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Abstract

Recent studies suggest abnormal microRNA (miRNA) expression may have potential prognostic value in childhood acute
lymphoblastic leukemia (ALL). In this systematic review, we searched different databases (PubMed, ASH, ASCO, and SIOP)
for studies published from 2008 to 2018 that evaluated the prognostic impact of miRNAs in childhood ALL. We also used
DIANA-miRPath v3.0 to further characterize the functional role of the significant prognostic miRNAs identified in our system-
atic review. Here we evaluate 15 studies with a total of 38 different miRNAs and 1545 children with B-cell ALL (B-ALL) or T-
cell ALL (T-ALL) recruited over approximately 3 decades (1984-2016) with different treatment protocols and ethnicities. Out of
the 15 studies examined, 14 reported 32 dysregulated miRNAs with significant prognostic impact in pediatric ALL patients. Only
one Brazilian study reported no significant prognostic effect of 7 miRNAs, while the seventh miRNA (miR-100) showed
prognostic significance in a Chinese study. Using DIANA-TarBase v7.0 of DIANA-miRPath v3.0, pathway enrichment analysis
revealed 25 miRNAs modulated 24 molecular pathways involved in cancer development. To remove the effect of salvage
therapy, 9 studies carried out multivariate cox regression analysis for both relapse-free survival and disease-free survival to
develop a panel of 23 miRNAs acting as independent prognostic biomarkers. To enhance the clinical application, utility, and
validity of the miRNAs discussed here, their potential prognostic value should be confirmed in larger cohort studies within
different ethnicities and different ALL protocols adjusted for other contemporary validated prognostic factors in childhood ALL.
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1 Introduction 90% [1]. This high survival is primarily attributable to decades

of outstanding advancement in the knowledge of leukemic
Childhood acute lymphoblastic leukemia (ALL) is the most  cell biology, which has shed light on the remarkable progress
common childhood cancer with high overall survival at 80—  in antileukemic therapy development and risk-adapted treat-
ment [2]. This is along with collaborative multicenter clinical
trials and progress in supportive care. However, the relapse
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vage therapy [3]. Identification of prognostic biomarkers will
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or a panel of miRNAs as reliable prognostic biomarkers in
childhood ALL. Therefore, evaluating miRNA databases for
candidates with clinical application in childhood ALL bridges
basic research and clinical application. This systematic review
aims to identify all studied miRNAs with prognostic signifi-
cance in childhood ALL. This panel can be validated in future
large cohort studies.

2 Methods
2.1 Systematic search

This systematic review was registered in International pro-
spective register of systematic reviews (PROSPERO) with
identification number CRD42019136496. We searched the
PubMed database in addition to SIOP, ASH, and ASCO ab-
stract meetings from 2008 to 2018. Citation databases (Web of
Science and Scopus) were used to identify publications that
have cited previous publications. The following combinations
were used in PubMed (MEDLINE), (((microRNA) OR
miRNA) OR miR) and childhood acute lymphoblastic
leukemia.

The research was limited to full-text English literature only.
The eligibility criteria for included studies was as follows: (i)
time since publication < 18 years and (ii) measurement of at
least one survival curve for overall survival (OS), leukemia-
free survival (LFS), disease-free survival (DFS), and relapse-
free survival (RFS) with or without hazard ratio (HRs) and
95% confidence intervals (CIs). The main exclusion criteria
were (i) the data in cell lines or any nonhuman experimental
approach (ii) reviews or letters without primary data and
retracted or duplicated papers (iii) frequency of research eval-
uating prognostic value of miRNAs in tissue of four or less
(iv) articles published in language other than English.

Two investigators (WMR and MMH) independently con-
ducted a standardized research protocol and data extraction.
The following information was extracted: the surname of the
first author/year of publication, sample size/country, age, pro-
tocol used/recruitment period, follow-up duration, blast cells
cutoff, RNA extraction method/source of sample, platform
(miRNA assay method), miRNA studied, endpoint, and dys-
regulated miRNA-associated poor survival. Any conflict re-
garding inclusion of certain studies were settled by discussion.
Studies were divided according to the ethnicity of the country/
population studied (Asian, European, North American,
African, and Mixed).

2.2 Pathway enrichment analysis:
We used DIANA-TarBase v7.0 of DIANA-miRPath v3.0 [8]

for better understanding of the functional role of the signifi-
cant prognostic miRNAs identified in our systematic review.

@ Springer

We entered all significant prognostic miRNAs in the search
bar of DIANA-miRPath v3.0 to identify both significant
genes and molecular function in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways and Gene Ontology
(GO) categories, respectively. To identify the significant path-
ways and molecular function modulated by the same
miRNAs, we created HeatMap (as an exploratory tool) of
dysregulated miRNAs vs pathways or categories.

3 Results
3.1 Baseline characteristics of studies

We have retrieved 206 records from PubMed using specified
research terms. Our search in SIOP, ASH, and ASCO abstract
meetings from 2008 to 2018 resulted in one study with eligible
characteristics. Figure 1 summarizes the search strategy used.
Out of the fifteen eligible studies, only four studies used mi-
croarray platform in the test cohort (discovery) followed by
gRT-PCR in the validation cohort [9—12]. Six studies used
TRIzol method for RNA extraction [9, 12—16]. The source
of specimens in all studies except 3 [10, 13, 17] was bone
marrow with different cutoff values (table 1). Out of the 14
studies, there were two studies that tested miRNAs in precur-
sor B-ALL patients only [11, 17]. The total number of pedi-
atric ALL patients across the 15 studies was 1545. Studies that
included the same cohort in another study or subsequent anal-
ysis were not counted twice [9, 11, 18] (Table 1). Patients of
European ethnicity represent the largest cohort (36.15%) in 6
studies [10, 13, 18-21] followed by Asian ethnicity (31.16%)
in 5 studies (Fig. 2). Studies in this systematic review included
ALL patients recruited over approximately 3 decades (1984—
2016). During these 3 decades, different treatment protocols
were used (Table 1).

206 studies identified 1 study identified using SIOP,
through PubMed database ASH, and ASCO eligibility criteria

14 studies excluded
(reviews or letters
to the editor)
P

25 studies excluded
[ 193 studies screened ]—> (3 retracted, 4 duplicates,
\_18 non-English language)

for eligibility to study 153 studies excluded;
lacking required data

168 studies assessed - ]

the prognostic value of
miRNA in ALL

15 studies included in
systematic review

Fig. 1 Flow chart for the systematic search
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Fig. 2 The number of
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3.2 Dysregulated miRNAs

We identified 38 miRNAs across the 15 studies examined
in this systematic review. Only one Brazilian study report-
ed no significant prognostic effect of 7 miRNAs (miR-
92a,, miR-125a-5p, miR-128a, miR-181b, miR-196b, let-
7e, miR-100) [14]. Yet, the seventh miRNAs (miRNA-
100) in the same study showed a significant prognostic
effect in the Chinese study [16]. Thirty-two dysregulated
miRNAs with significant prognostic impact in pediatric
ALL patients were identified in 14 studies. The total num-
ber of up- and downregulated miRNAs was 12 and 20,
respectively (Table 1). All studies showed a significant
association between tested miRNAs with survival at
ALL diagnosis, excluding one study [18]. This study
showed significant association between overexpression
of miR-143-3p/miR182-5p at the end of induction (EOI)
day 33 of Berlin-Frankfurt-Miinster (BFM) protocol and
both DFS and OS. Only 1 study reported the epigenetic
alteration of miR-124-3p (previously known as miR-124a)
in ALL. Epigenetic downregulation of miR-124-3p in-
duces upregulation of its target cyclin-dependent kinase
6 (CDKG6) in the cell cycle machinery. This is associated
with phosphorylation of retinoblastoma gene.
Consequently, it results in cell proliferation.

Out of the 14 studies, only 10 carried out multivariate
cox regression analysis and reported 25 significant dys-
regulated miRNAs as an independent prognostic biomark-
er in childhood ALL (Table 2). They reported 13 down-
and 9 upregulated miRNAs in addition to 1 panel of
miRNA (2 up- and 1 downregulated miRNA).

3.3 Pathway enrichment analysis and target genes:
All genes and the associated KEGG pathways modulated

by the 25 miRNAs were identified by DIANA-TarBase
v7.0 of DIANA-miRPath V3.0 (Table S1). Furthermore,

31.16%

36.05% 7

Asian

Publications

9.98%
5.42% 2

V4 “\ 1
v

African

European Mixed

[ Sample size Publication

25 miRNAs modulate 24 molecular pathways involved in
cancer development as identified in the reference database
(Table 3). Pathways in cancer (hsa05200) was the molec-
ular pathway with the highest number of both modulated
genes (294 genes) and miRNAs (24 miRNAs). Overall,
this is an evidence that these miRNAs are involved in
cancer development including ALL.

HeatMap in both Figs. 3 and 4 represents the dysregu-
lated miRNAs with the significant KEGG pathways and
GO molecular function, respectively. Using experimental-
ly validated miRNA interactions derived from DIANA-
TarBase v7.0, the results showed 7 miRNAs, out of the
32 miRNAs, with no targeted genes in the reference da-
tabase. The seven miRNAs are composed of 2 upregulat-
ed (miR-496 and miR-215) and five downregulated (miR-
210, miR-134, miR-580, miR-599, and miR-627)

4 Discussion

Out of 207 records retrieved via PubMed, SIOP, ASH,
and ASCO search, only 15 studies were eligible to be
included in this systematic review. The total number of
patients in this systematic review was 1545 ALL pediatric
patients. A total 38 miRNAs in 15 studies were identified.
Only one Brazilian study reported no significant prognos-
tic effect of 7 miRNAs. Thus, 32 dysregulated miRNAs
with significant prognostic impact in pediatric ALL pa-
tients were reported from 14 studies. Out of the 14 stud-
ies, only 10 studies carried out multivariate cox regression
analysis and reported 25 significant miRNAs as an inde-
pendent prognostic biomarker in childhood ALL. Pathway
enrichment analysis using DIANA-miRPath V3.0 data-
base has revealed the functional role of the dysregulated
miRNAs to modulate different KEGG pathways and GO
categories involved in cancer. Overall, the thirty-two dys-
regulated miRNAs with significant prognostic effect in

@ Springer
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Table 2
systematic review

List of significant dysregulated miRNAs as independent prognostic marker in the multivariate cox regression analysis of all studies in the

No. 1st Author/
year

miRNA expression

Multivariate analysis, HR (95%CI)

End Other prognostic factors (covariates)
point

(I) Downregulated miRNAs (n = 13)

1 Meietal miR-210 0.029 (0.002-0.461) RFS CAS8AP2, MRD day 33, prednisone response,
2017 CNS involvement,
BCR-ABL, TEL-AMLI1, MLL rearrangement,
E2A-PBX1
2 Piatopoulou MiR-125b 3.891(1.195-12.67) DFS  Prednisone response (BFM day 8), poor vs good,
etal. 2.963 (1.079-8.135) oS bone marrow response (BFM day 15);
2017 M2-M3 vs M1, immunophenotype, T-ALL vs
B-ALL
WBC count, 50 000 cells/pl vs < 50 000
cells/ul; Age, < 1 or 10 years vs 1-9 years;
Gender, male vs female; BFM risk group, high
risk vs low/intermediate risk
3 Yan et al. miR-335 Test cohort: 7.55 (2.37-24.01) OS  Age, WBC, BCR-ABLI, NCI criteria, MRD risk
2013 Validation cohort: 2.84 (1.07-7.52) group at day 33
4 Hanetal miR-223 24.22 (3.73-157.28) RFS  Age (10-year increase), immunophenotyping
2011 (T-ALL), 33-day remission status (> 50%),
MLL
5 Schotte miR-10a, miR-134, 0.82 (0.69-0.97) 0.73 (0.56-0.96) 0.73 DFS ALL subtypes:
etal. miR-214 miR-484, (0.59-0.90) 0.81 (0.69-0.94) 0.59 MLL, TEL-AMLI, BCR-ABL, E2A-PBX1,
2011 miR-572, miR-580, (0.41-0.85) 0.81 (0.65-0.99) 0.79 hyperdiploid, T-ALL
miR-624, miR-627 (0.67-0.93) 0.68 (0.49-0.93)
6  Agirre et al. miR-124-3p NA DFS NCI poor risk, T-cell phenotype, WBC > 50 x

2009
(II) Upregulated miRNAs (n = 9)

7 Piatopoulou miR-143, -182 overex- 6.907 (1.208-39.47)

10°/L, BCR/ABL positivity

DFS Prednisone response (BFM day 8), bone marrow

etal. pression at day 33 2.939 (0.537-16.09) OS response (BFM day 15), M2-M3 vs M1;

2018 immunophenotype, T-ALL vs B-ALL; WBC
count <vs> 50 x 10%/L; Age, < 1 or> 10 years
vs 1-9 years; gender, male vs female, BFM
risk group, high risk vs low risk vs intermedi-
ate risk

8  Schotte miR-33, miR-215, 1.32 (1.02-1.69) 1.30 (1.01-1.67) 1.30 DFS ALL subtypes:
etal. miR-369-5p, miR-496,  (1.01-167) 1.52 (1.15-2.00) 1.43 MLL, TEL-AMLI, BCR-ABL, E2A-PBX1,
2011 miR-518d, miR-599 (1.01-1.04) 1.39 (1.01-1.89) hyperdiploid, T-ALL.

9 Labiberal miR-21 4.01 (1.74-9.34)
2017 4.63 (1.96-10.98)

(III) Panel of miRNAs (up- and down-regulated) (n = 1)

10 Avigad et al. miR-151-5p, miR-451, 8.34(2.97-23.3)
2016 miR-1290

DFS Age, CNS infiltration, Platelet (x 10°/1)
oS

RFS Age, WBCs, prednisone response

Abrreviations: BFM Berlin-Frankfurt-Miinster protocol, DFS Disease- free survival, HR Hazard Ratio, MLL mixed lineage leukemia gene, RF'S Relapse-

free survival, OS overall survival

pediatric ALL patients should be investigated as a prog-
nostic panel in larger cohort study along with other prog-
nostic factors of childhood ALL.

Patients from European descent represented the highest
sample size (36.15%) in a total 6 studies followed by
Asian descent (31.16%) in a total 5 studies. This coin-
cides with a recent report by Sirugo et al regarding the
predominant representation of European population and
subsequent lack of ethnic diversity in genetic association
studies [22]. The underrepresentation of ethnically various

@ Springer

populations leads to misunderstanding of the genetic ar-
chitecture of human disease, along with a delay in clinical
translation of basic research. Consequently, treatment pro-
tocols and diagnostic/prognostic biomarkers validated in
predominantly European cohorts may be blindly applied
to other populations in clinical practice. Therefore, genet-
ic research studies including different population especial-
ly African population should be encouraged through
funding agencies to avoid this racial bias. Moreover, in-
ternational collaboration amongst research groups could
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Table 3 Summary of the
significant molecular KEGG No.
pathways involved in cancer

development modulated by the
selected miRNAs

KEGG pathway p value No. of No. of
genes miRNAs
1 Proteoglycans in cancer (hsa05205) 1.03E-12 164 23
2 Cell cycle (hsa04110) 4.08E-09 102 23
3 Pathways in cancer (hsa05200) 2.34E-06 294 24
4 Hippo signaling pathway (hsa04390) 4.32E-06 112 22
5 Chronic myeloid leukemia (hsa05220) 1.06E-05 62 24
6 TGF-beta signaling pathway (hsa04350) 1.12E-05 64 22
7 Regulatory pathways of stem cell pluripotency 0.0004 105 23
(hsa04550)

Adherens junction (hsa04520) 0.000597 57 22
9 HIF-1 signaling pathway (hsa04066) 0.001583 82 23
10 ErbB signaling pathway (hsa04012) 0.001583 67 24
11 Acute myeloid leukemia (hsa05221) 0.001649 47 21
12 FoxO signaling pathway (hsa04068) 0.002306 100 23
13 RNA transport (hsa03013) 0.003077 124 23
14 Insulin signaling pathway (hsa04910) 0.003077 105 24
15 mTOR signaling pathway (hsa04150) 0.0043 49 21
16 Viral carcinogenesis (hsa05203) 0.004519 141 24
17 MAPK signaling pathway (hsa04010) 0.004611 178 23
18 Central carbon metabolism in cancer (hsa05230) 0.005454 51 21
19 TNF signaling pathway (hsa04668) 0.005505 82 23
20 AMPK signaling pathway (hsa04152) 0.006182 92 23
21 Steroid biosynthesis (hsa00100) 0.007855 16 10
22 p53 signaling pathway (hsa04115) 0.01019 54 21
23 Wnat signaling pathway (hsa04310) 0.01019 97 22
24 Transcriptional misregulation in cancer (hsa05202) 0.0148 125 24

also increase representation of other ethnically various
populations.

In this systematic review, 3 studies did not associate
the prognostic value of tested miRNAs to certain proto-
cols [13, 16, 17], while 2 studies associated the results of
the prognostic value of certain miRNAs to ALL BFM-
based protocols [11, 18]. In general, using miRNA as
prognostic biomarker requires clinical validation in addi-
tion to clinical utility. Thus, studies investigating the
prognostic effect of miRNA should be validated using
multiple different protocols.

Only 10 studies carried out multivariate cox regression
analysis to prove the independency of tested miRNAs as
prognostic biomarkers with contemporary validated prog-
nostic factors in childhood ALL (Table 2). We have to
clarify that both RFS and DFS are the same as defined
by NCI Dictionary of Cancer Terms-National Cancer
Institute at National Institutes of Health. So, to remove
the effect of the salvage therapy, we can enlist the signif-
icant dysregulated miRNAs as an independent prognostic
biomarker in the multivariate cox regression analysis for
DFS/RFS only. The result is a panel of 23 independent
prognostic miRNAs. This panel reported by 9 studies and

composed of 13 downregulated miRNAs (miR-210, miR-
125b, miR-223, miR-10a, miR-134, miR-214, miR-484,
miR-572, miR-580, miR-624, miR-627, miR-151-5p,
miR-451) and 10 upregulated miRNAs (miR-143, miR-
182, miR-21, miR-33, miR-215, miR-369-5p, miR-496,
miR-518d, miR-599, miR-1290). We failed to run meta-
analysis for these 9 studies due to two reasons. First, we
didn’t find clinically important confounders in the multi-
variate cox regression analysis in 2 studies [13, 17].
Second, two studies reported significant hazard ratios on-
ly for combined rather than single miRNAs [11, 18]. In
general, the clinical utility and the clinical validity of this
panel as independent prognostic biomarker should be con-
firmed in further large study.

The 14 studies included in this systematic review re-
ported miRNAs as a reliable prognostic biomarker. Two
studies [9, 15] in the systematic review used OS as an end
point in testing prognostic value of tested miRNAs
(miR24 and miR335). Using OS as an end point will
reflect the effect of the overall treatment including both
the treatment protocol and the salvage therapy used. Most
contemporary childhood ALL treatment protocols are
risk-adapted stratification. Current prognostic factors/

@ Springer



778

Cancer Metastasis Rev (2019) 38:771-782

Fig. 3 HeatMap of KEGG
pathway vs significant
dysregulated miRNAs
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Fig.4 HeatMap of GO molecular
function vs significant
dysregulated miRNAs
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features [23] enable clinicians to stratify ALL patients at
diagnosis into their corresponding group. Yet, there is no
standard salvage therapy for ALL patients. Therefore, the
prognostic impact of both miR-24 and miR-335 should be
evaluated in further study using relapse-free survival
(RFS) and disease-free survival (DFS) as an end point.

Induction of apoptosis in ALL protocols is enhanced
either directly by glucocorticoid (GC) [24] or indirectly
via other antileukemic therapies [25, 26]. Many miRNAs
included in this systematic review are associated with GC
response. MiR-143, miR-182, and miR-16 target B-cell
lymphoma 2 (BCL2) expression as the apoptotic cell ma-
chinery [18, 27]. BCL2 family proteins are known to play
an important role in GC-induced apoptosis of malignant
lymphocytes [28]. Also, miR-335 regulates MEK/ERK
pathway in GC-induced apoptosis [9]. In addition, miR-
708 was reported to be associated with the response to GC
treatment and with ALL risk stratification [12].
Furthermore, a significant correlation between low miR-
151-5p levels and poor prednisone response and BFM
high-risk classification was identified [11]. Both miR-
100 and miR-99a regulate glucocorticoid receptor (GR)
signaling pathway through their target called FK506-
binding protein 51 (FKBP51). So, developing therapeutic
methods to reintroduce synthetic miRNAs to ALL pa-
tients or/and modifying the underlying signaling pathway
that is associated with GC-induced apoptosis may be po-
tential therapeutic strategies to overcome GC resistance
and improve the treatment outcome for pediatric ALL
patients.

Although miRNA-100 showed no prognostic impact in
childhood ALL in one study [14], other study showed its
prognostic impact [16]. Also, Zhang et al demonstrated
the increased miR-210 expression in high-risk group is
associated with a poorer outcome in pediatric ALL, which
is in contrast with the findings of Mei et al. study
[29-31]. These discrepancies in findings can be attributed
to the difference in the methods of extraction and detec-
tion of miRNAs, in addition to the risk classification
groups in treatment protocols.

5 Recommendations

Recently, microRNA research has become a hot topic due
to growing evidence of miRNA dysregulation in many
cancer types. However, using miRNAs as a prognostic
biomarker remains a challenge. The presence of certain
consensus methodology in setting up miRNA research
studies enables researchers to perform systematic reviews
and/or meta-analyses. Moreover, it will enhance the clin-
ical translation and application of the findings. In addition
to previously published recommendations [29] regarding

@ Springer

both sample source and leukemic blast, we propose some
statistical analysis recommendations that should be taken
in consideration to optimize published data on miRNAs in
cancer (see below). Overall, to enhance the clinical appli-
cation, utility, and validity of the 32 miRNAs identified
here as prognostic biomarkers, these should be validated
in larger cohort studies with ethnically diverse cohorts
and different ALL protocols along with contemporary val-
idated prognostic biomarkers in childhood ALL.

1. Standardization of the cutoff determining method:
Several methods were applied to detect the optimal
cutoff point for miRNA expression in this systematic
review. These ranged from using the median to using
ROC and X-tile algorithms. Mosakhani et al/ used K-
means and Euclidean distance to divide groups based
on unsupervised clustering technique [10], while Han
et al applied hierarchical clustering on the data and
the separation coincided precisely with disease at di-
agnosis, at relapse, and in CR, using median as the
cutoff [12]. All but 2 studies identified high and low
expression groups. Standardization of the cutoff deter-
mining method is highly recommended to facilitate
the critical comparison of results across different stud-
ies. Using the ROC curve method is highly recom-
mended, as it will yield more accurate results than
simply using median or quartile values.

2. Multivariate regression analysis: The essence of multi-
variate regression is to adjust for potential confounders so
as to ensure that the risk factor in question (miRNA ex-
pression) is an independent prognostic factor. When we
omit well-known risk factors from the multivariate analy-
sis, we just can’t accurately assess risk factor indepen-
dence. Moreover, several risk factors added to cox regres-
sion models were not “Day 0” risk factors, as for example,
MRD level, steroid response. These factors vividly violate
the proportional hazard assumption of the cox regression
model and consequently threaten the validity of the cox
regression results. Time-dependent cox regression is high-
ly recommended to be used instead.

3. Sample size: Sufficient sample size is needed for miRNA
studies to ensure accuracy of results. This is especially
important in exploratory studies, (e.g., microRNA profil-
ing) where reliable miRNAs are identified for the first
time within the study. Using small sample size and upon
application of subgroup analysis, the problem is aggravat-
ed, and survival estimates are less reliable. This can be
evident by a wide confidence interval reported.

4. Correction of multiple testing: Several articles had mul-
tiple testing of different miRNAs. This increases the like-
lihood of false positive results. Correction of multiple
testing is highly recommended and has been adopted in
one study[13].
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