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Children with Down syndrome (DS) have a markedly increased risk of developing acute megakaryoblastic leukemia
(AMKL) and acute lymphoblastic leukemia compared with that of children without DS. Despite recent breakthroughs, it is
not clear which genes on chromosome 21, the chromosome that is trisomic in individuals with DS, cause this
predisposition. In this issue of the JCI, Malinge et al. report their loss- and gain-of-function experiments in mouse and
human cells that show that increased expression of the kinase encoded by the chromosome 21 gene DYRK1A
suppresses the nuclear factor of activated T cells pathway and promotes AMKL. Interestingly, the same protein has been
suggested to contribute to the reduced risk of epithelial cancers in adults with DS, leading to the possibility that it could be
proleukemic in children and antitumorigenic in adults.
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host was actually in a long-term cold envi-
ronment may well have favorable bioener-
getic effects in overweight individuals.
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Children with Down syndrome (DS) have a markedly increased risk of devel-
oping acute megakaryoblastic leukemia (AMKL) and acute lymphoblastic
leukemia compared with that of children without DS. Despite recent break-
throughs, it is not clear which genes on chromosome 21, the chromosome
that is trisomic in individuals with DS, cause this predisposition. In this
issue of the JCI, Malinge et al. report their loss- and gain-of-function experi-
ments in mouse and human cells that show that increased expression of the
kinase encoded by the chromosome 21 gene DYRK1A suppresses the nuclear
factor of activated T cells pathway and promotes AMKL. Interestingly, the
same protein has been suggested to contribute to the reduced risk of epi-
thelial cancers in adults with DS, leading to the possibility that it could be
proleukemic in children and antitumorigenic in adults.

Down syndrome (DS) is one of the most
common genetic birth defects, affect-
ing about 1 in 800 newborns a year in the
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United States. It is caused by constitutional
trisomy 21 (cT21). The symptoms of DS are
heterogeneous, ranging from mild to severe,
as are the associated medical conditions.
One of the associated medical conditions is
leukemia — children with DS have a mark-
edly higher risk of developing both acute
lymphoblastic leukemia (ALL) and acute
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myeloid leukemia than do children who do
not have DS. This is in sharp contrast with
the reduced prevalence of epithelial cancers
in adultindividuals with DS (1). Thus, cT21
is proleukemogenic during the pediatric
period but antitumorigenic in adulthood.
In this issue of the JCI, Malinge et al. pro-
vide new insight into the functional contri-
bution of trisomy 21 to leukemogenesis that
may have therapeutic implications (2).

DS-associated myeloid leukemias
and the role of cT21

DS-associated myeloid leukemias evolve
in a unique, multistep clinical pattern
(Figure 1 and reviewed in ref. 3). Epide-
miologic studies have indicated that five
percent of newborns with DS have tran-
sient myeloproliferative disorder (TMD),
a condition that is characterized by the
clonal expansion of immature megakaryo-
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Figure 1

Multistep pathogenesis of the megakaryocytic malignancies of DS. cT21 promotes cell-auton-
omous fetal megakaryo-erythropoiesis. Acquired mutation of GATA1, leading to expression
of GATATs, further enhances the proliferation of these precursors and blocks terminal mega-
karyocytic proliferation, manifesting at birth as TMD. TMD is transient; however, in 20%
of the patients, a residual submicroscopic clone acquires additional genetic abnormalities,
examples of which are discussed in the main text, that lead to AMKL, which is always diag-

nosed before 4 years of age.

blasts and is indistinguishable from acute
leukemia. The majority of infants survive,
and the condition resolves spontaneously
by 3 months of age. However, about 20% of
newborns diagnosed with TMD go on to
develop acute megakaryoblastic leukemia
(AMKL) before 4 years of age. Fortunately,
the majority of these patients can be cured
with chemotherapy.

Virtually all the TMD and AMKL cells iso-
lated from individuals with DS have been
found to carry an acquired mutation in the
gene on chromosome X that encodes the
transcription factor GATAL. While muta-
tions differ among patients, and occasion-
ally more than one mutation is identified in
the same patient, in all instances they result
in the generation of a short GATA1 protein
lacking the N-terminal domain (GATA1s).
GATAL is a critical regulator of the mega-
karyocytic and erythroid lineage, and, in
the presence of GATA1s, megakaryocytic
differentiation is impaired and the prolif-
eration of fetal megakaryocytic precursors
is enhanced, possibly via activation of the
transcription factor E2F. Progression of
TMD to AMKL is associated with the acqui-
sition of heterogeneous additional muta-
tions in genes such as JAK2, JAK3, MPL, and
P53, and additional chromosomal aberra-
tions, resulting in aneuploidy.
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The role of ¢T21 in promoting TMD and
AMKL was a mystery until the publication
of two independent breakthrough studies
in 2008 (4, 5). Both teams of researchers
analyzed fetal livers from human fetuses
with DS and discovered a dramatic cell-
autonomous increase in the frequency of
megakaryocytic-erythroid progenitors.
Importantly, this abnormality preceded the
acquisition of the GATAI mutation. Thus,
cT21 provides developmental pressure
toward the megakaryocytic-erythroid lin-
eage and constitutes a first “hit” that predis-
poses all fetuses with DS to TMD and AMKL.
In 5% of the fetuses, this synergizes with the
effects of a second hit, the subsequently
acquired GATAI mutations. The GATA1s
proteins encoded by the acquired GATAI
mutations block the differentiation of
megakaryocytic-erythroid progenitors and
enhance the proliferation of these cells to
cause congenital TMD (ref. 6 and Figure 1).
Finally, in 20% of the children with DS with
TMD, one or more of several different third
hits causes progression to AMKL.

Despite this breakthrough, it was not
clear which of the genes on chromosome
21 promoted the development of TMD and
AMKL. As trisomy results in a small increase
in the expression of multiple genes, rather
than a marked increase in the expression of
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one gene, as occurs as a result of single gene
amplification (7), it is plausible that the
products of several genes on chromosome
21 cooperate in this process. The strongest
candidates identified thus far, with vary-
ing degrees of experimental evidence, are
RUNXI (8) and ERG (9-11), while an addi-
tional study has implicated the chromo-
some 21-encoded microRNA 125-b2 (12).

In this issue of the JCI, Malinge et al.
report their identification of four chromo-
some 21 genes as candidate mediators of
the effect of ¢T21 on myeloid leukemogene-
sis. Combining an shRNA screen of human
AMKL cell lines with detailed analysis of
gene expression in leukemic cells from
patients with AMKL with and without DS
and functional studies in a mouse model
of DS-AMKL that they created, Malinge et
al. found evidence that the chromosome 21
genes ERG, DYRKIA, CHAF1B, and HLCS
could promote myeloid leukemogenesis.
They focused their functional analyses on
DYRKI1A, which encodes dual-specificity
tyrosine-(Y)-phosphorylation-regulated
kinase 1A. Unlike ERG, which is involved
in leukemias in patients with and without
DS, the data suggest that DYRK1A is asso-
ciated specifically with AMKL in individu-
als with ¢T21.

DYRK1A, nuclear factor of activated
T cells, and DS

DYRKI1A has multiple substrates (13), but
its best-characterized targets, especially in
relation to DS, are the five closely related
nuclear factor of activated T cells (NFAT)
transcriptional regulators, NFAT1-NFATS
(14). As their name suggests, the NFAT pro-
teins were originally discovered in T cells
and shown to regulate T cell activation.
Since then, it has become clear that they
are involved in numerous developmental
programs, involving many tissues outside
the immune system. In general, activation
of the NFAT pathway is considered to be
cancer promoting through several possible
mechanisms (15). In T lymphoid malig-
nancies, the NFAT pathway is thought
to enhance the proliferation and survival
of leukemic cells as a result of its funda-
mental role in T cell activation. A second
mechanism relevant for most solid tumors
is that activation of the NFAT pathway can
enhance angiogenesis, as transcription of
VEGF is increased by NFAT proteins. NFAT
proteins also enhance metastatic dissemi-
nation and have recently been shown to
regulate epithelial-to-mesenchymal transi-
tion, which is important for both lineage
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A simplified scheme of the effect of chromosome 21—-encoded gene products on the NFAT
pathway. The phosphorylation status of NFAT proteins determines their subcellular localization
and consequently their transcriptional activity. The phosphatase calcineurin, which is activated
by Ca2+ bound to calmodulin (Ca2+/CaM), dephosphorylates NFAT proteins, leading to their
translocation to the nucleus. Calcineurin activity is inhibited by calcipressin 1, which is encoded
by the chromosome 21 gene RCANT. In the nucleus, NFAT (in a complex with other transcrip-
tion factors) regulates the expression of multiple genes. DYRK1A phosphorylates NFAT pro-
teins in the nucleus and facilitates their phosphorylation by additional kinases (GSK3 and CKI).
Phosphorylated NFAT proteins are inactivated by translocation to the cytosol. Cyclosporine A
(CsA) and FK506 are pharmacological inhibitors of the pathway, acting by blocking calcineurin.
Pharmacological inhibitors of DYRK1A, such as harmine, activate the NFAT pathway.

specification during development and met-
astatic spread of epithelial cancers (16).

The NFAT proteins are the final mes-
sengers in a vertebrate-specific signal-
ing cascade initiated by an increase in
the concentration of intracellular Ca?* in
response to various external stimuli (e.g.,
T cell activation) (Figure 2 and ref. 15).
The subcellular localization of NFAT pro-
teins depends on their phosphorylation
status. Phosphorylated NFAT proteins
are cytosolic and hence transcriptionally
inactive. Ca?* binds to the calcium sen-
sor calmodulin, which in turn binds and
activates the protein phosphatase calci-
neurin. After dephosphorylation by cal-
cineurin, NFAT proteins translocate to
the nucleus, in which they cooperate with
multiple transcription factors to regulate
gene expression. Nuclear NFAT proteins
are phosphorylated by DYRKI1A, glyco-
gen synthase kinase-3 (GSK3), and casein
kinase 1 (CKI) and translocate back to the
cytosol. DYRK1A is a “priming” kinase, as
phosphorylation mediated by DYRK1A is
required for subsequent NFAT phosphory-
lation by GSK3.

DYRKIA is one of two inhibitors of the
NFAT pathway encoded by genes in the
“DS-critical region” of the long arm of
chromosome 21. The other is calcipressin 1,
which binds and inhibits calcineurin
and is encoded by RCANTI (also known as
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DSCRI), itself a target of NFAT. Consistent
with this, experimental and mathematical
evidence suggest that the NFAT pathway
is inhibited in cells from individuals with
DS (14). Moreover, a pathologic effect
of this inhibition is suggested by the fact
that mice lacking NFAT factors or overex-
pressing DYRK1A have skeletal, neuronal,
behavioral, and cardiac defects reminiscent
of those observed in patients with DS. Indi-
viduals with DS also have impaired thymic
function associated with immunodeficien-
cy (17, 18). Interestingly, although children
with DS have a markedly increased risk of
B cell precursor ALL, T-ALL is extremely
rare in individuals with DS (3). One may
speculate that both the immunodeficiency
and the rarity of T-ALL may be also related
to inhibition of the NFAT pathway in DS.
Suppression of the NFAT pathway by the
chromosome 21-encoded proteins DYR-
KIA and RCANT1 has also been proposed
to explain the lower rate of invasive epithe-
lial cancers in adults with DS (19). Paradoxi-
cally, the data generated by Malinge et al. (2)
suggest that inhibition of NFAT proteins
by DYRKIA promotes the megakaryocytic
malignancies associated with DS. It is worth-
while to note that these investigators mainly
showed that inhibition of the NFAT pathway
correlated with overexpression of DYRK1A
and therefore did not rule out the possibility
that other substrates may mediate the leuke-
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mogenic activity of DYRK1A. Interestingly,
another inhibitor of calcineurin, FKBPS1,
has been shown to be induced during mega-
karyocytic differentiation and to accumulate
in idiopathic myelofibrosis, a megakaryo-
cytic neoplasm (20). These independent
observations provide strong support for the
hypothesis that NFAT inhibition and mega-
karyocytic malignancies are linked.

The data generated by Malinge et al. (2)
support the hypothesis that, while DYR-
K1A suppresses the growth of epithelial
and lymphoid tumors, it is a megakaryo-
cytic oncogene. A similar dual role has
been proposed for another chromosome
21-encoded protein, RUNX1. RUNXI1 is
a tumor suppressor in both lymphoid and
myeloid leukemias but has been suggested
to be involved, as a result of its overexpres-
sion, in DS-AMKL (8).

Future perspective and challenges
Despite the progress made by Malinge et al.
(2) and other researchers (8-10, 11, 12, 21)
in deciphering single candidate genes that
mediate the leukemogenic effect of ¢T21, it
is still unclear how ¢T21 functions during
the transition from preleukemia to TMD.
How many genes on chromosome 21 par-
ticipate in the leukemogenesis process,
and what is the quantitative contribution
of each gene? At what stage of development
are they involved? What is the basis for the
unique and specific cooperation between
cT21 and the GATAI mutation?

Chromosomal aneuploidies are com-
monly detected in cancer (22). Thus, the
answers to these questions as well as addi-
tional studies of the role of cT21 in the
leukemias associated with DS may have
general implications for understanding
the oncogenic mechanisms of acquired
chromosomal aneuploidies.

A major experimental hurdle has been the
lack of appropriate experimental models.
Although Malinge et al. have nicely shown
that DS-AMKL can be modeled in the
mouse by introducing three hits, namely
cT21, Gatal mutation, and a mutation in
Mpl (2), mouse models of DS are limited.
For example, they do not have the fetal phe-
notype observed in human DS fetuses. DS-
AMKL cell lines might not be appropriate
for study, as they represent a stage occur-
ring after either the preleukemic or TMD
phase. Substantial progress has been made
recently by the expansion of trisomic hema-
topoietic cells from DS fetuses in immuno-
deficient mice (4) and by the generation of
induced pluripotent stem cells from DS
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fetal hematopoietic and TMD cells (23).
Such experimental tools would allow sys-
tematic evaluation of human cT21 in the
correct developmental context.

Whether DYRKIA is functioning
through the NFAT pathway or another
pathway in DS-AMKL, its inhibition may
have therapeutic benefit. Malinge et al.
provide a proof of concept that DYRK1A
inhibitors may be clinically useful in the
context of DS-AMKL by demonstrating
that harmine, a small-molecule inhibitor
of DYRK1A kinase activity, can inhibit the
growth of megakaryoblastic leukemic cell
lines with trisomy 21 (2). Thus, DYRK1A
inhibitors may be a specific targeted thera-
py for DS-AMKL.
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Popeye proteins: muscle for the aging sinus node
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The electrical impulses that dictate the rhythm of the heartbeat in normal
situations and during exercise or stress are initiated by a small number of
sinus node pacemaker cells. Senescence and dysfunction of the sinus node
affects many people later in life, causing physiologically inappropriate
heart rates, but the underlying mechanisms are not well understood. In this
issue of the JCI, Froese and colleagues show that deficiency in either Popeye
domain containing 1 (Popdc1) or Popdc2 leads to sinus node dysfunction
under stressed conditions in aged mice. The mechanism reported to under-
lie the effects of Popdc1/2 deficiency in mice may cause the stress-induced
sinus node dysfunction found in many aged individuals and may point to
new strategies for therapeutic intervention.
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The rhythmic forward flow of blood
through the major arterial vessels is con-
trolled by coordinated electrical activa-
tion of the heart. Electrical activation in
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the heart originates in the sinus node,
which is located in the right atrium near
the entrance of the superior vena cava (1).
Sinus node cells differ from normal atrial
and ventricular cardiomyocytes in many
respects. They develop, during embryo-
genesis, from precursor cells distinct from
those that give rise to cardiomyocytes in
the remainder of the heart. Moreover,
throughout life, they maintain a molecular
program that is unique and quantitatively
different from that of normal atrial and
ventricular cardiomyocytes (2). This molec-
ular program endows them with unique
characteristics: for example, unlike atrial
and ventricular cardiomyocytes, sinus node
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