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ABSTRACT

The scaffold protein Spinophilin (SPN) is a regatgtsubunit of phosphatasela located
at 179g21.33. This region is frequently associated microsatellite instability and LOH
containing a relatively high density of known tumsuppressor genes, including
BRCAL. Several linkage studies have suggested the egestef an unknown tumor
suppressor gene distal BRCAL. Son may be this gene but the mechanism through this
gene make its contribution to cancer has not besuoribed. In this study, we aimed to
determine how loss ofSon may contribute to tumorigenesis. We explored the
contribution of SPN to PPla-mediated Rb regulatiMe found that the loss @&pn
downregulated PPP1CA and PP1la activity, resulting high level of phosphorylated
Rb, and increased ARF and p53 activity. Howeverthie absence of p53, reduced
levels of SPN enhanced the tumorigenic potentiahefcells. Furthermore, the ectopic
expression of SPN in human tumor cells greatly ceducell growth. Taken together,
our results demonstrate that the loss Sph induces a proliferative response by
increasing Rb phosphorylation, which in turn adegap53, thereby, neutralizing the
proliferative response. We suggest t8ait may be the tumor suppressor gene located at

17921.33 acting through Rb regulation.



INTRODUCTION

The Spinophilin (Spn, Neurabin 1, PPP1R9B) locus is located on chromosome 17 at
position 17921 which is in a cytogenetic area ferdly associated with microsatellite
instability and loss of heterozygosity (LOH). Tihegion has a relatively high density of
tumor suppressor genes, including known (8BCA1 andNME1), putative (e.g.JUP
and Prohibitin), and unidentified candidate tumor suppressor gehat are located
distal to theBRCAL locus. Most of the studies examining the 17g2lorebave focused
on BRCAL, which exhibits LOH at a variable frequency depegan the type and stage
of the tumor, and as such, the 17921 region haa b&tensively studied in breast
carcinomas'™. However, some studies have suggested the presénae unknown
tumor suppressor gene in the area that includesStnelocus. LOH at 17921.3
involving the BRCAL1 locus has been observed in breast, ovarian, pepstalorectal,
gastric, renal, and lung carcinomas, as well asaiivary gland carcinosarcomas, an
extremely aggressive neoplasm. This region contiaote NMEL1 and Spn, which are
only 1 Mb apart. Extensive LOH mapping in primamg carcinoma$ using 15 highly
polymorphic markers revealed the highest LOH vah@% loss) with the D17S588
marker, which is located within tHgn locus. However, neighboring tumor suppressor
genes, includind3BRCA1, were not significantly affected (6—-13% LOH). Fatmore,
previous classic cytogenetic studies that invettgjahe genetic association of breast
and ovarian cancers with the 17q region have stegethe presence of a tumor
suppressor gene located distalBBCAL >”. The maximum LOD scores obtained for
D17S588 were 5.44 in an Edinburgh study of 15 fsfl and 21.68 in an extensive

analysis of 271 families with breast and breastiamacancer®*°

, indicating the
importance of this region in cancer pathology. Amotstudy examining the correlation
between p53 abnormalities and allelic lossBBRCAL, BRCA2, and adjacent loci in
breast cancer found a strong correlation betw#mutations and the specific loss of

the Son locus™ ™%

Although these studies suggest the existence afn&nown tumor suppressor in this
region, no biological function fo8n has been reported that would explain the benefits
that a tumor cell might gain by losing this genartkermore, the correlation between

p53 mutations and the specific loss of B locus is not understood. The focus of this



study was to determine how the lossSh may contribute to tumorigenesis and the

role of p53 mutations in this process.

Two independent laboratories have shown that SRMaats with protein phosphatase 1
(PP1) and F-actif?*®. SPN contains a number of distinct domains thaego protein-
protein interactions, including two F-actin domaitisree potential Src homology 3
domains, a receptor and a PP1-binding domain, a Eb&ain, three coiled-coil
domains, and a potential leucine/isoleucine zippetif *. While more than 30 SPN-
binding partners have been discovered, includingpsieletal and cell adhesion
molecules, enzymes, guanine nucleotide exchanger$a¢GEFs), regulators of G-
protein signaling, membrane receptors, ion chanaeld the tumor suppressor ARE
the physiological relevance of some of these ictezas remains undetermined. The
structure of SPN suggests that it functions as #ifomctional scaffold protein that
regulates both membrane and cytoskeletal proceS8#¢.mediates important functions
in the nervous system, where it has been implicetedgulating spine morphology and
density, synaptic plasticity, and neuronal mignmnaticSPN also regulates seven-
transmembrane receptors and may link these reseqtorintracellular mitogenic
signaling events that are dependent on °p7kinase and Rac G protein-GEF.
Importantly, a role for SPN in cell growth has als®en demonstrated, and this effect is
enhanced by the interaction between SPN and ARFAnother SPN-interacting
molecule is doublecortin, an actin-binding proteith an established role in the
subcellular targeting of PP$ 1" SPN enhances PP1-mediated dephosphorylation of
Ser297 in doublecortit® and its localization to the cytosét®. One of the most
important PP1 target proteins is Rb, the phosphtegl product of theetinoblastoma
gene that is essential in cell cycle regulafibriThe targeting of Rb by PP1 contributes
to the dephosphorylation and subsequent activatioRb, shutting down the G1/S
phases of the cell cycfé® Furthermore, the PPla-mediated dephosphorylafiétb
contributes to the senescent phenotype inducedtygenic Ras® and the constitutive
inactivation of Rb by maintaining highly phosphatgdd Rb contributes to cell cycle
deregulation and tumorigenes$is?® Therefore, SPN may contribute to tumorigenesis
by regulating the functions of PP1 and/or Rb.

This study aimed to elucidate the molecular medmsithat could mediatgn loss-

induced tumorigenesis, focusing on the SPN-PP1drbptex. We found that the loss



of Son correlated with a reduced level of PPP1CA, whitkurn maintained an elevated
level of Rb. This effect contributed to a functibmacrease in p53 activity through
ARF. However, in the absence of p53, SPN enharteedumorigenic properties of the

cells.
RESULTS

The absence of Spn contributesto Rb deregulation by maintaining a low PPP1CA
level and PP1 phosphatase activity.

Because SPN binds to PPP1CA, thereby contributiribe regulation of PP1a activity,
we first measured the effect of lossSph on PPP1CA expression. We generated mouse
embryonic fibroblasts (MEFs) frorSpn KO mice (Spn(-/-))*® and measured their
PPP1CA level. An analysis of more than 20 pairwitd-type (WT) and Spn (-/-) MEF
clones demonstrated that Spn (-/-) cells conta#@®d less PPP1CA protein (Figure 1A
and 1B). Despite the parallel isolation of the M&énes (i.e., alSon-null clones were
compared to their WT sibling clones at the samewtirostage and passage), their
PPP1CA levels seemed to be heterogeneous, perhapstodvariations in other
PPP1CA-binding proteins. To determine whether ib&s lof Son also affected the
PPP1CA level under stress conditions, we expressedgenic Ras in the cells; this has
previously been reported to increase the PPP1CAI I8/ %" The expression of
oncogenic Ras induced a 50% increase in the PPR\@AIn the WT MEFs, but not in
the Spn (-/-) MEFs (Figure 1C and 1D). We also olex that the expression of
oncogenic Ras resulted in a similar increase inSABI protein level in the WT MEFs
(Figure 1C), suggesting that SPN and PPP1CA magadeegulated and may both
contribute to the regulation of PP1 activity. Tather confirm this hypothesis, we
aimed to determine whether the loss of SPN alt&Rda activity as a result of the
reduced PPP1CA level. We quantified the PP1 agtiag the difference in activity
measured following treatment with 2.5 nM and @M okadaic acid®®. We observed
that PP1 phosphatase activity also decreased irSghaull cells in parallel with
PPP1CA protein level, and this decrease was narsed following the expression of
oncogenic Ras (Figure 1E and 1F). To explore theham@sms underlying the reduced
PPP1CA level inrSon-null cells, we performed similar experiments i thresence of
the proteasome inhibitor MG132. In the absencerofgasome-mediated degradation,
the PPP1CA expression level and PP1 activity diddearease in the absenceSph



(Figure 1G and 1H). These results suggest that 8RM regulate the stability of
PPP1CA, thereby regulating the activity of PP1a.

To evaluate whether the decrease in PP1 activisy gigysiological significance, we
measured the extent of Rb phosphorylation in theeate of SPN. Furthermore,
because Rb phosphorylation controls S phase em&yglso examined whether the Rb
phosphorylation correlated with alterations in @&l cycle. The cells were serum
starved for 24 hrs to induce Rb dephosphorylatioth growth arrest. The cells were
then restimulated with 10% serum, and Rb phosphtoyl was analyzed at different
time points. In the WT cells, Rb was fully dephosptiated up to 8 hrs after
restimulation (Figure 2A and B), correlating withtey into S phase (Figure 2C). The
Son-null MEFs exhibited low, but detectable, levels giRb even in the absence of
serum, indicating reduced PP1 activity. Furthermaéehr post-stimulation, the level of
pRb doubled in the Spn-null MEFs (Figure 2A and &yrelating with the earlier entry
of the cells into S phase (Figure 2C). In the absef SPN, we detected both increased
basal expression and stronger induction of CycliraAranscriptional target of E2F1
activation, following serum restimulation (Figur® 2and 2E), confirming the increased
pRb phosphorylation. The higher level of pRB in 8gn-null MEFs also contributed to
increased apoptosis in the Spn(-/-) MEFs upon g&8ation by DNA-damaging agents
(Supplementary Figure 1).

These results clearly demonstrate that, in theredesef SPN, PP1 exhibits reduced
phosphatase activity, resulting in an elevatedlle/pRb.

The absence of Spn contributesto genetic alterations during MEF immortalization.

Several alterations occur during MEF immortalizatioesulting in the release from
senescence. These mutations tend to eliminate theh@se arrest imposed by
senescence. Most commonly, MEF immortalization Itedtom the loss of théNK4a
locus orp53 mutations®®>% The INK4a locus contains two genepl6INK4a *?, an
inhibitor of CDKs that is upregulated during sersm® and contributes to Rb
dephosphorylation®, and p19ARF, an MDM2 regulator that contributes to p53

activation®+3°



We reasoned that if thgn-null MEFs exhibited alterations in the Rb pathwthere
would be no selective pressure to mutpi€INK4. To confirm this hypothesis, we
generated multiple clones from WT (+/+), heteroayg¢+/-), andSpn-null (-/-) MEFs
and immortalized these cells using standard 3T3opots. The loss ofpn did not
preclude the cells from entering senescence, asdrésponse occurred with kinetics
similar to WT cells*®. However, Son deficiency did affect the pattern of genetic
alterations that occurred during MEF immortalizatid\pproximately 30% of the WT
immortalized MEFs clones exhibited decreased pl@iN¥Kpression, and 50% of the
clones carried p53 mutations. However, neitherhisierozygous nor th&n-null (-/-)
MEFs lost pl6INK4a expression (Figure 3). All Sprin(-/-) MEF clones were
immortalized through mutations in p53 (Figure 3)l Af the data regarding p53
mutations that were detected based on the stdimlivaf p53 were confirmed by

sequencingy53 mRNA (data not shown).
Thelack of Spn contributesto increased p53 activity.

The lack of SPN seemed to promote p53 mutationgllfrs during immortalization,
suggesting a functional relationship between SPHN @b3. In addition, it has been
shown that low levels of Rb activity activate th2FRefamily of transcription factors,
which in turn activate p19ARF, thereby contributittg p53 upregulatiort’3%4° To
explore this possibility, we first tested the effe€ ShRNA-mediated SPN silencing in
cells expressinghe Vall35thermosensitive p53 mutant (p53(-/-) ts ceffS\Figure
4A). Switching the cultures to 32°C resulted in growthest, allowing only a small
number of colonies to escape the arrest and to glowly. Silencing of SPN enhanced
the observed p53-induced growth arrest in theds. 8k then determined the p53 level
in Son-null MEFs. The Son-null MEFs exhibited a slightly elevated level 053
resulting in an elevated level of its downstreangeap21wafl (Figure 4B). Following
induction of DNA damage with etoposide, a topoismase inhibitor, the increase in the
p53 and p21lwafl levels were more significan®in-null MEFs when compared to WT

cells (Figure 4B).

Next, we aimed to determine the importance of tieeiased p53 levels induced by the
loss ofSpn to the tumor physiology. 3-MC is a mutagen thatices tumor formation in

a p53 mutation—-dependent manffefThe addition of 3-MC enhanced the p53 response
more significantly in Spn-null MEFs than in WT MERSigure 4C). As expected, the



loss of Spn delayed the onset of tumorigenesis, increasingstirgival of WT mice
(Figure 4D). However, in mice with reduced p53 ls\ge., heterozygous for p53), the
loss of Son did not increase the survival rate (Figure 4E). &dald not perform these
experiments in p53-null;Spn(-/-) or p53-null;Sprj+hice due to their rapid death days
after birth (data not shown). Taken together, oatadsuggest that the loss §bn

increases the activity of p53.

The increased p53 activity observed Spn-null MEFs seemed to be dependent on
PPP1CA, as PPP1CA overexpressiopn-null MEFs abolished this increase (Figure
5A and supplementary figure 3Ectopic expression of PPP1CA induced growth arrest
Among the resistant clones the doubling time wasilar to parental cells expressing only
vector (data not shown). In these clones we meddRIRP1CA levels (supplementary figure 4)
and we found that PPP1CA levels are only slightlgréased. In these cells DNA-damage
treatments induce p53 stabilization but the enhaeog of the signal observed in the absence of
Spn is loss (Figure 5A).In addition, the increased p53 activity was alspetglent on
pl9ARF. First, Son-null MEFs exhibited increased pl9ARF activatiorldwing
expression of oncogenic Ras when compared to WT sMEkgure 5B). Furthermore,
Son-null MEFs expressing a pl9ARF-specific shRNA dat demonstrate enhanced
p53 activation following expression of oncogenicsRehen compared to the controls
(Figure 5C and 5D), confirming that p19ARF mediatee increased p53 levels
observed inSpon-null MEFs. However, we were unable to detect a physical actesn
between SPN and p19ARF (Figure 5E and data notrshow

Our overall interpretation of these results is thatloss ofSon leads to Rb inactivation
and the further sequential activation of E2F, ABRRd p53. Therefore, p53 plays rate-
limiting, pivotal tumor suppressor role and must teitated when SPN is non-

functional in order for cells to become transformed

The absence of Spn enhancesthe tumorigenic propertiesof p53-null cells.

Next, we aimed to determine the effects of p53aieficy onSon-null cells. To this end,
we measured their ability to potentiate the p53-pbknotype. First, we grew MEFs
expressing the thermosensitive p53 mutant (p5&)}/gt 39°C, thereby inactivating
p53. Under these conditions, the shRNA-mediateensihg of SPN increased cell
colony formation (Figure 6A)Additionally, the loss of SPN also enhanced themgno



of the MEFs (Figure 6B) by decreasing doubling tirmed their growth recovery after
serum starvation and restimulation (Figure 6&hally, the transfection of MEFs with
the Ras oncogene or a combination BLA and Ras induced an increase in both the
number and size of the foci i®n-null MEFs compared to mock-transfected MEFs
(Figure 6D). These results confirm that the losSBN in p53-deficient cells enhances

the tumorigenic potential of the cells.
The overexpression of SPN reducestumor cell growth.

Because reduced SPN levels increased the maligrmdential of the tumor cells, we
determined if SPN overexpression might affect traignant behavior of tumor cells.
To evaluate the effect of SPN overexpression, \mestected tumor cells witBpn
cDNA. Overexpression of SPN significantly reduckd tolony numbers in all of the
tested cell lines (Figure 6E). This growth inhibytceffect is similar to the growth
inhibition described for PPP1CA overexpressioand occurred in all tested cell lines

regardless of their p53 and pRb status (Supplememtble 1).

DISCUSSION

Son has been proposed to be a tumor suppressor bemfatsassociation with the LOH
detected in genomic linkage studies and becauseoiobSpn migth contribute to lung
tumorigenesis?. However, it is not clear how the loss §n might affect cellular
behavior and contribute to tumorigenesis. In thiglyg, we demonstrate that the loss of
Son affected the behavior of Rb through its abilityregulate the PPP1CA level and
PP1a activity. The loss &pn resulted in Rb inactivation and the subsequenvainbin

of E2F, ARF, and p53. However, in the absence @, ghe elevated pRb level
enhanced the tumorigenic potential of the cellgpfflementary Figure 2). In line with
this behavior, SPN has been shown to bind to thed@igblecortin complex, inducing
its dephosphorylatiof? and inhibiting anchorage-independent growth inrgk cells*
“®_In contrast, doublecortin-mediated growth reficesis lost in the absence &fn.

SPN appears to function as a classic scaffoldirgepr with no intrinsic enzymatic
activity. SPN binds both PPP1CA and PPP1CC, but ordrginally binds to PPP1CB
47_SPN selectively interacts with PPP1CC in the apiord, and it has been suggested

that this binding is at least in part responsibletifie enrichment of PPP1CC at synapses
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8 Similarly, the binding of SPN to PPP1CA resulis gartial coupled regulation
between SPN and PP1a, as lower levels of SPN l|ett¢ceased PPP1CA levels and
PP1 activity. It has been recently shown that S®MNnstructured in its unbound form
and binds PP1 through a folding-upon-binding meidmanblocking one of the three
putative substrate binding sites of PP1 withowraig the active sit&.

PP1 is one of the key eukaryotic serine/threonihesphatases involved in mitotic
dephosphorylation of both Rb and specific resicafgs53>°. Our data suggest that the
mild p53 activation observed in the absence Sph is related to enhanced Rb
phosphorylation and activation of E2F and pl9ARFase eliminating pl9ARF
blocked the enhanced p53 activation induced by gemic stress (Figure 5)t is
interesting to remark the increase in p19ARF olestrivn Son null compared to WT
MEFs (Fig 5B). This increase might be dependent E#F1 activation by pRb
phosphorylation, since ARF is a target of E2F14caiption target’. Unfortunately, we
do not currently understand wipl9ARF is not deleted with the same frequency that
p53 is mutated inSpn-null MEFs. We can only speculate that thdK4 locus
contributes to senescence through bpfl9ARF and p16INK4a gene activatiott.
pl6INK4a contributes to senescence through Rbetbier alleviating the Rb tension
(by Spn loss), reducing the requirement fdiK4 deletion.

However, similar to PPP1CA overexpressitrf> SPN overexpression resulted in
growth inhibition in culture, independently of teatus of Rb and p53. This may be due
to PP1-target proteins other than Rb, whose phaoglatiion is thought to enable cells
to replicate DNA, such as DNApmlor Topoll *** It is also possible that the other
pocket proteins, p130 or pl07, are involved in pRitl cells response to PPP1CA
overexpression since these proteins may have pargadundant control of cell cycfg
However, complete loss of PP1a is also deletefiouthe cells?}, and only partial loss
of activity has been associated with tumorigen€sBP1 does not only regulate the cell
cycle, and Rb is not its only substrate. Theref&®eN loss would be expected to have
pleiotropic effects that are not solely relatedktm but which may be equally important

for tumour cell growth/survivaf.

The combination ofSpn loss and p53 deficiency resulted in greatly enbdnc
tumorigenic properties in the cells. These resudis be extended to a mouse model: we

have shown that Spn KO mice exhibit increased lellproliferation in the mammary
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ducts, which translates to an increase in benigmmmary lesions. In addition, the loss
of Spon in combination with mutant p53 resulted in a langerease in the number of
mammary carcinomas, confirming the functional iefehip between p53 and SPR
Our data provide a functional explanation to selveaacer studies that found a strong
correlation between p53 mutations and the speasis of theSpn locus (47.1 % LOH)
11142 Again, SPN may be involved in tumorigenesis hycfioning, in association with
the loss of p53 activity, as a tumor suppressor.

SPN is a regulator of PP1a, and our data stronglyeain favor of PP1a as an important
tumor suppressor. The downregulation of PPP1CAc#talytic subunit of PR{, has
been shown to maintain the hyperphosphorylatee sthRb, allowing cell growt?>.
PPP1CA has been mapped to chromosome 11tfl3and translocations involving
breakpoints at 1113 have been observed in lymphlootaonic B cell lymphocytic
leukemia, and multiple myelontd® Results from the analysis of human solid tumors
suggest that onePP1CA allele may be lost in a high proportion of caremas, such as
kidney and colorectal cancet

In summary, our data demonstrate that the scafiobtein SPN is important for the
correct regulation of PRdand Rb and that its absence may contribute to tigeresis

in the absence of p5& vivo. Therefore, the loss d&n may induce a proliferative
response by increasing Rb phosphorylation that mlap be considered an anti-
proliferative senescence response. However, ttsedbp53 activity can, in turn, bypass
this senescence, thereby enhancing the malignamopype. Therefore, we suggest that
SPN may be a novel tumor suppressor, reinforcing the af PPh as a tumor

suppressor.

MATERIALSAND METHODS

Cell culture, retroviral vectors and gene transfer. Cells were generated and
characterized following the same experimeptatedure described i 3T3 protocol

was conducted as previously described’inTemperature shifts and cell proliferation
analysis were performed as described'iff. Proliferation Assays, were performed for

MTT colorimetric read-out as previously describe&i
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Célls treatment with 3MC, Etoposide, doxorubicin and H,O,. Cells were seeded in
six-well plates. Nexday, cells at 50—75% confluence were treated wottodubicin(0.4

or 0.8 pug/ml), Etoposide (100 mM), 3-Methylcholame (10uM) or with 100 pM
H.O,, or UCNO1 (50, 100 y 200nM) during the indicatéuds. After this period of

time, cells were harvestaad proteins analyzex described in western blot analysis.

Growth in soft agar and foci formation. To measure the anchorage-independent
growth and foci formation we follow a protocdescribed previously iff*. BrDu
incorporation. Was adapted from the protocol predidin the BrdU cell proliferation

assay from Exalpha Biologicals, Inc. (Maynard, ME/64, USA)

Cell cycle analysis was assessed using flow cytometry by propidiumd®dSigma)
staining as described if*. A total of 10,000 size gated cells were analybsd
FACSCalibur (BD Biosciences).

Design of shRNA against Spn. An shRNA against Spn was designed using the
‘Ambion siRNA target finder and the ‘Qiagen siRNA desitpol’ to choose the
appropriate hairpin oligonucleotideghich were then cloned in a pRetrosuper vector.
An shRNA against PPP1CA was describetfin

Generation, handling, and analysis of transgenic mice. All animal experiments were

done under the experimental protocol approved byhktitutional Committee for Care
and Use of Animals of the Spanish National Cancesdarch Centre which complies
with European legislation on the care and use ohals, NIH guidelines for the use of
laboratory animals, and related codes of ethic tm@&c Spn KO generation and
genotyping protocols are described*inp53 KO®® mice were obtained from Jackson

laboratories.

Carcinogenic treatment with 3-Methylcholantrene (3MC). 3MC was dissolved in

sesame oil at 10 mg/ml. cohorts of 20 mice betwesnd 5 months of age were
intramuscularly injected with a dose of 1 mg of 3NKDOul) or sesame oil only in the
right back leg. Mice were examined weekly and $@ed when the tumour grew to 1

cm in diameter.
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Western Blot analysis. Total protein was extracted, processed and analygadestern
blot as described previousR/. To detect the different proteins, membranes were
hybridizedwith the following primary antibodies: anti-P®{protein phosphatasex)L
from Calbiochem; anti-Rb: G3-245 from BD PharMingemti-pRb phosphorylated:
anti-pRb(Ser807/811) from Cell Signalling ; amttubulin: T9026 from Sigma. Anti-
Spinophilin: AB5669 from Chemicon; anti-p53: p53 B@3 (sc-6243) from Santa Cruz:
anti- p21: C-19 (sc-397) from Santa Cruz. Anti- B8ysc-751 from Santa Cruz. Anti-
pl6inkda: (m-156) from Santa Cruz sc-1207. antiARB: ab80 from Abcam
(104996). The membrane was then incubated withnslseg antibody containing the
horseradish peroxidase antimouse IgG (Promega, &sfmor antirabbit 1gG
(Calbiochem, San Diego CA), and developed with aea®n system for

chemiluminescence (Amersham Biosciences, UK).

Protein phosphatase assays. PP1 activity was determined using standard proesdur
as described by the vendor (Anaspec) [66]. PP iactivas assayed using pNPP as a
substrate, which detects both PP1 and PP2A aesviffo selectively quantify PP1
activity, we used 2.5 nM okadaic acid to selectviehibit PP2A and 2..uM okadaic
acid to inhibit PP1. We measured PP1 activity asdifference in activity measured at
2.5 nM and 2.5uM okadaic acid. The cell pellet was homogenizeextraction buffer
(20 mM Tris-HCI, pH 7.5, 5 mM EDTA, 10 mM EGTA, 1'®8M B-mercaptoethanol,
0.25 M sucrose, 0.3% Triton X-100, 5 pug/ml leupeptand 5 pg/ml aprotinin) and
centrifuged to produce a soluble supernatant. Thadivity in the cleared supernatant
was determined by measuring the absorbance at 405 The incubation for
determining PP activity was 10 min, and each assayained 5 pg of protein from the
cell extracts, as determined using the Bio-Rad ya¢B#-Rad, Hercules, CA).With
these conditions, the PP activity was linear.

Statistical analysis. All statistics were analyzed using the SPSS sizgispackage
(version 13.0 for Windows). A value less than 0.05 was considered statistically
significant.

Immunostaining and confocal analysis for co-localization was performed as

previously indicated irf®. The nuclei were stained with Hoechst 33258, foni@ at

room temperature prior to mounting with mowiol (Klathem). Images were
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collected by confocal laser microscopy (model TE®RROBS, Leica, Germany).
Antibodies used were: Anti-Spinophilin: AB5669 fra@hemicon; anti-p19ARF: ab80
from Abcam (104996); anti-p14ARF ab80 from Abcdh®©4996).

Fiqure L egends

Figure 1. Loss of Spn affects Rb phosphorylation by decreasing the PPP1CA level.

A) Spn-null MEFs express a lower level of PPP1CA. BIEBm Spn KO mice and WT
littermates were grown, and protein was extractethfthe cells after the same number
of population doublings. PPP1CA expression was @xaanusing western blot. Three
independent Spn-null MEF clones and three WT clooes of twenty that were
analyzed for each genotype are shoBnQuantification of PPP1CA in Spn-null MEFs.
The PPP1CA level in 20 Spn-null clones and 20 Wdnet was quantified and
normalized to the tubulin level in each clone. FRP1CA levels in the Spn-null clones
were compared to the PPP1CA levels in the WT clasesy an ANOVA.C) PPP1CA
expression in Spn-null MEFs is not increased follmyvexpression of oncogenic Ras.
MEFs from Spn KO mice or WT littermates were groamd at passage two, infected
with a retrovirus expressing Hras-vall12 {4sor the vector alone (V). After selection
for 4 days, total protein was extracted, and PPP&gpression was examined using
western blot. The experiment was performed threkependent times, and similar
results were obtained) Quantification of the results obtained in the expents
performed in C. Left panel: average PPP1CA exposassiormalized to tubulin
expression. Right panel: SPN level in WT MEE3.PP1 activity in Spn KO and WT
MEFs. Exponentially growing MEFs from Spn KO migeddNT littermates at passage
three were serum starved, and the PP1 phosphatthgéyavas measuredr) The data
shown are the average from 20 Spn-KO clones antVZ0clones.G) Inhibition of
proteasome-mediated degradation increases the PPRLEl in Spn-null cells. MEFs
from Spn KO mice and WT littermates were grown &edted for 24 hrs with 10 nM
MG132. Protein was extracted from cells at the spapilation doublings in all clones.
PPP1CA expression was examined using westernbiai.independent Spn-null MEF
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clones and WT clones out of the ten clones analjaedach genotype are show)

The data show the average measurements of ten Sprtakdes and ten WT clones.

Figure 2. Lack of SPN increases Rb phosphorylation. A) Increased level of
phosporylated Rb in Spn-null MEFs. Presenescent(¥¥fl) and Spn-null (-/-) MEFs at
passage two were grown in the presence of 10% FB8S). The cells were then
serum starved for 24 hrs (0 h), after which 10%usewas added to the medium.
Protein was extracted at the indicated time poiftgal protein was resolved using
PAGE, and Rb phosphorylated at Ser807/811 (pRb)examined using western blot.
The experiment was performed more than ten indegggnitmes, with similar results.
B) Quantification of the experiment shown in A. Thieopphorylated Rb level was
normalized to the tubulin level in the same geklEpoint represents the average of five
experiments, and the bars indicate the SDDNA synthesis occurs more rapidly in
Spn-null MEFs. Presenescent WT (+/+) and Spn-nil MEFs at passage two were
grown in the presence of 10% FBS (+FBS). The cellse then serum starved for 24
hrs (0 h), after which 10% serum was added to thdinm, together with BrdU. The
cells were harvested at different time points, BndlU incorporation was quantified as
indicated in the Materials and Methods. The expenmwas performed three
independent times, with similar resulB®) Cyclin A is increased and activated early in
Spn-null MEFs. Presenescent WT (+/+) and Spn-nil MEFs at passage two were
grown in the presence of 10% FBS (+FBS). The aellse then serum starved for 24
hrs (0 h), after which 10% serum was added to tbdiom. Protein was extracted at
different time points following the addition of sen. Total protein was resolved using
PAGE, and cyclin A expression was examined usingteva blot.E) Quantification of
the results obtained in the experiments performeld.iThe average cyclin A level was
normalized to tubulin expression in three indepeh@&periments; the bars indicate the
SD.

Figure 3. The absence of Spn protects from pl16 loss by promoting p53 mutation

during MEF immortalization. We generated multiple clones from WT (+/4),
heterozygous (+/-), and Spn-null (-/-) MEFs and ontalized these cultures using
standard 3T3 protocols. After immortalization asgsge 11 and 12, total protein was
extracted from each independent clone and resalggty PAGE. The expression of

p53, pl6, p19ARF, and tubulin was examined usingteva blot. The upper panels
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show the results for WT (Spn (+/+)), heterozygo8pn( (+/-)), or Spn-null (Spn (-/-))
MEFs. The lower panels present the statisticalysigbf the correlation betweg®3

mutation, loss of p16 or p19ARF, and immortalizatio the different clones. While we
detectedo53 mutations based on the stabilization of p53, altations were confirmed

by sequencing53 mRNA.

Figure 4. Loss of Spn increases p53 activity. A) p53-null MEFs expressing the
thermosensitive mutant p53vall45 growing at 39°CGewiafected with a retrovirus
expressing two independent Spn-specific sShRNAs hilSh2) and selected. The cells
were seeded in triplicate and cultured at 32°Ce A weeks, the colony number in
each culture was quantified. The upper panel shberseduction of the SPN level by
the shRNAs. The bottom panel presents the numbeplohies growing at 32°(B)
Presenescent WT (+/+) and Spn-null (--) MEFs aspge two were grown in the
presence of 10% FBS. Etoposide (Eto) was then atddee medium for 24 hrs (24 h),
and total protein was extracted. The expressiop5d, p21, SPN, and tubulin was
examined using western blot. The bar graphs prakenguantification of the p53 and
p21 levels. The experiment was performed threepeddent times, with similar results.
C) Presenescent WT (+/+) and Spn-null (-/-) MEFs aspge two were grown in the
presence of 10% FBS. 3-MC was then added, and ptakin was extracted at
different time points. The expression of p21 andutin was examined using western
blot. The bar graphs show the guantification of g2 level normalized to tubulin
expression. The experiment was performed threeper#ent times, with similar
results.D) andE) Cohorts of 13—-15 mice were intramuscularly injdaotgth 3-MC, and
the appearance of tumors and survival of the meewnonitored. The graphs show the
survival of the different cohorts: WT (Spn (+/Hhgterozygous (Spn (+/-)) or Spn-null
(Spn (-/-)) mice on a WT p53 background (D) or hetggous p53 (p53 (+/-))
background (E).

Figure 5. PPP1ICA and ARF mediate SPN loss-dpendent p53 increase. A)
Constitutive expression of PPP1CA inhibits the eclea p53 activation resulting from
the loss ofSon. Spn-null (-/-) and WT (+/+) MEFs were infectedthvia retrovirus
expressing full-length PPP1CA (PPP1CA) or the veatone (V). After selection, the
cells were treated with 3-MC for 6 hrs or etopodioie2 hrs, and the p53 levels were

examined using western blot. The upper panel sh@wvpb3 and tubulin levels. The
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bottom panel shows the quantification of one regmegtive experiment out of three
independent experiment8) The loss ofon increases p19ARF expression. Spn null (-
/-) and WT (+/+) MEFs were infected with a retraxgr expressing Hras-vall2
(RasV12), the p53 mutant 175H (p53DN), or the veatone (V). After selection for 4
days, the cells were serum starved, and the p%3 Veas examined using western blot.
The upper panel presents the p19ARF and tubulgldewhile the lower panel presents
a quantification of one representative experimentad three independent experiments.
C) The pl9ARF-specific sShRNA decreases pl9ARF expyessi Spn-null MEFs.
MEFs were transfected with pRetrosuper encodingl@ARF-specific shRNA and
selected for 7 days. After selection, the cellsevserum starved, and the p19ARF
protein levels were analyzed using western djt.The loss of ARF abolishes p53-
enhanced induction following RasV12 expression.d¥pe (Spn (+/+)) or Spn-null
(Spn (-/-)) MEFs expressing the p19ARF-specific NIARor vector alone were infected
with a retrovirus expressing oncogenic Ras or veatone. After selection, the cells
were serum starved, and the p53 and tubulin lewslsre examined. E)

Immunofluoprescence demonstrating the lack of SRINARF colocalization.

Figure 6. The absence of Spn on a p53-mutant background increases the
tumorigenic potential of cells. A) p53-null MEFs expressing the thermosensitive
mutant p53vall45 growing at 39°C were infected witletrovirus vector carrying two
independent Spn-specific shRNAs (Sh1l and Sh2) eledted. The cells were seeded in
triplicate and grown at the permissive tempera{@88C). After 1 week, the number of
colonies in each culture was quantified. The grsipdws the average colony number in
three independent experimenB). Immortalized WT (Spn +/+) and Spn-null (Spn-/-)
MEF clones carrying mutations pb3 were seeded in triplicate at a low density and
grown at 37°C. The cells were then serum starvedi tlze cell number was determined.
The experiment was performed three independentstimgth similar results.C)
Different immortalized MEF clones, with the indiedtgenetic alterations, were grown
in the presence of 10% FBS. The cells were seramvesi for 24 hrs (-FBS), after
which 10% serum was added to the medium (+FBS,.0Thg cell number was
determined at the indicated time poirily.Focus formation assay following expression
of the Ras or RastE1A oncogenes in immortalized MEF clones with the catkd

genotypesk: The overexpression of SPN reduces the growthrabt cells.
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