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Figure 2. RPA Is Required for HSF1 Access to HSP70 Promoter and Pol I Preloading

(A) Alignment of sequences of human HSPATA gene with those of mouse and rat orthologous genes. Genomic sequences were aligned with the VISTA program
(http://genome.lbl.gov/vista/index.shtml), and percent identity is shown (upper). The proximal and distal HSEs are located in conserved promoter regions | and |,
respectively (lower). Consensus nGAAn units are boxed, and conserved sequences are highlighted in red.

(B) Schematic representation of mouse HSP70.3 locus. Amplified DNA regions by real-time PCR are shown as numbered gray boxes.

(C) HSF1 constitutively binds to pHSE. MEF cells were infected with adenovirus expressing each shRNA, and ChIP analyses were performed using HSF1
antibody.

(D) RPA1 is recruited to the pHSE. MEF cells were infected with adenovirus expressing each shRNA, and ChIP-gPCR analyses were performed using RPA1
antibody.

(E) Pol Il recruitment to the mouse HSP70.3 locus. MEF cells were infected with adenovirus expressing each shRNA, and ChIP-gPCR analyses were performed
using Pol Il antibody.

(F) Binding of hHSF1 mutants to HSP70 promoter. Wild-type hHSF1, each hHSF1 mutant, or GFP was expressed in wild-type (HSF1+/+) or HSF1 nuil
(mHSF1—/-) MEF cells. ChIP-gPCR analyses of pHSE or an intergenic region were performed using HSF1 antibody.

(G) Recruitment of Pol Il in the presence of hHSF1 mutants. MEF cells were treated as described in (F). ChIP-gPCR analyses of pausing and intergenic regions
were performed using Pol Il antibody. Error bars, SD (n = 3) in (C)-(G). Asterisks indicate p < 0.01 by Student’s t test in (C)~(G) (see also Figure S3).
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upon PCNA knockdown (Figure S3C). RPA1 was also recruited
to pHSE only in the presence of HSF1 (Figure 2D). Even though
one was overexpressed, it was unable to occupy pHSE without
the other (Figures S3D and S3E). These results indicate that
HSF1-RPA complex formation is indispensable for HSF1 access
to pHSE in vivo in unstressed cells. In contrast, in heat-shocked
cells, HSF1 bound not only to pHSE but also to dHSE, and
knockdown of RPA1 partially reduced HSF1 binding to both
HSEs only at an early step during heat shock (Figure S3F). It is
unclear why HSF1 binds to only pHSE under control condition,
but HSF1-RPA complex might be stabilized in this site in vivo.
Thus, HSF1-RPA complex constitutively accesses to the
HSP70 promoter in vivo, which is required for rapid induction
of HSF1 binding in response to heat shock.

HSF1-RPA Complex Is Required for Pol Il Preloading

Pol Il is preloaded in the promoter-proximal region of the
Drosophila HSP70 gene prior to heat shock (Gilmour and Lis,
1985); therefore, we examined whether constitutive HSF1
access to the HSP70 promoter is associated with Pol Il preload-
ing in mammalian cells. We found that levels of Pol Il preloading
before stimulation are significantly reduced in the pausing region
of HSP70 promoter by knockdown of RPA1, RPA2, or HSF1
(Figure 2E). To find a region of HSF1 that is required for Pol Il
preloading, we replaced endogenous HSF1 with its mutant by
infecting HSF1 null MEF cells with adenovirus expressing each
mutated HSF1 (Figures S3G and S3H). The pHSE of HSP70
promoter was not bound by HSF1 mutants that were unable to
bind to HSEs (HSF1R71G) (Inouye et al., 2003), form trimers
(HSF1R176P, HSF1AAB) (Inouye et al., 2007), or interact with
RPA1 (HSF1G87S, HSF1G87A) (Figure 1E); moreover, Pol Il
loading was not induced by any aforementioned mutant (Figures
2F and 2G). In contrast, an HSF1 mutant lacking an activation
domain (HSF1-384) (Shi et al., 1995; Zuo et al., 1995; Green
et al., 1995) did bind to pHSE, but was unable to induce Pol ||
loading. Thus, both the DNA-binding activity of HSF1 and its
interaction with RPA1 are required for its access to pHSE in vivo,
and the activation domain is required for the regulation of Pol Il
preloading, but not for access.

HSF1-RPA Complex Opens the Chromatin Structure

of HSP70 Promoter

The access of transcription factors may actively open the
chromatin structure and facilitate the binding of other factors
at the promoter region. Therefore, we next examined histone
occupancy and chromatin marks on the HSP70 promoter. Under
unstressed condition, the occupancy of histones H2B and H3
was much lower on the nucleosome-depleted HSP70 promoter
in MEF cells than on the gene body, and occupancy was sig-
nificantly increased by knockdown of HSF1 as well as RPAT or
RPA2 (Figure 3A). Furthermore, active chromatin marks, H3K4
trimethylation, and H3K27 and H3K9 acetylation were reduced
by knockdown of RPA1 or RPA2, whereas an inactive mark,
H3K9 trimethylation, was increased (Figure 3B). Re-expression
of human HSF1 restored the increased histone H3 occupancy
and reduced active chromatin marks, whereas re-expression
of hHSF1G87S or hHSF1G87S did not (Figures 3C and 3D),
indicating the requirement of HSF1-RPA1 interaction. Taken
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together, HSF1-RPA1 complex opens the chromatin structure
of HSP70 promoter.

We noticed that the histone occupancy in HSP70 promoter
after knockdown of HSF1 or RPA did not recover to the level of
that in its gene body (Figure 3A). It was reported previously
that SP1 and NF-Y binding sites in human HSP70 promoter are
occupied in vivo under control condition (Figure S4A) (Abravaya
et al., 1991) and are involved in basal transcription (Wu et al.,
1986; Morgan et al., 1987; Greene et al., 1987). We found that
the occupancy of both SP1 and NF-YB is significantly reduced
by knockdown of HSF1 or RPA1 (Figure S4B). Occupancy of
SP1 and NF-YB also depends on each other (Figure S4C).
Furthermore, knockdown of SP1 or NF-YB reduced the occu-
pancy of HSF1-RPA complex, Pol Il preloading, and active
chromatin marks (Figure S4D). These results suggest that the
chromatin structure of HSP70 promoter is opened not only by
the HSF1-RPA complex but also together with other factors
such as SP1 and NF-Y (Duan et al., 2001; Goodwin et al.,
2001), which might play a role similar to Drosophila GAGA factor.

To confirm that the effects of RPA1 knockdown might be
specific to HSF1-target promoters, we examined its effects on
the promoters of SP1- or NF-YB-target genes, whose expres-
sion was specifically downregulated by each knockdown (Fig-
ure S4E). Knockdown of RPA1 did not affect the recruitment of
SP1 or NF-YB on the promoter of each target gene, occupancy
of Pol Il and histone H3, and an active chromatin mark (Figures
S4F and S4G). These results emphasize the specific role of
RPA1 in HSF1-mediated chromatin opening.

HSF1-RPA Complex Recruits FACT, which Displaces
Histones

We asked how HSF1-RPA complex gains access to nucleo-
somal DNA and opens the chromatin structure. Because
ssDNA-binding proteins could modulate transcription by inter-
acting with a single-stranded nontemplate strand of Pol I
complex during transcription (Sikorski et al.,, 2011), we first
examined the roles of the ssDNA-binding activity of RPA
complex by using RPA1 mutants lacking its activity (Figures
S5A and S5B) (Haring et al., 2008). Interestingly, the substituted
amino acids were located in the HSF1-interacting region, and
RPA1TM and RPA1F269A interacted with HSF1, whereas
RPA1AroA did not and RPA1F238A did only a little (Figures 4A
and 4B). Replacement of endogenous RPA1 with RPA1TM lack-
ing only ssDNA-binding activity had no effect on HSF1 binding
to pHSE of HSP70 promoter or on Pol Il preloading in human
Hela cells, whereas that with RPA1AroA abolished the occu-
pancy of HSF1 and Pol Il (Figures 4C, 4D, and S5C-S5E). These
results suggest that ssDNA-binding activity of RPA1 is dispens-
able for HSF1 access to nucleosomal DNA in vivo.

It was shown previously that yeast RPA interacts with a
component of a histone chaperone complex FACT, which dis-
places the histone H2A-H2B dimer (VanDemark et al., 2006).
Both FACT and HSF are recruited to heat shock loci during
heat shock in Drosophila (Saunders et al., 2003). Therefore, we
next examined its involvement in the access of HSF1-RPA
complex to nucleosomal DNA. Mammalian FACT complex is
composed of two subunits, SPT16 and SSRP1 (Avvakumov
et al., 2011). We found that SPT16 is coprecipitated with
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Figure 3. HSF1-RPA Complex Opens Chromatin Structure of HSP70 Promoter

(A) Histone occupancy. MEF cells were infected with adenovirus expressing each shRNA for 72 hr. ChIP-gPCR analyses were performed using H2B or H3
antibody.

(B) Levels of active and inactive chromatin marks. MEF cells were treated as described in (A), and ChiIP-gPCR analyses were performed. Levels of H3K4
trimethylation, H3K27 and H3K9 acetylation, and H3KS trimethylation in different regions of HSP70 locus were normalized to histone H3 occupancy.

(C) Histone occupancy in MEF cells expressing each hHSF1 mutant. Cells were infected with Ad-sh-mHSF1-KD2 or Ad-sh-SCR as a control and were then
infected with adenovirus expressing each hHSF1 mutant or GFP. ChiP-gPCR analyses of the pHSE and intergenic regions on the mouse HSP70 locus were
performed using H3 antibody.

(D) Levels of active chromatin marks in cells expressing each hHSF1 mutant. Cells were treated as described in (C), and levels of H3K4 trimethylation and H3K27
acetylation were normalized to histone H3 occupancy. Error bars indicate SD (n = 3), and asterisks p < 0.01 by Student’s t test in (A)-(D) (see also Figure S4).

wild-type RPA1 and all RPA1 mutants lacking both ssDNA-
binding activity and the ability to interact with HSF1 (RPA1AroA
and HSF1F238A) or only ssDNA-binding activity (RPA1TM)
(Figure 4E). We used ChIP assay to show that SPT16 is recruited
to the pHSE but not to the dHSE of HSP70 promoter in
unstressed MEF cells, and knockdown of RPA1 or HSF1 abol-
ished SPT16 recruitment (Figure 4F). Furthermore, knockdown
of SPT16 reduced RPA1 recruitment and Pol Il preloading and
increased the occupancy of histone H2B (Figures 4G—4l). These

Molecular Cell 48, 182-194, October 26, 2012 ©2012 Elsevier Inc.

results indicate that HSF1-RPA complex gains access to nucle-
osomal DNA partly through the recruitment of FACT, which
displaces histones.

RPA1 Is Required for HSF1-Mediated Gene Expression

To examine whether HSF1-RPA complex regulates the expres-
sion of genes other than HSPs, we performed DNA microarray
analysis. The expression of 564 genes decreased by more than
1.3-fold (p < 0.05) in HSF1-knockdown MEF cells, and that of
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Figure 4. HSF1-RPA Complex Recruits FACT, which Displaces the H2A-H2B Dimer

(A) Schematic representation of RPA1 mutants lacking ssDNA-binding activity. hRPA1-TM shows substitution of three amino acids (black circles) with alanine,
and hRPA-AroA shows substitution of two amino acids including F238 and F269 (gray circles) with alanine. A bar indicates an HSF1-interaction domain.

(B) Interaction of HSF1 with RPA1 mutants. HEK283 cells were transfected with an expression vector for wild-type or mutated hRPA1-HA. Proteins coimmu-
noprecipitated with endogenous HSF1 were subjected to westem blotting.

(C and D) HSF1 binding and Pol Il recruitment in the presence of RPA1 mutants. Endogenous RPA1 was depleted by knockdown and was replaced with each
hRPA1 mutant or GFP in Hela cells. ChIP-gPCR analyses of indicated regions in the human HSP70-1 locus were performed using HSF1 antibody.

(E) SPT16 interacts with RPA1 or its mutants independently of HSF1. HEK293 cells were transfected with an expression vector for wild-type or mutated
hRPA1-HA. Proteins coimmunoprecipitated using HA antibody were subjected to western blotting.
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Figure 5. RPA Is Required for Basal Expression of HSF1-Target Genes

(A) Venn diagram showing genes downregulated by knockdown of RPA1 or HSF1 and their overlap. Microarray analysis was performed in MEF cells infected with
Ad-sh-mHSF1-KD2, Ad-sh-mRPA1-KD1, or Ad-sh-SCR as a control. Overall, 1,670 and 564 genes showed more than a 1.3-fold decrease (p < 0.05 by Student’s
t test, n = 3) by knockdown of mRPA1 and mHSF1, respectively.

(B) Expression of the target genes by wild-type hHSF1, hHSF1-GB7S, or hHHSF1-G87A. Endogenous HSF1 was depleted by knockdown and was replaced with
each hHSF1 mutant in MEF cells. RT-PCR was performed (upper). Levels of wild-type and mutated hHSF1 were examined by western blotting (lower).

(C) HSF1 and RPA1 occupancy of HSEs on targets after knockdown of RPA1 or HSF1. MEF cells were infected with adenovirus expressing each shRNA. ChiP-
gPCR analyses were performed using HSF1 or RPA1 antibody.

(D) Chromatin opening by wild-type hHSF1, but not by hHSF1-G87S or hHSF1-384. MEF cells were treated as described in (C). ChIP-gPCR analyses were
performed using antibody for H3 and H3K4 trimethylation. Error bars indicate SD (n = 3), and asterisks p < 0.01 by Student’s ttest in (C) and D (see also Figure S6).

1,670 genes did so in RPA1-knockdown cells (Figure 5A). The randomly selected genes, Sncaip, Lrrn4, Fmod, Abi3bp, and
expression of 384 genes (68%) of the downregulated genes by  Slc44a5, in more detail (Figures S6A and S6B). Reduced expres-
HSF1 knockdown was simultaneously decreased by RPA1  sion of these genes after HSF1 knockdown was restored by
knockdown, suggesting them to be common target genes. re-expression of wild-type HSF1, but not by expression of
Among markedly downregulated genes, we examined five HSF1G87S or HSF1G87A (Figure 5B). ChIP assay showed that

(F) Recruitment of SPT16 to the pHSE requires HSF1-RPA complex. Hela cells were infected with adenovirus expressing each shRNA. ChIP-gPCR analyses of
pHSE, dHSE, and intergenic regions in the human HSP70-1 locus were performed using SPT16 antibody.

(G-l) SPT16 knockdown decreases RPA1 recruitment, Pol Il preloading, and histone occupancy. Hela cells were infected with adenovirus expressing each
shRNA. ChIP-gPCR analyses on indicated regions were performed using RPA1, Pol Il, or H2B antibody. Error bars indicate SD (n = 3), and asterisks p < 0.01 by
Student’s t test in (C), (D), and (F)-{l) (see also Figure S5).

Molecular Cell 48, 182-194, October 26, 2012 ©2012 Elsevier Inc. 189



both HSF1 and RPA1 were occupied in the promoters of these
genes and occupancy of one depended on the other (Figure 5C).
Furthermore, analysis of histone occupancy and active chro-
matin marks revealed that HSF1-RPA1 complex opened their
chromatin structure (Figures 5D and S6C). Among five genes,
the expression of Sncaip and Abi3bp was moderately induced
during heat shock, but was not induced at all by RPA1 knock-
down (Figure S6D). Taken together, HSF1-RPA complex regu-
lates the expression of many non-HSPs as well as HSPs under
control condition in the same manner as it regulates HSP70
expression.

HSF1-RPA Complex Supports Melanoma Cell
Proliferation

Downregulation of HSF1 targets, including HSP and non-HSP,
may be associated with reduced proteostasis capacity (Haya-
shida et al., 2010). In fact, MEF cells were more sensitive to
heat shock by substitution of wild-type HSF1 with HSF1G87S
or GB7A (Figures S7A and S7B), and an aggregation-prone
polyglutamine protein formed more aggregates in cells where
wild-type HSF1 was replaced with the interaction mutants (Fig-
ure S7C). Furthermore, we noticed that 8 of 33 genes, which
were downregulated more than 2-fold (p < 0.05) by HSF1 or
RPA1 knockdown, were related to cancer (Figure S6A). There-
fore, we examined the impact of HSF1-RPA complex on the
proliferation of human melanoma HMV-1 and MeWo cells (Naka-
mura et al., 2010). This revealed that reduced proliferation of
HSF1-knockdown cells was restored by overexpression of
wild-type HSF1 but not by that of the interaction mutant,
HSF1G87S or HSF1G87A, in culture dishes (Figures 6A, 6B,
and S7D). We next performed xenograft experiments in which
athymic nude mice were injected subcutaneously with HMV-1
cells, where wild-type HSF1 was replaced with each HSF1
mutant. The tumor formation of HMV-1 cells harboring one of
the interaction mutants was significantly reduced compared
with those harboring wild-type HSF1 (Figures 6C, 6D, and
S7E). These results demonstrate that HSF1-RPA complex is
required for melanoma cell proliferation as well as the mainte-
nance of proteostasis.

DISCUSSION

DNA is strongly associated with histone proteins, and this
structure, termed “nucleosome,” prevents transcription factor
access to the DNA elements. This nucleosome arrangement is
fluid, and nucleosomal DNA is transiently unwrapped in vitro
(Li et al., 2005). Therefore, transcription factors can bind to cog-
nate DNA elements, but are quickly removed by histones in the
absence of a stabilizing mechanism. Nucleosome arrangement
in vivo is further regulated by chromatin remodeling factors,
histone-modifying enzymes, and histone chaperones, which
make it more fluid (Kingston and Narlikar, 1999; Avvakumov
et al.,, 2011). It is speculated that transcription factors may
access nucleosomal DNA by recruiting these factors in a cooper-
ative manner (Li et al., 2007). This study unexpectedly estab-
lished that HSF1 access to nucleosomal DNA requires its inter-
action with RPA, which plays a major role in DNA replication
and repair. This HSF1-RPA complex recruits not only a chro-
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matin-remodeling complex containing BRG1, which interacts
with an HSF1-activation domain (Sullivan et al., 2001; Fan
et al., 2003), but also a histone chaperone, FACT, which interacts
with RPA. Knockdown of FACT or BRG1 partially reduced the
occupancy of HSF1 and RPA1 on HSF70 promoter (Figure 4G,
data not shown). Thus, we propose that HSF1-RPA complex
gains access to nucleosomal DNA in part by recruiting FACT,
probably in cooperation with a chromatin-remodeling complex
containing BRG1 (Figure 6E).

RPA is a heterotrimeric, single-strand DNA-binding protein
required for DNA metabolism, including DNA replication, repair,
and recombination. It not only protects ssDNA from nucleases
and prevents hairpin formation in ssDNA during DNA processing,
but also recruits a variety of DNA processing proteins through
direct interaction (Fanning et al., 2006). In addition, RPA is sug-
gested to be involved in gene transcription. First, RPA was found
to bind to human metallothionein promoter (Tang et al., 1996).
Second, nucleotide excision repair factors including RPA were
localized in human active promoters (Le May et al., 2010). Third,
RPA and another ssDNA-binding protein, Sub1, were associated
with Pol Il in yeast, suggesting their interaction with the nontem-
plate strand of Pol Il complex during transcription (Sikorski et al.,
2011). We here show a mechanism in which RPA supports tran-
scription factor access to nucleosomal DNA as a scaffold for
HSF1 and a histone chaperone, FACT. The ssDNA-binding
activity of RPA1 was not necessary for this function (Figure 4C),
which is consistent with the fact that it is not always correlated
with RPA functions (Haring et al., 2008; Hass et al., 2012). As
knockdown of RPA1 affected the expression of many genes
beyond HSF1 targets (Figure 5A), RPA complex might be
involved in chromatin modulation on the whole genome by inter-
acting with other transcription factors.

It was considered unlikely that mammalian HSF1 plays arole in
establishing a nucleosome-depleted region of HSP70 promoter,
since metazoan HSF1 was thought to bind to DNA only in
response to heat shock in vitro and in vivo (Wu, 1984; Larson
et al., 1988; Abravaya et al., 1991), and neither human nor
Drosophila HSF1 alone was unable to bind to the nucleosomal
HSP70 promoter in vitro (Becker et al., 1991; Taylor et al.,
1991). However, a distinct HSE-binding activity was detected
in extracts of non-heat-shocked Hela cells (Mosser et al.,
1988), and metazoan HSF1 bound constitutively to non-HSP
genomic loci in vivo (Westwood et al.,, 1991; Trinklein et al.,
2004; Guertin and Lis, 2010). Recent studies revealed that
HSF1 opens the chromatin structure of inflammatory genes
such as IL-6 before stimulation (Inouye et al., 2007; Rokavec
et al., 2012). Furthermore, it regulated the expression of various
proteostasis capacity pathways in unstressed cells (Hayashida
et al., 2010, 2011). By identifying a mechanism as described
above, we conclude that mammalian HSF1 constitutively gains
access to nucleosomal target DNA including HSP70 promoter
and suggest it as a “pioneer” transcription factor. As trimer
formation of HSF1 was required for its access to nucleosomal
DNA (Figure 2F), a small amount of HSF1 trimer could constitu-
tively bind to and activate target genes. This assumption is
consistent with the fact that in vivo HSF-binding sites under
both heat shock and control conditions are composed of
a tandem array of three oppositely oriented NGAAN units in
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Figure 6. HSF1-RPA Complex Supports Melanoma Cell Proliferation

(A) hHHSF1-G87S or hHSF1-G87A was unable to support melanoma cell proliferation in vitro. Endogenous HSF1 was depleted by infection with Ad-sh-hHSF1-
KD1 and was replaced with each hHSF1 mutant (nHSF1G87S or GB7A) in HMV-1 cells. Relative cell numbers at each time points are shown (left). Error bars, SD
(n = 3). Asterisks indicate p < 0.01 by ANOVA. Levels of wild-type and mutated hHSF1 at 72 hr were examined by western blotting (right).

(B) HSF1-binding to pHSE of HSP70 promoter. HMV-1 cells were treated as described in (A). ChIP-gPCR analyses on pHSE and intergenic regions were per-
formed using HSF1 antibody at 72 hr. Error bars, SD (n = 3). Asterisks indicate p < 0.01 by Student’s t test.

(C) Tumor sizes of HMV-1 cells in athymic nude mice. Endogenous HSF1 was depleted by infection with Ad-sh-hHSF1-KD1 and was replaced with each hHSF1
mutant in HMV-1 cells. These cells were injected subcutaneously into athymic nude mice, and sizes of tumors at indicated time points after injection were
calculated until 28. Error bars, SD (n = 8). Asterisks indicate p < 0.01 by ANOVA.

(D) Tumor mass of HMV-1 cells. Cells were treated as described above, and masses of tumors were determined at 28 days. Bars indicate mean values (n = 8) (see
also Figure §7).

(E) Schematic model of chromatin opening by HSF1-RPA complex. Factors cooperatively acting with the complex such as AP-1 and NF-Y are indicated by factor
X. BRG1, which is a component of chromatin remodeling complex, binds to the activation domain of HSF1.

Drosophila cells (Guertin and Lis, 2010). Thus, constitutive
HSF1 activity, which regulates basal gene expression, might
be controlled in part by monomer-to-trimer transition in
unstressed cells.

The wing motif of the yeast HSF1 DNA-binding domain does
not contact to DNA, nor is it involved in cooperativity between
two adjacent HSF1 trimers (Littlefield and Nelson, 1999; Cicero
et al., 2001). However, removal of the wing results in a decrease
in HSF1-mediated basal transcription in yeast, and substitution
of the wing of human HSF1 with that of HSF2 reduces its tran-

scriptional activity, suggesting that the exposed wing might
interact with other transcription factors or components of
general transcription machinery (Cicero et al., 2001; Ahn et al.,
2001). Our finding that the wing of HSF1, but not HSF2, is bound
by RPA complex explained the mechanism of its involvement
in transcription. Interestingly, HSF1 is dispensable for the prolif-
eration of normal metazoan cells, whereas it is required for that
of yeast and human cancer cells (Sorger and Pelham, 1988; Wie-
derrecht et al., 1988; Dai et al., 2007; Fujimoto and Nakai, 2010).
We here demonstrated that HSF1-RPA1 interaction through the
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wing, especially glycine at aa 87, is required for the proliferation
of cancer cells. This result indicates the involvement of the
complex in tumorigenesis and suggests that chemical com-
pounds, which disrupt this interaction by targeting the wing,
are attractive candidates for the treatment of cancer patients.

EXPERIMENTAL PROCEDURES

Mass Spectrometry

HEK293 cells were transfected with pShuttle-hHSF1-Flag vector, and the
expressed hHSF1-Flag was immunoprecipitated with an anti-Flag antibody.
The immunoprecipitates were eluted with a Flag peptide and digested with
Lys-C endopeptidase (Achromobacter protease I}, and the cleaved fragments
were directly analyzed by a direct nanoflow liquid chromatography-tandem
mass spectrometry (LC-MS/MS) system as previously described (Natsume
et al., 2002). Assays were repeated four times.

Coi
HEK293 cells transfected with or without expression vectors for HA-tagged
mRPAs were lysed with RIPA buffer (25 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing 1 mM
PMSF, 1 pg/ml leupeptin, and 1 pg/ml pepstatin. After centrifugation, the
supernatant (500 pl) was incubated with 2 pg rabbit polyclonal antibody for
HSF1 (@mHSF1j) (Fujimoto et al., 2008) or rat monoclonal antibody for HA
(3F10, Roche) at 4°C for 1 hr, and mixed with 20 pl protein A- or protein
G-Sepharose beads (GE Healthcare) by rotating at 4°C for 1 hr. The complexes
were washed with RIPA buffer and were subjected to western biotting using
rabbit antibody for HSF1 (@amHSF1j), mouse monoclonal IgG for HA (Nacalai
Tesque, Kyoto, Japan), or goat antibody for SPT16 (C-21, Santa Cruz Biotech-
nology, Santa Cruz, CA).

on

RNA Interference

Immortalized MEF cells were infected with an adenovirus expressing each
shRNA (1 x 10° pfu/ml) for 2 hr and maintained with normal medium for
70 hr. The cells were treated with heat shock at 42°C for the indicated periods.
Knockdown of gene products was confirmed by RT-PCR or western blotting
using cell extracts in NP-40 lysis buffer. To knock down the expression of
endogenous hRPA1 and overexpress hRPA1 mutants in Hela cells, the cells
were infected with Ad-sh-hRPA1-KD1 (1 x 107 pfu/ml) for 2 hr and maintained
with normal medium for 22 hr. They were then infected with adenovirus
expressing an hRPA mutant (5 x 10° pfu/ml) for 2 hr and maintained with
normal medium for a further 46 hr. Target sequences for knockdown are listed
in Table S1.

Assessment of mRNA

Total RNA was isolated from cells using TRIzol (Invitrogen), and first-strand
cDNA was synthesized using avian myeloblastosis virus reverse transcriptase
(AMV-RT) and oligo (dT)z, according to the manufacturer’s instructions
(Invitrogen). RT-PCR was performed as described previously (Fujimoto
et al., 2010) using primers summarized in Table S2. Real-time quantitative
PCR (gPCR) was performed using StepOnePlus (Applied Biosystems) with
Power SYBR Green PCR master mix (Applied Biosystems) according to the
manufacturer's instructions. Primers used for gRT-PCR reactions are listed
in Table S3. Relative quantities of mRNAs were normalized against GAPDH
mRMNA levels. All reactions were performed in triplicate with samples derived
from three experiments.

Chr tin I y
Chromatin immunoprecipitation (ChlP) assay was performed using a kit
according to the manufacturer’s instructions (EMD Millipore) (Fujimoto et al.,
2008), using antibodies for HSF1 (=cHSF1c), RPA1 (sc-28304, Santa Cruz
Biotechnology), RPAZ (4E4, Cell Signaling), Pol Il (CTD4HS8, Millipore), SPT16
(sc-5915, Santa Cruz Biotechnology), Histone H2B (ab1790, Abcam), H3
(ab1791, Abcam), H3K27Ac (ab4729, Abcam), H3K4me3 (ab1012, Abcam),
H3K9Ac (07-352, Millipore), SP1 (sc-59, Santa Cruz Biotechnology), and
NF-YB (sc-13045, Santa Cruz Biotechnology). Real-time gPCR of the

1oprecipitation A
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ChlP-enriched DNAs was performed as described above using the primers
listed in Table S4. Percentage input was determined by comparing the cycle
threshold value of each sample to a standard curve generated from a five-point
serial dilution of genomic input. All reactions were performed in triplicate with
samples derived from three experiments.

ACCESSION NUMBERS

Microarray data are available in the Gene Expression Omnibus (GEQ) data-
base (http://www.ncbi.nlm.nih.gov/geo) through the GEC accession number
GSE38412.
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Eukaryotic translation initiation factor 5A (elF5A) is a protein subject to hypusination, which is
essential for its function. elF5A is also acetylated, but the role of that modification is unknown. Here,
we report that acetylation regulates the subcellular localization of elF5A. We identified PCAF as the
major cellular acetyltransferase of eI[F5A, and HDACG6 and SIRT2 as its major deacetylases. Inhibition
of the deacetylases or impaired hypusination increased acetylation of elF5A, leading to nuclear accu-
mulation. As elF5A is constitutively hypusinated under physiological conditions, we suggest that

reversible acetylation plays a major role in controlling the subcellular localization of elF5A.
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1. Introduction

elF5A is a small (~17 KDa) acidic protein that is essential for cell
proliferation in many eukaryotes. Mammals have two paralogs,
elF5A1 and elF5A2. elF5A1 is ubiquitously expressed in all tissues
[1-3] and is modified post-translationally with an unusual amino
acid, hypusine [Ne-(4-amino-2-hydroxybutyl)lysine| [4]. Hypusine
is synthesized from the polyamine spermidine in two consecutive
enzymatic steps: first, deoxyhypusine synthase (DHS) catalyzes the
transfer of the aminobutyl moiety from spermidine to a specific ly-
sine residue (Lys50 in human elF5A) to form the deoxyhypusine
intermediate, which is ultimately hydroxylated by deoxyhypusine
hydroxylase (DOHH) to produce active hypusinated elF5A [5].
elF5A and its hypusine modification are essential in cellular phys-
iology: hypusination mutants exhibit slowed cell growth in mam-
mals [6]; in yeast, a hypusination site mutant (K51R) fails to rescue

* Corresponding author at: Chemical Genetic Laboratory, RIKEN Advanced
Science Institute, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan. Fax: +81 48 462
4676.

E-mail address: akihiro-i@riken.jp (A. Ito).

the elF5A knockout [3]. Although elF5A is evidently essential for
eukaryotic cell proliferation [2,7,8], its precise function has re-
mained unknown. elF5A was originally identified, along with other
initiation factors, from high-salt washes of rabbit reticulocytes ly-
sate ribosomes [9], and was shown to stimulate methionyl-puro-
mycin synthesis [10]; therefore, elF5A was considered to be a
translational initiation factor. However, recent findings suggest
that it plays a role in translation elongation [11] and other aspects
of RNA metabolism such as RNA export [12,13].

The subcellular localization of elF5A and its involvement in nu-
clear export have remained controversial. elF5A was initially dem-
onstrated to be localized at the nuclear pore complex, where it is
involved in Rev-mediated nuclear export of unspliced HIV-1
mRNAs [12]. However, Shi et al. showed that elF5A is cytoplasmic
in a variety of cell types, and that HIV-1 Rev overexpression does
not affect its cellular distribution [14]. Subsequently, Rosorius
et al. demonstrated that elF5A undergoes nucleo-cytoplasmic shut-
tling, and proposed that CRM1 acts as its nuclear export factor [15].
Although elF5A lacks a conventional nuclear import signal, exper-
iments with GFP-tagged truncated elF5A suggested that the ~19
N-terminal residues are responsible for elFSA nuclear localization
[16]. elF5A regulates diverse cellular processes, including induc-
tion of p53-dependent apoptosis and cytokine-mediated islet j cell

0014-5793/$36.00 © 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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dysfunction [17,18], suggesting a functional role for elF5A in the
nucleus. Recently, Lee et al. demonstrated that exogenously pro-
duced elF5A is primarily expressed as an unhypusinated precursor,
and can only be hypusinated when co-expressed with DHS and
DOHH. Moreover, unhypusinated GFP-elF5A is primarily localized
in the nucleus, whereas the hypusinated form is cytoplasmic, sug-
gesting that hypusination determines the subcellular distribution
of elF5A [19]. However, because hypusination occurs on almost
all eIF5A proteins, co-translationally [20] and irreversibly, hypusi-
nation seems unlikely to be responsible for the dynamic regulation
of nucleo-cytoplasmic transport under physiological conditions.
elF5A residues K47 and K68 are post-translationally modified by
acetylation [20,21]. The crystal structure of human elF5A consists
of two domains of predominantly B-sheet character [22]. The acet-
ylation and hypusination sites (i.e. K47 and K50, respectively) are
in close proximity on a disordered loop structure, the hypusine
loop, in the N-terminal domain. The positive charge at K47 is
essential for elF5A activity, suggesting that acetylation at this posi-
tion negatively regulates elF5A function in protein synthesis [23].
However, the role of elF5A acetylation in other functions remains
elusive.

In this study, we found that the acetylated form of elF5A is pri-
marily enriched in the nucleus, whereas unacetylated elF5A is pri-
marily cytoplasmic; this distinction is even more pronounced in
the presence of histone deacetylase (HDAC) inhibitors. These re-
sults suggest that acetylation acts as a molecular switch for elF5A,
allowing it to exert distinct functions in the cytoplasm and nucleus.

2. Materials and methods
2.1. Compounds, cell culture and transfection

Tricostatin A (TSA) and nicotinamide (NA) were purchased from
Wako Chemicals. GC7 was purchased from BIOSEARCH TECHNOL-
OGIES, INC,, SCOP402 was kindly provided by Dr. Norikazu Nishino
(Kyushu Institute of Technology, Japan). All compounds were pre-
pared as stock solutions in dimethyl sulfoxide (DMSO) and stored
at —20°C. 293T and Hela cells were transiently transfected with
expression vectors using the FuGENE® HD reagent (Roche) and
the Lipofectamine™ LTX reagent (Invitrogen), respectively. RNAi
oligos used in this study were obtained from Dharmacon, with
the exception of the elF5A and HDAC1 oligos, which were obtained
from Nippon Gene. All sequence information of siRNA oligos is de-
scribed in Supplemental Table 1.

2.2. Plasmids construction

The cDNA encoding human elF5A was PCR-amplified from a hu-
man brain ¢cDNA library and sub-cloned into either GFP-pEGFP (BD
Biosciences) or to the C-terminus of Flag-tag in pcDNA3 (Invitro-
gen). Plasmids for expression of GFP-eIF5A and Flag-elF5A mutant
proteins (K47R, K47Q, K50R, and K47,50R) were generated by site-
directed mutagenesis using primer sets containing the desired
mutations. DNA encoding human DHS was PCR-amplified from a
human brain c¢DNA library and sub-cloned into pcDNA3-Flag. The
pcEFL-DOHH construct was kindly provided by Dr. Myung Hee
Park (National Institute of Health, USA); the coding sequence was
PCR-amplified and sub-cloned into the pcDNA3-Myc vector.

2.3. Antibodies and immunoblotting

A rabbit polyclonal antibody against acetylated elF5A was
raised using an acetylated elF5A peptide (VDMSTSK(Ac)TGKHGHC)
with the aid of the Support Unit for Bio-material Analysis and Ani-
mal Resources Development at the RIKEN BSI Research Resources
Center (RRC). A mouse monoclonal antibody against hypusinated

el[F5SA was raised using a hypusinated elF5A peptide
(STSKTGK(Hyp)HGHAKC). Mouse monoclonal anti-Flag M2, anti-
o~tubulin (B-5-1-2), and anti-Ac-o~tubulin (6-11B-1) antibodies
were purchased from Sigma. Monoclonal anti-c-Myc (9E10) and
monoclonal anti-elF5A antibodies were obtained from Santa Cruz
Biotechnology and BD Bioscience, respectively. Rabbit polyclonal
anti-CBP, anti-PCAF, anti-GCN5, anti-SIRT1, and anti-SIRT2 anti-
bodies were purchased from Cell Signaling Technology. Immuno-
blotting was performed using whole cell lysates, prepared by
collecting washed cells directly in 1x SDS-PAGE sample loading
buffer and heating at 95 °C for 5 min. Equal volumes of each whole
cell lysate was resolved by SDS-PAGE and transferred to a polyvi-
nylidene difluoride membrane (Millipore) by electroblottting.
Membranes were incubated with primary and secondary antibod-
ies; immune complexes were detected using the Immobilon™
Western Chemiluminescent HRP substrate (Millipore); and lumi-
nescence was analyzed using a LAS-3000 image analyzer (GE
Healthcare).

2.4, Immunostaining and fluorescence microscopy

Cells grown on coverslips were fixed in 4% paraformaldehyde
for 15 min and permeabilized in 0.2% Triton X-100 in PBS (PBT).
Fixed cells were blocked with 5% normal goat serum in 0.1% PBT
for 15 min and incubated with primary antibodies against elF5A
(1:200 dilution), Ac-elF5A (1:100), Flag (1:500), or Myc (1:500)
for 1-2 h followed by the Alexa Fluor 594, Alexa Fluor 488, or Alexa
Fluor 350 secondary antibodies (Invitrogen) for 20 min. Slides were
mounted with mounting medium (Vector Laboratories), and
images were taken using a Delta Vision Microscope (SEKI Techno-
tron Corp.).

2.5. In vitro histone acetyltransferases (HATSs) assay

Recombinant His-tagged elF5A was purified as described previ-
ously [24]. In vitro HAT assays were performed as described previ-
ously [24] with minor modifications: briefly, 8 g of His-elF5A was
incubated with 8.5 pg of purified Flag-PCAF in the presence of
0.33 mM acetyl CoA. The reaction was performed at 37 °C for 1 h.
The samples were mixed with reducing/loading buffer and re-
solved by SDS-PAGE on 13% polyacrylamide gels followed by
immunoblotting with the indicated antibodies.

3. Results and discussion
3.1. Hypusination inhibits acetylation

Using an anti-acetylated lysine (Ac-Lys) antibody and radioac-
tively labeled spermidine, Lee et al. observed that co-transfection
with DHS and DOHH enables hypusination of elF5A exogenously
expressed in mammalian cells; furthermore, unhypusinated elF5A
expressed in the absence of DHS and DOHH is heavily acetylated at
K47 but is dramatically deacetylated upon hypusination, suggest-
ing crosstalk between hypusination and acetylation [19]. We first
confirmed these observations using a newly developed anti-acety-
lated elF5A (Ac-elF5A), and an anti-hypusinated elF5A (Hyp-elF5A)
antibody. Exogenously expressed elF5A could be hypusinated only
when co-expressed with DHS and DOHH (Fig. 1A). In addition, DHS
and DOHH expression reduced the acetylation at K47 (Fig. 1A). The
specificity of the antibodies was confirmed by detecting acetyla-
tion and hypusination of K47R and K50R mutants as well as
wild-type eIF5A overexpressed in 293T cells with or without
DHS/DOHH (Fig. 1B). In the absence of DHS and DOHH, wild-type
Flag-elF5A was heavily acetylated, but the acetylation signal was
completely lost in K47R, indicating that the antibody can specifi-
cally recognize elF5A acetylated at K47. The hypusination signal
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Fig. 1. Interplay between elF5A acetylation and hypusination. (A, B) 293T cells were transfected with FLAG-elFSA wild-type (WT), acetylation site (K47R), or hypusination site
(K50R) mutants in the presence or absence of pcDNA3-hDHS and pcDNA3-hDOHH. Whole-cell lysates were immunoblotted with the indicated antibodies. The blots show
exogenously expressed elF5A. (C) Whole-cell lysates from HeLa cells treated for 16 h with different concentrations of the DHS inhibitor GC7 were immunoblotted with the

indicated antibodies.

was detected in exogenously expressed elF5A proteins in the pres-
ence of DHS and DOHH, but not in the K50R mutant lacking the
hypusination site. Hypusination of the K47R mutant, which is
defective in acetylation, suggests that acetylation is not required
hypusination. To further observe the relationship between hypusi-
nation and acetylation, we treated HeLa cells with different
concentrations of GC7, a DHS inhibitor, for 16 h. Immunoblot
analysis showed that GC7 inhibited elF5A hypusination at a con-
centration as low as 2 pM. While the elF5A acetylation level was
low in cells treated with GC7 at a low concentration (0.5 pM), it
was dramatically increased by 2 pM or higher concentrations,
confirming that hypusination negatively regulates acetylation
(Fig. 1C). Endogenous elF5A in the steady state is poorly acetylated
because elF5A is fully hypusinated in the absence of GC7 (Fig. 1C).
Because crystal structure analysis revealed that the two lysine
residues for acetylation and hypusination are closed [22], hypusi-
nation may hinder the access of the elF5A acetyltransferase, PCAF
(see below).

3.2. Identification of HATs and HDACs regulating elF5A acetylation
status

To identify the cellular acetyltransferase responsible for elF5A
acetylation, we next performed siRNA-mediated knockdown
experiments using 293T cells (Fig. 2A). Of four acetyltransferases
tested, only PCAF knockdown significantly reduced the acetylation
level of endogenous elF5A. Furthermore, in an in vitro HAT assay
using bacterially produced recombinant elF5A, we found that PCAF
indeed acetylates elF5A in an acetyl-CoA-dependent manner
(Fig. 2B). To identify the class of HDACs involved in deacetylation
of elF5A, we treated 293T cells with three HDAC inhibitors of dif-
fering specificity: TSA, NA, and SCOP402. TSA inhibits all class I/II
enzymes, whereas NA inhibits class III; SCOP402 inhibits class I/II
enzymes except HDACG [25]. Immunoblot analysis of the cell ly-
sates collected after 16 h incubation with the HDAC inhibitors
showed that acetylated elF5A was increased in both TSA- and
NA-treated cells but not in SCOP402-treated cells (Fig. 2C). Because
the only difference in target enzyme specificity between TSA and
SCOP401 is HDAC6 inhibition, we conclude that at least HDAC6
is involved in deacetylation of elF5A. The acetylation signal was
significantly enhanced in cells treated with both TSA and NA

simultaneously, suggesting that a class IIl HDAC in addition to
HDACS6 is also involved in the elF5A deacetylation. [mportantly,
the level of elF5A hypusination was not changed in response to
treatment with HDAC inhibitors (Fig. 2C), suggesting that acetyla-
tion does not affect its hypusination. Next, we expressed ten major
cellular deacetylase enzymes together with Flag-elF5A in 293T
cells (Fig. 2D, S1A). Only overexpression of HDAC6 or SIRT2, but
not their catalytically dead mutants, significantly reduced the acet-
ylation level of elF5A. Consistent with this, the acetylation level of
endogenous elF5A was greatly increased by HDAC6 and SIRT2
knockdown in 293T cells (Fig. 2E), indicating that these enzymes
actually work as deacetylases under physiological conditions.
Additionally, SIRT1 overexpression slightly but reproducibly re-
duced elF5A acetylation. Indeed, both recombinant SIRT1 and
SIRT2 catalyzed the deacetylation of elF5A in an in vitro deacetyl-
ase assay (Fig. S1B-C). However, the SIRT1 knockdown failed to in-
crease endogenous elF5A acetylation in 293T cells (Fig. 2E). These
results indicate that HDAC6 and SIRT2 are the major cellular
deacetylases of elF5A.

3.3. Effect of acetylation and hypusination on subcellular distribution
of elF5A

Lee et al. reported that hypusination is important for the local-
ization of elF5A to the cytoplasm, where translation occurs [19]. In
general, reversible acetylation plays a role in regulating protein-
protein interactions and subcellular localization. As the acetylation
site is located within a loop close to the hypusination site (K50), it
seemed possible that elF5A acetylation plays some role in the sub-
cellular localization of elF5A. Therefore, we investigated the sub-
cellular localization of acetylated species of endogenous elF5A by
indirect immunofluorescence. Although total e[F5A was primarily
cytoplasmic in nature, acetylated elF5A was predominately local-
ized to the nucleus (Fig. 3A). The fluorescent signals obtained with
elF5A and Ac-elF5A antibodies are specific, because these signals
were diminished, respectively, by elF5A knockdown and by com-
petition with the acetylated peptide used as the epitope (Fig. 3A).
Furthermore, treatment with either HDAC inhibitors (TSA/NA) or
DHS inhibitor (GC7) induced a dramatic shift of subcellular distri-
bution from primarily cytoplasmic to nuclear (Fig. 3B). These re-
sults clearly demonstrate that cytoplasmic eIF5A is not
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acetylated, whereas nuclear elF5A is acetylated; furthermore, acet-
ylation directs nuclear localization.

Next we tested whether elF5A K47 acetylation is indeed impor-
tant for controlling the subcellular localization of elF5A, by express-
ing GFP-elF5A and its mutants. As shown in Fig. 4A, unhypusinated
GFP-elF5A expressed in the absence of DHS/DOHH tended to local-
ize to the nucleus. On the other hand, both wild-type elF5A and a
mutant incapable of being acetylated (K47R) were successfully
localized to the cytoplasm when hypusinated by DHS/DOHH
(Fig. 4A). Importantly, the subcellular distribution of a mutant
mimicking acetylation (K47Q) was constitutively nuclear even after
hypusination by DHS/DOHH (Fig. 4A-B), suggesting that acetyla-
tion interferes with the elF5A nuclear export. Similarly, the K50R
mutant, which is unhypusinated but heavily acetylated, also accu-
mulated in the nucleus. The K47,50R mutant, which can be neither
acetylated nor hypusinated, was also localized to the nucleus
(Fig. 4A-B). These results indicate that cytoplasmic localization of
elF5A requires not only hypusination but also hypoacetylation.

Various groups studying the subcellular localization of elF5A
have reported somewhat inconsistent results. For instance, Xiao
et al. reported that elF5A is cytoplasmic and co-localizes with the

endoplasmic reticulum in multiple mammalian cell lines [26]. In
contrast, Rosorius et al. proposed that elF5A undergoes nucleo-
cytoplasmic shuttling and co-localizes with the nuclear pore com-
plex; these authors identified CRM1 as the corresponding nuclear
export factor [15]. Jao et al. also suggested that elF5A enters the
nucleus through passive diffusion and may be exported from the
nucleus in a CRM1-dependent manner [27]. On the other hand,
other groups showed that exportin 4, an importin p family recep-
tor, is responsible for the nuclear export of elF5A [13,28]. Recently
Lee et al. reported that compared to fully hypusinated cytoplasmic,
endogenous elF5A, exogenously expressed elF5A lacking hypusina-
tion tends to localize in the nucleus, but can be relocalized to the
cytoplasm when fully hypusinated [19]. Compared to the stable
hypusine modification, acetylation is reversible and may play an
important role in regulating elF5A cellular activity by altering the
conformation of the hypusine loop or elF5A’s affinity for nuclear
transport factors. Thus, control of subcellular localization of elF5A
appears to be dependent more on acetylation than on hypusination
under the physiological condition. Our data indicate that co-trans-
lationally hypusinated elF5A is acetylated by PCAF and deacety-
lated by HDAC6 and SIRT2, which facilitates nucleo-cytoplasmic
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shuttling of elF5A. Although the nuclear function of elF5A is still
unclear, the evolutionarily conserved acetylation occurring near
the site of hypusination may regulate its nuclear localization and
its function in the nucleus.

4. Conclusion

We have elucidated the enzymes responsible for determining
the acetylation status of elF5A K47: PCAF performs acetylation,
while HDAC6 and SIRT2 perform deacetylation. Our results suggest
that elF5A acetylation status regulates its subcellular localization.
This knowledge will enable us to study the possible functional role

lysates of HeLa cells overexpressing the indicated GFP-fused elF5SA constructs with or

of this important protein in the nuclear compartment under phys-
iological conditions.
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Insulin receptor substrates (IRSs) play central roles in insulin/insulin-like growth factor (IGF) signaling and
mediate a variety of their bioactivities. IRSs are tyrosine-phosphorylated by activated insulin receptor/
IGF-I receptor tyrosine kinase in response to insulin/IGF, and are recognized by signaling molecules pos-
sessing the SH2 domain such as phosphatidylinositol 3-kinase (PI3K), leading to the activation of down-
stream pathways. Recent studies have suggested that degradation of IRSs by the ubiquitin-proteasome
pathway leads to impaired insulin/IGF signaling, but the precise mechanism underlying the process is still
unclear. In this study, we identified deubiquitinating enzyme ubiquitin specific protease 7 (USP7) as an
IRS-2-interacting protein and demonstrated that deubiquitinase activity of USP7 plays important roles
in IRS-2 stabilization through the ubiquitin-proteasome pathway. In addition, insulin treatment dissoci-
ated USP7 from IRS-2, leading to degradation of IRS-2. This dissociation was prevented by treatment with
LY294002, a PI3K inhibitor, indicating that insulin activation of the PI3K pathway leads to dissociation of
IRS-2 from USP7 and IRS-2 degradation. We obtained similar results for IRS-1 in cells treated with insulin
and for IRS-2 in cells treated with IGF-1. Taken together, this is the first report demonstrating that USP7 is

an IRS-1/2 deubiquitinating enzyme forming a negative feedback loop in insulin/IGF signaling.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Insulin stimulates glucose uptake and utilization in muscle and
adipose tissues and suppresses glucose production in liver, control-
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ling the maintenance of glucose homeostasis [1]. On the other
hand, insulin-like growth factors (IGFs) induce cell proliferation,
differentiation and survival of various cell-types, coordinating the
growth and development in vivo [2]. Insulin receptor substrate
(IRS)-1 and IRS-2 are important mediators of insulin/IGF signaling.
Tyrosine residues of IRSs are phosphorylated by insulin receptor/
IGF-1 receptor tyrosine kinase in response to insulin/IGFs, followed
by the association with SH2 domain-containing proteins such as
phosphatidylinositol 3-kinase (PI3K) and Grb2. These events cause
the activation of the downstream kinases such as Akt (also called
protein kinase B) and extracellular signal-regulated kinase (Erk),
leading to the induction of a variety of insulin/IGF bioactivities
[1.2]

Protein levels of IRSs often dramatically change under various
conditions such as diabetes [3-6]. Recent studies have shown
that several ubiquitin ligases ubiquitinate IRSs and induce their
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degradation by the 26 S proteasome [7-10]. In addition, it is well
known that prolonged insulin/IGF stimulation induces ubiquitina-
tion of IRSs followed by their degradation, which is an important
mechanism for the desensitization of insulin/IGF signaling
[11,12]. Protein ubiquitination is regulated not only by ubiquitin
ligases but also by deubiquitinating enzymes (DUB), however, it
is unknown how IRS-1/2 are deubiquitinated.

We have previously shown that IRS-1/2 generally form high-
molecular-mass complexes over 1000 kDa containing IRS-associ-
ated proteins (IRSAPs) that modulate insulin/IGF signals [13]. In
this study, we show that deubiquitinating enzyme USP7 is one of
the IRSAPs and it prevents IRS-1/2 ubiquitination and proteasomal
degradation. We also demonstrate that insulin or IGF-I treatment
stimulates USP7 dissociation from IRSs via activation of PI3K path-
way, leading to degradation of IRSs. These results reveal USP7 as an
IRS-1/2 deubiquitinating enzyme, forming a negative feedback
loop in insulin/IGF signaling.

2. Materials and methods
2.1. Cell culture and reagents

HEK293 cells, HEK293T cells, FRTL-5 thyroid cells, and L6 myo-
blasts were cultured and transfected as previously described [13-
15]. H4IIE hepatoma cells were cultured with Dulbecco’s modified
Eagle medium containing 10% fetal bovine serum.

2.2, Immunoprecipitation and immunoblotting analysis

These procedures were carried out as described previously [13],
except for modifications as described in Supplementary methods.

2.3. LC-MS/MS analysis

LC-MS/MS analysis was performed as described previously
[16].

2.4, Purification of GST fused proteins and GST pull-down analysis

These procedures were performed as previously described [17],
except for modifications as described in Supplementary methods.

2.5. Far-Western blotting analysis

Proteins were resolved by SDS-PAGE, transferred to polyvinyli-
dene difluoride (PVDF) membranes. After the membranes were
incubated with blocking buffer (10 mM Tris-HCl pH 7.2, 50 mM
NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 3% bovine
serum albumin) for 30 min, they were incubated with blocking
buffer containing 1 mg/ml GST or GST-fused proteins overnight,
followed by the immunoblotting with anti-GST antibody conju-
gated with horseradish peroxidase.

2.6. Subcellular fractionation into cytoplasm and nuclei

Cells were lysed in fractionation buffer (10 mM Tris-HCl pH 7.4,
100 mM Nacl, 2.5 mM MgCl,, 0.5% TritonX-100, 20 pg/ml calpain
inhibitor I (Roche, Basel, Switzerland), 500 pM NasVOy4, 10 pg/ml
leupeptin, 5 pg/ml pepstatin, 20 pg/ml phenylmethylsulfonyl fluo-
ride (PMSF), and 100 kallikrein-inactivating (KI) U/ml aprotinin).
The cell lysates were passed through a 25 G needle syringe four
times and centrifuged at 4000g for 10 min at 4 °C. The superna-
tants were saved as the cytoplasmic fraction. The pellets were
resuspended in fractionation buffer without TritonX-100, soni-
cated three times for 5 s, and centrifuged at 15,000g for 10 min

at 4 °C. The supernatants were saved as the nuclei fraction. The
protein assay of the each fractions was performed using a protein
assay kit (Bio-Rad Laboratories, Hercules, CA). Equal amounts of
proteins subjected to immunoprecipitation and immunoblotting
analysis.

2.7. RNA interference

This procedure was performed as previously described [18], ex-
cept for modifications as described in Supplementary methods.

2.8. In vitro tyrosine phosphorylation and dephosphorylation of IRSs

Phosphorylation/de-phosphorylation of IRSs with insulin recep-
tor kinase/alkaline phosphatase was performed as described in
Supplementary methods.

Additional experimental materials and methods are described
in Supplementary materials.

3. Results
3.1. USP7 associates with IRS-1/2

In the initial screening to identify IRSs-associated proteins,
FLAG-IRS-1 or FLAG-IRS-2 was over-expressed in HEK293 cells,
and the cell lysates were subjected to the immunoprecipitation
with anti-FLAG antibody-conjugated beads. Mixtures of co-immu-
noprecipitated proteins were digested with lysyl endopeptidase,
and then subjected to LC-MS/MS analysis. As a result, we identified
a deubiquitinating enzyme USP7 as one of the IRSs-associated
proteins.

Co-immunoprecipitation and immunoblotting analysis vali-
dated the initial screening and confirmed that USP7 associated
with [RS-1/2 in HEK293T cells over-expressing IRS-1/2 (Fig. 1A
and B). We also found that USP7 associated with endogenous
IRS-1 and IRS-2 in H4IIE hepatoma cells (Fig. 1C) and in L6 myo-
blasts (Fig. S1).

We then determined the regions of each protein that are re-
quired for their association. Pull-down analysis using USP7 dele-
tion mutants revealed that the MATH domain of USP7 was
responsible for the association with IRS-1/2 (Fig. 1D-F). Far-wes-
tern blotting analysis using the MATH domain of USP7 fused with
GST as a probe revealed that this domain directly binds to IRS-1/2
(Fig. 1G). On the other hand, pull-down analysis using IRS-1/2 dele-
tion mutants indicated that USP7 binds to multiple regions in IRS-
1/2 (Figs. S2A and B). We also investigated the subcellular localiza-
tion of USP7-IRS-2 complex. Co-immunoprecipitation analysis
after subcellular fractionation into cytoplasm and nuclei indicated
that a large part of the complex is detected in the cytoplasm in
HAIIE cells (Fig. 1H).

3.2. USP7 deubiquitinates IRS-2 and prevents its proteasomal
degradation

We next investigated the physiological roles of USP7 for IRS-2.
We hypothesized that USP7 deubiquitinates IRS-1/2 and prevents
their proteasomal degradation. In HEK293 cells, over-expression
of USP7 resulted in the increase in IRS-2 protein levels (Fig. 2A).
By contrast, over-expression of dominant negative USP7 (USP7
CS, where the single cysteine residue in the catalytic center was
substituted with serine [19]) decreased IRS-2 protein levels, an ef-
fect prevented by pre-treatment with a proteasome inhibitor
MG132 (Fig. 2B, left panel). Importantly, over-expression of domi-
nant negative USP7 CS increased ubiquitination of IRS-2 in the
presence of MG132 (Fig. 2B, right panel). Moreover, in H4IIE cells,
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Fig. 1. The association of USP7 with IRS-1/2. (A-C) HEK293T cells over-expressing FLA

G-IR5-1 (A) or FLAG-IRS-2 (B), or H4IIE cells (C) were cultured under serum-free

conditions for 24 h. The lysates were subjected to immunoprecipitation (IP) and immunoblotting (IB) analyses. (D) Schematic representation of rat USP7 and its deletion
mutants used in the following experiments. MATH, meprin associated TRAF homology domain. Ubl, ubiquitin-like domain. The purity of GST-fused proteins was validated by
CBB staining. (E and F) HEK293T cells over-expressing FLAG-IRS-1 (E) of FLAG-IRS-2 (F) were cultured under serum-free condition for 24 h. The lysates were subjected to pull-
down analysis using GST-fused USP7 deletion mutants. Input, 3/100 volume of HEK293T cell lysates. (G) Lysates of serum-starved H4IIE cells were immunoprecipitated with
anti-IRS-1/2 antibodies. The immunoprecipitates were resolved by SDS-PAGE and subjected to far- western blotting (FW) analyses using purified GST or GST-fused MATH
domain of USP7 (upper panels) as probes, and immunoblotting analysis using anti-IRS-1/2 antibodies (lower panels). (H) Lysates of serum-starved H4IIE cells were
fractionated into cytoplasm (Cyto) and nuclei (Nuc), followed by immunoprecipitation with anti-IRS-2 antibody. The fractions and immunoprecipitates were subjected to

immunoblotting analysis. Lamin B1, a nuclear protein. HSP90, a cytoplasmic protein. Da

knockdown of USP7 decreased IRS-2 protein levels (Fig. 2C). All of
these results support our hypothesis that USP7 prevents IRS-2 deg-
radation by deubiquitinating activity. In addition, we found that
over-expression of dominant-negative USP7 CS decreased IRS-1
protein levels (Fig. 2D), indicating that USP7 also plays roles in
the regulation of IRS-1 protein levels.

3.3. USP7 dissociates from IRS-1/2 in response to insulin/IGF
stimulation, leading to the proteasomal degradation of IRS-1/2

In several cell-types, insulin/IGF stimulation causes the associa-
tion of some ubiquitin ligases with IRS-1/2, followed by their pro-
teasomal degradation [7,8,10], which is thought to be one of the
feedback inhibition mechanisms in insulin/IGF signaling
[7,8,10,11]. We examined the effects of insulin stimulation on the
association of USP7 with IRS-2 in H4IIE cells. Surprisingly, co-
immunoprecipitation analysis revealed that the amounts of USP7
bound to IRS-2 were dramatically decreased within 1 min after
insulin stimulation (Fig. 3A). We also found that insulin stimula-
tion gradually decreased electrophoretic mobility of IRS-2 at

ta are representative of at least three independent experiments.

1-60 min after insulin stimulation reflecting its phosphorylation
state [20] followed by the decrease in IRS-2 protein levels
(Fig. 3A). In addition, we found that USP7 also dissociated from
IRS-1 in response to insulin stimulation followed by decrease of
IRS-1 protein levels (Fig. 3B). In FRTL-5 cells, IGF-I stimulation dis-
sociated USP7 from IRS-2 followed by decrease of IRS-2 protein
levels (Fig. 3C). These results clearly indicate that the rapid disso-
ciation of USP7 from IRS-1/2 in response to insulin/IGF-I stimula-
tion may enable the subsequent ubiquitination and proteasomal
degradation of IRS-1/2.

3.4. USP7 dissociates from IRS-2 followed by its degradation through
activation of the PI3K pathway in response to insulin stimulation

Finally, we investigated molecular mechanisms of the USP7 dis-
sociation. Insulin-induced dissociation was prevented in the pres-
ence of LY294002, a PI3K inhibitor, but not of PD98059, a MEK
inhibitor (Fig. 4A and B). We also performed pull-down analysis
using the MATH domain of USP7 as a bait and IRS-2 derived from
HA4IIE cells treated with or without insulin as a prey. The result
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Fig. 2. Roles of USP7 in the regulation of IRS-1/2 protein levels. (A) HEK293 cells
over-expressing indicated proteins were cultured under serum-free condition for
24 h. The cell lysates subjected to immunoblotting analysis. p-Actin, loading
control. (B) HEK293 cells over-expressing FLAG-IRS-2 and myc-USP7 CS (dominant-
negative mutant) were cultured under serum-free condition for 24 h, and treated
with 10 uM MG132 for the last 6 h. The lysates were subjected to immunoprecip-
itation and immunoblotting analysis. (C) H4IIE cells transfected with control RNA or
USP7 siRNA were cultured under serum-free condition for 24 h. The lysates were
subjected to immunoblotting analysis. (D) HEK293 cells over-expressing FLAG-IRS-
1 and myc-USP7 CS were cultured under serum-free condition for 24 h. The lysates
were subjected to immunoprecipitation and immunoblotting analysis. Data are
representative of at least three independent experiments.

indicated that insulin stimulation decreased the affinity of IRS-2
for the MATH domain, and this decrease was prevented by the
treatment of cells with LY294002 (Fig. 4C), suggesting that phos-
phorylation of IRS-2 via PI3K pathway triggers the USP7
dissociation.

IRS-2 is phosphorylated by some serine/threonine kinases
downstream of PI3K [21]. To examine the roles of the serine/thre-
onine phosphorylation of IRS-2 in the association with the MATH
domain, IRS-2 derived from cells stimulated with serum was trea-
ted with alkaline phosphatase in vitro, and then subjected to the
pull-down analysis. The result indicated that phosphorylation of
IRS-2 decreased the affinity of IRS-2 for the MATH domain
(Fig. 4D). In contrast, tyrosine phosphorylation of IRS-2 by insulin
receptor kinase in vitro prior to the pull down analysis did not af-
fect the affinity of IRS-2 for the MATH domain (Fig. 4E).

4. Discussion

In this study, we identified deubiquitinating enzyme USP7 as an
IRSs-associated protein and examined the physiological significance
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Fig. 3. The dissociation of USP7 from IRS-1/2 in response to insulin/IGF stimulation.
(A-C) Serum-starved H4IIE cells (A and B) or FRTL-5 cells (C) were treated with 100
nM insulin (A and B) or 100 ng/ml IGF-I (C) for the indicated durations. The lysates
were subjected to immunoprecipitation with anti-IRS-1 antibody (B) or anti-IRS-2
antibody (A and C) and immunoblotting analysis.

of this association in the regulation of insulin/IGF signaling. Based
on our results, USP7 deubiquitinated IRS-1/2 resulting in increase
in their stabilization. In addition, insulin/IGF treatment caused dis-
sociation of USP7 from [RS-1/2 followed by induction of their degra-
dation, suggesting that USP7 formed a negative feedback loop in
insulin/IGF signaling.

Since the human genome encodes 95 different DUBs [22], many
fewer than the more than 600 E3 ligase molecular species [23],
DUBs are considered to be low specificity enzymes. Actually,
numerous proteins have been identified as potential substrates of
USP7 [24] including p53, a tumor suppressor, and Mdm2, an E3 li-
gase of p53 [19,25]. USP7 associates with these proteins through
the MATH domain and deubiquitinates them [26,27]. In addition,
USP7 regulates these protein levels through alteration of affinity
for these proteins [28] and phosphorylation of serine residues
within the MATH domain-binding motif of p53 or Mdm2 which
abrogated binding to USP7 [29]. We demonstrated that USP7 di-
rectly associated with IRS-2 through the MATH domain (Fig. 1G),
and that dephosphorylation of IRS-2 increases the interaction
while tyrosine phosphorylation of IRS-2 by insulin receptor kinase
did not increase the interaction (Fig. 4D and E), suggesting the
common mechanisms for IRS-2 and p53/Mdm2 that serine/threo-
nine phosphorylation of their binding regions reduces their USP7
association. Different phosphorylation status of each substrate
may enable USP7 to regulate their protein stabilities specifically.

Recent studies have shown that several serine/threonine ki-
nases downstream of PI3K such as Akt, GSK-3, mTOR and p70S6K
phosphorylate IRS-1/2, and the phosphorylation triggers IRS-1/2
ubiquitination and degradation [21]. In addition, particular serine
residues of IRS-1 such as S307, 5527, S636 and S639 were reported
to be key phosphorylation sites required for IRS-1 degradation
[8,21]. In the present study we demonstrated that IRS-2 modifica-
tion induced by insulin stimulation via PI3K pathway activation re-
leases USP7 from IRS-2 (Fig. 4B). Taken together with the data



