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Abstract LKB1 is a significant tumor suppressor and
epigenetic regulator playing a vital role in different types
of cancers. SHMT1 and GLDC are two critical genes of the
epigenetic pathway influenced by LKB1. As epigenetic is
the major cause of AML pathogenesis, this study aimed at
investigating LKB1, SHMT1, and GLDC gene expression
levels in acute myeloid leukemia patients. The present
study was conducted on LKB1, SHMT1, and GLDC gene
expression levels in 60 de novo AML samples and 30
normal controls using real-time RT-PCR. The results
showed that LKB1 and SHMT1 have respectively a sig-
nificantly lower (P < 0.05) and higher (P < 0.05) expres-
sion level than that of normal controls. Furthermore, the
correlation between LKB1 with SHMT1 and GLDC was
significant and positive (P value: 0.015, r: 0.299). Positive
findings confirm that metabolic pathways alongside the
LKB1 association drive the epigenetic axis and its substrate
production. Therefore, it can be concluded that the newly-
discovered pathway in the pathogenesis of this disease
provides new insights into the design of therapeutic targets.
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Introduction

Considering that the tumorigenesis process of acute mye-
loid leukemia (AML) is a very complex procedure
involving several gene aberrations [1-3], epigenetic dys-
regulation is now regarded as the major cause of AML [4].
In addition, hypermethylation has shown to be a potential
and crucial factor in AML pathogenesis [4].

Encoded by serine/threonine kinase gene (STK11), the
liver kinase B1 (LKB1) is known as a critical tumor sup-
pressor in cell growth and proliferation which its down-
regulation has been identified in various solid tumors
including breast, colon, and prostate cancers as well as
hematologic malignancies [5, 6]. Over the years, this
function of LKBI1 has been demonstrated through the
regulation of the LKB1-AMPK-mTOR axis which inhibits
cell proliferation and tumorigenesis [7]. Recently, how-
ever, studies have suggested that the epigenetic pathway by
metabolic enzymes is also regulated through this tumor
suppressor [8]. In other words, there exists a network
linking metabolism and epigenetic alterations wherein
LKBI functions as their master regulator. In fact, LKB1
impedes hypermethylation by suppressing methyl producer
enzymes in metabolic pathways containing the serine-
threonine pathway which leads to the production of SAM
as a universal methylation substrate [8]. Due to the fact that
patients’ DNMTs are mutated in AML and help DNA
hypermethylation, it is required to increase the production
of SAM provided from the serine-threonine metabolic axis
[9, 10]. Therefore, LKB1 downregulation and induced
abnormal methylation might result in genome instability
and increased inactivation of tumor suppressor genes or a
higher expression of oncogenes, which correlates closely
with tumor initiation and progression.
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Located on chromosome 17, serine hydroxymethyl-
transferase 1 (SHMT1) is a critical enzyme involved in the
serine metabolism which negatively regulated by LKB1
and catalyzes serine and tetrahydrofolate to glycine and
5,10 methylenetetrahydrofolate (as one carbon group car-
rier) [11]. Therefore, hypermethylation and DNA synthesis
is more induced by this gene overexpression, providing a
one-carbon group for purine and methionine synthesis.
Consequently, SHMT1 overexpression can lead to the
growth of cell and tumorigenesis which has been reported
in some malignancies including lung cancer [12].

In addition, Glycine decarboxylase (GLDC), located on
chromosome 9, is known as a potential metabolic oncogene
regulated by LKBI, and play a role in serine-glycine
metabolism pathway involvement in tumorigenesis. GLDC
catalyzes glycine into ammonia, carbon dioxide, and
methylenetetrahydrofolate which carry the methylene
group entering the threonine cycle and are assisted in SAM
(methylation substrate) production [6]. So, GLDC over-
expression contributes to cell growth throughout the gen-
ome hypermethylation. In this regard, studies suggested
that GLDC is essential for tumor-initiating cells in non-
small cell lung cancer (NSCLC) and has a higher level of
expression in glioma [13, 14].

Therefore, given the epigenetic importance in AML
trigger and promotion and due to the lack of data regarding
these gene expression statuses in AML patients, this study
aimed at determining the gene expression level of LKB1 as
an epigenetic regulator similar to a tumor suppressor as
well as that of SHMT1 and GLDC as metabolic enzymes,
which play a major role in the epigenetic pathway
throughout SAM production.

Materials and Methods
Patients and Healthy Volunteers

60 AML cases [Peripheral blood (PB)] and 30 control
samples (PB) from healthy volunteers were obtained to
conduct the experiment. The cases were in the 3-87 age
range and the patients were classified into M3/NM3 (Non-
M3) subtypes based on the FAB/WHO classification (32%
and 68% cases were M3/NM3 respectively, and there were
no cases of M7 and M6 in this study). Written informed
consent was obtained from all participants including adult
healthy volunteers, adult patients, and the parents/legally
authorized representatives of the minor participants. In
addition, the ethics committee approval was requested from
Shahid Beheshti University of Medical Sciences Ethics
Committee (IR.SBMU.RETECH.REC.1396.976).
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RNA Isolation, cDNA Synthesis, Real-Time PCR

RNA extraction was performed using the RNasy Kit (Qi-
agen, Germany). The purity of the sample was evaluated by
the Nanodrop (OD 260/280 nm ratio > 1.8) (Thermo Sci-
entific, USA). cDNA was subsequently produced using a
TaKaRa kit (Japan). Primer sequences used in this study
were demonstrated in Table 1, and the ABL primer was
considered as a housekeeping gene. The total reaction in
gRT-PCR (Rotor-Gene 6000, Qiagen) was 15 pL, which
consisted of 0.5 pL for both forward and reverse primers,
4.5 pL water, 7.5 pL of RealQ Plus 2x Master Mix Green-
Low ROX (Amplicon, Denmark), and 2 pL of template
cDNA. The amplification of cDNA products in thermal
cycling conditions for each reaction (LKB1, SHMT1 and
GLDC and ABL) was demonstrated in Table 2. All the
experiments were performed in duplicate with a negative
control. Gene expression levels were calculated using
2742 and Livak formula.

Data Analysis

Statistical analysis was performed by SPSS (version 16.0)
and GraphPad Prism 6.07 software. The normal distribu-
tion of the genes was examined by the Shapiro—Wilk and
Kolmogorov—Smirnov. The #-test or Mann—Whitney sam-
ples from parametric and nonparametric tests were used for
the analysis of gene expression differences between
patients and controls, and two-state variables were used in
order to determine the significant levels. Pearson’s and
Spearman Chi squared samples were applied for the eval-
uation of Gene expression correlation between M3/NM3
AML subtypes and the normal controls. P < 0.05 was
considered as the significance level.

Results
Profile of Patient Sample Specifications

The demographic and clinical information of 60 patients
with de novo AML and 30 normal controls from healthy
volunteers were indicated in Table 3.

LKB1 and SHMT1 and GLDC Expression in AML
Patients and Healthy Subjects

In normal samples, the mean Ct values (+ SD) of ABL,
LKB1, SHMTI, and GLDC were 25.74 4+ 1.61,
24.50 + 1.53, 33.64 £ 1.96, and 34.84 + 1.11, respec-
tively. The obtained mean Ct values (& SD) in 60 de novo
AML samples were 23.87 + 2.83, 24.82 + 3.28,
29.39 4+ 2.92, and 32.53 4+ 2.79 for ABL, LKB1, SHMT1,
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;“CdRSfelﬁ ﬁ(’) nasnd GLDC qRT- ABL AGTCTCAGGATGCAGGTGCT TAGGCTGGGGCTTTTTGTAA
LKBI1 ATGGCACTCTGGTCACTG TTAAATCTTGCAACCTGG
SHMT1 ACCGGCGCACAGAGGAAGAGAA TGGGGAGAGGAGCTGGTGTTGT
GLDC AAACCAGGGAGCAACACATTCG GCAGCCATATTCGCCAAGAGG
gc‘?ﬁ)[:zrﬁtuzc}i:g)f;i E]n:iem; Cﬁ:d Primers Initial hold Denaturation Annealing/extension Final extension
for target genes and reference ABL 95 °C for 10 min 95°Cfor 10s 62 °C for 15 s 72 °C forl0 min
gene LKBI1 95 °C for 10 min,40 cycles 95 °C for 45 s 61.7 °C for 9 s 72 °C for 5 min
SHMTI1 95 °C for 10 min,40 cycles 95 °C for 15 s 60 °C for 15 s 72 °C for 5 min
GLDC 62 °C for 15 5,40 cycles 95 °C for 15 s 60 °C for 15 s 72 °C for 5 min

Table 3 Sample and patient characteristics

Characteristics Data
Age Median (range)
38 years (3-78)

Specimen type %

PB 100
Classification (FAB) %

M3 32

NM3 68
Blast percentage Median (range)

70 (35-96)

and GLDC, respectively. Subsequently, the Ct values for
LKB1, SHMT1, and GLDC were normalized against ABL
as the housekeeping gene for both patients and the control
samples. The normalized values of AML-positive and the
normal control group were compared statistically in terms
of the level of expression in the range of a 95% confidence
interval. The average expression level for LKB1, SHMTI,
and GLDC in the healthy population was considered
intermediate at 1.1-10.9, 0.001-0.021 and, — 0.0003-0.01,
respectively. This analysis reveals that 28%, 45%, and 28%
of AML positive patients carried intermediate LKBI,
SHMTI, and GLDC expression respectively. Expression
levels that fell below the threshold of the intermediate
ranges for LKB1, SHMT1, and GLDC were defined as low
expression levels and were observed in 69% of LKB1 in
AML-positive patients (P-value = 0.00, OR 0.77, 95% CI
0.6-0.9). However, low expression levels were not
observed in the SHMTI1 and GLDC in AML-positive
patients. Conversely, high expression levels were detected
in 53% and 13% of SHMT1 and GLDC in AML positive
patients, respectively (P-value = 0.00, OR 5.7, 95% CI
1-7.9/P-value = 0.4, OR 4.0, 95% CI 0-2.4). Overall,

significant low expression of LKB1 and high expression of
SHMT1 was confirmed whilst there was not a significant
alteration in GLDC gene expression (Fig. 1).

Correlation Between the Expression Levels of LKB1
and SHMT1 and GLDC

To determine whether the expression of LKB1, SHMTI,
and GLDC was dependent or independent, statistical
analysis was performed. The analysis verified a positive
and significant correlation between LKB1 and SHMT]1 in
both AML patients (0.003, r = 0.388) and the normal
controls (P = 0.013, r = 0.783). In addition, it was evident
that the correlation in the control group was stronger than
that of the AML samples. The gene expression of LKB1
and GLDC revealed a significant correlation between the
60 AML patients (P = 0.005, r = 0.430). The correlation
between LKB1 and GLDC gene expression was not sta-
tistically significant in the normal controls (P = 0.24,
r = 0.470) (Fig. 2a, b).

Differential Expression of LKB1 and SHMT1 in M3/
NM3 AML Subtypes

The differential expression of LKB1, SHMT1, and GLDC
between M3/NM3 FAB subtypes was analyzed using
nonparametric samples. The expression level of LKBI
mRNA was not significantly different between M3/NM3
subtypes (P > 0.05). However, in contrast to the normal
controls, a significant change was observed in the LKB1
expression (Fig. 3). There was no significant SHMT]1
mRNA expression level between M3/NM3 subtypes
(P > 0.05). Nevertheless, a significant change was
obtained in the SHMT1 mRNA expression level between
the patients and the normal group (Fig. 3).
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<«Fig. 1 The relative expression of LKB1, SHMT1, and GLDC in 60
AML patients and 30 normal controls was measured using the 2~
approach by considering ABL as a housekeeping gene. a There was a
significant difference (P < 0.05) for LKB1 expression between AML
patients and the normal controls. The LKB1 relative expression level
of 1.85 £ 0.617 (Mean, SEM) was obtained in AML patients as
opposed to 6.02 £ 2.04 (Mean, SEM) in the normal controls. In
comparison with the normal controls, the fold change of the LKB1
expression level was 0.18. b Also, there was a significant difference
(P < 0.05) for SHMT-1 expression between AML patients and the
normal controls. The SHMT-1 relative expression level of
0.05 £ 0.011 (Mean, SEM) was obtained in AML patients as
opposed to 0.01 & 0.004 (Mean, SEM) in the normal control group.
In comparison with the normal controls, the fold change for the
SHMT1 expression level was 4.68. ¢ There was no significant
difference (P > 0.05) for GLDC expression between AML patients
and the normal controls. A relative GLDC expression level of
0.010 £ 0.004 (Mean, SEM) was measured in AML patients as
opposed to 0.004 & 0.0017 (Mean, SEM) in the normal controls

Discussion

DNA methylation in the promoter region of tumor sup-
pressors and oncogenes plays a vital role in the develop-
ment of hematological malignancies, especially in acute
myeloid leukemia, however, its mechanism has long been
remained obscure [10, 15]. In addition, not many investi-
gations have been conducted on aberrancies in epigenetic
modifying enzymes and their expression level in AML
patients. Recently, researchers have identified an impres-
sive pathway to drive the leukemogenesis, which is asso-
ciated with DNA methylation signature, through the
affording methyl donor group. This metabolic axis contains
LKBI as the main regulator and serine-glycine pathway
enzymes as methylation substrate supporters [8].

In this study, we analyzed the gene expression level of
LKBI1, SHMTI, and GLDC, which have recently been
known as epigenetic axis components. Our results sug-
gested a significantly lower expression of LKB1 and higher
expression of SHMT1 (fold change: 0.18 and 4.68
respectively) in AML samples than that in normal controls.
However, no significant alterations were observed in the
GLDC gene expression. Moreover, there was a meaningful
correlation between LKB1 and SHMT1 gene expression in
both AML samples and the normal controls. On the other
hand, despite the absence of statistical overexpression for
GLDC gene expression level (fold change: 2.41), there was
a positive correlation in LKB1 and GLDC gene expression
in AML samples. Nevertheless, the normal controls were
not taken into consideration since it may express their
pathway importance in this type of malignancy.

Furthermore, the evaluation of LKB1, SHMTI1, and
GLDC expression levels in M3/NM3 patients did not
reveal important changes in this study, which might be due
to similar involvement mechanisms in these pathways in
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Fig. 2 Statistical analysis employing Spearman Chi squared sample
suggests a relationship between the expression of LKB1 with SHMT1
and GLDC in AML patients. a The correlation between LKB1 and
SHMT1 in 60 AML patients was determined to be positive and
significant (P = 0.003, r = 0.388), and the correlation between LKB1
and SHMT1 gene expression was stronger in normal controls than in

AML subtypes. However, further studies must be con-
ducted in this regard.

Altogether in agreement with our findings, Kottakis
et al. [8] report a low expression for LKB1 and overex-
pression for SHMT1 and GLDC in tumor cell lines that the
examination of gene expression relevance indicated a sig-
nificant relationship between LKB1 and the epigenetic axis
through metabolic enzymes.

Furthermore, there are lots of studies that explain LKB1
overexpression concerning different networks. For
instance, Green et al. [16] introduced a tumor suppressor

AML samples (P =0.013, r =0.783). b The correlation between
LKB1 and GLDC in 60 AML patients was determined to be positive
and significant (P = 0.005, r = 0.430), and there was no significant
correlation between LKB1 and GLDC gene expression in normal
controls (P = 0.24, r = 0.470)

activity of LKB1 in AML through the repression of mTOR
mRNA translation. Zhang et al. [17] suggested that LKB1
deletion increases angiogenesis and tumor growth via the
vascular endothelial growth factor, which confirms the
tumor suppressor function of LKB1. In another study, Ma
et al. [18] revealed that LKB1 inhibits the proliferation of
gastric cancer cells by suppressing the nuclear transloca-
tion of Yap and B-catenin. All these studies from different
points of view are inconsistent with our hypothesis in the
tumor suppressor role of LKB1. Accordingly, considering
the results of this study, it can be concluded that LKB1
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plays its suppressor role differently as a master regulator
whose main mechanism in AML patients requires further
examinations.

On the other hand, in a study conducted by Yi-Wei
Wang et al. and Zhao et al., the SHMT1 polymorphisms
are potentially associated with a malignant state, which is
consistent with the results of this study as well as similar
studies revealing an important change in SHMT1 expres-
sion in AML samples [11, 19]. Paone et al. [20] point out
the vital role of SHMTI in lung cancer patients. They
indicated SHMT1 overexpression in the tissue samples of
lung cancer patients and lung cancer cell lines. The results
of this, which are associated with different types of
malignancies, provide new data for the SHMT1 oncogenic
role.

In a study performed by Maybelle Kho Go et al., glycine
decarboxylase was considered an unusual enzyme involved
in tumorigenesis [21]. The study was conducted by Noh
et al. [13] on the serine/glycine metabolism-related protein
level of gene expression, including SHMT1 and GLDC, in
triple-negative breast cancer tissues which have proved
major alterations. According to a study carried out by
Xiangdong, the expression of both GLDC mRNA and
protein increased in the B cell lymphoma tissue of the p53
protein-positive group. Therefore, the overexpression of
the GLDC gene expression level can cause important
changes in glycine/serine metabolism leading to tumor
initiation and development [14]. In the present study,
however, no statistically critical alterations were observed
in the GLDC gene expression level, but it may be due to
substrate consumption by SHMT1 overexpression.

Finally, correlation analysis showed that there was an
inverse and significant relationship between the intended
genes. This finding supports the hypothesis of this study, as
well as evidence from other studies on the effect of LKB1
regulation and its association with metabolic pathways
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gene expression. Although it is not possible to make a
precise claim because of lack of data about the protein
level of these enzymes and rate of SAM production, it can
be proposed that, given the role of metabolic pathway
enzymes in methylation substrate production, the LKBI1
decreasing gene expression, and serine metabolism
increasing gene expression are associated with elevated
SAM production and facilitates the epigenetic abnormali-
ties spectrum in AML. So, they can be considered as
therapeutic targets and drug design in this group of
patients.
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