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HiNF-P to stimulate the H4 promoter, while a Skp2 F-box
mutant (Skp2AF, which is defective in promoting YA
degradation) does not (data not shown). In addition, HiNF-P
and/or p220NAT enhanced reporter gene expression under
control of multimerized HiNF-P binding sites is consistently
inhibited by p57<'2, but not when HiNF-P elements are
mutated (Fig. 5C). Taken toFether, our data indicate that
p57KIP2, p27°P! “and p2] <P TWAFL exhibit differences in their
ability to inhibit the p220N"AT/HiNF-P dependent stimulation of
the histone H4 promoter (summarized in Fig. 5D). The
preferential effectiveness of p57°/F? in blocking H4 gene

7KIP2 oNPAT

p5 complexes with p22

Because p57'"2 is more effective than p27 ' or p21<" in
blocking HiNF-P/p220NPAT co-activation, we postulated that
p574"** may act beyond merely inhibiting CDK?2 kinase activity
and have molecular specificity for p220~"AT, Immuno-
precipitation experiments reveal that p220N™T forms a
complex with wild type p57¥'" (Fig. 6). Mutants of p220"NFAT
that are defective in interactions with HiNF-P (i.e,, LisH mut,
LoxP| mut) remain capable of binding to p57<'*%, However, the

p220NPAT.ACDK2 mutant, which cannot be phosphorylated by

transcription is consistent with our previous observation that
exogenous HiNF-P does not activate H4 gene transcription in
cell types that express high levels of endogenous p57%%*2 (Mitra
et al,, 2006).

CDK2 (Wei et al., 2003) and is transcriptionally inactive, does
not bind to p57¥'"? (Fig. 6A). Furthermore, the cyclin binding
defective p57<'"2.CCT mutant (Hattori et al., 2000) does not
interact with p220"AT (Fig. 6B, top part). Hence, CDK2
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Fig. 6. p57%"*? and p22077AT form specific complexes. A: Wild type p220NPAT forms a complex with p57%'F2 via residues involved in CDK2
phosphorylation. Immuno-complexes were obtained from Cos7 cells transfected with expression vectors for p57X'F2 (25 nglwell) and wild type or
mutantp220NPAT proteins (200 ng/well). Whole cell protein (~ 100 ug) was precipitated with anti-p220NTAT antibody (I jug) antibody, and analyzed
by Western blotting using an anti-rabbit-p57¥'*? antibody (1:3,000 dilution; secondary goat anti-rabbit IgG antibody = 1:5,000 dilution). Wild type
p220NPAT and two p220N" AT mutants (LisH, deletion of aa 3-38; LoxP |: alanine substitutions between aa 121 and 145, respectively) interact with
p57¥1P2 but the p220NFAT.ACDK2 mutant with alanine substitution in five C-terminal CDK2 pho;ghorylation sites (S/T) does not. B: The N-
terminal cyclin binding of wild type p57%'" supports interactions with p220NFAT, Wild type p57%2 and a p57%'*2 mutant with amino acid
substitutionsin the cyclin binding domain (see C) were expressed in Cos7 cells, and immunoprecipitates were obtained as described above (see A).
Complexes with p220N"A7 are only formed with wild type p57%'"2 but not with p57¥"F2.CCT as indicated. The immunoprecipitation results
presented here were correlated with those obtained for HiNF-P and p220NPAT Tpreviously (lower part). C: Inhibition of H4 gene transcription
requires the cyclin binding domain of 57KIP2, Co-activation assays for p220NFAT/HINF-P were performed with cells co-transfected with vectors
expressing wild type or mutant p5S7%""* (i.e,, T, CC‘ and CCT; 25 ngiwell) and luciferase activity for each mutant is plotted. D: Asin Part C, butusing
reciprocal in the C-termini of p57<'F2 and p27""! are swapped.
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Fig. 7. Rescue of HiNF-P co-activation by p57%/F? siRNA and changes in endogenous histone H4 gene expression upon p57%'*2 modulation.
Treatment of HeLa cells that express endogenous p57¥'"2 with siRNA specific for p57%¥'"2 restores co-activation of HiNF-P and p220NFAT, HeLa
cellswere transfected with the H4 promoter-luciferasereportersinthe presence (+) orabsence of p220NPAT and HiNF-P expression vectors. After
~12~16 h, cells were treated with (+) control siRNA or p57%'"2 siRNA (100 nM). Luciferase activity was measured after 48 h. Selective siRNA
mediated deficiency of p57%'F? relative to Cyclin E, CDK2 and HiNF-P was confirmed by immunoblotting.

latable amino acids in the C-terminal half of
p220NPAT and the N-terminal cyclin binding domain of p57</F
both contribute to the p220NPAT/p575%2 interaction.

We examined which functions of p575'* are required to
neutralize co-activation of the HINF-P/p220NFAT complex
{Fig. 6C). Cyclin binding domain mutants of p57*1P2 (CC and
CCT) do not block enhancement by HiNF-P and p220NPAT in
reporter gene assays. However, the p57<'"%.T mutant that is
defective for Skp2 dependent degradation (Hattori et al., 2000)
effectivel¥ blocks promoter co-stimulation by HiNF-P and
p220NPAT, Hence, functional inhibition of p220NPAT correlates
with the abilities of p57'"? to block CDK2 activity through a
cyclin/CDK interaction, to participate in a complex with
p220NPAT and to prevent phosphorylation of both T1270 and
T1350 of p220™FAT,

We also investigated the role of the unique C-terminus of
p57<'P2 by analyzing the functional effects of p27KPlp57*IP2 and
p57'("’2-&27KI ! chimeras on H4 gene transcription (Fig. 6D
The p27¥""'-p57%IF2 chimera is as effective as wild type p57<'
in blocking the activation of H4 gene transcription by p220NPAT
and HiNF-P, while neither the p575/¥2.p27XF! chimera nor wild
type p27<"! is inhibitory at the concentrations we tested.
Henceﬁ the cyclin binding function and the C-terminus of
p57%1" are both necessary for inhibiting histone gene
transcription.

phosE‘ho

2

Modulation of p57¥'*? levels alters the co-activation
potential of HiINF-P/p220N"AT and Histone H4
gene expression

Exogenous HiNF-P does not activate H4 gene transcription in
cells that express high levels of endogenous p57</F? (Mitra et al.,
2006), perhaps because of the formation of inactive complexes
containing HiNF-P, p220NPAT, p57K1P2 and perhaps other
components (see Discussion Section). Therefore, we assessed
whether removal of endogenous p57<2 would alter the
activity of HINF-P and/or p220NPAT and convert HiNF-P/
p220"PAT complexes into functional activators of H4 gene
transcription. The results show that treatment with p57'™
siRNA reduces endogenous p57<2 mRNA and increases
histone H4 gene expression in Hela S3 cells, suggesting that
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7'(‘2‘2> may control the co-activation potential of HINF-P and
p220™" (Fig. 7).

Inhibition of p220NPAT/HINF-P co-activation by p57%/*2
in normal diploid cells

Because the above studies were performed with tumor-derived
cell lines, the question arises whether p57'*2 suppresses
histone H4 gene expression or activation of the histone H4 gene
promoter by the p220™NPAT/HiINF-P complex in cells with
normal cell growth characteristics. In one set of experiments,
we examined expression of several representative mouse
histone H4 genes in embryonic fibroblasts from wild type mice
and mice with heterozygous or homozygous null mutations in
the mouse p57°%? gene &Fig. 8A). The results show that loss of
either one or two p575P2 alleles abolishes p57<%2 gene
expression as expected, with modest compensatory changes in
the expression of p2/“PWf However, we did not observe
changes in the expression of the three mouse histone H4 genes
we examined nor in the expression of mMRNAs for HiNF-P or
HPRT. Hence, loss of p57°P? mRNA expression does not alter
the accumulation of histone H4 mRNAs. This finding is
consistent with results presented in Figure | that reveal that
diminished histone H4 gene transcription is not necessarily
reflected by a change in histone mRNA levels (e.g., due to
simultaneous changes in histone mRNA stability). We
performed nuclear run-on analysis with MEFs with
heterozygous or homozygous null mutations in p57%2 to test
whether loss of this CKl changes histone H4 gene transcription.
However, the experimental variation in cell growth rates of
different MEF preparations appeared to dominate the outcome
and we were not able to ascertain genotype-specific changes in
transcription rates using this approach (data not shown).

In a final set of experiments, we studied the effect of p57*/¥
protein on a human histone H4 gene promoter construct in
normal diploid human fibroblasts (WI138 cells) (Fig. 8B). The
results show that p57*'™ suppresses histone H4 gene promoter
activation by p220N"AT and HiNF-P. We conclude that p57X/F2
can control the transcriptional output of the Cyclin E/CDK2/
p220NPAT/HINF-P signaling pathway, but this regulatory level
does not immediately influence accumulation of histone H4
mRNA:s.
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Fig. 8. p57¥P2suppresses histone H4 promoter activity in normal diploid human cells. A: Total RNA from wild type p57 (WT), heterozygous p57
null (HET) and homozygous p57 null (KO) mouse embryonic fibroblasts was examined for mRNA expression of mouse HINF-P, Hist2H4, HistH4/m,
HistIH4If, p57, p27, and p21 using quantitative RT-PCR. Values were calculated with the AACT method using HPRT as an internal control. We did
not observe significant changes in the expression of Hist2H4, Hist! H4/m, and Hist | H4/f histone in HET and KO cells compared to WT celis. As
expected p57 mRNA isabsent in KO and HET cells (HET cells are functionally null for p57 due to imprinting), while expression of p2I mRNA inKO
and HET cells is significantly higher than in WT cells. Student’s t-test (unpaired, two-tailed, non-parametric) was used to calculate significance by
comparing gene expression in WT to either HET or KO cells. Asterisks (*) indicate P-values < 0.05. B: WI1-38 human diploid fibroblasts were plated
at a density of 1.6 X 105/well in six-well plates and transiently transfected at day 2 after plating at a cell density of ~30% with wild-type histone H4
promoterluciferase reporter construct. Cells were co-transfected with the indicated amounts of expression vectorsfor HiNF-P (P), p220 NPAT (N)
and p57, or an empty vector (EV). Experiments were performed with either 200 ng (left graph) or 600 ng (right graph) of firefly luciferase reporter
gene construct. The promoterless Renilla luciferase control plasmid was also different (25 ng, left graph; 75 ng, right graph), but total amount of
DNA was maintained at 2.5 pg in every transfection.

epitopes of p220NFAT that stimulate the functional activity of

the p220"FAT/HINF-P complex. However, our studies suggest
that p57'"? is more potent than p27<'"! or p2] SPIWAFT
blocking the in situ phosphorylation of p220™PAT at Cajal

Discussion

The cyclin E/CDK2 dependent phosphorylation of pRB and
p220NPAT ensures that E2F and HiNF-P can activate their

respective target genes, thus mechanistically separating the
onset of histone production from DNA replication at the G1/§
phase transition ‘SFIF 9). Release of E2F from pRB can be
inhibited by p57*1%%, p27"""! or p21 <PI"WAFL with each
preventing phosphorylation of pRB by blocking the activity of
CDK2/Cyclin E kinase (Sherr and Roberts, 2004). Our study
shows that activity of the p220NPAT/HiINF-P transcriptional
co-activation complex is also directly controlled by CKis. CKls
prevent phosphorylation by CDK2 of at least two phospho-
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Body-related subnuclear foci.

Interestingly, p57°'*? has weaker intrinsic CDK2 inhibitory
activity than p27*'"! and our data suggest p575"2 may
compensate for weaker CDK2 inhibition by forming a complex
with its substrate p220N"AT. The question arises how p57KIF2
but not prZ7K'P' or p21 SPWAF can selectively recognize
p220NPAT The C-terminal sequences (e.g., PAPA repeats)
of p57°'"2 differ from the other two CKls (p27*" and
p2| CPYWAFD "and a chimeric protein that contains the
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Fig. 9. Control of the HiNF-P/p220N"AT pathway by p57%'F2,
Histone H4 gene transcription is controlled by the HiNF-P/ p220NPAT
complex that is activated in parallel to the E2F/pRB pathway that
controls transcription of genes involved in nucleotide metabolism and
DNA synthesis. Both pathways are responsive to growth factor
dependent induction of CDK2/cyclin E at the R-point, and thus
sensitive to the levels of CDK inhibitors. The findings in this study
suggest that while p57%""2 is not a strong CDK inhibitor, it can
effectively inhibit CDK phosphorylation of p220N"AT through direct
protein/protein interactions. It is possible that p57%1*2 can be
recruited to histone gene promoters through interaction with the
HiNF-P/ p220NTAT complex.

C-terminus of p57<'*? fused to the cyclin binding domain of
p274"P!is as effective as the wild type pS75P2 protein in blocking
p220NPAT/HiINF-P activity. The unique structure of p57°/"* may
provide the requisite specificity for direct interactions with
p220NPAT and thus endow p57¢'F2 with its ability to suppress
the function of p220NPAT more effectively. However, CKls are
unstructured in solution when they do not interact with their
cognate cyclin/CDK complexes (Adkins and Lumb, 2002; Lacy
et al., 2004). Therefore, it is conceivable that p575F2 may
interact with p220~"AT through a cyclin/CDK protein bridge
with the unique C-terminus of p57 P2 stabilizing the ternary
complex. Interestingly, both p57""2 and p220N™T are CDK2
substrates and contain cyclin binding motifs which could permit
formation of larger complexes and/or an exchange of
components (e.g.,, cyclin E or CDK2). Consistent with this
model, the cyclin binding motif and unique C-terminus of
p57X""2 as well as the CDK2 phosphorylation sites of
p220NPAT are each required for the formation of complexes
containing these two proteins.

It remains to be established whether the regulation of the
p220NPAT/HINF-P complex occurs only at the level of protein/
protein interactions or may also reflect promoter recruitment.
We have been unable to detect p57 on the H4 gene promoter,
possibly for technical reasons (e.g., detection of promoter-
bound p57 may require multiple protein/DNA and protein/
protein cross-links). Similarly, it will be of future interest to
examine whether phosphorylation of p220NPAT at the T1270
and T1350 phospho-epitopes affects recruitment of p220NPAT
to the H4 promoter. However, it is clear from our previous
studies (Miele etal., 2005; Holmes etal., 2005; Mitra et al., 2007)
that recruitment of both HiNF-P and p220™"AT to histone H4
gene promoters is detected in both T98G cells where p57 levels
are below the level of detection, and in Hel.a cells that express
robust levels of p57. Thus, it appears that recruitment of
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HiNF-P and p220NPAT to H4 gene promoters is independent of
P57KIP2-

We have previously shown that exogenous HiNF-P cannot
activate H4 gene transcription if endogenous levels of p57</F2
are high (Mitra et al., 2006). Consistent with these findings, the
data presented here indicate that p575"? is the most effective
CKIl in suppressing gene activation by the p220NFAT/HiNF-P
complex and operates via the HiINF-P binding motif in the cell
cycle domain of histone H4 gene promoters. Furthermore,
Skp2-dependent degradation and siRNA induced deficiency of
p57XF2 can each alleviate inhibition of the p220™"AT/HiNF-P
pathway in cells that express p57<'"2, Depletion of p57**2
levels by siRNA also alters the relative expression of different
histone H4 gene copies. Taken together, we propose that one of
the biological functions of p57“"2 in vivo is to control the
activity of p220NFAT as a co-activator of the HiNF-P mediated
stimulation of histone H4 gene promoter activity.

The greater effectiveness of p57°/"? to block the function of
the HINF-P/p220NPAT complex on the H4 gene promoter is
consistent with cell type specific differences in the expression of
this CKl in relation to the other two CKI members. For
example, during myoblast differentiation, p57'"?is upregulated
in parallel with p21 “F""WAF! ‘while p57*'"? and p27<'*are
selectively expressed in differentiated osteoblasts (Drissi et al,,
1999; Urano et al,, 1999). In both mesenchymal lineages, the
elevated expression of p57"" ~ will support efficient inhibition
of histone H4 gene transcription at the onset of quiescence
during differentiation. However, the majority of proliferating
cells express p57'"2 only at very low levels and its function in
blocking histone H4 gene expression may be mostly restricted
to quiescent cells. In comparison, the physiological elevation of
p2 | PIWAFL 4y ring the DNA damage response in proliferating
cells may preferentially Bermit continued signaling through the
CDK2 responsive p220"FAT/HiNF-P pathway but not the E2F/
RB pathway to allow histone gene transcription during DNA
repair.
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The proliferation of all nontransformed adherent cells is dependent upon the development of mechanical
tension within the cell; however, little is known about the mechanisms by which signals regulated by mechan-
ical tension are integrated with those regulated by growth factors. We show here that Skp2, a component of a
ubiquitin ligase complex that mediates the degradation of several proteins that inhibit proliferation, is
upregulated when increased mechanical tension develops in intact smooth muscle and that its upregulation is
critical for the smooth muscle proliferative response to increased mechanical tension, Notably, whereas growth
factors regulate Skp2 at the level of protein stability, we found that mechanical tension regulates Skp2 at the
transcriptional level, Importantly, we demonstrate that the calcium-regulated transcription factor NFATcl is
a critical mediator of the effect of increased mechanical tension on Skp2 transcription. These findings identify
Skp2 as a node at which signals from mechanical tension and growth factors are integrated to regulate
proliferation, and they define calcium-NFAT-Skp2 signaling as a critical pathway in the mechanoregulation of

proliferation.

Cellular proliferation is regulated by (i) soluble factors, (ii)
adhesion to the extracellular matrix, and (iii) the mechanical
tension within the cytoskeleton. Although most studies of the
regulation of proliferation have focused on the role of soluble
factors and adhesion, it is clear that the role of the mechanical
tension within the cytoskeleton is of equal importance. In fact,
the proliferation of all nontransformed adherent cells is de-
pendent upon the development of mechanical tension (21).

The level of mechanical tension within the cytoskeleton is
determined by three factors: (i) the tractional force generated
by the cytoskeleton, (ii) the compliance of the extracellular
matrix, and (iii) any pulling force transmitted through the
extracellular matrix to the cell. These three factors are likely to
have a critical regulatory role in every nonhematologic process
in which proliferation occurs. Indeed, it has been noted that
the sharp differences in the tissue patterns that arise across
distances of less than a micrometer during organogenesis, tis-
sue remodeling, and tissue repair cannot be attributed solely to
gradients of soluble growth factors. Instead, it has been pro-
posed that it is the differential regulation of proliferation by
localized differences in mechanical tension that in large part
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sculpts the micromorphology of developing, remodeling, and
repairing tissues (21). Although many of the “upstream” com-
ponents of the signal transduction pathways that serve to me-
diate the mechanoregulation of proliferation, such as integrins,
focal adhesion kinase, and the small GTPases RhoA and Rac,
have been characterized (2), there is little known about those
components that serve to couple mechanical signaling directly
to the central cell cycle regulatory machinery.

To begin to identify such “downstream” components of the
signal transduction pathways that mediate the mechanoregu-
lation of proliferation, we used two complementary systems: (i)
a tissue culture system in which the level of mechanical tension
developed by contractile cells in a three-dimensional collagen
matrix is varied by altering the compliance of the matrix and
(ii) a live rodent system in which the level of mechanical ten-
sion within an intact smooth muscle layer is varied by altering
the resistance to the contraction of the smooth muscle.

Using these systems, we found that the cellular concentra-
tion of the F-box protein Skp2 is upregulated by increased
mechanical tension. Skp2 is the substrate recognition subunit
and limiting component of a SKP1-CUL1-F-box ubiquitin li-
gase complex that promotes proliferation primarily by target-
ing the cyclin-dependent kinase inhibitor p27*™? for ubiquiti-
nation and, consequently, proteasomal degradation (7, 40, 44).
Notably, whereas growth factors regulate Skp2 at the level of
protein stability (8), we found that increased mechanical ten-
sion upregulates Skp2 expression at the level of transcription.
Therefore, Skp2 expression is a point of convergence for sig-
nals from mechanical tension and growth factors in the regu-
lation of proliferation.
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We next found that a consensus NFAT-binding site mediates
the effects of mechanical tension on the activity of the Skp2
promoter. NFAT is a family of transcription factors that has four
members that are activated by increased cytosolic calcium, desig-
nated NFATcl (also known as NFATc or NFAT2), NFATc2
(also known as NFATp or NFAT1), NFATc3 (also known as
NFAT4 or NFATx), and NFATc4 (also known as NFAT3) (12,
20). The calcium activates the phosphatase calcineurin through a
calmodulin-dependent mechanism (3, 20). By dephosphorylating
several serines in NFAT, calcineurin induces a conformational
change in NFAT that exposes its nuclear localization signal and
conceals its nuclear export signal, which results in its nuclear
import (activation) (3, 20).

We found that NFATcl is activated by increased mechanical
tension and that the activation of NFATcl is necessary for
upregulation of Skp2 transcription that occurs in response to
increased mechanical tension. Therefore, NFATcl has a crit-
ical role in the mechanoregulation of proliferation. This is a
notable finding because, whereas it is well established that
cytosolic calcium increases when cells develop mechanical ten-
sion and that the increase in calcium promotes proliferation,
the pathway(s) that mediates the effect of calcium on prolifer-
ation had not been defined. Therefore, we identified the first
direct link between calcium signaling and the regulation of the
central cell cycle machinery.

MATERIALS AND METHODS

Cell culture and transfections. Bladder smooth muscle cells (SMC; Cambrex)
were cultured in SmGM2-medium (Cambrex), aortic SMC (Cell Applications,
San Diego, CA) were cultured in SMC growth medium (Cell Applications), and
foreskin fibroblasts were cultured in Dulbecco modified Eagle medium with 10%
fetal bovine serum (FBS). To construct Skp2-luc, a 423-bp fragment correspond-
ing to sequence from the 5' flanking region of the human Skp2 gene (GenBank
accession no, NT006576) was inserted between the Mlul and BgllI sites in the
pGL3 promoter (Promega). SMC (~80% confluence on 100-mm tissue culture
plates) were transfected with 4 g of the indicated constructs by using Fugene6
(Roche) according to the manufacturer’s protocol.

Collagen matrix assays. Cells were suspended in 1.4 mg of collagen (Vitrogen;
Cohesion Technologies)/ml, and then the collagen was polymerized according to
the manufacturer’s protocol. Once the cells developed a spindlelike morphology
(~6h), the collagen matrices were either released from or left fixed to the tissue
culture plate, and the cells were used in the assays described below.

Actin staining, SMC were cultured in collagen matrices for 24 h, rinsed with
phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde for 10 min,
permeabilized with 0.1% Triton X-100 for 5 min, rinsed with PBS, and incubated
with Alexa Fluor 488-phalloidin (Molecular Probes) for 20 min. After a rinse
with PBS, the cells were visualized by fluorescence microscopy.

BrdU staining. SMC that were cultured in collagen matrices for 24 h were
incubated in medium containing 30 pM bromodeoxyuridine (BrdU; Sigma) for
an additional 4 h. Cells were isolated from the collagen matrices by incubation in
5 mg of type XI coliagenase (Sigma)/ml and analyzed for BrdU uptake by
immunofluorescence,

Bladder outlet obstruction. To create a complete bladder outlet obstruction,
the urethras of 8- to 10-week-old anesthetized mice were ligated by using a 4-0
silk suture. Partial bladder outlet obstruction was created by placing a 22-gauge
catheter alongside the urethra, tying a 4-0 silk ligature firmly around the urethra
and the catheter, and then removing the catheter. At the indicated time points,
bladders were excised and snap-frozen in liquid nitrogen or fixed in formalin and
stained with hematoxylin and eosin.

Immunoblotting, SMC were isolated from the collagen matrices by incubation
in 5 mg of type XI collagenase (Sigma)/ml and lysed in Triton buffer (0.5%
Triton, 10 mM Tris [pH 8.6], 140 mM NaCl, 1.5 mM MgCl,). Cells cultured on
tissue culture plates were pelleted and lysed in sodium dodecyl sulfate (SDS) lysis
buffer. Murine bladder smooth muscle tissue was snap-frozen, ground to powder,
and lysed in SDS lysis buffer. To obtain nuclear lysate from murine bladder
smooth muscle tissue, the tissue was excised and chopped into small pieces and
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then Dounce homogenized in ice-cold homogenization buffer (50 mM Tris-HCl
[pH 7.5], 1.5 mM MgCl,, 2 mM pB-mercaptocethanol, 200 mM sucrose, 0.1%
Triton X-100). To obtain nuclear lysate from cultured SMC, cells were scraped
and incubated in homogenization buffer. The nuclei were pelleted, washed in
homogenization buffer without Triton, and repelieted. The isolated nuclei were
then lysed in SDS lysis buffer. Complete protease inhibitor cocktail (1X; Roche)
and phosphatase inhibitor cocktails (Sigma) were present during the complete
procedure. For dephosphorylation of NFATc1, human SMC were harvested in
1X passive lysis buffer (Promega) lacking phosphatase inhibitors, and then the
lysate was incubated in 1X phosphatase buffer (Invitrogen) in either the presence
or the absence of 1 U of calf intestinal alkaline phosphatase (Invitrogen)/ug at
37°C for 1 h. The following antibodies were used: Skp2 (catalog no. 51-1900) and
Skp2 (catalog no. 32-3300) from Zymed; p275'F! (c-19), p21<** (c-19), PCNA
(PC10), B-tubulin (H-235), lamin A/C (N-18), and NFATc3 (F-1) from Santa
Cruz; NFATcl (7A6) from BD Pharmingen; and Erk (catalog no. 9102) and
phospho-Erk (catalog no. 9106) from Cell Signaling.

RT-PCR. RNA was isolated from the cells in the collagen matrices by using
TRIzol (Invitrogen) or from cells growing on tissue culture plates and mouse
bladder smooth muscle layer using RNeasy (Qiagen). Reverse transcription-PCR
(RT-PCR) was performed using RETROscript (Ambion) and PuReTaq Ready-
To-Go PCR beads (GE Healthcare) with the following primers: Skp2 sense,
5'-ATGGGATTCCAGCAAGACTTCTGAA-3’; Skp2 antisense, 5'-GCTCAG
GGAGGCACAGACAGGA-3'; p2781'1 sense, 5'-AGCCTGGAGCGGATGG
AC-3'; p27¥'F? antisense, 5'-CTTGGGCGTCTGCTCCACA-3'; b-myb sense,
5-GATGTGCCGGAGCAGAGGGATAG-3'; b-myb antisense, 5'-GTCCATG
GCCCCTTGACAAGGTC-3'; B-actin sense, 5'-GTGATGGTGGGCATGGGT
CA-3'; B-actin antisense, 5'-TTAATGTCACGCACGATTTCCC-3'; GAPDH
sense, 5'-GGTGAAGGTCGGAGTCAACG-3'; and GAPDH antisense, 5'-CA
AAGTTGTCATGGATGACC-3".

Luciferase assays. Luciferase assays were performed by using a luciferase
assay system (Promega). Immunoblots for A-tubulin were performed to confirm
that equal numbers of cells were assayed (data not shown).

Actinomycin D treatment. Human SMC were seeded in collagen matrices as
described above. Approximately 6 h after the collagen had polymerized, the
media was changed to SmGM-2 containing 1 pg of actinomycin D (Sigma)/mi,
and the collagen matrices were either released from or left fixed to the tissue
culture plate. At the indicated time points, RNA was isolated for RT-PCR
analysis.

siRNA transfection. Small interfering RNAs (siRNAs) were transfected by
using GeneEraser reagent (Stratagene) according to the manufacturer’s proto-
col. The following siRNA sequences were used: scrambled sense, 5'-AUGUAU
UGGCCUGUAUUAGUU-3'; scrambled antisense, 5'-CUAAUACAGGCCA
AUACAUUU-3'; Skp2(A) sense, 5'-AAGGGAGUGACAAAGACUUUG-3;
Skp2(A) antisense, 5'-CAAAGUCUUUGUCACUCCCUU-3'; Skp2(B) sense,
5'-AAUCUAAGCCUGGAAGGCCUG-3'; Skp2(B) antisense, 5'-CAGGCCU
UCCAGGCUUAGAUU-3'; NFATcl(A) sense, 5'-CGUAUGAGCUUCGGA
UUGAUU-3'; NFATc1(A) antisense, 5'-UCAAUCCGAAGCUCAUACGUU-
3’; NFATc1(B) sense, 5-GAAACUCCGACAUUGAACUTT-3’; and NFATc1(B)
antisense, 5'-TTAGUUCAAUGUCGGAGUUUC-3'". Cells were transfected twice
at an interval of 24 h with Skp2 siRNAs and at an interval of 36 h with NFATcl
siRNAs,

ChIP assay. Mouse bladder smooth muscle tissue was chopped into small
pieces, cross-linked with 1% formaldehyde in 1X PBS, and sonicated. Samples
were processed according to the chromatin immunoprecipitation (ChIP) kit
manufacturer’s protocols (Upstate). DNA was recovered by using the phenol-
chloroform method. The immunoprecipitated DNA was subjected to PCR assays
with the following primer pairs: Skp2 promoter sense, 5'-CGTCTGGAAGGG
ACTCAGAAG-3'; Skp2 promoter antisense, 5'-AACCCTCCAGATACCCAC
AA-3'; B-globin sense, 5'-CCTGCCCTCTCTATCCTGTG-3'; and B-globin
sense, 5'-GCAAATGTGTTGCCAAAAAG-3'. The NFATcl antibody (H-110)
was from Santa Cruz.

RESULTS

The development of mechanical tension is critical for
smooth muscle proliferation. We initiated our studies by using
a tissue culture system in which the effects of mechanical ten-
sion on cells such as SMC and fibroblasts can be assessed (4,
16, 17). Importantly, SMC and fibroblasts attempt to contract
as they spread. If they are plated on a rigid substrate, such as
a tissue culture dish, they develop mechanical tension as they
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FIG. 1. Mechanoregulation of smooth muscle proliferative signals in a tissue culture model. (a) Schematic of a tissue culture system to study
the effects of mechanical tension on proliferation (see text for details). (b) Fluorescence staining with Alexa Fluor 488-phalloidin for actin in human
bladder SMC in released (~tension) and fixed (+tension) collagen matrices. (c) BrdU and DAPI (4',6'-diamidino-2-phenylindole) staining of
human bladder SMC isolated from released (-tension) and fixed (+tension) collagen matrices. (d) Immunoblots of p21°™™, p27%'*!, PCNA, and
@-tubulin in human bladder SMC isolated from released (~tension) and fixed {+tension) collagen matrices. (¢) RT-PCR for p27%'** and b-myb
mRNA in human bladder SMC isolated from released (—tension) and fixed (+tension) collagen matrices (two different concentrations of the RT
reaction products were loaded to confirm that the p27*"! PCR was in the linear range). The level of b-myb mRNA was used as a proliferative
marker. (f) Immunoblots of Skp2 and p-tubulin in human bladder SMC isolated from released (~tension) and fixed (+tension) collagen matrices.
(g) RT-PCR for Skp2 and actin mRNA in human bladder SMC isolated from collagen matrices that were either released from (~tension) or left
fixed to (+tension) the tissue culture dish in either serum-containing (+FBS) or serum-free (-FBS) media (two different concentrations of the RT
reaction products were loaded to confirm that the actin PCR was in the linear range). (h) Immunoblots of Skp2 and B-tubulin in human bladder
SMC isolated from collagen matrices that were left fixed to (+tension) the tissue culture dish in either serum-containing (+FBS) or serum-free
(-FBS) medium.

attempt to contract against the resistance of the substrate (6,
13). The development of mechanical tension by the cells is
necessary for proliferation to occur (6, 13). In the tissue culture
model we used, cells are seeded in three-dimensional collagen
matrices, and then each matrix is either released from the
tissue culture dish and allowed to float freely in the medium or
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left fixed to the dish (Fig. 1a). The released matrices offer little
resistance to the contraction of the cells; hence, only a rela-
tively low level of mechanical tension develops within the cells.
In contrast, the fixed matrices resist contraction, which allows
for the development of an elevated level of mechanical tension
within the cells (16). The difference in mechanical tension
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within the released and fixed matrices is demonstrated by the
finding that whereas stress fibers fail to develop in SMC in the
released matrices, they form in cells in the fixed matrices (Fig.
1b). Thus, the released and fixed collagen matrices simulate
the mechanical environments of nonstressed tissue and tissue
in which the mechanical tension is increased, respectively. Im-
portantly, whereas SMC in the released matrices do not pro-
liferate, those in the fixed matrices do (few if any of the cells in
a released matrix take up BrdU, while ca. 40% of the cells in
a fixed matrix take up BrdU under the conditions of our assay)
(Fig. 1c), indicating that the proliferation of the cells is regu-
lated by mechanical tension in this system.

Skp2 is a node at which proliferative signals from soluble
growth factors and mechanical tension are integrated in the
regulation of proliferation in isolated SMC. To begin to un-
derstand the mechanism by which proliferative signals regu-
lated by mechanical tension are coupled to the central cell
cycle machinery, we first examined the effect of increased me-
chanical tension in SMC on the expression of two cyclin-de-
pendent kinase inhibitors that have been implicated in the
regulation of smooth muscle proliferation (42). We found that
whereas the level of p21<™" in the cells is unaffected by in-
creased mechanical tension, the level of p27*!'** falls dramat-
ically when mechanical tension is increased (Fig. 1d). The
decrease in p27<IF! correlates with an increase in PCNA ex-
pression (Fig. 1d). Because p27<'*! serves to inhibit cell cycle
progression (34), these findings suggested that p27%'*! has a
role in the mechanoregulation of proliferation.

We therefore began to examine the mechanism by which
smooth muscle p27¥™! is downregulated by increased mechan-
ical tension. We found that changes in mechanical tension have
no effect on the level of p27%'"' mRNA (Fig. le). It had
previously been found that growth factors have no effect on
p27¥'F1 mRNA levels; instead, growth factors downregulate
p27¥'"* by inducing its degradation (31). Therefore, we hy-
pothesized that increased mechanical tension also downregu-
lates p27%*? by inducing its degradation.

The degradation of p27%'* that occurs upon growth factor
stimulation is mediated by the upregulation of expression of
Skp2, a component of a ubiquitin ligase complex that targets
p27XT®1 for ubiquitination, and, consequently, proteasome-me-
diated degradation (7, 29, 40). Therefore, we examined the
effect of increased mechanical tension on Skp2. We found that
increased mechanical tension induces an increase in Skp2 (Fig.
1f), which suggested that the proliferative response that occurs
in response to increased mechanical tension is mediated in part
by Skp2.

To examine the mechanism by which an increase in mechan-
ical tension increases the level of Skp2, we assessed the effect
of mechanical tension on Skp2 mRNA. Growth factors in-
crease Skp2 levels by stabilizing Skp2 protein (8, 48); in con-
trast, we found that the development of mechanical tension
induces an increase in Skp2 mRNA (Fig. 1g). The increase of
Skp2 mRNA in response to increased mechanical tension is
growth factor independent, as indicated by the finding that the
level of Skp2 mRNA is unaffected by serum deprivation (Fig.
1g). Serum deprivation, however, downregulates SMC Skp2
protein levels (Fig. 1 h). Therefore, whereas growth factors
regulate Skp2 at the protein level, mechanical tension regu-
lates Skp2 at the mRNA level. Hence, Skp2 expression is a
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point of convergence at which signaling from growth factors
and mechanical tension are integrated.

Skp2 is a node at which proliferative signals from soluble
growth factors and mechanical tension are integrated in the
regulation of proliferation in intact smooth muscle tissue. We
next wanted to confirm that these findings are relevant to
the mechanoregulation of proliferation in intact smooth mus-
cle tissue. The rodent urinary bladder is an ideal system for
studies of the smooth muscle response to changes in mechan-
ical tension for several reasons. (i) The mechanical tension in
the bladder smooth muscle layer can readily be increased by
obstructing the bladder outlet—the increase is due to smooth
muscle contraction against the increased resistance to urine
flow caused by the obstruction. (ii) The SMC in the rodent
bladder proliferate in response to the increase in mechanical
tension that develops when there is a bladder outlet obstruc-
tion (18, 24, 37, 45). (iii) The smooth muscle layer of the
bladder is one of the thickest smooth muscle layers in the body.
Therefore, it can serve as a source of a relatively large amount
of smooth muscle tissue for detailed study (immunoblotting,
RNA studies, etc.). (iv) The mechanical environment within
the wall of an obstructed bladder can be simulated in tissue
culture by allowing bladder SMC to contract against a semi-
rigid support—as in the tissue culture system described above.
This allows for the study of mechanical tension as an indepen-
dent factor and it facilitates further analyses of findings that
arise from studies performed on the intact bladder smooth
muscle layer.

Strikingly, when we examined the effects of bladder outlet
obstruction on the smooth muscle layer, our findings were
precisely the same as the findings derived from isolated cells in
the model described above. The increased tension in the blad-
der wall that develops when there is an obstruction has no
effect on the level of p21°™! in the smooth muscle, but it
induces a decrease in the level of p27¥'*? that correlates with

. an increase in PCNA (Fig. 2a). In addition, despite the fall in

the level of p27¥'F* protein, the level of the p27%'** mRNA
remains unchanged when there is an obstruction (Fig. 2b).
Furthermore, the concentration of Skp2 protein is upregulated
when there is an obstruction (Fig. 2c). Finally, the upregulation
of Skp2 is mediated at least in part by an upregulation of Skp2
mRNA (Fig. 2d). These findings serve to validate our tissue
culture system as an appropriate model for the study of the
effects of mechanical tension on proliferation in intact smooth
muscle tissue and, more importantly, when considered along
with the findings from the tissue culture system, they strongly
suggest that Skp2 is regulated at the mRNA level by changes in
mechanical tension in intact smooth muscle.

We next wanted to confirm that Skp2 is truly important in
the proliferative response to increased mechanical tension. We
first used two different siRNAs to inhibit Skp2 expression in
human bladder SMC. Inhibition of Skp2 expression increased
the level of p27%™ protein (Fig. 3a) and decreased prolifera-
tion (Fig. 3b). We then compared the effect of a partial bladder
outlet obstruction in wild-type and skp2~/~ mice (28) after 14
days. As expected based on previous studies of bladder outlet
obstruction (18, 24, 37, 45), we found an extensive hyperplastic
response in the bladder smooth muscle layer of the wild-type
(skp2*'*) mice (Fig. 3c). In contrast, however, we found that
even though there is gross hypertrophy of the bladder smooth
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FIG. 2. Mechanoregulation of smooth muscle proliferative signals in intact tissue. (a) Immuncblots of p21<™™, p27%'"}, PCNA, and p-tubulin
in the smooth muscle layer of mouse bladders that were either unobstructed or completely obstructed for the time indicated (each lane in this and
subsequent bladder obstruction experiments represents an assessment of the protein or RNA from an individual mouse). (b) RT-PCR for p27<'*!
mRNA in the smooth muscle layer of mouse bladders that were either unobstructed or completely obstructed for the time indicated (two different
concentrations of the RT reaction products were loaded to confirm that the p27%/*' PCR was in the linear range). (c) Immunoblots of Skp2 and
f-tubulin in the smooth muscle layer of mouse bladders that were either unobstructed or completely obstructed for the time indicated. (d) RT-PCR
for Skp2 and actin mRNA in the smooth muscle layer of mouse bladders that were either unobstructed or completely obstructed for the time
indicated (two different concentrations of the RT reaction products were loaded to confirm that the actin PCR was in the linear range).

muscle layer in response to a bladder outlet obstruction in
skp2~'~ mice (Fig. 3c), the hyperplastic response is markedly
decreased in the skp2~/~ mice, as indicated by the relative
paucity of nuclei in the bladder smooth muscle of skp2~/~ mice
(Fig. 3c). The decreased bladder smooth muscle hyperplastic
response seems to be compensated for by increased cellular
hypertrophy, as evidenced by the visibly increased thickness of
the smooth muscle bundles in the obstructed bladders of
skp2~/~ mice (Fig. 3c). These were not surprising findings
because they are consistent with the finding that hepatocytes
increase in size but not number during liver regeneration after
partial hepatectomy in skp2~/~ mice (27) (which is in contrast
to wild-type mice in which liver regeneration is primarily a
proliferative response). In addition, in a manner analogous to
the hypertrophy of the bladder wall that occurs in response to
obstruction in the skp2~/~ mice, the volume and mass of the
livers of skp2~/~ mice are completely restored after partial
hepatectomy despite the lack of a hepatocyte proliferative re-
sponse (27). Also consistent with our findings is the finding that
there is a marked increase in the number of proliferating renal
tubular cells in a murine model of unilateral ureteral obstruc-
tion in wild-type mice, but there is no change in the number of
proliferating renal tubular cells in response to a ureteral ob-
struction in skp2~/~ mice (41). Our results identify Skp2 as a
critical mediator of the proliferative response that occurs in the
bladder smooth muscle layer when there is bladder outlet
obstruction—they therefore demonstrate the importance of
mechanoregulation of Skp2 mRNA levels in the SMC hyper-
plastic response to increased tissue tension.

Mechanical tension regulates Skp2 mRNA levels in several
types of cells, We next wanted to determine whether the reg-
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ulation of Skp2 mRNA by mechanical tension is a generalized
phenomenon that occurs in other tissues. Smooth muscle pro-
liferation during vascular development and remodeling is reg-
ulated in part by localized mechanical forces within the vascu-
lar wall (21). Similarly, mechanical tension is thought to be
important in the regulation of fibroblast proliferation during
both tissue repair and pathological fibroproliferative responses
(16, 21). Therefore, it is notable that, using the collagen matrix
system described above, we found that Skp2 mRNA is upregu-
lated by mechanical tension in primary human vascular SMC,
primary human dermal fibroblasts (Fig. 4), and primary human
lung fibroblasts (data not shown). The finding that Skp2
mRNA is regulated by mechanical tension in SMC and fibro-
blasts suggests that the regulation of Skp2 mRNA by changes
in mechanical tension is a component of many, if not all,
physiologic and pathological processes in which mechanical
tension regulates proliferation.

A consensus binding site for the transcription factor NFAT
has a critical role in the mechanoregulation Skp2 promoter
activity. We next sought to determine the mechanism by which
mechanical tension regulates Skp2 mRNA levels. Two inde-
pendent findings initially suggested that mechanical tension
regulates Skp2 at the transcriptional level: we found that (i) the
stability of Skp2 mRNA is unaltered by changes in mechanical
tension (Fig. 5a) and (ii) the activity of a reporter construct
driven by a 423-bp sequence from the 5'-flanking region of the
Skp2 gene (Skp2-luc) is increased in SMC in a fixed collagen
matrix compared to its activity in a released matrix (Fig. 5b).

We next found that a consensus binding site for the calcium-
regulated transcription factor NFAT has a role in mediating
the effects of mechanical tension on the activity of the Skp2
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FIG. 3. Skp2 is required for bladder smooth muscle proliferation both in tissue culture and in intact tissue. (a) Immunoblots for Skp2, p275%?,
and tubulin in human bladder SMC that were adherent to a tissue culture dish and transfected with scrambled or two different Skp2-specific
siRNAs. (b) Cell numbers at indicated time points of human SMC that were adherent to a tissue culture dish and transfected as in panel a. (c)
The bladder walls of skp2*/* and skp2™/~ mice that were either unobstructed or partially obstructed for 14 days and then fixed and stained with

hematoxylin and eosin.

promoter: (i) its deletion abolishes the tension responsiveness
of the Skp2 promoter in SMC (Fig. 5b) and (ii) its addition to
a nonresponsive minimal promoter imparts tension responsive-
ness to the promoter in SMC (Fig. 5¢). We therefore sought to
determine whether NFAT activity increases in response to
increased mechanical tension in an intact smooth muscle layer.

~tension +tension -tension +tension

Skp2
actin 0.1x

actin 1.0x

VEMC Fibroblasts

RT-PCR

FIG. 4. Skp2 mRNA expression is regulated by mechanical tension
in human vascular SMC and human fibroblasts. RT-PCR for Skp2 and
actin mRNA in human vascular SMC and in human foreskin fibro-
blasts isolated from released (-tension) and fixed (+tension) collagen
matrices (two different concentrations of the RT reaction products
were loaded to confirm that the actin PCR was in the linear range).

To examine this, we assessed the effect of a bladder outlet
obstruction on NFAT activity in the bladder smooth muscle
layer of mice that are transgenic for an NFAT-responsive lu-
ciferase reporter construct (kindly provided by Benjamin
Wilkins and Jeffery Molkentin) (46). This reporter is driven by
NFAT-binding sites such that luciferase is expressed when an
NFAT family member is activated in the tissue under study.
We found that luciferase activity in the bladder smooth muscle
layer increased three- to fourfold in response to bladder outlet
obstruction in these mice (Fig. 5d). In addition, it had previ-
ously been demonstrated that an NFAT-dependent target, cy-
clooxygenase-2, is upregulated at the mRNA level by increased
mechanical tension in isolated bladder SMC and in response to
a bladder outlet obstruction in the bladder smooth muscle
layer (22, 32). Together, these findings provided evidence that
an NFAT family member(s) has a role in the upregulation of
Skp2 transcription that occurs when mechanical tension is in-
creased in smooth muscle tissue.

Notably, the NFAT site is conserved in the human and
mouse Skp2 promoters (Fig. 6a) and its sequence is an exact
match with the NFAT-binding site in the human interleukin-2
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FIG. 5. A consensus NFAT-binding sequence mediates the mechanoregulation of Skp2 transcription, and NFAT activity is increased by
increased mechanical tension in intact tissue. (a) Human bladder SMC were first allowed to develop tension in collagen matrices. The cells were
then treated with actinomycin D and the matrices were either released from (~tension) or left fixed to (+tension) the tissue culture dish (“0 h”).
Cells were harvested to perform RT-PCR for Skp2 and actin mRNA at the indicated time points (two different concentrations of the RT reaction
products were loaded to confirm that the actin PCR was in the linear range). (b) Luciferase assays of human bladder SMC transfected with (i)
pGL3-promoter (control), (ii) a construct in which 423 bp of the 5’ flanking region of the Skp2 gene drives a luciferase reporter (Skp2-luc), or (iii)
a construct in which a consensus NFAT-binding site (AGGAAAA) (38) has been deleted from Skp2-luc (Skp2ANFAT-luc) isolated from collagen
matrices that were either released from (~tension) or left fixed to (-+tension) the tissue culture dish. (c) Luciferase assay as in panel B, except using
human bladder SMC transfected with pGL3-promoter (control) or pGL3-promoter driven by five tandem repeats of the Skp2 NFAT-binding site
(NFAT-luc). (d) Luciferase assay using the smooth muscle layer of bladders from mice transgenic for an NFAT-luc reporter that were either
unobstructed (sham) or completely obstructed for 24 h (the mean values obtained from three mice for each condition).

(IL-2) promoter, the prototypical NFAT-regulated promoter
(38) (Fig. 6a). Furthermore, there is extensive conservation
between the surrounding sequence of the NFAT site in the
human and mouse Skp2 promoters and the IL-2 NFAT site in
that the region 5’ to each of the sites is GA rich and the
sequence NCNG is conserved 3’ to the NFAT-binding site in
all three promoters (Fig. 6a). These findings provide further
evidence that a member(s) of the NFAT family of transcription
factors mediates the mechanoregulation of Skp2 transcription.

NFATc1 undergoes dephosphorylation and nuclear translo-
cation in response to increased mechanical tension. NFAT
family members are activated when they are dephosphorylated
by the phosphatase calcineurin. Upon activation, they are im-
ported into the nucleus where they bind their cognate promoter-
binding sites (20). There are four calcineurin-regulated NFAT
isoforms, NFATcl to NFATc4. Their expression varies be-
tween different types of smooth muscle (5, 15, 19, 25, 39, 49),
and there are instances in which the individual NFAT isoforms
are differentially regulated within the same type of SMC (5,
49). Once in the nucleus, the localization of NFAT proteins is
regulated by a series of kinases; it is likely that these kinases
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mediate the differential regulation of the individual NFAT
isoforms (19).

We examined the most well-studied smooth muscle NFAT
proteins, NFATcl and NFATc3, in human bladder SMC. It
would be difficult to examine NFAT activation using the col-
lagen matrix assay, because tension is relieved as the cells are
isolated from the collagen matrix and NFAT proteins are rap-
idly exported from the nucleus after cessation of the activating
signal (43). However, cells develop tension as they spread on
the rigid surface of a tissue culture dish (6, 13). Therefore, we
initially used adhesion and subsequent spreading as a surro-
gate for the development of tension in a collagen matrix. We
found little or no change in nuclear NFATc3 upon adhesion
(Fig. 6b). However, in the same lysates, we found that a rapidly
migrating form of NFATc1 develops in the adherent, spread
cells that is not present in suspended cells (Fig. 6b). Notably, a
comparison of nuclear lysates and whole-cell lysates reveals
that relative to the other forms of NFATcl, this form is con-
centrated in the nucleus (Fig. 6b), which is consistent with
dephosphorylation mediating the nuclear localization of
NFATc]. Indeed, phosphatase treatment of whole-cell lysates
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FIG. 6. NFATcl directly targets the Skp2 promoter. (a) Comparison of the NFAT-binding site and surrounding sequence in the human and
mouse Skp2 promoters with the NFAT-binding site and surrounding sequence in the human IL-2 promoter, the prototypical NFAT-binding site
(38). (b) Immunoblot of NFATc3 and NFATcl in nuclear lysates and whole-cell lysates of adherent and suspended human bladder SMC. Lamin
A/C and tubulin were used as loading controls. (¢) Immunocblot of NFATc1 in whole-cell lysates of suspended human bladder SMC treated with
calf intestinal alkaline phosphatase as indicated. Nuclear lysates of adherent cells were used as a reference. (d) Immunoblot for NFATc1 in nuclear
lysates and whole-cell Iysates from the smooth muscle layer of mouse bladders that were partially obstructed as indicated. Lamin A/C was used
as a loading control. (¢) ChIP assay of the endogenous Skp2 promoter in the bladder smooth muscle layer of mouse bladders that were either
unobstructed or partially obstructed as indicated. Primers targeted to the 5'-untranslated region of the B-globin gene were used as a control for

specificity.

of suspended cells results in the formation of an NFATcl
protein that migrates in the same position as this rapidly mi-
grating form (Fig. 6¢). Similarly, the nuclear levels of the fast-
est-migrating form of NFATc] increases in the bladder smooth
muscle layer in response to a bladder outlet obstruction and
this form is concentrated in the nucleus (Fig. 6d). Together,
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these data strongly suggest that increased mechanical tension
induces the dephosphorylation and consequent nuclear local-
ization of NFATcl.

NFATcl is a critical mediator in the regulation of Skp2
transcription by changes in mechanical tension. We next
found that NFATc1 binds to the Skp2 promoter in the bladder
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FIG. 7. NFATc1 regulates Skp2 expression. (a) Immunoblot for NFATc1 in human bladder SMC that were adherent to a tissue culture dish
and treated with indicated concentrations of cyclosporine for 12 h. (b) RT-PCR for Skp2 and GAPDH mRNA in human bladder SMC that were
adherent to a tissue culture dish and treated with cyclosporine as in panel a (two different concentrations of the RT reaction products were loaded
to confirm that the GAPDH PCR was in the linear range). (c) Immunoblots for Skp2, p27%'**, and tubulin in human bladder SMC that were
adherent to a tissue culture dish and treated with cyclosporine as in panel a. (d) Immunoblots for Erk and phospho-Erk in human bladder SMC
that were adherent to a tissue culture dish and treated with cyclosporine as in panel a. Cells grown in the absence of serum (FBS) were used as
a positive control for dephosphorylated Erk. (¢) Immunoblots for NFATc] and tubulin and RT-PCR for Skp2 and GAPDH mRNA in human
bladder SMC that were adherent to a tissue culture dish and transfected with scrambled or two different NFATcl1-specific siRNAs (two different
concentrations of the RT reaction products were loaded to confirm that the GAPDH PCR was in the linear range). (f) Immunoblots for NFATc1,
Skp?2, p27¥"™**, and tubulin in human bladder SMC that were adherent to a tissue culture dish and then transfected as in panel e. (g) Cell numbers
at indicated time points of human SMC that were adherent to a tissue culture dish and transfected as in panel e. (h) DAPI-stained nuclei of human
bladder SMC 120 h after the cells were transfected as in panel e. Similar results were obtained with both NFATc1 siRNAs.

smooth muscle layer when there is a bladder outlet obstruction NFATcl does indeed have role in the mechanoregulation of
(Fig. 6¢), which provided evidence for a role for NFATcl in Skp2 transcription, we treated bladder SMC with the cal-
mediating the upregulation of Skp2 transcription in response cineurin inhibitor cyclosporine and found that it blocks
to increased mechanical tension. To further examine whether NFATcl nuclear localization (Fig. 7a) and inhibits Skp2
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mRNA expression (Fig. 7b) and Skp2 protein expression (Fig.
7c). Importantly, the effect of cyclosporine treatment on Skp2
mRNA is not due to a generalized effect on proliferative sig-
nals, since cyclosporine treatment does not inhibit ERK phos-
phorylation at concentrations that block NFATcl activity (Fig.
7d). Strikingly, these findings are consistent with a recent re-
port that systemically administered cyclosporine inhibits the
bladder smooth muscle response to obstruction in a rabbit
model of bladder outlet obstruction (10).

To confirm that NFATc] has a role in the regulation of Skp2
expression in SMC, we used siRNA to inhibit NFATcl expres-
sion. Inhibition of NFATcl protein expression decreased Skp2
mRNA (Fig. 7¢) and Skp2 protein (Fig. 7f) and increased
p27¥¥! protein (Fig. 7f), confirming a role for NFATcl in the
mechanoregulation of Skp2 transcription and proliferative sig-
naling downstream of Skp2. Interestingly, although NFATcl
siRNA blocks cellular proliferation (Fig. 7g), a component of
the block is due to cell death since we found that inhibition of
NFATc1 expression ultimately caused nuclear condensation
(Fig. 7 h), which is consistent with the previous findings that
NFAT inhibition results in cardiomyocyte apoptosis (35) and
that a constitutively active form of NFATc1 is antiapoptotic in
fibroblasts (30). Therefore, NFATCc1 activates both prolifera-
tive and survival signals in the mechanoregulation of prolifer-
ation.

DISCUSSION

We have demonstrated that signaling from mechanical ten-
sion upregulates Skp2 transcription. It has previously been
shown that adhesion is necessary to support Skp2 transcription
(8). We have added a critical refinement to this finding by
demonstrating that adhesion per se, while necessary, is not
sufficient for the upregulation of Skp2 transcription; we found
that even when a cell is adherent to collagen, it must develop
and maintain mechanical tension to support transcription of
Skp2. Indeed, we found that the changes in NFATc1 that occur
when isolated bladder SMC adhere to a tissue culture dish
(Fig. 5b) are similar to the changes in NFATc1 that occur in
the bladder smooth muscle layer in response to the increase in
bladder wall tension that occurs when there is a bladder outlet
obstruction (Fig. 5d) and that the changes are due to dephos-
phorylation (Fig. 5¢), suggesting that the changes in NFATcl
that occur upon adhesion are due to the development of me-
chanical tension once the adherent cell spreads. Further sup-
porting this argument is the finding that the level of Skp2
mRNA in adherent cells can be regulated by changes in cell
shape (26). By examining NFATc] activation and Skp2 mRNA
expression in intact tissue, we have demonstrated the impor-
tance of the distinction between adhesion per se and the de-
velopment of mechanical tension by an adherent cell.

Smooth muscle contraction is initiated by an increase in
sarcoplasmic calcium. Calcium binds and thereby activates cal-
modulin, which in turn activates calmodulin-dependent myosin
light-chain kinase. By catalyzing myosin phosphorylation, cal-
modulin-dependent myosin light-chain kinase activates actin-
myosin cross-bridge cycling, causing mechanical force to be
generated (1). Calcium/calmodulin signaling is also essential
for cell cycle progression; however, the downstream effectors
that mediate the calcium/calmodulin proliferative signals have
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not previously been identified (23). One proximal target of
calcium/calmodulin signaling is the phosphatase calcineurin
and it has been established that the activation of calcineurin is
critical for the proliferative effects of increased calcium (23).
This is notable because when calcineurin is activated, it de-
phosphorylates NFAT, and thereby induces its nuclear trans-
location. Therefore, our finding that NFATcl mediates the
mechanoregulation of Skp2 transcription identifies NFATc1 as
a direct link between the proliferative signals mediated by the
calcium/calmodulin/calcineurin pathway and the central cell
cycle machinery. Our findings therefore in part explain the role
of calcium in proliferation.

The E2F family of transcription factors has a central role in
the regulation of proliferation (33). Hence, it is notable that
E2F has a role in the transcriptional activation of Skp2 in
mouse embryo fibroblasts (50) and in tumor cells that express
high levels of E2F (51). However, it has been shown that E2F
is not important for the transcriptional activation of Skp2 in
tumor cells that only express low levels of E2F or in human
foreskin fibroblasts (51). This is notable because we found that
serum starvation has no effect on Skp2 mRNA levels in human
bladder SMC (Fig. 1g) and the Pagano and Krek laboratories
found that serum starvation has no effect on Skp2 mRNA
levels in human diploid fibroblasts (8, 48). Because serum
starvation induces the pocket proteins to bind to and inactivate
E2F proteins (11), these findings imply that E2F does not have
a significant role in the transcriptional activation of Skp2 in
human SMC and human diploid fibroblasts and our finding
specifically implies that E2F does not have a role in the mech-
anoregulation of Skp2 transcription in human bladder SMC. It
is important to note, however, that E2F may have a role in the
mechanoregulation of Skp2 transcription in other cell types.

Finally, our finding that Skp2 is regulated by mechanical
tension at the mRNA level in vascular smooth muscle and
fibroblasts, in addition to bladder smooth muscle, suggests that
the regulation of Skp2 transcription by changes in mechanical
tension is a component of many, if not all, physiologic and
pathological processes in which mechanical tension regulates
cellular proliferation. Intriguingly, calcineurin-mediated
NFATcl activation has a critical role in cardiac valve and
outflow tract development (9, 14, 36), as well as osteoblast
proliferation during skeletal development and repair (47).
These are processes in which the mechanoregulation of pro-
liferation is likely to have a critical role. It is possible that Skp2
is an NFATcl target in each of these.
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Abstract

A molecular target associated with the progression of gastric
cancer has not yet been uncovered. FBXW7 is a tumor
suppressor gene transcriptionally controlled by p53 that plays
a role in the regulation of cell cycle exit and reentry via c-Myc
degradation. Few studies have addressed the clinical signifi-
cance of FBXW7 expression in gastric cancer, Therefore, we
examined FBXW7 mRNA expression to determine its clinico-
pathologic significance in 100 cases of gastric cancer. Low
expression levels of FBXW7 in primary gastric cancer
contributed to malignant potential, such as lymph node
metastasis (P = 0.0012), tumor size (P = 0.0003), and poor
prognosis (P = 0.018). In comparison with 52 cases of gastric
cancer without the p53 mutation, 29 cases with the mutation
exhibited lower expression levels of FBXW7 (P = 0.0034),
revealing a significant relationship between p53 mutation and
FBXW7? expression. Furthermore, we found that gastric cancer
patients who had low FBXW7 expression levels and p53
mutation had a distinctively poor prognosis in comparisen
with other subgroups (P = 0.0033). In conclusion, we showed a
role for p53 in the transcriptional regulation of FBXW7
expression in clinical gastric cancer cases and showed that
disruption of both p53 and FBXW7 contributes to poor
prognosis. [Cancer Res 2009;69(9):3788-94]

Introduction

FBXW? is a F-box protein subunit of a SCF-type ubiquitin ligase
complex that induces the degradation of positive cell cycle
regulators {oncoproteins) such as c-Myc, cyclin E, c-Jun, and
Notch. Therefore, FBXW?7 and the associated molecules have been
focused on as one of the new carcinoma control structures (1, 2). In
particular, FBXW? induces cell cycle exit (G, phase) via c-Myc
degradation, so the altered expression of FBXW7 is considered one
of the major causes of carcinogenesis or carcinoma development
(2-4). Because FBXW?7 also participates in cell cycle exit to, and the
reentry from, Gy (5-7), it is a candidate molecular therapeutic
target in intractable carcinoma cases that are firmly resistant to
combined modality therapies (5, 8).

Mao and colleagues reported that epithelial tumors are not
established in p53~/~ mice, whereas p53*/ ~ mice form epithelial

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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tumnors with altered FBXW?7 expression. FBXW7 works downstream
of p53, both of these cell cycle regulator genes, are critical for
carcinogenesis of epithelial tissues (3).

Recently, Onoyama and colleagues reported that mice carrying a
FBXW7 T-cell conditional knockout eventually developed thymic
Iymphomas following thymomas. FBXW7 and p53 double-knockout
mice developed thymic lymphomas more frequently than other
subgroups of knockout mice, such as wild-type, p537/~, and
FBXW?7 conditional knockout mice. Therefore, their study clearly
showed the consecutive roles of p53 and FBXW7 in the
carcinogenesis of solid tumors in vivo. Moreover, a comparison of
four groups classified according to FBXW?7 and p53 status revealed
a worse prognosis for double inactivation mice than in the other
subgroups (6). It is unknown if identical findings were observed
during previous in vivo studies of human cancer cases.

The clinical significance of FBXW7 in human solid cancers has
been diversely reported, FBXW?7 mutation rates in cholangiocarci-
nomas, T-cell acute lymphocytic leukemia, endometrial carcinoma,
and colorectal cancer were reported as 35%, 31%, 9%, and 9%,
respectively (2, 4, 9, 10). Also, FBXW?7 low expression in glioma
tissues reportedly produces a poor prognosis (11, 12). Lee and
colleagues reported that the FBXW7 mutation rate in clinical
gastric cancer tissues of 3.7% to 6% did not differ in early or
progressive gastric cancer (4, 13). However, few studies are
available on the connection between FBXW?7 expression level and
poor prognoses in gastric cancer,

This study details {z) the magnitude of the effect of altered
FBXW?7 expression on prognosis determination in gastric cancer
cases; (b) the significance of both FBXW?7 expression and p53
mutation status on clinical gastric cancer cases, which was
compared with previous in vivo reports; and (c) how the
coexistence of the p53 mutation and low expression of FBXW7 in
clinical samples determines malignant potential and a poorer
prognosis for gastric cancer patients.

Materials and Methods

Clinical samples and cell lines. One hundred gastric cancer samples
and paired noncancerous samples were obtained during surgery and
used after obtaining informed consent. All patients underwent resection
of the primary tumor at Kyushu University Hospital at Beppu and
affiliated hospitals between 1992 and 2000. Resected cancer tissues and
paired noncancerous tissues were immediately cut and embedded in
Tissue-Tek OCT medium (Sakura), frozen in liquid nitrogen, and kept at
—80°C until RNA and DNA extraction. Following isolation of RNA and
DNA, ¢cDNA was synthesized from 8.0 g total RNA as described
previously (14).

The human gastric cancer cell line AZ521 was provided by the Cell
Resource Center of Biomedical Research, Institute of Development, Aging
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Figure 1. Clinical significance of FBWX7 1
mRNA expression in clinical samples. 1
A, FBXW7 mRNA expression in cancer (T)
and noncancerous (N) tissues from
gastric cancer patients by real-time reverse
transcription-PCR (n = 100). FBXW? (T,
n = 100), FBXW7 mRNA ({T)/GAPDH
mRNA (T); FBXW7 (N; n = 100), FBXW7
mRNA (N)/GAPDH mRNA (N}. Horizontal
lines, mean. B, Kaplan-Meler overall
survival curves of gastric cancer patients
according to the level of FBXW7 mRNA
expression. The high FBXW?7 expression
group (n = 31), FBXW7 (TY/FBXW7 {N)
> 1.0; low FBXW?7 expression group 1 g
{n = 69), FBXW7 (T)/FBXW7 (N) < 1.0. 1 b
.

{normalized to GAPDH)
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and Cancer, Tohoku University. This cell line was maintained in RPMI 1640
containing 10% fetal bovine serum with 100 units/mL penicillin and
100 units/mL streptomycin sulfates and cultured in a humidified 5% CO,
incubator at 37°C.

Real-time quantitative reverse transcription-PCR. FBXW7-specific
oligonucleotide primers were designed to amplify a 249-bp PCR pro-
duct encoding the common region among three FBXW7 isoforms. The
following primers were used: FBXW7 sense primer 5-AAAGAGTTGI-
TAGCGGTTCTCG-3’ and antisense primer 5-CCACATGGATACCAT-
CAAACTG-3' and glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
270 bp) sense primer 5-GTCAACGGATTTGGTCTGTATT-3' and antisense
primer 5-AGTCTTCTGGGTGGCAGTGAT-3'. These primers spanned more
than two exons to avoid amplification of contaminating genomic DNA. PCR
amplification for quantification of FBXW7 and GAPDH mRNA in clinical
samples was done in the LightCycler system (Roche Applied Science) using
the LightCycler-FastStart DNA Master SYBR Green I Kit (Roche Applied
Science) as described previously (15). The amplification conditions of cycles
consisted of initial denaturation at 95°C for 10 min followed by 40 cycles of
denaturation at 95°C for 10 s, annealing at 62°C (60°C for GAPDH) for 105,
and elongation at 67°C (65°C for GAPDH) for 10 s. Melting curve analysis
was done to distinguish specific products from nonspecific products and
primer dimmers. The relative expression levels of FBXW?7 were obtained by
normalizing the amount of FBXW7 mRNA divided by that of GAPDH mRNA
as an endogenous control in each sample.

FBXW?7 RNA interference. FBXW7-specific siRNA (Silencer Predesigned
siRNA1: sense GCACAGAAUUGAUACUAACTT and antisense GUUAGUAU-
CAAUUCUGUGCTG and Silencer Predesigned siRNA2: sense
CCUUAUAUGGGCAUACUUCTT and antisense GAAGUAUGCC-
CAUAUAAGGTG) and negative control siRNA (Silencer Negative Control
1 siRNA) were purchased from Ambion. Lipofectamine RNA interference
MAX (Invitrogen) and FBXW7-specific siRNA were then added in 6-well flat-
bottomed microtiter plates. After incubation, the AZ521 cell line was seeded
at 1.5 X 10° per well in a volume of 2 mL in 6-well flat-bottomed microtiter
plates and incubated in a humidified atmosphere (37°C and 5% CO,). The
RNA interference assay was done after a 24 h incubation.

Immunoblot analysis. Total protein was extracted from AZ521 after
FBXW?7 RNA interference, Aliquots of total protein (35 ug) were electro-
phoresed in 7.5% concentrated READY GELS ] (Bio-Rad Laboratories).
c-Myc, cyclin E, and p53 proteins were detected using anti-c-Myc (N-262),
anti-cyclin E (M-20), and anti-p53 (Pab240; all obtained from Santa Cruz
Biotechnology) diluted 1:500, 1:100, and 1:100, respectively. These proteins
were normalized to the level of B-actin protein (Cytoskeleton) diluted
1:1,000. Western blot analysis was done as described previously (16).

Enhanced chemiluminescence detection reagents (Amersham Biosciences)
were used to detect antigen-antibody reactions.

In vitro proliferation assay. Proliferation was determined using the 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide assay (Roche
Diagnostics). After a 24 h incubation following siRNA addition, cells were
cultured further for 0 to 72 h and the absorbance of the samples was
measured as described previously (17).

p53 and FBXW? sequence. Among 100 gastric cancer samples in which
FBXW7 mRNA levels were measured, p53 was sequenced in 81 genomic
DNA samples. Similarly, 80 paired cDNA samples were subjected to FBXW7
mutational analysis.

The 81 genomic DNA samples were used as templates to PCR amplify
exons 4 to 9 of the p53 gene with primers derived from intronic sequences
(Supplementary Table S1). The PCR was done with AmpliTag Gold DNA
Polymerase (Applied Biosystems). Likewise, the FBXW7 (a, B, and %)
sequence was amplified using cDNA from 80 gastric cancer samples with
KOD-FX DNA polymerase (TOYOBO) and sequencing primers (Supplemen-
tary Table S1). These PCR products were electrophoresed on 1% agarose
gels containing ethidium bromide and purified with ethanol precipitation.
Purified PCR products were sequenced using a Big-Dye Terminator version
1.1 Cycle Sequencing Kit (Applied Biosystems) and an ABI3100 sequencer
(Applied Biosystems).

Statistical analysis. Differences between two groups were estimated
with Student’s ¢ test, x* analysis, and ANOVA. Overall survival curves were
plotted according to the Kaplan-Meier method, with the log-rank test
applied for comparison. Survival was measured from the day of the surgery.
Data for FBXW7 mRNA expression levels in three groups were analyzed with
ANOVA. When the results of the ANOVA were significant, Tukey's multiple
comparison tests were used to assess differences in FBXW7 mRNA
expression levels among each group. All differences were statistically
significant at the level of P < 0.05 and a tendency was indicated at the level
of P < 0.1, Statistical analyses were done using the JMP 5 for Windows
software package (SAS Institute).

Results

Clinical significance of FBXW7 mRNA expression in gastric
cancer cases. The expression levels of FBXW7 mRNA in
cancerous tissues {(# = 100) and paired noncancerous tissues
(n = 100) of the gastric cancer patients were examined by real-
time reverse transcription-PCR. These data were corrected for
GAPDH mRNA levels. FBXW7 mRNA expression levels in cancer
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tissues {mean + SD, 141 + 151) were lower than those in
noncancerous tissues {237 + 2.3). A significant difference in
mRNA mean expression level was found between cancerous and
noncancerous tissues (P = 0.0007; Fig. 14). Immunostaining of
FBXW7 was done to confirm the correlation between FBXW7
mBNA and FBXW?7 protein. Fifteen gastric cancer samples were
divided into two groups according to FBXW?7 protein level (high
or low). The expression of FBXW7 mRNA in each group was
examined and compared with protein expression levels. The high
FBXW7 protein group (n = 7) showed high FBXW7 mRNA
expression levels in comparison with the low FBXW7 protein
group (n = 8 P = 0.0013; Supplementary Fig, S1).

In the overall survival curve (Fig. 1B), patients in the low
FEBXW?7 expression group (n = 69; cancer/noncancerous tissues

FBXW7/GAPDH P
High expression Low expression
(n=31) (n=69)
Age (y)
265 15 30 0.69
<65 16 38
Gender
Male 17 49 0.12
Female 14 20
Histology
Well, moderate 16 34 0.88
Poor, signet 15 34
Size (cm)
<5 22 22 0.0003*
25 9 47
Depth
T, (m, sm) 10 11 0.06"
To-T, {mp, ss, se, si) 21 . 58
Lymph node metastasis
Absent 18 17 0.0012*
Present 13 52
Lymphatic invasion
Absent 12 17 0.15
Present 19 52
Venous invasion
Absent 27 45 0.024*
Present 4 24
Liver metastasis
Absent 31 65 017
Present 0 4
Peritoneal dissemnination
Absent 30 53 0.014*
Present 1 16
Stage
LI 23 28 0.0019*
IO, Iv 8 41
NOTE: High FBXW? expression group (n = 31), FBXW7 (T)/FBXW7 (N)
< 1.0; low FBXW?7 expression group (n = 69), FBXW7 (T)/FBXW7 (N)
< 1.0. Well, well differentiated; poor, poorly differentiated; moderate,
moderately differentiated; signet, signet ring cell.
*P < 0.05.
1P < 0.1,

< 1.0) had a significantly poorer prognosis than those in the
high FBXW?7 expression group (n = 31; cancer/noncancerous
tissues = 1.0; P = 0.018). However, there was no relationship
between FBXW?7 expression and clinical stage progression
(Supplementary Fig. S2). Multivariate analysis revealed that the
FBXW7 mRNA expression level in cancer is an independent
predictor of lymph node metastasis (Supplementary Table 524
and B).

Clinicopathologic factors were significantly different in the
low FBXW7 expression group (n = 69). There was more
progressive tumor size, lymph node metastasis, venous
invasion, peritoneal dissemination, and clinical staging com-
pared with the high FBXW?7 expression group {(n = 3L; P <
0.05). However, no significant differences were observed
regarding age, gender, histology, lymphatic invasion, and liver
metastasis (Table 1).

Expression of the FBXW7 isoform and prognosis in gastric
cancer cases, In several in vivo studies, mouse Fbxw?7 has three
isoforms {a, B, and vy). The o isoform is expressed in most
tissues, the B isoform is found in the brain and testis, and the vy
isoform is in the heart and muscle (5). We confirmed the
distribution of FBXW?7 expression in a human panel before
searching for FBXW7 mutations in gastric cancer cases, We
found a similar distribution of FBXW7 mRNA expression
between the human panel and laboratory mice (Supplementary
Fig. S3). Fbxw?7 -y controls the nucleolar level of c-Myc and cell
size and is restricted to muscle cells, which is larger than other
cells (5, 18). It has been suggested that Fbxw?7 vy contributes to
muscle differentiation through regulation of c-Myc. Therefore,
the expression level of FBXW?7 < in the heart might be very high
to regulate heart muscle differentiation (Supplementary Fig, $3).

In addition, the association between overall FBXW?7 expres-
sion and poor prognosis was more significant than between the
expression of any individual isoform {(Supplementary Fig. S4).

FBXW7 and p53 mutation analysis. We examined p53
mutations in 81 genomic DNA samples and FBXW7 mutations in
80 cDNA samples, the same paired samples that were used for the
FBXW7 mRNA expression assay. Mutation analysis done with
sequencing found p53 and FBXW7 mutation rates of 35.8% (29 of
81) and 8.8% (7 of 80), respectively (Fig. 24 and B; Supplementary
Table §3; Supplementary Fig. S5).

Examination of the relationship between p53 mutation status
and FBXW7 mRNA expression levels revealed that FBXW7 mRNA
mean expression levels in the p53 mutation (+) group (n = 29;
1.07 + 1.03) were lower than those in the p53 mutation (—; n = 52;
156 + 1.79) and noncancerous tissues (n = 100; 2.36 + 2.3). A
significant difference was found between the p53 mutation (+)
group and the other groups (Fig. 3). In addition, no difference was
observed between the p53 mutation (—) gastric cancer tissues and
noncancerous tissues.

Mean expression levels of FBXW?7 in the FBXW?7 mutation (+)
group (n = 7) were not significantly different from those of
the FBXW7 mutation (—) group (n = 73) and noncancerous tissues
(n = 100). The presence of the FBXWW7 mutation was not associated
with poor prognosis or clinical stage in gastric cancer patients
(Supplementary Fig. S5).

FBXW7 RNA interference promotes proliferation in vitro.
Because FBXW7 mRNA suppression in cancer tissues is
associated with poor prognosis, the protein levels of c-Myc
and cyclin E, degradation targets of FBXW?7, were examined to
evaluate FBXW7 function in gastric cancer cells. FBXW7
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Figure 2. p53 and FBXWY7 mutation codon 1-92 ¢odon 101-306 codon 307-393
analysis. A, structure and mutation of the p53mutation rate 35.8% {29 of 81)
P53 gene in gastric cancer patients
(n = 81). B, structure and mutation of the B
FBXW?7 gene in gastric cancer patients 'l
n = 80). Arrows, mutation type, such as sotorm 8
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FBXW/7 mutation rate 8.8% (7 of 80)

suppression analysis was done with two different FBXW7 siRNA
(siRNA1 or siRNA2) using gastric cancer cell line AZ521. FBXW7
suppression by siRNA was confirmed with quantitative reverse
transcription-PCR in the control siRNA and FEBXW7 siRNA
groups. The level of FBXW7 mRNA was substantially reduced by
70% in FBXW7 siRNA1 (Fig. 44).

Western blot analysis confirmed expression of c-Myc and
cyclin E proteins degradation targets of FBXW?7 in control siRNA
and FBXW?7 siRNA groups. The expression levels of c-Myc and
cyclin E protein were enhanced in the FBXW7 siRNA group
compared with the control siRNA group. Likewise, p53
expression was enhanced (Fig. 4B). Evaluation of proliferation
potency in the FBXW7 siRNA groups using the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide assay showed that
proliferation rates were significantly enhanced in both FBXW7
groups in comparison with the control siRNA group and parent
cell line AZ521 (Fig 4C).

P53 mutation and FBXW?7 expression are associated with
poor prognosis in clinical gastric cancer patients. FBXW7
mRNA expression was inhibited in p53 mutation (+) gastric
cancer tissues, and the low FBXW?7 expression patients had a
significantly poorer prognosis than the high FBXW?7 expression
patients (Figs. 1B and 3). )

Therefore, we divided 81 gastric cancer patients into four groups
according to FBXW7 expression level and the state of the p53
mutation and examined the overall survival curve in these groups.
The p53 mutation (+), FBXW7 low expression group (n = 24)
had a significantly poorer prognosis than the other three groups
(P = 0.0033; Fig. 5).

Discussion

In this study, we showed that FBXW7 mRNA expression in
gastric cancer samples is markedly decreased in comparison
with the corresponding noncancerous samples and that FBXW7
is a poor prognostic factor. There are three possible
explanations. First, it is worth noting that FBXW?7 expression

is regulated by p53 in in vitro and in vivo experimental data
(3 5, 6, 19). For instance, Mao and colleagues reported that
Fbxw7 mRNA expression was activated when p53 expression
was induced by radiation, and baseline expression of Fbxw?7
mRNA is suppressed in p53_/ ~ mice. Moreover, they reported
that a p53-binding site is present in a promoter region of the
mouse Fbxw7 (3). In addition, Kimura and colleagues reported
that FBXW7 B expression is enhanced when wild-type p53 is
produced in a p53-mutated glioblastoma cell line (8). These
reports strongly suggest that transcription of FBXW7 is
regulated by p53 activity. Therefore, we focused on the regu-
lation of FBXW?7 expression by p53 in gastric cancer cases. In
the current study, FBXW7 expression levels were decreased in
most p53 mutation (+) gastric cancer samples (Fig. 3); only 6%
(5 of 81) cases were FBXW?7 high expression in p53 mutation
(+; Fig. 5). Most of the p53 mutation (+) gastric cancer patients
belonged to the FBXW?7 low expression group. Therefore, we
propose that FBXW7 mRNA expression is primarily regulated by
the presence of the p53 mutation in clinical gastric cancer
cases. It is worth noting that the reproducibility of this finding
in vivo was clearly confirmed in human clinical cases. To
determine which isoform of FBXW? is regulated by p53 in vitro,
we used p53 siRNA to suppress p53 expression in gastric
cancer cell line AZ521. The expression levels of the three
FBXW?7 isoforms (o, B, and vy) were suppressed by p53 siRNA
(Supplementary Fig. S6).

Second, we determined that FBXW?7 is inactivated by a
mutation in the coding region. The average of FBXW7 mutation
rate in several malignancies was ~ 6% (4). As for gastric cancer
cases, Lee and colleagues reported the possibility of the presence
of mutation, but the relationship of the FBXW7 mutation and
prognosis was not elucidated (13). Therefore, we examined the
sequence of the FBXW?7 isoforms. The FBXW7 mutation rate, 8.8%
(7 of 80), was similar to the 3.7% to 6% previously reported for
gastric cancer (4, 13). Mutation hotspots are located in T-cell
acute lymphocytic leukemia; however, they were not detected in
the current study (13, 20, 21).

www.aacrjournals.org

3791

Cancer Res 2009; 69: (9). May 1, 2009

218



