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Nanopore direct RNA sequencing.

Nanopore sequencing records the signal for the full-length transcript

The MinION device detects changes in the ionic current as the RNA molecule threads through the pore in 3’ to 5’ Our study revealed that mRNA-1273 has a poly(A) tract of ~100 As often ending with In murine macrophages, vaccine mRNA can be stable and even undergo poly(A) tail
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of its length (Fig. 1). preparation. Such a signal indicates the terminal non-adenosine residues which likely are re-adenylated by ~20 As on average, reaching up to 200 As. Whereas the mean poly(A)
present in raw (uncalled) fast5 the remnants of restriction cleavage of the DNA template (Fig. 6). length returned to the initial ~100 As 72 h after delivery. This dynamics was observed only
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Read 90101a5c¢-3c2a-46cc-82e7-bba8abe7333e Fig. 6. Representative raw signals from DRS showing mRNA-1273 without and with 3’ terminal adenylation. Furthermore, in many instances it was completely absent. Instead, the
100~ : - T R mWCMWAG, top and bottom panels, respectively (Krawczyk et al., 2022). algorithm detected scattered non-adenosine residues (single or multiple per tail) (Fig. 8.).
.<3 150 Y gt e A AT s A ARt i it A ey ' T T Y " E o) . .
e o e o O Nanopore signals of mMRNA-1273 vaccine from BMDMs after 48h
% 7 g“’ —— adapter —— poly(A) —— transcript
0 — I — 0 E read id: ff7bbb04-dacd-412-a852-b1ba6405f152; poly(A) length: 179.03 read id: 296f59af-00bf-4a8d-aeee-b042e8d25004; poly(A) length: 102.71 s read id: 78455c1f-3314-4e01-ad86-2a41cb7f9elc; poly(A) length: 143.65
1 | 1 | 1 | { . " :
2.0 2.1 2.2 time [s] 2.3 2.4 2.5 ,E 700 W“*’f!*"""WM*‘M{"'\, {‘n,}r,,',l,,/v\,hwﬁ‘m\ M"'\M’,‘(‘WN\*’WWWWP{WMN“\"“N‘““"*ﬂ’*‘"“““'»'J"A"“M*Y?#"M“’M"WNWWﬂ 900+ \“‘“I | !‘! ‘
i ' : £ &1 | f { | ey ol | (st MVW'M"WWMTWWw‘/ﬂWWM’"”"“ s T T T S Ty ey *N‘WVWW‘MM‘*‘WM "fr""WMwwm«‘«wmmwwy*‘w*"’”ﬂwv»f"{‘
poly(A) tail decorated with C residues T s00{ | | -4 yﬁ 0] | I ol | | M
Read 32031c38-946e-4179-84b5-66¢12522786 @ 4001y so01 Al |
. 100 — [ THT ] ] 1 % 5000 6000 7000 8000 9000 10000 11000 6000 7000 8000 9000 10000 4000 6000 8000
S 150 — L I R R Ej < position position position
g e o | § é Fig. 8. Examples of raw signals of mMRNA-1273 decorated with various non-As. None of them contains mWCmWAG directly at the poly(A) tail terminus.
2 c
0 T - i —0 G In our previous study, TENT5A/TENT5C non-canonical poly(A) polymerases were indicated as factors responsible for cytoplasmic re-adenylation of mRNA-1273 tails in vivo. We observe
' =0 that in wild-type macrophages (BMDMs), the elongation of mMRNA-1273 tails is coupled with the significant enrichment of non-adenosine residues. No such effect is visible in cells devoid
poly(A) tail decorated with G residues of TENT5A/TENTSC (Fig. 9). Interestingly, mRNA-1273 exhibits a higher percentage of reads with non-A nucleotides than endogenous mouse transcripts. We speculate that the presence
Read 1dcaf291-1479-4d40-9590-119a716f3f37 of non-adenosine nucleotides may play a role in stabilizing mRNA-1273 transcripts (thus elongating their half-lives). If this is indeed the case, unlocking this regulatory potential of poly(A)
100 AR - T -1 8 tails could not only lead to better understanding of (synthetic) mRNA turnover, but also contribute to the development of better mRNA therapeutics.
<5 150 — /rwmwww* Wh MJ*MM g@f - . . . . .
S Ll 0 2 Poly(A) composition of mMRNA-1273 vaccine changes dynamically in murine macrophages after delivery
2 c~
0-— UL | 0 S raw mRNA-1237 mRNA-1273 from transfected BMDMs (24h) MRNA-1273 from transfected BMDMs Tent5aflox/flox/Tent5c/- (24h)
b A Read categories ? MNon-A residues A Read categories ? MNon-A residues A Read categories MNon-A residues
poly(A) ta” decorated With U reSIdueS . toial . unim exdified . with non-As . reads with C . reads with G reads with L . toial . unim exdified . with non-As . reads with C . reads with G reads with U . toial . unimodified . with non-As . reads with C . reads with G reads with U
Read 7ca5a97f-09ae-4b45-ad18-f0518f148932 p-seces) | [ | --s | esess 1 [ | -~ oy 0000000000000 ] o1 [
100 — = = - =T = - = -1 m-sa0or) | [ 6041 [ ety -205){ - [ <01 [ 51 [
< _g 1095} | . | (n=251 . . | | 225 1 - n=516) | | | : . 333) | . | | i -142} : |
o — | T S PP PV T ¥ PO R L 01T ol Wm L L T . # i ) ] 0000 A0000 000 0 500 1000 1500 000 500 0 000 D00 6000 0 100 00 300 400 500 0 000 AQDD 6000 0 50 100
- 120 w'w»ﬁ’w W " Sl A kS g § counts counts : : ’ counts : counts : counts counts
g 50 — W\.MJ | %E C C C
o o 0 é Distribution of lengths of poly{A) tails Distribution of lengths of poly(A) tails Distribution of lengths of poly(A) tails
Z.I_/'S 3 I t|me [S] 3.]25 == with non-As == fotal == unmodified == with non-As == fotal == unmodified == with non-As == total = wnmodified
—— adapter —— poly(A) —— transcript 0.2 0.010- o
= = 2 o
Fig. 2. Examples of Nanopore signals corresponding to various nucleotide compositions of poly(A) tails. g | § oo E
Computer vision can be leveraged to recognize patterns in Nanopore data
. . . . . . . . . Iy (A) lemgth ly(A) length ly(A) lemgth
Gramian angular field (GAF) transformation is one of the most popular time series imaging algorithms. T i ot posion ke e T e e st posion maed e defauit Modema pentamer position marked i red
It was proven. to be e_ffeCtlve m. cIaSS|f|cat|on of varlo.us types of bIOIO.glcal data (eg EMG and EEG S|gnails). 0 Distribution of non-A residues in poly(A) tails (raw positions) 0 Distribution of non-A residues in poly(A) tails (raw positions) 0 Distribution of non-A residues in poly(A) tails {raw positions)
In GAF, the time series (raW Slgnal) IS represented IN a polar coordinate SYStem instead of the Cartesian Mon-A positions reported from 5 end Mon-A positions reported from 5 end Mon-A positions reported from 5 end
coordinates (Fig. 3). BcE:mu H:E:Iu ' K
raw signal (time series) polar coordinates gramian angular field B A 1 | | ] [ | ™~ ._ | ] [ ] A T
2001 | | T e B [T TN S TN T ST W |
Ry — ‘
E 800 T T T ] [ LIDLE T RS = 1 CAVVECAET (R AR AT D00 AR T R [l
=, R 1 ﬁr -‘ .g
00 VW | T R ST N R A - ml I |
S| B ; 100 ; 100 5 %0 160 %
| | , | | | &= estimated position in poly(A) tal ' estimated position in poly(A) il estimated position in poly(A) il
0 100 200 - 300 400 500 detault Moderna peniamer position marked in red default Modema pentamer pesition marked in red default Modemna pentamer position marked in red
Pasitien 270° Fig. 9. Detailed survey of poly(A) tail features of raw mRNA-1273 and mRNA-1273 from murine macrophages 24h post transfection, wild & devoid of TENT5A/C, respectively. General read classification (A).
Fig. 3. An overview of the proposed encoding map of the gramian angular field. Composition of reads with given residue (B). Distribution of poly(A) tail lengths (C). Distribution of non-adenosine residues within the poly(A) tails of mMRNA-1273.
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