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Inherited genetic modifiers and pharmacologic agents that enhance fetal hemoglobin
(HbF) expression reverse the clinical severity of sickle cell disease (SCD). Recent
efforts to develop novel strategies of HbF induction include discovery of molecular tar-
gets that regulate y-globin gene transcription and translation. The purpose of this
study was to perform genome-wide microRNA (miRNA) analysis to identify genes asso-
ciated with HbF expression in patients with SCD. We isolated RNA from purified retic-
ulocytes for microarray-based miRNA expression profiling. Using samples from
patients with contrasting HbF levels, we observed an eightfold upregulation of miR-
144-3p (miR-144) and miR-144-5p in the low-HbF group compared with those with
high HbF. Additional analysis by reverse transcription quantitative polymerase chain
reaction confirmed individual miR-144 expression levels of subjects in the two groups.
Subsequent functional studies in normal and sickle erythroid progenitors showed NRF2
gene silencing by miR-144 and concomitant repression of y-globin transcription; by
contrast, treatment with miR-144 antagomir reversed its silencing effects in a dose-
dependent manner. Because NRF2 regulates reactive oxygen species levels, additional
studies investigated mechanisms of HbF regulation using a hemin-induced oxidative
stress model. Treatment of KU812 cells with hemin produced an increase in NRF2
expression and HbF induction that reversed with miR-144 pretreatment. Chromatin
immunoprecipitation assay confirmed NRF2 binding to the y-globin antioxidant
response element, which was inhibited by miR-144 mimic treatment. The genome-wide
miRNA microarray and primary erythroid progenitor data support a miR-144/NRF2-
mediated mechanism of y-globin gene regulation in SCD. © 2018 Published by Elsevier
Inc. on behalf of ISEH - Society for Hematology and Stem Cells.

Sickle cell disease (SCD) is a genetic disorder caused
by the pS-globin mutation leading to production of
hemoglobin S, polymer formation under low oxygen
conditions, and red blood cell sickling. The net out-
come of this process is chronic hemolysis, oxidative
stress, anemia, and vaso-occlusive episodes of pain and
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organ damage. The most effective treatment for SCD is
fetal hemoglobin (HbF; «,),) induction, which inhibits
sickle hemoglobin polymerization through the forma-
tion of hybrid molecules [1]. Hydroxyurea is the only
Food and Drug Administration-approved drug that
ameliorates the clinical symptoms of SCD through HbF
induction and other beneficial properties such as
increasing nitric oxide levels and anti-inflammatory
effects [2,3]. Not all individuals respond to hydroxy-
urea therapy, so understanding the molecular mecha-
nisms involved in y-globin regulation to develop
strategies for HbF induction is critical to the discovery
of additional effective therapeutic options for SCD.
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With completion of genome-wide association studies,
single nucleotide polymorphisms (SNPs) associated
with HbF levels in SCD and thalassemia patients
[4—8] were discovered. Three genetic loci, including
—158 Xmnl-HBG2, BCLIIA at 2pl5 and the HBSIL-
MYB region, account for 30—50% of inherited variations
in HbF levels in several populations [4—7]. The Xmnli-
HBG?2 locus contributes 13% of HbF variance in S-thal-
assemia populations, but this effect did not replicate in
African American [7] or Tanzanian [8] people. The
greatest effect on HbF expression is mediated by SNPs
in the second intron of BCL/IA leading to gene silenc-
ing [4,6,7,9]. Subsequent gene knockout confirmed a
major repressor role of BCLI11A in y-globin gene
silencing during hemoglobin switching [10] through
KLF1 activation [11,12] and interaction with the co-
repressor SOX6 [13,14]. Furthermore, haploinsufficiency
of KLF1 caused by SNPs in coding and noncoding
DNA regions causes high HbF levels in humans [15].
Recent studies by Bauer et al. demonstrated that an ery-
throid-specific enhancer in the second intron of BCLIIA
[16] that regulates lineage-specific BCLIIA activation,
is an excellent target for the development of novel gene
therapy for B-hemoglobinopathies.

The third loci affecting HbF expression is located in
the HBSIL-MYB region 5’ of the repressor oncogene
MYB [5]. Studies in primary erythroid cultures demon-
strated binding of the transcription factors LDBI1, Tall,
and KLF1 in the HBSIL-MYB region to control MYB
expression [17]. Additional studies by Sankaran et al.
demonstrated microRNA (miRNA) miR-15a and miR-
16-1 enhance y-globin expression through MYB silenc-
ing in a child with trisomy 13 [18].

Recent efforts have identified mechanisms of y-glo-
bin gene expression that focus on posttranscriptional
miRNA-mediated gene regulation. Azzouzi et al. dem-
onstrated, in an miRNA screen of umbilical cord and
peripheral blood reticulocytes, that miRNA-96 targets
the open reading frame of the y-globin mRNA molecule
to silence y-globin expression [19]. Additional work by
Miller et al. [20] verified the ability of LIN28B to
repress let-7 miRNA expression as a mechanism of HbF
induction in tissue culture systems. Recently, we pub-
lished data to support a role of miR34a in y-globin acti-
vation [21] through STAT3 gene silencing. Our group
previously demonstrated a negative role of STAT3 in
y-globin expression [22]. These studies expand the role
of miRNA in y-globin regulation, but additional targets
remain to be discovered.

To this end, we performed genome-wide miRNA
expression analysis using RNA isolated from the reticu-
locytes of individuals with SCD and contrasting high-
and low-HbF levels. We observed significant differences
in miR-144 between the two groups, along with other
miRNA genes. Subsequent functional studies in normal

and sickle erythroid progenitors confirmed the ability of
miRNA-144 antagomir to mediate HbF induction while
increasing NRF2 expression.

Methods

Subject recruitment and blood processing

After obtaining institutional review board approval and
informed consent, blood samples were collected from patients
with homozygous sickle cell anemia (HbSS) followed at
Augusta University. None of the subjects received hydroxy-
urea therapy or transfusions before recruitment (Supplementary
Table E1, online only, available at www.exphem.org). Medical
record review was completed to obtain complete blood counts
with differential, reticulocyte count, and HbF levels deter-
mined by high-performance liquid chromatography. Blood
samples were processed by Ficoll-Histapaque separation of
peripheral blood mononuclear cells (PBMCs) stored in
dimethyl sulfoxide for primary erythroid cultures. From the
same samples, red blood cells were processed on a MACS col-
umn with CD71" MicroBeads (MACS, Miltenyi Biotec,
Auburn, CA) to isolate reticulocytes for total RNA extraction
using TRIzol (ThermoFisher).

Genome-wide miRNA microarray analysis

The quality of RNA was assessed using an Agilent 2100 Bioana-
lyzer followed by hybridization to the miRCURY LNA micro-
RNA Array (Exiqon, Woburn, MA). Raw data were quantile
normalized using a model-based correction algorithm (http://
linus.nci.nih.gov/BRB-ArrayTools.html). miRNA gene expression
profiling was conducted for SCD patients with HbF < 8.6% (low
HbF) or HbF > 8.6% (high HbF) using principal component
analysis (NIA Array Analysis Tool; https://lgsun.irp.nia.nih.gov/
ANOVA/index.html). Microarray raw data were submitted to the
Gene Expression Omnibus (GEO) under database accession num-
ber GGSE111356.

Reverse transcription - quantitative polymerase chain
reaction (RT-qPCR) analysis

To quantify miR-144 levels, the miScript II RT and SYBRGreen
PCR kit (Qiagen) were used and relative expression determined
as described previously [21] to confirm miR-144 expression
obtained by microarray for the 12 samples analyzed and in vitro
functional studies. To quantify mRNA of y-globin, B-globin, 8°-
globin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
we generated standard curves described previously [21]. Levels of
NRF2, CD71, and CD235a were measured using the RT?-qPCR
Primer Assay system (Qiagen, Valencia, CA) as described previ-
ously by our group [21]. All gene expression levels normalized to
GAPDH mRNA.

Tissue culture

Human erythroid progenitors were generated from adult
CD34" stem cells (STEMCELL Technologies, Vancouver,
BC) or sickle PBMCs in a two-phase culture system estab-
lished in our laboratory [23,24]. During phase I, CD34" stem
cells were cultured in alpha minimum essential medium con-
taining interleukin-3 (10 ng/mL), stem cell factor (10 ng/
mL), and erythropoietin (2 IU/mL) to promote erythroid
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lineage commitment. On day 7, cells transitioned to phase II
medium that was identical except that stem cell factor was
removed. Erythroid progenitors were transfected on day 8
with human mature miR-144 or negative control mimics
(Dharmacon, Lafayette, CO) by nucleofection using the
Amaxa Human CD34" Cell Nucleofector Kit. After 2 days,
cells were harvested for flow cytometry, Western blot, and
RT-qPCR analysis. In a second set of studies, we determined
the effect of longer treatment using erythroid progenitors
generated from normal CD34" stem cells or sickle PBMCs
treated on day 5 and then harvested on day 10 for gene
expression and protein analysis.

KU812 cells maintained in Iscove’s modified Dulbecco’s
medium supplemented with 10% fetal bovine serum were
used for mechanistic studies. Cells were treated with 25—75
pmol/L hemin alone or pretreatment with 300 nmol/L miR-
144 or negative control for 24 hours followed by 50 pumol/L
hemin for 48 hours and then flow cytometry, Western blot,
and RT-qPCR analysis completed.

Flow cytometry analysis

After the different treatments, cells were washed, fixed with
4% paraformaldehyde, and stained with fluorescein-isothiocy-
anate-conjugated anti-HbF (Thermo Fisher Scientific) or anti-
CD235a and anti-CD71 antibodies (eBioscience, San Diego,
CA); flow cytometry analysis was performed on an LSRII
flow cytometer using gating parameters previously published
by our group [23,24]. We routinely acquire 10,000 erythroid
cells to quantify HbF positive cells (F-cells) shown in histo-
grams.

To detect reactive oxygen species (ROS) levels, KU812
cells were incubated with 5 umol/L dichlorodihydrofluores-
cein diacetate (DCF-DA) (Sigma-Aldrich) for 4 hours before
harvest. The percentage of F-cells and DCF-positive cells
were quantified using FACS Diva software.

Western blot analysis

Total protein was isolated and Western blot performed with 10
—30 pg of protein [23.24] with HbF (sc-21756), HbS (sc-37-8
from Santa Cruz Biotechnology, Santa Cruz, CA), NRF2
(ab62352, Abcam), and tubulin (sc-53646; Santa Cruz) anti-
bodies. The immunoblots were developed using SuperSignal
West Pico Chemiluminescent Substrate (Thermo Fisher Scien-
tific) and analyzed on a Fujifilm LAS-3000 gel imager (Stam-
ford, CT) to acquire quantitative data.

Chromatin immunoprecipitation assay

Sickle erythroid progenitors were used for chromatin immu-
noprecipitation (ChIP) assay as described previously by our
group [24]. Immunoprecipitations with anti-NRF2 and anti-
TATA-binding protein (TBP) antibodies, along with an
immunoglobulin G (IgG) control, were completed and chro-
matin isolated for qPCR analysis to quantify chromatin
enrichment compared with input DNA.

Statistical analysis

The data are reported as the mean =+ standard error of the
mean of three to five replicates of independent experiments
performed in triplicate. All data were analyzed by a two-tailed

Student ¢ test and p < 0.05 was considered statistically signifi-
cant. Binary regression analysis determined the correlation
between miR-144 levels obtained by microarray and RT-qPCR
analysis.

Results
Individuals with SCD and contrasting HbF levels
show differentially expressed miRNA genes

The role of miRNA genes in normal erythropoiesis
[25,26] and globin expression has been demonstrated
[19-21,27,28]. Therefore, the goal of the present
study was to define novel miRNA genes differentially
expressed in persons with SCD and contrasting high and
low HbF levels. After obtaining informed consent, blood
samples were collected from study subjects with con-
firmed HbSS genotype and clinical phenotype data (Sup-
plementary Table El, online only, available at www.
exphem.org). We collected complete blood cell counts
with differential, reticulocyte counts, and HbF levels
(Table 1); HbF levels ranged from 0.1% to 30.6%. None
of the other hematologic values was significantly differ-
ent between the two groups except HbF, suggesting that
the red blood cell turnover and hemolysis rates were
similar between groups.

Twelve individuals were included in the miRNA micro-
array analysis (Figure 1A), including a high-HbF group
(average HbF 23.4842.12) and a low-HbF group (average
HbF 3.374+1.02). Total RNA isolated from CD71" reticulo-
cytes was analyzed on the miRCURY LNA microRNA
Array. After raw data normalization, principal component
analysis identified 89 and 91 unique miRNA genes upregu-
lated and downregulated, respectively, in the low-HbF
group compared with the high-HbF group (Supplementary
Table E2, online only, available at www.exphem.org).
miR-144-3p (miR-144) and miR-144-5p expression was
increased 7.96-fold (p=0.0010) and 7.79-fold (p =0.0037),
respectively, in the low-HbF group compared with the
high-HbF group. Other miRNA genes such as miR-96-5p
and let-7b-5p implicated in globin gene regulation [19,20]
showed enhanced expression in the low-HbF group, sug-
gesting testable hypotheses that miRNA genes in this group
might contribute to y-globin transcription by silencing
trans-activator DNA-binding proteins. Likewise, we identi-
fied the top miRNA genes downregulated in low-HbF
group, such as miR-1, miR-5701, and miR-2116-3p (Sup-
plementary Table E2, online only, available at www.
exphem.org), that might silence repressors of y-globin
expression.

miR-144 levels observed by microarray analysis

are confirmed by RT-qPCR

The oxidative stress conditions observed in sickle cell
patients is associated with high miR-144 levels and
severe anemia [29]; furthermore, NRF2 is a direct target
of miR-144-mediated gene silencing. We and others
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Table 1. Summary of clinical phenotype data for sickle cell patients used in the miRNA analysis"

High-HbF Group

Subject # Hgb (g/dl) Hct (%) Plts WBC Neutrophils Lymphocytes NRBC (%) Reticulocyte HbF (%)
(x 10%) (x 10%) (x 10%) (x 10%) Count (%)

001 9.5 28.6 269 8.1 5.8 1.3 0 5.0 30.6

003 10.5 30.9 563 11.4 5.0 43 0 5.7 21.8

08A 7.4 21.7 192 4.2 2.1 1.3 3 8.8 25.0

014 8.1 22.9 469 15.1 5.7 7.7 0 9.8 16.8

015 8.7 254 416 14.1 5.1 7.5 0 8.8 27.5

016 7.6 27.2 499 17.5 7.5 7.4 1 12.7 19.2

Mean + SEM 8.63 £ 0.49 26.11 + 1.42 404.67 + 60.17 11.7 £ 2.00 5.2 +0.72 4917 + 1.25 0.67 £ 0.49 8.467 + 1.15 23.48 £+ 2.12

Low-HbF Group

004 7.1 20.1 380 15.5 6.2 5.9 6 10.5 3.8

008 7.0 20.1 693 11.1 4.2 6.2 2 13.4 3.0

009 7.8 24.8 641 13.8 8.7 3.7 0 9.0 0.9

011 7.6 22.8 570 15.60 8.2 5.70 2 12.0 6.2

011A 8.4 28.9 461 10.8 5.9 2.5 0 8.2 6.2

012A 8.9 28.1 384 10.9 4.9 4.5 1 5.6 0.1

Mean = SEM 7.8 & 1.30 24.13 + 1.56 521 £ 54.35 12.95 £ 0.94 6.35 £ 0.73 4750 £ 0.59 1.83 £+ 1.02 9.783 £+ 1.42 3.37 + 1.05

)4 values” 0.1766 0.3698 0.1802 0.5943 0.2876 0.9067 0.1859 0.4353 0.0001%*

“Shown are the values obtained for the individual complete blood counts and differential and reticulocyte counts for the 12 children and adults
(O11A and 012A) with HbSS included in the miRNA analysis. The mean + standard error of the mean (SEM) is shown for each parameter. The
Student 7 test was used to determine significant difference between the two study groups; p < 0.05 was considered statistically significant.

®p values generated using the Student 7 test for data collected for each parameter for the two groups.Hgb=hemoglobin, Hct= hematocrit,
Plts=platelet count, WBC=white blood cell count, NRBC=nucleated red blood cells
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Figure 1. miR-144 was differentially express between individuals with SCD and low- or high-HbF phenotypes. Total RNA was isolated from
the reticulocytes of 12 individuals with SCD and high HbF (n=6) and low HbF (n=06) for genome-wide miRNA gene expression profiling and
RT-qPCR analysis (see Methods). (A) Mean HbF level for each study group is shown by the black horizontal lines. (B) Mature miR-144 expres-
sion levels were measured by RT-qPCR using RNA isolated from the 12 subjects and correlated with HbF levels after normalization by the inter-

nal control RNU6. Mean levels are shown (black line).

[23,24,30] have demonstrated that NRF2 activates y-glo-
bin gene transcription through binding the proximal pro-
moter antioxidant response element (ARE), but data
have not been published to demonstrate a connection
between miR-144 and HbF expression. Therefore, using
RNA isolated from reticulocytes, we quantified miR-144
levels by RT-qPCR to correlate with those obtained by
microarray analysis (Table 2). Using regression statisti-
cal analysis, we observed an R value of 0.769, support-
ing a correlation between the miR-144 levels obtained
by the two methods. Furthermore, similar to clinical
HbF phenotypes, the miR-144 levels measured by RT-
qPCR distributed between our high- and low-HbF
groups (Figure 1B), supporting an association between
miR-144 and HbF expression.

Table 2. Summary of miR-144 levels for individual patients to test the correlation
between miR-144 level in the microarray and RT-qPCR analyses

Subject # miR-144 Level miR-144/U6 Level
Microarray qRT-PCR

001 0.6081 0.8621
003 0.4275 0.403
08A 0.0157 0.0826
014 0.0829 0.0362
015 0.4537 0.7195
016 0.1808 0.0882
004 1.3849 1.1565
008 0.8330 1.4985
009 0.4357 1.6691
011 0.5448 1.1845
011A 1.618 1.5253
012A 2.580 3.773
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NRF?2 gene silencing by miR-144 represses HbF
expression in normal erythroid progenitors

To gain evidence of a mechanistic role of miR-144
in HbF regulation, we conducted studies in normal ery-
throid progenitors generated from CD34" stem cells in
our two-phase liquid culture system [23,24]. By day 7
in culture, erythroid progenitors showed an average
76.9% CD235a™ cells and 57.2% CD71" cells. On day
8, progenitors were transfected with 200 nmol/L. and
300 nmol/L miR-144 mimic or antagomir (anti-144)
alone or combined treatment. We observed a 30—50%
decrease in NRF2 mRNA levels after miR-144 overex-
pression (Figure 2A). Conversely, inhibition of endoge-
nous miR-144 by antagomir alone produced a 1.4-fold
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increase in NRF2 gene expression (p < 0.001) above
baseline (Figure 2A). For combination treatment, NRF2
silencing by miR-144 was inhibited by 300 nmol/L
antagomir. To gain evidence for an association with
globin gene transcription, the y/y+f mRNA ratio
showed y-globin silencing by miR-144 mimic
(Figure 2B); moreover, antagomir produced a dose-
dependent increase in y-globin gene transcription by
1.3-fold and 2.0-fold, respectively. Analysis of the
individual globin genes showed that miR-144 had no
effects on p-globin gene expression (Supplementary
Figure EI, online only, available at www.exphem.org).
These data provide experimental evidence for y-globin
regulation in part by miR-144.
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Figure 2. Overexpression of miR-144 repressed NRF2 and y-globin gene expression in normal erythroid progenitors. Using CD34" stem cells,
adult erythroid progenitors were produced as described previously by our group [23.24] (see Methods for details). On day 8, we transfected cells
with negative control, miR-144, and miR-144 antagomir (anit-144) mimics at 200 nmol/L and 300 nmol/L concentrations. In addition, combina-
tion treatments were conducted with 300 nmol/L each of miR-144 and antagomir. After 48 hours, cells were harvested for the different analyses.
(A) RT-qPCR was performed to quantify NRF2 mRNA levels normalized to the internal control GAPDH. The negative mimic control (Neg)
data were set to 1 to calculate the fold change in mRNA expression. Data are shown as the mean =+ standard error of the mean with p < 0.05
considered statistically significant; *p < 0.05, **p < 0.01. (B) RT-qPCR was performed to quantify y/y+p-globin mRNA ratio calculated after
the individual y-globin and B-globin gene expression levels was normalized to the internal control GAPDH. See (A) for details of data analysis.
(C) Representative histograms (top) of the flow cytometry analysis to determine the percentage of F-cells quantified in the graph using FACS
Diva software. (D) Western blot analysis of NRF2 and HbF protein levels. Shown is a representative gel (top) where B-actin was the protein
loading control. Densitometry analysis for the Western blot analysis was used to generate raw data shown in the graph for NRF2 and HbF.
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Because miRNA molecules act primarily through post-
transcriptional gene silencing, we conducted flow cytome-
try to determine the effects of miR-144 on HbF
distribution by flow cytometry. Treatment with 200 nmol/L
and 300 nmol/L miR-144 decreased F-cells from 9.7% to
6% (p < 0.05), respectively (Figure 2C). By contrast, the
silencing effects of miR-144 was reversed by antagomir
increasing F-cells a maximal 2.3-fold (22.3%) at the
300 nmol/L concentrations (p < 0.01). To quantify protein
levels, we performed Western blot analysis in which treat-
ment with miR-144 decreased NRF2 and HbF by 40% and
50%, respectively (Figure 2D). By contrast, antagomir
reversed this effect increasing both NRF2 and HbF by
1.5-fold and 1.8-fold, respectively (p < 0.01). These data
in erythroid progenitors support miR-144 as a repressor of
HbF expression through NRF2 gene silencing.

Extended miR-144 antagomir treatment increases HbF
expression in normal and sickle erythroid progenitors
To gain further evidence of the sustained effects of
antagomir treatment on HbF induction under oxidative
conditions, we conducted studies using normal and
sickle erythroid progenitors generated from CD34"
stem cells and PBMCs treated for 5 days with
300 nmol/L miR-144 or antagomir (see Methods).
To confirm overexpression, we achieved a twofold
increase in miR-144 and 40% decrease in endogenous
levels with antagomir treatment (Figure 3A). Similar to
the 2 day treatment, antagomir produced a sustained
increase in y-globin expression of 2.3-fold and combi-
nation treatment reversed the 45% y-globin gene
silencing mediated by miR-144 mimic (Figure 3B). By
contrast, changes in S-globin and «-globin expression
were not significant. Interestingly, treatment with anta-
gomir increase CD71 expression with no significant
change in CD325a levels (Figure 3B). By flow cytome-
try analysis, miR-144 mimic and antagomir were
shown to produce a 20% decrease and 2.2-fold
(increase from 8% to 18% F-cells) increase in F-cells,
respectively (Figure 3C). Western blot confirmed a
decrease in NRF2 protein levels by miR-144 that was
reversed by antagomir treatment (Figure 3D) along
with HbF induction.

Similar studies were conducted with sickle erythroid
progenitors. For untreated cells, we observed robust
cell growth and viability, increased CD71 and CD235a
expression over time, and a y-globin to A°-globin
switch around day 7 in culture (Supplementary
Figure E2, online only, available at www.exphem.org).
Similar to results obtained in normal erythroid progeni-
tors, antagomir produced a sustained 2.0-fold increase
in y-globin expression without affecting B°-globin
mRNA levels (Figure 4A). Western blot confirmed a
decrease in NRF2 levels by miR-144 treatment that
was reversed by antagomir with a significant 1.8-fold

induction of HbF (Figure 4B). To further support HbF
induction, F-cells levels increased 1.9-fold in sickle
erythroid progenitors (Figure 4C).

NRF?2 binding in the y-globin ARE is altered

by miR-144 in sickle erythroid progenitors

To gain direct evidence of a molecular mechanism of
y-globin regulation by miR-144-mediated NRF2 silenc-
ing, we conducted DNA-binding studies to determine
the effects on NRF2 binding to the y-globin ARE
[31,32]. In sickle erythroid progenitors, baseline NRF2
binding was inhibited 40% (p < 0.05) by miR-144,
which was reversed by antagomir with 1.5-fold
increased NRF2 binding in vivo (Figure 4D). We
observed significant TBP binding in the proximal pro-
moter region that increased 1.4-fold after antagomir
treatment, supporting y-globin transcription activation
(Figure 4D). Likewise, NRF2 binding to the locus con-
trol region hypersensitive site 2 (HS2) was increased
1.8-fold (p < 0.01) by antagomir (Figure 4D) and miR-
144 reduced occupancy by 60%. To confirm the speci-
ficity of in vivo NRF2 binding, negative control studies
conducted in the Gy-globin cyclic AMP response ele-
ment (G-CRE). The level of NRF2 binding did not
changed significantly in this region for any treatment
condition (Figure 4D).

miR-144 represses NRF2 expression under oxidative
conditions in KU8I2 cells

To gain additional evidence for a miR-144/NRF2-medi-
ated mechanism of y-globin regulation, we developed
an oxidative stress model using KU812 cells treated
with hemin. To measure ROS levels, DCF-DA staining
and flow cytometry were conducted; the level of DCF-
positive cells increased from 16% (untreated) to 50%
(p < 0.01) at 75 pumol/L hemin (Figure 5A). Moreover,
hemin produced a dose-dependent 4-fold (p < 0.01)
increase in NRF2 and 2-fold (p < 0.05) increase in
HbF levels (Figure 5B) and F-cells from 20% to 54%
(» < 0.01) at the highest hemin concentration
(Figure 5C). miR-144 targets the 3’-untranslated region
of NRF2 to produce gene silencing [29]. Because miR-
144 decreased NRF2 levels in sickle erythroid cells,
we conducted studies to recapitulate the intracellular
environment of sickle reticulocytes. KU812 cells were
transfected with 300 nmol/L miR-144 or negative
mimic control for 24 hours, followed by treatment
with 50 wmol/L hemin for 48 hours. We confirmed a
12-fold increase in miR-144 in KU812 cells that was
inhibited 25% by hemin (Figure 6A). In contrast to pri-
mary cells (Figure 2B), treatment with miR-144 alone
did not alter y-globin gene transcription significantly,
but the ability of hemin to induce y-globin gene tran-
scription was inhibited 85% by miR-144 (Figure 6B).
Under the same conditions, hemin produced a
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Figure 3. Extended treatment with miR-144 produces a sustained increase in HbF expression in normal erythroid progenitors. Using CD34*
stem cells, erythroid progenitors were produced, followed by treatment for 5 days with negative control (Neg), miR-144, antagomir (anit-144),
or combination treatments at a 300 nmol/L concentration. (A) Mature miR-144 levels were measured by RT-qPCR and normalized to RNU6
(internal control). The Neg control data (black bar) were set to 1 to calculate the fold change in miR-144 mimic (white bar) or miR-144 antago-
mir (gray bar) expression. Data are shown as the mean =+ standard error of the mean with p < 0.05 considered statistically significant. (B) RT-
qPCR was used to quantify the genes shown after normalization to the internal control GAPDH. Shown is combination treatment for miR-144
and antagomir (striped bar). (C) Representative histograms (top) generated by flow cytometry analysis to determine the percentage of F-cells
quantified using FACS Diva software to generate the graph. (D) Representative Western blot gel where p-actin was the protein loading control
(top). Densitometry analysis was used to generate raw data shown in the graphs (bottom).

significant 4-fold increase in NRF2 and HbF (p < 0.05)
expression (Figure 6C). Moreover, overexpression of
miR-144 inhibited the ability of hemin to activate both
targets by 50—80%.

Discussion

Investigating molecular mechanisms involved in y-glo-
bin gene regulation will facilitate the development of
therapeutic agents to induce HbF for the treatment of
B-hemoglobinopathies. To date, hydroxyurea is the
most effective HbF inducer for treating SCD and
B-thalassemia [35,36]. However, other agents such as
decitabine [37], RN-1 [38], and bensarizide [39] that
act by different molecular mechanisms are under inves-
tigation to expand the repertoire of drugs available

to treat SCD. Our group demonstrated HbF induction
in sickle erythroid progenitors by dimethyl fumarate
through enhanced NRF2 expression [23,24,40].

Other promising molecules, including miRNA
mimics and antagomirs that target human diseases such
as cancer, diabetes, and polycythemia vera [33,34],
are under development. Recent studies to expand
approaches to inhibit hemoglobin switching have
focused on posttranslational mechanisms mediated by
miRNA molecules. Experimental data support a role of
miR15a/16-1, miR-96, miR-34a, and let-7 in y-globin
regulation [18—21], although specific DNA mutations
have not been demonstrated. Further evidence of the
physiologic role of miRNA in HbF induction was illus-
trated by Walker et al., who showed that miR-151-3p
and others correlated with the maximal tolerated dose
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Figure 4. miR-144 treatment produces an increase in HbF expression in sickle erythroid progenitors. Using PBMCs, sickle erythroid progenitors
were produced and treated with the various agents for 5 days (see Methods). (A) RT-qPCR was used to quantify the genes shown after normali-
zation to the internal control GAPDH; data are shown as the mean + standard error of the mean. (B) Western blot analysis of HbF, HbS, and
NRF2 protein levels. Shown is a representative gel where B-actin was the protein loading control (left). Densitometry analysis for the western
blot analysis was used to generate raw data shown in the graph. (C) F-cell levels quantified using FACS Diva software (see Methods). (D) Sickle
erythroid progenitors were treated with the various reagents for 5 days and then ChIP assay was conducted with IgG, NRF2, and TBP antibody
immunoprecipitation reactions. In the graph, data are shown for chromatin enrichment as the percentage of input DNA (% input), for negative
control (black bar), miR-144 (white bar), miR-144 antagomir (gray bar), and combination treatment (striped bar). All data are shown as the
mean £ standard error of the mean. Shown is the in vivo occupancy of the three proteins at the y-globin ARE (y-ARE), the locus control region
hypersensitive site 2 (HS2), and negative control G-CRE region, not containing a known ARE-binding motif.

of hydroxyurea in children with SCD [41]. The associ-
ation of miR-486-3p and miR-210 with HbF expression
in B-thalassemia patients [27,42] was verified; how-
ever, a direct causative relationship has not been estab-
lished.

To discover additional targets involved in y-globin
regulation, we investigated variations of miRNA gene
expression in reticulocytes isolated from individuals
with SCD and contrasting low or high HbF levels. We
observed higher miR-144 gene expression levels in the
low-HbF group. Because we did not identify a pre-
dicted miR-144-binding site in the 3’-untranslated
region of the y-globin mRNA, our findings suggested
that miR-144 might repress y-globin indirectly by
silencing a DNA trans-activator. Therefore, we con-
ducted studies to test the hypothesis that repression of
NRF2 by miR-144 is a mechanism of y-globin silenc-
ing in SCD.

Interestingly, the top two upregulated miRNA genes,
miR-144-5p and miR-144-3p, transcribe on the same
hairpin loop DNA structure. We tested miR-144-3p
(miR-144); however, involvement of miR-144-5p in
y-globin regulation was not excluded. We chose miR-
144 because it correlates with severe anemia and
reduced redox potential in adults with SCD [43] and is
known to silence NRF2 gene expression through post-
translational mechanisms [29].

Several miRNA genes [44—46] regulate erythropoie-
sis by inhibiting proliferation and differentiation
[44,45] and by protecting erythroid cells from oxida-
tive stress [46]. The bicistronic miR-144/miR-451 gene
cluster transcribes as a pri-microRNA (miR144/451)
that is regulated by GATA-1 [47]. In fact, knockdown
of miR-451 decreases erythroid differentiation in
zebrafish and mice [47,48], but miR-144 knockdown
had negligible effects on erythropoiesis [48].
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Figure 5. Oxidative stress conditions in KU812 cells alter NRF2 and HbF expression. KU812 cells treated with different hemin concentrations
for 48 hours were harvested for analysis. (A) Shown are representative histograms of the percentage of DCF-positive cells determined by flow
cytometry. Quantitative data were collected by FACS Diva software. (B) Representative histograms for F-cells analysis of the different treatment
conditions (bottom). The quantitative data generated by FACS Diva were used to generate the graph (top). (C) Representative Western blots for
NRF2 and HbF protein expression. Densitometry data were collected and used to generate the graph.

The miRNA gene profiling conducted in sickle retic-
ulocytes herein identified miR-144 as a highly differen-
tially expressed gene in SCD patients with high and
low HbF levels. Subsequent in vitro analysis in normal
and sickle erythroid progenitors under oxidative stress
support a miR-144/NRF2 model of y-globin globin
gene regulation (Figure 7). We observed NRF2 gene
silencing by miR-144 overexpression and parallel
repression of y-globin gene transcription and HbF syn-
thesis that reversed with anti-miR-144 antagomir treat-
ment. Previous studies related miR-144 and NRF2
expression to oxidative stress, redox potential, and ane-
mia in SCD [29,43]; however, a link between miR-144
and HbF expression has not been established. Although
our studies do not exclude other mechanisms, antago-
mir treatment that directly block miR-144 in sickle ery-
throid progenitors supports a role of this pathway in
y-globin regulation.

Under low oxidative stress, NRF2 is sequestered in
the cytoplasm by KEAP1 [31,49] and subjected to

proteasome degradation. When oxidative stress condi-
tions exist, KEAP1 is inactivated and NRF2 levels
increase, prompting targeted activation of antioxidant
proteins such as HMOX1 and NQOI, among others,
to control cellular ROS levels. Because untreated
KU812 cells have low ROS levels, we observed low
NRF2 protein levels due to KEAPI sequestration.
However, after hemin treatment, ROS levels
increased, which recapitulates chronic hemolysis and
intracellular conditions of sickle erythrocytes that
stimulated NRF2 expression and HbF synthesis, and
pretreatment with miR-144 reversed these findings.
Interestingly, hemin produced a dose-dependent
increase in NRF2, whereas maximal HbF expression
was observed at the lowest concentration, suggesting
that NRF2 contributes in part to y-globin gene acti-
vation. Furthermore, antagomir enhanced in vivo
NRF2 and TBP occupancy in the y-globin ARE and
HS2 that was inhibited by miR-144. These findings
support the ability of miR-144 to silence NRF2
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Figure 7. Model of miR-144/NRF2-mediated y-globin gene silencing. Shown is a model of how miR-144 silences NRF2 gene expression and
decreases binding in the y-globin ARE, leading to gene repression and low HbF levels. Treatment with anti-144 (antagomir) reversed the nega-
tive effects of miR-144, enhancing NRF2 levels and translocation to the nucleus, where NRF2 binds the y-globin ARE to stimulate transcription.
Hemin treatment of KU812 cells created an oxidative stress model to recapitulate intracellular conditions in sickle erythrocytes and stimulate
NRF2 expression. Recently, we demonstrated NRF2 interaction with its DNA-binding partners MAF to trans-activate y-globin gene transcription
[24].
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expression and binding in the yp-globin ARE to regu-
late gene expression.

Conclusions

Oxidative stress and inflammation play a major role in
the pathophysiology of SCD, so drugs that induce HbF
and reduce oxidative stress have greater clinical effi-
cacy [29,50,51,52]. There is mounting evidence that
treatment with NRF2 activators in SCD mice reduces
oxidative stress while inducing HbF [23,24,29,30,40].
Furthermore, we have demonstrated that NRF2 is
required for HbF induction by dimethyl fumarate
[23,40,53]. More recently, we verified the requirement
for NRF2 in hemoglobin switching during embryonic
mouse development using an SCD/NRF2 knockout
mouse model [54]. These findings support the develop-
ment of miRNA mimics or antagomirs as HbF
inducers. Additional studies in the preclinical SCD
mouse model are required to determine the efficacy of
miR-144 antagomir as a therapeutic agent in vivo.
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Fig. S1 and S2, Tables S1 and S2
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Fig. S1. MiR-144 antagomir has no effect on S-globin gene expression. CD34+ stem cells were cultured as described in Materials and Method
and previously published (Li B et al. Haematologica pii: haematol.2017.185967, 2018). On day 8 erythroid progenitors were treated with nega-
tive (Neg) miRNA mimic control, miR-144 mimic, antagomir (anti-miR-144) or combination for 48 hours. Total RNA was isolated for RT-
qPCR analysis for y-globin (A) and B-globin (B) expression normalized by GAPDH (See Methods). Data are shown at the mean + standard error

of the mean.
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Fig. S2. Characterization of sickle erythroid progenitor growth in primary culture. After obtaining IRB approval, blood samples were col-
lected form sickle cell patients and processed by ficoll histapaque separation of peripheral blood mononuclear cells (PBMCs) that were stored
live in DMSO at -80°C. The PBMCs were grown in the two-phase culture system (See Methods) and then cells were harvested at day 0 through
day 12 for cell growth and viability by Trypan blue exclusion (A). Cells were harvested for flow cytometry after staining with FITC-CD71 and
PE-CD235a antibodies (B). To confirm globin gene switching in culture (C), RNA was harvested at each time point and RT-qPCR completed
with glyceraldehyde-3-phosphare dehydrogenase (GAPDH) as internal control (See Methods).
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Table S1. Summary of clinical phenotype data.

Subject Number Age (years) Genotype Hydroxyurea therapy RBC transfusions™
001 5 HbSS Never treated None
003 11 HbSS Never treated None
08A 18 HbSS Never treated None
014 6 HbSS Never treated None
015 4 HbSS Never treated None
016 7 HbSS Never treated None
004 4 HbSS Never treated None
008 10 HbSS Never treated None
009 18 HbSS Never treated None
011 4 HbSS Never treated None
011A 26 HbSS Never treated None
012A 18 HbSS Never treated None

*No transfusion within 4 months of study enrollment.

Table S2. Summary of genes >1.5-fold up-regulated and down-regulated in the two SCD study groups.

UniqueID Mean of LFH Mean of HFH Fold
A. miRNA genes up-regulated in Low HbF compared to High HbF
1 hsa-miR-144-5p 1.09479787 0.13750352 7.961963
2 hsa-miR-144-3p 1.071796715 0.13750352 7.794686
3. hsa-miR-486-5p 0.865969221 0.13750352 6.297797
4. hsa-miR-3940-5p 0.639115736 0.138339241 4.619916
5 hsa-miR-660-3p 0.851470495 0.187613818 4.538421
6 hsa-miR-1976 0.861867274 0.20058734 4.296718
7 hsa-miR-363-3p 0.585060616 0.13750352 4.254877
8. hsa-miR-3124-3p 0.564015831 0.13750352 4.101828
9. hsa-miR-20a-5p 0.569472695 0.149379931 3.812244
10. hsa-miR-32-5p 0.531557327 0.150052597 3.542473
11. hsa-miR-106b-5p 0.807917714 0.23079437 3.500595
12. hsa-miR-101-3p 0.635670707 0.187217072 3.395367
13. hsa-miR-96-5p 0.603209342 0.177911858 3.390495
14. hsa-miR-19b-3p 0.765209913 0.230056425 3.326184
15. hsa-miR-4456 0.448119486 0.13750352 3.258967
16. hsa-miR-4540 0.443508794 0.13750352 3.225436
17. hsa-miR-3182 0.438093866 0.13750352 3.186056
18 hsa-let-7b-5p 0.841458807 0.264309853 3.183607
19. hsa-miR-3667-5p 0.439350694 0.139389185 3.151971
20. hsa-miR-15a-5p 0.614141504 0.195854669 3.1357
21. hsa-miR-142-3p 0.761057307 0.243364217 3.127236
22. hsa-miR-424-5p 0.542625631 0.180081499 3.013223
23. hsa-miR-3136-3p 0.404627373 0.13750352 2.942669
24. hsa-miR-5000-3p 0.401119163 0.13750352 2.917156
25. hsa-miR-3686 0.445757652 0.15533453 2.869662
26. hsa-miR-4639-3p 0.447934757 0.158151155 2.83232
217. hsa-miR-16-5p 0.438280617 0.155648388 2.815838
28. hsa-miR-19a-3p 0.61979119 0.221802562 2.794337
29. hsa-miR-192-5p 0.383849884 0.13750352 2.791564
30. hsa-miR-182-5p 0.378368601 0.13750352 2.751701
31. hsa-let-7f-5p 0.555343936 0.203320769 2.731368
32. hsa-miR-3611 0.389109363 0.143840211 2.70515
33. hsa-miR-1255a 0.365224272 0.13750352 2.656109
34. hsv1-miR-H4-3p 0.384212226 0.146542562 2.621847
35. hsa-miR-3680-5p 0.932082653 0.356540663 2.614239
36. hsa-miR-4728-3p 0.729156837 0.283946574 2.567937
37. hsa-let-7¢-5p 0.597633099 0.238662377 2.504094
38. hsa-miR-20b-5p 0.344011828 0.13750352 2.50184
39. hsa-miR-3178 0.376580805 0.15156475 2.48462
40. hsa-miR-140-5p 0.450189715 0.182744873 2.463488

(continued)
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Table S2 (Continued)

UniqueID Mean of LFH Mean of HFH Fold
41. hsa-let-7a-5p 0.463280454 0.191771959 2.415788
42. hsa-miR-5193 0.329797874 0.13750352 2.398469
43. hsa-miR-3133 0.40738226 0.16986721 2.39824
44. hsa-miR-4764-3p 0.523633371 0.221650819 2.362425
45. hsa-miR-15b-5p 0.471860195 0.200196179 2.356989
46. hsa-miR-362-3p 0.323882908 0.13750352 2.355452
47. hsa-miR-3195 0.320663402 0.13750352 2.332038
48. hsa-miR-197-3p 0.335016857 0.144325385 2.321261
49. hsa-miR-190a-5p 0.68762134 0.297839147 2.3087
50. hsa-miR-4290 0.313257769 0.13750352 2.27818
51. hsa-miR-4742-3p 0.305071801 0.13750352 2.218647
52. hsa-miR-373-5p 0.342954288 0.154890882 2.214167
53 hsa-miR-185-5p 0.4776253 0.215715915 2.21414
54. hsa-miR-4443 0.31517973 0.142648697 2.209482
55. hsa-miR-106a-5p 0.377459993 0.172194016 2.192062
56. hsa-miR-17-5p 0.349814489 0.16153767 2.165529
57. hsa-miR-642b-5p 0.473200947 0.219803467 2.152837
58. hsa-miR-664b-3p 0.290123314 0.13750352 2.109934
59. hsa-let-7g-5p 0.423036719 0.203668522 2.077084
60. hsa-miR-33b-5p 0.520613859 0.252659592 2.060535
61. hsa-miR-28-3p 0.551039989 0.268697158 2.050785
62. hsa-miR-550b-3p 0.28044952 0.13750352 2.039581
63. hsa-miR-363-5p 0.273282001 0.13750352 1.987455
64. hsa-miR-223-3p 0.70924748 0.35975493 1.971474
65. hsa-miR-335-3p 0.295257881 0.150271013 1.964836
66. hsa-miR-18b-5p 0.376082992 0.196184861 1.916983
67. hsa-miR-5684 0.267029832 0.139317967 1.916693
68. hsa-miR-1273g-3p 0.260580098 0.13750352 1.895079
69. hsa-miR-374a-5p 0.301869228 0.161549548 1.868586
70. hsa-miR-92a-3p 0.271638965 0.14560015 1.86565
71. hsa-miR-7-5p 0.495201329 0.265618722 1.864331
72. hsa-miR-548as-3p 0.333050797 0.179360357 1.856881
73. hsa-miR-3148 0.251200219 0.13750352 1.826864
74. hsa-miR-374a-3p 0.456135 0.253693201 1.797979
75. hsa-miR-30b-5p 0.347093041 0.198833287 1.745649
76. hsa-miR-3685 0.427613149 0.247670052 1.726544
77. hsa-miR-767-5p 0.355502735 0.206478298 1.721744
78. hsa-miRPlus-A1087 1.005028288 0.59570921 1.687112
79. hsa-let-7i-5p 0.331813296 0.19744503 1.680535
81. hsa-miR-3606-5p 0.304687783 0.182387548 1.670551
82. hsa-miR-4306 0.351285994 0.215207716 1.632311
83. hsa-miR-140-3p 0.366259317 0.228070048 1.605907
84. hsa-miR-4286 0.298559616 0.186332467 1.602295
85. hsa-miR-501-5p 0.606995771 0.379401689 1.599876
86. hsa-miR-4508 0.340902343 0.22531308 1.513016
87. hsa-miR-4297 0.308132519 0.203853903 1.511536
88. SNORDI12 0.576184829 0.381266619 1.511239
89. hsa-miR-1827 0.300866216 0.200042297 1.504013
B. miRNA genes >1.5-fold down-regulation in Low HbF compared to High HbF
90. hsa-miR-548k 0.526617696 0.794086168 -1.5079
91. hsa-miR-31-5p 0.24490121 0.370707192 -1.5137
92. hsa-miR-744-5p 0.140254105 0.213169088 -1.51988
93. hsa-miR-1275 0.13750352 0.209522737 -1.52376
94. hsa-miR-371b-3p 0.321478665 0.497433307 -1.54733
95. hsa-miR-204-3p 0.21927695 0.33958324 -1.54865
96. SNORD49A 0.13750352 0.212963673 -1.54879
97. hsa-miR-1913 0.710434849 1.10181878 -1.55091
98. hsvl-miR-H1-3p 0.670087328 1.046449562 -1.56166
99. hsa-miR-151a-5p 0.174738651 0.279452768 -1.59926
100. hsa-miR-378c 0.309663246 0.49590637 -1.60144
101. hsa-miR-335-5p 0.145147736 0.233306388 -1.60737
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102. hsa-miR-378¢ 0.14585572 0.237691623 -1.62964
103. hsa-miR-652-3p 0.13750352 0.224599354 -1.63341
104. hsa-miR-10b-3p 0.675632646 1.111300739 -1.64483
105. hsa-miR-27b-3p 0.13750352 0.229083461 -1.66602
106. hsv2-miR-H10 0.137633334 0.229621651 -1.66836
107. hsa-miR-4328 0.13750352 0.229621651 -1.66993
108. hsv2-miR-H24 0.416211476 0.695982724 -1.67219
109. hsa-miR-4291 0.13750352 0.230693214 -1.67773
110. ebv-miR-BHRF1-2-3p 0.156465024 0.263392128 -1.68339
111. hsa-miR-26a-5p 0.13750352 0.233893851 -1.701
112. hsa-miR-1321 0.139441729 0.238851691 -1.71291
113. hsa-miR-4436b-3p 0.142664755 0.244546182 -1.71413
114. hsa-miR-625-3p 0.16115209 0.276760668 -1.71739
115. hsa-miR-143-3p 0.168386489 0.291325641 -1.7301
116. hsa-miR-103a-3p 0.174743901 0.303572697 -1.73724
117. hsa-miR-338-3p 0.353828117 0.615812806 -1.74043
118. hsa-miR-505-5p 0.378450314 0.667859236 -1.76472
119. hsa-miR-3675-3p 0.13750352 0.243094196 -1.76791
120. hsa-miR-4284 0.13750352 0.243812146 -1.77313
121. hsa-miR-152-3p 0.13750352 0.244345543 -1.77701
122. hsa-miR-4646-3p 0.409116854 0.733000949 -1.79167
123. hsa-miR-4723-3p 0.837650607 1.512273391 -1.80537
124. hsa-miR-193a-5p 0.444121659 0.80830431 -1.82001
125. hsa-miR-191-5p 0.173793256 0.317004027 -1.82403
126. hsa-miR-664a-3p 0.374088317 0.684991255 -1.8311
127. hsa-miR-550a-3-5p/hsa-miR-550a-5p 0.148494368 0.271950148 -1.83138
128. hsa-miR-4769-3p 0.422235752 0.785390891 -1.86008
129. hsa-miRPlus-A1015 0.13750352 0.259047076 -1.88393
130. hsa-miR-3607-5p 0.13750352 0.260857873 -1.8971
131. hsa-miR-3654 0.13750352 0.263831519 -1.91873
132. hsa-miR-222-3p 0.13750352 0.265360201 -1.92984
133. hsa-miR-425-5p 0.138201346 0.268205285 -1.94069
134. hsa-miR-486-3p 0.202410509 0.393610631 -1.94462
135. hsa-miR-483-5p 0.168386489 0.330458313 -1.9625
136. hsa-miR-130b-3p 0.157796065 0.311579789 -1.97457
137. hsa-miR-664b-5p 0.148922876 0.304547509 -2.045
138. hsa-miR-151a-5p/hsa-miR-151b 0.13750352 0.283933627 -2.06492
139. hsa-miR-4311 0.294961244 0.615186691 -2.08565
140. hsa-miR-1281 0.427120537 0.910565893 -2.13187
141. hsa-miR-4780 0.13750352 0.300081822 -2.18236
142. SNORD118 0.13750352 0.300364802 -2.18442
143. hsa-miR-1246 0.13750352 0.304528447 -2.2147
144. hsa-miR-4687-5p 0.213586489 0.473090723 -2.21498
145. hsa-miR-629-5p 0.229916503 0.517708336 -2.25172
146. SNORDI110 0.173667938 0.394852941 -2.27361
147. hsa-miR-3653 0.14573139 0.332049218 -2.2785
148. hsa-miR-4288 0.13750352 0.315991327 -2.29806
149. hsa-miR-146a-5p 0.13750352 0.316849003 -2.3043
150. hsa-miR-625-5p 0.13750352 0.318150538 -2.31376
151. hsa-miR-2355-3p 0.13750352 0.3252191 -2.36517
152. hsa-miR-29a-3p 0.13750352 0.327009529 -2.37819
153. hsa-miR-1228-5p 0.235323404 0.577493943 -2.45404
154. hsa-miR-146b-5p 0.170156375 0.427330308 -2.5114
155. hsa-miR-377-3p 0.13750352 0.346272958 -2.51828
156. hsa-miR-584-5p 0.186135734 0.469648461 -2.52315
157. hsa-miR-145-5p 0.281574557 0.719547053 -2.55544
158. hsa-miR-433-5p 0.187515914 0.479982163 -2.55969
159. SNORD4A 0.13750352 0.356897029 -2.59555
160. hsa-miR-199a-5p 0.13750352 0.357352403 -2.59886
161. hsa-miR-3620-3p 0.215832199 0.562310979 -2.60532
162. hsa-miR-125b-5p 0.189632659 0.494794813 -2.60923
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163. hsvl-miR-H7-3p 0.152291045 0.399610154 -2.62399
164. hsa-miR-484 0.177101562 0.466798219 -2.63577
165. hsa-miR-3607-3p 0.13750352 0.366763932 -2.66731
166. SNORD48 0.138984049 0.37306532 -2.68423
167. SNORD32 0.160333171 0.439352353 -2.74025
168. hsa-miR-3924 0.16562598 0.466167492 -2.81458
169. hsa-miR-376¢-3p 0.13750352 0.391407728 -2.84653
170. hsa-miR-5010-3p 0.251063605 0.728442465 -2.90143
171. hsa-miR-4312 0.300465718 0.880775273 -2.93137
172. SNORD2 0.13750352 0.41564969 -3.02283
172. hsa-miR-874-5p 0.148360446 0.488450413 -3.29232
173. hsa-miR-2116-3p 0.13750352 0.457817979 -3.3295
175. hsa-miR-5701 0.13750352 0.4606099 -3.3498
176. SNORD10 0.142228305 0.493075406 -3.46679
177. hsa-miR-1 0.13750352 0.479908777 -3.49016
178. SNORDG6 0.13750352 0.510241464 -3.71075
179. SNORD38B 0.13750352 0.523304125 -3.80575
180. SNORD13 0.13750352 0.526691621 -3.83039
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