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ABSTRACT

Aim: This study aims to investigate whether the Fibroblast Growth Factor 23 (FGF23) modulates the electrical activity of
sinoatrial (SAN) cells. The canonical function of FGF23 is to regulate body phosphorus and calcium homeostasis by activating
the FGF1 receptors (FGFR1)/a-Klotho complex in the kidney and parathyroid glands. High levels of FGF23 can induce cardiac
arrhythmias by affecting cardiomyocyte's function in an a-Klotho independent manner. Although SAN cells are not traditionally
considered targets of FGF23, the presence of a-Klotho in pacemaker and not in ventricular cells has raised this possibility.
Methods: The effect of FGF23 was evaluated by patch-clamp experiments on mouse SAN and on human-induced pluripotent
stem cells-derived pacemaker-like cardiomyocytes (hiPSC-derived pCMs).

Results: Our data reveal that mouse SAN cells express both membrane a-Klotho and FGF23 receptors (FGFR) and that 48h
tissue incubation with FGF23 (10ng/mL) increases the spontaneous action potential (AP) frequency of these cells through an
increase in the funny I, current. Patch-clamp experiments carried out using the pan-FGFR inhibitor, PD173074, and SAN cells
isolated from a-Klotho hypomorphic mice suggested that FGF23 effects are mediated by the activation of the FGFR-a-Klotho
complex. FGFRs expression data and FGF23-induced electrical modification were further confirmed in hiPSC-derived pCMs.
Indeed, 48h incubation of these cells with FGF23 increases both the AP frequency, in a dose-dependent manner, and the I,
current.

Conclusions: This study represents the first evidence that FGF23 directly regulates the SAN electrical activity.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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FIGURE 1 | SAN cells express FGFRs and a-Klotho. (A) Mean (black circle)=SEM and single (open diamonds) data of RT-qPCR analysis of
a-Klotho and FGFR1-4 mRNAs in SAN tissue (n=3). a-Actin was used for normalization. *p <0.005 versus a-Klotho, FGFR2, 3 and 4; +p <0.005
versus a-Klotho, FGFR1, and 2 (One-way ANOVA, followed by Bonferroni test on In transformed data). (B) Representative SAN cells staining for
HCN4 (yellow), a-Klotho (magenta, top), FGFR1 (magenta, middle), and FGFR2 (magenta, bottom). Nuclei were stained with Hoechst (blue). Scale

bar 10 um.

1 | Introduction

The Fibroblast Growth Factor 23 (FGF23) is a hormone mainly
produced by osteocytes and osteoblasts, and its canonical ef-
fect is to lower serum phosphate levels by decreasing kidney
phosphate reabsorption, 1,25-dihydroxyvitamin D synthesis,
and parathyroid hormone secretion by the parathyroid gland
[1]. These effects are mediated by the activation of the ERK
pathway [2] which is initiated by the binding of FGF23 to its
receptor complex formed by the FGF Receptor 1 (FGFR1) and
by the cofactor a-Klotho. With particular regard to the kidney,
this signaling cascade is considered the canonical pathway of
FGF23. a-Klotho was identified in 1997 by Kuro-o et al. [3] as an
aging-suppressor factor. Two different biological active forms of
a-Klotho have been detected in humans and mice: a full-length
transmembrane form and a soluble form that originates from
the cleavage of the extracellular domain of transmembrane a-
Klotho [4]. While the full-length transmembrane form associ-
ates with FGFR1 and increases the affinity of the receptor for
FGF23, the soluble form acts as an endocrine hormone that in-
hibits the pathways linked to aging and thus counteracts age-
related pathologies [4-7].

A variety of studies have shown that high levels of FGF23, as
observed for example in chronic kidney disease (CDK), are as-
sociated with cardiovascular diseases such as heart failure and
arrhythmias [8]. Additionally, in vivo and in vitro data have
demonstrated the ability of FGF23 to promote pathological
cardiac remodeling such as ventricular hypertrophy, myocar-
dial fibrosis, and ventricular Ca?*-handling and ion channel
dysfunctions [9]. Recent studies demonstrated that FGF23
can also act as a paracrine factor since it can be produced by
cardiac myocytes and its release is enhanced during cardiac
remodeling and heart failure, regardless of preserved or re-
duced renal function [10]. Ventricular myocytes do not express
a-Klotho and therefore the pro-hypertrophic effects of FGF23

are mediated by a noncanonical pathway involving the acti-
vation of the FGF Receptor 4 (FGFR4) and the downstream
calcineurin/NFAT and calmodulin kinase type II (CaMKII)-
dependent pathways ultimately causing left ventricular hyper-
trophy [11, 12]. Unlike ventricular myocytes, sinoatrial nodal
cells express a-Klotho and homozygous mutant mice with a
defect in a-Klotho gene expression (kl/kl) display intrinsic
bradycardia and die of sinus arrest when exposed to restrain-
ing stress [13]. In addition, a recent article has identified an
association between o-Klotho mutations and a decrease in
heart rate (HR) [14]. A significant role of a-Klotho in sinoatrial
node (SAN) function must then be presumed. In this study,
we therefore investigated whether FGF23 modulates the pace-
maker properties of murine SAN cells and of human-induced
pluripotent stem cells (iPSC)-derived pacemaker cardiomyo-
cytes (pCMs). In addition, we tested whether the FGF23 ac-
tions depend on the presence of Klotho.

2 | Results

2.1 | Murine SAN Cells Express Canonical FGF23
Receptors

RT-qPCR analysis was used to investigate in murine SAN tissue
the relative abundance of mRNAs encoding for different mem-
bers of the FGFR family (FGFR1-4) and for the membrane form
of the cofactor a-Klotho (Figure 1A). FGFR1 signal was the most
abundant followed by FGFR2 and a-Klotho; FGFR3 and FGFR4
were also expressed, albeit at negligible levels close to the limit
of detection. The presence of a-Klotho, FGFR1, and FGFR2 pro-
teins in SAN cells was confirmed by immunostaining. Images
in Figure 1B and Figure S1A demonstrate that SAN cells, iden-
tified both by the typical shape and by the presence of the HCN4
pacemaker channel [15], a specific SAN cell marker, express a-
Klotho, FGFR1, and FGFR2.
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2.2 | InVitro Prolonged (48h) SAN Tissue Exposure
to FGF23 Increases the Spontaneous Activity
of Pacemaker Cells Through the Activation of FGFR

Given the robust expression of FGFR1, FGFR2, and a-Klotho, we
next evaluated whether FGF23 could modulate the activity of SAN
cells. To this aim, we exposed SAN cells either to vehicle (control)
or to FGF23 (10ng/mL) for various durations (74-120s; 30-60 min;
48h) and spontaneous APs were recorded. In the first two sets of
experiments (74-120s and 30-60min), the exposure to FGF23 was
performed on isolated cells obtained just after SAN dissection. For
long exposure experiments, the whole SAN tissue was incubated
for 48 h with vehicle or FGF23. At the end of the incubation period,
cells were isolated and patch-clamp experiments were performed.
We chose to assess the effect of different exposure times to FGF23
stimulation since previous evidence indicated that changes in elec-
trical/mechanical properties and/or morphology of cardiac cells
required durations ranging from a few minutes to days [11, 16-18].
Data in Figure 2A and Table 1 show that after 48h of FGF23
(10ng/mL) incubation, the spontaneous rate of SAN cells was
significantly increased by 35.1%. This increase was fully reversed
when the SAN tissue was incubated with both FGF23 and the
FGFR blocker PD173074 (1uM). A more complete description of
this inhibition is presented in Figure 2B where the dose-response
of the PD173074 inhibition of the FGF23 (10ng/mL)-induced rate
increase is shown. This inhibition, together with the evidence that
the incubation with the blocker (1uM) alone does not affect the
spontaneous activity of SAN cells (Figure 2A, Table 1), clearly in-
dicates that the increase of the AP frequency specifically depends
on the FGFR stimulation and on the associated signaling cascade.
Notably, when shorter FGF23 exposures (74-120s, Figure S2A or
30-60min, Figure S2C) were tested on AP rate, no effect could be
detected, demonstrating a lack of efficacy in acute condition.

To define the mechanisms responsible for the rate increase in-
duced by FGF23 in the chronic setting, the AP parameters were
analyzed. In agreement with data previously reported [19, 20],
mouse APs exhibited a great waveform heterogeneity (Figure S3).

Two different representative AP traces recorded for each con-
dition (control, FGF23, and FGF23+PD173074) after 48h-
treatment are shown in Figure 2C, top. AP parameters were
calculated for each experimental condition and data are shown
in Figure 2C, middle and bottom, and Table 1. Statistical anal-
ysis indicates that, when compared to control FGF23 increased
the diastolic depolarization rate (DDR). No changes in the max-
imum diastolic potential (MDP), threshold (THR), action poten-
tial amplitude (APA), and maximum upstroke velocity (MUV)
were observed. Since a mechanism based on an increase of the I;
current is coherent with these observations [21], we next tested
the effects of FGF23 on this current.

2.3 | InVitro Prolonged (48h) SAN Tissue
Exposure to FGF23 Increases the I, Current Through
the Activation of the FGFR

To test whether an increase of the I; current is the mechanism
underlying the rate increase induced by the growth factor, we
evaluated the whole-cell I; current properties in single cells iso-
lated after 48h of SAN incubation with vehicle (control), FGF23

(10ng/mL), FGF23 (10ng/mL)+PD173074 (1uM), and PD173074
(1uM). Asshown by the representative I current traces (Figure 3A)
and by steady-state I/V distributions (Figure 3B), the FGF23 treat-
ment increased the I; current. To better quantify this increase, we
evaluated the effect of FGF23 both on the maximal conductance
and on the voltage dependence of activation. Mean maximal I,
conductance density values (g;,,,.,» Figure 3C, and Table 2) con-
firmed an FGF23-induced significant increase of this parameter.
This increase was completely abolished by the concomitant pres-
ence of the receptor blocker PD173074 1uM; PD173074 alone had
no effect. The evaluation of the voltage dependence of the I; acti-
vation in the four experimental conditions is shown in Figure 3D
and Table 2; no significant difference of the half-activation volt-
ages (V,,,) was found among the four different conditions. In
agreement with results on APs, we observed that short (90-150s,
Figure S2B) or intermediate (30-60min, Figure S2D,E) exposures
of SAN cells to FGF23 did not modify either the I, conductance, or
the activation curves.

Since the L-Type calcium current (I, ) also contributes to the auto-
rhythmicity of SAN cells [22, 23], we considered this current as an
additional possible target of FGF23. Data shown in Figure 3E-H
and Table 2, collected after 48h of incubation with vehicle or
FGF23 10ng/mL, demonstrate that neither channel maximal con-
ductance density (gq,; ., NOT the voltage-dependence of activa-
tion and inactivation are modified by the growth factor.

2.4 | o-Klotho Is Necessary for FGF23-Dependent I,
Modulation

Previous results indicate a faster spontaneous AP rate of SAN
cells after a long (48 h) exposure to FGF23, and this can be the
consequence of an increase of the I, maximal conductance. In
addition, the ability of the FGFR blocker to inhibit the FGF23
action clearly points to a mechanism based on receptor activa-
tion and a downstream signaling cascade, ultimately leading to
the I; modulation. To better clarify the role of the co-receptor
a-Klotho in these events, we evaluated the effect of FGF23
(10ng/mL) on the I; current in SAN cells isolated from mice
hypomorphic for Klotho (ki/kl), and from their wild-type (+/+)
littermates. Since FGF23 increases the g; . value, we chose
to measure the I; current using a test step at —135mV, a volt-
age that ensures the attainment of maximal conductance, and
therefore represents a reliable readout of the FGF23 effect. ki/kl
SAN cells, isolated immediately after tissue dissection, present
with a reduced I; current density compared to those obtained
from +/+ SAN cells (-19.6 +2.5pA/pF, n=19 cells/7 mice
versus —31.5+4.4pA/pF, n=13 cells/5 mice; p<0.05, Mann-
Whitney test; Figure 4A).

These results are coherent with the evidence that mice with a-
Klotho deficiency display intrinsic bradycardia [13], and suggest
that a-Klotho also influences the I; physiological levels. To eval-
uate if a-Klotho is necessary for the FGF23-mediated increase
of the I, current, SAN tissues dissected from +/+ and kl/kl mice
were incubated for 48 h with either vehicle or FGF23 10ng/mL,
and after cell isolation, the I; current was recorded. In agree-
ment with the experiments of Figure 3A-C, FGF23 increased
the I, current density in +/+ cells (control: —28.0+ 3.7 pA/pF,
n=7 cells/2 mice; FGF23: —44.5+5.5pA/pF, n=>5 cells/2 mice,
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FIGURE 2 | Prolonged (48h) exposure to FGF23 10ng/mL increases the AP rate of SAN cells through FGFR activation. (A) Mean (filled cir-
cles)+ SEM and single AP rate data obtained after 48h SAN incubation with vehicle (control, open circles), FGF23 10ng/mL (open squares), FGF23
10ng/mL+ PD173074 1uM (open triangles), and PD173074 1 uM (open diamonds). *p <0.05 versus control, FGF23 10ng/mL+ PD173074 1uM, and
PD173074 1 uM (one-way ANOVA, followed by Bonferroni). (B) Dose-response inhibition of the FG23 10 ng/mL-induced rate increase by PD173074.
Mean AP rate (= SEM) obtained after 48 h tissue incubation with FGF23 10ng/mL+ PD173074 0.01 uM, FGF23 10ng/mL+ PD173074 0.1 uM, and
FGF23 10ng/mL+PD173074 1uM were 9.99+0.96 Hz n=6 cells/4mice, 9.14+0.49Hz n=16 cells/9mice, and 7.92+0.50Hz n=10 cells/4mice,
respectively. Each point represents the % mean of the FG23 10ng/mL-induced rate increase inhibition by PD173074. The Hill fitting yielded the
following values: K=103.7nM, and h=1.1 (y,,. Was fixed at 100). (C) Sample AP traces and AP parameters obtained in control, FGF23 10ng/mL,
FGF23 10ng/mL+ PD173074 1 uM, and PD173074 1 uM (symbols as in A). *p <0.05 versus vehicle (control), FGF23 10ng/mL+ PD173074 1uM, and
PD173074 1 uM; "p <0.05 versus FGF23 +PD173074 and PD173074 (one-way ANOVA, followed by Bonferroni test).
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TABLE 1 | Mean=+SEM values of AP parameters obtained in SAN cells treated for 48h with vehicle (control), FGF23 10ng/mL, FGF23
10ng/mL+PD173074 1 uM, and PD173074 1 uM.

Control (n=8 FGF23 (n=15 FGF23+PD173074 PD173074 (n=9

cells/5 mice) cells/10 mice) (n=10 cells/4 mice) cells/5 mice)
Rate (Hz) 7.87+0.50 10.63 +£0.45* 7.92+0.50Hz 7.77£0.47
DDR (mV/ms) 0.14+£0.02 0.30+0.03* 0.17+0.02 0.16 £0.02
APD (ms) 89.2+5.1 71.9+3.7 89.4+4.0 94.1+6.5
MDP (mV) —60.5£2.2 —58.3x1.1 —-59.1x2.1 —57.4£2.2
THR (mV) —49.2£1.9 —-46.1x0.8 —-46.3x1.5 —45.2%x1.8
APA (mV) 100.7x£7.7 95.0£4.6 90.3x5.3 87.4+5.8
MUV (mV/ms) 85.1%21.1 82.1+12.6 76.2+18.8 53.7+16.9

Abbreviations: APA, action potential amplitude; APD, action potential duration; DDR, diastolic depolarization rate; MDP, maximum diastolic potential;
MUYV, maximum upstroke velocity; THR, threshold.

*p <0.05 versus vehicle (control), FGF23 +PD173074 and PD173074.

p<0.05 versus FGF23 + PD173074 and PD173074 (one-way ANOVA, followed by Bonferroni test).
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FIGURE3 | Prolonged (48h) exposure to FGF23 10ng/mL increases the I current through FGFR activation. (A) Representative I, current traces
recorded after 48h of incubation with vehicle (control), FGF23 10ng/mL, and FGF23 10ng/mL+PD173074 1uM. Currents densities obtained at
—30, —60, —90 and —120mV followed by a step to —125mV and to 10mV are shown (hp=-30mV). (B) Mean steady-state I/V curves obtained from
cells treated for 48h with vehicle (control, open circles; n=38 cells/11 mice), FGF23 10ng/mL (open squares, n =44 cells/11 mice), FGF23 10ng/
mL+PD173074 1uM (open triangles, n =25 cells/6 mice), and PD173074 1 uM (open diamonds, n =29 cells/6 mice). (C) Mean (black circles) + SEM
and single values of g; .. (symbols as in B). *p <0.05 versus vehicle (control), FGF23 10ng/mL+ PD173074 1 uM, and PD173074 1 uM (Kruskal-Wallis
ANOVA, followed by Dunn's test). (D) Mean I, activation curves (symbols as in B). (E) Sample I,; (nifedipine-sensitive) current traces, (F) mean
steady-state I,,; IV curves, (G) mean (black circles) + SEM and single values of g..,; ... and (H) mean activation (solid lines) and inactivation curves
(dashed lines) of I,,; obtained after 48 h of incubation with vehicle (control, open circles) and with FGF23 10ng/mL (open squares).

p<0.05 Student t-test, Figure 4B), but did not affect ki/kl SAN Figure 4C). These data indicate that the FGF23-dependent in-
cells (control: —19.7+4.9pA/pF, n=6 cells/4 mice; FGF23: crease of the SAN I; current requires the activation of the FGFR-
—23.6+5.1pA/pF, n=8 cells/3 mice; p>0.05 Student t-test, a-Klotho complex.
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TABLE2 | Mean+SEM [jand I,

10ng/mL+PD173074 1uM, and PD173074 1 uM.

properties obtained from SAN cardiomyocytes treated for 48 h with vehicle (control), FGF23 10ng/mL, FGF23

Control (n=38 FGF23 (n=44 FGF23 +PD173074 PD173074 (n=29
I, cells/11 mice) cells/11 mice) (n=25 cells/6 mice) cells/6 mice)
Eimax (ns/pF) 0.32%£0.02 0.43+0.03* 0.31£0.02 0.321+0.02
Vl/2 (mV) —-69.7x+0.9 —-67.9+0.9 -70.3x1.0 —-68.7x£1.3
s (mV) 8.6+0.3 8.1+0.3 7.3+0.3 7.0+0.3"
I Control FGF23
8caLmax (MS/PF) 0.14+0.01 (n=10 0.15£0.02 (n=11
cells/4 mice) cells/7 mice)
V,, activation (mV) -18.5+£1.6 -18.0+£1.7
s activation (mV) 9.0+0.4 9.1+0.5
V, ), inactivation (mV) -30.2+2.4(n=4 —28.8+2.5(n=>5
cells/3 mice) cells/5 mice)
s inactivation (mV) 7.1+0.1 7.4+0.3
Note: g, ..., maximal conductance density; V; ,, half-activation voltage; s, inverse-slope factor.
*p <0.05 versus vehicle (control), FGF2310ng/mL + PD173074 1uM, and PD173074 1 M.
p<0.05 versus control (Kruskal-Wallis ANOVA, followed by Dunn's test).
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FIGURE 4 | Prolonged (48h)exposure to FGF23 10ng/mL does not affect the I, current density in kl/kl mice Representative I; current traces

recorded at —135mV (hp —30mV) and mean (black circles) = SEM/single values (open symbols) of the I; density at —135mV recorded from freshly
isolated SAN +/+ and kl/kl cells (A), from SAN +/+ cells incubated for 48 h with either vehicle or FGF23 10ng/mL, (B), and from SAN kl/kl cells
incubated for 48 h with either vehicle or FGF23 10ng/mL (C). *p <0.05 (Student's t-test). *p <0.05 (Mann-Whitney test).
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FIGURES5 | pCM express FGFRs and a-Klotho. (A) Mean (black circle) + SEM and single (open diamonds) data of RT-qPCR analysis of a-Klotho
and FGFR1-4 mRNAs in pCMs. Troponin T was used as reference gene. *p <0.05 versus a-Klotho, FGFR 3 and 4 (One way ANOVA, followed by
Bonferroni test on In transformed data). (B) Representative pCMs staining for HCN4 (yellow), a-Klotho (magenta, top), FGFR1 (magenta, middle),
and FGFR2 (magenta, bottom). (C) Representative immunofluorescence images showing the FGFR1 (yellow) and a-Klotho (magenta) expression
in the same pCM. (D) Normalized intensity profiles along three independent linear regions (lines 1-3 of merged image in panel C) for FGFR1 and

Klotho. Nuclei were stained with Hoechst (blue). Scale bar 10 um.

2.5 | FGF23 Increases the Spontaneous Activity
and the I; Current in Human Pacemaker-Like
Cardiac Cells

To further support the role of FGFR and a-Klotho, we tested their
presence and function in hiPSC-derived pCMs. RT-qPCR analy-
sis showed, similarly to the mouse SAN data, a prevalent expres-
sion of FGFR1 and FGFR2 (Figure 5A; Figure S4). The presence
of protein expression of a-Klotho (Figure 5B top Figure S1B,C),
FGFR1 (Figure 5B middle), and FGFR2 (Figure 5B bottom)
was then confirmed by immunofluorescence experiments.
Co-immunolabeling of a-Klotho and FGFR1 is presented in
Figure 5C; co-localization of the two proteins is suggested both
by the merged co-staining pattern and by the presence of over-
lapping peaks in the normalized linear intensity surface plots
(Figure 5C,D).

Next, we evaluated the effect of FGF23 on the APs and on the I;
current properties in this human substrate, by incubating pCMs
for 48h either with human FGF23 or with vehicle (control).
After incubation, single cells were isolated, and patch-clamp
experiments were performed in the whole-cell configuration. In
Figure 6A representative sample AP traces, recorded after pCMs
incubation with the vehicle and two different doses of FGF23
(0.1 and 1ng/mL) are shown. FGF23 caused a dose-dependent
rate increase, and the Hill fitting of the experimental dose-re-
sponse data points distribution yielded a half-effect value (k) of
0.064 ng/mL, a maximal increase value (y,, ) of 33.6%, and a Hill
coefficient (h) of 1.2 (Figure 6B).

FGF23 1ng/mL increased rate by 31.1%, and the analysis of
the AP parameters indicates that, as in mouse SAN cells, the
growth factor increases the DDR (Table 3). In Figure 6C-F
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FIGURE 6 | Prolonged (48h)exposure to FGF23 increases the AP rate and I; current of pCMs. (A) Representative AP traces recorded after 48 h of
pCMs incubation with vehicle, FGF23 0.1ng/mL, and FGF23 1ng/mL. (B) Dose-response relationship of FGF23 rate increase effect. Each dot rep-
resents the mean = SEM of 4-16 cells. (C) Representative I, current traces recorded after 48 h of pCMs incubation with vehicle or FGF23 1 ng/mL. (D)

Mean (black circles) £ SEM and single values of g; .., (E) mean steady-state IV relationships, and (F) mean I, activation curves obtained after 48 h of

pCMs incubation with vehicle (open circles, n=18) or FGF23 1ng/mL (open squares, n =20). *p <0.05 (Mann-Whitney test).

representative I; current traces, g, . values, mean steady-state
IV curves, and mean activation curves of the I, current in con-
trol and in the presence of FGF23 (1ng/mL) are shown. As
expected, 48h treatment with FGF23 1ng/mL increased maxi-
mal g (from 0.052%0.004 nS/pF, n=18 to 0.072+0.006 nS/
pF, n=20; p<0.05 Mann-Whitney test). Differently from
mouse cells, in pCM cells, FGF23 was able to modulate the
voltage dependence of activation of the I, current by inducing
a significant positive shift of 3.6mV of the V,, value (from
—79.8+1.1mV to —76.2+1.3mV, p<0.05, Mann-Whitney test).

The FGF23-dependent increase in g, . strongly suggests an in-
creased synthesis or decreased degradation of f-channels. To test
this hypothesis, we measured by RT-qPCR the mRNA levels of
f-channel molecular components after 24 and 48h pCM incu-
bation with human FGF23 (1ng/mL) or vehicle. As shown in
Figure 7, FGF23 exposure does not alter the expression of HCN
isoforms at 24 h; however, at 48 h both HCN2 and HCN4 show a
significant upregulation. This indicates that the transcriptional
response to FGF23 is a “late” (> 24 h) process and selectively tar-
gets specific HCN isoforms.
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3 | Discussion

Our data indicate that mouse SAN cells express both the mem-
brane form of a-Klotho and the FGF Receptors (mainly FGFR1;
Figure 1), and patch-clamp experiments show that: (1) FGF23
increases the spontaneous AP frequency via an increase of the
DDR slope (Figure 2A,C; Table 1); (2) FGF23 increases the I; cur-
rent conductance (Figure 3B,C; Table 2); (3) the effect of FGF23
on SAN electrical activity is specifically mediated by the binding
to the FGFR since a pan-FGFR blocker (PD173074) blunts this
effect (Figures 2A,B and 3A-C, Tables 1 and 2); (4) the co-factor
a-Klotho is a mandatory element of the transduction cascade
since no effect on the I; current is observed when SAN tissue iso-
lated from kl/kl mice is treated with FGF23 (Figure 4C); (5) the
action of FGF23 requires a prolonged exposure (48 h, Figures 2,
3, and Figure S2) and therefore it likely occurs via an increase of
the f-channels synthesis or a decrease of their degradation.

FGF23 can bind all of FGF receptors subtypes, however, when
the FGFR1 specific co-factor a-Klotho is present, the affinity
of the FGFR1-a-Klotho complex is much increased [5, 6]. The
evidence presented in Figure 1 confirms the presence of both
FGFR1 and a-Klotho in pacemaker SAN cells, therefore it is the

TABLE 3 | Mean+SEM values of AP parameters obtained in pCMs
treated for 48 h with vehicle (control) and FGF23 1ng/mL.

Control (n=20) FGF23 (n=16)

Rate (Hz) 2.22+0.13 2.91+0.20*
DDR (mV/ms) 0.09+0.01 0.14+0.021
APD (mV) 172.7+15.8 164.5+17.4
MDP (mV) —59.9+1.3 —58.9+1.3
THR (mV) —29.5+1.4 —31.0+1.4
APA (mV) 92.9+2.2 91.5+2.5

MUV (mV/ms) 11.3+0.8 121+1.4

Abbreviations: APA, action potential amplitude; APD, action potential duration;
DDR, diastolic depolarization rate; MDP, maximum diastolic potential;

MUYV, maximum upstroke velocity; THR, Threshold.

*p<0.05, Student's ¢-test.

p<0.05, Mann-Whitney test.
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activation of this pathway that likely mediates the FGF23 effects
on cardiac pacemaking.

Data obtained in mouse SAN were confirmed in the human
pacemaker-like cell model (pCM) which also expresses mem-
brane a-Klotho and FGFRs (Figure 5A,B). Indeed, the incu-
bation with FGF23 for 48h increased the AP frequency in a
dose-dependent manner (Figure 6A,B). Evaluation of the effect
of FGF23 (1ng/mL) on the I, current confirmed an increase in
channel maximal conductance (Figure 6D), and, differently
from mouse cells, a positive shift of the activation curve was
elicited. A clear explanation for this difference is still elusive;
however, it likely arises from differences in the species (mouse
vs. human) and/or from the immature state of the pCMs model.

Data reported in Figure 7 support the hypothesis that the
FGF23-induced increase in I; g, is at least partly mediated
by transcriptional upregulation of HCN2 and HCN4 that oc-
curs after 48h. Although additional experiments are required
to fully define the signaling pathway activated by FGF23, our
current observations suggest a possible involvement of ERK sig-
naling. In particular, the partial colocalization between FGFR1
and Klotho (Figure 5C,D), together with the FGF23-dependent
increase in ERK phosphorylation (Figure S5), is consistent with
the idea that in pacemaker cells the effects of FGF23 may be
mediated through FGFR1-Klotho-dependent ERK activation.

The Ca?*-clock mechanism is also considered a relevant con-
tributor to SAN automaticity [24], however, the lack of effects of
FGF23 on the I,; current and on the AP THR reported in our
experiment (Figures 3E-H, 2C, and Tables 1 and 2) would ex-
clude the Ca?*-clock mechanism as a possible FGF23 target [21].

Homozygous defective a-Klotho (ki/kl) mice display intrinsic
bradyarrhythmia and cardiac fragility since, when exposed to
restraining stress, they die of sinus arrest [13]. kl/kl SAN cells
display a decreased I current density compared to their WT
littermates (Figure 4A), and this may explain, at least in part,
the intrinsic bradycardia characterizing these mice. Although
our data (Figure 4B,C) suggest that the dysfunctional SAN phe-
notype of ki/kl mice may arise from a defective FGF23/Klotho
pathway, the mechanism may be more complex and possible
additional mechanisms can include a decrease availability
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FIGURE 7 | Prolonged (48h) exposure to FGF23 increase HCN2 and HCN4 expression in pCMs. Fold-change in mRNA levels of HCN1, HCN2,
and HCN4 after 24 and 48 h of pCMs treatment with FGF23 1ng/mL compared with control. RLPO was used as reference gene. White bars represent

vehicle-treated cells; gray bars represent FGF23-treated cells. Individual data points are shown as black diamonds. *p <0.05, Student's ¢-test.
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of the soluble Klotho form and/or aspecific effects of FGF23,
whose levels are high in these mice [12]. Indeed, it is known
that soluble a-Klotho (sKlotho) can regulate the membrane
density of several ion channels and transporters by modifying
protein glycosylation, through its glycosidase and sialidase ac-
tivities, and by regulating membrane lipid raft structure and
function [25, 26]. These mechanisms may thus contribute to
the modulation of the I; current since all four HCN isoforms
(the molecular correlate of the pacemaker current) contain a
conserved extracellular consensus site for N-glycosylation, and,
as many other membrane proteins, they are often localized in
and influenced by lipid rafts [27-29]. kl/kl mice have extremely
high levels of circulating FGF23 (about 460 ng/mL) [12] which
may elicit additional still unidentified effects likely resulting
from FGFR family members not associated with the a-Klotho
co-factor. Finally, the lack of the cardiac protective function of
soluble klotho (i.e., prevention of fibrosis, anti-inflammatory,
and antioxidant [4]) should also be considered. Further experi-
ments are required to shed light on the mechanisms associated
with SAN dysfunctions in ki/kl mice.

The evidence that the FGF23/FGFR1/a-Klotho signaling is
present in both mouse SAN cells and in human pCM suggests
that the SAN is a target of the endocrine action of FGF23. In
particular, the presence of the co-factor a-Klotho increases the
binding affinity and thus ensures activation at physiological con-
centrations [1, 13]. Thus, the FGF23-SAN link may represent an
important player in the cardio-renal axis by coupling calcium
and phosphate homeostasis to HR; dysregulation of this mod-
ulatory mechanism may result in SAN dysfunction. Our in vitro
data suggest that elevated plasma levels of FGF23 may lead to
an increased HR. However, patients with pathological conditions
associated with increasing levels of FGF23, such as end-stage
renal disease, chronic heart failure, and hereditary hypophos-
phatemia, can present either sinus tachycardia or bradycardia
[1, 13, 30-34]. It is reasonable to speculate that this complexity
may arise from the simultaneous influence of additional factors
that can modulate the chronotropic activity of the SAN, such as
aging, autonomic dysfunction, diabetes, hypertension, cardiac
hypertrophy, systemic inflammation, and parathyroid hormone
plasma levels [35-38].

4 | Conclusion

In conclusion, the relevance of the SAN in setting HR makes it
an important target of several neurohumoral agents, including
neurotransmitters, neuropeptides, autocrine, paracrine, and en-
docrine factors that act in concert to allow a rapid adaptation
of the HR to different body needs; dysregulation of these fac-
tors can promote SAN dysfunction [37]. Our data indicate that
FGF23 can be added to the list of these agents, and potential
pathological consequences may arise in contexts of chronically
or markedly elevated FGF23 levels.

5 | Limitations of the Study

Experimental models used in this study present intrinsic limita-
tions that must be acknowledged. Maintaining SAN tissue in an

artificial culture environment may favor cell “remodeling” thus
potentially introducing experimental bias.

Similarly, ki/kl mice are known to exhibit a severe systemic ill-
ness, a condition that may also lead to secondary alterations po-
tentially influencing the results. As originally described, a severe
reduction of Klotho expression in mice results in a syndrome
that closely resembles human aging, characterized by reduced
lifespan, infertility, arteriosclerosis, skin atrophy, osteoporosis,
and emphysema [3]. These animals had been extensively charac-
terized in previous studies, which consistently documented alter-
ations in both macroscopic and biochemical parameters [12, 39].
In particular, kl/kl mice at 6-8 weeks of age display reduced body
weight (BW), heart weight (HW), and kidney weight, together
with an increased HW/BW ratio and elevated levels of urea,
blood urea nitrogen, and circulating FGF23 compared with their
wild-type littermates. Moreover, no relevant changes in plasma
phosphate levels were observed between the two groups, proba-
bly due to the compensatory action of FGF23 as a phosphaturic
hormone, whose levels are typically markedly elevated in kl/kl
mice. Nevertheless, other factors related to the local environment
and feeding regimens in animal facilities may influence these
measurements.

The use of hiPSC-derived cardiomyocytes, obtained with our
protocol, also carries constraints. These cells retain an imma-
ture electrophysiological phenotype, and although we did not
perform a formal quantification in this system, the presence of
immature ventricular, atrial, and fibroblast-like cells is expected.
A hallmark of this immaturity is the persistence of spontaneous
pacemaker activity, driven by sustained high expression of the I,
current and very low levels of IK,. Notably, these same features
are defining electrophysiological traits of sinoatrial node cells.
As suggested by Giannetti et al. [40], hiPSC-derived cardiomyo-
cytes may therefore still provide a valuable platform for studying
human pacemaker activity; consequently, we referred to these
cells as human pacemaker-like cardiac cells.

Despite the specific limitations associated with each model,
SAN tissue incubation and pCMs consistently yielded compara-
ble results. This convergence strengthens the robustness of our
findings and supports the use of these complementary in vitro
approaches to dissect the direct effects of FGF23 while minimiz-
ing the confounding influences inherent to in vivo systems.

6 | Materials and Methods
6.1 | Animals

All experiments have been performed on SAN cells/tissues iso-
lated from 2 to 3 month-old male C57Bl1/6J mice, and 2 month-old
male and female hypomorphic a-Klotho (ki/kl) mice and their
wild-type littermates (+/+). C57Bl/6J procedures conformed to
European and Italian laws (2010/63/UE D. and Lgs n. 2014/26),
and were approved by the Animal Welfare Body of the Universita
degli Studi di Milano and by the Italian Minister of Health. Kl/
kl is a transgenic strain generated by Prof. Makoto Kuro-o [3].
kl/kl mice showed a severe reduction in the transcription of Kl
gene and for that they were defined hypomorfic. This defect in
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Klotho expression results in a syndrome that resemble human
aging as described in [3]. Ki/kl strain procedures conformed to
European and Spanish laws, and were approved by the Bioethical
Committee of the Universidad Auténoma de Madrid, and by the
General Direction of Agriculture and the Environment at the
Environment Council of Madrid (PROEX 186.5/20).

6.2 | Statistical Analysis

Normality of data distributions was verified by the Shapiro-Wilk
test. Normally distributed data were analyzed for statistical signif-
icance using Student's pair t-test (correlated samples), Student's
t-test (uncorrelated samples), or one-way ANOVA followed by
Bonferroni post hoc test (multiple comparisons). Non-normally
distributed data were analyzed for statistical significance using
the nonparametric Mann-Whitney U-test or the Kruskal-Wallis
test (followed by Dunn's test). A p <0.05 was considered statisti-
cally significant.

Additional methods are provided in the Supporting Information.
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Additional supportinginformation can be found onlinein the Supporting
Information section. Table S1: Primers list. Forward (F) and Reverse
(R). Table S2: Primers list. Primer used for the RT-PCR; Forward (F)
and Reverse (R). Figure S1: Representative co-staining of sinoatrial
node (SAN) cells (A) and pacemaker cardiomyocytes (pCMs) (B) with
anti-HCN4 (yellow) and anti-aKlotho (abl, SAB3500604 magenta) an-
tibodies with (bottom) and without (top) the specific blocking peptide
for the anti-aKlotho antibody. (C) Top: Representative co-staining of
pCM with FGFR1 (yellow) and anti-aKlotho (ab2, AF1819, magenta).
Bottom: Negative controls. The goat IgG isotype antibody was used as
negative control for ab2. Nuclei were stained Hoechst (blue). Scale bar
10um. Figure S2: FGF23 does not affect action potentials (AP) rate and
I; of SAN cells after short-term exposure (A). Mean (black circle) = SEM
and single AP rate values obtained before (open circles) and at the end
(open squares) of FGF23 10ng/mL SAN cells perfusion for 74-120s.
Control: 8.23+0.54Hz; FGF23: 8.08 +0.68Hz;n=5/3 mice, p>0.05
pair-sample t-test. (B) Left: Sample I, traces recorded at —75/=125mV
(hp=-30mV) in the absence and in the presence of FGF23 10ng/mL
as indicated. Right: Mean + SEM of normalized current amplitudes at
—75 and —125mV (n=4/2 mice, p>0.05, One sample t-test) (C) Mean
(black circle) = SEM and single AP rate values obtained after 30-60 min
incubation of SAN cells with either vehicle (open circles) or FGF23
10ng/mL (open squares). Control: 8.45+0.75Hz,n=9/6 mice; FGF23:
8.71+0.61 Hz;n =8/6 mice (p>0.05 sample t-test). (D) Mean (filled cir-
cle) + SEM and single gf values. (E) mean I; activation curves obtained
after 30-60min incubation of SAN cells with either vehicle (open cir-
cles) or FGF23 10ng/mL (open squares). Figure S3: Heterogeneity of
mouse SAN action potentials. Overlays of individual AP waveforms
(n=38) obtained after 48 h SAN incubation with vehicle. Figure S4: (A)
RT-PCR analysis of a-Klotho (K1) and FGFR1-4 (R1-4) mRNAs in two
different lines of pCMs. Negative control (no cDNA) is also shown. RT-
PCR analysis amplified transcripts of all members of the FGFR family
and the co-receptor a-Klotho. For a-Klotho, in addition to the expected
band (163bp), we identified one/two additional longer transcripts that
may represent alternative nonfunctional klotho transcripts.6. Figure
S5: Western blot analysis for total ERK and phospho ERK (P-ERK) ex-
pression in pCMs treated for 48h with vehicle (control, 3 samples S4,
S5, and S6) or FGF23 1ng/ml (3 samples S1, S2, and S3). Caveolin 1
(CAV1) has been used as reference. (B) Plot of intensity blot analysis for
ERK tot, P-ERK and P-ERK/ERKtot ratio, normalized to CAV1. FGF23
induced a significant increase in the P-ERK/ERK tot ratio (*p <0.05
Student t-test).
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