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Sprouty1 induces a senescence-associated secretory
phenotype by regulating NFkB activity: implications
for tumorigenesis

A Macia'®, M Vaquero™®, M Gou-Fabregas', E Castelblanco?, JM Valdivielso®, C Anerillas’, D Mauricio®®, X Matias-Guiu®,
J Ribera' and M Encinas*’

Genes of the Sprouty family (Spry1-4) are feedback inhibitors of receptor tyrosine kinase (RTK) signaling. As such, they restrain
proliferation of many cell types and have been proposed as tumor-suppressor genes. Although their most widely accepted target
is the Extracellular-regulated kinases (ERK) pathway, the mechanisms by which Spry proteins inhibit RTK signaling are poorly
understood. In the present work, we describe a novel mechanism by which Spry1 restricts proliferation, independently of the
ERK pathway. In vivo analysis of thyroid glands from Spry1 knockout mice reveals that Spry1 induces a senescence-associated
secretory phenotype via activation of the NF«xB pathway. Consistently, thyroids from Spry1 knockout mice are bigger and exhibit
decreased markers of senescence including Ki67 labeling and senescence-associated f-galactosidase. Although such ‘escape’
from senescence is not sufficient to promote thyroid tumorigenesis in adult mice up to 5 months, the onset of Phosphatase and
tensin homolog (Pten)-induced tumor formation is accelerated when Spry1 is concomitantly eliminated. Accordingly, we observe
areduction of SPRY1 levels in human thyroid malignancies when compared with non-tumoral tissue. We propose that Spry1 acts
as a sensor of mitogenic activity that not only attenuates RTK signaling but also induces a cellular senescence response to avoid

uncontrolled proliferation.
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The Sprouty family of genes is composed of four members in
mammals (Spry1—4), orthologous to a single Drosophila
melanogaster gene (dSpry). With some well-documented
exceptions, Sprouty proteins function as feedback inhibitors
of receptor tyrosine kinase (RTK) signaling. In Drosophila,
dSpry inhibits signaling by FGF and EGF in the airways and
the eye, respectively. Genetic experiments in mice establish
that Spry1 and Spry2 are negative regulators of signaling by
FGFR and Ret RTKs. Thus, the deletion of Spry2 and/or
Spry4 causes different craniofacial abnormalities because of
hypersensitivity to FGF. On the other hand, excessive Ret
signaling underlies kidney and enteric nervous system defects
found in Spry1l and Spry2 knockout mice, respectively
(reviewed in Guy et al."). Although the most widely accepted
targets of Spry are the ERK MAPK, the mechanisms by which
Sprouty proteins restrain signaling by these RTKs remain
poorly understood.”?

Spry family members have been proposed to function as
tumor-suppressor genes in a growing list of cancerous
malignancies. Thus, Spry1 and Spry2 levels are decreased

in prostate and breast cancer,®* whereas the downregulation
of Spry2 has been described in hepatocellular carcinoma,
B-cell lymphoma or endometrial carcinoma, among others.>”
Epigenetic silencing®® or loss of heterozygosity® are the most
widely observed molecular alterations of the Spry genes in
tumoral tissue.

In this work, we show that Spry1 null mice exhibit
overgrowth of the thyroid gland owing to increased prolifera-
tion of thyrocytes. Surprisingly, such increase in cell prolifera-
tion does not correlate with either elevation of systemic TSH
levels or increased activation of the ERK MAPK pathway.
Instead, thyroids from wild-type mice show markers of cellular
senescence, which are absent in Spry1 knockout mice. More
specifically, we found that Spry1 induces a senescence-
associated secretory phenotype (SASP) by potentiating
activation of the NFkB pathway. Moreover, deletion of Spry1
in the context of phosphatase and tensin homolog (Pten)
haploinsufficiency results in increased incidence of tumors of
the thyroid. In line with these data, expression levels of
SPRY1 are reduced in human samples of thyroid cancer.
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Results

Spry1 knockout mice have enlarged thyroid glands. We
have previously shown that Spry1 knockout mice exhibit
thyroid C-cell hyperplasia.® While examining the number of
C-cells, we noticed that thyroids from 3 months old Spry1
knockout mice, although having normal shape and showing
no external signs of malignant growth, were bigger than
those from wild-type littermates (Figure 1a). To confirm these
observations, we estimated the thyroid lobe size from 3
months old wild-type and Spry1 null littermates. As shown in
Figure 1b, thyroids from knockout mice were significantly
larger than those from wild-type siblings. Such data were
corroborated by measuring total RNA (Figure 1c) from
thyroid homogenates. No differences on mouse weight were
detected at this age, indicating that thyroid enlargement was
specific (data not shown). At the histological level, thyroids
from knockout mice were indistinguishable from those from
wild-type littermates, showing no signs of neoplastic trans-
formation (Figure 1e). Morphometric analyses revealed that
an increase in follicle number but not size was responsible for
their larger volume (Figures 1d and f). In conclusion, loss of
Spry1 causes abnormal growth of the thyroid glands in the
absence of morphologic signs of cellular transformation.
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Figure 1

Loss of Spry1 results in enhanced proliferation of
follicular cells without affecting ERK phosphorylation.
We next assessed whether increased proliferation of
follicular cells could account for the observed effects on
thyroid size. Staining against Ki67 showed an increase in the
number of positive cells in thyroids from null mice, indicating
that thyrocyte proliferation is at least partially responsible for
the observed phenotype (Figure 2a). Thyroid-stimulating
hormone (TSH) is the master regulator of thyroid function
and controls thyroid growth. No significant differences in
serum levels of TSH were found between wild-type and
Spry1 knockout mice (Figure 2b), indicating that increased
systemic levels of TSH are not responsible for enlargement
of the thyroid glands on mutant mice. On the other hand,
circulating T3 and T4 levels were virtually identical between
genotypes, indicating that thyroids from Spry1 knockout mice
are euthyroid (Figures 2c and d). These data, together with
high Spry1 levels found in mouse thyroid with respect to
other organs,® suggested that Spry1 directly influences the
proliferation of follicular cells in a cell-autonomous manner.
To further support this notion, we isolated follicles from
3-month-old mice of both genotypes and found that follicular
cells from mutant mice proliferated faster in vitro, as
measured by 5’-bromo-deoxyuridine uptake (Figure 2f).
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Enlarged thyroid glands in Spry1 knockout mice. (a) Representative pictures of thyroid glands from the indicated genotypes. (b) Estimated lobe size, (¢) mMRNA

contents and (d) follicle number of thyroid glands from wild-type and Spry1 knockout mice. (e) Hematoxylin—eosin staining of paraffin sections and (f) size—frequency histogram
of follicles of thyroid glands from wild-type and Spry1 knockout. ***P<0.001, by two-tailed t-test
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Increased proliferation of thyroid follicular cells from Spry1 knockout mice. (a) Number of Ki67-positive cells on thyroid glands, and (b-d) serum TSH, T3 and T4

levels of 3-month-old wild-type and Spry1 knockout mice. (e) Genetic ablation of Spry1 does not induce hyperactivation of the ERK pathway. In vivo phosphorylation levels of
ERK1/2 in the thyroid glands from both wild-type and Spry1 knockout mice. (f) Isolated follicular cells from knockout mice proliferate faster in vitro. *P< 0.05 and **P< 0.01, by

two-tailed ttest

As stated in the introduction, Sprouty proteins are regarded
as inhibitors of the ERK MAP kinase pathway. Therefore, an
attractive hypothesis to explain our observations could be that
Spry1 null thyrocytes are more responsive to mitogens
because of hyperactivation of the ERK pathway. We checked
the status of the ERK pathway in thyroid follicular cells in vivo
(Figure 2e, left panel) and to our surprise found no evidence of
increased ERK phosphorylation in Spry1 null cells. Quantifi-
cation of phospho-ERK levels with densitometry revealed no
significant differences between wild-type and null mice and, if
anything, showed a trend towards hypophosphorylation in null
animals (Figure 2e, right panel). In conclusion, these data
suggest that the overgrowth of the thyroid glands from
knockout mice is not because of hyperactivation of the ERK
pathway.

Phosphorylation of STAT3 is eliminated in the thyroid
from Spry1 knockout mice. We then sought to investigate

whether the modification of signaling pathways other than
ERK MAPKs could explain the observed phenotype. We
monitored the activation status of the PI3-K/Akt, PLCy, Src
and JAK-STAT pathways because they have been shown to
be regulated by Sprouty family members in other systems.
We also wanted to examine the Pten levels, as it has been
reported that Spry2 exerts its inhibitory function via upregula-
tion of Pten. As shown in Figure 3a, both phosphorylation of
Akt and Pten levels were unchanged in the thyroids from
knockout mice, whereas we could not detect phosphorylated
PLCy or Src in either wild-type or mutant thyroids in vivo.
However, we observed an almost complete ablation of
phosphorylation of STAT3 at its activation residue (Tyrosine
705) in thyroids from Spry1 null animals (Figure 3a).

To establish whether such drastic reduction reflected
an obligate role of Spryl in STAT3 activation in the
thyroid gland, we isolated follicles from both wild-type and
null animals and stimulated them with its canonical activator,
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Figure 3 Deletion of Spry1 disrupts an IL-6/STAT3 autocrine loop. (a) Immunoblot of the indicated (phospho) proteins from pooled samples of the indicated number of
thyroid glands. (b) Phosphorylation of STAT3 upon the stimulation of isolated follicles with IL-6 (50 ng/ml, 5 min). (c) Left panel, IL-6 levels secreted by isolated follicles of the
indicated genotypes as assessed using ELISA. Right panel, mRNA levels of IL-6 from pooled thyroids of the indicated genotypes. (d) Phospho-STAT3 levels of isolated

follicles from wild-type mice incubated for 24 h with the indicated neutralizing antibodies

interleukin-6 (IL-6). Importantly, IL-6 is expressed in healthy
human thyroid and is secreted by normal and transformed
thyrocytes in vitro.°~'" As shown in Figure 3b, stimulation with
IL-6 induced a robust phosphorylation of STAT3 in cultured
follicles from both wild-type and knockout mice, indicating that
Spry1 is not necessary for STAT3 phosphorylation upon
stimulation with IL-6. One possible explanation to these
observations is that the loss of Spry1 results in decreased
availability of STAT3 ligands rather than in reduced respon-
siveness to them. To assess this hypothesis, we measured
IL-6 mRNA in whole thyroid glands from both genotypes and
found a dramatic decrease in IL-6 levels in the thyroids from
knockout mice (Figure 3c, right panel). To ascertain whether
the source of IL-6 was follicular cells themselves, we isolated
follicles from both the genotypes and assessed their ability to
secrete |IL-6 to the culture medium using ELISA. As shown in
Figure 3c (left panel), thyroid follicular cells from wild-type
mice secreted remarkable amounts of IL-6, which were
drastically reduced in the case of Spry1 ~/~ cells. Finally, to
determine the contribution of IL-6 to STAT3 phosphorylation
in thyrocytes, we incubated follicular cells from wild-type mice
with neutralizing antibodies to IL-6 or IL6-R and assessed
STAT3 phosphorylation. As shown in Figure 3d, blocking of
either IL-6 or IL-6R greatly reduced STAT3 phosphorylation,
suggesting that IL-6 is the major inducer of STAT3 phosphor-
ylation in thyroid follicular cells. Taken together, these data
indicate that the loss of Spry1 disrupts an autocrine
IL-6/STATS3 loop in thyroid follicular cells.

Cell Death and Differentiation

Thyroid follicular cells from Spry1l null mice show
decreased markers of cellular senescence. Cellular
senescence is a state of growth arrest that can be triggered
by either telomere attrition or by oncogenic stress (onco-
gene-induced senescence, OIS). A hallmark of senescent
cells is the secretion of a set of cytokines and chemokines
collectively known as Senescence-Associated Secretory
Phenotype (SASP) or Senescence-Messaging Secretome
(SMS) (reviewed in literature’® ). IL-6 and IL-8 are
considered two of the most important cytokines secreted by
senescent cells, which also secrete IGFBP7, IL-1a or
CXCL1, among others.'®'® On the other hand, our previous
results show that the overexpression of Spry1 in a medullary
thyroid carcinoma cell line induces cellular senescence.? To
explore the possibility that Spry1 induces cellular sene-
scence in follicular cells via induction of an SASP, we
collected supernatants from isolated follicles from wild-type
and knockout thyroids and measured 62 different cytokines
and chemokines using an antibody array (Figure 4a). Levels
of IL-6, KC (CXCL1), MIPs, RANTES or sTNFRII, which are
prominent SASP factors,'® were severely reduced in super-
natants from knockout cells, whereas IL-1o was not. Other
proteins present in the antibody array and involved in SASP
such as IGFBP3, 5 or 6 were not detected (for a complete list
of the cytokines analyzed see Supplementary Figure 1). On
the other hand, mRNA levels of IGFBP7 were also reduced in
mutant cells (Figure 4b, left panel). KC (also known as
CXCL1 or GRO-« in humans) is thought to be one of the
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Figure 4 Thyroid glands from Spry1 knockout mice exhibit decreased markers of cellu
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reduces the secretion of both IL-6 and KC

functional homologs of the human /L-8 gene, which is deleted
in rodents. As both IL-8 and KC signal through the CXCR2
receptor, critical for the induction of senescence,’®?° we
confirmed the reduction in secreted KC by means of ELISA
(Figure 4b, right panel). Moreover, we assayed senescence-
associated f5-galactosidase (SA-3-Gal), the most widely used
marker of cellular senescence, in frozen thyroid sections
from wild-type and null 3-month-old mice. As shown in
Figure 4c, virtually all follicular cells from wild-type mice were
strongly positive for SA-f-Gal activity, whereas only a

lar senescence. (a) Cytokine secretion profile of isolated follicles from knockout mice
oled samples of the indicated number of thyroid glands and, right panel, KC levels
galactosidase activity of wild-type versus Spry1 null thyroids. (d) Silencing of IKKf

minority of cells from knockout mice was faintly stained.
These observations, together with increased Ki67 labeling of
knockout follicular cells and increased proliferation in vitro,
suggest that these cells bypass a program of cellular
senescence engaged in the normal thyroid glands.

Activation of the NFxB pathway is impaired in Spry1 /'~
follicular cells. IL-10 has been shown to regulate
the secretion of IL-6 and IL-8 in human senescent cells.?!
The observation that levels of IL1-2 were similar in

Cell Death and Differentiation
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supernatants from wild-type and knockout cells raised the
possibility that Spry1 regulates generation of the SASP
downstream of IL1-a. To test this hypothesis, we incubated
isolated follicles from wild-type cells with IL-1« and confirmed
that this cytokine induces a robust secretion of both IL-6 and
KC (Supplementary Figure 2). IL1-« is a potent inducer of the
NFxB pathway, which together with C/EBPJ, is critical for
synthesis of the SASP factors.'”?°2* We confirmed such a
role of NFxB in our system by silencing either IKKx or IKKp
and measuring IL-6 and KC levels (Figure 4d). Whereas
silencing of IKK« had only a modest influence on cytokine
secretion, the effect of knocking down IKKfS was more
profound, as expected for a role of the canonical NFxB
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pathway on cytokine synthesis. To directly test whether
activation of the NFxB pathway is compromised in the
thyroids from Spry1 knockout mice, we first checked
subcellular localization of p65, the major NFxB subunit that
accumulates on the chromatin of senescent cells®® and found
that it was mostly excluded from the nucleus of follicular cells
from knockout but not wild-type mice (Figure 5a). Accord-
ingly, levels of 1kBa, which is responsible for retention of
NFxB dimers in the cytoplasm, were increased in the
knockout thyroid (Figure 5b). Moreover, nuclear translocation
of p65 upon LPS injection was diminished, although not
completely prevented in thyroid tissue from mutant mice
(Figures 5c and d). Accordingly, although IxBo degradation
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Figure 5 Activation of the NFkB pathway is compromised in thyroids from Spry1 knockout mice. (a) Immunostaining against p65 on frozen sections of thyroids of the
indicated genotypes. (b) Steady-state levels of likBa of thyroids from 3-month-old mice of the indicated genotypes. (¢) Immunostaining against p65 on frozen sections of
thyroids of the indicated genotypes, stimulated with LPS. (d) Left panel, nuclear translocation of p65 after stimulation with LPS. Right panel, [xBa levels on thyroids from mice
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was not impaired, IxBo levels after LPS challenging
remained higher in thyroids from knockout mice when
compared with wild-type mice (Figure 5d). Taken together,
these data strongly suggest that follicular cells from Spry1
knockout mice are defective in NFxB activation and conse-
quently fail to synthesize appropriate amounts of SASP
factors.

Genetic deletion of Sprouty1 accelerates pten-induced
thyroid tumorigenesis. OIS is regarded as a defense
mechanism against tumoral transformation elicited by onco-
genic insults. As such, cells lacking essential components of
the cellular senescence machinery are more susceptible to
tumoral transformation. To test whether thyroid cells from
Spry1 knockout mice were prone to transformation upon
oncogenic stimulation, we crossed Spry1-mutant mice to
Pten heterozygous mice. We chose Pten-deficient mice for
three main reasons: first, they develop a wide range of
tumors including thyroid carcinoma;?*2” second, Pten loss
has been found to be a potent inducer of cellular
senescence;?82° and third, STAT3 is tumor-suppressive in
gliomas bearing Pten mutations.3° Genetic ablation of Spry1
in the context of Pten haploinsufficiency resulted in the
development of hyperplastic follicular lesions as early
as 3 months of life, age at which thyroid glands from their
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Pten ™/~ littermates were normal (Figure 6a). By 5 months of
age, even though a fair percentage of Pten™’~ mice
presented nodular hyperplasia of the follicular cells, lesions
in double-mutant mice were much larger (Figure 4b), and
sometimes presented areas with normal follicles had been
substituted by solid lesions consisting of large eosinophilic
cells (Figure 6c¢). In regions where the follicular architecture
was preserved, some follicles presented structures resem-
bling small papillae, whereas some others were composed of
tall cells (Figure 6c). Finally, thyroids from double-mutant
mice strongly stained for the proliferation marker Ki67
(Figure 6d). In conclusion, although loss of Spry1 by itself
was not enough to promote transformation of the thyroid
tissue, when combined with Pten haploinsufficiency it
greatly accelerated the appearance of neoplastic growth of
the thyroid.

Decreased levels of Spry1 and IL-6 in human thyroid
adenomas and follicular carcinomas. To begin to eluci-
date whether our findings could be relevant to human
pathology, we analyzed the expression of SPRY1 on a
series of 14 thyroid follicular adenomas and carcinomas
(nine adenomas and five carcinomas) and 10 non-matched,
non-tumoral adjacent thyroid samples (Supplementary
Figure 3). The median expression of SPRY1 was significantly
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Figure 6 Loss of Spry1 accelerates thyroid tumorigenesis in the context of Pten haploinsufficiency. (a) Hematoxylin—eosin staining of thyroid glands from 3-month-old
animals of the indicated genotypes. (b) Same for 5-month-old animals. T, trachea. (c) Higher magnification of thyroids from double-mutant mice. (d) Ki67 labeling of thyroids
from 5-month-old mice of the indicated genotypes. (e) Stack bar graph showing the effect of loss of Spry1 in thyroids from 3- to 5-month-old animals
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reduced in tumor samples when compared with non-tumoral
tissue (Man-Whitney’s U-test; P=0.017). Moreover, con-
sistent with our findings, levels of IL-6 mMRNA were also
significantly deceased in tumors versus normal samples
(Man-Whitney’s U-test; P=0.002; Figure 7b). Univariate
regression analysis showed that Sprouty expression was
significantly associated with IL-6 levels (f: 1.072; Cl 95%:
0.63-1.514; P<0.001; R? 0.576, Figure 7c). Finally,
hematoxylin—eosin staining of normal tissue did not show
any signs of infiltration, ruling out a misleading effect of
immune cells on levels of IL-6 (Figure 7d). Taken together,
these findings suggest that SPRY1 may have a role as a
tumor suppressor in thyroid follicular carcinoma.

Discussion

In the present work, we have unveiled a new role of Spry1 in
inducing cellular senescence, independently of the ERK
pathway, the most widely accepted target of Spry proteins.
We found that loss of Spry1 disrupts an autocrine loop by
reducing IL-6 synthesis and subsequent STAT3 phosphoryla-
tion. STAT3 is a pleiotropic transcription factor that influences
proliferation, differentiation and survival of multiple cell types.
It can induce proliferation by promoting expression of its
transcriptional targets Cyclin D or c-Myc, but paradoxically,
STATS3 activation is cytostatic in other cell types via the
induction of cell cycle inhibitors such as p21°'F, p27K' or
p14*T (reviewed in Bowman et al.®' and Smithgall et al.%?).
This dual mode of action is perhaps best illustrated by the
opposing effects of activated STAT3 on tumorigenesis. Thus,
after being identified as an oncogene in some cancer
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types,®'® recent work has highlighted its role as tumor

suppressor in glioma, hepatoma, breast, intestinal, head and
neck and thyroid cancer.'"3%34=38 |nterestingly, Couth et al.™
found that an autocrine IL6/gp130/JAK loop is responsible for
keeping high levels of phospho-STAT3 phosphorylation in
thyroid carcinoma cell lines, which in turn suppress
tumorigenesis.

Although our results could, therefore, be explained on the
basis of such autocrine loop and its effect on STAT3
phosphorylation, we found that Spry1-deficient cells are
defective on the secretion of not only IL-6 but a series of
factors that belong to the SASP. Whereas some of these
factors can induce proliferative responses in a paracrine
manner,'® it is now clear that at least some others, namely
IL-6, IL-8 and IGFBP7, have a causal role in the induction and
maintenance of both replicative and OIS, in an autocrine
manner.'®"7:1% It is now well established that senescent cells
normally persist in the adult organism — for example, in benign
or pre-malignant lesions such as moles®® — but also in normal
tissue.*®™*2 |t should be noted that the thyroid gland is
considered to be a dormant, non-regenerative organ with very
slow cellular turnover: in humans, it has been estimated that
folligglar cells divide approximately five times during adult
life.

A growing number of evidence links activation of the NF«xB
pathway to induction of the SASP and cellular senes-
cence,?***%% and indeed ChlP experiments demonstrate that
p65 is the most abundant transcription factor bound to
senescent chromatin.?® As for the mechanism by which Spry1
modulates the NFkB pathway, the lack of a universal mode of
action of Spry proteins makes it difficult to explore candidate
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Figure 7 SPRY1 and IL-6 levels are reduced in human thyroid tumors. (a) Relative SPRY1 mRNA levels of non-tumoral versus tumoral thyroid tissue. (P<0.05 by
Man-Whitney’s Utest). (b) Relative IL-6 mRNA levels of non-tumoral versus tumoral thyroid tissue. (P< 0.01 by Man-Whitney’s U-test). (c) Scatter plot of IL-6 versus SPRY1
levels. (d) Hematoxylin—eosin staining of normal thyroid tissue of the indicated samples (selected because of their higher levels of IL-6) shows no evidence of infiltration
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pathways. Owing to the absence of true conserved domains in
Spry proteins, one strategy to investigate its mechanism of
action has been to identify their binding partners, in a ‘guilty-
by-association’ approach.” Following this reasoning, we
envisage several potential mechanisms by which Spry1 could
modulate the pathway. For example, dendritic cells lacking
c-Cbl, a well-known Spry-binding partner, show increased
cytokine secretion owing to augmented NFxB activity.*® On
the other hand, the adaptor protein CIN85, which also
interacts with Spry1/2, is necessary for activation of the NFxB
pathway in B lymphocytes upon BCR stimulation.*” Finally,
kinases of the Raf family including B-Raf interact with Spry1,’
and Raf activation has been mechanistically linked to
activation of the NFxB pathway.*® In conclusion, there are
many potential mechanisms by which Spry1 can induce NFxB
activity that deserve further investigation. In this regard, our
preliminary data indicate that overexpression of Spry1 in 293
cells enhances NF«B activity in luciferase assays (data not
shown). The use of systems more suitable for manipulation
such as 293 cells should allow us to investigate these
mechanisms in more depth.

Besides induction of SASP via NF«xB activation, we cannot
rule out the existence of other mechanisms by which Spry1
expression induces cellular senescence. For instance, it has
been shown that Spry1 binds to the adenoviral protein E1A,*°
whose ability to promote evasion of Ras-induced senescence
has been repeatedly reported. On the other hand, a recent
report describes that the kinase Dyrk1A, a well-known
interactor of Spry proteins,’? promotes cellular senescence
via the phosphorylation of LIN52 and assembly of the DREAM
transcriptional repressor.®°

To conclude, we have also shown that deletion of Spry1
accelerates the onset of thyroid tumorigenesis in Pten*/~
mice. These data are in agreement with two recent reports
showing that deletion of Spry family members in the context of
Pten happloinsuficiency accelerates prostate tumorigen-
esis.®"®2 During the last years, it is becoming evident that
OIS poses a potent barrier to tumoral transformation in vivo.
Thus, the expression of activated Ras, E2f3 or B-Raf
oncogenes in mice induces cellular senescence in premalig-
nant tumors of the lung, pancreas, mammary gland, pituitary
gland and melanoma. The loss of senescence responses
induced by genetic ablation of Cdkn2a or Trp53 leads to
malignant progression of these tumors (reviewed in Priuer and
Peeper®® and Collado and Serrano®*). Similarly, conditional
deletion of Pten in the prostate induces cellular senescence
that is bypassed by concomitant deletion of Trp53.28
Importantly, bypass of OIS and subsequent tumor progres-
sion can also be achieved by the removal of SASP factors or
their receptors in colon adenoma, prostate carcinoma or
melanoma.'”:19-20

We have finally found that human thyroid follicular
adenomas and carcinomas show decreased levels of SPRY1
and IL-6 with respect to normal tissue. Consistent with our
data, a reduction in IL-6 levels has been reported both in well-
differentiated thyroid carcinomas with respect to normal
tissue, which becomes more evident as tumors progress
to undifferentiated thyroid carcinoma.®® Moreover, recent
evidence points to an important role of IGFBP7 and OIS in the
suppression of thyroid carcinoma.%® Finally, promoters of both
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SPRY1 and SPRY2 have been found to be differentially
methylated in tumoral versus normal thyroid tissue.>”

In conclusion, we have found that Spry1 controls the
transition of thyrocytes to a state of cellular senescence by
regulating the appearance of SASP. Interestingly, a recent
report shows that negative feedback mechanisms (including
expression of Spry1) in response to activation of the Ras/Raf/
ERK pathway are indeed responsible for the senescence
response.>® Thus, one interesting concept would be that Spry
proteins sense mitogenic activity and respond not only by
attenuating signaling pathways triggered by mitogens but also
by inducing a senescence response to avoid uncontrolled
proliferation.

Materials and Methods

Ethics statement. All experimental procedures involving animals were in
accordance with the national and regional guidelines and were approved by the
Experimental Animal Ethic Committee of the University of Lleida. Studies using
human samples were approved by the Ethics Committee on Clinical Investigation
of the Hospital Universitari Arau de Vilanova, and all patients gave their informed
consent.

Mice. Mice knockout for Spry1 were a generous gift of Dr. M Albert Basson
(King's College, London, UK). Heterozygous mice for Pten were obtained from the
NCI mouse repository at http://mouse.ncifcrf.gov/. All mice were maintained on a
129/Sv x C57/BL6 mixed background. When indicated, mice were injected
i.p. with 75 ug of lipopolysaccharide (Sigma, St. Louis, MO, USA) or PBS as
control for 1h.

Morphometric analysis. Estimation of thyroid gland size was performed by
using the ellipsoid formula (width x height x depth x 7/6). Thyroid follicle number
and area were scored on hematoxylin—eosin-stained sections using the Cell
Profiler software (http://www.cellprofiler.org). Nuclear p65 was automatically
scored using the ImageJ software (Bethesda, MD, USA) (find maxima process, set to
noise tolerance 12).

Hormone measurement. Serum levels of T3, T4 and TSH were measured
using the MilliplexMAP Rat thyroid kit (Millipore, Bedford, MA, USA) according to
the manufacturer’s instructions. The kit reacts with both rat and mouse T3 and T4
but is intended for determination of rat TSH. However, others have shown that it is
suitable for determination of relative levels of murine TSH.%°

Western blot. Westemn blot was conducted as described.® Immunoblots
were developed using a VersaDoc device (Bio-Rad, Hercules, CA, USA), and
densitometry was performed using its software package (ImageLab, Bio-Rad).
Antibodies used are detailed in Supplementary Figure 4.

ELISA and antibody array. ELISA for IL.-6 was performed using the
RayBiotech (Norcross, GA, USA) Mouse IL-6 ELISA kit according to the
manufacturer's instructions. For determination of KC, we used the Murine KC Mini
ELISA Development Kit from Peprotech (Rocky Hill, NJ, USA). For determination of
multiple cytokines in cell supematants, we used the RayBio Mouse Cytokine Antibody
Array G-Series 3 (no. AAM-CYT-G3-4) as directed by the manufacturers. Slides were
scanned using a GenePix 4000A laser scanner (Axon, Sunnyvale, CA, USA).

Immunocytochemistry and immunofluorescence. Immunocyto-
chemistry against Ki67 was performed on paraffin sections. Briefly, sections were
dewaxed and submitted to antigen retrieval (95 °C for 20 min in Tris/EDTA buffer,
pH 9) using a PTLink apparatus (DAKO, Glostrup, Denmark). Staining was
performed using an Autostainer device (DAKO) using biotinylated secondary
antibodies and HRP-coupled streptavidin. Sections were counterstained with
hematoxylin. For p65 immunofluorescence, frozen sections were permeabilized
with 100% methanol blocked with goat serum and incubated overnight at 4 °C with
primary antibody. Secondary antibody was incubated for 2 h at room temperature.
Nuclear staining was obtained with Hoescht 33258. Antibodies used are detailed
in Supplementary Figure 4.
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Isolation and culture of thyroid follicles. Thyroid glands were excised
from the indicated mice and digested in 1 mg/ml collagenase IV and 1.2 U/ml
dispase Il (both from Roche, Basel, Switzerland) in phosphate-buffered saline for
40 min at 37 °C. After trituration with a blue tip, follicles were allowed to settle by
gravity and separated from single cells. Follicles were then washed and plated in
complete medium containing FBS and TSH ovemight, switched to serum-free
media and supernatants were collected 24 h later. When indicated, blocking
antibodies (Supplementary Figure 4) were added. Lentiviral infection and
sequences of shRNAs used are described elsewhere.®® For BrdU uptake
experiments, follicles were isolated as above and cultured in complete medium for
48h. Cells were pulsed with BrdU for the last 4h, fixed and BrdU staining
performed as described.®

Real time RT-PCR. Total RNA was extracted with a RNeasy Mini Kit
(QIAGEN, Hilden, Germany). RNA was quantitated using a Nanodrop device.
Tagman technology from Applied Biosystems (Warrington, UK) was used for real-
time RT-PCR analyses. Probes included mouse IL-6 (Mm00446190_mf1), Igfbp7
(Mm03807886_m1), Gapdh (Mm99999915_g1), and human IL-6 (Hs00985639_m1),
SPRY1 (Hs00398096_m1), and GAPDH (Hs99999905_m1). Results were calculated
by the 2~ 4% method. Expression levels were normalized to GAPDH. For human
tissue samples, levels of SPRY1 or IL-6 were expressed as fold change relative to
RNA from healthy human thyroid obtained from a commercial source (Ambion,
Grand Island, NY, USA), which was also included in the non-tumoral group.

Senescence-associated f-galactosidase activity. SA-f-Gal staining
of was carried out as described.® Briefly, paraformaldehyde-fixed frozen sections
were incubated with X-gal solution (20 mg/ml X-Gal (Sigma), 5mM KsFe(CN)s,
5mM K4Fe(CN)s and 2mM MgCl,) in PBS at pH 6.0 during at least 2h
at 37°C. To allow comparison between specimens, all samples were assayed
simultaneously.

Human tissue samples. Frozen thyroid samples (n=23) from unrelated
patients were obtained from the Biobanc IRBLleida and RETIC Biobancos
RD09/0076/00059. The samples consisted of five follicular thyroid carcinomas
(FTC), nine follicular adenomas (AF) and nine normal thyroid samples
(Supplementary Figure 3). Diagnoses were evaluated by pathologists using
hematoxylin—eosin staining according to the World Health Organization (WHO)
criteria and the frozen tissues were stored in O.C.T (VWR International) at
— 80 °C before isolation of the DNA and RNA.

Statistical analysis. The Shapiro-Wilk test was used to determine whether
variables followed a normal distribution. Data are presented as mean + S.D. for
quantitative variables following a normal distribution or as medians when
distributions were not normal. A Student's t-test was used to compare the means
between normally distributed variables, whereas Man-Whitney’s U-test was used
otherwise. Univariate regression analysis was used to determine whether
association was detected between two continuous variables.
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