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Molecular basis of GDF15 induction
and suppression by drugs

in cardiomyocytes and cancer cells
toward precision medicine
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GDF15 has recently emerged as a key driver of the development of various disease conditions
including cancer cachexia. Not only the tumor itself but also adverse effects of chemotherapy have
been reported to contribute to increased GDF15. Although regulation of GDF15 transcription by BET
domain has recently been reported, the molecular mechanisms of GDF15 gene regulation by drugs
are still unknown, leaving uncertainty about the safe and effective therapeutic strategies targeting
GDF15. We screened various cardiotoxic drugs and BET inhibitors for their effects on GDF15 regulation
in human cardiomyocytes and cancer cell lines and analyzed in-house and public gene signature
databases. We found that DNA damaging drugs induce GDF15 in cardiomyocytes more strongly than
drugs with other modes of action. In cancer cells, GDF15 induction varied depending on drug- and

cell type-specific gene signatures including mutations in PI3KCA, TP53, BRAF and MUC16. GDF15
suppression by BET inhibition is particularly effective in cancer cells with low activity of the PI3K/Akt
axis and high extracellular concentrations of pantothenate. Our findings provide insights that the risk
for GDF15 overexpression and concomitant cachexia can be reduced by a personalized selection of
anticancer drugs and patients for precision medicine.

GDF15 has been found to be a key driver of cachexia syndrome, significant body weight loss that often occurs
in chronic diseases including cancer or in case of drug-induced organ injury"?. It is a cytokine that mediates the
body response to various stress factors such as oxidative stress, tissue injury and drug toxicity. When binding to
GDNF-family receptor a-like (GFRAL), localized mainly in the brain stem, it mediates anorexia, alterations in
overall metabolism and energy homeostasis and activation of other endocrine stress responses. In health, these
mechanisms alert the body to exo- and endogenous toxins by mitigating the exposure and preventing further
organ damage through metabolic reprogramming. In disease such as cancer, GDF15 levels can be elevated up
to 100-fold, thereby causing pathological conditions>*.

Various types of cancer cells have been reported to heavily secret GDF15 or other factors that induce GDF15
expression in host cells*®. Drug-induced cardiotoxicity is a serious problem often associated with chemotherapy’.
Anticancer drugs used in chemotherapy can cause cellular stress and death leading to drastic GDF15 induction
in both cancer and host cells®'° (Fig. 1A). Cardiomyocytes are one of the host cells known to overexpress GDF15
when exposed to certain cardiotoxic anticancer drugs as well as in heart failure!'~*. Under these circumstances,
elevated GDF15 levels were found in humans as well as in cardiomyocyte cell culture models'*-'.

Both pro- and anti-tumorigenic pathways were found to directly or indirectly induce GDF15 transcription.
EGR1Y, p53'%, SMAD2/3"°, NR5A2%°, C/EBPB*! and C/EBP homologous protein (CHOP)** were reported to
bind directly to the GDF15 promoter and function as transcription activators. GSK3p*, NFkB** and p38 MAPK*
were identified to indirectly activate GDF15 expression through transcription activators (Fig. 1B).

The latest research suggests that gene expression of GDF15 also depends on bromodomain and extratermi-
nal (BET) proteins, more particularly bromodomain-containing protein 4 (BRD4)*. BET proteins have been
known to regulate the expression of many genes involved in inflammation, such as cytokines and transcription
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Figure 1. Contributors to increased GDF15 expression in cancer patients. (A) Cancer and host cells as sources
of increased GDF15 expression. (B) Reported molecular pathways upstream of GDF15 induction.

factors, including the GDF15-activating factors NR5A2 and NFkB**?*. By recruiting a variety of coactivators
and transcription factors to the transcription site, BET proteins can serve as nucleator for the formation of
super-enhancers®. In addition, the BET protein BRD4 was reported to increase topoisomerase activity to release
accumulated DNA supercoiling ahead of pausing RNA polymerases?”. These mechanisms might enable the
rapid and strong induction of cytokine expression that is needed for a fast reaction and adaptation to the faced
stressor. However, in disease states such as cancer or heart failure, BET-dependent stress responses contribute to
exaggerated expression of cytokines or genes involved in pathogenesis?®%. So far ~30 clinical studies have been
conducted with more than 10 BET inhibitors mostly for diverse cancers®.

Cachexia has been considered as an epiphenomenal and unpreventable complication with severe cancer pro-
gressions and anticancer treatment. Patients who suffer from cachexia are less responsive to anticancer treatment
because of their overall weakness®. Currently, treatment of cachexia is predominantly focused on non-specific
approaches such as to increase appetite or muscle mass®. However, the identified causal relations of cachexia with
chemotherapy®*, tumor-secreted factors®, specific molecular pathways and key molecules’ suggest that cachexia
is instead a discrete and targetable condition. Specific antibodies targeting GDF15 or its receptor GFRAL have
been developed recently to be tested in clinical studies®. These approaches could alleviate the direct effects of
GDF15 but do not tackle the underlying transcriptional dysregulation. Although GDF15 overexpression has been
identified as an etiological key driver of cachexia, little efforts have been made yet to characterize the molecular
basis of GDF15 induction and suppression by drugs. A tool to predict whether a patient will react to a particular
anticancer drug with GDF15 overexpression could help reduce risks for chemotherapy-driven development of
cachexia. Furthermore, the prevention of GDF15 transcription, e.g., by epigenetic intervention, has the potential
to effectively counteract cachexia. This study was therefore designed to understand the molecular basis of drug-
specific and cell type-specific regulation of GDF15 gene induction and suppression by screening cardiotoxic
drugs in human cardiomyocytes and analyzing in-house and public gene signatures database of cancer cell lines.

Results
Cardiotoxic drugs induce GDF15 expression in hiPSC-CMs depending on the drug’s mode of
action.  As many anticancer drugs are cardiotoxic and GDF15 is a well-known biomarker for heart failure,
we employed a human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) model to investigate
the effect of drug-induced cardiotoxicity on GDF15 expression in host tissues. To adequately replicate cardiotox-
icity using this model, we selected drugs whose cardiotoxic effect in vivo is based on cytotoxicity to cardiomyo-
cytes. Cell viability screening of 105 known cardiotoxic drugs identified 20 drugs which exerted direct cytotoxic-
ity (Fig. 2A; Supplementary Figure S1). Media concentrations of GDF15 initially measured for the sublethal and
highest concentrations (10 M) of the drugs showed more than threefold increase exclusively by DNA damaging
drugs such as anthracyclines (doxorubicin and idarubicin), amsacrine, camptothecin and etoposide (Fig. 2B).
An ad-hoc analysis for a broader range of concentrations confirmed the drug-specific GDF15 induction. Within
the range of high drug concentrations, reduced GDF15 production caused by general cytotoxicity highly varied
(Fig. 2C). In contrast, drugs targeting ion channels, kinases or tubulin polymerization did not induce GDF15
more than 1.6-fold despite their cytotoxic effect on hiPSC-CMs (Fig. 2B,C).

Taken together, we found that induction of GDF15 in hiPSC-CMs by cardio- and cytotoxic drugs varies
greatly depending on the drug’s mode of action.

GDF15 induction by anticancer drugs in cancer cells correlates with the drug’s mode of action
and cell type-specific mutation status/expression patterns. To get further insights into how chem-
otherapy influences GDF15 expression in cancer, we analyzed public gene expression data of NCI-60 cancer
cell lines treated with 15 different anticancer drugs®*. We used linear regression to quantify the cell line’s drug-
specific responsiveness regarding GDF15 induction and categorized the cell lines as “responsive” or “resistant”
Comparing the number of responsive cell lines per drug, we found the ratio of responsive cell lines ranged from
4% for sirolimus to 71% for sorafenib (Supplementary Figure S2). Drugs with DNA damaging properties tended
to induce GDF15 more strongly than drugs with other modes of action. However, drugs with a similar mode
of action did not necessarily lead to similar GDF15 fold-changes (Supplementary Figure S2) and the extent of
GDF15 induction by a drug also varied between individual NCI-60 cell lines (Supplementary Figure S3).
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Figure 2. Effect of cardiotoxic drugs on hiPSC-CMs viability and GDF15 secretion and modes of action of
applied drugs. (A) hiPSC-CMs viability after 48 h treatment with 20 cardiotoxic drugs. (B) Fold-change of
GDF15 expression upon 48 h treatment with 20 cardiotoxic drugs and their reported modes of action. GDF15
expression upon treatment with 10 uM, sublethal drug concentrations and maximal GDF15 induction (from
concentration series depicted in (C)). Mean fold-change of 4 biological replicates with a 95% confidence
interval were normalized by DMSO-only control. (C) Drug-induced GDF15 expression for different drug
concentrations. Fold-change of GDF15 protein concentration upon 48 h treatment with ten cardiotoxic drugs
(marked with * in A and B). As the GDF15 concentrations induced by 1 uM idarubicin and 1 uM daunorubicin
exceeded the upper limit of quantification, the maximum measurable concentration was used.

For a more differentiated view, we generated a Pearson correlation coeflicient matrix by calculating pairwise
15-factorial correlation coeflicients of the 60 cell lines. By performing a hierarchical clustering on that matrix, we
identified four major cell line clusters with every cluster containing cell lines of multiple tissue types (Fig. 3A).
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Comparing the relative amount of responsive cell lines per identified cluster, we found that all cell lines of clus-
ter A were responsive to sorafenib, all of cluster B to bortezomib and all of cluster D to azacytidine. Cluster C was
most responsive to doxorubicin with 63.6% of its cell lines being responsive (Fig. 3B; Supplementary Figure S4).

Analyzing global genome- and transcriptome data, we tried to find potential explanations for why the four cell
line clusters reacted differently to the 15 applied anticancer drugs regarding GDF15 induction. We searched for
the most significant differences in expression, mutation and activity of genes that are involved in known GDF15
induction pathways. Additionally, we quantified the correlation of GDF15 and BRD4 fold-change upon treat-
ment. We found that each NCI-60 cell line cluster has distinguishing characteristics that differentiate it from the
other clusters (Supplementary Table S1). Cluster C contained only 40.4% cell lines with mutated TP53, whereas
90.9% of the other NCI-60 cell lines showed mutations of that gene. In cluster D, 66.7% of cell lines had muta-
tions in PIK3CB and BRAF genes. Cluster A had the lowest basal GDF15 expression and the lowest correlation
of GDF15 and BRD4 fold-change upon treatment. Cluster B had the highest correlation with BRD4 induction
and Cluster C the highest basal expression of GDF15.

We used the identified differences in expression of single genes and gene signatures to deduce basal signal-
ing activities in the clusters. Using the QIAGEN Ingenuity Pathway Analysis (IPA), we generated a network
comprising key proteins involved in known GDF15 inducing pathways and added reported direct and indirect
interactions. We complemented the resulting network with the identified characteristic expression and activity
patterns of the four cell line clusters described above. Based on the software-included interactions, we predicted
the cluster-specific resulting activities of different GDF15 induction pathways (Fig. 3C).

The identified differences in mutations and gene expressions between cell line clusters indicated that cell-
line-specific parameters could correlate with the individual extent of GDF15 induction by certain drugs. By dif-
ferential analysis and statistical testing of gene expression data from individual cell lines with remarkable GDF15
induction behaviour, we identified additional potentially correlating genes. Together with the previously found
cluster-typical expression patterns (Supplementary Table S1), we compiled a list comprised of 79 members whose
expression level or mutational status can be expected to correlate with drug-specific GDF15 induction (Supple-
mentary Table S2). Using Pearson correlation coefficients and statistical testing, we squared these cell-line-specific
molecular factors with the GDF15 fold-changes for each of the 60 cell lines and all 15 tested drugs. The analysis
identified 22 significantly correlating molecular factors for six of the 15 drugs among the 1185 tested possibili-
ties. We found sets of molecular factors for bortezomib, gemcitabine, geldanamycin, cisplatin, doxorubicin and
sorafenib that correlated significantly with GDF15 induction in NCI-60 (Fig. 4A). They comprise correlating
tendencies in expression of single genes and proteins, gene signatures, hallmark gene sets as well as correlating
occurrence of amino acid mutations, which can serve as potential predictors for GDF15 induction upon treat-
ment. Strong GDF15 induction upon bortezomib and sorafenib treatment correlated positively with, inter alia,
ER-a protein expression, activity of late estrogen response and mutations in PIK3CA. Cell lines with mutated
TP53, low NIBR p53 scores (a gene signature that indicates p53 pathway activity) and high protein expression
of p38 MAPK were less prone to GDF15 overexpression upon doxorubicin treatment. Similarly, cell lines with
alow NIBR p53 score, BDNF expression and TGREP2 scores (a gene signature that indicates DR5 dependency)
induced less GDF15 upon gemcitabine treatment. Mutations in BRAF correlated negatively with the cell line’s
tendency for GDF15 induction upon geldanamycin and sorafenib treatment. We also found that cell lines with
mutated PIK3CA were more likely to show an increased GDF15 expression across different drug treatments,
whereas mutations in TP53, BRAF and MUCI16 generally accompanied reduced GDF15 induction (Fig. 4B).

To summarize, our results revealed that anticancer drugs differentially induce GDF15 expression in cancer
cell lines depending on the drug and the cell line’s mutational and gene expression profile.

GDF15 induction upon anticancer drugs is frequently accompanied by BRD4 induction in can-
cercells. Ithasrecently been reported that basal GDF15 expression depends on BRD4 in pancreatic and mel-
anoma cancer cell lines?**. However, it remains unknown if transcription of GDF15 relies on BRD4 throughout
different cancer cell types. To address that, we searched for correlations of GDF15 and BRD4 linear regression
slopes upon treatment in NCI-60 cancer cell lines. When squaring the 15 drug-specific slopes of the 60 cell lines,
we found a positive correlation (Pearson correlation coefficient >0.4) of GDF15 with BRD4 induction in 50.0%
and a negative correlation (Pearson correlation coefficient < —0.4) in 18.3% of NCI-60 cell lines. Among the dif-
ferent tissue types 75% of renal and 83% of CNS cancer cell lines showed a positive correlation of GDF15 and
BRD4 induction. In a comparison of GDF15 and BRD4 induction between all GDF15 inducing drugs, we found
a significant positive correlation for lapatinib, erlotinib and sorafenib (all of which are kinase inhibitors) and no
significant correlation for other GDF15 inducing drugs.

BET Inhibition suppresses GDF15 overexpression in a defined subset of cancer cell lines and
in hiPSC-CMs. GDF15 overexpression can be both chemotherapy- and cancer-driven. Various cancer cell
types were reported to overexpress GDF15, thereby exacerbating the development of cachexia®. Whilst a person-
alized selection of chemotherapeutic agents has the potential to mitigate chemotherapy-driven GDF15 overex-
pression in cancer cells, it leaves basal overexpression of GDF15 unaffected. Through the data analysis described
above, we found a correlation between BRD4 and GDF15 expression in 50% of NCI-60, indicating that GDF15
expression might depend on BRD4 in those cell lines. To test this further, we analyzed our own gene expression
data of 21 lung and colorectal cancer cell lines treated with the BET inhibitor BI 894999%. It turned out that
in 9 of the 21 treated cell lines, GDF15 expression was significantly reduced through BET inhibition (Fig. 5A).
Additionally, we analyzed fold-changes of GDF11 which is well known for its rejuvenating effect but also associ-
ated with cachexia, partially through upregulation of GDF15". Interestingly, we found that GDF11 expression
was increased by BET inhibition in 19 cell lines with GDF11 and GDF15 fold-changes being inversely correlated

Scientific Reports |

(2023) 13:12061 | https://doi.org/10.1038/s41598-023-38450-w nature portfolio



www.nature.com/scientificreports/

A

HOP-92
MDA-MB-435
SF-295

HCT-15

DU-145

OVCAR-8

A OVCAR-3

MDA-MB-468 [l

MDA-MB-231 [

SK-OV-3
SN12C
HS-578T
HCC-2998

HOP-62
OVCAR-4
SF-268
U251

MDA-MB-435
SF-295
HCT-15
DU-145
HCC-2998
NCI-H322M
NCI-ADR-RES

SR

B As08
B cAKi-1

NCI-H23
SNB-19
COLO-205

B rPMi-8226

OVCAR-4
SF-268
NCI-H460
NCI-H226
IGR-OV1
OVCAR-5
PC-3

U251

I 47D

HOP-92
OVCAR-8
OVCAR-3

I ViDA-MB-468
SK-OV-3
SN12C
HS-578T
HOP-62
SF-539
SNB-75
MOLT-4

Bl RXxF-393

I VvDA-MB-231

Lung
Melanoma
CNS
Colon
Prostate
Ovarian
Breast
Renal
Leukemia

I.l— 1

T-470 I

0.8

SF-539 ||
rxF-393 I ||
B SNB-75
NCI-H23
SNB-19
RrrmI-8226 [N
A549
NCI-H522
SK-MEL-2
Tr-10 [N
c LOX
CCRF-CEM
ACHN

NCI-H322M
SR
MOLT-4
NCI-H460
NCI-H226
IGR-OV1
COLO-205

caki-1 Il
OVCAR-5
PC-3
NCI-ADR-RES

SK-MEL-28
HT29
HL-60 [N
M14
MALME-3M
SK-MEL-5
EKVX |

Paclitaxel C

Sunitinib 4
Cluster A !
il

Sirolimus

Topotecan

Doxorubicin Geldanamycin

ya N
{ NFig "\ TPS3

EGR1 \_ /
. SMAD3 )

Cisplatin Dasatinib N

B

Erlotinib

o
|
|
|
|
i
1
Lapatinib :
i
1
i
v

Fraction of responsive cell lines

Bortezomib L/ Gemcitabine

2 Predicted to be basall
Vorinostat

Predicted to be basally activated
inhibited
Azacytidine

Figure 3. NCI-60 cell line clustering. (A) Hierarchically clustered correlation matrix of GDF15 gene expression
levels by NCI-60 cell lines upon 15 drug treatments. Pearson correlation coefficients were calculated evaluating
linear regression slope of GDF15 expression within the first 24 h of drug treatment. Clustering of cell lines

was performed using Weighted Pair Group Method with Arithmetic Mean (WPGMA) algorithm based on
Pearson correlation coefficients. Four cell line clusters were identified. Tissue types of cell lines are color coded.
(B) Drug-specific fraction of responsive NCI-60 cell lines in each identified cell line cluster for 15 anticancer
drugs. Responsiveness was assumed when linear regression slope of GDF15 expression within 24 h of drug
treatment was>0.02 and R-squared > 0.5. (C) Predicted basally activated or inhibited pathways for the cell line
cluster based on identified differences in gene expression.
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Figure 4. Identified gene signatures that correlate with GDF15 induction upon treatment. (A) Drug-specific
gene signatures. Cell lines in x and respective correlating molecular factors in y. (B) Mutations significantly
correlating with GDF15 induction upon treatment. 95% confidence interval, t-test, *p <0.05, **p <0.01,

P p <0.001, ¥**p<0.0001.

(Pearson correlation coefficient—0.67). The more GDF15 expression was reduced, the more GDF11 expression
tended to get increased upon BET inhibition in the respective cell lines (Fig. 5A).

Host cells are known to contribute to elevated GDF15 levels in cachexia patients when exposed to drug
toxicity®. Many anticancer drugs are cardiotoxic and cardiomyocytes are known to express GDF15 particu-
larly strongly in response to drug toxicity, both in vitro and in vivo'®!"'*. Hence, it would be important to
reduce GDF15 expression not only in cancer cells but also in cardiomyocytes that overexpress GDF15 because
of drug toxicity. We tested the BET inhibitors JQ1, I-BET762, PFI-1, I-BET151, CPI203, OTX015, BI 894999
and the structurally closely related BI 894987 in doxorubicin-treated hiPSC-CM:s for their influence on drug-
induced GDF15 expression. hiPSC-CMs reacted on doxorubicin treatment with up to sevenfold increased GDF15
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Figure 5. GDF15 gene suppression by BET inhibitors. Effect of BET inhibition on basal GDF15 and GDF11
expression in 21 cancer cell lines and on doxorubicin-induced GDF15 overexpression in hiPSC-CMs. (A)
Treatment of cancer cell lines with the BET Inhibitor BI 894999 (Supplementary Table S3). Fold-change of
relative gene expression. Normalized gene expression analysis performed using RNA sequencing and qPCR,
95% confidence interval. (B) Fold-change of GDF15 gene expression in hiPSC-CMs after successive treatment
with doxorubicin and BET inhibitors. Normalized to non-treated control. Box plot of quartiles, median, 95%
confidence interval, standard one-sided t-test. (C) IC50 values for BRD2, BRD3 and BRD4 against fold-change
of GDF15 expression in hiPSC-CMs upon treatment with 300 nM of each of seven BET inhibitors. Nonlinear
regression.

expression on RNA level. However, when treated with BET inhibitor OTX015 or BI 894999 subsequently, GDF15
overexpression was suppressed (Fig. 5B). To confirm that the suppressed GDF15 expression is not due to general
cytotoxicity of the drugs, we measured LDH released into the media to find no increase by the BET inhibitors
(Supplementary Figure S5). Similarly, treatment with each of the BET inhibitors JQ1, I-BET762, PFI-1, I-BET151,
CPI203, OTXO015 and BI 894987 suppressed doxorubicin-induced GDF15 overexpression (Supplementary Fig-
ure S6A and S6B; Fig. 5C). We plotted GDF15 fold-changes against the respective reported half maximal inhibi-
tory concentrations (ICs) of each BET inhibitor for BRD2, BRD3 and BRD4, whenever available. GDF15 fold-
change thereby meant the ratio of GDF15 expression induced by doxorubicin only and doxorubicin combined
with BET inhibitor normalized to cell viability. The strongest negative relation was observed between IC;,(BRD4)
and GDF15 fold-change (nonlinear regression, R-squared =0.82, Fig. 5C). The higher the inhibitory effect against
BRD4 was, the less GDF15 induction through doxorubicin treatment was observed.
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We searched for specific molecular factors that may help predict whether cancer cells reduce GDF15 expres-
sion upon BET inhibition and serve as biomarkers for patient selection. Therefore, we categorized the tested
lung and colon cancer cell lines in two groups depending on GDF15 reduction and GDF11 induction upon BET
inhibition and explored differences in protein expression, gene dependency, drug sensitivity and metabolites
(Fig. 6). Cell lines that reduced GDF15 and increased GDF11 expression when treated with BI 894999 had sig-
nificantly higher p38 and 4E_BP1 protein levels compared to more resistant cell lines. They were less sensitive to
GSK3-beta, MDM, Akt and Bcl inhibitors, more sensitive to a Bax activator and more dependent on BRAF. We
identified media concentration of pantothenate to correlate with BET inhibitor responsiveness, as its concen-
tration was significantly higher in cell lines that reacted with GDF15 reduction and GDF11 induction on BET
inhibition compared to more resistant cell lines (p <0.001, Fig. 6).

To summarize, our results revealed that BET inhibition reduces basal GDF15 expression in a subset of can-
cer cell lines that share similar biochemical and metabolic properties. Six tested BET inhibitors all suppressed
doxorubicin-induced GDF15 expression in hiPSC-CMs to a varying extent depending on their inhibitory effect
on BRD4.

Discussion

Our results show that drug-induced GDF15 overexpression in cardiomyocytes is dependent on the drug’s
mechanism. DNA interacting drugs and topoisomerase inhibitors had the strongest inducing effect on GDF15
expression in cardiomyocytes. This is consistent with previously described relations of DNA damaging radiation
and transcriptional stress with GDF15 overexpression'®*”*, Mitochondrial stress has been known to induce
GDF15*%. As DNA damaging drugs often also induce mitochondrial toxicity*! and mitochondrial dysfunction
appears to be a major cause of anthracycline-induced cardiotoxicity, it is very likely that mitochondrial toxicity
is one of the major causes of GDF15 induction we observed in our drug screening in hiPSC-CMs. In NCI-60
cancer cell lines, we observed different effects on GDF15 expression for the two FLT3 inhibitors sorafenib and
sunitinib. Whilst sorafenib led to a threefold induction of GDF15 on average, sunitinib did not lead to notable
GDF15 regulation in any of the NCI-60 cancer cell lines. A possible explanation for this difference in GDF15
regulation, despite the similar mode of action, is the mitochondrial toxicity that sorafenib was found to induce
whereas sunitinib was not*2. At clinically relevant and even low concentrations, sorafenib increases nitric oxide
generation disrupting mitochondrial membrane potential in cancer cells*>*.

In the present study, we found that topoisomerase inhibitors, e.g., anthracyclines induce GDF15 expression in
hiPSC-CMs strongly. However, BET inhibitors effectively suppressed doxorubicin-induced GDF15 overexpres-
sion depending on its inhibitory effect on BRD4. This suggests that the mechanism behind GDF15 overexpres-
sion by topoisomerase inhibiting drugs relies on BRD4. We hypothesize that this BRD4-dependence of GDF15
overexpression might be due to BRD4-driven super-enhancer formation. Topoisomerase inhibiting anticancer
drugs, such as doxorubicin, impede transcription by increasing DNA supercoiling®. Super-enhancer forma-
tion would explain how GDF15 overexpression can be achieved, despite the overall transcription inhibition by
topoisomerase inhibition. As BRD4 partially promotes transcription by increasing topoisomerase activity”’, it
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Figure 6. Differential analysis of protein expression patterns, drug sensitivity, gene dependency and
pantothenate secretion between strongly and weakly responsive cell lines. Based on GDF15 reduction and
GDF11 activation upon BET inhibition. Box plot of quartiles, median, 95% confidence interval, t test, *p <0.05,
©p <0.01, ¥p<0.001, **p < 0.0001.
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is likely that BRD4 can compensate for topoisomerase inhibition by an increased recruitment of coactivators
and the formation of super-enhancers.

In 50% of NCI-60, we thereby found a correlation between drug-induced GDF15 and BRD4 expression. Rea-
nalysis of our previously published ChIP-seq data from AML cell lines* revealed a reduction of BRD4 bound to
putative enhancers in close vicinity to the GDF15 gene locus by the BET inhibitor BI 894999 in a concentration-
dependent manner (Supplementary Figure S7). These results suggest that the BRD4-dependence observed for
doxorubicin-induced GDF15 overexpression in cardiomyocytes also applies to those cancer cell lines.

Besides drug-induced GDF15 overexpression, some tumors contribute to elevated GDF15 levels in the
patients by heavy GDF15 secretion, independently of anticancer treatment’. We showed that this basal GDF15
expression gets significantly reduced upon BET inhibition using BI 894999 in a subset of tested cancer cell
lines, in which concomitant upregulation of GDF11 was observed. To confirm whether this negative correlation
between GDF15 and GDF11 is the result of target-specific inhibition of BRD4 or due to a non-specific effect of
the drug on other targets, we looked up literature for gene expression profiling after BRD4 gene knockdown in
cancer cell lines. Wu et al’s study included pan-BRD4 knockdown in MDA-MB-231 and MCF-7 cell lines using
siRNA*. The retrieved data for GDF15 and GDF11 genes showed a negative correlation between the 2 genes
in MDA-MB-231 cells, whereas both genes’ expression was not affected in MCF-7 despite similar reductions
of BRD4 expression in both cell lines. This finding is in accord with our findings confirming the up-regulation
of GDF11 can be caused by BET inhibition in certain types of cancers and negatively correlated with GDF15.
Although BET inhibition also induced GDF11 expression which was described to promote weight loss partially
through GDF15', the BET inhibitor JQ1 was found to counteract cancer-driven cachexia in mice suggesting
that the advantageous effects of BET inhibition for the alleviation of cachexia clearly predominate®’. In that
mouse study, however, neither GDF15 nor GDF11 level was analyzed. The interplay of GDF11 and GDF15 in
cachexia and the potential effects of GDF11 induction by BET inhibition in that context still remain to be further
elucidated. By differential analysis, we found that the subset of tested cancer cell lines that responded to BET
inhibition with GDF15 reduction and GDF11 induction show a higher activity of p38 MAPK and a significantly
lower activity of and dependency on proteins involved in the PI3K/Akt pathway, namely GSK3B, Akt, Bcl and
B-Raf, compared to the weakly responding cell lines. It is in accordance with the finding that PI3K pathway acti-
vation promotes resistance of neuroblastoma to BET inhibition which was discovered by Iniguez et al. through
genome-scale screening and multiomics analysis*®. NF-kB and p53, two of the seven reported GDF15-inducing
pathways, are directly or indirectly activated by GSK3B and Akt*>*. Based of the observed low sensitivity to
GSK3B and Akt inhibition, we presume that the BET inhibitor responsive cell lines have low basal activities of
GSK3B and Akt so that NF-kB and p53 can be expected to have low activities in this subset of cell lines, too. Their
high sensitivity to Bax activation might be due to this presumed low activity of p53, as Bax is activated by p53 .
We searched for metabolic markers that reflect the cell line’s pathway activities related to the susceptibility of its
GDF15 expression to BET inhibition. We found high basal concentrations of pantothenate to correlate signifi-
cantly with effective GDF15 reduction upon BET inhibition. Pantothenate kinase 1 involved in CoA synthesis
from its precursor pantothenate has been known to be transcriptionally activated by p53, and PI3K signaling
stimulates CoA synthesis®***. Hence, high pantothenate concentration might be due to low activity of p53 and
PI3K signaling, which is consistent with the results of our differential gene expression analysis discussed above.
Variable efficacy and dose-limiting toxic effects of BET inhibitors such as thrombocytopenia are commonly
observed in preclinical and clinical studies and strongly imply that the discovery of biomarkers that can help
predict therapeutic response is a prerequisite for effective and safe treatment using BET inhibitors®. The observed
differences in extracellular pantothenate concentration indicate that pantothenate could be developed into a
potential biomarker for the selection of patients who would benefit from GDF15 reduction upon BET inhibition.

We found that NCI-60 cancer cell lines can be classified in clusters according to the extent of GDF15 induction
by different drugs. We were able to attribute the differences in GDF15 induction to activity patterns of GDF15-
inducing pathway. As most GDF15-inducing pathways are involved in cancer genesis, they are often directly
targeted by anticancer drugs®. Due to the heterogeneity of dysregulations in cancer, it can be assumed that every
cancer cell line comes with a distinct setting of GDF15-inducing pathway activities. It is therefore expected that
a drug leads to varying extents of GDF15 induction depending on the cell line’s basal pathway activities and
how they interplay with the drug’s mode of action. This also points out the importance of establishing precision
medicine tailored to the individual requirements. We identified six drug-specific gene signatures, consisting
of specific genes whose expressional or mutational status significantly correlate with the cell line’s tendency to
overexpress GDF15 upon drug treatment (Fig. 4A). Those gene signatures could be used to predict the effect of
a drug on the individual regulation of GDF15 expression. Our data were, however, obtained from in vitro cell
culture studies. Biological response of cells in vivo could be different. Also, the 60 cancer cell lines we included
in our correlation analysis might not sufficiently represent the variety of cancers. With further data analysis
using larger sample sizes and additional validation strategies employing patient samples, the identified gene
signatures could be refined and used for a personalized selection of chemotherapy agents and patients, depend-
ing on pheno- and genotype of the tumor. Thus, chemotherapy-induced GDF15 overexpression followed by the
concomitant risk for developing cachexia could be reduced.

Materials and methods

Cell culture. hiPSC-CM:s were prepared according to the method described in ref.”® with minor modifica-
tions, using hiPSC lines SB-AD02-Cl02 and SFC086-03-01 obtained from the StemBANCC consortium. Briefly,
after differentiation by CHIR99021 (Biomol, Cay13122-5) and Wnt-C59 (Selleck Chemicals, S7037) in CDM-3
(chemically defined RPMI1640 medium containing albumin and ascorbic acid) and metabolic selection with
lactate, hiPSC-CMs were plated at 3x 10* cells/well on 96-well plates or 1x 10 cells/well on 6-well plates and
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cultured in CDM3-M medium (RPMI1640 medium, no glucose (Gibco, 11879020) supplemented with 500 pg/
ml recombinant human albumin (Sigma Aldrich, A9731), 4 mM sodium L-lactate (Sigma Aldrich, A71718),
1 mM sodium pyruvate (Sigma Aldrich P5280), 213 ug/ml L-ascorbic acid 2-phosphate (Sigma Aldrich, A8960),
10 mM D-galactose (Carl Roth, 4987.2), 200 ng/ml triiodo-L-thyronine (Sigma Aldrich, T6397), 20 pug/ml Insu-
lin (Invitrogen, RP-10908) and 1 x chemically defined lipid concentrate (Gibco, 11905031)) containing 20% FCS
(Lonza, DE14-701F) for 24 h before switching to CDM3-M without FCS.

Cancer cell lines were authenticated by short tandem repeat analysis performed according to the manufac-
turer’s instructions and treated with 10 nM, 35 nM or 100 nM BI 894999 BET inhibitor for 4 h or 24 h (Supple-
mentary Table $3). RNA®” and DNA sequencing’® was performed as described previously.

Drug treatment. Cardiotoxic drug (SCREEN-WELL® Cardiotoxicity library, BML-2850, ENZO) library
was prepared by serial dilution of 10 mM stocks in DMSO to 9 different concentrations ranging from 0.001
to 10 mM, which were further diluted into assay plates to final concentrations ranging from 0.001 to 10 puM.
BI894987 (Boehringer Ingelheim), BI 894999 (Boehringer Ingelheim), CPI203 (Sigma-Aldrich, SML1212),
GSK1210151A (Sigma-Aldrich, SML0666), I-BET762 (Cayman Chemical, Cay10676), JQ1 (Cayman Chemical,
Cay11187), OTX015 (eNovation Chemicals LLC, D372528), PFI-1 (Adooq Bioscience, A12545) and Doxoru-
bicin (Sigma-Aldrich, D1515) were dissolved in DMSO to make 30 mM or 10 mM stocks which were seri-
ally diluted in DMSO and assay media to concentrations as indicated. The final concentration of DMSO for
hiPSC-CMs assay was 0.1%. To investigate the influence of BET inhibitor treatment on doxorubicin induced
GDF15 mRNA expression, hiPSC-CMs were pre-treated with 20 nM or 200 nM doxorubicin for 48 h and kept
in medium without compound for 24 h before 24 h treatment with either 100 nM BI 894999 or 500 nM OTXO015.
We screened the BET inhibitors JQ1, I-BET762, PFI-1, I-BET151, CPI203, OTX015 and BI 894987 for their
effect on doxorubicin-induced GDF15 secretion in hiPSC-CMs by simultaneous treatment with 100 nM doxo-
rubicin and 0.1 to 1000 nM of each BET inhibitor. Cancer cell lines were treated with 10 nM, 35 nM or 100 nM
of BI 894999 for 4 h or 24 h (Supplementary Table S3).

Cell viability assay. After drug treatment, cell culture medium was replaced with fresh medium containing
0.014 mg/ml resazurin (Sigma, R7017) and incubated for 2 h at 37 °C. The fluorescence of resorufin generated by
the cells was measured on a BioTek Synergy HTX microplate reader equipped with an excitation filter 530/25 nm
and an emission filter 590/35 nm. After correction for background medium fluorescence and averaging of bio-
logical replicates, we calculated cell viability relative to untreated control for each compound concentration.

GDF15 expression analysis. For GDF15 mRNA quantification, total RNA was isolated from the cells
using an RNeasy kit (Qiagen, 74106) to synthesize cDNA using a Tagman Reverse Transcription kit (Applied
Biosystems, N8080234). Quantitative real-time PCR analysis was performed using QuantiNova SYBR Green
PCR Kit (Qiagen, 208052) on a CFX96 Real-Time System (Bio-Rad) under the following amplification con-
ditions: 95 °C for 2 min followed by 40 cycles of 95 °C for 5 s and 60 °C for 10 s. The primer sequences are
GDF15-F: 5-GAGCTGGGAAGATTCGAACA-3', GDF15-R: 5-AGAGATACGCAGGTGCAGGT-3’, ACTB-F:
5'-GTCTTCCCCTCCATCGTG-3' and ACTB-R: 5-AGGGTGAGGATGCCTCTCTT-3". PCR data were ana-
lyzed using a modified relative expression software tool (REST) and the expression level of GDF15 gene was
normalized to that of B-actin. For secreted GDF15 protein quantification, cell culture medium was collected
after drug treatment and stored at — 20 °C until ELISA was performed using Human GDF-15 ELISA Kit (Abcam,
ab155432) according to the manufacturer’s instruction. Resulting GDF15 concentrations were normalized to
non-treated control and respective relative cell viability.

Data collection of cancer cell line properties. We obtained basal gene expression values and muta-
tional status of all cancer cell lines from our in-house cancer cell line database. Gene expression data of NCI-60
after compound treatment, basal protein expression, drug sensitivity data, gene dependency data, metabolite
expression and compound specifications such as IC50 values and modes of action were collected from different
studies and data bases, as described in the supplementary information.

Clustering. Each NCI-60 cell line was assigned to an array containing 15 drug-specific linear regression
slopes of GDF15 mean fold-change. We calculated the Pearson correlation coefficient for every cell line pair
to build a 60 x 60 correlation matrix. For agglomerative hierarchical clustering, we applied a “Weighted Pair
Group Method with Arithmetic Mean” (WPGMA) algorithm to the resulting correlation matrix. The identified
clusters represent groups of cell lines that are closely positioned to each other in this 15-dimensional data set
and therefore have more similarities regarding GDF15 expression upon treatment with the 15 drugs compared
to cell lines of other clusters.

Differential analysis. The bioinformatics tool CLIFF*® was used for differential analysis. We searched for
significant differences between the four identified NCI-60 cell line clusters in terms of protein expression, gene
signature and hallmark gene set scores and mutations. Besides in-house gene expression and DNA sequencing
data, we extracted protein expression values from a public data set®. We applied a modified t-test to identify
proteins that differed significantly in their expression level between the different cell line clusters. We included
proteins with p-values from 0.001 to 0.05 among which are involved in pathways upstream of GDF15 regulation
or reported targets of any of the tested drugs. All the proteins with p-values below 0.001 were included regard-
less of their involvement in GDF15 regulation or drug mechanisms. Differences in mutation prevalence were

Scientific Reports |

(2023) 13:12061 | https://doi.org/10.1038/s41598-023-38450-w nature portfolio



www.nature.com/scientificreports/

quantified using Fisher’s exact test and included whenever the p-value was below 0.05 and the respective gene
is involved in GDF15 regulation or is a known target of a tested drug. We additionally deduced specific protein
and pathway activities from gene and protein expression data using reported gene signatures and hallmark gene
set scores. Detailed references are described in the supplementary information. The resulting scores were addi-
tionally used for comparison of the cell line clusters, whenever p-values were below 0.05. GDF15 gene expres-
sion values were extracted from NCI-60 Transcriptional Pharmacodynamics Workbench?!. We compared basal
GDF15 gene expression and correlation coefficients of GDF15 and BRD4 induction upon treatment between
cell lines of different clusters using standard two-sided t-test. Differences in metabolite concentration between
cancer cell lines with strong and weak responsiveness to BET inhibition regarding GDF15 and GDF11 (Supple-
mentary Table S4) were assessed using modified t-tests and considered as significant whenever the p-value was
below 0.05 and the individual data points of the two groups did not overlap.

Correlation analysis. To identify potential candidates for correlating molecular factors, we first performed
differential analysis with three NCI-60 cell lines that showed exceptionally high or low GDF15 induction upon
treatment, NCI-H460, UACC-257 and MCF?7. Genes and proteins that stood out in these cell lines in terms of
expression or mutations were included for further analysis as well as previously identified distinguishing genes,
proteins and scores of the NCI-60 cell line clusters. Pearson correlation coeflicients were used to compare gene,
protein, gene signature and hallmark gene set expressions with drug-specific GDF15 fold-change and slope
upon treatment. We selected those molecular factors whose Pearson correlation coefficients of both GDF15 fold-
change and slope were greater than 0.4 (Supplementary Table S1). Additionally, we sorted out all factors whose
correlation with GDF15 fold-change was based only on individual outliers instead of a continuous tendency.
To identify correlating mutations, we performed a standard two-sided t-test and considered differences with
p-values below 0.05 for both GDF15 fold-change and slope as significant.

Activity prediction analysis. Using Ingenuity Pathway Analysis (QIAGEN), we generated a network con-
sisting of 44 proteins involved in pathways upstream of GDF15. Depending on the studied cell line cluster, this
network was supplemented with respective characteristic expression patterns. We connected the entered pro-
teins (Supplementary Table S5) with direct and indirect interactions that are recorded in the QTAGEN Knowl-
edge Base. To the resulting network, we added the characteristic gene expression patterns and activities that we
obtained from differential analysis and used the Molecule Activity Predictor to deduce basal signaling states.

Data availability
RNA sequencing data used in this study are available in Gene Expression Omnibus (GEO) database under
the accession numbers GSE210542 and GSE183214.

Received: 13 February 2023; Accepted: 8 July 2023
Published online: 26 July 2023

References
1. Lerner, L. et al. MAP3K11/GDF15 axis is a critical driver of cancer cachexia. J. Cachexia Sarcopenia Muscle 7, 467-482 (2016).
2. Shimada, K. & Mitchison, T. J. Unsupervised identification of disease states from high-dimensional physiological and histopatho-
logical profiles. Mol. Syst. Biol. 15, €8636 (2019).
3. Breit, S. N., Brown, D. A. & Tsai, V.W.-W. The GDF15-GFRAL pathway in health and metabolic disease: Friend or foe?. Ann. Rev.
Physiol. 83, 1-25 (2020).
4. Lockhart, S. M., Saudek, V. & O’Rabhilly, S. GDF15: A hormone conveying somatic distress to the brain. Endocr. Rev. 41, 610-642
(2020).
5. Wischhusen, J., Melero, I. & Fridman, W. H. Growth/differentiation factor-15 (GDF-15): From biomarker to novel targetable
immune checkpoint. Front. Immunol. 11, 951 (2020).
6. Yeom, E. et al. Tumour-derived Dilp8/INSL3 induces cancer anorexia by regulating feeding neuropeptides via Lgr3/8 in the brain.
Nat. Cell Biol. 23, 172-183 (2021).
7. Jain, D. & Aronow, W. Cardiotoxicity of cancer chemotherapy in clinical practice. Hosp. Pract. 47, 6-15 (2019).
8. Breen, D. M. et al. GDF-15 neutralization alleviates platinum-based chemotherapy-induced emesis, anorexia, and weight loss in
mice and nonhuman primates. Cell Metab. 32, 938-950.e6 (2020).
9. Dong, G. et al. Angiogenesis enhanced by treatment damage to hepatocellular carcinoma through the release of GDF15. Cancer
Med. Us. 7, 820-830 (2018).
10. Jiang, W. et al. Identification of urinary candidate biomarkers of cisplatin-induced nephrotoxicity in patients with carcinoma. J.
Proteomics 210, 103533 (2020).
11. Holmgren, G. et al. Identification of novel biomarkers for doxorubicin-induced toxicity in human cardiomyocytes derived from
pluripotent stem cells. Toxicology 328, 102-111 (2015).
12. Yan, Z. et al. Cardioprotective effect of growth differentiation factor 15 against isoproterenol-induced cardiomyocyte apoptosis
via regulation of the mitochondrial fusion. Cardiol. Discov. 02, 89-96 (2022).
13. Lok, S. L et al. Circulating growth differentiation factor-15 correlates with myocardial fibrosis in patients with non-ischaemic
dilated cardiomyopathy and decreases rapidly after left ventricular assist device support. Eur. J. Heart Fail. 14, 1249-1256 (2012).
14. Duan, Q. et al. BET bromodomain inhibition suppresses innate inflammatory and profibrotic transcriptional networks in heart
failure. Sci. Transl. Med. 9, eaah5084 (2017).
15. Putt, M. et al. Longitudinal changes in multiple biomarkers are associated with cardiotoxicity in breast cancer patients treated with
doxorubicin, taxanes, and trastuzumab. Clin. Chem. 61, 1164-1172 (2015).
16. Lu, J. E. et al. Camptothecin effectively treats obesity in mice through GDF15 induction. Plos Biol. 20, 3001517 (2022).
17. Baek, S.J., Kim, J.-S., Nixon, J. B., DiAugustine, R. P. & Eling, T. E. Expression of NAG-1, a transforming growth factor-p super-
family member, by troglitazone requires the early growth response gene EGR-1 *. J. Biol. Chem. 279, 6883-6892 (2004).
18. Tan, M., Wang, Y., Guan, K. & Sun, Y. PTGF-p, a type p transforming growth factor (TGF-p) superfamily member, is a p53 target
gene that inhibits tumor cell growth via TGF-p signaling pathway. Proc. Natl. Acad. Sci. 97, 109-114 (2000).

Scientific Reports |

(2023) 13:12061 | https://doi.org/10.1038/s41598-023-38450-w nature portfolio



www.nature.com/scientificreports/

19.

20.

21.

22.

23.

24.

25.
26.

27.
28.
29.
30.

31.
32.

33.

34.

35.

36.

37.

38.
39.

40.

41.
42.

43.

44.

45.

46.
47.

48.

49.

50.
51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

Jones, J. E. et al. Supraphysiologic administration of GDF11 induces cachexia in part by upregulating GDF15. Cell Rep. 22,
1522-1530 (2018).

Guo, F et al. NR5A2 transcriptional activation by BRD4 promotes pancreatic cancer progression by upregulating GDF15. Cell
Death Discov. 7,78 (2021).

AlSudais, H., Rajgara, R,, Saleh, A. & Wiper-Bergeron, N. C/EBP promotes the expression of atrophy-inducing factors by tumours
and is a central regulator of cancer cachexia. J. Cachexia Sarcopenia Muscle 13, 743-757 (2022).

Chung, H. K. et al. Growth differentiation factor 15 is a myomitokine governing systemic energy homeostasis. J. Cell Biol. 216,
149-165 (2017).

Lee, S.-H., Krisanapun, C. & Baek, S. J. NSAID-activated gene-1 as a molecular target for capsaicin-induced apoptosis through a
novel molecular mechanism involving GSK3p, C/EBPf and ATF3. Carcinogenesis 31, 719-728 (2010).

Ratnam, N. M. et al. NF-kB regulates GDF-15 to suppress macrophage surveillance during early tumor development. J. Clin. Invest.
127, 3796-3809 (2017).

Nicodeme, E. et al. Suppression of inflammation by a synthetic histone mimic. Nature 468, 1119-1123 (2010).

Gerlach, D. et al. The novel BET bromodomain inhibitor BI 894999 represses super-enhancer-associated transcription and syn-
ergizes with CDK9 inhibition in AML. Oncogene 37, 2687-2701 (2018).

Baranello, L. et al. RNA polymerase II regulates topoisomerase 1 activity to favor efficient transcription. Cell 165, 357-371 (2016).
Anand, P. et al. BET bromodomains mediate transcriptional pause release in heart failure. Cell 154, 569-582 (2013).

Shi, J. & Vakoc, C. R. The mechanisms behind the therapeutic activity of BET bromodomain inhibition. Mol. Cell 54, 728-736
(2014).

Shorstova, T., Foulkes, W. D. & Witcher, M. Achieving clinical success with BET inhibitors as anti-cancer agents. Brit. J. Cancer
124, 1478-1490 (2021).

Porporato, P. E. Understanding cachexia as a cancer metabolism syndrome. Oncogenesis 5, €200-e200 (2016).

Ezeoke, C. C. & Morley, J. E. Pathophysiology of anorexia in the cancer cachexia syndrome. J. Cachexia Sarcopenia Muscle 6,
287-302 (2015).

Talbert, E. E. & Guttridge, D. C. Emerging signaling mediators in the anorexia-cachexia syndrome of cancer. Trends Cancer 8,
397-403 (2022).

Monks, A. et al. The NCI transcriptional pharmacodynamics workbench: A tool to examine dynamic expression profiling of
therapeutic response in the NCI-60 cell line panel. Cancer Res. 78(24), 6807-6817 (2018).

Zeng, F. et al. BET inhibitors synergize with sunitinib in melanoma through GDF15 suppression. Exp. Mol. Med. 58, 1-13. https://
doi.org/10.1038/s12276-023-00936-y (2023).

Shimada, K. & Mitchison, T. J. Unsupervised identification of disease states from high-dimensional physiological and histopatho-
logical profiles. Mol. Syst. Biol. 15, e8636 (2019).

Park, H., Kim, C.-H., Jeong, J.-H., Park, M. & Kim, K. S. GDF15 contributes to radiation-induced senescence through the ROS-
mediated p16 pathway in human endothelial cells. Oncotarget 7, 9634-9644 (2016).

Mulderrig, L. et al. Aldehyde-driven transcriptional stress triggers an anorexic DNA damage response. Nature 600, 158-163 (2021).
Chung, H. K. et al. Growth differentiation factor 15 is a myomitokine governing systemic energy homeostasis. J. Cell Biol. 216,
149-165 (2017).

Fujita, Y. et al. GDF15 is a novel biomarker to evaluate efficacy of pyruvate therapy for mitochondrial diseases. Mitochondrion 20,
34-42 (2015).

Advances in Mitochondrial Medicine. Adv. Exp. Med. Biol. https://doi.org/10.1007/978-94-007-2869-1 (2012).

Will, Y. et al. Effect of the multitargeted tyrosine kinase inhibitors imatinib, dasatinib, sunitinib, and sorafenib on mitochondrial
function in isolated rat heart mitochondria and H9c2 cells. Toxicol. Sci. 106, 153-161 (2008).

Rodriguez-Hernandez, M. A. et al. Dose-dependent regulation of mitochondrial function and cell death pathway by sorafenib in
liver cancer cells. Biochem. Pharmacol. 176, 113902 (2020).

Ek, F. et al. Sorafenib and nitazoxanide disrupt mitochondrial function and inhibit regrowth capacity in three-dimensional models
of hepatocellular and colorectal carcinoma. Sci. Rep. UK 12, 8943 (2022).

Yang, E, Teves, S. S., Kemp, C. J. & Henikoff, S. Doxorubicin, DNA torsion, and chromatin dynamics. Biochim. Biophys. Acta BBA
Rev. Cancer 1845, 84-89 (2014).

Wu, S.-Y. et al. Opposing functions of BRD4 isoforms in breast cancer. Mol. Cell 78, 1114-1132.e10 (2020).

Segatto, M. et al. Epigenetic targeting of bromodomain protein BRD4 counteracts cancer cachexia and prolongs survival. Nat.
Commun. 8, 1707 (2017).

Iniguez, A. B. et al. Resistance to epigenetic-targeted therapy engenders tumor cell vulnerabilities associated with enhancer
remodeling. Cancer Cell 34, 922-938.e7 (2018).

Grandage, V. L., Gale, R. E,, Linch, D. C. & Khwaja, A. PI3-kinase/Akt is constitutively active in primary acute myeloid leukaemia
cells and regulates survival and chemoresistance via NF-kB, MAPkinase and p53 pathways. Leukemia 19, 586-594 (2005).
Medunjanin, S. et al. GSK-3p controls NF-kappaB activity via IKKy/NEMO. Sci. Rep. UK 6, 38553 (2016).

Chipuk, J. E. et al. Direct activation of bax by p53 mediates mitochondrial membrane permeabilization and apoptosis. Science 303,
1010-1014 (2004).

Wang, S.-J. et al. p53-dependent regulation of metabolic function through transcriptional activation of pantothenate kinase-1
gene. Cell Cycle 12, 753-761 (2013).

Dibble, C. C. et al. PI3K drives the de novo synthesis of coenzyme A from vitamin B5. Nature 608, 192-198 (2022).

Halder, T. G., Soldi, R. & Sharma, S. Bromodomain and extraterminal domain protein bromodomain inhibitor based cancer
therapeutics. Curr. Opin. Oncol. 33, 526-531 (2021).

Wang, X., Baek, S. J. & Eling, T. E. The diverse roles of nonsteroidal anti-inflammatory drug activated gene (NAG-1/GDF15) in
cancer. Biochem. Pharmacol. 85, 597-606 (2013).

Burridge, P. W. et al. Human induced pluripotent stem cell-derived cardiomyocytes recapitulate the predilection of breast cancer
patients to doxorubicin-induced cardiotoxicity. Nat. Med. 22, 547-556 (2016).

Tontsch-Grunt, U. et al. Therapeutic impact of BET inhibitor BI 894999 treatment: Backtranslation from the clinic. Brit. J. Cancer
127(3), 577-586 (2022).

Hofmann, M. H. et al. BI-3406, a potent and selective SOS1-KRAS interaction inhibitor, is effective in KRAS-driven cancers
through combined MEK inhibition. Cancer Discov. 11, 142-157 (2021).

Wernitznig, A. et al. Abstract 3227: CLIFF, a bioinformatics software tool to explore molecular differences between two sets of
cancer cell lines. Clin. Res. Exclud. Clin. Trials 80, 3227 (2020).

Ghandi, M. et al. Next-generation characterization of the cancer cell line encyclopedia. Nature 569, 503-508 (2019).

Acknowledgements

We would like to acknowledge Dr. Andreas Wernitznig for developing and providing the bioinformatics software
tool “CLIFF” for differential analysis, Dr. Bastian Hengerer and Dr. Florian Meier for the hiPSC lines and Dr.
Joerg Hoeck for critical discussion.

Scientific Reports |

(2023) 13:12061 | https://doi.org/10.1038/s41598-023-38450-w nature portfolio


https://doi.org/10.1038/s12276-023-00936-y
https://doi.org/10.1038/s12276-023-00936-y
https://doi.org/10.1007/978-94-007-2869-1

www.nature.com/scientificreports/

Author contributions

L.M.W. and S.W.Y. conceived and designed the study. LM.W., D.R., A.S., V.T. and H.W. performed the experi-
ments and analyzed data. LM.W,, D.G., UT.G., EC,, B.S. and S.W.Y. verified the methods and contributed to the
interpretation of results. L.M.W. and S.W.Y. wrote the draft of manuscript. All authors reviewed and approved
the manuscript.

Competing interests
All authors are employed by Boehringer Ingelheim.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-38450-w.

Correspondence and requests for materials should be addressed to S.-W.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:12061 | https://doi.org/10.1038/s41598-023-38450-w nature portfolio


https://doi.org/10.1038/s41598-023-38450-w
https://doi.org/10.1038/s41598-023-38450-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Molecular basis of GDF15 induction and suppression by drugs in cardiomyocytes and cancer cells toward precision medicine
	Results
	Cardiotoxic drugs induce GDF15 expression in hiPSC-CMs depending on the drug’s mode of action. 
	GDF15 induction by anticancer drugs in cancer cells correlates with the drug’s mode of action and cell type-specific mutation statusexpression patterns. 
	GDF15 induction upon anticancer drugs is frequently accompanied by BRD4 induction in cancer cells. 
	BET Inhibition suppresses GDF15 overexpression in a defined subset of cancer cell lines and in hiPSC-CMs. 

	Discussion
	Materials and methods
	Cell culture. 
	Drug treatment. 
	Cell viability assay. 
	GDF15 expression analysis. 
	Data collection of cancer cell line properties. 
	Clustering. 
	Differential analysis. 
	Correlation analysis. 
	Activity prediction analysis. 

	References
	Acknowledgements


