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Abstract

Thalassemia has a high prevalence in Thailand. Oxidative damage to erythroid cells is known to be one of the major etiologies in
thalassemia pathophysiology. Oxidative stress status of thalassemia is potentiated by the heme, nonheme iron, and free iron
resulting from imbalanced globin synthesis. In addition, levels of antioxidant proteins are reduced in o-thalassemia and f3-
thalassemia erythrocytes. However, the primary molecular mechanism for this phenotype remains unknown. Our study showed a
high expression of miR-144 in (3- and «-thalassemia. An increased miR-144 expression leads to decreased expression of nuclear
factor erythroid 2-related factor 2 (WVRF?2) target, especially in «-thalassemia. In «-thalassemia, miR-144 and NRF? target are
associated with glutathione level and anemia severity. To study the effect of miR-144 expression, the gain-loss of miR-144
expression was performed by miR inhibitor and mimic transfection in the erythroblastic cell line. This study reveals that miR-144
expression was upregulated, whereas NRF2 expression and glutathione levels were decreased in comparison with the untreated
condition after miR mimic transfection, while the reduction of miR-144 expression contributed to the increased NRF2 expression
and glutathione level compared with the untreated condition after miR inhibitor transfection. Moreover, miR-144 overexpression
leads to significantly increased sensitivity to oxidative stress at indicated concentrations of hydrogen peroxide (H,O,) and
rescued by miR-144 inhibitor. Taken together, our findings suggest that dysregulation of miR-144 may play a role in the reduced
ability of erythrocyte to deal with oxidative stress and increased RBC hemolysis susceptibility especially in thalassemia.
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Introduction [3- and «-globin chain, respectively. The imbalance ratio of
globin chain synthesis leads to excessive {34- or unmatched oc-
globin chain which caused red blood cell (RBC) damage,

ineffective erythropoiesis, and shortened red cell survival

- and o-thalassemia are the most common autosomal reces-
sive disorders resulting from defects in the biosynthesis of the
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[1]. An unstable of globin chain leads to heme, nonheme iron,
and free iron formation in RBCs. It results in reactive oxygen
species (ROS) generation in thalassemic RBCs such as hy-
droxyl radical [2—4] through a Fenton reaction [5].
Conversely, the reduction of the antioxidant level of (3-
thalassemia and «-thalassemia such as glutathione (GSH)
and vitamins A, C, and E resulting in increased oxidative
stress was observed [6—11].
miRNAs are small noncoding RNAs that usually inhibit
protein production by binding the 3’ untranslated region
(UTR) of specific target mRNAs via perfect and imperfect
binding sequence [12, 13]. The miRNA regulation of oxidative
status was demonstrated [14, 15]. Sickle cell disease (SCD)
shows an increased level of oxidative stress and lower antiox-
idant capacity. Previous study reveals association between high
erythrocytic miR-144 expression and severity of anemia [16].
According to this study, miR-144 directly modulates oxidative
stress through transcription nuclear factor erythroid 2-related
factor 2 (NRF2), a basic leucine zipper transcription factor.
Association between increased miR-144 and reduced NRF2
levels in homozygous Hb S (HbSS) reticulocytes together with
decreased glutathione regeneration was demonstrated [16].
NREF?2 is one of the central regulators responding to antiox-
idant production. Under oxidative stress, NRF2 binds to the
antioxidant response element (ARE) that resides in promoters
of genes involved in oxidative stress response [17, 18]. The
binding of NRF2 to ARE sequence importantly induces anti-
oxidant enzyme expression such as superoxide dismutase
(SOD), catalase (CAT), GPX1, phase II detoxification en-
zymes, NAD(P)H, quinone oxidoreductase (NQO1), and
GSH synthesis [19-21]. In addition to antioxidant enhance-
ment, NRF2 also induces the expression of heme oxygenase-1
(HO-1) acting as rate-limiting enzyme of heme degradation
[22]. NRF2 plays an important role in the defense mechanism
against oxidative stress of RBCs. Targeted deletions of NRF2
cause the development of immune-mediated hemolytic ane-
mia due to increased sensitivity to oxidative stress, decreased
GSH levels, and damaged erythrocytes [23]. Double hetero-
zygous knockout, selenocysteine-tRNA gene (7rsp) and Nrf2
gene, dramatically enhances the anemic status and increases
intracellular hydrogen peroxide levels in erythroblasts [24].
In SCD erythrocyte, upregulated miR-144 expression leads to
decreased NRF?2 expression and glutathione level. Whether miR-
144 play a role in the oxidative stress of thalassemia is still unclear.
Data gathered in the current work demonstrated the regula-
tory effect of miR-144 on NRF?2 expression which is important
for oxidative stress tolerance in thalassemic erythrocyte cell.
In this report, the reticulocyte miR-144 expression of (3- and
«-thalassemia was analyzed. We found a high expression of
miR-144 in (3- and o-thalassemia. The gain of miR-144 expres-
sion results in decreased expression of NRF?2 target gene and
GSH levels. Conversely, reduction of miR-144 expression con-
tributed to the increased NRF2 expression and glutathione level
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compared with the untreated condition after miR-inhibitor
transfection. Taken together, our findings suggest that the reg-
ulatory effect of miR-144 on NRF2 expression is important for
oxidative stress tolerance in thalassemic erythrocyte cell.

Methods
Subjects

Twenty-five individual 6-ml EDTA blood samples were ob-
tained (six normal samples, nine HbH diseases (HbH), three
HbH-CS disease (HbH-CS), and seven [3-thalassemia/HbE)
from the Department of Pediatrics, Faculty of Medicine,
Prince of Songkla University. Patients received a blood trans-
fusion once every 4 months. All blood samples were collected
immediately before each blood transfusion. This study was
performed in accordance with the Helsinki Declaration and
was approved by the Ethics Committee, Faculty of
Medicine, Prince of Songkla University (approval ID 57-
217-19-2). Written informed consent was obtained from all
individual participants included in the study.

Hematologic study and morphological study of red
blood cells

A complete blood count of 25 individual samples was deter-
mined using the automated cell counter (Sysmex XN-3000,
Kobe, Japan) (Table 1). Blood smears were stained with
Wright-Giemsa and analyzed by light microscope.

Reticulocyte collection

EDTA blood was centrifuged at 5000 rpm, 4 °C for 5 min to
remove the plasma and buffy coat. The packed red cells were
washed twice with a cold saline solution and centrifuged at
12,000 rpm, 4 °C for 20 min two times to collect the reticulo-
cyte portion that predominantly located in upper portion of
pack red cells [25]. The reticulocye purity was examined by
CD71 transferrin receptor fluorescence marker and detected
by flow cytometry and stained with methylene blue staining.
The CD 71 positive cell enrichment of post-separation showed
2.1-2.5 times compared that of pre-separation. By methylene
blue staining, the percent of reticulocyte post-separation result
was 1.5-2.3 times compared that of pre-separation.

Cell culture

K562 cells, a chronic myelogenous leukemia-derived cell line,
were maintained in RPMI 1640 medium with 10% heat-
inactivated fetal bovine serum (FBS, GIBCO, Invitrogen,
NY, USA), 2 mM glutamine, and antibiotics under 5% CO,,
37 °C condition [16].
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Table 1 RBC properties of

normal control, Hb H disease, Red blood parameter ~ Normal Hb H disease HbH CS disease [3-Thalassemia/HbE
HbH CS disease, and [3- (n=6) (n=9) (n=3) (n=7)
thalassemia/HbE
RBC count (x10° 51+04 45+08 3.8 £0.1%* 3.3 £0.6%*
cell/L)
Hb (g/dL) 139+1.1 8.5 + 1.2%* 7.8 £0.2%* 7.9 £ 1.4%*
Hect (%) 425+33 29.8 + 4.3%* 29.6 +2.0%* 24.1 + 4.4 **
MCV (fL) 84.0 +2.1 67.3 £ 9.2%* 78.8 £ 2.7* 72.8 £ 4.5 %%
MCH (pg) 274£1.0 19.1 £2.3%* 20.9 = 1.3%* 23.9 £2.0%*
MCHC (g/dL) 326 +04 28.54 + 1.5%* 26.6 + 2.4%* 32809
RDW (%) 13.6 0.7 24.5 £2.3%* 24.1 £ 3.9%* 247 £ 4.7 **
Reticulocyte (%) 1.6 £0.6 5.0 £ 2.4%* 8.8 £ 1.6%* 52 +32%
ROS level (MFI) 30.8£59 96.7 £ 42.9%* 78.7 + 30.3%* 80.4 + 12.5%*
GSH (MFI) 430 £ 146.5  199.1 £ 95.3%* 148.3 + 46.6* 194.0 & 57.1%*

Data expressed as mean + SD. The significant data were shown in values with *p <0.05 and **p <0.01 using
independent Student’s ¢ test when compared with normal individuals

RBC red blood cells, Hb hemoglobin, Hct hematocrit, MCV mean corpuscular volume, MCH mean corpuscular
hemoglobin, MCHC mean corpuscular hemoglobin concentration, RDW red cell distribution width, ROS reactive

oxygen species, GSH glutathione

ROS and GSH assays

To determine oxidative status, ROS assay and GSH assay
were measured in erythrocyte (52). ROS levels were quan-
tified by dichlorofluorescein (DCF) assay. 2',7'-
Dichlorofluorescein diacetate (DCFH-DA) is a cell mem-
brane permeable substance. A DCFH-DA is deacetylated
by intracellular esterase. DCFH is changed to a fluorescent
product, 2',7" dichlorofluorescein (DCF), through the oxi-
dation of H,O, following the method described previously
[26]. The blood sample (1 x 10° cell/ml) or K562 cells (2 x

10° cell) were incubated with DCFH-DA (Sigma-Aldrich,
Germany) dissolved in methanol at a final concentration of
0.4 mM. After incubation at 37 °C for 15 min in a humidi-
fied atmosphere of 5% CO, the cells were washed and re-
suspended in PBS (GIBCO, Invitrogen). Then, the samples
were stimulated with 2 mM of freshly prepared H,O, at
room temperature for 30 min. The ROS levels were ana-
lyzed by flow cytometry (BD FACSCalibur™, BD
Bioscience) and calculated as mean fluorescence intensity
(MFT) using CellQuest software.

For GSH assay, GSH was measured using mercury orange
(Sigma-Aldrich) stain modified from a previous protocol [26,
27]. The blood sample (2 x 10° cell/ml) or K562 cells (3 x 10°
cell) were washed with PBS and spun down. Then, the pellet
was incubated with freshly prepared of 2 mM H,0, at 37 °C
for 1 h in a humidified atmosphere of 5% CO,. Then, the cell
pellet was incubated for 3 min with 40 uM of mercury orange
that was prepared from 100 pM stock solution dissolved by
acetone. Finally, the samples were washed and re-suspended
in PBS. GSH levels were analyzed by flow cytometry (BD
FACSCalibur™, BD Bioscience) and determined as mean
fluorescence intensity (MFI) using CellQuest software.

miRNA and target gene expression

Total RNAs were extracted from partially reticulocyte
enriched and K562 cell line using the Hybrid-R™ miRNA
Isolation Kit (GeneAll, Seoul, South Korea) according to the
manufacturer’s instructions. The concentration of RNA was
measured with a NanoDrop 2000 spectrophotometer
(Thermo Scientific, DE, USA). Mature miRNA expression
specific for miR-144 was evaluated by TagMan® Small
RNA Assays (Applied Biosystems, Foster City, CA, USA)
and using RNU48 as a reference gene. Briefly, total RNA
was reversely transcribed using the specific looped primer;
then, reverse transcription quantitative PCR was conducted
using the Tagman miRNA assay protocol. Amplification of
miRNA by qRT-PCR was detected by LightCycler® 480 PCR
System (Roche Molecular System, CA, USA). The experi-
ments were carried out in triplicate. The expression of
miRNA normalized on reference gene was calculated using
27 2AC (comparative Ct) method by using normal or untreated
as control.

To determine the target of miR-144, NRF2 [16], the mRNA
target was analyzed by qRT-PCR. Total RNAs extracted from
partially reticulocyte enriched and K562 cell line were sub-
jected to reverse transcription to complementary DNA
(cDNA) using a High-Capacity RNA-to-cDNA Kit (Applied
Biosystems) according to established protocols. The amplifi-
cation of cDNAs by the gRT-PCR method was done using
SYBR Premix EX Taq™ (Takara Bio, Shiga, Japan) with
specific primers, NRF2: forward primer, 5'-GACG
GTATGCAACAGGACATTGAG-3', reverse primer, 5'-
AACTTCTGTCAGTTTGGCTTCTGGA-3' and GAPDH:
forward primer, 5'-GAAGGTGAAGGTCGGAGTC-3/, re-
verse primer, 5'-GAAGATGGTGATGGGAT TTC-3'.
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Amplification was performed with an initial denaturation at
95 °C for 30 s, followed by 40 cycles of denaturation at 95 °C
for 3 s, annealing at 60 °C for 30 s, and melt curve stage.
GAPDH served as the internal control. Normalized values
(2722 were compared among samples, and the experiments
were carried out in triplicate.

miR-144 mimic and anti-miR-144 inhibitor
transfection

To study the effects of miR-144, gain and loss were per-
formed. K562 cells/well (2 x 10°) with 40 nM hsa-miR-144
miRNA mimic and negative mimic control (mirVana™
miRNA mimic; Applied Biosystem) were used to increase
miRNA activity. miR-144 inhibitor with 400 nM (anti-
miR™ miRNA inhibitor; Applied Biosystem) was used for
inhibition of miRNA activity. miRNA mimic and inhibitor
that were transfected into K562 cells were done using
RNAIMAX (Invitrogen). Cells were harvested at 72 h after
transfection. The expression of miR-144 and its target were
determined by qRT-PCR. The levels of ROS and GSH assays
were measured by flow cytometry.

Statistical analysis

Data was presented as means plus standard deviation (SD).
Student’s # test was used to calculate statistical significance. A
p value less than 0.05 was considered statistically significant.

Results

Upregulation of miR-144 and downregulation
of NRF2 mRNA target in thalassemic reticulocytes

To study miRNA expression, thalassemic reticulocyte cells
were isolated and determined miRNA expression by qRT-
PCR. The expression level of miR-144 in reticulocyte cells
obtained from HbH disease, HbH-CS disease, and {3-thalas-
semia/HbE individuals was significantly increased—16.4-
fold, 31.6-fold, and 3.1-fold, respectively (p <0.01)—when
compared with that of normal samples (Fig. 1a). To identify
miR-144 regulation, we hypothesized that NRF2 could be
functionally appropriate to be the target of miR-144 because
of its importance in regulating oxidative stress tolerance and
mediating antioxidant production in SCD [16]. The levels of
NRF?2 gene expression were determined in reticulocyte de-
rived from HbH disease, HbH-CS disease, and [3-thalasse-
mia/HbE individuals. The expression of NRF2 of HbH disease
(p<0.01), HbH-CS disease, and 3-thalassemia/HbE
(p <0.05) was decreased, compared with that of normal retic-
ulocyte (Fig. 1b).
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Fig. 1 Analysis of miR-144 and NRF2 mRNA target expression in
thalassemic reticulocyte. Expression of miR-144 (a) and NRF2 mRNA
target (b) in normal (NV=6), HbH (N=9), HbH-CS (N=3), and
[3-thalassemia/HbE (N =7) was carried out by qRT-PCR. *p <0.05;
*#p<0.01

Overexpression of miR-144 increased erythroid cell
response to oxidative stress

To test the functional effect of miR-144 for regulating NRF2
mRNA target to modulate oxidative stress tolerance, the gain
of function of miR-144 was investigated. We transfected miR-
144 mimic into K562 cells. The expression of miR-144 was
increased compared with that of the untreated and negative
control (p < 0.01) (Fig. 2a). Our data found that miR-144 over-
expression leads to a detectable reduction of NRF2 mRNA
expression (p < 0.05) (Fig. 2b).

To further confirm the effect of miR-144 overexpression on
oxidative stress status, we measured the ROS and GSH levels
by fluorescence intensity. The result showed that ROS levels
were increased compared with those of the untreated and neg-
ative control (p <0.05) (Fig. 2¢). While GSH levels were de-
creased in miR-144 mimic conditions (p < 0.05) (Fig. 2d).

Furthermore, we transfected miR-144 mimic and detected
their cell viability under the oxidative stress of different hy-
drogen peroxide (H,O,) concentrations (0, 10, 20, and
30 uM). We found that miR-144 overexpression leads to a
decrease in cell viability in 20 and 30 uM H,0,-induced ox-
idative stress (p = 0.07 and p <0.05, respectively) when
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Fig. 2 Gain of miR-144 expression in erythroblastic cell line.
Erythroblastic cell line was treated with hsa-miR-144 miRNA mimic
and negative control. Expression of miR-144 (a) and NRF2 target gene
expression (b) was examined by qRT-PCR. The ROS levels (¢) and
glutathione levels (d) were demonstrated by flow cytometry. Cell

compared with that of the untreated sample and negative
miRNA mimic (Fig. 2¢). The NRF2 mRNA expression was
significantly downregulated in miR-144 overexpression under
oxidative stress (p < 0.01) (Fig. 2f). These results indicate that
miR-144 overexpression-mediated NRF2 repression can play
a direct and important role in the reduction of antioxidation in
erythroid cells.

The inhibition of miR-144 expression promotes
oxidative stress tolerance

To investigate the effect of decreased miR-144 expression, a
loss-of-function study was performed using the anti-miR-144.
The result showed the transfection of K562 cells. With
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viability as measured by trypan blue staining method (e) and expression
of NRF2 target gene (f) of K562 erythroblastic cell line in H,O,-induced
oxidative stress were exhibited in miR-144 mimic treated. Data are means
of triplicate determinations. *p <0.05; **p <0.01

300 nM anti-miR-144 caused a significant reduction
(p<0.01) (Fig. 3a). At 72 h post-transfection, addition of
anti-miR-144 promoted NRF2 mRNA expression to a level
comparable with that obtained from untreated and negative
control (p <0.01) (Fig. 3b).

We also studied the effect of miR-144 inhibition on oxida-
tive stress status. Downregulation of miR-144 caused no sig-
nificant effects to ROS levels (Fig. 3¢). However, a significant
increase of GSH levels was observed in K562 cells transfected
with anti-miR-144 as compared with cells transfected with the
untreated and negative control (p <0.01) (Fig. 3d). In addi-
tion, we also conducted a loss-of-function study on miR-144
and detected their viability under oxidative stress induced by
different hydrogen peroxide (H,O,) concentrations. We found
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Fig. 3 Loss of miR-144 expression in erythroblastic cell line.
Erythroblastic cell line was treated with hsa-miR-144 miRNA inhibitor
and negative control. Expression of miR-144 (a) and NRF2 target gene
expression (b) was examined by qRT-PCR. The ROS levels (¢) and
glutathione levels were demonstrated by flow cytometry. Cell viability

that the reduction of miR-144 expression leads to significantly
increased cell viability in 30 uM H,O,-induced oxidative
stress (p <0.05) when compared with that of the untreated
control and negative control (Fig. 3e). Likewise, the NRF2
mRNA expression was significantly upregulated in inhibition
of miR-144 under oxidative stress (p <0.01) (Fig. 3f). Taken
together, these results indicate that NRF2 is a valid target gene
of miR-144 to regulate GSH production, especially under ox-
idative stress.

Discussion

[3- and «-thalassemia are inherited disorders with significant
phenotypic diversity. The regulation of miRNA in
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stress were exhibited in miR-144 inhibitor treated. Data are means of
triplicate determinations. *p < 0.05; **p <0.01

erythrocytes may be important in gaining more information
about such different phenotypes and their clinical manifesta-
tions. Elevated miR-144 level was detected in mature RBC of
SCD patients [16]. Here, we have demonstrated the associa-
tion of high miR-144 expression in thalassemia reticulocyte,
particularly increased expression with a hemolysis phenotype
in o-thalassemia.

miRNA microarray analysis of sickle cell anemia red blood
cells showed a degree of similarity in the miR-144 level in
earlier stages of erythroid differentiation and mature red blood
cells [28]. The results from RBC proteomic and transcriptome
demonstrated that antioxidant activity of proteins and tran-
scriptional levels mostly remain at the same level during mat-
uration of adult reticulocytes to RBCs [29, 30]. Moreover,
previous study demonstrated microassay-based miRNA
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expression profile about gene association with HbF expres-
sion in SCD patient from reticulocyte [31].

In addition, elevated miR-144 leads to lower expression of
Nrf2, resulting in lower expression of genes encoding antiox-
idant defense proteins. The increased expression of miR-144
leads to a decreased expression level of the NRF2 target gene.
This observation is consistent with the hemolytic anemia phe-
notype seen in SCD patients [16]; targeted deletions of NRF2
mice developed immune-mediated hemolytic anemia [23] and
double heterozygous knockout: selenocysteine-tRNA gene
(Trsp) and Nrf2 gene [24]. Besides erythroid cells, miR-144
regulated NRF2, and oxidative stress tolerance was observed
in human SH-SYSY cells as a neuroblastic subclone of the
neuroblastoma cell line SK-N-SH [32].

We provided evidence of the significance of the dysreg-
ulated miR-144-NRF2 regulatory axis in the oxidative
stress tolerance among thalassemia patients with «-
thalassemia hemolysis phenotype. Erythroid cells with high
miR-144 expression exhibited lower NRF2 levels, de-
creased GSH, and higher susceptibility to oxidative dam-
age, which is similar to the SCD study [16]. The gain of
miR-144 expression resulted in decreased expression of
NRF?2 target gene and GSH levels. The augmented sensitiv-
ity to oxidative stress in increased miR-144 was rescued by
miR-144 inhibitor. Our findings suggest that the regulatory
effect of miR-144 on NRF?2 expression is important for ox-
idative stress tolerance in thalassemic erythrocyte cell.

Clinical implications Our observations illustrated that ery-
throid miRNAs and its target may contribute to the complex
regulatory network of disease modifiers in thalassemia patho-
physiology and can support in the association and observation
of disease heterogeneity and anemia severity. It is likely to
benefit from antioxidant treatments. In addition to thalasse-
mia, other anemia disorders (e.g., glucose-6-phosphate dehy-
drogenase deficiency or hereditary spherocytosis) also mani-
fest enhanced oxidative stress and impaired antioxidant status
in their erythrocytes. It will be important to determine whether
the dysregulation of miR-144 may also play a role in their
reduced ability to deal with oxidative stress and susceptibility
to hemolysis in those disorders.
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