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Lysyl 5-Hydroxylation, a Novel Histone Modification, by
Jumonji Domain Containing 6 (JMJD6)"

Recaived for publication, November 3, 2012, and in revised form, January 8, 2013 Published

3, JBC Papers in Press, january 9, 2013, DOI 10.1074//bcM112.433284

Motoko Unok;*“ Akiko Masuda®, Naoshi Dohmae Kyohei Arita’, Masanori Yoshimatsu**, Yukiko iwai**

Yoshinori Fukui**, Koji Ueda® Ryug; Hamamoto™*
and Yusuke Nakamurawxz_

, Masahiro Shirakawa**, Hiroyuki Sasaki®,

From the *Division of Epigenetics, Department of Molecular Genetics, Medical Institute of Bioregulation, Kyushu University,
Fukuoka 812-8582, Japan, the SLaboratory for Biomarker Development, The Institute of Physical and Chemical Research, Center
for Genomic Medicine, RIKEN, Tokyo 108-8639, Japan, the “Biomolecular Characterization Team, RIKEN, Saitama 351-0198, Japan,
the 'Graduate School of Engineering, Kyoto University, Kyoto 615-8510, Japan, the **Laboratory of Molecular Medicine, Human
Genome Center, Institute of Medical Science, The University of Tokyo, Tokyo 108-8639, Japan, the **Division of Immunogenetics,
Department of Immunobiology and Neuroscience, Medical Institute of Bioregulation, Kyushu University, Fukuoka 812-8582,
Japan, and the %%Section of Hematology/Oncology, Center for Personalized Therapeutics, The University of Chicago,

Chicago, ilfinois 60637

Background: IMJD6 hydroxylates U2AF65, but its role in histone modification has been obscure.
Results: Our analysis of histones purified from IMJD6 knock-out mouse embryos reveals that JMJD6 hydroxylates histone lysyl

residues.

Conclusion: JMJD6 mediates histone lysyl 5-hydroxylation, which is a novel histone modification.
Significance: Qur study identifies a new function for Jumonji family proteins in epigenetic modification of histones.

IMJD6 is reported to hydroxylate lysyl residues of a splicing
factor, U2AF65. In this study, we found that JMJD6 hydroxylates
histone lysyl residues. In vitro experiments showed that JMJD6
has a binding affinity to histone proteins and hydroxylates mul-
tiple lysyl residues of histone H3 and H4 tails. Using JMJD6
knock-out mouse embryos, we revealed that JMJD6 hydroxy-
lates lysyl residues of histones H2A/H2B and H3/H4 in vive by
amino acid composition analysis. 5-Hydroxylysine was detected
at the highest level in histones purified from murine testis,
which expressed JMJD6 at a significantly high level among var-
ious tissues examined, and JMJD6 overexpression increased the
amount of 5-hydroxylysine in histones in human embryonic
kidney 293 cells. These results indicate that histones are
additional substrates of IMJD6 in vivo. Because 5-hydroxyl-
ation of lysyl residues inhibited N-acetylation and N-meth-
viation by an acetyltransferase and a methyltransferase,
respectively, in vitro, histone 5-hydroxylation may have
important roles in epigenetic regulation of gene transcription
or chromosomal rearrangement.

Jumonji domain containing 6 (JMJD6),> which possesses
high binding affinity to single-stranded RNA, is reported to
hydroxylate lysyl residues of an RNA splicing factor, U2AF65
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University interdisciplinary programs in education and projectsinresearch
development.
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?The abbreviations used are: JIMIDS, Jumnonji domain containing 6; gRT-PCR,
quantitative RT-PCR; HAT, histone acetyltransferase; E14.5, embryonic day
14.5; AdoMet, S-adenosyl-L-methionine.

(1, 2). IMJD6 contains a JmjC domain that catalyzes lysyl
hydroxylation of proteins in the presence of 2-oxoglutarate,
Fe(Il), and ascorbate. Proteins belonging to the JmjC family are
classified into 2-oxoglutarate oxygenases (3). Among the
known 2-oxoglutarate oxygenases, PLOD3 (procollagen-lysine,
2-oxoglutarate 5-dioxygenase 3) mediates hydroxylation of
unmodified lysyl residues, yielding 5-hydroxylysine (4). Most
JmjC family members catalyze hydroxylation of N-methyl
groups at the e-amino group of lysyl residues and generate
hydroxymethyl groups, which are immediately processed to
formaldehyde molecules, resulting in demethylation of methy-
lated lysyl residues (5). However, ]MJD6 does not add a
hydroxyl group to the N-methyl group but adds it to one of the
backbone carbons in a lysyl side chain and generates a stable
5-hydroxylysine (1). IMJD6 knock-out mice exhibited severe
anemia, growth retardation, and a delay in terminal differenti-
ation of the kidney, intestine, liver, and lung during embryogen-
esis, resulting in perinatal lethality (6, 7).

In this study, we first identified IMJD6 as a novel UHRF1 (ubig-
uitin-like with PHD and RING finger domains 1) interacting pro-
tein. UHRF1 has important roles in transferring DNA methylation
status and recognizes histone modification status (8). Therefore,
we thought that JMJD6 might hydroxylate histone molecules
through interaction with UHRF1. Using JMJD6 knock-out mice,
we revealed that JMJD6 hydroxylates histone lysyl residues and
generates 5-hydroxylysine in vivo. 5-Hydroxylation is a novel his-
tone lysyl modification. Because it interfered with N-acetylation
and N-methylation by an acetyltransferase and a methyltrans-
ferase, respectively, the modification may regulate transcription
through these interactions with other histone modifications.

EXPERIMENTAL PROCEDURES

JMJD6 Wild-type and Knock-out Mice—Details of the JMJD6
knock-out mice were described elsewhere (6). C57BL/6 mice
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were used as wild-type control mice. JMJD6 knock-out embry-
onic day 14.5 (E14.5) embryos were obtained by crossing
heterozygous JMJD6 mutant mice.

Antibodies, Plasmids, and Cell Lines—The following anti-
bodies were used: anti-JMJD6 rabbit polyclonal antibody
{ab10526, Abcam), and anti-B-actin mouse monoclonal anti-
body (GTX26276, GeneTex). Human JMJD6 cDNA was cloned
into pGEX-6p-1 (GE Healthcare) and pcDNAS5/FRT/TO
(Invitrogen). Doxycycline (Dox)-inducible JMJD6 stable cells
were generated using the Flp-In T-REx system (Invitrogen)
according to the manufacturer’s instructions. JMJD6 expres-
sion was induced by Dox (final concentration, 0.5 pg/ml;
TaKaRa, Tokyo, Japan). J1 mouse ES cells were obtained from
ATCC (Manassas, VA) and maintained in DMEM with 15%
fetal bovine serum (FBS), nonessential amino acids, 2-mercap-
toethanol, and leukemia inhibitory factor. Fip-In T-Rex 293
cells were obtained from Invitrogen and the Dox-inducible
JMJD6 stable 293 cells were maintained in DMEM with 10%
FBS, 10% tetracycline-free FBS, hygromycin B (100 ug/ml), and
blasticidin S (15 pg/ml).

Quantitative RT-PCR—For qRT-PCR reactions, specific
primers and probes for mouse JMJD6 (forward, 5'-GACCCG-
GCACAACTACTACG-3'; reverse, 5'-CTCTTGTGCATTG-
AGCAGAAC-3") and mouse GAPDH (forward, 5'-CCATGT -
TTGTGATGGGTGTG-3' and reverse, 5 -ACTGTGGTC-
ATGAGCCCTTC-3") were used. PCR reactions were per-
formed using the TaKaRa Thermal Cycler Dice® Real Time
System Single following the manufacturer’s instructions.
Amplification conditions were 30 s at 95 °C and then 40 cycles
each consisting of 5 s at 95 °C and 30 s at 60 °C.

Purification of GST-JMJD6 and in Vitro Binding Assay—Re-
combinant GST-JMJD6 was expressed in BL21-CodonPlus
DE3-RIL cells. The transformed bacteria were incubated in
1-Broth media with 0.1 mum isopropyl 1-thio-3-p-galactopyra-
noside at 16 °C overnight. Following this, the bacteria were
lysed in sonication buffer (150 mm NaCl, 20 mm Tris-HCI (pH
7.5), 2 mm EDTA, 10% glycerol, 1% Triton X, and 0.8 mg/ml
lysozyme) by sonication. GST-JMJD6 was purified using gluta-
thione-Sepharose 4FF (GE Healthcare) and eluted by glutathi-
one. The purified proteins were incubated with biotin-labeled
histone H3,_,, peptides (12405, Millipore, Billerica, MA) or
recombinant full-length histone H4 (14-697, Millipore) in
0.1% Nonidet P-40 lysis buffer (150 mm NaCl, 0.1% Nonidet
P-40, and 50 mM Tris-HCL (pH 8.0)) for 1 h at 4 °C. The biotin-
labeled histone H3,_,, peptides were pulled down with inter-
acting proteins by streptavidin Sepharose (S951, Invitrogen).
Full-length histone H4 was immunoprecipitated with anti-
IMJD6 rabbit polyclonal antibody (ab10526, Abcam), which
was also used for Western blotting.

In Vitro Hydroxylation Assay— 1o perform the enzyme assay,
GST-JMJD6 was prepared as described above. Extracted GST-
JMID6 was concentrated using a 50 K column (Millipore), and
its buffer was replaced with 50 mm Tris-HCl (pH 7.5) by dialysis
using EasySep (TOMY, Tokyo, JAPAN). Purity of GST-IMJD6
was assessed by Coomassie Brilliant Blue staining. The enzyme
assay was performed in 50 mm Tris-HCl (pH 7.5) buffer con-
taining 500 uMm a-ketoglutarate, 100 uMm , -ascorbate, 100 pm
Fe(NH,),SO,, 10 um GST-JMJD6, and 20 pm histone peptides.

A B 1P: JMIDS
: i
IP: Streptavidin GST-JMIDE -
GST-JMIDB +
Histone H4
Biatin-H3, 55 oot
2 GST-JMJIDS
iB: JMJDB [Fe]
1B: Streptavidin-HRP Histone H4

Dot biot

D Hd, 20+ BSA
o

i

C  hs,eBsA

5
Mass imiz)

Mass (i)

o, H3yp+ JMIDE
B SR

+16 Da
s

. Hé, s+ JMIDG

Bass (i

FIGURE 1. JMJD6 interacts with and hydroxylates histone H3 and H4 in
vitro. A and B, in vitro pulidown assay. Biotin-labeled histone H3,_,, peptides
(A) or recornbinant histone H4 (B} were incubated with or without GST-JMJDS,
pulled down by streptavidin-Sepharose, and detected by dot blot using
streptavidin-HRP {A) or Coomassie Brilliant Blue {CBB) staining (B). Pulled
down GST-JMID6 was detected by Western blotting using anti-IMID6 anti-
body (A) or Coomassie Brilliant Blue staining (B). C and D, enzymatic activity of
GST-IMJD6 was measured by MS analysis. Histone H3,_,, () and H4,_;, (D)
peptides were served as substrates. BSA was used as a negative control. iB,
immunoblot.

Protein purification and the enzyme assay were performed on
the same day to avoid reduction of enzymatic activity of IMJD6.

MS Analysis—Peptides treated with JMJD6 were acidified
with trifluoroacetic acid (TFA; final concentration, 0.5%) and
absorbed with ZipTipC18. The captured peptides were washed
with 0.1% TFA with 2% acetonitrile once and eluted with 0.5 pl
of the matrix solution (4 mg/ml cyano-4-hydroxycinnamic
acid, 0.1% TFA, 70% acctonitrile) onto the MALDI target plate
(AB Sciex, Foster City, CA). The spotted samples were analyzed
with the reflectron mode of 4800 plus MALDI-TOF-TOF mass
spectrometer (AB Sciex).

Purification of Histones and Detection of 5-Hydroxylysine by
Amino Acid Composition Analysis—Histones H2A/H2B and
H3/H4 were separately purified from tissues or culturing cells
using a histone purification kit (Active Motif, Carlsbad, CA)
according to the manufacturer’s instructions. The extracted
histones were separated by SDS-PAGE, transferred to a mem-
brane (Immobilon-P*?, Millipore), and stained by Coomassie
Brilliant Blue. The transferred histones were used for amino
acid composition analysis to detect 5-hydroxylysine.

The JM]D6-treated peptides or the purified histones were
hydrolyzed in 6 N HClvapor at 110 °C for 20 h. The acid hydro-
lysates of the peptides were derivatized with 6-aminoquinolyl-
N-hydroxysuccinimidyl carbamate, and 6-aminoquinolylcar-
bamyl amino acid thus obtained was quantified by ion-pair
chromatography using tetramethylammonium bromide on a
Cl8-reversed phase column (L-column 2, 3.0 mm, inner diam-
eter X 250 mm, 3 um, CERI, Tokyo, Japan) (9). Each amino acid
was separated by HPLC. The acid hydrolysates of the histones
were purified on a graphitic carbon column (Hypercarb, 2.1
mm, inner diameter X 100 mm, 3 wm, Thermo Fisher Scien-

15/73

6054  JOURNAL OF BIOLOGICAL CHEMISTRY

pCEVEN

VOLUME 288°-NUMBER 9-MARCH 1, 2013

$10Z ‘91 ABIN U0 A12IqIT OANO, JO ANsIaatuf) 18 /1o agf smmm/; dny woy papeoumoq



JMJD6 Hydroxylates Histone Lysyl Residues

5-hydroxylysine

A % w {’;
€ § HCl treatment (+)
s T X HCI freatment {-)
= AT
‘® « Reagent related peaks x o
; Ak
g . v
5 - i
G, B ! i
o i } I Ui
6 Ifz\‘ i\ @ oo B B s ¥ \,ﬂ
= 15 175 20 25 25 275 3 325

Retention time (min)

B = “ # . 5 hvd ; 0 day after hydrolysis
= ydroxylysine 1 day after hydrolysis
g . 'l
2 o Reagent rela Fd peaks % %
= &« «
3w x @

i
g S |o
< 2|2
g i féi . k . : lysine 11
¢ o JUl e L N
§ 125 15 175 20 25 25 275 30 35

Retention time {min)

Ct. ;
g “
& lysine O day affer hydrolysis
= 1 day after hydrolysis
%‘ A Reagent relaled peaks Y yaroly
5 ]
g E
@ ) i
|5 I I !
8 | »;
2 | il ]
B s I A N . \,M,J\,_Mﬁﬂwg Lo - = ’P’s [ k N
& 125 15 175 20 225 25 276 30 325

Retention time {min)

FIGURE 2. Establishment of amino acid composition analysis for detecting 5-hydroxylysine. A, analysis of simplicial synthetic SR-hydroxylysine and
synthetic racemic mixture (SS/RR/RS/SR) of 5-hydroxylysine either treated with (red) or without (blue) HCL B and C, analysis of H4,_,, peptides including
synthetic 5-hydroxylysine (B) and unmodified H4,_,, peptides (C). The peptides were analyzed in the same day of hydrolysis (red) or next day of hydrolysis
(blue). The arrow indicates a 5-hydroxylysine derived peak, which possibly corresponds to a lactone derivative, 3-amino-6-(aminomethyl)oxan-2-one. SSOH/
RROH, 25,55-/2R 5R-hydroxylysine; BSOH/SROH, 2R 55-/2S5R-hydroxylysine; arb. unit, arbitrary units.

In Vitro Histone Acetyltransferase (HAT) Assay—The in vitro
p300 colorimetric HAT assay was performed according to a
protocol from BIOMOL (Plymouth Meeting, PA). In brief, the
catalytic domain of human p300 (catalog no. SE-451, BIOMOL)

tific, Inc., Waltham, USA), and a fraction including 5-hydroxy-
lysine was derivatized with 6-aminoquinolylcarbamyl. The
6-aminoquinolylcarbamyl amino acids were separated on a
C18-reversed phase column (Inertsustain C18HP, 3.0 mm,

inner diameter X 250 mm, 3 pm, GL Sciences, Tokyo, Japan)
and quantified. Synthetic racemic mixture of pDL-5-hydroxy-
lysine {catalog no. HO377, Sigma-Aldrich), and 25,5R-hydroxy-
lysine (catalog no. 55501, Sigma-Aldrich) were used as
standards.

and the indicated amount of control histone H4,_,, peptides or
5-hydroxylysine containing histone H4,_,, peptides, in which
all lysines were substituted to 5-hydroxylysine (Sigma-Genosys,
Hokkaido, Japan), were incubated in 50 pl of assay buffer (50
mm HEPES/NaOH (pH 7.9), 0.1 mMm EDTA, 50 pug/ml BSA)in
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FIGURE 3. JMJD6 hydroxylates histone H3 and H4 peptides detected by amino acid composition analysis. A, hydroxylation of H3,,_,,and H4,_,; peptides
by GST-JMJD6 was confirmed by MS analysis. B and C, results of amino acid composition analysis of H3,,_, (B} and H4,_,, (O) peptides treated with {blue) or
without (red) GST-IMID6. SSOH/RROH, 25,55/2R,5R-hydroxylysine; RSOH/SROH, 28,55-/25,5R-hydroxylysine; arb. unit, arbitrary units.

the presence of acetyl-coenzyme A (CoA, Sigma-Aldrich) at
37 °C. The reaction was stopped by adding 100 ul of quenching
buffer (3.2 M guanidinium HCI, 100 mm Na,HPO,/NaH, PO,
(pH6.8)) at the indicated times. Following this, 50 ul of 2 mm
5,5'-dithiobis-2-nitrobenzoic acid (Sigma-Aldrich) in 100 mm
Na,HPO,/NaH,PO, (pH 6.8) was added, and absorbance at
405 nm was read by a spectrophotometer (ARVO MX/Light
1420 Multilabel/Luminescence Counter, PerkinElmer Life Sci-
ences). The transfer of an acetyl group from an acetyl-CoA to
the e-amino group of lysine residues was quantified by mea-
surement of the thiol group of CoA. A standard curve was gen-
erated using 82-mercaptoethanol.

In Vitro Histone Methyltrausferase Assay—The in vitro
histone methyltransferase assay was performed as described
previously (10), except for slight modifications. In brief, a
fixed amount of purified baculovirus-produced recombinant
SMYD3 (1 um) was incubated with indicated histone pep-
tides, which were also used for the in vitro HAT assay, and 1
pnCi of S-adenosyl-L-methionine (AdoMet; GE Healthcare)
as the methyl donor in a mixture of 60 il of methylase activ-
ity buffer (50 mm Tris-HCI (pH 8.5), 100 mm NaCl, 10 mm
dithiothreitol) at 30 °C. The incorporated *H-labeled methyl
groups in the substrates were measured by a scintillation
counter after filter binding (units, cpm). The concentration
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