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Genetic instability, which leads to an accumulation of various genetic abnormalities, has been considered
an essential component of the human neoplasic transformation process. However, the molecular basis of
genomic instability during tumorigenesis remains incompletely understood. Growing evidence indicates that
checkpoint with forkhead and ring finger domains (CHFR), a recently identified mitotic checkpoint protein,
plays an important role in maintaining chromosome integrity and functions as a tumor suppressor. In this
study, we used high-throughput technology to conduct gene expression profiling of human colon cancers and
found that loss of CHFR expression frequently occurred in colon cancers with high microsatellite instability
(MSI-H). Downregulation of CHFR expression was closely associated with overexpression of Aurora A, an
important mitotic kinase. Mice with deficiencies in both Chfir and Mlh1 (the gene that encodes the DNA mis-
match-repair protein Mlh1) displayed dramatically higher incidence of spontaneous tumors relative to mice
deficient for only one of these genes. These results suggest that defects in both Chfi and MIh1 synergistically

increase predisposition to tumorigenesis.

Introduction

Genetic instability is a hallmark of human tumors. Current evi-
dence indicates the existence of 2 major types of genomic instabil-
ity: microsatellite instability (MSI) and chromosomal instability
(CIN) (1). MSI is the phenotypic consequence of a deficient DNA
mismatch-repair (MMR) system. MMR enzymes, which belong to
an evolutionary conserved family of DNA repair proteins, normally
repair replication errors generated by DNA polymerases during
DNA replication. The bacterial MutS detects the mismatched DNA,
whereas MutL creates nicks in the DNA, marking it for repair. In
humans, the MutS homologs are MSH2 (MutS homolog 2), MSH3,
and MSH6, and the MutL homologs are MLHI (MutL homolog 1),
PMS1, and PMS2. The inactivation of MMR genes such as MLH1
or MSH2 in tumors gives rise to genomic instability at the nucleo-
tide sequence level, which can be most easily detected as changes at
short sequences of DNA repeats (microsatellites) scattered through-
out the genome. Cancer cells with this MSI have nucleotide muta-
tion rates 2 to 3 orders of magnitude greater than those observed
in normal cells or MMR-proficient cancers of the same cell type
(2-4). MSI is observed in a substantial fraction of colorectal cancers
(CRCs) from patients with hereditary nonpolyposis CRC (HNPCC)
(5), approximately 15%-20% of sporadic CRCs (6), and some other
types of cancers. The MSI phenotype in those cancers can result
from inherited or spontaneous mutations in either MLH1 or MSH2
or from epigenetic silencing of MLHI (7, 8).

In mice, homozygous deletions of Msh2 (9, 10), Msh3 (11), or
Msh6 (12) all lead to an increased incidence of tumors, including
lymphomas, gastrointestinal (GI) cancers, and skin cancers. MIh1~/~
(13, 14) and MIh3~~ (14) mice are also predisposed to lymphomas
and GI tumors. There are some differences, however, among MMR
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homologs with respect to their involvement in tumor suppression.
For example, Msh27/~ or Mlh17/~ mice are the most cancer prone of
these mice, with a median survival of only 6 months.

In contrast, CIN refers to loss or gain of either whole chromo-
somes or large fractions of a chromosome during cell division at an
increased rate compared with normal cells. CIN leads to aneuploi-
dy and an increased rate of loss of heterozygosity (LOH). Although
CIN is the predominant form of genetic instability in most solid
tumors, including CRCs, the molecular basis for CIN in cancer
cells remains incompletely understood. Numerous observations
suggest that error-free mitosis is essential for the maintenance of
genome integrity. Mitotic checkpoints ensure normal progression
through each phase of mitosis without errors. Early studies of CIN
focused on the spindle assembly checkpoint, which inhibits sister
chromatid separation until all chromosomes are properly attached
to the mitotic spindles (15-17). Although the spindle assembly
checkpoint is critical for the maintenance of chromosomal stabil-
ity, mutations in known spindle assembly checkpoint components
are rare in human cancers (18-24), suggesting that CIN might
instead reflect disruption of other mitotic checkpoint pathways.

CHFR (checkpoint with forkhead and ring finger domains) is a
relatively recently identified component of an early mitotic check-
point that delays chromosome condensation and transition from
prophase into metaphase in response to mitotic stress (25). The
CHFR protein contains an NH,-terminal forkhead-associated
(FHA) domain that is involved in phosphor-protein interactions
(25), a central ring finger domain that participates in protein ubig-
uitination (26-28), and a C-terminal cysteine-rich region that is
responsible for the interaction between CHFR and one of its tar-
get proteins, Aurora A (29). In addition to regulating the prophase
to metaphase transition, possibly by regulating the appearance of
kinases required for this transition (25), CHFR also appears to regu-
late chromosome segregation later in mitosis to maintain genomic
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Table 1
Patient and tumor characteristics

Characteristic n (%)
Age

<64 17 (34)

>64 33 (66)
Sex

Male 25 (50)

Female 25 (50)
Tumor site

Proximal 37 (74)

Distal 13 (26)
Duke stage

B 26 (52)

C 24 (48)
Extent of the primary tumor

T1,T2 2,7 (4,14)

T3, T4 34,7 (68, 14)
Lymph node metastasis

NO 26 (52)

N1 13 (26)

N2 11 (22)
Distant lymph node metastasis

MO 50 (100)

M1 0(0)
MMR status

MSS/MSI-L 40 (80)

MSI-H 10 (20)

n =50 patients.

instability (29-32). Importantly, CHFR function is compromised
in avariety of human tumors. This CHFR inactivation results from
mutations in the CHFR gene or, more commonly, from epigenetic
silencing of CHFR due to promoter hypermethylation or histone
deacetylation (28, 33-38). The frequency of CHFR silencing raises
the possibility that dysregulation of CHFR may contribute to CIN
phenotype. Indeed, our previous studies have shown that targeted
Chfr deletion leads to defective chromosomal segregation, aneu-
ploidy, and increased tumor formation in mice (29).

It has long been speculated that cancers develop instability either
at the nucleotide sequence level (MSI) or at the chromosome level
(CIN) but not both. In the present study, however, gene expression
profiling demonstrated low CHFR expression in the majority of
MSI colon tumor samples examined. To further test the hypothesis
that simultaneous inactivation of CHFR and MMR genes might
synergistically promote tumorigenesis, we generated mice with tar-
geted deletions of both Chfr and MIbI1. The resulting Chfi/-MIh17/~
mice had decreased tumor latency and increased tumor incidence
compared with their control littermates. Moreover, primary mouse
embryonic fibroblasts (MEFs) from the Chfir/~-MIh17/~ mice exhib-
ited increased genomic instability. Collectively, these results not
only raise the possibility that combined CIN and MIN can greatly
enhance tumorigenesis, but also suggest that this combination
might be responsible for the development of at least a subset of
cancers in humans.

Results
In order to directly characterize the transcriptome specifically

associated with microsatellite stable (MSS) and instable (MSI)
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colon cancer, respectively, we interrogated the gene expression
profiling of these 2 subtypes of colon cancer with a microarray
(Affymetrix GeneChip HGU133A) that contains 44,000 probe sets
corresponding to approximately 33,000 human genes. Since a fre-
quent epigenetic change in cancer involves aberrantly hypermeth-
ylated CpG islands in the promoter regions, with transcriptional
silencing of these corresponding genes (reviewed in ref. 39), we also
examined 1505 highly informative CpG sites spanning 807 genes
using methylation array (Illumina) to identify hypermethylated
CpG islands that are tumor specific. In this study, we included 50
primary colon cancers as well as 6 normal colorectal specimens.
The clinical characteristics of the patients whose specimens were
subjected to microarray analysis are summarized in Table 1.

Unexpectedly, we observed that the expression of CHFR was
markedly suppressed in all colon cancer samples with high MSI
(MSI-H) examined when compared with normal colon samples
(Figure 1A). In contrast, 55% of MSS/MSI-L (where MSI-L indi-
cates low MSI) colon cancer samples displayed reduced CHFR
expression (Figure 1B). Statistical analysis suggests that this spe-
cific downregulation of CHFR expression in MSI-H tumors is
highly significant (P < 0.001). Analysis of gene expression data sets
from an established cancer gene microarray meta-analysis public
database (Oncomine Research; www.oncomine.org) independently
demonstrated decreased CHFR expression in MSI-H tumors. Spe-
cifically, Koinuma et al. (40) investigated gene expression patterns
in MSS as well as MSI CRC samples. Our analysis of this data set
revealed that CHFR mRNA expression was significantly lower
in MSI tumors than in MSS tumors (P < 0.001, Student’s ¢ test)
(Figure 1C), which is in agreement with our findings. Notably,
results from methylation array analyses indicated that the major-
ity (87.5%) of colon cancer samples with low CHER expression were
also hypermethylated in the CHFR promoter region (Figure 1B),
suggesting that reduced expression of CHFR was primarily due to
an epigenetic silencing.

Aurora A (also known as STK15/BTAK) is a serine/threonine
kinase that plays a critical role in centrosome maturation and
bipolar spindle assembly (41). Amplification and overexpression
of Aurora A have been observed in many primary tumors including
breast cancer, CRC, and gastric cancer (42-45). Like Chfr down-
regulation, Aurora A overexpression in WT MEFs induces defec-
tive chromosome segregation and cytokinesis failure, resulting in
aneuploidy and polyploidy (46, 47). Phenotypic changes resulting
from CHFR deficiency or Aurora A overexpression are very similar,
suggesting they may regulate the same pathway or overlapping
pathways. Indeed, our previous study demonstrated that Chfr
ubiquitinates Aurora A and that Aurora A is upregulated in Chfi-
null cells or mice (29).

To investigate the potential link between CHFR downregula-
tion and Aurora A overexpression in human cancer, CHFR and
Aurora A protein levels in colon specimens were examined by
immunohistochemistry (IHC). Nuclear staining and diffuse cyto-
plasmic staining of Aurora A were evident (Figure 2, B, E, and H),
consistent with previous studies (48-50). CHFR staining was local-
ized primarily in the nucleus of the cells (Figure 2, A, D, and G).
Whereas normal colon mucosa exhibited weak staining for Aurora
Ain crypt cells (Figure 2, B and C), strong nuclear CHFR stain-
ing was evident in normal apical colon mucosa cells (Figure 2, A
and C). In cancer tissues, Aurora A staining exhibited an inverse
correlation with CHFR (Spearman’s rank correlation; correlation
coefficient, 7 = -0.53 with P = 0.0001) (Figure 2J), supporting the
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concept that CHFR downregulation may facilitate Aurora A over-
expression and tumorigenesis.

Growing evidence has linked CHFR deficiency with CIN and
tumorigenesis (29-31). The observation of loss of CHFR in all of
the MSI-H samples prompted us to further explore the potential
synergy between the CIN and MSI pathways in tumorigenesis.
Specifically we determined whether deficiencies in both CHFR and
MMR genes would synergistically increase tumor susceptibility.
Accordingly, we generated mice deficient in both Chfir and Mih1.
Because mice with homozygous deletion of MIhI are sterile (51, 52),
we bred recently described Chfr7~ mice (29) with MIh1*~ mice to
generate Chf*/"MIbI1*/~ offspring. Double heterozygous mice were
then interbred to generate cohorts of Chfi/~MIh1~~, Chfr/-MIh1"/~,
Chfr/-MIbh1**, Chfr/*MIh1*/~, Chfr*/*MIh1~/~, and Chfr*/*MIbI*/* mice
for this study. All genotypes exhibited the expected Mendelian fre-
quencies, indicating that Chfr deficiency does not affect early via-
bility of MlhI-deficient mice. Reduction or loss of Chfr and Mlh1
proteins was confirmed by Western blotting (Figure 3A).

Mice with the different Chfi/MIh1 genotypes were monitored for
survival. Consistent with previous findings (13, 14, 29), both Chfi*/*
Mih17/- and Chfr/-MIhI*/* mice had shorter life spans than their WT
littermates (P < 0.0001 or P < 0.0001, respectively) (Figure 3B). Fifty
percent of Chfi/~MIh1”* mice died by the age of 18.6 months, where-
as it took only 8.5 months for 50% of the Chfr*/*MIh17~ mice to per-
ish (Figure 3B), supporting our previous finding that Chfi functions
as a tumor suppressor gene and that loss of Chfr results in a mild
cancer predisposition phenotype. Importantly, the Chfr/-MIlh1~
mice had a significant reduction in longevity (median survival 6.1
2716
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Figure 1

CHFR expression in colon cancer samples. (A) CHFR mRNA levels
in 6 cases of normal colon mucosa, 40 cases of MSS/MSI-L colon
cancer, and 10 cases of MSI-H colon cancer. *P < 0.001, compared
with normal colon samples and determined by Student’s t test. (B)
Methylation status of CHFR promoter in those colon samples. Data
are presented as the ratio of fluorescent signal from the methylated
allele to the sum from the fluorescent signal from both methylated and
unmethylated alleles. These values range from 0 (unmethylated) to 1
(methylated). (C) CHFR transcript levels in colon cancer measured
using DNA microarray as reported by Koinuma et al. (40). There were
10 cases of MSS tumors and 10 cases of MSI tumors included in the
study. y axis represents normalized expression units. Box-and-whis-
kers plots indicate median values of the data and 25th and 75th per-
centiles of the data sets. Whiskers indicate minimum and maximum
data values that are not outliers. Points outside of the ends are outliers.
P value was calculated by using the Student’s ¢ test.

months) compared with other genotypes, including Chf*/*MIh17/~
littermates (P = 0.0002) (Figure 3B). Moreover, Chfr/~MIh1*/~ mice
exhibited an intermediate phenotype with an average survival of
13.3 months, while Chfr/*MIh1*/~ mice survived for an average of 22
months (Figure 3B).

Tumor incidence in these mice is summarized in Table 2. As
expected, 9 of 30 (30%) of Chfi/*MIbh1*/~ and 23 of 32 (72%) of Chf*/*
MIh17~ mice developed tumors. The fact that the Chfr*/*MIh1"/~
mice were moribund at an average age of 22 months, whereas the
Chfr*/*MIb1~~ mice were moribund earlier (8.7 months), indicates
that the Chfi/*"MIh1~/~ mice develop tumors much faster than their
heterozygous littermates. Importantly, 31 of 32 (97%) mice defi-
cient for both Chfr and MIh1 (Chfr~-Mlh17~) developed tumors, with
16 (50%) of those having multiple tumors. These mice became mot-
ibund with lymphomas as early as 2.8 months, and a majority suc-
cumbed to tumors by 10.5 months, with lymphomas and tumors
of the GI tract and other organs (Figure 3C). A large portion (30%)
of these mice died with rapid onset, very aggressive CD4'CD8" lym-
phomas (Figure 3D). Lymphomas were found in multiple organs
including lymph node, liver, spleen, lung, kidney, colon, and intes-
tine (Figure 3C). This phenotype is similar to that observed in
Mlh1~/~ mice (13, 14). Perhaps not surprisingly, Chfir /-MIh1"/~ mice
developed tumors at an intermediate frequency (Table 2). These
mice had a later onset of lymphoma and showed a relatively broad
spectrum of tumors, including more mature B lineage lymphomas
and other solid tumors. Based on this analysis of survival rate,
tumor incidence, and tumor spectrum in cohorts of Chfi/-Mlh17-,
Chfr/~MIh1*/~, Chfr/-Mlh1**, Chfr/*Mlh1*~, Chfr/*MIh17~, and Chfi*/*
Mih1*/* mice, we conclude that the Chfi/~ genotype substantially
accelerates tumorigenesis in a MlhI-deficient background.

We analyzed six lymphomas from Chfr/*MIb1*~ and Chfr/*MIh17/~
mice, respectively, to determine whether any of them would exhibit
Chfr downregulation, similar to that observed in human tumors.
Interestingly, real-time RT-PCR as well as Western blotting analysis
revealed that 1 out of 6 Chfi/*MIh17~lymphomas showed a dramatic
reduction in Chfir expression when compared with that in Chfi/*
Mib1%- tumors (Figure 3E), suggesting that Chfr loss occurred dur-
ing tumorigenesis in MIh1-deficient mice, similar to that observed
in human tumors (Figure 1). We sequenced the promoter and exons
of Chfrin the tumors, which showed decreased Chfir expression, but
did not detect any mutations (data not shown; see Supplemental
Figure 2 for the primers used; supplemental material available
online with this article; doi:10.1172/JCI137405DS1). Thus, the loss
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of Chfr expression in this tumor is likely to be caused by a mecha-
nism other than missense mutation. Excitingly, the Chfr*/*"MIh1~/~
tumors with low Chfr expression displayed strong Aurora A expres-
sion, whereas the remaining Chfi/*MIb1~~ or Chfr/*MIbh1*~ tumors
had low or undetectable levels of Aurora A expression (Figure 3E).
All 6 Chfr/-Mlbh1~/~lymphomas included as controls also exhibited
enhanced Aurora A expression (Figure 3E), which agrees with obser-
vations in clinical colon cancers (Figure 2).

Since growing evidence suggests that Chfr plays an important
role in maintaining chromosome stability, we next examined chro-
mosomal stability in cells deficient for Chfr, Mlh1, or both. MEFs
of all 6 genotypes were prepared from E13.5 embryos for in vitro
culture. After 3 passages, metaphase spreads of MEFs were pre-
pared and chromosome numbers were determined. About 45% of
metaphase Chfr/"MIbI~/~ MEFs showed significant aneuploidy or
polyploidy, which were similar to those of Chfi-Mlh1"/~ or Chfi/~
MIbh1*/* (37.7% and 37.6%, respectively) (Figure 4A). However,
homozygous and heterozygous deletion of MIh1 (Chfr*/*MIh1*/~ and
Chfr/*MIh17/") exhibited nearly normal karyotypes, which is close
to WT MEFs (Figure 4A), suggesting that while Chfr contributes
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Figure 2

IHC analysis of CHFR and Aurora A protein
levels in human colon specimens. Represen-
tative pictures of normal colon mucosa (A—C),
MSS colon tumors (D—F), and MSI-H colon
tumors (G-l) stained with anti-CHFR (A, D,
and G), anti-Aurora A (B, E, and H), and H&E
(C, F, and 1), respectively. Scale bars: 50 uM.
(J) This scatter blot shows the inverse relation-
ship between the IHC scores of Aurora A and
CHFR staining in CRC tissue (Spearman’s
rank correlation, r =—0.5315, P = 0.0001). IHC
scores include the percentage of positive cells
and the intensity of the staining. Data points
represent individual samples.

to the maintenance of chromosomal sta-
bility, as expected, Mlh1 has little or no
effect on this process.

Next, we determined the average number
of chromosomal aberrations per chromo-
some in these MEFs, which is an indicator
of DNA repair deficiency. Approximately
0.0065 spontaneous chromosomal aber-
rations per chromosome were detected
in Chfr/*Mlb17/-MEFs, whereas very few
spontaneous chromosomal aberrations
(0.0005/chromosome) were observed in
WT MEFs (Figure 4C). Although Chfi/~
Mib1*/* MEFs showed aneuploidy or
polyploidy, fewer chromosomal aberra-
tions (0.002/chromosome) were evident
when compared with Chfr/*MIh1~~ MEFs
(P <0.01, ANOVA with Bonferroni’s test).
Notably, Chfir/-MIh17/- MEFs had a higher
incidence of chromosomal aberrations
(0.010/chromosome; P < 0.01, compared
with Chfr*/*MIh17/~ MEFs). Interestingly,
severe spontaneous anomalies such as
metacentric, fragmentation, and triradical
configures were also observed in Chfi/-MIh17- MEFs (Figure 4B). To
further analyze DNA damage-induced chromosomal aberrations,
we treated these MEFs with a low dose of ionizing radiation (IR)
(1 Gy). WT MEFs efficiently repaired the majority of DNA breaks,
with 0.017 chromosomal aberrations per chromosome (Figure 4D).
In contrast, Chfi*/*MIh17- cells displayed more chromosomal aber-
rations than WT cells (Figure 4D) (P < 0.05, ANOVA with Bonfer-
roni’s test). Chfr/"Mlh17/~ cells also showed defects in DNA dam-
age repair, with 0.038 chromosomal aberrations per chromosome
(P < 0.05, compared with WT). These results suggest that DNA
damage repair is attributed primarily to MIh1 deficiency.

It has been reported previously that CHFR has an antiprolif-
erative function, i.e., CHFR levels correlate inversely with mitotic
index (31, 53). Therefore, we evaluated the mitotic index in Chfr/
Mlh1 mutant MEFs. All of the mutant MEFs (Chfr*/*MIh1*/~, Chfr/*
Mih1/-, Chfr/-MiIbh1*, Chfr/-MIh1*-, Chfr/-MIh1”/") exhibited a sig-
nificant increase in mitotic cells (Figure 4E), as indicated by posi-
tive phospho-histone H3-Ser28 staining, when compared with WT
MEFs (P < 0.05, as determined by ANOVA with Bonferroni’s test).
This agrees with our observations shown in Figure 3, B and C.
Volume 119 Number 9
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Figure 3

Deficiencies in both Chfr and MIh1 increase spontaneous tumor incidence in mice. (A) Western blot of cell lysates from MEFs with indicated
genotypes was performed using anti-Chfr and anti-Mlh1 antibodies, respectively. Anti—f3-actin was used as a loading control. (B) Kaplan-Meier
survival curve of Chfr-MIh1-- (n = 32), Chfr-MIh1+- (n = 38), Chfr'-MIh1++ (n = 30), Chfr**MIh1-- (n = 33), Chfr**MIh1+- (n = 30), Chfr*MIh1+-
(n = 30), and Chfr++*MIh1++ (n = 32) mice over a period of 24 months. *P < 0.0001, compared with Chfr++*MIh1++ mice; **P = 0.0002, compared
with Chfrt*MIh1-- mice, determined by log-rank test. (C) Tumors from Chfr-MIh1-- mice. We included examples of spontaneous lymphomas
present in pancreas, liver, and spleen from the same Chfr-MIh1-- mouse and a spontaneous colon cancer from another Chfr-MIh1-- mouse as
well as the H&E-stained sections from those tumors. Original magnification, x400 (H&E-stained sections from liver, spleen, and pancreas); x100
(left) and x400 (right) (H&E-stained section from colon). N, normal; A, adenoma; T, adenocarcinoma. (D) CD4 and CD8 cell surface expression
of cells from a representative spontaneous lymphoma was assessed by flow cytometry. Numbers in each quadrant indicate percentage of the
total population. (E) Examination of Chfr expression in mouse lymphomas. RNA and protein from lymphomas with indicated genotypes were
subjected to real-time RT-PCR (top panel) and Western blot (bottom panel), respectively. Thin lines in the bottom panel indicate that the samples
were run on separate gels and the bands were spliced together at indicated positions. Results shown are mean + SD. Experiment was performed
independently 3 times. *P < 0.001, compared with Chfr+*MIh1+-tumors and determined by ANOVA.
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Table 2
Tumor incidence and tumor spectrum in Chfr/MIh1 mutant mice

Genotypes Chfr++*MIh1++ Chfr++MIh1+-
Mice in study 32 30
Mice with tumors 2 9
Mice with multiple tumors 1 4
Tumor types

Lymphoma 1 6
Gl tumor 3
Squamous cell

Hepatocellular carcinoma

Spleen carcinoma

Mature teratoma

Sarcoma

Lung adenocarcinoma 1 1

These results suggest that both Chfr and Mlh1 have antiprolifera-
tive effects and that loss of their expression promotes cell prolif-
eration and tumor growth.

Discussion

Several observations suggest a link between MSI and develop-
ment of CIN. In the present study, microarray expression analysis
revealed a frequent loss of CHFR expression in colon cancers with
the MSI phenotype, implying a potential synergistic effect of these
pathways during tumorigenesis. Consistent with our results, a
recent report also suggested that inactivation of the MLHI gene
is frequently accompanied by CHFR promoter hypermethylation
in colon cancer (54). Furthermore, based on meta-analysis of the
Oncomine database, we identified such a link in another study
(Figure 1C) (40). More importantly, our in vivo data using Chfr~/~
MIh17/- mice directly demonstrate that a deficiency of Chfr leads
to a markedly increased predisposition to various tumors in the
context of MIh1 deficiency.

Although both CHFR and MLH1 contribute to genomic integ-
rity, they function through different mechanisms, with CHFR defi-
ciency triggering mild CIN and MLHI deficiency mainly leading
to MSL. Chfr/-MIh17/- mice developed very early onset of tumors
compared with other genotypes, suggesting that both types of
instability seem to occur early during tumorigenesis. Consistently,
it has been reported that inactivation of CHFR or MLH1 is an early
event in human carcinogenesis (37, 54-56). The molecular basis
for predisposition to cancer in Chfi/-MIh1~7/~ mice is still unclear,
although, based on the known roles of each protein, it is likely that
combined genetic instabilities would lead to accelerated activation
or dysregulation of oncogenes and tumor suppressor genes and
therefore result in rapid tumorigenesis.

In addition to a postreplicative MMR function, MMR proteins
also act as sensors of DNA damage, triggering checkpoint activa-
tion and cell death responses (57, 58). For example, upon exposure
to Sx1 alkylating agents such as N-methyl-N'-nitro-N-nitrosogua-
nidine (MNNG), MMR-proficient cells undergo G,/M cell cycle
arrest followed by programmed cell death (59-61) (Supplemental
Figure 4). The MMR system has also been implicated in S-phase
checkpoint control in response to low doses of IR (62, 63). MMR-
deficient CRC tumors and cell lines tend to accumulate mutations
within microsatellite repeats of genes implicated in the double-
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Chfr++MIh1~- Chfr-MIh1++ Chfr--MIh1+- Chfr-MIh1-
32 30 38 32
23 10 30 31
6 5 9 16
15 6 18 21
8 2 9 12
1 1 1 2
1
1
1 1

strand break (DSB) repair pathway (e.g., MRE11 and RADS50) (64,
65). Furthermore, impaired MMR function results in inactivation
of ATM and MRE11 genes, which correlates with impairment of the
DSB repair system in leukemia and lymphoma cell lines (66). This
may provide a plausible explanation for the increased frequency
of chromosomal aberrations in Mlh1-null cells (Figure 4C). There-
fore, although the increased mutation rate caused by an MMR
defect may be sufficient to drive tumorigenesis, the DNA damage-
response function of Mlh1 may play an additional role that contrib-
utes to the synergistic tumorigenesis in Mlh1/Chfr double-knockout
mice. Indeed, the frequency of spontaneous chromosomal aberra-
tions significantly increased in MIh17/~ or Chfr/~MIh1~/~ cells (Figure
4C), suggesting that Mlh1 may directly or indirectly contribute to
the suppression of chromosomal aberrations, including DSBs. In
future studies, we would like to separate these 2 distinct functions
of Mlh1 and to determine whether one or both are involved in the
synergistic tumorigenesis observed in Chfr deficiency. In this regard,
the demonstration that, for mice, carrying a homozygous MIh1976R
mutation, which disrupts the ATP processing ability of Mlh1 (67),
leads to diminished DNA repair capacity without affecting the
MMR-mediated DNA damage-response might provide a tool for
addressing the relative contributions of these functions to tumor
suppression in the face of Chfr loss.

CHFR is a recently identified mitotic checkpoint protein. The
fact that CHFR is inactivated more frequently than all known
spindle checkpoint genes combined (18, 19, 22, 68, 69) and that
CHEFR expression is frequently lost in a variety of human can-
cers indicates its critical function in tumor suppression. This is
fully supported by the demonstration that Chfr-null mice have an
increased tumor incidence (ref. 29 and Figure 3). How CHFR sup-
presses tumor formation is not completely understood. Previous
studies in cell lines demonstrated that Aurora A is a Chfr substrate
and that Aurora A levels inversely correlate with Chfr (29). In the
present study, we extended these findings to clinical colon cancer
samples (Figure 2), providing clinical evidence that CHFR nega-
tively regulates Aurora A. In view of the ability of Aurora A over-
expression to induce a mild CIN phenotype, these observations
provide at least one mechanism by which CHFR may participate in
the control of genomic stability and tumor suppression. In Xeno-
pus, Chfr has been shown to ubiquitinate Plk1 as well, leading to
proteasomal Plk1 degradation (28). However, the role of CHFR in
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Figure 4

Deficiencies in both Chfr and MIh1 lead to increased chromosomal aberrations. (A) Chfr-MIh1-- cells show a rate of aneuploidy similar to that of
Chfr-Mih1++ cells. We counted the chromosome number of 100 metaphase spreads/sample from P3 MEFs. Two different MEF lines/genotype
were used. (B) Representative pictures of metaphase spreads from MEFs (WT, Chfr-MIh1--, and Chfr++*MIh1--). Arrows indicate different types of
aberrations. Original magnification, x1000. (C) Spontaneous chromosomal aberrations were evaluated in MEFs with indicated genotypes. *P < 0.01,
compared with Chfr#+*MIh1++; **P < 0.01, compared with Chfr’-MIh1++; ***P < 0.01, compared with Chfr+*MIh1-- (ANOVA with Bonferroni’s
test). (D) DNA damage—induced chromosomal aberrations were scored in MEFs with indicated genotypes. MEFs were treated with 1 Gy of IR
and allowed to recover for 1 hour. *P < 0.05, compared with Chfr#+*MIh1++; **P < 0.05, compared with Chfr-MIh1++ (ANOVA with Bonferroni’s
test). Two different MEF lines/genotype were used in C and D. Columns indicate mean values from 2 MEF lines; error bars show SD. Number of
chromosomal aberrations per chromosome is presented. Results of individual MEF line from C and D are presented in Supplemental Figure 3.
(E) Mitotic index was determined in MEFs with indicated genotypes. Two different MEF lines/genotype were used. The mitotic index is presented
as the average percentage of histone H3-Ser28—stained nuclei. Over 1000 DAPI-stained nuclei were evaluated for each genotype from triplicate
experiments. *P < 0.05, compared with Chfr*+*MIh1++ (ANOVA with Bonferroni’s test). Results shown are mean + SD.

regulating PIk1 activity or protein levels in mammalian cells has
been controversial (70-72) and remains to be further explored. In
addition, CHFR also functions as a negative regulator of prolifera-
tion as well as cellular mobility and invasion in cell culture models
(31,53, 73). All of these activities could also contribute to the role
of CHFR in tumor suppression.

To date, there are no definitive studies showing a correlation
between CHFR and aneuploidy (or CIN) in human cancers. This
may reflect the mild degree of CIN associated with CHFR defi-
ciency and the difficulty in accurately assessing CIN in clinical
2720
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specimens. In the clinical setting, CIN is routinely judged by
karyotypic studies, which only show the gain or loss of whole or
large portions of chromosomes. Molecular studies indicate that
karyotypic results usually underestimate the frequency of aneu-
ploidy (74). In addition, there are few assays currently available in
the clinic setting that can reliably measure other chromosomal
aberrations such as rearrangements, deletions, insertions, inver-
sions, and amplifications. These changes occur frequently, which
in theory should be considered as another characteristic hall-
mark of the CIN phenotype (75, 76). Consistently, MEFs from
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Chfr7~Mlh1~~ mice exhibit an increased incidence of chromosom-
al aberrations. Therefore, it is tempting to speculate that loss of
CHFR may contribute to subtle chromosomal aberrations as well
as gross changes and that 2 distinct mechanisms (CIN and MSI)
may converge and lead to the development of at least a subset
of human cancers. Prospective studies of the frequency of CHFR
inactivation as well as careful evaluation of chromosomal aberra-
tions in MSI tumors are needed to further assess the convergence
of these 2 mechanisms.

The synergistic effects of Chfirloss and MIh1 inactivation observed
in this study are reminiscent of changes observed in ATR”-Mlh1”/
mice (77). The ataxia-telangiectasia mutated (ATM) and ATM and
RAD3-related (ATR) protein kinases act as master regulators of
the DNA damage response by signaling to control cell-cycle tran-
sitions, DNA replication, DNA repair, and apoptosis (reviewed in
ref. 78). While the ATM pathway responds to DNA DSBs, the ATR
pathway responds primarily to agents that interfere with normal
DNA replication. ATR is involved in the maintenance of DNA
replication fidelity, and disruptions of the ATR pathway result
in genomic instability. Mice bearing the ATR"-MIh17/~ genotype
exhibit early tcumor development. By 9 months of age, 71% of
ATRY-MIh1~~ mice develop cancer, particularly lymphomas and
GI tumors, a spectrum similar to that observed in Chfi/"-MIh1~/
mice. Further, ATR”-MIh17/~ MEFs, like Chfr/~-Mlh1~/~ MEFs,
exhibit substantially increased genetic instability. However, there
are also some differences between these 2 models. While ATR"~
MIbI~/~ mice are prone to embryonic lethality, Chfi/-MIh1~~ mice
showed no such defects, suggesting that loss of both Chfrrand Mlh1
has no adverse effect on embryonic development, but specifically
promoted tumorigenesis. This may be the reason that Chfr/MLH
double deficiency is more common in human cancers.

While additional studies are required to understand the coop-
erative nature of MSI and CHFR downregulation during tumori-
genesis, the present finding of aberrant CHFR methylation
in a large percentage of colon tumors, especially in MSI colon
tumors, suggests a potential therapeutic strategy as well. Our
previous studies and the studies of others (79-82) demonstrated
that MSI tumors respond poorly to 5-fluorouracil (5-FU) thera-
py, and alternative chemotherapeutic regimens for patients with
MSI tumors are needed to improve overall survival. Interestingly,
cancer cell lines with low CHFR expression exhibit heightened
susceptibility to the microtubule destabilizers (25, 27). Con-
sistently, we analyzed the response of Chfr/MIh1-deficient cells
toward treatment with an antimicrotubule drug as well as DNA
damage-inducing agents. As shown in Supplemental Figure 4,
deficiency in Chfr, but not in Mlh1, sensitizes cells to nocodazole
treatment. These findings would raise the possibility that suit-
able microtubule inhibitors might be a promising alternative
for patients with MSI tumors that have low CHFR expression.
In other words, CHFR expression status may serve as a useful
molecular biomarker for predicting the sensitivity to particular
chemotherapeutic agents in patients with MSI tumors. Further
clinical studies are required to test this hypothesis.

In summary, we observed that loss of CHFR expression is fre-
quent in MSI-H colon tumors. Further analysis demonstrated that
simultaneous loss of Chfr and MIh1 synergistically increased pre-
disposition to cancer development in a murine model. These find-
ings provide a plausible mechanism by which genetic instability
contributes to tumorigenesis and suggest a possible therapeutic
strategy for MSI tumors.
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Methods

Profiled patient population. Tumors were selected from a prospective group of
patients who had colon or rectal resections performed at the Mayo Clinic
from 1995 to 1998, which has been previously described (83). Eligibility
criteria for the current study included age at surgery greater than 50 (mean
age 70), stage (Dukes B or C), known MMR status as determined by IHC
and/or microsatellite testing, and colon tumors only (rectals excluded).
Based on MMR status, those patients were divided into 2 groups: MSS/
MSI-L and MSI-H. All tissue procurement was approved by the Mayo Clinic
Institutional Review Board.

RNA isolation and sample preparation/scanning for Affymetrix GeneChip expres-
sion profiling. Frozen tumor tissue was cut, H&E stained, and reviewed by a
GI pathologist. Areas containing no less than 70% tumor were macrodis-
sected and confirmed by H&E. Tissue was processed into tubes, ending
with an additional H&E slide to confirm that tumor tissue had not been
depleted or shifted during sectioning. Total RNA was isolated from colonic
tumor cells that were homogenized in 1 ml of TRIZoL Reagent (Life Tech-
nologies); RNA was extracted according to the manufacturer’s protocol
and purified using commercial affinity resin column kits (QIAGEN)

The quality of the RNA was evaluated by obtaining electropherograms
on Agilent 2100 Bioanalyzer and RNA integrity number (RIN) using 2100
Expert software (Agilent Technologies). RNA was processed and hybridized
to the Affymetrix chip (HU133A; Affymetrix) according to the manufac-
turer’s instructions.

GeneChip data analysis. GCOS 1.3 (Affymetrix) was used to scan and quan-
titatively analyze the scanned image. The perfect match probe level data
were normalized using fastlo (84), a nonlinear normalization algorithm
similar to cyclic loess. Data from all arrays were normalized. Linear mixed-
effect models (85) were used to assess significance of comparisons between
groups. The models included effects for tumor site, tumor stage, and sex
due to the reported differences in gene expression by tumor site (86, 87)
and stage (88) along with reported hormonal influences in colon cancer
(89). Genes were ranked according to P values, a measure of the change
in expression relative to the variability in the data. All analyses were per-
formed on the log base 2 scale.

Illumina methylation assay. For the methylation assay (Illumina), bisul-
fite-modified DNAs (250 ng) were first biotinylated. A methylation assay
pool (OMA) containing query oligos for the CpG sites was allowed to
hybridize, extend, and ligate to create a template for PCR. Following a
universal PCR using fluorescently labeled primers, the DNA was hybrid-
ized to the BeadArray (Sentrix Array Matrix or BeadChips) and scanned.
Analysis of methylation data took place in BeadStudio software, using
the methylation software module. The methylation status of the target
CpG sites was determined by comparing the ratio of fluorescent signal
from the methylated allele to the sum from the fluorescent signal from
both methylated and unmethylated alleles. These values range from 0
(unmethylated) to 1 (methylated).

Antibody. Mouse monoclonal anti-CHFR antibodies were developed in
our laboratory and raised against full-length CHFR. The specificities of the
CHEFR antibodies were confirmed by Western blot analysis using cell lysates
prepared from T47D cells transduced with either CHFR retroviral shRNA
(RHS1764-9494026; Open Biosystems) or control vector (Supplemental
Figure 1B). Decrease of signal on Western blots with T47D cells transduced
with CHFR shRNA, but not the control vector, indicated that these anti-
bodies specifically recognize endogenous CHFR protein. Further valida-
tion of the specificity of these antibodies was provided by IHC analysis of
HeLa (absence of CHFR expression) and HeLa cells that ectopically express
HA-tagged CHFR (Supplemental Figure 1A). The lack of signal on THC
with HeLa cells, but not the HeLa cells ectopically expressing CHFR, con-
firmed the specificity of these antibodies. Monoclonal anti-Aurora A anti-
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bodies used for IHC were generated in our laboratory and raised against
full-length Aurora A (90). Anti-Mlh1 antibody was purchase from Calbio-
chem. Anti-HSP90 antibody was a gift from David Toft (Mayo Clinic).

IHC of human tissue. Standard avidin-biotin complex IHC was used. In
brief, antigen retrieval was performed by steaming the slides for 30 minutes
in 1 mM EDTA buffer at pH 9.0 in a steamer. The slides were then incubat-
ed sequentially with primary antibody, biotinylated secondary antibody,
avidin-biotin complex, and chromogenic substrate 3, 30-diaminobenzi-
dine (DAKO). CHFR and Aurora A protein expression was detected using
a monoclonal anti-CHFR (1:1000 dilution) and anti-Aurora A antibody
(1:50 dilution), respectively. Primary antibody was replaced with an equal
concentration of nonimmune mouse IgG on control sections.

The scoring of Aurora A and CHFR staining (both cytoplasmic and
nuclear) was conducted by 2 pathologists (L. Zhang and M.H. Muders),
who evaluated 5 to 10 high-power fields (x40 magnification) independently
in a blinded fashion. Correlation of scoring between the 2 pathologists
was significant (P < 0.0001 with » = 0.7933). In the case of discrepancies in
the scoring, the slides were discussed and cases were reviewed together to
reach an agreement. The scoring of Aurora A was performed, with Aurora A
intensity scored as follows: 0, negative; 1, weak; 2, intermediate; and 3,
strong. Quantity was scored in a semiquantitative manner. Staining of’
1%-10% of cells was scored as 1; staining of more than 11% and less than
20% of cells was scored as 2; and staining of more than 20% of cells was
scored as 3. These cutoffs represent the first and third quartile. The median
of the quantity of cells positive for Aurora A was 15%, the first quartile
was 12%, and the third quartile was 20%. In no cases did more than 35%
of the cells stain positive for Aurora A. A multiplication score was created
(total scores from 0-9, with 0 meaning no staining at all). A similar scoring
system was used for CHFR. Intensity was scored from 0-3. Quantity was
scored as 1 when 1%-25% of cells were stained, as 2 when 26%-50% of cells
were stained, as 3 when 51%-75% of cells were stained, and as 4 when more
than 75% of cells were stained. The statistical evaluation was performed
using Spearman’s rank correlations of the ordinal score data (multiplica-
tion scores). P < 0.05 was considered statistically significant. Rho (r) data
represent the magnitude of the correlation (-1 to +1). Results are displayed
as a scatter blot. Statistical analysis was performed by M.H. Muders.

Generation of Chfr/MIlh1-double-knockout mice, genotyping, and MEFs. Mlh1*/~
female mice (a gift from Marilia Cascalho, Mayo Clinic) were crossed with
Chfr/~ male mice (29) to generate Chfi/~-MIh1*/~ offspring. Both MIh1*/~ and
Chfr”~ mice were generated in a 129/CS57BL/6 mixed background. To mini-
mize the contribution of different genetic compositions of mouse strains
and to allow for rigorous analysis of the tumor incidence, only littermates
from Chfi*/-MIh1"/~ intercrosses were included. Mice were observed daily for
signs of poor health, and moribund mice were sacrificed and examined for
tumors throughout the body. Experimental procedures involving the use
of these laboratory mice were reviewed and approved by the Institutional
Animal Care and Use Committee of the Mayo Clinic.

Animals were genotyped by PCR of tail DNA. For Mlh1 genotyping, the
following primers were used: primer A, TGTCAATAGGCTGCCCTAGG;
primer B, TGGAAGGATTGGAGCTGCTG; and primer C, TTTTCAGT-
GCAGCCTATGCTC. The reaction was performed in a 25-pl reaction
mixture containing 50 ng DNA, 5 ng/ul primer A and S ng/ul of prim-
ers B and C, 0.6 mM MgCl,, 0.1 mM each dNTP, and 0.25 units of Taq
polymerase. Cycling conditions were 5 minutes at 91.5°C (1 cycle); 1 min-
ute at 91.5°C, 1 minute at 58°C, and 30 seconds at 72°C (35 cycles); and
5 minutes at 72°C (1 cycle). The presence of the WT allele is indicated by a
350-bp PCR fragment (primers A and C) and the mutant allele by a 450-bp
PCR fragment (primers A and B). For Chfr genotyping, the following primers
were used: primer A, CTGTTATCTGTTGAGCCGTTTGTGAG; primer B,
AAGTTTACAGTGATCTCCAGAGACCAG; and primer C, TGGATGTG-
2722
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GAATGTGTGCGAGG. The reaction was performed in a 25-ul reaction
mixture containing 50 ng DNA, 5 ng/ul primer A and 5 ng/ul of prim-
ers B and C, 0.6 mM MgCl,, 0.1 mM each dNTP, and 0.25 units of Taq
polymerase. Cycling conditions were S minutes at 91.5°C (1 cycle); 1 min-
ute at 91.5°C, 1 minute at 60°C, and 30 seconds at 72°C (35 cycles); and
5 minutes at 72°C (1 cycle). The presence of the WT allele is indicated by a
400-bp PCR fragment (primers A and B) and the mutant allele by a 400-bp
PCR fragment (primers A and C). All MEFs were generated from E13.5 to
E14.5 embryos using standard procedures (29).

Metaphase spreads. Two MEF lines of each genotype were used. Passage 3
MEFs were incubated with 50 ng ml! colcemid for 3-4 hours. Cells were
collected, washed with PBS, resuspended in 75 mM potassium chloride
(KCL), and incubated at room temperature for 15 minutes. Cells were
fixed in Carnoy’s solution (75% methanol and 25% acetic acid), and 15-ul
aliquots were dropped onto slides and stained with 55 Giemsa solution.
Metaphase spreads were observed using a microscope (Eclipse 80i; Nikon)
with a x100 NA 1.3 oil objective lens at room temperature. Spreads were
photographed and analyzed using a camera (Spot 2 Megasample; Diagnos-
tic Instruments Inc.) and Spot software 4.6 (Diagnostic Instruments Inc.).

For the IR-treated group, MEFs were irradiated (1 Gy) and allowed to
recover for 1 hour before the addition of colcemid. Metaphase spreads were
prepared as described above.

Real-time PCR. Total RNA was extracted from mouse tumors using
TrizoL (Invitrogen) according to the manufacturer’s instructions. A
2-step real-time PCR was performed using cDNA prepared from RNA
using a Superscript III First-Strand cDNA Synthesis Kit (Invitrogen) and
a SYBR Green PCR Master Mix (Applied Biosystems) on an ABI PRISM
7700 SDS instrument following the manufacturer’s instructions (91). The
fold change in expression levels (using GAPDH as internal control) was
determined by a comparative Ct method using the formula 2-22¢t where
Ct s the threshold cycle of amplification. GAPDH control primers were
purchased from Applied Biosystems. For Chfr, the following primers were
used: forward primer, TGCAAAAACCACATCCTGAA; reverse primer,
TGGGTTGCAGCATATCTTGA.

Western blotting. Cell lysates were prepared from MEFs, and Western blots
were performed using anti-Chfr and anti-Mlh1 antibodies. Cell lysates pre-
pared from mouse tumors were subjected to immunoblotting using anti-Chfr
and anti-Aurora A antibodies. Anti-B-actin was used for loading controls.

Characterization of tumors. Tissues from solid tumors were analyzed by
standard histological analysis. Lymphomas were characterized by flow
cytometry using anti-CD3, anti-CD4, anti-CD8, anti-CD19, anti-B220,
anti-Thy1.2, and anti-IgM antibodies (BD Biosciences — Pharmingen).

Mutation screening. Sequencing of the promoter and exonic regions of the
mouse Chfr gene (NM_172717) was performed on mouse tumor samples
using dye termination chemistry (Big Dye Terminator with the model
3730xl sequencer; Applied Biosystems). Mouse Chfr gene contains 18 exons
spanning approximately 37 kb on chromosome 5:110563879-110600988.
We used 21 sets of primers to amplify all 18 exons and approximately 1 kb
of the promoter region. Primer sets for PCR were designed using the web-
based design tool Primer 3 (see Supplemental Figure 2). PCR was carried
out using AmpliTaq Gold DNA Polymerase (Applied Biosystems) based
on the standard protocol. After PCR reactions, the amplicons were treated
with Exo-SAP (USB Corp.) to degrade unincorporated PCR primers and
deoxynucleotide triphosphates. The cleaned products were mixed with the
forward or reverse PCR primers for Sanger sequencing. The sequence vari-
ants were screened using Mutation Surveyor 2.41 (SoftGenetics).

Soluble tetrazolium salt assay. Cells were plated in 96-well tissue culture
plates at a density of 5 x 103 cells per well. The next day, cells were treated
with vehicle (DMSO) or increasing concentrations of either MNNG
(Sigma-Aldrich) or nocodazole (Sigma-Aldrich), and cell viability was
Volume 119

Number9  September 2009



assessed after 72 hours by means of a CellTiter 96 Aqueous One solution
cell proliferation assay (Promega) according to the manufacturer’s instruc-
tions. Experiments were performed in triplicate.

Measure of apoptosis. To assess the extent of apoptosis after drug treatment,
cells were treated with vehicle (DMSO) or increasing concentration of either
MNNG or nocodazole. After 72 hours, the entire cell population was sub-
jected to double staining for FITC-annexin V and PI using FITC-annexin V
apoptosis detection kit (BD Biosciences) and analyzed by flow cytometry for
apoptotic events according to the manufacturer’s instructions.

Statistics. Survival curves and statistical analyses were performed using
GraphPad Prism 4.0 software and the SAS software package (SAS). Correla-
tion of CHFR and Aurora A protein expression was determined using Spear-

man’s rank analysis. For all tests, the level of significance was set at P < 0.05.
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