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Abstract
Background Mantle cell lymphoma (MCL) is an aggressive B cell lymphoma with an unfavorable clinical course.
Besides deregulation of the cell cycle, B cell receptor (BCR) signaling, essential for MCL proliferation and survival,
is also often deregulated due to constitutive activation of Bruton’s tyrosine kinase (BTK). The BTK inhibitor ibrutinib
has been approved as a therapy for refractory MCL, and while it shows some clinical activity, patients frequently
develop primary or secondary ibrutinib resistance and have very poor outcomes after relapsing following ibrutinib
treatment.
Objective To overcome ibrutinib resistance, new therapeutic approaches are needed. As checkpoint kinase 1 (Chk1)
inhibitors have recently been shown to be effective as single agents in MCL, we assessed the combination of ibrutinib
with Chk1 inhibitors.
Methods We examined the activity of ibrutinib combined with the Chk1 inhibitor PF-00477736 in eight MCL cell lines and
analyzed underlying cellular and molecular effects.
Results The combination was synergistic in all tested cell lines through different mechanisms. The treatment induced apoptosis in
ibrutinib-sensitive cell lines, while in ibrutinib-resistant cells the effect was mainly cytostatic and occurred at micromolar
concentrations of ibrutinib.
Conclusions The pharmacological approach of simultaneously targeting cell cycle checkpoints (by Chk1 inhibitors) and pro-
survival pathways (by ibrutinib) might offer a promising new therapeutic strategy for MCL patients.

Key Points

Targeting pro-survival pathways by using the BTK 

inhibitor ibrutinib, and the cell cycle checkpoint pathway

by using the Chk1 inhibitor PF-00477736, is synergistic

in MCL cell lines.

Combining ibrutinib with Chk1 inhibitors could be of 

therapeutic benefit in MCL patients.

This new combined approach has the potential to be 

translated into the clinical setting for the treatment of 

MCL.
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1 Introduction

Mantle cell lymphoma (MCL) is a rare, aggressive B cell
lymphoma with an unfavorable clinical course and a median
overall survival of 4-5 years. Since MCL is not curable with
current therapies, new therapeutic strategies are urgently
needed. Cell cycle deregulation due to the chromosomal
translocation t(11;14) leading to over-expression of cyclin D1
is a pathogenic hallmark of MCL. This is almost invariably
accompanied by additional alterations in genes regulating
DNA damage response and cell cycle pathways (such as
MYC, ATM, p53, and CDK4). Besides deregulation of the cell
cycle, MCL also encompasses secondary genetic events that
enhance cell growth, activate cell survival pathways, and inhibit
apoptosis [1–5]. B cell receptor (BCR) signaling is essential for
the proliferation of MCL, and is often deregulated due to the
over-activation of kinases such as Bruton’s tyrosine kinase
(BTK), which acts upstream of important transcriptional pro-
survival pathways (e.g., MEK/ERK, p38MAPK, NF-κB [nu-
clear factor-κB], and JAK/STAT3) [6–8]. Ibrutinib, a potent
inhibitor of BTK, has recently been approved for the treatment
of refractory MCL on the basis of impressive clinical responses
[9]. However, despite this unprecedented clinical activity, about
one-third ofMCL patients do not respond to ibrutinib andmany
others eventually develop secondary resistance [10, 11].

Some mechanisms of ibrutinib resistance have been identi-
fied. The point mutation C481S in the ibrutinib binding site of
BTK is the best known cause of acquired resistance to ibrutinib
and generally occurs at relapse, after prolonged exposure to the
drug [12]. However, this mutation is not detected in patients
with primary resistance to ibrutinib or patients that develop early
resistance. MCL cell lines primarily resistant to ibrutinib are
dependent on the alternative NF-κB signaling pathway, which
are not mediated by BTK. These cells have mutations in genes
implicated in the negative regulation of this pathway, which
were also found in approximately 17% of 165 primary MCL
samples (e.g., mutations in TRAF2, TRAF3, and MAP3K14)
[13]. MCL cell lines with constitutive activation of the alterna-
tive NF-κB pathway are resistant to ibrutinib [11, 13]. Primary
ibrutinib resistance in MCL may also depend on sustained
PI3K–AKT pathway activation, which recently provided the
rationale for combining PI3K–AKT inhibitors with ibrutinib
[10, 12]. The unrestrained proliferation of relapsed MCL cells
after ibrutinib treatment suggests that simultaneous targeting of
cell cycle regulators may delay the expansion of resistant clones
or override some mechanisms of resistance [12].

We recently provided evidence that checkpoint kinase 1
(Chk1) inhibitors are cytotoxic in cyclin D1-drivenMCL cells
[14]. MCL cells with the t(11;14) translocation have an en-
hanced G1-S transition, meaning that they rely more on Chk1
for survival since this kinase is vital for the initiation of DNA
replication and for the correct progression into S phase, min-
imizing endogenous DNA damage [14]. Lymphoma cells

with both primary or secondary resistance to Chk1 inhibitors
have been shown to be enriched in genes of pro-survival and
proliferative pathways [14, 15].

In this study we explored a combination approach of Chk1
inhibitors with ibrutinib in MCL. Co-treatment with the Chk1
inhibitor PF-00477736 and ibrutinib in vitro had a synergistic
effect in eight MCL cell lines that are sensitive or resistant to
ibrutinib. Apoptosis occurred in ibrutinib-sensitive cell lines,
while in ibrutinib-resistant cell lines the effect of the drug
combination was mainly cytostatic and occurred at high
ibrutinib concentrations. These data can provide the basis for
a new combined pharmacological approach in MCL by inter-
fering with cell cycle checkpoints and pro-survival pathways,
which could be translated to a clinical setting.

2 Methods

2.1 Cell Culture and Drugs

MCL cell lines REC-1, SP-49, MINO, JEKO-1, MAVER-1,
GRANTA-519, JVM2, and JEKO-1 R were maintained in
RPMI 1640 Medium supplemented with 1% glutamine, 1%
penicillin/streptomycin, and 10% fetal bovine serum (FBS).
Cells were cultured at 37 °C in 5% CO2. The cell lines were
kindly provided by different groups, as previously specified
[14]. The JEKO-1 R cell line resistant to the Chk1 inhibitor
PF-00477736 was obtained as previously described [15]. All
cell lines were authenticated by the authors in the last
6 months. The short tandem repeats (STR) profiles were com-
pared with the American Type Culture Collection database or
to the German Collection of Microorganisms and Cell
Cultures database.

The Chk1 inhibitors PF-00477736, AZD-7762 (both from
Axon Medchem, Groningen, The Netherlands), and GDC-
0575 (Active Biochem, Kowloon, Hong Kong) and the
BTK inhibitor ibrutinib (Axon Medchem, Groningen,
The Netherlands) were all dissolved in dimethyl sulfoxide
(DMSO) in stock solution of 10 mM and stored at −20 °C.

2.2 Drug Treatments and Viability Tests

The effect of each drug on cell growth both as a single agent
and in combination was determined using the MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay. Cell lines were seeded in
96 well plates and treated after 48 h with ten serial concentra-
tions of each drug (Electronic SupplementaryMaterial Table 2
summarizes the concentration of cells seeded for each cell
line). MTS reagent (Promega, Milan, Italy) was added to each
well after 96 h of treatment. Cell proliferation was evaluated
using a plate reader (Infinite® M200, TECAN, Männedorf,
Switzerland). The 50% inhibitory concentration (IC50) values
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of the compounds for each cell line were calculated with
Calcusyn Software (Biosoft, Cambridge, UK). For the as-
sessment of the combined treatment, each cell line was
treated simultaneously with serial concentrations of PF-
00477736 and ibrutinib. Results were examined by
isobologram analysis with Calcusyn Software and
Combination Index (CI) values at the IC50 were calculated
to evaluate the efficacy of the combination [14, 16]. To study
the cellular and molecular effects exerted by the drug combi-
nations, ibrutinib-sensitive MINO and ibrutinib-resistant
MAVER-1 cells were seeded in T25 flasks. Two days later,
cells were either left untreated or treated with ibrutinib and PF-
00477736 (MINO cells: ibrutinib 10 nM and PF-00477736
30 nM; MAVER-1 cells: ibrutinib 2 μM and PF-00477736
15 nM). We chose the lower concentration of both drugs able
to produce a strong cytotoxic effect. The growth of the cells
was followed for 96 h by counting them (three T25 flasks per
group) every 24 h using the Multisizer™ 3 Coulter Counter®

(Beckman, Milan, Italy) and evaluating their concentration as
number of cells/ml (all samples were cultured in the same
volume). Part of these cells were fixed for flow cytometric
analysis at the described timepoints and/or proteins and
RNA were extracted for molecular investigations described
in the following sections.

2.3 Western Blotting Analysis

Proteins were extracted and visualized using standard tech-
niques as previously described [17]. Primary anti-Chk1
(1:500, cat.#sc-8408), Erk (1:500, cat.#sc-94), pY204-Erk
(1:500, cat.#sc-7383), and actin (1:500 cat.#sc-1616) were pur-
chased from Santa Cruz Biotechnology (Heidelberg,
Germany). Primary anti-pS317-Chk1 (1:1000, cat.#2344S),
pY223-Btk (1:500, cat.#5082S), and pT68-Chk2 (1:1000,
cat.#2661S) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Primary anti-BTK (1:500,
cat.#ab32555) was purchased from Abcam (Cambridge, MA,
USA). The anti-γH2AX (1:1000, cat.#05-636) antibody was
purchased from EMD Millipore (Burlington, MA, USA). The
anti-Chk2 (1:500, cat.# K0087-3) antibodywas purchased from
MBL Life science (Woburn, MA, USA).

SecondaryHRP (horseradish peroxidase)-conjugated antibod-
ies anti-goat (sc-2020), anti-rabbit (sc-2004), and anti-mouse (sc-
2005) were purchased from Santa Cruz Biotechnology.

2.4 Flow Cytometric Analysis

To analyze cell cycle distribution by flow cytometry, MINO
and MAVER-1 cells were fixed in 70% ethanol 24, 48, and
72 h after PF-00477736 and ibrutinib treatments either singly
or combined and processed as previously described [17]. Cell
cycle percentages in the different phases were obtained by
flow cytometric histograms as previously described [18].

2.5 Caspase-3 Activity and TUNEL Assay

Caspase-3 activity was measured in protein extracts ofMINO,
MAVER-1, JEKO-1, and GRANTA-519 cells after 24, 48,
and 72 h of treatment with an enzymatic assay using a
fluorogenic substrate for caspase-3, Ac-DEVD-AMC (acetyl
Asp-Glu-Val-Asp 7-amido-4-methylcoumarin), as previously
described [16]. DNA fragmentation in MINO and MAVER-1
cells, untreated or treated with PF-00477736, ibrutinib, or the
combination, was detected by flow cytometric analysis using
the TdT-mediated dUTP nick-end labeling technique
(TUNEL) (Roche, Mannheim, Germany) [16].

2.6 mRNA Quantification by Real-Time PCR

Total RNAwas extracted fromMINO andMAVER-1 cell lines
using Maxwell® 16LEV simplyRNA Cells Kit (Promega,
Milan, Italy). RNAwas reverse-transcribed to complementary
DNA (cDNA) using a High Capacity cDNA Reverse
Transcriptional Kit (Applied Biosystems, Monza, Italy).
Optimal primer pairs were chosen for each gene of interest,
using PRIMER-3 software (Electronic Supplementary
Material Table 1). Differences in gene expression were deter-
mined by real-time PCR (RT-PCR) with SYBR™ Green PCR
Master Mix (Applied Biosystems, Monza, Italy) and the dis-
sociation curve was evaluated for each gene. Samples were
then normalized using the expression of the housekeeping
gene (actin) and their levels were compared with those of con-
trol samples. Changes less than 0.5-fold (down-regulated gene)
or more than two-fold (up-regulated gene) compared with the
control samples were considered significant. RT-PCR was
done using the ABI PRSIM®7900HT Sequence Detection
System (Applied Biosystems, Monza, Italy).

2.7 Statistical Analysis

Data are expressed as mean ± standard deviation (SD) of at
least three replicates and are representative of three inde-
pendent experiments. Statistical analysis was performed
with GraphPad Prism 7.02 (GraphPad Software, San
Diego, CA, USA). The statistical tests that were performed
are specified in the legends of the figures. P < 0.05 was
considered statistically significant.

3 Results

3.1 Combined Treatment with Chk1 and BTK
Inhibitors is Synergistic in Mantle Cell Lymphoma Cell
Lines

We examined the effects of ibrutinib combined with the
Chk1 inhibitor PF-00477736 in eight MCL cell lines,
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including cell lines that are highly sensitive (REC-1, SP-
49), sensitive (MINO, JEKO-1), and primary resistant
(MAVER-1, GRANTA-519, and JVM2) to ibrutinib [13],
and the JEKO1-R cell line [15] with secondary resistance
to PF-00477736 (Fig. 1a). The isobologram in Fig. 1b
summarizes the CIs for each cell line at an IC50 when the
two drugs were combined, showing a synergistic effect (CI
< 1) in all cell lines (with CI from 0.48 to 0.7). The syner-
gistic effect was observed irrespective of the cell sensitiv-
ity to PF-00477736 and ibrutinib. The combination dose–
response curves (Fig. 2a–b and Electronic Supplementary
Material Figure 1), suggested that in all the cell lines the
activity of ibrutinib was strongly potentiated by low effec-
tive concentrations of PF-00477736 (from 6 to 50 times
potentiation), with the exception of the highly sensitive
cell lines to ibrutinib (SP-49 and REC-1) where the poten-
tiation by PF-00477736 was at most three times. In the
ibrutinib-resistant cell lines the synergism is evident with
ibrutinib concentrations in the range of 500–2500 nM. A
similar synergistic effect was observed by combining
ibrutinib with other Chk1 inhibitors (AZD-7762, GDC-
0575), both in ibrutinib-sensitive (MINO) and -resistant
(MAVER-1) cell lines (Fig. 2c–d).

3.2 Combining Ibrutinib with the Chk1 Inhibitor
PF-00477736 Arrests Cell Proliferation and Induces
a DNA Damage Response

The ibrutinib-sensitive (MINO) and -resistant (MAVER-1)
cell lines were further characterized to elucidate the cellular
and molecular effects of the synergy of the combination

(Fig. 3). Cells were treated (as described in the Methods sec-
tion) with concentrations of the two inhibitors that display a
strong synergistic effect when combined. Figure 3a shows the
cell growth of the two cell lines every 24 h up to 96 h. There
was a slight effect on cell growth only at 96 h after single
treatment, but starting from 24 h the combination strongly
reduced cell growth for up to 96 h in both cell lines (more
than 90% of growth inhibition).

Decreased phosphorylation in Y223 of BTK, a pharmaco-
dynamic parameter of BTK inhibition [19], and increased
phosphorylation in S317 of Chk1, a marker of Chk1 inhibition
[20], were observed 24 h after the corresponding treatments in
both cell lines, suggesting that the concentrations of the inhib-
itors used as single agents, while only slightly compromising
cell growth, were effective in inhibiting their respective targets
(Fig. 3b). Inhibition of the two targets was maintained with the
combined treatment, excluding any interference. The combi-
nation induced a DNA damage response in both cell lines, as
indicated by the increase in Chk2 phosphorylation and in
γH2AX (phosphorylated at S139), which in MINO cells
persisted up to 72 h, while in MAVER-1 cell line it was evi-
dent only up to 48 h after treatment (Fig. 3c–d).

3.3 Cell Cycle Perturbation and Apoptosis Induced
by the Combination Treatment

No cell cycle perturbations were observed with single drug
treatments, while the combined treatment induced different
cell cycle perturbations in the two cell lines (Fig. 4a).
Specifically, as shown in Fig. 4a (left panel) and in
Electronic Supplementary Material Figure 2A, the
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Fig. 1 Synergistic effect of PF-00477736 and ibrutinib in mantle cell
lymphoma (MCL) cell lines. a Table showing the 50% inhibitory
concentration (IC50) values of ibrutinib (BTK inhibitor) and
PF-00477736 (Chk1 inhibitor) and the CI at the IC50 values of the
combination of the two drugs in MCL cell lines. IC50 values are
represented as mean ± standard deviation (SD) of three independent
experiments. b Normalized IC50 isobologram showing the synergistic

effects of the drug combination in the MCL cell lines. Cells were treated
simultaneously with serial concentrations of PF-00477736 and ibrutinib
for 96 h and the effect of the drug combination was measured by MTS
assay. Results were examined by isobologram analysis. The
concentrations of the two drugs exerting 50% antiproliferative effect
when combined were normalized to the IC50 of the single drugs. The data
are representative of three independent experiments
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combination caused an increase in the sub-G1 population in
MINO cells starting from 24 h and more evident at 48–72 h,
suggestive of apoptotic cell death. Moreover, there was an
accumulation of cells in early S phase at 72 h, indicating an
impairment in the progression through the S phase.
Conversely, as shown in Fig. 4a (right panel and in
Electronic Supplementary Material Figure 2B), in MAVER-
1 cells treated with the combination, no sub-G1 events were
observed, and apparently no modification of the cell cycle
distribution could be observed. However, considering the fact
that cell proliferation was completely inhibited, as highlighted
by the growth curves (Fig. 3a), we hypothesized that a ‘cell
freezing’was indeed occurring. Of note, a slight accumulation

in late S/G2-M could be detected at 48 and 72 h (Electronic
Supplementary Material Figure 2B).

In MINO cells the caspase-3 activity in the same exper-
imental conditions (Fig. 4b) indicated apoptosis activation
after the drug combination. Although there was a slight
increase in caspase-3 activity (about double at 24 h and
three times at 48 and 72 h), after PF-00477736 treatment
as compared with untreated and ibrutinib-treated cells, the
increase was more marked after the drug combination at all
timepoints, reaching more than ten times at 24 and 48 h
and four times at 72 h after treatment. MAVER-1 cells
showed only slight activation of caspase-3 after treatment
with the drug combination (Fig. 4b, right panel).
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Fig. 2 Ibrutinib combined with Chk1 inhibitors acts synergistically in
both ibrutinib-sensitive MINO and ibrutinib-resistant MAVER-1 cells.
a–b Dose–response curves of ibrutinib as single agent or in combination
with low effective concentrations (interfering at maximum 15% of cell
proliferation) of PF-00477736 in the MINO cell line (a) and MAVER-1
cell line (b). The data were determined by MTS assay and are
representative of three independent experiments and indicate the mean
percentage ± standard deviation (SD) of three replicates. The significance
of differences between the curves was measured with the Student’s t-test

(P < 0.05 was considered statistically significant). c–d Histograms
showing the synergistic effect of ibrutinib with AZD-7762 and GDC-
0575 in MINO (c) and MAVER-1 (d) cells at concentrations specified
in the figure. AZD-7762 and GDC-0575 concentrations used have low
effectiveness as single agents. The data shown were determined by MTS
assay. They are representative of three independent experiments and are
expressed as mean percentage ± SD of three replicates (P < 0.05 was
considered statistically significant). * P < 0.05, ** P < 0.01, ***
P < 0.001
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In line with these observations, the TUNEL assay performed
at 72 h after treatment showed a strong increase in the percent-
age of cells with fragmented DNA after the drug combination
(45%) inMINO cells while only amarginal increase (15%)was
observed in the sample treated with PF-00477736 (Fig. 4c, left
panel). Conversely, inMAVER-1 cells only a slightly increased
percentage of dUTP-positive cells after drug combination was
observed (11%) as compared with untreated cells or cells treat-
ed with the single drugs (Fig. 4c, right panel).

Considering the long-lasting cell cycle block in MAVER-1
cells, we next investigated cell cycle perturbation at later
timepoints. As shown in Electronic Supplementary Material
Figure 3, the block in all cell cycle phases persisted up to
120 h and after this timepoint cells started re-growing, as
demonstrated by the growth curve and the DNA histogram
at 144 h. The amount of sub-G1 events and apoptotic cells
detected by TUNEL assay (not shown) was very low (about
10%), further corroborating the fact that the synergistic effect
was mainly cytostatic. A decrease in the phosphorylated levels
of ERK1 24 h after the drug combination suggested that the
arrest in cell proliferation in this cell line may be mediated by
inhibition of the MAPK pathway (Electronic Supplementary
Material Figure 4A). Additionally, in MAVER-1 cells there
was clear upregulation of p21 expression starting from 24 h
and more evident after 48 h of treatment with the combination

(Electronic Supplementary Material Figure 4B), further sug-
gesting inhibition of cell cycle progression. Conversely, in the
MINO cells phosphorylation of ERK was inhibited after
ibrutinib treatment, while the drug combination partially re-
versed this effect. No induction of p21 expression was ob-
served in MINO cells (Electronic Supplementary Material
Figure 4C–D). These data suggest that the molecular mecha-
nisms at the basis of the synergism in sensitive and resistant
cell lines to ibrutinib are different. Induction of apoptosis
(caspase-3 activity) was more evident in another ibrutinib-
sensitive cell line, JEKO-1, as compared to the ibrutinib-
resistant cell line GRANTA-519 after the drug combination
(Electronic Supplementary Material Figure 5).

3.4 mRNA Expression of Nuclear Factor-κB Target
Genes in Ibrutinib-Sensitive and -Resistant Cell Lines
after Combined Treatment

Since ibrutinib affects the NF-κB pathway, we investigated
how the expression of the NF-κB target genes was affected
by the single and combined treatments in MINO and
MAVER-1 cell lines after 24 and 48 h. As previously described
[13], ibrutinib leads to downregulation of the NF-κB target
genes TNFAIP3 andNFKB1A in the ibrutinib-sensitive cell line
MINO, but not in the resistant cell line MAVER-1. PF-
00477736 did not affect the expression of these genes in either
cell line. InMINO cells the combined treatment downregulated
these targets similarly to ibrutinib alone, while in MAVER-1
cells these genes were upregulated by the combination (up to
three-fold at 24 h and more than six-fold at 48 h compared with
untreated and single drug-treated cells) (Fig. 5).

We also investigated the expression of NF-κB target genes
involved in anti-apoptotic and survival pathways (BCL2,
BCLXL, and BIRC5) (Fig. 5). The drug combination upregu-
lated the expression of these genes (up to four-fold at 24 h and
up to seven-fold at 48 h after treatment compared to untreated
and single-treated cells) inMAVER-1, possibly accounting for
the lower degree of apoptosis induction observed here.
Conversely, there was no substantial effect on the expression
of these genes in MINO cells after single or combined
treatments.

4 Discussion

MCL is an incurable form of non-Hodgkin lymphoma with a
very poor prognosis. The disease is aggressive in the majority
of cases with a poor response to therapy in relapsed tumors, so
new therapeutic approaches are urgently needed. Recently,
with novel technical approaches, the knowledge of the molec-
ular mechanisms involved in the pathogenesis and clinical
progression of MCL has improved, leading to the identifica-
tion of targets for specific targeted molecular therapies. New

Fig. 3 Effects of the drug combination in MINO and MAVER-1 cells. a
Cell growth curve of MINO (upper panel) and MAVER-1 (lower panel)
cells, untreated or treated with the drugs either singly or combined at the
concentrations indicated. The data are representative of three independent
experiments and are expressed as the mean cell number/ml ± standard
deviation (SD) of three replicates (error bars are not visible when
smaller than symbols). ANOVA was used for statistical analysis.
Statistical significance differences observed are as follows: MINO—
48 h: combo vs. all the other groups, *** P < 0.001; 72 h: control vs.
PF-00477736, ** P < 0.01 and combo vs. all the other groups, *** P <
0.001; 96 h: control vs. all the other groups, *** P < 0.001 and
combination (combo) vs. single agents, *** P < 0.001; and MAVER-
1—48 h: combo vs. control and ibrutinib, ** P < 0.01 and combo vs.
PF-00477736, * P < 0.05; 72 h: combo vs. all the other groups, *** P
< 0.001; 96 h: control vs. all the other groups, *** P < 0.001 and combo
vs. single agents, *** P < 0.001. bWestern blot analysis showing pY223-
BTK, BTK, pS317-Chk1, Chk1, and actin protein levels as
pharmacodynamic parameters of and Chk1 inhibition in MINO (left
panel) and MAVER-1 (right panel) cell lines. Ibrutinib abrogates the
activation of BTK by inhibiting its autophosphorylation at Tyr-223
[19]; the Chk1 inhibitor abrogates the continuous dephosphorylation of
Chk1 by inhibiting the phosphathase PP2A, which is positively regulated
by Chk1 [20]. c Western blot analysis showing pT68-Chk2, Chk2, and
actin protein levels in MINO (left) and MAVER-1 (right) cell lines after
24 and 72 h of treatment with the two drugs either alone or combined at
concentration exerting less than 20% of cytotoxicity as single agents and
synergistic when combined. dWestern blot analysis of γH2AX and actin
protein levels in MINO (upper panel) and MAVER-1 (lower panel) cells
after 24, 48, and 72 h of treatment with the two drugs either singly or
combined. γH2AX-positive protein extracts were included, represented
by JEKO-1 R treated with PF-00477736 150 nM [15]. b–d are
representative of three biological replicates

R
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therapeutic agents have been licensed for relapsed/refractory
MCL, such as bortezomib, lenalidomide, temsirolimus, and
ibrutinib, while some others are in early clinical trials includ-
ing BCL2 inhibitors, PI3Kinase inhibitors, and agents in-
volved in immune-checkpoint blockade [21–23].

The BTK inhibitor ibrutinib has been shown to be
effective and well-tolerated [9], although primary and
secondary resistance often arise in MCL. Patients with
relapsed MCL resistant to ibrutinib have a very poor
outcome, with low response rates to salvage therapy
and a short duration of response [24, 25]. Thus, finding
new therapeutic approaches to overcome ibrutinib resis-
tance and/or increase the response is currently an intense
area of investigation.

Herein we provide, for the first time, experimental preclin-
ical evidence that interference in the cell cycle checkpoint
pathway with Chk1 inhibitors and in the pro-survival pathway
with the BTK inhibitor ibrutinib is a very effective pharmaco-
logical approach inMCL. The activity of ibrutinib was strong-
ly potentiated (from two to 50 times) by very low concentra-
tions of the Chk1 inhibitor PF-00477736 in all MCL cell lines
tested. Interestingly, the potentiation was stronger inMCL cell
lines moderately sensitive to ibrutinib (MINO and JEKO-1)
than in the very sensitive cell lines (REC-1 and SP49). In the
ibrutinib-resistant cell lines the potentiation of the activity of
ibrutinib by PF-00477736 was also evident, but at high con-
centrations of ibrutinib (μM range), much higher than the ones
clinically achievable [9, 26].
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Fig. 4 Cell cycle perturbation and cell death induced by dual
BTK and Chk1 inhibition in MINO and MAVER-1 cell lines. a Flow
cytometric analysis of DNA content after 24, 48, and 72 h of treatment
with PF-00477736 and ibrutinib either singly or combined. b Caspase-3
activity assay 24, 48, and 72 h after treatment with the two drugs either
singly or combined. Data are expressed as fold difference from untreated

cells and are representative of three independent experiments, as the
mean ± standard deviation (SD) of three replicates. The significance of
differences was measured with the Student’s t-test (P < 0.05 was
considered statistically significant). * P < 0.05, ** P < 0.01, ***
P < 0.001. c TUNEL (TdT-mediated dUTP nick-end labeling technique)
assay 72 h after treatment with the drugs singly or combined. ctrl control
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The ibrutinib-sensitive cell line MINO and the resistant
cell line MAVER-1 were investigated in detail to clarify
the molecular mechanisms at the basis of the synergism
after treatment with PF-00477736 and ibrutinib. The drug
combination causes cell proliferation arrest and induces
activation of DNA damage response in both cell lines.
Activation of apoptosis was more marked in MINO than
in MAVER-1 cells. Since both cell lines display mutations
in p53 (IARC [International Agency for Research on
Cancer] TP53 database), these events are independent of
p53. The p21 induction observed in MAVER-1 cells may
be responsible for the persistent general cell cycle block
in all phases after the drug combination, and may be me-
diated by the activity of the NF-κB transcription factor, as
already observed in other cancer cell lines in response to
ionizing radiation (IR) or etoposide [27]. Following treat-
ment with ibrutinib we observed inhibition of p-ERK in
the ibrutinib-sensitive cell line but not in the ibrutinib-
resistant one, suggesting that this may be correlated with
the cell sensitivity to ibrutinib, as previously reported
[28]. The drug combination leads to a decrease in p-
ERK in MAVER-1 cells, which is possibly related to the
general arrest in cell proliferation observed. Conversely,

one might hypothesize that the partial restoration of ERK
activity observed after the drug combination in MINO
cells could be an important determinant of synergism as-
sociated with apoptosis activation in this experimental
system [29, 30].

In the MAVER-1 cell line the drug combination upregulated
NF-κB target genes, many of which (BIRC5, BCL2, and
BCLXL) have specific anti-apoptotic and pro-survival func-
tions, which may explain why apoptosis was only slightly ac-
tivated in this cell line. We speculate that the upregulation of
these NF-κB target genes after dual BTK/Chk1 inhibition in the
ibrutinib-resistant MAVER-1 cell line might be due to two
events: (1) BTK inhibition does not interfere with the NF-κB
pathway because of the presence of an alternative NF-κB path-
way, which is constitutively active in these cells [13]; and (2)
concomitant Chk1 inhibition may increase NF-κB activity
through the lack of negative phosphorylation of the regulatory
subunit of the canonical NF-κB pathway relA/p65 at position
T505, which is mediated by Chk1 following DNA damage
[31]. Unfortunately, we were not able to corroborate this hy-
pothesis for the lack of functionally active, commercially avail-
able antibodies against pT505 relA/p65. In ibrutinib-resistant
cells the drug combination blocks the cell cycle and arrests cell

a b

Fig. 5 Heat maps representing the expression of NF-κB target genes.
Relative mRNA levels represented as heat maps showing the
expression of the NF-κB target genes TNFAIP3, NFKB1A, BCL2,
BCLXL, and BIRC5 in MINO (a) and MAVER-1 (b) cells after 24 and
48 h of treatment with the drugs either alone or combined. Data are
normalized to the internal mRNA levels of actin and are represented as
the fold differences from untreated samples at each timepoint. The heat
map was obtained with GraphPad Prism 7.0. Data are representative of
three independent experiments and are the mean ± standard deviation
(SD) of three biological replicates. Statistical significance differences
were measured with the Student’s t-test (P < 0.05 was considered
statistically significant), * P < 0.05, ** P < 0.01, *** P < 0.001.
MINO—TNFAIP3: ibrutinib and combination (combo) vs. control
(CTR) group, *** P < 0.001 at both timepoints; combo vs. PF-
00477736, *** P < 0.001 at both timepoints; NFKB1A: ibrutinib and
combo vs. CTR group, ** P < 0.01 at both timepoints; combo vs. PF-

0047736, ** P < 0.01 at 24 h and *** P < 0.001 at 48 h; BCL2: ibrutinib
vs. control, * P < 0.05 at 48 h; combo vs. CTR, * P < 0.05 at 24 h and **
P < 0.01 at 48 h; combo vs. PF-00477736, ** P < 0.01 at 24 h and * P <
0.05 at 48 h; BCLXL: ibrutinib and combo vs. CTR, *** P < 0.001 at
24 h; combo vs PF-00477736, *** P < 0.001 at 24 h and * P < 0.05 at
48 h; BIRC5: combo vs. all the other groups, * P < 0.05 at 48 h.MAVER-
1—TNFAIP3 and NFKB1A: ibrutinib vs. CTR, * P < 0.05 at 24 h and **
P < 0.01 at 48 h; combo vs. all the other groups: ** P < 0.01 at 24 and
48 h; BCL2: PF-00477736 vs. CTR, * P < 0.05 at 48 h; ibrutinib vs. CTR,
** P < 0.01 at 24 and 48 h; combo vs. all the other groups, ** P < 0.01 at
24 h and *** P < 0.001 at 48 h; BCLXL: PF-00477736 vs. CTR, * P <
0.05 at 24 h and ** P < 0.01 at 48 h; ibrutinib vs. CTR, ** P < 0.01 at both
timepoints; combo vs. PF-00477736 and CTR, *** P < 0.001 at 24 h and
** P < 0.01 at 48 h; combo vs. ibrutinib: ** P < 0.01 at both timepoints;
BIRC5: PF-00477736 vs. CTR, ** P < 0.01 at both timepoints; combo
vs. all the other groups, *** P < 0.001 at both timepoints

Combining ibrutinib with Chk1 inhibitors in MCL 243



proliferation, but it is not able to turn off the NF-κB pathway,
hampering the full activation of apoptosis. These data support
the hypothesis that in ibrutinib-resistant cells an interference
with other pro-survival pathways (the observed reduction in
ERK phosphorylation could be one example) may be occurring
after the drug combination.

Considering the high ibrutinib concentrations necessary to
elucidate a synergistic effect with Chk1 inhibitors in ibrutinib-
resistant cell lines, the synergism and the cellular and molec-
ular effects observed in these cell lines are likely due to un-
known off-target effects of ibrutinib.

5 Conclusion

In conclusion, we found that combining ibrutinib with Chk1
inhibitors was synergistically active in ibrutinib-sensitive cell
lines, inducing cell death by apoptosis, and in ibrutinib-
resistant cell lines through a strong arrest of cell growth.
However, as the ibrutinib concentrations used to see the syn-
ergism in resistant cells lines exceed those clinically achiev-
able in MCL patients, this new combination approach can be
considered a promising therapeutic approach only in ibrutinib-
sensitive MCL patients.

Despite the limitation given by the lack of testing this drug
combination in a primary MCL sample and/or patient-derived
xenografts, these findings suggest that simultaneous interfer-
ence with different, inter-related growth control pathways im-
portant for MCL survival (such as the cell cycle checkpoint
and pro-survival pathways) is feasible and very effective.
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