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Objectives: It is well known that transporter and enzyme genes could be regulated
by microRNA (miRNA) at the post-transcriptional level, and single-nucleotide
polymorphisms (SNPs) in miRNA, which are involved in the miRNA production
and structure, may impact the miRNA expression level and then influence drug
transport and metabolism. In this study, we aim to evaluate the association
between mMIiRNA polymorphisms and high-dose methotrexate (HD-MTX)
hematological toxicities in Chinese pediatric patients with acute lymphoblastic
leukemia (ALL).

Method: A total of 181 children with ALL were administered with 654 evaluable
cycles of HD-MTX. Their hematological toxicities were evaluated according to
the National Cancer Institute Common Terminology Criteria for Adverse Events
v5. The association between 15 candidate SNPs of miRNA and hematological
toxicities (leukopenia, anemia, and thrombocytopenia) was analyzed using
Fisher's exact test. Further multiple backward logistic regression analysis was
used to explore the independent risk factors for grade 3/4 hematological toxicities.
Result: Rs2114358 G>A in pre-hsa-miR-1206 was related to HD-MTX-related
grade 3/4 leukopenia after multiple logistic regression [GA + AA vs. GG: odds
ratio (OR): 2.308, 95% Cl: 1.219-4.372, P =0.010], and rs56103835 T>C in pre-
hsa-mir-323b was associated with HD-MTX-related grade 3/4 anemia (TT + TC
vs. CC: OR: 0.360, 95% CI: 0.239-0.541, P=0.000); none of the SNPs were
significantly associated with grade 3/4 thrombocytopenia. Bioinformatics tools
predicted that rs2114358 G>A and rs56103835 T>C would impact the secondary
structure of pre-miR-1206 and pre-miR-323b, respectively, and then probably
influence the expression level of mature miRNAs and their target genes.
Conclusion: Rs2114358 G>A and rs56103835 T>C polymorphism may potentially
influence HD-MTX-related hematological toxicities, which may serve as candidate
clinical biomarkers to predict grade 3/4 hematological toxicities in pediatric
patients with ALL.
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1. Introduction

Methotrexate (MTX), a folic acid antagonist, is widely
used in therapy for leukemia, lymphoma, osteosarcoma, and
immune disease (1, 2). However, due to the poor selectivity
of MTX, it acts not only on tumor cells but also on normal
cells, such as hematopoietic stem cells, intestinal epithelial
cells, and oral mucosal cells, with vigorous proliferation,
leading to bone marrow suppression, gastrointestinal
reactions, and oral mucositis (3-5). These toxicities may
result in dose reduction, treatment failure, or even death. In
addition, patients with severe toxicity will likely experience
delayed
increased economic burden (3, 6-8).

MicroRNA (miRNA) is a short non-coding RNA [~22

nucleotides (nt)] that regulates gene expression at the post-

prolonged hospital  stays, chemotherapy, and

transcriptional level through binding to the 3'-untranslated
region of specific mRNAs, leading to mRNA degradation or
translational inhibition (9). The biogenesis of miRNAs is a
miRNA
transcribed to produce the long primary transcripts (pri-

multiple-step  biological  process. genes  are
miRNAs) in the nucleus. The pri-miRNAs are processed to
generate stem-loop precursors of 70-90 nt (pre-miRNAs).
The pre-miRNAs are then exported to the cytoplasm, where
they are cleaved by DICER to generate mature miRNAs
(~22nt) (10, 11).

Single-nucleotide polymorphisms (SNPs)

common form of genomic variation and contribute substantially

are the most

to human phenotypic differences (12). Increasing evidence
demonstrated that SNPs in pre-miRNA and mature miRNA
may potentially alter various biological processes by influencing
the target selection of miRNAs or mature miRNA abundances
(13-16). With regard to the role of miRNA SNP in MTX
treatment, rs56103835 in miR-323b, out of 46 SNPs in 42
pre-miRNAs, was significantly associated with MTX plasma
clearance, possibly through targeting MTX transporter ABCC4
(17). Another study revealed that rs56292801 in miR-5189,
rs4909237 in miR-595, and rs78790512 in miR-6083 were
associated with MTX plasma levels. These miRNAs were

predicted to regulate genes involved in MTX uptake
transporters: SLC46A1, SLCI9A1, and SLCOIA2 (18).
Furthermore, SNPs in the miRNA were involved in the

hepatotoxicity in children with acute lymphoblastic leukemia
(ALL) in the Spanish population (19).

In Chinese patients, Wang et al. have reported that
miRNA binding site polymorphism of MTHFR, SLCI9AI,
and SLCOA2 influenced MTX concentration in ALL patients
(20-23). However, no study evaluated the association
between miRNA SNPs and HD-MTX-related toxicities in
Chinese pediatric patients.
~50%
administration.

Meanwhile, myelosuppression

occurred in of patients who received HD-MTX

Therefore, the objective of this study is to explore the
relationship between miRNA SNPs and HD-MTX-related
hematological toxicities (leukopenia, anemia, and thrombocytopenia)

in Chinese pediatric patients with ALL.
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2. Materials and methods

2.1. Patients

This retrospective study enrolled a total of 181 pediatric
patients diagnosed with ALL who received treatment at Shenzhen
Children’s Hospital in Guangdong, China, from December 2015
to April 2019. All patients detected with at least one serum MTX
concentration at 48 or 72 h after MTX infusion and whose DNA
samples could be obtained were included.

Demographic and clinical information of the patients was
obtained from their medical records, encompassing age, sex, weight,
treatment regimen, dose, diagnosis, and risk group. In addition,
laboratory test results were collected, including white blood cell
(WBC), red blood cell (RBC), platelet (PLT), alanine
aminotransferase (ALT), total protein (TP), total bilirubin (TBIL),
and creatinine (Cr). All laboratory values were measured at
different time points within the 7 days preceding the administration
of high-dose MTX (HD-MTX); however, only the results closest to
the MTX administration were utilized for this study’s analysis.

Approval from the Ethics Committee of Shenzhen Children’s
Hospital was obtained. Written informed consent was obtained
from all participants in accordance with the Declaration of Helsinki.

2.2. Treatment protocol

The ALL patients were treated with either GD-2008-ALL or
SCCLG-2016-ALL protocol (24). During the consolidation phase, all
involved patients received HD-MTX treatment at 2 or 5 g/m* based
on their body surface area. The first dose (one-tenth of the total
dose; no more than 500 mg) was administered as a bolus within
30 min, and the remaining dose was infused over the next 23.5 h.

All patients received hydration and alkalization 12 h before the
start of MTX infusion, which continued until the end of rescue
according to the protocols. Leucovorin rescue (15 g/mz) was
started 48 h after HD-MTX infusion and continued for at least
every 6 h until the MTX level was less than 0.2 pmol/L.

2.3. Determination of serum MTX level

The serum MTX concentration was detected by a polarization
fluorescence immunoassay (Siemens) at 24, 48, and 72 h after MTX
infusion. Measurement was made daily until the concentration was
below 0.2 umol/L.

2.4. SNP selection and genotype
determination

SNPs were selected according to the previous association
analysis between miRNA SNPs and concentration/toxicity of
HD-MTX with minor allele frequency (>0.05) in the Chinese
Han population (17, 18, 25, 26).
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Peripheral blood samples were collected from the leftover MTX
monitoring samples and were stored at —80°C. DNA was extracted
using a blood DNA kit (Qiagen). DNA concentration was qualified by
NanoDrop 2000 (Thermo Scientific, Waltham, MA, United States).
The genotype of 15 selected SNPs was detected by using the
MassARRAY method (Agena Bioscience, San Diego, CA, United States).

2.5. Toxicity evaluation

Toxicity data were collected from the medical records of the
patients blinded to genotypes. To quantify the degree of
myelosuppression, the nadir hemoglobin, PLT, and white cell
counts were collected within 14 days after the HD-MTX
administration. Toxicity was graded according to the National
Cancer Institute Common Terminology Criteria for Adverse
Events v5 (27).

2.6. Statistical analysis

SNPs were excluded while genotyping call rates less than 95%.
The remaining SNPs were tested for Hardy—-Weinberg equilibrium
(HWE) using the x* test. The SNPs which deviated from HWE
were excluded from the analysis.

Continuous variables were interpreted as mean + SD, while
classified variables were presented as numbers or percentages.
The relationships between SNPs and hematological toxicities of
HD-MTX were analyzed using Fisher’s exact test or the y* test.
The procedure of Benjamini-Hochberg false discovery rate
(FDR) was used to control the error of multiple comparisons,
yielding Py,

The
hematological toxicities was evaluated by the x> test or Fisher’s

association  between categorical variables and
exact test. The relationship between numeric variables and
hematological toxicities was evaluated using ANOVA or the
Mann-Whitney-Wilcoxon test.

In our study, we analyzed the impact of SNPs and other clinical
factors on hematologic toxicity in each treatment cycle. Our study
included 181 patients, with a total of 654 observation cycles,
resulting in an average of approximately 3.61 cycles per patient,
creating an issue of artificially increasing the number of
observations. Therefore, in our study, we used a significance level
of P<0.05 to determine statistical significance. However, when
conducting multivariate analysis, we used a lower significance
level (P<0.01) as a criterion for the inclusion of the factors
found associated with the toxicities in a univariate analysis into
the multivariate analysis. In addition, multivariable backward
logistic regression was used to analyze whether miRNA SNPs
were associated with grade 3/4 hematological toxicities as a
dichotomous variable (yes or no). Patients with grade 3 or 4
toxicities (leukopenia, anemia, and thrombocytopenia) were
considered toxic. The backward logistic regression method starts
by including all variables in the model. It then gradually
eliminates variables that are not statistically significant until only
variables with a significant effect on the outcome remain.
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2.7. In silico analysis

The RNAfold web tool (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi) was used to explore the in silico
effect of the SNPs on the miRNA structure (28). This web
tool calculates the minimum free energy of secondary structures
and the energy change (AAG) of the hairpin structure of
the miRNAs.

2.8. Target prediction

The putative human target miRNA genes were analyzed
targetscan.org/). The
(https://
www.pharmgkb.org/) was used to identify genes involved in

using TargetScan (version 6.0;

Pharmacogenomic Knowledge Base (PharmGKB)

the MTX pathway out of the total target genes.

3. Results

3.1. Demographic data of patients and
MTX-related hematological toxicity

This study included 181 pediatric patients, 1.06-14.10
old), treated in the
Department of Oncology and Hematology, Shenzhen
Children’s Hospital, in accordance with GD-2008 (36
patients) and SCCLG-2016 (145 patients) protocols. A total
of 103 males (56.91%) and 78 females (43.09%) were
among the 181 (Table 1). The pathological
classification included 173 cases (68.3%) of B cell acute

lymphoblastic leukemia and 8 cases (14.3%) of T cell acute

years old (median 4.24 years

cases

lymphoblastic leukemia.

TABLE 1 The basic characteristics of the patients.

‘ Patient characteristics

Total number of patients 181
Sex, n (%)

Male 103 (56.91%)
Female 78 (43.09%)
Weight (kg) 19.16 + 8.44
Age (year) 5.08 +£2.82

Protocol, n (%)
GD-2008
SCCLG-2016

36 (19.89%)
145 (80.11%)

Risk classification, n (%)
Low risk 36 (19.89%)

Intermediate risk 103 (56.91%)

High risk 42 (23.20%)
Diagnosis

B-ALL 173 (95.58%)
T-ALL 8 (4.42%)

B-ALL, B cell acute lymphoblastic leukemia; T-ALL, T cell acute lymphoblastic
leukemia; n, number.
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Together, 654 MTX-chemotherapy
administered in the consolidation phase were studied. MTX-
related leukopenia was noted in 98.01% (641/654) cycles and was
mainly of grade 3/4 (74.31%, 486/654). Further, 96.48% of the
cycles had anemia, 26.45% of which were graded 3/4 (Table 2).

evaluable  cycles

3.2. Association between miRNA
polymorphisms and HD-MTX-related
hematological toxicities

A total of 15 SNPs in 15 miRNA coding genes were detected
in our study (details in Supplementary Table S1). However,
Rs11055070 was excluded from the analysis because all the
subjects are of the same genotype (TT), and rs8078913 was
excluded because the call rate was less than 95%. The
remaining 13 SNPs were consistent with the HWE and were
included in the next analysis.

To explore if miRNA SNPs may influence hematological
toxicity, we tested the association between the 13 SNPs in
miRNA and leukopenia, anemia, and thrombocytopenia. The
results demonstrated that rs2114358 was related to leukopenia
(Table 3). Furthermore, according to the significance level of P
<0.01, rs10505168 and rs56103835 are associated with anemia
(Table 3). Supplementary Tables S2-S4 demonstrate the
detailed results of the association between SNPs and
hematological toxicities.

TABLE 2 HD-MTX-related hematological toxicities by cycle number.

10.3389/fped.2023.1153767

3.3. Clinical factors significantly associated
with HD-MTX-related hematological toxicities

We further considered other possible clinical factors that
affected MTX-related hematological
analysis was used to test the association between the clinical

toxicities.  Univariate
factors and hematological toxicities (leukopenia, anemia, and
thrombocytopenia).

As shown in Table 4, leukopenia is likely to be influenced by
WBC, RBC, PLT, ALT ratio, TP, dose, diagnosis, and risk. Both
anemia and thrombocytopenia are likely to be influenced by age,
weight, dose, protocol, diagnosis, risk, WBC, RBC, PLT, ALT
ratio, TBIL, TP, Cr ratio, and MTX concentration 48 h after the
start of the infusion (C48h). Supplementary Tables S5-S7
demonstrate the detailed results of the association between
clinical factors and hematological toxicities.

3.4. Multivariate backward logistic analysis
identified risk factors for grade 3/4
hematological toxicities

Based on the univariate analysis, SNPs and clinical factors with
P<0.01 were included in multiple backward binary logistic
regression to identify the independent risk factors for the
occurrence of grade 3/4 hematological toxicities before every
HD-MTX course.

Toxicity Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 Grade 3/4
Leukopenia 13 (1.99%) 47 (7.19%) 108 (16.51%) 172 (26.30%) 314 (48.01%) 486 (74.31%)
Anemia 23 (3.52%) 226 (34.56%) 232 (35.47%) 162 (24.77%) 11 (1.68%) 173 (26.45%)
Thrombocytopenia 460 (70.34%) 37 (5.66%) 29 (4.43%) 41 (6.27%) 87 (13.30%) 128 (19.57%)

HD-MTX, high-dose methotrexate.

TABLE 3 The association between SNP and hematological toxicity.

Leukopenia Anemia Thrombocytopenia

P P Prar”

1510505168 0.068 0.295 0.001 0.007 0.090 0.195
151572687 0344 0.603 0.702 0.702 0.031 0.081
152114358 0.000 0.000 0.416 0.486 0.504 0.596
152368392 0.156 0457 0.015 0.0498 0211 0305
15243080 0.890 0.890 0.137 0.254 0.418 0.543
1535613341 0.458 0.603 0.021 0.0498 0.023 0.075
154674470 0211 0.457 0226 0335 0.146 0271
154909237 0.181 0457 0.449 0.486 0.669 0.669
1556103835 0.633 0.686 0.000 0.000 0.000 0.000
1556292801 0510 0.603 0.017 0.0498 0.021 0.075
1560871950 0.011 0.072 0.263 0342 0.014 0.075
1562571442 0.464 0.603 0.023 0.0498 0.199 0305
1578790512 0376 0.603 0232 0335 0.622 0.669

SNP, single-nucleotide polymorphism.
°Fisher’s exact test.
PBenjamini—Hochberg.
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TABLE 4 Clinical factors associated with MTX-related hematological
toxicity.

Variable Leukopenia® | Anemia® | Thrombocytopenia“
Age 0.409 0.022 0.005
Weight 0.708 0.017 0.030
WBC 0.000 0.000 0.003
RBC 0.000 0.000 0.019
PLT 0.000 0.000 0.000
ALT ratio® 0.000 0.000 0.000
TBIL 0372 0.000 0.000
TP 0.000 0.000 0.000
Cr ratio” 0.470 0.001 0.015
C48h 0.079 0.025 0.002
C72h 0.073 0.267 0.066
Sex 0.192 0.239 0.052
Dose 0.000 0.000 0.000
Protocol 0.255 0.015 0.007
Diagnosis 0.043 0.000 0.000
Risk 0.000 0.000 0.000

WBC, white blood cell; RBC, red blood cell; PLT, platelet; ALT, alanine
aminotransferase; TBIL, total bilirubin; TP, total protein; Cr, creatinine; C48h, the
MTX concentration of 48 h after the start of the infusion; C72h, the MTX
concentration of 72 h after the start of the infusion; MTX, methotrexate.

PALT ratio, ALT/upper limit of reference range.

PCreatinine ratio, creatinine/upper limit of reference range.

“Categorical variables, y°-test or Fisher's exact test; numeric variables, ANOVA or
Mann-Whitney—Wilcoxon test.

For leukopenia, rs2114358, WBC, RBC, PLT, ALT ratio, TP,
dose, and risk were included in the multiple backward logistic
regression. For anemia, rs10505168, rs56103835, WBC, RBC,
PLT, ALT ratio, TBIL, TP, Cr ratio, dose, diagnosis, and risk
were included. For thrombocytopenia, rs56103835, age, WBC,

10.3389/fped.2023.1153767

PLT, ALT ratio, TBIL, TP, C48h, dose, protocol, diagnosis, and
risk were included in the multiple backward logistic regression.

As shown in Table 5 (step 2), after backward logistic
regression, the predictive factors for the occurrence of the MTX-
related grade 3/4 leukopenia were WBC [odds ratio (OR): 0.786,
95% CI: 0.690-0.894, P=0.000], RBC (OR: 0.247, 95% CI:
0.151-0.393, P=0.000), ALT ratio (OR: 1.507, 95% CI: 1.178-
1.984, P=0.002), risk-HR (OR: 65.823, 95% CI: 16.323-21.909,
P=0.000), and rs2114358 GA+AA (OR: 2.308, 95% CI: 1.129-
4.372, P=0.010).

As shown in Table 6 (step 3), after backward logistic
regression, the independent risk factors for MTX-related grade 3/
4 anemia included ALT ratio (OR: 1.367, 95% CI: 1.144-1.641, P
=0.001), TBIL (OR: 1.114, 95% CI: 1.062-1.172, P=0.000), RBC
(OR: 0.435, 95% CI: 0.276-0.678, P=0.000), dose (OR: 2.359,
95% CI: 1.829-3.203, P=0.000), and rs56103835 TT+TC (OR:
0.360, 95% CI: 0.239-0.541, P=0.000).

With regard to the occurrence of grade 3/4 thrombocytopenia
(Table 7 step 2), significant associations were found with PLT (OR:
0.995, 95% CI: 0.993-0.997, P=0.000) and TP (OR: 0.918, 95% CI:
0.883-0.954, P =0.000).

3.5. Effects of rs56103835 in miR-323b and
rs2114358 in miRNA secondary structure
prediction

The complete RNA sequence of has-pre-miR-1206 (Accession:
NR_031611.1) and has-pre-miR-323b (Accession: NR_036133.1)
was used to explore the impact of polymorphism on the RNA

TABLE 5 Multiple logistic regression for predicting the risk of grade 3/4 leukopenia.

ate d. erro P OR 95%

O e ppe
Step 1
WBC —0.242 0.065 0.000*** 0.785 0.687 0.894
RBC —1.308 0.266 0.000** 0.270 0.158 0.451
PLT —0.001 0.001 0.462 0.999 0.998 1.001
ALT ratio® 0.387 0.135 0.004** 1.472 1.146 1.945
TP 0.021 0.026 0.423 1.021 0.970 1.075
Dose 0.099 0.108 0.359 1.104 0.892 1.362
Risk-HR 4.018 0.939 0.000*** 55.601 11.173 509.527
Risk-IR —0.176 0.330 0.593 0.838 0.439 1.602
152114358 GA+AA 0.775 0.328 0.018* 2.171 1.138 4.145
Step 2
WBC —0.241 0.064 0.000%** 0.786 0.690 0.894
RBC -1.399 0.243 0.000*** 0.247 0.151 0.393
ALT ratio® 0.410 0.132 0.002** 1.507 1.178 1.984
Risk-HR 4.187 0.849 0.000*** 65.823 16.323 21.909
Risk-IR 0.040 0.238 0.868 1.040 0.649 1.654
1s2114358GA+AA 0.836 0.324 0.010** 2.308 1.219 4.372

WBC, white blood cell; RBC, red blood cell; PLT, platelet; ALT, alanine aminotransferase; TP, total protein; HR, high risk; IR, intermediate risk; OR, odds ratio; 95% Cl,

confidential interval.

PALT ratio, ALT/upper limit of reference range.
*P<0.05.

**P<0.01.

***P < 0.001.
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TABLE 6 Multiple logistic regression for predicting the risk of grade 3/4 anemia.

dale d - O P . R 050 0

owe ppe
Step 1
WBC 0.037 0.073 0.614 1.037 0.906 1.203
RBC —1.669 0.309 0.000*** 0.188 0.101 0.340
PLT —0.002 0.001 0.026* 0.998 0.995 1.000
ALT ratio® 0.447 0.113 0.000*** 1.563 1.256 1.959
TBIL 0.079 0.033 0.016* 1.082 1.017 1.155
TP —0.025 0.026 0.325 0.975 0.927 1.025
Cr ratio” 1.144 0.686 0.095 3.139 0.748 11.749
Dose 0.631 0.319 0.048* 1.880 1.105 4.004
Diagnose-T-ALL —0.346 0.527 0.512 0.708 0.254 2.029
Risk-HR 2.049 1.056 0.052 7.760 0.741 52.451
Risk-TR -1.351 1.013 0.183 0.259 0.026 1.554
rs10505168CT —0.981 0.326 0.003** 0.375 0.196 0.708
rs10505168T —0.957 0.346 0.006** 0.384 0.193 0.751
1s56103835TT+TC —0.532 0.271 0.049* 0.587 0.345 1.000
Step 2
RBC —0.813 0.237 0.001++* 0.443 0.276 0.702
PLT 0.000 0.001 0.979 1.000 0.998 1.002
ALT ratio® 0.311 0.092 0.001++* 1.365 1.142 1.640
TBIL 0.106 0.026 0.000%* 1112 1.059 1.171
Dose 0.852 0.142 0.000*** 2.344 1.816 3.186
1510505168CT —0.298 0.266 0.263 0.743 0.441 1.253
1s10505168T —-0.312 0.279 0.264 0.732 0.423 1.265
1s56103835TT+TC —1.065 0.217 0.000*** 0.345 0.224 0.526
Step 3
ALT ratio® 0.312 0.092 0.0014%* 1.367 1.144 1.641
TBIL 0.108 0.025 0.000*** 1.114 1.062 1.172
RBC —0.832 0.229 0.000*** 0.435 0.276 0.678
Dose 0.858 0.141 0.000*** 2.359 1.829 3.203
1s56103835TT+TC -1.020 0.209 0.000*** 0.360 0.239 0.541

WBC, white blood cell; RBC, red blood cell; PLT, platelet; ALT, alanine aminotransferase; TBIL, total bilirubin; TP, total protein; Cr, creatinine; T-ALL, T cell acute
lymphoblastic leukemia; HR, high risk; IR, intermediate risk; OR, odds ratio; 95% Cl, confidential interval.

2ALT ratio, ALT/upper limit of reference range.
bCreatinine ratio, creatinine/upper limit of reference range.
***%p < 0.001.

structure. For miR-1206 rs2114358 G>A, the free energy of the
thermodynamic ensemble for G and A are —19.50 and
—19.30 kcal/mol, respectively, resulting in a slight energy change
(AAG =0.2 kcal/mol). This change also results in a modification
in the secondary structure (Figure 1).

For rs56103835 T>C in miR-323b, the substitution of the
T allele for a C allele induced a slight energy change of
0.48 kcal/mol (from —41.09 to —40.61 kcal/mol) (Figure 2).

3.6. miR-323b and miR-1206 target
prediction

After target prediction analysis for miR-323b and miR-1206
was performed by using TargetScan, we found that miR-323b
targeted a total of three pharmacokinetic genes involved in MTX
pathways (ABCCI, ABCC2, and ABCC4) and one gene of the
pharmacodynamic pathway (SHMT1) as shown in Table 8. miR-
1206 was predicted to target three transporter genes (SLCOIA2,
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ABCC2, and ABCG2) and two enzyme genes (TYMS and FPGS)
involved in MTX pharmacokinetics and pharmacodynamics
(Table 8).

4. Discussion

In this study, we explored the role of miRNA polymorphism in
the HD-MTX-related hematological toxicities of pediatric patients
with ALL. Our results demonstrated that after multivariable
analysis, SNPs rs2114358 in miR-1206 and rs56103835 in pre-
miR-323b are associated with grade 3/4 leukopenia and grade 3/4
anemia, respectively. None of the variants explored influenced
thrombocytopenia.

SNP rs2114358 is located in the miR-1206 precursor. Previous
studies that the 1s2114358 G-allele could
significantly upregulate mature miR-1206 expression levels in
colon cancer cell lines (HCT116, SW48, and KM12) and was
related to the response to capecitabine-based treatment in

demonstrated
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TABLE 7 Multiple logistic regression for predicting risk of grade 3/4 thrombocytopenia.

Estimate Std. error 95% Cl
Upper
Step 1
Age 0.000 0.000 0.078 1.000 1.000 1.001
WBC -0.112 0.063 0.077 0.894 0.781 1.011
PLT —0.007 0.002 0.000%** 0.993 0.990 0.996
ALT ratio® 0.209 0.128 0.101 1.233 0.959 1.586
TBIL 0.037 0.037 0312 1.038 0.969 1.118
TP 0.095 0.029 0.001%** 1.099 1.040 1.165
C48h 0.084 0.045 0.065 1.087 0.995 1.206
Dose 0.816 0.450 0.070 2.262 1.106 7.411
Protocol-SCCLG-ALL-2016 —0.410 0.439 0.351 0.664 0.277 1.560
Diagnosis-T-ALL 0.237 0.563 0.673 1.268 0.418 3.838
Risk-HR 2.339 1.472 0.112 10.375 0.273 136.517
Risk-IR —-1.934 1.409 0.170 0.145 0.004 1.584
1s56103835TC —0.454 0.309 0.141 0.635 0.346 1.166
Step 2
PLT —0.005 0.001 0.000%** 0.995 0.993 0.997
TP —0.085 0.020 0.000%** 0.918 0.883 0.954

WBC, white blood cell; PLT, platelet; ALT, alanine aminotransferase; TBIL, total bilirubin; TP, total protein; C48h, the MTX concentration of 48 h after the start of the
infusion; T-ALL, T cell acute lymphoblastic leukemia; HR, high risk; IR, intermediate risk; OR, odds ratio; 95% Cl, confidential intervals.

°ALT ratio, ALT/upper limit of reference range.
***p < 0.001.

patients with advanced colon cancer (29). The rs2114358 G-allele
was associated with a higher risk of chronic lymphocytic
leukemia and chronic myeloid leukemia probably by altering the
secondary structure and maturation of miR-1206 (30, 31). SNP
rs2114358 in miR-1206 has been reported to be involved in
MTX-related mucositis during the consolidation phase; the miR-
1206 rs2114358 GG genotype was associated with an increased
likelihood of developing HD-MTX-related oral mucositis
(17, 25). However, in the induction phase, SNP rs2114358 did
not show a significant effect on oral mucositis (19). However, in
our study, compared to AA and GA, patients with the rs2114356
GG genotype have a lower risk for HD-MTX-related grade 3/4
leukopenia in pediatric ALL patients (GA+AA vs. GG, OR:
2.308, 95% CI: 1.219-4372, P=0.010).

There are several possible explanations for this discrepancy.
First, different toxicity criteria were used. In the above two
studies about oral mucositis, the condition was evaluated only
once during the consolidation phase as a whole; however, in this
study, leukopenia was evaluated every MTX treatment course.
Second, the incidence rate of grade 3/4 leukopenia in our study
was higher than that of grade 3/4 oral mucositis. In our study,
172 out of 181 patients experienced grade 3/4 leukopenia at least
one time. In their study, the occurrence rate of oral mucositis
was 18.8% (22/117). Lastly, the distribution of miR-1206 targets
was probably different in the oral mucosa and hematopoietic
cells, resulting in the different effect of rs2114358 on oral
mucositis and leukopenia. Overall, the role of rs2114358 in
MTX-related toxicities needs further investigation and validation.

Our in silico analysis showed that the allelic change from G to
A in pre-miR-1206 rs2114358 induces a positive energy change
(AAG = 0.2 kcal/mol), which is similar to that of the previous
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report (25). It has been suggested that positive energy changes
transform the miRNA hairpin from stable to unstable status, and
a decreased structure stability may reduce the mature miRNA
level (32). The energy increase of GA and AA conformations
results in the instability of the hairpin structure. The instability
of the hairpin structure may lead to a decrease in miR-1206
expression levels and an increase in the expression levels of
target genes regulated by miRNA.

With regard to miR-1206, based on bioinformatics predictions,
SLCOIA2, ABCC2, ABCG2, TYMS, and FPGS are genes potentially
associated with MTX blood concentration and toxicity. These
target genes were reported to be involved in MTX toxicities (33).
Among them, SLCOI1A2, ABCC2, and ABCG2 are transporters
that affect the blood concentration of MTX and, thus, its toxicity
(34). TYMS and FPGS are genes encoding enzymes that can also
influence the blood concentration and/or toxicity of MTX (35).

SLCO1A2 actively transports MTX into the cell, while ABCG2
and ABCC2 transport MTX and its metabolites out of the cell (34).
Therefore, when the expression level of miR-1206 changes, its
impact on the blood concentration of MTX and its toxicity
cannot be ruled out. TYMS is a crucial enzyme that catalyzes the
conversion of deoxyuridine monophosphate to deoxythymidine
monophosphate, and TYMS may affect both the blood
concentration and the toxicity of MTX (36, 37). Previous studies
have shown an inverse relationship between TYMS expression
levels and MTX toxicity, indicating that higher TYMS levels are
associated with lower MTX toxicity (38, 39) and higher TYMS
levels are associated with a decreased risk of leukopenia.
Folylpolyglutamate synthetase (FPGS) is an enzyme that converts
MTX into its polyglutamate form, known as folylpolyglutamate
(MTXPGs). When the level of FPGS increases, MTXPGs also
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FIGURE 1
In silico prediction of folding structures induced by rs2114358 G>A in pre-miR-1206 secondary structure of pre-miR-1206 with rs2114356 allele G (A) or
allele A (C); the mountain plot of pre-miR-1206 with rs2114356 allele G (B) or allele A (D). The free energy of the thermodynamic ensemble for pre-miR-
1206 with rs2114356 alleles G and A is —19.50 and —19.30 kcal/mol, respectively.
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FIGURE 2

In silico prediction of folding structures induced by rs56103835 T>C in pre-miR-323b secondary structure of pre-miR-323b with rs56103835 allele T (A)
or allele C (B); the mountain plot of pre-miR-323b with rs2114356 allele T (C) or allele C (D). The free energy of the thermodynamic ensemble for pre-
miR-323b rs56103835 alleles T and C is —41.09 to —40.61 kcal/mol, respectively.
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TABLE 8 The predicted targets for the polymorphic miRNAs.

NP mRNA__predicted targes

rs2114358 miR-1206 SLCO1A2, ABCC2, ABCG2, TYMS, FPGS
rs56103835 miR-323b ABCCI1, ABCC2, ABCC4, SHTM1

SNP, single-nucleotide polymorphism; miRNA, microRNA.

increase, and the increased MTXPGs are associated with increased
MTX toxicity (40, 41).

The impact of the rs2114356 G>A mutation on the risk of
leukopenia cannot be inferred, and specific research is needed to
determine it. According to our results, patients with the
rs2114358 GA and AA genotypes have a higher risk of
leukopenia, while those with the GG genotype have a lower risk.

The SNP rs56103835 was located in the pre-hsa-miR-323b-5p
(also named miR-453). Rs56103835 T>C was reported to be
associated with adverse event vomiting and MTX plasma levels
(17). Rs56103835 was associated with the 72 h MTX level (18).
In our study, the rs56103835 C allele in pre-miR-323b is
associated with a higher risk of anemia. Furthermore, we
analyzed the relationship between rs56103835 and 48 h MTX
plasma level (C48h). The result demonstrated that C48h in the
CC group is higher than that in the TC+ TT group (mean * SD:
0.404 £ 0.560 vs. 0.336 + 0.356, P =0.064), although the difference
did not reach statistical significance.

For miR-323b, in silico analysis indicates that the substitution
of the C allele for a T allele results in a slightly positive energy
change (AAG=0.5kcal/mol) and thus could influence miRNA
biogenesis and level of miR-323b. Positive energy changes
transform the miRNA hairpin from stable to unstable status and
may result in a decreased mature level (32). It has been reported
that the expression level of miR-323b was slightly upregulated in
tissues in the rs56103835 TC genotype compared with that in the
CC genotype in vitro and in vivo (P=0.014) (42). miR-323b was
predicted to target genes ABCCI, ABCC2, ABCC4, and SHMT]I
through TargetScan; these genes are involved in MTX transport
and metabolism (33). Therefore, if miR-323b-5p is changed, it
would influence the expression of ABCC1, ABCC2, ABCC4, and
SHMT1, and the higher risk of anima observed could probably
be explained.

This study has some limitations to be addressed. First, the
number of SNPs included in the study is still limited. Second,
for the same patient, the hematological toxicities in different
courses of MTX treatment are not independent; it may be more
appropriate to construct a mixed effect model by using a kind
of a “score.” In our study, we used P<0.01 as the significance
threshold for inclusion in the multivariable analysis to address
the limitation of not using a mixed model. Finally, the
predicted effects of the studied SNPs for the stability and
expression level of mature miRNAs, as well as the effects on the
expression levels of their target genes, require functional
validation.

In conclusion, we discovered the association of the miRNA-
related SNPs with the hematological toxicities of HD-MTX
treatment in pediatric ALL patients. Although further functional
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studies and larger studies are still needed to validate the result, it
might be helpful for the clinical practice of HD-MTX treatment.
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