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DYRK1A regulates B cell acute lymphoblastic leukemia
through phosphorylation of FOX01and STAT3
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that facilitates the development and maintenance of B-ALL.

Introduction

B cell acute lymphoblastic leukemia (B-ALL) is the most common-
ly diagnosed pediatric cancer, with incidence peaking between
the ages of 2 and 5 years (1). The success of multidrug regimens
in B-ALL has allowed the overall 5-year event-free survival (EFS)
rates to surpass 85% (2); however, there are still several factors
that portend a worse prognosis, such as molecular subtype (e.g.,
Philadelphia-like [Ph-like] ALL) and age (either less than 1 year or
older than 13 years). Notably, children with Down syndrome (DS)
have a 27-fold increased risk of developing ALL (DS-ALL) (3),
which is almost exclusively of B cell origin (4). DS-ALL blasts har-
bor extensive genetic heterogeneity; along with the characteristic
trisomy 21, somatic alterations leading to JAK2 activation, CRLF2
overexpression, and loss of IKZF1 and PAX5 are common (5). Giv-
en that trisomy of chromosome 21 (HSA21) causes DS, there has
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DYRK1A is a serine/threonine kinase encoded on human chromosome 21 (HSA21) that has been implicated in several
pathologies of Down syndrome (DS), including cognitive deficits and Alzheimer’s disease. Although children with DS are
predisposed to developing leukemia, especially B cell acute lymphoblastic leukemia (B-ALL), the HSA21 genes that contribute
to malignancies remain largely undefined. Here, we report that DYRK1A is overexpressed and required for B-ALL. Genetic

and pharmacologic inhibition of DYRK1A decreased leukemic cell expansion and suppressed B-ALL development in vitro and
in vivo. Furthermore, we found that FOX01 and STAT3, transcription factors that are indispensable for B cell development,
are critical substrates of DYRK1A. Loss of DYRK1A-mediated FOX01and STAT3 signaling disrupted DNA damage and ROS
regulation, respectively, leading to preferential cell death in leukemic B cells. Thus, we reveal a DYRK1A/FOX01/STAT3 axis

been ongoing investigation into the role of aberrant regulation of
HSA21 genes in leukemogenesis (6-10).

DYRKIA, located within the DS critical region (DSCR) of
HSA21 (11), encodes dual-specificity tyrosine phosphorylation-
regulated kinase 1A (DYRK1A). DYRKIA is a serine/threonine
kinase that is a member of the evolutionarily conserved CMGC
kinase family, which also includes cyclin-dependent kinases
(CDKs), Cdc2-like kinases, and other DYRK family members.
The role of DYRKI1A has been well characterized in neurologi-
cal pathologies such as autism (12) and Alzheimer’s disease (13).
These studies have led to the identification of numerous DYRK1A
substrates that are involved in essential cellular functions such as
apoptosis (14), the cell cycle (15-18), transcription (19), and RNA
splicing (20). Despite advances in DYRKI1A research in several tis-
sues, there have been very few studies of its role in normal and
pathological hematopoiesis.

We previously reported that DYRKIA is a leukemia-promot-
ing gene in acute megakaryoblastic leukemia, which is common-
ly seen in children with DS, through the dysregulation of nuclear
factor of activated T cells (NFAT) transcription factors (7). We also
discovered that DYRKIA is required for normal lymphopoiesis,
but dispensable for myeloid cell development (17). This effect
on lymphocytes is due to DYRK1A-mediated phosphorylation of
cyclin D3, an event that targets it for degradation, thereby pro-
moting cell-cycle exit and subsequent lymphoid maturation. In
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the absence of DYRKIA, B and T cell precursors fail to enter a
quiescent state and are unable to progress beyond the large pre-B
cell and double-negative thymocyte stages, respectively. Para-
doxically, Dyrkla-deficient pre-B cells also exhibit a proliferative
defect without apoptosis, indicating a block in the cell cycle, the
mechanism of which has yet to be elucidated. Here, we report that
DYRKIA is necessary for the growth of B-ALL cells and represents
a therapeutic target in this malignancy. We also demonstrate that
FOXO1 and STATS3 are critical substrates of DYRKIA in B lymph-
opoiesis through the regulation of DNA damage and ROS, respec-
tively. Last, we reveal that DYRK1A, FOXO1, and STAT3 can be
effectively targeted in B-ALL through the use of selective and
potent small-molecule inhibitors.

Results

DYRKIA is required for B-ALL. Children with DS develop B-ALL at
significantly higher rates than do those without DS (3). As these
children harbor triplication of DYRKIA due to its localization
within the DSCR, and since trisomy of the DSCR promotes leu-
kemogenesis in animal models (6, 7), we hypothesized that DYR-
KIA overexpression would correlate with B cell leukemogenesis.
Analysis of the Broad Institute’s Cancer Cell Line Encyclopedia
(CCLE) (21) revealed that DYRKIA is indeed overexpressed in
hematopoietic tumors, and preferentially in acute leukemias, rel-
ative to other tumor types (Figure 1A). While a copy number gain
of DYRKIA is expectedly seen in ALL and acute myeloid leukemia
(AML) cells with abnormalities such as hyperdiploidy (e.g., MHH-
CALL-2), hypertetraploidy (e.g., TALL-1), and DS (e.g., CMK),
cells without gain of HSA21 also have increased DYRKIA expres-
sion, indicating that this dysregulation may occur at the transcrip-
tional level (Figure 1B). Moreover, we found that DYRK1A protein
levels were increased in both B-ALL cell lines and in patient cells
(22) compared with normal human bone marrow mononuclear
cells (BMMCs) (Figure 1C). A query of the pediatric cancer data
set in St. Jude GenomePaint (23) demonstrated that increased
DYRKIA expression is associated with worse EFS in several sub-
types of B-ALL, such as hyperdiploid (HeH) and Ph-like ALL (Sup-
plemental Figure 1A; supplemental material available online with
this article; https://doi.org/10.1172/JCI135937DS1), underscoring
its potential role as a prognostic and therapeutic target.

We previously demonstrated that Dyrkla-deficient B cells fail
to enter quiescence (17), rendering them unable to mature past the
large pre-B cell stage. Although this stage is typically characterized
by proliferative expansion (24), loss of DYRKIA activity paradoxi-
cally impairs cell division, indicating that it is required for both B
cell maturation and proliferation (17). Conversely, overexpression
of Dyrkla alone does not increase clonal proliferation of B-cell pre-
cursors in vitro (Supplemental Figure 1, B and C). However, given
the upregulation of DYRKIA in B-ALL, we sought to determine
whether the gene is required for leukemia cell survival in vivo. We
developed a murine model of B-ALL by harvesting lineage-deplet-
ed bone marrow cells from mice carrying homozygous (Dyrkla™")
or heterozygous (Dyrkla™*) conditional knockout alleles of Dyrkla
with or without the MxI-Cre transgene, transducing these cells with
MIGR1-BCR/ABL (p190 isoform), and transplanting them into
lethally irradiated recipient mice. Of note, expression of BCR/ABL
in murine CD19* cells increased DYRKIA protein levels (Figure
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1D). Upon detection of 1% or more CD19*GFP* cells in peripheral
blood, we initiated treatment with polyl:polyC (pI:pC) to induce
excision of Dyrkla (Figure 1E). Both homozygous and heterozy-
gous deletion of Dyrkla reduced the leukemic burden in murine
bone marrow and spleens and conferred a highly significant sur-
vival benefit (Figure 1, F-I, and Supplemental Figure 1D). We found
that the animals that succumbed to leukemia harbored B-ALL cells
that escaped Dyrkla excision (Supplemental Figure 1E). Note that
control animals with MxI-Cre and a WT Dyrkla locus treated with
pI:pC succumbed to p190 BCR-ABL-induced B-ALL at the same
rate as those of the Dyrkla™’ genotype lacking Mx1-Cre (Supple-
mental Figure 1, F and G). Thus, while Dyrkla was not sufficient to
drive leukemic transformation in vitro, it was necessary for B-ALL
maintenance in vivo. Furthermore, since heterozygous loss of Dyr-
kla has no observable effect on normal hematopoiesis (17), there
appears to be a therapeutic window during which DYRK1A inhibi-
tion would selectively target leukemia cells.

B-ALL cells are sensitive to DYRKIA pharmacologic inhibition.
Studies have indicated that DYRK1A can perform several functions
independent of its kinase activity, such as regulation of chroma-
tin remodeling (25). To determine whether pre-B cell and B-ALL
dependence on DYRKIA requires its kinase activity, we mutat-
ed the lysine 188 residue of its ATP-binding domain to arginine
(K188R), thereby rendering it catalytically inactive. This mutant
allele has been previously characterized to have minimal kinase
activity and acts as a dominant-negative (26, 27). We observed
that pre-B cells overexpressing Dyrkla®#* completed fewer cell
divisions than did those transduced with an empty vector 48 and
72 hours after transduction (Figure 2, A and B), suggesting that its
role in B cell proliferation requires its kinase function. Similarly,
overexpression of Dyrk1a*®® in MHH-CALL-4 and MUTZ-5 cells
reduced proliferation compared with empty vector-transduced
cells (Figure 2C and Supplemental Figure 2A). Notably, overex-
pression of Dyrkla™" in MHH-CALL-4 and MUTZ-5 cells did not
significantly alter their growth kinetics, possibly indicating that its
phenotypic effect had already been elicited by high levels of DYR-
KIA expression in these cell lines.

We next analyzed the effect of DYRKI1A inhibition using the
small-molecule inhibitor EHT 1610 (28-30). EHT 1610 is a potent
and selective small-molecule inhibitor of DYRK1A with known
biological activity (31). We previously demonstrated that EHT
1610 exposure recapitulated features of the Dyrkla knockout
such as the loss of pre-B cell colony formation in vitro, without an
effect on myelopoiesis or erythropoiesis (17). As seen in murine
pre-B cells, treatment of B-ALL cell lines in vitro with EHT 1610
diminished cyclin D3 Thr283 phosphorylation (Figure 2D). EHT
1610 also shifted the cell-cycle distribution of each B-ALL cell that
we tested (1 =7), with fewer cells in G, and accumulating instead
in the S-G,-M phases (Figure 2, E and F, and Supplemental Fig-
ure 2B). We confirmed by DYRKIA-knockdown experiments that
these phenotypes were due to the on-target activity of EHT 1610
(Supplemental Figure 2, C-E).

We next found that treatment of B-ALL cell lines and
patient-derived xenograft (PDX) B-ALL cells with EHT 1610
resulted in a dose-dependent decrease in cell numbers (Figure 2G,
Supplemental Figure 3, and Supplemental Table 1), underscoring
the proliferative defect seen when DYRKI1A is lost in both WT and
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Figure 1. DYRK1A is required for B-ALL. (A) DYRKTA mRNA expression
(reads per kb per million mapped reads [RPKM]) distribution across cell
lines from the Broad Institute’s CCLE, ordered by the median DYRK1A
expression level (dotted line), the IQR (box), and up to 1.5 times the IQR
(bars). NA, not assigned lineage. (B) DYRKTA mRNA expression versus the
relative copy number (RCN) compared across B-ALL (n = 16), T-ALL (n = 16),
AML (n = 35), and solid tumors (NSCLC [n = 122] and small-cell lung cancer
[n = 50], colorectal [n = 57], breast [n = 57], and prostate [n = 8]) from the
CCLE. Dots represent individual cell lines. Arrows indicate specific leukemic
cell lines with chromosome 21 aneuploidy. (C) Western blot showing total
DYRK1A protein in B-ALL cell lines (MHH-CALL-4, MUTZ-5, MHH-CALL-2,
REH, RCH-ACV, 697, Nalm-6), patient samples (DS-ALL-02, DS-ALL-03, and
HeH-ALL-09), and human BMMCs. Data are from the same gel as in Figure
5C, which was separately probed for FOXO1. Data are representative of 3
independent experiments. (D) Western blot showing total DYRK1A protein
in primary murine CD19* cells expressing BCR-ABL (p190). Data are repre-
sentative of 3 independent experiments. (E-G) Lethally irradiated mice
were transplanted with BCR-ABL (p190) B-ALL cells from the bone marrow
of Dyrk1a™f or Dyrk1a®* mice, with or without Mx1-Cre, and then treated
with pl:pC for 2 weeks (n = 2 per cohort). Data were analyzed 1 week after
completion of pl:pC treatment. (E) Dyrk7a mRNA expression following
quantitative reverse transcription PCR (qRT-PCR) of sorted CD19*GFP* cells
from murine bone marrow. Data indicate the mean + SD (from triplicate
wells of a representative sample). (F) Percentage of CD19*GFP* cells in live
bone marrow of individual mice. (G) Spleen weights of individual mice. (H
and 1) Kaplan-Meier analysis of mice transplanted with BCR-ABL (p190)
B-ALL cells from the bone marrow of Dyrk1a®/f (H) or Dyrk1a™ (1) mice with
(red line) or without (blue line) Mx1-Cre after pl:pC injection for 2 weeks
(yellow box). P values and sample sizes (n) are shown in the key. Data are
representative of 2 independent transplantation experiments. Significance
was determined by ANOVA with post hoc Bonferroni’s correction (E) or log-
rank (Mantel-Cox) test (H and ). **P < 0.01 and ****P < 0.0001.

malignant B cells. The effect of DYRK1A inhibition was most strik-
ing in MHH-CALL-4 and MUTZ-5 cells, as well as in PDX cells
harboring gain of HSA21 (DS-ALL-02 and HeH-ALL-09) (22), in
which the IC,  values were in the high nanomolar range. Moreover,
compared with previously published DYRK1 inhibitors, including
harmine (32) and INDY (33), EHT 1610 displayed more potent
activity in B-ALL, T cell ALL (T-ALL), and, particularly, DS-ALL
samples (Figure 2H and Supplemental Table 2). This preferential
activity against DS-ALL suggests an increased dependence on
DYRKIA in cells with chromosome 21 aneuploidy. Importantly,
we also found that EHT 1610 had activity in vitro against high-risk
and very high-risk (HR/VHR) ALL, consistent with a dependence
on DYRKIA in these poor prognostic subtypes.

B-ALL is typically treated using a multiagent chemothera-
peutic regimen of cytotoxic agents that target the cell cycle and
proliferation; however, leukemic cells can develop resistance to
these agents by escaping into quiescence (34, 35). Since DYRK1A
inhibition reduces B-ALL cellular quiescence, we hypothesized
that EHT 1610 would synergize with conventional chemother-
apy. Therefore, we treated B-ALL cell lines that were less sensi-
tive to EHT 1610, including REH, RCH-ACV, Nalm-6, and 697,
with 3 commonly used chemotherapy drugs — dexamethasone,
cytarabine, and methotrexate — in combination with EHT 1610
at multiples of IC,  values (Supplemental Table 3). Methotrexate
treatment was omitted for REH, as its use as a single agent had
a subnanomolar IC, . We found that all 3 agents synergized with
EHT 1610 in these cell lines (Figure 2I and Supplemental Table 4).
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DYRKIA regulates multiple pathways in pre-B cells. We next per-
formed parallel phosphoproteomic experiments to identify sub-
strates of DYRKIA in pre-B cells that could potentially provide
insights into the impaired cell growth phenotype. We first used
global phosphoproteomics to identify pathways regulated by DYR-
K1A kinase activity in primary murine pre-B cells (Supplemental
Figure 4A). Using a 1.5-fold change threshold, we identified 438
unique dephosphorylated peptides and 272 unique hyperphos-
phorylated peptides after 2 hours of EHT 1610 treatment (Supple-
mental Figure 4B). Importantly, the Thr283 residue of cyclin D3
was significantly dephosphorylated with DYRKIA inhibition, con-
sistent with our previous study (17). Using the STRING database
(36), we visualized the interactomes of both dephosphorylated and
hyperphosphorylated protein data sets and separated them into
5 functionally related groups using KMEANS clustering (Supple-
mental Figure 4, C and D). We also identified upregulated KEGG
annotations (37-39) and found that DYRKIA inhibition affected
several pathways such as those involved in the cell cycle, the spli-
ceosome, and transcriptional misregulation in cancer (Figure 3A).

We then leveraged a kinase assay-based phosphoproteomic
study to delineate DYRKIA substrates that govern the pathways
mentioned above (Supplemental Figure 4E). In this experiment,
we dephosphorylated murine pre-B cell lysates with A protein
phosphatase and incubated them with recombinant human DYR-
K1A and ATP to identify peptides that showed increased phos-
phorylation compared with reactions lacking DYRK1A. Endoge-
nous kinase activity was blocked before re-addition of DYRKIA
by treating lysates with 5'-(4-fluorosulfonylbenzonyl)adenosine
(FSBA), an irreversible pan-kinase inhibitor, and digesting them
with Lys-C protease. This studyidentified 513 unique peptides with
increased phosphorylation compared with the control, including
peptides for DYRK1A and human NFATc1, which was spiked in as
a positive control. Of these unique phosphorylated peptides, 109
overlapped with the dephosphorylated peptides from our global
phosphoproteomics assay (Figure 3, B and C, Supplemental Fig-
ure 4F, and Supplemental Table 5) and were used to individually
validate bona fide substrates, such as cyclin D3. Notably, our com-
piled group of peptides included other previously demonstrated
DYRKIA substrates such as FOXO1 (40) and STAT3 (41). Gene
Ontology (GO) biological process (42, 43) analysis of the overlap-
ping protein set revealed enrichment in a variety of annotations
that were segregated into RNA processing/splicing/translation,
transcriptional regulation/chromatin modification, cell cycle/cell
division/cell organization, cell differentiation/development, and
cellular metabolic processing/biosynthesis, among others (Figure
3D and Supplemental Table 6). The diversity of enriched annota-
tions dependent on DYRKIA activity underscores its role as a crit-
ical regulator of B cell physiology. In particular, the abundance of
proteins found to be involved in transcriptional regulation, the cell
cycle, and cell differentiation reflects the influence of tightly regu-
lated transcriptional networks in lymphopoiesis (24).

DYRKIA regulates the DNA damage response through phosphor-
lation of its substrate FOXOI. One candidate DYRKIA substrate
identified by our combined phosphoproteomics approach was
the transcription factor FOXO1, which we found to be phosphor-
ylated at Ser326 (homologous to human Ser329). We performed
an in vitro kinase assay, which validated that DYRK1A phosphor-
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Figure 2. Inhibition of DYRK1A with EHT 1610 impairs B-ALL cell

growth. (A) Representative flow cytometric plot of a CellTrace Violet

dye dilution assay in GFP* cultured pre-B cells transduced with MIGR1 or
MIGR1-Dyrk1a*'¢®®, (B) Quantification of the CellTrace Violet dye dilution
assay data shown in A (48 and 72 hours after transduction). Data indicate
the mean + SD. (C) Quantification of the CellTrace Violet dye dilution
assay data shown in Supplemental Figure 2A (120 hours after transduc-
tion). Data indicate the mean + SD. (D) Western blot showing p-cyclin

D3 (Thr283) and total cyclin D3 protein in MHH-CALL-4 cells after 5 hours
of treatment with EHT 1610. (E) Representative flow cytometric plots of
DNA versus RNA content in Nalm-6 and MUTZ-5 cells after a 48-hour
treatment with EHT 1610. Numbers indicate the percentage of cells in
each gate. (F) Cell-cycle phase distribution based on the gating in E and
Supplemental Figure 2B. Data indicate the mean + SD. (G) IC, values

of B-ALL cell lines and patient samples treated with EHT 1610 for 72 or

96 hours based on the data in Supplemental Figure 3. (H) IC, values for
patient samples treated with the DYRK1A inhibitors EHT 1610, harmine,
or INDY. Dots represent the mean of 3 biological replicates of each patient
sample. SR, standard risk; MR, medium risk; HR/VHR, high risk/very high
risk. (1) Heatmap of Cl values when combining EHT 1610 with dexametha-
sone (Dex), cytarabine (AraC), or methotrexate (MTX) at the multiples of
IC,, values indicated in Supplemental Table 3. n = 3 biological replicates
(A-1). Significance was determined by unpaired t test (B) or ANOVA with
post hoc Bonferroni's correction (C and F). For F, values were compared
with DMSO within each cell line. *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001.

ylates this residue (Figure 4A). We also observed diminished
Ser326 phosphorylation in primary murine pre-B cells with both
EHT 1610 treatment and Dyrkla knockout (Figure 4, B and C).
FOXO1 is of particular interest, because it is a known regulator of
B lymphopoiesis (44) and is involved in controlling the G-S and
G,-M checkpoints (45). FOXOL1 is canonically regulated by PI3K/
AKT pathway phosphorylation of Thr24, Ser256, and Ser319,
which sequesters FOXO1in the cytoplasm and targets it for degra-
dation (45, 46). To determine whether FOXO1 stability is affected
by DYRK1A-mediated phosphorylation, we performed a cyclo-
heximide pulse-chase assay and observed increased protein sta-
bility upon EHT 1610 treatment (Supplemental Figure 5A). This
result suggests that DYRKIA, like PI3K/AKT signaling, regulates
FOXOL1 through protein destabilization, although by phosphory-
lation of an alternate site. Of note, our previous study indicated
that PI3K/AKT signaling remained intact following DYRK1A inhi-
bition (17), indicating that this phenotype is probably independent
of the PI3K/AKT pathway. To elucidate the mechanism by which
FOXOL1 protein is stabilized in the context of DYRKIA inhibition,
we transiently transfected primary murine pre-B cells with WT,
phosphomimetic (S329E), and phosphodeficient (S329A) human
alleles of FOXO1 fused to GFP. Treatment of WT FOXO1-express-
ing cells with EHT 1610 altered the subcellular localization, such
that it was present within the nucleus despite cytokine stimulation
of the IL-7 receptor, which normally activates PI3K/AKT signal-
ing. This nuclear accumulation was seen with the phosphodefi-
cient, but not the phosphomimetic, alleles of FOXOI (Figure 4D),
which is consistent with previous studies (40).

Our previous finding that Dyrkla-deficient pre-B cells fail to
proliferate despite G-S progression due to cyclin D3 stabiliza-
tion suggested that there may be a distal cell-cycle delay caused
by aberrant regulation of a second substrate (17). Indeed, pre-B
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cells treated with EHT 1610 exhibited a nearly 2-fold increase in
4N cells with phosphorylated CDK1 (p-CDK1) without any sig-
nificant change in dephosphorylated CDK1, indicating that these
cells accumulate in early G,-M, since dephosphorylation of CDK1
is required for entry into mitosis (Figure 4, E and F). Given that
FOXOL1 regulation of the cell cycle is known to occur at both the
G,-S and G,-M checkpoints (45), its dysregulation is a logical
explanation for the dual effect of DYRK1A on the cell cycle. At the
G,-M interface, FOXO1 acts as a DNA damage sensor and delays
cell-cycle progression to allow for repair or apoptosis through
both P53-dependent and -independent pathways (47). Since loss
of DYRKIA activity leads to nuclear accumulation of FOXO1, we
used AS1842856, a selective small-molecule inhibitor of FOXO1
that directly binds nuclear-activated FOXO1 and prevents its
interaction with target promoter sequences (48). This drug, there-
fore, allowed us to study whether FOXO1 inhibition could reverse
the EHT 1610-induced G,-M delay. We found that FOXO1 inhi-
bition alone induced a 2.5-fold increase in 4N cells in the late
G,-M phase, as evidenced by CDK1 dephosphorylation (Figure
4, E and F). We observed a similar increase in G,-M progression
when AS1842856 was combined with EHT 1610. Furthermore,
treatment of pre-B cells with AS1842856 partially rescued the pro-
liferative defect induced by EHT 1610 (Figure 4G).

As mitigation of DNA damage is a major mechanism by which
FOXOL1 regulates G,-M progression, we assayed for y-H2AX foci
in murine pre-B cells. We did not observe a significant increase in
y-H2AX foci with EHT 1610 treatment alone (Figure 4H). Howev-
er, when EHT 1610 and AS1842856 were combined, we observed
a cumulative increase in y-H2AX foci. Notably, higher doses of
AS1842856, alone or in combination with EHT 1610, markedly
increased y-H2AX foci, leading to high levels of cell death (Fig-
ure 4I). Thus, it is likely that loss of DYRKIA activity causes ear-
ly cell-cycle progression, which is in turn negatively regulated by
FOXOL1 activation in order to ameliorate the resulting DNA dam-
age from chromosomal instability. Indeed, RNA-Seq of Dyrkla-
deficient small pre-B cells (17) revealed an upregulation of path-
ways involved in G,-M progression, DNA damage, the stress
response, and, notably, FOXO signaling (Supplemental Figure 5,
B and C). This may be partly mediated by FOXO1 transcription-
al activation of Gadd45a, which causes G,-M arrest in response
to DNA damage (45, 49, 50). Consistent with this hypothesis, we
found that Gadd45a expression was increased upon EHT 1610
treatment but not when FOXO1 was inhibited alone or in combi-
nation with DYRK1A inhibition (Figure 4]).

FOXOLI regulation of the DNA damage response can be target-
ed in B-ALL. Although FOXO1 has been described as a tumor
suppressor, it is overexpressed in B cell malignancies, including
B-ALL, compared with its expression in other hematopoietic or
solid tumors (Figure 5, A and B) (21). In our hands, FOXO1 pro-
tein levels were also increased in B-ALL cell lines and primary
patient-derived cells compared with normal human BMMCs
(Figure 5C). In order to assess how FOXO1 and DYRK1A cooper-
ate in leukemogenesis, Nalm-6 and 697 cells, which respectively
represent ETV6-PDGFRB and E2A-PBX subtypes of B-ALL, were
treated with EHT 1610. Both B-ALL lines basally expressed high
levels of nuclear FOXO1, which were increased further upon EHT
1610 treatment (Figure 5D). High basal levels of nuclear FOXO1

J Clin Invest. 2021;131(1):e135937 https://doi.org/10.1172/JC1135937
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Figure 3. Kinase assay-linked
phosphoproteomics identifies
candidate DYRK1A substrates in
pre-B cells. (A) Global differential
phosphoproteomics analysis was
performed on primary murine

pre-B cells treated with 2 pM EHT
1610 or DMSO for 2 hours. Peptides
that were 1.5-fold differentially
phosphorylated were analyzed in
the STRING database for upregu-
lated KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathways. (B)
Venn diagram showing overlapping
peptides from the kinase-depen-
dent phosphoproteome and in vitro
substrates from the experiments
described in Supplemental Figure 4,
A, E, and F. Numbers indicate unique
peptides in each cohort, and circle
sizes indicate the relative size of
the protein group. (C) Scatter plot
depicting dephosphorylated pep-
tides from global phosphoproteom-
ics versus phosphorylated peptides
from kinase assay phosphoproteom-
ics. Arrows indicate the top 5 high-
est-scoring hits. FC, fold change ver-
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contrasted with our observations in WT murine pre-B cells. More-
over, higher FOXOI expression was associated with poor EFS rates
for patients with B-ALL (Supplemental Figure 6A), indicating that
FOXO1 may not be a traditional tumor suppressor in B-ALL.

The high levels of nuclear FOXO1 in Nalm-6 and 697 cells
suggest that it may be transcriptionally active and targetable
in B-ALL, irrespective of the underlying genetics. Indeed, we
observed that the leukemic samples were 3- to 200-fold more sen-
sitive to AS1842856 than were primary murine pre-B cells (Figure
5E, Supplemental Figure 6B, and Supplemental Table 1), high-
lighting a substantial therapeutic window for FOXO1 inhibition.
Notably, we treated an HeH-ALL cell line (MHH-CALL-2) as well
as human PDX-passaged HeH-ALL cells (sample HeH-ALL-09)

J Clin Invest. 2021;131(1):e135937 https://doi.org/10.1172/)CI135937

and DS-ALL cells (sample DS-ALL-02), all 3 of which contained
increased DYRKIA copy numbers. We observed that these HSA21
aneuploid cells were among the B-ALL sample types that were
most sensitive to FOXO1 inhibition. This enhanced sensitivity was
also reflected in an independent assay of primary patient samples
with increased DYRKIA copy numbers; 9 of 9 DS-ALL and HeH-
ALL samples were sensitive to FOXO1 inhibition in the nanomolar
range (Figure 5F and Supplemental Table 7).

Next, we investigated the mechanisms by which DYRKIA
and FOXO1 inhibition led to impaired growth of leukemia cells.
We noted that when Nalm-6 and 697 cells were treated with
EHT 1610, there was minimal change in DNA damage compared
with vehicle-treated cells (Figure 5G and Supplemental Figure
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Figure 4. DYRK1A phosphorylates FOX01 and regulates late cell-cycle
progression. (A) Western blot results of an in vitro kinase assay with
GST-DYRK1A, GFP-FOX01, and ATP-y-S. Alkylated reaction products were
analyzed for thiophosphate esters. (B) Western blot showing p-FOX01
(Ser326) and total FOXO1 protein in pre-B cells after 4 hours of treat-
ment with EHT 1610 (i and ii indicate separate blots from the same cell
extracts). (C) Western blot showing DYRK1A, p-FOX01 (Ser326), and total
FOXO01 protein in Dyrk1a*/* or Dyrk1a™" pre-B cells after transduction with
MIGR1-Cre (i and ii indicate separate blots from the same cell extracts).
(D) GFP immunofluorescence of primary murine pre-B cells transfected
with pcDNA-GFP-FOXO01 (WT, S329A, or S329E) for 48 hours. Cells were
treated with DMSO or EHT 1610 for 4 hours and 10 pg/mL Hoechst 33342
for 1 hour prior to imaging. Images are representative of 4 independent
experiments. Scale bars: 2.5 um. (E) Representative flow cytometric
plots of pre-B cell distribution in early G,-M (4N, pY15*) or late G,-M (4N,
pY15°) after a 48-hour treatment with EHT 1610, AS1842856, or both using
p-CDK1 (Tyr15) versus DNA content. Numbers indicate the percentage

of live cells in each gate. The early/late G,-M ratio is indicated in red. (F)
Quantification of the early/late G,-M ratio based on gating in E. Data
indicate the mean + SD. (G) Quantification of CellTrace Violet dye dilution
assay data after a 48-hour treatment with EHT 1610, AS1842856, or
both. Data indicate the mean + SD. (H) Quantification of the percentage
of y-H2AX cells in primary murine pre-B cells treated with EHT 1610,
AS1842856 (100 nM, 500 nM, or 1000 nM represented by a scale bar),

or both for 48 hours. Data indicate the mean + SD. (I) Quantification of
flow cytometric analysis of apoptosis using annexin V staining in primary
murine pre-B cells treated with EHT 1610, A51842856 (100 nM, 500 nM, or
1000 nM represented by a scale bar), or both for 48 hours. Data indi-

cate the mean = SD. (J) Gadd45a and FoxoT mRNA expression following
gRT-PCR in primary murine pre-B cells after treatment with EHT 1610,
AS1842856, or both. Data indicate the mean + SD (from triplicate wells of
a representative sample). n = 3 biological replicates (A-C and E-}). Signif-
icance was determined by ANOVA with post hoc Bonferroni’s correction
(F-)). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

6C), although these cells still harbored at least a 2-fold increase
in y-H2AX foci at baseline compared with murine pre-B cells
(compare Figure 5G with Figure 4H). When EHT 1610 was com-
bined with 100 nM AS1842856, we observed a marked increase
in y-H2AX foci compared with only a modest effect in WT pre-B
cells at this same dose combination (Figure 4H), indicating that
leukemic cells have a greater dependence on FOXO1 regula-
tion of DNA repair than do WT cells. Furthermore, expression
of several FOXO1 target genes involved in DNA damage and the
stress response, including GADD45A, CCNG2, and BCL2L11, was
increased upon EHT 1610 treatment but was reduced when EHT
1610 and AS1842856 were combined, suggesting a possible sen-
sitivity to DNA damage that can be exploited in leukemic cells
(Figure 5H). Moreover, this combinatorial effect of EHT 1610 and
AS1842856 on DNA damage in B-ALL cells caused a considerable
decline in cell viability, underscoring the high degree of synergy
when both targets were inhibited (Figure 51, Supplemental Table
3, and Supplemental Table 4).

FOXO1 and DYRKIA are therapeutic targets in B-ALL. Given
that EHT 1610 and AS1842856 suppressed the growth of B-ALL
tumor cells in vitro, we next assayed whether these inhibitors reca-
pitulated this activity in vivo. We first treated healthy C57BL/6
mice with EHT 1610 for 2 weeks to assess tolerance of the drug
and on-target activity. Treatment with 40 mg/kg/day EHT 1610
did not affect the peripheral WBC or platelet counts or hemoglo-
bin levels but induced a modest decrease in the percentage of lym-
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phocytes (Supplemental Figure 7A). This peripheral blood pheno-
type was reflected in the bone marrow, with a significant reduction
in G -phase CD19" cells (Supplemental Figure 7B). Furthermore, 3
days of treatment with 40 mg/kg/day EHT 1610 was associated
with a loss of pre-B cell maturation at the large-to-small pre-B cell
transition (Supplemental Figure 7C) and a decrease in the degree
of p-cyclin D3 in sorted pre-B cells (Supplemental Figure 7D).
Together, these studies indicate that EHT 1610 is well tolerated
and has the expected on-target activity. Next, we treated healthy
C57BL/6 mice with 5 mg/kg/day and 10 mg/kg/day AS1842856
for 2 weeks. We did not observe any significant changes in periph-
eral blood counts at either dose level (Supplemental Figure 7E).
However, upon bone marrow analysis, we noted a dose-depen-
dent reduction in pre-B cells, consistent with the documented role
of FOXO1in B lymphopoiesis (44, 49) (Supplemental Figure 7F).

As EHT 1610 and AS1842856 are well tolerated and have on-
target effects in vivo, we transplanted NOD.Cg-PrkdcI[2rg™™i/
Sz] (NSG) mice with human B-ALL cells to determine whether
they could be treated effectively. We transplanted MHH-CALL-4
cells into 1 cohort of NSG mice and treated them with 40 mg/kg/
day EHT 1610, and then transplanted Nalm-6 cells into a separate
cohort of NSG mice followed by treatment with 10 mg/kg/day
AS1842856. Note that the 2 different lines were used on the basis of
our determined sensitivities (Supplemental Table 1). In both cases,
the mice were treated for 2 weeks following detection of 1% or more
human CD45*CD19* cells in the peripheral blood. Both cohorts dis-
played highly significant survival advantages (Figure 6, A and B).

We also evaluated the degree of antileukemia activity in 2
PDX models of HSA21 aneuploidy (22). First, we transplant-
ed NSG mice with luciferase-expressing leukemic blasts from
a patient with DS-ALL (sample DS-ALL-03) to follow leukemia
progression by noninvasive in vivo imaging. When the recipient
mice reached 107 photons/second (p/s) in total flux, we treated
the animals for 3 weeks with 40 mg/kg/day EHT 1610 or 30 mg/
kg/day AS1842856. EHT 1610 treatment alone conferred a 20%
decrease in leukemic burden compared with the control group
versus a more than 100-fold decrease in the AS1842856 group as
determined by bioluminescence (Figure 6C). These reductions in
leukemic burden correlated with significant survival advantages
compared with vehicle treatment, with AS1842856 providing a
greater survival benefit than EHT 1610 (Figure 6D).

Last, we also evaluated the efficacy of EHT 1610 and
AS1842856 in a highly aggressive luciferase-expressing PDX
model of HeH-ALL (sample HeH-ALL-09). After detection of 107
p/s in total flux, we treated transplanted mice for 3 weeks with 40
mg/kg/day EHT 1610 or 30 mg/kg/day AS1842856. EHT 1610
treatment in this aggressive model reduced leukemic burden by
approximately 8% and conferred a modest survival advantage
(Figure 6, E and F); by contrast, AS1842856 treatment reduced
the leukemic burden by approximately 10-fold at endpoint anal-
ysis and provided an even stronger survival benefit. Thus, these
data demonstrate that DYRK1A and FOXOL1 are both efficacious
targets in B-ALL and may be of particular therapeutic value in
models of disease with chromosome 21 aneuploidy.

DYRKIA regulates B-ALL cell growth through phosphorylation
of STAT3. Although targeting the DYRK1A/FOXO1 axis demon-
strates therapeutic efficacy in a variety of B-ALL subtypes through
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Figure 5. FOXO1is required for the B-ALL DNA damage response and

can be targeted with AS1842856. (A) FOXO7 mRNA expression (RPKM)
distribution across cell lines from the Broad Institute’s CCLE, ordered by
median FOXOT expression levels (line), the IQR (box), and up to 1.5 times
the IQR (bars). HL, Hodgkin lymphoma. (B) FOXOT mRNA expression ver-
sus the RCN across B-ALL (n =16), T-ALL (n = 16), AML (n = 35), and solid
tumors (non-small cell [n = 122] and small cell [n = 50] lung, colorectal [n
= 57], breast [n = 57], and prostate [n = 8]) from the CCLE. Dots represent
individual cell lines. (C) Western blot showing total FOXO1 protein in B-ALL
cell lines (MHH-CALL-4, MUTZ-5, MHH-CALL-2, REH, RCH-ACV, 697, and
Nalm-6), patient samples (DS-ALL-02, DS-ALL-03, and HeH-ALL-09), and
human BMMCs. Data are from the same gel as in Figure 1C, which was
separately probed for DYRK1A. Pound sign indicates the nonspecific band.
(D) Western blot showing total FOXO1 protein in Nalm-6 and 697 cells
after treatment with EHT 1610 for 8 hours. C, cytoplasmic; N, nuclear. (E)
IC,, values for B-ALL cell lines, patient samples, and primary murine pre-B
cells treated with AS1842856 for 48 hours, based on data in Supplemen-
tal Figure 6B. (F) IC., values for patient samples (DS-ALL, HeH-ALL, and
nonaneuploid B-ALL control) treated with AS1842856 or idarubicin. Dots
represent 3 biological replicates of different patient samples. (G) Quanti-
fication of the percentage of y-H2AX* cells from the data in Supplemental
Figure 6B. Data indicate the mean + SD. (H) FOXO1 target gene mRNA
expression from gRT-PCR in Nalm-6 (top) and 697 (bottom) cells after
treatment with EHT 1610, AS1842856, or both. Data indicate the mean +
SD (from triplicate wells of a representative sample). (I) Heatmap of Cl
values when combining EHT 1610 with AS1842856 at the multiples of IC,;
values indicated in Supplemental Table 3. n = 3 biological replicates (C-1).
Significance was determined by ANOVA with post hoc Bonferroni’s correc-
tion (G and H). **P < 0.01, ***P < 0.001, and ****P < 0.0001.

DNA damage regulation, this mechanism does not entirely explain
why leukemic cells with JAK pathway hyperactivation (Ph-like ALL
[MUTZ-5, MHH-CALL-4] and DS-ALL [DS-ALL-02]) were exqui-
sitely sensitive to EHT 1610 monotherapy. Thus, we were prompt-
ed to investigate the role of other candidate DYRK1A substrates in
B-ALL. One of the highest-scoring hits in our global phosphopro-
teomics assay was the Ser727 residue of STAT3. Therefore, we
first validated that DYRK1A phosphorylates the Ser727 residue of
STAT3 using an in vitro kinase assay (Figure 7A). This phosphory-
lation event was diminished in MUTZ-5 cells with both EHT 1610
treatment and targeting of DYRKIA (Figure 7, B and C). To deter-
mine whether the efficacy of DYRK1A inhibition in MUTZ-5 cells
was primarily mediated through STAT3 activity, we overexpressed
WT, phosphomimetic (S727D, S727E), and phosphodeficient
(S727A) alleles of STAT3 in these cells and found that expression of
the phosphomimetic alleles significantly reduced their sensitivity
to EHT 1610 (Figure 7D). Conversely, expression of the phospho-
deficient allele yielded an IC_, similar to that of the empty vector,
emphasizing the requirement of Ser727 for EHT 1610 sensitivity.
Moreover, we observed an increase in apoptosis of MUTZ-5 cells
upon EHT 1610 treatment, which was then reduced by overex-
pression of phosphomimetic alleles of STAT3 (Figure 7E), thus
suggesting that STAT3 Ser727 phosphorylation by DYRKIA is crit-
ical for Ph-like ALL survival.

The precise role of STAT3 Ser727 phosphorylation remains
unclear, with previous reports implicating it in canonical JAK/
STAT signaling (41, 51, 52), noncanonical transcriptional regula-
tion (53, 54), and regulation of the mitochondrial electron trans-
port chain (55-57) and mitochondrial ROS (55-60). In support
of the idea of an effect on JAK/STAT signaling, we observed that
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loss of DYRKIA activity was not only associated with decreased
Ser727 phosphorylation, but Tyr705 phosphorylation as well,
suggesting that Ser727 phosphorylation may impact JAK-medi-
ated phosphorylation of Tyr705, possibly by acting as a priming
event (Figure 7, B and C). Expression of phosphomimetic (§727D,
S727E) alleles was also associated with a significant reduction in
mitochondrial ROS in the setting of EHT 1610 treatment com-
pared with that seen with WT and phosphodeficient alleles (Fig-
ure 7F). These findings suggest that STAT3 Ser727 phosphor-
ylation may be protective in leukemic cells by ameliorating the
production of mitochondrial ROS.

Clinically, high expression of STAT3 is associated with worse
EFS rates, although this appears to be more prominent in sub-
types with altered JAK/STAT signaling, namely Ph-like ALL (Sup-
plemental Figure 8). Therefore, we treated MHH-CALL-4 and
MUTZ-5 cells with C188-9, a STAT3-selective small-molecule
inhibitor thatis currently in clinical trials for several common solid
tumors including head and neck squamous cell carcinoma (61, 62)
and non-small cell lung cancer (NSCLC) (63). Both Ph-like ALL
cell lines were sensitive to C188-9, but Nalm-6 cells, which lack
activation of the JAK/STAT pathway, were insensitive to STAT3
inhibition (Figure 7G). Similar sensitivity to C188-9 was seen in
human PDX-passaged Ph-like ALL samples, with driving lesions
affecting JAK/STAT signaling (Figure 7H and Supplemental
Table 8). Of note, improved STAT3 inhibitors, such as the recently
described STAT3 PROTAC may show profoundly better activity
in vivo and vitro (64, 65). These data indicate that in B-ALL with
enhanced JAK signaling, selective inhibition of STAT3 represents
a potential therapeutic approach.

Discussion

B-ALL patients with DS have high rates of treatment-related mor-
bidities, such as methotrexate-related mucositis (66, 67) and cor-
ticosteroid-related hyperglycemia (67), which may increase mor-
tality and thus limit dose escalation, ultimately leading to higher
relapse rates and a worse outcome, with a 5-year EFS rate of 55%-
70% (5). Here, we reveal that DYRKIA is a therapeutic target in
DS-ALL aswell asin other B-ALL subtypes with HSA21 aneuploidy.
We discovered that inhibition of DYRKIA sensitized B-ALL blasts
to cytotoxic chemotherapy by induction of cycling, similar to the
concept of granulocyte CSF (G-CSF) priming in AML (68). Target-
ing DYRKIA is of significant interest to the medical community, as
studies have suggested that its increased activity is responsible for
numerous neuronal sequelae of DS. For example, green tea poly-
phenols, such as epigallocatechin gallate (EGCG), have been tested
in mouse models of DS and found to increase cognition (69, 70). Of
note, green tea polyphenols and the other commonly used DYR-
K1A inhibitor harmine target a wide range of kinases; thus, the role
of DYRK1A in these pathologies remains incompletely defined. By
contrast, we leveraged the most highly selective and potent DYR-
K1A inhibitor EHT 1610 (28-31) to show that DYRKIA is indeed a
therapeutic target in B-ALL. This conclusion is supported by genet-
ic data that showed that even heterozygous loss of Dyrkla almost
completely ablated the leukemia-initiating activity of the p190 iso-
form of BCR-ABL. Although BCR-ABL expression is uncommon
in DS-ALL, the most common chromosomal aneuploidy in BCR-
ABL-positive ALL is polysomy 21 (71).
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Figure 6. FOX01and DYRK1A are therapeutic targets in B-ALL. (A and B) MHH-CALL-4 and Nalm-6 cell lines were transplanted into NSG mice, and the
animals were treated with EHT 1610 or AS1842856, respectively, for 2 weeks (yellow boxes). Kaplan-Meier analysis of mice treated with EHT 1610 (A) or
AS1842856 (B) was performed. Graph titles describe the genetic backgrounds of the transplanted leukemia cells. P values and sample sizes (n) are shown in
the key. (€) NSG mice were transplanted with a DS-ALL-03 luciferase-expressing PDX sample and treated with EHT 1610 or AS1842856. Representative images
of leukemic burden within each treatment cohort are shown. Radiance scales are shown below each image. (D) Kaplan-Meier analysis of DS-ALL-03 cohorts
after 3 weeks (yellow box) of treatment. Graph title describes the genetic background of the leukemia. P values and sample sizes () are shown in the key.

(E) NSG mice were transplanted with the HeH-ALL-09 luciferase-expressing PDX sample and treated with EHT 1610 or AS1842856. Representative images of
leukemic burden within each treatment cohort at the treatment endpoint are shown. Radiance scales are shown below each image. (F) Kaplan-Meier analysis
of HeH-ALL-09 cohorts after 3 weeks (yellow box) of treatment. Graph title describes the genetic background of the leukemia. P values and sample sizes (n)
are shown in the key. Significance was determined by log-rank (Mantel-Cox) test (A, B, D, and F). **P < 0.01, ***P < 0.001, and ****P < 0.0001. s, steradian.

Mechanistically, we performed an unbiased substrate anal-
ysis of DYRKI1A in hematopoietic cells and revealed that DYR-
K1A phosphorylation of FOXOL1 is critical for B cell development
through late cell-cycle regulation in response to DNA dam-

age. While the precise interplay between DYRKI1A- and PI3K/
AKT-mediated regulation of FOXO1 intracellular localization
remains unclear, it is possible that Ser326/Ser329 phosphor-
ylation facilitates FOXO1 nuclear export, since this motif lies
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Figure 7. DYRK1A-mediated phosphorylation of STAT3 regulates mitochondrial ROS in B-ALL. (A) Western blot results of an in vitro kinase assay with
GST-DYRK1A, FLAG-STAT3, and ATP-y-S. Alkylated reaction products were analyzed for thiophosphate esters. (B) Western blot showing p-STAT3 (Ser727,
Tyr705) and total STAT3 protein in MUTZ-5 cells after 4 hours of treatment with EHT 1610. Densitometric values were normalized to actin. (C) Western
blot showing p-STAT3 (Ser727, Tyr705), total STAT3, and DYRK1A in MUTZ-5 cells with or without CRISPR/Cas9-mediated knockout of DYRKTA (i, ii, and iii
indicate separate blots from the same cell extracts). (D) IC_, values of MUTZ-5 cells transduced with MSCV-puro (empty, STAT3WT, STAT35774, STAT377P,
or STAT3%%F) after treatment with 3 uM EHT 1610. Data indicate the mean + SD. (E) Quantification of flow cytometric analysis of apoptosis using annexin
V staining in MUTZ-5 cells transduced with MSCV-puro (empty, STAT3WT, STAT3%727A STAT3572°, or STAT3%%F) after treatment with 3 uM EHT 1610. Data
indicate the mean + SD. (F) Mitochondrial ROS luminescence quantification as RLU (relative light units) after treatment with 3 uM EHT 1610 using the
Mitochondrial Superoxide Assay Kit in MUTZ-5 cells transduced with MSCV-puro (empty, STAT3WT, STAT3%727A STAT37°, or STAT3%7%F). (G) Cell numbers
after treatment of B-ALL cell lines with (188-9, quantified by luminescence as RLU. Curves were fitted nonlinearly with variable slope (4 parameters). IC,
values are shown. (H) Cell numbers after treatment of human PDX-passaged Ph-like ALL samples with C188-9, quantified by luminescence as RLU. Curves
were fitted nonlinearly with variable slope (4 parameters). IC,; values are shown. n = 3 biological replicates (A-H). Significance was determined by ANOVA
with post hoc Bonferroni’s correction (D-F). ***P < 0.001 and ****P < 0.0001.
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adjacent to the FOXO1 nuclear export sequence (72). This is a
mechanism similar to the well-known role of DYRKIA in regu-
lating NFAT nuclear export (73). Thus, upon DYRKI1A inhibition,
FOXO1 nuclear export would be delayed or abrogated, allowing
for subsequent transcription of late cell-cycle regulatory genes
such as Gadd45a. Notably, upregulation of Gadd45a downstream
of FOXO1 transactivation has been reported to be critical for tran-
scription of the Ragl-Rag? locus in B cell development (49) and
may, therefore, explain why Ragl transcripts are appropriately
increased in Dyrkla-deficient pre-B cells despite the loss of oth-
er pre-BCR signaling components (17). Moreover, we previous-
ly observed that loss of DYRKI1A does not increase apoptosis in
pre-B cells despite this G,-M arrest; although FOXO1 is known to
induce apoptosis, it is unclear whether this mechanism occursin a
cell-cycle-dependent manner or whether G,-M-arrested cells are
specifically resistant to FOXO1-mediated apoptosis (45).

DYRKIA is a known cell-cycle regulator with several sub-
strates, including Lin52 (15), P27(Kip1) (16), and cyclin D1 (18);
however, our findings reveal that DYRKI1A controls different stag-
es of the cell cycle through nonredundant mechanisms: it neg-
atively regulates G,-S progression by phosphorylation of cyclin
D3 (17) and positively regulates G,-M progression via FOXO1
phosphorylation. These effects underscore the ongoing question
of whether DYRKI1A acts as a tumor suppressor or an oncogene,
as there is conflicting evidence for its role as either in the tradi-
tional sense. For example, in glioblastoma multiforme, Pozo et al.
observed that DYRKIA inhibition reduced cell survival by desta-
bilization of the EGFR (74). By contrast, Lee et al. reported that
DYRKI1A phosphorylation of ID2 reduced tumor burden through
HIF2a destabilization (75).

Although FOXO1 canonically acts as a tumor suppressor by
negatively regulating G,-S and G,-M progression, it is potently tar-
getable in B-ALL. Although the presence of high nuclear FOXO1
levels in B-ALL is paradoxical to its typical role as a tumor suppres-
sor, its oncogenic role is not unprecedented, particularly in hema-
topoietic malignancies, as FOXOI-activating mutations have been
associated with poor prognosis in diffuse large B cell lymphoma
(DLBCL) (76). In Burkitt lymphoma, nuclear FOXO1 has specif-
ically been found to promote tumorigenesis (77). Additionally,
Skyes et al. illustrated that FOXO1 is involved in the maintenance
of the leukemia-initiating cell state in AML (78). Our work also
independently validates the findings by Wang et al. in B-ALL (79);
however, we have expanded this to find that FOXO1 was selec-
tively targetable in ALL with HSA21 aneuploidy through exploita-
tion of FOXO1-mediated DNA damage. Moreover, while CCND3
has been proposed as a FOXO1 target involved in B-ALL (79), its
expression is not significantly altered with EHT 1610 treatment,
consistent with our prior observations in Dyrkla-deficient pre-B
cells (17). This suggests that DYRK1A regulation of cyclin D3 sta-
bility at the protein level, thereby leading to negative feedback of
its expression, may be a more dominant phenotype than FOXO1-
mediated changes in CCND3 expression downstream of DYRK1A
inhibition. Thus, it is possible that, although DYRK1A and FOXO1
have documented pro- and antitumorigenic roles, these may be
context dependent in normal versus malignant hematopoiesis,
and manipulation of these critical factors that control self-renewal
in leukemia may be a powerful multifocal therapeutic approach.

The Journal of Clinical Investigation

We also identified STAT3 as a substrate of DYRKIA that con-
tributes to the maintenance of B-ALL cells with JAK activation,
underscoring a multifactorial role for DYRKIA in oncogenesis.
STAT3 Ser727 has previously been reported as a DYRKIA sub-
strate in murine DS models of astrogliogenesis (41); however,
this interaction has not been previously demonstrated in hema-
topoietic cells. Our data suggest that phosphorylation of Ser727
has at least 2 effects. First, we observed a striking reduction in the
degree of Tyr705 phosphorylation with DYRKI1A loss, indicating
that JAK/STAT signaling is likely enhanced by DYRKIA under
normal conditions. Second, phosphorylation of STAT3 at Ser727
has been reported to mediate its mitochondrial localization and
subsequent electron transport chain regulation (56, 60). Of note,
we detected a reduction in the level of mitochondrial ROS in cells
that express phosphomimetic alleles of Ser727, consistent with an
effect of DYRK1A phosphorylation on the mitochondrial function
of STAT3. Although we have not established whether canonical
nuclear or noncanonical mitochondrial STAT3 activity mediates
its contribution to B-ALL, our data suggest that STAT3 may be a
therapeutic target, particularly in Ph-like ALL. Indeed, Ph-like
ALL often contains CRLF2 overexpression and/or JAK2-activat-
ing mutations, both of which increase JAK/STAT signaling (80);
this subtype of ALL has a poor prognosis, with adult patients hav-
ing a 5-year EFS rate of 24%-58% (81). Tyrosine kinase inhibitors
such as ruxolitinib are currently under study in Ph-like ALL (Clin-
icalTrials.gov NCT03571321); however, one of the major pitfalls
of ATP-mimetic tyrosine kinase inhibitors is the eventual devel-
opment of resistance (82). Thus, targeting downstream signaling
components, like STAT3, is a potential avenue by which to over-
come this barrier.

There have been major improvements in the treatment of
B-ALL over the past few decades, including potent multidrug reg-
imens and the development of anti-CD19 therapy via CAR-T cells
or bispecific antibodies; however, these therapies have significant
adverse effects, particularly in patients with DS, and are often not
curative. Therefore, the development of novel targeted therapies
is still critical for improving the care of patients with B-ALL.

Methods
Additional details can be found in the Supplemental Methods.

Animal studies. C57Bl/6 and MX1-Cre mice were obtained from
The Jackson Laboratory. Dyrkla C57Bl/6 mutant mice have been
described previously (17). Genotyping of Dyrkla floxed or WT alleles
was performed using PCR primers (forward, 5'-ATTACCTGGAGAA-
GAGGGCAAG-3' and reverse, 5-TTCTTATGACTGGAATCGTC-
CC-3'). For xenograft experiments, NOD.Cg-Prkdc*“II2rg™"! Sz]
(NSG) mice were purchased from The Jackson Laboratory. Mice were
maintained in specific pathogen-free conditions. Littermate controls
were used for analysis in each cohort. Animals were backcrossed at
least 10 generations. Male and female mice between birth and 1 year
of age were studied.

Animal studies were performed to determine the genetic require-
ment of Dyrkla in murine models of B-ALL, the on-target effects
of EHT 1610 and AS1842856, and the efficacy of EHT 1610 and
AS1842856 in treating mouse models of B-ALL. The sample size of
the animal experiments, the specific transplantation protocols, and
the dosing are described in the figure legends and in the appropriate
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Methods sections, respectively. For all in vivo experiments, mice were
randomly assigned to transplant groups (genetic models) or treatment
groups (inhibitor studies). All experiments were performed in an
unblinded manner.

Murine model of BCR-ABL* B-ALL. Bone marrow was collect-
ed from 4- to -6-week-old female C57BL/6 mice with Dyrkla™" or
Dyrkla+ alleles with or without Mx1-Cre. Lineage-negative cells were
negatively selected from suspension of bone marrow cells using the
EasySep Kit (STEMCELL Technologies) and transduced with con-
centrated retrovirus (MIGR1-BCR-ABL [p190]) as described below.
Transduction was performed at 2500 rpm (700g) for 90 minutes at
32°C. Cells were then incubated at 37°C for an additional 4-6 hours
before replating in fresh medium OP9 stromal cells and then assayed
for GFP and CD19 positivity by flow cytometry at 24-48 hours and col-
lected by filtration through a 40 pM filter. Recipient mice were irra-
diated (900 cGy) and, within 4-24 hours, transplanted with 2 x 10°
GFP*CD19" cells in the presence of support cells from WT mice for pri-
mary transplantation. Once moribund, the mice were euthanized, and
bone marrow and splenic cells were harvested and passed through a
70 pM filter. Secondary transplantations were performed in irradiated
mice by injection of 5 x 10* GFP*CD19" cells in the presence of support
cells. To induce Cre expression in the murine model of B-ALL, animals
received intraperitoneal (i.p.) injections of pI:pC (15 pg/g body weight;
InvivoGen) every other day for a total of 4 injections. Injections began
once 1% or more of peripheral blood GFP*CD19* cells were detected
by flow cytometry.

Inhibitors. The detailed synthesis of EHT 1610 has been described
previously (28-30). EHT 1610 was obtained in 9 steps from 5-nitroan-
thranilonitrile in an overall yield of 14%; its percentage of purity was
estimated to be greater than 98%. AS1842856 (S8222) and C188-9
(S8605) were purchased from SelleckChem; each batch was deter-
mined to have greater than 99% purity. The synthesis, characteriza-
tion, and in vivo pharmacokinetics of AS1842856 and C188-9 are have
been previously described in detail (refs. 48, 61, respectively). Batches
were tested for recapitulation of the expected potency and phenotypes
before use in experiments.

In vitro EHT 1610, AS1842856, and C188-9 treatment. Pre-B cells
and B-ALL cell lines were treated with 2.5 uM EHT 1610 or 100 nM
AS1842856 for inhibition assays unless otherwise indicated. For IC,
calculations, EHT 1610, AS1842856, or C188-9 was added to cells in
increasing concentrations in a white, opaque 96-well plate. Cells were
incubated with EHT 1610 for 3 days, AS1842856 for 2 days, or C188-9
for 5 days. ATP levels were assayed by CellTiterGlo 2.0 Kit (Prome-
ga) following the manufacturer’s protocol. For combination index (CI)
assays, IC, values were calculated as described above; multiples of
IC,, values (Supplemental Table 3) for drugs were added to the cells
for 2 days, and ATP levels were assayed using a CellTiterGlo 2.0 Kit.
Calculation of combination indices was performed using the medi-
an-effect principle of Chou and Talalay (CompuSyn software) (83).
A heatmap was generated using Morpheus (Broad Institute, https://
software.broadinstitute.org/morpheus/).

Drug responses were assessed in primary ALL cells cocultured
on human telomerase reverse transcriptase-immortalized (hTERT-
immortalized) primary bone marrow mesenchymal stromal cells
(MSCs) in 384-well plates (Greiner, REF781090) as previously
described (84). Briefly, 2.5 x 10° MSCs per well were plated in 30 pL
AIM-V medium 24 hours before addition of 2 x 10* to 3 x 10* ALL cells
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in 27.5 pL medium recovered from cryopreserved samples. After 24
hours, drugs were added in serial dilutions using a Tecan D300 robot.
Cell viability was assessed after 72 hours of drug incubation with the
CyQUANT Direct Cell Proliferation Assay (Life Technologies, Thermo
Fisher Scientific). Subsequently, automated imaging was performed
using the ImageXpress Micro microscope (Molecular Devices). Imag-
es were processed using CellProfiler software (Broad Institute), and
cells were classified and counted using Advanced Cell Classifier soft-
ware (ETH Ziirich, CH/Biological Research Centre, Szeged, Hunga-
ry) using an algorithm based on linear logistic regression models. For
drug response quantification and statistical analysis, a fitting routine
based on the 4-parameter log-logistic function (R package drc, version
2.3-96) was used. Data were normalized against DMSO-treated sam-
ples, and outliers were detected and removed prior to curve fitting by
detection of local slope changes with a linear fit. Nonconvergent cases
were identified on the basis of linear fit parameters. The R codes are
available at https://github.com/pampernickel /drTools.

Flow cytometry and cell sorting. Flow cytometric analysis was per-
formed on an LSR II Flow Cytometer (BD) and analyzed with FlowJo
software (Tree Star). For B cell differentiation, single-cell suspensions
of BMMCs were prepared and stained in FACS buffer (PBS plus 3%
FBS and 2 mM EDTA) containing fluorochrome-conjugated antibod-
ies for surface markers, including B220, CD43, IgM, and CD19. Cell-
Trace Violet analysis was performed according to the manufacturer’s
protocol (Thermo Fisher Scientific). For apoptotic cell staining, cell
pellets were prepared, resuspended in annexin V binding buffer (BD),
and stained for annexin V. For xenografts, single-cell suspensions of
PBMCs were prepared and stained in FACS buffer containing fluoro-
chrome-conjugated antibodies for surface markers, including human
CD19 (hCD19) and hCD45. Cell-cycle analysis was performed as pre-
viously described (17).

For intracellular staining, cells were stained for surface mark-
ers, washed with FACS buffer, fixed for 30 minutes with 1:1 IC Fix-
ation buffer (eBioscience) in FACS buffer, washed, permeabilized
with ice-cold Perm Buffer III (BD), washed again, and then stained
with fluorochrome-conjugated antibodies against y-H2AX or with
an unconjugated antibody against pCDK1 Y15 followed by a fluoro-
chrome-conjugated secondary antibody against rabbit epitope. Cell
sorting was performed with FACSMelody (BD). For pre-B cell sorting,
large and small pre-B populations were sorted as previously described
(17). For murine B-ALL analysis, GFP* cells were sorted from mouse
bone marrow. The antibodies used are listed in Supplemental Table 9.

Xenograft models of B-ALL. NSG mice received transplants at 12-14
weeks of age. For cell line xenografts, nonirradiated NSG mice were
transplanted with 1 x 10¢ MHH-CALL-4 or Nalm-6 cells. After detec-
tion of 1% or more of peripheral blood hCD19*hCD45* cells, treat-
ment was performed by i.p. injection of 20 mg/kg EHT 1610 b.i.d. (5
days on, 2 days off) or 10 mg/kg/day AS1842856 daily, respectively, or
vehicle (10% ethanol, 50% PEG-400, and 5% Tween-80) for 2 weeks.

For PDXs, NSG mice were sublethally irradiated (150 cGy) and
transplanted with 1 x 10 cells. DS- and HeH-ALL PDX models have
been previously described (22). Mice were euthanized when mori-
bund, and splenic cells were obtained and analyzed for the presence
of hCD19*hCD45" cells. Cells were either cultured ex vivo for IC,,
experiments or transplanted into secondary recipients at 2 x 10° cells
per recipient. In luciferase-expressing models of ALL (DS-ALL-03 or
HeH-ALL-09), treatment began once 107 p/s was detected on the IVIS
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Spectrum imaging system (PerkinElmer). DS-ALL-03 recipients were
treated for 3 weeks with vehicle, 20 mg/kg EHT 1610 b.i.d. (5 days on,
2 days off), or 30 mg/kg AS1842856 daily. HeH-ALL-09 recipients
were treated for 3 weeks with vehicle, 20 mg/kg EHT 1610 b.i.d. (5
days on, 2 days off), or 30 mg/kg AS1842856 daily. Dosing regimens
were based on empiric data from C57BL/6 mice (Supplemental Figure
7) for EHT 1610 and on previously published data (79) for AS1842856.

Data and materials availability. All data associated with this study
are presented here or in the supplemental materials.

Statistics. All statistical analysis was performed using Graph-
Pad Prism 6 software for Mac (GraphPad Software). Comparison of
2 means was analyzed by unpaired, 2-tailed Student’s ¢ test. When
multiple comparisons were necessary, 1-way or 2-way ANOVA with
post hoc Bonferroni’s correction was used. Survival analysis was per-
formed using the Kaplan-Meier method with log-rank (Mantel-Cox)
comparison of survival curves. IC, curves were nonlinearly fit with
variable slope (4 parameters). Unless otherwise noted, data are sum-
marized as the mean + SD. The significance threshold was set at a P
value of less than 0.05.

Study approval. All animal studies were approved by the IACUC
of Northwestern University. Specimens from patients with B-ALL or
T-ALL were obtained after informed consent, with approval of the
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