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Leukemia stem cells are a rare population with a primitive progenitor phenotype that can

L. initiate, sustain, and recapitulate leukemia through a poorly understood mechanism of self-
® Loss of KLF4 impairs

self-renewal and
survival in CML stem/
progenitor cells
through derepression
of the DYRK2 gene.

® Stabilization of DYRK2
protein inhibits
survival and self-
renewal in leukemia
stem/progenitor cells
via c-Myc depletion
and p53 activation.

renewal. Here, we report that Kriippel-like factor 4 (KLF4) promotes disease progression in
a murine model of chronic myeloid leukemia (CML)-like myeloproliferative neoplasia by
repressing an inhibitory mechanism of preservation in leukemia stem/progenitor cells with
leukemia-initiating capacity. Deletion of the KIf4 gene severely abrogated the maintenance
of BCR-ABL1(p210)-induced CML by impairing survival and self-renewal in BCR-ABL1*
CD150" lineage-negative Sca-1* c-Kit* leukemic cells. Mechanistically, KLF4 repressed the
Dyrk2 gene in leukemic stem/progenitor cells; thus, loss of KLF4 resulted in elevated levels
of dual-specificity tyrosine-(Y)-phosphorylation-regulated kinase 2 (DYRK2), which were
associated with inhibition of survival and self-renewal via depletion of c-Myc protein and
p53 activation. In addition to transcriptional regulation, stabilization of DYRK2 protein by
inhibiting ubiquitin E3 ligase SIAH2 with vitamin K3 promoted apoptosis and abrogated
self-renewal in murine and human CML stem/progenitor cells. Altogether, our results

suggest that DYRK2 is a molecular checkpoint controlling p53- and c-Myc-mediated regulation of survival and self-
renewal in CML cells with leukemic-initiating capacity that can be targeted with small molecules. (Blood. 2019;134(22):

1960-1972)

Introduction

Leukemia stem cells (LSCs) generated by the transformation of
normal hematopoietic stem/progenitor cells are elusive targets
for therapy that can initiate and sustain leukemia owing to their
unique capacity to regenerate themselves during self-renewing
cell division while continuously feeding the neoplasm.’¢ There-
fore, a better understanding of the mechanisms of self-renewal
specific to LSCs is essential to overcome the inability of current
chemotherapeutic drugs to safely eliminate this population and
to prevent relapses.

Chronic myeloid leukemia (CML) is a type of stem cell leukemia
that originates through the constitutive activation of BCR-ABL1
kinase, which is generated by the chromosomal translocation
1(9;22) known as the Philadelphia chromosome.?7-? This myeloid
neoplasm is normally diagnosed in the initial chronic phase;
however, if left untreated it can progress through an accelerated
phase to a lethal blast crisis driven by reprogrammed myeloid
progenitor cells. CML can be successfully managed using tyrosine
kinase inhibitors (TKls) that suppress BCR-ABL1 activity, and
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patients remain in remission as long as they adhere to lifelong
treatment because of the survival of LSCs that develop BCR-
ABL1-independent mechanisms of self-renewal and survival.'
However, discontinuation trials have shown success and safety
in a select group of patients, with at least half achieving
treatment-free remission after the cessation of drug therapy,
although some patients experience significant adverse events,
and treatment discontinuation requires patient consent and
knowledge of risks and benefits.21"1* These findings suggest
that a cure may not be possible with TKls alone, and new
breakthroughs in CML therapy (primarily the identification of
novel mechanisms of leukemic self-renewal) are urgently needed
to eradicate disease with LSC-specific drugs. Treatment-free
remissions will also reduce the health care costs associated
with treatment and the emotional and financial burdens in a
growing population of CML patients in lifelong therapy.?21215-18

The transcription factor Kriippel-like factor 4 (KLF4) has essential
roles in the control of self-renewal in embryonic stem cells,
reprogramming somatic cells into pluripotent stem cells, and
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carcinogenesis.'”?> Potential antitumor activity has been as-
cribed to KLF4 in B-cell non-Hodgkin and Hodgkin lymphomas,
multiple myeloma, and acute myeloid leukemia.?*?? Further-
more, we recently reported that KLF4 prevents the expansion of
leukemia-initiating cells by repressing the kinase MAP2K7 in
T-cell acute lymphoblastic leukemia.*® Here, we report that
conditional deletion of the KIf4 gene impairs the maintenance of
leukemia in a model of CML-like myeloproliferative neoplasia
caused by numerical and functional losses of leukemia stem/
progenitor cells. Gene expression, promoter activity, and
chromatin immunoprecipitation analyses revealed that KLF4
represses expression of the dual-specificity tyrosine-(Y)-phos-
phorylation-regulated kinase 2 (DYRK2), which is involved in
protein stability, cell cycle control, and apoptosis®'-3* and is also
known for promoting proteasomal degradation of c-Myc and
c-Jun in Hela cells and apoptosis in osteosarcoma and co-
lorectal cancer cell lines.3>2¢ In our model, loss of KLF4 resulted
in impaired survival and abrogation of self-renewal via p53 ac-
tivation and c-Myc depletion in leukemic stem/progenitor cells.
Finally, we showed that in vivo inhibition of SIAH2 with vitamin
K3 (VK3) induces apoptosis and abrogates self-renewal in murine
and human CML stem/progenitor cells by augmenting DYRK2
protein levels. In summary, our study provides insights into a
novel mechanism of self-renewal specific to CML cells with self-
renewal and leukemia-initiating capacity and reveals DYRK2 as a
critical checkpoint in the control of LSC maintenance and a
potential target with a dual function of abrogating self-renewal
and survival for the development of LSC-targeted drugs to
treat CML.

Methods

Mouse model of CML-like neoplasia

To induce CML-like disease in mice, we collected bone marrow
cells from the femurs and tibias of untreated control (KIf4"" Vav-
iCre™; referred to as KIf4"") mice or KLF4-deficient (KIf4"" Vav-
iCre*; referred to as KIf42/2) mice (8- to 10-week-old females) and
purified hematopoietic stem cells (HSCs) as lineage-negative
Sca-1* c-Kit* (LSK) cells positive for CD50 (LSK CD150* cells).
LSKCD150" cells were plated on RetroNectin-coated plates and
transduced with BCR-ABL1 retrovirus in the presence of Poly-
brene (8 pg/mL) by spinoculation (60 minutes at 456 relative
centrifugal force).®” Retroviruses were generated by cotrans-
fection of the MSCV-IRES-GFP construct carrying the BCR-ABL1
(p210) complementary DNA and pEco packaging plasmid in
293T cells. After transduction (15%-22% GFP*), the cells were
cultured for 2 to 3 days in the presence of stem cell factor
(100 ng/mL), interleukin-3 (6 ng/mL), and interleukin-6 (10 ng/
mL) in X-VIVO 15 medium, and GFP* cells were purified by cell
sorting. For transplantation, 800 GFP* LSK CD150* cells mixed
with 400 000 radioprotective bone marrow cells were injected IV
into recipient mice that were previously irradiated with 950 rad.
The development of leukemia was monitored in peripheral
blood by flow cytometric detection of Gr1, CD11b, F4/80, and
B220 within leukemic cells (GFP™). For secondary transplan-
tation, GFP* LSK cells were isolated from CML mice at 14 days
posttransplantation (dpt), immediately before attrition of Kif44/4
leukemia stem/progenitor cells, and transplanted into lethally
irradiated C57BL/6J mice (1500 cells per mouse with 400000
radioprotective bone marrow cells). The mice were monitored
for the expansion of leukemia cells in peripheral blood, overall
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survival, and tissue distribution of leukemia cells. For other ex-
periments, the number and phenotype of transplanted cells are
indicated in the corresponding figure.

Statistical analysis

All sample sizes (n values) reported in each figure legend cor-
respond to independent biological replicates. Experiments were
performed without blinding and with no exclusion of samples.
Experimental results with >8 values were confirmed to follow a
normal distribution using the D'Agostino-Pearson normality test,
and no significant difference in the variance between groups was
detected using the F test (GraphPad Prism). An unpaired 2-tailed
Student t test was used for statistical analysis. The survival of
leukemic mice was visualized using Kaplan-Meier curves, and
statistical significance was calculated using the log-rank test
(GraphPad Prism). P values were determined using GraphPad
software. Results with a P value < .05 were considered statis-
tically significant.

Additional methods can be found in supplemental Material and
Methods (available on the Blood Web site).

Results

KLF4 supports BCR-ABL1-induced CML-like
leukemia by maintaining the pool of leukemic stem/
progenitor cells

The role of KLF4 in CML is largely unknown, despite an en-
richment of KLF4 transcripts in LSCs from CML patients
(Figure 1A) and murine CML LSCs (supplemental Figure 1). To
induce a CML-like myeloproliferative disease in mice, we used
Cre-recombinase driven by the Vav promoter for gene deletion
in hematopoietic cells (supplemental Figure 1).28 LSK CD150"
cells, a cell population that is highly enriched in HSCs,*? were
purified by cell sorting of bone marrow cells from Kif4*4 and
K474 mice. LSK CD150* cells were then transformed by ret-
roviral transduction using the MSCV-IRES-GFP retrovirus carry-
ing BCR-ABL1(p210) and GFP, sorted for GFP, and transplanted
in small numbers (to mimic chronic disease development) into
cytoablated wild-type mice with radioprotective bone marrow
(Figure 1B).*” In contrast to mice in the wild-type group, a sig-
nificantly lower number of mice in the group transplanted with
BCR-ABL1* Kif4** cells displayed expansion of myeloid leu-
kemia cells (CD11b* Gr1*) (Figure 1C; supplemental Figure 1).
Interestingly, the K444 CML group showed slower disease
progression and lower penetrance caused by myeloid leukemia
(1710) or B-cell leukemia (2/10), whereas the control group
developed leukemia (7/10) more rapidly (Figure 1D-E). Immu-
nophenotypic analysis showed the expansion of myeloid cells
(CD11b* Gr1%) in the majority of mice from both groups at
20 dpt, with a minor percentage of leukemic cells with a monocytic
(CD11b* Gr17) or B-cell (B220*) phenotype, whereas most wild-
type mice succumbed to CML-like neoplasia (Figure 1E). In the
K425 group, 1 mouse died from myeloid leukemia, whereas
the other 2 succumbed to B-cell leukemia, despite an initial ex-
pansion of CD11b* Gr1* cells (Figure 1E; supplemental Figure 2).
To determine whether KLF4 is required for the maintenance of
preestablished leukemia stem/progenitor cells, we induced
deletion of the Kif4 gene after engraftment of BCR-ABL1* cells
using the tamoxifen-inducible ROSA-CreER™ model (Figure 1F).
Interestingly, a similar improvement in survival was observed
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Figure 1. Loss of KLF4 impairs the maintenance of BCR-ABL1-induced CML-like disease. (A) KLF4 expression in normal and leukemic stem (CD34* CD38~ ALDH") and
progenitor (CD34* CD38") cells (n = 5, mean = standard deviation [SD]) was analyzed using published data (GSE43754). (B) LSK CD150" cells from KIf4"" (fl/fl) or KIf4* (A/A) mice were
transduced with retrovirus containing BCR-ABL1-p210 and GFP and transplanted with radioprotective bone marrow (BM) into wild-type recipient mice to induce CML-like myeloproliferative
neoplasia. (C) The expansion of myeloid leukemia cells (GFP* CD11b*) in peripheral blood (fl/fl, n = 10; A/A, n = 10). (D) Kaplan-Meier analysis of survival in 2 representative experiments. (E)
Immunophenotype of leukemic cells at 20 dpt and moribund mice. (F) LSK CD150* cells from KIf4"" (fl/fl) or KIf4"" Rosa-CreER* (A/A) mice were transduced with retrovirus containing BCR-
ABL1-p210 and GFP and transplanted into wild-type recipient mice to induce gene deletion at 7 dpt. (G) Survival of leukemic mice after tamoxifen (Tam) injection in both groups (fl/fl, n =7;
iA/A, n = 4). Immunophenotype of leukemia in diseased mice is also shown (right panel). (H) Representative flow cytometric analysis of CML LSCs, defined as GFP* Lin~ Sca-1* c-Kit* (GFP*
LSK) cells and GFP* LSK Flt3~ cells, in the bone marrow of KIf4" (fl/fl) or Kif4"" Vav-iCre* (A/A) leukemic mice at 18 dpt (n = 5). (I) Enumeration of GFP* LSK and GFP* LSK FIt3~ cells in the
bone marrow (BM) and spleen of KIf4"" or KIf4*'* CML mice (n = 5, mean = SD). The data shown are representative of 3 independent experiments. *P < .05, **P < .01, ****P < .0001, 2-tailed
Student t test. BMT, bone marrow transplantation; HPC, hematopoietic progenitor cells; iA/A, inducible A/A; LPC, leukemia progenitor cells.
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after administration of tamoxifen to mice transplanted with BCR-
ABL1-transduced KlIf4" ROSA-CreER™* (induced A/A, iA/A)
HSCs compared with that in control mice also treated with ta-
moxifen (Figure 1G), with most mice dying from myeloid leu-
kemia in both groups, supporting a therapeutic benefit of
inhibiting KLF4 downstream targets in patients with established
disease. To identify the cause of unstable leukemia in the ab-
sence of KLF4, we first examined the frequency of leukemia
stem/progenitor cells in bone marrow at 18 dpt. KIf4*/2-leukemic
mice showed a significant reduction in GFP* LSK cells and GFP*
LSK cells lacking expression of FIt3 (LSK Flt3~ cells) in bone
marrow (Figure 1H-I) and the spleen (Figure 11). Notably, no
significant differences were detected in these populations when
gating on nonleukemic (GFP~) bone marrow cells in the same
animals (data not shown).

KLF4 protects leukemia stem/progenitor cells from
apoptosis and loss of self-renewal

The loss of leukemic stem/progenitor cells in the absence of
KLF4 could be caused by alterations in cell division and/or
survival. Analysis of DNA content revealed a small increase in
the 2n DNA GO/G1 phase of Klf4*2 GFP* LSK cells (Figure 2A),
whereas Kié7/7-aminoactinomycin D analysis showed an in-
creased proportion in the GO phase (supplemental Figure 3).
Next, we cultured purified GFP* LSK cells in vitro to reveal their
intrinsic survival capacity and observed a significant increase in
Klf4~2 GFP* LSK cells positive for annexin V under these con-
ditions (Figure 2B). Consistent with this increase in cell death, we
detected cleaved PARP by immunoblot analysis, primarily in
Kif422 GFP* LSK cells (Figure 2C). Next, we transplanted a 1:1
mixture of GFP* LSK cells from wild-type (CD45.1.2) and Kif44/4
(CD45.2) leukemic mice to evaluate the role of KLF4 in the same
recipient (Figure 2D). Remarkably, KIf4** leukemia cells were
lost at 24 dpt, despite a similar engraftment at 15 dpt (Figure 2E),
suggesting normal homing and cell-intrinsic attrition of leukemic
stem/progenitor cells in the absence of KLF4. Transplantation of
whole bone marrow cells from mice with primary leukemia in-
duced death in all secondary recipient mice from CML-like
disease using wild-type, but not Kif4**, leukemic bone mar-
row (supplemental Figure 4). This finding suggests a defective
self-renewal capacity because development and maintenance
of leukemia in secondary recipient mice rely on the ability of
leukemia stem/progenitor cells to initiate and drive disease
through self-renewing divisions. To further confirm defective
self-renewal in KIf4*2 leukemia stem/progenitor cells and to
evaluate functional defects via a cell-to-cell comparison during
secondary transplantation, we purified GFP* LSK cells from mice
with primary CML-like disease 2 weeks posttransplantation
(Figure 2F). All mice transplanted with the same number of
Kif42s GFP* LSK cells remained free of leukemia, despite an
initial engraftment comparable to control mice (supplemental
Figure 5), in sharp contrast to control mice that rapidly died of
CML-like disease with 100% penetrance (Figure 2F; supple-
mental Figure 5). Further supporting a functional stem cell de-
fect, compared with control leukemic stem/progenitor cells,
Kif422 GFP* LSK Flt3~ leukemic cells purified from mice with
primary myeloid leukemia were unable to generate colonies in
methylcellulose cultures (Figure 2G). Finally, KIf44* GFP+* LSK
CD150* leukemic cells failed to serially replate in methylcellu-
lose cultures, a surrogate assay of self-renewal, despite show-
ing similar survival compared with control cells (Figure 2H). In
summary, the inability of primitive progenitor leukemic cells to
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recapitulate leukemia and serially generate colonies in methyl-
cellulose strongly supports a model in which KLF4 regulates self-
renewal and survival in leukemia stem/progenitor cells that feed
myeloid neoplasms.

Identification of the kinase DYRK2 as a
transcriptional target of KLF4 in leukemic
stem/progenitor cells

To identify downstream targets of KLF4 responsible for the
regulation of self-renewal and survival in leukemic stem/pro-
genitor cells, we performed global gene expression analysis
using GFP* LSK cells purified by cell sorting from wild-type and
Kif444 CML mice 2 weeks after transplantation. Bioinformatics
analysis of biological triplicates for each group revealed genes
with potential functions as novel regulators of self-renewal that
were significantly deregulated in KIf4*/2 leukemic cells, with cell
growth and proliferation as 2 of the most altered cellular
functions (Figure 3A-B) and deregulated expression of genes
expressed in stem cells (supplemental Figure 6). We decided to
further study DYRK2 because it was 1 of the most upregulated
genes in KIf4~2 GFP* LSK cells that provided the possibility of
pharmacological modulation (Figure 3A). Immunoblot analysis
showed increased DYRK2 protein in purified Klf4+4 GFP* LSK
cells (leukemic stem/progenitor cells) that was not observed in
normal hematopoietic stem/progenitor cells (Figure 3C). To
determine whether there is direct regulation, we performed
chromatin immunoprecipitation coupled with polymerase chain
reaction (ChIP-PCR) in lineage-negative bone marrow cells from
CML mice and observed binding of endogenous KLF4 protein to
the Dyrk2 promoter (—155 to +23) but not to upstream (—1032
to —793) and exon 2 (+7081 to +7917) sequences (Figure 3D).
In addition, a luciferase promoter assay showed that KLF4 re-
duced Dyrk2-luciferase activity (Figure 3E). Therefore, increased
expression of DYRK2 in KIf442 GFP* LSK cells and the binding of
KLF4 to the endogenous Dyrk2 promoter indicated that KLF4
inhibits Dyrk2 gene expression.

Consistent with an inhibitory role in CML GFP* LSK cells, data
mining of an available data set revealed a significant down-
regulation of DYRK2 in CD34" cells from patients in the chronic
phase (Figure 3F). We further performed quantitative poly-
merase chain reaction (qPCR) analysis of purified subsets and
showed that DYRK2 transcripts were reduced in stem (CD34*
CD387) and progenitor (CD34+ CD38*) cells from CML patient
samples compared with those in corresponding cells from
healthy donors (Figure 3G). Finally, a panel of leukemic cell lines
revealed low DYRK2 levels in the CML cell lines K562, KU-812,
and KBM5 (Figure 3H). These findings strengthen the model of
DYRK2 repression as a key event in the maintenance of CML;
however, the variability of DYRK2 messenger RNA levels seen
in CML patients suggests the presence of additional post-
transcriptional mechanisms to prevent DYRK2 inhibition in LSCs.

DYRK2 promotes c-Myc degradation and p53
activation in CML stem/progenitor cells

DYRK2 has been described to induce proteasomal degradation
of c-Myc via prime phosphorylation at Ser 62 and apoptosis via
p53 phosphorylation at Ser 46 in cancer cell lines Hela and
U20S.353¢ To investigate whether DYRK2 also regulates p53 and
c-Myc in CML, we purified GFP* LSK cells from CML mice by cell
sorting and analyzed them by immunoblotting. The upregulation
of DYRK2 in KIf44/ GFP* LSK cells correlated with depletion of
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Figure 2. KLF4 promotes survival and self-renewal in leukemia stem/progenitor cells. (A) Cell cycle analysis of GFP* LSK cells from KIf4"" and KIf44A CML mice was
performed by flow cytometric detection of DNA content at 15 dpt. Statistical analysis of phases of the cell cycle (fi/fl, n = 5; A/A, n = 4) is also shown (right panel; data are
mean = standard deviation [SD]). (B) Cell death was determined by flow cytometric detection of annexin V in purified GFP* LSK cells from KIf4"" and KIf4** CML mice
15 dpt after incubation for 24 hours (n = 4, mean + SD). (C) Immunoblot analysis of PARP cleavage in GFP* LSK cells purified from KIf4"" and Klf44’4 CML mice. (D)
Transplantation of a 1:1 mixture of wild-type (WT; CD45.1".2%) and KIf4~/4 (CD45.2") GFP* LSK cells into lethally irradiated B4.SJL (CD45.1+) mice. (E) Flow cytometric analysis
of donor-derived cells in peripheral blood at 15 dpt and 24 dpt, as described in (E) (n = 5, mean = SD). (F) GFP* LSK cells purified from KIf4"" or KIf4*’* CML mice were
transplanted into cytoablated mice to evaluate self-renewal. Kaplan-Meier survival curves of CML mice (fI/fl, n = 7; A/A, n = 3). (G) GFP* LSK Flt3~ cells were plated in
methylcellulose cultures. (H) GFP* LSK CD150* cells were serially replated in methylcellulose to assess colony formation and annexin V staining in each plating (fl/fl, n = 5; A/A,n =5,
mean * SD). Data are representative of 2 or 3 independent experiments. *P < .05, **P < .01, ***P < .001, 2-tailed Student t test; P < .01, log-rank test. PI, propidium iodide.

c-Myc protein and elevated levels of phosphorylated p53 (Ser
46), whereas the phosphorylated c-Myc (562) protein was un-
detectable (Figure 4A). The lack of c-Myc phosphorylated at Ser
62 in Klf422 LSCs suggests that c-Myc is not stabilized in CML

stem/progenitor cells by Ser 62 phosphorylation, as reported in
breast cancer downstream of the Ras/ERK pathway.4° Consistent
with this finding, gene set enrichment analysis showed higher
expression of genes regulated by p53 and apoptosis, whereas
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Figure 3. The kinase DYRK2 is repressed by KLF4 in leukemia stem/progenitor cells. (A) Gene expression heat map showing the most deregulated genes comparing GFP* LSK
cells purified from KIf4"" and KIf4*A CML mice. (B) Gene ontology analysis of deregulated cellular pathways using Ingenuity Pathway Analysis. (C) Immunoblot analysis of DYRK2 protein
expression in purified GFP* LSK cells (leukemia stem/progenitor cells) from the bone marrow of CML mice and LSK cells (hematopoietic stem/progenitor cells). Densitometry values were
used to estimate the fold increase compared with wild-type using values normalized to actin. (D) Analysis of KLF4 occupancy at the DYRK2 promoter in lineage-negative bone marrow cells
from CML mice by ChIP-PCR analysis. Genomic DNA was immunoprecipitated with anti-KLF4 antibody (KLF4 Ab) or IgG control and amplified with primers spanning the DYRK2 promoter,
upstream, and exon sequences. (E) Promoter assay using a KLF4 expression plasmid and Dyrk2-luciferase reporter construct in the 293T cell line. (F) Analysis of DYRK2 messenger RNA levels
in CD34* cells from healthy individuals and CML patients in the chronic phase using a published data set (GSE4170). (G) DYRK2 gPCR in CD34+ CD38~ (stem) and CD34* CD38* (progenitor)
cells purified from CML patients and healthy donors. (H) Immunoblot analysis of DYRK2 expression in a panel of lymphoid and myeloid leukemia cell lines. *P < .05, **P < .01, ***P < .001,
2-tailed Student t test (D-E), Mann-Whitney U test (F-G). n.d., not detected.
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Figure 4. DYRK2 inhibits self-renewal in leukemia stem/progenitor cells by inducing c-Myc degradation. (A) Immunoblot analysis of DYRK2, c-MYC, phosphorylated c-MYC
(Ser 62) [P-c-Myc (S62)] and phosphorylated p53 (Ser 46) [P-p53 (S46)] expression in GFP* LSK cells purified from KIf4%# and KIf442 CML mice. Actin was used as a loading control.
(B) Immunoblot analysis of KLF4, DYRK2, c-MYC, and GSK3a expression in the 32D-BCR-ABL1 cell line transduced with short hairpin RNA (shRNA) retrovirus specific for luciferase
(Luc) or KLF4. Two different KLF4 shRNAs are shown. (C) Effect of proteasome inhibition with MG-132 in the 32D-BCR-ABL1 cell line transduced with luciferase or KLF4 shRNA
retrovirus (sh2) on the expression of c-MYC (total and phosphorylated at Ser 62 or at Thr 58). (D) Analysis of endogenous c-MYC levels in leukemia stem/progenitor cells from
CML mice 14 days after transplantation of KIf42A c-Myc9®/9 or KIf4"" c-Myc 9%/9% bone marrow cells transduced with BCR-ABL1-RFP retrovirus. c-Myc9®/9% mice express the
c-Myc-GFP fusion protein knocked in the c-Myc locus to monitor the expression of c-MYC (GFP) by flow cytometry in RFP(BCR-ABL1)* LSK cells. The percentage of RFP* LSK
cells with high c-Myc-GFP is also shown (right panel; n = 5, mean). (E) Survival of mice transplanted with KIf442 Lin~ Sca-I* cells cotransduced with BCR-ABL1-GFP and empty
vector-RFP (n = 5) or BCR-ABL1-GFP and ¢-MYC%%?A mutant-RFP (n = 10). (F) Gr1 expression in leukemic cells (GFP*) was determined in peripheral blood at 24 dpt.
(G) Upregulation of DYRK2 and c-Myc depletion in K562 cells lacking KLF4. (H) Diagram shows the regulation of p53 and c-Myc by DYRK2 downstream of KLF4 and the effect of
loss of KLF4. The data are representative of 2 or 3 independent experiments. **P < .01, 2-tailed Student t test.

genes downstream of c-Myc were downregulated (supplemental
Figure 6). Genomic silencing of KLF4 in the cell line 32D-BCR-
ABL1 resulted in DYRK2 upregulation and reduced c-Myc protein
without alterations in GSK3 expression, which phosphorylates
c-Myc at Thr 58 (Figure 4B).3> To further investigate whether
c-Myc was posttranslationally regulated, we found that inhibition
of proteolysis resulted in increased levels of total c-Myc, as well
as in detectable levels of c-Myc phosphorylated at Ser 62 and
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Thr 58, which are the sites of DYRK2 and GSK3 phosphorylation,
respectively (Figure 4C). Our findings uncovered a novel reg-
ulation of c-Myc in CML via DYRK2 phosphorylation and suggest
that DYRK2 emerges as a key regulator of p53 and c-Myc, which
are known to play key roles in CML.4142

To further investigate the regulation of c-Myc and self-renewal in
leukemic stem/progenitor cells, we crossed Klf4% and Kif444
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Figure 5. Antileukemic properties of DYRK2 stabilization with VK3. (A) Cell viability of KU-812, K562, and KCL-22 CML cells that were incubated for 48 hours in the presence
of VK3 expressed as a percentage of the vehicle control (mean = standard deviation [SD]). (B) Immunoblot analysis of DYRK2, c-Myc, SIAH1, SIAH2, and PHD3, as well as cleavage
of PARP (cPARP) and caspase 3 (cCASP3), in protein lysates of CML cell lines treated with vehicle or 20 uM VK3. (C) Levels of DYRK2, c-Myc, and cleaved PARP (cPARP) in CRISPR/CAS9-
mediated DYRK2-knockout K562 cells treated with vehicle or 12 wM VK3 for 48 hours. (D) Effect of VK3 on DYRK2 ubiquitination was analyzed in K562 cells treated with MG-132 and
VK3 by immunoprecipitation with anti-DYRK2, and immunoblots were revealed with anti-ubiquitin. DYRK2 level is shown in protein lysates. (E) VK3 cytotoxicity in K562 cells with the
DYRK2 gene knocked out by CRISPR/CAS? compared with that in the parental cell line (n = 3, mean = SD) (left panel) and immunoblotting of DYRK2 gene deletion (right panel). (F)
Dose-dependent induction of apoptosis in K562 cells with p53 overexpression. (G) Effect of the combination of VK3 and IM on the viability of K562 cells (mean = SD). (H) Isobologram
analysis of VK3 and IM combination. () Cytotoxicity of VK3 in K562 cells resistant to IM (IM R), generated by culture in the presence of 2.5 uM IM, compared with that in parental cells
(mean = SD). (J) Cell viability (left panel) and immunoblots (right panel) of K562 cells incubated with menadione (VK3) or VK3-BS (mean =+ SD). DYRK2 upregulation is shown (right

panel). The data are representative of 2 or 3 independent experiments. *P < .05, ***P < .001, ****P < .0001, 2-tailed Student t test. Fa, fraction affected.

DYRK2 INHIBITS SURVIVAL AND SELF-RENEWAL IN LSCs

€ blood® 28 NOVEMBER 2019 | VOLUME 134, NUMBER 22 1967

20z AeN 0z uo 1senb Aq Jpd-zz65.8P00IA/ZS LEYS /096 L/22/FE L/HPd-ajole/poo|gAeusuoledlqndyse//:diy woly papeojumoq



A 20 B 1° CML 2° CML c 1° CML post-Rx
_ Y n.s. VK3-BS
% BM 25 *k 50 1 *
= —
= s RHHHH 95 | (o)
%2 y 2 weeks = =
S 10 8 dpt +t 15 - ?8 30 4
+ S
3 GFP* LSK FACS £ 10 % 2.
L
S 051 VK3: - + S + 0
hd u o -
2 [ ] ovreo &
0.0 - . 04 04
Q,c) Q)(’J El Actin Q’o) <27(,J Q)c) Q)(,_,
Yy Q" o < o
R\ & N\
D E
2° CML (remaining stem/progenitors) 01 mmoumvis
J preg = Bl 1 uM VK3
%0 100 - 2 30 | M3 LMVES
= 40 ~ _ P<0.002 =
+ 30 < £ 20
5 g L
+ 20 T 599 =
& a 3 10 A n.s.
= =
10 4 £
0- 0 T T 0 -
& & 0 50 100 Healthy CML Pt1
&F Time post BMT (days)
F G 20 - .Contrt_)l .
= | MO0 puM VK3 Y
Healthy CMLPt3  CMLPt6 =4 Bl 1 M VK3 g
013 013 0 1 3 VK3uM S 1.5 ME3uMVKS w - g
[ o | [~ o o] [~ w|DYRK2 = o
[ = = [ o= ]| [ o= ]| P-p53(546) T 101 VK3 (5 uM)
+
= <
[ [ o ] [ c-myc 2 05 :
|- | -] | - -] Actin =2 .
0.0 - |
Healthy CML Pt2
H | 024 15
CD34* CML Pt7 Vehicle VK3-BS F oz
(5x10% T
< 0.1 3 107
& g 2
VK3-BS or = 0.1- &
l vehicle g 0.5
oM n.d.
o 2 K kel 0.0 - 0.0 -
8 weeks 3 S O IR
3 3 & D > D
NSG fea) o Q & ] Q‘C)

Figure 6. VK3-BS targets murine and human CML stem/progenitor cells through DYRK2. (A) Analysis of HSCs in bone marrow of wild-type mice after 2 weeks of daily
administration of VK3-BS. (B) GFP* LSK cells were isolated from mice 8 dpt with BCR-ABL1-transduced HSCs to confirm DYRK2 upregulation upon in vitro incubation with VK3.
CML mice were treated daily for 2 weeks with VK3-BS or vehicle starting at 8 days posttransplant (arrows). After treatment, bone marrow cells were analyzed by flow cytometry and
transplanted into secondary mice to evaluate residual leukemia stem/progenitor cells with leukemia-initiating capacity. (C) Detection of myeloid leukemia cells and frequency of
GFP* LSK cells in whole bone marrow of primary CML at the end of treatment (n = 8, mean * standard deviation [SD]). (D) Frequency of GFP* Gr1* leukemic cells at 24 dpt and
overall survival in secondary CML. (E) Annexin V staining of bone marrow cells from chronic-phase CML patients (Pt) and healthy individuals incubated in vitro with vehicle or VK3
for 48 hours (triplicates, mean = SD). (F) Stabilization of DYRK2 protein leading to the phosphorylation of p53-546 and c-Myc reduction in bone marrow from 2 CML patients by
treatment with VK3 compared with those in bone marrow cells from a healthy donor. (G) Colony formation in methylcellulose media of CD34" cells from chronic-phase CML
patients and normal individuals treated with VK3 for 24 hours (triplicates, mean =+ SD) (left panel). Representative images of colonies from CD34* CML cells treated with 5 M VK3
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mice with mice carrying a Myc:GFP fusion knock-in at the en-
dogenous Myc locus to determine, in vivo, the c-Myc levels in
leukemic stem/progenitor cells generated through the use of a
retrovirus carrying BCR-ABL1-RFP.304344 Flow cytometric de-
tection of GFP, as a marker of endogenous c-Myc expression,
showed significant downregulation in Klf444 RFP* LSK cells
compared with that in control RFP* LSK cells (Figure 4D),
supporting an important role for KLF4 in the maintenance of
c-Myc in CML stem/progenitor cells. Conversely, c-Myc levels in
normal hematopoietic stem/progenitor cells (KIf4*4 RFP~ LSK)
were similar to those in control cells (supplemental Figure 7). To
confirm that DYRK2-mediated degradation of c-Myc was re-
quired to abolish LSC self-renewal and CML progression, we
cotransduced K442 HSCs with retroviruses carrying BCR-ABL1-
IRES-GFP, c-Myc¢?A-IRES-RFP, or empty-IRES-RFP (control). The
c-MycS?A mutation is a single amino acid substitution mutation
at the DYRK2 phosphorylation site (S62A) in c-Myc that prevents
DYRK2 phosphorylation and subsequent proteolysis by the
proteasome. Mice transplanted with RFP* and GFP* cells were
monitored for disease progression. Most mice transplanted with
transformed KIf4*/4 HSCs survived, whereas retroviral expression
of the c-Myc%¢?A mutant in KIf4~2 leukemic cells restored ex-
pansion of myeloid leukemia cells and development of myeloid
leukemia that resulted in the demise of all mice (Figure 4E-F). To
correlate our observations in murine leukemia with human CML
cells, we knocked out the KLF4 gene in K562 cells through
CRISPR/CAS? and performed immunoblot analysis that showed
similar DYRK2 upregulation and reduced c-MYC expression
upon KLF4 silencing (Figure 4G). Altogether, our data support
the model of KLF4 inhibition of the DYRK2-mediated activation
of p53 and c-Myc degradation in BCR-ABL1* LSK cells; thus,
DYRK2 emerges as a single target with a dual function, self-
renewal and survival, in the maintenance of leukemic stem/
progenitor cells (Figure 4H).

Antileukemic properties of DYRK2 stabilization
through inhibition of proteasomal degradation in
human CML cells

Pharmacological activation or stabilization of the DYRK2 protein
could represent a novel therapeutic approach to efficiently
eradicate leukemia-initiating cells in CML patients. Based on
2 reports showing that the ubiquitin ligase SIAH2 mediates
proteasomal degradation of DYRK2 and that the chemical
compound menadione inhibits SIAH2,%-7 we propose that
menadione, also known as VK3, could induce apoptosis and
abrogate self-renewal in CML cells by stabilizing the DYRK2
protein. Treatment of the CML cell lines K562, KCL-22, and KU-
812 with VK3 revealed dose-dependent cytotoxicity (Figure 5A)
that was associated with increased levels of DYRK2, cleavage of
caspase 3 and PARP, and depletion of c-Myc protein (Figure 5B).
In contrast to VK3, natural vitamins K1 and K2 were unable to
induce cytotoxicity in K562 cells, suggesting that the isoprenoid
side chain may hinder binding and inhibition of SIAH2 (sup-
plemental Figure 8). Menadiol, a reduced form of VK3, showed
similar cytotoxicity, suggesting that antileukemic properties are

likely independent of oxidative capacity (supplemental Figure 9).
In terms of the specificity of SIAH2 inhibition by VK3, the lack of
expression of SIAH1 in K562 and KCL-22 cells and upregulation
of PHD3, a known target of SIAH2, by VK3 in all CML cell lines
(Figure 5B) suggest that cytotoxicity of VK3 was primarily me-
diated by inhibition of SIAH2.48 Several pieces of evidence
support that VK3 cytotoxicity is mediated through DYRK2
upregulation: the effect of VK3 on DYRK2 upregulation, c-Myc
depletion, and PARP cleavage was prevented by knocking
out DYRKZ2 in K562 cells via CRISPR/CAS9-mediated genome
editing (Figure 5C), VK3 significantly reduced the ubiquitination
of DYRK2 in an immunoprecipitation assay in K562 cells
(Figure 5D), and sensitivity to VK3 was significantly reduced in
K562 cells with the DYRK2 gene knocked out particularly at
concentrations that induce DYRK2 expression (Figure 5E; sup-
plemental Figure 10). Although the induction of apoptosis by
VK3 in CML cell lines lacking p53 indicates that c-Myc depletion
may be the main cause of cytotoxicity,*>4 we further investigated
the role of p53 in VK3-mediated cytotoxicity. Treatment of K562
cells overexpressing p53 with VK3 resulted in increased sensitivity
in cytotoxicity assays (data not shown) and an increased percentage
of annexin V* cells in a dose-dependent manner (Figure 5F).

The ideal therapy to achieve treatment-free remission would be
a combination of a TKI with an as yet unidentified LSC-specific
drug. Therefore, we studied the effects of VK3 and imatinib
mesylate (IM) and found that this combination induced cyto-
toxicity in K562 cells at lower doses compared with single drugs,
and an analysis of the drug combination revealed a synergistic
effect (Figure 5G-H). In addition, VK3 inhibited the viability of IM-
resistant K562 cells generated by incubating K562 cells with IM
(2.5 pM) for 2 weeks (Figure 5I; supplemental Figure 11).%° Fi-
nally, we evaluated whether the hydrophilic compound VK3
sodium bisulfite (VK3-BS) shows cytotoxicity and upregulation of
DYRK2 protein similar to those of liposoluble VK3 for in vivo
studies. A similar cytotoxicity for both VK3 compounds and
upregulation of DYRK2 suggest that VK3-BS can be used in mice
with CML-like leukemia instead of VK3 to reduce the toxicity of
the vehicle (Figure 5J).

DYRK2 stabilization targets leukemia stem/

progenitor cells in mouse and human CML models
To treat mice with CML-like myeloproliferative neoplasia and
patient-derived xenografts, we used VK3-BS. Analysis of VK3-BS
toxicity in wild-type mice did not reveal any gross alterations in
body weight or blood lineages with the exception of slightly
reduced red blood cell numbers (supplemental Figure 12). In
addition, the frequency of bone marrow HSCs, defined as LSK
CD150% CD48~ cells, was unaffected by VK3-BS administration
(Figure 6A). In the CML-like model, in vitro culture of purified
GFP* LSK cells, a population enriched in leukemic stem/pro-
genitor cells, with VK3 resulted in increased levels of DYRK2
protein (Figure 6B). Next, we treated BCR-ABL1-induced CML
mice with daily VK3-BS administration for 14 days to evaluate
its efficacy in eliminating LSCs (Figure 6B). The administration of

Figure 6 (continued) (right panels) and control. (H) Experimental design for the CML xenograft model: CD34* stem/progenitor cells from CML patients were transplanted into
sublethally irradiated NSG mice (5 X 10* cells per mouse); engraftment was confirmed by flow cytometry after 4 weeks, and mice were randomized for daily treatment (arrows)
with vehicle or VK3 for 2 weeks. (1) Detection of human CD45 blood cells (\CD45) vs murine CD45 blood cells (mCD45) was determined by flow cytometry in blood and gPCR
detection of BCR-ABL in bone marrow at the end of treatment (see also supplemental Figure 17). The data are representative of =3 independent experiments. *P < .05,**P < .01,
**xp < 001, ****P < 0001, 2-tailed Student t test and the log-rank test. BMT, bone marrow transplantation; n.d., not detected; n.s., not significant.
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VK3-BS to mice with primary CML-like disease significantly di-
minished the frequency of bulk leukemic cells (GFP* Gr17) and
leukemia stem/progenitor cells (GFP* LSK cells) in bone marrow;
most importantly, it reduced the leukemia burden and improved
overall survival in secondary recipients, suggesting efficient
elimination of leukemic stem/progenitor cells with leukemia-
initiating capacity via systemic VK3-BS administration (Figure
6C-D; supplemental Figure 13). To correlate our findings with
human disease, we next tested whether DYRK2 stabilization
could induce apoptosis and inhibit self-renewal in bone marrow
cells from chronic-phase CML patients. Annexin V staining
showed increased cell death in bone marrow cells from patients
with CML that were incubated in vitro with VK3 that was not seen
in bone marrow cells from healthy individuals (Figure 6E; sup-
plemental Figure 14). This cytotoxicity was associated with in-
creased levels of DYRK2 and p53 phosphorylated at Ser 46,
whereas c-Myc depletion was not distinguishable because of the
low c-Myc levels in whole bone marrow (Figure 6F). Strikingly,
VK3 abrogated the capacity of CD34* CML cells to self-renew
and generate colonies in methylcellulose (Figure 6G; supple-
mental Figure 15). In another model, daily administration of VK3-
BS significantly inhibited the growth of subcutaneous tumors
induced by implanting K562 cells embedded in Matrigel into the
flank of nude mice, which was confirmed by analysis of gross
morphology, tumor weight, DYRK2 expression, and terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling
staining in excised tumors (supplemental Figure 16). Finally, we
evaluated the effect of VK3-BS on human CD34* CML cells using
a xenograft model. CD34" cells were purified by cell sorting
from cryopreserved bone marrow cells from chronic-phase pa-
tients collected at diagnosis and then transplanted into sub-
lethally irradiated NSG mice (5 X 10* CD34* cells per mouse)
(Figure 6H). Four weeks after xenotransplantation, NSG mice
with similar engraftment were randomized for treatment with
vehicle or VK3-BS for 2 weeks. Flow cytometric detection of
CD45* human leukemic blasts and detection of BCR-ABL
transcripts by gPCR in bone marrow at the end of treatment
showed that, compared with mice treated with the vehicle
control, mice treated with VK3-BS exhibited a significant re-
duction in the frequency of human leukemia cells in peripheral
blood and undetectable BCR-ABL in bone marrow (Figure él;
supplemental Figure 17). These data showed that VK3 inhibits
the survival of CML cells in a model of human CML and validated
our findings in the CML mouse model. Notably, although we
used VK3 as proof of concept of DYRK2 stabilization in CML
stem/progenitor cells, clinical translation will require the iden-
tification of more specific SIAH2 inhibitors with lower hemato-
logical toxicity, evaluation of the safety of SIAH2 inhibition,
and/or development of alternative approaches to activate DYRK2
in CML LSCs.

Discussion

The eradication of LSCs that are spared during standard che-
motherapy and are able to self-renew and induce relapse
constitutes a major challenge in the treatment of leukemia. This
study identified the kinase DYRK2 as a critical checkpoint con-
trolling self-renewal and survival in leukemia stem/progenitor
cells in CML and showed that increasing levels of the DYRK2
protein, either by genetic loss of KLF4 or pharmacological in-
hibition of the ubiquitin ligase SIAH2, could induce apoptosis
and abrogate self-renewal in CML stem/progenitor cells.
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The reprogramming factor KLF4 plays critical roles in the control
of self-renewal in normal and malignant stem cells, such as embryonic
stem cells and leukemia initiating cells, in a cell context-dependent
manner.?>3° KLF4 indirectly promotes self-renewal in BCR-ABL1T*
leukemia stem/progenitor cells by repressing the DYRK2 gene via
a mechanism complementary to the ubiquitin ligase SIAH2. There
are several factors involved in the molecular control of self-renewal
in chronic-phase CML LSCs, such as B-catenin,> GABPB tran-
scription factor,>2 Tcf1/Lef1 transcription factors,® and adenosine
deaminase ADAR1.54 A recent article describing the inhibition of
stem cell self-renewal in CML by prostaglandin E1 included a
gene expression profile in which KLF4, although not the focus
of this study, strikingly appeared as 1 of the most down-
regulated genes, suggesting that the observed effect may be
mediated by KLF4.%°

In this study, DYRK2 emerged as a novel negative regulator of
CML downstream of KLF4 by promoting apoptosis and inhib-
iting self-renewal through activation of p53 and degradation of
c-Myc in leukemia stem/progenitor cells. Inhibitory functions
have been ascribed to the kinase DYRK2 in breast cancer stem
cells, paradoxically, via activation of the KLF4 gene downstream
of androgen receptor signaling, as well as prevention of the
formation of breast tumors mediated by proteasome activity by
inducing degradation of the proteasome.>¢” Low DYRK2 levels
have been associated with poor prognosis in colorectal cancer,
recurrence in early-stage breast cancer, and proliferation in non-
Hodgkin lymphoma.>®4® The downstream substrates of DYRK2,
p53 and c-Myc, have been targeted simultaneously to eradicate
LSCs and leukemic blasts in CML through stabilization of p53
with the MDM2 inhibitor RG7388 and inhibition of c-Myc ex-
pression with the BRET domain inhibitor CPI-203.4424" There-
fore, DYRK2 represents a single target, with a dual function in the
activation of p53-mediated apoptosis and c-Myc proteolysis,
that can potentially accelerate the process of LSC erosion during
TKI treatment.%?

The identification of DYRK2 as a key target to eliminate LSCs led
us to investigate approaches that would mimic the effect of the
genetic loss of KLF4, such as stabilization of DYRK2 protein by
inhibiting proteasomal degradation. A study showed that CML
patients exhibit elevated SIAH2 levels, and SIAH2 inhibition with
VK3 attenuated chemoresistance in K562 cells.*” The ability of
VK3 to enhance imatinib cytotoxicity and target imatinib-resistant
CML cells suggests that the combination of SIAH2 inhibition with
TKls has the potential to simultaneously eliminate the bulk of
leukemia cells and LSCs in CML patients by targeting different
mechanisms. VK3 has been tested in clinical trials, in combination
with mitomycin C, in lung cancer patients,*®in neonates to prevent
vitamin K deficiency,** in advanced hepatocellular carcinoma,®
and with the reduced form menadiol diphosphate in patients with
advanced cancer.®® Although toxicities have been described for
VK3 because of its capacity to generate reactive oxygen species,*’<8
the use of VK3 and VK3-BS validates the model of DYRK2 as a
master regulator of self-renewal and survival in leukemia stem/
progenitor cells and supports the future development of LSC-
specific therapy by inhibiting SIAH2 using the core naph-
thoquinone of VK3 as a lead compound, searching for more
specific and less toxic inhibitors, or directly activating DYRK2 to
avoid stabilization of other proteins potentially involved in CML.
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Collectively, our study proposes a new model in which KLF4
represses the DYRK2 gene in CML stem/progenitor cells to
prevent abrogation of self-renewal and survival. Because of
these inhibitory functions, CML cells must suppress DYRK2 at 2
levels by repressing gene expression via KLF4 and inducing
proteasomal degradation via the ubiquitin ligase SIAH2. Phar-
macological inhibition of SIAH2 with VK3, as a means to increase
DYRK2 protein, can target CML LSCs.
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