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Abstract:

Colorectal carcinoma is a cosmopolitan type of cancer with a poor prognosis, motivating seeking novel
strategies to prevent disease development and progression. The poor prognosis is attributed to the severe toxic
side effects of the current therapeutic regimes. Hence, novel less toxic treatment strategies are urgently
warranted. Berberine is a natural compound with several biological and pharmacological properties, including
anti-fungal, anti-diabetic, cardioprotective effects. Some reports showed that berberine inhibits cell growth by
inducing cell cycle arrest and promotion of apoptosis in cancer cells. Importantly, the anticancer potential of
berberine in colorectal cancer has not been previously investigated. Hence, this work aims to investigate
whether berberine possesses anticancer properties against colorectal HCT116 cancer cells. The potential effect
of berberine on cell cycle regulation and apoptosis will also be deeply investigated. This work was conducted
using the more physiological 3D spheroid culture model that mimics better the impact of the tumor
microenvironment as well as the cell-cell interaction in the cellular response to therapy. When compared to
the previous studies, this work will explain the mode of action of berberine in more physiological conditions
that better mimics the in vivo situation. To achieve the goal of this work, spheroid growth assay, as well as
proliferation assay, were performed. Spheroid cell suspensions were further investigated using flow cytometry
to assess the cell cycle distribution of cells upon berberine application. BrdU immunostaining was performed
to elucidate the S-phase fraction of cells. The proliferation potential and the level of apoptosis were also
investigated by Ki67 and Annexin V labeling, respectively. The results showed that berberine attenuated tumor
spheroid growth and limits the proliferative capacity of HCT116 cells. This could be attributed to the
berberine-mediated G1-phase cell cycle delay. The S-phase fraction of cells was significantly decreased upon
berberine application. Unexpectedly, berberine did not induce a significant difference in the % of apoptotic
cell fraction of cells as compared to the controls. Collectively, these results suggest that berberine possesses
an anti-tumor efficacy in 3D culture preparations via modulating the cell cycle progression. Specifically,
berberine induces G1-phase cell cycle delay and decreases the S-phase fraction of cells. Thus, it limits the
proliferative capacity of cells. Also, berberine did not induce programmed cell death in the HCT116 spheroids.
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Introduction:

Human colorectal cancer (CRC) is one of the most
common malignancies worldwide (Kinzler and
Vogelstein, 1996). Despite years of intensive work on
surgical techniques and adjuvant chemotherapies,
CRC remains a highly prevalent and lethal
malignancy (Goodwin and Asmis, 2009; Mishra et
al., 2013). The poor prognosis is attributed to the
severe toxic side effects of the current therapeutic
regimes (Akhtar et al., 2014). Hence, novel less toxic
treatment strategies are urgently needed to improve
the poor prognosis of CRC.

Phytochemicals and their semi-synthetic and
synthetic derivatives are a major source for anti-
cancer drugs (Seca and Pinto, 2018). Some reports
indicated that the herb Coptis chinensis possesses
promising anti-cancer properties. Berberine, the most
active ingredient in this herb, is a famous
isoquinoline alkaloid that has been used for decades
as an anti-microbial and anti-diarrheal agent (Kong et
al., 2004). Berberine also has been shown to possess
several pharmacological activities, including anti-
arrhythmic (Lau et al., 2001), anti-diabetic (Yinetal.,
2008), and anti-oxidative properties (Rackova et al.,
2004). Also, this compound is well-known for its low
toxicity and low cost, thus, berberine is recently
catching considerable attention as a potent anti-
cancer agent. Several previous reports showed that
berberine possesses anti-tumor properties against
cancer cells (Chen, 2016; Mantena et al., 2006; Yu et
al.,, 2015). Some reports showed that berberine
inhibits cell growth and promote apoptosis in various
cancer cell types, for example, prostatic, hepatic,
skin, and mammary human cancer cells (Choi et al.,
2009; Letasiova et al., 2006; Lin et al., 2006; Patil et
al., 2010). However, the possible effect of berberine
on the cell cycle dynamics and apoptosis induction in
colorectal cancer has not been previously
investigated.

In general, the previously mentioned in vitro
studies were usually based on the traditional two-
dimensional (2D) monolayer cultures which, to a
large extend, hinder the critical role of the
microenvironment as well as the cell-cell interaction
in the cellular response to therapy. Therefore, the
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translation of the findings from the traditional 2D
culture-based experiments to experimental outcomes
showed only partial relevance in vivo (Wenzel et al.,
2014). Cells cultured as multicellular tumor
spheroids show strong proliferation gradients that
reflect distribution gradients of oxygen, nutrients,
and metabolites as in native tissues (Hirschhaeuser et
al., 2010; Minchinton and Tannock, 2006; Tredan et
al., 2007). Hence, 3D cancer cell culture models have
gained interest, as it is more physiological compared
to the 2D cultures and mimic the complex
microenvironment of tumor tissue in vivo.
Therefore, this work aims to elucidate the anti-
tumor efficacy of berberine using a 3D spheroid
model. Also, the mechanistic role of berberine in the
cell cycle, proliferation, and apoptosis in 3D culture
conditions in colorectal cancer will be investigated.

Material and methods:
Chemicals

Berberine (Purity, 96%) was purchased from
Sigma, Germany. A stock solution of 100mM was
prepared by dissolving 368.4mg of berberine in
10ml DMSO. Further dilutions were prepared
whenever necessary by diluting the stock solution
in DMSO. The toxic effect of DMSO was
minimized by keeping the DMSO concentration
level as low as 0.001% in all experiments.

Cell culturing

HCT116 (human colon cancer) cell line was a kind
gift from Dr. Daniel Fisher (Cell cycle and control
group, CNRS, Montpellier, France). Cells were
grown in Dulbecco modified Eagle medium
(DMEM-high glucose with L-Glutamine, Lonza
Bioscience, China) supplemented with 10% fetal
bovine serum (Sigma, HyClone, USA). Cells were
grown under standard cell culture conditions at
37 °C in a humidified CO; incubator containing 5%
CO..

Multicellular tumor spheroids

Tumor spheroids were initiated in 96-well plates as
previously described in Friedrich et al. (Friedrich et
al., 2009). Briefly, each well was coated with 40 pl
of 1.5% sterile agarose (Axygen, Spain) in DMEM.
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Spheroids were initiated by seeding 1500 cells in
200 pl of complete culture medium (DMEM, 10%
FBS) per well. Four days after seeding, spheroids
with a diameter of 350-400 um were formed.
Treatments were started at this time point by
exchanging 50% of the 200 ul medium with 100 pl
of fresh medium containing the desired
concentration of berberine (2x final concentration).
For control conditions (DMSO-treated spheroids),
100 pl of media were replaced with fresh DMSO-
containing medium. Media were routinely replaced
every three days as described above. A minimum of
4 spheroids was analyzed per condition.

Volume and integrity of each spheroid were
monitored starting at day 4 and, every 3 days up to
day 28. Phase-contrast images were acquired with a
4x objective using an inverted microscope (Optika,
Italy). All phase-contrast images of the formed
spheroids were checked, and any deformed or
irregular shaped spheroids were eliminated from
our calculations. Spheroid volume was analyzed
using ImageJ (ver. 1.5) with a macro automating
size measurement for phase-contrast spheroid
images (Ivanov et al., 2014). The measured area (A)
of phase-contrast 2D projection of spheroids was
used to calculate the radius (R) and the volume (V)
of an equivalent sphere (Bacevic et al., 2017).

Cell proliferation assay and doubling time
calculation

Cells (250k cell/dish) were seeded in 60 mm?
dishes. After 24 h, the cultures were treated with
berberine or DMSO. Two days after treatment, the
cultures were trypsinized and counted using
Hemocytometer. The suspended cells were washed
with PBS, centrifuged, resuspended in 1 ml of 80%
pre-chilled EtOH, and stored at 20 °C for cell cycle
analysis. The doubling time was calculated using
Roth V. 2006 Doubling Time Computing online
tool (http://www.doubling-
time.com/compute_more.php).

Dissociation of spheroids

Three spheroids of each condition were collected in
a 1.5 ml Eppendorf tube and dissociated by a mixed
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enzymatic treatment (using 0.05% trypsin, 15 min),
and mechanical disaggregation (by pipetting up and
down three times). Cells were washed with PBS,
fixed in 80% pre-chilled EtOH, and stored at -20 °C
for cell cycle analysis.

Flow cytometry - cell cycle analysis

Fixed cells were pelleted by centrifugation at
5000 rpm  for The cell pellet was
resuspended in 0.5 ml of Propidium lodide (PI)
(Fluka, Country) staining solution (20ug/ml PI,
100 pg/ml RNase A (Tiangen, Country), 0.1%
TritonX in PBS) for 10 min at room temperature.
The prepared samples were analyzed using BD
FACS Calibur (BD Biosciences, SanJose, CA).
Data were acquired and recorded using the
Cellguest software (LLC 2006-2016). In general,
samples were analyzed at a low flow rate and 10000
events were acquired for each sample. Forward and
Side scatter aggregates of cells were determined
using linear scale SSC/FSC dot plots. PI histograms
were generated by acquiring the FI2 channel events
at a linear scale. The cell cycle distribution was
analyzed with FlowJo v10 software.

DAPI staining

Dissociated spheroid cells were pelleted by
centrifugation at 5000 rpm for 5 min. The pellet was
resuspended in 0.5 ml of 0.2% TritonX in PBS for
20 min. Cells then were centrifuged, washed with
PBS, and stained with DAPI staining solution
(25 ug/ml DAPI in PBS) for 5min at room
temperature. Stained cells were mounted over glass
slides and analyzed with an Olympus BX41
fluorescence microscope (Olympus, Japan). Images
were acquired using the Olympus C5050 camera
and analyzed using ImageJ software.

BrdU staining

5 min.

The prepared cultures were pulse-labeled (20 min)
with bromodeoxyuridine (BrdU, 10uM; Sigma
Aldrich). Cells were rinsed once with PBS,
trypsinized, and harvested in 15 ml falcon tubes.
The cell suspension was centrifuged and
resuspended in 200 ul cold PBS, fixed with 800 ul
ice-cold 100% ethanol, and stored in -20 °C until
analysis. Fixed cells were permeabilized with 2N
HCl and 0.5% Triton X-100 for 30 min and stained
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with anti-BrdU antibody (BD 347580, No0.408) at
1:20 in PBS and incubated 2h at room temperature.
Cells were washed once with PBS and were stained
using an IHC detection kit (Thermo Scientific, UK),
according to the manufacturer’s protocol.

Annexin V staining

Cells were washed twice with 1 mL of 1xBinding
Buffer and centrifuge at 300xg for 10 minutes. The
cell pellet was resuspended in 100 pL of 1x Binding
Buffer and was stained by adding 10 pL of Annexin
V-FITC (Miltenyi Biotec GmbH, Germany) for 15
min at RT. The cells were washed twice by 1x
Binding Buffer and centrifuge at 300xg for 10
minutes and resuspend in 500 pL of 1x Binding
Buffer. Propidium iodide solution (5 pL) was added
immediately before analysis. The prepared samples
were analyzed using flow cytometry.

K167 staining

Cells were blocked specimen in Blocking Buffer for
10 min and centrifuge at 300xg for 10 minutes.
After aspirating the blocking reagent, the sample
was incubated with Anti-Ki-67 (D3B5) Rabbit mAb
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(Alexa Fluor® 488 Conjugate) #11882 for 2h at
4°C. Cells were rinsed once in PBS and analyzed
using flow cytometry.

Statistical analysis

Significant differences between experimental
groups were determined using a two-tailed
Student’s t-test in Excel 2016 (Microsoft, USA).
Our results were considered statistically significant
when p-value < 0.05.

Results:
1. Berberine inhibits HCT-116 spheroid
growth

HCT-116 cancer cell spheroids were treated with a
series of berberine concentrations (1, 10, 20, 50 uM)
(Fig. 1A). A direct temporal and dose-dependent
reduction in the volume of spheroids in response to
berberine treatment was observed (Fig. 1B). The
higher the dose of berberine results in a greater
reduction in the spheroid size. The difference
between the berberine-treated (10, 20, 50 pM) and
control samples was statistically significant (p <
0.05) on days 10 and 13.

Berberine

Day 4 ‘
A | DMSO 1pM
S P
-0 e
S

Day 10

Day 13

0.5 4 Co

~o—-DMSO
0.4 4 1pM

10 uM
0.3 | =%=20pM
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Spheroid size (mm?)

10uM

20uM 50uM
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Figure 1. Berberine inhibits tumor spheroid growth of HCT116 cells. A. Representative phase-contrast photographs of untreated,
DMSO-treated, and berberine-treated spheroids. B. Growth curves of untreated, DMSO-treated, and berberine-treated spheroids
showing show the growth suppressing effect of berberine. Bar. 400 pm. Results are mean + s.d. (n = 2, Student’s t-test, *p < 0.05).
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2. Berberine attenuates the proliferative
capacity of HCT116 cancer cells
A proliferation assay was performed to investigate
the possible effect of Berberine on the proliferation
potential of cells. The obtained results showed that
berberine-treated (20 uM) cultures possess lower cell
counts (significantly decreased by 50%) as compared
to controls (Fig. 2A). Also, when calculating the
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doubling time of cells, berberine-treated cells showed
higher doubling time as compared to the control cells
(Fig. 2B). Further, cell culture preparations were
labeled for the proliferation marker (Ki67) and
analyzed using flow cytometry. The results show no
difference in the level of Ki67 staining between
berberine-treated and control cultures (Fig. 2C).

B
40 -
()
E
> 30
£
Is)
3
S 20
c
K=
T
= 10 A
o
o
a
O i
DMSO Berberine
(20uM)

Berberine (20 uM)

_ 100

80

20

102 103 104

Ki67-FITC

107

Figure 2. Berberine attenuates the proliferative potential of HCT116 cells. A. Bar graph showing the cell count of
DMSO and berberine-treated cultures 48h after treatment. B. Bar graph showing the variation in the doubling time of
cancer cells upon treatment with berberine. C. K167 histograms of DMSO and berberine-treated cultures. (n = 2). Results

are mean + s.d. (n = 2, Student’s t-test, *p < 0.05).
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3. Effect of berberine on the cell cycle

progression of spheroid cancer cells
To investigate the possible role of Berberine on the
cell cycle progression of cancer cells, spheroids were
dissociated into cell suspensions and were analyzed
using flow cytometry. The obtained results show that
berberine application induces alternations in the cell
cycle distribution of cells as compared to controls
(Fig. 3A). The % of G1 fraction of cells in berberine-
treated spheroids was elevated (46%) compared to
controls (36%). Interestingly, the S-phase fraction
possesses only 13% of the population in berberine-
treated samples compared to 23% in the control
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samples. i.e. berberine application induced a
significant reduction in the S phase fraction by 44%.
A very slight change was observed in the G2/M phase
fraction. Moreover, a sub-G1 fraction of cells was
found in the control samples only. The previous
finding regarding the S-phase fraction of cells was
further investigated using BrdU labeling upon
berberine or DMSO treatment in 2D cultures (Fig.
3B). BrdU positive and negative cells at 5 different
regions of the stained culture were counted (Fig. 3C).
In coincidence with the previous finding, the data
show that the % BrdU positive cells was 40% lower
in berberine-treated samples as compared to controls.
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Figure 3. The effect of Berberine on the cell cycle profile of HCT116 cancer cell spheroids. Histograms showing the
cell cycle distribution of DMSO and Berberine-treated spheroids. Spheroid samples were dissociated using a mixed
mechanical and enzymatic method. Cell suspension from spheroid cultures was stained with Pl and analyzed using a
flow cytometer. B. Phase-contrast images of BrdU-immunostained cultures upon treatment with DMSO or Berberine (20
pUM). Samples were counterstained with hematoxylin. Bar. 50 um. C. Bar graph showing the % of BrdU positive cells
upon DMSO or berberine treatment. Results are mean + s.d. (n = 2, Student’s t-test, *p < 0.05).
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4. Determination of Apoptosis on HCT116
cancer cells upon berberine treatment
As the cell cycle disturbance upon berberine
treatment might activate the programmed cell death,
it was necessary to evaluate the level of apoptosis in
cells in response to berberine treatment. The
apoptotic cell fraction was assessed using the
Annexin V-FITC/PI staining (Fig. 4A). The apoptotic
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cell fraction was extremely low in both berberine-
treated as well as control cultures and no significant
difference was found between both cultures. Also,
DAPI staining was applied to further investigated the
berberine-treated and control cultures for alternations
in the nuclear morphology. The obtained results show
that berberine application did not induce any
apoptotic features in the nuclei of cells (Fig. 4B).
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Figure 4. The impact of berberine on the apoptosis of HCT116 cancer cells. A. Annexin V/PI Dot plots of
DMSO and berberine-treated cultures. B. DAPI stained preparations of berberine-treated and control cells. Bar. 10

pm. (n = 2).

Discussion:

Colorectal cancers are among the most common
malignancies worldwide with a relatively poor
prognosis due to the high toxicity of the current
therapeutic regimes (Akhtar et al., 2014). Hence,
novel less toxic treatment strategies are urgently
needed to improve the poor prognosis of CRC.
Berberine is a natural alkaloid with several anti-
cancer properties that have been previously
investigated (Chen, 2016; Letasiova et al., 2006; Patil
et al., 2010). However, these investigations were
usually performed using the traditional 2D cultures
which  hinder the critical role of the
microenvironment as well as the cell-cell interaction

in the cellular response to therapy. Critically, these
interactions usually promote cell survival and
resistance to therapy. Also, 3D tumor spheroids
reproduce several parameters of tumors in situ
(including metabolic products, oxygen, and nutrient
concentrations). Therefore, the 3D model has been
recently regarded as a better model for studying the
efficacy of potential anti-cancer agents (Wenzel et
al., 2014). Hence, this work investigated the anti-
cancer efficacy of berberine using a more
physiological 3D multicellular spheroid model of
HCT116 colorectal cells. Specifically, the 3D growth
inhibitory effect, cell cycle distribution, and
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induction of apoptosis in berberine-treated cultures
were assessed.

When investigating its effect on the rate of growth,
berberine showed strong anti-growth potential on
HCT116 colorectal spheroids at relatively low
concentration (10 pM). Previous studies regarding
the growth inhibitory effect of berberine on colorectal
3D in vitro models are lacking. However, previous
studies showed that berberine inhibits cancer cell
monolayer cultures of lung, liver, breast, and
leukemic cancer cells (Balakrishna and Kumar, 2015;
Tan et al., 2011). In coincidence with the previous
findings, berberine attenuated the proliferation
potential of cells in 2D cultures. Also, the doubling
time of cells was estimated and found to be
dramatically decreased in response to berberine
application. Several previous studies indicated that
berberine acted to inhibit the proliferation of colon
cancer cells (Wang et al., 2013).

As the doubling time of cells depends on the cell
cycle activity, these results indicate a possible
disturbance in the cell cycle dynamics of cells upon
berberine application. For this reason, a flow
cytometric analysis on cell suspensions from
dissociated spheroids was performed. The results
indicate that berberine induces a clear G1 phase
arrest. Consequently, the S phase fraction of cells
decreased. The effect of the berberine on the cell
cycle has not been previously investigated using a 3D
culture model, however, some 2D culture reports are
available. Mantena and colleagues showed that
berberine induces G1-phase cell cycle arrest in vitro
human prostate carcinoma cells (Mantena et al.,
2006).

Considering that the HCT116 cells carry a wild
type p53 gene, the prolonged cell cycle arrest due to
berberine treatment is more likely to promote
apoptosis. This has previously described in several
reports in vitro on prostate carcinoma (Mantena et al.,
2006), Osteosarcoma (Chen, 2016; Zhu et al., 2014),
gastric carcinoma (Lin et al., 2006), Hepatocellular
carcinoma (Yip and Ho, 2013; Yuetal., 2015), breast
carcinoma (Xie et al., 2015) cells. Unexpectedly,
berberine did not induce any significant level of
apoptosis in cancer cells in neither the 3D nor the 2D
culture preparations.

Taken together, the results show that berberine
possesses a strong anti-tumor efficacy in 3D culture
preparations of HCT116 cells. Also, berberine
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modulates the cell cycle progression and, thereby,
attenuates the replicative capacity of cancer cells.
Therefore, berberine could be considered an effective
anti-proliferative agent. Notably, berberine is not
pro-apoptotic in HCT116 3D spheroid cultures.
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