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A B S T R A C T
Sinusoidal obstruction syndrome (SOS) is a well-recognized and potentially life-threatening complication of hematopoi-
etic stem cell transplantation (HSCT). SOS arises from endothelial cell damage and hepatocellular injury mostly due to
the transplantation conditioning regimens but also to other patient, disease, and treatment-related factors. Understand-
ing risk factors associated with the development of SOS is critical for early initiation of treatment or prophylaxis. The
knowledge about genetic contribution is limited; few studies investigated so far selected a set of genes. To getmore com-
prehensive insight in the genetic component, we performed an exome-wide association study using genetic variants
derived from whole-exome sequencing. The analyses were performed in a discovery cohort composed of 87 pediatric
patients undergoing HSCT following a busulfan-containing conditioning regimen. Eight lead single-nucleotide polymor-
phisms (SNPs) were identified after correction for multiple testing and subsequently analyzed in a validation cohort
(n = 182). Three SNPs were successfully replicated, including rs17146905 (P = .001), rs16931326 (P = .04), and rs2289971
(P = .03), located respectively in the UGT2B10, BHLHE22, and KIAA1715 genes. UGT2B10 and KIAA1715were retained in a
multivariable model while controlling for nongenetic covariates and previously identified risk variants in the GSTA1 pro-
moter. The modulation of associations by conditioning regimens was noted; KIAA1715 was dependent on the intensity
of the conditioning regimen, whereas the effect of UGT2B10 was equally applicable to all of them. Combined effect of
associated loci was also observed (P = .00006) with a genotype-related SOS risk of 9.8. To our knowledge, this is the first
study addressing the genetic component of SOS at an exome-wide level and identifying novel genetic variations confer-
ring a higher risk of SOS, whichmight be useful for personalized prevention and treatment strategies.

© 2019 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.
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BACKGROUND
Hepatic sinusoidal obstruction syndrome (SOS), also known

as veno-occlusive disease, is a life-threatening complication
that occurs after hematopoietic stem cell transplantation
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Table 1
Demographic and Treatment Characteristics of the Discovery Cohort (n = 87)

Demographic Characteristics Patients

n %

Sex

Male 40 46

Female 47 54

Ethnicity

Caucasian 62 71.3

Other 25 28.7

Diagnosis*

Malignancies 45 51.7

Nonmalignancies 42 48.3

HLA compatibility

Unrelated donor 50 57.5

Related donor 1 1.1

HLA identical sibling 36 41.4

Stem cell source*

BM 43 49.4

PBSC 2 2.3

Cord blood 42 48.3

Conditioning

Bu/Cy 62 71.3

Bu/Cy/VP16 5 5.7

Bu/Flu 19 21.8

Bu/Flu/Thiotepa 1 1.1

Busulfan protocol

One dose per day 67 77

Four doses per day 20 23

Chemotherapy regimen*

Myeloablative 68 78.2

Myeloablative with reduced toxicity 16 18.4

Nonmyeloablative 3 3.4

SOS

Yes 12 13.8

No 75 86.2

Prophylaxis of SOS

Ursodeoxycholic acid 87 100

Age in years, median (range) 7.4 (0.1-23.5)

cumAUC (mg £ h/L), median (range) 59.6 (25.5-79.0)

GSTA1y 13 (14.9%)/74 (85.1%)

BM indicates bone marrow; PBSC, peripheral blood stem cell; Bu, Busulfan; Cy,
Cyclophosphamide; VP16, etoposide; Flu, Fludarabine; SOS, Sinusoidal
Obstruction Syndrome; cumAUC, cumulative area under the curve; GSTA1, glu-
tathione S-transferase A1.
* Further details of the discovery cohort, particularly regarding diagnosis,

stem cell source, and chemotherapy regimens, are provided in supplemental
material (Item S1).

y Number and frequency of diplotypes, as derived from genotype data, with
and without reduced metabolic capacity.
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(HSCT) [1]. It is mostly related to the intensity of the condition-
ing regimen and employed drugs, such as busulfan (Bu), cyclo-
phosphamide (Cy), or melphalan (Mel), that cause sinusoidal
endothelial cell damage and hepatocellular injury [2,3]. Other
patient-, disease-, and treatment-related factors can also modify
the risk of SOS, such as patient age, liver dysfunction, concomi-
tant medication, alloreactivity, cytokine release due to inflam-
mation, and engraftment [4-10]. Experimental models showed
that endothelial damage triggers formation of gaps between
sinusoidal endothelial cells and passage of erythrocytes to the
perisinusoidal space [11]. Additionally, locally released cyto-
kines induce activation of cell adhesion molecules, coagulation,
and fibrinolytic pathways [12]. Fibrin deposition, clot formation,
and erythrocyte extravasation have all been reported to contrib-
ute to the narrowing of the sinusoids and reduction of hepatic
venous outflow, leading to central venular occlusion, hepatocel-
lular necrosis, hepatic enlargement, and ultimately SOS [2].
Patients with severe forms can have significant complications,
including multiorgan failure, and a high mortality rate. SOS is
reported to occur in up to 18% of pediatric patients after HSCT
[7]. Well-established risk factors mentioned above can influence
the risk of SOS. Nevertheless, patients with similar treatments,
disease, and demographics are not equally vulnerable to SOS
development, suggesting a genetic contribution. Indeed, candi-
date gene studies have led to the identification of genetic factors
contributing to SOS risk, including glutathione S-transferase
(GST) polymorphisms, which might affect Bu metabolism, such
as GSTM1-null genotype and GSTA1 *B haplotype, as well as
polymorphisms that might affect glutathione levels and oxida-
tive liver injury [13-18]. However, these studies focused on a
selected set of candidate genes. To address the role of genetic
susceptibility in a more comprehensive manner, we have used
a hypothesis-free approach and assessed the relationship of SOS
development in children undergoing HSCT with genetic
variants obtained from whole-exome sequencing (WES). Top-
ranking association signals were verified in a replication cohort,
identifying novel genetic loci contributing to SOS.

PATIENTS ANDMETHODS
Patient Groups

Participants were recruited from the institutional HSCT biobank at Saint-
Justine University Health Center (SJUHC), Montreal, Quebec, Canada, and in
the context of a multicentric study by the European Society for Blood and
Marrow Transplantation (ClinicalTrials.gov Identifier: NCT01257854) [19].
The discovery cohort included 87 patients who underwent allogeneic HSCT
between 2000 and 2013 at SJUHC whose DNA was of sufficient quality and
quantity to perform WES. The replication cohort was an independent cohort
composed of 182 unselected patients, including 61 patients from SJUHC who
underwent allogeneic or autologous HSCT and who were either not included
in sequencing due to insufficient DNA quantity or were recruited after the
sequencing had been performed (2013 to 2015). The replication cohort also
included 121 pediatric patients who underwent allogeneic HSCT from 2001
to 2015 in 4 different centers in Europe and Canada (Geneva University Hos-
pital; University Medical Center Utrecht; Leiden University Medical Center;
Robert Debr�e Hospital, Paris; and Alberta Children’s Hospital, Calgary) and
were in part included in our previous study on GSTA1 polymorphisms [19].
Written informed consent was obtained from every patient or parent/legal
guardian. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the relevant institutional review
boards or ethics committees. The characteristics of the discovery and replica-
tion cohorts are given in Tables 1 and 2, respectively, and are also provided in
the supplemental material (Item S1). The information on SOS was collected
from patients’ medical charts. SOS was diagnosed according to the Modified
Seattle Criteria [18], which include the occurrence of 2 of the following
events: unexplained weight gain of more than 2% from baseline because of
fluid accumulation, hyperbilirubinemia �2 mg/dL, hepatomegaly, or upper
right quadrant pain of liver origin.

WES
WES in the discovery cohort was performed on germline DNA, extracted

from peripheral blood or saliva samples before transplant as described
previously [20]. Briefly, exomes were captured in solution with Agilent’s
(Agilent Technologies Canada Inc. Mississauga, ON, Canada) SureSelect
Human All Exon V5 + UTRs kit and sequenced on the Illumina (Illumina Can-
ada, Vancouver, BC, Canada. Used Illumina HiSeq2500 platform is located at
the Integrated Centre for Pediatric Clinical Genomics at the SJUHC, Montreal,
Canada) HiSeq2500 platform (mean coverage of 40£) at the SJUHC integrated
clinical genomic center in pediatrics. Reads were aligned to the hg19 refer-
ence genome using Burrows-Wheeler Alignment tool-Maximum Exact
Matches [21]. PICARD [22] was used to mark PCR duplicates and collect
sequencing quality control metrics. Variant calling was performed using the
Haplotype Caller and quality score recalibration was performed using the
Variant Recalibrator, both implemented in the Genome Analysis Tool Kit [23].
Variants were selected based on the variant quality score (VQSR = PASS) and
minimum overall depth of coverage (�10). The annotation of the identified
germline variants was performed using ANNOVAR [24]. Common single-



Table 2
Demographic and Treatment Characteristics of the Replication Cohort
(n = 182)

Characteristics Patients

n %

Centers

St-Justine UHC, Montreal (Canada) 61 33.5

Geneva University Hospital, Geneva
(Switzerland)

4 2.2

Robert Debr�e, University Hospital, Paris
(France)

13 7.1

University Medical Center, Utrecht
(Netherlands)

66 36.3

Alberta Children's Hospital, Calgary (Canada) 38 20.9

Sex

Male 109 59.9

Female 73 40.1

Ethnicity

Caucasian 150 82.4

Other 27 14.8

Not available data 5 2.8

Diagnosis*

Hematologic malignancies 100 54.9

Neuroblastoma 10 5.5

Nonmalignancies 72 39.6

HLA compatibility

Unrelated donor 121 66.5

Related donor 3 1.6

Autologous 14 7.7

HLA identical sibling 44 24.2

Stem cell source*

BM 76 41.8

PBSC 42 23.1

Cord blood 63 34.6

BM + PBSC 1 0.5

Conditioning

Bu/Cy 71 39.0

Bu/Cy/Mel 31 17.0

Bu/Cy/VP16 7 3.8

Bu/Mel 12 6.6

Bu/Mel/Ara-C 1 0.5

Bu/Mel/Gem 3 1.7

Bu/Flu 54 29.7

Bu/Flu/Thiotepa 3 1.7

Busulfan protocol

One dose per day 122 67

Four doses per day 60 33

Chemotherapy regimen*

Myeloablative 125 68.7

Myeloablative with reduced toxicity 50 27.5

Nonmyeloablative 7 3.8

Total body irradiation*

Yes 28 15.4

No 154 84.6

SOS

Yes 27 14.8

No 155 85.2

Prophylaxis of SOS

Ursodeoxycholic acid 60 33.0

Defibrotide 5 2.7

Heparin 8 4.4

(continued)

Table 2 (Continued)

Characteristics Patients

n %

Defibrotide and ursodeoxycholic acid 4 2.2

Not available data 105 57.7

Age in years, median (range) 4.71 (0.0-21)

cumAUC (mg £ h/L), median (range) 61.9 (31.6-118.7)

GSTA1y 24 (15.3%)/133 (84.7%)

Mel indicates melphalan; Ara-C, cytarabine; Gem, gemcitabine.
* Further details of the replication cohort, particularly regarding diagnosis,

stem cell source, chemotherapy regimen, and total body irradiation, are pro-
vided in supplemental material (Item S1).

y Number and frequency of diplotypes with and without reduced metabolic
capacity.
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nucleotide polymorphisms (SNPs) located in exons and UTRs with minor
allele frequency higher than 5% were selected for the analyses. They were fil-
tered to exclude variants exceeding a missingness rate of 20%, not in Hardy-
Weinberg equilibrium (P < .001) [25], or with pairwise linkage disequilib-
rium (r2 > 0.8). To further reduce the complexity of the analysis and focus
on the coding variants with potential causal effects, only nonsynonymous
variants with predicted functional effect, nonsense variants, and variants
in splicing sites were conserved. The predicted effect of nonsynonymous
variants on the protein function was assessed in silico using SIFT and Poly-
Phen-2 [26,27]. All above filtering resulted in 4946 common exonic var-
iants and 28,540 common SNPs located in UTRs that were retained for the
analyses.

Association Study
The analysis between genetic variants obtained from WES data and SOS

was performed by allelic ratio implemented in PLINK v.1.07 [28] using chi-
square or Fisher exact test, as applicable. Analyses were corrected for multi-
ple testing using the Benjamini-Hochberg procedure [29] for the false discov-
ery rate with a cutoff value of <5%. Variants significantly associated with SOS
were subsequently analyzed by SPSS (IBM Corp. Released 2016. IBM SPSS Sta-
tistics for Windows, Version 24.0. Armonk, NY: IBM Corp.) using cumulative
incidence of SOS and 1 minus survival curves in the Kaplan-Meier framework
according to the best genetic model presented relative to the minor allele.
The difference between genotypes was assessed by log-rank test. Univariate
Cox regression analysis was used to estimate a hazard ratio (HR) with 95%
confidence interval (CI). Variants that were significantly associated with SOS
were genotyped in the replication cohort using the Sequenom platform at
McGill University, Montreal, Quebec, Canada, and Genome Quebec Innova-
tion Centre or by PCR-coupled allele-specific oligonucleotide hybridization
assay [30]. The pretransplant DNA was available for 175 patients. The amplifi-
cation was not equally efficient for all loci, and the maximum number of indi-
viduals with successful genotyping data ranged from 167 to 175, depending
on the locus analyzed. The analyses of cumulative incidence of SOS in relation
to the genotypes were performed in the Kaplan-Meier framework, as
explained above. Multivariable Cox regression (backward stepwise selection
method) was used to estimate the impact of associated genotypes in the
presence of other covariates in the replication cohort. Other covariates
included age as a continuous variable, sex, diagnosis (nonmalignant disease,
hematologic malignancies, and neuroblastoma), frequency of Bu administra-
tion (once or 4 times daily), type of conditioning regimen categorized accord-
ing to the number of alkylating agents, and whether patients received total
body irradiation (TBI) [31]. GSTA1 haplotype groups defined previously to be
a risk factor for SOS in the same cohorts [16,19] were also included in the
multivariate analyses as well as dose-adjusted cumulative area under the
curve (cumAUC, mg £ h/L) estimated from the first-dose AUC and each indi-
vidual dose received. GSTA1 haplotype groups are defined by promoter poly-
morphisms (17), which are not available in WES data set; therefore,
previously obtained genotypes were either used or obtained by PCR/allele-
specific oligonucleotide and resulting haplotypes/diplotypes were recoded
based on their metabolic capacity (slow metabolizers versus remaining
groups). Stratified analyses according to conditioning regimen were also per-
formed.
RESULTS
The association analysis using WES data in the discovery

cohort revealed 8 loci significantly associated with SOS after
multiple testing adjustment (Table 3; P ranged from 1.5 £ 10�5

to 8 £ 10�7). All loci (HADH, rs17511319; FAT3 rs11823754;
UGT2B10 rs17146905; ZNF608 rs75323508; AMPH rs2810;



Table 3
Top-Ranking Loci of SOS Identified in the Discovery Cohort through Exome-Wide Association Study

Locus SNP Gene MAF Allelic P Value Allelic* Ratio SOS+ Allelic Ratio SOS� Allelic OR (95% CI)

chr2_176788639 (3’UTR) rs2289971 (T>C) KIAA1715 0.09 3.4 £ 10�6 8/16 7/143 10.2 (3.3-31.9)

chr4_108956331 (3’UTR) rs17511319 (A>G) HADH 0.059 1.2 £ 10�5 7/17 2/148 30.5 (5.9-158.6)

chr4_69696638 (3’UTR) rs17146905 (A>G) UGT2B10 0.11 6.9 £ 10�6 9/15 2/140 8.4 (3.0-23.9)

chr5_123973164 (3’UTR) rs75323508 (C>T) ZNF608 0.07 1.3 £ 10�5 7/17 6/144 9.9 (3.0-32.8)

chr7_38424328 (3’UTR) rs2810 (T>C) AMPH 0.09 1.1 £ 10�5 8/16 8/142 8.9 (2.9-26.9)

chr8_65495333 (3’UTR) rs16931326 (G>A) BHLHE22 0.09 1.1 £ 10�5 8/16 8/142 8.9 (2.9-26.9)

chr11_92625944 (3’UTR) rs11823754 (G>T) FAT3 0.10 8.3 £ 10�7 9/15 8/142 10.7 (3.6-31.7)

chr21_45403546 (3’UTR) rs11537798 (A>G) AGPAT3 0.07 1.3 £ 10�5 7/17 6/144 9.9 (3.0-32.8)

The results are obtained by allelic ratio implemented in PLINK.
MAF indicates minor allele frequency in entire cohort; OR, odds ratio; KIAA1715, lunapark (LNPK); HADH, hydroxyacyl-CoA dehydrogenase; UGT2B10, UDP, glucuro-
nosyltransferase family 2 member B10; ZNF608, zinc finger protein 608; AMPH, amphiphysin; BHLHE22, basic helix-loop-helix family member e22; FAT3, FAT atypical
cadherin 3; AGPAT3, 1-acylglycerol-3-phosphate O-acyltransferase 3.
* Allelic ratio is presented as ratio of minor versus major allele in patients with (+) and without (�) SOS.
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BHLHE22 rs16931326; AGPAT3 rs11537798; and KIAA1715
rs2289971) were in 30UTR of respective genes. The associated
genes are implicated in different cellular functions such as tran-
scriptional regulation, lipid homeostasis, or glucuronidation
(Supplementary Table S1). Cumulative SOS incidence in relation
to the genotypes is shown in Figure 1. In most cases, the domi-
nant model was the most appropriate given the low number of
homozygotes for the minor alleles, except for SNPs in the
UGT2B10 and FAT3 genes, where the risk increased in an addi-
tive manner with each copy of the minor allele. The cumulative
risk of SOS ranged from 4.8 to 12.8; HR for the carriers of the
minor allele at UGT2B10 rs17146905 was 4.8 (95% CI, 2.3 to
10.4; P= 4 £ 10�6) and was 12.8 (95% CI, 4.1 to 40;
P = 1.5 £ 10�8) for rs17511319 in the HADH gene. There was
only 1 case of SOS in Bu/fludarabine (Flu)-based conditioning
regimens; thus, results mostly reflected association in patients
who received Bu-Cy combinations. All associations were equally
present in patients with malignant (n = 45) and nonmalignant
disease (n = 42) and among patients of European ancestry
(n = 62) (Supplementary Table S2).
Figure 1. Cumulative incidence of SOS in relation to top-ranking loci identified t
incidence of SOS, plotted for indicated genotype groups according to dominant or add
els. Total number of patients in each group with number of patients with SOS in brac
95% confidence interval in brackets is indicated below panels.
The variants in these genes were further analyzed by geno-
typing in the replication cohort; the results are summarized in
Table 4. The association was confirmed for UGT2B10, BHLHE22,
and KIAA1715 gene variants (P < .05). The frequency of risk
genotype ranged from 23.1% to 34.6% in patients with SOS as
compared to 10.3% to 11.4% seen in patients without this com-
plication (Table 4). Although borderline significant association
was also noted for HADH (P = .05), the direction of the effect
was opposite as compared to the effect seen in the discovery
cohort. This locus was not considered replicated. The cumula-
tive incidence of SOS in relation to KIAA1715, UGT2B10, and
BHLHE22 (P = .03, .001, and .04, respectively) is also depicted
in Supplementary Figure S1.

Multivariable analyses (Table 5) were subsequently per-
formed and included KIAA1715, UGT2B10, and BHLHE22 geno-
types and nongenetic factors (age, sex, diagnosis, conditioning
regimen, cumAUC, and TBI). Additionally, GSTA1 haplotype
groups (classified as the slow versus fast and normal metabo-
lizers) were included in the model based on our previous stud-
ies showing in the discovery and replication cohort a higher
hrough exome-wide association study of the discovery cohort. Cumulative
itive model. The gene name and SNP rs number are given at the top of the pan-
kets, and Pvalue derived by log-rank, is depicted on all plots. Hazard ratio with



Table 4
Summary of the Analysis of Top-Ranking Association Signals in Replication Cohort.

Gene/SNP No. of patients (P*) SOS cases in genotype groups, n (%) ** Risk genotypes in SOS groups, n (%) ***

KIAA1715 rs2289971 N=175 (.03) 7/24 (29.2) 19/151 (12.6) 7/26 (26.9) 17/149 (11.4)

HADH rs17511319 N=172 (.05) 0/21 (0) 26/151 (17.2)

UGT2B10 rs17146905 N=172 (.001) 9/24 (37.5) 17/148 (11.5) 9/26 (34.6) 15/146 (10.3)

ZNF608 rs75323508 N=174 (.4) 1/14 (7.1) 25/161 (15.5)

AMPH rs2810 N=173 (.9) 6/39 (15.4) 20/134 (14.9)

BHLHE22 rs16931326 N=169 (.04) 6/21 (28.6) 20/148 (13.5) 6/26 (23.1) 15/143 (10.5)

FAT3 rs11823754 N=171 (1.0) 4/26 (15.4) 22/145 (15.2)

AGPAT3 rs11537798 N=167 (.1) 2/31 (6.5) 25/136 (18.4)

* P is obtained by log-rank test
** Analyses are done according to dominant model. Number of SOS cases in minor allele carriers (heterozygous and homozygous individuals combined) and non-

carriers (homozygotes for major allele), with the frequency given in brackets.
*** Number of risk genotypes (presence of at least one copy of the minor allele, with the frequency in parentheses), in patients with and without SOS for signifi-

cantly associated loci.

Table 5
Variables Retained in Stepwise Selection in Multivariate Cox Regression Model
in the Replication Cohort

Variable P Value HR (95% CI)

UGT2B10 rs17146905 .0004 4.7 (2.0-11.5)

KIAA1715 rs2289971 .05 2.7 (1.0-7.5)

GSTA1 .02 3.1 (1.2-8.0)

Disease (hematologic malignancies) .5 1.4 (0.5-3.7)

Disease (neuroblastoma) .003 6.1 (1.9-20.1)

Conditioning regimen .05 3.2 (1.0-9.9)

UGT2B10 and KIAA1715 are analyzed according to the dominant model in
which carriers of minor alleles are compared with major allele homozygotes.
GSTA1 diplotypes associated with reduced metabolic capacity are compared
with remaining groups. Conditioning regimens are categorized into more than
1 versus 1 alkylating agent (latter corresponding to Bu only or Flu-containing
regimen). Disease indication is categorized into nonmalignant disease, hema-
tologic malignancies, and neuroblastoma. Presented HRs reflect risk of hema-
tologic malignancies and neuroblastoma (P = .009) if the risk is compared
across disease categories. Other covariables that were not retained in the final
model included age at HSCT and dose-adjusted cumAUC as continues varia-
bles, sex, frequency of Bu administration (1 versus 4 times a day), use or not of
total body irradiation, and BHLHE22 rs16931326 genotype.
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risk of SOS for GSTA1 diplotypes defining slow metabolizing
capacity [16,19]. Please note that GSTA1 promoter polymor-
phisms defining metabolic capacity were not available in WES
data set and could not be revealed through the WES data anal-
yses in the discovery cohort. In the multivariable analysis,
UGT2B10 and KIAA1715 remained associated with a higher risk
of SOS (HR = 4.7; 95% CI, 2.0 to 11.2; P = .0004 and HR = 2.7;
95% CI, 1.0 to 7.5; P = .05; Table 5), while controlling for other
explanatory covariates. Other factors that remained in the final
model included GSTA1 haplotype groups, disease diagnosis
(categorized as nonmalignant disease, hematologic malignan-
cies, or neuroblastoma), and conditioning regimen in which 2
or more alkylating agents were classified against Bu only, with
the higher risk noted for neuroblastoma or a more intensive
Table 6
Analysis of SOS Associated Genotypes in the Replication Cohort in Relation to Conditio

Gene/SNP One alkylating agent (Bu)

No. of Patients (P*) SOS Cases in Genotype Grou

KIAA1715 rs2289971 N= 57 (.6) 1/9 (11.1) 3/48 (6

UGT2B10 rs17146905 N= 56 (.001) 3/9 (33.3) 1/47(2

GSTA1*** N= 50 (.3) 0/10 (0) 4/40 (1

* P is obtained by log-rank test
** Number of SOS cases in patients with and without the minor allele with the frequ
*** GSTA1, diplotypes with and without reduced metabolic capacity.
conditioning regimen. The maximal number of cases with
available genotypes for nonmalignant diseases, hematologic
malignancies, and neuroblastoma was 73, 92 and 10, and the
respective number of SOS cases was 8, 13 and 5. Fifty-seven
patients received conditioning regimens with 1 alkylating
agent (Bu in Bu-Flu-based regimens), 4 cases had SOS; 118
patients received more than 1 alkylating agent mostly repre-
sented by Bu/Cy, Bu/Mel, and Bu/Cy/Mel combinations, of
which 22 had SOS.

We previously reported that the association of the GSTA1
genotypes with SOS was present in a double or triple alkylator
setting [16,19], and Table 6 presents stratified analyses in the
replication cohort by conditioning regimen relative to the gen-
otypes retained in the multivariable model. Beside GSTA1, the
effect of KIAA1715 was dependent on the number of alkylating
agents (P = .01), whereas the effect of UGT2B10 was seen irre-
spectively of the type of conditioning regimen and was also
present in Bu-Flu-based protocols (P = .001). A model combin-
ing risk alleles of KIAA1715, UGT2B10, and GSTA1 was then
built and tested in a more intensive conditioning regimen
(Figure 2). The risk of SOS increased in an additive manner
from 3.9 (95% CI, 1.4 to 10.4; P = .007) in patients with 1 risk
genotype at any locus (group 1) to 9.8 (95% CI, 2.8 to 33.8;
P = .0003) in patients with 2 risk genotypes (group 2) when
compared to those with no risk genotypes (group 0). The sig-
nificance for the overall difference across genotypes was
.00006. There were no patients with 3 risk genotypes.
DISCUSSION
This study reports identification of the genetic contribution

to SOS in pediatric patients undergoing HSCT. To our knowl-
edge, no other study has performed genome- or exome-wide
data analyses in either pediatric or adult patients undergoing
HSCT. SOS has been reported as one of the most serious life-
threatening complications in the post-transplantation period
ning Regimen.

Two and more alkylating agents

ps, n (%) ** No. of Patients (P*) SOS Cases in Genotype Groups, n (%) **

.3) N= 118 (.01) 6/15 (40.0) 16/103(15.5)

.1) N= 116 (.04) 6/15 (40.0) 16/101(15.8)

0.0) N= 107 (.003) 6/14 (42.9) 14/93 (15.1)

encies given in parentheses.



Figure 2. Model combining risk alleles of KIAA1715, UGT2B10, and GSTA1
in the intensive conditioning regimen. Cumulative incidence of SOS in
patients who received 2 or more alkylating agents and had 0, 1, or 2 risk geno-
types at any locus. Risk loci are minor alleles for UGT2B10 rs17146905 and
KIAA1715 rs2289971, and diplotypes associated with reduced GSTA1metabolic
capacity. P value derived by log-rank test for the difference across genotypes
groups is indicated on the plot. HR (95% CI) for group 1 versus group 0 is 3.9
(1.4 to 10.4, P = .007) and for group 2 versus group 0 is 9.8 (2.8 to 33.8,
P = .0003). Group 1 are patients with 1 risk genotype at any locus, group 2 are
patients with any 2 risk genotypes, and group 0 are patients with no risk geno-
types; there were no patients with 3 risk genotypes.
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[1,7]. Identification of patient- and transplantation-specific
risk factors for the development of SOS can help guide prophy-
laxis and treatment of this complication [12]. Our analyses
identified 3 replicated loci, notably BHLHE22, KIAA1715, and
UGT2B10, of which the last 2 were retained in the multivari-
able model, while controlling for other risk factors such as
intensity of conditioning regimen, disease indication, Bu expo-
sure, TBI, and GSTA1 haplotypes. None of these genes was pre-
viously related to SOS, and the exact mechanism of their
potential effect is not yet clear. They may contribute to SOS
development through mechanisms underlying SOS patho-
physiology, conditioning regimen drug pathways, or even
pathology of the disease for which HSCT is performed.

KIAA1715 is coding for the endoplasmic reticulum (ER)
junction formation factor also known as a lunapark (LNPK),
ubiquitously expressed in a number of tissues [32]. The
rs2289971 in KIAA1715 is an expression quantitative trait locus
with a higher expression noted for the minor allele (Supple-
mentary Figure S2), as shown by the analyses of data available
through the Genotype-Tissue Expression Project [33,34]. Loss-
of-function mutations in LNPK lead to aberrant ER structures
and increased luminal mass density [32]. When cells are sub-
jected to changes in their extracellular environment, unfolded
proteins accumulate in the ER, causing ER stress [35]. This ini-
tiates the unfolded protein response, a signal transduction cas-
cade aimed at restoring cellular homeostasis, which is
involved in the pathogenesis of many diseases, including
chronic liver diseases [32,35,36]. Among other pathways, the
unfolded protein response plays a significant role in vascular
endothelial growth factor A (VEGFA) regulation, which is upre-
gulated in the presence of endothelial damage [37]. Associa-
tion of VEGFA levels after the conditioning regimen was noted
with nonrelapse mortality and importantly with SOS, thus
confirming VEGFA significance as an endothelial damage
marker in the setting of HSCT [38]. Whether LNPK change in
expression can be linked to VEGFA-level modulation or to
other mechanisms resulting from ER stress remains to be
determined. KIAA1715 rs2289971 variant was associated in
our study with SOS in patients who received a more intensive
conditioning regimen.
The UDP-glucuronosyltransferase (UGT) 2B enzymes are
important in the detoxification of a variety of endogenous and
exogenous compounds, including many hormones, drugs, and
carcinogens. Recent observations revealed that human
UGT2B10, mostly expressed in liver, catalyzes N-glucuronida-
tion of amine-containing compounds [39]. This eventually can
affect the levels of biologically active metabolites of Cy and
Mel [40]. There is also evidence that UGT expression in the
context of chronic lymphocytic leukemia treatment can be
affected by fludarabine-containing regimens [41]. It is worth
noting that UGT2B10 rs17146905 was the only variant signifi-
cantly associated in our study with SOS in the Flu-based condi-
tioning regimen. UGT2B10 is extensively regulated through
alternative splicing [42] but also by microRNA (miR) [43].
Interestingly, rs17146905 SNP is predicted to lead to target
gain for hsa-miR-454-5p [44].

The BHLHE22 gene encodes a protein that belongs to the
basic helix-loop-helix (bHLH) family of transcription factors
that regulate cell fate determination, proliferation, and differ-
entiation [45]. This gene is thought to play a role mostly in
neural circuit assembly [46]. However, its downregulation by
microRNA was recently reported in the formation of insulin-
producing cells [47]. It was also 1 of 3 genes whose methyla-
tion was most predictive for endometrial cancer [48], suggest-
ing a wider regulatory role of this gene in different tissues.
How this protein can be connected to SOS is not clear. One of
the possibilities is a crosstalk with hypoxia-induced factors, as
shown for the other bHLH members [49]. The hypoxia-induced
factor pathway, in turn, is well known for its regulation of vas-
cular endothelial growth factor [35]. The other possibility
might lie in the proximity of BHLHE22 to CYP7B1, whose
hepatic activity is implicated in the inactivation of oxysterols
[50] and could suggest a linkage disequilibrium between their
variants. Loss of CYP7B1 activity is associated with liver failure
in children [51-53]. Nevertheless, the BHLHE22 rs16931326
variant was not retained in a multivariable model, which
might suggest its relatively minor role.

Among nongenetic factors included in the multivariable
model, the highest risk of SOS was noted for neuroblastoma
and the more intensive conditioning regimen. Both factors
were previously reported to be associated with a higher inci-
dence of SOS [4,5].

Our study suffers from certain drawbacks such as limited
sample size, heterogeneity in terms of diagnosis and condi-
tioning regimen within and between cohorts, and a study
design that did not include the promoter variants. Despite uni-
form SOS diagnostic criteria across study centers, it is worth
noting the retrospective nature of the study with a wide period
for patients’ enrollment, which ended in 2015; therefore, the
study did include last up-to-date diagnostic criteria [6], what
might have biased the estimate of SOS incidence. Likewise, the
information on SOS prophylaxis was missing in most patients
of the replication cohort, which is why this covariate was not
included in the multivariable model.

CONCLUSIONS
We used WES data to perform whole-exome/adjacent UTR

analysis of the genetic component of SOS in pediatric patients
undergoing HSCT. Despite certain study drawbacks, 3 loci con-
ferring a higher risk of SOS were successfully replicated in an
independent patient group. Most of the associations were
found in more intensive conditioning regimens (double or tri-
ple alkylator setting) and could increase the risk of SOS
through a combined gene effect, including previously identi-
fied GSTA1 diplotypes underlying low metabolic capacity.
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These loci have not been previously identified as potential SOS
predictors. Although we acknowledge that they still need to be
investigated through functional assays, additional replication
studies (eg, with larger sample size, different diseases, and
adult population), and prospective evaluation with up-to-date
SOS diagnostic criteria, the current findings could help further
understand the role of the genetic component on the patho-
physiology of SOS. Combining these genetic markers with
known risk factors may lead to prediction models to identify
children who might be highly susceptible to SOS in an HSCT
setting and could possibly benefit from early prophylactic
intervention.
ACKNOWLEDGMENTS
The authors thank all patients and their parents for the

participation in the study, as well as all study collaborators
for their valuable contribution. The data sets used and/or ana-
lyzed during the current study are available upon request.
The request should be made to the data access committee
composed of senior authors of this study: Dr. M. Krajinovic
(maja.krajinovic@umontreal.ca), Dr. H. Bittencourt (henrique.
bittencourt.hsj@ssss.gouv.qc.ca), Dr. M. Ansari (marc.ansar
i@hcuge.ch), and president of the ethics committee at CHU
Sainte Justine, G. Cardinal (genevieve.cardinal@recherche-
ste-justine.qc.ca).

Financial disclosure: This investigation was supported by
grants from the Swiss National Science Foundation (grant
number 153389), CANSEARCH Foundation, OAK Foundation,
and Charles-Bruneau Foundation.

Conflict of interest statement: There are no conflicts of inter-
est to report.

Authorship statement: M.A., H.B., and M.K. designed the
study. S.D. supervisedWES analyses. P.S.-O. and P.B. contributed
to bioinformatics analyses. L.L., Y.T., Y.C., I.H.B., J.J.B., R.G.B.,
J.H.D., V.L., B.K., C.P., M.A., H.B., and M.A.R. contributed to
patients’ sample and data processing. K.P., J.C., V.D.V., and M.K.
executed computational and statistical analysis. T.N., S.J.M.,
P.H.-D.C., and C.R.S.U. contributed to interpretation of results.
M.A.R. and R.O.R. performed the replication analysis. M.K.
drafted the manuscript and all authors revised it critically.
SUPPLEMENTARY MATERIALS
Supplementary material associated with this article can be

found in the online version at doi:10.1016/j.bbmt.2019.11.026.
REFERENCES
1. Coppell JA, Richardson PG, Soiffer R, et al. Hepatic veno-occlusive disease

following stem cell transplantation: incidence, clinical course, and out-
come. Biol Blood Marrow Transplant. 2010;16(2):157–168.

2. Qiao J, Fu J, Fang T, et al. Evaluation of the effects of preconditioning regi-
mens on hepatic veno-occlusive disease in mice after hematopoietic stem
cell transplantation. Exp Mol Pathol. 2015;98(1):73–78.

3. Qiao J, Huang Y, Xia Y, et al. Busulfan and cyclophosphamide induce liver
inflammation through NLRP3 activation in mice after hematopoietic stem
cell transplantation. Sci Rep. 2015;5:17828.

4. Strouse C, Zhang Y, Zhang MJ, et al. Risk score for the development of
veno-occlusive disease after allogeneic hematopoietic cell transplant. Biol
Blood Marrow Transplant. 2018;24(10):2072–2080.

5. Schechter T., Perez-Albuerne E., Lin T.F., et al. Veno-occlusive disease after
high-dose busulfan-melphalan in neuroblastoma. Bone Marrow Transplant.
doi:10.1038/s41409-018-0298-y, [e-pub ahead of print] Accessed July, 1st,
2019.

6. Corbacioglu S, Carreras E, Ansari M, et al. Diagnosis and severity criteria
for sinusoidal obstruction syndrome/veno-occlusive disease in pediatric
patients: a new classification from the European Society for Blood and
Marrow Transplantation. Bone Marrow Transplant. 2018;53(2):138–145.

7. Barker CC, Butzner JD, Anderson RA, Brant R, Sauve RS. Incidence, survival
and risk factors for the development of veno-occlusive disease in pediatric
hematopoietic stem cell transplant recipients. Bone Marrow Transplant.
2003;32(1):79–87.

8. Copelan EA. Hematopoietic stem-cell transplantation. N Engl J Med. 2006;354
(17):1813–1826.

9. Lucarelli G, Galimberti M, Polchi P, et al. Bone marrow transplantation in
patients with thalassemia. N Engl J Med. 1990;322(7):417–421.

10. Lucarelli G, Clift RA, Galimberti M, et al. Marrow transplantation for
patients with thalassemia: results in class 3 patients. Blood. 1996;87
(5):2082–2088.

11. Braet F, Riches J, Geerts W, Jahn KA, Wisse E, Frederik P. Three-dimen-
sional organization of fenestrae labyrinths in liver sinusoidal endothelial
cells. Liver Int. 2009;29(4):603–613.

12. Dalle JH, Giralt SA. Hepatic veno-occlusive disease after hematopoietic
stem cell transplantation: risk factors and stratification, prophylaxis, and
treatment. Biol Blood Marrow Transplant. 2016;22(3):400–409.

13. Kallianpur AR, Hall LD, Yadav M, et al. The hemochromatosis C282Y
allele: a risk factor for hepatic veno-occlusive disease after hematopoi-
etic stem cell transplantation. Bone Marrow Transplant. 2005;35
(12):1155–1164.

14. Efrati E, Zuckerman T, Ben-Ami E, Krivoy N. MTHFR C677T/A1298C geno-
type: a possible risk factor for liver sinusoidal obstruction syndrome. Bone
Marrow Transplant. 2014;49(5):726–727.

15. Srivastava A, Poonkuzhali B, Shaji RV, et al. Glutathione S-transferase M1
polymorphism: a risk factor for hepatic venoocclusive disease in bone
marrow transplantation. Blood. 2004;104(5):1574–1577.

16. Ansari M, Rezgui MA, Theoret Y, et al. Glutathione S-transferase gene var-
iations influence BU pharmacokinetics and outcome of hematopoietic SCT
in pediatric patients. Bone Marrow Transplant. 2013;48(7):939–946.

17. Huezo-Diaz Curtis P, Uppugunduri CRS, Muthukumaran J, et al. Asso-
ciation of CTH variant with sinusoidal obstruction syndrome in chil-
dren receiving intravenous busulfan and cyclophosphamide before
hematopoietic stem cell transplantation. Pharmacogenomics J. 2018;18
(1):64–69.

18. McDonald GB, Hinds MS, Fisher LD, et al. Veno-occlusive disease of the
liver and multiorgan failure after bone marrow transplantation: a cohort
study of 355 patients. Ann Intern Med. 1993;118(4):255–267.

19. Ansari M, Curtis PH, Uppugunduri CRS, et al. GSTA1 diplotypes affect
busulfan clearance and toxicity in children undergoing allogeneic hemato-
poietic stem cell transplantation: a multicenter study. Oncotarget. 2017;8
(53):90852–90867.

20. Spinella JF, Healy J, Saillour V, et al. Whole-exome sequencing of a rare case
of familial childhood acute lymphoblastic leukemia reveals putative predis-
posing mutations in Fanconi anemia genes. BMC Cancer. 2015;15::539.

21. Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25(14):1754–1760.

22. Picard, set of command line tools for manipulating high-throughput
sequencing (HTS) data and formats such as SAM/BAM/CRAM and VCF.
Project maintained by Broad Institute. https://broadinstitute.github.io/pic
ard/.

23. McKenna A, Hanna M, Banks E, et al. The Genome Analysis Toolkit: a
MapReduce framework for analyzing next-generation DNA sequencing
data. Genome Res. 2010;20(9):1297–1303. https://doi.org/10.1016/j.
bbmt.2019.11.026.

24. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res.
2010;38(16):e164.

25. Rohlfs RV, Weir BS. Distributions of Hardy-Weinberg equilibrium test sta-
tistics. Genetics. 2008;180(3):1609–1616.

26. Adzhubei I, Jordan DM, Sunyaev SR. Predicting functional effect of human
missense mutations using PolyPhen-2. Curr Protoc Hum Genet. 2013. Chap-
ter 7:Unit 7.20.

27. Kumar P, Henikoff S, Ng PC. Predicting the effects of coding non-synony-
mous variants on protein function using the SIFT algorithm. Nat Protoc.
2009;4(7):1073–1081.

28. Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set for whole-genome
association and population-based linkage analyses. Am J Hum Genet.
2007;81(3):559–575.

29. Benjamini YHY. Controlling the false discovery rate: a practical and powerful
approach tomultiple testing. J R Stat Soc Ser B Methodol. 1995:(57):289–300.

30. Labuda D, Krajinovic M, Richer C, et al. Rapid detection of CYP1A1,
CYP2D6, and NAT variants by multiplex polymerase chain reaction and
allele-specific oligonucleotide assay. Anal Biochem. 1999;275(1):84–92.

31. Mohty M, Malard F, Abecassis M, et al. Sinusoidal obstruction syndrome/
veno-occlusive disease: current situation and perspectives—a position
statement from the European Society for Blood and Marrow Transplanta-
tion (EBMT). Bone Marrow Transplant. 2015;50(6):781–789.

32. Zhao Y, Zhang T, Huo H, Ye Y, Liu Y. Lunapark is a component of a ubiqui-
tin ligase complex localized to the endoplasmic reticulum three-way junc-
tions. J Biol Chem. 2016;291(35):18252–18262.

33. Genotype-Tissue Expression (GTEx). In.
34. GTEx Consortium. Laboratory, Data Analysis & Coordinating Center

(LDACC)—Analysis Working Group. Statistical Methods groups—Analysis
Working Group. Genetic effects on gene expression across human tissues.
Nature. 2017;550(7675):204–213.

mailto:maja.krajinovic@umontreal.ca
mailto:henrique.bittencourt.hsj@ssss.gouv.qc.ca
mailto:henrique.bittencourt.hsj@ssss.gouv.qc.ca
mailto:marc.ansari@hcuge.ch
mailto:marc.ansari@hcuge.ch
mailto:genevieve.cardinal@recherche-ste-justine.qc.ca
mailto:genevieve.cardinal@recherche-ste-justine.qc.ca
https://doi.org/10.1016/j.bbmt.2019.11.026
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0004
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0004
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0004
https://doi.org/10.1038/s41409-018-0298-y
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0020
https://broadinstitute.github.io/picard/
https://broadinstitute.github.io/picard/
https://doi.org/10.1016/j.bbmt.2019.11.026
https://doi.org/10.1016/j.bbmt.2019.11.026
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0027
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0027
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0031
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0031
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0031
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0031


M. Ansari et al. / Biol Blood Marrow Transplant 26 (2020) 920�927 927
35. Paridaens A, Laukens D, Vandewynckel YP, et al. Endoplasmic reticulum
stress and angiogenesis: is there an interaction between them? Liver Int.
2014;34(6):e10–e18.

36. Samali A, Fitzgerald U, Deegan S, Gupta S. Methods for monitoring endo-
plasmic reticulum stress and the unfolded protein response. Int J Cell Biol.
2010;2010: 830307.

37. Ghosh R, Lipson KL, Sargent KE, et al. Transcriptional regulation of VEGF-A
by the unfolded protein response pathway. PLoS One. 2010;5(3):e9575.

38. Moiseev IS, Lapin SV, Surkova EA, Lerner MY, Vavilov VN, Afanasyev BV.
Level of vascular endothelial growth factor predicts both relapse and non-
relapse mortality after allogeneic hematopoietic stem cell transplantation.
Biol Blood Marrow Transplant. 2013;19(12):1677–1682.

39. Kato Y, Izukawa T, Oda S, et al. Human UDP-glucuronosyltransferase (UGT)
2B10 in drug N-glucuronidation: substrate screening and comparison
with UGT1A3 and UGT1A4. Drug Metab Dispos. 2013;41(7):1389–1397.

40. Groehler AT, Villalta PW, Campbell C, Tretyakova N. Covalent DNA-protein
cross-linking by phosphoramide mustard and nornitrogen mustard in
human cells. Chem Res Toxicol. 2016;29(2):190–202.

41. Gruber M, Bellemare J, Hoermann G, et al. Overexpression of uridine
diphospho glucuronosyltransferase 2B17 in high-risk chronic lymphocytic
leukemia. Blood. 2013;121(7):1175–1183.

42. Labriet A, Allain EP, Rouleau M, Audet-Delage Y, Villeneuve L, Guillemette
C. Post-transcriptional regulation of UGT2B10 hepatic expression and
activity by alternative splicing. Drug Metab Dispos. 2018;46(5):514–524.

43. Dluzen DF, Sutliff AK, Chen G, Watson CJ, Ishmael FT, Lazarus P. Regulation
of UGT2B expression and activity by miR-216b-5p in liver cancer cell lines.
J Pharmacol Exp Ther. 2016;359(1):182–193.
44. Gong J, Tong Y, Zhang HM, et al. Genome-wide identification of SNPs in
microRNA genes and the SNP effects on microRNA target binding and bio-
genesis. HumMutat. 2012;33(1):254–263.

45. Stevens JD, Roalson EH, Skinner MK. Phylogenetic and expression analysis
of the basic helix-loop-helix transcription factor gene family: genomic
approach to cellular differentiation. Differentiation. 2008;76(9):1006–1022.

46. Ross SE, McCord AE, Jung C, et al. Bhlhb5 and Prdm8 form a repressor complex
involved in neuronal circuit assembly. Neuron. 2012;73(2):292–303.

47. Bai C, Gao Y, Li X, et al. MicroRNAs can effectively induce formation of
insulin-producing cells from mesenchymal stem cells. J Tissue Eng Regen
Med. 2017;11(12):3457–3468.

48. Huang RL, Su PH, Liao YP, et al. Integrated epigenomics analysis reveals a
DNA methylation panel for endometrial cancer detection using cervical
scrapings. Clin Cancer Res. 2017;23(1):263–272.

49. Button EL, Bersten DC, WhitelawML. HIF has Biff- crosstalk between HIF1a
and the family of bHLH/PAS proteins. Exp Cell Res. 2017;356(2):141–145.

50. Lorbek G, Lewinska M, Rozman D. Cytochrome P450s in the synthesis of
cholesterol and bile acids—from mouse models to human diseases. FEBS J.
2012;279(9):1516–1533.

51. Stiles AR, McDonald JG, Bauman DR, Russell DW. CYP7B1: one cytochrome
P450, two human genetic diseases, and multiple physiological functions.
J Biol Chem. 2009;284(42):28485–28489.

52. van Mil SW, Houwen RH, Klomp LW. Genetics of familial intrahepatic cho-
lestasis syndromes. J Med Genet. 2005;42(6):449–463.

53. Ueki I, Kimura A, Nishiyori A, et al. Neonatal cholestatic liver disease in an
Asian patient with a homozygous mutation in the oxysterol 7alpha-
hydroxylase gene. J Pediatr Gastroenterol Nutr. 2008;46(4):465–469.

http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0032
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0032
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0032
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0033
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0033
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0033
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0034
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0034
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0035
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0035
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0035
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0035
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0036
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0036
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0036
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0037
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0037
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0037
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0038
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0038
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0038
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0039
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0039
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0039
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0040
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0040
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0040
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0041
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0041
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0041
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0042
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0042
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0042
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0043
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0043
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0044
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0044
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0044
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0045
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0045
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0045
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0046
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0046
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0047
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0047
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0047
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0048
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0048
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0048
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0049
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0049
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0050
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0050
http://refhub.elsevier.com/S1083-8791(19)30832-8/sbref0050

	Genetic Susceptibility to Hepatic Sinusoidal Obstruction Syndrome in Pediatric Patients Undergoing Hematopoietic Stem Cell Transplantation
	BACKGROUND
	PATIENTS AND METHODS
	Patient Groups
	WES
	Association Study

	RESULTS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	Supplementary materials
	REFERENCES



