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Abstract

Colorectal cancer (CRC) ranks as the third leading cause of cancer-related deaths in the USA. 5-Fluorouracil (5FU)-based 
chemotherapeutic drug remains a mainstay of CRC treatment. Unfortunately, ~50–60% of patients eventually develop 
resistance to 5FU, leading to poor survival outcomes. Our previous work revealed that andrographis enhanced 5FU-induced 
anti-cancer activity, but the underlying mechanistic understanding largely remains unclear. In this study, we first 
established 5FU-resistant (5FUR) CRC cells and observed that combined treatment with andrographis-5FU in 5FUR cells 
exhibited superior effect on cell viability, proliferation, and colony formation capacity compared with individual treatments 
(P < 0.001). To identify key genes and pathways responsible for 5FU resistance, we analyzed genome-wide transcriptomic 
profiling data from CRC patients who either responded or did not respond to 5FU. Among a panel of differentially expressed 
genes, Dickkopf-1 (DKK1) overexpression was a critical event for 5FU resistance. Moreover, andrographis significantly 
downregulated 5FU-induced DKK1 overexpression, accompanied with enhanced anti-tumor effects by abrogating 
downstream Akt-phosphorylation. In line with in vitro findings, andrographis enhanced 5FU-induced anti-cancer activity in 
mice xenografts and patient-derived tumoroids (P < 0.01). In conclusion, our data provide novel evidence for andrographis-
mediated reversal of 5FU resistance, highlighting its potential role as an adjunct to conventional chemotherapy in CRC.

Introduction
Colorectal cancer (CRC) ranks as the third leading cause of 
cancer-related deaths in both men and women in the USA (1). 
Even with advances in the screening and therapeutic strategies 
for the management of CRC in recent years, it is still estimated 
that 147 950 new cases and 53 200 deaths occurred from this ma-
lignancy in 2020 (2). Metastasis of cancer cells that lead to spread 
of cancer cells to surrounding tissues and distant organs is one 
of the leading causes for increased morbidity and mortality in 
patients with advanced-stage CRC (3). Chemotherapy remains 
the most common therapeutic approach for treating patients 

with advanced CRC. Currently the first-line chemotherapeutic 
strategy for CRC involves the use of FOLFOX/FOLFIRI regimen, 
which comprises 5-fluorouracil (5FU) plus oxaliplatin/irinotecan; 
unfortunately however, ~50–60% of patients treated with these 
drugs eventually develop acquired chemoresistance and be-
come insensitive to 5FU-based chemotherapeutic drugs (4,5). 
Therefore, it is imperative to better understand the mechanisms 
underlying acquired chemoresistance in CRC and develop ef-
fective strategies to overcome the chemoresistance for patients 
who do not respond well.
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Natural products and their derived phytochemical com-
pounds exert their pharmacological roles through multitarget 
manners and multiple growth-regulatory pathways, thereby 
inhibiting the growth of many types of cancer cells (6–17). 
Numerous studies have confirmed that various natural com-
pounds can also exert synergistic inhibitory effects combined 
with conventional chemotherapy by overcoming 5FU resist-
ance (14,17–27). In particular, andrographolide, a diterpenoid 
lactone isolated from the leaves of Andrographis paniculata, 
has shown great promise as an anti-cancer compound against 
various types of cancers (28,29). Recent studies have reported 
that andrographis exerts its anti-cancer activity through the 
activation of proapoptotic signaling, cell cycle arrest, as well as 
inhibition of cellular pathways related to proliferation (30–32). 
In addition to its direct anti-cancer potential, evidence indi-
cates that andrographis also functions as an adjunct to classical 
chemotherapeutic drugs such as 5FU, by inducing expression of 
the BAX gene (15), regulating p38 MAPK signaling pathway (33), 
and inhibiting c-MET signaling cascade (34).

In one of the previous studies from our group, we also re-
ported an enhanced pro-apoptotic effect of andrographis with 
5FU. In a more recent subsequent systematic analysis of genome-
wide transcriptomic profiling analysis in CRC cells treated 
with andrographis and 5FU has revealed that Wnt/β-catenin 
signaling pathway is significantly involved for mediating anti-
cancer activity of andrographis in CRC (20). However, the specific 
events underlying regulated Wnt/β-catenin pathway in the pro-
gression of such enhanced anti-cancer efficacy of andrographis 
with 5FU in cancer remain largely unclear. In this study, after a 
series of cell culture, animal model and tumor-derived organoid 
experiments, we have revealed that upregulation of Dickkopf-1 
(DKK1) is a major event of 5FU resistance in CRC, and combined 
treatment of andrographis can conquer this problem. Taken to-
gether, we have identified the one of the underlying mechan-
isms for andrographis-mediated reversal of 5FU resistance and 
highlighted the ability of this compound to serve as a potential 
adjunct to conventional chemotherapy for CRC.

Materials and methods

Cell culture and materials
The human CRC cell lines, HCT116 and SW480, were obtained from the 
American Type Culture Collection (ATCC, Manassas, VA). Cells were main-
tained in the complete medium containing DMEM (Gibco, Carlsbad, CA) 
supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/
streptomycin (Gibco) at 37°C in 5% CO2. All cell lines were tested for myco-
plasma on a regular basis and authenticated by a panel of genetic and 
epigenetic markers. 5FU (Sigma–Aldrich, St. Louis, MO) and andrographis 
(standardized to 20% andrographolide content; Andrographis EP80 was 
generously provided by EuroPharma USA, Green Bay, WI) were dissolved in 
dimethyl sulfoxide (DMSO) (Sigma–Aldrich) and diluted to appropriate ex-
perimental concentrations in complete medium before use. 5FU-resistant 

(5FUR) cell lines (HCT116 5FUR and SW480 5FUR) were established by con-
tinuous culturing of cells with increasing dose of 5FU for 9  months, as 
described in previous study (25).

Patient-derived CRC organoid culture
Human primary CRC tissues were obtained from patients with CRC at 
the Baylor University Medical Center, Dallas, TX. All experiments were 
approved by the institutional review board of the institution. Written 
informed consents from all patients were obtained in accordance with 
Declaration of Helsinki.

The colorectal segments were incubated in Gentle Cell Dissociation 
Reagent (STEMCELL Technologies, Vancouver, BC, Canada), centrifuged 
(290 × g, 4°C, 5 min), and resuspended in DMEM/F-12 with 15 mM HEPES 
(STEMCELL Technologies, Vancouver, BC, Canada) to obtain the colorectal 
crypts. Dissociated crypts were filtered with 70  µm strainers, counted, 
and cultured in 50 µl 3D matrix composed of IntestiCult Organoid Growth 
Medium (STEMCELL Technologies, Vancouver, BC, Canada) and Matrigel 
(Corning, Tehama County, CA) in 1:1 ratio, in a 24-well plate at 37°C, 5% 
CO2. Seven hundred and fifty microliters of IntestiCult Organoid Growth 
Medium each well was added to 24-well plate to immerse the matrix and 
refreshed every 3 days.

For treatments, organoids were randomly assigned into four groups, 
and appropriate concentrations of 5FU (10  µM), andrographis (30  ng/µl) 
and their combination were added to the culture medium of each group 
and then cultured for 10 days. The control cells were treated with very 
low concentration of DMSO, which was equivalent to the vehicle to dis-
solve 5FU. The organoids were observed and counted under a bright-field 
microscope and harvested by Gentle Cell Dissociation Reagent, followed 
by ice-cold phosphate-buffered saline (PBS) washes (290 × g, 4°C, 5 min). 
Harvested organoids were aliquoted for total RNA and protein extractions.

Xenograft animal experiments
For xenograft mice experiments, HCT116 5FUR cells (5  × 106 cells) were 
subcutaneously injected into 7-week-old male athymic nude mice 
(Envigo, Houston, TX) using a 27-gauge needle. After xenografts were 
visible, mice were randomly assigned into four groups: 5FU (30  mg/kg 
body weight), andrographis (125 mg/kg body weight), their combination 
and control group (equal amount of DMSO), n = 10 per group, and were 
given intraperitoneally dose of each compound every other day for up to 
15 days. The tumor volume was calculated as 0.5 × length × width × width. 
All mice experiments were performed according to the Guide for the Care 
and Use of Laboratory Animals published by the National Institute of 
Health (Bethesda, MD).

Cell Counting Kit-8 assay
For Cell Counting Kit-8 (CCK-8) assay, CCK-8 kit (Dojindo, Kumamoto, 
Japan) was used to measure cell viability according to the instructions as 
follows: Cells were seeded in 96-well plates at a density of 3 × 103 cells/
well in 100  µl of complete medium and grown for 24  h. Thereafter, the 
cells were treated with the appropriate concentration of 5FU (10  µM), 
andrographis (30 ng/µl) and their combination for 48 h. At the indicated 
time points, 10 µl CCK-8 solution was added into every well and incubated 
for 2 h. Subsequently the absorbance was measured at a wavelength of 
450 nm (OD450) using a microplate reader (Molecular Devices). The experi-
ments were performed in triplicate, and each experiment was repeated 
three times.

5-Ethynyl-20-deoxyuridine incorporation assay
For 5-ethynyl-20-deoxyuridine (EdU) incorporation assay, EdU Kit 
(Invitrogen, Carlsbad, CA) was used to examine cell proliferation following 
various treatments. Cells were seeded into 96-well plates (3  × 103 cells/
well) and grown for 24 h and thereafter treated with appropriate concen-
trations of 5FU (10 µM), andrographis (30 ng/µl) and their combination for 
48  h. Thereafter, the cells were incubated in complete medium supple-
mented with 10 µM EdU for 2 h at 37°C, washed using PBS three times, 
followed by fixation with 4% formaldehyde solution (Sigma–Aldrich) for 
30 min and permeabilization by incubating them with 0.5 % Triton X-100 
(Sigma–Aldrich) in PBS for 10 min. Cells were stained with Hoechst33342 
reaction buffer for 10 min protected from light, followed by washings with 
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DKK1	 Dickkopf-1
DMSO	 dimethyl sulfoxide
EdU	 5-ethynyl-20-deoxyuridine
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PBS three times. After the staining, the cells were observed and counted 
microscopically using a 10× objective (Carl Zeiss, Dublin, CA). The experi-
ments were performed in triplicate and each experiment was repeated 
three times.

Colony formation assay
For colony formation assay, cells were seeded into six-well plates (800 
cells/well) and maintained in complete medium for 1 week. Thereafter, 
the cells were treated with appropriate concentration of 5FU (10  µM), 
andrographis (30  ng/µl) and their combination for 1 week, and the me-
dium was refreshed every 3 days. The colonies were fixed with methanol 
and stained with 0.1% crystal violet (ACROS Organics, Gujarat, India), and 
then the numbers of stained colonies were determined by counting. The 
experiments were performed in triplicate and repeated three times.

Western blotting and antibodies
CRC cells, dissociated organoids and minced xenograft fragments (~1 mm3 
in size) were lysed with RIPA Lysis and Extraction Buffer (ThermoFisher 
Scientific, Waltham, MA) supplied with protease inhibitor cocktail 
(ThermoFisher Scientific, Waltham, MA) on ice for 30 min. After centrifu-
gation (12 000 × g, 4°C, 15 min), protein samples were boiled in Laemmli’s 
buffer (Bio-Rad, Hercules, CA) containing β-mercaptoethanol (Bio-Rad). 
Protein samples were separated by sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis, transferred to 0.45 µm polyvinylidene fluoride 
membranes (Cytiva, Marlborough, MA), followed by blocking in 5% bovine 
serum albumin (Sigma–Aldrich) and 1% Tween-20 (Sigma–Aldrich) in PBS 
for 1  h. Membranes were thereafter incubated with primary antibodies 
overnight at 4°C, which are listed as follows: anti-β-actin (#A2228, Sigma–
Aldrich), anti-DKK1 (#ab109416, Abcam), anti-PARP (#sc-7150, Santa Cruz), 
anti-cleaved PARP (#5625, CST), anti-cleaved caspase-3 (#9661, CST), anti-
caspase-3 (#9662, CST), anti-phospho-Akt (Ser473) (#4060, CST) and anti-
Akt (#4691, CST). After washed by PBS with 1% Tween-20 three times, 
membranes were incubated with horseradish peroxidase conjugated 
secondary antibodies (#7074 or #7076, CST). The signals were detected by 
Gel Imaging Systems (Bio-Rad) using HRP-based chemiluminescence kit 
(ThermoFisher Scientific, Waltham, MA).

Real-time qPCR analysis and primers
Total RNA was extracted from CRC cells, dissociated organoids and minced 
xenograft fragments (~1 mm3 in size) by TRIzol (Invitrogen, Carlsbad, CA) 
and then reverse transcribed into cDNA by High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Foster City, CA). Real-time PCR ana-
lyses were performed by SensiFAS SYBR Lo-ROX Kit (Bioline, London, UK). 
The expression for DKK1 was analyzed by the 2−ΔΔCT method normalized 
against housekeeping β-actin gene. The specific primers used are as fol-
lows: DKK1: forward, 5′-ATAGCACCTTGGATGGGTATTCC-3′ and reverse, 
5′-CTGATGACCGGAGACAAACAG-3′; β-actin: forward, 5′-CACCATTGGCAA
TGAGCGGTTC-3′ and reverse, 5′-AGGTCTTTGCGGATGTCCACGT-3′.

Gene expression profiling using microarray
Total RNA was isolated from 2  × 106 HCT116 5FUR and SW480 5FUR 
cells treated by DMSO or andrographis 48 h using miRNeasy kit (Qiagen, 
Hilden, Germany). Gene expression microarray profiling was performed at 
the Genomics and Microarray Core at University of Texas Southwestern 
Medical Center. High-quality RNA (integrity number values > 9.5) were 
used for gene expression profiling studies by high-densitiy oligonucleo-
tide arrays (Clariom S, Affymetrix, Santa Clara, CA). The raw data were 
preprocessed using robust multiarray average method by Transcriptome 
Analysis Console (TAC) software. Differential expression genes were 
selected using a threshold of P < 0.05 and |log2 fold changes| > 1.

Small interfering RNA transfection
To silence DKK1 expression, double-stranded small interfering RNA 
(siRNA) specific against DKK1 (Invitrogen, Carlsbad, CA) were transfected 
into HCT116 5FUR and SW480 5FUR cell lines by Lipofectamine RNAiMAX 
Transfection Reagent (Invitrogen) according to their manufacturer’s in-
structions. Silence Select Negative Control #1 siRNA (Invitrogen) was used 
as a negative control. After transfection for 72 h, transfected cells were 
subsequently detached and frozen for RNA extraction and protein extrac-
tion or were re-plated for CCK-8 assay.

Statistical analysis
The statistical analyses were performed using GraphPad Prism 8.0 
(GraphPad Software, Inc., La Jolla, CA). Microarray data and comparison of 
two groups of data were analyzed by Student t-test to examine the differ-
ences, and multiple comparisons were analyzed by one-way ANOVA test. 
All results are expressed as the means ± standard deviation of three inde-
pendent experiments and P < 0.05 was regarded as statistically significant.

Results

Establishment of 5FU-resistant CRC cells and 
toxicity characterization

To obtain HCT116 5FUR and SW480 5FUR cell lines, parental 
HCT116 and SW480 cells were treated by continuously increasing 
the concentration of 5FU in the culture medium for 9 months 
(Figure 1A). A number of differences between 5FUR cells and par-
ental cells can be observed. Morphologically, HCT116 and SW480 
parental cells were more epithelial cell-like, while both 5FUR cell 
lines had a spindle shape resembling that of their mesenchymal 
origin (Figure 1B). Second, to confirm 5FU-resistant properties, 
the proliferation rates between 5FUR and their parental cell lines 
were compared by treating these cells with increasing doses of 
5FU. As expected, the 50% inhibitory concentration (IC50) of 5FU 
in 5FUR cell lines was much higher than their parental counter-
parts: The IC50 value of HCT116 was calculated to be 15.70 µM, 
while that of HCT116 5FUR was 51.85 µM. The IC50 value of SW480 
was calculated to be 15.22 µM, while that of SW480 5FUR was 
39.25 µM, at 48 h, respectively (Figure 1C). These data confirmed 
successful establishment of 5FU-resistant cells lines (HCT116 
5FUR and SW480 5FUR) for subsequent experiments.

Andrographis exerts anti-proliferative effects in 
5FUR CRC cells

Our previous study demonstrated that andrographis sensitized 
the cytotoxicity of 5FU to 5FUR cells by enhancing apoptosis 
(20). To further evaluate whether andrographis can enhance 
5FU-induced growth inhibition, we observed the differences in 
cellular growth in cells treated with andrographis and 5FU alone, 
and their combination in HCT116 5FUR and SW480 5FUR cells. 
Cell viability of both 5FUR cell lines were measured by CCK-8 
assay after treatment with andrographis and 5FU alone, and in 
combination. The results showed that 5FU treatment did not 
significantly affect cell viability of both 5FUR cell lines, whereas 
andrographis could reverse 5FU resistance, and the combination 
treatment of 5FU and andrographis was significantly more ef-
fective in inhibiting cell viability (P < 0.01–0.001; Figure 2A). Next, 
we investigated the combinational effects of andrographis and 
5FU on cell proliferation with an EdU assay. The percentage 
of EdU-positive cells was significantly lower in cells that were 
treated with a combination of andrographis and 5FU (P < 0.001; 
Figure 2B). In addition, we also found that combined treatment 
with andrographis and 5FU resulted in a significantly reduced 
colony formation capacity (P < 0.001; Figure 2C) compared with 
those of treatments alone. Collectively, these results indicated 
that andrographis could significantly improve the anti-cancer 
potency of 5FU and even reverse 5FU resistance in CRC cells.

DKK1 expression correlates with 5FU resistance in 
primary CRC cancers and CRC cell lines

In order to identify the specific regulatory roles of Wnt/β-
catenin signaling pathway in 5FU-based chemotherapeutic 
resistance in patients with advanced CRC, the gene expres-
sion profiling data set (GSE52735) was downloaded from the 
Gene Expression Omnibus database. This data set included 
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transcriptomic profiling from 14 nonresponder and 23 re-
sponder patients with advanced-stage CRC treated with 
5FU-based chemotherapy (5FU and capecitabine, an oral pro-
drug of 5FU). Based on the gene set of Wnt/β-catenin signaling 
pathway obtained from Gene Set Enrichment Analysis 
(https://www.gsea-msigdb.org/gsea/msigdb/cards/KEGG_
WNT_SIGNALING_PATHWAY), we defined the 151 members 
of Wnt/β-catenin pathway-specific genes and performed dif-
ferential expression analysis in CRC patients that were either 
responders or nonresponders to this chemotherapeutic drug 
regimen. Among these genes along the Wnt-signaling cas-
cade, we noted a panel of 20 genes that were differentially ex-
pressed between the two groups (Figure 3A). However, a more 
systematic evaluation of each of these genes revealed that the 
expression of DKK1 was significantly up-regulated in patients 
that did not respond to 5FU-based therapy (P < 0.05; Figure 3B). 
For in vitro verification, the mRNA and protein levels of DKK1 
were examined in HCT116 5FUR and SW480 5FUR cells, as well 
as their parental cell lines, which confirmed that DKK1 expres-
sion was indeed significantly elevated in both pairs of 5FUR 
cell lines (P < 0.001; Figure 3C and D).

Next, to elucidate the role of this pathway for its roles in 
andrographis-mediated sensitization of 5FUR cells to 5FU, we 
conducted microarray-based genome-wide transcriptome pro-
filing using HCT116 5FUR and SW480 5FUR cells treated by 
andrographis. Interestingly, we noted that the transcriptional 
expressions of DKK1 in both pairs of 5FUR cells were significantly 
downregulated by the treatment with andrographis versus con-
trols (log2 fold change = −1.8; Figure 3E). Furthermore, validation 
by western blot analysis confirmed the downregulation of DKK1 
at protein level after the andrographis treatment on both 5FUR 
cell lines (Figure 3F), highlighting the important role of Wnt/β-
catenin pathway, but more importantly the role of DKK1 in 
overcoming chemoresistance to 5FU through treatment with 
andrographis.

Silencing DKK1 sensitizes 5FUR cells to 5FU via 
regulating Akt-phosphorylation

Next, in order to evaluate whether the observed overexpression 
of DKK1 in 5FUR cells is functionally relevant for 5FU resistance, 
siRNA-mediated DKK1 silencing was employed in both 5FUR cell 
lines, the HCT116 5FUR and SW480 5FUR cells. The qPCR analysis 

Figure 1.  Establishment and toxicity identification of 5FUR CRC cells. (A) Schematic diagram for the establishment of 5FUR CRC cells. (B) Microscopic images illustrating 

the significant alteration in cellular morphology of HCT116 5FUR and SW480 5FUR cells (200× magnification). (C) Results of CCK-8 assay showing the 5FUR and parental 

cells proliferation rates after exposed to various concentrations of 5FU for 48 h.

https://www.gsea-msigdb.org/gsea/msigdb/cards/KEGG_WNT_SIGNALING_PATHWAY
https://www.gsea-msigdb.org/gsea/msigdb/cards/KEGG_WNT_SIGNALING_PATHWAY
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revealed that the mRNA expression of DKK1 in both 5FUR cell 
lines was downregulated by over 80% compared with those 
transfected with negative control siRNA (Figure 4A). Furthermore, 
western blot analysis confirmed that the protein levels of DKK1 
were also significantly decreased when the 5FUR cell lines were 
transfected with DKK1 siRNA (Figure 4B). Thereafter, the 5FU 
cytotoxicity were assessed using the CCK-8 assay in both 5FUR 
cell lines transfected with DKK1 siRNA or negative control siRNA. 

The results showed that the growth curves of 5FUR cells trans-
fected with negative control siRNA were not affected by 5FU. 
While in the 5FUR cells with DKK1 knockdown, 5FU treatment 
could significantly inhibit the proliferation (P < 0.05–0.01; Figure 
4C), suggesting that silencing of DKK1 attenuated the 5FU resist-
ance in HCT116 5FUR and SW480 5FUR cells.

Recent reports have showed that DKK1-mediated tumor pro-
motion was found to manifest via activation of Akt-mediated 

Figure 2.  Andrographis exerts anti-proliferative effects in 5FUR CRC cells. (A) Results of CCK-8 assay showing the effects of andrographis and 5FU on 5FUR CRC cells 

viability. Complete medium containing 5FU, andrographis and their combination were added at 24 h and the absorbances at 450 nm were measured after culture for 

0, 12, 24, 36, 48, 60 and 72 h. (B) Representative results of the EdU assay (EdU, red; Hoechst, blue) after treatment with andrographis and 5FU alone, and in combination 

in 5FUR CRC cells for 48 h. Quantitative analysis of EdU-positive cells is shown in the right panel. (C) Representative results of colony formation assay in 5FUR CRC 

cells after exposed to andrographis and 5FU alone, and in combination 7 days. Colonies count analysis is shown in the right panel. Statistical significance: **P < 0.01, 

***P < 0.001. Andro, andrographis.



Y.Zhao et al.  |  819

intracellular pathways (35,36). To better understand the 
underlying mechanism of DKK1-mediated 5FU sensitivity 
in 5FUR CRC cells, we examined how DKK1 affected Akt acti-
vation. As shown by western blot analysis, DKK1 knockdown 
by siRNA in 5FUR cells attenuated phosphorylation of Akt at 
Ser473 (Figure 4D). Furthermore, we observed that treatment of 
andrographis alone and in combination with 5FU in 5FUR cells 
significantly downregulated DKK1 expression and also inhibited 
Akt-phosphorylation (Figure 4E), highlighting that blocking the 
activation of Akt via DKK1 downregulation might be one of the 
primary mechanisms for andrographis-mediated sensitization 
of 5FUR cells to 5FU.

Andrographis enhances anti-tumor effect of 5FU in 
a xenograft animal model and downregulates DKK1 
expression

In order to confirm whether andrographis can also sensitize 
the tumor growth inhibitory effect of 5FU in 5FUR cells in a 
pre-clinical animal model, we next established a subcutaneous 
xenograft mice model as described previously (20). As shown in 
the study design (Figure 5A), HCT116 5FUR xenografts were gen-
erated by subcutaneous injection of 5 × 106 cells. Once the xeno-
grafts were visible (about 6 days), nude mice carrying HCT116 
5FUR cells xenograft tumors were administered by appropriate 
concentration of 5FU, andrographis and their combination, 

Figure 3.  DKK1 expression correlates with 5FU resistance in primary CRC cancers and CRC cell lines. (A) Heatmap of the transcriptional expression of Wnt/β-catenin 

pathway-specific genes in GSE52735. (B) Scatter plots of DKK1 expression in 14 nonresponder and 23 responder patients treated with 5FU-based chemotherapy. (C) 

Bar graph showing relative mRNA expression of DKK1 in HCT116 5FUR cells and SW480 5FUR cells compared with their respective parental cells by qPCR analysis. (D) 

Representative images of DKK1 protein expression in HCT116 5FUR cells and SW480 5FUR cells compared with their respective parental cells by western blot analysis. 

(E) Heatmap of common differentially expressed genes in both SW480 5FUR and HCT116 5FUR cells (|log2 fold change | > 1, P < 0.05). (F) Representative images of DKK1 

protein expression in HCT116 5FUR cells and SW480 5FUR with or without andrographis treatment. Statistical significance: *P < 0.05, ***P < 0.001. Andro, andrographis.
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every other day for up to 15 days. Finally, nude mice were sac-
rificed approximately 21  days after subcutaneous injection. 
RNA and protein were extracted from harvested xenografts. 
Subsequently, the expression of various markers, including 
apoptotic biomarkers (cleaved caspase-3 and cleaved PARP) and 
total caspase-3 and PARP, were assessed.

The results showed that 5FU treatment did not affect apop-
totic biomarkers expression significantly, whereas andrographis 
treatment resulted in increased expression of apoptotic bio-
markers (cleaved caspase-3 and cleaved PARP) and a corres-
ponding decrease in the expression of total caspase-3 and PARP, 
and in each instance, the combined treatment with andrographis 
and 5FU was significantly more effective in promoting apoptosis 
(Figure 5B). In addition, qPCR and western blot analysis from 
xenograft tissues revealed that 5FU treatment resulted in in-
creased expression of DKK1 at both mRNA and protein levels, 
while coadministration of andrographis along with 5FU reversed 
the 5FU-induced DKK1 overexpression in vivo (P  <  0.05–0.01; 
Figure 5C and D). Meanwhile, the treatment of andrographis 
alone or along with 5FU in 5FUR cells significantly attenuated 
Akt-phosphorylation at Ser 473 (P < 0.01; Figure 5D), highlighting 
the role of DKK1 even in the pre-clinical animal model.

The enhanced anti-tumor effect of andrographis and 
5FUR was further demonstrated in patient-derived 
organoids

Tumor organoid model and 3D primary cultures are superior to 
conventional 2D monolayer of cultured cells in terms of studying 
anti-cancer agents, as they provide a physiologically more rele-
vant microenvironment for cell-to-cell interactions and cellular 
responses (37). Thus, to further confirm these observations from 

in vitro and in vivo experiments, next we examined the anti-
tumor effects of andrographis and 5FU using tumor organoid 
models derived from two CRC patients in advanced stage. The 
tumor organoids were cultured in medium containing appro-
priate concentrations of 5FU, andrographis and their combin-
ation for 10  days. Interestingly, consistent with the results in 
cell lines and mice xenografts, the andrographis and 5FU com-
bination significantly decreased the number and size of patient-
derived tumor organoids compared with treatments alone 
(P  <  0.01; Figure 6A). Furthermore, the protein expression of 
apoptosis-related biomarkers, including cleaved caspase-3 and 
cleaved PARP, as well as total caspase-3 and PARP were analyzed. 
Western blot analysis showed that both andrographis and 5FU 
promoted apoptosis; however, andrographis-5FU combination 
group exhibited a significantly higher degree of apoptosis com-
pared with treatments with individual compounds (Figure 6B). 
In addition, we also examined the expression of DKK1 at both 
mRNA and protein level and observed that coadministration of 
andrographis along with 5FU reversed the 5FU-induced DKK1 
overexpression in tumor organoid model (Figure 6C and D), and 
also attenuated Akt-phosphorylation (Ser473) (P  <  0.01; Figure 
6D). The above data showed that combined treatment with 
andrographis enhanced the 5FU-induced anti-cancer activity in 
inhibiting organoid growth by downregulating the expression of 
DKK1 and abrogating the downstream Akt-phosphorylation.

Discussion
Since the 1990s, 5FU-based chemotherapy has been the back-
bone of CRC treatment regimen, which has led to reduced 
rates for recurrence and mortality by 41 and 33%, respectively 

Figure 4.  Silencing DKK1 sensitizes 5FUR cells to 5FU via regulating Akt-phosphorylation. (A) Bar graph showing relative DKK1 mRNA expression of 5FUR cells trans-

fected with negative control siRNA or DKK1 siRNA by qPCR analysis. (B) Representative images of DKK1 protein expression of 5FUR cells transfected with negative 

control siRNA or DKK1 siRNA by western blot analysis. (C) Results of CCK-8 assay showing the effects of 5FU on 5FUR cells transfected with negative control siRNA or 

DKK1 siRNA. The complete medium containing 5FU (10 µM) was added at 24 h, and the absorbances at 450 nm were measured after culture for 0, 12, 24, 36, 48, 60 and 

72 h. (D) Representative images of Akt and pAkt expression of 5FUR cells transfected with negative control siRNA or DKK1 siRNA. (E) Representative images of DKK1, 

Akt and pAkt expression of 5FUR cells in each treatment group, and the phosphorylation of Akt was analyzed as quotient of pAkt versus Akt expression in the right 

panel. Statistical significance: **P < 0.01, ***P < 0.001. Andro, andrographis; pAkt, phosphorylated-Serine473-Akt.
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(38). To date, despite the increasing availability of new agents, 
the combination chemotherapy based on 5FU remains the 
preferred choice for patients with CRC. 5FU is a thymidylate 
synthase inhibitor, which can increase DNA damage by 
interfering with the folate pathway, cause cell growth arrest 

and apoptosis, thereby exerting its anti-tumor effects (39). 
Although the anti-cancer activity of 5FU is primarily is bene-
ficial, several studies have shown that such treatments are 
also associated with increasing DNA damage, reducing DNA 
damage repair (40), altering drug targets (41), and activation 

Figure 5.  Andrographis enhances anti-tumor effect of 5FU in a xenograft animal model and downregulates DKK1 expression. (A) Schematic diagram of HCT116 5FUR 

xenograft model in nude mice and the treatment schedule of andrographis and 5FU. (B) Representative images of cleaved PARP, PARP, cleaved caspase-3 and caspase-3 

of xenograft extraction in each treatment group by western blot analysis. (C) Bar graph showing relative mRNA expression of DKK1 in each treatment group by qPCR 

analysis. (D) Representative images of DKK1, Akt and pAkt expression of xenografts extraction in each treatment group, and the phosphorylation of Akt was analyzed 

as quotient of pAkt versus Akt expression in the right panel. Statistical significance: *P < 0.05, **P < 0.01. Andro, andrographis; pAkt, phosphorylated-Serine473-Akt.
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of pro-survival pathways (42)—all of which ultimately con-
tribute toward development of resistance to 5FU, which is a 
major obstacle to achieve effective anti-cancer treatment. As 
a consequence, more than 50% of patients eventually develop 
resistance to 5FU-based chemotherapy, especially in the pa-
tients with advanced and metastatic CRC, leading to frequent 
relapse (43). Not surprisingly, there is a great degree of interest 
in developing novel anti-cancer drugs that can serve as ad-
juncts to 5FU-based therapy and help mitigate or overcome the 
challenges with chemotherapeutic resistance. For subsequent 
experiments, we first established 5FU-resistant isogenic CRC 

cell lines of HCT116 and SW480 cells, and we demonstrated 
their 5FUR resistance by cell proliferation assays.

Over the past few decades, a deeper understanding of 
5FU-mediated resistance mechanisms has led to the devel-
opment of new strategies for improving anti-tumor activity. 
There is a growing evidence that phytochemicals from natural 
products lack systemic toxicity and have the potential to lower 
and alleviate the development of chemotherapeutic resistance, 
which has garnered widespread attention (44,45). Andrographis 
is a member of the Acanthaceae plant family (acanthus family), 
with a wide range of pharmacological effects, including 

Figure 6.  The enhanced anti-tumor effect of andrographis and 5FUR in patient-derived organoids. (A) Microscopic images of tumor organoids derived from two pa-

tients cultured in each treatment group (20× magnification), and the organoid count analysis is shown in the right panel. (B) Representative images of cleaved PARP, 

PARP, cleaved caspase-3 and caspase-3 of organoids extraction in each treatment group by western blot analysis. (C) Bar graph showing relative DKK1 mRNA expres-

sion of organoids extraction in each treatment group by qPCR analysis. (D) Representative images of DKK1, Akt and pAkt expression of organoids extraction in each 

treatment group, and the phosphorylation of Akt was analyzed as quotient of pAkt versus Akt expression in the right panel. Statistical significance: *P < 0.05, **P < 0.01, 

***P < 0.001. Andro, andrographis; pAkt, phosphorylated-Serine473-Akt.
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antioxidant, anti-inflammatory, antiviral and anti-cancer ac-
tivities (46,47). Pharmacological studies have suggested that 
andrographis has the ability to mitigate or alleviate a variety 
of adverse effects associated with cancer chemotherapy, and 
the major findings are as follows: (i) andrographis sensitized 
the cytotoxicity of CRC cells toward cisplatin by enhancing 
apoptotic pathways in cultured cells and animal models (48); 
(ii) andrographis inhibited the JAK-STAT3 signaling pathway 
and enhanced the sensitivity of cancer cells to doxorubicin 
(49); and (iii) andrographis enhanced recombinant human TNF-
related apoptosis inducing ligand mediated cancer cell apop-
tosis (50). In the present study, we also found that combined 
treatment with andrographis and 5FU exhibited significantly 
superior effects on cell viability, proliferation and colony for-
mation capacity, compared with treatment with individual 
treatments. In line with our in vitro findings, the enhanced 
anti-cancer effect of combined treatment with andrographis 
and 5FU could be observed in mice xenografts as well as 
patient-derived tumoroids. Taken together, the previous find-
ings along with the existing evidence regarding the biological 
effect of andrographis indicate that andrographis might be a 
promising anti-cancer compound with multiple targets and 
has a strong potency for improving the cytotoxicity of cancer 
treatment drugs.

It has been reported that abnormal activation of Wnt/β-
catenin pathway is an important mechanism for 5FU resistance, 
and the regulation of major genes in this pathway is a poten-
tial strategy for reversing 5FU resistance (51). For instance, there 
is a consensus that expression of TCF4, a Wnt transcription 
factor, correlated with chemoresistance in CRC cell lines (52). 
In this regard, treatment with cardamom extract, specifically 
inhibited the formation of β-catenin/TCF4 complex, leading to 
TCF4-mediated transcriptional activation in 5FUR cells, thereby 
enhancing the sensitivity of 5FUR cells to 5FU (53). In this study, 
to further explore the molecular mechanisms responsible for 
the 5FU resistance in CRC, we first analyzed the Wnt/β-catenin 
signaling pathway genes in an expression profiling dataset from 
CRC patients (GSE52735) who either responded or did not re-
spond to 5FU, which led us to identify that overexpression of 

DKK1 gene was a critical event for 5FU resistance in CRC. In 
line with our preliminary results, another study demonstrated 
that the protein expression of DKK1 can be used as a predictive 
biomarker for chemotherapeutic resistance in CRC (54). Many 
studies on gastrointestinal tumors have indicated that DKK1 
contributed to hepatocellular carcinoma tumorigenesis (55), pro-
moted tumor growth in Barrett’s associated esophageal adeno-
carcinoma (36), and was associated with metastatic and low 
short survival time of a variety of malignancies (56,57), which 
support our findings. Moreover, qRT-PCR and western blotting 
data revealed that andrographis resulted in downregulation of 
5FU-induced DKK1 overexpression accompanied with the en-
hanced anti-tumor effects in 5FUR cell lines, animal xenografts, 
as well as patient-derived tumor organoids. Furthermore, 5FU 
resistance in 5FUR cells could be reversed by following siRNA-
mediated silencing of DKK1.

DKK1-mediated tumor promotion is demonstrated via the 
Akt signaling pathway activation, which is known as an intra-
cellular signal transduction pathway that maybe an important 
driver of neoplastic progression (36,58). For example, the acti-
vated Akt could enhance cancer cell survival and resistance to 
apoptosis by positively regulating the nuclear factor-kappaB 
pathway (59). Similarly, we also demonstrated that the silencing 
of DKK1 attenuated phosphorylation of Akt at Ser473. In addition, 
the inhibition of Akt-phosphorylation could be observed after 
the treatment with andrographis alone or in combination with 
5FU in 5FUR cells, animal xenografts, as well as patient-derived 
tumor organoids, accompanied by the downregulation of DKK1 
expression. These findings suggest that Akt-phosphorylation 
may serve as an essential role in the development of chemo-
therapy resistance in CRC cells.

We acknowledge several limitations of our study. Since the 
current study focused on the potential adjunctive application of 
natural phytochemicals, we deliberately investigated the total 
andrographis extract instead of analyzing specific active prin-
ciples, an approach that be believe needs further investigation. 
In addition, although we have demonstrated that andrographis 
facilitated reversal of chemoresistance in 5FUR CRC cells by at-
tenuating DKK1-dependent Akt-phosphorylation, the detailed 

Figure 7.  A schematic illustration of andrographis-mediated chemosensitization in colorectal cancer. This illustration demonstrates 5-FU-mediated chemoresistance 

in CRC cells (left) and the role of andrographis in overcoming such chemoresistance through downregulation of DKK1 and downstream signaling pathways in CRC 

cells (right).
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mechanisms by which andrographis suppressing DKK1 expres-
sion remains unknown. Therefore, further studies are necessary 
to research upstream targets of DKK1 regulated by andrographis.

Collectively, this study systematically demonstrated the 
one of the important molecular mechanisms underlying 
andrographis-mediated reversal of chemoresistance to 5FU in 
CRC cells using multiple in vitro and in vivo models. In particular, 
the successful utilization of 3D patient-derived tumor organoids 
emphasizes the therapeutic importance of andrographis as an 
adjunctive therapy to 5FU in CRC patients. Mechanistically, DKK1 
overexpression was a critical event for 5FU resistance in CRC, 
and andrographis could overcome 5FU resistance via inhibition 
of DKK1 and attenuating the downstream Akt-phosphorylation 
(Figure 7). Given the cost-effective and nontoxic characteristics 
of andrographis, it might be used as a potential adjunct to rou-
tine chemotherapy for CRC.
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