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During anemia erythropoiesis is bolstered by several factors
including KIT ligand, oncostatin-M, glucocorticoids, and eryth-
ropoietin. Less is understood concerning factors that limit this
process. Experiments performed using dual-specificity tyro-
sine-regulated kinase-3 (DYRK3) knock-out and transgenic
mice reveal that erythropoiesis is attenuated selectively during
anemia. DYRKS is restricted to erythroid progenitor cells and
testes. DYRK3™/~ mice exhibited essentially normal hematolog-
ical profiles at steady state and reproduced normally. In
response to hemolytic anemia, however, reticulocyte produc-
tion increased severalfold due to DYRK3 deficiency. During
5-fluorouracil-induced anemia, both reticulocyte and red cell
formation in DYRK3™/~ mice were elevated. In short term
transplant experiments, DYRK3 ™"~ progenitors also supported
enhanced erythroblast formation, and erythropoietic advan-
tages due to DYRK3-deficiency also were observed in 5-fluorou-
racil- treated mice expressing a compromised erythropoietin
receptor EPOR-HM allele. As analyzed ex vivo, DYRK3™/~
erythroblasts exhibited enhanced CD71P°*Ter119P°° cell forma-
tion and >HdT incorporation. Transgenic pA2gatal-DYRK3
mice, in contrast, produced fewer reticulocytes during hemo-
lytic anemia, and pA2gatal-DYRK3 progenitors were compro-
mised in late pro-erythroblast formation ex vivo. Finally, as
studied in erythroid K562 cells, DYRK3 proved to effectively
inhibit NFAT (nuclear factor of activated T cells) transcriptional
response pathways and to co-immunoprecipitate with NFATc3.
Findings indicate that DYRK3 attenuates (and possibly appor-
tions) red cell production selectively during anemia.

Erythroid cell production is highly regulated, and ~10"" red
blood cells are formed daily by the adult erythron. During ane-
mia, erythropoiesis can be accelerated further by several fac-
tors. Examples include reinforcing signals provided via KIT
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ligand (1), bone morphogenetic protein 4 (2), oncostatin-M (3),
glucocorticoids (4), and erythropoietin (EPO)? receptor signals
(5). Certain factors that set limits on such stress erythropoiesis
also have been described. As tumor necrosis factor a (TNFa)
orthologues, TRAIL (TNF-related apoptosis-inducing ligand)
and Fas ligand each can attenuate erythroid progenitor cell pro-
liferation and/or survival (6, 7). Negative feedback components
integral to KIT and EPO receptor signaling circuits also are
operative. These include SHP1 and PTP1B phosphatases (8, 9),
CIS, SOCS3, and SPRED1 as attenuators of JAK2 (Janus protein
tyrosine kinase 2) and KIT kinases (5, 10, 11), and additional
adaptor proteins within select signal transduction pathways
(e.g. LNK and SH2B1) (12, 13). Previously, our laboratories
reported on the erythroid-restricted expression of a novel
DYRK (dual-specificity tyrosine-regulated kinase) family dual-
specificity kinase, DYRK3/REDK (14, 15). Upon antisense oli-
gonucleotide inhibition of DYRK3 expression, enhanced
murine and human colony-forming unit-erythroid formation
also was observed (14, 15). Interestingly, this suggested that
DYRKS3 might act to attenuate erythroblast development.
DYRK kinase orthologues also exist in lower species and have
been studied functionally in yeast, Dictyostelium, Caenorhab-
ditis elegans, and Drosophila. In Saccharomyces cerevisiae,
stress in the form of glucose depletion stimulates the DYRK
kinase YAK1p. YAK1p then phosphorylates a Pop2p transcrip-
tion factor complex which regulates cell cycle entry and pro-
gression (16). In Dictyostelium, a YAKA orthologue likewise is
stimulated due to nutrient depletion and acts to inhibit growth
stage genes in part by phosphorylating and inhibiting a cprD
growth-phase factor (17). YAKA loss-of-function also leads to
accelerated cell growth. In C. elegans, a minibrain kinase DYRK
kinase exerts inhibitory effects, but these are directed toward a
MEI-1 substrate which itself attenuates the transition of
oocytes to developing zygotes (18). Finally, in Drosophila, a
“minibrain” phenotype (Mnb) has been attributed to the muta-
tion of minibrain as a DYRK family kinase (19). Minibrain is
important for optic and central lobe development and best cor-
responds to DYRK1a among five vertebrate DYRKSs (20, 21).
Vertebrate DYRKSs are best studied in man and mice, with
two classes represented. Class-1 includes DYRKla and

2 The abbreviations used are: EPO, erythropoietin; BFUe, burst-forming unit-
erythroid; DYRK, dual-specificity tyrosine-regulated kinase; SCF, stem cell
factor; *HdT, tritiated deoxythymidine; FALS, forward-angle light scatter;
GFP, green fluorescent protein; FACS, fluorescence-activated cell sorter.
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DYRK1b/MI1RK kinases. DYRK1a interestingly maps to a crit-
ical region of Down syndrome trisomy-21 (22). Moreover, mice
haplo-insufficient for DYRK1a exhibit decreased brain size and
compromised pyramidal cell complexity (23, 24), and trans-
genic expression of a human BAC DYRK1a affects hippocampal
synaptic plasticity (25). DYRK1a also has been demonstrated to
phosphorylate the neuronal proteins a-synuclein (26) and syn-
aptojanin-1 (27) (but unlike DYRKs 2—4, encodes a consensus
nuclear localization signals and is predominantly nuclear) (20,
21). DYRK1b is structurally most related to DYRK1a. To date,
gene disruption experiments have not revealed specific roles for
DYRK1b. However, DYRK1b has been implicated as an anti-
apoptotic factor within several solid tissue tumors (28, 29) and
is expressed in pancreatic adenocarcinomas at elevated levels
(and may act downstream of K-Ras) (30).

Among class 2 DYRKs, DYRK4 expression is predominant in
testes, yet is apparently nonessential (31). DYRK2 is more
broadly expressed and, like at least certain DYRKSs of lower
species, appears to be stress-activated and to attenuate cell
growth (16, 17). In recent investigations by Taira et al. (32), this
is revealed to involve DYRK2 phosphorylation of p53 at Ser-46
and the stimulation of pro-apoptotic actions via p53-AlIP. In its
gene and kinase domain substructures, DYRK3 is most related
to DYRK2 (33), is predominantly cytoplasmic, and among
hematopoietic cells is narrowly restricted in its expression to
erythroid lineage (14, 15). Similar to YAKA (17) and YAKlp
(34), DYRKS also has been associated with cAMP-dependent
protein kinase (PKA) as well as cyclic AMP response element-
binding protein (CREB) pathways (35). DYRK3 in vivo func-
tions, however, are poorly understood.

To test hypothesized roles of DYRK3 as a candidate lineage-
specific regulator of erythropoiesis, we presently have gener-
ated DYRK3™”~ mice and have examined effects of DYRK3-
deficiency on erythropoietic capacities. In several anemia
models, and in analyses of primary bone marrow erythroblast
development ex vivo, the absence of DYRK3 conferred a mean-
ingful advantage for erythroid cell formation. By comparison,
transgenic expression of DYRK3 from a pA2gatal vector (36,
37) significantly attenuated late-stage erythropoiesis. We,
therefore, propose that DYRK3 may act via intrinsic erythroid
cell mechanisms to selectively place an upper limit on stress
erythropoiesis. One such mechanism for DYRK3 action
which was tested involved possible modulation of NFAT
activity. This was based on recently discovered intersections
between DYRKs and NFAT signaling as investigated via
small interfering RNA studies in Drosophila S2 cells (38). In
human erythroid cells, DYRK3 in fact is presently shown to
efficiently inhibit NFAT transcriptional activation capaci-
ties. Based on these characterized suppressor properties,
DYRK3 may further constitute a new rational target for small
molecule inhibitors aimed at treating acute anemia. Poten-
tial significance is underlined by an emerging need for alter-
natives to EPO for the treatment of anemia due to cancer and
chemotherapy (39).

EXPERIMENTAL PROCEDURES

Mouse Models—mDYRK3 genomic clones were isolated
from a 129sv] A phage library by hybridization to an hDYRK3
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c¢DNA. DYRKS3 gene deletion was in E14 ES cells using a floxed
PGKneo targeting vector. Targeted cells were injected into
C57BL/6] blastocysts. Progeny of chimerics were bred with
C57BL/6 mice (five generations) and with C57BL/6 EII2A-Cre
mice. DYRK3"”~ mice were bred to yield DYRK3 /" mice
(which were further backcrossed to C57BL/6 mice). Wild-type
controls were DYRK3*/* littermates or C57BL/6] stocks.
EpoR-HM mice (expressing a minimal EPO receptor allele)
were as described (40). PCR primer pairs were as follows: wild
type DYRK3 allele, 5'-CCA-GCT-GCT-TCG-AGT-ATC-
AGA-AG-3" and 5'-GTA-CTT-GGC-ACG-TTT-GGA-TTG-
C-3'; DYRK3 ™/~ allele, 5'-GAG-GAG-ATC-CGG-ATC-TTG-
GAG-CAT-CTT-3' and 5'-GTA-AGT-CCC-TCC-CCG-
CTC-TGA-GGG-3'. Transgenic pA2gatal-DYRK3 mice were
prepared using an Myc epitope-tagged mDYRK3 c¢cDNA (15)
within a pA2gatal vector (36, 37). For BDF1 pronuclei injec-
tions (15, 36) a 5'-Kpnl — 3’-Sall fragment was used. For all
mice and protocols used (see below), review and approval was
provided by Institutional Animal Care and Use Committees.

Hematological Analyses—Blood cell counts were analyzed
with an Advia system (Bayer). Hematocrits also were assayed by
microcapillary centrifugation. Blood smears were stained with
new methylene blue, and reticulocytes were assayed using
Retic-COUNT (BD Biosciences). Burst- and colony-forming
unit-erythroids were assayed in MethoCult M3234 medium
(Stem Cell Technologies) containing murine SCF (100 ng/ml)
plus EPO (5 units/ml). Colony forming unit granulocytic/
monocytic colonies were assayed in MethoCult GF M3534 con-
taining murine SCF (50 ng/ml), murine interleukin-3 (IL-3; 10
ng/ml), and human IL-6 (10 ng/ml).

Anemia Models—Hemolytic anemia was induced by phenyl-
hydrazine (60 mg/kg, 1 and 24 h). 5-Fluorouracil-induced ane-
mia was generated via intraperitoneal injection (150 mg/kg). In
transplantations, B6.Ptprca.GPI-a recipients were irradiated
(550 rads) at 5 and 1.5 h before transplant. Donor bone marrow
from DYRK3 ™"~ or C57BL/6 controls was injected via tail vein
(5 X 10° cells). At day 13, recipients were analyzed for donor
contributions based on Ly5.2 positivity, and frequencies of
splenic CD71"&"Ter1197° erythroblasts were determined
(together with Ly5.2P°° B220P°® progenitors).

Erythroblast Expansion and Proliferation Assays—Progeni-
tor cells from DYRK3 ™"~ and wild-type bone marrow were pre-
pared as detailed previously (3, 40). Erythroid progenitors were
expanded in SP34 medium (Invitrogen) supplemented with 2.5
units/ml EPO, 100 ng/ml murine SCF (Peprotech Inc.), 1 um
dexamethasone, 1 um B-estradiol, 75 ug/ml human transferrin,
1% bovine serum albumin (Stem Cell Technologies), and 0.1
mM 2-mercaptoethanol (SP34-EX medium). At 24 h, 0.6 vol-
umes of SP34-EX were added. At 48 h, cells were replated. In
*HdT incorporation assays, KitP**CD71"€" progenitors were
isolated (by lineage depletion and magnetic cell sorting and
separation system) and plated in SP34-EX medium (1 X 10°
cells/ml) with erythropoietin and/or SCE. At 20 h, 1 nCi of
3HdT was added, and at 5 h, incorporation rates were
determined.

Flow Cytometry—In flow cytometry (BD FACScalibur),
washed cells (1 X 10° per 0.2 ml phosphate-buffered saline,
0.1% bovine serum albumin) were incubated with rat IgG (1 ng)
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and stained with 1 ug each of APC-Ly5.2 or Ly5.1 (eBioscience),
fluorescein isothiocyanate (FITC)-B220, or PE-Ter119 plus
FITC-CD71 (BD Biosciences) antibodies. Analyses of erythro-
blast development ex vivo utilized PE-Ter119 plus FITC-CD71.

Reverse Transcription and Quantitative PCR—RNA was pre-
pared using TRIzol reagent (Invitrogen). cDNA was prepared
with SuperScript III (Invitrogen). Quantitative PCR utilized iQ
SYBR® Green and an i-Cycler (Bio-Rad). PCR primer pairs were
from SuperArray Bioscience as follows: Nfatcl, NM_016791;
Nfatc2, NM_010899; Nfatc3, NM_010901; Nfatc4, NM_
023699; Nfat5, NM_018823; Dyrk3, NM_145508; B-actin,
NM_007393.

Cell Lines and Transcriptional Reporter Assays—KS567/
NFAT-Luc cells (Panomics) were maintained as recommended
(in the presence of 100 pwg/ml hygromycin-B). Lines expressing
(Myc)DYRK3 or GFP only (vector control) were prepared by
transduction with VSVg-packaged MIEG3 retroviruses. Stably
transduced GFPP°* populations were isolated by FACS (BD Bio-
sciences FACS Aria). Endogenous NFAT was activated using
A23187 plus phorbol 12-myristate 13-acetate. Induced lucifer-
ase levels were assayed using Promega reagents (#E4030 sys-
tem) and a Turner Modulus luminometer.

Western Blotting and Immunoprecipitations—Lysates from
transfected 293 cells or primary erythroblasts were prepared as
described previously (41). In immunoprecipitations, rabbit
antiserum to a DYRK3 peptide was utilized. Western blots uti-
lized antibodies to a Myc epitope (Sigma) or to NFATc3 (Cell
Signaling).

RESULTS

DYRKS3 Deficiency Confers Erythropoietic Advantages during
Anemia due to Hemolysis, 5-Fluorouracil, or Marrow
Transplantation—To advance loss-of-function analyses, gene
targeting was used to disrupt exon-3 of the DYRK3 gene, which
encodes the DYRK3 catalytic domain and unique C-terminal
region (33). Exon-3 targeting in ES cells and derived mice was
confirmed initially by Southern blotting and subsequently by
genomic PCR (Fig. 1). Reverse transcription-PCR further was
employed to assess transcript expression in primary erythro-
blasts expanded from the bone marrow of DYRK3 ™"~ mice. In
initial analyses of phenotypes in DYRK3 ™"~ mice, no effects of
DYRKS3 deficiency on reproductive capacities or other basic
physiological parameters were observed (despite high level
expression in testes) (14, 15). With regard to hematopoiesis,
peripheral blood cell counts and frequencies of myeloid pro-
genitor cells in marrow (as determined via colony-forming
assays) were essentially unaffected (data not shown). Within
spleen and among DYRK3™"~ mice, however, BFUe levels were
reproducibly decreased. Specifically, DYRK3~/~ BFUe fre-
quencies were 37.3 = 1.5 per 2 X 10° splenocytes versus 69.3 *
4.6 per 2 X 10° splenocytes for wild-type congenic controls. For
splenic granulocytic and monocytic lineages, no significant dif-
ferences between DYRK3 ™/~ progenitors and DYRK3*"* pro-
genitors were observed (data not shown). When the erythron is
stressed, increases in splenic erythroid progenitor cell levels
often are observed (5, 42). Observed decreases in splenic BFUe
in DYRK3™/~ mice, therefore, were consistent with possibly
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FIGURE 1. Disruption of the murine DYRK3 gene. A, DYRK3 gene-targeting
strategy. Targeting was with a floxed pgk-Neo cassette, which was then
deleted from ES cells before blastocyst fusion. The targeted DYRK3-null allele
retains a 5’-portion of exon-3 and two small upstream exons but lacks the 222
codons of exon-3 plus ~2 kilobases (kb) of 3’-untranslated sequence
(B, BamHl; E, EcoRll; H, Hindlll; N, Notl; X, Xbal). B, in Southern blot analyses of
DYRK3 loci, genomic DNA was digested with EcoRV and hybridized with
domains external to the targeting vector. C, PCR-based DYRK3 genotyping
and reverse transcription (RT)-PCR of DYRK3 transcripts in bone marrow eryth-
roblasts after expansion in SP34-EX medium. D, early erythroblasts corre-
spond to a KitP°CD71M9" stage; late erythroblasts correspond to a
CD71M9"Ter119P°° stage. MC-1DTA, diptheria toxin A cassette.

advantaged erythropoiesis. This notion was next tested in sev-
eral anemia models.

Mice first were treated with phenylhydrazine to induce
hemolytic anemia. At days 8 and 12, DYRK3 ™"~ mice produced
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FIGURE 2. Increased reticulocyte production in DYRK3~/~ mice during
phenylhydrazine-induced hemolytic anemia. A, DYRK3 ™/~ and wild-type
(wt) mice were dosed with phenylhydrazine at 1 and 24 h (60 mg/kg, n = 4
mice per group). On days 8 and 12 reticulocyte levels were determined
(means = S.D.) AT, reticulocyte populations also were analyzed by methylene
blue staining (A2). B, in independent experiments reticulocyte production
was monitored over an extended time-course (B7). Hematocrits in phenylhy-
drazine-treated DYRK3 ™/, and wild-type congenic controls also were deter-
mined (B2).
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FIGURE 3. Increased reticulocyte production in DYRK3 mice during
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were administered 5-fluorouracil (150 mg/kg, n = 3 mice per group). At the
indicated intervals, reticulocyte levels and hematocrits were determined. For
DYRK3~/~ mice, note the elevated production of reticulocytes and red cells.
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reticulocytes at levels 1.6- and 2.4-fold above wild-type con-
trols, respectively (Fig. 2A4). In repeated experiments this
advantage was maximal at day 10 post-phenylhydrazine dosing
(Fig. 2B) but was not reflected by substantially increased hema-
tocrits. For DYRK3-deficient red cells, this was not associated
with any detectable increase in erythrocyte sensitivity to lysis by
phenylhydrazine or hyposmotic solutions. Next, DYRK3 "~
and congenic control mice were treated with 5-fluorouracil to
deplete proliferating early progenitor cell pools. In this distinct
anemia model, reticulocyte production in DYRK3 /" mice
again was significantly elevated over controls (Fig. 3, upper
panel). DYRK3 deficiency furthermore proved to protect
against the sharp drop in hematocrits experienced by wild-type
controls after 5-fluorouracil dosing (Fig. 3, lower panel). Capac-
ities of donor DYRK3 ™/~ progenitor cells to contribute to short
term reconstitution in irradiated recipients also were assessed.
Here, donor contributions were determined based on CD45-5.1
marking of hosts, and mice with >90% CD45-5.2 donor contri-
butions were considered. Analyses were of donor-derived
CD71Me"Ter1197°¢ erythroblasts in spleen at day-13 post-
transplantation. Representative outcomes are illustrated in Fig.
4 and reveal an approximate 2-fold increase in DYRK3 "~
CD71M€"Ter1197°° erythroblast formation. By direct compari-
son, no such difference was observed between DYRK3 ™"~ and
control donor-derived lymphoid B220P°* cells.
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FIGURE 4. Contributions of DYRK3-deficient progenitors to the erythroid
lineage are enhanced during short term repopulation. In transplantation
experiments, bone marrow preparations from donor DYRK3 /™ or wild-type
(wt) control mice were used to repopulate irradiated Ly5.1-marked recipients.
On day 13 and for mice with >90% Ly5.2 engraftment, levels of splenic
CD71M9" Ter119P° erythroblasts were determined (in parallel with Ly5.2P%
B220P°° B-cells). Also graphed are mean frequencies (+S.D.) of repopulating
DYRK3~/~ and control CD71P°Ter119P°* cells among n = 3 such recipients.

DYRK3™’~ Erythroblasts Develop at Accelerated Rates
ex Vivo—To better assess predicted erythroid cell intrinsic
effects of DYRKS3, a primary culture system was implemented to
analyze the stepwise development of bone marrow-derived
DYRK3 ™"~ erythroblasts ex vivo. This involved the expansion
of bone marrow progenitors in a serum-free SP34-EX medium
with optimized supplements and sources (including KIT
ligand, EPO, transferrin, bovine serum albumin, dexametha-
sone and 3-estradiol). Erythroblast expansion depended upon
KIT ligand and dexamethasone (as well as EPO), and in these
regards reflects stress erythropoiesis (1, 3, 4). At day 2.5 of cul-
ture, control erythroblasts reproducibly developed from
Kit"e"CD71'°"Ter119™¢  progenitors toward CD71Me"
Ter119'Y erythroblasts (Fig. 5A, left panels). CD71 corre-
sponds to the transferrin receptor, and Ter119 is a late eryth-
roid-specific marker (43, 44). On day 3.5, cells developed
further at significant frequencies to a Kit"*®¢CD71"€"Ter119"s"
stage. By direct comparison, DYRK3 " erythroblasts devel-
oped similarly but advanced at increased frequencies (within
the same timeframe) to a CD71™€"Ter119"¢" stage (Fig. 54,
right panels). This advanced rate of DYRK3 /" erythroblast
development was reproducible both within and among experi-
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ments (Fig. 5B). In addition, differences in hemoglobinization
levels between DYRK3 ™"~ and control erythroblasts often were
visibly obvious (Fig. 5C). Finally, rates of EPO-dependent *HdT
incorporation also were assayed using isolated KitP°*CD71""
wild-type and DYRK3 " progenitors. DYRK3 ”~ erythro-
blasts consistently exhibited increased responses (Fig. 5D).

DYRK3 Deficiency Enhances Stress Erythropoiesis in 5-Flu-
orouracil-treated EpoR-HM Mice—The above analyses suggest
that DYRK3 suppresses erythropoiesis at least in part during an
EPO-dependent developmental phase. In vivo effects of EPO,
therefore, were assessed in DYRK3 ™"~ mice and congenic wild-
type controls. Specifically, DYRK3 ™"~ and wild-type mice were
dosed with Darbepoietin, and reticulocyte and red cell produc-
tion then were assayed through time. As outlined in Table 1 and
as assayed at day-8, DYRK3 ™"~ mice exhibited modest yet sig-
nificant increases in reticulocyte levels over controls. In
DYRK3™/~ mice, a trend toward enhanced hematocrit levels
also was observed but fell short of clear statistical significance.

DYRK3~’~ mice further were bred onto an EpoR-HM line
which exhibits defective stress erythropoiesis. Specifically,
EpoR-HM is a knocked-in phosphotyrosine-null EPO receptor
allele that supports steady-state erythropoiesis but falters in its
ability to support erythropoiesis during 5-fluorouracil- or phe-
nylhydrazine-induced anemia (3). EpoR-HM:DYRK3 ™"~ mice
and EpoR-HM controls were treated with 5-fluorouracil.
Reticulocyte and red cell production were then assayed over a
25-day period. At days 10-20, the absence of DYRKS in EpoR-
HM:DYRK3 ™~ mice resulted in a significant attenuation of the
severe anemia otherwise incurred by EpoR-HM mice (Fig. 6). In
particular, hematocrits in EpoR-HM:DYRK3~’~ mice were
maintained at greater than 22.5% but as shown here (and in
recent studies by Menon et al. (3)) fell more sharply in
EpoR-HM mice. In EpoR-HM mice, reticulocyte levels
remained elevated at days 12-20 (as compared with EpoRH:
DYRK3™’~ mice) presumably due to sustained signals for
recovery from sharp anemia.

Transgenic Expression of DYRK3 Attenuates Erythropoiesis—
In complementing experiments, effects of enforcing DYRK3
expression within erythroid progenitor cells were assessed. In
particular, a Myc epitope-tagged mDYRK3 cDNA was cloned to
pA2gatal (15, 36, 37), and an excised Kpul — Sall cassette was
used to prepare transgenic pA2gatal-DYRK3 mice (Fig. 7, A, I
and 2). In two selected lines, expression at the protein level in
primary bone marrow erythroblasts also was assessed and dem-
onstrated by Western blotting (with an anti-Myc antibody, data
not shown). In these mice, as in DYRK3-null mice, no substan-
tial effects of perturbed DYRK3 expression on steady-state
erythropoiesis were observed. During phenylhydrazine-in-
duced anemia, however, reticulocyte levels were significantly
attenuated (Fig. 7B). In further ex vivo analyses of erythroid
sphenocytes from phenylhydrazine-treated mice, three addi-
tionally interesting effects of pA2gata-enforced DYRK3 expres-
sion on erythropoiesis were observed. First, levels of Ter119°°
erythroid progenitor cells in spleens from pA2gatal-DYRK3
mice were significantly decreased (i.e. from ~75% in BDF1 lit-
termates to ~55% among pA2gatal-DYRKS3 transgenics) (Fig.
7C). Second, when these splenic pro-erythroblasts were cul-
tured short term and assessed for sub-stages of development
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type. B, this above-outlined developmental advantage was observed in repeated experiments, each including pairs of DYRK3™/~ and control mice (mean
frequencies of CD71P°Ter119P°* cells are graphed). C, increased Ter119P° erythroblast formation among DYRK3 ™/~ mice. Marrow-derived progenitor cells
from wild-type and DYRK3 ™/~ mice were cultured in SP34-EX medium. At 48, 72, and 96 h, frequencies of Ter119P°* erythroblasts were determined. Each
symbol represents frequencies of Ter119°°° erythroblasts formed in preparations from independent mice. Horizontal bars index over all mean values among
groups (upper panel). A representative profile for Ter119 cell surface marker staining also is shown, and visibly detectable increases in hemoglobinization
among DYRK3 ™/~ erythroblasts (microcentrifuged cells at 96 h) also are illustrated (lower panel). D, SCF- and Epo-dependent *HdT incorporation is increased
in DYRK3™/~ erythroblasts. KitP°*CD71"9" erythroblasts were isolated from expansion cultures, cultured for 20 h in the presence of SCF and/or EPO, and pulsed
with *HdT. Outcomes of four independent experiments are graphed (means = S.E.).
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TABLE 1

DYRK 3 deficiency enhances Darbepoietin-stimulated reticulocyte
and red cell formation

Reticulocytes Hematocrit
Day 8“ Day 16 Day 8“ Day 16
DYRK3™"~ 20.9 = 0.2° 24*02 613 1.1 485+ 1.0
Wild type 139+ 23 24 *09 56.3 = 3.9 520 £1.7
“ Days post-Darbepoietin injection.
b p < 0.05.
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FIGURE 6. DYRK3™/~ deficiency enhances erythropoiesis during 5-flu-
orouracil-induced anemia in EpoR-HM mice. Mice expressing the
knocked-in minimal EPO receptor allele EpoR-HM were crossed with
DYRK3~"~ mice to yield compound EpoR-HM:DYRK3~/~ mice. In these mice
and in EpoR-HM controls, anemia was induced with 5-fluorouracil (150
mg/kg). At the indicated time points, hematocrits (panel A) and reticulocyte
levels (panel B) were determined (means * S.E., n = 4).

(based on CD71 levels) an obvious difference was exhibited.
Specifically, Ter1197°° progenitors from pAgatal-DYRK3 mice
were attenuated in development and accumulated as CD71Meh
cells as contrasted with wild-type controls which advanced as
CD71™? Ter1197°° progenitors (Fig. 7D). Third, when
Ter1197°° progenitors were analyzed by forward-angle light
scatter (FALS), a high-FALS subset that was clearly represented
in wild-type controls was markedly under-represented among
pA2gatal-DYRKS3 erythroblasts (Fig. 7E). Overall, these obser-
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vations for transgenic pA2gatal-DYRK3 mice and pro-erythro-
blasts consistently indicate inhibitory roles for DYRK3 during
late erythropoiesis.

NFAT as a Candidate DYRK3 Target within Erythroid Pro-
genitor Cells—While the present investigations were in pro-
gress, Gwack et al. (38) discovered via a Drosophila transcrip-
tome-wide small interfering RNA approach, that DYRK kinases
canregulate NFAT signaling. This was further demonstrated to
involve DYRK phosphorylation of NFAT at a key SP-3 motif. To
functionally test whether DYRK3 might exert similar effects
within erythroid progenitor cells, the following approach was
used. First, a K562 cell line model encoding a single-copy-inte-
grated NFAT-specific transcriptional reporter was obtained,
and conditions were optimized for specific A23187 ionophore
plus phorbol 12-myristate 13-acetate induction of luciferase
readouts. This line (designated K562-NFAT-Luc) was then sta-
bly transduced with a MIEG3 retroviral vector encoding
DYRK3 (or with an empty MIEG3 control vector per se). Trans-
duced GFPP* cells then were isolated by FACS and assessed for
possible affects of DYRK3 on NFAT-dependent transcription.
DYRKS3 proved to efficiently inhibit NFAT (Fig. 84). This was
observed reproducibly in repeated experiments and in inde-
pendently transduced and FACS-isolated K562-NFAT-Luc
populations (ectopic expression of DYRK3 also was confirmed
by Western blotting; data not shown).

Related experiments aimed to assess possible associations
between DYRK3 and NFAT in primary bone marrow-de-
rived erythroid cells. We first sought to discover which of
five NFAT family members was predominantly expressed in
primary erythroid progenitor cells. Reverse transcription-
PCR analyses showed NFATc3 to predominate in both early
and later stage erythroblasts (Fig. 8B). Three commercially
available antibodies to DYRK3 were tested next for utility in
Western blotting or immunoprecipitations. Unfortunately,
none proved to react specifically with DYRK3. One DYRK3
peptide which was used within our laboratory to immunize
rabbits, however, yielded antiserum which efficiently and
specifically immunoprecipitated (but did not Western blot)
DYRKS3. The utility of this antiserum for immunoprecipita-
tion is illustrated in Fig. 8C, left panel. Finally, antiserum #69
to this peptide was used to immunoprecipitate DYRK3 from
ex vivo primary erythroblasts as expanded from DYRK3""*
bone marrow and from DYRK3™ /" bone marrow as a nega-
tive control. Immunoprecipitates were then assayed via
Western blotting for possible co-immunoprecipitation of
NFATc3 (Fig. 8D). NFATc3 proved to co-immunoprecipi-
tate with DYRK3. This finding further suggests that one
action of DYRK3 in erythroid progenitor cells involves the
modulation of NFAT signaling.

DISCUSSION

As outlined above, DYRK dual-specificity kinases have
evolved in yeast, mold, flies, mouse, and man to exert important
effects on cell growth and development. In S. cerevisiae and in
Dictyostelium, YAK1p and YAK-A function as nutrient stress
transducers and inhibit growth via the modulation of upstream
developmental regulators (e.g. Pop2p and CprD (16, 17)). In
human cell lines, a perhaps analogous role recently has been
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outlined for DYRK2. Specifically, DYRK2 has been demon-
strated to act in a stress-sensing mode and to phosphorylate
p53 at Ser-46 in response to genotoxic events (32). This action
of DYRK2 then reinforces negative effects of p53 on cell growth
and survival. By comparison and among DYRK kinases, DYRK3
is most related to DYRK2 in its genomic and protein structure
(33). We now suggest that DYRK3 may act in a similar func-
tional modality as an overall suppressor of cell growth but in a
selective fashion due to its erythroid lineage-restricted expres-
sion profile (14, 15) and its selective action during stress but not
steady-state erythropoiesis (see Figs. 2—6). Furthermore (and
again like DYRK?2; see below), DYRK3 may exert its effects in
part by modulating NFAT signaling as one candidate target
pathway within erythroid progenitor cells. Findings in support
of this hypothesis are outlined below and are discussed further
in the contexts of which erythroid progenitor pools might be
regulated by DYRK3, what effectors DYRK3 might modulate,
how DYRK3 itself might be regulated, and how DYRK3 key
actions might be limited to a stress erythropoietic modality.
With regard to the overall effects of DYRK3 on stress
erythropoiesis, four present sets of observations point
toward an early colony forming unit-erythroid-like com-
partment as a target for DYRK3 suppression. First, in
DYRK3-null mice, advantaged effects on the erythron during
anemia were more significant when early progenitors were
taxed by 5-fluorouracil dosing or marrow transplantation.
Phenylhydrazine-induced hemolysis of mature red cells by
comparison led to elevated reticulocyte production in the
absence of DYRK3 but did not result in obvious advantages

DYRK3 Suppresses Stress Erythropoiesis

DYRKS3 in pA2gatal-DYRK3 mice attenuated reticulocyte
production during anemia as well as the formation of late-
stage (pro)erythroblasts ex vivo (see Fig. 7, A—E). Overall, the
above findings suggest that DYRK3 normally might dampen
the average frequency of cell cycling among early stage
erythroblasts. Cell cycle entry is a dynamic feature of eryth-
roid progenitors, especially during stress erythropoiesis (5,
45) and, therefore, is a rational component to consider for
intrinsic erythroblast negative regulation.

As supported by the present studies, the hypothesis that
DYRK3 may exert its prime effects selectively during stress
erythropoiesis also raises basic questions concerning the
regulation of DYRK3 per se. Analyses of DYRK3 transcript
levels in developing erythroblasts indicated not only persis-
tent but apparently increased expression at late stages.® The
present lack of DYRK3 antibodies which are useful for West-
ern blotting, however, limits the ability to test possible
effects of anemia on DYRKS3 levels and/or catalytic activity.
Interestingly, and for at least DYRK1a and DYRK2, phospho-
rylation at a unique YXY activation loop recently has been
indicated to occur intramolecularly during translation (46).
A subsequent apparent burying of this phosphorylated YXY
loop is then thought to act to constitutively stimulate DYRKs
as S/T-directed kinases (46). This predicts that regulation
might occur primarily via lineage-restricted expression
mechanisms but does not discount possible regulation via
subcellular localization, S/T phosphorylation, and/or part-
nered effectors. Such candidate mechanisms are under
active investigation. Analyses to date, however, do not sup-

in red cell mass. Second, at steady state, levels of BFUe in the
spleens of DYRK3-null mice were somewhat elevated over
DYRK3"”* congenic controls. Third, ex vivo analyses of pri-
mary bone marrow erythroid progenitors revealed apparent
increases in the proliferative capacity of DYRK3™ /™
(pro)erythroblasts as based both on rates of EPO-dependent
®HAT incorporation and on the cumulative formation of
Terl19P°* erythroblasts. Fourth, transgenic expression of

port the notion that EPO or anemia per se affect DYRK3
catalytic activity (negative results, unpublished results®). A
prospect also exists that substrates for DYRK3 might be lim-

3 0. Bogacheva, O. Bogachev, M. Menon, A. Dev, E. Houde, E. . Valoret, H. M.
Prosser, C. L. Creasy, S. J. Pickering, E. Grau, K. Rance, G. P. Livi, V. Karur, C. L.
Erickson-Miller, and D. M. Wojchowski, unpublished result.

FIGURE 7. pA2gata1 transgene-mediated expression of DYRK3 inhibits proerythroblast development. A, transgenic pA2gata1-DYRK3 mice construction.
Panel A1, shown diagrammatically is the construct used to prepare pA2gata1-Myc-DYRK3 mice. Panel A2, pA2gata1-Myc DYRK3 founders FND-l and FND-Il as
analyzed via Southern blotting. Also illustrated (for FND-II) is transgene germ line transmission (lower sub-panel) (mice are identified by number, which
correspond to those used in the following experiments). B, phenylhydrazine (PHZ)-induced reticulocyte production is attenuated in pA2gatal-DYRK3 mice.
Phenylhydrazine (60 mg/kg) was administered at 1 and 24 h. Note the decrease in reticulocyte production among Dyrk3 ™~ mice (n = 5, mean = S.D.). In this
model hematocrits were not substantially affected (potentially due to compensatory events and/or stage-specific transgene effects). wt, wild type. C, frequen-
cies of Ter119°°° splenic pro-erythroblasts are decreased in pA2gata1-DYRK3 mice. At day 5 post-phenylhydrazine dosing, splenocytes were assayed for Ter119
positivity by flow cytometry. Scatter points represent individual mice. Bar graphs represent means and S.D. within each group (i.e. wild-type controls versus
pA2gatal-Dyrk3 mice). Ter119-positive cell frequencies are expressed as a percentage of total splenocytes. Left panel, in experiment #1, wild type B6D2F1
splenocytes were 76.7 + 4.1% Ter119P°%, whereas pA2gatal-DYRK3 splenocytes were 56.9 + 11.7% Ter119°°® (p = 0.03). Right panel, in experiment #2,
Ter119P°° cell frequencies were 76.3 = 2.9% for wild-type splenocytes versus 56.2 = 10.2% for pA2gata1-DYRK3 splenocytes (p = 0.05). In each independent
experiment, values for Ter119P°° cell frequencies of pA2gatal-DYRK3 splenocytes were less than 75% that of wild-type control values. EPC, erythroid progen-
itor cells. D, Ter119P°* erythroid progenitor cells from pA2gata1-DYRK3 mice accumulate asa CD71"9" subpopulation. To examine the staged-ness of Ter119P°
progenitors in splenocytes from phenylhydrazine-treated DYRK3 mice, Ter119 and CD71 expression levels were co-analyzed by flow cytometry; plotted are
CD71 positivity versus Ter119 positivity for wt B6D2F1 (left) and pA2gata1-DYRK3 (right) splenocyte preparations. The gated populations are Ter119°°° cells
expressing CD71 athigh, medium, and low levels. These levels of CD71 expression previously have been shown to correlate with size and staged-ness such that
earlier, larger (pro) erythroblasts express higher levels of CD71. Note the markedly attenuated development from CD71"9" to CD71™¢ stages among
pA2gatal-DYRK3 cells. Lower panels illustrate primary data from duplicate analyses. E, erythroid progenitors from spleens of phenylhydrazine-treated
pA2gata1-DYRK3 mice form aberrantly as CD71"9", but FALS'®" (pro)erythroblasts. Wild-type and pA2gata1- DYRK3 mice were treated with phenylhydrazine.
Erythroid splenocytes were then isolated and cultured for 18 h. Among developing (pro)erythroblasts, distributions of high versus low Ter119°°* cells were
analyzed. Upper panel, for two independent experiments, data defining the percentage of FALS™9" Ter119P°% proerythroblasts are graphed. For experiment #1,
values are 22.1 =+ 1.3% for wild-type B6D2F 1 mice and 10.1 = 2.5% for pA2gata1-DYRK3 mice (p = 0.002). For experiment #2, data are 30.2 *+ 3.3% of wild-type
B6D2F1 splenocytes and 19.6 = 5.0% of pA2gata1-DYRK3 splenocytes are high FALS Ter119P°* cells (p = 0.04). Lower panel, shown are primary flow cytometric
data for FALS values versus Ter119 expression. The high FALS population (as indicated on each flow diagram with an arrow) represents a larger erythroid
progenitor cell that is significantly less represented in pA2gata1-DYRK3 mice (right) versus wt B6D2F1 controls (left). Primary data shown are representative of
two fully independent experiments.
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FIGURE 8. DYRK3 represses NFAT activity in human erythroid K562 cells.
A, K562-NFAT-Luc cells harboring a stably integrated single copy NFAT-lucif-
erase reporter construct were transduced with a VSV-G packaged MIEG3 ret-
rovirus encoding (Myc)DYRK3 (or in parallel with an empty MIEG3 vector).
Stably transduced lines from two independent experiments (Set 1, Set 2) then
were isolated by FACS. Effects of DYRK3 on A23187 plus phorbol 12-myristate
13-acetate-induced NFAT activity then were assessed at 4 h of induction
based on NFAT luciferase reporter bioluminescence. RLU, relative luciferase
units. Graphed values are the means = S.E. (n = 4) and are representative of
fourindependent analyses. Lower panels illustrate flow cytometry analyses of
transduced and FACS-isolated K562-NFAT-Luc lines. B, NFATc3 is the predom-
inant NFAT within primary murine bone marrow-derived erythroblasts. For
marrow cell preparations from wild-type C57BL/6 mice, (pro)erythroblasts
were expanded in SP34-EX medium. At day 3.5, erythroblasts at
KitP°sCD71M9"Ter1197%9 and Kit"*9CD71"9"Ter119"9 stages were isolated.
RNA and cDNA then were prepared, and levels of transcripts were assayed by
quantitative PCR for five NFAT orthologues (as indicated). At each stage, note
the predominant representation of NFATc3. Cand D, NFATc3 co-immunopre-
cipitates with endogenous DYRK3 in primary bone marrow-derived erythro-
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iting and may themselves be up-modulated during stress
erythropoiesis.

Finally, the specific nature of DYRK3 targets (or candidate
substrates) also merits discussion. Within their kinase
domains, mammalian DYRKSs 1a, 1b, 2, 3, and 4 share defin-
ing structural motifs. DYRKs la and 1b, however, are less
related to DYRKs 2-4, possess conserved nuclear localiza-
tion signals, and unlike DYRKs 2-4, are predominantly
nuclear (14-33). DYRKs overall have been argued to act as
arginine-directed S/T kinases (21). DYRKla, in particular,
has also been demonstrated to phosphorylate a variety of
candidate substrates including the Forkhead transcription
factor FKHR (47), cyclin L2 (48), the cytoskeletal and endo-
cytic factor, dynamin (49), elongation factor elF2Be (50), and
a microtubule-associated Tau protein which can affect neu-
rofibrillary tangles (26, 50). For Tau, DYRK1a also has been
suggested to act as a glycogen synthase kinase-3 priming
kinase (50). Interestingly, this glycogen synthase kinase 3
priming activity has been argued to be exerted by DYRK2 as
studied as a follow-up to the recent discovery of NFATSs as
DYRK kinase targets in a Drosophila S2 cell system (38). In
particular, DYRK1a and -2 appear to phosphorylate NFAT
within an SP-3 subdomain before phosphorylation by glyco-
gen synthase kinase-3 at an adjacent SP-2 motif (38). As
demonstrated using an interleukin-2 promoter-reporter sys-
tem, overall effects on NFAT were inhibitory. This latter
work (as reported during the present studies) prompted our
investigation of possible effects of DYRK3 on NFAT activity.
In an erythroid cell model, DYRK3 in fact proved to effi-
ciently inhibit NFAT transcriptional capacity. In addition,
NFAT3 (SP-3 domain encoding NFAT) was shown to be the
predominant NFAT in primary erythroid cells and to co-
immunoprecipitate with endogenous DYRKS3. Initial efforts
to map DYRK3 subdomains that mediate NFAT interac-
tions, however, have not been revealing to date. This may be
due to more than static or simple interaction mechanisms.
For NFATSs, gene disruption experiments indicate redun-
dancy, and functional phenotypes have been best revealed
for select tissues via compound knock-out strategies (51, 52).
The extent to which such NFAT knockouts might be altered
in their erythropoietic capacities remains to be investigated,
as does the possibly extended set of DYRK3 targets in
(pro)erythroblasts. Overall, the present work indicates that
via these routes (and prospective additional targets) DYRK3
plays a meaningful and non-redundant role as an erythropoi-
etic suppressor selectively during stress erythropoiesis.
DYRKS3, therefore, also comprises an interesting candidate
for targeting by small molecule inhibitors as potentially
important anti-anemia agents.

blasts. Panel C illustrates the utility of a DYRK3 peptide antiserum (#69) to
efficientlyimmunoprecipitate (/P) (Myc)DYRK3 as expressed transiently in 293
cells from a pEFNeo vector. In panel D erythroid progenitor cells were
expanded in (SP34-EX medium) from bone marrow preparations from
DYRK3~/~ and wild-type DYRK3™* mice. Erythroblasts then were isolated,
washed, and lysed. Lysates were subjected to immunoprecipitation using
DYRK3 peptide antiserum #69. Immunoprecipitates were then assayed for
the co-immunoprecipitation of NFATc3 via Western blotting (WB).
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