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ABSTRACT. Ligand-induced glucocorticoid receptor (GR) activation has recently been linked to the inhibition

of cell proliferation via the transcriptional induction of p#¥%/Cirl which functions as a universal inhibitor

of cyclin-dependent protein kinases. Herein, we identify a Ser/Thr protein phosphatase (PP5) that promotes
cellular proliferation by inhibiting both glucocorticoid and p53-mediated signaling pathways leading to
p21WAFLCiPl.mediated growth arrest. The suppression of PP5 expression (1) markedly increases the
association of GR with its coghate DNA-binding sequence, (2) induces GR transcriptional activity without
the addition of hormone, and (3) increases dexamethasone-mediated induction of GR reporter activity to
a level that is~10 times greater than the maximal response obtainable in the presence of PP5. PP5 has
no apparent effect on the binding of hormone to the GR, and dexamethasone-mediated growth arrest
correlates with an increase in p53 phosphorylation. Comparative studies in p53-wild-type, p53-defective,
and p53-deficient cell lines indicate that either (1) p53 participates in GR-mediated inductionV6F§2%,

with the hyperphosphorylation of basal p53 induced by glucocorticoids sufficient for the propagation of
an antiproliferative response when PP5 expression is inhibited, or (2) PP5 acts where p53-mediated and
GR-induced signaling networks converge to regulate the transcriptional induction Wf32PL Thus,
aberrant PP5 expression may have an additive effect on the development of human cancers by promoting
cell proliferation via the inhibition of a GR-induced antiproliferative signaling cascade, and facilitating
neoplastic transformation via the inhibition of a growth-arresting p53-mediated response that guards against
genomic instability.

Glucocorticoids are essential hormones that influence acells, glucocorticoids produce an antiproliferative response
wide spectrum of cellular functiond); In many types of that is associated with the accumulation of cells prior to the
: : onset of DNA replication. The glucocorticoid response is
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binding, the activated GR enters the nucleus, where it acts(for review, see ref24 and25), and several (i.e., PP1, PP2A,
as a ligand-activated transcriptional stimulator or repressor PP4, and PP5) are sensitive to natural toxins, such as okadaic
of primary response genes by binding to glucocorticoid acid 26), microcystin 7), and fostriecin 28, 29). Reports
hormone-responsive elements (GRE) in the promoter regionsindicating that okadaic acid has tumor promoting activity
of steroid-responsive genes. Hormone-activated GR can alsq31, 32) and that fostriecin has antitumor activity (for review,
affect transcription by direct proteirprotein interactions  see ref32) have led to speculation that the toxin-sensitive
with other transcription factors and accessory proteins (for PPases regulate cell growt24( 26, 29—31). However,
review, see refsl—5). The ability of glucocorticoids to  because there are no truly type-specific inhibitors of the
induce growth suppression appears to arise from complexknown PPases and the physiological substrates for PP4, PP5,
signaling networks in which glucocorticoid receptor-mediated and PP6 are unknown, studying the roles of individual PPase
transcription of primary response genes regulates the sub-in the control of cell cycle progression has proven difficult.
sequent expression or activity of a diverse set of downstream  To more precisely define the roles of individual PPases
proteins, some of which regulate cell cycle progress&n ( in the control of cell cycle progression, we are in the process
4). In addition, “cross talk” between hormone-regulated of developing antisense oligonucleotides (ODNSs) targeting
signaling networks and signal transduction cascades inducetbach of the known human PPases. Studies with ISIS 15534,
by extracellular regulators, such as growth or differentiation 3 second-generation chimeric antisense oligonucleotide that
factors, may complement or compete with steroid-dependentspecifically inhibits the expression of human PPE)(
processesX-6). revealed that the inhibition of PP5 expression in A549 cells
The molecular mechanism(s) by which GR activation leads results in G1-growth arrest with a corresponding increase in
to growth arrest is (are) unclear. Several studies, however,the expression of p2FL/Cirl (33). Previous studies have
suggest that GR-induced signaling networks that impede shown that PP5 coimmunoprecipitates with the GR, sug-
cellular proliferation target processes that regulate progres-gesting that PP5 is a component of the -@fat shock
sion through the G1/S-phase transitida-0). One apparent  protein 90 (hsp90) complex34, 35). Therefore, when an
target of GR-induced signaling networks is a family of association between dexamethasone-induced G1-growth ar-
cyclin-dependent protein kinases (CDKSEDKs are key rest and an increase in the expression of'Bg¥cr! was
regulators of cell cycle progression, controlling both signaling reported 7), we investigated the possibility that PP5
cascades which stimulate normal cell cycle progression andparticipates in the regulation of GR-mediated growth arrest
checkpoint control mechanisms that inhibit DNA replication and/or “cross-talk” between stress-induced, p53-mediated
(10-12). Normal progression through the G1/S phase of the signal transduction cascades and GR-mediated transcriptional
cell cycle requires a temporal increase in G1-CDK activity. activity. In this study, we demonstrate that, in addition to
Increased CDK activity is elicited by both growth factors its effects on p53-mediated induction of p2fv/crl PpP5
(i.e., EGF) and growth-inducing steroid hormones (i.e., also acts as an inhibitor of GR-mediated signaling networks
estrogen), with CDK activity regulated ultimately by the leading to the induction of p2%*F¥/Cirl and growth arrest.
association with cognate cyclins (D1, D2, D3, and E) and Together the findings presented suggest that PP5 is a key
by reversible phosphorylatio®{12). CDK activity is also  regulator of antiproliferative signaling cascades controlling
regulated in a negative manner by the association with CDK cell cycle progression in A549 lung carcinoma cells.
inhibitor proteins, such as p24FY/Crl which target the
CDKs, cyclins, or CDK/cyclin complexesl8, 14). Tran- EXPERIMENTAL PROCEDURES
scription factors associated with a variety of growth inhibi- ) ) )
tory signaling cascades [i.e., the p53 tumor suppressor protein Cell Lines.All cell lines were human and routinely passed
(13—18), the retinoic acid receptol), AP2 (20), E2A (21), when 9(%95_% confluent unless indicated qther\lee. T-24
and C/EBR. (22)] regulate p2¥AFLCI1 transcription through bladder carcinoma cells and A549 lung carcinoma cells were

their interaction with respective response elements in the oPtained from the American Type Tissue Collection and
p21WAFLCiPL promoter. The p21AFYCiPL protein then induces ~ Maintained in Dulbecco’s modified Eagle’s medium (DMEM)
G1 growth arrest and blocks entry into S-phase by inactivat- containing 10% fetal bovine serum. TR9-7 cells were kindly
ing G1-CDKs (L3, 14) and/or by inhibiting the activity of ~ Provided by Drs. G. Stark and M. Agarwal (Cleveland Clinic
proliferating cell nuclear antiger2®). Recent studies in ~ Foundation). TR9-7 cells were derived from the p53
fibroblasts {), osteoscarcome), and rat hepatoma cells human fibroblasts (MDAHO41) and contain tetracycline-
(9) have shown that dexamethasone induces the expressiofi¢gulated transactivator and operator plasmids to control the
of p2IWAFUCIPL This suggests that p?4FuCrl may be a  €xpression of wild-type p533¢). TR9-7 cells were main-
critical participant of the GR-induced signaling network(s) tained in DMEM containing 10% FBS, 6Q@y/mL G-418,
that regulate(s) G1-growth suppression. 1 ug/mL hygromycin, and Zig/mL tetracycline (to inhibit
Since phosphorylation is associated with virtually all the expression of p53). TR cells were derived from TR9-7

known examples of cell cycle regulated transcriptional cellg via reverse selection in cult.ure media lacking hygro-
control, it seems likely that protein phosphatases participate MY¢in: G-418, and then tetracycline. As a result, TR9 cells
in the regulation of signaling networks that control cell cycle N2Ve lost the ability to express p53 in response to tetracycline

progression. In mammals, at least 13 closely related Serme/depr.ivation. _ _ . _
threonine protein phosphatases (PPases) have been identified Oligonucleotide Synthesis and Assay for Oligonucleotide
Inhibition of PP5 Expressior2’-O-(2-Methoxy)ethylphos-

! Abbreviations: PPase, serine/threonine protein phosphatase; PPSPhOthloate oligonucleotides were synthesized and purified

Ser/Thr protein phosphatase type 5: CDK, cyclin-dependent protein @S described pre_ViOU_SBB'\B: _37)- _Oligonucleotic_ies were
kinase. added to cells with Lipofectin (Life Technologies; Gaith-
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ersburg, MD), as described previou$Bs, 39). Assessment  ously @3). Nuclei were precipitated by centrifugation,
of ISIS 15534 mediated inhibition of PP5 expression was resuspended in ice-cold buffer B (20 mM HEPES, pH 7.9,
achieved by measuring the decrease in PP5 mRNA levels0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and
with Northern analysis and protein levels with Western 1 mM PMSF; 10QuL per 60uL of packed nuclei), incubated
analysis, as described previous§3). Hybridization was at 4°C for 60 min with gentle shaking, and then subjected
visualized by autoradiography, and the membranes were therto centrifugation at £C for 5 min. The supernatant was
stripped and reprobed with®8P-labeled glyceraldehyde-3- collected, aliquoted, and stored &80 °C. Protein was
phosphate dehydrogenase cDNA probe to confirm equal determined as described above.

loading. Quantification of hybridization signals was achieved  DNA binding reactions were performed by incubating 10
by analysis of the scanned autoradiograms using the NIH ;g of each nuclear extract with 1 ngBP-end-labeled GRE-
Image program (ImagePC). probe (GR consensus binding sequencAGAGGATCT-
Immunoblotting of p53Western analysis was performed GTACAGGATGTTCTAGAT-3; Santa Cruz) and kg of
essentially as described previously using anti-pS3 mousepoly(dl-dC) in binding buffer [20 mM HEPES, pH 7.9, 0.25
monoclonal antibody (DO-1; Santa Cruz Biotechnology Inc.; M EDTA, 50 mM KCI, 1 mM DTT, 1 mM PMSF, and 10%
Santa Cruz, CA) generated against p83)(Briefly, A549  (v/v) glycerol] at room temperature for 20 min. Anti-GR
cells grown in T-75 flasks were washed twice with ice-cold monoclonal antibody (Lg; Santa Cruz) was then added to
PBS. Then, 25QiL of lysis buffer (50 mM Tris-HCI, pH  each reaction and incubated at room temperature for 30 min.
8.0, containing 1% Nonidet P-40, 0.5% sodium deoxycholate, Samples were separated by electrophoresis on a 5% poly-
50 mM sodium fluoride, 1 mM PMSF, Bg/mL leupeptin,  acrylamide gel containing Tris borate/EDTA buffer and
and 5ug/mL aprotinin) was added to each flask. The extract visualized by autoradiography.
was then subjected to centrifugation at 13§00r 5 min, jmmunoprecipitation of p53 ProteinA549 cells were
and an aliquot of the supernatant was removed for protein ojtred in 60 mm dishes until the cell cultures wer@0%
determination. The remaining supernatant was added to anygnfiyent, washed with PBS, and placed fch in phosphate-
equal volume of 2 sample buffoer (120 mM T0r|s-HCI, PH  free DMEM containing 5% fetal bovine serum. The cell
7.4, 200 mM dithiothreitol, 20% glycerol, 4% SDS, and ¢yjtyres were then treated with 100 nM dexamethasone or
0.02% bromphenol blue). Protein was determined using agog nM ISIS 15521 or ISIS 15534 as described previously
Bio-Rad Bradford assay (Bio-Rad) with bovine serum (33 three dishes per group, anH]phosphate (0.2 mCi/
albumin as standard. Typically 25019 of proteinwas then | ) as added to the media. Six hours after dexamethasone
separated by electrophoresis on 10% SipBlyacrylamide  yreatment, the cells were collected, washed with ice-cold
gels. The gel was electrophoretically transferred to Immo- pgg and stored at80 °C prior to analysis. Cell lysates
bilon-P membranes (Millipore) and blocked fbh with Tris- were prepared by incubating the thawed cells a&€4or 1
HCI, pH 7.4, containing 150 mM NaCl and 5% nonfat milk. 1, iy 3 puffer containing 1% Nonidet P-40, 0.5% sodium
To detect p53, membranes were incubated with anti-p53 yeoxycholate, 150 mM sodium chloride, 5 mM EDTA, 1
antibody diluted in Tris-HCI (pH 7.6), 150 mM NaCl, 0.2%  3M sodium pyrophosphate, 50 mM sodium fluoride, 1 mM
Tween 20 (TBST) containing 2% nonfat milk for 18 h at 4 p\se 5ug/mL leupeptin, Sug/mL aprotinin, and 50 mM
°C. The membrane was then washed, and the primaryTyjs.HC|, pH 8.0. Insoluble debris was removed by cen-
antibody was detected employing ECL Western blotting yifygation at 3000 rpm at 4C for 15 min. The supernatants
detection reagents (Amersham Life Science, Buckingham-yere collected and precleared by incubation with Ag2of
shire, England), following the protocols of the manufacturer. ,o5rmal mouse IgG (Santa Cruz) and 2@ of protein
Analysis of Cell GrowthA549 cells were seeded in 12- A—agarose fol h at 4°C, followed by centrifugation at
well tissue culture plates at a density of 5010° cells/ 1500 rpm at £C for 5 min. Equal amounts of protein from
dish. The next day, the cells were treated with PPS-Specific gach precleared lysate were incubated in the presence of 1
antisense oligonucleotides (ISIS 15534) or the scrambled#g of anti-p53 mouse monoclonal antibody DO-1 (Santa
mismatch control (ISIS 15521) at a final concentration of Cruz) fo 2 h at 4 °C. Twenty microliters of protein
300 nM as described above. At the time points indicated, o —agarose was added to the mixture, which was then
the cell cultures were treated briefly with trypsin to detach jhcupated for 16 h at 4C with rocking. The agarose beads
the cells from the dish (three wells from each test group). \yere collected by centrifugation and washed 5 times with 1
The number of cells was then determined using a cell counterm_ of jce-cold cell lysis buffer. After the final wash, the
(Coulter Counter ZM). Cell viability was determined with pellet was resuspended in 40 of 2x sample buffer, boiled
trypan blue staining. The percentage of viable cells was for 3 min, and separated by SB®AGE on 10% gels. The
calculated by dividing the number of cells excluding trypan pands were visualized by autoradiography.
blue by the total number of cells, and the result_s are reported Receptor Binding Studies, Transfections, and Luciferase
as the mean: SD of data collected from three independent Assayslntact cell binding studies were conducted witHJ

experiments. dexamethasone as described previoudly).(Transfections

Gel Mobility Shift AssayNuclear extracts and gel mobility 4 1 ciferase assays were conducted as described by Jones
shift assays were conducted as originally described by Li et ., -, @2), using a mouse mammary tumor virdsiciferase
al. (40), adopting slight modifications described previously repo.rter blasmid (MMTV-Luc)

(33). Briefly, A549 cells were cultured in 60 mm dishes and
treated with ISIS 15521 or ISIS 15534 antisense oligonucle- ResyLTS

otides as described above. Sixteen hours after treatment, the

cells were treated with dexamethasone. Six hours later, the Dexamethasone-Mediated Growth Arrest Correlates with
cells were collected, washed, and lysed as described previthe Induction of p24AF1/CiP1 To explore the relationship of
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PP5, p2"AF1Cirl and glucocorticoid mediated growth arrest, A
we employed three human cell lines (A549, T24, and TR9).
Previous studies have shown that the inhibition of PP5 T24
expression with ISIS 15534 inhibits the proliferation of A549 81
cells with a corresponding increase in the expression of
p21WAFLCiPL (33). In contrast, ISIS 15534 does not induce
the expression of p2F/CiP or inhibit proliferation in T-24 4
and TR9 cells 33). Employing the same cell lines under
identical culture conditions, dexamethasone also inhibits the
proliferation of A549 cells while having no apparent effect
on the growth rate of T-24 or TR9 cells (Figure 1). Similarly,
following dexamethasone treatment, there is a concomitant
increase in the expression of PZEYCPlin A549 cells that
is not observed in T-24 or TR9 cells (Figure 1B). Binding
studies with H]dexamethasone indicated that T-24 and TR9
cells express GRs (data not shown), and dexamethasone
induces the expression of serum/glucocorticoid inducible
protein kinase (sgk) in all three cell lines. Thus, the inability
of dexamethasone to induce P2EYCrl expression and
growth arrest in T24 and TR9 cells does not appear to result
from a lack of functional GRs. 141
Effect of PP5 on the Binding of Dexamethasone to the 121 As49
GR Immunoprecipitation studies indicate that PP5 associates 107
with the GR-hsp90 complex 35). To determine if PP5 81
influences hormone binding, binding studies were conducted 6
with [3H]dexamethasone in A549 cells pretreated with ISIS 4
2
0

N

24 48 72 96 144

81 TR9

Cell number ( x 10%)

"Il

24 48 72 96 144

15534 or a mismatched control (ISIS 15521) analogue of
ISIS 15534. The specific binding ofH]Jdexamethasone was
77 940+ 6609, 59 430+ 9050, and 60 90&: 6510 cpm/ .
mg of protein in control, ISIS 15534 treated, and ISIS 15521 Time (hours)
treated cells, respectively (values are meaSE from three
independent experiments). Because the inhibition of PP5 E
expression by treatment with 500 nM ISIS 15534 has no
significant effect on the binding of dexamethasone to GRs, T4 A543 TRS
it appears that the suppression of PP5 expression does not ps3 - - + +
affect hormone binding. Dex - 4 = + = #
4
-

N

24 48 72 96 144

Comparison of the Effects Induced by Dexamethasone and
ISIS 15534 on the Expression of p2fVCrl PP5, and 1 2 3
Serum/Glucocorticoid Inducible Kinase (sgki)orthern p21-
analysis indicates that the treatment of logarithmically
growing A549 cells with dexamethasone at concentrations
of 0.1-100 nM produces a dose-dependent increase in the sgk- = & = -
amount of MRNA encoding both p24F¥/Crl and sgk, with
max|ma| express|0n Of both Observed f0"0W|ng the add|t|on FIGURE 1: Ant|pr0||ferat|ve effect of dexamethasone correlates with

N : _the presence of wild-type p53 and the expression of'324Cirt
of ~10 nM dexamethasone (Figure 2). In contrast, dexam RNA. (A) Effect of dexamethasone on cell proliferation in p53-

ethasone treatment has no apparent effect on the level Oljefective T-24 human bladder carcinoma, p53-null TR9 human
PP5 mRNA in A549 cells. As reported previousI$3], fibroblasts, and p53 wild-type A549 human lung carcinoma cells
treatment with 1SIS 15534 produces a dose-dependentwas determined by treating cells in log-phase growth with a single
decrease in the expression of PP5. This decrease in ppslose of 100 nM dexamethasone and counting the number of cells

. . . _In treated @) and untreatedl) cultures for 6 consecutive days
MRNA levels correlates with a dose-dependent increase InfoIIowing treatment. Each point represents the mean of triplicate

the expression of p2#F/CPt (Figure 2), and neither the  gishes with error bars representing SE. (B) Comparison of
decrease in PP5 mRNA nor the increase inVfg¥cir? p21WAFLCipL (n21) and serum glucocorticoid inducible protein kinase
mRNA occurs when the cells are treated with mismatched E%JnkgsmleA;e\g)ﬂgéﬂ E?ﬁg?ﬁ;g% é!?;rﬁzt%’ai)oigdtfeﬁﬁgﬂg%nél|
C(_)ntrol oligonucleotides [i.e., IS.IS 155.233).]' Treatmgnt cultures'in'lo,g-phase lgjjr(l)Jwth were treated with 100 nM dexam-
with ISIS 15534 alsq results_ln a §I|ght increase in sgk ethasone ) or vehicle alone as a controt-]. After 24 h, total
mRNA. However, the increase in sgk is less pronounced thanmRrNA was prepared and analyzed for $21/Cirl and sgk mRNA
that noted for p24AFY/Cpl and the increase in sgk MRNA levels by Northern analysis.

produced by 500 nM ISIS 15534 is less than that produced

by treatment with 16100 nM dexamethasone. Interestingly, cells when the expression of PP5 has been inhibited by
the effects of dexamethasone and ISIS 15534 are additiveprevious treatment with 500 nM ISIS 15534).

for sgk expression (i.e., the dose-dependent increase in sgk Dexamethasone Treatment Is Associated with Enhanced
expression induced by dexamethasone is greater in A549Phosphorylation of p53 in A549 Cell$he ability of both
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Ficure 2: (A) Northern blot analysis of A549 cells following treatment with dexamethasone and/or ISIS 15534. Cell cultures in log-phase
growth were treated with dexamethasone- 100 nM), ISIS 15534 (6500 nM), or the combination of dexamethasone- 100 nM) and

ISIS 15534 (300 nM). After 24 h, 2@g of total RNA was prepared and analyzed for serine/threonine protein phosphatase 5 (PP5}/4521

(p21), and serum/glucocorticoid inducible kinase (sgk) mMRNA levels. The data shown are representative of three different experiments, and
equal loading and transfer of RNA was confirmed by measuring GAPDH mRNA levels (not shown). (B) Hyperphosphorylation of p53
following treatment with ISIS 15534 or dexamethasone. A549 cells were culturé®Pif[and treated with 300 nM ISIS 15534, 100 nM
dexamethasone, or vehicle alone (control). Six hours after treatment with dexamethasone, the protein extracts were prepared, and changes
in p53 phosphorylation were determined by immunoprecipitation,-SIPSGE analysis, and visualized by autoradiography. Control, p53

from control cells; ISIS 15534, p53 from cells treated with 300 nM ISIS 15534; Dex, p53 from cells treated with 100 nM dexamethasone.
(C) Western analysis of an Immobilon membrane produced by the transfer of protein from thePBBE gel shown in Figure 2B and
detected with an anti-p53 mouse monoclonal antibody.

dexamethasone and ISIS 15534 to induce the expression othe consensus glucocorticoid recognition element (GRE) is
p21WAFLICiPL may reflect the participation of PP5 in a GR- produced by the inhibition of PP5 expression (Figure 3A,
mediated signaling cascade leading to the induction of compare lane 2 with lanes 3 and 4). This occurs even in the
p2IWAFLICPL and growth arrest. Alternatively, PP5 and absence of dexamethasone and indicates that the inhibition
dexamethasone may affect parallel pathways that have aof PP5 expression alone is sufficient to enhance the associa-
common end point. To explore these two possibilities, we tion of GR with GRE. To determine if the increased binding
first compared the effects of ISIS 15534 and dexamethasoneof GR to DNA-containing GRE results in increased tran-
on several events associated with an increase in the expresscriptional activity, transient transfection studies were con-
sion of p2VAFYCPL |n AB49 cells, the increase in pPAFY/Ciel ducted with glucocorticoid responsive reporter plasmids
mMRNA induced by the inhibition of PP5 expression is (MMTV —Luc) in A549 cells. As seen in Figure 3B,
dependent on the hyperphosphorylation of preexisting p53, dexamethasone stimulates transcriptional activity of the GR-
which increases the ability of p53 to bind the p53 consensusreporter plasmid in a dose-dependent manner with the
response element in the PZEYCPl promoter 83). As seen addition of 100 nM dexamethasone producing~a2D-fold
in Figure 2B,C, treatment of A549 cells with dexamethasone increase in luciferase activity. Treatment with ISIS 15534
also results in an increase in p53 phosphorylation with no alone also stimulates the GR-reporter plasmid activity (Figure
apparent change in p53 protein levels. When considered3B). However, unlike the gel-shift studies, where a pro-
along with the observation that dexamethasone-mediatednounced gel-shift is produced by the inhibition of PP5
induction of sgk is enhanced by the inhibition of PP5 expression and only a minor gel-shift is produced by
expression (Figure 2), these findings suggest that PP5 affectdlexamethasone (Figure 3A; compare lanes 4 and 6), GR-
the expression of GR primary response genes. reporter plasmid activation is more pronounced after treat-
To test the ability of PP5 to influence GR-mediated ment with dexamethasone than after treatment with ISIS
transcription, we first conducted mobility gel-shift studies 15534 (Figure 3B; compare bar graph with data points).
in A549 cells using ISIS 15534 to inhibit the expression of  The inverse relationship, where I1SIS 15534 produces a
PP5. As seen in Figure 3, a marked increase in the associationmore pronounced increase in the binding of GR to GRE than
of nuclear GR and®fP]oligonucleotides corresponding to dexamethasone and dexamethasone induces greater tran-
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Ficure 3: (A) Inhibition of PP5 expression enhances glucocorticoid receptor binding to DNA. Nuclear extracts were prepared from A549
cell cultures treated with mismatched control oligodeoxynucleotides (ISIS 15521), ISIS 15534Mdéxamethasone. After 16 h, the

ability of GR to bind DNA was analyzed by gel-mobility shift assay. Lane 1, no protein control: migratié®PeBRE probe in the

absence of nuclear extracts; lane 2, control: nuclear extracts prepared from mismatch control oligodeoxynucleotide treated cells (ISIS
15521; 500 nM); lane 3, ISIS 15534-induced gel shift: nuclear extracts from cells treated with 300 nM ISIS 15534; lane 4, GR antibody-
induced supershift: nuclear extracts used in lane 3 after further incubation with an antibody generated against GR; lane 5, excess cold
probe control: samples treated in an identical manner as in lane 3 after incubation in the presence of excess nonradioactive GRE probe;
lane 6, dexamethasone-induced supershift: nuclear extracts from cells treatediMttickamethasone following incubation with the GR
antibody used in lane 4. (B) Stimulation of GRE promoter activity with dexamethasone or ISIS 15534. A549 cells were transiently transfected
with the GR luciferase reporter plasmid MMTPLuc. Twenty-four hours later, the cells were treated with a single dose of the indicated
amount of dexamethason®)(for 2 h at 37°C, harvested, washed twice with PBS, and lysed. Aliquots (A50f cell extracts were then

assayed for luciferase activity. The relative light units of the cell extract were calculated as an average of three independent experiments,
performed in triplicate, and presented as relative luciferase activity with error bars indicating SD. Luciferase activity in cells treated with
500 nM ISIS 15534 in the absence of dexamethasone is indicated by the solid bar. (C) Inhibition of PP5 expression enhances glucocorticoid
stimulation of GR reporter plasmids. The transient transfection studies described in panel B were repeated with an additional experimental
group ©) in which PP5 mRNA expression was inhibited by treatment with 500 nM ISIS 15534 18 h prior to the addition of dexamethasone.
Note the difference in scale on tlyeaxis.

scriptional activity than ISIS 15534, suggests that the similar to that observed in A549 cells (dexamethasane
inhibition of PP5 expression enhances the association of GRISIS 15534> dexamethasone ISIS 15534).

with GRE, but maximal activation of the GRranscriptional

complex requires glucocorticoids. To test this, we conducted pD|SCUSSION

transient transfection studies with GR-reporter plasmids in

A549 cells 24 h after the expression of PP5 was inhibited The growth and differentiation of cells is controlled by
with ISIS 15534. The combined treatment resulted in a dose- complex regulatory events that must be coordinated to meet
dependent increase in GR-reporter plasmid activation, pro-the demands of cells, tissues, and ultimately the organism
ducing a maximal increase in luciferase activity that00- as a whole. In mammals, the fundamental decision of a cell
fold above the control and-10 times greater than the to either replicate its DNA and divide or withdraw from the
maximum response achieved with dexamethasone alonecell cycle with an unduplicated genome appears to take place
(Figure 3). Gel-shift analysis following combined treatment in mid-to-late G1-phase of the cell cycle, and the commit-
did not reveal an apparent increase in GR/GRE interactionsment to either of these pathways reflects the integration and
beyond that produced by treatment with ISIS 15534 alone processing of information derived from numerous positive
(data not shown), and transient transfection studies conductedand negative signaling cascades. The data presented here
with glucocorticoid-responsive reporter complexes in T-24 suggest that PP5 is a key regulator of cellular proliferation
and TR cells revealed that treatment with dexamethasonein A549 cells, affecting a G1-checkpoint control mechanism
alone, ISIS 15534 alone, or the combination of ISIS 15534 utilized by both steroid hormone- and stress-induced signal-
and then dexamethasone induces reporter activity in a manneing networks to impede or inhibit progression through the
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Glucocorticoids

Genotoxic-stress

Ficure 4: Proposed role of PP5 in the regulation of G1-growth arrest initiated by glucocorticoids or genotoxic stress. The increase in PP5
expression that occurs during log-phase cell growth functions to inhibit glucocorticoid-mediated growth arrest by blocking the association

of the ligand-activated GR complex with specific recognition sequences in the promoter of glucocorticoid-responsive genes and/or the
formation of an active GRtranscriptional complex. This inhibits the expression of a GR-inducible protein kinase (gk) or a signal transduction
cascade that results in the activation of a kinase that catalyzes the phosphorylation of p53. In the absence of PP5, the hyperphosphorylated
form of p53 produced has increased transcriptional activity, which allows the basal amount of p53 to induce the expression of the cyclin/
CDK inhibitor protein, p2VAFLCipl (p21). p2WAFLCiPL inhibits the activity of Gt-cyclin/CDK complexes (Cyclin D/CKD 4,6; Cyclin

E/CDK2). In turn, this prevents the hyperphosphorylation of the Rb-tumor suppressor protein and facilitates G1 cell cycle arrest. In response
to genotoxic stress, the amount of p53 increases due to a decrease in degradation rate and, in some instances, an increase in p53 expressio
(51-58). In the presence of PP5, the increased amount of p53 may be necessary to “over ride” the growth-promoting effects of PP5.

G1/S-phase of the cell cycle via the transcriptional regulation tion to a level that is~10 times greater than the maximal
of p21WAF1/Cipl, response attainable in the presence of PP5. Reversible
The hypothesis that PP5 affects GR-induced growth phosphorylation has been shown to influence the association
suppression arose from previous studies showing that theof GR with GRE, and several Ser/Thr residues in the
expression of p24AF1/Cirlis induced following treatment with  transcriptional regulatory domain of the GR either positively
either ISIS 15534 or dexamethasoré-9, 33) and the or negatively regulate GR transcriptional activatiag8{
observation that PP5 coimmunoprecipitates with the-GR  48). Because treatment with ISIS 15534 alone produces a
hsp90 complex34, 35). Review of the literature revealed gel-shift that is much greater than the maximal shift produced
that reversible Ser/Thr phosphorylation may influence (1) by dexamethasone, yet50% less transcription of the GR-
the binding of hormone to the cytoplasmic GR receptor reporter plasmid, the current data suggest that PP5 functions
complex, (2) the translocation of the GR into the nucleus, to regulate GR /GRE interactions or the nuclear accumulation
(3) the binding of activated GR to consensus GRE in the of GR, with hormone binding regulating the formation of a
promoter regions of GR-responsive genes, and (4) thefully active complex. Unfortunately, we are unable to directly
formation of an active transcriptional complek—<6, 43— assess the ability of PP5 to regulate the phosphorylation of
50). To explore the role of PP5 in these processes, we first GR, because ISIS 15534 targets a region of human PP5 that
compared the ability ofSH]dexamethasone to bind GR in is not sufficiently conserved in rodents and antibodies that
the presence and absence of PP5. These studies indicateefficiently immunoprecipitate GR in human cells are not
that the suppression of PP5 expression has no apparent effecvailable.
on the binding of dexamethasone to the GR, suggesting that The relationship of PP5, GR, p53, and W21/cr! is
PP5 does not affect the binding of hormone to the GR. In complex. The induction of p2#F/Cirl by p53 occurs in
contrast, when PP5 expression was suppressed, gel-shiftesponse to the direct interaction of p53 with its cognate
analysis revealed a marked increase in the amount of GRbinding site in the p24AF¥CP1 promoter (for review, see ref
associated with DNA containing consensus GRES, and GR-51), and it is established that the p53 protein functions as a
reporter plasmids were activated without the addition of key regulator of p2¥AFY/Ciel expression in response to stress-
dexamethasone. In addition, the combined treatment of ISISinduced signaling cascades initiated by DNA damégfe-(
15534 and dexamethasone induced reporter plasmid activab4), hypoxia £5), or nucleotide deprivatiorb@). There are



8856 Biochemistry, Vol. 38, No. 28, 1999 Accelerated Publications

two major aspects of p53 transactivation of ¥2/Cir: mediated inhibition of PP5 expression is sufficient to induce
accumulation and activatio®7, 58). Nuclear accumulation — p21WAFYCiel expression and growth-arres3j. Thus, PP5
of p53 is caused primarily by an increase in the half-life of functions as an inhibitor of phosphorylation-dependent p53
the p53 protein, and the accumulation of p53 is associatedactivation @3). As observed following treatment with 1SIS
with the transactivation of p53-responsive gengt 62). 15534, dexamethasone-mediated induction of*Z4Cirt
However, the transactivation by p53 of genes required for expression in A549 cells is also associated with an increase
cell cycle arrest does not necessarily require an increase inin the phosphorylation of p53 (Figure 3). This supports the
the amount of p53 proteir88, 57—59), and recent studies  concept that the phosphorylation-dependent activation of p53
indicate that both the stabilization and the activation of p53 arises from a signaling cascade initiated by glucocorticoids.
are regulated independently by different phosphorylation The role of p53 in GR-mediated induction of pPEL/Cirl js
events $2). . also supported by the lack of a single report in the literature

GR activation of p2¥AFCPl expression is less well  that demonstrates GR-mediated growth arrest in p53-deficient
understood. GR-induced p24F/cP! expression has been cell lines, and the lack of a GRE in the p53 promoter argues
proposed to occur via direct protetprotein interactions of  against the direct induction of p53 by hormone-activated GR.
the activated GR with preexisting p21F¥“P* promoter-  stjll, we were unable to restore dexamethasone-mediated
bound transcription factor9)and, in some cells of hepatic  growth arrest in TR9-7 cells by expressing low levels of p53
origin, by the induction of C/EB&, which subsequently  (qata not shown). This failure could argue for a separate GR-
stimulates p24*FL/cP! promoter activity by direct binding  mediated signaling cascade leading to the induction of
to cognate DNA binding sites in the p247/CP promoter 21WAF1CinL Alternatively, the inhibitory effect of PP5 may
(22). Our studies revealed that dexamethaspne-med|§1te(ﬁ0minate over the stimulatory effect of dexamethasone (i.e.,
induction of p21*F/®P is associated with an increase in iy the presence of PP5, dexamethasone-induced phospho-
p53 phosphorylation, suggesting that pS3 may participate in ryation of p53 is not sufficient to overcome the countering
the GR-induced signaling networks that control 22/ effects of PP5). If the latter proves true, both p53 accumula-
expression. o _ tion and increased p53 phosphorylation may be necessary

To study the r(iléilsgrlshlp of PP5, p53, and GR in the ¢, he jnduction of p2WAFLICiPL expression when PP5
regulat|o_n of p2¥ P> expression, we employgd A549 expression is high. Unfortunately, further testing of hypoth-
cells, which are grovvth arrested by treatment with dexam- eses designed to determine the precise relationship of PP5,
ethasone and wild type for p53. In AS49 C?”Sx poth ISIS p53, and p2¥AFLCiPL has proven difficult because either the
ﬁ?ﬁ;?ﬂgﬂﬁﬁﬂ?;2?;225}Ln?huecggp%gsvitgn'r;%f'fgp?ccurs?”hib"ion of PAlzlS/Ceﬁpression.or the accumulation of p53 alone

* I

In contrast, neither ISIS 15534 nor dexamethasone inhibitsmcfluces p2t ** expression and growth arrest in A549
proliferation or induces p2¥FYCirl expression in p53- cels. _ )
defective or -deficient cell lines (i.e., T-24 or TR cells).  From the data presented here and those available in the
Having convincing data that PP5 affects both GR- and p53 literature, we propose that PP5 functions as a promoter of
-mediated induction of p2#F/Cirl we wanted to determine  cellular proliferation by inhibiting both glucocorticoid and
if (1) PP5 affects two separate signaling pathways leading DNA damage/stress-induced signaling cascades that control
to the induction of p2¥AFUCil and growth arrest (one the expression of p2#FCel (Figure 4). In addition to the
mediated by p53 and the other mediated by GR activation) well-established role in the propagation of a growth inhibitory
or (2) if PP5 affects one pathway in which GR-mediated response initiated by stresS1j, our data suggest that the
induction of p2VAFY/Cipl gceurs via a p53-dependent process. P53 tumor suppressor protein may also directly participate
Binding studies, Northern analysis, and transient transfectionin a GR-induced signaling network leading to G1 growth,
studies with glucocorticoid-responsive reporter plasmids with the basal expression of p53 facilitating the propagation
indicate that A549, T-24, and TR9 cell lines all express of a GR-induced antiproliferative response. This antiprolif-
functional GRs. Thus, the inability of dexamethasone to erative response is countered by PP5, and in the absence of
induce p2YAFYCipl expression in T-24 and TR9 cells does PP5, the ensuing increase in GR-induced transcriptional
not appear to result from the lack of functional GRs. To activity together with the concomitant hyperphosphorylation
explore events downstream of GR-induced transcription, we of p53 increases the transcription of P2tVCrl in some
employed TR9-7 cells, a stable cell line derived from P53  cells @3). Thus, the increased expression of PP5 observed
human fibroblasts into which wild-type p53 was reintroduced during log-phase cell growth may function to facilitate
under the control of tetracycline-regulated transactivator and cellular proliferation by preventing the transactivation of
operator plasmids3g). In TR9-7 cells, the expression of p53  genes by both GR and p53. However, although the data
at high levels is sufficient to induce the expression of suggest that p53 may be necessary for glucocorticoid-
p21WAFLICL and induce growth arrest without any additional mediated G1-growth arrest in A549 cells, they do not exclude

stimuli (36), and neither the inhibition of PP5 expression the existence of additional GR-induced mechanisms leading
nor the addition of dexamethasone inhibits cell growth or to the induction of p2#AF/CirL,

induces the expression of pZ¥Y/Cirl when the expression

of wild-type p53 is inhibited by the presence of ACKNOWLEDGMENT
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is reintroduced at a low level, (i.e., a level comparable to We sincerely thank Dr. George Stark and Dr. Munna
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