specifically binds to the dephosphorylated form of the B-sub-
unit, leading to clathrin-mediated endocytosis of the GABA
receptor (6-8). Correspondingly, a transient increase and a
subsequent long-lasting decrease in I p, is observed (29, 41).
On the other hand, in DKO neurons, BDNF caused a gradual
increase in the phosphorylation of the B-subunit and therefore
of I;apa, Which lasted for the full 30-min examination period
(29). Taken together, these results indicate that different extra-
cellular stimuli evoke phosphorylation of the B-subunit of the
GABA , receptor at the same residues via different kinases, the
level of which is regulated by the balance of activity between
kinase(s) and phosphatase(s) especially in the vicinity of
GABA , receptors but not inside cells. Therefore, the time
courses of the phosphorylation level appear to be dependent on
the type of stimuli involved. In either case, PRIP through direct
association with the GABA, receptor B-subunit, plays an
important role in recruiting proteins including the active form
of Akt (this study) and protein phosphatases (PP1 and PP2A)
(27, 29), which regulate the phosphorylation of the GABA
receptor B-subunit, leading to the regulation the number of
receptors on the cell surface membrane. In fact, we observed a
further decrease of insulin-mediated 15,5, below the control
level in the BFA-treated WT but not DKO neurons. This obser-
vation suggests that insulin elicits both the insertion and sub-
sequent endocytosis of GABA , receptors and that the balance
shifts to membrane insertion in insulin-stimulated WT neu-
rons. The result also suggests that PRIP is involved in both
insulin-induced membrane insertion and endocytosis of
GABA , receptors. Other scaffolding molecules such as recep-
tor for activated C kinase-1 (RACK-1) for protein kinase C (47,
48), protein kinase A-anchoring protein (AKAP) 79/150 for
cAMP-dependent protein kinase A (PKA) (49), and PRIP (27,
29) have been reported to determine the specificity of the spe-
cific kinase(s) or phosphatase(s) recruited to the vicinity of
GABA,, receptors. We still do not know the exact molecular
mechanisms by which different stimuli regulate the recruit-
ment of kinase(s) and phosphatase(s) to the vicinity of GABA ,
receptors. The phosphorylation state of the scaffolding mole-
cules may be one of the pathways that regulates the interaction
among these molecules. Additionally, the molecular mecha-
nisms by which phosphorylation of B-subunit triggers the
membrane insertion of GABA, receptors remains largely
unknown.

Is there any physiological or pathological relevance of the
insulin-induced membrane insertion of GABA , receptors and
the involvement of PRIP? It is reported that oxygen-glucose
deprivation (OGD), an ischemia-like challenge, decreases the
number of cell surface GABA , receptors and thereby leads to
excitotoxic cell death in cultured hippocampal neurons. Insulin
treatment counteracts the OGD-induced diminishment of the
number of cell surface GABA, receptors and thus prevents
ischemic cell death (14). Additionally, it is reported that insu-
lin-induced cell surface expression of GABA , receptors leads
to membrane hyperpolarization in islet a cells, thereby sup-
pressing glucagon secretion (12), suggesting its involvement in
diabetic pathogenesis. Another example is that interleukin-18
(IL-1B) increases in the cell surface expression of GABA,
receptors depend on the PI 3-kinase-Akt signaling pathway
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(50). Patients with sepsis-associated encephalopathy (SAE), a
neurological complication in sepsis, have higher plasma levels
of IL-18, therefore this may contribute to the cognitive dys-
function observed in SAE by altering GABAergic synaptic
strength (50). It is possible that PRIP is implicated in such neu-
ronal dysfunction and pathogenesis through the recruitment of
active Akt to GABA , receptors, suggesting that PRIP could a
therapeutic target.

In conclusion, we showed here that PRIP is implicated in the
insulin-induced membrane insertion of GABA , receptors as it
recruits active Akt to the vicinity of GABA, receptors. The
subsequent complex formation may serve as the molecular
basis for the efficient phosphorylation of GABA, receptors
through Akt and receptor insertion into the cell surface mem-
brane. Therefore, PRIP is a key factor in the control of the plas-
ticity of GABAergic transmission.
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The F-box protein Fbxw7 (also known as Fbw7, SEL-10,
hCdc4 or hAgo) mediates the ubiquitylation and thereby
contributes to the degradation of proteins that positively
regulate cell cycle. Conditional ablation of Fbxw7 in
mouse embryonic fibroblasts (MEFs) induces cell-cycle
arrest accompanied by abnormal accumulation of the
intracellular domain of Notchl (NICD1) and c-Myc.
However, the molecular mechanisms by which the
accumulation of NICD1 and c-Myc induces cell-cycle
arrest have remained unclear. We have now examined the
expression of cell-cycle inhibitors in Fbxw7-deficient
MEFs and found that the abundance of p27%* and
p57¥? is paradoxically decreased. This phenomenon
appears to be attributable to the accumulation of NICD1,
given that it was recapitulated by overexpression of
NICD1 and blocked by ablation of RBP-J. Conversely,
the expression of p16”** and p19**" was increased in an
NICD1-independent manner in Fbxw7-null MEFs. The
increased expression of pl194% was recapitulated by
overexpression of c-Myc and abolished by ablation of
c-Mye, suggesting that the accumulation of c-Myc is
primarily responsible for that of p19+%F, In contrast, the
upregulation of p16*“ appeared to be independent of
c-Myec. These results indicate that cell-cycle inhibitors
undergo complex regulation by the Fbxw7-mediated
proteolytic system.
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Introduction

Precise control of the cell cycle is fundamental to
regulation of the normal development of multicellular
organisms. Indeed, dysregulation of the cell cycle results
in developmental defects or tumorigenesis. Proper
control of the abundance of positive and negative regu-
lators is required for the ordered progression of the
cell cycle and is achieved by both transcriptional and
posttranslational mechanisms. Such regulators include
cyclins, which modulate the activity of cyclin-dependent
kinases (CDKs) and which, together with most other
regulators of the cell cycle, undergo specific degradation
by the ubiquitin/proteasome system. Two classes of
ubiquitin ligase, the anaphase-promoting complex or
cyclosome and the Skpl-Cull/-F-box protein (SCF)
complex, are largely responsible for such degradation
(Nakayama and Nakayama, 2006).

Fbxw7 (also known as Fbw7, SEL-10, hCdc4 or
hAgo) is a member of the F-box family of proteins and
was first identified in Caenorhabditis elegans as a
negative regulator of the signaling protein Notch
(LIN-12) (Sundaram and Greenwald, 1993; Hubbard
et al., 1997). Fbxw7 functions as the substrate-recogni-
tion subunit of an SCF-type ubiquitin ligase complex
and targets for degradation various mammalian onco-
proteins that promote cell-cycle progression (Nakayama
and Nakayama, 2006; Welcker and Clurman, 2008).
These targets of Fbxw7 include cyclin E (Koepp et al.,
2001; Moberg et al., 2001; Strohmaier et al., 2001),
c-Myc (Welcker et al., 2004; Yada et al., 2004) and c-Jun
(Nateri et al., 2004).

Given that Fbxw7 is responsible for the degradation
of several oncoproteins, it is thought to function as a
tumor suppressor. Indeed, mutations in FBXW?7 have
been identified in many human cancers, including
cholangiocarcinoma, T-cell acute lymphoblastic leuke-
mia, endometrial cancer and colon cancer (Nakayama
and Nakayama, 2006; Akhoondi et al., 2007; Welcker
and Clurman, 2008). Moreover, the FBXW?7 locus maps
to human chromosomal region 4¢q32, which is frequently
deleted in a wide range of human tumor types (Knuutila
et al., 1999).



Mice lacking Fbxw7 manifest marked accumulation
of Notch and die in utero at embryonic day 10.5 showing
abnormalities of vascular development caused by
deregulation of Notch signaling (Tetzlaff er al., 2004;
Tsunematsu et al., 2004). Fbxw7+*/~ mice show an
increased susceptibility to radiation-induced tumorigén-
esis, although most tumors retain the wild-type allele
(Mao et al., 2004). In addition, c-Myc was found to
accumulate in Fbxw7/ embryonic stem cells (Yada
et al., 2004). To avoid the embryonic mortality of
conventional Fbxw77 mice, we generated mice with
conditional inactivation of Fbxw7 in various tissues
(Onoyama et al., 2007). Disruption of Fbxw7 in the
T-cell lineage resulted in accumulation of Notchl and
c-Myc, which was shown to be responsible for the
development of thymic hyperplasia and lymphoma in
the affected animals (Onoyama et al., 2007). In addition,
inactivation of Fbxw7 in hematopoietic stem cells
induced activation of the cell cycle as a result of the
accumulation of c-Myc, leading to the premature loss of
these cells (Matsuoka et al., 2008; Thompson et al.,
2008). We have also previously shown that ablation of
Fbxw7 in mouse embryonic fibroblasts (MEFs) induced
cell-cycle arrest and apoptosis, even though Fbxw7 is
considered a negative regulator of the cell cycle and a
tumor suppressor (Ishikawa et al., 2008). Although
these phenotypes were found to be largely attributable
to Notchl accumulation and to be dependent in part on
p53, the precise mechanism underlying the cell-cycle
arrest in Fbxw7-deficient (Fbxw74%) MEFs has
remained unclear.

We now show that inactivation of Fbxw7 in MEFs
results both in downregulation of the CDK inhibitors
(CKlIs) p27%#’ and p57%#? in a manner dependent on the
activation of Notch signaling as well as in upregulation
of the tumor suppressor proteins p16™“ and p194*¥in a
manner dependent in part on the accumulation of
c-Myec. The results of our study thus reveal a complex
mechanism of cell-cycle regulation through Fbxw7-
mediated protein degradation.

Results

Notch-dependent downregulation of p27%* and p57%i»?
in Foxw744 MEFs

We have previously shown that the inhibition of cell-
cycle progression apparent in Fbxw74'* MEFs is largely
attributable to accumulation of the intracellular domain
of Notchl (NICD1), which is a substrate of Fbxw?7
(Ishikawa et al., 2008). Although NICD1 accumulation
results in activation of a p53-dependent pathway that
upregulates the CKI p21¢?/ in Fbxw7** MEFs (Ishika-
wa et al., 2008), ablation of p53 did not fully revert the
phenotype of these cells, suggesting that a pathway (or
pathways) other than the p53/p21¢#’ axis contributes to
the cell-cycle arrest. We therefore examined the expres-
sion of the CKlIs p27%#" and p57%#? in Fbxw7** MEFs.
Immunoblot analysis revealed that the abundance of
both p27%¥’ and p57%¥? was increased in response to
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serum deprivation in wild-type (Fbxw7*/*) or Fbxw7"*F
MEFs. Unexpectedly, however, such upregulation of
these CKlIs was not observed in Fbxw744 MEFs
(Figure la).

To examine whether this reduced expression of p27%¥
and p57%#? in Fbxw7%* MEFs is attributable to NICD1
accumulation, we adopted a genetic approach, Mam-
malian members of the Notch family of proteins interact
with the DNA binding protein RBP-J, and the resulting
complex usually behaves as a transcriptional activator
(Kato et al., 1996; Artavanis-Tsakonas et al., 1999). To
examine the possibility that the NICD1/RBP-J complex
functions as a transcriptional repressor for p27 and p57
genes, we crossed Fbxw7™" mice with Rbpj*'F mice (Han
et al., 2002), and then generated Fbxw7+/+ Rbpj** and
Fbxw74Rbpj** MEFs by infecting Fbxw7+/* Rbpj*'F or
Fbxw7¥F Rbpj* MEFs with a retrovirus encoding Cre
recombinase. We confirmed by PCR analysis that the
floxed alleles of both Fhxw7 and Rbpj were deleted in the
infected cells (data not shown). The ablation of RBP-J
in Fbxw7-null MEFs largely restored the expression of
both p27%%! and p57%¥? apparent after serum depriva-
tion to the levels observed in Fbxw7+/*Rbpj+'*+ or
Fbxw7+/+ Rbpj** MEFs (Figure 1b), suggesting that the
Notch signaling pathway, which is abnormally activated
in Fbxw74* MEFs, suppresses the expression of p274#!
and p57%7? induced by serum deprivation. The levels of
p27%7" and p57%%¥2 were not increased in Fhxw7+/* Rbpj*
4 MEFs compared with Fbxw7*/* Rbpj*/+ cells, sug-
gesting that Notch1/RBP-J pathway is not so active in
the wild-type cells but is highly active in Fbxw74/
MEFs. Similar resuits were obtained by siRNA-
mediated depletion of Notchl in Fbxw74* MEFs
(Figure 1c), suggesting that Notchl, but not other
Notch family proteins, is the main suppressor for the
expression of p27%#! and p57¥r2, We also measured
p27%7! and p57%r? mRNA levels in serum-deprived
MEFs of the various genotypes and found that the
amount of p27¥#' mRNA was decreased in Fhxw74/2
Rbpj+/+ MEFs compared with that in Fbxw7+/* Rbpj+/+
MEFs, and that this difference was largely abolished by
ablation of RBP-J in the Fbxw7-deficient cells
(Figure 1d). In contrast, the suppression of p57%¥?
mRNA in Fbxw74*Rbpj*’'* MEFs was more pro-
nounced than that of p27%7" mRNA, and it was only
partially reversed in Fbxw72Rbpj2* MEFs. These
results suggested that increased Notch signaling in
Fbxw74“Rbpj*'+ MEFs suppresses both p27%#! expres-
sion and p57%%? expression and that these effects are
attributable, at least in part, to inhibition of p27¥#/ and
p57%¥? gene transcription.

Suppression of p27%® and pS7¥*? expression

by Notch signaling

To examine whether the increased level of NICDI alone
is sufficient to inhibit the expression of p27%7 and
p57%7?, we infected wild-type MEFs with a retrovirus
encoding NICDI1. Immunoblot analysis revealed that
overexpression of NICDI1 resulted in a marked decrease
in the abundance of p27%#/ and p57%¥? in asynchronous
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Figure 1 Suppression of p27%#’ and p57%7* expression through activation of Notch signaling in Fbxw7-deficient mouse embryonic
fibroblasts (MEFs). (a) Asynchronous or serum-deprived Fbxw7+/+ (infected or not with a retrovirus for Cre recombinase), Fbxw7"/"
or Fbxw7*4 MEFs were lysed and subjected to immunoblot analysis with antibodies to p27%7/, p57*7? or Cdk4 (loading control).
(b) Serum-deprived MEFs of the indicated genotypes were lysed and subjected to immunoblot analysis with antibodies to p27%#, p57%7,
Notchl and Hsp90 (loading control). The positions of phosphorylated (P) and nonphosphorylated forms of NICDI are indicated. The
positions of nonspecific bands (*) are indicated. (¢) Serum-deprived MEFs of the indicated genotypes transfected with a control (C) or
Notchl siRNA were subjected to immunoblot analysis with antibodies to NICD1, p27%#, p57%¥2 or Hsp90 (loading control). The
positions of nonspecific bands (*) are indicated. (d) Serum-deprived MEFs of the indicated genotypes were subjected to quantitative
RT-PCR analysis of p27%#’ and p57%7? mRNAs. Data are meansts.d. of at least triplicates from a representative experiment.

or serum-deprived cells (Figure 2a) and that this effect
was accompanied by a marked increase in the amount of
HeyL. mRNA (Figure 2b), a target gene of the NICD/
RBP-J complex. Overexpression of NICD1 did not
affect the abundance of the mRNA for Skp2
(Figure 2b), a component of the SCF*? complex that
functions as a ubiquitin ligase for p27%¥» and p57%73,
even though the Skp2 gene has been identified as a target
of Notchl (Sarmento et al., 2005). Forced expression of
NICD1 also reduced the amounts of p27%#7 and p57%#2
mRNAs (Figure 2c). These results, together with those
presented in Figure 1, suggested that the accumulation
of NICDI1 is both required and sufficient for the
suppression of p27%#/ and p57%¥? expression.

Oncogene

Accumulation of p16™* and p19*%* in Foxw74* MEFs
‘We next examined the expression of pl6”*# and p194%*
and found that the amounts of both the proteins are
increased in asynchronous Fbxw7** MEFs compared
with those in asynchronous Fbxw7*/* or Fbxw7+/*
MEFs (Figure 3a). To investigate whether this upregu-
lation of plé™* and pl94%* is dependent on the
accumulation of NICDI1 in Fbxw74* MEFs, we
examined their expression in Fbxw7*“Rbpj** MEFs.
Immunoblot analysis revealed that the upregulation of
pl6™ and pl194* was not affected by disruption of
RBP-J-dependent Notch signaling (Figure 3b). The
abundance of pl67“ and pl9+4*F mRNAs was also
increased in Fbxw7%* MEFs as well as in Fhxw7*“Rbpj**
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to immunoblot analysis with antibodies to NICD1, p27%#/, p57%¥? or p16™*. (b, ¢) Quantitative RT-PCR analysis of Notchl, HeyL
and Skp2 mRNAs (b) or of p27%¥! p57%#? and pl6™“* mRNAs (c) in asynchronous wild-type MEFs infected as in a. Data are
means T s.d. of at least triplicates from representative experiments. *P<0.05, **P<0.01 versus the corresponding value for cells
infected with the empty vector.
MEFs (Figure 3c). Furthermore, overexpression of Given that a high level of c-Myc expression was
NICD1 did not affect plé™“ at either protein or  previously shown to induce pl9+® expression (Zindy
mRNA level (Figures 2a and c). These results suggested et al., 1998) and that c-Myc is a target of the SCFF>7
that the transcription of pl6™“* and pl194%" genes is  ubiquitin ligase, we examined the abundance of c-Myc
increased in Fbxw74* MEFs in a Notch-independent  in Fbhxw74* MEFs. Immunoblot analysis revealed that
manner. the amount of c-Myc was slightly higher in Fhxw74/4
Oncogene
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analysis of pl6“+*, pl194** and p27*#' in asynchronous Fbhxw7+/*, Fbxw7+/* and Fbxw7** mouse embryonic fibroblasts (MEFs).
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analysis of p16”** and p19/** mRNAs in asynchronous MEFs of the indicated genotypes. Data are means + s.d. of at least triplicates

from a representative experiment. **P <0.01.

MEFs than in Fhbxw7*/* MEFs and that this difference
was more pronounced in the absence of p53 (Figure 4a),
probably because ablation of p53 results in a partial
recovery from cell-cycle arrest in Fbxw744 MEFs and
thereby increases ¢c-Myc expression (Ishikawa et al.,
2008). The expression of pl6™+* and p194*F appeared to
be proportional to that of c-Myc in Fbxw7*/*p537- and
Fbxw742p53-- MEFs (Figure 4a, right panel), suggest-
ing that c-Myc accumulation might be responsible for
the upregulation of pl6™ and p194% in the Fbxw7-
deficient cells. Given that deletion of Fbxw7 had no
effect on the amount of c-Myc mRNA (Figure 4b),
Fbxw7 likely regulates the abundance of c-Myc at the
protein level. Indeed, we confirmed that the stability of
endogenous ¢c-Myc is increased in Fbxw7%* MEFs with
the use of a cycloheximide chase assay (Figure 4c).

Upregulation of pl194%F induced by overexpression

of e-Myc

To determine whether overexpression of c-Myc in wild-
type MEFs might recapitulate the accumulation of
plée’** and pl94RF observed in Fbxw7** MEFs, we
infected the wild-type cells with a retrovirus encoding
c-Myec. Overexpression of ¢-Myc promoted cell prolif-
eration (Figure 5a) as well as increased the percentage of
cells in S phase of the cell cycle (Figure 5b). It also
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increased the proportion of apoptotic cells, which were
detected by flow cytometry either as cells with a sub-G,
DNA content or as those stained with annexin V
(Figure 5b). Forced expression of c-Myc increased the
expression of pl194%” at both the mRNA and protein
levels, whereas it did not affect the amount of pl67
protein and actually reduced the amount of plé™
mRNA (Figures 5¢ and d). The abundance of p27%%/
was not affected by c-Myc overexpression (Figure 5c).
These results suggested that the increased expression of
c-Myc in Fbxw7* MEFs is responsible for the
upregulation of p194%* but not for that of pl6™*,

c-Myc dependence of pl19**F upregulation

in Fbxw74% MEFs

To examine further whether the increased expression
of pl94”F in Fbxw7%% MEFs is attributable to the
accumulation of c-Myc, we crossed Fbxw7F'F mice with
c-Myc™® mice (de Alboran et al., 2004). Fbxw7"F
c-Myct® MEFs prepared from the resulting offspring
were infected with a retrovirus encoding Cre recombi-
nase to generate Fbxw7%4c-Myc** cells. Immunoblot
analysis showed that the increased pl94%" expression
apparent in Fbxw7%* MEFs was not observed in
Fbxw744c-Myc®* MEFs (Figures 6a and b). We also
found that both pS53 and p21¢?’ were increased in
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Figure4 Accumulation of c-Myc in Fbxw7-deficient mouse embryonic fibroblasts (MEFs). (a) Immunoblot analysis of c-Myc and the
indicated proteins in asynchronous MEFs of the indicated genotypes. The positions of phosphorylated (P) and nonphosphorylated
forms of NICDI and ¢c-Myc are indicated. The amount of ¢-Mye, p16™## and p19+** in each genotype to Fbxw7*/*c-Myc*!* was
quantified by image analysis and normalized by the amount of Foxw7+/*¢-Myc*/* (right panel). (b) Quantitative RT-PCR analysis of

c-Myc mRNA in asynchronous wild-type and Fbxw7** MEFs.

Data are means £ s.d. of at least triplicates from a representative

experiment. NS, not significant. (¢) The amount of ¢-Myc in Fbxw7+/+ and Fbxw7%* MEFs during exposure of the cells to
cycloheximide for the indicated times was monitored by immunoblot analysis (upper panels). The relative amount of c-Myc remaining
at each time point was quantified by image analysis and normalized by the amount of Hsp90 (lower panel).

Fbxw74* MEFs, and these increases were abolished by
the additional deletion of c-Myc. However, overexpres-
sion of c-Myc alone did not result in the increase in
p21¢r’ abundance (Figure S5c), suggesting that both
Notchl and c-Myc pathways are required for the
increase in p21¢¥/. Analyses for cell cycle and apoptosis
in wild-type, Fbxw7%% and Fbxw7**c-Myc** MEFs
revealed that c-Myc was essential for efficient progress
of the cell cycle and loss of c-Myc resulted in
pronounced arrest of the cell cycle and induction of
apoptosis regardless of normalization of pl94* level
(Figure 6¢c). The stability of pl94%F as revealed by
cycloheximide chase analysis was markedly increased in

Fbxw74% MEFs compared with that in wild-type cells,
but such stabilization of p19** was not apparent in
Fbxw744¢c-Myc** MEFs (Figure 6d). The upregulation
of pl94%F in Fbxw7%* MEFs therefore seems to be
mediated at both transcriptional and posttranslational
levels. Moreover, the increases in the amounts of pS3
and p21°?! observed in Fbhxw74* MEFs were abolished
by ablation of c-Myc (Figures 6a and b), suggesting that
the p53/p21¢#’ pathway operates downstream of c-Myc.
Given that the p53/p21°¥/ pathway is also regulated by
Notchl (Ishikawa et al.,, 2008), Fbxw7 appears to
control this pathway through both Notchl and c-Myc
(Figure 7).
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Figure 5 Induction of p194%F expression in mouse embryonic fibroblasts (MEFs) by overexpression of c-Myc. (a) Growth curves for
wild-type MEFs infected with a retrovirus encoding c-Myc or with the corresponding empty vector. Data are means + s.d. of at least
triplicates from a representative experiment. (b) MEFs infected as in a were labeled with bromodeoxyuridine (BrdU) and stained with
propidium iodide, and cells with a DNA content of 2C or 4C were counted using flow cytometry. The percentages of cells in G, S and
G,-M phases of the cell cycle are indicated (upper panels). The incidence of apoptosis in the MEFs was also determined by fiow
cytometric analysis of cells with a DNA content of <2C (middle panels) or of those stained with annexin V-fluorescein isothiocyanate
(FITC) and counterstained with propidium iodide (lower panels). (¢) Immunoblot analysis of c-Myc, pl16™*, p194%” and the indicated
proteins in MEFs infected as in a. Exogenous c-Mye protein is indicated by T7-c-Myc. (d) Quantitative RT-PCR analysis of p16™*
and p19** mRNAs in MEFs infected as in (a). Data are means * s.d, of at least triplicates from a representative experiment. * P <0.05,
** P (.01 versus the corresponding value for cells infected with the empty vector.
Discussion directly or indirectly in a tissue-specific manner (Tetzlaff
et al., 2004; Tsunematsu et al., 2004; Onoyama et al.,
With genetic approaches, we and others have shown  2007; Ishikawa er al., 2008; Matsuoka et al, 2008;
that Fbxw?7 controls various cell-cycle regulators either =~ Onoyama and Nakayama, 2008; Thompson et al.,
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327



Deregulation of cell-cycle inhibitors in Fbxw744 MEFs
K Masuda et al

c Fbxw7* c-Myc*H* Fboxw7 c-Myc**  Fboxw7? c-Myc®®

10° 10° 10°

10° 10?

10" 10!

10° 10°

BrdU incorporation

c-Myc . i
0 200 400 600 8001000 0 200 400 600 8001000 O

DNA content

pi9
p53

-
(=]
(=]
(=3

p21
1804

=]
Q
o

HspS0 e T = T

[+23
[=3
(=1

400 4
200

Relative cell number

, . 10° 10" 107 10° 10° 100
O Fbxw7+* c-Myc*™ >
m Fbxw7* c-Myc** DNA content

Fbxw7* c-Myc™ 2.45 10

102,

N oW 0o

101,

Propidium iodide

10° 10°

Relative protein abundance

p53 p21 832

10° 100 10 10° 10° 100 10* 10°

Annexin V-FITC
12 r

1.0 %------ -

1805

Time (h): O 4 8 Time(h): 0 4
Fbxw7+* c-Myc** ke W

Foxw7 c-Myc** p19| #ese msis e HspO0 | e sese s

o —— Fbxw7 e-Myct
S - Foxw722 c-Myc+
cewee FoXW7 M c-Myc®?

8 0.8 |

0.6 |
"-‘ ....................... A

04 t

Relative p19 abundance

02

Time (h)

Figure 6 c-Myc dependence of pl9+%F upregulation in Fbxw7** mouse embryonic fibroblasts (MEFs). (a) MEFs of the indicated
Fbxw7 and c-Myc genotypes were infected with a retrovirus encoding Cre recombinase. Immunoblot analysis of ¢-Myc, p194%%, p53
and p21¢7 in MEFs of the indicated genotypes. Given that the MEF's were prepared from mouse embryos that were not in a litter, we
show double lanes for each genotypes to show the reproducibility of the results regardless of the MEF lines. (b) The relative amount of
c-Mye, p194%F, p53 and p21°¥ protein was quantified by image analysis and normalized by the amount of Hsp90. (¢) MEFs infected as
in a were labeled with bromodeoxyuridine (BrdU) and stained with propidium iodide, and cells with a DNA content of 2C or 4C were
counted by flow cytometry, The percentages of cells in Gy, S and G,-M phases of the cell cycle are indicated (upper panels). The
incidence of apoptosis in the MEFs was also determined by flow cytometric analysis of cells with a DNA content of <2C (middle
panels) or of those stained with annexin V-fluorescein isothiocyanate (FITC) and counterstained with propidium iodide (lower panels).
(d) Immunoblot analysis of pl94* in Fbxw7*/* c-Myc*/*, Foxw7**c-Myc*/* and Fbxw7**c-Myc** MEFs at the indicated times of
exposure to cycloheximide (left panels). The relative amount of pI94%* remaining at the various chase times was quantified by image
analysis and normalized by the amount of Hsp90 (right panel).

2008). In contrast to our expectation that Fbxw7 loss
would confer a growth advantage, it induced cell-cycle
arrest and apoptosis in MEFs (Ishikawa et al., 2008).
Although we have previously shown that the major
physiological target of Fbxw7 in MEFs is the NICD1/

p53 pathway, the activation of this pathway was not
sufficient to explain all the observed characteristics of
Fbxw7-null MEFs. We have now explored in more
detail the mechanisms responsible for the cell-cycle
arrest and apoptosis in Fbxw74* MEFs.
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Figure 7 Pathways for the control of cell-cycle regulators by
Fbxw?7. The expression of p27%7 and p57%r? is regulated by Fbxw7
through the degradation of NICDI1. Loss of Fbxw7 results in
aberrant activation of NICDI pathway, which in turn suppresses
the expression of p27%*’ and p57%#? but increases that of p53 and
p21¢7’, The expression of pl94%f is dependent on c-Myc. The
amount of p16™ increases by the deletion of Fbxw7 through
neither NICD1 nor c-Myc, suggesting that other unknown
substrates of Fbxw7 might be involved in this increase.

The level of p27%#! in cells is a determinant of the
balance between proliferation versus quiescence. The
expression of this CKI is increased in cells subjected to
mitogen deprivation or otherwise rendered quiescent
(Coats et al., 1996; Besson et al., 2007). Similarly, the
expression of pS57¥¥? is increased in serum-deprived
osteoblasts (Urano et al, 1999) or MEFs (Kamura
et al., 2003). We have now shown that the expression of
p27%¥" and pS57%¥? is decreased in Fbxw7%* MEFs
compared with that in wild-type cells. Furthermore,
this effect of Fbxw7 deficiency was not apparent in the
absence of RBP-J. Notchl was previously shown to
induce the expression of Skp2, an F-box protein that
mediates the ubiquitin-dependent proteolysis of p27%¥#/
and p57%7?, with this effect being mediated at the
transcriptional level and resulting in the degradation of
p27%%! in 3T3 mouse fibroblasts (Sarmento et al., 2005).
However, the reduced expression of p27%¥/ and p57%#?in
Fbxw74'* MEFs was also apparent at the mRNA level.
Moreover, the induction of Skp2 mRNA was not
apparent either in Fhxw74* MEFs (data not shown) or
in wild-type MEFs expressing exogenous NICDI1
(Figure 2b). These results thus exclude the possibility
that upregulation of Skp2 induced by the accumulation
of NICD1 is primarily responsible for the downregula-
tion of p27%¥! and pS57%¥? observed in Fhxw7** MEFs,

Notch signaling has been implicated in repression of
the expression of p27%%/ and p57%¥? at the transcrip-
tional level. In Xenopus, for example, increased Notch
signaling results in inhibition of transcription of the gene
for Xicl, the frog orthologue of p27%%!, in the neural
plate, an effect that contributes to regulation of the
differentiation of primary neurons (Vernon et al., 2006).
In mouse intestinal crypt progenitor cells, Hairy/
enhancer of split 1 (Hesl), a well-characterized target

Oncogene

329

of Notch signaling, inhibits transcription of the genes
for both p27%*! and pS7%#?, contributing to maintenance
of the proliferative crypt compartment of the small
intestine (Riccio et al., 2008). Furthermore, induction of
Hesl resulted in direct inhibition of the activity of the
p27%7! gene promoter, with this effect being mediated by
the binding of Hesl to a class C binding site in the
promoter region (Murata et al., 2005). Transcription of
the p57%2 gene is also regulated by Hesl in the pancreas
(Georgia et al., 2006). In addition, the related transcrip-
tional repressor Heyl (hairy/enhancer-of-split related
with YRPW motif 1), which is also activated by Notch,
controls the size of the ocular lens by directly suppres-
sing p57%#? expression (Jia et al., 2007). These various
observations suggest that NICD1 or its downstream
transcriptional repressors might be responsible for
transcriptional inhibition of the p27%#’ and p57%%? genes
in Fbxw7** MEFs.

The Ink4a/Arf locus encodes the important tumor
suppressors pl6™ and p194#F, This locus is deleted in a
wide spectrum of tumors including melanoma, pancrea-
tic adenocarcinoma, glioblastoma, certain leukemias,
non-smali-cell lung cancer and bladder carcinoma
(Lomas et al., 2008; Maitra and Hruban, 2008; Solomon
et al., 2008). We have now shown that the expression of
pl6™ e and pl94#* is increased in Fbxw7* MEFs. This
upregulation did not appear to be attributable to
activation of Notch signaling, given that it was not
recapitulated by forced expression of NICD1 or
abolished by disruption of Rbpj. Conversely, c-Myc
was previously shown to regulate the Ink4a/Arf locus by
directly associating with E-box elements within the
genomic DNA (Guney et al., 2006). c-Myc is a highly
labile protein (half-life of ~30min), with its stability
being primarily determined by Fbxw7-mediated ubiqui-
tylation (Welcker et al., 2004; Yada et al., 2004). We
found that the expression of pl6™# and p194*F was also
increased at the transcriptional level in Fbxw7-deficient
MEFs. In addition, overexpression of ¢c-Myc in wild-
type MEFs resulted in an increase in the expression of
pl94%¥ (but not in that of pl6™4) at both the mRNA
and protein levels. Furthermore, the increased expres-
sion of pl94*F in Fbxw7%* MEFs was normalized by
genetic ablation of c-Myc, consistent with the notion
that the accumulation of c-Myc is primarily responsible
for the upregulation of p194*F in these cells. Given that
overexpression of c-Myc did not mimic the increased
expression of plé™“ apparent in Fbxw7-deficient
MEFs, pl6™“ might be regulated by an unknown
substrate(s) of the SCF*>*7 ubiquitin ligase (Figure 7).
The results of our study are consistent with the previous
observation that c-Myc appeared to have little, if any,
effect on pl167* expression in MEFs (Zindy et al., 1998;
Drayton et al., 2003).

The expression of p194%F in MEFs was shown to be
regulated at the level of protein stability as well as of
transcription. Our observation that the stability of
pl94%F ig increased in Fbxw7-null MEFs was unex-
pected, given that the amino-acid sequence of pl194**
does not contain a typical degron sequence for Fbxw7
(CPD, or Cdc4 phosphodegron). Several studies have



revealed functional relations among c-Myc, nucleophos-
min (NPM, also known as B23), pl194% and Fbxw7.
c-Myc thus induces p19+%F and NPM gene transcription,
and both pl94*F and NPM interact with and thereby
regulate c-Myc (Zeller et al., 2001; Datta et al., 2004; Qi
et al., 2004; Li et al., 2008). NPM also binds to p194*F
and protects it from degradation, as revealed by the
destabilization of pl194%* apparent in Npm MEFs
(Colombo et al., 2005). Furthermore, a recent study
suggested that NPM is required for the nucleolar
localization and stabilization of the y-isoform of Fbxw7,
which results in promotion of c-Myc degradation by
Fbxw7 (Bonetti et al., 2008). These lines of evidence
suggest that Fbxw7 regulates pl94*F expression at
various levels.

We have shown here that Fbxw7 regulates the
expression of the CKIs p27%¥7 and p57%*? and the
tumor suppressors plé™“ and pl94%F in opposite
directions through the degradation of NICDI1, c-Myc
and an unknown substrate(s) in MEFs (Figure 7). The
decrease in the expression of p27%#’ and p57*#? induced
by ablation of Fbxw7 may promote cell proliferation,
whereas the increase in that of p21<#/, pl6™“ and
pl94%" may induce growth arrest. The latter effect
appears to be predominant in Fbxw7-null MEFs,
suggesting that the impact of the upregulation of
p21¢7i) pl6/™a and pl94%F is greater than that of the
downregulation of p27%?’ and p57%¥2. Qur previous
study showed that the cell-cycle arrest in Fbxw74/4
MEFs is largely dependent on Notchl and p53
(Ishikawa ez al., 2008), suggesting that p21“%’ might be
the one of the most critical regulators for the cell-cycle
arrest, However, the increase in the abundance of p21¢#/
in Fbxw74* MEFs was not obvious in the previous
study in which aged MEFs (>1 week after gene
ablation) were used (Ishikawa et al., 2008), probably
because p21¢#! was upregulated in the control cells by
senescence that made the difference in p21#/ expression
less pronounced between wild-type and mutant cells. To
avoid the background increase of p21¢#/, we analyzed
the regulation of CKIs within 1 week after gene ablation
in this study, and found that p21“»’ was indeed
increased to a greater extent in Fbxw74% MEFs than
that in wild-type cells. We do not exclude the possibility
that other targets of p53 such as 14-3-3c might be
involved in the cell-cycle arrest of Fhxw742 MEFs. To
further investigate the role of p21<?/, generation and
characterization of Fbxw7%%, p217* MEFs will be
necessary. Collectively, given that FBXW?7 is a potential
oncosuppressor gene in various types of human cancer
(Nakayama and Nakayama, 2006; Akhoondi et al.,
2007; Welcker and Clurman, 2008), these molecular
interactions in MEFs may provide insight into the role
of Fbxw7 in carcinogenesis in a variety of tissues.

Materials and methods

Cells and viral infection
Fbxw7+'+, Fbxw7+/¥ and Fbxw7/F MEFs were prepared at
embryonic day 13.5 from embryos generated by mating of
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Fbxw7*/F mice (Onoyama et al., 2007) and were maintained as
previously described (Nakayama et al., 1996). Fbxw7¥/F Rbpj*'F,
Fbxw7FFp53-+ and Fbxw7"Fc-Myc*® MEFs were prepared
from embryos generated by breeding Fbxw7+/F Rbp/* " mice
(Han et al., 2002), Fbxw7*/p537 mice (Taconic, German-
town, NY, USA) or Fbxw7*Fc-MycFF mice (de Alboran et al.,
2004), respectively. All experiments in this study were
performed with nonsenescent MEFs (<2 passages) within 1
week after gene ablation. '

Complementary DNAs encoding Cre recombinase or mouse
NICD1 were subcloned into the retroviral vectors pMX-puro
or pMX-blast (Morita et al., 2000), and that encoding mouse
c-Myc was subcloned into the retroviral vector pBabe-puro
(Morgenstern and Land, 1990). Plat-E packaging cells were
transfected with these vectors with the use of the FuGENE6
reagent (Roche, Indianapolis, IN, USA), and culture super-
natants containing recombinant ecotropic retroviruses were
harvested. Conditional inactivation of Fbxw7, Rbpj or c-Myc
was performed by infection of MEFs harboring the corre-
sponding floxed (F) alleles with a retrovirus encoding Cre
recombinase. Proliferating MEFs were incubated with virus-
containing culture supernatants in the presence of Polybrene
(Qpg/ml) for 12h. At 24h after infection, the cells were
subjected to selection in medium containing puromycin (10 pg/
ml) or blasticidin (2 pg/ml) for 72h.

For serum deprivation, cells were washed twice with
phosphate-buffered saline and cultured for 96h in Dulbecco’s
modified Eagle’s medium supplemented with 0.05% fetal
bovine serum. For analysis of growth rate, we seeded cells in
15cm culture dishes at a density of 1 x 10° per dish, harvested
at the indicated times and counted using a hemocytometer.

RNA interference

For RNAij-mediated depletion of Notchl, 3 x 10° MEFs were
transfected with 2l of stock Stealth RNAi duplex (20 mm)
using Neon Transfection System (Invitrogen, Carlsbad, CA,
USA). At 24h after transfection, the cells were subjected to
serum deprivation in Dulbecco’s modified Eagle’s medium
containing 0.1% fetal bovine serum for 60h. Sequence
information for Notchl RNAI, 5¥-GGTCTGCAACCTGCAG
TGTAATAAT-3. As a control, Stealth RNAi Negative
Control Duplexes were used.

Quantitative RT-PCR analysis

Total RNA was isolated from cells and purified using an SV
Total RNA Isolation System (Promega, Madison, WI, USA).
Complementary DNA was synthesized from the RNA by
reverse transcription (RT) with the use of a PrimerScript RT
reagent kit (Takara Bio, Shiga, Japan) and was subjected to
real-time PCR analysis with a 7000 sequence detection system
and the Power SYBR Green dye (Applied Biosystems, Foster
City, CA, USA). Data were analyzed according to the 2744
method and were normalized relative to the amount of acidic
ribosomal phosphoprotein mRNA. The normalized abun-
dance of target mRNAs was expressed relative to the
corresponding value for wild-type or control cells. PCR was
performed with the following primers (forward and reverse,
respectively): acidic ribosomal phosphoprotein, 5-GGACCCG
AGAAGACCTCCTT-3 and 5'-GCACATCACTCAGAATTT
CAATGG-3; Fbxw7, 5-TGCAAAGTCTCAGATTATACC-¥
and 5-TTTCTCTCTCCAGAGAAGGTTATC-3'; HeyL, 5-GA
CGGCGAGTCTGATGGAC-3' and 5-TTCTTCCGGGCTT
GCATC-3; ple™ 5.GAACTCTTTCGGTCGTACCC-3’
and §-CAGTTCGAATCTGCACCGTAG-3’; p194%F, §-CAT
GTTGTTGAGGCTAGAGAGG-3' and 5-TGAGCAGAAG
AGCTGCTACG-3; p27%r, §-AACTAACCCGGGACTTG
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GAG-3 and 5-CACCTCCTGCCATTCGTATC-3; pS57%r2,
5'-CACTCTGTACCATGTGCAAGGAGTA-3' and 5-TTTC
TCTTTTTGTTTTGCACTGAGA-3'; Skp2, 5-TTAGTCGG
GAGAACTTTCCAGGTG-3¥ and 5-AGTCACGTCTGGG
TGCAGATTT-¥; cMyc, 5-TGAGCCCCTAGTGCTIGCA
T-3 and 5-AGCCCGACTCCGACCTCTT-3; and Notchl,
5'-CCGTTACATGCAGCAGTTTC-3' and 5-AGCCAGGAT
CAGTGGAGTTG-3'.

Protein analysis

Whole-cell extracts were subjected to immunoblot analysis as
described (Kitagawa et al., 1999). Primary antibodies included
those to c-Myc (N-262), Cdk4 (C-22) or p16"*# (M-156), all of
which were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); Notchl (Cell Signaling, Danvers, MA,
USA); p57%»? (B-5-1-2; Sigma, St Louis, MO, USA); p27%¥/,
p21¢#7 or Hsp90 (BD Pharmingen, San Diego, CA, USA); p53
(Novocastra, Newcastle, UK) and pl194%" (ab80; Abcam,
Cambridge, UK). For analysis of c-Myc or p19+% stability,
cells were exposed to cycloheximide (100 pg/ml) and harvested
at the indicated times thereafter.

Flow cytometry

For analysis of cell-cycle profile, cells were incubated with
10 um bromodeoxyuridine (BrdU; Sigma) for 60min and then
stained with propidium iodide and fluorescein isothiocyanate
(FITC)-conjugated antibodies to BrdU (BD Pharmingen).
Only cells with a DNA content of 2C or 4C were counted. For
detection of apoptosis, MEFs were harvested and stained with
FITC-conjugated annexin V and counterstained with propi-
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Methylation of histone H3 Lys 9 and Lys 27 (H3K9 and
H3K27) is associated with transcriptional silencing. Here
we show that KDM7, a JmjC domain-containing protein,
catalyzes demethylation of both mono- or dimethylated
H3K9 and H3K27. Inhibition of KDM7 orthologs in
zebrafish resulted in developmental brain defects. KDM7
interacts with the follistatin gene locus, and KDM7 de-
pletion in mammalian neuronal cells suppressed folli-
statin gene transcription in association with increased
levels of dimethylated H3K9 and H3K27. Our findings
identify KDM7 as a dual demethylase for H3K9 and
H3K27 that functions as an eraser of silencing marks on
chromatin during brain development.

Supplemental material is available at http://www.genesdev.org.
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Histone methylation status defines the epigenetic pro-
gram of a cell by determining chromatin structure and
thereby regulating DNA-dependent processes such as
transcription {Strahl and Allis 2000; Lachner et al. 2003;
Margueron et al. 2005; Martin and Zhang 2005). Histone
methylation has also been linked to regulation of neuro-
nal function {Iwase et al. 2007). The recent discovery of
histone demethylases revealed that histone methylation
is a more dynamic process than previously recognized,
and that most identified demethylases show a strict sub-
strate specificity limited to a single methylation site
{Bannister et al. 2002; Shi et al. 2004; Klose et al. 20061;
Tsukada et al. 2006; Shi and Whetstine 2007; Cloos et al.
2008; Lan et al. 2008). A number of histone demethylases
contain a JmjC domain, and a subfamily of JmjC domain-
containing proteins {comprising KIAA1718, PHFS, and
PHF2) is evolutionarily conserved from Caenorhabditis

[Keywords: Demethylase; JmjC; methylation; histone; chromatin; epi-
genetics]

SCorresponding author.

E-MAIL nakayak1@bioreg.kyushu-u.ac.jp; FAX 81-92-642-6819.
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elegans to humans and is characterized by the presence of
a PHD-type zinc finger motif in addition to the JmjC do-
main (Supplemental Fig. S1A). Whereas the human genes
for PHF8 and PHF2 are associated with X-linked mental
retardation and hereditary sensory neuropathy type I,
respectively (Hasenpusch-Theil et al. 1999; Laumonnier
et al. 2005; Abidi et al. 2007; Koivisto et al. 2007}, little is
known about KIAA1718. Bioinformatic analysis of the
JmjC domains of KIAA1718, PHF8, and PHF2 indicated
that predicted Fe[ll}- and a-ketoglutarate {a-KG}-binding
sites are conserved, with the exception of the former in
PHF2, and that they share extensive similarity with the
JmjC domain of JHDM1/KDM2 (Supplemental Fig. S1B).
Conservation of residues within the putative cofactor-
binding sites of KIAA1718 suggested that this protein
might possess histone demethylase activity, and there-
fore might also contribute to transcriptional regulation of
genes in the nervous system.

Results and Discussion

KIAA1718 possesses histone demethylase activity

To examine whether KIAA1718 indeed possesses histone
demethylase activity, we generated the mouse protein
tagged with the Flag epitope at its C terminus in insect
cells (Fig. 1A}, and incubated the recombinant protein
with histone substrates labeled with ®H at various char-
acterized methyl-lysine or methyl-arginine sites by cor-
responding histone methyltransferases (HMTs). Histone
demethylase activity was monitored by measurement of
the release of the labeled demethylation product, form-
aldehyde. Substantial release of labeled formaldehyde
was observed in the reaction mixture containing histone
H3 labeled on Lys 9 (H3K9) by G9a, but not in those
containing histone substrates modified by other HMTs
{Fig. 1B). Consistent with the notion that the observed
enzymatic activity was intrinsic to KIAA1718, formalde-
hyde release from G9a-labeled H3 was dependent on
KIAA1718 concentration (Fig. 1C). To ascertain whether
the demethylation mediated by KIAA1718 is oxidative in
nature, with Fe(ll} and «-KG as cofactors, we examined
whether the enzymatic activity of KIAA1718 is depen-
dent on these cofactors. The release of formaldehyde
mediated by KIAA1718 was indeed found to require both
Fe(ll) and «-KG {Fig. 1D). Ascorbate was also required for
the enzymatic activity, presumably as a result of its
ability to regenerate Fe(ll) from Fe(lll). To verify further
that the observed enzymatic activity is attributable to
a genuine demethylase, we generated recombinant forms
of KIAA1718 that either lack the JmjC or PHD domains
or contain a mutation {H282A) in the Fe{ll}-binding site
in insect cells {Fig. 1E). Analysis of similar amounts of
the mutant proteins for histone demethylase activity
revealed that deletion of the JmjC domain or mutation
of His?®2 abolished the activity of KIAA1718, whereas the
PHD domain appeared to be dispensable for such activity
(Fig. 1E,F). Together, these results showed that KIAA1718
is a histone demethylase capable of removing methyl
groups from H3K9. Given that histone demethylase ac-
tivity is the first function attributed to KIAA1718, we
named this protein KDM?7 on the basis of the previously
described nomenclature (Allis et al. 2007).
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Figure 1. KIAA1718 is a histone demethylase that targets H3K9. (A, right lane} SDS-polyacrylamide gel electrophoresis with Coomassie blue
staining of a C-terminally Flag-tagged recombinant KIAA1718 protein. Molecular size standards are shown in the left lane. {B) Histone
demethylase activity of purified KIAA1718-Flag with various methylated histone substrates. The HMTs used to generate the various substrates
and their sites of methylation are indicated. The methylated substrates were generated with the indicated forms of histone {{C] core histone
octamer; [O] oligonucleosome) on the basis of the substrate preference of each HMT. The presented counts have been corrected for control
counts. {C) Histone demethylase activity of the indicated amounts of KIAA1718-Flag. {D) Effects of removal of Fe(ll}, «-KG, or ascorbate from the
reaction mixture on the histone demethylase activity of KIAA1718-Flag with G9a-methylated histone substrate. {E] Schematic representation of
wild-type (WT)} and mutant forms of KIAA1718 showing whether they are active [+] or inactive (-} as H3K9 demethylases. {F, bottom panel)
Demethylase activity of purified wild-type or mutant forms of KIAA1718-Flag with G9a-methylated histone substrate, (Top panel} The similar
amounts of KIAA1718-Flag proteins used in the demethylase assay are revealed by immunoblot analysis with antibodies to Flag {a-Flag).

KDM7 is a dual demethylase for dimethylated
and monomethylated H3K9 (H3K9me2/mel)
and H3K27me2/mel

To define the substrate and modification state specific-
ity of KDM7, we included core histones as substrates
in demethylation reaction mixtures and examined the
modification status of individual methylation sites by
immunoblot analysis with a series of methylation-
specific antibodies. Wild-type KDM7 mediated a marked
decrease in the methylation level of both H3K9me2 and
H3K27me?2, without affecting that of other histone meth-
ylation sites {Fig. 2A; Supplemental Fig. S2A). In addi-
tion, KDM7 efficiently removed methyl groups from
H3K9me2 and H3K27me2 in core histones, but not from
those in mono- or oligonucleosomes (Supplemental Fig.
S2B,C). These results suggested that KDM7 prefers core
histones rather than mono- or oligonucleosomes as sub-
strates, and explain why demethylase activity was not
detected by the radioactive formaldehyde release assay
with nucleosomal histones methylated by the HMT

EZH?2 (Fig. 1B). They also suggested that the low level .

of reactivity apparent in the formaldehyde release assay
with oligonucleosomes modified by DOT1 or Suv4-20hl
as substrates does not reflect demethylase activity of
KDM?7. To refine further the specificity of KDM7, we
used methylated peptides as substrates in demethylation
reactions and analyzed the removal of methyl groups
from the peptides by mass spectrometry. This assay
showed that KDM7 removed methyl groups from both
H3K9me2 and H3K27me2 (Fig. 2B,C), eliminating the
possibility of cross-reaction of antibodies between meth-
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ylated H3K9 and H3K27 in the immunoblot analysis.
KDM?7 also demethylated both H3K9mel and H3K27mel
(Fig. 2B,C}, activity that was not apparent by immunoblot
analysis (Fig. 2A), probably because demethylation by
KDM?Y is not highly processive, so that a reduction in the
level of monomethylation is masked by production of
monomethylated histone from dimethylated histone in
a reaction with core histones that contain all three states
of methylation, as compared with peptides contain-
ing a single monomethylation state. No demethylation
was detected with trimethylated H3K9 (H3K9me3)} or
H3K27me3 peptides. A low level of demethylation activ-
ity was also apparent with an H3K36me2 peptide, but no
demethylation of H3K36mel or H3K36me3 was detected
{Fig. 2D). The decrease in mass corresponding to a methyl
group was not detected in reaction mixtures containing
other methylated histone peptides (Supplemental Fig. S3).
Together, these data suggested that KDM?7 is an authentic
histone demethylase with the ability to mediate the
direct removal of methyl groups from H3K9me2/mel
and H3K27me2/mel.

Zebrafish KDM7 orthologs possess histone
demethylase activity for H3K9/K27 and are expressed
predominantly in the brain

To explore the biclogical function of KDM7 in vivo, we
characterized the KDM?7 orthologs in zebrafish—
LOC321248 and LOC558416, hereafter designated
drKDM7a and drKDM7b, respectively {Supplemental
Fig. S1A}—both of which were also found to manifest
histone demethylase activity toward H3K9me2 and
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Figure 2. KDMY7 is a histone demethylase specific for dimethylated or monomethylated H3K9 or H3K27. (A} Calf thymus core histones were
incubated in the absence or presence of 5 pg of wild-type or H282A mutant forms of KDM7-Flag, after which histone demethylation was
evaluated by immunoblot analysis with antibodies to specific modified histones, as indicated on the left. {B-D} Mass spectrometric analysis of
the demethylase activity of 4 ug of wild-type or H282A mutant forms of KDM7-Flag with methylated H3K9, H3K27, or H3K36 peptide
substrates. Numbers represent the masses of the peptide substrates and products.

H3K27me2 in core histones {Supplemental Fig. S4A). We
first examined the expression patterns of kdm7a and
kdm7b during development by in situ hybridization.
Transcripts corresponding to kdm7a and kdm7b were
detected as early as the post-somitogenesis stage at 24 h
post-fertilization (hpf) in the brain and tail bud {Fig. 3A,B),
whereas no signals were observed in embryos at 6 or
12 hpf {data not shown). The expression of both kdm7
genes became prominent in the tectum, hindbrain, fin
bud, and gill at 48 hpf {Fig. 3A,B). Corresponding sense
probes did not yield any signals at these various stages of
development {Supplemental Fig. S4B), indicating that the
signals attributed to kdm?7 transcripts were specific.

Zebrafish KDM7 orthologs are required for tectum
development

Given that both kdm?7 genes are expressed predominantly
in the brain, we examined whether drKDM7 might
function in brain development. To examine this possibil-
ity, we inhibited the function of drKDM7 with the use of
two splicing-blocking antisense morpholino oligonucleo-
tides (MOs) that independently target kdm?7a or kdm?7b.
We also studied the stable transgenic line Tg{HuC:
Kaede), which expresses the fluorescent protein Kaede
in neurons under the control of the vertebrate neuron-
specific promoter of the HuC gene, in order to visualize
neurons (Sato et al. 2006). The level of mature mRNAs
derived from the two kdm7 genes was reduced specifi-
cally in embryos injected with the corresponding MO,
but not in those injected with a control MO {Supplemen-
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tal Fig. S5A). At 48 hpf, embryos that had been subjected
to simultaneous injection of both kdm7 MOs at the one-
cell stage manifested a curly tail and marked decrease
in size of the tectum (Fig. 3C,D), consistent with the
observed expression of kdm?7 in the brain and tail bud.
Importantly, the reduction in tectum size was accompa-
nied by the loss of neurons from this region, although
neurons in the spinal cord and other regions of the brain
were unaffected (Fig. 3D; Supplemental Fig. S5B,C). In
contrast, injection of MOs specific for each kdm7 gene
alone elicited only marginal effects compared with those
of the control MO, a finding likely attributable to func-
tional redundancy of the two kdm?7 genes. The persis-
tence at 72 hpf of the phenotypes of the embryos injected
with both Kdm7 MOs eliminates the possibility that they
were attributable to developmental delay {Fig. 3C; Sup-
plemental Fig. S5B,C}. Embryos that had been subjected
to simultaneous injection of another set of MOs that
independently target kdm7a and kdm7b also manifested
phenotypes (Supplemental Fig. $6) similar to those ob-
served with the original set {Fig. 3C,D), suggesting that
the phenotypes were the specific consequence of deple-
tion of kdm7 transcripts. Coinjection of a validated
MO for p53 {Robu et al. 2007) with either of the two
independent sets of MOs for kdm7 did not affect the
phenotypes induced by MO-mediated depletion of kdm7
transcripts (Supplemental Fig. §7}, eliminating the possi-
bility that the phenotypes were the result of p53 activa-
tion. Given that the phenotypes were not attributable
to cell death {Supplemental Fig. S8}, dtKDM7 might reg-
ulate the proliferation or differentiation of neurons. On
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Figure 3. Zebrafish kdm?7 genes are expressed predominantly in brain and are required for tectum development. {A] In situ hybridization of
whole-mount zebrafish embryos at the indicated stages {hpf} with antisense kdm7a or kdm7b RNA probes. {B) In situ hybridization of whole-
mount embryos at 48 hpf (left and middle panels} or 24 hpf (right panels] with antisense kdm7a or kdm7b RNA probes. Lowercase letters
indicate the tectum {t}, hindbrain {h}, fin bud (f}, and gill (g). Arrowheads indicate the tail bud. {C) The Tg{HuC:Kaede} embryos were injected at
the one-cell stage with antisense MOs for kdm7a {5 ng} or kdm7b (5 ng} or with a control MO {5 or 10 ng for a total of 10 ng of MO) in the
indicated combinations. The morphology of the embryos at the indicated times (hpf) was examined by bright-field microscopy. {D] Morphology
of the head region of embryos at 48 hpf that were injected with MOs as in C. {Bottom panels] Neurons expressing Kaede under the control of the
HuC gene promoter were visualized by fluorescence microscopy. Arrowheads indicate the tectum or presumptive tectal region. Bright-field

images are shown in the top panels.

the other hand, ectopic overexpression of a fragment of
drKDM7a comprising amino acids 1-480 {which mani-
fested demethylase activity similar to that of the full-
length protein] achieved by mRNA injection at the one-
cell stage resulted in severe developmental defects in
zebrafish embryos {Supplemental Fig. $9), suggesting that
spatially and temporally regulated expression of drKDM7
is necessary for proper development. Together, these
results thus indicated that KDM7 plays an important
role in brain development.

KDM?7 directly regulates transcription and H3K9me?2
and H3K27me?2 levels of the follistatin gene

Quantitative RT-PCR analysis revealed that Kdm?7
mRNA was more abundant specifically in the cerebrum
and cerebellum than in other mouse tissues, although
low levels of Kdm?7 expression were apparent in a wide
spectrum of tissues in the mouse (Supplemental Fig.
S10A). To investigate the molecular basis for the ab-
normal brain development in zebrafish embryos depleted
of &rtKDM7, as well as the function of KDM7 in neu-
rons, we examined the effect of KDM7 depletion on the
mRNA profile of the mouse neuroblastoma cell line
Neuro24, in which the abundance of KDM7 was found
to be greater than that in other cell lines originating from
various tissues (Supplemental Fig. S10B). To this end, we
stably transfected Neuro2A cells with vectors for two
shRNAs—KDI1 and KD2—that target two different re-
gions of mouse Kdm7 mRNA. Quantitative RT-PCR and
immunoblot analyses revealed that the amounts of Kdm7
mRNA and KDM?7 protein were markedly decreased in
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cells transfected with either of these vectors compared
with those in parental cells or in cells transfected with
a vector for a control shRNA (Fig. 4A,B). Microarray
analysis of mRNAs in control cells and in those depleted
of KDM7 resulted in the identification of genes whose
expression was affected by KDM7 depletion (Supplemen-
tal Fig. S10C). One of these genes whose expression
was markedly decreased by loss of KDM7 was that
for follistatin, on which we initially focused, given that
follistatin functions as an endogenous inhibitor of mem-
bers of the transforming growth factor (TGF)-8 superfam-
ily, including activin, which plays an important role in
brain development (Hemmati-Brivanlou et al. 1994; Lin
et al. 2003; Zhu et al. 2008). We confirmed by quantitative
RT-PCR analysis that the abundance of follistatin
mRNA was decreased in Neuro2A cells depleted of
KDM?7 (Fig. 4C). Consistent with the results obtained
with Neuro2A cells, depletion of KDM7 by RNAi in
primary cultured mouse neurons also resulted in down-
regulation of follistatin mRNA (Fig. 4D).

To determine whether the follistatin gene is a direct
target of KDM7, we performed a series of chromatin
immunoprecipitation {ChIP) experiments to examine its
promoter and coding regions in Neuro2A cells (Fig. 4E}.
This analysis revealed the association of KDM7 with the
follistatin gene, predominantly around the transcription
start site (Fig. 4F). To investigate the consequences of
this association, we analyzed H3K9me2 and H3K27me2
levels in the promoter and coding regions of the gene.
Depletion of KDM7 resulted in an increase in both
H3K9me2 and H3K27me2 levels around the transcrip-
tion start site of the gene that appeared to correlate
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with KDM7 occupancy {Fig. 4G). Depletion of KDM7 by
RINAI in Neuro2A cells did not markedly affect H3K9me3
levels of the follistatin gene (Supplemental Fig. S11A). In
contrast, depletion of KDM7 paradoxically increased
H3K27me3 levels in the entire region of the gene (Sup-
plemental Fig. S11B), although KDM7 showed no activity
toward H3K27me3 in vitro. Given that the regions in
which H3K27me3 levels were increased did not corre-
late with KDM7 occupancy, the observed changes in
H3K27me3 levels were most likely an indirect effect of
KDM?7 depletion. These results suggested that the folli-
statin gene is a direct target of KDM7-mediated tran-
scriptional activation.

We thus examined whether the zebrafish follistatin
gene is dysregulated in kdm7 morphants with the use of
in situ hybridization. Whereas control morphants showed
expression of the follistatin gene in an anterior edge
region of the tectum at 48 hpf, kdm7 morphants man-
ifested a substantial decrease in such expression (Fig. 4H).
The down-regulation of follistatin gene expression in this
particular region was sustained at 60 and 72 hpf (Supple-
mental Fig. S12A). The corresponding sense probe did not
yield any signals at the corresponding stages {Supplemen-
tal Fig. S12B). These results thus suggested that KDM?7 is
recruited to specific regions of the genome, and there
functions as an H3K9 and H3K27 demethylase in vivo.
To investigate whether follistatin contributes to brain
development in zebrafish, we inhibited the function of
follistatin with the use of two independent MOs that
target the follistatin gene. At 48 hpf, embryos that had
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been injected with either follistatin MO at the one-cell
stage manifested a loss of neurons from the tectum
region, although neurons in the spinal cord and other
regions of the brain were unaffected (Supplemental Fig.
S13). Coinjection of the validated MO for p53 did not
affect this phenotype (Fig. 41; Supplemental Fig. S13C).
Together, these results indicated that KDM7 contributes
to brain development at least in part through regulation
of follistatin gene expression.

Methylation of H3K9 and H3K27 is linked to formation
of tightly packed chromatin {heterochromatin) and tran-
scriptional silencing {Martin and Zhang 2005). We
showed here that KDM?7 is a histone demethylase that
catalyzes demethylation at both H3K9 and H3K27.
Among the JmjC domain-containing histone demethy-
lases, only JHDM3/JMJD2 has been shown to act as a dual
demethylase, targeting both H3K9 and H3K36 and func-
tioning as a transcriptional repressor of the ASCL2 gene,
although the consequence of simultaneous methyla-
tion of these sites remains unclear {Klose et al. 2006b;
Whetstine et al. 2006). We therefore propose that KDM7
functions as an eraser of silencing marks on chromatin
to unlock gene silencing. Consistent with this notion,
we found that removal of methyl groups from H3K9
and H3K27 by KDM?7 is associated with transcriptional
activation of the follistatin gene. KDM7 belongs to the
subfamily of JmjC domain-containing proteins composed
of PHF2 and PHF8 in addition to KDM7. The expression
of Phf2 is concentrated in the embryonic neural tube and

Figure 4. KDM7 directly regulates transcription and both
H3K9me?2 and H3K27me2 levels of the mouse follistatin gene. {A}
Quantitative RT-PCR analysis of Kdm7 mRNA in Neuro2A cell
lines stably transfected with vectors for one of two KDM7 shRNAs
{KD1 or KD2J, with a vector for a control {EGFP} shRINA, or with the
empty vector. The amount of Kdm7 mRNA was normalized by that
of Gapdh mRNA, and the normalized values are presented relative
to that for the parental cells. Data are means + SD. {B} Immunoblot
analysis of KDM7 and Hsp70 {loading control) in the cell lines
described in A. {C) Quantitative RT-PCR analysis of follistatin
mRNA in the cell lines described in A. The amount of follistatin
mRNA was normalized by that of Gapdh mRNA, and the normal-
ized values are presented relative to that for the cells transfected
with the empty vector. Data are means * SD. {D} Quantitative RT-
PCR analysis of Kdm7 and follistatin {Fst} mRNAs in primary
cultured mouse neurons treated with control or Kdm7 siRNAs.
The amounts of Kdm7 and follistatin mRNAs were normalized by
that of Gapdh mRNA, and the normalized values are presented
relative to that for control cells. Data are means *+ SD. {E) Schematic
representation of the mouse follistatin genomic locus. The region
from a to i was analyzed by ChIP experiments. The transcription
start site is indicated by the arrow. (F,G) ChIP analysis of the relative
occupancy of the sites in the follistatin genomic region indicated in
E with KMD7 {F), as well as with H3 {white bars), H3K9me2 (gray
bars), and H3K27me2 (black bars) {G). The analysis was performed
with cells stably transfected with the vector for EGFP shRNA
{control} and with cells stably expressing the KD1 shRNA for
KDM?7 (KD, and the resuits are presented as the percent of input
for control cells {F) or the control/KD ratio {G). All data are means *+
SD. {H} In situ hybridization of whole-mount zebrafish embryos at
48 hpf with an antisense follistatin RNA probe. Arrowheads indicate
regions expressing the follistatin gene in embryos injected at the
one-cell stage with antisense MOs for kdm7a {5 ng) and kdm7b
{5 ng} or with a control MO (10 ng). {I} The Tg{HuC:Kaede} embryos
were injected at the one-cell stage with antisense MOs for follistatin
{5 ng} or p53 {5 ng) genes or with a control MO {5 ng} in the indicated
combinations. The morphology of the embryos at 48 hpf was
examined by bright-field {left panels} or fluorescence {right panels)
microscopy. Arrowheads indicate the tectum or presumptive tectal
region.
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