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Abstract

CIZ1 plays a role in DNA synthesis at the G1/S checkpoint. Ciz1 gene-trap null mice manifest 

motor dysfunction, cell-cycle abnormalities and DNA damage. In contrast, it has previously been 

reported that mouse embryonic fibroblasts derived from presumed Ciz1 knock-out mice (Ciz1 
tm1.1Homy/tm1.1Homy) generated by crossing Cre-expressing mice with exon 5-floxed mice (Ciz1 
tm1Homy/tm1Homy) do not exhibit evidence of enhanced DNA damage following γ-irradiation or 

cell-cycle defects. Here, we report that Ciz1 tm1.1Homy/tm1.1Homy mice show loss of Ciz1 exon 5 

but are neurologically normal and express abnormal transcripts (Ciz1ΔE5/ΔE5 mice) that are 

translated into one or more proteins of approximate wild-type size. Therefore, Ciz1 
tm1.1Homy/tm1.1Homy mice (Ciz1ΔE5/ΔE5) lose residues encoded by exon 5 but may gain function 

from novel amino acid sequences.
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CIZ1, a cell-cycle protein highly expressed in brain, is involved in DNA synthesis and 

localization of Xist RNA to the inactive X-chromosome (Mitsui et al., 1999, Coverley et al., 

2005, Ridings-Figueroa et al., 2017). Depletion of Ciz1 transcripts suppresses S phase entry. 

CIZ1 interacts with CDK2, cyclin E, cyclin A and p21 (Copeland et al., 2010, Mitsui et al., 

1999), attaches to the nuclear matrix, and may contribute to the spatial organization of DNA 

replication (Ainscough et al., 2007). CIZ1 appears to play a role in dystonia, Alzheimer 

disease and several types of cancer (Yin et al., 2013, Warder and Keherly, 2003, Nishibe et 

al., 2013, Liu et al., 2015, Wu et al., 2015, Judex et al., 2003). In particular, co-segregating 

disease-causing missense variants were found in a family with cervical dystonia (Xiao et al., 

2012), and altered splicing in exon 8 of CIZ1 was found to be associated with Alzheimer 
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disease (Dahmcke et al., 2008). A CIZ1 variant is a circulating biomarker of early-stage lung 

cancer (Higgins et al., 2012b).

To understand the neural function of CIZ1, particularly in post-mitotic neurons, we 

generated and phenotypically characterized a Ciz1 gene-trap knock-out (KO, Ciz1−/−) 

mouse model (Xiao et al., 2016a, Khan et al., 2018). Ciz1−/− mice manifest motor, 

behavioral and cognitive abnormalities that progress with age (Xiao et al., 2016a, Khan et 

al., 2018). The brains of aged (18-month-old) Ciz1−/− mice show evidence of overt DNA 

damage, NF-kB upregulation, oxidative stress, vascular dysfunction, inflammation, and cell 

death. Moreover, Ciz1−/− mouse embryonic fibroblasts (MEFs) were found to be abnormally 

sensitive to γ-irradiation. In contrast to our findings, presumed KO mice (Ciz1 
tm1.1Homy/tm1.1Homy) generated with the Cre/loxP system had no reported motor or behavior 

phenotype, and MEFs from these mice showed no evidence of cell-cycle dysfunction or 

defects in the DNA damage response (Nishibe et al., 2013). To better address reported 

differences between these two lines of mice and explore the possibility of spatial and 

temporal control of CIZ1 expression, Ciz1+/tm1Homy mice were acquired from RIKEN 

BioResource Research Center (Tsukuba, Ibaraki, Japan, http://www2.brc.riken.jp), bred and 

crossed to Cre deleter mice. Herein, we show that crossing Ciz1tm1Homy/tm1Homy mice to 

Cre deleter mice eliminated a floxed exon 5 but did not prevent expression of alternative 

transcripts with sequences derived from introns 4 and 5 (Ciz1ΔE5/ΔE5 mice). Ciz1ΔE5/ΔE5 

mice were examined with a battery of motor tests and their MEFs were examined for 

evidence of cell cycle abnormalities and defects in the DNA damage response.

Materials and methods

Mice

All mouse experiments were performed in accordance with the National Institutes of 

Health’s Guidelines for the Care and Use of Laboratory Animals and approved by our 

Institutional Animal Care and Use Committee. Four adult heterozygous mice 

(Ciz1+/tm1Homy, 2 males and 2 females) were purchased from the RIKEN BioResource 

Research Center (RBRC05198) (B6;129P2-Ciz1<tm1Homy>Ciz1]. These Ciz1-floxed mice 

were developed by Hiroaki Honda, Research Institute for Radiation Biology and Medicine, 

Hiroshima University in 2008 (Nishibe et al., 2013). In brief, a loxP site was inserted 

upstream of exon 5 and an FRT-flanked neo cassette with a 3’ loxP site was inserted 

downstream of exon 5. The neo cassette was removed by crossing with FLPe mice 

[C57BL/6-Tg(CAG-FLPe)36Ito]. Heterozygous mice were backcrossed with C57BL/

6NCrlCrlj mice at the RBRC for at least 6 generations prior to shipment. After receipt at the 

University of Tennessee Health Science Center, the Ciz1+/tm1Homy mice were backcrossed to 

C57BL/6J mice for at least 6 generations. Exon 5 was removed by crossing Ciz1+/tm1Homy 

mice with B6.Cg-Tg(Sox2-cre)1Amc/J mice purchased from the Jackson Laboratory 

(www.jax.org) to generate Ciz1+/tm1.1Homy and Ciz1 tm1.1Homy/tm1.1Homy mice (herein 

referred to as Ciz1+/ΔE5 and Ciz1ΔE5/ΔE5). To confirm results, Ciz1+/tm1Homy mice were also 

crossed with Hs-cre1 mice (Dietrich et al., 2000) to generate Ciz1+/ΔE5 and Ciz1ΔE5/ΔE5 

mice. The PCR genotyping protocol for Ciz1+/tm1Homy and Ciz1+/tm1.1Homy mice is provided 

by RBRC (www2.brc.riken.jp/animal/pdf/05198_PCR.pdf).
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Ciz1 expression

Relative levels of mouse Ciz1 mRNA were determined in 6 brain regions (cerebral cortex, 

cerebellum, hippocampus, striatum, thalamus, and mid brain), cervical spinal cord, and liver 

harvested from 3 adult male mice (3-month-old) of each genotype (Ciz1+/+, Ciz1 
tm1Homy/tm1Homy [Ciz1flox/flox], and Ciz1ΔE5/ΔE5). TaqMan-based relative quantitative real-

time reverse transcription PCR (QRT-PCR) was performed using two primer pairs and 

probes (Table S1) with a LightCycler® 480 System (Roche, Indianapolis, IN, USA). Mouse 

β-actin was used as an endogenous control. Detailed methods are provided in previous work 

from our laboratory (Xiao et al., 2016a).

For RNA-sequencing (RNA-Seq), total RNA from mouse cerebellum was isolated from one 

adult (3 month-old) male Ciz1ΔE5/ΔE5 mouse and one age and gender matched Ciz1+/+ 

sibling (Ambion™ TRI Reagent®, ThermoFisher Scientific, Waltham, MA, USA). After 

DNAse treatment (DNA-free™ DNA Removal Kit, ThermoFisher Scientific) the quality of 

total RNA was assessed with a NanoDrop® ND-1000 spectrophotometer (NanoDrop 

Technologies) and RNA integrity was verified with an Agilent 2100 Bioanalyzer using the 

Agilent RNA 6000 Nano kit. RNA was quantified with a Qubit 2.0 fluorometer (Life 

Technologies, Carlsbad, CA, USA). RNA library preparation and sequencing was performed 

by GENEWIZ (South Plainfield, NJ, USA). RNA samples were retreated with 

ThermoFisher TURBO DNase. RNA sequencing library preparations used the NEBNext 

Ultra RNA Library Prep Kit (NEB, Ipswich, MA, USA). Briefly, mRNA was enriched with 

oligo(dT) beads and fragmented for 15 min at 94°C. First and second strand cDNA were 

synthesized and cDNA fragments were end repaired and 3’-adenylated prior to ligation of 

universal adapters, index addition and library enrichment. The sequencing libraries were 

assessed with the Agilent TapeStation and quantified with a Qubit 2.0 fluorometer. The 

libraries from the Ciz1+/+ and Ciz1ΔE5/ΔE5 mice were loaded onto one lane of an Illumina 

(San Diego, CA, USA) HiSeq. The samples were sequenced using a 2×150 paired-end 

configuration. Image analysis and base calling were conducted by the HiSeq control 

software. Raw sequence data (binary base call [BCL] format) generated from Illumina 

HiSeq was converted into fastq files and de-multiplexed using Illumina’s bcl2fastq 2.17 

software. One mismatch was allowed for index sequence identification.

Pre-alignment quality control (QC), alignment, and differential expression were analyzed 

with Partek Flow and Partek Genomic Suite (St. Louis, MO, USA). Reads were aligned to 

the Mouse Dec. 2011 (GRCm38/mm10) assembly using Spliced Transcripts Alignment to a 

Reference (STAR) and quantified to RefSeq transcripts using the Partek expectation-

maximization (EM) algorithm (Dobin et al., 2013). Normalized counts were analyzed for 

differential expression with the gene-specific analysis (GSA) method based on STAR default 

alignment. A priori criteria for differential expression were a false discovery rate (FDR) < 

0.05 and > 2X difference in expression. Alignment was also performed with chimeric and 2-

pass modes. Chimeric mode allows for detection of fusion alignments in addition to normal 

mapping whereas 2-pass mode enhances novel junction discovery.

To validate RNA-Seq data, QRT-PCR and Sanger sequencing were performed using primers 

located in exon 4, intron 4, exon 5, intron 5, and exon 6 (Table S1). Details regarding PCR 

conditions for Ciz1 are provided in previous work from our laboratory (Xiao et al., 2016a).
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Immunoprecipitation

The cerebellum and cerebral cortex were dissected from the brains of adult (3-month-old) 

Ciz1+/+, Ciz1−/− and Ciz1ΔE5/ΔE5 mice. Tissues were lysed with ice-cold IP lysis buffer from 

the Pierce™ Classic Magnetic IP/Co-IP kit (ThermoFisher Scientific) containing Halt™ 

protease and phosphatase inhibitor cocktail (ThermoFisher Scientific) using a Teflon glass 

homogenizer. Lysed samples were microcentrifuged for 15 min at 14,000 rpm and the 

collected supernatants were pre-cleaned with protein A/G magnetic beads for 3 to 4 hrs at 

4 °C using a magnetic separation rack. Using 4 µg of mouse anti-CIZ1 antibody (ab172442, 

Abcam, Cambridge, MA, USA), total protein (500 µg) was immunoprecipitated overnight at 

4 °C with constant rocking. Pull down was completed the next morning with 25 µL of 

protein A/G magnetic beads for 4 to 6 hrs at 4 °C. Beads were then washed 4X with ice-cold 

IP lysis buffer and bound proteins were eluted in 2X SDS sample buffer. For blotting with a 

BioRad (Berkeley, CA, USA) wet transfer system, proteins were separated by SDS-PAGE 

(4–12% Bis-Tris gels) and transferred to PVDF membranes. Subsequently, membranes were 

blocked for 2 hr in 5% non-fat dry milk and incubated overnight with mouse anti-CIZ1 

primary antibody (Xiao et al., 2016b)(1:10,000; ab172442, Abcam) in phosphate-buffered 

saline with Tween 20 (PBST) containing 5% non-fat dry milk. Membranes were washed 3X 

with PBST for 15 min and then incubated with horseradish peroxidase-conjugated goat anti-

mouse secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) for 1 

hr with constant rocking at room temperature. Signal was detected using enhanced 

chemiluminescence (Amersham, Pittsburgh, PA).

Bioinformatics

NNSPLICE 0.9 (www.fruitfly.org/seq_tools/splice.html) (Reese et al., 1997) and NetGene2 

(www.cbs.dtu.dk/services/NetGene2/) (Brunak et al., 1991) were used to predict 5’ and 3’ 

splice sites within Ciz1. Splice site scores range from 0 to 1. Higher scores are associated 

with greater probability of either a donor (5’) or acceptor (3’) site.

UniProt (www.uniprot.org), National Center for Biotechnology Information 

(www.ncbi.nlm.nih.gov/protein/), and Clustal Omega pairwise alignment of human and 

mouse CIZ1 were used to identify functional domains and sites of possible post-translational 

modifications. Phosphorylation sites within the region encoded by exon 5 were predicted 

with NetPhos 3.1 (www.cbs.dtu.dk/services/NetPhos/) (Blom et al., 1999). Phosphorylation 

prediction scores range from 0 to 1 with scores greater than 0.5 indicating a positive 

prediction. ExPASy (web.expasy.org/translate) was used to translate Ciz1 nucleotide 

sequences.

Cell Culture and irradiation

MEFs were isolated from Ciz1+/+ and Ciz1ΔE5/ΔE5 embryos (N = 3/genotype) at 12 to 14 

days gestation and cultured in Dulbecco’s modified Eagle’s medium (DMEM), 

supplemented with 10% fetal bovine serum, 1% L-glutamine and 1% penicillin-

streptomycin as described in a recent publication from our laboratory (Khan et al., 2018). 

Cells were plated on gelatin-coated T25 tissue culture flasks in an incubator at 37°C with 

5% CO2. After the fourth passage, MEFs were exposed to γ-radiation (20 Gy) using a 137Cs 

source. Immediately after irradiation, cells were returned to the incubator for recovery.
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DNA damage and the cell-cycle analyses

For assessment of DNA damage, cells were plated on poly-l-lysine-coated coverslips and 

fixed with 4% paraformaldehyde. After fixation, cells were washed twice with 1X 

phosphate-buffered saline (PBS) and permeabilized with 0.3% Triton X-100 for 15 min 

followed by blocking with 1% bovine serum albumin in PBS. Cells were incubated with 

rabbit anti-53BP1 (ab21083, Abcam) for 2 hrs at room temperature, rinsed and incubated 

with a fluorescently-tagged secondary antibody (Jackson ImmunoResearch Laboratories) for 

1 hr and then washed 3X with PBS. Coverslips were mounted onto slides with medium 

containing DAPI (H-1200, Vector). Images were captured and 53BP1+ foci were counted 

under an epifluorescence microscope using a 63X objective by an investigator blinded to 

genotype and treatment. At least 100 cells per genotype were analyzed to calculate the 

percentage of 53BP1+ cells.

For cell-cycle analysis, cells were fixed with ice-chilled 70% ethanol for 1 hr at −20 oC. 

Fixed cells were then washed 3X with PBS followed by incubation with propidium iodide 

(PI) staining buffer (PBS with RNaseA 100 µg/mL and PI 50 µg/mL) for 30 min. After the 

incubation period, cells were analyzed by flow cytometry (YETI, Propel Labs; Fort Collins, 

CO, USA). The percentage of cells in each phase was quantified with ModFit LT™ software 

(Verity, Topsham, ME, USA).

Behavioral assessments

Adult (3-month-old) Ciz+/ΔE5 mice, Ciz1ΔE5/ΔE5 mice and sex-matched Ciz+/+ littermates 

were subjected to a battery of motor and behavioral examinations including grip strength, 

cross-maze, open-field activity, rotarod, vertical rope climbing, and the raised-beam task. 

DigiGait™ analysis was limited to Ciz1ΔE5/ΔE5 mice and sex-matched Ciz+/+ littermates. 

Mice were weighed weekly and routinely observed for evidence of dystonia or other 

involuntary movements during open-field activity and routine handling. Sensorimotor and 

behavioral methods used in this study have previously been described in detail (Xiao et al., 

2016a, Xiao et al., 2017, Toro et al., 2018, Khan et al., 2018).

Statistics

Analysis of variance was used to determine the overall effect of genotype on parametric 

behavioral measures with post-hoc tests applied a posteriori. The Mann-Whitney test was 

used to determine the effects of genotype within sex for a non-parametric behavioral 

measure (slips on the raised beam task). Two-tailed t-tests were used to determine the effects 

of genotype on the percentages of cells with 53BP1 foci and percentages of cells in the G1, 

S and G2 phases of the cell cycle. An alpha (α) of 0.05 was chosen for statistical 

significance.

Results

RNA and protein expression

RNA expression data generated with QRT-PCR was normalized to Ciz1+/+ liver (Fig. 1, 

Table S2). Similar to our previous findings, total Ciz1 expression was found to be highest in 

the cerebellum (Xiao et al., 2016a). Ciz1 expression was normal in homozygous exon 5-
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floxed mice (Ciz1tm1Homy/tm1Homy). With primers placed in exons 5 and 6 (Primers 1), Ciz1 
expression was reduced by approximately 20 to 50% in Ciz+/ΔE5 mice, and eliminated in 

Ciz1ΔE5/ΔE5 mice generated via crosses to both Sox2-cre and Hs-cre1 mice (Fig. 1, Table 

S2). In contrast, Ciz1 expression levels were normal with primers placed in exons 11 and 12 

(Primers 2).

RNA-Seq showed that Ciz1ΔE5/ΔE5 mice express all Ciz1 exons at near Ciz+/+ levels with the 

exception of exon 5 (Fig. 2). A small number of non-Ciz1 transcripts showed differential 

expression when compared to Ciz1+/+ mouse cerebellum (Table S3). RNA-Seq reads 

mapped with STAR suggested the possible presence of multiple alternative transcripts 

derived, in part, from introns 3, 4 and 5 (Fig. 2, Fig. S1, and Fig. S2). Alignment and 

mapped reads were virtually identical with use of STAR’s default, chimeric and 2-pass 

modes. In silico analyses with NNSPLICE and NetGene2 showed that the exon 4/intron 4 

and intron 5/exon 6 donor and acceptor sites, respectively, are weak and multiple donor and 

acceptor sites are present in introns 4 and 5 (Table S4). However, analysis of individual raw 

reads did not expose novel intronic splice sites. Immunoprecipitation was compatible with 

QRT-PCR and RNA-Seq results and suggested the translation of one or more novel CIZ1 

proteins of approximate WT size (Fig. 3). As seen from comparison of Figs. S3 and S4, 

deletion of exon 5 could be associated with use of an alternative translation start site and 

generation of a full-length protein, albeit smaller than CIZ1 isoform 1.

Deletion of exon 5 eliminates amino acids 120 to 196 from the N-terminal half of CIZ1 (Fig. 

4). Although there are no well-defined functional domains in this region of relatively low 

complexity, there are three experimentally-validated (T138, T144, and T187) and three 

predicted (S177, T181, and S190) phosphorylation sites (Copeland et al., 2015) (Table S5).

DNA damage response and cell-cycle analysis in MEFs

To determine the contributions of CIZ1 to the DNA damage response, we subjected MEFs 

isolated from Ciz1ΔE5/ΔE5 mice and Ciz1+/+ littermates to γ-IR. At 24 hrs after IR (20 Gy), 

we assessed the persistence of DNA breaks using 53BP1 immunohistochemistry. In 

comparison to MEFs derived from Ciz1−/− embryos (Khan et al., 2018), MEFs isolated from 

Ciz1ΔE5/ΔE5 embryos did not exhibit evidence of increased sensitivity to γ-IR (Figs. 5A and 

B). In addition, Ciz1ΔE5/ΔE5 MEFs did not show overt evidence of cell-cycle abnormalities 

before or after γ-IR (Fig. 5C).

Sensorimotor and behavioral analyses

Male and female Ciz1ΔE5/ΔE5 mice were fertile and pups of all genotypes (Ciz1+/+, 

Ciz1ΔE5/ΔE5, Ciz1+/ΔE5) and both sexes were born at normal Mendelian ratios. There was no 

evidence of dystonia or other involuntary movements noted while mice were routinely 

observed in their home cages during open field behavior and while handling from the early 

postnatal period through 1.5 yrs of age. As shown in Tables 1, 2 and 3, and Fig. 6, there were 

no overall effects of genotype on weights, grip strength, dominant tube, cross maze scores, 

rope climbing, open-field activity, gait parameters, raised-beam task, or rotarod in 3-month-

old mice.
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Discussion

CIZ1 was first identified as a CDK2 inhibitor p21 (Cip1/Waf1) interacting protein in a yeast 

2-hybrid study (Mitsui et al., 1999). More recent work has exposed numerous functions for 

CIZ1 in DNA replication, cell proliferation, cell-cycle regulation and the DNA damage 

response (Warder and Keherly, 2003, Coverley et al., 2005, den Hollander et al., 2006, 

Rahman et al., 2007, Copeland et al., 2010, Greaves et al., 2012, Copeland et al., 2015, 

Ridings-Figueroa et al., 2017). CIZ1 variants are associated with a variety of cancers, 

Alzheimer disease, and dystonia (Dahmcke et al., 2008, Higgins et al., 2012a, Liu et al., 

2015, Xiao et al., 2012, Zhou et al., 2018). Studies of CIZ1 in neural and extra-neural tissues 

would benefit from a mouse model with conditional potential. Accordingly, we acquired and 

characterized Ciz1+/tm1Homy for temporal and spatial control of CIZ1 expression. Herein, we 

provide robust evidence that the loxP sites surrounding exon 5 of Ciz1 are functional in 

Ciz1+/tm1Homy mice but Cre-mediated deletion of exon 5 does not generate a null allele.

In previous work, Ciz1 tm1.1Homy/tm1.1Homy mice were generated via crosses with germline 

Cre-expressing mice without prior removal of the intron 5 FRT-flanked neo cassette (Nishibe 

et al., 2013). Presumably, this was done to save time. Expression of Ciz1 transcript was not 

assessed with QRT-PCR (Nishibe et al., 2013). Although a Northern blot is provided in their 

supplementary Fig. 1C, no information is provided on the region targeted by their probe 

(probe sequence) and they did not include an RNA ladder (Nishibe et al., 2013). Although 

retention of the neo cassette could have increased the possibility of generating a true null 

allele, MEFs from these mice did not show evidence of defects in cell cycle, growth or DNA 

damage response (Nishibe et al., 2013). Moreover, no motor or behavioral abnormalities 

were reported by Nishibe and colleagues (Nishibe et al., 2013). However, it should be 

emphasized that the Ciz1 floxed mice described herein underwent FLP-mediated deletion of 

the FRT-flanked neo cassette prior to crosses with germline Cre-expressing mice.

Ciz1 tm1.1Homy/tm1.1Homy mice did develop various types of leukemias by retroviral 

insertional mutagenesis and MEFs were sensitive to hydroxyurea-mediated replication stress 

and susceptible to oncogene-induced cellular transformation (Nishibe et al., 2013). Deletion 

of exon 5 does eliminate phosphorylation sites that could play an essential role in the DNA 

replication activity of CIZ1 (Coverley et al., 2005). Alternatively, translation of novel 

proteins could have contributed to the identified cellular phenotypic abnormalities through 

gain-of-function mechanisms. In this context, gain-of-function with the appearance of 

abnormally large CIZ1-immunoreactive nuclear foci was suggested as a possible pathogenic 

mechanism for the p.S264G variant identified in a large American pedigree with dystonia 

(Xiao et al., 2012).

Although exon 5 is clearly eliminated in Ciz1ΔE5/ΔE5 mice, it is difficult to harmonize our 

RNA-Seq, QRT-PCR, immunoprecipitation and in silico analyses. In particular, RNA-Seq 

did not validate the potential intronic splice sites identified via in silico analysis as important 

contributors to Ciz1ΔE5/ΔE5 mRNA. Moreover, we could not amplify full-length cDNA to 

corroborate the results of immunoprecipitation. Although speculative, it is possible that 

alternative translation start sites and/or variable inclusion of short coding sequences from 
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introns 3, 4 and 5 into mature mRNA contributed to translation of novel CIZ1 proteins of 

near WT molecular weight.

Our analyses are instructional with regards to initial characterization of models with 

presumed conditional potential and echo previous suggestions in the literature (Yang et al., 

2009). First, gene expression should be rigorously characterized with QRT-PCR, Northern 

blotting, Western blots, immunohistochemistry, and, if necessary, RNA-Seq. The importance 

of analyzing transcripts and protein from conditional knockout alleles was previously 

described for farnesyltransferase and β1 integrin alleles, respectively (Yang et al., 2009, 

Turlo et al., 2010). Second, in silico tools should be used to explore for cryptic splice sites in 

flanking introns, characterize splice sites at nearby intron-exon boundaries and alternative 

translation start sites. Third, intronic cassettes should be removed prior to Cre-mediated 

exonic excision. The neomycin resistance coding sequence and its promoter can have 

unintended consequences on the targeted gene and, occasionally, nearby genes (Pham et al., 

1996).

In conclusion, Ciz1 tm1.1Homy/tm1.1Homy mice show loss of Ciz1 exon 5 but are 

neurologically normal and express alternative transcripts (Ciz1ΔE5/ΔE5 mice) that are 

translated into one or more novel proteins of approximate wild-type size. Therefore, Ciz1 
tm1.1Homy/tm1.1Homy mice (Ciz1ΔE5/ΔE5) lose residues encoded by exon 5 which may be 

essential for certain aspects of CIZ1 biology including its role in DNA replication, but CIZ1 

may also gain function from chimeric protein sequences. Ciz1 tm1.1Homy/tm1.1Homy mice are 

not a valid null (KO) model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Comparative expression of Ciz1 transcripts in the cerebellum with QRT-PCR.
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Fig. 2. 
Expression of Ciz1 transcripts. RNA-Seq of (A) Ciz1+/+ (red) and (B) Ciz1ΔE5/ΔE5 (blue) 

mice showing absence of exon 5 expression in Ciz1ΔE5/ΔE5 (blue) mice. Read numbers and 

genomic coordinates are represented on the vertical and horizontal axes, respectively. (C) 

Mouse Ciz1 RefSeq genes.
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Fig. 3. 
Blotting of immunoprecipitated lysates from cerebellum and cerebral cortex. Ciz1+/+ mouse; 

Ciz1+/−, gene-trap heterozygote mouse; Ciz1−/−, gene-trap homozygote mouse; Ciz1ΔE5/ΔE5 

mouse.
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Fig. 4. 
Mouse CIZ1. QD1, glutamine-rich domain 1; NLS, nuclear localization signal; QD2, 

glutamine-rich domain 2; ZnF, zinc finger; AD, glutamic acid-rich acidic domain. Region 

encoded by exon 5 deletion (Δ) denoted with arrows on the diagram.
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Fig. 5. 
DNA damage and cell-cycle progression in irradiated MEFs derived from Ciz1ΔE5/ΔE5 mice 

and Ciz1+/+ littermates. MEFs isolated from Ciz1+/+ and Ciz1ΔE5/ΔE5 embryos were 

subjected to 20 Gy γ-irradiation (IR). At 24 h after γ-IR, DNA damage and cell-cycle were 

assessed with 53BP1-immunohistochemistry (A and B), and flow cytometry (C). Untreated 

MEFs from Ciz1+/+ and Ciz1ΔE5/ΔE5 mice showed negligible expression of 53BP1. 

Similarly, there was no significant difference in the percentage of cells with 53BP1+ foci 

between irradiated MEFs from Ciz1+/+ and Ciz1ΔE5/ΔE5 mice. Values are expressed as 

means ± SEM. Scale bar for A, 50 µm.
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Fig. 6. 
Performance of Ciz1ΔE5/ΔE5 mice and their Ciz1+/+ littermates on the raised beam tasks (A 

and B) and accelerating rotarod (C). Beam traversal times (A) and slips (B) were recorded 

for 4 different beams. Values are expressed as means ± SEM.
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Table 3.

DigiGait™ analyses.

Gender,
Genotype
(numbers)

Propel
(s)

Stride length
(cm)

Stride Frequency
(steps/s)

Stance width
(cm)

Step angle
(deg)

Paw Area
(cm2)

Fore Hind Fore Hind Fore Hind Fore Hind Fore Hind Fore Hind

M, WT
(n=12)

0.123
±0.004

0.181
±0.004

6.82
±0.18

7.09
±0.13

3.09
±0.05

2.95
±0.05

1.77
±0.04

2.77
±0.07

68.91
±2.49

57.40
±2.40

0.230
±0.006

0.456
±0.010

M, Ciz1∆E5/∆E5

(n=11)
0.124

±0.003
0.180

±0.004
6.61

±0.08
7.15

±0.12
3.13

±0.04
3.00

±0.04
1.69

±0.03
2.71

±0.06
66.39
±2.25

58.50
±1.50

0.222
±0.011

0.443
±0.015

F, WT
(n=12)

0.116
±0.004

0.165
±0.004

6.33
±0.15

6.59
±0.13

3.31
±0.07

3.14
±0.07

1.53
±0.04

2.34
±0.03

68.39
±1.62

65.08
±1.44

0.204
±0.006

0.378
±0.008

F, Ciz1∆E5/∆E5

(n=10)
0.106

±0.006
0.162

±0.002
6.23

±0.08
6.54

±0.07
3.46

±0.11
3.23

±0.06
1.49

±0.04
2.33

±0.05
66.48
±1.39

63.75
±1.63

0.215
±0.009

0.392
±0.015

Values are means ± SEM.
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