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Abstract

Long noncoding RNAs (INncRNAs) are usually 5" capped and 3’ polyadenylated, similar to most typical mRNAs. However,
recent studies revealed a type of snoRNA-related IncRNA with unique structures, leading to questions on how they are
processed and how they work. Here, we identify a novel snoRNA-related INncRNA named LNC-SNO49AB containing
two C/D box snoRNA sequences, SNORD49A and SNORD49B; and show that LNC-SNO49AB represents an unreported
type of INcRNA with a 5-end m7G and a 3’-end snoRNA structure. LNC-SNO49AB was found highly expressed in
leukemia patient samples, and silencing LNC-SNO49AB dramatically suppressed leukemia progression in vitro and
in vivo. Subcellular location indicated that the LNC-SNO49AB is mainly located in nucleolus and interacted with the
nucleolar protein fibrillarin. However, we found that LNC-SNO49AB does not play a role in 2’-O-methylation regulation,
a classical function of snoRNA; instead, its snoRNA structure affected the IncRNA stability. We further demonstrated
that LNC-SNO49AB could directly bind to the adenosine deaminase acting on RNA 1(ADAR1) and promoted its
homodimerization followed by a high RNA A-to-I editing activity. Transcriptome profiling shows that LNC-SNO49AB
and ADAR1 knockdown respectively share very similar patterns of RNA modification change in downstream signaling
pathways, especially in cell cycle pathways. These findings suggest a previously unknown class of snoRNA-related
IncRNAs, which function via a manner in nucleolus independently on snoRNA-guide rRNA modification. This is the first
report that a INcCRNA regulates genome-wide RNA A-to-| editing by enhancing ADAR1 dimerization to facilitate
hematopoietic malignancy, suggesting that LNC-SNO49AB may be a novel target in therapy directed to leukemia.

Introduction

Long noncoding RNAs (IncRNAs) constitute a class of
noncoding transcripts longer than 200 nucleotides with
no apparent protein-coding potential. They are emerging
as potential key regulators in numerous biological pro-
cesses across every branch of life, exhibiting a surprising
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range of shapes and sizes' ™. Remarkably, recent studies
have reported that the unusual biogenic processes of small
nucleolar RNAs (snoRNAs) generate a group of IncRNAs,
named snoRNA-related IncRNAs>®, adding a novel layer
to IncRNA biogenesis. SnoRNAs are evolutionarily con-
served ncRNAs which are 60—300 nt in length and func-
tion mainly as guide RNAs during site-specific rRNA
modification””. They are mostly processed from introns
of protein-coding or noncoding genes called “host
genes”' M, Two types of snoRNA-related IncRNAs, sno-
IncRNAs with a snoRNA at both ends and SPAs (5
snoRNA capped and 3’ polyadenylated IncRNAs), have
been identified®'*>'®, The high abundance of these
IncRNAs indicates that they are unlikely to be precursors
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of snoRNAs, suggesting previously unrecognized reg-
ulatory potential of snoRNA sequences.

To date, a set of putative snoRNA-related IncRNAs have
been identified in human cells®'?, with only a small
fraction characterized. For example, sno-IncRNA1-5° and
SPAs'?, encoded in the deletion chromosome region of
Prader-Willi syndrome (PWS), a neurodevelopmental
genetic disorder', sequester multiple RNA-binding pro-
teins away from their normal functional sites to affect
mRNA metabolism and contribute to PWS pathogenesis.
A sno-IncRNA named SLERT was reported to control
rRNA synthesis by directly binding to the DEAD-box
RNA helicase DDX21 via a 143-nt non-snoRNA sequence
to alter the conformation of DDX21 in cancer’.
SnoRD86-cSPA is speculated to operate as a decoy for
snoRNP core proteins, sequestering them away from the
nuclear'®. These studies suggested the potential func-
tional diversity of these ncRNAs. Given their important
roles in cellular processes, additional snoRNA-related
IncRNAs will be of great interest to be characterized and
investigated for their roles in the disease context.

Leukemia is the most prevalent and aggressive blood
cancer and can be subdivided into different subtypes
according to cell maturity (acute or chronic) and cell type
(lymphocytic or myeloid)'”'®, With standard che-
motherapies, the event-free survival of acute lymphocytic
leukemia (ALL) is ~60%—80%, and only 35%-40% of
younger (aged < 60 years)'” and 5%—15% of older (aged >
60 years) patients with acute myeloid leukemia (AML)
survive more than 5 years®’. Thus, there is an ever-present
need to better understand the genetic and molecular
mechanisms of leukemia biogenesis and progression.
Recent advances in understanding the noncoding RNA
(ncRNA) transcriptome have highlighted the importance
of various ncRNA species in leukemia® =3, Interestingly,
functional validation studies have indicated that snoRNAs
are required for leukemogenesis9’24’26, which has chal-
lenged the view that snoRNAs merely function as
housekeeping genes for the posttranscriptional modifica-
tion of rRNAs. Among these snoRNAs, two snoRNAs,
SNORD49A and SNORD49B, attracted our attention.
Although they are classical C/D box snoRNAs, both
function independent of rRNA 2/-O-methylation®*, sug-
gesting alternative mechanisms by which they play
oncogenic roles in leukemia. Interestingly, they were
predicted to generate a snoRNA-related IncRNA®. Thus,
we questioned whether SNORD49A/B can also function
as snoRNA-related IncRNAs and contribute to hemato-
poietic malignancy.

In this study, we identified a novel and highly expressed
snoRNA-related IncRNA, named as LNC-SNO49AB, in
leukemia patient samples. Sequence and structure ana-
lyses showed that LNC-SNO49AB contains two C/D box
snoRNA sequences, SNORD49A and SNORD49B, and a
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5’-end m7G and a 3’-end SNORD49A, which is a new
type of snoRNA-related IncRNA. We further showed that
LNC-SNO49AB directly binds to adenosine deaminase
acting on RNA 1 (ADAR1) and promotes its dimerization
and function to elevate the global rate of RNA A-to-I
editing, thereby regulating hematopoietic malignancy.
Our study reveals a pivotal role for a snoRNA-related
IncRNA with a previously unknown structure, LNC-
SNO49AB, in ADAR-mediated RNA editing and leukemia
progression.

Results
Characterization of LNC-SNO49AB in leukemia

To determine whether SNORD49A/B can function as a
snoRNA-related IncRNA, we first validated the existence
of these IncRNAs by northern blotting and rapid ampli-
fication of cDNA ends (RACE). As shown in Fig. la,
SNORD49A and SNORD49B are both located in the
second intron of the noncoding gene SNHG29 on p11.2 of
chromosome 17. Northern blot analysis with a probe for
detecting the sequence between SNORD49A and
SNORD49B confirmed the existence of only one mature
transcript in four leukemic cell lines (Fig. 1b). We next
performed 5 and 3’ RACE and then sequenced to con-
form the length of the transcript. Sequence analysis
revealed that the transcript contains the first exon of
SNHG29 and the 5’ end of second exon to the 3’ end of
SNORD49A of SNHG29 and is 804 nt (Fig. 1c and Sup-
plementary Fig. Sla, b). We also overexpressed LNC-
SNO49AB into 293T cells to further support the length of
mature LNC-SNO49AB (Supplementary Fig. Slc, d).
These results suggest that this gene locus forms a
snoRNA-related IncRNA that has SNORD49A/B
sequences, thus, we named this IncRNA LNC-SNO49AB
(Fig. 1a). We then characterized the structure of LNC-
SNO49AB. LNC-SNO49AB lacks the poly(A) tail (Fig. 1d)
and is terminated by SNORD49A at the 3’-end (Fig. 1a).
Unexpectedly, we found that SNORD49B is in the middle
of LNC-SNO49AB (Fig. 1a), not at the 5’-end as those
previous reports”'?, showing that LNC-SNO49AB has a
unique structure. We further showed that LNC-
SNO49AB can be precipitated by anti-m7G antibody
(Fig. le), indicating that it is capped by m7G, similar to
most mRNAs and IncRNAs, not m3G or any other
modification of classical eukaryotic snoRNA*"?, We
name the IncRNAs “Inc-snoRNAs”, with a 5-end m7G
and a 3’-end snoRNA structure (Fig. 1f).

Next, we characterized the features of LNC-SNO49AB.
The relative expression level of LNC-SNO49AB is lower
than SNHG29 but higher than the precursor pre-
SNHG29 (Supplementary Fig. Sle). The addition of siR-
NAs that targeted the non-snoRNA regions of LNC-
SNO49AB did not alter the expression of SNORD49A or
SNORD49B (Fig. 1g), suggesting that LNC-SNO49AB is a
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Fig. 1 Characterization of LNC-SNO49AB in leukemia. a The schematic of SNORD49AB gene locus. Top: chr17(p11.2) locus; Middle: the schematic
represents SNHG29, SNORD65 and SNORD49A/B. Bottom: Physical map depicts LNC-SNO49AB gene locus. The gRT-PCR and RACE primer were
designed as indicated (green arrow). The probe used for northern blotting (NB) is also shown. b Northern blot analysis of LNC-SNO49AB expression in
total RNA obtained from four leukemia cell lines. Representative results are shown from three replicates. ¢ Agarose gel electrophoresis analysis of 5/
(right) and 3’ RACE (left) for cDNA generated from RS4;11 cells. Representative results are shown from three replicates. d Poly(A)+ and poly(A)- RNAs
were extracted from RS4;11 cells and subjected to RT-gPCR analysis. LNC-SNO49AB, SNORD49A and SNORD49B were enriched in the poly(A)-
fraction. SNHG29 is polyadenylated. GAPDH and 28 S rRNA were used as controls for poly(A)+ and poly(A)- RNAs, respectively. Error bars represent
SEM in triplicate experiments. @ RNA immunoprecipitation (RIP) using an anti-m7G cap antibody and IgG followed by RT-qPCR analysis showed that
LNC-SNO49AB is capped by m7G. MALAT1 and circular RNA CDR1as were used as the controls for m7G capped positive and negative RNA,
respectively. Error bars represent SEM in triplicate experiments. f Schematic representation of snoRNAs and two known kinds of snoRNA-related
INcRNAs, including sno-IncRNA and SPA. LNC-SNO49AB represents a novel kind of snoRNA-related IncRNA with a m7G cap and snoRNA end.

g Expression levels of LNC-SNO49AB, SNHG29 and SNORD49AB after knockdown of LNC-SNO49AB by siRNAs. Data were normalized to GAPDH
MRNA. *P < 0.05, **P < 0.01, and ***P < 0.001 by Student's t-test. Error bars represent SEM of the means. h Scores of LNC-SNO49AB and other known
coding and noncoding RNAs as determined by analysis with CPAT (http://lilab.research.ocm.edu/) and CPC (http://cpc.chbipku.edu.cn). i Sucrose
sedimentation analysis of RNA levels from each fraction of MOLM13 cells as measured by RT-qPCR. Relative levels of LNC-SNO49AB, ACTB (mRNA) and
HY1 (noncoding RNA) are shown for each collected fraction.

stable IncRNA, not a snoRNA precursor. As LNC-
SNO49AB was terminated by a snoRNA at the 3’ end,
we sought to determine whether the 3’-end snoRNA can
provide IncRNAs with stability comparable to that of an
RNA with a poly(A) tail. We examined the RNA stability
with Actinomycin D treatment and results showed that

the half-life of LNC-SNO49AB is similar to that of
GAPDH mRNA and IncRNAs, which have poly(A) tails
(Supplementary Fig. S1f). In addition, the DNA sequence
of LNC-SNO49AB is relatively conserved among primates
but not in other mammals; SNORD49A and SNORD49B
are also conserved in mice (Supplementary Fig. Slg).
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Finally, bioinformatics and polysome profiling analysis
suggested that LNC-SNO49AB has no coding potential
(Fig. 1h, i and Supplementary Fig. S1h). In brief, LNC-
SNO49AB represents an unreported type of IncRNA with
a 5’-end m7G and a 3’-end snoRNA structure.

LNC-SNO49AB processing requires intact site-specific
snoRNA

The unusual structure of LNC-SNO49AB leads to the
question whether snoRNA is involved in the processing of
LNC-SNO49AB. SNORD49A and SNORD49B belong to
C/D box snoRNAs, which contain two boxes near their
termini (box C and box D) and two boxes away from their
termini (boxes D’ and C)® (Fig. 2a). Typically, the con-
served motifs of C/D box snoRNAs directly bind core
proteins (snoRNPs), including fibrillarin (FBL), NOP58,
NOP56, and 15.5K (Fig. 2a), which are essential for
snoRNA processing and function®”*°, Therefore, we
asked if these core proteins interact with LNC-SNO49AB.
RNA immunoprecipitation (RIP) assays showed that
LNC-SNO49AB could be enriched by FBL, which is
similar to SNORD49A and SNORD49B, while IncRNA
SNHG29 transcribed by its host gene showed a lack of
enrichment of FBL binding (Fig. 2b). Consistently, a
tRSA-based RNA pull-down confirmed that LNC-
SNO49AB could bind to the four core proteins that
bind C/D box snoRNAs (Fig. 2c—e). In addition, when
deleting both SNORD49A and SNORD49B domains of
LNC-SNO49AB, the Inc-snoRNA could no longer inter-
act with FBL (Fig. 2f), suggesting that these two snoRNA
sequences determined the interaction between LNC-
SNO49AB and the core C/D box snoRNA proteins.
Importantly, suppression of FBL expression resulted in
the dramatic downregulation of both snoRNAs and the
Inc-snoRNA (Fig. 2g), indicating that the SNORD49A/B
sequences could mediate snoRNP complex formation and
is critical for the stability of LNC-SNO49AB.

It was previously reported that snoRNAs at the ends of
IncRNAs protect the intronic sequences from exonuclease
trimming after splicing, leading to the formation of
snoRNA-related IncRNAs>'?, However, different from the
previous findings®'?, SNORD49A and B are at the 3’-end
and in the middle of LNC-SO49AB respectively, raising
the question of how these two snoRNAs participate in
LNC-SNO49AB formation. We sequentially deleted the
C, D, C’ and D’ boxes of SNORD49B and SNORD49A to
see which one is important for the Inc-snoRNA. We
found that LNC-SNO49AB formation was completely
eliminated only when deleting the D box of SNORD49A,
the rest boxes did not show significant effects (Fig. 2h). In
particular, deletion of the conserved motifs of SNORD49B
did not impair the generation of LNC-SNO49AB. These
results indicate that only snoRNAs at the ends are crucial
for the Inc-snoRNA formation. Therefore, we proposed a
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model in which LNC-SNO49AB biogenesis is associated
with intronic cleavage, a splicing-independent mechan-
ism®!. During transcription initiation, m7G is installed at
the 5 cap of LNC-SNO49AB cotranscriptionally. The
sequence of unspliced intron 2 is retained in the pre-
LNC-SNO49AB and is trimmed to the point where the
exonuclease reaches the SNORD49A snoRNP, which
prevents further degradation, thereby generating a
snoRNA at the 3’-end (Fig. 2i). At the current stage of
study, we do not know why Inc-snoRNA needs a snoRNA
positioned in the middle.

LNC-SNO49AB is highly expressed in leukemia and
promotes cell proliferation in vitro and in vivo

We next investigated the expression pattern and func-
tion of LNC-SNO49AB. Both SNORD49A and
SNORD49B have been shown abnormally expressed in
leukemia®®, and thus we mainly investigated the potential
role of LNC-SNO49AB in leukemia. In analysis of our in-
house clinical samples with 15 normal control and 94
leukemia samples with 84 AML and 10 ALL (the detailed
clinical parameters are presented in Supplementary Table
S1), we found that LNC-SNO49AB displayed a sig-
nificantly higher expression level both in the ALL and
AML patient groups than that in the normal group
(Fig. 3a and Supplementary Fig. S2a). A high copy number
of LNC-SNO49AB was also detected in a panel of leu-
kemia cell lines (Supplementary Fig. S2b, c). When clas-
sifying patient samples into different subtypes according
to mutational background with different types of chro-
mosomal rearrangements, we found that LNC-SNO49AB
expression did not correlate with a specific mutational
background, instead, it shows a widely high expression
level in leukemia (Supplementary Fig. S2d). In a 19 paired
preliminary diagnosis-complete remission (CR) samples,
we showed that CR samples showed a lower expression
level of LNC-SNO49AB (Fig. 3b). ROC analysis indicated
that LNC-SNO49AB could efficiently predict CR
(AUC =0.8366, 95% CI: 0.7035-0.9696, P <0.001), with
78.95% sensitivity and 84.21% specificity at the optimal
likelihood ratio (Supplementary Fig. S2e). Moreover, high
level of LNC-SNO49AB was correlated with high-risk,
poor-prednisone response and unfavorable recurrence-
free survival (RES) (Supplementary Fig. S2f—h). Together,
these results indicate that LNC-SNO49AB was generally
highly expressed in various types of leukemia and asso-
ciated with leukemia progression and therapeutic out-
comes, highlighting its potential oncogenic role.

We next investigated the function of LNC-SNO49AB in
leukemia. Introduction of siRNAs targeting LNC-
SNO49AB in multiple leukemia cells downregulated
LNC-SNO49AB expression (Supplementary Fig. S3a) and
significantly reduced cell proliferation in the cell counting
test (Fig. 3c and Supplementary Fig. S3b) and EdU
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(see figure on previous page)

Fig. 3 In vitro and in vivo studies showing LNC-SNO49AB functioned as a pro-leukemic IncRNA in leukemia. a gRT-PCR analysis of LNC-
SNO49AB expression in normal (n = 15) and leukemia bone marrow (n = 94) samples. Data were normalized to GAPDH mRNA. ***P < 0.001 by Mann-
Whitney test. b gRT-PCR analysis of LNC-SNO49AB in 19 pairs of patients with leukemia at preliminary diagnosis and complete remission (CR). Data
were normalized to GAPDH mRNA. ***P < 0.001 by Wilcoxon matched-pairs signed rank test. ¢, d Effects of knocking down LNC-SNO49AB expression
by siRNA on cell proliferation (c) and the cell cycle (d). Values are the mean + SEM of three independent experiments. ***P < 0.001 by Student’s t test.
e, f Effects of knocking down LNC-SNO49AB expression by smart silencing of cell proliferation (e) and 2 uM ATO (arsenic trioxide)-induced apoptosis
(f) in RS4;11 and MOLM13 cells. Values are the mean £ SEM of three independent experiments. **P < 0.01, and ***P < 0.001 by Student’s t test.

g Morphology of colonies of leukemia cells upon siRNA-mediated knockdown of LNC-SNO49AB. Scale bars, 100 um. Error bars reflect +SEM of three
independent experiments. **P < 0.01, ***P < 0.001. h, i Effects of forced expression of LNC-SNO49AB on cell proliferation (h) and arrest of the cell cycle
(i) in leukemia cells. Values are the mean + SEM of three independent experiments. ***P < 0.001 by Student’s t test. j Wright-Giemsa staining of
peripheral blood (PB) and BM of mouse recipients of PBS, sh-NC cells or sh-LNC-SNO49AB RS4;11 cells. RS4;11 cells were indicated by the black
arrows. Scale bars, 50 um. k Spleen photographs from transplant mice (left) and the weight statistic at the time of the final analysis (right). Values are
the mean + SD of three independent experiments. **P < 0.01 by Student’s t test. | Flow cytometry analysis of GFP+ cells in blood, BM, spleen and
liver. Values are the mean + SEM of three independent experiments. *P < 0.05, and ***P < 0.001 by Student's t test. m Effect of knocking down LNC-
SNO49AB expression on the survival of the recipient mice. Kaplan-Meier curves are shown for two cohorts of transplanted mice, sh-NC and sh-LNC-

SNO49AB cells. Six mice per group. The P-values were calculated by log-rank test.

incorporation assay (Supplementary Fig. S3c). We also
found that silencing LNC-SNO49AB caused cell cycle
arrest (Fig. 3d and Supplementary Fig. S3d) and induced
the apoptosis of various leukemia cells (Supplementary
Fig. S3e). Similar phenomena were observed when LNC-
SNO49AB was knocked down with a mix of additional
siRNAs and antisense oligonucleotides (smart silencer)
targeting sequences different from that of by si-LNC-
SNO49AB that we previously used (Fig. 3e, f and Sup-
plementary Fig. S3f-h). In addition, clonogenicity was
significantly impaired after LNC-SNO49AB expression
was reduced (Fig. 3g and Supplementary Fig. S3i).
Moreover, overexpressing LNC-SNO49AB in leukemia
cell lines (Supplementary Fig. S4a showed the over-
expression efficiency), including NB4, MV4-11 and
RS4;11 cells, promoted cell proliferation (Fig. 3h and
Supplementary Fig. S4b), released cell cycle arrest (Fig. 3i
and Supplementary Fig. S4c), and inhibited apoptosis
(Supplementary Fig. S4d).

We further investigated the ability of LNC-SNO49AB to
regulate leukemia progression in patient-derived leukemia
samples and a mouse model. Primary leukemia cells were
first isolated from the bone marrow of four patients with
newly diagnosed acute leukemia (numbers H485, H521,
H527 and H686) (Supplementary Fig. S4e). Silencing
LNC-SNO49AB expression by siRNAs significantly
impaired the DNA synthesis rate and increased the cell
apoptosis rate of all the primary leukemia cells (Supple-
mentary Fig. S4f-h), which is concordant with the phe-
notypes observed in cell lines. We also examined the
effect of LNC-SNO49AB depletion on leukemic progres-
sion in vivo by injecting GFP™ RS4;11 cells transduced
with sh-NC or sh-LNC-SNO49AB in the tail vein of mice
(Supplementary Fig. S5a). Supplementary Fig. S5b, ¢
showed knocked down efficiencies of LNC-SNO49AB.
The success of mouse model establishment was con-
firmed by the appearance of RS4;11 cells in blood and

bone marrow (BM) (Fig. 3j). Reducing LNC-SNO49AB
caused a decrease in leukemia engraftment in the spleen,
BM, and liver, as determined by haematoxylin & eosin
(H&E) staining (Supplementary Fig. S5d) and the reduced
spleen size and weight of xenograft tumors (Fig. 3k).
Similarly, flow cytometry analysis revealed a sharp
decrease in the infiltration of RS4;11 cells in blood, BM,
spleen, and liver (Fig. 31 and Supplementary Fig. S5e).
Furthermore, mice injected with sh-LNC-SNO49AB cells
displayed better survival outcomes (Fig. 3m). In contrast,
overexpression of LNC-SNO49AB by PCDH-LNC-
SNO49AB significantly promoted hematopoietic malig-
nancy in the recipient mice (Supplementary Fig. S5f-h).
Taken together, both in vitro and in vivo experimental
results have demonstrated that LNC-SNO49AB plays an
important oncogenic role in leukemia progression.

LNC-SNO49AB interacts with ADAR1 in the nucleolus

Next, we explored the molecular mechanism underlying
the oncogenic activity of LNC-SNO49AB in the disease.
We first examined the subcellular localization of LNC-
SNO49AB. RNA imaging by CRISPR-Casl3 system>>>>
(Fig. 4a) and subcellular fraction analysis (Fig. 4b and
Supplementary Fig. S6a) showed that LNC-SNO49AB was
mainly located in the nucleus, especially in the nucleolus.
NEAT]1, enriched in paraspeclde”, was used as a negative
control for nucleolus-located IncRNAs (Supplementary
Fig. S6b). Although the canonical role of C/D box
snoRNA is mediating the 2’-O-methylation of rRNA in
the nucleolus, we found no alteration of the methylation
abundance at 28S rRNA cytidine**** (predicted to be
guided by SNORD49A and SNORD49B***°) or global
rRNA when silencing LNC-SNO49AB (Supplementary
Fig. S6c—e). These results suggest that LNC-SNO49AB
might function through a novel molecular mechanism in
the nucleolus, independent of snoRNA-guide rRNA
modification.
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Fig. 4 LNC-SNO49AB binds ADAR1 in the nucleolus. a Representative images of dcas13-mediated LNC-SNO49AB labeling (green); LNC-SNO49AB
colocalized with FBL (red) in NB4 cells. Scale bars, 2 um. b Subcellular localization of LNC-SNO49AB in MV4-11 and NB4 cells. MALAT1, SNORD49A and
GAPDH RNAs were used as controls for nucleolar, nuclear, and cytoplasmic fractions, respectively. ¢ Silver staining of proteins pulled down by in vitro
transcribed tRSA and tRSA-LNC-SNO49AB from total protein extracts of MOLM13 cells. Red arrow shows the specific band. d ADAR1 was pulled down
by tRSA-LNC-SNO49AB but not tRSA in MOLM13, MV4-11 and RS4;11 cells, as determined by western blotting. e In vitro RNA pull-down assay with
purified recombinant Flag-ADART and tRSA-LNC-SNO49AB. Representative results are shown from three replicates. f Representative images of
dcas13-mediated LNC-SNO49AB labeling (green); LNC-SNO49AB colocalized with ADART (red) in NB4 cells. Scale bars, 2 um. g Schematic
representation of the ADAR1 deletion mutants used in the RNA pull-down and RIP assays shown in h and i. h Western blot of the indicated Flag-
tagged ADARI1 deletion mutants retrieved by in vitro transcribed tRSA-LNC-SNO49AB obtained from 293T cell extracts. *Represented the non-specific
band. Representative results are shown from three replicates. i gRT-PCR analysis of endogenous LNC-SNO49AB enriched by the indicated Flag-tagged
ADART1 deletion mutants in 293T cells. GAPDH mRNA served as the negative control. Representative results are shown from three replicates.

j Schematic representation of the ADART deletion mutants used in the RNA pull-down and RIP assays shown in k-m. k gRT-PCR analysis of
endogenous LNC-SNO49AB enriched by the indicated Flag-tagged ADART deletion mutants in 293T cells. GAPDH served as the negative control.
Representative results are shown from three replicates. I gRT-PCR analysis of endogenous LNC-SNO49AB enriched by the indicated Flag-tagged
ADART1 deletion mutants in 293T cells. PTPN6, CALM1 and APH1B are the representative targets of ADAR1. Representative results are shown from
three replicates. m Western blot of the indicated Flag-tagged ADAR1 deletion mutants retrieved by in vitro transcribed tRSA-LNC-SNO49AB obtained

from 293T cell extracts. Representative results are shown from three replicates.

37,38

We then performed tRSA RNA pull-down assays to
identify the potential proteins associated with LNC-
SNO49AB in leukemia. The tRSA-LNC-SNO49AB-
specific bands at 100~130 kDa were repeatedly observed
in two independent RNA pull-down experiments using
leukemia cell lines (Fig. 4c and Supplementary Fig. S6f),
then they were subjected to mass spectrometry (MS)
(Supplementary Table S2). Among the proteins identified
by MS, one specific protein, ADAR1, a known RNA-
editing enzyme located in the nucleolus®~*!, attracted
our attention (Supplementary Fig. S6g). The interaction
between ADAR1 and LNC-SNO49AB was further vali-
dated by RNA pull-down followed by western blotting. As
shown in Fig. 4d, endogenous ADARI interacted with
tRSA-LNC-SNO49AB but not tRSA. A similar interaction
was readily detected by anti-Flag antibodies in RIP assays
of 293T cells transiently expressing the Flag-ADARI1
protein (Supplementary Fig. S6h). Moreover, in vitro
transcribed LNC-SNO49AB could bind to purified Flag-
ADARI protein in a cell-free system (Fig. 4e). Immuno-
fluorescence assays also showed that ADARI locates in
the nucleolus, and LNC-SNO49AB and ADARI1 pre-
dominantly colocalized in the nucleolus (Fig. 4f and
Supplementary Fig. S6i). Together, these data indicate
that LNC-SNO49AB binds directly to ADARL.

ADAR]I, belonging to the ADAR family, is critical for
the majority of A-to-I editing activity in mammals***,
ADARI contains three main domains, including a Z-
DNA-binding domain in the N-terminus; three dsRNA-
binding domains (dsRBDs), namely, RI, RII and RII], in
the middle; and a catalytic deaminase domain in the
C-terminus*”>. We next conducted an RNA pull-down
assay using a series of Flag-tagged ADARI with deletions
based on structural features to map its functional motif,
which was associated with LNC-SNO49AB (Fig. 4g). The
results showed that deletion of dsRBDs of ADARI1

strongly impaired the ADARI1 interaction with LNC-
SNO49AB (Fig. 4h), while the remaining two domains
exerted negligible effects. Accordingly, a RIP analysis
revealed the high affinity of dsRBDs for LNC-SNO49AB
(Fig. 4i), and a truncated ADARI fragment with three
dsRBDs bound to LNC-SNO49AB efficiently (Fig. 4j, k),
suggesting that dsRBDs are necessary and sufficient to
mediate the interaction of ADAR1 and LNC-SNO49AB.
Within the dsRBDs, deletion of RI significantly decreased
the interaction between ADAR1 and LNC-SNO49AB,
while RII and RIII showed less efficiency in binding LNC-
SNO49AB (Fig. 41, m), indicating that RI of the dsRBDs in
ADARLI is critical for LNC-SNO49AB binding.

It is known that the dsRBDs of ADAR1 can make direct
contact with dsRNAs to edit these dsSRNAs***>. However,
no A-to-I editing sites of LNC-SNO49AB were found in
three major RNA-editing databases RADAR®, http://
rnaedit.com/; REDIportal47, http://srv00.recas.ba.infn.it/
atlas/; and DARNED®, http://darned.ucc.ie/about/,
indicating that LNC-SNO49AB was not the gene targeted
for editing by ADARI. In agreement with this result,
deletion of RIII diminished ADARI1 binding of its known
RNA-editing substrate but had less effect on its binding
to LNC-SNO49AB, as shown in the RIP assay (Fig. 41). In
addition, LNC-SNO49AB did not regulate the protein
levels of ADAR1 (Supplementary Fig. S6j), and silencing
ADARI1 did not affect the LNC-SNO49AB expression
(Supplementary Fig. S6k). Together, these results raise a
question, what is the biological role of specific LNC-
SNO49AB binding to dsRBDs in ADAR1?

LNC-SNO49AB promotes ADAR1 dimerization

The RNA-editing activity of ADAR1 depends on
homodimerization*!"*3 (Fig. 5a). Indeed, we found that
ectopically expressed Flag-ADAR1 coprecipitated with
HA-tagged ADARI in 293T cells (Fig. 5b). Importantly,


http://rnaedit.com/
http://rnaedit.com/
http://srv00.recas.ba.infn.it/atlas/
http://srv00.recas.ba.infn.it/atlas/
http://darned.ucc.ie/about/
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Fig. 5 LNC-SNO49AB regulates the dimerization of ADAR1. a Schematic representation of the function of ADAR1. The editing activity of ADAR1
requires homodimerization. b Immunoprecipitation of FLAG-ADAR1 with HA-ADART was performed using 293T cells. Immunoprecipitation of FLAG-
ADAR1 was performed using 293T cells. IgG, immunoglobulin G. Representative results are shown from three replicates. ¢ Immunoprecipitation of
the indicated FLAG-ADAR1 deletion mutants with HA-ADART was performed using 293T cells. Representative results are shown from three replicates.
d FLAG-ADAR1 and LNC-SNO49AB were coprecipitated with HA-ADART in whole-cell lysates of 293T cells. e FLAG-ADAR1, HA-ADAR1 and LNC-
SNO49AB were coprecipitated with an anti-FLAG antibody, and after elution with FLAG peptide, all were further coprecipitated with an anti-HA
antibody in the resultant precipitates. Representative results are shown from three replicates. f Schematic of deletion mutants of LNC-SNO49AB.
g Immunoblot detection of endogenous ADART retrieved by in vitro-transcribed tRSA-tagged LNC-SNO49AB sections from MOLM13 cell lysates. All
of the LNC-SNO49AB sections presented significant enrichment. Tubulin as the negative control. h, i LNC-SNO49AB promoted the binding between
recombinant FLAG-ADART and HA-ADART in vivo (h) and in vitro (i). Representative results are shown from three replicates. j Schematic overview of
the RNA-editing reporter assay. k Normalized luciferase in 293T cells transfected with LNC-SNO49AB and control. Values are the means + SEM of three

independent experiments. *P < 0.05 by Student's t-test. Representative results are shown from three replicates.

deleting the dsRBDs of Flag-ADAR1 severely impaired of
the Flag-ADARI interaction with full-length HA-ADAR1
(Fig. 5¢), suggesting a pivotal role of dsRBDs in dimer-
ization. Thus, we hypothesized that LNC-SNO49AB may
affect the homodimerization of ADAR1 by binding the
dsRBDs. The premise of this hypothesis is that LNC-
SNO49AB can form a complex with the ADAR1 homo-
dimer. We first overexpressed FLAG-ADAR1, HA-
ADAR1 and LNC-SNO49AB simultaneously in
293T cells, and then an HA-ADAR1 coimmunoprecipi-
tation assay showed that both FLAG-ADAR1 and LNC-
SNO49AB were significantly enriched (Fig. 5d). Moreover,
when performing a two-step RIP assay, we found that the
first-phase of the RIP using anti-FLAG antibodies cap-
tured high levels of HA-ADAR1 and LNC-SNO49AB in
addition to FLAG-ADARI, whereas antibodies against the
HA epitope tag precipitated HA-ADARI1 together with
FLAG-ADARI1 and LNC-SNO49AB (Fig. 5e), indicating
that LNC-SNO49AB and dimerized ADAR1 formed a
functional structure. To further explore the potential
motifs of LNC-SNO49AB that function in ADARI
homodimerization, we dissected the LNC-SNO49AB
sequence (Fig. 5f). Strikingly, an RNA pull-down assay
showed that every truncated LNC-SNO49AB fragment
interacted with ADAR1 in MOLMI13 leukemia cells
(Fig. 5g), implying that LNC-SNO49AB contains several
ADARI binding sites over its entire sequence. Next, we
explored whether LNC-SNO49AB affected the dimeriza-
tion of ADARI1. As a result, LNC-SNO49AB knockdown
decreased the relative amount of HA-ADARI associated
with FLAG-ADAR1 in 293T cells, whereas LNC-
SNO49AB overexpression increased the interaction
between Flag-ADAR1 and HA-ADARI in a cell-free sys-
tem (Fig. 5h, i), indicating that LNC-SNO49AB stabilized
ADARI1 dimerization. Since the RNA-editing activity of
ADARI requires dimerization, we designed an editing
reporter vector based on a dual luciferase system to
investigate whether LNC-SNO49AB affects the activity of
ADAR1* (Fig. 5j). A stop codon was embedded near the
start codon of Renilla luciferase (hRluc) in a short stretch

of dsRNA, resulting in a premature stop to translation.
Importantly, this dSRNA structure was recognized as an
editing substrate by ADARI, and RNA A-to-I editing
converted the stop codon (UAG) into UIG, allowing the
translation of mature hRluc. Thus, the expression of
hRluc was editing dependent. The reporter vector was
transfected with either pcDNA3.1 or pcDNA3.1-LNC-
SNO49AB into 293T cells, and the frequency of A-to-I
RNA editing was measured by luciferase activity. We
found that LNC-SNO49AB overexpression produced
more hRluc than the control (Fig. 5k), suggesting a role of
LNC-SNO49AB in regulating ADARI1 activity. Together,
these data demonstrate that LNC-SNO49AB elevates
ADARLI activity by promoting its homodimerization.

The oncogenic role of LNC-SNO49AB partially depends on
its regulation of ADAR1 activity

Elevated activity of RNA A-to-I editing is observed in
various cancer types and is associated with poor prog-
nosis, and systematic exploration of cancer vulnerabilities
informs the dependency of ADARI in a subset of cancer
cells®® %, Thus, we hypothesized that LNC-SNO49AB
might elevate the RNA A-to-I editing rate by promoting
ADARI homodimerization to exert its oncogenic effects.
Unbiased transcriptome profiling was performed in
RS4;11 cells transfected with si-NC or si-LNC-SNO49AB
to investigate the change in RNA A-to-I editing rates
(Fig. 6a). We observed a global decrease (P =5.5e—13) in
the RNA A-to-I editing rate when LNC-SNO49AB was
silenced (Fig. 6b), confirming that LNC-SNO49AB reg-
ulates RNA-editing activity in leukemia. Candidates
showing major variation in editing were experimentally
verified (Supplementary Fig. S7a). We then analysed the
potential signaling pathway of 499 genes with significant
variation in RNA-editing rate and found that most of the
genes were significantly enriched in the cell cycle and
DNA repair process (Supplementary Fig. S7b, Table S3).
Previous studies reported that RNA A-to-I editing has a
profound impact on RNA translation, splicing and stabi-
lity>>*, It has also been shown that the A-to-I sites are
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Fig. 6 LNC-SNO489AB is required for ADAR1 to play a regulatory role in cancer. a The analysis workflow of the A-to- editing rate and
dysregulated genes when LNC-SNO49AB is silenced in RS4;11. b The box plots showed a global decrease of RNA A-to-l editing levels in si-LNC-
SNO49AB group. ¢ Venn diagram showing overlap of genes that are dysregulated both in si-LNC-SNO49AB cells and si-ADART1 cells. d GO analysis of
162 genes that are dysregulated in both si-LNC-SNO49AB cells and si-ADAR1 cells. e gRT-PCR validation of genes that were dysregulated in both si-
LNC-SNO49AB cells and si-ADART cells. Gene expression was normalized to GAPDH mRNA. Values are the means + SEM of three independent
experiments. ns, not significant, *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t-test. f Cell cycle analysis when ADAR1T was silenced via two
independent siRNAs. Values are the means + SEM of three independent experiments. ***P < 0.001 by Student’s t-test. g Colony numbers from
leukemia cells with ADAR1T knocked down by siRNAs compared with the control (si-NC). Values are the means + SEM of three independent
experiments. **P < 0.01 by Student’s t-test. h Effects of ADAR1 overexpression and/or LNC-SNO49AB knockdown on the cell cycle in NB4, MV4-11 and
MOLM13 cells. Values are the means + SEM of three independent experiments. ***P < 0.001 by Student’s t-test.

largely distributed in the 3'-UTR of mature mRNA®®,
Remarkably, editing the 3'-UTR can create or destroy
microRNA recognition, which may be involved in either
translation repression or mRNA degradation®. Combined
with the RNA expression level identified in the RNA-seq
data, we found that oncogenes, BRI3BP*’, involved in
apoptosis, was hypoedited in the 3/-UTR in the si-LNC-
SNO49AB group and were significantly downregulated in
both si-LNC-SNO49AB and si-ADAR1 groups (Supple-
mentary Fig. S7c). To further investigate the potential
downstream genes of LNC-SNO49AB and ADARI in
leukemia, we compared the RNA-seq data between si-
ADARI group and si-LNC-SNO49AB group. 162 of 384
dysregulated genes in the si-ADAR1 group were also
found to be dysregulated in the si-LNC-SNO49AB group
(|fold change (FC)| >2, FDR < 0.05) (Fig. 6¢ and Supple-
mentary Tables S4, S5), further confirming that LNC-
SNO49AB can promote leukemic progression by reg-
ulating ADARI1 activity. Interestingly, many common
downstream genes of LNC-SNO49AB and ADARI1 were
significantly enriched in gene ontology (GO) terms,
including the cell cycle, Hippo signaling, and lipoprotein
metabolic processes (Fig. 6d). We also found that
knocking down LNC-SNO49AB or ADARI significantly
regulated the expression of these potential target genes,
further suggesting the common roles of SNO49AB and
ADARLI in cell viability (Fig. 6e).

To further investigate whether the function of LNC-
SNO49AB in the disease is ADAR1 dependent, we next
knocked down ADARI in leukemia cells. Specific siRNAs
targeting ADAR1 reduced the levels of ADARI1 protein
(Supplementary Fig. S7d) and resulted in cell cycle arrest
(Fig. 6f) and impaired clonogenic growth (Fig. 6g), con-
firming that ADARI1 is a tumor-promoting gene in
leukemia. Similarly, forced expression of ADARI recapi-
tulated the phenotypes acquired through LNC-SNO49AB
overexpression (Supplementary Fig. S7e, f). Furthermore,
the effects of LNC-SNO49AB knockdown were largely
rescued by forced expression of ADARI1 (Fig. 6h) and
ADARLI ablation partially counteracted the effect of LNC-
SNO49AB overexpression on cell cycle promotion (Sup-
plementary Fig. S7g). Collectively, our data demonstrate
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Fig. 7 Working model of the role and underlying mechanism of
LNC-SNO49AB in leukaemogenesis. LNC-SNO49AB improves
ADART1 dimerization and its editing activity. Compared to normal
hematopoietic cell, leukemia cell has a higher expression of LNC-
SNO49AB, which can significantly enhance the activation of ADART-
mediated RNA A-to-| editing.

that LNC-SNO49AB promotes hematopoietic malignancy
by enhancing the activation of ADAR1-mediated RNA A-
to-I editing. The proposed working model is summarized
in Fig. 7.

Discussion

LncRNAs, potential key elements in gene expression
regulation networks, are reshaping modern oncology”®~°.
Due to the association between IncRNA signatures and
pathological processes and the ability to profoundly
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influence carcinogenesis, IncRNAs can be utilized as
potential cancer biomarkers and therapeutic targets in the
clinic®®®, In this study, we identified an abundant
IncRNA, LNC-SNO49AB, containing the sequences of
SNORD49A and SNORD49B in leukemia. The expression
of LNC-SNO49AB was correlated with therapeutic out-
comes, and silencing LNC-SNO49AB impaired leukemia
progression in vitro and in vivo. We further determined
that LNC-SNO49AB is a stable IncRNA and interfering
the IncRNA did not impair the expression level of its host
gene and mature snoRNAs in the same gene locus, indi-
cating that LNC-SNO49AB may represent a potential
prognostic biomarker and has potential application values
of targeted therapy in leukemia.

As a class of newly identified stable IncRNAs with
unique structures, snoRNA-related IncRNAs have
attracted much attention. While most IncRNAs are pro-
cessed to be 5’ m7G capped and 3’ polyadenylated, the
ends of snoRNA-related IncRNAs contain snoRNA
sequences’. The majority of snoRNAs are encoded within
the introns of their host genes, which are trimmed""**>®*,
When two snoRNAs are embedded within a single intron,
trimming can result in a sno-IncRNA, which consists of
an intronic IncRNA flanked by two snoRNAs®®?. Notably,
only a small fraction of known snoRNAs appear as a pair
in the same intron, whereas the majority, ~85%, of
snoRNAs are embedded in introns individually®®®. How-
ever, whether the snoRNAs located in introns individually
are capable of generating snoRNA-related IncRNAs is
largely unknown. Here, we identified a 5-end m7G
and 3’-end snoRNA IncRNA, LNC-SNO49AB, with
SNORD49B in the middle and SNORD49A at the 3 end.
In particular, only one snoRNA (SNORD49A) is required
for LNC-SNO49AB biogenesis, raising the possibility that
snoRNAs embedded in introns individually might mediate
snoRNA-related IncRNA generation. Interestingly, in
addition to snoRNAs, microRNAs, other types of small
RNAs located within introns, were reported to form
IncRNAs called Inc-pri-miRNAs®>®. Lnc-pri-miRNAs
are flanked by miRNAs at the 3’ end and thus lack
poly(A)-tails®>®°. We believe that the total number and
diversity of IncRNAs with small RNA-ends will continue
to climb, because of more-sensitive RNA sequencing and
new computational pipelines, especially the improvement
in non-polyadenylated RNA-seq.

Assembly into macromolecular complexes is crucial for
most proteins to become functional, which requires that
subunits find each other precisely and efficiently in the
crowded cellular environment®’~*®. Recent studies indi-
cated that oligomerization is facilitated by timely coupling
translation and subunit interaction (cotranslational
assembly)ég. Here, our results demonstrated that LNC-
SNO49AB promotes ADAR1 dimerization at the post-
translational level, as shown by (1) LNC-SNO49AB
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interacting with ADARI in nucleoli; (2) LNC-SNO49AB
forming a functional structure with an ADAR1 dimer; and
(3) silencing of LNC-SNO49AB diminishing the interac-
tion between the ADARIs, inhibiting dimerization. Thus,
LNC-SNO49AB acts as an RNA scaffold to facilitate the
association between ADARIls forming dimers post-
translationally. Similar to LNC-SNO49AB, a few IncRNAs
have also been reported to be involved in protein complex
formation”®. Although co-translational assembly is an
efficient method, IncRNA-mediated homodimerization or
multimerization may be an important mechanism for
protein activity control at the posttranslational level in
response to cellular stresses and cancer progression since
IncRNA expression levels vary”"”*. This work will inspire
future investigations to dissect the effects of IncRNAs on
protein assembly at different developmental stages and in
various diseases.

Cancer is driven by alterations in genomic information.
The recently coined term ‘epitranscriptome’ describes
RNA modifications, including RNA editing and methyla-
tion, that induce relevant changes to the tran-
scriptome”®~"°, Despite increasing evidence showing that
the epitranscriptome contributes to oncogenesis through
the determination of RNA function and gene expression
diversity”*, our understanding of how it can be dynami-
cally controlled is limited. Two antisense IncRNAs,
FOXM1-AS”® and PCA3”’, have been reported to speci-
fically regulate the m6A and A-to-I editing of their sense
protein-coding genes by recruiting the m6A demethylases
ALKBH5 and ADARI, respectively, showing that
IncRNAs can give rise to the specificity of RNA mod-
ification. However, the epitranscriptome (i.e., m6A, A-to-1
editing, pseudouridine, etc.) has often been shown to be
globally dysregulated in cancer’® ®, Therefore, it is
important to determine the global effects of the epitran-
scriptome and its associated machinery. In this study, we
identified that targeting LNC-SNO49AB decreases the
global A-to-I RNA-editing rate by impairing ADARI1
dimerization, revealing a previously unrecognized strategy
by which IncRNAs regulate the global epitranscriptome in
cancer. Notably, very recent study demonstrated that
endogenous ADAR-mediated RNA editing can persis-
tently edit the target RNAs with oligonucleotides AIMers
in non-human primate liver and has enormous potentials
for specific cancer therapies in the nucleic acid-editing
level®!. In this study, we revealed that LNC-SNO49AB can
specifically regulate the activity of ADAR1, which may
provide a novel insight into the precision regulation of
ADARI1-based RNA editing therapeutic strategy. It may
be promising method of combining AIMers and LNC-
SNO49AB overexpression to improve the efficiency in
this ADAR1-based approach.

In summary, we identified a novel IncRNA, LNC-
SNO49AB, with a 5 m7G and 3’ snoRNA structure and
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revealed the mechanism of LNC-SNO49AB dependence
on its ADARI interaction that promotes ADARI1 dimer-
ization and elevates RNA A-to-I editing rates to enhance
leukaemogenesis. These findings broaden our under-
standing of IncRNA diversity and provide a potential
therapeutic target for leukemia treatment.

Materials and methods
Cell culture and treatment

Human leukemia cell lines RS4;11, SUPB15, CCREF-
CEM, MOLM13, THP1, MV4-11, NB4, HL60 and human
embryonic kidney cell line HEK293T were obtained from
American Type Culture Collection (ATCC) and grown
according to standard protocols. The primary cells were
culture in IMDM (HyClone) supplemented with 10% FBS.
All cells were culture at 37 °C in a 5% CO, atmosphere.
Transcription was blocked by adding 2 pg/mL actinomy-
cin D or dimethylsulphoxide (Sigma) as a control to the
cell culture medium.

Leukemia patient samples collection

The clinical leukemia samples were obtained at the time
of diagnosis and with informed consent from the First
Affiliated Hospital of Sun Yat-sen University. Sample col-
lection was approved by the Ethics Committee of the First
Affiliated Hospital of Sun Yat-sen University. The study was
conducted in accordance with the Declaration of Helsinki.
The detail clinicopathological characteristics of the patients
were summarized in Supplementary Table S1. The leuke-
mia samples were stored in liquid nitrogen until used.

RNA preparation and qRT-PCR

Total RNA was extracted from bone marrow and cell
samples using an Invitrogen™ TRIZOL according to the
manufacturer’s instructions. All RNA samples were stored
at —80 °C before reverse transcription and quantitative RT-
PCR. RNA was reverse transcribed into cDNA with the
PrimeScript® RT reagent Kit with Gdna Eraser (Takara,
Japan). Quantitative RT-PCR was performed using the
SYBR Premix ExTaq real-time PCR Kit (Takara, Japan)
according to the manufacturer’s instructions. Data were
normalized to GAPDH expression as a control. The rela-
tive expression level for LNC-SNO49AB and other
IncRNA or mRNA was determined using the 2744
method. The primers are listed in Supplementary Table S6.

5’ RACE and 3’ RACE

Total RNA from RS4;11 cells was extracted using
TRIzol according to the manufacturer’s guidelines. The 5
and 3’ ends of Cdna were acquired using a FirstChoice®
RLM-RACE Kit (Invitrogen™) according to the manu-
facturer’s instructions. Notably, in 3’ RACE assay, RNA
was reverse transcribed by TransScript® miRNA First-
Strand ¢cDNA Synthesis SuperMix (TransGen Biotech) to
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add polyA tails. PCR products were obtained and then
cloned into Peasy-T3 (TransGen Biotech, China) for
further sequencing.

Cell proliferation, cell cycle, cell apoptosis, Edu, and CFU
assay

Cell proliferation was measured using Cell Counting Kit-8
(Dojindo Molecular Technologies, China). Cells were see-
ded at a density of 20,000 cells per well in 100 pL of com-
plete medium in 96-well plates. Absorbance was measured
by a VICTOR™ X5 Multilabel Plate Reader (PerkinElmer,
USA) at wavelengths of 480 and 630 nm at 0, 24, 48, 72, and
96 h. For the cell cycle and apoptosis assay, cells were col-
lected and washed once by PBS. Cell pellets were resus-
pended in 0.5 puL of PI/Rnase staining buffer or Annexin V/
PI staining buffer (Dojindo Molecular Technologies, China),
respectively, and incubated for 30 min at room temperature.
Cells were immediately measured and analyzed using flow
cytometer (BD Biosciences, USA). For CFU assay, leukemia
cells were plated into methylcellulose at a density of
500-1000 cells per 1.5 pL. methylcellulose per 35 mm dish.
Colonies (> 50 cells) were scanned after 10 days in culture.

Subcellular fraction isolation

The nuclear and cytoplasmic fractions were extracted
using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Scientific) according to the manu-
facturer’s instructions. Total RNA from whole-cell lysates
or the nuclear and cytoplasmic fractions were isolated
using TRIzol (Life Technologies, Carlsbad, CA). Nucleoli
isolation was performed as described with modification’®.
Briefly, 2 x 107 NB4 cells were collected and suspended in
200 pL lysis buffer (10 mM Tris, pH 8.0, 140 mM NaCl,
1.5 mM, MgCl,, 0.5% Igepal, add RNAse inhibitor before
use) and incubated on ice for 10 min. The lysate was
centrifuged at 1000x g for 5 min. The supernatant (cyto-
plasmic extract) was transfered to a clean tube immedi-
ately. The insoluble pellet (nuclear extract) was suspended
in 200 uL 340 mM sucrose solution containing 5mM
MgCl,. To obtain nucleoplasmic and nucleolar fraction,
nuclei were broken by sonication until intact nuclei can-
not be detected by microscope. 200 pL. 880 mM sucrose
solution containing 5 mM MgCl, was added gently to the
sonicated nuclei and then centrifuged 20 min at 2000x g.
The supernatant was the nucleoplasmic fraction and the
pellet was nucleolar fraction. All centrifugation steps were
performed at 4°C and cell samples and extracts were
always kept on ice during experiment. Fractioned RNAs
from the same number of cells were used for reverse
transcription and qRT-PCR.

Xenotransplantation model
NOD-SCID mice were maintained under specific
pathogen-free conditions in the Laboratory Animal Center
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of Sun Yat-sen University. All experiments on animals were
performed according to the institutional ethical guidelines
for animal experiments. RS4;11 cells stably expressing sh-
NC, sh-LNC-SNO49AB, PCDH or PCDH-LNC-SNO49AB
(GFP™ cell populations) were tail vein injected into the mice
(5% 10° cells for LNC-SNO49AB knockdown groups and
3x10° cells for overexpressed ones in 150 Ml PBS per
mice). Here, PCDH refers to the overexpression vector,
PCDH-MSCV-MCS-EF1-Puro-copGFP. For the control,
150 puL of PBS without cells was injected. Thirty days after
inoculation, xenografted mice were sacrificed for analysis.
Human cell engraftment (GFP* cell populations) in bone
marrow was evaluated by flow cytometry®>®>, The
remaining mice were used to perform the survival assay.

Northern blotting

Biotin-labeled RNA probes were prepared by adding
biotin-labeled UTP (Roche) in in vitro transcription using
TranscriptAid T7 High Yield Transcription Kit (Thermo
Scientific). The PCR primers for RNA probe are listed in
Supplementary Table S6. A total of 20 ug RNA run on
formaldehyde denaturing agarose gel and transferred to a
Hybond-N* membrane (GE Healthcare) capillary trans-
fer. Membranes were dried and ultraviolet-crosslinked.
Pre-hybridization was done at 42 °C for 1 h and hybridi-
zation was performed at 42 °C overnight.

Measurement of LNC-SNO49AB copy number

A serial dilution of the plasmin Blunt-LNC-SNO49AB
was used in qPCR to generate a standard curve. To measure
the copy number of LNC-SNO49AB in leukemia cells, total
RNA extracted from 1 x 10° cells of each line was reverse
transcribed into cDNAs for qPCR analysis and the copy
number was quantitated from the standard curve.

Protein recombination and purification

Protein recombination and purification were performed
as described previously*>*®. Briefly, recombinant proteins
were expressed in E. coli strain BL21 [Transetta (DE3)
chemically competent cell (Transgen biotech, CD801)]. In
brief, 5 uL. Luria-Bertani (LB) culture supplemented with
100 pg/puL ampicillin was inoculated with a single colony
at 37 °C. After overnight growth, the culture was diluted
100-fold into 300 mL LB supplemented with 100 pg/mL
ampicillin. Protein expression was induced in the pre-
sence of 0.4 mM IPTG at 16 °C overnight. Then the cell
pellets were collected by centrifugation at 5000 rpm, 4 °C
for 10 min and purified recombinant proteins using a His
or Flag tag Protein Purification Kit (BeaverBeads™)
according to the manufacturer’s instruction.

RNA Immunoprecipitation (RIP)
In the RIP experiment, anti-FLAG, anti-HA, or anti-IgG
antibodies were used along with an EZ-Magna RIP™
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RNA-Binding Protein Immunoprecipitation Kit (17-701)
(Merck Millipore, Germany) according to the manu-
facturer’s instructions. In HA-tagged Flag-ADAR1 frag-
ments RIP assays, 1 x 10° 293T cells were transfected into
5 pg indicated plasmid and collected after 48 h. All pro-
teins for RIP were lysed with cell lysis buffer supple-
mented with Thermo Scientific™ Halt™ Protease Inhibitor
Cocktail (Thermo Fisher, USA). To prepare antibody-
coated beads, 50 uL Protein A/G magnetic beads were
incubated with 3 pg antibody or control IgG in 500 puL
wash buffer at 4°C for 1 h. Then the beads were washed
three times and mixed with the cell lysates in new tubes.
The tubes were rotated at 4 °C overnight. Finally, RNA
extraction from the beads was further collected by using
Trizol according to the manufacturer’s instructions.
Reverse transcription and qPCR were performed as pre-
viously described.

Trsa RNA pull-down assay

The LNC-SNO49AB sequence was cloned into the
BLUNT plasmid with the tRSA tag at its 5 end. RNA
products were transcribed in vitro using the Tran-
scriptAid T7 High Yield Transcription Kit (Thermo, USA)
and were then purified using the GeneJET RNA Pur-
ification Kit (Thermo, USA). The RNA pull-down assay
was performed using 50 pmol RNA for each sample with
the manufacturer’s instructions of Pierce Magnetic RNA-
Protein Pull-down Kit (Thermo, USA). Briefly, folded
tRSA and tRSA-labeled LNC-SNO49AB were mixed with
RS4;11 cell extract (containing 2mg total protein) in
400 pL RIP buffer and incubated at RT (room tempera-
ture) for one hour. Next, 50 uL of washed streptavidin
magnetic beads was added to each reaction and further
incubated at RT for another hour. Beads were washed
briefly with wash buffer six times and then boiled in SDS
loading buffer. Finally, the enriched proteins were
resolved via SDS-PAGE and silver stained followed by
mass spectrometry (MS) identification (FitGene Bio-
technology, China) and western blot.

In vitro RNA pull-down

The 50 pmol tRSA-RNA products were first mixed with
1-3 pg recombinant proteins, and then the mixture was
rotated at 4 °C for 1 h in RNA binding buffer according to
Pierce Magnetic RNA-Protein Pull-down Kit. Beads were
washed three times with RNA wash buffer and then boiled
in SDS loading buffer. Finally, the enriched proteins were
resolved via SDS-PAGE and analyzed western blotting.

Immunoblotting

Total protein was extracted from cells using RIPA lysis
buffer (Beyotime, China) with 1x complete ULTRA
(Roche, USA). Proteins were resolved by 10% or
12% BisTrispolyacrylamide gels and then transferred to
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polyvinylidene fluoride membranes. Membranes were
blocked in 5% BSA for 1h, and followed by the appro-
priate antibody overnight at 4 °C and then incubated with
horseradish peroxidase-conjugated secondary antibodies
at room temperature for 1 h. Membranes were visualized
with an enhanced chemoluminescence detection system.

RNA sequencing and A-to-l editing level

The si-NC, si-LNC-SNO49AN, and si-ADAR1 sam-
ples (5x10° cells/sample) were obtained from
RS4;11 cells. The next-generation sequencing in this
study was performed by poly-A RNA-seq on an illumina
noveSeq instrument. The sequencing depth of the RNA-
Seq is up to 6 G in 150-base paired-end mode. For the
data analysis, pair-end reads were adapter and quality
trimmed using Trim Galore (v0.6.4), and high-quality
reads were aligned to reference transcriptome (Gencode
v34) and quantified using Salmon (v1.3.0) with fragment
GC bias and positional bias corrections®*. DESeq2 was
used for normalizing gene expression level and identi-
fying differentially expressed genes®”. Fragments Per
Kilobase of exon model per Million mapped fragments
(FPKM) were used to quantify the gene expression. False
discovery rate (FDR) was used to compare the si-LNC-
SNO49AB, si-ADAR1 and si-NC. A-to-I editing analysis
was performed as described previously®®. Briefly, we
collected all mismatches between the aligned reads and
the reference genome, discarding mismatches in read
positions with quality Phred score < 30 and those loca-
ted at sites reported as genomic SNPs in dbSNP (SNP
build 135)".

2-OMe-seq

2-OMe-seq was carried out as previously described with
some modifications®®. Briefly, for each experiment, 1 g of
total RNA were reverse transcribed using either 1 mM
final ANTP (high ANTP sample), or 0.004 mM final ANTP
(low dNTP sample), 1 U/uL. AMV Reverse Transcriptase
(NEB) and random primers. Template RNA was degraded
by the addition of 1 uL. RNase H (BioLegend) and 1 pL of
RNase A (NEB). Following purification using VAHTSTM
DNA Beads (Vazyme), cDNAs were converted into a
dedicated library by VAHTS ssDNA library prep kit for
[lumina (Vazyme). This approach allowed us to keep the
strand-specificity of the library, so that each read started
1 nt downstream of the RT stopping point. Libraries were
subjected to sequencing on the Illumina™ NextSeq 500
Sequencer. Then, we aligned the sequence data to
GRCh38.p12 genome by bowtie2 v2.4.5 (default para-
meter), and normalized each same treatment sample by
mapped reads count. Then, we made 5bp windows by
bedtools v2.30.0 and summed the total counts in the
window. Finally, we calculate 2-OMe ratio following the
previous method®®.
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Validations by Sanger sequencing

To validate whether the identified editing sites are bona
fide we performed regular PCR to amplify a selection of
sites. We used SYBR Premix ExTaq real-time PCR Kit
(Takara, Japan) for the PCR reactions. All Sanger
sequencing was carried out by RuiBiotech (Beijing, China).

Statistical analysis

Mann-Whitney test was used to analyze the LNC-
SNO49AB level between patients with or without leuke-
mia. Kruskal-Wallis test was performed to compare
multiple patient groups, and the Dunn’s multiple com-
parisons test was used to analyze multiple comparisons.
Fisher’s exact test was used to determine the significance
of differentially expressed IncRNA and mRNA levels
between two groups. Data are expressed as the means +
SEM or +SD of three independent experiments.
Kaplan—Meier method with a log-rank test was used to
analyze the mice survival. Two-tailed tests were used for
univariate comparisons. Throughout the text: ns, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Acknowledgements

We thank Prof Rui Zhang and Yu-long Song from the School of Life Sciences,
Sun Yat-sen University for their help to analyze A-to-l editing. We also thank Ms
Qiao-Juan Huang for the help to analyze flow cytometry and real-time PCR
data. This research was supported by the National Key R&D Program of China
(2021YFA1300502), the National Natural Science Foundation of China
(31870818, 82000168 and 32170570) and Guangdong (2019JCO5N394).

Author contributions

W.H. and Y.MS. designed and performed the research, analyzed data, and
wrote the manuscript. KF, QP, XT.C, ZCZ, TQC, SXZ, and LB.H. performed
the research and analyzed data. X.Q.L. collected clinical samples and analyzed
the data. WTW. and Y.QC. designed the research, analyzed data, and wrote
the manuscript.

Conflict of interest
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541421-022-00460-9.

Received: 26 March 2022 Accepted: 18 August 2022
Published online: 01 November 2022

References

1. Ransohoff, J. D, Wei, Y. & Khavari, P. A. The functions and unique features of
long intergenic non-coding RNA. Nat. Rev. Mol. Cell Biol. 19, 143-157 (2018).

2. Wu, H, Yang, L. & Chen, L. L. The diversity of long noncoding RNAs and their
generation. Trends Genet. 33, 540-552 (2017).

3. Han, C et al. Non-coding RNAs in cancers with chromosomal rearrangements:
the signatures, causes, functions and implications. J. Mol. Cell Biol. 11, 886-898
(2019).

4. Zheng, D, Liwinski, T. & Elinav, E. Inflammasome activation and regulation:
toward a better understanding of complex mechanisms. Cell Discov. 6, 36
(2020).


https://doi.org/10.1038/s41421-022-00460-9

Huang et al. Cell Discovery (2022)8:117

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

Yin, Q. F. et al. Long noncoding RNAs with snoRNA ends. Mol. Cell 48, 219-230
(2012).

Zhang, X. O. et al. Species-specific alternative splicing leads to unique
expression of sno-INcRNAs. BMC Genomics 15, 287 (2014).

Matera, A. G, Terns, R. M. & Temns, M. P. Non-coding RNAs: lessons from the small
nuclear and small nucleolar RNAs. Nat. Rev. Mol. Cell Biol. 8, 209-220 (2007).
Kiss, T. Small nucleolar RNA-guided post-transcriptional modification of cellular
RNAs. EMBO J. 20, 3617-3622 (2001).

Lin, L. M, Pan, Q, Sun, Y. M. & Wang, W. T. Small nucleolar RNA is potential as a
novel player in leukemogenesis and clinical application. Blood Sci. 3, 122-131
(2021).

Filipowicz, W. & Pogacic, V. Biogenesis of small nucleolar ribonucleoproteins.
Curr. Opin. Cell Biol. 14, 319-327 (2002).

Kiss, T. & Filipowicz, W. Exonucleolytic processing of small nucleolar RNAs from
pre-mRNA introns. Genes Dev. 9, 1411-1424 (1995).

Wu, H. et al. Unusual processing generates SPA LncRNAs that sequester
multiple RNA binding proteins. Mol. Cell 64, 534-548 (2016).

Xing, Y. H. & Chen, L. L. Processing and roles of snoRNA-ended long non-
coding RNAs. Crit. Rev. Biochem Mol. Biol. 53, 596606 (2018).

Sahoo, T. et al. Prader-Willi phenotype caused by paternal deficiency for the
HBII-85 C/D box small nucleolar RNA cluster. Nat. Genet. 40, 719-721 (2008).
Xing, Y. H. et al. SLERT regulates DDX21 rings associated with Pol | tran-
scription. Cell 169, 664-678e16 (2017).

Lykke-Andersen, S. et al. Box /D snoRNP autoregulation by a cis-acting
snoRNA in the NOP56 pre-mRNA. Mol. Cell 72, 99-111.e115 (2018).

Luca, D. C. Update on lymphoblastic leukemia/lymphoma. Clin. Lab. Med. 41,
405-416 (2021).

Patel, K & Pagel, J. M. Current and future treatment strategies in chronic
lymphocytic leukemia. J. Hematol. Oncol. 14, 69 (2021).

Laurence, V, Marples, M. & Stark, D. P. Adult cancers in adolescents and young
adults. Prog. Tumor Res. 43, 64-73 (2016).

Dohner, H, Weisdorf, D. J. & Bloomfield, C. D. Acute myeloid leukemia. N. Engl.
J. Med. 373, 1136-1152 (2015).

Sun, Y. M. et al. circMYBL2, a circRNA from MYBL2, regulates FLT3 translation
by recruiting PTBP1 to promote FLT3-[TD AML progression. Blood 134,
1533-1546 (2019).

Fang, K. et al. Cis-acting Inc-eRNA SEELA directly binds histone H4 to promote
histone recognition and leukemia progression. Genome Biol. 21, 269 (2020).
Schwarzer, A. et al. The non-coding RNA landscape of human hematopoiesis
and leukemia. Nat. Commun. 8, 218 (2017).

Zhou, F. et al. AML1-ETO requires enhanced C/D box snoRNA/RNP formation
to induce self-renewal and leukaemia. Nat. Cell Biol. 19, 844-855 (2017).
Pauli, C. et al. Site-specific methylation of 18S ribosomal RNA by SNORD42A is
required for acute myeloid leukemia cell proliferation. Blood 135, 2059-2070
(2020).

Valleron, W. et al. Specific small nucleolar RNA expression profiles in acute
leukemia. Leukemia 26, 2052-2060 (2012).

Reddy, R. et al. MOdified nucleosides of nuclear and nucleolar low molecular
weight ribonucleic acid. J. Biol. Chem. 247, 7245-7250 (1972).

Pandolfini, L. et al. METTLT promotes let-7 microRNA processing via m7G
methylation. Mol. Cell 74, 1278-1290.9 (2019).

Williams, G. T. & Farzaneh, F. Are snoRNAs and snoRNA host genes new
players in cancer? Nat. Rev. Cancer 12, 84-88 (2012).

Kufel, J. & Grzechnik, P. Small nucleolar RNAs tell a different tale. Trends Genet.
35, 104-117 (2019).

Chan, S. N. & Pek, J. W. Stable intronic sequence RNAs (sisRNAs): an expanding
universe. Trends Biochem. Sci. 44, 258-272 (2019).

Wang, Y, Yang, L. Z. & Chen, L. L. Protocol for dynamic imaging of RNA in
living cells by CRISPR-Cas13 system. STAR Protoc. 1, 100037 (2020).

Davis, B. J. & O'Connell, M. R. Put on your para-spectacles: the development of
optimized CRISPR-Cas13-based approaches to image RNA dynamics in real
time. Mol. Cell 77, 207-209 (2020).

Clemson, C. M. et al. An architectural role for a nuclear noncoding RNA: NEAT1
RNA is essential for the structure of paraspeckles. Mol. Cell 33, 717-726 (2009).
Dong, Z. W. et al. RTL-P: a sensitive approach for detecting sites of 2-O-
methylation in RNA molecules. Nucleic Acids Res. 40, e157 (2012).

Lestrade, L. & Weber, M. J. snoRNA-LBME-db, a comprehensive database of
human H/ACA and /D box snoRNAs. Nucleic Acids Res. 34, D158-D162
(2006).

lioka, H, Loiselle, D, Haystead, T. A. & Macara, |. G. Efficient detection of RNA-
protein interactions using tethered RNAs. Nucleic Acids Res. 39, €53 (2011).

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

Page 18 of 19

Wang, W. T. et al. The INcRNA LAMP5-AST drives leukemia cell stemness by
directly modulating DOT1L methyltransferase activity in MLL leukemia. J.
Hematol. Oncol. 13, 78 (2020).

Yang, J. H. et al. Intracellular localization of differentially regulated RNA-specific
adenosine deaminase isoforms in inflammation. J Biol. Chem. 278,
45833-45842 (2003).

Nie, Y, Zhao, Q, Su, Y. & Yang, J. H. Subcellular distribution of ADART1 isoforms
is synergistically determined by three nuclear discrimination signals and a
regulatory motif. J. Biol. Chem. 279, 13249-13255 (2004).

Quin, J. et al. ADAR RNA modifications, the epitranscriptome and innate
immunity. Trends Biochem. Sci. 46, 758-771 (2021).

Sawva, Y. A, Rieder, L. E. & Reenan, R. A. The ADAR protein family. Genome Biol.
13, 252 (2012).

Bass, B. L. RNA editing by adenosine deaminases that act on RNA. Annu. Rev.
Biochem. 71, 817-846 (2002).

Nishikura, K. Ato-l editing of coding and non-coding RNAs by ADARs. Nat.
Rev. Mol. Cell Biol. 17, 83-96 (2016).

Zhou, G. et al. Proximity editing to identify RNAs in phase-separated RNA
binding protein condensates. Cell Discov. 7, 72 (2021).

Ramaswami, G. & Li, J. B. RADAR: a rigorously annotated database of A-to-I
RNA editing. Nucleic Acids Res. 42, D109-D113 (2014).

Mansi, L. et al. REDIportal: millions of novel A-to-l RNA editing events from
thousands of RNAseq experiments. Nucleic Acids Res. 49, D1012-D1019 (2021).
Kiran, A. & Baranov, P. V. DARNED: a DAtabase of RNa EDiting in humans.
Bioinformatics 26, 1772-1776 (2010).

Herbert, A, Wagner, S. & Nickerson, J. A. Induction of protein translation by
ADART1 within living cell nuclei is not dependent on RNA editing. Mol. Cell 10,
1235-1246 (2002).

Kurkowiak, M. et al. The effects of RNA editing in cancer tissue at different
stages in carcinogenesis. RNA Biol. 18, 1524-1539 (2021).

Han, L. et al. The genomic landscape and clinical relevance of A-to-l RNA
editing in human cancers. Cancer Cell 28, 515-528 (2015).

Gannon, H. S. et al. Identification of ADAR1 adenosine deaminase depen-
dency in a subset of cancer cells. Nat. Commun. 9, 5450 (2018).

Eisenberg, E. & Levanon, E. Y. Ato-] RNA editing - immune protector and
transcriptome diversifier. Nat. Rev. Genet. 19, 473-490 (2018).

Knutson, S. D. & Heemstra, J. M. Protein-based molecular recognition tools for
detecting and profiling RNA modifications. Curr. Opin. Struct. Biol. 69, 1-10
(2021).

Yao, L. et al. Large-scale prediction of ADAR-mediated effective human A-to-l
RNA editing. Brief. Bioinform. 20, 102-109 (2019).

Gebert, L. F. R. & MacRae, I. J. Regulation of microRNA function in animals. Nat.
Rev. Mol. Cell Biol. 20, 21-37 (2019).

Yamazaki, T. et al. Augmentation of drug-induced cell death by ER protein
BRI3BP. Biochem. Biophys. Res. Commun. 362, 971-975 (2007).

Wang, W. T. et al. Noncoding RNAs in cancer therapy resistance and targeted
drug development. J. Hematol. Oncol. 12, 55 (2019).

Goodall, G. J. & Wickramasinghe, V. O. RNA in cancer. Nat. Rev. Cancer 21,
22-36 (2021).

Liu, J, Yang, L. Z. & Chen, L. L. Understanding IncRNA-protein assemblies with
imaging and single-molecule approaches. Curr. Opin. Genet. Dev. 72, 128-137
(2022).

Reese, M. & Dhayat, S. A. Small extracellular vesicle non-coding RNAs in
pancreatic cancer: molecular mechanisms and clinical implications. J. Hematol.
Oncol 14, 141 (2021).

Winkle, M, El-Daly, S. M, Fabbri, M. & Calin, G. A. Noncoding RNA therapeutics -
challenges and potential solutions. Nat. Rev. Drug Discov. 20, 629-651 (2021).
Fafard-Couture, E. et al. Annotation of snoRNA abundance across human
tissues reveals complex snoRNA-host gene relationships. Genome Biol. 22, 172
(2021).

Talross, G. J. S, Deryusheva, S. & Gall, J. G. Stable lariats bearing a snoRNA (slb-
sNoRNA) in eukaryotic cells: a level of regulation for guide RNAs. Proc. Natl
Acad. Sci. USA 118, e2114156118 (2021).

He, D. et al. miRNA-independent function of long noncoding pri-miRNA loci.
Proc. Natl Acad. Sci. USA 118, 2017562118 (2021).

Dhir, A, Dhir, S, Proudfoot, N. J. & Jopling, C. L. Microprocessor mediates
transcriptional  termination of long noncoding RNA transcripts hosting
microRNAs. Nat. Struct. Mol. Biol. 22, 319-327 (2015).

Alberti, S. & Hyman, A. A. Biomolecular condensates at the nexus of cellular
stress, protein aggregation disease and ageing. Nat. Rev. Mol. Cell Biol. 22,
196-213 (2021).



Huang et al. Cell Discovery (2022)8:117

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Ziegler, S. J, Mallinson, S. J. B, St John, P. C. & Bomble, Y. J. Advances in
integrative structural biology: towards understanding protein complexes in
their cellular context. Comput. Struct. Biotechnol. J. 19, 214-225 (2021).
Bertolini, M. et al. Interactions between nascent proteins translated by adjacent
ribosomes drive homomer assembly. Science 371, 57-64 (2021).

Wu, M, Yang, L. Z. & Chen, L. L. Long noncoding RNA and protein abundance
in INcRNPs. RNA 27, 1427-1440 (2021).

Jiang, M. et al. Self-recognition of an inducible host INcRNA by RIG- feedback
restricts innate immune response. Cell 173, 906-919.e13 (2018).

Guo, H. et al. The aspirin-induced long non-coding RNA OLA1P2 blocks
phosphorylated STAT3 homodimer formation. Genome Biol. 17, 24 (2016).
Wiener, D. & Schwartz, S. The epitranscriptome beyond m(6)A. Nat. Rev. Genet.
22, 119-131 (2021).

Jiang, Q, Crews, L. A, Holm, F. & Jamieson, C. H. M. RNA editing-dependent
epitranscriptome diversity in cancer stem cells. Nat. Rev. Cancer 17, 381-392
(2017).

Chen, Z H. et al. Nuclear export of chimeric mRNAs depends on an IncRNA-
triggered autoregulatory loop in blood malignancies. Cell Death Dis. 11, 566
(2020).

Zhang, S. et al. mB)A demethylase ALKBH5 maintains tumorigenicity of
glioblastoma stem-like cells by sustaining FOXM1 expression and cell pro-
liferation program. Cancer Cell 31, 591-606.e6 (2017).

Salameh, A. et al. PRUNE2 is a human prostate cancer suppressor regulated by
the intronic long noncoding RNA PCA3. Proc. Natl Acad. Sci. USA 112,
8403-8408 (2015).

78.

79.

80.

81.

82.

83.

85.

86.

87.

88.

Page 19 of 19

Huang, W. et al. N6-methyladenosine methyltransferases: functions, regulation,
and clinical potential. J. Hematol. Oncol. 14, 117 (2021).

Teoh, P. J, Koh, M. Y. & Chng, W. J. ADARs, RNA editing and more in
hematological malignancies. Leukemia 35, 346-359 (2021).

Lian, H. et al. Deciphering the epitranscriptome in cancer. Trends Cancer 4,
207-221 (2018).

Monian, P. et al. Endogenous ADAR-mediated RNA editing in non-human
primates using stereopure chemically modified oligonucleotides. Nat. Bio-
technol. 7, 1093-1102 (2022).

Wang, W. T. et al. Activation of the lysosome-associated membrane protein
LAMPS5 by DOTIL serves as a bodyguard for MLL fusion oncoproteins to
evade degradation in leukemia. Clin. Cancer Res. 25, 2795-2808 (2019).

Sun, L et al. The oncomicropeptide APPLE promotes hematopoietic
malignancy by enhancing translation initiation. Mol. Cell 81, 4493-4508.e9
(2021).

Patro, R. et al. Salmon provides fast and bias-aware quantification of transcript
expression. Nat. Methods 14, 417-419 (2017).

Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).
Song, Y. et al. irCLASH reveals RNA substrates recognized by human ADARs.
Nat. Struct. Mol. Biol. 27, 351-362 (2020).

Eisenberg, E. et al. [dentification of RNA editing sites in the SNP database.
Nucleic Acids Res. 33, 4612-4617 (2005).

Incarnato, D. et al. High-throughput single-base resolution mapping of RNA 2-
O-methylatedresidues. Nucleic Acids Res. 45, 1433-1441 (2017).



	The snoRNA-like lncRNA LNC-SNO49AB drives leukemia by activating the RNA-editing enzyme ADAR1
	Introduction
	Results
	Characterization of LNC-SNO49AB in leukemia
	LNC-SNO49AB processing requires intact site-specific snoRNA
	LNC-SNO49AB is highly expressed in leukemia and promotes cell proliferation in�vitro and in�vivo
	LNC-SNO49AB interacts with ADAR1 in the nucleolus
	LNC-SNO49AB promotes ADAR1 dimerization
	The oncogenic role of LNC-SNO49AB partially depends on its regulation of ADAR1 activity

	Discussion
	Materials and methods
	Cell culture and treatment
	Leukemia patient samples collection
	RNA preparation and qRT&#x02013;nobreakPCR
	5&#x02032; RACE and 3&#x02032; RACE
	Cell proliferation, cell cycle, cell apoptosis, Edu, and CFU assay
	Subcellular fraction isolation
	Xenotransplantation model
	Northern blotting
	Measurement of LNC-SNO49AB copy number
	Protein recombination and purification
	RNA Immunoprecipitation (RIP)
	Trsa RNA pull-down assay
	In vitro RNA pull-down
	Immunoblotting
	RNA sequencing and A-to-I editing level
	2-OMe-seq
	Validations by Sanger sequencing
	Statistical analysis

	Acknowledgements




