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Summary

Although Skp2 has been thought to mediate the degra-
dation of p27 at the G,-S transition, Skp2~/~ cells ex-
hibit accumulation of p27 in S-G, phase with overrepli-
cation. We demonstrate that Skp2~'-p27°/~ mice do
not exhibit the overreplication phenotype, sudgesting
that p27 accumulation is required for its devélopment.
Hepatocytes of Skp2~'~ mice entered the endodupli-
cation cycle after mltogemc stlmulatlon, whereas this

Gy phase but rapldly decreases on the reentry of cells
into Gy-8. Moreover, we and others have demonstrated
that p27-'~ mice are larger than normal mice and exhibit
both multiple organ hyperplasna and a pred|5p05|t|on to
the development of tumors {Fero et al,, 1986; Kiyokawa

et al., 1996; Nakayama et al., 1996).

phenotype was not apparent in Skp2"‘p27"“mtce '

Cdc2-associated kinase actlwty was Iower in Skp2 -

cells than m wﬂd—type cells, and a reductlon in Cdc2 -

activity was sufficient to induce overrephcatmn The
lack of p27 degradatlon m G, phase in Skp2~~ cells
may thus result in’ suppression of Cdc2 actwlty ‘and
consequent |nh|b|t:on of entry mto M phase These
data suggest that p27 proteolysns is necessary for the
activation of not only Cdk2 but also Cdc2, and that
Skp?2 contributes to regulatxon of G- -M progressmn by
mediating the degradatmn of p27 '

Introduction

The highly ordered progression of the cell cycie is
achieved by a series of elaborate mechanisms that con-
trol the penodlc expression of many regulatory proteins.
One such regulatory protein is the Cdk inhibitor {CKI)
p27. In normal cells, the amount of p27 is high durmg

‘Correspondenee: nakayak1 @bioreg.kyushu-u.ac.jp
$These authors contributed equally to this work.
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The intracellular concentration of p27 is thought to
be regulated predominantly by the ubiquitin-mediated
proteolytic pathway (Pagano et al., 1295; Shirane et al,,
1999). Degradation of p27 is promoted by its phosphory-
tation on Thr'¥’ by the cyclin E-Cdk2 complex (Sheaff et
al., 1997; Vlach et al., 1997; Montagnoli et al.,:1999).
Skp2, an F box protein that functions as the receptor
component of an SCF ubiquitin ligase complex, binds
to p27 only when Thr'™ of this CKl is phosphorylated
such binding then results in the ubiquitylation and deg-
radation of p27 {Carrano et al,, 1999; Sutterluty et al,,
1999; Tsvetkov et al., 1999). Skp2 also targets free cyclin
E (not that complexed with Cdk2} for ubiquitylation (Na-
kayama et al.,, 2000). These baochemlcal observations

- are supported by genetic evidence showing that both

p27 and free cyclin E accumulate to high levels in the,
cells of mice that lack Skp2 (Nakayama et al., 2000,
2001). The most obvious cellular phenotype of Skp2™ =
mice is the presence “of markedly enlarged polypload
nuclei and multlple centrosomes,’ suggestlve of an im-
pairment in the mechamsm that prevents endorepllca-
tion, in which the genomic DNA content.of a cell is
increased without cell division. In addition to p27 and
free cyclin E, several other substrates have been pro-
posed for Skp2. However, some of these potenttal sub-
strates were found not to accumulate in cells from
Skp2~'- mice, suggesting either that they are not bona
fide Skp2 substrates or that functional redundancy

- allows for their. ubiquitylation in the absence of Skp2.

Skp2 is almost undetectable or expressed at'a low
level in G, and early to mid-G, phase. It begins to accu-
mulate during late G, phase, and its aburidance'is maxi-
mal during S and G, phases (Hara &t al., 2001). The onset
of Skp2 expression is unequivocally later than that of
the degradation of p27 apparent at G,-G,. Moreover,
p27 is exportéd from the nucleus to the cytoplasm at
Gn G, (Rodier et al., 2001; Ishida et al., 2002; Connor et

, 2003}, whereas ‘Skp2 is restrlcted 1o the nucleus
(Mnura et al., 1998). The discrepancies between the tem-
poral and spatial patterns of p27 expression and those
of Skp2 expression suggest the existence of an Skp2-
independent pathway for the degradation of p27 at the
G,y-G, transition. Indeed, the downregulation of p27 at
G,-G, oceurs normally in Skp2~/~ cells, but that in § and
G; phases is impaired (Hara et al., 2001). These findings
suggest that the major role of Skp2 might be to reduce
the concentration of p27 during S and G, phases rather
than at late G, phase. '

To determine whether the accumuiation of p27 is es-
sential for the polyploidy and centrosome overdup-
lication in Skp2~/~ cells, we generated double mutant
mice that lack both Skp2 and p27 genes. We now show
that, although cyclin E accumulates in the cells of
Skp2~'- p27~'~ mice, the markedly enlarged, polyploid
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Figure 1. Body and Thymus Slze In Skp2 - p27"‘ Mlce .
{A) Representatwe male w:ld -type W), P77, Skp ~i~, and
Skp2~!- p27"" litermates at 8 weeks of age.

(B) Representative’ growth curves for male wild-type, p277/",
Skp27'7, and-Skp2~/~ p27~' “rice. Similar differences in body
weight were apparent for female mice of the various genotypes
(data not shown). -

{C) Gross appearance of the thymus of male w1ld-type P27,
Skp2~'=, and Skp2-'- p27-'~ littermates at 8 weeks of age. Scale
bar, 5 mm, ’

nuclei and multiple centrosomes associated with Skp2
deficiency are not evident in the double mutant mice.
These data suggest that accumulation of P27 is primarily
responsible for this cellular phenotype of Skp2-/- mice.
We also demonstrate that the aberrant increase in p27
expression in Skp2~'~ cells results in inhibition of the
kinase activity of Cdc2 and a consequent block of
entry into M phase. Our results thus indicate that Skp2
plays a crucial role in regulation of G;-M progression by
contributing to the ublqultylatuon -mediated proteclysis
of p27.

Results

Generation of Mice Lacking Both Skp2 and p27

To generate mice lacking Skp2 and p27, we crossed
Skp2*'~ p27*'~ animals. As we previously described
{Nakayama et al., 1996, 2000}, the body size of p27-'-
animals is larger and that of Skp2-'~ mice is smaller
than that of wild-type controls {Figures 1A and 1B). The

body size of the Skp2~"- p27-'~ double mutant was
slightly larger than that of wild-type controls. We also
examined the size of the thymus, which is one of the
most affected organs in Skp2™/~ or p27°/" mice; it is
hyperplastic inp27 '~ mice and atrophic in Skp2~'~ mice
{Figure 1C). As with body size, the thymus of Skp2~/~
P27~ mice was slightly larger than that of wild-type
animals. In general, the Skp2~'~ p27~'" mice appeared
similar to p27~'~ mice and exhibited phenotypes oppo-
site to those of Skp2~'~ mice. The observation that the
Skp2~'- p27~"~ double mutant appears similar but not
identical to the p27~'~ single mutant constitutes genetic
evidence for the notion that, although p27 is the main
target of Skp2, Skp2 may also mediate the ubiquitylation
of other substrates.

Absence of Overreplication Phenotype

in Skp2~'- p27-'- Mice

The most obvious cellular phenotype of Skp2 ~~ mice
is the presence of markedly entarged, polyploid nuclei
and multiple centrosomes {Nakayama et al,, 2000}. To
determine whether these characteristics are dependent
on p27 accumulation, we examined liver, kidney, and

- lung cells of wild-type, Skp2~/~, p27~'~, and Skp2~'-

P27~ mice (Figures 2A-2L). As previously described,
the nuclel of hepatocytes, renal tubule cells, and bron-
chiolar epithelial cells of Skp2~'~ mice were substantially
larger than those of the corresponding cells in wild-type
littermates. Such nuclear entargement was not apparent
in the cells of p27~/~ or Skp2~/~ p27~'~ mice. Flow cy-
tometry aiso revealed that the DNA content of hepato-
cytes from Skp2~'~ mice ranged from 2C to 16C,
whereas that of most hepatocytes from wild-type or
p27-'~ animals was 2C or 4C (Figures 2M-20}. The per-
centage of polyp!md cells in Skp2~/~ p27-/~ mice was
greatly reduced. compared with that In Skp2~'~ mice,
although the double mutant did exhlblt a small increase
in the number of 8C. .cells relative to that in w:ld-type
animals {Figure 2P).

With the use of fluorescence mlcroscopy, we also
examined the nuclear size (as revealed by Hoechst

33258 staining) and centrosome number (as revealed ,

by lmmunostammg with antlbodles to perlcentrln) of cul-
tured mouse embryomc fibroblasts (MEFs) derived from

- the various mice. As wnth liver, kldney, and Iung cells,
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MEFs derived trom .E.-‘kp" -/~ mice exh:b:ted & markedly
enlarged hucleus, whereas the nuclear size of Skpz2—/-
P27~ MEFs was sirnilar to that of wild-type MEFs (Fig-
ures 2Q-25). The number of centrosomes, which was
increased in the Skp2~'~ MEFs, aléo appeared normal
in the Skp2—/~ P27~ cells (Figures 2T-2W). These ob-
servations Indicate that the celillar phenotype of
Skp2~'~ mice is dependent on the presence of an intact
p27 gene.

Mice lacking p27 manifest multiple organ hyperplasia,
retinal dysplasia, and pituitary tumors {Fero et al., 1996;
Kiyokawa et al., 1996; Nakayama et al., 1996). The most
hyperplastic organs in ‘these animals are the thymus,
testis, ovary, adrenal medufla and intermediate lobe of
the pituitary gland. Hlstopathologlc examination re-
vealed that the adrenal medulla of Skp2-/~ p27-/~ mice
is as hyperplastic as Is that of p27 '~ mice, whereas that
of Skp2~/~ mice appeared hypoplastic (Figures 3A-3D).
Similarly, the intermediate lobe of the pituitary, a vesti-
gial structure in adult humans, was hyperplastic in both
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Figure 2. Absence of Nuclear Enlargement
and Polyploidy in Skp2~~ p27-'- Mice
{A-L) Histological analysis of liver (A=D), renal
tubules {(E-H), and bronchicles (I-L) of adult
I wild-type (A, E, and I}, Skp2~'~ (B, F, and J),

N p277'- (C, G, and K), and Skp2~/~ p27-'- (D,
- H, and L) mice. Sections were stained with

Feulgen solution (A-D) or with hematoxylin-

easin (E-L}. Scale bars, 25 ym. .

{M-P) Flow cytometric analysis of the DNA

Ralative cell number

Q content of hepatocytes from wild-type (M),
: Skp2~'~ (N}, p27-'~ (O), and Skp2~'— p27-'-
(P) mice.

{Q-W) Normal nuclear size and centrosome

number of Skp2-/~ p27-'- cells. MEFs de-

e rived from wild-type (Q and T), Skp2~'~ (R and
U}, and Skp2-'- p277"- (S and V) embryos
o were stained either with ‘both antibodies
1 to p-tubulin and Hoechst 33258 (Q-S} .or

2C4C BC 16C

with antibodies to pericentrin alone {T-V)."
B-tubulin and pericentrin immune complexes
are represented by red and green Staining,
respectively. Centrosomes are indicated by ar-
rowheads. Blue staining represents Hoechst
33258 labeling of nuclear DNA, Scale bars,
10 pm. The percentages of MEFs either with

DHA conlent
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p27~'~ and Skp2~'~ p27~'~ mice (Figures 3E-3H). The
intermediate lobe of these animals contained .a large
number of atypical cells; both p27 -/~ and Skp2~/~ p27-~
mice were thus diagnosed with benign pituitary ade-
noma. Furthermore, histopathologic examination of the
retina of Skp2~'~ p27-/~ mice revealed a marked disor-
ganization of the cellular layers in the neural retina; simi-
lar to that apparent in p27 '~ mice {Figures 31-3L}. These
observations demonstrate that Skp2-/~ p27~'~ double
mutant mice preserve the’ phenotypes of p27"‘ mice.
They thnrefore constitite genetic evidence in support
of the notion that Skp2 is an upstream regulator of p27,
atthough slight differences betwéen p27-'~ and Skp2~'~
P27~ mice may reflect other possible functaons of
Skp2.

Impaired Entry into M Phase in Skp2~~ Cells -

We hypothesized that the nuclear enlargement, poly-
ploidy, and centrosome overduplication apparent in
Skp2~'~ cells result from reentry of the cells into S phase
without passage through M phase, To test this hypothe-
sis, we orally administered the female hormone estriof,
which transiently stimulates hepatocyte proliferation
(Fuijii et al., 1985), to adult wild-type, Skp2~/~, p27-/-,
and Skp2~/~ p277/~ mice. The giant cells observed in
the liver of Skp2~/~ mice were shown to have entered
S phase by their incorporation of 5-bromo-2'-deoxyuri-
dine (BrdU) that was injected intraperitoneally (Figures
4A and 4B). Monitoring of the time-dependent increase
in the percentage of cells in § phase revealed no marked
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difference between wild-tybe and 'Ska"‘ mice (Figjﬁ're':"' B

4C). Mitotic cells in the liver were evaiuated by hematox-
ylin-eosin staining (datanotshown) and immunostaining ..
" with anhbodles to phosphorylated histone H3 {Figures
4D-4G), which is a marker for cells in M phase In wild-
type mice, cells containing phosphorylated histone H3
were apparent and peaked in number 5 days affer estriol
administration (Figure 4H). In contrast, no cells that re-
acted with the antibadies to the phosphorylated histone
were detected at any time after estriol treatment in
Skp2~'~ "mice. This tack of M phase induction in' re-
sponse to estriol appeared to 'be ‘attributable to p27
accumulation, given that the liver of Skp2~'~p27 '~ mice
responded in a manner simitar to that of the liver of wild-
type mice (Figure 4G). These results thus suggested that
Skp2~'- cells are able to enter S phase but hot M phase,
a characteristic of endoreplicatio’n, although a mitotic
defect could also account for this abnormality. They
also indicate that the inability of Skp2~/~"cells to enter
M phase is due to the abnormal accumulation of p27.
impairment of Mitotic Entry Induced
by a Reduction in Cdc2 Activity :
In fission yeast, overexpression of the CKI Rum?1 inhibits
mitotic cyclin-Cde2 activity and thereby prevents mito-
sis (Correa-Bordes and Nurse, 1995). Moreovér, a high
activity of the mitotic cyclin-Cdc2 complex prevents
chromosome replication (Stern and Nurse, 1996). These
observations led us to test the hiypothesis that accumu-
lation of the CKI p27 during G, phase inhibits mitotic
cyclin-Cde?2 activity in mammalian Skp2-/- cells.
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We compared the abundance (Figure 5A) and kinase
activities (Figure 5B) of various cell cycle regulators in
MEFs derived.from wild-type, Skp2~'~, p27-"-, and

'Skp2-/~ p27-'~ mice. There were no marked differences
in the amounts of cyclin A, cyclin B, Cdk2, or Cdc2 or
in the kinase activity associated with Cdk2 among the
four types of cells. In contrast to lymphocytes, which
express p27 but not p57 (Nagahama et al., 2001), and
in which the loss of p27 results in a marked increase in
the kinase activity of Cdk2 (Nakayama ‘et al., 1996),

P27/~ MEFs did not exhibit an increase in such activity, -

probably because of the presence of p57. Cyclin A-,
cyclin B-, or Cdc2-associated kinase activity was sub-
stantially reduced in Skp2-/~ cells compared with that
in MEFs of the other three genotypes, however. The
observation that Skp2~/~ p27~~ MEFs diftered from
Skp2-!* cells in this regard suggests that accumulation
of p27 is responsible for the low kinase activity of cyclin
A-Cdc2 or cyclin B-Cdc2 in SkpZ~~ cells. Cyclin
E-associated kinase activity was not increased, even
though the abundance of cyclin € was increased, in
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Figure 3. Organ Hyperplasia in Skp2~'-
P27~ Mice
Histological sections of the adrenal gland
(A-DY}, pituitary gland (E-H}, and retina {I-L)
of wild-type (A, E, and I}, Skp2~'~ (B, F, and
J), p277- (C, G, and K), and Skp2~'- p27-/-
(D, H, and L} mice are shown, The paraffin-
embedded sections were stained with hema-
toxylin-eosin. Abbreviations: Cx, cortex; Me,
medulla; Ant, anterior lobe; int, intermediate
- lobe; Pos, posterior lobe. Arrowheads in (K}
- and (Y indicate the outer granular layer invad-
ing the layer of rods and cones beyond the
outer limiting membrane of the retina. Scale
bars: 400 pm (A-D), 100 pm (E-H), and 25 .
pm (-L). -

the Sifp2"" cells, suggesting that the accumulated p27
antagonized the kinase activity. Consistent with this no-
tion, the activity of cyclin E-associated kinase activity
was increased in Skp2~/~ p27-/~ MEFs,

We found that p27 associated with Cdc2, although to
only a small extent, in wild-type MEFs (Figure 5C). The
amount of Cdc2 bound to endogenous p27 was mark-
edly increased in Skp2~'~ cells, however. The phosphor-
ylation status of tyrosine-15 and threonine-161 of Cdc2
was similar among the four genotypes of MEFs (Supple-
mental Figure S1 at http://www.developmentalcell.com/
cgi/content/full/6/5/661/DC1), excluding the possibility
that the loss of Skp2 or accumulation of p27 affects
other molecules that regulate Cdc2 activity directly. The
amount of Cdk2 associated with p27 was also increased
in Skp2~*- cells {Figure 5C). In contrast, the amount of
Cdk4 associated with p27 was not affected by the loss
of 8kp2, which might be explained if the amount of Cdk4
is limited and most of it is bound to p27 even in wild-
type cells; the excess p27 that overflows from the Cdk4-
bound pool would then be available to bind to Cdk2 or
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Figure 4. Defective Entryinto M Phase of He-
patocytes Exposed to Mitogenic Stimulation
in Adult Skp2~'~ Mice

Adult mice were subjected to a single oral
administration of estrio! and daily intraperito-
neal injection of BrdU. They were killed at
various times after estriol administration and
sections of the liver were processed for im-
munostaining.
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Cdc2 in Skp2~/~ MEFs. Immuncdepletion of p27 also
reduced the amounts of Cde2 and Cdk2 in Skp2~'~ cell
lysates (data now shown), confirming that a substantial
proportion of Cdc2 and Cdk2 is bound te endogenous
p27. We also found that FLAG epitope-tagged exoge-
nous p27 interacted with endogenous cyclin A, cyclin
B, Cdk2, and Cdc2 as well as inhibited the associated
kinase activities in COS-7 cells (Figure 5D). Mass spec-
trometric analysis of immunoprecipitates prepared from
HEK293T cells expressing FLAG-tagged p27-with anti-
bodies to FLAG showed that p27 is complexed with
cyclin A2, cyclin B1, cyclin B2, cyclin E1, cyclin E2, CdcZ2,
Cdk2, Cdk4, and Cdk5 (data not shown).

We next examined whether the observed decrease in
the kinase activity of Cdc2 is sufficient to explain the
overreplication phenotype of Skp2~~ cells. We first
treated wild-type MEFs with a potent Cdc2. inhibitor,
butyrolactone | (Kitagawa et al., 1993). Exposure of the
wild-type MEFs to butyrolactone 1 resulted in nuclear
enlargement and centrosome multiplication (Figures 6A
and 6B), characteristics -similar to those of Skp2™/~
MEFs, Flow cytometric analysis revealed that the DNA
content of the butyrolactone |-treated cells increased in
multiples of 2C (Figure 6C), a characteristic of endorepli-
cation, rather than in a continuous manner, as would be
consistent with DNA rereplication. Cell size was also
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(A and B) Liver sections prepared from wild-
type (A) and Skp2~'~ (B) mice 5 days after
administration of estriol were subjected to
immunostaining with antibodies te BrdU
{brown).

{C) The percentage of liver cells that stained
with the antibodies to BrdU was determined
for wild-type and Skp2~/~ mice at the indi-
cated times after administration of estriol.
(D-G) Liver sections prepared from wild-type
(D), Skp2~*— (E), p27~'~ (F), and Skp2~"~
p27-'~ (G} mice 5 days after estriol adminis-
tration were stained with antibedies to phos-
phorylated histene H3 (red) and Hoechst
33258 (blue).: - e
{H) The percentage of liver cells that stained
with the antibodies to phosphorylated his-
tone H3 (mitotic index) was determined for
wild-type and Skp2~'~ mice at the indicated
times after administration of estriol.

Data in (C) and (H) are from representative
animals. Scale bars: 50 pm (A and B) and 25
pm (D-G).

7 E:]

increased by treatment with butyrolactone | {Figure 6D).
Given that this compound may affect other types of
Cdk, we also examined FT210 cells, which express a
temperature-sensitive mutant of Cde2 (Thlng et al,
1990). FM210 cells cultured at the restrictive tempera-
ture (39°C) exhibited huge nuclei and multiple centro-
somes (Figure 6H); neither FM210 ceils cultured at the
permissive temperature (32°C) (Figure 6G) nor the paren-
tal cell line, FM3A, cultured at either temperature {Fig-
ures 6E and 6F) exhibited this phenotype. Flow cytomet-
ric analysis revealed that FT210 cells cultured at the
restrictive temperature, but not those cultured at the
permissive temperature, appeared to be arrested at
the G~M boundary (Figure €l) with an increase in cell
size (Figure 6J). These data thus indicate that areduction
in the kinase activity of Cdc2 results in G;-M arrest asso-
ciated with nuclear enlargement and centrosome over-
duplication in mammalian cells. In Skp2~/~ mice, the
accumulation of p27 due to the lack of its ubiquitylation- -
mediated proteolysis likely results in such a decrease
in Cdc2 activity.

Accumutation of Cyclin E in Skp2~'~ p27~/~ Mice

Given that p27 is an inhibitor of the kinase activity of
cyclin E-Cdk2 and that the phosphorylation of cyclin E
that triggers its degradation is thought to be mediated,
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Figure 5. Reduced Cdc2-, Cyclin A-, or
Cyclin B-Associated Kinase Activity in
Skp2-'- Cells and Interaction ‘of p27 with
Gdc2, Cdk2, Cyclin A, and Cyclin B
{A and B) Lysates of MEFs from wild-type,
Skp2~'=, p27-'~, and Skp2~'~ p27-i- -mice
were subjected sither to immunoblot analysis
with antibodies to the indicated proteins (A}
or to in vitro assays of Cdc2-, Cdk2-, cychin
A-,'eyclin B-, or cyclin E-associated kinase
activity {B). .
U+ {C} Lysates “of - MEFs- from wild-type and
. Skp2-i- mice were sub;ected to immunopre-
_mpllatlon (IP} with antibodies to p27, and the
resultmg precupltates were subjected to im-
,munoblot {(15)] analyms with antibodies to the
flndlcated proteins - (feft panels} A portion
A{10%) of the mput lysates was also subjected
- directly fo imimuncblot ana!ysns withthe same
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atleast in part, by associated Cdk2, it was possible that
the accumulation of cyclin E in the cells of Skp2~/~ mice
was an indirect consequence of p27 accumulation. To
investigate this possibility, we examined the amount of
cyclin E in MEFs, thymus, testis, and liver of Skp2-/-
P27~ mice. The abundance of cyclin E in these cells
and tissues of the double mutant, however, was mark-
edly greater than that in their wild-type counterparts
and gimilar to.that for Skp2~/~ mice (Figure 7A), sug-
gesting that the accumulation of cyclin E in Skp2-'-
cells is not dependent on p27 accumulation. The amount
of phosphorytated cyclin E in MEFs was similar for the
four genotypes (Supplementa! Figure S2A at http://
www.developmentalcell.com/cgi/content/full/6/5/
661/DC1), suggesting that the cyclin E that accumulates
In Skp2~'~ mice is the nonphosphorylated form. The
p27-related CKls p21 and p57, both of which are also
targets of Skp2-mediated ubiquitylation (Bornstein et
al,, 2003; Kamura et al., 2003), were also examined for
their binding to cyclin E in wild-type, Skp2-/-, p27-/-,
and Skp2~'~ p27-'~ MEFs. Like p27, more p21 was asso-
ciated with cyclin E in Skp2~/~ MEFs than in wild-type
MEFs (Supplemental Figure S2B); the increase in the
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CyclinB

+
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" 10% input

. antibodies {right panels)

(D) COS-7 cells were transfecled with an ex-
) press:on vector for FLAG- tagged p27 {or with
. thé empty vector) and witha vector for CD19,
- and CD19-expressing cells’ were then iso-
. lated with the use of magnetlc beads conju-
. oated: with antibodies 10 CD19: Lysates of the
I ©CDt 9-p05|tlve cells were subjected to immu-
noprecipitation with antibodies to FLAG, and
" the resulnng precipitates were subjected to
immuncblot analysis with antibodies to the
indicated proteins (left panels). Portions
{10%) of the input lysates were also subjected
directly to immuncblot analysis with the same
antibodies {upper right panels) and to in vitro
assays of kinase activity (KA) associated with
the indicated proteins {lower right panels).

Igy, immunoglebulin heavy chain.

.+,'

amount of p21 bound to cyclin E was alsc observed in -
Skp2~~ p27-~ MEFs. Association of p57 with cyclin E
was not detected in MEFs of any of the four genotypes
{data not shown). We therefore are not able to exclude
completely the possibility that accumulation of p21 or of
other proteins results in inhibition of cyclin E-associated
kinase activity and thereby stabilizes cyclin E by
blocking its phosphorylation, However, such a possibil-
ity seems unlikely because cyclin E-associated kinase
activity was not reduced in Skp2*/~ MEFs (Figure 5B).
We also measured the rate of cyclin E degradation by
treatment of MEFs with the protein synthesis inhibitor
cycloheximide. In asynchronously cycling cells, cyclin
E appeared to be more stable in Skp2~'~ and Skp2~'~
P27~ cells than in wild-type or p27~/~ cells (Figures
7B and 7C). This result was verified by puise-chase
experiments. {Supplementat Figure S§3). Furthermore,
cyclin E was rapidly degraded after the release of wild-
type and p27-/~ MEFs from S phase arrest induced by
aphidicolin treatment (Figures 7D and 7E); in contrast,
the degradation of cyclin E after release from aphidicotin
block was markedly delayed in Skp2~'~ and Skp2—/-
p27°1" MEFs. In addition, our previous biochemical
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Figure 6. Induction of Nuclear Enlargement by Inhibition of the Ki--

nase Activity of Cdc2

(A=D) Wild-type MEFs were incubated for 72 hr with dimethy| sulfox-
ide {vehicle control) {A} or with 80 uM butyrolactone | (B}, after
which they were subjected to immunostaining with antibedies to
pericentrin_(green) or to B-tubulin {red). Blue staining represents
Hoechst 33258 labeling of nuclear DNA. Scale bar, 20 pm. The DNA
content (C) and forward light scatter (FSC) (D) of the cells cultured in
the absence {dotted lines) or presence (solld Imes) of butyrolactone 1
were also measured by flow cytometry,

{E-J) FT210Q cells {G and H}, which express a temperature-sensitive
mutant of Cdc2, and the parental FM3A, cells (E and F) were cultured
at 32°C (permissive ternperature) {E and G) or 38°C (restrictive tem-
perature) (F and H), after which they were subjected to immunostain-
ing with antibodies to pericentrin {green) and to staining of DNA with
propidium icdide (red). The images were taken by laser-scanning
confocal microscopy. Scale bar, 10 pm. FT210 cells cuttured at the
permissive {dotted lines} or restrictive (solid lines) tempé_ratli're were
also subjected to flow cytometric analysis of DNA content (I) or
forward light scatter {J).

studies indicated that Skp2 specifically interacts with
cyclin E and thereby promotes its ubiquitylation and
degradation both in vivo and in vitro (Nakayama et al.,
2000). Collectively, these findings suggest that free

125

cyclin € is a candidate substrate of SCF®?, and that
accumulation of cyclin E alone is not the cause of the
cellular abnormalities of Skp2~'~ mice.

Discussion

p27 Is a Major Physiological Target of SCFSr?
Protein degradation by the ubiquitin-proteasome path-
way plays a fundamental role in determining the abun-
dance of important regulatory molecules, The E3 ubiqui-
tin ligases are thought to determine the substrate
specificity of this pathway, and many diverse E3 mole-
cules are therefore thought to exist, although it does
not appear to be unusual that several proteins serve as
substrates for a given ubiquitin ligase. Skp2, the sub-
strate-recognizing component of an SCF ubiquitin 1i-
gase, has thus been shown to recognize p27 (Carrano
et al,, 1999; Sutterluty et al., 1999; Tsvetkov et al,, 1999;
Nakayama et al., 2000}, the p27-related CKls p21 (Yu et
al., 1998; Bornstein et al., 2008) and p57 (Kamura et al.,
2003), cyclin A {Nakayama et al., 2000}, cyclin D1 (Yu et
al., 1998), free cyclin E (Nakayama et al,, 2000), E2F-1
{Marti et al., 1999), p130 (Tedesco et al., 2002; Bhatta-
charya et al., 2003}, ORC1 {Mendez et al., 2002), Cdt1
(Li et al., 2003), Cdk® {(Kiernan et al., 2001), c-Myc (Kim
et al., 2003; von der Lehr et al.,'2003), and B-Myb (Char-
rasse et al,, 2000). Of these proteins, cyclin A, eyclin D1,
E2F-1, and Cdt1 do not accumulate in Skp2—'- cells
(Nakayama et al.,, 2000} (our unpublished data), sug-
gesting either that they are not bona fide substrates of
Skp2 or that there is redundancy that allows for their
ubiquitylation in the absence of Skp2.

Most of the cellutar abnormalities apparent in Skp2~/~
mice are not evident in Skp2~'~ p27-'~ double mutant
mice. This observation constitutes genetic evidence that
the cellular phenotype of nuclear entargement with poly-
ploidy and overduplication of centrosomes in Skp2-/~
mice results from the deregulated expression of p27
during the cell cycle, and that p27 is likely the main target
of the SCF™? ubiquitin ligase. However, the observation
that the phenotype of Skp2-/~ p27-/- mice is not com-
pletely identical to that of p27-~ mice suggests the
existence of additional target proteins for Skp2-medi-
ated ubiquitylation.

Role of Skp2 in Prevention of p27 Accumulation
during S and G, Phases '

The concentration of p27 is relatively high in quiescent
(Gy) cells, decreases on entry of cells into the cell cycle,
and is controlled predominantly by the rate of p27 degra-
dation (Pagano et al., 1995; Shirane et al., 1999) as well
as by translational regulation (Hengst and Reed, 1996}.
This degradation has been thought to require Skp2,
which binds to p27 when the latter is phosphorylated
on Thr'® by the cyclin E-Cdk2 complex {Sheaff et al.,
1997, Vlach et al., 1997; Carrano et al., 1999; Montagnoli
et al., 1999; Sutterluty et al., 1999; Tsvetkov et al., 1999).
The primary function of SCF3? might therefore be to
render guiescent cells competent to reenter the cell
cycle by mediating the degradation of p27. However,
there are several inconsistencies with this notion. Skp2
and cyclin E are not expressed until the G,-S transition
of the cell cycle, unequivocally later than the onset of
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Figure 7. Impaired Degradation of Cyclin E

in Skp2~* Mice Is Independent of p27

(A} Immunoblot analysis of cyclin E (left pan-
" els) and a-tubiin {control; right panels) in fy-

: sates prepared from MEFs, thymus, testis,
and liver of wuld-type, Skp2"‘ p27"' and )
Skp2~t- p27-'- mice, - .

" (B) Proliferating wild- type, Skpz“"' p2?"‘
or Skp2~'~ p27-"~ MEFs were incubated in
the presence of cycloheximide (50 pg/mi) for
the indicated times, after which cell iysateé
were subjected to immunoblot analysis with .
antibodies to cyclin E.

{C) The band infensities in (B) were quanti-
tated by image analysis and expressed as
a percentage of the corresponding value for
time zero, -

(D) Wild-type, Skp2~/-, p27-'-, or Skp2-'-
p27-*- MEFs were synchranized at S phase
by treatment with aphndlcolm [1 pg/mi) for
15 hr and then released into aphidicolin-free
mediurm for the indicated times, after which
cell lysates were prepared and subjected to
|mmunoblot analysns WJth antlbodres to cy-
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p27 degradation apparent at mid-G, phase (Hara et al.,

2001). Moreover, p27 is exported from the nucleus to
the cytoplasm at G-G, (Tomoda et al., 1999; Rodier et
al., 2001; ishida et al., 2002; Connor et al., 2003}, whereas
Skp2 is restricted to the nucleus (Miura et al., 1999).
The discrepancies between the temporal and spatial
patterns of p27 expression and those of Skp2 expres-
sion suggest the existence of a Skp2-independent path-
way for the degradation of p27. Indeed, the downregula-
tion of p27 at the Gy-G, transition occurs normally in
Skp2™/~ cells and is sensitive to proteasome inhibitors
(Hara et al., 2001). Biochemical analysis of crude ex-
tracts of Skp2~/~ cells revealed the presence in the cyto-
plasmic fraction of an Skp2-independent E3 activity that
mediates the ubiquitylation of p27 (Hara et al., 2001).
This ubiquitylation was not dependent on the phosphor-
ylation of p27 on Thr'¥, which is a prerequisite for Skp2-
mediated ubiquitylation. These data indicate that p27
is degraded at the G,-G, transition by a proteasome-
dependent, but Skp2-independent, mechanism.
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In contrast, the degradation of p27 during S and G;
phases is impaired in Skp2~'~ mice, suggesting that the
primary function of Skp2 is to prevent both the accumu-
lation of p27 during S and G, phases and the consequent
inhibition of mitotic cyclin-Cdc2 activity. Consistent with
this idea, experimental inhibition of the kinase activity
of Cdc2 in budding yeast, fission yeast, and Drosophila
forces cells that are normally mitotic to become endo-
replicative (Edgar and Orr-Weaver, 2001). In the present
study, we show that this'is also the case, at least in
part, in mammals. Cell cycle synchronization of Skp2-/-
MEFs also revealed a delay at the G,-M boundary in com-
parison with wild-type and Skp2~/~ p27~/~ cells (Supple-
mental Figure S4 at http://www.developmentalcell.com/
cgifcontent/full/6/5/661/DC1). These data suggest that
inactivation of Cdc2 by p27 that accumulates as a result
of the lack of Skp2 leads to G-M block, although the
detailed mechanism of this phenomenon remains to be
determined. We thus propose that the major target of
p27 at G, phase is Cdk2, and that at G, phase it may
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be Cdc2; Skp2 seems to he important for the regulation
of the latter.

Endoreplication of Hepatocytes Induced

by Deregulation of p27 Degradation

Polyploidy is apparent in certain tissues of Skp2~/~ mice
including the liver. Maintenance of genome ploidy is
a fundamental aspect of cell division. Three possible
mechanisms might render cells polyploid. (1) Failure of
mitosis. Cells enter mitosis normally but anaphase fails
tc oceur, resulting in the subsequent entry of the cells
into interphase with a doubled DNA content, (2) Endo-
replication. Cells replicate their genomes in S phase,
bypass mitosis, and double their DNA content again in
the next S phase. (3) DNA rereplication. ‘Cells arrest in
S phase and reinitiate DNA replication continuously, We
adopted two criteria to determine which of these three
mechanisms gives tise to the polyploidy of Skp2~'~ he-
patocytes. First, we examined whether cells  entered
mitosis. Immunofluorescence analysns with antibodies
to phosphorylated histone H3, a marker of early mitosis,
revealed that the _number of mitotic cells is reduced in
the liver of Skp2='~. mice, suggesting that failure of mito-
sis is not likely responsm!e for the polyploidy in these
animals." Second; we"measured the DNA content of
Skp2~'- hepatocytes after mitogenic stimulation in order
to determme whether the increase in DNA content oc-
curred in a stepwise manner. The DNA content of
Skp2-/~ cells was shown to increase in multiples of
2C, a characteristic of endoreplication, rather than in a
continuous manner, as would be consistent with DNA
rerepllcatlon (data not shown). Similar results’ were also
obtained after partlal hepatectomy in Skp2"‘ mice {Mi-
namishima et al., 2002). We thus conclude that the poly-
ploidy of Skp2"‘ hepatocytes is likely attributable to
endoreplication, although the possibility of a mitotic de-
fect cannot be formally ruled out. ‘

The regulation of Cdk activity during endoreplication
in mammalian cells, with the exception of megakaryo-
cytes and trophoblasts, is poorly understood (Edgarand
Orr-Weaver, 2001). Consistent with the association of
Skp2 with Cull in the SCF ubiquitin ligase complex, the
phenotype of trophoblasts of Cuf1™~ embryos is similar
to that of Skp2~~ cells (Dealy et al., 1999; Wang et al.,
1999). Unlike most cells, trophoblasts underge multiple
rounds of DNA synthesis without an intervening mitosis,
resulting in the formation of giant nuclei {Zybina and
Zyhina, 1996). The fack of Cull or Skp2 appears to aug-
ment this process, and our present data indicate that
the accumulation of p27 may play an important role in
its induction. The abundance of cyclin E remains high
and that of cyclin B is reduced in a differentiating tropho-
blast cell line, and p57, which is structurally and func-
tionally similar to p27, is upregulated during S phase in
these cells {Hattori et al., 2000). These characteristics
resemble those of Skp2~'~ cells. However, ectopic ex-
pression of a form of p57 with a mutation that stabilizes
the protein blocks S phase entry in the trophoblast cell
line. The gradual increase in the abundance of p27 in
Skp2~'~ cells may give rise to a window in which p27
inhibits mitosis but not entry into S phase, whereas
forced expression of p57 at high levels may block 3
phase entry immediately.
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A fission yeast mutant that lacks the F box protein
Pop1, which targets the CKI Rum1 for degradation, also
exhibits endoreplication and consequent polyploidy
(Kominami and Toda, 1997). Rum1 accumulates to high
levels in this mutant. Maintenance of ploidy in fission
yeast is controlled by a complex of Cd¢2 with the mitotic
cyclin Cdc13. Inhibition of the kinase activity of Cdc2-
Cdc13 as a result of the increased expression of Rumi
in the pop? mutant thus likely leads to polyploidy by
promoting the bypass of M phase before the next S
phase. A mitotic cyclin-Cdk complex in budding yeast
prevents endoreplication through multiple overlapping
mechanisms, including phosphorylation of the origin
recognition complex {ORC), downregulation of Cdc6 ac-
tivity, and exclusion from the nucleus of the Mcm2-7
complex {(Nguyen et al,, 2001). Given the similarities in
the phenotypes of the fission yeast pop? mutant and
mouse Skp2~'- cells, the accumulation of p27 in Skp2~/~
cells may functionally correspond to that of Rum1 in the
pop1 mutant. The prevention of endoreplication through
degradation of a CKI mediated by-an SCF ubiquitin li-
gase thus appears to be a mechanism that has been
well conserved from yeast to mammals.

Free Cyclin E as a Potential Substrate of SCF3#?

The marked accumulation of cyclin E in the absence of
the antagonizing action of p27 in Skp2~~ p27~'~ mice
might have been expected either to compromise tissue
organization in the developing embryo, and thereby to
result in ‘early embryonic death, or to lead to a high
incidence of carcinogenesis. The apparent absence of
such outéomes suggests that the deregulated expres-
sion of cyclin E might not be a direct cause of carcino-
genesis, even though altered expression of cyclin E is
apparent in many human cancers. The cyclin E that
accumulates in Skp2~/~ mice, however, appears to be
the free form of the protein (Nakayama et al., 2000),
not that complexed with Cdk2, and therefore does not
contribute to the kinase activity of Cdk2. The nature of
the interaction between the pool of free cyclin E and
the cyclin E-Cdk2 complex is unclear, but our present
data suggest that a simple increase in the abundance
of free cyclin E does not directly result in the activation
of Cdk2. Another possible interpretation of our data is
that the increase in the pool of free cyclin E in Skp2~/-
cells results in an increase in the activity of the cyclin
E-Cdk2 complex, but that this effect is antagonized by
the accumulated p27.

Our data do not necessarily imply that SCF*? is the
main mediator of cyclin E turnover. Rather, the mecha-
nisms for the degradation of cyclin E appear complex.
The Skp2-Cul1 complex and Cul3 interact with the free,
nonphosphorylated form of cyclin E (Dealy et al,, 1929;
Singer et al., 1999; Wang et al., 1999; Nakayama et al,,
2000), thereby mediating its ubiquitylation-dependent
proteolysis. In parallel with these pathways, SCF™ is
thought 1o target phosphorylated cyclin E complexed
with Cdk2 (Clurman et al., 1996; Won and Reed, 1996;
Koepp et al., 2001; Moberg et al., 2001; Strohmaier et
al., 2001). However, mice that lack Fbw7, which die in
utero during embryogenesis, show neither accumutation
of cyclin E nor an increase in Cdk2 activity {Tsunematsu
et al.,, 2004), whereas Skp2~/~ mice manifest marked



Developmental Cell
670

accumulation of cyclin E in the nucleus. Thus, Fbw7
appears to be dispensable for cyclin E degradation, at
least until mid-embryogenesis. In contrast, depletion of
Fbw7 by ANA interference results in the accumulation
of cyclin E in cultured cells (Koepp et al., 2001} (our
unpublished observations), suggesting that Fbw? might
be required for cyclin E turnover in adult tissues. These
data render unlikely, however, the possibility that the
loss of Skp2 might stabilize other proteins that impair
the Fbw7-dependent pathway of protein degradation
and are thereby responsibie for the accumulation of
cyclin E.

Given that p27 accumulates to a high level in Skp2~'~
cells, it is possible that autophosphorylation of cyclin €
complexed with Cdk2 is inhibited by this CKI, resulting
in stabilization of cyclin E. The accumulation of cyclin
E might thus be secondary to the increase in the abun-
dance of p27. Qur present data, however, have shown
that cyclin E degradation is also impaired in Skp2-/-
p27-'~ mice, providing genetic evidence that the altered
expression of cyclin E in Skp2™/~ cells is independent
of p27 accumulation. We have previously shown that
Skp2interacts with free cyclin E and promotes its ubigui-
tylation both in vitro and in vivo, and that cyclin E degra-
dation is impaired, resulting in loss of periodicity of
cyclin E expression, in Skp2~'~ cells (Nakayama et al.,
2000). These biochemical observations are therefore
consistent with the genetic evidence that Skp2 directly
targets cyclin E. It remains possible that the accumula-
tion of CKls such as p21, p107, and p130 in Skp2-/-
mice contributes to the stabitization of cyelin E, although
our observation that the kinase activity of Cdk2 is un-
changed in Skp2~/~ cells suggests agalnst this possi-

bility. |

Experlmental Procedures

Mice

Both Skp2-deficient mice and p27-deficient mice were generated
in our laboratory (Nakayama et al., 1996, 2000). We have developed
polymerase chain reaction-based protocols {details available on re-
quest) to identify wild-type and disrupted alleles of Skp2 and p27.

Histelogical and Immunofluorescence Analyses

Histological analysis and immunoflucrescence analysis of centro-
sames and microtubules were performed as described (Nakayama
et al., 2000),

Preparation of MEFs

Primary MEFs were isolated from embrycs on embryonic day 13.5
and cultured as previously described {Nakayama et al., 1996). In
asynchronous culture, there was no substantial difference in cell
cycle profiles among wild-type, Skp2~'", p27 /-, and Skp2-i- p27-'-
MEFs {Supplemental Figure S4A at htip://www. developmentalcell
com/cgifcontent/full/6/5/661/DC1).

Flow Cytometry
Flow cytometric analysis of hepatocytes and MEFs was performed
as described previously (Nakayama et al., 1996, 2000).

Immunoblot Analysis

Transfection, immuncprecipitation, and immuncblot analysis were
performed as previously described (Hatakeyama et al., 1999; Kita-
gawa et al., 1999). Antibodies used in this study include those to
cyclin A {H-432, Santa Cruz Bictechnology), cyclin B (GNS-1, Phar-
Mingen), cyclin E {M-20, Santa Cruz Biolechnology}, Cdk2 M2,
Santa Cruz Biotechnology), Cdc2 {17, Santa Gruz Biotechnology),
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p27 {57, Transduction Laboratories), or a-tubulin {TU-01, Zymed),
each at a concentration of 0.2 ug/ml.

in some experiments, subconfluent COS-7 cells grown in four 100
mm dishes were transfected with 5 pg of pcDNAZ or pcDNA-FLAG-
P27 and with 2 ug of pCD19 (Tedder and Isaacs, 1989) per dish with
the use of the FUGENES reagent (Roche Molecular Biochemicals).
Twenty-four hours after transfection, the CD19-expressing cells
were collected with antibodies to C019 attached to magnetic beads
(Dynal Biotech) and were used for immune-complex kinase assays
and immunoprecipitation.

Immune-Complex Kinase Assays

Kinase activity associated with Cdk2, Cde2, or cyclins A, B, or E
was measured with an immune-complex kinase assay as described
(Nakayama et al., 1996).

Mitogenic Stimulation of Mouse Hepatocytes

by Oral Administration of Estriol

Male mice at 8 weeks of age were subjected to oral administration
of 0.4 mg of estriol (Wake) per gram of body mass. They were -
also subjected to daily intraperitoneal injection of BrdU (100 »o/g)
{Sigma). Colchicine (1 w.g/g) (Wako) was injected intraperitoneally 6
hr before kllllng Sections of the liver were stained with hematoxylin-
eosin or were subjected 1o immunostaining with rabbit polyelonal
antibodies to phosphorylated histone H3 (Upstate Biotechnology)
followed by Cy3-conjugated goat antibodies to rabbit tmmunogiob-
ulin G {Chemicon). For detection of Brdl, sections were incubated
with a rat monoclonal antibody to BrdU {Harlan Sera-Lab) at a dilu-
tion of 1:200 followed by biotinylated secondary antibodies; immune
complexes were visualized with the use of a streptavidin-biotin-
peroxidase detectron kit (Vector} and diaminobenzidine (Wako).
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Analysis of Small Human Proteins Reveals
‘the Translation of Upstream Open Reading

Frames of mRNAs
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To find novel short coding sequences from accumulated full-length ¢DNA sequences, proteomic analysis of small
proteins expressed in human leukemia K562 cells was performed using high-resolution nanoflow liquid
chromatography coupled with electrospray ionization tandem mass spectrometry. Qur analysis led to the
identification of 54 proteins not more than 100 amino acids in length, including four novel ones. These novel short
coding sequences were all located upstream of the longest open reading frame (ORF) of the corresponding ¢cDNA.
Cur findings indicate that the translation of short ORFs occurs in vivo whether ot not there exists a longer coding
region in the downstream of the mRNA. This investigation provides the first direct evidence of translation of
upstream ORFs in human cells, which could greatly change the current outline of the human proteome.

[Supplemental material is available online at www.genome.org.}

In parallel with human genome sequencing projects (Lander et
al. 2001; Venter etal, 2001), the accumulation of sequence data
of human full-length ¢cDINAs has also been proceeding. The “Ref-
Seq collection” (NCBI) provides us with representative resources
of curated human full-length ¢DNAs, and the protein-coding se-
quence {CD5) of each ¢cDNA is defined in the RefSeq database
(Pruitt and Maglott 2001). Now a total of 19,995 proteins are
stored in the RefSeq curated human protein database (as of Janu-
ary 27, 2004), and 19,271 (96.4%) of them are longer than 100
amino acids. This indicates that small proteins with =100 amino
acids are only a limited fraction of zll the proteins annotated in
the RefSeq database.

According to the typical translation model, a 40S ribosomal
subunit is first recruited to the cap structure of mRNA and lin-
early scans the 5'-UTR for the initiator ATG. When it recognizes
the initiator ATG, it pauses until a large 60S subunit joins, and
the complete ribosomal complex starts translation (Kozak 1989).
Therefore, the most upstream ORF should be translated accord-
ing to this model, much more with a good context around its
ATG codon as previously analyzed (Kozak 1999). Some previous
studies have reported that the short ORF in the 5'-untranslated
region (UTR) functions as a regulator of the translation of its
downstream CDS (Morris and Geballe 2000; Metjer and Thomas
2002). It has been considered that such translational control
would be limited to some genes or conditions. However, the pre-
vious large-scale analyses focusing on the 5'-UTRs of human full-
length cDNA sequences showed that 41%-49% of them had at
least one ATG codon upstream of the CDS (Peri and Pandey 2001;
Yamashita et al. 2003). This means that there are potential short
coding regions in the 5-UTRs of many genes if this classical
model, indeed, represents a general mechanism of translation
initiation. To our knowledge, few reports have presented evi-
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dence of the translation of upstream ORFs in vivo (Diba et al.
2001). Although there are also some mechanisms by which the
ribosomal complex may evade the translation from the first ATG
codon, such as leaky scanning (Kozak 1999) and IRES (internal
ribosome entry site)-dependent translation (Meijer and Thomas
2002), we expect that the small proteins encoded by upstream
ORFs in 5'-UTRs exist in vivo,

With a view to finding novel short upstream CDSs in accu-
mulated cDNA sequences, we performed a proteomic analysis of
small proteins expressed in vive using direct nanoflow liquid
chromatography (LC) coupled with the electrospray ionization
(EST)}-tandem mass spectrometry (MS/MS) system (Natsume et al.
2002). This LC instrument can separate peptides and introduce
them into a mass spectrometer with limited diffusion, leading to.
more sensitive detection than can be achieved with conventional
LC systems. We aimed to identify novel short CDSs by searching
not only against the RefSeq curated ¢DNA database but also
against our in-house FLJ-unique cDNA data set, which contained
as many as >10,000 full-length cDNA sequences that had no hit
against the RefSeq ¢DINAs (Ota et al. 2004),

Here we report the proteomic analysis of small proteins
(=100 amine acids in length) expressed in human chrenic my-
elogenous leukemia K562 cells. Our analysis led to the identifi-
cation of 34 proteins in total, including four novel ones. Very
intriguingly, these novel small proteins were all derived from the
short ORFs in the presumed 5-UTRs.

RESULTS

To carry out a proteomic analysis of small proteins expressed in
K562 cells, we prepared the samples for mass spectrometric
analysis by two different methods. Small proteins were isolated
by either fractionation through SDS-PAGE or acid extraction, For
the proteins resolved by SDS-PAGE, the part of the gel corre-
sponding to the low molecular weight (<~17 kDa) was excised,
and the proteins trapped in the gel were digested with proteclytic
enzymes (see “MS Sample Preparation 1" in Methods). On the

14:2048-2052 ©2004 by Cold Spring Harbor Laboratory Press 155N 1088-9051/04; www.genome.org
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Table 1. Novel Short CDSs identified by Searching Against Human cDNAs . - e R

Novel CDS

“Novel CDS

. ..UV Longest ORF
%, Longest ORF: = " length® ..

GenBank. Length = Novel CDS - length? ' Nove i coU el D
Accession: (bp) position®. ~‘(amino acids)’ initiator ATG*  Identified peptide® | " ' " position® " (amino acids)
RefSeq cDNAs .+, ° . . y sl e T e s T e
- NM_005770 1408 .. 941...71120 . 59 6th! . QRDSEIMQQK -+ - - »1 Ce1023.1319 - -
C T RRE VUF o RDDGLSAAAR Lo TR
" UNM_OT5532 4107 86 “: QPQPAQNVLAAPR 5, % %, ' 127..1233 .. /368
. Lt .,_.“ :¢‘ e o Nfar : U ‘,; S .l..— ..»_ PR L / 'GLGAA_EFGGMGNVEAPCETFAQR 1.“, ,_:: BRI T I i
15 150401 VL . ATPGLQQHQQPPCPGR, 1%, 1

1545

" LY ¢DNAs
: AK057257

! “(N-terminus ‘acetylated)

esacniGge

“SEacH data is based on the sequence information of the téfjr'e-spp__ndmg ¢DNA.

- "Péptides identified from MS samples (see Methods): /i L

+ other hand, the small proteins enriched by extraction in acid
solution were digested directly without PAGE separation (see “M$
Sample Preparation 2" in Methods). After concentrating the pep-
tide mixtures prepared by each of the two methods, we applied
them to the nanoflow LC-MS/MS system. '

We first tried identifying small proteins (=100 amino acids
in length) by searching against the RefSeq curated human “pro-
tein” database (NCBI). Accordingly, 36 proteins were identified
from the gel-separated samples, and 23 proteins were identified
from the acid-extracted samples. In total, SO proteins (with nine
overlaps) were identified out of 724 proteins (=100 amino acids
in length) stored in the RefSeq protein database (as of January 27,
2004; see Supplemental table). The range of amino acid length of
the identified proteins was from 44 to 100. The list included
various kinds of small proteins, such as ribosomal proteins, trans-
porters, transcriptional regulators, cell cycle regulators, spliceo-
some components, and proteins involved in energy metabolism.
We also found several function-unknown proteins expressed in
K562 cells. :

Next, to search for novel short CDSs that were not anno-
tated in the RefSeq curated human pro-
tein database, all the MS/MS data that

In Figure 2, we show the location of these novel CDSs within
each corresponding cDNA. Interestingly, all the novel CDSs are
located upstream of the longest ORF. Three of them overlap with
each longest ORF, whereas the other is distant. A nucleotide de-
letion or insertion arising from a sequencing error can cause an
erroneous short ORF to be produced from the longest ORF by a
frameshift in the reading frame. Also, there might be splicing
variants that can result in the fusion of the short ORF to the
longest ORF. Therefore, careful confirmation of the correspond-
ing nucleotide sequences was needed.

Here we tried aligning the EST data corresponding to the
NM_015532 novel short CDS3. As this novel short CDS is located
near the 5'-end of the mRNA as shown in Figure 2, we aligned the
5’-end ¢DNA sequence data provided by the “oligo-capping”
method, which was previously established by us for collecting
accurate 5'-end nucleotide sequences from the mRNA start site
(Suzuki et al. 1997, 2001). The multiple alignment of the se-
quence data of 11 corresponding cDNAs from 10 different re-
sources showed no alternative splicing pattern over the entire
region of this short CDS and a complete match for NM_015532

had no hit against RefSeq proteins were
then searched against all the ORFs (in
all three reading frames) of the RefSeq
curated cDNA database and of our in-
house “FLj-unique” cDNA data set. Asa
result, four novel translated ORFs were
identified (Table 1). Three of them were
derived from RefSeq cDNAs, whereas
the other was from an FLJ cDNA. As an
example, the MS/MS spectrum match-
ing the NM_015532 novel short.CDS is
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as many as 10 ions from the y ion series
resulted in an excellent match for the
corresponding peptide. The other pep-
tides listed in Table 1 also yielded com-
parable search results, indicating the
translation of these short ORFs.
Moreover, the identification of the
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NM_015532 novel short CDS was also

shown by matching of another pep-
tide (Fig. 1B). This evidence gives us
additional support for the presence of
this novel CDS, which is also the case
with the NM_005770 novel CDS (Ta-
ble 1).

LRAPSSRGLGAAEFGGAAGNVEAPGETFAQRKIHLQIARQR

Figure T [dentification of a novel short coding sequence by mass spectrometry. {4) MS/MS spectrum
corresponding ta the peptide QPQPAQNVLAAPR at m/2 695.38 derived from the NM_015532 ORF. The
corresponding amino acid differences based on a series of as many as 10 continuous y ions are repre-
sented. An asterisk (*) indicates an ion that has lost ammonia from its side chain, (8) Amino acid
sequence of the NM_015532 upstream short ORF. The identified peptides are surrounded by rect-

angles.
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Figure 2 Location of the identified novel CDS (black box} and the
longest ORF (white box) of each full-length cDNA. The numbers-indicate
the positions from each full-length ¢cDNA start site,

around the termination codon as shown in Figure 3A (the de-
tailed sequence data can be seen at DataBase of Transcriptional
Start Sites; DBTSS; Release 3.0; http://dbtss.hgc.jp/; Suzuki et al,
2002). As for the other three novel short CDSs, accumulated EST
evidence showed that there were also no frameshift or alternative
splicing variants that indicated the existence of a fused and
longer ORF.

Furthermore, comparative sequence analysis of the
NM_015532 novel CDS and its mouse ortholog counterpart
showed 86% DNA identity with 16 conservative changes and 15
nonconservative ones over the aligned ORFs (261 nt in length),
resulting in 85% identity and 95% similarity across the entire
length of their deduced amino acid sequences (86 amino acids in
length; Fig. 3B). Evidence of such a high degree of evolutionary
sequence conservation indicates functional constraint on this
novel short CDS, Table 2 shows that the NM_005770 upstream
CDS is also functionally constrained, whereas that of
NM_016215 is relatively loosened. As for that of NM_005770, the
previous study, has indicated that it shares homology with the
protein encoded by a candidate modifying
gene for spinal muscular atrophy (Scharf

et al. 1998), -

. NM_015532
DISCUSSIO'N DBTSS accession
OQur proteomic analysis of small proteins LFLO2592
expressed in K562 cells has enabled us to %aiaZ2001 .seq
reveal the existence of the proteins en- €BLO3844
coded by upstream ORFs in $'-UTRs. To Sﬁgigég
our knowledge, this is the first direct evi- FRTO2063
dence of translation of upstream ORFs in HS 100754
human cells. There were only four up- 15103323
stream short CDSs identified in our analy- KDNO3840

X : . . P ADROBO3E
sis, while leading to the identification of KCRO3CS5

50 RefSeg-annotated proteins. One of the
reasons might be that some parts of up- B
stream ORFs would not be efficiently
translated in K562 cells because of the
poor Kozak's context around their ATG
codons. The previous studies indicated
that 37%-57 % of the upstream ATGs in
the 5'-UTRs had an unfavorable Kozak's
context around the ATG codon (Kozak
1987; Suzuki et al. 2000). Secondly, our
recent analysis also indicated that ap-
proximately three-fourths of the upstream
ORFs analyzed were shorter than 40
amino acids (Yamashita et al. 2003). Con-
sidering that the smallest protein jdenti-
fied from the RefSeq curated database is 44

amino acids in length, it is very possib_le et al. 2002).
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that such very small proteins were out of the detectable range in
our analysis. They would be lost while preparing the samples for
MS analysis.

However, these reasons from the statistical point of view
cannot by themselves fully explain why there were no more than
four proteins identified among thousands of upstrearn ORFs, One
of the other possibilities is that many of the proteins derived
from upstream ORFs might be selectively proteolyzed in the cells.
Secondly, there might be some mechanisms that allow ribosomes
to avoid the translation of upstream ORFs. Although IRES-
dependent translation can permit ribosomes to directly enter a
downstream site without encountering an upstream ATG, the

. previous studies have estimated that this mechanism would be

applied to a limited fraction of genes (Meijer and Thomas 2002).
There might exist another mechanism that enables ribosomes to
escape the translation of an upstreamn ORF. Thirdly, the tran-
scripts expressed in K562 cells might not reflect the correspond-
ing cDNA sequences stored in the database. Our previous large-
scale analysis on the 5’-UTRs has shown that the transcription
start sites of many genes are more dispersed than was previously
believed (Suzuki et al. 2001). Thus, it is likely that there are many
genes whose transcripts in K562 cells have a shorter 5'-UTR that
lacks an upstream ATG. Further analysis will be required to clarify
this point. - ' ’

Mapping of the novel short CDSs onto the corresponding
full-length cDNAs indicates that three of these CDSs (but not the
NM_005770 short CDS) use the most upstream ATG as an initia-
tion codon (Table 1). As to the NM_005770 short CDS, the sixth
ATG corresponds to its translation start site on the ¢DNA se-
quence of NM_005770. However, the accumulated oligo-capped
5'-end ¢DNA data of this gene obtained from various types of
human tissues and cell lines uniformly showed the existence of
the short transcript form whose first ATG corresponded to the
initiation codon of this novel CDS (see the sequence data at
DBTSS [Release 3.0); http://dbtss.hgc.jp/). This indicates that this

TEAGRKIHALQIARQR™ 4284 (op)
ACTTTTGCGCAACGAAARATICATTTGCAAATTGCCCGACAAAGGTRAAAAGATCTTIGA P

ACTTTTGCGCAACGAAAAATTCATTTGCAAAT TGCCCGACARAGHTAAAAAGATCTTIGA
ACTTTTGCCCAACGAAAARTTCATTTGCAAAT TGCCCGACAAAGHTAAAAAGATCTTTGA
ACTTTTGCCCAACGAAAARTTCATTTGCAAATTGCCOGACAAAGHTARAAAGATCTTTGA
ACTTTTGCGCAACGAAAAATTCATTTGCAAAT TGCCCGACAAAGRTAAARAGRTCTTIGA
ACTTTTGCGCAACGARAANTTCATTTGCAAAT TGCOCGACAAAGRTAAARAGATCTTTGA
ACTTTTGCGCAACGAAAART TCATTTGCAAATTGCCCRACARAGOTAARAAGATCTTTGAS
ACTTTTGCGCAACGAARAATTCATTTGCAAATTECCCGACAAAGHTAAAAAGATCTTIGA
ACTTTTGCGCAACGAARAATTCATTTGCAAAT TGCOCGACAAAGHTARARAGATCTTTGA
ACTTTTGCGCAACGAAAAATTCATTTGCAAAT TCCCCGACAAAGTTAAAAAGATCTTTGA
ACTTTTGCGCAACGAAAAAT TCATTTGCAAAT TGCCCGACAAAGGTAAARAGATCTTIGA
ACTTTTGCGCAACGARAAAT TCATTTGCAAAT TOCCCGACAAAGGTARARAGATCTTTGA

piicidet i it e itbbeditbotiotrbottbiptsibitsveiiteststitiotitidy

human NW_016632 short COS MATPARAPESPPSADPALVAGPAEEAECPPPROPOPACNYLAAPRLRAPSSRELGAAEFG
mouse AKDG1868 short CDS KATPARAPESPPAAEPAPAYGPAGDP-CPP-ROPOPVRNYLAAPRLRAPSSRELGAAEFG

TEREREAXXXXX X XX | XXX |, FEF IXEEX,  KEXIEXEXIXICXAXLLXXTEXX

human K¥_015532 short COS GAAGNYEAPGETFATRKIHLOIARCR
nouse AKDH1868 short COS GAAGEVEAPGETFAQRK THLOIARCR

TEEX IEXXEXAEXLTERTTXZXXRRER

Figure 3 Sequence analysis of the NM_015532 nove! short CD5. (A) Multiple alignment of the
5'-end EST data around the termination ¢odon. The dark box shows the C terminus of the second-
arily identified peptide. An asterisk (*) indicates a complete sequence match between the RefSeq
cDNA (NM_015532) and all the EST data. The shaded box indicates the terrination codon of this
short CDS. (B) Alignment of the NM_015532 short CDS with its mouse ortholog at the arnino acid
level. The amino acid sequence of the mouse ortholog was deduced from the sequence {from +13
to +267) of AKO51868. An asterisk (*) and a dot (.} indicate identity and similarity in amino acid
sequence, respectively, (DBTSS) DataBase of Transcriptional Start Sites (http://dbtss.hgc.jp/; Suzuki
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RefSeq cDNA -"" i/, 0

Table 2. '-Séquen'{:é C‘c')r'i‘.s%er:vé_t'ito'n"c.»f"i_ll'lg'-'l;jpst.r:é!am‘.C_DS and the Loa;lg"est CORF bf_Each.' .

METHODS
Cell Culture

"Longest ORF’

Human chronic myelogenous leuke-
mia K562 cells were grown in RPMI/

. RefSeq * . ‘" Upstream . .’ . Longest TR F -

DI T CDS (%)L ORFT(%) RefSeq definition. ... . , ...

CNM00S770 % e 1000 : ;" Small EDRK-rich factor 2 (SERF2) =~ "/
595 -Glutamate receptor, ionotropic; N-methyl

- NM_015532

| NM_016215

;- D-aspartate-like 1A (GRINLIA) . 5.0
: EGF-like-domain, multiple 7 (EGFL?) -7

10% dialyzed FCS to a density of
1 x 10° cells/mL, harvested, and
- washed three times with PBS,

MS Sample Preparation 1

[T F R
s ‘,‘?AEach‘;yalué“rep[esen_
~of/theéhuman'] e “wit]
- wwwv:ddbjinig ac.jb/Exmail/ctustaliwej. hirnl) B

- Each’amino acid:sequence'was deduced from the corfesponding

"NM_005770 [dpstream CDS:' NM_011354 (+19-+158); longest ORF: NM_011354 (+101-397] ;'
"NM_015532 [upstréam CDS: AKO51868 (+1 3-+267); longest ORF-AKO51868 (+122-+1222))..+ -+
- NM_016215 [upstream CDS: NE\A 198724 (+125-+4367); longest: ORF: NM_198724 ‘(t294}~_+1] 303...
R R R T A SR P R R e Gt L et R T gt e LT T e G

gene has two alternative transcript forms and the majority is the
shorter one. Thus, it is very possible that translation of this short
CDS initiates from the first ATG of the corresponding short tran-
script in K562 cells. In the conventional mechanism of transla-
tion initiation, the first ATG should be recognized as an initia-
tion codon (the first ATG rule; Kozak 1989). Our finding of these
four upstream CDSs is supportive evidence for this rule. In addi-
tion, the classification on the probable translation initiation sites
of the small RefSeq proteins identified in our analysis shows that
42 (84%) out of the 50 listed proteins use the first ATG as an
initiation codon (se¢ Supplemental table). These results indicate
that the small proteins relatively abundant in K562 cells were
mainly produced according to the first ATG rule. Much more
evidence of the translation of upstream ORFs could demon-
strate that the translation from the first ATG generally oceurs,
indeed. - ) ‘

As for NM_015532, NM_016215, and AK057257, the splic-
ing junctions are left downstream of the translation termination
site of each upstream CDS. The nonsense-mediated decay (NMD)
pathway triggers the degradation of the transcripts holding exon
junction complexes {EJCs), which should be removed by a mi-
grating ribosome during the process of translation {(Maquat
2004). Therefore, these transcripts are considered to be suscep-
tible to degradation by this pathway. Translation of the down-
stream longest ORF can protect the transcripts from degradation
‘through removal of the remaining EJCs. As described in Table 2,
the longest ORFs of the three RefSeq genes are highly conserved
between human and mouse and the mouse ortholog correspond-
ing to that of NM_016215 has been characterized as an endothe-
lial repressor of smooth muscle cell migration (Soncin et al.
2003). As for the longest ORF of AK057257, it shares strong ho-
mology with e-tubulin, which also indicates its functionality
{data not shown). The investigation on whether the transtation
of these downstream longest ORFs occurs in K562 cells will be
needed to consider this point.

Further explorations based on mass spectrometric analysis
will lead to the identification of more short CDSs through im-
provement of the method for the fractionation of small proteins
or through sophistication of the LC system to acquire more MS/
MS spectra. The analysis of small proteins expressed in other
cultured cells or tissues will also reveal the existénce of those
expressed in a tissue-specific manner, Accurnulating evidence of
the translation of upstream short ORFs will make it possible for
us to obtain a clearer outline of translatable regions of numerous
mRNA species and help us to determine the real size and contents
of the human proteome.

‘the rate of similar.amiino acid residues over the entire region in the afignfient
_protéin -sequence ‘with that ‘of .its- mouse ortholog using CLUSTAL W (http://:

: T et s iy Y
; . : nuclectide sequenice fegion of each’:.
- €DNA, The molsé orthologous regions were extracted from the cDNA data below, . i b il il

Harvested K562 cells (5 X 10% were
lysed in lysis buffer (S0 mM Tris-HCl
at pH 7.6, 0.5 % [w/v] Triton X-100,
130 mM NaCl) supplemented with
‘protease inhibitor cocktail Complete
mini {Boerhinger Mannheim) and
centrifuged for 10 min at 12,000 rpm
at 4°C, The obtained supernatant was
separated by SDS-PAGE with a 14%
lower gel. The part of the lane corre-
sponding to <~17 kDa was cut into
small pieces, and the proteins in the gel pieces were digested
overnight at 37°C with 25 pmoles of trypsin, sequencing-grade
(Roche Diagnostics} in 20 mM Tris-HCI (pH 8.8). These proce-
dures were performed according to the previously described
method (Shevchenko et al. 1996). The peptides were extracted
from the gel pieces with a total of 300 pL of 50% (v/v) acetoni-
trile/5% formic acid by sonication and concentrated to ~50 pL
using a centrifugal vacuum concentrator. After the sample was
desalted using a ZipTip (C,4; Millipore), the peptides were eluted
with 50 pL of 70% (v/v} acetonitrile/0.1% (v/v) formic acid and
again concentrated to a final volume of 5 pL.

MS Sample Preparation 2

Harvested K562 cells (5 x 10%) were boiled for 10 min at 95°C to
inactivate proteases. The cells were then lysed in 1 M acetic acid
using a Dounce homogenizer on ice and centrifuged for 10 min
at 12,000 rpm at 4°C. After eliminating salts and other low-
molecular-weight contaminants from the supernatant using a
PD-10 Column {Amersham Biosciences) filled with Sephadex
G-25, one-hundredth of the protein-enriched fraction was di-
gested overnight at 37°C with 25 pmoles of trypsin in 20 mM
Tris-HCI (pH 8.8). After the sample was desalted using a ZipTip
(C,3), It was processed in the same way as described above for M§
Sample Preparation 1.

Automated Nanoflow LC-MS/MS Analysis and Protein
Identification by Database Search

The peptide mixtures were analyzed using a high-resolution
nanoflow reversed-phase capillary LC coupled with an electro-
spray quadrupole time-of-flight (Q-TOF) tanidem mass spectrom-
eter (Q-Tof-2; Micromass Ltd.). The acquired MS/MS spectra were
converted to text files of peak lists and processed using the Mas-
cot algorithm (Matrix Science Ltd.) with a maximum tolerance of
500 ppm in MS data and 0.5 Da in MS/MS data against each
database. The RefSeq databases were downloaded periodically
from the NCBI ftp site (ftp://ftp.ncbi.nih.gov/refseq/). The FLj-
unique cDNA data set was prepared and characterized as previ-
ously described (Ota et al. 2004). The results based on the RefSeq
data were finally reviewed according to the RefSeq information as
of March 5, 2004.
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Human Fibrillarin Forms a Sub-complex with Splicing Factor
2-associated p32, Protein Arginine Methyltransferases, and Tubulins
a3 and B1 That Is Independent of Its Association Wlth Preribosomal
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Fibrillarin (FIB, Noplp in yeast) is an RNA methyl-
transferase found not only in the fibrillar region of the
nucleolus but also in Cajal hodies, FIB is essential for
efficient processing of preribosomal RNA during ribo-
some biogenesis, although its precise function in this
process and its role in Cajal bodies remain uncertain,
Here, we demonstrate that the human FIB N:-terminal
glycine- and arginine-rich domain (residues 1-77) and its
spacerregion 1 (78-132) interact with splicing factor 2-as-
sociated p32 (SF2A-p32) and that the FIB methyltrans-
ferase-like domain (133-321) interacts with protéin-argin-
ine methyltransferase 5§ (PRMTS5, Janus kinase-binding
protein 1). We also show that these proteins. associate
with several additional proteins, including PRMT1, tubu-
lin a3, and tubulin g1 to form a sub-complex that is prin-
cipally:independent of the association of FIB with pre-
ribosomal ribonucleoprotein complexes that co-immuno-
precipitate with the sub-complex in human cells express-
ing FLAG-tagged FIB. Based on the physical association
of FIB. with SFZA—p32 and PRMTS, as well as the other
reported results, we propose "that FIB may coordxnate
both RNA and protein ‘methylation during the processes
of ribosome biogenesis in the nucleclus and RNA editing
such as small nuclear (nucleclar) ribonucleoprotein bio-
genesis in Cajal bodies. :

Fibrillarin (FIB)* is the most abundant protein in the fibrillar
regions of the nucleclus where ribosomal RNA transcription and

* This work was supported by & Pioneer Research grant on Genome
the Frontier from the Ministry of Education, Culture, Sports, Science, &
Technology of Japan. The costs of publication of thia article were de-
frayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement™ in accordance with 18
U.8.C. Section 1734 solely to indicate this fact.

[8] The on-line version of this article (available at wwnw . jbc.org) con-
tains Supplemental Figs. S1 and 52 and Tables SI-SIIL .
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signal; NS, SV40 nuclear localization signal.
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early preribosonxal RNA (pre-rRNA) processing take place (1, 2},
FIB is also found in Cajal bodies, subnuclear organelles that
contain distinct components invelved in RNA transeription and
editing such as mRNA splicing and small nuelear (nucleolar)
ribonucleoprotein (sn(o)RNP) biogenesis (3, 4). FIB is a compo-
nent of a ribonucleoprotein (RNP) complex that contains U3, U8,
and U13 small nucleolar RNAs that exhibit consensus sequence
elements denoted box C (5'-UGAUGA-3') and box D (5'-CUGA-
3"} (5). The FIB RNP associates with Nop56p, Nop5p/58p, and &
15.5-kDa protein (a counterpart of yeast Snul3p} to form box C/D
snoRNP complexes that function in site-specific 2’-0-methylation
of pre-TRNA (6-9), FIB is the methyltransferase that catalyzes
this 2'-0-methylation (10).

. FIB, or Noplp in the yeast Saccharomyces cerevisiae, is
highly conserved in eukaryotes with respect to sequence, struc-
ture, and function (11~17). Deletion of the Nop! gene in yeast
results in inhibition of 2'-0-ribose methylation and pre-TRNA
processing at sites Ay to A,, indicating that Noplp is directly
involved in both pre-rRNA methylation and processing and
ultimately in ribosome assembly {18). Although human FIB is
the functional homolog of yeast Noplp, it only partially com-
plements a yeast nopl-defective mutant (15). Human FIB is a
nucleolar autoantigen for the non-hereditary immune disease
scleroderma (14). FIB co-localizes with the survival motor neu-
ron (SMN) gene product in both nucleoli and Cajal bodies/gems
of primary neurons (19, 20). SMN ig linked to one of the most
commeon inheritable causes of childhood mortality, spinal mus-
cular atrophy (19). In fact, a direct interaction between FIB and
SMN has been demonstrated, although no functional basis for
this interaction has been established, including any involve-
ment of FIB in the pathogenesis of spinal muscular atrephy.
Another protein, the nuclear DEAD box protein p68, an RNA-
dependent ATPase and ENA helicase, co-localizes with FIB
specifically in nascent nucleoli during telophase (21). As with
SMN, no physnologmal role of its irteraction w1th FIB has been
established.

Human FIB (~36 kDa) comprises 321 amino acids and three
structural domains (14) and is 66% identical to yeast Noplp.
The N-terminal 80 residues comprise a glycine: and arginine-
rich (GAR} domain (14) that is also present in Noplp and
Xenopus FIB (Fig. 1) but not in Tetrahymena FIB (17) or
Methanococcus jannaschii FIB (22). The GAR domain is meth-
ylated at arginine residues, although the arginine methyltrans-
ferase responsible for in vivo methylation has not been identi-
fied (23, 24). The GAR domain is responsible for the interaction
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