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Abstract Sprouty2 is an important inhibitor of cell pro-
liferation and signal transduction. In this study, we found a
bimodal expression of Sprouty2 protein during cell cycle
progression after exit from quiescence, whereas elevated
Sprouty4 expression in the G1 phase stayed high
throughout the rest of the cell cycle. Induction of the
mitogen-activated protein kinase via activated Ras was
crucial for increased Sprouty2 expression at the GO/G1
transition. Following the first peak, accelerated proteaso-
mal protein degradation caused a transient attenuation of
Sprouty2 abundance during late G1. Since the decline in its
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expression was abolished by dominant negative c-Cbl and
the timely restricted interaction between Sprouty2 and
c-Cbl disappeared at the second peak of Sprouty2 expres-
sion, we conclude that the second phase in the cell cycle-
specific expression profile of Sprouty?2 is solely dependent
on ubiquitination by c-Cbl. Our results suggest that
Sprouty2 abundance is the result of strictly coordinated
activities of Ras and c-Cbl.

Keywords Sprouty - Cbl - Bimodal - Ras - Cell cycle -
MAPK
Introduction

Cell proliferation is a highly regulated process initiated as a
coordinated response to a combination of signals generated
by the presence of growth factors. Amplification and
transduction of these signals are requirements to enable the
receiving cell to exit from quiescence (GO) and progress
through an organized sequence of distinct phases, called
the cell cycle.

To avoid inappropriate signalling, several negative
feedback loops which attenuate and terminate the cellular
stimulation induced by growth signals are implemented.
One of these negative feedback loops includes the mem-
bers of the Sprouty (Spry) protein family. Spry was
discovered as an antagonist of receptor tyrosine kinase
(RTK)-mediated signalling in Drosophila [1]. Subsequent
studies demonstrated that Spry proteins are involved in
regulatory pathways counteracting growth factor-induced
processes in several organisms including Xenopus [2],
chicken [3, 4], zebrafish [5], mouse [6] and humans [7].
Also mammalian Spry proteins function mainly as inhibi-
tors of RTK-mediated processes, and their expression has
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been shown to repress lung branching morphogenesis [7,
8], angiogenesis [9, 10], cell growth [11-14] and migration
[10, 12-14].

In normal cells many control mechanisms are involved
in regulating the expression of the Spry proteins. Growth
factor-mediated increases in Spry mRNA levels [9, 11, 12,
15, 16] and the observation that Spry proteins are expressed
mainly at sites of excessive FGF signalling during organ-
ogenesis [3, 4, 8, 17, 18] led to the postulation of a negative
feedback loop. Additionally, several mechanisms prevent
inappropriate Spry expression by influencing its protein
stability. The E3 ubiquitin ligases c-Cbl, SIAH2 and
NEDD4 were recently shown to interact with Spry2 and in
consequence Spry2 is ubiquitinated and degraded by the
proteasome [19-22].

In this study we investigated the expression of Spry2
and Spry4 after initiating quiescent cells to progress
through the cell cycle. The data presented reveal an
unexpected biphasic expression profile of Spry2 during cell
cycle progression. The results also demonstrate a major
role of Ras-activated MAPK induction and c-Cbl-mediated
protein degradation in controlling the temporal fluctuations
of Spry2 expression.

Materials and methods

Plasmid constructions and generation of recombinant
adenoviruses

All Ras-expressing plasmids used were based on constructs
kindly provided by Dr. Rojas (Instituto de Salud Carlos III,
Madrid, Spain). The coding sequences of human H-,
K- and N-Ras™ and K-Ras®'?Y were subcloned into the
pADlox vector. Using PCR site-directed mutagenesis
H-RasGle, N—RasQGlR, K-RasS”N, H-RasS”N, N-RasS”N,
K-Ras>*T and K-Ras¥*°C were constructed. Using vectors
kindly provided by Dr. Langdon (University of Western
Australia, Crawley, Australia), c-CbI™ and c-CblA7%
proteins tagged with haemagglutinin (HA-c-Cbl™" and
HA-c-Cbl*"%%) were cloned into pADlox via BamH1 sites.
Using appropriately designed primers, YFP and CFP
were amplified from pEYFP-N1 and pECFP-C1 vectors
(Clontech) as templates and matching restriction sites were
introduced into pADIox, before full-length HA-cCbI™" and
hSpry2™" were fused in frame to the 3’ end of YFP or CFP
vectors to obtain YFP-HA-c-Cbl™" and CFP-hSpry2. All
constructs were verified by restriction digestion and
sequencing.

Recombinant viruses were produced as described pre-
viously [23] and used at a multiplicity of infection (MOI)
of 50 unless indicated otherwise.

Cell culture and cell treatments

Normal embryonic lung fibroblasts (WI-38 at passage 16)
were purchased from ATCC (Rockville, MD) and main-
tained in DMEM supplemented with 10% FCS (Fisher
Scientific). For cell cycle analysis, WI-38 cells were
serum-deprived for 3 days and released from quiescence by
adding medium containing 20% serum.

Of 15 NSCLC cell lines analysed, 10 were established
at our institute from surgical specimens, as follows: one
histologically confirmed adenocarcinoma (VL-1), seven
squamous cell carcinomas (VL-3 and VL-5 to VL-10) and
two large-cell carcinomas (VL-2 and VL-4). The cell lines
were used at passage numbers between 15 and 30. Six of
the ten cell lines (VL-1 to VL-4, VL-9 and VL-10) were
derived from primary tumours and four (VL5 to VLS) from
lymph node metastases. Additionally, five adenocarcinoma
cell lines (A-427, A-549, Calu-3, Calu-6 and SK-LU-1)
were purchased from ATCC (Rockville, MD). Of the 15
cell lines, 6 harboured a mutated K-Ras (VL-2, VL-4,
A-427, A-549, Calu6, SK-LU-1). The mutation analyses
have been described in detail by Sutterluty et al. [13].

FACS analysis was performed as described previously
[23]. The proteasomal inhibitors LLnL and MG132 (Sigma,
St Louis, MO) were added to a final concentration of 100 uM.
All growth factors used were applied at a final concentration
of 10 ng/ml. FGFs and IGF-1 were purchased from Strath-
mann Biotec (Hamburg, Germany), EGF from Sigma, and
PDGF-AA from Chemicon International (Temecula, CA).

MAPK was inhibited by incubating the cells with the
MEK inhibitor U0126 at a final concentration of 20 uM for
10 h. For measurement of protein half-lives, protein
translation was inhibited by the addition of 10 pg/ml
cycloheximide (CHX) for the indicated times.

Phosphatase treatment

Cell lysates were incubated for 30 min at 37°C with 1 U of
shrimp alkaline phosphatase (Roche). Control incubations
were performed in the absence of phosphatase.

Antibodies, western blotting, immunoprecipitation

The antisera against hSpry2 and hSpry4 were produced and
purified as described previously [13]. hSpry4 was raised
against NH,-terminal 220 amino acids of human Spry4 and
the specificity of the antibodies was verified (data not
shown). Antibodies against the following proteins were
used: pERK1/2, pllOP13K (Cell Signaling, Danvers, MA),
total ERK1/2 (Acris Antibodies, Hiddenhausen, Germany),
p-actin (Novus Biologicals, Littleton, CO), AUS (Bethyl
Laboratories, Montgomery, TX), and cyclin A (H-432),
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cyclin B1 (GNS1), cyclin D1 (M-20), HA epitope (12CAS)
(Santa Cruz Biotechnology, Santa Cruz, CA).
Immunoblotting was performed as described previously
[13]. Signals were quantified using ImageQuant software
(Molecular Dynamics, Sunnyvale, CA). The immunopre-
cipitation procedure was as previously described [23].

RNA extraction and northern blotting

RNA preparation and northern blotting procedures fol-
lowed published methods [24]. As probes we used the
coding sequence of hSpry2, hSpry4, ribosomal protein S6
(rPS6) and GAPDH.

Fluorescence resonance energy transfer

At 48 h prior to analysis WI-38 cells were infected at a
MOI of 5. Fluorescence resonance energy transfer (FRET)
analysis was performed as described previously [25]. For
quantitative analysis calculated FRET images were
exported and analysed using ImageQuant software. Line
scans were performed and the area under the curve was
measured.

Results

Spry2 protein shows a biphasic expression
through the cell cycle

As an initial experiment, we analysed Spry2 and Spry4
expression during cell cycle progression after serum-
deprived WI-38 cells were initiated to commit to cell
division. At selected time points cells were harvested and
cell synchrony was monitored by flow cytometry and
immunoblotting using antibodies against cyclins (Fig. 1a).
Serum withdrawal resulted in an efficient block in GO and
more than 70% of the cells re-entered a new cell cycle in
response to serum addition. At the 4 h time point increased
cyclin D1 levels showed that cells had progressed through
Gl phase. At 22 h after release, G1/S transition was indi-
cated by a strong increase in cyclin A protein levels although
the DNA content was not considerably augmented. After
28 h the majority of cells were in S phase. About 32 h after
serum release characteristic accumulation of cells with
doubled DNA content and a peak in cylin B1 protein levels
showed that the released cells were in G2/M phase. Then the
cells underwent mitosis and the cell population was again in
G1 phase 42 h after the serum induction (Fig. 1a).

The total abundance of Spry2 and Spry4 varied specifically
as cells progressed through the cell cycle. While antibodies
detected Spry2 and Spry4 proteins in logarithmically growing
cells, the corresponding bands were not present in quiescent

cells (Fig. 1b). Additionally, northern blot analysis revealed
that Spry2 and Spry4 mRNA expression was almost unde-
tectable in serum-deprived cells (Fig. 1c). In early G1 phase
as cells emerged from quiescence, both Spry2 and Spry4
mRNA and protein levels were strongly induced (Fig. 1b, c).
Subsequently, Spry4 protein levels increased during Gl
phase and remained high throughout the rest of the cell cycle,
while induction of Spry2 in early G1 phase was followed by
a substantial reduction in the protein levels at the G1/S
transition. During S and G2 phases, Spry2 protein levels
were again elevated and then fell when cells entered the next
G1 phase (Fig. 1b). As illustrated in Fig. 1d, these results
reveal a previously unreported bimodal expression pattern of
Spry2 protein during cell-cycle progression after exit from
quiescence.

In contrast to the observed differences in Spry2 and
Spry4 protein abundance through the cell cycle, Spry2 and
Spry4 mRNA expression patterns resembled each other.
After a distinct induction in early G1 phase, the mRNA
levels fell slightly (1.6-fold) and showed only modest
variations as cells progressed further through the cell cycle.
These findings indicate that the regulatory mechanisms
responsible for the characteristics of Spry2 and Spry4
protein expression profiles as cells progress from late G1 to
S and G2 phase are different and are mostly posttran-
scriptional, while Spry2 and Spry4 at the GO/G1 phase
are mainly induced at the mRNA level and are probably
controlled by similar mechanisms.

Growth factor-mediated upregulation of Spry2
expression correlates with MAPK activation

To explore the molecular pathways responsible for the cell
cycle-specific expression of Spry2 and Spry4 proteins, we
first focused on the requirements for their induction at the
GO0/G1 boundary. According to several reports, Spry
expression is induced in response to mitogenic signals.
Thus, we investigated the potential of several growth
factors—mainly of the FGF family—to increase Spry
expression and to activate MAPK and/or PI3K cascades.
WI-38 cells were mitogen-deprived for 72 h and sub-
sequently growth factors were added for 5 h. While Spry2
expression was induced in response to FCS, EGF, FGF2
and FGF9, Spry4 protein was clearly elevated only after
stimulation with FCS (Fig. 2a). Consistent with the
observed upregulations at the GO/G1 transition (compare
Fig. 1b and Fig. 1c), mitogen-induced expression of Spry2
and Spry4 proteins was paralleled by increased mRNA
levels (Fig. 2b), implying that Spry expression in response
to growth factors is mainly increased at the mRNA level.
Since the degree of Spry mRNA increase is about twofold
less than the quantitative differences observed at the pro-
tein level (compare also Fig. 2c), we cannot exclude the
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Fig. 1 Spry2 and Spry4 expression after cell cycle induction of
serum-deprived WI-38 cells. WI-38 cells were synchronized in the
GO/G1 phase by culture in medium without serum. They were
released from quiescence by adding medium containing 20% FCS.
a At the indicated time points, cells were analysed by FACS. In
parallel isolated total protein was separated by SDS-PAGE, and
probed with antibodies recognizing cyclin D1, cyclin A and cyclin Bl
proteins. b The same samples were probed with Spry2- and Spry4-
specific antibodies. Equal loading was confirmed using f-actin as a
control. Spry expression levels were determined by densitometry
analysis and normalized to f-actin. Starved cells were set arbitrarily
to 1. ¢ In parallel, cytoplasmic RNA was extracted from part of the

possibility that additional control mechanisms at the pro-
tein level intensify activation of mRNA expression.

In parallel to Spry expression studies, the influence of
the external signals on activation of MAPK and PI3K
pathways were tested by monitoring phosphorylation of
ERK and ribosomal protein S6 (rPS6) 5 min and 20 min
after growth factor addition (Fig. 2d). This analysis of
RTK-mediated signalling pathways revealed that FCS,
EGF, FGF2 and FGF9 were able not only to increase Spry2
abundance, but also to induce MAPK pathway strongly and
immediately (after 5 min). The other tested mitogens
FGF5, KGF, FGF10, FGF18, PDGF and IGF failed to
induce Spry2 expression and immediate ERK phosphory-
lation. A weak activation of ERK signals after 20 min was
observed in response to all tested factors. In contrast,
activation of the PI3K pathway did not coincide with Spry2
expression. Immediate phosphorylation of rPS6 was
observed in response to FCS, EGF and FGF2, and 20 min
after mitogen supply additionally FGF9 and IGF induced
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cells and northern blotting was performed using *?P-labelled cDNA
probes specific for Spry2, Spry4 and rpS6. Since intensity signals
derived from hybridization with rpS6 changed, methylene blue
staining and hybridization with GAPDH were added as further
loading controls. The expression level ratios of Spry2 and Spry4 were
calculated and normalized to rpS6 and GAPDH, respectively. The
mean values of both standardizations are indicated. Starved cells were
set arbitrarily at 1 in each case. d Calculated Spry2 protein and
mRNA expression levels during the cell cycle of WI-38. Each column
represents the mean of at least three independent experiments
including the standard deviation

PI3K-connected pathways. Thus we conclude that exclu-
sive activation of PI3K fails to induce Spry protein
expressions.

These results indicate that activation of MAPK and
PI3K pathways is not sufficient to induce Spry4 expression,
while mitogen-dependent upregulation of Spry2 abundance
strongly coincides with MAPK activation.

Ras-mediated MAPK activation induces Spry2
expression

Transduction of growth factor signals usually involves
activation of Ras proteins as a key event. In order to
examine whether the mitogen-induced Spry abundance
is a direct consequence of activated Ras signalling, we
expressed the constitutively activated, oncogenic Ras
forms H-Ras®'?V, K-Ras®'?V and N-Ras®'®R in WI-38
cells (Fig. 3). Additionally, recombinant adenoviruses
bearing dominant negative forms of the Ras proteins
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Fig. 2 Growth factor-mediated induction of Spry protein and mRNA
expression in human WI-38 fibroblasts. Normal human WI-38
fibroblasts were serum-deprived for 3 days before the indicated
growth factors were added for 5 h (a, b), and 5 and 20 min (d),
respectively. Protein lysates were prepared for immunoblotting (a, d)
using the indicated antibodies. mMRNA was analysed via northern blot

(H-RasS”N, K-Ras®'"™™ or N-RasS”N) were generated. As a
control, cells were infected with recombinant adenoviruses
expressing LacZ. The cells were either serum-deprived or
cultivated in medium containing 10% serum. Adenoviruses
were added to the cells at the time of serum removal or
medium change.

Immunoblot analysis of mitogen-deprived cells
expressing the dominant active forms of Ras revealed that
Spry2 and Spry4 protein levels were elevated in response
to activation of Ras-mediated signalling (Fig. 3a) but dif-
fered in the degree of induction. While the abundance of
Spry2 in cells expressing either N-Ras?'® K-Ras®'?V or
H-Ras®'?Y was about eightfold higher than in the LacZ-
treated reference cells, Spry4 protein levels increased only
two- to threefold in response to Ras activation. Dominant-
negative H-RasS”N, K-Ras®'"N and N-Ras®'"N reduced the
expression of Spry2 and Spry4 proteins especially in log-
arithmically growing cells (Fig. 3a). These findings
demonstrate that all three activated Ras family members
elevate Spry2 and to a lesser extent also Spry4 expression,

(b) using **P-labelled full-length Spry2, Spry4 and rPS6 as probes.
The expression level ratios of Spry were calculated after densitomet-
ric analysis normalized to either f-actin (a) or rPS6 and GAPDH (b).
Serum-deprived cells were set to 1. ¢ Summary of three or four
experiments. The means and SDs of calculated and normalized Spry2
expression levels are shown

and indicate a central role of Ras in the upregulation of
Spry2 and Spry4 as cells exit quiescence.

Based on these results, we sought to determine if Spry
protein expression correlated with constitutively active
K-Ras mutations in cell lines. Therefore Spry2 and Spry4
expression levels were determined in 15 serum-depleted
NSCLC-derived cell lines, 6 of which harboured a K-Ras
mutation [13]. For normalization, serum-arrested normal
human lung fibroblasts WI-38 were chosen. All of the
cell lines expressed Spry proteins but levels differed
considerably. As illustrated in Fig. 3b, the levels of both
Spry2 and Spry4 were clearly and significantly upregu-
lated in the cell lines harbouring activating K-Ras
mutations. Consistent with the quantitative difference in
activation of Spry2 and Spry4 in response to expression
of activated Ras, the average Spry2 expression in cells
harbouring an activating mutation in the K-Ras gene was
ninefold higher than the levels in K-Ras wt cells, while
Spry4 levels differed only about sixfold between these
two groups of cell lines. These results emphasize the
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Fig. 3 The influence of K-Ras on expression of Spry2 and Spry4.
a Serum-deprived and logarithmically growing WI-38 cells were
infected using adenoviruses expressing different oncogenic Ras
proteins. LacZ and the respective dominant-negative Ras>'’™ adeno-
viruses were included in the experiment. Cells were harvested after
3 days and equal amounts of protein were separated via SDS-PAGE,
transferred onto a nitrocellulose membrane and immunoblotting was
performed using the indicated antibodies. A representative immuno-
blot of two independent experiments is shown. Protein levels were
quantified by densitometric analyses and normalized to f-actin and
serum-starved LacZ-infected cells. b Endogenous Spry protein
expression was analysed in 15 NSCLC-derived tumour cell lines.
All cells were serum-deprived for 2 days before harvesting. Equal
amounts of protein were used for immunoblotting. After densitomet-
ric analysis the protein levels were normalized to f-actin. WI-38 cells
were arbitrarily set to 1. The results are presented as a box and
whiskers diagram and statistical analyses were performed using the

importance of Ras activation in regulation of Spry
proteins.

To test if Ras-mediated activation of Spry2 expression is
dependent on signalling via MAPK pathway, viruses
expressing constitutively active K-Ras versions carrying
mutations in the effector loop in such a way as to exclu-
sively bind Raf (K-Ras®'?V"13%) or PI3K (K-Ras®'?V-Y4C)
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Mann—Whitney U test. *P < 0.05. ¢ Serum-deprived WI-38 cells
were infected with adenoviruses expressing the indicated Ras
mutations: upper row activation of Ras/MAPK was measured via
immunoblotting using phospho-ERK-specific antibody; lower row
binding of Ras to PI3K was determined via AUS immunoprecipitation
and subsequent immunoblotting using pl1107¥ antibodies. d In
parallel, expression of Spry2 and Spry4 was determined in serum-
deprived WI-38 cells (left panel) and in logarithmically growing
WI-38 cells (right panel) infected with the indicated adenoviruses via
immunoblotting using specific antibodies. The Spry2 and Spry4 ratios
were calculated via densitometric analysis and normalized to f-actin
and LacZ-infected cells, respectively. e WI-38 cells were serum-
deprived and infected with adenoviruses expressing lacZ or
K-Ras%'?Y. At 10 h prior to harvesting MEK inhibitor U0126 or
the organic solvent DMSO were added to the cells. Immunoblotting
was performed using the indicated antibodies (L serum-deprived
cells, log logarithmically growing cells)

were generated [26]. At 48 h after infection, the effects of
their expression on the MAPK and PI3K pathways were
analysed. In accordance with the literature, K-Ras®'?Y
activated both pathways, while K-Ras®'?Y"T3% failed to
bind p11072¥ and K-Ras®'?V-Y4%C was unable to activate
ERK (Fig. 3c). Additionally, viruses expressing dominant-
negative K-Ras®'"™ and LacZ were included as controls.
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In serum-deprived cells (Fig. 3d, left panel) and logarith-
mically growing cells (Fig. 3d, right panel) the K-Ras
variants able to activate ERK phosphorylation clearly
induced Spry2 expression, while activated K-Ras exclu-
sively signalling via PI3K pathway had no influence on
Spry2 expression. Spry4 was also induced by the K-Ras
mutants known to activate the MAPK pathway. In addition
K-Ras®'?V"Y4C caused a moderate elevation in Spry4
protein levels. To confirm the importance of MAPK acti-
vation for Ras-dependent induction of Spry2 expression,
serum-deprived cells were infected with adenoviruses
expressing K-Ras®'?Y and treated with the MEK inhibitor
U0126 in order to inhibit MAPK activation. In line with the
data generated using K-Ras effector mutants, constitutively
active K-Ras failed to induce Spry2 levels when MAPK
activation was inhibited (Fig. 3e), demonstrating that
MAPK activation is essential for Ras-mediated elevation of
Spry2 expression.

Downregulation of Spry2 expression during G1 phase
involves protein degradation

To investigate more fully the decline in Spry2 expression at
the G1/S boundary, we first visualized its abundance during
G1 phase progression at several time points. Spry2 protein
levels increased as cells progressed through early G1 phase
and peaked between 6 and 8 h after cell cycle induction of
quiescent cells (Fig. 4a). Subsequently, the Spry2 levels
declined until the cells entered S phase at about 24 h as
indicated by induction of cyclin A expression. Again,
Spry4 expression remained elevated after reaching its
plateau at about 6 h. Since the mRNA expression profiles
indicated that this decrease in Spry2 expression was mainly
controlled at the posttranscriptional level (Fig. 1), we
sought to determine if differences in protein stability were
responsible for the decline in Spry2 protein levels observed
after the peak at 8 h. Therefore serum-deprived cells were
serum-induced for 4 and 10 h before protein synthesis was
blocked by the addition of CHX. The protein half-life in
early G1 phase was about 2 h, but the protein stability was
reduced (half-life 1.3 h) later in G1 phase (Fig. 4b). These
findings indicate that regulation of protein degradation is
an important mechanism reducing Spry2 expression during
later G1 phase.

The next experiment sought to clarify if the disap-
pearance of Spry2 protein was due to proteasomal
degradation (Fig. 4c). To this end serum-deprived cells
were released for 6 h before the proteasome inhibitors
LLnL and MG-132 were added for 3, 6 and 9 h. The
control cells were mock-treated with the solvent DMSO. In
line with the previous experiments, in the controls Spry2
protein levels fell as cells progressed through Gl phase
(compare lanes 3, 6 and 9 of Fig. 4¢c), indicating that

DMSO had no influence on Spry2 expression. Treatment
with both proteasome inhibitors increased Spry2 protein
levels as early as after 3 h. Additionally, the continued
presence of LLnL. and MG-132 resulted in the accumula-
tion of a band migrating more slowly. The observation that
after treatment with shrimp alkaline phosphatase the elec-
trophoretic mobility of the Spry2 accumulated in the
presence of proteasomal inhibitors shifted almost com-
pletely to the most rapidly migrating form (Fig. 4d)
indicates that predominantly a phosphorylated form of
Spry2 is degraded by the proteasome.

In contrast to their effect on Spry2, there was no influ-
ence of the proteasome inhibitors on Spry4 protein levels.
These findings indicate that protein degradation via the
proteasome is an important mechanism in the regulation of
Spry2 expression during the cell cycle.

Fluctuations in Spry2 expression through G1/S phases
are mediated by c-Cbl

Cell cycle-specific degradation of proteins is mostly med-
iated by regulated ubiquitination via E3 ligases [27]. One
of the reported interactions of Spry2, possibly responsible
for the observed decline in G1 phase, involves the E3
ligase c-Cbl. To test the influence of c-Cbl on Spry2
expression, we modulated c-Cbl activity by overexpressing
a c-Cbl wt protein and a c-Cbl mutant (c-Cb1A7%%) descri-
bed as dominant-negative with respect to degradation of
EGFR [28]. Therefore adenoviruses expressing HA-c-CbI™
and HA-c-Cbl*7% proteins were generated.

To test the influence of c-Cbl on the cell cycle-specific
expression pattern of Spry2, WI-38 cells were arrested in
GO phase. At 24 h after serum removal the cells were
infected with either a control virus expressing LacZ or the
viruses expressing the c-Cbl proteins. After 48 h cells were
initiated to exit quiescence and at different time points
during the cell cycle harvested for immunoblot analysis. In
parallel, FACS analysis was performed O and 24 h after
serum addition and revealed that the expressed proteins had
no pronounced effect on cell cycle progression (Fig. 5a). In
addition, independently of introduced c-Cbl, cyclin A
expression was induced 22 h after release of the arrested
cells (Fig. 5b). Expression of c-Cbl™ and c-CbIA%% was
comparable at all phases of the cell cycle, but weak in
quiescent cells (Fig. 5b).

In the GO and early Gl phases (after 6 h), Spry2
expression was influenced neither by increased expression
of the c-Cbl" protein nor by the dominant-negative
C-CblA7OZ.

In arrested cells, the average Spry2 protein levels were
low and increased about 15- to 20-fold when cells pro-
gressed through early G1 phase, although slight variability
(see Fig. 5c) was detected. In contrast, in cells harvested at
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Fig. 4 Influence of proteasome-mediated degradation on Spry pro-
tein expression between GO and S phase. WI-38 cells were serum-
deprived for 3 days to mediate a cell cycle arrest in GO/G1. Cell cycle
entry was induced by medium containing 20% FCS. a Total protein
was isolated at the indicated time points after serum addition. Equal
amounts of the protein lysates were separated by SDS-PAGE and
blotted onto nitrocellulose membrane. Spry-specific antibodies were
used to detect the levels of Spry2 and Spry4 proteins. Cyclin A and
p-actin were used as controls. b At the time points 4 h (left panel) and
10 h (right panel) after serum induction CHX was added to the cells.
Total protein was isolated at the indicated times and equal amounts of
protein were analysed by immunoblotting. A representative blot is
shown. Densitometric data for Spry2 protein levels were normalized
to f-actin and half-lives were calculated from three independent
experiments using ImageQuant and GraphPad Prism software.

the G1/S transition (22 h after serum addition), the reduced
Spry2 expression observed in control cells was signifi-
cantly lower in the presence of additional c-Cbl™" protein
(p = 0.028). Expression of the dominant-negative mutant
was able to override the usually observed decline of Spry2
in late G1 phase (Fig. 5b). As in cells in the G1 phase, the
average expression of Spry2 was about 17-fold greater than
in arrested cells, while lacZ cells expressed less than half
the amount of Spry2 protein. In accordance with the pre-
vious observation that the diminished expression of Spry2
protein in G1 phase is mainly caused by increased protein
degradation, measurements of Spry2 protein half-lives
during the GI1/S transition (22 h after serum addition)
revealed that expression of dominant-negative c-Cbl

¢ At 6 h after cell cycle release from quiescence, 100 uM of the
proteasome inhibitors LLnL and MG-132 (dissolved in DMSO) were
added for 3, 6 or 9 h, and compared to DMSO-treated WI-38 cells.
The cells were harvested at the indicated times, processed for
immunoblotting and stained with Spry2- and Spry4-specific antibod-
ies. Note the appearance of a Spry2 band migrating more slowly
(arrow) after proteasome inhibitor treatment. The ratios of the
abundances of Spry2 and Spry4 proteins were calculated by
densitometric analysis and normalized to f-actin and quiescent,
untreated cells, respectively. d Extracts from cells harvested 15 h
after serum induction and 9 h after addition of proteasome inhibitors
were either mock-treated or incubated with shrimp alkaline phospha-
tase. (D DMSO-treated cells, L LLnL-treated cells, M MG-132-
treated cells)

caused stabilization of Spry2 (Fig. 5d). As cells progressed
through S phase the strong effects of both c-Cbl proteins on
Spry2 expression were substantially reduced. In cells
infected with the control and the c-Cbl™" virus, Spry2 levels
were again elevated, while the levels in cells expressing the
dominant-negative c-Cbl remained stably high.

Since Spry4 does not interact with c-Cbl [29, 30],
variations in c-Cbl activity had no influence on its protein
expression. Independent of c-Cbl expression, Spry4 abun-
dance was increased in early G1 phase and remained
elevated at later time points.

These findings demonstrate that G1 phase-specific deg-
radation of Spry2 by c-Cbl is crucial for mediating the
biphasic Spry2 expression pattern during the cell cycle.
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Fig. 5 Influence of c-Cbl on Spry2 cell cycle-specific expression.
Serum-deprived WI-38 cells were infected with the indicated viruses
and induced by adding medium containing 20% serum. a Cells were
trypsinized and prepared for FACS analysis at 0 h and after 24 h of
induction. b In parallel the cells were harvested at the indicated time
points representing the indicated phases of the cell cycle. Total
protein was isolated, separated by SDS-PAGE and blotted onto
nitrocellulose membrane and probed using the indicated antibodies.
The ratios of Spry2 and Spry4 were calculated by densitometric
analysis and normalized to f-actin. Arrested control cells were
arbitrarily set to 1 (asterisk nonspecific band recognized by the

Spry?2 interaction with c-Cbl is limited to G1 phase

To investigate if the restricted influence of c-Cbl on the
Spry2 levels is connected to limited availability of c-Cbl
protein in certain cell cycle phases, we first analysed its
expression throughout the cell cycle. As shown in Fig. 6a,
c-Cbl expression showed only minimal fluctuations during
the different cell cycle phases. Only in the S/G2 phase,
when Cbl-mediated degradation had almost no influence on
Spry2 levels, were the c-Cbl levels slightly elevated. We
therefore sought to determine if the two proteins interact
during the respective time periods during G1 phase using
FRET analyses (Fig. 6b). To this end we synthesized ade-
noviruses expressing CFP-tagged Spry2 and a YFP-c-Cbl™

12CAS antibody, arrows specific bands for the HA-cCbls). ¢ The
calculated Spry2 protein levels of WI-38 cells infected with viruses
expressing lacZ, c-Cbl wt or dominant-negative cCbl*’"* mutant are
compared. Each column represents the means of at least three
independent experiments and includes the standard deviation.
*P < 0.05 (Mann—Whitney U test). d Cells infected with viruses
coding for LacZ or the dominant-negative cCbl*’% were serum-
induced for 22 h before CHX was added for the indicated times.
Protein half-lives were calculated after densitometric analysis of
two independent results (wt cCbl"', 4 dominant-negative cCb1A7%,
Z LacZ control virus)

fusion protein. Quiescent WI-38 cells were double-infected
with both adenoviruses 24 h before induction of the cell
cycle. To stabilize the Spry2-cCbl interaction, LLnL was
added 2 h before the FRET analyses. At both G1 time points
(10 and 22 h after serum addition) we calculated a promi-
nent and significantly increased FRET signal in all cells
coexpressing CFP-Spry2 and YFP-c-Cbl (Fig. 6b, c). The
same combination failed to produce any detectable signal
later in the cell cycle when cells progress through the G2
phase (measured 32 h after cell cycle induction; Fig. 6b, c).
In serum-starved cells the percentage of cells expressing
detectable amounts of the combination CFP-Spry2 and
YFP-c-Cbl were clearly reduced (about 1% compared to
about 15% at the three other time points), but these cells
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Fig. 6 FRET analysis of Spry2 and c-Cbl interaction during specific
cell cycle phases. WI-38 cells were serum-deprived for 3 days and
synchronized in GO/G1 phase. a By addition of medium containing
20% serum, cells were released and analysed by immunoblotting at the
indicated times. b At 48 h prior to FRET analyses, serum-starved cells
were infected with adenoviruses expressing CFP-labelled Spry2 and
YFP-labelled HA-c-Cbl™. Quiescent cells were induced using 20%
serum for the indicated times. In all cases the proteasome inhibitor
LLnL was added to a final concentration of 50 pM 2 h prior to the
FRET analyses. Images were acquired with filters for CFP (cyan), YFP

exhibited an evident FRET signal (Fig. 6b), although the
intensity of the signal was noticeably weaker than that
measured at the time points during G1 phase (Fig. 6b, c).
Therefore we conclude that c-Cbl and Spry2 primarily
interact during G1 phase of the cell cycle.

The timely overlap of the physical interaction between
c-Cbl and Spry2 and stabilization of Spry2 by dominant-
negative c-Cbl (see Fig. 5) strongly suggest that ubiquiti-
nation by c-Cbl mediates G1-specific degradation of Spry?2.

Discussion
Initiation and passage of cells through the cell cycle is

strictly regulated by a coordinated network of signal
transduction and cell-cycle progression pathways. Failures

5/G2

(vellow), and for FRET using identical microscope and camera
settings. After determination of the correction factor for CFP (donor)
and YFP (acceptor), the intensity of the FRET signal (green) was
calculated [25]. Representative examples are shown. ¢ Intensity
profiles (lower panels) of the FRET signals along an arbitrary line
across the cell (upper panels) presented as calculated grey level
(y-axis) versus pixel distance (x-axis). For statistical analysis the areas
under the curve of the line scans were quantified using ImageQuant.
Each bar represents the mean + SD of at least eight images from three
independent experiments. *P < 0.05 (Mann—Whitney U test)

at key decision checkpoints during GO/G1/S transitions
lead to uncontrolled multiplication of cells, and thus can
induce tumour formation [31]. Sprouty proteins are nega-
tive regulators of signal transduction as well as cell
proliferation and are therefore considered to play a role as
tumour suppressors in several cancers. Consequently, Spry
proteins have been found deregulated in various tumours
[13, 32-36].

In this study, we assessed the regulation of Spry2 and
Spry4 expression during the cell cycle after exit from
quiescence. Expression of a protein in a certain time win-
dow within the cell cycle usually means that its particular
tasks are exclusively needed and desired at that particular
time. In this regard, a distinguishable cell cycle expression
profile of Spry2 and Spry4 is likely to reflect distinct
functions during cell cycle progression. According to its



Sprouty2 expression during cell cycle

3309

expression, Spry4 functions immediately after serum
induction throughout the cell cycle while Spry2 is only
needed in early G1 phase and after cells have entered S
phase. During late G1 phase Spry2 tasks are not needed for
or even obstruct cell cycle progression. Correspondingly,
enforced Spry2 expression interferes with cell proliferation
of different cell lines including WI-38 cells [13] and
reduced Spry2 expression in WI-38 cells released from
quiescence accelerates progression through G1 phase,
while expression of Spry4 fails to inhibit proliferation of
logarithmically growing WI-38 (unpublished observa-
tions). Accordingly, other studies have demonstrated that
Spry4 is not able to interfere with proliferation of pancre-
atic tumour cells [37] or prostate cancer cells [34].
Therefore we conclude that during late G1 phase Spry2
exerts a specific inhibitory function on cell proliferation.
Consistent with this finding, a previous study has shown
that Spry2 inhibits G1/S phase transition by decreasing
phosphorylation of Akt via PTEN [38]. Since the abolish-
ing of Spry2 degradation in late G1 phase by expression of
dominant-negative Cbl does not affect G1/S transition
(Fig. 5), it is likely that the mechanisms involving Spry2
during late G1 phase can be compensated for by another
Cbl substrate.

Concerning the mechanisms responsible for regulation
of Spry proteins, the results presented allow functional
attribution of certain control mechanisms to distinct phases
of the cell cycle. In agreement with the proposed negative
feedback loop, elevated Spry2 and Spry4 expression
immediately after serum induction is directly or indirectly
dependent on Ras activation. Expression of both proteins
was induced by any of the three oncogenic Ras family
members. Correspondingly, NSCLC-derived cell lines
carrying mutated K-Ras express significantly more Spry2
and Spry4 protein than cells harbouring wt K-Ras. In line
with these findings, knock-in of an oncogenic Ras®'?P
variant in murine fetal lungs led to an increase in Spry2 and
Spry4 expression [39]. Furthermore, our findings demon-
strate that although both Spry2 and Spry4 expression is
upregulated by Ras, the mechanisms involved are different.

When quiescent cells were incubated with growth fac-
tors, the increase in Spry2 protein levels caused by the
tested mitogens coincided with immediate activation of
ERK phosphorylation. Accordingly Spry2 and Spry4 are
among the upregulated mRNAs when activated Raf-1 is
expressed in human fibroblasts [40]. Other studies have
also shown that growth factor-induced Spry2 expression
can be reduced by inhibitors of MEK-1 [15, 16]. Similar to
the previous results showing that an inhibitor of the PI3K
pathway fails to reduce Spry2 expression, IGF was not able
to augment Spry2 protein levels but induced PI3K-medi-
ated signalling. Our results obtained by ectopic expression
of activated K-Ras mutated in the effector loop confirmed

that Ras-induced Spry2 expression is solely mediated by
Raf/ERK signals and further indicated that PI3K effector
pathways have no impact on Spry2 expression.

In contrast, Spry4 expression was clearly induced solely
in the presence of serum. Even growth factors which
activated ERK and PI3K pathways failed to augment Spry4
protein levels. Therefore we conclude that different or
additional signals are required for elevation of Spry4 pro-
tein levels. A more complex regulation of Spry4 is also
indicated by published data showing that Wnt signalling
[41, 42] is able to induce Spry4 expression.

Mitogen-mediated upregulation of Spry expressions was
observed at the mRNA level, indicating that mechanisms at
the mRNA level play an essential role in the regulation of
Spry levels in the early cell cycle phases. Published pro-
moter studies have shown that in WI-38 cells the 4-kb
promoter element proximal to the Spry2 transcription start
is not sensitive to growth factors [43]. Therefore it is likely
that the increase in Spry2 mRNA expression at the GO/G1
boundary is dependent on additional regulatory elements
elsewhere in the genome, in the intron or within the mRNA
of Spry2.

Later in the cell cycle, regulated protein degradation by
the proteasome is mainly responsible for the fluctuations in
the profile of Spry2 expression levels. Spry4 levels
remained high throughout G1/S/G2 phase and insensitive
to inhibition of proteasomal degradation. Degradation via
the proteasome is largely dependent on conjugation of
ubiquitin to the lysines of the substrate proteins by
so-called E3 ubiquitin ligases [27]. c-Cbl protein has a
proven E3 ubiquitin ligase activity [44] and has been
shown to interact with Spry2 but not with Spry4 [29, 30].
In accordance with several reports that degradation of
Spry2 by c-Cbl is dependent on growth factor-mediated
phosphorylation of tyrosine55 [20, 45], in serum-deprived
cells, the interaction of c-Cbl with Spry2 was only weak
and modulated c-Cbl activity had no influence on Spry2
expression. In contrast, the Gl-specific decline in Spry2
protein was abrogated by the expression of dominant-
negative c-CbI*7%%. But when cells progressed through S
phase, Spry2 levels were again insensitive to c-Cbl activity,
indicating that only the transient Gl-specific decline in
Spry2 was mediated by cell cycle-specific ubiquitin ligase
activity of c-Cbl. Future experiments will elucidate what
mechanisms are responsible for phase-restricted degrada-
tion of Spry2 by c-Cbl.

Modifications to Spry2 may be involved in the temporal
restriction of its degradation. Phosphorylation by MNK-1
has been reported to stabilize Spry2 and interfere with its
degradation by c-Cbl [46]. Therefore it is possible that a
conformational change in the complex between Spry2 and
c-Cbl upon MNK-1 phosphorylation in late S phase is
responsible for the second phase of Spry2 expression.
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Furthermore, the interaction between c-Cbl and Spry2 can
be abrogated by the action of a phosphatase. PP2A and
SHP2 are phosphatases known to interact with Spry2 [47,
48]. Although none of the two enzymes has a known
S-phase-specific function, both molecules are potential
candidates for regulation of the Spry2-cCbl interactions.
PP2A is a serin/threonine phosphatase which, like c-Cbl,
binds to a Spry2 motif including amino acids 50 to 60 [48].
Therefore it is conceivable that PP2A replaces c-Cbl and
thereby stabilizes Spry2. In contrast, SHP2 is a tyrosine
phosphatase which can remove the phosphate at tyrosine
55 of Spry2 [47] thereby weakening the interaction
between c-Cbl and Spry2.

It is also possible that modifications to c-Cbl could
regulate its interaction with Spry2. In the case of the EGF
receptor, activation of Cdc42 enhances sequestration of Cbl
proteins in a Cdc42-p85°°°"" complex, which causes
stabilization of the receptor [49]. A similar mechanism
resulting in diminished levels of c-Cbl available for Spry2
interaction could also be responsible for stabilization of
Spry2 when cells enter S phase.

Since the induction of mRNA expression in early Gl
phase was less pronounced than the upregulation of the
Spry proteins measured in parallel, we conclude that in
other phases of the cell cycle protein degradation is also
involved in adjusting the appropriate Spry expression level.
Our findings indicate that c-Cbl activity has a negligible
influence on Spry levels during GO and early G1 phase,
indicating that other control mechanisms, such as ubiqui-
tination by Siah2 or Nedd4, could be more important for
reducing Spry levels in these stages of the cell cycle.

In summary, our results demonstrate that the coordi-
nated action of Ras- and c-Cbl-mediated pathways is
responsible for a newly discovered bimodal expression of
Spry2 during the cell cycle.
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