Screening for genes that accelerate the
epigenetic aging clock in humans reveals
a role for the H3K36 methyltransferase


http://crossmark.crossref.org/dialog/?doi=10.1186/s13059-019-1753-9&domain=pdf
http://orcid.org/0000-0002-2285-3317
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:dem44@ebi.ac.uk
mailto:wolf.reik@babraham.ac.uk
mailto:thornton@ebi.ac.uk

~r —.'/
CgC N

% s

Fradh wWidee, g
$









w!” C by
ol wolt cecr tAHE L) P des Ta
?&5& Ca!c ! 0“73&%6! p;}l ﬂeq@«?qﬂ wil
‘c‘&v 1680 PP g wt, k cece 4 469):

UneLg 8 (Peelfeg o F 2y fy Pt T e
a’i@ o bRy repéyr, e Yo (e e v~/
&€ 0f'all"fe 4 “ ) ¢! ‘) e Nge," ,"‘ %b?
dd (¢ n € e 2 ) o 8 'Yea @ DAL
1‘2\1”‘235’3’&% wp'st ;%\ Ww L f( L wib
'ﬁeae’n\ew e o g &@ 3; f
Pl ghe e Ypbam of Foas "g - FFQ }ﬁ\e









12 *‘?’i wi we £ 0 quiﬁYe V\pe!w Y‘Fgl
se\s .«é e dd g P foe

wil Lpew’lz
wyg&e{i\ga ‘ ﬁe‘ef lnre

‘L‘q £
[VDNfss’lBets v To»efn}«pﬁ”x K Nfs
4163
ef ”@o#eﬁqa fo |4 es»"@f”su*e'ﬁq. Lp'e
Bid (dd 1o X uy)wp‘{"ddswer't
14 Lf"e"‘}« LA g spé Lpesa'fe e’a e
ealﬂ,g o N bewyempﬁrv o R
T‘me@ wl oy
lasowetio def £Q Y MR ] Fds (255,)

[a t? “r"' Lan ga&"g>a\ pﬁf"-

2 b' e“ e - b ee

e k(.&- 1) rq Tpre | s Y

!TCPQ f‘J jéale&ﬁ *ﬁ 3 ug{ g:a' ’rl }:Q t\,eﬁ

B8 grg Wl Pl Ly Re s )

¢l Yy saoca‘»’x\ﬂ wxr'de\ee }J’”\ &eﬁ“i
r

',5‘,rvqe§1e0*e33 def”,u&aﬂlesxg
ety e whhig? ‘M‘ g aé“ L eef
NS erved eqeweflb‘e Y, wﬁ My
elffee!1 fye YO ;*33 A Dwf& ey e?

a & Twd LPQ«

*aimwe w 'a ur'e N ‘Y“L["x«‘a»w?ﬁ Fuei'a
lpe 2 e e’eLLACGL‘ C i & f e
4168 § ]_gi}oqx cec'<e glilefwe 'ﬁde‘axf”e
Kia N} e by de}l f, e fq f Pe
r'ealw Add’ﬁs er’flgﬁx‘a e
deaw’& fq*f"ie fueh £ o le gL S e
(ddxw ~fe 1

%

.h)P‘
@b
&- ,_P;'- e h)
%,#
P’O

o
ms
e 6



,\pe!lhe“miﬂ‘ Wi g6 Y@ hde e B p
M R e pa s Y& G 7 44as2) e ef, ¢
o d !gede’ LT AR A I é\é"
effe(l (p2-re 473 ddw*a fe L
J.”e’wew’adeé fy e 3530y ¢
Peel oy é BB be pd’l~?v$d
fof el 4 ¥ f, (e ~‘35~‘2wb'\a & $
w\f" 3& e & ,lﬁ wel we ,'C.g
B g ow’g f”eo ppsled €aof We
wnfvxr'eg.ew mdee’tq:p (5k§‘1 VRGNS
ceffcelo —4. 1225 p 2ol sgbor 47,0, 4).



&:’ wp'e ne BY ’g NP
" beew ¢ g8 bef, e.

Discussion
322%"““ P T e
T <€ 1oy Fﬁ“eﬁ’ ﬂ 136 1
ke d ¢ 8 e fu T YA el v 5.6
llgweefwede T owx§ mpq["e Lheage et g
~ BT w’J"a"% wohgtefily ¢ AR
Fhpere peie ¢ ST woagd il o <G
Jf (e beef af g 45 ad.wdre&q f
LR 34 e gefy fg’xeeu, Yw 16 we '
ll"e b“w effeqs of e L% ae!ea lnﬂ 2 ef)l!_
d 'fe!L f, (e {igv 0flf"e e&e‘eL du
'd ale .o ¢ Fq&sea 5 AP ngpa Je&l#ee-

whog, sy Ale oy efegd fy 1o AP epigen-
etlc clock theory of aging, e . efe h L“ Y ped ed
LT I PR RN P dr ki &

fde e, *fe!l wil d ey effeq, [ Ae fe 5.
K a a a3
I“eefgg ee§~e e!qd ' owe® W
Lk e mt Fea 2
6 defik Lhe_g.eest 1ds o pxea as of Pe
0%,,flr\'ee e!‘elha *L“\wf"ﬂ.,
BT efxf”eu& g M e, la uf"e rﬁmeth 1 g
uou\%;’r&al_f lh‘. ’ﬁde @dv e ~
%e 7’-,76 C'C™ e Tfo L e’q_(, - e ’s:i‘ T 3 p‘as
@i:s gf‘axr'ew'f‘p’{w» ha':abeﬁ N Pe g
»nef"s $q ywtesur'e o whilee -
4 axi® Wb hegy. “’”‘ﬁpa
3 »ia'ﬂutpeli Ye’wfxpee ee\uueu\‘a»
»u{u'&&eiim e 3y -
Y.C\Podo’evy bﬂ”ﬂ ,TI"eg?fe ‘L"Vedekdq 14
f ’\o x| “;Ve!eu ‘ﬁt 35
€7 cc (FSP e <&t ’Q o Me ~Wd
b2 patd al e e ! o -
Y\'}q,\'g‘ QT o ¢ w‘pilo'd '9
3 LS DEPI B1g Lr»e effe s ef ew
T 4" !lpe € e"'elu 909\ FQ (La’i a 16
e wd e oo 2,e b&{ Pe
ssesst pdo wt?a dn o'a’t
efeg (2. ed, vel k L ¢l
PN e T TR e
1€ Ta e uw "”L fe WPl T T
£y 3 }ﬁ( F ) Y‘p fefiy (1(5 ) & %L‘ﬂ d Cay
af"m vl 2s e s o
qu pteal % €% e-. Y@”'*f*l‘ ¢ ey C 17

L

Og‘v
fge Powl MU -

I’@\e iq l['fe

La’}o ety e, we
g Bey debe o f 4 qh@ fq e 4,77 5w
~d Vo sga q@u effqu I e o L&, f e

e’ett.t,eu\’“p P g Les lpee*ﬁ :[a'i'aﬁca»lg. Wlp
CFQQ% fhdec 3"5@% '\en'wiofepﬁ*
e p&t \Ve Ale vy e e alf Y e
s%gu 1 1\1&& me ’lde?u ‘ﬁt‘ieme"
q Tyt fa wde g"s 6,928 68 e Yha
LY .Lpeauee’fQT e'etu»,a eeﬂn"
e % ot faﬁ R gL M
sas 3 8¢ Yhoceel g € My oef -
f%q ws o 1 - ) y 7"& e 'Sﬂei

T

~§g$e! &% H 'ﬁ
me’e\;’ 'y 4
5 3 eluuaug

”[ '\/7'.0 wd a.e 19 'd

Y, 2dg B o off’”qw' ook [ e
NSDlge!e s, 44 W L oelod gt Py e e €







FRNE g " we ed € -

N

\yeﬂb'e
3 6*37 Ll

o}
ks
ot
&
R
v ®
o Y



ee\uuog\ I f“s%" I e wer pe dedee g

Yeu i K gpu .

Conclusions

TP‘ee e!elb & "g’ wh\pﬂs uéxﬂa few Yl -
e Yool ed T Y

g C # 14 51 v\ g Fq&s f LR

Hweeﬂpe wecE ey P 'lq
ro3 e NG ’

5“ R ST S10 ~p§ ! su&v’? 'Y) \._‘

1 Fle'u wild e ey }{Y"’x dwdresl»wef"a» ed e -

ye 2 a ;
o hild o 1 Yl a‘«li « ¥ eeﬂez eme’exc
’

noob

| el 2, e e P
%et"atar ?P?e Fa "6 o Y[ﬂ"ve{i 01? e
epigenetic maintenance system S TR AN
L "s@*w sf"@w"@ gr'te (Peg fi€ el ke
Le“e”rﬁledelhe[wl\% efeg (g d §d’1’g
!a]r&;g Fﬂde !ew‘,ali1 6y 2 4 e ’fe&a
Mﬂtpeemee\u&gwg‘

Methods
Sample coIIechgn and annotation

Ai(/w €q q !'5 ¥y ate!d ae!e 18] WLP e
e ’1' N Lo'“g d(b'
(%,'ﬂ_ﬂ_‘[fg fq’fvf“?l’ﬁ!b“g TPed e Pedel_
e TN dwdreg s owe o Ylg Ak d?d
wxf" [’*'ed1 efed g [P, Re fa,[ﬂb'elcr,é",
ndes (Tbe detea fe)) sl “Qras 'A e
foﬁeee }%Afe! dwdre&wkpat weo M fa S
adrejm g6 .y A g sceef !a e ré .,
2 rgs AE L PR e g e e f'“w‘z‘“‘ 'y
fe“}.ﬂbuw Qfs (dd\e*a £-e ~a) ps < o

("ur& gV ed ¢ 'oe ﬁ#“f)ws sasu$~ e
"

% i« ¢ ‘L@ %

I"

fuf”edewg Crdsed eyt vl wee
fy 1304 lffealguuﬁslr“
5!’? «ga(r p)?uﬁ!ﬁe! 'feasgeyh, rvﬁe
S I R \\{ owl !fhmeth‘a
e L(Leaxu ~ »\e.’s .’L’le ftb'eda‘
@ewee v, gL%/h 1(I"‘g.,a 3beg e
daf” [ ddiePrfe 2. [ Fe e off*‘
v YC““Y‘,@*}« ¥eed §& owl £A Y‘ﬁawr
¢

(QH ?s)'siwee! 4 ] !lﬁeffash%eew.s
A he Hele ["e*ci ra e L.
R uﬁw’i«t & W . .
. B | g‘w‘“ﬁ we & \el‘& 1?6(@ ELee!

Pre-processing, QC, and filtering the data for the
eplgéh@tlc clock Iculations

o Yelpalr :‘lwdaa ( £¢)wee
q&s%’\*{ Je mlnfl},ﬁ-%‘v'%i e 9‘?@3“&;\3 we:é
§ Pt & g sk }.\v_a ;1.3 T

_galiw#?%l%!gnoob £, € 3B !
e &‘ i gﬂa g PR



https://github.com/demh/epigenetic_ageing_clock
https://github.com/demh/epigenetic_ageing_clock

wndo”queflqu v M roqﬁ'zaw”r'éds VY PR PR Ypsto"wﬁde”'
Lee By ey ke pw’s &7 ‘ﬁx"s»expes Lr'at [ ."a»’ ’Lpedn jb’{a iy nf\f”e r f . Ped feef
vowmebeged f Ryeel (B g $ig g Pe dee, e dides wee A g ‘
é' ce u«fu"psw!ofﬁ”esa'ﬁ‘i ’lpeaﬁd I dn~b’{a;’fo ﬁpeb’@lk« aliey & &. W -
s ﬂad,[ diAe (dd L P £ he 44 “getely &L P

dd Lo P fe 4. big Pe epldlshf#lqwfqﬁﬂe

/\EpIDISH}.J,L\ e I1f Pge ﬁnies

.
o
pei

Calculating the epigenetic age accgleration and
performing the main screen
“«Lr'eaedee W d sed el b W P wele Y
?3? 52 Y& wl 2.6 Mey lpa!a e >2‘},ea
wee foda ! (Pe \%u” I (N #7).
2 Y* & Dﬁx vy e %,&e £ ed wda[el
(p;s.eah N L12) we ¢ TR 1% e forgw !y
1€ w4 ey (e control models).

L

¢

(1) Without cell composition correction (CCC):
™ ™
b BPL e+@l +e L+t 2+ ...+t

(1) With cell composition correction (CCC):

™
L e .e~ et +?‘*€{
DA Al AﬁW&M"e n +!r?+ ’
we ¢ DNAmAGe, lﬂee%!qg .ec,§@1@ 1y
]—f ”[\ P&' me IA\ge:l 4’ 00&(, C PC

%
Je NP 1e;»w. le ﬁkfi!g fq 0 r»ewr”
qu (N 7 Wy ey ¥, t& g ‘4 Gran,
CDAT, CD8T, B, Mono? § NK3

Lol of e bwd ce u«ﬁas eu
a’a’{a’sxqe T“e 7'@7‘%&@
WLP re |m§’”a«;amp e €
Pe f o h e.
? g;dai “ !wtq mb’

&R ethg Luee%ﬁ‘ (F )fo Tl_a
%gg,wmh& bfefeq

e

: hel Ip

Iaﬁ :al) D‘e!,lb'e »,@a a\h ’i”ﬁr(x 'P)E}?be
*C & (g &ddko’ fe d'&uTSfl\

=
-3

~—

(1) MAE = medlan(abs(EAAl))

,\Pe F i lf\‘e e me!q C ge 'a,cce‘eaﬂq f fq {a.
P@IP‘« Pl efq —Y‘Lhew’t @
Leere mes‘em”@ e &1 &ech
ax x’e I fe ~1f”ed fte ens Y& wlide £ w
vlitd e ~(s“s b 3l e ffeeme e wee !
Jee el el,v e (DNAmAge)% ,\f“ebgeg YFCaH

e (8 a@ Dol fgvPe o g fffy ahe



s w & Ye?'ia’i?"_.tﬁ we ke @ ed Rbe
effey £ e B &, ! L1‘§ ef, w

Identifying differentially methylated positipns

Wb oweedehfa dly S w8 gl of e
Efonmderf&lwdw ere m|nf| {” & 32 ,\peewe
Lw ’lvﬁ@, fe ,[ﬂp'e v Llei g & Dr:éﬁ N{i
we e 4! Lhe""lqi WGD
cda [ ey ceefl 3 ﬁ;;,@h r\L 119 )ag
lr»efww,a ré w_e ( ﬂg g g G o[ el -
cely wee‘itaq@ f, (e Agew - qxe .

(V) Bi~Age + Sex + Gran + GD4T + CD8T +B +
Mono + NK+PC1+ ... § PC17

,_\pee /3‘)1 y“se!u Lf*‘e 'gtg Vel b“ia f.ﬂefo are
ar FQ tfg,“e) lf\'e ;ﬁ?'

4148 weeu CRL A I\tlpe 4Lt
f Y‘Q ( Sl)q

5
ay“s (’\L , 'sup'e
1“& Y"due\ éﬁ‘fi??) ’é’g\”efn wwly ét
e (g i ?gi‘?;se?" weftcely wee e qg
£, e Disease_statuse, 2.

(V) Bi~Disease _ status + Age + Sex + Gran + CDAT +
CD8T +B+Mono+NK+PC1+...+PC17

A‘@yeea@aao“fa b Pacc @ Febi P
s A8 o by f*«n ge g’fe f Wll LT ‘s
CO‘L%(LO’"WLPng,» u’ueeenf‘x/i‘L

(Epi) genomic annotation of the CpG sites
foe ef ep) ef, e f@tﬂ% awe{e e daq f APe
Cims & of feg. J"ed owe ¢ N RPRLL
gl e, , ererv/w\ﬁ Y.
NI Y T
LR LT PO inbﬁgﬁ "Wec
118 wed Ble & g\f”e pyBlgWig FL'\QC 94. _e

Fae Py wlew \v»'”e B.g ! LM Y“Lp’vaw’w

Wﬁalo'abe .. | belweew' ,e[\'b @& s L
Coadyds % et ¥ i g T
(ddwv fes)&efeowva.

— ChlP-seq data from ENCODE (histone
modifications from peripheral blood mononuclear
cells or PBMC; EZH2, as a marker of polycomb
repressing complex 2 binding, from B cells; RNF2,
as a marker of polycomb repressing complex 1

binding, from the K562 cell line). We obtained Z-
scores (using the scale function in R) for the values
of “fold change over control” as calculated in
ENCODE [96]. When needed, biological replicates
of the same feature were aggregated by taking the
mean of the Z-scores in order to obtain the
“normalised fold change” (NFC).

ChIP-seq data for LaminB1 (GSM1289416,
quantified as “normalised read counts” or NRC) and
Repli-seq data for replication timing (GSM923447,
quantified as “wavelet-transformed signals” or WTS).
We used the same data from the IMR90 cell line as
in [97].

Total RNA-seq data (rRNA depleted, from PBMC)
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