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Background: It remains unknown whether the spindle assembly checkpoint (SAC) also requires the nonkinetochore
protein.
Results: RED localizes to the spindle poles, determines kinetochore localization of MAD1, and exerts its effect on the SAC.
Conclusion: The SAC also requires the spindle pole-associated protein.
Significance: The kinetochore protein coordinates with the nonkinetochore protein for activation of the SAC.

The spindle assembly checkpoint (SAC) is essential for ensur-
ing the proper attachment of kinetochores to the spindle and,
thus, the precise separation of paired sister chromatids during
mitosis. The SAC proteins are recruited to the unattached kin-
etochores for activation of the SAC in prometaphase. However,
it has been less studied whether activation of the SAC also
requires the proteins that do not localize to the kinetochores.
Here, we show that the nuclear protein RED, also called IK, a
down-regulator of human leukocyte antigen (HLA) II, interacts
with the human SAC protein MAD1. Two RED-interacting
regions identified in MAD1 are from amino acid residues
301–340 and 439–480, designated as MAD1(301–340) and
MAD1(439–480), respectively. Our observations reveal that
RED is a spindle pole-associated protein that colocalizes with
MAD1 at the spindle poles in metaphase and anaphase. Deple-
tion of RED can cause a shorter mitotic timing, a failure in the
kinetochore localization of MAD1 in prometaphase, and a
defect in the SAC. Furthermore, the RED-interacting peptides
MAD1(301–340) and MAD1(439–480), fused to enhanced
green fluorescence protein, can colocalize with RED at the spin-
dle poles in prometaphase, and their expression can abrogate
the SAC. Taken together, we conclude that RED is required for
kinetochore localization of MAD1, mitotic progression, and
activation of the SAC.

In eukaryotic cells, the spindle assembly checkpoint (SAC)2
can monitor the integrity of the mitotic spindle and the attach-
ment of paired sister chromatids to the spindle, thereby ensur-

ing precise separation of paired sister chromatids into two
daughter cells during mitosis (1). The core components of the
human SAC are thought to include Aurora B, MPS1, MAD1,
MAD2, BUB1, BUBR1, BUB3, andCDC20 (1). The recruitment
of these checkpoint proteins to the unattached kinetochore
eventually induce the formation of an active form of MAD2,
which can inhibit CDC20, an activator of the anaphase-pro-
moting complex/cyclosome (APC/C) that functions as a ubiq-
uitin ligase for proteolysis of securin and cyclin B1 (1). When
paired sister chromatids are properly attached to the spindle
microtubules and aligned along the metaphase plate, the
MAD1-MAD2 complexes are released from the spindle-at-
tached kinetochores and relocalized to the spindle poles for
silencing of the SAC (2–4). Upon inactivation of the SAC,
CMT2/p31Comet activates the APCCDC20, leading to proteolysis
of securin and cyclin B1 (5–8). Securin proteolysis releases
separase to cleave cohesin, which binds together paired sister
chromatids (9, 10). Digestion of cohesin results in the separa-
tion of paired sister chromatids to promote entry into anaphase
(11).
Human MAD1 was originally identified by yeast two-hybrid

screening as a protein interacting with the human T cell leuke-
mia virus type 1 oncoprotein Tax (12). Binding of Tax toMAD1
can cause a defect in the SAC (12). MAD1 interacts with and is
required to recruit MAD2 to kinetochores during prometa-
phase or in response to spindle damage (12, 13). To identify the
proteins that interact with human MAD1, we performed yeast
two-hybrid screening and obtained a gene encoding RED (also
known as IK), a nuclear protein of 557 amino acids (14–17).
The term RED is derived from its sequence, which contains an
extensive stretch of alternating arginine (R) and glutamic acid
(E) or aspartic acid (D) residues fromamino acid residues 334 to
375 (14). Some studies have shown that RED has an inhibitory
role in regulating Human Leukocyte Antigen (HLA) class II
gene expression and that RED associates with the spliceosome
complex (15, 16). In this study, we found that the protein levels
of RED increased from early S toM phases along with cyclin B1
and securin. This prompted us to further investigate the role of

* This work was supported by grants from the National Health Research Insti-
tute, Taiwan (NHRI-EX95–9101BC) and the Tzu-Chi Foundation (to Y. L. J.).

□S This article contains supplemental Figs. S1–S14.
1 To whom correspondence should be addressed: Institute of Microbiology,

Immunology and Biochemistry, Tzu-Chi University, 701, Chung Yang Rd.
Sec. 3, Hualien 97004, Taiwan. Tel.: 886-3-8565301 ext. 2102, 2103; Fax:
886-3-8566724; E-mail: yljylk@mail.tcu.edu.tw.

2 The abbreviations used are: SAC, spindle assembly checkpoint; BD, binding
domain; AD, activation domain; aa, amino acids; IRES, internal ribosome
entry sequence; RIPA, radioimmune precipitation assay; NEBD, nuclear
envelope breakdown.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 15, pp. 11704 –11716, April 6, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

11704 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 15 • APRIL 6, 2012

http://www.jbc.org/cgi/content/full/M111.299131/DC1


RED in the SAC and in mitosis. Here we provide evidence to
demonstrate that RED has a role in the activation of the SAC
and in mitosis progression.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—Full-length MAD1 cDNA was cloned
into the Gal4BD (DNA-binding domain of Gal4) vector pBD-
GAL4 CAM (Stratagene) for yeast two-hybrid screening. Full-
length MAD1 and RED cDNAs, or cDNA fragments, were
cloned into the Gal4BD vector pAS2-1 (Clontech) and the
Gal4AD (activation domain of Gal4) vector pACT2 (Clontech
Co.) or pADGAL4 (Stratagene) for yeast two-hybrid analyses.
To identify the RED-interacting region in MAD1 by yeast
two-hybrid analysis, MAD1 deletion mutants (MAD1(576–
718), amino acids (aa) 576–718; MAD1(1–480), aa 1–480;
MAD1(1–340), aa 1–340; MAD1(1–160), aa 1–160; MAD1(232–
340), aa 232–340; MAD1(301–340), aa 301–340; and MAD1(439–
480), aa 439–480) were fused in-frame with Gal4BD in the pAS2-1
vector. Also, MAD1(301–340) was fused in-frame with Gal4AD in
the pADGAL4 vector.
The full-length MAD1, MAD1(232–340), MAD1(301–340),

and MAD1(439–480) DNA fragments were cloned into the
pGEX-KG vector (Amersham Biosciences) for expression of
GST-MAD1, GST-MAD1(232–340), GST-MAD1(301–340),
and GST-MAD1(439–480) in Escherichia coli strain BL21,
respectively. The MAD1(1–160) DNA fragment was cloned
into both pET32a (Novagen) and pGEX-KG vectors for overex-
pression of GST-tagged and His-taggedMAD1(1–160) recom-
binant proteins in E. coli strain BL21(DE3). GST-tagged and
His-taggedMAD1(1–160) recombinant proteins were used for
the production and purification of rat anti-MAD1 antibodies,
respectively.
The full-length RED was cloned into pB479 (a modified vec-

tor of pET11d obtained fromDr. Pellman, Dana-Farber Cancer
Institute) for overexpression of His-HA-tagged RED (His-HA-
RED) inE. coli strainBL21(DE3).RED(1–115), aDNA fragment
encoding the amino acid residues 1 to 115 of RED, was cloned
into pGEX-KG and pET30b (Novagen) for overexpression of
GST-tagged and His-tagged RED(1–115) recombinant pro-
teins inE. coli, respectively, whichwere used for the production
and purification of rabbit anti-RED antibodies.
For moderate expression of EGFP (enhanced green fluores-

cence protein ofAequorea victoria) and its fusion genes in cells,
the partially disabled encephalomyocarditis virus internal ribo-
some entry sequence (IRES) (18) from pIRES2-AcGFP (Clon-
tech) and the EGFPDNA sequence frompEGFP-C1 (Clontech)
were recombined and subcloned into the pCDNA3 vector
(Invitrogen). The resulting construct was referred to as pIRES-
EGFP. For comparison, EGFP was also subcloned into
pCDNA3 to generate a pEGFP vector for overexpression of
EGFP and its fusion genes. Full-length MAD1, MAD1(301–
340), and MAD1(439–480) DNA fragments were cloned into
the pIRES-EGFP vector to obtain pIRES-EGFP-MAD1, pIRES-
EGFP-MAD1(301–340), and pIRES-EGFP-MAD1(439–480),
respectively. Full-lengthMAD1was also cloned into the pEGFP
vector to obtain pEGFP-MAD1.
The full-length wild-type RED was cloned into pEGFP-C2

(Clontech) to generate pEGFP-REDwt.We also cloned REDRES,

a rescue allele of RED that is resistant to the RED siRNA#1
duplex, into pEGFP-C2 to generate pEGFP-REDRES. The tar-
get sequence of the RED siRNA#1 duplex in wild-type RED is
5�-AGACCACACTGACCACAAA-3� and was altered to 5�-
AGACCACCTTAACTACTAA-3� in REDRES. The altered
nucleotide sequence in REDRES did not change the amino
acid sequence of RED.
Yeast Two-hybrid Screening—Yeast two-hybrid screening

was performed following the manufacturer’s protocol (Clon-
tech). The GAL4BD-MAD1 bait vector and a human liver
cDNA library (HL4029AH,Clontech) cloned into theADGAL4
vector pACT2 were transformed into the yeast YRG-2 strain
(Stratagene) for screening. Yeast transformants were directly
spread and screened on synthetic dextrose minimal solid
medium lacking leucine, tryptophan, and histidine and con-
taining 25mM3-aminotriazole to assay for the expression of the
HIS3 reporter gene. The screened transformants were further
examined by performing an 5-bromo-4-chloro-3-indolyl-�-D-
galactopyranoside (X-gal) colony filter assay to detect the
expression of the lacZ reporter gene, as described in themanual
(Clontech).
Antibody Production—Purified His-tagged MAD1(1–160)

and His-tagged RED(1–115) recombinant proteins were mixed
with Freund’s adjuvant (Sigma) to generate polyclonal antibod-
ies againstMAD1 and RED, respectively. Rats were immunized
by repeated subcutaneous injections with 100 �g of His-tagged
MAD1(1–160), and rabbits were similarly immunized with 150
�g of His-tagged RED(1–115) proteins. Rabbit anti-RED anti-
bodieswere further purified usingAffi-Gel 10 beads conjugated
with GST-RED(1–115) recombinant proteins following the
standard procedure as described in the manufacturer’s manual
(Bio-Rad). Likewise, rat anti-MAD1 antibodies were further
purified using Affi-Gel 10 beads conjugated with GST-
MAD1(1–160) recombinant proteins. The purified antibodies
were dialyzed with 1� PBS buffer containing 50% glycerol and
2 mM 2-mercaptoethanol for storage.
Cell Culture, Transfections, and Cell Synchronization—HeLa

and H2B-GFP HeLa cells were used in this study. Cells were
cultivated following standard procedures. Cell transfection was
performedusing Lipofectamine 2000 (Invitrogen) following the
manufacturer’s protocol. For each transfection, 300 ng of plas-
mid DNA was used. To arrest cells in early S phase, cells were
treated with a double thymidine (2mM) block. To arrest cells in
M phase, cells were treated with 50 ng/ml nocodazole for 18 h.
In Vitro Binding Assay and Coimmunoprecipitation—To

perform in vitro GST pull-down assays, overexpressed GST,
GST-MAD1, GST-MAD1(232–340), GST-MAD1(301–340),
GST-MAD1(439–480), and His-HA-tagged RED (His-HA-
RED) proteins were purified from E. coli BL21(DE3) according
to the manufacturers’ protocols (Novagen and Amersham Bio-
sciences). To perform in vitro binding assays, GST (�1.5�g) or
GST-MAD1 (�0.24 �g) and His-HA-RED (�0.12 �g) were
incubated in 1 ml of RIPA buffer (50 mM Tris-HCl (pH 7.4),
0.1% Nonidet P-40, 150 mM NaCl, 2 mM DTT) at 4 °C for 1 h.
GST or GST-MAD1 was then precipitated using glutathione-
Sepharose beads. The precipitated proteins were separated by
SDS-PAGE and analyzed by immunoblot analysis.
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Toperform in vitro binding assays using EGFP-MAD1 fusion
proteins, EGFP or EGFP-MAD1 proteins were affinity-purified
fromHeLa cells stably transfected with pIRES-EGFP or pIRES-
EGFP-MAD1 using GFP-Trap�_A beads (Chromotek Co.).
The purified EGFP or EGFP-MAD1 proteins were kept bound
to the beads andwashedwithwash buffer (50mMTris-HCl (pH
7.4), 1%Nonidet P-40, 1 MNaCl, 2mMDTT) three times before
the beads were resuspended in RIPA buffer containing 50%
glycerol for storage. To determine theMAD1-RED interaction,
EGFP (�40 ng) or EGFP-MAD1 (�160 ng) and His-HA-RED
(�50 ng) were incubated in 1 ml of RIPA buffer (50 mM Tris-
HCl (pH 7.4), 0.1% Nonidet P-40, 150 mMNaCl, 2 mM DTT) at
4 °C for 1 h. The bound proteins were spun down, separated by
SDS-PAGE, and analyzed by immunoblot analysis.
Immunoprecipitation assays were also performed in RIPA

buffer containing a protease inhibitor mixture (Roche) and
phosphatase inhibitors (Sigma) using rabbit anti-RED (made in
this study) or rabbit anti-MAD1 (Genetex Co.) antibodies in
combination with protein G beads (Amersham Biosciences) or
using GFP-Trap�_A beads (Chromotek Co.) alone. The pro-
teins precipitated from the cell lysates were analyzed as
described above.
RNA Interference Assay—RED siRNA#1 and #2 duplexes

were used to deplete RED in HeLa cells. The sense strand
sequences of these two duplexes were 5�-r(AGACCACACU-
GACCACAAA)dTdT-3� and 5�-r(AGCUGAGAUUGCCAG-
CAAA)dTdT-3�, respectively. The sense strand sequence of the
MAD1 siRNAduplex used in this studywas 5�-r(CAGGCAGU-
GUCAGCAGAAC)dTdT-3� (19), whereas the sense strand
sequence of the non-silencing siRNAduplexwas 5�-r(UUCUC-
CGAACGUGUCACGU)dTdT-3�. All siRNA duplexes were
chemically synthesized by and purchased from Qiagen Co.
Cells were transfected with 200 pmols of siRNA duplex using
oligofectamine as described in the manufacturer’s protocol
(Invitrogen). To rescue the defect in the SACcaused by theRED
siRNA#1-directed depletion of RED, 100 pmols of RED
siRNA#1 duplex and 150 ng of pEGFP-REDRES plasmid DNA
were cotransfected into cells using Lipofectamine 2000 follow-
ing the manufacturer’s protocol (Invitrogen Co.).
Immunoblot Analysis and Immunofluorescence Microscopy—

To perform immunoblot analysis, cells were lysed with RIPA
buffer, and cell lysateswere resolvedusing 10%or 12%SDS-PAGE
and transferred to PVDF membranes. RED, MAD1, MAD2,
Cyclin B1, Securin, �-tubulin, and GFP were detected with their
specific antibodies (rabbit anti-RED and rat anti-MAD1 antibod-
ies made in this study, mouse anti-MAD2 antibody from Abnova
Co.orGenetexCo., rabbit anti-securinantibody fromZymedLab-
oratories Inc., mouse anti-securin antibody from Abcam, mouse
anti-�-tubulin antibody from Sigma-Aldrich, and mouse anti-
GFP antibody from Sigma-Aldrich) and visualized by chemilumi-
nescence (PerkinElmer Life Sciences) after incubation with HRP-
conjugated secondary antibodies.
Immunofluorescence staining forMAD1 and REDwere per-

formed simultaneously asmodified fromCampbell et al. (2001)
(20). Cells were washed twice with 1ml of PHEMbuffer (60mM

PIPES, 25mMHEPES (pH 6.9), 10mMEGTA, and 4mMMgCl2)
and fixed with 1% paraformaldehyde in PHEM buffer. Cells
were further permeabilized with 1% CHAPS in PHEM buffer

before being treatedwith filteredMBSTblocking buffer (10mM

MOPS (pH 7.4), 150mMNaCl, 0.05% Tween 20) containing 1%
skim milk. Purified rat anti-MAD1 (1 mg/ml) and rabbit anti-
RED antibodies (0.5 mg/ml) were diluted 1/150 and 1/50,
respectively, in filtered MBST with 1% skim milk. FITC and
Cy3-conjugated secondary antibodies (Jackson ImmunoRe-
search Laboratory) were diluted 1/25 and 1/100, respectively, in
filteredMBSTwith 1% skimmilk. To stain EGFP-MAD1 and its
derivatives, chicken anti-GFP antibodies (Abcam) were used at
a dilution of 1/250 in filteredMBSTwith 1% skimmilk. To stain
kinetochores, human anti-centromere antibodies (Sigma-
Aldrich) were used at a dilution of 1/100 in filteredMBST with
1% skim milk. DAPI was used to stain chromosomal DNA.
To stain RED and�-tubulin simultaneously, cells were rinsed

twice with PBS, fixed using cold methanol, and blocked using
filtered PBS buffer with 1% skimmilk. Purified rabbit anti-RED
antibodies and mouse monoclonal anti-�-tubulin sera were
diluted 1/50 and 1/500, respectively, in filtered PBS buffer with
1% skim milk. FITC and Cy3-conjugated secondary antibodies
were diluted 1/50 and 1/500, respectively, in filtered PBS with
1% skim milk. All of the antibody incubations were carried out
for 1 h at room temperature, followed by three washes with PBS
buffer.
All stained cells were visualized using either an E800 fluores-

cence microscope (Nikon Instech) or a confocal laser micro-
scope (Leica). Red and green fluorescence signals were merged
using computer software (Leica).
Live Cell Imaging—To perform live cell analysis, H2B-GFP

HeLa cells (obtained from Dr. Wahl, The Salk Institute, San
Diego, CA) were cultured on poly-L-lysine-coated cover slides
and imaged every 5 min using a Zeiss inverted fluorescence
microscope (Axio Observer Z1) equipped with the CoolSNAP
HQmonochrome camera (Photometrics). All imageswere ana-
lyzed with Axiovision imaging software (release 4.8.2, Carl
Zeiss).
Flow Cytometry—Analysis for the DNA content of cells was

performed as modified from Rogers (21). Cells were harvested,
washed with cold PBS buffer, and fixed in 5 ml of �20 °C etha-
nol. The fixed cells were spun down, washed three times with
PBS buffer containing 1% BSA, and resuspended in 0.8 ml PBS
containing 1% BSA. Propidium iodide was added to a final con-
centration of 20�g/ml to stainDNA, andRNaseAwas added to
a final concentration of 1 mg/ml to digest RNA. Propidium
iodide-stained cells were analyzed on a FACScanTM using Cell-
Quest software (BD Biosciences).
Statistical Analysis—Multiple statistical comparisons (Fisher

Least Significant Difference Method, � � 0.05) were performed
with analysis of variance tests using Sigma Stat 2.03 software.

RESULTS

RED Is Identified as a MAD1-interacting Protein by Yeast
Two-hybrid Screening—We performed yeast two-hybrid
screening to identify the proteins that interact with MAD1 in
human cells. Full-length MAD1 was fused in-frame to the
DNA-BD of the yeast Gal4 protein and used as a bait to screen
a human liver cDNA library that was fused to the yeast Gal4 AD
(see “Experimental Procedures”). From a total of �1 � 106
transformants, seven proteins were identified as being able to
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interact with MAD1, including RED, CENP-F, CEP250,
ZAP113, fibrinogen, LMO7, and p116Rip. For unknown rea-
sons, MAD2 was not identified in our screen using this human
liver cDNA library. Nevertheless, CENP-F has been identified
previously as a MAD1-interacting protein in the yeast two-hy-
brid screen that was conducted by Martin-Lluesma et al. (see
the supplement in Ref. 13). Of these seven proteins, CENP-F is
a kinetochore protein that has been shown to regulate the kin-
etochore localization of MAD1 and has an essential role in the
SAC (22); CEP250, a centrosomal protein, has a role in centro-
some cohesion (23). Because RED is a nuclear protein, as is
MAD1 (14, 20), we chose to study it further (see yeast two-
hybrid analysis for theMAD1-RED interaction in supplemental
Fig. S1).
RED Expression Is Cell Cycle-regulated—To characterize the

REDprotein, we purified the bacterially expressed recombinant
protein representing the 115N-terminal amino acid residues of
RED, RED(1–115), and used it to raise rabbit antibodies against
RED. Likewise, the recombinant protein representing the 160
N-terminal amino acid residues of MAD1, MAD1(1–160), was
used to raise rat antibodies againstMAD1. The antibodies were
affinity-purified (see “Experimental Procedures”), and each one
recognized a single protein band in immunoblot analyses (Fig.
1A). Furthermore, peptide blocking tests also showed that pre-
incubation of the antibodieswith theRED(1–115) orMAD1(1–
160) recombinant peptides could abolish the appearance of the
indicated signals representing RED andMAD1 by immunoblot
analysis, respectively (data not shown), revealing the specifici-
ties of the antibodies. The aberrant electrophoretic migration
of RED (65 kDa) observed here was consistent with previous
observations (14), and the electrophoretic migration of MAD1
was consistent with its calculated molecular weight (83 kDa)
(20).
To determine whether the protein levels of RED vary during

cell cycle progression, we examined the amount of RED in dif-
ferent phases of the cell cycle. Cells were treated with a double
thymidine block to arrest them in the early S phase and with

nocodazole, a microtubule destabilizer, to arrest them in theM
phase. TheDNAcontent of the early S-phase andM-phase cells
was 2N and 4N, respectively, as confirmed by flow cytometric
analysis (Fig. 1B). �-tubulin was used as an internal control to
compare the amount of RED, MAD1, cyclin B1, and securin in
the early S- andM-phase cells (Fig. 1B). UnlikeMAD1 (20), the
protein levels of RED increased from the early S to M phase,
along with cyclin B1 and securin, indicating that RED expres-
sion is cell cycle-regulated and implying that RED has a role in
mitosis.
MAD1 Binds to RED in Vitro and in Vivo—To confirm the

interaction betweenMAD1 and RED in vitro, a protein precip-
itation assaywith glutathione beadswas performedusing aGST
fusion protein. We found that the GST-MAD1 fusion proteins
were able to interact with the bacterially expressed RED pro-
teins, whereas GST could not (Fig. 2A). Considering that GST-
MAD1 proteins were severely degradedwhen expressed in bac-
terial cells (Fig. 2A), we further affinity-purified the EGFP-
MAD1 fusion proteins from the EGFP-MAD1-expressing
HeLa cells using beads conjugated with anti-GFP antibodies
(see “Experimental Procedures”) for the in vitro binding assay.
Consistently, the affinity-purified EGFP-MAD1 fusion proteins
were also able to interact with the bacterially expressed RED
proteins (Fig. 2B). Therefore, these results indicate that MAD1
may bind directly to RED.
Next, using rabbit anti-MAD1 and anti-RED antibodies,

we performed coimmunoprecipitation assays to determine
whetherMAD1can bind toRED in vivo. Considering the obser-
vation that RED and MAD1 colocalized to the spindle poles in
metaphase and anaphase (see Fig. 4A), cells were arrested in
prometaphase by nocodazole and subsequently released from
prometaphase arrest for collection ofmitotic cells at stages later
than prometaphase for coimmunoprecipitation assays and flow
cytometric analyses. We found that RED coprecipitated with
MAD1 from the mitotic cell lysates, as did MAD2, when rabbit
anti-MAD1 antibodies were used (Fig. 2C), and MAD1 copre-
cipitated with REDwhen rabbit anti-RED antibodies were used
(Fig. 2D). The DNA content of the mitotic cells was also con-
firmed by flow cytometric analysis (Fig. 2,C andD). In addition,
we also found that MAD1 did not interact with RED in either
the early S-phase or in prometaphase cells, whereas MAD1
interactedwithMAD2 (see supplemental Fig. S2). These results
indicate that MAD1 interacts with RED in mitotic cells at the
mitotic stages later than prometaphase. Taken together, our
results demonstrate thatMAD1 interactswithREDboth in vivo
and in vitro.
The RED-binding Domain in MAD1—To determine the

RED-binding domain in MAD1, a series of MAD1 truncation
proteinswere fused to theC terminus of theGal4BDorGal4AD
for yeast two-hybrid analyses (Fig. 3, A and B). It was initially
found that a small region from amino acid residues 439–480 of
MAD1, which was designated as MAD1(439–480), could
interact with RED (Fig. 3A). However, it was also observed that
BD-MAD1(301–340) or BD-MAD1(232–340), itself, could
activate expression of theHIS3 reporter gene in yeast (Fig. 3A).
MAD1(301–340) was subsequently fused to theGal4 activation
domain, and RED was fused to the Gal4 DNA-binding domain

FIGURE 1. Antibodies against MAD1 and RED (A). Asynchronous HeLa cell
lysates were subjected to SDS-PAGE and processed for Western blotting
using an affinity-purified rat anti-MAD1 or rabbit anti-RED antibody as a
probe. B, protein levels of RED in early S and M phases. Cells were treated with
a double thymidine (DT; thymidine, 2 mM) block to arrest them in early S
phase or with nocodazole (Noc, 50 ng/ml) to arrest them in M phase. Nocoda-
zole-arrested mitotic cells were shaken off from the Petri dish and collected
for Western blot analysis. Asynchronous cell lysates (Asn) were used for com-
parison. Fifty micrograms of cell lysates were used for Western blotting with
antibodies against RED, MAD1, cyclin B1, securin, and �-tubulin (loading con-
trol). Cells were also collected, fixed with cold ethanol, and stained with pro-
pidium iodide to determine DNA content by flow cytometric analysis.
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for a yeast two-hybrid analysis (Fig. 3B). We found that
MAD1(301–340) did, indeed, interact with RED (Fig. 3B).
To further confirm thatMAD1(232–340), MAD1(301–340),

and MAD1(439–480) interacted with RED, the GST-MAD1(232–
340), GST-MAD1(301–340), and GST-MAD1(439–480) fusion
proteinswereoverexpressed in andpurified frombacteria for in vitro
binding analyses. Consistently, the GST-MAD1(232–340), GST-
MAD1(301–340), and GST-MAD1(439–480) fusion proteins were
foundto interactwith theREDrecombinantprotein invitro,whereas
theGSTprotein could not (Fig. 3C).
Subcellular Localization of RED—To determine whether

MAD1 colocalized with RED during cell cycle progression, the

rat anti-MAD1 and rabbit anti-RED antibodies were simulta-
neously used to stain MAD1 and RED, respectively, in HeLa
cells (Fig. 4A). It was found that MAD1 localized to the nuclear
envelope, whereas REDwas observedwithin the nucleus during
interphase. In prometaphase, MAD1 localized to kinetochores,
whereas RED appeared to be at the spindle poles and in the
cytoplasm. Thus, MAD1 and RED did not colocalize in the
nucleus during interphase or to kinetochores in prometaphase.
Nevertheless, MAD1 and RED appeared to colocalize to the
spindle poles in metaphase and anaphase.
To confirm that RED localized to the spindle poles during

mitosis, mouse anti-�-tubulin and rabbit anti-RED antibodies

FIGURE 2. MAD1 binds to RED. A and B, MAD1 binds to RED in vitro. A, purified GST-MAD1 interacts with His-HA-RED. Purified GST (G) or GST-MAD1 (M)
recombinant fusion proteins were incubated with purified His-HA-RED (R) recombinant proteins in RIPA buffer and precipitated with glutathione-Sepharose
beads at 4 °C. The precipitated proteins were analyzed by immunoblot (IB). Purified His-HA-RED (R) recombinant protein was loaded as an input control. B,
affinity-purified EGFP-MAD1 interacted with His-HA-RED. Affinity-purified EGFP (G) or EGFP-MAD1 (M) fusion proteins were incubated with purified His-HA-
RED recombinant proteins (see “Experimental Procedures”). The precipitated proteins were analyzed by immunoblot. Purified EGFP, EGFP-MAD1, and His-HA-
RED recombinant proteins were loaded as input controls. C and D, MAD1 binds to RED in vivo. Nocodazole-arrested mitotic cells were shaken off and released
from arrest in fresh medium lacking nocodazole for �40 min. Mitotic cells were collected again for coimmunoprecipitation assays and DNA content analysis
by flow cytometry. About 2 mg of cell lysates were used for immunoprecipitation (IP) assay. Immunoprecipitated proteins were determined by immunoblot.
C, RED was coimmunoprecipitated with the purified rabbit anti-MAD1 antibodies using protein G beads from mitotic cell lysates. The purified rabbit non-
immune (non-I) antibody was used as a control. Eighty micrograms of cell lysates were loaded as an input control. The asterisks indicate the light chain of rabbit
IgG. D, MAD1 was coimmunoprecipitated with the purified rabbit anti-RED antibodies using protein G beads from mitotic cell lysates. 45 �g of cell lysates was
loaded as an input control.
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were simultaneously used to stain �-tubulin, a component of
the spindle poles, and RED, respectively. We found that RED
colocalized with �-tubulin at the spindle poles from prophase
to anaphase (Fig. 4B).

To further verify that RED localizes to the spindle poles but
not to the kinetochore in prometaphase, we examined the sub-
cellular localization of ectopically expressed EGFP-RED in
mitotic cells. Consistently, EGFP-RED did not associate with

FIGURE 3. Yeast two-hybrid analysis and GST pull-down assays for the identification of RED-interacting regions in MAD1. A, a schematic map of MAD1
and its truncation alleles used to define the RED-interacting region in yeast two-hybrid analysis. Full-length MAD1 was fused to the DNA- BD of the yeast Gal4
transcription factor and RED to the AD of yeast Gal4. A series of MAD1 truncation proteins were fused to the DNA-binding domain of the Gal4 transcription
factor for determination of the RED-interacting region of MAD1. Synthetic dextrose minimal solid medium (SD) lacking leucine and tryptophan (SD/-L/-W) was
used to cultivate yeast transformants, and SD medium lacking leucine, tryptophan, and histidine and containing 25 mM 3-aminotriazole (SD/-L/-W/-H/�3AT)
was used to assay for expression of a HIS3 reporter gene. �, interaction between various MAD1 truncation proteins and RED; -, no interaction. The closed box
indicates the MAD2-binding region. B, confirmation of the interaction between MAD1(301–340) and RED. Both BD-RED and AD-MAD1(301–340) vectors were
used for yeast two-hybrid analysis. C, MAD1(301–340) and MAD1(439 – 480) bind to RED in vitro. Purified GST (G), GST-MAD1(232–340) (1), GST-MAD1(439 –
480) (2), and GST-MAD1(301–340) (3) were incubated with purified His-HA-RED recombinant protein in RIPA buffer and precipitated with glutathione-
conjugated Sepharose beads at 4 °C. The precipitated proteins were analyzed by immunoblot (IB). Purified His-HA-RED recombinant protein was loaded as an
input control (N).

FIGURE 4. Intracellular localization of RED. A, colocalization of MAD1 and RED at the spindle poles in metaphase and anaphase. Cells were fixed with
paraformaldehyde and simultaneously stained with rat anti-MAD1 and rabbit anti-RED antibodies, followed by Cy3-conjugated anti-rat IgG and FITC-conju-
gated anti-rabbit IgG antibodies. Chromosomal DNA was stained with DAPI. Stained cells were visualized by confocal laser microscope. The arrows indicate the
locations of the spindle poles. Scale bar � 10 �m. B, localization of RED at the spindle poles. Cells were fixed with cold methanol and simultaneously stained
with rabbit anti-RED and mouse anti-�-tubulin antibodies, followed by FITC-conjugated anti-rabbit IgG and Cy3-conjugated anti-mouse IgG antibodies. Arrows
indicate the locations of the spindle poles. Scale bar � 10 �m.
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kinetochores but did localize to the spindle poles in prometa-
phase (supplemental Fig. S3). Therefore, we concluded that
RED is a spindle pole-associated protein but not a kinetochore-
associated protein.
RED-silenced CellsMay Bypass theMitotic Arrest Induced by

Nocodazole—To examine the role of RED in the SAC, two RED
siRNA duplexes (#1 and #2, see “Experimental Procedures”)
were used to deplete the levels of the RED protein. Depletion of
RED did not affect the protein levels ofMAD1 (Fig. 5A) and did
not result in cell cycle arrest or cell death after cells were treated
with RED siRNA duplexes for 42 h (Fig. 5B). Similarly, a flow
cytometric analysis revealed that the DNA content histogram
profiles were not appreciably different between the non-si-
lenced and RED-depleted cells (Fig. 5C). However, cells went to
apoptosis after treatment with RED siRNA duplexes for 3 days
(supplemental Fig. S4). Thus, to determine the role of RED in
the SAC, we performed the experiments with RED siRNA
duplexes within 2 days (see below).
We next asked whether the RED-depleted cells failed to

arrest in mitosis after treatment with the microtubule destabi-
lizer nocodazole, which is a phenotype of SAC-defective cells
(19, 24–31). After an 18-h treatment with nocodazole,�31% of
the RED siRNA#1-treated and �34% of RED siRNA#2-treated
cells were observed to be in mitosis, whereas �58% of the
mock-treated cells and �60% of the non-silencing
siRNA-treated cells were in mitosis (Fig. 5B). Furthermore,
�62% of the RED siRNA#1-treated and �59% of the RED
siRNA#2-treated cells were in interphase, compared with

�37% of the mock-treated cells and �36% of the non-silencing
siRNA-treated cells (Fig. 5B). Flow cytometric analysis also
showed that after nocodazole treatment, �34% of the RED
siRNA#1-treated and �35% of the RED siRNA#2-treated cells
were in G1, whereas �6% of the mock-treated and �9% of the
non-silencing siRNA-treated cells were in G1 (Fig. 5C). In addi-
tion, the protein levels of both cyclin B1 and securin were lower
in the RED-depleted cells than in the mock-treated or non-
silencing siRNA-treated cells after nocodazole treatment (Fig.
5A). Therefore, we concluded that compared with the mock-
treated or non-silencing siRNA-treated cells, the SAC was
defective in the RED-depleted cells, and, consequently, the ana-
phase-promoting complex/cyclosome can promote the prote-
olysis of securin and cyclin B1 to cause cells to bypass the
mitotic arrest induced by nocodazole and complete mitosis for
entry into the next round of the cell cycle. Additionally, the
defect in the SAC caused by the siRNA#1-directed depletion of
RED could be rescued by an siRNA#1-resistant RED construct
(see “Experimental Procedures” and supplemental Fig. S5).
This finding indicates that the defective SAC caused by the
siRNA#1-directed depletion of RED was not due to an off-tar-
get inhibition. We also determined the response of the RED-
depleted cells to different amounts of nocodazole and found
that the decreased percentage of mitotic cells was due to a
defect in the SAC caused by the depletion of REDbut not due to
the effect of RED depletion on nocodazole sensitivity (see Sup-
plemental Fig. S6). Taken together, these results suggest that
RED is required for activation of the SAC in prometaphase.

FIGURE 5. Effect of RED RNAi on the SAC. HeLa cells were mock-treated (MC) or transfected with non-silencing (NS) siRNA or RED siRNA#1 or #2 for 24 h before
treatment with (�) or without (-) nocodazole. For each transfection, 200 pmols of the siRNA duplexes were used. Cells were collected for analysis after
treatment with or without nocodazole (noc) for 18 h. A, depletion of RED protein. Cells were lysed and analyzed by Western blotting with antibodies against
RED, MAD1, cyclin B1, securin, and �-tubulin (loading control). B, quantification of mitotic cells in mock-, non-silencing siRNA-, RED siRNA#1-, or RED
siRNA#2-treated cell cultures. Two hundred cells were scored for each of three independent experiments. Data shown in graph are the mean � S.D. from three
independent experiments. *, p � 0.001; **, p � 0.001 (analysis of variance). C, DNA-content histograms for mock-, non-silencing siRNA-, RED siRNA#1-, or RED
siRNA#2-treated cells analyzed by flow cytometry. D, localization of MAD1 in RED-depleted prometaphase cells. Staining for MAD1 and RED was performed as
described in Fig. 4A. Scale bar � 10 �m.
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By immunofluorescence microscopy, we found that MAD1
failed to localize to kinetochores in �81% (39 of 48) of the RED
siRNA#1-treated and �87% (39 of 45) of the RED
siRNA#2-treated prometaphase cells, whereas RED normally
localized to the spindle poles in the MAD1-depleted prometa-
phase cells (Fig. 5D and supplemental Figs. S7 and S8A). Simi-
larly, MAD1 could not normally localize to kinetochores in
�78% (21 of 27) of the nocodazole-treated RED-depleted pro-
metaphase cells (supplemental Fig. S8B). Consistent with the
previous observation that MAD1 is required to recruit MAD2
to kinetochores (13), we found thatMAD2 also failed to localize
to kinetochores in �92% (48 of 52) of the RED-depleted pro-
metaphase cells (supplemental Fig. S9). These data indicate that
RED determines the kinetochore localization of MAD1 and
MAD2, whereas the localization of RED to the spindle poles is
independent of MAD1. This outcome implies that depletion of
RED may interfere with the ability of MAD1 and, thereby, of
MAD2 to properly localize to kinetochores and thus causes a
defect in the SAC to allow cells to bypass a nocodazole-induced
mitotic arrest. In addition, MAD1 failed to properly localize to
the spindle poles in�74% (20 of 27) of the RED-depletedmeta-
phase cells (supplemental Fig. S10), indicating that depletion of
RED might cause a failure in the localization of MAD1 to the
spindle poles in metaphase cells.
Silencing of RED by RNA Interference Results in a Change in

Mitosis Progression—To determine whether depletion of RED
could affect mitosis progression, we measured the timing from
the nuclear envelope breakdown (NEBD) to anaphase in both the
non-silenced andRED-depleted cells.After cellswere treatedwith
the siRNA duplexes for 24 h and thereafter arrested in the early
S-phase by treatmentwith thymidine, cells were released from the
early S-phase to measure the timing from the NEBD to anaphase
using a live time-lapse fluorescence microscope. We found that
the average time from NEBD to anaphase onset in the non-si-
lenced cells was �52.5 min (prometaphase, �16.3 min; meta-
phase, �36.2 min; n � 20), whereas the average time from the
NEBD to anaphase onset in the siRNA#1-treated cells and the
siRNA#2-treated cells was�34.1min (prometaphase,�12.4min;
metaphase, �21.7 min; n � 23) and �33.8 min (prometaphase,
�15.7 min; metaphase, �18.1 min; n � 21), respectively (Fig. 6).
The timing of both prometaphase and metaphase in the RED-
depleted cells was shorter compared with the non-silenced cells,
indicating thatdepletionofREDcouldshorten the timing fromthe
NEBD to anaphase onset.
We also determined the doubling time of the RED-depleted

cells bya live cell imaging system.Wefound that thedoubling time
of non-silenced cells, siRNA#1-treated cells, and siRNA#2-treated
cells was �942, �921, and �938min, respectively (supplemental
Fig. S11). This indicates that depletion of REDdoes not affect pro-
gression of cell cycle phases other than theM phase.
Many SAC proteins are known to be required for chromo-

some alignment, and their depletion by RNAi may result in
chromosome misalignment in metaphase, thereby resulting in
lagging chromosomes in anaphase (25–27, 30, 32–34). How-
ever, in our live cell images (Fig. 6), the RED-depleted meta-
phase cells could align chromosomes normally before proceed-
ing into anaphase, and the RED-depleted anaphase cells did not
have lagging chromosome(s). This indicates that RED is not

required for chromosome alignment and proper chromosome
segregation.
MAD1(301–340) or MAD1(439–480) Peptides Fused to

EGFPAre Capable of Binding to RED and Cause Cells to Bypass
the Mitotic Arrest Induced by Nocodazole—We found that
moderate expression or overexpression of MAD1, which was
fused to the C terminus of EGFP, could cause a defect in the
SAC (supplemental Fig. S12). Additionally, overexpression of
MAD1 caused a greater defect in the SAC than moderate
expression of MAD1 (supplemental Fig. S12). Importantly,
ectopically expressed EGFP-MAD1 was able to colocalize with
RED at the spindle poles in prometaphase (Fig. 7A). This result
raised the possibility that overexpression of EGFP-MAD1
caused a SAC defect by inappropriately inactivating RED at the
spindle poles. Because severalMAD1-interacting proteins have
been observed previously as well as in this study (12, 13, 35), we
tested this possibility by determining whether ectopic expres-
sion of the RED-interacting peptide MAD1(301–340) or
MAD1(439–480) fused to EGFP could cause a SAC defect. To
avoid the severe lethality caused by overexpression of EGFP-
MAD1(301–340) (data not shown), which could confound our
analysis, translation of EGFP or its fusion genes was directed by
the partially disabled IRES of the encephalomyocarditis virus to
yield moderate protein expression levels (18). Notably, moder-
ate expression of EGFP-MAD1(301–340) caused only a mild
lethality and did not result in a significant change in themitotic
population (Fig. 7C).
We initially examined the localization of EGFP-MAD1(301–

340) and EGFP-MAD1(439–480) in prometaphase and found
that both colocalized with RED at the spindle poles (Fig. 7A).
Additionally, neither EGFP-MAD1(301–340) nor EGFP-
MAD1(439–480) colocalized with endogenous MAD1 pro-
teins at kinetochores or interfered with the kinetochore local-
ization of MAD1 (supplemental Fig. S13). We then performed
coimmunoprecipitation assays using anti-GFP antibody-con-
jugated beads to determine whether EGFP-MAD1(301–340)
and EGFP-MAD1(439–480) could bind to RED or MAD2 in
cells. Consistent with the results from the in vitro binding
assays (Fig. 3C), EGFP-MAD1(301–340) and EGFP-
MAD1(439–480) were able to interact with RED in vivo, as
could EGFP-MAD1 (Fig. 7B). Unlike EGFP-MAD1, EGFP-
MAD1(301–340) and EGFP-MAD1(439–480) did not associ-
ate with MAD2 (Fig. 7B).
We then determinedwhethermoderate expression of EGFP-

MAD1(301–340) or EGFP-MAD1(439–480) could cause cells
to fail to arrest inmitosis after treatmentwith nocodazole. After
18 h of nocodazole treatment, �72% of the cells expressing
EGFP,�58% of the cells expressing EGFP-MAD1,�48% of the
cells expressing EGFP-MAD1(301–340) and �65% of the cells
expressing EGFP-MAD1(439–480) were in mitosis (Fig. 7C),
whereas�21% of the cells expressing EGFP, �32% of the cells
expressing EGFP-MAD1, �42% of the cells expressing EGFP-
MAD1(301–340) and �28% of the cells expressing EGFP-
MAD1(439–480) were in interphase (C). Therefore, we con-
clude that compared with EGFP, moderate expression of
EGFP-MAD1, EGFP-MAD1(301–340) or EGFP-MAD1(439–
480) may cause a defect in the SAC.
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DISCUSSION

In this report, we showed that the nuclear protein RED inter-
acted with the mitotic checkpoint protein MAD1, and its
expression was cell cycle-regulated (Figs. 1 and 2). REDwas not
found to be a kinetochore-associated protein, and it localized to
the spindle poles and cytoplasm during mitosis (Fig. 4 and sup-
plemental Fig. S3). REDandMAD1only colocalized at the spin-
dle poles in metaphase and anaphase (Fig. 4). We found that
there are two small regions within MAD1, MAD1(301–340)
andMAD1(439–480) that are capable of binding to RED (Figs.
3 and 7B). Furthermore, these two small RED-interacting

regions do not overlap with the two leucine zippermotifs (501–
520 and 557–571) that are required for MAD2 binding to
MAD1 (36). Our findings also confirmed thatMAD1(301–340)
andMAD1(439–480) do not associate withMAD2 in vivo (Fig.
7B).
Although RED is a nonkinetochore protein, two lines of evi-

dence suggests that RED has a functional role in the activation
of the SAC. First, we have shown that EGFP-MAD1(301–340)
and EGFP-MAD1(439–480) can associate with RED at the
spindle poles in prometaphase and, hence, abrogate the SAC
(Fig. 7, A–C). Furthermore, neither EGFP-MAD1(301–340)

FIGURE 6. Effect of RED RNAi on mitotic progression. H2B-GFP HeLa cells were transfected with the indicated siRNA duplexes and then arrested in early
S-phase by thymidine. Cells were released from early S-phase arrest for measurement of mitotic timing using live cell time-lapse fluorescence microscopy.
NEBD was designated as T0, and the timing from NEBD to anaphase was measured from live cell movies. A, C, and E, successive frames every 5 min from live cell
videos of H2B-GFP HeLa cells transfected with indicated siRNA duplexes. B, D, and F, mitotic progression of H2B-GFP HeLa cells transfected with indicated siRNA
duplexes. Timing for each group of cells, selected randomly, is shown in graphs. N, number of cells selected at random from two independent experiments.
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nor EGFP-MAD1(439–480) colocalized with endogenous
MAD1 at the kinetochores or interfered with the kinetochore
localization of MAD1 in prometaphase (supplemental Fig.
S13). Additionally, depletion of MAD1 did not interfere with
the localization of RED to the spindle poles in prometaphase
(supplemental Fig. S7). Therefore, it is possible that the spindle
pole-associated portion of RED proteins may execute the SAC.
Second, depletion of REDmay cause a failure in the kinetochore
localization of MAD1 and MAD2 (Fig. 5D and supplemental
Figs. S8 and S9) and a defect in the SAC (Fig. 5, B and C),
suggesting that RED may determine the kinetochore localiza-
tion of MAD1 and MAD2 for the activation of the SAC at the
kinetochores in prometaphase. Nevertheless, because RED
proteins are in the cytosol and at the spindle poles in prometa-
phase (Fig. 4), it remains to be determined whether either a
cytosolic or spindle pole-associated portion of RED proteins is
required for the recruitment of MAD1 to kinetochores.
At present, we do not know how RED determines the kine-

tochore localization of MAD1. Our observation that RED does
not interactwithMAD1 from interphase to prometaphase indi-
cates that the recruitment of MAD1 to kinetochores does not
depend upon its physical interaction with RED (Fig. 4A and
supplemental Fig. S2). Previous studies have shown that during
the kinetochore assembly cascade in prometaphase, recruit-
ment of MAD1 to the kinetochores is determined by CENP-F,
the NDC80/HEC1 complex, and the Rod-Zw10-Zwilch com-
plex, which localize to the kinetochores (13, 22, 37–39).
Because RED is a nonkinetochore protein (Fig. 4A), it is unlikely
that RED directly regulates CENP-F, the NDC80/HEC1 com-

plex, or the Rod-Zw10-Zwilch complex to determine the kine-
tochore localization of MAD1. However, RED has been identi-
fied to interact with the nuclear pore protein NUP62, which
may bind to NUP358/RanBP2, a kinetochore protein that is
required for the kinetochore localization of the SAC proteins
MAD1, MAD2, and ZW10 (40, 41), and to the mitotic check-
point regulator Rae1, which may interact with BUB1, a check-
point protein required for the kinetochore localization of
MAD1 and MAD2 (34, 42–45). Therefore, it is possible that
RED determines the kinetochore localization of MAD1 via the
NUP62-RanBP2 and/or NUP62-Rae1 interactions. Neverthe-
less, the role of NUP62 in the SAC or chromosome alignment
remains to be uncovered.
Several SAC proteins (e.g. MAD2 and BUBR1) have been

shown to play a role in controlling the mitotic timing in addi-
tion to their roles in the SAC (25, 28). Furthermore, it appears
that cytosolic, but not kinetochore-associated, MAD2 and
BUBR1 regulate mitotic timing (28). A recent study demon-
strates that in Drosophila, the spindle, SAC, and mitotic timer
functions of BubR1 are separable (46). Here, we also find that
RED has a role in controlling mitotic timing, as judged by our
observation that depletion of RED accelerates mitosis progres-
sion from theNEBD to anaphase (Fig. 6). Because REDproteins
are present at the spindle poles and in the cytoplasm in mitotic
cells (Fig. 4), it is also possible that, similar to MAD2 and
BUBR1 (25, 28), the SAC and timer functions of RED are sepa-
rable. It remains to be determined whether cytosolic RED can
regulate the timing from NEBD to anaphase onset as cytosolic
MAD2 and BUBR1 can.

FIGURE 7. Effect of ectopic expression of MAD1 and its derivatives on the role of RED in the SAC. Cells were transfected with IRES-EGFP (1), IRES-EGFP-MAD1
(2), IRES-EGFP-MAD1(301–340) (3) or IRES-EGFP-MAD1(439 – 480) (4). For each transfection, 300 ng of plasmid DNA were used. A, intracellular localization of
EGFP-MAD1, EGFP-MAD1(301–340), and EGFP-MAD1(439 – 480). Cells were stained for DNA, EGFP fusion proteins, and RED. Arrows indicate the spindle poles.
Scale bar, 10 �m. B, association of RED with EGFP-MAD1(301–340) and EGFP-MAD1(439 – 480). Cells were lysed for coimmunoprecipitation assays using
GFP-Trap�_A beads. The precipitated proteins were analyzed by immunoblot (IB). C, effect of moderate expression of EGFP-MAD1(301–340) and EGFP-
MAD1(439 – 480) on the SAC. 24 h after transfection, cells were treated with dimethyl sulfoxide or nocodazole for 18 h and then collected for analysis. Two
hundred GFP-positive cells were scored for each of three independent experiments. Data shown in the graph are the mean � S.D. from three independent
experiments. *, p � 0.001; **, p � 0.001; ***, p � 0.038 (analysis of variance).
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Many known SAC proteins (e.g. MAD1 and BUB1) are
required for chromosome alignment and segregation (25–27,
30, 32–34). Nevertheless, it is puzzling that the RED-depleted
metaphase cells can align chromosomes normally before pro-
ceeding into anaphase and that the RED-depleted anaphase
cells do not have lagging chromosome(s) despite the failure of
MAD1 andMAD2 to localize to kinetochores and the defect in
the SAC (Figs. 5–6 and supplemental Figs. S8 and S9). We
speculate thatMAD1 should also have two separable functions:
one for activation of the SAC in a kinetochore-dependentman-
ner and the other for chromosome alignment and segregation
in a kinetochore-independent manner. This speculation is on
the basis of two previous observations. One observation has
shown that the bubR1-KEN mad2 double mutant flies can
accurately segregate chromosomes although they lack the SAC
function (46). The other observation has revealed that in
human BUB1, deletion of its conserved domain I (amino acids
458–476) nearly abrogates the SAC function but can efficiently
regulate chromosome alignment (34). These two observations
indicate that the defective SACdoes not necessarily affect chro-
mosome alignment and segregation and may explain why the
RED-depleted cells can execute chromosome alignment and
segregation normally even though MAD1 and MAD2 fail to
localize to the kinetochores and the SAC is defective.
It is often observed that the SAC-defective cells may go to

apoptosis or form multinuclei when treated with nocodazole.
However, this phenotype was not observed in the RED-de-
pleted cells. Thus, as a comparison, we simultaneously deter-
mined the SAC-defectiveness of both MAD1- and RED-de-
pleted cells (supplemental Fig. S14). In our analysis, depletion
of MAD1 induced by the MAD1 siRNA used in this study did
not result in a more severe defect in the SAC than depletion of
RED (supplemental Fig. S14). Similarly, the MAD1-depleted
cells also did not go to apoptosis or form multinuclei when
treated with nocodazole (supplemental Fig. S14). It should be
noted that the RED- or MAD1-depleted cells did not have a
severe defect in the SAC in this study, which is unlike theHCT-
MAD2�/� or BUB1-depleted cells (34, 47). Additionally, one
study has shown that depletion of HEC1 has a more severe
defect in the SAC than that of Zwint-1, and depletion of HEC1
may induce formation ofmoremultinuclei than that of Zwint-1
after treatment with nocodazole (26). In addition, another pre-
vious study has shown that depletion of BUB1 may cause a
severe defect in the SAC and induce apoptosis and that expres-
sion of the BUB1A130S and BUB1Y259Cmutant proteins may
cause amild defect in the SAC but does not induce apoptosis in
human cells (34). Therefore, amild defect in the SAC caused by
depletion of RED may not induce apoptosis or formation of
multinuclei upon nocodazole treatment.
It is known thatMAD1 is released from the spindle-attached

kinetochores and relocalized to the spindle poles for silencing
of the SAC in metaphase (1, 4). However, it is not clear why
MAD1 has to be relocalized to the spindle poles in metaphase.
Our observation thatMAD1 interactedwith RED at the spindle
poles in metaphase (Fig. 4) implies that RED should be at least
one of the targets ofMAD1 at the spindle poles. Previous obser-
vations have shown that in Xenopus egg extracts, the observed
defect in the SAC, which was caused by excessive amounts of

MAD1, was due to its titrating out freeMAD2 from the cytosol
(48). Similarly, overexpression of EGFP-MAD1 also caused a
considerable defect in the SAC (supplemental Fig. S12), and,
surprisingly, unlike endogenous MAD1 (see Fig. 4A and Ref.
20), EGFP-MAD1 was able to not only localize to kinetochores
but also to the spindle poles in prometaphase (Fig. 7). Further-
more, EGFP-MAD1(301–340) and EGFP-MAD1(439–480)
were observed to bind to and colocalize with RED at the spindle
poles in prometaphase, and their expression could result in a
defect in the SAC (Figs. 3 and 7). Therefore, it is possible that, in
addition to titrating out freeMAD2 from the cytosol, the local-
ization of EGFP-MAD1 to the spindle poles could also be attrib-
uted to the defect in the SAC caused by overexpression of
EGFP-MAD1, which was likely due to its interaction with RED
at the spindle poles in prometaphase. In addition, depletion of
RED could cause a failure in localization of MAD1 to the spin-
dle poles in metaphase (see supplemental Fig. S10). Taken
together, these observations also lead to speculation that
MAD1may bind to and inactivate RED to silence the SACwhen
MAD1 is relocalized to the spindle poles in metaphase. This
speculation warrants further investigation in the future.
The concept that the core and additional components of the

SAC are recruited to kinetochores to ensure a proper attach-
ment of the paired sister chromatids to microtubules during
prometaphase is well known (1). However, a previous observa-
tion revealed that Death inducer-obliterator polypeptide 3
(Dido3), a nonkinetochore protein, has been shown to be part
of the network of regulatorymolecules involved in activation of
the SAC at the spindle poles (49). Like Dido3, RED also has a
role in the SAC at the spindle poles during prometaphase (Fig.
7). More importantly, our finding that RED is required for the
localization of MAD1 to kinetochores even though they are at
different locations and do not interact with each other in pro-
metaphase (Fig. 5D and supplemental Fig. S2) suggests that a
RED-dependent signaling pathway, possibly via NUP62 (see
above mentioned description), from a non-kinetochore loca-
tion to the kinetochore should exist for activation of the SAC.
Taken together, these observations reveal that non-kineto-
chore proteins must coordinate with kinetochore proteins for
the execution of the SAC in prometaphase.
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