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Positive regulation of ASK1-mediated c-Jun NH--
terminal kinase signaling pathway by the WD-repeat
protein Gemin5

EK Kim', KT Noh', J-H Yoon', J-H Cho', KW Yoon', G Dreyfuss? and E-J Choi*’

Geminb is a 170-kDa WD-repeat-containing protein that was initially identified as a component of the survival of motor neurons
(SMN) complex. We now show that Gemin5 facilitates the activation of apoptosis signal-regulating kinase 1 (ASK1) and
downstream signaling. Gemin5 physically interacted with ASK1 as well as with the downstream kinases SEK1 and c-Jun NH,-
terminal kinase (JNK1), and it potentiated the H,0,-induced activation of each of these kinases in intact cells. Moreover, Gemin5
promoted the binding of ASK1 to SEK1 and to JNK1, as well as the ASK1-induced activation of JNK1. In comparison, Gemin5 did
not physically associate with MKK7, MKK3, MKK6, or p38. Furthermore, depletion of endogenous Gemin5 by RNA interference
(RNAI) revealed that Gemin5 contributes to the activation of ASK1 and JNK1, and to apoptosis induced by H,0, and tumor
necrosis factor-« (TNFe) in HelLa cells. Together, our results suggest that Gemin5 functions as a scaffold protein for the ASK1-

JNK1 signaling module and thereby potentiates ASK1-mediated signaling events.
Cell Death and Differentiation (2007) 14, 1518-1528; doi:10.1038/sj.cdd.4402157; published online 1 June 2007

Mitogen-activated protein kinase (MAPK) signaling pathways
mediate the induction by diverse extracellular stimuli of
various cellular activities, including cell growth, differentiation,
and death."? MAPKSs in mammalian cells include extracellular
signal-regulated kinase (ERK), p38, and c-Jun NH,-terminal
kinase (JNK; also known as stress-activated protein kinase or
SAPK)."? MAPK signaling pathways comprise modules of
three kinases, including a MAPK kinase kinase (MAP3K), a
MAPK kinase (MAP2K), and a MAPK." MAP3Ks phosphor-
ylate and activate MAP2Ks, which in turn phosphorylate and
activate MAPKs. Activated MAPKs phosphorylate various
substrate proteins including transcription factors. Signaling by
MAPK pathways is achieved either through a series of binary
interactions between kinase components, or through the
formation of a complex of multiple kinases mediated by a
scaffold protein. There are several scaffold proteins that
facilitate the activation of the MAPK signaling cascades. KSR
and MP1 function as such scaffold proteins in the ERK
signaling pathway,®* whereas JNK-interacting protein 1
(JIP1), JNK/SAPK-associated protein 1 (JSAP1; also termed
JIP3), and p-arrestin 2 do so in the JNK pathway.>'°

The JNK signaling pathway is stimulated by exposure of
cells to pro-inflammatory cytokines such as tumor necrosis
factor-o. (TNFo), or to cellular stresses such as genotoxic,
osmotic, heat shock, hypoxic, and oxidative stresses.? This
pathway consists of JNK/SAPK, a MAP2K such as SEK1
(also known as MKK4 or JNKK1) or MKK7, and a MAP3K

such as apoptosis signal-regulating kinase 1 (ASK1). ASK1
mediates the induction of apoptosis by a variety of intrinsic
and extrinsic stresses. For instance, ASK1 is thought to
participate in activation of the JNK pathway and apoptosis
induced by withdrawal of nerve growth factor in sympathetic
neurons as well as in seizure-induced neuronal death.'’-'2
ASK1 is also implicated in other biological events, including
the differentiation of various cell types.'®'* Many proteins
have been shown to bind ASK1, thereby positively or
negatively regulating ASK1 signaling. Such proteins include
thioredoxin, glutathione S-transferase (GST) mu, heat shock
protein 72, p21, TRAF2, Daxx, and CIIA.'31521

Gemin5 is a 170-kDa tryptophan-aspartic acid (WD)-
repeat-containing protein that was initially identified as a
component of the survival of motor neurons (SMN) com-
plex.?>#® The biological function of Gemin5 has remained
unclear, however. Each WD repeat is composed of 40-60
amino acids with glycine—histidine and WD dipeptides at the
amino- and C-terminal ends, respectively.2#2° The f-propel-
ler structure of WD-repeat domains underlies multiple
protein—protein interactions,?* and proteins containing such
domains are thought to perform diverse functions in many
cellular processes, including signal transduction, vesicular
trafficking, cell cycle regulation, and programmed cell
death.?526

To provide insight into the biological function of Gemin5, we
have now investigated the possible role of this protein in the
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MAPK signaling events. Our results show that Gemin5
promotes the ASK1-induced activation of JNK1 by functioning
as a scaffold protein for the ASK1-JNK1 signaling module.
Depletion of Gemin5 by RNA interference (RNAI) also reveals
that this protein is a critical component in the activation of
ASK1 and apoptosis induced by H,O, or TNFa. These results
suggest that Gemin5 is a natural potentiator of the ASK1-
JNK1 signaling axis.

Results

Gemin5 physically interacts with ASK1. We initially
searched for ASK1-binding proteins with using a yeast two-
hybrid screen of an adult mouse brain cDNA library, and
previously reported that GST mu and CIIA physically interact
with ASK1 and thereby inhibit its kinase activity.'®2° From
the yeast two-hybrid screening, we also identified Gemin5 as
another ASK1-binding protein. To examine further the
physical interaction between Gemin5 and ASK1, we
transfected 293T cells with expression vectors for HA-
ASK1 and c-Myc epitope-tagged Gemin5 (Gemin5-Myc).
Co-immunoprecipitation analysis showed that ASKi1
physically associated with Gemin5 in the transfected cells
(Figure 1a). We also examined whether endogenous ASK1
and Gemin5 proteins physically interact in intact cells.
Immunoblot analysis with anti-ASK1 antibody of Gemin5
immunoprecipitates indeed revealed a physical association
between the two endogenous proteins (Figure 1b). The
extent of the physical interaction between ectopic ASK1 and
Gemin5 in transfected 293T cells was altered by exposure of
cells to H,O,, with the maximal increase at 30min
(Figure 1c). Subsequently, we observed that treatment of
cells with H,O, (1mM for 30min) or TNFa (20 ng/ml for
15min) resulted in an increase in the interaction between
endogenous ASK1 and Gemin5 proteins in 293T cells
(Figure 1d). We next performed in vitro binding
experiments to confirm the direct interaction between
Gemin5 and ASK1. Incubation of in vitro-translated 3°S-
labeled Gemin5 with recombinant GST fusion proteins of
ASK1 variants (ASK1-NT, -K, and -CT) revealed that Gemin5
directly bound to ASK1-NT and ASK1-K, which contains the
kinase domain of ASK1 (Figure 1e). We also performed co-
immunoprecipitation to examine the binding of Gemin5 to
full-length ASK1, ASK1-NT, ASK1-K, and ASK1-AN in 293T
cells that had been transfected with various combinations of
plasmid vectors encoding the indicated proteins (Figure 1f).
Gemin5 physically interacted with full-length ASK1 (amino
acids 1-1375), ASK1-NT (amino acids 1-656), and ASK1-
AN (amino acids 649-1375), but not with ASK1-K (amino
acids 656—-1001). The extent of Gemin5 binding to ASK1-NT
or to ASK1-AN appears to be comparable to that of it for full-
length ASK1. It is not clear why Gemin5 binding to ASK1-K
was observed in vitro (Figure 1e) but not in co-
immunoprecipitation experiments (Figure 1f). Nonetheless,
these results suggest that ASK1 might have at least two
independent binding sites for Geminb.

Gemin5 potentiates the H,O.-induced activation of
ASK1, SEK1, and JNK1. We next examined whether
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Gemin5 affects ASK1 activity with using 293T cells
expressing HA-ASK1 alone or HA-ASK1 plus Gemin5-V5.
Exposure of the transfected cells to H,O, resulted in an
increase in ASK1 activity, but this increase was more
pronounced in those expressing Gemin5-V5 (Figure 2a).
The H,O,-stimulated activities of SEK1 and JNK1 were also
potentiated by ectopic Gemin5 in transfected 293T cells
(Figure 2b and c). In comparison, Gemin5 did not affect the
H>0,-stimulated activity of p38 (data not shown). In contrast
to its effect on ASK1 activity, ectopic Gemin5 did not affect
the activation of MLK3, another MAP3K in the JNK signaling
pathway,?” induced by ultraviolet (UV) irradiation (Figure 2d).
Gemin5 also had no effect on the activation of ERK2 induced
by phorbol-12-myristate 13-acetate (Figure 2e).

Gemin5 potentiates the homo-oligomerization of ASK1
and its interaction with SEK1. Homo-oligomerization of
ASKA1 represents  one  mechanism of  ASKi1
activation.'®82829  We therefore examined whether
Gemin5 affects ASK1 homo-oligomerization. 293T cells
were transfected with vectors encoding HA-ASK1 and
ASK1-Flag in the absence or presence of a vector for
Gemin5-Myc. Co-immunoprecipitation analysis showed that
HA-ASK1 physically associated with ASK1-Flag in the
transfected cells, and that this homo-oligomerization of
ASK1 was potentiated by coexpression of Gemin5
(Figure 3a). Gemin5 also enhanced the binding of ASK1 to
its substrate SEK1 in transfected cells (Figure 3b). These
results suggest that Gemin5 increases ASK1 activity, at least
in part, by promoting both ASK1 homo-oligomerization and
the binding of ASK1 to its substrate.

Gemin5 functions as a scaffold to facilitate ASK1-
induced activation of JNK1. Gemin5 contains up to 13
WD repeats.?? The -propeller structures of WD repeats are
thought to mediate multiple protein—protein interactions.*
Given that Gemin5 enhanced the physical interaction
between ASK1 and SEK1 (Figure 3b), we investigated
whether Gemin5 serves as a platform for the interactions
among ASK1 and downstream components of the JNK
signaling pathway, thereby facilitating activation of this
pathway. Co-immunoprecipitation analysis revealed that
Gemin5 physically associated with JNK1 (Figure 4a), as
well as with SEK1 (Figure 4b), in transfected 293T cells.
Interestingly, Gemin5 did not bind to MKK7 (Figure 4c),
which is another MAP2K of the JNK signaling pathway.*°
Gemin5 also had no effect on MKK7 activity stimulated by
H-O, in transfected 293T cells (data not shown). Physical
association of endogenous Gemin5 with endogenous JNK1
and SEK1 was also confirmed (Figure 4d). Next, in order to
examine which regions of Gemin5 were important for the
interaction with ASK1, SEK1, or JNK1, we transfected 293T
cells with expression vectors for three Gemin5 variants
(Gemin5-WD, -Cen, and -Coil) and vectors for ASK1, SEK1,
or JNK1, respectively. Co-immunoprecipitation data
indicated that ASK1 physically associated with Gemin5-
WD, Gemin5-Cen, and Gemin5-Coil in the transfected cells
(Figure 4e). In comparison, SEK1 interacted with Gemin5-
WD only, whereas JNK1 interacted with Gemin5-WD and
Gemin5-Cen but not with Gemin5-Coil. To test the direct

1519

Cell Death and Differentiation



Potentiation of ASK1 signaling by Gemin5

EK Kim et al
1520
a b 2 .
Gemin5-Myc -  + E E
HA-ASK1 + + E g
(V]
P 8
79 =
IP: a-HA I1B: a-ASK1
1B: a-M +IgG
2| e ]eGemins-Myc 3
a2 > < Gemin5
B[S amrnasc
[ o d 2 &
H,0 g <
2V & a3
0.5 1 (n) 3. % 8 @
; 2 € € £
HA-ASK1 - + + + EE 5 5
/ 2 O O O
Gemin5-Myc + + + + PP 8 &8 &

IP; a-Myc, IB: a-HA

[ W

IB: a-ASK1

8 | [ e w4 Gemins-Myc  § |[== == == ==+ ASK1
© ©
e 1 678 936 1375 f 2 1\
I i 1 Il A A D X .\_\L
ASK1 | =l | GGl
s o AT AT G
ASKA-NT E Gemin5-Myc - + — + — + — +
656 1001 (kDa) 117— -— <4— HA-ASK1
85— - 2= HA-ASK1aN
ASK1-K 1B S o HA-ASK1-NT
1014 1375 IB: a-HA A
ASK1-CT = | 19G,
117 | —— - HA-ASK1
EAN A 85— . HA-ASK1AN
\,\@";@"'\‘ c}"\t o 1 el HA-ASK1-NT
il ool 2 - = |«— HA-ASK1-K
-2 P g .

comins — [ ]
GST-ASK1-NT —p | s
—]

GST-ASK1-K —» - e — L
GST-ASK1-CT p o
Coomassie staining

wn @ =~  em|e— Gemin5-Myc

- 118 (kDa)

Figure 1 Physical association of Gemin5 and ASK1 in intact cells. (a) Interaction between ectopic Gemin5 and ASK1 in transfected 293T cells. 293T cells were transfected
for 48 h with a plasmid encoding HA-ASK1, and either a vector for Gemin5-Myc or the corresponding empty vector. Cell lysates were subjected to immunoprecipitation (IP) with
antibody to HA, and the resulting precipitates were subjected to immunoblot (IB) analysis with antibody to Myc. Cell lysates were also subjected directly to immunoblot analysis
with antibodies to Myc and to HA. IgGy, the heavy chain of immunoglobulin G. (b) Interaction between endogenous Gemin5 and ASK1 in 293T cells. Cell lysates were
subjected to IP with mouse pre-immune IgG or antibody to Gemin5, and the resulting precipitates were subjected by IB analysis with antibody to ASK1. Cell lysates were also
subjected directly to IB analysis with antibodies to ASK1 and to Gemin5. (¢ and d) Effect of H,O, on the interaction between Gemin5 and ASK1 in intact cells. (c) 293T cells
were transfected for 48 h with a plasmid encoding Gemin5-Myc, and either a vector for HA-ASK1 or the corresponding empty vector. The cells were then left untreated or
treated with 1 mM H,O, for the indicated times. Cell lysates were subjected to IP with anti-Myc antibody and the resulting precipitates were examined by IB analysis with anti-
HA antibody. Cell lysates were also examined directly by IB analysis with antibodies to HA or to Myc. (d) 293T cells were incubated in the absence or presence of H,0, (1 mM)
for 30 min or TNFa (20 ng/ml) for 15 min. Cell lysates were treated with mouse monoclonal anti-Gemin5 antibody or mouse pre-immune IgG, and the resulting precipitates
were subjected to IB analysis with anti-ASK1 antibody. Cell lysates were also subjected directly to IB analysis with antibodies to ASK1 or to Geminb. (e) In vitro assay of the
binding between Gemin5 and variants of ASK1. In vitro-translated **S-labeled Gemin5 was incubated for 3 h at 4°C with GST fusion proteins (1 «g each) of ASK1-NT, ASK1-
K, or ASK1-CT in a final volume of 500 ul. The GST fusion proteins were then precipitated with glutathione—agarose beads, and associated *°S-labeled Gemin5 was detected
by SDS-PAGE and autoradiography (middle panel). A portion (2%) of the Gemin5 input to the binding mixture was also directly analyzed by SDS-PAGE and autoradiography.
The polyacrylamide gel was also stained with Coomassie Blue R-250 (lower panel). Schematic representations of the deletion mutants of ASK1, with the kinase domain
shaded, are shown in the upper panel. (f) Co-IP of Gemin5 and variants of ASK1. 293T cells were transfected for 48 h with expression vectors encoding HA-tagged forms of
ASK1, ASK1AN, ASK1-NT, and ASK1-K; in the absence or presence of a vector for Gemin5-Myc. Cell lysates were then subjected to immunoprecipitation with anti-Myc
antibody, and the resulting precipitates were subjected to IB analysis with anti-HA antibody. Cell lysates (1% of the input for IP) were also subjected directly to IB analysis with
antibodies to HA or to Myc. IgGy, the light chain of IgG

binding of Gemin5 to JNK1 and SEK1, we performed in vitro
binding experiments. Incubation of in vitro-translated 3°S-
labeled Gemin5 with recombinant GST fusion proteins of

JNK1, SEK, and p38 revealed that Gemin5 directly bound to
JNK1 and SEK1, but not to p38 (Figure 4f). Co-
immunoprecipitation data also indicated that Gemin5 did
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not physically associate with p38 (data not shown).
Intriguingly, ectopic Gemin5 enhanced the physical
interaction between ASK1 and JNK1 (Figure 5a), as well as
ASK1-induced JNK1 activation in cotransfected 293T cells
(Figure 5b). In contrast, Gemin5 did not affect the MLK3-
induced activation of JNK1 (Figure 5c). Furthermore,
Gemin5-Cen, which did not bind SEK1 (Figure 4e), failed to

enhance ASK1-induced JNK1 activation (Figure 5d).
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Gemin5-Coil, which did not bind SEK1 or JNK1 (Figure 4e),
also did not promote ASKi1-induced JNK1 activation
(Figure 5e). Taken together, these results suggest that full-
length Gemin5 functions as a scaffold protein that facilitates
activation of the ASK1-SEK1-JNK1 signaling pathway.

Given that the WD-repeat region was required for the
binding of Gemin5 to SEK1 (Figure 4e), Gemin5 lacking the
WD-repeat domain should not interact with SEK1. Indeed,
when 293T cells were transfected with a vector for Gemin5
lacking the WD-repeat domain (Gemin5-AWD), and a vector
for ASK1-Myc, GST-SEK1, or JNK1-Myc, co-immunoprecipi-
tation analysis revealed that Gemin5-AWD physically asso-
ciated with ASK1, but not with SEK1, in the transfected cells
(Figure 6a and b). Gemin5-AWD also exhibited a weak
interaction with JNK1 in the cells (Figure 6c¢). If the scaffold
function is critical for Gemin5 to promote the activation of the
ASK1-SEK1-JNK1 signaling axis, a Gemin5 mutant lacking
any of the ASK1-, SEK1-, or JNK1-binding regions should not
potentiate the activation of this signaling pathway. We,
therefore, tested this possibility by examining the effect of
Gemin5-AWD on the stimulation of ASK1, SEK1, and JNK1
activities induced by H,O,. Gemin5-AWD potentiated the
H>0,-induced activation of ASK1, but failed to potentiate the
H>0»-induced activation of SEK1 and JNK1 (Figure 6d—f). In
fact, Gemin5-AWD, when overexpressed in higher levels in
the transfected cells, blocked the activation of SEK1 and
JNK1 activities induced by H,O, (data not shown). In contrast,
full-length Gemin5 facilitated the H>O»-induced activation of
ASK1, SEK1, and JNK1 activities (Figure 2).

Knockdown of endogenous Gemin5 inhibits activation
of ASK1 and JNK1, as well as apoptosis induced by
H,0, or TNFx in HeLa cells. To examine the role of
endogenous Gemin5 in regulation of ASK1-JNK1 signaling,
we transfected Hela cells with vectors for two different
Gemin5 small interfering RNAs (siRNAs) (named G5-siRNA1
and G5-siRNA2, respectively) and confirmed the depletion of

<
Figure 2 Gemin5 potentiates the activation of the ASK1-SEK1-JNK1 pathway
but not the ERK2 pathway. (a—c) Effects of Gemin5 on H,O,-induced activation of
ASK1, SEK1, and JNK1. 293T cells were transfected for 48 h with an expression
vector for HA-ASK1 (a), Flag-SEK1 (b), or HA-JNK1 (c), alone or together with a
vector for Gemin5-V5. The cells were then incubated for 20 min in the absence or
presence of 1 mM H,0,, after which cell lysates were subjected to immunopre-
cipitation with antibodies to HA (a and ¢) or to Flag (b). The resulting precipitates
were assayed for kinase activity of ASK1 (a), SEK1 (b), or JNK1 (c). Cell lysates
were also subjected directly to immunoblot analysis with the indicated antibodies.
The fold increase in each kinase activity relative to that of control cells is shown. (d)
Gemin5 does not affect MLK3 activation induced by UV irradiation. 293T cells were
transfected for 48 h with a vector encoding HA-MLKS, alone or together with a
vector for Gemin5-V5. The cells were then exposed or not to UV light (60 J/m?) and
incubated for an additional 30 min. Cell lysates were subjected to inmunoprecipita-
tion with an anti-HA antibody, and the resulting precipitates were assayed for MLK3
activity by immune complex kinase assay. Cell lysates were also subjected to
immunoblot analysis with antibodies to HA and to V5. (e) Gemin5 does not affect
ERK2 activation induced by phorbol-12-myristate-13-acetate (PMA). 293T cells
were transfected for 40 h with a vector for HA-ERK2, alone or together with a vector
for Gemin5-V5. The cells were then deprived of serum for 12 h and then untreated
or treated for 15min with 100nM PMA. Cell lysates were subjected to
immunoprecipitation with anti-HA antibody, and the resulting precipitates were
assayed for ERK2 activity with MBP as substrate. Cell lysates were also subjected
to immunoblot analysis with antibodies to HA and V5
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TNF.2! The knockdown of Gemin5 expression by either G5-
siRNA1 or G5-siRNA2 resulted in inhibition of the H,O,-
induced activation of endogenous ASK1 and JNKI1,
compared with that apparent in cells transfected with a

Gemin5 expression in the Gemin5 siRNA-transfected cells
by immunoblot analysis (Figure 7a). ASK1 has been shown
to mediate the JNK signaling events induced by H,O, and

aGeminS-MyC = B a vector for a control siRNA (Figure 7a). Furthermore, the

potentiating effect of Gemin5 on the H,O»-induced activation

ASK1-Flag - + + + of endogenous ASK1 and JNK1 was rescued in G5-siRNA1-
HA-ASK1 + - + +

transfected cells by expression of the Gemin5 gene that
contained a silent third-codon point mutation in the region
targeted by G5-siRNA1 (Figure 7b). The Gb5-siRNA1-
mediated knockdown of Gemin5 expression also inhibited
the TNFa-induced activation of ASK1 and JNK1, compared
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depletion of Gemin5 by RNAI did not affect the UV-induced
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staining (Figure 8a), by terminal deoxynucleotidyl
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y followed by flow cytometry (Figure 8b). These results thus
Flag-SEK1 -+ suggest that endogenous Gemin5 is critical for the promotion
<+—19Gy, of ASK1-mediated JNK1 signaling in H,O»- and TNFa-
= &= |<—Flag-SEK1 induced signaling events.
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Discussion
IB: a-V5 “4—Gemin5-V5 We have shown that Gemin5, a WD40-repeat protein,

physically associates with ASK1 and potentiates the H>O,-
induced activation of ASK1 and of ASK1-mediated down-
stream signaling events. Our results also revealed that
Gemin5 promotes homo-oligomerization of ASK1, which
represents one mechanism of ASK1 activation.'®1828:29
Moreover, Gemin5 enhances the physical interaction be-
tween ASK1 and SEK1. On the basis of these findings, we
propose that Gemin5 potentiates ASK1-mediated signaling
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Figure 3 Gemin5 promotes ASK1 homo-oligomerization and the interaction
between ASK1 and SEK1. (a) Effect of Gemin5 on ASK1 homo-oligomerization.
293T cells were transfected for 48 h with the indicated combinations of expression
vectors encoding ASK1-Flag, HA-ASK1, and Gemin5-Myc. Cell lysates were

subjected to immunoprecipitation with anti-HA antibody, and the resulting
immunoprecipitates were subjected to immunoblot analysis with anti-Flag antibody.
Cell lysates were also directly subjected to immunoblot analysis with antibodies to
Myc, Flag, and HA. (b) Effect of Gemin5 on the interaction between ASK1 and
SEK1. 293T cells were transfected for 48 h with the indicated combinations of
vectors for Gemin5-V5, ASK1-Myc, and Flag-SEK1. Cell lysates were subjected to
immunoprecipitation with anti-Myc antibody, and the resulting precipitates were
subjected to immunoblot analysis with anti-Flag antibody. Cell lysates were also
examined directly by immunoblot analysis with antibodies to Myc, V5, and Flag.
IgGy, the heavy chain of IgG

through at least two mechanisms: by promoting ASK1 homo-
oligomerization and by facilitating the binding of ASK1 to its
substrate.

Our binding studies showed that Gemin5 binds at least two
distinct regions of ASK1. Interestingly, it also interacted with
SEK1 and JNK. Furthermore, Gemin5 promoted the physical
interaction between ASK1 and JNK1 in transfected cells
under basal conditions, as well as potentiated the ASK1-
induced activation of JNK1. These results suggest that

g
Figure 4 Gemin5 physically interacts with SEK1 and JNK1. (a—c) Physical association of Gemin5 with JNK1 and SEK1. 293T cells were transfected for 48 h with vectors
encoding Gemin5-Myc and either HA-JNK1 (a) or Flag-SEKT1 (b), or Flag-MKK? (c), as indicated. Cell lysates were subjected to immunoprecipitation with antibodies to HA (a)
or Flag (b and ¢), and the resulting precipitates were subjected to immunoblot analysis with antibody to Myc. Cell lysates were also directly examined by immunoblot analysis
with the indicated antibodies. (d) Physical association of endogenous Gemin5 with endogenous JNK1 or SEK1 in 293T cells. 293T cells were subjected to immunoprecipitation
with antibodies to JNK1 or SEK1, as indicated, and the resulting precipitates were immunoblotted with antibody to Gemin5. (e) Co-immunoprecipitation of Gemin5 variants and
each of ASK1, SEK1, or JNK1 in transfected 293T cells. Cells were transfected for 48 h with expression vectors encoding Flag-tagged forms of Gemin5-WD, Gemin5-Cen, or
Gemin5-Coil, in the absence or presence of a vector for ASK1-Myc, GST-SEK1, or JNK1-Myc, respectively. Cell lysates were then subjected to immunoprecipitation with the
indicated antibodies, and the resulting precipitates were subjected to immunoblot analysis with anti-Flag antibody. Cell lysates (1% of the input for immunoprecipitation) were
also subjected directly to immunoblot analysis with antibodies to Flag or to Myc or to GST. IgGy, the heavy chain of IgG. Schematic representations of the deletion mutants of
human Gemin5 are shown in the left upper panel, with the WD40 repeats indicated by gray ovals and the coiled-coil motif marked with a shaded box. (f) In vitro binding of
Gemin5 to JNK1 and SEK1. In vitro-translated *S-labeled Gemin5 was incubated for 3 h at 4°C with GST fusion proteins (1 ug each) of JNK1, SEK1, and p38. The binding
mixture was then applied to glutathione-agarose beads. Bead-bound proteins were eluted from the beads and associated **S-labeled Gemin5 was detected by SDS-PAGE
and autoradiography (upper panel). A portion (2%) of the **S-labeled Gemin5 input to the binding reaction was also directly analyzed by SDS-PAGE and autoradiography. The
polyacrylamide gel was also stained with Coomassie Blue R-250 (lower panel)
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Gemin5, like -arrestin 2 and JSAP1/JIP3,%1° functions as a
scaffold protein for the ASK1-dependent JNK signaling
pathway. Gemin5 did not affect the MLKS-induced activation
of JNK1, nor did it bind either to MKK7, another MAP2K for
JNK1, or to MKK3 or MKK6 (data not shown), the MAP2Ks for
p38 MAPK, or p38 MAPK. Our findings thus suggest that
Gemin5 serves as a scaffold protein for the ASK1—-SEK1-
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JNK1 signaling module. Unlike JSAP1/JIP3, the scaffold
function of which is regulated by ASK1-dependent phosphor-
ylation,® Gemin5 was not phosphorylated by ASK1 in vitro
(data not shown).

Gemin5 was originally identified as a component of the
SMN complex,?®> which plays an important role in the
assembly of small nuclear ribonucleoproteins.®>3® Deletion
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Figure 5 Gemin5 functions as a scaffold protein to potentiate ASK1-induced activation of JNK1. (a) Effect of Gemin5 on the interaction between ASK1 and JNK1. 293T
cells were transfected for 48 h with the indicated combinations of expression vectors encoding ASK1-Myc, Flag-JNK1, and Gemin5-V5. Cell lysates were subjected to
immunoprecipitation with anti-Flag antibody and the resulting precipitates were subjected to immunoblot analysis with anti-Myc antibody. Cell lysates were also directly
examined by immunoblot analysis with the indicated antibodies. (b) Effect of Gemin5 on ASK1-mediated JNK1 activation. 293T cells were transfected for 48 h with an
expression vector for HA-JNK1, alone or together with the indicated combinations of vectors for ASK1-Flag and Gemin5-V5. Cell lysates were subjected to
immunoprecipitation with anti-HA antibody and the resulting precipitates were assayed for JNK1 activity by immune complex kinase assay. Cell lysates were also examined by
immunoblot analysis with antibodies to HA, V5, and Flag. (c) Gemin5 does not affect the MLK3-induced activation of JNK1. 293T cells were transfected for 48 h with a vector
encoding HA-JNK1, alone or together with vectors for MLK3 or Gemin5-V5. Cell lysates were subjected to immunoprecipitation with an antibody to HA, and the resulting
precipitates were assayed for JNK1 activity. Cell lysates were also examined by immunoblot analysis with antibodies to HA, MLKS3, or V5. (d and e) Effects of Gemin5-Cen or
Gemin5-Coil on ASK1-mediated JNK1 activation. 293T cells were transfected for 48 h with an expression vector for HA-JNK1, alone or together with the indicated
combinations of vectors for ASK1-Myc and Flag-tagged Gemin5-Cen or Gemin5-Coil. Cell lysates were subjected to immunoprecipitation with anti-HA antibody, and the
resulting precipitates were assayed for JNK1 activity by immune complex kinase assay. Cell lysates were also examined by immunoblot analysis with antibodies to HA, Myc, or

Flag

lysates

of the SMN gene causes spinal muscular atrophy (SMA), an biological function of Gemin5 in the SMN complex, as well
autosomal recessive neuromuscular degeneration dis- as that in general. The possible relation between the function
ease.?®3*35 Although Gemin5 is present in the SMN complex  of the SMN complex and the promotion by Gemin5 of the
in gems, a nuclear structure similar to Cajal body, it is also activation of the ASK1-JNK1 signaling module remains to be
localized throughout the cytoplasm.?%%¢ The biological func-  studied in detail.

tion of Gemin5, especially that of the protein localized in the

cytoplasm, has remained obscure, however. Our results now

suggest that Gemin5 facilitates the activation of the ASK1- Materials and Methods

dependent JNK1 signaling module, by forming a signaling Plasmids, antibodies, and reagents. An expression vector for V5-tagged

; ; ; ; ; 22
complex with ASK1, SEK1, and JNK1. Knockdown of Gemin5 human Gemin5 (pcDNA3.1D/V5-H|s-TOPQ-gem|n5) was described pr.ewously.l
To generate an expression vector for Gemin5 tagged with the Myc epitope at its

by SIRNA. cor.1f|rmed that the endogenous protein Contrlputes COOH-terminus, we amplified Gemin5 cDNA by PCR, using Myc-gemin5-1 (5'
to the activation of ASK1 and JNKT, as well as apoptosis, by ArTGGTACCATGGGGCAGGAGCCGCGG-3' (Kpnl site underlined)) and Myc-
H20, or TNFo in HeLa cells. Potentiation by Gemin5 of ASK1-  gemin5-2 (5-ATTGCGGCCGCCCATACAGAAGGTCTG-3' (Nofl site underlined))
mediated signaling may be important to understand a primers. The PCR product was then digested with Kpnl and Notl and inserted into
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Figure 6 Gemin5-AWD does not interact with SEK1 and promote the activation of SEK1 and JNK1 induced by H,0,. (a—c) 293T cells were transfected for 48 h with a
vector for Flag-Gemin5-AWD and a vector for ASK1-Myc (a), GST-SEK1 (b) or JNK1-Myc (c), as indicated. Cell lysates were subjected to immunoprecipitation with anti-Myc
(aand c) or anti-GST antibodies (b), and the resulting precipitates were subjected to immunoblot analysis with an anti-Flag antibody. Cell lysates were also directly examined
by immunoblot analysis with the indicated antibodies. (d-f) Effects of Gemin5-AWD on the H,Oo-induced activation of ASK1, SEK1, and JNK1. 293T cells were transfected for
48 h with an expression vector for HA-ASK1 (d), GST-SEK1 (e), or HA-JNK1 (f), alone or together with a vector for Flag-Gemin5-AWD. The cells were then incubated for
20 min in the absence or presence of 1 mM H,0,, after which cell lysates were subjected to immunoprecipitation with antibodies to HA (d and f) or to GST (e). The resulting
precipitates were assayed for kinase activities of ASK1 (d), SEK1 (e), or JNK1 (f). Cell lysates were also subjected directly to immunoblot analysis with the indicated antibodies

the corresponding sites of the pcDNA6/Myc-His B vector (Invitrogen). Expression
vectors for hemagglutinin (HA) epitope-tagged ASK1 (HA-ASK1), Flag epitope-
tagged ASK1 (ASK1-Flag), Myc epitope-tagged ASK1 (ASK1-Myc), Flag-SEK1,
HA-JNK1, Flag-JNK1, and HA-ERK2 were described previously.'?**” Mouse
monoclonal antibodies to HA, Flag, Myc, and V5 were purchased from Roche
Applied Science, Sigma, Cell Signaling, and Invitrogen, respectively. Rabbit
polyclonal antibodies to ASK1 and GST were from Santa Cruz biotechnology.
Mouse monoclonal antibody to JNK1 was from BD Biosciences. Mouse monoclonal
antibody to Gemin5 was described previously.??

Construction of Gemin5 deletion mutants. To construct mammalian
expression vectors encoding deletion mutants of human Gemin5, we amplified the
nucleotide sequences corresponding to the WD repeats (Gemin5-WD; amino acids
1-730), a central fragment (Gemin5-Cen; amino acids 731-1285), the coiled-coil
domain (Gemin5-Coil; amino acids 1286-1508), and Gemin5 lacking the WD
repeats (Gemin5-AWD; amino acids 731-1508) by PCR. Each PCR product was
digested with Notl and Kpnl and then inserted into the corresponding sites of
p3 x FLAG-CMV-10 (Sigma) to generate p3 x FLAG-CMV-10/Gemin5-WD
(encoding Flag-Gemin5-WD), p3 x FLAG-CMV-10/Gemin5-Cen (encoding Flag-
Gemin5-Cen), p3 x FLAG-CMV-10/Gemin5-Coil (encoding Flag-Gemin5-Coil), and
p3 x FLAG-CMV-10/Gemin5-AWD (encoding Flag-Gemin5-AWD). The PCR
primers were 5'-ATTGCGGCCGCGATGGGGCAGGAGCCG-3' and 5'-GCCGGTA
CCTCACTCCAATTCAATACT-3'  for  Flag-Gemin5-WD; 5'-ATTGCGGCCGC
GGAGAAAAAACGGCTC-3' and 5-ATTGGTACCTCACAGACGCCCATAAAG-3
for Flag-Gemin5-Cen; 5'-ATTGCGGCCGCGTATGAATTCTGGTGG-3' and 5'-ATT
GGTACCTCACATACAGAAGGTCTG-3' for Flag-Gemin5-Coil; 5'-ATTGCGGCCGC
GGAGAAAAAACGGCTC-3' and 5-ATTGGTACCTCACATACAGAAGGTCTG-3'
for Flag-Gemin5-AWD (Notl and Kpnl sites are underlined).

Construction of GST-fused ASK1 deletion mutants. For bacterial
expression of GST fusion proteins of ASK1-NT, ASK1-K, and ASK1-CT, the
nucleotide sequences for the ASK1 variants were amplified by PCR and subcloned
into pGEX4T vectors (Amersham Biosciences). pGEX4T-1/ASK1-NT (encoding
amino acids 1-656) was previously described.2° The PCR primers for ASK1-K were
5'-AGGGAATTCGAGAAGGGGAGAAGCACA-3' (EcoRl site underlined) and 5'-
AGGCTCGAGTTATGTTTTGAAAGAGAAGGG-3' (Xhol site underlined). The PCR
product was digested with EcoRI and Xhol and inserted into the corresponding sites
of pGEX4T-1 to construct pGEX4T-1/ASK1-K (encoding amino acids 656-1001).
The PCR primers for ASK1-CT were 5'-AGGGAATTCATTAAAATCTTCATGGAG-
3 and 5'-AGGCTCGAGTCAAGTCTGTTTGTTTCG-3' (Xhol site underlined). The
PCR product (1875 bp) was digested with EcoRI and Xhol, and then the internal
EcoRl site-digested fragment (1086bp) was isolated and inserted into the
corresponding sites of pGEX4T-2 to construct pGEX4T-2/ASK1-CT (encoding
amino acids 1014-1375).

Cell culture and DNA transfection. 293T and Hela cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(HyClone), in a humidified atmosphere of 5% CO, at 37°C. For DNA transfection,
293T or Hela cells were plated at 2 x 108 cells per 100-mm culture dish and
transfected a day later with the indicated vectors, either by the calcium phosphate
method or using Lipofectamine (Invitrogen).

Co-immunoprecipitation. Co-immunoprecipitation analysis was performed
as previously described,2° with slight modifications. Cells were lysed in NETN buffer
(0.5% Nonidet P-40 (NP-40), 1 mM EDTA, 50 mM Tris-HCI, pH 8.0, 120 mM NaCl)
supplemented with 1 mM phenylmethylsulfonyl fluoride, 2 g/ml leupeptin, 2 g/ml
aprotinin, and 2mM NazVO,. Cell lysates were subjected to centrifugation at
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Figure 7 siRNA-mediated knockdown of Gemin5 inhibits the H,O,- and TNFa-induced stimulation of ASK1 and JNK1 activities in HeLa cells. HeLa cells were stably
transfected with vectors for GFP, Gemin5 siRNA1, or Gemin5 siRNA2, yielding HeLa/control (control), HeLa/Gemin5-siRNA1 (G5-siRNA1), or HeLa/Gemin5-siRNA2 (G5-
siRNA2) cells, respectively. (a) HeLa/control, HeLa/G5-siRNA1, and HeLa/G5-siRNA2 cells were incubated in the absence or presence of 1 mM H,O, for 20 min. Cell lysates
were subjected to immunoprecipitation with antibodies to ASK1 or to JNK1, as indicated, and the resulting precipitates were assayed for ASK1 or JNK1 activity by immune
complex kinase assay. (b) HeLa/Gemin5-siRNA1 cells were stably transfected with a vector for V5-tagged Gemin5 (Gemin5 -V5) encoded by the human Gemin5 gene
possessing a silent point mutation in the region targeted by G5-siRNA1, and the stable transfectants were selected with G418 (500 x.g/ml). HeLa/control, HeLa/G5-siRNA1, or
HeLa/(G5-siRNA1 -+ Gemin5-V5) cells were incubated in the absence or presence of 1 mM H,0, for 20 min. Cell lysates were examined for ASK1 or JNK1 activity by immune
complex kinase assay as in (a). (c-d) HeLa/control or HeLa/G5-siRNA1 cells were incubated in the absence or presence of either 20 ng/ml TNFo: for 20 min (c) or 60 J/m? UV
light (d). When irradiated with UV light, the cells were incubated further for 30 min. Cell lysates were examined for ASK1 or JNK1 activity by immune complex kinase assay as in
(a). Cell lysates were also subjected directly to immunoblot analysis with antibodies to ASK1, JNK1, Gemin5, a-tubulin, or V5, as indicated

12000 x gfor 15 min at4°C, and the resulting supernatants were incubated at 4°C,
first for 2 h with appropriate antibodies, and then additionally for 1 h in the presence
of protein G-conjugated Sepharose beads (Amersham Biosciences). The incubation
mixtures were subjected to centrifugation at 12000 x g for 15 min at 4°C, and the
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resulting immunoprecipitates were washed three times with NETN buffer and
resolved by SDS-polyacrylamide gel electrophoresis (PAGE). The separated
proteins were transferred electronically to an Immobilon-P transfer membrane
(Millipore), which was then blocked with 5% non-fat dry milk before incubation for 1 h
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Figure 8 Depletion of Gemin5 expression by RNA inhibits the H,O,- and TNFa-induced apoptosis in HelLa cells. (a) HeLa/control or HeLa/G5-siRNA1 cells were
incubated for 24 h in the absence or presence of either HoO, (0.8 mM) or TNFo (2.5 ng/ml) plus actinomycin D (0.1 pg/ml), after which the cells were analyzed for apoptosis by
DAPI staining. The data of DAPI staining represent results from three independent experiments. Data are the mean of triplicate determinations+ S.D. (b) HelLa/control or
HeLa/G5-siRNA1 cells were incubated for 12 h in the absence or presence of either H,O, (0.8 mM) or TNFe: (2.5 ng/ml) plus actinomycin D (0.1 ug/ml). Cells were stained with
Annexin V-FITC and Pl and then analyzed for apoptotic cells (Annexin V-positive and Pl-negative) by flow cytometry. Data are the mean of triplicate determinations+S.D. (a

and b) "P<0.01, “P<0.01 for HeLa/control cells versus HeLa/G5-siRNA1 cells

at room temperature with the indicated primary antibodies. Inmunoreactive bands
were visualized with horseradish peroxidase-conjugated secondary antibodies
(Amersham Biosciences) and an enhanced chemiluminescence kit (Pierce).

Immune complex kinase assay. Immune complex kinase assays were
performed as previously described.?® In brief, cells were lysed in a lysis buffer®
and the lysates were subjected to centrifugation at 12000 x g for 15min at 4°C.
The resulting supernatants were assayed for protein concentration with a Bradford
assay kit (Bio-Rad), and equal amounts of supernatant protein were then subjected
to immunoprecipitation with the indicated antibodies. The resulting
immunoprecipitates were incubated for 30 min at 30°C in 15 ul of kinase reaction
buffer®® containing 1 uCi of y-*2P-labelled ATP and 2 ug of substrate protein. The
GST fusion proteins were used as substrates: GST-SEK1(K129R) for ASK1,
MEKK1, and MLK3; GST-SAPK(K55R) for SEK1 and MKK7; GST-c-Jun(1-79) for
JNK1; GST-ATF2 for p38; myelin basic protein (MBP) for ERK2. The reaction
mixtures were subjected to SDS-PAGE and the phosphorylation of substrate
proteins was analyzed with a Fuji BAS 2500 phosphorimager.

Invitrobinding assay. GST fusion constructs of ASK1 deletion mutants (GST-
ASK1-NT, GST-ASK1-K, and GST-ASK1-CT) were bacterially expressed and
purified. Full-length Gemin5 was produced by in vitro transcription and translation in
the presence of 3°S-labelled methionine, using the TnT reticulocyte lysate system
(Promega). *S-labeled Gemin5 was incubated for 3 h at 4°C with each of the GST-
fused ASK1 deletion mutants in a binding buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 2mM EDTA, 1 mM DTT, 0.1% NP-40, and 5 mg/ml bovine serum albumin).
The binding complexes were applied to glutathione-agarose beads, and the beads
were washed three times with a solution containing 50 mM HEPES, pH 7.5, 150 mM
NaCl, 1mM EDTA, 1 mM DTT, and 0.1% Tween 20. Bead-bound proteins were
eluted from the beads and analyzed by SDS-PAGE and autoradiography.

siRNA for Gemin5. Two different target sequences were chosen for siRNAs of
human Gemin5, using the siRNA target finder program of Ambion (http:/

www.ambion.com): G5-siRNA1 (5'-AAACAGCTGTTACTTTCTACA-3) and G5-
siRNA2 (5'-AACCAGTTATCTGCACTCCAG-3'). For preparation of double-
stranded oligonucleotides corresponding to these target sequences, the following
oligonucleotides were synthesized (Bionics, Korea): 5-GATCC ACAGCTG
TTACTTTCTACATTCAAGAGATGTAGAAAGTAACAGCTGTTTTTTTGGAAA-3
and 5'-AGCTTTTCCAAAA AAACAGCTGTTACTTTCTACATCTCTTGAATGTAGA
AAGTAACAGCTGTG-3' for G5-siRNA1 and 5-GATCCGCCAGTTATCTGCAC
TCCAGTTCAAGAGACTGGAGTGCAGATAACTGGTTTTTTGGAAA-3 and 5'-AG
CTTTTCCAAAAAACCAGTTATCTGCACTCCAGTCTCTTGAACTGGAGTGCAGA
TAACTGGCG-3 for G5-siRNA2. The annealed oligonucleotides were digested with
Bgll and Hindlll, and then inserted into the BamHI and Hindlll sites of the pSuper-
retro vector (Oligoengine). The nucleotide sequences of the insert were confirmed
by DNA sequencing. HelLa cells were stably transfected with the vectors for Gemin5
siRNAs, or with a control vector for green fluorescent protein (GFP) siRNA.* Stable
transfectants were selected in the presence of 0.2 ug/ml puromycin. Heterogeneous
populations of the stably transfected cells were used to avoid clonal variation.
Site-directed mutagenesis of human Gemin5 was performed with the use of a
Quickchange kit (Stratagene). A silent third-codon point mutation (TTA—TTG)
within the region targeted by G5-siRNA1 was generated with the following primers:
5'-GAGGATGACAAACAGCTGTTGCTTTCTACATCAATGGAT-3 and 5'-ATCCAT
TGATGTAGAAAGCAACAGCTGTTTGTCATCCTC-3'.

Apoptotic cell death. Apoptotic cell death was analyzed by DAPI staining,?
and the TUNEL method with the use of an in situ cell death detection kit (Roche
Applied Science). Alternatively, apoptotic cells (Annexin V-FITC positive, propidium
iodide (Pl) negative) were analyzed by flow cytometry (FacsCalibur, Becton-
Dickinson) and CellQuest software (BD Biosciences) after staining with Annexin V-
FITC (BD Pharmingen) and PI.

Statistical analysis. Statistical significance (P-value) analysis was performed
with the Student’s t-test, with SPSS for windows version 12.0 (SPSS Inc., Chicago,
USA).
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