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~ 2 1  Wafl'Cip' REG U LA'TES PROLIFERA"rI0N AND APOPTOSIS IN 
AIRWAY EPITHELIAL CELLS AND ALTERNAI'IVE FORMS HAVE 
ALTERED BINDING ACTIVITIES 

Renald BI~~ndell ,  David J. Harrison, and Shirley O'Dea P n t l ~ o l o p ~ ~  

Depn7-rment, University of Edi7zbu~g-12, Scotla?zd 

2 ~,7?'''q"C'LJ plc~ys central roles i n  proli~5e,-ci~ion, dQkrenti~~tio~z,  and c~poptosis. Altemtio~xs i n  
rile expression a ~ z d  szibcellzilar locnlisrctio~z of p21 OCCZLT d,~iring smerc~l h ~ ~ z g  diseases Bzit t1ze  ole^ 
o/;021 i?a the 1.~171,g e$ithelizi,nz a?-e u1zknozu7z. 7'1ze gfects ofjI21 072 p.1.olijie7~ltion ~i7zd o$opto.~i.s in., 
n~oz/.se c i i r~ua~  epztkel.ial cells (AECs) we?-e exm7zined z~sing ;021-1~~~11 nzice. AECs isolated J?onz 
p21-nz~ll 17zice Iznd increased prolfmntiolz nnd apopLotic rates cconzpared Lo AECs f,mn zuild-~)i;De 
nzice. Alter~ctions i n  the subcelk~lu+ localization of tlze cell cycle reg-t~lc~tol-)r proteins pa?, PCi\M, 
and p3.3 zuue also euident i n  p 2 r ' -   cell.^. Tlze 7zz~clear and qtopl~is~nic  f0rn1.s oJ'p2I p~~eselzt 
ilz i%Cs were nlso exnnzi?zed. P~~11-6r~gttiz p21 (20  1z.D~) was detected ilz 7zzicLa~- j?nctions l n ~ l  a 
Citrv1i17,al trzozcc~ted fwnz ( I  717,Da) of p21 was present i n  ~~1toplas1nicfi-nc~io7zs. Tlze Di~zdi~?,g ac- 
tivilies oJtrz~zazcated $121 were aliered con~$al-ed lo full-kngtk p21. Allhoug'lz the latter zuas conzplexed 
with PCIVA, Cclk2, Ccllz4, Cdk6, c)]cli~z 03, and q~cl in  E, trzt.ncatecl;021 was bozt,~zd 01x4 lo Cdlz4 
a11,d cycliiz D3. lTlz co~zclz~sioiz, 1 2 1  regulutes prol~erc~tion and protects against c~poptosis i72 ~ C S .  
I n  caddi~ion, dqJe,an,t fornzs of p21 are present in AECy and tlze ~z~beellz~~lc~r localizaZio7z of Llzese 
/owns refiecls dqferences i n  p21 ncliuify. 
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p* pv~lfl /(;lpl (referred to hereafter as p21) is a member of the Cip/kp  family 
lGp1 of cyclin-dependent kinase inhibitors (CKIs) that also includes p27 and 

P ~ ~ ~ ~ ~ ~ ~ '  . These proteins interact directly with the cyclin/cyclin-dependent 
kinase (CDK) complexes that drive both the Gl /S and G2/M phases of 
the cell cycle [ I] .  Initially thought to be inhibitors of cyclin/CDK com- 
plexes, it has more recently been proposed that low levels of p21 and p27 
in fact facilitate cyclin D/CDK interactions in the cytoplasm and their sub- 
sequent translocation io the nucleus [2, 31. Once in the nucleus, cyclii~ 
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D/CDK complexes sequester low levels of p21 and 1327, allowing cyclin E/ 
CDK coinplexes to remain active and perlnittilig cell cycle 131-ogression. Only 
~vlien p21 and p27 levels are sufficiently high ivill tiley iiiiei-act a:ith and miii- 
bit cyclin E/CDK complexes also. In coiitrast, l~o~ve~~el - ,  i t  has also been 
reported that cycliii D3/CDK4 complexes containing 1321 01- p27 are inactive 
hot11 in v i ~ ~ o  and in viti-o and that l~eithei- p21 nor p27 are required for lo]-- 
mation of cycliii D3/CDK4 complexes [4]. Thus, the precise 1-oles of Cip/ 
Kip proteins in cell cycle regulation remain unclear. Furthel-more, the 
extent to ivliich the functioils of these proteins olrerlap and call conipeii~a~e 
Ibr each other is also uizknown. 

In additioii to their iiiteractions wit11 cyclin/CDK coi~~pleses,  Cip/I(ip 
pi-oteilis interact with a wide range of other PI-oteins both in the cytoplas~~~ 
and in the ~iucleus. Tn the cytoplasm, p21 ii~teracts with sti-ess-activated 
protein (SAF'), ASK kinases, and caspase 3 to modulate apoptosis (21. 
p21 is geuerall)~ coinsidered to inhibit apoptosis [5], particularly when 
localized to the cytoplasm [ G I .  Ho~vevel-, several 1-eports also describe 
induction of apoptosis by p21, usually in the absence of fxu~ictioiial p53 
(reviewed in referelice 7). Interactions between p21 and cal~noduli~l may 
also be iillportant in ti-anslocatioii of p21 complexes to the nucleus [S]. 
111 the nucleus, p21 intel-acts directly wit11 a l~txmber of cell cycle 
1-egulat.01-y proteins and tra~~sci-iption factors il~cluding PCNA, GADD45, 
STAT3, c-Myc, CK2, and C/EBP-GI [ 2 ] .  Tliere are fewer reports of direct 
interactions of p27 aiid p57 with proteins otlier thaii cyclil~/CDK 
co~mplexes. p27 is k i i o ~ ~ i ~  to bind to the nuclear pore-associated protein 
mNPAPGO [9] and the exportin Jabl/CSN5 [ lo] .  p57 binds to and 
stabilizes the muscle-specific t.1-ansci-iptioii factor h/lyoD, suggesting a11 
important 1-o1.e for p57 in lineage-specific differelztiation [I I]. h4oi-e 
recently, p57 has also been found to interact directly ivith p53 [ I  21. The 
efkcts of this iiiteractioll on the functions of either protein are as yet 
unclear. The p21 gene appears to be more readily inducible than 132'7 or 
p57 by a wide rage of molecules, iiicludilig vitamin D3, reti~ioic acid, 
i 12 terkroil (IFN) -;I, epi tllelial growth factor (EGF) , aiid ill terleukin (11,)-6 
(I-el-ie~ved in reference 13). p21 may tlzerefore be tlie principal Cip/I<ip 
pi-oteiii responsible for regulation of respo~ises of adult cells to local 
eii~~i~-oilmeiital cues and may exert a protective ftuiictioii against stress [14]. 

In tlie lung epitlieliurn, expression of the iildividual Cip/IOp proteins 
~~al-ies 1vit11 maturation stage and also in a number of disease states. p57 
le~~els  are liigliest during lung development, particularly in tlie air~vajs 
[ I s ] ,  and subsequently decline postnatally during maturation and aging 
[lG, 1'71. p27 is expressed in quiesceiit adult aii-~vay and alveolar epithelial 
cells and its expressioii may be linked to differentiatioii stage [IS]. p21 
expression is widespread ill developing lungs [15], but levels decline ill  

iic~~-rnal adult lung cells [Is]. Sonie.cvl~at sui-prisii~gly, mutat io~~s in Cip/lCip 
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genes ai-e rnle in human tumours and only p27 has been stror~gly linked 
with lung cancer. Decreased p27 protein levels are associated with non- 
sniall cell lung- cancer alicl poor patient outcome [19], whereas coiiversel~~, 
increasecl levels occur frequently in small cell lung cancer [2(3]. 
Interestingly, alterations in expressiorl levels and subcellular localization of 

p21 have been rioted in epithelial cells during several lung diseases. 
Elevated proteil~ levels and nuclear localizatioll of p21 have been 
der~~onsti-ated in airway epithelial cells of patients with severe asthnla 
1211. Cytoplasr-nic localization of p21 may correlate with suppression of 
cell proliferation in bronchial squamous cell carcinoma, whereas nuclear 
localization appears to coincide with high cell proliferation [22]. 
Increased 11% expression has also been reported in lung epithelial cells 
during idiopathic pulmonary fibrosis [23] and immune complex alveolitis 
r24]. Ho~vevel-, despite being key regulators of the cell cycle, the roles of 
Cip/IGp proteins in normal and abnormal processes within the lung 
epithelium have not been investigated. 

We have utilized p21-null mice to explore the roles of p21 in airway 
epithelial cells. p27-null mice display increased body size [25] and p57- 
null mice display severe developmental defects, increased apoptosis, and 
delayed differentiati on [26], although no specific lung effects have been 
observed in either knockout animal. In contrast, p21 knockout mice 
appear to delelop and grow normally up to about 16 moliths when they 
develop spontaneous maligiiancies [27, 281. As with p27- and p57-n~ill 
anirnals; no effects of p21 loss on lung cell function have been reported 
in vita or in vitro. However, mice lacking both p21 and p57 show altered 
lung development ~,\~itll failure to form ilornial air sacs, although the 
defective cell Qpes 11ave not been identified, indicating that tliese proteins 
may cornpensate for each other in the single knockout animals [15]. 
Tl?tei-esting!y, the bronchial tree is unaffected in the double knockout 
animals. p21 chimeric mice also appear normal; [29]. In contrast to most 
of tl-le in vivo studies, the effects of p21 loss are more readily apparent in 

-/ - 
in vitro studies. Cultured rnurine embryo~lic fibroblasts from p21 mice 
have been found to be impaired in their ability to arrest in G1 in 
response to DNA damage and at later passages achieve higher saturation 
densities than wild type control cells [27]. MJe have found that cultured 
p2 1-' - mouse airway epithelial cells (AF,Cs) have increased proliferation 
and apoptotic rates compared to wild-type AECs, demonstrating that p21 
plays a central lole in these processes in lung epithelial cells and that 
chese activities cannot be compensated for by other Cip/EGp proteins. M7e 
have also exanlined the significance of the subcellular localization of p21 
in AEC:s  and identified a novel truncated form of mouse p21 in 
c):toplasn;ic fractions. This truncated p21 protein has modified binding 
activity compared to full-length mouse p21. 



MATERIALS AND METHODS 

Animals and Cell Culture 

p21-null mice .i,vere kindly provided by Philip Leder, Harvard htedical 
Scliool, Boston, USA. C57 black 6 mice were used as coliti-01 animals. 
AECs were isolated as described pre~iiously [30], seeded onto multi~vell slides 
precoated .cvith 50 ng/mL fibronectin. and cultured is1 Dulbecco modified 
Eagle rnediu~n (Dh/lEh/I) :Ilams F12 medium (1:l) suppleinented wit11 5% 
fetal calf sel-~lm ancl 2 mh/lL-glutamine at 37"C, 3% C02.  Because M C s  
a]-e isolated and seeded in clumps, countiiig of cells is not feas-ible. 111 order 
ro consistently seed ~vells at equal densities, an aliquot of cells was taken 
prior to seeding and absorbance reading was obtained using tlze reagent 
from the CellTiter Assay used in the MTS ( (3-(45-dime tliyltlii1izol-2-)~l)- 
5- (3-carboxyrne tl~oxypheiiyl) -2-(4sulfoplieii)~l) -2H-tetrazolium, ilil~er salt) 
pr-olifera~ion assay described belo~v. Cell suspensiolis were diluted and 
seeded accordil~g-ly L- . 

Histology 

Formalin-fixed, paraffin-embedded tissue sectioizs were dexvaxed in 
sylerle, rchjdrated, and stained wit11 hen1atox)~lin and eosin. 

FOI-n~alin-fixed, paraffin-embedded tissue sections were dewaxed and 
rehvdratecl. Cultured cells were fixed in prechilled ilietllanol for 5 minutes 
at - 20°C. Primal-~1 antibodies were incubated for 2 hours at roorn tempera- 
ture. Antiboclies used were as follo~vs: p21 (DAKO, clone SX118), p27 
(Sigma, clone DCS-72), p57 (Santa Cl-uz, clo~ie M30), PCNA (Sigma, clone 
PClO), alid p53 (TJector Laboratories, clone CM5p). Tissue sections were 
the11 inc~~bated  1vitl1 biotinylated secoridary antibodies ( D X O )  follo~ved 
by Sts-eptl4Bcomp1ex (DAKO) and stained with TJector Red substrate (Vector 
Labol-atories) . Cultured cells were incubated with appropriate Alexa Fluor 
fluorescent secondary antibodies ('C\/lolecular Probes) and counterstaii~ed 
~ r i t l i  D?LPI 1-1uc1ear stain. 

MTS Proliferation Assay 

CellT~tei- 96 Aqueous One Solution Cell Proliferation Assay (Promega) 
colorlr~~eti-ic assay ivas used according to manufacturer's il~structions to 
tle terlnine c cll proliferation rates. Briefly, 20 pL I-eagen t was added to each 
test \veil coli taillil~g 100 pL fi-esh culture medium. Cells were incubated for 1 
ho~li- at 37'C and supernatant absorbai~ce at 490 n m  was detei-n~ined. 



BrdU Bncorporation Assay 

At ci,-t),s 1, 3. or 5 of culture, cells tvcle incubated with 10 pNl BrdU for G 
hours, rinseci ~ v i t l ~  phosphate-buffered saline (PBS), and fixed ~vith 70% 
etli,~nol at 4°C for 1 hour.  Cells were then rinsed with PBS and incubated 
wit11 5 M FICl for 45 minittes folloicecl by 1 % hydrogen peroxide for 10 min- 
utes. Cells Jvel e then incubated with rat anti-BrdU-HRP (horseradish perox- 
idase) pri~nai-y antibody (Oxford Biotech) and binding was vis~ialired using 
l)iaimiiiobenziclii~e ( D M )  sol~ition. An average of 1000 cells xvcre co~lnted 
llsing a HOME microscope. 

Feralgen Stain for Apsptosis 

Cells T\:ere fixed in Eouins fixative (17:1:2 inethano1:glacial acetic 
acid:40% formalin) for 12  hours at 4"C, incubated in 5N1 HC1 for 45 rnin- 
utes, rinsecl ~ , \ r i t h  H 2 0 ,  and incubated in Schiff s reagent for 1 hour. Stain 
was de~,eloped by rinsing ~vith H 2 0  and cells were then counterst.ained with 
Light Green. Apoptotic nuclei were counted using a HOME microscope. 

Protein Extracts 

Cells \\:ere Iysecl in NPA buffer for total protein extracts. Lysat-es were 
centiifuged a t  15,000rprn for 10 niinutes at 4'6 and supernatants were 
collected. Fur cytoplasmic extracts, 1 x 10' cells were lysed in 100 pL cyto- 
plasn~ic lysis bui'Cer (50 rnM sodium fluoride, 5 mM tetra sodium pyropho- 
sphnre, I l-nI1l sodiurrl orthovanadate, 10 nlM [I-glyceropyropl~ospI-rate, 
0.5 % NP-40. 2 mh.1 EDTA., 20 rnh4 disodiunl hydrogen phosphate, 20 1nhf 
monosodium cli~h\:drogcn phosphate, and protease ii~hibitor (1 cocktail 
tablei. [Roclle] pel- 10 111L)). Lysates u7er-c centrifuged at 6500 rpm, 4°C for 
10 minutes and the supernatants (cytoplasmic extracts) m7ere collected. 
100 p1 ni.lcle;\r lysis buffet- (as for cytoplasmic buffer plus 0.3 M sodium clnlol-- 
jdc) was added to the rerr~laining cell pellets, which urcre then incubated on 
ice for I O n-lii?ut~es. The resulting 1ysat.e was cei~trifuged at 15,000 rpm, 4°C 
h r  I O i ~ ~ i n ~ ~ t c s ,  2nd the supernatant (nuclear extract) was collected. 

Lysates \+.ci-e inin~~~nopi-ecipitatecl using an 'IMMUNOcatcher' kit (Cyto- 
Signal) according to the manufacturer's instructions. Primary antibodies 
specific f o r  T'CN-A (clone PC:lO, Signla), Cdk2 (polyclonal, Sigma), Cdk4 
(c1o1:ie D(;S-31, Sigina), C:dl<G (clone DCS-90, Sigma), c):clin D3 (cloile 
DCS-22, Sigrna), a n d  c:)icli~,~ E (polyclonal, Sigma) were incubated wit11 cell 
1ysat.e~ ail cl con~l~lt-st.s were pi-ecipi tated using protein A/G resin. 



Western Blotting 

PI-oteiils ~z~ci-e separatcrl 11y soOdiui11 tlodecyl sulfate (SDS)-poljraci-ylal~iicle 
c r e l  electi-opl~oresis and ti-ansfel-red oilto nitrocellulose membl-ane. Blots 
c> 

\.\lei-e i n c ~ ~ l ~ a t e d  wit11 pi-imar!; alltibodies directed against. either t l ~ e  C-term- 
inal ciiil (5 l~~ii-rlan p21 but ~~vliicl~ also I-ecognizes mouse p21 (C-19, Santa 
CI-~7 . )  01- f~ill-leilgtll mouse p21 (F-5, Sailta CIUZ) follo~z7ed by HRP-labeled 
scco~zd;~i-y 211 til~ocly-. (:lie~~~ilrrminescence detection was tl2el.1 cal-ried out. 

RESULTS 

Histological Analysis of p21-'- Lungs 

- /-  
' rhe gross 1-l101-pholog)7 of p21 ' lungs was siniilai- to that of ~vild-type 

I~ings. J-Io~.\~c~,er-, a slight. flattening of the epithelial cells lining both large 
and sllrall ai,-v,~a)~s of p21- '- 111ice cornpared to those of .iz7ild-t)ipe airways 
was : l p p a i - ~ ~ ~ t  (Figui-e 1 ) .  This indicates that p21. 1~1aj7 pla~7 a role i l l  the 
cliffel-entiation of aii-14~aji epithelial cells. 

Expression of Cip/Kip Proteins in Airways of p21-'- 
and WiBd-Type Mice 

To tl e termii-i e wile ther cc)mperlsatory up-regulatiol~ of p2'7 and. p57 
- ,/ - 

occurs in 1121 ail-~vays in the absence of 2321, lung sections rzlel-e imi~lu-  
noc;inined for (I;ip/'Kip 131-oteins (Figure 2 ) .  p21 was confirmed ahsen t in 

FIGbXE 1 H~src , loy~ of ~\.ild-n-pe ( A )  large 2 n d  (5') sr-nail air~cays and p21 - '- (0 large and  (D) small 
;~il-\t-at.s. 1-TkF, qialni117 ? - l ~ c , ~ \ ~  aii-~\-ay c p i ~ h e l i ~ l  cells al~e sligl-~rl~~ flattened in  p21 - " lungs c o n ~ p a r e d  \ \~i th 
~ , ~ l d - t \  



p21-' - 1r~;lg tissue ~ ~ l l e r e a s  in .c~lild-type lungs, p21 ivas localized i~laillly 
to the ~>. tc-)plas~?~ of' ail-.i,vay cells, 1vit11' very occasional nuclear localization 
e ~ ~ i d e n t .  Sti-011s ~j.tol~I;ts~l-~ic irnn~un~staiiiillg fb i  p27 Tvas observed in wild- 

- / .- 
type air.iva>.s ~ v i c l - 1  a sil~lilar pattern occui-1-ing in p21 lungs. Imniuno- 
staining- for. 1157 .ciras ~ueaker  than that foi- p'27 but again, a similar cytoplasmic 
staining pattern iv3s present in both wild-type and p 2 1 - '  lungs, suggestilig 
that compensatol-v up-reg~llation of p27 and p57 protein expression does 
no1 oc:cx~r i i i  p21-" - air-\\lay cells. Ho1,vevel-, it  reillains possible that the 

'lit IC~L:.'; for Cip/l<ip p~~o tc i~ns .  (i'l) Positive c)lt)- FJGURE 2 I I I ~ I P  I I ~ I O > L ~ ~ I ~ I I ~ I ~  of ~t.ilcl-1.1 pc, :{11r1 112 I - ' - . ' - 

pl i~~nl i i -  <111c.i ~ I . I C I C ~ I I  I ,,I 1 ( 8 i , ~ j  ~ I I - I ~ ~ L ! I > O S L ; I I I ~ ~ I I ~  ~ O I -  112 I in l . ~ - i l c l - ~ ~ ~ ~ t ;  airxiays. ( Z j )  X c g a ~ i ~ ~ r  ~ I ~ I ~ I I ~ I I I C ) S ~ X ~ I ~ ~ I I ~  

.ui \ \ax\.  11'15 i l n r i i ~ ~ n o s t ; i i ~ l l ~  in ((,I \\.ild-r).pe and 1121 - '  - J'or J)? I I ) >  112 1 - I - 
. (I)) aii-~va~,s. 1337 i1il11111- 

I I O S L : I ~ I I ~ I I ~  1x1 (L) , . \ i l ( ~ l  ~ !p( :  ; I I I ( ~  (F:I ] ) ? I  ;~ii.\\-n),s. ( C;) I.iol;.pe C O I I L I - O ~  fol- p2 I an(! p'27. ( ii) Iso~y pc 
( ~ n i ~ l t ~ ~ ) l  f01~ 13.37 



ac i i~ . i t i i s  of 11'1'7 ;ri~il p57 arc alrcrrd in p21-'- animals at n lc17el other rhan 
~l j~- i -eg~i l r t t io~~ of jsl-orein exl.~~-ession 01- alterliati~7ely that p r o t e i ~ ~ s  otl~ler tllan 
the Cil~,:I<ip family c ; l~ i  c o ~ ~ l l ~ e n s a ~ . e  fol. loss of p2 1 acti1.i t ~ .  

Comparison of Proliferation Rates in Wild-Type and p21-' 
Cu$tmred AECs 

Filldings fi-(1171 121-e~~ious studies suggest that under normal conditions, 
1121 -' ani~nals  1-etain n 11orrnal pl~enotype. The effects of p21 loss 0121): 

ljccoin(, x p p - e n ' :  wlren p21-/- cells are srrl2jected to stress such as in oin-o 
cril(~~~il-c 01- DNA dainnge [ 2 7 ) ,  (11- older ages in the case of a11 i 111  als 
[YS]. ill tllesc cil-ct~l.nsr-ances, i ~ l f c ~ r ~ ~ ~ a t i o n  about the specific activities of p21 
c;\n l ~ c  ol>t;iined. 'Therefore, in order to more closely examine the ]-ole of 
pi'i il-I ;\il-~,va\'s, ,AF,Cs ~vel-e isolated and ct~ltured. Proliferation assays ~,vel-e 
c;.ir.i-ied or1 t ro corn pal-c prolifei-a tion i-ates bet~veeii wild-type and p2 1 - I -  
ctlls i n  viti-o. In rhe MTS assay? a tetrazolium co111pou11cl is metabolically 
1-ctl~lced 1 x 1  dell\-dl-ogenase enzymes in metabolically active cells. AECs iso- 
la ted ~'J-OIXI ~$.ild-n:]3~ 11-lice incl-eased approximately 5-fold over the 5 days 
i l k '  c ~ ~ l t  i~11-p. 1i-i conrr-;it, cells isolated from p2 I-' - cells inc.1-eased approxi- 
mr~ rel); I 7-fclld c i t r i - i  n g  t.11e same c~r l  tu-e pel-iod (Figure ?,A) . An altel-native 

FIGURE 3 1 3 3  1- - l ,~c , l i fc~- ; l t io~~ a c v > s  (;\; ?IrI-S p;~oliCei-ation assay 11-ns l~secl ro clet.el-mine ill? fold 

i l - i t r l  ?, ,cc  i l l  ,~ ( . l l . ;  ,, t 1 ; i n  of c~ilrrr:.e. (8) 131-dI' ii~ccil-pci~-ntion assa!.. PCI-ccntage l',i-rl\! pclsili\.e ilrlclei 
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PI-olift,i.;iric-)n ;iss;i\., lit-cIU incor-poi-ation, Jvas also carried out to ens1.11-e that 
- / -- 

potential ~nctnbolic tliff'c-1-erices ben,\ieel~ ~vilcl-type and p21 ' cells did not 
a c c o l ~ l - ~ ~  F o r  the diite~-erlces seei-i in the b1TS assay. Similar rcs~llts were 
obtained ~ i r i t l ~  the B1-dLi ass;?):. Appl-osimately 5% to 10% wild-type cells were 
in S-pl~;t.;t o f  tile cell cycle at each time point, as deterniirled by ErdU- 
posirive ~iuclei, \\-ereas 20% to 30% p21-'- cells MY]-e in S phase a t  equi1.a- 
1c1i t t i ~ n r :  points d  iring culture (Figure 3 B ) .  These results indicate that p21 
plays a kev regrllator-\; role il-1 t i ~ c  cell cvcle of AECs and dernonsi~-aces that 
p2'7 ;-tl~icl 1157 canllot 1-eplact. t h e e  specific f~~nctioi?s. 

Apsptosis in Culthered AECs 

p X  j~lavs a centl-;].I I-ole in I-eg~llation of apoptosis, although its effects 
appeal- to T-J I -~ ;  i~it.1-i cell r ipe  it w;is found that apoptosis rates in p?l-'- 
/a(: cultr~res 1vei.e approsii~la.~ely iix\;icc tl~lose of tvild-type , E C  cultures 
(Figure 4) .  T l - I ~ I  efore. p21 appears ro play a ]-ole in  the protectioll of air~,l;ay 
e11itl1elial cells against ;ipoprosis a n d  this function c a ~ ~ n o t  be replicated by 

- -  . 
132'7 01. 1 1 1 2  tl-lest. cells. 

Subcellular Locaiizaticn of p27, PCNA, and p53 in p21-'- AECs 

Furtl-~cl- ii~ves:igatic~ins i n ~ o  ihe regulatory role of p21 in cell cycle p1-o- 
gress io~~ ; t ~ i d  ~ ~ C ) P I C ) S ~ S  wrel-e cnrr-ied o:lt 12): cornparing cl~e subcell~~lai- loca- 
lizarioil of fir3 pi-oicins ill\-ol:ril i n  illesr processes in ~,i~ild-rype 2nd p 2 1 ' -  
cclls. 'The inciclence of Im11.1 cvr.opla.srnic and nuclear p27 tvas increased in 
the n.i~sc:~lcc- p21 clul-illg cr~lt.ui-e (Figlii-e 5A). 11-1 tlhe case of' PCNA, cyto- 
plasmic nilrl i-,iicle;ii- 1c;;eIs ~iii-lt. similar in I,\-ild-type and p21- ' - cells at days 
1 and 3 of cu1iiii.t. 1~ii lr  ren~ained elevated at culture day 5 in p21-'- cells, 
~vliel--?as i:lie). hec;~rne reduced in ~vild-type cells (Figure 5B). Similarly, botll 
cytoplasrnii- niiil niiilc:;~ p5h-ernaiiled elevated in p ~ l - - '  cells at: day 5 of' 
ci~lttu-e co~i~l:,;l~-t.ti rm \\.ild-rypt' cells (Figui-e 5C). p21 the]-eiore influe~ices 
tlie s ~ ~ l - ) c - e i l ~ . ~ l ~ r i  l(-,c-;tlizatio~l o f  132'7, PCNA, and p53 and this presumably 
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1-efect-s n1re1-ed acti1-it]i: of these PI-c)teins. AIterat.iolis [he activities of PCNA 
anti p5.3 ill [lie i ~ l ~ s e l ~ c e  of 1121 and the slistai12ed levels of expl-ession of these 
131-oteins i r i  p ' l l -  ' - -  cells at. day 5 of culture are likel:. to be responsible, at 
least i l l  ]:);art. tile inti-eased rates of PI-olifel-ation slid apoptosjs ol~served 
i i i  p2 1 ' ,iEC;s. 

'T'l7c. 21201 c. c t~~~dies  c1el11onst.1-ate that 132 1 plays key roles in ail-~vay cell 
1 1 i  I a12 d :tpo11rosis and tl~at. tllese acti~ri ties are not fully conlpell- 
satecl for 13)- or11i~:- (:ip.,'l.Lip f ' a ~ ~ n i l ~ ~  melnhers in c u l t ~ ~ ~ - e d  U C s .  111 ordi.1 to 





n-lol-c clt-)sel!- t.xal-iiine the roles of p21 in tlj.ese processes, the fluctuations in 
tlie suI~cci11ll;n- localizatiol~ of p21 i11 wild-t-ype AECs wel-e exainiiied ovei- 
time i l l  cul tul-e (Figui-e 6) . At culture clay 1 , p21 was localized pl-edol-nii~an tl~i 
to t11c c>.ti~l~l;.,qln, \\-it-h appl-oxiinately 5% cells displaying nuclear localiza-. 
tiol-i. '1.1-iei-e r \ x s  an incl-ease in iiucleai- 1321 to 205% on day .?, wit11 a sliglit 
1-educ-tiori in cj.toplasmic p21. On day 5, the localizatioll was sil~iilai- to that 
of clay 1. A t  all time points, a proportion of cells appeared to colltaiil e i~ : l~e~-  
cj~tol~l;lsrl~ic or n:lcleal- p21: ~vhereas a sl;ll~populat.ion appeared to contain 
11otll fi)i.i~~s. S'liel-e is no clear correlation betxt~een the subcellular loca- 
li~atioi I :)f p2I a t  eacli time poi11 t 2nd {.lie other parametel-s exal~~ined 
i v i l l - t ~ e  cells, inclntiil-tg pi-olifera.tio11, apoptosis, ;tnd subcellular 
Ioc.aliz:~tic:)i~ of' p%, FC:NA., aid p53. 

Csemparison of Cytoplasmic and Nuclear p2'8 Proteins in AECs 

In order t o  further exaniilie the role of p21 in cellular processes and to 
dlctel-r-i~i~-~c. the r e l e ~  anct. of tlie ;tltei-nati~~e subcellular localisations of p21 
in *4E(;s, tile cl-toplasmic and n~lcleai. forjlis of 1321 in cultured were 
c o r n l ~ ; ~ r ~ d  1 7 ~  \Alestern blotting. C~~toplasmic and 11uclear protein extracts 
wei-c pi-cpared fi-om ,G:Cs ;)her 3 days in culture. The estracts wel-e 
sepal-ated Fx- sodiur-n doc1ec)ll sulfate-polyacry1alilide gel electrophoi-esis 
(SDS- PACE) and blocs were probed usilng ail antibody raised against lilll- 
lengtl~ I->". i-2 20-kDa protein correspoi~diiig to f~ill-length p21 [23]  was 
detecfcd i l l  [lie nuclc;xr esti-ac~s 1~11el-eas a 17-kDa protein was detected in 
c . \ - t ( - ;pI ;~~i~l i~ estl-acts (Figure 7A). Total protein extracts fi-om MCs aftei- 3 
d;,~\.s i i i  ~ 1 . ~ 1  t111-t. 11~~1-e then iiiii~~r~nopi-ecipitated with an antibody raised 
:lgailirit 11-lt. c : - tc i - l~I i~~~c  of p27. ( 3 n 1 ~ ~  the 20-kDa hand uTas cietected with this 
ni~til)c,c-l~-, i~ltlic:rci~~g tliat the i 7-kD;i band I-epi-esen t s  a cleaved fol-ln of p21 
t11;:t is t.!i~~ic;itec! a t  its C,-tern~il~al e1-d (Fig1.11-e YC). 

FIGURE 7 (,4) C~ic ip i ;~s i~~ ic  ;ind nucleai- pi-otein cstl-acts fi-0111 S C s  at da). 3 of cult~lre .i\.ci-e blotted 
a p ~ o \ ~  :in < ~ n  t , l ~ i o ( l \  I xised ;~gainsr fiill-length 1121 (F-~IYI ) . Ci;toplasmic p21 \vas a 17-kna protein ~.\-l~ere;is 
I-i~icle,ii- 1'21 \\;IT .I 20-LD.i piotei i~.  i E )  1'0131 I : ) I -o~c~I~  ~ s ~ i - a c t s  fi-0112 AECS ;it day 9 of c1ilt~11-e ~vel-e pl-ol7ed 
~ i - i t l l  ci11lc1 F-1121 01 ,In ,ii~ril)ody raised againsr t11e C-(el-minal of p21 (C-1121). The 20-kDa aiid 1'7-kDa 
f o ~  nis  of  ill \\.eir. clctc~cictl \\.it11 F-pW. Oiily rile 20-kDa pi-oiciil \,.as obsei-\;ed ~vith C-p21. R4olcct1lai 
\$,riqlir\ \.,,r,e ( ~ ~ ~ I ~ : I ~ ~ ~ I ~ I I c c I  I> \  C O I I I ~ < I I . ~ \ O I - I  \\-it11 I I ~ C ~ ~ C ~ C L ~ I ~ I ~  ~vcigllt s ~ ; ~ ~ ~ d a i - d s  1 - L I I I  ~ i i n ~ i l t a ~ i e n ~ ~ . ~ l ~ ~ .  
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p31-!' PCNA Cdk2 Cdk4 Cdk4 Cyc 113 Cys: E 

FIGURE: S Jir~,ri ;,I olrlli c.\tl-;irl\ f i.oln .AE(;s at da) 3 o f  cillr.ul-e wcl-e iinmtinop~-ecipitated 1.1.sing i~ltml,el- 
of :li-i1il1ocli~~ ~lil-zc[c~ti as;lluxl (:ell c).cle-ie!arcd pl-otcil~s, blot~ed, al~cl  tlleil prol~crl ~ ls ing  
l . ' -~~t ' l .  17~~11-lrng(l~i 1321 \\.is coinp1rsciS ;\;it11 f '(C3.i. CcIhiZ, Cclk4, Cdkb, c)clin DS, a i ~ d  cyclin E. \ \ . I IPI -c ; \ s  
t ! . t ~ ~ l ( : ~ l ~ t ~ ( ~  p?l \ ' , , ~ s  ( . O I ~ I ~ I ( : Y ~ C I  ~ c i t l ~  C 3 k 4  ;IIIC! < . y c I i l ~  D3. 

CornpHexes of Cytoplasmic and Nuclear p21Waf"Cip' 

In c)l-dcr to c>s;~mi.ne rl-le act-i\-ities of the f~lll-length and ~runcatecl forlns 
of p2 1 pl.otc.il;s pi-csc.ii t in M C s :  i n ~ i n  u~noprecipitations were carried out  to 
ideni-ify ~,\:h:it ceIi c\.clc rcgt~lrttors: proteills, if an);, were boulici to each hi-111 

of p2I .  -Ti,t;tI zcll exti-acts fi.o!n G C s  after 3 days in culture \,\:ere im?l~luno- 
precipitaiccl .\\.it11 i~nltibodies dilectecl agai11st PCNA, Cdk'L, Cd1~4, CdkG, 
cyclin 193, ;~nc i  c~.c:lii~ E. Tl~c: i inn~~~ll~pl-ecjpi t :~t .ecl  proteins ~vel-e run on  
SI1)S-P14C;E :::(:Is, i~)lotied; ancl probed i-lsillg tlle z~ntibody raised against the 
filll-leiigih p2l piot~ein. ,41;1:C:s cilltl.rrecl fi.0~1-I pel-null mice were 11sed a.s a 
11 egative cc)ii i~-c:)l. FtlI 1-lel~gtll p2 1 was foul-LC! to foi-1-11 conlplexes with PCNA, 
C;c11;2, Ccik4. C:c-i!;ii, c~-t.lin D3, and cvclin E in AFCs ~vl~e~-eas  the truilcated 
form of' 1121 i i i  I t ' ~ . ; l c . i ( < ~ i  c-)r~l- \ ,  i i i t l ~  Cclk4 ;LIXC{ c).clin I33 (Figure S) . 

Altl~or~gll  pfi1 p l a \ ~  a central i-ole in I-egulatioi~ of cell pr-olif'eraeion, dif- 
fel-eritinrioii. aiicl ;ipc:)ptc)sis; ille mec21anisn;s by which p2l regulates these 
PI-ocvss~s ;il-(-. ~ i ~ i c - i ~ a r .  'rhe ;ictivities of p21 a.ppear to 1m-y depending 01.1 a 
111-1rnl1el. of' iactoi-5. il~cluc'ling cell t)pt., subceil~.~lar iocalization, level of' 
cspl-essic~)li, ;iilcl j,ost-ti-:-lnsl:lrio12al nlodific;l~jc)ix. In [his study, p21-null mice 
cvel-e 11sed rw c ~ a ~ l ~ i i l e  tile I-ole of p2l  in AECs. Despite its key %-ole in cell fa.te 
clecisioiis, the 0171). 1.epol-ied cor~seqt~cr-~ce of' 1121 deletioil in viva, in other- 
\.vise nol.nl;~l l i ~ , a l ~ l i ~ -  ani1~1a1s, 1.5 211 increase in the rate of'spol? taneous ma.lig- 
riar-~cjcs ill olclc.1- n~lil:~als l-'LS]. This suggests that p21 acti~rities are largely 
reclunda~~ L. I-I(,\vc\.c,l-. p-'C I -specific cfli-cts 1)ecorne apparel1 t 1vl1e12 p21 -deli- 
cie~lt :)i-tirn;ils ; i i i ( I  cc'lls ;II.C sr~1;jec:ed to varions kinds of stress. In a mouse 
model of ( : l - i ; - ~ i - i i ~  ~-c\i~al 15il~u-t. indl.~ccd by p;11-ti;1l I-enal nbla~ion, 1121-11t~l1 
; t r ~ ~ i ~ ~ ~ ; i l ~ . ;  ewliiljii ;i r!lc~)le i1);l~ei-l31asi.i(: 1-t:actioll 11ia~ ~ l ~ e i i  wild-vpe coc~nt.er- 
JXII-~S,  ~ \ r i  t l-I L I I I - ~ . F ' ~ I  i1:tl i o n  o f  PCNrZ ill ~-ril;~l ccllc, resulting in the failul-c: to 
I.)I^O$XSS 1 0  (:I~I (~l-si~agc ~-crl;ll clise;~se 13 1 1 .  Sirnilal-ly, \\:hen cells 21-e isolat-cd 



I 1 - a i ~ i ~ ~ ~ a i s  ? L i ~ c i  c~lltured in vitl-o, cffkcts of 1121 loss on cell cycle 
~xog~-esi(c,n .1!~1d al~ol~tc)sis becorme apparent [ 2 7 ] .  Tl~ese lznockout stll- 
dics cnnfi 1-n? the i;~igge;tion that 1721 ex(r'i-ts a pl-otective li~nct:iciii :~zailist 
stl-es,\ 1 1  41. 

i~oles (-)f'1121 i n  lung cells wel-e c sa i~~ inc t l  in tl~is st~rtll1. X slight altel-;I- 
t ion in tlie ~ i ~ c - ) ~ - ~ ~ l ~ o l o g y  of ail-wa~r epi the1i;tl cells i l l  1321-" - mice t o ~ \ ~ l - d s  a 
I I I ~ I - ~ .  fl;ltrel~c--d aiIIleal-.;uIce was the only obsel-mble effect ofp2l  loss in \.ivo. 
pi'l ;111cl 1127 1lai.e h c ~ n  associated ivith dif'ferentiatiol~ of a nluml-)er of cell 
t\!prq, ilicl~iciii~g ];el-atilloc).tes [32] and rnt~scle cells [ 3 3 ] .  It is possible that 
112 1 p1n.i.s a mil-101- I-oic: in ~-egt~lation of diftel-elltiat-ion of heal tll)] lung 
el~ithi_.lial c c l l~  cii- else i ~ l ~ ~ t  p27 alicl p57, 01- other proteins, 31-e cap~I>le of 
s~~hstitntiiig 1 ~ 0  3 I:qe degree for n.loi-e significa~lt 1121-1-elat-ed difrerenriation 
effects. i?\ltl~crlsli ~rl1-1-egulation of p27 and p5'7 \{:as not obsei-\red in llrng lis- 
s t ~ c  in iht? :~ lse~:cc  of p", cllanges in their acti17ities at tlie sllbcell~~lai- level 
n1a)l occ.1.1 I- to a(-hie~.t. these cfrect.~. Alte~-11;1tively, if tile pl-i~nal-y role of p2 1 is 
cilri-ill? tirnc-s of' stress, e tTect.s of i ~ s  loss, such as 1113-I-egulatiom of 1227 and 
p.57, 111;'). ( - ) i i I \ .  l>e app;n-cn t i l l  injrli-ecl lungs and may not be e\,iden t in unil~l- 
, j~~ l - ed  11111gs a s  ~-'s;l~!iili~'d 1ie1-e. In sr~ppoi-t of this, levels ofp27 were I-aised in 

C )  -- ,', - 
pL 1 cr[ l t~i~-ed XECs indicating fil.stlj:, that a ;~~;lijor role for p21 i n  AECs is 
t ~ )  I - ( I S ~ ~ O I I C ~  t o  yi-I-(ISs and secondly~, tllai p25 may indeed si~~bstitute Tor the loss 
of p2 i ilndel- stl-essiill cil-cumstailccs. Anili?al niodel studies of ltlng i i i i ~ ~ i - y  
an(1 clisei~sc, r l s i i ~ ~  p21-1ltd1 illice \vorr!d 111lo.i~ r~~rthel-  dissectiol~ of tlie activ- 
itic-s 01' the 61:ip/ I<ip 111-atcins in ~:ivo. 

-1 c1occ.l- ~ s a ~ n i l ~ u r i o n  of tllc efiects of p21 loss mias possil~lt. using cul- 
. -- 

t r ~ l . t . i I  ,%I-:( :s isolareti fi-om ]32!-- , ~ ~ l i c e .  Ti? ctdtt~l-el 132 ] - - / -  cells eshil~it 
i:ic~-e;lscr.cl l'ati'c 0.f pi-oiifel-aiion anci apoptosis, clellionsii-atii~g that 1121 i-cg11- 
la tcss rrl-lc I-nt c-. of l~l-c)lii--el-;ttio~~ of' ;l\ECis r311cI also 121-otects agaiiis~ apoptosis. 
Silstailird l r i a l l  li~\-cis of'PCNA in p i ' l '  culim-ed cells indicate rhar reglrla- 
ti(:~i~ ol c.t.11 c;,cle regulatol-y p~-oteilis is altered i ~ i  the absence of pe l .  Tlie 
I;::]-e;~te.;t cliffel-ericc i i i  PC:NA ~q) re s s ion  lei-el .\\?as seen at  da!) 5 of cultr~l-e, 
sr~ggesting i11:lt orliei- ccil cycle I-eg~~latoi-y 111-oteins are also i11~7olved JII  tlie 
intl~lcrion oi' e l l ?  11igh ~~~-oliSe:-;lric~n I-riles ol;ser\.ed a t  [lie earlier time points. 
J11cl-eaied Ir\.c~ls of 1353 expi-ession are also likely to be i~ i~~o lved  ill t.he 
incl-r.iscii I-ates of npoptosis in l ~ ~ p  cells. The effects of 1121 loss o n  !]I-(-)- 

1ikr.ation 31-:cl ;ipr-~ptosis deli~olistl-atc that 1127 and p.57 cani~ot  f r~l l j~  compe11- 
sate for 1121 i n  tlnc-se cells, despite the illcrease im 112'7 131-oteil~ expression. 

N(-1 c~.oi-i~elatic,n iv;.~s fc)i.lild hen\~eeli tlie sl111c:ellular localization of 1121 ill 
1vild-t\.17c cells ; I I I ~  121-olif.1-ation; apoptosis, and expression and subcellu1;ll- 
localiz;tr-ic:)1i of 1:)27, 19C:W,\, and 1253. The .signalii~g patl1~vaj.s invol\.ed in these 
111-oc:c.sqc-s ;11-(- ~ i . ) i l i j ~ l ~ ~  a i ~ d  ;31.~1 illfl~lcncecl l ~ y  a TI-icle I-:ilige of factors. Addi- 
tic,l~;-il ~ r t ~ ~ ~ r i r ~ l c i ~ r s  \ \ - i l l  bc i-~clui~-ed to dissect the roles ofii~cli~~idual proteins 
s ~ ~ c _ l i  a s  1~121. Eii oi-dcl- to ~nol-e closel~: cs:xmine [lie ~ L I I I C I : ~ ~ I . I S  of p21 in , 4 E C ,  
tl7e I~iiidillg ;ic-ri\-irie.; CT-tc)plasi~iic and nl~cle;tl- p21 wel-e dctei-1ni1~1ed 21-1c1 



17.\'(~) (listillc t i(~)i-llis (oi' 1.121 \\:?re identified. T4'c: are not am:ai-e of other ~-eports 
clcsc:~-iIbi~~g ti-i~i1~;itc'd ri?c_,use 1121. h4ulr.iple t b r ~ n s  of 1121 halie been reported 
i l l  liurl~lan cells [3/C42]. .\ltc~-l-lati\-e splice variants and post-tras~slational 
~llodi-ficatioi-is sl~cli :is li\.l2opliosphorylat.ion and 121-oteolytic cleavage pro- 
duce Sol-ms o f  1 \\-it11 1'31-ying sizes and biological activities, altl1011g11 most 
stildies 1131-c: i.ji.t.~l cal-:-ieti out u s i i i ~  cell Iines rather tllan liorl~lal cells. In 
agl-et.l-rie~lt \\:it11 sc~.el-a1 of the 11uma1-i sn.ldies, the l.7-kDa form of p')l pre- 
sent j11 11ol-!n;a1 AEC:s is ti-irncatcd at the C:-terlninal end and is loc:~lizecl to 
tllc c)~tol~lnsnl. As espected, 1.e founcl ihat fi~ll-length mouse p21 forms ~ 0 1 7 1 -  

p1cxc.s \,\-it11 PC24.4. CcIk2. C:cik4, CrlkC,, c~-c:lii~ D3, and cyclin E in M C s .  In 
contlasc. [I-~urcatcri nlo~isc. p21 oiily bin& cyclin D and Cd1~4. Such com- 
pleses 11al.e 11ot 1.)1-~1-io11sl\: been described in either mouse 01- 111unan cells. 
Yoon and H i ~ i ~ t e i -  sl~c>.i\-ed that a 19-kl)a C-tei-minal t runca~ed  fol-ln o f  1321 
coulcl bc-. ind\tc-c.d in iioi.mal fibl-oblasts fi)llo.i,\ling esposure to higli-dose 
r -~l~~-a\ . io l~t  (121') i~-~'ndi:~tion [39]. 'I~'1le ti-1111catecl pi-otein also accounted 
Sol- tlic ~-i~:!jorit~. o l '  p21 p1-oteii~ in sevcl-a1 ~ultreatecl h~lrnan carcinol~ia cell 
lines. ?'lie 19-ii'i~):i pi:l \\-:is ciercctccl i l l  both nucle;~r and cytoplas~mic h-ac- 
tions, b ~ r  a !ligl~c:j- I>I ' ( . - ' I . ) c ) I -~~o~~  \\-as present in the cytoplasniic fi-action and 
~li1lil;c i '~lll-le~~~gtli  p21. \\:;ls not cornplesed to Cdk2 01- PCN-A. Caspasc- 
zllec1iat.cil pi-c:~tcoi~;sis Jlxs been clii-cctly in-tplicated in the production of 
p21 T~-;tg-~i~viits o f  \.;i~-!.i~ig S ~ L C S .  16-kDci h-;tglnelit of p21 ~ ' \ ~ r % s  detected il-1 

3 t ~ l i l l c ) l -  ni:c:rc,sis hctni -  (:TNF)-sel~lsiti\,e 11unl;l11 cei-vic;ll cal-cinor~la cell line 
dlu-ing a , )o~iosis  il!tlIic.eci hy 'TNF irtatrnent 17~1t localization and activit-y of 
tile / i - ;~gr~~ci i  t T \ ~ ~ . I . ?  i l c ~ t  I-cl~oi-ted [40] . p.53-dependent pl-oduccion of a 14- 
kiln p2l  ii.:tqi~ic-*r-lt occ~~i-1-rd in h ~ l n ~ a n  ~uycoblastic leukemic cells but not 
in I I O ~ - I ~ I ; \ ~  1 .1~11l l ; i i i  1 1 1 1 i ~  Q -  fih (>blasts in 1-esponse to ;I.-irl-adiatioi? [35] . The 
14-kDn. fi-;\;gi~icii t ~:.;\s ;.~ssociat.c~d ~ v i  tli cyclil.1 '4 and Cdlc2, but did not. cornples 
\v\litll 1'CN,4. 'F7\\;o i-c:l,or-ty clescl-i11c trunc:atecl p21 in the A549 human 111119 
cn~-cil-~oi~i;i (v i l  ' ~ i i l ~ .  Tile 20-kna c:-i.t..i-rninal ti-ilsicated foi-1-n of p21 observed 
12). Tc l~c3~~  ; ~ ~ ^ i t l  co~i-(1:-kei-s appeared d111.ing pl~orbol  estel--ind~~cecl G2/hil 
a]-1-(-st bltt its s~r l~~:e i l~t lar  lc~c:;lli~;~tioi~ TV:IS not repoi-ted [SS]. Cj~oplasrnic 
localiz;lticii~ o f  :L c ; I ,~~) ;LsF ' - c~~ : : ;LT~c '~  1:5-k11);1 pi)l fi-agment. was also 1-epol-tecl 
[3Ci]. Thix c.lc.:\\-t.ti fol 1-11 (-I[- p2 1 lailcd to ill rest cells i.n GI  phase ancl failed 
to bill(-I lo t'f:XA 1L)~li did 11ind CXk2. T,\Te ai-e currently ini.estigating if the 
I$-kD;l f(>i-rl of pill desc.1-ihet~l 1-ierc i 1-1 AECs occurs as ,-i result of caspase clea- 
v~ige ancl l ~ i o \ \ .  i t s  ;ippc:;\l-:il!cc col-I-el;\tes .ivitl-i pliase of the cell cycle. 

.This is a l ~ o  :il e fii-.;I- 1-epoi-t of' ti-u n c;~l.ecl p2 1 in tel-acting \+:it11 either cyclii~ 
D.3 01- Ctlkil. ?'he t-iclllc )ilstratio~-l tliat cvclin I>?,/Cclk4 colnl2leses can fol-rn 
311cl l~i-.coi~lc ac..l i \.~ i l - I  t i l t .  ; i l~sc-~ic~ ( i f  1:)ot.h 112 1 ;mcl p27 sllggests t.hat the pri- 
lnal J -  I-olc of' pi ' l  i l  I c-t-c:lil!./ (:clli f'r.~~~ct!on i . ~  c;as i-eg111;ltoi- of subcell~ilal- loca- 
lizalioi-I ;111(1 ; i ( . i i \ - i  L! I . ;L~-~IcI -  1 1 1 ~ 1 1  !;~cili~;ito~- of assciilbly 1431. C)I.II- I - ~ S L I ~ ~ S  

s~lppol-t r i i i 5  I ] \  pc ) r l ~ t . j , \ .  (~:l(>;~~.;~gt. i)f tile nucleai- localization sigilal ~,vhich 
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