numbers of tandem repeats (VNTRs) in exon 5 of MICA were
identified to affect MICA subcellular localization and serum
MICA level [14]. The exon 5 of MICA encodes the transmem-
brane domain and the insertion of an extra G nucleotide in the
domain would result in a premature stop codon that would
generate MICA protein without a transmembrane domain and
subsequently affect sMICA level [14]. However, our previous
results indicated that MICA VNTR was not significantly
associated with the sMICA level or HCC risk [6]. Therefore, in
the current study, we have tried to investigate whether the MICA
variations would affect the AMICA transcription in the liver cancer
cells. Through the functional analysis of genetic variations in the
MICA promoter region, we here report a causative SNP rs2596538
that increases the binding affinity of the transcription factor
Specificity Protein 1 (SP1) and the risk of progression of the
disease.

Materials and Methods

Samples and genotyping

DNA samples for direct sequencing (50 HCV-related HCC
cases), imputation analysis (721 HCV-related HCC cases and
5,486 HCV-negative controls), and serum samples for sMICA
ELISA (246 HCV-related HCC) were obtained from BioBank
Japan [15,16]. Genotyping of SNPs from 1,394 HCC patients and
measurement of SMICA expression by ELISA were performed in
the previous study [6]. Genotyping of SNP rs2596542 in 1,043
CHC was performed previously in RIKEN using Illumina
HumanHap610-Quad BeadChip [17]. Al CHC subjects had
abnormal levels of serum alanine transaminase for more than 6
months and were positive for both HCV antibody and serum
HCV RNA. The SNP rs2596542 in liver cirrhosis samples without
hepatocellular carcinoma from BioBank Japan (n =420) and the
University of Tokyo (n=166) were genotyped using Illumina
HumanHap610-Quad BeadChip or invader assay [18]. All
subjects were either subjected to liver biopsy or diagnosed by
non-invasive methods including hepatic imaging, biochemical
data, and the presence/absence of clinical manifestations of portal
hypertension [18]. The samples used in the current project were
listed in Table S1. Case samples with HBV co-infection were
excluded from this study. The subjects with cancers, chronic
hepatitis B, diabetes or tuberculosis were excluded from non-HCV
controls. All subjects were Japanese origin and provided written
informed consent. This research project was approved by the
ethical committees of the University of Tokyo and RIKEN.

Imputation study

The imputation study was performed by using a hidden Markov
model programmed in MACH [19] and haplotype information
from 1000 genomes database [20]. The imputation results were
confirmed by direct DNA sequencing in 50 randomly selected
samples.

Cell culture

Human liver cancer cell lines HLE and HepG2 were purchased
from JHSF (Osaka, Japan) and ATCC. These cells were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen) with 10% fetal
bovine serum. Cells were cultured at 37°C with 5% COs.

EMSA

HLE cells were grown in 15 cm culture plate until they reached
95% confluency. The plate was then sealed with parafilm and
immersed in a water bath at 42.5°C for 1.5 hours [21]. Nuclear
extracts from these cells were prepared according to the standard

PLOS ONE | www.plosone.org

Functional Variant of MICA Associated to HCV-HCC

protocol [22]. EMSA was carried out using DIG Gel Shift Kit, 2
Generation (Roche) according to the manufacturer’s instructions.
The sequences of the 12 probes were listed in the Table S2. In
brief, 30 fmol of labeled probes were hybridized with 5 pg nuclear
extract for 15 minutes at room temperature. The mixtures were
then loaded into a 6% TBE gel, separated by electrophoresis at
4°C and transferred onto a nylon membrane. The membrane was
then hybridized with anti-digoxigenin-AP antibody and developed
by CSPD solution. For competition study, nuclear extracts were
incubated with non-labeled oligonucleotides first before adding
labeled probe. For supershift assay, SP1 antibody (SC-59X, Santa
Cruz Biotechnology) was added into the nuclear extract and
incubated on ice for 30 minutes first before adding labeled probe.
The mixtures were then separated by electrophoresis using 4%
TBE gel. All EMSAs were repeated twice for reconfirmation of the
results.

Chip

The HLE cells (G allele homozygote) and HepG2 cells
(heterozygote) were used in the ChIP assay. The plasmid
pCAGGS-SP1 was transfected into both cells by using FuGENE6
Transfection Reagent (Roche). The ChIP assays were carried out
using Chromatin Immunoprecipitation Assay Kit (Millipore)
according to the manufacturer’s protocol. In brief, the cells were
treated with formaldehyde to crosslink DNA-protein complexes at
48 hours post-transfection. DNA-protein complexes were then
sheared by sonication and immunoprecipitated by rabbit poly-
clonal anti-SP1 antibody (SC-59X, Santa Cruz Biotechnology).
The resulting DNAs were analyzed by PCR (Table S2). In order to
determine the binding specificity of SP1 to the SNP rs2596538
allele, the PCR products from HepG2 cells were further sub-
cloned into pCR 2.1 vector and sequenced to assess G to A ratio in
both input DNA and immunoprecipitant.

Dual luciferase reporter assay

Three copies of 31 bp DNA fragments equivalent to the EMSA
oligonucleotides of SNP rs2596538 were cloned into pGL3-
promoter vector (Promega). The plasmids were co-transfected with
pCAGGS-SP1 and pRL-TK plasmids (Promega) into HLE cells
by FuGENEG6 Transfection Reagent (Roche). The pCAGGS-SP1
plasmid provided the expression of transcription factor SP1, and
pRL-TK plasmid served as internal control for transfection
efficiency [23]. The cells were lysed at 48 hours post-transfection,
and relative luciferase activities were measured by Dual Luciferase
Assay System (Toyo B-Net).

Western blotting

Cancer cell lysates were prepared by using pre-chilled RIPA
buffer, and 25 pg of each lysate was loaded into the gel and
separated by SDS-PAGE. Western blotting was performed
according to the standard protocol. Rabbit anti-MICA antibody
(ab63709, abcam: 1/1000) and rabbit anti-SP1 antibody (17-601,
Upstate Biotechnology: 1/500) were used in the experiment.

Statistical analysis

The case-control association was analyzed by Student’s ttest
and Fisher’s exact test as appropriate. The association of allele
dependent sSMICA expression was studied by Kruskal-Wallis test
using R statistical environment version 2.8.1. The LD and
coefficients (D’ and 7%) were calculated by Haploview version 4.2

[24].
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Table 1. Association of rs2596542 with the progression from
CHC to LC and HCC.

Control

Case MAF. MAF ~ F OR 95% C.l.

0.95-1.26

HCC vs LC 0.4012 03797 0.20296 1.094

MAF, minor allele frequency; OR, odds ratio for minor allele. Cll, confidence

interval. SNP rs2596542 was analyzed in 1,043 chronic hepatitis C (CHC), 586

liver cirrhosis without hepatocellular carcinoma (LC) and 1,394 HCV-induce

hepaticellular carcinoma patients (HCC). “calculated by Armitage trend test.
doi:10.1371/journal.pone.0061279.t001

Results

Analyses of SNP rs2596542 in HCV-infected patients at
different disease stages

Since the development of HCC consists of multiple steps, we
investigated the role of SNP rs2596542 with disease progression.
SNP 152596542 was genotyped in patients at three different
disease categories of CHC (chronic hepatitis C) without liver
cirrhosis' (LC) or HCC, LC without HCC, and HCC. The
statistical analysis indicated that SNP rs2596542 was significantly
associated with disease progression from CHC to LC with P-value
0f 0.048 and odds ratio of 1.17 (Table 1). The risk allele frequency
among HCC patients (40.1%) was higher than that among LC

patients (38.0%), but the association was not statistically significant

(P-value of 0.203 and odds ratio of 1.09). These results suggested

the involvement of MICA with both hver fibrosis and hepatocel- -

lular carcinogenesis.

HCV-HCC risk is not associated with M!CA copy numberf
variation

A previous report has indicated the deletion of the entire MICA !

locus in 3.2% of Japanese populatlon [25] and this deletion was

shown to be associated with the risk of nasopharyngeal carcinoma’

(NPC), especially in male [26]. To identify the functional SNP that
may affect MICA mRNA expression;, we analyzed the relation
between the AMICA copy number variation (CNV) and the HCC
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susceptibility. We quantified this CNV by real-time PCR in 375
HCV-related HCC patients and 350 HCV-negative controls. As
shown in Table S3, we found no difference in the copy numbers
between HCC cases and controls, indicating that this CNV is
unlikely to be causative genetic variation for the risk of HCC.

Direct sequencing of 5’ flanking region of MICA

We then focused on the variations in the 5° flanking region of
the MICA gene which may be associated with its promoter activity.
We had conducted direct DNA sequencing of the 5-kb promoter
region which included the marker SNP rs2596542 using genomic
DNAs of 50 HCC subjects and identified 11 SNPs showing strong
linkage disequilibrium with the marker SNP 152596542 (D>0.953
and 7>0.832) (Fig. S1, Table 2).

Allele specific binding of nuclear protein to genomic
region including SNP rs2596538

To investigate whether these genetic variations would affect the
binding affinity of some transcription factors, we had conducted
the electrophoretic mobility shift assay (EMSA) using the nuclear
extract’ of HLE- human hepatocellular carcinoma cells. Since
MICA is a stress-inducible protein [21], we first treated the cells
with heat shock treatment at 42°C for 90 minutes and confirmed
significant induction of MICA expression as shown in Fig. la.
Then we performed EMSA using 24 labeled-oligonucleotides
corresponding to each allele of the 12 candidates’ SNPs. The
results of EMSA demonstrated that an oligonucleotide corre-
sponding to a G allele of SNP 152596538 exhibited stronger

‘binding affinity to a nuclear protein(s) than that to an A allele

(Fig. 1b). We then confirmed the specific binding of nuclear

~ proteins to the G allele by competitor assay using non-labeled

oligonucleotides (Fig. Ic). The self (G allele) oligonucleotides
inhibited the formation of DNA-protein complex in a dose-
dependent manner, but the non-self (A allele) oligonucleotides
showed no inhibition eﬁéct Taken together, some nuclear
protem( ) in hepatocellular carcirioma cells would interact with a
DNA fragment including the G allele of SNP rs2596538.

Table 2. Linkage d:sequmbrlum between 11 candidate SNPs and SNP r52596542

SNP ID Relative position® A1l

152428474

52844526
152523453

152523452 G

152844522 —2710 C 0.34

‘A1 frequency - p P

0.953 0.832

doi:10.1371/journal.pone.0061279.t002
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Note: Direct DNA sequence of 5-kb promoter region of MICA from 50 HCV-HCC subjects. D" and 7 were calculated by comparing the genotypes of these SNPs to the
marker SNP rs2596542 by Haploview. A1, minor allele; *Relative position to exon 1. of the MICA gene.
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Figure 1. SNP rs2596538 affects the binding affinity of nuclear proteins. (A) Real-time quantitative PCR (upper) and Western blotting
(lower) of MICA before and after heat shock treatment in HLE cells. B2M and B-actin are served as internal and protein loading control. (B) EMSA using
31 bp labeled probes flanking each SNP located within the 4.8 kb region upstream of MICA transcription start site. A black arrow indicates the shifted
band specific to G allele of SNP rs2596538. (C) EMSA using the labeled G allele of SNP rs2596538 and nuclear extract from heat treated HLE cells. Non-
labeled A or G allele of SNP rs2596538 at different concentrations are used as competitors. Pointed arrow indicates shifted band. *P<0.05 by
Student’s t-test.

doi:10.1371/journal.pone.0061279.g001
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Figure 2. Binding of transcription factor SP1 to G allele of SNP rs2596538. (A) Multiple alignment of a GC box and DNA sequence of A or G
probe of SNP rs2596538 used in EMSA. (B) EMSA using the labeled G allele of SNP rs2596538 and nuclear extract from heat treated HLE cells. Non-
labeled consensus oligonucleotides of seven transcription factors are used as competitors. Pointed arrow indicates shifted band. (C) EMSA using the
labeled G allele of SNP rs2596538 and nuclear extract from heat shock treated HLE cells in the presence of anti-SP1 antibody or normal rabbit IgG.
Asterisks on the left side indicate the shifted (¥) and super-shifted bands (**). Normal rabbit IgG serves as a negative control. (D) ChiP assay using
HepG2 and HLE cell lines were ectopically expressed with SP1 protein. DNA-protein complex was immunoprecipitated with anti-SP1 antibody
followed by PCR amplification using a primer pair flanking SNP rs2596538. DNAs precipitated without antibody are served as a negative control. PCR
primers flanking the 3’ UTR region of MICA are served as a negative control. (E) Genotype distribution at SNP rs2596538 in PCR fragment amplified
from the input genomic DNA and DNA-protein complex immunopurified from HepG2 cells by using anit-SP1 antibody. *P<0.05 by Student's t-test.

doi:10.1371/journal.pone.0061279.g002

SNP rs2596538 regulates the binding of SP1

Since in sifico analysis identified a putative GC box in a
protective G allele but not in a risk A allele (Fig. 2a), the
transcription factor SP1 might preferentially bind to the G allele.
Base on this information, we further performed competitor assay
using non-labeled oligonucleotides (Table S2) and found that
among seven tested oligonucleotides, only SP1-consensus oligonu-
cleotides could effectively inhibit the binding of the nuclear
protein(s) to the labeled G allele (Fig. 2b). In addition, we identified
that the addition of anti-SP1 antibody caused a supershift of a
band corresponding to the DNA-protein complex while control
IgG did not cause the band shift (Fig. 2c). This result clearly
indicated that the SP1 protein is very likely to be a component of
the DNA-protein complex.

Furthermore, we performed chromatin immunoprecipitation
(ChIP) assay to confirm the binding of SP1 to this genomic region
m viwo. We had used two cell lines with different genetic
backgrounds at SNP rs2596538 locus: HLE cells carrying the
only G allele, while HepG2 cells harboring both A and G alleles.
After the introduction of SP1 expression vector (pCAGGS-SP1)
into these cell lines, the cell extracts were subjected to ChIP assay
using anti-SP1 antibody (Fig. 2d). Subsequent PCR experiments
indicated that SP1 bound to a genomic fragment containing the G

PLOS ONE | www.plosone.org

allele of SNP rs2596538 in viwo, while 3° UTR region of MICA
(negative control) was not immunoprecipitated with anti-SP1
antibody. To further evaluate the binding ability of SP1 to each
allele i vivo, we sub-cloned the DNA fragment that amplified from
genomic DNA of HepG2 cells before and after immunoprecip-
itation by anti-SP1 antibody. The subsequent sequencing results
showed that 26 out of 29 tested clones contained the G allele,
demonstrating the preferential binding of SP1 to the G allele
(Fig. 2e).

SP1 over-expression preferentially up-regulates MICA
expression at G allele

To further investigate the physiological role of the interaction
between SP1 and this genomic region, we performed reporter
gene assay. Three copies of 31-bp DNA fragments flanking the
candidate functional SNP rs2596538 were subcloned into the
multiple cloning sites of the pGL3 promoter vector. The relative
luciferase activity of the plasmid including the G allele was
significantly higher than that including the A allele (Fig. 3a).
Furthermore, over-expression of SP1 in the cells could significantly
enhance the luciferase activity of the G-allele vector, while the
enhancement of the A-allele vector was relatively modest (Fig. 3a).
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Figure 3. Transcriptional regulation of MICA by SP1 through genomic region including SNP rs2596538. (A) Reporter assay using
constructs including 3 copies of 31 bp DNA fragment flanking SNP rs2596538. Reporter constructs are transfected -into HLE cells with pRL-TK and
pCAGGS or pCAGGS-SP1 vector. The value of relative luciferase activity was calculated as the firefly luciferase intensity divided by the renilla luciferase
intensity. The data represent the mean = SD value of 4 independent studies. (*P<<0.05, Student's t-test) (B) MICA expression in HLE cells after
transfection with pCAGGS or pCAGGS-SP1 vector. B-actin is served as a protein loading control.

doi:10.1371/journal.pone.0061279.g003

We also evaluated the effect of ectopically expressed SP1 on the
MICA expression in HLE cells. Western-blot analysis showed that
MICA protein expression was significantly increased after the SP1
over-expression (Fig. 3b). These results provided a strong evidence
that the G allele has higher transcriptional potential that can be
inducible by SP1.

Association of SNP rs2596538 with HCC risk and sMICA
level in HCV-induced HCC patients

To further investigate the role of SNP rs2596538 in human
carcinogenesis, we investigated the association of SNP rs2596538
with HCV-induced HCC in 721 HCV-HCC cases and 5,486
HCV-negative controls that had been genotyped using Illumina
HumanHap610-Quad Genotyping BeadChip in our previous

Table 3. Association of SNP rs2596542 and SNP rs2596538
with HCV-induced HCC.

Relative
SNP ID position® Al OR P value
rs2596542 —4815 A 1339 246x107°
rs2596538 —-2778 A 1.343 1.82x107°

Note: Genotype data of 721 HCV-HCC cases and 5,486 HCV-negative controls
were imputed using 1000 genomes as reference. A1, risk allele; OR, odds ratio
for the risk allele calculated by considering the protective allele as a reference.
“Relative position to exon 1 of the MICA gene.
doi:10.1371/journal.pone.0061279.t003
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study [6]. We performed imputation analysis by using haplotype
data from 1000 genome database [20] and found that an A allele
of SNP rs2596538 was considered to be a risk allele for HCV-
related HCC (Table 3, odds ratio=1.343, P= 1.82><10_5). The
functional SNP rs2596538 exhibited a stronger association with
the HCC risk than the marker SNP rs2596542 (2.46x107%). We
also analyzed the relationship between the SNP rs2596538 and the
sMICA level among 246 HCV-induced HCC patients and found a
significant association with the P-value of 0.00616 (Fig. 4). These
results were concordant with our functional analyses in which the
G allele exhibited a higher affinity to SP1 and revealed a higher
transcriptional activity.

Discussion

Approximately 160 million people (2.35% of the worldwide
population) are estimated to have HCV infection [27]. Since HCV
carriers have an increased risk to develop liver cirrhosis and
subsequent HCC [28,29], the prediction of cancer risk is especially
important for CHC patients. In our previous study, we have
identified that SNP rs2596542 located in the upstream of MICA
gene was significantly associated with the risk of HCC develop-
ment among CHC patients as well as the serum level of sMICA
[6]. In this study, we found that the genetic variant at SNP
rs2596538 strongly affected the binding affinity of SP1. Over-
expression of SP1 remarkably induced MICA expression in cells
carrying the G allele that has a higher affinity to the SP1 binding.
These findings are concordant with higher serum sMICA level
among HCC patients with the G allele at SNP rs2596538. SP1 is a
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Figure 4. Association between the soluble MICA levels and SNP rs2596538 genotype. The samples were classified into 3 groups according
to rs2596538 genotype. The sMICA levels measured by ELISA are indicated in y-axis. The numbers of samples and the proportion of sMICA positive
subjects from each group are shown in x-axis. The percentage of the positive SMICA expression in each group are AA=10%, AG = 39%, and GG =42%.

Statistical significance was determined by Kruskal-Wallis test.
doi:10.1371/journal.pone.0061279.9g004

ubiquitously expressed transcription factor which binds to the GC-
rich decanucleotide sequence (GC box) and activates the
transcription of various viral and cellular genes [30,31]. Phos-
phorylation of SP1 was shown to be induced by HCV core protein
and exhibited higher binding affinity to the promoter region of its
downstream targets [32]. From our previous study, we showed a
significant difference of sMICA expression between non-HCV
individuals and CHC patients. This indicated that sMICA
expression was induced after HCV infection [6]. Hence, we here
propose the following hypothesis. After HCV infection, the virus
core protein enhances the SP1 phosphorylation in hepatocytes,
and the phosphorylated SP1 binds to the DINA segment
corresponding to the G allele of SNP rs2596538 and then induces
MICA expression. The membrane-bound MICA (mMICA) serves
as a ligand for NKG2D to activate the immune system and results
in the elimination of viral-infected cells by NK cells and CD8+ T
cells [8,9]. Eventually, HCV-infected individuals with higher
MICA level may cause stronger immune response to the infected
cells and hence result in a reduced risk for HCC progression.
Moreover, the mMICA is then shed by metalloproteinases that are
often over-expressed in cancer tissues and convert mMICA to
sMICA. This resulted in a significantly increase of sMICA level in
the serum of HCV infected patients.

In contrast to HCV-induced HCC, our group had previously
identified that higher sMICA level was associated with poor
prognosis in HBV-induced HCC patients [33]. Such an opposite
effect of MICA would be attributable to the difference in
downstream pathway between HBV and HCV. HBV virus
encodes hepatitis B virus X protein (HBx) that is pathogenic and
promotes tumor formation. It had been reported that HBx protein

PLOS ONE | www.plosone.org

was associated with an elevated expression of MT1-MMP, MMP2,
and MMP3 [34,35]. HBx was also shown to transactivate MMP9
through ERKs and PI-3K-AKT/PKB pathway and suppress
TIMP!1 and TIMP3 activities [36,37]. The activation of
metalloproteinases would induce the shedding of mMICA into
sMICA, which promotes the tumor formation through the
mnhibitory effect of sSMICA on NK cells. This can explain why
high sMICA expression is a marker of poor prognosis for HBV-
induced HCC. On the other hand, HCV infection was not
associated with metalloproteinases activation, although the
expression of sMICA was shown to be proportional to mMICA
level. Therefore individuals with high MICA expression are likely
to activate natural killer cells and CD8+ T cells to eliminate virus
infected cells.

SP1 was previously identified as a transcriptional regulator of
both MICA and MICB {7,9,38]. A polymorphism in the MICB
promoter region was found to be associated with AMICB
transcription level [7]. To our knowledge, this is the first report
showing that MICA transcription is directly influenced by
functional variant. Moreover, this functional SNP is significantly
associated with HCV-induced HCC. Our findings provide an
insight that MICA genetic variation is a promising prognostic
biomarker for CHC patients.

Supporting Information

Figure S1 Pairwise LD map between marker SNP and
11 candidates SNP. Black color boxes represent regions of high
pairwise »° value. The LD was determined by direct DNA
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sequencing of MICA promoter region from 50 randomly selected
HCV-HCC patients.

(TIF)

Table S1 Characteristics of samples and methods used
in this study.

DOCX)

Table §2 The sequences of each oligo used in the EMSA
and ChIP assay.
(DOCX)
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Impact of polymorphisms in drug pathway genes
on disease-free survival in adults with acute

myeloid leukemia
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Acute myeloid leukemia (AML) is a clinically heterogeneous disease, with a 5-year disease-free survival (DFS) ranging from
under 10% to over 70% for-distinct groups of patients. At our institution, cytarabine, etoposide and busulfan are used in first
or second remission patients treated with a two-step approach to autologous stem cell transplantation (ASCT). In this study,
we tested the hypothesis that polymorphisms in the pharmacokinetic and pharmacodynamic pathway genes of these drugs are
associated with DFS in AML patients. A total of 1659 variants in 42 genes were analyzed for their association with DFS using a
Cox-proportional hazards model. One hundred and fifty-four genetically European patients were used for the primary analysis.
An intronic single nucleotide polymorphism (SNP) in ABCC3 (rs4148405) was associated with a significantly shorter DFS
(hazard ratios (HR) =3.2, P=5.6 x 10-6) in our primary cohort. In addition, a SNP in the GSTMI-GSTM5 locus, rs3754446,
was significantly associated with a shorter DFS in all patients (HR=1.8, P=0.001 for 154 European ancestry; HR=1.7,
P=0.028 for 125 non-European patients). Thus, for the first time, genetic variants in drug pathway genes are shown to be
associated with DFS in AML patients treated with chemotherapy-based autologous ASCT.
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INTRODUCTION

Adult acute myeloid leukemia (AML) is a hematologic malignancy
with widely heterogeneous clinical outcomes. New treatments for
AML are increasingly being tested in clinical trials of patients with
specific tumor cell mutations."»? Although there have been substantial
improvements in the number of patients who achieve complete
remission, the choice of induction and post-remission therapy
for adult AML is still based on the ‘one size fits all’ principle.
Most regimens incorporate antimetabolites (for example, cytarabine,
fludarabine), topoisomerase II inhibitors (for example, etoposide,
daunorubicin, idarubicin, mitoxantrone) and alkylating agents
(for example, busulfan, cyclophosphamide) for the treatment of
AML. Prognostic factors for treatment response include age, prior
exposure to chemotherapy, cytogenetic markers and expression
profiles, and appearance of specific genetic mutations in tumor
tissue, such as mutation and translocation of particular genes
(for example, FLT3, NPM1).>* However, these prognostic factors do

not adequately capture the wide diversity of clinical outcomes in this
disease. The percent of adults with AML who can survive >3 years
and may be cured is ~ 5-70%.>°

One possible explanation for the difference in response to AML
treatment is germline genetic variation. Although the pharmacoge-
nomics of AML drug response is an active area of research, there
remain large challenges. These include the: (i) poor availability of
uniform, well-collected and well-defined drug response phenotype
information; (ii) lack of widely available germline DNA not con-
taminated with tumor cells (myeloblasts); (iii) limited availability of
panels of genotype data in large patient cohorts; and (iv) inability to
validate findings in replication studies. In this study, we overcome
many of these challenges. In particular, to our knowledge, this is the
first study that involved the analysis of large numbers of genetic
polymorphisms in a cohort of AML patients treated with high-dose
chemotherapy followed by autologous stem cell transplantation
(ASCT). We present results from testing the association between
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germline variants in drug pathway and other genes with disease-free
survival (DFS) in adult AML patients. We identified new associations
between AML DFS and polymorphisms in several drug pathway genes
for cytarabine, etoposide and busulfan, and also replicated single
nucleotide polymorphisms (SNPs) previously reported to be
associated with the AML response phenotypes.

MATERIALS AND METHODS

Clinical protocol, study criteria and patient cohorts

The population for the current study consists of AML patients who were
enrolled in University of California, San Francisco (UCSF) study protocols
9203 or 9303 between 1988 and 2010. The study protocols and patient
selection criteria have been previously described.”® This treatment protocol
was used in patients with low- and standard-risk de novo AML, including acute
promyelocytic leukemia in first or second complete remission. It was also used
in a small number of patients with high risk AML (that is, with secondary
AML) if allogeneic stem cell transplantation was not an option for the patient
(for example, unavailable donor).” In step 1, patients were treated with
consolidation ~ chemotherapy  including  cytarabine 2000 mgm 2
(intravenously) twice daily for 4 days concurrently, with etoposide
40mgkg™! by intravenous infusion over the 4 days. During the recovery
period from chemotherapy, peripheral blood stem cells were collected under
granulocyte colony-stimulating factor stimulation. In step 2, patients
underwent ASCT, which involved the preparative regimen of busulfan (total
dose 16 mgkg ™! orally or 12.8 mgkg ™! intravenously, over 16 doses in 4 days),
followed by etoposide 60 mgkg ™" (intravenous bolus) and reinfusion of blood
or marrow stem cells. Patients had to be in complete remission for at least 30
days before step 2 (Figure 1). Complete remission was defined as normal bone
marrow morphology with <5% blasts, resolution of previously abnormal
cytogenetics and no evidence of extramedullary leukemia. In addition, patients
must meet criteria for neutrophil and platelet counts, liver and kidney
function.”® Detailed procedures of patient enrollment, diagnosis, data
collection and follow-up have been previously described.” Briefly, patients
were actively followed-up in the beginning within 6 months of diagnosis, with
subsequent annual follow-up by clinic visits. UCSF electronic medical records,
the UCSF Blood and Bone Marrow Transplant Clinic database and patients’
medical charts were abstracted to determine patients’ remission status. The
UCSF Committee on Human Research approved the research protocol
(institutional review board number 10-00649).

DNA isolation and genotyping

DNA was isolated from peripheral blood stem cells, which were collected
during the recovery from step 1 consolidation chemotherapy. As noted in the
above section, patients were in complete remission before consolidation
chemotherapy, and hence the samples utilized in this step contained <5%
leukemic cells. DNA was isolated at the UCSF DNA Banking and Extraction
Services Lab. The Jab followed standard DNA extraction protocol described in
the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA).
The DNA was then quantified using Picogreen (Life Technologies, Grand
Island, NY, USA) and normalized to 50ngpl~'. For each sample, we
genotyped 250 ng of DNA. The Illumina HumanOmniExpress v1.0 Beadchip
was used, following the manufacturer’s protocols, at the Center for Genomic
Medicine, RIKEN, Yokohama, Japan. For quality control of the genotyping, we
included one HapMap trio and three duplicates of the DNA samples from the
AML patients. A total of 328 distinct DNA samples from patients were
genotyped, along with three duplicates and three HapMap samples (trio).

Patients’ ancestral origin

The genetic ancestral origin of patients was determined using principal
component analysis implemented in Eigenstrat.! Genotype information on
our 328 AML patients was analyzed in conjdnction with SNP data from the
HapMap project, which consists of Europeans (CEU and TSI), Asians (JPT and
CHB), Africans (TSI and ASW) and Mexican (MXL). From these analyses we
were able to distinguish 154 patients of Buropean ancestry on the basis of their
close clustering with the European HapMap samples.
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Pathway, gene and SNP selection

A total of 42 genes were selected for analysis based on the following criteria: (i)
genes in the pharmacokinetic and/or pharmacodynamics pathway of the drugs
administered (cytarabine, etoposide and busulfan);! =15 (ii) genes described
in literature as having ‘significant associations with drug cytotoxicity in
lymphoblastoid cell lines (LCL);'®!7 (iii) genes involved in DNA mismatch
repair;'® and (iv) genes found previously to be associated with the AML
response phenotype'? (see Supplementary Table 1, Figure 1). After filtering the
SNPs with low call rates ( <90%) and SNPs with low minor allele frequencies
(MAF; MAF<1%) in the 154 European ancestry patients, we selected the
SNPs in the candidate genes and within 25000 bp upstream and downstream
flanking regions.

Statistical analysis of the associations

The primary analysis was to estimate the association between SNPs in the
selected candidate genes and DFS in 154 patients of European ancestry. A Cox-
proportional hazard model was used to estimate the hazard ratios (HR) and
95% confidence limits for the effect of genotype on DFS. An additive coding of
genotypes was used in all analyses. The genetic effect estimates were adjusted
for levels of a clinical risk score (see Table 1). The SNP associations with
P<0.01 were also tested in the 125 non-European patients using a Cox-
proportional hazard model. In light of the heterogeneous ethnicity of the
samples, the genetic effect estimates were adjusted for the first 10 principal
components calculated from the genome-wide association study data and the
clinical risk score. The Cox-proportional hazards function from the R-project
(version 2.15.1) was used. We used 3 x 1077 (0.05/1659) as the significance
level after Bonferroni correction for multiple testing.

Fine mapping of associations via imputation

In order to further clarify the association signals, we performed imputation on
genes with P<0.005 in the primary analysis. For eight genes (ABCC3, DCK,
GSTM1, GSTTI, MSH3, RRM1, SLC22A12, and SLC28A3), the genotypes at
polymorphic sites known from the 1000 Genomes Project but not observed on
the Ilumina HumanOmniExpress v1.0 Beadchip were imputed using IMPUTE
version 2 (version 2.3.0 for Mac OS X, http://mathgen.stats.ox.ac.uk/impute/
impute_v2.html). The reference panel for the imputation was the 1000
Genomes Phase I-integrated variant set referenced to NCBI build b37 (March
2012 release, retrieved January 20 2013 from http://mathgen.stats.ox.ac.uk/
impute/impute_v2.html#reference). Imputed variants with imputation quality
scores < 0.3 or MAF < 0.01 were excluded. The remaining imputed SNPs were
each used in Cox-proportional hazards models to predict DFS, as were the
genotyped SNPs.

Functional studies
The potential functional effects of the SNPs with P<0.01 associated with DFS

"in European population were examined using the following steps:

(1) All tag-SNPs in linkage disequilibrium to the SNPs with P<0.01 in
our primary analysis were identified using the Proxy Search in the Broad
Institute SNAP (SNP Annotation and Proxy Search; version 2.2), http://www.
broadinstitute.org/mpg/snap/ldsearch.php. The search options used in this step
were: SNP data set=1000 Genomes Pilot 1 in CEU population panel,
threshold = 0.8 and distance limit =500 kbp.

(2) Potential regulatory functions were identified by searching the following
databases: Regulome database® and eQTL browser (http://eqtl.uchicago.edu,
http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/).

(3) Literature searches were used to identify previous reports of associations
with drug response phenotypes of any of the SNPs associated with AML
response in this study.

RESULTS

This study investigates the potential associations between variants in
42 candidate genes and DFS in adult AML patients treated with a
two-step approach to ASCT. High-dose cytarabine, etoposide and
busulfan were used in this treatment approach. Table 1 describes
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Imputation analysis of top genes from primary analysis in
154 AML patients with European ancestry genetics

Imputation of
top genes

Figure 1 Schematic of workflow applied to determine the association of genetic variations in 42 candidate genes with disease-free survival (DFS) in acute
myeloid leukemia (AML) patients treated with a two-step treatment protocol before autologous stem cell transplantation (ASCT). The workflow begins with
phenotype data collection and genotyping of DNA samples using a genome-wide SNP array. Candidate genes were selected on the basis of their roles in the:
drugs’ pharmacokinetic/pharmacodynamics pathway; DNA mismatch repair mechanism; association with the drug cytotoxicity in lymphoblastoic cell lines

previously identified in literatures; and pharmacogenomics studies of AML drug

response. After association of each SNPs with DFS in the 154 AML patients

of European ancestry, the SNPs with P<0.01 and their tag-SNPs were examined for their potential functional roles using databases to identify eQTL SNPs
and predicted regulatory elements, such as binding sites of transcription factors and for their replications of previous studies. The SNPs with P<0.01 were
also examined for their associations with DFS in 125 non-European ancestry. Finally, imputation was performed to identify other SNPs with stronger

associations with DFS in European ancestry.

the demographic characteristics of this cohort, which consisted of
154 patients of European ancestry and 125 patients of non-European
ancestry (African, Asian and Mexican). In the DFS analysis, 55
patients of European ancestry (35.7%) and 47 of non-European
ancestry (37.696) relapsed during the observation period, which
extended from 1988 to 2010.

We applied quality control criteria to the SNP data, with a
genotype call rate of 0.99 and minor allele frequency >0.01. After
filtering, a total of 42 genes covered by 1659 SNPs were included in
this association analysis. Furthermore, none of the DNA samples
showed chromosomal abnormality by GenomeStudio ([lumina).
Results in Figure 2 and Table 2 showed that among the 40 SNPs
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with P<0.01, the SNPs in the pharmacokinetic/pharmacodynamic
pathway genes have stronger associations compared with SNPs not in
the drug pathway. After Bonferroni correction for multiple testing
(1659 tests), a SNP in the first intron of ABCC3 (rs4148405) was
significantly associated with DFS, with the minor allele (G) associated
with shorter time to relapse (P-unadjusted =9.5 x 10~°, Figure 3a).
Although other SNPs did not reach significance after Bonferroni
correction, overall there were 23 SNPs associated with DFS at

Table 1 Demographic characteristics of patients undergoing
autologous stem cells transplantation for AML from 1988 to 2010

Patients of Patients of
European non-European
Variables ancestry (N=154) ancestry (N = 125)
Sex, N (%)
Male 76 (49.3%) 67 (53.6%)
Female 78 (50.6%) 58 (46.4%)

Age (years)
Median (s.d., range)
Age at diagnosis
Age at autologous bone
marrow transplantation

Year of transplantation

47.0° (13.0, 18-72)
47.0 (13.0, 19-72)

40.5P (12.8, 17-68)
41.0(12.8, 19-69)

1988-1995 36 (23.4%) 38 (30.4%)
1996-2000 41 (26.6%) 31 (24.8%)
2001-2010 77 (50.0%) 56 (44.8%)

De novo/secondary AML, N (%)

P<0.005 (Table 2). These 23 SNPs are in or within 25000bp of
eight genes: SLC28A3, DCK, RRM1, GSTM1, ABCC3, MSH3, GSTT1I,
or SLC22A12. The majority of the minor alleles were associated with
poor outcome (shorter DES). Kaplan—Meier estimate plots of DFS are
shown in Figures 3a—d for four of the top SNPs with MAF >=3%.
Other SNPs in the genes of the cytarabine pathway including NT5C2
and RRM2B were also associated with DFS but with weaker P-values
(P<0.01, Table 2). Interestingly, SNPs in three out of eight selected
genes {SLC25A37, WNT5N and P2RX1), for which expression levels
have previously been correlated with either etoposide or cytarabine
ICsy values in LCL, showed significant but weaker association
(P<0.01) compared with genes in the drug pathways. Next, we
examined the 40 SNPs in patients of non-European ancestry.
Only one SNP, in GSTMI-GSTMS5 locus (153754446), was significantly
associated with DFS in patients of non-European ancestry (HR = 1.7,
P=0.028). Overall, in the entire cohort the minor allele of the SNP
(rs3754446) was significantly associated with shorter DFS (HR=1.7,
P=10.00027).

Imputations of the eight candidate genes were performed to
determine whether other SNPs in the regions have stronger associa-
tion with DFS. The results showed that there are 234 imputed SNPs
with P<0.01 (MAF >1%), and among these there are 93 SNPs with
improved P-values compared with the genotyped SNPs (Figure 4).
Several SNPs in deoxycytidine kinase (DCK) have significant
P-values<1.0 x 10~ (Figure 4), with MAF 5-10%. Although none
of these 93 SNPs are in exonic regions, on examination in the eQTL
browser, Regulome database and GTEx eQTL browser, we determined

D 147 (95.5%) 110 (88.0%) A N

Secondary Ty R that SNPs in GSTM1 (rs929166, rs11101989) and MSH3 (6151896)

) are associated with their respective gene expression levels in liver?! or
Risk, N (%) P g Xp.

Acute promyeloid leukemia 15 (9.7%) 12 (9.6%) lymphoblastoid cells?? (data not shown). In the ABCC3 and SLC28A3

Low 18 (11.7%) 18 (14.4%) o . e o : T o

Standard 114 (74.0%) 80 (64.0%) regions, 1mp}1.tauon analysis dl'd n‘ot identify other more significant

High 7 (4.5%) 15 (12.0%) SNPs in addition to the most significant genotyped SNPs, rs4148405
DFS (months) and rs11140500, respectively (Figure 4).

Median (s.d.) 21.4 (43.9) 16.7 (44.8) Using in silico analysis, we determined whether the 40 SNPs and
Abbreviations: AML, acute myeloid leukemia; DFS, disease-free survival. their tag-SNPs were in known or predicted functional regions of the
v e genome. Several of the SNPs were in DNA regions predicted to have
“Defined by the Cancer and Leukemia Group B (CALGB) criteria. binding sites for transcription factors. Some of these regions appear in
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Figure 2 Plot showing the significance (—logl0 of the P-value) of associations of the 1659 SNPs with DFS in 154 acute myeloid leukemia (AML) patients
of European ancestries. Only SNPs with minor allele frequencies (MAF) of >1% in the selected 42 candidate genes are shown. Each dot represents a SNP.
SNPs_ above the black dotted line are SNPs with P<0.01, and the SNP above the red dotted line reached a P-value, which was significant after correction
for multiple testing (P<3 x 1079,
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Table 2 Significant SNPs (P<0.01) associated with DFS in 154 AML patients of European ancestry

Chromo- 5 flanking gene/ Risk P (95% CI)  Genotype Minor Major Reason for
SNP some Gene Feature 3 Flanking gene allele  MAF (unadjusted) HR  of the HR counts  allele allele gene selection
rs4148405 17  ABCC3 Intron CACNA1G/ANKRD40 G 0.12 9.45E-06 3.12 (1.88-5.15) 2/34/117 G T  Drug pathway
rs11140500 9 SLC28A3  Intron RMI1/NTRK2 T 0.01 0.00018 9.94 (2.99-33.09) 0/3/151 T C  Drug pathway
110805074 4 DCK Intron MOBKLIA/ A 0.03 0.00039 4.59 (1.98-10.67) 0/9/145 A G Drug pathway
LOC100128311 .
137684954 4 DCK Intron LOC100128311/ A 0.03 0.00039 4.59 (1.98-10.67) 0/9/145 A G Drug pathway
LOC727995
rs4593998 11 RRM1 Intron RRM1/L0OC643244 A 0.14 0.00093 2.28 (1.40-3.71) 4/34/116 A G Drug pathway
156842838 4 DCK 3'UTR of MOB1B MOB1B/DCK G 0.05 0.0010  3.21 (1.60-6.45) 0/15/139 G T Drug pathway
rs1385985 4 DCK 3'UTR of MOB1B GRSF1/DCK c 0.05 0.0010 3.21 (1.60-6.45) 0/15/139 C T  Drug pathway
rs3754446 1 GSTM1 Near-gene-5 GSTM1/GSTMS G 0.38 0.0012 1.81 (1.26-2.59) 26/66/62 G T  Drug pathway
[GSTM5]
rs7689093 4 DCK Near-gene-5 [DCK] ~ MOBKL1A/DCK G 0.01 0.0016 5.34 1.89-15.13) 0/4/150 G A Drug pathway
rs1989983 17 ABCC3 Near-gene-5 CACNA1G/ABCC3 A 0.11 0.0017 2.33 (1.37-3.96) 2/30/122 A G Drug pathway
[ABCC3]
rs2301835 17 ABCC3 Synonymous variant CACNA1G/ABCC3 T 0.06 0.0029 2,60 (1.39-4.89) 1/16/137 T C  Drug pathway
in
coding of CACNA1G ‘
1512515548 5 MSH3 Intron LOC100128458/ T 0.13 0.0029  2.07 (1.28-3.35) 6/27/121 T C  DNA mismatch
RASGRF2 repair genes
152277624 17  ABCC3 Synonymous variant CACNA1G/ANKRD40 A 0.25 0.0040 1.75 (1.20-2.55) 12/54/87 A G Drug pathway
rs11090305 22 GSTT1 Near-gene-5 GSTTP2/CABIN1 C 0.18 0.0044 1.98 (1.24-3.17) 3/50/101 Cc T  Drug pathway
[CABIN1]
157130539 11 RRM1 Intron STIM1/OR55B1P [ 0.06 0.0047 2.56 (1.33-4.91) 1/16/137 C T  Drug pathway
1511031136 11 RRM1 Intergenic OR55B1P/LOC643244 G 0.06 0.0047 2.56 (1.33-4.91) 1/16/137 G T  Drug pathway
1$528211 11 SLC22A12 Intergenic SLC22A11/SLC22A12 G 0.29 0.0048  0.51 (0.31-0.81) 13/62/79 A G Other AML study
152360872 11 SLC22A12 Intergenic SLC22A11/SLC22A12 C 0.29 0.0048  0.51 (0.31-0.81) 13/62/79 T C  Other AML study
1s505802 11 SLC22A12 Near-gene-5 SLC22A11/SLC22A12 A 0.29 0.0048  0.51 (0.31-0.81) 13/62/79 G A Other AML study
{SLC22A12]
15524023 11 SLC22A12 Near-gene-5 SLC22A11/SLC22A12 G 0.29 0.0048  0.51 (0.31-0.81) 13/62/79 A G Other AML study
[SLC22A12]
159734313 11 SLC22A12 5'UTR SLC22A11/SLC22A12 T 0.29 0.0048  0.51 (0.31-0.81) 13/62/79 C T  Other AML study
rs11231825 11 SLC22A12 Synonymous variant SLC22A11/SLC22A12 C 0.29 0.0048 0.51 (0.31-0.81) 13/62/79 T C  Other AML study
152268166 11 RRM1 Intron STIM1/OR55B1P G 0.06 0.0049 2.55 (0.20-0.75) 1/16/136 G T  Drug pathway
1511606370 11 SLC22A12 Intron of NRXN2 SLC22A12/RASGRP2 A 0.30 0.0050  0.51 (0.32-0.82) 14/64/76 C A Other AML study
1s11191547 10 NT5C2 Intergenic CNNM2/NT5C2 T 0.31 0.0051 1.71 (1.17-2.49) 15/66/73 T C  Drug pathway
111191549 10 NT5C2 Near-gene-3 [NT5C2] CNNM2/NT5C2 T 0.31 0.0051 1.71 (1.17-2.49) 15/66/73 T C  Drug pathway
111191553 10 NT5C2 Intron CNNM2/ T 0.31 0.0051 1.71 (1.17-2.49) 15/66/73 T G Drug pathway
LOC100128863
110883836 10 NT5C2 Intron LOC100128863/ C 0.31 0.0051 1.71 (1.17-2.49) 15/66/73 C T  Drug pathway
LOC729081
157095304 10 NT5C2 Intergenic NT5C2/L0C401648 A 0.31 0.0051 1.71 (1.17-2.49) 15/66/73 A G Drug pathway
16151816 5 MSH3 Intron LOC100128458/ T 0.12 0.0055 2.05 (1.24-3.41) 5/27/122 T C  DNA mismatch repair
RASGRF2 genes
15893006 11 SLC22A12 Intron SLC22A11/NRXN2 T 0.28 0.0055  0.51 (0.32-0.82) 13/61/80 G T Other AML study
157818607 8 SLC25A37 Intergenic SLC25A37/L0C646721 A 0.30 0.0057 1.75 (1.18-2.59) 16/59/79 A C  Associated with drug
cytotoxicy in LBL
152853229 8 RRM2B  Intron NCALD/UBRS A 0.49 0.0062 1.68 (1.16-2.44) 38/74/42 A C  Drug pathway
18534 8 SLC25A37 Intergenic SLC25A37/L0C646721 T 0.38 0.0067 1.68 (1.15-2.43) 24/69/61 T C  Associated with drug
cytotoxicy in LBL
1s8079740 17  ABCC3 Intron of CACNA1G  SPATA20ANCC3 G 0.31 00078  0.56 (0.37-0.86) 20/56/78 A G Drug pathway
15757420 17  ABCC3 Intergenic CACNA1G/ABCC3 T 0.30 0.0079  0.55 (0.36-0.86) 18/56/80 T C  Drug pathway
152010851 12 WNT5B Near-gene-3 WNT5B/ A 0.30 0.0082 0.52 (0.32-0.84) 13/67/74 C A Associated with drug
[WNT5B] LOC100132548 cytotoxicy in LBL
1s4995289 17 P2RX1 Intergenic P2RX1/ATP2A3 T 0.28 0.0088  0.51 (0.31-0.85) 14/59/81 C T Associated with drug
cytotoxicy in LBL
rs1516801 17 P2RX1 Intergenic P2RX1/ATP2A3 G 0.28 0.0088  0.51 (0.31-0.85) 14/59/81 T G Associated with drug
cytotoxicy in LBL
152607662 8 RRM2B  Intron of UBR5S NCALD/UBR5 T 0.46 0.0095 1.64 (1.13-2.37) 31/79/44 T C  Drug pathway

Abbreviations: AML, acute myeloid leukemia; CI, confidence interval; DFS, disease-free survival;
nucleotide polymorphisms.

The classifications near-gene-5 and near-gene-3 label SNPs that are outside transcribed regions,
untranslated 5" mRNA.

the ENCODE Chip-Seq and DNase I peaks (Supplementary Table 2),
suggesting that they could have regulatory functions. Interestingly,
the GTEx (Genotype-Tissue Expression) eQTL browser (http:/
www.ncbi.nlm.nih.gov/gtex/GTEX2/gtex.cgi) and eQTL browser
(http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/) showed that the
SNP in GSTM1I, rs3754446, is associated with GSTMI and GSTM5
expression levels in the liver,?! brain and LCL?** (Supplementary
Table 2).

DISCUSSION

Previous pharmacogenomic studies of AML response to chemother-
apy have been limited to a small number of candidate genes.>*>~%7
Although studies related to genes in drug pathways have been
performed, many have not been replicated. In addition, some AML
pharmacogenomics studies have been conducted using DNA from

HR, hazards ratio; LBL, lymphoblastoid cell lines; MAF, minor allele frequencies; SNPs, single

but within 2000 bp of a transcription region. Near-gene-5 includes upstream promoter region and

blast cells, which may have included somatic cell mutations in
addition to germline polymorphisms.?5=30

To determine whether germline genetic variations are associated
with AML response, we designed our own pharmacogenomic
study in AML patients treated with a chemotherapeutic regimen
consisting of cytarabine, etoposide and busulfan, followed by ASCT.
Our study was focused primarily on 154 AML patients of European
ancestry. The analysis was centered on 42 genes related to the
pharmacokinetic and pharmacodynamic pathways of the chemother-
apy. A few other genes that had previously been associated with drug
response in AML were also included (Supplementary Table 1, Figure 1
and Figure 2). The goals of this study were to identify new
associations with DFS in AML patients and to determine whether
SNPs previously reported to be associated with AML response could
be replicated.
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Overall, the most significant SNP in our analysis was the intronic
variant in ABCC3, rs4148405 (HR =3.1, P=9.5 x 10( —6)). ABCC3
is a multidrug resistance-associated protein, which is known to
transport the etoposide metabolite, etoposide glucuronide.®! Several
lines of evidence support a role for ABCC3 in DFS in AML patients.
First, in a previous study a promoter variant in ABCC3, rs4793665
was associated with a shorter survival time in Israeli AML patients.?’
Although this variant was not associated with AML response in the
current study, the data support a role of the transporter in response to

chemotherapy in AML. Second, following etoposide administration to -

Abcc2 —/—, Abce3 —/— mice, higher etoposide glucuronide levels
were observed in the liver,’? consistent with a potentially important
role of ABCC3 in etoposide pharmacokinetics. Third, cell lines
transfected with ABCC3 show greater resistance to etoposide.®?
Finally, higher ABCC3 expression levels in leukemia cells are
associated with poor outcome in children with leukemia.***

Data from Regulome database suggest that the ABCC3 variant,
rs4148405, is in a functional location in the genome, as this region
demonstrates direct evidence of binding through ChIP-seq studies.
Transcription factors that have a role in hepatic gene regulation
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(for example, CEBPB, USF1, FOXAI) have DNA response elements
within this gene region (see http://regulome.stanford.edu/snp/chr17/
48713567).2%%¢ On the basis of the results of our primary analysis
with DFS, we speculate that the minor allele of rs4148405 is associated
with higher expression levels of ABCC3 in the liver and/or leukemia
cells, and thus reduced levels of etoposide in the tumor cells.
Although the SNP rs4148405 is found at a MAF of >10% in non-
European populations, this SNP was not significantly associated with
DFS in the AML patients of non-European ancestry. It is possible
that different linkage disequilibrium patterns between rs4148405 and
potential causative SNPs may have confounded the analysis.

In addition to a SNP in ABCC3, we also identified 23 SNPs in seven
other genes (SLC28A3, DCK, RRM1, GSTMI, GSTTI1, MSH3 and
SLC22A12) that were associated with DFS in the European AML
patients (with P<0.005, Table 2). Interestingly, expression levels of
these genes or other SNPs in these genes have been previously
associated with response to chemotherapy in AML or other
cancers.!??%37-39 Expression levels or SNPs in these genes have also
been associated with ICsy values of various chemotherapy agents in
cell lines.4%*! Genetic polymorphisms in glutathione-S-transferases,
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Figure 3 (a-d) Kaplan—Meier estimate of disease-free survival (DFS) stratified by the top SNPs (a) rs4148405 ABCC3 (b) rs10805074 DCK (c) rs3754446
GSTMI-GSTMS5 locus and (d) rs505802 SLC22A12 genotypes in patients of European ancestry.
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Figure 4 Plot showing the association of the genotyped and imputed SNPs
with MAF >1% in the selected top eight candidate genes (ABCC3, DCK,
SLC28A3, SLC22AA12, MSH3, RRMI1, GSTMI1, GSTTI). Each colored
diamond (not gray or black) represents a genotyped SNP and the gray/black
dots represent imputed SNPs.

such as GSTTI and GSTMI, have been widely studied for their
associations with drug toxicity, drug response and disease risk in
leukemia patients.?*?%42 Notably, GSTM1 and GSTT! deletions have
been implicated in various phenotypes associated with leukemia,
including drug response,** busulfan pharmacokinetics®® and disease
risk.** Although we did not examine the effect of the GSTMI deletion
in this study, we identified several SNPs (genotyped and imputed) in
the GSTMI-GSTMS5 locus (rs3754446, rs929166 and rs11101989)
associated with DFS in individuals of European ancestry that have not
been previously reported (Table 2, Figure 2b). One of the SNPs in
this locus, rs3754446, was also associated with AML response in the
individuals of non-European ancestry (HR = 1.7, P=0.028). Overall,
in the entire cohort this minor allele SNP, rs3754446, was significantly
associated with shorter DFS (HR = 1.7, P=10.00027). Perusal of eQTL
databases (Regulome database, GTEx browser and eQTL browser)
suggests that the SNPs in the GSTMI-GSTMS5 locus are associated
with expression levels of GSTMI and/or GSTMS5 in liver,?! brain and
LCL.>224 Thus, the SNPs in these genes, which are involved in drug
metabolism, could affect AML response by affecting the pharmaco-
kinetics of the drugs used in the treatment of AML. We examined 21
AML patients from our overall cohort, where we have their first-dose
busulfan area under the curve. Interestingly, we observed a significant
association between rs3754446 and reduced busulfan area under the
curve in these 21 AML patients (P=0.03, Supplementary Figure 1).
The minor allele, G, in rs3754446, was associated with lower busulfan
plasma levels (area under the curve), which was consistent with our
observation that patients with the G allele had shorter DFS
(Figure 3c). As higher busulfan plasma levels have been associated
with busulfan liver toxicity,”’45 future studies are needed to
determine whether the SNPs in GSTMI1-GSTM5 are associated with
liver toxicity. Collectively, these data suggest that GSTMI could have
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an important role in determining busulfan drug levels, drug response
and/or drug toxicity.

Recently, using a drug-metabolizing enzyme/transporter gene
SNP array, a synonymous variant in SLC22A12 (rs11231825) was
found to be associated with response in 94 AML patients treated
with a combination drug regimen of gemtuzumab-ozogamicin
with fludarabine-cytarabine-idarubicin.!® Among the SNPs in the
drug-metabolizing enzyme/transporter genes that were found to be
significantly associated with AML response, we were able to replicate
the SNP (rs11231825) in the uric acid transporter, SLC22A12.
Notably, this synonymous variant, which is in linkage
disequilibrium with a SNP upstream of SLC22A12, rs505802, has
been found in various genome-wide association studies to be
associated with uric acid levels.***” In these genome-wide
association studies,*®*” the minor allele T has been associated with
higher uric acid levels. Although speculative, our study and the
previous study,'® which demonstrated that patients with the T allele
have a better response to chemotherapy, suggest that higher uric acid
levels may be associated with longer DFS time. In our study, the T
allele, which is associated with higher uric acid levels,*®*° was
associated with longer DFS time (see Figure 3d). Uric acid is a
potent antioxidant, and it is possible that higher levels are beneficial
for survival in AML patients.

Previous studies have shown that the nucleoside transporter,
SLC28A3 (CNT3) has a role in cytarabine cytotoxicity and resis-
tance.*%3031 In this study, we observed several low-allele frequency
variants (MAF 1%) in SLC28A3 are associated with DFS in AML
patients on cytarabine and other chemotherapy. Therefore, we
hypothesized that CNT3 may transport cytarabine. Supplementary
Figure 2a shows that radiolabeled cytarabine was taken up into CNT3
stably expressing cells, and the uptake (over empty vector cells) was
significantly enhanced in cell lines exposed to the equilibrative
nucleoside transporter inhibitor = S-(4-nitrobenzyl)-6-thioinosine,
which reduced background uptake of cytarabine in the cells. Notably,
cytarabine uptake decreased significantly in CNT3 stable cells treated
with the SLC28A3 inhibitor (phloridzin) or with both inhibitors
(Supplementary Figure 2a). Fludarabine, a known substrate of CNT3
was used as a positive control in this study (Supplementary
Figure 2b).”* As low-allele frequency variant in CNT3 was found to
be significantly associated with DFS (Table 2), we interpret the results
with caution. Although our finding that SLC28A3 transports cytar-
abine supports the association, functional studies of variants in this
region and/or a larger sample size are required to determine whether
these uncommon variants are associated with cytarabine response.

DCK has an important role in activating cytarabine to its active
metabolite, cytarabine triphosphate. Two tag-SNPs, rs4308342 and
rs3775289, in DCK that were associated with DFS in our AML
patients of European ancestry have been previously associated with
the ICsy of another nucleoside analog, gemcitabine, in LCL.#0
Furthermore, a previous study demonstrated that the level of
cytarabine triphosphate in AML Dblast cells correlates with the ratio
in expression levels of the cytarabine-activating enzyme, DCK and the
-inactivating enzyme, 5'-nucleotidase, cytosolic I (NT5C2).*8 In our
study, in addition to the two tag-SNPs in DCK associated with DFS in
AML patients, five SNPs in the NT5C2 region were associated with
DFS (Table 2). Although several of these SNPs are eQTLs (see
Supplementary Table 2), further studies are required to determine
whether these SNPs have important roles in determining the levels of
cytarabine triphosphate in AML blast cells. Other genes, which have
important roles in the cytarabine pharmacodynamics pathway are
ribonucleotide reductase, RRM1 and RRM2, which are considered
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targets of nucleoside drugs such as cytarabine. The role of this enzyme
is to regulate intracellular pools of ribonucleotides, such as deox-
yeytidine triphosphate, which is important in building blocks for
DNA replication. Studies have shown that AML blasts cells with high
levels of deoxycytidine triphosphate are resistant to cytarabine, and
that there is a significant correlation between RRMI and RRM2 gene
expression levels and deoxycytidine triphosphate levels after cytar-
abine treatment in AML blast cells.!> Consistent with previous studies
showing that SNPs in RRM1 are associated with response or toxicity
to gemcitabine-based chemotherapy in lung and breast cancer
patients,* our findings suggest that the SNPs in RRMI are
associated with AML response to chemotherapy that include
cytarabine.

Although our current association analysis supports the important
roles of drug pathway genes, mainly transporters and enzymes, in
AML response, we also selected eight genes that have been associated
with cytarabine or etoposide ICs, values in LCL.1®!7 A few SNPs in
the eight genes were significantly associated with response in AML
patients, suggesting that genes identified in in vitro assays in
LCLs may also be important predictors of in vivo drug response in
AML patients.®17

In summary, in this genetic association study of DFS in AML
patients, we identified polymorphisms that have not been previously
associated with AML response, including SNPs in ABCC3, DCK,
GSTM1, MSH3, NT5C2, RRM1 and SLC28A3. A SNP in ABCC3,
rs4148405, which remained significant after multiple testing, was
associated with DFS, suggesting an important role of ABCC3 in
determining etoposide levels in the liver and other tissues, and hence
AML response. Many of the significant SNPs or their tag-SNPs were
eQTLs or located in functional regions in the genome. Finally, we
determined for the first time that SLC28A3 (CNT3) transported
cytarabine into cells, suggesting an important role of this transporter
in cytarabine cytotoxicity.
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Background & Aims: Hepatitis C virus (HCV) is a major cause of
chronic liver disease worldwide. The biological and therapeutic
importance of host cellular cofactors for viral replication has been
recently appreciated. Here we examined the roles of SNF1/AMP
kinase-related kinase (SNARK) in HCV replication and pathogenesis.
Methods: The JFH1 infection system and the full-length HCV rep-
licon OR6 cell line were used. Gene expression was lknocked
down by siRNAs. SNARK mutants were created by site-directed
mutagenesis. Intracellular mRNA levels were measured by qRT-
PCR. Endogenous and overexpressed proteins were detected by
Western blot analysis and immunofluorescence. Transforming
growth factor (TGF)-B signaling was monitored by a luciferase
reporter construct. Liver biopsy samples from HCV-infected
patients were analyzed for SNARK expression.

Results: Knockdown of SNARK impaired viral replication, which
was rescued by wild type SNARK but not by unphosphorylated
or kinase-deficient mutants. Knockdown and overexpression
studies demonstrated that SNARK promoted TGF-B signaling in
a manner dependent on both its phosphorylation and kinase
activity. In turn, chronic HCV replication upregulated the expres-
sion of SNARK in patients. Further, the SNARK kinase inhibitor
metformin suppressed both HCV replication and SNARK-medi-
ated enhancement of TGF-B signaling.

Conclusions: Thus reciprocal regulation between HCV and
SNARK promotes TGF-B signaling, a major driver of hepatic fibro-
genesis. These findings suggest that SNARK will be an attractive
target for the design of novel host-directed antiviral and antifib-
rotic drugs.
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Introduction

Chronic infection with hepatitis C virus (HCV) is a major cause of
chronic liver disease and hepatocellular carcinoma (HCC) and the
leading reason for liver transplantation worldwide. HCV infects
approximately 170 million individuals worldwide [1]. Current
therapy with pegylated interferon (IFN)-o in combination with
ribavirin produces sustained virological response (SVR) in fewer
than half of the patients infected with genotype 1 HCV, and does
so with high rates of often unacceptable side effects [2]. In recent
years, it has become increasingly evident that HCV propagation is
highly dependent on host cellular cofactors which in turn repre-
sent promising antiviral targets [3]. It is hoped that these strate-
gies will lead to rational host-targeting antivirals (HTAs) [4].
Moreover, HCV interferes with host cellular signaling pathways
causing pathogenic effects such as insulin resistance (IR), diabe-
tes, and alterations in host lipids. Indeed, mounting evidence sup-
ports hepatitis C as a metabolic disorder [5]. Hence, intervention
against key host cellular factors critical for both HCV replication
and viral pathogenesis may yield anti-hepatitis C therapies that
both halt replication and abrogate other pathogenic effects of
HCV, which might be further thought of as host-directed antiviral
and antipathogenic therapies. Based on this assumption, we have
previously conducted a functional genomic screen for host
cellular factors supporting HCV replication using an HCV replicon
system [6]. Among positive hits in our original screen was
sucrose-non-fermenting protein kinase 1 (SNF1)/AMP-activated
protein kinase (AMPK)-related protein kinase (SNARK), the fourth
member of 14 mammalian AMPK-related kinases [7], which has
been consistently found in other screens [8,9]. Although SNARK
function is not well understood, SNARK heterozygote knockout
mice displayed elevated serum triglyceride concentrations,
hyperinsulinemia, glucose intolerance [10], and impaired
contraction-stimulated glucose transport [11], implying that
SNARK operates to maintain glucose and lipid homeostasis in a
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manner analogous to AMPK, which was recently described to
inhibit HCV replication [12].

Transforming growth factor (TGF)-B is a pleiotropic cytokine
partaking in cell proliferation, differentiation, apoptosis, migra-
tion [13], and the major cytokine responsible for fibrosis in tis-
sues including the liver. In HCV-infected persons, levels of TGF-
B are elevated [14], and TGF-B was exhibited to promote the viral
replication in a replicon model and was correlated with acceler-
ated liver fibrosis in an in vivo model [15,16]. Intriguingly, a prior
high-throughput mapping study of protein-protein interaction
(PPI) identified an association of SNARK with SMADs [17], imply-
ing a direct link of SNARK to TGF-B signaling. Therefore, we
sought to examine the significance and potential of SNARK as a
therapeutic target in HCV replication and pathogenesis and its
contribution to TGF-8 signaling. We report that the phosphoryla-
tion and phosphotransferase activities of SNARK are required for
HCV replication. Furthermore SNARK was demonstrated to
enhance TGF-B signaling, and finally chronic HCV infection
upregulated the expression of SNARK in patients. SNARK has
pleiotropic functions including pro-TGF-B signaling activities in

- addition to the previously described AMPK-like properties. The
finding of a reciprocal regulation between HCV and SNARK sug-
gests that SNARK could be an effective host cellular target not
only for an antiviral but also antipathogenic strategy.

Materials and methods

Compounds, antibodies, cells, and viruses

Metformin, TGF-B, and CsA were purchased from EMD chemicals USA (Gibbs-
town, NJ), Fitzgerald (North Acton, MA), and Sigma-Aldrich (St. Louis, MO),
respectively. Antibodies to SNARK, FLAG, and B-actin were obtained from
Sigma-Aldrich, and antibodies to HCV NS5A and phosphothreonine were obtained
from BioFront Technologies (Tallahassee, FL) and Cell Signaling Technology (Dan-
vers, MA), respectively. HuH7.5.1 and OR6 replicon cells were cultured as
described previously [18], and Hela cells were cultured in DMEM with 10%
FBS. JFH1 virus infection was performed as described previously {19].

Further Materials and methods are described in the Supplementary Material
section.

Results
Functional SNARK enhances HCV replication

To assess the contribution of SNARK to HCV replication, we first
knocked down endogenous SNARK expression (Supplementary
Fig. 1) with siRNAs in the Japanese fulminant hepatitis 1 (JFH1) virus
infection system. HuH7.5.1 cells were transfected with SNARK-tar-
geted siRNAs, which was followed by JFH1 infection. Reduced levels
of SNARK mRNA were associated with impaired viral replication
(Fig. 1A). We then constructed plasmids encoding the siRNA-resis-
tant SNARK open reading frame (ORF) bearing synonymous muta-
tions that are not recognized by SNARK siRNAs. The over
expression of these siRNA-resistant SNARK proteins successfully
rescued SNARK RNAi-impaired HCV replication (Fig. 1A, rSN-1 and
rSN-7). We also tested the effects of SNARK knockdown and overex-
pression in the genotype 1 OR6 replicon system, and found that the
decreased level of HCV RNA replication was also rescued by overex-
pression of siRNA-resistant forms of SNARK (Fig. 1B). Thus, SNARK
was demonstrated to specifically support HCV replication in both
a bona fide infection system and replicon model.

Next we sought to identify the function(s) responsible for
SNARK’s contribution to HCV replication. We introduced single
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Fig. 1. SNARK supports HCV replication. (A) HuH7.5.1 cells were transfected
with either non-targeting (siNT-3) or SNARK-targeted siRNAs (siSN-1 and siSN-7),
followed by transfection of either empty or siRNA-resistant SNARK expression
vectors (rSN-1 and rSN-7) 48 h later. The cells were infected with JFH1 on the
next day and total RNA was harvested 48 h later. Relative JFH1 RNA and SNARK
mRNA levels were quantified by real-time PCR analysis and normalized to
GAPDH; *p <0.05 or ¥p <0.01 vs. siNT-3 empty control. (B) OR6 replicon cells were
transfected with siRNAs, followed by the transfection of empty or siRNA-resistant
SNARK expression vectors 48 h later. Then total RNA was harvested 72 h later.
Relative replicon RNA and SNARK mRNA levels were quantified by real-time PCR
analysis and normalized to GAPDH. *p <0.01 or *p <0.05 vs. siNT-3 empty control.
(C) The rescue assay was conducted as described in (A). Here expression vectors
of siRNA-resistant SNARK with either kinase-deficient mutation (rSN-7 K81M) or
phosphorylation-deficient mutation (rSN-7 T208A) were used. Relative JFH1 RNA
and SNARK mRNA levels were quantified by real-time PCR and normalized to
GAPDH. *p <0.01 or #p <0.05 vs. siNT-3 empty control.

mutations that abrogate either its phosphotransferase activity
in the enzymatic pocket (K81M) or its phosphorylation at the
phosphoacceptor site (T208A) in the siRNA-resistant SNARK ORF
and overexpressed them in the rescue assay system used above
with JFH1. In contrast to the rescue effects by wild type SNARK
on viral replication, both functionally deficient mutants failed
to recover impaired HCV replication by SNARK depletion
(Fig. 1C and Supplementary Fig. 2). This result suggested that
both the phosphorylation and kinase activities of SNARK are
essential for its support of HCV replication.

SNARK phosphotransferase activity can be targeted

In a human hepatocarcinoma cell line, the kinase activity of
SNARK was previously reported to be inhibited by metformin
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Fig. 2. Metformin suppressed HCV replication. HuH7.5.1 cells were infected with JFH1 and then treated with either metformin (A and B) or CsA (C and D) for 3 days.
Densitometric values of NS5A normalized to those of B-actin were given as NS5A/B-actin. No significant cytotoxicity was observed by the compounds at the indicated
concentrations. Relative HCV RNA level was quantified by real-time PCR and normalized to GAPDH; *p <0.05 or *p <0.01 vs. untreated control. (E) In HuH7.5.1 cells either
wild type or mutants (K81M or T208A) of FLAG-tagged SNARK were overexpressed and immunoprecipitated, followed by the detection with anti-FLAG or anti-
phosphothreonine antibodies. (F) Wild type FLAG-tagged SNARK was overexpressed in the presence of metformin at 0.2, 0.5, and 1 mM in HuH7.5.1 cells and the levels of
threonine phosphorylation were examined as indicated in (E). (G) HuH7.5.1 cells were transfected with either non-targeting (siNT-3) or SNARK-targeted (siSNARK-8)
SiRNAs. 48 hours later, cells were infected with JFH1 and treated with the indicated concentrations of metformin for 72 h. Relative mRNA levels for JFH1 or SNARK were

quantified by real-time PCR and normalized to GAPDH.

[20], a well-known type 2 diabetes drug. In that setting, the
kinase activity of SNARK was measured by incorporation of phos-
phate into SAMS peptide substrate, which was demonstrated to
be significantly decreased by metformin treatment in the cell
line. Here, we treated JFH1-infected HuH7.5.1 cells with metfor-
min and observed moderate antiviral effects (Fig. 2A and B) with
no cytotoxicity within the indicated dose range (data not shown).
As a positive control, cyclosporin A (CsA) [21] strongly inhibited
viral replication (Fig. 2C and D). To assess the phosphorylation
level of SNARK subsequently, FLAG-tagged SNARK was overex-
pressed in HuH7.5.1 cells and immunoprecipitated for Western
blot to monitor phosphothreonine levels [22]. While wild type
SNARK was detected to be phosphorylated at threonine resi-
due(s), neither K81M nor T208A mutant was (Fig. 2E), implying
the autophosphorylation [23] and importance of threonine 208
as a phosphorylated site as reported [7]. Then we performed
the assay using the wild type SNARK in the presence of metfor-
min, which resulted in the reduced levels of phosphorylation
dose-dependently (Fig. 2F). Here the data indicated that metfor-
min suppressed SNARK phosphorylation, potentially interfering
the phosphotransferase activity. The dose response of JFH1 to
metformin was next examined when SNARK was knocked down
by siRNAs. Metformin exerted dose-dependent antiviral effects in
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the cells transfected with non-targeting siRNAs, which was
blunted by the siRNA-mediated reduction of SNARK expression
(Fig. 2G). These data indicate that metformin’s antiviral effect is
mediated by inhibition of activated SNARK, bringing its full
kinase activity, which may be a pharmacologic target for anti-
HCV activity, and that metformin by itself could be a plausible
component of a combination regimen targeting HCV.

SNARK is involved in TGF-p signaling

To investigate the possible roles of SNARK in viral pathogenesis
based upon the induction of mRNA expression over the viral rep-
lication in cell culture (Supplementary Fig. 3), we also explored
its involvement in downstream cellular signaling pathways.
Intriguingly, SNARK appeared as an interactor with SMAD pro-
teins in a high-throughput protein-protein interaction mapping
study [17], which raised the distinct possibility that SNARK is
involved in TGF-B signaling, the major profibrogenic pathway in
the liver. Therefore, we first knocked down SNARK in HuH7.5.1
cells and assessed alterations in TGF-p signaling using an expres-
sion construct (PAI/L) encoding a luciferase reporter gene driven
by promoter sequences of plasminogen activator inhibitor 1 (PAI-
1), a transcriptional target of TGF-B [24]. siRNAs against SNARK
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Fig. 3. SNARK accentuated TGF-f signaling. (A) HuH7.5.1 cells were transfected with siRNAs, which was followed by transfection of PAI/L reporter with pRL-TK 72 h later.
On the next day, the cells were treated with TGF-B and lysed 24 hours later. The firefly and Renilla luciferase activities were measured and knockdown of SNARK was
confirmed by real-time PCR with normalization to GAPDH. P Values were calculated as indicated. (B) Naive HuH7.5.1 cells were transfected with either wild type (lanes 3-5)
or mutant (lanes 6-11) SNARK expression plasmid at increasing doses (0.25, 0.5, and 1 pg) together with PAI/L reporter and pRL-TK. At 24 h post transfection, the cells were
treated with TGF-8 at 7 ng/ml for 20 h and lysed for dual luciferase assay. P Values were calculated as indicated. (C) HuH7.5.1 cells were transfected with increasing amount
of wild type SNARK expression plasmid for dual luciferase assay as described in (A) without TGF-B. P Values were calculated as indicated. (D) HuH7.5.1 cells were
transfected with increasing amount of SNARK expression plasmids (0.5 and 1 pg) together with PAI/L reporter and pRL-TK. On the next day, the cells were treated with TGF-
B at 7 ng/ml and metformin at 1 mM (lane 5) for 20 h, and then lysed for dual luciferase assay. P Values were calculated as indicated. (E) HuH7.5.1 cells transfected with
siRNAs against either LKBT or SMAD2 for 72 h were transfected with PAI/L reporter and pRL-TK, which was followed by TGF-p treatment at 7 ng/ml for 20 h. Then the cells
were lysed for dual luciferase assay and knockdown of targeted genes expression was confirmed by real-time PCR with normalization to GAPDH. P Values were calculated as
indicated. (F) HuH7.5.1 cells transfected with siRNAs for 72 h were transfected with increasing amounts of wild type SNARK expression plasmid (0.5 and 1 pg) together
with PAI/L reporter and pRL-TK. 24 h later, the cells were treated with TGF-p for 20 h, and then lysed for dual luciferase assay. (G) SMAD2 knockdown levels were quantified
by real-time PCR with normalization to GAPDH.

markedly reduced PAI/L luciferase activity and SNARK expression affected by metformin alone in HuH7.5.1 cells (Supplementary
(Fig. 3A) in parallel, suggesting that SNARK is an important regu- Fig. 5B), again underscoring that the kinase activity of SNARK
lator of TGF-B signaling. is important for TGF-p signaling, and additionally raises the pos-
In order to elucidate the function of SNARK responsible for sibility that metformin may have utility as an anti-fibrotic agent
its contribution to TGF-B signaling, we assessed the effects of in SNARK-facilitated pathogenesis.
the overexpressed either wild type or mutant SNARK on TGF- We next examined regulators upstream and downstream of
B-stimulated PAI/L activity. In contrast to the dose-dependent SNARK, depleting either liver kinase B1 (LKB1)/serine threonine
increase of PAI/L activity by wild type SNARK, either kinase- kinase 11 (STK11), an upstream kinase of SNARK, or SMAD2,
dead K81M or unphosphorylated T208A mutant suppressed and assessed TGF-p-dependent PAI-1 luciferase activity. We
TGF-B-driven PAI/L activity (Fig. 3B). Moreover, the overexpres- found that knockdown of LKB1 abrogated PAI/L stimulation by
sion of SNARK in the absence of TGF-B moderately induced TGF-B to the same extent as did SMAD2 knockdown (Fig. 3E).
luciferase activity in HuH7.5.1 cells (Fig. 3C). These data demon- In addition, in contrast to luciferase activities in the presence of
strate that both kinase activity and phosphorylation of SNARK non-targeting siRNAs, overexpression of SNARK failed to rescue
are required for TGF-B signaling. Thereupon, in the same setting PAI/L activity in cells knocked down for either SMAD2 (Fig. 3F
we treated HuH7.5.1 cells with metformin and found that and G) or LKB1 (Supplementary Fig. 4). These data indicate that
SNARK-mediated stimulation of TGF-p signaling was inhibited SNARK-mediated stimulation depends on SMAD2, and also that
by metformin (lane 5, Fig. 3D) though that was not the case phosphorylation of SNARK by LKB1 and ensuing SNARK-mediated
in the absence of SNARK overexpression (Supplementary phosphorylation of downstream substrates, potentially in con-
Fig. 5A) and the basal level of procollagen mRNA was not junction with SMAD?2, are critical for TGF- signaling.
Journal of Hepatology 2013 vol. 59 | 942-948 945
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