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Abstract

Background: Acute myeloid leukaemia (AML) is the most common acute leukaemia in adults; AML is highly
heterogeneous and involves abnormalities at multiple omics levels. Small non-coding RNAs (sncRNAs) present
in body fluids are important regulatory molecules and considered promising non-invasive clinical diagnostic
biomarkers for disease. However, the signature of sncRNA profile alteration in AML patient serum and bone
marrow supernatant is still under exploration.

Methods: We examined data for blood and bone marrow samples from 80 consecutive, newly-diagnosed
patients with AML and 12 healthy controls for high throughput small RNA-sequencing. Differentially expressed
sncRNAs were analysed to reveal distinct patterns between AML patients and controls. Machine learning
methods were used to evaluate the efficiency of specific sncRNAs in discriminating individuals with AML from
controls. The altered expression level of individual sncRNAs was evaluated by RT-PCR, Q-PCR, and northern
blot. Correlation analysis was employed to assess sncRNA patterns between serum and bone marrow
supernatant.

Results: We identified over 20 types of sncRNA categories beyond miRNAs in both serum and bone marrow
supernatant, with highly coordinated expression patterns between them. Non-classical sncRNAs, including
rsRNA (62.86%), ysRNA (14.97%), and tsRNA (4.22%), dominated among serum sncRNAs and showed
sensitive alteration patterns in AML patients. According to machine learning-based algorithms, the
tsRNA-based signature robustly discriminated subjects with AML from controls and was more reliable than
that comprising miRNAs. Our data also showed that serum tsRNAs to be closely associated with AML
prognosis, suggesting the potential application of serum tsRNAs as biomarkers to assist in AML diagnosis.

Conclusions: We comprehensively characterized the expression pattern of circulating sncRNAs in blood and
bone marrow and their alteration signature between healthy controls and AML patients. This study enriches
research of sncRNAs in the regulation of AML, and provides insights into the role of sncRNAs in AML.
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Introduction

Small non-coding RNAs (sncRNAs), including  (tsRNAs), rRNA-derived small RNAs (rsRNAs), and
microRNAs (miRNAs), tRNA-derived small RNAs  YRNA-derived small RNAs (ysRNAs), are important
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regulatory molecules [1-3]. sncRNAs regulate multi-
ple aspects of mRNA stability, translation efficiency,
and ribosome biogenesis [4-9]. Dysregulation of blood
miRNAs has been reported in breast and liver cancers,
among others [10, 11]. Common methods to quantify
blood sncRNAs use miRNA arrays or small RNA-seq
with nucleotides in the range of 18-30 nt during
sequencing, resulting in the loss of data for small
RNAs of greater nucleotide lengths, such as piRNAs
(~30 nt), tsRNAs (29-34 nt), and rsRNAs (> 30 nt) [12].
By expanding the nucleotide length to 45 nt, we report
that tsRNAs are highly enriched in vertebrate blood in
stable forms and conserved in diverse species, from
fish to humans. Blood concentrations of tsRNAs
change after acute inflammation induced by
lipopolysaccharide (LPS) injection in mice and
monkeys and after hepatitis-B-virus (HBV) infection
in humans, suggesting roles in the inflammation
response [13].

Acute myeloid leukaemia (AML) has a
heterogeneous mutation topography and involves
diverse non-coding RNA alterations [14]. The roles of
miRNAs in AML have been broadly explored in
recent years, and unmistakable expression profiles of
miRNA have been distinguished in leukaemia [15-18].
Due to the attractive advantages of circulating
miRNAs, such as sensitivity, stability, and non-
invasiveness, numerous studies have reported that
circulating miRNAs can serve as a novel class of
non-invasive diagnostic and prognostic biomarkers in
multiple cancers, with promising clinical application
prospects [19-23]. However, most of those studies
focused on miRNAs, with scant research into other
types of circulating sncRNA in serum. Therefore, in
this study, we examined sncRNAs in 122 blood and
bone marrow samples from 80 consecutive subjects
with newly-diagnosed, untreated AML to quantify
sncRNAs, consider their potential role in AML
biology, and identify the AML-specific alteration
pattern of circulating sncRNAs as non-invasive
biomarkers to assist in diagnosis.

Materials and Methods

Ethics committee approval and patient
consent

All experiments were performed in accordance
with the principles set out in the World Medical
Association Declaration of Helsinki. This study was
approved by the Institutional Ethics Committees of
Xingiao Hospital, and informed consent was signed
by each participant.

Clinical data and sample collection

We studied blood and bone marrow samples

from 80 consecutive subjects with acute myeloid
leukaemia (AML) at the Medical Center of
Hematology, Xingiao Hospital from 2018 to 2021
(Table S1). Blood samples (5 ml) were collected from
80 AML patients and 12 healthy controls; bone
marrow samples (5 ml) were collected from 30 AML
patients and prepared for RNA extraction and small
RNA high-throughput sequencing. The subjects gave
written informed consent consistent with the precepts
of the Declaration of Helsinki. The study was
approved by the Institutional Ethics Committees of
Xingiao Hospital.

Sample isolation and RNA extraction

Samples were incubated at 24 °C for 30 min and
then centrifuged twice (2,000/8,500 x g) at 4 °C for 10
min. RNA was extracted by using TRIzol LS reagent
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. One microlitre of cel-miR-39
was added to the TRIzol LS mixtures as a spike-in
control before serum RNA extraction.

Small RNA high-throughput sequencing and
data processing

Small RNA library construction and sequencing
were performed by BGI (Shenzhen, Guangdong,
China) using NEB Small RNA Sample Pre Kit (NEB)
and UMI Small RNA library construction methods.
Raw sequencing reads were processed using SPORTS
software [24]. Reads were aligned to the human
reference genome, miRNA datasets, IRNA and YRNA
datasets, genomic tRNA datasets, mitochondrial
tRNA datasets, piRNA datasets, and non-coding RNA
datasets to count the read numbers of sncRNA
transcripts using Bowtie [25].

Detection of differentially expressed sncRNAs

Differentially  expressed sncRNAs  were
identified using the R package edgeR (v3.36.0) [26]. A
sncRNA was considered to be significantly
differentially expressed at p <= 0.05 and the absolute
value of logy>-fold change >=1.

Validation of sncRNA expression by RT-PCR,
quantitative RT-PCR and northern blot

We wused reverse transcription to validate
sncRNAs as described [13]. the sncRNA primers used
are displayed in Table S2. Similar volumes of serum
and spike-in control (cel-miR-39) were used to
normalize samples. Northern blotting was performed
to verify the expression pattern of tsRNA-Gly©cc,
ysRNARNAY and ysRNARNYS in serum from healthy
controls, as described [27]. Briefly, total RNA from 1
ml serum was electrophoresed by 15% urea-PAGE
gel, and transferred to a Nytran Super Charged
membranes (Roche, Basel, Switzerland) followed by
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UV cross-linking. The membranes were incubated
with  DIG-labelled oligonucleotide probes in
hybridization solution (Roche) overnight (12-16 h) at
42 °C. DIG-labelled oligonucleotide probes were
synthesized by Takara (Iwate, Japan), and the
sequences are displayed in Table S3.

Machine learning marker sncRNA discovery
and performance evaluation

We used Random Forest (v4.6-14) [28] in R to
evaluate binary classifiers based on several small
noncoding RNA datasets. Our strategy for sncRNA
signature selection was based on the following: (1)
evidence of differential expression; (2) average
expression level > 10; and (3) significance (p < 0.05) in
logistic regression.

Statistical analyses

Statistical significance was determined using
Student's t test and one- and 2-way ANOVAs with
Fisher’s LSD test. Pairwise correlations between blood
and bone marrow sncRNA expression profiles were
calculated by Pearson correlation analyses.

Data sharing statement

Part of the sncRNA sequencing datasets is
available in the Genome Sequence Archive for Human
database (GSA-Human, Beijing Institute of Genomics,
Chinese Academy of Sciences) under the accession
number HRA001179.

Results

Over 20 types of sncRNAs beyond miRNAs
were identified in human serum

To overcome the limitation that exists in the
previous miRNA-biased sncRNA detection methods
and enrich small RNA categories in human serum, we
performed small RNA sequencing with a 15-45 nt
nucleotide length range to characterize the sncRNA
landscape in the human haematological system. In
our study, over 17 % of total miRNAs (237/1,373) were
detected in serum, and 102 miRNAs showed an
expression level > 10 (Figure S1A-C). Using the small
non-coding RNA analysis software SPORTS, we
identified over 20 types of sncRNA categories beyond
miRNAs, including tsRNAs, rsRNAs, ysRNAs,
piRNAs, anti-senses, lincRNAs, snRNAs, and
snoRNAs (Figure 1A-B and Figure S2A) [24].
Interestingly, the most dominant small RNAs among
circulating RNAs were not well-known miRNAs but a
class of rRNA-derived small non-coding RNAs,
accounting for an average of 62.86% (Figure 1A).
tsRNA was previously reported to be enriched in
vertebrate serum [13]. In the present study, we
identified a comparable proportion of tsRNA with
miRNA in human serum (3.09% miRNA vs. 4.22%
tsRNA). Moreover, an appreciable amount of ysRNA,
accounting for an average of 14.97%, was identified.
In addition, the levels of rsRNA, tsRNA, and ysRNA
constituted over 80% of the total circulating sncRNA,

Complete methods are included in the . A e
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Figure 1. The small non-coding RNA landscape in healthy human peripheral blood serum (PBS). (A) Relative proportion of seven major sncRNA categories in
healthy individuals (n = 12). (B) Length distribution of selected sncRNA types in healthy individuals (n = 12). The ‘other’ group includes sncRNAs derived from miscellaneous
RNAs, snoRNAs, snRNAs, processed transcript, etc. The X-axis represents the nucleotide length (nt) and the Y-axis represents the expression level (RPM, reads of exon model

per million mapped reads) of each type of sncRNA.
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Figure 2. Characterization of rsRNA- and ysRNA-generating loci in healthy human PBS. (A) Distribution of five nucleus-encoded rsRNAs (cyto-rsRNAs: 58, 5.8S,
18S, 28S, and 45S) and two mitochondria-encoded rsRNA (mt-rsRNAs: 12S and 16S) categories. (B) Expression peaks and localization of cyto-rsRNA-18S and 28S. Expression
levels are presented as mean * SEM. (C-D) Validation of selected rsRNA main peaks by RT-PCR, (C) rsRNA-18S peaks, and (D) rsRNA-28S peaks; blue arrowheads indicate
rsRNAs. (E) Structure schematic and nucleotide mapping of ysRNARNYI, ysRNARNY3, ysRNARNY4, and ysRNARNYS, Expression levels are presented as mean * SEM. (F) Northern
blot validation of 5’ysRNARNY4 and 5’ysRNARNYS in human PBS, at least three healthy individual PBS samples were used for validation.

rsRNAs and ysRNAs are dominant in human
PBS with distinct distribution features

rsRNAs have been ignored as rRNA debris for
decades due to the large amount of rRNA in cells [29].
However, Zhang et al. found that 285 rRNA-derived
rsRNA was enriched in mouse mature sperm under
physiological conditions and was increased in
multiple tissues after LPS infection, which indicated
the potential roles of rsRNAs involved in body active
inflammation [13]. Our study found that in addition
to miRNAs, a large number of rsRNAs are present in
human PBS (Figure 1A). By mapping and comparing
the overall expression pattern of different rsRNA
classes and sequence locations, we further classified
rsRNAs into nucleus and mitochondria encoded
(Figure 2A). Systematic analyses indicated that
285-rsRNAs (88%) and 185-rsRNAs (10%) constituted
> 98% of the total rsRNAs (Figure S3A-B). We found
specific sequence origination and distribution
patterns for different rsSRNAs (Figure 2B and Figure
S3C-D). 185-rsRNAs exhibited four main sequence
peaks distributed in locations 674-692 (#1), 897-919

(#2), 1,194-1,223 (#3) and 1,838-1,862 (#4; Figure 2B-C
and Figure S3E). 285-rsRNAs had three main
sequence peaks at locations 1,336-1,355 (#1),
1,963-1,982 (#2) and 2,895-2,920 (#3; Figure 2B, D and
Figure S3F).

Human YRNAs are a group of small non-coding
RNAs with nucleotide lengths ranging from 83-113 nt
that were originally described in systemic lupus
erythaematosus [30]. There are four members in the
human YRNA family (Figure S4A), namely, RNY1,
RNY3, RNY4, and RNY5, which can be cleaved by
RNsasel to produce ysRNAs. Studies have shown
that ysRNAs are abundant in extracellular spaces,
such as in serum, plasma, and other biofluids, in
humans [31, 32]. In this study, we identified abundant
ysRNAs mostly derived from the 5 end of YRNAs
with nucleotide lengths of approximately 30 nt
(Figure 1B and 2E). Composition analyses and
northern blot validation indicated that ysRNARNY4
concentrations were greater than those of ysRNARNY1,
ysRNARNYS, and ysRNARNYS (Figure 2F and Figure
S4B-C).
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Figure 3. Expression patterns of tsRNAs in healthy human PBS. (A) Schematic illustration of the four distinct categories of tRNA-derived small non-coding RNAs
(tsRNAs): 5’tsRNAs, inner’'tsRNAs, 3’tsRNAs, and 3’°CCA tsRNAs. (B) Relative abundances of three distinct tsRNA categories (5’, inner’, 3'+3’CCA) for cyto-tsRNAs and
mt-tsRNAs. (C) Proportional distribution of cyto-tsRNAs and mt-tsRNAs in human PBS. (D-E) Cyto-tsRNA and mt-tRNA expression profiles are categorized by anti-codons of
amino acids in healthy PBS, 5’tsRNAs, inner’tsRNAs, and 3'+3’CCA tsRNAs are shown from outer circles to inner circles, respectively. Each circle represents one sample. (F-G)
The heatmap represents 5’enriched, inner’enriched, and 3’+3’CCA’enriched cyto-tsRNAs. (H) Schematic illustration of single-base resolution and validation for the origination
of tsRNAGH-GCC, tsRNAAre-CCT, and tsRNASer-AGA jn human PBS by RT-PCR or northern blot, at least three healthy individual PBS samples were used for validation. (I) Expression
level comparison of the top two expressed sncRNAs in each category of healthy human PBS. (J) Expression level comparison of the top two expressed sncRNAs in each category
of human PBS by RT-PCR, at least three healthy individual PBS samples were used for validation.

circulating system was comparable to that of miRNAs
(Figure 1A). We grouped tsRNAs into three distinct
categories according to sequence annotation and
major cleavage sites on mature tRNAs, which are
mainly driven by ANG, Dicer, RNaseZ, and RNaseP:
5'tsRNAs, inner’'tsRNAs, and 3'tsRNAs (Figure 3A).
Next, we combined 3’tsRNAs with or without a CCA
tail. Our data indicate that genomic tRNA-derived
tsRNAs (cyto-tsRNAs) were generated by cleavage of
the 5" end of mature tRNA around the anticodon loop,
namely, 5tsRNAs (70% of total cyto-tsRNAs; Figure

Comprehensive analysis of the expression
patterns of tsRNAs in human serum

tsRNAs, also known as tRFs, have been shown to
play pivotal roles in cellular transcriptional and
translational control in response to various cell
stresses [4, 33, 34]. Recently, tsSRNAs have emerged as
diagnostic biomarkers in cancers and are functionally
involved in human physiological and pathological
processes [35-38]. In the study, the overall amount of
tsRNAs identified in the human extracellular
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3B), such as cyto-5'tsRNACGU and cyto-5tsRINASer.
However, unlike cyto-tsRNNAs, mitochondrial tRNA-
derived tsRNAs (mt-tsRNAs) were largely skewed
towards generating inner’tsRNAs and only accounted
for a small proportion of the total circulating tsRNAs
(Figure 3B-C). We also found that different tRNAs,
including cyto-tRNAs and mt-tRNAs, generated
different subtypes of tsRNAs. (Figure 3D-G and
Figure S5A-B). For example, cyto-tRNAGCY generated
5tsRNAs, whereas cyto-tRNAA, cyto-tRNASer, and
cyto-tRNATr generated inner'tsRNAs or 3'tsRNAs
(Figure 3F-G). This tsRNA biogenesis preference was
validated by northern blot and RT-PCR (Figure 3H
and Figure S5C-D).

Considering that many biotypes of sncRNAs
showed high expression levels in human serum, we
randomly selected and compared relatively enriched
sncRNAs in the group of miRNAs (mir-45la and
mir-320a), tsRNAs (cyto-5tsRNAVal and cyto-
5'tsRNASY), ysRNAs (5'ysRNARNY4 and
5ysRNARNYS) and 1sRNAs (rsRNA-18S#3 and
rsRNA-285#3). Notably, expression levels of rsRNAs,
tsRNAs, and ysRNAs were comparable to those of the
top two expressed miRNAs (Figure 3I-]). Their high
enrichment in the human serum might also indicate
pivotal roles in the human pathophysiological
process.

Circulating small RNAs differ widely between
AML patients and controls

To further understand the comprehensive
expression profiles of human circulating sncRNAs
and generate high confidence fingerprints of serum
sncRNAs in AML patients, we enrolled 50
preliminarily diagnosed patients with de novo AML
and collected the serum for sncRNA-sequencing
(Figure S6A). Consistent with the circulating sncRNA
profiles in healthy controls we described previously,
over 20 types of sncRNA were enriched in samples
from the AML patients compared with the controls,
including rsRNAs, tsRNAs, ysRNAs, and miRNAs
(Figure S6B-C). We found that 179 miRNAs (38%)
were up-regulated and 63 miRNAs (13%)
down-regulated (Figure S4C-D). In the tsRNA cohort,
fragments aligned to a distinct location of tsRNAs
were detected and compared between the controls
and AML patients. In both cohorts, cyto-5tsRNAs
were the predominant class of tsSRNAs (Figure S7A).
However, alterations were detected across different
amino acids, anti-codon, and iso-acceptors of tsRNAs
in AML patients compared with the controls (Figure
4E-G and Figure S7B-G). Among cyto-tsRNAs, we
observed a large increase in cyto-5tsRNASY, cyto-
inner’ tsRNALey, cyto-5"tsRNALys, cyto-inner’tsRNAVal
and cyto-5tsRNACs in the AML patients compared

with healthy controls (Figure 4G and Figure S7C-F).
ysRNAs were also increased in AML patients
compared with controls (Figure 4A-B). Up-regulation
of serum ysRNAs in AML correlated with increases in
ysRNARNY4 and ysRNARNYS (Figure 4H-K and Figure
S8A-B). Unlike other sncRNAs, there was a strong
reduction in rsRNAs (Figure 4A-B). A slight propor-
tional alteration was observed in the component of
sub-rRNA classes (Figure S9A-C); for example,
cyto-rsRNA-185 (#3) was significantly increased
(Figure 4L-M), whereas cyto-rsRNA-285 (#3) was
significantly decreased (Figure 4N-O). Such dynamic
dysregulation of circulating sncRNAs in AML
patients suggests potential diagnostic applications.

tsRNA-based feature screening robustly
discriminates subjects with AML from controls

To evaluate the potential roles of circulating
sncRNAs, we used machine learning methods to
develop and evaluate binary classifiers (Figure 5A).
Our data indicate that fewer tsRNA signatures
performed better in discriminating persons with AML
from controls compared with miRNAs in both
discovery and validation cohorts (Figure 5B-C and
Figure S10A). These findings demonstrate that
tsRNA-based feature screening signatures were able
to robustly discriminated individuals with AML from
controls. AML patients are classified into adverse,
intermediate, and favourable risk categories on the
basis of cytogenetic and molecular abnormalities, and
we found that levels of several sncRNAs (tsSRNAs and
miRNAs) at diagnosis correlated with risk level. For
example, high levels of tsRNAAR-TCC, tsRNALeuw-CAA
and tsRNAGY-GCC  were associated with an
intermediate or adverse prognosis but low levels of
tsRNAs with a favourable prognosis, indicating that
serum tsRNAs might also be closely associated with
AML progression and prognosis (Figure 5D and
Figure S10B).

Coordinate sncRNA signatures between blood
and bone marrow samples

Newly-diagnosed individuals with ~AML
generally showed similar flow cytometric and
cytogenetic analysis results between blood and bone
marrow [39]. To investigate whether the sncRNA
profile was similar in those samples, we collected
paired samples from 30 newly-diagnosed subjects and
generated 60 paired sncRNA-seq datasets (Figure 6A).
Interestingly, the sncRNA profiles in peripheral blood
serum (PBS) and bone marrow supernatants (BMS)
from individual AML patients seemed to be
remarkably consistent. No significant difference was
observed in overall expression levels of various types
of sncRNAs among blood and bone marrow derived
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from individual AML patients (Figure 6B-C). BMS, such as tsRN AAl-TGC tsRN AGly-ccC
Moreover, highly consistent expression patterns of  tsRNALewCAG, tsRNALeu-CAA and tsRNALysTIT (Figure
individual sncRNAs were obtained from various 6D). These results demonstrated that PBS and BMS
types of sncRNAs, especially miRNAs, tsRNAs, from AML patients shared highly consistent sncRNA
rsRNAs, and ysRNAs (Figure S11). Importantly, signatures and suggest that the circulating sncRNA in
expression patterns of 6-tsSRNAs capable of PBS and BMS might contribute to shaping the
distinguishing AML patients from healthy controls  microenvironment of leukaemia for leukaemogenesis.
showed remarkable consistency between PBS and
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Figure 4. SncRNA alteration signatures in AML patients. (A) The comparative analysis illustrates the overall proportion of seven major sncRNA categories between
healthy controls and AML patients. (B) The histogram shows the alteration of four sncRNAs including miRNAs, tsRNAs, rsRNAs, and ysRNAs between healthy controls and AML
patients. Statistical significance for the analyses was determined by the t test (*p < 0.05, ***p < 0.001, ***p < 0.001, NS > 0.05), and error bars display the mean + SEM. (C)
Scattered plot comparison of profile changes in miRNAs in AML patients vs. healthy controls in PBS. (D) Validation of mir-146a by RT-PCR and quantitative RT-PCR. (E)
Comparison of cyto-tsRNA expression profiles categorized by the anti-codons of amino acids between healthy controls and AML patients. Statistical significance for the analyses
was determined by the t test (**p < 0.01, ***p < 0.001). (F-G) Schematic illustration for single-base resolution and RT-PCR and quantitative RT-PCR validation for the origination
of tsRNAGY-GCC in healthy controls and AML patients. (H) Expression signature and sequence mapping location of ysSRNARNY4 in human PBS on their parental RNY4. Expression
levels are presented as mean + SEM. (I) Validation of 5’ysRNARNY4 by RT-PCR and quantitative RT-PCR. (J) Expression signature and sequence mapping location of ysRNARNYs
in human PBS on their parental RNY5. Expression levels are presented as mean + SEM. (K) Validation of 5’ysRNARNYs by RT-PCR and quantitative RT-PCR. (L) Expression
signature and sequence mapping location of rsRNA-18S in human PBS on their parental rRNA. Expression levels are presented as mean + SEM. (M) Validation of rsRNA-18S (#3)
by RT-PCR and quantitative RT-PCR. (N) Expression signature and sequence mapping location of rsRNA-28S in human PBS on their parental rRNA. Expression levels are
presented as mean * SEM. (O) Validation of rsRNA-28S (#3) by RT-PCR and quantitative RT-PCR.
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Figure 5. tsRNA-based feature screening robustly discriminates subjects with AML from controls. (A) Strategies and workflow of screening miRNA and tsRNA
characteristics for developing the prediction model. (B-C) Performance of distinct miRNA and tsRNA datasets in the discovery and validation cohorts. AUC: area under the
receiver operating characteristic curve, OOB: out of bag error. (D) Several tsRNAs at the time of diagnosed correlated with risk levels.

Discussion

AML is a highly heterogeneous disorder at the
molecular and clinical levels that is generally caused
by gradually accumulating mutations, numerous
additional genetic and epigenetic abnormalities, and
post-transcription ~ and  translation  regulator
alterations [40-45]. Due to their broad range of
functions in post-translational regulation and the
haematopoietic microenvironment, sncRNAs, especi-
ally miRNAs, play major roles in maintaining
haematopoietic stem cell homeostasis and are
well-documented in leukaemia progression, meta-
stasis, and drug resistance [46-49]. Many studies over
the past decades have identified non-canonical
sncRNAs such as tsRNAs, rsRNAs, and ysRNAs and
revealed their versatile roles in cell homeostasis and
disease [35, 50-55]. To our knowledge, this study is the
first to comprehensively characterize the sncRNA

profiles of human blood serum and bone marrow
supernatant from people with and without AML,
revealing a specific sncRNA profile in AML. Many
early studies focusing on sncRNAs aimed to discover
miRNAs (21-23 nt) and siRNAs (20-27 nt) of ~20 nt
using a pre-size selection of < 30 nt RNA [56], which
prevented the discovery of sncRNAs > 30 nt, such as
piRNAs (21-35 nt) and tsRNAs (30-40 nt). In this
study, an RNA size in the range of 15-45 nt was
selected for sequencing, which can cover many
sncRNAs. It is encouraging that over 20 biotypes of
sncRNAs are present in both blood and bone marrow.
Furthermore, by describing their expression level,
characteristic distribution, and source certification, we
showed that rsRNAs are the most abundant sncRNAs
in human serum and are mainly derived from 185-
and 285-rRNAs. We also characterized the expression
pattern of tsRNA and ysRNA, which are mainly
derived from the 5 end of their parental RNAs, in
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human serum. This is in agreement with other reports
that 5'tsRNAs are ubiquitously expressed and
relatively stable in cells [57]. Such a complete
landscape of sncRNAs suggests that in additional to
miRNAs, other serum-enriched sncRNAs (e.g.,
tsRNAs, rsRNAs and ysRNAs) might also be involved
in the onset, development, and pathogenesis of
leukaemia. In general, our work provides an
exhaustive list of sncRNAs in the blood and bone
marrow of healthy participants and AML patients,
which is a prerequisite for basic elucidation of their
functions.

By screening the sncRNA transcriptome in
healthy participants and AML patients and validating
it by multiple technologies (qPCR, RT-qPCR and
northern blot), we found that the category and origin
of most serum sncRNAs did not change significantly.
Serum tsRNAs and ysRNAs presented a uniform
length distribution and 5" end dominance, indicating
conserved biological processes. However, significant

expression alterations were detected in AML patients
across various sncRNAs, such as cyto-5"tsRNASY,
cyto-inner’ tsRNALeu, cyto-5'tsRNALys, cyto-
5tsRNACys, ysRNARNY4, and ysRNARNY5, indicating
that serum sncRNAs have experienced reshaping due
to the activities of cleavage enzymes (e.g., ANG,
Dicer, RNaseZ, and RNaseP) and the modifications
they harbor (e.g., m7G, m6A, m5C). Increasing
evidence has shown that post-transcriptional
modification under the catalysis of different
modifying enzymes is necessary and affects all
aspects of tRNA biology [58]. Abnormal modification
states can both affect codon decoding and impact
tsRNA generation, which is sufficient to promote
cancer initiation [37, 59]. Therefore, our study also
indirectly presents that epitranscriptomics changes
occur in AML patients, which might be the
consequence of the high proliferative and metabolic
state of cancer cells.
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Figure 6. Correlation analysis of sncRNA expression levels between PBS and BMS in AML patients. (A) In the pairwise analysis cohort, 60 libraries including paired
PBS and BMS were collected from 30 AML patients and profiled by sncRNA-seq. (B) Comparison of overall sncRNA expression levels in AML PBS and BMS. The expression level
was measured with Log10 (RPM), and error bars display the mean + SEM. Statistical significance was determined by two-way ANOVA with the Fisher’s LSD test (NS > 0.05). (C)
Scatter plot showing the correlation of sncRNA expression profiles between paired PBS and BMS samples derived from an individual in the AML group. (D) Schematic illustration
for single-base resolution for the origination of tsRNAGY-GCCand tsRNALew-CAA jn PBS and BMS of AML patients.
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In general, tsSRNA and rsRNA are characterized
by multiple RNA modifications and non-standard 3’
and 5 termini when compared to miRNA
(3’-hydroxyl and 5 -phosphate), which would block
the adaptor ligation process and interfere with reverse
transcription during cDNA library construction. To
overcome these problems, we and others recently
established a novel tsRNA- and rsRNA- friendly
sncRNA sequencing method (PNDORA-Seq [60],
AQRNA-Seq [61], and CPA-Seq [62]), which expands
our knowledge on the repertoire of sncRNAs in
mouse tissues and human ES cells. Nevertheless,
application of these methods requires a large amount
of total RNA input, which cannot be obtained from
human serum, especially from AML patients. We
believe that the development of these methods with
trace RNA input will allow for an informative
repertoire of sncRNAs in the human haematological
system and improve clinical diagnosis.

Recently, sncRNAs have been implicated in
multiple diseases, and their dysregulation is involved
in regulating leukaemia cell growth, metastasis, and
communication through multiple pathways [37, 59,
63]. Although most of the functions of sncRNAs are
still poorly wunderstood, their capabilities as
biomarkers for disease diagnosis and prognosis have
been revealed in clinical studies [15, 36]. In our study,
by applying highly efficient machine learning
methods for classification, we found that certain
sncRNA combinations (such as tsSRNAs and miRNAs)
could effectively distinguish healthy participants
from AML patients, with fewer tsRNAs performing
better, suggesting that it may be worthwhile to
investigate whether any sncRNA candidates have
functional roles that affect leukaemia growth.
Moreover, our results showed that tsRNAs are
present at a considerably or even higher level than
miRNAs in human serum, which is conducive to their
use as a measurable biomarker. In addition to
miRNAs and tsRNAs, ysRNAs and rsRNAs show
significant dysregulation in overall proportions and
displayed significant up-regulation or down-
regulation. However, we did not use ysRNAs and
rsRNAs for modelling in our study for two reasons. 1)
They have a relatively narrow range of features. By
generating multiple alignments, we found that
dominantly expressed ysRNAs - 5'ysRNA, especially
produced by RNY1, RNY3, and RNY4, shared over
70% nucleotides. Although those sequences can be
easily separated by sncRNA-seq, they are difficult to
distinguish in the clinical by qRT-PCR, RT-PCR, or
northern blotting during detection. 2) They have
complicated distribution features. Unlike miRNAs,
tsRNAs, or ysRNAs, rsRNAs usually generate more
than one main peak (such as 285-rRNAs or

185-rRNAs), and each rsRNA peak has a wide
sequence length (15-45 nt), which makes it difficult to
precisely locate and quantify levels of target rsRNAs,
especially in clinical applications.

Early assessment of patient prognosis can
dramatically improve chances of survival. Specific
sncRNAs in the serum of those with solid tumours
have great value for pathologic diagnosis, assessment
of malignant grade, evaluation of curative effect, and
prognosis prediction of malignancy [64, 65]. Our
results for AML patients showed that expression
levels of some tsRNA at diagnosis correlated with
risk, which may be valuable to encourage further
studies on the specific contributions of tsRNA to AML
biology. We further analysed the correlation between
levels of tsRNA and clinical and biological
characteristics, such as the number of myeloblasts.
Unfortunately, no significant correlations were found,
indicating that the sncRNAs discovered in this study
may also be produced by alterations in physiologic
changes in inflammation/metabolism, by the tumour
microenvironment, or as a result of leukaemia
growth. In addition, our sample size was small (n =
122), which limited our ability to better clarify the
correlation between tsRNA level and clinical
characteristics, which will be further explored in our
next project by expanding samples, as will the specific
function of tsRNA in AML.

Haematological malignancy is often located and
develops in the bone marrow where blood is
produced, followed by uncontrolled growth of
abnormal blood cells, interfering with regular
functions of normal blood cells and breakage of the
marrow blood barrier and leading to immature blood
cells leaving the bone marrow to the peripheral blood.
In the clinical, bone marrow aspiration and biopsy are
commonly used as the recommended diagnostic
approach for haematological malignancies, especially
AML, despite their invasiveness. Previous studies
have shown considerable concordance between the
blood and bone marrow of newly diagnosed AML
patients in terms of morphologic features,
cytochemistry, immunophenotype, and leukaemia
marker expression [39, 66]. Therefore, it will be more
convenient to use peripheral blood for studies if it can
serve as well as bone marrow. In our study, sncRNA
profiling of paired primary AML blood and bone
marrow samples enabled the discovery of similarity
and diversity. Through comprehensive analysis of the
present data, we revealed that the majority of sncRNA
compounds detected (including the type of
compounds and the expression level) in bone marrow
were also detected in blood. Substantial proportions
of sncRNAs demonstrated moderate or strong
correlations in blood and bone marrow (0.80 for
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miRNA, 0.67 for tsRNA, 0.90 for ysRNA, and 0.66 for
rsRNA). However, the abundances of some specific
sncRNAs, antisense RNA, and lincRNA, did not
correlate significantly. This result suggests that the
distinct biogenesis or function of antisense RNAs and
lincRNAs is different from that of sncRNAs or that the
profiles of antisense RNAs and lincRNAs might be
tissue-specific, which may be associated with bone
marrow microenvironment and has a key role in
regulating haematopoiesis. Overall, our findings have
wide implications and are appropriate for estimating
and investigating bone marrow metabolism and
tumour microenvironment studies in AML because
the sncRNA footprints in blood showed a positive
correlation with bone marrow and can be collected in
a non-invasive way.

However, limited by its retrospective clinical
research nature, our study still had shortcomings and
should be interpreted with caution. First, to obtain a
high-quality sequencing dataset, during the period
the samples were taken, we discarded a certain
amount of low-quality samples. Limited number of
samples restricted our ability to perform analyses
stratified by clinical characteristics. In addition,
although we used cross-validation and independent
cohorts, our models still need to be validated in a
larger independent cohort. Another limitation is that
as controls, we used blood from healthy participants.
It can be argued that it is inappropriate to perform
comparative analysis of predominately leukaemia
myeloblasts with those containing less than 5%
normal myeloblasts. To address this issue, adding a
group such as persons with infection and other
non-AML causes in future studies will be appropriate.

Conclusions

This study provides a comprehensive
characterization of human circulating sncRNAs and
their alteration signhature among healthy controls and
AML patients, representing a unique resource for
future biological studies that may help in identifying
novel critical sncRNAs involved in leukaemia
biology, prognosis, and drug resistance. Furthermore,
we generated a serum tsRNA subset that showed
robust performance and accuracy in distinguishing
AML patients from healthy controls by machine
learning methods, indicating the potential application
of human serum tsRNAs as non-invasive biomarkers
in AML diagnosis. Moreover, we observed closely
coordinated regulation patterns of sncRNAs between
blood and bone marrow from AML patients,
shedding new light on employing blood sncRNA
analysis in AML patients as a complementary
diagnostic method for bone marrow aspiration and
biopsy in assistance of AML diagnosis.
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