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Background: Cardiac dysfunction including arrhythmias appear frequently in patients

with cancers, which are expected to be caused mainly by cardiotoxic effects of

chemotherapy. Experimental studies investigating the effects of cancer cell secretion

without chemotherapy on ion channel function in human cardiomyocytes are still lacking.

Methods: The human-induced pluripotent stem cell-derived cardiomyocytes

(hiPSC-CMs) generated from three healthy donors were treated with gastrointestinal

(GI) cancer (AGS and SW480 cells) medium for 48 h. The qPCR, patch-clamp, western

blotting, immunostaining, dot blotting, bisulfite sequence, and overexpression of the

ten-eleven translocation (TET) enzyme were performed for the study.

Results: After treated with cancer cell secretion, the maximum depolarization velocity

and the action potential amplitude were reduced, the action potential duration prolonged,

peak Na+ current, and the transient outward current were decreased, late Na+ and the

slowly activating delayed rectifier K+ current were increased. Changes of mRNA and

protein level of respective channels were detected along with altered DNA methylation

level in CpG island in the promoter regions of ion channel genes and increased protein

levels of DNA methyltransferases. Phosphoinositide 3-kinase (PI3K) inhibitor attenuated

and transforming growth factor-β (TGF-β) mimicked the effects of cancer cell secretion.

Conclusions: GI cancer cell secretion could induce ion channel dysfunction, which may

contribute to occurrence of arrhythmias in cancer patients. The ion channel dysfunction

could result from DNA methylation of ion channel genes via activation of TGF-β/PI3K

signaling. This study may provide new insights into pathogenesis of arrhythmia in

cancer patients.

Keywords: cancer cell secretion, human-induced pluripotent stem cell-derived cardiomyocyte, ion channel, DNA

methylation, arrhythmia
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FIGURE 3 | Protein expression levels of SCN5A, SCN10A, KCND3, and KCNQ1 in hiPSC-CMs cultured with AGS and SW480 cancer cell media and after

overexpression of TET1. (A) Protein bands and statistical analysis of relative expression level of SCN5A, SCN10A, KCND3, and KCNQ1. (B) Protein bands and

statistical analysis of relative expression level of SCN5A, SCN10A, KCND3, and KCNQ1 after overexpression of TET1. “Ctr” represents data from hiPSC-CMs without

medium of cancer cells. “Medium” represents data from hiPSC-CMs with addition of fresh medium for cancer cells. “AGS” represents data from hiPSC-CMs with

addition of cultured medium of AGS cancer cells. “SW480” represents data from hiPSC-CMs with addition of cultured medium of SW480 cancer cells. “A+T”

represents data from hiPSC-CMs with addition of cultured medium of AGS cancer cells and transfected with 1 µg TET1 plasmid DNA. “S+T” represents data from

hiPSC-CMs with addition of cultured medium of SW480 cancer cells and transfected with 1 µg TET1 plasmid DNA. Data are presented as mean ± SEM and analyzed

by one-way ANOVA. Experiment numbers: (A) SCN5A: n = 6, SCN10A: n = 6, KCND3: n = 5, KCNQ1: n = 6; (B) SCN5A: n = 4, SCN10A: n = 3, KCND3: n = 3,

KCNQ1: n = 3. *P < 0.05, **P < 0.01.

with TET1 reducing the DNA methylation level. Indeed, the
KCND3 and KCNQ1 changes were rescued after overexpression
of TET1. Surprisingly, the expression of Na+ channels (SCN5A
and SCN10A) was not changed (Figure 3B).

Finally, we examined the influences of DNA methylation
level on ion channel functions. When TET1 was overexpressed
(DNA methylation level was reduced) in hiPSC-CMs treated
with cancer cell secretion, the peak INa and late INa were
not changed (Figures 6A–F). However, both Ito and IKs

were rescued to an extent similar to the control group
(Figures 6G,H).

Cancer Cell Secretion Regulates DNA
Methylation of Cardiomyocytes Through
PI3K/Akt Pathway
To determine whether the effects on cardiomyocytes was
cancer cell dependent, we applied endothelial cell medium,
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FIGURE 4 | Cancer cell secretion elevated the whole genome DNA methylation and DNMTs expression. The whole genome DNA methylation and protein expression

levels of DNMTs and TET1 were analyzed in hiPSC-CMs cultured with AGS and SW480 cancer cell media. (A) Whole genome DNA methylation level detected by

5-mC antibody and DNA demethylation level detected by 5 hmC antibody and their statistical analysis. (B) Protein bands and statistical analysis of relative expression

level of DNMT1, 2, 3A, and 3B. (C) Protein bands and statistical analysis of relative expression level of TET1. “Ctr” represents data from hiPSC-CMs without medium

of cancer cells. “Medium” represents data from hiPSC-CMs with addition of fresh medium for cancer cells. “AGS” represents data from hiPSC-CMs with addition of

cultured medium of AGS cancer cells. “SW480” represents data from hiPSC-CMs with addition of cultured medium of SW480 cancer cells. Data are presented as

mean ± SEM and analyzed by one-way ANOVA. Experiment numbers: (A) n = 4; (B) DNMT1: n = 3, DNMT2: n = 5, DNMT3A: n = 5, DNMT3B: n = 6, (C) TET1:

n = 3. *P < 0.05, **P < 0.01.

HEK293 cell medium, and their medium without cells to
hiPSC-CMs. The dot blotting revealed no significant effects
(Supplementary Figure 11).

To further explore ingredients in the cancer culture
medium and their mechanisms for the observed effects on

cardiomyocytes, we examined the interleukin-1α (IL-1α), IL-
1β, transforming growth factor-β (TGF-β) levels in medium
by ELISA. The amount of TGF-β was significantly higher
than IL-1α and IL-1β in AGS and SW480 cancer cell media
(Figure 7A). Then, we checked whether the increase of
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FIGURE 5 | Overexpression of TET1 prevented effects of cancer cell secretion on DNA methylation. The hiPSC-CMs were transfected with 1 µg TET1 plasmid DNA

or the empty plasmid. The successful overexpression of TET1 was confirmed by the protein level of TET1 analyzed by western blotting. The whole genome DNA

methylation level, DNA methylation level in CpG island in promoter regions of KCND3, KCNQ1, and SCN5A genes and protein expression levels of TET1 were

assessed in hiPSC-CMs cultured with AGS and SW480 cancer cell media after overexpression of TET1. (A) Whole genome DNA methylation level detected by 5-mC

antibody and DNA demethylation level detected by 5-hmC antibody and their statistical analysis. (B) DNA methylation level in CpG island in promoter regions of

KCND3, KCNQ1, and SCN5A genes. (C) Protein bands and statistical analysis of relative expression level of TET1. “Ctr” represents data from hiPSC-CMs without

transfection. “Empty” represents data from hiPSC-CMs transfected with empty plasmid. “TET1” represents data from hiPSC-CMs transfected with 1 µg TET1 plasmid

DNA. “Medium” represents data from hiPSC-CMs with addition of fresh medium for cancer cells. “AGS” represents data from hiPSC-CMs with addition of cultured

medium of AGS cancer cells without transfection. “A+T” represents data from hiPSC-CMs with addition of cultured medium of AGS cancer cells and transfected with

1 µg TET1 plasmid DNA. “SW480” represents data from hiPSC-CMs with addition of cultured medium of SW480 cancer cells without transfection. “S+T” represents

data from hiPSC-CMs with addition of cultured medium of SW480 cancer cells and transfected with 1 µg TET1 plasmid DNA. Data are presented as mean ± SEM

and analyzed by one-way ANOVA. Experiment numbers: (A) n = 4; (C) TET1: n = 3. *P < 0.05.

DNMT3a and DNMT3b was mediated by TGF-β through
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt)
signaling. The levels of phosphorylated PI3K and Akt

were elevated in cancer cell secretion groups (Figure 7B).
Furthermore, after using 3-Methyladenine (3-MA), an
inhibitor of PI3K, the increased levels of phosphorylated
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FIGURE 6 | Overexpression of TET1 prevented effects of cancer cell secretion on ion channel currents. The hiPSC-CMs were transfected with 1 µg TET1 plasmid

DNA or the empty plasmid. The Na+ currents (peak INa and late INa), transient outward current (Ito) and slowly activating delayed rectifier K+ current (IKs) were

assessed in hiPSC-CMs cultured with AGS and SW480 cancer cell media after overexpression of TET1. (A) I–V curves of peak INa. (B) Activation curves of peak INa.

(C) Inactivation curves of peak INa. (D) Time course curves of recovery from inactivation of peak INa. (E) Representative traces of INa in Ctrl, medium, AGS, and SW480

groups. (F) Representative traces and mean values of late INa at −40mV. (G) I–V curve, Ito at 60mV and traces of Ito. (H) I–V curve, Iks at 40mV and traces of Iks. “Ctr”

represents data from hiPSC-CMs with addition of un-cultured medium for cancer cells. “AGS” represents data from hiPSC-CMs with addition of cultured medium of

AGS cancer cells. “A + T” represents data from hiPSC-CMs with addition of cultured medium of AGS cancer cells and transfected with 1 µg TET1 plasmid DNA.

“SW480” represents data from hiPSC-CMs with addition of cultured medium of SW480 cancer cells. “S + T” represents data from hiPSC-CMs with addition of

cultured medium of SW480 cancer cells and transfected with 1 µg TET1 plasmid DNA. “Data are presented as mean ± SEM and analyzed by one-way ANOVA. Cell

numbers: peak and late INa: n = 9 in Ctr, n = 8 in AGS, n = 8 in A + T, n = 7 in SW480, n = 7 in S + T; Ito: n = 7 in Ctr, n = 7 in AGS, n = 8 in A + T, n = 7 in SW480,

n = 8 in S + T; IKs: n = 10 in Ctr, n = 7 in AGS, n = 8 in A + T, n = 7 in SW480, n = 8 in S + T. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 7 | TGF-β/PI3K/Akt signaling contributed to effects of cancer cell secretions. Protein levels of IL-1α, IL-1β, and TGF-β in cancer cell media and activation of

PI3K/Akt signaling were analyzed in hiPSC-CMs cultured with AGS and SW480 cancer cell media. (A) Protein levels of IL-1α, IL-1β, and TGF-β in cancer cell media

detected by ELISA. (B) Protein bands and statistical analysis of relative expression level of p-PI3K/PI3K and p-Akt/Akt. (C) Protein bands and statistical analysis of

relative expression level of p-PI3K/PI3K, p-Akt/Akt, DNMT3A, and DNMT3B after treatment of 3MA. (D) Protein bands and statistical analysis of relative expression

level of SCN5A, SCN10A, KCND3, and KCNQ1 after treatment of 3MA. “Ctr” represents data from hiPSC-CMs without medium of cancer cells. “Ctr + 3MA”

represents data from hiPSC-CMs without medium of cancer cells but treated with 3MA. “Medium” represents data from hiPSC-CMs with addition of fresh medium for

cancer cells. “AGS” represents data from hiPSC-CMs with addition of cultured medium of AGS cancer cells. “AGS + 3MA” represents data from hiPSC-CMs with

addition of cultured medium of AGS cancer cells and treated with 3MA. “SW480” represents data from hiPSC-CMs with addition of cultured medium of SW480

cancer cells. “SW480 + 3MA” represents data from hiPSC-CMs with addition of cultured medium of SW480 cancer cells and treated with 3MA. Data are presented as

mean ± SEM and analyzed by one-way ANOVA. Experiment numbers: (A) TGF-β: n = 12, IL-1α: n = 6, IL-1β: n = 6; (B) p-PI3K/PI3K: n = 6, p-Akt/Akt: n = 8; (C)

p-PI3K/PI3K: n = 6, p-Akt/Akt: n = 6, DNMT3A: n = 4, DNMT3B: n = 4. (D) SCN5A: n = 3, SCN10A: n = 4, KCND3: n = 3, KCNQ1: n = 4. *P < 0.05, **P < 0.01,

***P < 0.001.
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PI3K and Akt were decreased, and DNMT3A, DNMT3B,
KCND3, and KCNQ1 levels were also rescued compared with
AGS and SW480 cancer cell media treated cardiomyocytes
(Figures 7C,D). To confirm the effect of TGF-β on the
ion channel expression, we treated the cardiomyocytes
with TGF-β. The protein levels of SCN5A and KCND3
decreased and SCN10A and KCNQ1 increased, similar to
the levels in AGS and SW480 cancer cell media treated cells
(Supplementary Figure 12).

DISCUSSION

In the present study, we investigated for the first time the effects
of cancer cell secretion without chemotherapy on ion channel
function and the underlying mechanism using hiPSC-CMs.

Generally, cardiac side effects of chemotherapy include
cardiac systolic dysfunction, cardiac ischemia, arrhythmias,
pericarditis, which are associated with cytotoxic effects of
chemotherapy (16). Arrhythmias have been described in many
patients with chemotherapy, which might be the direct result
of cardiotoxicity, or caused by cardiac ischemia or related to
metabolic changes associated with the use of chemotherapy.
Repolarization abnormalities with QT prolongation, which may
be a substrate for arrhythmias, were frequently detected in
patients with chemotherapy (17). Repolarization abnormalities
might be the direct result of ion channel block or the result
of changes in hepatic metabolism caused by chemotherapy
and a change in clearance of other drugs associated with
QT prolongation (16, 18, 19). We found that cancer cell
secretion can prolong APD10. In addition, we observed that
cancer cell secretion can suppress the Vmax and APA of APs.
Although the mild prolongation of APD10 and reduction
of Vmax may not be enough to directly cause arrhythmias,
their possible contribution to arrhythmogenesis cannot be
excluded. It is well-known that the prerequisite condition for
the occurrence of arrhythmias is multifactorial, e.g., a substrate
and a trigger is usually required. In cancer patients, the
cardiomyocytes can be affected by cancer secretion, by cancer
cell-induced dysfunction of other systems like nerve/endocrine
system, or by drugs, each of which may affect some ion
channel function. The effects of different factors may be
added to increase the chance for occurrence of arrhythmias.
Therefore, the effects of cancer cell secretion on Ito and
INa as well as APs (reduction of Vmax and prolongation
of APD10) may contribute to occurrence of arrhythmias in
cancer patients.

To explore the reason for AP changes, we analyzed the
ion channel currents that contributed to the AP and found
that the peak INa was decreased significantly by cancer cell
secretion. However, the gating kinetics Na channels including
the activation, inactivation, and recovery from inactivation were
not changed, suggesting that the reduction of peak INa resulted
from reduced the channel proteins rather than gating changes.
This is consistent with the PCR and western blot data showing
reductions of both mRNA and protein level. The reduction of
peak INa can be explained by the downregulation of SCN5A,

whereas the enhancement of late INa may result from the
upregulation of SCN10A, which has been shown to contribute
to late INa (20, 21). The peak INa predominantly contributes
to the depolarization of AP. The decrease of Vmax and APA in
cardiomyocytes by cancer cell secretion can be explained by the
decreased peak INa. The enhanced late INa may prolong APD.
The Ito was decreased but the IKs was increased by cancer cell
secretion. The changes of both Ito and IKs also resulted from
changes of their gene and protein expression. We also measured
ICa−L, INCX, IKr, and IK1 but failed to detect any significant
differences among these groups. The decrease in Ito may be the
cause for the prolongation of APD10 since this phase is mainly
determined by Ito. The increase in IKs should shorten APD,
especially APD90. However, in the current study, APD50 and
APD90 were not significantly changed by cancer cell secretion.
This probably resulted from the counteraction of increased late
INa and IKs, both of which can influence APD, but in opposite
directions. ICa−L and IK1 as well as IKr are also important for
determining APD. Given that these three currents were not
significantly changed by cancer cell secretion, their contributions
to the changes of APs are negligible.

Taken together, the cancer cell secretions can change some
cardiac ion channel currents and the current changes were caused
by changes of gene expression. The next question is how the gene
expression was regulated by cancer cells.

DNA methylation is an important epigenetic regulation of
genes. Enhanced methylation may suppress gene expression.
Although the reasons for the downregulation of SCN5A and
upregulation of SCN10A are unknown (no change inmethylation
level in SCN5A gene was detected and no CpG island in promoter
of SCN10A gene were found), the enhanced methylation in
KCND3 gene may be a reason for the downregulation of Ito
channels and the attenuated methylation in KCNQ1 gene is
probably a reason for the upregulation of IKs channels. The
enhanced methylation level in whole genome DNA and Ito gene
can be explained by upregulation of DNMT3A and DNMT3B.
However, the underlying mechanism by which the level of
DNMTs was regulated was still unclear. It is believed that
cancer cells could interact with the host cells and regulate
their gene expression (22). Cancer cells might contribute to
the DNMTs dysregulation in cardiomyocytes by secretion of
cytokines or extracellular vesicles. GI cancer cells can secrete
cytokines such as IL-1β, IL-6, TGF-β, etc. (23, 24). These
cytokines such as IL-1β and TGF-β1 can activate cellular
signaling pathways and lead to changes in expression levels
of DNMTs (25, 26). It was reported that IL-1β could induce
an increase in the DNMT activity via NF-κB pathway in
gastric cancer cells (27) and TGF-β1 could up-regulate the
expression of DNMT1 and 3a though different mechanisms
including activation of the PI3K/Akt pathway (28). On the
other hand, TGF-β signaling might also have direct regulatory
effect on ion channel expression. TGF-β signaling was reported
to regulates Ca2+ ion channel expression and activities (29).
In the present study, we detected the levels of IL-1α, IL-1β,
and TGF-β in AGS and SW480 cancer cell media and found
that TGF-β level was increased significantly in both cancer cell
media. We further found that the PI3K/Akt signaling pathway
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was activated as evidenced by increased levels of the actively
phosphorylated form of PI3K and Akt protein in AGS and
SW480 group cardiomyocytes.Moreover, 3-MA, a PI3K inhibitor
could reduce the activation of PI3K/Akt signaling pathway
and reverse the DNMT3a and 3b levels in AGS and SW480
cancer cell media treated cardiomyocytes. Thus, TGF-β and
activation of PI3K/Akt pathway might be one of the underlying
mechanisms of cancer-induced ion channel gene regulation and
cardiophysiological changes.

STUDY LIMITATIONS

Our study has certain limitations. Firstly, the cultured cancer
cell media have different factors which might regulate DNA
methylation or directly affect the expression and activities of
ion channels of cardiomyocytes. Factors besides TGF-β, IL-1a,
and IL-1β have not been investiagted in this study. Secondly,
the mechanisms underlying the downregulation of SCN5A and
upregulation of SCN10A as well as the reduced methylation of
IKs gene by cancer cell secretions were not revealed. Thirdly, only
two cancer cell lines were used for the study, whether other types
of cancer cells exert similar or different effects on cardiomyocytes
is till an open question. In addition, the immaturity (embryonic
feature) of hiPSC-CMs is a well-known limitation of hiPSC-
CMs. The possibility that hiPSC-CMs show experimental results
different from that obtained in native human cardiomyocytes
cannot be excluded.

CONCLUSIONS

Our study demonstrates that cancer cell secretions can
influence cardiac ion channel expresion and function. The
underlying mechanism was at least partially the increased
DNA methylation in ion channel genes by upregulation
of DNMTs through TGF-β/PI3K/Akt signaling. The results
indicated that ion channel dysfunction caused by cancer cell
secretion may contribute to arrhythmogenesis in cancer patients.
Investigating the regulatory signaling, especially the epigenetic
modifications of ion channels, may provide opportunities for
discovering new therapeutic targets for treating arrhythmias in
cancer patients.
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