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The cytotoxic T lymphocyte protease granzyme A
(GzmA) initiates a novel caspase-independent cell death
pathway characterized by single-stranded DNA nicking.
The previously identified GzmA substrate SET is in a
multimeric 270-420-kDa endoplasmic reticulum-associ-
ated complex that also contains the tumor suppressor
protein pp32. GzmA cleaved the nucleosome assembly
protein SET after Lys'’® and disrupted its nucleosome
assembly activity. The purified SET complex required
only GzmA to reconstitute single-stranded DNA nicking
in isolated nuclei. DNA nicking occurred independently
of caspase activation. The SET complex contains a 25-
kDa Mg?*-dependent nuclease that degrades calf thy-
mus DNA and plasmid DNA. Thus, GzmA activates a
DNase (GzmA-activated DNase) within the SET complex
to produce a novel form of DNA damage during cyto-
toxic T lymphocyte-mediated death.

Cytotoxic T lymphocytes (CTLs)! induce apoptosis of virally
infected cells or transformed tumor cells primarily via the
exocytosis of cytolytic granules containing perforin and the
granzyme family of serine proteases (reviewed in Ref. 1). Gran-
zyme B (GzmB) activates the caspase pathway of apoptosis, but
also induces cell death in the presence of caspase blockade
(2—8). Granzyme A (GzmA), the most abundant granzyme
which is expressed in all cytolytic T and natural killer cells,
activates cell death through a caspase-independent mechanism
(7,9). Although GzmA does not activate oligonucleosomal DNA
fragmentation, it causes single-stranded DNA nicking and
other characteristic features of apoptosis, including membrane
perturbation, chromatin condensation, and loss of mitochon-
drial inner membrane potential (7, 10).2 To begin to determine
the mechanism of GzmA-induced cell death, we used an inac-
tive form of GzmA to isolate three GzmA-interacting proteins:
SET (putative HLA-associated protein II, template-activating
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factor (TAF)-1B, or I,F¥24), pp32 (putative HLA-associated pro-
tein I or I,F¥24) and hsp27 (11, 12). SET, but not pp32 or
hsp27, is a substrate of GzmA in vitro, in CTL attack, and in
perforin-facilitated GzmA loading experiments. More recently,
we found that during perforin loading or CTL attack, GzmA
targets key nuclear proteins (10, 11). GzmA cleaves lamins A,
B, and C, disrupting the nuclear lamina (10). It also degrades
histone H1 and proteolyzes the tails of the core histones, open-
ing up chromatin to exogenous DNases (13).

The GzmA substrate SET is ubiquitously expressed and has
been identified in both the nucleus and the cytoplasm. It was
initially identified as a translocated gene in acute undifferen-
tiated leukemia, in which the sequence for all but the last 6
amino acids is linked to the nucleoporin can (Nup214), which
presumably targets the translocated gene product to the nu-
cleus (14). SET is a 277-amino acid 44-kDa acidic protein
(calculated pl 3.9—4.1) with a 52-amino acid C-terminal acidic
tail (15). The protein, exclusive of its acidic tail, is highly
homologous to evolutionarily conserved nucleosome assembly
proteins (NAPs) in yeast, plants, and animals (Xenopus, 97%
identity; Drosophila, 63% identity; and Arabidopsis, 42% iden-
tity). NAP activity requires the acidic tail (16, 17). The homol-
ogous protein TAF-1a, which differs only in the N-terminal 24
amino acids, has markedly reduced NAP activity. SET, but not
TAF-1q«, facilitates transcription, a function that has been at-
tributed to its postulated ability to reverse nucleosome assem-
bly and to increase DNA accessibility (18). SET and other NAP
family members physically associate with the p300/cAMP re-
sponse element-binding protein-binding protein family of tran-
scriptional coactivators and with core histones (19-22). In fact,
SET binding to histones blocks their acetylation (23). SET may
therefore provide a link between transcriptional activators and
chromatin (22). A 20-kDa protein termed IZPP2A, identified as an
intracellular inhibitor of protein phosphatase 2A, is identical to
the N terminus of SET (24). Full-length SET, as well as the
homologous protein TAF-1e, inhibits protein phosphatase 2A, a
phosphatase whose activity is modified during the Go/M transi-
tion and in caspase-mediated apoptosis (25, 26). Phosphatase
inhibitory activity is associated with amino acids 25-119 (27).

pp32 was co-isolated with SET from the cytoplasm by two
groups (11, 15). Like SET, pp32 is ubiquitously expressed, has
a C-terminal acidic tail, and inhibits protein phosphatase 2A
(28). Although SET has been implicated as a proto-oncogene,
pp32 suppresses transformation of rat embryo fibroblasts by a
variety of oncogene pairs (29). pp32 has both a canonical nu-
clear localization signal and leucine-rich motifs for binding to
CRM1/exportin-1 for nuclear export (30-32). Therefore, pp32
likely shuttles between the nucleus and cytoplasm. Indeed, as
for SET, some reports localize it to the nucleus, and others
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identify it in the cytoplasm. Two groups recently isolated an
~150-170-kDa nuclear complex containing SET and its hom-
olog TAF-1a together with pp32 and its homolog APRIL (23,
32). This complex inhibits histone acetylation (23) and binds to
HuR, a protein that stabilizes mRNAs containing AU-rich re-
gions in the 3’-untranslated regions of many proto-oncogene
and cytokine mRNAs (32).

We show that GzmA destroys the NAP activity of SET. We
also found that SET and pp32 are localized in a 270-420-kDa
endoplasmic reticulum (ER)-associated complex. In a GzmA-
dependent manner, the purified SET complex induces single-
stranded DNA nicks in isolated nuclei. In fact, the SET com-
plex contains a 25-kDa nuclease that degrades eukaryotic or
plasmid DNA. We postulate that this unidentified SET com-
plex DNase is the caspase-independent GzmA-activated DNase
(GAAD).

EXPERIMENTAL PROCEDURES

Recombinant Proteins and Perforin—Recombinant GzmA, S-AGzmA,
pro-GzmA (before enterokinase treatment), and GzmB were produced
and purified as previously reported (11, 33). Perforin was purified from
the rat RNK-16 cell line as described (34). SET ¢cDNA was polymerase
chain reaction-amplified with Vent polymerase from a human B cell
library (CLONTECH, Palo Alto, CA) and directionally ligated into
pET26b (Novagen) using primers containing BamHI and Xhol restric-
tion sites. pp32 was subcloned from a pET3d vector, a kind gift from Z.
Damuni (28), into pET30a using BamHI and Ncol restriction sites. GST
c¢DNA was polymerase chain reaction-amplified from pGEM-2K (Amer-
sham Pharmacia Biotech) using primers containing Not¢I and Xhol
restriction sites and inserted into pET30b(+). Recombinant pp32, SET
(rSET), and GST were expressed with C-terminal Hisg tags in trans-
fected BL21(DE3) cells (Novagen) induced with 1 mm isopropyl-B-D-
thiogalactopyranoside (Sigma). Recombinant proteins were purified se-
quentially over Novagen nickel and Bio-Rad anion-exchange columns.

Antibodies—Protein A-purified rabbit anti-N-terminal SET anti-
serum was produced against amino acids 3-16 as described (35). Mouse
anti-SET monoclonal antibody (supernatant from hybridoma KM1720)
was a kind gift from K. Nagata (19). Mouse anti-pp32 monoclonal
antibody (RJ1) was derived from fusion of the spleen from a mouse
immunized subcutaneously every 3 weeks with 10 pg of recombinant
pp32 in incomplete Freund’s adjuvant following the method previously
described (36). The RJ1 antibody was purified from culture superna-
tants by protein A affinity chromatography. Commercially available
antibodies that were used are as follows: mouse monoclonal antibody
for marking mitochondria (Calbiochem); rabbit polyclonal antisera to
Hisg (Santa Cruz Biotechnology), GST (CLONTECH), and calreticulin
and hsp27 (Stressgen Biotech Corp.); fluorescein isothiocyanate-conju-
gated F(ab’), fragments of goat anti-rabbit IgG (Zymed Laboratories
Inc.); and tetramethylrhodamine B isothiocyanate-conjugated rabbit
anti-mouse IgG (Dako).

Granzyme A Cleavage Assay—rSET (3.6 uM) was incubated for 0—4
h at 30 °C with 125 nm GzmA in 1 mm CaCl,, 1 mm MgCl,, and 50 mm
Tris-HCI, pH 7.5. Reaction products were analyzed by SDS-18% PAGE
and stained with Coomassie Blue. Electrophoresed samples were trans-
ferred to polyvinylidene difluoride membranes (Applied Biosystems),
and the desired stained bands were sent to the Tufts Core Facility for
N-terminal sequencing. Untreated SET and the reaction products ob-
tained 0, 3, and 6 h after incubation were also analyzed at the Harvard
University Mass Spectroscopy Facility.

Nucleosome Assembly Assay—The assay was modified from that
previously described (16). Supercoiled pUC18 plasmid DNA (2.2 ug)
was relaxed with 30 units of topoisomerase I (Promega) in 4 ul of assay
buffer (150 mm NaCl, 1 mm EDTA, 100 pg/ml bovine serum albumin,
and 10 mm Tris-HCI, pH 8.0) for 60 min. rSET was pretreated in assay
buffer without bovine serum albumin at 32 °C for various times with
the indicated amounts of GzmA or mock-treated before incubation for
15 min at 37 °C with 1 pg of purified core histones. Relaxed plasmid was
added to the rSET/core histone mixture and incubated together for 45
min at 37 °C. Samples (deproteinized by treatment with 0.2% SDS, 10
mM EDTA, and 100 pg/ml proteinase K overnight at 37 °C) were elec-
trophoresed through 1.5% Tris borate/EDTA-agarose gels and visual-
ized by EtBr staining.

Native SET Complex Purification—K562 cell lysates (10'° cell eq in
Nonidet P-40 lysis buffer) were loaded onto an S-AGzmA column as
described (11) and eluted with 500 mm NaCl in 50 mm Tris-HCI, pH 7.5.
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The concentrated S-AGzmA column eluate was applied in Tris-buffered
saline to a Sephacryl 400 gel filtration column (2.5 cm X 1.0 m; Amer-
sham Pharmacia Biotech). Eluted fractions were analyzed by SDS-
PAGE and immunoblotting and compared with the elution profile of
Amersham Pharmacia Biotech gel filtration standards.

Coprecipitation—Antibodies preincubated with protein A-Sepharose
(Amersham Pharmacia Biotech) for 1 h at 4 °C and washed twice with
phosphate-buffered saline were added to recombinant proteins (50 ug/
ml) or cytosolic lysates (5 X 10° cell eq in 20 ul of Nonidet P-40 lysis
buffer) preincubated for 2 h at 4 °C with buffer or 50 pug/ml S-AGzmA.
Precipitates from cell lysates or recombinant proteins were washed
extensively with 1% Nonidet P-40 and 0.1% SDS in phosphate-buffered
saline and boiled in 2X SDS loading buffer before electrophoresis. After
transfer to nitrocellulose, blots were probed with the indicated
antibodies.

Granzyme Loading with Perforin—Cells were loaded as previously
described (7) with granzymes (1 uM, unless otherwise specified) and
sublytic concentrations of perforin. Before lysis, cells were preincubated
for 2 min in 1 mM phenylmethylsulfonyl fluoride. Whole cell lysates
were prepared by direct lysis in 2X SDS sample buffer. Cytosolic and
nuclear lysates were prepared as previously described (7).

Immunofluorescence Microscopy—HeLa or COS cells were grown
overnight to subconfluency at 37 °C in 8-well chamber slides coated
with rat collagen I (Becton Dickinson Labware, Bedford, MA). Cells
were fixed and permeabilized using the Fix-and-Perm kit (Caltag Lab-
oratories, Burlingame, CA) according to the manufacturer’s instruc-
tions and then blocked using permeabilization buffer with 10% goat
serum. All antibodies were diluted in permeabilization buffer with 10%
goat serum and incubated with the samples at room temperature;
washes between steps were with phosphate-buffered saline. Primary
antibodies were incubated for 2 h, followed by incubation with species-
specific fluorescein isothiocyanate- or tetramethylrhodamine B isothio-
cyanate-conjugated secondary antibodies for 1 h. Samples were
mounted using ProLong Antifade mounting medium (Molecular Probes,
Inc., Eugene, OR) and dried overnight. Images were acquired with a
Bio-Rad Radiance 2000 laser scanning confocal microscopy system en-
hanced with a Ti Sapphire Tsunami laser from Spectra-Physics. Stain-
ing specificity was verified by showing that staining was abrogated in
the presence of recombinant protein or antigenic peptide.

DNA Nicking in Isolated Nuclei—dJurkat or HeLa cells were lysed in
Nonidet P-40 lysis buffer, and the nuclear pellet (isolated after spinning
at 1000 X g) was washed once with Nonidet P-40 lysis buffer. Nuclei
(10° cell eq/100 pl of Nonidet P-40 lysis buffer) were incubated with an
equivalent amount of K562 cytoplasmic lysate, 20 ug of purified SET
complex protein, and 1 uM GzmA and/or S-AGzmA. After 4 h at 37 °C,
DNA nicking was assessed as described (7). Samples were then washed
and assayed by scintillation counting or deproteinized for alkaline gel
electrophoresis.

Plasmid DNA Digestion—Plasmid pcDNA3 (0.5 ug) was incubated in
20 pl of Tris-HC], pH 7.5, 1 mm EGTA, 5 mm MgCl,, and 1 mg/ml bovine
serum albumin at 37 °C for 48 h with 10 ul of the indicated chroma-
tography fractions before deproteinization and analysis on agarose gels.

DNA-PAGE—DNA-PAGE assays were carried out as described (37).
Briefly, SDS-polyacrylamide gels were impregnated with 200 ug of calf
thymus DNA. The DNase activity of the electrophoresed samples was
assessed after overnight incubation at 4 °C in 20 mm Tris, pH 7.5, 1 mm
EGTA, and 5 mm MgCl, by EtBr staining to reveal negative bands. As
a positive control, DNase I (0.1, 0.02, and 0.001 units/lane) was elec-
trophoresed, and gels were incubated for an additional 4 h at 37 °C in
the presence of 5 mm CaCl,,.

RESULTS

Recombinant Granzyme A Cleaves Recombinant SET, but
Not pp32—rSET was produced in Escherichia coli with a C-
terminal Hisg tag. A major rSET band migrating at p45 corre-
sponds to the 44-kDa native cellular protein. Both native and
recombinant proteins migrate aberrantly upon SDS-PAGE
since their calculated masses are 32 and 34 kDa, respectively.
Recombinant p45 reacted with antibodies to an N-terminal
peptide (amino acids 3-16) of SET and to Hisg (data not
shown). A minor band at 34 kDa may represent abnormally
folded rSET since it reacted with both antibodies as well. rSET,
like cellular SET (11), was cleaved by GzmA to a major 25-kDa
band (Fig. 1, A and B). Another prominent early cleavage
product migrated with apparent molecular mass of 20 kDa.
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Fic. 1. Cleavage of rSET in vitro and of native SET during GzmA loading. A, rSET was treated with GzmA for the indicated times and
analyzed by Coomassie Blue staining of SDS-polyacrylamide gels. Full-length rSET migrated at 45 kDa, similar to native SET (44 kDa). Major
cleavage products at 25, 22, and 20 kDa were analyzed by amino acid sequencing. The 25-kDa product is the N-terminal major fragment. Minor
fragments at 22 and 20 kDa begin at Val® and Glu'?, respectively. N-terminal sequences obtained from p22 and p20 are underlined in C. B, shown
are the results from mass spectroscopy analysis of the cleavage reaction. The trace of rSET alone (upper panel) shows the singly charged ion at m/z
34,113.5 and the doubly charged ion at m/z 17,061. Cleavage analyzed 3 h after adding GzmA (lower panel) identified two major products migrating
at 21,423 and 12,692 Da. A similar trace was obtained at 6 h (not shown). C, shown are the sequences of rSET and native SET (in boldface).
Numbering corresponds to that of the native protein. The asterisk indicates the dominant cleavage site, and the plus sign indicates a minor
cleavage site identified by mass spectroscopy analysis. Cleavage at Lys'"® disrupts a potential bipartite nuclear localization signal (NLS) and
removes the acidic tail required for NAP activity, but keeps the domain required for protein phosphatase 2A (PP2A) inhibition intact. aa, amino
acids. D, SET was cleaved to a 25-kDa fragment during perforin (P) loading of GzmA (A) into K562 cells. Cell lysates were analyzed by SDS-PAGE,
and immunoblots were probed for SET and pp32. SET cleavage was seen only with active GzmA and was complete within 2 h. S-A, S-AGzmA. E,
SET was cleaved in K562 cells perforin-loaded with GzmA, but not in cells loaded with GzmB or inactive forms of GzmA. K562 cells were
mock-treated (lane 1) or treated with GzmA alone (lane 2), perforin alone (lane 3), or perforin with GzmA (lane 4), S-AGzmA (lane 5), Pro-GzmA
(lane 6), or GzmB (lane 7).
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With longer incubation or radiolabeling (data not shown), mi-
nor bands could be identified at 22, 18, and 12 kDa. SET
degradation was completely inhibited by the GzmA-specific
inhibitor Ph-HNCONH-CIiTEtOIC (11) (data not shown). The
N-terminal sequence identified p25 as the N-terminal cleavage
fragment of SET. The N-terminal sequences of p22 (VSKKE)
and p20 (ELNSN) identified these as further degradation prod-
ucts of p25, cleaved after Lys” and Lys!!, respectively (Fig. 1C).
As expected, p25, p22, and p20 were not recognized by the
anti-Hisg antibody (data not shown).

No stable C-terminal fragment was detected on electrophore-
sed samples. We therefore turned to mass spectroscopy to iden-
tify the dominant GzmA cleavage site. Serial samples analyzed
during GzmA digestion showed loss of 34,113-Da singly
charged rSET and a commensurate increase in 21,423- and
12,692-Da species. This indicates cleavage after Lys'’® in the
sequence QTQNK | ASRKRQ (predicted 21,417-Da N-terminal
and 12,683-Da C-terminal fragments). Cleavage at Lys!”®
disrupts a possible bipartite nuclear localization signal,
168 KRSSQTQNKASRKR®L. Mass spectroscopy also revealed a
transient minor fragment of 19,369 Da, corresponding to the
C-terminal fragment after cleavage at Lys''®.

GzmA did not cleave recombinant pp32 (data not shown),
suggesting that pp32 is not a substrate of GzmA. This has been
confirmed by lack of pp32 degradation in cells loaded with
GzmA or in cells subjected to CTL granule-mediated cytolysis
(Fig. 1D and data not shown).

SET Is Cleaved to a 25-kDa N-terminal Fragment after
GzmA Loading or CTL Attack—During CTL attack, SET is
completely degraded within minutes in a GzmA-specific man-
ner since degradation is completely blocked by the GzmA-
specific inhibitor Ph-HNCONH-CiTEtOIC (11). SET frag-
ments, however, are not readily visualized on immunoblots of
lysed cells unless special care is taken to inhibit proteolysis
prior to Nonidet P-40 lysis. To determine whether the in vitro
cleavage site is also used in vivo, we loaded GzmA and perforin
into K562 cells and added phenylmethylsulfonyl fluoride before
lysis. Immunoblots of whole cell lysates showed the appearance
of a 25-kDa SET fragment, which reacted with the anti-N-
terminal peptide antiserum (Fig. 1D). This finding was con-
firmed after lymphokine-activated killer cell attack of K562
cells (data not shown). The 25-kDa SET fragment was readily
apparent after treatment of K562 cells with GzmA plus per-
forin, but not with either alone. The cleaved fragment was also
not detected after perforin loading of GzmB or inactive forms of
GzmA (S-AGzmA or pro-recombinant GzmA) (Fig. 1E). There-
fore, the dominant in vitro cleavage site is likely to be dominant
in vivo.

rSET Has NAP Activity That Is Disrupted by GzmA Treat-
ment—SET has been shown to bind histones and to have NAP
activity (17, 21-23). SET interaction with histones was con-
firmed by the specific elution of histones from an rSET affinity
column (data not shown). We also verified the NAP activity of
rSET (Fig. 2A) with the supercoiling assay previously described
(17). Topoisomerase-relaxed plasmid was incubated with puri-
fied core histones in the presence of increasing concentrations
of rSET. Supercoiled plasmid, formed after assembly of his-
tones and DNA into nucleosomes, could be distinguished from
relaxed plasmid by its higher mobility after proteinase diges-
tion on agarose gels. In a dose-dependent fashion, rSET facili-
tated chromatin assembly. The NAP activity of rSET was ATP-
and sequence-independent since it could be demonstrated for
multiple plasmids with no shared sequence in the absence of
ATP (data not shown).

Deletion of the acidic tail (amino acids 226-277) largely
abrogates the NAP activity of SET and its ability to facilitate
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Fic. 2. rSET is a NAP. A, SET assembled core histones onto topo-
isomerase-relaxed plasmid DNA in a dose-dependent manner. rSET
was preincubated with core histones before adding topoisomerase-re-
laxed plasmid (R). After 45 min at 37 °C, the reaction mixture was
deproteinized and analyzed by agarose gel electrophoresis and EtBr
staining. rSET assembled DNA around core histones to produce the
supercoiled plasmid (S). B, GzmA pretreatment of rSET abolished its
NAP activity in a dose- and time-dependent manner. rSET (1 pg) was
preincubated with the indicated amounts of GzmA for the indicated
times before addition to core histones and relaxed plasmid. The first two
lanes in A and B represent samples of supercoiled plasmid or topoi-
somerase-treated relaxed plasmid not incubated with rSET. GzmA
without SET did not induce supercoiling.

transcription (17). We therefore investigated whether GzmA
treatment of rSET disrupts its in vitro NAP activity. Pretreat-
ment of rSET with GzmA inhibited the NAP activity of rSET in
a concentration- and time-dependent manner (Fig. 2B). We
previously showed that GzmA cuts small peptides from the core
histones in the tail regions, which are not required for nucleo-
some formation (10). After granzyme A treatment, the appar-
ent molecular mass of the core histones shifted by <1-2 kDa.
Although removing tail peptides is not expected to interfere
with nucleosome formation (38), we needed to verify that the
loss of NAP activity was not secondary to GzmA cleavage of the
histone tails. When GzmA and SET were added without pre-
incubation to relaxed plasmid and core histones, although the
core histones were proteolyzed, no loss of NAP activity was
evident. However, preincubation of SET with GzmA for 30 min
disrupted the NAP activity. Moreover, recombinant fragments
of SET that correspond to the N- and C-terminal fragments
after GzmA cleavage also have no NAP activity (17) (data not
shown). Therefore, GzmA cleavage disables the NAP function
of SET.

pp32 and SET Are in a Multimeric Complex—The repeated
co-isolation of pp32 and SET suggests that these proteins may
be associated within cells (11, 15, 23, 32). Both pp32 and SET
eluted with 500 mm NaCl when cytoplasmic lysates were ap-
plied to immobilized S-AGzmA. Moreover, both proteins bound
strongly to an rSET affinity column, requiring 500 mm NacCl for
elution (data not shown). We therefore analyzed the S-AGzmA
column eluate by gel filtration chromatography. Both pp32 and
SET eluted in the void volume when applied to a Superdex 200
gel filtration column (data not shown), indicating that the SET
and pp32 proteins are contained in cytoplasmic complexes
>200 kDa in size. We therefore analyzed the S-AGzmA eluate
on a Sephacryl 400 column, able to resolve protein complexes
between 2 X 10* and 8 X 10° Da. Both pp32 and SET coeluted
in a single broad peak between ~270 and 440 kDa (Fig. 3A).
The peak contained additional bands on SDS-polyacrylamide
gels that remain to be identified (Fig. 3A). The breadth of the
peak suggests that the SET complex may be heterogeneous in
the cytoplasm and that it contains components additional to
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Fic. 3. SET and pp32 are in a 270-420-kDa multimeric complex. A, SET and pp32 were eluted from an S-AGzmA affinity column with 500
mM NaCl. When the S-AGzmA eluate was applied to an S400 gel filtration column, pp32 and SET coeluted in a broad peak in fractions 65—-80 at
~270-420 kDa, as determined by the migration of standard proteins and immunoblots for pp32 and SET. Coomassie Blue-stained SDS-
polyacrylamide gel and SET and pp32 immunoblots of fractions 35-90 are compared with the S-AGzmA column eluate (S-A) and the flow-through
fraction (F'T). M, markers. B, coprecipitation of SET and pp32 from K562 cell lysates was dependent on GzmA. Cytosolic lysates were incubated
with no antibody or with anti-pp32 or control anti-GST antibody in the presence or absence of S-AGzmA. Samples without antibody were analyzed
directly; samples with antibody were treated with protein A-Sepharose, and bound proteins were eluted into SDS sample buffer after extensive
washing. The immunoblot was probed with polyclonal antibody to SET. C, rSET bound to S-AGzmA, but recombinant pp32 (rpp32) did not.
Samples were analyzed as described for B, except that immunoblots were probed with an antibody to the Hisg tag on all the recombinant proteins.
D, coprecipitation of rSET and recombinant pp32 was enhanced by S-AGzmA. SET and pp32 were incubated with anti-pp32 or control anti-GST
antibody in the presence or absence of S-AGzmA. To assure the specificity of the recombinant pp32-rSET interaction, recombinant GST (rGST) was
incubated with rSET and precipitated using anti-GST antibody. The immunoblot was probed with anti-SET antiserum.
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those recently identified in a smaller complex (~150-170 kDa)
in the nucleus (23, 32).

GzmA Enhances Coprecipitation of SET and pp32—To con-
firm the association of SET and pp32, we performed coprecipi-
tation experiments (Fig. 3B). SET was not detected in the
immunoprecipitate of cytosolic lysates treated with anti-pp32
monoclonal antibody. However, the two proteins coprecipitated
when S-AGzmA was added to the lysates. Similar results were
found when immunoprecipitation was performed with anti-SET
antiserum, followed by probing the immunoblots with anti-pp32
antibody (data not shown). This suggests either that SET and
pp32 bind weakly or that the antibodies interfere with complex
formation. Adding inactive GzmA probably enhances the pp32-
SET interaction through formation of a trimeric complex.

The cytosolic pp32-SET complex contains additional pro-
teins, which might influence the interaction between pp32 and
SET. We therefore assayed recombinant proteins. rSET, but
not recombinant pp32, coprecipitated with S-AGzmA (Fig. 3C)
(11). rSET weakly coprecipitated with recombinant pp32 in the
absence of GzmA (Fig. 3D). However, the association between
the recombinant proteins was enhanced by the addition of
S-AGzmA, as it was for unpurified proteins in the cytosolic
lysates. In addition, the converse immunoprecipitation with
polyclonal antiserum to rSET pulled down a small amount of
recombinant pp32, which was enhanced in the presence of
S-AGzmA (data not shown). Therefore, GzmA enhances a weak
interaction between pp32 and SET that does not require par-
ticipation of additional proteins. However, other proteins in the
SET complex may contribute to the integrity of the complex in
intact cells.

SET and pp32 Localize Primarily to the ER—SET and pp32
were isolated from the cytoplasm by two groups (11, 15). How-
ever, SET has been found in cell nuclei in immunohistochem-
istry studies (19, 35), and its NAP function suggests that SET
should spend time in the nucleus. Two recent studies found
that pp32 and SET and their respective homologs APRIL and
TAF-1« are associated in nuclei (23, 32). pp32 has a canonical
nuclear localization signal (KRKR) at positions 236—-239 and
three leucine-rich repeats (spanning amino acids 65-123),
which may be nuclear export signals for interaction with CRM1
(30-32). Therefore, SET and pp32 may shuttle between nu-
clear and cytoplasmic compartments. We therefore used laser
scanning confocal microscopy to identify the subcellular local-
ization of pp32 and SET in adherent non-confluent HeLa and
COS cells (Fig. 4A). In most cells, pp32 and SET colocalized and
were concentrated in a perinuclear region of the cytoplasm. An
occasional cell (<1% of cells) showed nuclear staining of both
pp32 and SET (data not shown). In cells with nuclear localiza-
tion, staining was diffusely nucleoplasmic, avoiding the nucle-
olus. Co-staining with antibodies to proteins that localize to the
ER and mitochondria showed that pp32 and SET colocalized
with calreticulin and BiP (data not shown) in the ER, but not
with hsp60 in mitochondria (data not shown) or the Calbio-
chem mitochondrial marker.

Immunofluorescent staining (Fig. 4) was performed under
mild fixation and permeabilization conditions using the kit
from Caltag Laboratories. When harsher conditions were used,
the nuclear/cytoplasmic distribution of SET changed (data not
shown). Fixation with Caltag reagent A or 4% paraformalde-
hyde gave identical results. However, in cells treated with 1%
SDS or methanol, SET stained primarily in the nucleus. The
use of different conditions for preparing slides may explain the
apparent reported discrepancies in subcellular localization of
pp32 and SET. To sort out fixation artifacts, nuclear and cyto-
plasmic fractions of K562 cells were isolated and analyzed by
immunoblotting (Fig. 4B). The vast majority of SET (and pp32
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Fic. 4. SET and pp32 are mostly associated with the ER. A, SET
and pp32 colocalized with each other and with the ER-resident protein
calreticulin. Each row shown depicts a representative field of HeLa cells
immunostained for pp32 and SET (first row), pp32 or SET and calreti-
culin (second and third rows), or SET and a mitochondrial marker
(fourth row). Left panels, fluorescein isothiocyanate staining; middle
panels, tetramethylrhodamine B isothiocyanate staining; right panels,
overlay. The anti-SET monoclonal antibody KM1720, which does not
cross-react with TAF-1«, was used (19). Mitochondrial staining did not
coincide with pp32 (not shown) or SET staining. Images were acquired
by laser scanning confocal microscopy. Similar results were obtained
with COS cells. B, SET immunoblots of cytosolic (C) and nuclear (V)
fractions of Nonidet P-40-lysed K562 cells show that the majority of
SET was in the cytoplasmic fraction. Overexposure revealed a small
amount in the nucleus. Within 10 min of GzmA loading, the p25 frag-
ment of SET began to be seen; by 60 min, most full-length SET had been
cleaved in the cytosol. Nuclear SET was also degraded. C, to better
visualize nuclear SET, isolated K562 nuclei were treated with GzmA.
The blots depict nuclei treated for 90 min with GzmA at concentrations
ranging from 10 to 1.0 uM; cleavage was complete at 300 nm. There was
no change in pp32.

(data not shown)) was in the cytosolic fraction. Overexposure of
the immunoblot revealed a faint nuclear band. When K562
cells were loaded with perforin and GzmA, within 10 min, the
cytosolic p44 SET band began to disappear, and the p25 frag-
ment appeared in the cytoplasmic fraction. Therefore, GzmA
cleaves SET in the cytoplasm and does not induce its nuclear
translocation. To visualize better the small amount of nuclear
SET, isolated nuclei were treated with GzmA. GzmA also
cleaved nuclear SET, but not pp32 (Fig. 40).

Reconstitution of Single-stranded DNA Damage in Isolated
Nuclei by GzmA-treated SET Complex—Single-stranded DNA
damage can be detected within 2—4 h after perforin loading
cells with GzmA (7) (data not shown). These DNA breaks could
be identified by Klenow labeling of nicked ends with 3?P, but
not by in situ terminal deoxynucleotidyltransferase labeling
(data not shown), and could be visualized on denaturing (but
not native) agarose gels. When isolated nuclei were incubated
with GzmA, no DNA damage occurred. However, in the pres-
ence of a small amount of cytosol from Nonidet P-40-lysed K562
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Fic. 5. The SET complex reconstitutes single-stranded DNA
damage in isolated nuclei in the presence of GzmA and contains
a 25-kDa nuclease. A, GzmA induced DNA nicking in isolated Jurkat
cell nuclei only in the presence of cytosol from Nonidet P-40-lysed K562
cells. DNA nicks were measured by Klenow incorporation. Cytosol alone
had little effect. DNA damage required enzymatically active GzmA. The
nicking index is the ratio of counts incorporated with treatment com-
pared with counts from mock-treated nuclei. B, the SET complex eluted
from the S-AGzmA complex could replace cytosol in the in situ recon-
stituted nuclei experiments. DNA damage was induced only by the SET
complex treated with active GzmA. In this experiment, 2-fold dilutions
of the SET complex, beginning with 20 ug of total protein, were used to
treat 10° nuclei. The Klenow-labeled DNA nicks were visualized on
alkaline agarose gels. Similar results were obtained with the SET
complex separated by gel filtration chromatography (not shown). C, the
DNase in the S-AGzmA eluate copurified with the SET proteins after
further separation on an S400 column and degraded plasmid DNA. Frac-
tions obtained as described for Fig. 3A were incubated with plasmid DNA
and electrophoresed through agarose gels. DNase activity coincided with
fractions containing SET and pp32, although neither of these proteins has
DNase activity (not shown). M, markers; E, S-AGzmA/500 mm NaCl
eluate; F'T, S-AGzmA column flow-through fraction of the K562 cytoplas-
mic lysate. Both the eluate and flow-through fraction from the S-AGzmA
affinity separation of K562 cytosolic lysates contained DNase activity. D,
a 25-kDa DNase was visualized by DNA-PAGE in the S-AGzmA eluate
(lane 1) and S400 column SET complex fraction 73 (lane 2), but not in
samples containing recombinant pp32 (lane 3), rSET (lane 4), S-AGzmA
(lane 5), GzmA (lane 6), S-AGzmA-treated rSET (lane 7), or GzmA-treated
rSET (lane 8). DNase I was used as a positive control. The 25-kDa band
appeared after renaturation in the absence of Ca®*, but the DNase I
band appeared only after further incubation with Ca®* (not shown).
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cells, single-stranded DNA nicks were induced (Fig. 5A). Nick-
ing required GzmA proteolysis since enzymatically inactive
S-AGzmA did not cause DNA damage. The cytosol could be
replaced by the SET complex purified from the S-AGzmA col-
umn (Fig. 5B). Neither the SET complex nor GzmA alone was
able to induce DNA breaks, but the two together reconstituted
the DNA damage induced when intact cells were loaded with
GzmA and perforin. The addition of the caspase inhibitors
benzyloxycarbonyl-Val-Ala-Asp fluoromethyl ketone and ben-
zyloxycarbonyl-Asp-Glu-Val-Asp fluoromethyl ketone did not
affect DNA nicking in these experiments (data not shown).

The SET Complex Contains a 25-kDa GzmA-activated DNase
(GAAD)—To determine whether the SET complex might con-
tain a DNase, plasmid DNA was incubated with the S-AGzmA
column eluate and the further purified SET complex fractions
from the S400 column (Fig. 5C). Both the S-AGzmA column
eluate and the SET complex fractions degraded plasmid DNA in
the absence of GzmA. Plasmid degradation was seen only after
prolonged incubation, presumably because DNase inhibitors are
also present in the SET complex.® DNA degradation was
sequence-independent.

DNA-PAGE analysis identifies nucleases after electrophore-
sis through polyacrylamide gels impregnated with calf thymus
DNA by the appearance of EtBr-negative bands after protein
renaturation. An EtBr-negative band was visible at ~25 kDa
when the purified SET complex, but not irrelevant fractions,
was analyzed. Thus, the SET complex contains a 25-kDa nu-
clease that degrades eukaryotic DNA (Fig. 5D). Because the
DNase has the same apparent molecular mass as GzmA-
cleaved SET, it was important to determine whether cleaved
SET is the DNase. However, rSET, recombinant pp32, and
GzmA-cleaved rSET have no DNase activity. Therefore, the
SET complex GAAD is distinct from pp32 and SET. DNA deg-
radation of plasmid and eukaryotic DNAs by GAAD required
Mg?*, but not Ca?* (data not shown).

DISCUSSION

In this study, we show that the GzmA substrate SET is
contained in a 270-420-kDa multimeric complex primarily
associated with the ER. This complex also contains the previ-
ously co-isolated tumor suppressor protein pp32, which may
regulate nuclear translocation of the complex since it contains
signals for nuclear import and export (30-32). The SET com-
plex also contains a 25-kDa DNase (GAAD) that induces the
unique type of DNA damage seen in dying target cells after
perforin loading with GzmA: single-stranded nicks as opposed
to oligonucleosomal DNA fragmentation (7). This preliminary
finding needs to be confirmed by identification of the DNase,
which has proven elusive.

GzmA-treated SET complex, but not untreated complex or
complex treated with enzymatically inactive mutant GzmA,
reconstitutes DNA nicking in isolated nuclei. Activation of
DNA nicking by GzmA-treated SET complex is not blocked by
caspase inhibitors and requires only the purified SET complex.
The 40-kDa caspase-activated DNase, which causes double-
stranded blunt-ended DNA cuts (39), is not contained in the
SET complex (data not shown). Therefore, GAAD is a novel
endonuclease. Both caspase-activated DNase and GAAD are
Mg2*-dependent. It has been hypothesized that during
caspase-mediated apoptosis, a novel nuclease is involved in the
earliest DNA damage, excision of large loops of DNA >50
kilobase pairs in size (40). GAAD and this unknown DNase
may be identical. This might explain the synergy of GzmA and
GzmB in inducing oligonucleosomal DNA damage (7, 41). In
fact, single-stranded DNA nicks predominate over oligonucleo-

3 P. J. Beresford and J. Lieberman, manuscript in preparation.
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TaBLE 1
GzmA cleavage sites
Substrate Cleavage site Sequence Reference

pIL-1B8 Arg'?° DAPVR | SLNCT 43
Thrombin receptor Arg*! TLDPR | SFLLR 44
Histone H1 Lys®® KLGLK | SLVSK 13
Histone H2b Lys'? APAPK | KGSKK 13
SET Lys'’® QTQNK | ASRKR

Lamin B Arg392 VTVSR | ASSSR 10

somal DNA breaks in some types of cells subjected to CTL-
mediated lysis (42). Therefore, the relative contributions of
caspase-activated DNase- and GAAD-mediated DNA damage
may vary between target cells.

Until recently, only interleukin-18 and the thrombin recep-
tor had been clearly shown to be physiologically relevant GzmA
substrates (43, 44). Lamins and histones have recently been
added to the list (10, 13). Cleavage sites for six GzmA sub-
strates have now been identified, all cleaved at nanomolar
concentrations, with cleavage verified by in vivo experiments
(Table I). These showed that Lys and Arg are both equally good
at the P1 position. Although GzmA seemed to prefer a basic
residue at the P5’ site and possibly Ser at some of the other
residues distal to the cleavage site, there was no obvious se-
quence preference N-terminal to the cleavage site. Therefore,
the tertiary structure near the substrate-binding site, rather
than a short linear peptide sequence, is important for GzmA
substrate specificity. Interestingly, P’ sites are also important
for GzmB substrate and inhibitor binding (45).

The SET complex comes off as a broad peak, which migrates
with an apparent mass of 270-420 kDa on gel filtration col-
umns. SET and pp32 are mostly associated with the ER in a
variety of cultured cells (K562, HL-60, HeLa, and COS). In the
rare cell with nuclear staining, the signal is completely nuclear,
and both SET and pp32 colocalize in the nucleoplasm (data not
shown). This further supports the contention that these pro-
teins are together in a complex. What mediates nuclear trans-
location of the complex remains to be explored. The combined
molecular masses of SET and pp32 (44 and 33 kDa, respec-
tively) leave room in the SET complex for a number of other
components. One of these is GAAD. GAAD can be further
separated by chromatography from pp32 and SET.? Moreover,
neither pp32 nor SET has DNase activity, even after treatment
with GzmA. Of note, when recombinant pp32 or SET is ex-
pressed in bacteria, a bacterial DNase binds to it, but can be
purified from it (data not shown). This suggests that GAAD
may have a bacterial homolog.

GzmA may activate GAAD by any of several, not necessarily
exclusive, mechanisms. GzmA might 1) facilitate the nuclear
translocation of GAAD or its access to DNA, 2) inactivate a
protein DNase inhibitor within the SET complex by proteolysis,
3) activate a precursor nuclease within the SET complex by
proteolysis, 4) induce modification of the phosphorylation of the
SET complex, and/or 5) reconfigure the proteins in the SET
complex. Both SET and pp32 have been shown to inhibit pro-
tein phosphatase 2A, which suggests that this pathway may be
regulated by phosphorylation. Because SET is a GzmA substrate,
an attractive and economical explanation for GzmA activation of
DNA damage would be that SET is an important component of
the DNase inhibitor. However, neither recombinant pp32 nor
rSET, alone or in combination, inhibits the in vitro DNase activ-
ity (data not shown), making this hypothesis less likely.

GzmA concentrates in the nucleus during CTL-mediated cell
death. How GzmA gets into the nucleus is unknown, but it is an
ATP-independent process (46). The molecular mass of the co-
valently linked homodimer (55 kDa) places it above the thresh-
old for passive diffusion into the nucleus. Although GzmA is

Granzyme A Activates a SET Complex DNase

highly basic (calculated pI 9.1), it does not contain any
stretches of basic amino acids that comprise recognized nuclear
localization signals. Adding GzmA to isolated nuclei in the
absence of any cytosolic component induces lamin and histone
cleavage (10, 13). Therefore, the nuclear translocation of GzmA
does not require the SET complex. However, disruption of the
nuclear lamina may facilitate entry of GAAD into the nucleus
or facilitate DNA accessibility.

GzmA degrades histone H1 and cleaves the core histones in
isolated nuclei (10). Adding rSET with GzmA to the isolated
nuclei does not enhance GzmA-induced histone degradation or
the ability of GzmA to enhance DNA degradation by exogenous
nucleases in isolated nuclei. These results suggest that GzmA
does not use the NAP activity of SET to increase chromatin
accessibility. In fact, GzmA cleavage of SET abrogates its NAP
activity, and the cleaved p25 SET fragment does not translocate
to the nucleus. Therefore, GzmA induces a loss of SET function.

The normal role of the SET complex is unclear, although
recent work (21-23) provides some intriguing hints that it may
be involved in cellular transformation via transcriptional acti-
vation. Identification of the other components of the complex
may help to delineate its function in non-apoptotic cells. The
SET gene, encoding all but the last 6 amino acids, was first
identified in a translocation with a nucleoporin in undifferen-
tiated leukemia. Clearly, changing the subcellular localization
of the SET protein, known to interact with MLL (47), another
gene frequently involved in leukemia translocations, has a
profound effect on cell transformation. Another component of
the complex, pp32, is a tumor suppressor (29). Because SET
binds to both p300/cAMP response element-binding protein-
binding protein transcriptional coactivator proteins (22) and
histones (17), SET may link the transcription-activating com-
plex and chromatin, facilitating transcription by unwinding
chromatin. Histone binding of SET also inhibits histone acety-
lation, which is important for regulating transcription (23). A
recent report also suggests that a complex containing SET and
pp32 in the nucleus associates with HuR, a protein that stabi-
lizes mRNAs with AU-rich sites in the 3’-untranslated region
(32). One could imagine that toward the end of transcription,
HuR binds to both the SET complex and the nascent mRNA;
and that after mRNA splicing, they are transported together to
the ER. This would explain the cellular distribution of the SET
complex.

If the normal role of the SET complex is to promote tran-
scription and/or mRNA stability, why then would the SET
complex contain a DNase? A DNase within the complex might
be involved in transcription-related DNA repair. The NAP ac-
tivity of SET may then serve to reassemble repaired DNA into
chromatin. In fact, we have provisionally identified a transcrip-
tion-related DNA repair enzyme in the SET complex.* The high
degree of conservation of SET throughout eukaryotic evolution
suggests that its function predates the development of CTLs
and acquired immunity in invertebrates. The CTL protease
likely hijacks and disables the normal function of the SET
complex, whatever it may be, and subverts a DNA repair path-
way to destroy DNA.
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