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Dear Editor,

Poly(A) tails are added to the 3′-end of most mRNAs (Col-
gan and Manley, 1997; Yu and Kim, 2020). The regulatory
roles of poly(A) tails have long been underestimated due to
technical difficulties in analyzing homopolymers (Chang et
al., 2014; Subtelny et al., 2014). Several methods were re-
cently developed to accurately measure their length (Chang
et al., 2014; Legnini et al., 2019; Liu et al., 2019; Liu et al.,
2022; Long et al., 2021; Subtelny et al., 2014). Poly(A) in-
clusive RNA isoform sequencing (PAIso-seq), TAIL-seq and
FLAM-seq, reveal that poly(A) tails contain U, C, and G
residues internally and at their 3′-ends (Chang et al., 2014;
Legnini et al., 2019; Liu et al., 2019). U or G residues at the
3′-end of poly(A) tails promote RNA degradation or stabi-
lization, respectively (Lim et al., 2014; Lim et al., 2018).
However, there is no method for transcriptome-wide mea-
surement of 3′-end and internal non-A residues of poly(A)
tails simultaneously. Here, we developed a new method
called PAIso-seq2 that allows transcriptome-wide measure-
ment of the poly(A) tail length as well as internal and 3′-end
non-A residues together with the full-length cDNA.
PAIso-seq2 employs a direct 3′-end adaptor ligation to

preserve all poly(A) tail information (Figure 1A). The

adaptor-ligated RNA is then reverse transcribed with a pri-
mer complementary to the 3′-adaptor followed by 5′-end
tagging through template-switching using an oligo with a
unique molecular identifier (isoTSO-UMI). Traditional
rRNA removal by hybridization or RNase H digestion are
not suitable for low input samples, while Cas9 mediated
cDNA removal of abundant species after several round of
PCR amplification is suitable for any amount of input sample
(Gu et al., 2016). The cDNA is then amplified by a second
round of PCR and used for PacBio sequencing in HiFi mode.
To validate the performance of PAIso-seq2, we sequenced

a pool of barcoded synthetic cDNA and mRNA spike-ins
with different poly(A) tails (Figure S1A, B in Supporting
Information), and recovered a similar number of reads for
each of the spike-ins (Figure S1C, D in Supporting In-
formation). We observed sharp peaks at or very close to the
expected length for the DNA spike-ins (Figure 1B). For the
135 nt tails, secondary peaks of smaller size were observed
(Figure 1B), likely resulting from recombination of long
homopolymers in E. coli (Trepotec et al., 2019). Non-A re-
sidues were included within the poly(A) sequence to evalu-
ate the performance of PAIso-seq2 in sequencing them, and
were identified at the expected positions (Figure 1C–E). For
the in vitro transcribed (IVT) mRNA spike-ins, we observed
peaks close to the expected sizes (Figure 1F). The reduced
resolution of peaks for IVTmRNA spike-ins compared to the
DNA spike-ins is likely due to the inaccuracy of IVT in
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Figure 1 The principle and validation of PAIso-seq2. A, Flowchart for PAIso-seq2 method. B and F, Histograms (bin size=1 nt) of poly(A) length for each
DNA spike-in (B, detected length: 0, 10, 40, 70, 74, 99, 131, and 131 nt, respectively) or RNA spike-in (F, detected length: 0, 13, 46, 75, 79, and 103 nt,
respectively) normalized by the maximum value. C–E and G, Proportion of measured non-A residues at the indicated positions in 70A-GC (C), 135A-C/CC
(D), 135A-C/GG (E) DNA spike-ins, and 70A-GC RNA spike-ins (G). The numbers in magenta represent the expected position of the non-A residues. H,
Histograms of poly(A) tail length mouse GV oocytes: PAIso-seq (Liu et al., 2019) and PAIso-seq2 (this study). Histograms (bin size=1 nt, 1–250 nt, tails
longer than 250 nt are included in the 250 nt bin) are normalized to cover the same area. I, Proportion of transcripts containing non-A residues in GVoocytes
detected by PAIso-seq and PAIso-seq2. J and K, Global distribution of poly(A) tail lengths of all transcripts in the 3T3 (J) or ES (K) nuclear (N) and the
cytoplasmic (C) fractions. Histograms (bin size=1 nt, 1–250 nt, tails longer than 250 nt are included in the 250 nt bin) are normalized to cover the same area.
L, M, Proportion of transcripts containing non-A residues at 3′-end (left) and Internal (right) positions in the 3T3 (L) or ES (M) nuclear (N) and the
cytoplasmic (C) fractions. The U residues were further divided according to the length of the longest consecutive U (1, 2, and ≥3). Error bars indicate the
standard error of the mean from two replicates. The ratio of CCS reads containing non-A residues shows the number of reads with poly(A) tails containing the
indicated non-A residues divided by the total number of reads with poly(A) tails. The differences between the N and C fractions are tested by Student’s t test.
The P values are shown for each comparison.
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synthesis of the desired length of poly(A) tail from DNA
templates as revealed by liquid chromatography-mass spec-
trometry analysis (Beverly et al., 2018). In addition, the non-
A residues within the mRNA poly(A) spike-ins were de-
tected around the expected sites (Figure 1G). Together, these
results confirm that PAIso-seq2 can accurately measure both
the length and non-A residues of the poly(A) tails.
Next, we measured the mRNA poly(A) tails of 3T3 cells

(3T3-T: 3T3 total RNA; 3T3-N: 3T3 nuclear RNA; 3T3-C:
3T3 cytoplasmic RNA) and mouse embryonic stem (ES)
cells (ES-T: ES total RNA; ES-N: ES nuclear RNA; ES-C:
ES cytoplasmic RNA). Cytoplasmic and nuclear RNA was
isolated following a published method (Hu et al., 2015). The
PAIso-seq2 data showed good correlations between re-
plicates on gene expression level and poly(A) tail length
(Figure S2A, B in Supporting Information), and good cov-
erage of full-length transcripts (Figure S2C, D in Supporting
Information). U, C, and G residues were present at the 5′-
ends, 3′-ends, and internal positions of poly(A) tails (Figure
S3A, B, D in Supporting Information), while the proportion
of transcripts harboring non-A residues was comparable
between 3T3 and ES cells (Figure S3C in Supporting In-
formation). We investigated the distribution of single, dou-
ble, and oligo (three or more consecutive) non-A residues at
the three different positions (5′-end, 3′-end, or internal that
non-A residues are separated by at least one A residue from
both ends) in poly(A) tails. C and G existed largely as single
residues, whereas U was often present in a consecutive
manner (Figure S3E, F in Supporting Information). There-
fore, C and G residues are not separated to different lengths
in the subsequent analysis. As the level of non-A residues at
the 5′-ends is relatively low, we combined these with those
internal ones and call them together as internal ones in the
subsequent analysis. Examination of the length of poly(A)
tails bearing non-A residues revealed that tails with U re-
sidues are relatively short, while tails with C and G residues
are slightly depleted in the short fraction (Figure S3G, H in
Supporting Information).
We also performed PAIso-seq2 analysis of mouse germinal

vesicle (GV) oocytes, the further development of which re-
lies on poly(A) tail-mediated post-transcriptional regulation,
and compared the data to the previous PAIso-seq datasets
(Liu et al., 2019). A very similar pattern was found among
the poly(A) tails longer than 25 nt, whereas PAIso-seq2
captured a much greater number of tails <20 nt compared to
PAIso-seq (Figure 1H). Besides the poly(A) tail length, the
level of internal non-A residues quantified by these two
methods was largely comparable with 3′-end non-A residues
quantified by PAIso-seq2 but not PAIso-seq (Figure 1I).
The difference in poly(A) tails between cytoplasmic and

nuclear mRNA is largely unknown. The nuclear-cytoplasmic
RNA separation was successful as confirmed by the dis-
tribution of known nuclear or cytoplasmic enriched RNA

(Figure S4 in Supporting Information). Interestingly, the
nuclear transcripts from both 3T3 and ES cells had obviously
longer poly(A) tails than cytoplasmic ones (Figure 1J, K).
Moreover, the non-A residues showed cell type-specific
global differences between the nuclear and cytoplasmic
fractions (Figure 1L, M).
In summary, PAIso-seq2 reveals that non-A residues can

occur at the internal and 3′-end parts of poly(A) tails (Figure
S5A in Supporting Information), and poly(A) tails are dif-
ferentially regulated in terms of both length and non-A re-
sidues in the nucleus and the cytoplasm (Figure S5B in
Supporting Information), suggesting important regulation
and function of poly(A) tails in these compartments. As
PAIso-seq2 can capture both polyadenylated and non-poly-
adenylated transcripts, it will likely be applicable to explore
the potential post-transcriptional regulation of 3′-ends of the
large catalog of non-coding RNAs (Saw et al., 2021). PAIso-
seq2 is the first method for comprehensively analyzing full-
length transcriptome together with complete poly(A) tail
sequences, which provides rich information of the tran-
scriptome, including gene expression level, alternative
transcription starting sites, alternative splicing, alternative
polyadenylation sites, novel long non-coding RNAs, poly(A)
tail length, as well as internal and 3′-end non-A residues
within poly(A) tails. The relationship among the above in-
formation within a full-length poly(A) tail-inclusive cDNA
and the underlying mechanisms are interesting themes that
warrant further exploration in the future. Among all the
current transcriptome-wide poly(A) analyzing methods,
PAIso-seq2 is the most comprehensive, while PAIso-seq is
the most sensitive (Figure S6 in Supporting Information),
which will be powerful tools for exploring the poly(A) tail
mediated post-transcriptional regulations.
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