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Tescalcin is an essential factor
In megakaryocytic differentiation associated
with Ets family gene expression

Konstantin Levay' and Viadlen Z. Slepak?2

"Department of Molecular and Cellular Pharmacology and 2Neuroscience Program, University of Miami Miller School of Medicine, Miami, Florida, USA.

We show here that the process of megakaryocytic differentiation requires the presence of the recently dis-
covered protein tescalcin. Tescalcin is dramatically upregulated during the differentiation and maturation
of primary megakaryocytes or upon PMA-induced differentiation of K562 cells. This upregulation requires
sustained signaling through the ERK pathway. Overexpression of tescalcin in K562 cells initiates events of
spontaneous megakaryocytic differentiation, such as expression of specific cell surface antigens, inhibition of
cell proliferation, and polyploidization. Conversely, knockdown of this protein in primary CD34* hematopoi-
etic progenitors and cell lines by RNA interference suppresses megakaryocytic differentiation. In cells lacking
tescalcin, the expression of Fli-1, Ets-1, and Ets-2 transcription factors, but not GATA-1 or MafB, is blocked.
Thus, tescalcin is essential for the coupling of ERK cascade activation with the expression of Ets family genes

in megakaryocytic differentiation.

Introduction
Hematopoiesis is a multistage developmental process maintained
by a limited number of hematopoietic stem cells that proliferate,
self renew, and differentiate into mature blood cells of all lineag-
es. In the past, studies of purified primary cells, as well as animal
and cell line models that have preserved part of the differentia-
tion control mechanism, helped to define the major stages of this
fundamental process. While all the intermediate steps have yet to
be uncovered, it is now clear that differentiation requires kinase-
mediated signaling from various extracellular stimuli to transcrip-
tion factors in the nucleus. Previous studies demonstrated that
activation of ERK signaling pathway promotes hematopoietic dif
ferentiation and commitment. For example, ERK regulates T cell
development by favoring commitment to the CD4 lineage (1, 2). In
some myeloid cell lines, activation of ERK induces differentiation
into monocytes (3). In K562, HEL, CMK, and UT7 cell lines the
ERK pathway was shown to regulate commitment between mega-
karyocytic and erythroid cell fates. Activation of ERK in these cell
lines leads to the suppression of erythroid markers and induces
many features of megakaryocytic differentiation, such as growth
arrest, expression of specific markers, increased cell adhesion and
spreading, cellular enlargement, and polyploidization (4-8).
Activated ERK translocates to the nucleus and phosphorylates
several transcription factors, leading to both temporal and spatial
changes in gene expression. One group of such nuclear effectors
of ERK signaling is the Ets family of transcription factors, which
is highly conserved from metazoans to humans (9, 10). Ets pro-
teins are required for the expression of growth factors and their
cognate receptors as well as other components of the signaling
pathways responsible for the induction of subsequent stages of
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differentiation, including members of their own family (11, 12).
The exact mechanisms regulating the expression of Ets genes are
not yet fully understood.

Among the members of Ets family, Fli-1 and Ets-1 are particularly
important in megakaryocytopoiesis. They transactivate expression
of many lineage-specific genes, including thrombopoietin (TPO)
receptor c-MPL and glycoprotein Iba (GPIbat), GPIIb, GPV, GPVI,
GPIX, von Willebrand factor, and platelet factor 4 (13-25). Ets-1 reg-
ulates both the tissue-specific expression and DNA-binding activ-
ity of AML-1/RUNX1 transcription factor, which is required for
megakaryocytic maturation (26-28). Targeted disruption of Fli-1
in transgenic mice results in megakaryocytopoietic deficiencies and
profound cerebrospinal hemorrhage, followed by death at E11.5 (29,
30). In humans, the hemizygous loss of FLII gene underlies Paris-
Trousseau/Jacobsen syndrome, an acute bleeding disorder (31).

Tescalcin was discovered as an autosomal gene expressed dur-
ing the early stages of mouse testis development (32). It encodes a
24-kDa EF-hand protein with a single functional Ca?*-binding site
that can bind Ca?" with micromolar affinity (33). In vitro studies
implicate tescalcin in the inhibition of the phosphatase activity of
calcineurin A as well as in the regulation of Na*/H* exchanger viaa
direct protein-protein interaction (33-35). Tescalcin has a restrict-
ed tissue distribution pattern with the highest protein expression
level in the adult mouse heart, brain, and stomach as well as in
primary human blood cells and hematopoietic cell lines. Its mRNA
is also detected in mouse bone marrow and fetal liver. The func-
tion of tescalcin in these tissues is not known, but its expression in
developing tissues suggests a role in differentiation.

Here we present evidence that tescalcin is indispensable for the
expression of Ets family transcription factors, which regulate dif-
ferentiation of progenitor cells along the megakaryocytic lineage.

Results
Upregulation of tescalcin correlates with megakaryocytic differentiation. We
previously showed that tescalcin is expressed in some hematopoietic
cell lines, including chronic myelogenous leukemia K562 cells (33).
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The expression of tescalcin is increased during megakaryocytic differentiation. (A) K562 cells
were cultured in the presence of DMSO, hemin, or PMA for 72 hours, as described in Methods.
Cells lysates were subjected to Western blot analysis with antibody against tescalcin. (B) Stim-
ulation with PMA upregulates tescalcin at the mRNA level. K562 and HEL cells were cultured
in the absence or presence of PMA for 72 hours. Total RNA subjected to quantitative RQ-PCR
with tescalcin-specific primers (TagMan). Obtained values (n = 3; mean + SD) were normalized
to 18S ribosomal RNA, and expressed relative to unstimulated K562. (C) Tescalcin expression
in primary MKs. Mature mouse MKs were obtained from fetal livers as described in Methods.
Lysates of fetal liver cells (FLC) and MKs were analyzed for tescalcin expression by Western
blot. K562 lysate was used as positive control. (D) K562 cells were cultured in the presence
of PMA (10 nM) for the indicated times, and the accumulation of tescalcin was determined by
Western blot. (E) Bryostatin blocks PMA-induced upregulation of tescalcin. K562 cells were
stimulated by 10 nM PMA in the absence or presence of 100 nM bryostatin (Bryo). The expres-
sion of tescalcin was determined by Western blot. (F) Sustained ERK activity is required for
tescalcin upregulation. K562 cells were stimulated by PMA (10 nM) in the absence or presence
of MEK1/2 inhibitor (20 uM; U0126). Cell lysates were probed with antibodies to tescalcin, total
p44/42 MAPKs (ERK1/2), and phospho-p44/42 MAP kinases (ERK1*/2¥).

in tescalcin accumulation (Figure 1D).
This expression pattern parallels the PMA-
induced expression of other factors involved
in megakaryocytopoiesis (41) and indicates
that tescalcin may be a part of the differen-
tiation program. To test this idea, we treated
cells with bryostatin, a structurally distinct
PKC activator. Unlike PMA, bryostatin is
only capable of transient activation of ERK,
which is insufficient to induce differentia-
tion. Moreover, bryostatin effectively blocks
PMA-induced differentiation in K562 cells
(40). In our experiments, bryostatin inhib-
ited upregulation of tescalcin induced by
PMA (Figure 1E). To determine whether
ERK activity is necessary for PMA-induced

K562 cells are regarded as pluripotent hematopoietic progenitors
that express specific markers of granulocytic, monocytic, erythroid,
and megakaryocytic lineages. In addition, K562 cells can be induced
to differentiate in vitro following stimulation by a variety of specific
agents (36). To determine whether tescalcin is regulated in hemato-
poietic differentiation, K562 cells were stimulated with 1.5% DMSO,
30 uM hemin, or 10 nM PMA to promote granulocytic, erythroid, or
megakaryocytic differentiation, respectively. Treatment with PMA,
but not with DMSO or hemin, led to a dramatic increase in the level
of tescalcin protein (Figure 1A). A slight increase in tescalcin expres-
sion was also observed in PMA-treated HEL cells (data not shown),
another pluripotent hematopoietic cell line expressing markers of
megakaryocytic differentiation (37, 38). Real-time quantitative PCR
analysis (RQ-PCR) on total RNAs isolated from K562 and HEL cells
demonstrated that PMA-induced upregulation of tescalcin was at
least partially due to an increase in the accumulation of its mRNA
(Figure 1B). We also noticed that the level of tescalcin mRNA in
unstimulated HEL cells was at least 4-fold higher than in K562 (Fig-
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upregulation of tescalcin, we used U0126, a

highly selective inhibitor of both MEK1 and -2,
known direct upstream regulators of ERK. Pretreatment of cells
with 20 uM U0126 effectively blocked both the activation of ERK
and upregulation of tescalcin in response to PMA (Figure 1F).

Altogether, our results suggest that upregulation of tescalcin is
primarily dependent on sustained ERK activity and correlates with
the induction of megakaryocytic differentiation.

K562 cells overexpressing tescalcin recapitulate the events of early mega-
karyocytic differentiation. To establish the cause and effect relation-
ship between upregulation of tescalcin and megakaryocytic dif-
ferentiation, we generated several stable clones of K562 cells with
constitutive overexpression of tescalcin. Cells transfected with
empty pcDNA3 vector were used as negative controls. For the bio-
chemical and functional studies and to avoid clonal variability, we
pooled 3 independent clones of tescalcin overexpressors and cor-
responding controls. These pools of transfectants were designated
K562-Tsc(+) and K562-Ctrl(+), respectively.

We noticed that upon overexpression of tescalcin the fraction of
enlarged K562 cells had considerably increased. This observation
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Overexpression of tescalcin in K562 cells induces events of early megakaryocytic differentiation. (A) Overexpression of tescalcin leads to an
increased level of surface GPIllb. Control [K562-Ctrl(+)] and tescalcin overexpressing [K562-Tsc(+)] cells were stained with FITC-conjugated
CD41-specific antibody. Samples were analyzed using BD FACScan, with a minimum of 10,000 events acquired per sample. Expression profile
of surface CD41 in K562-Ctrl(+) and K562-Tsc(+) cells is shown as filled histogram. FITC-conjugated isotype mouse IgG was used as negative
control (open histogram). (B) Overexpression of tescalcin promotes polyploidy in K562 cells. K562-Ctrl(+) and K562-Tsc(+) cells were fixed and
stained with propidium iodide and their DNA content was analyzed by FACS. Pl log, propidium iodide, logarithmic scale. (C) The onset of PMA-
induced polyploidy occurs faster in tescalcin-overexpressing cells. K562-Ctrl(+) and K562-Tsc(+) cells were cultured in the presence of PMA for
indicated times and analyzed as described in B. (D) Cyclin D3 accumulation in tescalcin-overexpressing cells is increased. Wild-type [K562-WT],
K562-Ctrl(+), and K562-Tsc(+) cell lysates were probed with cyclin D3— and tescalcin-specific antibodies. f-Actin was used as a loading control.
(E) Reduction of proliferation rate in tescalcin-overexpressing cells. Absorbance at 490 nm of K562-Ctrl(+) and K562-Tsc(+) cell lines were com-
pared in the MTS-based cell proliferation assay, as described in Methods. Data represent 3 independent experiments (mean + SD).

led us to the idea that high levels of tescalcin in K562 may promote
spontaneous cell differentiation along megakaryocytic lineage. To
test this hypothesis, we examined typical characteristics of mega-
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karyocytic differentiation, such as the expression of GPIIb, poly-
ploidy, and the rate of cell proliferation (Figure 2, A-E). The expres-
sion of GPIIb, which is a part of GPIIb/IIIa (also known as olIbBIII,
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CD41/CD61) integrin complex, on the cell surface is one of the
key events of early megakaryocytopoiesis. Flow cytometry analysis
confirmed that K562-Tsc(+) cells show increased level of GPIIb and
that such an increase is mostly found on a subpopulation of larger
cells (Figure 2A and Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI27465DS1).
Another indicator of megakaryocytic differentiation is poly-
ploidization, which is essential for the efficient production and
release of platelets. It is known that in response to PMA stimu-
lation, K562 nuclear DNA ploidy rises to 4N-16N concurrently
with an increase in cell volume (36). Using FACS analysis of prop-
idium iodide-stained cells, we compared the DNA content in
K562-Crerl(+) and K562-Tsc(+) cells. In unstimulated K562-Tsc(+)
cells the number of cells with DNA content of 8N and more was
increased to 8%-10% compared with less than 1% in controls (Fig-
ure 2B). Further, we found that high levels of tescalcin caused
accelerated onset of polyploidy in response to PMA. More than
20% of 2N and 4N cells overexpressing tescalcin shifted to 8N and
higher ploidy after only 24 hours of stimulation. After 72 hours
of PMA stimulation, a significant number of K562-Tsc(+) cells
were already shifted to 16N and higher ploidy, while the major-
ity of control K562-Ctrl(+) cells remained at 4N and 8N (Figure
2C). It was reported earlier that the G1-phase cyclin, cyclin D3,
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Figure 3

Tescalcin knockdown inhibits PMA-induced polyploidy and increases
cell proliferation. (A) Western blot analysis of wild-type cells and cells
expressing scrambled Ctrl(—) and tescalcin-specific Tsc(-) target
sequence shRNAs. Cells were cultured in the absence and presence
of PMA and then analyzed by Western blot with antibody to tescal-
cin. B-Actin was used as a loading control. (B) Comparison of the
DNA content in control HEL-Ctrl(-) and tescalcin knockdown HEL-
Tsc(—) cells prior to or after stimulation by PMA for 72 hours. Cells
were fixed, stained with propidium iodide, and analyzed by FACS. (C)
Increase in cell proliferation after tescalcin knockdown. HEL-Citrl(—)
and HEL-Tsc(-) cells were compared in the MTS-based cell prolifera-
tion assay, as described in Methods. Data represent 3 independent
experiments (mean + SD).

is upregulated in polyploidizing megakaryocytic cells and that
overexpression of cyclin D3 in transgenic mice leads to increased
MK number and ploidy (42, 43). In agreement with these earlier
observations, we found that K562-Tsc(+) cells had an increased
accumulation of cyclin D3 (Figure 2D). Next we determined the
effect of tescalcin overexpression on the growth rate of K562 cells.
For this we cultured cells in low-serum growth medium (1% FBS)
in order to decrease the proliferative drive while preserving viabil-
ity. As expected of differentiating cells undergoing polyploidy and
growth inhibition, proliferation of K562-Tsc(+) cells was signifi-
cantly reduced (Figure 2E). Consistent with this observation, our
attempt to generate stable constitutive overexpression of tescalcin
in HEL cells resulted in a rapid cell enlargement and death within
several days (Supplemental Figure 2).

Thus our results strongly indicate that overexpression of tes-
calcin is sufficient to induce the early events of megakaryocytic
differentiation in K562 cells, including the expression of the MK-
specific marker GPIIb, increased cell size, polyploidization, and
inhibition of growth rate.

Effect of tescalcin knockdown on cell proliferation and PMA-induced
polyploidy. To determine whether tescalcin is necessary for mega-
karyocytic differentiation, we inhibited its expression in K562 and
HEL cells by vector-based short hairpin RNA (shRNA). In a number
of generated stable clones the expression of tescalcin was dramati-
cally reduced. Pools of 3 independent clones of each type, termed
“KS62-Tsc(-)” and “HEL-Tsc(-),” were used in all further experi-
ments. PMA stimulation could cause only a minor increase of tes-
calcin expression in these cells (Figure 3A). For a negative control,
we established several cell lines stably transfected with the shRNA
construct encoding a scrambled target sequence and termed them
“K562-Ctrl(-)” and “HEL-Ctrl(-).” The level of tescalcin expression
in control cells was similar to wild-type K562 and HEL.

The phenotype caused by tescalcin knockdown was exactly
opposite that observed with tescalcin overexpression. As expected,
control HEL-Ctrl(-) cells responded to PMA treatment, with the
DNA content rising up to 16N ploidy level within 72 hours, where-
as the DNA content in tescalcin knockdown HEL-Tsc(-) cells did
not increase beyond 4N (Figure 3B). The DNA histogram for the
uninduced HEL-Tsc(-) shows the accumulation of cells in S phase
of cell cycle, indicative of their higher proliferative activity. Indeed,
the proliferation rate of HEL-Tsc(-) was significantly higher than
that of HEL-Ctrl(-) cells (Figure 3C). Thus knockdown of tescalcin
prevents HEL cells from undergoing PMA-induced polyploidy and
increases the rate of cell proliferation.

Effects of tescalcin knockdown on adbesion of HEL cells. Adhesion
and spreading on extracellular matrix is an important step in
Volume 117 2675
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megakaryocytic differentiation and maturation in vivo (44). We
examined the effect of tescalcin knockdown on fibronectin-spe-
cific adhesion. While HEL cells normally grow in suspension, they
also strongly adhere to a plastic surface after treatment with PMA
(Figure 4, A and B). Knockdown of tescalcin significantly reduced
this ability. Instead we observed a homotypic aggregation of HEL-
Tsc(-) cells, which started approximately 36 hours after induction
with PMA (Figure 4C). Moreover, fibronectin-specific adhesion
was strongly inhibited as well. Under normal growing conditions
75%-80% of either HEL-WT or HEL-Ctrl(-) cells attached to fibro-
nectin-coated plates within 30 minutes. The adherence increased
to almost 100% when cells were stimulated with 10 nM PMA. In
contrast, only about 3% of unstimulated HEL-Tsc(-) cells adhered
to fibronectin, and the number of adhering cells did not increase
above 12% even in the presence of PMA (Figure 4D).

Tescalcin is necessary for the expression of integrins. The major cell
surface receptors for extracellular matrix molecules are integrins,
a family of af heterodimeric transmembrane glycoproteins. Inte-
grins of By and B3 subfamilies, primarily a4p1, a5p1, and allbp3,
have been identified as being responsible for the binding of hema-
topoietic progenitor cells to fibronectin (45, 46). We used FACS
analysis to assess the surface expression of GPIIb, 04, and a.5 inte-
grins which are known to be present in HEL cells. Consistent with
previous reports, PMA treatment of HEL-Ctrl(-) resulted in a dra-
matic increase of GPIIb surface expression, whereas the expression
of a4 and a5 integrins did not change significantly (Figure SA). In
tescalcin knockdown HEL-Tsc(-) cells, the surface expression of
GPIIb and 04 molecules was below detectable levels either before
or after PMA stimulation. This finding evidently explains the low
2676

The Journal of Clinical Investigation

htep://www.jci.org

Figure 4

Tescalcin knockdown inhibits cell adherence to plastic and extracellular
matrix proteins. Plated in plastic culture dishes, HEL-WT (A), HEL-
Ctrl(-) (B), and HEL-Tsc(-) (C) cells were stimulated by 10 nM PMA.
Cells were photographed 36 hours later at x200 magnification. Scale
bar: 25 um. (D) HEL-WT, HEL-Ctrl(-), HEL-Tsc(-) cells were allowed
to adhere for 30 minutes in a 96-well culture plate precoated with
fibronectin in the absence or presence of 10 nM PMA. Adhesion was
measured as described in Methods. Bar graphs represent results of 3
independent experiments performed in triplicate (mean + SD).

adhesion phenotype displayed by HEL-Tsc(-) cells (Figure 4). In
contrast, the expression level of a5 integrin did not differ from
that of control cells, indicating that the effect of tescalcin knock-
down in HEL cells is specific to GPIIb and a4 integrin subunits.
A similar effect of tescalcin knockdown on GPIIb expression was
observed in K562-Tsc(-) cells (Figure 5B). Western blot analysis of
total cell lysates demonstrated that not only surface expression
but also the total level of GPIIb before and after PMA stimulation
were drastically affected by the knockdown of tescalcin in both
HEL and K562 cells (Figure 5, C and D).

Downregulation of tescalcin in human bone marrow CD34" cells inhib-
its megakaryocytic differentiation. To examine the role of tescalcin in
primary cells, we knocked down tescalcin in human bone marrow
CD34* progenitors (Stem Cell Technologies Inc.) and tested their
ability to differentiate using a CFU assay. Cells were transduced
with lentiviral vectors encoding scrambled and tescalcin-specific
shRNA. According to GFP coexpression, approximately 50% of
cells were infected at MOI = 5. The increase in MOI resulted in
adverse effects on cell viability compared with noninfected CD34*
cells. To assess the extent of tescalcin knockdown, infected cells
were cultured in liquid MK differentiation medium for 7 days and
analyzed by Western blot. Tescalcin level was reduced approxi-
mately 2-fold in the entire pool of cells, indicating that knock-
down was quite efficient in infected cell population (Figure 6A).
The collagen-based CFU-MK analysis of the transduced CD34*
progenitors revealed the following effects: the strongest effect of
tescalcin knockdown was the 5-fold increase in frequency of small
(3-20 cells/colony) CFU-MK-derived colonies (Figure 6, B and
C). Importantly, the majority of CFU-MK colonies in the control
consisted of 7-20 GPIIb-positive cells, whereas CFU-MK colonies
after tescalcin knockdown contained only 3-S5 cells (Figure 6, D
and E). Another distinct effect of tescalcin knockdown was a 2-fold
(P = 0.044) decrease in a number of large colonies resembling the
primitive burst-forming unit-MK (BFU-MK). The number of well
defined colonies of other hematopoietic cells (negative for GPIIb)
increased more than 3-fold (P =0.017) upon tescalcin knockdown
(Figure 6, B and C). These results show that tescalcin plays an
important role in megakaryocytic differentiation of primary bone
marrow CD34* progenitors.

Downregulation of tescalcin inhibits GPIIb gene transcription. To
determine whether tescalcin inhibits the expression of GPIIb at
the mRNA or protein level, we analyzed the relative expression of
GPIIb mRNA in HEL and K562 cells. RQ-PCR with TagMan set
of probe and primers (Applied Biosystems) showed that tescalcin
knockdown in HEL-Tsc(-) results in almost complete inhibition
of GPIIb expression (Figure 7A). Such a reduction of GPIIb mRNA
level in cells lacking tescalcin can be explained by either lower tran-
scriptional activity of GPIIb promoter or by mRNA instability. To
assess the transcriptional activity of the full-length human GPIIb
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Figure 6

Silencing of tescalcin in CD34+ progenitors inhibits megakaryopoiesis. (A) 1 x 10*human bone marrow CD34+ cells were transduced with control
or tescalcin-specific shRNA lentiviral vectors at MOI = 5, cultured in liquid differentiation media (MegaCult; StemCell Technologies Inc.) with
cytokines (50 ng/ml TPO, 10 ng/ml IL-6, 10 ng/ml IL-3) for 7 days, and analyzed for tescalcin expression by Western blot. (B and C) CD34+ cells
were transduced by spinoculation with scrambled control (B) or tescalcin-specific shRNA (C) lentiviral vectors at MOI = 5 in serum-free medium,
as described in Methods. After recovering for 16 hours, cells were suspended in collagen-based MK differentiation media and plated in chamber
slides. Twelve days later, cells were fixed, stained with anti-GPIIb antibody, and scored for 5 types of colonies. Large BFU-MK colony (LG) was
defined as a cluster of 50—200 and more MKs with 2 or more different foci of development. Medium BFU-MK colony (MD) was defined as a cluster
of 21-50 MKs. Small CFU-MK colony (SM) contained 3—20 MKs. Mixed (MX) colony was defined as a cluster of 2 or more MKs mixed with other
hematopoietic cells. Non-MK (NON) colony was defined as cell cluster negative for GPIIb staining. Results of 6 experiments are presented as
box-and-whisker plots, with the line within the box indicating the median, the box representing 25% and 75% percentiles, and whiskers indicating
maximum and minimum values (*P < 0.05; **P < 0.005, compared with scrambled control). (D and E) Typical small CFU-MK colonies formed

after transduction with control (D) and tescalcin-specific (E) shRNA lentiviral vectors.

promoter we used a luciferase reporter assay. The GPIIb promoter
was highly active in the untreated HEL-Ctrl(-) and less so in K562-
Ctrl(-) cells, consistent with the higher basal expression of tescal-
cin in HEL cells. However, in both HEL-Tsc(-) and K562-Tsc(-)
cells, the activity of the promoter was blocked (Supplemental
Figure 3). Therefore, our results show that the downregulation of
tescalcin strongly inhibits GPIIb gene transcription.

Tescalcin is necessary and sufficient for the expression of Ets family
genes. The expression of GPIIb mRNA in megakaryocytopoiesis
is known to be controlled by a number of transcriptional fac-
tors, such as GATA-1, Ets-1, Ets-2, Fli-1, PU.1, MafB, and oth-
ers (41, 47-51). We used RQ-PCR to quantitatively examine the
expression of these factors in cells with both knocked down and
overexpressed tescalcin.

Our results demonstrate that the levels of Ets-1 and Fli-1 mRNA in
HEL-Tsc(-) cells were almost undetectable. Ets-2 and PU.1 mRNAs
were downregulated 10- and 4-fold, respectively, by tescalcin knock-
down. The levels of GATA-1 and MafB mRNAs were not affected
(Figure 7A), indicating the specificity of the tescalcin knockdown
effect. Knockdown of tescalcin in K562 had a similar effect on
expression of Ets family genes (data not shown). Consistent with the
RQ-PCR data, Western blot analysis confirmed the decrease of Ets-1
and Fli-1 protein levels in cells lacking tescalcin. PMA stimulation
caused only a minor increase in their expression (Figure 7B). Impor-
tantly, in overexpressing tescalcin K562-Tsc(+) cells the basal levels
of Ets-1 and Ets-2 mRNA along with their target gene, GPIIb, was
2678
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significantly higher. The level of GATA-1 mRNA in these cells was
notaffected (Figure 7C). PMA stimulation for only 18 hours did not
have a significant effect on GPIIb or Ets-2 mRNA levels in control
cells, although their expression was induced almost 4-fold in cells
overexpressing tescalcin (Figure 7C). Downregulation of GATA-1
upon PMA stimulation is typical for K562 (52).

Taken together, our results demonstrate that expression levels
of tescalcin in K562 and HEL cells regulate their megakaryocytic
differentiation by controlling the genes encoding transcription
factors of the Ets family.

Discussion
In the process of hematopoiesis, commitment and differentiation
of progenitor cells along a particular lineage requires coordinated
activation of cytokine receptor signaling pathways and cell-spe-
cific gene expression. In this study we report the discovery of a new
factor necessary for megakaryocytic differentiation and expression
of transcription factors of the Ets family.

Tescalcin is upregulated in megakaryocytic differentiation. Tescalcin
was originally discovered as a novel gene temporally expressed in
the area of the urogenital ridge and mesonephros (32). Although
tescalcin has been implicated in the formation of male gonads, its
function in gonadal development remains unknown. Furthermore,
the urogenital ridge and mesonephros are the segments of aorta
gonad mesonephros region, a potent site of hematopoiesis within
the mammalian embryo and the first place from which hemato-
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Figure 7

Tescalcin controls expression of Ets family transcription factors at the mRNA level. (A) Total RNA was isolated from HEL-Ctrl(—) (white bars)
and HEL-Tsc(-) cells (gray bars). Gene expression was analyzed by RQ-PCR (TagMan) with tescalcin-, GPllb-, Ets-1—, Ets-2—, Fli-1—, PU.1-,
GATA-1—-, and MafB-specific primers as described in Methods. Data are expressed relative to wild-type HEL cells (n = 3; mean + SD). (B) Control
HEL-Ctrl(-) and tescalcin knockdown HEL-Tsc(-) cells were cultured in absence or presence of PMA for 72 hours. Expression of Ets-1 and Fli-1
transcription factors was assessed by Western blot with specific antibodies. (C) Total RNA was isolated from K562-Ctrl(+) and tescalcin overex-
pressing K562-Tsc(+) cells cultured in absence or presence of PMA for 18 hours. RQ-PCR using GPIlb-, Ets-1—, Ets-2—, and GATA-1-specific
primers was performed as described in A. Data are expressed relative to wild-type unstimulated K562 (n = 3; mean + SD). (D) Cytospin prepara-
tions of K562 cells on glass slides were stained with antibody to tescalcin and then with FITC-labeled donkey anti-rabbit antibody. Slides were
mounted with DAPI containing mounting media (Prolong; Molecular Probes) to identify cell nuclei. All images were acquired at x1,000 magnifi-
cation. Scale bar: 10 um. (E) Outline of tescalcin-mediated pathway. TPO binds to its receptor, c-Mpl, on the cell surface and activates the ERK
signaling cascade. Treatment of cells with PMA leads to a similar activation of ERK. The sustained ERK activity causes upregulation of tescalcin,
which in turn promotes expression of the Ets family genes, orchestrating terminal differentiation along megakaryocytic lineage.

poietic stem cells emerge (53). A more detailed examination of tes-  the pluripotent hematopoietic progenitor cell lines K562 and HEL
calcin tissue distribution revealed that its mRINA is also expressed  and its expression is upregulated during megakaryocytic differen-
in other areas of hematopoiesis, such as fetal liver and adult bone  tiation. These findings led us to hypothesize that tescalcin plays a
marrow (33). In this study we show that tescalcin is expressed in  role in embryonic and adult hematopoiesis.
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K562 and HEL cell lines are widely used as models to study hema-
topoietic differentiation. They have an advantage over primary cells
of being homogeneous and easily cultured and transfected, facilitat-
ing studies and analysis. Treatment of these cells with PMA induces
typical features of megakaryocytic differentiation, such as growth
arrest, progressive polyploidization, and acquisition of lineage-spe-
cific markers. Polyploidization (endomitosis), a unique feature of
megakaryocytic cells, is characterized by repeated rounds of DNA
replication without completion of anaphase B and cytokinesis
(54). The beginning of endomitosis coincides with suppression of
proliferation-promoting genes and temporary arrest at GO phase.
The ploidy of MKs increases progressively from 8N up to 128N
and directly correlates with the ability to produce platelets (55).
Examination of the cyclin machinery has shown that elevated lev-
els of cyclin D3 and the associated kinase activity promote multiple
cycles of endomitotic DNA synthesis (54). We have observed that
expression of tescalcin is strongly increased during PMA-induced
megakaryocytic differentiation of K562 and HEL cells (Figure 1, A
and B) as well as during TPO-induced maturation of primary MKs
(Figure 1C). It is known that the differentiation and proliferative
capacities of K562 cells correlate with the activation and localiza-
tion of PKC-a and -BII isoforms (56). PMA-induced megakaryocyt-
ic differentiation and cytostasis are accompanied by an increase in
PKC-a, a decrease in PKC-PII levels, and sustained activation of the
Raf/MEK/ERK signaling pathway. In contrast, bryostatin causes
upregulation of both o and BII isoforms and nuclear translocation
of BII In K562 cells, this nuclear activity of PKC-BII generates a
proliferative signal that overrides the PMA-induced differentiation
(40). In our experiments, bryostatin effectively inhibited PMA-
induced upregulation of tescalcin, which supported our model that
tescalcin upregulation correlates with megakaryocytic differentia-
tion, and was not required for cell proliferation (Figure 1E). We also
determined that this upregulation is mediated by sustained ERK
activity. Only prolonged (>48 hours) stimulation of cells with PMA
leads to an increase in tescalcin accumulation (Figure 1D). Pretreat-
ment of cells with the specific MEK1/2 inhibitor U0126 abolished
PMA-induced activation of the ERK1/2 kinase pathway as well
as upregulation of tescalcin (Figure 1F). Together these results
demonstrate that upregulation of tescalcin occurs downstream of
ERK1/2 activation and led us to hypothesize that tescalcin is one of
the causal factors in differentiation.

Tescalcin is essential for megakaryocytic differentiation. We manipulat-
ed the expression levels of tescalcin in K562 and HEL cells as well as
in human bone marrow CD34" progenitors. The overexpression of
tescalcin in K562 cells was sufficient to induce all the tested traits
of megakaryocytic differentiation. Surface expression of GPIIb in
unstimulated cells was increased. The number of cells with 8N
and higher ploidy increased up to 10-fold, and the progression of
polyploidization in response to PMA was significantly accelerated.
Accumulation of cyclin D3, which is known to promote endomi-
tosis in mouse MKs (43), was also increased. As expected of a dif-
ferentiating cell, the rate of proliferation was notably decreased in
K562, whereas HEL cells transfected with tescalcin expression con-
struct could not grow at all. Downregulation of tescalcin in K562
and HEL cells produced an exactly opposite phenotype: increased
proliferation and suppressed endomitosis under both resting and
PMA-induced conditions. Cell adhesion and expression of GPIIb
were blocked. The manifestation of these phenotypes was much
stronger in HEL cells, perhaps because they have a higher basal
level of endogenous tescalcin than do K562 cells.

2680
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In primary human bone marrow CD34" cells, knockdown of tes-
calcin also resulted in phenotype consistent with its role in MK
differentiation. Bone marrow CD34* progenitors contain multiple
types of CFUs that give rise to different hematopoietic lineages.
Within the MK lineage there is a clear hierarchy of progenitor
cells that determines their developmental and physical properties
(57-60). The most primitive progenitors, BFU-MKs, have a higher
proliferative capacity than the later, more committed CFU-MK. We
observed that tescalcin knockdown led to a decrease in the number
of large BFU-MK-derived colonies and a dramatic increase in a
number of small CFU-MK-derived colonies. These CFU-MK colo-
nies had unusually small number of cells (Figure 6, B and C). We
have also observed the appearance of a large number of colonies
that were negative for GPIIb staining. These distinct effects of the
tescalcin knockdown can be explained by the inherent heteroge-
neity of CD34* progenitors. It is possible that the phenotypic dif-
ferences between progenitor subpopulations arise from dynamic
changes in their gene expression status and different responses to
stimuli. Tescalcin knockdown, therefore, can invoke qualitatively
and/or quantitatively different effects on CD34* subpopulations.
To gain insight into how tescalcin mediates megakaryopoiesis at
the molecular level, we used K562 and HEL cells, which are homo-
geneous, and focused on the regulation of GPIIb expression, a
marker of megakaryocytic differentiation.

Tescalcin controls the expression of Ets family transcription factors. We
demonstrate that in tescalcin-deficient cells both the accumulation
of GPIIb mRNA and the activity of the GPIIb promoter were severely
impaired (Figure 7A and Supplemental Figure 3). These facts imply
that tescalcin controls the mechanism of GPIIb transcription.

It was known that expression of GPIIb, a classical megakaryo-
cytic marker, is regulated through various response elements in its
gene promoter and by combinatorial action of multiple transcrip-
tional factors. Essential for megakaryocytopoiesis, transcription
factor GATA-1 regulates transcription of GPIIb (51). The zinc-fin-
ger protein FOG and transcription factor AML-1/RUNX1 enhance
the activity of GPIIb promoter through cooperation and physical
interaction with GATA-1 (61, 62). Several transcription factors of
the Ets family such as Fli-1, Ets-1, Ets-2, and PU.1 were also shown
to transactivate GPIIb promoter (47-50). A member of the Maf
family of transcription factors, MafB/Kreisler, regulates GPIIb pro-
moter in a synergistic interaction between GATA-1 and Ets-1 (41).
In our study the knockdown of tescalcin in HEL and K562 cells
exerted a strong inhibitory effect on transcription of genes encod-
ing members of the Ets family, particularly Fli-1, Ets-1, and Ets-2.
In agreement with this, overexpression of tescalcin in K562-Tsc(+)
cells raised basal levels of Ets-1 and Ets-2 mRNAs along with their
target, GPIIb. The levels of GATA-1 mRNA remained unchanged.
Moreover, high levels of tescalcin in K562-Tsc(+) cells allowed for
a faster transcriptional upregulation of marker genes after a short
treatment with inducer.

These findings allow us to outline a pathway in which upreg-
ulation of tescalcin by the ERK signaling cascade promotes the
expression of Ets family transcription factors and induces the events
of megakaryocytic differentiation (Figure 7E). The exact molecular
mechanisms of how tescalcin regulates the expression of transcrip-
tion factors and how transcription of tescalcin itself is regulated
remain to be elucidated. Tescalcin does not possess a DNA bind-
ing domain, however it potentially can regulate gene expression
via one of the mechanisms known for other EF-hand Ca?*-binding
proteins. For example, calmodulin-dependent protein kinases acti-
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vated by Ca?*/calmodulin phosphorylate various protein substrates
including MAPKs and CREB. This results in the activation of tran-
scriptional coactivator CBP/p300, which is known to regulate chro-
matin remodeling, and numerous transcription factors including
those involved in hematopoiesis (63-65). Calmodulin also regulates
protein phosphatase calcineurin, which controls translocation of
transcription factor NFAT from cytosol to the nucleus (66). Alter-
natively, some EF-hand proteins can directly interact with transcrip-
tion factors within the nucleus. Some members of the S100 subfam-
ily of EF-hand proteins can either stimulate or inhibit the activity
of the tumor suppressor p53 by direct interaction and alteration
of its oligomerization and phosphorylation states (67, 68). Direct
binding of DNA represents yet another mechanism of gene expres-
sion regulation recently discovered for EF-hand proteins. Neuronal
transcriptional repressor DREAM, which does not have a distinct
DNA binding domain, nevertheless binds DNA regulatory elements
downstream of some promoter sequences. At low Ca?* concentra-
tion DREAM forms a tetramer capable of specific DNA binding,
whereas high Ca?" concentration induces formation of a dimer,
which is incapable of DNA binding and transcriptional repression
(69, 70). Previous studies (33, 35) reported the interaction of tescal-
cin with calcineurin and Na*/H* exchanger, but it is not yet clear
whether these in vitro studies are physiologically significant. In fact,
a pool of endogenous tescalcin is found in the nucleus of K562 cells
(Figure 7D), where it may exert functions related to transcription,
chromatin remodeling, and other nuclear activities. Since tescalcin
undergoes a distinct conformation change at submicromolar Ca?*
(33), it is tempting to speculate that it might work as a “coincidence
detector” responding to transient changes in free Ca?*, only when
the sustained activation of the MAPK pathway by growth factors
(Figure 7E) increases tescalcin expression.

Transcription factors of the Ets family regulate the expres-
sion of genes involved in cellular proliferation, differentiation,
development, transformation, and apoptosis (9, 11), which may
explain the magnitude of the effect of tescalcin knockdown on
megakaryocytic differentiation. Besides hematopoiesis, Ets signal
transduction is also essential in angiogenesis/vasculogenesis at the
earliest embryonic stages and is later involved in tissue develop-
ment. In adult animals, Ets genes are expressed in multiple tis-
sues, including central nervous system, ovaries, testes, kidneys, and
lungs (71). Since tescalcin is also highly expressed in several tissues
including heart and brain, it is reasonable to expect that it plays an
important role in terminal differentiation of many cell types.

Methods

Cell culture, transfection, stable cell lines, and luciferase assay. K562 (CCL-243)
and HEL (TIB-180) cells were supplied by the ATCC and cultured in RPMI
with 10% FCS and 1x penicillin/streptomycin at 37°C, 95% humidity, and
5% CO; pressure. For transfection, the exponentially growing K562 or HEL
cells were washed twice with PBS and resuspended in serum-free RPMI
media at concentration 2 x 107 cells/ml. The electroporation was performed
using 80 ug of plasmid DNA mixed with 0.8 ml of cell suspension. Cells
were subjected to a single electric pulse (960 microfarad, 250 V) in 0.4-cm
gap electroporation cuvettes using a Bio-Rad Gene Pulser electroporator,
followed by dilution to 5 x 105 cells/ml in RPMI 1640 (Invitrogen) with 20%
FCS and antibiotics. For making stable cell lines, neomycin-resistant cells
were selected by G418 (1.5 mg/ml; Invitrogen) for 2 weeks and then cloned
by limited dilution in 96-well plates. Single-cell clones were expanded and
screened for the expression of tescalcin by western blot analysis. Selected
clones were maintained in RPMI with 10% FCS and 1 mg/ml of G418.
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Purification of primary MKs. The procedure for isolation and culture of
mouse MKs was essentially described in ref. 39. Briefly, whole livers were
recovered from mouse fetuses on 13-15 dpc, and single-cell suspensions
were prepared by repeated passage through 21- and 25-gauge needles. Fetal
liver cells were then cultured in DMEM with 10% FCS, 2 mM L-glutamine,
0.5x penicillin/streptomycin, 0.1 mM nonessential amino acids, and 0.1
ug/ml TPO. Mature MKs were harvested on the fifth and eighth days of
culture and purified on a 1-step BSA gradient as described in ref. 72. The
cell suspension was loaded onto 1.5% over 3% BSA and sedimented at
normal gravity for 45 minutes at room temperature. The bottom cell frac-
tion contained more than 90% large cholinesterase-positive cells. This was
determined essentially as described in ref. 73.

Design and characterization of tescalcin-specific shRNA. The sequence target-
ing nucleotides 188-208 of tescalcin open reading frame was determined
by GenScript siRNA Target Finder software (http://www.genscript.com/
ssl-bin/app/rnai) and subjected to a BLAST search (http://www.ncbi.nlm.
nih.gov/BLAST/) against the NCBI human Non-RefSeq RNA library to
ensure that no other gene(s) were targeted. The design of the negative con-
trol construct pshSCR was based on the rearranged (scrambled) tescalcin
target sequence. Pairs of complementary synthetic oligonucleotides for
the tescalcin target sequences 5'-GATCCCGTGTTGTCGAAGAAGGCAC-
GAATTGATATCCGTTCGTGCCTTCTTCGACAACATTTTTTC-
CAAA-3" (shTSC-A), 5'-AGCTTTTGGAAAAAATGTTGTCGAAGAA-
GGCACGAACGGATATCAATTCGTGCCTTCTTCGACAACACGG-3'
(shTSC-B), S'-GATCCCGGTGATTCCTGAACTGCCGTTGTTGATATCC-
GCAACGGCAGTTCAGGAATCACTTTTTTCCAAA-3' (shSCR-A), and
S'-AGCTTTTGGAAAAAAGTGATTCCTGAACTGCCGTTGCGGATAT-
CAACAACGGCAGTTCAGGAATCACCGG-3' (shSCR-B) were annealed
together and cloned into pRNA-U6.1/Neo vector (GenScript Corp.) to
generate plasmids psiTSC and psiSCR, respectively. The specificity and
efficiency of psiTSC was evaluated in the pilot experiment when HeLa cells
were transiently cotransfected with pTSC, pshTSC, and pshSCR plasmid
DNAs, in which pshTSC was able to markedly suppress the overexpression
of tescalcin driven by pTSC.

RNA isolation and quantification of gene expression. Total RNA was extracted from
cells using TRIzoL reagent (Invitrogen), purified over RNeasy column with
DNase digestion step (QIAGEN), and converted to cDNA using High-Capac-
ity Reverse Transcription kit (Applied Biosystems). RQ-PCR was performed
using 10 or 20 ng of cDNA, TagMan Fast Universal PCR Master Mix, and the
following Tagman Gene Expression Assays: Ets-1 (Hs00428287_m1), Ets-2
(Hs00232009_m1), Fli-1 (Hs00231107_m1), GATA-1 (Hs00231112_m1),
GPIIb (Hs00166246_m1), MafB (Hs00534343_s1), PU.1 (Hs02786711_m1),
tescalcin (Hs00215487_m1),and 18S (4333760T). The reactions were run in
triplicate on the 7900HT Fast Real-Time PCR System (Applied Biosystems)
and normalized to the endogenous control 18S ribosomal RNA.

Lentiviral vector construction and production. The lentiviral transfer vectors
were generated as follows. A portion of pshTSC or pshSCR plasmid contain-
ing U6 promoter and shRNA target sequence was inserted into pRRLsin.
cPPT.hCMV.EGFP.Wpre vector (74) upstream of the CMV promoter. For
production of lentivirus, 293T cells were cotransfected with transfer vectors
pCMVdAR8.74 and pMD2VSV.G essentially as described in refs. 75, 76. Lenti-
viruses were harvested 72 hours after transfection, passed through a 0.45-uM
filter, and concentrated 100-fold by ultracentrifugation through 20% sucrose
cushion (100,000 g for 90 minutes; 4°C). Titers of viral stock were deter-
mined on HEL cells transduced by spinoculation (1,000 g for 90 minutes;
30°C) and analyzed by FACS 48 hours later. The efficacy of tescalcin knock-
down in HEL cells was determined by western blotting.

In vitro transduction of bone marrow cells and CFU-MK assay. Human bone
marrow CD34* progenitor cells were purchased from Stem Cell Tech-
nologies Inc. Cells were suspended at 10° cells/ml in serum-free media
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(Stemline IT; Sigma-Aldrich) with 8 ug/ml polybrene and transduced by
spinoculation (MOI = 5), followed by wash and 16 hours recovery in Stem-
line II media. To determine transduction efficiency, cells were cultured in
Stemline IT media, supplemented with cytokines (100 ng/ml TPO; 100 ng/
ml SCF; 100 ng/ml G-CSF) for an additional 72 hours, and then analyzed
by FACS for GFP expression. For megakaryocytic differentiation, 5 x 103
CD34* cells were cultured on chamber slides by means of a commercially
available kit (MegaCult-C; StemCell Technologies). After 12 days in cul-
ture, cells on slides were fixed, immunolabeled for GPIIb/IIla, and scored
under microscope. Three categories of colonies were identified: pure MK
colonies, mixed MK colonies (distinguished by the presence of non-MK
cells), and non-MK colonies. Pure MK colonies were scored according to
size and maturity as follows: large BFU-MKs with more than 50 cells and
2 or more different foci of development; medium BFU-MK colonies with
20-50 cells; and small CFU-MKs with 3-20 cells.

Statistics. Statistical analysis was performed using paired, 2-tailed Stu-
dent’s ¢ test and Microsoft Office Excel 2003 software. Statistical signifi-
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