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Abstract

FGF-16 has been reported to be preferentially expressed in the adult rat heart. We have 

investigated the expression of FGF-16 in the perinatal and postnatal heart and its functional 

significance in neonatal rat cardiac myocytes. FGF-16 mRNA accumulation was observed by 

quantitative RT-PCR between neonatal days 1 and 7, with this increased expression persisting into 

adulthood. FGF-2 has been shown to increase neonatal rat cardiac myocyte proliferative potential 

via PKC activation. Gene array analysis revealed that FGF-16 inhibited the upregulation by FGF-2 

of cell cycle promoting genes including cyclin F and Ki67. Furthermore, the CDK4/6 inhibitor 

gene Arf/INK4A was upregulated with the combination of FGF-16 and FGF-2 but not with either 

factor on its own. The effect on Ki67 was validated by protein immunodetection, which also 

showed that FGF-16 significantly decreased FGF-2-induced Ki67 labeling of cardiac myocytes, 

although it alone had no effect on Ki67 labeling. Inhibition of p38 MAPK potentiated cardiac 

myocyte proliferation induced by FGF-2 but did not alter the inhibitory action of FGF-16. 

Receptor binding assay showed that FGF-16 can compete with FGF-2 for binding sites including 

FGF receptor 1. FGF-16 had no effect on activated p38, ERK1/2, or JNK/SAPK after FGF-2 

treatment. However, FGF-16 inhibited PKC-α and PKC-ε activation induced by FGF-2 and, 

importantly, IGF-1. Collectively, these data suggest that expression and release of FGF-16 in the 

neonatal myocardium interfere with cardiac myocyte proliferative potential by altering the local 

signaling environment via modulation of PKC activation and cell cycle-related gene expression.
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FGF-16, A member of the fibroblast growth factor family, is a 207 amino acid protein 

containing a core region of 120 amino acids that binds heparin and the FGF receptor (FGFR; 

Ref. 33). It shares 75 and 62% amino acid sequence similarity with its closest relatives 

FGF-9 and FGF-20, respectively (26, 32). FGF-16 is highly conserved between species and 

has been cloned from human, rat, mouse, chicken, and zebrafish (30). FGF-16 was originally 
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characterized in the rat and shown to be expressed preferentially in brown adipose tissue in 

the embryo (26) and linked subsequently with proliferation of brown adipocytes (18) and 

limb bud development in zebrafish (30). Interestingly, FGF-16 induced migration, but not 

proliferation, of primary human endothelial cells in culture (1). Even so, recent studies (20, 

21) have implicated FGF-16 in cardiac myocyte proliferation and the development of 

coronary vasculature in the embryonic mouse. Evidence for the role of FGF-16 in 

cardiovascular development is so far indirect, as the work reported explored the phenotype 

of mice lacking FGF-9 or FGFR-1 and/or FGFR-2; however, FGF-16 appears to be part of 

the FGF signaling network acting downstream of Wnt/β-catenin signaling that is required 

for expansion of anterior heart field progenitor cells (8). Beyond this, however, no functional 

studies of FGF-16, especially its role in postnatal heart, have been presented.

In the rat, FGF-16 expression in the late embryo is found predominantly in brown adipose 

tissue, with a faint signal in the heart. By contrast, in the adult, RNA was detected 

preferentially in the heart by RNA blotting with only a faint signal in brown adipose tissue 

(26). With the exception of this intriguing pattern of expression, there are no reports as to 1) 

which cardiac cell types (myocytes vs. nonmyocytes) are responsible for the production of 

FGF-16 in the postnatal heart, 2) when expression occurs (perinatal vs. adult), 3) whether 

the protein is released, and 4) what its function is in this context. Here, we have begun to 

address these issues and found that adult accumulation of FGF-16 RNA is associated with an 

induction of FGF-16 expression in myocardial cells and the release of FGF-16 from cardiac 

myocytes during the early postnatal period. This period is associated with significant 

changes in the proliferative potential of cardiac myocytes (22), and our data indicate that 

FGF-16 may influence this transition through interference with other growth factor activated 

cell signaling.

MATERIALS AND METHODS

Animals

All animals were housed and treated according to standards and guidelines set by the 

Canadian Council for Animal Care. The investigation conforms to the Guide for the Care 
and Use of Laboratory Animals published by the National Institutes of Health (NIH 

Publication No. 85–23, revised 1996). The protocol for primary culture of neonatal rat 

ventricular myocytes was approved by the Bannatyne Campus Protocol Management and 

Review Committee at the University of Manitoba.

Primary cell culture

Neonatal rat cardiac myocytes were isolated as described previously (9). Cells were 

fractionated by centrifugation on a HEPES-buffered Percoll (40.5 and 58.5% by volume) 

gradient. Myocytes (lower layer) were plated on collagen-coated plates at a density of 1 

million cells/60-mm diameter plate or 0.65 million/ 35-mm plate in media consisting of 

Ham’s F-10 (Sigma-Aldrich, Oakville, ON, Canada) supplemented with 10% FBS, 10% 

horse serum, and 1× Penstrep antibiotic. Nonmyocytes (upper layer) were plated in defined 

media consisting of DMEM F-12 (GIBCO Invitrogen, Mississauga, ON, Canada), 

supplemented with 0.05% FBS, 0.66% by volume albumin (Sigma-Aldrich), 1× Penstrep, 
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115 μM ascorbic acid (Sigma-Aldrich), and 1× insulin transferrin selenium (GIBCO 

Invitrogen). The next day (~20 h later) the cells were conditioned with defined media for 24 

h. Then, the medium was replenished with fresh defined media containing the appropriate 

concentration of recombinant FGF-2 (Upstate Biotechnology, Lake Placid, NY) and/or 

FGF-16 (Peprotech, Rocky Hill, NJ) for 24 h in Gene-Array and Ki67 Labeling Index Assay 

and 2–20 min for signal transduction assays.

Conditioned media from cultures

Media were allowed to condition for 48 h, harvested, and supplemented with 0.2% Tween 20 

(Bio-Rad Laboratories, Missisauga, ON, Canada) and protease inhibitors (one protease 

inhibitor cocktail tablet from Roche Diagnostics per 50 ml). A slurry of washed heparin 

Sepharose beads (Pfizer-Pharmacia, Calgary, AB, Canada) was then added to the media (100 

μl/50 ml) and incubated, with rocking, for 2 h at room temperature. The beads were pelleted 

and washed with 250 mM NaCl and then 100 mM NaCl, each buffered with 10 mM Tris · 

HCl pH 7.0, 1 mM EDTA, and protease inhibitors. The final pellet was subjected to 15% 

SDS-PAGE.

For deglycosylation after extraction, the final 100-mM NaCl wash of the beads was done in 

the absence of protease inhibitors. One microliter of Endo HF glycosidase enzyme (New 

England Biolabs, Pickering, ON, Canada) was added per 50-μl sample and then incubated 

for 1 h at 37°C.

Real-time reverse transcription-PCR

Rat tissue RNA (age related) was obtained from Zyagen Laboratories (San Diego, CA). 

Total RNA from cells was isolated using the RNeasy mini plus RNA extraction kit (Qiagen, 

Missassauga, ON, Canada), and cDNA was synthesized by reaction with MMLV reverse 

transcriptase (Invitrogen, Burlington, ON, Canada) and oligo-dT-primers according to 

standard protocols. Real-time quantitative RT-PCR was performed on an iCycler (Bio-Rad) 

in 30-μl reactions using platinum Taq DNA polymerase (Invitrogen) and gene-specific 

primers for FGF-16 (forward: 5′-GAGGAGAGCT-GTTTGGATCG-3′; reverse 5′-

GGGTGAGCCGTCTTTATTCA-3′; 155-bp amplicon) and GAPDH (forward: 5′-

ATCCCGCTAAC-ATCAAATGG-3′; reverse: 5′-GTGGTTCACACCCATCACAA-3′; 170-

bp amplicon). The baseline was set automatically, and the cycle threshold value was 

measured during the exponential phase of the amplification. The efficiency of amplification 

of each pair of primers was determined by serial dilutions of templates, and both were 

>0.99. Plasmids containing the amplicon sequences for FGF-16 and GAPDH were used to 

quantitate DNA concentration and to determine the relative FGF-16 expression level in each 

sample [expression level = (ng FGF-16 per μg cDNA)/(ng GAPDH per μg cDNA)]. Tests 

were run in duplicate on three separate PCR reactions.

RNA blotting

RNA blotting was done essentially as previously described (41). Hybridization with 

radiolabeled murine FGF-16 cDNA (XhoI fragment, 624 bp, Genbank Accession No. 

AF292104) was done in NorthernMax prehybridization/hybridization buffer (Ambion) at 

42°C for 24 h, and then the blot was washed and exposed to Biomax film.
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Protein immunoblotting

All samples for SDS-PAGE were mixed 1:5 with 5× loading buffer (10% SDS, 1.5 M 

dithiothreitol, and 0.3 M Tris · HCl pH 6.8) and boiled for 5 min before loading on a SDS-

PAGE gel (8–15%), followed by transfer to a polyvinylidine fluoride (PVDF) membrane 

(Immobilon, Millipore, Billerica, MA). Membranes were blocked for 1 h in TBS-T (10 mM 

Tris · HCl pH 8.0 or 7.6, 150 mM NaCl, and 0.5% vol/vol Tween-20) containing 5% skim 

milk powder. The blot was then incubated with primary (FGF-16) antibody or normal rabbit 

IgG (Sigma-Aldrich) for 1 h at room temperature, washed, and incubated with secondary 

antibody (horse-radish peroxidase) for 1 h. After further washing, the membrane was 

incubated with Pico West Supersignal and exposed to film (Amersham Biosciences, 

Piscataway, NJ). Rabbit FGF-16 antibodies were generated against a synthetic peptide 

(ALNKDGSPREGYRTKRHQK) conjugated to keyhole limpet hemocyanin (44) and 

purified by Quality Controlled Biochemicals (Hopkinton, MA).

Quantitative (real-time) RT-PCR-based gene array assay

To analyze cell cycle gene regulation, a commercially available targeted cDNA array of 84 

cell cycle regulatory genes, five housekeeping genes, as well as RNA quality control, and RT 

and PCR efficiency controls (Cell Cycle PCR Array, SuperArray Bioscience, Frederick, 

MD) were used on a Bio-Rad iCycler according to the instructions of the manufacturer. 

Complementary DNA was synthesized using SuperArray RT first strand kit. The baseline 

and threshold values for the real-time PCR were defined manually and were kept the same 

across the PCR array. Only results without genomic DNA contamination and no RT 

inhibition were calculated. Data were generated from three independent cardiac myocyte 

preparations (n = 3) as described by and analyzed with the Excel-based PCR Array Data 

Analysis Template provided by the manufacturer. Details of the mathematical analysis are 

given in Table 1.

Ki67 labeling index assay

Cells were fixed using 1% paraformaldehyde in PBS at 4°C for 15 min. Primary antibodies 

[Ki67 (Vector Laboratories, Burlington, ON), 1:1,000; α-actinin (Sigma-Aldrich), 1:500] 

were applied in PBS with 1% BSA overnight at 4°C, followed by secondary antibodies 

[FITC or Texas red, conjugated, 1:100 (Jackson Laboratory, Bar Harbor, ME)] at room 

temperature for 1.5 h, then counter stained with Hoechst-33342 (Calbiochem-Behring, San 

Diego CA), and mounted on slides. Cells were counted using a confocal microscope (12–15 

fields per slide) to determine the proportion of α-actinin-positive cells that also stained for 

Ki67 or labeling index (LI).

Receptor binding assay

Isolated cardiac myocytes or H9c2 myoblasts (wild type or stably transfected with FGFR-1; 

Ref. 42) were plated onto 96-well plates at a density of 3 × 104 cells per well. After 24 h, the 

cells were washed twice with binding buffer (300 mM sucrose, 100 mM NaCl, 50 mM 

HEPES, 1.2 mM CaCl2, 1.2 mM MgCl2, and 0.5% BSA). Iodinated FGF-2 (60 pM, 

corresponding to 1 ng/ml) was added to each well along with cold competitor (FGF-2 or 

FGF-16), and the cells were incubated for 1 h at 37°C and then washed with binding buffer 
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(2×), 2 M NaCl, and 20 mM HEPES. Cells were lysed on ice in two changes of 0.5 M 

NaOH and 0.1% Triton X-100 for 10 min each and were transferred to glass vials. 

Scintillation fluid was added, and counts were read after 1 h at room temperature. The 

counting efficiency (cpm/dpm) was calculated to correct for quenching (15, 48), and the 

results were interpreted with the assumption that there was no preferential internalization of 

any receptor under these conditions (i.e., that all receptors are represented in the assay).

Signal transduction

For assessment of phosphorylated MAPK, cells were washed (2×) with ice-cold PBS and 

flash frozen with liquid nitrogen. For processing, 0.5 ml of lysis buffer (50 mM Tris · HCl 

pH 6.8, 10 mM NaF, 2% SDS, 25 mM β-glycerophosphate, 1 mM Na3O4V, 1 mM EDTA, 1 

mM EGTA, and protease inhibitor) was added. Cells were removed with a rubber policeman, 

sonicated briefly, and centrifuged to remove insoluble material. MAPK phosphorylation/

activation in the supernatant was assessed by protein immunoblotting as described in Protein 
immunoblotting using a phosphor-specific MAPK sampler kit (Cell Signaling Technology, 

Boston, MA).

For assessment of PKC levels, cells were fractionated into cytosolic and membrane 

components after growth factor stimulation (1 ng/ml FGF-2, 100 ng/ml FGF-16, and/or 10 

nM IGF-1); IGF-1 was a generous gift from S. Mishra (University of Manitoba). Cells were 

mechanically lysed (23-G needle) in homogenization buffer and spun to remove nuclei, and 

after further centrifugation (186,000 g for 2 h), the supernatant was collected as the cytosolic 

fraction. The pellet was resuspended in PBS with 0.5% Triton X-100 and protease inhibitors, 

homogenized, and sonicated briefly. After incubation on ice for 30 min and further 

centrifugation (154,000 g for 30 min), the supernatant was collected and assayed as the 

membrane fraction. PKC levels in fractions were assessed by SDS-PAGE and protein 

immunoblotting as described in Protein immunoblotting. Antibodies against PKC-α and 

PKC-ε were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Statistical analysis

Statistical analysis was performed using Instat by GraphPad. Multiple column comparisons 

were achieved using one-way or, in the case of the PCR gene array data, repeated measures 

ANOVA followed by the appropriate posttest: Tukey-Kramer for comparison of all columns, 

Bonferroni for the comparison of selected columns, and Dunnett for comparison of multiple 

columns to a common control value.

RESULTS

RNA expression profile for FGF-16 in perinatal and post-natal heart

The temporal expression of FGF-16 was detected by real-time RT-PCR from total RNA of 

rat heart at late embryonic days 16 and 20 as well as postnatal days 1, 7, and 14, and week 8 
(adult). In contrast to the very low FGF-16 expression at late embryonic stages, a marked 

increase in FGF-16 mRNA accumulation was observed to begin between postnatal days 1 
and 7 and then continuing to increase into adulthood (Fig. 1). To further examine FGF-16 in 

neonatal cardiac cells, RNA isolated from neonatal rat cardiac myocytes and nonmyocyte 
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cells was probed with the FGF-16 cDNA. A transcript of the expected size (1.8 kb) was 

detected in cardiac myocytes but not nonmyocyte RNA (Fig. 2A). To investigate FGF-16 

protein and evidence of release, heparin-binding proteins were isolated from conditioned 

media collected from each culture type, fractionated by SDS-PAGE, and assessed by 

immunoblotting. A band of 26.5 kDa (estimated based on size markers) was seen in the 

cardiac myocyte but not the nonmyocyte media (Fig. 2B, top). The size of the band was 

larger than that predicted (23.7 kDa) based on the amino acid sequence of murine FGF-16. 

Treatment of conditioned medium protein from neonatal cardiac myocytes with glycosidase 

resulted in a reduction of product size from 26.5 to 24.1 kDa, with the same mobility as 

human recombinant FGF-16 (Fig. 2B, bottom).

FGF-16 modulates FGF-2-induced cell cycle gene expression in neonatal cardiac myocytes

The induction of FGF-16 expression in the early postnatal heart correlates with the decline 

of cardiac myocyte proliferative potential at early postnatal stages, raising the possibility of 

FGF-16 regulation of cardiac myocyte growth. To determine the influence of FGF-16 on the 

cardiac myocyte cell cycle, a real-time RT-PCR-based commercial gene array was used. This 

gene array assays a total of 84 genes in 7 functional categories that include positive and 

negative regulation of the cell cycle, phase transitions, checkpoints, and DNA replication 

(see Table 1; the online version of this article also contains supplemental data with a 

complete list of genes and their functional categories). Neonatal rat cardiac myocytes in 

culture were treated with FGF-2 (1 ng/ml) for a dual purpose: 1) to act as a positive control 

for cell cycle entry (36), and 2) as a means to test the effect of FGF-16 against a background 

of enhanced proliferative potential. Two criteria were used to define an “effect”: the average 

response from three independent experiments involving separate myocyte cultures must be 

1) increased or decreased by at least twofold, and 2) statistically significant (treatment vs. 

control) after paired ANOVA (P < 0.05). As shown in Table 1, FGF-2 (1 ng/ml) treatment 

upregulated several genes that promote the cell cycle, including cyclin F (2, 5, 17) and Ki67 

(40). FGF-16 alone, even at a high concentration (100 ng/ml), had no marked effect on any 

cell cycle gene compared with control. However, at this concentration, FGF-16 abrogated 

the FGF-2-induced increase of cyclin F and Ki67 expression. Furthermore, the CDK4/6 

inhibitor gene Arf/INK4A (31, 37) was upregulated by the combined effect of FGF-2 and 

FGF-16.

FGF-16 interferes with FGF-2-induced Ki67 labeling in neonatal cardiac myocytes

Ki67 is present during all active phases of the cell cycle but not in quiescent (G0) cells (40), 

making it an indicator of cell cycle entry. To validate the gene array at the protein level, Ki67 

expression was assessed through immunodetection in α-actinin-positive cells (Fig. 3A). The 

Ki67 LI is defined as the fraction (percentage) of α-actinin-positive cells counted in a 

microscopic field that also stained for Ki67. The absolute value for the LI in untreated 

cardiac myocytes was 1.68 ± 0.24% (n = 67 fields). Consistent with the gene array assay, 

FGF-16 treatment alone had no effect on the Ki67 LI. However, FGF-16 decreased FGF-2-

induced Ki67 LI significantly (Fig. 3B).

Inhibition of p38 MAPK was shown to potentiate or enhance proliferation of postnatal 

cardiac myocytes after treatment with FGF-1 (13), thereby implicating elevated p38 MAPK 
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in the lack of proliferative potential for cardiac myocytes. To test whether 1) FGF-2 can 

substitute for FGF-1, and 2) p38 MAPK mediates the interference of FGF-16 with FGF-2-

induced cardiac myocyte growth, cells were treated with FGF-2 with p38 inhibitor 

(SB203580, 10 μM; Ref. 13), with or without FGF-16. The Ki67 LI was determined as 

described in FGF-16 interferes with FGF-2-induced Ki67 labeling in neonatal cardiac 
myocytes. The combination of FGF-2 with p38 inhibition increased the Ki67 LI 

significantly over FGF-2 or inhibitor treatment alone (Fig. 3B). However, when FGF-16 was 

added to cultures treated with FGF-2 and p38 inhibitor, there was a significant (but not 

complete) loss of proliferative potential, indicated by an decrease in the Ki67 LI (Fig. 3B).

FGF-16 can compete with FGF-2 for binding to cell surface FGFRs

Proliferation of cardiac myocytes by FGF-2 has been linked to signaling via the cell surface 

receptor FGFR-1 (41, 45). We have shown previously that overexpression of FGFR-1 

increased cell division both in rat myoblast H9c2 cells stably transfected with FGFR-1 (42) 

and in primary cardiac myocytes (41). To assess binding of FGF-16 to FGFR-1, the ability 

of unlabeled recombinant human (rh) FGF-16 to compete with binding of 125I-FGF-2 to 

H9c2 cells (wild type and transfected) was investigated. Effective binding and competition 

were not observed with incubation at 4°C for 2 h, so the time and temperature were adjusted 

to 1 h at 37°C to balance the optimization of binding with the minimization of receptor 

internalization. With increasing concentrations of cold FGF-16, the amount of 125I-FGF-2 

binding to H9c2/FGFR-1 cells (but not wild-type H9c2 cells) was decreased significantly. 

Binding of iodinated FGF-2 to H9c2/FGFR-1 cells was competed with control (wild-type 

H9c2 cell) levels with 295-, 606-, and 1,227-fold molar excess of FGF-16 (Fig. 4A). Similar 

competition was observed with unlabeled rhFGF-2 (data not shown). The high concentration 

of cold FGF needed to achieve visible competition with 125I-FGF-2 was not unexpected, as 

an increased affinity of iodinated growth factor for its receptor was reported previously (23, 

28). To confirm the presence of FGF-2/FGF-16 binding sites in neonatal rat cardiac 

myocytes, cultures were incubated with 125I-FGF-2 in the presence of unlabeled FGF-2 or 

FGF-16 competitor (100- and 1,000-fold molar excess). Both FGF-2 and FGF-16 competed 

in a specific manner (Fig. 4B). The possibility of receptor internalization is acknowledged 

but does not change the observation that both cold FGF-2 and cold FGF-16 competed with 
125I-FGF-2 for binding sites in a dose-dependent manner.

FGF-16 interferes with PKC activation by FGF-2

FGF-2 triggers multiple signaling pathways in cardiac myocytes including both MAPK and 

PKC (10). To investigate the effect of FGF-16 on MAPK activation, protein immunoblotting 

was performed for both total and phosphorylated p38 MAPK, ERK1/2, and JNK/SAPK 

expression after treatment with FGF-2 or FGF-16, alone or in combination. No change in 

total p38 levels was observed with any treatment (Fig. 5A). A time course of treatment with 

1 ng/ml FGF-2 indicated that 5 min was a point of maximal p38 phosphorylation (Fig. 5A). 

At this time point, FGF-16 had a minimal but detectable effect on p38 phosphorylation 

compared with control, but no further effect was evident when used in combination with 

FGF-2, compared with FGF-2 alone (Fig. 5A). FGF-2 had a similar effect on other MAPKs, 

including ERK1/2, and JNK/SAPK, but FGF-16 had no effect, either on its own or on the 

effect of FGF-2 (data not shown).
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FGF-2 is known to stimulate PKC isoforms, including the conventional (calcium-dependent) 

PKC-α (43) and the novel (calcium-independent) PKC-ε (12). The levels of PKC-α and 

PKC-ε in the cytosolic vs. membrane fraction were detected after FGF-2/FGF-16 treatment 

by SDS-PAGE and protein immunoblotting. The 80-kDa PKC-α and 90-kDa PKC-ε bands 

were detected in the cytosolic fraction, but, although present at relatively high levels, there 

was no obvious change by FGF treatments (not shown). By contrast, FGF-2 but not FGF-16 

increased PKC-α and PKC-ε levels in the membrane fraction (Fig. 5B). However, when 100 

ng/ml FGF-16 was added in combination with 1 ng/ml FGF-2, the observed increase was 

lost (Fig. 5B). In addition, we found that treatment with FGF-16 at lower concentrations (10 

ng/ml and in 2 of 3 replicates using 1 ng/ml) also resulted in significant inhibition of FGF-2-

induced PKC activation, suggesting a dose-dependent effect of FGF-16 (data not shown).

To test whether the ability of FGF-16 to modulate PKC activity was specific to FGF-2/FGFR 

and consistent with receptor competition, IGF-1 was used to replace FGF-2 for PKC 

activation (14). Treatment with 10 nM IGF-1 for 2 min increased membrane PKC levels 

(Fig. 5C). Combined treatment with FGF-16 (100 ng/ml) inhibited the increase in both 

membrane PKC-α and PKC-ε levels (Fig. 5C).

DISCUSSION

The preferential expression of FGF-16 in the adult heart appears to be a unique characteristic 

among members of the FGF family (26). In this study, we provide evidence that FGF-16 

RNA expression is induced in the early postnatal myocardium and its protein is produced 

and released from neonatal cardiac myocytes. It is generally accepted that cardiac myocytes 

lose their ability to divide shortly after birth (27). The mechanism, however, is poorly 

understood, particularly as growth factors such as FGF-2 and IGF-1 are implicated in 

cardiac myocyte proliferation during embryonic development (19, 38) and they continue to 

be present in the postnatal period to adulthood (10, 39). The timing of FGF-16 expression in 

the postnatal heart corresponds with cardiac myocyte exit from the cell cycle (22) and 

suggests a role in postnatal heart development. Our data indicate that FGF-16 can interfere 

with the proliferative potential of neonatal cardiac myocytes when they are stimulated by 

exogenous FGF-2 treatment, even though FGF-16 alone has no visible effect on cell cycle 

gene expression. FGF-2 increases neonatal rat cardiac myocyte proliferative potential, and 

specifically DNA synthesis, via PKC-ε activation (16). Although FGF-16 could compete for 

FGF-2 receptor binding, our data are also consistent with FGF-16 exerting its effect further 

downstream on PKC signaling, as FGF-16 can also interfere with PKC activation by IGF-1. 

Furthermore, our gene array indicated effects on the expression of Arf/INK4A only upon the 

combination of FGF-16 with FGF-2, but not with either FGF-2 or FGF-16 independently, 

suggesting a multireceptor-mediated effect and cell signaling cross talk between FGF-2 and 

FGF-16. In contrast to PKC activation, we were not able to link the inhibitory effect of 

FGF-16 with MAPK activation in spite of evidence that p38 is directly involved in the 

inhibition of cardiac myocyte proliferation (13). Regardless, these data indicate that 

induction of FGF-16 in the mammalian myocardium at birth is expected to alter the local 

signaling environment and its activity on cell cycle-related gene expression is consistent 

with the reduction in proliferation seen in the neonatal heart.
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Transfection and overexpression of FGF-16 in both insect (Sf9) and mammalian (COS-1) 

cells suggested that the protein is secreted by way of an uncleaved signal sequence in two 

parts: a hydrophobic region at the N terminus and one in a more central location in a manner 

similar to that described for FGF-9 (24–26). Our data, however, are the first to demonstrate 

release of the endogenous glycosylated FGF-16 protein from a mammalian cell (Fig. 2B). 

While glycosylation is an important posttranslational modification with a wide variety of 

functional consequences (46), experiments from our laboratory using cell survival as an 

endpoint suggest that recombinant FGF-16 and glycosylated FGF-16 (from conditioned 

media of transfected cells) do not differ in their biological activity (44). In addition, 

glycosylation does not appear to influence the activity of other FGFs (3, 4, 6) and 

recombinant (unglycosylated) FGF-16 showed biological activity in embryonic cardiac 

myocytes (21). The choice of recombinant FGF-16 for use in the work presented here allows 

for more precise control of dosage and eliminates other factors present in conditioned media 

that may complicate or mask experimental results.

Expression of FGF-16 in embryonic myocardium (embryonic days 10.5 and 12.5) was 

previously reported to be restricted to epicardial and endocardial cells (21). Release of 

FGF-16, however, could affect adjacent cardiac myocytes in the myocardium. Exposure of 

the embryonic mouse myocardium to recombinant FGF-16 (in the form of soaked beads 

applied to living tissue in culture) increased DNA synthesis and, thus, the proliferative 

potential of cardiac myocytes (21). This activity is consistent with the ability of FGF-16 to 

stimulate brown adipocyte proliferation during embryonic development (18). While 

embryonic cardiac myocytes do not appear to significantly express FGF-16 but may respond 

positively to FGF-16 in terms of proliferative potential, neonatal cardiac myocytes not only 

express and release FGF-16 but FGF-16 also appears to negatively regulate their growth. 

Our gene array data indicate that FGF-16 inhibits FGF-2-stimulated expression of cyclin F, a 

protein that promotes G2 (2) and G2/M transition in the cell cycle by regulating cyclin B1 

localization to the nucleus (5, 17). FGF-16 also inhibits FGF-2-induced Ki67 expression, a 

marker of cell cycle activity expressed in G1, S, G2, prophase, and metaphase but not in 

quiescent (G0) cells (40). Furthermore, the CDK4/6 inhibitor Arf/INK4a (p16), an important 

negative regulator of G1 progression (31, 37), was upregulated by the combination of 

FGF-16 and FGF-2. These effects of FGF-16 on cell cycle gene expression indicate its 

interference with the growth-promoting effect of FGF-2.

Our data suggest that FGF-16 by itself may not be sufficient to activate a signal transduction 

pathway; however, it may be involved in shaping the influence of other stimuli or growth 

factors. In cardiac myocytes, PKC-α and PKC-ε have been associated with proliferation 

induced by growth factors, including FGF-2 (11, 16) and IGF-1 (7), as well as 

cardioprotection (35). In a human fibroblast cell line, PKC inhibition has been reported to 

arrest cells in G1 via accumulation of the cyclin-dependent kinase inhibitor p27 (29). PKC 

thus represents an important mediator of cell signaling in cardiac myocytes through which 

FGF-16 could affect changes to proliferative potential in postnatal cells.

Previously, we have shown that functional FGF-2 receptors are present in the postnatal heart 

(10, 23) and FGFR activity in cardiac cells is traditionally associated with PKC activation 

(10). The ability of FGF-16 to interfere with FGF-2-induced proliferative potential and/or 
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membrane levels of PKCs in cardiac myocytes might be explained by ligand (FGF-16 for 

FGF-2) competition for a cell surface receptor (FGFR). Three sets of observations, however, 

indicate this explanation alone may not be sufficient. First, FGF-16 in combination with 

FGF-2 upregulated Arf/INK4A, but neither FGF-16 nor FGF-2 alone significantly affected 

Arf/INK4A expression, as indicated by our cell cycle gene array (Table 1). Secondly, while 

FGF-2 was able to stimulate MAPKs (ERK1/2, JNK/SAPK, and p38), competition for this 

effect through FGF-16 treatment was not observed, suggesting that the effect of FGF-16 is 

exerted downstream of ligand-receptor interaction. Finally, FGF-16 was able to interfere 

with membrane PKC-α and PKC-ε levels induced by IGF-1 as well, a growth factor that 

activates different receptors than FGF-2. It is therefore apparent that the action of FGF-16 is 

not solely dependent on receptor competition with FGF-2. Its own unique effect and 

signaling pathway independent of FGF-2 may be attributed to the considerable complexity 

of FGF/FGFR interactions. Both FGF-16 and FGF-2 can bind with high affinity to more 

than one receptor subtype (34, 47), but the relative strength of activation for each differed. 

This may lead to functional differences that are critical for the regulation of both 

physiological and pathological processes. Differentiation of receptor action is complicated 

by the large number of splicing variants and FGFR isoforms and the fact that truly selective 

inhibition of receptor isoforms is simply not feasible.

Another possible mechanism for FGF-16 inhibition of FGF-2-stimulated growth was 

suggested by the negative regulation of cardiac myocyte proliferation by p38 (13). Although 

a slight effect of FGF-16 on its own was observed (Ref. 44; Fig. 5A), we did not observe any 

regulation of cell cycle gene expression by FGF-16 itself and were unable to link the 

inhibitory regulation of FGF-16 on FGF-2-induced growth to p38 MAPK activation. We 

found p38 inhibition enhanced the FGF-2-induced Ki67 LI; however, it did not abolish the 

inhibitory effect of FGF-16 (Fig. 3). Consistent with this, immunoblot assays showed that 

FGF-16 did not change FGF-2-induced p38 activation (Fig. 5). The growth response of 

cardiac myocytes, then, appears to involve a complex array of signaling pathways the 

activity of which is determined not only by the presence of ligands that directly activate 

them but also by ligands that may also serve to potentiate (or suppress) the growth response 

under certain physiological (i.e., developmental) or pathological conditions. Indeed, the 

suggestion that FGF-16 may be a negative regulator for postnatal cardiac growth may 

translate to the potential to interfere with the pressure-induced hypertrophic process 

mediated by other growth factors (including FGF-2). The prospect of an antihypertrophic 

effect of FGF-16 is very intriguing, particularly from a clinical point of view. As systems are 

used to further study the function of FGF-16 in vivo, this concept will be explored further.

In summary, FGF-16 expression increases in the myocardium at birth where this heparin-

binding protein has the capacity to be produced and released in a glycosylated form and to 

modify the signaling environment. The appearance of FGF-16 in the postnatal heart 

correlates with a change in the proliferative potential of cardiac myocytes. A role for 

FGF-16 in this transition is suggested by its ability to interfere with the proliferation 

potential of neonatal cardiac myocytes through a mechanism involving modulation of PKC 

activation and an effect on cell cycle-related gene expression.
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Fig. 1. 
FGF-16 mRNA expression during the perinatal and postnatal period in rat heart. Total RNA 

from late embryonic days (E19, E20); postnatal days (D1, D7, and D14); as well as 8-wk-

old adult hearts (8W) were reverse transcribed into cDNA, followed by real-time PCR using 

platinum Taq DNA polymerase and gene-specific primers for FGF-16 and GAPDH; all 

FGF-16 values were normalized to GAPDH expression. Data are means ± SE. Values for 

E19 and E20 are (16.46 ± 7.189) × 10−3 and (17.90 ± 3.855) × 10−3, respectively. **P < 

0.01 and ***P < 0.001, compared with E19; #P < 0.05, compared with D7 (n ≥ 3) by one-

way ANOVA with the Bonferroni posttest for selected multiple comparisons.
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Fig. 2. 
FGF-16 is produced by neonatal cardiac myocytes in culture. A: total RNA (40 μg) isolated 

from cell cultures enriched for either myocytes (M) or nonmyocytes (NM) was visualized 

with ethidium bromide (top) and then blotted and probed for FGF-16 transcripts. A 1.8-kb 

FGF-16 transcript (relative to the 28S and 18S ribosomal RNA bands) was detected in 

myocytes but not nonmyocytes. B, top: neonatal rat cardiac cell cultures enriched for 

myocytes and nonmyocytes were processed and conditioned media from each cell type were 

enriched for heparin binding proteins. Samples were separated by SDS-PAGE and probed 

using custom polyclonal FGF-16 antiserum. A band of 26.5 kDa was seen in myocytes but 

not nonmyocytes. (B, bottom). Conditioned media were incubated with glycosidase buffer in 

the absence (−) and presence (+) of enzyme. Fractions were separated by SDS-PAGE and 

probed with commercial FGF-16 antibody. Recombinant human (rh) FGF-16 (10 ng) and 

mobilities of markers (B, left) are included as specificity or size controls, respectively. B, 

bottom, left lane: rhFGF-16 appears as both a monomer and a dimer.
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Fig. 3. 
FGF-16 interferes with FGF-2-induced Ki67 labeling index in neonatal rat cardiomyocytes. 

A: cells cultured on coverslips were treated with 1 ng/ml FGF-2 and 100 ng/ml FGF-16 in 

the presence or absence of 10 μM p38 inhibitor (p38i, SB203580) for 24 h, fixed, and 

stained simultaneously with anti-Ki67 antibody (a), α-actinin (b), and Hoechst 33342 

staining for detection of nuclei (c); d is merged image of a, b, and c. In this manner, the Ki67 

labeling index was determined as the fraction (percentage) of Ki67-positive myocytes 

(identified by α-actinin staining). B: labeling index was counted in 59–67 fields for each 

treatment group, and value for control (untreated) cells was set to 1.0. Absolute means ± SE 

for control group (n = 67) are 1.68 ± 0.24%. ***P < 0.001, compared with control; ###P < 

0.001, compared with FGF-2 treatment in the presence of p38 inhibitor, using one-way 

ANOVA and Tukey-Kramer posttest for multiple comparisons.
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Fig. 4. 
A: FGF-16 competes with FGF-2 for binding specifically at FGF receptor (R)-1. H9c2 

myoblasts stably transfected with FGFR-1 were incubated with 125I-labeled FGF-2 (1.0 

ng/ml) at 37°C for 1 h in the presence of increasing amounts of unlabeled FGF-16 

(representing 77-, 154-, 295-, 606-, and 1,227-fold molar excess). Absolute value for control 

mean ± SE was 1,164.25 ± 161.13 cpm (n = 4). *P < 0.05 and **P < 0.01, compared with 

control (Dunnett posttest). B: FGF-16 competes with FGF-2 for receptor binding in cardiac 

myocytes. Cardiac myocytes were incubated with 125I-labeled FGF-2 (1.1 ng/ml) in the 

presence of 100- or 1,000-fold molar excess of cold competitor (FGF-2 or FGF-16, as 

indicated). Relative counts per minute values are shown for each group. Absolute means ± 

SE for control group (no competition) are 411.5 ± 30 (n = 6). **P < 0.01, compared with 

control (Dunnett posttest).
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Fig. 5. 
FGF-16 modulates signal transduction in neonatal rat cardiomyocytes. A: cells were treated 

with 1 ng/ml FGF-2 for 2, 5, 10, and 20 min, or 1 ng/ml FGF-2 and 100 ng/ml FGF-16 for 5 

min, or 100 ng/ml FGF-16 alone for 5 min. Cell extracts were analyzed by protein 

immunoblotting for phosphorylated p38 MAPK (ph-p38) and total p38 (t-p38), and each 

blot was stripped and reprobed with GAPDH as a control for gel loading. B: membrane 

(sarcolemmal) fractions from cells treated with FGF-2 (1 ng/ml) and/or FGF-16 (100 ng/ml) 

for 5 min were assessed by protein immunoblotting for PKC-α (80 kDa) or PKC-ε (90 

kDa). C: same experiment as in B except for growth factor treatment with IGF-1 (10 nM) 

and/or FGF-16 (100 ng/ml) for 2 min. NT, no treatment. Positions of molecular mass 

markers (kDa) are shown at right.
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Table 1

Cell cycle related gene expression after FGF-2 and/or FGF-16 treatment in neonatal cardiac myocytes

Genes Category FGF-2 FGF-16 FGF-2 + FGF-16

Ccnf (cyclin F) 6 2.80* 1.26 1.83

Mki67 (Ki67) 2 2.22* 1.28 1.49

Arf/INK4A 5/7 1.25 1.20 2.38*

Categories of functional gene grouping: 1, G1 phase and G1/S transition; 2, S phase and DNA replication; 3, G2 phase and G2/M transition; 4, M 

phase; 5, cell cycle checkpoint and cell cycle arrest; 6, regulation of the cell cycle; 7, negative regulation of cell cycle (www.superarray.com). 
Cultures of neonatal cardiomyocytes were treated with vehicle, FGF-2 (1 ng/ml), FGF-16 (100 ng/ml), or FGF-2 combined with FGF-16 for 24 h, 
followed by extraction of total RNA. Real-time RT-PCR was carried out on a 96-gene mini array. Data are mean fold change of mRNA expression 
in treatment group vs. control from 3 separate experiments. Gene expression level, expressed as inverse relationship to threshold cycle (Ct) and 

doubling of amount of product with every cycle, is calculated using the equation L = 2−Ct. After correction using housekeeping gene expression, 

relative expression level for each treatment group is given by [L(GOI)experiment/L(HKG)experiment]/[L(GOI)control/L(HKG)control], where L 

is gene expression level, GOI is gene of interest, and HKG is housekeeping gene average value. When calculated using L = 2−Ct, relative 

expression is equivalent to 2−ΔΔCt.

*
Numbers pass dual criteria where 1) gene expression level is >200% of control and 2) P < 0.01, when treatment is compared with control by 

repeated measures ANOVA and the Dunnett posttest for comparisons of multiple treatments to a common control.
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