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A B S T R A C T

Background: The serine/threonine kinase IKBKE is frequently overexpressed or activated in a variety of human
cancers. Ectopic expression of IKBKE induces malignant transformation, cell migration, invasion and che-
moresistance. Thus, IKBKE is an attractive target for anti-cancer drug development.
Methods: By screening of NCI Diversity Set and Clinical Collection I and II compound libraries using cell-based
assay, we identified several candidates of IKBKE inhibitors, which directly inhibited IKBKE kinase activity in
vitro and in vivo. One of them, malachite green oxalate (MCCK1), was further characterized. The mechanism was
examined by western blot, immunoprecipitation (IP) and Immunofluorescence. We also evaluated in a mouse
xenograft model. In vitro kinase assay and luciferase reporter assay were also performed in our experiments.
Results: MCCK1 inhibits IKBKE kinase as well as its downstream targets such as IκBα, p65 and IRF3. MCCK1 is a
selective inhibitor for IKBKE, with moderate effect on TBK1, but does not inhibit the activation of IKKα/β,
STAT3, Erk-1/2, p38 or JNK. The inhibition of IKBKE by MCCK1 resulted in induction of cell growth arrest and
apoptosis selectively in human cancer cells that harbor aberrant expression of IKBKE. Furthermore, MCCK1
inhibits tumor growth in nude mice of human cancer cells in which IKBKE is elevated but not of those cancer
cells in which it is not.
Conclusion: These data indicate that MCCK1 is an IKBKE inhibitor with anti-tumor activity in vitro and in vivo
and could be a potential anti-cancer agent for patients with tumors over expressing IKBKE.

1. Introduction

IKBKE (Inhibitor of nuclear factor kappa-B kinase subunit epsilon,
also called IKKε) is an essential member of the non-canonical IκB kinase
(IKK) family [1]. It shares 27% and 24% identity with IKKα and IKKβ,
respectively [2,3]. Accumulating evidences have shown that IKBKE acts
as a crucial regulator of innate immunity and involves in inflammation
and cancer via multiple signaling pathways, especially modulating NF-
κB and interferon signaling [1,4,5]. Inflammatory factors, interferon
and viral infection activate IKBKE, its activation subsequently induces
NF-κB nuclear accumulation and DNA-binding activity by phosphor-
ylation of IκB-Ser36 which leads to IκB degradation and the transcrip-
tion of cell growth/survival genes [2]. Several studies support a role for
IKBKE-mediated Ser468 andSer536 phosphorylation of the p65 NF-κB

subunit in the expression of a specific subset of NF-κB target genes in
response to pro-inflammatory signals and viral infection. IKBKE but not
IKKα/β phosphorylates CYLD, which is a deubiquitinase of several NF-
κB regulators, including TRAF2, TRAF6, and NEMO, to activate the NF-
κB pathway [6–8]. Moreover, IKBKE cooperates with another non-
canonical IKKs TBK1 (Tank-binding kinase 1) to regulate interferon
signaling in response to viral infection. Following activation of toll-like
receptors by viral components, IKBKE and TBK1 assemble with TRAF3
and TANK to phosphorylate interferon regulatory factors (IRFs) 3, 5,
7and STAT1 as well as induces phosphorylation of p65/ c-Rel NF-κB
subunits [9,10]. Activation of NF-κB and IRFs leads to increased pro-
duction of pro-inflammatory cytokines/chemokines and typeI IFN
genes, which are key players in anti-viral response [11].

Increasing evidence supports that IKBKE functions as anoncogene

https://doi.org/10.1016/j.cyto.2019.01.005
Received 29 August 2018; Received in revised form 4 January 2019; Accepted 7 January 2019

Abbreviations: MCCK1, malachite green oxalate; IKBKE, Inhibitor of nuclear factor kappa-B kinase subunit epsilon; IKK, IκB kinase; TBK1, Tank-binding kinase 1;
IRFs, interferon regulatory factors; ccRCC, clear cell renal cell carcinoma; NSCLC, non-small cell lung cancer; PDK1, 3-phosphoinositide-dependent protein kinase 1;
IACUC, Institutional Animal Care and Use Committee; MBP, Myelin Basic Protein

⁎ Corresponding author at: Department of Neurosurgery, Beijing Tiantan Hospital, Capital Medical University, No. 6, Tiantan Xili, Dongcheng District, Beijing
100050, China.

E-mail address: 13911707098@163.com (Y. Xin).
1 These authors contribute to this work equally.

Cytokine 116 (2019) 78–87

Available online 24 January 2019
1043-4666/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/10434666
https://www.elsevier.com/locate/cytokine
https://doi.org/10.1016/j.cyto.2019.01.005
https://doi.org/10.1016/j.cyto.2019.01.005
mailto:13911707098@163.com
https://doi.org/10.1016/j.cyto.2019.01.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cyto.2019.01.005&domain=pdf


which is closely linked to tumorigenesis, progression, poor prognosis
and chemoresistance. Michelle et al. performed a comprehensive sys-
tematic analysis to observe gene expression for 503 kinases in 93 clear
cell renal cell carcinoma (ccRCC) specimens and a replication set of 237
ccRCC tumors [12]. From the analysis results, IKBKE washigher ex-
pressed in tumors compared with adjacent normal tissues. Furthermore,
it was interesting that only IKBKE was significantly associated with
overall survival. Ectopic expression of IKBKE resulted in increased risk
of death rate by 5.30-fold. Same alterations of IKBKE are frequently
occurring in human ovarian cancer cell lines and primary tumors,
especially in high grade and late stage ovarian tumors. Ovarian cancer
patients with elevated level of IKBKE have poor clinical outcome than
those with lower IKBKE regardless of tumor stages. Abnormal expres-
sion of IKBKE renders ovarian cells resistant to cisplatin (CDDP) [13].
Several breast cancer cell lines and approximately 30% of primary
human breast carcinomas express high level of IKBKE. Ectopic expres-
sion of IKBKE in immortalized mammary epithelial cells at levels found
in human cancer cells resulted in malignant phenotype [14]. IKBKE has
also been found to be upregulated in a variety of malignant tumors such
as non-small cell lung cancer (NSCLC), melanoma and glioma as well as
gastric cancer [15–19]. Aberrant IKBKE expression is due to unknown
mutation regulating IKBKE transcript levels or to an amplification of the
1q32 region comprising the IKBKE locus [15]. High IKBKE expression is
often associated with activation of NF-κB by the accumulation of c-Rel
and p65 subunits in the nucleus. Furthermore, IKBKE and TBK1 or-
chestrate pathways involved in activation of NF-κB and tumorigenesis
by direct phosphorylation of p65 or by phosphorylating Akt [1,15,20].
In addition, elevated IKBKE levels were also associated with STAT1
activation in different primary tumors and cell lines, which may also
contribute to the oncogenic activities of IKBKE [15].

Together, these observations strongly support the conclusion that
IKBKE plays a crucial role in the pathogenesis of a variety of tumors and
brings forth it as a promising cancer target for drug development. BX-
795 is the first IKBKE inhibitor on the market and simultaneously
suppresses TBK1 activity at nanomolar concentrations in vitro [21]. It
was originally developed as an inhibitor of 3-phosphoinositide-depen-
dent protein kinase 1(PDK1). But now BX-795 shows inhibiting effects
towards several other kinases, including Aurora-B, MARK2, JNK and
p38 MAP kinases [21,22]. Two relatively specific kinase inhibitors,
MRT67307and MRT68921, modified versions ofBX-795, were no longer
inhibits JNK or p38 MAP kinases, but still interfered with the activity of
PDK1, ULK1 and AMPK-related kinases [22,23]. Therefore, enhancing
specificity to target IKBKE only is a challenge for developing IKBKE
inhibitors.

To seek high effective inhibitors of IKBKE, we screened NCI
Diversity Set and Clinical Collection I and II compound libraries via
cell-based assay. MCCK1 (Malachite green oxalate) which was singled
out from 76 lead compounds, had the most efficacious inhibition on
IKBKE and its downstream signaling. Moreover, MCCK1 exhibited se-
lective anti-tumor activity in vitro and in vivo.

2. Materials and methods

2.1. Cell lines, animal care, antibodies and recombinant protein

Cell lines of breast cancer (BT474, MCF7, MDA-231, MDA-435,
MDA-468 and T47D), colon cancer (HCT116 and HT29), lung cancer
(A549, H292, H1299, H1703, H4006), ovarian cancer (OVCAR3,
OVCAR 2008), HEK293 and HeLa were purchased from ATCC. These
cells were maintained in RPMI 1640 or DMEM medium supplemented
with 10% fetal bovine serum and 100 units/ml penicillin/streptomycin.

Antibodies against IKBKE, Myc and actin were purchased from
Sigma. Anti-p-ERK1/2, -p-p38, -p-Akt, -p-STAT3, -p-JNK, -p-IKKα/β, -p-
IKKε/TBK1, -total IKKε, -p-IκBα, -total IκBα, -p-IRF3, -total IRF3, -full
length PARP, -cleaved PARP, and -p50/p65 NF-κB antibodies were from
Santa Cruz Biotechnology. Recombinant protein MBP was purchased

from Active Motif.

2.2. Plasmids

The pCMV-3B-Myc tagged IKBKE, pCMV-IKKα, -IKKβ, - IKKε and
-TBK1 were described previously [24]. The reporter plasmids pGL3-NF-
κB-Luc and pGL3-IFNβ Luc were purchased from Agilent Technologies.

2.3. Screening for inhibition of IKBKE-transformed cell growth

pCMV-3B-Myc-IKBKE transformed NIH3T3 cells or pCMV-3B
vector-transfected NIH3T3 control cells [13,14]were plated into 96-
well tissue culture plate. After treatment with 5 μm NCI Diversity Set
and Clinic Collection I and II compound, cell growth was detected with
CellTier 96 One Solution Cell Proliferation kit (Promega). Compounds
that inhibit growth in IKBKE-transformed but not vector-transfected
NIH3T3 cells were considered as candidates of IKBKE inhibitor and
subjected to additional analysis.

2.4. In vitro kinase assay

In vitro IKBKE kinase assay was performed as previously described
[13]. Briefly, immunoprecipitation was performed by incubation of
200 μg protein lysate with anti-IKKε antibody. The immunoprecipitates
were subjected to in vitro kinase assay. The reaction was performed with
kinase buffer (20mmol/L Hepes, pH 7.6, 10mmol/L MgCl2, 50mmol/L
NaCl, 0.1mmol/L sodium vanadate, 20mmol/L β-glycerolphosphate,
and 1mmol/L dithiothreitol), in the presence of 10 μCi [γ-32P]ATP,
50 μmol/L unlabeled ATP. After incubation at 30 °C for 30min, the
reactions were stopped by adding protein-loading buffer and separated
in 12.5% SDS-PAGE gels. The relative amounts of incorporated radio-
activity were determined by autoradiography. Each experiment was
repeated three times.

2.5. Western blot, immunoprecipitation (IP) and immunofluorescence

Western blot, IP and immunofluorescence were performed as pre-
viously described [21]. Briefly, cell lysates were prepared in a lysis
buffer and subjected to immune-precipitation and immunoblot analysis.
The primary antibodies dilutions were 1:1000–5000 according to the
manuals from the Manufactures. For immunofluorescence, HEK293
cells were transfected with myc-IKBKE and pCMV-p50 NF-κB using
Lipofectin® 2000 reagent (Invitrogen). After 48 h, cells were treated
with 1 µM MCCK1 for 2 h or with DMSO as control, then fixed in 4%
paraformaldehyde in PBS and stained with Alexa Fluor® 594 conjugated
(Red) anti-Myc-tag antibody and Alexa 488 labeled (Green) anti-p50
antibody and observed under a fluorescence microscope.

2.6. Luciferase reporter assay

The luciferase reporter assay was carried out as previously de-
scribed [21]. Briefly, HEK293 cells were co-transfected with empty
pCMV vector, the luciferase reporter constructs NF-κB-luc or IFNβ-luc
and constructs indicated in the figure legend. After incubation for 48 h,
cells were treated with increasing dosages of MCCK1 at 0, 0.1, 0.5 and
1 µM for 2 h. Then cells were lysed and luciferase activity was monitor
by microplate reader.

2.7. Cell viability and programmed cell death

Cell viability was evaluated using MTT assay. Briefly, cells were
diverted into 96-well plate with 1x105cells/well. Following incubation
for 24 h, cell were treated with different concentration of MCCK1 for
72 h and then assayed for total cell viability. Apoptosis was performed
with the fluorescent Annexin-VApoptosis Detection Kit (Thermo Fisher
Scientific) following manufacture’s instruction. Cleaved PARP was
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detected by western blot.

2.8. EdU staining assay

For EdU staining, cultured tumor cells were plated on slides with a
density of 5x103 cells/ml. Cells were exposed to MCCK or DMSO (as
control) for 6hr before treatment with 5 μM EdU for 2hr. Cells were
then washed with 3% BSA in PBS three times, fixed with 4% paraf-
ormaldehyde in PBS for 10min. After washing with 3% BSA three
times, cells were permeabilized with 0.5% Triton X-100 in PBS for
15min. Cells were then incubated with EdU staining cocktail (Click-iT®
EdU Alexa Fluor® 594 Imaging Kit from Invitrogen) kept from lights at
room temperature for 30min. After washing with 3% BSA, samples
were then counterstained with 1x DAPI for 10min at Room tempera-
ture. Images were acquired by fluorescence microscope.

2.9. In vivo tumor formation assay

Eight week-old NOD/SCID mice were used. The mice were housed
with a regular 12 hr light/12 hr dark cycle and were kept in a pathogen-
free environment. Tumor cells were mixed in Matrigeland, then injected
into nude mice subcutaneously or intracranially. The mice were ran-
domly divided into two groups. MCCK1 was applied into the mice at
10mg/kg by intraperitoneal injection every other day for 6 weeks.
Tumor growth in these mice was monitored and measured once a week.
The tumor volumes were calculated by the equation V (mm3)= a×b2/
2, where “a” is the largest diameter and “b” is the perpendicular dia-
meter.

2.10. Tunel

Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling (TUNEL) staining was performed to detect apoptosis in situ
cell death following the manufacturer’s instructions (TUNEL Apoptosis
detection kit: UPSTATE, Lake Placid, NY). TUNEL-positive cells dis-
played brown staining within the nucleus of apoptotic cells. The num-
bers of TUNEL-positive cells of fields were counted under light micro-
scopy. The extent of apoptosis was calculated and expressed as a
number of TUNEL-positive cells from the same field.

2.11. Immunohistochemistry (IHC)

The paraffin-embedded tumor sections were stained for anti-Ki67,
anti-Caspase-3 and anti-PCNA (Abcam, Cambridge, UK). Sections
(2 μm) were deparaffinized and pretreated with citrate buffer using a
heat-induced epitope retrieval protocol. Endogenous peroxidase was
blocked with 20% hydrogen peroxide for 15min at room temperature.
The incubation between endogenous peroxidase and anti-Ki67, anti-
Caspase-3 or anti-PCNA should achieve 30min respectively. A bioti-
nylated goat anti-mouse immunglobulin G secondary antibody (Dako,
Denmark) was then applied to each slide for 30min. After washing in
Tris-hydrochloric acid buffer (TBS), the slides were incubated with
peroxidase-conjugated streptavidin complex reagent (Dako, Denmark)
and developed with 3,3′-diaminobenzidine for 5min. The slides were
counterstained and dehydrated.

Animal procedure and care were approved by the IACUC
(Institutional Animal Care and Use Committee) at University of South

Fig. 1. Identification of MCCK1 as an IKBKE kinase inhibitor. (A) Scheme of the screening of IKBKE inhibitors from NCI Diversity Set and Clinical Collection I and II
compound libraries using cell based assay. (B) The effects of 7 lead compounds on phosphorylation levels of IKBKE. Compounds #6 had the best efficacious inhibitory
effect. (C) The structure of MCCK1. (D and E) In vitro kinase assay. IKBKE was immunoprecipitated from OVCAR-3 and myc-IKBKE transfected HeLa cells following
MCCK1 treatment with indicated concentration. The immunoprecipitates were subjected to in vitro kinase assay using MBP as substrate.
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Florida. The tissues were snap frozen and were used.

2.12. Statistical analysis

For luciferase activity and cell survival, the experiments were re-
peated at least three times in triplicate. The data are represented by
means ± SE. Differences between control and testing cells were eval-
uated by Student's t test; all analyses were completed with SPSS soft-
ware, version 10.0. P < 0.05 was considered statistically significant.

3. Results

3.1. Identification of MCCK1 as an IKBKE kinase inhibitor

We are experienced using cell based assay to screen protein kinase
inhibitor and have previously identified specific Akt inhibitor, API-2/
triciribine, which inhibits Akt phosphorylation by binding to the PH
domain of Akt and blocking its recruitment to the plasma membrane
[25]. To screen for IKBKE inhibitor, we have established pCMV-3B-
Myc-IKBKE stably-transfected NIH3T3, which were fully transformed
[13,14], andpCMV-3B-transfected NIH3T3 cell lines. The cells were
seeded in 96-well plates. After 24 h of incubation, the chemical com-
pounds from NCI Diversity Set and Clinical Collection I and II libraries
were added into the cell culture (3 wells/compound at 5 μM con-
centration). Following treatment for 12 h, cell growth inhibition was
determined using Cell Tier 96 One Solution Cell Proliferation kit. The
effective compounds were selected based on that they inhibited the
growth of IKBKE transformed NIH3T3 cells, while they had no visible
effect on the vector-transfected NIH3T3 cells as showed in Fig. 1A. Out
of ∼2500 compounds, 76 were identified to selectively inhibitIKBKE-

NIH3T3 cell growth. We further tested their effects on the phosphor-
ylation level of IKKε/TBK1 with Western Blot using total IKKε as
loading controls (Fig. 1B). Compounds #6 and #72 had a much in-
hibitory effect on the activation of IKKε/TBK1. Then we checked the
libraries and identified the #6 is malachite green oxalate (MCCK1)
which contains one benzene and two amino-benzenes (Fig. 1C). To
further confirm if MCCK1 directly inhibit the kinase activity of IKBKE,
in vitro kinase assays of endogenous IKBKE and Myc-tagged IKBKE were
carried out with MBP (Myelin Basic Protein) as substrate. MCCK1 at
2–5 μM could efficiently inhibit the phosphorylation of MBP by IKBKE
in a dose-dependent manner (Fig. 1D and E). These data suggest that
MCCK1 is an efficient inhibitor of IKBKE.

3.2. MCCK1 inhibits downstream targets of IKBKE

To further analyze MCCK1 inhibitory function on IKBKE and its
downstream proinflammatory factors at cellular level, we chose two set
of reporter systems that function downstream of IKBKE, NF-κB and IFN-
β promoter fused with luciferase gene and applied MCCK1 to the
HEK293 transfected with these reporter plasmids. The luciferase ac-
tivities of both NF-κB and IFN-β reporter but not of pGL3 luciferase
reporter vector control, were dramatically decreased in the presence of
2.5 μM MCCK1 (Fig. 2A and data not shown). Moreover, we used HeLa
cells expressing myc-tagged IKBKE as model system to study which
signal pathway was altered by application of MCCK1 via detecting the
activation/phosphorylation level of p65 (NF-κB component), IκBα and
IRF3. The activation of all the three proteins was dramatically dimin-
ished in a dose dependent manner when the cells were exposed to
MCCK1 (Fig. 2B). Immunofluorescence studies were performed to de-
tect the subcellular localization of NF-κB p50. When myc-tagged IKBKE

Fig. 2. MCCK1 inhibits the NF-κB and IFN signaling pathway and downstream targets. (A) HEK293 cells were transfected with NF-κB-Luc and IFN-β-Luc reporter
plasmids. Following incubation for 48 h and treatment with and without MCCK1 for 2 h, Cells were lysed and the luciferase activity was measured. Each value
represents the mean ± SE of triplicate independent samples. The representative column diagrams showing results of relative luciferase. *p < 0.05, compared to
0 μM. (B) HeLa cells were treated with MCCK1 for 2 h and then subjected to Western blot analysis with indicated antibodies. (C) HEK293 cells were co-transfected
with plasmids encoding Myc-tagged IKBKE and pCMV-p50 NF-κB and then cells were fixed and immunostained with anti-Myc (red) or anti-P50 (green) after
incubated with or without MCCK1 (1 μM) for 2 h.
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Fig. 3. MCCK1 targeted to IKBKE over other kinases. (A) HEK293 cells were seeded on a 24-well plate, and co-transfected with pMCV-IKKα/β,-IKBKE as well as NF-
κB-luc reporter plasmid. After 48 h, cells incubated with MCCK1 for 2 h. The luciferase activity was measured. Each value represents the mean ± SE of triplicate
independent samples. (B) HEK293 cells were seeded on a 24-well plate, and co-transfected with pMCV-IKBKE and pMCV-TBK1 as well as together with IFN-β-Luc
reporter plasmid. Subsequent procedure was carried out according to NF-κB luciferase reporter assay. (C) HCT116 and HT29 cells were treated with MCCK1 at
indicated concentrations and then immunoblotted with the indicated antibodies.

Fig. 4. MCCK1 selectively inhibits the proliferation of tumor cells that express high levels of IKBKE. Cancer cell lines of breast (A), lung (B), Ovary (C) and colon (D)
were treated with indicated doses of MCCK1 for 72 h, and cell proliferation was analyzed by MTT assay. (E) EdU incorporation assays were used to detect the
proliferation rate of different tumor cells in the presence or absence of MCCK. EdU was labeled in red color and nuclear staining with DAPI was purple. (F) EdU
incorporation rate was analyzed using Image-J 2.0 software. The data are shown as means ± SE of three independent experiments. ** means p < 0.01.
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was expressed in the cells, p50 was solely localized in the nuclear in the
absence of MCCK1 treatment. Upon MCCK1 treatment for 2 h majority
of NF-κB p50 would stay in the cytoplasm where it was degraded via
ubiquitin system (Fig. 2C). Taken collectively, these data indicated
MCCK1 selectively inhibit IKBKE.

3.3. MCCK1 is highly selective for IKBKE inhibition over other kinases

We next investigated selectivity of MCCK1 toward IKBKE. We took
advantage of the high sensitivity of Luciferase assay in HEK293 cells
transfected with a variety of signal components pertaining to NF-κB
signaling and stress response. As shown in Fig. 3A and B, the activation
of IKKα and IKKβ were not affected by exposure to high concentration
of MCCK1, just opposite to IKBKE which was significantly demolished
in the presence of MCCK1. Indeed, the activity of TBK1 was modest
affected by MCCK1 in a dose dependent manner (Fig. 3B). We chose
two colon cancer cell lines HCT116 and HT29 as two opposite examples
in IKBKE expression pattern (Fig. 4D) and treated them with a series of
concentration of MCCK1, then checked the activation level of NF-κB
related cell proliferation and survival signaling as shown in Fig. 3C. The
activation of IKKα/β, STAT3, Erk-1/2, Aktor p38 was not noticeably
changed even exposed to high concentration of MCCK1. In conclusion,
MCCK1 is highly specific for IKBKE inhibition.

3.4. MCCK1 selectively suppresses cell growth in the cells expressing
elevated IKBKE

Next we examined the different effect of MCCK1 on the cell survival
property between cancer cells expressing high and low IKBKE. As
shown in Fig. 4A–D, we collected a variety of cancer cell lines, in-
cluding cancer cells of breast, ovary, lung and colon, and measured
their survival curves with MTT assay after exposure to different dose of
MCCK1 at 1–5 μM. There were clear separations between IKBKE-high

and IKBKE-low cell lines. IKBKE-low cells were much less sensitive to
MCCK1 treatment, more than 60% of the cells were viable after ex-
posure to high concentration (5 μM) of MCCK1. However, the cell lines
with over expression of IKBKE were much vulnerable to MCCK1, less
than 20% of the cells were still alive at 5 μM drug concentration. We
also uesd EdU assay to detect the proliferation difference within IKBKE-
high and IKBKE-low cell lines, which was shown in Fig. 4E and F. Taken
together, MCCK1 is specific toxic to IKBKE overexpressing cancer cells.

3.5. MCCK1 selectively induces programmed cell death

As indicated in Fig. 4, MCCK1 selectively inhibited total cell survival
in IKBKE high cancer cell lines, which prompted us to examine the
programmed cell death rate of these cancer cell lines after MCCK1
treatment, because IKBKE has been shown to be critical in anti-apop-
tosis. The apoptosis rate of different cancer cell lines exposed to 5 μM
MCCK1 or DMSO (control) was measured by flow cytometry after
staining with Annexin-V FITC. As expected, the cell lines with high
levels of IKBKE exhibited more apoptosis than cells expressing low le-
vels of IKBKE after MCCK1 treatment (Fig. 5A). Furthermore, we ana-
lyzed the cleaved PARP. In consistent with Fig. 5A, all lines expressing
high levels of IKBKE regardless their derived organs had much more
cleaved PARP than cell lines with low levels of IKBKE after MCCK1
treatment in a dose dependent pattern (Fig. 5B).

3.6. MCCK1 selectively inhibits tumor growth in xenograft nude mouse
model

The data above suggest that MCCK1 could be a specific anti-cancer
reagent against IKBKE aberrant-expression tumors. To this end, we
performed xenograft mouse tumor by injection of 2–10 million either
colon cancer cells or ovary carcinoma cells into the NOD/SCID mice.
After the tumor developed and grew to average 1.5 cm diameter, the
mice were divided into 2 groups (6 mice/ group), one group were re-
ceived MCCK1 (10mg/kg, i.p.) and the other were administered with
DMSO (control) every other day. The tumor growth was monitored by
measuring the tumor volume. Following treatment for 6 weeks, the
mice were sacrificed and the tumors were dissected and measured their
volumes/weights. The growth curves of either colon tumors (upper two
panels in Fig. 6A) or ovary tumors (lower panel of Fig. 6A) clearly
showed that the treatment with MCCK1 could dramatically inhibit the
tumor growth derived from IKBKE-high cancer cells (left hand Fig. 6A).
On the contrary, MCCK1 did not show noticeable inhibition of the
tumor growth in IKBKE-low tumors by (right hand Fig. 6A). There was
no difference in tumor sizes of IKBKE-low tissues with or without
MCCK1 treatment, such as OV2008 and HCT116 (Fig. 6B). While the
tumor size differences were much obvious in tumors developed from
IKBKE-high cells between the presence and absence of MCCK1, in-
cluding HT29 (colon tumors) and OVCA3 (ovary carcinoma).

Then after that we performed TUNEL and immunohistochemical
experiments. The TUNEL result combined with immunohistochemistry
result demonstrated that treatment with MCCK1 significantly promoted
apoptosis of IKBKE-high xenograft tumor cells, immunohistochemistry
of Caspase-3 and TUNEL confirmed the elevated apoptosis (Fig. 7A).
Meanwhile, the low expression of Ki67 and PCNA indicated a sup-
pression of proliferation by treatment with MCCK1 in IKBKE-high cells
(Fig. 7B). These data suggest that MCCK1 is a specific anti-tumor drug
to treat IKBKE-high positive tumors.

4. Discussion

The NF-κB pathway is a key regulator that activates transcription of
genes involved in cell proliferation, survival and invasion. Activation of
NF-κB is frequently observed in solid tumors and hematological ma-
lignancies and it is a potential driver of cancer growth [26,27]. Various
stimulants trigger activation of the IKK (IκBs kinase complex), leading

Fig. 5. MCCK1significantly induces apoptosis in IKBKE-high expression tumor
cells. The cells were treated with MCCK1 -for 48 h then subjected to Annexin V/
PI flow cytometry assay (A) and Western blot for cleaved PARP P(B). The re-
presentative column diagrams showing results of apoptosis rate of cells.
**p < 0.01, compared to control. Data are mean ± SE for the three replicates.

T. Liu et al. Cytokine 116 (2019) 78–87

83

http://FITC.%20As


to proteasomal degradation of IκBs. Consequently, IKKs are key reg-
ulators of NF-κB signaling [28]. The IKK family consists of four kinase
members, the canonical kinases IKKα and IKKβ, as well as the non-
canonical kinaseTBK1 and IKBKE [29]. NF-κB is generally activated
through canonical IKK-dependent phosphorylation. IKBKE and TBK1
are originally characterized as activators of NF-κB, but they are not
essential for NF-κB activation [30]. Till now, the pharmaceutical in-
dustries have made limited achievements on developing IKKα/IKKβ
inhibitors into a new type of anti-inflammatory drugs. Due to NF-κB
regulates many physiological functions, non-selective and completely
inhibition of NF-κB pathway may lead to severe side effects [31]. IKKα/
IKKβ knockout mice always died in embryo or perinatal stages, which
illustrates their pivotal roles in mouse development [32]. Whereas the
mice with knockout of IKBKE are viable. Therefore pharmaceutical
inhibitors, which were selectively targeted on IKBKE, may avoid no-
torious side effects. The development of specific inhibitors targeting the
non-canonical kinases has gradually been a hot area of researching the
past few years.

The role of IKBKE in the development of inflammatory and meta-
bolic diseases, as well as cancer, indicate the potential of IKBKE as a

promising therapeutic target [33,34]. However, only a few small mo-
lecule inhibitors of IKBKE possessing drug-like quality have been de-
scribed. Moreover, few observations have yet been systematically re-
ported about anti-tumor efficacy of these pharmacological inhibitors in
vivo. Meanwhile, because existing inhibitors have promiscuously
blocked other kinases that would generate unwanted side effects, hence
the development of more specific and better IKBKE inhibitors may be
enabled by the recent elucidation of the substrate specificity of IKBKE
[1,35,36]. And as many following reasons, it is very difficult to develop
IKBKE inhibitors that do not target TBK1. First, IKBKE was reported
that IKBKE knockout mice have strong viability and fertility. By con-
trast, TBK1 knockout mice often die at embryonic stage [37]. Second,
IKBKE and TBK1 exhibit differential expression patterns, they share the
kinase domain and are similar in their ability to activate the NF-kB
signaling pathway [1,38]. And they show many overlapping functions
in oncogenic signaling pathways including IRF3/7, JAK/STAT and AKT
signaling [4,20,33,39]. In a word, the qualities of IKBKE make it pos-
sible that it is the appropriate anti-cancer therapeutic target comparing
withTBK1.

A couple of new IKBKE inhibitors have recently been reported. The

Fig. 6. Selective anti-cancer effects of MCCK1 in vivo. Colon cancer (i.e. IKBKE-high HT29 and IKBKE-low HCT116) and ovary cancer (i.e. IKBKE-high OVCAR3 and
IKBKE-low OV2008) cells were subcutaneously injected into the flanks of nude mice. When the tumor volumes reached about 100mm3, the mice were randomly
divided into two groups. One group was administered with MCCK1(10mg/kg) by intraperitoneal injection every other day for 6 weeks, and the another group was
treated with vehicles. (A) Tumor volume was measured at every other day, and plotted for tumor growth curves. (B) At the end of the experiment, mice were
sacrificed and tumors were resected, weighed and photographed. The representative graphs showing results of tumor volume. *p < 0.05, compared to control. Data
are mean ± SE for the three replicates.
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derivatives of 6-aryl-azabenzimidole and2,4-diamino-5-cyclopropyl
pyrimidines with improved kinase selectivity and drug-like properties
were described in 2012[40,41]. Three TBK1/IKBKE dual inhibitors
were generated based on a structurally rigid 2-amino-4-(3′-cyano-4′-
pyrrolidine)phenyl-pyrimidine scaffold. They potently inhibited cell
viability in human breast, prostate and oral cancer cell lines and sig-
nificantly impaired tumor development in mouse tumor models [42].
The anticancer function of these inhibitors may be partially due to their
suppression of TBK1/IKBKE-mediated AKT phosphorylation and VEGF
expression. Amlexanox, a clinical medication treated asthma and al-
lergic rhinitis in Japan and aphthous ulcers in America, is thought to be
a hopeful dual TBK1 and IKBKE inhibitor with application prospect for
cancer and diabetes therapy. It blocked phosphorylation of Akt1 and
the MAP-kinases p38 and p42/44 in melanoma cells as well and thus
might be involved in the anti-proliferative effects on melanoma cell

[17,43]. All these data indicate that targeting IKBKE andTBK1 might be
a safe and effective avenue of suppressing cancer development that
could avoid notorious side effects associated with complete NF-κB in-
hibition.

5. Conclusions

In present study, we identified that MCCK1 significant inhibited
IKBKE kinase activity and exhibited moderate inhibitory effect on
TBK1. Dual inhibition on IKBKE and TBK1 of MCCK1 consequentially
reduced activation of NF-κB and interferon signaling. Importantly,
MCCK1 has no inhibitory effect on IKKα/β, STAT3 and the MAP ki-
nases. Furthermore, we not only confirmed the inhibitory effect of
MCCK1 on the growth rate and apoptosis of a variety of cancer cell
lines, but also showed that this inhibitor efficiently suppressed tumor

Fig. 7. IHC was used to evaluate the proliferation and apoptosis activity of tumor tissues. TUNEL assay was used to determine the apoptosis in MCCK1 treated IKBKE-
high tumors compared with treated IKBKE-low tumors (magnification, ×200). (A) Immunohistochemistry analysis of expression of Ki67, Caspase-3 and PCNA
(magnification, ×200). (B). The representative column diagrams showing results of positive rate of cells. *p < 0.05, compared to control. The results were presented
as the mean of three independent experiments.
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growth in nude mice of human cancer cells in which IKBKE is abnor-
mally elevated. Meanwhile, MCCK1 does not suppress AKT phosphor-
ylation in both IKBKE-over expression colon cell line and IKBKE-normal
colon cells. It is possible that TBK1/ IKBKE-mediated AKT activation is
not involved in the mechanism of MCCK1 of anti-tumor activity in
mice. Certainly more evidences should be gathered from other types of
tumor cell lines and in vivo experiments. And future fundamental in-
vestigations are required to determine the effect of MCCK1 on other
kinases in IKBKE-overexpression cancer cell lines. In short, our data
clearly indicate that MCCK1 is a potential specific IKBKE inhibitor with
anti-tumor activity, and could be a novel anti-cancer reagent for pa-
tients with tumors over expressing IKBKE.
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