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FIG.4. Theexpression of PRIP-1 and -2. Tissue extracts of hypothalamus,
pituitary glands, testis, and ovaries were prepared from WT mice at the
age of 3 mo by homogenization with a Teflon pestle, and at a protein
concentration of 20 pg each was separated by SDS-PAGE, followed by
immunoblotting with antibodies against PRIP-1 and PRIP-2, with B-tubulin
as a control. Samples from DKO mice were also prepared as negative
control. The density of individual bands normalized with B-tubulin were
represented relative to that observed with male hypothalamus. Blots
shown are of typical, and the graphs show the summary of four
independent experiments (mean = SEM).

respectively, were identified. There was little difference in
LHR or FSHR expression levels in the ovary between WT and
DKO mice (Fig. 8C).

DISCUSSION

The present study was initiated by the observation that DKO
mice exhibited a decreased number of pups per litter and fewer
litters. Higher serum levels of the gonadotropins LH and FSH
were observed with DKO females, and the increased estrous
days were also shown in the DKO by histological analysis of
vaginal smears. In humans, there are some clinical observations
that hypersecretion of LH impairs fertility in females by the
disruption of ovarian function or maintenance of pregnancy
[23-25]. Elevated FSH is also associated with reproductive
impairment. Increasing basal FSH is related to a shorter
follicular phase [26-28] and cycle length [29-31] in aging
females before menopause transition. Elevated basal levels of
gonadotropins lead to reproductive defects; however, the
mechanisms have remained obscure because of the multiple
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FIG. 5. Serum gonadotrapin levels. Blood samples were taken from five
WT and DKO females at the age of 3 mo for 5 or 6 consecutive days for
FSH or LH, respectively, and their serum levels of LH (A) and FSH (B) were
measured by ELISA. Each color on the graph indicates the values of
individual mice. The histograms shown on the right represent the average
serum gonadotropin levels measured in the experiment, but values below
the detectable level (DL; less than 200 pg/ml for LH and FSH) were
omitted from the calculation. Data show the means * SEM for four to five
mice each (Student t-test, *P < 0.05).

causes of female reproductive disorders associated with
increased LH and/or FSH.

The hierarchical HPG axis is central to gonadohormone
secretion in conjunction with positive and negative feedback
mechanisms. The impairment of progesterone biogenesis from
cholesterol in ovaries of DKO mice might be a primary cause
for higher serum levels of gonadotropins mediated by the
negative feedback loop. However, this notion attributed to
progesterone biogenesis would be unlikely because the explant
of the pituitary glands from DKO mice secreted more LH,
independent of the amount of progesterone, and the ovary
contains less PRIP than the hypothalamus and pituitary gland.
The upregulation of GnRH secretion in DKO mice might be
the cause for the higher levels of LH and FSH in accordance
with the hierarchy, but this could not be experimentally
qualified because it is difficult to measure serum levels of
GnRH streaming in the hypophysial portal system. GnRH
neurons were reported to be modulated by activities of GABA
receptors [32], the properties of which have been altered in
DKO mice [18, 33]. In cases of either dependence on or
independence of GnRH, the upregulation of secretion from
pituitary glands would be more probable. Total contents of LH
and FSH in the pituitary lobes was decreased in DKO mice, but
the mRNA levels remained constant, suggesting that the
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FIG. 6. LH secretion from the explant of A
anterior pituitary gland. Anterior pituitary

glands from WT (cross-hatched bars) and

DKO (black bars) mice at the age of 3 mo

were cultured. The medium was collected

vehicle buserelin stimulation
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B

vehicle _high K* stimulation

and replenished with the same volume of
fresh medium at 5, 15, 30, and 60 min in
the presence of 40 nM buserelin (A) or high
K* solution (B), and the medium without
any stimulation was also collected after 60
min of incubation as the basal secretion
(Basal sec.). LH levels secreted in the media
were measured by ELISA and are repre-
sented in picograms per minute of incuba-
tion. Graph shows the mean = SEM (n =5,
Student t-test, *P < 0.05, **P < 0.01;
significant difference from those observed
with WT).
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constitutive upregulation of gonadotropin secretion results in
decreased intrapituitary level of gonadotropins. Overall,
upregulation of the secretion of ILH and FSH from the pituitary
glands appears to be the characteristic acquired by DKO mice.
Isolated lobes of pituitary glands secreted more LH in response
to both buserelin, an analog of GnRH, and high K solution.
Buserelin binds to the GnRH receptor of pituitary gonado-
trophs, activating GnRH signaling to trigger Ca®" release from
storage sites through the action of Ins(1,4,5)P, following PLCJ
activation [34-37], which would be followed by storage-
operated Ca?t influx [34, 35]. On the other hand, high K*
solution bypasses the signaling mediated by receptor/
Ins(1,4,5)P,, but directly activates voltage-dependent Ca**
influx. DK30 pituitary lobes secreted more LH in a similar

FIG. 7. The expressions of LH and FSH in A
anterior pituitary gland. A) Total RNA,
prepared from the anterior pituitary gland of
3-mo-old WT and DKO mice, were sub-
jected to RT-PCR with appropriate primers,
described in Materials and Methods.
Equivalent use of RNA was confirmed by the
amplification of glyceraldehyde-3-phos-
phate dehydrogenase (G3PDH). Graphs
show the quantification of LH and FSH
mRNA levels. Each amount of mRNA
obtained from quantitative RT-PCR analysis
was normalized with that of individual 18s
ribosomal RNA and represented relative to
that of WT. Messenger RNA samples pre-
pared from three mice were analyzed, done
in triplicate (mean = SEM). B) immuno-
blotting was performed using 20 ug of the

cell extracts from the anterior pituitary B

gland of both genotypes by antibodies

against B-subunit of LH and FSH, and by B- A
tubulin as a control. Graphs indicate the )

amount of LH and FSH in pituitary extracts.
Extracts from the anterior pituitary gland of
3-mo-old WT and DKO mice were used to
measure with a respective ELISA kit. The
amount of LH and FSH was represented in
picograms per milligram of total protein.
Values are the mean * SEM of three
independent experiments (n = 3, Student ¢t-
test, *P < 0.05).
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manner, independent of the type of stimulation, indicating that
PRIP is actually related to the events after the increase of Ca*"
concentration. Furthermore, basal constitutive secretion with-
out any stimulation was also higher in DKO lobes, indicating
the independence of GnRH and the associated changes in
intracellular Ca®*, apart from pulsatile secretion of LH
observed in vivo [38, 39]. FSH secretion was also upregulated
in DKO mice. It appears that the pituitary gonadotrophs of
DKO mice potentially secreted more gonadotropins, rather than
that the higher serum levels of gonadotropins in DKO mice are
solely dependent on the higher secretion of GnRH. Several
studies reported that LH and FSH are secreted via different
respective pathways after their biosynthesis [39, 40]. These
reports and the results observed with DKO mice suggest that
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FIG. 8. Serum levels of sex steroid hor-

o < s‘.,o mones and the expression of receptors for
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B LHR serum samples as for the assays shown in
o Figure 5 were used for the measurement of
o 151 FSHR progesterone (A) and 17p-estradiol (B)
c levels by ELISA. The day-by-day changes of
e 1.0 - * B-actin [= the hormones were not displayed, but the
a8 average of the measurements, omitting
7 those below DL, is shown as the mean *
g, 0.5 4 22 P 1.2 1 SEM of 12-20 serum samples for each
o % T genotype. *P < 0.05. WT and DKO ovary
o S ) 1.0 1 extracts was analyzed for gonadotropin
0 S e2 0.8 receptors by immunoblotting using the
5 indicated primary antibodies (C). The den-
WT DKO %‘g 0.6 1 sity was normalized with that of f-actin and
B £ 0.4 was represented relative to that observed
7 | a with WT. Graphs show the summary of
- 0.2 three independent immunoblots (mean *
E 61 ookon 0.0 SEM).
B 5 WT DKO
3 4 < 1.2
- 3 T 1.0 RR]
o # K
s 21 Lg0.8] EXX
7] s% R
w 1 o = 0.6 ::::::::
£2 s
0 w041 kg
WT DKO 8 021 B
o 0 ] '00‘0.‘

PRIP plays an inhibitory role in the events related to granules
or dense-core vesicle exocytosis in both a constitutive and
facilitated manners. Thus, PRIP deficiency would result in the
increased secretion of gonadotropins, which reminded us of our
previous publication in which PRIP-1 KO mice showed higher
serum levels of insulin [41].

In addition to SNARE proteins and synaptotagmins, many
molecules, including small G proteins (rab) and their regulatory
proteins (GAP, GEF, rabphilin, RIM, etc.), UNC13 (also known
as Munc-13), and STXBP (also known as Munc-18), are
implicated in vesicular fusion processes [42-44]. Among these
molecules, one candidate to work with PRIP in a competitive
manner would be CADPS (Ca**-dependent activator proteins
for secretion, also known as CAPS comprising CAPS1 and 2),
which was first identified as a molecule to activate Ca®*-
triggered dense-core vesicle exocytosis in permeable neuroen-
docrine cells [45, 46]. The precise molecular mechanisms
enhancing exocytosis remain to be elucidated, but CADPS
activity depends upon prior ATP-dependent priming, during
which phosphatidylinositol-4,5-phosphate synthesis occurs.
Following synthesis of the lipid, CADPS functions to enhance
Ca”*-dependent dense-core vesicle exocytosis as the binding
protein via the PH domain [47]. As described earlier, PRIP also
shares the PH domain in the domain organization, and X/Y
barrel acts as a PLC-mimicking domain that lacks catalytic
activity, but could accommodate the phosphoinositides (results
not shown). A recent report indicated that CADPS functions not
only in Ca®* dependently, but also with constitutive exocytosis
downstream of vesicle docking [48]. Furthermore, rabphilin
could also be a candidate to work with PRIP because the
molecule is reported to bind phosphatidylinositol-4,5-phosphate
via its C2 domain [49, 50].

FSH stimulates follicle development, leading to 17p-
estradiol synthesis. This elevated level of 17p-estradiol then
results in an LH surge in a positive-feedback manner, followed
by ovulation. LH also stimulates progesterone release; however,
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decreased levels of progesterone and little difference in 17p-
estradiol were observed in DKO mice, although gonadotropin
levels were elevated. No apparent difference in the number and
histology of corpus luteum was observed between two
genotypes. One possibility to explain this contradiction is that
the expressions of LHR and FSHR are lower in DKO ovaries,
caused by their down-regulation because of constant hyper-
stimulation. The result assessed by immunoblotting appears to
exclude this possibility; however, this included the receptors of
whole tissue extracts, not only functional receptors on the cell
surface. Furthermore, signaling pathways following ligand
binding might be down-regulated in DKO mice.

Smaller uteri were observed in 6-mo-old DKO females.
Because little difference in the size of the uterus between two
genotypes was observed in mice up to the age of at least 12 wk,
retardation in the maturation step of the uterus occurs after
puberty. 17B-Estradiol is involved in the development and
maintenance of the uterus, and progesterone is involved in
maintaining the uterus condition for fertility. A decreased level
of progesterone might lead to a smaller uterus and reduce
fertility. A previous report indicated that transgenic LHBCTP
females in which LH was elevated presented a hormone
imbalance causing a defect in uterine receptivity, resulting in
the induction of midgestation pregnancy failure [51]. Such
defects might also occur in these DKO females because of
elevated LH levels.

This study introduced a novel molecule named PRIP into
the reproductive system, probably through regulating gonad-
otropin levels, but further studies are apparently required to
explore how PRIP is involved in regulation of the gonadotropin
level and the reproduction system.
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This study focused on a cell cycle regulatory gene, FBXW7, which ubiquitinates c-Myc and cyclin E and promotes exit from the
cell cycle. We determmed the expressmn level of FBXW7 in co!orectal cancer (CRC) cases, correlated those values with
clrmcopathotog:c features, and charactenzed the molecular mechamsm of reduced expression of FBXW7 in CRC cells in vitro.
_FBXW7 mRNA and protem expressuon were evaluated in 93 CRC cases. Usmg CGH array, the copy number aberrations of the
flanking regmn of FBXW7 were evaluated in another 130 CRC specimens. In. wtro analysis of FBXW? gene silencing in CRC
cells was conducted. FBXW; mRNA expression was sigmfcantly lower in tumor tissues than the corresponding normal tissues.
The low FBXW?gxpressxon group showed a SIgmf‘ cantly poorer prognosis than patients in the high expression group. A ;
concordant relationship was observed between the incidence of FBXW7 repression and the genetic alteration. The incidence of
© genetic alteration was associated with the stage of disease progression. I vitro, FBXW7-specific siRNA enhanced expression
- of ¢-MYC and cyclin E proteins and up-regulated cell proliferation. Genetic alterations in tumors led to the loss of FBXW7
_ expression and increased cell proliferation. FBXW7 expression provides a prognostic factor for patients with CRC.

Normal cell growth and differentiation require appropriate
regulation of the cell cycle. Deregulated cell cycle control is a
fundamental aspect of cancer, resulting from mutation, dele-
tion and transcriptional repression of genes such as pRB, and
p53. Ubiquitin-mediated proteolysis is known to regulate the

Key words: FBXW?7, colorectal cancer, c-Myc, cyclin E, CGH array
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version of this article.
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degradation of many proteins involved in the control of cell
differentiation and growth.! Skp2 and FBXW?7, F-box pro-
teins containing components of the Skipl-Cull-F-box (SCF)
ubiquitin ligase complexes, have been well characterized and
shown to play important roles in degradation of proteins reg-
ulating cell cycle progression. Therefore, the altered expres-
sion of FBXW? is recognized to be one of the major causes
of carcinogenesis or cancer development’™ We have been
focusing on expression of these cell cycle regulating genes in
breast and gastric cancer.” In the current study, we examined
FBXW?7 which promotes the degradation of cyclin E, c-Myc,
¢-Jun and Notch and thereby negatively regulates these key
oncoproteins.®

In an animal model, Onoyama et al. demonstrated condi-
tional inactivation of Fbw7 in the T cell lineage of mice
which later manifested thymic hyperplasia and eventually
developed thymic lymphoma.” These results showed that
FBXW7 plays an important role in malignant alterations of
solid tumors. Thus far, there have been few studies regarding
the clinicopathologic significance of FBXW?7 expression in
human colorectal cancer (CRQC).

In the present study, we examined copy number aberra-
tions of FBXW7 in a series of 130 CRC specimens using laser
microdissection and a comprehensive genome hybridization
(CGH) array. Then, we investigated FBXW7 gene expression
in another subset of 93 CRC samples with well-known clini-
copathologic characteristics, including prognosis. The clinico-
pathologic significance of FBXW?7 loss was validated biologi-
cally by CRC cell lines using siRNA interference.
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Material and Methods

Clinical samples

Ninety-three CRC patients underwent surgical treatment at
the Kyushu University at Beppu and affiliated hospitals
between 1993 and 1999, Resected tumor and paired nontu-
mor tissue specimens were immediately cut from resected co-
lon and placed in RNAlater (Takara, Japan) or embedded in
Tissue Tek OCT medium (Sakura, Tokyo, Japan), or frozen
in liquid nitrogen and kept at —80°C until RNA extraction.
Written informed consent was obtained from all patients,
The median follow-up period was 3.0 years.

Quantitative RT-PCR

The sequences of FBXW7 mRNA primers were as follows:
sense, 5'-AAA GAG TTG TTA GCG GTT CTC G-3'; anti-
sense, 5-CCA CAT GGA TAC CAT CAA ACT G-3'. Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was used as
an internal control and GAPDH primers were as follows:
sense, 5'-TTG GTA TCG TGG AAG GAC TCT A-3'; anti-
sense, 5'-TGT CAT ATT TGG CAG GTT-3'. Real-time mon-
itoring of PCR reactions was performed using the LightCycler™
system (Roche Applied Science, Indianapolis, IN) and
SYBER-Green I dye (Roche Applied Science, Indianapolis,
IN). Monitoring was performed according to the manufac-
turer’s instructions, as described previously.® In brief, a
master mixture was prepared on ice, containing 1 pL of
cDNA, 2 pL of DNA Master SYBER-Green I mix, 50 ng of
primers and 2.4 pL of 25 mM MgCl,. The final volume was
adjusted to 20 pL with water. After the reaction mixture was
loaded into glass capillary tubes, quantitative RT-PCR was per-
formed with the following cycling conditions: initial denaturation
at 95°C for 10 min, followed by 40 cycles of 95°C for 10 sec,
annealing at 62°C for 10 sec and extension at 72°C for 10 sec.
After amplification, products were subjected to a temperature
gradient from 67°C to 95°C at 0.2°C/sec, under continuous
fluorescence monitoring, to produce a melting curve of products,

Data analysis for Quantitative RT-PCR

We used the LightCycler® Software version 3.5 program
(Roche Molecular Biochemicals) to calculate the cycle num-
bers. After proportional baseline adjustment, the fit point
method was employed to determine the cycle in which the
log-linear signal was first distinguishable from the baseline.
This cycle number was used as the crossing point value. A
standard curve was produced by measuring the crossing point
of each standard value and plotting it against the logarithmic
concentration value. Concentrations of unknown samples were
calculated by plotting their crossing points against the standard
curve and dividing by GAPDH content. GAPDH expression lev-
els were the same in tumor and normal tissues.

Immunohistochemistry

Immunohistochemical studies for FBXW7, c-Myc and cyclin
E were performed on formalin-fixed, paraffin-embedded sur-
gical sections obtained from 71 patients with CRC. Tissue
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sections were deparaffinized, soaked in 0.01 M sodium citrate
buffer and boiled in a microwave for 5 min at 500 W to
retrieve cell antigens. The primary mouse monoclonal anti-
bodies against FBXW7 (Abnova Corporation, Taipei, Taiwan),
mouse monoclonal antibodies against c-Myc (sc-40, Santa Cruz
Biotechnology, CA) and rabbit polyclonal antibodies against
Cyclin E (SC-481, Santa Cruz Biotechnology) were used at
dilutions of 1:100, 1:50 and 1:50, respectively, Tissue sections
were immunohistochemically stained wusing ENVISION
reagents (ENVISION+ Dual Link System-HRP, Dako
Cytomation, Glostrup, Denmark). All sections were counter-
stained with hematoxylin. We confirmed the specificity of
antibody for FBXW?7 using by the thymus of Fbxw7 knock-
out mouse established by Onoyama et al.” (Supporting
Information, Fig. 4).

Laser microdissection

The tissues from another series of 130 patients with CRC
were collected for laser micro-dissection (LMD). CRC tissues
were microdissected using the LMD system (Leica Laser
Microdissection System, Leica Microsystems, Wetzlar, Germany)
as previously described.” For LMD, 5 . frozen sections were fixed
in 70% ethanol for 30 sec, stained with hematoxylin and eosin
and dehydrated as follows: 5 sec each in 70%, 95% and 100%
ethanol and a final 5 min in xylene. Sections were air-dried, then
microdissected with the LMD system. Target cells were excised,
at least 100 cells per section, and bound to the transfer film, and
total DNA extracted.

cDNA-microarray

We used the commercially available Human Whole Genome
Oligpo DNA Microarray Kit (Agilent Technologies, Santa
Clara, CA). A list of genes on this ¢cDNA microarray is
available from http://www.chem.agilent.com/scripts/generic.
asp?lpage=>5175 &indcol=Y&prodcol=Y &prodcol=N&indcol=
Y&prodcol=N. Cyanine (Cy)-labeled cRNA was prepared
using T7 linear amplification as described in the Agilent Low
RNA Input Fluorescent Linear Amplification Kit Manual
(Agilent Technologies). Labeled cRNA was fragmented and
hybridized to an oligonucleotide microarray (Whole Human
Genome 4 x 44K Agilent G4112F). Fluorescence intensities
were determined with an Agilent DNA Microarray Scanner
and were analyzed using G2567AA Feature Extraction Soft-
ware Version A.7.5.1 (Agilent Technologies), which used the
LOWESS (locally weighted linear regression curve fit) normal-
ization method.’® This microarray study followed MIAME
guidelines issued by the Microarray Gene Expression Data
group."’ Further analyses were performed using GeneSpring
version 7.3 (Silicon Genetics, San Carlos, CA).

Array-CGH

Array-CGH was performed using the Agilent Human Genome
Microarray Kit 244K (Agilent Technologies). The array-CGH
platform is a high resolution 60-mer oligonucleotides based
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Figure 1. Clinical significance of FBXW7 mRNA expression in CRC. (a) FBXW7 mRNA expression in cancerous and normal tissues from CRC
patients as assessed by real-time guantitative PCR (n = 93). Horizontal lines indicate mean value of each group (T, cancer tissue;

N, noncancerous tissue). (b) Kaplan-Meier five year overall survival curves for CRC patients according to the level of FBXW7 mRNA
expression. The overall survival rate for patients in the high expression group was significantly higher than that for patients in the low
expression group (p = 0.02). High expression group (broken line: N = 47), low expression group (unbroken line: N = 46).

microarray containing about 244,400 probes spanning coding
and non-coding genomic sequences with median spacing of
7.4 kb and 16.5 kb, respectively. Labeling and hybridization
were performed according to the protocol provided by Agi-
lent (Protocol v4.0, June 2006). Arrays were analyzed using
The Agilent DNA microarray scanner.

Array-CGH data analysis

The raw signal intensities of tumor DNAs were measured
with Human Genome CGH Microarray 244K (Agilent Tech-
nologies) which were then transformed into log ratio to refer-
ence DNA with ‘Feature Extraction’ software (v9.1) of Agi-
lent Technologies. The log ratio was thereafter used as the
signal intensity of each probe. One hundred thirty samples
from different patients were subjected to circular binary seg-
mentation (CBS) after median normalization.'> An R script
written by us was used for the median normalization,
whereas an R program implemented in the “DNA copy”
package of the Bioconductor project (http://www.bioconductor.
org) was used for the CBS analysis. Instead of all of the CGH
probes, 13,403 probes from chromosome 4 (NCBI Build 35)
were analyzed in this study. An absolute log2 ratio >0.263 was
used as the threshold for the gain or loss in DNA copy number
for each probe.

Total RNA extraction and first-strand cDNA synthesis

Frozen tissue specimens or cultured cell lines at subconflu-
ency were homogenized, and total RNA was extracted using
the modified acid-guanidine-phenol-chloroform method as

described previously.”’14 Total RNA (8.0 pg) was reverse
transcribed to ¢cDNA using M-MLV RT (Invitrogen Corp.
Carlsbad, CA).

Cell lines

The human CRC cell lines, LoVo and Colo 201, were
obtained from the Japanese Collection of Research Biore-
soureces (JCRB, Osaka, Japan). The cell lines were main-
tained in Ham’s F-12 medium and RPMI1640 (Invitrogen
Corp.) supplemented with 10% fetal bovine serum (Equitech-
Bio, Kerrville, TX), 100 units/mL penicillin G and streptomy-
cin (Invitrogen Corp.). The cells were incubated in 5% CO,
at 37°C and passaged every three days.

FBXW?7 RNA interference

FBXW7-specific siRNA (Silencer™ Predesigned siRNA) was
purchased from Ambion, USA. siRNA oligomer was diluted
with Opti-MEMI® Medium without serum (Invitrogen
Corp.). The diluted siRNA oligomer was mixed with the
diluted Lipofectamine™ RNAiMAX (Invitrogen Corp.) and
incubated for 15 min at room temperature to allow siRNA-
Lipofectamine™RNAIMAX complexes to form. Diluted loga-
rithmic growth-phase LoVo cells without antibiotics were
seeded at 2 x 10° cells/well in a final volume of 2 mL or 100
pL in 6 or 96 well flat bottom microtiter plates, respectively.
The cells were incubated in a humidified atmosphere (37°C
and 5% CO,). The assay was performed after 72 hr
incubation.

Int. ). Cancer: 126, 1828-1837 (2010) © 2009 UiCC
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Table 1. FBXW7 mRNA expression and clinocopathological factors

High expression. = : Low expression

. ; (n=47 , (n=4e) o
Factors = % ~ pvalue
Age (mean * SD) 67.4 £ 10.0 67.4 * 11.6 0.98
Sex B . ‘ . 007
Male 30 63.8 22 47.8
Female 17 o362 522 L
Histological grade 0.42
well e e ‘
Moderately, poorly others 28 59.6 32 69.6
Siz'ei::“" s s ‘ :  ’ . , g
>30 mm (small) 10 21.3 11 23.9
<3imm(argd) 37 70 B e
Depth of tumor invasion® 0.03
m, sm, sp o 36 ©783 22 575
s, se, Si 10 227 20 42.5
Lymph node metastasis - o - 0.76.
Absent 21 44.7 20 43,5
Present 2% 555 %6 %65 .
Lymﬁhtig —— - o 2 050
s e L
Present 18 38.3 21 45.7
\Venous invasion . - 023
Absent 43 91.5 38 82.6
Presett g 8 e 4
Liver metastasis 0.48
Absent 4 e @ pod '
Present 3 6.4 5 10.9
Peritoneal dissemination ... _ 7
Absent 47 100.0 45 97.8
o g
Duke's stage ' 0.47
AR e e s |
G D 3 50.0 20 42,5

ITumeor invasion of mucosa (m), submucosa {sm), muscularis propria (mp), subserosa (ss), penetration of

serosa (se), and invasion.

Western blot analysis

Total protein was extracted from cell lines using protein
extraction solution (PRO-PREP, iNtRON Biotechnology,
Korea). Total protein (40 pg) was electrophoresed in 10%
concentrated READY GELS ] (Bio-Rad Laboratories, Japan)
and electroblotted onto pure nitrocellulose membranes
(Trans-Blot Transfer Medium; Bio-Rad Laboratories, Japan)
at 0.2 A for 120 min. ¢-Myc protein was detected using
mouse monoclonal antibodies (sc-40, Santa Cruz Biotechnol-
ogy) diluted 1:500. Cyclin E protein was detected using rabbit
polyclonal antibodies (SC-481, Santa Cruz Biotechnology)

Int. J. Cancer: 126, 1828-1837 (2010) © 2009 UICC

diluted 1:100. c-Myc and cyclin E protein levels were normal-
ized to the level of B-actin protein (Cytoskeleton, Denver
CO) diluted 1:1,000. Blots were developed with horse-radish
peroxidase-linked anti-mouse and rabbit immunoglobulin
(Promega, Madison, WI) diluted 1:1,000. ECL Detection
Reagents (Amersham Biosciences, Piscataway, NJ) were used
to detect antigen-antibody reactions.

Proliferation assay
Proliferation of the cell lines was determined by 3-(4, 5-dime-
thylthiazol-2-y1)-2, 5-diphenyl tetrazolium bromide (MTT)
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Table 2. Univariate and multivariate analysis for overall survival (Cox proportional regression model)

Univariate analysis:

Multwariate analysis

Factors - __ 7

95%c. . pwalue  RR. . 95%C p value
Age (<65/<66) 0.820 0.540~1.218 0.328 - - -
Sex (male/female) . 0822 05381228 0342 - - , -
Histology grade (well/moderately and poorly & others) 0.690 0.416~1.063 0.095 - - -
Tumor size (<30 mm/>31 mm) . , 1.285 '0.792-v—2’.'3t’3’0k - 0331 - = =
Depth of tumor invasion® (m, sm, mp/ss, se, si) 1.738 1.101-3.024 0.016 1.78 1.075-3.095 0.023
Lymph node metasta'sis(negatiyé/positive) 2014 1.329-3.231  0.001 2145 . 1.368-3.563 0.001
Lymphatic invasion (negative/positive) ' 2,326 1.529-3.744 0.001 - - -
Venous invasion (negative/positive} = ' - 1.852:, - 1.145»2.865 0.014 1825 : 11.106-2.891 0,020
FBXW7 mRNA expression (low/high) ‘ 1.564 1.027-2.516 0.036 1.983 1.264-3.267 0.003

*Tumor invasion of mucosa (m), submucosa (sm), muscularis propria (mp), subserosa (ss), penetration of serosa (se), and invasion of adjacent

strucures (si). Abbreviations: RR, relative risk; Cl, confidence interval.

FBXW7

scale bar: 200p m

Figure 2. Immunohistochemical analysis of FBXW7, ¢-MYC and cyclin E expression in CRC. In cases of high FBXW7 protein expression (a),
there was no detectable c-MYC (b) or cyclin E (¢) protein expression in the same tissue section. in contrast, in the case of low FBXW7
protein expression (d), there was strong c-MYC (e) and cyclin E (f) protein expression (x200 original magnification). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

assay (Roche Diagnostics GmbH, Mannheim, Germany). Af-
ter 24 hr incubation with siRNA, cells were seeded at 5 X

? cells well™ in microtiter plates (96 wells, flat bottom) in
a final volume of 100 pL culture medium per well, in a
humidified atmosphere (37°C and 5% CO,). After 72 hr

incubation, 10 pL of MTT labeling agent (final concentration
0.5 mg mL™") was added to each well. The microtiter plate
was incubated for 4 hr in a humidified atmosphere. Solubili-
zation solution (100 pL) was added to each well. The plate
was allowed to stand overnight in the incubator in a

Int. ). Cancer: 126, 1828-1837 (2010) © 2009 UICC
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humidified atmosphere. After checking for complete solubili-
zation of the purple formazan crystals, spectrophotometric
absorbance of the sample was measured using a model 550
microplate reader (Bio-Rad Laboratories, CA), at a wave-
length of 570 nm corrected 655 nm. Each independent
experiment was performed three times.

Statistical analysis

For continuous variables, data were expressed as the mean *
standard deviation. The relationship between FBXW7 mRNA
expression and clinicopathological factors was analyzed using
a y? test and Student’s t-test. Overall survival curves were
plotted according to the Kaplan-Meier method and the gen-
eralized Log-rank test was applied to compare the survival
curves. All tests were analyzed using JMP software (SAS
Institute Inc., Cary, NC) and the findings were considered
significant for p values <0.05.

Results

Expression of FBXW7 mRNA in clinical tissue specimens
FBXW?7 mRNA expression was examined in 93 CRC clinical
samples using reverse transcription-polymerase chain reaction
(RT-PCR) and real-time quantitative RT-PCR, with quanti-
fied values used to calculate FBXW7/GAPDH ratios. In these
samples, clinicopathological factors, including prognosis, were
available. The mean expression level of FBXW7 mRNA in tu-
mor tissue specimens was significantly lower than that of
nontumor tissue (p = 0.007) (Fig. 1a).

FBXW7 mRNA expression and clinicopathological
characteristics

We divided the 93 CRC cases into two groups according to
the median tumor (T)/normal (N) ratio of FBXW7 mRNA
expression level as determined above., Thus, 46 cases were
placed in the high FBXW?7 expression group and 47 cases in
the low FBXW?7 expression group. The association between
clinicopathological features and FBXW7 mRNA expression is
summarized in Table 1. In the low FBXW?7 expression group,
tumor invasion was significantly elevated compared to the
high FBXW7 expression group (p = 0.02). Univariate analysis
identified FBXW?7 expression, tumor invasion, lymph node
metastasis, lymphatic invasion and venous invasion as
prognostic factors for 5-year overall survival following
surgery. Variables with p values <0.05 by univariate analy-
sis were selected for multivariate analysis using CoxX’s
proportional hazards model. FBXW7 expression [relative
risk (RR): 1.98, confidence interval (CI): 1.26-3.26, p =
0.003] was found to be a significant factor affecting five
year overall survival following surgery (Table 2). Analysis
of 5-year overall survival curves showed that patients in
the low FBXW7 expression group had a significantly
poorer prognosis than those in the high expression group
(p = 0.02) (Fig. 1b).
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Figure 3. Concordant loss of FBXW7 expression and copy number
alteration in the flanking region of FBXW?7. There were 30 cases
with deletions and 100 cases without loss in CRC. The expression
of FBXW7 in the deleted cases was significantly lower than the
cases with wild type FBXW7 (p < 0.0001). (@) CGH signal intensity
(average log2 ratio) according to Dukes staging classification. (b)
The ratio of copy number loss of FBXW?7 increased along with the
progression of Dukes’ stage.

Immunohistochemical determination of FBXW7, ¢-MYC and
cyclin E expression

Expression of FBXW?7 protein was evaluated by immunohis-
tochemistry of resected CRC specimens, using an anti-
FBXW?7 antibody. When FBXW?7 protein was expressed at
high levels, expression of c-MYC and cyclin E protein was
below detection (Figs. 2a~c). This patient had a 5-year, recur-
rence-free survival after curative surgery despite the advanced
stage. In contrast, in cases of low FBXW?7 protein expression,
strong expression of c-MYC and cyclin E proteins was noted
(Figs. 2d~f). This patient died from peritoneal dissemination
six months after curative surgery. We examined the associa-
tion between FBXW?7 and ¢-MYC or Cyclin E in serial
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Table 3. The copy number loss of FBXW7 and clinocopathological factors

. Copy number

~ No abberant group

. osgop@=30 _ (1=100 |
Factors . o % g % palue
Age (mean =+ SD) 67.4 * 10.0 67.4 * 10.0 0.293
Sex - - ' o 0,107
Male 13 43.3 60 60.0
female - g7 o5e7 00 40,0
Histological grade 0.439
s
Moderately, poorly others 15 50.0 42 42.0
L = - 057
>30 mm (small) 8 26.7 15 15.0
<31 mm (large). 2 763 8% : ,::\8'5.0:;:’: ‘ -
Depth of tumor invasion® 1.000
‘m, sm, sp T 80.0 80 800
s, se, si 6 20.0 20 20.0
Lymph node metastasis o o 0.049
Absent 11 36.7 57 57.0
SRR e R e
Lymphtic invasion R " ' 0021
Absent = w0 gey7 g 500 .
Present 22 73.3 50 50.0
'Ve'ribus'iriva'sidnvi . ‘ - - V . 0.049
Absent 7 233 42 42,0
Present 23 767 58 58.0
Liver metastasis 0.098
Absent = ooy 800 91 910 '
Present 6 20.0 9 9.0
Peritoneal dissemination . , 0.683
Absent 29 96.7 98 98.0
Present . i 33 93 . 30
Duke's stage B 0.045
ABL.. . 10 33 s 540 '
G D 20 66.7 46 46.0

*Tumor invasion of mucosa (m), submucosa (sm), muscularis propria (mp), subserosa (ss), penetration of

serosa (se), and invasion of adjacent strucures (si).

sections of 71 cases by immunohistochemical study. Sev-
enty one CRC samples were divided into three groups
according to FBXW?7 protein level (high = 16, medium =
19 and low = 36). We compared the expression between
FBXW? protein and mRNA in 52 cases with high and low
FBXW7 protein level. The expression level of FBXW7
mRNA in high FBXW?7 protein group (n = 16) is signifi-
cantly higher than that in low FBXW?7 protein group
(n=36) (Supporting Information 34, p = 0.03). Further-
more, we found the significant inverse correlation between
FBXW7 and ¢-MYC or cyclin E. (supporting information,

Fig. 3b: FBXW wvs. ¢-MYC: r = —0.526, p < 0.0001,
FBXW7 vs. cyclin E: r = —0.553, p < 0.0001).

Aberrations in FBXW7 copy number in CRC specimens

To clarify the cause of suppression of FBXW7 mRNA in
patients with poorer prognosis, we investigated copy number
aberrations of FBXW7 in 130 CRC specimens using laser
micro-dissection and CGH array. As shown in Figure 34,
there was a significant correlation between expression of
FBXW?7 and copy number of the FBXW?7 region (Fig. 3a)
(p < 0.0001). Therefore, loss of FBXW?7 expression described

Int. J. Cancer: 126, 1828~-1837 (2010) ® 2009 UICC
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Figure 4. Effect of FBXW?7 gene silencing on a colon cancer cell line. (2) FBXW7 mRNA in LoVo cells was suppressed by FBXW7 siRNA as

ohr dhe 45l T2

confirmed by quantitative RT-PCR. (b) Expression of ¢-MYC and cyclin E proteins was enhanced by FBXW7 siRNA, as confirmed by Western
blot analysis. These proteins were normalized to the level of beta actin. (c) The proliferation rate of LoVo cells treated with FBXW7 siRNA
(dotted line) was significantly greater than that in control siRNA cells {unbroken line) and parent LoVo cells (broken line).

above was caused by genetic alteration in the flanking region
of FBXW7. Figure 3b shows CGH signal intensity (average
log2 ratio) according to Dukes staging classification (Support-
ing Information, Fig. 1: heat map representation of copy
number aberration of FBXW7 according to Dukes staging
classification). Thirty cases (23.1%) had at least one copy
number aberration in all cases. The ratio of copy number
loss of FBXW?7 increased along with the progression of
Dukes’ stage. The association between clinicopathological
features and the copy number of FBXW7 is summarized in
Table 3. In the copy number loss group, lymphatic invasion,
venous invasion and lymph node metastasis was increased
compared with the nonaberrant group (Table 3, p = 0.02,
p = 0.04 and p = 0.04, respectively). In addition, the copy
number loss group had more advanced cases compared with
the nonaberrant group (p = 0.04).

Effect of FBXW?7 gene silencing on CRC cell lines

LoVo cells expressed FBXW7 mRNA at a high level as con-
firmed by RT-PCR. We examined whether suppression of
FBXW?7 would enhanced c-Myc and cyclin E protein expres-
sion, both of which are degradation targets of FBXW7. The
expression level of FBXW7 mRNA was suppressed by
FBXW?7-specific siRNA as confirmed by RT-PCR analysis

Int, J. Cancer: 126, 1828-1837 (2010) © 2009 UICC

(Fig. 4a). We found that the protein expression levels of c-
Myc and cyclin E were enhanced by FBXW7-specific siRNA
as confirmed by Western blotting analysis (Fig. 4b). Further-
more, we evaluated the proliferation activity of LoVo cells
suppressed by FBXW7-specific siRNA using MTT assays. We
found that the proliferation rate in LoVo cells suppressed by
FBXW?7 siRNA significantly increased compared to that in
control cells (Fig. 4c). We demonstrated that similar
phenomena are found in Colo 201 (Supporting Information,
Fig. 5).

Discussion

In our current study, we found that FBXW7 mRNA gene
expression was significantly suppressed in human CRC tissue
compared to the corresponding normal tissue (p = 0.007)
and that the patients in the low FBXW?7 expression group
had a significantly poorer prognosis than those in the high
expression group (p = 0.02). We also examined how loss of
FBXW? contributed to cell growth.

We found that approximately 25% of patients with CRC
have a reduced copy number of FBXW?7, and that the inci-
dence of genetic alteration was concordantly increased with
the progression of disease stage. Tsafrif et al and Lassmann
et al. previously reported that particular chromosomal
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regions and genes that are frequently gained and overex-
pressed (e.g, 7p, 8q, 13q and 20q) or lost and underex-
pressed (e.g., 1p, 4, 5q, 8p, 14, 15q and 18).>!¢ Our current
array-CGH data is consistent with their previous data
(Supporting Information, Fig. 2). Chromosome 4q, con-
taining the FBXW?7 gene, is deleted in various carcinomas
such as esophageal, gastric, and breast cancer.'”'® Rajago-
palan et al. previously reported that the deficiency of
FBXW? in CRC is associated with genetic instability.’® The
mutations in FBXW7 in colorectal tumor have been found
in 6-8%."°° However, Kemp et al. suggested that muta-
tions in FBXW7 in colorectal tumor do not affect the chro-
mosomal instability and result in biallelic inactivation.”®
We found that FBXW?7 was altered at the genetic level in
CRC as determined by LMD and CGH array. Our findings
that FBXW?7 gene copy number loss frequently occurred in
CRC may provide insight into how FBXW?7 function is
inactivated during cancer development.

The decrease of FBXW7 expression gave rise to abnormal
accumulation of c-MYC and cyclin E protein”’ MYC pro-
tein plays crucial roles in mitogenic and cell growth
responses and is commonly deregulated in cancers.”* Cyclin
E is a key component of the cell cycle machinery that is fre-
quently deregulated in cancer.”® Our current study indicated
that FBXW?7 regulates ¢-MYC and cyclin E in vitro. In fact,
it appears that FBXW7 normally inhibits c-Myc and cyclin
E and thereby promotes exit from the cell cycle at G1-S
phase. Those findings suggest that FBXW7 may be a tumor
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Neurons communicate with each other through synapses. To
establish the precise yet flexible connections that make up neu-
ral networks in the brain, continuous synaptic modulation is
required. The ubiquitin-proteasome system of protein degrada-
tion is one of the critical mechanisms that underlie this process,
playing crucial roles in the regulation of synaptic structure and
function. We identified a novel ubiquitin ligase, Fbxo45, that
functions at synapses. Fbxo45 is evolutionarily conserved and
selectively expressed in the nervous system, We demonstrated
that the knockdown of Fbx045 in primary cultured hippocampal
neurons resulted in a greater frequency of miniature excitatory
postsynaptic currents. We also found that Fbxo45 induces the
degradation of a synaptic vesicle-priming factor, Muncl3-1. We
propose that Fbxo45 plays an important role in the regulation of
neurotransmission by modulating Munc13-1 at the synapse.

The nervous system stores and retrieves information via syn-
apses, which are its primary means of communication. Syn-
apses are specialized intercellular junctions dedicated to the
transfer of information from a neuron to another neuron. Syn-
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aptic transmission is rapidly, dynamically, efficiently, and
tightly regulated by several molecular mechanisms (1-4).
Among these mechanisms, recent studies have shown that syn-
aptic components are modified by protein activation (5) and
degradation (6 -9).

Protein degradation can be mediated by the ubiquitin-pro-
teasome system (UPS)* (10-12). The modification of proteins
by the ligation of ubiquitin molecules is critical role in regulat-
ing the degradation of specific proteins, thereby controlling
protein turnover, This control mechanism is extremely effec-
tive because it allows the rapid elimination of particular regu-
latory proteins, ensuring that the biological process regulated
by the proteins can be shut down immediately. Protein ubiq-
uitination is catalyzed by a cascade of reactions involving three
enzymes: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-con-
jugating enzyme), and E3 (ubiquitin-protein ligase). E1 acti-
vates ubiquitin in an ATP-dependent reaction and transfers it
to E2 with the formation of a thiol ester bond between the C
terminus of ubiquitin and a cysteine residue of E2. Next, E2,
either by itself or together with E3, transfers the ubiquitin moi-
ety to alysine residue of the substrate protein. Various E3s have
been reported, and the action of each is substrate-specific.
Finally, the polyubiquitinated protein is attacked by the 26S
proteasome complex, which rapidly degrades it into small frag-
ments (13).

The E3s are presently categorized into four major classes
based on their specific structural motif: HECT, RING finger,
U-box, and PHD-finger types (14). The RING finger-type E3s
are thought to be the largest family and are further divided into
subfamilies; one of these, the cullin-based E3 subfamily, is one
of the largest single classes of E3. There are seven cullin-based
E3s, including the Skpl-Cull-F-box-protein (SCF) complex
and the anaphase-promoting complex/cyclosome (APC/C)
(14). The SCF complex E3s are composed of the scaffold protein
Cull, the RING-domain protein Rbx1/Rocl, the adaptor pro-

“The abbreviations used are: UPS, ubiquitin-proteasome system; SCF , Skp1-
Cul1-F-box-protein; PBS, phosphate-buffered saline; GFP, green fluores-
cent protein; DIV, days in vitro; siRNA, short interfering RNA; aa, amino
acids; PSD, postsynaptic density; mEPSC, miniature excitatory postsynap-
tic current; EGFP, enhanced green fluorescent protein; HA, hemagglutinin.
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tein Skpl, and one of many F-box proteins, which function to
bind the substrate and constitute the largest known class of
E3-specificity components. Rbx1 associates with Cull and E2,
whereas Skp1 interacts with Cull and the F-box protein. The
F-box protein interacts with Skp1 via its F-box motif and with
substrates via its C-terminal protein-protein interaction
domain (15, 16). Target molecules of several F-box proteins
have been reported; for example, B-TrCP, an F-box protein that
contains WD40 domain repeats, was identified as the intracel-
lular receptor in SCF E3 for f3-catenin and IkBa (17, 18); Skp2,
which recognizes cyclin-dependent kinase inhibitors such as
p27%iPL p21€P1 and p57%%2, is an F-box protein containing
seven leucine-rich repeats (19).

The UPS in synaptic sites plays various roles throughout the
life cycle of the synapse, i.e. in synaptic development, mainte-
nance, and plasticity (6). Genetic studies in Drosophila and
Caenorhabditis elegans have demonstrated the importance of
E3s in synaptic development and function. For example, muta-
tions of highwire, a putative E3 in Drosophila, or of its ortho-
logue in C. elegans {rpm-1) lead to aberrant synaptic develop-
ment (20 -23). Moreover, recent studies have identified several
additional mammalian E3s at the synaptic site, including
SCRAPPER (9), Siah (24, 25), Staring (26), and Parkin (27).
Although ample evidence supports the role of protein ubiquiti-
nation in synaptic development and plasticity in vertebrates
(28), the specific molecular mechanisms underlying these
effects remain to be elucidated.

Here we identified a novel synaptic E3, Fbxo45, by expression
screening using the autoimmune antiserum from a patient with
stomach cancer associated with psychiatric symptoms. To
examine E3 functions at the synapse with potential relevance to
neuronal disease, we recorded the miniature excitatory
postsynaptic current (mEPSC) in hippocampal neuronal cul-
ture with or without Fbxo45. We demonstrated that Fbxo45
regulates neurotransmission at mature neurons and provides
evidence that Munc13-1 may be a target or downstream mole-
cule through which Fbxo45 acts in synaptic transmission.

EXPERIMENTAL PROCEDURES

Patient Serum and Cerebrospinal Fluid—A gastric cancer
(Borrmann iv) patient showed psychiatric symptoms including
severe depression, involutional melancholia, and amnesia and
had high titer autoantibodies in the serum and cerebrospinal
fluid, typically observed in patients with paraneoplastic neuro-
logic disorder, a rare neurologic disorder caused by the remote
effects of cancer that is thought to be immune-mediated (29,
30). Samples of the patient’s serum (5 ml) and cerebrospinal
fluid (3 ml) were collected. The serum and cerebrospinal fluid
were spun at 15,000 X g for 15 min, and the supernatants were
used in the following studies. All of the experimental proce-
dures were performed with the approval of the Ethical Commit-
tee of Keio University School of Medicine.

Expression Screening—A AZAP mouse brain expression
cDNA library was screened at a density of 4.5 X 10° plaque-
forming units/225-mm plates. After 2 h of incubation at 42 °C,
the plates were overlaid with filters soaked in 10 mmisopropyl B
p-thiogalactopyranoside and incubated for 16 h at 37 °C. The
plates were then cooled for 1 h at 4°C, and the filters were

ACEVEN

FEBRUARY 5, 2010+VOLUME 285-NUMBER 6

Fbxo45 Regulates Neurotransmission

removed, blocked with blocking buffer (5% skim milk and 0.5%
bovine serum albumin) for 1 h, and incubated for 3 h with the
patient’s serum (1:500). After being washed 5 times for 6 min in
washing buffer (Tris-buffered saline containing 1% Tween 20
(TBST)), the filters were incubated with horseradish per-
oxidase-conjugated anti-human IgG secondary antibodies
(1:5000) for 1 h, and the immunoreactivities were detected
using the ECL system (Amersham Biosciences).

Positive clones were purified by several rounds of antibody
screening until a yield of 100% positive plaques was obtained.
Phage clones were subcloned in a pBK-CMV phagemid vector
using the in vivo excision phage rescue protocol (Stratagene).

In Situ Hybridization—Sense and antisense RNA probes (858
bp) for mouse Fbxo45 were transcribed in vitro by T7 or SP6
RNA polymerase with digoxigenin-labeled UTP (Roche
Applied Science). Mice were anesthetized, and the whole brain
was removed. Serial frozen mouse sections (14 wm) were incu-
bated overnight at 55 °C in a moist chamber with 200 ug of the
sense or antisense probe per 50 ul of a buffer containing 50%
formamide, 5X SSC (1X SSC = 0.15 M NaCl and 0.015 M
sodium citrate), 50 pg/ml Escherichia coli tRNA, 50 pg/ml hep-
arin sodium, and 1% SDS. The specimens were washed in 50%
formamide, 5X SSC (30 min at 55 °C), 2X SSC (3 times for 30
min at 55 °C), and TBST (twice for 20 min at room tempera-
ture). After being blocked in 0.5% bovine serum albumin in
TBST (60 min), the slides were incubated with an alkaline phos-
phatase-conjugated anti- digoxigenin antibody (Roche Applied
Science) in the above buffer (overnight at 4 °C), then washed in
TBST (3 times for 20 min) and NTM (100 mm NaCl, 50 mMm
MgCl,, and 100 mum Tris-HCI, pH 9.5) for 10 min. Signals were
detected in NTM containing 450 pg/ml 4-nitroblue tetrazo-
lium chloride and 175 pg/ml 5-bromo-4-chloro-3-in-
dolylphosphate according to the digoxigenin RNA detection kit
(Roche Applied Science).

Northern Blot Analysis—Total RNAs (20 pg) from embry-
onic and postnatal brain and from adult mouse tissues were
prepared with TRIzol reagent (Invitrogen) following the man-
ufacturer’s protocol. Purified RNAs were loaded onto a 1%
formaldehyde-agarose gel after being denatured at 70 °C for 10
min. The RNAs were transferred to a nylon membrane (Amer-
sham Biosciences) and UV-cross-linked using a Stratalinker
(Stratagene). The membrane was hybridized at 51 °C with a
full-length mouse Fbxo45 or glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) cDNA probe that had been labeled
with [a-3?P]dCTP using a Prime-It labeling kit (Stratagene).
The blots were washed at 65 °Cin 2, 1, and then 0.1% standard
sodium citrate containing 0.1% SDS and were exposed to MR
film (Eastman Kodak Co.).

Antibodies—The following antibodies were used: Synapsin-1,
Muncl3-1 (Synaptic Systems), synaptophysin, 3-actin, FLAG,
and Myc (Sigma), GFP (Wako), PSD-95 and Myc (Upstate Bio-
technology), VGlutl (Chemicon), PSD-95 (Cell Signaling), pan-
Munc13, synaptotagmin, SNAP25, synaptogyrin, and Skpl (BD
Biosciences), and GFP and hemagglutinin (HA) (MBL).

To produce an anti-Fbxo045 polyclonal antibody, glutathione
S-transferase-tagged full-length Fbxo45 (for immunohisto-
chemistry, immunocytochemistry, and immuno-electron
microscopy) or C- (257-286) terminal Fbxo45 (for immuno-
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blot) bacterial fusion proteins were purified and dialyzed
against PBS as described above. Rabbits were given injections of
2.5 mg of a mixture of the proteins at 3-week intervals. The
antibodies were obtained by passing the serum through a col-
umn containing glutathione S-transferase fusion versions of the
proteins.

Plasmid Construction—GFP-tagged Fbxo45 was inserted
into a pEGFP-C1 vector (Clontech), and FLAG-tagged Fbxo45
and Fbxo45 deletion mutants (1-140, 54 ~140, and 101-286 aa)
were inserted into a pFLAG-CMV-2 vector (Eastman Kodak
Co.) or p3xFLAG-CMV-7.1 vector (Sigma). FLAG-Msil,
FLAG-HuC, Myc-Skpl, Myc-Muncl3-1, Myc-RIM1, and HA-
ubiquitin were prepared as described previously (9, 31-34, 55).

Immunoelectron Microscopy—For immunoelectron micro-
scopic analysis, frozen sections were incubated with the anti-
Fbxo45 primary antibody (1:500) followed by incubation with a
nanogold-conjugated anti-rabbit secondary antibody (1:100;
Invitrogen). After glutaraldehyde fixation, the signals were
enhanced by a 10-min HQ-Silver kit reaction (Nanoprobes
Inc.). The sections were postfixed with 0.5% osmium tetroxide,
dehydrated through ethanol, and embedded in Epon. Ultrathin
sections (70 um) were cut and stained with uranyl acetate and
lead citrate, observed under a transmission electron micros-
copy (JEOL model 1230), and photographed with a Digital
Micrograph 3.3 (Gatan Inc.). For quantitative analysis, nano-
gold density was calculated in each neuronal compartment by
counting the number of nanogold particles in every immuno-
electron microscopic images using MetaMorph software
{Molecular Devices, Toronto, Canada). The mean number of
nanogold particles and the mean area of each compartment was
measured for all discernible structures of synapse and myelin
from three independent immunoelectron microscopic experi-
ments (35).

Immunocytochemistry and Image Analysis—The cultured
hippocampal neurons were prepared as described previously (9,
36). Cultured cells were fixed with 4% paraformaldehyde in PBS
for 30 min at day in vitro (DIV) 17-18. The cells were perme-
abilized with 0.2% Triton X-100 for 10 min, washed with PBS,
and then incubated in PBS containing TNB (PerkinElmer Life
Sciences) for 1 h. The preparation was then incubated with
Fbxo45 (1:100), VGlutl (1:5000), anti-Synapsin-I (1:1000), and
anti-PSD-95 (1:100) antibodies overnight at 4°C, and after
extensive washes with PBS, the preparation was overlaid with
secondary antibody solution for 1 h at room temperature.

Image acquisition was performed using an LSM 510 (Carl
Zeiss) and FluoView 1000 (Olympus) confocal microscope. The
clusters of Synapsin-I (red)/PSD-95 (white) colocalization were
counted. The red and white images were merged, the colocal-
ized signals over the dendrites of GFP-expressing neurons were
determined, and the values were entered into Microsoft Excel.
The transfected neurons were chosen randomly from three
independent experiments for each construct. All experiments
on live animals were performed in accordance with Keio Uni-
versity guidelines and regulations.

Recording of the mEPSC—Cultured cells were transfected
using the Lipofectamine 2000 reagent (Invitrogen) 3 days
before electrophysiological analysis. For the mEPSC recording,
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the culture medium was replaced with a saline solution con-
taining 168 mM NaCl, 2.4 mm KCl, 2, 5, or 10 mm CaCl,, 1 mM
MgCl,, 10 mm glucose, 10 mm HEPES, and 0.5 um tetrodotoxin,
pH 7.3. The electrodes (5—8 M{}) were filled with whole-cell
pipette solution containing 120 mm potassium acetate, 20 mMm
KCl, 0.1 mMm CaCl,, 5 mm MgCl,, 0.2 mMEGTA, 5 mM ATP, and
10 mm HEPES, pH 7.3. The whole-cell recording of GFP-ex-
pressing neurons was configured using an EPC-7 amplifier
(HEKA) and a Digidata 1200 acquisition board (Axon Instru-
ments). The membrane potential was clamped at 60 mV, and
the signals were filtered at 10 kHz with the gain set at 0.5
mV/pA for 40-s recording periods. In all instances cells were
excluded from analysis if a leak current >300 pA was observed.
Membrane resistance (Rm), series resistance (Rs), and mem-
brane capacitance (Cm) were monitored. Only recordings with
Rm > 100 M{} and Rs < 20 M{) were included for analysis. The
mean Rm, Rs, and Cm were not different (p > 0.05) among or
within groups of cells being compared. Measurements of the
frequency and amplitude of mEPSC were acquired for a period
of 40 s. The mEPSC was detected by setting the amplitude
threshold to the background noise level X3 (in all electrophysi-
ological experiments, a similar amount of data from GFP-ex-
pressing neurons transfected with each construct was acquired
on the same day). The data from each neuron were then aver-
aged and tested for statistical significance. All electrophysi-
ological experiments were performed from at least three differ-
ent platings of neurons for each of three different transfections.
See our previously published method for details (5).

RNA Interference—Short interfering RNA (siRNA) duplexes
for Fbxo45 were: siRNA Fbxo45-1, sense (5'-GGACCAAGA-
UUGGUUUCAG(t-3') and antisense (5'-CUGAAACCAAUC-
UUGGUCCLtt-3'); siRNA Fbx045-2, sense (5'-GGUUUUACA-
UUACAUCGGALt-3') and antisense (5'-UCCGAUGUAAUG-
UAAAACCat-3'). The recommended negative control were
obtained from Ambion in annealed and purified forms. Trans-
fection of the siRNA duplexes was carried out using Lipo-
fectamine 2000 (Invitrogen). Three microliters of Lipo-
fectamine 2000 reagent with 100 pmol of siRNA duplex and 0.5
pg of pEGFP were transfected into cultured hippocampal neu-
rons at DIV14. Three days after transfection, the cells were
subjected to mEPSC recording.

Transfection, Immunoprecipitation, and Ubiquitination
Assay—293T cells or COS cells were transfected using the
FuGENE transfection reagent (Roche Applied Science) and
harvested 48 h later. For the ubiquitination assay, the cells
were treated with 50 pug/ml MG132 (Peptide Institute) for
3 h before they were harvested. Immunoprecipitates pre-
pared with anti-FLAG M2 affinity gel or anti-c-Myc-agarose
conjugate (Sigma) were used for immunoblotting with the
appropriate antibodies.

Miscellaneous Procedures—Immunoblotting analyses were
performed as described (37). The subcellular fractionation
analysis of mouse brain extract was performed as described (38,
39). The stability of Munc13-1 was determined by treatment
with 50 mg/ml cycloheximide (Calbiochem) for the indicated
times.
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Fbxo45 Regulates Neurotransmission

The Fbxo45 gene was located on
chromosome 16 in Mus musculus
and encoded a 286-amino acid pro-
tein with an estimated molecular
mass of 30 kDa. Data base (National
Center for Biotechnology Informa-
tion) searches with the deduced
amino acid sequence of Fbxo45
revealed that it was a novel protein
with striking similarity (99% iden-
tity) to a Homo sapiens F-box pro-

tein encoded by a gene located on
chromosome 3. Recently, mamma-
lian F-box proteins were systemati-
cally classified, and the protein cor-
responding to Fbxo45 was named
FBXO045 (40, 41). The amino acid
sequence of the Fbxo45 protein
was highly conserved among spe-
cies, including Drosophila DFsn/
CG4643-PA; isoform A, CG4643-
PB; isoform B (GenBank™ acces-

sion no. NP_610849, NP_725266),

and C. elegans FSN-1 (GenBank™

accession no. NP_498046) (Fig. 1).
The deduced Fbxo45 amino acid

sequence displayed some notable
primary structural characteristics:
an F-box domain of ~45 amino
acids, located in its N-terminal

DFsn

Fsn-1

FIGURE 1. Identification of a novel F-box protein, Fbxo45. A, the amino acid sequence of mouse Fbxo45
compared with its Drosophila (DFsn) and C. elegans (FSN-1) homologues is shown. The conserved amino acids
are highlighted in gray. The underlines indicate the signature sequences of the F-box and SPRY domains.

B, domain structures of Fbxo45, DFsn, and FSN-1.

RESULTS

Identification of a Novel F-box Protein, Fbxo45—To identify
the target molecule recognized by the autoantibody of a cancer
patient with psychiatric symptoms, we performed expression
screening of a mouse brain ¢cDNA library using the patient’s
serum., From 1 X 10° clones screened, four positive clones were
isolated. Sequence analysis showed that all four clones encoded
overlapping sequences of the same cDNA, Fbx045.

pCRIED )
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region, and a SPRY (SPla and the
ryanodine receptor) domain, the
function of which remains
unknown (42). F-box motifs are
found in proteins that function as
the substrate recognition compo-
nent of SCF E3 complexes. The
patient’s autoantibodies in the
serum and cerebrospinal fluid rec-
ognized the F-box domain in
Fbxo45 (supplemental Fig. S1).
Tissue Distribution of Fbxo45—
To elucidate the expression pattern
of Fbxo45 mRNA, we performed
Northern blots, immunoblotting
analyses, and in situ hybridization
on mouse tissue preparations. The
Fbx045 mRNA, which was ~2.7 kb,
was detected preferentially in the
brain at similar levels throughout
development, from E12 to adulthood, and was undetectable in
the tissues outside the nervous system (Fig. 24). We next raised
a Fbxo45-specific polyclonal antibody that recognized the
30-kDa endogenous Fbxo45 protein. Immunoblot analysis of
mouse brain tissues revealed that Fbxo45 was expressed widely
in the central nervous system, including the olfactory bulb, hip-
pocampus, cortex, cerebellum, and brain stem (Fig. 34, supple-
mental Fig. $3). In situ hybridization analysis showed that the
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FIGURE 2. Fbxo45 mRNA expression. A, shown is a Northern blot analysis of
Fbxo45 mRNA in embryonic brain and adult tissues from mice. G3PDH, glyc-
eraldehyde-3-phosphate dehydrogenase. B-G, shown is an in situ hybridiza-
tion analysis of Fbxo45 in the brain. Sagittal sections of adult mouse brain
were hybridized with an antisense or sense Fbxo45-specific cRNA probe,
Fbxo45 expression was observed in the cerebellum (B-D) and hippocampus
(E-G) as indicated by arrowheads. No signal was detected with the sense
probe (D and G). Mo, Molecular layer; Pu, Purkinje cell layer; GrC, granule cell
layer; DG, dentate gyrus, Scale bars: 400 umin Band £, 50 umin C, D, f,and G.

Fbx045 mRNA was highly expressed in the granule cell layer of
the cerebellum, dentate gyrus of the hippocampus (Fig. 2, B-G),
granule cell layer of the olfactory bulb, and subventricular zone
of the lateral ventricle (supplemental Fig. 52, A and B). It was
also expressed in some cells in the cortex (supplemental
Fig. $2C).

Expression of Fbxo45 in the Nervous System—To determine
the precise location of the Fbxo45 protein in the nervous sys-
tem, we examined the subcellular distribution of Fbxo45 by
subcellular fractionation. Fbxo45 was enriched in the synaptic
fractions, which included the synaptosomal membrane fraction
(LP1), synaptic plasma membrane fraction (SPM), and the
postsynaptic density (PSD) fraction (Fig. 3B).

We also performed immunohistochemistry using the anti-
Fbxo045 polyclonal antibody, whose immunoreactivity disap-
peared in Fbxo45 knock-out mice (supplemental Fig. S4).
Endogenous Fbxo45 protein was detected as a spotty and
fibrous pattern in the primary cultured rat hippocampal neuron
at DIV 16 (Fig. 3C). The Fbxo45 immunoreactivity was colocal-
ized in part with a presynaptic marker, VGlutl, and a postsyn-
aptic marker, PSD-95. Analyses using immunoelectron micros-
copy revealed that the significantly higher expression of Fbxo45
in both pre- and postsynaptic structures of excitatory neuron
was detected compared with that in myelin cytoplasm (Fig. 3, D
and E, supplemental Fig. $6). Taken together, these results sup-
port the idea that Fbxo45 could have a physiological function at
the synapse.
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Involvement of Fbxo45 in Neurotransmission in Rat Hip-
pocampal Neurons—Because FSN-1, the Fbxo45 homologue in
C. elegans, is involved in aspects of synapse formation such as
the clustering of periactive zones (43), we investigated Fbxo45
involvement in synaptic function. First, we immunostained pri-
mary cultured hippocampal neurons at DIV 14 transfected with
an expression vector bearing FLAG-tagged full-length Fbxo45
(FLAG-Fbxo045), vector control (FLAG-Vec), Fbxo45 siRNAs
(siRNA Fbxo45-1 and -2), which significantly decreased the
level of endogenous Fbxo45 protein (supplemental Fig. S5), or
siRNA control (siRNA Cont.) for Synapsin-1 and PSD-95 (Fig.
4A) as a marker for synapses and then evaluated whether the
expression of Fbxo45 altered the number of the synapses,
defined as sites in which Synapsin-I and PSD-95 were colocal-
ized. A quantitative analysis showed no significant change in
the synaptic number (Fig. 4B), indicating that Fbxo45 did not
influence synapse formation in mature neurons.

Next, we recorded the mEPSC under whole-cell voltage
clamp after blocking the sodium channel-mediated action
potential activity with tetrodotoxin. Primary cultured rat hip-
pocampal neurons at DIV 14 were transfected with Fbxo45,
Fbxo45 deletion mutants (54 —140 or 101-286 aa), vector con-
trol, siRNA Fbxo45-1 and -2, or siRNA control along with an
EGFP-bearing vector, and the mEPSC was recorded 3 days
later. We found that the knockdown of Fbxo45 significantly
increased the mEPSC frequency without changing its ampli-
tude. In contrast, the overexpression of Fbxo45 decreased the
mEPSC frequency. Furthermore, a dominant-negative deletion
mutant Fbxo45 (101-286 aa) lacking its F-box domain
increased the mEPSC as did the siRNAs (Fig. 4, C and D). The
frequency of the mEPSC was increased or decreased by the
change of Fbxo45 protein level with an extracellular Ca** con-
centration of 2 mm; however, there was no significant difference
in the mEPSC frequency compared with the control at a higher
extracellular Ca®>* concentration (10 mwm) (Fig. 4E). These
results show that Fbxo45 functions as a negative regulator of
mEPSC frequency in an extracellular Ca>* concentration-de-
pendent manner. Because Fbxo45 did not alter synapse forma-
tion in mature neurons, these findings strongly suggest that
Fbxo45 regulates neurotransmission machinery.

Fbxo45 Interacts with Skpl and Induces Protein Ubiquitina-
tion—TIt is known that the F-box proteins interact with an adap-
tor protein Skp1 and constitute the larger class of E3 specificity
components. To evaluate whether Fbxo45 interacts with Skp1,
we performed co-immunoprecipitation analyses. FLAG-
Fbxo45, FLAG-Musashil (FLAG-Msil) (31,44), or FLAG-HuC
were overexpressed in 293T cells and immunoprecipitated with
a monoclonal antibody against the FLAG epitope. In the resuit,
endogenous Skpl was co-immunoprecipitated with overex-
pressed FLAG-Fbxo45 (Fig. 5A4). The structure of Fbxo45 to
form SCF complex has been described elsewhere (45).

To clarify the relationship between Fbxo45 and the ubiquitin
proteolytic system, we examined whether Fbxo45 traps target
proteins for the ultimate ubiquitination. Immunoblots showed
multiple ubiquitinated bands of high molecular mass in the
anti-FLAG immunoprecipitates from 293T cells co-transfected
with FLAG-Fbxo45 and HA-tagged ubiquitin after pretreat-
ment with the proteasome inhibitor MG132. In contrast, no
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