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Abstract: Sprouty proteins are widely accepted modulators of receptor tyrosine kinase-associated
pathways and fulfill diversified roles in cancerogenesis dependent on the originating cells. In this
study we detected a high expression of Sprouty3 in osteosarcoma-derived cells and addressed the
question of whether Sprouty3 and Sprouty1 influence the malignant phenotype of this bone tumor
entity. By using adenoviruses, the Sprouty proteins were expressed in two different cell lines and
their influence on cellular behavior was assessed. Growth curve analyses and Scratch assays revealed
that Sprouty3 accelerates cell proliferation and migration. Additionally, more colonies were grown in
Soft agar if the cells express Sprouty3. In parallel, Sprouty1 had no significant effect on the measured
endpoints of the study in osteosarcoma-derived cells. The promotion of the tumorigenic capacities
in the presence of Sprouty3 coincided with an increased activation of signaling as measured by
evaluating the phosphorylation of extracellular signal-regulated kinases (ERKs). Ectopic expression
of a mutated Sprouty3 protein, in which the tyrosine necessary for its activation was substituted,
resulted in inhibited migration of the treated cells. Our findings identify Sprouty3 as a candidate for
a tumor promoter in osteosarcoma.

Keywords: Sprouty3; osteosarcoma; Spry3; Spry1; tumor promoter; MAPK pathway; ERK signaling;
RTK modulator

1. Introduction

Osteosarcoma is the most common malignant tumor of bones. It shows a biphasic
age profile by mainly affecting adolescents and individuals over age 60 [1,2]. Although
the five-year-survival-rate is around 70% if treatment is applied, this rate has remained
unchanged for the past several decades [3]. The development of osteosarcomas is not
connected to common specific genetic aberrations, but uncontrolled cell proliferation is a
crucial step in their cancerogenesis [4].

Cellular processes such as proliferation, migration, differentiation, growth, and cell
survival are strictly controlled by intercellular communication via receptor tyrosine kinases
(RTKs). Stimulation of the mitogen-activated protein kinase (MAPK) cascade, the phospho-
lipase Cγ (PLCγ), the lipid kinase phosphatidylinositol-3-kinase (PI3K)/Akt, and the signal
transducer and activator of transcription (STAT) pathway converts the signals received by
these receptors to cellular responses reflected by different expression profiles [5].

Fine tuning of the RTK-induced transduction pathways is crucial for the cellular
interpretation of extracellular cues [6]. In these regulative processes, Sprouty (Spry) proteins
play an important role by orchestrating between different signaling pathways.

In mammals, four Spry homologues have been identified [7]. Knockout experiments
in mice revealed that concomitant loss of Spry2 and Spry4 is lethal [8], while the lack of
only Spry1 [9,10], Spry2 [11,12] or Spry4 [8] produces viable mice with specific phenotypes
indicating that the functional compensation of the other Spry members is only partly.

Further analyses revealed that Spry proteins function mainly by specifically interfering
with the MAPK-pathway at different levels downstream of diverse RTKs [13–15]. Addi-
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tionally, inhibition of signal transduction via the PI3K/Akt [16] and PLCγ pathway [17]
was reported occasionally. In contrast to these capacities as negative regulatory effectors of
signal transduction, Spry proteins are endowed with properties resulting in intensified sig-
naling. An N-terminal SH2 interacting motif, which comprises an evolutionarily conserved
tyrosine residue, can function as canonical casitas B-lineage lymphoma (c-Cbl) binding
domain and thereby Spry proteins interfere with receptor degradation processes [18,19].

Considering their importance in regulating signal transduction and the common
involvement of altered RTK-mediated pathways in cancerogenesis, multiple studies in-
vestigated the role of Spry proteins in diverse tumors [20]. Spry2 is frequently found to
function as tumor suppressor in cancers of e.g., lung [21,22], breast [23], and liver [24]), but
in other tumor entities it exerts tumor promoting tasks (e.g., in colon [25] and brain [26,27]
cancers). Additionally, Spry4 is a well-documented tumor suppressor in tumors origi-
nating from e.g., lung [28], breast [29], and brain [30]. Spry1 promotes the tumorigenic
capacities of rhabdomyosarcoma [31], while this member of the Spry protein family exerts
tumor-suppressive roles in cancers of the prostate [32] and thyroid [33]. In contrast, the
role of Spry3 is only studied in glioblastoma, where it is like Spry2 [26,27] functioning as
tumor promoter [30].

In the presented study we analyzed if Spry3 expression is a unique feature of glioblas-
toma and found that Spry3 is well expressed in osteosarcoma. Therefore we studied how
its expression is influencing osteosarcoma-derived cells. The influence of Spry2 and Spry4
on the malignant phenotype of osteosarcoma is already investigated [34]. These studies
show that Spry2 is functioning as efficient tumor suppressor in osteosarcoma [34]. To
complete the studies concerning the different roles of Spry proteins in this tumor entity,
Spry1 was additionally included in the study.

2. Results
2.1. Osteosarcoma-Derived Cell Lines Express Substantial Levels of Spry3 Protein

Earlier studies indicate that Spry3 expression in adult mammalians is restricted to
the testis and brain [7]. To evaluate if Spry3 is expressed in cancer cells originating from
different tissues, we first compared Spry3 expression in cell lines derived from lung,
bone, colon and breast tumors with the levels observed in brain cancer-derived cell lines.
Immunoblotting of logarithmically growing cells revealed that in contrast to breast cancer-
derived cell lines, cells originated from osteosarcoma express prominent levels of Spry3
exceeding the ones observed in the brain cancer cell lines (Figure 1). In the tested lung
cancer-derived cell lines the detected Spry3 levels were comparably low, while in colon
cancer Spry3 was clearly detected in two of the three tested cell lines (Figure 1).
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Figure 1. Expression of Spry3 protein in cancer-derived cell lines. An immunoblot of logarithmically
growing cells of the indicated cell lines derived from lung, bone, colon, breast and brain cancers was
performed and sequentially probed with antibodies recognizing Spry3 and GAPDH, respectively.
Quantification of the immunoblot was performed using ImageQuant software (Molecular Dynamics,
Sunnyvale, CA, USA). DBTRG05MG was arbitrarily set as 1.
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These data indicate that Spry3 expression is very abundant in osteosarcoma, indicating
that it could play a role in this tumor entity.

2.2. Irrespective of Mitogen Availability, Spry3 and Spry1 Proteins Are Usually Expressed
in Osteosarcoma

In the following experiments we characterized six osteosarcoma-derived cell lines
concerning their relative expression levels of Spry3 and Spry1 and evaluated how mitogen
availability is influencing these expression levels. Therefore, 60% confluent cells were
cultivated for another 24 h in absence (−) or presence (+) of serum. As depicted in Figure 2,
all osteosarcoma-derived cell lines express Spry3 and Spry1, but wide variations were
detected. Although the two cell lines expressing high levels of Spry1 (MG63 and 143B)
show rather low levels of Spry3 (Figure 2A,B), neither a significant negative nor a positive
correlation could be calculated. The serum availability in the cellular environment had no
influence on the expression of either Spry3 or Spry1 (Figure 2C).
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Figure 2. Endogenous Spry3 and Spry1 protein levels in osteosarcoma-derived cell lines. (A) The
indicated osteosarcoma-derived cell lines were cultured for 24 h in the absence (−) or presence (+) of
serum. Using immunoblotting, endogenous Spry3 and Spry1 protein amounts were detected. Loading
was determined by using antibodies recognizing GAPDH. The mean values were arbitrarily set as 1.
(B) Quantification results of three independent performed Western blot experiments are depicted as
mean ± SEM in a column graph. Expression levels of Spry3 and Spry1 proteins were calculated as the
ratio to the mean values of the experiment (in case of Spry3 the numbers for SAOS2 were not included)
by Image Quant software and normalized to GAPDH. (C) Quantified Spry3 and Spry1 levels from
cells grown in serum-deprived (circle) and –supplemented (square) mediums are compared.
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2.3. In Osteosarcoma-Derived Cells, Spry3, but Not Spry1, Accelerates Cell Proliferation

Tumor formation is commonly considered as consequence of excessive growth mainly
caused by increased cell proliferation. Therefore, we first evaluated if elevated Spry1
and Spry3 levels are able to influence the cell proliferation of osteosarcoma-derived cells.
U2OS cells express hardly detectable amounts of Spry1, while the Spry3 amounts are more
pronounced than in the most other osteosarcoma-derived cell lines, but about five times less
than in SAOS2 cells. Furthermore, this cell line is well susceptible to adenoviral infection
(data not shown and [34]). Additionally, these cancer cells are known to show an intact
response to mitogen supplementation [34]. As depicted in Figure 3A, compared to cells
expressing luciferase, which was used as a control protein, the number of Spry3 expressing
cells accumulated progressively within the 4 day study time. Calculation of doubling times
using exponential growth equations revealed that Spry3 expression accelerated the cell
proliferation to 0.88 ± 0.03 as compared to 0.75 ± 0.02 doublings per day (Figure 3A lower
panel). Cell proliferation in case of Spry1 expression was within the fluctuations of the
growth curves obtained for control-treated U2OS (Figure 3A). To study if the effect of the
investigated Spry protein also applies to other osteosarcoma-derived cell lines, growth
curve analyses were performed in MG63 cells. In contrast to U2OS cells, which express
rather high Spry3 and low Spry1 levels, MG63 is the osteosarcoma-derived cell line with the
highest Spry1 levels and has rather low Spry3 levels. Additionally, this cell line is derived
from a tumor in a male patient, while U2OS were established from an osteosarcoma of
female origin. Since the Spry3 encoding gene is localized in the pseudoautosomal region,
gender-specific roles cannot be ruled out. Despite the differences, expressions of both
Spry proteins show the same effect on proliferation as observed in U2OS cells (Figure 3B).
Elevation of Spry1 protein levels had no influence on the proliferative capacity of the MG63
cell line, while the presence of Spry3 causes accelerated growth (Figure 3B). Cells with
increased Spry3 levels double more than once per day, while control treated cells perform
only 0.95 doublings per 24 h (Figure 3B lower panel). Like in U2OS cells, Spry1 protein
levels fail to significantly affect cell proliferation.

In U2OS (Figure 3C) as well as in MG63 (Figure 3D), both infection with Spry3 encoding
and Spry1 harboring viruses results in a pronounced overexpression of the protein.

These data indicate that expression of Spry3 has a promoting effect on cell proliferation
of different osteosarcoma-derived cell lines, while Spry1 protein levels are insubstantial for
this cellular process.

2.4. A Tumor Promoting Role of Spry3 Is Additionally Suggested by Its Beneficial Role on Cell
Migration of Osteosarcoma-Derived Cells

Concomitant with cell proliferation, molecules of signaling pathways usually affect
cell migration in tumor cells. Therefore, we investigated how ectopic Spry3 and Spry1
expressions influence the velocity of gap closure in a Scratch assay using osteosarcoma-
derived cells. Over a time period of 24 h the scratch is almost closed if the U2OS cells
express Spry3 protein. In parallel, control treated as well as Spry1 expressing cells migrate
clearly slower (Figure 4A), and the residual gap is still wide open (Figure 4A). In accor-
dance, we observed that Spry3 expressing MG63 cells completely close the gap within
24 h, while in parallel, the gap in the control as well as the Spry1 protein expressing MG63
lawn was obviously still open (Figure 4B). Linear regression revealed that Spry3 overex-
pressing U2OS cells migrate with a velocity of 31 ± 1.3 µm/h, while cells treated with a
control (27 ± 1.1 µm/h) or Spry1 coding virus (26 ± 1.9 µm/h) were significantly slower
(Figure 4C).
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Figure 3. Influence of Spry3 and Spry1 expression on cell proliferation of osteosarcoma-derived cells. U2OS (A) and MG63
(B) cells infected with adenoviruses expressing Spry3, Spry1 or a control protein were analyzed. The number of cells were
counted every 24 h for four days. A representative growth curve depicting the counted cell number of three replicates
using a log2 scale is shown. Using GraphPad Prism 5.0 software (San Diego, CA, USA), doubling times of at least three
independent growth curve analyses were calculated using exponential equation. The calculated values are presented
as mean doublings per day ± SEM. Overexpressions of Spry1 and Spry3 in U2OS (C) and MG63 (D) were verified by
immunoblotting using the indicated antibodies. *** p < 0.001, ** p < 0.01; * p < 0.05.
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Figure 4. Impact of Spry3 and Spry1 on cell migration in osteosarcoma-derived cells. U2OS (A) and MG63 (B) cells
expressing the indicated proteins were cultured to form a close layer before a scratch assay was performed. Representative
pictures taken with a VISITRON Live Cell Imaging System at time points 0 and 24 h are presented. Measurements of
three replicative gaps were performed every hour over a time period of eight hours and a representative experiment is
depicted. Velocities of four experiments performed in U2OS (C) and MG63 (D) were calculated using linear regression in
GraphPad Prism. The calculated speeds (µm/h) of the experiments are depicted as means ± SEM. Using an unpaired t-test,
significance was determined. ** p < 0.01; *p < 0.05.



Int. J. Mol. Sci. 2021, 22, 11944 7 of 17

Like in U2OS cells, in MG63 cells the velocity of gap closure was significantly increased
in the presence of Spry3 (Figure 4D).

These studies corroborate the initial observation that in osteosarcoma derived cells
Spry3 promotes tumor-associated features, while Spry1 expression has no effect.

2.5. Anchorage-Independent Growth of the Osteosarcoma-Derived Cell Line U2OS Is Facilitated by
Increased Spry3 Levels

While operative removal and chemotherapeutic treatment are effective to fight the pri-
mary osteosarcoma, the formation of metastasis is the main cause for a deadly progression
of this disease. In order to metastasize, cancer cells need to gain the ability to proliferate and
survive anchorage independently. Since colony formation in a semisolid medium is shown
to strongly associate with the metastatic potential of a tumor [35], we chose this in vitro
method to get an indication for the influence of the Spry proteins on this progression
stage of the tumor. To test the influence of Spry3 expression on anchorage-independent
growth, a soft agar assay was performed with U2OS as well as MG63 cells incubated with
adenoviruses expressing control, Spry3 or Spry1 protein, respectively.

As depicted in Figure 5A, U2OS cells are able to form colonies in soft agar, and if the
cells are overexpressing Spry3, more and partly bigger colonies can be observed. Consistent
with this observation, clone formation in MG63 was significantly improved in case of
enforced Spry3 expression (Figure 5B). Evaluation of several independent assays revealed
that in contrast to Spry1, Spry3 can endow U2OS (Figure 5C) and MG63 (Figure 5D) with
capacities facilitating the colony formation in semisolid medium.

These results corroborate the conclusion of a tumor promoting potential of Spry3 in
osteosarcoma-derived cells.

2.6. Spry3 Levels Are Beneficial for ERK Phosphorylation

Although Spry proteins fulfill many roles in the fine tuning of signal transduction
in different cells, in most reports their action is visible as modulated MAPK signaling. In
order to investigate if Spry3 is able to influence this signaling pathway, we performed a cell
signaling assay and monitored the ERK1/2 phosphorylation. In serum-starved U2OS cells,
there is hardly phosphorylated ERK1/2 (pERK) visible, but after serum addition the signal
is immediately augmented and stays high throughout the studied time period (Figure 5A).
If cells ectopically express Spry3 instead of a control protein, the signal intensity peaks
also immediately and the increase is more pronounced (Figure 6A). The augmentation
of the relative amount of pERK due to Spry3 expression is reproducible and significantly
detectable at the five min time point. After this immediate response the pERK levels drop
in their intensities and are similar to the ones observed in control cells (Figure 6B). These
data demonstrate that Spry3 is able to augment ERK phosphorylation and indicate that
the Spry3-associated intensification of signal transduction via the MAPK pathway can be
responsible for the observed acceleration of cell proliferation and migration. Accordingly,
interference with MAPK activation using the MEK inhibitor UO126 decelerates cell prolifer-
ation as measured in a proliferation experiment (Figure 6C,D) and by using a scratch assay
(Figure 6E). Nonetheless, the inhibitor fails to completely suppress these two processes
(Figure 6C,E).

These data indicate that intensified activation of the MAPK pathway in the presence
of Spry3 can cause increased proliferation and migration of U2OS cells.
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Figure 5. Influence of Spry3 and Spry1 expression on the ability of osteosarcoma-derived cells to form colonies in a semisolid
medium. U2OS (A) and MG63 (B) cells were infected with adenoviruses expressing the indicated proteins. A representative
section of a Soft agar plate is depicted. The U2OS (C) and MG63 (D) cell clones were counted and evaluated. To adjust
the experimental variations, the obtained numbers of each experiment are given as the ratio to the experimental mean.
Significance was assessed using an unpaired t-test in GraphPad Prism and means ± SEM are shown. ** p < 0.01; * p < 0.05.
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two more days, cells were incubated with serum for the indicated times. (A) Immunoblots were 

Figure 6. Influence of Spry3 protein on ERK activation. U2OS cells were serum-starved for 24 h and then infected with
adenoviruses encoding either a control protein (luciferase) or Spry3 protein. After two more days, cells were incubated
with serum for the indicated times. (A) Immunoblots were consecutively probed with antibodies recognizing total ERK1/2,
pERK1/2 and Spry3. A representative experiment is pictured. Using ImageQuant 5.0, the intensity of the pERK1/2 and
ERK1/2 bands were quantified and indicated. The highest values were arbitrarily set as 1. (B) The obtained values of
pERK were normalized to the corresponding values calculated for the ERK expressions. A summary of calculated mean
values ± SEM of the pERK/ERK ratios from three experiments is depicted. Significance between the three groups was
calculated by using a one-way ANOVA test in GraphPad Prism. ** p < 0.01; (C) After plating, U2OS cells were counted,
treated with DMSO (control) or the indicated inhibitor, and counted 72 h later. The numbers are depicted as a growth curve.
(D) Doublings per day of replicates were calculated. (E) Microscopic pictures with 10× magnification showing gap closure
of control as well as MEK inhibitor treated U2OS cells within a period of 24 h are depicted.
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2.7. Mutation of the Tyrosine in the N-Terminal Homologous Box of Spry3 Creates a
Dominant-Negative Protein with an Inhibitory Role on Cell Migration

In case of Spry2 [36] and Spry4 proteins [37], it was reported that phosphorylation of a
tyrosine within a homologous N-terminal box is crucial for Spry protein function, and the
mutation of this conserved tyrosine results in an inactive or even dominant-negative form
of the protein. To investigate if the tumor-promoting functions of Spry3 are dependent on
the functional regulations conferred by this N-terminal box, we substituted the equivalent
tyrosine at position 27 in Spry3 with a phenylalanine. Using the adenoviral system, the
altered Spry3Y27F was expressed (Figure 7A) and a scratch assay was performed. As
depicted in Figure 7B, after 24 h control-treated U2OS have already half-finished the gap
closure, while in U2OS expressing a mutated Spry3 protein the gap width is only slightly
altered at this time point. Calculation of migration velocity revealed that the average speed
of U2OS (27 ± 0.9 µm/h) was slowed down to less than 12 µm/h (11.5 ± 2.7 µm/h) if the
cells expressed the mutated version of Spry3 (Figure 7C,D).
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Figure 7. Influence of the mutated Spry3Y27F protein on cell migration. (A) U2OS cells were infected with adenoviruses
expressing either a control or the mutated Spry3Y27F protein and expression of the introduced Spry3Y27F protein was
proved by an immunoblot using antibodies recognizing Spry3. (B) A scratch assay with the cells expressing the indicated
proteins was performed. Pictures of a representative scratch showing the gap at 1 and 24 h are shown. The loading was
controlled by detecting GAPDH. (C) The distance coverage of three replicates of a representative scratch is depicted over the
first 10 h. (D) By performing linear regression of the gap closure, the velocity was determined and the graph summarizes
three experiments. Means ± SEM are shown. ** p < 0.01.
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These observations indicate that the N-terminal tyrosine is crucial for Spry3 func-
tion and its substitution creates a dominant-negative version, at least with respect to the
migration-promoting action of Spry3.

2.8. Spry3 Expression Is Elevated in Tumor-Derived Cells

Apart their ability to facilitate tumor promoting characteristics of cells visible as
enhanced cell migration, proliferation and anchorage-independent growth, a typical feature
of an oncogene is its increased expression in tumor cells. To compare the expression of Spry3
in osteosarcoma with their normal cellular counterpart, immunoblotting analyses of protein
extracts derived from logarithmically growing osteoblasts and different osteosarcoma-
derived cell lines were performed. As depicted in Figure 8A, Spry3 is hardly detectable
in osteoblasts, while all osteosarcoma-derived cell lines show a prominent expression,
although to a different extent. Densitometric analysis revealed that in the tumor-derived
cells Spry3 expression increased at least tenfold (Figure 8B).
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Figure 8. Expression of Spry3 protein in osteoblasts compared to osteosarcoma-derived cell lines. (A).
Logarithmically growing cell lines derived from osteosarcoma- derived cell lines and from primary
human osteoblasts were analyzed by an immunoblot sequentially probed with Spry3 and GAPDH.
(B) Amounts of Spry3 proteins were measured by Image Quant software and normalized to GAPDH.
The highest value was arbitrarily set as 1. Quantification results of two Western blots were depicted
as mean ± SEM are shown in a column graph.

In combination with its promoting role on malignant processes in tumor cells these
expression data confirm the oncogenic function of Spry3 in osteosarcoma.

3. Discussion

The presented data show that osteosarcoma-derived cells express prominent levels
of the Spry3 protein. Earlier studies demonstrated that in contrast to Spry1, Spry2 and
Spry4, which are ubiquitously expressed in all organs, Spry3 detection is limited to the
brain and testis [7]. Subsequent reports verify an expression of Spry3 in cells of neuronal
origin associated with a regulative function [38]. In malignant cells, Spry3 expression was
not exclusively detected in the brain [30], since in accordance with our data in a recent
publication, Spry3 was detected in Ewing’s sarcoma, another bone associated cancer [39].
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Furthermore, we observed that osteosarcoma cells with increased Spry3 do not neces-
sarily express high or low Spry1 protein, but interestingly, in comparison with an earlier
report investigating Spry2 and Spry4 in osteosarcoma-derived cell lines, it was revealed
that MG63 and 143B, the only cell lines with prominent Spry1 levels, also showed high
levels of Spry2 and Spry4 [34]. These data indicate that mechanisms regulating endogenous
levels of Spry3 and the other Spry proteins are different. The independence of the protein
levels on mitogen-availability suggest that both mechanisms regulating Spry3 and Spry1
are not connected to the negative feedback loop observed in case of mitogen-induced
transcription of Spry2 and Spry4 [40]. The only available data studying the expression of
Spry3 in dependence of serum availability show that—like in osteosarcoma—the absence
of serum has no effect on Spry3 levels in brain cancer derived cells [30]. In response of FGF,
its levels were decreased in bovine granulosa cells [41]. Spry1 expression was observed to
fluctuate in response to pERK and mitogen induction. While Ozaki et al. found its level
increasing as an effect of pERK induction [42], other reports show a decreased expression of
Spry1 if FGF was supplied [31]. In lung cancer derived cells, Spry1 levels were unaffected
by mitogens [43].

Increased expression of Spry1 fails to influence the tested biological processes con-
nected to malignancy of osteosarcoma. In other types of sarcoma, Spry1 effects are already
reported. In accordance with our data, Schaaf et al. observed that modulation of Spry1
levels had no influence on proliferation of rhabdomyosarcoma if the Ras genes were wild-
type, and only if the cells harbor an oncogenic Ras version Spry1 functions as a tumor
promoter [31]. But while Ras mutations in osteosarcoma are rare events [44], in the em-
bryonal subtype of rhabdomyosarcoma around 40% of the tumors harbor a mutated Ras
version [31]. In contrast to these studies, Spry1 fulfills the criteria of a tumor suppressor in
Ewing’s sarcoma. It is suppressed by EWS-FLI1, the product of the most common chromo-
somal translocation of this tumor entity, and its re-expression interferes with proliferation
and migration of Ewing’s sarcoma-derived cells [39]. In carcinoma, the published data
show that Spry1 is suppressive in breast [45], prostate [32], and thyroid [33].

Along with the observations concerning Spry1, the herein presented data clearly
demonstrate that Spry3 fulfills a tumor promoting function in osteosarcoma. Increased
expression of the protein accelerates cell proliferation in both of the tested cell lines suggest-
ing that endogenous levels are not indicative for the observed phenomena. Additionally,
Spry3 promotes the velocity of cell migration. Both processes are important for establishing
a tumor and therefore we can conclude that the malignant potential of osteosarcoma is
increased by elevated Spry3 expression. A similar function of Spry3 is already estab-
lished in glioblastoma [30]. Since the metastatic potential of osteosarcoma is crucial for
patient’ prognosis, we additionally investigated how Spry3 is influencing the ability of
the cells to form colonies in a semisolid medium. The results of our studies revealed that
high Spry3 levels enable more cells to grow anchorage-independently, corroborating that
Spry3 expression is beneficial for the malignant phenotype of osteosarcoma. Concomitant
with the tumor-promoting impact, Spry3 expression enhances the amplitude of pERK
signaling in response to serum. Accordingly, the tumor-promoting activities of Spry1 in
rhabdomyosarcoma were also attributed to its positive regulatory functions within this
pathway [31]. Modulation of the pathways targeting ERK phosphorylation is the most
widely accepted function of Spry proteins, although in many studies reporting oncogenic
functions the causal alteration was not detected within this cascades. In glioblastoma, for
example, reduced signaling resulting in diminished pERK phosphorylation was observed
as a result of Spry4 expression, but Spry3 exerted tumor-promoting activities without
influencing these pathways [30]. In contrast, the antitumoral effect achieved by Spry2
silencing in glioblastoma is based on excessive activation of ERK signaling [27]. In colon
neoplasia, Spry2 is considered as oncogene functioning via activating expression of the
c-Met-receptor [25] and/or ZEB1 [46]. The mode of action hold responsible for this receptor
upregulation is the sequestration of the E3 ligase cCbl, which is involved in the ubiqui-
tination and subsequent degradation of many receptors [47]. Spry proteins are shown
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to bind this protein via the N-terminal box [19]. Although an interaction of Spry3 with
cCbl is not explicitly documented, interference with the degradation of a receptor could be
another mode of action explaining the tumor-promoting activity of Spry3. Furthermore, it
is known that Spry2 exerts a strong tumor-suppressing activity in osteosarcoma, and Spry3
could interfere with this action. Since homo- and hetero-oligomerization of Spry proteins
is possible [48], Spry3 might also function via forming a possible inactive heterodimer with
the endogenous Spry2 protein.

If a Spry3 protein is mutated to a version where the tyrosine in the N-terminal box is
substituted by a phenylalanine mimicking a phosphorylation negative protein, its ectopic
expression is able to inhibit cell migration of the osteosarcoma-derived U2OS cells. This
observation is corroborating the data leading to the conclusion that Spry3 fulfills oncogenic
functions in osteosarcoma. Mutations of the tyrosine in this conserved N-terminal box
of Spry proteins are in many aspects working dominant negative [37], although the Spry
functions might be lost only partially [22,49].

Corroborating the ability to fulfill a tumor-promoting function in osteosarcoma, Spry3
proteins are heavily overexpressed in this bone tumor-derived cancer, while it is hardly
detectable in normal human osteoblasts. This is in agreement with prior observations that
Spry3 is primarily detected in brain and testis tissue [7]. Earlier, an increase of expression
of this Spry form coinciding with the malignancy of the cancer cells was observed in brain
associated tumors [30].

In summary the reported data demonstrate that Spry1 expression fails to signifi-
cantly influence the proliferation, migration, and colony forming capacity of osteosarcoma,
while increased Sprouty3 expression is beneficial for osteosarcoma in order to execute the
malignant phenotype. Together with earlier data, now the influence of all Spry family
members is investigated in osteosarcoma. Along with an inhibitory effect on proliferation
and differentiation of osteoblasts [50–52], Spry2 decelerates proliferation and migration of
osteosarcoma [34]. Like in case of Spry1, Spry4 expression caused no significant alteration
of these processes [34].

4. Materials and Methods
4.1. Cell Lines

The used cell lines MG63, 143B, U2OS, SAOS2, and HOS were derived from human
osteosarcoma of juvenile patients and were purchased from American Type Culture Col-
lection (ATCC, Rockville, MD USA). Osteoblasts were ordered from Pelobiotech GmbH,
Planegg, Germany (Nr O-GRO-001-500) and used between passages three and eight. Cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal calf
serum (FCS), penicillin (100 U/mL) and streptomycin (100 µg/mL) at 37 ◦C in 7.5% CO2.
Cells were kept no longer than two months. For experiments using MEK inhibitors, UO126
(10 µM; Cell Signaling Technology, Danvers, MA, USA) was added.

4.2. Adenoviral Infection of Cells

Ectopic protein expression was achieved by adenoviral infection. Adenoviruses
expressing Spry3 [30] and luciferase [53] were already available. To generate a Spry1
expressing virus, the coding sequence of Spry1 was amplified from a healthy donor
cDNA by PCR using the primers 5′-TAGCGAATTCGGATCCATGGATCCCCAA-3′ and
5′–TAGCGAATTCCTCGAGTCATGATGGTTTA-3′ to introduce EcoR1 sites enabling a subse-
quent cloning into the EcoR1 site of a pADlox plasmid. To construct the Spry3Y27F expressing virus,
site-directed-mutagenesis using the sense primer 5′-TTCGTGGAACGGCCGCCAGCCCCCTGT-3′

and antisense oligonucleotide 5′-CGGCCGTTCCACGAAGTCATTGCTAGC-3′ was per-
formed as described [22]. The obtained pADlox constructs were verified by sequencing
(Microsynth, Balgach, Switzerland) and the adenoviruses were generated as described [54].

The concentration of virus preparations optimal for each cell line was calculated
according to the OD260 as a ratio to the cyan fluorescence protein expressing virus necessary
to infect at least 90% of the cells.
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4.3. Immunoblotting

Protein isolation and the consecutive Immunoblotting were performed according
to an established protocol [55]. The antisera recognizing Spry3 [30] and Spry1 [55] were
produced and evaluated earlier. Loading was routinely verified with an antibody against
GAPDH (sc-365062), which was like the antibodies recognizing ERK (sc-514302) obtained
from Santa Cruz (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Antibodies generated
against pERK (#9101) were ordered from Cell Signaling Technology (Danvers, MA, USA)
and the secondary antibodies are sold by GE Healthcare (Chalfont St. Giles, UK).

4.4. Growth Curve

Growth curve analyses were conducted and results evaluated as described [34]. Each
experiment was performed at least three times in triplicates.

4.5. Scratch Assay

Analogous to Celik-Selvi et al. [30] a Scratch assay using 5× 105 MG63 or 6× 105 U2OS
cells was performed.

4.6. Soft Agar Colony Formation Assay

24 h prior testing, cells were infected with adenoviruses expressing the respective
proteins and a bottom layer of 0.4% soft agar mixed with penicillin/streptomycin (P/S)
was poured. Next day, 5 × 103 infected cells were mixed with warm (42 ◦C) soft agar
containing 10× DMEM, FCS, P/S and NaHCO3 to obtain a 0.3% top layer and placed onto
the bottom layer dishes, which have prior been incubated at 37 ◦C for 30 min. The plates
were incubated at 37 ◦C in 7.5% CO2 for three weeks. Every three days 500 µL of fresh
growth medium was supplied. Colonies formed in the agar were visualized by staining
with crystal violet (0.005% crystal violet solved in 3.7% formaldehyde, 0.14 mol/L NaCl,
0.03 mol/L KH2PO4 and 0.04 mol/L K2HPO4 × 3H2O). After two washing steps using
H2O for 1 h, the visible clones were counted and categorized. Big colonies were scored as
5, middle ones as 3 and small ones as 1. To correct experimental variations, the values were
then calculated as ratio of the mean value of each experiment.

4.7. Cell Signaling Assay

For determining the induction of MAPK pathway, 105 cells were treated as de-
scribed [56] by using 20% FCS.
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