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Abstract

Although quantitative and qualitative granulocyte defects have been described in myelodysplastic syndromes (MDS), the
underlying molecular basis of granulocyte dysfunction in MDS is largely unknown. We recently found that FOS mRNA
elevation under translation-inhibiting stimuli was significantly smaller in granulocytes from MDS patients than in healthy
individuals. The aim of this study is to clarify the cause of the impaired FOS induction in MDS. We first examined the
mechanisms of FOS mRNA elevation using granulocytes from healthy donors cultured with the translation inhibitor
emetine. Emetine increased both transcription and mRNA stability of FOS. p38 MAPK inhibition abolished the emetine-
induced increase of FOS transcription but did not affect FOS mRNA stabilization. The binding of an AU-rich element (ARE)-
binding protein HuR to FOS mRNA containing an ARE in 3'UTR was increased by emetine, and the knockdown of HuR
reduced the FOS mRNA stabilizing effect of emetine. We next compared the emetine-induced transcription and mRNA
stabilization of FOS between MDS patients and healthy controls. Increased rates of FOS transcription by emetine were
similar in MDS and controls. In the absence of emetine, FOS mRNA decayed to nearly 17% of initial levels in 45 min in both
groups. In the presence of emetine, however, 76.7+19.8% of FOS mRNA remained after 45 min in healthy controls, versus
37.9£25.5% in MDS (P<<0.01). To our knowledge, this is the first report demonstrating attenuation of stress-induced FOS
mRNA stabilization in MDS granulocytes.
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Introduction [19] that can be inhibited by translation inhibitors [20], we
hypothesized that excessive production of NMD-sensitive mRNA
resulted in their aberrantly low expression, causing cellular
dysfunction in MDS. To examine this hypothesis, we previously
investigated whether cessation of NMD by the translation inhibitor

Myelodysplastic syndromes (MDS) are clonal disorders of
hematopoietic stem cells characterized by ineffective hematopoi-
esis in one or more lineages of blood cells [1]. Terminally
differentiated granulocytes in MDS patients exhibit numerical

. i . . puromycin unveiled excessive production of NMD-sensitive
reduction which is thought to result from increased apoptosis of

. . o Al mRNA of downregulated genes in MDS granulocytes and restored
progenitors in bone marrow [2], and functional abnormalities such expression [21]. Unexpectedly, FOS mRNA with no PTC was
as reduction of bactericidal and fungicidal activities, impaired time-dependently increased iI’l healthy granulocytes, and the
pr<.)c.1uct10n of reactive oxygen species, ar}d aberrant migration increase rate was significantly lower in MDS than in controls at
ability [3-9]. However, molecular basis of granulocyte defects is any time points tested. This suggested that not only basal FOS
largely unknown. mRNA levels but also regulatory processes of FOS expression
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and others [17,18] and mRNAs harboring a PTC are degraded by . . .
a “nonsense-mediated mRNA decay (NMD)” surveillance systerm labile mRNAs [23,24]. FOS mRNA elevation following transla-
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tion inhibition can be regarded as an aspect of stress response, and
the attenuated FOS induction in MDS may imply impairment in
the process of stress response of MDS granulocytes. If so, the
impairment behind aberrant FOS mRNA induction influences
other IEGs, which may affect granulocyte functions and granu-
lopoiesis.

To date, both transcriptional and post-transcriptional regulations of
FOS expression have been reported. Transcriptional regulation
seems to involve MAPK signaling pathway. In a human
osteosarcoma cell line, the oxidant arsenite and the translation
inhibitor anisomycin promoted FFOS transcription within 30 min
via three MAPKs, p38, extracellular signal-regulated kinases
(ERK), and c-Jun N-terminal kinase (JNK) [25]. Lipopolysaccha-
ride (LPS)-induced FOS transcription in rat glial cells was
mediated by p38 MAPK but not ERK [26]. On the other hand,
post-transcriptional regulation of FOS mRNA requires its 3'UTR.
The removal of 3'UTR resulted in prolongation of FOS mRNA
turnover [27], and recent studies identified AU-rich element
(ARE) within 3'UTR of many IEGs including FOS, to which a
number of mRNA stability-regulating proteins and miRNAs [28—
31] bind. ARE in FOS mRNA 3'UTR was shown to bind to Hu
antigen R (HuR) and AUF1 [32]. HuR, a member of the ELAV/
Hu family, is ubiquitously expressed and its binding to ARE-
containing mRNAs in the cytoplasm generally leads to mRNA
stabilization [33-35]. AUFI1, which belongs to the family of
AUF1/hnRNPD RNPs, is expressed as four alternatively spliced
isoforms designated by their molecular weights as p37, p41, p42,
and p45 [36,37]. The binding of AUF1 generally results in mRNA
destabilization, while mRNA stabilizing effects of some AUFI
1soforms were reported in a few cell types [36,38-40].

This study aimed to clarify the cause of the aberrant FOS
mRNA induction following translation arrest in granulocytes from
MDS patients. We examined whether the attenuated FOS mRNA
elevation in MDS was exclusive to translation-inhibiting stimuli,
and demonstrated the mechanism of FOS induction under
translation inhibition in granulocytes, and identified the impaired
process of FOS induction in MDS.

Materials and Methods

Reagents

Emetine, lipopolysaccharides (LPS), 5, 6-Dichlorobenzimida-
zole 1-B-D-ribofuranoside (DRB), vanadyl ribonucleoside com-
plexes, protein G sepharose 4B beads and rabbit polyclonal anti-
Actin (a2066) were purchased form Sigma-Aldrich (St. Louis, MO,
USA), and human granulocyte-macrophage colony-stimulating
factor, (GM-CSF) was from Pepro Tech (Rocky Hill, NJ, USA).
Streptavidin T'1 magnetic beads, streptavidin C1 magnetic beads,
Moloney murine leukemia virus reverse transcriptase, Click-iT
Nascent RNA Capture Kit, and RNaseOUT were products of Life
Technologies (Carlsbad, CA, USA). SB203580, SP600125,
proteinase inhibitor cocktail were purchased from Calbiochem
(Darmstadt, Germany), and U0126 was from Promega (Madison,
WI, USA). T7 RNA polymerase, Biotin RNA Labeling Mix and
tRNA were obtained from Roche Applied Science (Mannheim,
Germany), and random hexamers and SYBR premix Ex Taq were
from TaKaRa Bio (Otsu, Japan). Mouse monoclonal anti-HuR
(3A2), horse radish peroxidases (HRP)-conjugated anti-mouse (sc-
2005) and rabbit (sc-2004) IgG were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal anti-
hnRNP D/AUF1 (ab61193) was a product of Abcam (Cambridge,
UK).
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Blood donors

Peripheral blood was obtained from twenty-four patients with
MDS and seventeen age-matched healthy controls. Specific
diagnoses included three of refractory cytopenia with unilineage
dysplasia (RCUD), one of refractory anemia (RA) with ringed
sideroblasts (RARS), fourteen of refractory cytopenia with multi-
lineage dysplasia (RCMD), and two of RA with excess blasts-1
(RAEB-1) according to WHO 2008 criteria [41]. Hematological
and clinical findings of the patients are summarized in Table 1.

Ethics

This study, and the process of securing informed consent from
patients and healthy controls, were approved by the Ethics
Committee of Fukushima Medical University (approval number:
804), which is guided by local policy, national laws, and the World
Medical Association Declaration of Helsinki. All study participants
provided their written consent.

Cells

As previously described [42], the granulocyte fraction was
obtained from peripheral blood by centrifugation through
Lymphoprep (1.077 g/mL, Axis-Shield, Oslo, Norway) followed
by hypotonic lysis of erythrocytes. Staining of the fractionated cells
with May-Griinwald and Giemsa solutions revealed that more
than 90% of the cells were neutrophilic granulocytes. A human
promyelocytic leukemia cell line HL60 was purchased from Riken
BRC Cell Bank (Tsukuba, Japan). The granulocytes and HL60
cells were cultured in RPMI 1640 (Wako, Mie, Japan) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum (FBS)
(Nichirei biosciences, Tokyo, Japan) at a concentration of 5x10°
and 1x10° cells/mL, respectively, for stimulation with FOS
inducers.

RNA extraction, reverse transcription, and real-time PCR

Total cellular RNA was extracted from granulocytes and HL60
cells using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) and
ISOGEN (NIPPON GENE, Toyama, Japan), respectively. First-
strand cDNA was synthesized as described previously [43]. The
primer sequences are shown in Table 2.

Detection of newly synthesized RNA

Newly synthesized RNA was isolated using Click-iT Nascent
RNA Capture Kit according to the manufacturer’s protocol.
Briefly, granulocytes were cultured with 5-Ethynyl Uridine (EU),
and after the first 30 min, emetine was added. For the analysis of
mRNA decay, EU was washed out with RPMI1640 supplemented
with 10% FBS twice prior to emetine stimulation. Total cellular
RNA extracted from the EU-treated cells was incubated with
biotin azide for 30 min at room temperature (RT) and stored at
—70°C overnight. The biotinylated RNA was collected by
Streptavidin T'1 Magnetic Beads and subjected to real-time RT-
PCR.

siRNA transfections

Fifty nM of siRNA (Ambion, Austin, TX, USA) targeting
human HuR (sense GCGUUUAUCCGGUUUGACAtt and
antisense UGUCAAACCGGAUAACGCaa) or control siRNA
(Ambion) were introduced into 2.4x10% HL60 cells suspended in
800 pL of Gene Pulser Electroporation Buffer Reagent (Bio-Rad
Laboratories, Hercules, CA, USA) by square-pulse electroporation
(280 V, 12 msec) using a Gene Pulser (Bio-Rad). After 42 hours,
cells were treated with the indicated drugs.
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Cell lysate preparation

Cytoplasmic and nuclear lysates were prepared as previously
described [44]. To prepare total cell lysates from granulocytes, the
cells were precipitated in 10% trichloroacetic acid (Wako) for
30 min on ice. The TCA-precipitated fraction was treated with a
lysis solution containing 9 M urea, 2% Triton X-100, I mM DTT
and disrupted by ultrasonication, followed by an addition of 2%
lithium dodecyl sulfate and further ultrasonication. HL60 lysate
was prepared using 1% Nonidet P-40 (NP-40) Buffer.

Immunoblotting

Proteins were separated by electrophoresis on a 12% polyacryl-
amide gel, and transferred onto Immobilon-P Transfer mem-
branes (Millipore, Billerica, MA, USA) using a semi-dry transfer
apparatus. After blocking with 5% milk dissolved in TBS-T
(10 mM Tris, pH8.0, 150 mM NaCl, 0.5% Tween 20), the
membrane was incubated with primary antibodies at RT for
1 hour followed by incubation with HRP-conjugated secondary
antibodies for 1 hour at RT. Signals were detected by ECL
Western Blotting Detection Reagents (GE Healthcare, Buckin-
ghamshire, UK).
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Table 1. Hematological and Clinical Findings of Patients.
WBC Neutrophils Hb PLT
No Age/Sex subtype  (x10°/L) (x10°/L) (g/dL)  (x10"°/L) Cytogenetics Therapy
1 74/M RCMD 27 1.4 10.2 8.7 46,XY none
2 74/F RCUD 2.1 1.3 121 138 46,XX none
3  88M RCUD 3.5 1.6 11.8 17.1 46,XY transfusion (RBC)
4 67/M RAEB-1 14 0.6 12.6 6.8 47,XY,+8add(11)(q21) G-CSF, transfusion (RBC,
PLT)
5 68/F RCMD 5.5 2.0 13.0 1.9 47, XX,+9 PSL
6 67/M RCMD 5.2 1.9 8.7 124 46,XY CyA, androgen, V.D+V.K
7 70/M RCMD 53 1.6 9.6 1.0 46,XY CyA, insulin
8 67/M RAEB-1 3.8 1.9 7.6 219 46,XY 46,XY,del(20)(q12q13) transfusion (RBC)
9 39/F RCMD 3.5 1.5 6.2 0.9 46,XX transfusion (PLT), PSL
10 55/M RCMD 2.2 1.0 5.8 3.2 46,XY transfusion (RBC)
11 66/M RCMD 14 0.4 10.4 19.9 46,XY Transfusion (RBC)
12 67/M RCUD 4.7 25 1.4 17.7 47,XY add(8)(q11.1),+add(8) none
13 61/F RCMD 29 1.0 74 1.8 46,XX,i(18)(q10) G-CSF, transfusion (RBC,
46XX,i(18)(q10),i(18)(q10) PLT), CyA, ATG
14 88/M RCMD 3.0 1.0 57 395 46,XY 45X,-Y,+1,der(1;16)(q10;910) EPO, transfusion(RBC)
15 75/M RCMD 5.7 3.9 6.2 1.6 46,XY transfusion (RBC, PLT)
16 87/F RCMD 39 29 9.8 1.5 47 XX,+8 transfusion (PLT)
17 68/F RCMD 22 0.7 9.9 19.4 46,XX CyA
18 78/M RCMD 13 0.4 6.9 83 46,XY transfusion (RBC, PLT)
19 69/F RARS 4.8 2.6 6.7 20.9 46,XX transfusion (RBC)
20 88/F RCMD 12 0.4 7.5 49 47,XY, +8 transfusion (RBC, PLT)
21 80/F RCUD 3.0 15 7.0 33.0 46XX transfusion (RBC)
22 80/M RCUD 7.7 6.1 8.0 333 46XY transfusion (RBC)
23 71/M RARS 29 22 8.0 339 46XY transfusion (RBC)
24 86/M RAEB-1 38 1.6 9.5 148 46XY transfusion (RBC)
M, male; F, female; WBC, white blood cells; Hb, hemoglobin concentration; PLT, platelets; RBC, red blood cells; G-CSF, granulocyte colony-stimulating factor; PSL,
prednisolone; CyA, cyclosporin A; V.D, Vitamin D; V.K, Vitamin K; ATG, antithymocyte globulin; EPO, erythropoietin.
doi:10.1371/journal.pone.0061107.t001

RNP complex immunoprecipitation (RIP)

RIP assay was performed as previously described [45] with
minor modifications. Briefly, granulocytes were fixed by 1%
formaldehyde in PBS, quenched by 0.25 M glycine [pH 7.0], and
lysed by RIPA buffer (50 mM Tris-HCI [pH7.5], 1% NP-40,
0.5% sodium deoxycholate, 0.5% SDS, 1 mM EDTA, 150 mM
NaCl) containing a 1% protease inhibitor cocktail. After three
rounds of 20-second sonication and centrifugation, the superna-
tant was incubated with antibody-coated Protein G Sepharose 4B
beads in the presence of 400 pU/mL RNase OUT, 25 pg/mL
tRNA and 5% vanadyl ribonucleoside complexes solution for 2 h
at 4°C. The bead-attached RNA was extracted and subjected to
quantitation of 3'UTR of FOS and GAPDH by real-time RT-
PCR. The precipitated proteins were analyzed by Western
blotting.

Biotin pulldown assay

To obtain the biotinylated mRNA 3'UTR of FOS and
GAPDH, the templates for i vitro transcription were synthesized
by PCR amplification using forward primers that contained 17
RNA polymerase promoter sequence at their 5’ends (Table 2) and
cDNA from healthy granulocytes as a template. The templates
were transcribed using T7 RNA polymerase and Biotin RNA
Labeling Mix. Biotin pulldown assay was carried out by incubating
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cytoplasmic or nuclear lysates with biotinylated transcripts in a
10:1 or 40:1 ratio, respectively, for 1 hour at RT in the presence of
400 mU/mL RNase OUT, 25 ug/mL tRNA and 5% vanadyl
ribonucleoside complex. RNA was collected by Streptavidin C1
Magnetic Beads and proteins bound to RNA were analyzed by
Western blotting.

Sequencing

PCR products generated from patient-derived cDNA by
primers no. 13 and 15 in Table 2 were sequenced on an ABI
PRISM 3130 x1 genetic analyzer (Applied Biosystems, Carlsbad,
CA, USA).

Statistical analysis

Comparison between the two groups was performed by the
Mann-Whitney test or the paired ¢ test. Data from more than three
groups were compared using ANOVA (IBM SPSS Statistics, 17.0).
P values less than 0.05 were considered significant.

Results

Emetine but not GM-CSF or LPS induced aberrant FOS
mMRNA elevation in MDS granulocytes

To examine whether puromycin exclusively impaired FOS
mRNA elevation in MDS, we analyzed the effect of the translation
mhibitors emetine and cycloheximide in granulocytes from healthy
donors (Figure 1A). Emetine (Figure 1B), as well as puromycin and
cycloheximide (data not shown), increased FOS mRNA levels in a
dose-dependent manner. We decided to use 200 pg/mL of
emetine for the comparison of FOS mRNA elevation between
MDS and healthy granulocytes, because this concentration
consistently provided maximum effect. Patients showed a signif-
icantly attenuated increase of FOS mRINA (3.5%+0.8-fold) com-
pared to that of the controls (6.2%1.1-fold) (P<0.01) (Figure 1C).

The effects of FOS inducers other than translation inhibitors
were also examined. When granulocytes were cultured with GM-
CSF instead of emetine, FOS mRNA elevation did not
significantly differ between the controls (2.3%0.5-fold) and MDS
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Table 2. Primers used for PCR.

No. Primer Sequence (5'—3')

1 FOS, forward GGGATAGCCTCTCTTACTACCACT

2 FOS, reverse CCTCCTGTCATGGTCTTCACAAC

3 B-actin, forward CAAGAGATGGCCACGGCTGCT

4 B-actin reverse TCCTTCTGCATCCTGTCGGCA

5 FOS 3'UTR for RIP, forward GGGAGGACCTTATCTGTGCGTGAA

6 FOS 3'UTR for RIP, reverse GGGAACAATACACACTCCATGCGT

7 GAPDH 3'UTR for RIP forward TGCACCACCAACTGCTTAGC

8 GAPDH 3'UTR for RIP reverse GGCATGGACTGTGGTCATGAG

9 T7-FOS for biotinylation forward CCAAGCTTCTAATACGACTCACTATAGGGAGAGAGGACCTTATCTGTGCGTG
10 FOS for biotinylation reverse CACAAAAGCTGTTACACAGCGGT

1 T7-GAPDH for biotinylation forward CCAAGCTTCTAATACGACTCACTATAGGGAGACCTCAACGACCACTTTGTCA
12 GAPDH for biotinylation reverse GGTTGAGCACAGGGTACTTTATT

13 FOS for sequencing, forward 1 ATCTGGGTCCTTCTATGCAG

14 FOS for sequencing forward 2 CTGTGTTCCTGGCAATAGTGTG

15 FOS for sequencing, reverse CCACATGTCAAAAGACCTCAAGG

doi:10.1371/journal.pone.0061107.t002

patients (1.9%0.8-fold) (Figure 1D). LPS also showed similar FOS
effects in the controls (2.2£0.9-fold) and MDS (2.4*1.1-fold)
(Figure 1E).

Both MAPK p38-dependent and MAPK-independent
processes are involved in FOS mRNA elevation by
emetine in granulocytes

The involvement of MAPKs in emetine-induced FOS mRNA
elevation in healthy granulocytes was examined using inhibitors
for three kinds of MAPKSs (Figure 2A). In the presence of 3.3 uM
MAPK p38 inhibitor SB203580, FOS mRNA elevation by LPS
was completely blocked (0.7%0.1-fold elevation), while emetine-
induced FOS mRNA elevation was reduced only by 34.9%10.0%
and further reduction was not observed with a higher concentra-
tion of the inhibitor (Figure 2B). Five uM of MEK1/2 inhibitor
U0126, which was sufficient to cease FOS mRNA elevation by
GM-CSF, did not alter the effects of emetine (Figure 2C). Five and
10 pM of JNK inhibitor SP600125 did not affect FOS mRNA
elevation by emetine (Figure 2D). These results indicated that both
p38-dependent and MAPK-independent processes were involved
in FOS mRNA elevation by emetine in granulocytes.

Emetine increases transcription via MAPK p38

To clarify the roles of p38 MAPK pathway in FOS mRNA
elevation by emetine, we first examined the effects of emetine on
FOS transcription in the absence or presence of a p38 inhibitor,
using healthy granulocytes. As shown in Figure 3A, emetine
increased nascent FOS mRNA 2.8+0.8-fold. When 3.3 and 5 uM
of SB203580 were added, the increased rate of nascent FOS
mRNA fell to 1.5%0.5-fold (P<0.05) and 1.1%0.3-fold (P<0.01),
respectively.

Emetine stabilizes FOS mRNA p38 independently

We next examined the effects of emetine on FOS mRNA decay
and the involvement of p38 MAPK. In the presence of a
transcription inhibitor DRB, FOS mRNA decreased to 9.6 +4.4%
and 6.4%2.8% of the initial level at 60 and 75 min, respectively
(Figure 3B). When emetine was added after the first 30 min,
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Figure 1. FOS mRNA elevation by various stimuli in human granulocytes. (A) Experimental design. After 30-min preincubation, granulocytes
were cultured with an indicated FOS inducer for another 30 min. (B) Dose response to emetine. Granulocytes isolated from healthy volunteers were
cultured with the indicated concentrations of emetine. Expression levels of FOS mRNA were normalized by those of an internal control -actin mRNA.
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100 ng/mL LPS (E). The fold increase of the ratios of FOS mRNA to B-actin mRNA by a FOS inducer was plotted, and the horizontal bars represent the

means. The statistical comparison was performed by the Mann-Whitney
doi:10.1371/journal.pone.0061107.g001

27.5%17.5% and 32.7%£18.5% of FOS mRNA remained at 60
and 75 min, respectively. This FOS mRNA-stabilizing effect of
emetine was confirmed by analyzing the decay of EU-labeled
nascent FOS mRNA (Figure 3C). Nascent FOS mRNA decreased
to 19.9%£10.0% of the initial level in 45 min in the absence of
emetine. In the emetine-treated cells, 76.1=20.4% of nascent FOS
mRNA remained, which was not significantly altered by the
addition of 5 pM of SB203580 (69.6%15.4%), suggesting that
emetine stabilized FOS mRNA via MAPK-independent mecha-

nisms.

Emetine increases binding of HUR to FOS mRNA 3'UTR in
granulocytes

To examine whether ARE-binding proteins HuR and AUF1
contributed to FOS mRNA stabilization by emetine, HuR and
AUF1 were immunoprecipitated under conditions that preserved
RNP integrity. Emetine increased FOS mRNA 3'UTR (Figure 4A)
co-precipitated with HuR 3.1%1.6-fold, while GAPDH mRNA
3'UTR, which had no ARE, was not detected regardless of
emetine treatment (Figure 4B). In contrast, the amounts of FOS
mRNA 3'UTR contained in the AUF1 precipitants, which was
mainly p4)5 isoform, did not differ between untreated and emetine-
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test. **P<<0.01.

treated cells (Figure 4B). The binding of FOS mRNA to ARE-
binding proteins was further analyzed by pull-down assay using
biotinylated transcripts (Figure 4A). HuR formed a complex with
biotinylated FOS mRNA 3’UTR in the cytoplasm derived from
emetine-treated cells (Figure 4C). Biotinylated GAPDH 3" UTR
transcripts served as a negative control. AUF1 was not detected in
either untreated or emetine-treated cells.

HuR stabilizes FOS mRNA in emetine-treated cells

The functional consequence of increased binding of HuR to
FOS mRNA was studied by RNA interference of HuR expression
in HL60 cells, which were used instead of short-lived neutrophilic
granulocytes. HuR protein levels were decreased by 70% in HuR
siRNA-treated cells (Figure 4). Without emetine, FOS mRNA
decayed to similar levels in the cells treated with HuR siRNA
(26.5%5.6%) and control siRNA (26.2%10.7%) in 45 min. In the
presence of emetine, however, the remaining FOS mRNA at 30
and 45 min was significantly lower in HuR siRNA-treated cells
(57.3%7.7% and 43.8%20.1%, respectively) than in control cells
(78.3x14.7%, P<0.05 and 77.4*12.8%, P<0.05), suggesting that
emetine stabilized FOS mRNA via HuR (Figure 4D).

April 2013 | Volume 8 | Issue 4 | 61107



Impaired Stabilization of FOS mRNA in MDS

w

6 SB203580
*% — 0 ]J.M
% P - 33uM
| m—
£ ’_‘ 5uM
n . C
Inhibitor FOS inducer 5 4
@®
! v &
L ) < *
-30 0 30 (min) & :
E 2 W
17}
O
il &
0 . .
FOS inducer none Emetine LPS
C D
< 8 uo0126 8 SP600125
z = o 2 = o
1S 5uM 4 - 5 M
== I3
£ 6 10 uM £
5 - c 6 =10 uM
@ 3
< * ®
< 4 * S
=z 4
z o] s
€ 4
(%) 9 €
e 2 2
WE s b
0 0 ; ;
FOS inducer none Emetine GM-CSF FOS inducer none Emetine
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doi:10.1371/journal.pone.0061107.9g002

FOS mRNA stabilizing process by emetine is impaired in
MDS granulocytes

We finally attempted to determine which process was impaired
in MDS granulocytes, p38-mediated FOS transcription or HuR-
mediated FOS mRNA stabilization. As shown in Figure 5A, the
increase of nascent FOS mRNA by emetine treatment for 30 min
was 2.2%+0.1-fold in MDS granulocytes, which was not signifi-
cantly different from that in the control cells (2.4%0.3-fold). To
compare the FOS mRNA stabilizing effects of emetine between
MDS patient- and healthy volunteer-derived cells, emetine-
induced FOS transcription was blocked by MAPK p38 inhibition.
As shown in Figure 5B, p38 inhibitor reduced FOS mRNA
elevation by emetine by 30.4%15.5% and 38.0£22.5% in the cells
from MDS patients and the controls, respectively. As a
consequence, FOS mRNA increase by emetine remained signif-
icantly smaller in MDS patients (2.970.7-fold) than in controls
(4.4*x1.5-fold, P<0.05), suggesting that the mRNA stabilizing
process was impaired in MDS granulocytes. To directly confirm
this result, decay of nascent FOS mRNA was analyzed in MDS
and the controls (Figure 5C). In the absence of emetine, nascent
FOS mRNA levels decreased to 59.9+10.6%, 30.8£14.8% and
17.0£6.6% after 12, 25 and 45 min in MDS granulocytes,
respectively. The differences from remaining FOS mRNA in
controls (81.0£5.8% at 12 min, 47.6%19.5% at 25 min, and
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17.8£8.5% at 45 min) were not statistically significant at any time
points. In contrast, in the presence of emetine, MDS showed
significantly lower FOS mRNA levels remaining at 25 and 45 min
(34.8%16.7% and 37.9%25.5%, respectively) than the healthy
controls (70.6%£15.1%, P<<0.01 and 76.7£19.8%, P<0.01).

HuR protein was reduced in an MDS patient

Sequencing of FOS mRNA 3'UTR between the stop codon
and 3’end of the HuR binding domain did not reveal any
mutations in 13 patients tested. To examine the possibility that
reduced HuR expression in MDS is responsible for the impaired
FOS mRNA stabilization, HuR protein levels in six patients and
six controls were analyzed by Western blotting. Compared with
controls whose ratio of HuR to actin was 1.00%£0.29, one patient
showed a reduced level of HuR protein with the ratio of 0.42, and
other patients preserved HuR protein levels similar to those of the
controls with the mean ratio of 1.00 (Figure 5D).

Discussion

This study demonstrated that (1) translation inhibitor emetine
increased FOS transcription via MAPK p38 signaling pathway
and FOS mRINA stability via interaction with HuR in granulo-
cytes and (2) the aberrant elevation of FOS mRNA in MDS
patients resulted from impaired stabilization process.
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Effects of emetine on FOS mRNA decay. Transcription was inhibited by 25 pg/mL of DRB, and emetine was added to culture medium after the initial
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**p<0.01 by ANOVA.
doi:10.1371/journal.pone.0061107.9g003

The aberrant FOS induction in MDS granulocytes was
exclusive to translation-inhibiting stimuli, because it was repro-
duced by another translation inhibitor emetine in addition to
puromycin [21] but not by other FOS inducers GM-CSF and
LPS. Emetine that stabilizes polysomes, as well as puromycin that
dismantles polysomes, has been used for analyses of intracellular
events under environmental stress, because eukaryotic cells
exposed to stress inhibit general translation activity and construct
stress granules (SG) and processing bodies (PB) where selected
mRNAs are stabilized [23,24]. Although some differences have
been shown between the effects of emetine and puromycin on
formation of SGs and PBs, translational arrest accompanied by
stabilization of some labile mRNA by SGs and/or PBs construc-
tion seems to be common among responses to these drugs and
other cellular stresses such as reactive oxidant intermediates and
heat shock [46]. The attenuated FOS mRNA elevation following
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translation arrest may imply aberrant stress response of MDS-
derived granulocytes.

Although both transcriptional and post-transcriptional upregu-
lations of FOS were involved in FOS mRNA elevation following
translational arrest in granulocytes, only transcriptional enhance-
ment of FOS accounted for p38 MAPK. The p38-independency
of FOS mRNA stabilization by emetine suggested the involvement
of ARE-binding proteins other than KH-type splicing regulatory
protein (KSRP) and tristetraprolin (T'TP). KSRP and TTP, ARE-
binding proteins that destabilize mRNA, were shown to be
phosphorylated via MAPK p38 in response to proinflammatory
cytokine stimuli, which triggered their dissociation from mRNA,
resulting in stabilization of the target mRINA [47].

It is likely that HuR stabilizes FOS mRNA in emetine-treated
cells, whereas the possibility of involvement of other mRNA-
stabilizing factors is not excluded. Emetine increased the specific
binding of HuR to FOS mRNA 3'UTR, and the FOS mRNA
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doi:10.1371/journal.pone.0061107.g004

stabilizing effects of emetine were attenuated by suppression of
HuR expression. In contrast, in the absence of emetine, the
reduction of HuR did not change the decay rate of FOS mRNA,
suggesting that the rapid FOS mRNA degradation in unstimulated
cells is regulated by other ARE-binding proteins that destabilize
target mRNA or miRNAs.

The aberrant FOS mRNA elevation by emetine in MDS
granulocytes was due to insufficient stabilization of FOS mRNA
but not impaired transcriptional enhancement, as MDS-derived
cells showed no difference in the increase of nascent FOS mRNA
and significantly faster decay of FOS mRNA in the presence of
emetine compared to control cells. The insufficient stabilization of
FOS mRNA in the presence of emetine can result from defects in
FOS mRNA stabilizing machinery itself or acceleration of FOS
mRNA degradation activity. In the latter case, FOS mRNA decay
in quiescent cells could be faster in MDS than in controls. In the
absence of emetine, the differences in the remaining FOS mRNA
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levels between MDS and controls were not statistically significant
at any time points examined. If FOS mRNA is maximally
degraded in unstimultaed cells, excessive FOS mRNA destabiliz-
ing activity might fail to further accelerate FOS mRNA decay.

Since no mutations were detected in 3'UTR of FOS mRNA
from the patients and the reduction of HuR protein level to 30%
by siRNA resulted in attenuated FOS mRNA stability in the
presence of emetine, we thought that reduced expression of HuR
could cause impaired mRNA stabilization in MDS patients.
However, HuR protein level was decreased to less than half only in
one patient. The relevance of reduced HuR expression to
insufficient FOS mRNA stabilization in this patient would be
confirmed by a decreased ratio of HuR-bound FOS mRNA and
impaired stabilization of other HuR targets, which we were not
able to analyze because the patient’s condition didn’t allow further
study.
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doi:10.1371/journal.pone.0061107.g005

In most patients, impaired FOS mRNA elevation by emetine
was not attributable to aberrant HuR expression. What caused the
impairment of emetine-induced FOS mRNA stabilization in those
patients? Even in the presence of normal level of HuR, its function
can be impaired by aberrant expressions or mutations in HuR
itself [48] or HuR-regulatory molecules such as transport
machinery [49] and enzymes involved in phosphorylation/
methylation of HuR [48]. Acceleration of FOS mRNA decay
activity is conferred by overexpression of RINA-destabilizing
proteins [50,51] or miRNA [52], which may interfere with
emetine-induced RNA stabilization.

In this study, we have demonstrated the impairment of stress-
induced FOS mRNA stabilization in MDS, which, to our
knowledge, has not been reported in hematopoietic diseases
before. The mechanism of the impairment, which needs to be
further studied, may provide a new insight to unveil the
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pathophysiology behind qualitative abnormalities in MDS gran-
ulocytes and guide rational drug design and other therapeutic
interventions.

Acknowledgments

We thank Dr. Yuichi Endo (Fukushima Medical University) for
constructive comments, Dr. Ken Ishioka, Dr. Miwako Homma, Dr.
Tomoyuki Ono, Ms. Sanae Sato, and Ms. Michiko Anzai (Fukushima
Medical University) for technical support, Dr. Kenneth Nollet (Fukushima
Medical University) for critical reading of the manuscript.

Author Contributions

Conceived and designed the experiments: YS. Performed the experiments:
XF YS. Analyzed the data: XI YS. Contributed reagents/materials/
analysis tools: T'S HN KI KO HK YT. Wrote the paper: YS XF JK.

April 2013 | Volume 8 | Issue 4 | 61107



References

6.

22.

23.

24.

. Heaney ML, Golde DW (1999) Myelodysplasia. N Engl J Med 340: 1649-1660.

Shetty V, Hussaini S, Broady-Robinson L, Allampallam K, Mundle S, et al.
(2000) Intramedullary apoptosis of hematopoietic cells in myelodysplastic
syndrome patients can be massive: apoptotic cells recovered from high-density
fraction of bone marrow aspirates. Blood 96: 1388-1392.

Shetty VT, Mundle SD, Raza A (2001) Pseudo Pelger-Huet anomaly in
myelodysplastic syndrome: hyposegmented apoptotic neutrophil? Blood 98:
1273-1275.

. Martin S, Baldock SC, Ghoneim AT, Child JA (1983) Defective neutrophil

function and microbicidal mechanisms in the myelodysplastic disorders. J Clin

Pathol 36: 1120-1128.

. Fianchi L, Leone G, Posteraro B, Sanguinetti M, Guidi F, et al. (2012) Impaired

bactericidal and fungicidal activities of neutrophils in patients with myelodys-
plastic syndrome. Leuk Res 36: 331-333.

Carulli G, Sbrana S, Minnucci S, Azzara A, Angiolini C, et al. (1997) Actin
polymerization in neutrophils from patients affected by myelodysplastic
syndromes-a flow cytometric study. Leuk Res 21: 513-518.

. Fuhler GM, Drayer AL, Vellenga E (2003) Decreased phosphorylation of

protein kinase B and extracellular signal-regulated kinase in neutrophils from
patients with myelodysplasia. Blood 101: 1172-1180.

. Fuhler GM, Knol GJ, Drayer AL, Vellenga E (2005) Impaired interleukin-8-

and GROalpha-induced phosphorylation of extracellular signal-regulated kinase
result in decreased migration of neutrophils from patients with myelodysplasia.

J Leukoc Biol 77: 257-266.

. Kouides PA, Bennett JM (1996) Morphology and classification of the

myelodysplastic syndromes and their pathologic variants. Semin Hematol 33:
95-110.

. Angel P, Karin M (1991) The role of Jun, Fos and the AP-1 complex in cell-

proliferation and transformation. Biochim Biophys Acta 1072: 129-157.

. Liebermann DA, Gregory B, Hoffman B (1998) AP-1 (Fos/Jun) transcription

factors in hematopoietic differentiation and apoptosis. Int J Oncol 12: 685-700.

. Li SL, Valente AJ, Wang L, Gamez M]J, Clark RA (2001) Transcriptional

regulation of the p67phox gene: role of AP-1 in concert with myeloid-specific
transcription factors. J Biol Chem 276: 39368-39378.

. Okamoto S, Mukaida N, Yasumoto K, Rice N, Ishikawa Y, et al. (1994) The

interleukin-8 AP-1 and kappa B-like sites are genetic end targets of FK506-
sensitive pathway accompanied by calcium mobilization. J Biol Chem 269:
8582-8589.

. Zouki C, Jozsef L, Ouellet S, Paquette Y, Filep JG (2001) Peroxynitrite mediates

cytokine-induced II.-8 gene expression and production by human leukocytes.
J Leukoc Biol 69: 815-824.

. Pellagatti A, Esoof N, Watkins F, Langford CF, Vetrie D, et al. (2004) Gene

expression profiling in the myelodysplastic syndromes using cDNA microarray
technology. Br J] Haematol 125: 576-583.

Shikama Y, Shichishima T, Matsuoka I, Jubinsky PT, Sieff CA, et al. (2005)
Accumulation of an intron-retained mRNA for granulocyte macrophage-colony
stimulating factor receptor common beta chain in neutrophils of myelodysplastic
syndromes. J Leukoc Biol 77: 811-819.

Shimizu R, Komatsu N, Miura Y (1999) Dominant negative effect of a truncated
erythropoietin receptor (EPOR-T) on erythropoietin-induced erythroid differ-
entiation: possible involvement of EPOR-T in ineffective erythropoiesis of
myelodysplastic syndrome. Exp Hematol 27: 229-233.

. Badran A, Yoshida A, Ishikawa K, Goi T, Yamaguchi A, et al. (2004)

Identification of a novel splice variant of the human anti-apoptopsis gene
survivin. Biochem Biophys Res Commun 314: 902-907.

. Maquat LE (1995) When cells stop making sense: effects of nonsense codons on

RNA metabolism in vertebrate cells. RNA 1: 453—465.

. Noensie EN, Dietz HC (2001) A strategy for disease gene identification through

nonsense-mediated mRNA decay inhibition. Nat Biotechnol 19: 434-439.
Shikama Y, Feng X, Shichishima T, Ono T, Noji H, et al. (2011) Impairment of
FOS mRNA induction by a translation inhibitor puromycin in granulocytes
from myelodysplastic syndrome patients. Br J Haematol 154: 525-527.

Sheng M, Greenberg ME (1990) The regulation and function of c-fos and other
immediate early genes in the nervous system. Neuron 4: 477-485.

Anderson P, Kedersha N (2002) Visibly stressed: the role of eIF2, TIA-1, and
stress granules in protein translation. Cell Stress Chaperones 7: 213-221.
Krishnamoorthy T, Pavitt GD, Zhang F, Dever TE, Hinnebusch AG (2001)
Tight binding of the phosphorylated alpha subunit of initiation factor 2
(eIF2alpha) to the regulatory subunits of guanine nucleotide exchange factor
elF2B is required for inhibition of translation initiation. Mol Cell Biol 21: 5018—
5030.

. Bebien M, Salinas S, Becamel C, Richard V, Linares L, et al. (2003) Immediate-

early gene induction by the stresses anisomycin and arsenite in human
osteosarcoma cells involves MAPK cascade signaling to Elk-1, CREB and
SRF. Oncogene 22: 1836-1847.

PLOS ONE | www.plosone.org

10

26.

27.

28.

29.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

Impaired Stabilization of FOS mRNA in MDS

Simi A, Edling Y, Ingelman-Sundberg M, Tindberg N (2005) Activation of c-fos
by lipopolysaccharide in glial cells via p38 mitogen-activated protein kinase-
dependent activation of serum or cyclic AMP/calcium response element.
J Neurochem 92: 915-924.

Rahmsdorf HJ, Schonthal A, Angel P, Litfin M, Ruther U, et al. (1987)
Posttranscriptional regulation of c-fos mRNA expression. Nucleic Acids Res 15:
1643-1659.

Bhattacharyya SN, Habermacher R, Martine U, Closs EI, Filipowicz W (2006)
Relief of microRNA-mediated translational repression in human cells subjected
to stress. Cell 125: 1111-1124.

Chen CY, Shyu AB (1995) AU-rich elements: characterization and importance
in mRNA degradation. Trends Biochem Sci 20: 465-470.

. Dreyfuss G, Kim VN, Kataoka N (2002) Messenger-RNA-binding proteins and

the messages they carry. Nat Rev Mol Cell Biol 3: 195-205.

. Lunde BM, Moore C, Varani G (2007) RNA-binding proteins: modular design

for efficient function. Nat Rev Mol Cell Biol 8: 479-490.

. Barker A, Epis MR, Porter CJ, Hopkins BR, Wilce MC, et al. (2012) Sequence

requirements for RNA binding by HuR and AUF1. J Biochem 151: 423-437.

. Brennan CM, Steitz JA (2001) HuR and mRNA stability. Cell Mol Life Sci 58:

266-277.

. Hinman MN, Lou H (2008) Diverse molecular functions of Hu proteins. Cell

Mol Life Sci 65: 3168-3181.

. Ma WJ, Cheng S, Campbell C, Wright A, Furneaux H (1996) Cloning and

characterization of HuR, a ubiquitously expressed Elav-like protein. J Biol Chem
271: 8144-8151.

Laroia G, Schneider RJ (2002) Alternate exon insertion controls selective
ubiquitination and degradation of different AUF1 protein isoforms. Nucleic
Acids Res 30: 3052-3058.

Wagner BJ, DeMaria CT, Sun Y, Wilson GM, Brewer G (1998) Structure and
genomic organization of the human AUF1 gene: alternative pre-mRNA splicing
generates four protein isoforms. Genomics 48: 195-202.

Wilson GM, Lu J, Sutphen K, Sun Y, Huynh Y, et al. (2003) Regulation of A +
U-rich element-directed mRNA turnover involving reversible phosphorylation
of AUF1. J Biol Chem 278: 33029-33038.

Raineri I, Wegmueller D, Gross B, Certa U, Moroni C (2004) Roles of AUF1
isoforms, HuR and BRF1 in ARE-dependent mRNA turnover studied by RNA
interference. Nucleic Acids Res 32: 1279-1288.

Sarkar S, Sinsimer KS, Foster RL, Brewer G, Pestka S (2008) AUF1 isoform-
specific regulation of anti-inflammatory IL10 expression in monocytes.
J Interferon Cytokine Res 28: 679-691.

Scott BL, Deeg HJ (2010) Myelodysplastic syndromes. Annu Rev Med 61: 345
358.

Hu H, Shikama Y, Matsuoka I, Kimura J (2008) Terminally differentiated
neutrophils predominantly express Survivin-2 alpha, a dominant-negative
isoform of survivin. J Leukoc Biol 83: 393-400.

Shikama Y, Hu H, Ohno M, Matsuoka I, Shichishima T, et al. (2010)
Transcripts expressed using a bicistronic vector pIREShyg?2 are sensitized to
nonsense-mediated mRNA decay. BMC Mol Biol 11: 42.

Winzen R, Gowrishankar G, Bollig F, Redich N, Resch K, et al. (2004) Distinct
domains of AU-rich elements exert different functions in mRNA destabilization
and stabilization by p38 mitogen-activated protein kinase or HuR. Mol Cell Biol
24: 4835-4847.

. Niranjanakumari S, Lasda E, Brazas R, Garcia-Blanco MA (2002) Reversible

cross-linking combined with immunoprecipitation to study RNA-protein
interactions in vivo. Methods 26: 182-190.

Kedersha N, Stoecklin G, Ayodele M, Yacono P, Lykke-Andersen J, et al. (2005)
Stress granules and processing bodies are dynamically linked sites of mRNP
remodeling. J Cell Biol 169: 871-884.

Winzen R, Thakur BK, Dittrich-Breiholz O, Shah M, Redich N, et al. (2007)
Functional analysis of KSRP interaction with the AU-rich element of
interleukin-8 and identification of inflammatory mRNA targets. Mol Cell Biol
27: 8388-8400.

Kim HH, Abdelmohsen K, Gorospe M (2010) Regulation of HuR by DNA
Damage Response Kinases. J Nucleic Acids 2010.

van der Giessen K, Gallouzi IE (2007) Involvement of transportin 2-mediated
HuR import in muscle cell differentiation. Mol Biol Cell 18: 2619-2629.

Lal A, Mazan-Mamczarz K, Kawai T, Yang X, Martindale JL, et al. (2004)
Concurrent versus individual binding of HuR and AUF1 to common labile
target mRNAs. EMBO J 23: 3092-3102.

Briata P, Ilengo C, Corte G, Moroni C, Rosenfeld MG, et al. (2003) The Wnt/
beta-catenin—>Pitx2 pathway controls the turnover of Pitx2 and other unstable

mRNAs. Mol Cell 12: 1201-1211.

. Dunand-Sauthier I, Santiago-Raber ML, Capponi L, Vejnar CE, Schaad O, et

al. (2011) Silencing of c-Fos expression by microRNA-155 is critical for dendritic
cell maturation and function. Blood 117: 4490-4500.

April 2013 | Volume 8 | Issue 4 | 61107



