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Thyroid hormones regulate cardiac
repolarization and QT-interval
related gene expression in hiPSC
cardiomyocytes

Alessandra Ulivieri*, Luca Lavra®®, Fiorenza Magi', Alessandra Morgante?!, Leonardo Calé?,
Patrizio Polisca!, Leila B. Salehi*> & Salvatore Sciacchitano***

Prolongation of cardiac repolarization (QT interval) represents a dangerous and potentially life-
threatening electrical event affecting the heart. Thyroid hormones (THs) are critical for cardiac
development and heart function. However, little is known about THs influence on ventricular
repolarization and controversial effects on QT prolongation are reported. Human iPSC-derived
cardiomyocytes (hiPSC-CMs) and multielectrode array (MEA) systems were used to investigate the
influence of 3,3’,5-triiodo-L-Thyronine (T3) and 3,3’,5,5'-tetraiodo-L-Thyronine (T4) on corrected
Field Potential Duration (FPDc), the in vitro analog of QT interval, and on local extracellular Action
Potential Duration (APD). Treatment with high THs doses induces a significant prolongation of both
FPDc and APD, with the strongest increase reached after 24 h exposure. Preincubation with reverse
T3 (rT3), a specific antagonist for nuclear TH receptor binding, significantly reduces T3 effects on
FPDc, suggesting a TRs-mediated transcriptional mechanism. RNA-seq analysis showed significant
deregulation in genes involved in cardiac repolarization pathways, including several QT-interval
related genes. In conclusion, long-time administration of high THs doses induces FPDc prolongation in
hiPSC-CMs probably through the modulation of genes linked to QT-interval regulation. These results
open the way to investigate new potential diagnostic biomarkers and specific targeted therapies for
cardiac repolarization dysfunctions.

The delayed ventricular repolarization (QT prolongation) is a dangerous event for the heart. Many studies
have emphasized the role of even small perturbations in this process in triggering malignant and often lethal
arrhythmias’2. The heart represents one of the major target organs of thyroid function in humans®* and thyroid
dysfunctions, in the forms of overt and subclinical presentations, has been associated with increased cardio-
vascular mortality as well as morbidity>®. In addition, an altered thyroid function was associated with changes
in several important ECG parameters’. Hyperthyroidism is known to be an important factor in the etiology of
atria and ventricles arrhythmias>*. However, conflicting results have been reported in the literature regarding the
role of THs dysfunctions on changes in ventricular repolarization. Both hyperthyroidism and hypothyroidism,
in fact, have been reported to be responsible for changes in QT interval duration, with hypothyroidism associ-
ated with a prolongation of the QTc interval and hyperthyroidism associated with both decreased and increased
repolarization times®-'?.

A better knowledge on the THs effects on the ventricular repolarization could be relevant in particular for
patients affected by cardiac channelopathies, known as Long QT (LQTS) as well as Short QT (SQTS) syndromes,
in which abnormal QT interval is often responsible for the sudden cardiac death (SCD) both in newborns and
in young adults?*?!.

The human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) represent an excellent model
to analyze, directly at the single cell level, specific compound cardiotoxicity. This model gives also the pos-
sibility to study the hormonal effects on QT interval duration directly in a human context and in a controlled
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Figure 1. Schematic representation of MEA experimental timeline. (a) scheme of MEA probe plating and
maturation protocol of hiPSC-CMs. (b) schematic illustration of treatments and field potential (FP) MEA
recordings time (red box). For a detailed description see “MEA experimental protocol”.

environment?>?. In particular, the measurement of FPD by Multi Electrode Arrays (MEA) systems in hiPSC-CMs
has been demonstrated to correlate with cardiac action potential as well as to QT interval in ECG in vivo?*-2.

Aim of this study was to characterize the direct effects of THs on the repolarization of hiPSC-CMs by MEA
analysis. Our results demonstrated that T3 and T4 at high doses prolong FPDc of hiPSC-CM through the
deregulation of genes linked with cardiac electrophysiological pathways, including QT-interval related genes. The
deep characterization of these THs-responsive genes could help to better understand the mechanisms involved
in cardiac repolarization and provides new diagnostic and potential therapeutic tools for patients affected by
cardiac diseases due to QT interval alterations.

Results

The quality of hiPSC-CMs. The quality of hiPSC-CMs was evaluated for the plating efficiency, beating
rate variability, MEA spike amplitude and drug-response in iCM medium using MEA analysis. The scheme
of preparation and subsequent treatment of hiPSC-CMs is reported in Fig. 1. For each lot of cells used in this
study, the plating efficiency was > 50%; the coefficient of variation of beating period was < 5%; and the MEA spike
amplitude was >8 mV. Each lot of hiPSC-CMs were tested for their responses to two specific ion channels inhibi-
tors, E-4031 (IKr blocker) and the Nifedipine (L-type Ca?* channel blocker), known to modulate the FPD. The
E-4031 administration induced a significant prolongation of FPDc while an evident shortening was observed
after Nifedipine treatment (Supplementary Fig. 1a), confirming the previously reported drug-responsiveness of
these cells®.

THs induce prolongation of FPDc on hiPSC-CMs. In order to analyze the effects of THs on FPD,
hiPSC-CMs plated on MEA probes were treated with different doses of T3 and T4, the biologically active forms
of THs.

The cells were initially treated in serum-based medium with T3 doses of 10 nM and 100 nM, concentrations
near those reported to induce responses in vitro cardiac cell models*”?%. Both T3 doses induced a significant
prolongation of FPD after 24 h post treatment (% FPDc change: 17 +3% T3 10 nM p<0.05; 17 £2.5% T3 100 nM,
P <0.005) and this effect was early observed at 12 h post treatment with the highest T3 dose (% FPDc change T3
100 nM: 10+ 1%, p <0.05). No T3 effects on FDPc prolongation were observed at short times (between 15 min
to 6 h) of treatment (Supplementary Fig. 2 and Fig. 2).

To analyze the effects of THs on hiPSC-CMs at doses near to physiological levels (FT3 euthyroid range: 4.6 to
9.7 pmol/l, median 6.63 pmol/l.; FT4 euthyroid range: 15.67 and 30.66 pmol/l; median 21.98 pmol/l)*, cells were
treated with lower hormone concentrations in a serum-free medium for 24 h. The hiPSC-CMs responsiveness
to E4031 and Nifedipine in this medium was confirmed (Supplementary Fig. 1b).

Scientific Reports |

(2022) 12:568 | https://doi.org/10.1038/s41598-021-04659-w nature portfolio



www.nature.com/scientificreports/

30 e 3h
¢ 6h
25 A 12h
~ ) m 24h
% *%
220 1 {
3]
S
) 15
(&)
. -
[T
IS EE LA
] ) ]
0 ! ! y
ctr 10 100 T3(nM)
ctr T310nM i T3100nM -
L} 5 Gh
——12h
/>-\ 1 S\ 24h
\q-_)/ an: o E’ as
B d 1 % M . > % 4 -'-"JI e
/“ ™ % i _‘jf—-""_ % - N
a3 > a3 | > as (‘
|
1 a3
T 2 BT TR TR T R P "T% a1 ws e T
Time (s) Time (s) Time (s)

Figure 2. Effect of T3 treatment on FPDc in hiPSC-CMs. Upper panel: analysis of FPDc in hiPSC-CMs treated
for 3, 6, 12 and 24 h with 10 nM and 100 nM T3 compared with vehicle treated cells (ctr); data are expressed

as the percentage change of FPDc compared to baseline values; lower panel: representative extracted FPD
waveforms of hiPSC-CMs treated with T3 at the indicated doses. *p <0.05 and **p <0.005.

The results of analysis performed after 3, 6, 12 and 24 h respectively are reported in Fig. 3. As shown in graph
and in waveform, the lowest T3 (0.01 nM) and T4 doses (0.0002 and 0.02 nM) had no effect on FPDc (% FPDc
change < 10%), while the highest T3 (1 nM) and T4 (2 nM) doses induced a moderate FPDc increase after 12 h
of treatment (% FPDc change: 10+£2% T3 1 nM p<0.05; 12+£2.5% T4 2 nM, p <0.005) (Fig. 3a,b). After 24 h
exposure, a moderate FPDc prolongation was also recorded with 0.1 nM T3 (% FPDc change: 11 +4% p <0.05),
but the strongest FPDc prolongation was detected in cells exposed to the highest THs doses (% FPDc change:
25+7% for T3 1 nM and 21 +4% for T4 2 nM, p <0.005) (Fig. 3a,b). These data have been confirmed in two dif-
ferent lots of hiPSC-CMs (Supplementary Fig. 3). No modification of FPDc was observed at short times (between
15 min to 6 h) of THs treatment (Supplementary Fig. 2 and Fig. 3).

These results indicate that THs directly modulate FPDc in hiPSC-CMs and high THs-doses induce FPDc

prolongation in these cells.

T3 induces local extracellular APD prolongation. To better characterize the TH-induced response, we
also performed LEAP induction in TH-treated hiPSC-CMs. Since the stronger effect on FPD was observed with
T3 at 1 nM and after 24 h of treatment, cardiomyocytes were treated with these conditions (Fig. 4). After LEAP
induction, a significant prolongation of APD was observed in T3-treated compared with vehicle control cells,
with the strongest effect in the early phase of repolarization (% APD change: 130% for APDs,, 100% for APD5,
and 45% for APD,,) (Fig. 4a,b).

The T3-induced APD prolongation was consistent with the effect on FPD observed after 24 h in cells exposed
to 1 nM T3 compared with vehicle control cells (% FPD change: 37%).

These results suggest that the long-term TH administration induces FPD prolongation probably through an
effect on the early phases of the AP repolarization.

T3 effects on FPDc are mediated by interaction with thyroid hormone nuclear receptors. T3
primarily exerts its effects by binding to thyroid hormone nuclear receptors (TRs) on thyroid hormone respon-
sive elements (TRE)s, located in the promoter region of target genes, thus affecting gene expression®’. However,
T3 is also able to exert its effects via another receptor-independent pathway, which largely occurs at the plasma
membrane, and involves the regulation of ion transporters activities®!. To test whether the T3-induced FPDc
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Figure 3. Effect of physiological doses of THs on FPDc in hiPSC-CMs. (a) left panel: analysis of FPDc in
hiPSC-CMs treated for 3, 6, 12 and 24 h with T3 at different doses (0.01 nM, 0.1 nM, 1 nM) compared with
vehicle treated cells (ctr); data are expressed as the percentage change of FPDc compared to baseline values; right
panel: representative extracted FPD waveforms of hiPSC-CMs treated with 1 nM T3 at the indicated times. (b)
left panel: analysis of FPD in hiPSC-CMs treated for 3, 6, 12 and 24 h with T4 at different doses (0.0002 nM,
0.02 nM, 2 nM), compared with vehicle treated cells (ctr); data are expressed as the percentage change of FPDc
compared to baseline values; right panel: extracted FPD waveforms of hiPSC-CMs treated with 2 nM T4 at the
indicated times. *p <0.05 and **p <0.005.
prolongation could be due to a TR-specific transcriptional gene target modulation or a non-genomic action of
TH, before T3 treatment the cells were preincubated with rT3. This is a specific T3 antagonist unable to induce
transcriptional effects but able to bind the TRs blocking the T3-mediated transcriptional activity on specific
target genes®®**? and inhibiting the type 1 model of action, according to the recently proposed new classification
of thyroid hormone signaling pathway™. As shown in Fig. 5, after 24 h of 1 nM T3 exposure, a significant FPDc
prolongation was confirmed in hiPSC-CMs preincubated with the vehicle control (ammonia solution +T3) (%
FPDc change: 24+ 9%, p < 0.05) while no FPDc increase was recorded in T3-treated cells after the preincubation
with 1 nM rT3 (% FPDc change: 7 +4%). No prolongation of FPDc was observed in cells treated with rT3 alone
compared with vehicle control (ammonia solution) treated cells (Supplementary Fig. 4).

The rT3 block of the T3-mediated FPDc prolongation suggests that THs effect is mediated by a TR-specific

gene target modulation.
T3-induced changes in the expression of genes linked to QT-interval regulation. To gain addi-
tional insight into the molecular mechanisms involved in T3-mediated FPDc prolongation, RNA-seq analysis
was performed in hiPSC-CMs after 1 nM T3 treatment. The differential expression analysis of RNA-seq data
showed a clear separation between the three replicates of control (A1-A3) and T3-treated (B1-B3) hiPSC-CMs
samples (Fig. 6a) and a different gene expression profile between the two groups (Fig. 6b) with a total of 1631
differentially expressed genes (DEGs) (GSE172348_Differential Expression_AvsB.xlsx). Among these, 736 were
significantly deregulated after 24 h exposure to T3 1 nM (FDR<0.05), with 337 down-regulated and 399 up-
regulated genes. (GSE172348_Differential_Expression_AvsB.xlsx).

To identify the biological pathways associated with DEGs altered after T3 treatment, a functional enrich-
ment analysis was performed. GO.BP database analysis identified 634 pathways associated with the 736 DEGs
(GSE172348_Functional_Analysis_AvsB.xlsx). Among these, the 10 more significant pathways (p <3 x 107) are
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Figure 4. LEAP analysis of hiPSC-CM treated with T3. (a) Local extracellular APD analysis of iPSC-CM
treated for 24 h with T3 1 nM. The amplitude normalized LEAP waveforms (averaged across 5 beats) from
representative wells are overlaid for the vehicle control (grey) and the T3 1 nM (black) treated cardiomyocytes.
(b) The histogram represents the mean + standard deviation of APD30, 50, and 90 measured in four wells.
*p<0.05.

enriched for a common set of genes related to cardiac functions. Moreover, a further functional GO.BP enriched
analysis, filtering data for specific cardiac terms, showed that 62% of DEGs (456/736) are implicated in cardiac
biological processes, with the highest percentage of them (9.4%) associated with the ion homeostasis pathway
that, together with the action potential pathway (3,1%), are directly involved in cardiac repolarization (Fig. 6¢)*.
Different other pathways identified with GO.BP enriched analysis, spanning from cardiac structure associated
functions (actin filament, cell adhesion and extracellular matrix organization) to those linked to protein traffick-
ing (regulation of peptide secretion and endocytosis), protein modification (phosphorylation, O-glycosylation,
peptide secretion), cellular metabolism and energy (mitochondrial organization, stress response) in addition
to other biological pathways (ossification, cell growth, endocytosis, epigenetic modification) (Fig. 6¢), are also
associated with cardiac dysfunctions®~.

Interestingly, several TH-induced DEGs identified in our study have been previously related to QT-interval
regulation (Table 1)*-%8,

Among them, there are genes directly linked to ion homeostasis and action potential regulation pathways
(ABCC1, ABCD1 ATP1A1, ATP2A2, ATP1B1, CACNA2D2, CACNB2, HCN4, KCNJ5, NEDD4L, NOS1AP,
SLMAP, SNTA1), together with genes associated with other biological functions (DNAJB11, DRD1, HSPAS,
MKL2, MMP2, MYH6, NDRG4, NPPA, NPPB, KDR, SRL, TCEA3) (Table 1). In addition, among these DEGs,
some are known myocardial T3-responsive genes (ATP2A2, HCN4, MMP2, MYHS6, and NPPB) associated with
cardiac repolarization alterations (Table 1)#6:49:5254-57,

Altogether these results suggest that T3 treatment of iPSC-CMs at high doses is associated with the modu-
lation of the expression of specific genes implicated in cardiac repolarization and highlight the role of T3 as a
master regulator of cardiomyocyte electrical activity at different levels.
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Figure 5. Reverse T3 blocks the T3-dependent FPDc prolongation. Analysis of FPDc T3-treated cells after
the preincubation with 1 nM rT3 or rT3 vehicle (ammonia solution) at the indicated times. Data are expressed
as the percentage change of FPDc compared to baseline values; lower panel: representative extracted FPD
waveforms of hiPSC-CMs treated as previously described. *p <0.05.

Discussion

Clinicians (cardiologists as well as endocrinologists) are well aware that when they face a patient affected by
thyroid dysfunctions his/her heart may suffer potential negative effects of the altered thyroid status as well as
of an inappropriate treatment. Sinus tachycardia, atrial fibrillation and arrhythmias are frequently observed in
patients with thyroid dysfunctions and are considered hallmarks of the hyperthyroid state*. The effects of THs
on QT duration are indeed not so clear and conflicting results have been reported in the literature. In fact, if
in the patients with hypothyroidism the QT prolongation and a heightened risk for torsades de pointes are well
documented®*!, the effects of hyperthyroidism on ventricular repolarization are more controversial, since both
prolonged and shortened QTc intervals have been reported'®'?-*. Moreover, in a recent large population study,
involving more than 130,000 subjects from a Danish National Register’, a U-type curve is described in male
subjects with QTc prolongation seen in both hyperthyroidism and hypothyroidism, suggesting that maintenance
of thyroid homeostasis is necessary to keep the QT interval in the normal range.

Several experimental models have been proposed in the past to study the mechanism of APD prolongation
by THs, including primates, dogs, goats, pigs, rabbits, guinea pigs, chickens, rats and mice®-%2. However, besides
the difficulties in translating the results obtained in animals to humans®, these cell models are difficult to be
maintained in culture for a long period of time. Moreover, differences in ion channel distribution have been
demonstrated among species and some of them are not completely understood yet. This makes the extrapolations
of experimental findings to humans more complicated®. The hiPSC-CM:s represent an attractive in vitro model
to study cardiomyocyte electrophysiology. They are readily available human-derived cells and can be maintained
in vitro for a long time to analyze acute and chronic effects of several compounds (drugs, hormones, etc.). They
show a spontaneous stably beating activity and, for this reason, they represent an excellent experimental platform
to model cardiovascular diseases. They are currently used for preclinical testing of drug-induced cardiotoxicity,
development of new diagnostic as well as therapeutic strategies, and provide an attractive tool for patient-specific
disease model to analyze specific mutation in genes coding for ion channels involved in ventricular repolariza-
tion, including patients with long QT syndrome>*.
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Figure 6. RNAseq analysis identifies T3-induced gene expression modifications in hiPSC-CMs. (a)
Multidimensional Scaling (MDS) plot showed a clear separation between three replicates of control (A1-A3)
and T3-treated (B1-B3) hiPSC-CMs samples. (b) Smear Plot of RNA-seq data of different gene expression
profile between two groups. Average signal intensity (log CPM versus logFC) of DEGs between ctr and T3
treated iPSC-CMs are shown. The FDR cut-oft 0.05 was applied to display the significant DEGs, which are
highlighted in red, while non-significant changes are shown in black. Blue horizontal lines represent log2FC. (c)
GO.BP functional enrichment results bar plot. Length of bar indicates the percentage of genes in each biological
process.

In this study, we used hiPSC-CMs to investigate the direct effect of long time THs treatment on FPD through
MEA analysis. These experimental conditions, together with the use of a serum free medium, allowed us to
exclude any external effect as well as those exerted in vivo by vessels, nerves, other hormones or by other com-
ponents of the cardiac muscle tissue?>?.

Most of the in vitro studies published so far in the literature concerning the effects of THs on hiPSC-CMs
have been focused on their role in driving cardiomyocyte maturation®. This cell model, in the early stages
of culture, exhibits functional characteristics resembling a fetal rather than an adult cardiomyocyte®”. Such
relatively immature phenotypes of the hiPSC-CMs can be corrected by prolonged culture. In fact, it has been
recently demonstrated that iCell cardiomyocytes acquire a mature phenotype four weeks after plating® and
for this reason we decided to culture cardiomyocytes on MEA probes for up to 28 days before performing our
treatment experiments (Fig. 1).

To the best of our knowledge this is the first study aimed to analyze the effects of THs on the electrophysi-
ological activities of hiPSC-CMs. Our results indicate that both T3 and T4 are involved in cardiomyocyte FPDc
modulation with a significant FPDc prolongation observed in hiPSC-CMs after 12-24 h of high dose THs
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Gene symbol | GeneID | Gene description Biological process Ref
ABCCl 4363 ATP binding cassette subfamily C member 1 Ion homeostasis organic anion transport iz
ATP1A1 476 ATPase Na*/K* transporting subunit alpha 1 Ion homeostasis and action potential s
ATPI1B1 481 ATPase Na'/K* transporting subunit beta 1 Ion homeostasis and action potential 4546
ATP2A2? 488 ATzlzase sarcoplasmic/endoplasmic reticulum Ion homeostasis calcium ion transport 4414655
Ca** transporting 2
CACNA2D2 9254 Calcium voltage-gated channel auxiliary subunit Ton homeostasis calcium ion transport 51
alpha2delta 2
CACNB2 783 g:tlaa; m voltage-gated channel auxiliary subunit | 1oy coctasis calcium ion transport 5051
HCN4? 10021 Hyperpolarllzatlon activated cyclic nucleotide Ion homeostasis and action potential 441,49,55
gated potassium channel 4
KCNJ5 3762 Potassium inwardly rectifying channel subfamily Ion homeostasis potassium ion transport “
] member 5
NEDD4L 23327 NEDDH4 like E3 ubiquitin protein ligase Ion homeostasis v
SLMAP 7871 Sarcolemma associated protein Action potential 8
SNTAL 6640 Syntrophin alpha 1 Action potential h
DNAJB11 51726 BDf‘la] heat shock protein family (Hsp40) member | 1 1ooq i protein folding 58
DRD1 1812 Dopamine receptor D1 Regulation of neurotransmitter levels 4,425
HSPAS 3312 Heat shock protein family A (Hsp70) member 8 | Involved in protein folding 58
KDR 3791 Kinase insert domain receptor Cell adhesion regulation of cell-matrix adhesion | *?
MKL2 416421 Myocardin related transcription factor B Muscle organ development 16
MPP2? 4355 Membrane palmitoylated protein 2 Excitatory postsynaptic potential 4157
MYH6* 4624 Myosin heavy chain 6 Cardiac muscle contraction 4415255
NDRG4 65009 NDRG family member 4 Heart morphogenesis a
NOS1AP 9722 Nitric oxide synthase 1 adaptor protein Regulation of heart rate by chemical signal »
NPPA 4878 Natriuretic peptide A Cardiac conduction system development 41,53
NPPB? 4879 Natriuretic peptide B Cardiac conduction system development 415456
SRL 6345 Sarcalumenin GTPase activity Endosomal transport 16
TCEA3 6920 Transcription elongation factor A3 Transcription, DNA-templated 56

Table 1. T3-induced DEGs associated with QT-interval regulation. List of known QT interval-related DEGs
identified with RNAseq analysis. Gene nomenclature details were obtained from Entrez Gene database.
*Known T3-reponsive genes.

exposure (Figs. 2 and 3). The stronger effect on FPDc was detected at 1 nM and 2 nM T3 and T4 concentrations,
respectively (Fig. 3a,b). No further increase of FPDc with higher T3 dose was observed, suggesting a putative
saturation point reached at 1 nM treatment (Figs. 2, 3). The demonstrated TH-induced FPDc prolongation is
consistent with APD increase observed by LEAP analysis after 24 h in cells exposed to 1 nM T3 (Fig. 4). The
maximum effect on APD;, suggests that THs are probably involved in the early phases of the AP repolarization,
where voltage-dependent K* outward currents are responsible for APD, especially in ventricular myocytes®.

The THs-induced FPDc prolongation was observed only long time THs administration while no FPDc vari-
ation was observed after a short time hormone exposure (Figs. 2, 3 and Supplementary Fig. 2). The timing of
the THs effect on FPDc suggests that the mechanism by which THs acts is probably mediated by the TR-specific
transcriptional gene target modulation® instead of a rapid non-genomic action (i.e., direct effect on ion chan-
nels)*"**. The preincubation with the biologically inactive metabolite rT3, that bind the TRs without inducing
any transcriptional action®®?2, is able to block the T3-mediated induction of FPDc (Fig. 5), suggesting that this
effect is specific and mediated by the activity of these transcription factors. Both TRs genes (THRA and THRB)
are expressed in our hiPSC-CMs with the TRa mRNA levels higher than TR} mRNA levels (GSE172348_Fil-
tered_Normalized_Data_AvsB.xlsx and Supplementary Fig. 5), in agreement with the main expression of the TRa
reported in heart muscle’®”!. Based on these evidences we suppose that the regulation of cardiac repolarization
in iPSC-CM:s is likely due to canonical T3 transcription mechanism (type 1)** probably through the TR alpha.
However, a more in-depth investigation at the molecular level will be needed to confirm such hypothesis and to
identify the specific TR (a, B or both) involved.

Gene expression profiling analysis (RNAseq analysis), performed on T3-treated hiPSC-CMs, shows a sig-
nificant dysregulation of 736 genes. Interestingly, most of these are new potential TH-responsive transcripts,
not previously described. In particular, a common set of genes related to cardiac electrophysiological activity,
mainly belonging to the ion homeostasis, are deregulated after T3-treatment (Fig. 6¢). A fine regulation of this
process is crucial for the control of cardiac APD due to the sequential activation and inactivation of ion channels
carrying inward (Na* and Ca**) and outward (K*) currents®. In particular, the inhibition of K* currents as well
as abnormal Ca?* handling and Na* currents are responsible for a delay repolarization, a prolongation of the QT
interval and an increase in the risk of torsades de pointes, as often reported in inherited or acquired disease LQTS
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and SQTS**7>73, Interestingly, in agreement with the ADP/FPDc alteration observed in our iPSC-CMs, several
TH-induced DEGs identified in our study are directly associated with these ion currents genes, and a subset of
them was also previously related with QT-interval regulation (Table 1).

In addition to cardiac conduction pathways, a subgroup of DEGs identified are associated with other different
cardiac biological processes (Fig. 6¢) and have been previously linked with QT-interval regulation (Table 1), in
agreement with the complexity of the cardiac electrophysiological processes’. Most of these genes/processes
are known to be regulated by THs”® and some of them have also been associated with cardiac conduction
dysfunctions®#34830-5472-74 ike the known myocardial T3-induced genes linked with QT-interval alteration
(ATP2A2, HCN4, MMP2, MYHG6, and NPPB)*¢495254-57  confirming the relationship between THs-induced
modulation of specific genes and the THs-mediated ADP/FPDc alteration observed.

Interestingly, a group of T3-induced DEGs are involved in the regulation of peptide secretion, endocytosis,
post-translational modifications (phosphorilation and glicosilation), and endosomal transport (i.e. the QT-
interval related gene SRL). All these mechanisms could be implicated in ion channel trafficking, a crucial process
for the regulation of ion channel function, and cardiac repolarization®>*7>7¢, In particular, among these genes,
two are involved in the hERG ion channel trafficking (DNAJB11, HSPA8)**7%77. The alteration of this process is
recognized as an important mechanism in hERG channel dysfunction associated with LQTS2 and QT prolonga-
tion due to pharmacological treatments”s~"°.

Altogether, these evidences suggested a multilevel role of THs in the regulation of cardiac repolarization
as well as an interesting correlation between THs-mediated ADP/FPDc alteration and ion channel trafficking
regulation.

Further studies based on functional analysis of the T3-induced DEGs identified in our study will be performed
to in deep investigate the role of these genes in the complex mechanisms involved in the THs-induced cardiac
repolarization prolongation observed in iPSC-CMs.

In conclusion, our study indicates for the first time that THs treatment of a highly representative human cell
model, the hiPSC-CMs, is responsible for APD and FPDc prolongation and that this effect is likely mediated
by TRs-mediated gene modulation. Moreover, our study demonstrates that hiPSC-CMs represent an excellent
model to perform deep analysis of the effects of THs and to clarify the molecular mechanism of action of THs on
cardiac electrophysiological activity. RNA sequencing analysis reveals that, in specific conditions, THs modulate
the expression of specific genes previously associated with QT-interval and cardiac electrical alterations. Fur-
ther experiments will be performed to clarify the specific role of these genes in the THs-mediated APD/FPDc
prolongation and to better investigate the molecular mechanisms involved in the fine and complex regulation
of cardiac repolarization by these hormones. Additional and future characterization of the candidate effectors
of THs action could provide relevant diagnostic and potential therapeutic tools for the management of patients
affected by cardiac as well as thyroid disease associated with QT interval alterations.

Materials and methods

Cell culture and plating on MEA probe. Cryopreserved hiPSC-derived iCell Cardiomyocyte, obtained
from circulating blood fibroblasts of a Caucasian 18 years old female and reprogrammed by retroviral transduc-
tion (Cellular Dynamics International, Inc. Madison, W1, USA, clone 01434, lot 1299716 and lot 1591669) were
cultivated following manufacturing instructions.

The cardiomyocytes were thawed in iCell Cardiomyocytes Plating Medium and directly plated onto fibronec-
tin-coated CytoView MEA 48 wells white plates (Axion Biosystem, Atlanta, GA, USA) at 3 x 10* plated viable
cells per well, based on lot specific plating efficiency. The hiPSC-CMs were incubated at 37 °C with 5% CO, and
allowed to attach for 2 h in moisturized conditions, prior filling each well with 0.3 mL of Plating medium. On
day 2 post-plating, the spent medium was replaced with iCell Maintenance (iCM) medium and thereafter 50%
of the medium was replaced every 2-3 days, up to cell treatment. Before the experiments, hiPSC-CMs were cul-
tured for four weeks after plating to improve their functional maturation, as previously reported®. The scheme
of preparation and subsequent treatment of hiPSC-CMs for MEA analysis is reported in Fig. 1a,b.

Drugs and chemicals. The selective ether-a-go-go-related (hERG) channel blocker E-4031 (ABCAM,
Cat. # ab12158, Cambridge, MA, USA), and the L-type Ca*" channel blocker Nifedipine (SIGMA-ALDRICH,
Cat. #N7634, St Louis, MO) were respectively prepared in distilled water and DMSO as 5 mM and 10 mM
stock solutions and used as calibration drugs. The 3,3',5,-Triiodo-L-thyronine as 30.7 uM (T3, Liotir) and the
3,3,5,5"-tetraiodo-L-thyronine as 64 uM (T4, levothyroxine sodium) (IBSA farmaceutici Italia s.r.l., Lodi, Italia)
stock solutions were used as test compounds as well as the T3 antagonist 3,3',5'-Triiodo-L-thyronine Reverse T3
(rT3) (SIGMA-ALDRICH, Cat. # T3787, St Louis, MO), prepared as 15.4 mM stock in 4 M ammonia solution
in MetOH.

Before cells treatment, all stock solutions as well as vehicle controls (H,0 for E4031, DMSO for Nifedipine,
EtOH for T3 and T4, and ammonia solution 4 M in MetOH for rT3, were prepared as 10x working solutions
in serum based iCM medium or serum-free BMCC medium (Ncardia, Cat. # Ax-M-BMCC250 Leiden, Neth-
erlands) until added to test wells. The added dose of vehicle controls was equivalent to each respective test
compound concentration and no more than 0.1%.

MEA experimental protocol. The electrical behavior of spontaneously beating hiPSC-CMs monolayers
was recorded on the Maestro Pro MEA platform (Axion Biosystem, Atlanta, GA, USA). The day before treat-
ment, the cells were fed with serum based (iCM) or serum-free (BMCC) medium. The specific culture media
were completely replaced with fresh media prior to compound addition and after 4 h of stabilization in the MEA
system at 5% CO, and at 37 °C, baseline activity of spontaneously beating hiPSC-CMs monolayers was recorded
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(baseline plate, Fig. 1b). Cells were treated at the same time by adding a 1:10 dilution of each 10x compound
working solution in 4 replicate sets. The final compound concentrations used were: 5 and 10 nM for E-4031, 10
and 30 nM for Nifedipine, from 0.01 to 100 nM for T3 and from 0.0002 to 2 nM for T4. For rT3 treatment, after
baseline recording, cells were preincubated for 3 h with rT3 at concentration of 1 nM or rT3 vehicle (ammonia
solution), and then treated with equimolar doses of T3 for 24 h. Post-dose cells (treated cell plate) electrical
activities (FP waveform) were recorded for 3 min at 15 min intervals, for the first hour, and then every 3 h for a
total of 24 h using AXIS Navigator, version 2.0.4 (Axion Biosystem, Atlanta, GA, USA). At the end of treatment,
a cell recovery in serum based medium (iCM) was performed and FP measurements were recorded for 3 min
every two days (Fig. 1b).

The local extracellular action potential (LEAP) induction experiments were performed to measure the Action
Potential Duration (APD) and morphology after FPD recording. LEAP signals were induced 24 h after T3 treat-
ment (1 nM) and then recorded for 10 min. In each well only half electrodes were stimulated. LEAP measure-
ments were performed also in control wells treated with T3 vehicle (EtOH 0.001%).

MEA data analysis. Fridericias corrected FPD (FPDc) data analysis was performed on Cardiac Analysis
Tool version 2.2.7 and AxIS Metric Plotting Tool version 2.2.5 (Axion Biosystem, Atlanta, GA, USA). The golden
channel for FPDc measures was selected by the Cardiac Analysis Tool by identifying, in the recorded signals
from each experiment, the region of stable beating and the electrode with the largest repolarization feature
in baseline condition®. Data were expressed as the percentage of FPDc change from baseline, calculated as
mean +SD (n=4) for each treatment.

LEAP signal analysis was performed on Cardiac Analysis Tool version 2.2.7 (Axion Biosystem, Atlanta, GA,
USA) and AxIS Metric Plotting Tool version 2.2.5%°. LEAP analysis data were expressed as mean +SD (n=4) of
APD, measured from beat start to 30%, 50%, and 90% voltage repolarization (APD30, APD50, APD90) in T3
(1 nM) and EtOH (0.001%) treated wells.

RNA-seq analysis. Spontaneously beating hiPSC-CMs monolayers were treated with vehicle control (EtOH
0.01%) or with 1 nM T3 for 24 h. The treatments were performed in triplicate. RNA was isolated using the total
RNA mini kit (Norgen Biotek Corp.) following manufacturer’s instructions and RNA concentration was meas-
ured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). Library preparation, RNA-
sequencing and bioinformatics analysis were done by the service provider GENOMNIA srl (Bresso, Milano).
For each RNA sample (n=3/group), a library was generated and analyzed with Agilent 2100 Bioanalyzer. The
reads were mapped and analyzed using Torrent Suite (version 5.12.1). In particular, the AmpliseqRNA plug-in
(version 5.1.01) was used to map the sequencing reads versus the human AmpliseqRNA panel (>22,000 genes).
The read count data from RNA-seq were then normalized and used to perform differential expression analysis
using the R EdgeR package (version 3.24.3, http://bioconductor.org). Counts were further filtered to include
only more differentially expressed genes (DEGs) using a False Discovery Rate (FDR) <0.05 and log fold change
(logFC) <— 1 and >1 as thresholds. The Transcriptome Analysis Console (TAC version 4.0.2.15, (https://tools.
thermofisher.com/content/sfs/brochures/tac_software_datasheet.pdf) software was applied to calculate sample
spatial coordinates. These data were used for Multidimensional Scaling (MDS) and Smear Plot analyses, visual-
ized with matplotlib library Python 3 (version 3.1.2). The replicate samples clearly cluster together, indicating
the biological and technical data reproducibility. F-test performed with the same software was used to identify
genes that significantly discriminated between the two different groups (p <0.05). These genes were further fil-
tered to select those with the highest differential expression (log Count Per Million, logCPM > 10). A functional
and pathway enrichment analysis of DEGs was performed using R cluster Profiler package (version 3.10.1) on
Gene Ontology (GO) (Cellular Component CC, Biological Process BP and Molecular Function MF) pathway
databases. Moreover, to identified DEGs associated with cardiac pathways, a further functional GO.BP enriched
analysis was performed using the following cardiac terms: “atherosclerosis, cardiomyopathy, cardiac, heart, atri-
oventricular, ion channel, aorta, cardiocyte, circulatory, long QT, action potential, heart rate, arrhythmia”

Statistics. Data are calculated as the mean + standard error of the mean (SEM) and FPD were expressed as
the percentage of FPDc change from baseline. Based on CSHAI study®, a cut-off value of 10% FPDc variation
was chosen and only changes above such percentage were considered. Statistical analysis was performed by using
one-way Anova test for variance analysis of multiple groups of measures and the post hoc t-test for the pairwise
comparison of combination of group pairs, in particular vehicle treated control cells vs THs treated cells for each
time. The statistical significance was accepted for p<0.05. Analysis has been performed using KaleidaGraph
software (Version 4.5.4, https://www.synergy.com/).

Data availability

RNA-seq data have been deposited in the Gene Expression Omnibus (GEO) dataset with the accession code
GSE172348 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE172348, secure reviewer token:
sngtkywkbjwxrip).
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