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Abstract

Mirtrons represent the predominant class of non-canonical miRNAs derived from introns through
a Drosha-independent, splicing-dependent pathway. Unregulated splicing of introns containing
hairpins can adversely impact Dicer/Ago-mediated canonical miRNA biogenesis. Among
invertebrates, the 3’ tailing of mirtron hairpins by terminal uridyl transferases (TUTases)
suppresses mirtron biogenesis. However, the mechanisms regulating mirtron biogenesis in
vertebrates remain poorly understood. G-quadruplexes are nucleic acid secondary structures
formed by G-rich sequences in both DNA and RNA, and they have emerged as significant splicing
regulators. Our study found that human mirtrons are enriched with rG4s specifically in the 5’ arm.
This enrichment suggests a potential role for rG4s in mirtron biogenesis. Careful analysis revealed
that while the 5* arms of plant and invertebrate mirtrons are enriched with uracils (Us), the 5’ arms
of vertebrate mirtrons are enriched with guanines (Gs). This shift in nucleotide enrichment could
indicate an evolutionary adaptation in mirtron biogenesis. Further analysis revealed that most
mammalian mirtrons contain an RNA G-quadruplex (rG4), a feature not observed in plants or
invertebrate mirtrons. Interestingly, almost all rG4s in mammalian mirtrons were located in the 5’
arm. Predicted rG4s in human mirtrons form a G-quadruplex structure in vitro, and rG4 formation
in the 5° arm facilitates Drosha-independent splicing for the excision of mirtrons. Disruption of
rG4s in the 5° arm inhibits splicing and maturation in DROSHA knockout cells, whereas mutations
outside the rG4-motif do not impact mirtron biogenesis. Thus, our findings indicate that rG4s in
the 5’ arm are critical regulatory elements in the evolutionary landscape of mammalian mirtrons.
Extending this knowledge to human-infecting herpesviruses revealed that more than 50% of
Herpes Simplex Virus (HSV) pre-miRNAs contain an rG4. Further analysis identified hsv1-mir-
H27 and its analog hsv2-mir-H20 as putative mirtrons. Expression of hsvl-mir-H27 in DROSHA
knockout cells demonstrated that the pre-miRNA could be processed in a Drosha-independent
manner, confirming that this virus-encoded miRNA is a mirtron. Predicted splice sites for hsv1-
mir-H27 lead to successful splicing of the mirtron. The rG4 in hsv1-mir-H27 pre-miRNA forms a
G-quadruplex structure in vitro, and like human mirtrons, rG4 formation in the 5 arm facilitates
Drosha-independent splicing. The sequential disruption of rG4s in the 5’ arm inhibits splicing in
DROSHA knockout cells, while mutations outside the rG4-motif do not affect mirtron biogenesis.

This indicates that rG4 formation in the 5° arm of pre-miRNA significantly contributes to its

Vi
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splicing. Hsv1-mir-H27 is, thus, the first human-infecting viral mirtron to be identified. This work
revealed NFE2LI as a bona fide target of hsvl-miR-H27. Originating from the ICPO locus, hsv1-
miR-H27 expression is associated with increased cellular apoptosis, indicating its potential role in
modulating cell death pathways. It enhances pro-apoptotic caspase 3/7 activity, suggesting
involvement in HSV1-induced apoptosis through the hsvl-miR-H27-NFE2L] axis. Thus, hsv1-
mir-H27 can be the potential unidentified non-coding factor responsible for ICPO-induced cellular
apoptosis. However, the apoptosis induced by hsvl-miR-H27 is minimal compared to infection
models, implying that additional viral proteins or stress factors may amplify this response. These
could include oxidative stress, proteotoxic stress from infection, or other virus-derived elements
affecting the NFE2L1-PSMB6 pathway to enhance cell death. Further investigation is needed to

fully understand the role of these amplifiers in the apoptosis response.

This research is a significant step in understanding mirtron biogenesis in mammals and viruses. It
reveals additional roles for rG4s in small RNA biology and suggests a potentially crucial role for
hsv1-miR-H27 in the viral manipulation of host cell processes. These implications underscore the
importance of our findings in RNA biology and pave the way for numerous exciting avenues of
research into the role of mirtrons, their processing and biogenesis, and their downstream effects in

regulating cellular processes.
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fiyelq IR-fafRd AIEPIaRTTT & Ui a7 &1 Ufafia B3d & of Siar-ads, Rk
AN & ATeH W ES I U 81d § | 8IRIUA gad ¢ & it R 3 fear/am-aewy
IR AEHISRTIT ISR R Ufded UHT US Tobdl g1 3bRvd! sidl #, efifd
IRSTSA TIHYY (TUTases) GRT Al RTRMA &1 3 2w e Srae-Rm &1 gar i 2|
BTeliicp, HRBIBUT § el TR ) fafFafyd B ara a3 @1 endt of S J Fwam
TSI T B | S-S IS SUAT 3R SREAT aH1 H off-w srgepHl g1 fAffa gfdas whs
faciae Txammd §, 3R 3 Heayul el faf e & 0 o W &1 gAR siwm & urn
T 5 AT g ARy S0 R 57 4o 7 SIRTT - P & 9 € | U8 HadA ek
STSHIRE § SRUAT - SIgRieR] obl HHTTAd YfHeBT T YT el § | HaeHigdeh fagewor
B U1 =ren fob TN 37R 3reproes! firei= 1 5 Yot AR () T TG B, el pRwe! et
B 5 YW I (o) & T & | Yfokmaiergs Jae | I8 gaerd e seaRe § te
faepTraTel Sree T Tobdl & ThAT R | ST & AT | Ul =ret b Sifepi<y Tqmed fire
H U IRTTT - BIS @I 81T 8, S Qe a7 3repRoes! firel & et o a8 | feerery ard
7 ? o Ty feh & ey aah 3RUY S-SIgwiad 5 Yol # fRyd 1 g fefe &
QaigHIT 311sfls 31 gt # U Sil-SIg et WRe1 §H1d €, 3R 5' il & Sfl- g e T3+
e & Bica & R Sren-<ady RARi & YT UM &1 21 5 Yol § 3RTIT i
BIGRR BT faee Qo Fp3m3e BiRrebre 7 i 3R gRusdr &) SIfdd &l g,
Sfefch 3RUAT Sft- TG welaRi-HIfeth o STex SeRerc- fBRel Srlef B! guifad el dd
g1 39 TR, gAR fshy Yo <d € b 5 Yol H 3RTY Sil-Drgelay TuRl g &
famraard ufivexa & Ag@yu faame d@ 81 39 I & AHa-Ahiid gulsl arRy a&
ORI 1 ¥ U1 =rel fob gUTST RIeia aR™ (HSV) & 50% ¥ 31fedh UT-ATSHhIeReT o
3RTY Sft- TSI GBIl 81 3T b fI=ANT = hsv 1-mir-H27 3R $b TGN hsv2-mir-H20
&I YUTTdd RS & & U ¥ Uga™I | SN A 313 HIRIBISA T hsv1-mir-H27 DI 3HfHfad
A TerRid fora s - TS ISRUAT S SIRN-Tada deie I ST fova S wear g, o gy
B! § foh T8 TRRY-TDIS S HIZHISRUEAT Uh RS g hsvl-mir-H27 & Y gafgAmd
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T I1gcy ffReH & Twd fRaRFT &t 3R & S €1 hsvl-mir-H27 W-HISHISRTTY &
3HRTTY SH- DTSRI &7 fac] # e Sft-PIgwiaRt IRaT §H11 &, 3R AIa AReTH &1 e, 5
3 H SRTTY Sft-Prgwiad 76+ Gra-Tc T b1 LT 3181 5' Sf1H H SRTAT- Sit-
PTG BT it [qHe AW AH3TIC DIfebTA H AT Bl Aehel B, Seifch JRTTL-
S PTG wIe-HIfeth & ST6x SR PRSI TSR B U Ta1 Sl ¢ | Tg afar
g b Tl-ATghI3RETY &1 5' 3 § 3IRTT S-S wier 6+ 33 AR 7 Hgeyul U
J INTE a1 81 39 UBR, HsvI-mir-H27 TSN HHA-TehfHd IR fiReiF g forges! ugam
®1 73 81 U BRI A NFE2L1 &Y hsv1-miR-H27 & T IRATd® 6T & U | Yahe fHaT| ICPO
B ¥ IF, hsv1-miR-H27 TS T §3 DD T TNUIRA I TS 8, P11 g udf
1 ARNAT B H B! FUIAd YHHT BT ST 81 T8 W-TUPIesd deie 3/7 TRIafy B
A1 8, S hsv1-miR-H27-NFE2L 1 381 & H1e9H ¥ HSV1-ORd Samify & Urftert &1 gama
AT 81 3 UBR, hsv1-mir-H27 ICPO-URT TTeR SPIRY & forg fordieR Jvifad srird IR-
DHIST HRP g1 Gobdl 8| BT, YehHUI AISA B! AT | hsvl-miR-H27 §RT IR A0y
=ad 8, et o1 § 6 sifafvad arara WidH a1 a-e SR 39 ufaferan &) 9¢1 9% 5|
1Y SHiitsfed ard, Tohrur I Tife neliRidh d-T1d IT HIfRIdT o ol §g & [Tt NFE2L1-
PSMB6 AR & YHTIIT B T 3= AR dled UM 81 Tebd! & | AP ufafssar
T 39 THAHTER! &1 YA &) I dRE ¥ THIA o [o18 3(H &1 offd Bt ATaaHhdT 5 |

Tg MY TAURE! 3R arRy | e Siaoq & guga ¥ T Ag@yul e g1 I8 3
3R Silq T & SRUAL- Sfl-Hrg e b SifdRare YHehTeH Bl Gehe Bl 8 3R AT
DIfRAeT Ufchare & aRRA 8XWR | hsvl-miR-H27 & forE HHTad U F Agaqul Yffret &1
9 <l g1 3 fAfigard siRuAT Sita fagm o gAR sl & Hgd & 3@ifdhd $d § 3R
forete @t YT, 3% TR 3R S, 3R Ider ufsharsil &1 fafafid & # 3%
SIS YA & U & P AHH AR BT AR TR B & |
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