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root ganglia in mice, and mutation of human PHES causes
inherited X-linked mental retardation (Hasenpusch-Theil
et al. 1999; Laumonnier et al. 2005; Abidi et al. 2007;
Koivisto et al. 2007). Our results showed that KDM?7 is
expressed predominantly in the brain of fish and mice as
well as in mammalian neuronal cells and is essential for
development of the fish brain, suggesting that transcrip-
tional regulation of the follistatin gene by KDM7 may be
evolutionarily conserved. Functions in neuronal develop-
ment based on their demethylase activity may thus be
common to this class of JmjC domain-containing pro-
teins.

Materials and methods

In vitro histone demethylase assays

We performed in vitro demethylation assays with the use of purified
recombinant proteins and various forms of histone substrates. Demethy-
lase activity was detected by measurement of formaldehyde release,
immunoblot analysis with a series of methylation-specific antibodies
{Supplemental Table S1}, or matrix-assisted laser desorption ionization
(MALDI}-time-of-flight (TOF} mass spectrometry, as detailed in the
Supplemental Material.

In situ hybridization

Whole-mount zebrafish embryos were subjected to in situ hybridization
under standard conditions with digoxigenin-labeled antisense RNA probes
prepared from zebrafish kdm7a {(XM_687822), kdm7b {XM_681621}, or
follistatin 1 (DQ317968} genes.

Other methods

Details of other procedures are provided in the Supplemental Material.
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Skp2 targeting suppresses tumorigenesis
by Arf-p53-independent cellular senescence

Hui-Kuan Lin"*?, Zhenbang Chen"**t, Guocan Wang">**, Caterina Nardella">**, Szu-Wei Lee’*,
Chan-Hsin Chan®, Wei-Lei Yang®, Jing Wang’, Ainara Egia“, Keiichi |. Nakayama®, Carlos Cordon-Cardo®?,
Julie Teruya-Feldstein® & Pier Paolo Pandolfi®**

Cellular senescence has been recently shown to have an important role in opposing tumour initiation and promotion.
Senescence induced by oncogenes or by loss of tumour suppressor genes is thought to critically depend on induction of the
p19°7-p53 pathway. The Skp2 E3-ubiquitin ligase can act as a proto-oncogene and its aberrant overexpression is frequently
observed in human cancers. Here we show that although Skp2 inactivation on its own does not induce cellular senescence,
aberrant proto-oncogenic signals as well as inactivation of tumour suppressor genes do trigger a potent, tumour-suppressive
senescence response in mice and cells devoid of Skp2. Notably, Skp2 inactivation and oncogenic-stress-driven senescence
neither elicit activation of the p19”"-p53 pathway nor DNA damage, but instead depend on Atf4, p27 and p21. We further
demonstrate that genetic Skp2 inactivation evokes cellular senescence even in oncogenic conditions in which the p19*7-p53
response is impaired, whereas a Skp2-SCF complex inhibitor can trigger cellular senescence in p53/Pten-deficient cells and
tumour regression in preclinical studies. Our findings therefore provide proof-of-principle evidence that pharmacological

inhibition of Skp2 may represent a general approach for cancer prevention and therapy.

Cellular senescence represents an irreversible form of cell-cycle arrest
that can be triggered by a variety of insults. Induction of cellular

senescence (for example, by oncogenic Ras) results in p19*¥

(encoded by the Ink4a/Arflocus, also known as Cdkn2a locus) and
p53 accumulation, which is critical for this senescence response.
Recent studies suggest that cellular senescence can act as an impor-
tant tumour-suppressive mechanism to restrict tumour develop-
ment in vivo'™.

Inactivation of Pten functions is frequently observed in human
cancers®'°. Although Pten negatively regulates cell proliferation
and survival, we surprisingly discovered that acute Pten inactivation
triggers the accumulation of p19°™-p53 and cellular senescence?.
Concomitant inactivation of p53 (also known as Trp53 in mice,
and TP53 in humans) and Pten abrogates this senescence response,
in turn promoting invasive and lethal prostate cancer’. Although
these findings further underscore the critical importance of the cel-
lular senescence Arf-p53 failsafe pathway, the frequent loss or muta-
tion of ARF or P53 in human cancers would compromise the
tumour-suppressive efficacy of this response, thereby limiting thera-
peutic potential.

Skp2 is a critical component of the Skp2-SCF complex, which acts
as an E3 ligase to target p27 and other substrates for ubiquitylation
and degradation''*?. Recent studies suggest that Skp2 may have
oncogenic activity’*¢, Notably, SKP2 overexpression is frequently
observed in human cancer'"'*"7, strongly suggesting that SKP2 over-
expression may contribute to tumorigenesis. Skp2-knockout mice
are viable and fertile'®. Hence, specific inactivation of Skp2 may rep-
resent an appealing therapeutic modality. Here we show that Skp2
inactivation profoundly restricts tumorigenesis by eliciting cellular

senescence only in oncogenic conditions. Remarkably, this sen-
escence response is triggered in a p19*”—p53-independent manner.
Skp2 pharmacological inactivation may therefore represent a general
approach towards a ‘pro-senescence’ therapy for cancer prevention
and treatment.

Skp2 loss restores cellular senescence by Ras and E1A

Skp2 deficiency delays cell cycle progression'*>. We therefore asked
whether Skp2 deficiency would trigger cellular senescence. We isolated
mouse embryonic fibroblasts (MEFs) from wild-type and Skp2™/~
mice and determined cellular senescence in these cells by senescence-
associated B-galactosidase (SA-B-gal) staining, Although Skp2~"~ MEFs
proliferated less than wild-type MEFs (Supplementary Fig. 1e)'"'", cel-
lular senescence in Skp2™’~ MEFs was comparable to that in the wild-
type MEFs (Supplementary Fig. 1a). In contrast, acute inactivation of
Pten in MEFs markedly increased cellular senescence as previously
reported (Supplementary Fig. 1a)*. Thus, Skp2 deficiency by itself does
not elicit cellular senescence.

Ectopic overexpression of proto-oncogenic Ras (Ras(G12V)) in
MEFs elicits cellular senescence through the p19**—p53 pathway'>2.
Simultaneous co-expression of E1A and Ras in MEFs overcomes
Ras-induced senescence by preventing activation of the p19*™-p53
pathway and resulting in oncogenic transformation®. Thus, E1A
enables Ras to overcome the cellular senescence response. As Skp2 also
cooperates with oncogenic Ras to induce cell transformation, it is
conceivable that Skp2 might also display its oncogenic activity by
antagonizing Ras-induced cellular senescence. On this basis, we tested
whether endogenous Skp2 activity is required for cellular transforma-
tion induced by Ras and E1A. Although cellular senescence was not
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observed in wild-type MEFs after Ras and E1A overexpression, Skp2
deficiency triggered cellular senescence (Supplementary Fig. 1b, ). We
also found that the ability of Ras to induce cellular senescence was
far greater in Skp2™’~ MEFs than in wild-type MEFs (Supplemen-
tary Fig. 1b, ¢). It should be noted that the induction of p19*7 and
p53 protein levels in Skp2~/~ MEFs by Ras was comparable if not lower
than that of wild-type MEFs (Supplementary Fig. 1d). Moreover, Skp2
inactivation profoundly restricted cell proliferation and transforma-
tion after Ras and E1A overexpression (Supplementary Fig. le, f).
Thus, Skp2 inactivation triggers cellular senescence in the presence of
powerful oncogenic signals, even when the p19*"-p53 response is
evaded.

Skp2 loss causes senescence in Pten*’/~ and Arf ™/~ mutants

We assessed whether Skp2inactivation would trigger cellular senescence
even when cells experience loss of major tumour-suppressive networks
such as those controlled by Pten and p19*"-p53. To this end, we crossed
Skp2™’~ mutants with Pten™~ and Arf’~ mutants. The resulting
compound mice were further intercrossed to generate MEFs of different
genotypes for cell proliferation and senescence assays. As aforemen-
tioned, Skp2~"~ MEFs grew much slower than wild-type MEFs,
whereas wild-type and Pten*'™ MEFs grew comparably (Supplemen-
tary Fig, 2a). No obvious cellular senescence was observed in wild-type,
Pten™'™ and Skp2™/~ MEFs (Fig. la). Surprisingly, Pten™’~ Skp2™"~
MEFs had a slower growth rate than Skp2™'~ MEFs and exhibited
full-blown characteristics of cellular senescence such as flattened large
cells and positive SA-B-gal staining (Fig. 1a and Supplementary Fig. 2a).
We also detected cellular senescence in Pren*’™ Skp2™/~ MEFs under
hypoxic conditions (Supplementary Fig. 2b). We did not see coopera-
tion between Pten inactivation and Skp2 deficiency in triggering apop-
tosis, although Skp2™~ MEFs had a higher rate of apoptosis than
wild-type MEFs (Supplementary Fig. 3a)'®. However, the apoptosis rate
in the prostate of Pten™’~ Skp2™'~ mice was higher than in wild-type,
Pren™’™ and Skp2~/" mice (see later and Supplementary Fig. 3b).

As cellular senescence is largely dependent on activation of the
p19*_p53 pathway in MEFs**"*, we determined whether this pathway
is activated in Pren™’” Skp2™'~ MEFs. Notably, we found that p19*
and p53 protein levels in Pten*/~ Skp2~/~ MEFs were comparable to
levels in wild-type MEFs (Fig. 1b and Supplementary Fig, 4), suggesting
that the p19°™-p53 pathway may not be involved in the senescence
response in Pten’’” Skp2™'~ MEFs. To test this hypothesis further,
we exposed MEFs of various genotypes to two well-established p53-
inactivating tools: a short hairpin RNA (shRNA) against p53 (ref. 23) or
a dominant-negative p53 mutant (p53-DN)*. Notably, in both condi-
tions cell growth was promoted in wild-type and Pten "~ MEFs
(Supplementary Fig, 5a, b), but neither of them overcame the cellular
senescence nor the growth arrestin Pten*’~ Skp2™/~ MEFs (Fig. lcand
Supplementary Fig. 5¢), suggesting that Skp2-deficiency cooperates
with Pten inactivation to trigger a new senescence response by a
p19°"_p53-independent pathway.

p19%* induction is required for cellular senescence in MEFs in the
context of acute Pteninactivation®®, whereas loss of p19*™leads to cell
immortalization®*"?, We investigated whether Skp2 inactivation
could elicit cellular senescence in an Arf-deficient genetic background.
Notably, Arf *~ Skp2~/~ MEFs showed massive cellular senescence
similar to Pren”’~ Skp2~/~ MEFs (Fig. 1d). Moreover, p53 expression
was not induced in Arf /= Skp2~/~ MEFs (Supplementary Fig. 6a).
This cellular senescence profoundly suppressed the growth of Arf™/~
MEFs (Supplementary Fig. 6b). Skp2 deficiency also induced cellular
senescence after p53 inactivation (Supplementary Fig. 6c, d).

DNA damage has been recently associated with cellular sene-
scence’®?, However, we found no evidence of DNA-damage-
response activation in Pten*’” Skp2™'~ MEFs, as determined by
the levels of phosphorylated-(S15)-p53 and -y-H2ax (also known
as y-H2afx) (Supplementary Fig. 4). Collectively, these results sup-
port the notion that Skp2 inactivation can trigger a new type of
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Figure 1| Skp2 loss triggers a new senescence response in MEFs in the
context of Pten inactivation and Arf deficiency by a p19**~p53-independent
pathway. a, Primary MEFs at passage 5 from various mouse embryos were
plated for senescence assay. WT, wild type, b, Cell lysates were collected from
primary MEFs of various genotypes of mouse embryos for western blot
analysis. The lysates from wild-type MEFs treated with y-irradiation for

60 min served as a positive control for p53. ¢, Primary Pten’~ Skp2™'~ MEFs
infected with retroviruses expressing various control shRNA (shRNA-ctrl),
P53 shRNA (shp53), or dominant-negative p53 (p53-DN) were plated for
senescence assay and western blot analysis. d, Primary MEFs at passage 5 from
various genotypes of mouse embryos were plated for senescence assay.
Results are presented as mean * s.d. from a representative experiment
performed in triplicate, ***P < 0.001 using two-tailed Student’s t-test, n = 3.

cellular senescence that does not involve DNA damage and can sup-
press transformation even when the p19*-p53 response is impaired.

p27, p21 and Atf4 induction contribute to senescence

We next examined the molecular mechanism by which Skp2 defi-
ciency synergizes with oncogenic insults to trigger cellular sene-
scence. Although p53 and p19* levels remained unchanged, we
found that Skp2 deficiency cooperated with Pten inactivation or
Arfloss to induce p27 expression (Fig. 2a, b). p21 expression was
alsoincreased in Pren™’™ Skp2™'~ and Arf /~ Skp2~/~ MEFs (Fig. 2a,
b). E2F1, cyclin D1 and Cdtl, involved in cell cycle progression and
DNA replication, are also targets for Skp2 (refs 12, 29). We found that
cyclin D1, but not E2F1 and Cdt1, were induced in Pten™~ Skp2™/~
MEFs (Supplementary Fig. 7a). Because cyclin D1 promotes cell cycle
progression, its upregulation is unlikely to be involved in mediating
senescence in Pten*’~ Skp2™/~ MEFs.

Endoplasmic reticulum (ER) stress proteins such as BiP (also
known as Hspa5 or GRP78), phospho-Perk (p-Perk), and Atf4 are
induced after oncogenic insults and have an important role in cellular
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Figure 2 | Upregulation of p27, p21 and Atf4 drives cellular senescence in
Pten*/~ Skp2~/~ and Arf /™ Skp2~/~ MEFs. a, b, Cell lysates were
collected from primary MEFs of various genotypes of mouse embryos for
western blot analysis. ¢, d, Pren™’™ Skp2™/~ MEFs at passage 2 infected with
lentiviruses expressing green fluorescent protein (GFP) shRNA (shGFP) or
p27 shRNA (shp27-1 and -2) were plated for western blot analysis (c) and
senescence assay {(d). Results are mean = s.d. from a representative
experiment performed in triplicate. e, f, Pten™/~ Skp2™/~ MEFs at passage 2
infected with lentiviruses expressing GFP shRNA or Atf4 shRNA were plated
for western blot analysis (e) and senescence assay (f). g, h, Pren™'™ Skp2™'~
MEFs at passage 2 infected with lentiviruses expressing GFP shRNA or p21
shRNA were plated for western blot analysis (g) and senescence assay (h).

senescence™. We did not find a significant increase in BiP or p-Perk
(Supplementary Fig. 7b and data not shown) in Pten™’™ Skp2™/~
MEFs. In contrast, Atf4 was markedly induced in Pten™’~ Skp2™/~
MEFs (Fig. 2a). Likewise, we also observed a marked increase in Atf4
protein levels, but not p-Perk, in Arf /~ Skp2~/~ MEFs (Fig. 2b and
Supplementary Fig. 7c). The induction of Atf4 protein levels in
Pten*’™ Skp2~’~ MEFs was not accompanied by messenger RNA
upregulation, nor by the enhanced Atf4 protein stability (Sup-
plementary Fig. 8 and data not shown). Instead, we observed an
increase in phosphorylated elF2o (p-elF2a; also known as p-Eif2s1)
in Pten*’” Skp2~’~ and Arf /= Skp2~/~ MEFs compared to wild-type
cells (Fig. 2a, b). Because p-elF2a positively regulates Atf4 trans-
lation®, our results indicate that Atf4 upregulation is probably trig-
gered by the enhancement of p-eIF2a. levels.

As p27, p21 and Atf4 were induced in both Pten* /™ Skp2™/~ and
Arf™'" Skp2~/~ MEFs, we next determined whether their upregula-
tion contributes to senescence. p27 (also known as Cdknlb) shRNA
efficiently abrogated p27 expression and partially rescued growth
arrest and cellular senescence in Pten*’” Skp2~'~ MEFs (Fig. 2¢, d
and Supplementary Figs 9a, b and 10a). Similarly, knockdown of Atf4
or p21 (also known as Cdknla) in these cells also partially reversed
cellular senescence and cell arrest (Fig. 2e-h and Supplementary
Figs 9c and 10b, ¢). Concomitant knockdown of Atf4, p21 and p27
in these cells reversed cellular senescence more efficiently than their
individual knockdown (Supplementary Fig. 10d). In contrast, in
Skp2™/~ MEFs, p27 knockdown accelerated growth whereas Atf4
knockdown did not (Supplementary Fig. 10e, f). These results
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strongly indicate that the concomitant upregulation of p27,
p2land Atf4 is a required and powerful engine for the induction of
cellular senescence upon Skp2 inactivation.

Skp2 loss restricts tumorigenesis independently of Arf-p53

We found that inactivation of Skp2 in the presence of an oncogenic
stress results in the induction of cellular senescence that opposes trans-
formation in vitro even when the p19*-p53 response is impaired. We
next determined whether Skp2 loss restricts tumorigenesis in vivo
through similar mechanisms, and first analysed tumorigenesis in
Skp2™"~ Pten™” compound mutants (Supplementary Fig. 1la).
Although Pten heterozygous inactivation reduced lifespan in mice,
compound Skp2 deficiency prolonged overall survival (Fig. 3a).
Pten™"" mice develop lymphadenopathy and adrenal tumours (pheo-
chromacytoma) at complete penetrance’>*. As expected, Pten*’~ mice
developed adrenal tumours with 100% penetrance by 1 year of age,
whereas Skp2 loss remarkably abrogated adrenal tumour formation in
compound mutants (P < 0.0001; Fig. 3b, top, ¢ and Supplementary
Fig. 11b). Pten protein expression in adrenal tissues was comparable
between wild-type, Ptent’™ and Pten*’™ Skp2"/ ~ mice, before or after
tumour occurrence, suggesting that there is no loss of heterozygosity at
the Pten locus in the adrenal tissues in any of these mutants and con-
ditions (Supplementary Fig. 11¢). Lymphadenopathy after Pten inac-
tivation was also profoundly inhibited by Skp2 loss (P < 0.01; Fig. 3b,
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Figure 3 | Skp2 deficiency restricts tumorigenesis after Pten inactivation
by inducing celliular senescence in vivo. a, Kaplan—-Meier plot analysis of
cumulative survival of indicated mouse genotypes. b, Top, adrenal tissues
from various mouse genotypes (10-12 months) were analysed for
tumorigenesis; bottom, lymphoid tissues within the neck were obtained and
weighed from female mice of various genotypes (around 5 months),

**P < 0.01 using two-tailed Student’s t-test, n = 6. ¢, Histological analysis of
adrenal tissues from 12-month-old Pten™’™ and Pten™'~ Skp2™'™ mice.
Pten™™ mice developed adrenal tumour (pheochromocytoma), which was
profoundly inhibited in Pten™’~ Skp2™/ mice. d, Senescence analysis of
lymphoid tissue from 5-month-old Pten™'™ and Pten™'~ Skp2™'~ mice.

e, Lymphoid tissues from 5-month-old mice of the indicated genotypes were
obtained for p27 immunohistochemistry. f, Quantification of Ki67 staining
of lymphoid tissues from 5-month-old mice. Results are mean =* s.d.

**P < 0.01 using two-tailed Student’s t-test, n =3,
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bottom and Supplementary Fig. 11d). Tumorigenesis was also markedly
suppressed in other organs (for example, in the prostate, where the
prostatic intraepithelial neoplasia (PIN) incidence was profoundly
restricted by Skp2 inactivation; data not shown).

To determine whether Skp2 inactivation along with Pten inactiva-
tion would trigger cellular senescence in vivo, we performed SA-(3-gal
staining in the few hyperplastic lymphoid lesions still identified in
Pten*’™ Skp2™'™ mice (see, for example, Supplementary Fig. 10d).
We observed both cellular senescence and p27 induction in the
lymphoid tissues from Pten™'™ Skp2™/~ mice (Fig. 3d, e and Sup-
plementary Fig. 12), which inversely correlated with cell proliferation
(Fig. 3f).

We then examined whether Skp2 inactivation would also restrict
tumorigenesis after Arfloss by crossing Skp2~'~ with Arf '~ mice
(Supplementary Fig. 13). Skp2 inactivation markedly prolonged the
overall survival of Arf~'~ mice (Fig, 4a). Around 33% of Arf~'~ mice
developed sarcoma and/or lymphoma within 1 year (Fig. 4b—d)***,
In contrast, none of the Arf'~ Skp2™/~ compound mutant mice
showed signs of tumour formation (P < 0.02; Fig. 4b—d).

Senescence after Pten and Skp2 inactivation in the prostate

Complete Pten inactivation in the prostate triggers a tumour-
suppressive cellular senescence response’. We therefore examined
whether this response could be further potentiated by Skp2 loss and
affect tumorigenesis after complete Pten inactivation in the prostate.
For prostate-specific inactivation, we made use of Cre-loxP-mediated
recombination and probasin (Pbsn, also known as PB)-Cre4
transgenic mice expressing the Cre recombinase after puberty in the
prostatic epithelium®. We obtained Pren™*"*;PB-Cre4 and
Pten'® ¥/ Skp 2=/~ :PB-Cre4 compound mutant mice, hereafter
referred to as Pten” '~ and Pten™ '~ Skp2™/~ mice, respectively
(Supplementary Fig. 14a). Although complete Pten inactivation in
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Figure 4 | Skp2 inactivation restricts tumorigenesis upon Arf deficiency.
a, Ka/plan—Meier plot analysis of cumulative survival of Arf~ /= and

Arf '~ Skp2™'~ mice. b, A cohort of wild-type, Arf '~ and Arf '~ Skp2™'~
mice were analysed for tumorigenesis within a 1-year period. Arf =
Skp2~'~ mice did not develop any tumour up to 1 year observation. Nine out
of twenty-seven Arf ~'~ mice developed either sarcoma or lymphomas,
whereas none of 12 Arf '~ §kp2™/~ mice developed tumours. The statistic
was analysed by chi-squared test, x*. ¢, Histopathological analysis of skin
tissues from Arf '~ and Arf '~ Skp2™/~ mice at 1 year old. Arrow indicates
sarcoma. d, Histopathological analysis of lymphoid tissues lymphoid tissues
from Arf '~ and Arf '~ Skp2~'~ mice at 1 year of age. The arrow indicates
Iymphoma. Original magnification, X40 (¢, d).

mouse prostates leads to invasive prostate cancers, it does not affect
overall survival>. We did not detect a difference in overall survival
between Pten”™’" and Pten” '~ Skp2™’~ mice (Supplementary
Fig. 14b).

Prostate cancer development in these mice was monitored by
magnetic resonance imaging (MRI) and histopathological analysis.
Consistent with our previous findings®, MRI analysis showed pro-
state tumour masses in Pten”* /" mice at 6 months of age, which
were significantly reduced in Pten” ' Skp2™'~ mice (Supplemen-
tary Fig. 14c). The average size of the prostate in Ptenr” "~ mice was
tenfold larger than in wild-type mice, whereas complete Skp2 loss
markedly reduced tumour weight after complete Pten inactivation
(Fig. 5a). Histological analysis showed that Skp2loss inhibited invas-
ive prostate cancer after Pten inactivation, albeit PIN lesions were still
observed in Pten” ™/~ Skp2™'~ mice (Supplementary Fig. 14d, e).
Furthermore, this suppressive effect by Skp2 loss was persistent, as
we also observed a profound reduction in tumour weight and inva-
sive prostate cancer in Pten’*™’~ Skp2™'™ mice at 15 months of age
(Supplementary Fig. 14f, g).

We next investigated, in vivo, the molecular basis for tumour sup-
pression elicited by Skp2 inactivation. We found that p27 protein
expression was synergistically induced in prostates from compound
mutants, as determined by immunohistochemistry and western blot
analysis (Supplementary Fig. 15a, b), whereas p53 expression was
comparably induced in Pten” " and Pter” " Skp2™/" mice
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Figure 5 | Skp2 deficiency restricts prostate cancer development by
triggering cellular senescence in vivo. a, Biopsy of anterior prostate (AP)
tumours at 24 weeks from various genotypes of mice and their actual sizes
and weights. Results are mean * s.d. *P < 0,05 using two-tailed Student’s
t-test, n = 5. b, ¢, Senescence analysis of anterior prostate from Pten” '~
and Pren® ™'~ Skp2~'~ mice aged 3 months (b) or 15 months (c). A
representative section from three mice is presented for each genotype.
Original magnifications, X40 (b) and X20 (c). d, PC3 cells were treated with
vehicle or 0.1 uM MLN4924 for 4 days and collected for cellular senescence
assay. e, Nude mice bearing PC3 xenograft tumours (around 300 mm?®) were
treated with vehicle or MLN492, and tumour weight was measured.

f, Working model for tumour-suppressive cellular senescence driven by
oncogenic insults and Skp2 deficiency.
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(Supplementary Fig. 15c). Skp2 deficiency profoundly enhanced cel-
lular senescence upon Pten inactivation (Fig. 5b). This was observed
at earlier time points and inversely correlated with cell proliferation
(Supplementary Fig. 16a, b). Notably, this response was also sus-
tained over time. We could detect massive B-gal positivity in pros-
tates from Pten”* ™/~ Skp2~/~ mice even at 15 months of age, whereas
B-gal positivity was barely detected at that age in prostates from
Pten™ /" mice (Fig. 5c). Thus, Skp2 inactivation potentiates and
sustains over time the senescence response elicited by an oncogenic
stimulus, suggesting that pharmacological inhibition of Skp2 may be
used as a powerful pro-senescence approach for cancer therapy and
chemoprevention.

Skp2-SCF complex inactivation triggers senescence

To corroborate the potential use of such an approach for cancer
therapy, we determined whether pharmacological inactivation of
the Skp2-SCF complex induces cellular senescence in p53-deficient
cells and, importantly, suppresses the growth of the pre-formed
tumours. To this end, we took advantage of MLN4924 (ref. 36)—
an inhibitor for the neddylation of cullin 1, which is a component of
Skp2—-SCF complex. We used PC3 prostate cancer cells for this pre-
clinical analysis because these cells are both p53-null and Pten-null,
hence representing one of the most aggressive genetic states encoun-
tered in human cancer. Remarkably, treatment of MLN4924 in PC3
cells triggered cellular senescence (Fig. 5d). Moreover, the growth of
PC3 tumours treated with MLN4924 in vivo was also suppressed
(Fig. 5e). Coherent with these findings, Skp2 silencing in PC3 and in
DU145 prostate cancer cells, which have also evaded the p53 response,
triggered cellular senescence and cooperated with the DNA-damaging
agent doxorubicin to induce cellular senescence and growth arrest
(Supplementary Fig. 17). These results demonstrate the critical role
of Skp2 inactivation in the induction of cellular senescence not only
in mouse cells, but also in human cancer cells experiencing failure of
P53 and other major tumour-suppressive networks.

Discussion

On the basis of our results, we propose a working model for the role of
Skp2 inactivation-induced cellular senescence in tumour prevention
and suppression in vivo (Fig. 5f). This model rests on three new and
unexpected findings with important therapeutic implications. First,
Skp2inactivation does not trigger cellular senescence in vivo or invitro
on its own, but rather elicits a senescence response after oncogenic
stress. This response is critically dependent on p27, p21 and Atf4
induction. Our results are supported by recent reports showing that
acute inactivation of the von Hippel-Lindau (VHL) tumour sup-
pressor in vitro or overexpression of the human T-lymphotropic virus
type 1 (HTLV-1) Tax triggers Skp2 downregulation and cellular sen-
escence’®, Second, we show that cellular senescence driven by Skp2
inactivation along with oncogenic insults takes place without the
activation of the p19**“p53 failsafe pathway. Although senescence
isalso observed in p53/Pten-null cells such as PC3, it will be important
to determine the specific genetic states that favour evasion of this
failsafe mechanism, also in a cell-type-specific manner. For instance,
loss or constitutivelylow expression of p27, p21 and Atf4 could impair
this response. This knowledge will in turn identify new pharmaco-
logical nodes of tumour-type-specific intervention. Third, we show
that Skp2 deficiency in conjunction with oncogenic signals elicits a
senescence response that profoundly restricts tumorigenesis in vivoin
numerous mouse models in which tumour suppressor networks are
faulty or inactive. Our findings are consistent with a recent report
demonstrating that mice transplanted with BCR-ABL-transduced
Skp2~’" bone marrow cells show a delayed onset of a myeloprolifera-
tive syndrome®.

As Skp2 can in principle be subjected to specific pharmacological
inhibition because of its enzymatic activity, our results call for the
development and optimization of Skp2 small molecule inhibitors.
Skp2 pharmacological inhibition could be particularly appealing and
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effective in view of the fact that complete Skp2 inactivation in the mouse
is compatible with life, whereas cellular senescence is only triggered by
Skp2 inactivation in conjunction with oncogenic conditions.

METHODS SUMMARY

Pten®® Arf~'~ and Skp2™'~ mice were generated as described previ-
ously*'®*, Female Pten'"**¥ mice were crossed with male PB-Cre4 transgenic
mice for the prostate-specific deletion of Pten. MEFs from wild-type and
Skp2™/~ mice were prepared as previously described®*' and cultured in
DMEM containing 10% FBS. Cellular senescence was determined by assessing
SA-B-gal activity, and the in vivo cell proliferation assay was performed by Ki67
staining on the paraffin tissue sections. The cell transformation assay was deter-
mined by the soft agar assay. p53 shRNA is from S. W. Lowe and the pBabe-p53
dominant-negative construct is a gift from M. Oren. MLN4924 was obtained
from Millennium Pharmaceuticals.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

shRNA-mediated silencing. For the retrovirus-infection system, p27 shRNA
(5'-GTGGAATTTCGACTTTCAG-3'), Atf4 shRNA (5'-GAGCATTCCTTTAG
TTTAG-3'), and GFP shRNA (5'-GCAAGCTGACCCTGAAGTTC-3') were sub-
cloned into the pSUPER-puro vector (Oligoengine) according to standard proce-
dures and transfected into Phoenix packaging cells. For lentiviral sShRNA infection,
293T cells were co-transfected with p27, Atf4, p21, Skp2 or GFP control shRNA
along with packing plasmids (AVPR8.9) and envelope plasmid (VSV-G) using
Lipofectamine 2000 reagents according to the manufacturer’s instructions. Skp2-
lentivivral shRNA-1 (5'-GATAGTGTCATGCTAAAGAAT-3'), p27-lentivivral
shRNA-1 (5'-CGCAAGTGGAATTTCGACTTT-3'), p27-lentivivral shRNA-2
(5'-CCCGGTCAATCATGAAGAACT-3'), Atf4-lentivivral shRNA-1 (5'-GCGAG
TGTAAGGAGCTAGAAA-3’), Atf4-lentivivral shRNA-2 (5'-CGGACAAAGATA
CCITCGAGT-3'), p2I-lentivivral shRNA-1 (5 CTGGTGTCTGAGCGGCCT
GAA-3'), p2l-lentivivral shRNA-2 (5'-GACAGATTTCTATCACTCCAA-3'),
and GFP shRNA (5'-GCAAGCTGACCCTGAAGTTC-3') were transfected with
packing plasmids into 293T cells for 2 days, and virus particles containing p27, p21,
Atf4, Skp2 or GFP shRNA were used to infect mammalian cells. All the infected cells
were cultured in a medium containing the appropriate antibiotics.

Western blot analysis and immunohistochemistry. Cell lysates were prepared
with RIPA buffer (PBS, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS
and protease inhibitor cocktail (Roche)). The following antibodies were used for
western blot analysis: anti-p19A'f(NeoMarkers), anti-p53 (Novocastra), anti-p21
(Santa Cruz), anti-B-actin (Sigma), anti-Hsp90 (BD transduction laboratories),
anti-p27 (BD transduction laboratories), anti-o-tubulin (Sigma), anti-phospho-
P53 (Serl5) (Cell Signaling), anti-phospho-H2ax (Ser139) (Cell Signaling),
anti-phospho-elF20, (Ser51) (Cell Signaling), anti-eIF2a (Cell Signaling), anti-
phospho-Perk (Thr980) (Cell Signaling), anti-cyclin D1 (Santa Cruz), anti-E2F1
(Santa Cruz), anti-Cdtl (Proteintech Group), anti-Ras (Oncogene), anti-E1A
(Neomarkers), and anti-Atf4 {Santa Cruz). For immunohistochemistry, tissues
were fixed in 10% formalin and embedded in paraffin in accordance with
standard procedures. Sections were stained with anti-p27 (BD transduction

laboratories), anti-Ki67 (Novocastra), anti-Pten (Neomarkers) and anti-p53
{Novocastra) antibodies.

Cell proliferation, transformation and senescence. Primary MEFs were iso-
lated from individual embryos of various genotype at passage 2, infected with
retroviruses or lentiviruses expressing GFP shRNA, p27 shRNA or A#f4 shRNA
for 2 days, selected with 2 ugml ™" puromycin for 4 days, and plated for the cell
proliferation and senescence assay. For cell proliferation assay, 2 X 10* MEFs
were seeded in 12 wells in triplicate, collected, and stained with trypan blue at
different days. Numbers of viable cells were directly counted under the micro-
scope. To determine cellular senescence, MEFs were plated at 107 cells per well of
a 6-well plate in triplicate, and after 4 days SA--gal activity was measured using
the senescence detection kit (Calbiochem) and quantified (around 100~200 cells
per well). For in vivo cellularsenescence, frozen sections 6-um thick were stained
for P-gal as described earlier. For in vive cell proliferation, the paraffin section
was used for Ki67 staining, and the percentages of Ki67-positive cells (around
500 cells) from each sample were counted. For transformation assay, wild-type
and SkpZ_/ ~ MEFs (3 X 10*) infected with Ras(G12V) and E1A were suspended
in a medium containing 0.3% agar onto solidified 0.6% agar per well of a 6-well
plate, and the number of colonies was counted after 21 days.

Apoptosis assay. Primary MEFs of various genotypes of mouse embryos were
cultured in 10% EBS for 2 days; cells were collected and labelled with Annexin-
V-FITC, followed by a flow cytometry analysis.

MRI. Individual mice were subjected to MRI assessment for the detection of
prostate tumours as described*2.

In vivo drug treatment in the preclinical tumour model. Nude mice bearing
PC3 xenograft tumours (around 300mm®) were treated with vehicle or
90mgkg ™' MLN492. Tumour weight was measured at the time of collection
after 15days of treatment with a scheduling regimen of 3 days of treatment
followed by 3 days without treatment for a total of three courses.

42. Chen, Z. et al. Crucial role of p53-dependent cellular senescence in suppression of
Pten-deficient tumorigenesis. Nature 436, 725-730 (2005).
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Extrachromosomal Histone H2B Mediates Innate Antiviral Immune
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Fragments of double-stranded DNA (dsDNA) forming a right-handed helical structure (B-DNA) stimulate
cells to produce type I interferons (IFNs), While an adaptor molecule, IFN-B promoter stimulator 1 (IPS-1),
mediates dsDNA-induced cellular signaling in human cells, the underlying molecular mechanism is not fully
understood. Here, we demonstrate that the extrachromosomal histone H2B mediates innate antiviral immune
responses in human cells. H2B physically interacts with IPS-1 through the association with a newly identified
adaptor, CIAO (COOH-terminal importin 9-related adaptor organizing histone H2B and IPS-1), to transmit
the cellular signaling for dsDNA but not immunostimulatory RNA. Extrachromosomal histone H2B was
bielogically crucial for cell-autonomous responses to protect against multiplication of DNA viruses but not an
RNA virus. Thus, the present findings provide evidence indicating that the extrachromosomal histone H2B is
engaged in the signaling pathway initiated by dsDNA to trigger antiviral innate immune responses.

Fragments of nucleic acids derived from either infectious
agents or host cells activate cell-autonomous responses to in-
hibit multiplication of certain viruses by inducing type I inter-
feron (IFN) production (5). Such effects are more evident
when double-stranded DNA (dsDNA) is transduced into the
intracellular compartment by use of a transfection agent or
electroporation method, suggesting that the DNA sensing sys-
tem recognizes aberrant DNA fragments inside the cell (6, 21,
23). dsDNA forming a right-handed helical structure, i.e., B-
DNA, has a greater ability to induce type I IFNs than Z-DNA,
which has a left-handed zig-zag structure (6). dsSDNA activates
type I IFN production in a wide variety of cell types, including
immune cells, such as dendritic cells and macrophages, and
nonimmune cells, such as fibroblasts, epithelial cells, and thy-
roid cells (6, 23). Such effects of dsSDNA were corroborated by
the observation in mice deficient for DNase II, in which intra-
cellular accumulation of undegraded DNA fragments resulted
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in hyperproduction of IFN-#, dysregulation of erythropoiesis,
and symptoms resembling rheumatoid arthritis (12, 28). The
loss-of-function mutation of the DNase I gene has been found
in patients with systemic lupus erythematosus (SLE) and, in
fact, DNase I/~ mice manifest SLE-like symptoms with anti-
DNA antibody (Ab) production (18, 27).

The immunostimulatory property of dsDNA is quite similar
to that of immunostimulatory RNA (isRNA), such as dsRNA
and 5’'-triphosphate RNA (2, 6). Indeed, the signaling path-
ways engaged by dsDNA in part are shared with those for
isSRNA. Retinoic acid-inducible gene I (RIG-I) and melanoma
differentiation-associated gene 5 (MDAS) directly associate
with iSRNA and trigger signaling, while it has been demon-
strated that RIG-I does not directly interact with dsDNA but
mediates its signaling in a human hepatoma cell line, Huh7 (2).
IFN-B promoter stimulator 1 (IPS-1, also known as mitochon-
drial antiviral signaling), mediates the downstream signaling
induced by dsDNA or isRNA in humans, while IPS-1 solely
mediates iSRNA but not dsDNA signaling in mice (2, 6, 15,
22). In contrast, TANK-binding kinase 1 (TBK1) and inducible
IxB kinase (IKKi) are essential for dsDNA- or isSRNA-induced
type I IFN production in both humans and mice (2, 6). While
examining distinct molecules involved in dsDNA-mediated but
not isSRNA-mediated upstream signaling, Z-DNA binding pro-
tein 1 (ZBP1, also known as DNA-dependent activator of IFN
regulatory factors [DAI]) was identified as a candidate cytoso-
lic DNA sensor, at least in a mouse connective tissue cell line,
1.929, although its in vivo role was dispensable (7, 24, 26).
Recently, a PYHIN family member, Absent in melanoma 2
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(AIM2) protein, was shown to associate with an inflammasome
signaling adaptor, apoptosis-associated speck-like protein con-
taining a CARD (ASC), and to play a critical role for caspase
1 activation and interleukin-1B (IL-1B) secretion in response
to dsDNA (1, 3, 4, 20).

In the present study, we show that extrachromosomal his-
tone H2B is responsible for the dsDNA-induced type I IFN
production in human cells and for the innate immune response
to DNA virus infection.

MATERIALS AND METHODS

Cells and reagents, HEK293T, HEK293, Hel.a, NIH 3T3, Vero, and 1929
cells were purchased from the American Type Culture Collection (Manassas,
VA) and maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum and 50 pg/ml penicillin-streptomycin. SCC-4 squamous
carcinoma cells (JCRB9118) were obtained from Human Science Research Re-
sources Bank (Osaka, Japan). Human umbilical vein endothelial cells (HUVEC)
were obtained from Cambrex BioScience (Waikersville, MD). IPS-17/~ murine
embryonic fibroblasts (MEF) were previously described (15). Encephalomyocar-
ditis virus (EMCV) and mouse cytomegalovirus (MCMV) strain MW97.01 were
kindly provided by T. Fujita (Kyoto University, Kyoto, Japan) and U. H. Koszi-
nowski (Max von Pettenkofer Institute for Virology, Munich, Germany),
respectively. poly(dA-dT)-poly(dA-dT) {designated poly(dA-dT)] and poly(dG-
dC)-poly(dG-dC) [designated poly(dC-dG)] were purchased from Amersham
Biosciences (Piscataway, NJ). Poly(I:C) and human tumor necrosis factor alpha
(TNF-a) were obtained from Invivogen (San Diego, CA) and PeproTech EC
(London, United Kingdom), respectively. MVAdE3L was a kind gift from
Holger Ludwig (Paul-Ehrlich Institute, Langen, Germany). The human papillo-
mavirus (HPV) genome cloned in pBR322 (pHPV11) was obtained from JCRB
GenBank (Osaka, Japan). Each nucleic acid was mixed for 15 min with TransIT-
LT1 (Mirus Bio, Madison, WI) or Lipofectamine 2000 reagent (Invitrogen) at a
constant weight/volume ratio of 1:3 in serum-free medium before use for
stimulation.

Screening of the cDNA expression library. A cDNA expression library origi-
nated from human bone marrow (Invitrogen) was screened. Escherichia coli
DH5a cells transformed with a human bone marrow cDNA library (Invitrogen)
were subdivided into ~20 independent clones or 4,800 pools. Each pool was
cultured at 30°C for 48 h, and then library plasmid DNA was extracted using the
Wizard SV 96 plasmid DNA purification system (Promega, Madison, WI).
HEK293T cells stably transfected with pGL3 IFN-8 were transiently transfected
with each pool of the library plasmids using FuGENEG transfection reagent.
Twenty-four hours after transfection, cells were washed and then stimulated with
0.5 pg/ml of poly(dA-dT). Luciferase assays were performed using the Bright-
Glo luciferase assay system 24 h after stimulation. The three pools that showed
the highest luciferase activities were transformed into DHSaq, and then library
plasmid DNA from 50 independent clones was recovered. A second screening
was performed using these single plasmids in the same manner. Finally, insert
c¢DNA from selected clones was sequenced using a Genetic Analyzer 310 appa-
ratus (PE Applied Biosystems, Foster City, CA) and then characterized with the
BLAST program.

RNA interference, Interference of histone mRNA was performed as described
previously (6). dsRNA was chemically synthesized by Invitrogen (steaith RNAI;
Carlsbad, CA) or iGENE (Hokkaido, Japan). Sequences of each RNA were as
follows: histone H1 sense, 5'-GCC CAA GAA AGU AGC UAA AAG CCC
UAG-3'; histone H1 antisense, 5'-AGG GCU UUU AGC UAC UUU CUU
GGG CAU-3'; histone H2A sense, 5'-CGC AAC GAC GAG GAA CUG AAC
AAG CAG-3'; histone H2A antisense, 5'-GCU UGU UCA GUU CCU CGU
CGU UGC GAU-3'; histone H2Bf116 sense, 5'-CCG UUU ACG UGU ACA
AGG UGC UGA A-3’; histone H2Bf116 antisense, 5'-UUC AGC ACC UUG
UAC ACG UAA ACG G-3'; histone H2Bf169 sense, 5’-UCC AAG GCC AUG
GGC AUC AUG AAC U-3'; histone H2Bf169 antisense, 5'-AGU UCA UGA
UGC CCA UGG CCU UGG A-3’; histone H3 sense, 5'-GAG AUC GCU CAG
GAC UUU AAG ACC GAG-3'; histone H3 antisense, 5'-CGG UCU UAA
AGU CCU GAG CGA UCU CAU-3'; histone H4 sense, 5'-GGG ACA AUA
UCC AAG GCA UUA CAA AAG-3'; histone H4 antisense, S'-UUU GUA
AUG CCU UGG AUA UUG UCC CAU-3'; CIAO sense, 5'-AUG GAC AGU
AUG AAG GCA AAG UCA GAG-3'; CIAO antisense, 5'-CUG ACU UUG
CCU UCA UACUGU CCA UAU-3'; ZBP1A sense, 5'-AUU UCA UGU GGA
UUC UCU GGG CGG C-3'; ZBP1A antisense, 5'-GCC GCC CAG AGA AUC
CAC AUG AAA U-3'; ZBP1B sense, 5'-UGU UGC UGU UGC CGA UGG
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UGG CGU C-3'; ZBP1B antisense, 5'-GAC GCC ACC AUC GGC AACAGC
AAC A-3'; ZBPIC sense, 5'-UUC AUC CAC AUA GUG GCU GCC UUC
U-3'; ZBP1C antisense, 5'-AGA AGG CAG CCA CUA UGU GGA UGA A-3';
RIG-IA sense, 5'-UUA GGA UUC UCA UUG CUG GGA UCC C-3'; RIG-IA
antisense, 5'-GGG AUC CCA GCA AUG AGA AUC CUA A-3'; RIG-IB
sense, S'-AUG UCU UGU ACU UCA CAU GGA UUC C-3'; RIG-IB anti-
sense, 5'-GGA AUC CAU GUG AAG UAC AAG ACA U-3'; RIG-IC sense,
5'-UGG ACA UGA AUU CUC ACU AAG AUU C-3'; RIG-IC antisense,
5"-GAA UCU UAG UGA GAA UUC AUG UCC A-3". The cells (6 X 10%)
were transfected with 120 pmol of each dsRNA by using the Lipofectamine
RNAi MAX reagent (Invitrogen) according to the manufacturer’s protocol.

Generation of mammalian expression plasmids, H2B, RIG-1, ZBP1, TBK1,
and CIAO cDNA was amplified by PCR using a human or mouse spleen cDNA
library or the isolated library plasmid as a template. cDNA fragments were
verified by sequencing and then introduced into pFLAG-CMV4 (Sigma),
pFLAG-CMVS (Sigma), or pCIneo-HA (25), or pPCAGGS-CFP, pCAGGS-YFP,
or pcDNA3-mRFP (10). To obtain full-length and truncated mutants of CIAO,
the full-length CIAO open reading frame (ORF; amino acids [aa] 1 to 249), aa
1 to 121, aa 91 to 249, or aa 194 to 249 was fused to the green fluorescent protein
(GFP) ORF and introduced into pFLAG-CMV4 (FLAG-CIAO FL-GFP,
FLAG-CIAO N'-3a-GFP, FLAG-CIAO C'-4a-GFP, or FLAG-CIAO C'-2a-
GFP, respectively). To obtain a truncated mutant of histone H2B, the full-length
histone H2B ORF (aa 1 to 126), aa 1 to 103, aa 1 to 86, aa 1 to 53, oraa 1 to 37
(nuclear localization signal), or aa 38 to 126 (a-helical region) was fused to the
GFP ORF and introduced into pClneo-HA [HA-H2B FL (N'-1a2a304a)-GFP,
HA-H2B N'-1a203a-GFP, HA-H2B N'-1a2a-GFP, HA-H2B N'-1a-GFP, HA-
H2B N'-tail-GFP, or HA-H2B «H-GFP, respectively]. To obtain full-length and
truncated mutants of IPS-1, the full-length IPS-1 ORF (aa 1 to 540), aa 1 to 100,
aa 91 to 180, aa 1 to 170, aa 1 to 100 plus aa 170 to 540, or aa 1 to 514 was either
left alone or fused to the GFP ORF and then introduced into pClneo-HA
(HA-IPS-1 FL, HA-IPS-1 CARD-GFP, HA-IPS-1 PRD-GFP, HA-IPS-1-
CARD-PRD, HA-IPS-1APRD, or HA-IPS-1ATMD, respectively).

Yeast two-hybrid screening. Yeast two-hybrid screening was performed as
described previously (25). Briefly, H2B ¢DNA was introduced in frame into the
GALA DNA-binding domain of pGBKT?7 as a bait plasmid (BD Clontech, Palo
Alto, CA). A Saccharomyces cerevisiae strain, AH109, was transformed with a
bait plasmid and the human bone marrow Matchmaker ¢cDNA library (BD
Clontech). After screening 1 X 10° clones on synthetic dropout selection agar
plates (SD/-Leu/-Trp/-Ade/-His/5-bromo-4-chloro-3-indolyl-a-D-galactopyrano-
side; BD Clontech), positive clones were picked and the pACT?2 library plasmids
were recovered. The insert cDNA was sequenced and then characterized with
the BLAST program.

Transient transfection and reporter gene assay. The cells (1 X 10%) were
transfected with 25 ng of pTK-RL (Promega) plus 25 ng of either reporter
plasmid encoding an IFN-a4 or IFN-f promoter firefly luciferase (FFL) gene
cassette (pGL3 IFN-a4 or pGL3 IFN-8) or pNF-«B-Luc (Stratagene). In some
cases, the cells were cotransfected with expression plasmids for H2B, ZBP1, and
RIG-I. Twenty-four hours after transfection, cells were stimulated with 0.1, 0.5,
or 2.5 ng/ml of dsDNA [poly(dA -dT) or poly(dG-dC)] for 24 h or with 40 ng/ml
of TNF-u for 8 h. The Dual-Glo luciferase assay system was used to measure
both FFL activity and Renilla luciferase activity in the same sample. FFL activity
of each sample was normalized against Renilla luciferase activity to obtain rela-
tive luciferase activity.

Pull-down assay. HEK293 cells were transiently transfected with H2B-FLAG
and stimulated with 0.5 pg/ml of biotin-poly(dA-dT) or biotin-poly(dG-dC) for
4 or 16 h. Then, the cells were lysed in lysis buffer (25 mM Tris-HCI [pH 7.5], 1
mM EDTA, 0.1 mM EGTA, 5 mM MgCl,, 100 mM NaCl, 10% glycerol, and 1%
Nonidet P-40) containing both proteinase and phosphatase inhibitor cocktails
(Sigma) on ice for 30 min. After centrifugation, the supernatants were recovered,
mixed with streptavidin-agarose, and rotated at 4°C for 30 min. The complexes
were washed with lysis buffer five times and suspended in SDS sample buffer, and
then the supernatants were subjected to immunoblot analysis using anti-FLAG
M2 Ab.

Viral genome binding assay. HEK293 cells were transiently transfected with
hemagglutinin (HA)-GFP, HA-H2B FL-GFP, HA-H2B N'-tail-GFP, or HA-
H2B oH-GFP. Twenty-four hours after the first transfection, the cells were
transfected with pHPV18, Forty-eight hours after the second transfection, the
cells were lysed in lysis buffer containing both proteinase and phosphatase in-
hibitor cocktails (Sigma) on ice for 30 min. After centrifugation, the supernatants
were recovered and HA-fusion molecules were precipitated using anti-HA Ab.
The complexes were washed with lysis buffer five times and then subjected to
standard PCR targeting the subtype-specific E6 gene using the following primer
set: HPV18 E6, 5'-CCT GCG GTG CCA GAA ACC GT-3' and 5'-CGT TGG
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AGT CGT TCC TGT CG-3'. The PCR products were separated on 2% agarose
gels and visualized under UV light after ethidium bromide staining.

Immunoprecipitation and immunoblotting analysis. Immunoprecipitation
and immunoblotting analyses were performed using anti-ZBP1 (clone RG7D12;
kindly provided by Stefan Rothenburg {National Institutes of Health]), anti-H2B
(BioVision, Mountain View, CA), anti-phospho-IRF-3 (Ser396) 4G4D, anti-
IRF3 (Cell Signaling, Danvers, MA), anti-RIG-I (AnaSpec, Inc., San Jose, CA),
anti-IPS-1 (MAVS) (Bethyl, Montgomery, TX), anti-importin 9, anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) 6CS (Abcam, Cambridge, United
Kingdom), anti-Spl, anti-STAT1, anti-extracellular signal-regulated kinase
(ERK), anti-phospho-STAT1 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-
FLAG M2 (Sigma), or anti-HA Ab (Roche Diagnostics, Indianapolis, IN) as
described previously (25).

FRET. For flow cytometric analysis of fluorescence resonance energy transfer
(FRET), 293-F cells (Invitrogen) were transfected with cyan fluorescent protein
(CFP) and/or yellow fluorescent protein (YFP) fusion proteins encoding histone
H2B, IPS-1, or CIAO in 293 expression medium (Invitrogen) for 24 h, and
measurements of YFP (excitation, 488 nm; emission, 530 nm), CFP (excitation,
407 nm; emission, 510 nm), FRET (excitation, 407 nm; emission, 535 nm) were
performed using FACSAria (Becton Dickinson) and BD FACSDiVa software.
FRET is shown as the YFP emission obtained by CFP excitation divided by the
CFP emission by CFP excitation (11).

Transient replication of HPV, SCC-4 cells treated with control siRNA or H2B
siRNA were transfected with the pHPV11 or -18 (VG012 and VGO013; Human
Science Research Resources Bank, Osaka, Japan) using Lipofectamine 2000
transfection reagent (Invitrogen). After incubation at 37°C for 24, 36, 60, or 72 h,
the cells were washed with phosphate-buffered saline (PBS) and suspended in
Hirt lysis buffer (0.6% SDS and 20 mM EDTA, pH 8.0). After 15 min, NaCl was
added to a final concentration of 1 M, and then the mixture was placed at 4°C for
12 h. After centrifugation, the supernatants were treated with phenol-chioro-
form, and then DNA was precipitated with isopropanol. To distinguish replicated
DNA from input DNA (pHPV11 or pHPV18), the samples were treated with
Dpnl endonuclease to degrade input DNA that had been propagated in E. coli
DH35o. Resultant samples were suspended in Tris-EDTA, the concentrations
were adjusted by measuring the optical density at 260 nm, and then 200 ng of
DNA sample was subjected to standard PCR, targeting the subtype-specific E6
gene using the following primer sets: HPV11 E6, 5'-CTC CAC GTC TGC AAC
ATC TA-3 and 5-TGA CAC AGG TAA CAA CGA AT-3'; HPV16 E6,
5-CAC CAA AAG AGA ACT GCA ATG-3' and 5'-TCA CGT CGC AGT
AAC TGT TG-3'". The PCR products were separated on 2% agarose gels and
visualized under UV light after ethidium bromide staining.

Virus multiplication study. Twenty-four hours after HEK293 or NIH 3T3 cells
were infected with adenovirus (AdV) type 5 or MCMYV strain MW97.01, respec-
tively, total DNA was collected using a DNeasy tissue kit (Qiagen). One hundred
nanograms of each sample was subjected to PCR using primers for the AdV
hexon 5 gene, 5'-TGA AGC TGC TAC TGC TCT TGA A-3' and 5'-GCA TTC
AAC TGC CAT GCT TGG C-3' (18 cycles), the human IFN-B gene promoter
region (—110 to +20), 5-CTA AAA TGT AAA TGA CAT AGG-3’ and
5'-AAA GGT TGC AGT TAG AAT GTC-3' (18 cycles), the MCMV DNA
polymerase gene, 5'-ACG CCG AGA AAG AGT ACG TGC TCA A-3' and
5'“TCG GAC TGC ATC CTC TCG CAG TAG-3' (22 cycles), or the mouse
Cd63 gene, 5'-GGT CTT GGG AAT TAT CIT CTC CTG CTG-3' and 5'-CAC
AGG CGG CAA AAT TCT TAA ACA TTC-3' (26 cycles). After cell superna-
tants were recovered, the number of infectious viruses in 1 ml of each sample was
determined by viral plaque assay or the 50% tissue culture infective dose
(TCIDs,) as described previously (10).

Statistical analysis. Student’s ¢ test was used for statistical analyses.

RESULTS

Identification of histone H2B as a mediator of dsDNA-
induced IFN-8 promoter activation. To identify molecules
responsible for dsDNA-mediated type I IFN production in hu-
man cells, we screened a human bone marrow cDNA expression
library using HEK293T cells stably expressing the Luc gene under
the control of the IFN-B promoter. Among >960,000 indepen-
dent clones examined, one of the positive clones encompassed
the histone H2B1B ORF and exhibited a striking enhancement
of dsDNA-induced IFN-8 promoter activation (Fig. 1A). To
confirm the role of histone H2B in dsDNA-induced innate
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immune responses, RNA interference was performed by using
a small interfering RNA (siRNA). H2B siRNA treatment sig-
nificantly suppressed the level of H2B protein expression (see
Fig. S1 in the supplemental material). H2B siRNA also sup-
pressed the levels of IFN-B production and IFN regulatory
factor 3 (IRF3) phosphorylation induced by dsDNA in
HEK?293 cells (Fig. 1B and C, respectively), and knockdown of
histone H2B inhibited dsDNA-induced activation of various
gene promoters regulating IFN-related gene expression (see
Fig. S2 in the supplemental material). dsDNA stimulates IRF
kinases, such as TBK1 and IKKi (6). Overexpression of TBK1
and IKXKi elicited comparable levels of IFN-B production in
both control and H2B knockdown HEK293 cells, suggesting
that H2B functions upstream of these kinases (Fig. 1D). To
confirm the intracellular interaction of histone H2B and
dsDNA, we performed pull-down and immunoprecipitation
analyses. As a result, histone H2B was coprecipitated with
biotinylated poly(dA-dT) or poly(dG-dC) that had been
transfected into cells (Fig. 1E). To further identify the dsDNA
interaction domain of histone H2B, we performed immuno-
precipitation analysis using H2B mutants. It was found that the
COOH-terminal a-helical region («H domain) of histone H2B
is sufficient for the interaction with HPV DNA (Fig. 1F). Fur-
thermore, complementation of full-length histone H2B in
knockdown cells restored the levels of IFN-f3 promoter activa-
tion induced by dsDNA but not that of the NH,-terminal tail
region (N'-tail) or the oH domain alone (Fig. 1G). These
results suggest that histone H2B binds to dsDNA through the
oaH domain, but both the N'-tail and oH domain are required
for dsDNA-mediated signaling. When different siRNAs, each
targeting histone H1, H2A, H2B, H3, or H4 were tested, only
H2B siRNA attenuated IFN-$ promoter activation induced by
dsDNA (Fig. 1H). Such an effect of H2B siRNA was not
observed following dsRNA or TNF-« stimulation (Fig. 1H).
These results suggest that histone H2B is involved in the signal
activation triggered by dsDNA.

Histone H2B is involved in the signal activation triggered by
dsDNA but not that by dsRNA nor TLR ligands. ZBP1 or
RIG-1is known as a cytosolic DNA sensor in a mouse connec-
tive tissue cell line, 1.929, and a human hepatoma cell line,
Huh7, respectively. dsDNA-induced IFN-B8 promoter activa-
tion was significantly suppressed in the cells treated with his-
tone H2B siRNA, but not with siRNA targeting ZBP1 or
RIG-I (Fig. 2A), although each siRNA specifically downregu-
lated the level of target protein expression in HEK293 cells
(Fig. 2B). Knockdown of histone H2B resulted in a suppres-
sion of IFN-$ production in response to dsDNA, but not to
5'-triphosphate RNA stimulation in HUVEC (Fig. 2C). Alt
hough histone H2B is an essential component of the
chromosome, H2B knockdown cells used in our present study
could normally proliferate and respond to TNF-a or Toll-like
receptor (TLR) ligands comparably to those treated with con
trol siRNA (Fig. 2D and E), suggesting that chromosomal
histone H2B that is essential for cell survival or TNF receptor
(TNFR)- or TLR-mediated signaling pathways were not impa
ired by the use of these siRNAs. These results in fofo suggest
that histone H2B is involved in the signal activation triggered
by dsDNA, but not that by dsSRNA or TLR ligands.

Extrachromosomal histone H2B associates with IPS-1 in the
cytoplasm. Immunofluorescence analysis revealed that al-

0102 'L udy U0 AINN ALID YINVHOMOA e Bio'wse Al oy papeojumo



VoL. 84, 2010 HISTONE H2B IN INNATE IMMUNE RESPONSES RAISED BY dsDNA 825

B C

>

N 4~ Positive pool
2 f6i iston 1500
= containing histone H2B control o
Z20 g SRNA SIFNA
5 g H 17 ]
g g 1000 4sDNA 6 3 6 122448 0 3 6 12 2448h
) i‘?— pIRF3
=]
s ! &S00 IRF3
B 1.0
z )
i dsDNA
g
D SIANA E E
Deontrol “ -
80} WH2B e}’& §§'
% § “}6 \d}(\
.
& PHA
- Pull.down
Input J1EEM Cell Lysate

Plasmid Comt l}iKs
TBKI

G Z H %
g 15 Teonteot plassmid 300 L1 Medium
& P25 FL prasmid W dsDNA
2 F 1428 1ol pluemid aF B gsA
E 19 §1628 ot plasmig 25 200+
Q b3 [
@ 2%
£ s $§ 100}
2 i
B
& o (A

gid
] (e (Jaweed e
ISDONA AsDNA dsDNA dsDNA

FIG. 1. Histone H2B mediates dsDNA-induced cellular activation. (A) A human bone marrow expression cDNA library was screened based
on the ability to mediate dsDNA-induced IFN-§ promoter activation. (B to D) HEK293 cells were transfected with control siRNA or siRNA
targeting H2B. (B) The cells were treated with 0, 0.1, 0.5, or 2.5 pg/ml of dsDNA [poly(dA-dT)), and the supernatants were subjected to an
enzyme-linked immunosorbent assay (ELISA) for IFN-8 (PBL). (C) The cells were treated with 0.5 ug/ml of dsDNA [poly(dA-dT)] for 0, 3, 6,
12, 24, and 48 h, and the levels of phosphorylated IRF3 (p-IRF3) in the nucleus and IRF3 (normalization control) in the whole-cell lysates were
examined by immunoblotting analysis. (D) The cells were further transfected with expression plasmids for TBK1 and IKKi, and the supernatants
were subjected to ELISA for IFN-B (PBL). (E) HEK293 cells were transfected with histone H2B-FLAG and treated with biotin-poly(dA -dT) or
biotin-poly(dG-dC). The cell lysates were collected, and a pull-down assay was performed with streptavidin-agarose. The complex was analyzed
by immunoblotting using anti-FLAG Ab. (F) HEK293 cells were transfected with HA-GFP, HA-H2B-GFP, HA-H2B N'-tail-GFP, or HA-H2B
oH-GFP. Twenty-four hours after the first transfection, the cells were further transfected with the HPV18 genome. Forty-eight hours after the
second transfection, the cell lysates were collected and immunoprecipitation was performed with anti-HA Ab. The standard PCR targeting the
HPV18 E6 gene was conducted with each cell lysate and immunoprecipitated complex. (G) HEK293 cells were transfected with H2B siRNA and
then further transfected with pGL3 IFN-B and pTK-RL plus control, H2B FL, the H2B N'-tail, or the H2B oH plasmid. After treatment with 0,
0.1, 0.5, or 2.5 pg/ml of dsDNA [poly(dA-dT)] for 24 h, a luciferase assay was performed. (H) HEK293 cells were transfected with control siRNA
or siRNA targeting either H2B, H1, H2A, H3, or H4. The cells were further transfected with pGL3 IFN-B and pTK-RL and treated with or without
0.5 pg/ml of dsDNA [poly(dA-dT)], dsRNA [poly(I:C)}, or TNF-« (50 ng/ml) for 24 h, and then a luciferase assay was performed. The luciferase
activity is depicted as the IFN-B promoter activity relative to samples obtained from the cells treated with control siRNA in each stimulation
(relative IFN-B promoter activity). All data except for those in panel represent means * standard deviations (SD) of six to eight samples. *, P <
0.05.

though most histone H2B colocalized with Hoechst staining at a level similar to that in the control cells. Since it is known
(chromosomes), there was some H2B staining in the extrach- that histones are also released from the nucleus (14), the levels
romosomal area (Fig. 3A). The levels of such extrachromo- of histone H2B in each cellular fraction were evaluated by
somal H2B were diminished when cells were treated with H2B immunoblotting analysis. In accordance with the results of
siRNA, while chromosomal H2B in the same cell was present immunofluorescence analysis, H2B siRNA significantly de-
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FIG. 2. Histone H2B is involved in the signal activation triggered by dsDNA, but not that of dsRNA or TLR ligands. HEK293 (A, B, D, and
E) or HUVEC (C) cells were transfected with control siRNA or siRNA targeting either H2B, ZBP1, or RIG-1. (A and B) The cells were further
transfected with expression plasmids for histone H2B, ZBP1, and RIG-I, in the presence of pGL3 IFN-B plus pTK-RL. (A) Twenty-four hours
after transfection, cells were treated with 0, 0.1, 0.5, or 2.5 pg/ml of dsDNA [poly(dA-dT)] for 24 h, and then a luciferase assay was performed.
(B) Twenty-four hours after transfection, levels of protein expression were examined by immunoblotting analysis using anti-RIG-1, anti-ZBP1,
anti-H2B, or anti-B-actin Ab. (C) The cells were treated with 0.1 or 1.0 pg/ml of dsDNA [poly(dA-dT)] or 5'-triphosphate RNA (ppp-RNA) for
24 h, and the supernatants were subjected to an ELISA for IFN-B. (D) The cells were further transfected with pNF-«B-Luc plus pTK-RL and
treated with or without TNF-a (50 ng/ml) for 8 h, and then a luciferase assay was performed. (E) The cells were further transfected with
pNE-kB-Luc plus pTK-RL in the presence of either expression plasmid for TLR2 or TLR4 plus MD?2 and treated with or without peptidoglycan
(PGN; 1 pg/ml) or lipopolysaccharide (LPS; 100 ng/ml) for 24 h, and then a luciferase assay was performed. *, P < 0.05; %%, P < 0.001.

creased extrachromosomal H2B, but not choromosomal H2B
(Fig. 3B). Only when the cells were stimulated with dsDNA for
12 h, but not when they were stimulated with dsRNA, was a
punctate signal of H2B fluorescence detected in the cytoplasm
(Fig. 3C), suggesting that dsDNA induces aggregation of his-
tone H2B in the cytoplasm. Of interest, the colocalization of
H2B with IPS-1 was observed following dsDNA stimulation
(Fig. 3C, magenta arrows). To further examine the molecular
interaction between histone H2B and IPS-1, immunoprecipi-
tation analysis was performed. The cytoplasmic extracts and
postchromosomal nuclear extracts were segregated from
HEK?293 cells stimulated with or without dsDNA. The purity
of each extract was confirmed by immunoblotting analysis with
anti-GAPDH (a cytoplasmic enzyme) or anti-Spl (a nuclear
transcription factor) Ab as shown in Fig. 3D. IPS-1 was pre-
dominantly present in the cytoplasmic extracts, while histone
H2B was in both extracts. When IPS-1 was immunoprecipi-
tated from the cytoplasmic extracts, coprecipitation of histone
H2B was not detected before stimulation but was detected 12 h
after dsDNA stimulation. In contrast, when H2B was immu-
noprecipitated from the nuclear extracts, no detectable IPS-1

coprecipitated even after dsDNA stimulation. Taken together,
these results suggest that the interaction between histone H2B
and IPS-1 takes place in the cytoplasm following dsDNA stim-
ulation.

Identification of CIAO as a species-specific molecule that
links histone H2B and IPS-1, To identify the molecules di-
rectly associating with histone H2B, yeast two-hybrid screening
was performed. As a result, 3 out of 10 positive clones were
identified as KIAA1192, whose function has not yet been
characterized but this nucleotide sequence is identical to the
COOH-terminal end of importin 9, as a possible alternative
splicing transcript of importin 9 (see Table S1 in the supple-
mental material). We renamed it to CIAO, based on its novel
role, described below. Immunoprecipitation analysis clearly
revealed that CIAO binds to histone H2B as well as IPS-1 but
not to RIG-I (Fig. 4A). Full-length importin 9 interacted with
histone H2B but not with IPS-1 (data not shown), suggesting
that CIAQ, a possible alternative splicing variant of importin 9,
gains a peculiar function as an interacting partner of IPS-1.
The spatial disposition of H2B, CIAO, and IPS-1 in the cell
was further examined by FRET analysis. As shown in Fig. 4B,
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352

A~

dernyn et A D 1t B b b bk kR R

PR - SN

AL ey b g a1 7 LI A IR 1N B S SN A JEAIY P R ko



828 KOBIYAMA ET AL. J. VIrROL.

K‘\'g’é : FLAG-GIAD FL.GFP 2 o w—— L Ges FLAG-CIAD FL-GFR
HA.
FLAGCIAG + » = : FLAG-CIA0 N3 GEP & FLAG-CIAD N30 GFP
H2B-HA :
%Da FLAG-CHAQ O45-GEP FLAG-CIAL O u-BEE
G5 -]
704 FLAG-CIAD - 20-3FP FLAGLING ¢ R GEP
Whte tysate
18 anti-HA
22 HAIPS-1 CARDRPRE H2B-HA
1P anteFLAG 43+
1B: ant-FLAG 37~ GFP.FLAG 5ok ox e GFR-FLAG oo
5. FLAG-CIAD FL-GFP LR R FLAGCIAD FL.GEP oo e e .
70- FLAGCIAO N3 GFF - -+ -+ - FLAG-CIAO N'3a-GFP « » ¢ « =«
FLAGCHO C4aGFP - - « » - FLAG-CIAD C-8aGFPF  « « + ¢ =«
1P; anti-FLAG FLAGCIAG C-2uGFP <« + - -~ » FLAGCIAQ C2aGFP  » =+ + 4
1B ant-HA g HAIPS-§ + -+ HIB-HA \0a e .
224 L Wivole iysate Vholetysate W=
g:-nza {excitation - emission) 18: any 1B antkHA 6=
P
. W~
i st ELAG P ot FLAG t3. o
E FLAG-CIAO FL, e D 77 ] 1B anthFLAG $Bant-FLAG o3 a

P anti-FLAG
18: anti-HA

1P antiFIAG 17 o
it

HA-HZB FLN - e 2aduia - GFP
HA-H2B N-juRaks GFP

HA-H2E N~ 120 GFP

FLAG-CIAO FL
HA-HZB N-1-GFP
HA-H2B N-GFP
FLAG-CIAD FL PRESIREN HAAPSY L
GEPHA . DU

HAHB FLIN- Tulaiaiu) GFP HAIPES CARD.GFP 4

HAHZE N to2uto-GFP
HAHE N Tn2q-GFP N
HAHZB N-In-GFF .

By

HAPS-t PRO-GFP

HAIPS.1 CARD-FRD

HAHIB N-GFP
N w-fd
Whole fysate HAPS-1 APRD {B: anti-GAPDH
1B andHA S ot liian
HAIPS.$ ATMD CARD PR EE———
1B, antiFLAG
I8 antiFLAG
FLAG-CIAO FL e e
2 anti-FLAG HAPS-1 FL « o ox e
18 anti-HA HAIPS CARDGFP » 4 « « -
HAIPS-{ PROGFR e e -
HAIPSA GARD-PRD s e
HAIPS-t APRD .. . .
H ’ HAIPS-1 ATHD e e - e
kDa
% 40 ks Y50 F Fnas o -
st
5% 00 b Wnole iysate 13-
£ 2 L A
Y g wh 2-]
§ 10 2 § 9
B
& s 8 0
4SDNA - & -+ §aou L g 1P, Sl FLAG
SRNA Cont  CIAD : d . B ans FLAS
£
&
2 200}
&
wer P aniFLAG 3= et
B antA 3
[ 78]
PS4 . 20 « . 2020 20 {9
CIAC - - 2040 % 1020

FIG. 4. CIAO associates with histone H2B and IPS-1 to constitute a signaling complex, thereby transmitting a signal leading to type I IFN
production. (A and C to F) Cell lysates from HEK293 cells transfected with the indicated expression plasmid were immunoprecipitated with
anti-FLAG Ab. The immune complexes were analyzed by immunoblotting using either anti-HA or anti-FLAG Ab. (B) 293-F cells transfected with
CFP and YFP fusion proteins encoding histone H2B, IPS-1, or CIAO. FRET results are shown as the YFP emission obtained by CFP excitation
divided by the CFP emission by CFP excitation. (C to F) Schematic diagrams of CIAO, IPS-1, H2B, and their truncated mutants. o, a putative
a-helical region of CIAO and H2B; #, a predicted gene product of the target molecule. (G) HeLa cells were transfected with control siRNA or
CIAO siRNA. Immunoblotting analysis was conducted using anti-importin 9 (COOH-terminal end) monoclonal Ab. (H and I) Hel.a cells were
transfected with or without the indicated reporter plasmid plus the indicated amounts (in ng) of expression plasmid(s). A luciferase assay was
performed as described for Fig. 1. Data represent means = SD of the relative luciferase activity of six to eight samples. *, P < 0.05.

the higher levels of the specific FRET signal were detected in poses between H2B and IPS-1 in a molecular complex, thereby
cells expressing CFP-CIAO and YFP-H2B as well as CFP- acting as an adaptor linking histone H2B to IPS-1. We further
CIAO and YFP-IPS-1, compared to those expressing CFP- characterized the domains of CIAQ, histone H2B, and IPS-1
H2B and YFP-IPS-1, suggesting that CLAO and H2B or CIAO that are responsible for the molecular interaction. Immuno-
and IPS-1 juxtapose in a close spatiality and that CIAO dis- precipitation analysis demonstrated that the COOH-terminal
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region of CIAO (aa 194 to 249) is sufficient to interact with
IPS-1, while the central region of CIAO (aa 91 to 193) is
required for interaction with H2B (Fig. 4C and D). The N’-tail
of H2B (aa 1 to 37) is sufficient, while the proline-rich domain
(PRD) of IPS-1 (aa 94 to 170) is required for the interaction
with CIAO (Fig. 4E and F). CIAO was endogenously ex-
pressed in HeLa and HEK293 cells (Fig. 4G and data not
shown), and the treatment of siRNA targeting the CIAO ORF
significantly suppressed the expression level of CIAO but not
importin 9 protein (Fig. 4G). Knockdown of CIAO resulted in
a marked reduction in dsDNA-induced activation of the IFN-
promoter (Fig. 4H), while overexpression of CIAO enhanced
IPS-1-induced activation of type I IFN promoters (Fig. 41).
Taken together, these results indicate that CIAO links histone
H2B to IPS-1, thereby enabling H2B-mediated type I IFN
production in human cells.

Species-specific involvement of histone H2B and IPS-1 in
dsDNA-mediated signaling. Previous reports have demon-
strated that there are mechanistic differences in dsDNA sig-
naling among species, €.g., human IPS-1 but not mouse IPS-1
is involved in dsDNA-mediated cellular signaling (2, 6, 15, 22).
To examine a molecular mechanism underlying the species-
specific signaling pathway induced by dsDNA, we compared
the effects of H2B knockdown in human and mouse cells. Our
results showed that knockdown of H2B resulted in a suppres-
sion of dsDNA-mediated IFN-f promoter activation in HeLa
cells but not in NIH 3T3 cells (Fig. 5A and B), suggesting that
there is a difference in the action of histone H2B between these

species. Of interest, however, although an interaction was ob-
served between human CIAO and IPS-1, an interaction be-
tween mouse CIAO and IPS-1 was not observed (Fig. 5C).
While high similarities of amino acid sequences were seen
among human and mouse H2B subtypes (human H2BI1A, -1B,
-1C, -1D, -1H, -1], -1K, -1L, -1M, -1N, -10, -2E, -2F, -3B, and
-FS and mouse H2BI1A, -1B, -1C, -1F, -1H, -1K, -1M, -1P,
and -3A) (>70.1%) and between human and mouse CIAO
(99.2%), a lower level of identity was seen between human and
mouse IPS-1 amino acid sequences (30.3%). Thus, it was sug-
gested that human IPS-1, but not mouse IPS-1, has the poten-
tial to interact with histone H2B and transmit signaling, To
further examine a human IPS-1-specific mechanism in dsDNA-
mediated signaling, we complemented IPS™~ mouse embry-
onic fibroblasts (MEF) with mouse IPS-1 (mouse IPS-1 MEF)
or human IPS-1 (human IPS-1 MEF) and tested their responses
to dsDNA. While Ifnb] mRNA expression was induced within
3 b, its level peaked at 12 h after dsDNA stimulation and there-
after declined in mouse IPS-1 MEF (Fig. 5D). In contrast, the
level of Ifnbl mRNA expression peaked at 24 h after dsDNA
stimulation in human IPS-1 MEF, and the overall level was sig-
nificantly higher in human IPS-1 MEF than in mouse IPS-1 MEF
(Fig. 5D). Thus, these results, taken together, suggest that human
IPS-1 mediates the later-phase induction of IFN-f compared with
that mediated by the dsDNA signaling endogenously present in
MEF (Fig. 5D).

Extrachromosomal histone H2B is involved in suppression
of DNA virus multiplication. We further evaluated the biolog-
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FIG. 6. Histone H2B is a crucial element for suppression of DNA virus replication. (A to E) HEK293 (A and C), SCC-4 (B), NIH 3T3 (D),
or Hel.a cells (E) were pretreated with control siRNA or H2B siRNA. (A) The cells were infected with MVAdE3L (1 x 10° or 1 x 107 PFU).
Twenty-four hours after infection, cell lysates were subjected to immunoblotting for total STAT1, phosphorylated STAT1 (p-STAT1), or ERK.
(B) The cells were transfected with the HPV11 or -16 genome, and the episomal DNA fractions were recovered 24, 36, 60, or 72 h after
transfection. Viral multiplication was determined by PCR. (C and D) The cells were infected with AdV type 5 or MCMV strain MW97.01.
Twenty-four hours after infection, viral multiplication was determined by PCR amplification of the viral genomic DNA and by a plaque assay
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determined by a plaque assay. #, P < 0.05; #+, P < 0.01.

ical role of histone H2B on cell-autonomous antiviral re-
sponses. Knockdown of histone H2B suppressed vaccinia virus-
induced IFN-B production as well as STAT1 phosphorylation
(Fig. 6A). Multiplication of human papilloma viruses (HPV 11
and HPV 16) and AdV type 5 was significantly enhanced in the
H2B knockdown cells (Fig. 6B and C, respectively) but not in
RIG-I or ZBP-1-knockdown cells (see Fig. S3 in the supple-
mental material). H2B knockdown, however, had virtually no
effect on the multiplication of MCMYV in mouse cells and RNA
virus, EMCV, in human cells (Fig. 6D and E). These findings
suggest that extrachromosomal histone H2B is involved in a
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sensing mechanism of DNA virus infection and mediates cell-
autonomous antiviral innate immune responses in human cells.

DISCUSSION

Our results provide direct evidence indicating that extrach-
romosomal histone H2B plays an important role in the signal-
ing pathway triggered by dsDNA. Biologically, dsDNA is re-
leased following unusual or “dangerous” situations in cells,
e.g., infection, apoptosis, and tissue damage (6, 18, 23). There-
fore, the signaling pathway mediated by the signalsome con-
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sisting of extrachromosomal histone H2B and IPS-1 may have
evolved not just in response to pathogen recognition but also
perhaps for auto-recognition of unusual self DNA.

Although histone H2B is usually assembled in the nucleo-
some as a core histone, histone exchange and deposition often
take place in living cells, with ~3% of total H2B having a #,,,
of ~6 min, ~40% with a t,,, of ~130 min, and >50% with at,,,
of ~8.5 h. Indeed, nucleosome assembly protein 1 mediates
chromatin fluidity by exchanging H2A/H2B and assisting nu-
cleosome sliding (13). Nuclear import of the cytoplasmic core
histones occurs along multiple redundant pathways mediated
by importin family members. Importin 9 mediates one of the
most productive pathways in H2B import through the nuclear
core complex (8, 17). Interestingly, karyopherin 114p, a yeast
homologue of mammalian importin 9, bind to the H2A-H2B
complex in the cytoplasm (16). Such evidence strongly supports
our present observation that the extrachromosomal H2B that
is released from the chromosome plays an important role in
the signal transmission induced by dsDNA.

Lines of evidence in recent decades indicate how histones
are assembled with the genomic DNA to compose the chro-
mosomes. Most studies have focused on the assumption that
histones target only the genomic DNA under physiological
conditions. Recent studies, however, have demonstrated that
subtypes of histones play distinct roles in extrachromosomal
settings. H2A.X is phosphorylated and recruited where DNA
double-strand breaks take place (19), and H3.3 accumulates in
the condensed chromatin where gene transcription is activated
(9). More striking evidence is that H1.2 transmigrates from the
nucleus to mitochondria to transmit apoptotic signals arising
from DNA damage, and this crucially regulates the Bak-de-
pendent release of cytochrome ¢ from mitochondria (14).
Thus, further characterization of extrachromosomal histone
H2B as a component of the signaling complex may help in
understanding the biological roles of the extrachromosomal
histones and the mechanism of celi-autonomous protection
against invading pathogens after dsDNA sensing,

CIAO encodes a 750-bp ORF identical to the COOH-ter-
minal end of the importin 9 ORF (aa 793 to 1041) with no
apparent domains or regions responsible for signal transduc-
tion. Although we have identified that the COOH-terminal
region of CIAO is sufficient for the interaction with the IPS-1
PRD and the central region of CIAO is required for the
interaction with the NH,-terminal tail region of H2B, the
dynamics of such signaling complex formation under phys-
iological conditions or during viral infection remain to be
elucidated. To examine such dynamics, we are now generating
Ab and agents to discriminate endogenous CIAO from impor-
tin 9 or the extrachromosomal histone H2B from the chromo-
somal histone by targeting specific residues of each molecule
that have been modified before or after the complex forma-
tion.

It has been demonstrated that RIG-I plays a significant
role in dsDNA-induced antiviral responses through IPS-1 in
the human hepatoma cell line, Huh7 (2). However, we ob-
served that histone H2B but not RIG-I or ZBP1 is involved
in dsDNA-mediated signaling in HEK293 cells, suggesting that
there are some cell-type-specific as well as redundant mecha-
nisms in the signaling pathway activated by dsDNA. In fact,
although ZBP1, also known as DA, is involved in dsDNA-
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mediated signaling in mouse 1929 cells, its in vivo role is
redundant (7, 24).

The present data indicate that extrachromosomal histone
H2B recognizes and interacts with not only “transfected”
dsDNA but also viral DNA exposed to the cytoplasm. This
mechanism is crucial for cell-autonomous innate responses to
infection with vaccinia virus, AdV, and HPV, but not with
EMCV. Our ongoing analysis shows that replication of HIV is
also enhanced in H2B knockdown Magic5 cells (data not
shown), suggesting that proviral dsDNA rather than genomic
RNA of HIV is sensed by extrachromosomal histone H2B.
Thus, histone H2B seems to discriminate between foreign
DNA and RNA upon viral infection to evoke IPS-1-mediated
signaling through the association with a novel adaptor protein,
CIAOQ, and it is suggested that human IPS-1 has evolutionarily
gained the potential to transmit dsDNA- and histone H2B-
mediated signaling to combat against human viruses that pro-
duce DNA intermediates within the cell.

In conclusion, our present work demonstrates that extra-
chromosomal histone H2B physically interacts with IPS-1
through CIAO to form a distinct signaling complex that
transmits dsDNA-induced type I IFN production in human
cells. Such a molecular platform may act as a sensor of the
dsDNA aberrantly present within the cell, alerting cells to
urgent hazards, such as pathogens (infection), apoptosis
(hormonal stimuli, chemical agents, or irradiation), and ne-
crosis (injury). Thus, this mechanism may also play some roles
in autoimmunity, transplantation rejection, gene-mediated
vaccines, and other therapeutic applications.
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The plant genome encodes a wide range of receptor-like
proteins but the function of most of these proteins is
unknown. We propose the use of affinity cross-linking of
biotinylated ligands for a ligand-based survey of the
corresponding receptor molecules. Biotinylated ligands not
only enable the analysis of receptor-ligand interactions
without the use of radioactive compounds but also the
isolation and identification of receptor molecules by a simple
affinity trapping method. We successfully applied this
method for the characterization, isolation and identification
of the chitin elicitor binding protein (CEBiP). A biocytin
hydrazide conjugate of N-acetylchitooctaose (GN8-Bio) was
synthesized and used for the detection of CEBiP in the
plasma or microsomal membrane preparations from rice
and carrot cells. Binding characteristics of CEBiP analyzed by
inhibition studies were in good agreement with the previous
results obtained with the use of a radiolabeled ligand.
The biotin-tagged CEBiP could be purified by avidin affinity
chromatography and identified by LC-MALDI-MS/MS after
tryptic digestion. We also used this method to detect
OsFLS2, a rice receptor-like kinase for the perception of
the peptide elicitor flg22, in membrane preparations from
rice cells overexpressing OsFLS2. This work demonstrates
the applicability of this method to the purification and
identification of plant receptor proteins.

Keywords: Affinity labeling ® Binding characteristics ® Chitin
oligosaccharide e Elicitor  One-step purification ¢ Receptor.

Abbreviations: APEA, aminophenylethylamine;  AzPEA,
azidophenylethylamine; CEBIP, chitin elicitor binding
protein; 2,5-DHBA, 2,5-dihydroxybenzonic acid; DTSSP, 3,3~
dithiobis[sulfosuccinimidyl propionate]; DTT, dithiothreitol;
EGS, ethylene glycol bis[succinimidyl succinate]; GN7,
N-acetylchitoheptaose; GN8, N-acetylchitooctaose; GN8-Bio,
biotinylated ~ N-acetylchitooctaose;  HRP,  horseradish
peroxidase; MAMP, microbe-associated molecular pattern;
PVDF, polyvinylidene difluoride; RLK, receptor-like kinase.

Introduction

Higher plants have the ability to recognize various chemical sig-
nals generated by other organisms as well as by themselves
through perception by specific receptors that are present either
on the cell surface or inside the cell. The identification of such
receptors is essential to understanding the signaling cascade
leading to a specific biological response, yet current knowledge
on plant receptors is still limited. For example, the Arabidopsis
and rice genomes are estimated to contain over 600 and 1200
receptor-like kinase (RLK) genes, respectively (Shiu et al. 2004),
but only a handful of them are known for their functions and
corresponding ligands.

Recently, several RLKs involved in the perception of microbe-
associated molecular pattern (MAMP) elicitors, such as FLS2,
EFR and CERK1, were identified and analyzed for their biologi-
cal function {(Gomez-Gomez and Boller 2000, Zipfel et al. 2006,
Miya et al. 2007). Other RLKs, SR160 and PEPR1, were also iden-
tified as the receptors for the endogenous peptide elicitors
systemin and AtPep1, respectively (Scheer and Ryan 2002,
Yamaguchi et al. 2006). Similarly, BRIT and PSKR1 were identi-
fied as the receptors for brassinosteroid and peptide hormones
(Matsubayashi et al. 2002, Kinoshita et al. 2005). Receptors
without kinase domains have also been reported, such as CEBiP
for chitin elicitor (Kaku et al. 2006). Different strategies have
been used to identify such receptor molecules. FLS2 and EFR,
for example, were identified by screening mutants for the loss
of response to the corresponding elicitor (Gomez-Gomez and
Boller 2000, Zipfel et al. 2006). On the other hand, PSKR1 and
CEBIiP were purified by ligand-based affinity chromatography
(Matsubayashi et al. 2002, Kaku et al. 2006). SR160 and PEPR1
were isolated by affinity-labeling of proteins (Scheer and Ryan
2002, Yamaguchi et al. 2006).

Regardless of the approaches used for the identification of
the receptors, it is necessary to analyze their interaction with
the corresponding ligands. One of the technical problems often
associated with such analyses has been the use of radiolabeled
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