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Abstract 
Colorectal cancer (CRC) is one of the most frequent malignancies worldwide and remains one of the leading causes of cancer-related deaths in 
the USA. The high degree of morbidity and mortality associated with this disease is largely due to the inadequate efficacy of current treatments 
as well the development of chemoresistance. In recent years, several pharmaceutical agents screened from natural products have shown the 
promise to offer a safe, inexpensive and synergistically multi-targeted treatment option in various cancers. Given the growing evidence of anti-
carcinogenic properties of two natural compounds, melatonin (MLT) and andrographis (Andro), we aimed to evaluate their synergistic anticancer 
effects in CRC. We demonstrate that indeed these two compounds possessed a synergistic anticancer effect in terms of their ability to inhibit 
cell viability, suppression of colony-formation and induction of apoptosis (P < 0.05). In line with our in vitro findings, we were able to validate 
this combinatorial anticancer activity in xenograft animal models (P < 0.001) as well as tumor-derived 3D organoids (P < 0.01). RNA-sequencing 
analysis revealed candidate pathways and genes that mediated antitumor efficacy of MLT and Andro in CRC, among which autophagy pathway 
and related genes, including NR4A1, CTSL and Atg12, were found to be primarily responsible for the increased anticancer effect by the two nat-
ural products. In conclusion, our data reveal a potent and synergistic therapeutic effect of MLT and Andro in the treatment of CRC and provides 
a rationale for suppressing autophagy in cancer cells as a potential therapeutic strategy for CRC.
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Pathway Analysis;  KEGG, Kyoto Encyclopedia of Genes and Genomes;  MLT, melatonin;  RNA-seq, RNA-sequencing;  PBS, phosphate-buffered saline; RPMI, 
Roswell Park Memorial Institute. 

Introduction
Colorectal cancer (CRC) ranks as the third most common 
malignancy and the second leading cause of cancer-related 
deaths worldwide (1). It is estimated that by the end of 2030, 
the global burden of CRC will increase with an estimated 2.2 
million new cases and over 1.1 million CRC-related deaths 
(2). Currently, surgical resection followed by postoperative 
chemotherapy remains the most common treatment modality 
for the therapeutic management of patients with stage II and 
III CRC (3–5). For patients with advanced metastatic CRC 
that cannot be cured with surgery, chemotherapy is used 
mainly with a palliative intent (6).

However, the efficacy of these treatments, particularly 
chemotherapy, is somewhat limited due to the acquisition of 
secondary chemoresistance leading to an overall poor prog-
nosis (5,7). The use of combinational chemotherapy regimens 
is becoming a more frequently used approach that also aims 
to help overcome acquired chemoresistance and facilitate im-
proved survival of patients with cancer (8,9). Unfortunately, 
however, such treatments are often accompanied by adverse 
cytotoxic adverse effects which lead to the killing of normal 
cells along with rapidly dividing tumor cells (9). These data 
highlight that instead of the clinical implementation of mul-
tiple cytotoxic drugs, treatment strategies that exploit syner-
gistic drug combinations that are safer yet more effective are 
critically needed for the management of patients with CRC.

Several pharmaceutical agents identified from natural 
plants and microorganisms have been shown to play a piv-
otal role in the chemotherapeutic and prophylactic treatment 
of various malignant diseases (10–25). Melatonin (MLT) is 
one such naturally occurring amine hormone synthesized and 
secreted in the pineal gland or epiphysis of mammals and hu-
mans (26). It is well known that the primary function of MLT 
is to participate in the regulation of biological rhythms and 
endocrine function (27). However, in recent years, accumu-
lating evidence has also demonstrated that it also possesses 
potent cytotoxic activity in several types of malignant cells, 
including CRC cells (15,28–30). A previous study from our 
group demonstrated that MLT functioned as an anticancer 
agent against CRC cells via down-regulation of thymidylate 
synthase (15). Due to its low to no toxicity for normal cells 
and high antitumor efficacy, MLT is emerging as a promising 
compound of choice in the field of anticancer drug devel-
opment (28–32). Emerging evidence also indicates that as-
sociations between multiple drugs may produce an overtly 
enhanced synergistic protective effect, allowing the use of sig-
nificantly lower concentrations of drugs in combination vs. 
when used individually—a scenario that potentially leads to 
reduced adverse events (33,34). However, there is lack of an 
understanding on the potential use of MLT as a potential syn-
ergistic treatment of choice for an improved management of 
patients with CRC.

Numerous studies have now confirmed that the ac-
tive constituent within the plant Andrographis paniculate, 
andrographolide, has a potential anticancer efficacy in 
various malignancies (16,35–39). In addition, it has been 
demonstrated that Andrographis (Andro) may serve as an 

effective adjuvant therapeutic option in CRC by virtue of its 
synergistic activity with the conventional chemotherapeutic 
drugs such as 5-fluorouracil (5-FU) in CRC (16,35,38,39). 
Although the antitumor effects of Andro and MLT in CRC 
have been studied individually, whether their combination 
has any synergistic efficacy in this malignancy remains un-
clear. Accordingly, in this study, we aimed to interrogate 
whether MLT and Andro have any synergistic activity in CRC 
and if so, understand the underlying mechanisms responsible 
for their antitumor activity.

We undertook a series of systematic experiments in CRC cells 
to reveal that Andro synergistically enhanced the anticancer 
activity of MLT. Subsequently, we followed up these findings 
in preclinical animal models and patient-derived 3D tumor 
organoids, wherein the combination of MLT and Andro 
also exhibited a significantly pronounced synergistic activity 
versus the antitumor activity of these compounds individu-
ally. A whole-genome transcriptomic profiling analysis further 
revealed that the combined treatment with MLT and Andro 
and the observed synergism was in part mediated through ac-
tivation of apoptosis induced by autophagy-associated path-
ways. In summary, to the best of our knowledge, ours is the 
first study to demonstrate the synergistic anticancer effects 
of MLT and Andro in CRC, highlighting their combinatorial 
therapeutic potential in this malignancy.

Materials and methods
Cell culture
For in vitro experiments, the human CRC cell lines HCT116, 
LoVo, DLD1, SW480, HT29 and SW620 were purchased from 
the American Type Culture Collection (ATCC, Manassas, 
VA). These cells were cultured, respectively, in Dulbecco’s 
modified Eagle medium (Gibco, Carlsbad, CA) or Roswell 
Park Memorial Institute (RPMI)-1640 (Gibco, Carlsbad, CA) 
supplemented with 10% fetal bovine serum (Gibco, Waltham, 
MA), penicillin (100 U/ml) and streptomycin (100 μg/ml). All 
cells were maintained in a 37°C incubator with a 5% humidi-
fied CO2 atmosphere. All the human CRC cell lines were au-
thenticated by a panel of genetic and epigenetic markers and 
tested periodically for mycoplasma.

Reagents
MLT (Sigma-Aldrich, St Louis, MO) and Andro (standard-
ized to 20% andrographolide content; EuroPharma USA, 
Green Bay, WI) were both dissolved in dimethyl sulfoxide 
(DMSO, Sigma-Aldrich). The final concentration of DMSO in 
the experimental wells did not exceed 1% for in vitro culture 
assays. The stock solution of MLT and Andro was stored at 
−20°C in light protection and diluted with complete medium 
to appropriate experimental concentrations prior to use.

Cell viability assay
Cell viability was measured by cell counting kit-8 (CCK-8) 
(Dojindo, Kumamoto, Japan). For the determination of 50% 
cell growth inhibition (IC50) of MLT in CRC cell lines, cells 
were plated at a density of 3 × 104 cells per well (HCT116 
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and RKO) or 4 × 104 cells per well (LoVo, DLD1, SW480, 
HT29 and SW620) in 96-well plates and treated with gra-
dient concentrations of the MLT for 48 h. Subsequently, 10 
μl CCK-8 solution (10 μg/ml) was added to each well and in-
cubated at 37°C for 2 h. Then the absorbance was measured 
at 450 nm wavelength (OD450) by an enzymatic plate ana-
lyzer (Molecular Devices, San Jose, CA). Three independent 
experiments in triplicate ensured repeatability of results. For 
the growth curve of CRC cell lines after MLT treatment, 
HCT116 and SW480 cells were cultured in the 96-well plates 
at the density of 3 × 104 cells per well and 4 × 104 cells per 
well, respectively. Cells were treated with MLT (2 mM) for 
0, 12, 24, 36, 48, 60 and 72 h. At the indicated time points, 
CCK-8 assays were performed to assess cell viability as de-
scribed above.

Colony formation assay
The colony-forming capacity of CRC cells was measured by 
colony-formation assay. Specifically, HCT116 and SW480 
cells were counted and seeded into six-well plates at a density 
of 800 cells per well and maintained in complete medium for 1 
week. Subsequently, the cells were treated with MLT (2 mM), 
Andro (15 μg/ml) and their combination for another week. 
The colonies were fixed with methanol for 10 min and stained 
with 0.1% crystal violet (Acros Organics, Gujarat, India) for 
10  min. Stained colonies were then counted using Image J 
software (National Institute of Health [NIH], Bethesda, MD). 
The fresh medium was replaced every 3 days during the assay. 
The experiments were performed in triplicate and repeated 
three times.

Caspase-3/7 activity analysis
The activation of caspase-3 and caspase-7 orchestrates cel-
lular demolition largely through cleavage of specific substrates 
and influences the terminal events of the biochemical apop-
totic pathway (40). The number and percentage of each stage 
of apoptosis were determined by the activity of caspase-3/7 
in combination with a dead cell dye (7-aminoactinomycin 
D [7-AAD]) via Muse™ Caspase-3/7 Kit (Merck Millipore, 
Guyancourt, France). Briefly, HCT116 and SW480 cells were 
seeded in six-well plates at a density of 5 × 104 cells per well 
and treated with MLT (1 or 2 mM), Andro (15 μg/ml) and 
their combination for 48 h. A total of 1 × 105cells were col-
lected by centrifugation (3000 r.p.m., 5 min) and resuspended 
in 50 µl phosphate-buffered saline (PBS). Then, 5 µl Muse™ 
Caspase-3/7 working solution was added into a cell suspension 
and then incubated at 37°C for 30 min protected from light. 
After incubation, 150 μl of Muse™ Caspase 7-AAD working 
solution (7-AAD dye) was added to each tube and mixed 
thoroughly by pipetting up and down. Assay results were 
obtained using the Muse™ Cell Analyzer (Merck Millipore). 
The quantitative measurements of apoptotic status were 
based on the four cell populations: live (caspase−/7-AAD−), 
dead (caspase−/7-AAD+), early apoptosis (caspase+/7-AAD−) 
and late apoptosis/dead (caspase+/7-AAD+). All treatments 
were performed in triplicate and repeated three times.

Preclinical xenograft model
All experiments with xenografted mice were conducted ac-
cording to the ‘Guide for the Care and Use of Laboratory 
Animals’ published by the NIH, and approved by the 

Institutional Animal Care and Use Committee at City of 
Hope. For tumor induction, 5-week-old male athymic nude 
mice (Envigo, Houston, TX) were subcutaneously grafted 
into the left flank with 5 × 106 HCT116 cells (n = 40 mice) 
in 100 μl PBS. After a week of injection of cells, mice were 
randomly assigned into four groups: MLT (25 mg/kg body 
weight), Andro (125 mg/kg body weight), their combination 
and control group (equal amount of normal saline), n = 10 
per group, which were given intraperitoneally doses of each 
compound every other day for up to 15 days. Tumor size and 
body weight were measured every 2 days. The tumor volume 
was calculated using the following formula: V = 0.5 × length 
× width × width. After euthanasia, each tumor was dissected, 
weighed and frozen in liquid nitrogen for subsequent total 
RNA and protein extraction.

Patient-derived 3D organoids
The isolation, culture and passage of tumor organoids de-
rived from patients with CRC were carried out as previously 
described (38). All experiments have been approved by the 
Institutional Review Board and written informed consents 
were obtained from all enrolled patients in accordance with 
the Declaration of Helsinki. For treatments, organoids were 
randomly divided into four groups, and appropriate concen-
trations of MLT (2 mM), Andro (15 μg/ml), as well as their 
combination, were prepared with the IntestiCult Organoid 
Growth Medium (STEMCELL Technologies, Vancouver, 
British Columbia, Canada) of each group and then cultured 
for 10 days. The control group was treated with a very low 
concentration of DMSO, which was equivalent to the solvent 
dissolution of MLT. After treatment, the organoids were ob-
served and counted under a microscope and collected by 
Gentle Cell Dissociation Reagent (STEMCELL Technologies) 
followed by ice-cold PBS washes (290 × g, 4°C, 5  min). 
Harvested organoids were aliquoted and frozen in liquid ni-
trogen for subsequent total RNA and protein extraction.

RNA-sequencing and data analysis
Total RNA was isolated from 2 × 106 HCT116 and SW480 
cells treated with MLT (2 mM), Andro (15 μg/ml) and their 
combination for 48  h by miRNeasy kit (Qiagen, Hilden, 
Germany). For RNA-sequencing (RNA-seq) library prepar-
ation, 1 μg qualified RNA for each sample was used as input 
material for the library preparation via the TruSeq RNA 
Sample Prep Kit (Illumina, San Diego, CA) according to the 
manufacturer’s instruction. Then the purified library prod-
ucts were validated by Bioanalyzer DNA High Sensitivity Kit 
(Agilent Technologies, Santa Clara, CA) to determine their 
size distribution and concentration. Paired-end sequencing 
(150 bp each end) of the validated library products were then 
analyzed at the HiSeq X-Ten system (Illumina).

For data analysis, clean reads were obtained by removing 
reads containing adapter and with low quality, which were 
then mapped onto reference genome independently. Gene 
expression was estimated by fragments per kilobase of tran-
script per million mapped reads. Differentially expressed 
gene (DEG) analyses were performed using the ‘edgeR’ 
package (version 4.0.2; R Foundation). DEGs were selected 
by a threshold of false discovery rate <0.05 and absolute fold 
change >2.0. Biological functions and canonical pathways 
were analyzed by Ingenuity Pathway Analysis (IPA, Qiagen).
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RNA extraction and quantitative RT-PCR
Total RNA of CRC cells, dissociated patient-derived tumor 
organoids, and minced xenograft fragments (~1  mm3 in 
size) were extracted with TRIzol (Invitrogen, Carlsbad, 
CA). The purity and concentration were determined by 
a NanoDrop-1000 spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA). One microgram of total RNA 
was reverse-transcribed to cDNA using the High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems, Foster 
City, CA). Subsequently, 5 ng of the cDNA was subjected for 
real-time quantitative PCR (qPCR) analyses using SensiFAS 
SYBR Lo-ROX Kit (Bioline, London, UK) according to the 
manufacturer’s instruction: briefly, the cDNA samples were 
mixed with 0.5 µl (10 µM) target gene-specific forward and re-
verse primers, 5 µl SYBR Lo-ROX mix (2×), and final volume 
was made up with nuclease-free water. The expression for 
target genes was analyzed by the 2−ΔΔCT method normalized 
against the housekeeping β-actin gene. The primer sequences 
used for qPCR were listed as follows: β-actin: forward 
5ʹ-CACCATTGGCAATGAGCGGTTC-3ʹ and β-actin: reverse 
5ʹ-AGGTCTTTGCGGATGTCCACGT-3ʹ; ATG12: forward 
5ʹ-GGGAAGGACTTACGGATGTCTC-3ʹ and ATG12 reverse 
5ʹ- AGGAGTGTCTCCCACAGCCTTT-3ʹ; CTSL: forward 5ʹ- 
GAAAGGCTACGTGACTCCTGTG-3ʹ and CTSL: reverse 5ʹ- 
CCAGATTCTGCTCACTCAGTGAG-3ʹ; NR4A1: forward 
5ʹ- GGACAACGCTTCATGCCAGCAT-3ʹ and NR4A1: re-
verse 5ʹ- CCTTGTTAGCCAGGCAGATGTAC-3ʹ.

Protein extraction and western immunoblotting
For protein extraction, CRC cells, dissociated organoids as 
well as chopped xenograft fragments (~1 mm3 in size) were in-
cubated with a mixture of RIPA lysate buffer (Thermo Fisher 
Scientific) and protease inhibitors (Thermo Fisher Scientific) 
on ice for 30 min followed by centrifugation (12 000 × g, 4°C, 
15 min). The protein samples were then diluted in Laemmli’s 
buffer (Bio-Rad, Hercules, CA) containing β-mercaptoethanol 
(Bio-Rad) and boiled for 10 min. Prepared protein samples 
were aliquoted and stored at −20°C for subsequent western 
blot analysis.

For western blot analysis, the protein samples were sep-
arated by 10% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis, then transferred to polyvinylidene fluoride 
membranes (Cytiva, Marlborough, MA). After blocked 
non-specific binding in 5% bovine serum albumin (Sigma-
Aldrich) for 1 h, the membranes were incubated with the pri-
mary antibodies overnight at 4°C, which are listed as follows: 
anti-β-actin (#A2228, Sigma-Aldrich), anti-LC3B (#3868, Cell 
Signaling Technology), anti-NR4A1 (#ab109180, Abcam), 
anti-CTSL (#71298, Cell Signaling Technology) and anti-
Atg12 (#4180, Cell Signaling Technology). After being washed 
by PBS with 1% Tween-20 three times, the membranes were 
incubated with horseradish-peroxidase-conjugated secondary 
antibodies (#7074 or #7076, CST) at room temperature for 
1  h. ECL chemiluminescence kit (Thermo Fisher Scientific) 
was used to detect the signals of protein strip in Gel Imaging 
Systems (Bio-Rad). Image J software was used to evaluate the 
relative expression level of each target protein normalized to 
β-actin.

Statistical analysis
The statistical analyses were performed using GraphPad Prism 
8.0 (GraphPad Software, Inc., La Jolla, CA). Chou–Talalay 

combination index (CI) values were calculated using the 
CompuSyn software (CompuSyn Inc., Paramus, NJ). All re-
sults were presented as mean ± SD of three independent ex-
periments, each of them performed in triplicate. Comparisons 
between groups were performed by Student t-test and multiple 
comparisons were analyzed by one-way analysis of variance 
test. P-value <0.05 was considered statistically significant.

Results
MLT inhibits cell viability and induces cell 
apoptosis in a dose-dependent manner in CRC cells
To explore the anticancer effects of MLT on CRC cells, the 
present study first investigated its effect on cell viability in 
six human CRC cell lines (HCT116, LoVo, DLD1, SW480, 
HT29, RKO and SW620). The CCK-8 viability assay was 
performed to measure IC50 values in different CRC cells 
following cell culture in the presence of MLT (0–5 mM) for 
48 h. The results showed that treatment with MLT resulted in 
a dose-dependent inhibition of cell viability in all six CRC cell 
lines, with similar IC50 values ranging from 1.56 to 2.77 mM 
(Figure 1A). Representative cell lines including HCT116 
(with microsatellite instability) and SW480 (with microsat-
ellite stable phenotype) were selected for subsequent investi-
gation for functional studies. To confirm the anti-proliferative 
effects of MLT, an independent CCK-8 assay was performed 
to evaluate the growth curves in HCT116 and SW480, using 
even lower concentrations of MLT. The obtained results re-
vealed that MLT even at relatively low concentrations in-
hibited the proliferation of HCT116 and SW480 cells in a 
time-dependent manner (P < 0.001; Figure 1B).

To assess the kinetics of cell survival during long-term 
MLT treatment, colony formation assays were performed. It 
was noted that MLT inhibited the capacity of HCT116 and 
SW480 cells to form colonies, even at low concentrations (P 
< 0.001; Figure 1C). Furthermore, caspase-3/7-based cellular 
apoptosis was analyzed using flow cytometric Muse™ Cell 
Analyzer to determine whether MLT-mediated growth inhib-
ition involved cell apoptosis. MLT was found to induce cel-
lular apoptosis in a dose-dependent manner in both HCT116 
and SW480 cells (P < 0.01; Figure 1D). Taken together, these 
data suggest the potent anticancer effects of MLT on CRC 
cells even at low concentrations.

A combined treatment with MLT and Andro results 
in synergistic anticancer effects in CRC cells
Next, to investigate the combinatorial effect of MLT together 
with Andro on CRC cell viability, HCT116 and SW480 cells 
were treated with different concentrations of MLT (1, 2, 3, 4 
and 5 mM) and Andro (7.5, 15, 22.5, 30 and 37.5 µg/ml) in-
dependently, or in combination for 48 h. As shown in Figure 
2A, both MLT and Andro exhibited a dose-dependent cyto-
toxic effect in CRC cells. To test synergies, the CI values were 
calculated using the method of Chou and Talalay, which has 
become a standard approach for analyzing interactions be-
tween biological agents, where CI <1, =1 and >1 indicates 
synergistic, additive and antagonistic effects, respectively (41). 
The calculations results showed a synergistic effect (CI < 1) 
between MLT and Andro in both HCT116 and SW480 cells, 
indicating that Andro sensitized MLT-induced anticancer ef-
fects, especially when the concentrations of MLT and Andro 
were 2 mM and 15 µg/ml, respectively (Figure 2B).
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Figure 1. MLT inhibits the growth of CRC cells in a dose-dependent manner. (A) The cell viability of six CRC cell lines treated with different 
concentrations of MLT (1–5 mM) for 48 h was determined by CCK-8 assay. (B) Results of CCK-8 assay showing the effect of different MLT 
concentrations (1 mM, 2 mM) on CRC cell viability. Complete medium containing MLT was added at 24 h and the absorbance was measured at 450 nm 
after cell culture for 0, 12, 24, 36, 48, 60 and 72 h. (C) Representative results of colony formation assay in CRC cells after exposure to MLT (1 mM, 
2 mM) for 7 days. Colony formation count analysis is shown in the right panel. (D) Representative results of FACS analysis using the Muse Caspase-3/7 
Kit after treatment on CRC cells by MLT (1 mM, 2 mM) for 48 h. Apoptosis rate analysis is shown in the right panel. Statistical significance: ∗∗P < 0.01, 
∗∗∗P < 0.001.
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Figure 2. The combination of MLT and Andro results in synergistic anticancer effects in CRC cells. (A) Results of CCK-8 assay comparing cell viability 
following treatment with MLT, Andro and their combination for 48 h in CRC cell lines. (B) Isobologram analysis of CI values based on the results of 
CCK-8 assay to determine synergistic effects of MLT and Andro in CRC cell lines. (C) Representative results of colony formation assay following 
treatment with MLT, Andro and their combination for 48 h in CRC cell lines. Colony count analysis is shown in the right panel. (D) Representative results 
of FACS analysis using the Muse Caspase-3/7 Kit after treatment on CRC cells by MLT, Andro and their combination for 48 h. Apoptosis rate analysis is 
shown in the right panel. Statistical significance: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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Next, based on the above concentration’s exploration, 
to validate the above-noticed synergistic effect, we investi-
gated the combinational anticancer effects of MLT (2 mM) 
and Andro (15 µg/ml) using a colony formation assay and 
caspase-3/7-based apoptosis assays. Both HCT116 and 
SW480 cells treated with the MLT or Andro alone drastic-
ally inhibited the colony formation capacity (P < 0.001) and 
exhibited increased apoptosis (P < 0.001) compared with the 
corresponding control groups. It’s worth noting that the CRC 
cells treated with the combination of MLT and Andro showed 
a more effective reduction in colony formation capacity and 
increase in apoptosis compared with either treatment alone 
(P < 0.05; Figure 2C and D), indicating a superiority in the 
anticancer properties of the combination of MLT and Andro 
versus either compound individually.

Genomewide transcriptomic profiling identifies 
autophagy-related pathway to be significantly 
abrogated in response to the combination 
treatment of MLT and Andro in CRC cells
In order to further decipher the potential mechanisms in-
volved in the synergistic antitumor effects of MLT and Andro, 
we next performed RNA-seq to analyze the transcriptomic 
profiling in HCT116 and SW480 cells treated with MLT 
(2  mM), Andro (15 μg/ml) and their combination (Figure 
3A). The transcriptomic data revealed that single-agent treat-
ment with MLT and Andro caused significant gene expression 
changes in 145 genes (68 down-regulated, 77 up-regulated) 
and 74 (15 down-regulated, 59 up-regulated) genes, in both 
cell lines, respectively. However, these changes were signifi-
cantly more pronounced when the cells were treated with the 
combination of MLT and Andro, wherein we observed that 
1111 transcripts (244 down-regulated, 867 up-regulated) 
were differentially expressed relative to the controls (Figure 
3B).

Venn diagrams and circus plots were thereafter used to 
describe the numeric and functional association of these 
transcriptomic changes in different treatment groups. The 
circus plots depicted the functional connection and overlap 
between the up-regulated and down-regulated genes in each 
treatment group (Figure 3C). To further identify these func-
tional interactions based on the above DEGs caused by 
MLT, Andro and combined treatment, we next performed 
comparative pathway enrichment analyses using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) databases 
from Metascape (https://metascape.org). If the combination 
therapy targets a differential pathway than MLT or Andro, 
the different pathway may be due to drug combination syn-
ergy. Comparative pathway enrichment analyses showed that 
the combination therapy most significantly altered the expres-
sion profiles enriched in the autophagy pathway, which was 
not significantly affected by either compound alone (Figure 
3D), hence providing a putative mechanistic based for the 
synergistic efficacy of the combined treatment with these two 
compounds together in CRC cells.

Andro sensitizes MLT-induced anticancer effects by 
promoting autophagy in CRC cells
To verify the results of KEGG analyses based on genomewide 
transcriptomic profiling, we next investigated whether the ex-
pression of specific autophagy-associated genes was altered 
by MLT, Andro or their combination in HCT116 and SW480 

cells. In this regard, LC3, an important protein marker of 
autophagy, was selected for the measurement of autophagy. 
When autophagy occurs, LC3-I is converted to LC3-II 
through ubiquitin-like modification; thus, the conversion of 
LC3-I to LC3-II reflects the progression of autophagy (42). 
The western blot analyses revealed that while MLT and Andro 
induced autophagy in CRC cells to some degree, their com-
bined treatment significantly promoted autophagic activity 
vis-à-vis individual compounds (Figure 4A). In order to ex-
plore the potential mechanism(s) of the enhanced autophagy 
induced by the combination treatment of MLT with Andro, 
we focused on the expression levels of autophagy-related 
genes based on transcriptome profiling. Interestingly, ac-
cording to IPA (Qiagen Inc.), MLT promoted autophagy by 
up-regulating the expression of NR4A1, while Andro elicited 
an autophagic response by regulating CTSL and Atg12 
(Figure 4B). Both of these compounds promote autophagy 
by influencing the expression of different genes, respectively, 
which helps explain, at least in part, their synergistic activity 
through the autophagy signaling cascade. To further confirm 
these alterations, subsequently, qPCR and western blot assays 
were carried out to determine the degree of these changes at 
both transcript and protein expression levels. Here, we ob-
served that consistent with the results of IPA analysis, both 
mRNA and protein expression levels of NR4A1, CTSL and 
Atg12 were significantly increased in CRC cells after the com-
bination treatment with MLT and Andro (Figure 4C and D), 
supporting the hypothesis that enhanced autophagy is likely 
one of the molecular mechanisms for the observed synergism 
for the antitumor activity of MLT and Andro in CRC cells.

A combination of MLT and Andro synergistically 
inhibit tumor growth in a xenograft animal model
Based on the synergistic anticancer efficacy of MLT and 
Andro in CRC cells, tumor xenografts transplanted with the 
HCT-116 cells were used to further evaluate whether similar 
inhibitory effects of tumor growth could also be observed in 
a preclinical animal model system. As shown in the study de-
sign (Figure 5A), HCT116 xenografts were generated by sub-
cutaneous injection of 5 × 106 cells. Once xenografts could be 
measured, nude mice carrying xenograft tumors were given 
appropriate concentrations of MLT, Andro and their combin-
ation, and tumor volumes were measured and calculated every 
other day for a 2-week treatment duration. Finally, nude mice 
were sacrificed approximately 25 days after subcutaneous in-
jections. The measured results of tumor volumes (Figure 5B) 
and tumor weight (Figure 5C) revealed that both MLT and 
Andro treatments significantly inhibited tumor growth com-
pared to the controls, as time progressed, while the combin-
ation treatment exhibited the most pronounced antitumor 
effects. These results once again confirmed that Andro had 
a dramatically synergistic antitumor effect with MLT even in 
the xenograft animal model (Figure 5D).

For determining the autophagy levels in vivo, the conver-
sion of LC3-I to LC3-II in the tumor xenografts extracts was 
also examined. In line with our in vitro findings, we observed 
that while MLT and Andro increased autophagy, the combin-
ation treatment with these two compounds had a much more 
potent autophagic effect in the animal model as well (Figure 
5E). Thereafter, we assessed the expression levels of NR4A1, 
CTSL and ATG12 in these xenografts and found that MLT 
and Andro up-regulated the expression of NR4A1, CTSL, 

https://metascape.org


224 Carcinogenesis, 2022, Vol. 43, No. 3 

Figure 3. Genomewide transcriptomic profiling changes in CRC cells following treatment with MLT, Andro and their combination. (A) The volcano plot 
obtained from genomewide transcriptomic analyses in HCT116 and SW480 cells in each treatment group (MLT, Andro and their combination) relative to 
vehicle-treated controls. (B) The Venn diagrams representing the overlap of DEGs among various treatment groups. The up- and down-regulated genes 
were analyzed and represented separately. (C) The circos diagram depicting the gene correlations among different treatment groups in the up- and 
down-regulated DEGs using Metascape software. The outermost ring depicts different treatment groups of MLT, Andro and their combination. The 
inner ring represents the genes that are common in multiple groups (darker orange) and that are unique to each group (lighter orange). (D) Comparative 
heatmap representing the convergence and difference among different treatment groups by biological functions and pathway enrichment using 
Metascape software.
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Figure 4. Andro sensitizes MLT-induced anticancer effects by promoting autophagy in CRC cells. (A) Representative images of LC3B expression in 
the extracts of CRC cells in each treatment group by western blot analysis. The ratios of LC3-II to LC3-I based on the quantification of the bands in the 
immunoblot were shown in the lower panel. (B) Pattern diagram representing the significantly DEGs in the autophagy pathway after MLT and ANDRO 
treatment, respectively, by IPA analysis. (C) Bar graph showing relative mRNA expression of NR4A1, ATG12 and CTSL in each treatment group by 
qPCR analysis. (D) Representative images of NR4A1, ATG12 and CTSL expression in the extracts of CRC cells in each treatment group by western blot 
analysis. Statistical significance: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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and ATG12, respectively, while combination of MLT and 
Andro exerted a significant increase in the expression of these 
three autophagy-related genes (Figure 5F). These results were 

consistent with our cell culture studies and indicate that MLT-
induced tumor autophagy was enhanced in combination with 
Andro in CRC.

Figure 5. The combination of MLT and Andro synergistically inhibit xenograft growth in an animal model. (A) Schematic diagram of HCT116 cell-derived 
xenograft model in nude mice and the treatment schedule of MLT, Andro and their combination. (B) Tumor volume alterations in each treatment group 
were measured at different time points after inoculation. (C) The measurement of tumor weights within each treatment group 25 days post-inoculation. 
(D) Representative images of harvested tumors surgically removed from nude mice 25 days post-inoculation. (E) Representative images of LC3B 
expression in the extracts of xenografts in each treatment group by western blot analysis. The ratios of LC3-II to LC3-I based on the quantification of 
the bands in the immunoblot were shown in the lower panel. (F) Representative images of NR4A1, ATG12 and CTSL expression in the extracts of 
xenografts in each treatment group by western blot analysis. Statistical significance: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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Patient-derived tumor organoid model further 
demonstrated the synergistic anticancer effects of 
CRC
Given that the 3D tumor-derived organoids provide a 
physiological microenvironment that is closer to humans 
for determining cellular interactions and responses, it is 
considered superior to the traditional 2D monolayer cells 
for evaluating the activity of various anticancer drugs. To 
further confirm our in vitro and in vivo observations, we 
generated tumor organoids from CRC patients and exam-
ined the synergistic anticancer effect of MLT and Andro. 
Organoid cultures derived from human CRC specimens were 
treated with MLT, Andro and their combination for a week. 
Consistent with the results in cell lines and mice xenografts, 
the MLT and Andro combination significantly decreased 
the number and size of patient-derived tumor organoids 
compared to treatment with these compounds individually 
(Figure 6A). Furthermore, the expression of a protein marker 
of autophagy, LC3, was analyzed. Western blot analysis re-
vealed that both MLT and Andro promoted autophagy; how-
ever, the combination group exhibited a significantly higher 
degree of autophagy compared to treatments with individual 
compounds (Figure 6B). In addition, we also examined the 
expression of autophagy-related genes, where we observed 
that expression of NR4A1, CTSL and Atg12 has drastically 
increased in the tumor organoids with MLT and Andro com-
bination treatment compared to controls (Figure 6C)—once 
again validating the findings that we observed in cultured 
cells and the animal model for the combinatorial anticancer 
activity of these compounds in CRC.

Discussion
Although the incidence of CRC in the United States has de-
clined in recent decades, mortality associated with this malig-
nancy still ranks as the second-leading cause of cancer-related 
deaths with a 5-year survival rate of only ~60% (43,44). For 
the treatment of this malignancy, surgery and chemotherapy 
have long been the mainstay as the first choice of treatment 
(45,46). Currently, the first-line chemotherapy strategies for 
CRC are considered to be more intensive FOLFOX, FOLFIRI, 
CAPEOX, and FOLFOXIRI regimens, which comprise of 
5-FU, leucovorin calcium, capecitabine plus oxaliplatin/
irinotecan (47). Unfortunately, however, their clinical efficacy 
is somewhat limited due to their toxicity and other adverse ef-
fects. Some evidence indicated that a combination of various 
chemotherapeutic agents (e.g. methotrexate and trimetho-
prim) may improve treatment outcomes and reduce various 
side effects, however, the potential for the emergence of a 
multi-drug resistance phenotype with such agents is a serious 
concern (48,49). In this regard, encouraging evidence suggests 
that certain naturally-occurring compounds might offer a safe 
and cost-effective strategy to target cancer cells and reduce 
adverse side effects (37,50–52). As reported, 49% of the 175 
small-molecule antitumor agents approved by the US Food 
and Drugs Administration from the 1940s to 2014, were ac-
tually either natural products or analogs directly derived from 
various natural botanicals (53). In this context, natural com-
pounds that target multiple genes and show a synergistic in-
hibitory effect on tumor growth are more likely to be suitable 
for combination therapy in CRC. Herein, our present study is 
another confirmation of this hypothesis that a combination 

of two natural products, MLT and Andro, exhibited signifi-
cantly superior anticancer effects in CRC cells, a xenograft 
animal model, and patient-derived tumor organoids vs. the 
individual compounds.

Being a natural endogenous body hormone, MLT’s prop-
erty for synchronizing the circadian rhythms is suggested to 
improve the sleep quality in cancer patients with insomnia, 
which is one of several side effects of chemotherapy (54). 
Moreover, MLT has been of interest for years due to its 
anticancer efficacies and the underlying molecular mech-
anisms of action responsible for these effects (15). MLT is 
known to block multiple epithelial–mesenchymal transition-
related pathways for inhibiting migration and invasion in 
lipopolysaccharide-stimulated and -unstimulated prostate 
cancer cells (55). MLT has also been reported to sensitize 
oxidative stress-mediated cancer cell death by inhibiting 
the SIRT3/SOD2-Akt pathway, which is an established im-
portant regulator of mitochondrial redox balance (56). 
Furthermore, the antitumor activity of MLT, either alone 
or in combination with other chemotherapy regimens, has 
been demonstrated. MLT enhances the cytotoxicity and 
apoptosis of a variety of chemotherapy-induced tumor cells 
and may be used as a potent synergist in cancer therapy. 
For example, MLT has been shown to act as an adjuvant 
agent with rapamycin to improve the efficacy and minimize 
its side effects for patients with head and neck squamous 
cell carcinoma (57). In the present study, we demonstrate 
that a combination of MLT and Andro had a synergistic in-
hibitory effect on CRC. Furthermore, our data revealed that 
these two compounds could increase the level of intracellular 
autophagy by influencing different autophagy-related genes, 
respectively, so as to achieve synergistic up-regulation of 
autophagy level when used in combination.

Autophagy is a well-evolved and conserved cell degrad-
ation system that plays a critical role in maintaining intra-
cellular homeostasis (58). The function of autophagy is 
considered a double-edged sword since it varies significantly 
in distinct cellular contexts. Normally, cells utilize basal 
levels of autophagy to eliminate or mitigate harmful stimuli 
to help maintain biological functions and protect cells 
from damage. Yet, on the contrary, persistent or excessive 
autophagy can induce autophagy-related cell death to exert 
a tumor-suppressive effect during tumor therapy (59). The 
roles of autophagy in the pathobiology of CRC are complex 
and contradictory, and the underlying mechanism(s) require 
further investigation. Our present study for the first-time 
reports that MLT promoted autophagy in CRC cells via 
up-regulation of NR4A1, and the same phenomena have 
been further confirmed in a xenograft model as well as 
patient-derived tumor organoids. NR4A1, a nuclear receptor, 
was reported to interact with the tumor suppressor p53, 
in which protein interactions further mediate autophagy-
related cell death (60). In addition, we also observed in-
creased autophagic characteristics in CRC cells in response 
to treatment with these compounds. Furthermore, RNA-seq 
indicated that Andro triggered autophagy by targeting CTSL 
and Atg12, both of which have been proven to be autophagy-
related regulatory factors. Up-regulation of CTSL has been 
demonstrated to promote lysosomal membrane perme-
ability leading to autophagy-related cell death (61). Atg12 
is a major autophagy gene required for autophagosome syn-
thesis. The human ATG12~ATG5 conjugate is required for 
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LC3 lipidation during autophagy, whereas non-canonical 
LC3 lipidation has been reported to be positively correlated 
with human tumor cell death (62,63). Autophagy is an ex-
tremely complex process in which multiple genes have to 
participate in a temporally and spatially coordinated manner. 
Importantly, we discerned that an enhanced anti-CRC effect 
based on Andro synergizing MLT-induced autophagy by 
regulating their respective autophagy-related genes.

In summary, our data reveal a potent and synergistic thera-
peutic effect of MLT and Andro in the treatment of CRC. 
The dual activation of autophagy by these two anticancer 
compounds can effectively trigger CRC cell death and arrest 
tumor development. These findings provide ample evidence 
for the combinational targeting of autophagy-related genes as 
a potential therapeutic strategy in CRC, either on its own or 
in conjunction with conventional chemotherapy.

Figure 6. A combination of MLT and Andro synergistically inhibit patient-derived tumor organoid growth. (A) Microscopic images of patient-derived 
tumor organoids derived from two patients cultured in each treatment group (20× magnification); the organoid count analysis are shown in the right 
panel. (B) Representative images of LC3B expression in the extracts of organoids in each treatment group by western blot analysis. The ratios of LC3-II 
to LC3-I based on the quantification of the bands in the immunoblot were shown in the lower panel. (C) Representative images of NR4A1, ATG12 and 
CTSL expression in the extracts of organoids in each treatment group by western blot analysis. Statistical significance: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 
0.001. 
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