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ABSTRACT

The transcription factor TWIST-1 is up-regulated in CD34* cells in myelodysplastic syndrome and is involved in
resistance to apoptosis. There is evidence that TWIST-1 affects apoptosis via microRNAs (miRs). Expression of
miRs was determined in myeloid cell lines and primary CD34* marrow cells from patients with myelodysplastic
syndrome and healthy donors using NanoString/array and validated by real-time-polymerase chain reaction.
Expression levels of miR10a and miR10b were significantly higher in CD34* marrow cells from 28 patients with
myelodysplastic syndrome than in CD34* cells from healthy donors (P=0.05 and P=0.012, respectively). Levels of
miR10a/b correlated with TWIST-1 miR levels in CD34* myelodysplastic marrow cells (miR10a, R=+0.69,
P<0.0001; miR10b, R=+0.56, P=0.0008). Inhibition of miR10a/10b in clonal cells interfered with proliferation and
enhanced sensitivity to apoptosis, which involved NF-kB-dependent p53 activation. These data support a role for
miR10a/10b in the regulation of apoptosis in myelodysplastic syndrome and suggest the TWIST-1/miR10a/b-axis

as a therapeutic target in myelodysplastic syndrome.

Introduction

Myelodysplastic syndromes (MDS) are characterized by
abnormal maturation and differentiation of hematopoietic
cells and a high risk of progression to leukemia.”* Recent
studies on gene mutations in clonal hematopoietic precursors,
interactions with the microenvironment, and the regulatory
function of microRNAs (miRs) are providing new insights
into the pathophysiology of these complex disorders.”*

MiRs, small non-coding RNAs (19-25 nucleotides), play a
key role in post-transcriptional regulation of specific genes.”
MiRs have been shown to be important regulators of
hematopoietic stem cell (HSC) function and hematopoiesis.*’
Deficiency of certain mature miRs decreases HSC numbers
and impairs the development of pro-B cells.*"” Given the key
role of miRs in regulating hematopoiesis and HSC function,
and their potential role in the development of clonal MDS
cells, investigations into the role of miRs in the pathogenesis
of MDS are warranted.

We showed previously that the transcription factor TWIST-
1 is up-regulated in CD34* MDS marrow cells." We also
showed that marrow stroma-dependent signals resulted in
downregulation of TWIST-1 and sensitivity to tumor-necro-
sis-factor alpha (TNFao)-induced apoptosis in clonal myeloid
cell lines and in CD34* marrow cells from patients with
MDS." In the present study, we investigated whether
TWIST-1-regulated miRs might be involved. Results show
that interactions between TWIST-1-dependent miR-10 fami-

ly members and p583 play a central role in regulating TNFa-
mediated apoptosis in MDS clonal cells.

Design and Methods

Patients

Patients’ characteristics are summarized in Table 1. Thirteen
healthy donors, aged between 33 and 70 years (median 45 years),
served as controls. All patients and donors had given informed con-
sent as required by the Institutional Review Board of the Fred
Hutchinson Cancer Research Center, Seattle, WA, USA (FHCRC) (IRB
file n. 5381).

Cells and reagents

Bone marrow mononuclear cells were separated on Ficoll-Hypaque
gradients, and CD34" cells were isolated by magnetic-activated cell
sorting (MACS; Milteny Biotec, Auburn, CA, USA) yielding a purity
of 95-98% as determined by flow cytometry. The leukemia-derived
cell lines KGla and ML-1 were obtained from ATCC (Rockville, MD,
USA).”® The MDS-derived cell line MDS-L was a gift from Prof.
Tohyama (Hamamatsu, Japan).'* PL-21 cells were a gift from Dr.
Stirewalt (FHCRC, Seattle, WA, USA).

Recombinant human TNFo was purchased from PeproTech Inc
(London, UK).

NanoString nCounter miR assay
Total cell derived RNA or synthetic miR pools (IDT; 30 pmol per
oligonucleotide) were used as input for nCounter miR sample prepa-
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ration reactions. All sample preparations and hybridization reac-
tions were carried out according to the manufacturer's instruc-
tions, using 5 uL of the 5-fold diluted sample. All hybridization
reactions were incubated at 65°C for a minimum of 18 h.
Hybridized probes were purified and counted on the nCounter
Prep Station and Digital Analyzer (NanoString, Seattle, WA, USA).
For each assay, a high-density scan (600 fields of view) was per-
formed.

Real-time polymerase chain reaction

RNA was extracted using the RNeasy Mini kit (QIAGEN,
Valencia, CA, USA). Primers for miR-10a, miR-10b and U6 were
synthesized by Applied Biosystems (Carlsbad, CA, USA). Total
RNA (100 ng) was reverse transcribed using the Tagman MiR
Reverse Transcriptase kit (Applied Biosystems, Carlsbad, CA,
USA). Real-time quantitative (q)RT-PCR was performed and
assessed as described."

Lentivirus-mediated knockdown of miR-10a/b and
conditional knockdown of TWIST-1
Lentiviral vectors mZ-CTRL (miRZip-control) and mZ-10a and

Table 1. Patients’ and disease characteristics.

TWIST-1 regulates miR-10a/b in MDS e

mZ-10b (miRZip-10a/b) were from System Biosciences (Mountain
View, CA, USA). The miRZip delivers short anti-sense RNAs that
are stably expressed and competitively bind their endogenous miR
targets, thereby inhibiting their function. For conditional inhibi-
tion of TWIST-1 a doxycyclin inducible lentiviral construct
pTRIPZ (Openbiosystems, Huntsville, AL, USA; RHS4696-
99682454) was used.

Apoptosis, proliferation and cell cycle analysis

Lentivirally transfected KG1a or PL-21 cells were plated in tripli-
cates in 24-well plates (2x10° cells/well) containing TNFa at 0.5,
15, or 25 ng/mL. At 48 h apoptosis was assessed by flow cytome-
try using Annexin V-FITC labeling."" Proliferation and cell cycle
phase were determined using the APC-BrdU Flow Kit (BD
Biosciences, Mountainview, CA, USA).

pGL3-p53 luciferase reporter assay

For a dual-luciferase reporter assay, cells were plated in 12-well
plates (5x10° cells/well) on the day before transfection. Co-trans-
fections with the pGL3-p53 promoter (2 ug/well) and pRL-SV40
(0.2 ug/well; internal control) were performed using the

Age Gender Cytogenetic IPSS BM BM mirl0a mir10b
(years) markers cellularity hlast (%) level level

RA 75 M Normal 1 Hypocellular 1 43 65
RA 71 F Normal 0.5 Normacellular 1 33 47
RA 64 M t(4,12) 0.5 Hypocellular 2 7 1
RCMD 68 M t(10,18) 1.5 Hypocellular 4 33 45
RCMD 75 M Normal 0.5 Normocellular 4 7 7
RARS 73 F Normal 0.5 Hypercellular 2 23 21
RARS 76 F del 20q 0.5 Normocellular 4 40 4
RCMD-RS 57 M Normal 0 Hypercellular 2 22 4
RAEB-1 8 F t(3,3) (paracentric) 2 Normocellular 8 12 7
RAEB-1 23 F Complex, including dell7’p 2 Hypercellular 6 19 37
RAEB-1 68 F Normal 1 Hypercellular 9 62 95
RAEB-1 28 M Normal 1 Hypercellular 8 22 45
RAEB-1 63 M Normal 0.5 Normocellular 9 24 46
RAEB-1 52 M del 5q,-7,-12, -17- 2.5 Hypercellular 9 18 7
RAEB-2 58 M Normal 1.5 Normocellular 15 52 57
RAEB-2 73 F +8 2.5 Hypercellular 15 71 60
RAEB-2 38 F Normal 2 Hypercellular 12 13 35
RAEB-2 76 M del7q; inv. 3q 3 Hypercellular 18 26 14
RAEB-2 53 F Normal 2 Normocellular 15 14

RAEB-2 52 M -7 1 Hypercellular 12 10

CMML 76 M Normal 0 Hypercellular 2 10 13
CMML 28 M Normal 0.5 Hypercellular 4 13 16
AML from MDS 19 F Complex - Hypercellular 21 23 31
AML from MDS 72 F Complex - Hypercellular 24 19 63
Sec. MDS 65 M Tq- - Hypocellular 2 12 21
Sec. MDS 48 F -3,-5,-7 - Hypercellular 15 6 10
Sec. MDS 7 M +8 - Hypercellular 16 15 6
Sec. MDS 48 F Normal - Hypocellular 10 35 44

R: refractory anemia; RARS: refractory anemia with ring sideroblasts; RCMD: refractory cytopenia with multilineage dysplasia with (RS) or without ring syderoblasts, RAEB-1: refrac-
tory anemia with excess blasts (5-9% blasts); RAEB-2: refractory anemia with excess blasts (10-19% blasts); CMML: chronic myelomonocytic leukemia; AML from MDS: acute myeloid
leukemia developing from MDS; Sec. MDS: therapy-related (secondary) MDS; IPSS: International Prognosis Scoring System;" MiR10a and 10b levels in CD34* MDS marrow cells, as
determined by NanoString array, normalized to 7 internal controls (see Design and Methods).
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Nucleofector Kit L (Amaxa Biosystems, Cologne, Germany).
Firefly luciferase activity was normalized to that of Renilla
luciferase (activity expressed as relative light units, RLU).

Electrophoretic mobility shift assay (EMSA)

One x 107 cells were harvested and washed, and nuclear pro-
teins were extracted with Nuclear Extraction Kit (Panomics,
Fremont, CA, USA). Equal amounts of nuclear protein were tested

for NF-kB protein/DNA binding using EMSA Gel Shift Kit

(Panomics) with a biotin end-labeled NF-kB oligonucleotide (5’
CCACAGTTGGGATTTCCCAA CCTGACCAG-3).

Western blotting

Western blotting was carried out using standard techniques.'"

Statistical analysis
Two independent samples were compared using the 2-sample t-
test; P<0.05 was considered significant. Pearson’s linear regression
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Figure 1. TWIST-1 and miR10a/b levels and their effects on apopto-
sis and proliferation. (A) and (B) MiR10a and 10b levels in CD34*
MDS marrow cells, as determined by NanoString array, normalized to
7 internal controls (see Design and Methods). Both miR10a and 10b
levels were higher in patients with MDS than in healthy controls
(meantSEM 28.2+4.52 vs. 17.24+3.03, P=0.05 and 31.5+4.78 vs.
16.4+4.19, P=0.012, respectively; Student’s t-test for comparison of
continuous variables). (C) Expression of miR10 a/b is decreased fol-
lowing knockdown of TWIST-1; shown are the fold changes in mes-
sage as determined by RT-PCR in KG1la and PL-21 cells transfected
with a control construct (shRNA control), and with a TWIST-1-specific
construct (ShRNA TWIST-1) (mean+SEM of 3 experiments, fold
change, normalized to shRNA control; Student’s t-test for compari-
son of continuous variables). (D) TWIST-1-dependent expression of
miR10a/b in myeloid cell lines as determined by RT-PCR
(meantSEM, fold changes normalized for the expression in MDS-
cells). (E) TWIST-1 protein expression in the myeloid cell lines MDS-
L, KG1a,PL-21 and ML1, and in primary CD34* cells from healthy
donors (NBMCD34"). (F) and (G) correlation of TWIST-1 mRNA and
miR10a and miR10b levels in primary CD34* MDS marrow cells.
miR10a/b progressively increased with TWIST-1 mRNA levels in
BMCD34* MDS cells (miR10a R=+0.69, P<0.0001;miR10b,
R=+0.56, P=0.0008, using Pearson’s linear regression). (H)
Apoptosis rate in KGla cells with miR10a/b knockdown (KGla
miR10a/b KD) in comparison to unmodified cells (wt) and cells
transfected with a control vector (KG1a miRCTRL). Cells were co-cul-
tured with HS5 stroma as described*® and treated with TNFa (5-25
ng/mL), IKK inhibitor (300 nM) or both. Shown is the rate of early
stage apoptosis (Annexin V* PI) (meantSEM of 3 experiments;
Student’s t-test for comparison of continuous variables).




was used to evaluate the relationship between miR levels (miR10a
and miR10b) and TWIST-1 mRNA.

Results and Discussion
TWIST-1 suppresses the biological activity of p53 by

interacting with the DNA-binding domain of p53. The
TWIST-1-p53 axis is an important regulator for the control

translation in the development of MDS, had not been
investigated so far. Our data show that miRs-10a/b were
expressed in MDS at levels significantly higher than in
healthy controls (Figure 1A and B) (mean+SEM 28.2+4.52
vs. 17.2£3.03, P=0.05, and 31.5+4.78 vs. 16.4+4.19,
P=0.012, for miR10a and 10b, respectively). These data are
in agreement with reports by others®”’ and suggest a pat-
tern of dysregulation of miRs10a/b in MDS.” MDS dis-
ease stage (WHO classification) was correlated with
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miR10b expression (early stage MDS vs. healthy controls
P=0.05, and late stage MDS vs. healthy controls P=0.08)
(Online Supplementary Figure S1A and B). The observed

of apoptosis in many disorders."'*"” However, the associa-
tion between p53 and TWIST-1-dependent miRs, an
important inhibitory system of transcription/protein
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Figure 2. TWIST-1-dependent miR10a/b expression impacts p53 activity and regulates downstream targets of NF-xB. (A) and (B) p53 tran-
scriptional activity in KG1a miR10a/b KD KG1la miRCTRL cells, PL-21 miR10a/b KD and PL-21 miRCTRL cells; cell were cultured by them-
selves (none) or with the addition of TNFo (TNFa), in contact with stroma (HS5) or both (TNFa. + HS5). Luciferase assays showed increased
p53 transcriptional activity in KG1a (p53 mutant) and PL-21 cells (p53 wild type) with knockdown of mirl0a/b both in the presence and
absence of HS5 stroma cells and TNFa (15 ng/mL and 25 ng/mL) exposure, in comparison to scrambled controls (miRCTRL). (Results show
the meantSEM of 3 experiments; Student’s t-test). (C) Activation of NF-xB in KG1a miR10a/b KD, KG1la and sh-TWIST-1 as shown by
Electrophoretic Mobility Shift Assay (EMSA). (D) Nuclear protein lysates from KG1a, miRCTRL and miR10a/b KD cells, separated on 4%-12%
Bis-Tris gels and immunoblotted with antibodies against p65 total and phospho-p65. Histone H2 served as loading control (one of 2 similar
experiments). (E) Protein lysates from KG1a wt, miRCTRL and miR10a/b KD cells, were separated on 4%-12% Bis-Tris gels and immunoblot-
ted with antibodies against TAK-1, pIKB-a, p65 total, phosphor- p65, p53, p53-ser46, BID and Bax, respectively; $-actin served as loading
control (one of 2 similar experiments). (F) Proposed working model summarizing the regulatory network involving TWIST-1, miR10a/b and
TAK-1 in myeloid cell lines.
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increase in miR10a/b levels was presumably related to an
expansion of the myeloblast pool (Figure 1F and G). Since
we restricted our analysis to CD34* cells (CD34 is
expressed in most cases of MDS) and controlled for cell
numbers, results are thought to reflect a true increase in
miR10a/b levels, although a contribution by small num-
bers of non-clonal CD34" cells cannot be excluded.
Patients with early stage/low grade MDS typically show
increased spontaneous apoptosis® both in clonal and non-
clonal cells, and inhibition of miR10a/b would presumably
not be of therapeutic interest. Since TWIST-1 has been
shown to induce expression of miRs10a/b by binding
directly to the promoters of miRs10a/b,"”*' we determined
miR10a/b levels in KG1a cells with TWIST-1 knockdown
(Figure 1C and Ounline Supplementary Figure S1C). Results
indicated that miR10a/b expression was dependent upon
the expression of TWIST-1.

We had previously' shown that expression of TWIST-1
is dysregulated in CD34*MDS cells and showed increased
levels in KG1a, PL-21 and MDS-L cell lines. The present
data in KG1a (mutant p53), PL-21 (wild-type p53), MDS-L
(mutant p53) and ML1 cells (wild-type p53) show that
expressions of miR10a/b correlated with TWIST-1 expres-
sion and was independent from the p53 mutational status.
ML-1 cells, which do not express TWIST-1 protein, also
showed very low levels of miRs10a/b (Figure 1D and E).
Bone marrow CD34" cells from healthy controls showed
miR10a/b and TWIST-1 protein levels that were statisti-
cally significantly lower than in clonal myeloid cells.
TWIST-1 mRNA levels in selected CD34* MDS marrow
cells (available for only part of the samples) showed a sta-
tistically highly significant association with miR10a/b lev-
els (miR10a, R=+0.69, P<0.0001; miR10b, R=+0.56,
P=0.0008) (Figure 1F and G).

To determine the role of miRs10a/b for TNFa-dependent
apoptosis, miRs10a/b were stably knocked down (KD) in
KGla (KGla miR10a/b KD) and PL-21 cells (PL-21
miR10a/b KD); KD cells were co-cultured with HS5 stroma
and exposed to TNFa or I-kB Kinase (IKK) inhibitors (to
prevent NF-kB translocation). Apoptosis was significantly
enhanced in KGla KD and PL-21 KD cells (Figure 1H, and
Online Supplementary Figure S1D) and analysis of BrdU
incorporation showed a G1 arrest in cells with miR10a/b
KD (Online Supplementary Figure S1E). These data support
the concept that miRs10a/b, which are transcriptionally
regulated by TWIST-1, facilitated apoptotic responses in
association with decreased cell proliferation.”*

TWIST-1/NF-kB/p53 interactions are central to the con-
trol of apoptosis and proliferation, as shown in other dis-
orders."'*" A possible role for miRs in modulating this
axis has not yet been investigated. To assess p53 function
in our TWIST-1-dependent miR10a/b working model we
used a luciferase reporter assay in unmodified and KD
modified KGla and PL-21 cells. The data suggested
increased p53 promoter activity in KGla and PL-21 cells
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miR10a/b KD showed that TAK-1, which phosphorylates
and activates I-kB,** was subject to post-transcriptional
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In summary, TWIST-1 and miR10a/b expression are
dysregulated in MDS. Expression of miRs10a/b is con-
trolled by TWIST-1 and, via NF-xB and p53, appears to
control sensitivity to TNFo—~induced (and stroma-depen-
dent) apoptosis in clonal myeloid cells. These findings sug-
gest a role for miR10 family members in the pathophysi-
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genic function of the miR10 members, as recently suggest-
ed in a mouse tumor model.” We propose that the
TWIST-1/miR10/p53 axis could serve as a potential new
target for therapeutic interventions in advanced MDS.
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