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KEY PO INT S

l CK1 inhibition
significantly blocks
microenvironmental
interactions of CLL
cells.

l CK1 inhibition slows
down development of
CLL-like disease in the
Em-TCL1 mouse
model.

Casein kinase 1d/« (CK1d/«) is a key component of noncanonical Wnt signaling pathways,
which were shown previously to drive pathogenesis of chronic lymphocytic leukemia (CLL).
In this study, we investigated thoroughly the effects of CK1d/« inhibition on the primary
CLL cells and analyzed the therapeutic potential in vivo using 2 murine model systems
based on the Em-TCL1–induced leukemia (syngeneic adoptive transfer model and spon-
taneous disease development), which resembles closely human CLL. We can demonstrate
that the CK1d/« inhibitor PF-670462 significantly blocks microenvironmental interac-
tions (chemotaxis, invasion and communication with stromal cells) in primary CLL cells in all
major subtypes of CLL. In the mouse models, CK1 inhibition slows down accumulation
of leukemic cells in the peripheral blood and spleen and prevents onset of anemia. As a
consequence, PF-670462 treatment results in a significantly longer overall survival. Im-
portantly, CK1 inhibition has synergistic effects to the B-cell receptor (BCR) inhibitors such

as ibrutinib in vitro and significantly improves ibrutinib effects in vivo. Mice treated with a combination of PF-670462
and ibrutinib show the slowest progression of disease and survive significantly longer compared with ibrutinib-only
treatment when the therapy is discontinued. In summary, this preclinical testing of CK1d/« inhibitor PF-670462
demonstrates that CK1 may serve as a novel therapeutic target in CLL, acting in synergy with BCR inhibitors. Our work
provides evidence that targeting CK1 can represent an alternative or addition to the therapeutic strategies based on
BCR signaling and antiapoptotic signaling (BCL-2) inhibition. (Blood. 2018;131(11):1206-1218)

Introduction
Chronic lymphocytic leukemia (CLL) is a lymphoproliferative
disorder defined by the accumulation of clonal B lymphocytes
with typical immunophenotypic profile (CD5, CD19, CD23, ROR1
positive) in peripheral blood (PB), bonemarrow (BM), and lymphoid
organs.

It has been recognized that CLL is driven by multiple signaling
pathways, primarily promoting interaction with protective mi-
croenvironment and subsequently survival and proliferation of
the malignant cells.1-3 Signaling machineries mediating com-
munication with microenvironment, mainly B-cell receptor (BCR)
and chemokine-induced signaling pathways, have become the
main focus of novel therapeutic strategies with BCR-associated
kinase inhibitors, such as ibrutinib (Bruton tyrosine kinase [BTK]
inhibitor) and idelalisib (phosphatidylinositol 3-kinase [PI3K] d
inhibitor).

Recently, noncanonical Wnt/planar cell polarity (PCP) pathway,
driven by ROR1 receptor,4-6 has been recognized as an additional
mechanism required for the communication of CLL cells with their
microenvironment involved in CLL pathogenesis. Wnt/PCP drives
the pathogenesis of CLL primarily via regulation of chemotaxis and
cell polarity,7-11 but reports demonstrating effects on survival and
proliferation also exist.11 These clinical observations were func-
tionally supported by genetic analysis of the Em-TCL1 transgenic
mouse model of CLL where overexpression of Wnt/PCP receptor,
ROR1, enhanced leukemogenesis,12 whereas elimination of
FRIZZLED 6, another component of the Wnt/PCP receptor com-
plex, delayed CLL development.13 Importantly, although best
studied in CLL, the Wnt/PCP pathway can have similar importance
also in other lymphoid malignancies.14-17

Based on these facts, we hypothesized that the Wnt/PCP pathway
can represent a potential therapeutic target in CLL. We have
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shown previously that casein kinase 1d/e (CK1d/e) activity is
indispensable for Wnt/PCP signaling in the context of CLL7,8,18

and as such may serve as a druggable component in the Wnt/
PCP pathway relevant for CLL. In this study, we aimed to in-
vestigate the effects of CK1d/e inhibition on the behavior of
primary CLL cells with a focus on the CLL-microenvironment
communication and on the leukemia development and pro-
gression in vivo using 2 murine model systems based on Em-
TCL1–induced leukemia. Our work provides evidence that
targeting CK1 is an alternative to the therapeutic strategies based
on BCR and antiapoptotic signaling (BCL-2) inhibition.

Methods
Primary CLL samples, healthy controls, and cell lines
Primary cells were isolated from PB of CLL patients moni-
tored and treated at the Department of Internal Medicine–
Hematology and Oncology, University Hospital Brno, according
to international criteria.19 All samples including age-matched
nonmalignant controls were taken after written informed con-
sent in accordance with the Declaration of Helsinki under pro-
tocols approved by the Ethical Committee of the University
Hospital Brno. Cells were separated using non–B-cell depletion
techniques (RosetteSep kits; StemCell).7 The separation effi-
ciency was assessed by flow cytometry, and all tested samples
contained $98% B cells in the case of CLL cells and 70% to
80% in the case of nonmalignant controls. Basic clinical
characteristics of the patients are summarized in supplemental
Table 1 (available on the Blood Web site). MEC-120 cells
(Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH) and HEK293T and M210B421 cells (both American
Type Culture Collection) were used as model cell lines. Cell
culture conditions are described in the supplemental Data.

Cell treatments
The following chemicals were used for in vitro experiments: 10 to
150 mM PF-4800567 (RnD Systems), 0.03 to 50 mM PF-670462
(Tocris; DC Chemicals), 5 to 125 mM D4476 (Calbiochem), and
0.03 to 3 mM ibrutinib (PCI-32765; DC Chemicals). Control
conditions contained the corresponding amount of dimethyl
sulfoxide (Sigma Aldrich). Viability of cells was assessed
in parallel by staining with tetramethylrhodamine (2 mM,
15 minutes at room temperature; Invitrogen) or according to
cell morphology, based on flow cytometric analysis (forward vs
side scatter).

Functional in vitro experiments
Detailed protocols of the transwell migration assay, double-
species coculture system and analysis of CCL3/4 levels pro-
duced by CLL cells (gene expression and protein secretion),
CK1e autophosphorylation assay for assessment of CK1e ac-
tivity, BCR pathway-stimulation, and subsequent western
blotting analysis are all described in detail in the supplemental
Data.

Animals
All animal experiments were performedwith approval of the Ethics
Committee in accordance with the international ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines.22 The
Em-TCL123 mouse model system is described in detail in the sup-
plemental Data. Disease progression wasmonitored by regular PB

sampling followed by flow cytometric analysis as described pre-
viously12 and in the supplemental Data, which enabled quantifi-
cation of white blood cells (WBCs) as well as distinct lymphocyte
populations: leukemic B cells (CD5lowCD45Rlow), normal B cells
(CD5negCD45Rhigh), and T cells (CD5highCD45Rneg). Analysis was
performed on a BD Accuri C6 (BD Biosciences) flow cytometer,
and data were analyzed by BDAccuri C6 Software. Hematological
analysis of PB was performed by hemoanalyzer Mindray BC-
5300VET (Mindray). Spleen volume was monitored by high-
frequency ultrasound VEVO 2100 System (FUJIFILM Visual
Sonic; measured at 30 MHz) and analyzed by the VEVO 2100
software. For this application, animals were anesthetized by iso-
furane gas.

Statistics
All statistical tests were performed as 2-sided using GraphPad
Prism 5 (GraphPad Software Inc.; described in detail in the
supplemental Data). Asterisks were used in graphs to visualize
P values: *P # .05, **P # .01, ***P # .001, ****P # .0001; n.s.
indicates “not significant.” The standard level of statistical sig-
nificance was P # .05.

Results
CK1« is upregulated in CLL, and inhibition of CK1«
blocks CLL chemotaxis
To support the hypothesis that CK1e is not only a key molecule
of the Wnt/PCP pathway, but also a suitable target for CLL
therapy, we have analyzed the expression profile of CSNK1E,
encoding for CK1e, using microarray data publicly available in
the Oncomine database.24 The 2 independent data sets25,26

provide evidence that CSNK1E is overexpressed in CLL cells
compared with nonmalignant B-cell populations in PB
(Figure 1A) and BM (supplemental Figure 1A). Interestingly, the
expression levels were comparably low between naı̈ve and
memory PB B cells isolated from healthy donors (Figure 1A). This
upregulation translates into increased protein levels of CK1e in
CLL cells compared with nonmalignant B cells (Figure 1Bi-ii). This
confirms our earlier findings7 and suggests that CK1e can be a
druggable target with different expression in CLL and healthy
B cells, similarly to the ROR1 receptor.4-6

As the next step, we have assayed 3 commercially available
compounds reported to inhibit CK1d and/or CK1e. The tested
compounds (PF-4800567, PF-670462, and D4476) were se-
lected because of their low 50% inhibitory concentration (IC50)
values and well-characterized specificity. All compounds are
adenosine triphosphate–competing CK1 inhibitors. PF-4800567
displays 22-fold greater potency toward CK1e than CK1d (IC50

values of 32 nM for CK1e and 711 nM for CK1d),27 the PF-670462
compound is a potent and selective inhibitor of both isoforms
(IC50 values of 7.7 nM for CK1e and 14 nM for CK1d),28 whereas
D4476 is a less specific CK1d and ALK5 inhibitor (IC50 values of
0.2 mM and 0.5 mM, respectively).29

Using the well-established transwell migration assay,7 we have
quantified effects of the inhibitors on chemotaxis of the MEC-1
cell line, originating from CLL prolymphocytic transformation,20

which was shown to express high levels of CK1e and other
Wnt/PCP pathway components7 (Figure 1Biii) with the exception
of the ROR1 receptor.11 All inhibitors reduced significantly MEC-1
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chemotaxis toward CCL19 chemokine (Figure 1C; supplemental
Figure 1Bi-ii, left y-axis, in red) but did not affect cell viability
during the 6-hour migration protocol (right t-axis, in blue).

PF-670462 inhibitor was the most potent (50% effective con-
centration [EC50] 5 2.4 mM) with .20 times lower EC50 than
the other inhibitors (PF-4800567, EC50 5 72.1 mM; D4476,
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Figure 1. CK1« is upregulated in CLL, and its activity is inhibited by PF-670462 inhibitor at low micromolar concentration. (A) CSNK1E expression (probe 38019_at);
microarray data obtained from the Oncomine database24 (‘Basso Lymphoma’ data set25). CLL PB samples (N 5 34) compared with nonmalignant PB B-cell populations: naı̈ve
(N5 5) and memory (N5 5) (1-way analysis of variance [ANOVA], P, .0001). Black lines represent median. (B) Protein levels in primary CLL samples (N5 6) and healthy controls
(buffy coats, N 5 3) were analyzed by western blotting (i). Quantification of detected CK1e levels performed by ImageJ software (P 5 .0310, unpaired Student t test) (ii). CK1e
protein level in MEC-1 cell line in comparison with primary CLL and healthy control samples (iii). Activity of CK1d/e inhibitor PF-670462 was tested in a transwell migration assay
(6 hours, CCL19-induced chemotaxis) using MEC-1 cell line (C; N 5 3) and 4 freshly isolated primary CLL samples (D). Relative migration index (left y-axis, red) represents ratio
between cells migrated toward chemokine in the inhibitor-treated and control conditions. Viability (right y-axis, blue) was tested in parallel by tetramethylrhodamine staining.
Vertical dashed lines represent EC50 values. Symbols represent mean 6 standard error of the mean (SEM). (E) Activity of CK1e after PF-670462/dimethyl sulfoxide treatment
(2 hours) in primary CLL cells stimulated by 50 nMCalyculin A (1 hour); upper band represents autophosphorylated form (PS-CK1e), which is not present in an unstimulated sample
and is lost dose-dependently upon CK1e inhibition with maximum effect at 10 mM concentration. Representative result is presented (N 5 3).
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Figure 2. CK1d/« inhibitor PF-670462 specifically blocks interaction of primary CLL cells with microenvironmental stimuli in vitro. (A) Scheme of the applied treatments
and analyzed CLL-microenvironment interactions. (B-E) Migration of primary CLL cells (N5 10-27) in presence or absence of PF-670462 was assayed using transwell assays. Cells
were stimulated by 200 ng/mL CXCL12 (B) or CCL19 (C), BM stromal cells M210B4 (D), or ECM component fibronectin (E) stimulation. CK1 inhibitor treatment significantly
blocked response to chemokines (P , .0001 both for CXCL12 and CCL19, N 5 27), BM stroma (P , .0001, N 5 15), and ECM (P 5 .0020, N 5 10). MI, migration index.
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EC50 5 88.0 mM) and as such was used in further experiments.
Findings from the MEC-1 model were confirmed for primary CLL
cells; in the same experimental settings, the EC50 value was
determined as 2.8 mM in the case of freshly isolated CLL cells
(Figure 1D) and 0.18 mM for primary CLL cells that went through a
freeze-thaw cycle (supplemental Figure 1Biii). Certain variability
was observed among individual CLL patients (see supplemental
Figure 1C-D), with EC50 ranging from 1.8 to 6.2 mM. To confirm
efficient inhibition of CK1e activity in the in-cell assays, we have
performed CK1 autophosphorylation assay in 3 primary CLL
samples (Figure 1E). Results showed that the kinase is almost
completely inhibited at 10 mM concentration; therefore, this dose
was selected for further testing, and experiments were performed
exclusively with fresh primary samples with the exception of the
experiment presented in Figure 6G and related supplemental
Data.

CK1d/« inhibitor PF-670462 efficiently blocks
interactions with the microenvironment in all major
subgroups of CLL patients
In order to analyze the ability of CK1 inhibitor PF-670462 to
block various means of the interaction of CLL cells with micro-
environmental components, we have performed the following
set of experiments using primary CLL cells: chemotaxis toward
chemokines (1) CXCL12 and (2) CCL19 involved in the process

of B-cell/CLL cell homing to lymphoid organs and BM; (3) che-
motaxis toward BM stromal cells, which provide complex and less
defined mixture of stimulatory factors; and (4) integrin-mediated
cell adhesion boosted by fibronectin, a component of extracellular
matrix (ECM), which increases migration of CLL cells30 (Figure 2A).
The effects of CK1 inhibitor were analyzed using transwell assays.
All microenvironmental stimuli were able to promote chemotaxis
of primary CLL cells, albeit to a different extent. Importantly, we
demonstrated that CK1 inhibition significantly decreased
migration index in all tested conditions (Figure 2B-E). These
data provide evidence that the CK1 inhibition is a highly ef-
fective approach to block CLL cell chemotaxis.

CLL patients can be categorized into multiple subgroups,
differing in their clinical and molecular characteristics. In order
to assess differences in response to CK1 inhibition among
individual CLL subtypes, we have stratified the patients ana-
lyzed in Figure 2B-E using prognostic parameters such as
immunoglobulin heavy chain variable region (IGHV) status, Rai
stage, hierarchical cytogenetics, or the therapy status at the
time of sampling (for complete overview of the cases entering
this analysis, see supplemental Table 1). Results of this analysis
are summed up in Table 1 (raw migration data are shown in
supplemental Figure 2A-D; data are presented as percent of
control in supplemental Figure 2E-H). Overall, the migration
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Figure 3. CK1d/« inhibition blocks production of CCL3 and CCL4 by CLL cells in a coculture system. (A) Scheme of coculture experiments. (B) Expression of human CCL3
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Figure 4. CK1d/« inhibitor PF-670462 delays development of leukemia in the Em-TCL1 ATmodel of CLL. (A) In vivo CK1e activity was assayed in primary PBWBCs isolated
fromEm-TCL1micewith advanced spontaneous leukemia, which had been injected intraperitoneally by indicated doses of CK1 inhibitor. PB samples were taken 2 hours after the
administration and processed by red blood cell (RBC) lysis and subsequent stimulation by 50 nM Calyculin A (10 minutes, 37°C), followed by cell lysis and western blotting
analysis. (B) Activity of the CK1 inhibitor in vivo at time points 3 to 14 hours after administration was assessed by analysis of DVL3 phosphorylation status in the colon tissue of wild-
type (WT) mice. The inhibitor was administered as 30 mg/kg (i.p., intraperitoneal; p.o., peroral5 oral gavage), solvent only was used as a control (i.p.). DVL3 phosphorylation is a
sensitive marker of CK1e activity (see supplemental Figure 4B). (C) Typical disease progression in the AT leukemia model (N5 23). Day 05WT reference values (N5 16). Values
are presented as means6 SEM. (Di) Scheme of experiment. (Dii) PF-670462 [21 days of treatment, administered by i.p. (N5 9) or by oral gavage (N5 6), control N5 8] reduces
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compareCK1 inhibitor treated (N5 9) and control (N5 11) groups at indicated time points. (G) Spleen infiltration wasmeasured by ultrasound after the endof inhibitor treatment
(day 50; unpaired Student t test, P 5 .0183). Columns represent median value. (H) Mice were scored for overall survival (P 5 .027, Gehan-Breslow-Wilcoxon test). The x-axis
presents the treatment-free period of the experiment, starting by day 50 (end of treatment).

CK1 AS A THERAPEUTIC TARGET IN MURINE CLL MODEL blood® 15 MARCH 2018 | VOLUME 131, NUMBER 11 1211

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/131/11/1206/1405389/blood786947.pdf by guest on 04 M

ay 2024



* * * *PB sampling: Survival

CK1 inh. treatment:0 6 7 10 11 months

B

W
T

CTR

CK1 
inh

.
W

T
CTR

CK1 
inh

.
W

T
CTR

CK1 
inh

.
W

T
CTR

CK1 
inh

.

10
9 /m

L

0

5

10 ** *

Gr
am

/L

0

100

50

150 **
*

*

%

0

40

20

60
* *

%

0.0

0.4

0.6

0.2

0.8

G
i ii iii iv

3.
5 

cm
3.

5 
cm

WT

Eμ-TCL1: control Eμ-TCL1: CK1 inh.
W

T
CTR

CK1 
inh

.
W

T
CTR

CK1 
inh

.

%
 o

f b
od

y w
ei

gh
t

0

5

10

15

20
*

Spleen size (Exp 1+2)

%
 o

f b
od

y w
ei

gh
t 0.0502

Liver size (Exp 1+2)

0

5

10

15

20

25

F
i ii iii

[%
]

*

0
- +CK1 inh.: - + - + - +

20

N
=

16

N
=

13

40

60

80

unknown

early stage

progressed
(<5% normal B cells)

dead (leukemia)

100
6 mo

CK1 inh. CK1 inh.
7 mo 10 mo 11 mo

D

6 8Months: 10 12

Pe
rc

en
t s

ur
viv

al
ctr

CK1 inh.

CK1 inh. CK1 inh.

0.0257
*

0

50

100

Overall survival (Exp 1+2)
E

0 0

5

10

15

20

40

60

80

Preleukemic stage Early stage Progressed
100

2Months: 4 6 8 10 12

No
rm

al
 B

 ce
lls

 (%
) Cell count (10

6/m
L)

White blood cell count

Leukemic B cells

Normal B cells (%)

A

W
BC

 (n
or

m
al

ize
d 

va
lu

e)

Leukemia progression
(Exp 1+2)

n.s.

0

50

6 mo 7 mo 6 mo 7 mo

+CK1 inh.

100
** **

C
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was significantly reduced by CK1 inhibition in all patient
subgroups with enough data for statistical analysis.

CK1d/« inhibition blocks production of CCL3/4 by
CLL cells in a coculture system
Microenvironment can induce transcription of genes that help
CLL cells to survive or shape their own environment, for example
by production of T-cell chemokines CCL3 or CCL4 contributing
to the formation of lymph node pseudofollicles.31,32 In order to
address this issue, we employed a double-species coculture
system, where the primary human CLL cells interacted directly
with the mouse BM stromal cells M210B421 (Figure 3A). These
complex interactions resulted in a robust increase in the ex-
pression of CCL3 and CCL4 that could be quantified by human-
specific quantitative polymerase chain reaction analysis, which
allows for absolute control over specificity of the detected gene
expression. In our cohort of 18 patient samples, 15 upregulated
bothCCL3 andCCL4 (defined as at least fivefold increase;median
fold increase 2113 and 883, respectively) (Figure 3B). Addition of
CK1 inhibitor dose dependently reduced the induction of CCL3
andCCL4 expression in 4 analyzedCLL samples (Figure 3C-D) with
estimated EC50 values below 0.5 mM. The effects were con-
firmed on a larger number of patients (N 5 15; Figure 3E;
supplemental Figure 3A-B) and further validated by human-
specific enzyme-linked immunosorbent assay of CCL3 and
CCL4 chemokines secreted to culture medium by CLL cells in
this experimental set up (N 5 3; Figure 3F). CXCL12/CCL19
chemokines or fibronectin alone were not considered as suitable
stimuli for this type of analysis, because their ability to induceCCL3/
4 expression in CLL cells was negligible compared with effects of
M210B4 cells (supplemental Figure 3C). Overall, we provide evi-
dence that CK1 activity is important also for cell-cell interactions
and that CK1 inhibitor specifically blocks microenvironment-
induced transcription in CLL cells.

CK1 inhibitor PF-670462 delays development of
leukemia in the Em-TCL1 adoptive transfer (AT)
model of CLL
Results of the in vitro assays, together with published
data,27,28,33,34 indicated that PF-670462 is a compound suitable
for further in vivo experiments. It is well tolerated and has good
pharmacokinetic properties, reaching micromolar concentra-
tions (effective in the in vitro assays) in plasma.27 We have de-
cided to test this inhibitor in an AT model of murine Em-TCL1
leukemia, commonly used for preclinical testing of novel
candidate drugs for CLL.12,35-37 The Gene Expression Omni-
bus database38,39 showed that csnk1e is expressed also in
the case of leukemic B cells isolated from the Em-TCL1
transgenic mice23 (accession number GSE6092540) (supple-
mental Figure 4A), which suggests that these mice are a good
model for analysis of CK1 inhibitors. To make sure that we

effectively inhibit CK1e in leukemic cells in vivo, we performed
CK1e autophosphorylation assay on primary PB WBCs isolated
from PB of .12-month-old Em-TCL1 mice with progressed
leukemia. This analysis showed that intraperitoneal injection
of PF-670462 (10, 30, and 60 mg/kg) translates into a dose-
dependent inhibition of CK1e activity in vivo (Figure 4A). The in
vivo effects were long lasting (up to 10 hours) as confirmed
by the analysis of DVL3 phosphorylation, a sensitive marker of
CK1e activity (supplemental Figure 4B), in the colon samples of
WT mice treated with 30 mg/kg dose (Figure 4B). Comparable
effects were seen for intraperitoneal administration and oral
administration (Figure 4B).

In AT experiments, leukemic cells gradually accumulate in PB
(Figure 4C) and can be easily detected by flow cytometric
analysis of PB samples because of a specific phenotype,
CD5lowCD45Rlow12 (supplemental Figure 4C-D). In our initial AT
experiment (schematized in Fig. 4Di), we treatedmice with water
dissolved PF-670462 CK1 inhibitor for 21 days with 60 mg/kg
per 2 days (intraperitoneally) or by 30 mg/kg per day (oral ga-
vage) and demonstrated that PF-670462 is able to reduce
progression of CLL both immediately after the end of treatment
(Figure 4Dii) and after 20 days of treatment-free follow-up
(Figure 4Diii).

In the second experimental setup (Figure 4E) the treatment
period was prolonged to 50 days and the drug was administered
daily by oral gavage at 30 mg/kg/day. The disease progression
was monitored weekly by PB sampling (starting at day 21) and
spleen ultrasound (supplemental Figure 4E-G) and was scored for
overall survival. In this setup, PF-670462–treated animals showed
significantly lower WBC counts (Figure 4F) and lower leukemic
cell counts (supplemental Figure 4H), leukemic cell proportion
(supplemental Figure 4I), and spleen volume determined by ul-
trasound (Figure 4G) when compared with the control mice.
Follow-up monitoring further showed that PF-670462–treated
mice lived significantly longer compared with the control group
(Figure 4H). However, after the end of the treatment (day 50), fast
progression was observed resulting in a relatively small difference
in the median overall survival (92 vs 85 days after cell trans-
plantation). The spleen and liver size did not differ in the dead
animals (supplemental Figure 4J), indicating that indeed the mice
died when they reached the final stage of the disease. No obvious
side effects of the treatment were detected.

PF-670462 delays leukemic onset in the
spontaneous Em-TCL1–induced murine CLL
To further assess the potential of PF-670462, we have analyzed
its effects in the model of spontaneous Em-TCL1 leukemia (for
typical progression, see Figure 5A; supplemental Figure 5A),
which reflects closely the disease development in humans.41 In

Figure 5 (continued) CK1 inhibitor at months 6 to 7 and 10 to 11 significantly delays progression of the disease, measured as a ratio of mice with highly progressed stage/dead
mice vs mice with early stage of the disease in time (P5 .0142, x2 test). Dead of leukemia refers to mice that had enlarged spleen and had detectable progressed leukemia at the
last PB sampling before death. (E) The inhibitor-treatedmice lived significantly longer compared with the control group (N5 13 treated vs 16 control animals, experiments 1 and
2 merged; P5 .0257, log-rank test). Overall survival is presented starting from the sixth month5 start of the first treatment cycle. (F) Organ sizes were analyzed at the end of the
experiment or at the time of death.WT, age-matched nontransgenic wild-type C57BL/6 littermates. (Fi) Spleens of the inhibitor treatedmice were significantly smaller compared
with the control group (N5 12 treated, 13 control and 3 WT animals, P5 .0114, Mann-Whitney U test). (Fii) Examples of the spleens obtained by autopsy. (Fiii) A similar but not
significant trend was noted in liver. Columns represent median. (G) PB analysis by hemoanalyzer was performed on 7 CK1 inhibitor treated mice and 4 control mice after the end
of the survival analysis (experimental data set 1). The inhibitor treatedmice were significantly less anemic, which is indicated by higher RBC counts (i) and hemoglobin (ii; HGB) or
hematocrit (iii; HCT) levels compared with the control animals, close to WT littermates (N5 6). (iv) Plateletcrit (PCT) was not increased by treatment. Unpaired Student t test was
used. Values are presented as mean 6 SEM.
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this model, leukemia appears spontaneously, in the presence of
complete microenvironment and fully functional immune sys-
tem. This enables to study the disease in its full complexity,
taking into account the effects of an inhibitor on microenvi-
ronmental communication of leukemic cells.

Using this model, we performed 2 30-day cycles of PF-670462
treatment (Figure 5B). The first treatment (PF-670462 at
60 mg/kg per 2 days, intraperitoneally) was administered for
30 days at the age of 6 months when animals showed early
B-cell leukemia. In 2 independent experiments (in total N5 16
for control group and N 5 13 for inhibitor-treated animals),
the inhibitor-treated mice showed slower progression of
the disease after the first cycle (Figure 5C; for individual ex-
periments, see supplemental Figure 5B). The second treat-
ment cycle was applied 3 months later, and mice were
assessed by a simple staging system, which showed that PF-
670462 was able to significantly slow down the disease pro-
gression (Figure 5D).

Most importantly, follow-up of these animals showed that
PF-670462–treated mice survived significantly longer (Figure 5E).
Surviving mice were euthanized, and their PB and organs were
analyzed. We have observed significantly larger spleens in the
control-treated mice compared with the animals receiving
PF-670462 (Figure 5Fi-ii). A similar trend, albeit not significant,
was observed also in the liver size (Figure 5Fiii). Hematological
analysis of PB after the second treatment cycle showed significantly
lower RBC counts, hematocrit, or hemoglobin levels in PB of the
control mice compared with the inhibitor-treated mice (Figure 5G;
supplemental Figure 5C). Moreover, these levels were comparable
to the age-matched untreated wild-type C57BL/6 littermates,
suggesting that PF-670462 can efficiently prevent onset of anemia,
likely caused by BM infiltration by leukemic cells. Of note, the
treatment with PF-670462 had no adverse effects on normal he-
matopoiesis in the age-matched wild-type animals (supplemental
Figure 5C-D).

CK1 inhibition potentiates effects of ibrutinib in
vitro and in vivo
The role of the BCR signaling pathway in CLL pathogenesis has
been well described and is documented by the efficacy of BCR
inhibitors, such as the BTK inhibitor ibrutinib, in CLL treatment.42

An existing rationale based on targeting the ROR1 receptor
suggests that combined targeting of Wnt/PCP and BCR

signaling in CLL can be beneficial.43,44 Therefore, we next ad-
dressed the question of whether CK1 inhibition further adds to
the effects of ibrutinib when used in combination (Figure 6A). To
rule out the possibility that PF-670462 and ibrutinib cross-react
(ie, PF-670462 inhibits the BCR pathway or ibrutinib inhibits
CK1), we have performed analysis of signaling activity in pri-
mary CLL cells. CK1e autophosphorylation assay (N 5 3;
Figure 6B) showed that ibrutinib has no effect on CK1e activity,
and BCR-activation assay triggered by anti-IgM (N 5 4;
Figure 6C) showed that PF-670462 in the tested conditions
does not affect the activity of the BCR signaling pathway
measured as the phosphorylation of BTK, PLCg2, SYK, or
ERK1/2 (for quantification, see Figure 6D-E and supplemental
Figure 6A-C).

Both PF-670462 (this study) and ibrutinib were described to
inhibit chemotaxis of primary CLL cells.7,45 With this in mind, we
analyzed chemotactic capacity of primary CLL cells cotreated
with PF-670462 and 0.1 mM ibrutinib (Figure 6F; supplemental
Figure 6D-F). This dose of ibrutinib showed basically complete
BTK inhibition (Figure 6C) without direct toxicity in the 6-hour
treatment as a single agent (supplemental Figure 6G) or in
combination (supplemental Figure 6F,H). In the case of a single-
agent treatment, we observed significant decrease in the che-
motaxis toward both CCL19 and CXCL12 after CK1 inhibition;
ibrutinib treatment reduced chemotaxis toward CCL19 only
(Figure 6F; supplemental Figure 6D-E). Importantly, the com-
bination of CK1 inhibitor and ibrutinib was the most effective.
We further explored nature of these combinatory effects using
isobolographic analysis based on CCL19-induced transwell
migration data (N 5 3) with 0.03 to 1 mM dose response for
ibrutinib and 0.03 to 10 mM for PF-670462. Results confirmed
that the effect on migration is synergistic (Figure 6G; supple-
mental Figure 6I) despite some variability among patients
(supplemental Figure 6J).

These data suggest that targeting both Wnt/PCP and BCR
pathways via CK1 inhibition might be in principle beneficial as
suggested recently by others.43,44 In order to test this assump-
tion, we performed another in vivo AT experiment as described
in Figure 4. In this case, the mice were divided into 5 groups:
8 mice were not transplanted and served as a reference; all the
other mice were transplanted by leukemic cells and treated with
CK1 inhibitor, ibrutinib, or combination (8 mice each group) or
solvent as a control (6 mice). All drugs were dissolved in kolliphor
in order to administer the same solvent. Mice were treated for

Figure 6 (continued) blocks activity of BTK in primary CLL cells already at 0.1-mMdose (determined by autophosphorylation of BTK at Y223 and phosphorylation of its substrate
PLCg2 at Y1217) and at higher concentrations also affects activity of the other pathway components, such as SYK (phosphorylation of Y525/526) or extracellular signal-regulated
kinase 1/2 (ERK1/2). (D-E) Quantification of the western blotting analysis performed in panels B and C; further quantification is presented in supplemental Figure 6A-C. Columns
represent mean 6 standard deviation (SD). (F) Combination of ibrutinib and CK1 inhibitor treatment leads to significantly stronger inhibition of cell chemotaxis toward both
CXCL12 (N 5 5, P 5 .0156; ratio-paired Student t test) and CCL19 (N 5 11, P 5 .0010; Wilcoxon matched-pairs signed rank test). Data were normalized toward the condition
treated by both ibrutinib and CK1 inhibitor. Asterisks represent results of the paired-tests of raw MIs from supplemental Figure 6D-E. Columns represent mean 6 SEM. (G)
Combination of ibrutinib and CK1 inhibitor treatments showed synergistic effects on chemotaxis of primary CLL cells toward CCL19 chemokine in a transwell assay (N 5 3).
Inhibitory effects are presented as a fold change of control, concentration range of 0.03 to 1 mMwas tested in the case of ibrutinib and 0.03 to 10 mM in the case of CK1 inhibitor.
Mean 6 SD is presented. Corresponding isobolographic analysis with detailed description is presented in supplemental Figure 6I; data for 3 individual CLL patients are
presented in supplemental Figure 6Ji-iii. (H) AT experiment was performed as described in Figure 4. Inhibitor treatment lasted until day 42, when control animals reached highly
progressed stage of the disease, while still no leukemia was detected in the animals treated by CK1 inhibitor/ibrutinib combination. Significant difference between ibrutinib only
and ibrutinib/CK1 inhibitor combination treatment was detected (ANOVA, Tukey’s multiple comparisons test), and both single treatments were significantly different from
control (N 5 8 animals/group, 6 in the control group). Dashed vertical line marks the day of spleen size analysis by ultrasound. Mean 6 SD is presented. (I) Spleen volume as
determined by ultrasound at day 38 (N 5 4/4/4/6/4). Gray lines represent median; dashed line highlights WT spleen size. All treatments were significantly different from the
control group (1-way ANOVA, P, .0001). (J) Follow-up and overall survival after the end of treatments at day 42. Ibrutinib-treated animals show shorter overall survival (median
74.5 days) compared with the animals treated by both inhibitors (89 days, P5 .001) or CK1 inhibitor alone (median not defined, P, .0001) and control group (85 days, P5 .0083).
Results of survival analysis are also significant for single CK1 inhibitor treatment vs control group (P 5 .0001, all log-rank test).
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42 days with 30 mg/kg per day (by oral gavage, both com-
pounds), and their PB was regularly sampled (Figure 6H). On the
day 38, ultrasound measurement was performed (Figure 6I).
Both analyses confirmed previous findings about significant
effects of CK1 inhibitor and ibrutinib36,46 as a single treatment;
however, the combination showed to be most effective and
essentially stopped accumulation of leukemic cells in PB
(Figure 6H) and spleen (Figure 6I). Interestingly, follow-up
analysis after treatment cessation showed rapid progression of
ibrutinib-treated animals; this ibrutinib effect was significantly
slowed down by PF-670462 cotreatment (Figure 6J). PF-
670462–only treated mice survived the longest (Figure 6J),
which shows that PF-670462 brings significant benefits both as a
single agent and in combination with ibrutinib. In summary,
these results demonstrate that CK1 inhibition represents a viable
treatment strategy that can be efficiently combined with BCR
inhibitors.

Discussion
In the present study, we provide evidence that CK1d/e in-
hibition can slow down development of CLL in Em-TCL1
transgenic mice (AT and spontaneous disease development)
and that the CK1d/e inhibitor PF-670462 can improve overall
survival in this mouse model. Even though there are numerous
links of CK1d/e isoforms to cancer development,47-51 only a
limited number of studies describing CK1 inhibition as an
option for cancer therapy exist; the published studies use
mostly IC261 compound to block cancer cell proliferation,52-55

an effect that is likely to be observed because of the off-target
effects of this inhibitor.56 Our study is thus the first one that
shows the potential of specific CK1d/e inhibition in cancer
treatment using a spontaneous disease in vivo model and
demonstrates its therapeutic effects at doses that do not cause
any apparent toxicity.

Our study further expands the earlier observations that CK1d/e
inhibitors can block chemotaxis and transendothelial migration of
primary CLL cells in vitro7,8 and disrupt CLL cell homing to lym-
phoid organs in vivo.7 We show that CK1d/e inhibition blocks
production of CCL3 and CCL4 by CLL cells and also blocks CLL
migration in response to multiple microenvironmental stimuli.
These diverse activities possibly converge on the requirement
of CK1 activity for establishment of cell polarity and asymmetric
localization of Wnt/PCP components, namely VANGL2, as was
shown earlier using live imaging in MEC-1 cells.8 Our data not only
highlight the importance of CK1-controlled processes in CLL
pathogenesis, but also identify CK1d/e inhibitors as candidate
drugs for CLL. So far, only anti-ROR1 antibodies have been
studied in this context, and especially UC-96157,58 showed
highly promising effects. The effects of ROR1 inhibition were
further described by others and carry high potential in the
clinical applications in CLL as well as other ROR1-driven
malignancies.11,12,57,59-62 CK1d/e inhibition represents a com-
plementary, small-molecule–based approach to anti-ROR1
antibodies and further widens the treatment options based
on targeting of Wnt/PCP signaling.

Despite the undeniable benefits of recently approved com-
pounds, mainly the BCR inhibitors ibrutinib and idelalisib63 and
Bcl2 inhibitor venetoclax,64 the clinical trials have identified
multiple side effects of these inhibitors64,65 and a risk of acquired

resistance in the case of BTK inhibitors.66 In addition, the treat-
ments are not curative and need to be ideally indefinite. All these
facts argue for further exploitation of novel therapeutic targets.
This involves validation of the therapeutic potential of CK1d/e
inhibitors, whichwere so far tested andwell tolerated in preclinical
in vivo studies.27,28,33,34,67 Interestingly, CK1e was shown to be
targeted by a PI3Kd inhibitor TGR-1202 (umbralisib),68 currently in
phase 3 clinical trial, which shows good activity and differs from
the other PI3Kd inhibitors by a better safety profile.69,70 It must be
further explored in future whether this is because of the dual PI3Kd
and CK1e activity of TGR-1202.

To verify the beneficial effects of CK1d/e inhibition in a com-
bination therapy, a strategy commonly applied in CLL,71 we
have explored the effects of a combined treatment by CK1d/e
and BTK inhibitors. This combination showed to be synergistic
in vitro and beneficial also in vivo. PF-670462 slowed down the
rapid disease progression after ibrutinib withdrawal that
appeared in line with the fact that ibrutinib cannot completely
eradicate the disease in mice36,46 and CLL patients.72 Even
though we could not cure the disease in the mouse model
completely using the current experimental setup, we hypothesize
that a careful optimization of the conditions used (eg, differences in
a solvent, water vs kolliphor; compare Figures 4H and 6J) and
better understanding of the compound pharmacokinetics may
deliver even stronger effects. This, together with testing of further
treatment combinations, is, however, out of the scope of the
current study.

In summary, we have identified inhibition of CK1d/e as a novel
approach for interference with the network of microenvironment-
controlled pathways. Overall, the evidence presented in this
manuscript demonstrates that CK1d/e should be considered as
a valid therapeutic target in CLL and potentially also in other
CK1-driven malignancies.
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planar cell polarity pathway drives patho-
genesis of chronic lymphocytic leukemia by
the regulation of B-lymphocyte migration.
Cancer Res. 2013;73(5):1491-1501.
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