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RED CELLS, IRON, AND ERYTHROPOIESIS
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Key Points

• A new molecular pathway
involving the MASL1 gene
during erythroid differentiation
has been identified.

Human erythropoiesis is a dynamic and complex multistep process involving differenti-

ation of early erythroid progenitors into enucleated RBCs. The mechanisms underlying

erythropoiesis still remain incompletely understood. We previously demonstrated that

erythropoietin-stimulated clone-1, which is selectively expressed in normal human

erythroid-lineage cells, shares 99.5% identity with malignant fibrous histiocytoma-

amplified sequences with leucine-rich tandem repeats 1 (MASL1). In this study, we

hypothesized that the MASL1 gene plays a role in erythroid differentiation, and used

a human erythroid cell culture system to explore this concept. MASL1mRNA and protein expression levelswere significantly increased

during the erythroid differentiation of CD341 cells following erythropoietin (EPO) treatment. Conversely, MASL1 knockdown reduced

erythroid differentiation in EPO-treated CD341 cells. In addition,MASL1 knockdown interrupted the Raf/MEK/ERK signaling pathway in

CD341 cells. MASL1 mutant-transfected CD341 cells also showed decreased erythroid differentiation. Furthermore, inhibition of the

SH3 domain of Son of Sevenless, which is an upstream adapter protein in EPO-induced erythroid differentiation, also reducedMASL1

expression and phosphorylation of Raf/MEK/ERK kinases that consequently reduced erythroid differentiation of EPO-induced CD341

cells. Importantly, we also demonstrated thatMASL1 interacts physically with Raf1. Taken together, our data provide novel insights into

MASL1 regulation of erythropoiesis through the Raf/MEK/ERK pathway. (Blood. 2013;121(16):3216-3227)

Introduction

Differentiation of hematopoietic stem cells into mature blood cells
involves lineage-specific activation and restriction of gene expres-
sion.1 Lineage-specific transcription factors play essential roles in
RBC development. The zinc-finger transcription factor GATA-1,
a central mediator of erythroid gene expression, interacts with
multiple proteins, including Friend of GATA 1, Erythroid Krüppel-
like Factor, SP1, CREB binding protein/E1A binding protein p300,
and PU.1.2 The mechanisms by which these interactions influence
GATA-1 function, as well as any possible relationships between
these seemingly disparate complexes, remain incompletely un-
derstood. However, several new findings have provided further
insight into their role in erythropoiesis.

The Ras/Raf/MEK/ERK signaling cascade is one of the key
signaling pathways involved in erythropoiesis.3,4 In addition,
oncogenic Ras leads to the constitutive activation of its downstream
signaling pathways, a severe block of terminal erythroid differen-
tiation, and cytokine-independent growth of primary erythroid
progenitors.5 Deregulated erythropoiesis in polycythemia vera
involves erythropoietin (EPO) hypersensitivity and apoptosis
resistance of erythroid precursor cells, both of which are associated
with abnormally increased activation of the Ras-ERK and
phosphatidylinositol 3-kinase (PI3K)-AKT pathways.6 However,

the role of Ras-GTPases in hematopoiesis and leukemogenesis is
not completely known.

We have previously identified some potentially novel genes
associated with hematopoietic-lineage commitment and differen-
tiation.7 One of these, erythropoietin-stimulated clone-1, is se-
lectively expressed in normal erythroid-lineage cells and shares
99.5% identity with malignant fibrous histiocytoma-amplified
sequences with leucine-rich tandem repeats 1 (MASL1 or MFHAS1).
This novel MASL1 gene was identified as a candidate oncogene
from the genomic amplification at 8p23.1 observed in malignant
fibrous histiocytoma.8 Amplification of 8p23 has also been found
in a few solid tumors, such as gastric cancer,9 whereas genomic
loss of chromosomal region 8p23 occurs frequently in leukemic
mantle cell lymphoma.10 The primary structure of its deduced
products shows a Ras-like GTPase, 3 leucine zipper domains, and
a leucine-rich tandem repeat. These domains are all important
structural or functional elements for interactions among proteins
related to the cell cycle. Because of a lack of knowledge about
the function of MASL1, the role and mechanisms of MASL1 in
erythropoiesis still remain unknown. Here, we investigated the role
of MASL1 in normal erythroid differentiation of human hemato-
poietic progenitor cells (CD341 cells). Our data provide evidence
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for a novel mechanism of MASL1 action in erythropoiesis in
which it activates erythroid differentiation through the Raf/MEK/
ERK pathway.

Materials and methods

Cell culture and transfection

Primary human CD341 cells were isolated by positive immunoselection
from peripheral blood mononuclear cells harvested by leukapheresis after
recombinant human granulocyte colony-stimulating factor injection under
a protocol approved by the National Institute of Diabetes and Digestive
and Kidney Diseases Institutional Review Board. All human participants
provided written informed consent in accordance with the Declaration of
Helsinki.11,12 In some instances, primary human CD341 cells were obtained
from commercial sources (Lonza, Walkerville, MD, or AllCells, Emeryville,
CA). Cells were thawed and washed into StemSpan serum-free expansion
medium (SFEM) (StemCell Technologies, Vancouver, BC, Canada) and
then seeded in StemSpan SFEM containing 13 CC100 cytokine mix
(StemCell Technologies) and 2% penicillin/streptomycin (Invitrogen, Carls-
bad, CA). Cells were maintained in this expansion medium at a density of
0.1 to 1 3 106 cells/mL in a 5% CO2 atmosphere at 37°C for 6 days and
then were induced with 4 U/mL EPO (Amgen, Thousand Oaks, CA) for 14
days. Cells were harvested at day 3, 5, 7, 10, and 14 of differentiation for
MASL1 mRNA and protein expression profile studies.

For transfection studies, CD341 cells were transfected with 10 nM of
MASL1 siRNA (Dharmacon, Chicago, IL) using HiPerFect Transfection
Reagent (Qiagen, Valencia, CA) or 1 mg of MASL1 shRNA or control
shRNA plasmid DNA (Santa Cruz Biotechnology, Santa Cruz, CA) using
Effectene Transfection Reagent (Qiagen) according to the manufacturer’s
protocol after a 6-day period of expansion. In mock transfections, no siRNA
or shRNA plasmid was included in the transfection reaction. Following
transfection, cells were maintained in aMinimum Essential Medium (Sigma-
Aldrich, St. Louis,MO) supplementedwith 30% fetal bovine serum (Invitrogen),
1% bovine serum albumin (Sigma-Aldrich), 10mM b-mercaptoethanol (Sigma-
Aldrich), 1 mM dexamethasone (Sigma-Aldrich), 0.3 mg/mL holotransferrin
(Sigma-Aldrich), 13 penicillin/streptomycin/glutamine (Invitrogen), and
4 U/mL EPO for an additional 14 days. Twenty-four hours after transfection
(day 1 of differentiation), 0.5 mg/mL puromycin (Santa Cruz Biotechnology)
was added to the medium for stable transfection. Cells were collected at day
3, 5, 7, 10, and 14 of differentiation for further analysis.

Cell counts and morphology

Cell counts were determined on an ICS standard 25 microscope (Zeiss,
Thornwood, NY) equipped with a hemacytometer. Cells were spun for 2
minutes at 2000 rpm onto glass slides using a cytospin apparatus (Thermo
Scientific, Waltham, MA). After air-drying for 1 minute, slides were fixed
in methanol for 5 minutes and were stained with May-Grünwald and
Giemsa stains (Sigma-Aldrich) following the manufacturer’s instructions.
Stained cells were viewed with an Olympus BX51 microscope (203) and
QCapture Pro 6.0 (Olympus America Inc., Center Valley, PA).

Flow cytometry and cell-cycle, apoptosis, and

cell-proliferation analyses

To evaluate transferrin receptor (CD71) and glycophorin A (GPA)
expression, 5 3 105 CD341 cells were fixed in 0.3% formaldehyde for
15 minutes and then were labeled with fluorescein isothiocyanate (FITC)-
conjugated anti-CD71 and phycoerythrin (PE)-conjugated anti-GPA anti-
bodies (BD Bioscience/Pharmingen, San Diego, CA) for 30 minutes. For
cell-cycle analysis, cells were fixed in 70% ethanol in PBS and were then
stained with 20 mg/mL propidium iodide (PI; Sigma-Aldrich) in 0.1%
Triton X-100 and 200 mg/mL DNase-free RNase A (Sigma-Aldrich) for 30
minutes at room temperature. For apoptosis analysis, cells were costained
with FITC-annexin V (BD Bioscience/Pharmingen) and PI (BD Bioscience/
Pharmingen) according to the manufacturer’s protocol. Labeled cells were
analyzed for fluorescence emission using a FACScalibur (BD Bioscience)

and Cell Quest Pro software (BD Bioscience/Pharmingen) for acquisition
and analysis. Unstained fixed cells and FITC- and PE-conjugated mouse
IgG isotype controls were used as negative controls. Cell proliferation was
analyzed using the 3-(4,5-dimethythizolyl-2)-2,5-diphenyltetrazolium bro-
mide (MTT) colorimetric assay according to the manufacturer’s protocol
(ATCC, Manassas, VA).

7-amino-actinomycin D (7-AAD) staining

Aliquots of 1 3 106 CD341 cells were stained with FITC-conjugated anti-
CD71 and PE-conjugated anti-GPA for 30 minutes on ice. After washing,
the cells were further stained with 7-AAD solution (BD Bioscience/
Pharmingen) according to the manufacturer’s protocol. The cells were then
washed and resuspended in 500 mL 2% paraformaldehyde solution (Sigma-
Aldrich). Unstained fixed cells and FITC- and PE-conjugated mouse IgG
isotype controls were used as negative controls. Samples were analyzed by
flow cytometry on 50 000 events using 5 parameters: forward scatter, right-
angle side scatter, and triple-color immunofluorescence from FITC, PE, and
7-AAD by a FACScalibur within 30 minutes of fixation.

Glutathione-S-transferase (GST) pull-down assays

293T cells (ATCC) were grown in 10-cm-diameter culture dishes and were
then transfected with 24 mg of myc-DDK-tagged MASL1-pCMV6 Entry
plasmid or control pCMV6 Entry plasmid (Origene Technologies, Rockville,
MD) with Lipofectamine 2000 (Invitrogen) by following the manufacturer’s
protocol. In mock transfections, no plasmid was included in the transfection
reaction. Cells were rinsed once with ice-cold TBS and then were lysed 48
hours after transfection on the culture plates with 500 mL of lysis/binding/
wash buffer (25 mM Tris-HCl pH 6.8, 150 mM NaCl, 5 mM MgCl2, 1%
NP-40, 5% glycerol) supplemented with protease inhibitor cocktail (Roche
Applied Science). GST pull-down assays were performed using the Active
Ras Pull-down and Detection kit (Thermo Scientific). Total protein lysates
(500 mg) were incubated with 80 mg of GST-Raf1-RBD coupled to
glutathione resin overnight at 4°C. GDP- or GTPgS-treated lysates were
incubated with GST-Raf1-RBD and glutathione resin as a negative control for
inactivated-MASL1 and a positive control for activated-MASL1, respec-
tively. GTPgS-treated lysate was also incubated with GST alone in the
presence of glutathione resin as an additional negative control. For each
sample, the resins were centrifuged at 6000 3 g for 30 seconds in a micro-
centrifuge at 4°C and the supernatants removed. The resins were washed
3 times with 500 mL of lysis/binding/wash buffer, resuspended in 50 mL
of 23 reducing sodium dodecyl sulfate sample buffer, and boiled for 5
minutes. Each elution was analyzed by 4% to 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and western blotting using anti-MASL1
antibody. Pull-down experiments were also performed using total lysates of
CD341 cells treated with 4 U/mL EPO or 50 ng/mL granulocyte-colony
stimulating factor (G-CSF) (PeproTech, Rocky Hill, NJ) for 14 days.13

Statistical analysis

Data were expressed as mean 6 standard deviation (SD). Results were
analyzed by Student t test for comparison between 2 independent groups.
P , .05 was considered to be statistically significant.

Results

MASL1 expression is upregulated during primary human CD341

cell erythroid differentiation and is an abundant protein in

human RBCs

Previously, we demonstrated that MASL1 is selectively expressed in
the erythroid-lineage cell population.7 To determine how MASL1 is
expressed during normal erythroid differentiation, we first analyzed
MASL1 expression patterns in K562 cells that were differentiated by
Ara-C treatment. The expression of MASL1 mRNA levels was
significantly increased in K562 cells after 4 days of Ara-C treatment
(P 5 .009) (data not shown). Next, we employed a serum-free in
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vitro erythrocytic differentiation protocol for primary human
hematopoietic progenitor cells (CD341 cells).14 Primary human
CD341 cells were expanded for 6 days and then induced to
differentiate by EPO treatment during a 14-day period. The harvested
cell pellet showed a red color, and the cells’ morphology was
consistent with that of mature erythrocytes (data not shown).MASL1
mRNA levels were detectable starting at day 5 of differentiation in
EPO-treated CD341 cells and then exponentially rose from day
7 through 14 of differentiation by semiquantitative RT-PCR and
qRT-PCR (Figures 1A-B). Western-blot analysis demonstrated that
MASL1 protein levels increased during EPO-induced CD341 cell
differentiation through day 14 in parallel to its mRNA expression
pattern. The increase in the expression ofMASL1mirrored the rise in
hemoglobin-a accumulation and GPA protein levels (Figure 1C).
Furthermore, we found significantly increased levels of MASL1 in
human RBCs compared to EPO-induced CD341 cells (Figures 1D-
E). Taken together, these data indicate that MASL1 expression is
upregulated during normal erythroid differentiation and is abun-
dantly expressed in human RBCs.

Knockdown of MASL1 markedly reduces erythroid

differentiation in human erythroid progenitor CD341 cells

but does not affect granulocytic differentiation

After demonstrating that MASL1 was induced during CD341 cell
differentiation after EPO treatment, we next asked whether the
downregulation of MASL1 could reduce the differentiation of
erythroid cells. To assess this, we expanded CD341 cells in cytokine
cocktail-containing SFEM for 6 days, then transfected them with
a MASL1 siRNA or shRNA plasmid to knock down MASL1
expression and examined their differentiation profiles. Fourteen days
after induction with EPO, the cell pellet of MASL1-knockdown
CD341 cells did not demonstrate a red color when compared to mock-
or control shRNA-transfected CD341 cells (Figure 2A). The total cell
counts remained relatively low during the 14-day differentiation

period in MASL1-knockdown CD341 cells. In contrast, we observed
a more rapid, significant increase in cell numbers on day 14 of
differentiation in mock- and control shRNA-transfected CD341 cells
(Figure 2B). Semiquantitative RT-PCR and qRT-PCR of CD341 cells
after 14 days of EPO induction demonstrated that the expression
levels of MASL1 mRNA were significantly suppressed by MASL1
siRNA or shRNA knockdown (Figures 2C-D). Western-blot analysis
demonstrated that MASL1 protein levels in CD341 cells at day 14
of EPO induction were also dramatically decreased after MASL1
knockdown. Similarly, MASL1-knockdown CD341 cells showed
decreased levels of hemoglobin protein, indicating that erythroid
differentiation was reduced (Figure 2E).

Having demonstrated that MASL1 knockdown is probably
involved in the reduction of erythroid differentiation, we next
measured the erythroid differentiation marker, CD71 and GPA, in
CD341 cells with and without MASL1 knockdown treated with
EPO by flow cytometry analysis. Knockdown ofMASL1 expression
exerted a significant inhibitory effect on erythroid differentiation;
only 24.16 14.7% and 11.56 5.7% ofMASL1 siRNA and shRNA-
transfected CD341 cells at day 14 of EPO induction were CD711

GPA1, respectively. In contrast, mock- and control shRNA-
transfected CD341 cells were 70.0 6 6.0% and 65.4 6 8.2%
double positive for CD71 and GPA expression, respectively (Figures
2F-G, upper panels). In addition, May-Grünwald-Giemsa staining
confirmed that after 14 days of culture in the presence of EPO, most
MASL1-knockdown CD341 cells were nonerythroid or proerythro-
blast, whereas mock- or control shRNA-transfected CD341 cells
were orthochromatic erythroblasts (Figure 2G, lower panels).
Furthermore, nonerythroid cells were also increased in MASL1-
knockdown CD341 cells at day 3 (macrophage precursor and/or
myeloid precursor cells), day 5 (macrophage precursor and/or
myeloid precursor cells), day 7 (early monocytic or myeloid cells),
and day 14 (monocytes and/or macrophages and/or myeloid cells)
of EPO-induced differentiation by differential counting (Figure 3).

Figure 1. MASL1 expression is upregulated during

primary human CD341 cell erythroid differentiation and

is an abundant protein in human red blood cells (RBCs).

Human peripheral blood CD341 cells were expanded for 6

days and were then induced to differentiate by EPO treatment

during a 14-day period. (A) MASL1 gene expression was

examined in CD341 cells at day 0, 3, 5, 7, 10, and 14 after

EPO treatment by semiquantitative RT-PCR. GAPDH was

used as an internal control. (B) Mean relative MASL1

expression levels shown as fold induction compared with

levels in CD341 cells at day 0 by qRT-PCR. Values were

normalized to the expression level of the housekeeping gene

GAPDH. Error bars represent the SD from 3 individual

experiments; *P , .05; **P , .01. (C) Western-blot analysis

of protein lysates of EPO-induced CD341 cells using anti-

MASL1, hemoglobin-a, and GPA antibodies. b-actin was used

as an internal control. (D) Western-blot analysis of protein

lysates prepared from CD341 cells at day 14 of EPO-induced

differentiation (EPO Day 14) and human RBCs. GAPDH was

used as an internal control. (E) Mean relative MASL1 protein

expression level normalized to GAPDH. Error bars represent

the SD from 3 individual experiments; *P , .05.
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Figure 2. Knockdown of MASL1 reduces erythroid differentiation in human erythroid progenitor CD341 cells. (A) Cell pellets at day 14 of EPO-induced erythroid

differentiation for mock-, control shRNA-, MASL1 siRNA-, or MASL1 shRNA-transfected CD341 cells. Induced erythroid differentiation is evident by the pink-red cell pellets. (B) Cell

counts per mL in culture at day 0, 7, and 14 of EPO-induced erythroid differentiation for mock-, control shRNA-, MASL1 siRNA-, or MASL1 shRNA-transfected CD341 cells. Error

bars represent the SD from 3 individual experiments; *P, .05; **P, .01. (C) Semiquantitative RT-PCR of MASL1 mRNA expression in mock-, control shRNA-, MASL1 siRNA-, or

MASL1 shRNA-transfected CD341 cells at day 14 of EPO-induced differentiation. GAPDH was used as an internal control. (D) qRT-PCR analysis of MASL1 gene expression in

mock-, control shRNA-, MASL1 siRNA-, or MASL1 shRNA-transfected CD341 cells. Mean relativeMASL1 expression levels shown as fold induction compared with levels in mock-

transfected CD341 cells at day 14 of EPO-induced differentiation. Values were normalized to the expression level of the housekeeping gene GAPDH. Error bars represent the SD

from 3 individual experiments; *P , .05; **P , .01. (E) Western-blot analysis of protein lysates prepared from mock-, control shRNA-, MASL1 siRNA-, or MASL1 shRNA-

transfected CD341 cells at day 14 of EPO-induced differentiation. b-actin was used as an internal control. (F) Flow cytometry analysis of CD711 and GPA1 expression in mock-,

control shRNA-, MASL1 siRNA-, or MASL1 shRNA-transfected CD341 cells at day 14 of EPO-induced differentiation. Error bars represent the SD from 3 individual experiments;

*P , .05; **P , .01. (G) (Top), representative density plots for data presented in F. CD341 cells were stained with FITC-conjugated anti-CD71 and PE-conjugated anti-GPA

monoclonal antibodies. The percent of CD711 and GPA1 cells is labeled on each density plot. (Bottom), morphology of cells corresponding to flow-cytometric analysis obtained by

May-Grünwald-Giemsa staining (original magnification 320). Results are representative of 3 independent experiments.
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We also found that erythroid differentiation was reduced in
MASL1-knockdown CD341 cells at day 3 of EPO induction
(supplemental Figure 1). To investigate further whether MASL1 is
lineage-specific for erythroid differentiation, we also performed
MASL1 knockdown in CD341 cells treated with G-CSF to examine
whether MASL1 may be involved in granulocytic differentiation.
MASL1 knockdown did not significantly alter cell proliferation
during granulocytic differentiation (supplemental Figure 2A).
Notably, MASL1-knockdown CD341 cells and mock- and control
shRNA-transfected CD341 cells were not significantly different in
the percentage of CD131 CD66b1 cells and apoptotic cells
observed during granulocytic maturation (supplemental Figures
2B-C). Consistently, the phenotype of MASL1-knockdown CD341

cells did not differ substantially from that of mock- or control
shRNA-transfected CD341 cells at day 3 and 7 of G-CSF-induced
differentiation (supplemental Figure 2D). In addition, there was no
change in phosphorylation of Raf/MEK/ERK signaling pathway in
MASL1-knockdown CD341 cells treated with G-CSF (supplemen-
tal Figure 2E). Based on these collective data, we conclude that
knockdown of MASL1 causes a reduction of erythroid differen-
tiation in CD341 cells but had no effect on granulocytic
differentiation.

Knockdown of MASL1 reduces cell proliferation and induces

cell-cycle arrest in CD341 cells but does not alter cell survival in

CD711 GPA- or CD711 GPA1 subpopulations of CD341 cells

during erythroid differentiation

The underlying mechanisms responsible for reduced cell expansion
in MASL1-knockdown CD341 cells can be reduced proliferation
and/or accelerated cell death. We first determined the cell pro-
liferation rate of MASL1-knockdown CD341 cells by the MTT
assay. We found a significant reduction in proliferation for the
MASL1-knockdown CD341 cells compared with mock- and control
shRNA-transfected cells at day 7 of EPO-induced differentiation
(supplemental Figure 3A). No significant differences in the prolif-
eration rate were observed at day 10 and 14. Next, we assessed
induction of apoptosis by measuring annexin V binding and uptake
of PI in MASL1-knockdown CD341 cells undergoing EPO-induced
erythroid differentiation in total CD341 cell populations. We found
an increase in early apoptotic cells (annexin V-positive/PI-negative),
starting on day 3 (22.06 7.3% for MASL1 siRNA and 24.96 8.8%
for MASL1 shRNA) and increasing further on day 5 (37.4 6 1.2%
for MASL1 siRNA and 37.5 6 1.9% for MASL1 shRNA), in
MASL1-knockdownCD341 cells when comparedwith mock- (18.46
2.2%forday3and10.161.3%forday5)or control shRNA-transfected

Figure 3. Nonerythroid cells accumulate in MASL1-knockdown CD341 cells following EPO-induced erythroid differentiation. A hematopathologist, blinded to

experimental details, reviewed all coded slides and quantitated myeloid and erythroid cells at day 3, 5, 7, and 14 of EPO-induced erythroid differentiation in mock-, control

shRNA-, MASL1 siRNA-, or MASL1 shRNA-transfected CD341 cells. More than 200 cells were scored for each sample in triplicate individual experiments. The data represent

the mean values of 3 independent experiments.
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(19.2 6 4.0% for day 3 and 10.2 6 1.6% for day 5) CD341 cells.
Consistently, a significant increase in the percentage of cells that
were annexin V-positive/PI-negative (early apoptotic) was observed
for MASL1-knockdown CD341 cells compared with control-
transfected CD341 cells at day 7 of differentiation (35.0 6 1.0%
inMASL1 siRNA- and 36.06 2.1% inMASL1 shRNA-transfected
cells vs 11.76 3.5% in mock- and 11.36 2.4% in control shRNA-
transfected cells). However, compared to control-transfected cells,
the percentage of cells that were annexin V-positive/PI-positive (late
apoptotic) was not significantly increased in MASL1-knockdown
CD341 cells at day 7 of erythroid differentiation (17.1 6 7.0% in
MASL1 siRNA- and 18.4 6 6.4% in MASL1 shRNA-transfected
cells vs 7.6 6 1.9% in mock- and 7.2 6 2.1% in control shRNA-
transfected cells), which suggests that apoptosis was increased by
MASL1 knockdown (supplemental Figures 3B-C). At day 14 of
EPO-induced differentiation, no significant difference in annexin V-
positive/PI-negative (early apoptotic) or annexin V-positive/PI-
positive (late apoptotic) levels was observed in MASL1-knockdown
CD341 cells compared with mock- or control shRNA-transfected
CD341 cells (P5 .32) (supplemental Figure 3C).

To determine whether increased apoptosis is characterized in
the total CD341 cell population or is a feature of EPO-dependent
erythroid cells, we further evaluated the survival characteristic of
CD711 GPA- cells at day 3 or CD711 GPA1 cells at day 7 and 14
of differentiation using 7-AAD staining. Interestingly, MASL1-
knockdown and mock- and control shRNA-transfected CD341

cells were not significantly different in the percentage of apoptotic
cells detected within the CD711 GPA- cell fraction at day 3 (4.9 6
6.4% in MASL1 siRNA- and 4.9 6 6.3% in MASL1 shRNA-
transfected cells vs 6.36 7.1% in mock- and 7.46 9.4% in control
shRNA-transfected cells) (Figures 4A-C), or within the CD711

GPA1 cell fraction at day 7 (P 5 .19) and 14 (P 5 .22) of dif-
ferentiation (data not shown).

Cell-cycle analyses indicated that MASL1-knockdown CD341

cells significantly accumulated in the G0/G1 phase of the cell
cycle starting at day 3 and then began decreasing on day 7 of
EPO-induced differentiation in total CD341 cell populations. In
addition, the percentage of MASL1-knockdown CD341 cells in
S-phase was significantly decreased at day 7 compared with mock-
and control shRNA-transfected CD341 cells (7.8 6 2.5% in
MASL1 siRNA- and 8.2 6 1.7% in MASL1 shRNA-transfected
cells vs 34.66 4.2% in mock- and 33.86 4.1% in control shRNA-
transfected cells). The substantial population of control-transfected
CD341 cells in S-phase at day 7 of differentiation indicates that
these cells continue to cycle (Figures 4D-E). The significant
increase in the percentage of MASL1-knockdown CD341 cells in
sub G0/G1 phase compared with mock- and control shRNA-
transfected cells correlated with the apoptotic analysis. No
significant effect of MASL1 knockdown on cell cycle at day 14
of erythroid differentiation was observed (data not shown). These
results suggest that downregulation of MASL1 expression reduced
cell proliferation and caused cell-cycle arrest in total CD341 cell
populations, but did not alter cell survival in EPO-dependent
erythroid cells, during erythroid differentiation.

MASL1 activates erythroid differentiation through the

Raf/MEK/ERK pathway and Erk1/2 phosphorylation in

MASL1-knockdown CD341 cells is diminished in the absence

of EPO and is induced by restimulation with EPO

It has been reported that several signaling pathways, including
JAK/STAT, PI3K/AKT, and Ras/Raf/MEK/ERK, are involved in

EPO-induced erythropoiesis.15 One of the important domains in
the MASL1 protein structure that has recently been described is the
Ras-like GTPase and C-terminal of Roc (ROCO).16 Therefore, we
hypothesized that MASL1 could induce erythroid differentiation
via the Raf/MEK/ERK pathway similar to Ras-GTPase proteins.
To test this hypothesis, we transfected CD341 cells with MASL1
siRNA or shRNA plasmid and then grew the cells in EPO-
containing medium. Cells were harvested at various times, and
lysates were subjected to western blotting. Interestingly, the
phosphorylation of Raf/MEK/ERK signal effectors, including
Raf1, Mek1/2, Erk1/2, and Elk1, was decreased in MASL1-
knockdown CD341 cells compared with mock- or control shRNA-
transfected CD341 cells at day 3 (supplemental Figure 1A) as well
as at day 14 of differentiation (Figure 2E). In addition, we also
detected a substantial decrease in hemoglobin-a protein levels in
MASL1-knockdown CD341 cells (supplemental Figures 1A and
2E). In contrast, we failed to detect any change in JAK/STAT or
PI3K/AKT phosphorylation at day 14 of differentiation in MASL1-
knockdown CD341 cells (supplemental Figure 4).

Finally, we found that phosphorylation of Erk1/2 was further
reduced when MASL1-knockdown CD341 cells were EPO-starved
for 4 hours; however, hyperstimulation of these cells with 10 U/mL
EPO for 10 minutes was sufficient to restore the level of Erk1/2
phosphorylation to that observed before starvation (supplemental
Figure 5A). There were no changes in phosphorylation of Akt or
Stat5 level inMASL1-knockdown CD341 cells compared to control
groups after EPO starvation and restimulation with EPO (supple-
mental Figure 5A). To explore further the effects of EPO on Erk1/2,
Akt, and Stat5 phosphorylation in CD341 cells, we transfected
CD341 cells with control shRNA, MASL1 siRNA, or MASL1
shRNA in medium without EPO and grew the cells for 2 days in the
absence of EPO. We then stimulated the cells with EPO for 15 or 30
minutes and examined the phosphorylation of Erk1/2, Akt, and
Stat5. Akt and Stat5 phosphorylation pattern in this model was
similar for MASL1-knockdown CD341 cells and mock- or control
shRNA-transfected CD341 cells, whereas phosphorylation of Erk1/2
following EPO stimulation was decreased for MASL1-knockdown
CD341 cells compared to mock- or control-transfected CD341 cells
(supplemental Figure 5B). These observations indicate that MASL1
may affect erythroid differentiation through the Raf/MEK/ERK
pathway and that this effect may depend on EPO induction.

Alteration of Ras-like GTPase region in MASL1 reduces

erythroid differentiation in CD341 cells

To verify that MASL1 is involved in erythroid differentiation
through the Raf/MEK/ERK pathway via its Ras-like GTPase region,
we generated a point mutation (MASL1 S450A) and a deletion of
the Ras-like GTPase region of MASL1 (MASL1 D414-556) in
myc-DDK-tagged MASL1 pCMV6-Entry plasmid vector using site-
directed mutagenesis (supplemental Figure 6A), and then we trans-
fected individually these 2 constructs into CD341 cells to determine
their effects on erythroid differentiation. Interestingly, we found
smaller pink cell pellets in myc-DDK-tagged MASL1 S450A- or
MASL1 D414-556-transfected CD341 cells when compared with
mock-, control vector-, or myc-DDK-tagged MASL1-transfected
CD341 cells (supplemental Figure 6B). Myc-DDK-tagged MASL1
S450A- or MASL1 D414-556-transfected CD341 cells were only
50.6 6 2.4% and 52.7 6 3.6% double positive for CD71 and GPA
expression using flow cytometry, respectively (supplemental Figures
6C-D, upper panels). Furthermore, May-Grünwald-Giemsa staining
confirmed that more of the myc-DDK-tagged MASL1 S450A- or
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Figure 4. MASL1 knockdown in CD341 cells does not alter cell survival within the CD711 GPA- subpopulation at day 3 of EPO-induced erythroid differentiation

but causes cell-cycle arrest in all CD341 cells during erythroid differentiation. (A) Mean percentages from flow cytometry analysis of 7-AAD- (viable), 7-AADdim (early

apoptotic), and 7-AADbright (late apoptotic) in mock-, control shRNA-, MASL1 siRNA-, or MASL1 shRNA-transfected CD711GPA- subpopulation cells at day 3 of EPO-induced

differentiation. Error bars represent the SD from 3 individual experiments. (B) Scattergram of forward scatter (FSC) vs right-angle side scatter (SSC), to allow gating on CD341

cells by excluding cell debris (R1). (C) Representative scattergram for mock-, control shRNA-, and MASL1-knockdown CD341 cells of SSC vs anti-CD71 fluorescence gated

on R1 to allow gating on CD71- (R2) or CD711 (R3). (Middle) representative scattergram for mock-, control shRNA-, andMASL1-knockdown CD341 cells of SSC vs anti-GPA

fluorescence gated on R3 to allow gating on GPA- (R4) or GPA1 (R5) and lower panel is representative scattergram of FSC vs 7-AAD fluorescence gated on R4, showing

7-AADbright (late apoptotic), 7-AADdim (early apoptotic), and 7-AAD- (viable) within CD711 GPA- cells on day 3 of differentiation. (D) Cell-cycle distribution of mock-, control

3222 KUMKHAEK et al BLOOD, 18 APRIL 2013 x VOLUME 121, NUMBER 16

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/121/16/3216/1330518/3216.pdf by guest on 07 M

ay 2024



MASL1 D414-556-transfected CD341 cells were pro- or basophilic
erythroblasts compared to the mock-, control vector-, or myc-DDK-
taggedMASL1-transfected CD341 cells, where most cells were poly-
chromatic or orthochromatic erythroblasts (supplemental Figure 6D,
lower panels). In addition, the phosphorylation of Raf/MEK/ERK
signaling effectors was diminished in myc-DDK-tagged MASL1
S450A- or MASL1 D414-556-transfected CD341 cells (supple-
mental Figure 6E). These data confirm that MASL1 is involved in
erythroid differentiation through the Raf/MEK/ERK pathway.

Inhibition of SOS activity reduces MASL1 expression and

diminishes erythroid differentiation

Son of Sevenless (SOS) is an adapter protein that binds to a growth
factor receptor bound protein-2 (GRB2) to activate the exchange
of GDP to GTP on Ras guanine nucleotide-binding protein after
EPO interacts with EPO receptor in the Ras/Raf/MEK/ERK pathway
involving erythropoiesis.4,17 Selective disruption of the GRB2/SOS
association has been considered an attractive mechanism for upstream
control of the Ras/Raf/MEK/ERK pathway.18 To assess further the
role of MASL1 in erythroid differentiation via the Raf/MEK/ERK
pathway, we inhibited GRB2/SOS interaction in CD341 cells at day
0 of EPO-induced differentiation by adding an SOS SH3 domain
inhibitor (and replacing the inhibitor every 48 hours). CD341 cells
treated with Jak2 or PI3K inhibitors were used as internal controls.
As expected, semiquantitative RT-PCR and Western-blot analysis
demonstrated that SOSmRNA and protein levels were reduced at day
7 of EPO-induced erythroid differentiation in the presence of SOS
SH3 domain inhibitor (supplemental Figures 7A-C). These results
implied that the SOS SH3 domain inhibitor inhibited GRB2/SOS
interaction. Interestingly, we also observed a significant decrease in
MASL1 mRNA and protein levels in EPO-induced CD341 cells
treated with Jak2 or SOS SH3 domain inhibitor, but little or no change
inMASL1 expression in EPO-induced CD341 cells treated with PI3K
inhibitors (supplemental Figures 7A-C). Moreover, we also detected
a reduction of the phosphorylation of Raf1, Mek 1/2 and Erk 1/2.
(supplemental Figure 7C).

Next, we investigated further the effects of SOS SH3 domain
inhibitor on EPO-dependent differentiation in CD341 cells. Accord-
ing toWojda et al (2002),19 the S-phase of the cell cycle peaks on day
8 during the highly proliferative stage of erythroid differentiation.
Therefore, we examined the cell-cycle, erythroid-differentiation, and
cell-morphology profiles at day 7 of EPO-induced differentiation in
CD341 cells. The percent of CD341 cells cultured in the presence of
the SOS SH3 domain inhibitor and EPO that were in S-phase was
significantly less than that of CD341 cells treated with EPO only
(P5 .04) (supplemental Figure 7D). Only 25.7613.8% of the CD341

cells treated with the SOS SH3 domain inhibitor and EPO were
CD711 GPA1, compared with 50.2 6 10.3% of CD341 cells
treated with EPO alone (supplemental Figures 7E-F, upper panels).
Most of the CD341 cells treated with EPO and SOS SH3 domain
inhibitor displayed a morphology characteristic of undifferentiated
erythroid cells by May-Grünwald-Giemsa staining, similar to the
CD341 cells without EPO treatment. In contrast, we observed some
proerythroblasts and a few basophilic normoblasts in EPO-induced
CD341 cells (supplemental Figure 7F, lower panels). Compared to
CD341 cells treated with EPO alone, we also detected significantly

lower percentages of S-phase (P 5 .04) and CD711 GPA1 cells
(P 5 .01) in Jak2 inhibitor- or PI3K inhibitor-treated CD341 cells
grown in the presence of EPO for 7 days, which corresponded to
their undifferentiated erythroid phenotype observed by May-
Grünwald-Giemsa staining (supplemental Figures 7D-F). Taken
together, the results of the SOS-inhibitor studies are consistent with
the finding that MASL1 stimulates erythroid differentiation through
the Raf/MEK/ERK pathway.

MASL1 interacts physically with Raf1

The reduction of the Raf/MEK/ERK pathway inMASL1-knockdown
or MASL1 mutant-transfected CD341 cells during EPO-induced
differentiation suggests that MASL1 may function in regulating
erythroid differentiation through the Raf/MEK/ERK pathway. To
explore this possibility further, we ectopically expressed myc-DDK-
tagged MASL1 in 293T cells followed by pull-down experiments
with GST-Raf1-RBD protein. Strikingly, MASL1 was precipitated
by GST-Raf1-RBD only in 239T cells transfected with myc-DDK-
tagged MASL1; mock- or control vector-transfected 293T cells did
not show the MASL1/GST-Raf1-RBD interaction (Figure 5A).
Similarly, GST-Raf1-RBD immunoprecipitated endogenous MASL1
protein in CD341 cells treated with EPO that was only visible at day
14 of differentiation (Figure 5B). In addition, we observed the
association between MASL1 and Raf1 in erythroid cells regulated by
EPO (Figure 5C). A slight amount of MASL1 protein was also
detected in G-CSF-induced CD341 cells at day 14 of differentiation
(Figure 5C, lower panel), similar to the findings of Sakabe et al
(1999)8 who also detected MASL1 expression in peripheral blood
leukocytes. Therefore, these data demonstrate that MASL1 interacts
physically with Raf1, confirming that MASL1 induces erythroid
differentiation through the Raf/MEK/ERK pathway.

Discussion

Erythroid differentiation proceeds in response to specific signaling
pathways and according to a transcriptional program that is
regulated by DNA binding and lineage-restricted transcription
factors.2,20 Many questions remain unanswered regarding the
underlying molecular mechanisms that control lineage-specific
erythroid cell differentiation. However, we previously demonstrated
that MASL1 is selectively expressed in erythroid-lineage cells.7

Here, we illustrate for the first time that MASL1 could induce
erythroid differentiation through the Raf/MEK/ERK pathway but
not specifically at any stage of erythroid differentiation (Figure 6).

MASL1 is a novel gene on chromosome 8p23.1 that was
identified following the amplification of genes in DNA from
malignant fibrous histiocytoma tumors.8 It also has been identified
as an important oncogene in gastric cancer and hematologic
malignancies.9,21 In addition, genomic loss of MASL1 occurs
frequently in leukemic mantle cell lymphoma and squamous cell
carcinoma of the vulva or larynx and pharynx.10,22,23 MASL1 has
also been reported to be tumorigenic in nude mice.21 However, no
studies have described MASL1 function in erythropoiesis. Here, we
demonstrate that MASL1 is highly expressed during erythroid

Figure 4 (continued) shRNA-, and MASL1-knockdown CD341 cells at day 3, 5, 7, and 14 of EPO-induced differentiation analyzed by propidium iodide staining and flow

cytometry. The data are expressed as mean percentage of sub G0/G1, G0/G1, S, and G2/M phase cells. Error bars represent the SD from 3 independent experiments; *P, .05.

(E) Representative histogram for data presented in D.
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differentiation starting at the early stage of erythroid development,
and it is also an abundant protein in human RBCs. The knockdown
of MASL1 expression produced antidifferentiation effects in ery-
throid cells and led to a shift from erythroid to granulocytic-
monocytic populations. Our findings are consistent with the
possibility of lineage-dependent maintenance or suppression.24

MASL1-knockdown erythroid cells were arrested at G0/G1 cell-
cycle phase, and apoptosis was induced at an early stage of
erythroid differentiation, with an additional reduction in the
proliferation rate. Moreover, a reduction of erythroid differentiation
was observed when a mutation or deletion in the Ras-like GTPase
region of MASL1 was made. Our findings represent a new role for
MASL1 in erythroid differentiation.

Loss of chromosome 8p23.1 has been found to be associated
with some myelodysplastic syndromes (MDSs), a heterogeneous

group of clonal hematological disorders characterized by in-
effective hematopoiesis, dysplastic morphology of blood cells, and
substantial risk for progression to acute myeloid leukemia.25-27

MDS clones are thought to arise from the clonal acquisition of
mutations in primitive CD341 hematopoietic cells,28,29 but the
array of molecular abnormalities underlying these disorders has not
been completely delineated. MASL1 also maps to the chromosome
8p23.1 genomic segment, and the current study demonstrates a role
of MASL1 in erythropoiesis. It is therefore interesting to speculate
that MASL1 could be a candidate gene involved in the molecular
pathogenesis of some forms of MDS. However, this hypothesis
will require formal validation in clinical studies involving genotype/
phenotype analysis.

Themechanisms that are involved in EPO-induced erythropoiesis
have been intensively investigated. Several pathways, including the

Figure 5. MASL1 physically interacts with Raf1. (A) 239T cells were transfected with myc-DDK-tagged MASL1-pCMV6-Entry plasmid and collected for protein lysates 48

hours after transfection. The protein lysates were subjected to pull-down with GST-Raf1-RBD coupled to glutathione resin and the bound proteins were analyzed by western

blot using anti-MASL1 antibody (top). (Lane 1), mock-transfected 293T cell lysate pulled-down with GST-Raf1-RBD (Mock). (Lane 2), control vector-transfected 293T cell

lysate pulled-down with GST-Raf1-RBD (Control pCMV6). (Lane 3), myc-DDK-tagged MASL1-transfected 293T cell lysate pulled-down with GST-Raf1-RBD (MASL1

pCMV6). (Lane 4), GTPgS-treated myc-DDK-tagged MASL1-transfected 293T cell lysate pulled-down with GST alone (negative control) (GST). (Lane 5), GDP-treated myc-

DDK-tagged MASL1-transfected 293T cell lysate pull-down (inactivated-MASL1 control). (Lane 6), GTPgS-treated myc-DDK-tagged MASL1-transfected 293T cell lysate pull-

down (activated-MASL1 control). (Bottom 2 panels), expression levels of MASL1 and b-actin (as an internal control) in 10% of input samples. (B) CD341 cells were induced to

differentiate by EPO treatment of 14 days. At day 7 (Lane 1) and 14 (Lane 2) of differentiation, protein lysates were subjected to pull-down with GST-Raf1-RBD and then

western blot with anti-MASL1 antibody. (Lane 3), EPO-induced CD341 cells at day 14 of differentiation protein lysate pulled-down with GST alone (negative control). (Lane 4),

GDP-treated EPO-induced CD341 cells at day 14 of differentiation protein lysate pull-down (inactivated-MASL1 control). (Lane 5), GTPgS-treated EPO-induced CD341 cells

at day 14 of differentiation protein lysate pull-down (activated-MASL1 control). (Bottom 2 panels), expression levels of MASL1 and b-actin (as an internal control) in 10% of

input samples. (C) CD341 cells were induced to differentiate by G-CSF (Lane 1) or EPO (Lane 2) treatment of 14 days. The protein lysates were subjected to pull-down with

GST-Raf1-RBD and then western blot with anti-MASL1 antibody. (Lane 3), EPO-induced CD341 cells at day 14 of differentiation protein lysate pulled-down with GST alone

(negative control). (Lane 4), GDP-treated EPO-induced CD341 cells at day 14 of differentiation protein lysate pull-down (inactivated-MASL1 control). (Lane 5), GTPgS-treated

EPO-induced CD341 cells at day 14 of differentiation protein lysate pull-down (activated-MASL1 control). The lower 2 panels show expression levels of MASL1 and b-actin

(as an internal control) in 10% of input samples. Minus (2) and Plus (1) indicate the addition of GDP or GTPgS, respectively.
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JAK/STAT, PI3K/Akt, and Ras/Raf/MEK/ERK kinase cascades,
promote cell survival, proliferation, and differentiation. Numerous
other adapters and signaling intermediates are involved in EPO-
receptor signal transduction. Sakabe et al (1999) demonstrated that
the MASL1 protein has several domains: Ras; 3 leucine zippers; an
ATP/GTP-binding site; and a leucine-rich repeat (LRR) motif.8

Recently, the LRR-containing protein MASL1 has been reported in
the regulation of Toll-like receptor-dependent signal transduction.30

Given that a Ras-like GTPase region is found in the MASL1 protein,
we propose that this region may participate in the molecular
mechanisms by which MASL1 is involved in erythroid differenti-
ation similar to the Ras-GTPase protein. The Ras-like GTPases
perform central regulatory functions in cellular processes, such
as cell division, differentiation, cell-cell adhesion, growth, and
apoptosis. The Ras-like domain contains GTPase activity similar to
Ras. Acting as molecular switches, the Ras-like GTPases respond to
external signals by exchanging GTP for bound GDP, and the GTP-
bound active protein interacts with specific downstream effectors,
thereby triggering intracellular signaling cascades through their
interaction with a variety of target proteins.31 Four distinct Ras
proteins, including H-Ras, K-Ras4A, K-Ras4B, and N-Ras, have
been identified in mammals.32 Several reports have also documented
that the 4 Ras proteins have unique biological functions and par-
ticipate in different signaling cascades.33-35 Ras signaling has also
been shown essential for the development of erythroid progenitors.36

In contrast, H-Ras2/2, N-Ras2/2, and H-Ras2/2 N-Ras2/2 double-
knockout mice had no apparent hematopoietic abnormality, in-
dicating that Ras is dispensable for normal erythropoiesis.37,38

Regarding the roles of oncogenic Ras in erythropoiesis, it has been
shown that oncogenic H-Ras blocks terminal erythroid differentia-
tion and that enforced expression of an active mutant of N-Ras in
primitive hematopoietic cells inhibits proliferation of erythroid
cells.39,40 MASL1 is one of the human ROCO proteins, but its
functions in general as well as its specific roles are still unknown.

Here, we illustrated further insights into the role of MASL1 in
erythroid differentiation beyond a candidate oncogene.

Among various signaling molecules downstream of Ras, the
Raf/MEK/ERK pathway mainly promotes cell growth and dif-
ferentiation and prevents apoptosis of hematopoietic cells.41

Our results reveal that MASL1 shRNA-mediated knockdown
of MASL1 reduced downstream effectors of the Raf/MEK/ERK
pathway. Moreover, Erk1/2 phosphorylation was further inhibited
in MASL1-knockdown CD341 cells after EPO starvation, but
hyperstimulation of EPO-starved cells with 10 U/mL EPO was
sufficient to restore the level of Erk1/2 phosphorylation to that
observed before starvation. Consistently, an SOS SH3 domain
inhibitor that we used to inhibit GRB2/SOS interaction, which is
an upstream control element of the Ras/Raf/MEK/ERK pathway,
greatly reduced MASL1 expression and consequently inhibited
erythroid differentiation as well as the downstream effectors in the
Raf/MEK/ERK pathway. MASL1 mRNA levels were also reduced
when cells were treated with SOS inhibitor, suggesting the
possibility of negative feedback. Furthermore, our data demon-
strate that MASL1 levels were also decreased when Jak2,
a molecule interacting with the EPO receptor, was inhibited.
Strikingly, we found that MASL1 interacts physically with Raf1.
Therefore, our findings suggest that MASL1 activates erythroid
differentiation through the Raf/MEK/ERK pathway.

A negative network of feedback regulatory factors, including
interleukin-6 (IL-6), transforming growth factor-b, tumor necro-
sis factor-a, and interferon-g, appears to function negatively by
inhibiting erythropoiesis and promoting cell death of erythroblasts.42-45

IL-6 induces an upregulation of hepcidin expression, which
inhibits iron export from macrophages by binding to the iron
exporter ferroportin and inducing its degradation, thereby block-
ing availability of iron for erythropoiesis.46 A study has dem-
onstrated that downregulated MASL1 expression in macrophages
strongly enhanced IL-6 production following lipopolysaccharide

Figure 6. Proposed model for MASL1 involvement

in the Raf/MEK/ERK pathway during erythropoie-

sis. MASL1 induces erythroid differentiation through

the Raf/MEK/ERK pathway. EPO, erythropoietin; SCF,

stem cell factor.
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or polyinosinic-polycytidylic acid (polyIC) stimulation.30 Taken
together, these studies indirectly support our findings that
MASL1 is involved in erythropoiesis. However, further studies
are required to investigate how MASL1 interacts with IL-6 in
erythropoiesis.

In conclusion, we have established a new functional and
molecular pathway for MASL1 during erythroid differentiation.
These findings could be fundamental to the development of novel
genetic and cellular therapies for RBC disorders.
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