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Abstract

The transcription factor Oct3/4 is essential to maintain pluripotency in mouse embryonic

stem (ES) cells. It was reported that the Xpc DNA repair complex is involved in this

process. Here we examined the role of Xpc on the transcriptional activation of the target

genes by Oct3/4 using the inducible knockout strategy. We found that the removal of the

C-terminal region of Xpc, including the interaction sites with Rad23 and Cetn2, showed

faint impact on the gene expression profile of ES cells and the functional Xpc-AC ES cell

lines retained proper gene expression profile as well as pluripotency to contribute

chimeric embryos. These data indicated that the C-terminal region of Xpc is dispensable

for the transcriptional activity of Oct3/4 in mouse ES cells.


mailto:niwa@cdb.riken.jp

The C-terminak region of Xpc is dispensable for the
transcriptional activity of Oct3/4 in mouse embryonic stem

cells

Xpe®D CREFMEIB I~ v A Mg ia B 5 Oct3/445 515 PEIC A M HE
Tbh D

g g, R BRELY, KRB B, PR (o

P R R A BE I A JE R R R 5K
R4 - AR
(FFEHA P 8 FRER)

Ohig I

Key words: Xpe, Oct3/4 , Pluripotency, Embryonic Stem Cells, Transcriptional
Activity, Development



*Highlights

Highlight

The C-terminal region of Xpc is dispensable for the maintenance of pluripotency.

The C-terminal region of Xpc is dispensable for the transcriptional activity of Oct3/4.

The C-terminal region of Xpc is essential for its DNA repair activity.



*Manuscript text

Click here to view linked References

Introduction

Tissue-specific transcription factors (TFs) bind to the specific sites of the genome in a

sequence-specific manner and control the transcription of the target genes positively and

negatively. For the activation of transcription, TFs cooperate with coactivators to recruit

the general transcription machinery to the promoter, resulting in loading RNA

polymerase II (polll) to initiate transcription. As one of the coactivators, the mediator

complex (Mediator) has a pivotal role to bridge the TFs binding to their target sites and

the general transcriptional machinery [1, 2]. Recent finding indicated that Mediator forms

a large complex with multiple TFs bound to a large genomic region to direct the specific

gene expression, designated as a super enhancer [3]. The system composed of these

factors direct tissue-specific expression of the genes from the genome in cooperation with

the epigenetic regulation.

In mouse ES cells, several key TFs have been identified to determine the

specific gene expression pattern coupled with pluripotency [4]. The POU family

transcription factor Oct3/4 (encoded by Pou5f1) is a pivotal TF since it binds to several

pluripotency-asscoiated genes to activate their transcription [5] and its elimination causes



the cease of self-renewal and the loss of pluripotency [6]. For the activation of the target

genes, Oct3/4 mainly cooperates with the Sry-related HMG-box transcription factor Sox2

[7]. Oct3/4 directly interacts with Sox2 and these TFs in the heterodimer recognize the

specific sequences adjoining each other without space or with a space of a few base pairs

on the target DNA [8]. Mediator works to transduce the binding of Oct3/4-Sox2 complex

to the distal binding site for the recruitment of polll at the promoter [9]. The requirement

of Mediator to keep the Oct3/4-dependent gene expression pattern was demonstrated by

the knock-down of the component of Mediator [9]. It was reported that the DNA repair

complex containing Xpc also act as a coactivator of Oct3/4 [10]. The Xpc complex

consists of Xpc, Rad23B and Cetn2 and mediates the nucleotide excision repair [11]. In

mouse ES cells, the complex directly interacts with Oct3/4 to mediate the transcriptional

activation of the target genes such as Nanog [10]. It was demonstrated that the

simultaneous knock-down of Xpc, Rad23b and Cetn2 compromised self-renewal of ES

cells with down-regulation of the target genes of Oct3/4 [10]. However, it was also

demonstrated that the Xpc knockout mice develop to term [12] and the Xpc-null ES cells

can be established from the Xpc-null blastocysts [13], which sounds controversial to the



function of the Xpc complex proposed in ES cells.

It has sometimes been observed that the knock-down of a specific gene

expression by siRNA or shRNA gives different effects from the knockout of the same

gene by the gene-targeting via homologous recombination. For example, several reports

demonstrated that the knock-down of Rex/ (encoded by Zfp42) causes differentiation of

ES cells [14] although we reported that the Rex/-null ES cells continue self-renewal with

keeping the ability to contribute chimeric embryos after blastocyst injection [15]. One

explanation for this could be the off-target effect of the knock-down strategy. However, it

might also be due to the different kinetics of the ablation of the gene function. The

expression of the target gene is rapidly eliminated by knock-down. In contrast, the

establishment of knockout ES cells from knockout embryos takes long time (several

weeks) that may allow adaptation to the loss of the specific gene function. The similar

phenomenon could occur in the sequential gene targeting in vitro to generate the

knockout ES cells, which was the case of our Rex/-null ES cells.

To overcome the controversy between the knock-down and knock-out

strategies, inducible knockout of the gene in ES cells provides an ideal solution since it



realizes both the rapid kinetics of the ablation of the specific gene function as in
knock-downs and the specificity of the functional ablation as in knock-outs. Here we
applied this strategy to reveal the function of Xpc in ES cells. As a result, we found that
the C-terminal region of the Xpc protein containing all known functional domains is
dispensable for the maintenance of pluripotency as well as the activation of the target

genes of Oct3/4.

Methods

Cell culture

EBS5 ES cells (derived from male E14tg2a ES cells) were cultured on a gelatin-coated
dish in GMEM supplemented with 10% FCS, 1x sodium pyruvate, 1x non-essential
amino acids, 10*M of 2-mercaptoethanol and 1000 U/ml of LIF.

Plasmid construction

For the generation of Xpc KO vector, genomic DNA fragments for the 5’ and 3” homology
arms (Chr:6, 91503806-91500760 and 91497700-91496532 in GRCm38) as well as the

floxed region containing exon 9-10 (Chr:6, 91500759-91497701 in GRCm38) were



amplified from EBS5 genomic DNA using the primer pairs Xpc S1: Xpc AS1, Xpc S2:
Xpc AS2 and Xpc S3: Xpc AS3 shown in Suplementary Table 1. The 5° and 3’arms were
digested with Clal+Avrll and Avrll+Notl, respectively, and inserted into Clal-Notl of
pBR-blue II., resulting in pBR-Xpc-5°+3’. The floxed region was digested by Avrll and
inserted into Nhel of ploxP-BNA, resulting in ploxP-Xpc. Then the Notl fragment of
ploxP-Xpc was inserted into EcoRI of pBR-Xpc-5’+3’ using the adaptor, resulting in
pBR-Xpc-5’+flox+3’. Finally, the Frt-SAIRESneopA-PGKpactkpA-Frt cassette was
introduced into the EcoRI site of pBR-Xpc-5’+flox+3’, resulting in pXpc1-floxKO. The
PiggyBac vectors pPBCAG-MerCreMer-IH and pPBCAG-Egfp-IZ were constructed
based on pGG131 [22].

Generation of inducible Xpc-AC knockout ES cells

10" EB5 ES cells were electroporated with 100 pg of linealized Xpc! KO vector DNA at
800 V and 3 pF in a 0.4-cm cuvette using a Gene Pulser (Bio-Rad), followed by culture
with 320 pg/ml of G418 and 1.0 pg/ml of puromycin for 8 days. The resulting stem cell
colonies were picked up, expanded and genotyped by PCR using the primers Xpc S4:

IRES AS and Xpc loxP 1S: Xpc AS4. The correctly targeted clones (Xp"RT*Y were



seeded in a well of 48-well plate at 10* cells per well, and transfected with 1 pg of circular
pCAG-FLPe-IP plasmid using Lipofectoamine 2000 (Invitrogen) followed by the culture
for 3 days. Then these transfected cells were replated and cultured with 1 pM of
Gancyclovir for 8 days. The resulting stem cell colonies were picked up, expanded and
genotyped by PCR using the primers Xpc loxP 2S: Xpc loxP3AS. The clone in which the
SAIRESneopA-PGKpactkpA cassette flanked by Frt were correctly removed (Xpc™™)
were expanded to 107 cells and electroporated with 100 pg of linealized Xpcl KO vector
DNA again. The second round targeting was done as the 1% round, resulting in the
establishment of the ES cells in which both Xpc alleles were modified for insertion of the
loxP sites (chﬂ /ﬂ). The chﬂ MES cells were seeded on a well of a 48-well plate at 10*
cells per well, and transfected with 0.25 pg of circular pPB-CAG-MerCreMer-IH, 0.25
ug of circular pPB-CAG-Egfp-1Z, and 0.5 pg of circular pCAG-PiggyBac transposase
(PBase) plasmid using Lipofectoamine 2000 followed by the culture for 3 days. Then
these transfected cells were replated and cultured with 200 pg/ml of Hygromycin B and
20 pg/ml of Zeocin for 8 days. The resulting stem cell colonies were picked up, expanded

and assessed for the expression of Egfp by fluorescent microscopic analysis as well as the



function of MerCreMer by PCR genotyping of the Tx-treated cells using the primers Xpc
S4: Xpc AS4. Finally, Xpd™":MCM:Egfp and its descendant Xpc™” ES cells were
analyzed in this study.

Production of chimeric embryos

Dissociated ES cells were injected into a C57BL6 blastocyst by microinjection, which
was then transferred into the uterus of a pseudopregnant female ICR mouse. Embryos
were collected at 13.5 dpc to evaluate chimera contribution ability of ES cells by
analyzing with fluorescence microscopy. All animal experiments confirmed to our
Guidelines for the Care and Use of Laboratory animals and were approved by the
Institutional Committee for Laboratory Animal Experimentation (RIKEN Kobe
Institute).

Western blot

Western blot was performed with anti-Xpc (BETHYL, A301-122A) and anti-Cdk2
(Santa Cruz, sc-163) for the total cell lysate of Xpd™":MCM:Egfp ES cells cultured with
or without Tx for 4 days, and chA/ A ES cells.

Real-time PCR analysis



First strand DNA was synthesized from 500 ng of total RNA prepared by QuickGene

RNA cultured cell HC kit (KURABO) in 20 pl of the reaction mixture containing

oligo-dT primers using a ReverTra Ace first strand synthesis kit (TOYOBO). Real-time

PCR was performed with THUNDERBIRD SYBR ¢PCR Mix (TOYOBO) using

CFX384 Real-Time System (Bio-Rad). Sequence of primer pairs are listed in

Supplementary Table 1 (Xpc QS & QAS, Oct3/4 QS & QAS, Sox2 QS & QAS, Nanog

QS & QAS and Xpc primer pairs for different exons).

UV-sensitivity assay

Xpc inducible knockout ES cells cultured with or without Tx for 4 days, Xpc-null ES cells

and EBS5 ES cells were dissociated and seeded on a 6-well plate (1000 cells/well). After 5

hours, cells were exposed to different doses of UV (254 nm, Toshiba GL15 lamp)

followed by the culture for 6 days. The colonies were fixed and stained by Leischman

staining solution, and counted to assess the colony-forming ability. All experiments were

performed in triplicate.

Microarray analysis

DNA microarray analyses were performed using a SurePrint G3 Mouse GE Microarray



8x60K (Agilent Technologies). Microarray results were analyzed using NIA Array

Analysis Software. Complete array data will be available on the GEO (NCBI) website.

Results

Generation of inducible knockout ES cells for the C-terminal region of Xpc

Xpc (xeroderma pigmentosum, complementation group C) consists of 16 exons and

encodes the protein containing 930 amino acids. Xpc protein carries the region conserved

in its yeast orthologue Rad4, which is encoded by exons 3-15. We designed the inducible

knockout vector to remove the exons 9-10 by the Cre-lox system, which deletes the

largest exon (exon 9) in the conserved region and causes a frame shit in the downstream

exons (Figure 1-a and 3C). The targeting vector containing 2.8kb of 5> arm and 1.2 kb of

3’ arm flanking the loxP sites as well as the SA-IRES-neo-pA:PGK-pacAtk-pA cassette

flanked by the Frt sites was linealized by Clal at the end of the 5* arm and introduced into

EBS ES cells (Figure 1-a). After the selection with G418 and puromycin for 8 days, the

colonies were picked, expanded and genotyped by PCR for the homologous

recombination events at the 5’ and 3’ arms (Figure 1-b). Among the 48 clones screened,



31 clones were correctly targeted at the 5° ends and 9 of 31 possessed the integration of
the 3’ loxP site distal from the Frt cassette. The remained ones were the products of the
homologous recombination with the 5” arm and with the genomic region upstream of the
3’ loxP site. One targeted clone was selected and transfected with the expression vector of
FLPe recombinase [16] followed by the selection with gancyclovir, resulting in the
isolation of the clones in which the Frt cassette was removed (Figure 1-c). One clone was
chosen for the second round targeting followed by the removal of the Frt cassette. As a
result, we obtained ES cells in which both Xpc alleles were modified to carry the loxP
sites at intron 7 and 10, designated as Xpc™" ES cells (Figure 1-d). Then the expression
vectors for a hormone-inducible Cre recombinase (MerCreMer) [17] and Egfp were
introduced into Xpc™" ES cells using the Piggy-bac transposon system, resulting in the
establishment of the inducible knockout ES cells for the C-terminal region of Xpc (Figure

1-e).

Inducible deletion of the C-terminal region of Xpc has no impact on self-renewal of

ES cells



The deletion of exons 9 and 10 is expected to remove the coding sequence for 345 amino

acids (between 326 to 670 aa) and to cause the frame shift to the remained downstrem

conding sequence, resulting in the deletion of the C-terminal region. We tested the effect

of the Cre recombinase activition by 4-hydroxy tamoxifen (Tx) on removing the genomic

region flanked by the loxP sites. We confirmed the deletion of the exons 9 and 10 and the

down-regulation of wild-type Xpc transcripts at 1 day after the addition of Tx (Figure 2A

and data not shown). At 4 days after the addition of Tx, the morphology of the cells

cultured with Tx was indistinguishable from that without Tx (Figure 2B) despite the

severe down-regulation of the wild-type Xpc protein observed by western blot with the

antibody recognizing the C-terminal region (Figure 2F). There was no immediate effect

of the elimination of wild-type Xpc on the expression of pluripotency markers (Figure

2E). To evaluate the impact of the loss of wild-type Xpc on self-renewal of ES cells, the

inducible knockout ES cells cultured with or without Tx for 2 days were dissociated and

replated at a clonal density, and the numbers of the stem cell colonies were counted based

on their morphology (Figure 2C). As a result, there was no change in the number of the

stem cell colonies (Figure 2D), indicating that there was no immediate effect of the



elimination of wild-type Xpc on self-renewal of ES cells. When the stem cell colonies

from the ES cells treated with Tx were isolated and genotyped, 91% of the clones were

homozygous for the deletion between the loxP sites (data not shown), confirming the

efficient elimination of the wild-type Xpc function by the treatment with Tx. These data

indicated that the inducible knockout system worked efficiently and the elimination of the

C-terminal region of Xpc with rapid kinetics had no effect on self-renewal of ES cells.

Xpc-AC ES cells retain pluripotency

We successfully expanded the ES cell clones homozygous for the deletion between the

loxP sites. These Xpc-AC ES cells were morphologically normal (Figure 2B) and

proliferated as fast as the wild-type ES cells. They kept the expression of the

pluripotency-associated genes Oct3/4, Sox2 and Nanog but lacked the wild-type Xpc

protein detectable by the antibody that recognizes the epitope at C-terminal (Figure 2E

and F). When these ES cells were injected into the blastocysts followed by the transfer

into the uteri of pseudo-pregnant mother mice, we obtained chimeric embryos at 13.5

days with high contribution of Xpc-AC ES cells (Figure 2G). These data indicated that the



Xpc-AC ES cells retain proper pluripotency.

Proper deletion event occurs in the Xpc inducible-knockout ES cells

It was reported that the Xpc protein possesses three functional sites at the C-terminal
region; the Rad23B interaction site (position 488-727 aa), the single strand DNA binding
site (position 599-735 aa), Centrin2 binding site (position 840-859 aa) and the TFIIH
interaction site (position 809-930 aa) [18, 19]. To confirm the proper elimination of these
sites in our inducible C-terminal knockout ES cells, we examined the transcripts
produced by the knockout allele lacking exons 9 and 10. QPCR analyses of Xpc
transcripts in Xpd™" ES cells cultured with or without Tx, and the Xpe-AC ES cells
revealed that the truncated transcripts lacking exon 9 and 10 are expressed by the
knockout allele at comparable levels to the wild-type transcripts expressing in Xpc™" ES
cells cultured without Tx, which can be detected by the primer pairs set in the remained
exons; exons 2-4, 5-6, 12-13 and 14-16 (Figure 3A). The QPCR with the primers
specifically detect the mutant form of transcripts (8/11 S and AS in Figure 3C), in which

the splicing event between exon 8 and 11 occured, revealed that the proper deletion event



was mediated by the Cre-loxP system in Tx-dependent manner with low background

(Figure 3A). The RT-PCR with the primers in exon 7 and 12 showed that the majority of

the truncated transcripts were produced by the splicing between exon 8 and 11 based on

the size of the PCR products that fit to the expected size (Figure 3B). When these PCR

products were sequenced, we found the precise splicing event between exon 8 and 11

(data not shown). The splicing between exon 8 and 11 causes frame shift and premature

termination of translation that resulted in production of the truncated protein of 326 aa

followed by 26 aa frame-shift product (Figure 3C). These data suggested that the

modified Xpc-AC allele in our inducible C-terminal knockout ES cells might produce the

short truncated form of Xpc lacking the C-terminal region including all known functional

domains.

Knockout of Xpc causes hypersensitivity to DNA damage

It was reported that the loss of Xpc function resulted in increased sensitivity to DNA

damage since Xpc is required to mediate the DNA excision repair [13]. To confirm the

functional abolishment of Xpc in our inducible C-terminal knockout ES cells, we tested



their sensitivity to ultraviolet (UV) light before and after the excision of the floxed exons.

Xpc inducible C-terminal knockout ES cells cultured with or without Tx for 4 days,

Xpc-AC ES cells and wild-type ES cells were seeded at a clonal density. After 5 hours,

these ES cells were exposed to different doses of UV followed by the culture for 6 days to

form colonies. The stem cell colony formation ability of the inducible C-terminal

knockout ES cells treated with Tx and the Xpc-AC ES cells were severely affected by

low-doses of UV (Figure 3A and B), indicating their hypersensitivity to UV-induced

DNA damage. These data confirmed the proper loss of function of Xpc for DNA repair in

our inducible C-terminal knockout ES cells.

Gene expression profile in inducible and constitutive Xpc-AC ES cells

Since the function of the Xpc complex as a coactivator of Oct3/4 was suggested, the gene

expression profiles were quantitatively examined by the microarray analyses in the Xpc

inducible C-terminal knockout ES cells cultured with or without Tx for 4 days and the

Xpc-AC ES cells. A pair-wise comparison of the inducible C-terminal knockout ES cells

treated with or without Tx (false discovery rate (FDR)<0.05, gene expression difference



> 1.5-fold) showed no genes whose expression levels was significantly different (Figure

4A). Since the probe for Xpc was set at the exon 1, the expression level of Xpc was not

significantly altered by the inducible C-terminal knockout. The similar comparison of the

inducible C-terminal knockout ES cells without Tx and the Xpc-AC ES cells showed only

136 differentially-expressed genes (Figure 4B), indicating that the loss of the C-terminal

region of Xpc has a faint impact on the global gene expression pattern in ES cells.

Next we examined the expression patterns of the putative target genes of Oct3/4

that we identified previously [5]. When the altered expression levels of the 358 Oct3/4

target genes by the Tx treatment in the inducible knockout ES cells were compared to

those of the all genes, there was no significant difference (Figure 4C). These data

demonstrated that there is no specific effect of the deletion of the C-terminal region of

Xpc on the expression of the Oct3/4 target genes.

Discussion

Pluripotency is primarily defined by the specific gene expression pattern directed by a set

of transcription factors as evidenced by the ability of the ectopic expression of 4



transcription factors (Oct3/4, Sox2, Klf4 and Myc) to trigger the reprogramming of

somatic cells to pluripotent stem cells [20]. Among them, Oct3/4 has a pivotal role and its

expression at the optimized level is required for the continuous self-renewal of mouse ES

cells [6]. To keep its transcriptional activity within the optimal range, there are multiple

co-regulators of Oct3/4 that regulate the transcriptional activity either positively or

negatively [21, 22]. The Xpc DNA repair complex was proposed as one of the

coactivators of Oct3/4 in mouse ES cells [10], but here, using the inducible C-terminal

knockout system, we revealed that the function of the C-terminal region of Xpc including

the binding sites for Rad23B and Cetn2 is dispensable for the function of Oct3/4.

To settle down the common controversy between the knockdown and knockout

strategies, we applied the inducible knockout using the Cre-loxP system. We confirmed

the rapid kinetics of the elimination of the floxed exons after the addition of Tx and the

functional abolishment of Xpc for DNA repair by the increase of UV-sensitivity as

reported previously [14]. Moreover, the inducible knockout system allowed the precise

pair-wise comparison of the transcriptome of ES cells with or without the C-terminal

region of Xpc, which resulted in no significant change. Finally the pluripotency of the



Xpc-AC ES cells was confirmed by their ability to contribute to chimeric embryos after
blastocyst injection. On the other hand, we failed to rule out the possibility that the
knockout allele produce the truncated form of Xpc containing 326 aa of the N-terminal
region since the truncated transcripts were expressed at the comparable levels to that of
wild-type transcripts found in Xpc™® ES cells and no antibody was available for the
N-terminal region of Xpc to detect the putative truncated protein. However, since the
putative product from the C-terminal knockout allele lacks all known functional sites of
Xpc including the interaction sites with Rad23B and Cetn2 to form the
Xpc/Rad23b/Cetn2 complex [18,19], these data strongly suggested that the Xpc complex
formation is dispensable for the maintenance of pluripotency in mouse ES cells. It was
proposed that the function of Xpc in the Xpc/Rad23b/Cetn2 complex might be
dispensable but there are no experimental evidence supporting this idea [10]. The

inducible knockout of Rad23a/b and Cetn2 will provide a clear answer to this argument.

Acknowledgements

We are grateful for the supporting unit of animal experiments for technical support. This



work was supported by CREST by the Japan Science and Technology Agency (JST) and

RIKEN grant to H.N..

Competing Financial Interests

The authors declare no competing financial interests.

References

[1] S. Malik, and R. G. Roeder, Dynamic regulation of pol II transcription by the

mammalian Mediator complex, Trends Biochem Sci 30 (2005) 256-263.

[2] S. Malik, and R. G. Roeder, The metazoan Mediator co-activator complex as an

integrative hub for transcriptional regulation, Nat Rev Genet 11 (2010) 761-772.

[3] W. A. Whyte, D. A. Orlando, D. Hnisz, B. J. Abraham, C. Y. Lin, M. H. Kagey, P. B.

Rahl, T. I. Lee, and R. A. Young, Master transcription factors and mediator establish

super-enhancers at key cell identity genes, Cell 153 (2013) 307-319.

[4] H. Niwa, How is pluripotency determined and maintained?, Development 134 (2007)

635-646.



[5] A. A. Sharov, S. Masui, L. V. Sharova, Y. Piao, K. Aiba, R. Matoba, L. Xin, H. Niwa,

and M. S. Ko, Identification of Pou5f1, Sox2, and Nanog downstream target genes with

statistical confidence by applying a novel algorithm to time course microarray and

genome-wide chromatin immunoprecipitation data, BMC Genomics 9 (2008) 269.

[6] H. Niwa, J. Miyazaki, and A. G. Smith, Quantitative expression of Oct-3/4 defines

differentiation, dedifferentiation or self-renewal of ES cells, Nat Genet 24 (2000)

372-376.

[7] H. Yuan, N. Corbi, C. Basilico, and L. Dailey, Developmental-specific activity of the

FGF-4 enhancer requires the synergistic action of Sox2 and Oct-3, Genes Dev 9 (1995)

2635-2645.

[8] H. Kondoh, and Y. Kamachi, SOX-partner code for cell specification: Regulatory

target selection and underlying molecular mechanisms, Int J Biochem Cell Biol 42 (2010)

391-399.

[9] M. H. Kagey, J. J. Newman, S. Bilodeau, Y. Zhan, D. A. Orlando, N. L. van Berkum,

C. C. Ebmeier, J. Goossens, P. B. Rahl, S. S. Levine, D. J. Taatjes, J. Dekker, and R. A.

Young, Mediator and cohesin connect gene expression and chromatin architecture,



Nature 467 (2010) 430-435.

[10] Y. W. Fong, C. Inouye, T. Yamaguchi, C. Cattoglio, I. Grubisic, and R. Tjian, A DNA

repair complex functions as an Oct4/Sox2 coactivator in embryonic stem cells, Cell 147

(2011) 120-131.

[11] K. Sugasawa, Multiple DNA damage recognition factors involved in mammalian

nucleotide excision repair, Biochemistry (Mosc) 76 (2011) 16-23.

[12] A. T. Sands, A. Abuin, A. Sanchez, C. J. Conti, and A. Bradley, High susceptibility to

ultraviolet-induced carcinogenesis in mice lacking XPC, Nature 377 (1995) 162-165.

[13] H. de Waard, E. Sonneveld, J. de Wit, R. Esveldt-van Lange, J. H. Hoeijmakers, H.

Vrieling, and G. T. van der Horst, Cell-type-specific consequences of nucleotide excision

repair deficiencies: Embryonic stem cells versus fibroblasts, DNA Repair (Amst) 7

(2008) 1659-1669.

[14]J. Z. Zhang, W. Gao, H. B. Yang, B. Zhang, Z. Y. Zhu, and Y. F. Xue, Screening for

genes essential for mouse embryonic stem cell self-renewal using a subtractive RNA

interference library, Stem Cells 24 (2006) 2661-2668.

[15] S. Masui, S. Ohtsuka, R. Yagi, K. Takahashi, M. S. Ko, and H. Niwa, Rex1/Zfp42 is



dispensable for pluripotency in mouse ES cells, BMC Dev Biol 8 (2008) 45.

[16] F. Buchholz, P. O. Angrand, and A. F. Stewart, Improved properties of FLP

recombinase evolved by cycling mutagenesis, Nat Biotechnol 16 (1998) 657-662.

[17] Y. Zhang, C. Riesterer, A. M. Ayrall, F. Sablitzky, T. D. Littlewood, and M. Reth,

Inducible site-directed recombination in mouse embryonic stem cells, Nucleic Acids Res

24 (1996) 543-548.

[18] A. Uchida, K. Sugasawa, C. Masutani, N. Dohmae, M. Araki, M. Yokoi, Y. Ohkuma

and F. Hanaoka, The carboxy-terminal domain of the XPC protein plays a crucial role in

nucleotide excision repair through interactions with transcription factor IIH, DNA Repair

(Amst) 1 (2002) 449-461.

[19] R. Nishi, Y. Okuda, E. Watanabe, T. Mori, S. Iwai, C. Masutani, K. Sugasawa and F.

Hanaoka, Centrin 2 stimulates nucleotide excision repair by interacting with xeroderma

pigmentosum group C protein, Mol Cell Biol 25 (2005) 5664-5674.

[20] K. Takahashi, and S. Yamanaka, Induction of pluripotent stem cells from mouse

embryonic and adult fibroblast cultures by defined factors, Cell 126 (2006) 663-676.

[21] L. Ho, R. Jothi, J. L. Ronan, K. Cui, K. Zhao, and G. R. Crabtree, An embryonic stem



cell chromatin remodeling complex, esBAF, is an essential component of the core

pluripotency transcriptional network, Proc Natl Acad Sci U S A 106 (2009) 5187-5191.

[22] N. Reynolds, P. Latos, A. Hynes-Allen, R. Loos, D. Leaford, A. O'Shaughnessy, O.

Mosaku, J. Signolet, P. Brennecke, T. Kalkan, 1. Costello, P. Humphreys, W. Mansfield, K.

Nakagawa, J. Strouboulis, A. Behrens, P. Bertone, and B. Hendrich, NuRD suppresses

pluripotency gene expression to promote transcriptional heterogeneity and lineage

commitment, Cell Stem Cell 10 (2012) 583-594.

[23] G. Guo, J. Yang, J. Nichols, J. S. Hall, I. Eyres, W. Mansfield, and A. Smith, K14

reverts developmentally programmed restriction of ground state pluripotency,

Development 136 (2009) 1063-1069.

[24] H. Niwa, K. Yamamura and J. Miyazaki, Efficient selection for high-expression

transfectants with a noveleukaryotic vector, Gene 108 (1991) 193-199.

Figure legends

Figure 1. Scheme of inducible knockout of Xpc in ES cells. The knockout vector of

Xpc carrying the 2 loxP sites and the drug-resistant gene cassette flanked by the Frr sites



were introduced into ES cells followed by the selection with G418 and puromycin (a) and
the correctly targeted clones were identified by genome PCR (b). The drug-resistant gene
cassette was removed by the transient expression of FLPe followed by the selection with
Gancyclovir (¢). The steps a~c were repeated for the second round targeting, resulting in
the establishment of the Xpc™ ES cells (d). Then the expression vector for
hormone-inducible form of Cre (MerCreMer) was introduced into the Xpc™" ES cells to
establish the Xpc inducible knockout ES cells, in which the floxed exons 9 and 10 were
removed by the treatment with Tx (e). SA: En2 splice acceptor, IRES: internal ribosome
entry site of mouse encephalomyocarditis virus, neo: neomycin phosphotransferase
11, pA: polyA signal, PGKp: mouse phosphoglycelate kinase promoter, pacAtk: a
fusion gene of puromycin N-acetyltransferase and herpes simplex virus thymidine kinase,
CAG: CAG promoter [24], MerCreMer: hormone inducible from of Cre [17], hph:

hygromycin B phosphotransferase.

Figure 2. Inducible knockout of Xpc causes no effect on pluripotency. A. The PCR of

genomic DNA from Xpc™" ES cells cultured with or without Tx for 3 days. The floxed



allele (fl) gives 7.5 kb band and the deleted allele (A) gives 4.0 kb band. B. The
morphology of the colonies of wild-type EB5, Xpc™" ES cells cultured with or without Tx,

and Xpc-knockout (chA/ A

) ES cells cultured 4 days. C. The colony staining derived from
Xpd™" ES cells cultured with or without Tx for 2 days. D. The colony numbers derived
from Xpc™" ES cells cultured with or without Tx for 2 days. Data were obtained from
triplicated samples and shown with standard deviation. E. The gene expression pattern of
of wild-type EBS, Xpd "MES cells cultured with or without Tx, and Xpc-knockout (chA/ A
ES cells cultured 4 days for pluripotency markers and Xpc. Q-PCR was performed with
biological triplicates and the relative expression levels to wild-type ES cells (set at 1.0)
were shown with standard deviation. F. Western blot analysis of Xpc in Xpc™" ES cells
cultured with or without Tx, and Xpc-knockout (Xpc™™) ES cells cultured 4 days. G.
Chimeric embryos obtained by the injection of chﬂ/ﬂ and chN ® ES cells carrying the
ubiquitous EGFP expression vector.

Figure 3. Transcripts from the Xpc knockout allele lacking exons 9 and 10. A. QPCR

analyses of the Xpc transcripts expressing in chﬂ/ﬂ ES cells cultured with or without Tx,

and Xpc-knockout (Xpc™™) ES cells. Q-PCR was performed with biological triplicates



and the relative expression levels to Xpc’ "ES cells cultured without Tx (set at 1.0) were
shown with standard deviation. B. The RT-PCR of Xpc transcripts from chﬂ/f "ES cells
cultured with or without Tx and Xpc-knockout (Xpc™™) ES cells. The predicted size of the
transcripts from floxed allele (wt) and deleted allele (A) were 1399 bp and 364 bp,
respectively. C. The structure of the transcripts from the deleted allele. The positions of
primers 8/11 S and 8/11 AS to detect the truncated transcripts were indicated.

Figure 4. Survival of ES cells after exposure to UV-light. A. Wild-type ES cells (EBS)
and Xpc knockout ES cells (chA/ ) were seeded in 6-well plates (3 of each) and exposed
to the UV-light at the indicated doses. The colonies derived from the survived cells were
counted after 6 days and the relative survival ratio (no UV-light exposure was set at
100%) were shown from the triplicated samples with standard deviation. B. Xpc”" ES

cells cultured with or wothout Tx for 4 days were assayed as A.

Figure 5. Gene expression profiles in Xpc inducible knockout ES cells. A. Scatter plot
of DNA microarray data from Xpc™" ES cells cultured with or without Tx for 4 days. No

significant difference was observed (false discovery rate (FDR)<0.05, gene expression



difference > 1.5-fold). B. Scatter plot of DNA microarray data from Xpc™" ES cells
cultured without Tx for 4 days and Xpc-null ES cells (Xpc™™). 136 genes showed
significant difference for their expression levels (false discovery rate (FDR)<0.05, gene
expression difference > 1.5-fold). C. Comparison of the relative gene expression levels of
the putative Oct3/4 target genes and the other genes in Xpc™" ES cells cultured with or
without Tx for 4 days. 100 each of target and non-target genes were randomly selected

and their relative expression levels from the DNA microarray data set were compared in

triplicate.



Table

Table 1. Sequences of the primers.

Primer name

Sequence (5’ to 3°)

Xpe S1

Xpc AS1
Xpc S2

Xpc AS2
Xpe S3

Xpc AS3
Xpc S4

Xpc AS4
IRES AS
Xpc loxP 1S
Xpc loxP 2S5

Xpc loxP 3AS

Xpc QS
Xpc QAS
Oct3/4 QS
Oct3/4 QAS
Sox2 QS
Sox2 QAS
Nanog QS
Nanog QAS
Xpc Ex2 S
Xpc Ex4 AS
Xpc Ex5 S
Xpc Ex6 AS
Xpc Ex12 S
Xpc Ex13 As
Xpc Ex15 S
Xpc E16 AS
Xpc Ex7 S

aatatcgataagctcaaaatgggtaggaacctggag
attcctaggtgggactcacactgtggaagacaagag
attcctaggaattcgggactgaactcccattgtcaggcttg
attcctaggatatcctacagcecttgtattttaacagtcctg
attgaattcaagtgttcctcgaatctaatgtacacce
attgcggecgcetcagcetageacctctaacctgtttgag
tggaaggtgcatgttgtcttagtcagg
tctttcaggaaagctcaacactctctg
ccttattccaageggcttcggecag
accatgttaggcacctcgatccataac
tccacagtgtgagtcccagaattgaac
aggaacacttgaattgaaccggtagcg
tcggagcectacttacggaga
gcttctccacgacaataccce
aagccctcectacagcagat
ctgggaaaggtgtccetgta
gagtggaaacttttgtccgaga
gaagcgtgtacttatccttcttcat
ccaggttccttecttcttce
ggtgagatggctcagtggat
gccaaagccactgctaaatce
catgtccagcacaggttcag
atacctgcggaggatgatga
agcgaattggaatgatggag
gacttgggcctctatggtca
tcaggttaggcagggtcatc
tgaacaggccatcattgaaa
tgtgaactggtcccttecte

ctgtcaacgctgacctttca




Xpc Ex8-11 AS gtatgcacgcaatccctttg
Xpc Ex8-11 S cagctgtgacaaagggattg
Xpe Ex12 AS tgaccatagaggcccaagtc

ACCESSION: Oct3/4(PouSfl) NM_013633, Sox2 NM 011443, Nanog NM 028016,
Xpc NM_009531
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