PNAS

BRIEF REPORT BIOCHEMISTRY

af' OPEN ACCESS I l)

Check for
updates

Manganese-dependent microRNA trimming by 3’5’
exonucleases generates 14-nucleotide or shorter tiny RNAs

, Audrey C. Kehling®' (®, Mi Seul Park®" (2, Jackson Secor®
. Ekram W. Abd El-Wahab?, and Kotaro Nakanishi®®<%?

GeunYoung Sim®®!
Divyaa Bhagdikar®

, Cameron Divokyd , Huaqun Zhang®

, Nipun Malhotra® =,

Edited by Ulrich Hartl, Max-Planck-Institut fur Biochemie, Martinsried, Germany; received August 23, 2022; accepted November 1, 2022

MicroRNAs (miRNAs) are about 22-nucleotide (nt) noncoding RNAs forming the
effector complexes with Argonaute (AGO) proteins to repress gene expression. Although
tiny RNAs (tyRNAs) shorter than 19 nt have been found to bind to plant and vertebrate
AGOs, their biogenesis remains a long-standing question. Here, our in vivo and in vitro
studies show several 3' =5’ exonucleases, such as interferon-stimulated gene 20 kDa
(ISG20), three prime repair exonuclease 1 (TREX1), and ERI1 (enhanced RNAj, also
known as 3’'hExo), capable of trimming AGO-associated full-length miRNAs to 14-nt
or shorter tyRNAs. Their guide trimming occurs in a manganese-dependent manner
but independently of the guide sequence and the loaded four human AGO paralogs. We
also show that ISG20 mediated guide trimming makes Argonaute3 (AGO3) a slicer.
Given the high Mn?* concentrations in stressed cells, v1rus -infected cells, and neurode-
generation, our study sheds light on the roles of the Mn**-dependent exonucleases in
remodeling gene silencing.
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In the canonical microRNA (miRNA) biogenesis, Dicer processes the hairpin-structured
precursor miRNAs into about 22-nucleotide (nt) miRNA duplexes (1). Argonautes
(AGO:s) load the duplexes and eject the passenger strand, forming the effector complexes
of the RNA interference (RNAi) (2, 3). Previous RNA sequencing studies identified
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Fig. 1. Specific 3'=5’ exonucleases convert miRNAs to tyRNAs. (A) Possible pathways toward
AGO-associated tyRNAs. (B) In vivo stability of 14- and 23-nt ss miR-20a and their siRNA-like
duplexes (ds). (C) tyRNA accumulation upon ISG20 expression. (D) In vivo trimming of FLAG-AGO2-
associated miR-20a by 3'—5’ exonucleases and their catalytic mutants. Top: a representative gel
image. Bottom: Western blots with antibodies for each protein. (E) tyRNA synthesis on four human
AGOs by ISG20, TREX1, ERI1, and PARN. Mean + SD.

PNAS 2022 Vol.119 No.51 2214335119

https://doi.org/10.1073/pnas.2214335119

Author affiliations: *Center for RNA Biology, The Ohio
State University, Columbus, OH 43210; °Molecular,
Cellular and Developmental Biology, The Ohio State
University, Columbus, OH 43210; ‘Department of
Chemistry and Biochemistry, The Ohio State University,
Columbus, OH 43210; and “Ohio State Biochemistry
Program, The Ohio State University, Columbus, OH
43210

Author contributions: K.N. designed research; G.Y.S.,
A.CK., MS.P, J.S, CD, HZ, N.M,, D.B., and E.AAEE-W.
performed research; G.Y.S. and K.N. analyzed data; and
G.Y.S. and K.N. wrote the paper.

Competing interest statement: Yes, the authors
have patent filings to disclose. K.N. has filed a patent
application related to this work.

Copyright © 2022 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons  Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

'G.Y.S., A.CK, and M.S.P. contributed equally to this
work.

2To whom correspondence may be addressed. Email:
nakanishi.9@osu.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2214335119/-/DCSupplemental.

Published December 12, 2022.

10f3


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nakanishi.9@osu.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2214335119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2214335119/-/DCSupplemental
https://orcid.org/0000-0002-4850-6348
http://orcid.org/0000-0003-2160-173X
http://orcid.org/0000-0003-2519-7121
https://orcid.org/0000-0003-1263-0352
https://orcid.org/0000-0003-3364-6847
https://orcid.org/0000-0001-9627-3422
https://orcid.org/0000-0002-2748-6747
https://orcid.org/0000-0002-5350-0039
https://orcid.org/0000-0002-9857-6010
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2214335119&domain=pdf&date_stamp=2022-12-7

N N
A o'%%“&%@’ 2 1SG20 2 TREX1 ERI1 2 PARN B \qu N
S ONETS 22 22 22 22 & & v o
Bt g malh =21 21 21 21 » Q RN 4
- 5 20 20 20 %8 D *:\@C\\ \OQ?Q?
6 19 Nt-6 = o an D o 5 13 121':'_‘ jlg 18 ®®®O&Q&Q@Q}@Q}QY‘QY‘
o -- % }g 17 17 jlg T W T e
- 164=H 16 -
LM —-— 815 1540 15 15 S - e
LEL a1 J S — N 14 14 - -
13 134 13 13 19nt- - - S
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 : - = -
D S P
VDS = 23 -
AN o 23 23 23
- SNEET B2 2 2 2 e
¥ £ 21 21 21
23Nt - - - PN 20 20 20 13nt= = S
(5] 3 -
N + 4 219 194~ 19 19
19 Nt-N 5 - - <18 18 18 18
&7 17 17 17
Q ad 316 164 16 16
< - S5 155 15 i
14NN - O 14 14— 14 14
13Nt 13 13 13 13
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
=23 23 23 23 C O NS P
£22 OV N O
£21 5 5 5 L LTS
g20 20 20 20 23 nt- -
219 B1CT — 19 19 - ese-
s 18 189 18 18. - a
@ 17 17 17 17 — —
216 164 16 16 19 nt
S 15 15430 15 15, -
O 14, 144 14 14
13 13 13 13
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 nt
nt-
SN P
W SO
OG5 R0 = 23 2 2 2 -
L SNEES En » s » 13nt
23 nt s 21 21 21 21
- - g%g 20 20 20
8 tonta - B8 <35 o T 1
- i 17 17 17 17
O] - 816 164 16 16
< N ™ 5 15 15+ 15 15.
13 nt - O 14 144+ 14 14
.- 13 13 13 13
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Relative amount (%) Relative amount (%) Relative amount (%) Relative amount (%) E
. Nucleic acid-
._binding cleft

B2 o 8=
(%]
22 2 28
1 3 ) » N
I
(T +|”7/
L P
n +|&/:)0<9
d 0 | )
1] 4+l 7
1} -|,;)‘7@
w 2%
N7
Guide RNA length (nt) %
L oo
WA ONOOO-=NW
IEo; > o3

miR-20a let-7a 2 miR-16
21
20
19
° s
17
16
15
14
13

23, miR-19b

0 20 40 60 80 0 20 40 60 80 0

_._._.,\,_
[ZXN © vy
33 3 360
22 2 2Q
e ~2
' an
T +|”’z/@
L INPa
n +|®A)0<9
2 | >
m + %%
"
LY + /,9
7
Guide RNA length (nt) %
RGNS
WA ONOOO-=NW
_ A A A A a A NN
WHEB OO N®OO =

20 40 60 80

22
21
20
19
18
17
16
15
14
13

0 20 40 60 80 0 20 40 60 80 0

>r  © O
2z 2 23
]
'l
TUN +|’/>/
NS
e +|@/:)0<9
i) .| S
" +/’>/,‘§)
0 -| s
" +/’?/,'§)
7
Guide RNA length (nt) %
e T e
WA ONOOO=NW
SroplmooN

2244

21

20

19

18.

17

16.

154h

14
13=—

20 40 60 80

0 20 40 60 80

0 20 40 60 80

19 1SG20

0 20 40 60 80 0 20 40 60 80 0

20 40 60 80

@ O
beg 22 0 Q_,\c": 23 21 224
SLEE e 2 2
ISG0Zf=f-%-% b 19 20
———————— £ 20 19
23nt- 8 19 18
<t oo, | m.= = S18 17 e
() - - @ 17 16
318 15 18
(2 14 nt- E a 8 S]i 14. :]]i
13 nt- a-%-2-9 13 13 13=

0 20 40 60 80

0 20 40 60 80 0
Relative amount (%)

20 40 60 80 0
Relative amount (%)

Fig. 2.

20 40 60 80
Relative amount (%)

0 20 40 60 80
Relative amount (%)

O

o 2 A N

& A & &
& ¢ & &£
-+ -+ -+ — +

-

411

33 411

i Sapgiaans

604 08 0.8 1.6 7.0
cleavage%

ISG20, TREX1, and ERI1 generate tyRNAs. (A) In vitro guide trimming by 3'=5’ exonucleases at 2 mM MnCl,. Left: a representative gel image for each AGO.

Right: the relative amount of each guide length after incubation with either 3'=5’ exonuclease. Mean + SD. (B) In vitro trimming of AGO2-associated miR-20a by the
catalytically dead exonuclease mutants at 2 mM MnCl,. (C) In vitro trimming of AGO2-associated miR-20a by 3'=5’ exonucleases at 2 mM MgCl,. (D) In vitro trimming
of different miRNAs by ISG20. Left: a representative gel image. Right: the relative amount of each guide length after ISG20 incubation. Mean + SD. (£) Docking model
of 1ISG20 (blue) on a guide (red)-bound AGO3 (surface model). (F) In vitro trimming of AGO3-associated different miRNAs, followed by target cleavage.

AGO-associated 10- to 18-nt tiny RNAs (tyRNAs) in plants and
vertebrates that mapped onto tRNAs and miRNAs (4). However,
how those tyRNAs are synthesized remains unknown. The present
study focused on the biogenesis of miRNA-derived tyRNAs.
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Results

We raised several hypothetical pathways toward AGO-associated
tyRNAs (Fig. 1A4). If short single-stranded (ss) RNAs are directly
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loaded into AGOs, they must exist stably in the cell. To test the
idea, we transfected 14- or 23-nt ss miR-20a or their small inter-
fering RNA (siRNA)-like duplex into HEK293T cells. Only the
guide RNA was radiolabeled at its 5" end. Both 14- and 23-nt
ssRNAs and the 14-nt siRNA-like duplex were degraded (Fig. 1B),
suggesting that neither has a chance of being loaded into AGOs
efficiently. In contrast, the 23-nt siRNA-like duplex remained 19
to 23 nt, and no tyRNA was detected, indicating that a detectable
level of tyRNAs is not generated in normal conditions. These results
prompted us to think that after the canonical RNA-induced silenc-
ing complex (RISC) assembly, the AGO-associated miRNAs are
trimmed to tyRNAs by yet unidentified 3'—5" exonucleases (Fig.
1A, Bottom pathway). Previous studies reported the expression of
interferon-stimulated gene 20 kDa (ISG20), a 3'—=5" exonuclease,
induced by interferon upon viral infection and stress and by estrogen
hormone (5, 6). When ISG20 was exogenously expressed, a small
amount of 13 to 14 nt was detected (Fig. 1C). To test whether the
generated tyRNA is associated with AGO, FLAG-AGO2 was coex-
pressed with ISG20 in HEK293T cells (Fig. 1.D, Bortom) that were
also transfected with an siRNA duplex whose 23-nt miR-20a guide
is radiolabeled at its 5" end. After 48 h, FLAG-AGO2 was immu-
nopurified, and the associated RNAs were resolved on a denaturing
gel. Coexpression of ISG20 generated AGO-associated tyRNAs
(Fig. 1D, Top). tyRNA generation was also observed when three
prime repair exonuclease 1 (TREX1) or enhanced RNAi (ERI1)
was coexpressed instead of ISG20. ERI1 is known to negatively
regulate global miRNA abundance in mouse lymphocytes (7), but
the mechanism remains unclear. Poly(A)-specific ribonuclease
(PARN) shortened the 23-nt guide down to 19 nt, whereas exonu-
clease 5 (EXO5) did not trim the guide at all. The experiment was
repeated with their catalytically dead mutants to confirm that the
observed trimming was due to their exonuclease activity. As a resul,
none of the mutants generated tyRNA (Fig. 1D), proving that the
catalytic center of the exonucleases is essential for tyRNA genera-
tion. ISG20, TREXI1, and ERI1 also generated tyRNAs from
AGOI1-, AGO3-, and AGO4-associated miR-20a (Fig. 1E).

To characterize their guide trimming, we reconstituted an in
vitro trimming system (S/ Appendix). FLAG-tagged human AGOI,
AGO2, AGO3, and AGO4 were programmed with a 5'-end radi-
olabeled 23-nt miR-20a, immobilized on anti-FLAG beads to wash
out free guide RNAs, and incubated with one of the abovemen-
tioned exonucleases in the presence of manganese. All exonucleases,
except for EXO5, trimmed miR-20a that had been loaded onto
slicer-deficient AGO1 and AGO4 as well as slicing-competent
AGO?2 and AGO3 (8) (Fig. 24, Lefd). In contrast, the catalytic
mutants of the exonucleases showed no trimming activity (Fig. 2B),
further supporting our conclusion that the observed guide trim-
mings are solely due to the catalytic activity of the exonucleases,
not that of the AGOs. Each exonuclease similarly trimmed the
loaded miR-20a across the four AGOs, but the trimming patterns
differed between the exonucleases (Fig. 24, Right). PARN generated
an abundance of 21 nt. ERI1 ceased trimming when the guide
length became 19 nt while developing a small population of 14 to
15-nt tyRNAs. In contrast, [ISG20 and TREX1 shortened miR-20a
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to 13 and 14 ng, respectively. Replacing manganese with magnesium
drastically reduced the trimming activities of ISG20, TREX1, and
ERI1, but not PARN (Fig. 2C). These results suggest that these
exonucleases can synthesize tyRNAs from miRNAs in a Mn**-
dependent manner with different processing rates.

Next, we investigated the susceptivity of different miRNAs to the
3’5" exonucleases. To this end, FLAG-tagged AGOs were pro-
grammed with a 5-end radiolabeled 23-nt miR-20a, 21-nt let-7a,
22-nt miR-16, or 23-nt miR-19b, followed by incubation with ISG20.
Although miR-20a was trimmed slower than the others, all the tested
miRNAs were shortened to 13 to 14 nt, regardless of which AGO was
loaded (Fig. 2D). This suggests that ISG20 can generate tyRNAs from
avariety of miRNAs that are incorporated into any AGO. Our docking
model indicates that the nucleic acid-binding cleft of AGO sequesters
the guide nt 1 to 14 (g1 to gl4) positions while the remaining 3" half
isaccessible to ISG20 (Fig. 2E). This could explain why trimming stops
when the guide length becomes 13 to 14 nt. Our previous study
revealed that 14-nt variants of miR-20a and let-7a, but not of miR-16
or miR-19b, whose 3’ 7 to 9 nt were trimmed from their mature
miRNAs, conferred a decent slicing activity on AGO3 (8). These results
prompted us to test whether trimming of AGO3-associated specific
miRNAs makes the RISC a slicer. To this end, FLAG-AGO3 was
programmed with the same full-length miRNAs used in Fig. 2D, incu-
bated with ISG20, and mixed with a cap-labeled target RNA contain-
ing a complementary sequence to each guide. Cleavage was observed
only when FLAG-AGO3 was programmed with miR-20a and let-7a
(Fig. 2F), demonstrating that ISG20 catalytically activates AGO3.

Discussion

Given the significance of the 3" supplementary region, 14-nt or
shorter tyRNAs would change the target specificity from their full
length. ISG20, TREX1, and ERI1 convert AGO-associated miR-
NAs to tyRNAs, which requires Mn**, an essential transmon metal
for human health. Dysregulation of the cellular Mn?* concentra-
tion has been implicated in neurodegenerative diseases, such as
Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, and
manganism (9). Notably, the ISG20 level is elevated in neurode-
generative disease models (10) and brain injury (5), while the
malfunction of TREX1 causes autoimmune diseases such as
Aicardi-Goutieres syndrome (11). Natural killer cells and T cells
deficient in ERI1 enhance the RNAI (7). These results suggest a
possible correlation between the Mn? “-dependent guide-trimming
and neurodegenerative diseases.

Materials and Methods
Details are provided in S/ Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or S Appendix.
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