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ARTICLE INFO ABSTRACT

Keywords: Sprouty2 (Spry2) is a prominent member of a protein family with crucial functions in the modulation of signal
Sprouty2 transduction. One of its main actions is the repression of mitogen-activated protein kinase (MAPK) pathway in
Spatial signal transduction response to growth factor-induced signalling. A common single nucleotide polymorphism within the Spry2 gene
MAPK . . creates two protein variants where a proline adjacent to the serine rich domain is converted to an additional
El;:;g?;ri):;non variants serine. Both protein variants perform similar functions although their efficiency in fulfilling these tasks varies. In

this report, we used biochemical fractionation methods as well as confocal microscopy to analyse quantitative
and qualitative differences in the distribution of Spry2 variants. We found that Spry2 proteins localize not solely
to the plasma membrane, but also to other membrane engulfed compartments like for example the Golgi ap-
paratus. In these less dense organelles, predominantly slower migrating forms reside indicating that post-
translational modification contributes to the distribution profile of Spry2. However there is no significant dif-
ference in the distribution of the two variants. Additionally, we found that Spry2 could be found exclusively in
membrane fractions irrespective of the mitogen availability and the phosphorylation status. Considering the
interference of extracellular signal-regulated kinase (ERK) activation in the cytoplasm, both Spry2 variants in-
hibited the levels of phosphorylated ERK (pERK) significantly to a similar extent. In contrast, the induction
profiles of pERK levels were completely different in the nuclei. Again, both Spry2 variants diminished the levels
of pERK. While the proline variant lowered the activation throughout the observation period, the serine variant
failed to interfere with immediate accumulation of nuclear pERK levels, but the signal duration was shortened.
Since the extent of the pERK inhibition in the nuclei was drastically more pronounced than in the cytoplasm, we
conclude that Spry2 — in addition to its known functions as a repressor of general ERK phosphorylation —
functions as a spatial repressor of nucleic ERK activation. Accordingly, a dominant negative version of Spry2 was
only able to enhance the pERK levels of serum-deprived cells in the cytosol, while in the nucleus the intensity of
the pERK signal in response to serum addition was significantly increased.

Nuclear ERK

1. Introduction

In multicellular organisms, the cellular behaviour is coordinated by
intercellular communication. In response to cues in their environment
specific cellular responses are stimulated. A complex network of signal
transmitters as well as positive and negative regulatory proteins de-
termine signal amplitude and duration and thereby the interpretation of
the surrounding information [1].

The members of the Spry protein family are well documented
modulators of signal transduction induced by receptor tyrosine kinases
(RTK) in response to diverse growth factors [2]. In humans, these

proteins interfere with signalling induced by different mitogens pri-
marily of the fibroblast growth factor family, but were also shown to
inhibit cellular response to nerve growth factor, vascular endothelial
growth factor, platelet-derived growth factor and hepatocyte growth
factor [2]. Loss or repression of Spry proteins resembles phenotypes
observed in case of growth factor overdoses [3-7]. They fulfil important
functions in branching and differentiation processes during develop-
ment. Accordingly, their deregulated expressions are shown to be in-
volved in tumorigenesis in many organs. For example, Spry2 functions
as a tumour suppressor in lung [8,9], prostate [10,11], bone [12],
breast [13,14] and liver cancer [15]. An opposing effect is described in
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colon [16,17] and brain [18], where Spry2 expression enhances ma-
lignant transformation processes.

Recent reports additionally attribute an important regulatory role in
immunogenic processes to them [19,20].

Since murine Spry proteins are highly expressed where signal in-
duction is observed a negative feedback loop is postulated [21-23].
Accordingly, Spry2 and Spry4 expression are induced in response to
growth factor-induced signalling, especially if mitogen-activated pro-
tein kinase (MAPK) is activated [24-27]. Furthermore RTK-mediated
phosphorylation of tyrosine 55 (Y55) is in combination with palmi-
toylation [28] considered as an important posttranslational modifica-
tion triggering the plasma membrane localization of Spry2 [21].

Functionally, Spry2 is shown to interfere with multiple pathways
downstream of RTK- induced signalling. In some reports, Spry2 is
shown to influence phosphoinositide-3-kinase (PI3K) pathway through
phosphatase-and-tensin-homolog (PTEN) [29]. Additionally, it has a
negative regulatory function in phospholipase gamma induced path-
ways [30,31]. Nevertheless, the main pathway Spry2 interferes with is
activation of MAPK pathway. Like binding of Growth factor receptor-
bound protein2 (Grb2) [25,32] this results in diminished RAS activa-
tion. Interaction of Spry proteins with the RAF protein family members
inhibits their induction by RAS [33,34] causing the usual observed
reduction of extracellular signal-regulated kinase 1/2 (ERK1/2) phos-
phorylation.

The ERK cascade is an important pathway since > 250 substrates
are phosphorylated by this kinase. Although half of the ERK targets
including prominent transcription factors like c-Fos, and Elk1 are lo-
calized in the nucleus, other substrates in the cytoplasm and in different
organelles play important roles in other ERK-induced processes.
Therefore, localization of phosphorylated ERK is an important de-
terminant in the signalling response [35,36]. The subcellular origin
initiating the RAF-MEK-ERK pathway is crucial in determining the
ERK1/2 specificity [37].

In an earlier report, we have investigated the functional con-
sequences of a cytosine to thymidine transition resulting in a substitu-
tion of proline for serine at position 106 [38]. This frequent Spry2
variant adds an additional phosphorylation site to the Spry2 protein
within the serine rich domain. Serine phosphorylation within this do-
main was shown to be connected with protein stability [39], this var-
iation is rather modulating the inhibitory potential of Spry2. Although
both Spry2 variants affected the malignant processes in order to func-
tion as tumour suppressors in lung [8], the efficiency of the inhibition
was significantly different [38]. Nonetheless, the potency of their effect
on the total ERK1/2 phosphorylation did not always correlate with
their influence on the subsequent processes. In this report, we in-
vestigated the influence of different Spry2 mutants concerning their
localization and their influence on phosphorylated ERK1/2 levels in
cytoplasm and nucleus.

2. Material and methods
2.1. Cell culture

The primary embryonic human lung fibroblasts WI-38 were pur-
chased from the American Type Culture Collection. All experiments
were performed with cells at passages between 24 and 28. Cells were
cultured in a humidified incubator at 37 °C with 7.5% CO, in Dulbecco's
modified eagle medium supplemented with 10% fetal calf serum (FCS)
and penicillin (100 U/ml) as well as streptomycin (100 pug/ml) which
was exchanged regularly in intervals of 2-3 days. Serum withdrawal
was achieved by washing 50% confluent cell layers twice with serum
free medium. 2 days post treatment, cells were infected with the re-
spective adenoviruses and incubated for another 2 days before 20% FCS
were added.
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2.2. Recombinant adenovirus generation and cell infection

To transiently express proteins in the primary WI-38 cells re-
combinant replication-deficient adenoviruses were used. The pAdlox
constructs were generated earlier as described [8,38]. Recombinant
viruses were generated by co-transfecting pAdlox plasmid DNA, di-
gested previously with Sfil, and W5 adenovirus DNA into 293-CRE8
cells as described [40]. Recombinant adenoviruses were selected by
serial re-infection of 293-CRES8 cells and amplified in 293 cells, purified
by CsCl density-gradient centrifugation, dialyzed against HBS buffer
(10mM HEPES, pH7.2, 140 mM NaCl, 1 mM MgCl,) and stored at
— 20 °C. For infection, viruses were diluted in serum-free medium. If
not indicated otherwise, adenoviruses were generally used at a multi-
plicity of infection of 50.

2.3. Sucrose density gradient fractionation

For performing cellular fractionation 1.5*10” cells were washed
twice with cold PBS, harvested with cell scrapers, and collected by
centrifugation at 1500 rpm for 5 min. The cell pellet was resuspended in
1ml lysis buffer (250 mM sucrose,10 mM HEPES pH7.4, 1 mM NaF,
0.5 mM Na3V0O,) and incubated on ice for 30 min. Lysis was then per-
formed by passing the cell suspension 20 times through a 25G needle.
Cell debris and nuclei were removed by a centrifugation step at 1000 g
and 4 °C for 10 min. 800 pL of the supernatant were loaded onto the
prepared sucrose density gradient ranging from 10% to 55% w/v (10
layers with decreasing 5% sucrose each step), while the remaining
volume was stored at —20 °C and kept as a pre-fractionation control
sample (Input). After loading the gradients were centrifuged at
37.000 rpm and 4 °C for 3 h. Thirteen fractions were collected for fur-
ther analysis.

2.4. Biochemical fractionation using digitonin extraction

Growth medium was discarded and 10° cells were washed twice
with cold PBS before they were incubated on ice with 0.6 ml cold di-
gitonin solution (40 ug/ml digitonin, 2mM DTT, 2mM MgCl, 1mM
NaF, 0.5mM NazVO,4 150 mM NaCl, 20 mM HEPES pH7.4, 200 uM
EDTA) for 10 min. Supernatants were then transferred to 1.5 mL mi-
crocentrifuge tubes giving rise to the cytosolic fraction and immediately
stored at —20 °C until further analysis. Residual cytosolic supernatant
was removed by two washing steps with cold PBS. The residual cell
fractions were harvested in PBS using cell scrapers and subsequent
centrifugation for 5min at 1000 g and 4 °C. The pelleted cells were in-
cubated for 5min in 150 pL low salt buffer (20 mM HEPES pH?7.4,
0.2mM EDTA, 1 mM NaF, 0.5 mM Nas;VO, 1X complete protease in-
hibitor), and partly lysed by 15 passages through a 25G needle. To
complete lysis, 150 pL high salt buffer (300 mM NaCl, 200 mM HEPES
pH7.4, 0.2mM EDTA, 1mM DTT, 1mM NaF, 0.5mM NasVO, 1X
complete protease inhibitor) were added and another 15 passages with
a 25G syringe needle were performed. Membrane fractions were col-
lected by ultracentrifugation for 30min at 80.000g and 4°C.
Supernatant was collected as nucleosol fraction while the pellets
(membrane fraction) were washed twice with NEH buffer (150 mM
NaCl, 20mM HEPES pH7.4, 200uM EDTA, 1mM NaF, 0.5mM
NazVO,), resuspended in Laemmli buffer (10% glycerol, 5% [B-mer-
captoethanol, 2.3% SDS, 65 mM Tris pH 6.8, 0.01% bromophenol blue)
and lysed by boiling and sonication.

2.5. Immunoblotting

Immunoblotting was carried out as specified earlier [41] using af-
finity purified antibodies against Spry2 generated previously [8]. An-
tibodies against phosphorylated extracellular signal-regulated kinase
(pERK) (#9101), and GM130 (#12480) were purchased from Cell
Signalling Technology (Danvers, USA) and diluted 1:1000. SP1
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Fig. 1. Localization of the Spry2 variants within the cells. WI-38 cells were serum-starved, infected with either Spry2°1°° or Spry: expressing adenoviruses and

serum was added for about 28 h, respectively. (A) Cells were harvested, lysed and a sucrose gradient fractionation was performed and analysed by immunoblot. The
harvested 13 fractions were numbered form the top to the bottom and compared with the input (IN). Antibodies specific for Spry2, B-actin, GM130, Calnexin and
CD71 were applied. For Spry2 immunoblot short and long exposures are presented as indicated. (B) Protein abundances were calculated after quantification by
densitometric analysis using ImageQuant 5.0. Graphs summarize at least three immunoblots and were created using GraphPad prism software. (C) Inmunostaining of
cells expressing the indicated Spry2 proteins. Localisation of Spry2 was detected with Alexa Fluor 488 in green. Plasma membrane marker CD71, endosomal marker
Calnexin and RCAS1 a Golgi specific protein were stained with Alexa Fluor 647 (red). The merged combines the two channels plus the DAPI (Blue) stained nuclei.
Bar, 20 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

antibodies (sc-14,027) and antibodies directed against ERK 1/2 (sc- incubated in a 1:5000 dilution.
514,302), and CD71 (sc-32,272) were purchased from Santa Cruz
(Santa Cruz Biotechnology,Inc., Dallas,Texas) and used in a 1:500 di-
lution. Antibodies recognizing B-Actin (sc-47,778), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (sc-365,062), were also pur-
chased from Santa Cruz (Santa Cruz Biotechnology,Inc., Dallas,Texas)
and diluted 1:1000 and 1:3000, respectively. Anti-Calnexin (C4731)
antibodies were purchased from Sigma Aldrich (ST. Louis, USA) and
applied in a 1: 3000 dilution. The HRP-coupled secondary antibodies
were purchased from GE Healthcare (Chalfont St.Giles, UK) and usually

2.6. Immunofluorescence microscopy

WI-38 cells were plated in Eppendorf 8 well imaging cover glass
(No. 0030742036). Next day the cells were arrested by serum with-
drawal. Another 2 days later the cells were infected with adenoviruses
expressing the different Spry2 or control proteins, respectively. Forty-
eight hours post-infection cells were stimulated by addition of 20% FCS.
For staining cells were rinsed with PBS containing 0.2% BSA and fixed

w



J. Dittmer, et al.

for 15min in 4% paraformaldehyde/PBS at room temperature. Fixed
cells were washed for 10 min in PBS/100 mM glycine, washed with PBS
containing 0.2% BSA and permeabilized in PBS containing 0.2 mg/ml
BSA/0.1% Triton X-100/10% Normal Goat Serum (blocking buffer). For
dilution of the primary antibodies PBS containing 0.2 mg/ml BSA/
0.1%Triton X-100/3% normal goat serum (incubation buffer, or IB) was
used. The above mentioned antibodies against Spry2, pERK and CD71
were diluted 1:75, 1:1000, and 1:50, respectively. To stain the Golgi
apparatus an antibody against RCAS1 (D8K2E from CST) was diluted
1:50. The endoplasmic reticulum was visualized using the anti-Calnexin
antibody (AF18 from Santa Cruz) in a 1:100 dilution. Incubation with
the primary antibody was performed overnight at 4 °C in a humidified
chamber. Next day, antibodies were removed by three times washing
with the PBS/BSA solution. Incubation with the corresponding sec-
ondary anti-rabbit and anti-mouse antibodies conjugated to Alexa Fluor
488 or Alexa Fluor 647 was performed for 90 min at room temperature.
Both secondary antibodies were diluted 1:1000. The washing step was
repeated and DAPI solution (0.2 pg/ml) was added for 15 min. After
washing, cells were imaged. Confocal images were obtained using an
LSM 880 confocal laser scanning microscope (Carl Zeiss, Inc.) equipped
with a 40 X Plan-NeoFluar NA 1.3 Oil DIC objective. Images were ac-
quired in three channels: blue (DAPI), green (Alexa Fluor 488), red
(Alexa Fluor 647).

3. Results
3.1. Spry2P1% and Spry251% show no difference in their localization

Spry2 protein has three homolog domains which are proposed to
impact its function. Beside the frequently studied N-terminal box and
Spry-box at the very C-terminus, the serine-rich domain is well con-
served. Adjacent to this domain a SNP exchanges the more frequent
proline (two third of the alleles) at position 106 to an additional serine
[11].

In an earlier study, variation of position 106 in the amino acid se-
quence of Spry2 was shown to affect the efficiency of Spry2 modes of
functions. In the first set of experiments we used biochemical fractio-
nation to analyse if the exchange of proline to a serine at position 106
has an effect on the subcellular localization of Spry2. To obtain a re-
lative synchronized cell population, normal WI-38 cells were serum-
deprived and infected with adenoviruses expressing either Spry2°1°¢ or
Spry251%, before serum was added for 28 h. Both proteins were pri-
marily detected in the fractions where also CD71 a well-known plasma
membrane marker is detected. But Spry proteins appearances were not
restricted to the range of CD71-containing fractions but could ad-
ditionally localize in fractions harbouring Calnexin and GM130, pro-
teins specific for the endoplasmic reticulum and the Golgi apparatus,
respectively. Their distribution is not completely overlapping with any
of the markers indicating that both Spry2 variants localize to different
compartments (Fig. 1A and B). Interestingly, we observed with both
variants that in the less dense fractions a slower migrating form is more
prominent while in the higher fractions of the gradient slower and
faster migrating forms are equally represented (Fig. 1A). Nonetheless,
the detected distribution of the two Spry2 variants was almost over-
lapping, indicating that there is no difference in localization. In line
with these data, we could see that a portion of both Spry2 variants
resided at the plasma membrane overlapping with regions stained by
CD71. Additionally, we observed that Spry2°'°® as well as Spry25'%¢
were clearly detectable in structures positively highlighted by the Golgi
marker RCAS1. In the endoplasmic reticulum stained by Calnexin no
significant levels of Spry2 proteins were detected (Fig. 1C). To ensure
that the Spry2 variants are equally localized at other phases in the cell
cycle, we investigated the distribution of the Spry2 variants within the
gradients when serum was added for only 5h (Fig. 2). As shown earlier
[26], at this time point cells are in G1 phase and express Spry2 protein.
The distribution of the compartments was slightly different as
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compared to the pattern observed 28 h after serum addition. None-
theless, again both Spry2 proteins were found primarily but not ex-
clusively in the fractions harbouring CD71 (Fig. 2A and B). As depicted
in Fig. 2C, the endogenous Spry2 levels at these time points are com-
parable and ectopic expression of both variants causes definitive and
equivalent overexpression although to a different extent. These data
indicate that both Spry2 variants are distributed similarly to different
cellular compartments including plasma membrane and Golgi appa-
ratus.

3.2. In WI-38, Spry2 proteins are exclusively present at membrane
structures

Earlier reports show that in serum-deprived transformed monkey
(COS1) and in immortalized murine cells, ectopically expressed Spry2
localizes to cytoplasmic structures and undergoes translocation to the
plasma membrane only in response to mitogen-activation [42,43]. In
order to test if Spry2 shuttles in primary normal human fibroblasts like
WI-38 as a consequence of mitogen activation, we serum-deprived cells
for 2 days, infected them with adenoviruses expressing either Spry2F!°°
or Spry251% and isolated the membrane as well as the cytosolic fraction
by using digitonin extraction. As depicted in Fig. 3, a cytosolic marker
(GAPDH) localized completely to the cytosolic fractions, while markers
for the plasma membrane (CD71) and endoplasmic reticulum (Cal-
nexin) were exclusively detected in the membrane fractions. In contrast
to the earlier data obtained in other cell systems in starved cells,
Spry2P1% as well as Spry251°® were undetectable in the cytosolic
compartment. In response to serum-induction no changes could be
observed.

3.3. Phosphorylation of Y55 is not essential for the localization of Spry2 to
the membrane fraction

Since phosphorylation of tyrosine 55 in Spry2 was reported to be
essential for the shuttling of Spry2 from the cytoplasm to the plasma
membrane, we next investigated the distribution of a Spry2¥>*F mutant
that cannot be phosphorylated at position 55 and therefore would be
expected to reside in the cytoplasm only. Like in the case of the
Spry2'°® variants, also the Spry2¥>>f mutant was undetectable in the
digitonin extractable cytoplasmic fraction, but present exclusively in
the membrane compartments (Fig. 4). Immunoblot with GAPDH proved
the successful isolation of a known cytosolic protein. Independent of
serum availability, all Spry2 proteins localized to the membrane com-
partment.

3.4. The influence of Spy25’° on the nuclear pERK levels is clearly

distinguishable from the response to Spry2F1°°

In an earlier report [38], we demonstrated that a SpyZSmG variant
more effectively inhibits proliferation of WI-38 cells although it is less
effective in repressing total ERK phosphorylation. Therefore, we hy-
pothesized that Spry2 could not only inhibit phosphorylation of ERK
but also its accumulation in the nuclei. To study this hypothesis, we
separated cytosolic and nucleosolic compartments of the cells in re-
sponse to mitogen activation. As depicted in Fig. 5A, using the applied
conditions the cytosol was essentially extracted by digitonin as detected
by a GAPDH antibody. In contrast, nucleosolic proteins were restricted
to the nuclear compartment as visualized by using the abundant tran-
scription factor SP1 as nucleosolic marker. In a comparison of all three
compartments, we observed that Spry2 resides exclusively in membrane
fractions while ERK1/2 as well as its phosphorylated forms are pre-
dominantly in the cytoplasm. A small proportion of pERK is also de-
tectable in membrane compartments as well as in the nucleosol
(Fig. 5B). In accordance with the hypothesis that phosphorylation of
ERK is mandatory for its transport into the nucleus, total ERK levels in
mitogen-deprived cells can be detected in the cytosol and in the
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membrane fraction, while in the nucleosol the pattern between ERK and
PERK is similar. In serum-deprived cells there is no ERK/pERK in the
nucleus and it accumulates after serum application (Fig. 5B). Using
digitonin extraction method, we compared the influence of Spry2 pro-
tein variants on the cytoplasmic as well as on nuclear pERK levels. As
described, cells were serum-deprived and infected with adenoviruses
expressing either a control protein (lacZ), Spry2”'% or Spry25'%, By
adding serum for 5, 10 and 15 min, ERK phosphorylation was induced.
While in the cytoplasm, ERK levels were constant within the activation
period, phosphorylation of ERK proteins were almost undetectable in
serum-deprived cells and in response to mitogen activation pERK levels
immediately (5min time point) accumulated (Fig. 6A and B). In the
presence of Spry2, phosphorylation of ERK was also induced in re-
sponse to serum addition, but the magnitude of induction (as measured
after 10 min) was slightly less pronounced (Fig. 6A and B). Nonetheless
the cytosolic induction profile of pERK as observed in the presence of
Spry2P1% was similar to the one measured in the presence of Spry251°°,
In the nucleus (Fig. 6C and D), accumulation of phosphorylated ERK in
control cells as well as in cells expressing the proline variant was de-
tected throughout the observation period and peaked after 10 to
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15 min, but in case of Spry2¥'°, the induction of nuclear pERK levels in

response to serum was on average reduced at all measured time points
(Fig. 6C and D). In comparison to the inhibition of pERK levels in the
cytoplasm (Fig. 6B), the magnitude of the reduction in the nucleus
(Fig. 6C and D) was more pronounced (about half of the levels com-
pared to a 0.8 fold reduction in the cytoplasm). In contrast to cells
expressing control or Spry2F1° proteins, cells infected with the serine
variant of Spry2 showed an immediate increase which was then abro-
gated to significantly reduced levels after 15min (0.18 *+ 0.08 relative
PERK level compared to 0.79 * 0.09 for control and 0.41 * 0.03 for
Spry2F1%, respectively). To verify the observed differences at this time
point with another method, we performed an immunostaining using
PERK antibodies. Therefore, 2days serum-starved WI-38 cells were
infected with adenoviruses expressing a control protein or one of the
Spry2 variants, and then another 2 days later, serum was added for
15 min. In all cells, pERK was easily detectable, although the distribu-
tions of the pERK levels were clearly distinguishable. In the control
treated cells, most cells were characterized by a very intense pERK
staining which typically seemed clearly accumulated in the nucleus. In
Spry2P1% expressing cells, the staining was frequently less intense, but

Fig. 3. Spry2"'%® as well as Spry25'%® are exclusively
detected at the membrane. Primary lung cells (WI-38)
were serum-deprived for 48h and then infected with
adenoviruses expressing either (A) Spry2°1% or (B)
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Fig. 4. Dominant negative Spry2¥>°" localizes to the membrane independent of
serum availability. Cells were infected with adenoviruses expressing Spry2Y>°F
two days after serum-deprivation. Two days later, FCS was added for the in-
dicated times. Cells were lysed and fractionated by digitonin extraction and an
immunoblot was performed. Representative images of the cytosolic and mem-
brane fractions after the application of Spry2, GAPDH, Calnexin, CD71 and
GM130 antibodies are depicted.
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Fig. 5. Fractionation of cells using digitonin extraction and consecutive ultra-
centrifugation. WI-38 cells were serum deprived and infected with control
adenoviruses expressing Spry2. 4 days after serum removal, 20% FCS was
added for different timespans. After 0, 5, 10 and 15 min, cytosol was extracted
by digitonin and membrane enclosing structures were removed by ultra-
centrifugation. (A) The received cytosol and nucleosol were analysed by im-
munoblot with the indicated antibodies and a representative picture is shown.
(B) Fractions containing cytosol, membrane compartments (membrane) and
nucleosol were compared concerning their ERK, pERK and Spry2 levels.

there was still a slight enrichment of pERK in the nucleus, while in the
cells with an ectopically introduced serine variant of Spry2, no accu-
mulation of pERK in the nucleus was observed. (Fig. 6E). These data
indicate that Spry2 inhibits not only the phosphorylation of ERK but
also its accumulation in the nucleus.

3.5. The dominant negative effect of the Y55F Spry2 mutant on pERK levels
in cytoplasm and nucleus is different

In some reports, phosphorylation of tyrosine (Y) 55 in Spry2 is
shown to be critical for its function [43]. Introduction of a phenylala-
nine (F) at this position mimics an unphosphorylated form which can
function as a dominant-negative or negative Spry2 version. Therefore,
we tested the influence of Spry2¥>>F mutant expression on ERK phos-
phorylation and its translocation into the nucleus. As shown in Fig. 7A,
expression of this mutant has a strong influence on pERK levels in
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arrested cells. Unlike in control treated cells as well as in WI-38 fibro-
blasts expressing Spry2°'°® or Spry25'°¢ (compare Fig. 6), a significant
amount of ERK proteins is phosphorylated even in serum-deprived cells
substantiating the dominant-negative effect of this variant (Fig. 7B). In
response to serum addition, however, the immediate increase of phos-
phorylated ERK is less pronounced than in control cells (Fig. 7A and B).
Interestingly, the nuclear pERK levels in serum-deprived cells are not
influenced by the Spry2¥>>" expression, but after addition of serum
PERK is more effectively translocated to the nucleus than in the control
cells (Fig. 7C and D), indicating that the lack of the tyrosine at position
55 is also dominant negative with regard to the Spry2 effect on in-
hibition of nuclear accumulation of pERK. Corroborating, in most
serum-starved cells expressing Spry2>>", pERK staining was more
abundant than in the control cells although it was mainly in the cyto-
plasm. After serum induction of the cells, the pERK concentration in the
nuclei of Spry2*>>" expressing cells was in fact more demonstrative
than in control cells. These observations substantiate that Spry2 influ-
ences distribution of pERK to the nucleus.

4. Discussion

The cellular response to multiple environmental signals is a strictly
coordinated process. Many canonical and non-canonical signal trans-
duction pathways are integrated in this network. One of the most
prominent and important activation cascades involves MAPK pathways
and its multiple substrates [36]. Temporal and spatial fine tuning of
signal intensities affects the outcome at the end of the cascade since
even opposing processes like differentiation and proliferation can be
initiated [35,44]. Deregulation of this pathway has a well-documented
impact in the development of cancer but is also shown to contribute in
neurodegenerative and cardiovascular diseases [45].

Spry2 belongs to a family of proteins which is crucially involved in
the modulation of signal duration and maybe also intensity in response
to RTK-mediated signalling [46]. Although it functions in different
pathways Spry2 is mainly shown to interfere with MAPK signalling.

Two major variants of the protein in have been described in healthy
human beings. A cytosine to thymidine transition in the nucleic acid
sequence results in a conversion of a proline to a serine at position 106.
Both proteins are shown to influence cell proliferation, migration and
adhesion of cells although to different efficiency [38]. Since the effec-
tiveness of the variants in their ability to interfere with ERK phos-
phorylation fails to reflect their potency in migratory and proliferation
processes, in this study we focused on spatial differences of the two
variants.

We found that both variants were exclusively present in membrane
fractions irrespective of the availability of mitogens. In an earlier report
using COS-1 cells, in the absence of mitogen Spry2 was shown to lo-
calize in the cytoplasm but changed its localization to the plasma
membrane in response to growth factor addition. C-terminal sequences
were important to confer this translocation [42]. Comparable ob-
servations were documented by Mason et al., in NIH3T3 cells Spry2
changed its localization in response to epidermal growth factor (EGF),
although the protein was always associated with some membrane en-
gulfed structures [43]. Additionally, one report suggests the possibility
that Spry2 forms huge aggregates [47]. Since in our study, size of the
structures was a determining fractionation factor we are not able to
exclude that Spry?2 is associated to a high molecular structure free of a
membrane envelope.

Furthermore, we observed that in a sucrose gradient, Spry2 protein
is not solely associated with the plasma membrane fractions. A pro-
portion of the protein rather appears to be also associated with the
endoplasmic reticulum or Golgi apparatus. This supports earlier ob-
servations, showing that Spry2 localizes to endosomes to fulfil functions
in regulation of EGFR signalling [48]. Spry2 distribution is not influ-
enced by the variation at codon 106, although with the Spry25'°° it
becomes more obvious that a posttranslational event is involved in the
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Fig. 6. Influence of Spry2 codon 106 variants on ERK activation in different compartments after serum addition. Primary cells (WI-38) were serum-starved for 48 h
and then infected with adenoviruses expressing either a control protein (lacZ), Spry2”'° or Spry25!°. Two days later, cells were incubated with serum for the
indicated times. (A) Representative immunoblots from the cytosolic fraction of an experiment using antibodies recognizing pERK1/2 and total ERK1/2 are shown.
Using ImageQuant 5.0, the pERK1/2 bands detected in response to serum addition were quantified and normalized to the corresponding values obtained for the ERK
expression. The highest values within the control treated group were arbitrarily set as 1. The numbers of the presented blots are shown (B) A summary of calculated
mean values = SEM from four to five experiments is depicted. Significance between the three groups was calculated by using a 1Way ANOVA-test in GraphPad prism.
*p < .05; (C) In parallel the nucleosolic fractions were analysed using pERK antibodies. (D) The bands were densitometrically quantified using ImageQuant 5.0, and
the highest values of each experiment were set as 1. The graph summarizes 4 to 5 experiments. Significance was determined by 1Way ANOVA-test in using GraphPad
prism software. *p < .05; ***p < .001. (E) Immunofluorescence of cells expressing the indicated proteins were performed after a 15min stimulation period.
Localisation of pERK was detected with Alexa Fluor 488 in green. A picture representing the majority of cells is shown. The merged image combines the pERK
staining (green) with the DAPI (Blue) stained nuclei. Bar, 20 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

+

localization to this compartment. Accordingly, in the report of Mason fraction [43].

et al., EGF caused tyrosine phosphorylation of Spry2 at Y55 and other Although the localization of the Spry2 variants is not obviously
tyrosine residues and this additional tyrosine phosphorylation events different, their influence on MAPK activation is clearly distinguishable.
were responsible for the delocalization from the plasma membrane While Spry2°'% is mainly reducing the intensity of the pERK signal, the
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Fig. 7. : Influence of the dominant-negative Spry2¥>>" mutant on pERK levels in different compartments of the cell. Serum-starved WI-38 cells were infected with
adenoviruses expressing Spry2Y>°F or a control virus. 48 h postinfection, signalling was activated by adding serum for the indicated times and digitonin fractionation
was applied. (A) pERK1/2 and total ERK1/2 were detected in the cytosolic fractions by using immunoblotting. The blots of a representative experiments are pictured
and the levels determined by densitometric analysis with ImageQuant 5.0. The highest values within the control treated group were arbitrarily set as 1. (B) Mean
values + SEM from five experiments are depicted. Significance was calculated by using an unpaired t-test. *p < .05; **p < .01 (C) pERK levels in the corresponding
nucleosolic fractions are shown. To quantify the levels, band intensities were compared using ImageQuant 5.0 and the highest value in the control group was
arbitrarily set as 1. (D) The calculated pERK levels of 5 experiments are summarized and the significant difference is indicated. *p < .05; (E) Serum starved cells
expressing either a control protein or the Spry2Y>>" mutant were serum-stimulated for the indicated times. Images of pERK were acquired using a LSM 880 confocal
microscope. A representative image of each time point is depicted. The merged images show pERK (green) and DAPI (Blue) stainings. Bar, 20 um.

expression of Spry251% is primarily shortening the duration of signal-

ling. However, both variants are more efficiently repressing pERK levels
in the nucleus than in the cytoplasm indicating an additional Spry2
function. In corroboration with this conclusion, expression of the
dominant negative form of Spry2¥>® boosts the pERK signalling in the
nucleus after addition of serum, while in the cytoplasm the pERK

intensity is mainly elevated in serum-arrested cells. The mechanism
behind this additional Spry2 function is unclear. It is conceivable that
Spry2 is directly influencing the transport of proteins, since in earlier
reports it was shown to interact with components of intracellular traf-
ficking like hepatocyte growth factor-regulated tyrosine kinase sub-
strate (Hrs) [48] and with EAP20 a protein of the ESCRIT II complex,
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also involved in transporting protein within the endosomal compart-
ments [49]. Furthermore, it is possible that some phosphatases Spry2
interacts with are more effective dephosphorylating pERK in the nu-
cleus than in the cytoplasm. Sustained ERK phosphorylation as a result
of phosphatase binding was shown as the mode of action for the protein
Mxi2 [50], but the phosphatases Spry2 is shown to interact with are not
primarily nuclear e.g. PP2A [51], MKP1 or MKP5 [52]. Since the sub-
cellular place from which ERK is induced is critical concerning its
substrate specificity, we could also speculate that Spry2 is interfering
with compartment specific pERK activation which in consequence
would result in a more intense suppression of nuclear pERK levels. Up
to now, only Spry4 has been shown to specifically reduce signalling
from the ER but not from the plasma membrane [53].

5. Conclusion

Taken together, our data document that Spry2 interferes with pERK
activation in the cytoplasm less effective than in the nucleus indicating
a new role of Spry2 in propagation of pERK signalling into the nucleus
and thereby functioning as a spatial repressor.
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