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division by delaying anaphase until the kinetochores of all sist
matids are attached to the mitotic spindle microtubules. S
checkpoint gene mutations are rare, especially in breast can
many cancer cells have an impaired or unregulated spindle ch
[15–17]. Although an accumulating amount of work has been fo
on characterizing the spindle checkpoint, many questions rem
known that MAD2 and BUBR1 are recruited to unattached ki
chores early in mitosis. Through a poorly understood mech
MAD2, BUBR1, and BUB3 then sequester CDC20, a cofac
the anaphase-promoting complex (APC), to inhibit its ubiquitin
activity and delay anaphase onset. Once all of the kinetochore
tached to the mitotic spindle, the inhibitory complex dissociat
CDC20 is allowed to bind to the APC, activating its ubiquitin l
activity leading to the degradation of securin, separase, and o
totic proteins to permit chromosome segregation (reviewe
[18]). However, the factors or events that both initiate and st
checkpoint-signaling pathway are unclear.

We hypothesized that the transient loss of CHFR would cau
genomic instability by deregulating proteins important for m
spindle formation and function. To test this, we transiently dec
CHFR expression by siRNA in the genomically stable IHME
line, MCF10A. Subsequent analysis of these cells revealed
were more aneuploid and had increased expression of mito
teins including Aurora A,α-tubulin, and acetylatedα-tubulin. In ad-
dition, we identified MAD2 as a novel CHFR interacting prote
which loss of CHFR expression led to impaired MAD2/CD
complex formation and the mislocalization of the key spindle
point proteins BUBR1 and MAD2. Additional evidence for an
paired spindle checkpoint after decreased CHFR expression
the identification of four mitotic defects: misaligned metaphas
mosomes, lagging anaphase chromosomes, disorganized m
spindles, and defective cytokinesis.

Materials and Methods

Cell Culture
MCF10A and HEK293 cells were obtained from the Ame

Type Culture Collection (Manassas, VA) and cultured under
mended conditions. For CHFR knockdown, cells were untran
(“mock”) or transfected with 2.0μM of either a nontargeting siCont
siRNA or a set of four siRNAs targeting CHFR using Dharmafe
cording to the manufacturer’s instructions and were analyzed 72 h
later (siGENOME; Dharmacon RNA Technologies, Lafayette, C
Cells were transfected with 6.0μg of a Flag-tagged Aurora A cons
(gift from Xiaochun Yu, University of Michigan) or a Flag-ta
CHFR using FuGENE 6 (Roche Applied Science, Indianapol
and lysates were harvested 24 hours later. Cells were trea
15 μM of MG132 (Calbiochem, Gibbstown, NJ) for 10 hours
or 200 ng/ml nocodazole (Sigma-Aldrich, St. Louis, MO) for 18
To induce DNA damage, cells were treated with 0.3μM aphidicolin
for 24 hours.

Spectral Karyotyping and Metaphase Spreads
MCF10A cells were treated with 50 ng/ml colcemid (Invitr

Carlsbad, CA) for 16 hours then collected and resuspend
hypotonic solution of 2% KCl and 2% Na3C6H5O7 for 7 minutes
at 37°C. Metaphase spreads were then prepared and stai
Giemsa as previously described [3]. At least 25 metaphases w
counted in triplicate for each sample.
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Spectral karyotyping (SKY) analysis was performed ac
to the manufacturer’s protocol (Applied Spectral Imaging, V
CA) and as previously described [19]. Briefly, cells and slid
prepared as described previously, and unstained slides w
in 2× SSC, treated with pepsin (Amresco, Solon, OH; 30μg/ml in
0.01 N HCl), then rinsed with PBS. Slides were postfixed i
paraformaldehyde in PBS/MgCl2 and dehydrated in an ethanol se
before and after denaturation in a 70% formamide/2× SSC so
The denatured SKY probes (vial 1, SKY kit; Applied Spectra
ing) were hybridized to the slides and incubated at 37°C for
After washings, antibodies (from vials 3 and 4, SKY kit) were
and incubated at 37°C for 1 hour each. The slides were c
stained with DAPI in an antifade solution. All images were ac
using an SD200 SpectraCube spectral imaging system (Appli
tral Imaging) attached to a microscope (E800; Nikon, Belmon
consisting of an optical head (a Sagnac interferometer) coup
multiline charge-coupled device camera (Hamamatsu, Bridg
NJ). Spectral Imaging (v. 2.6.1) and Sky View (v. 1.6.2; both
Applied Spectral Imaging) were used to acquire and anal
images, respectively. The average of ten metaphases was u
ate the consensus karyotype.

Western Blot Analysis
Whole-cell lysates were collected from approximately 80%

ent cultures. For samples analyzed for ubiquitination ofα-tubulin,
2 mM N -ethylmaleimide (NEM; Sigma) was added to the lysis
Western blots were prepared as previously described [3].
blot membranes were blocked for 1 hour at room temperatu
incubated overnight at 4°C in primary antibody. The following
bodies were used: a mouse CHFR mAb (1:500 dilution; A
Corp., Taipei City, Taiwan), a custom rabbit polyclonal antibo
the N-terminus of CHFR (1:1000), and a rabbit anti–Aurora A anti-
body (1.0 mg/ml, gift from Xiaochun Yu). A mouse anti–α-tubulin,
mouse anti–acetylatedα-tubulin, rabbit anti-Flag (all from Sigm
Aldrich), rabbit anti–α-tubulin (Cell Signaling Technology, Danv
MA), rabbit anti-CDC20 (Novus Biologicals, Littleton, CO), a
rabbit anti–glutathione-S-transferase (GST; Santa Cruz Biotechno
Santa Cruz, CA) were all used at 1:1000 dilutions. Anti-ubi
(1:100; Sigma) was also used to identify ubiquitinatedα-tubulin. A
mouse anti-MAD2 (1:500; BD Biosciences, San Jose, CA) a
anti-MAD2 (1:250, antibody N19; Santa Cruz Biotechnology)
also used. An anti–glyceraldehyde-3-phosphate dehyrogenas
body (1:10,000; Abcam, Cambridge, MA) and an HRP-conju
β-actin antibody (1:10,000; Sigma-Aldrich) were used for loadin
trols. Blots were incubated in secondary antibody, anti–mouse:HRP
or anti–rabbit:HRP, diluted in the blocking solution (both from
Signaling Technology). We used the SuperSignal West Pico
luminescent kit (Pierce Biotechnology, Rockford, IL) and ex
the blots to a BioMax XAR film (Eastman Kodak, Rochester
Blots were stripped before reprobing with a different antibody.
applicable, blots were analyzed from three experiments to v
pression changes. Densitometry was performed using an ima
tem (FluorChem 8900; Alpha Innotech Corp., San Leandro, C

Immunoprecipitation
Immunoprecipitations (IPs) were completed according

manufacturer’s instructions using the protein G immunopreci
tion kit (Sigma). Briefly, whole-cell lysates were combined
to 10μl of the specified antibody (mouse IgG1 isotype control from
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BD Biosciences, mouse anti–α-tubulin, mouse anti–Flag M2 anti-
body, or goat anti-MAD2) and diluted in the supplied 1× IP b
and incubated for at least 2 hours at 4°C. Then, 50μl of Protein G
beads were added to the lysate/antibody mix and were inc
overnight at 4°C. After washes in 1× IP buffer and 0.1× IP
the immunoprecipitated lysates were boiled in the columns inμl
of 2× Laemmli’s loading buffer then eluted by centrifugation an
alyzed by Western blot analysis.

Glutathione-S -Transferase Pull Down
A GST:CHFR fusion construct was created using the pGEX2

tor (Amersham, Piscataway, NJ) and was expressed in the DH5α strain
of Escherichia coli. LogarithmicE. colicultures were collected in ly
buffer (2.5 mM PMSF in 1.0% Triton X-100 with a protease inhi
cocktail from Roche), sonicated, and then cleared by centrifu
One milligram ofE. colilysates was combined with 50μl of washed
Glutathione Sepharose 4B beads (Amersham) for 2 hours at 4°
1 mg of whole-cell lysates from MCF10A cells was added to th
and incubated overnight at 4°C. After washes with NTEN200
(20 mM Tris–HCl, 1 mM EDTA, 0.5% NP-40, 25μg/ml PMSF,
and 200 mM NaCl), the bound proteins were eluted with 10 mM
tathione and collected by centrifugation. Isolated proteins were
fied by Western blot analysis.

Yeast Two-Hybrid Screening
Yeast two-hybrid screening was performed following the

facturer’s instructions (Clontech Laboratories, Inc., Mountain V
CA). Briefly, the full-length cDNA of humanCHFRwas subclone
into pGBKT7 to express the fusion peptide with Gal4BD. pGB
CHFR was introduced into the yeast strain AH109, which wa
transformed with a 293T cell cDNA library cloned into the pA
vector. A total of 1 × 107 transformants were plated on SD/−Leu/−Trp/
−His agar medium containing 5 mM 3-aminotriazole, and the
nies that grew in the selective medium were assayed forβ-galactosidas
activity. Plasmid DNA was extracted from the positive clon
was sequenced.

Immunofluorescence
In two-chambered slides, 3 × 105 MCF10A cells were plated

each chamber, and were then fixed in 4% paraformaldehy
blocked in 5% milk, 1.0% BSA in 0.025% TBS–Triton X-100.
Staining was performed using an anti–α-tubulin antibody (1:100
Sigma), a rabbit anti–Aurora A antibody (1:50; Cell Signaling Te
nology), or an anti–Histone H3–phospho-Ser28 antibody (1:1
Upstate-Millipore, Billerica, MA), all of which were hybridize
blocking buffer overnight at 4°C.Slides were hybridized with
anti–mouse:Alexa Fluor 594 or an anti–rabbit:Alexa Fluor 488 se
ondary antibody (Invitrogen Molecular Probes, Carlsbad, C
luted to 1:200 in blocking buffer. Samples were preserve
ProLong Gold antifade mounting medium with DAPI (Invitro
Molecular Probes). For colocalization of CHFR and MAD2, slide
prepared as described previously using a monoclonal mouse an–
CHFR antibody (Abnova Corp.) at a 1:50 dilution and a goat–
MAD2 antibody (antibody N19; Santa Cruz Biotechnology) at a
dilution. Anti–mouse:Alexa Fluor 594 and anti–goat:Alexa Fluo
488 secondary antibodies were used at a 1:100 dilution (bot
Invitrogen Molecular Probes).

For BUBR1 and MAD2 localization, cells were fixed in 4%
formaldehyde then permeabilized for 5 minutes in 0.5% Triton
ffer

bated
uffer,
40
an-

dissolved in 1× PBS. Slides were blocked in 5% milk in 0.1%–
Triton X-100 then hybridized with an anti–BUBR1 antibody
(Sigma-Aldrich) or an anti–MAD2 antibody (BD Biosciences) a
1:200 dilution in blocking buffer overnight at 4°C. Slides
hybridized with an anti–mouse:Alexa Fluor 594 secondary anti
(1:500; Invitrogen) diluted in blocking buffer for 1 hour at r
temperature then preserved with ProLong Gold antifade mo
medium with DAPI (Invitrogen Molecular Probes).
vec-

is
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ation.

. Then,
beads

Microscopy
We used a compound Leica DMRB microscope (W. Nuhsb

Inc., McHenry, IL) and either a ×63 or a ×100 objective lens. A
ternal Leica EL6000 light source was used for immunofluore
images. Images were recorded using a Retiga 2000R 12-bit digi
camera and QCapture Pro v5.1 software (QImaging, Surrey, C
For the analysis of CHFR and MAD2 colocalization, a confocal
scope (FV-500; Olympus, Center Valley, PA) was used with
objective lens and FluoView software (Olympus).
glu-
identi-

anu-

Data Analysis
Images were processed for resolution, magnification, and

settings using Adobe Photoshop CS2. We used the analysis
ance test for statistical significance, andP < .05 was considered s
nificant. Error bars depict the SE from triplicate experiments
asterisk (*) indicatesP≤ .05 and two asterisks (**) indicateP ≤ .001.
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Results

Transient Loss of CHFR Expression Leads to Aneuploidy
We previously reported that the stable loss of CHFR exp

by shRNA in IHMECs led to increased aneuploidy [3]. Further
sis of these cells by SKY revealed two distinct cell popula—
minimally more aneuploid or near tetraploid (Figure 1A compared
to Figure 1,B andC). The parental karyotype of MCF10A ce
determined from eight metaphase spreads, was as follo
XX,1qhph,+del(1)(p?),t(3;9)(p14;p21),+del(7)(q?),i(8)(q10),
(p?;?). The consensus karyotype of five metaphase cells from
minimally greater aneuploid population of MCF10A cells expr
CHFR shRNA was as follows: 47∼50,XX,+X,t(1;2)(q?;q?),t(3;
(p14;p21),der(6)t(6;19)(p?;?),+del(7)(q?),t(3;5)(p?;?), der(11
(?;p?), t(15;18)(?;p?),+20. The consensus karyotype from fiv
phase cells for the near tetraploid population was as follows:∼95,
XXXX,−1,t(1;2)(q?;q?),der(2)t(1;2)(q?;q?),−3,t(3;9)(p14;p21)x2,5
der(6)t(6;19)(p?;?)x2, +del(7)(q?),−9,t(3;5)(p?;?),−10,der(11)t(8;11
(?;p?)x2,−13,der(15)t(15;18)(?;p?)x2,−17,−18x2,+20x2
−22. MCF10A cells with CHFR shRNA often gained chro
somes 20 and X and had four novel chromosomal transloc
namely, t(1;2), t(6;19), t(8;11), and t(15;18) (Figure 1,B andC),
suggesting that CHFR may regulate genomic stability through
ple mechanisms.

To determine whether the genomic instability was a byprod
prolonged culture after CHFR knockdown, MCF10A cells were
siently transfected with a pool of four siRNAs targeting C
(“MCF10A:CHFR–siRNA cells”) and were analyzed for aneuplo
and chromosome breakage. CHFR expression was decreased
80% 72 hours after transfection as detected by Western blo
sis (Figure 1D). We observed no chromosome breaks on met
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and SIRT2 [31,32]. Recent studies also show that treating ce
HDIs down-regulates Aurora A expression [33]. Future clinical
may find that the synergistic effect between HDIs and taxanes
different in CHFR-positiveversusCHFR-negative cancer cells.

The finding that CHFR knockdown results in increased am
of acetylatedα-tubulin is particularly interesting because an
protein that has been found to initiate a“CHFR checkpoint-like”
response to microtubule poisons is SIRT2, a tubulin and histo
acetylase [34]. SIRT2 overexpression is a phenocopy of CHF
expression in regards to the regulation of mitotic entry and re
to mitotic stress. Therefore, hypothetically, decreased SIRT2
sion should resemble decreased CHFR expression in both
sponse to mitotic stress and the amount of acetylatedα-tubulin in
the cell. Future studies should determine whether the increase
acetylatedα-tubulin after decreasedCHFR expression is due
SIRT2 or through the activation of Aurora A–regulated HURP.

We report here the identification of a novel CHFR intera
protein, MAD2. Although we found no evidence that MAD2
ubiquitination target of CHFR (data not shown), we noticed
when CHFR expression was drastically reduced and the ce
treated with nocodazole to induce the checkpoint response
was a slight decrease in MAD2 protein levels (Figure 4E). This sug-
gests that another ubiquitin ligase is possibly degrading MAD
maturely, or to a greater degree, in the absence of CHFR.
decreased CHFR expression impairs MAD2/CDC20 comple
mation, we hypothesize that, in this scenario, CDC20 is prem
activating the APC complex to initiate anaphase and ubiquitin
get mitotic proteins, such as MAD2. Alternately, MAD2 expre
itself may be down-regulated in nocodazole-treated cells w
creased CHFR expression. Further studies are warranted t
the mechanism(s) of impaired MAD2 function and express
cells with decreased CHFR expression.

With an impaired spindle checkpoint, cells with decreased
expression could enter anaphasewithout all of their chromosom
localized to the metaphase plate and the sister chromatids
to the mitotic spindle, leading to the appearance of lagging c
somes and unequal chromosome segregation among the two
cells, such as that reported here. One potential outcome of im
chromosome segregation is the abortion of cytokinesis, resulti
nucleated cells and tetraploidy, which was also observed in t
[21]. Of interest, our work strongly agrees with previous finding
the yeast orthologs of CHFR, DMA1 and DMA2, also functio
regulating the spindle checkpoint and cytokinesis [35,36].

A recent report indicated that one isoform ofCHFR(Accession No
AF_170724; the same isoform was used in this article) contain
box motif, which targets proteins to the CDH1–APC complex for deg
radation. This further supports a role for CHFR in regulating mitos
the spindle checkpoint [37]. Although we found that a KEN box
tion mutant of CHFR did not impair CHFR/MAD2 coimmunoprec
itation (data not shown), further studies are warranted to det
whether the KEN box in CHFR is required for spindle checkpoint
tion and/or degradation by the CDH1–APC complex.

We also discovered that CHFR overexpression is toxic to
breast cell lines independent of the method of transfection o
viral transduction (both transient and stable; data not shown)
is why HEK293 cells were used to express the Flag-tagged
construct used in coimmunoprecipitation experiments. This s
that CHFR expression must be tightly regulated—too much is toxic
whereas too little causes genomic instability and tumorigene
s with
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is reminiscent of other mitotic checkpoint proteins, such as M
in that both too little and too much of the protein are delete
[38]. Recently, this finding was also reported in HCT116
RKO colon cancer cell lines [39]. Determining the mechan
causing CHFR overexpression toxicity likely will answer m
the questions that remain about the function of CHFR.

These findings have led us to propose a model for how CHF
regulate genomic instability and/or tumorigenesis (Figure 6). W
suggest that decreased or lost CHFR expression causes ov
sion of Aurora A and both unmodified and acetylatedα-tubulin,
and the mislocalization of MAD2. Aurora A overexpression
lead to centrosome amplification,an impaired spindle checkpoi
and possibly defective mitotic spindle formation, leading to ane
ploidy and impaired cytokinesis. The mislocalization of MAD
causes an impaired spindle checkpoint response. The inc
acetylatedα-tubulin could cause stress on the mitotic spindle.
pathways would lead to genomic instability, contributing to tu
genesis. As indicated by the generality of this model, much r
remains to elucidate the role of CHFR in regulating mitosis a
nomic instability.

Many reports have indicated that CHFR plays an importan
in carcinogenesis and has tumor-suppressive qualities. An ab
of evidence indicates thatCHFRmRNA expression is decrease
many cancer types, often due to promoter methylation (re
in Privette and Petty [40]). In addition, a knockout mouse m
and cell culture models of lost or decreased expression, res
indicate that CHFR has tumor-suppressive qualities [3,14].
tional evidence for CHFR’s role in tumorigenesis is that it is imp
tant for cell cycle regulation, chemotherapeutic response to
and cellular proliferation [3,6,39] (reviewed in Privette and
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Figure 6. A proposed model of how CHFR regulates genomic insta-
bility. Decreased or lost CHFR expression causes Aurora A,� -tubulin,
and acetylated � -tubulin overexpression and MAD2 mislocalization.
The increase in acetylated � -tubulin occurs by an unknown mecha-
nism, possibly through HURP or SIRT2 and may stress the mitotic
spindle. Aurora A overexpression causes centrosome amplifica-
tion. Both Aurora A overexpression and MAD2 mislocalization re-
sult in an impaired spindle checkpoint, contributing to aneuploidy
and/or failed cytokinesis. Both processes lead to mitotic defects
causing genomic instability and possibly tumorigenesis.
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[40]). Here, we present novel evidence for an additional t
suppressive function of CHFR—maintaining genomic stability
regulating the mitotic spindle assembly checkpoint. Cancer o
velops in concert with the loss of cell cycle regulation and g
instability; CHFR may function in both processes.
n
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