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Summary

Granzyme A (GzmA) activates a caspase-independent

cell death pathway with morphological features of ap-
optosis. Single-stranded DNA damage is initiated

when the endonuclease NM23-H1 becomes activated
to nick DNA after granzyme A cleaves its inhibitor,

SET. SET and NM23-H1 reside in an endoplasmic retic-
ulum-associated complex (the SET complex) that

translocates to the nucleus in response to superoxide
generation by granzyme A. We now find the 30-to-50

exonuclease TREX1, but not its close homolog
TREX2, in the SET complex. TREX1 binds to SET and

colocalizes and translocates with the SET complex.
NM23-H1 and TREX1 work in concert to degrade

DNA. Silencing NM23-H1 or TREX1 inhibits DNA dam-
age and death of cells treated with perforin (PFN) and

granzyme A, but not of cells treated with perforin and
granzyme B (GzmB). After granzyme A activates

NM23-H1 to make single-stranded nicks, TREX1 re-
moves nucleotides from the nicked 30 end to reduce

the possibility of repair by rejoining the nicked ends.

Introduction

Granzyme A (GzmA), an abundant serine protease in the
cytolytic granules of cytolytic T cells and NK cells, acti-
vates caspase-independent cell death when it is deliv-
ered by perforin (PFN) into the target cell through the im-
munological synapse (Griffiths, 2003; Lieberman, 2003).
GzmA does not activate the caspases or induce cleav-
age of most key caspase pathway substrates, such as
bid or ICAD, and is able to kill target cells resistant to
caspase-mediated cell death, including cells that over-
express bcl-2 (Beresford et al., 1999; Martinvalet et al.,
2005). This may be important for immune defense
against cancers and viruses that have evolved strate-
gies for evading caspase-mediated apoptosis. Target
cells have all the morphological features of apoptosis.
Chromatin condensation and nuclear fragmentation
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can be readily seen within a few hours (Beresford
et al., 1999; Lieberman and Fan, 2003; Zhang et al.,
2001a). A key feature of GzmA-mediated cell death is
the initiation of single-stranded DNA damage, rather
than the blunt double-stranded breaks characteristic
of the caspase-activated DNase CAD (Beresford et al.,
1999; Fan et al., 2003a; Shresta et al., 1999). These nicks
produce multikilobase DNA fragments, which are not
detected by assays that measure apoptotic DNA dam-
age by production and release of short oligonucleoso-
mal DNA fragments. However, GzmA-induced DNA
damage can be detected by radiolabeling free single-
stranded ends with TUNEL or the Klenow fragment of
DNA polymerase or by separating the two strands of
nicked chromosomal DNA using alkaline gel electropho-
resis (Beresford et al., 1999, 2001; Fan et al., 2003a; Zhu
et al., 2006).

DNA damage by GzmA is mediated by the 270–420
kDa SET complex (Beresford et al., 2001). Not all the
components of this complex are known. The SET com-
plex is mobilized during the cellular response to oxida-
tive damage and is postulated to participate in the oxi-
dative stress response (Martinvalet et al., 2005). When
GzmA is delivered into a target cell, mitochondria are
damaged to generate superoxide, and the SET complex,
normally associated with the endoplasmic reticulum,
translocates to the nucleus (Martinvalet et al., 2005).
The SET complex contains both the endonuclease that
makes the characteristic single-stranded cuts in
GzmA-treated cells as well as a specific inhibitor of the
nuclease. The GzmA-activated endonuclease is NM23-
H1, which is also a tumor metastasis suppressor and nu-
cleoside diphosphate kinase. Its inhibitor is the nucleo-
some assembly protein and GzmA substrate, SET (Fan
et al., 2003a). When GzmA cuts SET, the NM23-H1 endo-
nuclease is activated. The importance of NM23-H1 and
SET in GzmA-mediated cell death was confirmed by
finding increased DNA damage and cell death in cells
that overexpress NM23-H1 or have silenced SET and,
conversely, by finding less cell death in targets with si-
lenced NM23-H1 or enhanced SET expression (Fan
et al., 2003a). The SET complex also contains 2 addi-
tional GzmA substrates—the apurinic endonuclease re-
sponsible for base excision repair, Ape1 (Fan et al.,
2003b), and the DNA-binding protein HMG-2 (Fan
et al., 2002). pp32, a tumor suppressor protein that in-
hibits protein phosphatase PP2A, is also a component
of the SET complex (Beresford et al., 2001).

Following GzmA treatment, the purified SET complex
shows significant exonuclease activity on supercoiled
plasmid DNA (Beresford et al., 2001; Fan et al., 2003a).
Although NM23-H1 may have some 30-to-50 exonuclease
activity, this activity has only been demonstrated on sin-
gle-stranded DNA or double-stranded DNA with signifi-
cant 30 overhangs (Ma et al., 2004; Yoon et al., 2005). We
therefore postulated that the SET complex might con-
tain an exonuclease. Here we show that the 30-to-50 exo-
nuclease TREX1/DNase III (Höss et al., 1999; Mazur and
Perrino, 1999) is a component of the SET complex. Inclu-
sion of TREX1 in the SET complex is specific, since the
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TREX1 homolog TREX2 (44% identity) (Mazur and Per-
rino, 1999) is not in the complex. TREX1, like NM23-
H1, is not a GzmA substrate. On its own, TREX1 does
not damage intact DNA. It acts in concert with NM23-
H1 to destroy DNA during GzmA-mediated cell death.
After NM23-H1 nicks one strand, TREX1 removes bases
from the free 30 end to enhance the damage and pre-
vents DNA end reannealing and rapid repair.

Results

The SET Complex Contains the Exonuclease TREX1

The SET complex was previously identified and purified
from cytoplasmic lysates by sequential binding to im-
mobilized enzymatically inactive S-AGzmA (mutated at
the active site Ser/Ala), followed by gel filtration on
a Sephacryl 400 column (Beresford et al., 1997, 2001).
To increase the yield of the purified complex, we took
advantage of the homotypic binding of SET (Miyaji-Ya-
maguchi et al., 1999), to replace the GzmA affinity-puri-
fication step with binding to immobilized recombinant
SET. The known components of the SET complex, in-
cluding SET, pp32, and NM23-H1, coeluted in a single
broad peak between w250 and 440 kDa (Figures 1A–
1C). Like the previously purified SET complex (Beresford
et al., 2001), the S400 fractions also degraded plasmid
DNA on prolonged incubation (Figure 1B). After 48 hr,
the intact supercoiled plasmid band began to disappear
and was replaced by a more rapidly migrating smear of
shorter nicked DNA. During the 2 day incubation, the in-
hibitor SET may have transiently dissociated from some
NM23-H1 molecules, allowing some nicking to occur. Al-
though the endonuclease NM23-H1 is reported to have
limited exonuclease activity on single-stranded DNA
and double-stranded DNA with significant 30 overhang
substrates (Ma et al., 2004; Yoon et al., 2005), we inves-
tigated whether the purified SET complex might contain
other exonucleases. The 30-to-50 exonuclease TREX1/
DNase III coelutes in fractions 68–72 with NM23-H1,
SET, and pp32 (Figure 1C). TREX1 was also present in
the SET complex eluted from the S-AGzmA affinity col-
umn (data not shown). TREX2, a TREX1 homolog, is
not part of the SET complex. Another exonuclease,
Exo1, also was not present in the complex.

NM23-H1 Is Not the SET Complex Exonuclease
The intact SET complex has limited nuclease activity
that is detected only by prolonged (w2 day) incubation
with plasmid DNA (Fan et al., 2003a) (Figure 1B). We pre-
viously showed that the nuclease activity of the intact
complex is blocked by the SET protein, which inhibits
the NM23-H1 endonuclease. The SET complex nuclease
can be separated from the acidic SET and pp32 proteins
by passage through an anion exchange Q column. We
verified this result, as shown by Figure 1D. SET and
pp32 bind to the column, while NM23-H1, Ape1, and
HMG-2 are in the Q flowthrough (QFT) (Fan et al.,
2003a) (Figure 1D). Although TREX1 binds to some ex-
tent to the Q column and is eluted with SET in the Q col-
umn eluate (QE), most TREX1 is in the QFT (Figure 1D).
Because TREX1 is an exonuclease and NM23-H1 has
also been reported to have exonuclease activity (Ma
et al., 2004; Yoon et al., 2005), we wanted to determine
which protein is responsible for the exonuclease activity
of the QFT fractions of the SET complex. We therefore
used immunodepletion with immobilized anti-NM23-H1
to separate NM23-H1 and TREX1 in the QFT
(Figure 1D). TREX1 remained in the supernatant and
did not coprecipitate with NM23-H1, suggesting that
the two proteins do not interact directly. Control IgG
beads did not deplete either TREX1 or NM23-H1. The
control IgG supernatant that contains both TREX1 and
NM23-H1 had unaltered QFT exonuclease activity. How-
ever, neither the NM23-H1 immunoprecipitate, lacking
TREX1, nor the NM23-H1 supernatant, containing
TREX1 but lacking NM23-H1, demonstrated exonucle-
ase activity on plasmid DNA (Figure 1D). The NM23-H1
immunoprecipitate, however, did produce a band corre-
sponding to nicked plasmid DNA. These results show
that NM23-H1 is not the SET complex exonuclease.
They suggest that TREX1 is the SET complex exonucle-
ase but that TREX1 by itself is inactive against a circular
plasmid and requires NM23-H1 to generate a nicked
substrate for its activity.

Because TREX1 copurifies with the SET complex, we
wanted to verify the association of SET and TREX1
within cells by coimmunoprecipitation experiments.
K562 cell lysates immunoprecipitated with SET peptide
antisera also reacted with antisera to TREX1, but not
TREX2 (Figure 1E, top). To determine whether TREX1 in-
teracts directly with SET, we attempted to coimmuno-
precipitate the recombinant proteins. Recombinant
SET coprecipitated with recombinant TREX1, but not
TREX2 (Figure 1E, left), suggesting that TREX1 interacts
directly with SET. However, the SET-TREX1 binding may
be weak, since only a fraction of the TREX1 input mate-
rial was brought down by the SET antisera. This sug-
gests that other components of the SET complex may
also interact with TREX1 and stabilize the interaction.
TREX1 did not bind directly to recombinant pp32 or re-
combinant NM23-H1, demonstrating the specificity of
the SET-TREX1 interaction (Figure 1E, right; data not
shown). These results suggest that TREX1 is a compo-
nent of the SET complex, potentially responsible for its
exonuclease activity.

TREX1 Is Not a GzmA Substrate

Since TREX1 is contained in a GzmA-interacting com-
plex, it might be a GzmA substrate like the SET complex
proteins SET (Beresford et al., 2001), Ape1 (Fan et al.,
2003b), and HMG-2 (Fan et al., 2002). Alternatively, it
might be resistant to GzmA and play a role in GzmA-
mediated cell death like the endonuclease NM23-H1
(Fan et al., 2003a). K562 cells were loaded with increas-
ing concentrations of GzmA and incubated for different
times. TREX1 was not degraded using GzmA concentra-
tions as high as 1 mM or incubation for as long as 2 hr,
whereas SET cleavage was seen with 10-fold less
GzmA and within 15 min (Figure 2A). Furthermore, a mo-
lar excess of GzmA does not cut recombinant TREX1 in
vitro (Figure 2B). Under the same conditions, GzmA cuts
SET at low concentrations.

SET Does Not Inhibit the TREX1 Exonuclease
In our previous study, we found that SET inhibits the en-
donuclease activity of NM23-H1 (Fan et al., 2003a).
Since SET interacts directly with TREX1, we wanted to
determine whether SET affects TREX1 exonuclease
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Figure 1. TREX1 Coelutes and Coimmunoprecipitates with the SET Complex

(A) A 250–420 kDa complex elutes from K562 cytoplasmic lysates applied sequentially to immobilized SET and S400 gel filtration columns. Mi-

gration of the 232 kDa and 440 kDa gel filtration standards is shown.

(B) Nuclease activity coincides with S400 fractions containing the 250–420 kDa complex. Fractions obtained as in (A) were incubated with plas-

mid DNA at 37ºC for 48 hr and electrophoresed through agarose gels.

(C) TREX1 copurifies with the SET complex proteins SET, pp32, and NM23-H1. S400 fractions were analyzed by immunoblot with antibodies

against the SET complex proteins SET, pp32, and NM23-H1 and the exonucleases TREX1, TREX2, and Exo1. WCE, whole-cell extract.

(D) TREX1 and NM23-H1 are both required for the exonuclease activity of the SET complex (SC). The SET complex, isolated by gel filtration as

above, was further fractionated by ion-exchange chromatography using Q beads. The top three panels depict immunoblots probed for SET,

NM23-H1, and TREX1. The Q eluate (QE) contains SET and low levels of TREX1. The Q flowthrough (QFT) has NM23-H1 and higher amounts

of TREX1. NM23-H1 was immunoprecipitated (a-NM23-H1[P]) from the QFT using anti-NM23-H1 antibody. The supernatant (a-NM23-H1[S]) con-

tains TREX1. The control IgG does not immunoprecipitate NM23-H1 or TREX1 (IgG [P]), and both proteins are in the supernatant (IgG [S]). These

fractions were incubated with plasmid DNA for 2 hr at room temperature and electrophoresed through agarose gels (bottom panel).

(E) TREX1 binds directly to SET, but not to pp32, and associates with SET in K562 cell lysates. K562 cell lysates were immunoprecipitated with

anti-SET antibody or control IgG and probed for TREX1 or TREX2 (top). Recombinant TREX1 or TREX2 was incubated with SET (left), or recombi-

nant TREX1 was incubated with pp32 (right) and then immunoprecipitated with anti-SET or anti-pp32 antibody, respectively, or with control IgG.

Immunoblots were probed for TREX1, TREX2, or pp32. TREX1 only binds to SET directly and not to pp32. TREX2 does not bind to SET directly or

associate with SET in K562 cell lysates.
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Figure 2. TREX1 Is Not a GzmA Substrate

(A) TREX1 is not cleaved by GzmA when K562

cells are loaded with GzmA and PFN for indi-

cated times. Gzm concentration was 1 mM,

except where indicated. SET is cleaved under

these conditions.

(B) Recombinant TREX1 is not cleaved by

GzmA. Recombinant TREX1 (left) or SET

(right) (1 mM) was incubated for 2 hr at 37ºC

with the indicated amounts of GzmA or 500

nM of S-AGzmA, and the reaction products

were analyzed by TREX1 and SET immuno-

blot.

(C) SET does not affect the 30-to-50 exonucle-

ase activity of TREX1. 32P-labeled nicked

double-stranded DNA substrate (10 nM) was

incubated with 50 pM of recombinant

TREX1 or TREX2 or 0.002 units of ExoIII in

the presence of increasing amounts of SET

(0, 0.01, 0.1, 1, 10, and 100 nM) at 30ºC for

10 min.
activity. We confirmed previous findings (Höss et al.,
1999; Mazur and Perrino, 1999) that TREX1 is a potent
30-to-50 exonuclease and works efficiently on different
double-stranded DNA substrates (data not shown). To
mimic the physiological setting of NM23-H1 nicked
DNA, a nicked DNA double-stranded substrate was
used for the exonuclease assays. SET had no effect on
the exonuclease activity of TREX1 (Figure 2C). The exo-
nuclease activities of TREX2 and the bacterial exonucle-
ase III (ExoIII), used as controls, were also unaffected by
adding SET. Exonuclease activity of purified TREX1 is
inhibited by NaCl concentrations above 50 mM (Mazur
and Perrino, 2001a). The presence of SET also did not al-
ter TREX1 activity in the presence of added salt (data not
shown).

TREX1 Works in Concert with NM23-H1 to Degrade

Plasmid DNA
We have previously shown by in vitro assays that NM23-
H1 nicks plasmid DNA and that SET inhibits the nicking
activity of NM23-H1 (Fan et al., 2003a). TREX1 does not
have endonuclease activity and needs a free 30-OH end
to degrade DNA. We hypothesized that, during GzmA-
mediated cell death, TREX1 accentuates the breaks
made by NM23-H1 but cannot cause a break by itself.
To test this hypothesis, we incubated supercoiled plas-
mid DNA with TREX1 and/or NM23-H1 (Figure 3A) at
room temperature for 2 hr. Increasing amounts of
NM23-H1 caused an increase in the nicked form of plas-
mid DNA but did not lead to its degradation. TREX1
alone did not cause changes in any form of DNA.
TREX1 and NM23-H1 together worked in synergy and
caused a significant decrease in total plasmid DNA
levels. Addition of equimolar amounts of recombinant
SET into this mix prevented the degradation of plasmid
DNA, presumably by inhibiting the formation by NM23-
H1 of nicked DNA, which is the substrate for TREX1. Fur-
thermore, GzmA released the SET-mediated inhibition
by cleaving SET (data not shown) and allowing NM23-
H1 and, consequently, TREX1 to degrade plasmid DNA
(Figure 3A, last lane). Although TREX1 and NM23-H1 de-
graded plasmid DNA, the smear expected for degrada-
tion by an exonuclease, seen in previous experiments
(i.e., Figure 1D), was not visualized. The plasmid DNA
may have been completely digested because the reac-
tion proceeded rapidly at room temperature. Therefore,
the experiment was repeated at 4ºC to slow the reaction
rate. At 4ºC, the nicked band formed by NM23-H1 alone
became a smear in the presence of increasing amounts
of TREX1 (Figure 3B, upper panel). Another 30-to-50 exo-
nuclease, bacterial ExoIII, when added with NM23-H1
caused a similar degradation pattern as TREX1. This
confirms that TREX1 is indeed providing 30-to-50 exonu-
clease activity, which is necessary for DNA degradation.
(It is worth noting that supercoiled DNA migrated more
slowly than nicked DNA in the presence of ethidium
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Figure 3. TREX1 Works in Concert with

NM23-H1 to Degrade Both Plasmid and Nu-

cleosomal DNA

(A) TREX1 and NM23-H1 act synergistically to

degrade plasmid DNA. Plasmid pcDNA3 (0.5

mg) was incubated for 2 hr at room tempera-

ture with increasing amounts (12.5, 25, and

50 nM) of NM23-H1 or with 50 nM NM23-H1

in combination with increasing amounts

(12.5, 25, and 50 nM) of TREX1. SET (50 nM)

and/or GzmA (1 mM) were added to the reac-

tions. The nicked form of the plasmid DNA in-

creased with increasing amounts of NM23-

H1. TREX1 is inactive in the absence of

nicking by NM23-H1; moreover, the NM23-

H1-nicked DNA is not degraded in the ab-

sence of TREX1. Only the combination of

TREX1 and NM23-H1 degrades both nicked

and supercoiled DNA.

(B) TREX1 is necessary to degrade nucleoso-

mal DNA. Plasmid DNA (upper panel) and nu-

cleosomal DNA (lower panel) were incubated

for 2 hr at 4ºC with increasing amounts (as in

[A]) of NM23-H1 and TREX1. The lower tem-

perature decreases the reaction rate, allow-

ing visualization of degraded DNA intermedi-

ates. Nucleosomal DNA was visibly degraded

only at the highest concentration of TREX1

(50 nM) and NM23-H1 (50 nM). Bacterial

ExoIII (5 units) was used as a control exonu-

clease.
bromide in Figure 1B but migrated faster in the absence
of ethidium bromide in Figures 3 and 1D).

Because DNA is incorporated into nucleosomes
within the cell, we next wanted to know whether
NM23-H1 and TREX1 are active on chromatinized DNA
(Figure 3B, lower panel). NM23-H1 and TREX1 also
nicked and degraded nucleosomal DNA at 4ºC. As ex-
pected, nucleosomal DNA was more resistant to nucle-
ase digestion than plasmid DNA, and a DNA smear was
apparent only at the highest concentration of TREX1.
Together, these results suggest that both TREX1 and
NM23-H1 are necessary for efficient degradation of
DNA and that they work synergistically.

TREX1 Colocalizes with NM23-H1 and

Cotranslocates to the Nucleus in Response to GzmA
In untreated HeLa cells, NM23-H1 and the SET complex
are primarily perinuclear and associate with the endo-
plasmic reticulum (Fan et al., 2003a). However, when
cells are treated with GzmA and PFN, NM23-H1 rapidly
translocates to the nucleus (Fan et al., 2003a; Martinva-
let et al., 2005). From our earlier experiments, we hy-
pothesized that TREX1 works in concert with NM23-H1
within cells, which suggests that the two proteins
should colocalize during GzmA-mediated cell death.
Untreated, GzmA-treated, or PFN-treated HeLa cells
costained for NM23-H1 and TREX1 in a predominantly
perinuclear pattern. In contrast, in cells treated with
GzmA and PFN for 20 min, much of the signal for the
two proteins colocalized to the nucleus (Figure 4A and
see Figure S1 in the Supplemental Data available with
this article online). Immunostaining of b-actin as a con-
trol showed that b-actin remained mostly cytoplasmic
under the same conditions in which TREX1 and NM23-
H1 had cotranslocated to the intranuclear compartment
(Figure 4A).
Although purified TREX1 and NM23-H1 do not interact
directly in vitro (Figure 1D), we wanted to verify that
TREX1 associates with NM23-H1 within cells and to
find out whether they continue to associate during
GzmA-mediated cell death. Hence, we did coimmuno-
precipitation experiments using fractionated cell lysates
(Figure 4B). Prior to treatment with GzmA and PFN,
TREX1 and NM23-H1 coprecipitated using the NM23-
H1 antibody and were detected in the cytoplasm and
not in the nucleus. However, after GzmA and PFN treat-
ment, the two proteins still coprecipitated, but now
much of the signal was detected in the nuclear fraction.
TREX2 did not coprecipitate with NM23-H1 before or af-
ter GzmA/PFN treatment. The coimmunoprecipitation
and colocalization of NM23-H1 and TREX1 and their nu-
clear translocation during GzmA-mediated cell death
strongly suggest that the two proteins work together in
this cell death pathway.

Silencing TREX1 Inhibits GzmA-Mediated
DNA Damage and Cell Death

To investigate the role of TREX1 in GzmA-mediated cell
death, we silenced the expression of TREX1 using two
siRNA duplexes. We previously demonstrated that cells
with diminished NM23-H1 protein are significantly more
resistant to GzmA-mediated cell death (Fan et al.,
2003a). We wanted to confirm this result and also to
see whether silencing TREX1, alone or together with
NM23-H1, increases the capacity of the cell to resist
GzmA-mediated cell death. When siRNA duplexes tar-
geting NM23-H1 and/or TREX1 were transfected into
HeLa cells, the corresponding NM23-H1 and/or TREX1
proteins were decreased by >90% 3 days later
(Figure 5A). Cells transfected with control siRNA against
GFP had unchanged expression of both proteins.
TREX2 and the ATR-interacting protein ATRIP, encoded
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Figure 4. TREX1 Colocalizes with NM23-H1

and Interacts with It in the Nucleus of

GzmA- and PFN-Treated Cells

(A) TREX1 colocalizes with NM23-H1 in the

perinuclear region of cells, and they both par-

tially translocate to the nucleus after GzmA

and PFN treatment. HeLa cells treated for

25 min with GzmA and/or PFN were stained

for NM23-H1 and TREX1. TREX1 and NM23-

H1 partially translocate to the nucleus after

GzmA and PFN treatment, but b-actin re-

mains in the cytoplasm.

(B) TREX1 physically associates with NM23-

H1 in the nucleus of GzmA- and PFN-treated

cells. Cytoplasmic (C) and nuclear (N) frac-

tions or whole-cell lysates (WC) from un-

treated K562 cells or cells treated with

GzmA and PFN as above were immunopre-

cipitated with NM23-H1 antibody or rabbit

IgG and probed for TREX1. Cytoplasmic

and nuclear fractions were immunoblotted

with histone and b-actin antibody to verify

cell fractionation.
by an upstream ORF from the same gene locus as
TREX1 (http://www.ncbi.nih.gov/LocusLink/LocRpt.
cgi?l=11277), were also unchanged by the TREX1
siRNAs (data not shown). Cells with silenced TREX1 or
NM23-H1 had comparable background Klenow labeling
in the absence of GzmA treatment (data not shown) or
upon treatment with inactive S-AGzmA, which served
as a negative control. However, cells with silenced
TREX1 or NM23-H1 had significantly fewer DNA breaks
(measured by Klenow labeling) after GzmA treatment
of cell lysates, relative to cells treated with GFP siRNA
(p < 0.001) (Figure 5B). However, DNA damage was not
further reduced when both TREX1 and NM23-H1 were
silenced. This suggests that NM23-H1 and TREX1 work
together in the same pathway to cause DNA damage,
rather than in parallel pathways.
Figure 5. Silencing TREX1 and/or NM23-H1

Expression Decreases GzmA-Induced DNA

Damage and Cell Death

(A) TREX1 and NM23-H1 expression are si-

lenced in HeLa cells after treatment with

siRNA duplexes against TREX1 and NM23-

H1. b-actin expression remains unchanged.

(B) TREX1 and NM23-H1 silencing signifi-

cantly diminishes GzmA-mediated DNA dam-

age in isolated HeLa nuclei, as measured by

radionucleotide incorporation at nicked DNA

using Klenow DNA polymerase. White bars

indicate mean 6SD for GzmA-treated nuclei,

and black bars indicate S-AGzmA-treated

nuclei.

(C) HeLa cells with silenced TREX1 and

NM23-H1 expression are more resistant

than control cells to cell death induced by

GzmA (left), but not by GzmB (right), as as-

sayed by 51Cr release. The effect of silencing

expression of both proteins on GzmA-in-

duced DNA damage or cytolysis is not signif-

icantly different from silencing either one of

the proteins. Data shown are the means

6SD of at least three independent experi-

ments with HeLa cells either transfected

with control GFP siRNA or NM23-H1 and

TREX1 siRNA individually or together.

http://www.ncbi.nih.gov/LocusLink/LocRpt.cgi%3Fl%3D11277
http://www.ncbi.nih.gov/LocusLink/LocRpt.cgi%3Fl%3D11277
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To determine whether silencing TREX1 interferes with
GzmA-mediated cell death, as well as with DNA dam-
age, 51Cr-labeled HeLa cells with silenced TREX1 and/
or NM23-H1 were loaded with GzmA and PFN
(Figure 5C). Cells with silenced TREX1 and/or NM23-
H1 demonstrated no change in background cytolysis
with no additional treatment or following treatment
with GzmA or PFN alone. However, TREX1 and/or
NM23-H1 silenced cells were substantially less sensitive
to cell death caused by treatment with GzmA and PFN
than cells pretreated with the control GFP siRNA (p <
0.002). Cells with silenced TREX1 were comparable to
cells with silenced NM23-H1 in their resistance to
GzmA-activated death. Consistent with the previous re-
sult (Figure 5B), cells that had both genes silenced were
as sensitive to cytolysis as cells with either NM23-H1 or
TREX1 silenced. Silencing TREX2 had no effect on
GzmA- or GzmB-mediated cell death (Figure S2).

Silencing TREX1 or NM23-H1 Does Not Affect

GzmB-Induced Cell Death
Since GzmB can cause caspase-independent, as well as
caspase-dependent, cell death, we wanted to investi-
gate whether TREX1 and NM23-H1 play any role in the
GzmB pathway. When cells transfected with NM23-H1
siRNA and/or TREX1 siRNA were treated with GzmB
and PFN, silencing either TREX1, or NM23-H1, or both
made no difference to GzmB-mediated cytolysis
(Figure 5C). The specific importance of TREX1 and
NM23-H1 in the GzmA pathway was verified by measur-
ing cytolysis by granules purified from the human NK cell
line, YT-INDY, which expresses GzmB but does not ex-
press GzmA (Su et al., 1994). Cytotoxic granules from
YT-INDY cells lysed HeLa cells transfected with GFP
siRNAs or with TREX1 and/or NM23-H1 siRNAs with
comparable efficiency, thus demonstrating that TREX1
and NM23-H1 are specifically involved in GzmA-medi-
ated cell death (Figure S3).

Discussion

GzmA induces cell death via a caspase-independent
pathway, which uniquely among cell death pathways in-
volves single-stranded DNA damage (Beresford et al.,
1999; Shresta et al., 1999). We previously identified the
endonuclease (NM23-H1) as a GzmA-activated DNase
responsible for causing the single-stranded DNA breaks
(Fan et al., 2003a) (Figure 6). NM23-H1 is found in the
SET complex with its specific inhibitor, SET. GzmA
cleaves SET, releasing its inhibition of NM23-H1. In
that report, we had speculated that other nucleases
might contribute to DNA damage initiated by GzmA.
We now find that DNA damage by GzmA is enhanced
by another component of the SET complex, the exonu-
clease TREX1, which acts to remove nucleotides from
free 30-OH ends formed by NM23-H1 nicks. Single-
stranded DNA nicks can be repaired relatively quickly
by the base excision repair (BER) machinery (Demple
and DeMott, 2002; Krokan et al., 2000). One way that
GzmA deals with this challenge is by cleaving and inac-
tivating Ape1 (Fan et al., 2003b), a key enzyme in BER,
also contained in the SET complex. In this study, we
show another tactic of the GzmA pathway for interfering
with the repair of DNA breaks, which also involves the
SET complex. We demonstrate both in vitro and
in vivo that TREX1 and NM23-H1 work together, with
NM23-H1 causing the initial nick to create the appropri-
ate substrate for TREX1. TREX1 then further degrades
the nicked DNA, causing irreparable damage. Consis-
tent with this role of TREX1 in enhancing NM23-H1-in-
duced DNA damage, we find that TREX1 is closely asso-
ciated with NM23-H1 in the SET complex and
translocates with it from the cytoplasm to the nucleus
when cells are treated with GzmA. We previously
showed that superoxide generated by GzmA mitochon-
drial damage causes nuclear relocation of the SET com-
plex (Martinvalet et al., 2005). Furthermore, GzmA does
not cleave TREX1, so its exonuclease activity remains
intact. Silencing TREX1 renders cells relatively resistant
to GzmA-activated DNA damage and cell death, provid-
ing further evidence for the importance of TREX1 in
GzmA-activated DNA damage. Moreover, silencing
NM23-H1 at the same time as TREX1 does not add to
GzmA resistance, in support of the hypothesis that the
exonuclease acts in the same pathway to extend the
break caused by NM23-H1 nicking. The close associa-
tion of TREX1 and NM23-H1, which can be coimmuno-
precipitated from nuclear fractions after GzmA loading,
further supports the idea that the two nucleases work in
concert during GzmA-mediated cell death. Only a lim-
ited number of factors have been implicated in cas-
pase-independent apoptotic pathways. TREX1 is a new
addition to that short list.

The purified SET complex has exonuclease activity on
plasmid DNA, which is accelerated by GzmA treatment,
presumably via removing SET inhibition. Recently,
mammalian NM23-H1 expressed in bacteria was also
found to have weak 30-to-50 exonuclease activity (Ma
et al., 2004; Yoon et al., 2005). Because of the close as-
sociation of NM23-H1 with an exonuclease in mamma-
lian cells, it is possible that the highly conserved
NM23-H1, which is homologous to ndk in bacteria,
might associate with the DnaQ protein of the DNA poly-
merase III holoenzyme, the bacterial homolog of TREX1.
Trace amounts of a contaminating bacterial exonucle-
ase might lead to the erroneous conclusion that NM23-
H1 has exonuclease activity. In light of this study, the
weak exonuclease activity of NM23-H1 should be reex-
amined. Optimal exonuclease activity of NM23-H1 on
double-stranded DNA substrates is only achieved in
concert with Ape1 and a DNA glycosylase (Yoon et al.,
2005). Since GzmA cleaves and inactivates Ape1 (Fan
et al., 2003b), that in turn will severely impede any exo-
nuclease activity of NM23-H1. In this study, we found
that the exonuclease activity of the SET complex did
not fractionate with NM23-H1 (Figure 1D). Hence,
NM23-H1 is unlikely to be responsible for the exonucle-
ase activity of the GzmA-treated SET complex.

The functions of TREX1 and of the SET complex in
normal cellular metabolism are unknown. TREX1 was
isolated as the most abundant 30-to-50 exonuclease in
cells (Höss et al., 1999; Mazur and Perrino, 1999). It is
ubiquitously expressed, as is the SET complex. Early ex-
periments proposed a role for TREX1 in providing proof-
reading activity for DNA Polb, a key factor in BER. In a re-
constituted mammalian DNA-repair system containing
DNA Polb, accurate rejoining of a 30 mismatched base
residue at a single-strand break depended on addition
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Figure 6. Model for GzmA-Induced DNA Damage

The SET complex, normally associated with the endoplasmic reticulum (ER) (left panel), translocates to the nucleus in response to mitochondrial

damage and superoxide generation when cells are treated with GzmA (Martinvalet et al., 2005) (middle panel). GzmA cleaves SET, Ape1, and

HMG-2 in the SET complex as well as histone H1 and the tails of the core histones (Beresford et al., 1997; Fan et al., 2002; Fan et al., 2003b; Zhang

et al., 2001b). Cleaving the histones opens up chromatin and makes it more accessible to DNases (Zhang et al., 2001b) (right). SET is an inhibitor

of NM23-H1. After GzmA cleaves SET, NM23-H1 is able to nick one strand of the DNA (Fan et al., 2003a). The 30-to-50 exonuclease TREX1, another

component of the SET complex, then extends the cut.
of TREX1 (Höss et al., 1999). DNA Polb is a highly error-
prone polymerase that does not have intrinsic exonucle-
ase activity (Osheroff et al., 1999). Since a high error fre-
quency would not be acceptable during DNA repair,
a separate 30 exonuclease may be needed to work in
concert with DNA Polb. The sequence homology be-
tween TREX1 and the DnaQ protein of the DNA polymer-
ase III holoenzyme in E. coli and of the 30 exonuclease
domain of eukaryotic Pol3 made this an attractive prop-
osition (Höss et al., 1999; Scheuermann and Echols,
1984). However, genetic deletion of TREX1 does not
cause an increased frequency of spontaneous mutation
or cancer (Morita et al., 2004), suggesting that TREX1
might not have a role in BER. It is noteworthy that
TREX2, a close homolog of TREX1, has the same sub-
strate specificity as TREX1 (Mazur and Perrino, 2001a)
and can potentially substitute for TREX1 in TREX1-defi-
cient cells. Hence, it remains to be seen whether a defi-
ciency in both these exonucleases impedes BER. Our
finding TREX1 in a complex with Ape1 lends support
to the hypothesized role of TREX1 as a proofreading
exonuclease for BER. Moreover, NM23-H1 may have
DNA glycosylase and lyase activities normally associ-
ated with BER, although this is controversial (Bennett
et al., 2004; Postel and Abramczyk, 2003). Since Ape1
and possibly TREX1 and NM23-H1 in the SET complex
may have functions in BER, and since the SET complex
is mobilized to the nucleus in response to oxidative
damage, which causes DNA lesions that are repaired
by BER, our findings suggest that the SET complex
might be a BER complex.

The SET complex may play a role in BER or other DNA-
repair pathways only under certain cellular conditions.
Although Ape1 is a component of the SET complex, it
also is widely distributed in the nucleus of unstressed
cells under conditions in which the SET complex is ex-
tranuclear. Therefore, one possibility is that, under nor-
mal circumstances, BER occurs independently of the
SET complex, utilizing either the weak exonuclease ac-
tivity of Ape1 (Chou and Cheng, 2002), although this is
unlikely (Wong et al., 2003), or another exonuclease,
such as TREX2, for proofreading. The SET complex
may serve as a reservoir for Ape1 and other BER factors
that are mobilized into the nucleus only under extreme
conditions of oxidative stress. The SET complex pro-
teins SET and pp32 have well-documented roles in reg-
ulating DNA replication and histone acetylation (Nagata
et al., 1995; Seo et al., 2001), whereas HMG-2 is a DNA-
binding protein with specificity for distorted secondary
structures (Bustin, 1999). These factors could potentially
contribute to influencing chromatin structure during
BER or other DNA-repair events. We envisage a scenario
in which SET, pp32, and HMG-2 alter chromatin struc-
ture at the site of DNA damage. These alterations in
chromatin structure may actually help target the DNA-
repair factors Ape1, NM23-H1, and TREX1 to DNA-dam-
age sites. If that is the case, then a potential role for
TREX1 in BER in TREX12/2 mice might only become ev-
ident if animals are subjected to extraordinary oxidative
stress. According to this hypothesis, exogenous GzmA
would then hijack this DNA-repair complex and convert
it into an engine for irreversible DNA damage.

Experimental Procedures

Cell Lines and Antibodies

K562 cells and YT-INDY cells were grown in RPMI 1640, and HeLa

cells were grown in DMEM supplemented with 10% fetal calf serum,

2 mM glutamine, 2 mM HEPES, 100 units/ml of penicillin, and 100

mg/ml of streptomycin. Mouse pp32 mAb (RJ1) and SET rabbit an-

tiserum were described (Beresford et al., 2001). TREX1 and TREX2

antibodies were generated commercially in multiple rabbits (Rock-

land Immunochemicals, Gilbertsville, Pennsylvania), using purified

TREX1 and TREX2 proteins. Antibodies for NM23-H1 (rabbit poly-

clonal, Santa Cruz), TREX1 (monoclonal, BD Transduction Labs),

Exo1 (monoclonal, AbCam), actin (goat polyclonal, Santa Cruz), b-

actin (monoclonal, Sigma), and panhistone (monoclonal, Chemicon

International) were purchased. Antibody for ATRIP (rabbit poly-

clonal) was kindly provided by S. Elledge (Harvard Medical School).

Recombinant Proteins and Purified PFN

Recombinant GzmA, inactive S-AGzmA, and GzmB were produced

and purified as previously described (Beresford et al., 1999). PFN

was purified from the rat RNK-16 cell line and used at a sublytic con-

centration as described previously (Shi et al., 1992). Recombinant
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SET, pp32, and NM23-H1 were expressed in BL21-DE3 cells and pu-

rified as described (Fan et al., 2003a). TREX1 and TREX2 proteins

were purified as described (Mazur and Perrino, 2001b). E. coli ExoIII

was purchased from New England Biolabs, and its unit activity was

defined by the manufacturer.

Native SET Complex Purification

K562 cell lysates (1010 cells in Nonidet P-40 [NP-40] lysis buffer) were

loaded onto an S-AGzmA column or SET affinity column as de-

scribed (Beresford et al., 1999) and eluted with 500 mM NaCl in 50

mM Tris-HCl (pH 7.5). The concentrated eluate was applied in Tris-

buffered saline (TBS) to a Sephacryl 400 gel filtration column (2.5

cm 3 1.0 min; Pharmacia). Eluted fractions were analyzed by SDS-

PAGE and immunoblotting and compared to the elution profile of

Pharmacia gel filtration standards. The pooled S400 fractions were

concentrated and incubated with equilibrated Q beads (Pharmacia)

and eluted with 500 mM NaCl.

Coimmunoprecipitation

Coimmunoprecipitations of recombinant proteins were performed

as described (Fan et al., 2002). Antibodies were preincubated with

protein A agarose for 1 hr at 4ºC. The antibody-coated beads were

washed and added to recombinant proteins (50 mg/ml) that had

been preincubated for 2 hr at 4ºC. After overnight shaking, the beads

were washed with 1% NP-40 and 0.1% SDS in TBS. Finally, the beads

were boiled with SDS loading buffer and analyzed by SDS-PAGE and

immunoblot. For coimmunoprecipitation from cell lysates, K562 cells

(107) were untreated or treated with a sublytic dose of PFN and GzmA

(1 mM) for 20 min. The cells were resuspended in low-salt buffer (10

mM NaCl, 10 mM Tris-Cl [pH 8], 1 mM DTT, and protease inhibitor

cocktail) and dounced until they lysed. After centrifugation at 2000

rpm for 15 min, the supernatant (cytoplasmic fraction) was separated

from the pellet (nuclear fraction). The pellet was resuspended in an

equal volume of high-salt buffer (1.2 M NaCl, 40 mM Tris-HCl [pH

7.5], 2 mM DTT, and 20% glycerol). The crude nuclear extract was

sonicated and centrifuged, and the supernatant was collected as

the nuclear extract, which was diluted with 50 mM Tris-HCl (pH 8)

to a final salt concentration of 200 mM. The diluted nuclear and cyto-

plasmic extracts were used for immunoprecipitation as above.

Plasmid and Nucleosomal DNA Digestion

PlasmidpcDNA3 (0.5 mg) was incubated in 20 ml of 50 mM Tris-HCl (pH

7.5), 1 mM EGTA, 5 mM MgCl2, and 1 mg/ml bovine serum albumin at

37ºC for 48 hr with 10 ml of the indicated chromatography fractions,

before deproteinization and analysis by agarose gel electrophoresis.

In Figure 1B, ethidium bromide was added to samples before electro-

phoresis. Plasmid DNA digestion with the SET complex after Q bead

fractionation and with indicated amounts of recombinant proteins

(NM23-H1, TREX1, SET, and GzmA) was done under similar buffer

conditions but for 2 hr at room temperature or at 4ºC as indicated. Nu-

cleosomal arrays were reconstituted by salt dialysis of histone oc-

tamer with plasmid DNA as previously described (Logie and Peter-

son, 1999), and the nucleosome saturation was determined to be

60%–80% by digestion analysis. The nucleosomal DNA was incu-

bated with indicated combinations of NM23-H1, TREX1, and ExoIII

under above-mentioned buffer conditions at 4ºC for 2 hr.

GzmA Cleavage Assay

For in vitro cleavage, recombinant proteins (0.5 mM) were incubated

for the indicated times at 37ºC with indicated concentrations of

GzmA in 20 ml of 50 mM Tris-HCl (pH 7.5), 1 mM CaCl2, and 1 mM

MgCl2. For cleavage in cells, cells were treated with a sublytic

dose of PFN and indicated amounts of GzmA in loading buffer

(HBSS with 1 mg/ml BSA, 1 mM CaCl2, and 1 mM MgCl2). Unless oth-

erwise indicated, the GzmA concentration used to treat cells was

chosen as the dose at which the cytotoxicity curve begins to plateau

(1 mM for K562, 2.5 mM for HeLa). Cells were incubated for the indi-

cated time at 37ºC. Both the in vitro and in vivo cleavage reactions

were stopped by adding SDS loading buffer and boiling for 5 min.

Samples were analyzed by SDS-PAGE and immunoblot.

Exonuclease Assay

DNA substrates for the exonuclease assay were prepared as de-

scribed previously (Wong et al., 2003). Exonuclease reactions were
performed in BER buffer (50 mM HEPES-KOH [pH 7.5], 8 mM

MgCl2, 5% [v/v] glycerol, 0.5 mM DTT, and 0.1 mg/ml BSA) with

10 nM DNA substrate incubated with indicated amounts of exonu-

cleases and recombinant SET. After incubation at 30ºC for 10 min,

the reactions were terminated by the addition of formamide loading

buffer (90% formamide, 10 mM EDTA, bromophenol blue, and xy-

lene cyanol) and boiling for 2 min. The DNA was resolved by acrylam-

ide gels (14%) containing 7 M urea and analyzed using a phosphor-

imager (Molecular Image System, Bio-Rad).

Immunofluorescence

HeLa cells (2 3 105) grown overnight on coverslips were washed with

HBSS and then left untreated or treated with GzmA (2.5 mM), PFN

(sublytic dose), or both for 20 min in loading buffer. After an addi-

tional wash with HBSS, the cells were fixed with 3.7% paraformalde-

hyde for 30 min, neutralized with 50 mM NH4Cl, permeabilized, and

blocked at room temperature in 13 permeabilization/wash (P/W)

buffer (BD Biosciences) containing 5% donkey serum. Antibodies

were diluted in blocking buffer and incubated with samples at

room temperature for 2 hr (primary antibodies) or 1 hr (secondary an-

tibodies). After incubation with secondary antibodies, the cells were

incubated with 0.5 mg/ml of propidium iodide and 100 mg/ml of

Rnase A for 10 min. Samples were mounted with ProLong Antifade

mounting medium, and images were acquired with a Bio-Rad Radi-

ance 2000 laser scanning confocal microscope.

Silencing TREX1 by RNA Interference

Silencing using synthetic 21 nt siRNA duplexes was performed as de-

scribed (Fan et al., 2003a). GFP and NM23-H1 siRNA sequences were

previously described (Fan et al., 2003a). Two siRNA duplexes (Dhar-

macon) designed to silence TREX1 were as follows: siRNA #1, sense

50-CCAAGACCATCTGCTGTCA-30, antisense 50-TGACAGCAGATG

GTCTTGG-30; and siRNA #2, sense 50-ACAATGGTGACCGCTAC

GA-30, antisense 50-TCGTAGCGGTCACCATTGT-30. Two siRNA du-

plexes (Dharmacon) designed to silence TREX2, but not TREX1,

were as follows: siRNA #1, sense 50-CATGTACTTGCCGCCTGAT-

30, antisense 50-ATCAGGCGGCAAGTACATG-30; and siRNA #2,

sense 50-CCCGGAGCACGACGAGTCT-30, antisense 50-AGACTCGT

CGTGCTCCGGG-30. HeLa cells were analyzed 3 days after transfec-

tion by immunoblot for TREX1, TREX2, and NM23-H1. For cytotoxic-

ity assays, silenced or control-transfected cells were radiolabeled

with 51Cr for 1 hr and washed before loading with granzyme and

PFN as above or with cytotoxic granules from YT-INDY cells. YT-

INDY granules were purified using the previously described granule

purification method (Davis et al., 2003). After 4 hr, 51Cr release in

the supernatant was measured on a Packard TopCount. Specific cy-

totoxicity was calculated using the equation 100 3 ([sample release] –

[spontaneous release]) / ([total release] – [spontaneous release]).

DNA-Nicking Assay

The Klenow fragment of DNA polymerase was used to label nicked

DNA as described (Beresford et al., 1999). Cells (2 3 105) transfected

with specific or control siRNAs were resuspended in 40 ml of HBSS

with 1 mg/ml BSA, 2 mM CaCl2, and 2 mM MgCl2 before lysis in an

equal volume of NP-40 lysis buffer. GzmA (1 mM) or S-AGzmA (3

mg in 20 ml of 140 mM NaCl, 10 mM HEPES [pH 7.2], and 1 mM

EGTA) was added, and the treated lysates were incubated at 37ºC

for 4 hr. Washed nuclear pellets were then incubated with 5 units

of Klenow (New England Biolabs) and 10 mCi of [32P] dATP in 10 ml

of NP-40 lysis buffer at 37ºC for 1 hr. Radiolabeled nuclei, pelleted

by centrifugation for 5 min at 2580 3 g, were washed twice with

NP-40 lysis buffer and counted after adding scintillation fluid.

Supplemental Data

Supplemental Data include three figures and can be found with this

article online at www.molecule.org/cgi/content/full/23/1/133/DC1/.
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