
ml)] on ice for 10 mln followed by centr~fugation at 
10,000g for 5 min at 4°C. Proteins (20 kg) from the 
supernatants were loaded In each lane and an m -  
munobot was prepared wth ECL (Amersham). 

25. To make recombinant XMAD2, we tagged the full- 
length XMAD2 coding sequence with sx histidines at 
the NH,-term~nus and expressed t n Escherichia 
co11 w~th Qiaexpress vector pQElO (Qiagen). The 
protein was purlfed accordng to the manufacturer's 
instructions. The purlfled proteins were d~alyzed 
against a buffer containing 50 mM Hepes (pH 7.41, 
50 mM potassium chloride, and 50% glycerol. 

26. Freshly prepared CSF-arrested extracts (20 kl) were 
frst incubated for 1 hour on Ice wth 1 kl (0.7 kg) of 
various ant~bodles. To block anti-XMAD2, we ncubat- 
ed the ant~bod~es wlth 6H-XMAD2 (ant1body:pro- 
tein = 3:2 by weght or 1 : 2 n molar ratio) on Ice for 1 
hour. The extracts were then Incubated with a low or 
high concentration (3000 or 10,000 nuclei per micro- 
liter, respectively) of demembranated sperm nuclei 
prepared as described (22) for 10 m n  at room tem- 
perature and for another 10 m n  at room temperature 
with nocodarole (1 0 kg/ml). The nocodazole stock 

was made In dimethy sulfox~de at 10 mg/ml and was 
diluted 1 : 50 (200 kg/ml) in CSF-arrested extract be- 
fore it was added to the reactlon mixture. CSF-arrest- 
ed extracts were incubated with a high concentration 
of sperm nucle and nocodarole for 20 min and then 
w~th control antbodes or anti-XMAD2 at room tem- 
perature for 30 min. Calcum chloride (0.4 to 0.6 mM) 
was added to induce ex~t from m~toss and 1 -kI sam- 
ples were taken every 15 min and left on dry Ice un t  all 
of the samples were ready for histone HI  kinase ac- 
tivity measurement as descrbed (22). 

27. XTC cells were fixed in 3% paraformaldehyde, and 
~mmunofluorescent stanng was done as descrbed 
(21), except that a buffers were made n 70% phos- 
phate-buffered saline (PBS). For detergent extrac- 
tion, cells were frst extracted wth 70% PBS wth 
0.5% Triton X-100 (PBST) for 5 mln followed by 
fixation w~th paraformaldehyde. The images were 
viewed wth a Nikon Microphot-FXA mcroscope and 
photographed wlth Kodak Tri-X pan 400 flm. 

28. C. L. Rieder and R.  Hard, lnt. Rev Cytol. 122, 153 
(1 990). 

29 Cells were first s~multaneously extracted and fixed 

Identification of a Human Mitotic 
Checkpoint Gene: hsMAD2 

Yong Li and Robert Benezra* 

In Saccharomyces cerevisiae, MAD2 is required for mitotic arrest if the spindle assembly 
is perturbed. The human homolog of MAD2 was isolated and shown to be a necessary 
component of the mitotic checkpoint in HeLa cells by antibody electroporation exper- 
iments. Human, or Homo sapiens, MAD2 (hsMAD2) was localized at the kinetochore after 
chromosome condensation but was no longer observed at the kinetochore in metaphase, 
suggesting that MAD2 might monitor the completeness of the spindle-kinetochore at- 
tachment. Finally, T47D, a human breast tumor cell line that is sensitive to taxol and 
nocodazole, had reduced MAD2 expression and failed to arrest in mitosis after nocoda- 
zole treatment. Thus, defects in the mitotic checkpoint may contribute to the sensitivity 
of certain tumors to mitotic spindle inhibitors. 

Durine  mitosis, the onset of anaahase is - 
demarcated by the separation of sister chro- 
matids and the destruction of cyclin B, 
which are irreversible events that corn~nit a 
cell to complete the division cycle ( I ) .  Mi- 
totic checknoint control ~nechanislns 12) , , 

test the cell's preparedness to undergo divi- 
sion and block cell cycle progression before 
the irreversible events associated with an- 
aphase if the mitotic spindle apparatus is 
not appropriately asse~nbled (3, 4) or if the 
kinetochore is not properly attached to the 
spindle (5). In budding yeast, six nonessen- 
tial eenes have been identified that are - 
required for the execution of the mitotic 
checkpoint: MADI, MAD2, and MAD3 
(3),  and BUBI, BUB2, and BUB3 (4).  
These genes were identified in screens for 
mutants that are hypersensitive to drugs 
that inhibit ~nitotic spindle assembly by 
dep~l~lnerizing microtubules. A similar mi- 

totic checkpoint path\vay also exists in 
higher eukaryotes (5),  but its molecular 
components have not yet been identified. 

We isolated a human cDNA clone (6) in 
a screen for high copy number suppressors of 
thiabendazole (a ~nitotic spindle assembly 
inhibitor) sensitivity in yeast cells lacking 
CBF1, a colnponent of the kinetochore (7). 
Sequence deter~nination of the cDNA re- 
vealed an open reading frame (ORF) of 205 
amino acids (GenBank accession number 
U65410) that is similar to that of the prod- 
uct of the mitotic checkpoint gene iMAD2 
from the budding yeast, S. cerevisiae. The 
two proteins are 40'16 identical and 60% 
similar oIrer the entire ORF (Fig. 1A). We 
therefore refer to the human MAD2 ho- 
lnolog as hsMAD2. The hsMAD2 protein is 
also sirnilar to a MAD2 homolog from Xe-  
nopus Ineuis, ternled XMAD2 (8) (Fig. 1A). 
The protein encoded by hsblAD2 cDNA 
has a predicted molecular size of 23.5 kD 
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with 0.5% Tr~ton X-100, 2% formaldehyde in PHEM 
160 mM Pipes, 25 mM Hepes (pH 7), 10 mM EGTA, 
2 mM magnesum chloride] for 5 min and then fixed 
further In 4% formaldehyde in PHEM for 15 mln. 
lmmunofluorescent stanng was then performed as 
described (19), except that the buffer PBS plus 
0 05% Tween 20 was used. Z-seres optical sections 
(0.5 k m  thick) were captured with a multimoded~gital 
fluorescence microscope system. A Nikon Micro- 
phot-FXA microscope equipped w~th a x60, numer- 
ical aperture 1.4 object~ve was used. 
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bendazole sensitivity of cbfl null yeast cells 
(9) suggests that without CBFI, the mitotic 
checkpoint is not fully activated. 

To further characterize hsMAD2, we gen- 
erated polyclonal antibodies and affinity-pu- 
rified them (10). Immunoglob~~lin G (IgG) 
fractions from prei~nlnune serum and serum 
raised against hsMAD2 that was first passed 
over an hsMAD2 affinity column (referred to 
as anti-hsMAD2h) were also isolated (10). 
Protein ilnlnunoblot analysis (1 1 )  revealed 
that the affinity-purified anti-hsMAD2 spe- 
cifically recognized a single protein of approx- 
imately 24 kD in HeLa cell extracts that was 
not detected with either preim~nune IgG or 
anti-hsMAD2A (Fig. 1B). Extracts from I-IeLa 
cells that had been transiently transfected 
with an expression vector that encodes hs- 
MAD2 sho\ved increased intensity of the 24- 
kD band, indicating that this protein is prob- 
ably ellcoded by the hsMAD2 cDNA (Fig. 
1B). Thus, the affinity-purified antibody to 
hsMAD2 was highly specific for the protein 
expressed in human cells. 

To determine if hsMAD2 functions as a 
~nitotic checkpoint gene, we introduced affin- 
ity-purified anti-hsMAD2 into HeLa cells by 
electroporation and determined the status of 
the mitotic checkpoint (12). When cells \\.ere 
electroporated with either the prei~nrnune 
IgG, the anti-hs?vlAD2A, or buffer alone, 
many of them became rounded after nocoda- 
zole treatment, which is indicative of cells 
arrested in mitosis (Fig. 2). In contrast, 
cells electroporated with anti-hsMAD2 
sho\ved fewer rounded cells after nocodazole 
treatment (-80 to 90% of the cells that 
survived the electroporation took up IgG, as 
assayed by immunofluorescence). We mea- 
sured the percentage of IgGt cells in mitosis 
(the ~nitotic index, MI) after nocodazole 
treatment of the electroporated cells. The 
average MI of the IgG-L cells electroporated 
with either the preirn~nune IgG or the anti- 
hsMAD2h was about 10% (471 of 1588 
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cells), whereas the MI of IgG+ cells electro- 
porated with anti-hsMAD2 was 1.8% (18 of 
1016 cells) (Table 1). This latter result is 
unlikely to indicate arrest of the cells before 
the onset of mitosis because cells electropo- 
rated with anti-hsMAD2 continue to cycle 
for 30 hours at the same rate as the cells 
electroporated with the preimmune IgG (9). 
Thus, hsMAD2 i s  required in HeLa cells for 

Fig. 1. Characterization of human MAD2. (A) 
Alignment of the predicted hsMAD2 protein se- 
quence with those of X laevis MAD2 (XMAD2) 
and S. cerevisiae MAD2 (scMAD2). Amino acids 
identical in at least two of the three MAD2 proteins 
are boxed. Dashes indicate gaps. Abbreviations 
for the amino acid residues are: A, Ala; C, Cys; D, 
Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, 
Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; 
T, Thr; V, Val; W, Trp; and Y, Tyr. (B) Human 
MAD2 encodes a 24-kD protein. Protein extracts 
from HeLa cells (lanes 1. 3. and 5) or HeLa cells 

the execution of the mitotic checkpoint in 
response to nocodazole treatment. Because 
XMAD2 is also an essential component of 
the mitotic checkpoint in X. heoris (8), we 
conclude that the mitotic checkpoint func- 
tion of MAD2 is highly conserved during 
evolution and probably has a critical role in 
ensuring accurate chromosome segregation. 

Previous studies (5, 13) have pointed to a 

A 
hsMAD2 
XMADZ 
%MAD2 

hsMAM 
XMAD2 
scMAD2 

hsMAD2 
XMAD2 
scMAD2 

hsMAD2 
XMADP 
SCMADZ 

close link between the kinetochore and the 
mitotic checkpoint pathway. Therefore, we 
determined the subcellular localization of hs- 
MAD2 in HeLa cells (14). During interphase, 
hsMAD2 was distributed throughout the cell, 
with prominent perinuclear localization (Fig. 
3A). In mitotic cells, the pattern of hsMAD2 
staining varied with the stage of mitosis. In 
prometaphase, hsMAD2 colocalized with the 

. . 
transiently transfkcted with ~ C M V ~ - ~ S M A D ~  for hsMAD2 ,= 
48h0~rs(lanes2,4,and6)weresubjectedto XMAD2 131 
protein immunoblot analysis with the antibodies %MAD2 128 

indicated on top of each lane. The positions of ps;:,"; jsl 

prestained molecular size markers (Bio-Rad) are 
shown. 

205 

203 

I %  

Buffer Preimmune Anti-hsMAD2A Anti-hsMAD2 

Fig. 2. Function of hsMAD2 as a mitotic checkpoint gene. HeLa cells electroporated with anti-hsMAD2 failed to anest in mitosis in the presence of nocodazole. 
HeLa cells were electroporated with buffer or antibodies as indicated (72). Electroporated cells were allowed to attach to the plates for 6 hours and then treated 
with 200 nM nocodazole for 18 hours before being photographed. Summary of the antibody electroporation experiments is found in Table 1. 

A 
Preimmune Anti-hsMAD2A Anti-hsMAD2 PM NO% M A 

B 

were triple-stained with affinity-purified anti-hsMAD2 (top row), 
human antibody to centromeres (middle row), and DAPl (bottom row). Cells in prometaphase (PM), arrested in prometaphase by nocodazole treatment (NOC), 
in metaphase (M). and in anaphase (A) are shown. Cells were observed with a x100 oil immersion objective. 
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kinetochores (Fig. 3B). At metaphase and 
anaphase, however, hsMAD2 staining was ab- 
sent from the chromosomes (Fig. 3B), which 
could be due to either the loss of hsMAD2 
antigen from the kinetochore or epitope 
masking. The kinetochore localization of hs- 
MAD2 in prometaphase, when most, but not 
all of the kinetochores are attached to the 
spindle, suggests that hsMAD2 may monitor 
the completeness of the spindle-kinetochore 
attachment and activate the mitotic check- 
point when this process is incomplete. Indeed, 
we observed persistent kinetochore localiza- 
tion of hsMAD2 in HeLa cells arrested in 
mitosis by nocodazole treatment in which 

Table 1. Summary of the antibody electroporation 
experiments (Fig. 2). Electroporated cells were 
treated with 200 nM nocodazole for 18 hours. 

IgG+ Experi Antibody cells ment 

1' Preimmune 
Anti-hsMAD2 

2 Preimmune 
Anti-hsMAD2 

3 Preimmune 
Anti- hsMAD2A 
Anti- hsMAD2 

4 Preimmune 
Anti-hsMAD2A 
Anti-hsMAD2 

IgG+ 
mitotic 
cells 

52 
3 

77 
6 

83 
74 
4 

94 
91 
5 

*Cells were treated with 100 nM nocodazole for 12 hours. 
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u .- a F65 - RHI 

I 0  

0 
0 6 12 24 
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Fig. 4. Failure of T47D cells to arrest in mitosis in 
response to nocodazole treatment and expres- 
sion of low amounts of hsMAD2. (A) T47D and 
RH1 cells failed to undergo mitotic arrest after 
nocodazole treatment. Hela, F65, T47D, and 
RH1 cells were treated with 100 nM nocodazole 
and collected at the indicated times. F65 and RH1 
were not sampled at 6 and 12 hours. Cells were 
transferred to slides and scored for their mitotic 
indices (72). (B) Reduced expression of hsMAD2 
in T47D cells. Equal amounts of protein extracts 
from the indicated cell lines were subjected to 

spindle-kinetochore interaction is inhibited 
(15) (Fig. 3B). 

Because yeast cells defective in mitotic 
checkpoint genes are sensitive to mitotic spin- 
dle inhibitors, we sought to determine if this 
was also true in mammalian cell lines. Two 
human tumor cell lines, T47D (breast cancer) 
and RH1 (rhabdomyosarcoma), are sensitive 
to taxol and nocodazole (9). Both cell lines 
failed to undergo mitotic arrest (Fig. 4A) and 
continued to divide 24 hours after nocodazole 
treatment (9), which suggests that they are 
defective in the mitotic checkpoint. No such 
failure to arrest was observed in HeLa cells or 
human primary diploid fibroblast cells (F65) 
(Fig. 4A), which are resistant to nocodazole 
(9). Thus, defects in the mitotic checkpoint 
mav contribute to the sensitivitv of certain 
tumors to mitotic spindle inhibitors. We also 
found, by protein immunoblot analysis, that 
T47D cells had less than one-third the 
amount of hsMAD2 that was present in no- 
codazole- and taxol-resistant cell lines (Fig. 
4B). RH1 cells showed no such decrease. 
Therefore. the decrease in hsMAD2 in T47D 
cells may contribute to the failure of these 
cells to execute the mitotic checkpoint. 

MAD proteins in budding yeast are re- 
quired for accurate chromosome segregation 
under normal growth conditions (3). 
Therefore, loss of hsMAD2 function might 
also lead to aberrant chromosome segrega- 
tion in mammalian cells, an event that is 
associated with tumor formation in a num- 
ber of cell types (16). This hypothesis can 
now be tested by the generation and anal- 
ysis of MAD2 null mice. 
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