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Abstract

Berberin, extracted from Chinese herbal medicine Coptis chinensis, has been found to

have anti-tumor activities. However, the underlying mechanisms have not been fully eluci-

dated. Our current study demonstrated that berberin inhibited the in vitro and in vivo growth,

migration/invasion of CRC cells, via attenuating the expression levels of COX-2/PGE2, fol-

lowing by reducing the phosphorylation of JAK2 and STAT3, as well as the MMP-2/-9 ex-

pression. We further clarified that an increase of COX-2/PGE2 expression offset the

repressive activity of Berberin on JAK2/STAT3 signaling, and a JAK2 inhibitor AZD1480

blocked the effect of COX-2/PGE2 on MMP-2/-9 expression. In summary, Berberin inhibited

CRC invasion and metastasis via down-regulation of COX-2/PGE2- JAK2/STAT3 signaling

pathway.

Introduction

Colorectal cancer (CRC) is one of the most common human malignancies, ranking the third

for cancer incidence in the world [1]. At present, surgery is the top choice for the treatment of

CRC, but the post-surgical tumor metastasis rate remains high, a result of invasion and migra-

tion of CRC cells to the tumor surrounding tissues and distal organs [2–3]. Hence, to block

CRC cell from metastasis is a crucial strategy of cancer therapy.

Berberin, an alkaloid isolated from traditional Chinese medicine Coptischinensis, has anti-

inflammary, anti-infectious effects and has been used to treat diabetes and hypertension [4–6].

Most recently, berberin was found to have anti-tumor activity, through affecting MMP-2/-9 ex-

pression [7–8], but the underlying molecular mechanism remains elusive.

Previous studies have found that, over-expression of COX-2 correlates with CRC tumori-

genesis, not only did it promote tumor cell proliferation and inhibit apoptosis, but also enhance

tumor angiogenesis, tumor cell attachment as well as migration/invasion [9]. Prostaglandin E2
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(PGE2), the main catalyzed product of COX-2 from arachidonic acid, plays a key role in the

CRC tumorigenesis [10]. JAK2/STAT3 signaling pathway is persistently activated in CRC, up-

regulating the expression levels of downstream genes such as MMP-2/-9 resulting in increased

cancer cell migration/invasion and tumor metastasis [11–12]. Although the evidence collected

in prostate, lung cancers and cholangiocarcinoma attested a close association between activated

COX-2/PGE2 and JAK2/STAT3 signaling pathways [13–15], such correlation and its impor-

tance in CRC still need to be elucidated. Our current study investigated the mechanism of the

inhibitory effect of berberin on CRC invasion and metastasis, and revealed a significant role of

JAK2/STAT3 and COX-2/PGE2 signaling in these processes.

Materials and Methods

Cell culture and reagents

The human colorectal cancer SW620 and LoVo cells were purchased from ATCC (Manassas,

VA, USA). SW620 cells were cultured in L-15 medium and LoVo cells in F12K medium sup-

plemented with 10% fetal bovine serum, 100 g/ml streptomycin, 100 U/ml penicillin, at 37°C,

5% CO2, and high humidity. Berberine was purchased from Aldrich-Sigma (St. Louis, MO,

USA), ADZ1480, a JAK2 inhibitor, from Selleck (Houston, TX, USA). For in vitro studies, Ber-

berine was dissolved in Dimethyl Sulphoxide (DMSO) and frozen in aliquots at -80°C. For in

vivo experiments, Berberine was suspended in water supplemented with 0.5% carboxymethyl-

cellulose sodium (CMC-Na) and stored at 4°C. In addition, DMSO and CMC-Na were used as

the vehicle control in our whole study. The antibodies against COX-2, p-JAK2, JAK2, p-

STAT3, STAT3, MMP-2, MMP-9, β-actin, and the HRP-goat anti-rabbit IgG, HRP-goat anti-

mouse IgG were purchased from Cell Signaling (Beverly, MA, USA).

Clinical cases

Human colorectal carcinoma samples and the matched non-tumors colon tissue samples were

collected at the time of surgical resection at Shuguang Hospital, Shanghai University of Tradi-

tional Chinese Medicine. All research involving human participants have been approved by the

Ethics Committee of Shuguang Hospital, Shanghai University of Traditional Chinese Medi-

cine, and all clinical investigations have been conducted according to the principles expressed

in the Declaration of Helsinki. All patients provided “written informed consent” to participate

in this study.

Cell viability assays

Human CRC cells (5×103) were seeded onto 96-well plate in 100 μL culture media, after attach-

ment, were treated with berberin at dosages of 0, 5, 10, 20, 40 and 80 μM. At 24, 48, 72 hrs

post-treatment, the cell viability was measured using CCK-8 kit (Kumamoto, Japan) according

to manufacturer’s instruction. Briefly, CCK-8 reagent was added onto cells and incubated for 4

hours, absorbance (OD) was quantified by 490 nm with a reference wavelength of 630 nm. Cell

viability = (ODn-OD0)/(ODc-OD0)×100%, OD0: blank, ODc, untreated control, ODn, ber-

berin treated.

Xenograft mouse model

Male BALB/C nude mice, age 4–6 months, weighed 18 ± 2g, were purchased from SLAC Lab

Animal Co., Ltd (Shanghai, China, license no. SCXK 2012–0002), and maintained under path-

ogen-free conditions for the studies. All animal work have been conducted according to the

Institutional Animal Use and Care Committee of Shanghai University of Traditional Chinese
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Medicine, and all the research were approved by Shanghai Medical Experimental Animal Care

Commission and in accordance with the Provision and General Recommendation of Chinese

Experimental Animals Administration Legislation. As described previously [16], CRC cells

(1×106, in 0.2 ml PBS) were subcutaneously injected into the flanks of the nude mice to initiate

tumor growth. When tumors reach an average size of 100 mm3, the mice were randomized

into 5 groups (6 mice per group): group 1 mice: control (CMC-Na); groups 2, 3, 4: oral gavaged

berberin, at 50, 100, 200 mg/kg/d, respectively; group 5: intraperitoneally injected 5-FU, at 50

mg/kg/2d. The body weight of the animals and the two perpendicular diameters (a and b) were

recorded every 2 days and the tumor volume (TV) was estimated as: TV = ab2/2. The mice

were sacrificed after 4 weeks of treatment and the tumors were excised and weighed. The

tumor inhibition rate was calculated as: (1-average tumor weight of treated mice/average

tumor weight of control mice) x 100%. Meanwhile, blood was collected for analysis of alanine

transaminase (ALT), aspartate transaminase (AST), creatinine (CT), urea nitrogen (UN) using

ELISA kit (Bogoo, Shanghai, China) according to manufacturer’s instruction.

CRC lung metastasis mouse model

Experimental lung metastases of CRC were induced by injections of a single-cell suspension of

CRC cells (1×106 in 0.2 ml PBS) into the lateral tail vein of nude mice, which were randomized

into 5 treatment groups as described in the xenograft studies [17]. The mice were sacrificed

after 4 weeks of treatment, the organs of lung were excised, fixed by formalin and paraffin em-

bedded for further analysis.

Histology and immunohistochemistry (IHC)

The organs and tumor were removed, fixed with formalin, embedded with paraffin and sec-

tioned [18]. IHC of COX-2 and p-STAT3 was performed on the 5-μm sections using antibodies

from Cell Signaling Technology (Beverly, MA, USA). Images were analyzed and quantified for

the total value of optical density (IOD) for the IHC positivity by Image pro-plus 6.0 Software.

Cell migration and invasion assays

A 24-well transwell plate (8-mm pore size, Corning, NY, USA) was used to measure each cell

line’s migratory and invasive ability, as we previously described [19]. The CRC cells were treat-

ed by berberin for 48 hrs before being trypsinized and seeded into the upper transwell chamber

(2.5×104) in 1% FBS culture media, with the lower chamber containing 600 μl media with 15%

FBS and 10μg/ml fibronectin. Twenty-four hrs later, the migrated cells were fixed by 95% alco-

hol, stained by crystal violet staining, analyzed by microscope (Ti-E, Nikon, Tokyo, Japan). For

invasion assay, 100 μl diluted matrigel (100μg/ml, BD, Franklin Lakes, NJ, USA) was firstly

added unto the bottom of the transwell chamber, the following procedure was the same as mi-

gration analysis, except for the invasive cells being analyzed after 48 hrs.

Western blot analysis

Cell lysis, protein extraction andWestern blotting analyses were performed as previously de-

scribed [20]. Protein samples (20 μg) were subjected to 10% sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis, transferred to a polyvinylidenedifluoride membrane. The membranes

were blocked in 5% non-fat powdered milk buffer (10 mmol/l Tris, pH 7.5, 100 mmol/l NaCl,

0.1% Tween 20), before being incubated with primary and later, secondary antibodies, and auto

photographed. Data obtained from theWestern blot experiments were analyzed by Bio-Rad

Quantity One 1D Analysis software (Bio-Rad, Hercules, CA, USA).
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Luciferase Reporter Assay

Using our established protocol [21], pGL3-Basic-COX-2 promoter and a control vector

pRL-SV40 were transfected into CRC cells. Twenty-four hrs post-transfection, various doses of

berberin were added onto the cells for an additional 48 hrs. Then, the measurements of firefly

and Renilla luciferase activities in cell lysates were carried out using the Dual-Luciferase Re-

porter Assay System (Promega, Madison, USA). Data were presented as the ratio of firefly lu-

ciferase activity to Renilla luciferase activity in each sample performed in triplicate ± SD.

ELISA

After being treated with various concentrations of berberin for 48 hrs, the CRC cells were

re-seeded onto 24-well plates (5×104 in 0.5 ml of culture media). Forty-eight hrs later, the

conditioned media were collected, centrifuged (3000 rpm for 10 min), and measured for

PGE2 concentration using an ELISA kit (Bogoo, Shanghai, China) according to manufacturer’s

instruction.

Over-expression and knockdown of COX-2 gene

CRC cells were transfected with the pIRES2-COX-2 or the control vector pIRES2 using Lipo-

fectamine 2000 reagent (Invitrogen, Grand Island, NY, USA) following the manufacturer’s in-

struction, and the stably overexpressing COX-2 or control vector cells was selected with

neomycin (G418, 1mg/ml). For shRNA mediated gene knockdown, CRC cells were Lipofecta-

mine 2000 transfected by the pFU-GW-RNAi plasmids containing COX-2-specific siRNA se-

quences: 1: 5-GCTGAATTTAACACCCTCTAT-3, 2: 5-GCAGATGAAATACCAGTCTTT-3,

or the scramble sequence: 5-TTCTCCGAACGTGTCACGT-3, and the transfected cells were

selected with neomycin. The efficiency of gene knockdown was determined by quantitative

real-time PCR and western blot.

RNA extraction and real-time quantitative analysis

Total RNA was extracted using Trizol (TaKaRa Bio Inc, Dalian, China) according to manufac-

turer’s instructions. Reverse transcription was performed using PrimeScriptTM RT-PCR Kit

(TaKaRa Bio Inc, Dalian, China). The following primers sequences were used for PCR amplifi-

cation: human COX-2 forward: 5’- GAATCATTCACCAGGCAAATTG-3’, and reverse: 5’-

TCTGTACTGCGGGTGGAACA-3’;the TaqMan probe: 5’-FAM-TGGCAGGGTTGCTGGT

GGTAG GA-3-TAMRA-3’ (Shine Gene, Shanghai, China); GAPDH forward: 5’-CCACTCCT

CCACCTTTGA C-3’, and reverse: 5’-ACCCTGTTGCTGTAGCCA-3’; TaqMan probe:

5’-FAM-TTGCCCTCAACGACCACTTTGTC-3’ (Shine Gene, Shanghai, China). Real time

PCR was performed in the Applied Biosystems 7300 System using Premix Ex Taq (TaKaRa Bio

Inc, Dalian, China).

Statistical analysis

All statistical analyses were completed with SPSS (Version 18) software, the data were pre-

sented as means with standard deviation (SD), and the statistic comparison was performed

using the Student’s t-test, one-way ANOVA analysis, Mann-Whitney test, or Kruskal-Wallis

test. P<0.05 was considered statistically significant.
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Result

1.Berberin inhibited the cell growth and migration/invasion of CRC in
vitro and in vivo

We first tested the inhibitory effect of berberin on established xenograft tumors of human CRC

cell lines SW260 and LoVo in mice. As shown in Fig 1A and 1B, berberin induced a tumor in-

hibition rate of 25.83% and 30.66% in SW620 and LoVo tumors, respectively. In addition, mice

treated berberin did not have altered body weight and liver and kidney functions remained

normal (S1 Fig and S1 Table), suggesting no toxicity of the compound at the tested concentra-

tion. We next demonstrated that berberin repressed in vitro cell growth of these two CRC cell

lines, with an IC50 of 54.41 μM for SW620 and 78.66 μM for LoVo, at 48 h post-treatment

(Fig 1C). We further indicated that berberin decreased the lung metastasis of CRC cells in a tail

vein injection induced mouse model, in a drug dosage-dependent manner (Fig 1D). In vitro

transwell studies confirmed that berberin, at drug concentrations of 10, 20 and 40 μM, can ef-

fectively compromised the ability of CRC cells to migrate and invade (Fig 1E).

2.Berberin down-regulated the expression levels of COX-2 and PGE2 in
CRC cells

We next investigated the underlying mechanisms for the inhibition of CRC cell migration/in-

vasion by berberin. We started by finding that in SW620 and LoVo cells, the expression levels

of COX-2 and PGE2 were attenuated by berberin in a drug dose-dependent manner (Fig 2A,

2B and 2D). This data was corroborated by a COX-2 promoter luciferase reporter assay, indi-

cating that the activity of COX-2 promoter was repressed by berberin (Fig 2C). To support our

hypothesis, we conducted COX-2 over-expression and knockout experiments, showing that in-

creased levels of COX-2 protein up-ticked the migratory/invasive ability of the CRC cells while

the COX-2 gene knockout by shRNA construct attained the opposite effect (Fig 2E). Further-

more, the addition of PGE2, the downstream catalyzed product of COX-2, also heightened the

degrees of migration and invasion in CRC cells (Fig 2F).

3.Berberin inhibited JAK/STAT3 signaling in CRC cells

In order to delineate the mechanism of its inhibitory effect on CRC cell migration/invasion, we

interrogated the influence of berberin on cell signaling pathways. We found berberin signifi-

cantly decreased the phosphorylation levels of the JAK and STAT3 proteins (pJAK2 and

pSTAT3) in CRC cells (Fig 3A). In comparison, using a JAK2 inhibitor (AZD1480), we similar-

ly abrogated the pJAK2 and pSTAT3, resulting in the dampened cellular migration/invasion

levels of CRC cells (Fig 3B and 3C).

4.Elevated expression levels of COX-2 and pSTAT3 correlated with
tumor invasion and metastasis in primary human CRC

Immunohistochemical (IHC) analysis of primary CRC samples illustrated that the expression

levels of COX-2 and pSTAT3 were significantly higher in CRC tissues compared with the adja-

cent normal tissues (Fig 4A and Table 1). As can be seen in Tables 2 and 3, there was a strong

correlation between the presence of COX-2 or pSTAT3 with the degree of differentiation, ex-

tent of invasion and metastasis, and Duke’s staging. COX-2 and pSTAT3 positivity on IHC did

not correlate with patient age, sex and tumor size. The survival was significantly longer in

COX-2-low expressing patients versus COX-2-high ones, but no association between pSTAT3

levels and patient survival time (Fig 4B).
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5.COX-2/PGE2 regulated JAK2/STAT3 signaling in CRC cells

We next over-expressed COX-2 protein in CRC SW620 and LoVo cells by transfection, and

found increased levels of pJAK2 and pSTAT3, and decreased expression levels of MMP-2,

MMP-9, which are transcriptionally regulated downstream of JAK2/STAT3 signaling; on the

other hand, the shRNA construct mediated COX-2 gene knockdown had the opposite effect

(Fig 5A and 5B). The addition of PGE2 ligand to the CRC cells significantly activated the JAK2/

STAT3 signaling and the expression of MMP-2/-9 (Fig 5C and 5D). Based on these data, we

hypothesized that activated COX-2/PGE2 axis enhanced JAK2/STAT3 signaling pathway, up-

regulated the expression levels of MMP-2/-9, leading to increased metastatic potential of

CRC cells.

6.Berberin inhibited CRC cell invasion and metastasis via repressing the
COX-2/PGE2/JAK2/STAT3 signaling axis

With our data showing berberin inhibiting COX-2/PGE2 expression and JAK2/STAT3 signal-

ing, as well as COX-2/PGE2 regulating JAK2/STAT3 pathway, we hypothesized that the mech-

anism of berberin’s inhibitory effect on CRC invasiveness and metastatic potential was its

negative influence on the signaling axis of COX-2/PGE2-JAK2/STAT3. To test this theory of

ours, we treated the CRC cells using JAK2 inhibitor AZD1480, and found the expression of

MMP-2/-9 was “uncoupled” from COX-2 and PGE2, i.e. neither overexpression of COX-2 nor

addition of ligand PGE2 could increase the protein levels of MMP-2/-9 (Fig 6A and 6C). Con-

versely, with AZD1480 blocking JAK2/STAT3 signaling, berberin had no effect on MMP-2/-9

expression levels (Fig 6B and 6D).

Discussion

Invasiveness and metastasis, characteristics of malignant tumors, are the main reasons why

cancer therapies against CRC fail. Therefore, finding novel metastasis-targeting anti-tumor

drugs appears to be plausible to increase the survival rate of CRC patients. Being used more

and more in the clinic, traditional Chinese medicine (TCM) has been proven to be an impor-

tant alternative therapeutic option for CRC, besides surgery and chemotherapy [22]. With ac-

cumulating evidence demonstrating that TCM is very effective treating cancers, it is

increasingly important and necessary to study the mechanisms underlying the anti-tumor ac-

tivities of TCM and their components. Berberin, an alkaloid isolated from TCM herb Coptis

chinensis, has been shown to have anti-tumor efficacy in treating CRC, liver, breast, prostate

and lung cancers [23–27]. In our current study, we presented in vitro and in vivo data

Fig 1. Berberin inhibits CRC cell growth andmetastasis. A. Berberin inhibits the CRC xenograft tumor
growth. Subcutaneously implanted tumors of CRC cell line SW620 and LoVo were treated with control, 5-FU,
and 3 dosages of berberin for 28 days. Tumor volumes of different groups of mice were recorded and
presented. B. Xenograft tumors excised from the mice treated with drugs and duration indicated in A. C.
Berberin decreases CRC cell viability in vitro. SW620 and LoVo cells were treated with variable
concentrations of berberin for 24, 48 and 72 h. The mean value ± SE from 5 replicates was shown. D.
Berberin decreases CRC cell lung metastasis in mice. Mice bearing SW620 and LoVo cell lung metastasis
were treated with indicated variable berberin dosages. Upper panel: representative HE stained sections of
mouse lung with CRC cell metastasis foci. Lower panel: numbers of CRC lung metastasis foci in control and
berberin treated mice. E. Berberin inhibits migration and invasion of CRC cells. Cell migration and invasion
assay results of CRC cell lines SW620 and LoVo, treated with berberin or control. The results shown are
representative of three independent experiments. The bars and error bars represent the means ± SE, and the
P-value was calculated using an independent t-test. **P<0.01, control vs treated; ##P<0.01, control
vs treated.

doi:10.1371/journal.pone.0123478.g001
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delineating berberin induced inhibition of CRC cell growth, migration/invasion and metastasis,

furthermore, we explored the underlining mechanism.

Previous studies have shown that COX-2, the rate-limiting enzyme catalyzing the conver-

sion of arachidonic acid to PGE2, over-expresses in the tumor tissues of multiple malignancies,

including CRC. As the downstream effector of COX-2, PGE2 promotes tumor angiogenesis,

cell growth, migration/invasion, and immune evasion. Therefore, PGE2 remains a key factor of

tumorigenesis. Epidemiological evidence has suggested that long-term, routine taking of COX-

2 inhibitor such as NSAIDs (Nonsteroidal anti-inflammatory drugs) could decrease 50% of

CRC incidence [28–29]. Our results revealed that berberin inhibited the expression levels of

COX-2 and PGE2 in CRC cells, in accordance with the data Singh et al found in the melanoma

cells treated with berberin [30]. Thus, will berberin be as effective as the NSAIDs to reduce

CRC incidence? This will be a very interesting topic for the future studies, especially on the

mechanism by which berberin works in CRC cells.

JAK2/STAT3 signaling pathway is persistently activated in lung, breast cancers and in CRC

[31–32]. Under normal physiological condition, JAK2/STAT3 signaling pathway is transiently

activated. Growth factors and cytokines bind to their receptors on the cell surface to activate

JAK2, which in turn phosphorylates the tyrosine residue 705 (Tyr705) of STAT3 protein to ac-

tivate it (pSTAT3). pSTAT3 forms homodimers or heterodiers, translocates into the nucleus,

transactivates the expression levels of Cyclin D1, VEGF and MMP-2/-9 genes [33–36], whose

protein products are involved in the regulation of tumor cell growth, apoptosis, angiogenesis

and metastasis. It was already shown by the studies in nasopharyngeal cancer and diabetic dis-

ease that berberin blocked JAK2/STAT3 signaling [37–38], and our current data has added an-

other piece of evidence asserting the inhibitory effect of berberin on JAK2/STAT3 activation as

well as the expression of its downstream target genes MMP-2/-9 in CRC—-this probably is

part of the biological mechanism of berberin’s anti-tumor effect.

Since our data proposed that berberin impacted both COX-2/PGE2 and JAK2/STAT3 signal-

ing pathways, we further investigated the protein levels of COX-2 and pSTAT3 in primary CRC

samples, and interrogated any association and regulatory linkage between these 2 important

players. Consistent with other researchers’ observation of a close association between activated

COX-2/PGE2 and JAK2/STAT3 signaling pathways in prostate, lung cancers and cholangiocar-

cinoma [13–15], we discovered, in human CRC tissues, higher amount of COX-2 and pSTAT3,

which significantly correlated with each other, and overall both were associated with higher de-

gree of tumor invasiveness and metastasis. Next our in vitro studies uncovered that COX-2/

PGE2 regulated CRC cell migration/invasion process through JAK2/STAT3 signaling, and over-

expression of COX-2 and PGE2 reversed the inhibitory action of berberin on JAK2/STAT3 acti-

vation and cancer cell mobility. Moreover, we revealed that AZD1480, a JAK2 inhibitor/STAT3

activation blocker [39–40], disengaged COX-2/PGE2 and berberin from affecting the expression

levels of MMP-2/-9. These findings of us illuminated the COX-2/PGE2-JAK2/STAT3 signaling

Fig 2. Berberin reduces expression levels of COX-2 and PGE2. A. and B. Extracts from SW620 and LoVo
cells treated with berberin at indicated concentrations for 48 h were analyzed for COX-2. C. SW620 and LoVo
cells were transfected with a COX-2 reporter construct and a TK-Renilla construct (for transfection/loading
control) for 24 h, treated with the indicated doses of berberin for another 48 h, and were lysed and subjected
to firefly and Renilla luciferase activity measurements. The bars show fold induction over the no-treatment
control (means ± SE). D. Levels of PGE2 in SW620 and LoVo cells treated by indicated doses of berberin for
48 h were measured by ELISA (means ± SE). CRC cell migration and invasion are affected by: E. Over-
expression or knockdown of COX-2 gene; F. PGE2. The results shown are representative of three
independent experiments. The bars and error bars represent the means ± SE, and the P-value was
calculated using an independent t-test. **P<0.01, migration control vs treated; ##P<0.01, invasion control
vs treated.

doi:10.1371/journal.pone.0123478.g002
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Fig 3. Berberin blocks JAK2/STAT3 signaling in CRC cells. A. Extracts from SW620 and LoVo cells
treated with berberin at indicated concentrations for 48 h were analyzed for pJAK2, JAK2, pSTAT3, STAT3
and beta-actin (as loading control). B. JAK inhibitor AZD1480 blocks JAK2/STAT3 signaling. Extracts from
SW620 and LoVo cells treated with AZD1480 (5 μM) were analyzed for the expression of pJAK2, JAK2,
pSTAT3, STAT3 and beta-actin. C. AZD1480 inhibits migration and invasion of CRC cells. The results shown
are representative of three independent experiments. The bars and error bars represent the means ± SE, and
the P-value was calculated using an independent t-test. **P<0.01, migration control vs treated; ##P<0.01,
invasion control vs treated.

doi:10.1371/journal.pone.0123478.g003
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cascade as the drug target for berberin to mediate its effect on CRC invasiveness and metastasis.

In summary, berberin reduces COX-2/PGE2 levels, in turn dampens JAK2/STAT3 activation,

leading to decreased expression of downstream target genes MMP-2/-9, resulting in less

Fig 4. Expression levels of COX-2 and pSTAT3 are higher in primary CRC. A. Examples of CRC tumor
specimens stained for COX-2 and pSTAT3 are shown. B. Expression levels of COX-2 and pSTAT3 don’t
correlate with CRC patients’ survival.

doi:10.1371/journal.pone.0123478.g004

Table 1. Immunohistochemistry of COX-2 and p-STAT3 in human CRC tissues and adjacent normal tissues.

Parameters Tissues Case Staining intensity P value

- +/- + ++ +++

COX-2 tumors* 120 9 16 33 37 25 0.000

adjacent normal 120 59 43 14 4 0

p-STAT3 tumors* 120 7 19 45 28 21 0.000

adjacent normal 120 56 47 16 1 0

*: P<0.01 vs. adjacent normal tissues

doi:10.1371/journal.pone.0123478.t001
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Table 2. Clinicopathologic correlation of COX-2 in human CRCs.

Parameters Cases COX-2 expression P value

negative positive

Gender

Male 52 10 42 0.189

Female 68 15 53

Age

<60 64 14 50 0.234

�60 56 11 45

Tumor size(d/cm)

D<6 76 16 60 0.328

d�6 44 9 35

Degree of differentiation

Poorly 48 6 42 0.035*

Moderately and well 72 18 54

Extent of invasion and metastasis

Yes 86 11 75 0.016*

No 34 14 20

Duke’s stage

A-B 72 18 54 0.035*

C-D 48 6 42

*: P<0.05 vs. no invasion and metastasis group

doi:10.1371/journal.pone.0123478.t002

Table 3. Clinicopathologic correlation of p-STAT3 in human CRCs.

Parameters Cases COX-2 expression P value

negative positive

Gender

Male 52 11 41 0.207

Female 68 14 54

Age

<60 64 15 49 0.138

�60 56 10 46

Tumor size(d/cm)

D<6 76 14 62 0.126

d�6 44 11 33

Degree of differentiation

Poorly 48 5 43 0.030*

Moderately and well 72 19 53

Extent of invasion and metastasis

Yes 86 13 73 0.026*

No 34 12 22

Duke’s stage

A-B 72 19 53 0.030*

C-D 48 5 43

*: P<0.05 vs. no invasion and metastasis group

doi:10.1371/journal.pone.0123478.t003
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Fig 5. COX-2/PGE2 regulates JAK2/STAT3 signaling in CRC cells. A. and B. Extracts from SW620 and
LoVo cells transfected with COX-2 over-expression or shRNA construct were analyzed for pJAK2, JAK2,
pSTAT3, STAT3, MMP-2, MMP-9 and beta-actin. C. and D. Extracts from SW620 and LoVo cells treated with
PGE2 for indicated durations were analyzed for pJAK2, JAK2, pSTAT3, STAT3, MMP-2, MMP-9 and beta-
actin.

doi:10.1371/journal.pone.0123478.g005
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Fig 6. Berberin inhibits CRC cell migration and invasion through COX-2/PGE2-JAK2/STAT3mediated
signaling pathway. A. and B. Extracts from SW620 cells treated with AZD1480 for 2 h, transfected with
COX-2 over-expression construct for 24 h, treated with berberin (40 μM) for 48 h, were analyzed for pJAK2,
JAK2, pSTAT3, STAT3, MMP-2, MMP-9 and beta-actin. C. and D. Extracts from SW620 cells treated with
AZD1480 for 2 h, treated with berberin (40 μM) or PGE2 (5 μM) for 48 h, were analyzed for pJAK2, JAK2,
pSTAT3, STAT3, MMP-2, MMP-9 and beta-actin.

doi:10.1371/journal.pone.0123478.g006

Fig 7. A hypothetical illustration for the role of berberin. PGE2, the main catalyzed product of COX-2
from arachidonic acid, could bind to the EP receptor on the cell membrane, thereby activating the JAK2,
followed by the phorphorylating of STAT3 in the Tyr705 site. The activated p-STAT3 forms the homo-or
heterodimers, which translocate into the nucleus, bind to the downstream target gene MMP-2, MMP-9, and
accelerate the tumor progression. Inhibiting the COX-2/PGE2 mediated JAK2/STAT3 signaling pathway,
could be one of the mechanisms of the inhibitory effect of berberin on the invasion and metastasis in
colorectal cancer.

doi:10.1371/journal.pone.0123478.g007
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invasiveness and metastasis in CRC (Fig 7). This report of us has provided an important set of

pre-clinical data for the future wide use of berberin in treating CRC.
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berberin group. Treatment with berberin has little effect on mouse body weight. No significant

difference between animals treated with berberin at dose of 200 mg/kg per day and the control

animals. Data shown as means±SD. B. Representative liver samples from control and berberin

mice were processed and staining by HE. The results shown are representative of three inde-

pendent experiments.
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