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Cytotoxic T lymphocytes (CTL) induce apoptosis by engaging death cl 
receptors or by exocytosis of cytolytic granules containing gran- co 
zyme (Gzm) proteases and perforin. The lamins, which maintain qu 
the structural integrity of the nuclear envelope, are cleaved by (2 
caspases during caspase-mediated apoptosis. Although death re- VI 
ceptor engagement and GzmB activate caspases, CTL also induce 01 
apoptosis during caspase blockade. Both GzmA and GzmB directly of 
and efficiently cleave laminB in vitro, in situ in isolated nuclei and de 
in cells loaded with perforin and Gzms, even in the presence of th 
caspase inhibitors. LaminB is cleaved by GzmA at concentrations of a 
3 nM, but GzmB is 50 times less active. GzmA cuts laminB at R392; du 
GzmB cuts at the caspase VEVD231 site. Characteristic laminB en 
fragments generated by Gzm proteolysis also are observed during pt 
CTL lysis, even in the presence of caspase inhibitors or in cells G: 
overexpressing bcl-2. Lamins A/C are direct substrates of GzmA, Lc 
but not GzmB. GzmA and GzmB therefore directly target critical clh 
caspase substrates in caspase-resistant cells. 

Ml 

Cytotoxic T lymphocytes (CTL) and natural killer cells induce Ce 
apoptosis primarily by exocytosis of specialized granules, (F 

which contain perforin (PFP) and Ser proteases, termed gran- 10 
zymes (Gzm). With PFP, either GzmA or GzmB, the most ca 
abundant Gzms in CTL, can independently induce cell death Pt 
(reviewed in ref. 1). GzmB activates the caspase pathway of H: 
apoptosis by directly cleaving caspases 3 and 7 (2, 3). However, hu 
caspase-independent cell death is also initiated by PFP loading Vi 
of Gzms or by CTL because cytolysis occurs during caspase lal 
blockade (4-7). GzmA initiates rapid caspase-independent 2 
death with single-strand DNA breaks but not oligonucleosomal m 
fragmentation (8, 9). Caspase-independent apoptosis is impor- of 
tant because many viruses and tumors can evade caspase- an 
mediated cell death. gp 

GzmA is a tryptase and GzmB cleaves after Asp or M et Fi 
(10-13). Both proteases are highly specific and few intracellular ac 
substrates have been identified. GzmA cleaves IL-13 (14), the ce 
nucleosome assembly protein called SET, PHAP II, or TAF-I3 (C 
(15), and histones (16). In addition to the effector caspases, trn 
GzmB directly cleaves the downstream caspase substrates, bid, mi 
nuclear matrix antigen (NuMA), the catalytic subunit of DNA- (3 
dependent protein kinase (DNA-PKcs), and the caspase- co 
associated DNase inhibitor (17-19). 

The lamin intermediate filament proteins are the main struc- An 
tural components of the lamina underlying the inner nuclear ca 
membrane (20). Lamins A, B, and C are present in equal Y 
amounts in most mammalian cells. Lamins share a tripartite eg 
organization with a conserved central a-helical domain flanked 
by N- and C-terminal nonhelical domains of variable size and 
sequence. Lamins A and C are alternate splice products of the Thi 
same gene. Lamin polymerization is required for nuclear reas- Ab 
sembly after mitosis; nuclei assembled in vitro after lamin inh 

kill 
depletion are fragile. The lamina is a major chromatin-anchoring fer 
site of matrix-associated regions during interphase and is dy- tDE 
namically regulated by phosphorylation (21). ?Tc 

Lamin is proteolyzed during apoptosis induced by various 
agents (22-26). LaminB degradation in apoptotic thymocytes art 
precedes DNA fragmentation (25). The sites of lamin A and B ?1; 
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'avage during caspase-mediated apoptosis were mapped to a 
nserved Asp residue in a consensus caspase cleavage se- 
ence. LaminA is proteolysed by caspase 6 at the site VEID230 
5-28). The analogous caspase cleavage site in laminB 
EVD231 also fits the consensus caspase 6 sequence (29). 
rerexpression of caspase-resistant lamin mutants or inhibition 
lamin cleavage delays DNA fragmentation and nuclear con- 
nsation (26, 30). A nuclear lamina-associated chymotryptase, 
e Ca2+-regulated nuclear scaffold protease (CRNSP), possibly 
proteosome component, also plays a role in lamin cleavage 
ring apoptosis (30-33). Because disruption of the nuclear 
velope may be essential, even for caspase-independent apo- 
)sis, we investigated the fate of laminB after exposure to 
:mA and GzmB in vitro, in isolated nuclei, and in intact cells. 
minB is a direct substrate of both Gzms, but lamins A/C are 
'aved only by GzmA. 

iterials and Methods 
II Lines. EL-4, K562, and Jurkat cells were grown in K medium 
PMI medium 1640 with 10% FCS/2 mM Glu/2 mM Hepes/ 
O units/ml penicillin/100 gg/ml streptomycin/50 ziM 3-mer- 
ptoethanol); HeLa cells were grown in supplemented DMEM. 
ptide-specific human CTL lines were generated by stimulating 
LA A2.1 + peripheral blood mononuclear cells with 5 /g/ml 
man cytomegalovirus (CMV) antigenic peptide (NLVPM- 
\TV; Tufts Core Facility, Boston) for 1 h at 37?C. Two days 
er 1 unit/ml IL-2 was added, and the cells were then fed every 
lays with IL-2-containing medium for 2 wk. Peptide-specific 
)use CTL lines were generated similarly by peptide stimulation 
RBC-lysed splenocytes from P14 mice transgenic for the T cell 
tigen receptor recognizing lymphocytic choriomeningitis virus 
33-41 (The Jackson Laboratory) (34) by using KAVYN- 
iTM peptide (Tufts Core Facility). Human lymphokine- 
tivated killer (LAK) cells were peripheral blood mononuclear 
lIs cultured for 2 wk in K medium with 1,000 units/ml IL-2 
hiron Oncology, Emeryville CA). HeLa cells were stably 
.nsfected with puromycin resistance or bcl-2 expression plas- 
d pJ436, a gift of J. Yuan, Harvard Medical School, Boston 
5). Bcl-2 was overexpressed at least 100-fold more than in 
ntrol plasmid transfected cells by immunoblot. 

tibodies and Reagents. The 3,4 dichloroisocoumarin (DCI) and 
spase inhibitors Z-DEVD-FMK, Z-VAD-FMK, and Ac- 
WVD-CHO were from Calbiochem-Novabiochem (San Di- 
). Na-p-tosyl-L-lysine chloromethyl ketone (TLCK) and Na- 
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ar cell; GAI, GzmA-specific inhibitor Ph-NHCONH-CiEtOIC; GST, glutathione S-trans- 
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p-tosyl-L-phenylalanine chloromethyl ketone (TPCK) were from tin 
Sigma. A specific inhibitor of CRNSP, Z-APF-CMK, was from an 
Bachem (King of Prussia, PA). Immunoblots were probed with 
mouse mAb 101-B7 to laminB (Oncogene Research Products, CT 
Cambridge MA), goat polyclonal Ab to C-terminal laminB of 
peptide (Santa Cruz Biotechnology), mouse mAb to laminA/C ad 
[gift of F. McKeon, Harvard Medical School, Boston (20)], goat K 
polyclonal glutathione S-transferase (GST) Ab (Amersham K 
Pharmacia), rabbit bcl-2 Ab, rabbit ref-1 Ab (Santa Cruz Bio- gp 
technology), or mouse PHAPI mAb, generated in our labora- me 
tory. Ph-NHCONH-CiEtOIC, a GzmA-specific inhibitor (GAI), foi 
was a gift of J. Powers, Georgia Institute of Technology, Atlanta im 
(15). Experiments performed under caspase inhibition (CI) were 
in the presence of 100 piM each Z-DEVD-FM K and Z-VAD- Im 
FMK, unless otherwise indicated. A mixture of protease inhib- ge 
itors [50 Lig/ml antipain/2 tLg/ml aprotinin/40 jLg/ml bestatin/60 pr: 
,/g/ml chymostatin/10 ,ug/ml E-64/1 ,ug/ml leupeptin/1 ,ug/ml tin 

pepstatin/1 mg/ml 4-(2-aminoethyl)benzenesulfonyl fluoride inc 
(Sigma)/200 EtM GAI] was added at the end of assay incubations tin 
to terminate proteolysis. The same concentrations were used in C1 
inhibitor experiments. pET-30b(+) vector and BL21-competent co 
cells were from Novogen. Plasmid DNA was prepared with the 
Qiagen (Chatsworth, CA) plasmid DNA purification kit. Protein Im 
concentrations were determined by bicinchoninic acid assay the 
(Pierce). sli 

m( 
Gzms and PFP. Recombinant GzmA, inactive S-AGzmA, and wi 
GzmB were produced and PFP was purified from RNK-16 cells tg 
as described (8, 15, 36, 37). For loading, PFP was added at a R] 
sublytic concentration, determined for each cell as that needed FI 
to induce -10% lysis in 2 h (8). For each reaction 1 x 105 cells at 
in 60 I,l of Hanks' balanced salt solution with 1 mg/ml BSA, 1 co 
mM CaCl2, and 1 mM MgCl2 were incubated with indicated sli 
amounts of Gzms and PFP at 37?C for indicated times. After lec 
adding protease inhibitors, cells were lysed in a 5 x SDS-loading las 
buffer. fo 

ce 
Recombinant LaminB. Sequences used for lamin self-assembly in 
the N and C termini were removed to produce soluble-truncated Re 
laminB corresponding to amino acids 143-551. Recombinant PF 
protein was engineered with C-terminal GST by using laminB fir 
cDNA (38) from K. Pollard (Scripps Clinic, La Jolla, CA). GST PI 
DNA, PCR amplified from pGEM-2K (Amersham Pharmacia), mi 
was inserted into the pET-30b(+) plasmid through NotI- and cl( 
XhoI-cloning sites. Truncated LaminB sequence was PCR am- vi, 
plified by using primers containing BamHI and NotI restriction ge 
sites and cloned into the reconstructed plasmid through EcoRI- of 
and NotI-cloning sites. LaminB-GST plasmid was used to trans- re 
form BL21 cells, expression was induced with isopropyl 3-D- Lx 
thiogalactoside, and protein was purified by using glutathione lo; 
Sepharose 4B (Amersham Pharmacia). te: 

oc 
In Vitro Cleavage Assay. LaminB-GST (1 ,pg) was incubated at fr; 
37?C for 1 h with indicated amounts of Gzms in 25 Jul of 25 mM G: 
Tris-HCl (pH 8.0), 140 mM NaCl, and 5 mM glutathione. The cl 
reaction was stopped by adding DCI to 50 /M and 5 I1 of 5x 46 
SDS-loading reducing buffer. Boiled samples were electropho- of 
resed through SDS/PAGE gels and analyzed by immunoblot or lai 
staining with GelCode Blue (Pierce). Cleavage fragments blot- 
ted onto poly(vinylidene difluoride) membranes were analyzed Gz 
for N-terminal sequence (Tufts Core Facility). lal 

wi 
Cleavage Assay in Isolated Nuclei. HeLa nuclei were isolated after cl 
cell lysis in 25 mM KC1, 20 mM Tris-HCl (pH 7.5), 5 mM as 
MgC12, and 0.2% Nonidet P-40 and washed twice with lysis as 
buffer and once with lysis buffer without Nonidet P-40. Nuclei Se 
(1 x 106 in 100 1l of lysis buffer without Nonidet P-40) were In 
incubated with indicated amounts of Gzms at 37?C for indicated pi 
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ies. The reaction was stopped by adding protease inhibitors 
d 5 x SDS-loading buffer. 

L Assays. Human targets were preincubated (1 x 105 in 50 pl 
K medium) for 30 min at 37?C with 5 ug/ml Con A, before 
ding 5 x 105 human LAK or CMV-specific CTLs in 50 1l of 
medium. Alternatively, mouse EL-4 cells (5 x 105 in 50 g1 of 
medium) were preincubated for 30 min at 37?C with 5 j/g/ml 
33 peptide before adding 2.5 x 105 mouse CTLs in 50 gl of K 
'dium. Cells were vortexed, pulse microfuged, and incubated 
indicated times at 37?C. Boiled cell lysates were analyzed by 

munoblot. 

nunoblot. After electrophoresis through reducing SDS/PAGE 
s, samples were transferred to nitrocellulose, probed with 
mary Ab at room temperature overnight, and washed three 
ies with TBS containing 0.05% Tween-20. After secondary Ab 
:ubation at room temperature for 3 h, blots were washed five 
ies and developed with Luminol/Enhancer solution (Pierce). 
eavage was quantitated relative to the signal for ref-l-loading 
ntrols by using CHEMI DOC and QUANONE software (Bio-Rad). 

munofluorescence. K562 cells, mixed with Gzms and/or PFP in 
\ presence or absence of CI, were plated onto polyLys-coated 
Jes and incubated at 37?C for 1 h. Cells, fixed on slides in 
'thanol for 10 min at -20?C and air-dried, were washed twice 
th PBS and incubated at room temperature for 1 h with 5 
/ml mAb 101-B 7, 50 jtg/ml normal goat IgG and 100 ~g/ml 
Jase I. After washing with PBS, slides were incubated with 
rC-conjugated goat a-mouse IgG (DAKO, Carpinteria CA) 
room temperature for 45 min and then soaked for 5 min in PBS 
ntaining 0.1 jg/ml propidium iodide. After further washes, 
des were mounted by using the ProLong Antifade Kit (Mo- 
:ular Probes) and examined with a Bio-Rad Radiance 2000 
er-scanning confocal microscope. Images were acquired by S 
:using on the central plane of each cell, defined by the greatest 
1 diameter and brightest staining. 

suits 
P Loading of Cells with GzmA or GzmB Induces LaminB Cleavage. We 
st verified that laminB is cleaved when recombinant GzmB is 
'P loaded into K562 cells (Fig. la). LaminB, a 586-aa protein, 
grates with an apparent molecular mass of 67 kDa. Caspase 
;avage after VEVD231 yields a 46-kDa C-terminal fragment 
ualized with mAb 101-B7. GzmA loading also cuts laminB to 
nerate a similarly sized fragment. Because the GzmA fragment 
laminB is the same size as the caspase cleavage product, we 
peated the GzmA-loading experiment in the presence of CI. 
minB cleavage by GzmA was unimpaired by CI. GzmA- 
ided cells also were analyzed with polyclonal Ab to the C 
rminus of laminB (Fig. lb). The cleavage induced by GzmA 
curs at an independent site to generate a 25-kDa C-terminal 
igment compared to the 46-kDa C-terminal fragment in 
:mB-treated cells (Fig. 2). Therefore the 46-kDa GzmA- 
'aved fragment corresponds to the N terminus, whereas the 
-kDa caspase-cleaved fragment corresponds to the C terminus 
laminB. Enzymatically inactive S-AGzmA does not induce 

ninB cleavage. 

mA Cleaves LaminB in Isolated Nuclei. To determine whether 
ninB cleavage occurs in situ, we treated isolated HeLa nuclei 
th GzmA (Fig. 2 a and b). Identically sized 25- and 46-kDa 
:avage products were visualized in isolated nuclei treated with 
little as 3-12 nM GzmA beginning at 15 min. When the in situ 
;ay was carried out in the presence of protease inhibitors, only 
r protease inhibitors reduced laminB cleavage (Fig. 2c). 
hibitors of the CRNSP, Z-APF-CMK, and N"-p-tosyl-L- 
enylalanine (TPCK) did not significantly block cleavage by 
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an 
Fig. 1. PFP loading of GzmA or GzmB induces laminB cleavage. (a) GzmA or Vr 
GzmB (1 jg) were loaded with PFP into K562 cells at 37?C for indicated times. in 
Electrophoresed samples were probed with laminB mAb (101-B7), which 
recognizes full-length laminB and a 46-kDa cleaved product in cells treated P 
with either GzmA or GzmB, as well as an unknown cross reactive protein re( 
migrating at 50 kDa. GzmA laminB cleavage was not blocked by preincubation lo( 
with Cl, maintained throughout the experiment. (b) GzmA loading of K562 pr 
cells generates a 25-kDa C-terminal laminB fragment at 90 min, visualized by se( 
using polyclonal Ab against the C terminus of laminB. Reprobing for the ca; 
GzmA-interacting protein PHAPI (15) controlled for loading. fr 

C- 

GzmA. This, together with the fact that the reactions were ag 
carried out in Ca2+-free buffer, effectively rules out the involve- 
ment of CRNSP in GzmA-mediated laminB cleavage. Because La 
treatment of isolated nuclei leads to cleavage, no cytoplasmic Gz 
component is required for laminB proteolysis. These findings i 
suggest that laminB is a direct GzmA substrate. sit 

lar 
GzmB Cleaves LaminB in Nuclei Independently of Caspase Activation. SF 
The caspase cleavage site of laminB (VEVD) is also an accept- Gi 
able sequence for GzmB recognition in peptide library screening cle 
(29). To investigate whether GzmB also might cleave laminB G2 

directly, we treated HeLa nuclei with limiting dilutions of GzmA me 
or GzmB. GzmB induces laminB cleavage in isolated nuclei less G2 

efficiently than GzmA (Fig. 2d). LaminB is cut by 3 nM GzmA, CI 

a 8zmA- C S-AGzmA - +-' 

Fig. 2. GzmA and GzmB cleave laminB isolated nuclei independently of caspase 

not induce cleavage, and the reaction is blocked by GAl. (c) Ser protease inhibitors, b 

Blot was reprobed for the nuclear protein Ref-i as a loading control to quantita 
normalized to that with uninhibited enzyme (d) GzmB induces laminB degradation in 

in GzmB-treated nuclei is not enhanced by adding cytosol (1 x 10 cell equivalents 

t 148 

Fig. 2. GzmA and GzmB cleave laminB in isolated nuclei independently of caspase 

nM were added to isolated HeLa nuclei for the indicated times. Full-length laminB i! 

by a white arrowhead, and the N-terminal 46-kDa fragment by a gray arrowhead. La 

not induce cleavage, and the reaction is blocked by GAI. (c) Ser protease inhibitors, b 

nuclei by GzmA. in eLa nuclei were incubated for 1 with with nothing (mock) orwith 100 n 
Blot was reprobed for the nuclear protein Ref-1 as a loading control to quantita 
normalized to that with uninhibited enzyme. (d) GzmB induces laminB degradation in 

after GzmB cleavage (*) is different from the 25-kDa fragment generated by GzmA ( 

5748 |www.pnas.org/cgi/doi/1 0.1073/pnas. 101329598 

t the GzmB-induced fragment is not seen until 155 nM of 
zyme is present. GzmB cleavage of laminB occurs even in the 
:sence of CI, although the Ser protease inhibitor DCI blocks 
v cleavage (Fig. 2e). The addition of cytosol as a source of 
;pases does not enhance in situ cleavage, suggesting that direct 
avage occurs more efficiently and rapidly than via indirect 
:ivation of the caspase pathway. These findings suggest that 
;mB cleaves laminB directly without caspase activation or 
Iolvement of other cytosolic components. 

ninB Is a Direct Substrate of GzmA and GzmB. To test whether 
ninB is a direct substrate and identify the Gzm cleavage sites, 
treated recombinant truncated laminB-GST fusion protein 

:h recombinant Gzms (Fig. 3). (39) GzmA completely de- 
ided the 88-kDa fusion protein to produce two dominant 
nds of 46 and 42 kDa. The 46-kDa band, which reacts with 
ti-GST Ab and is therefore the C-terminal fragment, was 
alyzed by N-terminal sequencing. R392 in the sequence 
'VSR ASS is the GzmA target. The GzmA site is contained 
a Ser-rich region, phosphorylated by protein kinase C and 
4cdc2 (21, 40). It is also near the cleavage site at amino acid 377 
:ognized by CRNSP and is just proximal to the nuclear 
:alization signal at amino acids 405-408. GzmB cuts the fusion 
)tein to a 76-kDa C-terminal fragment, whose N-terminal 
tuence identifies the GzmB cleavage site after VEVD231, the 
;pase 6 site. Because mAb 101-B7 recognizes the N-terminal 
gment (amino acids 1-392) after GzmA cleavage and the 
terminal fragment (amino acids 232-586) after GzmB cleav- 
e, this mAb recognizes a determinant within amino acids 
1-392 of laminB. 

ninsA/C Are Cleaved in Isolated Nuclei or Target Cells Loaded with 
nA. Lamins A and C are alternate splice products of a gene 
:h considerable homology to laminB. However the cleavage 
es in laminB for caspase/GzmB and GzmA are modified in 
ninA/C from VEVD231 to VEID230 and from TVSR392 to 
'GR401, respectively. We therefore looked to see whether 
mA loading of isolated HeLa nuclei results in laminA/C 
avage (Fig. 4 a and b). Both lamin A and C are degraded by 
mA in situ with similar kinetics and concentration require- 
:nt for cleavage as laminB. Moreover, laminA/C cleavage by 
mA is inhibited by Ser protease inhibitors, but not by CI or 
INSP inhibitors. LaminsA/C are not cleaved in situ by GzmB 

d e 
GzmB 

< 
"42W 

t 3 :: 
: f : : : I' n z .....A.*""'"-'~'"~' 

'~' 
t* -- 1 

22 33. 

activation. (a and b) Four-fold dilutions of GzmA ranging from 0.4 to 200 
indicated by a black arrowhead, the C-terminal 25-kDa laminB fragment 
ninB degradation requires the active Ser protease because S-AGzmA does 
ut not caspase or other protease inhibitors, reduce lamin cleavage in HeLa 
M GzmA in the presence of no inhibitor, DMSO, or the indicated inhibitors. 
:e enzymatic cleavage. The percentage of cleavage with inhibition was 
isolated nuclei less efficiently than GzmA. The 46-kDa C-terminal fragment 
leavage (white arrowhead). Serial 4-fold dilutions of GzmA (starting with 
Nith 3 nM GzmA but requires at least 155 nM GzmB. (e) LaminB cleavage 
t highest concentration followed by 4-fold serial dilutions) (Left). The Ser 
age by GzmB (Right). GzmB without inhibitors is shown in lane 4 and nuclei 
onal laminB Ab. 
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a Caspase 6 and GzmB a 
VEVDtS 

231 
NH2Asn143 Truncated Lamin B ProsslF OHOH 

375 371 381 391 401 
SAY4RKL LEGEEERLKL SPStPS*SRVTV SRASS*SRSVR TTRGKRKRV 

CRNSP GzmA NLS 

b Mo ck_"mA Mock .. MockA B 

Fig. 3. LaminB-GST is cleaved in vitro by GzmA and GzmB. (a) LaminB (amino 
acids 143-551)-GST fusion protein was produced in Escherichia coli. Known 
sites of laminB cleavage by caspases after D231 and by the CRNSP after Y377 
are indicated, as are the nuclear localization signal (NLS, underlined), and sites 
of phosphorylation by p34cdc2 (St 383) and protein kinase C (S* 385, 395). 
Figure modified from ref. 39. (b) LaminB-GST protein (1 ,g, black arrowhead) 
was incubated for 1 h at 37?C with 2-fold dilutions of GzmA (Left) or GzmB 
(Middle) beginning at a highest concentration of 1 jg and analyzed by C 
SDS/PAGE and GelCode stain. Gzm bands are indicated by <. GzmA and GzmB 
generated cleavage fragments of laminB, indicated by white and gray arrow- c 
heads, respectively, were analyzed for N-terminal sequence. The * marks the 
42-kDa N-terminal laminB fragment generated by GzmA; the N-terminal 
GzmB cleavage fragment was not visualized. The sequenced fragments con- 
tain the C terminus of the fusion protein because they stain with anti-GST by 
immunoblot (Right). The GzmA cleavage site is after R392 and the GzmB 
cleavage site is the known caspase site after D23 1. GzmA is more efficient than 
GzmB at cleaving laminB-GST. 

(not shown). Cleavage of laminsA/C was also evident in K562 
cells PFP loaded with GzmA (Fig. 4c). tre 

an( 
LaminB Is Fragmented During CTL Attack Even in the Presence of CI or sirr 
bcl-2 Overexpression. The ultimate test of the physiological rele- nl\ 
vance of a Gzm substrate is whether it is cleaved during inc 
CTL-mediated lysis. We therefore analyzed cell lysates, obtained sh 
after CTL-target cell incubation, by immunoblot probed with the lan 

polyclonal anti-laminB Ab. Murine lymphocytic choriomenin- nT 
gitis virus peptide-specific CTLs were mixed with peptide- hit 
decorated EL4 targets (Fig. 5a). Within 2 h, laminB C-terminal hoc 

fragments of 46 kDa, characteristic of caspase/GzmB cleavage, 
and 25 kDa, characteristic of GzmA cleavage, were detected by 
immunoblot in peptide-treated targets but not in cultures to sic 
which no peptide was added. M inor degradation fragments of frn 
laminB of -42 kDa also were detected. The 25-kDa cleavage im 

product of SET, another GzmA substrate (15), was also first (n 
detected around 2 h (not shown). When cells were mixed in the ca 

presence of EGTA to inhibit granule exocytosis, no laminB ci? 

fragments were seen (not shown). Similar results were found in lai 
five independent experiments performed with effector:target be 
ratios ranging from 0.5:1 to 2:1. When the CTL attack was ad 
carried out in the presence of CI, the expected GzmA and GzmB G; 

cleavage fragments were still present at comparable levels. ag 
Results with mouse CTLs were tested with human CTL pr 

effectors against Con A-sensitized HeLa (Fig. 5b) or K562 de 

targets (not shown). LaminB C-terminal fragments at 46 kDa of 

(expected for GzmB/caspase) and 25 kDa (expected for GzmA) 
were detected within 3 h of initiating CTL attack. LaminB Di! 
cleavage was not detected in the presence of EGTA or when the Im 
reaction was carried out in the presence of 10-50 .PM DCI (not co 
shown). Complete CI, verified by the absence of caspase-3 pr 
activation (not shown), only partly inhibits production of the PI 
46-kDa caspase/GzmB fragment of laminB. Bcl-2 overexpres- st; 
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ted nuclei were analyzed by immunoblot probed withof active GzmA (0.2-150 nM) aminA/to K562 cells. mAb 

n I Ab to ref- as a celontrol for loading. (a) Lamt insA/Chibit thare degproduction of eed wither 

ar kinetics of laminB (Fig. Sim2). Four-fold dilar resultions of Gzwere f ound in 1.5 three exper-100 

ents with LAK effectr cells in place of CMV-specific CTLs 

t shown). There thfore, indicated times. Cleavage is blocke by GAcells, direct 
uced by inactive S-AGzmA. GzmB does not induce laminA/C cleavage (not 
wn) (b) Ser proteaseinhibitors, but not C, reduce Gzm cleavage of 
iinA/C. HeLa nuclei were incubated for 1 h with nothing (mock) orwith 100 
GzmA in the presence of no inhibitor, DMSO, o the indicated inhibitors. 
percentagA e of cleavage in the presence of inhibitors compared to unin- 

ited enzyme is graphed. (c) LaminA/C cleavage is det ected 90 m after PFP 

mB. Despite the a un ambiguous detectio n of laminA/C cleav- 

ding 4-fold dilutions of active GzmA (0.2-150 nM) into K562 cells. 

tn in HeLa cells does not inhibit the production of either 
gment of laminB. Similar results were found in three exper-d 
ents with LAK effector cells in place of CMV-specific CTLs 
At shown). Therefore, in human cells, like mouse cells, direct 

;pase-independent GzmB cleavage of laminB occurs effi- 

ntly during CTL attack. However, production of the 46-kDa 
ninA/C caspase cleavage product was partially inhibited by 
1-2 expression and completely inhibited by CI. This provides 
ditional evidence that laminA/C is not a direct substrate of 
:mB. Despite the unambiguous detection of laminA/C cleav- 

diafter PFPd loadiing of GzmA into K562 cells even in the 
esence of CI (not shown), no laminA/C fragments were 
tected after CTL or LAK attack of HeLa cells in the presence 
CI. 

ruption of the Nuclear Lamina After Gzm Loading Visualized by 
munofluoresence Microscopy. Lamin cleavage should disturb the 
besiveness of the nuclear lamina. e therefore look ed at 

pidium iodide and laminB staining of K562 cells 1 h after 
eP-loading Gzms (Fig. 6). No significant change in lamin 
lining occurs after treatment with PFP or Gzms (not shown) 
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Fig. 5. LaminB is cleaved during CTL attack even in the presence of CI or bcl-2 
overexpression. (a) Mouse peptide-specific CTL were incubated for the indi- 
cated times with an equal number of EL4 cells, preincubated with either 
medium or the cognate peptide. Lamin cleavage products expected for cleav- 
age by GzmB (46 kDa, *) and GzmA (25 kDa, white arrowhead) are detected 
with Ab against the C terminus of laminB only in targets incubated with 
antigen. Although there is a background cross-reactive band in the target cells 
just below the expected 46-kDa caspase/GzmB fragment, the laminB cleavage 
signal is clearly enhanced in the presence of specific antigenic peptide. Addi- 
tional minor laminB cleavage products of -42 kDa are also produced specif- 
ically during CTL attack. When target cells are preincubated with Cl, main- 
tained during the CTL attack, the cleavage products are still clearly seen. E and 
T indicate lysates of just effector CTL or target cells, respectively. (b) ConA- 
treated HeLa cells or HeLa cells overexpressing bcl-2 were incubated with 
human CMV-specific CTL and assayed for lamin cleavage by immunoblot and 
probed with polyclonal anti-laminB Ab or laminA/C. When granule exocytosis 
is blocked with EGTA, lamins are not cut. In the presence of Ca2+, both 
expected GzmA and caspase/GzmB fragments are detected. Bcl-2 overexpres- 
sion does not inhibit lamin B cleavage and Cl only partly reduces the appear- 
ance of the 46-kDa caspase/GzmB product. Bcl-2 and Cl inhibit caspase- 
mediated laminA/C cleavage. 

alone. However, after treatment with PFP and GzmA, laminB 
nuclear staining is greatly reduced, especially in cells with the 
most chromatin condensation. Confocal images show some 
heterogeneity of laminB staining, which probably reflects dif- 
ferent snapshots along the path to apoptosis. The earliest change 
is coalescence of staining into a punctate pattern, followed by 
fainter staining as the chromatin condenses and the nuclei 
fragment. Some laminB also disperses to the cytoplasm. GzmB 
causes similar changes in laminB staining, although the extent of 
lamin degradation is less pronounced than after GzmA loading. 
Altered laminB staining after GzmB loading occurs even Fig 
with CI. K51 

Gzi 
Discussion 10' 

ind 
The lamins are cleaved by the Gzms directly in a physiologically ind 
significant manner during PFP loading or CTL-mediated lysis. tre 
GzmA is more efficient than GzmB at direct laminB proteolysis. pur 
However, disruption of the lamina after PFP loading of either the 
GzmA or GzmB is clearly seen by immunofluorescence micros- cyt 
copy, even with CI. GzmA targets all of the lamins, but GzmB lan 
does not directly cleave lamins A/C, in agreement with a report 
(41) using in vitro transcribed and translated laminA/C. The 
GzmB cleavage site in laminB (VEVD) is altered to VEID in in( 
laminA/C. Peptide library screening predicts that this site in th( 
laminA/C is a good target for caspase 6, as has been shown Shn 
experimentally. However, Ile in the P2 position is not recognized in( 
for cleavage by GzmB, nor are there alternate GzmB recognition by 
sequences in laminA/C. The preferred recognition site for de 
GzmA cleavage is unknown. The GzmA target sequence (TVSR th' 
ASSS) at R392 in laminB shares a basic residue at the P1 site, but ce] 
has no other obvious similarity to the reported sites in IL-13 G2 

(APVR SLNC), the thrombin receptor (LDPR SFLL) (14), or vai 
the histones (H1: LGLK SLVS; H2b: PAPK KGSK) (16). an 

Granzyme proteolysis of lamins occurs in the presence of CI G2 
or in target cells that overexpress bcl-2. This is consistent with 8). 
the fact that the GzmA apoptotic pathway is caspase- dif 
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6. The nuclear lamina in K562 cells is disrupted after PFP-loading Gzms. 
i2 cells, mock-treated (A), or treated with PFP alone (B) or with PFP and 
nA (C-E) or GzmB (Fand G) for 1 h, were stained with FITC-anti-laminB mAb 
-B7 (Left) or propidium iodide (Center); overlay (Right). Arrows in A and B 
icate dissolution of the lamina and dispersion of laminB to the cytoplasm 
nitotic cells. (C-E) Progressive changes in laminB degradation after GzmA 
atment. Before chromatin changes are evident (C), lamin staining becomes 
ictate. As chromatin condensation and nuclear fragmentation progress, 
nuclear lamina dissolves and lamin staining diminishes and disperses to the 
)plasm. K562 cells loaded with GzmB exhibit less pronounced changes in 
minB staining. These changes persist even with Cl (G). 

lependent (8) and that cytolysis induced by GzmB occurs in 
' presence of caspase blockade (4-8). In human K562 (not 
)wn) or HeLa targets, laminB is cleaved in a caspase- 
lependent manner directly by GzmB because it is not blocked 
CI or by bcl-2 overexpression. In human HeLa cells we did not 
:ect laminA/C cleavage in the presence of CI, despite the fact 
it GzmA cleavage of laminA/C in situ and in PFP-loaded K562 
Is is caspase-independent. However, the relative activity of the 
m pathways, or of parts of the pathway, in different cells can 
^y. For example, we found little single-stranded DNA nicking 
i no detectable laminB cleavage in Jurkat cells loaded with 
mA, although they were efficiently lysed (not shown and ref. 
Some of the variation in detection of lamin cleavage in 

ferent target cells might also be due to the technical challenge 
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of detecting transient degradation products during CTL attack, C] 
in which most of the remaining cells in the analyzed lysates are pr 
effectors, which are resistant to cytolysis, and not targets. m 

Lamin cleavage during both caspase-dependent and -indepen- ov 
dent apoptosis suggests that nuclear lamina disruption is critical N' 
for apoptosis. Because chromatin is anchored to the lamins, cl( 
lamin proteolysis may be required before chromatin can be ml 
adequately targeted by apoptotic DNases. In fact, lamin cleavage la] 
occurs before oligonucleosomal DNA fragmentation, and over- tri 
expression of caspase-resistant lamins delays nuclear condensa- G: 
tion and DNA fragmentation during caspase-mediated apoptosis ex 
(24-26, 42). Moreover chromatin matrix attachment sites sep- C] 
arate DNA into fragments of 550 kb, the size of the earliest 
DNA fragments cleaved in apoptosis (43), and the first DNA ce 
breaks during apoptosis are in the nuclear periphery near sites of 
of chromatin attachment to the lamina (44). m 

The granzymes concentrate in the nucleus during CTL- ap 
mediated cell death. How they get into the nucleus is unclear 
because they lack recognized nuclear localization signals and Su 
translocation is ATP-independent (45, 46). One intriguing pos- re 
sibility is that disruption of the nuclear lamina by the granzymes 
facilitates nuclear entry because nuclear pore complexes are 
anchored to the nuclear membrane via the lamins. 

Several reports have implicated the CRNSP in laminB deg- P 
radation during apoptosis (30-33). This chymotryptase cleaves F. 
laminB at Y377 (31), near the GzmA cleavage site at R392, to Sh 
produce a -21-kDa C-terminal fragment. The activation of su 
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ZNSP is blocked in apoptotic thymocytes by CI, bcl-2 overex- 
ession, or chymotryptase inhibitors (32). Therefore, the chy- 
)tryptase is activated secondarily to caspase activation. More- 
er, DNA fragmentation in apoptotic thymocytes is blocked by 
'-p-tosyl-L-phenylalanine (TPCK). This suggests that laminB 
:avage by CRNSP facilitates DNA degradation in caspase- 
,diated apoptosis (33). During CTL lysis, GzmA cleavage of 
ninB may substitute for the endogenous CRNSP chymo- 
ptase. Involvement of CRNSP in the direct lamin cleavage by 
:ms has been ruled out by performing the in situ and in vitro 
periments in Ca2+-free buffer and by the lack of effect of 
tNSP inhibitors. 
Caspase-independent apoptosis can be activated by CTLs or 
ramide (4-6, 8, 47). A systematic study of the known substrates 
the effector caspases during caspase-independent cell death 
ty help distinguish substrates whose proteolysis is essential for 
optosis from incidental targets. The recent report of direct 
'avage of bid, NuMA and DNA-PKcs by GzmB (17, 19) 
ggests that cleavage of these proteins, like laminB, may be 
quired for completing the apoptotic program. Analysis of the 
:e of these proteins during GzmA loading may help determine 
lether this is indeed the case. 
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