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Figure S1

Time (ms)

dp/dt, rates of change of LV pressure; LVR left ventricular pressure.

Examples of LV haemodynamic recording in mice receiving aortic banding for 4 weeks
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Figure S2 Famotidine (Fam; 10 mg/kg per day) treatment for 4 weeks improved HF induced by TAC in C57 mice
(A) Heart weight/body weight (HW/BW) ratio. (B) Lung weight/BW ratio. (C) LVFS.*P < 0.01 compared with sham; #P < 0.05

compared with TAC; n = 6, 9 and 6 in sham, TAC and TAC+Fam groups, respectively.
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Figure S3  Fibroblast identification and Western blot analysis of calcineurin in neonatal rat fibroblasts
(A) Vimentin staining was used as a fibroblast marker. (B) Western blot analysis of calcineurin. -Actin was used as loading

control. Doses of histamine and AD were 1 uM.
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H2R-knockout mice are resistant to heart failure
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H2R activation exerted no effect on apoptosis in neonatal rat fibroblasts

Lv-CN

Lv-CN + ’\D

(A) TUNEL assay shows that both AD (1 uM) and lentivirus carrying shRNA of calcineurin (Lv-CN) did not influence
apoptosis of fibroblasts (pink indicates apoptosis). (B) Quantitative analysis of TUNEL. Data are shown as the means +
S.E.M. Experiments were repeated three times. Scale bar = 75 um.
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Table S1 Sequences of the primers for routine or real-time PCR or genotyping

WT, wild-type.

Transcripts Forward primer (5'—3') Reverse primer (5'—3') Size (bp)
WT H2R AATGTGGTCGTCTGCCTGGCT CTCTGTTGAGGGTGGCGTAC 298
Mutant H2R ACATCTAGCTTCCTCACTGCCTC ~ CTGACTAGGGGAGGAGTAGAA 1000
Procoilagen | CTCGTCACAGCCTTCAC AATCCAGTAGTAATCGCTCTTC 176
Procollagen It~ CTACACCTGCTCCTGTCATT CCACCCATTCCTCCGACT 232
GAPDH ACCAACTGCTTAGCCCCCC GCATGTCAGATCCACAACGG 281
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Imazu M, Takahama H, Asanuma H, Funada A, Sugano Y, Ohara
T, Hasegawa T, Asakura M, Kanzaki H, Anzai T, Kitakaze M. Patho-
physiological impact of serum fibroblast growth factor 23 in patients with
nonischemic cardiac disease and early chronic kidney disease. Am J Physiol
Heart Circ Physiol 307: H1504-H1511, 2014. First published September 12,
2014; doi:10.1152/ajpheart.00331.2014.—Although the important role
of fibroblast growth factor (FGF)23 on cardiac remodeling has been
suggested in advanced chronic kidney disease (CKD), little is known
about serum (s)FGF23 levels in patients with heart failure (HF) due to
nonischemic cardiac disease (NICD) and early CKD. The present
study aimed to investigate sFGF23 levels in NICD patients and
identify the responsible factors for the elevation of SFGF23 levels. We
prospectively measured sFGF23 levels in consecutive hospitalized
NICD patients with early CKD (estimated glomerular filtration rate =
40 ml'min~"-1.73 m~?) and analyzed the data of both echocardiog-
raphy and right heart catheterization.- Of the 156 NICD patients
(estimated glomerular filtration rate range: 41-128 ml-min~!-1.73
m~2), the most severe HF symptom (New York Heart Association
class III-IV, 53% vs. 33%, P = 0.015) was found in the above median
sFGF23 (39.1 pg/ml) group compared with the below median sFGF23
group. SFGF23 levels were higher in patients with HF hospitalization
history compared with those without HF [median: 46.8 (interquartile
range: 38.8—62.7) vs. 34.7 (interquartile range: 29.6—-42.4) pg/ml, P
< 0.0001]. In the multivariate analysis, HF hospitalization was
independently related to elevated sFGF23 levels (P = 0.022). Both
systolic dysfunction and high plasma aldosterone concentration were
identified as predictors of high sFGF23 levels (P < 0.05). Among the
neurchormonal parameters, elevated sFGF23 levels were the only
factor to predict a declining left ventricular ejection fraction (P =
0.001). These findings suggest that the progression of HF per se
contributes to the elevation of SFGF23 levels even in the early stages
of CKD, which leads to further myocardial dysfunction, potentially
creating a vicious cycle.

fibroblast growth factor 23; heart failure; chronic kidney disease

FIBROBLAST GROWTH FACTOR (FGF)23, a phosphate-regulating
hormone secreted from osteoblasts, promotes urinary phospho-
rus excretion and inhibits the activation of vitamin D in the
presence of its cofactor, Klotho (1, 11, 21). Recent studies have
suggested that an elevated circulating FGF23 level is an inde-
pendent risk factor for mortality and morbidity in patients with
chronic kidney disease (CKD) (8, 12) and a potential risk
factor for cardiovascular events in a community-based popu-
lation (10). Furthermore, a recent experimental study (4) has
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demonstrated that FGF23 directly promotes cardiomyocyte
hypertrophy. Several clinical studies have also suggested the
relationship of serum FGF23 levels with both cardiac dysfunc-
tion (25) and hypertrophy in CKD patients (7) and the associ-
ation between serum FGF23 levels and clinical outcomes in
outpatients with stable heart failure (HF) (20). Interestingly,
the previous studies have suggested no relationship of FGF23
levels with the prevalence of coronary artery disease (CAD)
(25) and coronary artery calcification (24). These clinical and
experimental findings have the significant implication that
FGF23 can directly influence cardiac function and structure
other than the ischemic mechanisms. These findings facilitated
us to hypothesize that FGF23 plays a role on the progression of
cardiac dysfunction in patients with nonischemic cardiac dis-
ease (NICD). In addition, other studies (6, 28) have also
reported that circulating FGF23 levels are elevated before the
development of overt hyperphosphatemia in the early stages of
CKD. These lines of evidence promoted us to test the idea that
serum FGF23 levels are elevated even in early stages of CKD
and affect the pathophysiology in HF patients. Furthermore, it
is also crucial to identify the risk factor to elevated FGF23
levels in HF patients, although the determinants of serum
FGF23 levels in NICD patients have not yet been completely
identified in the clinical setting.

Accordingly, we measured serum FGF23 levels in NICD
patients without advanced renal impairment, surveyed the
relationship of serum FGF23 levels with cardiac structure,
function, and the hemodynamic state, and sought to identify the
determinants of serum FGF23 levels in NICD patients.

METHODS

Study design. This study was a prospective cross-sectional study of
serum FGF23 levels in hospitalized patients with NICD at a single
center.

NICD patients. Since previous studies have suggested that serum
FGF23 levels increased marginally with declining renal function
below 30—40 ml/min of glomerular filtration rate (GFR) (13, 28), we
set the inclusion criteria for renal function as an estimated GFR
(eGFR) of =40 ml'min~'-1.73 m™2. We could obtain written in-
formed consents from a total of 181 consecutive patients admitted to
our department between January and December 2012 (male patients:
n = 93, 51.4%; female patients: n = 88, 48.6%). Patients with CAD
were excluded from this study. All patients received coronary angiog-
raphy or coronary computed tomography. CAD was defined by =75%
narrowing in one or more coronary arteries or clinical history of
myocardial infarction or coronary artery bypass surgery or percuta-
neous coronary intervention. Of the included patients, whether the HF
episode met Framingham criteria was reviewed by two investigators

http://www.ajpheart.org
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(M. Imazu and H. Takahama) via medical records and confirmed that
all patients met the criteria. Patients with cardiomyopathy underwent
either myocardial biopsy or cardiac MRI for diagnosis. Diagnosis for
cardiomyopathy was based on the definition of the World Health
Organization/International Society and Federation Cardiology Task
Force (23).

Biomarker measurements. Patients underwent a blood test for
measurements of serum levels of FGF23, creatinine, calcium, phos-

Table 1. Baseline characteristics in NICD patients

H1505

phate, intact parathoroid hormone, troponin T, IL-6, TNF-a, plasma
renin activity, and plasma levels of aldosterone in the present study
before being discharged from the hospital. Blood sampled from the
patients was placed in tubes with EDTA, and the serum was separated
and frozen in plastic tubes at —80°C until analysis. The serum FGF23
level was measured with a chemiluminescence enzyme immunoassay
(Kyowa Medex, Tokyo, Japan) as previously described (26). Both
serum concentrations of IL-6 and TNF-a were measured with immu-

Characteristics Below Median Group Above Median Group P Value
n 78 78
Demographic data
Age, yr 66 (IQR: 55-74) 57 (IQR: 43-69) 0.011
‘Women/men, % 60/40 40/60 0.010
New York Heart Association class III-IV, % 33 53 0.015
History
HF hospitalization, % 23 60 <0.0001
Hypertension, % 50 37 0.106
Diabetes mellitus, % 21 27 0.324
Stroke, % 12 10 0.797
Atrial fibrillation, % 22 40 0.015
Etiology of NICD <0.0001
Primary cardiomyopathy, n 19 38 0.235
Idiopathic dilated cardiomyopathy, n 9 24
Hypertrophic cardiomyopathy, n 9 14
Arrhythmogenic right ventricular cardiomyopathy, n 1 0
Secondary cardiomyopathy, n 5 11 0.036
Amyloidosis, n 0 4
Myocarditis, n 3 1
Cardiac sarcoidosis, n 1 0
Other, n 1 6
Valvular disease, n 51 21 0.070
Aortic stenosis, n 21 4
Aortic regurgitation, n 7 1
Mitral stenosis, n 6 1
Mitral regurgitation, n 10 8
Tricuspid regurgitation, n 0 1
Postvalve replacement, n 7 6
Hypertensive heart disease with HF, n 3 8
Physical findings
Systolic blood pressure, mmHg 116 (IQR: 107-126) 104 (IQR: 93-118) <0.0001
Heart rate, beats/min 65 (IQR: 58-76) 70 (IQR: 62-77) 0.081
Body mass index, kg/m? 22.5 (IQR: 20.0-25.7) 22.1 (IQR: 19.9-25.3) 0.970
Medications
B-Blockers, % 41 69 0.0004
Angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers, % 46 64 0.024
Loop diuretics, % 22 62 <0.0001
Aldosterone antagonists, % 9 58 <0.0001
Statins, % 32 23 0.210
Laboratory data
Phosphate, mg/dl 3.6 (IQR: 3.2-3.9) 3.7 IQR: 3.34.1) 0.258
Intact parathyroid hormone, pg/dl 52 (IQR: 40-68) 56 (IQR: 41-80) 0.137
eGFR, ml'min~'-1.73 m~2 73 (IQR: 63-83) 69 (IQR: 55-80) 0.060
Troponin T, ng/ml 0.010 (IQR: 0.008-0.014) 0.015 (IQR: 0.009-0.023) 0.027
TNF-a, pg/ml 0.81 (IQR: 0.40-1.61) 1.36 (IQR: 0.85-2.05) 0.008
IL-6, pg/ml 1.51 (JQR: 0.92-2.66) 2.16 (IQR:1.29-3.19) 0.024
Plasma renin activity, ng-ml~"-h™! 1.4 IQR: 0.4-3.8) 6.5 (IQR: 1.2-13.6) 0.0003
Plasma aldosterone concentration, ng/dl 12.6 (IQR: 8.5-16.3) 14.4 (IQR: 8.7-29.9) 0.032
Brain natriuretic peptide, pg/ml 81 (IQR: 41-162) 154 (IQR: 55-289) 0.007
TmP/GFR, mg/dl 3.29 (IQR: 2.90-3.55) 3.19 (IQR: 2.66-3.81) 0.797
FGF23, pg/ml 31.1 (IQR: 27.6-35.3) 51.3 (IQR: 43.2-61.5)
Echocardiography data
LVEDV index, ml/m? 103 (IQR: 84-139) 128 (IQR: 90-165) 0.098
LVEF, % 63 (IQR: 45-68) 38 (IQR: 23-60) <0.0001
Relative wall thickness 0.37 (IQR: 0.29-0.48) 0.33 (IQR: 0.25-0.41) 0.101
Left atrial volume index, ml/m? 51 (IQR: 38-69) 57 (IQR: 49-71) 0.109

Values are numbers of patients (n), medians with interquartile ranges (IQRs), or percentages. The below median group comprised patients with a less than
median value of serum fibroblast growth factor (FGF)23 level (39.1 pg/ml); the above median group comprised patients with a greater than median value of serum
FGF23 level. NICD, nonischemic cardiac disease; HF, heart failure; eGFR, estimated glomerular filtration rate (¢GFR); TmP/GFR, tubular maximal reabsorption
rate of phosphate to GFR; LVEDV, left ventricular (LV) end-diastolic volume; LVEF, LV ejection fraction.
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Fig. 1. Serum fibroblast growth factor (FGF)23 levels in patients with nonischemic cardiac disease (NICD). A: serum FGF23 levels in NICD patients. Red and
blue squares show patients with a history of heart failure hospitalization (HOSP group) and without any history of HF hospitalization (non-HOSP group),
respectively. *P < 0.0001, non-HOSP group vs. HOSP group. Values are shown as medians and 5-95% distribution. B: relationships between estimated
glomerular filtration rate (eGFR) and serum FGF23 levels in NICD patients with and without a history of heart failure hospitalization. Graphs indicate the
correlations between serum FGF23 levels and eGFR. Red and blue plots and lines show patients in the HOSP and non-HOSP groups, respectively. There was
no difference in the relationship between eGFR and serum FGF23 levels in the non-HOSP group (r = 0.129, P = 0.224). In contrast, a steeper relationship
between eGFR and serum FGF23 levels was found in patients in the HOSP group (r = 0.342, P = 0.005 in the HOSP group, group difference, P = 0.042).

noassays (R&D Systems). The plasma intact parathoroid hormone
level was measured by an electrochemiluminescence immunoassay
(Roche Diagnostics, Tokyo, Japan). eGFR (in ml'min~'-1.73 m™2)
was calculated according to the following published equation for
Japanese individuals: 194 X serum creatinine™ 0% X age™0%-287
(X 0.739 for women) (18). Both plasma renin activity and aldosterone
concentration were measured by radioimmunoassays (Fujirebio, To-
kyo, Japan). Urinary creatinine and phosphate concentrations were
obtained via medical records. As previously described (2), the tubular
reabsorption of phosphate (TRP) was calculated using the following
equation: 1 — (Up/Pp) X (Pe/Ucr), where Uy, and Py, are urine and
plasma phosphate concentrations, respectively, and Pcr and Ue, are
urine and plasma creatinine concentrations, respectively. The renal
tubular maximum reabsorption rate of phosphate to GFR (TmP/GFR)
was calculated according to the following equation: TRP X P, (if
TRP = 0.86) or 0.3 X TRP/[1 — (0.8 X TRP)] X P, (if TRP > 0.86).

Echocardiography. We retrospectively reviewed the data of echo-
cardiography of the enrolled patients via their medical records. Left
ventricular (LV) dimensions, left atrium volume, and wall thickness
were measured according to American Society of Echocardiography
guidelines (16). LV ejection fraction (LVEF) was measured using the
Simpson biplane method or the semiquantitative two-dimensional
visual estimate method as previously described (22). LV end-diastolic
volume and mass were calculated using the Teichholz and Devereux
formula (3, 27), respectively.

Right heart catheterization. The indication of right heart catheter-
ization (RHC) was determined by the need of disease managements
for an assessment for the HF severity for hospitalized patients. We
collected the data from all enrolled patients who underwent RHC.
Standard RHC was performed using a Swan-Ganz catheter (Good-
man, Tokyo, Japan). Cardiac output was calculated with the direct
Fick method as O, consumption divided by the arteriovenous O,
difference, as previously described (15). Briefly, O, consumption was
obtained by a respiratory gas analyzer (Aeromonitor AE-300S, Mi-
nato Medical Science, Osaka, Japan). Levels of hemoglobin, O,
saturation, and Po, (arterial and venous Po,) were measured by a

blood gas analyzer (OSM3, Radiometer, Copenhagen, Denmark).
Blood from a vein was sampled from the pulmonary artery.

Clinical outcomes. After the enrollment in this study, we investi-
gated cardiovascular death, heart transplantation, implantation of a
LV assist device, and rehospitalization for HF over 1 yr through
medical chart review or a letter. Cardiovascular events were defined as
a composite of cardiovascular death, implantation of a LV assist
device, or rehospitalization for HF.

Ethics. Written informed consent was obtained from all subjects.
This study was approved by our institutional ethics committee and
was conducted in accordance with the Declaration of Helsinki.

Statistical analysis. Data are expressed as medians and interquartile
ranges (IQRs). Between-group differences were compared with a
x>-test for categorical variables. Student’s t-test (normalized distrib-
uted data) or Wilcoxon’s rank sum test (non-normalized distributed
data) was used for the comparison of continuous variables between
two groups. Pearson’s correlation coefficient analysis or Spearman’s
rank correlation coefficient analysis and linear regression were used to
assess the relationships between FGF23 levels and other variables.
The multiple linear regression model was used to test multiple
covariates. All variables with P < 0.10 in univariate analysis were
selected and performed into the multivariable models. All tests were

Table 2. Comparison of serum FGF23 levels in non-HF and
HF patients

Nonhospitalized group versus Adjusted Mean 95% Confidence
hospitalized group Difference Interval P Value
Model 1 —7.260 —9.877, —4.642 <0.0001
Model 2 -6.190 —8.802, —3.578 <0.0001
Model 3 —3.989 —6.771, —1.206 0.005

Model 1 was adjusted for age and sex, model 2 was adjusted for age, sex, and
eGFR, and model 3 was adjusted for age, sex, eGFR, and use of loop diuretics
(yes = 1).
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Table 3. Univariate and multivariate analyses of serum FGF23 levels in laboratory data

Univarjate Analysis

Multivariate Analysis

Variables Regression coefficient, pg/ml 95% confidence interval P value Regression coefficient, pg/ml 95% confidence interval P value
eGFR -0.329 —0.495, —0.163 0.0001 0.237 -0.510, 0.037 0.089
Troponin T 235.8 2.741, 468.9 0.047 70.40 —185.9,326.7 0.587
TNF-a 2.227 0.260, 4.194 0.027 2.715 —0.538, 5.968 0.101
1L-6 0.628 —0.580, 1.837 0.306
‘White blood cell count 0.0003 —0.0013, 0.0019 0.747
C-reactive protein 2.579 —-5.967,11.13 0.552
Plasma aldosterone
concentration 0.384 0.194, 0.573 0.0001 0.345 0.122,0.567 0.003

n = 156 patients total. In the multivariate model, age and sex were adjusted.

two-tailed, and P values of <0.05 were considered significant. These
analyses were performed with JMP 10 (SAS Institute, Cary, NC).

RESULTS

Relationship between clinical features of NICD-induced HF
patients and serum FGF23 levels. We excluded 25 CAD
patients from this study according to the aim of this study and
the criteria. Of the remaining 156 patients, we divided the
patients into above and below median FGF23 levels (39.1
pg/ml), as shown in Table 1 (above or below median groups).
Between these two groups, higher prevalence of New York
Heart Association (NYHA) class III-IV at admission (53% vs.
33%, P = 0.015) and HF hospitalization (60% vs. 23%, P <
0.0001) were frequently observed in the above median group.
We also observed a higher proportion of patients with cardio-
myopathy (62% vs. 28%, P < 0.0001) and atrial fibrillation
(40% vs. 22%, P = 0.015) and a lower systolic blood pressure
[104 (IQR: 93-118) vs. 116 (IQR: 107-126) mmHg, P <
0.0001] in the above median group. Loop diuretics were
frequently used in the above median group compared with the
below median group (62% vs. 22%, P < 0.0001). Aldosterone
antagonists were frequently used in the above median group
compared with the below median group (58% vs. 9%, P <
0.0001). eGFR was on the statistical border between the two
groups (P = 0.060). Blood levels of troponin T, TNF-a, IL-6,
and aldosterone were higher in the above median group than in
the below median group (Table 1). Echocardiography revealed
a lower degree of LVEF in the above median group [38 (IQR:
23-60)% vs. 63 (45-68)%, P < 0.0001]. There were no
significant differences regarding the LV end-diastolic volume
index, relative wall thickness, and left atrial volume index
between the groups. The subtype of cardiac disease is shown
in Table. 1. There was no patient with a history of kidney
transplant or kidney disease. TmP/GFR was measured in
104 patients, and we found no differences between the
above and below median FGF23 groups (Table 1). In the
analysis between serum FGF23 levels and physiological

variables, serum FGF23 levels were related to mean blood
pressure (r = —0.281, P = (0.003) but were not related to
heart rate (r = 0.090, P = 0.267) and body mass index (r =
—0.017, P = 0.830).

Serum FGF23 levels in NICD-induced HF patients. We
investigated serum FGF23 levels in patients with or without a
history of HF hospitalization (hospitalized or nonhospitalized
groups, respectively). Serum FGF23 levels were higher in the
hospitalized group compared with the nonhospitalized group
[34.7 (IQR: 29.6—-42.4) vs. 46.8 (IQR: 38.8-62.7), P <
0.0001; Fig. 1A]. Figure 1B shows the relationship between
eGFR and FGF23 levels in the hospitalized and nonhospital-
ized groups. There were no differences in the relationship
between eGFR and serum FGF23 levels in the nonhospitalized
group (r = 0.129, P = 0.224). In contrast, as eGFR decreased,
serum FGF23 levels were elevated at a higher rate for the
hospitalized group than for the nonhospitalized group (r =
0.342, P = 0.005 in the hospitalized group, group difference,
P = 0.042). Table 2 shows the multivariate linear model of
serum FGF23 levels in these groups. Serum FGF23 levels were
higher in the hospitalized group even after adjustments of age,
sex, eGFR, and the use of loop diuretics. TmP/GFR did not
differ between the hospitalized and nonhospitalized groups.

Predictor of serum FGF23 levels in NICD-induced HF
patients. Table 3 shows the relationships between serum
FGF23 levels and other laboratory markers. eGFR, troponin T,
TNF-o, and plasma aldosterone concentration were related to
FGF23 levels in the univariate analysis. In the multivariate
analysis, plasma aldosterone concentration was the only factor
related to serum FGF23 levels (P = 0.003). Table 4 shows the
relationship of serum FGF23 levels with ventricular structural
and functional values as assessed by echocardiography. In the
multivariate analysis, LVEF was the only factor related to
serum FGF23 levels (P = 0.020). Table 5 shows the multivar-
iate analysis for the relationship of serum FGF23 levels with
history of HF hospitalization, plasma aldosterone concentra-
tion, LVEF, and use of diuretics after adjusting for age, sex,

Table 4. Univariate and multivariate analyses of FGF23 in echocardiography data

Univarjate Analysis

Multivariate Analysis

Variables Regression coefficient, pg/ml 95% confidence interval P value Regression coefficient, pg/ml 95% confidence interval P value
LVEDYV index 0.083 0.030, 0.136 0.003 0.032 ~0.054,0.118 0.462
LVEF —0.348 —0.500, —0.197 <0.0001 —-0.251 —0.461, —0.040 0.020
Relative wall thickness —15.66 —33.82,2.496 0.090 11.35 —11.84,34.54 0.334

In the multivariate model, age, sex, and eGFR were adjusted.
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Table 5. Multivariate analysis of FGF23

Multivariate Analysis

Regression coefficient, 95% confidence

Variables pg/ml interval P value
History of HF
hospitalization -~4.330 —8.250, —0.411 0.031
Plasma aldosterone
concentration 0.236 0.041, 0431 0.018
LVEF —0.141 —0.344, 0.063 0.174
Use of loop diuretics —3.042 —0.629, 0.201 0.066

n = 156 patients total. In the multivariate model, age, sex, and eGFR were
adjusted.

and eGFR. The history of HF hospitalization (P = 0.031) and
plasma aldosterone concentration (P = 0.018) were indepen-
dently related to serum FGF23 levels in this model.

Relationships of systolic function with serum FGF23 levels
and other laboratory markers. To test the correlation of LVEF
with the laboratory data, including serum FGF23 levels, we
performed multivariate regression analyses. The results are
shown in Table 6. In the multivariate model, after adjusting for
age and sex, serum FGF23 levels were correlated with LVEF
(P = 0.001), whereas no relationships with LVEF were found
in eGFR, TNF-q, and plasma aldosterone concentration.

Relationship between serum FGF23 levels and the hemody-
namic state. Table 7 shows the central hemodynamic data
obtained through RHC in 127 patients. In the above median
FGF23 group, the cardiac index was significantly lower com-
pared with the below median group [2.4 (IQR: 1.9-2.7) vs. 2.7
(IQR: 2.4-3.1) I'min~*m™2, P = 0.001]. Table 8 shows the
relationship between serum FGF23 levels and hemodynamic
values as assessed by RHC. In the multivariate analysis, the
cardiac index was the only factor related to serum FGF23
levels (P = 0.018).

Predictive value of serum FGF23 levels for clinical out-
comes. During the 1-yr followup term, cardiovascular events
occurred in 15 patients (cardiac death: 1 patient, implantation
of a LV assist device: 2 patients, and rehospitalization for HF:
12 patients). Kaplan-Meier analysis showed that the frequency
of cardiovascular events were higher in the above median
FGF23 group than in the below median FGF23 group (P =
0.005; Fig. 2). Even after adjustments for age, sex, and eGFR,
the predictability of serum FGF23 levels for cardiovascular
events persisted (Table 9).

DISCUSSION

The present study showed that seram FGF23 levels were
elevated in NICD patients who had a HF hospitalization history
compared with patients without any HF hospitalization history.
Although it is known that the circulating FGF23 level is
influenced by other variables, such as renal function (28), we
prospectively measured serum FGF23 levels in patients with-
out advanced renal impairment and confirmed the pathophys-
iological importance of serum FGF23 levels in patients with
HF history even in the early stages of CKD. The multivariate
analysis in the present study revealed that HF hospitalization
history was the strongest predictor for the elevation of serum
FGF23 levels in NICD. The present study also revealed that
serum FGF23 levels are tightly related to plasma aldosterone
levels and that systolic dysfunction and low cardiac output are
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tightly related to serum FGF23 levels. Taken together, we raise
the possibility that such pathogenesis and risk factors for the
development of HF are the determinants of serum FGF23
levels in NICD patients. In addition, among the neurohormonal
parameters measured in the present study, an elevated serum
FGF23 level was the only factor to predict a declining LVEF
level. Furthermore, even after adjustments for age, sex, and
eGFR, the serum FGF23 level was a strong predictor for future
cardiovascular events in the present study. Consistent with
previous studies reporting that circulating FGF23 levels can
affect cardiac structure and function, our findings suggest that
the progression of HF contributes to the elevation of circulating
FGF23 levels, which leads to further myocardial dysfunction,
potentially creating a vicious cycle.

Serum FGF23 levels in NICD-induced HF patients. There
has been less evidence of circulating FGF23 levels in HF
patients with preserved renal function. This study confirmed
that in NICD patients, even in the early stages of CKD, serum
FGF23 levels are elevated in those with a history of HF
hospitalization compared with those without HF hospitaliza-
tion history (Fig. 1). We also confirmed higher serum FGF23
levels in HF patients even accounting for age, sex, eGFR, and
the use of diuretics (Table 2). The determinants of serum
FGF23 levels have not been completely clarified in previous
studies of HF patients. Our findings suggest that NICD-in-
duced HF hospitalization itself is one of the strong determi-
nants of serum FGF23 levels even in a population with rela-
tively preserved renal function. Figure 1B shows that there was
a steeper negative slope between serum FGF23 levels and
eGFR in the hospitalized group compared with the nonhospi-
talized group, suggesting that serum FGF23 levels are elevated
in HF patients even in the early stages of CKD. Although the
responsible factors for the elevation of serum FGF23 levels in
HF patients have been remained uncertain in previous studies,
we identified high plasma aldosterone concentration (Table 3),
low. LVEF (Table 4), and low cardiac index (Table 8) as
predictors for the elevation of serum FGF23 levels even after
accounting for eGFR. Whether low cardiac output itself inde-
pendently contributes to the elevation of serum FGF23 levels
from renal function still remains controversial. Interestingly,
we also found that in the above median FGF23 group, the
percentage of patients who took a loop diuretics was higher
than in the below median group (P < 0.0001; Table 1), and we
can raise the possibility that decreased renal perfusion by
diuretics affects serum FGF23 levels. Consisted with these
findings, a previous study (9) has suggested the relationship
between the use of diuretics and circulating FGF23 levels. As
a speculation, we also suggest that decreasing renal perfusion

Table 6. Multivariate linear model of LVEF in laboratory
data

Multivariate Analysis

Regression coefficient, 95% confidence

Varijables pg/ml interval P value
eGFR 0.116 —0.109, 0.341 0.308
TNF-a 0.664 —1.308, 2.635 0.506
Plasma aldosterone

concentration —0.145 —0.359, 0.070 0.184
FGF23 -0.340 -0.531, —0.150 0.001

In the multivariate model, age and sex were adjusted.
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Table 7. Right heart catheterization data

H1509

Below Median Group Above Median Group P Value
Right atrial pressure, mmHg 4 (IQR: 2-5) 4 (IQR: 2-5) 0.553
Mean pulmonary artery pressure, mmHg 17 (IQR: 14-20) 18 (IQR: 13-25) 0.207
Pulmonary capillary wedge pressure, mmHg 10 (IQR: 7-12) 11 (IQR: 6-17) 0.345
Cardiac index, I-min~'-m~2 2.7 IQR: 2.4-3.1) 2.4 (IQR: 1.9-2.7) 0.001

Values are medians with IQRs; n = 67 patients in the below median group and 60 patients in the above median group.

induced by a low cardiac output state is one of the key factors
affecting serum FGF23 levels. Although eGFR in the present
study was relatively preserved (median eGFR: 73 and 69
ml'min~'m~? in below and above median FGF23 groups,
respectively), the findings of steeper correlation between serum
FGF23 levels and eGFR in the hospitalized group also support
the hypothesis. Our findings also suggest a positive relation-
ship between serum FGF23 levels and neurohormone activa-
tion or inflammatory markers, such as TNF-a. These findings
are consistent with those of previous study (1) with the respect
to the relationship between inflammatory markers and FGF23
levels in CKD patients, suggesting that inflammation is asso-
ciated with an elevation of circulating FGF23 levels in HF
patients. Our findings also demonstrate that there was no
longer a relationship between TNF-a and serum FGF23 levels
in multivariate analysis (Table 3), with a possible explanation
that there might be an interplay between several factors, such
as neurohormonal activation and inflammation, for elevating
serum FGF23 levels. Interestingly, a more recent study (17)
has raised the possibility of endogenous Klotho expression in
arteries. Inflammatory cytokines, such as TNF-a, downregu-
late Klotho expression in the kidney through NF-«B (19) or
suppress the expression of both Klotho and FGF receptor in an
in vitro study (17). It is worth considering the interplay among
neurohormonal activation, inflammatory cytokines, vascular
Klotho, and circulating FGF23 levels in patients with HF, and
further investigation will be necessary to solve it. Taken
together, our results could not explain the mechanism of
elevating serum FGF23 levels by a single factor. Indeed, in
multivariate analysis (Table 5), LVEF was not correlated with
serum FGF23 levels. In addition, we found that aldosterone
antagonists were frequently used in the above median group
compared with the below median group (58% vs. 9%, P <
0.001). This might also influence the higher plasma aldosterone
concentration in the above median group. We suggest that such
complex interaction or underlying conditions predisposing to
the development of HF contribute to the elevation of serum
FGF23 levels in NICD patients.

Between the hospitalized and nonhospitalized groups, the
differences of serum FGF23 levels were statistically signifi-

cant, but small. Because of such low circulating levels of
FGF23, it is worth to consider whether FGF23 is a “pure”
endocrine factor to play a role on cardiac remodeling. Inter-
estingly, some studies (5, 14) have suggested the presence of
circulating progenitor cells, which are capable of differentiat-
ing into osteoblasts. These findings facilitated us to the further
investigation to elucidate the relationship between circulating
progenitor cells and serum FGF23 levels. The relationships
between such a low level of circulating FGF23 and FGF23
signaling in cardiomyocytes or the endothelium and the inter-
action with vascular Klotho have also remained uncertain;
further investigation will be needed to determine their relation-
ships.

In addition, a clinical study (7) has suggested that circulating
FGF23 levels are associated with the degree of LV hypertrophy
in patients with CKD. In this study, we determined that serum
FGF23 levels were significantly correlated with LV systolic
function and cardiac output but were not related to the degree
of cardiac hypertrophy. Because the stages of CKD in our
patients were relatively early, these differences from previous
studies also raise the possibilities that CKD stages and serum
FGF23 levels are correlated with the cardiac phenotype. In
accordance with this finding, the phosphate reabsorption, as
indicated by TmP/GFR, did not differ between the above and
below median groups in the present study. This finding sug-
gests that serum FGF23 levels were relatively lower than
advanced CKD patients because of our focus on NICD patients
with early stages of CKD.

Limitations. We acknowledge that our study has some lim-
itations that merit noting. First, this study was a single-center
study, which poses a possible bias risk regarding HF severity
and etiologies. Second, although differences in the etiologies of
NICD were found between the below and above median
FGF23 groups, the present study included valvular disease
patients with milder HF symptoms, who hospitalized for an
elective catheter test. These variances influence the differences
of HF etiologies between the below and above median FGF23
groups. Age differences were observed between the above and
below median FGF23 groups. Even after accounting for the
age differences in the multivariate models, we confirmed that

Table 8. Univariate and multivariate analyses of FGF23 in right heart catheterization data

Univariate Analysis

Multivariate Analysis

Regression coefficient,

95% confidence

Regression coefficient, 95% confidence

Variables pg/ml interval P value pg/ml interval P value
Right atrial pressure 1.547 0.494, 2.601 0.004 0.612 —0.594, 1.820 0.317
Mean pulmonary artery pressure 0.503 0.120, 0.885 0.010 0.501 —0.095, 1.097 0.098
Pulmonary capillary wedge pressure 0.612 0.083, 1.142 0.024 —0.551 —1.450, 0.347 0.227
Cardiac index —6.697 —10.73, —2.669 0.001 —4.532 —0.894, —0.126 0.044

n = 127 patients total. In the multivariate model, age, sex, and eGFR were adjusted.
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Fig. 2. Kaplan-Meier analysis for cardiovascular events in the below and above
median FGF23 groups. Red and blue lines show the below and above median
FGF23 groups, respectively. Kaplan-Meier analysis showed that the frequency
of cardiovascular events was higher in the above median FGF23 group than in
the below median FGF23 group (P = 0.005).

serum FGF23 levels were higher in patients with HF hospital-
ization history. We also demonstrated the predictive value of
serum FGF23 levels for clinical outcome even after accounting
for age differences in the multivariate models. There were a
few patients with extreme outlier values, as shown in Fig. 1B.
No confounding factor for the elevation of serum FGF23
levels, such as a past history of bone metabolic disease, was
found in patients. However, after the exclusion of patients with
outlier values, a similar tendency was found (» = 0.411, P =
0.0008). Urine tests were not performed in all enrolled patients,
because the results of urine tests were taken from a part of
clinical routine tests. Nevertheless, the subanalysis for TmP/
GFR might provide us some information regarding relative
levels of serum FGF23 levels.

Conclusions. Serum FGF23 levels were elevated in NICD
patients with a history of HF hospitalization even though their
renal function was relatively preserved. We demonstrated that
the underlying substrates of HF, such as cardiac dysfunction
and neurohormonal activation, are associated with an elevation
of serum FGF23 levels in our patients and suggest that the
progression of HF itself contributes to the elevation of circu-
lating FGF23 levels even in early CKD, which leads to further
myocardial dysfunction, potentially creating a vicious cycle.
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Augmented AMPK activity inhibits cell migration
by phosphorylating the novel substrate Pdlim5
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Augmented AMP-activated protein kinase (AMPK) activity inhibits cell migration, possibly
contributing to the clinical benefits of chemical AMPK activators in preventing
atherosclerosis, vascular remodelling and cancer metastasis. However, the underlying
mechanisms remain largely unknown. Here we identify PDZ and LIM domain 5 (Pdlim5) as a
novel AMPK substrate and show that it plays a critical role in the inhibition of cell migration.
AMPK directly phosphorylates Pdlim5 at Ser177. Exogenous expression of phosphomimetic
S177D-Pdlim5 inhibits cell migration and attenuates lamellipodia formation. Consistent with
this observation, S177D-Pdlim5 suppresses Racl activity at the cell periphery and displaces
the Arp2/3 complex from the leading edge. Notably, S177D-Pdlim5, but not WT-Pdlim5,
attenuates the association with Racl-specific guanine nucleotide exchange factors at the cell
periphery. Taken together, our findings indicate that phosphorylation of Pdlim5 on Ser177 by
AMPK mediates inhibition of cell migration by suppressing the Racl-Arp2/3 signalling
pathway.
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MP-activated protein kinase (AMPK), generally consid-
ered an energy sensor kinase, requires AMP for activa-
v 3 tion!. Recently, a growing body of evidence has revealed
that AMPK also plays a key role in the establishment of cell
polarity and motility>®. We previously reported that AMPK
regulates cell migration by controlling microtubule dynamics
through phosphorylation of a cytoplasmic linker protein-170
(CLIP-170)*. Moreover, recent studies have implicated AMPK in
the regulation of actin cytoskeleton dynamics and reorganization
at the plasma membrane®S. Thus, AMPK is predicted to regulate
cell migration by controlling both microtubule and actin-filament
dynamics.

Cell migration is a physically integrated molecular process that
begins with dynamic polarization and formation of lamellipodia,
membrane protrusions at the leading edges of cells’. Racl, a Rho-
family small GTPase, is a key upstream regulator of actin
dynamics and organization, and is necessary for the formation of
persistent lamellipodia leading to directional cell migration®®.
Once Racl is activated by guanine nucleotide exchange factors
(GEFs) at the leading edge, the activated form (GTP-bound Racl)
recruits a complex containing its downstream effector Wiskott—
Aldrich Syndrome protein family verprolin homologous to the
plasma membrane, leading in turn to activation of the actin-
related protein 2/3 (Arp2/3) complex!®!l, Activated Arp2/3
complex functions as an efficient nucleator'®!! to organize the
branched actin-filament network involved in formation of
lamellipodia, a critical step in cell migration.

Some drugs in clinical use have the potential to indirectly
activate AMPK. These compounds have been convincingly shown
to prevent atherosclerosis, vascular remodelling, and tumour
invasion and metastasis'2~!7, processes in which dysregulated cell
migration contributes to the development and progression of
diseases. Accordingly, the clinically beneficial effects of chemical
AMPK activators can be partially attributed to inhibition of cell
migration via augmentation of AMPK activity. However, the
mechanisms by which augmented AMPK activity inhibits cell
migration remain largely unknown.

In this study, we identified PDZ and LIM domain 5 (Pdlim5)'8
as a novel substrate of AMPK; Pdlim5 is directly phosphorylated
by AMPK at Serl77. This phosphorylation results in

displacement of Rho GEF 6 (Arhgef6), a Racl/Cdc42-specific

GEF and also known as p2l-activated kinase-interacting
exchange factor-aPIX, from the leading edge of the cell by
disrupting the association between Pdlim5 and Arhgef6.
Displacement of Arhgef6 suppresses Racl activity and the
disappearance of Arp2/3 complex from the cell periphery,
leading to defects in lamellipodia formation and inhibition of
directional cell migration. We propose that Pdlim5 is the main
signalling molecule that regulates cell migration in the context of
augmented AMPK activity.

Results

Pdlim5 is phosphorylated at Ser177 by AMPK. Our group has
worked on AMPK for many years. To estimate the AMPK activity
level in vivo, we often monitor phospho-acetyl-CoA carboxylase
(pACC), a well-known substrate of AMPK whose level generally
reflects the AMPK activity?. When we treated C2C12 cells with
AMPK activators such as 5-aminoimidazole-4-carboxyamide
ribonucleoside (AICAR), A-769662 and 2-deoxy-p-glucose (2-
DG), we serendipitously observed reproducible and specific
induction of a protein with an apparent molecular mass of
64kDa (p64) that cross-reacted with a commercially available
antibody against pACC (Fig. la and Supplementary Fig. lab,
respectively). Three-step column chromatography followed by
mass-spectrometric analysis revealed that p64 was likely to be
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Pdlim5 (ref. 19; Fig. 1b,c). To confirm this, we generated three
polyclonal antibodies against mouse Pdlim5 (Supplementary
Fig. 1c) and designed two different small interfering RNAs
(siRNAs) against the Pdlim5 messenger RNA (Supplementary
Fig. 1d). When we treated C2C12 cells with siPdlim5, the p64
band disappeared (Fig. 1d). Therefore, we concluded that p64 is
indeed Pdlim5. Furthermore, as the p64 band, probably
representing a phosphorylated form of Pdlim5, was detected
exclusively after AMPK activation, we speculated that Pdlim5 is a
substrate of AMPK. Pdlim5, also known as Enigma homolog
protein, is an o-actinin-binding protein that possesses a PDZ
domain at its amino terminus and three LIM motifs at its carboxy
terminus'®, Pdlim5 anchors to the actin cytoskeleton via its PDZ
domain and recruits LIM-associated proteins to actin filaments?’,
To narrow down the location of the phosphorylation site, we
transfected wild-type (WT) Pdlim5 or deletion mutants
(Supplementary Fig. 2a) into HEK293T cells, and then treated
the transfectants with AICAR. A mutant truncated after N184
cross-reacted with the pACC antibody following AMPK
activation (Supplementary Fig. 2b), whereas a mutant truncated
after N160 did not, indicating that the phosphorylation site
resides within the N-terminal segment of Pdlim5 between Alal61
and Asnl184.

Next, we introduced Ser-to-Ala or Thr-to-Ala point mutations
into this putative phosphorylation segment (Fig. 2a). Both the
S175A and S177A mutants lost cross-reactivity with pACC
antibody (Fig. 2a). Next, we performed in vitro phosphorylation
assays on recombinant FLAG-tagged Pdlim5 (WT, S175A and
S177A). The results revealed that incorporation of [y-32P]ATP
into Pdlim5 was inhibited only in the S177A mutant, indicating
that Ser177 is the unique phosphorylation site of Pdlim5 (Fig. 2b).
We confirmed direct phosphorylation of Pdlim5 at Serl77 by
AMPK by in vitro phosphorylation assay using recombinant
glutathione S-transferase (GST)-fused Pdlim5 (WT or S177A)
expressed in Escherichia coli (Supplementary Fig. 2c,d), and
subsequently by using an antibody we generated (Supplementary
Fig. 2e) against Serl77-phosphorylated Pdlim5 (Ab-pS177)
(Fig. 2¢). The amino-acid sequence surrounding Ser177 matches
the consensus sequence for AMPK phosphorylation sites
(Supplementary Fig. 2f) and also exhibits a high similarity with
the phosphorylation site of ACC (Supplementary Fig. 2f).
Furthermore, Serl77, but not Serl75, is highly conserved only
in mammals (Supplementary Fig. 3). Next, we confirmed that
endogenous Pdlim5 is phosphorylated at Serl77 on AMPK
activation in vivo in vascular smooth muscle cells (vSMCs)
(Fig. 2d and Supplementary Fig. 4). Finally, we investigated
whether Pdlim5 is phosphorylated in response to an acute
physical stimulus. Hypoxia (1% O, for 2h) activated AMPK and
induced Ser177-phosphorylation of Pdlim5 (Fig. 2e). Together,
these data indicated that augmented AMPK activity induces
Ser177 phosphorylation of Pdlim5 both in vitro and in vivo.

Ser177 phosphorylation of Pdlim5 inhibits cell migration. To
accurately assess the functions of Serl77 phosphorylation of
Pdlim5 by AMPK, it is essential to use a system that eliminates
any effects associated with AMPK activation other than Ser177
phosphorylation. For this purpose, we established the
knockdown-rescue (KDR) system in vSMCs by depleting
endogenous Pdlim5 and simultaneously expressing siPDLIM-
resistant enhanced green fluorescent protein (EGEFP)-tagged
Pdlim5 (Fig. 3a). For this purpose, we treated cells with siRNA
oligonucleotides targeting the 3'-untranslated region mRNA of
mouse Pdlim5 (siPdlim5-2) and infected them with adenovirus
encoding EGFP-WT-, EGFP-S177A- or EGFP-$177D-Pdlim5,
yielding cells we designated KDR/WT-, KDR/S177A- or KDR/
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Figure 1] Pdlim5 is a substrate of AMPK. (a) C2C12 cells were stimulated with AICAR (2 mM) 12 h after serum starvation. Total cell lysates (TCLs) were
harvested O, 5, 10 and 15 min after stimulation and subjected to immunoblotting with anti-pACC antibody. In addition to the predicted band for pACC
(arrowhead), a cross-reacting band, p64 (arrow), was detected in a time-dependent manner after AICAR treatment. (b) A schematic representation of
the purification and identification of p64. TCLs from C2C12 cells treated with AICAR were subjected to three-step column chromatography (superQ-5PW,
protein R and 5Ph-AR-300). p64 was detected using the anti-pACC antibody in each step. Images were obtained by immunoblotting and silver staining.
The identified band (arrow in silver-stained gel), fractionated by reverse-phase HPLC (5Ph-AR-300), was excised and analysed by mass spectrometry.
(€) Amino acid sequence of Pdlim5. Sequence analysis by MALDI-Qg-TOF MS/MS revealed the target protein to be Pdlim5. Matching amino acids are
shown in magenta letters. (d) C2C12 cells treated with siRNA (siCTL or siPdlim5-2) were stimulated with AICAR and TCLs were subjected to
immunoblotting with pACC and Pdlim5 antibodies (Ab229-2). Arrowhead and arrow denote pACC and p64, respectively.

S177D-Pdlim5, respectively. This KDR system successfully
replaced endogenous Pdlim5 with EGFP-Pdlim5 at physiological
expression levels in vSMCs (Fig. 3a). Exogenously expressed
EGFP-Pdlim5 co-localized with a-actinin and F-actin structures
(Fig. 3b), a pattern similar to that of endogenous Pdlim5
(Supplementary Fig. 5), although EGFP-Pdlim5 appeared in the
cytoplasm at much higher levels than the endogenous protein.
Importantly, EGFP-WT-Pdlim5 was phosphorylated by AMPK
in the same manner as endogenous Pdlim5, whereas EGFP-
$177A-Pdlim5, an unphosphorylatable mutant, was not phos-
phorylated (Fig. 3c). EGFP-S177D-Pdlim5, a phosphomimetic
mutant, was recognized by the Ab-pS177 antibody even in the
absence of AICAR stimulation (Fig. 3c). This result indicates that
phosphorylated WT-Pdlim5 and the S177D-Pdlim5 mutant are
structurally similar. Thus, even in the absence of AMPK activa-
tors, exogenously expressed EGFP-S177D-Pdlim5 behaved simi-
lar to endogenous Pdlim5 phosphorylated by AMPK. It is
particularly noteworthy that the KDR system can exclude any
effects associated with AMPK activation other than Serl77
phosphorylation of Pdlim5.

AMPK activation inhibits cell migration; to investigate whether
this effect is mediated by Pdlim5 phosphorylation at Ser177, we
performed a scratch assay using the KDR/YSMC system in the
absence of AMPK activators. KDR/S177D-Pdlim5 cells exhibited
a marked delay in scratch closure relative to both KDR/WT- and
KDR/S177A-Pdlim5 cells (Fig. 3d,e and Supplementary Movie 1).
By tracking the movement of individual cells, we could calculate
the path length (L) and displacement (D) of individual cells

(Fig. 3f). KDR/S177D-Pdlim5 cells exhibited a lower migration
speed (defined as L/total trajectory time) and less directionality
(defined as D/L) than KDR/WT- and KDR/S177A-Pdlim5 cells
(Fig. 3g,h). Next, we performed a scratch assay in the presence of
AMPK activator (Supplementary Fig. 6). Compared with KDR/
WT- and KDR/S177D-Pdlim5 cells, the degree of cell migratory
inhibition was lower in KDR/S177A-Pdlim5 cells (Supplementary
Fig. 6). Furthermore, we examined single-cell - migration
in the absence of AMPK activators. Consistent with the results
of the scratch assay, KDR/S177D-Pdlim5 cells exhibited impaired
cell migration (Supplementary Fig. 7ab and Supplementary
Movie 2).

Next, we examined the AMPK specificity of the }iahenotypes
observed in KDR cells using AMPKul~/~027/~ mouse
embryonic fibroblasts (AMPKa-null MEFs). First, we confirmed
that Pdlim5 phosphorylation by AMPK activators was completely
blocked in AMPKa-null MEFs (Fig. 4a and Supplementary
Fig. 8). Moreover, a scratch assay confirmed that AMPK
activator-induced cell migratory inhibition was abolished in
AMPXKo-null MEFs (Fig. 4b-d and Supplementary Movie 3). For
further confirmation, we constructed a Pdlim5 knockout vSMC
(Pdlim5 ~/~ vSMC) line by genome editing, using the CRISPR/
Cas9 system (Supplementary Fig. 9), and established a knockout
and rescue cell system by expressing EGFP-Pdlim5 (WT, S177A
or S177D) at physiological level by adenovirus transduction of
knockout cells (Supplementary Fig. 10a). When the knockout and
rescue cells were subjected to a cell migration assay
(Supplementary Fig. 10b-d), the results were consistent with
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Figure 2 | Pdlim5 is directly phosphorylated at Ser177 by AMPK. (a) Diagrams of point-mutated Pdlim5. HEK293T cells were transiently expressed
with each point-mutant of cFLAG-tagged Pdlim5 and treated with AICAR (2mM) for 15 min. Proteins purified on anti-FLAG M2 agarose were subjected to

immunoblotting with anti-pACC or anti-FLAG antibody. (b) In vitro assay for

AMPK phosphorylation. Recombinant cFLAG-tagged Pdlim5 (WT, S175A or

S177A) from HEK293T cells was incubated with baculovirus-expressed recombinant AMPK in the presence of [y-32P]JATP and then subjected to

autoradiography. Asterisk denotes bands of a-subunit of recombinant AMPK.

(€) In vitro phosphorylation assay by AMPK. Recombinant GST-tagged Pdlim5

proteins (WT and S177A) were incubated with or without recombinant AMPK and then subjected to immunoblotting with Ab-pS177. (d) vSMCs
transfected either with siCTL or siPdlim5-2 were treated with AICAR (2 mM) for the indicated times, and TCLs were subjected to immunoblotting with
Ab-pS177. (e) vSMCs were exposed to physiological hypoxia (1% O, for 2h). TCLs were subjected to immunoblotting with the indicated antibodies.

those obtained with the KDR cells. Together, these results
indicated that Ser177 phosphorylation of Pdlim5 by AMPK
inhibits cell migration.

Ser177 phosphorylation altered actin architectures. To eluci-
date the mechanism by which Ser177 phosphorylation of Pdlim5
inhibits cell migration, we monitored morphological changes in
KDR cells. In all three types of KDR cells, EGFP-Pdlim5 protein
co-localized with F-actin at the cell periphery and on stress fibres
(Fig. 5a), indicating that co-localization of Pdlim5 with actin was
not influenced by the phosphorylation state of Ser177. However,
KDR/WT- and KDR/S177A-Pdlim5 cells displayed smooth
lamellipodia-like edges, whereas KDR/S177D-Pdlim5 cells
exhibited attenuated lamellipodia formation and jagged edges
with excessive filopodia-like protrusions and ventral stress fibres
(Fig. 5a and Supplementary Fig. 11a). In addition, both KDR/
WT- and KDR/S177A-Pdlim5 cells contained small and scattered
spots of focal adhesions at the junction between the lamellipodia
and lamella; by contrast, in KDR/S177D-Pdlim5 cells, focal
adhesions were displaced to the edge of the cell and significantly
enlarged in size (Fig. 5a and Supplementary Fig. 11b). To deter-
mine whether the morphological changes observed in KDR/
S177D-Pdlim5 cells were related to Serl77 phosphorylation of
Pdlim5, we performed time-lapse imaging before and after
treatment with AMPK activator (Fig. 5b,c). In KDR/WT-Pdlim5
cells, but not in KDR/S177A-Pdlim5 cells, AMPK activation
induced defective lamellipodia formation and promoted

expansion of the EGFP signals from the side opposite the lamellae
towards the cell centre (Fig. 5b,c and Supplementary Movie 4), a
pattern resembling the growth of dorsal stress fibres. This mor-
phological change was similar to that observed in KDR/S177D-
Pdlim5 cells. Furthermore, AMPK activation induced defective
lamellipodia and enhanced stress fibre formation in WT-MEFs,
but not AMPKa-null MEFs (Fig. 4e). These findings suggested
that Serl77 phosphorylation of Pdlim5 by augmented AMPK
activity induced attenuation of lamellipodia and promoted for-
mation of stress fibres from the cell periphery. Furthermore, these
observations suggested that morphological changes of the actin
architecture were initiated near the cell periphery.

Ser177 phosphorylation altered Arp2/3 complex localization.
Accordingly, we focused on the Arp2/3 complex, because it is one
of the major actin nucleators at the cell periphery and plays a key
role in lamellipodia formation!®. Expression levels of Arp2/3
complex were comparable among the various types of KDR cells
(Supplementary Fig. 12a). However, the intracellular localization
of Arp2/3 complex was markedly altered in both spreading and
polarized cells (Fig. 6). In spreading cells, KDR/WT-Pdlim5 cells
exhibited highly uniform lamellipodia throughout the cell edge,
where Arp3 predominantly localized (Fig. 6a). By contrast, KDR/
$177D-PdlimS5 cells exhibited filopodia-like protrusions instead of
lamellipodia, and localization of Arp3 shifted from the cell edge
to a cytoplasmic distribution (Fig. 6a). A similar pattern was
observed in polarized cell: Arp3 localized in actin-rich
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between series of results was assessed using one-way analysis of variance, followed by a post-hoc comparison with Dunnett's method for multiple
comparisons. *P<0.01 compared with WT.

lamellipodia in KDR/WT-Pdlim5 cells, but was distributed Ser177 phosphorylation of Pdlim5 decreased Racl activity.

diffusely throughout the cytoplasm in KDR/S177D-Pdlim5 cells
(Fig. 6b). These findings indicated that Ser177 phosphorylation of
Pdlim5 impairs the function of the Arp2/3 complex by altering
the localization of the complex from the cell edge to the
cytoplasm. Consistent with this, vSMCs defective for Arp2/3
complex due to knockdown of the Arpc2 subunit exhibited a
phenotype very similar to that of DR/S177D-Pdlim5 cells
(Supplementary Fig. 12b,c). On the other hand, mammalian
diaphanous (mDia), another actin nucleator, persisted at the
leading edge of the cells (Supplementary Fig. 13).

£516:6137 | DOL: 10.1038/ncomms7137 | www.nature‘com/r%%?écommunications

Next, we measured the activities of Racl, an upstream regulator
of the Arp2/3 complex that is required for lamellipodia forma-
tion®?, GTP-bound active Racl was significantly reduced in
KDR/S177D-Pdlim5 cells relative to KDR/WT- and KDR/S177A-
Pdlim5 cells (Fig. 7a). Furthermore, we carried out imaging of
Racl activity in living cells, using vSMCs stably expressing the
Raichu-Racl probe (vVSMC-Rg,.; cells), which is based on the
principle of fluorescence resonance energy transfer (FRET)
biosensors?!. We established the KDR system in vSMC-Rg,
cells, as described above, except that siPDLIM-resistant Pdlim5
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was co-expressed with mCherry instead of being tagged with
EGFP (Raichu-Racl/KDR/Pdlim5-T2A-mCherry) (Fig. 7d). Racl
activity was lower in cells expressing S177D-Pdlim5 than in those
expressing WT-Pdlim5 or S177A-Pdlim5, especially in the cell
periphery (Fig. 7e and Supplementary Fig. 14). Thus, these
findings indicated that Racl activity was suppressed in cells
expressing S177D-Pdlim5, especially in the cell periphery,
resulting in dislocation of the Arp2/3 complex. On the other

hand, we observed no changes in RhoA or Cdc42 activity
(Fig. 7b,c and Supplementary Fig. 15).

Pdlim5 phosphorylation altered the interaction with Arhgef6.
To investigate the molecular mechanism by which S177D-Pdlim5
suppresses Racl activity, we performed GST pull-down assays
followed by high-sensitivity shotgun liquid chromatography-mass

| 6:6137 | DOL 10.1038/ncomms7137 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.



ARTICLE

EGFP

Phalloidin

KDR/EGFP--Pdiim5 cells (without AICAR)
S177A

S177D

AICAR+

Paxillin Merge (Phalloidin/paxitiin)

Figure 5 | Ser177 phosphorylation of Pdlim5 causes reorganiiéfioniof' lamellipodia, stress fibres and focal adhesions. (a) GFP images (left) and
immunostained images of KDR/EGFP-Pdlim5 cells (WT, S177A and $177D). Cells were stained with phalloidin and anti-paxillin antibody, to visualize actin
microfilaments and focal adhesions, respectively. Magnified images outlined by vellow squares show the area outlined by the white squares. Scale bar,
10 um. (b,c) Sequential GFP images of KDR/EGFP-WT-Pdlim5 (b) or KDR/EGFP-S177A-Pdlim5 (¢) cells before and after AICAR stimulation (2 mM). Yellow
arrowheads represent dorsal stress fibres growing from the opposite side after AICAR treatment of KDR/EGFP-WT-Pdlim5 cells. Scale bar, 10 um.

spectrometry, using total cell lysates from U937 cells. Among a
total of 1,225 proteins detected, several RhoGEFs were more
prominently associated with GST-WT-Pdlim5 than with GST-
$177D-Pdlim5 (Supplementary Table 1). Among them, we focused
on Arhgef6, because it exclusively associated with WT-Pdlim5
(Fig. 8a) and can activate Racl at the leading edge of migrating
cells?>?%, Both the biochemical dissociation of Arhgef6 and S177D-
Pdlim5, and the intracellular co-localization of Arhgef6 with
Pdlim5 at the cell periphery were disrupted in KDR/S177D-Pdlim5
cells (Fig. 8b). These findings suggested that Serl77
phosphorylation of Pdlim5 disrupted the recruitment of Arhgef6
at the cell's leading edge, potentially suppressing Racl activity.
Next, we compared the effect of Arhgef6 knockdown on cell
migration and morphology with that of Ser177 phosphorylation of
Pdlim5 (Fig. 8c and Supplementary Fig. 16). The similarity was

only partial: Arhgef6-knockdown vSMCs exhibited a disturbed
migration relative to control vSMCs (Supplementary Fig. 16b-d)
and defective lamellipodia (Fig. 8c), but not elevated formation of
stress fibres (Fig. 8c).

Pdlim5 recruits AMPK onto actin filaments. To investigate how
AMPK signalling is transmitted to peripheral actin filaments, we
examined the physical link between actin filaments, Pdlim5 and
AMPK. Immunoprecipitation/immunoblotting of HEK293T cells
co-transfected with V5-tagged AMPKo and FLAG-tagged Pdlim5
(WT, APDZ or ALIM) demonstrated that AMPK bound to
Pdlim5 through the LIM domain (Fig. 9a). Next, we performed an
F-actin-binding assay, in which F-actin and its binding proteins
are found in the pellet fraction, to determine whether Pdlim5
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Figure 6 | Ser177 phosphorylation of Pdlim5 leads to altered Arp2/3
complex localization. (a,b) Immunostaining of spreading (a) or polarized
(b) KDR/EGFP-Pdlim5 cells. Cells were fixed and stained with an Arp3
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promotes the recruitment of AMPK onto actin filaments. In the
absence of Pdlim5, AMPK was found exclusively in the super-
natant (Fig. 9b). However, in the presence of Pdlim5, AMPK
shifted from the supernatant to the pellets and this shift was
greatly stimulated by the presence of a-actinin (Fig. 9b). These
findings indicate that Pdlim5 binds AMPK directly and promotes
the recruitment of AMPK onto F-actin, a process mediated by
ci-actinin.

Discussion

The results described here reveal the mechanism by which
augmented AMPK activity inhibits cell migration. In this study,
we serendipitously identified Pdlim5 as a novel substrate of
AMPK. On augmentation of AMPK activity, Pdlim5 was
phosphorylated at Ser177, disrupting its association with Arhgef6
at the cell periphery and suppressing Racl activity at the leading
edge of cell. Suppression of Racl activity dislocated the Arp2/3
complex from the leading edge, resulting in attenuation of
lamellipodia formation and inhibition of cell migration.

We previously established a unique screening method using
two-step column chromatography combined with an in vitro
kinase reaction. Using this method, we identified CLIP-170 as a
novel AMPK substrate?, In this study, we identified Pdlim5 as
another substrate of AMPK by probing cells with a pACC
antibody after AMPK activation. The amino-acid sequence
surrounding Serl77 of Pdlim5 is very similar to a sequence in
ACC, which may explain why we were able to discover this new
AMPK substrate using a pACC antibody. Importantly, Pdlim5 is
not phosphorylated at all before stimulation with AMPK
activators, whereas other AMPK substrates such as ACC and

8 NA 2

CLIP-170 (ref. 4) are already phosphorylated to some extent even
before stimulation. These findings suggest that Pdlim5 is
phosphorylated only under stressed conditions in which AMPK
activity is augmented. Accordingly, we conclude that the
functional impact of Pdlim5 phosphorylation by AMPK is
exerted only under cellular conditions associated with
augmented AMPK activity. Thus, Pdlim5 phosphorylation
might cause different biological effects than phosphorylation of
other AMPK substrates.

In mouse, the double knockout of AMPKale2 (AMPKol ~/~
02~/ 7) is early embryonic lethal®4, but AMPKa-null MEFs are
viable?>. AMPK-null cells exhibit a metabolic shift towards
aerobic glycolysis®S, as well as abnormalities in cell polarity and
cellular structures®. Pharmacological inhibition of AMPK also
perturbs cell polarity and migration®. Thus, it is reasonable to
conclude that AMPK activity affects directional cell migration by
regulating cell polarity. However, as AMPK has many substrates
other than Pdlim5, it is still difficult to infer the role of
Pdlim5 phosphorylation from the lethal phenotype of the
AMPKol =/~ 027/~ mouse. On the other hand, two studies
have reported different phenotypes of Pdlim5 homozygous
knockout mice: dilated cardiomyopathy?”’ and embryonic
lethality probably due to embryonic heart/circulation failure?®.
Pdlim5 associates with the actin cytoskeleton and promotes the
assembly of protein complexes by acting as a scaffold protein, and
thus recruit proteins that modulate cell architecture, actin
dynamics and signal transduction!® to the actin filaments.
Therefore, both phenotypes of Pdlim5 homozygous knockout
mice may be attributed to the loss of organized cytoskeletal
structures due to progressive loss of protein complex
components. Similarly, we postulate that Pdlim5 and its
phosphorylation play an important role in regulation of cell
morphology and migration, although no previous reports have
described the cell migratory behaviour of Pdlim5-knockout cells.

In this study, we focused on determining how AMPK-induced
Ser177 phosphorylation of Pdlim5 inhibits cell migration. We
found that Pdlim5 localized on actin-filament structures such as
stress fibres and focal adhesions, as well as at the cell cortex
(including lamellipodia), and that Ser177 phosphorylation itself
did not influence Pdlim5 localization. However, the phosphomi-
metic mutant S177D-Pdlim5 caused characteristic morphological
changes such as defective lamellipodia, enhanced ventral stress
fibres and displacement of focal adhesions to the cell edge. These
specific morphological changes at the cell edge were also observed
on pharmacological activation of endogenous AMPK. Thus, the
major initial morphological changes resulting from Serl77
phosphorylation of Pdlim5 seemed to arise from the cell cortex.
Arhgef6 belongs to the Dbl family of GEFs, defined by the
presence of tandem Dbl homology and Pleckstrin homology
domains, and functions as a Rac-specific GEF at the cell
periphery?>?32°, Arhgef6 is recruited to a signalling complex
consisting of integrin-linked kinase, particularly interesting
cysteine-histidine-rich protein and parvin (IPP complex) by
binding to parvin®®3! (Fig. 10), which plays an important role in
cell spreading and motility*?, and may be involved in the Pdlim5
phosphorylation signal mediated by Arhgef6. The IPP complex
assembles at small focal complexes at the tips of lamellipodia of
migrating cells and then interacts with the cytoplasmic tails of
B-integrin molecules to connect them to the actin cytoskeleton32,
Thus, Arhgef6 activates Racl and reorganizes the actin
cytoskeleton around the focal complex of lamellipodia, which is
necessary for cell spreading and migration?’. Moreover, o-actinin
also binds to parvin directly’® and is involved in the IPP
complex!. As Pdlim5 binds to a-actinin directly®, it is likely to
be that Pdlim5 is recruited to the IPP complex in close proximity
to Arhgef6 via binding to o-actinin. It is particularly noteworthy
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using G-LISA specific for Racl, RhoA and Cdc42, respectively. Numbers in the bars indicate n. Data are representative of means * s.e.m. from three
independent experiments. Significance of differences between series of results was assessed using one-way analysis of variance, followed by a post-hoc
comparison with Dunnett's method for multiple comparisons. *P<0.01 compared with KDR/EGFP-WT-Pdliim5. (d) The KDR system was established in
vSMCs stably expressing FRET probes specific for Rac1 (Raichu-Racl/vSMCs). Raichu-Racl/vSMCs were transfected with either siCTL or siPdlim5-2.
siPdlim5-2-resistant Pdlim5-T2A-mCherry (WT, S177A and S177D) was introduced via adenoviral-mediated gene delivery (Raichu-Racl/KDR-Pdlim5-
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that S177D-Pdlim5 disrupted the physical association between
Pdlim5 and displaced Arhgef6 from the cell periphery (Fig. 8).
These findings led us to speculate that Arhgef6 is displaced from
the IPP complex on Ser177 phosphorylation of Pdlim5 by AMPK,
resulting in the suppression of Racl activity at the cell’s leading
edge. Racl is predominantly localized at the plasma membrane?
and GTP-bound active Racl at the cell periphery can activate
Arp2/3 complex through recruitment of the Wiskott-Aldrich
Syndrome protein family verprolin homologous complex!®!1,
Therefore, we expected that the function of Arp2/3 complex
would also be suppressed in KDR/S177D-Pdlim5 cells. In fact, the
Arp2/3 complex was displaced from the cell periphery and
distributed throughout the cytoplasm in KDR/S177D-Pdlim5
cells, consistent with a previous study demonstrating that
inhibition of Racl activity interferes with intracellular
localization of the Arp2/3 complex®. Furthermore, the
morphological characteristics observed in KDR/S177D-Pdlim5
cells were quite similar to those in cells with a functional defect in
the Arp2/3 complex®’~3, As Arp2/3 complexes play a pivotal role
in organizing branched actin filament networks to form
lamellipodia!%!1, the attenuation of lamellipodia formation and
inhibition of cell migration observed in KDR/S177D-Pdlim5 cells
was plausible. Thus, our findings strongly suggest that Serl77
phosphorylation of Pdlim5 by AMPK suppresses Racl activity by
displacing Afhgef6 from the cell periphery, leading to functional
suppression of the Arp2/3 complex. However, as the
morphological phenotype of Arhgef6-knockdown cells was not
entirely consistent with that of KDR/S177D-Pdlim5 cells, we

must consider the idea that mechanisms other than the Arhgef6—
Racl-Arp2/3 complex pathway contribute to the phenotypes
resulting from Ser177 phosphorylation of Pdlim5. One possible
mechanism involves a relative increase in RhoA activity over
Racl due to a reduction in Racl activity, which may contribute to
the phenotype even in the absence of elevated RhoA activity.
Consistent with this idea, the relative balance between Racl and
RhoA activities regulates cell morphology and migratory
behaviour®*!, Another possibility is that other GEFs or
GTPase-activating proteins contribute to the phenotype of
KDR/S177D-Pdlim5 cells. Indeed, dedicator of cytokinesis 2 is
also a Rac-specific GEF and interacted with WT-Pdlim5 more
strongly than with $177D-Pdlim5 (Supplementary Table 1).
Another important question relates to the mechanism under-
lying excessive formation of stress fibres, observed in both vSMCs
treated with AMPK activator and KDR/S177D-Pdlim5 cells. In
particular, cells stimulated with AMPK activators exhibited
striking elongation of dorsal stress fibres from the cell periphery.
This finding was in excellent agreement with a previous report
demonstrating that Arp2/3-defective cells exhibited a higher
growth rate of dorsal stress fibres®. The authors of that report
proposed that the elevated growth of dorsal stress fibres may
result from the increased concentration of cytoplasmic G-actin
caused by the absence of Arp2/3-nucleated barbed ends'’. In
addition, mDia remained localized at the cell periphery in KDR/
S177D-Pdlim5 cells, whereas Arp2/3 complex moved from the
periphery to the cytosol. mDia is another major actin filament
nucleator that nucleates linear actin filament at the cell periphery
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