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Multiple endocrine defects 
in adult‑onset Sprouty1/2/4 triple 
knockout mice
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Genes of the Sprouty family (Spry1‑4) are feedback inhibitors of receptor tyrosine kinases, 
especially of Ret and the FGF receptors. As such, they play distinct and overlapping roles in embryo 
morphogenesis and are considered to be tumor suppressors in adult life. Genetic experiments in 
mice have defined in great detail the role of these genes during embryonic development, however 
their function in adult mice is less clearly established. Here we generate adult‑onset, whole body 
Spry1/2/4 triple knockout mice. Tumor incidence in triple mutant mice is comparable to that of wild 
type littermates of up to one year of age, indicating that Sprouty loss per se is not sufficient to initiate 
tumorigenesis. On the other hand, triple knockout mice do not gain weight as they age, show less 
visceral fat, and have lower plasma glucose levels than wild type littermates, despite showing similar 
food intake and slightly reduced motor function. They also show alopecia, eyelid inflammation, and 
mild hyperthyroidism. Finally, triple knockout mice present phosphaturia and hypophosphatemia, 
suggesting exacerbated signaling downstream of FGF23. In conclusion, triple knockout mice develop a 
series of endocrine abnormalities but do not show increased tumor incidence.

Sprouty proteins (Spry1-4) are feedback inhibitors of receptor tyrosine kinase (RTK) signaling conserved from 
flies to  humans1–4. Homologous recombination experiments in mice firmly establish that during embryonic 
development the main targets of Sprouty genes are the closely related RTKs, Ret and  FGFRs5,6. Beyond embryo-
genesis, aberrant expression of Sprouty family members in different cancer types suggests a tumor suppressive 
role for this family of  genes7,8.

During development, Sprouty genes act synergistically or independently to ensure proper morphogenesis 
of the  kidney9, inner  ear10, enteric nervous  system11,  teeth12, or  lung13,14, among others. Epistasis experiments 
show that developmental defects caused by deletion of different family members can be rescued by reducing the 
genetic dosage of Ret, the FGFRs, or their ligands. For instance, Spry1 knockout mice develop supernumerary 
kidneys and ureter defects that are rescued upon genetically reducing Ret  signaling9,15, whereas Spry2 null mice 
exhibit diastema teeth that completely disappear upon deletion of  Fgfr212. Likewise, heterozygous deletion of 
Spry1 and Spry2 cause aberrant branching of the  lung13 and the seminal  vesicle16, phenotypes that are completely 
rescued by concomitant deletion of one allele of FGF10.

Less is known about the role of Sprouty genes in adulthood. Apart from reports demonstrating a role for these 
genes in regulating homeostasis of different populations of stem  cells17–19, virtually all the literature focuses on 
their involvement in cancer. Classically, Sprouty genes have been regarded as tumor suppressor genes owing to 
their inhibitory  function8. However it should be noted that in the case of the EGFR, in vitro work supports a role 
of Spry2 as a positive regulator of the receptor’s  function20–22 and hence as an  oncogene7. In any event, most of the 
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above work is based on expression analysis of tumoral vs normal human tissues complemented with functional 
studies in vitro, with few reports using in vivo techniques and genetically modified mice.

The goal of the present study was to begin to understand the physiological roles of Spry1, Spry2, and Spry4 
genes in adult mice through whole-body deletion of these three genes in adult life. We find that tumor incidence 
is not increased in mutant mice up to one year of age. In contrast, Spry1/2/4 triple knockout mice fail to gain 
weight over time, show less visceral fat, present mild hyperthyroidism, phosphaturia and hypophosphatemia, 
and reduced motor activity. In conclusion, we have found multiple endocrine defects but not increased tumor 
incidence in adult mice lacking all three Spry family members.

Results
Efficient whole‑body deletion of Spry1, Spry2 and Spry4 in young adult mice.
To delete all three Spry alleles in a timely controlled fashion we generated Spry1/2/4 triple floxed mice bearing a 
Ubiquitin C promoter-driven, tamoxifen-inducible Cre allele  [Ndor1Tg(UBC-cre/ERT2)1Ejb;23]. These Cre-expressing 
animals show widespread recombinase activity upon tamoxifen injection in virtually all organs analyzed (https:// 
www. jax. org/ resea rch- and- facul ty/ resou rces/ cre- repos itory/ chara cteri zed- cre- lines- jax- cre- resou rce). We 
crossed  Spry1f/f;  Spry2f/f;  Spry4f/f;  Ndor1UBC-cre/ERT2/+ mice to  Spry1f/f;  Spry2f/f;  Spry4f/f mice to generate triple floxed 
mice bearing or not the Cre allele. We then intraperitoneally injected  Spry1f/f;  Spry2f/f;  Spry4f/f;  Ndor1UBC-cre/

ERT2/+ (referred to as “3KO” from this point on) and  Spry1f/f;  Spry2f/f;  Spry4f/f;  Ndor1+/+ littermates (referred to 
as “WT”) with 75 mg/kg body weight tamoxifen for five consecutive days at the age of 4–5 weeks. These animals 
were aged for one year and different measurements taken at defined time points. Animals were then euthanized, 
and tissues collected (Fig. 1a). Efficient deletion of Spry1/2/4 floxed alleles was confirmed in several organs by 
measuring mRNA levels via RT-qPCR (Fig. 1b) or immunoblot (Fig. 1c). There were no differences in the survival 
rates of both genotypes, with around 80% animals surviving after one year (log-rank χ 0.163 p = 0.686) (Fig. 1d). 
Furthermore, when stratified by sex, the Kaplan–Meier analysis revealed no significant differences in all-cause 
mortality rates between the WT and 3KO groups in males (log-rank χ 0.096 p = 0.757) or females (log-rank χ 
0.001 p = 0.979) (Data not shown. Gross examination of tissues revealed no signs of tumoral transformation on 
either genotype. Histological analysis of several tissues including lung, kidney, liver, thyroid or pituitary gland 
showed no evidence of tumoral transformation (Supplemental Fig. S1), except for a TTF1-, weakly Calcitonin-
positive thyroid tumor in one 3KO mouse, suggestive of medullary thyroid carcinoma (Supplemental Fig. S2).

Gross phenotypic changes in 3KO mice.
We observed that while WT mice gained weight during the whole period of observation, 3KO animals stabilized 
their weights roughly two months after tamoxifen injection (i.e. is at around three months of age), with a slight 
tendency to progressively lose weight after six months of age (Fig. 2a,b). This behavior was observed both in 
males (p < 0.0001) and females (p < 0.0001) and resulted in ~ 25–30% weight reduction in both sexes at one year 
of age (Fig. 2b). Interestingly, the amount of visceral fat was drastically reduced in both male and female 3KO 
mice, being virtually absent in male 3KO mice at one year of age (Fig. 2c). Metabolic cage studies revealed no 
significant differences in food or water intake, as well as urine volume, between WT and 3KO mice (Fig. 2d), 
suggesting that alterations in eating habits are unlikely to contribute to the observed differences in weight and 
fat accumulation between the two groups. Similarly, measurements of physical activity, which we will discuss 
further later on, do not explain the weight and body fat decrease observed in 3KO mice. In line with the reduced 
fat levels observed in 3KO mice, basal blood glucose levels were significantly decreased in male 3KO mice at seven 
months of age (Fig. 2e). This finding suggests a potential role of Sprouty genes in regulating glucose metabolism 
or insulin sensitivity.

By around 3 months of age, 3KO mice presented alopecia around the eyes and nose, including whiskers 
(Fig. 2f,g). Hair regrowth was not observed in affected mice housed individually, suggesting that barbering or 
overgrooming by cage mates was not the cause (data not shown). Alopecia progressed in 3KO mice toward the 
back of the animals in a continuous, not patchy, pattern. Eyeballs of 3KO mice presented signs of eyelid inflamma-
tion (blepharitis) and appeared abnormally protruding (Fig. 2f). The eyelid inflammation was characterized by an 
increase in Meibomian gland size and conjunctival thickness (Supplemental Figs. S3 and S4). The weight reduc-
tion observed in these animals, coupled with this novel phenotype, rendered the animals readily discernible upon 
visual inspection. Since we have previously shown that three months old Spry1 knockout mice presented enlarged 
thyroid  glands24, and some of the above phenotypic traits are consistent with hyperthyroidism, we measured 
plasma levels of T4 of 3KO and wild-type littermates. As shown in Fig. 2e, T4 levels were significantly higher in 
male 3KO than in wild type littermates (p = 0.0293). TSH levels were not significantly different between male WT 
and 3KO mice and were below detection limits of the assay in females of either genotype (Supplemental Fig. S5).

3KO animals exhibit increased anxiety and motor activity deficiencies
To begin to undertake a behavioral phenotyping of our mice, we next conducted Open-field  tests25 on ~ 7 months-
old wild type and 3KO littermates. When placed in the center of a field, a mouse will typically run to the walled 
edge and then explore its way around the whole arena while remaining close to the wall. Over time, as the animal 
habituates to the new environment and its anxiety reduces, the mouse will increasingly venture out towards 
central parts of the arena before returning to the edges. As shown in Fig. 3a (top panels), 3KO mice entered 
fewer times to and stayed shorter times in the inner zone than wild type littermates, suggesting an anxiety-
like behavior. Moreover, ambulation measurements showed reduced average and maximum velocity, as well 
as shorter distances covered by mutant male mice, indicating a reduced motor activity in these mice (Fig. 3a, 
bottom panels). To further evaluate strength and coordination, we also performed the coat hanger test. This test 
measures the time that mice spend hanging from a wire (usually a coat hanger) before falling (latency time), as 
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https://www.jax.org/research-and-faculty/resources/cre-repository/characterized-cre-lines-jax-cre-resource


3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:19479  | https://doi.org/10.1038/s41598-024-70529-w

www.nature.com/scientificreports/

well as the regions to which mice climb from the starting point (Fig. 3b, left panel). At around 7 months of age, 
3KO mice fell more quickly from the coat hanger wire when compared to WT animals (Fig. 3b, middle panel). 
Additionally, 3KO mice demonstrated very few displacements along the bar, indicating weakened grip strength 
and impaired coordination (Fig. 3b, right panel).

Phosphaturia and hypophosphatemia in 3KO Mice
As previously mentioned, 3KO mice did not show decreased food or water intake, nor they showed decreased 
urine volume. We next analyzed creatinine, calcium, phosphorus and microalbumin levels in urine, as well as 
blood urea nitrogen (BUN) from 3KO and wild type mice. Similar microalbumin values in urine (Fig. 4a, top 
panels), as well as comparable BUN levels (Supplemental Fig. S6) between genotypes indicated normal renal 
filtration rates. However, while calcium-to-creatinine ratios were not different, 3KO mice presented significantly 
higher phosphorus-to-creatinine ratios, indicating specific imbalances in phosphorus management (Fig. 4a, top 
panels). To examine whether phosphaturia inversely correlated with plasma phosphatemia and was not merely 

Fig. 1.  Experimental setup, mRNA expression, and survival analysis. (a) Overview of the schedule of 
experiments performed with tamoxifen-injected Cre-positive and Cre-negative mice. (b) Analysis of mRNA 
levels of Spry1/2/4 demonstrates efficient deletion of all three genes in the indicated tissues of 3KO mice. Results 
are expressed as percent of injected Cre-negative mice (logarithmic scale). Two animals of each genotype were 
analyzed. (c) Western blot of Spry1 and Spry2 of lungs from mice of the indicated genotypes reveals efficient 
deletion at the protein level in 3KO animals. NS, non-specific band. (d) Kaplan‒Meier survival curves reveal 
no increased mortality of 3KO mice. P values were determined using the log-rank test (males P = 0.757: females 
P = 0.979).
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reflecting phosphorus overload, we examined both calcium and phosphorus levels in plasma from 3KO and 
wild type mice. As depicted in Fig. 4b, increased phosphaturia correlated with decreased phosphatemia, while 
calcium levels remained unchanged between genotypes, suggesting abnormal phosphate reabsorption in the 
kidney of 3KO mice (Fig. 4b, bottom left and middle panels). One of the key players in phosphate management 
is FGF23. This endocrine FGF is released from the bone to the bloodstream, and activates the FGFR-Klotho 
complex in the kidney tubules to inhibit renal reabsorption of phosphorus. To ascertain whether the phenotype 
of our mice was caused by high systemic levels of FGF23 leading to impaired reabsorption of phosphate at the 
kidney, we quantitated plasma FGF23 in both WT and 3KO animals by means of ELISA. As shown in Fig. 4b 
(bottom right panel), we found that FGF23 levels were not only increased, but were drastically reduced in 3KO 

Fig. 2.  Phenotypic changes of 3KO mice. (a) Unlike WT animals, 3KO mice do not gain weight over time. (b) 
Weight analysis in WT and 3KO animals by gender at 7 and 12 months of age. (c) Representative pictures of 
male and female WT and 3KO animals at 12 months of age. In the lower panel, the abdominal cavity is shown, 
revealing significant differences in visceral fat depots between WT and 3KO animals, both in males and females. 
(d) Water and food intake, as well as urine volume, are not different between WT and 3KO mice. (e) Plasma 
glucose and T4 levels of WT and 3KO animals at six months of age. (f) Representative pictures of WT and 3KO 
mice showing facial abnormalities including alopecia and enlarged eyelids. (g) Incidence of alopecia in 3KO 
mice by gender at 7 months of age. Graphs (b,d,e) represent means ± SD; significance (ns P > 0.05, *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001) was determined using two-way ANOVA (b,e) and t test (d). Graph (f) 
represent phenotype incidences; significance (ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) was 
determined using Fisher’s exact test.
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mice. This indicates that the cause of the observed phenotype was not increased circulating FGF23 in 3KO mice 
leading to enhanced phosphorus excretion.

Fig. 3.  Motor activity deficiencies in 3KO mice. (a) Open-field analysis shows anxiety-like behavior and motor 
abnormalities in 3KO mice. In the upper left panel a schematic Open-field arena is represented, differentiating 
central and edge squares. The two following panels show entries to the inner zone (%center), and total entered 
squares. Bottom three panels show motor performance measured as the average and maximum velocity (cm/s) 
and distance covered (cm). (b) Coat-hanger test reveals reduced strength and coordination of 3KO mice. In 
the left panel, the scoring scheme for animal movement is depicted. In the following two panels, the test results 
are presented, categorized by genotype, with reference to latency time and movement score. Graphs (a) and (b, 
center panel) represent means ± SD; significance (ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) 
was determined using two-way ANOVA. Graph (b, right panel) represents score frequencies; significance (ns 
P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) was determined using Fisher’s exact test.
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Discussion
In this work we have examined the effects of adult-onset triple deletion of Spry1, Spry2 and Spry4. These 3KO 
mice present endocrine defects such as hyperthyroidism and low plasma FGF23 levels with hypophosphatemia, 
and exhibit reduced body weight, visceral fat and motor activity, but do not present an increase in the incidence 
of tumor formation.

Perhaps the best studied function of Spry proteins apart from embryonic development is its role in tumo-
rigenesis. With the possible exception of Spry2 in colorectal cancer, Sprouty genes are considered to function 
as tumor suppressors. Downregulation of Spry family members expression has been reported in a long list of 
human cancers including liver, lung, ovary, or prostate, supporting a role as tumor  suppressors7,8. We have not 
observed an increase in tumor incidence in 3KO mice up to one year of age. One possible explanation would be 
that animals analyzed were too young to show differences and indeed no macroscopically visible tumors were 
found on either genotype besides a putative medullary thyroid carcinoma found in 3KO mice. However, genetic 
studies in mice show that Spry ablation leads to development of  prostate26,27,  lung28,  adrenal29, and  thyroid24 
cancers only if a concomitant genetic lesion such as Pten deletion exist. We therefore propose that Spry deletion 
per se is not sufficient to initiate tumorigenesis but accelerates tumor growth in the presence of driver mutations.

We observed that 3KO do no gain weight over time, and present reduced visceral fat especially in males. 
Altered adipogenesis might explain this phenotype, as a role of Spry genes in adipogenesis has been described, 
although data are contradictory and may reflect isoform-specific functions. Thus, on the one hand it has been 
shown that Spry4 promote adipogenic differentiation from mesenchymal stem cells in vivo and in vitro30,31. On 
the other hand, targeted deletion of Spry1 in adipocytes using aP2-Cre mice increases body fat while decreasing 
bone mass, indicating that Spry1 skews mesenchymal stem cell differentiation towards the osteoclastic  lineage19. 
Our data would be in agreement with a net effect of Spry genes as pro-adipogenic during adipocyte differentia-
tion, but many alternative explanations beyond altered adipocyte differentiation can explain this phenotype. For 
example, hypersensitivity to FGF21, a weight-loss hormone with multiple metabolic actions such as enhancing 
insulin sensitivity or promoting lipolysis from white adipose  tissue32,33 could explain decreased body fat and 
glycemia of 3KO mice. On the other hand, hyperthyroidism decreases metabolic efficiency by uncoupling oxi-
dative phosphorylation and generating futile metabolic cycles, all of which results in increased thermogenesis 
and weight  loss34. Interestingly, protruding eyeballs (exophthalmos) is a typical symptom of Graves’ disease, 
an autoimmune hyperthyroidism disorder characterized by overactivation of the TSH receptor by agonistic 
 autoantibodies35. Therefore hypersensitivity to TSH could potentially explain both weight loss and exophthalmos 
of 3KO mice. Since TSH acts via a G protein-coupled receptor, we find doubtful a direct action of Sprouty pro-
teins on its activation. However, at least for orbital fibroblasts, it has been shown that TSH effects are mediated 
by the IGF1  receptor36, a receptor tyrosine kinase more likely to be a target of Spry proteins. Finally, increases 

Fig. 4.  Phosphaturia and hypophosphatemia in 3KO mice. (a) Biochemical analysis of urine metabolites. 
CATR  calcium-to-creatinine ratio, PTCR  phosphate-to-creatinine ratio, MATCR  microalbumin-to-creatinine 
ratio. (b) Hypophosphatemia with normal calcium plasma levels of 3KO mice (left and central panels). Right 
panels show that low phosphorus plasma levels cannot be attributed to abnormally elevated circulating levels 
of FGF23. Graphs (a) and (b) represent means ± SD; significance (ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001) was determined using t test (a) and two-way ANOVA (b).
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in Meibomian gland thickness could be easily explained by overactivation of the  FGFR237. Finally, our prelimi-
nary data indicate that lean mass is also decreased in 3KO mice (data not shown). These observations, coupled 
to decline in physical activity, suggest that muscle function can be also compromised in 3KO mice, potentially 
contributing to weight loss of these animals.

Triple KO mice are hypophosphatemic while showing low plasma levels of FGF23. The most straightforward 
explanation to this phenotype is that Spry genes attenuate FGF23 signaling at the kidney proximal tubule. FGF23 
reduces phosphate renal absorption by inhibiting membrane insertion of phosphate transporters NPT2a and 
NPT2c via FGFR1 activation of the ERK  pathway38,39. Hyperactivation of FGF23 signaling in 3KO proximal 
tubule cells would therefore reduce phosphate reabsorption leading to hyperphosphatemia and phosphaturia. 
Downregulation of systemic levels of FGF23 in this setting could represent a feedback response to low blood 
phosphate characterizing these animals. Furthermore, indirect mechanisms can also account for hypophos-
phatemia of 3KO mice. Thus, FGF23 is known to reduce synthesis of calcitriol, the biologically active form of 
vitamin D, in the kidney proximal tubule via  FGFR40. Hyperactivation of this pathway in the absence of Spry 
would therefore decrease calcitriol synthesis leading to diminished intestinal absorption and renal reabsorption of 
phosphate. Moreover, outside the proximal tubule excessive signaling by FGF23 could lead to decreased synthesis 
of parathyroid hormone (PTH), having a dual effect in phosphatemia since PTH inhibits renal reabsorption in 
the kidney but in turn promotes phosphate release from  bones41. Finally, 3KO mice also showed reduced motor 
function and alopecia. This phenotype, together with mineral metabolism alterations found in blood and urine, is 
reminiscent of that of vitamin D receptor knockout mice, although we have not detected significant decreases in 
calcium plasma levels. One possible explanation for this would be that calcitriol levels are downregulated owing 
to overactivation of FGF23 signaling downstream of FGFR in the proximal tubule. Reduced calcitriol activity 
would lead to alopecia and decreased motor function, with calcium levels being normal due to feedback increase 
in PTH activity. Studies using tissue specific Cre mice are needed to approach these hypotheses explaining the 
multiple phenotypes of 3KO mice.

Methods
Animals and experimental protocol
All animal use was approved by the Animal Care Committee of the University of Lleida in accordance with the 
national and regional guidelines. All authors complied with the ARRIVE guidelines. Mice were maintained on 
a 12 h light/dark cycle, and food and water was provided ad libitum. Spry1 floxed  (Spry1tm1Jdli), Spry2 floxed 
 (Spry2tm1Mrt) and Spry4 floxed  (Spry4tm1.1Mrt) mice have been previously  described9,10,12. Ubiquitin C-CreER 
transgenic mice  Ndor1Tg(UBC−cre/ERT2)1Ejb were from the Jackson Laboratories (Bar Harbor, ME, USA). To induce 
Cre-mediated Sprouty ablation, five consecutive daily intraperitoneal injections of 75 mg/kg tamoxifen were 
given at 4–5 weeks of age. Tamoxifen (Sigma-Aldrich) was dissolved in absolute 100% ethanol and then diluted 
to 10 mg/ml final concentration in corn (Sigma-Aldrich). Throughout the course of the study, total body weight 
measurements were obtained from month 2 to month 12. At 6 months of age, blood samples were collected, 
and a subset of animals were transferred to metabolic cages to collect urine samples and evaluate their food and 
water intake patterns. By 7 months of age, behavioral tests were performed. Mice were euthanized with isoflurane 
followed by cervical dislocation at 12 months of age. Blood was collected by cardiac puncture. The organs of 
interest were collected. One part of the tissues was fixed in 4% paraformaldehyde and the remaining tissue was 
snap-frozen in liquid nitrogen and kept at − 80 °C for protein and RNA extractions.

Biochemical analyses
Creatinine, phosphorus, and calcium in urine, as well as glucose, phosphorus and calcium in plasma were deter-
mined by colorimetric assays (BioSystems). Abuminuria was measured by immunoturbidimetry at the Clinical 
Analisis Department of the Arnau de Vilanova University Hospital using a Hitachi Modular Analyzer (Roche 
Diagnostics). To detect FGF-23 plasma levels Mouse/Rat FGF-23 (Intact) ELISA Kit from Quidel (Cat#60-6800) 
was used. Thyroxine (T4) Competitive ELISA Kit (Invitrogen Cat #EIAT4C) was used to determine plasma T4. 
TSH levels were measured using a sandwich ELISA kit (Abbexa Cat#053737).

Open field
To evaluate the effect of Spry deletion on adult motor skills, mice motor performance was periodically tested. The 
open field test is a widely used behavioral paradigm for evaluating locomotor activity and anxiety in laboratory 
 rodents25. Open-field test was performed by the automated recording of mouse movements using Smart Video 
Tracking software (v2.5.21, Panlab Harvard Apparatus, Holliston, MA, USA) and different parameters such as 
time, distance, entries in zones, and maximum and average velocity were measured.

Coat hanger test
In the coat hanger test, mice were placed in the middle of the horizontal portion of a wire coat hanger placed 
at a height of 40 cm from a table. Mice were released only after firmly gripping the bar with all four paws. The 
goal was to determine the time the animal stays on the coat hanger (Latency time) and its movement through 
it (Score) for 60 s. The score awarded based on the farthest area the animal has reached from the starting point.

Histology
Specimens were fixed in 4% paraformaldehyde overnight at four degrees, dehydrated and included in paraf-
fin. Paraffin blocks were sliced at 10 μm, dried for 1 h at 60 °C, and then followed a process of dewaxing and 
rehydration using a xylene/ethanol gradient. Automated Hematoyilin-Eosin staining was performed using a 
coverstainer device (DAKO).
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RNA isolation and RT‑qPCR
RNA isolation was performed using the NucleoSpin®RNA Kit (Macherey–Nagel, Germany) according to the 
manufacturers’ instructions. RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcrip-
tion Kit (ThermoFisher) as per manufacturer’s instructions. Quantitative RT-PCR (RT-qPCR) reactions were 
performed by means of the SYBR green method, using the 2 × Master mix qPCR Low Rox kit (PCR Biosystems). 
Reverse transcriptase-minus and blank reactions were included in all experiments. Serial dilutions of plasmids 
containing the whole cDNA of murine Sprouty1, Sprouty2 and Sprouty4 were used to generate a standard curve 
by plotting the number of plasmid molecules vs Ct. The number of molecules in each sample per µg of reverse-
transcribed RNA was calculated by interpolating the respective Ct in the standard curve. Expression of each 
Cre + sample was divided by expression of the corresponding Cre- sample to obtain a percent of WT. Primers 
were obtained from IDT. Primer sequences were as follows: Spry1 Fwd 5′-GCG GAG GCC GAG GATTT-3′; Spry1 
Rev 5′-ATC ACC ACT AGC GAA GTG TGGC-3′; Spry2 Fwd 5′-AGA GGA TTC AAG GGA GAG GG-3′; Spry2 Rev 
5′-CAT CAG GTC TTG GCA GTG TG-3′; Spry4 Fwd 5′-GCA GCG TCC CTG TGA ATC C-3′; Spry4 Rev 5′-TCT GGT 
CAA TGG GTA AGA TGGT-3′.

Western blotting
Protein extracts were obtained by lysing cells with a denaturing buffer containing 2% Sodium dodecyl sulfate 
(SDS) (Sigma-Aldrich) in 50 mM HEPES using a Tissue Lyser device (Qiagen). After boiling and sonicating, 
protein extracts were subjected to immunoblot as  described42. Antibodies used were Spry1 (Cell Signaling, clone 
D9V6P), Spry2 (Sigma-Aldrich #S1444), and Beta-Actin (Santa Cruz #sc-1616).

Statistical analysis
All data are expressed as means ± standard deviation of the mean. P values and all graphs were generated using 
GraphPad Prism 9. Statistical significance was calculated using two distinct statistical methods for single variable 
comparisons, including Mann–Whitney test and two-tailed unpaired t test, depending on normal (Gaussian) 
distribution of data, studied using Shapiro–Wilk test. To determine the influence of two different categorical 
independent variables (p.e. genotype and gender) on one continuous dependent variable, two-way ANOVA was 
used. To compare frequencies Fisher’s exact test was used. The incidence of all-cause mortality was analyzed 
using Kaplan–Meier curves and the differences between groups were evaluated using the Log-rank test. The 
level of statistical significance was set at p < 0.05 (ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Data availability
All datasets are presented in the main manuscript or additional supporting files.
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