
Cell, Vol. 112, 207–217, January 24, 2003, Copyright 2003 by Cell Press

Schizosaccharomyces pombe Int6 and Ras Homologs
Regulate Cell Division and Mitotic Fidelity
via the Proteasome

acid sequence (Miyazaki et al., 1997), and overexpres-
sion of Int6�C can transform human mammary cells,
which then form mammary tumors when injected into
nude mice (Rasmussen et al., 2001). Moreover, loss of
heterozygosity (LOH) or a reduction in human INT6 gene
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(h-INT6) expression is detected in 30%–40% of humanHouston, Texas 77030
breast cancers examined so far (Marchetti et al., 2001;2 Western General Hospital
Miyazaki et al., 1997; van’t Veer et al., 2002).MRC Human Genetics Unit

We have previously isolated an INT6 homolog, yin6,Crew Road
from the fission yeast Schizosaccharomyces pombe.Edinburgh, EH4 2XU
Yin6 binds directly to Moe1 (Chen et al., 1999; Yen andUnited Kingdom
Chang, 2000), and thus forms a complex with Scd1 (also
known as Ral1; Chang et al., 1994; Fukui and Yamamoto,
1988), a nucleotide exchange factor for Cdc42 and ef-Summary
fector of Ras1, the S. pombe homolog of the mammalian
protooncogenic H-ras G protein (Fukui et al., 1986). De-Yin6 is a yeast homolog of Int6, which is implicated in
leting yin6, moe1, or both (moe1� yin6�) produces es-tumorigenesis. We show that Yin6 binds to and regu-
sentially the same phenotypes: slow growth in the coldlates proteasome activity. Overexpression of Yin6
and inefficient separation of sister chromatids (Yen andstrengthens proteasome function while inactivation
Chang, 2000). These abnormalities are exacerbated byweakens and causes the accumulation of polyubiquiti-
ras1�, causing severe chromosome missegregation andnated proteins including securin/Cut2 and cyclin/
cell death; by contrast, a constitutively active form ofCdc13. Yin6 regulates the proteasome by preferen-
Ras1 rescues these defects. Yin6 and h-Int6 are 43%tially interacting with Rpn5, a conserved proteasome
identical in amino acid sequence; full-length h-Int6, butsubunit, and affecting its localization/assembly. We
not h-Int6�C, rescues the phenotype of yin6� cells.showed previously that Yin6 cooperates with Ras1 to
These data indicate that yeast and human Int6 are func-mediate chromosome segregation; here, we demon-
tional homologs and that one of the key functions ofstrate that Ras1 similarly regulates the proteasome
Int6 is to maintain chromosome stability, which can bevia Rpn5. In yeast, human Int6 binds Rpn5 and regu-
further modulated by Ras activity. However, how Yin6lates its localization. We propose that human Int6, ei-
and Ras1 regulate chromosome segregation has not yetther alone or cooperatively with Ras, influences pro-
been established.teasome activities via Rpn5. Inactivating Int6 can lead

The C-terminal region that is critical for Int6 functionto accumulation of mitotic regulators affecting cell
contains a highly conserved PCI domain, which is fre-division and mitotic fidelity.
quently found in components of three protein com-
plexes: the Proteasome, COP9, and eIF3 (Hofmann andIntroduction
Bucher, 1998). This raises the possibility that control of
chromosome stability by Yin6 may involve an interactionThe mouse mammary tumor virus (MMTV) has been used
with one or more of these complexes. The eukaryoticas an insertional mutagen to identify genes (INT genes)
proteasome, a multisubunit machinery consisting of reg-that are important for breast cancer formation (reviewed
ulatory and catalytic complexes, functions to degrade

by Tekmal and Keshava, 1997). So far, a total of nine
polyubiquitinated proteins, many of which are mitotic

INT genes have been found. Seven of these encode
regulatory molecules (Ferrell et al., 2000). Two of the

three families of signaling molecules: Wnt, Notch, and best-studied proteasome substrates are securin and
fibroblast growth factor (FGF); detailed studies suggest cyclin B (called Cut2 and Cdc13, respectively, in S.
that these molecules are critical for normal regulation pombe), which are central for proper chromosome seg-
of growth and differentiation. Another INT gene, INT5, regation and cell cycle progression. Securin/Cut2 accu-
encodes aromatase (CYP19), the rate-limiting enzyme mulation in proteasome mutants blocks cohesin degra-
for estrogen synthesis. The level of estrogen can pro- dation, thus inhibiting sister-chromatid disjunction,
foundly and specifically influence the development of while cyclin B/Cdc13 accumulation delays the exit from
breast tumors. The final INT gene, INT6, encodes a highly mitosis.
conserved protein whose functions are largely unknown. Other evidence supports the hypothesis that Yin6 can

Several lines of evidence suggest that normal Int6 interact with the proteasome. In addition to the fact that
function is critical for preventing breast tumorigenesis Yin6 and numerous proteasome components contain
in mice and humans. In mice, MMTV insertion into INT6 PCI domains, yin6� cells display phenotypes that are
causes the production of C-terminally truncated pro- very similar to those in proteasome mutants: they are
teins (Int6�C; Marchetti et al., 1995), which appear to act both defective in sister-chromatid segregation (Gordon
in a dominant-negative fashion to induce breast cancer. et al., 1993; Yen and Chang, 2000), are resistant to micro-
Human and mouse Int6 proteins are identical in amino tubule depolymerization drugs such as MBC (methyl-

benzyl carbamylate) and TBZ (thiabendazole) (Gordon
et al., 1993; Yen and Chang, 2000; our unpublished data),*Correspondence: echang@breastcenter.tmc.edu
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and are defective in sensing nutrient levels and thus the proteasome mutants. Indeed, we found that overex-
pression of proteasome components weakly rescuesmate even in rich medium (our unpublished results).

In this study, we show definitively that Yin6 binds to the TPCK hypersensitivity of yin6� cells to various de-
grees (Figure 1D), as well as the TBZ resistance andand is a positive regulator of the proteasome in S.

pombe. Proper proteasome functions require Yin6, and cold-sensitive growth defects (data not shown). Con-
versely, Yin6 overexpression rescues the growth defectin yin6� cells, in which the proteasome is defective,

polyubiquitinated proteins such as securin/Cut2 and of at least two proteasome mutants (see Figure 1E for
the mts3/rpn12 mutant; the data for the pad1/rpn11 mu-cyclin/Cdc13 accumulate abnormally. In addition, we

have discovered how Yin6 regulates the proteasome: tant are not shown).
Consistent with the hypothesis that the Yin6-protea-loss of Yin6 leads to mislocalization of a proteasome

subunit, Rpn5 (Glickman et al., 1998; Saito et al., 1997), some interaction is important for chromosome segrega-
tion, we determined that yin6� proteasome double mutantsand improper assembly of the proteasome. Consistent

with the hypothesis that Yin6 interacts with Ras1, we die of chromosome missegregation at the semipermissive
temperature (an example involving the mts2/rpt2 mutantdemonstrate that Ras1 also mediates proteasome func-

tions and Rpn5 localization. Finally, we show that h-Int6 is illustrated in Figure 2A). A substantial number of these
double-mutant cells appear to be blocked in metaphasebinds h-Rpn5, and that h-Int6, but not h-Int6�C, can

substitute for Yin6 to restore Rpn5 localization in yeast. with a single highly condensed nucleus and a short spin-
dle (� 3 �m), indicative of inefficient separation of sisterThese data support a model in which regulation of the

proteasome via Rpn5 is a highly conserved function chromatids (Figure 2B). Together, these data support
the hypothesis that Yin6 positively regulates protea-of the Int6 proteins. We propose that inactivation of

mammalian Int6, either alone or together with RAS muta- some activity: Yin6 overexpression apparently strength-
ens it, while deletion of yin6 weakens it.tions, causes tumorigenesis by inhibiting proteasome

functions, which leads to inefficient degradation of mi-
totic regulators and a disruption of growth control and Yin6 Associates with the Proteasome Complex
genetic stability. The proteasome is composed of catalytic and regulatory

complexes, and the latter can be further separated into
the lid and base subcomplexes (Ferrell et al., 2000).Results
Since Yin6 regulates the proteasome, we investigated
whether Yin6 associates with the whole proteasome.Yin6 Positively Regulates the Proteasome
Affinity pull-down of proteasome subunits has beenTo determine whether Yin6 is important for proteasome
demonstrated to be an effective method to isolate theactivities, we first examined whether Yin6 inactivation
proteasome (Glickman et al., 1998). To determinecauses hypersensitivity to TPCK (tosylsulfonyl phenyla-
whether Yin6 can associate with the proteasome, welanyl chloromethyl ketone) and canavanine, which are
constructed a strain in which the endogenous Yin6 isknown to inhibit the growth of mutants defective in ubi-
tagged by the c-myc epitope, and endogenous Pus1/quitin (Ub)-dependent proteolysis. TPCK and its related
Rpn10, a base subunit, is tagged with protein A (ProA).compounds are protease inhibitors and have been
As expected, components from the lid (Mts3/Rpn12),shown to inhibit cyclin B degradation in clam embryo
the base (Mts2/Rpt2 and Mts4/Rpn1), and the catalyticextracts (Luca and Ruderman, 1989) and to retard
core (the � subunits) can be efficiently pulled down alonggrowth of S. pombe Ub ligase mutants (Grishchuk et
with Pus1/Rpn10 by the IgG beads (Figure 3A). Yin6,al., 1998). Canavanine is an arginine analog that can
but not the negative control Cdc8, was also detectedcause incomplete protein synthesis. The resulting ab-
in the pull-down sample, demonstrating that Yin6 asso-normal proteins must be removed by the proteasome;
ciates with the proteasome in S. pombe.hence, S. pombe proteasome mutants are hypersensi-

tive to canavanine (Wilkinson et al., 2000). As shown in
Figures 1A and 1B, yin6� cells are highly sensitive to yin6� Leads to Accumulation of Polyubiquitinated

Proteins, Including Cut2 and Cdc13both drugs.
If proper proteasome function requires Yin6, yin6� If yin6� weakens proteolysis without substantially af-

fecting the earlier step of polyubiquitination, polyubiqui-would intensify the growth defect of the proteasome
mutants. To test this idea, yin6 was deleted from mu- tinated proteins would be expected to accumulate in

yin6� cells. As shown in Figure 4A, yin6� cells, like thetants carrying temperature-sensitive (ts) mutations in
genes encoding regulatory subunits of the proteasome. proteasome mutant, clearly contain more polyubiquiti-

nated proteins as detected by immunoblotting. The levelWe found that yin6� exacerbates the growth defect of all
available proteasome mutants except one, Rpn5, which of polyubiquitinated proteins can be further increased

by canavanine treatment. To determine that the accu-will be discussed later (Supplemental Table S1 available
at http://www.cell.com/cgi/content/full/112/2/207/DC1). mulation of these proteins is indeed caused by ineffi-

cient protein degradation, we examined total proteinSome of these double mutants can barely form colonies,
while the growth of other double mutants is severely degradation in cells by a pulse-chase method. Our data

confirm that yin6� cells are inefficient in protein degra-retarded at semipermissive temperatures. A representa-
tive study involving Mts3/Rpn12 and Mts2/Rpt2 is illus- dation (Figure 4B).

The degradation of polyubiquitinated Cut2/securintrated in Figure 1C. Moreover, if Yin6 is crucial for the
proteasome function, overexpression of proteasome and Cdc13/cyclin B by the proteasome is critical for

proper separation of sister chromatids and anaphasecomponents could rescue phenotypes of yin6� cells and
overexpression of Yin6 could rescue the growth defect of exit, both of which are defective in yin6� cells (Yen and
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Figure 1. Yin6 Is Important for Proteasome Functions

(A) Cells were streaked on YEAU plates and incubated at 30�C for 3 days.
(B) Cells were pregrown in YEAU at 30�C. Equal numbers of cells were then spread on MM plates with the indicated amount of canavanine
and incubated at 30�C for 14 days. The number of colonies that emerged without canavanine was taken as 100% survival. The cells were
seeded in triplicate and the numbers shown are mean � SE (n � 3). The strains tested in (A) and (B) are SP870 (WT, wild-type), YIN6K (yin6�),
and MOE1L (moe1�).
(C) Serially diluted cells were spotted on YEAU plates and incubated at indicated temperatures. The strain of cells shown on top was derived
from a fusion between strain mts3/rpn12-1 (mts3/rpn12ts) and YIN6U (yin6�), while the bottom was from a fusion between mts2/rpt2-1 (mts2/
rpt2ts) and YIN6U (yin6�).
(D) Wild-type (SP870) and yin6� (YIN6K) cells transformed with a vector control (�, pREP1) or the same vector carrying various genes were
serially diluted and spotted on MM plates with (	) or without (�) 100 �M TPCK. Plates were incubated at 30�C for 5 days.
(E) Wild-type (SP870) and mts3/rpn12ts (mts3/rpn12-1) strains were transformed with either a vector control (�, pAL1) or a plasmid carrying
the genomic version of yin6 (	, pAL1YIN6g). Serially diluted cells were spotted on MM plates and incubated at indicated temperatures.

Chang, 2000; data not shown). It is possible that the expressed Cut2 and Cdc13 using the thiamine-repressi-
ble nmt1 promoter in both wild-type and yin6� cells andgrowth defect of yin6� cells is at least partly caused by

inefficient degradation of Cut2 and Cdc13. We carried examined the ability of the cells to form colonies with
and without thiamine. As shown in Figure 4E, overex-out two lines of study to investigate this possibility.

First, we overexpressed a polyhistidine-tagged Ub in pression of Cut2 and Cdc13 is more toxic to yin6� cells.
In conclusion, these results support the hypothesis thatcells and then examined whether more Cut2 and Cdc13

can be pulled down by Ni2	-beads in yin6� cells. Our the abnormalities in yin6� cells are caused by inefficient
degradation of polyubiquitinated proteins. Accumula-data demonstrated that substantially more Cut2 and

Cdc13 were pulled down by the Ni2	-beads in yin6� cells tion of securin and cyclin is at least partly responsible
for the mitotic defects observed in yin6� cells.(Figure 4C), suggesting that these cells are defective in

Cut2 and Cdc13 degradation. To exclude the possibility
that Ub-Cut2 accumulation in yin6� cells is caused by Isolation of Rpn5, a Conserved Proteasome

Subunit, as a Yin6 Binding Proteinirregularities in the cell cycle, not in the proteasome, we
examined cells that were synchronized in S phase. Our To further understand how Yin6 regulates the protea-

some, yeast two-hybrid screens were conducted usingdata show that the S phase-arrested yin6� cells still
contain high levels of Ub-Cut2 (Figure 4D). Second, we both an N- and a C-terminally truncated Yin6, Yin6�N,

and Yin6�C (amino acid residues 220–501 and 1–327,postulated that if inefficient degradation of Cut2 and
Cdc13 was responsible for the growth defect in yin6� respectively), as baits. From both screens (see Experi-

mental Procedures), we isolated a highly conserved pro-cells, the growth of yin6� cells would be more sensitive
to Cut2 and Cdc13 overexpression. We therefore over- tein, Rpn5, which is a PCI protein in the lid of the protea-
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Figure 2. The yin6 and Proteasome Double Mutants Are Defective
in Chromosome Segregation

(A) Cells were pregrown in YEAU at 23�C to early log phase, resus-
pended in fresh YEAU medium, and then shifted to 28�C to grow
for another 17 hr. Cells were stained to reveal DNA and the septum.
Shown here are cells after the shift to 28�C. The percentages of
septated cells with missegregated chromosomes before and after
the shift to 28�C were tabulated.
(B) The same mts2/rpt2ts yin6� cells as in (A) were stained to reveal
DNA and microtubules (MT). Arrowheads mark the septa of cells
with missegregated chromosomes; asterisks mark those cells with
supercondensed chromosomes. Some of these cells have a star-
shaped spindle, indicative of defects in spindle formation.

Figure 3. Yin6/Int6 Binds the Proteasome and Rpn5
some. Rpn5 also binds full-length Yin6 (Figure 3B), and

(A) Lysates prepared from strain pus1-ProA yin6-MYC were pulled
this binding is specific. For example, Rpn5 was isolated down with IgG sepharose beads. The protein A (ProA) beads were
multiple times and is the only proteasome component used as the pull-down control. The pulled-down proteins were ana-

lyzed by Western blotting.isolated from these screens. Furthermore, Yin6 does not
(B) Protein-protein interactions as tested by the yeast two-hybridinteract with other known proteasome subunits avail-
system: proteins fused with the LexA DNA binding domain (LBD)able for the two-hybrid system: Mts1/Rpn9, Mts2/Rpt2,
and Gal4 activation domain (GAD) are as indicated. Note that theMts4/Rpn1, Pus1/Rpn10, Sug1/Rpt6, Sug2/Rpt5, and
S. pombe and human Rpn5 are labeled as spRpn5 and hRpn5,

Mss1/Rpt1 (data not shown). To determine whether Yin6 respectively. Yin6 FL, Yin6�N, and Yin6�C contain full-length and C-
forms a complex with Rpn5 in fission yeast, GST pull- and N-terminally truncated Yin6. Plasmids used were pLBDYIN6�C,

pLBDYIN6, pLBDYIN6�N, pLBDSNF1, pLBDHINT6, pVJL11,down experiments were performed. As shown in Figure
pGADspRPN5, pGADSNF4, pGADhRPN5, and pGADgh. Snf1 and3C, GST-Yin6 can pull down Rpn5, along with other
Snf4 were the positive controls (Chen et al., 2000).proteasome components in the lid and the base, but
(C) On the left, lysates were prepared from strain yin6-HA trans-not the control Cdc8 protein; reciprocally, GST-Rpn5
formed with either a vector control (pAAUGST), which expressed

can pull down Yin6, but not Cdc8. Based on these re- GST, or the same vector carrying S. pombe rpn5 (pGSTRPN5), which
sults, we conclude that Yin6 binds Rpn5 with great spec- expresses GST-Rpn5. On the right, lysates were made from yin6�

(YIN6K) strain transformed with pMycRpn5 and pAAUGST orificity in S. pombe.
pGSTYIN6 (expressing Myc-Rpn5, GST, or GST-Yin6, respectively).
The glutathione beads were used for the pull-down. Both the lysate
and the pull-down samples were analyzed by Western blots.Rpn5 Acts Downstream of Yin6

To define the genetic relationship between Yin6 and
Rpn5, an rpn5� strain was constructed (Experimental
Procedures). rpn5� cells show a cold-dependent growth teasome mutations (Supplemental Table S1 available at

http://www.cell.com/cgi/content/full/112/2/207/DC1),defect (Figure 5A), canavanine hypersensitivity (Figure
5B), and an exacerbation of the growth defect of protea- yin6� rpn5� cells do not display any synthetic lethality

and their phenotypes are very similar to those of thesome mutants (data not shown); all of which are similar
to yin6� cells. We then created a yin6� rpn5� strain. single-null mutants (Figures 5A and 5B). These observa-

tions are consistent with the hypothesis that Yin6 andUnlike the double mutants carrying yin6� and other pro-
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1D) of yin6� cells, while Yin6 overexpression neither
rescues nor worsens the growth defect of rpn5� cells
(Figure 5D). These genetic data collectively show that
Yin6 is upstream of Rpn5 in proteasome regulation and
raise the possibility that Yin6 can regulate Rpn5.

Yin6 Regulates Rpn5 Localization and Assembly
in the Nucleus
In S. pombe, the proteasome is assembled in the inner
nuclear membrane (Wilkinson et al., 1998). Rpn5 was
tagged with GFP to examine its localization. The re-
sulting fusion protein fully rescued the phenotype of
rpn5� cells (data not shown), suggesting that GFP-Rpn5
is biologically functional. In further support of this, like
other proteasome components, GFP-Rpn5 is localized
in the nucleus and concentrated around the nuclear
membrane in yin6	 cells (Figure 6A); in striking contrast,
GFP-Rpn5 is largely cytoplasmic in yin6� cells (Figure
6A). The apparent reduction of Rpn5 in the nucleus is
not caused by global protein degradation since the total
Rpn5 protein levels in wild-type and yin6� cells are es-
sentially the same (Figure 6C). By contrast, Yin6 localiza-
tion and protein levels are not altered by rpn5� (data
not shown). As shown in Figures 1D and 5C, Rpn5 over-
expression partially rescues the phenotypes of yin6�
cells. This result can be partly explained by the fact that
nuclear Rpn5 levels in yin6� cells are increased as Rpn5
expression is elevated (Figure 6B). To quantify how
much Rpn5 is lost from the proteasome in yin6� cells,
we examined the contents of the proteasome in yin6�
cells by affinity pull-down. As shown in Figure 6C, more
than 50% of the pulled-down proteasomes lack Rpn5.
More important, nearly 50% of the isolated proteasomes
also lack the catalytic � subunits. These results demon-
strate that Yin6 regulates Rpn5 nuclear localization and

Figure 4. yin6� Leads to Inefficient Degradation of Polyubiquiti- proper proteasome assembly.
nated Proteins

Like yin6� cells, S. pombe cut8 mutant cells contain
(A) On the left, lysates were prepared from cells grown either at

proteasome subunits that are mislocalized in the cytosol23�C or pregrown at 23�C then shifted to 37�C for 4.5 hr. On the
and display chromosome instability (Tatebe and Yanag-right, lysates were prepared from cells treated with (	) or without
ida, 2000). Thus, we investigated whether Yin6 interacts(�) 10 �g/ml canavanine sulfate for one or two doubling times. The

levels of ubiquitinated proteins were analyzed by Western blots. with Cut8. Our data show that yin6� combined with the
(B) Cells were pulsed with [35S]-Met, and TCA precipitable 35S-signals cut8 mutation creates a severe synthetic growth defect
were measured over time after chase. The “rate” of protein degrada- (Figure 6D).
tion was calculated from the slope of the curves from two experi-
ments, and it is 1.5 � 0.2 times faster in wild-type cells.

Ras1 and Moe1 Are Also Required for Proper(C) Cell extracts from indicated strains with (	) or without (�) His-
Ub expression were pulled down by Ni2	-resin and polyubiquitinated Proteasome Function
Cut2-Myc and Cdc13 were detected by immunoblotting. Cdc8 is Our previous studies indicated that Moe1 binds directly
the loading control. to Yin6 and affects the same functions as those con-
(D) The same as in (C) except that cells were synchronized in S trolled by Yin6. Hence, we tested whether Moe1 alsophase (Chen et al., 1999).

interacts with the proteasome. Our genetic data indicate(E) Wild-type (WT) and yin6� cells transformed with either a vector
that moe1�, like yin6�, similarly augments the growthcontrol (�, pREP41) or the same vector carrying the cdc13 or cut2

gene (	) were pregrown in MM media with 0.2 �M thiamine. Cells defect of numerous proteasome mutants (Supplemental
were washed with thiamine-free MM media and spotted on plates Table S1 available at http://www.cell.com/cgi/content/
containing either no thiamine or 20 �M thiamine. Strains used in full/112/2/207/DC1). TPCK and canavanine toxicity is
(A), (B), and (E) were SP870 (WT), mts2/rpt2-1 (mts2/rpt2ts), and greater in moe1� cells (Figures 1A and 1B), and Rpn5YIN6K (yin6�). Strains used in (C) and (D) were cut2-MYC (yin6	)

is mislocalized in moe1� cells (Figure 6A). Additionally,and cut2-MYCYIN6K (yin6�).
Moe1 associates with Rpn5 in a Yin6-dependent man-
ner. Moe1 cannot be pulled down by GST-Rpn5 without
Yin6 (Figure 7A) and does not bind Rpn5 in the two-Rpn5 interact with one another in a linear pathway. To

further determine the order in which they act, we exam- hybrid system (data not shown).
We have shown that the Yin6-Moe1 complex interactsined the effects of gene overexpression on null mutant

phenotypes. Rpn5 overexpression partially rescues the with the Ras1 pathway to affect chromosome segrega-
tion. ras1� intensifies while the constitutively activesensitivities to canavanine (Figure 5C) and TPCK (Figure
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Figure 5. Genetic Interactions between Yin6 and Rpn5

(A) Serially diluted cells were spotted on YEAU plates and grown at indicated temperatures.
(B) Cells were pregrown in YEAU medium and an equal number of cells from each strain were spread on MM plates containing canavanine
sulfate. Plates were incubated at 30�C.
(C) yin6� cells, transformed with either a vector control (pAL1) or the same vector carrying the genomic version of rpn5 (pAL1RPN5), were
pregrown in MM medium and then spread on canavanine plates (0, 8, and 12 �g/ml). The percent survival was assayed as described in Figure
1B. The numbers shown are mean � SE (n � 3).
(D) rpn5� cells were transformed with either a vector control (pAL1), or a plasmid carrying the genomic version of either rpn5 (pAL1RPN5ag)
or yin6 (pAL1YIN6g). Cells were spread on MM plates and incubated at 30�C or 20�C. The strains used were SP870 (WT), RPN5AA (rpn5�),
YIN6K (yin6�), and R5AAY6K (rpn5� yin6�).

Ras1G17V rescues this defect of yin6� cells. We asked (Figures 7B and 7C), and most remarkably, it also re-
stores Rpn5 nuclear localization (Figure 6A). Moreover,whether Ras1 can modulate Yin6 interaction with the

proteasome. Indeed, ras1� worsens the canavanine ras1� worsens the growth defect of proteasome mu-
tants while Ras1G17V weakly rescues it (Supplemental(Figure 7B) and TPCK (Figure 7C) toxicity in yin6� cells.

Ras1G17V, in contrast, rescues these abnormalities Table S1 available at above website; Figures 7D and

Figure 6. The Yin6-Moe1 Complex and Ras1
Are Required for Proper Rpn5 Localization
and Assembly

(A) pREP41GFPRPN5 was integrated into the
chromosome to visualize Rpn5 localization.
Cells were grown at 30�C. All images col-
lected under identical conditions.
(B) yin6� cells were transformed with
pALGRPN5, which expresses GFP-Rpn5
from the strong adh1 promoter.
(C) Proteasome pull-down was performed us-
ing lysates that were prepared from strains
pus1-ProA rpn5b-HA (yin6	) and pus1-ProA
rpn5b-HA yin6� (yin6�) grown at 20�C.
(D) The indicated strains were derived from
a fusion between yin6� and the cut8-563 mu-
tants and were serially diluted and spotted
on YEAU plates.
(E) yin6� cells, transformed with pREP41
GFPRPN5 and either the vector control
(pSLF173), pHAHINT6 (expressing full-length
h-Int6) or pHAT22 (expressing h-Int6�C, con-
taining amino acid residues 1–317), were
grown in MM medium to log phase. The
strains tested in (A), (B), and (E) were SP870
(WT), YIN6K (yin6�), MOE1U (moe1�), and
R1VUYIN6K (yin6� ras1G17V).
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Figure 7. Ras1 and Moe1 Also Mediate the Proteasome Functioning

(A) Lysates used for the proteasome pull-down were from rpn5� yin6� cells (R5AAY6K) transformed with (	) or without (�) pGSTRPN5
(expressing GST-Rpn5), and with (	) or without (�) pMYCYIN6 (expressing Myc-Yin6). Lysates and the pull-down samples were analyzed by
Western blotting.
(B) The percent survival was measured as described in Figure 1B.
(C) Serially diluted cells were spotted on YEAU plates with or without TPCK and incubated at 30�C.
(D) Cells were spotted on YEAU plates and incubated at indicated temperatures.
(E) mts2/rpt2ts and pad1/rpn11ts strains, transformed with either a vector control (�, pAL) or a plasmid carrying the genomic version of
Ras1G17V (	, pALR1Vg, Nadin-Davis et al., 1986), were spotted on MM plates and incubated at 25�C. The growth of wild-type cells was
unaffected by pALR1Vg transformation (data not shown). The strains tested were SP870 (WT), YIN6K (yin6�), RAS1U (ras1�), RAS1VU
(ras1G17V), RAS1UYIN6K (ras1� yin6�), R1VUYIN6K (ras1G17V yin6�), mts2/rpt2-1 (mts2/rpt2ts), mts2/rpt2-1RAS1U (mts2/rpt2ts ras1�), and
pad1/rpn11-1 (pad1/rpn11ts).

7E). These results show that regulation of Rpn5 is a mental Figure S1, available at http://www.cell.com/cgi/
content/full/112/2/207/DC1). In yin6� cells, Rpn5 is mis-common molecular mechanism by which both Ras1 and

the Yin6-Moe1 complex influence proteasome func- localized in the cytosol, and the proteasome is therefore
improperly assembled and impaired in its activity. Thistions.
leads to the accumulation of mitotic regulators, such as
securin/Cut2 and cyclin/Cdc13, causing chromosomeThe Interaction between Int6 and Rpn5 Is

Conserved Evolutionarily instability and abnormal mitosis. Since h-Int6 also binds
h-Rpn5 and influences Rpn5 localization in yeast, it isWe have shown previously that Yin6 is functionally ho-

mologous to h-Int6. We then investigated whether h-Int6 highly probable that h-Int6 also regulates the protea-
some in humans. Inactivation of h-Int6 (as a result ofalso interacts with h-Rpn5. Our data show that h-Rpn5

and h-Int6 form a protein complex (Figure 3B); more LOH or a reduction in h-INT6 expression) in mammary
epithelial cells may lead to inefficient degradation of aimportant, full-length h-Int6, but not the Int6�C found

in tumors, rescues the abnormal distribution of yeast subset of mitotic regulators, thus disrupting cell cycle
control and/or promoting genetic instability.Rpn5 in yin6� cells (Figure 6E).

Discussion Yin6 Regulates Rpn5 Cellular Localization
and Proteasome Assembly
The proteasome nuclear localization is critical for properInt6 has been implicated in tumor formation, but very

little is known about its biological functions. In this pa- proteasome functions for both budding yeast and fission
yeast. In the former, proteasome components are im-per, we studied the functions of the S. pombe homolog,

Yin6. Our data suggest that one of the key conserved ported as precursor complexes into the nucleus where
they are further assembled to be active (Lehmann et al.,functions of Yin6 is to regulate the proteasome through

its interaction with Rpn5, a component of the lid (Supple- 2002). Our data suggest that mislocalization of protea-
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some subunits in the cytosol also leads to proteasome guishable from those of wild-type cells (Akiyoshi et al.,
2001; Bandyopadhyay et al., 2000). These observationsinactivation in fission yeast; thus, it is highly probable

that fission yeast proteasome similarly reaches maturity indicate that Yin6 is not essential for global translation
initiation in yeast. So why, then, do Int6 proteins bindin the nucleus. The nuclear import of the proteasome in

budding yeast requires an importin-�, encoded by SRP1 the eIF3 complex? The proteasome has been shown to
tightly associate with the translation machinery, pre-(Lehmann et al., 2002). Interestingly, S. pombe cut8 en-

codes a homolog of the budding yeast Sts1, which inter- sumably to remove proteins that are improperly folded
during translation (Verma et al., 2000). Hence, the asso-acts with Srp1. Hence, it is possible that nuclear import

of proteasome subunits in fission yeast also involves ciation of Int6 with both the proteasome and eIF3 may
simply be the result of an interaction between these twoimportin-� functions. Mammalian proteasomes appear

to be both nuclear and cytoplasmic, with the cyto- complexes during translation.
plasmic proteasome being transported into the nucleus
(Reits et al., 1997). In some cells, the ratio of cytoplasmic

The Roles of the Proteasome and Geneticversus nuclear proteasomes varies in a cell cycle depen-
Instability in Tumorigenesisdent manner (Amsterdam et al., 1993; Lafarga et al.,
The levels of numerous oncoproteins and tumor sup-2002; Palmer et al., 1994). Evidently, proteasome nuclear
pressors are regulated by the proteasome, thus deregu-trafficking is conserved among eukaryotes and is pivotal
lation of the proteasome can influence a wide range offor proper progression of the cell cycle.
pathways acting collectively to promote tumorigenesisRpn5 lacks an obvious nuclear localization signal
(Pajonk and McBride, 2001). In support of this, com-(NLS), so it most likely enters the nucleus as a complex
pounds affecting proteasome functions (e.g., MLN341with other molecules, such as Yin6. This is supported
and PS-341) are emerging as powerful drugs for cancerby the fact that Int6 proteins contain a nuclear export
treatment (Adams, 2002). One of the key functions medi-signal and a presumptive bipartite NLS (Guo and Sen,
ated by the proteasome is genetic stability, which re-2000), and that they shuttle in and out of the nucleus in
quires the timely and efficient degradation of securin.both humans and yeast (Guo and Sen, 2000; Yen and
Human securin is in fact encoded by an oncogene, PTTGChang, 2000). Alternatively, because yin6� severely in-
(pituitary tumor transforming gene; Zou et al., 1999),tensifies the growth defect of the cut8 mutant, it is possi-
and is highly expressed in numerous cancers, includingble that Yin6 regulates the function of importin-�, which
breast cancer (Sáez et al., 1999). Overexpression ofmay in turn control the nuclear import of Rpn5. Intrigu-
PTTG can transform cells in vitro and injection of theseingly, even though Yin6 binds Rpn5 with substantial
transformed cells induces tumor formation in nude micespecificity, the whole proteasome appears misassem-
(Zhang et al., 1999). Since securin accumulates in yin6�bled in yin6� cells. It is possible that proteasome assem-
cells, it is tempting to speculate that Int6 inactivation inbly requires the cooperative action of all the subunits,
humans can cause a similar accumulation, leading tosuch that the absence of any one component could
improper chromosome separation.globally affect this process. Alternatively, Rpn5 itself

Genetic instability itself can profoundly influence mul-may play a unique role in regulating proteasome assem-
tiple cell functions because it allows mutations favorablebly. Consistent with this, our ongoing study shows that
for tumorigenesis to occur efficiently (Lengauer et al.,the proteasome is similarly misassembled in rpn5� cells
1998), and breast tumors are among the most genetically(our unpublished data).
unstable. Furthermore, aging is one of the most critical
risk factors for breast cancer (Baselga and Norton,

Evidence that Int6 in Higher Eukaryotes Can Affect 2000). These features argue that genetic instability, oc-
Proteasome Functions curring over a long period of time, may be particularly
In Arabidopsis, Int6 can be linked to the proteasome crucial in the development of breast cancer. In accor-
through its binding to the COP9 complex (Yahalom et dance with this, three of the best-known genes involved
al., 2001). One major function of the COP9 is to regulate in breast cancer, BRCA1, BRCA2, and ErbB2/NEU, me-
proteolysis; furthermore, it binds proteasome subunits diate genomic stability (Venkitaraman, 2002; Liu et al.,
and regulates their assembly (Kim et al., 2001; Schwech- 2002); moreover, both BRCA1 and BRCA2, like yin6, also
heimer and Deng, 2001). h-Int6 binding to a proteasome participate in Ub-dependent proteolysis (Venkitaraman,
component has been reported in a recent two-hybrid 2002).
study (Hoareau Alves et al., 2002). h-Int6 can also be
linked to proteasome regulation through its binding to
Tax (Desbois et al., 1996), a viral oncoprotein carried Breast Tumorigenesis Results from Deregulation

of INT Genesby human T cell leukemia virus type 1. Tax binds and
activates the proteasome to facilitate the degradation of We now have a model for the molecular functions of

all the INT genes. Extracellular peptide signals for cellI
B�, a key transcription inhibitor of the NF
B pathway
(Hemelaar et al., 2001). proliferation are clearly important for breast cancer be-

cause three INT genes encode FGFs (Hanahan andDoes Yin6/Int6 have functions other than proteasome
regulation? Int6 proteins have been presumed to engage Weinberg, 2000). The involvement of WNT1/INT1 and

NOTCH/INT3 underscores the role of cell-cell or cell-in translation initiation because they copurify with the
eIF3 complex in both S. pombe and mammals (Akiyoshi matrix communication in the mammary glands (Arta-

vanis-Tsakonas et al., 1999; Wiseman and Werb, 2002).et al., 2001; Asano et al., 1997; Bandyopadhyay et al.,
2000). Paradoxically, cells lacking yin6 are viable with INT5 encodes an aromatase, thus highlighting the criti-

cal role of estrogen levels in breast tumorigenesis (Lon-polysome-ribosome profiles that are nearly indistin-
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The cDNA library used was as described (Chang et al., 1994). Ap-ning, 2002). By targeting the proteasome, Int6 can glob-
proximately 107 cDNA clones were screened with both baits, andally affect mitotic regulation and genetic stability.
full-length rpn5 was isolated 7 times using pGBD-YIN6�N and 168Additionally, numerous components of other Int path-
times using pGBD-Yin6�C. We note that there are two rpn5 genes

ways, such as NF-
B (from the FGF pathway), �-catenin in S. pombe, rpn5a and rpn5b (accession numbers AL121732 and
(from the Wnt pathway), and estrogen receptors, are AL590902) (Wood et al., 2002). They code for identical proteins with

443 amino acid residues, but contain different 5�- flanking se-directly or indirectly regulated by the proteasome (Laney
quences. S. pombe Rpn5 protein is approximately 40% identical inand Hochstrasser, 1999; Leclercq, 2002). As noted ear-
primary sequence to the human and budding yeast versions (Saitolier, Int6 may regulate NF-
B function by controlling the
et al., 1997). One of these cDNA clones was named pGADspRPN5level of I
B� via its binding to Tax. Hence, it is possible
and used for detailed studies.

that Int6 may broadly modulate the function of other Int
pathways by controlling levels of key components in 26S Proteasome Pull-Down Assay
these pathways. By affecting other Int pathways and Approximately 30 OD units of cells were lysed in the binding buffer

(25 mM Tris, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, 5 mM ATP,genetic stability, INT6 mutations alone may promote
0.1% Triton X-100, 20% glycerol, [pH 7.0–7.4]). Total crude lysatestumorigenesis even when other INT genes are normal.
were centrifuged at 20,800  g for 20 min. Supernatants with theIn keeping with this, INT6, unlike other INT genes, was
same amount of protein were incubated with either 10 �l IgG Sepha-

first identified from a feral strain, CZECH II, which has rose or protein A Sepharose overnight at 4�C. After wash in the
not been inbred for a high propensity of tumor formation binding buffer, beads were incubated with the TEV protease (In-
and does not have any endogenous MMTV (Marchetti vitrogen) to release the proteasome. Eluted proteins were analyzed

by SDS-PAGE and Western blots. Moe1, Mts2, Mts3, Mts4, andet al., 1995).
Pus1 antisera were as described and used at 1:1000 dilution (Chen
et al., 2000; Wilkinson et al., 1997). Antibodies against the �-subunits

The Role of Ras and Int6 Interaction in the catalytic complex (MCP231, 1:1000) and Cdc8 (1:400) were
in Breast Tumorigenesis from Affiniti and M. Balasubramanian (University of Singapore; Bal-
We have previously reported that the growth defect in asubramanian et al., 1992), respectively. 9E10 (1:1000) was used to

detect Myc-tagged proteins.yin6� cells is worsened by ras1� and rescued by acti-
vated Ras1. In this study, we show that both Yin6 and

Detection of Polyubiquitinated ProteinsRas1 can operate through a common molecular mecha-
To detect polyubiquitinated proteins, cells were lysed in PEM buffernism: regulation of proteasome functions and Rpn5 lo-
(Yen and Chang, 2000). Total crude extracts containing equal

calization (Supplemental Figure S1 available at http:// amount of proteins were analyzed by immunoblotting with an ubiqui-
www.cell.com/cgi/content/full/112/2/207/DC1). In keep- tin antibody (1:3500, a kind gift from C. Pickart). The assay of polyubi-
ing with the idea that Ras regulates the proteasome, mam- quitinated Cut2 and Cdc13 levels was essentially as described

(Berry et al., 1999). Ub-Cut2-Myc and Ub-Cdc13 were detected bymalian Ras has been shown to stabilize the MYC pro-
immunoblotting with 9E10 (1:1000) and a Cdc13 antibody (1:2000;tooncoprotein in a proteasome-dependent manner
Gachet et al., 2001), respectively.(Sears et al., 1999).

Our data raise the interesting possibility that activated
Measurement of Total Protein Degradation

Ras1 may in fact rescue tumorigenesis induced by Int6 Cells were pregrown in MM medium to log phase at 22�C. Five OD
inactivation. We note that although Ras activation is a units of cells were washed with sulfate-free MM medium and then

resuspended in 1 ml sulfate-free MM medium with shaking for 20key driving force for tumorigenesis in most epithelial cell
min at 22�C. These cells were pulsed with 50 �Ci 35S-Met (Amershamcancers, the role of Ras in breast cancer is uncertain.
Pharmacia) for 7 min, and then filtered and resuspended in theIn contrast to the high frequency of Ras activation muta-
chase MM medium containing 5 mM Met, 2 mM Cys, and 100 �g/tions in other epithelial cell cancers (e.g., 90% in pancre-
ml cycloheximide (Ayscough and Warren, 1994). The TCA precipita-

atic tumors; Rodenhuis, 1992), they are rare in mammary ble 35S signal was measured as described (Bandyopadhyay et al.,
glands (Kiaris and Spandidos, 1995) with a frequency 2000).
as low as 5% (Schondorf et al., 1999). Moreover, upregu-

GST Pull-Down Assaylation of Ras expression has been shown to correlate
Yeast lysates were prepared in PEM buffer plus 0.5% IGEPAL CA-with a more favorable prognosis (Gohring et al., 1999;
630 (Sigma). Crude lysates were centrifuged twice at 20,800  gSchondorf et al., 1999). Clearly, future studies with hu-
for 20 min. Supernatants were incubated with 10 �l glutathione

man mammary epithelial cell lines will be required to sepharose (Amersham Pharmacia Biotech) overnight at 4�C. Beads
fully understand the role of Ras in breast carcinogenesis were washed with the lysis buffer, and the proteins were analyzed
and to characterize its relationship with Int6. by the Western analysis. The amount of lysate run as control in

our figures was approximately 15% of that used for the pull-down
experiment. The anti-GST antibody (1:2000) was from AmershamExperimental Procedures
Pharmacia Biotech. The 12CA5 antibody (1:1000) was used to detect
HA-tagged proteins.Strains, Plasmid Constructions, and Growth Conditions

Details of the strains used, the construction of mutant strains and
plasmids, and the conditions under which strains were grown are Fluorescence Microscopy
included in the Supplemental Data (available at http://www.cell. The general procedures for calcofluor and 4�-6-diaminodino-2-phe-
com/cgi/content/full/112/2/207/DC1). nylindole (DAPI) staining and microtubule visualization were essen-

tially as described (Chen et al., 1999), except that for the latter, cells
were fixed in 3% formaldehyde and 0.05% glutaraldehyde. All scaleThe Yeast Two-Hybrid Assay and Cloning of rpn5
bars in the figures equal 5 �m.The reporter strains were L40 and HF7C (Criekinge and Beyaert,

1999). The assays for the activation of the lacZ and HIS3 are as
described (Chang et al., 1994). Yin6 autoactivates the reporter genes Acknowledgments
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