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Abstract The mitogen activated protein kinase (MAPK)

signaling pathway regulates multiple events leading to

heart failure including ventricular remodeling, contractil-

ity, hypertrophy, apoptosis, and fibrosis. The regulation of

conserved intrinsic inhibitors of this pathway is poorly

understood. We recently identified an up-regulation of

Sprouty1 (Spry1) in a targeted approach for novel inhibi-

tors of the MAPK signaling pathway in failing human

hearts following reverse remodeling. The goal of this study

was to test the hypothesis that up-regulated expression of

Spry1 in cardiac myocytes would be sufficient to inhibit

ERK1/2 activation and tissue remodeling. We established a

murine model with up-regulated Spry1 expression in car-

diac myocytes using the alpha-myosin heavy chain pro-

moter (a-MHC). Heart weight and cardiac myocyte

morphology were unchanged in adult male a-MHC–Spry1

mice compared to control mice. Ventricular function of

a-MHC–Spry1 mice was unaltered at 8 weeks or 1 year of

age. These findings were consistent with the lack of an

effect of Spry1 on ERK1/2 activity. In summary, targeted

up-regulation of Spry1 in cardiac myocytes is not sufficient

to alter cell or tissue remodeling consistent with the lack of

an effect on ERK1/2 activity.
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Introduction

Evidence to date suggests a role for the mitogen activated

protein kinase (MAPK) signaling cascade in cardiac

remodeling, hypertrophy, and heart failure [1, 2]. Unload-

ing of the failing left ventricle with a left ventricular assist

device (LVAD) leads to reverse remodeling, including

partial normalization of myocardial structure and function

by decreasing cardiac myocyte hypertrophy [3, 4]. Our lab

and others have seen an association between reductions in

cardiac myocyte hypertrophy and decreased activity of

extracellular signal-regulated kinase (ERK1/2), following

LVAD support [5–7]. We previously screened a compen-

dium of gene expression datasets from end-stage heart

failure patients before and after placement of an LVAD

with the goal of identifying inhibitors of the MAPK sig-

naling pathway [7]. From this screen, we identified Spro-

uty1 (Spry1), a conserved gene shown to inhibit MAPK
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signaling in model organisms and cells in culture. We

further demonstrated that Spry1 was significantly increased

after reverse remodeling of the failing left ventricle [7].

Spry1 is one of four mammalian Spry genes (Spry1–4) and

was originally defined as an antagonist of branching mor-

phogenesis in the lung of Drosophila [8]. Spry1-/- mice

exhibit defects in kidney development due to increased

ureteric branching, with no reported defects in cardiovas-

cular development [9]. Studies overexpressing Spry1 in

neonatal cardiac myocytes and the 293T, Swiss 3T3, C2C12,

and Cos cell lines have reported decreased and delayed

ERK1/2 activation in response to fibroblast growth factor-2

(FGF2) stimulation, while siRNA directed against Spry1 has

been shown to increase ERK1/2 activity [7, 10, 11].

The primary goal of this study was to test the hypothesis

that increased in vivo expression of Spry1 in cardiac

myocytes would decrease ERK1/2 activity and alter myo-

cyte morphology leading to decreased heart size. To test

this hypothesis, we established a cardiac-specific Spry1

transgenic mouse model.

Materials and methods

Construct design and founder validation

The mSpry1 coding sequence (GenBank: AF176903) was

PCR amplified from the pxj40-FLAG-Spry1 plasmid

(provided by G. Guy) with primers incorporating 50 SalI

(50-tatatagtcgacatggattccccaagtcagca-30) and 3’ HindIII

restriction sites (50-tatataaagctttcatgacagtttgccctgag-30).
The sequence was ligated into the SalI/HindIII sites of the

pnc26 plasmid (provided by J. Robbins) containing the

murine a-MHC promoter (GenBank: U71441) and an hGH

poly-A tail. The a-MHC/Spry1/hGH poly-A construct was

excised with Not I and purified by electroelution. Trans-

genic founders were generated using standard pronuclear

microinjection of C57/BL6 fertilized eggs implanted into

foster females. PCR was performed using murine a-MHC

(50-gcccggcactcttagcaaacctca-30) and Spry1 primers (50-tc
taacctctgccggccttccaca-30) which amplified a 306 bp

product establishing presence of the transgene; initial

denature at 95�C for 4 min; 309: denature at 94�C for

1 min, anneal at 65�C for 30 s, extend at 72�C for 30 s, and

final extension at 72�C for 5 min. A Southern blot was

performed with 5 lg of genomic DNA isolated from mouse

liver tissue using the DNeasy Tissue Kit (Qiagen) and

restriction digested with Bst XI. DNA fragments were

separated by 1% PAGE and transferred to HybondTM-N?

nylon membrane (Amersham Biosciences) at RT overnight

in 209 SSC buffer. A DNA probe was generated by PCR

from 10 ng of a-MHC/Spry1/hGH poly-A construct using

mSpry1 primers (described below in qRT-PCR). PAGE

was used to confirm the correct product size (227 bp) and

the probe was purified with the QiaQuick Gel Extraction

Kit (Qiagen). The probe was radiolabeled with a-P32-dGTP

and hybridized to the membrane overnight in Rapid-hybTM

buffer (Amersham Biosciences). The membrane was

washed in 50�C 29 SSC/0.05% SDS and 0.19 SSC/0.1%

SDS buffers, placed at -80�C overnight and exposed to

radiography film.

Western blotting

Total protein was extracted from frozen whole mouse hearts

pulverized with a modified NP40 RIPA extraction buffer

containing PMSF (1 mM), NaF (50 mM), Na3VO4

(0.2 mM), BME (14.3 mM), and one complete Mini-Prote-

ase Inhibitor Cocktail tablet (Roche). Protein concentration

was quantified with Bio-Rad Protein Assay (Bio-Rad), and

protein was transferred to ImmobilonTM PVDF membrane

(Millipore) after fractionation by 10% SDS-PAGE as pre-

viously described [12]. Blots were probed overnight at 4�C

with the following primary antibodies diluted in Tris-

buffered saline/0.1% Tween-20 (v/v) containing 1% dried

milk (Bio-Rad): anti-Spry1 (Invitrogen-Zymed; Cat. No.

40–1800), anti-Vinculin (Sigma-Aldrich; Cat. No. V9131),

anti-Phospho-p44/42 MAP Kinase (Cell Signaling; Cat. No.

9101), anti-p44/42 MAP Kinase (Cell Signaling; Cat. No.

9102). HRP-conjugated goat anti-rabbit and anti-mouse

secondary antibodies (Santa Cruz; Cat. No. 2004 and 2005)

were used to detect their respective primary antibodies, and

immunoreactive proteins were visualized by Super Signal�

West Femto Maximum Sensitivity Substrate ECL detection

(Pierce). Densitometry was performed using an AlphaIm-

ager� fluorimeter and analyzed with AlphaEase� FC Image

Analysis Software (Alpha Innotech).

Heart weight

Mice were anesthetized by CO2 asphyxiation and imme-

diately weighed according to the approved IACUC proto-

col at the University of Minnesota. Whole hearts were

dissected from animals at the aortic root and rinsed three

times in Dulbecco’s PBS. Hearts were blotted dry and then

weighed.

Histology

Formalin-fixed mouse hearts were embedded in paraffin

and 6 lm thick sections were deparaffinized with xylene

and rehydrated in a graded ethanol series. Whole heart

sections were stained with hematoxylin (Surgipath) for

2 min, dehydrated, and counterstained with eosin for 1 min

(Surgipath). Individual cardiac myocytes were treated with

TRITC-conjugated wheat germ agglutinin (Invitrogen) at
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50 lg/ml for 90 min after being blocked for 60 min with

1% BSA in 19 PBS. Cardiac vascularity was determined

by counting all vessels appearing in cross-section per

high-power filed (4009) using TRITC stained sections.

Trichrome staining was conducted according to manufac-

turer’s guidelines (Newcomer Supply).

Apoptosis

HL-1 cardiac myocyte cells [13] were cultured at 37�C and

5% CO2 on fibronectin (Sigma-Aldrich) coated 6-well

plates (5 lg/ml) using Claycomb Media (JRH Biosciences;

Cat. No. 51800C) supplemented with 10% fetal bovine

serum (Gibco�), 0.1 mM norepinephrine (Sigma-Aldrich),

1% L-glutamine (Gibco�), and penicillin–streptomycin

(Gibco�). HL-1 cells were infected with either eGFP or

Spry1 adenovirus (described in [7]) at an MOI of 10.0 for

6 h at 37�C. 48 h later, 5 lg of Hoechst 33342 dye was

added to each well for 5 min at 37�C before cells were

collected by trypsinization and placed onto glass micro-

scope slides for apoptotic scoring as previously described

for condensed and coalesced nuclei [14].

Echocardiography

High resolution ultrasound biomicroscopy (VisualSonics

770, Toronto, ON) was performed using a 30-MHz linear

transducer. After anesthesia was induced by inhalation of

3.5% isoflurane and supplemental oxygen, isoflurane con-

centration was diminished to 1.5% to maintain anesthesia.

Mice were then placed upon a heated examination platform

and the anterior chest was prepared for imaging with a

depilatory cream. Two-dimensional (2-D) and M-mode

images were obtained from standard imaging positions to

determine left ventricular chamber dimensions and wall

thicknesses [15, 16]. Shortening fraction and ejection

fraction were calculated from M-mode and ECG-gated 2-D

images, respectively [15, 16].

Statistical analysis

Statistical analyses were performed using a paired Stu-

dent’s t-test. Data is presented as mean ± standard devia-

tion. Significance was determined with 95% confidence.

Results

The murine Spry1 transgene was ligated in frame

between the a-MHC promoter and a human growth

hormone (hGH) poly-A tail (Fig. 1a). Establishing

transgenic lines of founder mice was performed by

Southern blot analysis (Fig. 1b). All animals were

studied as heterozygous for the Spry1 transgene and

followed normal Mendelian inheritance, where through

five generations 55% of all male animals (n = 150)

possessed the Spry1 transgene as determined by PCR-

based genotyping (Fig. 1c). Spry1 protein expression was

markedly increased in the hearts of transgenic animals

(Fig. 1d). Spry1 overexpression was cardiac-specific and

did not affect gene expression of the other Spry1 iso-

forms, Spry2–4 (data not shown). This initial character-

ization was also performed on a second founding line of

transgenic mice demonstrating lesser Spry1 overexpres-

sion not discussed herein.

To determine if baseline ERK1/2 activity was altered in

the hearts of Spry1 transgenic mice, we performed

immunoblotting for phosphorylated ERK1/2 and total

ERK1/2 in 12-week old male mice (Fig. 2a). No significant

differences in normalized ERK1/2 phosphorylation or total

EKR1/2 expression were seen between groups following

Western blotting and densitometry (Fig. 2b). Taken toge-

ther, these findings suggest that in adult male mice, up-

regulation of Spry1 in the heart is not sufficient to decrease

basal ERK1/2 activity or alter total ERK1/2 expression

levels.

Hearts from 12-week old males demonstrated no gross

morphological changes in comparison to age-matched

wild-type littermate control animals (Fig. 3a). Further-

more, there was no significant difference in normalized

whole heart weight between the two groups (Fig. 3b).

Histological analysis of heart tissue from control and

transgenic animals revealed no differences in cardiac

myocyte structure (Fig. 3c) or cardiac myocyte size

(Fig. 3d). Spry1 overexpression in the heart did not influ-

ence cardiac vascularity between control (CL) and trans-

genic (TG) animals measured as the mean number of

(a) -MHC promoter Sprouty1 transgene hGH polyA

CL TG H2O Clone

(b)

(c)
CL TG H2O Clone

CL TG

Vinculin

Sprouty1

(d)

Fig. 1 Characterization of the Sprouty1 transgenic mouse model.

a The mouse construct design for cardiac-specific Spry1 overexpres-

sion as driven by the a-MHC promoter. b Southern blot analysis using

a transgene-specific probe (solid bar in part (a)) confirmed control

(CL) from transgenic (TG) animals. c PCR-based genotyping using

transgene-specific primers (arrows in Fig. 1a denote primer location).

d Immunoblot for Sprouty1 protein showed greater expression in

transgenic (TG) mice versus control (CL) animals (n = 4)
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vessels present per high-power field (CL = 8.0 ± 2.1 vs.

TG = 6.0 ± 1.1, n = 5, p = NS). Additionally, cardiac

fibrosis was not present in either control or transgenic

animals as determined by tri-chrome staining (Fig. 3e).

Finally, we did not observe any changes in cardiac myo-

cyte morphology between control and Spry1 transgenic

mice that would indicate a difference in cardiac myocyte

survival (Fig. 3c). To confirm these findings, we overex-

pressed Spry1 in HL-1 cardiac myocytes and determined

the percentage of apoptotic nuclei. Spry1 overexpression

(SP) did not alter the percentage of apoptotic nuclei

(CL = 1% ± 1% vs. SP = 1% ± 0%, n = 3 per group,

p = NS).

Structural analysis of hearts from both control and

transgenic animals showed no gross differences in chamber

size or wall thickness both horizontally (Fig. 4a) and lon-

gitudinally (Fig. 4b) or with regards to diastole or systole

(Table 1). Functional analysis of cardiac performance by

ultrasound echocardiography revealed no significant dif-

ferences in either left ventricular ejection fraction or frac-

tional shortening in 8-week old mice (Table 1).

Additionally, baseline echocardiographic analysis of one-

year old control (CL) versus transgenic (TG) mice

demonstrated no significant changes in heart function of

aged animals as determined by comparisons in ejection

fraction (CL = 0.59 ± 0.00 vs. TG = 0.61 ± 0.08)

and fractional shortening (CL = 0.31 ± 0.12 vs. TG =

0.29 ± 0.06).

Discussion

Spry protein family members have been classically defined

by their ability to inhibit receptor tyrosine kinase (RTK)

signaling [17]. Of great interest, is their potential to prevent

or limit activation of the downstream RTK target ERK1/2,

which is well known to play a significant role in a variety

of key cellular processes in cardiac myocytes [1]. We were

especially interested in Spry1 given the increased expres-

sion of this conserved ERK1/2 pathway inhibitor in failing

human hearts following therapy with a LVAD that lead to

reverse remodeling [7]. We hypothesized that increased

expression of Spry1 in cardiac myocytes would decrease

ERK1/2 activity leading to a reduction in myocyte size.

The major findings from this study are that overex-

pression of Spry1 in cardiac myocytes does not affect

cardiovascular development, myocyte size, or ERK1/2

activity. Combined with data from the Spry1-/- mouse that

did not show a cardiovascular phenotype, these data sug-

gest that Spry1 does not play a major role under normal

physiological conditions in the heart.

Previous work from our lab has shown expression of

Spry1 protein in the human heart [7]. Immunohistochem-

ical staining demonstrated the presence of Spry1 in cardiac

myocytes as well as other cardiac cell types [7]. We also

reported an increase in Spry1 mRNA and protein expres-

sion with an associated decrease in phosphorylated ERK1

and ERK2 in failing human hearts following unloading

with a LVAD [7]. To test if up-regulation of Spry1 was

causative for decreased ERK1/2 activity we overexpressed

Spry1 in isolated neonatal cardiac myocytes and Cos cells

and showed that acute up-regulation of Spry1 decreased the

levels of phosphorylated ERK1 and ERK2 [7]. In this

study, we did not see a change in phosphorylated or total

ERK1 and ERK2 expression in whole hearts of Spry1

transgenic mice.

In order to elicit a change in ERK1/2 activity, our Spry1

model system might require a particular stimulus or cardiac

insult. This possibility is supported by the hypothesis that

Spry1 regulates developing signal transduction complexes

when it becomes phosphorylated and translocates to the

cell membrane [17]. As reviewed by Guy et al. [18], sev-

eral key post-transcriptional mechanisms control Spry1

activity, including phosphorylation of the Y55 residue,

phosphorylation within the serine-rich motif, and protein-

interactions on the cysteine-rich domain. In contrast,
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Fig. 2 Effects of Spry1 overexpression on ERK1/2 phosphorylation

in the heart. a Representative immunoblot of phospho-ERK1/2

and total-ERK1/2 in control (CL) and transgenic (TG) animals.

b Densitometric analysis revealed no significant differences in the

degree of phospho-ERK1 relative to total-ERK1 or phospho-ERK2

relative to total-ERK2 in control (CL) (mean ± SD, n = 6) versus

transgenic (TG) (mean ± SD, n = 5) animals
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however, it is possible that activated Spry1 was indeed

present in the hearts of these animals, but its inhibition of

ERK1/2 was overcome by compensatory factors acting on

the Ras/MAPK signaling cascade. In particular, the hearts

of these animals may have become sensitized over time to

increased RTK signaling or additional signaling via

G-protein coupled receptors, both of which are heavily

associated with signal transduction in cardiac myocytes.

It’s also possible that the effects of Spry1 can only be seen

when ERK1/2 activity itself becomes increased. Work by

Engelhardt et al. provide an example of this scenario,

whereby without FGF2 secretion by adjacent damaged

cardiac fibroblasts, there may be little increase in ERK1/2

activity for Spry1 to inhibit [19]. Finally, additional work

by the Molkentin lab has shown that overexpression of the

well-described dual-acting phosphatase, MKP-1, an inhib-

itor of ERK1/2, resulted in a decrease in cardiac myocyte

hypertrophy at baseline along with decreased ventricular

function [20]. However, phosphorylated ERK1/2 was not

decreased in these mice at baseline, and phosphorylation of

JNK1/2 and p38 were also unaffected [20].

CL TG

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

H
ea

rt
 w

ei
g

h
t 

: 
B

o
d

y 
w

ei
g

h
t 

(m
g

 :
 g

)

(a)

(b)

CL TG

(d)

(c)

(e)

CL

CL

TG

TG

CL TG

*

*

* *

Fig. 3 Effects of Spry1

overexpression on cardiac

morphometry and cardiac

myocyte morphology. a Control

(CL) and transgenic (TG)

mouse hearts showed no

differences in gross cardiac

morphometry (n = 3). b There

were no significant differences

in normalized heart mass of

control (CL) versus transgenic

(TG) animals (mean ± SD,

n = 6). c–e Histologic analysis

revealed no deviation in control

(CL) and transgenic (TG) hearts

with respect to: c cardiac

myocyte morphology by H&E

staining (9400) (n = 5),

d cardiac myocyte size or

cardiac vessel number

(asterisks) by WGA-TRITC

staining (9400) (n = 5), or

e cardiac fibrosis by tri-chrome

staining (9200) (n = 5)

CL TG

(a)

(b)

CL TG

Fig. 4 Effects of Spry1 overexpression on cardiac structure.

a, b Control (CL) and transgenic (TG) hearts revealed no gross

differences in chamber dimensions or wall thicknesses by H&E staining

in either: a cross-section (n = 5) or b longitudinal-section (n = 5)

Table 1 Comparison of cardiac structure and function by ultrasound

echocardiography in control (CL) versus transgenic (TG) mice

(mean ± SD, n = 7)

CL TG

AWTd (mm) 0.85 ± 0.13 0.77 ± 0.09

PWTd (mm) 0.88 ± 0.17 0.88 ± 0.12

LVIDd (mm) 3.71 ± 0.64 3.65 ± 0.37

LVIDs (mm) 2.85 ± 0.81 2.50 ± 0.40

Heart length (mm) 5.90 ± 0.22 5.91 ± 0.27

Heart width (mm) 3.50 ± 0.24 3.49 ± 0.16

Ao. Dia. (mm) 1.36 ± 0.05 1.32 ± 0.02

Ejection fraction 0.60 ± 0.08 0.63 ± 0.10

Fractional shortening 0.24 ± 0.08 0.31 ± 0.08

AWTd anterior wall thickness diastole, PWTd Posterior wall thickness

diastole, LVIDd left ventricular inner diameter diastole, LVIDs left

ventricular inner diameter systole, Ao. Dia. aortic diameter
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These studies follow our initial finding of an up-regu-

lation of the conserved ERK1/2 inhibitor, Spry1, in the

failing human heart following reverse remodeling. The

goal of this pre-clinical translational study was to test if

Spry1 up-regulation was sufficient to inhibit ERK1/2 and

decrease myocyte size. In sum, the data suggest that Spry1

up-regulation in the cardiac myocyte does not alter myo-

cyte morphology or myocardial function.
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