


transfected or pSUPER-VCP-shRNA–transfected cells. To assess
whether VCP knockdown accelerates GzmK-induced cell death,
GzmK was introduced into VCP-silenced HeLa cells. The treated
cells were stained with annexin V and PI, followed by flow cyto-
metry analysis. Total dead cells (annexin Vand PI single-positive as
well as annexin V/PI double-positive cells) were calculated. After
loading with 0.5 and 1 mMGzmK, 49.7 and 58.7% cells were dead
in VCP-silenced cells, whereas 26.6 and 39.8% cells were dead in

the pSUPER empty vector control cells, respectively (Fig. 6B,
6C). Mock, GzmK, Ad alone, or S-AGzmK plus Ad induced
background death (,10%). The data are representative of at least
three separate experiments, as calculated in Fig. 6C (p , 0.01).
Moreover, VCP-silenced HeLa cells completely released cyt c
from mitochondria after GzmK loading for 6 h. In contrast, empty
vector-transfected cells caused less cyt c release.b-actin and CoxIV
were probed for supernatant and pellet controls, respectively. These

FIGURE 3. VCP is degraded in LAK cell-mediated cytolysis and only hydrolyzed by GzmK. A, The native VCP is cleaved in LAK cell-mediated

cytotoxicity. HeLa cells were incubated with effector LAK cells at E:T ratios of 5:1, 10:1, and 20:1 at 37˚C for 4 h. The LAK cells were removed from the

HeLa cells. The HeLa cells were detected for VCP by immunoblotting. The same blot was stripped and probed by anti–b-actin Ab. b-actin was unchanged

as a good loading control. B, The native GzmK is present in LAK cells. The activated LAK cells (53 105) by 1000 U/ml IL-2 were probed with anti-GzmK

Ab. rGzmK was used as a positive control. The 293A cells were used as a negative control. C, VCP is only cleaved by GzmK, not other Gzms. HeLa cell

lysates (2 3 105 equivalents) were incubated with 1 mM GzmB, GzmH, GzmM, GzmA, or GzmK at 37˚C for 2 h. NM23H1 was probed as a negative

control. D, All Gzms have enzymatic activity. The enzymatic activities were detected by cleavage of their synthetic substrates. The relative activity was

analyzed by comparing the active Gzms to their solution buffers. Ac-YRFK-pNA (GzmK), Suc-VANR-pNA (GzmA), Z-IETD-AFC (GzmB), Suc-FLF-

pNA (GzmH), and Suc-AAPL-pNA (GzmM). E, GzmA or GzmB does not cleave the native VCP. HeLa cell lysates (2 3 105 equivalents) were incubated

with 1 mM GzmA (left panel) or different doses of GzmB (right panel) at 37˚C for 2 h. VCP, caspase 3, SET, b-actin, or NM23H1 was probed by im-

munoblotting. SET cleavage was used as a positive control, and NM23H1 was used as a negative control for GzmA (left panel). Caspase 3 activation was

used as a positive control, and b-actin was used as a negative control for GzmB (right panel). F, The GzmK inhibitor Ac-YRFK-CMK abolishes VCP

cleavage in the GzmK-loaded or attacked HeLa cells. HeLa cells were incubated with the different ratios of GzmK inhibitor to GzmK for 1 h before

treatment with GzmK (1 mM) plus Ad for 6 h (left panel). VCP and SETwere detected by immunoblotting. b-actin was unchanged as a loading control. IL-

2–activated LAK cells (the indicated E:T ratios) were coincubated with HeLa cells at 37˚C for 4 h (right panel). For GzmK blocking, HeLa cells were

pretreated with 200 mM GzmK inhibitor prior to incubation with IL-2–activated LAK cells. HeLa cells were isolated and probed for VCP by immuno-

blotting. The same blot was stripped and probed by anti–b-actin Ab. I:K ratio, GzmK inhibitor to GzmK molar ratio.

5354 GRANZYME K TARGETS VCP TO INDUCE CELL DEATH

 on N
ovem

ber 18, 2010 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 



results represent at least three independent experiments. Because
VCP is a physiological substrate for GzmK, we next wanted to
determine whether VCP silencing affects other Gzm-induced cell
death. We found that VCP-silenced HeLa cells were not markedly
susceptible to GzmA- or GzmB-induced cell death (Fig. 6E, 6F).
Taken together, VCP silencing is susceptible to GzmK-induced cell
death.

VCP overexpression protects cells from GzmK-induced cell
death

Because VCP is an important substrate for GzmK, we next wanted
to assess whether overexpression of VCP in target cells protects
against GzmK-induced cytotoxicity. We overexpressed VCP in
target HeLa cells, as shown in Fig. 7A. VCP-overexpressed HeLa
cells were treated with 1 mM GzmK plus Ad for 6 h and followed
by flow cytometry analysis. GzmK caused 41.9% dead cells in
VCP-overexpressed HeLa cells (Fig. 7B). In contrast, the empty
vector-transfected cells resulted in 61.6% dead cells. VCP over-
expression was not significantly resistant to GzmA- or GzmB-
mediated death (Fig. 7C). Taken together, the results suggest
that VCP overexpression is only resistant to GzmK-induced cell
death, not GzmA or GzmB.

Discussion
GzmK and GzmA are the only two tryptases among all the five
Gzms in humans that are required for NK/CTL-mediated cyto-
toxicity. Recently, we showed that GzmK induces rapid caspase-
independent cell death with ssDNA nicks (7, 36). After loading
into target cells, GzmK targets the ER-associated SET complex,
resulting in the degradation of some important components such
as SET, Ape1, and HMGB2. SET cleavage activates the NM23H1
DNase and causes ssDNA nicks. We previously demonstrated that
Ape1 can antagonize ROS generation as an antiredox protein (8).
Ape1 cleavage by GzmK abolishes its redox function and triggers
ROS accumulation. GzmK can target mitochondria by processing

Bid to truncated Bid, leading to release of cyt c and other proa-
poptotic factors (9, 10). GzmK also cleaves the tumor suppressor
p53 at Lys24 and Lys305 to generate three cleavage fragments,
which harbor strong proapoptotic activities to sensitize target
tumor cells to GzmK-mediated cytotoxicity (11). To elucidate the
mechanisms of GzmK-induced cell death, we further identified
other physiological substrates for GzmK by using affinity chro-
matography. We found that VCP is a physiological substrate for
GzmK. GzmK enters the cytoplasm of the target cell and targets
the components of the ERAD complex (VCP, Npl4, and Ufd1) to
disrupt the ERAD pathway, leading to ER stress (Fig. 7D). GzmK
also degrades SET to release the DNase NM23H1, enabling it to
enter the nucleus for DNA nicking. The ER stress and DNA nicking
induce the target cell to undergo caspase-independent cell death.
VCP forms a complex with the Ufd1-Npl4 heterodimer that is

essential for the ERAD pathway, a process by which constituent
and transient ER proteins are removed from the ER and degraded
in the cytosolic 26S proteasome (37). VCP is required to dislocate
proteins from the ER to the cytosol in the ERAD pathway. It
contains four functional domains, as follows: the N-terminal, D1,
D2, and C-terminal domains. The N-terminal domain (aa 1–187)
can bind the polyubiquitinated substrates and cofactors (27).
The D1 domain (208–459) mainly stabilizes its conformation.
Some studies have shown that mutation in D2 (481–761) signifi-
cantly inhibits the ATPase activity at physiological temperatures,
whereas mutation in the D1 does not. In contrast, mutation in D1,
but not D2, impairs the heat-stimulated ATPase activity (28).
DeLaBarre and colleagues (38) demonstrated that some major
residues in D2 mediate the VCP activity for the ERAD. The
C-terminal domain (761–806) is responsible for membrane fusion
and nuclear translocation. Our results showed that GzmK can
cleave VCP after Arg713, which is localized in the D2 domain that
mediates main ATPase activity. VCP cleavage by GzmK at Arg713

certainly destroys the structural feature near the disordered loop
(705–731) and disturbs the conformational changes in this region

FIGURE 4. GzmK targets other ERAD complex components Ufd1 and Npl4. A, GzmK cleaves native Ufd1 and Npl4 in cell lysates with a time-

dependent manner. HeLa cell lysates (2 3 105 cell equivalents) were treated with 1 mM GzmK at 37˚C for the indicated times; the reaction was stopped by

loading buffer and analyzed using anti-Ufd1 and anti-Npl4 Abs, respectively. The same blot was stripped and reprobed by anti–b-actin Ab. b-actin was

unchanged as a negative control. B, GzmK cleaves native Ufd1 and Npl4 in cell lysates in a dose-dependent manner. HeLa cell lysates (2 3 105 cell

equivalents) were treated with the indicated concentrations of GzmK at 37˚C for 2 h; the cleavage of Ufd1 and Npl4 was tested, as in A. C, GzmK cleaves

Ufd1 and Npl4 in cells permeabilized by Ad. HeLa cells were treated with 1 mM GzmK plus Ad for 6 h. The whole-cell lysates were analyzed by im-

munoblotting. The same blot was stripped and reprobed by anti–b-actin Ab. b-actin was unchanged as a negative control.
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supposed to occur during the ATP hydrolysis. Indeed, VCP deg-
radation by GzmK abolishes its ATPase activity.
VCP acts as a molecular chaperon and cooperates with the

ubiquitin-proteasome system in mediating misfolded protein deg-
radation. Many newly synthesized proteins are not properly folded
and will be ubiquitinated and removed from the ER to the 26S

proteasome for degradation. VCP hydrolyzes ATP and provides
energy in this process. Abolition of its ATPase function by GzmK
dramatically accelerates ubiquitinated protein accumulation. VCP
recognizes ubiquitinated substrates and cofactors in the ER. Si-
lenced VCP induces ubiquitinated protein accumulation, leading to
xbp1 splicing (data not shown), which is in agreement with pre-

FIGURE 5. GzmK disrupts ATPase activity of VCP and accelerates the intracellular ubiquitinated protein accumulation to induce xbp1 mRNA splicing.

A, VCP possesses ATPase activity. Different doses of rVCP were incubated with 1 mM ATP for 30 min and analyzed by using Pi release. The Pi release was

detected by OD820. Each point represents the mean of three independent experiments. B, GzmK abolishes the ATPase activity of VCP. A total of 1.5 mM

rVCP was pretreated with the indicated doses of GzmK or inactive S-AGzmK for 1 h prior to adding 1 mM ATP. S-AGzmK was used as a negative control.

Each point represents the mean of three independent experiments. C, GzmK induces accumulation of ubiquitinated proteins. The indicated concentrations

of GzmK were loaded into Jurkat cells. The levels of intracellular ubiquitinated proteins were analyzed by immunofluorescence microscopy with anti-

ubiquitin Ab. The proteasome inhibitor MG132 was used as a positive control. D, Similar results were obtained by immunoblotting assay. GzmA or GzmB

does not induce accumulation of ubiquitinated proteins. HeLa cells were incubated with 1 mM GzmK, GzmA, or GzmB plus Ad, respectively, before

probing for the ubiquitin and b-actin. The numbers represent the ratio of ubiquitin to b-actin signal by densitometry compared with the mock-treated cells.

The mock-treated cells were normalized to 1. E, GzmK, not GzmA or GzmB, induces xbp1 mRNA splicing. HeLa cells were treated with 1 mM GzmK,

GzmA, or GzmB plus Ad for 4 h, or 20 mM MG132 for 4 h as a control. Total RNA was isolated from the treated target HeLa cells, and xbp1 mRNA

splicing was analyzed by PCR. Unspliced (XBP1u) and spliced (XBP1s) forms were shown in the figure. b-actin mRNA was amplified as a control.
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vious reports (32, 39). Accumulation of unfolded or misfolded
proteins in the ER can initiate the UPR to cause a transcriptional
induction pathway for clearing the cytotoxic proteins (33, 34). In
this study, we found that GzmK can rapidly enter into the cytosol
after being introduced into target cells (data not shown). GzmK
can target VCP and the ERAD complex to abolish its biological
functions. Moreover, GzmK can cleave the other two ERAD

complex components, Ufd1 and Npl4. Cleavage of Ufd1 and Npl4
will further disrupt the ERAD pathway for ubiquitinated protein
degradation and accelerate an ER stress. The transcription factor
XBP1 is a target of ATF6, and its mRNA is spliced by IRE1 in
rersponse to an ER stress (35). xbp1 mRNA splicing is dramati-
cally induced after GzmK treatment. It implies an ER stress
appears in GzmK-treated tumor cells.

FIGURE 6. VCP silencing accelerates GzmK-mediated cell death. A, VCP was silenced in HeLa cells by transfection of pSUPER empty vector or

pSUPER-VCP-shRNA plasmids for 3 d. Equal amounts of whole-cell lysates were subjected to Western blot analysis for anti-VCP Ab. The numbers

represent the ratio of VCP to b-actin signal by densitometry compared with the pSUPER-treated cells. The pSUPER-treated cells were normalized to 1. B,

VCP silencing accelerates GzmK-induced cell death. VCP-silenced HeLa cells and control cells were treated with 0.5 or 1.0 mMGzmK plus Ad at 37˚C for

4 h and stained with annexin V-FITC and PI, followed by flow cytometry. C, Total dead cells were calculated by annexin Vand PI single-positive as well as

annexin V/PI double-positive cells shown as means 6 SD. ppp , 0.01. D, VCP silencing accelerates GzmK-induced cyt c release. VCP-silenced and

control HeLa cells were treated with 1 mM GzmK plus Ad at 37˚C for 6 h. Supernatant and pellet fractions were separated for cyt c detection by im-

munoblotting. The supernatant b-actin or pellet COXIV was probed as a control. These data are representative of at least three separate experiments. E and

F, VCP silencing does not affect GzmA- or GzmB-mediated cell death. VCP-silenced HeLa cells were treated with 1 mM GzmA plus Ad (E) or the

indicated concentrations of GzmB plus Ad at 37˚C for 4 h (F) and followed by flow cytometry. Total dead cells were calculated by annexin Vand PI single-

positive as well as annexin V/PI double-positive cells shown as means 6 SD (right panels). Supern, supernatant.
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FIGURE 7. VCP overexpression protects target cells from GzmK-induced cell death. A, Overexpression of VCP in HeLa cells. HeLa cells were

transfected with pcDNA3.1-VCP or pcDNA3.1 vector for 30 h and harvested for probing with anti-VCPAb. b-actin was probed as a control. The numbers

represent the ratio of VCP to b-actin signal by densitometry compared with the pcDNA3.1 vector-treated cells; the pcDNA3.1 vector-treated cells were

normalized to 1. B, VCP overexpresstion protects HeLa cells from GzmK-induced cell death. VCP-overexpressed or pcDNA3.1 vector-transfected HeLa

cells were treated with 1.0 mM GzmK plus Ad at 37˚C for 6 h and stained with annexin V-FITC and PI, followed by flow cytometry (left panel). Total dead

cells were calculated by annexin V and PI single-positive as well as annexin V/PI double-positive cells shown as means 6 SD. ppp , 0.01, right panel. C,

VCP overexpression does not influence GzmA- or GzmB-induced cell death. VCP-overexpressed or pcDNA3.1 vector-transfected HeLa cells were treated

with 1.0 mM GzmA or 0.3 mM GzmB plus Ad for 4 h, respectively, and stained with annexin V-FITC and PI, followed by flow cytometry (left panel). Total

dead cells were calculated by annexin V and PI single-positive as well as annexin V/PI double-positive cells shown as means 6 SD (right panel). D, A

schematic model for GzmK targeting the ERAD complex. NK/CTL granules containing perforin and Gzms are released into the immunosynapse formed

with the target cell. GzmK enters the cytoplasm of target cell and targets the components of ERAD complex (VCP, Npl4, and Ufd1), leading to an ER stress.

GzmK also degrades SET to release the DNase NM23H1, enabling it to enter the nucleus for DNA nicking. The ER stress and DNA nicking force the target

cell to death.
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Previously, we demonstrated that GzmK induced a rapid gen-
eration of ROS and collapse of mitochondrial inner membrane
potential (8, 9). GzmK trafficking in the target cells needs further
investigation via three-dimensional methodology. GzmK cleaves
the antioxidant protein Ape1 to facilitate ROS accumulation in
target cells (8). Accumulating evidence suggests that protein fold-
ing and production of ROS are closely linked events (40). The ER
is an organelle in which proper folding and disulfide formation of
proteins are dependent on the redox status within the lumen of the
ER. ROS generation will destroy the redox status in the ER and
promote unfolded and misfolded protein accumulation and in-
crease an ER stress. In contrast, an ER stress may elicit Ca2+

leakage into the cytosol and increase ROS generation in mito-
chondria. This cross-talk will initiate caspase-independent cell
death.
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