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Background: Expression of long non-coding RNAs (lncRNAs) has recently been recognized as a potential prognos-
tic marker in acute myeloid leukemia (AML). However, it remains unclear whether incorporation of the lncRNAs
expression in the 2017 European LeukemiaNet (ELN) risk classification can further improve the prognostic
prediction.
Methods: We enrolled 275 newly diagnosed non-M3 AML patients and randomly assigned them to the training
(n = 183) and validation cohorts (n = 92). In the training cohort, we formulated a prognostic lncRNA scoring
system composed of five lncRNAs with significant prognostic impact from the lncRNA expression profiling.
Findings:Higher lncRNA scoreswere significantly associatedwith older age and adverse genemutations. Further,
the higher-score patients had shorter overall and disease-free survival than lower-score patients, which were
also confirmed in both internal and external validation cohorts (TCGA database). The multivariate analyses re-
vealed the lncRNA score was an independent prognosticator in AML, irrespective of the risk based on the 2017
ELN classification. Moreover, in the 2017 ELN intermediate-risk subgroup, lncRNA scoring system could well di-
chotomize the patients into two groups with distinct prognosis. Within the ELN intermediate-risk subgroup, we
found that allogeneic hematopoietic stem cell transplantation could provide better outcome on patients with
higher lncRNA scores. Through bioinformatics approach, we identified high lncRNA scores were correlated
with leukemia/hematopoietic stem cell signatures.
Interpretation: Incorporation of lncRNA scoring system in 2017 ELN classification can improve risk-stratification
of AML patients and help clinical decision-making.
Fund: This work was supported Ministry of Science and Technology, and Ministry of Health and Welfare of
Taiwan.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Acute myeloid leukemia (AML) is an aggressive hematologic malig-
nancy, characterized by uncontrolled proliferation and impaired
hftien@ntu.edu.tw (H.-F. Tien).
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differentiation of hematopoietic precursors. AMLpatients have substan-
tial heterogeneity in the pathogenesis of the disease, clinical features,
and treatment outcomes [1]. Therefore, risk-stratification is one of the
most critical factors in the era of precision medicine.

Risk-stratification of AML patients by the United Kingdom Medical
Research Council (MRC) cytogenetic classification and European
LeukemiaNet (ELN) risk classification have been widely used [2][3].
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

The 2017 European LeukemiaNet (ELN) expert panel is probably
the most widely used risk-stratification model in current clinical
practice. The model is composed of cytogenetic changes and re-
current gene mutations. However, there are still substantial pa-
tients classified into the intermediate-risk group, in which the
treatment strategy is not well defined. Recently, besides the cod-
ing events, non-coding events have been discovered to have sig-
nificant impact on patients' outcome. Although researchers have
found that certain long non-coding RNAs (lncRNAs) have prog-
nostic impact, whether incorporating lncRNA into the 2017 ELN
classification can improve the prognostication is still unknown.

Added value of this study

We formulated a simple but precise lncRNA scoring system com-
posed of only five lncRNAs and validated in both the internal and
external cohorts, which were composed of different patient
races and gene expression profile based on different platforms.
The scoring system is closely associated with stem cell signature
and can well risk-stratify intermediate-risk patients defined by the
2017 ELN classification.

Implications of all the available evidence

This lncRNA scoring system can help clinicians to provide proper
treatment for the intermediate-risk patients defined by the 2017
ELN classification.
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However, a large proportion of patients are in the intermediate-risk
subgroup in whom there is substantial prognostic heterogeneity [4].
More sophisticated systems are needed to improve the risk-
stratification of AML patients. Besides aberrations of the coding genes,
a number of studies showed that non-coding RNAs, which lack
protein-coding potential, also play important roles in the pathogenesis
of AML and influence its prognosis [5–9]. Long non-coding RNAs
(lncRNAs) are transcripts N200 nucleotides in length that act as gene ex-
pression regulators through epigenetic, transcriptional, or posttran-
scriptional regulation and are involved in various biological functions
including cell cycle, apoptosis, differentiation, etc. [10–12] Recently,
mounting evidences showed prognostic relevance of lncRNA expression
in AML patients [13–15]. However, it remains unclear whether incorpo-
ration of the lncRNA expression in the newly developed 2017 ELN risk
classification [16] can further improve the prognostic prediction. More
investigations are needed in this field to give a clearer view of the clin-
ical implications of lncRNA expression in AML. Furthermore, since the
demographics and disease natures in AML patients are somewhat dif-
ferent between Asian and Western countries [17–19], it is unclear
whether this new risk model combining both clinical parameters and
molecular data is similarly useful for risk stratification of AML patients
in Asia.

In this study, we profiled the lncRNA expression to investigate the
clinical, biological, and prognostic implications of lncRNA expression
in de novo AML patients. We constructed a succinct risk scoring system,
which could independently predict the prognosis, irrespective of the
risk based on the refined MRC cytogenetic or 2017 ELN classification.
Further, the scoring system could well stratify the intermediate-risk
group, defined by either classification, to two subgroups with distinct
survival. To the best of our knowledge, this is the first study to show
that incorporation of lncRNA expression in the 2017 ELN risk classifica-
tion can improve stratification of intermediate-risk patients. Further-
more, we explored the differential mRNA expression between the two
groups with high and low lncRNA scores to investigate the underlying
mechanisms.

2. Materials and methods

2.1. Subjects

A total of 275 adult patients with newly diagnosed de novo non-M3
AML at the National TaiwanUniversity Hospital (NTUH)were recruited.
AML was diagnosed according to French-American-British (FAB) study
group and 2016World Health Organization (WHO) criteria [1]. Patients
with antecedent hematological diseases, history of cytopenia, family
history of myeloid neoplasms, or therapy-related AML were excluded.
This study was approved by the Research Ethics Committee of the
NTUH in accordance with the Declaration of Helsinki. The treatment
protocol was described previously [20] and the choice of allogeneic he-
matopoietic stem cell transplantation (HSCT) was based on chromo-
somal findings, age, availability of donors and the response to
induction treatment. We randomly divided the patients into the train-
ing (n=183) and the validation cohorts (n=92). The basic character-
istics of the two subgroups were not significantly different regarding
clinical features and treatment outcome (Supplementary Table S1). In
addition, 151 AML patients with RNA-Seq data from The Cancer Ge-
nome Atlas (TCGA; https://tcga-data.nci.nih.gov/tcga/) were used as
the external validation cohort [21].

2.2. Analyses of cytogenetics and genetic alterations

Cytogenetic analyses were performed and interpreted according to
the International System for Human Cytogenetic Nomenclature [22].
Analyses of mutations in genes involving in activated signaling path-
ways, such as FLT [20], NRAS [23], KRAS [23], JAK2 [23], KIT [20], and
PTPN11 [20]; transcription factors, such as CEBPA [24], RUNX1 [17],
and GATA2 [25]; splicing factors, including SRSF2, U2AF1, and SF3B1
[26]; epigenetic modifications, including MLL/PTD [20], ASXL1 [27],
IDH1 [28], IDH2 [28], TET2 [29], and DNMT3A [30]; cohesin gene com-
plex, including STAG1, STAG2, SMC1A, SMC3, and RAD21 [31]; as well
as NPM1 [20], WT1 [32], and TP53 [33], were performed as previously
described.

2.3. Microarray analysis of lncRNAs and the dataset processing

The global gene expressions were profiled with the Affymetrix
GeneChip Human Transcriptome Array (HTA) 2.0 (Affymetrix, Santa
Clara, CA, USA). Please refer to the online supplement for the technical
detail.

The probes were then mapped with LNCipedia [34] (V4.1) and
GENCODE [35] (Release 27) databases to identify lncRNA probes.
There were 70,523 probes corresponding to at least 18,638 known cod-
ing genes and many other non-coding regions. Among them, 19,614
probes were mapped to lncRNAs.

The external validation dataset was downloaded from TCGA in May
2018. The RNA-Seq of the 151 AML patients from TCGA were deter-
mined on the Illumina platform, in whom 142 patients had overall sur-
vival (OS) data. The lncRNAs were extracted based on the ENSG
identifiers. The expression levels of each lncRNA were normalized in
the form of fragments per kilobase of transcript per million mapped
reads (FPKM) and were transformed into Log2 scale.

2.4. The lncRNA risk score

We first conducted probe-level Z-transformation on the 19,614
lncRNAs in the training cohort, which made zero mean and unit

https://tcga-data.nci.nih.gov/tcga
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standard deviation of each lncRNA across the patients.We then used the
univariate Cox proportional hazards regressionmodel to analyze the as-
sociation between the expression levels of the individual lncRNAs and
OS and disease-free survival (DFS). The lncRNAs with prominent signif-
icance on bothOS and DFS (P b .001)were selected for furthermultivar-
iate Cox model to identify the lncRNAs whose expression levels could
independently predict survival. The lncRNAs with significant associa-
tion with OS in the multivariable test (multivariate Cox P b .05) were
then selected to establish the lncRNA risk scoring system. The lncRNA
risk score was calculated as Risk(j)=∑lncRNAi∈componentlncRNAslncRNAi(j)
∙ βi, where j denotes the patient accession number; lncRNAi represents
the normalized expression level of the lncRNA probe i after Z-
transformation, and βi represents the weight of the particular lncRNA
probe i.

To validate this scoring system, a k-fold cross-validation processwas
applied. Furthermore, in order to test the superiority of this scoring sys-
tem, we performed a 10,000-time randompermutation test. For each it-
eration, five lncRNAs were randomly selected to construct a random
scoring system and multivariate Cox regression model was used to
test the significance of each randomly assigned lncRNA score. The em-
pirical P value was calculated as the fraction of random scoring systems
with better P value than the proposed one. The smaller the empirical
P value, the greater the probability that the proposed lncRNA scoring
system could outperform the other randomly assembled lncRNA
combinations.
Table 1
Comparison of clinical characteristics between AML patients with higher and lower lncRNA ris

Variables Total (n = 183)

Sexa

Male 105
Female 78

Age (year)b 57 (18.4–91.3)
Lab datab

WBC (/μL) 29,170 (890–423,720)
Hb (g/dL) 8.1 (2.5–14.0)
Platelet (×1000/μL) 44 (5–396)
Blast (/μL) 13,439 (0–398,297)
LDH (U/L) 1062 (242–8116)

FABa

M0 2 (1.1%)
M1 37 (20.2%)
M2 59 (32.2%)
M4 68 (37.2%)
M5 14 (7.7%)
M6 3 (1.5%)

2016 WHO classificationa

AML with t(8;21)(q22;q22.1) 16 (8.7%)
AML with inv.(16)(p13.1q22) or t(16;16)(p13.1;q22) 6 (3.3%)
AML with t(9;11)(p21.3;q23.3) 3 (1.6%)
AML with t(6;9)(p23;q34.1) 0 (0.0%)
AML with (q21.3q26.2) or t(3;3)(q21.3;q26.2) 2 (1.1%)
AML with mutated NPM1 59 (32.2%)
AML with biallelic mutations of CEBPA 18 (9.8%)
AML with myelodysplasia-related changes 19 (10.4%)
AML, NOS
AML with minimal differentiation 1 (0%)
AML without maturation 14 (7.7%)
AML with maturation 30 (16.4%)
Acute myelomonocytic leukemia 12 (6.6%)
Acute monoblastic/monocytic leukemia 2 (1.1%)
Pure erythroid leukemia 1 (0.5%)

Induction responsea,c

CR 82 (69.5%)
PR/Refractory 28 (23.7%)
Induction death 8 (6.8%)

Relapse 54 (65.9%)

Abbreviations: FAB, French-American-British classification; CR, complete remission; WHO, Wo
a number of patients (%).
b median (range).
c Totally 118 patients received standard chemotherapy, 65 in the low-score group and 53 in
2.5. Bioinformatics approaches for biological inference of the five lncRNAs
included in the scoring system

Please refer to the online supplement.

2.6. Statistical analysis

Please refer to the online supplement.

3. Results

3.1. The lncRNA risk score

We identified 92 out of the 19,614 lncRNA probes whose expression
levels had significant association with OS (P b .001, Supplementary
Table S2), and 28 probes associated with DFS (P b .001, Supplementary
Table S3). We then included expression levels of the overlapped 16
lncRNAs in a multivariate Cox model to select the lncRNAs whose
expression levels had independent predictive power on survival.
We discovered that high expressions of TC03000901.hg.1 (Chr3;
168,619,733-168,639,784; ENST00000484765), TC05001739.hg.1
(Chr5; 124,731,072-124,731,673; ENST00000509010), and
TC21000723.hg.1 (Chr21; 40,218,171-40,220,568; ENST00000416842)
independently predicted poor OS (P = .001, 0.002, and 0.026, respec-
tively), while that of TC04000372.hg.1 (Chr4; 70,047,818-70082484;
k scores in the training cohort.

Lower score (n = 91) Higher score (n = 92) P value

0.372
49 (53.8%) 56 (60.9%)
42 (46.2%) 36 (39.1%)
52.7 (19.1–91.3) 61.5 (18.4–89.8) 0.020

25,110(1020–423,720) 34,155 (890–417,500) 0.582
8.1 (3.7–14.0) 8.1 (2.5–13.2) 0.621
38 (6–396) 56.5 (5–361) 0.028
10,938 (0–398,296) 15,016 (0–369,070) 0.863
1120 (279–7400) 982 (242–8116) 0.419

0 (0%) 2 (2.2%) 0.497
24 (26.4%) 13 (14.1%) 0.044
38 (41.8%) 21 (22.8%) 0.007
25 (27.5%) 43 (46.7%) 0.009
2 (2.2%) 12 (13.0%) 0.010
2 (2.2%) 1 (1.1%) 0.621

13 (14.3%) 3 (3.3%) 0.009
4 (4.4%) 2 (2.2%) 0.444
0 (0.0%) 3 (3.3%) 0.246
0 (0.0%) 0 (0.0%) N0.999
1 (1.1%) 1 (1.1%) N0.999
29 (31.9%) 30 (32.6%) N0.999
17 (18.7%) 1 (1.1%) b0.001
7 (7.7%) 12 (13.0%) 0.333

0 (0%) 1 (0.5%) N0.999
5 (5.5%) 9 (9.8%) 0.405
11 (12.1%) 19 (20.7%) 0.162
3 (3.3%) 9 (9.8%) 0.133
0 (0%) 2 (2.2%) 0.497
1 (1.1%) 0 (0%) 0.497

51 (78.5%) 31 (58.5%) 0.027
11 (16.9%) 17 (32.1%) 0.081
3 (4.6%) 5 (9.4%) 0.466
30 (58.8%) 24 (77.4%) 0.098

rld Health Organization; NOS, not otherwise specified; PR, partial remission.

the high-score group.



Table 2
Association of lncRNA scores with genetic alterations in the training cohort.a

Variables Number
of tested

No. of patients with alteration (%) P value

Mutated
patients

Lower score
(n = 91)

Higher score
(n = 92)

FLT3/ITD 183 43 (23.5%) 18 (19.8%) 25 (27.2%) 0.296
FLT3/TKD 183 15 (8.2%) 3 (3.3%) 12 (13.0%) 0.028
NRAS 183 32 (17.5%) 20 (22.0%) 12 (13.0%) 0.123
KRAS 183 6 (3.3%) 0 (0%) 6 (6.5%) 0.029
PTPN11 183 12 (6.6%) 5 (5.5%) 7 (7.6%) 0.767
KIT 183 10 (5.5%) 9 (9.9%) 1 (1.1%) 0.009
WTI 182 13 (7.1%) 3 (3.3%) 10 (11.0%) 0.081
NPM1 183 61 (33.3%) 31 (34.1%) 30 (32.6%) 0.876
CEBPA 183 27 (14.8%) 22 (24.2%) 5 (5.4%) b0.001
CEBPAdouble-mutations 183 18 (9.8%) 17 (18.7%) 1 (1.1%) b0.001
RUNX1 182 25 (13.7%) 7 (7.8%) 18 (19.6%) 0.030
MLL/PTD 183 9 (4.9%) 3 (3.3%) 6 (6.5%) 0.497
ASXL1 182 30 (16.5%) 13 (14.4%) 17 (18.5%) 0.550
IDH1 183 9 (4.9%) 2 (2.2%) 7 (7.6%) 0.169
IDH2 183 30 (16.4%) 14 (15.4%) 16 (17.4%) 0.842
TET2 181 36 (19.9%) 17 (18.9%) 19 (20.9%) 0.853
DNMT3A 182 40 (22.0%) 12 (13.3%) 28 (30.4%) 0.007
TP53 183 10 (5.5%) 5 (5.5%) 5 (5.4%) 0.999
GATA2 182 11 (6.0%) 9 (9.9%) 2 (2.2%) 0.058
Splicing gene 180 32 (17.8%) 7 (7.9%) 25 (27.5%) 0.001

SF3B1 180 6 (3.3%) 0 (0%) 6 (6.6%) 0.029
SRSF2 180 17 (9.4%) 5 (5.6%) 12 (13.2%) 0.125
U2AF1 180 9 (5.0%) 2 (2.2%) 7 (7.7%) 0.169

Cohesin 178 16 (9.0%) 8 (9.0%) 8 (9.0%) N0.999
STAG1 181 2 (1.1%) 1 (1.1%) 1 (1.1%) N0.999
STAG2 183 6 (3.3%) 1 (1.1%) 5 (5.4%) 0.211
SMC1A 182 4 (2.2%) 3 (3.3%) 1 (1.1%) 0.365
RAD21 183 4 (2.2%) 3 (3.3%) 1 (1.1%) 0.368

a No patients harbored JAK2 or SMC3 mutations.
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ENST00000505646) and TC10002453.hg.1 (Chr10; 6,973,425-
7,002,440; lnc-SFMBT2-4:1), predicted better OS (P = .023 and 0.007,
respectively). The details of the five lncRNAs were listed in Supplemen-
tary Table S4. By incorporating the beta values as statistical weights, we
established the lncRNA risk score=0.313 ∗ [TC03000901.hg.1] - 0.353 ∗
[TC04000372.hg.1] + 0.26 ∗ [TC05001739.hg.1] - 0.371 ∗ [TC10002453.
hg.1] + 0.295 ∗ [TC21000723.hg.1]. We used the median of the lncRNA
risk score as a cut-off to define the groups of patients with higher and
lower scores. To validate this scoring system, we applied five-fold
cross-validation and found that the P values derived from log-rank
were statistically significant.

3.2. Patient characteristics

Among the 183 de novo AML patients in the training cohort, 91 had
lower lncRNA risk scores and 92, higher scores. The patients with higher
lncRNA risk scores were significantly older (median 61.5 vs. 52.7, P =
.020), had higher platelet count at diagnosis (median 56,500 vs.
38,000/μL, P = .028) and a higher portion of FAB M4 (46.7% vs. 27.5%,
P= .009) or M5 subtype (13.0% vs. 2.2%, P= .010) but a lower propor-
tion of M1 (14.1% vs. 26.4%, P= .044) or M2 subtype (22.8% vs. 41.8%, P
= .007). Based on the 2016 WHO Classification, the high-score group
had a lower incidence of t(8;21)(q22;q22.1) (3.3% vs. 14.2%, P = .009)
and biallelic mutations of CEBPA (1.1% vs. 18.7%, P b .001) (Table 1).
Other clinical features, including gender distribution, white blood cell
(WBC) count at diagnosis, hemoglobin level, peripheral blood blast per-
centage, and lactate dehydrogenase level were similar between the two
groups.

3.3. Comparison of cytogenetic abnormalities and gene mutations between
patients with higher and lower lncRNA scores

Chromosome data were available in 174 patients at diagnosis, in-
cluding 88 with lower lncRNA risk scores and 86 with higher scores
(Supplementary Table S6). Compared with patients with lower scores,
thosewith higher lncRNA scores had less frequently favorable-risk cyto-
genetic changes (5.8% vs. 19.3%, P = .011) based on the refined MRC
classification [3]. The distribution of other chromosomal abnormalities
was similar between the two groups.

To investigate the difference in gene mutations between high-score
and low-score patients, we performed a complete mutational screening
of 26 myeloid malignancies related genes (Table 2). The high-score pa-
tients harbored significantly more gene mutations at diagnosis com-
pared with the low-score ones (median 3.0 vs. 2.0, P = .005). The
high-score patients had significantly more FLT3/TKD (13.0% vs. 3.3%, P
= .028), KRAS (6.5% vs. 0%, P = .029), RUNX1 (19.6% vs. 7.8%, P =
.030), DNMT3A (30.4% vs. 13.3%, P = .007), and SF3B1 mutations (6.5%
vs. 0%, P = .029), but less KIT mutations (1.1% vs. 9.9%, P = .009) and
CEBPAdouble-mutations (1.1% vs. 18.7%, P b .001) than the low-score ones.
Other genetic alterations were not significantly different between
these two groups. The distributions of molecular gene mutations in
these two groups seem different (Supplementary Fig. S1). Collectively,
the high-score patients had a higher frequency to harbor one or more
adverse gene mutations (including FLT3/ITD, MLL/PTD, WT1, RUNX1,
ASXL1, DNMT3A, splicing factor genes, and TP53 mutations) than the
low-score ones (81.5% vs. 47.3%, P b .001), and the difference retained
significant while two or more such gene mutations were counted
(48.9% vs. 22.0%, P b .001).

3.4. Prognostic impact of lncRNA scores on OS and DFS

Among the 118 patients receiving standard chemotherapy in the
training cohort, 82 (69.5%) patients achieved a complete remission
(CR). The high-score patients had a lower CR rate (58.5% vs. 78.5%, P
= .027) and a trend of higher relapse rate (77.4% vs. 58.5%, P = .098)
than the low-score ones (Table 1). With a median follow-up of
91.1 months (ranges, 1 to 171.5 months), the high-score patients had
significantly poorer OS and DFS than the low-score ones (median,
13.1 months vs. not reached (NR), P b .001, Fig. 1A, and median, 1.4 vs.
18.0 months, P b .001, Fig. 1B, respectively). The findings could be vali-
dated in an independent internal cohort (median OS, 25.2 months vs.
NR, P = .004, Fig. 1C, and median DFS, 6.3 vs. 23.7 months, P = .007,
Fig. 1D) and in the external TCGA cohort (median OS 274 vs. 822 days,
P = .006, Fig. 1E). The comparison of clinical parameters between the
lower andhigher score groups in the TCGA cohortwas shown in Supple-
mentary Table S5. The differences between groupswere similar to those
in our cohort. In the subgroup of cytogenetically normal AML (CN-AML)
patients, the lncRNA scoring system still served as a prognosticator for
OS and DFS (both P b .001, Fig. 1F and G).

Though the refined MRC classification is widely used for risk-
stratification in AML patients (Supplementary Fig. S2A and S2B), many
patients are in the intermediate-risk group. Among the 118 patients re-
ceiving standard chemotherapy, 112 patients (63 lncRNA low-score and
49 high-score patients) could be categorized by MRC classification. In-
troducing the lncRNA scoring system, the intermediate-risk patients
could be further categorized into two subgroupswith distinct prognosis
(median OS, NR vs. 12.8 months, P b .001, Fig. 2A and median DFS, 29.7
vs. 1.4 months, P b .001, Fig. 2B). In the patients with intermediate-risk
cytogenetics, those who had lower lncRNA scores had OS and DFS sim-
ilar to those with favorable-risk cytogenetics (P = .121 and 0.126, re-
spectively), while those with higher lncRNA scores had OS and DFS
similar to those with unfavorable-risk cytogenetics (P = .091 and
0.056, respectively) (Fig. 2A and B). In our cohort, the 2017 ELN risk
classification could separate patients with favorable-risk from those
with intermediate- or unfavorable-risk, but the last two were indistin-
guishable (Supplementary Fig. S3A and S3B). The lncRNA scoring sys-
tem could well stratify the 2017 ELN intermediate-risk patients
(Fig. 2C and D); those with lower lncRNA scores had OS and DFS similar
to the favorable-risk group (P = .238 and 0.506, respectively), while
those with higher lncRNA scores had OS and DFS similar to



Fig. 1. The Kaplan-Meier survival curves for OS (A) and DFS (B) of AML patients stratified by lncRNA scores. The prognostic impact of the lncRNA scoring system could be validated in an
independent internal cohort (C)(D), and the external cohort (E). Patients with normal cytogenetics could also be divided by lncRNA scores into two groupswith distinct outcomes (F)(G).
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the unfavorable-risk group (P = .620 and 0.377, respectively) (Fig. 2C
and D).

Inmultivariate Cox proportional hazards regression analysis,wefirst
included age [36], WBC counts at diagnosis [37], treatment modality
and 2017 ELN risk classifications as the covariables (Table 3). Higher
lncRNA score was an independent poor prognosticator, while ELN
favorable-riskwas a good prognostic factor for both OS andDFS. Receiv-
ing HSCT was an independent favorable factor for OS. Interestingly,
among patients with higher lncRNA scores, HSCT did confer a better
prognosis compared with post-remission chemotherapy alone (OS me-
dian 23.8 vs. 7.2months, P=.013, Supplementary Fig. S4). Furthermore,
allogeneic HSCT was also shown beneficial in the subgroup of ELN
intermediate-risk patients with higher lncRNA scores (median OS,
30.6 vs. 4.6 months, P b .001) but not those with lower lncRNA scores
(median OS, NR vs. 14.4months, P= .359).We next applied cytogenet-
ics and 11 gene mutations, including those that had significant survival
impact in univariate analyses and those that were included in 2017 ELN
risk classifications, aswell as age andWBC counts as covariables into the
multivariate analysis. Unfavorable-risk cytogenetics, higher lncRNA
scores, and DNMT3A mutations were independent poor prognostic fac-
tors, while NPM1+/FLT3-ITD− was a favorable prognostic factor for
both OS and DFS. HSCT and CEBPAdouble-mutations were independent fa-
vorable prognostic factors, but TP53 mutations were independent poor
prognostic factors for OS (Table 4). Importantly, the finding that the
higher lncRNA score was an independent poor prognosticator for OS
and DFS was confirmed in our validation cohort by multivariate analy-
sis, which included variables with statistical significance in univariate
analyses. (Supplementary Tables S7 and S8). In the 10,000-time permu-
tation test, the same covariables as in Table 4 were chosen. The pro-
posed scoring system surpassed almost all other randomly selected
lncRNA combinations in multivariate OS prediction, with an empirical
P = 3 × 10−4, suggesting the high performance and non-randomness
of our scoring system.

3.5. Correlation of the lncRNA signature with gene expression to investigate
potential underlying mechanisms

We profiled genome-wide RNA expression (the 70,523 probes cor-
responding to at least 18,638 known coding genes and many other
non-coding regions) and compared the expression levels between pa-
tients with high and low lncRNA risk scores to get biological insight
into the molecular mechanisms underlying the lncRNA signature. A
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total of 595 differentially expressed genes were identified (N1.5-fold
change and Student t-test P b .0001, Fig. 3A, B, and Supplementary
Table S9). A network constructed by IPA showed HOXA9, ERK1/2, NF-
kB, and TRIM25were the hub genes among the differentially expressed
genes (Supplementary Fig. S5). Considering the roles of HOX gene fam-
ily in determining stem cell fate, we further curated three published
stem cell signatures [38–40]. The GSEA revealed significant up-
regulation of leukemia stem cell and hematopoietic stem cell related
genes in the high lncRNA score patients (Fig. 3C). We also made the dif-
ferential gene expression analysis based on RNA-Seq data in the TCGA
cohort, and the results were consistent (Supplementary Figs. 6 and 7).

4. Discussion

Besides the coding genes, aberrancy of non-coding genes are also in-
volved in AML leukemogenesis and contribute to chemo-resistance, and
may serve as prognosticators [5,6,9]. However, most studies regarding
non-coding genes focused on miRNAs or certain subgroups of lncRNAs,
and most importantly, the proposed scoring systems were mostly not
further validated by the external cohort [13–15]. Garzon et al. from Can-
cer and Leukemia Group B (CALGB)/Alliance first established a lncRNA
score composed of 48 lncRNAs as a prognosticator in elder (age ≧
60 years) CN-AML patients [13]. Later on, the same group showed that
a lncRNA score, made of 24 lncRNAs, had prognostic impacts on clinical
outcome in younger (age b 60 years) CN-AML patients [15]. Because
there was no overlap of lncRNAs between these two scoring systems,
the mutual application may not be feasible in clinical practice. Beck
et al. focused on long intervening/intergenic noncoding RNA (lincRNA),
a subgroup of lncRNAs, instead of lncRNA we studied, and reported ex-
pression signatures composed of four out of 1664 lincRNAs could pre-
dict clinical outcomes in independent cohorts [41]. To our knowledge,
this is the first study to elucidate the prognostic impacts of lncRNAs in
de novo AML patients irrespective of various cytogenetic risks or gene
mutation status. We developed a simple but concise scoring system
composed of 5 lncRNAs, by analyzing expression levels of 19,614
lncRNA, and ensured the significant and independent prognostic impli-
cation throughwell-organized statistical modeling process. The reasons
that the proposed lncRNAs in our scoring system were different from
those in other reports could partly be explained bydifferences in ethnic-
ity, age and treatment regimens.

Although there are several diverse risk-stratification models, most
AML patients would be classified into an intermediate-risk group [4].



Fig. 2. The patients withMRC intermediate-risk cytogenetics could bewell risk-stratified by lncRNA scoring system (A) (B). For the 2017 ELN intermediate-risk patients, the lncRNA score
still served as a good prognosticator (C)(D).
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The 2017 ELN recommendations incorporate cytogenetic changes and
gene mutation status, including FLT3-ITD allelic ratio, to propose a re-
fined stratification model which largely enhances the stratification
power compared with 2010 ELN recommendations and refined MRC
classification [42]. Nonetheless, the survival of patients is still heteroge-
neous even in the same intermediate-risk group. The lncRNA scoring
system shown in this study can further dissect this heterogeneous
group and help guide the choice of treatment strategies; low-risk pa-
tients can be treated less intensively, while high-risk patients, more ag-
gressively. Truly, we showed that HSCT did confer a benefit to the ELN
intermediate-risk patients with higher lncRNA scores, but not those
with lower scores. Analyses of the clinical significance of lncRNA in
AML patients in previous studies were mostly based on the 2010 ELN
recommendations [13,41,43], or did not incorporate 2017 ELN recom-
mendations into themultivariate analysis [15]. To thebest of our knowl-
edge, this study was the first to show that a lncRNA scoring systemwas
an independent prognostic factor for both OS and DFS, irrespective of
the risk factors based on the 2017 ELN classification.

Spurred by the advancement of genomic and transcriptomic tech-
nologies, more andmore molecular markers, including genemutations,
mRNA expression, non-coding RNA expression, etc., were incorporated
into risk-stratification models [19,41,43–47]. Previous studies focusing
on the prognostic implications of lncRNA in AML exploited 12–48
lncRNA expression levels. However, this is not easy to put these com-
prehensive markers into clinical practice. The lncRNA scoring system
in this study is composed of only 5 lncRNAs with significant prognostic
impact, which makes it handy to use in clinical practice.

It is pertinent that the proposal of a new prognostic scoring system
should merit further validation. In order to verify the prognostic impact
of this lncRNA scoring system,we used both an internal and an external
cohort. The total cohort in our studywas randomly split to the indepen-
dent training and validation cohorts, and the two cohorts were compa-
rable in terms of clinical features and treatment outcome. The
prognostic impact of the lncRNA scoring system was verified in this in-
ternal validation cohort, even in themultivariate analysis incorporating
the 2017 ELN risk classifications or various kinds of cytogenetic changes
and gene mutations. Most importantly, we chose the TCGA-AML data-
base as the external validation cohort. The TCGA cohort has multi-
omics information, facilitating the possibility of the validation process.
Although we could only find the expression levels in three out of five
lncRNAs included in this lncRNA scoring system in the TCGA cohort,
the lncRNA scoring system could well stratify patients into subgroups



Table 3
Multivariate Cox proportional hazards regression analysis using the 2017 ELN risk classi-
fication as a covariable on the disease-free survival and overall survival in the training
cohort.

Variables Disease-free Survival Overall Survival

95% CI 95% CI

RR Lower Upper P value RR Lower Upper P value

Total cohort (n = 118)
Agea 1.009 0.993 1.026 0.264 1.003 0.985 1.022 0.723
WBC counts
(k/μL)a

1.000 0.997 1.002 0.923 1.000 0.997 1.003 0.819

HSCTb 1.200 0.734 1.962 0.468 0.534 0.303 0.941 0.030
ELN Favorablec 0.566 0.344 0.931 0.025 0.362 0.195 0.672 0.001
lncRNA scored 2.326 1.462 3.701 b0.001 2.296 1.338 3.939 0.003

Abbreviation: RR, relative risk; CI, confidence interval; HSCT, hematopoietic stem cell
transplantation; WBC, white blood cell.

a Continuous variables.
b HSCT vs.without HSCT.
c 2017 ELN Favorable-risk vs.Others. Regarding patients without cytogenetic data, they

were classified according to gene mutation status. The two patients within the favorable-
risk group both had NPM1mutations; the four patients within the unfavorable-risk group
had RUNX1, RUNX1, ASXL1, and FLT3-ITDhigh, respectively; the three patients within the in-
termediate-risk group hadNPM1mutationswith FLT3-ITDhigh, FLT3-ITDlow, andNPM1mu-
tations with FLT3-ITDhigh, respectively.

d High-score vs low-score.
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with significantly distinct prognosis. Because the RNA-Seq data in TCGA
is unstranded, it is noteworthy that the quantification of certain lncRNA
may be confounded by its natural antisense transcript, which is comple-
mentary and overlapping with the interested target. Regarding the five
components in the proposed lncRNA scoring system, only TC04000372.
hg.1 (ENST00000505646) has a natural antisense transcript,
ENST00000446444 (product of gene UGT2B11), whichmight introduce
bias in the external validation analysis.

In order to put the lncRNAs scoring system into clinical practice, a
standardized and accessible procedure is mandatory. Wang et al.
validated six prognostic models in AML and described if the model's in-
puts are dichotomized by the median value rather than a fixed given
value, it would be easier to implement in data from varied platforms
Table 4
Multivariate Cox proportional hazards regression analysis using genetic alterations as covariab

Variables Disease-free Survival

95% CI

RR Lower Upper

Total cohort (n = 118)
Agea 1.013 0.995 1.030
WBC counts (k/μL)a 1.001 0.998 1.004
Karyotypeb 2.687 1.312 5.507
HSCTc 1.009 0.590 1.725
NPM1+/FLT3-ITD−d 0.281 0.114 0.694
CEBPAdouble-mutations e 0.539 0.238 1.218
WT1e 0.993 0.480 2.055
Splicing genese,f 1.775 0.778 4.049
DNMT3Ae 1.877 1.021 3.451
RUNX1e 0.865 0.337 2.224
ASXL1e 0.534 0.248 1.148
TP53e 1.363 0.384 4.840
lncRNA scoreg 2.015 1.199 3.387

Abbreviation: RR, relative risk; CI, confidence interval, HSCT, hematopoietic stem cell transplan
a Continuous variables.
b Unfavorable cytogenetics vs. others.
c HSCT vswithout HSCT.
d NPM1+/FLT3-ITD− vs. other genotypes.
e Mutated vswild type.
f Including SF3B1, SRSF2, and U2AF1.
g High-score vs. low-score.
irrespective of the original distribution of the data [4]. Our lncRNA scor-
ing system using the median as the cut-off value may further pave the
way for its clinical application. Furthermore, it has been reported that
RNA-Seq can provide reproducible results compared with quantitative
PCR [48–52]. Theperformance of the lncRNA scoring system in TCGA co-
hort suggests that our scoring system would work in another cohort
even using quantitative PCR. It is feasible to use either microarray,
RNA-Seq, or quantitative PCR data to implement the lncRNA scoring
system.

In this study, the higher lncRNA-score patients had significantly
poorer OS and DFS, resulting from a lower CR rate and trend of higher
relapse rate. Higher lncRNA scores were significantly associated with
poor-risk molecular alterations, such as RUNX1 [17], DNMT3A [30],
and splicing gene mutations [26], but negatively associated with
good-risk genetic alterations, such as favorable-risk cytogenetics and
CEBPAdouble-mutations. Further, the high-score patients harbored signifi-
cantly more adverse gene mutations than the low-score patients did.
Nevertheless, in multivariate analysis, higher lncRNA score was a
poor prognostic factor independent from the clinical features, cytoge-
netic risks, gene mutations, and 2017 ELN risk classification. We also
found allogeneic HSCT could significantly improve the survival of
high-score patients. It implied that HSCT might ameliorate the poor
survival impact of the adverse-risk lncRNA signatures. Further pro-
spective studies with more patients recruited are needed to verify
this point.

Papaioannou et al. correlated biological function with lncRNA scor-
ing system established in younger AML patients and disclosed enrich-
ment of genes involved in lymphocyte/leukocyte activation,
inflammation, and apoptosis in patients with higher lncRNA scores
[15]. No biological function analysis of lncRNA or lincRNA involved in
scoring systems was performed in other reports in literature. In this
study, the mechanistic investigation suggested that the high lncRNA
score was strongly associated with hematopoietic and leukemic stem
cells signatures, including those involving HOX genes, which might
not only contribute to leukemogenesis but also lead to chemoresistance
[53,54], and confer to the poor outcome. Similarly, the relationships of
lncRNAs with cancer stem cell and drug resistance were also reported
in solid cancers [55].
les on the disease-free survival and overall survival in the training cohort.

Overall Survival

95% CI

P value RR Lower Upper P value

0.164 1.001 0.981 1.022 0.890
0.419 1.003 0.999 1.006 0.121
0.007 3.125 1.432 6.819 0.004
0.973 0.349 0.182 0.669 0.002
0.006 0.253 0.083 0.768 0.015
0.137 0.150 0.034 0.654 0.012
0.985 1.824 0.811 4.104 0.146
0.173 2.089 0.743 5.877 0.163
0.043 2.142 1.024 4.481 0.043
0.764 0.932 0.299 2.909 0.904
0.108 0.488 0.187 1.276 0.144
0.632 5.143 1.345 19.664 0.017
0.008 2.174 1.191 3.969 0.011

tation; WBC, white blood cell.
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Fig. 3. Comparison of the genome-wide RNA expressions between the patients with higher and lower lncRNA scores. (A) The x-axis specifies the fold-changes (FC) and the y-axis specifies
the negative logarithm to the base 10 of the t-test P values. The vertical and horizontal lines reflect the filtering criteria (FC=±1.5 and P value= .0001). Red and green dots represented
probe sets for transcripts expressed at significantly higher (n = 174) or lower (n = 421) levels in high-score patients, respectively. (B) Heatmap of the selected differential expressed
genes. (C) GSEA confirmed that leukemia or hematopoietic stem cell signature containing genesets were enriched in higher lncRNA score patients.
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5. Conclusion

We proposed an easy-to-use but concise lncRNA score composed of
five lncRNAs. High lncRNA score was associated with distinct clinical
features and gene mutation profiles, and was an independent poor
prognostic factor. Incorporating lncRNA score into risk assessment
could further refine the 2017 ELN or refined MRC risk classification by
sub-dividing intermediate-risk patients. Further prospective large-
scale studies are warranted to confirm our findings.
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