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GTPases of immunity-associated proteins (GIMAPs) are
expressed in lymphocytes and regulate survival/death signaling
and cell development within the immune system. We found that
human GIMAP6 is expressed primarily in T cell lines. By sorting
human peripheral blood mononuclear cells and performing
quantitative RT-PCR, GIMAP6 was found to be expressed in
CD3� cells. In Jurkat cells that had been knocked down for
GIMAP6, treatment with hydrogen peroxide, FasL, or okadaic
acid significantly increased cell death/apoptosis. Exogenous
expression of GMAP6 protected Huh-7 cells from apoptosis,
suggesting that GIMAP6 is an anti-apoptotic protein. Further-
more, knockdown of GIMAP6 not only rendered Jurkat cells
sensitive to apoptosis but also accelerated T cell activation
under phorbol 12-myristate 13-acetate/ionomycin treatment
conditions. Using this experimental system, we also observed a
down-regulation of p65 phosphorylation (Ser-536) in GIMAP6
knockdown cells, indicating that GIMAP6 might display anti-
apoptotic function through NF-�B activation. The conclusion
from the study on cultured T cells was corroborated by the anal-
ysis of primary CD3� T cells, showing that specific knockdown
of GIMAP6 led to enhancement of phorbol 12-myristate 13-ac-
etate/ionomycin-mediated activation signals. To characterize
the biochemical properties of GIMAP6, we purified the recom-
binant GIMAP6 to homogeneity and revealed that GIMAP6 had
ATPase as well as GTPase activity. We further demonstrated that
the hydrolysis activity of GIMAP6 was not essential for its anti-apo-
ptotic function in Huh-7 cells. Combining the expression data, bio-
chemical properties, and cellular features, we conclude that
GIMAP6 plays a role in modulating immune function and that it
does this by controlling cell death and the activation of T cells.

GTPases of immunity-associated proteins (GIMAPs),2 also
named immune-associated nucleotide-binding proteins (IANs),

have been implicated in the regulation of cell survival/death
and in the development of lymphomyeloid cells (1, 2). The
human GIMAP gene family consists of seven functional mem-
bers (GIMAP1, GIMAP2, GIMAP4, GIMAP5, GIMAP6,
GIMAP7, and GIMAP8) as well as one pseudogene (GIMAP3).
These genes are clustered in a 293-kb region of human chro-
mosome 7 (1, 3). Originally these genes were identified in
angiosperm plants as being involved in mediating defense
responses following bacterial infection (4). Later, GIMAP genes
were found to form a novel immunity-associated family that is
well conserved among vertebrates (1, 3).

The GIMAP family members are characterized by a common
AIG1 domain and the presence of coiled-coil motifs. The AIG1
domain contains a GTP/ATP binding P-loop motif and two
functionally undefined motifs: the conserved box and the IAN
motif. No GTP or ATP binding has been observed to occur with
GIMAP1, but weak GTP binding has been detected with mouse
Gimap1 (5). By way of contrast, GIMAP4 binds GDP and GTP
specifically and shows GTP hydrolytic activity (6). Recently, an
X-ray crystallography study has revealed that GIMAP2 is a
monomeric protein and has GDP binding potential (7). On the
other hand, GIMAP7 has been shown to be a dimeric protein
and to have GTP hydrolysis activity (8). Furthermore, the
authors of the latter study have suggested that the GTPase activity
associated with the GIMAP family is controlled via homo-
dimerization and/or heterodimerization and that these events
may have implications with respect to lymphocyte survival (8).

The function(s) unique to each individual GIMAP gene are
not entirely clear. Some GIMAP members have been reported
to be involved in cell death/survival. In a transgenic mouse
study, deletion of Gimap1 resulted in a severe reduction in
peripheral T cell numbers and a profound deficit in mature
peripheral B cells (9). The follow-up studies further suggested
that Gimap1 is essential for the survival of both activated and
naïve peripheral B cells (10) and that Gimap1 is intrinsically
critical for maintaining peripheral T cell survival (11). Periph-
eral T cells from Gimap4-deficient mice have been shown to
exhibit a significant delay in cell death when this is induced by
serum starvation, � irradiation, etoposide treatment, or dexa-
methasone treatment; this suggests that mouse Gimap4 acts as an
accelerator of apoptosis in T cells (12). Unlike mouse Gimap4,
GIMAP5 and mouse Gimap8 appear to act as apoptosis inhibitors
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in cell-based assays. GIMAP5 is able to function as an anti-apopto-
tic effector by protecting Jurkat T cells against okadaic acid and �
radiation (13). Similarly, mouse Gimap8 protects NIH 3T3 and
CHO-K1 cells from anisomycin-induced apoptosis (14).

T cell activation and differentiation are important steps in
the development of adaptive immunity. Naïve T cells require
at least two signals, CD3 and CD28, for activation. Following
external stimulation, the secondary messenger 1,2-diacylglyc-
erol and inositol triphosphate are released, and these then acti-
vate a complicated series of multiple signaling cascades that
orchestrate nuclear factor of activated T cells (NFAT), nuclear
factor �B (NF-�B), and activator protein 1 (AP-1) to stimulate
IL-2 production. Mammalian GIMAPs are known to be ex-
pressed predominantly within lymphomyeloid tissues, indicat-
ing a role in lymphocyte functionality and homeostasis (2, 3).
Some GIMAPs have been reported to function as key regulators
during CD4� T lymphocytes differentiation. It should be noted
that GIMAP1 and GIMAP4 have been found to be differentially
regulated during Th1 and Th2 differentiation (15). In 2015, a
study reported that GIMAP4 affects T cell differentiation via
the regulation of interferon � secretion (16). Previously, we dis-
covered that the RNA expression of the GIMAP family genes,
but not of other neighboring non-GIMAP genes, as detected by
a microarray analysis, is uniformly lower in human lung tumor
tissue samples (17). This finding was confirmed by quantitative
PCR assays using a total of 20 non-small-cell lung carcinoma
(NSCLC) samples. We also observed that the expression level of
GIMAP genes is higher in adjacent non-tumor tissues com-
pared with lung cancer tumor tissue. This finding indicates that
GIMAP genes might be involved in either the pathogenesis of
NSCLC or in the immune reaction to NSCLC. Among the
GIMAPs, GIMAP6 and GIMAP8 showed the highest normal/
tumor expression ratio in lung cancer paired samples (17).
Compared with GIMAP8, little is known about GIMAP6
regarding its biological function. In this study, we have focused
on GIMAP6 and set out to investigate its function in T cells and
to characterize its biochemical properties.

Results

Tissue specificity of GIMAP6 expression

To determine the expression pattern of GIMAP6 in different
tissues, we analyzed various cell lines from the hematopoietic
system, including T lymphocytes (Jurkat), promyeloblasts (HL-
60), monocytes (U-937), lymphoblasts (K-562), B lymphocytes
(Raji and Ramos), and various cancer derived cell lines of the
colon (HCT-15), kidney (293T), liver (Huh-7), and lungs (A549
and H1299). Immunoblotting and quantitative PCR analysis
showed that GIMAP6 was detected primarily in T lymphocytes
(Fig. 1, A and B). This contrasts with the expression pattern of
mouse Gimap6, which is seen equally in T lymphocytes and
B lymphocytes (1). To confirm this finding, we isolated the
CD3�, CD3�/CD4�, and CD3�/CD8� fractions of PBMCs
(supplemental Fig. S1) and carried out quantitative PCR assays
to determine the expression level of GIMAP6 in these different
lymphocyte subsets. As shown in Fig. 1C, both CD3�/CD4�
and CD3�/CD8� cells showed expression of GIMAP6,
whereas CD3� cells were negative. Because CD3� cells within

PBMCs are mostly composed of monocytes and B lymphocytes,
we concluded that GIMAP6 in humans is predominantly ex-
pressed in CD3� T lymphocytes.

Subcellular localization of GIMAP6 protein

To determine the distribution of GIMAP6 protein in differ-
ent cellular compartments, subcellular fractionation was per-
formed on Jurkat T lymphocytes to separate the nucleus, the
cytosol, and the heavy membrane fraction, with the last con-
taining the mitochondria. Specific antibodies (anti-H3, anti-
GAPDH, and anti-PHB1) were used as markers to confirm the
purity of the fractions from the different compartments. Immu-
noblot analysis showed that endogenous GIMAP6 was present
primarily in the cytosol of Jurkat T lymphocytes (Fig. 1D). This
result is consistent with the results obtained by confocal
microscopy, which show that GIMAP6 co-localizes with the
cytosolic marker GAPDH (Fig. 1E). Consistent with the result
obtained from Jurkat cells, immunofluorescence microscopy of
primary CD3� T cells showed that GIMAP6 co-localized with
the cytosolic marker GAPDH (Fig. 1F).

GIMAP6 displays an anti-apoptotic function

Previous studies have reported that members of the GIMAP
family play a role in either cell death or cell survival (1, 12–14,
18). Thus we investigated the possible function of GIMAP6 in
the programmed death of T cells by comparing wild-type con-
trol cells with GIMAP6-deficient cells. Stable knockdown cells
(KD1 and KD2) were generated using anti-GIMAP6 shRNA,
whereas control cells (Ctl) were prepared using the pLKO.1
empty vector plasmid. After single colony selection, the relative
-fold of GIMAP6 expression was determined by immunoblot
analysis (Fig. 2A). To reveal the extent to which cell apoptosis/
death was delayed by GIMAP6, an H2O2-mediated, multiple
time point apoptosis assay was performed. Various Jurkat-de-
rived cell lines (Ctl, KD1, and KD2) were treated with 100 �M

H2O2 for 4, 8, 24, and 30 h to induce cell apoptosis/death (Fig. 2,
B and C). The apoptosis signal, phosphatidylserine exposure,
was then measured by flow cytometry using a BD Annexin-V
apoptosis detection kit. With Annexin-V (AnV)/propidium
iodide (PI) staining, GIMAP6 displayed an apparent anti-apo-
ptotic effect, as indicated by the difference between the control
and knockdown lines. In these experiments, the apoptotic
group (AnV�/PI�) showed a greater increasing trend in
knockdown cells compared with control cells after treatment
with H2O2 for 4 h, and this difference became more remarkable
at 8 h. Compared with knockdown cells, the increase in apopto-
tic cells (AnV�/PI�) among control cells was postponed until
24 h after treatment with H2O2. In parallel, the cell distribution
of knockdown cells, upon being stained with AnV/PI, shifted
from AnV�/PI� to AnV�/PI� after treatment with H2O2 for
24 h. At 30 h, the AnV�/PI� group continued to decrease,
whereas the AnV�/PI� group remained on the increase. This
shift in the cell distribution indicates that the cells were pro-
gressing from an apoptotic phase to a dead phase. The results
also show that GIMAP6 stable knockdown cells are not only
more prone to apoptosis than control cells but also that they
progress toward the dead phase earlier. Taken together, it can
be concluded that GIMAP6 protects cells from apoptosis by
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delaying apoptosis progress when a H2O2-mediated apoptosis
assay is carried out with Jurkat T cells.

To further investigate the anti-apoptotic effect of GIMAP6, a
number of apoptosis-inducing agents was used to perform sets
of similar experiments with appropriately adjusted incubation
times. Specifically, incubation was carried out for 6 h with 50 nM

okadaic acid (OA) or for 3 h with 8 ng/ml FasL. These results
were compared with 8-h treatment with 100 �M H2O2 (Fig. 2, D
and E). Similar to the H2O2-mediated apoptosis assay, GIMAP6
also showed anti-apoptotic effects with OA- and FasL-induced
apoptosis. To determine whether this finding is related to
downstream activation of apoptosis, an alternative assay was

performed. Treated and untreated control cells and GIMAP6
stable knockdown cells were immunoblotted using anti-PARP
antibodies. Consistently, after apoptotic induction, the knock-
down groups had a higher ratio of the cleaved form of PARP
compared with the control group (Fig. 2F). Taken together,
these findings indicate that GIMAP6 functions as an anti-apo-
ptotic effector in Jurkat T lymphocytes.

We also used an overexpression approach to demonstrate
the anti-apoptotic function of GIMAP6. After stable transfec-
tion of the cell line Huh-7, which does not express GIMAP6,
single colonies were picked, and the exogenous expression of
GIMAP6 was confirmed by immunoblotting (Fig. 3A). Cells

Figure 1. GIMAP6 expression and protein distribution in T lymphocytes. A, cell lines representing the various different hematopoietic lineages, including
T lymphocytes (Jurkat), promyeloblasts (HL-60), monocytes (U-937), lymphoblasts (K-562), and B lymphocytes (Raji and Ramos), as well as cell lines derived
from colon (HCT-15), kidney (293T), liver (Huh-7), and lung (A549 and H1299), were analyzed for GIMAP6 protein expression by immunoblot analysis. The
amount of protein loaded onto each lane was estimated by anti-�-actin or anti-GAPDH. B, GIMAP6 RNA expression levels in the hematopoietic cell lines were
analyzed by quantitative PCR assay. The results were normalized against the expression level of HPRT1. Error bars indicate standard deviation. C, GIMAP6 RNA
expression in three subsets of human PBMCs: CD3�/CD4�, CD3�/CD8�, and CD3� cells. These were analyzed by quantitative PCR assay. The PBMCs were
obtained from a healthy donor. HPRT1 was used to normalize the dataset. Error bars indicate standard deviation. D and E, cellular distribution of endogenous
GIMAP6 in Jurkat T cells. Immunoblot analysis of various protein preparations, including that of the total cell lysate (Input), revealed that endogenous GIMAP6
is restricted to the cytosolic fraction of Jurkat T lymphocyte lysates (D). E, confocal laser-scanning microscopy showed that GIMAP6 (purple, Alexa Fluor 647 goat
anti-rabbit IgG) co-localized with the cytosolic marker GAPDH (green, Alexa Fluor 488 goat anti-mouse IgG). DAPI (blue) was used as a nuclear tracking dye. F,
cellular distribution of endogenous GIMAP6 in primary CD3� T cells. Primary CD3� T cells enriched from PBMCs were used to perform immunofluorescence
microscopy, which showed that GIMAP6 (green, Alexa Fluor 488 goat anti-rabbit IgG) co-localized with the cytosolic marker GAPDH (red, Alexa Fluor 594 goat
anti-mouse IgG). DAPI (blue) was used as a nuclear tracking dye.
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expressing no (Neg), a low level (TF1), and a high level (TF2) of
GIMAP6 were then incubated with various cell death inducers;
namely, 50 nM okadaic acid, 50 �M etoposide, 10 ng/ml FasL,
and 200 �M H2O2. The results were compared with control cells
(2% DMSO) after 24 h. It was found that Huh-7 cells show a
high resistance to etoposide, FasL, and H2O2, and therefore

okadaic acid was used as the apoptosis inducer during subse-
quent experiments (data not shown). An apoptotic marker, the
cleaved form of caspase-3, was measured by high-throughput
immunofluorescence (Fig. 3B). Under these conditions, protec-
tion against okadaic acid-induced apoptosis was observed in
cells overexpressing GIMAP6, both TF1 and TF2 (Fig. 3C). To

Figure 2. GIMAP6 functions as an anti-apoptotic effector in Jurkat T lymphocytes. A, reduction of GIMAP6 protein in Jurkat T lymphocytes by anti-GIMAP6 shRNA
knockdown was confirmed by immunoblot analysis. The Ctl expressed a relatively higher level of GIMAP6 compared with the two knockdown lines (KD1 and KD2) or
even compared with the parental Jurkat T cell (Jurkat). The relative -fold expression levels were calculated as GIMAP6/GAPDH ratio, with the relative signal intensity in
the Jurkat lane taken as 1. B, knockdown of GIMAP6 accelerated cell apoptosis/death in a H2O2-mediated multiple time point apoptosis assay. Jurkat-derived cell lines
(Ctl, KD1, and KD2) were treated with 100 �M H2O2 for 4, 8, 24, and 30 h to induce cell apoptosis/death. Cells were then harvested and stained with Annexin V-FITC/PI,
followed by flow cytometry analysis (Fig. 2B). The quantitative results are shown in C. Cells that stained Annexin-V�/PI� were considered to be apoptotic cells,
whereas cells that were Annexin-V�/PI� were considered to be dead cells. The data represent the average of two independent experiments with three triplicate
measurements (mean � S.D.). D, the effects of GIMAP6 on H2O2-mediated, FasL-mediated, and OA-mediated apoptosis. Jurkat-derived cell lines were treated with
either 100 �M H2O2 for 8 h, 8 ng/ml FasL for 3 h, or 50 nM OA for 6 h to induce cell apoptosis. Cells were then harvested and stained with Annexin V-FITC/PI, followed
by flow cytometry analysis. The quantified results are shown in E. The results represent the average of at least two independent experiments with triplicate measure-
ments (mean � S.D.; ***, p � 0.001, Student’s t test). F, similarly, the various cell lines were treated with apoptosis-inducing agents for 24 h and then analyzed by
immunoblot analysis to identify the full-length and cleaved form of PARP. The PARP cleavage ratio was calculated as cleaved/(cleaved � full-length) PARP and
normalized against �-tubulin. Relative signal intensity (Ratio) in the Ctl lane for each condition was taken as 1.
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confirm that this anti-apoptotic effect in the presence of
okadaic acid was attributed to GIMAP6, we knocked down
GIMAP6 using shRNA treatment in Huh-7 cells expressing
large amounts of GIMAP6 (TF2). The knockdown was able to
partially restore the sensitivity of these cells to the inducing
agent. An increase in the cleaved form of caspase-3 was also
observed in the knockdown cell lines (2K2 and 2K3) after oka-
daic acid treatment compared with the high-level GIMAP6-
expressing cell lines (TF2 and 2K1) (Fig. 3D). Thus, it can be
concluded that GIMAP6 displays an anti-apoptotic effect dur-
ing these transfection assays and that GIMAP6 is sufficient to
protect non-lymphoid Huh-7 cells against okadaic acid-in-
duced apoptosis.

GIMAP6 has GTP/ATP hydrolysis activity

All GIMAP family members are grouped together within the
P-loop NTPase superfamily (NCBI Position-specific Scoring
Matrix (PSSM) ID 214148) because of the presence of the AIG1
GTP-binding domain (NCBI Conserved Domain Database
(CDD) cd01852) (19). A previous study has revealed that some
GIMAP family members are able to bind GTP, whereas others
have GTP hydrolysis activity (5, 6, 8). Therefore, the three-

dimensional structure of GIMAP6 was predicted from the pro-
tein sequence using PHYRE, a structure prediction tool. The
prediction result showed that GIMAP6 would seem to have a
structure very similar to those of GTP-binding proteins with
NTP hydrolase activity. Because GTP hydrolysis plays an
important role in regulating the activity of GTP-binding pro-
teins, it is important to measure the GTPase activity of
GIMAP6. To characterize the biochemical properties of
GIMAP6, GTP hydrolysis assays were performed using two dif-
ferent methods, the traditional isotope-labeled NTP hydrolysis
assay and the non-radioactive colorimetric phosphate detec-
tion assay. The traditional isotope-labeled NTP hydrolysis
assay uses �-32P-labeled ATP, GTP, UTP, and CTP as sub-
strates when performing the experiments. The results showed
that GIMAP6 exhibits intrinsic GTPase activity and that this
activity is dependent on the presence of Mg2� ions (data not
shown). To our surprise, GIMAP6 also showed ATP hydrolysis
activity (Fig. 4A). A time course assay of ATP and GTP hydro-
lysis by GIMAP6 was then carried out to confirm this finding (Fig.
4B). This confirmed that GIMAP6 is the first protein in the
GIMAP family to have ATPase activity. Even though such a find-
ing has never been reported previously for the GIMAP family, the

Figure 2—continued
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coexistence of GTP and ATP hydrolysis activity does occur in
some other P-loop NTPase superfamily members (20–22). To fur-
ther investigate the enzyme kinetics of GIMAP6 and to determine
the turnover number and the Michaelis-Menten constant of the
enzyme, saturation assays were performed (Fig. 4C). The Kcat was
calculated as Kcat � Vmax/[E], and the ratio Kcat/Km was used to
monitor enzyme efficiency. We calculated that, for ATP, Kcat was
0.695 (1/min), Km was 104.44 (�M), and Kcat/Km for ATP was 111
(M�1s�1). For GTP, Kcat was 0.102 (1/min), Km was 46.38 (�M),
and Kcat/Km for ATP was 36.3 (M�1s�1). Thus, we concluded that
the recombinant GIMAP6 had a higher affinity to GTP but
showed a higher catalytic rate to ATP.

The anti-apoptotic function of GIMAP6 is independent of the
GTP/ATP hydrolysis activities of the enzyme

To study whether the GTPase/ATPase activity of GIMAP6
is required for the anti-apoptotic function of the enzyme, we

generated four mutant enzymes (G47V, G47A, G52V, and
G52A) in which GTP/ATP binding by the P-loop motif
should be absent. A previous study has shown that site-di-
rected mutagenesis in either of the two glycine residues
of the P-loop is able to greatly diminished enzyme activity
by reducing the affinity of the enzyme for GTP and/or ATP
(20, 23–25). Using these mutants with reduced GTP/ATP
binding, it was found that the GTP/ATP hydrolysis ac-
tivity of GIMAP6, as measured by the non-radioactive col-
orimetric phosphate assay, had been significantly reduced
(Fig. 4D).

To determine the effect of this reduced GTP/ATP hydrolysis
activity on the anti-apoptotic function of GIMAP6, the WT and
the G52A mutant of GIMAP6 were transiently transfected
into Huh-7 cells for 24 h. The cells were then harvested after
OA treatment for 24, 36, and 48 h. Compared with cells
containing the WT enzyme, no significant difference in the

Figure 3. Exogenous GIMAP6 displays anti-apoptotic effects in Huh-7 stable transfectant cells. A, the GIMAP6 expression level in Huh-7 derivative
cells was assessed by immunoblot analysis. After transfection with a recombinant pcDNA3.1(�) vector carrying the GIMAP6 sequence, stably expressing
single colonies were picked under G418 selection (500 �g/ml) for 2 weeks. Three drug-resistant clones (Neg, TF1, and TF2) were analyzed for GIMAP6
expression, and these clones were found to show substantial variation in protein levels by immunoblot analysis. B and C, the effect of GIMAP6 on
OA-mediated cell apoptosis. B, cells were treated with OA for 24 h, and the level of immunofluorescence staining was analyzed. The cleaved form of
caspase-3 (Cell Signaling Technology, 9661S) was used as an apoptotic marker (green), and DAPI (blue) was used as a counterstain as well as a total cell
dye. C, the GIMAP6-negative cell line (Neg) was found to have a relatively higher proportion of caspase-3-positive cells compared with the GIMAP6-
expressing cell lines (TF1 and TF2). The data represent the average of two independent experiments (mean � S.D.). ***, p � 0.001, Student’s t test. D,
GIMAP6 knockdown restored the apoptosis-prone phenotype of the stably expressing cells. The stably expressing cell line (TF2) was transfected with
anti-GIMAP6 shRNA to knock down the exogenously expressed GIMAP6. Single colonies (2K1, 2K2, and 2K3) were picked after puromycin selection (2
�g/ml) for 1 week. The result showed that the OA effect on low-GIMAP6-expressing cells (2K2 and 2K3) was restored to the original apoptosis-prone
status; this should be compared with the situation when high-GIMAP6-expressing cells (TF2 and 2K1) were subjected to the same treatment procedure.
C3F is an antibody that recognizes both the full-length and cleaved form of caspase-3 (GeneTex, GTX110543). The caspase-3 cleavage percentage (Ratio
%) was calculated as cleaved/(cleaved � full-length) caspase-3.

Anti-apoptosis function of GIMAP6

9310 J. Biol. Chem. (2017) 292(22) 9305–9319



anti-apoptotic effect of GIMAP6 was observed with the
G52A mutant. This was determined by measuring the level
of active-form caspase-3 present in the cells by immunoblot
analysis (Fig. 4E). These findings indicated that, under our
assay conditions at least, the anti-apoptotic function of
GIMAP6 is independent of the GTP/ATP hydrolysis activity
of the enzyme.

Knockdown of GIMAP6 accelerates PMA/ionomycin-induced
T cell activation

T cell activation and differentiation play a major role in
adaptive immunity. Small GTPases are known to be involved in
these specific processes. For example, GIMAP1 and GIMAP 4
have been reported to be differentially regulated during CD4�
T helper differentiation (15). In this study, we have demon-

Figure 4. Hydrolysis activity of GIMAP6 for ATP and GTP is not associated with the antiapoptotic function. A, the intrinsic hydrolysis activity of the
indicated protein was measured in the presence of 2 mM MgCl2 for 2 h at 37 °C by TLC analysis. Specifically, 33 nM of �-32P-labeled ATP, GTP, UTP, and CTP were
used separately as substrates, and then hydrolysis activity was measured by TLC. 1x and 2x indicate the relative amounts of GIMAP6 and BSA, used as the
control. B, ATP and GTP hydrolysis activity time course. The reaction was incubated at 37 °C. At the indicated time points, a sample of the reaction product (0.5
�l) was removed and stopped by adding 250 �M EDTA, followed by incubation at 95 °C on a heating block for 5 min. C, rate of ATP/GTP hydrolysis by GIMAP6
in relation to the ATP/GTP concentration. To obtain the Kcat data, a saturation curve was obtained by using increasing substrate concentrations under
hydrolysis conditions when there was a constant concentration of GIMAP6. Rates of ATP/GTP hydrolysis by GIMAP6 were determined by Lineweaver-Burk plot.
D, the GTP/ATP hydrolysis activity of various GIMAP6 mutants (G47V, G47A, G52V, and G52A) was greatly reduced compared with that of the wild-type GIMAP6
protein (WT) using a colorimetric phosphate detection assay. The data represent the average of two independent experiments with triplicate measurements
(mean � S.D.). E, the anti-apoptotic effect of the G52A mutant compared with that of the wild-type protein. A transient transfection assay was conducted using
Huh-7 cells and pcDNA3.1(�) (Vector). Apoptosis, which was induced by OA treatment, was measured by immunoblotting against the C3F antibody (which
recognizes both the full-length and cleaved form of caspase-3; GeneTex, GTX110543). WT and G52A denote cells transiently expressing wild-type GIMAP6 and
G52A mutant protein, respectively. Note that, 36 and 48 h after OA treatment, the expression level of the active-form caspase-3 was reduced to the same level
as that of the wild-type GIMAP6 and the G52A mutant. The caspase-3 cleavage was calculated as cleaved/(cleaved � full-length) caspase-3, and the relative
signal intensity (Ratio) in the untreated lane (�) for each group was taken as 1.
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strated that PMA/ionomycin-induced T cell apoptosis and
activation is modulated by the level of expression of GIMAP6
(Fig. 5). Ctl and knockdown (KD1 and KD2) cells were treated
with PMA/ionomycin for 24 h, and the cells were harvested and
stained with Annexin-V-FITC to detect apoptosis (Fig. 5, A and
B) and with CD69 to detect T cell activation (Fig. 5, A and C).
Additionally, culture medium was collected to allow the mea-
surement of IL-2 secretion (Fig. 5D).

Consistent with the finding that GIMAP6 shows an anti-apo-
ptotic function after cells are treated with H2O2, FasL, and OA
(Fig. 4), GIMAP6 displayed similar results in terms of a T cell
activation assay when T-cell receptor (TCR)-independent
stimulation with PMA/ionomycin was carried out. Knock-
down (KD1 and KD2) cells showed a higher AnV� percentage

than control cells (Fig. 5A). This difference became apparent
after treatment with PMA/ionomycin for 8 h and was sus-
tained until 24 h after treatment. Also agreeing with the above,
high GIMAP6-expressing control cells remained resistant to
PMA/ionomycin-induced apoptosis/death (Fig. 5B). In paral-
lel, we also measured the T cell activation ratio by detecting the
surface marker CD69 (Fig. 5C). After excluding any apoptotic/
dead cells (AnV�), we observed that GIMAP6 knockdown
cells (KD1 and KD2) showed a relatively high activation ratio
(CD69�) among the live cells (AnV�). The effect of GIMAP6
expression on T cell activation became apparent after treat-
ment with PMA/ionomycin for 3 h. At 8 h, nearly 90% of live
knockdown cells were activated; that is, they had become
CD69�. By way of contrast, the control cells showed only 60%

Figure 5. GIMAP6 knockdown accelerates the PMA/ionomycin induction of T cell activation. A, Jurkat-derived cell lines (Ctl, KD1, and KD2) were treated with
either PMA/ionomycin or an equal concentration of DMSO to determine the effect of GIMAP6 on T cell activation. To monitor the rate of cell apoptosis/death and T cell
activation, PMA/ionomycin-treated cells were harvested at 3, 8, and 24 h and stained for the phosphatidylserine exposure marker Annexin V-FITC and for the T cell
activation surface marker CD69-PE. The results were analyzed and quantified by FlowJo 7.6.1. B, the effect of GIMAP6 expression on PMA/ionomycin-induced
cell death. All AnV� cells were taken as apoptotic/dead cells, and the remaining AnV� cells were taken as live cells. C, the effect of GIMAP6 expression on PMA/
ionomycin-induced T cell activation. To discriminate activated T cells from inactivated T cells across all live cells, the surface marker CD69 was used to calculate the
percentage of CD69�/AnV�. D, the effect of GIMAP6 expression on PMA/ionomycin-induced IL-2 secretion. The data represent the average of at least two indepen-
dent experiments with triplicate measurements (mean � S.D.). P/I indicates that the cells were treated with both PMA (10 ng/ml) and ionomycin (1 �g/ml).
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of cells activated after treatment for 24 h. Thus we conclude
that GIMAP6 knockdown is able to accelerate T cell activation
in this experimental system.

We also determined the level of cytokine IL-2 secretion as a
measure of T cell activation (Fig. 5D). IL-2 is a potent growth
factor and plays an important role in T cell activation and
homeostasis (26). In this experiment, IL-2 secretion by GIMAP6
knockdown cells became detectable after treating the cells with
PMA/ionomycin for 8 h. We were only able to observe IL-2
secretion after 24 h in control cells. Moreover, the IL-2 concen-
tration released by the knockdown cells was nearly 4-fold
higher than that of the control cells. These results totally agree
with the surface marker CD69 staining results; both indicate
that knockdown of GIMAP6 accelerates the activation of T
cells. Our findings are consistent with previous studies showing
that IL-2 acts as a sensitizer and renders T cells susceptible to
the induction of apoptosis during T cell activation and prolif-
eration (27–29). This might help to explain why we have ob-
served a high apoptotic/dead ratio in high IL-2-secreting
GIMAP6 knockdown cells (Fig. 5, B and D).

GIMAP6 displays anti-apoptotic function in PMA/ionomycin-
induced T cell activation through the phosphorylation of
NF-�B p65

To investigate whether the anti-apoptotic protein GIMAP6
plays a role in T cell functioning, PMA and/or ionomycin were

used to induce T cell activation. We found that long-term expo-
sure of Jurkat T cell to PMA greatly induced GIMAP6 expres-
sion. After treatment for 24 h, the expression level of GIMAP6
increased 8-fold at the RNA level (Fig. 6A). Consistently, the
change in the level of protein was 2.56 times higher after 48 h
(Fig. 6B). Previous reports have shown that treating Jurkat T
cells with PMA results in an up-regulation of AP-1 and a
down-regulation of NF-�B activity (30, 31). We speculated
that the induction of GIMAP6 might be controlled via either
the protein kinase C/AP-1 or the NF-�B signal transduction
cascades. To investigate these possibilities, an inhibitor was
used to suppress the induction. When AP-1 and NF-�B
activity were suppressed in parallel by treating the cells with
1–3 �M SP100030, there was significant suppression of
GIMAP6 at the RNA level (Fig. 6A). We further observed
that, when cells were treated with SP100030 alone, there was
a slight induction of expression of GIMAP6 rather than a
suppression of GIMAP6 expression (data not shown). These
findings indicate that SP100030 is not able to suppress the
endogenous expression of GIMAP6. SP100030 has been
reported to be a potent dual inhibitor of AP-1 and NF-�B and
has been used to inhibit cytokine production selectively in T
cells (30 –32). Because both PMA and SP100030 suppress
NF-�B activity and AP-1 activity is absolutely necessary for
the induction of GIMAP6, it can be concluded that the

Figure 6. GIMAP6 expression and NF-�B activation in PMA/ionomycin-treated Jurkat cells. A, up-regulation of GIMAP6 in Jurkat T cells was detected after
treatment with PMA and/or ionomycin, and the effect of PMA induction was suppressed by the AP-1 inhibitor SP100030. As a control, Jurkat T cells were treated
with an equal concentration of DMSO. RNA was harvested at 24 h for quantitative PCR. The expression levels of GIMAP6 relative to HPRT1 are presented as the
log2 -fold. Statistical calculation was determined using Student’s t test. Significance relative to the DMSO group is indicated as ***, p � 0.001 and **, p � 0.01.
Significance relative to the PMA group is indicated as ###, p � 0.001 and #, p � 0.05. SP indicates SP100030 at the indicated concentration. B, cell lysates were
also harvested at 48 h for immunoblot analysis. The relative -fold change was calculated as GIMAP6/�-tubulin, and the intensity in Mock was taken as 1. C,
reduction of p65 phosphorylation (Ser-536) under the PMA/ionomycin treatment condition is associated with GIMAP6 knockdown. Three Jurkat-derived cells
(Ctl, KD1, and KD2) were harvested at the indicated time points after PMA/ionomycin induction.
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induction of GIMAP6 expression by PMA occurs via the
AP-1 signaling cascade.

The NF-�B signal transduction cascade is a key regulator of
the life and death of T cells. Loss of NF-�B activation initiates
activation-induced cell death (AICD) in T cells (33, 34), which
will cause accumulation of reactive oxygen species and sup-
pression of BCL-2 expression, finally leading to the release of
BIM and resulting in T cell death through the intrinsic apopto-
tic pathway (35). In this study, we observed that NF-�B activa-
tion is affected by the GIMAP6 expression level in PMA/iono-
mycin-mediated activation. As shown in Fig. 6C, GIMAP6
knockdown showed a significant decrement of p65 phos-
phorylation (Ser-536) under the PMA/ionomycin treatment
condition compared with control cells. Because loss of NF-�B
activation can result in T cell death via apoptosis, the decreased
phosphorylation of p65 (Ser-536) in GIMAP6 knockdown cells
(KD1 and KD2) might help to explain the high apoptosis/dead
ratio observed in the Annexin-V assay (Fig. 5B). Thus, we con-
clude that GIMAP6 knockdown leads to decreased phosphor-
ylation of p65 (Ser-536) in PMA/ionomycin-stimulated ac-
tivation, providing a possible mechanism of how GIMAP6
functions as an anti-apoptotic protein.

Activation with PMA/ionomycin is affected by GIMAP6
expression in human primary T cells

As Jurkat cells are derived through human T cell leukemia/
lymphoma virus type I infection and have accumulated multi-
ple genetic mutations that contribute to immortalization (36),
we further investigated whether GIMAP6 knockdown had an
effect on PMA/ionomycin-induced activation in human pri-
mary T cells. To this end, CD3� T cells were enriched from
PBMCs (supplemental Fig. S2), and knockdown of GIMAP6
was performed by transfection of either negative control (Neg)
or anti-GIMAP6 siRNAs (G6-si599 and G6-si600) into the cells
(supplemental Fig. S3). After 48 h, the knockdown efficiency of
GIMAP6 was confirmed by quantitative RT-PCR assay. As
shown in Fig. 7A, the knockdown efficiency of the anti-
GIMAP6 siRNA G6-si600 and G6-si599 group in CD3� T cells
averaged 26.8% and 6%, respectively. Following the conclusion
of the analysis in Jurkat cells (Fig. 5), we hypothesized that a
higher level of activation should be observed after knocking
down GIMAP6 in primary CD3� T cells. We then measured
PMA/ionomycin-induced IL-2 secretion in these three trans-
fectant groups. As shown in Fig. 7B, no significant difference
between these three transfectants was observed at 24 and 48 h
after treatment with PMA/ionomycin. However, 72 h after
stimulation with PMA/ionomycin, IL-2 production enhance-
ment by 53% was observed in the high knockdown efficiency
group (G6-si600). Thus, we concluded that the GIMAP6
expression level had an effect on the increased IL-2 production
stimulated by PMA/ionomycin.

To confirm that primary T cell activation is sensitive to the
GIMAP6 level, we analyzed the PMA/ionomycin-induced ex-
pression of the cell surface antigens CD25 (IL-2 receptor �
chain) and CD154 (CD40 ligand). Consistent with the IL-2 pro-
duction level, the high knockdown efficiency group (G6-si600)
showed an elevated level of both antigens 72 h after induction
(Fig. 7, C and D). These results demonstrate that down-regula-

tion of GIMAP6 leads to enhanced PMA/ionomycin-stimu-
lated activation in various activation signals, supporting the
role of endogenous GIMAP6 as a negative regulator of T cell
activation.

Discussion

Across species, the biological functions of the GIMAP family
generally seem to be related to immune reactions against inter-
nal or external stimuli. Although the structural features of the
GIMAP proteins are evolutionarily conserved in vertebrates
and angiosperm plants, the biochemical and molecular proper-
ties underlying various functions of the GIMAP proteins are
not fully characterized (2). In this study, we have demonstrated
that GIMAP6 is a T cell-associated cytosolic protein with an
anti-apoptotic function and that it plays a role in regulating T
cell activation.

Apoptosis plays a critical role in T cell development and
function. Dysregulation of apoptosis in the immune system
results in autoimmunity, tumorigenesis, or immunodeficiency.
We have clearly shown that GIMAP6 knockdown not only
made cells apoptosis-prone but also accelerated T cell activa-
tion when treated with PMA/ionomycin. One possibility is that
the reduction of GIMAP6 facilitates apoptosis and speeds
up the removal of cells without appropriate signals, and this
eventually accelerates T cell activation. Therefore, we speculate
that GIMAP6 can function as an anti-apoptotic protein as well
as a blockade to T cell activation. That is to say, physiologically,
GIMAP6 in the immune system might serve as a T cell pre-
server to keep cells alive and retard or prohibit reactivation.

Taking functional and biochemical approaches, we have
gained new insights about the molecular mechanisms of
GIMAP6 in modulating T cell functions. We used three differ-
ent apoptosis inducers, H2O2, FasL, and OA, to treat cultured
cells. Although all three inducers are able to trigger cell death,
they appear to act via a number of signaling pathways. There-
fore, we concluded that the anti-apoptotic function of GIMAP6
might involve the intrinsic apoptosis pathway. A previous
report has indicated that mouse IAN1 (mouse Gimap4) binds
to Bax and IAN4 (mouse Gimap3) and that IAN5 (mouse
Gimap5) binds to Bcl-2 and Bcl-xL, all of which are directly
involved in the apoptosis pathway (1). In an attempt to gain
further insights into the anti-apoptotic mechanism of GIMAP6,
an antibody array was used to screen interaction with GIMAP6
and binding to GIMAP6. So far, we have found no evidence to
support the direct binding of GIMAP6 to any appropriate can-
didate protein (data not shown). While this study was in pro-
gress, we became aware of a publication by Pascall et al. (37)
that reports that GIMAP6 interacts with the Atg8 homologue
GABARAPL2 and that it is recruited to autophagosomes. The
biological significance of the GIMAP6-GABARAPL2 protein-
protein interaction remains unclear, and its relevance to con-
trolling cell death in T cell development and activation war-
rants further investigation.

The balance between activation and apoptosis plays an
important role in maintaining T cell homeostasis. We observed
an elevated level of apoptosis and activation in GIMAP6 knock-
down cells when treated with PMA/ionomycin. Also, the anti-
apoptotic function of GIMAP6 is related to NF-�B activation
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(Figs. 5B and 6C). These findings are in accordance with the
knowledge that restimulation of expanded T cells in the
absence of co-stimulatory factors can lead to efficient induction
of cell death, known as AICD. NF-�B plays an important role in
this process, as loss of NF-�B activity results in T cells death
through the intrinsic apoptotic pathway (27, 35). In our study,
down-regulation of p65 phosphorylation and increase in apo-
ptosis were observed simultaneously in GIMAP6 knockdown
cells after treatment with PMA/ionomycin (Figs. 5B and 6C).
This implies that phosphorylation of p65 and its downstream
cascade AICD is affected by GIMAP6 expression level.

Notably, GIMAP6 is up-regulated in T cells activated by
PMA/ionomycin (Fig. 6A), whereas GIMAP6 inhibits T cell

activation (Fig. 5). This is expected to lead to an elevated reac-
tivation threshold for activated T cells. It may be envisioned
that increased levels of GIMAP6 confer the survival of activated
T cells by enhancing resistance to both restimulation and acti-
vation-induced cell death. Therefore, GIMAP6 may contribute
to T cell immunity through regulating T cell viability during
microbe infections and autoimmune diseases. Further studies
will help establish the exact physiological role of GIMAP6.

In terms of the biochemical properties of the protein, recom-
binant GIMAP6 has both GTP and ATP hydrolysis activity.
Interestingly, ATPase activity has never been reported previ-
ously for any GIMAP protein. ATP usually functions either as a
signal molecule for protein phosphorylation via protein kinases

Figure 7. Increased IL-2 secretion and CD25 and CD154 surface expression by GIMAP6 knockdown in primary CD3� T cells after activation with
PMA/ionomycin. A, GIMAP6 RNA expression in primary CD3� T cells after transfection of siRNA; these were analyzed by quantitative PCR assay. CD3� T cells
were enriched from PBMCs, which were obtained from two healthy donors, and knockdown of GIMAP6 was performed by electroporation with either negative
control (Neg) or siRNA oligonucleotides against GIMAP6 (G6-si599 and G6-si600). To monitor the efficiency of GIMAP6 knockdown, transfected cells were
harvested at 48 h, and total RNA was extracted for the quantitative RT-PCR assay. HPRT1 was used to normalize the dataset. Error bars indicate standard
deviation. B, the effect of GIMAP6 expression on P/I-induced IL-2 secretion. Cells were incubated with either P/I or DMSO (as a control) for 72 h. P/I indicates that
the cells were treated with both PMA (10 ng/ml) and ionomycin (1 �g/ml). Media were harvested at the indicated times (24, 48, and 72 h). The data represent
the average of two independent experiments with triplicate measurements (mean � S.D.). C, the effect of GIMAP6 expression on the induction of surface
antigens. Transfected primary CD3� T cells were stimulated with either P/I or an equivalent concentration of DMSO for 72 h. Expression of CD25 and CD154 was
analyzed using flow cytometry. The gray histograms show the profiles of P/I-treated cells, whereas the white histograms show those of DMSO-treated cells. The
percentage in the top right corner of each panel indicates the increment of positive cells. The results were analyzed and quantified by FlowJo 7.6.1 and are
shown in D. The data represent the average of two independent experiments with triplicate measurements (mean � S.D.). ***, p � 0.001, Student’s t test.
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(38) or as an energy source for the pumps involved in transport-
ing substances inside/outside of cells (39, 40). It also powers the
molecular motors of muscle cells during contraction (41). By
way of contrast, GTP can act as a molecular switch, and it is a
well known part of signal transduction regulation (42). Even
though this function is not common, some proteins that con-
tain the P-loop motif, such as nsP2 of Semliki Forest virus, 2C of
poliovirus, p206 of turnip yellow mosaic virus (20, 21, 43), elon-
gation factor 3 of yeast, FtsZ of Escherichia coli, and Rab14 of
Bombyx mori (silkworm), have been reported as possessing
both ATP and GTP hydrolysis activity (22, 44, 45). All of these
proteins, including GIMAP6, contain a consensus sequence of
GXXXXGKS/T within the phosphate-binding loop (P-loop)
(46, 47). This is the signature of the P-loop containing the
nucleotide triphosphate hydrolase superfamily, and it is used
during the structural classification of proteins (48, 49).

The elution pattern of GIMAP6 indicates that it is present in
cells as a multimer (supplemental Fig. S4). The nature of pro-
tein interactions in the GIMAP6 complex remains unclear, and
it is reasonable to speculate that such multiprotein interac-
tion(s) might have structural, functional, or regulatory implica-
tions (50). As GIMAP6 has been shown to exhibit GTP/ATP
hydrolysis activity and has been observed to oligomerize, it is
possible to connect these two properties based on previous
reports. Many P-loop proteins, including the GTPases atToc33
and IIGP1 and the GIMAP family member GIMAP7 (8, 51, 52),
have been shown previously to function as oligomers inside the
cell for the purpose of hydrolysis activity. Therefore, further
study is required to identify the interaction domain of GIMAP6
and to confirm whether oligomerization is required for the
GTP/ATP hydrolysis activity of GIMAP6.

Finally, it appears that GIMAPs, by controlling cell survival
and death, are able to modulate the proportion of differentiated
cell lineages in the hematopoietic system. Different cell lineages
express different levels of GIMAP genes. In addition to the Jur-
kat cell line, in this study, HL-60 is the only other cell line
expressing a detectable level of GIMAP6 (Fig. 1, A and B).
HL-60 is a promyelocytic cell line that is derived from periph-
eral blood leukocytes with a myeloblast morphology; it is often
used for studying the molecular mechanism of myeloid differ-
entiation (53–55). The significance of GIMAP6 expression in
HL-60 cells remains unclear. Based on the above, we propose
that, by turning on and off the GIMAP genes that have pro-apo-
ptotic or anti-apoptotic functions, there is a dynamic regulation
of the cell numbers of the various components of the hemato-
poietic system that make up the immune reaction, and these
changes in cell numbers are important during development and
disease. Thus, our findings regarding the functional and bio-
chemical properties of GIMAP6 warrant further study to
advance the knowledge of how GIMAP proteins maintain lym-
phocyte homeostasis.

Experimental procedures

Purification of recombinant GIMAP6 protein

The full-length human GIMAP6 (GIMAP6, NM_024711)
coding sequence was amplified by PCR using primers contain-
ing NdeI and XhoI cutting sites and a commercial cDNA clone

(MHS1010-98051901, MCLAB) as a template. The amplified
DNA was then cloned using the NdeI and XhoI sites into the
vector pET29 (Novagen), which resulted in a coding sequence
that contained a six-histidine tag at the C terminus. This
plasmid was then transformed into E. coli BL21 (DE3) and
expressed in the presence of 1 mM isopropyl 1-thio-�-D-galac-
topyranoside in LB medium. Purification was performed using
a HisTrap HP column (GE Healthcare), which was followed by
size exclusion chromatography.

Gel filtration assay

Recombinant GIMAP6 was subjected to size exclusion sepa-
ration on a Superose 12 10/300 GL prepacked column con-
nected to an AKTA-explorer system (GE Healthcare), which
was controlled by the UNICORN software. After automatic
sample injection, protein separation was performed using elu-
tion buffer (100 mM Tris-HCl and 200 mM NaCl (pH 7.4) at a
flow velocity of 0.5 ml/per minute, and 1-ml fractions were
collected.

Cells and cell culture

Human cell lines, 293T and Huh-7, were maintained in
DMEM (Gibco), whereas the Jurkat cell line was maintained in
RPMI 1640 medium (Hyclone). All media were supplemented
with 10% fetal bovine serum containing 1% penicillin, 1% strep-
tomycin, and 1% glutamine (10378-016, Gibco).

Plasmid preparation and transfection

The previously described GIMAP6 cDNA clone was ampli-
fied and cloned into the pcDNA3.1(�) vector (Invitrogen)
using EcoRI and XhoI cutting sites. The expression construct
was then transformed into E. coli DH5� and grown in LB
medium. Plasmids were prepared using a PureLink plasmid
midiprep kit (K2100-05, Life Technologies) and then intro-
duced into the various cell lines using transfection reagent
(Turbofect R0531, Fermentas) according to the protocol of the
manufacturer.

Immunoblotting

Protein samples were separated by electrophoresis using an
appropriate percentage SDS-PAGE gel and transferred onto
a polyvinylidene difluoride membrane (Millipore). The mem-
brane was blocked with blocking buffer (5% skimmed milk in
TBS-T buffer (10 mM Tris, 150 mM NaCl (pH 7.6), and 0.05%
Tween 20)) for 1 h at room temperature. The primary antibody
was appropriately diluted into the blocking buffer, and the
membrane was then incubated with the mixture overnight at
4 °C. Next the membrane was washed with TBS-T buffer.
Finally, diluted horseradish peroxidase-conjugated secondary
antibody corresponding to the primary antibody was added to
the buffer, and the mixture was incubated for 1 h at room
temperature. After washing with TBS-T buffer, the mem-
brane was developed using ECL substrate (WBKLS0500,
Millipore) and photographed using an ImageQuantTM LAS
4000 (GE Healthcare).

RNA extraction, RT-PCR, and quantitative RT-PCR

Total RNA samples were prepared using TRIzol reagent
(Invitrogen) from the indicated cells, and reverse transcription
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was carried out using 100 ng of total RNA according to the
instructions of the manufacturer (Superscript� III, Life Tech-
nologies). Quantitative PCR was performed using TaqMan
probe-based gene expression analysis in 48-well plates on a
StepOne real-time system (Applied Biosystems). The mRNA
levels of the target genes in the samples were normalized
against HPRT1 (4326321E, Applied Biosystems). The probe ID
for the indicated gene is GIMAP6 Hs00226776_m1.

Generation of anti-GIMAP6 antibodies

To characterize GIMAP6 at the protein level, rabbit poly-
clonal antibodies were raised against recombinant GIMAP6.
Rabbits were inoculated with 500 �g of GIMAP6-His fusion
protein in 2 ml of PBS mixed with 2 ml of complete Freund
adjuvant. Five boosts of 200 �g of protein in 2 ml of PBS plus 2
ml of incomplete Freund adjuvant were administrated over 3
months. All antisera from the rabbit blood used in this study
stained only a single protein band with high intensity at the
expected molecular size (35 kDa) in immunoblots against
GIMAP6-transfected 293T and Huh-7 cells, secondary Jurkat T
cells, and human PBMC cell lysates.

Immunofluorescence microscopy

Jurkat or primary CD3� T cells were collected by centrifu-
gation and washed three times with PBS. After resuspension in
PBS, the cells were then cross-linked onto poly-L-lysine-coated
coverslides at 4 °C for 30 min and fixed with paraformaldehyde.
Following penetration with ice-cold methanol and blocking
with 0.5% BSA in PBS for 30 min at room temperature, the cells
were incubated with a 1:500 dilution of rabbit anti-GIMAP6
and mouse anti-GAPDH antibody for 1 h at room temperature.
After three washes with PBS, the secondary antibody was added
at a 1:500 dilution. Alexa Fluor 647 or 488 goat anti-rabbit IgG
(Life Technologies) and Alexa Fluor 488 or 594 goat anti-mouse
IgG (Life Technologies) was used. Confocal laser-scanning
microscopy was performed using an Olympus FV10i or Zeiss
LSM 700.

Nucleotide triphosphatase assays

Nucleotide triphosphatase activity was assessed by either thin-
layer chromatography (TLC) or colorimetric phosphate detection.
To determine the hydrolysis activities for GIMAP6, �-32P-labeled
ATP, GTP, UTP, and CTP (NEG503H, NEG506H, NEG507H,
and NEG508H, respectively) were used as substrates. Time
course experiments were carried out in a 20-�l reaction mix-
ture containing 50 mM Tris (pH 7.9), 100 mM NaCl, 2.5 mM

MgCl2, and 2.43 �M wild-type GIMAP6 containing 33 nM �-32P
of either ATP or GTP (1 �Ci) (PerkinElmer Life Sciences) and a
specific concentration of ATP or GTP. The reaction was incu-
bated at 37 °C. For TLC, 2 �l of the �-32P-labeled reaction was
removed at various time points and mixed with 2 �l of solution
containing 0.2% SDS and 5 mM EDTA. Samples were incubated
at 70 °C for 2 min to stop the reaction. A fraction of the stopped
reaction (0.5 �l) from each time point was spotted on a poly-
ethyleneimine cellulose TLC plate (Merck), and the plate was
developed in 1 M formic acid and 0.5 M LiCl. The plate was then
dried and exposed to a PhosphorImager for quantitative analy-

sis. The rate of ATP/GTP hydrolysis at each nucleotide concen-
tration was calculated and plotted.

To determine the hydrolysis activities of the G47V, G47A,
G52V, and G52A mutants, colorimetric phosphate detection
was performed by adding 100 �l of malachite green reagent to
the non-radioactive reaction mixture and incubated for 30 min
at room temperature to develop a green color. A buffer blank
was used for background subtraction, and the absorbance at
650 nm was measured to calculate the ATP/GTP hydrolysis
rate by interpolation onto a phosphate standard curve.

Detection of apoptosis by FACS analysis

Apoptosis was measured using an apoptosis detection kit
(Annexin V-FITC and PI) (BD Biosciences) according to the
instructions of the manufacturer. Cells were analyzed on a flow
cytometer (BD Biosciences, Canto), and we manually compen-
sated for crossover of FITC fluorescence into the PI detection
window. The analysis was completed using FlowJo 7.6.1.

Knockdown of GIMAP6 in human Jurkat T lymphocytes

Human Jurkat T lymphocytes were maintained in RPMI 1640
medium with 10% FBS. The cells were transfected with anti-
GIMAP6 shRNA plasmids (TRCN0000151921,TRCN0000152080,
TRCN0000152413, TRCN0000154009, and TRCN0000156658)
or a control plasmid (pLKO.1.nullT) (provided by Academia
Sinica, Taiwan) using the Neon transfection system (Invitro-
gen) in accordance with the recommended protocol. After lim-
iting dilution followed by selection with 4 �g/ml puromycin
(Sigma) for 2 weeks, cloning of single cells was achieved. These
cells were then amplified for further study.

Overexpression of GIMAP6 in the HEK293T and Huh-7 cell lines

HEK293T and Huh-7 cells were cultured separately in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum. Transfection of the indicated expression plas-
mids separately into these cell lines was performed using
TurboFect (Fermentas, R0531) according to the instructions of
the manufacturer. The transfected cells were then cultured
under the indicated conditions for 24 or 48 h. A stably express-
ing single colony was picked after G418 selection (500 �g/ml)
for 2 weeks.

Peripheral blood mononuclear cell subset cell sorting

Peripheral blood mononuclear cells (PBMCs) were collected
via Ficoll-Paque Plus (GE Healthcare, 18-1152-69) centrifuga-
tion from a fresh blood donor sample according to the instruc-
tions of the manufacturer. Cell sorting was accomplished by
CD3-PE (BD Biosciences, 555333), CD4-FITC (BD Biosciences,
555346), and CD8-allophycocyanin (APC) (BD Biosciences,
555369) triple staining. Three subsets of cells, CD3�/CD4�,
CD3�/CD8�, and CD3�, were collected after flow cytometry
cell sorting. RNA was extracted from each subset immediately
for use in the subsequent experiments.

Cellular fractionation

Subcellular fractionation was carried out on cultured Jurkat
T lymphocytes using the ProteoJET cytoplasmic and nuclear
protein extraction kit (Fermentas, K0311). A heavy membrane
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fraction that contained the mitochondria, a nucleus fraction,
and a cytosolic fraction were obtained, and these were analyzed
by immunoblotting using the indicated antibodies. For this
analysis, histone H3, GAPDH, and PHB1 were used as controls
for the nucleus, cytosol, and heavy membrane fractions,
respectively.

Cell content screening

Cells were seeded on 24-well plates overnight using 1 � 104

cells/well. After treatment with the indicated reagents/drugs
for 24 h, the cells were fixed on plates, and apoptosis detection
was performed using rabbit anti-cleaved caspase-3 (Cell Signal-
ing Technology) as the primary antibody and Alexa Flour 488
goat anti-rabbit IgG (Invitrogen) as the secondary antibody.
With DAPI counterstaining, 16 images were taken (Image-
Xpress Micro XLS system) for each well, and the data were
analyzed using MetaXpress software (Molecular Devices).

Jurkat T cell activation

Cells were seeded on 24-well plates overnight using 2 � 105

cells/well. After treatment with either PMA/ionomycin or an
equivalent concentration of DMSO, cells were harvested at 3, 8,
and 24 h and then stained with the phosphatidylserine exposure
marker Annexin V-FITC (BD Biosciences) and the T cell acti-
vation surface marker CD69-PE (Biolegend, 310906). The re-
sults were analyzed and quantified using FlowJo 7.6.1.

IL-2 ELISA

In the Jurkat T cell activation experiments, supernatants of
the media were collected from each well after centrifugation
and stored at �80 °C until the relevant assays were carried out.
IL-2 was determined using a human IL-2 ELISA kit (Biolegend,
431801).

Knockdown of GIMAP6 on human primary CD3� T cells

After PBMC collection from healthy donors, CD3� T cells
were further enriched using a human CD3 T cell negative selec-
tion kit (Biolegend, 480022). The purity of the CD3� popula-
tion was examined by flow cytometry with anti-CD3-PE (BD
Biosciences, 555333) antibody. The cells were then transfected
with anti-GIMAP6 siRNA (Ambion, s54599, s54600) or a neg-
ative control (AM4611) using the Neon transfection system
(Invitrogen) in accordance with the recommended protocol.
The transfection efficiency was monitored by transfecting Cy3-
labeled negative control siRNA (AM4621). After transfection
for 48 h, the transfection efficiency was checked on fluores-
cence microscopy. Then cells were either harvested for total
RNA extraction or for further experiments.

Primary CD3� T cell activation

Previously described GIMAP6 knockdown or negative con-
trol CD3� cells were seeded on 24-well plates using 1 � 106

cells/well. After treatment with either PMA/ionomycin or an
equivalent concentration of DMSO, cells were harvested at 72 h
and then stained with the T cell activation surface marker
CD25-APC (Biolegend, 302609) and CD154-Alexa Flour 488
(Biolegend, 310815). The results were analyzed and quantified
using FlowJo 7.6.1.
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