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The role of histone methylation in double-strand break repair by non-homologous 

end-joining (NHEJ) is not well defined. Previous studies indicate that H3K36me2 

links Nbs1 and Ku70 to promote NHEJ, but which protein is responsible for this 

connection is unknown.

Human PHRF1/KIAA1542 contains a plant homeodomain (PHD), a putative 

methylated histone binding domain, and is identified as a phosphorylation substrate of 

ATM/ATR kinase. However, very little is known about its function in DNA damage 

response. Immunofluorescence and subcellular fractionation results revealed that 

PHRF1 mainly localized in the nucleus prior to genotoxic stress, but PHRF1 

increased onto chromatin upon DNA damage in an ATM-dependent manner. 

Immunoprecipitation suggested that PHRF1, Nbs1, Ku70, and dimethylated H3K36 

(H3K36me2) were in the same immunocomplex. 

In vivo end-joining assay using a linearized luciferase reporter suggested that 

end-joining efficiency was decreased in PHRF1 knockdown HEK293 cells but 

significantly increased in PHRF1 overexpressing U2OS cells, suggesting that the 

presence of PHRF1 may link H3K36 methylation to non-homologous end joining by 

interaction with Nbs1 and Ku70. 

Keywords : PHRF1 ATM H3K36me2 Nbs1 NHEJ
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APS: ammonium persulfate

ATM: ataxia telangiectasia mutated

ATR: ataxia telangiectasia and Rad3-related protein

CE: cytosolic extract

Chr: chromatin

CPT: camptothecin

DAPI: 4',6-diamidino-2-phenylindole

DMEM: Dulbecco modified Eagle’s medium

DTT: dithiothreitol

ECL: electrochemiluminescence

EDTA: ethylenediaminetetraacetic acid

HEK293: human embryonic kidney 293

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HRP: horse reddish peroxidase

IB: immunoblotting

IP: immunoprecipitation

MEM/EBSS: minimum essential medium with earle's balanced salts

MG132: N-(benzyloxycarbonyl)leucinylleucinylleucinal Z-Leu-Leu-Leu-al

Mre11: meiotic recombination 11

MRN complex: Mre11-Rad50-Nbs1 complex

Nbs1: Nijmegen breakage syndrome 1

NE: nuclear extract

NHEJ: non-homologous end joining

PBS: phosphate-buffered saline
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PFA: paraformaldehyde

SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis

TBS: Tris buffered saline

TBST: Tris buffered saline with 0.1% Tween-20

TEMED: N,N,N',N'-tetramethylethylenediamine

WCE: whole cell extract
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1.1 DNA DNA damage response

deoxyribonucleic acid DNA

DNA

DNA

DNA (Zhou & Elledge, 2000)

1.2 DNA

DNA

DNA

mutation

cancer

DNA DNA

DNA DNA

Non-homologous end-joining NHEJ

Homologous recombination HR

1.2.1 DNA

DNA Mre11-Rad50-Nbs1 MRN complex

ATM DNA (Williams, 

Williams, & Tainer, 2007)
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RAD50 SMC ATPase

MRE11 DNA (Williams et al., 2007) MRE11

Endonuclease Exonuclease DNA

DNA (Williams et al.,

2007) NBS1 MRE11 ATM -

ATM DNA ATM

(Jazayeri, Balestrini, Garner, Haber, & Costanzo, 2008; Kanaar & Wyman, 2008;

Lee & Paull, 2005)

1.2.2 Non-homologous end-joining NHEJ

DNA ligase

DNA Ku Ku heterodimer

Ku70 and Ku80 (Mahaney, Meek, & Lees-Miller, 2009) Ku DNA

DNA (Roberts et al., 2010) DNA-PK

catalytic subunit of DNA-PK DNA-PKcs

(Mahaney et al., 2009)

DNA-PK

DNA DNA-PKcs

(Meek, Dang, & Lees-Miller, 2008) DNA

ARTEMIS (Meek et al., 2008) DNA-PKcs

XRCC4/LIG4 DNA DNA

(Mahaney et al., 2009) ATM ARTEMIS

10% (Jeggo & Lobrich, 2005)
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1.3 PHRF1/KIAA1542 PHD and ring finger domains 1

PHRF1 1649 Ring finger 

domain a.a. 107-152 PHD domain a.a. 185-233 SCD domain a.a.

925-1649 Matsuoka ATM ATR

DNA ATM ATR

(Matsuoka et al., 2007) PHRF1

Ring finger domain Ubiquitination E3

Ubiquitin ligase Ubiquitin E2 ubiquitin-conjugating enzyme

(Hershko & Ciechanover, 

1986) (Deng et al., 2000) PHD domain

methylated histone

(Mellor, 2006) SCD SQ/TQ cluster domain

ATM ATR ATM/ATR

(Zhou & Elledge, 2000)

1.5

DNA

ATM ATR DNA

ATM ATR

PHRF1 ATM/ATR

PHRF1 PHRF1 DNA
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2.1.1

HeLa HEK293T 10% (Fetal bovine serum, FBS) 1%

(Antibiotic/Antimycotic solution, Thermo scientific) DMEM (Thermo 

scientific) U2OS 10% 1% McCoy’s 

5A Ataxia-telangiectasia fibroblast simian virus 40 MEM/EBSS 

(Thermo scientific) 0.1 mM (non-essential amino acids)

1.5 g/L 1 mM 10% 1%

37 5%

PBS (GIBCO®) 0.25% Trypsin-EDTA (GIBCO®) 37

5 PBS 15

1,000 rpm 5

2.1.2

100 μl

300 μl PBS 1/4 20 μl

n

n×104 /ml

2.1.3

camptothecin(CPT) N-(benzyloxycarbonyl)leucinylleucinylleucinal 

Z-Leu-Leu-Leu-al (MG132) (Sigma Aldrich®) dimethyl sulfoxide

(DMSO) 15

PHRF1 HEK293T 6×105 6
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2 HEK293T

MG132 16

2.2.1 (Whole cell extract)

PBS 0.25% Trypsin-EDTA

PBS 2,500 rpm AL PBS

AL 15 30

(amplitude: 60, pulse on: 1 min×3 pulse off: 20 sec×2)

13,000 rpm 15 -20 AL

1% Triton X-100 1% NP-40 150 mM NaCl 25 mM Tris-HCl 1% protease

inhibitor cocktail 1% phosphatase inhibitor 5% Glycerol pH 7.5

2.2.2 (Fractionation)

(Mendez & Stillman, 2000)

2×106 6 Trypsin

150 μl Buffer A (10 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 0.34 M 

Sucrose, 10% Glycerol, 1 mM DTT, 0.1% Triton X-100, 1% Protease Inhibitor 

cocktail) 5 2,000 g 4 5

(CE) Buffer A 200 μl

150 μl Buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 1% 

Protease Inhibitor cocktail) 30 10,000 g 4

5 (NE) 200 μl 

Buffer B 250 μl 1×SDS sample buffer (5×SDS sample buffer

0.225 M Tris-HCl, 50% Glycerol, 5% SDS, 0.05% Bromophenol Blue, 0.25 M 

DTT 5 ) (40 W, Pulse on: 1 

min×3, Pulse off: 20 sec×2) 100 5 1,3000

rpm 4 15 (chromatin) -20
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2.3

anti-HA agarose beads (Sigma-Aldrich®) 1

PBS 6,000 rpm beads PBS

Beads 20 μl 4

1 Lysis buffer beads 4 15

4 5 6,000 rpm 2 beads

7,000 rpm 3 beads 50 μl 2×SDS sample 

buffer ( 5×SDS sample buffer ) 100 3 7,000 rpm

beads 3 -20

Protein A Protein G beads (Sigma-Aldrich®) PBS 30

anti-HA agarose beads Protein A 10 μl Protein G 

10 μl 4 1 Pre-clearing 6,000 rpm

3 beads 10 μl anti-Flag (Sigma-Aldrich®)

4 Protein A 20 μl Protein G 10 μl

2 3 anti-HA agarose beads beads 2×SDS 

sample buffer

2.4

PBS 4%

Paraformaldehyde PBS pH=7.0 15 PBS 5

0.5% Triton X-100 PBS permeabilization 10

PBS 5 blocking solution (3% FBS in PBS) 37

30 parafilm ( PBS

1 200-300) 37 40 PBS 5

(Dylight Rhodamine PBS 1 200-300) 
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37 40 PBS 5

DAPI (1 10000 ) 2

5

(Lieca)

2.5.1

SuperFect ® Transfection Reagent (QIAGEN ®)

1.3×106 6 DNA transfection 

reagent 1 4 (μg μl) 150 μl

10 1 3

2.5.2

HeLa U2OS PHRF1 stable clone HEK293T

4×105 6 N HA-tag PHRF1 cDNA

pLenti6/v5-D-TOPO vector (Invitrogen) pLenti6/v5-HA-PHRF1

package vector pCMV R8.91 VSV-G vector pMD.G pLenti6/v5-HA-PHRF1

pCMV R8.91 pMD.G pLenti6/v5-HA-PHRF1=5 1 5 (μg) 

HEK293T 1,500 rpm

10 eppendorf

30,000 g 4 2 100 μl 1

10 eppendorf polybrene (Sigma-Aldrich®

4 μg/ml) 900 μl HeLa U2OS 3×105

6 polybrene 2 Trypsin

10 Blasticidin (5μg/ml) 

7 10 10 μl tip 1 PBS
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24 Blasticidin

clone

2.5.3

HEK293T PHRF1 stable clone HEK293T

4×105 6 package vector pCMV R8.91 VSV-G vector 

pMD.G p-sh-PHRF1 DNA pCMV R8.91 pMD.G p-sh-PHRF1 

DNA=5 1 5 (μg) HEK293T

1,500 rpm 10

eppendorf 30,000 g 4 2

100 μl 1 10 eppendorf

polybrene (Sigma-Aldrich® 4 μg/ml) 900 μl

HEK293T 3×105 6 polybrene

2 Trypsin 10

Puromycine (5μg/ml) 7 10 10 μl tip

1 PBS 24

Puromycine

clone

2.5.4 In vivo ubiquitination assay

HEK293T 1.3×106 6 Flag-tag 

Ubiquitin DNA ( 2 μg) 24 HA-tag PHRF1

DNA ( 5 μg) 48 MG132 (proteasome inhibitor) 

16 anti-HA anti-Flag

Ubiquitin PHRF1 SDS/PAGE (anti-Flag 

and anti-HA) 
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2.6.1 SDS-PAGE

( Running gel) 

Percentage 6% 8% 

ddH2O 5.3 (ml) 4.6 (ml)

30% Acryamide/bis-acryamide solution 2.0 2.7

1.5 M Tris-HCl pH 8.8 2.5 2.5

10% SDS 0.1 0.1

10% ammonium persulfate 0.1 0.1

TEMED 0.008 0.006

Isopropanol

(Staking gel) 

ddH2O 0.68 (ml)

30% Acryamide/bis-acryamide solution 0.17

1.5 M Tris-HCl pH 6.8 0.13

10% SDS 0.01

10% ammonium persulfate 0.01

TEMED 0.001

SDS-Running Buffer sample buffer marker

70 marker 200 30

40
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10×SDS-Running buffer 30.2g Tris 187g Glycine 100ml 20% SDS

1 1×SDS-Running buffer

2.6.2

SDS-PAGE (Nitrocellulose membrane)

(1×Transfer buffer 3.03 g Tris 14.4 g Glycine 150 ml 

1 ) ─ ─

─SDS-PAGE─ ─ ─ ─

300 3 5% TBST

4 Blocking 5% Skim milk in TBST

90 1 1000~1 15000

TBST 5% Skim milk 

in TBST 75 TBST

TBS 5 ECL (Millipore™)

ECL

2.7 End joining assay

Luciferase cDNA

Luciferase

PHRF1 U2OS Lenti-PHRF1#1 U2OS

Lenti-PHRF1#2 PHRF1 sh-PHRF1#1 HEK293T

sh-PHRF1#2 HEK293T sh-scramble HEK293T pLenti-6/V5 U2OS

DNA DNA DNA

Luciferase

Luciferase
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3.1 PHRF1

PHRF1 1649 cDNA 178 kDa 

(http://www.basic.northwestern.edu/biotools/proteincalc.html) PHRF1

PHRF1 a.a 1297-1649

PHRF1 HeLa

PHRF1 160 kDa

3.2 PHRF1

PHRF1 HeLa

PHRF1 HA-tag PHRF1

GFP-tag PHRF1 HEK293T

HA-PHRF1 GFP-PHRF1

PHRF1

3.3 PHRF1

CE

NE Chr PHRF1

Camptothecin

DNA

PHRF1
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3.4 ATM PHRF1

Matsuoka et al. 2007 PHRF1

ATM/ATR

S925 S1389 PHRF1 ATM/ATR

ATM CPT

ATM CPT

PHRF1 A ATM PHRF1

HeLa ATM 

inhibitor KU55933 (Hickson et al., 2004) CPT

ATM inhibitor PHRF1

ATM inhibitor HeLa

B ATM PHRF1

3.5 PHRF1 Nbs1 Ku70

PHRF1

PHRF1 ATM PHRF1

PHRF1- DNA

2011 PNAS

H3K36me2 DNA

H3K36me2 Ku70/Nbs1

Non-homologous end joining NHEJ (Fnu et al., 2011) HA-tag PHRF1

HEK293T anti-HA agarose

PHRF1 Nbs1 A Flag-tag Nbs1

HEK293T anti-Flag agarose

Nbs1 PHRF1 B PHRF1
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Nbs1

PHRF1 H3K36me2 Ku70

HA-tag PHRF1 HEK293T anti-HA agarose

PHRF1 H3K36me2 Ku70

3.6 PHRF1

PHRF1 Luciferase

pGL3-promoter HindIII pGL3

Luciferase

Luciferase

PHRF1 PHRF1

A sh-scramble

PHRF1 Luciferase 100%

pGL3-promoter-Luciferase

sh-scramble sh-PHRF1#1 sh-PHRF1#2 HEK293T

24 Luciferase

sh-PHRF1 HEK293T Luciferase sh-scramble HEK293T

30-40% B

Lenti-virus PHRF1

PHRF1 A

PHRF1

Lenti-6/V5 B
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PHRF1

PHRF1 ATM

H3K36me2 Nbs1

DNA

DNA ( ) H3K36me2

PHRF1 DNA Nbs1

1. PHRF1

PHRF1 H3K36me2

Nbs1 PHRF1

H3K36me3 H4K20me3 H3K36me3

Mismatch repair (Li et al., 2013) H4K20me3

(Stender et al., 2012) PHRF1

2. PHRF1 H3K36me2 Nbs1

PHRF1 H3K36me2 Nbs1

PHRF1 H3K36me2 Nbs1

- -

in vitro PHRF1

pull down
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Nbs1 PHRF1 H3K36me2

Nbs1

3. ATM PHRF1

Matsuoka et al. ATM PHRF1 S925 S1389

ATM PHRF1 PHRF1

ATM S925 S1389

PHRF1

PHRF1-A925 PHRF1-A1389

4. PHRF1 Nbs1

Matsuoka et al. PHRF1 910-913 SDTE motif

Nbs1 (Wu, Luo, Lou, & Chen, 2008)

PHRF1 S925 S1389 Nbs1 FHA/BRCT domain

(Lloyd et al., 2009) S925 S1389 SDTE motif

NHEJ PHRF1-

DTE deletion mutant PHRF1 Nbs1

NHEJ

5. PHRF1

PHRF1 PHRF1 Ring finger 

domain HA-tag Ring HEK293T HA-tag 

PHRF1 HA-tag N4 HA-tag N6 Flag-tag ubiquitin

MG132 (proteasome inhibitor) in vivo ubiquitination assay

anti-Flag agarose

PHRF1 Ring finger
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PHRF1 H3K36me2

DNA damage response

PHRF1

6. PHRF1 SCD domain

PHRF1 PHRF1 Ring finger domain (a.a. 107-152)

PHD domain (a.a. 185-233) SCD domain (a.a. 925-1649) PHRF1

PHRF1 deletion mutants HA-tag N6 ( Ring finger PHD domain)

HA-tag N10 SCD domain HEK293T

CPT DNA

SCD domain N10 CPT

SCD domain N6

HA-N6

SCD domain PHRF1

SCD domain N10
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. PHRF1

HeLa PBS PHRF1

PHRF1 160 kDa

180

130

35

100

63

48

75

α PHRF1
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. PHRF1

HeLa PHRF1

HA-tag PHRF1 GFP-tag PHRF1 DNA HEK293T

PHRF1
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. PHRF1

PHRF1

(NE) (Chr) CPT

( DNA ) PHRF1

h-PufA Sp1 p65 (NF-κB)
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. ATM PHRF1

A ATM CPT

ATM CPT

PHRF1

B ATM inhibitor (KU55933) HeLa CPT 

ATM inhibitor

PHRF1 ATM inhibitor
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. PHRF1 Nbs1

A HA-PHRF1 HEK293T anti-HA agarose beads

PHRF1 Nbs1

B Flag-Nbs1 HEK293T anti-Flag agarose beads

Nbs1 PHRF1
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. PHRF1 H3K36me2 Ku70

HA-PHRF1 HEK293T anti-HA agarose beads

PHRF1 H3K36me2 Ku70
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. PHRF1

A PHRF1

PHRF1

B Luciferase pGL3-promoter

sh-scramble sh-PHRF1#1 sh-PHRF1#2 HEK293T

24 Luciferase
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. PHRF1

A Lenti-virus PHRF1

PHRF1

B Luciferase pGL3

PHRF1 Lenti-6/V5

24 Luciferase
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. PHRF1 NHEJ

PHRF1

DNA MRN complex ATM

ATM PHRF1

PHRF1 NHEJ DNA
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. PHRF1

HA-tag RING DNA HEK293T

HA-tag PHRF1 HA-tag N4 HA-tag N5 HA-tag N6 48

MG132 16 anti-Flag agarose

PHRF1 Ring finger

ring domain PHD domain

NLS domain SCD domain
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. 2. PHRF1 deletion mutants

HA-tag PHRF1 cDNA Ring

finger PHD domain N4 SCD N10

SCD domain N5 N6 HeLa

PHRF1
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. SCD domain PHRF1

PHRF1

PHRF1 PHRF1 deletion mutants 

HA-tag N6 ( Ring finger PHD domain) HA-tag N10 SCD 

domain HEK293T CPT

SCD domain N6

PHRF1

SCD domain N10 CPT
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2. PHRF1/KIAA1542 

        1  mdddsldelv arspgpdghp qvgpadpagd feessvgssg dsgddsdseh gdgtdgedeg

       61  a seeed led r  sg sed sedd g  e t l l ev ag tq  gk leaag s fn  sdddaescp i  c lna f rdqav

      121  g tp en cah yf  c ld c iv ewsk  n an scpvdr t  l f k c ic i r aq  fggk i l rk ip  v en tk aseee

      181 edptfcevcg rsdredr l l l  cdgcdagyhm ecldpplqev pvdewfcpec aapgvvlaad

      2 4 1  a g p v s e e e v s  l l l a d v v p t t  s r l r p r a g r t  r a i a r t r q s e  r v r a t v n r n r  i s t a r r v q h t

      3 0 1  p g r l g s s l l d  e a i e a v a t g l  s t a v y q r p l t  p r t p a r r k r k  t r r r k k v p g r  k k t p s g p s a k

      3 6 1  s k s s a t r s k k  r q h r v k k r r g  k k v k s e a t t r  s r i a r t l g l r  r p v h s s c i p s  v l k p v e p s l g

      4 2 1  l l r a d i g a a s  l s l f g d p y e l  d p f d s s e e l s  a n p l s p l s a k  r r a l s r s a l q  s h q p v a r p v s

      4 8 1  v g l s r r r l p a  a v p ep d l e e e  p v p d l l g s i l  s g q s l l ml g s  sd v i i h r d g s  l s a k r a ap v s

      5 41  fq rn s g s l s r  gee g fk g c lq  p r a lp sg sp a  qg psgn rp qs  t g l s c qg r s r  t p a r t ag apv

      601  r ld lpaapga  vqa rn l sngs  vpgf rqshsp  wfng tnkh t l  p l a saask i s  s rdskppc r s

      6 6 1  v v p g p p l k p a  p r r t d i s e l p  r i p k i r r d d g  g g r r d a a p a h  g q s i e i p s a c  i s r l t g r e g t

      72 1  gqp grg t r ae  s ea s s rvp re  pg vh tg s s rp  p apssh gs l a  p lgp s rgkgv  g s t f e s f r i n

      781  ipgnmahssq  l s spgfcn t f  rpvddkeqrk  enpsp l f s ik  k tkq l r sevy  dpsdp tgsds

      8 4 1  s a p g s s p e r s  g p g l l p s e i t  r t i s i n s p k a  q t v q a v r c v t  s y t v e s i f g t  e p e p p l g p s s

      901  amsk l rgava  aegasd te re  ep tesqg laa  r l r rpsppep  wdeedgascs  t f fgsee r tv

      9 6 1  t c v t v v e p e a  p p sp d v l q a a  t h r v v e l r p p  s r s r s t s s s r  s r k k a k r k r v  s r eh g r t r s g

     1 0 2 1  t r s e s r d r s s  r s a s p s v g e e  r p r r q r s k a k  s r r s s s d r s s  s r e r a k r k k a  k d k s r e h r r g

     1 0 8 1  p w g h s r r t s r  s r s g s p g s s s  yeh y e s r k k k  k r r s a s r p r g  r e c s p t s s l e  r l c r h k h q r e

     1141  r she rpdrke  svawprd r rk  r r s r sps seh  r a reh r rp r s  r ekwpq t r sh spe rkgavre

     1201 aspap laqge pgred lp t r l  pa lgeahvsp  eva tadkap l  qappvlevaa  ecepdd ld ld

     1261  ygdsveaghv fddfssdavf  iq lddmsspp spes tdsspe  rdfp lkpa lp  pas lavaa iq

     1321 revslmhded psqppplpeg tqephllrpd aaekaeapss pdvapagked spsasgrvqe

     1381 aarpeevvsq  tp l l r s ra lv  krv twnlqes  essapaedra  praplhrpqk pregawdmed

     1441 vaptgvrqvf  se lpfpshvl  pepgfpdtdp  sqvyspglpp  apaqpss ipp  ca lvsqptvq

     15 01  f i l q g s lp lv  gcg aaq t l ap  v p aa l tp a se  p a sq a t aa sn  s eek tp ap r l  a aek tk k eey

     1561 mkklhmqera veevklaikp fyqkrevtke eykdilrkav qkichsksge inpvkvanlv

     1621 kayvdkyrhm rrhkkpeage epptqgaeg  fyqkrevtke  eykdi l rkav  qkichsksge
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