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A H3K14ub-Driven Heterochromatin Formation and Stable Inheritance Pathway
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Abstract Maintaining proper and stable compartmentalization of eukaryotic genome into heterochromatin
and euchromatin during mitosis, along with heterochromatin proper reassembly, maintenance and inheritance, are
of critical biological significance for centromere assembly, sister chromatid cohesion and separation, genomic integ-
rity and stability, and transcriptional regulation. Heterochromatin instability increases the risk of cancer, aging and
related diseases, neurodegenerative disorders. Previous studies suggest a self-templating pathway involving “read-
write” of H3K9 methylation by methyltransferase SUV39H as the core mechanism for heterochromatin reassem-
bly, maintenance and inheritance during mitosis. This study reveals that the “read-write” of H3K9 methylation by
SUV39H in mammalian cells is insufficient to achieve stable inheritance of pericentromeric heterochromatin during
mitosis, requiring additional assistance from H3K14 ubiquitination. Researchers identified G2E3 as an H3K14ub-
specific, pericentromeric heterochromatin-localized E3 ligase. Importantly, H3K14ub catalyzed by G2E3 during
mitosis is essential for SUV39H targeting to pericentromeric heterochromatin and for its methyltransferase activ-
ity. Mechanistically, G2E3 is highly expressed during G,/M phase, and RNA-dependently binds to pericentromeric
heterochromatin on mitotic chromosomes and catalyzes H3K14ub, which is essential for subsequent sequential
SUV39H and HP1 targeting to pericentromeric heterochromatin, facilitating H3K9me3 accumulation and spreading
to ensure heterochromatin reassembly and inheritance. Researchers further revealed the chromodomain of SUV39H
is a dual reader of H3K14ub and H3K9me3, with H3K 14ub binding being primary for pericentromeric localization.
Notably, the absence of G2E3 not only severely impairs pericentromeric heterochromatin reassembly but also leads
to aberrant accumulation of SUV39H and H3K9me3 in numerous euchromatic regions and a widespread transcrip-
tional repression. Thus, this study reveals H3K14ub-driven H3K9me3 as a conserved mechanism of pericentromer-
ic heterochromatin reassembly, maintenance and inheritance, which is in turn crucial for proper genomic chromatin
compartmentalization and transcriptional regulation.

Keywords heterochromatin; euchromatin; G2E3 ubiquitin ligase; H3K14ub; SUV39H1/2; H3K9me3; het-

erochromatin initiation; heterochromatin maintenance
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SETRAN AV I SR IA TR G2E3 58 o Tl A 22 R S Y L5
A: schematic of H3K14ub ubiquitin ligase screening and identification. B: ectopically expressed Myc-G2E3 intensely enhances H3K 14ub modification in
HeLa cells. C: ectopically expressed Myc-G2E3 intensely enhances H3K 14ub modification in 293T cells. D: in vitro ubiquitination assay demonstrates that
G2E3 catalyzes H3K 14ub specifically. E: ectopically expressed G2E3 catalyzes H3K 14ub modification specifically. F: knockdown and knockout G2E3
result in a dramatic decrease of endogenous H3K 14ub modification in various cell lines. G: IF shows endogenous H3K14ub localizes on pericentromeric
heterochromatin in HeLa cells, and G2E3 knockout causes a dramatic decrease of endogenous H3K 14ub modification. H: IF shows endogenous H3K 14ub
localizes on pericentromeric heterochromatin in NIH3T3 cells. I: knockdown of G2E3 results in a dramatic decrease of endogenous H3K 14ub modification
in NIH3T3 cells. J: IF shows that ectopically expressed G2E3 localizes on pericentromeric heterochromatin in various cell types.
El GE3EMTIAELKNFRER, R ENEE LN SR E RH3K14ublEIH(ARIES E 3THE 2911220
Fig.1 G2E3 is a pericentromeric heterochromatin associated, H3K14 mono-ubiquitination-specific E3 ligase
(modified from reference [29])
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A: G2E3RUIR SRR R 7 E 7 B H3K9me3 (K. By C: HeLa#Hi it Hid 43k G2E3 MIAHE S AL I , G2E3WGE i VE R 5 Mk L 12 H3K9me3 . D:
NIH3T34H it et 4215 G2E3FIBRE AL, TF R G2E3 S M ME (20t H3K9me3. E: G2E3{R ik H3K9me3 kit T H AL 1 H3K 14ubf&Afi. F
NIH3T340 L R G2E3 5 50 PR H3KOme3 I ZL R B2, [ SUV3OH2FITHP Laff) 5 4 457 2 K PRI ZUPE AR . G: HeLaZU A R bRk G2E3 T304
JRH3K9me3 I 24 1, [l SUV3OH2AIHP 1) 5 4L (0 5UE fr KT ZAFEAR . Hy 1 WBAMIFKL I SUV39H 1/ 24 H3KO AL BI5E o J: IF
IRSUV3IIH /235 & 1 #0i5 G2E3 A B A2 HEH3K 9me3

A: knockdown or knockout of G2E3 impairs H3K9me3 specifically. B,C: ectopic expression of G2E3 but not G2E3m3 elevates H3K9me3 specifi-
cally in HeLa cells. D: ectopic expression of G2E3 but not G2E3m3 elevates H3K9me3 in NIH3T3 cells. E: G2E3 enhances H3K9me3 via H3K14ub
modification. F: knockdown of G2E3 results in a dramatic decrease of endogenous H3K9me3, accompanied by a significant reduction of SUV39H2 and
HP1lo heterochromatin localization in NIH3T3 cells. G: knockout of G2E3 results in a dramatic decrease of endogenous H3K9me3, accompanied by a
significant reduction of SUV39H2 and HP1a heterochromatin localization in HeLa cells. H,I: WB and IF analysis of the effect of SUV39H1/2 knockout
on H3K9 methylation. J: IF showing that ectopically expressed G2E3 fails to enhance H3K9me3 after SUV39H1/2 double knockout.

B2 GE3EHERIIERIESUVIOHI 2 S AL B 41 7 4 2 FTH3IKIme3 & (IR IESE STBk 29115250
Fig.2 G2E3 specifically promotes SUV39H-catalyzed heterochromatin H3K9me3 via its H3K14ub E3 ligase activity
(modified from reference [29])
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1, BRI E NN 225 34 Gy/MB R R I )72
FIEBRE 0, ik, FRATN G2E3 2 1 1 4 i & 31
PEARCHEAT 7RG . FR T = AR S P TR A4 i P R
G2E38 ok, FATiEE CRISPR-Cas9 [Al i A
FiRLE W IR G2E3 1) C-¥iii A\ T 3xHABRZE , & T
G2E3-3xHA HeLadl i & . #UIt40f & [F DL EIA
A A A, WBEE 3 278 G2E3-3xHA R 7 Go/M
BRI, H3K14ubti7E G/ MIIIA B AE (B 3A). 1E
G2E3mi5 1) HeLadl i, G/MI H3K 14ub)LF-5¢
4320 (KBI3B). 35 TIPS, e R IEA 244y 203t 78
o G2E3-3xHAZE 75 G/MI R R IE, HHIRA 5 Yt
&4 (B13C), WIRH3K14ub R A& AE gLtttk b, IF
TEA 225y 3 WA R (K 3D). IXLELg5 LR,
G2E37E G/MIRRIE, 25 H & YLt fhgh
&, B 7N LT A FH3K 1 4ubfZ i, J0H
TEZH 5 ) Goy/M I

ZRTHRIEIERERE . TS AN BRAT 2k BT 2 7L
S, H3KO I 4 7% B #A7 AE RN ARG 1) e G £
JR 58 LU 222437400 B T GOE3E BN 224y 345l
TR RS G Y A, IRATRE M RNAZ T/ 3 G2E3
Htafhgi G . BATE IS RIE Myc-G2E3 (1) HeLa4f|
i [E 25 AL B M, 0.5% Triton X-1003#:% 5 [T} RNase
AKRCER, B 5 10 T % e 6o 45 I i 7R RNase AXIEANGY
i H3K9me3, {H 2 id 1A ¥ Myc-G2E3 44 K i 73 #8
MGtk RS, A RNase AXCERI4I AR, Myc-
G2E3 R4 SRtk | (KI3E). FATE— DXt
HeLaZlJitd 7 i 2215 Myc-G2E3 3T 90 2 T i 5256
F 58 B PCRAELARKG M RNA M & 4E , 45 R Bt T
18S rRNA. Actin mRNAMI KA A4 BRNA, FlE il
VEM G2E3IE M E £ 2 A A RNA(KI3F). Hit,
BAVA K G2E3FEIL & 22 R e G 01 & S 9F HAEM
HIFRE 4 G YL IR v] R R T8 T LB R) 245 65
R IT 22 b S 60 5 2T 41 I a-satellite RNA.

TEAN 2L AR | B DNA K I BT i SR 45 # fr
A 22 R S G 0T 5 T 2 24 T RORT 1) S e 5
SERIWTEIT W] SUVIOHAI HP 145 A 7E A 2243 2430 ]
o MNGL 0 T A B ), KBRS PR G2E3, #i2 T8
SUV39HA HP 18 [ 5 G €85 s bR 58 A7 4 il 24 141 55
(EI2FFIE2G). HHIG, FRATTIE TR 7t G2E3 J Ho A AL
() H3K 14ubs SR A 224> 2 J5 B SUV39H 5 HP1
oL FRARMNENSES. 52 iiRiE
— 3, AT &5 BB /R SUV3OH2 FIHP 1 ofE A 2257 54

AR SRS Y B RS &, SUV3OH2EIH 22 /7 2 5
WIITUESE & ge otk I H3K 14ub/K~F-5 & ; 1 HPla
HEIF 2 ZRIAA GRG0k B 2 G2E3m%R
J& , SUV39H2 A HP 1o 5 ik 4 YL ARk [ 45 G e 1™ E
TR, I HIX IR 2 A (B13G). axikst
U], MITHE I H3K 14ub7E 1 52 SUV39H S il
F o S Gt 5T T L R R R SRR E D OF
s T TR ——(E VTG 2 b e 0 X 3k,
G2E3/fE L1 H3K 14ubfiZ 1A 55 SUV39H, &2 it ifi ffi
HH3KIme3 B LA ZEHP1 8 1

5 SUV39HIE T H ChromoZEMigisE &
H3K14ub#1 H3K9me3 M2 6 E LT & 22
R R

BT F %o 9% 36 00 UE 52 50 & AN B G2 E3
SUV39H1/2 2 [A] iAH BAEH (K14A), I H G2E3%}
SUV39H 1/2 57 e (8 i 52 A7 A M8 H3K 14ub, K1k
FEI SUV3OH /21K AT fig il ik B 245 & H3K 14ubifi #E
) SE LI 22 R S YL (i . NIRAIEIX — S5 A8, FRAl
RS Alifk GST-SUV39H 1/25%F it #i5 Myc-G2E3
(1) 293 THH IR 75 2R AT Pull-down 5256, 45 S iE
NEA K14 577 F GBI H3 A8 9% 1R I Hh b = 4R
(F4B). N THRFTSUVIOH1/2MFAN 45 1) 18 2 5 45
& H3K 14ub, A THRYE L DhRe 4513805 SUV39H2 71
BT =N AR, A A N-3i £ 2 Chromo 25 14 45k
(AR RE 5 G2E3 L A T 2k 7 et i (B
4C). Z BT BIBF 9T 4R SUV39H/ClIr4 ) Chromo4s #)
& H3K9me3/2 1 [R5 8% , I AE 5 Y (iU b &
FE B FH 4441, 2 AlphaFold4s My#idbl 5 #4740
TARHE, 45 B 5 oR SUV39H2 ) Chromo4h 1) 42 i] i
Al LLFI 45 4 H3K 14ub Ml H3K9me3(K4D). N T
454FE Chromo % 14 3872 75 fe [A] iy 1R ) 45 & H3K 14ub
FIH3K9me3, K% E S 545G AR, KA
PR 25 A AL 45 SR X SUVIOH2 AT — R H1 i 5-AR
¥ H 5 Myc-G2E3 4 HeLaZ fifl tp JLHE 4L | TFAS U
SUV39H2 Jz H Ak 5 Myc-G2E37E 1T %5 22 i 57 Y
BRI ENE N . 45 R BN DSAARE RN WISA
RASH T % T 5 G2E3/ 3L E 7, W68ATAR
&5 G2E3 3L 5E fr i i 52 45 (K1 4D~E14E) . Biotin-
H3K9me3(1~21 aa)Z ik Pull-down 3256 2 78 WOSA S
A5 W78 AZRAS 2 SUV39H2 5 H3K9me3 45 & (&
4F), 52 Bi#iJE Chromo4h #1545 & H3K 9me3 ff) 5%
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A: WBES SR 7R 4 i 9 U G2E3 MH3K 1 4ublbti 48 i 73 22 il 1424k, £ GoyMIl i %35 . B: Goy/MII i = ITH3K 14ubHIG2E3 i fk. C. D: 4l
W IRG2E3HTH3K 14ubfE A B A7 22 43 R AR IR 8 5 G AR Gtk b, IFFEAT 42y RS IR BIWEAE . B A7 2293 24 2 Th G2E3 ARN AR 1) /7 20
GGGtk F: RIP-qPCRE B G2E3 i If- 45 411 45 42 i A 25 22 Kiisatellite RNACWUIN 22 5 e X ek 56, n=3). G: G2E3R& S 80H 24y 245t frh
SUV39H2FMHP 1 7] 5 A7 57 e (o fig F7Ja 20 N Bt

A: WB shows endogenous G2E3 and H3K 14ub are highly expressed in Go/M phase. B: G2E3 is responsible for the markedly elevated H3K14ub level
in Go/M phase. C,D: endogenous G2E3 and H3K14ub associate with mitotic chromosomes along the mitosis process, and reach peak levels during

metaphase. E: G2E3 associates with mitotic chromosomes in RNA-dependent manner. F: RIP-qPCR analysis showing preferential association of G2E3

na

Parental

<

G2E3 KO-10

Telo
Telo

with pericentromeric and centromeric a-satellite transcripts. Two sides multiple # tests-one per row paired-test using GraphPad Prism 8.0, n=3. G: G2E3
knockout violently affects SUV39H2 and HP1a targeting to mitotic chromosomes.
B3 HiH3id 2P GE3EE B ATH3K14ubiFiESUV3IHANIAE £ 1 5 51 & FSE [E E (L (IR 1S % STHk 29118 250)
Fig.3 G2E3 strongly catalyzes H3K14ub during G,/M phases to target SUV39H to pericentromeric heterochromatin
(modified from reference [29])

B LR AL S —E s, T IIEDS4E TR 24 A HI2H 8 FHH3, FEAE I 5 AR 4M 4L [ GST-SUV39H2
H3K 14ubff) R & LR , T MRS 2H 25 (1 H3 A P AR R RAR P 5 GBI, 45 R IR DS4AARAR
G2E3, T sz Ak = 7, #3247 F K 14ubf&ifh FIW7T8AZRAZ # 4> | ZU5 0 SUV39H2 5 H3K 14ubi)
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456 (K14G). 1xEegh B3R B SUV39H2[#) Chromo4h
Fdal B A R 5 3 45 A H3K 1 4ub FTH3K 9me3 ) XL A
Fl, D54%5 575 5454 H3K 14ub, WosHr 75 5454
H3K9me3, MMiiX RIS A ETHEWIRS .

W68 B R AE 45 A H3IK9me3 [ R E L R , (H 2
W68AZRA N SUV3OH2 5 G2E3IlL %5 22 % 57t YLt Jiii
e LI AN K, T DSAAZRAR J LA 352 i 58
42725 (I 4E), #278 SUV3OH2IT 35 22 ki 57 e 0 i 5&
A7 B8 I 454 H3K 14ub i A& H3K9me3. N
TIGIEZHER , FATTLL biotin-H3(1~21 aa)#ll biotin-
H3K9me3(1~21 aa)Z I NEY), #A4b 4tk B G2E3
NE FRELEWWAR I Z ZA R, 75 %] biotin-
H3K 14ub(1~21 aa)Hibiotin-H3K9me3/K14ub(1~21 aa)
Z k. LA DY FF 2 KA peptide-pull-down SZ 56 46
5 GST-SUV39H2(1~105 aa) N-i Chromo% 4 15 f)
ZiAfe ), iR EIR, GST-SUV39H2(1~105 aa)4 &
H3K9me3 % ke /120 2 45 & KRB H3 Z ik i
() 61 ; B RA240%H) 2 bk iz 24k, {H GST-
SUV39H2(1~105 aa)4h A H3K14ubZ ik A /1355 2114
% . GST-SUV39H2(1~105 aa)4h & H3K9me3/K 14ub
BB RE ) 50, 29N ARAE M I H3 22 KK 1945 (K]
4H). XEEpRAb LGSR 45 B 71 3 FESUV39H/2
W) 5 AT A 2R S G 0 T 32 B 45 & H3K 14ub,
I H H3K 14ubA1 H3K9me3 ) ik [7) 1 F BE 58 7 Hh £
B SUV3IOH1/2[ 0 A e A o [FIB JATTH 523, 71
SUV3IH 2 b2 i v ik ik SUV3IOH2 T A= B Fll 584
I, D54A. W6SAMIW78AZRAZ AL H3K 9me3 g
1 58 A R H R B (1 41), 454 H3K 14ubBl
(FMH3K9me3 2158 SUV3IOH 1/2 H B R g im 1: .

HRATVE R — 5, S B SR IE L5
AT IR H3KO H R B RS 1 Cled A AE N2 R
45501 A (UBS), UBSI{EH SETZE M, AElE 45
A H3K 14ubIF i =0 A0 [ — D H3E H K K9 K 4E
K9me2/31&1ffi ; USB24F Chromo#%5 #18,, Chromo%%
o358 5] I 45 £ H3K 14ub A1 H3K9me2/3, SETSE #415,
AR T FTH3 2 R K 9me2/3 B 15, X
Fil o A AF AR B T H3KO FH A0 7 S e 0 i [X 3™
B R

6 SREAEANSMEREELNERER
Xig A H3K9me3 5SH3K14ubs E < Bk
7 1 B G2E3 440 1 H3K 14ubfr 4= 3 K 41 5

5 H3K9me3 [P I, IRATA AU G2E3
KO HeLa4llffli#k47 7 ChIP-seq L% . 2 H7 /s 7E
SEAC T R 41 i T % 5 B 6 2861 H3K 14ublif, Horh
5 564 [A] I 77 7E H3K9me3 W, H LT 3% A HLAEH
H3K4me3 . 4 G2E3mR 5 A [ H3K 14ub il
H3K9me3 U H H A58 B #8 2Um B (EI5A). 3 —
M B, S H3K 14ub 5 H3K9me3 W78 i 4
2k PR T A N 36 2k o- R A 74 (X 8 e B
£, B4 G2E3MiFR 5 , H3K 14ub M H3K9me3 15 5 7E
I X ek 34 R 2 AR (P 5B AR A S R 2 A 1
T I 278 H3K 14ub Ml H3K9me3 7E 1T 45 42 hi fll 25 24
KL 4R, T G2E 30 o Jo 3 P A S 1 255 X 225 9 /b
(K5D). {HFVER /2 H3K14ubfE LINEL. Alufll
ERVKZEHE P H A &%, H G2E3RFRIFEA
2 PHEX X I8 H3K9me3 /K P11 R %, S i i b
FH(E5C). it ChIP-qPCR AT, A TIE S H3K 9me3
1E spc~ alphoidl alpha-R1-75530T 55 22 5 A1 55 22 43 5.
BRI E S E S, G2E3m% S SH3KIme3 /K -7
XL bR E AL, DARAELINEL. Alufl ERVK
B ot E (SE). R G2E3 B 25 ) 55
7 SUV3H27EIX M it 5 22 K M5 22 fi 85 5 7 1) 1
44, et T SUV39H24E LINEL. AluflTERVK
LT 45 (KB 5F). qPCREE R IR G2E3M R S
Bk A 22 WA 22 60 B 5T T B ) A s K B R (B
5G). % FHTid, H3K 14ubMTH3K9me37E T & 22 fi Al
R XS E S, G2E3MR T BUX L [X 3 H3K 14ub
AR, SUVIOHIIHE ) 58 A7 5248, #E 1S EH3K9me3
JFZLR R, S ge ol S5 8 W RR, R AR 3 S DUER )ik
5 v BRI 205 B A G SoKF T A

7 GEIFIEERERNXENIIEE
BATEAN KB, G2E3R 5% 5 H3K9me3 &% H
V3R P A I 5 22 RN 220 [X Sk 2 35 PRI, {H H3K-
Ome3 i [ A B AN R 2 B, MR 17 114
W2 G2E3 BRI 43 711, X L& H3K9me3
W22 oy T IR 2R AN =40, 5 — A SR A4 i H H3K-
Ime3 IR M Ig H B WA, G2E3MiR T BuX £ X 15
13 217N IR SR BT 1Y | IX L X I A5 H3K 14ubf
i 5 28 2 AE SR AR M R G 1R 58 H3K9me3 I, G2E3
i R 5 B H3K Ome3 e Jil BT B4, 3K S 0 (] B 2
H3K14ub s (M X3 ; 5 = 2RI P AA R 5 1)
H3K9me3U§, G2E3 @bk 5 B i 55 3 s 58 A A2
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A: IP-WBS5 5 R i 34 FIG2E3 5SUV39H2 % A # HAE . B: GST-pull-down%f 5 & 78 7k 4 414K FIGST-SUV3OH1/2#8 Bk 5K 14532 F 1k
B IH345 5 . C: SUV39H2IN-%i 1-105 aaXf TSUV39H2 5 G2E3 3L 5E A fk i #E [ . D: 43 1% 2 4 7R SUV39H2 ¥ Chromo 4 A4 3 7 IR 45 5
H3K14ubfIH3K9me3. E: IFRMISUV3OH2 A (1) 57 Y 4 i 45 51700« F: histone tail pull-down & lISUV39H2 28 A& 5 H3K9me3 ¥ 45 515 15«
G: GST-pull-down% 5 i /RD54AFIW 78 AT AR B MSUV39H2 5 H3K 14ubff) 45 4. H: histone tail pull-down#& JIlSUV39H2 ] Chromo % A4 4 1 5%
AR 5H3. H3K14ub. H3K9me3 zH3K9me3/K14ub peptidefJ&h & 15, 1: FESUV39H2 KO HeLa4ll il o il FRIASUVIOH2 R TR AR (A, 4 B H IR
D54A. WO6SAFRIWTSARLISUV3IH2{HE X H3K9me3 i 4 o

A: IP-WB indicates no interaction between ectopically expressed G2E3 and SUV39H2. B: GST-pull-down showing that both in vitro purified GST-
SUV39H1/2 can bind to K14 monoubiquitinated H3. C: the N-terminal 1-105 aa of SUV39H2 is essential for SUV39H2 colocalization with G2E3.
D: molecular docking suggests the Chromo domain of SUV39H2 binds H3K14ub and H3K9me3 simultaneously. E: IF analysis of SUV39H2 mutants
binding to heterochromatin. F: histone tail pull-down assay demonstrating the effect of SUV39H2 mutants binding to H3K9me3. G: GST-pull-down
demonstrates that D54A and W78A mutants are impaired in binding H3K 14ub. H: histone tail pull-down assay evaluates the relative binding affinity
of SUV39H2 chromodomain and mutants for H3, H3K14ub, H3K9me3, and H3K9me3/H3K 14ub peptides. I: ectopic expression of SUV39H2 and its
mutants in SUV39H2 KO HeLa cells revealed that D5S4A, W68A, and W78A mutants impair catalytic activity for H3K9me3.

4 SUV39HE )T H ChromoZ 15 [E]RT45 & H3K14ubFH3KIme3 M #E (6] E (LT & 22 i 7 2 8 FR(ARIES & STk 29115 240)
Fig.4 The SUV39H chromodomain is a dual functional reader of H3K14ub and H3K9me3, and critical for SUV39H
targeting to pericentromeric heterochromatin (modified from reference [29])
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Fig.5 H3K14ub is highly enriched at and required for H3K9me3 in pericentromeric heterochromatin
(modified from reference [29])
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Fig.6 G2E3 is required for appropriate euchromatin compartmentation and transcriptional regulation
(modified from reference [29])
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