imaging and contraction assays for iPSC-CM

Phase-contrast images were captured using a Zeiss LSM880 spinning disk confocal
microscope in a humidified chamber at 37 °C and 5% CO,. Contraction data were extracted
using Pulse Contractility Assay (22).

RNA sequencing of NRVM and iPSC-CM and data analysis

Total RNA was extracted using Rneasy Mini Kits (Qiagen). Nanodrop (ThermoFisher)

and Agilent TapeStation were used for quality control of RNA integrity. Ribosomal RNA
depletion was performed using Ribo-Zero Plus rRNA Depletion Kit (Illumina, San Siego,
CA, USA). cDNA synthesis, library preparation and sequencing on a Novaseq S4 instrument
(1Mlumina) was performed (UCLA Technology Center for Genomics & Bioinformatics).
2x150 bp sequencing strategy was adopted and an average of 55.5 million reads for each
sample acquired. Raw reads were aligned to the rat (mRatBN7.2) or human (grch38)
transcriptome by Salmon using default parameters (23), and only genes that had a minimum
of 20 reads in all samples combined were analyzed. DEGs were identified with DESeq?2
(24) and an adjusted P-value (Padj) <0.05 was used as the cutoff threshold for statistical
significance between biological conditions. For GSEA, normalized counts from DESeq2
were used as input and FDR <0.25 was used as the cutoff threshold (25).

Integration of single-cell cardiomyocyte transcriptomics with NRVM and iPSC-CM datasets

Single cell RNA-Seq data of PO to P28 mouse cardiomyocytes was obtained from GEO
Accession GSE165917 (26). iPSC-CM and NRVM were sequenced by bulk RNA-seq and
sample names replaced with artificial barcodes in the data matrix to permit integration
with mouse CM single-cell data by adopting a previously described method (27). The
datasets were first normalized by the total counts of each sample or cell followed by a log
normalization. Cells were then filtered based on genes detected (greater than 3000 genes
per cell), and the top 2000 highly variable genes were used as ‘anchors’ for integration.
Standard single-cell data analysis was then performed with Seurat4.0 (28). Significant
principal components (PCs) were determined using the JackStraw procedure and the top
9 PCs were used to generate UMAPs (uniform manifold approximation and projection) and
cell clusters. The pseudo-time trajectory analysis was performed using Monocle3 default
workflow (29).
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WGCNA network construction

WGCNA was performed to construct co-expression networks for NRVM and iPSC-CM
(30). Briefly, unsigned network was chosen for all analyses to include negative correlations.
Pearson correlation was used for network construction and soft-thresholding was adjusted
for the scale-free topology before calculating the adjacency matrix. The size of the modules
was established by using a mergeCutHeight parameter of 0.2 in the blockwiseModules
function.

Cancer cell proliferation

Statistics

Cancer cell lines were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA), seeded at 10’000 cells/well in a 96-well plate, treated with Dox
(0.2, 1, and 5 pM), with and without dexrazoxane (200 uM) for 24h. Cancer cells

were also transduced with Ad Null (control), Ad Igfbp-3, and Ad Igfbp-3 shRNA for
48h with a MOI (multiplicity of infection) of 30, followed by Dox and/or dexrazoxane
for 24h. Cancer cell metabolic activity was determined by a luminescence-based ‘MTT’
((3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay requiring NAD(P)H-
dependent oxidoreductase enzymatic activity for the formation of formazan (Abcam)
(31). We also measured total cancer cell protein content with sulforhodamine B (SRB)
(Abcam) (32). Cancer cells were fixed and the amount of protein-bound SRB measured
fluorometrically (ExX/Em = 488/585 nm) (33).

For all remaining statistical analyses, Student’s t test (two-sided) was used to compare
the differences between two data-sets. For comparisons among multiple groups, one-way
ANOVA was used and Dunnett’s test was used to correct for multiple comparisons and
calculate adjusted P-values. A P-value < 0.05 was considered statistically significant (*P
< 0.05; **P < 0.01; ***P < 0.001). Unless stated otherwise, all data in bar graphs are
presented as mean + standard deviation.

Study approval

RESULTS

All animal studies were approved by the Animal Research Committee of the University of
California, Los Angeles.

Igfbp-3 is significantly induced by Dox in NRVM, and in neonatal and adult mouse hearts

We first determined Igfbp-3 expression changes /n vitro and in vivo following Dox (Fig. S1).
Treating NRVM with Dox led to a 3.4 and 4.2-fold increase in Igfbp-3 mRNA level after 6
and 12h, respectively (n=3, P<0.05), followed by normalization to control levels at 24h (Fig.
S1A). Immunoblotting of the same cells demonstrated a time-dependent increase in Igfbp-3
protein expression following Dox (Fig. S1D). Dox injection in postnatal day 1 (P1) mice led
to a 6.6-fold induction of 1gfbp-3 MRNA (n=5, P<0.01) and an increase in protein level in
P2 hearts (Fig. S1B,E). Similarly, Dox treated adult mice significantly upregulated cardiac
Igfbp-3 at 24h, demonstrated by mRNA and immunofluorescent staining (IF) (Fig. S1C,F).

FASEB J. Author manuscript; available in PMC 2024 June 01.
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Examination of the Igfbp-3 sequence homology in human, mouse, and rat by Clustal Omega
(34) indicates an 89% degree of similarity between these species (Fig. S2). Taken together,
these results indicate that Igfbp-3 is similarly and robustly induced by different species in
cardiomyocytes following Dox treatment.

Dox induces Igfbp-3 nuclear translocation

To determine the cellular compartments in which Igfbp-3 is localized under physiological
and Dox conditions, we overexpressed Igfbp-3 with N-terminus 3XxFLAG tag in NRVM (Fig.
S3). Immunofluorescence (IF) and cell fractionation demonstrated that under physiological
conditions, Igfbp-3 is expressed uniformly in the cytoplasm, membrane, and nucleus.
However, Dox diminishes cytoplasmic Igfbp-3 leading to a relative enrichment of the
nuclear component (Fig. 1A,B). IF of empty vector indicates specificity of the 3xFLAG
overexpression (Fig. S4). Endogenous Igfbp-3 has a similar nuclear enrichment pattern
following Dox (Fig. S5).

Igfbp-3 attenuates Dox-induced DNA damage in CM

To assess whether Igfbp-3 affects Top2-Dox-DNA cleavage complex-induced DNA DSB,
we modulated Igfbp-3 levels in NRVM under Dox. The overexpression and knockdown of
Igfbp-3 in NRVM are shown (Fig. S3A,B,F). 1gfbp-3 overexpression led to a 56% reduction
of y-H2AX protein levels after Dox at 12h (n=3, P<0.05) (Fig. 1C), while Igfbp-3 silencing
potentiated the phosphorylation of H2AX at 12 and 24h (Fig. 1D). We further observed

that 1gfbp-3 overexpression in Dox-treated NRVM led to a 44% reduction of Top2 protein
levels (n=3, P<0.01) (Fig. 1E). However, we did not observe a change in cell death by
TUNEL assay and LDH release assay when modulating Igfbp-3 in NRVM (Fig. S6). These
results suggest that manipulating Igfbp-3 alone is not sufficient to rescue Dox-induced
cardiomyocyte death.

Igfbp-3 manipulation has no effect on the chemotherapeutic effect of Dox in cancer cells

We further determined whether Igfbp-3 interferes with the chemotherapeutic effect of

Dox in cancer cells and compared results with dexrazoxane, used clinically to mitigate
AIC (Fig. S7). There was no significant effect of 1gfbp-3 expression modulation in the
MDA-MB-231 line of highly aggressive, invasive, and poorly differentiated triple-negative
human adenocarcinoma breast cancer lacking estrogen receptor and progesterone receptor
expression, as well as human epidermal growth factor receptor-2 (HER-2) amplification
(Fig. S7A, B) (35), nor in the T47D line of human breast ductal carcinoma cells expressing
progesterone receptors (Fig. S7C, D) (36). At very low Dox dose (0.2 uM), Igbfp-3 was
associated with a mild increase in triple-negative breast cancer cell metabolic activity,
however this was not observed at higher doses of Dox, nor was there a difference in cancer
cell protein content when perturbing 1gfbp-3 expression.

Distinct transcriptomic profiles of NRVM and iPSC-CM

To better dissect the molecular mechanisms by which Igfbp-3 mitigates AIC, we performed
RNA sequencing in both NRVM and iPSC-CM following Igfbp-3 modulation under
physiologic or Dox conditions. We first aimed to compare the variations in NRVM and

FASEB J. Author manuscript; available in PMC 2024 June 01.
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iPSC-CM transcriptomic profiles under Dox alone, i.e. without Igfbp-3 manipulation (Fig.
S8). Dox treatment led to n=2195 upregulated differentially expressed genes (DEGS) and
n=2671 downregulated DEGs in NRVM (Fig. S8A, Table S1), and n=4938 upregulated
DEGs and n=4270 downregulated DEGs in iPSC-CM (Fig. S8B, Table S2). Among

these, n=1179 were common upregulated DEGs and n=1110 common downregulated
DEGs to the two cell systems (Fig. S8C). Gene ontology (GO) analyses revealed that
common upregulated DEGs are enriched in cell death pathways and genotoxicity, and
common downregulated DEGs in muscle development and cardiac contraction (Fig. S8D-
E). Comparing NRVM and iPSC-CM transcriptomics under physiological condition reveals
that NRVM express higher levels of carbohydrate metabolism and mitotic cell cycle genes,
while iPSC-CM is enriched in cell junction organization and muscle development genes
(Fig. S8F-G). Interestingly, both carbohydrate metabolism and cell cycle gene expression
are major characteristics of immature CM (37), suggesting a less mature state of NRVM
compared to iPSC-CM.

To further scrutinize the maturation stage of NRVM and iPSC-CM, we adopted an open-
source method permitting the comprehensive integration of transcriptomic datasets using
the top differentially expressed genes to determine identity ‘anchors’ (27). We assigned
artificial barcodes to each NRVM and iPSC-CM RNA-seq control sample and integrated
these with a publicly available reference single cell transcriptomic dataset that characterized
the maturation of purified mouse CM from PO to P28 (26). Cell clustering (Fig. S8H)
demonstrated that mouse CM clustered well based on their age, NRVM clustered with PO
CM, and iPSC-CM was close to P14 CM. Pseudotime analysis corroborated that NRVM
and PO CM are the earliest in maturation or pseudotime stage, while iPSC-CM exhibit

a maturation stage between P7 and P14 CM (Fig. S8I). Interestingly, compared with

more mature CM (iPSC-CM, P14, P21, P28) that express well-established CM markers
such as 7cap, CkmtZ, Mb, and Ankrd1, less mature CM (NRVM, PO, P7) express higher
levels of fibroblast marker genes such as Fabp4, Collal, Vim, CollaZ, Col3aland Postn
(Fig. S8J,K). Overall, these data demonstrate that NRVM and iPSC-CM have distinct
transcriptomic profiles, and that iPSC-CM exhibit a more mature CM expression repertoire
compared to NRVM, setting the stage for our subsequent analyses perturbing Igfbp-3
expression under Dox treatment in both cardiomyocyte types.

NRVM and iPSC-CM provide complementary information to dissect the protective role of
Igfbp-3 in AIC

» Igfbp-3 modulation under physiological conditions—The overexpression and
knockdown of Igfbp-3 in iPSC-CM are shown (Fig. S3C,D,G,H). Overexpression of
Igfbp-3 led to n=159 upregulated DEGs and n=410 downregulated DEGs in iPSC-CM
under physiological condition (Fig. 2A, Table S3). Megf10(Log,FC=2.5, Padj=0.0007),
which plays an important role in muscle cell proliferation and motility (38), and Sgpp2
(LogoFC=1.2, Padj=2x1078), which degrades sphingosine 1-phosphate, associated with
heart failure (39), were among the most significant upregulated DEGs. Well-established
heart failure biomarkers, Njppa (Log,FC=-1.78, Padj=1x107>") and Nppb (Log,FC=-2.73,
Padj=1x10752) (40), were among the most significant downregulated DEGs with Igfbp-3
overexpression.
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Silencing of Igfbp-3 under physiological conditions in iPSC-CM led to n=312 upregulated
DEGs and n=460 downregulated DEGs (Fig. 2B, Table S4). Genes that regulate cytoskeleton
structure such as Actb, Map2 and Celf1 were significantly upregulated, while downregulated
DEGs involve oxidative phosphorylation genes such as Pak4, Ndufb5 and Gpi, as well as
glycolysis genes such as Aldoa, Aldoc, Acly, Pkm and Tpi1, suggesting an important role of
Igfbp-3 in the metabolic activity of iPSC-CM under physiological condition.

» Igfbp-3 perturbation following Dox treatment—~Following Dox, Igfbp-3
overexpression led to n=8 significant upregulated DEGs and n=23 downregulated DEGs
(Fig. 2C, Table S5). Slc16a6 (Log,FC=0.93, Padj=0.003), a small molecule transporter

that catalyzes the transport of pyruvate and branched-chain amino acids (41), and Cpt1b
(LogoFC=1.5, Padj=0.03), a rate-controlling enzyme of the long-chain fatty acid beta-
oxidation in muscle mitochondria (42), were among the most significantly upregulated
DEGs. Interestingly, Ajppa (LogoFC=-1.12, Padj=0.0001) and Nppb (Log,FC=-1.69,
Padj=0.04) were significantly downregulated by Igfbp-3 under Dox conditions, similar to
the above results under physiologic conditions. Silencing of Igfbp-3 in iPSC-CM under Dox
led to n=13 upregulated DEGs and n=8 downregulated DEGs (Fig. 2D, Table S6). The most
significantly regulated DEGs were Actbh, Tubalc, Serpinb4, Serpinb7, Syndigl, and War4y.

Transcriptional expression of the heart failure markers ANjppa and Njppb were consistantly
downregulated by Igfbp-3 overexpression under both control and Dox treatment. We
evaluated the RNA-seq data by assessing Western blotting of protein expression (Fig.

S9). Nppa levels decreased (borderline not significant with a P=0.06) when overexpressing
Igfbp-3 under control conditions, whereas Nppb decreased significantly. This was not the
case however under Dox conditions at the 24h mark. Contrary to results with mRNA, no
changes in MapZ protein levels were observed when overexpressing and silencing Igfbp-3.

Compared to the iPSC-CM (Fig. 2A-D), fewer genes were differentially regulated by
Igfbp-3 modulation in NRVM (Fig. 2E). In control NRVM, Igfbp-3 overexpression led

to a significant downregulation of Y7715, and a significant upregulation of Pigg. Silencing
Igfbp-3 led a significant downregulation of Ralb, required for CM autophagy (43). Under
Dox, Igfbp-3 overexpression led to a significant downregulation of Aldhi8al, Med22and
Retregl, implicated in endoplasmic reticulum autophagy (44), and a significant upregulation
of Piggand Armcxl, associated with neuronal survival and axonal regeneration (45).
Silencing Igfbp-3 led to a significant upregulation of Zfp622, which positively regulates
apoptosis signal-regulating kinase-1 (AskZ) (46), and Snipl, which increases c-Myc activity
and inhibits TGF-b and NF-kB signaling (47).

The overlapping differentially regulated genes between conditions are summarized in Fig.
S10.

Gene pathways affected by Igfbp-3

To better dissect genome-wide RNA expression patterns in AIC perturbed by Igfbp-3
modulation, we conducted gene set enrichment analyses (GSEA) to characterize the

biological pathways involved. When overexpressing Igfbp-3 under Dox in iPSC-CM,
enriched pathways included oxidative phosphorylation (normalized enrichment score
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[NES=1.27, false-discovery rate [FDR]=0.176) and fatty acid metabolism (NES=1.34,
FDR=0.176) (Fig. 3A). /dh3g, which encodes one of the rate-limiting enzymes in the
tricarboxylic acid cycle (48), Ndufv1, which regulates mitochondrial complex | activity (49)
and Ce/, a lipolytic enzyme that regulates lipid and fatty acid metabolism (50), were among
the core enrichment genes in these pathways. In accordance with the reduction of y-H2AX
level in NRVM when overexpressing 1gfbp-3 (Fig. 1C-D), GSEA further revealed a negative
enrichment of the apoptosis pathway, driven by genes such as Anxal, Casp4and Casp2

in iPSC-CM (NES=-2.14, FDR=0.003). Overall, these data indicate that overexpression of
Igfbp-3 is associated with an enrichment in pathways associated with CM metabolic activity
and a diminution in the apoptosis pathway which is activated in iPSC-CM treated with Dox.

Reciprocally, when silencing Igfbp-3 in iPSC-CM under Dox, we observed a positive
enrichment in the apoptosis pathway (NES=1.56, FDR=0.016) (Fig. 3B), driven by

genes such as 7nfrsf12a, Anxal, and Rhob. Similarly, TNF-a signaling via NF-kB was
another positively enriched pathway (NES=2.19, FDR=0.001). In contrast with the positive
enrichment of metabolic activity genes when overexpressing Igfbp-3, key branched-chain
amino acid (BCAA) catabolism genes such as Bcatl, Bckdhb and Bckdha, were negatively
enriched when silencing Igfbp-3 (NES=-2.03, FDR=0.028). Combined, these findings
underscore that silencing of Igfbp-3 in iPSC-CM under Dox leads to an enrichment in
pathways implicated in apoptosis and CM dysfunction.

Igfbp-3 networks and modules

We further conducted network analysis and module construction by adopting Weighted Gene
Correlation Network Analysis (WGCNA) (30) of genes co-expressed with Igfbp-3 for both
iPSC-CM (Fig. 3C) and NRVM (Fig. 3D) under Dox. We observed that microtubule related
genes such as 7ub-ala, -alc, -bZa, -b6, and Des are in the same co-expression network as
Igfbp-3, and 7Tub-alaand -alc, whose expression levels negatively correlate with Igfbp-3,
are among the top 5 hub genes with n=49 and n=48 connections, respectively, in the network
(average gene connectivity = 20, range = 3-49) (Fig. 3C). L/imk1 (n=47 connections)

was identified as another top 5 hub gene in the iPSC-CM network, and there is a

negative correlation between L/imkZ and Igfbp-3 expression. LimkI is associated with actin
polymerization, and inhibition of LimkZ improves ventricular remodeling and alleviates
cardiac dysfunction (51). Within the same network, we note additional cytoskeleton proteins
such as 7nni3, Nes, Cytor, Txnrdl, and Actal, further supporting an association of Igfbp-3
function with the CM cytoskeleton. Genes involved in heart failure such as AceZ, Nppa, and
Ankrd2have a negative correlation with Igfbp-3 and are co-expressed in the same network.

For the NRVM network under Dox (Fig. 3D), Bgn, required for adaptive remodeling

after myocardial infarction, positively correlates with Igfbp-3 (52), and is significantly
downregulated when silencing Igfbp-3 in iPSC-CM. Interestingly, VasA1, another mediator
of CM microtubule stiffness, is present in the Igfbp-3 NRVM network. Vashl negatively
correlates with 1gfbp-3 and is significantly downregulated by Igfbp-3 overexpression

in iPSC-CM. Downregulation of VashZ can lower the stiffness of microtubules and
promote cardiac contraction and relaxation in failing human CM (53). Therefore, the
negative correlation of VashA with 1gfbp-3 further supports our observations that Igfbp-3
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assoicates with genes implicated in CM contraction by alleviating microtubule dysfunction,
providing complementary results with the iPSC-CM network. Igfbp-3 networks under
control condition in iPSC-CM and NRVM are illustrated in Fig. S11.

Igfbp-3 alleviates detyrosinated microtubule accumulation

Tubulin family genes are the most consistently regulated by Igfbp-3 in the iPSC-CM
transcriptomic dataset. Under control condition, overexpression of Igfbp-3 leads to a
significant downregulation of Tub-alb, -alc, -b2a, -b3, -b4b, -b6, and Des (Fig. 2A).
Under Dox, overexpression of Igfbp-3 similarly leads to a significant downregulation of
Tub-alc, -b2a, Des, and TxnrdlI (Fig. 2C). GSEA further indicates a negative enrichment
(downregulation) of actin and tubulin folding genes (NES=-1.21, FDR=0.123, Fig. 3A).
Reciprocally, Igfbp-3 silencing leads to a significant induction of 7ubalcand a significant
downregulation of Walr47, which stabilizes microtubules (54) (Fig. 2D). There is also

a positive enrichment (upregulation) in GSEA of actin and tubulin folding genes when
silencing Igfbp-3 (NES=2.01, FDR=0.003, Fig. 3B). Combined, these findings suggest that
Igfbp-3 expression is associated with less tubulin accumulation and folding.

To further corrobate the transcriptomic results, we performed Stimulated Emission
Depletion (STED) microscopy to assess tubulin accumulation in iPSC-CM with Igfbp-3
overexpression or silencing after Dox treatment. We observed a 21% increase measured by
pixel area in detyrosinated tubulin normalized to total a-tubulin in iPSC-CM when silencing
Igfbp-3 (P<0.05) (Fig. 4A,B). Quantitative Western blotting demonstrated a 62% increase in
detyrosinated tubulin when silencing Igfbp3 in iPSC-CM compared with cells treated with
control vector (P<0.05), and a 189% increase compared with cells overexpressing Igfbp3
(P<0.0001) (Fig. 4C). Additionally, quantitative Western blotting further demonstrated a
44% reduction in detyrosinated tubulin by Igfbp-3 overexpressing cardiomyocytes.

Igfbp-3 knockdown leads to reduced contractile function in iPSC-CM after Dox treatment

Detyrosinated microtubules accumulate in failing human hearts, stiffening cardiomyocytes
and impeding contractile function (55). To investigate whether Igfbp-3 affects CM
contractility, we perturbed Igfbp-3 expression in iPSC-CM under physiological and Dox
conditions. Under physiological condition, neither overexpression nor silencing of Igfbp-3
altered iPSC-CM contractility; however, Igfbp-3 silencing significantly decreased iPSC-CM
contraction rate by 26% (38 beats per minute [BPM] to 28 BPM) compared with control
(P<0.001) and by 19% (34 BPM to 28 BPM) compared with Igfbp-3 overexpression group
(P<0.05) (Fig. S12). Under Dox treatment, Igfbp-3 silencing led to a significant decrease

in contraction magnitude from 2.2 to 1.5 pixels (32%, P<0.01) compared with control, and
from 2.0 to 1.5 pixels (25%, P<0.05) compared with Igfbp-3 overexpression (Fig 4D,E).
When quantifying contraction velocity, there was a significant decrease from 13.1 to 10.1
pixel/sec (23%, P<0.05) compared with control, and a similar significant decrease from 13.5
to 10.1 pixels (25%, P<0.01) compared with Igfbp-3 overexpression (Fig. 4F,G), suggesting
an important role of Igfbp-3 in maintaining cardiomyocyte contractility in the setting of
Dox-induced cardiotoxicity (Video S1-3).
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Protective mechanisms implicating Igfbp-3 in the setting of AIC

We present a schematic diagram summarizing our experimental findings (Fig. 5). Igfbp-3
is significantly induced by Dox in CM. Following Dox treatment, Igfbp-3 expression
diminishes in the cytoplasm and is enriched in the nuclear compartment. 1gfbp-3
overexpression in cardiomyocytes impedes Top2p expression and reduces Top2p -Dox-
DNA cleavage complex-induced DNA DSB, demonstrated by decreased y-H2AX levels.
In parallel, Igfbp-3 overexpression is associated with downregulation of the heart failure
markers Nppaand Nppb, and further leads to a significant upregulation of Cpt1b, 1dh3g,
and Naufvi which positively regulate cellular metabolic activity. Additionally, silencing
Igfbp-3 attenuates contractile function in iPSC-CM after Dox treatment in the context of
upregulation of tubulin family genes and detyrosinated microtubule accumulation, while
overexpressing lgbfp-3 leads to downregulation of tubulin family genes.

DISCUSSION

Anthracycline compounds may induce off-target cardiac injury. Whereas multiple
pathobiological mechanisms are at play, and no single pathway can fully recapitulate all
aspects of AIC, formation of a Top2p-Dox-DNA cleavage complex has been proposed as
a key mediator of DNA DSB, transcriptional perturbation, and CM death, complicated by
cardiac fibrosis and heart failure (56-58). Biological processes and protective mechanisms
operating within CM to offset anthracycline-induced injury remain ill-defined (59).

Whereas previously associated with an antiproliferative effect in cancer cells (60-62), recent
studies in triple negative breast cancer cells indicate 1gfbp-3 has an obligatory role in

the DNA repair response by activating EGFR and DNA-dependent protein kinase (DNA-
PKcs) mediated nonhomologous end-joining (NHEJ) (63), as well as poly(ADP-ribose)
polymerase-1 (PARP1) mediated DNA repair (64). Whereas an adverse effect of 1gfbp-3
overexpression was observed on Dox chemotherapeutic efficacy at very low (subtherapeutic)
doses of Dox in undifferentiated breast cancer cells, this was not the case at higher
(therapeutic) doses of Dox, nor in differentiated breast cancer cells. Indeed, when taking
into account the pharmacokinetic profile of Dox in humans, a single dose of 60 mg/m?
typically results in a peak plasma concentration of 2-6ug/mL, with an average value of
6.9uM (65). Whether Igfbp-3 perturbation impedes Dox treatment efficacy will require
further investigation using pertinent /in vivo disease models.

Given its robust induction in CM by Dox and its context-dependent effect in apoptosis and
DNA repair, we aimed to dissect the role of Igfbp-3 in AIC, not addressed previously. Our
findings indicate that 1gfbp-3 alleviates Dox-mediated phosphorylation of histone H2AX —
an early and sensitive marker of DNA DSB — and downregulates Top2 expression whose
CM-specific deletion protects mice from the development of AIC (6), both of which suggest
a protective effect of 1gfbp-3 against Dox-induced toxicity in CM. Whereas no direct effect
of Igfbp-3 modulation on cardiomyocyte cell death was observed /n vitro, additional studies
are warranted to evaluate this /77 vivo, particularly under the spatial and temporal control of
Igfbp-3 gene editing in relation to anthracycline exposure.
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Our results further demonstrate that CM overexpression of 1gfbp-3 protects against Dox-
induced injury, as illustrated by the diminution of apoptotic genes Anxal, CaspZ2, Casp4, and
Z622, actin and tubulin folding genes, and the heart failure markers Ajppa and ANjppb, and
the enrichment of genes positively regulating metabolic activities such as Cpt1b, /1dh3g and
Naufvi. Concomitantly, gene set enrichment analyses reveal a positive enrichment of genes
involved in oxidative phosphorylation and fatty acid metabolism and reciprocally a negative
enrichment of genes involved in apoptosis. On the other hand, silencing of Igfbp-3 under
Dox treatment leads to the positive enrichment of pro-apoptotic genes such as 7nfrsf12a,
Anxal, and Rhob, and TNF-a signaling via the NF-kB pathway, whose activation is also
associated with CM apoptosis (66), and to the negative enrichment of actin and tubulin
folding and BCAA catabolism, whose defect is a metabolic hallmark of the failing heart
(67). The correlation between RNA-seq and protein expression is generally considered to
be moderate, with reported correlation coefficients ranging from appr. 0.5-0.8 (68, 69).
Therefore, there is an expected level of discrepancy between RNA-seq results and actual
protein expression. Our observations with transcriptomic networks will thus require further
validation, for example in proteomic networks and in pertinent /n vivo experimental models
of Igfbp-3 expression modulation under physiologic and Dox injury conditions.

Doxorubicin causes microtubule network distortion (70) and affects tubulin post-
translational modification (PTM) in cardiomyocytes (71). In both animal models and
humans, microtubule PTM in CM, such as detyrosination, is associated with contractile
dysfunction and heart failure (18, 72). During contraction, microtubules must accommaodate
the changing geometry of the myocyte by deforming into a sinusoidal buckled configuration
together with the sacromere, and the interaction strength between microtubules and the
sarcomere is highly dependent on the detyrosination state of the microtubules (55). When
detyrosination is suppressed, microtubules can accommodate the contraction by sliding
rather than buckling with the sarcomere, which decreases the overall stiffness of the
myocyte and improves contraction. Conversely, accumulation of detyrosinated microtubule
stiffens cardiomyocytes and impedes contractile function. Furthermore, accumulation of
detyrosinated microtubule is also associated with impaired relaxation in heart failure patients
with perserved ejection fraction, and reducing detryosination speeds both contration and
relaxation of failing human cardiomyocytes (53). To scrutinize more detailed and specific
pathways when overexpressing and knocking down Igfbp-3 in iPSC-CM, we performed
GSEA, revealing tubulin family genes were regulated by Igfbp-3 manipulation in most
conditions (Fig. 2A-D, 3A-B). Gene co-expression analyses revealed that microtubule-
related genes such as Tub-ala, -alc, -b2a, -b6, and Des, and cytoskeleton-related genes
such as 7nni3, Nes, Cytor, Txnrdl, and Actal, were in the same co-expression network as
Igfbp-3, and further that 7ub-alaand -alc— whose expression levels negatively correlate
with Igfbp-3 — are the central hub genes of the network (Fig. 3E). Therefore, we hypothesize
that CM induce Igfbp-3 following Dox treatment in an effort to alleviate CM dysfunction
by regulating the microtubule network. Although total microtubule levels were similar

in 1gfbp-3 manipulation, silencing of Igfbp-3 under Dox treatment led to a significant
accumulation of detyrosinated microtubules (Fig. 4A-C), and a significant reduction in
contraction magnitude, velocity, and beat rate in iPSC-CM (Fig. 4D-G), while there was

no change under physiological condition (Fig. S12). Whereas silencing of Igfbp-3 led to a

FASEB J. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 14

degradation of contractility measures under Dox, we postulate that Igfbp-3 overexpression
did not further improve iPSC-CM contractility due to their derivation from healthy donors.
Indeed, the dependency of donor (patient) susceptibility to AIC and /n vitro measures of
Dox-induced changes in iPSC-CM contractility was previously demonstrated (7). In the case
of iPSC-CM derived from healthy donors, exposure to clinically relevant concentrations of
Dox such as the one used in our study does not cause significant changes in cardiomyocyte
contraction (7, 65). Further research is needed to assess protective pathways implicating
Igfbp-3 in iPSC-CM derived from patients with clinical AIC.

Integrating single-cell RNA-seq data from different conditions, technologies, and species,

is feasible (73) provided at least a subset of cells represent a shared biological state,

i.e. are a similar cell type, as was the case in our integration of NRVM, iPSC-CM, and
mouse CM transcriptomics. Compared with the plethora of data we derived from the iPSC-
CM transcriptomics, there were fewer genes that were significantly regulated by Igfbp-3
manipulation in NRVM. We posit that these distinct responses are due to the significant
maturation gap between the two cell systems (Fig. 3). We assessed general pathways
enriched in NRVM and iPSC-CM by gene ontology, which further supports our findings
that iPSC-CM are in a maturation pseudotime between P7 and P14 CM, whereas NRVM are
in PO pseudotime, with ensuing distinct transcriptomic profiles. Our results are corroborated
by a recent single-cell study characterizing the maturation of iPSC-CM and P0-P84 CM (74)
that also suggested an overlap between iPSC-CM and P11-P14 CM.

In conclusion, our delineation of the protective role of Igfbp-3 in AIC using two
complementary model systems, NRVM and iPSC-CM, provides novel insights into
pathways implicating Igfbp-3 in the CM injury response, DNA damage mitigation,
detyrosinated tubulin accumulation, and contractile function changes. Whereas the present
results do not imply using Igfbp-3 clinically as a cardioprotective molecule in AIC, they
do build a foundation for additional molecular studies and /7 vivo manipulation of 1gfbp-3
in transgenic animal models to further investigate protective mechanisms and phenotypic
changes induced by this molecule.
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Figure 1. Igfbp-3isenriched in the nucleus and mitigates Al C.
(A) Maximal projection confocal images indicating a decrease in cytoplasmic expression

and a reciprocal increase in the nuclear fraction of Igfbp-3 after Dox treatment in NRVM.
DAPI (blue) and Na*/K* ATP-ase (red) staining of the nucleus and plasma membrane,
respectively. Igfbp-3 3XFLAG staining in green. Objective: 63x. Scale bar: 20um.

(B) Cell fractionation assay demonstrating decrease in the cytoplasmic fraction of 3xFLAG
tagged Igfbp-3 detected by anti-FLAG antibody after Dox treatment in NRVM. Na*/K*
ATP-ase, B-tubulin, and histone H3 used as indicators for membrane, cytoplasm, and nuclear
fractions, respectively.

(C-D) Phosphorylation of H2AX (y-H2AX) in response to overexpression (C) or silencing
(D) of Igfbp-3 under Dox treatment at 12h and 24h in NRVM, with Western blot semi-
quantitation shown below the gels. AV: adenovirus overexpression, si: SiRNA silencing.
A.U.:arbitrary unit. N=3 biological replicates.

(E) lgfbp-3 overexpression is associated with a reduction in Top2p levels under Dox
treatment in NVRM. N=3 biological replicates.
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Figure 2. Significantly regulated DEGs by | gfbp-3 manipulation in CM.
(A-B) Volcano plots of DEGs in iPSC-CM when overexpressing Igfbp-3 (A) or silencing

Igfbp-3 (B) under physiological condition. Significantly regulated genes are in red (cutoff
threshold Padj<0.05). N=4 biological replicates.
(C-D) Volcano plots of DEGs in Dox treated iPSC-CM when overexpressing Igfbp-3 (C) or
silencing Igfbp-3 (D). N=4 biological replicates.
(E) Significantly regulated DEGs by Igfbp-3 in NRVM. For each gene, Padj value is denoted

by the size of the dot, and Log,(FoldChange) is denoted by the color of the dot. N=3

biological replicates.
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Figure 3. GSEA of perturbed pathways following | gfbp-3 modulation and WGCNA network
construction.

(A) GSEA of significantly altered pathways by Igfbp-3 overexpression in iPSC-CM after
Dox treatment. Upregulated genes are denoted in red and downregulated genes in blue.

(B) GSEA of significantly altered pathways by Igfbp-3 silencing in iPSC-CM after Dox
treatment.

(C) WGCNA network of genes co-expressed with Igfbp-3 under Dox treatment in iPSC-CM.
Top 5 hub genes with the most connectivity with other network genes are highlighted with
a red border, green genes are significantly perturbed by Igfbp-3 modulation in iPSC-CM,
triangle genes are directly connected with Igfbp-3 in the network (i.e. their expression level
highly correlates with Igfbp-3), and green triangle genes are significantly regulated by and
directly connected with Igfbp-3.

(D) WGCNA network of genes co-expressed with Igfbp-3 under Dox treatment in NRVM.
The network is annotated in the same way as the iPSC-CM network.
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Figure 4. | gfbp-3interfereswith detyrosinated microtubule accumulation and alters contractile
function in Dox treated iPSC-CM.

(A) Stimulated Emission Depletion (STED) microscopy images of iPSC-CM after Dox
treatment. Red, detyrosinated tubulin. Green, total a-tubulin. Scale bar: 5um. Objective:
100x.

(B) Quantification of detyrosinated tubulin area and total a-tubulin area ratio in STED
images. Each dot represent one cell. Biological replicates: AV-Control n=16, AV-Igfbp-3
n=19, AV-lgbfp-3-shRNA n=19.
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(C) Quantitative Western blot of detyrosinated tubulin and total a-tubulin ratio in iPSC-CM
after Dox treatment. N=6 biological replicates.

(D-G) Under Dox treatment, Igfbp-3 silencing in iPSC-CM impedes contractile magnitude
and velocity and decreases beat rate. N=14 biological replicates.
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Figure 5. Summary diagram depicting protective pathways controlled by |gfbp-3in
anthracycline-induced cardiomyocyte injury.

Dox induces Igfbp-3 upregulation and nuclear translocation in cardiomyocytes. 1gfpb-3
overexpression impedes Top2f expression and decreases Dox induced dsDNA break.

In parallel, the heart failure markers Njppaand Nppb are significantly downregulated,

while Cpt1b, Idh3g, and Nauifvi, which positively regulate cellular metabolic activity are
significantly upregulated by Igfbp-3 overexpression. Functionally, Igfbp-3 knockdown leads
to contractile dysfunction in iPSC-CM after Dox treatment, associated with upregulation of
tubulin family genes and accumulation of detyrosinated tubulin.
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REAGENTS AND TOOLS TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER RRID
Antibodies
ANTI-FLAG® M2 antibody Millipore Sigma F1804 AB_262044
Anti Na+/K+ ATP-ase antibody Abcam ab76020 AB_1310695
Anti 1gfbp-3 antibody (mouse,rat) Abcam ah220429
Anti Igfbp-3 antibody (human) Abcam ab193910
Anti-gamma H2A.X (phospho S139) antibody | Abcam ah81299 AB_1640564
Anti-Topoisomerase |l beta antibody Abcam ab109524 AB_10859793
Anti-alpha Tubulin antibody Abcam Ab7291 AB_2241126
Anti-Detyrosinated alpha Tubulin antibody Abcam ab48389 AB_869990
Anti-beta Tubulin antibody Abcam ab6046 AB_2210370
Anti-Histone H3 antibody Abcam ab1791 AB_302613
Anti-Gapdh antibody Abcam ab128915 AB_11143050
Rabbit 1gG (H&L) Antibody ATTO 647N Rockland 611-156-122 AB_10893043
Conjugated
Goat Anti-Mouse 1gG H&L (Alexa Fluor® Abcam ab150120 AB_2631447
594)
Anti-Nppa antibody Abcam ab209232
Anti-Nppb antibody ThermoFisher PA5-96084
Bacterial and virusstrains
Ad-Null Abmgood 000048A
Ad-rigfbp3 Abmgood 2432305
Ad-hlgfbp-3 Vector Biolabs ADV-211932
Ad-hlgfbp-3-shRNA Vector Biolabs shADV-211932
Chemicals, peptides, and recombinant proteins
Doxorubicin hydrochloride Millipore Sigma D1515
Gelatin Solution Millipore Sigma ES-006
Triton™ X-100 Millipore Sigma X100
DMEM ThermoFisher 10569010
RPMI1640 ThermoFisher 61870127
Fetal Bovine Serum ThermoFisher 10082147
B-27™ Supplement, minus insulin ThermoFisher A1895601
Lipofectamine™ RNAIMAX Transfection ThermoFisher 13778030
Reagent
Insulin-Transferrin-Selenium (ITS-G) (100X) ThermoFisher 41400045
Critical commercial assays
RNeasy Mini Kits Qiagen 74104
Cell Fractionation Kit Abcam ab109719
LDH release assay Abcam ab102526
TUNEL assay ThermoFisher C10619
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REAGENT or RESOURCE SOURCE IDENTIFIER RRID

MTT assay Abcam ab211091

SRB assay Abcam ab235935

Deposited data

Raw and analyzed RNA-seq data This paper GSE206803

Experimental models: Cell lines

Human induced pluripotent stem cell UCLA iPSC23

MDA-MB-231 cell line ATCC CRM-HTB-26 CVCL_0062

T47D cell line ATCC HTB-133 CVCL_0553
Experimental models: Organisms/strains

C57BI/6 mice | he Jackson Laboratory | 000664 | imsr_ax:000664
Oligonucleotides

Igfop3 SIRNA | Qiagen | sio0250866 |

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/ SCR_003070
DeSeq2 Love etal., 2014 R package RRID:SCR_015687
Seurat4.0 Hao et al., 2021 R package RRID:SCR_016341
Monocle3 Qiuetal., 2017 R package RRID:SCR_018685

Clustal Omega

Sievers et al, 2011

https://www.ebi.ac.uk/Tools/msa/clustalo/

SCR_001591

Pulse Contractility

Maddah et al., 2015

www.pulsevideoanalysis.com
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