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Supplementary Materials and Methods 

 

Primer sequences are specified in Supplementary Table I and II. 

 

Generation of targeted Fen1E160D/E160D and Fen1ΔPCNA/ ΔPCNA mutant mice 

The generation of FEN1 deficient mice has been described previously (1). To generate the 

two Fen1 knock-in mice, a Fen1 cDNA fragment was used to screen a mouse 129/SvJ lambda 

genomic library (Stratagene) (summarized in Supplementary Figures 2 and 3). One phage 

clone of ~19 kb spanning the whole coding region of the Fen1 gene was used to produce the 

two constructs. Site-directed mutagenesis was used to introduce the E160D and 

F343G/F344A mutations. The pKO1904 vector (Stratagene) was used to generate the 

targeting constructs that replaced the entire Fen1 coding sequence with the mutated fragment. 

The resulting constructs both possess homologous arms of 2.1 kb and 3.2 kb flanking the 

neomycin (neo) gene. The herpes simplex virus thymidine kinase (tk) was positioned upstream 

of the shortest arm. The accuracy of the two targeting constructs was verified by DNA 

sequencing and restriction analysis. After transfection of 129/SvJ embryonic stem (ES) cells 

and selection for G418 resistance, the precise replacement of the endogenous Fen1 gene by 

the Fen1 E160D and F343G/F344A alleles was confirmed by PCR, Southern blot 

hybridization and direct genomic DNA sequencing to demonstrate the presence of the 

mutation (Supplementary Figures 1, 2 and 3). The resulting chimeras were mated with strain 

C57BL/6 mice, and F1 animals were screened by tail biopsy for Fen1E160D and Fen1ΔPCNA 

heterozygosity. Mice heterozygous for either Fen1E160D or Fen1ΔPCNA were interbred and F2 

blastocysts, embryos and progeny were genotyped as described previously (primers are listed 
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in the Supplementary Table I). RT-PCR and sequencing analysis were performed to verify 

correct sequence and expression of genes localized close to the Fen1 gene (Supplementary 

Figure 1A). Mouse embryo fibroblast (MEF) cells were isolated using standard methods. All 

the animals were maintained in the minimal disease unit in an animal facility under barrier 

conditions. Animal experiments were performed in accordance with institutional guidelines 

and national legislation. 

 

Mice, organs, RNA and protein isolation 

We have analyzed the Fen1 mRNA and FEN1 protein expression in spleen and testis from 

wild-type, heterozygous Fen1wt/∆PCNA and homozygous knock-in Fen1E160D/E160D mice, six 

wild-type mice and four each of the two knock-in models. Tissues, fresh or from RNAlater 

(Ambion) solution, were homogenized using Lysing Matrix D in either RNApro solution or 

modified RIPA buffer (20mM Tris HCl, 150mM NaCl, 0,5mM EDTA, 0,5% NP-40, 0,1% 

SDS, +PMSF and PIC added fresh), for total RNA and whole protein cell extract (WCE), 

respectively, in a FastPrep FP120 homogenizer (Thermo, Electron Corporation). For RNA 

isolation the FastRNA ProGreen kit was used (MP Biomedicals, Cat.#6045-050), and RNA 

cleanup was completed according to the protocol from the RNeasy Mini kit (Qiagen). 

Concentration of isolated RNA was measured on Nanodrop spectrophotometer (Saveen 

Werner), aliquoted and stored at -80°C. For WCE the lysed cells were incubated in RIPA 

buffer on ice for 30 min, followed by centrifugation at 13200 rpm, at 4°C, for 15 minutes. The 

protein concentration was measured with the BioRad protein assay, followed by storage of 

protein aliquots at -80°C.  

 

Northern blot 

The RNA was separated by gel electrophoresis, 1.5% agarose gel containing 1M 

formaldehyde, for 3 h at 50 V. The agarose gel was then washed twice for 15 min in dH2O, 

before the RNA was blotted onto a presoaked Immobilon-Ny+ membrane (Millipore). The 

probe was amplified by PCR, generating a Fen1 fragment of 331bp. (forw: 

cgttccagagaactggctcca, rev: tccccttcggaacttccccgc). The Fen1 probe was labeled with 

Rediprime’II (GE Healthcare) and P32-α-dCTP. Equal loading was assured by hybridization β-

actin (cat# 7423, Ambion).  Hybridization was performed overnight using ExpressHyb (BD 

Biosciences), followed by three washes at room temperature with wash buffer I (2x 

SSC/0.05% SDS). The radioactive signals were detected with a Phosphor screen and 

 2



visualized with a Typhoon 9410 imager (GE Healthcare). Signal strength was quantified with 

ImageQuant 5.0 software (data not shown) (Nonlinear Dynamics, GE Healthcare). 

 

Western blot 

Western analysis was carried out on WCE from spleen and testis as previously described (2), 

except for the antibodies used. We used Rabbit anti-FEN1 antibody (Cat.#A300-255A, BL  

Bethyl laboratories), diluted 1:10,000, and incubated over night. Anti-rabbit IgG AP (Sigma) 

was used as the secondary antibody, diluted 1:30,000 and incubated for 1 hour at room 

temperature. For protein loading control we used Mouse anti-GAPDH (Ambion), diluted 

1:10,000, and incubated for 1 hour at room temperature. Goat anti-mouse IgG AP (Santa 

Cruz) was used as a secondary antibody, diluted 1:5,000, and incubated at room temperature 

for 1 hour. After blocking, and following antibody incubations, the PVDF membranes were 

washed 3 times, 10 minutes each, in 0.1% PBS-T, except for the last wash with 

0.9%NaCl/0.1M Tris buffer. ECF substrate was added and Typhoon 9410 scanner used for 

fluorescence detection, using the blue laser at 457nm. Image Quant TL was used for image 

processing. 

 

Real-time PCR 

For SYBR green one step quantitative real time PCR, 100ng total RNA was used per reaction, 

following manufacturers instructions in the SuperScript III Platinium SYBR Green One Step 

qRT-PCR kit (Invitrogen). For the TaqMan probe real-time PCR 150ng cDNA (made from 

2ug total RNA using the High capacity cDNA reverse transcription kit, Applied Biosystems) 

was used per reaction, as described in Taq Man Gene Expression Assay (Applied 

Biosystems). The real-time PCR programs were run on an Applied Biosystems 7500 Fast 

Thermal Cycler. For SYBR Green the One Step qRT-PCR conditions were 15 min at 50°C, 5 

min at 95°C, then 40 cycles, each consisting of 15 s at 95°C, 1 min at 60°C and 1 min at 

40°C, and a final stage at 15 s at 95°C and 1 min at 60°C. For TaqMan the PCR conditions 

were 20 s at 95°C, followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. 

 

Comparative Genomic Hybridization (CGH)  

For CGH (Supplementary Figure 5 and Supplementary Table IV), genomic DNA was 

extracted from primary tumors. DNA from each tumor was purified by double phenol-

chloroform-isoamylalcohol extraction after cell lysis for 10 min in lysis buffer (10 mM Tris-

HCl, pH 8, 100 mM EDTA, 0.5% SDS), and digestion with 0.1 mg/mL Proteinase K 
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overnight. DNA was diluted in nuclease-free H2O, and assessed for quality and integrity by 

1% agarose gel electrophoresis. DNA concentration was measured using Picogreen 

fluorometric measurement (Invitrogen). As a control, genomic DNA from a normal heart was 

prepared from male and female mice. Mouse genome CGH microarrays 44A (Agilent 

technologies) containing approximately 44,000 in situ synthesized oligonucleotide probes, 

was used for comparative genomic hybridization. Approximately 3 μg of total genomic DNA 

(tumor and control) was digested, labelled, and hybridized as recommended by the supplier. 

Microarrays were scanned using a G2565BA Agilent scanner and grayscale images were 

analyzed using Feature Extraction Software v 9.1 (Agilent Technologies). Each feature was 

automatically segmented, and foreground and background intensities calculated. 

Normalization and analysis of DNA copy number changes was performed using CGH 

analytics v3.4 (Agilent Technologies). DNA copy number changes were determined using an 

AMD-2 algorithm with a threshold of 5.5 and a filter for alterations less than six consecutive 

probes. 

 

Supplementary Figure legends 

 

Supplementary Figure 1: Amino acid sequence of mutated FEN1 domains and open 

reading frames surrounding the Fen1 locus. 

(A) Local view of the open reading frames surrounding the Fen1 locus. Fen1 encodes flap 

endonuclease 1, Fads1 encodes fatty acid desaturase 1, XP_622862 encodes hypothetical 

protein LOC69038 and XP_893679 encodes hypothetical protein LOC225908. Boxes are 

exons; red are open reading frames (ORF) and blue is untranslated part of the exons. (B) The 

active site amino acid residue Glu160 (E160) of FEN1 is strictly conserved in the flap 

endonuclease family and indicated in the alignment. A part of the sequence alignment of the 

nuclease I domains of 11 FEN1 family members from eukaryotic and archaebacterial cells: 

Hs) Homo sapiens; Mm) Mus musculus; Xl) Xenopus laevis; At) Arabidopsis thaliana; Sc) 

Saccharomyces cerevisiae; Sp) Schizosaccharomyces pombe; Af) Archaeglobius fulgidus; 

Mt) Methanobacterium thermoautotrophicum. Standard ClustalW 2.0 multiple sequence 

aligment. (C) Amino acid sequence alignment of a number of DNA repair and replication 

enzymes, with the conserved PCNA interacting amino acids indicated. Standard ClustalW 2.0 

multiple sequence aligment with forced spaces. 
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Supplementary Figure 2: Details of Fen1E160D targeting. 

 (A) Physical map of the genomic DNA containing the Fen1 gene. Exon 2, contains the entire 

ORF of the Fen1 gene (ORF in red and untranslated part of exon 2, and exon 1 (e1), in blue). 

Genomic sequences, represented by the dotted lines, were subcloned on either side of a neo 

gene, generating a targeting construct that makes the E160D mutation in Fen1 coding 

sequence. Yellow lines (targeting vector) represent vector sequences. Primer 5 and 6 (P5 and 

P6) are PCR primers, with location as indicated, used  to verify 5’-targeting. Primer 

sequences in Table I. (B) Restriction  digest of wild-type genomic DNA by BamHI gives 

rise to a 12.4 kb fragment, using a 3' flanking probe (Supplementary Table I), as indicated. A 

gene-targeted locus was detected by hybridization with a 4.9 kb fragment. (C) Southern blot 

analysis (left panel) of embryonic stem (ES) cell lines. A positive, gene-targeted ES-cell line 

yields a 4.9 kb knock-in (KI) fragment in addition to the 12.4 kb wild-type (wt) fragment. The 

probe is generated by the PCR-primers (7 and 8) indicated in Supplementary Table I. (D) 

PCR genotyping of DNA isolated from ES-cells. A 3.5 kb mutant band was amplified with 

primer 5 and 6 (Supplementary Table I). The correct targeting of clones 1 and 7 were further 

verified by sequencing and these two clones were injected in blastocysts for generating 

chimera. (E) Sequencing analysis confirming the E160D mutation in heterozygous and 

homozygous knock-in mice.   

Supplementary Figure 3: Details of Fen1∆PCNA targeting. 

 (A) Physical map of the genomic DNA containing the Fen1 gene. Exon 2, contains the entire 

ORF of the Fen1 gene (ORF in red and untranslated part of exon 2, and exon 1 (e1), in blue).. 

Genomic sequences, represented by the dotted lines, were subcloned on either side of a neo 

gene, generating a targeting construct that produces the F343G/F344A mutation of the FEN1 

protein. Colour scheme and primer 5 and 6 (P5 and P6) as in Supplementary Figure 2. (B) 

Restriction digest of wild-type genomic DNA by BamHI gives rise to a 12.4 kb fragment, 

using a 3' flanking probe as indicated. A gene-targeted locus was detected by hybridization to 

a 4.9 kb fragment. (C) Southern blot analysis of embryonic stem (ES) cell lines. A positive, 

gene-targeted ES-cell line yields a 4.9 kb knock-in (KI) fragment in addition to the 12.4 kb 

wild-type (wt) fragment. The probe is generated by the PCR-primers (7 and 8) indicated in 

Supplementary Table I. (D) PCR genotyping of DNA isolated from ES cells. A 3.5 kb mutant 

band was amplified with primer pair 5 and 6 (Supplementary Table 1). Same numbering of 

ES-clones as in panel C and M is marker. The correct targeting of clones 4 and 5 were further 

verified by sequencing and these two clones were injected in blastocysts for generating 
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chimera. (E) Sequencing analysis confirming the F343G/F344A mutation in heterozygous and 

homozygous knock-in mice. 

 

Supplementary Figure 4: Western analysis and quantitative real-time PCR 

(A) Western blot analysis of FEN1 from wild-type, Fen1wt/∆PCNA and Fen1E160D/E160D mice 

(spleen). Left panels; shown are the western signals for FEN1 (43kDa) and control GAPDH 

(36kDa) following the loading and blotting of 20 μg whole cell extracts. In the 4 panels to the 

right the amount of whole cell extracts are titrated, to the amount indicated, to verify the 

quantitative potential of FEN1 and GAPDH western analysis. Western analysis strongly 

indicates identical expression and stability of mutated and wild-type FEN1 enzymes.  

(B) Quantitative real-time SYBR green PCR. The upper two rows of panels shows 

representative amplification plot of normalized reporter dye fluorescence (*Rn) versus cycle 

number for Fen1, Fen1’s neighboring genes (as indicated in Supplementary Figure 1) Fads1, 

XP_622862, XP_893679 and the housekeeping gene β-actin, after SYBR Green one-step 

reverse transcription and real time-PCR reaction. A putative gene overlapping with Fen1, 

ENSMUSG00000064032, is also included. Total RNA from wild-type, Fen1wt/∆PCNA and 

Fen1E160D/E160D mouse spleen was used to compare the gene expression in normal and knock-

in mice, and a negative control without RNA was always included (fluorescence curve can 

show up also in the negative control at later cycles, e.g. containing primer dimers). The panels 

indicate identical expression of all individual genes tested in the three different genotypes, 

and the single curves to the right in all panels are the negative controls. The lower panel 

shows Treshold cycle (**CT) values after SYBR green one-step reverse transcription and real 

time-PCR run on total RNA from the indicated genotypes of mice (spleen) for each of the 

genes from the upper panels. The individual samples were analyzed at least twice with 4 to 6 

mice for each genotype.  

(C) To further verify equal expression of Fen1, and the neighbouring gene Fads1, these genes 

were analyzed by TaqMan gene expression probes. The three upper panels show 

representative amplification plot of normalized reporter dye fluorescence (*Rn) versus cycle 

number for Fen1, Fads1 and the housekeeping gene β-actin, after TaqMan real time-PCR 

reaction. Total RNA from wild-type, Fen1wt/∆PCNA and Fen1E160D/E160D mouse spleen was used 

to prepare cDNA, for real time-PCR. The negative controls appear as a horizontal line in all 

panels. The lower panel shows the treshold cycle (**CT) values after TaqMan real time-PCR 

run on cDNA from the indicated genotypes of mice (spleen) for each of the genes from the 

 6



three panels above. The individual samples were analyzed at least twice with 4 to 6 mice for 

each genotype.  

(D) Quantitative real-time Taqman PCR titration..The three upper panels show amplification 

plot of normalized reporter dye fluorescence (*Rn) versus cycle number for Fen1, Fads1 and 

the housekeeping gene β-actin, after TaqMan real-time PCR reaction. Total RNA from wild-

type mouse spleen was used to prepare the cDNA, and a dilution series made in order to 

estimate to quantitative potential of TaqMan real time-PCR for the genes indicated. The lower 

panel shows the threshold cycle (**CT) values after TaqMan real time-PCR run on cDNA 

from the indicated genotypes of mice (spleen) for each of the genes from the three panels 

above. The individual samples were analyzed at least twice with 4 to 6 mice for each 

genotype. 

*Normalized reporter (Rn): The ratio of the fluorescence emission intensity of the reporter dye 

to the fluorescence emission intensity of the passive reference dye.  

**Treshold cycle (CT): The fractional cycle number at which the fluorescence passes the 

threshold. 

Similar results were obtained with testis (not shown). 

 

Supplementary Figure 5: Genome profiling of Fen1E160D/E160D tumors.  

Genome wide plots of DNA copy number. (A-C) Splenic tumors from three different mice. 

(D) Control male/female hybridization. Log2 ratios of relative DNA copy number are plotted 

using a moving average with a window size of 0.5 Mb. Vertical red and green lines indicate 

regions of gain and loss respectively. (E) Genome-wide frequency plot of copy number 

alterations identified by AMD-2 algorithm in nine lymphomas. Red, increases in DNA copy 

number; green, decreases in DNA copy number. (F) The minimal recurrent regions (MRR) in 

chromosome 8. Colored blocks indicate alterations in individual tumors and black line the 

MRR. (G-H) Ensembl genome browser view of the MRR of loss in 8C3 (G) and gain in 8C4 

(H) (NCBI m37, April 2007).   
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Supplementary Table I   Sequences of primers and oligonucleotides used in this study
(if not otherwise stated, the same primer(s) were used for the FenE160D and Fen1∆PCNA alleles)

Sequence (5’-3’)

DNA flap substrate

PCR genotyping

Site directed 
mutagenesis

Details (paired with nr.)

16-mer
19+14 mer
30-nt

1. GCCAGGGCAGCACAGCTGGCGTC

PCR verification of 
homologous 
recombination

-
TGCCTCGCTGGGTGCATCAAGG 

2. GATGCACCCAGCGAGGCAGACGCC-
AGCTGTGCTGCCCTGG 

Fen1E160D mutant (2)

Fen1E160D mutant (1)

5. CTGAATGAACTGCAGGACGAG 
6. CACTCTGTGACAGATGGTGCCATTGC 

Fen1 5’-targeting, PCR (6)
Fen1 5’-targeting, PCR (5)

15. GCTGCTGTGGCCACCTTACAT 

13. TCAAGACCGACCTGTCCGGTG 
14. GGCATTAAGTGTGCCACTGACCT  

Fen1 KI allele (14)
Fen1 KI and wt allele (13+15)
Fen1 wt allele (14)

4. GGCAGCACCCAGGGACGCCTCGAT-
GATGGCGCCAAGGTGACAGGCTCACTC 

3. GAGTGAGCCTGTCACCTTGGCGCC-
ATCATCGAGGCGTCCCTGGGTGCTGCC 

Fen1ΔPCNA mutant (4)

Fen1ΔPCNA mutant (3)

11. CGTTCCAGAGAACTGGCTCCA  Fen1ΔPCNA mutant (12)
12. TCCCCTTCGGAACTTCCCCGC  Fen1ΔPCNA mutant (11)

Methods

These three oligonucleotides
align to form the flap substrate 
in figure 3A.
The 19+14 nt oligonucleotide is 
5’ 32P labeled to reveal flap 
endonuclease activity.

16. CAGCAACGCAAGCTTG 

18. GTCGACCTGCAGCCCAAGCTTGCGTTGCTG  
17. ATGTGGAAAATCTCTAGCAGGCTGCAGGTCGAC  

PCR + sequencing for 
verifying base 
substitution(s) in vivo.

Mutated bases in bold, 
codons underlined.

9. GAGAGGCGCGCCGAGGCTGA  
10. ACTTCTGGCTCCAGGAAGAG 

Fen1E160D mutant (10)
Fen1E160D mutant (9)

7. GGTGACAGATGGGTCTGCGG
8. GTAGAGGGA GGGCAGGTCT 

Fen1 3’-targeting, Southern (8)
Fen1 3’-targeting, Southern (7)



Supplementary Table II   Sequences of primers and probes used for quantitative real-time PCR
Gene location indicated in Supplementary Fig. 1A (ENSMUS is overlapping with 
Fen1 (not shown). Probe sequences for TaqMan in red.

Sequence (5’-3’)

β-actin 
(positive control)

Fen1

Details (paired with nr.)

1. CTCTGCTCCGAACATTCCTC

2. GGGCCACATCAGCAATTAGT

SYBR green (2)

SYBR green (1)

4. TGGCACCCCTAGTACAATCC

5. CCATATGGAGGTCTGCTGCT

SYBR green (5)

SYBR green (4)

3. GGTAGGAAGAAGCCATTGCTCCTGT TaqMan probe

Gene

7. GCTGTCTTCCCTCACCTGAC

8. GACTCCAAAGCCCATGAAGA

SYBR green (8)

SYBR green (7)

6. CTTCTTCCTCATCGGACCCCCAGCC TaqMan probe

Fads1 

XP_622862

ENSMUSG00000064032

XP_893679

SYBR green (14)

SYBR green (13)
TaqMan probe

SYBR green (10)

SYBR green (9)

9. CAGTGGCCAGTAACCATCCT

10. TCACACAGGCGGTAGAAGTG

SYBR green (12)

SYBR green (11)

11. TCTCTGGAACGGGGTACTTG

12. TAGCGACTACTGCGAGAGCA

13. TGCGTGACATCAAAGAGAAG

14. GATGCCACAGGATTCCATA
15. AGAAGATCTGGCACCACACCTTCTA TaqMan probe

*1TaqMan Probe β-actin Mm02619580_g1 

*1TaqMan Probe Fads Mm01208312_m1 

*1Taqman probe Fen1 Mm01700195_m1 

*1TaqMan gene expression (TaqMan) probes for Mus musculus genes used in this study. They are developed for 
real time qRT-PCR gene expression profiling. Reagent is available from Applied Biosystems. 



Supplementary Table III   Genotyping of Fen1wt/ΔPCNA intercrosses

Age Litters Wild-type Fen1wt/ΔPCNA Fen1ΔPCNA / ΔPCNA Resorbed   Total

E9.5

E10.5

E11.5

E12.5

3 WEEKS

5

8

4

2

24

16

30%

24

32%

13

31%

9

41%

70

38%

22

42%

34

45%

18

43%

7

32%

115

62%

14

26%

12

16%

2

5%

0

0%

0

0%

1

2%

6

8%

9

21%

6

27%

53

76

42

22

185



Chromosome regions

8C3 (81.7-82.6 Mb) 8C4 (86.9-87.6 Mb)

1700011L22RIK Cacna1a

Mmaa Ler2

Smad1 Btbd14b

Otud4 Tmt1

Abce1 NFix

Arapc10 Lyl1

Hhip G430095P16RIK

Dand5

Gadd45gip1

Rad23a

Calr

Farsa

Syce2

Gcdh

Klf1

Dnase2a

Mast1

Rtbdn

Rnase2a

Prdx2

Junb

Hook2

Best2

Asra1

2310036O22RIK

Tnpo2

Fbw9

1500041N16RIk

Man2b1

Supplementary Table IV  Annotated genes included in minimal recurrent regions



Supplementary Figure 1

Mouse chromosome 19 

B

Fen1E160

Hs PYLDAPSEAEASCAALVKAGKVYAAATEDMDCLTFGSPVL
Mm PYLDAPSEAEASCAALAKAGKVYAAATEDMDCLTFGSPVL
Xl PFVDAPSEGEAQAAYMAAKGDVEYTGSQDYDSLLFGSPRL
At PVVEATSEAEAQCAALCKSGKVYGVASEDMDSLTFGAPKF
Sc PYVDAPCEAEATCAALVKAGVKYAAATEDMDALTFGTPVL
Sp PYIIAPTEAEAQCAELAKKGKVYAAASEDMDTLCYRTPFL
Af PYVEAPSEGEAQASYMAKKGDVWAVVSQDYDALLYGAPRV
Mt PYVQAPGEGEAQASYMVKMGDAWAVASQDYDCLLFGAPRV

A

C
Fen1 (flap endonuclease) -QGRLD-FFK---S---
XPG (endonuclase for NER) TQ-RI--FF--------
DNA ligase I -Q--I--FF---K--K-
MSH3 (mismatch repair protein) -Q--LSRFF--------
MSH6 (mismatch repair protein) -Q--L-SFF-K------
p21 (CDK regulatory protein) RQ--MTDFY---RR---
UNG2 nuclear UNG -Q-TI--FF--------
WRN (DNA helicase) DQWKL--DF--KL----

Fen1∆PCNA

Fads1 Fen1 XP_622862 XP_893679 
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Supplementary Figure 3
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