
Nature Biotechnology | Volume 42 | January 2024 | 119–131 119

nature biotechnology

https://doi.org/10.1038/s41587-023-01749-0Article

RIP-PEN-seq identifies a class of kink-turn 
RNAs as splicing regulators

Bin Li    1,4, Shurong Liu1,4, Wujian Zheng1,2,4, Anrui Liu1,2,4, Peng Yu1,4, Di Wu1,2, 
Jie Zhou1,2, Ping Zhang1, Chang Liu1, Qiao Lin1,2, Jiayi Ye1,2, Simeng He2, 
Qiaojuan Huang1, Hui Zhou1, Jianjun Chen    3, Lianghu Qu    1   & 
Jianhua Yang    1,2 

A kink-turn (K-turn) is a three-dimensional RNA structure that exists 
in all three primary phylogenetic domains. In this study, we developed 
the RIP-PEN-seq method to identify the full-length sequences of RNAs 
bound by the K-turn binding protein 15.5K and discovered a previously 
uncharacterized class of RNAs with backward K-turn motifs (bktRNAs) in 
humans and mice. All bktRNAs share two consensus sequence motifs at their 
fixed terminal position and have complex folding properties, expression and 
evolution patterns. We found that a highly conserved bktRNA1 guides the 
methyltransferase fibrillarin to install RNA methylation of U12 small nuclear 
RNA in humans. Depletion of bktRNA1 causes global splicing dysregulation 
of U12-type introns by impairing the recruitment of ZCRB1 to the minor 
spliceosome. Most bktRNAs regulate the splicing of local introns by 
interacting with the 15.5K protein. Taken together, our findings characterize a 
class of small RNAs and uncover another layer of gene expression regulation 
that involves crosstalk among bktRNAs, RNA splicing and RNA methylation.

RNA structural motifs confer diversity of RNA architecture to regulate 
various biological processes1. The kink-turn (K-turn) is the most preva-
lent three-dimensional (3D) RNA structural motif in messenger RNAs 
(mRNAs) and non-coding RNAs (ncRNAs)2–4. The K-turn structures are 
typically characterized by a canonical stem (C-stem) followed by an 
asymmetric 3-nucleotide (3-nt) bulge and G•A and A•G base pairs on 
the 3′ non-canonical stem (NC-stem)2,3. The naturally occurring K-turn 
often serves as a specific binding site for RNA-binding proteins (RBPs), 
including the protein L7Ae5 in archaea and the other homologues YbxF, 
YlxQ6 and 15.5-kDa protein (15.5K)7. Notably, the unique conformational 
property of the K-turn, as well as its binding proteins, enables the K-turn 
to play pivotal roles in maintaining the proper structure and biological 
function of various types of RNAs2–4.

The K-turn structural motifs are recurrently observed in various 
types of ncRNA families and play important roles in RNA metabo-
lism2–4. In eukaryotes, the well-known K-turn ncRNAs are the box 

C/D small nucleolar RNAs (snoRNAs) and U4/U4atac small nuclear 
RNAs (snRNAs). The C/D boxes are located at the box C/D RNA ter-
minal pair and form the terminal K-turn motif8. Recognition of the 
K-turn structural motif of C/D box RNAs by the 15.5K protein initi-
ates small nucleolar ribonucleoprotein (snoRNP) assembly to carry 
out site-specific 2′-O-methylation of ribosomal RNAs (rRNAs) and 
snRNAs9, which is essential for the functional fidelity of ribosomes 
and gene expression10,11. The 15.5K protein also binds to the identi-
cal K-turn structural motifs in the 5′ stem-loop of U4 and U4atac, 
promoting the assembly of the major and minor spliceosomes12,13. 
Mutations in the U4atac K-turn structural motif have been shown to 
impair the binding of the 15.5K protein14 and cause various diseases, 
such as the Taybi–Linder syndrome (TALS/MOPD1)15,16, Roifman syn-
drome (RFMN)17 and Lowry–Wood syndrome (LWS)18. However, the 
prevalence, mechanism and function of K-turn structures in the tran-
scriptome remain largely unknown.
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RIP-PEN-seq experiments to probe intact RNA structures of bktRNAs 
(Extended Data Fig. 2c and Methods). We first constructed reactivity 
scores for the known fktRNAs and found that paired nucleotides in 
the NC-stem and C-stems exhibited lower SHAPE reactivity and that 
unpaired nucleotides in the loop region (Loop) had relatively high 
SHAPE reactivity (Extended Data Fig. 2d,e and Supplementary Table 2), 
demonstrating the accuracy of the 15.5K RIP-PEN-SHAPE-MaP method. 
For example, the SHAPE reactivity signal agreed well with the structure 
of fktRNA SNORD102 (Extended Data Fig. 2e). We then mapped the 
SHAPE reactivity signals to the predicted secondary structures of 
bktRNAs and found that the paired nucleotides in backward K-turn 
structures had lower reactivity signals than the unpaired nucleotides 
(Fig. 1g–i and Supplementary Table 2). Therefore, these data confirmed 
that the 5′ and 3′ motifs identified in bktRNAs are likely to adopt the 
backward K-turn structure in vivo.

We next applied RIP-PEN-seq to mouse Hepa1-6 cells stably 
expressing FLAG-tagged 15.5K (Supplementary Fig. 1a,b), and it also 
detected mouse fktRNAs with high specificity and accuracy (Sup-
plementary Fig. 1c–e). We identified 43 bktRNAs in mice that shared 
common genomic and motif characteristics with human bktRNAs 
(Supplementary Fig. 1f–k and Supplementary Table 3). Overall, by 
developing the RIP-PEN-seq approach and the kturnSeeker algorithm, 
we uncovered a class of ktRNAs with a backward K-turn structural motif 
composed of two consensus sequence elements in fixed positions of 
RNAs in humans and mice.

bktRNAs have complex folding, expression and evolution 
patterns
To identify bktRNAs across human tissues and cells, we further applied 
our kturnSeeker tool to 28 small RNA sequencing (sRNA-seq) datasets 
generated by our PEN-seq method (Methods) and 234 public sRNA-seq 
datasets produced by the ENCODE consortium. This method revealed 
379 high-confidence candidate bktRNAs (Fig. 2a), 72 of which over-
lapped with the abovementioned bktRNAs bound by the 15.5K pro-
tein (~86%, 72/84; Fig. 2a). By integrating the RIP-PEN-seq dataset and 
the sRNA-seq datasets, we identified 391 bktRNAs (407 genomic loci; 
Fig. 2b and Supplementary Table 4). As described for the 15.5K-bound 
bktRNAs, these bktRNAs had substantial enrichment of CUGA motifs 
4 nt downstream of the 5′ end and UGAUG motifs 2 nt upstream of the 
3′ end (Fig. 2c,d).

To determine the folding characteristics22,23 of these K-turn 
sequences, we first devised a nomenclature for the nucleotide posi-
tions in the backward K-turn structure according to the nomenclature 
for the forward K-turn structure23,24 (Extended Data Fig. 3a). We further 
examined the distribution of 3b:3n and −1b:−1n sequences in bktRNAs 
(Extended Data Fig. 3b). We found that almost all bktRNAs have a strong 
propensity for the 3b:3n = U:U (99.5%, 405/407), which leads to an 
N3 conformation and the weak folding in response to metal ions22–25. 
We also discovered that approximately 69% (281/407) of bktRNAs 
have −1b:−1n = C:G or A:U, which leads to good folding in response 
to metal ions22–25 (Extended Data Fig. 3c). Moreover, bktRNAs in mice 
showed similar folding properties (Extended Data Fig. 3d,e). Notably, 
the 3b:3n = U:U identified in bktRNAs is considerably different from the 
distribution of ribosomal Kt-7, SAM-I riboswitch and U4 snRNAs22–25.

We next explored the m6A modification of bktRNAs26,27 by inter-
secting our bktRNAs with the annotated m6A sites from RMBase28 and 
found that 12 and 1 bktRNAs contained m6A modifications in humans 
and mice (Extended Data Fig. 3f), respectively. Moreover, neither 
human nor mouse bktRNAs contain m6A modifications at the 1n posi-
tion (Extended Data Fig. 3g). Together, these findings suggest that 
the sequence composition of the backward K-turn structure as well as 
the interaction with RBPs might contribute to the folding of bktRNAs.

We further characterized bktRNAs and found that the sizes of these 
bktRNAs ranged from 20 nt to ~400 nt, with a median length of 40 nt 
(Fig. 2e). Notably, more than 84% of bktRNAs (342/407) originated from 

In this study, we developed a method for RNA immunoprecipita-
tion coupled with sequencing of paired ends of ncRNAs (RIP-PEN-seq) 
to identify the full-length sequences of ncRNAs bound by the 15.5K 
protein and discover a class of backward K-turn RNAs (bktRNAs; Fig. 1a) 
with two consensus motifs. In contrast to all well-known K-turn RNAs 
(ktRNAs) in humans, whose internal loops are located at the 5′ ends 
of the RNAs (forward ktRNAs (fktRNAs); Fig. 1a), the internal loops of 
the ktRNAs identified in this study are located at the 3′ termini; we, 
therefore, named them bktRNAs (Fig. 1a). These bktRNAs have a strong 
preference for a 5′ motif (CUGA) and a 3′ motif (UGAUG) at the fixed 
terminal position of RNA. Moreover, we identified a functional bktRNA1 
that interacts with the 15.5K and fibrillarin (FBL) proteins to regulate 
RNA modification of U12 snRNA. Loss of bktRNA1 results in aberrant 
RNA splicing of hundreds of U12-type introns. In addition, we reveal 
bktRNA1 and that 80% of randomly selected bktRNAs are involved in 
the local regulation of intron splicing. Together, our results reveal that 
bktRNAs form a previously undescribed class of post-transcriptional 
regulators.

Results
bktRNAs with consensus motifs identified by RIP-PEN-seq
To identify ncRNAs (20–500 nt) with K-turn structural motifs, we devel-
oped an efficient RNA cloning scheme called RIP-PEN-seq that uses 
dual RNA adapters and size selection, and a series of advanced experi-
mental strategies to capture both ends of any ncRNA bound by the 
15.5K protein (Fig. 1b, Extended Data Fig. 1a and Methods). We applied 
RIP-PEN-seq to HEK293T cells expressing FLAG-tagged 15.5K (Extended 
Data Fig. 1b,c), and a total of approximately 520 million paired-end 
reads were obtained, of which approximately 282 million could be 
uniquely mapped to the human genome. Notably, more than 45% of 
the uniquely aligned reads mapped to previously defined fktRNAs. 
The start and end sites of these known fktRNAs could be precisely iden-
tified at single-nucleotide resolution (Extended Data Fig. 1d,e). For 
example, the precise 5′ and 3′ ends of 10 known C/D box fktRNAs with 
K-turn motifs located within the introns of GAS5 genes were identified 
by our RIP-PEN-seq method (Extended Data Fig. 1f). Together, these 
results suggest that our RIP-PEN-seq approach not only shows high 
specificity and accuracy in enriching ktRNAs but can also capture their 
full-length sequences.

Although almost all known ktRNAs are fktRNAs in humans, as the 
15.5K protein has no preference for binding forward or backward K-turn 
structural motifs2,19, we hypothesized that the 15.5K RIP-PEN-seq data 
may contain hidden bktRNAs. We then developed a computational tool, 
called kturnSeeker, to identify potential ktRNAs based on sequence and 
secondary structure information from the RIP-PEN-seq data (Extended 
Data Fig. 1g,h). As a result, we identified 605 previously undescribed 
fktRNAs as well as 118 canonical fktRNAs (Extended Data Fig. 1i and 
Supplementary Table 1). Notably, most previously undescribed fktRNAs 
are located within introns (Extended Data Fig. 1i and Supplementary 
Table 1). Furthermore, after removing fktRNAs and known annotations 
and keeping the ktRNAs present in at least two sequencing libraries, we 
discovered 84 ktRNAs (alignment to 93 genomic loci) with backward 
K-turn structural motifs, which we named bktRNA1 to bktRNA84 (Sup-
plementary Table 1).

Intriguingly, the K-turn structural motifs of most bktRNAs are 
located at 4 nt and 2 nt from the RNA 5′ end and 3′ end, respectively 
(Fig. 1c,d). Moreover, we observed highly substantial enrichment of a 
CUGA motif often 4 nt downstream of the 5′ end and a UGAUG motif 
2 nt upstream of the 3′ end by de novo motif enrichment analysis  
(Fig. 1e and Extended Data Fig. 2a). Notably, all these enrichment 
consensus motifs were located within the K-turn structural motifs of 
bktRNAs (Fig. 1f–i and Extended Data Fig. 2b).

To further confirm that these two conserved motifs can truly 
adopt the backward K-turn structure in vivo, we developed 15.5K 
RIP-PEN-SHAPE-MaP, an approach combining SHAPE-MaP20,21 and our 
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the intron locus (Fig. 2f). Intriguingly, the host genes of the bktRNAs 
were significantly enriched in various Gene Ontology terms, such as 
the actin filament-based process and regulation of cell adhesion terms 
(Extended Data Fig. 3h).

To explore the expression patterns of bktRNAs, we analyzed 
bktRNA expression levels across cells and tissues as well as subcellular 
localization. Numerous bktRNAs appeared to be specifically expressed 
across human tissues or cells (Fig. 2g,h and Extended Data Fig. 3i). 
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Fig. 1 | A class of ncRNAs with a backward K-turn structure. a, Secondary 
structure of the consensus fktRNA and bktRNA. X represents any nucleotide. 
The helix 5′ to the loop is called the C (canonical) stem (C-stem), and the G•A and 
A•G base pairs at the 3′ side are called the NC-stem. There is a 3-nt internal loop 
between the C-stem and the NC-stem. In the upper panel, the internal loop and 
the C-stem located at the 5′ end of the RNA compose the fktRNA, whereas the 
internal loop and the C-stem located at the 3′ terminus compose the bktRNA.  
b, Procedure for the construction of RIP-PEN-seq libraries. c,d, Histogram 
showing the numbers of bktRNAs with different distances between the backward 
K-turn structure and the bktRNA 5′ end (c) or 3′ end (d). e, Enriched motifs 
identified in bktRNAs by MEME software48. Two significant motifs were identified 
in the bktRNAs. One motif (CUGA) is near the 5′ end of the bktRNA, and one motif 

(UGAUG) is near the 3′ end of the bktRNA. The motif P value is estimated based 
on the E value of the log-likelihood ratio. f, Gene model of bktRNA identified 
from RIP-PEN-seq data. g, Violin plots displaying the SHAPE reactivity across 
the backward K-turn structure (including 5′ NC stem, 5′ C stem, Loop, 3′ C stem, 
internal (internal loop) and 3′ NC stem), averaged across all bktRNAs (n = 22) in 
the RIP-PEN-SHAPE-MaP data. The box plots indicate the median and the upper 
and lower quartiles. h,i, The predicted secondary structure of the backward 
K-turn (left panel) and SHAPE reactivity signal (right panel) on bktRNA1 (h) and 
bktRNA2 (i). The 5′ and 3′ motifs are indicated with black boxes in the structure 
figures. The NC-stem and C-stem are marked with black and red underlines in 
the bar plot, respectively. The SHAPE reactivity is calculated from merged n = 4 
biological replicates. RT, reverse transcription.
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For example, the bktRNA198 and bktRNA126 genes were substantially 
expressed in lung tissues (Extended Data Fig. 3i). Moreover, we applied 
our PEN-seq method in subcellular RNA fractions (sub-PEN-seq) and 
discovered that most bktRNAs exhibited nuclear-specific localization 
patterns (Fig. 2i,j and Supplementary Table 4).

We next reconstructed homologous families based on sequence 
similarity, and we inferred a stringent minimum evolutionary age of 
bktRNAs. We discovered that most (145/391, 37.1%) bktRNA families 
were primate specific, but 16 (4.1%) families likely originated more 
than 90 million years (Myr) ago, and one (0.26%) family likely origi-
nated more than 450 Myr ago (Fig. 2k). Interestingly, we found that 
bktRNA1, which is located in an intron of CWF19L1, was the most con-
served among all bktRNAs (Fig. 2k) and is an endogenous chimeric 
ncRNA composed of a backward K-turn domain and an H/ACA domain 
(SNORA12) (Extended Data Fig. 4a–c, Supplementary Figs. 2 and 3 and 
Supplementary Note 1). Notably, the SHAPE reactivity signals from 
RIP-PEN-SHAPE-MaP experiments also confirmed this conservative sec-
ondary structure of bktRNA1 (Extended Data Fig. 4b,c). Moreover, we 
discovered a K-turn-like structure that formed a helix–internal-loop–
helix and did not have G•A and A•G base pairs in bktRNA1 (Extended 
Data Fig. 4b,c and Supplementary Note 1). In summary, we have con-
fidently identified a large number of bktRNAs with complex folding, 
expression patterns and sequence conservation.

U12 snRNA is the direct target of bktRNA1
To identify direct targets of bktRNAs, we performed ultraviolet 
cross-linking, ligation and sequencing of hybrids (CLASH) experiments 
for 15.5K (Fig. 3a). By analyzing the chimeric reads in the 15.5K CLASH 
sequencing data (Supplementary Fig. 4a), we found that bktRNA1 inter-
acted with U12 snRNA and formed a duplex containing 14 perfect base 
pairs (Fig. 3b,c and Supplementary Fig. 4a,b). Moreover, PARIS data 
in HEK293T cells29 also showed that bktRNA1 and U12 formed an RNA 
duplex in vivo (Fig. 3d and Supplementary Fig. 5a,b). We also found 
that the evolutionary conservation of the pairing region between 
bktRNA1 and U12 is very highly conserved across 100 vertebrates  
(Fig. 3e,f and Extended Data Fig. 5a). In addition, the fluorescence in situ 

hybridization (FISH) and immunofluorescence (IF) experiments con-
firmed that bktRNA1 and U12 snRNA showed co-localization with 15.5K 
proteins (Extended Data Fig. 5b,c). These results reveal that U12 snRNA 
is the target of bktRNA1 bound by the 15.5K protein.

bktRNA1 is indispensable for 2′-O-methylation of U12 snRNA
As a known 2′-O-methylation site30 is located within the complementary 
region between U12 snRNA and bktRNA1, we hypothesized that bktRNA1 
guides the 2′-O-methyltransferase FBL to introduce 2′-O-methylation 
of U12 snRNA. To test this hypothesis, we first developed an infrared 
primer extension (irPE) method (Methods) and confirmed that the A8 
residue in U12 snRNA is 2′-O-methylated in human cells (Supplementary 
Fig. 6a–c). The known 2′-O-methylated G22 site and two new sites (Um2 
and Am21) were also identified by the irPE method (Supplementary  
Fig. 6b,c). In addition, we identified 34 bktRNA1:U12 chimeras in the 
FBL CLASH sequencing data (Fig. 3g and Supplementary Fig. 7a,b). IF 
and FISH experiments further confirmed that bktRNA1 co-localized 
with FBL (Supplementary Fig. 8a,b). Moreover, knockdown of FBL in 
HCT116 cells decreased the level of 2′-O-methylation of A8 (Am8) in U12 
snRNA as well as the level of 2′-O-methylation of G22, which is installed 
by FBL30 (Supplementary Fig. 8c–g). These results suggest that bktRNA1 
might guide FBL to introduce a conserved 2′-O-methylation of the A8 
residue in U12 snRNA.

To investigate bktRNA1 participation in the 2′-O-methylation 
of U12 snRNA, we knocked out bktRNA1 in human HCT116 cells via 
CRISPR–Cas9. We generated four knockout (KO) clones, including 
the KO-1 and KO-2 clones with deletion of full-length bktRNA1 and the 
KO-3 and KO-4 clones with deletion of the guide region and K-turn 
domains at the 3′ end of bktRNA1 (Fig. 3h and Supplementary Fig. 9a–c). 
Quantitative polymerase chain reaction (qPCR) and northern blotting 
analyses failed to detect accumulation of bktRNA1 in any of the four 
KO cell lines, and the expression of the U12 snRNA was not affected 
(Fig. 3i,j). Likewise, correct processing and efficient accumulation 
of CWF19L1 mRNA in bktRNA1-KO cells were verified by RT–PCR and 
Sanger sequencing (Supplementary Fig. 9d,e). The 2′-O-methylation 
state of U12 at A8 was monitored by the irPE method with RNA extracted 

Fig. 2 | Complex expression patterns of bktRNAs in tissues, cell lines and 
subcellular compartments and their evolution patterns. a, Overlap analysis 
of bktRNAs identified from 15.5K RIP-PEN-seq and PEN-seq experiments 
or published data. b, Circos plot illustrating the genomic positions, tissue 
expression repertoires, expression levels and evolutionary conservation of 
bktRNAs. The plot legend is shown in the lower panel. Red, log2 reads per million 
reads (RPM) > 0; blue, log2 RPM < 0. c,d, Histogram showing the numbers of 
bktRNAs with different distances between the backward K-turn structure and 
the bktRNA 5′ end (c) or 3′ end (d). e, Length distribution of all bktRNAs. The 
dashed line shows the median length of bktRNAs. f, Numbers of bktRNAs in 
different genomic annotation categories. g, Heat map showing the expression 
profiles of bktRNAs in various human tissues using sRNA-seq data from ENCODE. 

The expression levels of bktRNAs in cells were categorized into corresponding 
tissues. Cells/tissues with at least 10 datasets were reserved. h, Heat map of 
bktRNA expression in PEN-seq libraries. i, Expression profiles of bktRNAs in 
different subcellular regions (cytoplasm, nucleolus and nucleoplasm) in HCT116 
and HEK293T cells. j, Violin plots displaying the expression intensity distribution 
of bktRNAs (n = 355) in different subcellular regions in HCT116 and HEK293T 
cells. The box plots indicate the median and the upper and lower quartiles. 
Cyto, cytoplasm; No, nucleolus; Np, nucleoplasm. The P value between the two 
categories were determined by the two-sided Mann–Whitney–Wilcoxon test.  
k, Simplified phylogenetic trees of human bktRNAs. Internal branches and roots, 
numbers of 1-1 orthologous bktRNA families for the indicated species. Tree tips, 
bktRNA numbers for each species.

Fig. 3 | bktRNA1 guides the FBL protein to introduce 2′-O-methylation in 
U12 snRNA. a, Schematic of 15.5K infrared-CLASH technology. b, 15.5K-CLASH 
technology was used to identify the interactions between bktRNA1 and U12 
snRNA. The corresponding chimeric reads are marked with different colors; the 
blue parts of the chimeric reads are located within bktRNA1, and the red parts of 
chimeric reads are located within U12 snRNA. The curved lines connecting the 
two RNAs indicate the base pairings of the corresponding nucleotides. c, Base 
pairing between bktRNA1 and U12 snRNA identified from CLASH data. A8 is the 
2′-O-methylated site (red) in U12. d, High-throughput sequencing data from 
PARIS experiments were used to identify the interactions between bktRNA1 
and U12 snRNA. e,f, Evolutionary conservation (from human to zebrafish) of 
the interaction region in U12 (e) and bktRNA1 (f). The base-pairing regions 
are indicated with red dashed boxes. g, The FBL-CLASH approach was used to 
identify the interactions between bktRNA1 and U12 snRNA. h, PCR analyses 

of genomic DNA obtained from bktRNA1 KO cells to validate bktRNA1 biallelic 
deletion clones. The DNA size marker is shown in base pairs. i, qPCR for the 
relative expression of bktRNA1 and U12 in bktRNA1−/− and WT HCT116 cells. Data 
are presented as mean values ± s.e.m. (n = 3 biological replicates), two-tailed, 
paired t-test. j, irNorthern blotting of bktRNA1 in bktRNA1−/− and WT HCT116 cells. 
U6 snRNA served as a loading control. k, irPE analysis of U12 in bktRNA1−/− and  
WT HCT116 cells. The black triangle represents the presence of decreasing 
amounts (0.5 mM, 0.05 mM and 0.01 mM) of dNTPs. The representative RNA 
sequence is shown in the left panel, and the red nucleotides denote 2′-O-
methylation sites detected by irPE. The red triangle in the right panel indicates 
the primer extension stop signal. l, irNorthern blotting of bktRNA1 in bktRNA1−/− 
and bktRNA1-re-expressing cells. U6 snRNA served as a loading control.  
m, irPE analysis of U12 in bktRNA1−/− and bktRNA1-re-expressing cells. Cons, 
conservation; RT, reverse transcription; verts, vertebrates.
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from wild-type (WT) and KO cells (Fig. 3k). Comparing with WT HCT116 
cells, the primer extension stop signal was absent from A8 in KO cells, 
indicating that 2′-O-methylation of A8 was completely inhibited in the 
absence of bktRNA1 (Fig. 3k).

We further restored bktRNA1 expression in KO-4 cells (Supplemen-
tary Fig. 9f,g) and found that stable expression of full-length bktRNA1, 
but not partial bktRNAs, in the KO cells (Fig. 3l) largely restored the 
primer extension stop signals at 1 nt downstream of A8 (Fig. 3m), indi-
cating that ectopically expressed bktRNA1 fully restored A8 methyla-
tion of U12 snRNA. Additionally, bktRNA1 mutants with mutation or 
truncation of the backward K-turn domain, as well as substitution in 
the residue that directly interacts with the A8 residue of U12 snRNA, 
could completely inhibit or significantly diminish A8 methylation of 
U12 snRNA (Supplementary Figs. 10 and 11 and Supplementary Note 2). 
Moreover, artificial guide RNAs that contained the guide sequences of 
bktRNA1 could induce 2′-O-methylation of A8 in U12 snRNA (Supple-
mentary Fig. 12 and Supplementary Note 2). Collectively, these results 
demonstrate that bktRNA1 is required for efficient 2′-O-methylation 
of U12 snRNA.

Depletion of bktRNA1 causes dysregulation of U12-type 
introns
Our finding that bktRNA1 is responsible for A8 2′-O-methylation in U12 
snRNA raised the question of whether bktRNA1 and its modification are 
required for the splicing of U12-type introns in human cells. To explore 
this, we performed strand-specific mRNA-seq in all four bktRNA1-KO 
cell lines (Extended Data Fig. 6a). Global analysis of aberrant intron 
retention revealed substantially greater retention of U12-type introns 
in bktRNA1−/− cells than in WT cells (Fig. 4a–d and Supplementary  
Table 5). Depletion of bktRNA1 affected more than 75% of U12-type 
introns (Fig. 4e); at least 37% of the retained introns had significant 
changes (P < 0.05; Extended Data Fig. 6b). In contrast, depletion of 
bktRNA1 had a negligible effect on U2-type introns (Extended Data 
Fig. 6b). Moreover, compared to U2-type introns, U12-type introns 
showed global and considerable increases in inclusion level in all four 
bktRNA1−/− cell lines (Fig. 4f–i). Furthermore, these retained U12-type 
introns exhibited striking overlap across the four bktRNA1-KO cell lines 
(Fig. 4j). Intriguingly, differential expression analysis revealed that 
the aberrant splicing of U12-type introns did not affect the expression 
levels of mature RNAs, consistent with the findings of a previous study31 
(Extended Data Fig. 6c). These results suggest that loss of bktRNA1 has 
a global effect on the splicing of U12-type introns.

To validate the aberrant U12-type intron retention identified by 
RNA-seq, we applied qPCR and RT–PCR to measure splice products 
in bktRNA1-KO and control cells. As expected, the abundance of all 
17 randomly selected U12-type introns was upregulated in bktRNA−/− 
cells as compared to WT cells and the abundance of the U2-type intron 
in GAPDH genes (Fig. 4k–m and Extended Data Fig. 6d). Notably, 
re-expression of bktRNA1 or artificial guide RNAs (ART7 and ART10) 
in KO cells restored correct U12-type splicing (Extended Data Fig. 6e,f). 
In contrast, restoration of the H/ACA domain (SNORA12) of bktRNA1 
did not rescue the deficiency in minor splicing (Extended Data Fig. 6g). 

These data strongly suggest that bktRNA1 and Am8 in U12 snRNA are 
important for the fidelity of U12-type splicing in human cells.

bktRNA1 modulates the recruitment of ZCRB1 to minor 
spliceosome
To examine whether the loss of bktRNA1 interferes with the assem-
bly of minor spliceosome components, we performed a RIP assay in 
which RNA–protein complexes were immunoprecipitated using anti-
bodies against U12-associated proteins (ZCRB1, PDCD7, RNPC3 and 
SNRNP48)32 (Fig. 5a and Extended Data Fig. 7a). The amount of snRNAs 
(U11, U12, U4atac, U5 and U6atac) involved in minor spliceosomes in 
the co-precipitate were then measured by qPCR and northern blotting 
in WT and bktRNA1 KO cells. Compared to that in WT cells, we found 
that the ZCRB1-antibody-bound complex in KO cells had obviously 
lower amounts of U11 and U12 snRNAs (Fig. 5b and Extended Data 
Fig. 7b,c). Additionally, these differences were not due to the relative 
amounts of proteins because no changes in the protein levels of ZCRB1 
were observed upon knockout of bktRNA1 (Fig. 5c). Overexpression 
of bktRNA1 in KO cells largely increased the enrichment of the U11 
and U12 snRNAs in the ZCRB1 complex (Fig. 5d,e and Extended Data 
Fig. 7d), indicating that ectopically expressed bktRNA1 fully restored 
the interaction of ZCRB1 with U11 and U12. We next performed U12 
chromatin immunoprecipitation by RNA purification (ChIRP) assays 
followed by western blotting to verify the interaction of ZCRB1 and 
U12 in vivo (Fig. 5f and Supplementary Fig. 13a,b). In ChIRP analyses, 
U12 probes retrieved more ZCRB1 in bktRNA1 WT cells than in KO cells 
(Fig. 5f, upper panel). Conversely, re-expression of bktRNA1 in KO cells 
markedly increased the amounts of ZCRB1 retrieved by U12-specific 
probes (Fig. 5f, lower panel).

We further performed RNA affinity chromatography followed 
by immunoblotting to validate the proteins that interact with meth-
ylated U12 probes. We discovered that ZCRB1 selectively bound to 
2′-O-methylated U12 RNA baits compared to the unmethylated control 
(Fig. 5g). Similarly to endogenous proteins, the purified recombinant 
ZCRB1 proteins (Supplementary Fig. 13c,d) also preferentially bound 
to the 2′-O-methylated U12 probe (Methyl-U12, Kd = 340.3 ± 48.9 nM) 
over the unmethylated one (Unmethyl-U12, Kd = 2,293.0 ± 358.4 nM) 
in vitro (Fig. 5h). We further performed an RNA EMSA analysis with 
mutant U12 probes, which have a change of A to G (UUGA) in the con-
sensus sequence recognized by ZCRB1 (refs. 33,34), and found that 
recombinant ZCRB1 exhibited higher affinity toward the mutated 
U12 probe with methylated guanine ribonucleotide (Methyl-mutU12, 
Kd = 1,787.0 ± 211.4 nM) than unmethylated probes (Unmethyl-mutU12, 
Kd = 13,029.0 ± 4,687.0 nM) (Supplementary Fig. 13e).

We then investigated the minor splicing dysregulation and phe-
notypic changes upon ZCRB1 knockdown in HCT116 cells (Extended 
Data Fig. 8a). The high similarity between the bktRNA1-KO and 
ZCRB1-knockdown cells for inducing minor intron retention and 
functional phenotypes further indicates a close connection between 
bktRNA1 and ZCRB1 (Extended Data Fig. 8b–m, Supplementary  
Table 6 and Supplementary Note 3). Together, these results suggest that 
the 2′-O-methylation at A8 in U12 snRNA guided by bktRNA1 is crucial 

Fig. 4 | Dysregulation of U12-type intron splicing in bktRNA1-depleted 
cells. a–d, Dot plots displaying the intron retention levels in a representative 
pairwise analysis of bktRNA1 WT HCT116 cells versus bktRNA1-deficient cells, 
including KO-1 (a), KO-2 (b), KO-3 (c) and KO-4 (d) cells. The red dots represent 
U12-type introns and the blue dots represent U2-type introns. e, Proportion of 
aberrantly retained U12-type introns in bktRNA1-deficient cells. The red boxes 
represent retained introns, and the blue boxes represent unretained introns. 
f–i, Cumulative fraction of the inclusion level difference between U12-type and 
U2-type introns in WT and bktRNA1-deficient cells, including KO-1 (f), KO-2 (g), 
KO-3 (h) and KO-4 (i) cells. The P values on the cumulative plots of inclusion level 
differences were calculated using a two-sided Mann–Whitney–Wilcoxon test. 
j, Venn diagram showing the numbers of overlapping retained introns across 

four bktRNA1-deficient HCT116 cell lines. k, Coverage of RNA-seq reads from WT 
HCT116 and bktRNA1-deficient cells in the corresponding U12-type and U2-type 
introns of protein-coding genes (RAF1, UBL5 and ATG3). The read counts were 
normalized using the reads per kilobase per million mapped reads (RPKM) 
values and are shown using an identical scale for all samples. The intron types 
are indicated in the bottom panel. l, The ratio of spliced to unspliced pre-mRNA 
for U12-type (RAF1, UBL5 and ATG3) and U2-type (GAPDH) introns in bktRNA1-
deficient and WT HCT116 cells was determined by qPCR. Data are presented as 
mean values ± s.e.m. (n = 3 biological replicates), two-tailed, paired t-test. m, 
RT–PCR analysis of RAF1, UBL5 and ATG3 U12-type intron retention in bktRNA1-
deficient and WT HCT116 cells. The schemes of the spliced forms are shown at the 
right. The boxes indicate exons flanking the minor intron.
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for the recruitment of ZCRB1 to the U11–U12 di-snRNP complex as well 
as for the splicing of U12-type introns (Fig. 5i).

bktRNAs regulate the splicing of local introns
Given that bktRNAs are universally located within introns and that their 
binding partner 15.5K can promote the assembly of minor and major 
spliceosomes7, we hypothesized that bktRNAs might alternatively be 
involved in regulating intron processing and RNA splicing. To test this 
hypothesis, we performed PEN-seq and mRNA-seq in 15.5K-knockdown 
cells (Supplementary Fig. 14a,b). As expected, the expression of 
bktRNAs was markedly decreased in 15.5K-knockdown cells com-
pared to control cells (Supplementary Fig. 14c,d and Supplementary  
Table 7). Notably, intron retention analysis from the mRNA-seq data-
sets showed that the silencing of 15.5K resulted in the global altera-
tion of intron splicing (Supplementary Fig. 14e,f and Supplementary  
Table 8). Moreover, the inclusion level was considerably different 
between bktRNAs and the remaining introns upon 15.5K knockdown 
(Supplementary Fig. 14g,h).

We further validated the splicing efficiency of local introns con-
taining bktRNA1 in WT and KO cells by qPCR and found that the deple-
tion of bktRNA1 resulted in downregulation of local intron splicing 
but did not affect the distant intron splicing (Fig. 6a). Moreover, the 
impaired splicing efficiency of local introns could not be rescued by 
re-expression of WT bktRNA1 in either bktRNA1 KO-1 or KO-4 cells  
(Fig. 6b), implying that bktRNA1 might regulate the local splicing 
of introns by sequence elements of bktRNA1 but not the specific 
bktRNA1 transcript, which may be similar to some long non-coding 
RNAs (lncRNAs)35.

To test the role of bktRNAs in the local regulation of intron splic-
ing, we constructed GFP reporters that harbor bktRNAs with WT or 
backward K-turn motif mutants (mutated from CUGA to CUAG, Mut)  
(Fig. 6c). Consistent with the local regulation of intron splicing by 
bktRNA1, WT bktRNA1 in the GFP reporter intron also promoted 
the splicing of local introns, whereas mutation of the 5′ motif 
(bktRNA1-MM) or deletion of the backward K-turn motif significantly 
decreased the splicing of local introns (Fig. 6d). By applying this GFP 
reporter to ten randomly selected bktRNAs, we found that eight 
bktRNAs can regulate the splicing of local introns (Fig. 6d). For exam-
ple, WT bktRNA168 enhanced the local splicing in comparison to the 
mutant type (Fig. 6d), whereas bktRNA2 with a backward K-turn-mutant 
increased the splicing of local introns (Fig. 6d). These results suggest 
that the backward K-turn motif of bktRNAs is important for the splic-
ing of local introns.

To confirm the local regulation of bktRNAs in intron splicing 
in vivo, we mutated the 5′ motif (from CTGA to CTAG) of the backward 
K-turn structure in bktRNA161 with prime editing36 (Supplementary 
Fig. 15a). We generated seven homozygous mutants (from mut161-1 
to mut161-7) based on Sanger sequencing (Supplementary Fig. 15b). 
In line with the GFP reporter assays (Fig. 6d), the splicing of the local 

intron containing bktRNA161, compared to the distant intron, was 
enhanced upon mutation of the backward K-turn structural motif of 
bktRNA161 in all mutants (Fig. 6e). Moreover, the binding affinity of the 
bktRNA161-containing intron with the 15.5K protein was substantially 
reduced in bktRNA161 mutant HEK293T cells (Fig. 6f and Supplemen-
tary Fig. 15c). Together, these results strongly support that bktRNAs are 
involved in the local regulation of intron splicing in a backward K-turn 
motif-dependent manner (Fig. 6g).

Discussion
In this study, we discovered a class of bktRNAs that act as binding part-
ners for the K-turn binding protein 15.5K by developing the RIP-PEN-seq 
method, and we revealed that bktRNA1 can act as a post-transcriptional 
regulator of minor splicing and that bktRNAs can regulate the splicing 
of local introns. Although U12-type introns constitute ~0.5% of the 
introns in the human genome, they exist in approximately 700–800 
genes involved in various cellular processes37,38. Mutations in genes 
encoding the components of the U12 spliceosome, including both 
snRNAs and interacting proteins, have been shown to cause a series of 
developmental disorders in humans39–43. For example, mutation in U12 
is associated with cerebellar ataxia44. These findings raise an interest-
ing question: whether aberrant expression of bktRNA1 could lead to 
some of the abovementioned developmental disorders in humans. 
Coincidentally, mutation of CWF19L1, the host gene of bktRNA1, has 
been considered as cause of autosomal recessive cerebellar ataxia 
(ARCA)45–47, consistent with the phenotype caused by the mutation in 
U12 snRNAs44. Given that the loss of bktRNA1 leads to global splicing 
dysregulation of U12-type introns, we hypothesized that mutation of 
CWF19L1 might affect the expression and processing of bktRNA1 to 
cause ARCA disease. Therefore, future works might address whether 
bktRNA1 is associated with ARCA.

Although backward K-turn structural motifs have been identified 
in few ncRNAs (for example, 23S rRNA from Archaea)2, these motifs 
are not composed of consensus sequences and are located within 
different positions of ncRNAs. In contrast to these few ncRNAs2, our 
bktRNAs identified from mammals all have two consensus sequence 
elements located within backward K-turn motifs. Importantly, these 
two consensus sequence elements are located at fixed positions in 
bktRNAs (Fig. 1c–e). Moreover, we found that these backward K-turn 
structural motifs of bktRNAs are indispensable for avoiding degrada-
tion by exonucleases, the processing and maturation of bktRNAs (Sup-
plementary Fig. 10 and Supplementary Note 2) and the local regulation 
of intron splicing (Fig. 6).

We used the bktRNA1 gene as a model to explore the regulatory 
function of bktRNAs (Fig. 5i). Moreover, the consensus structural 
motifs of bktRNAs and their dynamic, cell-specific/tissue-specific 
expression patterns have shed light on their roles in gene expression 
regulation. We found that bktRNA1 and other bktRNAs are involved in 
the local regulation of intron splicing (Fig. 6g). Notably, the backward 

Fig. 5 | Depletion of bktRNA1 affects U12 interactions with ZCRB1. a, Western 
blots showing precipitation with an anti-ZCRB1 antibody in WT and bktRNA1-
deficient KO-4 cells. b, Native RIP was performed in WT and KO-4 cells using an 
anti-ZCRB1 antibody or normal IgG antibody, after which qPCR was performed 
with primers recognizing snRNAs involved in minor spliceosomes. The 
percentage of RIP-enriched snRNAs was calculated relative to the input RNA. Data 
are presented as mean values ± s.e.m. (n = 3 biological replicates), two-tailed, 
paired t-test. NS, no significance. c, Western blotting analysis of ZCRB1 in HCT116 
WT and bktRNA1−/− clones. GAPDH served as the loading control. d, Detection of 
ZCRB1 in immunoprecipitates from KO-4 and bktRNA1-rescued (bktRNA1) cells 
by western blotting analysis. e, Native RIP was performed in bktRNA1-deficient 
and bktRNA1-rescued cells using an anti-ZCRB1 antibody or normal IgG antibody 
followed by qPCR with primers for snRNAs involved in minor spliceosomes. 
The percentage of RIP-enriched snRNAs was calculated relative to the input 
RNA. Data are presented as mean values ± s.e.m. (n = 3 biological replicates), 

two-tailed, paired t-test. f, Western blotting analyses of proteins retrieved by 
the U12-ChIRP experiments. RNPC3 was used as a positive control, and GAPDH 
was used as a negative control. NC, negative control probes. g, Validation of 
2′-O-methylated U12-specific binding proteins by RNA affinity chromatography 
using single-stranded RNA probes with 2′-O-methylated (red) or unmethylated 
(green) adenosine. A schematic workflow (left panel) and western blotting 
analyses (right panel) of RNA affinity chromatography were used to validate U12-
interacting proteins (ZCRB1, RNPC3, PDCD7 and SNRNP48). GAPDH was used as 
a negative control. h, RNA EMSA was used to assess the binding of recombinant 
ZCRB1 and the indicated U12 RNA probes. The dissociation constants (Kd, nM) of 
recombinant ZCRB1 proteins with methylated (Methyl-mutU12) or unmethylated 
(Unmethyl-mutU12) U12 ssRNA probes are indicated in the lower panel.  
i, Proposed model showing the functions and mechanisms of bktRNA1. 65K is 
RNPC3; 59K is PDCD7; and 48K is SNRNP48.
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K-turn structural motifs are indispensable for the local regulation 
of intron splicing by bktRNAs (Fig. 6). Interestingly, bktRNAs can 
act not only as positive regulators but also as negative regulators of 
the local splicing of introns (Fig. 6g), suggesting that bktRNAs may 
interact with different factors to regulate the splicing of local introns.  

Thus, it would be very interesting to explore any cofactors (for example, 
splicing factors) that control the local regulation of intron splicing by 
these bktRNAs.

In summary, our data strongly suggest that bktRNAs form a class 
of post-transcriptional regulators that probably help RBPs recognize 
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Fig. 6 | Local regulation of intron splicing by bktRNAs. a, The ratio of spliced to 
unspliced introns containing bktRNA1 (local intron) and another intron from the 
same host gene (distant intron in CWF19L1) was determined by qPCR in bktRNA1-
deficient and WT HCT116 cells. Data are presented as mean values ± s.e.m. (n = 3 
biological replicates), two-tailed, paired t-test. b, Ratio of spliced to unspliced 
intron (local) in bktRNA1-rescued HCT116 KO-1 (right panel) and KO-4 (left panel) 
cells. Data are presented as mean values ± s.e.m. (n = 3 biological replicates), 
two-tailed, paired t-test. c, Schematic of the GFP splicing reporter design. bktRNA 
cloning and primers were used for splicing efficiency detection. We used the 
primer pairs sF1/R1 and usF1/R1 to detect mature and precursor GFP, respectively. 
The analysis of puromycin with primer pairs qF1/qR1 acted as an internal control. 
d, qPCR analysis of the ratio of spliced to unspliced GFP RNA in HEK293T cells 
transfected with WT and mutant bktRNAs (mutated from CTGA to CTAG). Data 
are presented as mean values ± s.e.m. (n = 3 biological replicates), two-tailed, 

paired t-test. e, The ratio of spliced to unspliced intron containing bktRNA161 
(local intron) and another intron from the same host gene (distant intron in 
TEAD1) was determined by qPCR in bktRNA161-mutant and WT HEK293T cells. 
Data are presented as mean values ± s.e.m. (n = 4 biological replicates), two-
tailed, paired t-test. f, Quantification of introns containing bktRNA161 by qPCR 
in 15.5K immunoprecipitates from WT and mutant bktRNA161 HEK293T cells. 
U4atac and MT-CO1 were kept as positive and negative controls, respectively. 
Data are presented as mean values ± s.e.m. (n = 3 biological replicates), two-
tailed, paired t-test. g, Model of local regulation of intron splicing by bktRNAs. 
The interaction between the backward K-turn structure of bktRNAs and 15.5K 
negative (for example, bktRNA161) or positive (for example, bktRNA1) regulates 
the splicing of the local intron containing bktRNAs. In contrast, disruption of the 
backward K-turn structure in bktRNA161 or bktRNA1 relieves the local regulation 
of intron splicing.
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substrates through base-pairing interactions (for example, bktRNA1) 
and generally function in modulating their binding partner 15.5K to 
regulate the splicing of local introns. Our studies reveal that a single 
methylation alteration caused by the loss of bktRNA1 contributes to 
global splicing dysregulation and that bktRNAs can act as local regula-
tors in the splicing of introns. Overall, these discoveries add another 
layer of complexity to the control of gene expression that involves 
crosstalk among RNA splicing, RNA methylation and bktRNAs.
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Methods
Construction of RIP-PEN-seq and PEN-seq libraries
For conventional RIP-seq, the immunoprecipitated RNAs (especially 
for RNAs with length ≥50 nt) were often fragmented and then subjected 
to RNA-seq library construction with random primer-based reverse 
transcription49. As a result, the conventional RIP-seq method cannot 
identify the full length of immunoprecipitated RNA, and, thus, con-
ventional RIP-seq cannot discover the precise positions of motifs at 
RNAs. In this study, we used dual RNA adapters to capture both ends 
of ncRNAs. This strategy and the following strategies allowed us to 
identify the full-length sequences of ncRNAs (from 20 nt to 500 nt) 
and facilitated the discovery of bktRNAs with characteristic motifs 
and structures presented at RNA ends.

RIP-PEN-seq and PEN-seq (Fig. 1b and Extended Data Fig. 1a) 
employed several strategies to achieve high-performance ncRNA 
full-length sequencing. First, to enable the high ligation effi-
ciency and quantitative full-length library, specific randomized 
barcode-containing (4N, N represents for A, T or U, G, C) 5′ adapters and 
3′ adapters were synthesized and directly ligated to RNAs. Second, to 
increase the diversity of RNA species and discover low-expression RNAs, 
we used RNase H or Ribo-Zero strategies to remove high-abundance 
rRNAs and/or snRNAs50,51. It is worth noting that the Ribo-Zero kit from 
Illumina had been discontinued, and the nuclease-mediated depletion 
displays huge biases in sRNA-seq following the traditional procedure52. 
Here, we performed rRNA/snRNA depletion after adaptors ligation and 
used single-stranded DNA (ssDNA) exonuclease RecJf rather than DNase 
I to remove the probes. Third, to avoid the widespread mispriming 
artifacts53 and obtain full-length cDNAs, we used a nested reverse tran-
scription primer during reverse transcription, along with a full-length 
reverse PCR primer for amplification. Finally, to overcome the obstacles 
of RNA modifications and stable RNA secondary structures in cDNA 
synthesis, we used SuperScript IV Reverse Transcriptase, which has 
a high level of processivity and thermostability, to generate cDNAs.

RIP experiments were performed using the protocol outlined in a 
previous report54,55. In brief, for each immunoprecipitate, 1 × 107 cells 
stably expressing FLAG-15.5K were pelleted; resuspended in an equal 
volume of ice-cold polysomal lysis buffer (10 mM HEPES pH 7.0, 100 mM 
KCl, 5 mM MgCl2, 0.5% NP-40) supplemented with 1 mM DTT, 100 U ml−1 
RNase inhibitor (Takara), 1× protease inhibitor cocktail (Roche) and 
0.4 mM RVC (New England Biolabs (NEB)); incubated on ice for 15 min-
utes; snap frozen in liquid nitrogen; and stored at −80 °C. After the 
lysate was thawed on ice and centrifuged at 15,000g for 15 minutes, the 
supernatant was pre-cleared with Dynabeads Protein G (Invitrogen) at 
4 °C for 1 hour. Ten microliters of the supernatant was saved as input 
and mixed with 1 ml of RNAzol. Subsequently, a 100-μl aliquot of the 
cell extract was diluted with 900 μl of NT2 buffer (50 mM Tris pH 7.4, 
150 mM NaCl, 1 mM MgCl2, 0.05% NP-40) supplemented with 1 mM 
DTT, 100 U ml−1 RNase inhibitor (Takara), 1× protease inhibitor cock-
tail (Roche) and 20 mM EDTA. The extracts were mixed with 5 μg of an 
anti-FLAG antibody (Proteintech) or a normal IgG antibody (Millipore) 
and incubated overnight at 4 °C with end-over-end rotation. The next 
day, the RNP/antibody complex was precipitated by incubation with 
Dynabeads Protein G at 4 °C for 3 hours. The beads were collected and 
washed five times in NT2 buffer. After the final wash, the beads were 
resuspended in 1 ml of RNAzol and saved as RIP RNA or IgG RNA.

For PEN-seq, total RNA was isolated from cell lines with RNA-
zol, treated with RQ1 DNase (Promega) and purified by RNA Clean 
& Concentrator-5 (Zymo Research). The samples were then ligated 
to 3′ randomized RNA adaptor with T4 RNA ligase 2 truncated KQ 
(NEB) in 1× T4 RNA ligase reaction buffer supplemented with 12.5% 
PEG 8000 at 16 °C for 18 hours. The excessive adaptors were digested 
with 100 U of 5′ deadenylase (NEB) at 30 °C for 1 hour, incubated 
with 2 μg of Escherichia coli single-strand DNA-binding protein (Pro-
mega) on ice for 30 minutes and subjected to ssDNA digestion with 
60 U of RecJf (NEB) at 37 °C for another hour. The ligated RNA was 

ligated to a 5′ randomized RNA adaptor using T4 RNA Ligase 1 (NEB) 
in 1× T4 RNA ligase reaction buffer supplemented with 1 mM ATP 
at 16 °C for 18 hours. The ligated RNA was column-purified by RNA 
Clean & Concentrator-5 (Zymo Research) and subjected to RNase 
H-based ribosomal RNA depletion according to a standard protocol 
with some modifications51. For rRNA/snRNA probe digestion, DNase 
I was replaced by RecJf exonuclease to prevent digestion of the 3′ 
randomized RNA adaptor. After column-based purification, the rRNA/
snRNA-depleted RNA was reverse transcribed using SuperScript IV 
Reverse Transcriptase (Invitrogen) in 1× reverse transcription buffer 
with truncated reverse transcription primer to eliminate mispriming 
artifacts. cDNA was amplified using Phusion High-Fidelity DNA Poly-
merase (Thermo Fisher Scientific) in 1× Phusion HF buffer (Thermo 
Fisher Scientific) with primers (the RP1 forward primer and RPI-X 
reverse primer). The PCR-amplified cDNA was gel purified using a 
4% NuSieve 3-1 Agarose gel (Lonza) to remove adapter dimers and 
sequenced on an Illumina HiSeq X Ten platform with paired-end reads 
(150 bp or 125 bp) at Annoroad Gene Technology Company. The adapt-
ers and primers are listed in Supplementary Table 9.

RIP-PEN-SHAPE-MaP library construction
RIP-PEN-SHAPE-MaP was performed on HEK293T-F-15.5K cells as previ-
ously described21 with some modifications. In brief, RIP experiments 
were carried out as described above until the last NT2 buffer wash. 
After the last wash, the beads were incubated with SHAPE modifica-
tion buffer (100 mM HEPES pH 8.0, 6 mM MgCl2, 150 mM NaCl, 50 mM 
NAI-N3 (MedChemExpress, HY-103006))56 at 37 °C for 12 minutes on a 
thermomixer at 1,000 r.p.m. The control group was prepared using 
DMSO following the same procedure as described above. RNA was 
extracted using RNAzol, treated with DNase I and purified with RNA 
Clean & Concentrator-5 (Zymo Research) in accordance with the manu-
facturer’s protocol. Then, approximately 300 ng of NAI-N3-treated or 
DMSO-treated RNA sample was subjected to the PEN-seq procedure 
with some modifications. (1) The 3′ randomized RNA adaptor and 5′ ran-
domized RNA adaptor were replaced with randomized adaptors con-
taining six degenerate nucleotides. (2) To increase the read coverage 
on bktRNAs, we designed probes57 for RNase H-based high-abundance 
snoRNA subtraction in addition to rRNA and snRNA depletion. The 
high-abundance snoRNAs were determined according to the top 
1,000 reads in 15.5K RIP-PEN-seq datasets. (3) Reverse transcription 
was performed using SuperScript II Reverse Transcriptase (Thermo 
Fisher Scientific) in MnCl2-containing 1× reverse transcription buffer 
(50 mM Tris-HCl pH 8.0, 75 mM KCl, 6 mM MnCl2, 10 mM DTT)20. The 
whole reaction system in the tube was incubated at 42 °C for 3 hours. 
(4) For cDNA purification, Exo I (NEB) was used to digest excess reverse 
transcription primers at 37 °C for 15 minutes. Then, 7 μl of 1 M NaOH 
and 5 μl of 0.5 M EDTA per 20-μl reaction volume were added to remove 
RNA templates at 70 °C for 12 minutes, after which cleanup of the cDNA 
was performed with Oligo Clean & Concentrator (Zymo Research). (5) 
Library amplification was performed using NEBNext Ultra II Q5 Master 
Mix (NEB) and was programmed as follows: stage I: 98 °C for 30 s; stage 
II: 98 °C for 10 s, 65 °C for 75 s, with a limited cycle; stage III: 65 °C for 
5 minutes. The number of cycles was 16–20. The adapters, primers and 
probes are listed in Supplementary Table 9.

Mapping of 2′-O-methylation residues
The positions of 2′-O-methyls were identified by dNTP 
concentration-dependent primer extension (PE) assays. The primer 
used for U12 primer extension (irPE-U12) was synthesized by Sangon. 
To label the azide-modified oligonucleotides with IR dye, 0.4 nmol of 
oligonucleotides was mixed with 10 nmol IRDye 680RD DBCO (LI-COR 
Biosciences) in 1× PBS (Thermo Fisher Scientific) at 25 °C overnight. The 
IR dye-labeled oligonucleotides were then purified with Oligo Clean & 
Concentrator kits (Zymo Research). The 5′ end labeled primers were 
extended by SuperScript III Reverse Transcriptase (Invitrogen) in the 
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presence of decreasing amounts (0.5 mM, 0.05 mM and 0.01 mM) of 
dNTPs using 30 μg of total RNA to determine modifications in U12 
snRNA. Sequence analysis was carried out according to the dideoxy 
method with a Sequenase Version 2.0 DNA Sequencing Kit (USB). 
The products were separated on a 10% urea-polyacrylamide gel and 
visualized on a LI-COR Odyssey Infrared Imager with Odyssey software 
version 3.0.

ChIRP
ChIRP was performed according to previous studies58–60 with some 
modifications. HCT116 cells were crosslinked with 3% formaldehyde at 
room temperature for 30 minutes, followed by 125 mM glycine quench-
ing at room temperature for 5 minutes. Cells were centrifuged, and 
the pellet was washed with ice-cold PBS and then snap frozen in liq-
uid nitrogen and stored at −80 °C. Crosslinked cells (~2 × 107) were 
resuspended with 1 ml of ChIRP pre-digestion buffer (20 mM Tris-HCl  
pH 7.5, 5 mM MgCl2, 0.5 mM CaCl2, 0.5% Triton X-100) supplemented 
with 1× protease inhibitor cocktail (Roche), 1 mM DTT, 100 U ml−1 RNase 
inhibitor, 10 mM RVC (NEB)n and 12 U of DNase I (Promega) and rotated 
at 37 °C for 10 minutes. The reaction was stopped with 20 mM EDTA, 
and cells were pelleted, washed once with 1× PBS and resuspended in 
ChIRP cell lysis buffer (50 mM Tris-HCl pH 7.0, 10 mM EDTA, 1% SDS) 
with 1× protease inhibitor cocktail (Roche), 1 mM DTT and 100 U ml−1 
RNase inhibitor. Cells were sonicated using Sonic Vibra-Cell VCX130 
for 20 cycles with the following conditions: 30% amplitude, 10 s on, 
10 s off. After centrifugation at 16,000g for 10 minutes at 4 °C, the 
supernatant was collected and pre-cleared with Dynabeads MyOne 
Streptavidin C1 beads (Thermo Fisher Scientific) for 30 minutes at 
37 °C. For hybridization, the pre-cleared cell lysates were diluted in 
two times volume of ChIRP hybridization buffer (50 mM Tris-HCl, 
pH 7.0, 750 mM NaCl, 1 mM EDTA, 1% SDS, 15% formamide) with  
1× protease inhibitor cocktail (Roche), 1 mM DTT and 100 U ml−1 RNase 
inhibitor and incubated with 100 pmol of U12-targeted biotinylated 
probe mix (ChIRP-U12-1, 2, 3) or negative control probe (ChIRP-NC) 
at 37 °C overnight. The next day, 100 μl of pre-washed Dynabeads 
MyOne Streptavidin C1 beads were added and rotated for an additional 
30 minutes. The beads were washed five times with ChIRP washing 
buffer (2× SSC, 0.5% SDS) at 37 °C. A quarter of the ChIRP products 
were used for RNA isolation, and the remaining were subjected to 
protein elution. For RNA isolation, input and ChIRP samples were 
resuspended in ChIRP RNA-isolation buffer (10 mM Tris-HCl pH 7.0, 
100 mM NaCl, 1 mM EDTA, 0.5% SDS) supplemented with 1,000 mg ml−1 
proteinase K and incubated at 50 °C for 45 minutes, followed by 95 °C 
for 15 minutes and RNAzol extraction. Eluted RNA was subjected to 
ChIRP-qPCR for detection of related transcripts. For protein extraction, 
input and ChIRP samples were resuspended in ChIRP biotin elution 
buffer (7.5 mM HEPES pH 7.5, 12.5 mM D-biotin, 1.5 mM EDTA, 75 mM 
NaCl, 0.15% SDS, 0.075% Sarkosyl, 0.02% Na-deoxycholate), mixed at 
25 °C for 20 minutes and at 65 °C for 10 minutes. After collecting the 
eluents, the beads were eluted again. The two eluents were pooled 
and precipitated with 20 μg ml−1 protein carrier (BSA) and four times 
volume of ice-cold acetone at −20 °C overnight. The next day, proteins 
were pelleted and dissolved in 1× SDS loading buffer (Beyotime) and 
boiled at 95 °C for 30 minutes. Final protein samples were subjected 
to SDS-PAGE for western blotting. The probes used for ChIRP are listed 
in Supplementary Table 9.

Expression and purification of ZCRB1 protein
We use the E. coli system to produce and purify specific ZCRB1 pro-
tein following the HaloTag protein purification system (Promega) 
with pieces of modifications. In brief, pH6HTN-ZCRB1 vectors that 
expressed HaloTag fusion ZCRB1 protein were transformed into  
E. coli Transetta DE3 chemically competent cells (TransGen Biotech). 
A fresh colony was inoculated into 2YT medium containing the anti-
biotic and grown at 37 °C for overnight. On the second day, the starter 

culture was diluted as 1:100 in fresh 2YT medium with antibiotic and 
cultured at 37 °C for about 6 hours, reaching the logarithmic growth 
phase. Then, 1 ml of culture was seeded into 100 ml of 2YT medium 
with IPTG at 0.4 nM final concentration and grown for 4 hours at 25 °C 
for harvesting. According to the HaloTag protein purification system 
instructions, cells in 100 ml of medium were harvested by centrifuga-
tion at 4,000g for 10 minutes at 4 °C, and then the cell pellets were 
resuspended and lysed by sonication (Sonic Vibra-Cell VCX130) in 10 ml 
of Halo purification buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM 
EDTA, 0.005% NP-40) plus with 1 mM DTT, complete protease inhibitor 
cocktail (Roche), 1 mg ml−1 lysozyme and 0.01 U of DNase I for 5 s on, 5 s 
off, for 36 cycles with 35% amplitude. After centrifugation at 10,000g 
for 15 minutes at 4 °C, the supernatant was transferred for HaloTag pro-
tein purification by HaloTag Resin, which had been pre-washed using 
HaloTag purification buffer. With binding the HaloTag-ZCRB1-fused 
protein and centrifugation, the supernatant (the sample flowthrough) 
was discarded. By washing with HaloTag purification buffer for a total 
of three times, the HaloTag Resin bound with ZCRB1 was clove with TEV 
protease cleavage solution (60 μl of TEV protease supplied in 1 ml of 
HaloTag purification buffer), which was removed from ZCRB1 elution 
by HisLink Resin. Finally, 2 ml of eluted ZCRB1 was concentrated with 
an Amicon Ultra-4 Centrifugal Filter device (10 Kd) for 30 minutes up to 
100-μl volume. The final ZCRB1 protein and the reservations at every 
purified step were analyzed by Coomassie blue staining and western 
blot, simultaneously.

RNA electrophoretic mobility shift assays
RNA oligonucleotides labeled Cy5 were synthesized by RiboBio. The 
REMSA was carried out per the instructions of the LightShift Chemi-
luminescent RNA EMSA Kit (Thermo Fisher Scientific) with some 
modifications. In brief, RNA probes in annealing buffer (20 mM Tris 
pH 7.5, 200 mM KCl) were denatured and annealed by incubation at 
95 °C for 4 minutes and then slowly cooled down to 25 °C at 0.05 °C 
per second. Recombinant ZCRB1 was diluted to concentration series of 
0 nM, 50 nM, 100 nM, 200 nM and 300 nM in Halo purification buffer. 
For each reaction, 1 μl of RNA probes with 6.25 nM final concentration 
and 1 μl of ZCRB1 protein (0 nM, 50 nM, 100 nM, 200 nM and 300 nM) 
were incubated in 2 μl of 10× REMSA Binding Buffer (supplied in the 
RNA EMSA Kit) plus 5% glycerol and 2 μg of transfer RNA (tRNA) at 
room temperature for 30 minutes after adding 5 μl of 5× loading buffer 
(50 mM HEPES pH 7.5, 80% glycerol, 0.25% bromophenol blue) after 
separation by native PAGE. The fluorescence signal was visualized by 
Odyssey Imaging Systems and quantified by Image Studio, and then 
the dissociation constant (Kd) was calculated with nonlinear curve 
fitting (function one-site specific binding) using GraphPad Prism with 
Y = Bmax × X / (Kd + X), where Y is the ratio of [RNA–protein] / ([free 
RNA] + [RNA–protein]), X is the input protein concentration and Bmax 
is set to 1.

Identification of ktRNAs from RIP-PEN-seq or PEN-seq data
We clustered the overlapping paired-end reads that mapped to the 
genomes. Specifically, we defined the start and end sites with the 
highest abundance in the cluster as the transcription start site (TSS) 
and transcription terminal site (TTS), respectively. The sequences 
between TSSs and TTSs co-occurring within 500 bp were extracted 
as candidate transcripts. Each candidate transcript with a precise TSS 
and TTS was input to kturnSeeker. A new software program, kturn-
Seeker, was developed to discover RNAs with fktRNAs and bktRNAs. 
kturnSeeker searches A•G, G•A and G•C base pairs (the NC-stem), the 
3-nt bulge and a section with regular base pairing (the C-stem) step by 
step in candidate sequences and scores the C-stem with a strict scoring 
scheme (a G•C pair is bonus 3, an A•U pair is bonus 2 and mismatch is 
minus 5). Only those with a total score (the C-stem) greater than 7 were 
retained as candidate ktRNAs. kturnSeeker can, for the first time, screen 
bktRNAs as well as fktRNAs by reverse searching the K-turn structure. 
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To identify novel ktRNAs, ktRNAs overlapping with known annotations 
were discarded. Moreover, all novel ktRNAs must be present in at least 
two sequencing libraries.

Annotation of ktRNAs
The genome sequence of humans (hg38) was downloaded from the 
UCSC Genome Browser site61. Human gene annotations were acquired 
from GENCODE62 in August 2018. The repeat elements in RepeatMasker 
were downloaded from the UCSC Genome Browser site61. The sequences 
and annotation data for canonical human and mouse box C/D snoRNAs 
were downloaded from snoRNA-LBME-db63, deepBase64, GENCODE62, 
snoRNAome65,66 and RefSeq67 in August 2018. All C/D RNAs were inter-
sected with canonical C/D box snoRNAs using BEDTools software68, 
and only C/D box RNAs that did not overlap with canonical C/D box 
snoRNAs were identified as novel ktRNAs. All novel ktRNAs were further 
intersected with canonical gene annotations using BEDTools software68.

Identification of homologous bktRNA families in other species 
with different evolutionary clades
We constructed homologous bktRNA families based on DNA sequence 
similarity. To identify evolutionary conservation of human bktRNA 
families, we used the UCSC liftOver tool (version 396)61 and BLAST+ 
(version 2.11.0)69 to obtain the homologous regions and sequences of 
the human bktRNAs in other species with different evolutionary clades. 
The homologous sequences from other species were input into kturn-
Seeker software to identify candidate bktRNAs. The genomes included 
the Pan troglodytes reference genome (chimpanzee, panTro6), the Pan 
paniscus reference genome (bonobo, panPan3), the Gorilla gorilla 
gorilla reference genome (gorilla, gorGor6), the Pongo pygmaeus 
abelii reference genome (orangutan, ponAbe3), the Macaca mulatta 
reference genome (rhesus, rheMac10), the Mus musculus reference 
genome (mouse, mm10), the Monodelphis domestica reference genome 
(opossum, monDom5), the Gallus gallus reference genome (chicken, 
galGal6) and the Danio rerio reference genome (zebrafish, danRer10).

Processing of 15.5K and FBL CLASH sequencing data
First, Cutadapt (version 2.8)70 was used to cut the adapters of the 
paired-end reads. The paired-end reads without adapters were fur-
ther merged using FLASH software (version 1.2.11)71 with the following 
parameters: -z -m 10 -M 135 -x 0.25. fastx_collapser software was used 
to collapse the reads with the default parameters for removal of PCR 
duplicates. Reads with fully identical sequences, including the same 
barcode and insert fragment, were marked as PCR duplicates, and only 
one of the identical sequences was retained for subsequent analysis. 
Reads shorter than 30 nt were removed.

Differential splicing analysis
Adaptor sequences were trimmed from raw RNA-seq data using Cuta-
dapt (version 2.8)70. The clean reads were mapped to the reference 
genome (hg38) using STAR software (2.7.1a)72 with the genome index 
built from GENCODE version 32 (ref. 73) annotation and with the fol-
lowing additional parameters: –alignEndsType EndToEnd–outSAM-
strandField intronMotif–outFilterMismatchNmax 5. The genomic 
coordinates of introns were extracted from GENCODE version 32  
(ref. 73) annotation, and duplicates were further removed. For each 
intron, the numbers of reads that supported either the spliced isoform 
or the retained isoform were counted. Reads that skipped the intron 
and spanned at least 10 bp in both exons were thought to support the 
spliced isoform, and reads that included the intron with at least 10 bp 
overlapping between the exon side and the intron side were thought 
to support the retained isoform. The read counts were normalized by 
effective length, defined as the number of possible positions for sup-
porting reads, to estimate the abundance of the spliced isoform and 
the retained isoform. Then, the inclusion level was calculated as the 
abundance of the retained isoform divided by the abundance of both 

isoforms. The statistical method and codes from rMATS74 were used 
to look for introns with significant inclusion level differences between 
WT and KO cells. For each pair of compared groups, introns with a 
sum of the number of reads supporting spliced isoforms or retained 
isoforms less than 20 in either sample were filtered before statistical 
testing to remove potential false positives. The annotation of minor 
introns was downloaded from MIDB38. The P value on the cumulative 
plots of inclusion level differences were calculated using two-sided 
Mann–Whitney–Wilcoxon tests.

Statistics and reproducibility
Data are presented as the mean values ± s.e.m. We used paired Stu-
dent’s t-tests for comparisons between the two experimental groups. 
All statistics were performed using GraphPad Prism 6 or R (3.6.3). The 
numbers of biological replicates for the experiment are indicated in the 
figure legends. At least four independent experiments of RIP-PEN-seq 
were performed for both HEK293T-FLAG-15.5K and Hepa1-6-FLAG-
15.5K cells. Four independent experiments of RIP-PEN-SHAPE-MaP 
were performed for HEK293T-FLAG-15.5K cells. The PEN-seq analysis 
for cellular fractions in HEK293T and HCT116 cells was performed 
four times, respectively. Two or three independent sets of HEK293T, 
HCT116, U-87 MG, HepG2, HeLa and K562 RNA samples were used for 
PEN-seq analysis. All images of polyacrylamide gels, agarose gels and 
northern blots are representative of at least two biological replicates. 
No statistical method was used to predetermine the sample size.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All sequencing data that support the findings of this study have been 
deposited in the National Center for Biotechnology Information’s 
Gene Expression Omnibus with the following accession numbers: 
GSE160970 for all HEK293T 15.5K RIP-PEN-seq; GSE182757 for all 
Hepa1-6 RIP-PEN-seq; GSE160636 for FBL and 15.5K CLASH-seq in 
HEK293T cells; GSE160887 for PEN-seq in HCT116, U-87 MG, Hela, 
HEK293T, HepG2 and K562 cells; GSE186849 for PEN-seq in 15.5K knock-
down HEK293T cells; GSE182843 for PEN-seq in HEK293T and HCT116 
cell fractions; GSE160515 for RNA-seq in bktRNA1 KO HCT116 cells; 
GSE182830 for RNA-seq in ZCRB1 knockdown HCT116 cells; GSE182759 
for RNA-seq in 15.5K knockdown HEK293T cells; and GSE220470 for 
RIP-PEN-SHAPE-MaP in HEK293T cells. All data are available in the 
manuscript and in Supplementary Information and Source data files. 
There are no restriction on data availability. Source data are provided 
with this paper.

Code availability
The program kturnSeeker was written in the C++ programming lan-
guage and is available from GitHub with no restrictions or conditions 
on access: https://github.com/sysu-software/kturnSeeker.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Characterization of the RIP-PEN-seq technique.  
a, Diagram of RNase H-based rRNA depletion for the construction of RIP-PEN-seq 
library. b, Western blotting analysis of the overexpression of 15.5K-FLAG protein 
in HEK293T cells. GAPDH serves as the loading control. c, RIP from HEK293T cells 
was performed using anti-FLAG and IgG. d, e, Meta-analyses of the RIP-PEN-seq 
results for the start (d) and end (e) sites of the forward K-turn RNAs (box C/D 
ncRNAs) in HEK293T cells. f, Genome-browser plot of RIP-PEN-seq (coverage, 
green; 5’-start, red; 3’-end, purple) for representative forward K-turn RNAs  
(box C/D snoRNAs) in the introns of GAS5. g, Computational workflow for 

analysis of the RIP-PEN-seq sequencing data and identification of candidate 
transcripts. h, KturnSeeker core algorithm workflow. KturnSeeker was developed 
to identify and quantify forward (fktRNAs) and backward ktRNAs (bktRNAs) from 
RIP-PEN-seq data. KturnSeeker can screen bktRNAs as well as fktRNAs by reverse 
searching the K-turn structure. i, Gene type distribution of forward ktRNAs 
identified from RIP-PEN-seq. CD-type represents C/D box-containing snoRNAs 
and scaRNAs. ACA-type represents snoRNAs or scaRNAs that only contain  
H/ACA boxes.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Structural characterization of bktRNAs. a, The 
position and significance of motifs located within bktRNAs. The enriched motifs 
were identified by MEME software. The K-turn structural motif of bktRNAs 
is composed of two conserved sequence motifs: a CUGA motif often 4 nt 
downstream of the 5’ end and a UGAUG motif often 2 nt upstream of the 3’ end. 
The position p-value is defined as the probability that a random sequence would 
have a motif match score greater or equal to the sequence under test. b, Another 
twelve novel bktRNAs discovered from RIP-PEN-seq data. All novel bktRNAs had a 
CUGA motif that was often 4 nt downstream of the 5’ end and a UGAUG motif that 
was often 2 nt upstream of the 3’ end. These two sequence motifs were located 
within the K-turn structural motifs of bktRNAs. The 5’ motif (CUGA) and 3’ motif 
(UGAUG) are marked with black rectangles. The non-canonical A•G and G•A 

base pairs and the mismatch in the backward K-turn structure are also marked. 
c, Schematic overview of 15.5 K RIP-PEN-SHAPE-MaP. d, Secondary structure of 
consensus fktRNA (left panel, n = 98). Violin plots displaying the SHAPE reactivity 
across the forward K-turn structure (including 5’ C stem, internal (internal loop), 
5’ NC stem, Loop, 3’ NC stem, and 3’ C stem), averaged across all known box C/D 
snoRNAs (right panel). The boxplots indicate the median and the upper and 
lower quartiles. e, The predicted secondary structure (upper panel) and SHAPE 
reactivity signal (lower panel) on fktRNA SNORD102 (also known as U102). The 
forward K-turn structure is indicated in the structure figure. The NC-stem and 
C-stem are marked with black and red underlines in the bar plot, respectively. The 
SHAPE reactivity signal was determined by RIP-PEN-SHAPE-MaP in this study.
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Extended Data Fig. 3 | The backward K-turn sequence composition, 
predicted functions and tissue-specific expression profile of bktRNAs. a, The 
secondary structure of consensus forward K-turn RNA (fktRNA) and backward 
K-turn RNA (bktRNA). The nucleotide positions in the K-turn structure are named 
according to the nomenclature rules for the forward K-turn structure. b, Matrix 
plot showing the number of human bktRNAs with the indicated nucleotide in the 
3b:3n sequences. c, Number of human bktRNAs with the four possible Watson-
Crick base pairs in the -1b:-1n position. d, Matrix plot showing the number of 
mouse bktRNAs with the indicated nucleotide in the 3b:3n sequences. e, Number 
of mouse bktRNAs with the four possible Watson-Crick base pairs in the -1b:-1n 

position. f, Number of bktRNAs with or without m6A modification in humans and 
mice. g, Number of bktRNAs with or without m6A modification at the 1n position 
in humans and mice. h, Enrichment analysis of the bktRNA host protein-coding 
genes by Metascape software. i, Tissue-specific expression profiles of bktRNAs. 
The expression levels of bktRNAs are displayed in the rows and the tissues are 
shown in the columns. The rows and columns are sorted based on k-means 
clustering of bktRNA genes. The colour intensity represents the tissue-specific 
score ( JS score) as calculated for each bktRNA using the csSpecificity function. 
Representative bktRNAs are indicated in the right panel.
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Extended Data Fig. 4 | Genomic characterization, expression, conservation, 
and secondary structure of bktRNA1. a, Genome-browser plot of RIP-PEN-
seq (coverage, blue; 5’-start, red; 3’-end, yellow) for bktRNA1, as well as the 
evolutionary conservation across 100 vertebrates (green). b, Secondary 
structure of bktRNA1 in the human genome was predicted by R-scape software. 
The SHAPE reactivities for each nucleotide were mapped to secondary structures 
using R2R software. The box H/ACA domain is indicated with a black dashed box, 

and the backward K-turn structure and the potential K-turn-like structure are 
marked with green dashed boxes. The NC stem and C stem are indicated with 
black lines. The blue boxes show the representative motifs. CAB, Cajal body 
box. c, The SHAPE reactivity signal on bktRNA1. The representative motifs are 
underlined in the bar plot. The SHAPE reactivity signal was determined by RIP-
PEN-SHAPE-MaP in this study.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Splicing efficiency analysis for wild-type and knockout 
bktRNA1. a, Workflow for intron retention analysis in HCT116 and KO-bktRNA1 
cells. b, Proportion of aberrantly retained U12- and U2-type introns (filtered 
by p < 0.05) in bktRNA1-deficient cells. c, Proportion of statistically significant 
changes (filtered by p < 0.05) in U12- and U2-type genes in bktRNA1-deficient 
cells. d, The ratio of spliced to unspliced pre-mRNA for U12-type introns was 
determined by qPCR in bktRNA1-deficient cells. Data are presented as mean 
values +/− SEM (n = 3, biological replicates), two-tailed, paired t-test. e, The ratio 
of spliced to unspliced pre-mRNA for U12-type and U2-type (GAPDH) introns 

was determined by qPCR in bktRNA1-rescued HCT116 KO-4 cells. f, The ratio of 
spliced to unspliced pre-mRNA for U12-type and U2-type (GAPDH) introns was 
determined by qPCR in SNORA12-rescued HCT116 KO-4 cells. Data are presented 
as mean values +/− SEM (n = 3, biological replicates), two-tailed, paired t-test. 
ns, no significance. g, The ratio of spliced to unspliced pre-mRNA for U12-type 
and U2-type (GAPDH) introns was determined by qPCR in artificial scaRNA-
overexpressing HCT116 KO-4 cells. Data are presented as mean values +/- SEM 
(n = 3, biological replicates), two-tailed, paired t-test. ns, no significance.
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Extended Data Fig. 7 | Depletion of bktRNA1 affects the interaction between 
U12 and ZCRB1. a, Western blots showing precipitation with each indicated 
antibody in wild-type (WT) and bktRNA1-deficient KO-4 (KO) cells. b, Native 
RIP was performed in wild-type (WT) and bktRNA1-deficient KO-4 (KO) cells 
using each indicated antibody or normal IgG antibody, after which qPCR was 
performed with primers recognizing minor splice snRNAs (U11, U12, U4atac, 
U5, U6atac). The percentage of RIP-enriched snRNAs was calculated relative 

to the input RNA. Data are presented as mean values +/− SEM (n = 3, biological 
replicates), two-tailed, paired t-test. ns, no significance. c, ZCRB1 RIP-enriched 
snRNAs were detected by Northern blotting in wild-type (WT) and bktRNA1-
deficient KO-4 (KO) cells. U6 snRNA served as a negative control. d, ZCRB1 RIP-
enriched snRNAs were detected by Northern blotting in bktRNA1-deficient and 
bktRNA1-rescued cells. U6 snRNA served as a negative control.
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Extended Data Fig. 8 | ZCRB1 knockdown affects U12-type intron splicing.  
a, qPCR (upper panel) and western blotting analysis (lower panel) of Dox-
inducible ZCRB1 knockdown in HCT116 cells. GAPDH was used as an internal 
reference gene for qPCR, and GAPDH served as the loading control for western 
blotting. Data are presented as mean values +/− SEM (n = 3, biological replicates), 
two-tailed, paired t-test. b, c, Dot plots displaying the intron retention levels in 
a representative pairwise analysis of ZCRB1 knockdown and negative control 
cells. The red dots represent U12-type introns, and the blue dots represent U2-
type introns. d, Proportion of aberrantly retained U2- and U12- type introns in 
ZCRB1 knockdown cells. The red boxes represent retained introns, and the blue 
boxes represent unretained introns. e, f, Cumulative fraction of the inclusion 
level difference between U12-type and U2-type introns in ZCRB1 knockdown 
and negative control cells. The P value on the cumulative plots of inclusion level 

differences were calculated using a two-sided Mann-Whitney-Wilcoxon test.  
g, Venn diagram showing the numbers of overlapping retained introns across 
four bktRNA1-deficient HCT116 cell lines and ZCRB1 knockdown cells. h, CCK-8 
assay of HCT116 cells with bktRNA1 knockout. Data are presented as mean 
values +/− SEM (n = 3, biological replicates), two-tailed, paired t-test. i, Colony 
formation assay of HCT116 cells with bktRNA1 knockout. j, Quantitative analysis 
of colony formation assay in the indicated lines. Data are presented as mean 
values +/- SEM (n = 3, biological replicates), two-tailed, paired t-test. k, CCK-8 
assay of HCT116 cells with ZCRB1 knockdown. Data are presented as mean 
values +/− SEM (n = 3, biological replicates), two-tailed, paired t-test. l, Colony 
formation assay of HCT116 cells with ZCRB1 knockdown. m, Quantitative analysis 
of colony formation assay in the indicated lines. Data are presented as mean 
values +/− SEM (n = 3, biological replicates), two-tailed, paired t-test.
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