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Abstract

Nuclear factor erythroid-derived 2-related factor 1 (Nrfl) regulates cellular stress response genes,
and has also been implicated to have a role in other cellular processes. We previously
demonstrated that hepatocyte-specific deletion of Nrfl in mice resulted in spontaneous apoptosis,
inflammation, and development of liver tumors. Here, we showed that both fibroblasts derived
from Nrfl-null mouse embryos, and fibroblasts bearing a conditional Nrf1 allele exhibited
increased micronuclei and formation of abnormal nuclei. Lentiviral shRNA-mediated knockdown
of Nrfl in SAOS-2 cells also resulted in increased micronuclei, abnormal mitosis and
multinucleated cells. Metaphase analyses showed increased aneuploidy in Nrf1”- embryonic
fibroblasts. Nuclear defects in Nrfl-deficient cells were associated with decreased expression of
various genes encoding kinetochore and mitotic checkpoint proteins. Our findings suggest that
Nrfl may serve a function in maintaining genomic integrity, and Nrfl dysregulation can induce
tumorigenesis.

Introduction

Accurate chromosome segregation during mitosis is essential to maintain euploidy in
eukaryotic cells. Errors in this process result in losses and gains of chromosomal material
known as aneuploidy, which is associated with developmental abnormalities, syndromic
conditions, and also a hallmark of cancer [1, 2]. Aneuploidy has been suggested to play a
role in tumorigenesis by causing multiple genetic changes necessary for the onset and
progression of cancer [3]. Faithful transmission of chromosomes relies upon the correct
assembly and function of the kinetochore, which mediates attachment between
chromosomes and spindle microtubules for proper chromosome segregation during mitosis
[4]. The kinetochore is comprised of many different proteins including CENPs, NDC80/
HECI1, NUF2, SGOLI1, among others [5, 6]. To guard against aneuploidy, accurate
chromosomal segregation during mitosis in eukaryotes is maintained by the spindle
assembly checkpoint (SAC). The SAC prevents chromosome instability by delaying the
onset of anaphase from metaphase until all of the chromosomes are properly aligned and
attached to the mitotic spindle. The kinetochore serves to recruit SAC proteins such as,
BUBI1, BUB3, MAD2, Aurora-A and -B that monitors Kinetochore microtubule attachment
prior to anaphase. Altered expression or mutations of various components of the kinetochore
and SAC has been linked to tumorigenesis [7-9].

Transcription of many detoxification genes and antioxidants is regulated through cis-acting
sequences known as antioxidant response elements (AREs) [10]. These elements have been
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identified in the regulatory regions of genes involved in oxidative stress response and
xenobiotic metabolism. For example, the ARE regulates expression of the catalytic and
regulatory subunits of glutamylcysteine ligase involved in glutathione biosynthesis. The
ARE also regulates heme oxygenase, glutathione reductases, thioredoxin reductases and
ferritins, phase-2 enzyme genes including quinone reductases and glutathione-S-
transferases. Phase-2 proteins catalyze the conversion of mutagenic metabolites or their
precursors to less reactive and more excretable compounds.

Several members of the CNC-bZIP family have been shown to regulate ARE function [11].
The CNC family consists of four closely related members that include p45SNFE2 (nuclear
factor erythroid-derived 2), Nrfl (nuclear factor erythroid-derived 2-related factor), Nrf2
and Nrf3, which are characterized by a highly conserved 43 amino acid sequence located on
the N-terminal side of the basic-DNA-binding domain. Numerous studies indicate a pivotal
role of Nrf2 in the protection against xenobiotics and electrophiles [ 10]. In contrast to Nrf2,
less is known regarding the function of Nrfl. In vitro and in vivo studies indicate that Nrfl
modulates gene expression through the ARE, and preferentially activates a subset of
oxidative stress response genes [12]. Recent studies suggest that Nrf1 is critical for both
basal and inducible expression of genes encoding proteasomal subunits [13,14]. Aside from
stress response, Nrfl has been shown to regulate genes involved in development and other
cellular processes. In cell development, Nrfl has been found to activate expression of
Osterix, a zinc finger transcription factor that regulates osteoblast differentiation during
bone formation [15]. Nrfl has also been reported to repress the expression of dentin
sialophosphoprotein gene in terminally differentiated odontoblast [16].

Previously, we have generated hepatocyte-specific Nrfl knockout mice (Nrf1LKO), and
showed that these animals developed steatohepatitis and 100% liver tumor incidence by 12
months [17]. While it has been suggested that hepatic neoplasia is dependent on chronic
liver inflammation in Nrf1LKO mice, a direct role for Nrfl in tumorigenesis has not been
ruled out. It is possible that Nrfl may accelerate disease progression by regulating yet to be
identified pathways. In this study, we used wild type and Nrfl deficient cells to assess
possible role of Nrfl in maintaining chromosomal stability. Loss of Nrfl was found to
induce micronuclei formation and aneuploidy. In addition, we found that the expression of
various genes encoding kinetochore proteins was reduced in Nrfl deficient cells.

Nrf1-/- cells exhibit increased abnormal nuclei

Hepatocyte-specific inactivation of Nrfl leads to liver cancer with 100% penetrance and
short tumor latency. Although inflammation has been suggested as a causative factor in
neoplastic transformation of hepatocytes in Nrf ILKO mice, we speculate that loss of Nrfl
might contribute to tumorigenesis by promoting chromosome missegregation. To investigate
this possibility, we examined Nrf1”~ MEF cells for micronuclei formation, which is
representative of abnormal chromosome segregation during mitosis. As shown in Figure 1A,
multinucleated cells and micronuclei-containing cells were readily observed in Nrf17~ cells,
while being markedly absent in wild type cells. Multinucleated and micronuclei-containing
cells were detected at a 2-fold increase in Nrfl-/- cells when compared to wild type cells
(Fig. 1B).

To examine the acute effects of Nrfl ablation on genomic stability, we utilized MEF cells
bearing an Nrf1 allele that can be disrupted by a tamoxifen (4OHT) inducible Cre-LoxP
approach. MEF cells derived from Nrf11ox/flox; Cre_.ERT2 mice have been described
previously, and treatment of Nrfl flox/flox. Cre-ERT2 MEFs with 4OHT leads to the deletion
of the Nrf1flox/flox conditional allele [13]. Quantitative RT-PCR analysis showed efficient
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inactivation of Nrfl by 4OHT treatment of Nrf1flox/flox.Cre_.ERT2 MEF cells. Nrfl
expression was reduced 80% in 4OHT-treated cells compared to vehicle control (Fig. 5B).
In 4-OHT treated Nrf1flox/ fl"";Cre—ERTZ MEFs, increased abnormal nuclei and micronuclei
were observed (Fig. 1C). The prevalence of micronuclei in 4OHT -treated Nrf 1flox/flox. e
ERT2 MEF cells was 3-fold higher than DMSO-treated cells, whereas no difference was
observed in DMSO- and 4OHT-treated control MEF cells (Fig. 1D).

of Nrf1 leads to abnormal nuclear shape and micronuclei formation

To exclude potential nonspecific effects associated with MEF cells, and to further
substantiate that reducing Nrfl function affects chromosome segregation during mitosis, we
performed shRNA-mediated knockdown of endogenous Nrfl in SAOS-2 cells. Two
shRNAs against Nrfl were used for transduction. As shown in Figure 2A, both constructs
showed efficient knockdown of Nrfl expression by Western blot analysis. SAOS-2 cells
with Nrfl knockdown exhibited a three-fold increase in the formation of micronuclei
relative to the shScramble control (Fig. 2B, C). Knockdown of Nrf1 also resulted in
increased number of cells with abnormally large and deformed nuclei (Fig. 2B, C). To
exclude the possibility of cell type specificity, Nrfl shRNA-mediated knockdown was
performed on HCT116 cells to reaffirm the inductive effects Nrfl depletion has on the
formation of micronuclei. The depletion of Nrfl by shRNA-mediated knockdown was
verified by Western blot analysis (Fig. 2D). Similar to results obtained in SAOS-2 cells, the
formation of micronuclei was increased in both Nrfl knockdown clones of HCT116 cells
(Fig. 2E).

of Nrf1 in SAOS-2 cells leads to increased chromosome missegragation

Next, we determined whether reduction in Nrfl function leads to defective chromosome
segregation during mitosis. Control and knockdown mitotic cells were stained for DNA and
the frequency of aberrant mitotic phenotype was found to be 2-fold higher in Nrfl
knockdown cells compared to shScramble control cells (Fig. 3). These abnormalities
included cells with lagging chromosomes, anaphase bridges, and misaligned chromosomes
(Fig. 3). A similar spectrum of mitotic aberrations was also observed in knockout MEF cells
(data not shown). These results suggest that loss of Nrfl disrupted normal mitosis.

Nrf1-- MEF cells exhibit increased chromosomal instability

Micronuclei formation often leads to genomic instability, and is considered a hallmark of
aneuploidy. We next examined whether Nrfl-deficient cells are prone to aneuploidy, by
comparing metaphase spreads of wild type and Nrf1”~ MEFs. At early passage (P3), wild
type MEEF cells exhibited cells with a diploid number of chromosomes (Fig. 4B). However,
contrary to wild type MEF cells, low passage Nrfl”~ cells exhibited abnormal chromosome
number (Fig. 4B). Metaphase spreads of two independent high passage wild type and Nrfl”-
MEEF cell cultures were also analyzed. At higher passages, the frequency of wild type cells
bearing abnormal number of chromosomes was slightly elevated (Fig. 4B and C). In
contrast, Nrf17- MEF cells possessed a significant increase in the frequency of aneuploidy
(Fig. 4B and C). The aneuploidy observed in Nrfl1”- MEF cells is consistent with genetic
instability.

Nrf1-deficient cells have abnormal expression of kinetochore and spindle assembly
checkpoint genes

Given that Nrf1 is a transcription factor, we investigated whether loss of Nrfl function
affects the expression of genes involved in the maintenance of genomic stability. RNA was
extracted from wild type and Nrf1”- MEF cells, and the expression levels of various genes
encoding components of the kinetochore and SAC were analyzed by quantitative RT-PCR.
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In Nrf17- MEF cells, kinetochore genes Ndc80, Nuf2, Spc25 and SAC gene Sgoll were
reduced approximately two-fold when compared to wild type cells (Fig. SA). However,
expression of other kinetochore and SAC genes such as Bub1l, Bub3, and CENPs did not
exhibit altered levels (Fig. SA and data not shown). In accord with RT-PCR results, Western
blotting revealed lowered NDCS80 levels in Nrfl-/- MEF cells (Fig. 5C). Protein levels for
Spc25 and Nuf2 were not analyzed due to lack of suitable antibodies.

To determine if the cause of variance in gene expression observed in Nrf1”/- MEF cells is a
direct result of Nrfl deficiency, quantitative RT-PCR analysis was performed on
Nrf1flox/flox.Cre . ERT2 MEF cells. Inducible inactivation of Nrfl by 4-OHT was verified by
qRT-PCR (Fig. 5B). Transcripts of Ndc80, Nuf2, Spc25, and Sgoll were similarly reduced
in Nrf1flox/flox. Cre_ERT2 MEF cells after 4-OHT treatment (Fig. 5B). These data suggest
that down-regulation of Ndc80, Nuf2, Spc25, and Sgoll is specific to loss of Nrfl function.

Discussion

The function of Nrfl has been defined in terms of its role in regulating the transcription of
genes involved in cellular stress response. However, there is evidence to suggest a role for
Nrfl in other cellular functions such as development and inflammation. In the present study,
we examined the effects of Nrfl deficiency on genomic stability in cultured cells. We
demonstrate here that loss of Nrf1 function using either primary Nrf1”~ MEF cells or MEF
cells rendered Nrfl deficient acutely by tamoxifen-inducible conditional system lead to
increased formation of micronuclei, abnormal nuclei and multinucleated cells. Moreover,
shRNA mediated knockdown of Nrfl produced a similar result in SAOS and HCT116 cells,
indicating that the defects are specific to Nrfl deficiency. The influence Nrfl has on
genomic integrity was further highlighted when all three Nrf1-deficient fibroblast cell lines
exhibited an increased incidence of aneuploidy with each passage of cells. It is known that
altered expression of genes encoding components of the kinetochore and SAC could trigger
aneuploidy [7-9]. Our results demonstrate that expression of kinetochore genes Ndc80,
Nuf2, Spc25 and spindle assembly gene Sgol are down regulated in Nrf17/- MEF cells.

The Nrfl associated mechanisms that underlie the maintenance of genome integrity are
largely unknown, but they could play an integral role in the prevention of abnormal
kinetochore formation or the reduction of SAC function. In eukaryotic cells, faithful
chromosome segregation during mitosis is crucial for maintaining genomic integrity. This
function is mediated by the kinetochore that resides at the centromere and binds to spindle
microtubules for chromosome segregation. It has been shown that altered expression of
genes encoding components of the kinetochore apparatus can lead to chromosome
segregration defects and consequent aneuploidy [7-9]. The Ndc80 complex is an important
component of the kinetochore that mediates proper metaphase chromosome alignment and
anaphase segregation. [19-21]. The Ndc80 complex consists of 4 different proteins
including, Ndc80/Hec1, Nuf2, Spc24 and Spc25. Dysregulated expression of Ndc80 has
been observed in a variety of human cancers [22, 23]. This conserved protein complex is
suited to mediate the interface between essential kinetochore function of binding
microtubules and regulating cell cycle in response to aberrant kinetochore function. In
addition, the Ndc80 complex is required for SAC function through the localization of other
kinetochore proteins Cenp-A, Madl, Mad2, Bubl, Zw10 and Bub3 to the kinetochore. Our
results demonstrate that expression of Ndc80, Nuf2, and Spc25 are down regulated in Nrfl7-
MEEF cells.

Segregation is also monitored by the spindle assembly checkpoint, a surveillance

mechanism that is part of the kinetochore apparatus that blocks the progression of mitosis
unless all chromosomes are properly assembled to the spindle [6]. A key protein in SAC
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function is Sgoll, which protects sister chromatids from precocious separation. Failure of
the spindle assembly checkpoint machinery to detect and signal for repair results in
aneuploidy that is frequently observed in many types of cancer cells [9]. Our results show a
reduction in the transcript level encoding Sgoll in Nrf17- MEF cells, and decreased levels of
Sgoll lead to chromosomal instability in colon cancer cells [24]. Therefore, our observation
of increased micronuclei formation and aneuploidy in Nrfl deficient cells could be the result
of segregation defects caused by abnormal kinetochore formation or SAC function. Thus, it
is likely that reduction in Ndc80, Nuf2, Spc24 and Sgoll exerts a synergistic effect on
genomic stability in Nrfl knockout cells.

Currently, it is not known whether any of the genes identified by RT-PCR are direct targets
of Nrfl. Sequence analyses revealed potential ARE sites located upstream from the
transcription start sites of Ndc80, Nuf2 and Spc25 genes that could explain the decrease in
expression of these transcripts in Nrfl knockout cells. Moreover, it is interesting to note that
transcription of human Ndc80/Hec1 gene promoter is regulated by activating transcription
factor 4 (ATF4) [25], and ATF4 has been implicated as a binding partner for Nrfl [26]. The
possibility that expression of these genes is Nrfl dependent requires further
experimentation.

Our results here also provide a potential molecular link between Nrfl and cancer.
Previously, it was shown that Nrf1LKO mice spontaneously developed steatohepatitis and
liver tumors [17]. However, the precise mechanism of tumorigenesis in Nrf ILKO livers
remains uncertain. It is a that tumorigenesis is a multistep process involving the
accumulation of mutations at various genetic loci, as well as the acquisition of genomic
instability [27]. The prevalence of cancer in NrfILKO mice may stem from sustained
proliferation of hepatocytes in an inflammatory environment combined with DNA damage
caused by increased oxidative stress. Our current findings suggest that dysregulation of
mitotic checkpoint genes may also contribute by abating genomic integrity in Nrfl-deficient
cells. The existence of aneuploidy in cells could result in the loss of tumor suppressors or the
gain of oncogenes aiding initiation and progression of tumorigenesis in Nrf1LKO livers.
Nonetheless, our observations have provided insight requiring further experimentation in
Nrf1KO animals.

Finally, it is widely known that soy products have beneficial properties that help battle many
diseases. Genistein, the most abundant isoflavone compound found in soy products was
shown to have therapeutic effects on a multitude of diseases including cancer [28].
Moreover, pretreatment with genistein has been shown to protect against
dimenthybenz[a]anthracene-induced micronuclei formation and chromosomal structural
abnormalities in the bone marrow [29], while a recent study indicates genistein's ability to
activate Nrfl [30]. Overall, the protective effects of genistein have been attributed to the
activation of oxidative stress response and expression of antioxidant genes. However, these
studies together with our results suggest the possibility that genistein's beneficial health
effects in the prevention of cancer development arise from the induction of Nrfl, which
leads to the improvement of genetic stability. Further studies exploring the mechanism
underlying Nrf1l activation by genistein would be of great interest.

In summary, this study shows that loss of Nrfl function can cause genomic instability, and
suggests that the role of Nrfl in cellular homeostasis extends beyond oxidative and
proteolytic stress response to include maintenance of genomic integrity. Thus Nrfl may
have important implications for the understanding of how genome stability is promoted.
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Materials and Methods

Reagents

Cell lines

Dulbecco's modified Eagle's medium (DMEM), McCoy's Sa medium, fetal bovine serum
(FBS) and calf serum were purchased from Invitrogen (Carlsbad, CA). Antibody for Nrfl
was previously described [18]. Biotinylated anti—rabbit IgG and 3, 3 [diaminobenzadine
(DAB) substrate kit are from Vector labs (Burlingame, CA). Chemiluminescent detection
system was purchased from Piercenet (Rockford, IL).

HCT116 colon cancer cell lines were a generous gift from Dr. Bert Vogelstein (Johns
Hopkins University Medical Institutions, Baltimore, MD), and SAOS-2 cells were from
ATCC (Manassas, VA). HCT116 cells were cultured in McCoy's 5a containing 10% FBS,
1% non-essential amino acids, 1% HEPES, and 1% Pen-Strep. SAOS-2 cells were cultured
in 15% FBS, 1% L-glutamine, and 1% Pen-Strep. Nrf17- MEF cells were cultured in
DMEM as described previously [13].

Lentivirus production and infection

MISSION shRNA lentiviral constructs for Nrfl were purchased from Sigma. Virus
production was done according to manufacturer's protocol. Briefly, HEK293 cells were
cotransfected with LKO.1 lentiviral, Delta VPR 8.9 and VSV-G plasmids using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Virus-containing supernatant was collected
48 h after transfection and filtered through a 0.45 um cellulose acetate filter (Millipore).
Infections of cells were carried out in the presence of 10 z/mL polybrene and 10 mM
HEPES. After transduction, puromycin was used to select for stable clones.

Western Analysis

Protein lysates from cells were prepared using NP-40 lysis buffer and electrophoresed on
SDS-polyacrylamide gels. Proteins were subsequently transferred onto nitrocellulose
membranes and blocked in 5% milk at room temperature for one hour. Primary antibody
incubation was done overnight at 4°C followed by incubation with a horseradish peroxidase-
conjugated secondary antibody. Proteins were detected by chemiluminescence.

Preparation and examination of metaphase spreads

Cells were harvested after treatment with 100 ng/ml nocodazole and swollen in a hypotonic
buffer (10mM Tris-HCI pH 7.5, 10mM NaCl, 5mM MgClI2) for 15 min at 37°C. Cells were
fixed with freshly made Carnoy's solution (75% methanol, 25% acetic acid), and the fixative
was changed several times. For spreading, cells were dropped on to slides. Slides were air
dried at room temperature and stained with 5% Giemsa at pH 6.8 for 7 min, washed briefly
in deionized water, air dried, and mounted with Permount.

RNA Isolation and Quantitative RT-PCR

RNA was extracted using UltraSpec RNA (BiotecX, Houston, TX). cDNAs were
synthesized from 10 [z total RNA in 20 [ reactions containing 1x RT buffer, ImM dNTPs,
0.3 @z random hexamer, 40 units of RNase inhibitor, and 250 units of Moloney murine
leukemia virus reverse transcriptase. Reverse transcription reactions were incubated at 72°C
for 5 min and then 25°C for 10 min, followed by 42°C for 60 min. Aliquots of cDNA were
amplified in Step One Plus PCR machine (Applied Biosystem) using FastStart SyBr Green
reagent (Roche, Indianapolis, IN). Each cDNA amplification was conducted in duplicates
comprising 20 [L reaction volumes. PCR cycling conditions consist of 95°C for 15 min and
45 cycles of 95°C for 30 s, 60°C for 30 s, and 68°C for 45 s. Expression levels were
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calculated relative to the endogenous control levels of beta-tubullin-5 (Tubb5). Relative
expression was quantitated using the following formula 2(Ct test gene — Ct Tubb5),

Statistical Analysis

Data was expressed as means * standard deviation. For statistical comparison, Student's t-
test was used. P-values less than 0.05 were considered statistically significant.

Primer Sequences

Gene Forward Reverse
mTubb5 GATCGGTGCTAAGTTCTGGGA AGGGACATACTTGCCACCTGT
mSehlL CACAAGGACCTCATCCACGAT TCTCGCTCTTATCCCACACCT
mNdc80 CTGAGTACACACAAACCGACAT TGTCCGCTAGTCCTTTTCCCA
mNuf2 TGCCGATGAACATAGAAGTCAC ACTGGTAAGAAGCCCTCCATTA
mSpc25 GAGCTGACTGCTAAAATCCAGG CTCTTCCTAGCGTACTCTTCCTT
mSgoll CCTCCAGGGCCAACATCAAGG AAGGCTGTGATGGGCGAGAGG
mMad2ll | GTGGCCGAGTTTTTCTCATTTG AGGTGAGTCCATATTTCTGCACT
mChek1 GTTAAGCCACGAGAATGTAGTGA | GATACTGGATATGGCCTTCCCT
mCenpL AACTCACGGATATTGAAGTGCAT | CACAGAGCCAGGATACTGCTT
mCenpQ AGAGCCAATAAGGAAGCGGAT AACATACGTTGCTTGTCCTGTTA
mCenpK TGAACTGACAACTAAGATCCGTG | AAAAAGCACCCAAGGTAAGCA
mBubl GCTGCCAACCTGCCAGCTCTT TGATGGCTGCACTTTGCATGG
mBub3 CACTGAAGCCCTCCGGACGAT AGGGACAGCCAAACGGAACCA
mCenpA AGGGCGGACTCCCCTAAGCTG GCGAGTGGGCAGACCTCTGTG
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Figure 1. Nrfl deficient cells exhibit abnormal nuclei

(A) Micrograph of DAPI stained wild type and Nrf1-/- mouse embryonic fibroblasts. (C)
Micrograph of DAPI stained DMSO- or 4OHT-treated Nrf1flox/flox;Cre-ERT?2 fibroblasts.
Note aberrant shaped nuclei and micronuclei (arrowheads) in Nrfl-/- cells and 4OHT-treated
Nrf1flox/flox;Cre-ERT2 fibroblasts. (B, D) Histograms show mean * standard deviation of
micronuclei in control and Nrfl knockout cells. Significant P values are indicated *(P <
0.05).
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Figure 2. Knockdown of Nrfl leadsto abnormal nuclear shape and micronuclei formation

(A) Protein extracts of SAOS cells transduced with scramble shRNA, or Nrfl shRNA were
subjected to western blotting using the antibodies indicated. (B) Representative
immunofluorescence analysis of SAOS cells transduced with scramble shRNA, or Nrfl
shRNA. Note multinuclei, donut-shaped and aberrant shaped nuclei in Nrfl knockdown
cells. Arrowhead indicates micronuclei. (C) Histograms show mean * standard deviation of
micronuclei in control and Nrfl knockdown SAOS cells. Significant P values are indicated
*(P < 0.05). (D) Protein extracts of HCT116 cells transduced with scramble shRNA, or Nrf1
shRNA were subjected to western blotting using the antibodies indicated. (E) Histograms
show mean + SD of abnormal and micronuclei in control and Nrfl knockdown HCT116
cells. Significant P values are indicated *(P < 0.05).
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Figure 3. Knockdown of Nrflin SAOS cellsleadsto abnormal chromosome segregation
Micrographs of DAPI stained SAOS cells transduced with Nrfl shRNA showing atypical
anaphase figures (multipolar centrosome, abnormal chromosome segregation and anaphase
bridge). Histogram shows percentage of abnormal mitotic figures in control and Nrfl
knockdown cells.
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Figure 4. Nrf17- cells exhibit increased chromosomal instability

(A) Representative Giemsa-stained metaphase spread of wild type MEF showing normal
(40) number of chromosomes. (B) Representative Giemsa-stained metaphase spread of
Nrf1-/- MEF showing aneuploidy. (C) Analysis of the percentage of aneuploid cells in MEF
cultures. Values are from three independent wild type and Nrf17- MEF cultures. 95
metaphases were counted for each MEF line. (D) Distribution of chromosome numbers of
wild type and Nrf17- MEF lines. Data shown are combined values from two independent
MEEF lines per genotype.
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Figure 5. Nrfl-deficient cells have abnormal expression of kinetochore and spindle assembly
checkpoint genes

Comparison of mRNA encoding kinetochore and spindle assembly checkpoint genes in (A)
wild type and Nrf 1"~ MEF cells, (B) DMSO and 4-OHT treated Nrf1flox/flox;Cre-ERT2
fibroblasts by real time RTPCR analysis. Expression levels of genes were quantitated
relative to endogenous beta-tubulin-5 (TubbS5) levels as an internal reference, and calculated
as 2(Cttest gene-Ct TubbS) Eo]d change in expression was determined from the difference
between the averaged expression levels relative to control. Mean values + SD of each
genotype are shown, P-values less than 0.05 were considered statistically significant. (C)
Whole cell lysates of 2 independent cultures of wild type and Nrf1- MEFs were
immunoblotted with anti-NDC80 antibody, and beta-Actin was used as loading control.
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