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Abstract. Background/Aim: The presence of FLT3-Internal
tandem duplications (ITDs) in human acute myeloid leukemia
(AML) is associated with a dismal prognosis. Altered cell-cycle
activity has been reported in FLT3-ITD-positive AML; however,
the mechanisms by which this oncogene influences cell-cycle
activity remained so far elusive. Materials and Methods: A
phospho-kinomic screen was used to identify downstream
effectors of FLT3-ITD. Validation and functional
characterization was performed by western blotting, cell-cycle
analysis and apoptosis assays. Results: We identified aberrant
phosphorylation of CDC25C-T48 in FLT3-ITD mutated cells.
Forced expression of CDC25C affected cell-cycle progression
but did not affect sensitivity to cellular stress. Conclusion:
Depending on the oncogenic background, CDC25C may reveal
protective or oncogenic functions. Our results identify CDC25C
as a downstream target of the mutated tyrosine kinase FLT3-
ITD affecting cell-cycle regulation in a model of AML.

Acute myeloid leukemia (AML) is a genetically heterogeneous
disease characterized by clonal selection and accumulation of
mutations during disease progression (1). FLT3 is one of the
most frequently mutated genes in adult AML (2-4) that encodes
for a receptor tyrosine kinase required for maintenance of
normal hematopoiesis (5). During leukemia development, the
occurrence of FLT3-internal tandem duplications (ITD) induces
constitutive activation of the encoded receptor tyrosine kinase
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and leads to activation of downstream effectors, such as
STATS, ERK and AKT. Depending on cooperating oncogenic
events, presence of FLT3-ITD may be associated with a poor
prognosis in patients with AML (2, 6, 7). Recent reports also
suggested that constitutive activation of FLT3-signaling might
result in aberrant cell-cycle activity (8).

Stringent regulation of cell-cycle activity is of major
importance to ensure proper development of hematopoiesis and
to orchestrate tissue regeneration. Conversely, deregulation of
cell cycle-relevant proteins can promote the development of
cancer (9, 10). The final steps during cell-cycle transition are
controlled by cyclin-dependent kinases (CDKSs) in complex with
the appropriate cyclins. CDKs are preserved in an inactive state
through phosphorylation of distinct amino acid residues. Several
amino acid residues need to be dephosphorylated by cell
division cycle 25 (CDC25) phosphatases (9, 10) to activate
CDKs. Therefore, CDC25 phosphatases are essential regulators
of cell cycle progression in malignant and non-malignant cells.
In mammals, this group of phosphatases consists of three
homologues, CDC25A, CDC25B and CDC25C. These are
involved in pathogenesis of human malignancies (9, 10) and,
specifically, myeloid leukemia (11, 12). While CDC25A is
important for S-phase entry and, crucial for regulating cellular
proliferation (13), CDC25B and CDC25C are believed to
control mitosis entry (14). Taken together, all CDC25
phosphatases are involved in cell-cycle checkpoint regulation
with redundant and non-redundant functions (9). Recently,
frequent mutation of CDC25C has been reported in patients
with familial platelet disorder (FPD). CDC25C defines a pre-
leukemic clone, which eventually acquires additional mutations
during disease progression. Of note, the observed CDC25C
mutations are exclusively found in FPD patients rather than in
de novo AML or myelodysplastic syndromes (MDSs) (15).
Here, we provide first evidence that FLT3-ITD induces aberrant
phosphorylation of CDC25C that functionally mimics features
observed in the mutant CDC25C isoforms of FPD patients.
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Materials and Methods

Cell lines and cell culture. The human AML cell line Molm13 and
murine 32D cells were cultured in RPMI1640 medium (PAA, Colbe,
Germany) supplemented with 10% FBS (PAA) in a humid
atmosphere of 5% CO, at 37°C.

Kinase profiling. For kinase profiling we used an established cell
line model (32D) harboring an FLT3-ITD mutation that enables
cytokine-independent growth (16). 32D-FLT3-ITD cells were
cultured for 24 hours in RPMI under steady-state conditions prior
to FLT3-tyrosine-kinase-inhibitor (TKI) PKC412 (midostaurin)
exposure (or to DMSO as diluent control). One complication of
pharmacologic FLT3-inhbition experiments in 32D-FLT3-ITD cells
is requirement of FLT3-signaling for cell survival. Accordingly, we
incubated 32D cells with midostaurin or diluent control ‘short-
term’ for 30 minutes, which is sufficient for abrogation of FLT3-
mediated signaling but not sufficient for induction of apoptosis.
Following drug exposure, cells were lysed and labeled with
33P-ATP. Lysates were hybridized on the Pepscan ‘kinomics slide’
for 2 hours at 37°C in a humid chamber. Binding of active kinases
to the corresponding peptide sequences of downstream effectors
results in incorporation of radioactively labeled 33P-ATP as a
substrate. Radioactively labeled 33P-ATP, thereby, enables detection
of kinase activity. Following several washing steps, the slide was
exposed for 7 days to a Pospho-Storage-Screen™ (GE Healthcare,
Chalfont St Giles, UK). Analysis was performed on a Typhoon Trio
Plus Imager™ (GE Healthcare). Phosphopeptide arrays may be
limited by unspecific binding of kinases to their substrates;
however, several bona fide substrates/peptides for FLT3-kinase are
available on these slides and can be used for validation. Positive
(scrambled substrates) and negative controls (mixed peptides
without serine, threonine or tyrosine residues) were used for
calculation of background noise or insufficient binding using the
PepChip Kinomics grid (www.pepscan.com).

Western blotting. For Western blotting analysis we used whole
cellular lysates (17), as well as nuclear extracts that were harvested
using the ProteoExtract® kit (Merck Chemicals, Darmstadt,
Germany) according to the manufacturer’s instructions.

Retroviral transduction. Retroviral transduction of 32D cells was
performed as described previously (15). For the production of
retroviral particles, HEK293T cells were cultured to approximately
70% confluence. Retroviral infection was performed as previously
described (17). In brief, 1x109 32D cells were washed twice in
PBS before being re-suspended with Iml of virus containing
medium in a 50-ml tube. The cells were centrifuged for 90 min at
33°C at 2,000 rpm and left with the virus in culture overnight in a
24-well plate. The next day, the cells were washed and transferred
to RPMI culture medium.

Cell cycle and apoptosis. Cell cycle analysis in 32D cells was
performed by flow cytometry using a co-staining with Ki67
(phycoerythrin/cyanine7 (PE/Cy7); Biolegend, London, UK) and
Hoechst 33342 as previously described (17). For the detection of
apoptosis we used a co-staining of AnnexinV (allophycocyanin
(APC)-labeled antibody; Biolegend) and SytoxBlue® dead cell stain
(Life technologies, Darmstadt, Germany) in flow cytometry. The
measurements were performed using a FACS Canto II cytometer
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and FACS Diva software (BD Bioscience, Heidelberg, Germany).
Data analysis was conducted using FlowJo® software (TreeStar,
Ashland, OR, USA).

Statistical analysis. The generation of graphs and statistical analysis
was performed using GraphPad Prism Software (GraphPad Software
Inc, La Jolla, CA, USA).

Results

CDC25C is aberrantly phosphorylated in FLT3-1TD-positive
cells. FLT3 length mutations (ITD’s) phosphorylate and
activate major signaling pathways, such as STATS, ERK and
AKT. To gain an unbiased view on signaling events that may
influence cell cycle control, we used a semi-quantitative
phospho-kinomic screen to explore FLT3-ITD-controlled
protein phosphorylation pathways (Figure 1A). Peptide
kinome array technology is a method that currently allows
quantification of kinase activity in a large subset of kinases
on commercially available chip platforms. Each array
displays as many as 1,152 individual peptide kinase
substrates in triplicate on a glass slide and allows
investigation of kinase substrate preference, identification of
substrates, with best selectivity against a kinase panel, and
is suitable for characterization of kinase function. The
substrates are all stress-, growth- or differentiation-related.
When applying lysates from 32D-FLT3-ITD cells with or
without pharmacologic inhibition of FLT3 kinase, T48 of
CDC25C appeared to be strongly phosphorylated in the
untreated cells and was subsequently reduced when treated
with the FLT3 inhibitor Midostaurin (Figure 1B). This
residue has been described as an important positive regulator
of CDC25C activity at mitosis entry (18). Under physiologic
conditions, Thr48 phosphorylation is tightly regulated by the
cell cycle machinery and exclusively activated before mitosis
(18-20). The presence of FLT3-ITD seems to interrupt this
regulation leading to aberrant phosphorylation of CDC25C-
T48 in interphase cells, while inhibition of FLT3-ITD using
midostaurin (PKC412) reverses this alteration. We calculated
the relative phosphorylation level of the CDC25C-
phosphosites after treatment with PKC412 compared to
diluent control (Figure 1C). We found significant reduction
(>50% of baseline) of T48 phosphorylation (p=0.0012). Of
note, serine residue 216, which has been described as an
amino acid residue relevant for cell cycle control in several
cellular backgrounds, remained largely unaffected. To
validate our findings in human cells, we investigated cell
signaling in a human myeloid leukemia cell line (MOLM13).

First, we confirmed inhibition of CDC25C-T48
phosphorylation upon FLT3-inhibitor treatment. Exposure to
50 nM of the selective FLT3-inhibitor quizartinib (AC220)
resulted in rapid abrogation of FLT3-, ERK- and CDC25C-
T48 phosphorylation (Figure 2A, left panel). As ERK
signaling influences CDC25 activity in various cell types (18),
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Figure 1. Phospho-kinomic screen identifies CDC25C-T48 as a downstream target of FLT3-ITD. (A) Schematic illustration of the phospho-kinomic
screen and data analysis performed on 32D-FLT3-ITD cells. Protein lysates were hybridized on the array. (B) Heat map of CDC25 phosphorylation
sites in FLT3-ITD-positive cells (untreated versus PKC412 (100 nM) treated). Signal-to-noise ratios of each chip (n=3) are depicted. (C) Relative
changes in CDC25C phosphorylation following pharmacologic FLT3-inhibition.

we aimed to clarify whether inhibition of MEK1/2 would be
sufficient to inhibit phosphorylation of T48. Application of the
MEK-inhibitor UO126 was effective and sufficient to reduce
ERK and CDC25C-T48 phosphorylation (Figure 2A, right
panel). Therefore, we propose that phosphorylation of T48 is
mediated by FLT3-ITD signaling and is dependent on
downstream MEK/ERK activation. Due to its highlighted role
in regulating cellular localization and activation of CDC25C
(21-23), we also investigated phosphorylation of CDC25C-
S216. Phosphorylation of CDC25C-S216 was not significantly
altered by short-term exposure to PKC412 (Figure 1B).
Consistent with the kinomics data, phosphorylation of S216

was very weak in FLT3-ITD-positive MOLM13 cells (Figure
2B). However, following pharmacologic inhibition of FLT3-
kinase, phosphorylation of S216 was restored within one hour
after treatment. To assess for a potential association of S216
phosphorylation with subcellular localization of CDC25C, we
also prepared nuclear lysates (Figure 2C). Following treatment
of MOLM13 cells with quizartinib we observed a decrease in
nuclear CDC25C at 2 and 4 h after treatment, which confirms
previously published reports (24).

FLT3-ITD signaling impairs cell-cycle control in a two-hit
model of AML. To elucidate on the functional consequences of
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Figure 2. CDC25C phosphorylation and localization is aberrantly regulated by FLT3-ITD. (A) Western blot analysis of protein lysates derived from
human AML cell lines (MOLM13, FLT3-ITD-positive) after treatment with DMSO as a soluble control, the FLT3 inhibitor quizartinib (AC220) or
the MEK1/2-inhibitor UO126. Cells were incubated with each inhibitor for 30, 60 and 90 minutes before lysis and detection of FLT3, ERK and
CDC25C-T48 phosphorylation. (B) Western blot analysis of MOLM13 cell lysates after treatment with 50 nM AC220. (C) Western blot analysis of

nuclear protein extracts.

CDC25C expression in FLT3-ITD mutated cells, we generated
a cellular model of AML to address genetic heterogeneity and
clonal diversity of the disease. We used 32D cells and stably
transduced them with FLT3-WT or FLT3-ITD constructs.
Subsequently, the MLL-AF9 fusion protein was co-expressed
(pMSCV-Neo) to recapitulate a two-hit model (Figure 3A).
This oncogenic background is comparable to MOLM13 cells,
which are MLL-AF9- and FLT3-ITD-positive, and cooperation
between FLT3-ITD and MLL-AF9 to induce a potent leukemia
phenotype has been reported recently (25). Moreover, we
transduced the respective cell lines either with an MSCV-based
construct expressing CDC25C or empty vector control.

This enabled us to study the influence of forced CDC25C
expression on cell cycle regulation in non-oncogenic cells
(FLT3-WT) and transformed cells: FLT3-WT+MLL-AF9 or
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FLT3-ITD (single hits); and FLT3-ITD+MLL-AF9 (double
hit) (Figure 3A). CDC25C expression was controlled by
green fluorescent protein (GFP) measurement using flow
cytometry (Figure 3B) and by gene expression analysis using
quantitative real-time polymerase chain reaction (PCR)
(Figure 3C).

We performed cell-cycle analysis by flow cytometry (Ki-67
and Hoechst 33342 co-staining) to identify potential
alterations in cell cycle activity under steady-state conditions
(Figure 4A). As we used cell lines cultured in vitro, percentage
of Gy-phase cells appeared rather low (2-3%) with no major
differences between the different genetic backgrounds
analyzed (Figure 4B). CDC25C overexpression did not affect
cell cycle activity in FLT3-WT cells. In the presence of MLL-
AF9 (“single hit”), forced CDC25C expression results in a
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Figure 3. Generation of a cellular model to study CDC25C function downstream of FLT3-ITD. (A) Schematic view demonstrating generation of the
two-hit-model of AML in 32D cells. (B) Flow cytometry analysis to control for CDC25C-GFP expression in transduced 32D cells. (C) Quantitative
real-time PCR analysis using Tagman® validated primers confirms overexpression of CDC25C in FLT3-WT- and FLT3-ITD-expressing cells.

delay of cell cycle activity and increased abundance of cells
in S-G,-M (Figure 4C) (p=0.0383). These cells may
eventually undergo G,-arrest due to cellular stress caused by
introduction of the MLL-AF9 oncogene. Thus, we found a
reduced number of cells in G; (Figure 4D) (p=0.05). When
we introduced FLT3-ITD on top of MLL-AF9 into the cellular
system, the effect on cell cycle appears abrogated. Finally, we
observed a reduction of cells in S-G,-M phase, even in the
presence of MLL-AF9 (Figure 4C, D) (p=0.0011). Taken
together, these findings suggest distinct requirement and
influence of CDC25C depending on the genetic background.

Expression of CDC25C does not influence sensitivity to
targeted therapies or cytotoxic drugs. To clarify, whether

CDC25C expression could exert protective effects on cells
treated with kinase inhibitors (TKI) or cytotoxic drugs, we
studied the induction of apoptosis in the 32D cell model. The
percentage of apoptotic cells was determined by
AnnexinV/Sytox-Blue co-staining using flow cytometry. First,
we analyzed spontaneous apoptosis under steady-state
conditions and observed increased levels of steady-state
apoptosis in cells with one or more mutations compared to
FLT3-WT controls. This may be attributed to an increase in
cellular stress due to the increased proliferative capacity or
genomic instability. However, no difference was detectable
between cells with and without CDC25C expression
independent on the genetic background. (Figure 5A). To
investigate, whether CDC25C overexpression could confer
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stress resistance, we performed interleukin (IL)-3 starvation in
32D FLT3-WT cells transduced with CDC25C (or empty
vector control) for 48 h. Overexpression of CDC25C did not
confer any protective effect on cell survival in this setting
(Figure 5B). To further elucidate on functional consequences
of forced CDC25C expression, we applied targeted therapies
(FLT3-inhibitor treatment) or cytotoxic drugs (cytarabine,
daunorubicine) that are clinically used to treat acute myeloid
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leukemia. Following treatment with 50 nM of the FLT3-
Inhibitor AC220, FLT3-ITD-mutated cells underwent
apoptosis within 48 h irrespective of CDC25C expression
(Figure 5C). Even at low concentrations of AC220 (5 nM), no
difference was detectable in CDC25C-expressing cells
compared to empty vector control (Figure 5D). Likewise,
upon treatment with cytotoxic agents, such as cytarabine and
daunorubicin, the percentage of apoptotic cells remained
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Figure 6. Proposed schematic view of CDC25C function depending on
the mutational background. (A) FLT3-wild type conditions: CDC25C
function is tightly regulated during cell cycle. In the presence of DNA
damage, CDC25C is strictly localized to the cytoplasm by constant
Ser216 phosphorylation to prevent premature mitosis entry. (B) FLT3-
ITD-positive cells: the inhibitory Ser216 residue becomes inactive
during interphase, while the activating phospho-site Thr48 is constantly
phosphorylated and may result in aberrant activation of CDC25C.

largely unaffected irrespective of CDC25C expression (Figure
5E). Cells harboring a “double hit” (MLL-AF9 and FLT3-ITD)
revealed a slight reduction in cell death after daunorubicin
treatment when CDC25C was overexpressed (Figure 5E). This
rather subtle effect could reflect the increasing importance and
impact of cell cycle regulators (such as CDC25C) in cells that
acquire several mutational events during clonal selection.
Taken together, forced expression of CDC25C did not show
any major deleterious or protective effects on cells that were
exposed to cytotoxic stress.

Discussion

Implementing our findings and data from the literature, we
propose a model explaining how CDC25C function may be
influenced by FLT3-ITD signaling (Figure 6). In non-
transformed cells (e.g., 32D-FLT3-WT cells), CDC25C is
located in the cytoplasm during interphase and becomes
recruited to the nucleus before mitosis to orchestrate cell-cycle
progression. Following cytotoxic stress or DNA damage,
CDC25C contributes to the protection of genomic integrity in
non-mutated cells by strict cytoplasmic localization to prevent
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mitosis entry (Figure 6A). Constitutive activation of FLT3-
signaling (e.g., by activating FLT3-ITD mutations) may impair
protective functions of CDC25C through alteration of post-
translational modifications. Thr48 serves as a positive
regulator of CDC25C function and is constantly
phosphorylated during interphase depending on activation of
ERK activity (downstream of FLT3-ITD). Pharmacologic
inhibition of either FLT3 or MEK1/2 results in reduction of
CDC25C-T48 phosphorylation. In contrast, amino acid residue
Ser216, which is probably the most important negative
regulator of CDC25C activity, remains repressed under the
influence of FLT3-ITD and becomes activated following
FLT3-kinase inhibition. As a result of this phosphorylation,
CDC25C appears to be permanently localized in the nucleus
(Figure 6B). Overexpression of CDC25C in FLT3-WT cells
did not result in major alteration of cell cycle activity, which
may indicate minor functional relevance in non-mutated cells.
However, alterations in cell cycle activity became evident
upon introduction of different oncogenes: MLL-AF9 and/or
FLT3-ITD. While MLL-AF9 led to reduction of cell cycle
activity, FLT3-ITD seemed to reverse the MLL-AF9-induced
delay (Figure 4C, D). These findings suggest that aberrant
phosphorylation of CDC25C caused by FLT3-ITD may
become functionally relevant for cell cycle regulation in
leukemic cells. Furthermore, the ability of FLT3-ITD to
escape from cell cycle arrest under mutational stress could be
a mechanism supporting the accumulation of genetic
alterations, thereby, promoting disease progression in FLT3-
ITD mutated AML. Therefore, it is tempting to speculate on
FLT3-ITD-induced changes in CDC25C-phosphorylation that
mimic those observed for the CDC25C mutants in FPD-AML
patients (15). Our observation, that forced expression of
CDC25C did neither influence susceptibility to cell stress nor
apoptosis, is also consistent with the findings of Yoshimi et al.
where CDC25C mutated clones in the FPD patients
disappeared in AML in the presence of more competitive
clones, such as GATA2 mutated cells. Impairment of cell cycle
control may be caused by aberrant phosphorylation of
CDC25C downstream of FLT3-ITD. Aberrations in cell cycle
control may promote accumulation of additional mutations
and influence clonal progression to AML (26). In patients with
MDSs, CDC25C is part of the commonly deleted region on
chromosome 5q (27, 28). Furthermore, alternative splicing of
CDC25C has been observed in bone marrow samples from
patients with MDS (29) and downstream of the SRSF2-P95
mutant (30). It appears that CDC25C may be recurrently
deregulated in MDS patients, indicating a potential
involvement in development of pre-leukemic clones.
Regulation of CDC25C-T48 phosphorylation was dependent
on ERK signaling in our model. As the MEK/ERK pathway
is frequently mutated or aberrantly activated in a variety of
cancers, CDC25C may also be involved in cell cycle
alterations of Ras-mutated solid cancers. Consistent with our
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observations, that CDC25C overexpression has no impact on
WT cells, conventional knockout of CDC25C in a mouse
model did not reveal any major phenotype (31), probably due
to compensatory effects of the other CDC25 family members.
The fact that changes in CDC25C expression seem to be of
minor importance for normal cells, while having major
influence on cancer cells, makes it an interesting signaling
node for targeted therapies.
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