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The biological impact of retrotransposon derived RNA
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Abstract: Transposons make up a large fraction of the genome in almost all of the eukaryotic organisms,
comprising nearly 50% of the human genome. Transposon mobilizations could induce DNA breaks and cause
gene mutations and even genomic instability, which can not only lead to animal sterility and disease, but also
potentially drive aging, thereby being largely considered detrimental. Nevertheless, increasing evidence also

suggests that transposon derived RNA plays very important roles in regulating many biological processes, such
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as maintaining embryogenesis and inducing innate immune responses, etc. In this review, we will further

characterize the new discoveries in the field in transposon derived RNA, to understand their biological impacts

better.
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1 PR TR IR A AL

I JE ¥ — BURe AE R DR AL R BE ML ER DN A
A, XHEFRA “w#shft” o HBarbara
McClintockfE T K HE PR 2H A ke I s - DAk, AAT]
Xof 35k AT (R DA A S D o 2 A8 O — A B 5 AN T
THH S ERIBIASBIR . £ NKEEF A,
R 5 I S0%! P IR R R i 2 R, #
JEF- AT M7y AIDNAKC B T FIRNAKL AT . DNAK
JEF- LA “BYYI-RENG” (1) 77 NS g, TRNAF:
JE WUl SRR R D7 SRAE A R R A
nE g4 e,

WK AR BLEE 75 (long terminal repeat, LTR)
AT, W AT N A 73 ALTRAL W 3% - F14ELTR
RUTS G e o R 00 5 53 B R LTR A4 190 5% Joe 1
AEAE AR IR T 1l 2 0 S 3 B S
JE, LTRALHE - 30% 22 e A2 limRNAY, [/
IEH IR —FE, #EFmRNASE %, B3

MRLEs, SR EHRREAR, BFEKTEA
GagMlZ SR E HPol, #7> LTR¥ a3 2 4w i . 5
HHEEnv, XL H BN BT mRNASS & )5 72
Jo H L B TR B B RE BIURE (virus-like  particle,

VLP)®'%, YEVLPP, LTRELSF;ET 23 LARNATE
NEIPIE HA B B Rk i) B AT 100 e s B i 7 1Y
PolE M, T HmRNAWHF M cDNAI,
cDNABEA 20 M A% I 48 & 11 32 R PR AH vh 8 o7 i
(T Nt/ Cret -3 NEFE S U i () DI TE |2
LTRAY % Jig—- I DL S R 4e A0 ot 22 i T AR 118
HRH A, 43 NLINEs(long inters-persed nuclear
elements) fISINEs(short interspersed nuclear
elements) i F . LINENKEEERE TS, v LIS
W E SRR E A, 5 H S FmRNA
T % W A% 2 [ J9URE (ribonucleoproteins, RNPs)if
N A% P 5 2 e R LI 1) . SINE R J LT
HEFFH, H U H AR S RNA R JE X AF B)
LINE4 R 2 (57 se i e ).

LTR retrotransposon non-LTR retrotransposon

Nucleus

Cytoplasm

Nucleus

Cytoplasm

B AR AR E A P B AL



- 1562 -

CEMLEY 20245448591

A 2SIV

2 FFEEFRNAZERRRAZ BEEPRITIGE
PRI S R S A E £k — R4
FIRIEM, ALHE AR AP 2B AT V55 A B %%
FegAED 0 Rk, AR R A T —
B 55 e SR A ) 2 R I R O, B A E A
ifi. DNAFI3EIL, sIRNAJTERISAZEP, REK—B
PR, AN, fE 35 5 R R A AE S
BREE I X SE SRR R (HAARE T HAR A
W7 3R A5 RO B JoE 7 HE R 5 A RO T RE VRN T, A
ATHTER KB, 6 1 1A TE [ THRE RIFEAS 28 A0«
FE/NBRAT N R IR G PR AT, % BEF CiF L &
A AT R SE RO XA R Y AR S
[IE YR . BN TF U G € 5 45 1 LA K 2 0 e et
JR 2H 25 FTDN A A 8 ) 27 e e A0 B 0 g 2 R 1 B o
BOGRME T AERNLS . BN/ REER A i
B B, LINE-145 R AR 18%. IE4E
K, BEREATRI, DNRMEIGKERIEE#TS
LINE-1 () % M EBUS % AT 0. EEMIBKE
Fd e, SRIETLINE-1 /K4 JE 4 iSRNA (long
non-coding RNA, IncRNA)iH i &5 A& i 1 77 =
WG R k. XTSI ER T — R
Wb, i BRI BR LINE- 143 PR AR 4 o 5 /] K%
P, T LINE-1/0 3 B80S W 24 & & i fE i

Nucleus

Cytoplasm

MERVL activation LINE-1 activation
\

Wik e o R4 A, Meng® PRI,
LINE-1 5'UTRA] 1y $ 5  ] {4240 <0 2 Bl 0
P, T 2 AR e A s Y L. Bk A,
PerchaardeZ P L B, HUIRNGHLINE-1 RNABLK
I, e fst /N BRUVE G 453 A2 4 B .l gk — 2P
WHgt, ABATABL, XM TLINE-1 RNAZHSE
Nucleolin/Kap1 2 45 & YL €4 )it X 35, #0161 — 40 g AH
KA BT Dux, WG/ BIEIG T 40 rRNA K &
J  ANTTIASE /I B R I A e 5 — 240 393 (1%12) -
20124F, MacfarlanZPVR 8L, /N &G T-40
J VLR 5 5 2 fe A T AR AE — 2R R R S
DU, XA 4 3R IA K -F B 10 8 R T
MERVL(murine endogenous retrovirus-L) U4 & — 4}y
WIFED, AHANR IR HA H W2 Re 140 br 5 2R
WPousfl Sox2HNanogl2. WkFEEATEIXFE40 M0
PR 40 i R B AR 40 R (2-cell-like  cells, 2CLC).
21, MERVLEAL N E WK 2 D) se+ A K br &
L2, fE SakashitaZE P i K L2 BT, MERVL
F E 30 X N BRUVE IR RN BT R B BB ) T Re AT AR
Rh. WEFEY, MERVLES R A A 7840 fu %
MR, BB —AEHEY, S04 REOR R
MR . F i L% R (antisense oligonu-
cleotide, ASO) PR il 4 g 1% A1 4H i J5 - MERV L

Cytoplasm

2-cell state 2-cell state exit

E2 SHEEFERILEIEPRITIEE



MK, S ORIET M T RNAM AN D e

- 1563 -

RNAJK-F-2x 50 ik i 7340 LA S e R A e 1, 2k
ifi SRR AR IE T (E2) . B2, BARIEEM
MERVLYE# R BT R IG o 4 RF T 20 i 1% K1
MBEFURES, Box 7 HAEMG A et £ fE
P E AP, Rk, ZMERVLYE R # /N R
JWR 6 5 iR A B B FLAE 4 5 40 i 4 e 1k v
HEMRE AR, JUAE TN E N R AMERVLE,
SKEESL AR T AN AR, B T4 4 e 1t AR
BT I I A A AL,

FENRLZRET MM, PRI o =
HERV-H(human endogenous retrovirus H)H%% 554
T BE NS 57 Hh F 45 M) 3 (topologically associating
domains, TADs), #{FRHF7 A7 5 THERV-HJ5 2 %)
W AH S B0 $h b 25 b a2 5 % B AR B e 2 TR ) 3R
1%, HERV-HIX 7 30 $h 45 K3l e 70 5 &
WA T A & w3 HORIRNAP 78 AR s+
#fErh, HERV-HIE T LLE MIncRNA, 5OCT44H
HAEF, LIR R G 40 A R 1

gi bk, ERBKELRE T, T
IncRNA )T R EE M IR IG G i o] Je e, s NG
REFERE R R Rk . BNk, R 51E E
JVE i3 20 2 T ) 3 AR 3 A G B 2 e T AE B Ak
ZJa UL —Fh 7 2O A 45 R IR R B R e
FER, DA R BV IG R 8 IGOR) ELRS D AT

3 i EFRNAT LUMER AR R

RIRGSE R RAFAE T AR ZH D () —Fl
W RIBT I, A R AR AR S —
EP 2. SEMNIEREAR, RABRBERGIGE
[ 2 MK s gk Ak ok A TR Bl AR 2GR ) 32 A
(pattern recognition receptors, PRRs)E 1A
JER A e 48 PR DR S 2 1) 20 1R AE———8 SRR A 5% 70
T (pathogen-associated molecular patterns,
PAMPs). 4 Ja IS IR 52 4 RE 0 18 1 —
YRR @ B, AR 4% 2 Fh G 22 S 80 AH 5%
FHERRE, WFE 1 TR (type | interferons,
IFN- 1), 47 A N 7550 X —id fE
TAFFHAR R R 2 OCEZ . RNAEA—H
e I R )0 SR A AH G 23 TR AR AR T R A
i JE I 2 PR, ORIE T 1 A [FIRNATE
] R A [R] ) 2R ) 32 A4 R o), 32 T Al & R

IR R G BOE (K13)
Toll#: 5244 (Toll like receptor, TLR)Z i I 5.4k
RNA(single-stranded RNA, ssRNA)HH|5Z{ATLR7
FITLR8AEHS >k HERVIURNA(E 5. iXFIRNA
BRSNS AT B R P Y O TLRAS 518
B, IR R T ARG JRE SR LEAE G
o, 4l 5 SUEERNA (double-stranded  RNA,
dsRNA) FRIAFAEAEAE AN g 9 B S G N A2 )37 B )
bREDT, SR, HWEFUESE B8, ERV. LINE-1
FASINEH B A7 A ilidsRNA ¥ A8 /11554, dsRNAT]
DA 38 2ok B — 300 8 e~ 5 PR X i) A s B Tk
ANTRVASE w5 AR [ B ALLES 2 T RINA B AN 76 4 Tl ik
BeXS T A, T DU i B B e AR B B R B
B 22 Tk 5 e 5 7 i B AT dsRN A F 25 3R 45 g1
RLRs(RIG- I -like receptors)FITLR3{E N KR G i%
T R B R IR dSRIN A TR 25 1 T 5 UE 52 RE %
Z 58T RIFE I dsSRNAT U . RLRs KR
=, RIG- I (retinoic acid-inducible gene
I ). MDAS5(melanoma differentiation-associated
protein 5)MILGP2(laboratory of genetics and
physiology 2). —# & F i # A & & ~F ) DExD/H
el SE ik, HRAH B EE S H S BN
CARDs(caspase activation and recruitment domains)
FIRIG- I MIMDASHEW B2 55 5H % MK,
B TCARDIIHE =, LGP2IITE £ Mg ) N7l LS
5RIG- T HIMDAS [ AT, 2452 Bk 5 T
% FEF-dSRNAIEOE J5, RIG- 1 BIMDAS 2 K4
ARk, R FHHICARDS KA 3 5 52k
PLARPLIE B {5 5 55 H (mitochondrial antiviral
signaling protein, MAVS)[FJCARD&;#Ik 4 &, 1X
FCARD-CARDH B 3 EIMAVS F R
W5 50 THIHSE, AFETNFZ 4440 ¢ B F (tumor
necrosis factor receptor associated factors, TRAFs).
TANK %548l 1 (TANK -binding kinase 1, TBK1)#/l
TP M5 R F3/7(IFN regulatory factor 3/7, IRF3/
7), R TIFEERES | PR M AR 2
Y AT IEY Y, ChiappinelliZECNER], i
DNA H 3 5 7% [ #1111 771 Aza(5-azacytidine) B{ Dac(5-
aza-2'-deoxycytidine) i] LATE 2 Fl 41 g 25 B rh 15
HERVHIE % B, SHdsRNAT R IFHIERLRs
FTLR3FIERI R IR G il . [7FE, Mikhalkevich



- 1564 -

CEMLEY 20245448591

RLRs-MAVS pathway

MAVS
L RLRs

A F)ﬂ dsRNA
Hairpin loop % \é«) \
—
=
{]]]]ﬁ’"”‘w”ﬂm[[

—]

Bidirectional transcription

e

Inverted repeats

Cytoplasm

/

TLRs pathway

N\Jﬂ\ DNA:RNA
ssSRNA
S

T

Nucleoplasm

c¢GAS pathway

/’\

Reverse

transcription cGAS

\\

N\

Transcription

\

IRF3/7
Hhnainnnm \

E3 S EFRNASHIAERR LR FHLE

22 7 R B B A B S FX THP- 12K B 4 g o
KRITHERVEZ R ZE L, JFFd—PRIUET
MDAS55TLR3. HERV dsRNAHI45 & fE 7T,
B o 10 8% A T iNHERV-K ANLINE-1, 7E
i o JE) 1 PP AT i 2 1 RNA TS 5 5% 3 FE T DN :
RNAZ: 4 fA(DNA:RNA hybrid). —JiHF7¢ B SR %
B, SRUE T M T I DNA:RNA ] DLk 5 88 Bl 1 A4
P AR FT 40 P P i cGAS(cyclic GMP-AMP
synthase) | FFidE— 20 T N &Rl & HSTING
(stimulator of interferon genes) ¥4k M IS K2R G
PERG, HFREM | THFEME 4RI S 5
3 i T PH LR RE 0 R 2B, TR R
TLRO AT L5 SR B R B AT A 7 I FIDNA:RNAZ& &
AAIEAER, B FHMyd88(s S4L 1615 S Pk &
RMBY, R BT BEEEYE, DR RN, R
TR T FE P I DN ARNA 24 AR AT AE 7824
TLROfE 5% S HIBEF, AT U5 G S il

4 PREFERE
TEREEIAR T, R R R 2 M

&M, JFH RA W SRR . AT, EE
BB NSRRI AR, 2 b — AN 1
RO, LSRR BRA%
) 400 4] 9 356 R 4 DX 3 e A e S PO i iR
B, S 0 o7 B R 458 S G 8 5T S 1 A K IR T
7R R UL < AL ST 15355 29 i A 11 B
R X EDB R KB, HERA
precentrimeric[X 3% & & 7% i FIpiRNA cluster, ff:
BB R E IR, 5 e g 0 5T g ST A4+ EL AN
K JH3K9me3 FIHP17E precentrimeric [X 5k 1) ‘& £E 2
HILF BRI A, R, 2R, £R
wErh, W R T AR A LR EOE W lE
YRR H L, T 400 ) 300 2 o 1 1 3 4t D T A
FEAK L) 5 OO — IR 2k R T TR R R
B, AR f KB R AR 20 T O T DU
ZABET, I )RR RV A RIN A ) 130 % 31
(9355 1 T DA RICHE K 2 R A o R AN T
FEAF 22 (M 5~ AN S 1 22 o 28 SURN I VA o vh el
DUASE W 280 198 %% Jog - (P i AL I G, R B30 2 1 1Y)
O T RE AR AT RN A AT B — KR AER



MK, S ORIET M T RNAM AN D e

- 1565 -

LR, EEZR/NRAL T, REFELE
L BT o5 P BB ,  F R 0 A i 1 X e 4 2
WARBEWOE T, X PP AR T 52 22 40 B R AL i) mf
RE 5 SIRTOAH 570, SIRT6 AT LA it 45 & 1 % iz
FLINE-115'UTRIHZEKAP1E [, Ml —
B HFEHP I RIMeCP2 R YLERLINE-1 {35 0 fE3E
Z/NRIMALF, JEARSLINE-1454 MSIRT62 F
g%, FELLINE- 1) 280 5 ek 55 0t 30 80 B0
GOV, X SIRT6 B I /1N B AT 300 %% 3% i 410 1 741
(reverse transcriptase inhibitor, NRTI)AbEE 2 /)N )
A K —fx, I H 2 83532 = SIRTOHRFE /N B
HE 2 R LA & DL i T Re Az sl g /s
[, X R AR /N BRI AT 208 2 3% g 400 ) 75 Ak 2 A 2
ARG R FEEAN LI A Db SR B RES), X
Sozk ERE, WAL RIS T RE S (e R 2l
T, TR0 e - PSP T e R R T

LINE-14if5% fJORF2 5 [ H % 10 ¥ B 1015
P, AT LUK LINE-1FIRNAS 7 5% llicDNA . i 5%
B, 7 3 22 A RN 2H 23 rb o Ao 315K 5 T LINE-
1/fJcDNA, X4 cDNAT LARIDNA A5 RcGAS
5457 S AR G LT R I STRT 68k
AN . 2R DL & B AR E A 2R,
4 B 5 B LINE-1 /¥ cDNA SIFN- 1 &%
DU T B — Bt o {6 P 3 A SR B ) 7
ol F FIRN AT E T ERLINE- 1 W 1 Be 06 A 2 i
BHlcGAST 5l A2 HIIFEN- T [rgaF 07172,

T35 22 R D IR0 B P2 9 1S 5 T o 7% 2% g B
fEr, Wi T HERVAILINE-1 1) 261k 5590 i &
B A E) AE R R, 5IEW AH
b, BAT 7R 2% i BRORE A8 2 19 K i B2 J2 AR ol e e
HERV-K. HERV-L. HERV-H#[# I & 1k (3
GURTOL O 7 AE /N AR i U0 5 )R TS Sk
P JE I 3 ML, BFF0 N GOE  7E A 28 1 A
441 H H e o 0 o) 308 2 R ) O B B I TRIM2 8 1T
WG P RIE, SRR, T
ERVERIAME AL T REF LI H 2
AR R ME T Bk Ah, SR
T, LERFH /N B ST 1 B IR 2% T BRE AR A o
T SR YR IR RN A 22 T8 i 45 5 RN AR 1 52 44 4l
TLRS, H0E R IR o5 [N I 3 B 2238 AT 1 3 A2
Fi 2 9 EPO L,

5 RiRTFHEETFHHRARNA

i & RNA(chimeric RNA) —Ff ik B A [ J:
(Rl (1) A1 S5 P B et B 53¢ BY 452 B 3 % 0 4 E HE G
FEM LI RNASF £, X TR T 300 4% e 1 1) i
RNAFRATSE W [a)6s Ho s Ry LA 3k IR R 3 % e
TRIAEFE B B BARNA B B0, AR 5 J8e 1 78 3%
DR A (4 N B, B e - DRI G RNA ] DA 43
N=MERAL ()RR B Sol aa A rU iR &
SEAR Q) B BT S AL ST IR A e R A
(3) B 55 1B 43 B 4 K B & e AR 8,
AR ZE A )RS RNA R & AR R 77, Wi(1)
A2y mT LAP= A JE A H 5 ) AT SR A, (3)iE Rk
(R4 P H AT LA 4B B b6 iR

LINE1/#] jx X J5 5l -F(antisense promoter, ASP)
AP FH S ) R S BX AN B A AR B 2 R A,
A A NREER B IR E k. R R LR A
BT 4% 0 N RIER L 5%, FF9 A R mT By fid
FEAR P2 A2 a0 g5 /N, ERVI
LTR UL 2H 235 5 P BRI 4 e 2 1 O =0 Bl ik
RNAM =4, HEAYIMRE TR K E B IE
HBEATTS), 7E B CHK ov IR R I BB 5 5 o, fl
T-Doctdi N\ T EUs I DA 1) e A AT, gt B
KW A, S 1 SR T 2R U R B Y i 52
FERE, Rt 7 PR S SRR Y 7R i
o, SR OS2 il /K onco-exaptation 31
N, A IR A AR IR A T e 2 A 3 R
f R P02, LockZ52I7E 9k 38 M K BT A ik B9
(DLBCL)H KB, LTREEHiER4: & & A7 A
(Fabp7) Pk & RNA ] 5 —Fpo 84 8 B A4,
Z 5 R . ST R 2 HO0 AR
WA 2 BRI, MR TR AR,
ERKEG =AM EORARMEHR T LT AR
ik, DRI b H A e g8 R S 1 ) 3 e T i IR B
A B RO R R I S SRR

SE 30k

[1] Wells JN, Feschotte C. A field guide to eukaryotic
transposable elements. Annu Rev Genet, 2020, 54(1): 539-
561

[2] Fueyo R, Judd J, Feschotte C, et al. Roles of transposable
elements in the regulation of mammalian transcription.
Nat Rev Mol Cell Biol, 2022, 23(7): 481-497


https://doi.org/10.1146/annurev-genet-040620-022145
https://doi.org/10.1038/s41580-022-00457-y

- 1566 -

CEMLEY 20245448591

A 2SIV

(3]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Phimister EG, Kazazian Jr. HH, Moran JV. Mobile DNA
in health and disease. N Engl J Med, 2017, 377(4): 361-
370

Huang CRL, Burns KH, Boeke JD. Active transposition in
genomes. Annu Rev Genet, 2012, 46(1): 651-675
Johnson WE. Origins and evolutionary consequences of
ancient endogenous retroviruses. Nat Rev Microbiol,
2019, 17(6): 355-370

Boeke JD, Garfinkel DJ, Styles CA, et al. Ty elements
transpose through an RNA intermediate. Cell, 1985, 40(3):
491-500

Lauermann V. Plus strand strong-stop DNA transfer in
yeast Ty retrotransposons. EMBO J, 1997, 16(21): 6603-
6612

Heyman T, Agoutin B, Friant S, et al. Plus-strand DNA
synthesis of the yeast retrotransposon Tyl is initiated at
two sites, PPT1 next to the 3’ LTR and PPT2 within
thepolgene. PPT1 is sufficient for Tyl transposition. J Mol
Biol, 1995, 253(2): 291-303

Pachulska-Wieczorek K, Le Grice S, Purzycka K.
Determinants of genomic RNA encapsidation in the
Saccharomyces cerevisiae long terminal repeat retro-
transposons Tyl and Ty3. Viruses, 2016, 8(7): 193
Peterson-Burch BD, Voytas DF. Genes of the pseudovir-
idae (Tyl/copia retrotransposons). Mol Biol Evol, 2002,
19(11): 1832-1845

Finston WI, Champoux JJ. RNA-primed initiation of
Moloney murine leukemia virus plus strands by reverse
transcriptase in vitro. J Virol, 1984, 51(1): 26-33

Schorn AJ, Martienssen R. Tie-break: host and retro-
transposons play tRNA. Trends Cell Biol, 2018, 28(10):
793-806

Kulpa DA, Moran JV. Cis-preferential LINE-1 reverse
transcriptase activity in ribonucleoprotein particles. Nat
Struct Mol Biol, 2006, 13(7): 655-660

Luan DD, Korman MH, Jakubczak JL, et al. Reverse
transcription of R2Bm RNA is primed by a nick at the
chromosomal target site: a mechanism for non-LTR
retrotransposition. Cell, 1993, 72(4): 595-605

Burns KH. Transposable elements in cancer. Nat Rev
Cancer, 2017, 17(7): 415-424

Kiiry P, Nath A, Créange A, et al. Human endogenous
retroviruses in neurological diseases. Trends Mol Med,
2018, 24(4): 379-394

Deniz O, Frost JM, Branco MR. Regulation of transpo-
sable elements by DNA modifications. Nat Rev Genet,
2019, 20(7): 417-431

Cosby RL, Chang NC, Feschotte C. Host-transposon
interactions: conflict, cooperation, and cooption. Genes
Dev, 2019, 33(17-18): 1098-1116

[19]

[20]

(21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

[33]

Bruno M, Mahgoub M, Macfarlan TS. The arms race
between KRAB-Zinc finger proteins and endogenous
retroelements and its impact on mammals. Annu Rev
Genet, 2019, 53(1): 393-416

Fadloun A, Le Gras S, Jost B, et al. Chromatin signatures
and retrotransposon profiling in mouse embryos reveal
regulation of LINE-1 by RNA. Nat Struct Mol Biol, 2013,
20(3): 332-338

Goke J, Lu X, Chan YS, et al. Dynamic transcription of
distinct classes of endogenous retroviral elements marks
specific populations of early human embryonic cells. Cell
Stem Cell, 2015, 16(2): 135-141

Jachowicz JW, Bing X, Pontabry J, et al. LINE-1
activation after fertilization regulates global chromatin
accessibility in the early mouse embryo. Nat Genet, 2017,
49(10): 1502-1510

Meng S, Liu X, Zhu S, et al. Young LINE-1 transposon 5’
UTRs marked by elongation factor ELL3 function as
enhancers to regulate naive pluripotency in embryonic
stem cells. Nat Cell Biol, 2023, 25(9): 1319-1331
Percharde M, Lin CJ, Yin Y, et al. A LINEl-nucleolin
partnership regulates early development and ESC identity.
Cell, 2018, 174(2): 391-405.e19

Macfarlan TS, Gifford WD, Driscoll S, et al. Embryonic
stem cell potency fluctuates with endogenous retrovirus
activity. Nature, 2012, 487(7405): 57-63

Yang F, Huang X, Zang R, et al. DUX-miR-344-ZMYM2-
mediated activation of MERVL LTRs induces a totipotent
2C-like state. Cell Stem Cell, 2020, 26(2): 234-250.¢7

Choi Y], Lin CP, Risso D, et al. Deficiency of microRNA
miR-34a expands cell fate potential in pluripotent stem
cells. Science, 2017, 355(6325): eaagl1927

Sakashita A, Kitano T, Ishizu H, et al. Transcription of
MERVL retrotransposons is required for preimplantation
embryo development. Nat Genet, 2023, 55(3): 484-495
Yang M, Yu H, Yu X, et al. Chemical-induced chromatin
remodeling reprograms mouse ESCs to totipotent-like
stem cells. Cell Stem Cell, 2022, 29(3): 400-418.e13

Xu Y, Zhao J, Ren Y, et al. Derivation of totipotent-like
stem cells with blastocyst-like structure forming potential.
Cell Res, 2022, 32(6): 513-529

Shen H, Yang M, Li S, et al. Mouse totipotent stem cells
captured and maintained through spliceosomal repression.
Cell, 2021, 184(11): 2843-2859.€20

Zhang Y, Li T, Preissl S, et al. Transcriptionally active
HERV-H retrotransposons demarcate topologically asso-
ciating domains in human pluripotent stem cells. Nat
Genet, 2019, 51(9): 1380-1388

Lu X, Sachs F, Ramsay LA, et al. The retrovirus HERVH
is a long noncoding RNA required for human embryonic


https://doi.org/10.1056/NEJMra1510092
https://doi.org/10.1146/annurev-genet-110711-155616
https://doi.org/10.1038/s41579-019-0189-2
https://doi.org/10.1016/0092-8674(85)90197-7
https://doi.org/10.1093/emboj/16.21.6603
https://doi.org/10.1006/jmbi.1995.0553
https://doi.org/10.1006/jmbi.1995.0553
https://doi.org/10.3390/v8070193
https://doi.org/10.1093/oxfordjournals.molbev.a004008
https://doi.org/10.1128/jvi.51.1.26-33.1984
https://doi.org/10.1016/j.tcb.2018.05.006
https://doi.org/10.1038/nsmb1107
https://doi.org/10.1038/nsmb1107
https://doi.org/10.1016/0092-8674(93)90078-5
https://doi.org/10.1038/nrc.2017.35
https://doi.org/10.1038/nrc.2017.35
https://doi.org/10.1016/j.molmed.2018.02.007
https://doi.org/10.1038/s41576-019-0106-6
https://doi.org/10.1101/gad.327312.119
https://doi.org/10.1101/gad.327312.119
https://doi.org/10.1146/annurev-genet-112618-043717
https://doi.org/10.1146/annurev-genet-112618-043717
https://doi.org/10.1038/nsmb.2495
https://doi.org/10.1016/j.stem.2015.01.005
https://doi.org/10.1016/j.stem.2015.01.005
https://doi.org/10.1038/ng.3945
https://doi.org/10.1038/s41556-023-01211-y
https://doi.org/10.1016/j.cell.2018.05.043
https://doi.org/10.1038/nature11244
https://doi.org/10.1016/j.stem.2020.01.004
https://doi.org/10.1126/science.aag1927
https://doi.org/10.1038/s41588-023-01324-y
https://doi.org/10.1016/j.stem.2022.01.010
https://doi.org/10.1038/s41422-022-00668-0
https://doi.org/10.1016/j.cell.2021.04.020
https://doi.org/10.1038/s41588-019-0479-7
https://doi.org/10.1038/s41588-019-0479-7

MK, S ORIET M T RNAM AN D e

- 1567 -

[34]

[35]

[36]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

stem cell identity. Nat Struct Mol Biol, 2014, 21(4): 423-
425

Medzhitov R. The spectrum of inflammatory responses.
Science, 2021, 374(6571): 1070-1075

Heil F, Hemmi H, Hochrein H, et al. Species-Specific
Recognition of Single-Stranded RNA via Toll-like Re-
ceptor 7 and 8. Science, 2004, 303(5663): 1526-1529
Dembny P, Newman AG, Singh M, et al. Human
endogenous retrovirus HERV-K(HML-2) RNA causes
neurodegeneration through Toll-like receptors. JCI In-
sight, 2020, 5(7): e131093

Kumar M, Carmichael GG. Antisense RNA: function and
fate of duplex RNA in cells of higher eukaryotes.
Microbiol Mol Biol Rev, 1998, 62(4): 1415-1434
Tunbak H, Enriquez-Gasca R, Tie CHC, et al. The HUSH
complex is a gatekeeper of type I interferon through
epigenetic regulation of LINE-1s. Nat Commun, 2020, 11
(1): 5387

Chen R, Ishak CA, De Carvalho DD. Endogenous
retroelements and the viral mimicry response in cancer
therapy and cellular homeostasis. Cancer Discov, 2021, 11
(11): 2707-2725

Reid Cahn A, Bhardwaj N, Vabret N. Dark genome, bright
ideas: recent approaches to harness transposable elements
in immunotherapies. Cancer Cell, 2022, 40(8): 792-797
Dumetier B, Sauter C, Hajmirza A, et al. Repeat element
activation-driven inflammation: role of NFkB and im-
plications in normal development and cancer? Biomedi-
cines, 2022, 10(12): 3101

Kato H, Takahasi K, Fujita T. RIG-I-like receptors:
cytoplasmic sensors for non-self RNA. Immunol Rev,
2011, 243(1): 91-98

Rothenfusser S, Goutagny N, DiPerna G, et al. The RNA
helicase Lgp2 inhibits TLR-independent sensing of viral
replication by retinoic acid-inducible gene-I. J Immunol,
2005, 175(8): 5260-5268

Venkataraman T, Valdes M, Elsby R, et al. Loss of DExD/
H box RNA helicase LGP2 manifests disparate antiviral
responses. J Immunol, 2007, 178(10): 6444-6455

Bruns AM, Leser GP, Lamb RA, et al. The innate immune
sensor LGP2 activates antiviral signaling by regulating
MDAS-RNA interaction and filament assembly. Mol Cell,
2014, 55(5): 771-781

Uchikawa E, Lethier M, Malet H, et al. Structural analysis
of dsRNA binding to anti-viral pattern recognition
receptors LGP2 and MDAS. Mol Cell, 2016, 62(4): 586-
602

Rehwinkel J, Gack MU. RIG-I-like receptors: their
regulation and roles in RNA sensing. Nat Rev Immunol,
2020, 20(9): 537-551

[48] Binder M, Eberle F, Seitz S, et al. Molecular mechanism
of signal perception and integration by the innate immune
sensor retinoic acid-inducible gene-I (RIG-I). J Biol
Chem, 2011, 286(31): 27278-27287

[49] Jiang F, Ramanathan A, Miller MT, et al. Structural basis
of RNA recognition and activation by innate immune
receptor RIG-1. Nature, 2011, 479(7373): 423-427

[50] Goubau D, Deddouche S, Reis e Sousa C. Cytosolic
sensing of viruses. Immunity, 2013, 38(5): 855-869

[51] Chiappinelli KB, Strissel PL, Desrichard A, et al.
Inhibiting DNA methylation causes an interferon response
in cancer via dsRNA including endogenous retroviruses.
Cell, 2015, 162(5): 974-986

[52] Mikhalkevich N, O’Carroll IP, Tkavc R, et al. Response of
human macrophages to gamma radiation is mediated via
expression of endogenous retroviruses. PLoS Pathog,
2021, 17(2): 1009305

[53] Zhao Y, Oreskovic E, Zhang Q, et al. Transposon-
triggered innate immune response confers cancer resis-
tance to the blind mole rat. Nat Immunol, 2021, 22(10):
1219-1230

[54] Rigby RE, Webb LM, Mackenzie KJ, et al. RNA: DNA
hybrids are a novel molecular pattern sensed by TLR9.
EMBO J, 2014, 33(6): 542-558

[55] Grandi N, Tramontano E. Human endogenous retroviruses
are ancient acquired elements still shaping innate immune
responses. Front Immunol, 2018, 9: 2039

[56] Sen P, Shah PP, Nativio R, et al. Epigenetic mechanisms
of longevity and aging. Cell, 2016, 166(4): 822-839

[57] Booth LN, Brunet A. The aging epigenome. Mol Cell,
2016, 62(5): 728-744

[58] Lopez-Otin C, Blasco MA, Partridge L, et al. The
hallmarks of aging. Cell, 2013, 153(6): 1194-1217

[59] Liu X, Liu Z, Wu Z, et al. Resurrection of endogenous
retroviruses during aging reinforces senescence. Cell,
2023, 186(2): 287-304

[60] Gorbunova V, Seluanov A, Mita P, et al. The role of
retrotransposable elements in ageing and age-associated
diseases. Nature, 2021, 596(7870): 43-53

[61] Wood JG, Hillenmeyer S, Lawrence C, et al. Chromatin
remodeling in the aging genome of Drosophila. Aging
Cell, 2010, 9(6): 971-978

[62] Brennecke J, Aravin AA, Stark A, et al. Discrete small
RNA-generating loci as master regulators of transposon
activity in Drosophila. Cell, 2007, 128(6): 1089-1103

[63] Wood JG, Jones BC, Jiang N, et al. Chromatin-modifying
genetic interventions suppress age-associated transposable
element activation and extend life span in Drosophila.
Proc Natl Acad Sci USA, 2016, 113(40): 11277-11282

[64] Jones BC, Wood JG, Chang C, et al. A somatic piRNA


https://doi.org/10.1038/nsmb.2799
https://doi.org/10.1126/science.1093620
https://doi.org/10.1172/jci.insight.131093
https://doi.org/10.1172/jci.insight.131093
https://doi.org/10.1128/MMBR.62.4.1415-1434.1998
https://doi.org/10.1038/s41467-020-19170-5
https://doi.org/10.1158/2159-8290.CD-21-0506
https://doi.org/10.1016/j.ccell.2022.07.003
https://doi.org/10.3390/biomedicines10123101
https://doi.org/10.3390/biomedicines10123101
https://doi.org/10.1111/j.1600-065X.2011.01052.x
https://doi.org/10.4049/jimmunol.175.8.5260
https://doi.org/10.4049/jimmunol.178.10.6444
https://doi.org/10.1016/j.molcel.2014.07.003
https://doi.org/10.1016/j.molcel.2016.04.021
https://doi.org/10.1038/s41577-020-0288-3
https://doi.org/10.1074/jbc.M111.256974
https://doi.org/10.1074/jbc.M111.256974
https://doi.org/10.1038/nature10537
https://doi.org/10.1016/j.immuni.2013.05.007
https://doi.org/10.1016/j.cell.2015.07.011
https://doi.org/10.1371/journal.ppat.1009305
https://doi.org/10.1038/s41590-021-01027-8
https://doi.org/10.1002/embj.201386117
https://doi.org/10.3389/fimmu.2018.02039
https://doi.org/10.1016/j.cell.2016.07.050
https://doi.org/10.1016/j.molcel.2016.05.013
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2022.12.017
https://doi.org/10.1038/s41586-021-03542-y
https://doi.org/10.1111/j.1474-9726.2010.00624.x
https://doi.org/10.1111/j.1474-9726.2010.00624.x
https://doi.org/10.1016/j.cell.2007.01.043
https://doi.org/10.1073/pnas.1604621113

- 1568 -

CEMLEY 20245448591

A 2SIV

[65]

[66]

[67]

[68]

[69]

[70]

(73]

[74]

[75]

[77]

pathway in the Drosophila fat body ensures metabolic
homeostasis and normal lifespan. Nat Commun, 2016, 7
(1): 13856

Chen H, Zheng X, Xiao D, et al. Age-associated de-
repression of retrotransposons in the Drosophila fat body,
its potential cause and consequence. Aging Cell, 2016, 15
(3): 542-552

Li W, Prazak L, Chatterjee N, et al. Activation of
transposable elements during aging and neuronal decline
in Drosophila. Nat Neurosci, 2013, 16(5): 529-531

Yang N, Srivastav SP, Rahman R, et al. Transposable
element landscapes in aging Drosophila. PLoS Genet,
2022, 18(3): 1010024

Sturm A, Saskéi E, Hotzi B, et al. Downregulation of
transposable elements extends lifespan in Caenorhabditis
elegans. Nat Commun, 2023, 14(1): 5278

Simon M, Van Meter M, Ablaeva J, et al. LINEI
derepression in aged wild-type and SIRT6-deficient mice
drives inflammation. Cell Metab, 2019, 29(4): 871-885
Van Meter M, Kashyap M, Rezazadeh S, et al. SIRT6
represses LINE1 retrotransposons by ribosylating KAP1
but this repression fails with stress and age. Nat Commun,
2014, 5(1): 5011

De Cecco M, Ito T, Petrashen AP, et al. L1 drives IFN in
senescent cells and promotes age-associated inflamma-
tion. Nature, 2019, 566(7742): 73-78

Thomas CA, Tejwani L, Trujillo CA, et al. Modeling of
TREX1-dependent autoimmune disease using human stem
cells highlights L1 accumulation as a source of neuroin-
flammation. Cell Stem Cell, 2017, 21(3): 319-331.e8
Evering TH, Marston JL, Gan L, et al. Transposable
elements and Alzheimer’s disease pathogenesis. Trends
Neuroscis, 2023, 46(3): 170-172

Sun W, Samimi H, Gamez M, et al. Pathogenic tau-
induced piRNA depletion promotes neuronal death
through transposable element dysregulation in neurode-
generative tauopathies. Nat Neurosci, 2018, 21(8): 1038-
1048

Grundman J, Spencer B, Sarsoza F, et al. Transcriptome
analyses reveal tau isoform-driven changes in transposa-
ble element and gene expression. PLoS ONE, 2021, 16(9):
e0251611

Macciardi F, Giulia Bacalini M, Miramontes R, et al. A
retrotransposon storm marks clinical phenoconversion to
late-onset Alzheimer’s disease. GeroScience, 2022, 44(3):
1525-1550

Jonsson ME, Garza R, Sharma Y, et al. Activation of
endogenous retroviruses during brain development causes
an inflammatory response. EMBO J, 2021, 40(9): 106423

[78] Ramirez P, Zuniga G, Sun W, et al. Pathogenic tau
accelerates aging-associated activation of transposable
elements in the mouse central nervous system. Prog
Neurobiol, 2022, 208: 102181

[79] Ochoa E, Ramirez P, Gonzalez E, et al. Pathogenic tau-
induced transposable element-derived dsRNA drives
neuroinflammation. Sci Adv, 2023, 9(1): eabq5423

[80] Lanciano S, Cristofari G. Measuring and interpreting
transposable element expression. Nat Rev Genet, 2020, 21
(12): 721-736

[81] McGinnis W, Shermoen AW, Beckendorf SK. A transpo-
sable element inserted just 5’ to a Drosophila glue protein
gene alters gene expression and chromatin structure. Cell,
1983, 34(1): 75-84

[82] Lee JY, Ji Z, Tian B. Phylogenetic analysis of mRNA
polyadenylation sites reveals a role of transposable
elements in evolution of the 3’-end of genes. Nucleic
Acids Res, 2008, 36(17): 5581-5590

[83] Reddy ASN, Marquez Y, Kalyna M, et al. Complexity of
the alternative splicing landscape in plants. Plant Cell,
2013, 25(10): 3657-3683

[84] Shah NM, Jang HJ, Liang Y, et al. Pan-cancer analysis
identifies tumor-specific antigens derived from transpo-
sable elements. Nat Genet, 2023, 55(4): 631-639

[85] Nigumann P, Redik K, Mitlik K, et al. Many human genes
are transcribed from the antisense promoter of LI
retrotransposon. Genomics, 2002, 79(5): 628-634

[86] Criscione SW, Theodosakis N, Micevic G, et al. Genome-
wide characterization of human L1 antisense promoter-
driven transcripts. BMC Genomics, 2016, 17(1): 463

[87] Peaston AE, Evsikov AV, Graber JH, et al. Retro-
transposons regulate host genes in mouse oocytes and
preimplantation embryos. Dev Cell, 2004, 7(4): 597-606

[88] Modzelewski AJ, Shao W, Chen J, et al. A mouse-specific
retrotransposon drives a conserved Cdk2ap1 isoform essential
for development. Cell, 2021, 184(22): 5541-5558.€22

[89] Magwire MM, Bayer F, Webster CL, et al. Successive
increases in the resistance of Drosophila to viral infection
through a transposon insertion followed by a duplication.
PLoS Genet, 2011, 7(10): e1002337

[90] Babaian A, Mager DL. Endogenous retroviral promoter
exaptation in human cancer. Mobile DNA, 2016, 7(1): 24

[91] Jang HS, Shah NM, Du AY, et al. Transposable elements
drive widespread expression of oncogenes in human
cancers. Nat Genet, 2019, 51(4): 611-617

[92] Lock FE, Rebollo R, Miceli-Royer K, et al. Distinct
isoform of FABP7 revealed by screening for retroelement-
activated genes in diffuse large B-cell lymphoma. Proc
Natl Acad Sci USA, 2014, 111(34): E3534-E3543


https://doi.org/10.1038/ncomms13856
https://doi.org/10.1111/acel.12465
https://doi.org/10.1038/nn.3368
https://doi.org/10.1371/journal.pgen.1010024
https://doi.org/10.1038/s41467-023-40957-9
https://doi.org/10.1016/j.cmet.2019.02.014
https://doi.org/10.1038/ncomms6011
https://doi.org/10.1038/s41586-018-0784-9
https://doi.org/10.1016/j.stem.2017.07.009
https://doi.org/10.1016/j.tins.2022.12.003
https://doi.org/10.1016/j.tins.2022.12.003
https://doi.org/10.1038/s41593-018-0194-1
https://doi.org/10.1371/journal.pone.0251611
https://doi.org/10.1007/s11357-022-00580-w
https://doi.org/10.15252/embj.2020106423
https://doi.org/10.1016/j.pneurobio.2021.102181
https://doi.org/10.1016/j.pneurobio.2021.102181
https://doi.org/10.1126/sciadv.abq5423
https://doi.org/10.1038/s41576-020-0251-y
https://doi.org/10.1016/0092-8674(83)90137-X
https://doi.org/10.1093/nar/gkn540
https://doi.org/10.1093/nar/gkn540
https://doi.org/10.1105/tpc.113.117523
https://doi.org/10.1038/s41588-023-01349-3
https://doi.org/10.1006/geno.2002.6758
https://doi.org/10.1186/s12864-016-2800-5
https://doi.org/10.1016/j.devcel.2004.09.004
https://doi.org/10.1016/j.cell.2021.09.021
https://doi.org/10.1371/journal.pgen.1002337
https://doi.org/10.1186/s13100-016-0080-x
https://doi.org/10.1038/s41588-019-0373-3
https://doi.org/10.1073/pnas.1405507111
https://doi.org/10.1073/pnas.1405507111

