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BACKGROUND: Temozolomide (TMZ) is the first-line chemotherapeutic drug for gliomas treatment. However, the clinical efficacy
of TMZ in glioma patients was very limited. Therefore, it is urgently needed to discover a novel approach to increase the sensitivity
of glioma cells to TMZ.

METHODS: Western blot, immunohistochemical staining, and gRT-PCR assays were used to explore the mechanisms underlying
TMZ promoting DKK1 expression and andrographolide (AND) inhibiting DKK1 expression. HPLC was used to detect the ability of
andrographolide (AND) to penetrate the blood-brain barrier. MTT assay, bioluminescence images, magnetic resonance imaging
(MRI) and H&E staining were employed to measure the proliferative activity of glioma cells and the growth of intracranial tumors.
RESULTS: TMZ can promote DKK1 expression in glioma cells and brain tumors of an orthotopic model of glioma. DKK1 could
promote glioma cell proliferation and tumor growth in an orthotopic model of glioma. Mechanistically, TMZ increased EGFR
expression and subsequently induced the activation of its downstream MEK-ERK and PI3K-Akt pathways, thereby promoting DKK1
expression in glioma cells. Andrographolide inhibited TMZ-induced DKK1 expression through inactivating MEK-ERK and PI3K-Akt
pathways. Andrographolide can cross the blood-brain barrier, the combination of TMZ and andrographolide not only improved the

anti-tumor effects of TMZ but also showed a survival benefit in an orthotopic model of glioma.
CONCLUSION: Andrographolide can enhance anti-tumor activity of TMZ against glioma by inhibiting DKK1 expression.
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BACKGROUND
Glioma is the most common primary malignant brain tumor,
which is characterized by high mortality, high recurrence, and low
cure rate [1]. The current treatment strategy for gliomas is
neurosurgical resection followed by concomitant radiotherapy
and chemotherapy [2]. Temozolomide (TMZ), a second-generation
alkylating agent, is the first-line chemotherapeutic drug used in
the treatment of glioma [3]. However, the clinical outcome of TMZ
chemotherapy remains unsatisfactory due to the development of
resistance to TMZ [4]. Therefore, it is urgently needed to discover a
novel approach to increase the sensitivity of glioma cells to TMZ.
Dickkopf-1 (DKK1), a secreted glycoprotein, was originally
identified as a head inducer by inhibiting Wnt/B-catenin signaling
during vertebrate development [5]. Given that Wnt/B-catenin
signaling plays a critical role in driving tumor occurrence,
development, recurrence, and metastasis, DKK1 was therefore
supposed to be a tumor suppressor [6-8]. However, DKK1
overexpression has been observed in several types of cancer,
and its expression is associated with a poor prognosis of cancer

patients, suggesting that DKK1 can also serve as an oncogenic
protein [9-11]. It was later found that DKK1 can signal through a
Whnt receptor-independent pathway to promote tumor progres-
sion [12, 13]. Notably, chemotherapeutic agents such as cisplatin
and 5-fluorouracil can promote DKK1 expression at the transcrip-
tional level, and knockdown of DKK1 sensitizes cancer cells to
these agents in non-small cell lung cancer (NSCLC) and colorectal
cancer (CRC) [14, 15]. However, whether DKK1 could be used as a
sensitizing target for TMZ in glioma remains unknown. Therefore,
this study aimed at decipher the role of DKK1 in the process of
TMZ against glioma.

Natural products have been widely used in the cancer
treatment as an alternative therapy due to their enhancing the
antitumor effects of chemotherapy or reducing the side effects of
conventional therapies [16, 17]. Andrographolide, a diterpenoid
lactone isolated from the plant Andrographis paniculate, has
shown versatile potency against various diseases including cancer
[18, 19]. Mechanistic studies suggested that andrographolide
exerts anti-tumor effects by inactivating cellular signaling
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pathways related to proliferation and inducing cell cycle arrest
[20, 21]. In addition to its direct anti-cancer potential, androgra-
pholide also exerts synergistic inhibitory effects combined with
chemotherapy drugs including 5-fluorouracil and cisplatin [15, 22].
Although andrographolide was reported to induce apoptosis of
glioma cells in vitro [20, 23], whether it can be used to sensitize
glioma to TMZ-based therapy remains to be explored. In this
study, our findings suggested that andrographolide enhance anti-
tumor activity of TMZ against glioma by inhibiting DKK1
expression.

METHODS

Reagents and antibodies

Temozolomide (T2577), andrographolide (365645) and AG1478 (T4182)
were purchased from Sigma-Aldrich (Darmstadt, Germany). Rabbit mono-
clonal anti-DKK1 antibody (ab109416) and rabbit monoclonal anti-EGFR
antibody (ab32077) were obtained from Abcam (Cambridge, MA, USA).
Rabbit monoclonal anti-phospho-AKT (Ser 473) (#4060), rabbit monoclonal
anti-Akt (#4685), rabbit monoclonal anti-p44/42 MAPK (#4695), and rabbit
monoclonal anti-p-p42/44 MAPK (Thr202/Tyr204) (#4370) were purchased
from Cell Signaling Technology (Danvers, MA, USA).

Cell lines and cell culture

Human glioma cell lines (U87, U251, U-118MG and A172 cells) and mouse
glioma 261 (GI261) cells were obtained from Cell Bank of the Chinese
Academy of Science (Shanghai, China). Cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco, Carlsbad, CA) containing 10% fetal
bovine serum (Gibco), penicillin (100 units/mL) and streptomycin (100
units/mL) at 37°C in humidified incubator containing 5% CO,.

Plasmid construction and lentivirus production

The lentivirus vectors expressing DKK1 were constructed by inserting the
DKK1 ¢DNA into pCDH-CMV-MCS-EF1-CopGFP-T2A-Puro. To construct the
lentivirus vectors harboring DKK1 shRNA, an oligo DNA fragment
containing DKK1 shRNA were cloned into hU6-MCS-CBh-gcGFP-IRES-
puromycin. The lentivirus particles were constructed by transfecting 293
T cells with envelope plasmid pMD2.G and packaging plasmid psPAX2. The
lentivirus productions were collected and filtered using 0.45 pm filters at
24 h and 48 h after transfection, Next, the lentivirus productions were used
to treat cells in culture. After 48 h of transfection, the cells were selected in
the presence of 1.5 pg/ml puromycin (Sigma, St. Louis, USA). For short-term
overexpression of EGFR, the plasmids pEGFP-N1-EGFR(EGFR-OE) and vector
were transfected into glioma cells using Lipofectamine 2000 DNA
Transfection Reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instruction.

Cell viability assay

Cell viability was determined by 3-(4, 5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT) assay. Glioma cells (1000 per well) were
seeded in 96-well plates. Cell viability was measured at0d,1d,2d,3d,4d
and 5 d after plating. 10 yL of MTT solution (5 mg/mL) was added to each
well and the plates were maintained at 37°C for another 4 h. The formed
formazan crystals in each well were dissolved in 100 uL DMSO. The
absorbance values were measured at 570 nm using a microplate reader
(Thermo Scientific, Rockford, IL), quantification was assessed based on the
optical density values.

Real-time PCR

Total RNA from glioma cells was extracted using TRIzol reagent (Invitrogen,
CA, USA). Complementary DNA was synthesized using the Takara
PrimeScript TM RT Master Mix Kit (Takara, Tokyo, Japan) according to the
manufacturer’s instructions. Real-time PCR was performed using 2x SYBR
Green PCR Master Mix (Promega) on an ABI 7500 sequence detection
system (Applied Biosystems). The reaction conditions were as follows:
95 °C, predenaturation for 5 min, 15 s at 95°C, and 1 min at 60°C for a total
of 40 cycles. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an internal control. The relative expression level of the genes was
calculated by the 2"**“* method. Specific primers for human glioma cells
were as follows: DKK1, 5/- CCA CTT TGA TCT CAC GCGTC-3’ (Forward) and
5'- AGA GAG GGA GGC GAG AGACT-3' (Reverse); GAPDH, 5'-GAC ACC CAC
TCC TCC ACC TTT-3' (Forward) and 5’-TTG CTG TAG CCA AAT TCG TTGT-3’

(Reverse); EGFR, 5-GTG AAA AAC CCC ACC GTTC-3/ (Forward) and 5’- TCT
GAA GGG GAG CAA CCT TA-3' (Reverse). Specific primers for mouse were
as follows: DKK1, 5’- TCC CAG AAG AAC CAC ACT GAC TTC-3/ (Forward) and
5'- TCT TGG ACC AGA AGT CTC TTG CAC-3’ (Reverse); GAPDH, 5’- ACC CAG
AAG ACT GTG GAT GG-3’ (Forward) and 5’- CAC ATT GGG GGT AGG AAC
AC-3’ (Reverse).

Protein extraction and Western blot analysis

The total proteins were extracted from cancer cells and mouse tumors
using ice-chilled RIPA lysis buffer containing 50 mM tris-HCl (pH 8.0),
150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40, 5 mM
EDTA, 0.25 mM phenylmethylsulphonyl fluoride, and 1% protease inhibitor
cocktail. The concentration of protein was measured using a BCA assay kit
(Pierce, Rockford, IL). Subsequently, a volume of 25~ 50 pg protein was
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel and transferred onto a polyvinylidene difluoride mem-
brane (Millipore, CA, USA). The membranes were blocked for 1 h at room
temperature with 5% skimmed milk or 3% bovine serum albumin
dissolved in Tris-buffered saline with 0.1% Tween 20 (TBST). For the
proteins with obviously different molecular weight, the PVDF membranes
were cut horizontally at each molecular weight location and incubated
with the corresponding primary antibodies at 4 °C overnight. After washed
with TBST, the membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies (1:1000) for 1 h at room temperature. The
blots were visualized with the enhanced chemiluminescence plus reagents
and digitized into film images using a FluorChem E Imager System (Protein
Simple, CA, USA). For the proteins that have very close or overlapping in
molecular weight, stripping was used to remove the primary and
secondary antibodies of the former protein on the membrane, and then
incubated the antibody of the next protein. Quantitation of intensity was
performed from 8-bit linear TIF images by LabWorks software (Bio-
Rad, USA).

Animals and experimental design

C57BL/6 J Nifdc mice (5 weeks old) and BALB/c Nude mice (5 weeks old)
was purchased from Beijing Weitong Lihua Animal Co. All animal
procedures were performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee of Henan University, and
the experimental protocols were approved by the Animal Care and
Ethics Committee of Henan University (No. HUSOM2021-072). All animals
were housed in 12-h light/dark cycles at a temperature of 20° to 24°C
and a relative humidity of 50 = 10%. All animals were allowed 1 week of
acclimatization before the experimental procedures.

To determine whether TMZ could promote DKK1 expression, Luciferase
labeled GL261 cells (3 x 10°/mouse) were injected into the brains of mice.
One week later, the mice were randomly divided into TMZ treatment or
control groups. TMZ treatment group were intraperitoneally administrated
with 25mg/kg once daily for 2 weeks, and the control group were
intraperitoneally administrated with vehicle containing 5% DMSO, 30%
PEG300 and 65% ddH,0. After that, the mice were euthanized by cervical
dislocation. The brains of the mice were removed to examine DKK1
expression.

To determine the role of DKK1 in glioma, DKK1 stably overexpressed or
vector-transfected GL261-luciferased cells (3 x 10°/mouse) were injected
into the brains of mice and allowed to grow 3 weeks. Bioluminescence
imaging was used to quantify tumor burden every week by an IVIS Lumina
Series Ill (PerkinElmer). To determine the role of DKK1 in the process of
TMZ against glioma, luciferase labeled and stably transfected sh-DKK1- or
sh-vector- GL261 cells (3 x 10° cells/mouse) were injected into the brains of
randomly grouped mice. After 1 week growth, temozolomide (25 mg/kg)
or equal vehicle was intraperitoneally administrated into the mice once
daily for 2 weeks. Tumor burden was monitored by luciferase imaging
every week after implantation.

To evaluate the anti-tumor effect of TMZ in combination with
andrographolide, both C57BL/6J Nifdc mice and BALB/c nude mice were
used to establish the orthotopic models of glioma. Luciferase-labeled
GL261 cells (3 x 10° cells/mouse) were implanted into the brains of C57BL/
6J Nifdc mice, and luciferase-labeled U87 cells (2 x 10° cells/mouse) were
implanted into the brains of BALB/c nude mice. After one week
implantation, the mice were treated with vehicle, TMZ (25 mg/kg, i.p,
every day), andrographolide (15mg/kg, i.p, every other day), or the
combination of TMZ and andrographolide for 2 weeks. The survival rate
was recorded and the tumor burden was monitored by luciferase imaging
and magnetic resonance imaging.

British Journal of Cancer



Z.-S. Zhang et al.

Magnetic resonance imaging (MRI) sequence, repetition time/echo time = 2500 ms/35ms, FOV=20N X
We employed a Bruker MRI scanner designed for small animal imaging 20 mm, image sizes = 200 x 200 mm, slice thicknesses=0.5 mm. The
(BioSpec 70/20 USR; Bruker Corporation). After isoflurane anesthesia, the craniocaudal diameter (dcc), the anteroposterior diameter (dap) and the
tumor-bearing mice were fixed in the horizontal position and scanned at largest lateral diameter (dl) were measured by MRI. Diameter-based
different stages of tumor growth. The MRI scan showed coronal T2WI. The measurements were computed to calculate the volume (V). V=1/6
sequence parameter settings for T2W1 were as follows: Turbo-RARE (dcexdapxdlixm).
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Fig.1 Temozolomide promotes DKK1 expression in both glioma cells and glioma model of mice. Effects of temozolomide on DKK1 mRNA
a and protein b expression in U87, U251, U-118MG, A172 and GL261 cells. *p <0.05, **p <0.01, ***p <0.001, one-way ANOVA, n=6
independent experiments per group. ¢ Representative luminescence images of orthotopic GL261-Luc mouse glioblastoma tumor-bearing
C57BL/6 J mice following treatment with vehicle (CTRL) and temozolomide. d Quantified luminescence levels using the Lumina IVIS Il system.
*p < 0.05, Two-way ANOVA, n = 8 mice per group. e H&E staining of whole brain excised on day 21 from GL261-Luc-bearing mice treated with
vehicle and temozolomide. Effects of temozolomide on DKK1 mRNA f and protein g expression in the mice brain tumor tissues from vehicle
and TMZ group. **p < 0.01, two-tailed unpaired t-test, n =8 per group. h Immunohistochemical staining of DKK1 in the brain tumor from
vehicle and TMZ group. *p < 0.05, two-tailed unpaired t-test, n =8 per group.

British Journal of Cancer



Z.-S. Zhang et al.

Immunohistochemistry (IHC)

The brains of mice were fixed in 4% paraformaldehyde and embedded in
paraffin. Then, the tissue specimens were cut into 4 um pieces and placed
on polylysine-coated slides, followed by xylene deparaffinzation and
ethanol gradient rehydration. Histological characteristics were assessed
using hematoxylin and eosin (H&E) staining. For IHC staining, the slides
were incubated with 3% H,0, for 20 min at room temperature to inactivate

the activity of endogenous peroxidase. After boiling in citrate buffer for
antigen retrieval and cooling naturally, the slides were incubated overnight
at 4°C with the following antibodies: Rabbit anti-EGFR antibody (1:200),
rabbit anti-phospho-AKT (1:100), rabbit anti-phospho-ERK (1:200), rabbit
anti-DKK1 (1:200). Subsequently, the slides were incubated with
streptavidin-conjugated HRP antibody for 30 min, and developed with
diaminobenzidine. Two independent pathologists analyzed the expression
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Fig. 2 DKK1 is a sensitizing target for TMZ in glioma. a Western blot analysis of DKK1 expression in U87, U251 and GL261 cells stably
transfected with DKK1 plasmid (DKK1-OE) or the empty vector (Vector). b Effects of DKK1 overexpression on cell viability in U87, U251 and GL261
glioma cells, ***p < 0.001, two-way ANOVA, n = 6 independent experiments per group. ¢ Quantified luminescence levels of orthotopic GL261-Luc
mouse glioblastoma tumor-bearing C57BL/6 J mice collected from vector and DKK1-overexpression (DKK1-OE) groups. *p < 0.05, **p <0.01,
two-way ANOVA, n = 10 mice per group. d The volume changes of the tumors from vector and DKK1-overexpression groups were analyzed by 3D
MRI. *p < 0.05, ***p < 0.001, two-way ANOVA, n = 6 independent experiments per group. e Luminescence images of orthotopic GL261-Luc mouse
glioblastoma tumor-bearing C57BL/6 ) mice collected from the indicated groups. sh-NC: shRNA vector; TMZ: Temozolomide; sh1*-DKK1: 1*

DKK1 shRNA; sh2*-DKK1: 2

DKK1 shRNA. f Quantified luminescence levels of mice using the Lumina IVIS Ill System following the indicated

treatments. *p <0.05, **p < 0.01, two-way ANOVA, n=10 mice per group. g Representative MR images of orthotopic GL261-Luc mouse
glioblastoma tumor-bearing C57BL/6 J mice collected from the indicated groups. h Statistics on the volume changes of the tumors collected from
;he indicated groups. *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA, n =6 mice per group.

of the target protein in a blinded manner, according to the percentage and
intensity of positively stained cells. The percentage of positively stained
cells was scored as follows: 0 (negative), 1 (<1%), 2 (2-10%), 3 (11-30%), 4
(31-70%), and 5 (71-100%). The staining intensity was scored as follows: 0
(negative), 1 (weak), 2 (moderate), and 3 (strong). The final IHC score of
each tissue was generated by multiplying the percentage score with the
staining score.

Brain tissue was detected by HPLC

The mouse brain tissues were rinsed with double steamed water, blotted
dry, weighed, and made into 1.0 g/mL homogenate with double steamed
water. The homogenate of blank group was taken, and 1 mL methanol
solution containing andrographolide reference (1, 2.5, 5, 10, 20, 40 uM) was
added, and shaken. After centrifugation (3000 g/min) for 5 min, 1T mL of the
supernatant was quantitatively aspirated, dried using a vacuum centrifuge
concentrator, and the residue was dissolved with 0.5 mL of methanol
shaking, and after centrifugation (12,000 g/min) for 5 min, the supernatant
was subjected into UPLC-TQD/MS system. The same procedure was carried
out after 1 mL of homogenate from the drug group was taken and 1 mL
methanol was added. The analysis was performed using Waters ACQUITY
UPLC system (Milford, MA) with a Hypersil GOLD™ column (250 x 4.6 mm, 5
pm particle size; Thermo Scientific). The temperature of the column was set
at 30 °C. The samples were separated using acetonitrile (mobile phase A)
and water (mobile phase B) at a flow rate of 1 mL/min. The gradient elution
programs were as follows: 80-75% B at 0-15 min, 75-72% B at 15-30 min.
The injection volume was 10 pL.

Statistical analysis

Statistical analysis was performed using Prism software 7.0 (GraphPad
Software Inc., La Jolla, CA, USA). All data were presented as means + SEM.
The significance of the difference between two groups was evaluated
using an unpaired Student’s t-test, while one-way analysis of variance
(ANOVA) followed by Dunnett multiple comparison test or 2-way ANOVA
followed by Bonferroni post hoc test was used to compare multiple
groups. Kaplan-Meier curve and log-rank test were used to evaluate
survival between different groups. A value of p<0.05 was considered
statistically significant.

RESULTS

Suppression of DKK1 sensitizes glioma cells to temozolomide
To explore whether temozolomide can stimulate DKK1 expression
in glioma, we firstly incubated human glioma cell lines U87, U251,
A172, U-118MG and mouse glioma cell GL261 with 5puM
temozolomide and examined DKK1 expression. The results
showed that temozolomide treatment significantly promoted
DKK1 mRNA and protein expression in the glioma cells (Fig. 1a, b).
To verify these results in vivo, we established a brain glioma
model by injecting luciferase labeled GL261 cells into the brains of
C57BL/6J mice. One week later, the mice were treated with
temozolomide (25 mg/kg) or vehicle for 14 consecutive days.
Results from bioluminescence images and H&E staining of the
brain tissues suggested that TMZ treatment could inhibit tumor
progression (Fig. 1c—e). However, real time PCR analysis suggested
that TMZ treatment significantly promoted the expression of DKK1
mRNA in the brain tumors (Fig. 1f). Through Western blot and
immunohistochemical staining, we also observed an increased
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expression of DKK1 protein in the brain tumors of TMZ-treated
mice (Fig. 1g, h).

To clarify the role of DKK1 in glioma, we established stably
DKK1-overexpressed U87, U251 and GL261 cells and examined
their proliferation capacity. The construction efficiency was
confirmed by western blotting (Fig. 2a). MTT results showed that
DKK1-overexpressed cells have a significantly higher proliferation
capacity compared to the vector group (Fig. 2b). To confirm these
results in vivo, we implanted DKK1-overexpreesed GL261-Luc cells
into the brains of C57BL/6J mice and monitored intracranial
tumor growth by bioluminescence imaging. As the results shown
that the luciferase activity was significantly increased in the mouse
brains of DKK1-overexpressed group (Fig. 2c). Similarly, results
from 3D MRI also suggested that the tumor size of DKKI1-
overexpressed group was larger than that of the vector group
(Fig. 2d). Subsequently, we established an orthotopic model of
glioma using DKK1-knockdown GL261-Luc cells. One week later,
the tumor-bearing mice received 25 mg/kg TMZ once daily for
2 weeks via an intraperitoneal injection. Results from biolumines-
cence imaging and 3D MRI suggested that knockdown of
DKK1 significantly enhances the anti-tumor activity of TMZ
in vivo (Fig. 2e-h), indicating that DKK1 is a sensitizing target
for TMZ in glioma.

EGFR signaling was involved in temozolomide-induced DKK1
upregulation in glioma

Our previous study has demonstrated that the activation of EGFR
promotes DKK1 expression through parallel MEK-ERK and PI3K-Akt
signaling pathways in hepatocellular carcinoma [9]. Therefore, we
speculated that EGFR signaling was involved in TMZ-mediated the
upregulation of DKK1 in glioma. To test our hypothesis, we treated
uU87, U251, A172, U-118MG and GL261 cells with 5uM TMZ and
examined EGFR expression. Western blot analysis suggested that
the protein expression of EGFR level was significantly increased in
the glioma cells incubated with temozolomide (Fig. 3a and
Supplementary Fig. 1a). Subsequently, we examined the effects of
TMZ on PI3K/Akt and MEK/ERK signaling pathways in glioma. As
the results shown, TMZ treatment significantly increased the
phosphorylation level of Akt and ERK in U87, U251 and GL261 cells
(Fig. 3b, ¢ and Supplementary Fig. 1b, c). Consistent with these
in vitro results, TMZ treatment also stimulates EGFR, p-AKT and
p-ERK protein expression in an orthotopic model of mouse glioma
(Fig. 3d).

Furthermore, we reconstituted expression of EGFR in U87,
U251 and GL261 cells and examined DKK1 expression. As the
results shown, overexpression of EGFR dramatically increased
DKK1 mRNA and protein expression in the glioma cells (Fig. 3e, f
and Supplementary Fig. 1d, e). Then, we evaluated the effects of
the EGFR tyrosine kinase inhibitor AG1478, the Akt inhibitor
MK2206, and the MEK inhibitor PD98059 on TMZ-induced
expression of DKK1 in glioma cells. Through gRT-PCR assay, we
found that pretreated U87, U251 and GL261 cells with these
inhibitors for 10 min followed by co-incubation with TMZ for
48 h, the TMZ-induced increase in DKK1T mRNA expression could
be dramatically blocked by all the inhibitors (Fig. 3g and
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Supplementary Fig. 1f). Similarly, Western blot analysis sug-
gested that all the inhibitors can abrogate TMZ-mediated the
up-regulation of DKK1 protein expression in U87, U251 and
GL261 cells (Fig. 3h and Supplementary Fig. 1g). Collectively,
these results suggested that EGFR signaling participated in TMZ-

induced DKK1 expression in glioma.

Andrographolide suppressed DKK1 expression in glioma by
inhibiting PI3K/Akt and MEK/ERK signaling pathways

It has been reported that andrographis could inhibit DKK1
expression and enhance the anti-tumor activity of 5-fluorouracil
in colorectal cancer [15]. Therefore, we asked whether andro-
grapholide, the major active ingredient of andrographis, could

British Journal of Cancer
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Fig. 3 EGFR-mediated MEK-ERK and PI3K-Akt pathways are involved in TMZ-induced DKK1 expression in glioma. a Effects of
temozolomide on EGFR protein expression in U87, U251, U-118MG, and A172 cells. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA, n=6
independent experiments per group. Western blot analysis of p-AKT b and p-ERK ¢ expression in U87 and U251 cells incubated with
temozolomide (5 pM). *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA, n = 6 independent experiments per group. d Immunohistochemical
staining of EGFR, p-AKT and p-ERK in the mice brain tumor from vehicle and temozolomide treatment group. *p < 0.05, **p < 0.01, two-tailed
unpaired t-test, n = 8 per group. Effects of EGFR overexpression on DKK1 mRNA e and protein f expression in U87 and U251 cells. *p < 0.05,
**p <0.01, ***p < 0.001, one-way ANOVA, n =5 independent experiments per group. Effects of pretreatment with 10 pM AG1478 (an EGFR
inhibitor), 5 M MK2206 (an AKT inhibitor) or 20 uM PD98059 (an MEK inhibitor) on temozolomide-induced DKK1 mRNA g and protein

h expression in U87 and U251 cells. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA, n =5 independent experiments per group.
<

suppress DKK1 expression in glioma. As expected, incubated U87,
U251 and GL261 cells with 50 uM andrographolide significantly
attenuated DKK1 mRNA and protein expression (Fig. 4a—f). Given
that the activation EGFR play a critical role in regulating DKK1
expression at transcriptional level, we then assessed the effects of
andrographolide on EGFR expression in glioma cells. However, our
results revealed that andrographolide could not affect p-EGFR as
well as EGFR total protein expression in glioma cells (Fig. 4g-i).

Subsequently, we examined the effects of andrographlide on
PI3K/Akt and MEK/ERK signaling pathways in glioma. Through
Western blot, we found that andrographlide dramatically reduced
the phosphorylation level of Akt and ERK in U87, U251 and GL261
cells (Fig. 5a-c). Meanwhile, the Akt inhibitor MK2206 and MEK
inhibitor PD98059 was used to incubate U87, U251 and
GL261 cells for 48h. As shown, both MK2206 and
PD98059 suppressed DKK1 mRNA and protein expression in
glioma cells (Fig. 5d, e). These results suggested that andrograph-
lide inhibited DKK1 expression through inactivating the MEK-ERK
and PI3K-Akt pathways in glioma.

Andrographolide enhances the anti-tumor activity of TMZ by
inhibiting DKK1 expression in glioma

To investigate whether andrographolide could inhibit TMZ-
mediated the up-regulation of DKK1 expression, we first treated
U87 and U251 cells with 50 uM andrographolide for 10 min
followed by co-incubation 5puM TMZ for 48 h. As expected,
andrographolide dramatically attenuated DKK1 mRNA and protein
expression in glioma cells treated with TMZ (Supplementary
Fig. 2a, b).

It has been reported that andrographolide can cross the blood
brain barrier and concentrate in the brain [24]. To further confirm
it, we first established an orthotopic model of glioma by
inoculating GL261-Luc cells into the brains of mice. One week
later, andrographolide 15 mg/kg was injected intraperitoneally,
and the brain tissue was removed 2 h later, and the presence of
andrographolide was detected by HPLC experiments (Supple-
mentary Fig. 3a, b). This result indicated that andrographolide
could cross the blood-brain barrier and enter the brain tissue.

Subsequently, we asked whether andrographolide enhanced
the efficacy of TMZ against glioma in vivo. Then an orthotopic
model of glioma was established. One week later, the tumor-
bearing mice were intraperitoneally administrated with andro-
grapholide or/and TMZ for 2 weeks. Results from bioluminescence
imaging showed that tumor growth in the andrographolide
combined with TMZ group was dramatically decreased compared
to single agent treatment and control (Fig. 6a, b). Kaplan-Meier
Plotter assay revealed that the combined therapy of TMZ and
andrographolide also prolonged mice survival compared to single
agent treatment (Fig. 6c).

Furthermore, we established an orthotopic model of glioma by
inoculating U87-Luc cells into the brains of BALB/c Nude mice. As
expected, results from bioluminescence imaging suggested that
andrographolide exhibits the potential to augment the antineo-
plastic efficacy of TMZ in glioma (Fig. 6d, e). In addition, magnetic
resonance images (MRI) were collected on the 7th, 14th and 21st
postoperative days, and the results showed that tumor volume in
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the andrographolide combined with TMZ group was dramatically
decreased compared to single agent treatment and control group
(Fig. 6f, g). Also, we performed qRT-PCR and Western blotting to
examine DKK1 mRNA and protein expression in the brain tumor
tissues of the treatment groups and the control group. Consistent
with the results of in vitro, andrographolide significantly
abrogated TMZ-induced the upregulation of DKK1 mRNA and
protein expression in the tumor tissues (Supplementary Fig. 4a, b).
IHC analysis further confirmed that andrographolide alleviated
TMZ-mediated the up-regulation of DKK1 protein expression
(Supplementary Fig. 4c). Taken together, these results indicated
that andrographolide can enhance the anti-tumor activity of TMZ
against glioma through suppressing DKK1 expression.

DISCUSSION

TMZ is a DNA-alkylating agent, which causes nucleotide mismatch
during DNA replication by alkylating the 06 and N7 sites of
guanine and N3 position of adenine, thereby exerting its anti-
tumor effects [25]. Since the excellent blood-brain barrier (BBB)
permeability, TMZ was approved by the US Food and Drug
Administration for treating malignant glioma in 2005 [26].
However, large-scale clinical studies have suggested that the
clinical benefit of TMZ chemotherapy in glioma patients was very
limited, with prolonging the over survival of patients by
2-4 months [27]. Accumulating evidence revealed that hyper-
activation of DNA repair pathways, increased efflux of drugs,
augmentation of survival autophagy can affect the efficacy of TMZ
[28, 29]. In the present study, we first identified that TMZ can
promotes DKK1 expression and knockdown of DKK1 sensitizes
glioma cells to temozolomide. These findings provide novel
insights into TMZ resistance and suggest that DKK1 represents a
novel potential target for the treatment of glioma.

DKK1 was originally found to be expressed in the head
organizer where it acts as a potent Wnt antagonist to enable
the development of the embryonic brain and other organ
structures [5, 30]. Given that aberrantly activated Wnt/B-catenin
signaling participate in the development and maintenance of
glioma, DKK1 was thought to inhibit tumorigenesis of gliomas by
blocking the Wnt signaling [31, 32]. Contrast with these reports,
our results suggested that overexpression of DKK1 dramatically
enhanced tumorigenicity of glioma, indicating that DKK1 func-
tions as a tumor oncogene in glioma. In support of our results,
Zhou et al. found that the concentrations of DKK1 in cerebral fluid
were significantly higher in glioma patients than in healthy
population group or in neuronal benign tumor patients, and the
levels of DKK1 protein in tumor tissues were positively correlated
glioma grades [33].

DKK1 has been reported to mediate tumor progression by
binding to cytoskeleton-associated protein 4 (CKAP4) and subse-
quent Akt activation [10]. Also, CKAP4 is highly upregulated in
glioma and facilitate malignant progression of gliomas via
inhibiting Hippo signaling [34]. Therefore, we supposed that DKK1
promotes tumor growth through interacting with CKAP4 in glioma.
In addition, because DKK1 can decrease CD8" tumor-infiltrating
lymphocytes and promotes the evasion of NK cell-mediated
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clearance [35], it raises the possibility that DKK1 contributes to
tumor progression through suppressing T cell responses in glioma.
Of course, the hypothesis needs to be demonstrated in our
further study.

EGFR is a transmembrane tyrosine kinase receptor, whose
amplification is frequently observed in the lung, breast, colorectal,
and liver cancers [36, 37]. EGFR exerting its tumor-promoting
effects through the activation of PI3K/Akt, MEK/ERK, and JAK2/

STAT signaling pathways [38]. In glioma, EGFR amplification is not
only an important biomarker but also contributes to tumorigen-
esis and progression [39, 40]. Not only that, our study suggested
that EGFR amplification and its downstream PI3K/Akt, MEK/ERK
signaling pathways contributed to TMZ-induced DKK1 expression
in glioma, resulting in a decreased anti-tumor activity of TMZ. In
support of our results, studies from several laboratories also found
that TMZ treatment could induce EGFR expression in glioma
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Fig. 5 Andrographolide alleviates DKK1 expression through inhibiting MEK-ERK and PI3K-Akt pathways in glioma cells. Western blot
analysis of p-AKT, AKT, p-ERK and ERK protein expression in U87 a, U251 b and GL261 ¢ cells incubated with andrographolide. *p < 0.05,
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[41, 42]. Unfortunately, it was reported that the combination of
small-molecule tyrosine kinase inhibitors (TKIs) with TMZ has not
achieved therapeutic benefit in the treatment of glioma [43]. The
possibility is that compensatory activation of other RTKs and an
intact blood-brain barrier contributes to anti-EGFR therapy failure.
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Based on the reasons, several strategies targeting EGFR have been
developed to enhance the TMZ therapy effects. For example,
Meng et al. developed a nanoinhibitor, BIP-MPC-NP, which can
easily cross the BBB and restrain temozolomide-resistant glioma
by attenuating EGFR and MET signaling [44]. Danhier et al.
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Fig. 6 Andrographolide enhances the antitumor effect of temozolomide by inhibiting DKK1 in an orthotopic model of glioma.
a Representative luminescence images of orthotopic GL261-Luc mouse glioblastoma tumor-bearing C57BL/6 J mice following treatment with
vehicle (CTRL), temozolomide (TMZ), temozolomide combined with andrographolide (TMZ + AND), and andrographolide (AND). b Quantified
luminescence levels of mice using the Lumina IVIS Il System following the indicated treatments. *p < 0.05, two-way ANOVA, n = 8 mice per
group. ¢ Kaplan-Meier survival curve of mice in indicated groups. d Representative luminescence images of orthotopic U87-Luc mouse
glioblastoma tumor-bearing BALB/c Nude mice following treatment with vehicle (CTRL), temozolomide (TMZ), temozolomide combined with
andrographolide (TMZ + AND), and andrographolide (AND). e Quantified luminescence levels of mice using the Lumina IVIS Il System
following the indicated treatments. *p < 0.05, two-way ANOVA, n = 8 mice per group. f Representative MR images of mouse head from vehicle
(CTRL), temozolomide (TMZ), temozolomide combined with andrographolide (TMZ + AND), and andrographolide (AND) groups at selected
times. g Statistics on the volume changes of the tumors collected from the indicated groups at different time points. *p < 0.05, **p < 0.01,

:**p <0.001, two-way ANOVA, n =6 mice per group.

demonstrated that the combination of anti-Galectin-1 and anti-
EGFR siRNA-loaded chitosan-lipid nanocapsules decrease temo-
zolomide resistance in glioblastoma [45]. Collectively, these
studies provide insights into developing new strategies capable
of potentially overcoming TMZ-resistance for the treatment of
glioma patients.

Over the past years, several studies have shown that
andrographolide could inhibit the proliferation and migration of
human glioblastoma cells in vitro [20, 23]. Since andrographolide
can cross the blood brain barrier and concentrate in the brain [24],
it raises the possibility that andrographolide can be used as a
potential chemotherapy drug for the treatment of glioma. Indeed,
our results indicated that andrographlide could suppress TMZ-
induced DKK1 overexpression accompanied with the enhanced
anti-tumor effects in glioma. As mentioned above, TMZ promotes
DKK1 expression through the EGFR signaling in glioma. However,
our findings suggested that andrographlide did not affect EGFR
expression but inhibited the downstream MEK/ERK and PI3K/Akt
signaling pathways, leading to decreased DKK1 expression. In line
with our results, Li et al. found that andrographolide inhibits the
proliferation of human glioblastoma cells by reducing the activity
of PI3K/Akt signaling [20].

Notably, multiphoton intravital imaging has achieved great
progress in detecting some compounds crossing the intact blood-
brain barrier [46]. However, we cannot detect andrographolide
distribution in the brain tissue by fluorescence imaging owing to the
lack of fluorescent groups in andrographolide. Although we observed
that andrographolide can be detected by HPLC in the brain tissue of
tumor-bearing mice after 2 h injection intraperitoneally, current data
do not allow determination of whether andrographolide is in the
cerebral vasculature or crosses the blood-brain barrier into the brain
parenchyma, this is a limitation of our study.

In conclusion, TMZ promotes DKK1 expression at the transcrip-
tional level through the activation of EGFR and its downstream
MEK-ERK and PI3K-Akt signaling, conferring glioma cell resistance
to TMZ; inhibition of DKK1 expression by andrographolide
dramatically increases the sensitivity to TMZ treatment in murine
glioma models. Our study provides the first evidence that
andrographolide may be used as a potential adjunct to routine
chemotherapy for glioma.
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