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Abstract

Increasing evidence has demonstrated the potential risks of cardiac arrhythmias (such as
prolonged QT interval) using tyrosine kinase inhibitors for cancer therapy. We report here that a
widely used selective inhibitor of Src tyrosine kinases, PP2, can inhibit and prevent isoproterenol
stimulation of cardiac pacemaker activity. In dissected rat sinus node PP2 inhibited and prevented
isoproterenol stimulation of spontaneous beating rate. In isolated sinus node myocytes PP2
suppressed the hyperpolarization-activated “funny” current (If) by negatively shifting the
activation curve and decelerating activation kinetics, associated with decreased cell surface
expression and reduced tyrosine phosphorylation of hyperpolarization-activated, cyclic nucleotide-
modulated channel 4 (HCN4) channel proteins. In human embryonic kidney 293 cells
overexpressing recombinant human HCN4 channels, PP2 reversed isoproterenol stimulation of
HCN4 and inhibited HCN4-573x, a cAMP insensitive human HCN4 mutant. Isoprotenrenol had
little effects on HCN4-573x. These results demonstrated that inhibition of presumably tyrosine Src
kinase activity in heart by PP2 decreased and prevented the potential $-adrenergic stimulation of
cardiac pacemaker activity. These effects are mediated, at least partially, by a cCAMP-independent
attenuation of channel activity and cell surface expression of HCN4, the key channel protein that
controls the heart rate.
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INTRODUCTION

Tyrosine kinases are important in cell physiology such as cell division and angiogenesis and
are targets for cancer therapy (1). The non-receptor tyrosine kinase Src is essential in cell
functions (2). Src was also the first tyrosine kinase to be identified in promotion of tumor
growth (2, 3). Src protein levels are often overexpressed in cancers (3). Thus, inhibition of
Src tyrosine Kinase activity represents a main strategy in cancer therapy (4). PP2 is a widely
used selective inhibitor for Src tyrosine kinases (STK) (5-7) and has been targeted to
develop as an anti-cancer drug (8, 9).

The well-established adrenergic signaling pathway that mediates the regulation of heart rate
is through B-adrenergic receptor activation, G-protein, adenylate cyclase, and cAMP (10,
11). Stimulation of B-adrenergic receptors by 3 agonist, isoproterenol (ISO) increases the
intracellular cAMP concentration (11). CAMP increases I by shifting its voltage-dependent
activation toward more positive potentials associated with acceleration of activation kinetics
(11). Activated near the end of sinus node repolarization, I is an important contributor to the
early diastolic depolarization (11). The amplitude and speed of I¢ activation determine the
slope of early diastolic depolarization, which determines the sinus node pacemaker activity
and thus, the heart rate (11).

I is generated by HCN channels. Three isoforms (HCN1, HCN2, HCN4) are present in the
heart with HCN4 being the prevalent isoform in the sinus node (12). HCN4 gating is
internally inhibited by a C-linker located in the beginning of the C-terminus (13). cAMP acts
on HCN4 by directly binding to the cyclic nucleotide binding domain (CNBD) in the C-
terminus, which releases the C-linker inhibition on the channel gating, leading to faster
opening at more positive potentials (13). Therefore, CAMP sensitivity of HCN4 has been
proposed as a key event for control of heart rate (14).

Our previous studies have indicated a positive correlation of tyrosine phosphorylation with
the HCN4 channel activity (15-17). Increased STK activity increases HCN4 activity
associated with an enhanced surface expression and tyrosine phosphorylation of the channel
protein, whereas inhibited STK activity by PP2 decreases HCN4 channel conductance
associated with a decreased tyrosine phosphorylation of the channel proteins. In addition, we
and others have identified the sites that mediate Src modulation of HCN channels (5, 18).

In this work, we focused on contribution of HCN4 to the potential PP2-induced inhibition of
B-adrenergic stimulation of cardiac pacemaker activity, possibly via a mechanism
independent of cAMP.
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METHODS

Original studies reported here have been carried out in accordance with the Declaration of
Helsinki and/or with the Guide for the Care and Use of Laboratory Animals as adopted and
promulgated by the U.S. National Institutes of Health. The animal protocols were reviewed
and approved by our university animal care and use committee.

Dissection of rat sinus node and isolation of sinus node myocytes

The heart was quickly removed from anesthetized adult Sprague-Dawley rat with sodium
pentobarbital (100 mg/kg) and immersed in normal Tyrode solution containing heparin. The
sinoatrial region was dissected and placed in Tyrode gassed with 100% O, at 37°C. We used
a modified method to identify and isolate rat sinus node myocytes (19). Briefly, the
sinoatrial region was digested in a Ca*-free Tyrode solution containing 0.4mg/ml Librase
Blendyme 4 (Roche Applied Sciences) for approximately 20 min at 37°C. After digestion,
the tissue was trimmed into strips of ~Imm in width and 3-4 mm in length in Ca?* -free
Tyrode solution. The digested tissue was then placed in Krafte-brithe (KB) solution. The
sinus node myocytes were dissociated by gently puffing KB solution onto the tissue. Normal
Tyrode solution contained (mM): NaCl, 140; KCl, 5.4; CaCl,, 1.8; MgCl,, 1; D-Glucose,
5.5; HEPES-NaOH, 5; pH 7.4. Krafte-briihe (KB) solution contained (mM): L-glutamic acid
50, KOH 80, KCI 40, MgS0Oy4 3, KH,PO4 25, HEPES 10, EGTA 1, taurine 20 and glucose
10; pH 7.2.

Figure S1 shows the morphology of rat sinus node (A) and myocytes isolated from it (B).
Typical spindle-like or elongated spindle-like sinus node myocytes are shown in a—d. An
atrial myocyte is also shown on the right for comparison (e). Regardless of different types of
cells, we only selected cells with spontaneous action potentials (C) for patch clamp studies.

Immunofluorescence imaging of single sinus node myocytes

Isolated sinus node myocytes were placed on glass slides, and left to settle for at least 1 hour
before fixation in 4% paraformaldehyde (PFA) for 20 min at room temperature. For drug
treatments, a final concentration of 10 uM PP3, 10 uM PP2, or 100 nM of ISO in phosphate
buffered saline (PBS) were incubated with semi-adhered myocytes for 10 min. PFA was
removed and myocytes were washed for three times with PBS. The cells were then
permeablized with 0.5% Triton-X 100 in PBS for 2 min and rinsed with PBS for three times.
Then the cells were blocked for 30 min at room temperature using PBS containing 2% BSA.
Primary antibodies against HCN4 (Abcam) and phosphotyrosine (4G10, Millipore) were
prepared by 1:100 dilution in the blocking solution, in which the cells were incubated over
two nights at 4°C. After three times of washes with PBS, the secondary antibodies (1:1000,
Alexa Fluor 488 and 555, Invitrogen) were added and incubated for 1 hr in the dark at room
temperature. Following the final rinses with PBS and subsequently distilled water, the glass
slides were coverslipped using 10ul Prolong Gold with DAPI (Invitrogen). This mounting
media requires curing overnight in the dark at room temperature. The slides were then ready
for examination using confocal laser scanning LSM510 microscopy (Carl Zeiss). All
imaging experiments were performed at room temperature.
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Quantification of fluorescence signal for surface and intracellular HCN4 channels

After background fluorescence subtraction, the surface expression of HCN4 is identified
from fluorescence in the peripheral plasma membrane, confirmed with a membrane marker,
DiL (Invitrogen), by colocalization. Image analysis was performed by LSM510, and
quantification of fluorescent signal by ImageJ (NIH). Intracellular fluorescence was
obtained by subtracting the total cell fluorescence by fluorescence on the peripheral plasma
membrane.

Whole-cell patch clamp studies of Is and Iycna

Whole-cell patch clamp technique was used to study I in myocytes isolated from rat sinus
node at 33+1°C and HCN4 and 573x expressed in HEK293 cells at room temperature
(25%1°C).

Sinus node action potential and I¢ currents were recorded at 33 + 1°C using either the whole-
cell or the amphotericin-B perforated patch clamp to avoid I+ rundown (20). Amphotericin -
B was added to the internal solution to a final concentration of 240 pg/ml on the day of use.
Action potentials were recorded in normal Tyrode containing (mM): NaCl 140, KCI 5.4,
CaCl, 1.8, MgCl, 1, Glucose 5.5, Hepes 5, pH 7.4 adjusted by NaOH. The pipettes had a
resistance of 6-8 MS2 when filled with internal solution composed of (mM): NaCl 10, K-
aspartate 130, MgCl, 2, CaCl, 2, EGTA 5, Nap-ATP 2, GTP (sodium salt) 0.1, creatine
phosphate 5, pH 7.2 by KOH.

Unless stated otherwise, for I¢ recordings, potassium channel blockers (2mM 4-AP, 2mM
Ba?*) and calcium channel blockers (0.1mM Cd2*, 2mM Mn2*) were added to normal
Tyrode to inhibit potassium and calcium currents, respectively, to avoid contaminating I¢
deactivation at =30 mV. ATP, GTP and creatine phosphate were freshly prepared on the day
of use.

For recording Icna, day 1 up to day 3 post-transfected HEK293 cells with red fluorescence
were selected for patch clamp studies. The HEK293 cells were placed in a Lucite bath with
the temperature being maintained at 25 + 1°C. Iycna currents were recorded using the whole
cell patch clamp technique with an Axopatch-700B amplifier. The pipettes had a resistance
of 2-4 MQ when filled with internal solution (mM): NaCl 6, K-aspartate 130, MgCl, 2,
CaCl, 5, EGTA 11, and HEPES 10; pH adjusted to 7.2 by KOH. The external solution
contained (mM) NaCl 120, MgCls, 1, HEPES 5, KCI 30, CaCl, 1.8, and pH was adjusted to
7.4 by NaOH. The transient potassium current (l;,) blocker, 4-aminopyridine (4-AP) (2
mM), was added to the external solution to inhibit the endogenous transient potassium
current, which can overlap with Iycna tail currents recorded at +40 mV.

Cell culture and plasmid transfection

HEK?293 cells were grown on poly-D-lysine coated coverslips in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen), supplemented with 10% fetal bovine serum, 100
IU/mL penicillin, and 100 g/L streptomycin. Cells with 50-70% confluence in 6-well plates
were used for plasmids transfection (1-2ug for each plasmid) using Lipofectamine2000
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(Invitrogen). HCN4 and 573x plasmids were fused with GFP for verification of expression
and served as a selection guidance for patch clamp studies.

Data analysis

Drugs

RESULTS

The whole-cell patch clamp data were acquired by CLAMPEX and analyzed by CLAMPFIT
(pClamp 9, Axon). Data are shown as mean £ SEM. Student’s t-test and one-way ANOVA
(for more than two groups) were used for statistical analysis. P<0.05 was considered as
statistically significant.

I¢/14cna current amplitudes were determined by measuring the time-dependent inward
currents that are sensitive to blocker, 1 mM Cs* or 2 uM ZD7288. The activation curve was
constructed on the relative membrane conductance by measuring the tail currents divided by
the driving force (Etest — Erev), Which was then normalized to the maximal conductance. For
current activation that did not reach steady-state (e.g., current traces in response to -60mV,
—-70mV, and —80mV pulses in Figure 3A), we fit the current traces to the steady-state using
one exponential function (15) and obtained the fitted current amplitude, which was used to
construct the activation curve and calculate the activation kinetics (e.g., Figs. 3B, 3C).

Small molecule, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2),
also known as AG 1897 (21), has been widely used as a selective inhibitor of Src kinases
family members (9, 21). The ICsq of PP2 on Src kinase activity is 5-36nM (8, 9). Its
inactive structural analog, 4-amino-7-phenylpyrazol[3,4-d]pyrimidine (PP3), is used as a
negative control to confirm the action of PP2 (9).

PP2 inhibited and prevented ISO stimulation of sinus node pacemaker activity

The spontaneous beating rate of a dissected sinus node was recorded at room temperature
(video S1). PP2 at 2-10 uM decreased the beating rate by 25.2 % (Figure S2, Control: 111 +
2 bpm, PP2: 83 + 4 bpm, p < 0.01, n=5). ISO at 0.1 pM increased the beating rate by 17.1%
(Control: 111 £ 2 bpm, ISO: 130 + 3 bpm, p < 0.01, n=5). The stimulation of 1SO on the
sinus node beating rate was diminished in the presence of PP2 (Control: 111 £+ 2 bpm, ISO
+PP2: 107 + 4 bpm, p = 0.4, n=5). The sinus rate post ISO treatment was statistically
significant from co-administration of ISO and PP2 (p < 0.01). The beating rate was not
significantly affected by PP3 (Control: 111 + 2 bpm, PP3: 109 + 2 bpm, p = 0.45, n=5).

To investigate the mechanisms of PP2-induced decrease and attenuation of 1SO stimulation
of sinus node beating rate, we studied effects of PP2 on the action potentials in isolated sinus
node myocytes. Figure 1 shows that the spontaneous action potentials in an isolated sinus
node myocyte (A), were inhibited by perfusion of 2 uM PP2 for 1-2 min (B). After PP2
washout, the action potentials were partially recovered (C). ISO (10 nM) failed to speed the
spontaneous action potentials in PP2-treated cells (D, E). PP3 did not significantly affect
action potentials compared to PP2 effects (F). Similar results were observed in an additional
five myocytes.

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2015 June 01.
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Figure 2A shows that PP2 (1M, incubation for 15-30min) hyperpolarized the membrane
potential and decreased the slow diastolic depolarization. For comparison, ISO (10 nM)
increased diastolic depolarization (Figure 2B). These results were reproduced in an
additional 6 cells.

Since the cardiac pacemaker “funny” current, l¢, is the depolarizing current that contributes
to sinus node diastolic depolarization (11), we next examined PP2 effects on I+.

PP2 decreased rat sinus node I¢

Figure 3A shows a representative ¢ recorded in an isolated rat sinus node myocyte. The
inset shows that the current is relatively insensitive to 2 mM Ba2*, but can be blocked by 1
mMCs* or 2 UM ZD7288, which are typical characteristics of Is (11). The activation
threshold (Vy, the voltage at which the first time-dependent inward current larger than 10
pA was detected) and midpoint (V1/», the voltage at which the tail current amplitude reaches
half activation) are =60 mV and —83 mV, respectively for this cell. The average activation
midpoint is —=77.8 mV (3B, Table 1). Since Ba2* partially inhibited I (22), the activation
threshold is more positive in the absence of Ba2* (for example, see a supplemental figure
S3).

Figure 3C shows I¢ activation kinetics, which are the fastest compared to I5 in other cardiac
regions such as Purkinje fibers and ventricles (23). These data demonstrate that I gating
properties in the rat sinus node are comparable to those in sinus node of other species such
as mouse (24), dog (25), human (26), and especially rabbit in which I has been mostly
studied (12, 20).

Figure 3D shows that PP2 (2—10 uM) significantly decreased I+ measured at =100 mV
(gray). The inhibition of PP2 on If was confirmed by recovery of the current amplitude after
washout of PP2. PP3 did not inhibit I¢ (gray), suggesting the inhibition of Is by PP2 is
through suppression of STK activity. In a different cell, ISO increased the current amplitude
at —95 mV (3E). In the presence of PP2, however, ISO was unable to increase I¢ (3E, gray).
Figure 3F shows that ISO stimulation of I is via shifting the activation curve towards more
positive voltages, an effect prevented by PP2 (3F, gray). On average, PP2 induced a
hyperpolarizing shift of 10 mV in the activation midpoint of I, whereas 1SO induced a
depolarizing shift of 10.5 mV on its own and a hyperpolarizing shift of 16mV in the
presence of PP2 (Table 1). The activation threshold was shifted 18.5 mV more negative by
PP2, 5.6 mV more positive by ISO, and 23.5 mV more negative by PP2 and 1SO together,
respectively (Table 1).

The I+ activation kinetics was also slowed by PP2. On average, PP2 slowed |5 activation
kinetics at =100 mV by 21%, while 1SO accelerated it by 21% (Table 1). However, instead
of acceleration, 1SO decelerated I; activation Kinetics at =100 mV by 58% when PP2 was
co-administrated (Table 1).

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2015 June 01.
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PP2 induced an internalization of HCN4 associated with a decreased tyrosine
phosphorylation

To investigate the mechanism underlying the prevention of 1SO stimulation of Is by PP2, we
explored a possible alteration of cell surface expression of HCN4 channel proteins in sinus
node myocytes. Figure 4 shows the confocal fluorescent images of sinus node myocytes
stained with a specific HCN4 antibody. Line scan analysis shows the different distribution
patterns of fluorescence for untreated (A), PP2 treated (B), and PP3 treated cell (C). PP2
significantly decreased cell surface fluorescent signals (peaks at the edges) and increased the
intracellular fluorescent signals (peaks in the middle), whereas PP3 did not.

Figure 5 shows the associated changes in tyrosine phosphorylation state of the sinus node
myocytes. Compared to untreated cell (A, green), PP2 significantly decreased the tyrosine
phosphorylation of the cell (B, green). In comparison, ISO increased the tyrosine
phosphorylation state of the cell (C, green), and this increase was inhibited by PP2 (D,
green). The altered tyrosine phosphorylation state is evidenced not only by the change in
fluorescence, but also by the colocalization of HCN4 (red) and tyrosine phosphorylation
state (green), shown in yellow dots marked by white arrows.

Averaging from 20 cells, PP2 reduced HCN4 channel surface expression normalized to the
cell size by 37%, associated with a reduced tyrosine phosphorylation state of cells by 36%
(Figure 6, open bar). ISO increased the surface expression by 54% and the tyrosine
phosphorylation by 49%, respectively (Figure 6, light gray bar). The I1SO-induced effects
were inhibited by PP2, the surface expression and tyrosine phosphorylation were reduced by
31% and 47%, respectively (Figure 6, dark gray bar).

PP2 inhibited HCN4 and prevented the enhancement of HCN4 by ISO

PP2 suppression of HCN4 surface expression can explain PP2 prevention of 1SO stimulation
of It. To confirm this conclusion, we needed to provide direct evidence for a well-
established ISO stimulation of HCN4 that is inhibited by PP2.

Figure 7 shows that the HCN4 current (A) was inhibited by PP2 (10 uM) (B) via a negative
shift of activation threshold (gray line). In the presence of PP2, ISO (0.1 pM) was unable to
induce a positive shift of HCN4 activation (C) in contrast to 1SO stimulation of HCN4
(supplemental Figure S4 (A-C)). After PP2 washout, I1SO was able to shift the HCN4
activation to more depolarizing voltages (D). On average, the activation threshold of HCN4
was positively shifted by 7.6 mV by ISO, and negatively shifted by 11.6 mV by PP2 and
16.6 mV by PP2+ISO, respectively (Table 2). The validation of the f-adrenergic signaling
pathway in HEK293 cells (27) is shown in Figure S4 (B, D) and in Table 2.

Besides activation threshold, the activation midpoint of HCN4 was also shifted by PP2. The
HCNA4 tail current corresponding to activation at —90 mV (gray line) was near half activation
(7E). PP2 negatively shifted the activation midpoint close to —100 mV (7F). In the presence
of PP2, ISO was unable to positively shift the activation midpoint (7G). After PP2 washout,
ISO succeeded in shifting the activation midpoint towards —80 mV (7H). The averaged
activation midpoint was positively shifted by 4.9 mV by 1SO, and negatively shifted by 6.3
mV by PP2 and 13.7 mV by PP2+IS0, respectively (Table 2). PP2 also slowed HCN4

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2015 June 01.
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activation kinetics regardless of 1SO. At =120 mV, I1SO accelerated the activation kinetics
by 44% on average, and PP2 decelerated the activation kinetics by 67% by itself, and by
29% in the presence of ISO (Table 2).

PP2 inhibited and ISO did not affect 573x

PP2 attenuated ISO stimulation of I and HCN4 raised a question that PP2 may act
independently of cAMP mechanism. To address this question, we examined the effects of
PP2 on 573x, an HCN4 mutant that contains the C-linker but lacks the CNBD and cAMP
sensitivity (28).

Figure 8 shows that PP2 inhibited 573x by shifting its activation threshold (gray line) from
-65mV (8A) to —75mV (8B), which was reversible after PP2 washout (8C). The average
activation threshold of 573x was negatively shifted by 18.3 mV by PP2 (V,_control: =55.0
+2.9mV, Vy_PP2: -73.3 £ 3.1 mV, n = 8). The activation midpoint was also negatively
shifted by PP2 (V1/2_control: =81.7 + 4.3 mV, V1 PP2: -92.7 £ 4.8 mV, n=6). In
addition, at =125 mV, PP2 slowed the activation kinetics of 573x by 75% (z-act_control:
1286 = 216 ms, t-act_PP2: 2260 + 268 ms, n = 6).

On the other hand, ISO exerted little effects on 573x current expression shown in Fig. 8D.
This result confirms that the main target region for cAMP-mediated 1SO stimulation of
HCN4 channel activity is indeed CNBD that is missing in 573x.

DISCUSSION

Many inhibitors of tyrosine kinases in cancer therapy have been demonstrated to cause long
QT by altering the properties of multiple ion channels (29). Long QT is often associated
with bradycardia, especially in severe bradycardia caused by defective channel gating (30—
32). In this work, we presented evidence for inhibition and attenuation of -adrenergic
stimulation of cardiac pacemaker activity induced by PP2, a widely used and presumably
selective inhibitor of STK.

In dissected sinus node, PP2 slowed the spontaneous beating rate and blunted 1SO-induced
increase of beating rate (Figure S2). In isolated sinus node myocytes the number of
spontaneous action potentials was dramatically reduced by PP2 (Figure 1B). The PP2-
induced suppression is largely due to a hyperpolarized membrane potential and a decreased
diastolic depolarization.

One important ionic current that controls the heart rate is l¢ in the sinus node (11). Increased
I¢ depolarizes, while decreased I hyperpolarizes, the membrane potential (11). PP2-induced
a membrane hyperpolarization, suggesting that I+ may be affected. Indeed, PP2 decreased I¢
current amplitude, slowed I activation Kinetics, and shifted I; activation curve to more
negative potentials. Further, stimulation of Is by ISO was completely lost in the presence of
PP2.

It is noted that in isolated rat sinus node myocytes, the activation threshold of I is well
within the early diastolic depolarization of the action potential. The maximal diastolic
depolarization is close to —60 mV (Figure 2), and the average s activation threshold is

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2015 June 01.
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around —50 mV in the absence of Ba2* (Figure S3). To initiate the early diastolic
depolarization, only a small I (about 1 pA) is needed due to the high membrane resistance
in the sinus node cells (10).

To understand PP2 inhibition of I, independent of 3-adrenergic stimulation, we examined
the cell surface expression of HCN4, which is regulated by dynamic forward trafficking and
internalization of the channel proteins (33). Due to the small size of sinus node, we chose to
use confocal immunofluorescence imaging, rather than the conventional biotinylation
method (16, 17), which require a much large quantity of tissue to generate sufficient amount
of proteins (see details in Supplement).

Altered fluorescence distribution toward middle from the edges of cell induced by PP2 (4B)
can be reasonably explained by a decreased expression at cell surface and an increased
retention in the cytoplasm of HCN4 channels. This approach has been successfully used to
investigate the surface expression of Cavl.2 channels (34).

We previously found a time-dependent PP2-induced decrease in tyrosine phosphorylation of
HCN4 channel proteins in HEK293 (5). PP2 at 10puM can nearly abolish the tyrosine
phosphorylation of HCN4 after 30min incubation. In this work, we showed that PP2
significantly reduced tyrosine phosphorylation of HCN4 in isolated sinus node myocytes
(4B, green, compared to 4A, green). Furthermore, this reduced tyrosine phosphorylation is
associated with a decreased surface expression of HCN4 channels.

Our previous study showed PP2 inhibition of HCN4 activity by shifting its activation curve
to more negative potentials (5). In the present work, we showed that PP2 can also negatively
shift 573x activation, indicating that PP2 effects on HCN4 is not mediated by CNBD and
thus, independent of cCAMP signaling. This conclusion is further supported by the lack of
ISO effects on 573x.

These results are in agreement with the previous findings that the main sites (Y531 and
Y554) that mediate STK enhancement of HCN4 are located in the C-linker, excluding the
CNBD and the distal C-terminal region (5, 18).

How does PP2 attenuate 1SO stimulation of cardiac pacemaker activity? Src has been
identified as a direct target of Gag and Ga, subunits (35, 36). The Gag and Ga; subunits bind
to the catalytic domain and change the conformation of c-Src in vivo, leading to its
activation. More recently, Src has been found to be bound with and directly activated by 2
adrenergic receptors (B2AR) (37, 38). In the sinus node, f2AR is the dominant isoform that
mediates the modulation of heart rate (39). These findings implicated that upon activation of
B2AR, more active Src may be produced to act on HCN4 channels. This may explain a
larger PP2 suppression of I in the presence of 1SO (Table 1).

The diminished stimulation by I1SO in the presence of PP2 on Iycna, Sinus node Iy, action
potentials, and spontaneous beating rate, respectively, supported the hypothesis that ISO can
increase the sinus node pacemaker activity via a CAMP-independent, Src-mediated
stimulation of HCN4 activity by phosphorylation on tentative tyrosine residues in the C-
linker of the channel protein.

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2015 June 01.
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Recently, PP2 has been found to inhibit many other tyrosine kinases, in addition to STK
(40). The PP2-induced reduction of tyrosine kinase activity from other tyrosine kinases
cannot be excluded in the interpretation of the results presented in this work. Nevertheless,
our results demonstrated that PP2, a widely used STK inhibitor, can decrease and attenuate
the potential B-adrenergic stimulation of the spontaneous cardiac pacemaker activity,
possibly via a decreased tyrosine phosphorylation of HCN4 channel proteins and channel
internalization.

Finally, it is imperative to emphasize that Src tyrosine kinases have multiple targets. Src is a
key modulator for PKA activation (41, 42). Thus, inhibited Src activity can result in a
decreased cAMP production. Src can also directly bind to and modulate many other voltage-
gated ion channels such as K* channel (43, 44), Na* channel (6), L-type Ca2* channel (45,
46), and Na*/K* pump (47). All these channels and pump, particularly L-type Ca%* channel,
can contribute to cardiac pacemaker activity (48). The critical role of Cav1.3 L-type calcium
current in sinus node pacemaker activity has been well documented in rabbit (49), mouse
(50-54) and human (55). Recently, another important component of cardiac pacing
mechanism, “Ca%* Clock”, has been demonstrated to couple HCN/I+ component for cardiac
pacing under physiological conditions, and particularly under 3-adrenergic stimulation (56).
This mechanism provides reasonable explanation for the preservation of isoproterenol
stimulation of heart rate in conditional HCN4 knockout (57) and cAMP-insensitive HCN4
mutant knockin mice (14). Potential effects of PP2 on L-type calcium current and
ryanodine-receptor dependent Ca?* release will be the next important research question as
how the inhibited Src tyrosine kinases may interfere with the modulation of “Ca2* Clock”
by B-adrenergic stimulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PP2 slows and prevents 1SO stimulation of action potentials in isolated sinus node
myocytes

(A) spontaneous action potentials (APs) recorded from a sinus node myocyte. (B) PP2 at 2
UM reduced the number of APs that were spontaneously fired. (C) Washout of PP2 partially
recovered the number of APs. Similar experiments were repeated in an additional 4 cells.
Dash lines indicate OmV. (D) APs recorded from a different sinus node myocyte pretreated
with 2 uM PP2 for 2-4 min. (E) In the presence of PP2, ISO (10 nM) failed to increase the
number of APs. Similar experiments were repeated in an additional 3 cells. (F) APs recorded
from a different myocyte incubated with PP3 (2 uM) for 5 min. Similar results were
obtained in an additional 4 cells.
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Figure 2. PP2 inhibits diastolic depolarization in isolated sinus node myocytes
(A) action potentials were recorded in the same cell incubated with PP2 (1uM, 15-30min)

(gray) and washout (black). Removal of PP2 depolarized membrane potential and increased
the slow diastolic depolarization. (B) action potentials were recorded in the same cell in the
absence and presence of 10nM ISO (grey).
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Figure 3. PP2 decreases and prevents 1SO stimulation of I¢
(A) I currents elicited by 1-second pulses from =50 mV to =120 mV in 10 mV increments.

The holding potential was =30 mV. The inset shows that I current was not blocked by 2
mM Ba2*, but by 1 mM Cs* or 2 uM ZD7288. (B) |s activation curve constructed from tail
currents averaged from 7 cells. (C) If activation Kinetics averaged from 7 cells. (D) At —100
mV, I (dark line, control) was unaffected by PP3 (gray line) but significantly decreased by
PP2 (gray line). Washout of PP2 increased I¢ (dark line). (E) At =95 mV, I¢ (control) was
increased by 1SO, but decreased in the presence of ISO and PP2 (gray line). (F) activation
curves for It (Control), in response to 1SO and ISO+PP2 (gray line), respectively.
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Figure 4. PP2 induces HCN4 internalization in isolated sinus node myocytes
Cross-sectional images showing isolated sinus node myocytes untreated (A) and treated with

10 uM PP2 for 10 min (B), and treated with 10 uM PP3 for 10min (C). The histogram of
fluorescence corresponding to each condition is shown below the respective image. (A) In
control, most HCN4 channels are expressed at the surface. (B) PP2 treatment results in
intensive internalization of HCN4 channels, (C) while PP3 did not affect the surface
expression of HCN4 channels. Blue: DAPI. The similar results were observed in an
additional 7-11 myocytes.
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Figure 5. PP2 reduces the tyrosine phosphorylation of HCN4 in isolated sinus node myocytes
(A) untreated cell, (B) PP2 (10 uM) treated for 10 min, (C) ISO (0.1 uM) treated for 10 min,

(D) ISO (0.1 uM) + PP2 (10 uM) treated for 10 min. Tyrosine phosphorylation of HCN4
channel is indicated by colocalization (yellow spots marked by white arrows) of HCN4 (red)
andphosphotyrosine (green) fluorescent signals. Scale bar: 10 um. Blue: DAPI. The similar
results were observed in an additional 6-9 myocytes.
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Figure 6. Average inhibition of PP2 on surface expression and tyrosine phosphorylation of
HCN4 in sinus node myocytes

Fluorescence signals for HCN4 surface fluorescence and tyrosine phosphorylation
normalized to cell are represented in arbitrary unit (AU). ISO’s effects are shown in light
grey bars. PP2’s effects are shown in open bars. PP2’s effects in the presence of ISO are
shown in dark grey bars. The average results were from fluorescence analysis in 20
myocytes. * indicates statistically significant difference on surface expression compared to
untreated myocytes. # indicates statistically significant difference on tyrosine
phosphorylation state compared to untreated myocytes.
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(A) HCN4 currents in a HEK293 cell elicited by 10-sec hyperpolarizing pulses as indicated.
(B) HCN4 currents in the presence of PP2. (C) HCN4 currents in the presence of PP2 and
ISO. (D) HCN4 currents in the presence of 1SO alone after washout of PP2. (E) Enlarged
HCNA4 tails from A. (F) Enlarged HCN4 tails from B. (G) Enlarged HCN4 tails from C. (H)
Enlarged HCN4 tails from D. Current traces in gray correspond to the activation threshold

(A-D) or voltages close to the activation midpoint (E-H).
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Figure 8. PP2 inhibits and 1SO does not affect HCN4-573x in HEK293 cells
(A) HCN4-573c current expression in response to 10-sec hyperpolarizing pulses from —55

mV to —125 mV in 10 mV increments; (B) after 5-10 min perfusion of PP2 (10 uM); (C)
after PP2 washout. Currents in gray indicate the activation threshold. (D) I1SO did not affect
573x current expression. Currents were normalized for easy comparison of current traces

recorded at —110mV.
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Effects of PP2 and I1SO on rat sinus node I (Ba2* in solution)

Table 1

Vin(mV)

Vip(mV)

w-act (-100mV) (ms)

Control

-59.4+4.8(n=11)

-77.8+2.3(n=9)

416.3+20.9(n=11)

*

PP2

~77.9+3.9(n=8)

-87.8+2.3(n=6)

502.3248.1(n=6)

1ISO

-53.8+4.0(n=9)

-67.3+2.3(n=7)

328.8+22.0(n=7)

1SO+PP2"

-82.9+3.6(n=6)

-93.8+1.5(n=6)

658.0+36.1(n=6)

*
PP3 did not have the effects of PP2 shown in the table.
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Table 2

Effects of PP2 and ISO on HCN4 gating properties

Vin(mV)

Vip(mV)

t-act (-120mV) (ms)

Control

-66.7+3.6(n=15)

-87.2+3.5(n=10)

2439+110(n=10)

*

PP2

~78.3+2.8(n=9)

-93.5+2.9(n=7)

4075+305(n=7)

I1ISO

-59.1+4.4(n=7)

-82.3+2.3(n=7)

1356£127(n=7)

PP2*+1SO

-83.3+3.3(n=6)

-100.9+2.3(n=6)

3135+173(n=6)

*
PP3 did not have the effects of PP2 shown in the table.
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