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Background: Activation of epidermal growth factor receptor (EGFR) has been reported in

a variety of cancer types, including colorectal cancer (CRC), and represents a potential

chemotherapeutic drug target. EGFR tyrosine kinase inhibitors (EGFR-TKIs) have been

increasingly applied in the clinical treatment of CRC, but development of drug resistance

during the treatment has greatly limited their application. Signal transducer and activator of

transcription 3 (STAT3) and its mediated signal transduction pathway play an important role

in the occurrence, development and metastasis of CRC, and are related to the development of

EGFR-TKI resistance in CRC.

Methods: Cell viability, colony formation and cellular morphology were examined to

evaluate the potent antiproliferative effect of the STAT3 inhibitor napabucasin, LY5 and

rhein on the human CRC cell lines HCT116, SW620, RKO and DLD-1. Flow cytometry-

based analysis was employed to determine whether rhein can affect the cell cycle and

apoptosis. The expression level of phosphorylated STAT3 (P-STAT3), and cell cycle- and

apoptosis-related proteins BCL2, CDC2 BAX, Cyclin D1 and Cyclin B1 were detected by

Western blot analysis.

Results: This study revealed that rhein can significantly reduce cell viability and stimulate

apoptosis in human CRC cells in a dose-dependent manner. In addition, rhein induced cell

cycle arrest at the G2/M phase in CRC cells and dose-dependently inhibited the expression of

cell cycle-related proteins. Additionally, it was found that napabucasin, LY5 and rhein

considerably sensitized cells to the EGFR-TKI erlotinib, thus suppressing CRC cell prolif-

eration. Rhein also inhibited the phosphorylation of its downstream target STAT3. Inhibition

of STAT3 and EGFR phosphorylation was also observed after treatment with a combination

of rhein and EGFR inhibitors.

Conclusion: This study confirmed the synergistic effect of STAT3 inhibitor and EGFR

inhibitor in CRC cell lines. Additionally, we found that rhein sensitizes human CRC cells to

EGFR-TKIs by inhibiting STAT3 pathway. When combined with EGFR-TKIs, rhein may be

a novel STAT3 inhibitor in CRC.
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Introduction
Colorectal cancer (CRC) is one of the most commonly diagnosed and lethal cancers

worldwide. The prognosis of CRC patients depends on the cancer stage at

diagnosis.1 Detection of CRC at an early stage may lead to a 90% 5 year survival

rate, compared to 12% when distant metastasis has occurred.2,3 The epidermal

growth factor receptor (EGFR) signaling pathway plays an important role in the

proliferation, angiogenesis, invasion and metastasis of CRC cells.4 EGFR tyrosine

kinase inhibitors (EGFR-TKIs) have been increasingly applied in the clinical
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treatment of CRC.5 However, development of resistance to

EGFR-TKI drugs during treatment has greatly limited

their application. In patients with CRC, secondary drug

resistance may occur after 10–16 months of treatment,

even when early treatment is effective.6,7 Development

of drug resistance has become the bottleneck of EGFR-

TKIs therapy, which increases the difficulty of clinical

treatment of CRC.8,9 Considerable basic and clinical

research is still needed to study the mechanism of drug

resistance.

Signal transducer and activator of transcription 3

(STAT3), an important member of the STAT protein

family, which are recognized as oncogenes for their role

in the malignant transformation of cells and

tumorigenesis.10,11 Recent studies have shown that

STAT3 and its mediated signaling pathway play an impor-

tant role in EGFR-TKI resistance in CRC cells.12 The

feedback activation of STAT3 is a new mechanism for

the development of drug resistance to EGFR inhibitors in

CRC cells.13–15 Thus, to overcome drug resistance and

better treat CRC, new strategies need to be developed to

improve the effectiveness of EGFR inhibitors, especially

by blocking the STAT3 pathway.16 We found that the

STAT3 inhibitors combined with EGFR inhibitors, had

synergistic anti-proliferative and pro-apoptotic effects

in vitro and in vivo.12,17

Rhein is a lipophilic anthraquinone widely found in

medicinal plants. Emerging evidence suggests that rhein

has remarkable antitumor effects, supporting its potential

use as an antitumor agent.12,18 Furthermore, we also found

that rhein sensitizes human CRC cells to EGFR inhibitors

by inhibiting STAT3 pathway. Thus, when combined with

EGFR-TKI, rhein may be a novel STAT3 inhibitor in CRC

cells.

Materials and methods
Cell lines and antibody
Rhein was purchased from TagerMol (Shanghai, China)

and its purity is 98.7%. DMSO was used as a solvent to

dissolve all drugs. Human colon cancer cell lines

(HCT116, SW620, RKO and DLD-1) were obtained

from cell resources center of the Shanghai Institutes for

Biological Sciences (Chinese Academy of Sciences,

Shanghai, China). HCT116 and RKO cells were grown

in McCoy’s 5A medium (Gibco/BRL; Thermo Fisher

Scientific, Waltham, MA, USA) supplemented with 10%

fetal bovine serum (FBS) (Gibco; Life Technologies,

Carlsbad, California, USA) and 1% of antibiotic solution

(100 units/mL penicillin and 100 μg/mL streptomycin) in

a humidified atmosphere of 5% CO2 at 37°C. SW620 and

DLD-1 cells were cultured in Dulbecco’s Modified

Eagle’s Medium (DMEM; Thermo Fisher Scientific;

Suzhou, China) with 10% FBS (Gibco; Life

Technologies, Carlsbad, California, USA), 1% of antibio-

tic solution and incubated at 37°C with 5% CO2. The

antibodies against P-STAT3, STAT3, P-EGFR, EGFR,

CDC2, CyclinB1, CyclinD1, BCL-2, BAX, GAPDH,

horseradish peroxidase (HRP)-conjugated donkey anti-

rabbit IgG and HRP-conjugated goat anti-mouse IgG

were purchased from Santa Cruz Biotechnology Inc.

(Dallas, TX, USA).

MTT assay
Cells were seeded into wells of a 96-well plate at 5×103

cells per well in 100 μL of the corresponding medium.

Rhein was dissolved in DMSO to a final concentration of

0, 25, 50, 75, 100 μM. CRC cell lines were incubated with

rhein for 48 h or 72 h hours. Subsequently, cells were

treated with a fresh solution of MTT (5 mg/mL) for 4 h at

37°CC. The purple formazan crystals were finally solubi-

lized with DMSO solution, and absorbance was recorded

using a multi-well plate reader at 490 nm.

Western blot analysis
Cells were lysed in protein lysis buffer and centrifuged

at 12,000 rpm for 10 mins at 4°C to remove nuclei and

cell debris. The cell extract concentrations were deter-

mined with the Bradford protein assay kit (Bio-Rad

Laboratories Inc., Hercules, CA, USA). After addition

of sample loading buffer, proteins were separated by

electrophoresis and the proteins were then electroblotted

to poly-vinylidene difluoride transfer membranes. The

blots were blocked for 2 hrs with fresh 5% non-fat

milk in tris-buffered saline with Tween 20 (TBST) buf-

fer at room temperature, followed by incubation with

primary antibody in TBST overnight at 4°C. After wash-

ing three times with TBST, the blots were incubated

with horseradish peroxidase-conjugated secondary anti-

bodies for 1 hr. After three washes with TBST, the

antibody staining was visualized using the ECL kit (Bio-

Rad Laboratories Inc. Hercules, CA, USA). Then, the

images were analyzed using the Image J computer soft-

ware (National Institute of Health, Bethesda,

MD, USA).
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Cell cycle analysis
Cells were seed into 6-well plate for 24 hrs, and then

treated with DMSO or different concentrations of rhein

and erlotinib for 24 hrs. Cells were then labeled with

propidium iodide (PI), and the cell cycle was analyzed

by flow cytometry analysis (BD Biosciences, San Jose,

CA, USA).

Analysis of cell apoptosis
Cells (3×105 cells/well) were seeded in 6-well plate and

incubated overnight and then treated with rhein and erlotinib

for 48 h. After treatment, the cells were harvested with

trypsin and then washed with cold PBS twice. The cells

were stained with Annexin V for 10 min under dark condi-

tions and then with PI for 5 min. Annexin V-binding buffer

was then added to the mixture before fluorescence was

measured on a FACSCalibur (BD Biosciences; Baltimore,

MD, USA). Data were analyzed using Flowjo software.

Scratch wound model
Cells (5×105 cells/well) were seeded in 6-well plate and

allowed to adhere overnight. At 80–90% confluence,

a “reference line” was scratched at the bottom of the

plate by using a sterile 10 μL pipette tip. After being

washed with phosphate buffer saline (PBS) thrice, cells

were further incubated with inhibitors or a vehicle

(DMSO) in a calcium-free medium to examine cell migra-

tion in the absence of cell growth. Photomicrographs of

cells migrating across the reference line were taken in

different fields with a Canon digital camera (Tokyo,

Japan) after treatment at 0 and 48 h, respectively. The

rate of mobility was quantified by the migrated distance

of cells moved from the reference lines toward the center,

compared with that of the control. All experiments were

repeated 3 times.

Clonogenic assay
A total of 500 cells per well were seeded into a 6-well

plate with 2 mL medium overnight. The cells were then

pretreated with ihibitors or DMSO for 8–12 h. After treat-

ment, the cells were washed with PBS twice and then

transferred into a fresh medium to allow cells to grow

for 7 days. Colonies were washed with PBS and then

fixed with 4% methanol for 15 min at room temperature.

The cells were washed with PBS twice and then stained

with 1% crystal violet (25% methanol) for 10 min at room

temperature. Each experiment was conducted for 3 inde-

pendent experiments.

Statistical analyses
Data are represented as mean ± standard error of the mean of 3

independent experiments. Student’s t-test was performed to

determine the statistical significance between 2 groups by

using GraphPad Prism 7.0 (GraphPad Software, Inc., San

Diego CA, USA). P<0.05 was considered statistically

significant.

Results
Synergistic effect of STAT3 inhibitors and

erlotinib on CRC cells proliferation
The synergistic effect of the STAT3 inhibitor LY5 and the

EGFR inhibitor erlotinib on human CRC cells was inves-

tigated in the HCT116 and DLD-1 CRC cell lines treated

with STAT3 inhibitor LY5 and erlotinib, separately or in

combination, for 48 or 72 h, by evaluating cell viability

using the MTT assay. The inhibitory effect of the combi-

nation of LY5 with erlotinib on CRC cells was statistically

significant and more pronounced than that of LY5 or

erlotinib alone, with almost all of combination index CI

<0.5 (Figure 1A and B). Also, as anticipated, in HCT116,

DLD-1 and RKO cells, the cell scratch test demonstrated

that the combination of LY5 or another STAT3 inhibitor

napabucasin and erlotinib synergistically inhibited cell

migration more significantly than that either inhibitor

alone (Figure 2A–C). Moreover, napabucasin combined

with erlotinib had a more obvious inhibitory effect on

migration factor MMP-2 than napabucasin or erlotinib

alone in RKO cells (Figure 2D).Together, these results

showed that the combination of STAT3 inhibitor and

EGFR inhibitor exerted a significant synergistic cell

growth inhibitory on human CRC cells.

Rhein exerts antitumor effect and sensitizes

EGFR inhibitors by inhibiting STAT3
The effect of rhein on cell viability was determined in the two

human CRC cell lines HCT116 and SW620, using the MTT

assay. The results of the MTT assay revealed that rhein

reduced the viability of HCT116 and SW620 cells with

IC50 values of 15.4 and 17.2 μM, respectively (Figure 3A).

Furthermore, the Western blot analysis revealed that rhein

significantly reduced the expression of P-STAT3 and acti-

vated P-EGFR in HCT116 cells. Notably, rhein significantly

inhibited STAT3 phosphorylation and activated P-EGFR in
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a time-dependent manner (Figure 3B–D). Then, we evalu-

ated the effect of rhein on the activation of JAK2 in HCT116

cells. However, rhein did not reduce the protein levels of

phosphorylated JAK2. This result suggested that rhein inhi-

bits STAT3 phosphorylation independent of the upstream

kinases JAK2 (Figure 3E). This finding suggested that the

effects of rhein are highly selective for the STAT3.

Furthermore, rhein can inhibit IL6 induced activation of

STAT3 pathway (Figure 3F–G). Moreover, treatment of

CRC cells with the combination of erlotinib and rhein sig-

nificantly attenuated cell viability compared to cells treated

with either inhibitor alone (Figure 3H). In summary, in

combination with erlotinib, rhein exerted a synergistic and

stronger inhibitory effect through inhibiting STAT3 pathway

on CRC cells.

Erlotinib and rhein synergistically induce

apoptosis in human CRC cells
Compared with single-agent treatment, the combination of

erlotinib and rhein enhanced the inhibition of cell viability

in all tested cell lines. We sought to investigate whether

the combination of erlotinib and rhein could also act

synergistically to induce cell apoptosis. To this end, we

used flow cytometry to examine whether the combination

of erlotinib and rhein induced cell apoptosis in CRC cell

lines. HCT116 and SW620 cells were treated with erloti-

nib (10 μM) and/or rhein (100 μM) for 24 h and then

stained with Annexin V and propidium iodide (PI) for cell

apoptosis analysis. Data analysis showed that the combi-

nation of the two drugs was more effective at inducing
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Figure 1 The combined effect of LY5 and Erlotinib on CRC cell proliferation measured by the MTTassay. (A) HCT116 cells were treated, in combination or separately with

the STAT3 small molecule inhibitor LY5 and/or EGFR small molecule inhibitor erlotinib at different concentrations for 72 h. (B) DLD-1 cells were treated in combination or
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apoptosis that either of the two drugs individually. The

combination treatment resulted in a significant increase in

early and late apoptotic cells, as shown in Figure 4A. The

experimental results indicated that the rate of apoptosis

was significantly higher in cells treated with the combina-

tion of the two drugs, further indicated that the

combination treatment of erlotinib and rhein had

a synergistic anti-CRC effect (Figure 4B).
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Figure 3 Rhein sensitizes human CRC cells to EGFR inhibitors by inhibiting STAT3 pathway. (A) HCT116 and SW620 cells were seeded in a 96-well plate at a density

of 5,000 cells per well and then cultured for 24 h. The cells were treated with rhein at the indicated concentrations. After a 48 h treatment, cell proliferation in each

group was measured by the MTT assay, the IC50 is indicated. (B) HCT116 cells were treated with rhein (50 μM) for different periods of time (0, 3, 6, 9, 12 and 24 h).

Total protein was extracted, and the expression levels of P-EGFR, EGFR, P-STAT3, STAT3 and GAPDH proteins were measured by Western blot analysis. (C)

Western blot analysis results from P-EGFR were calculated. (D) Western blot analysis results from P-STAT3 were calculated. (E) HCT116 cells were treated with

rhein (0, 15, 30, 50 μM) for 24 hrs. Total protein was extracted, and the expression levels of P-JAK2, JAK and GAPDH proteins were measured by Western blot
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Abbreviations: CRC, colorectal cancer; EGFR, epidermal growth factor receptor.
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The combination treatment with rhein

and erlotinib induces cell cycle arrest at

G2/M in human CRC cells
The cell cycle process involves a series of cellular

events that lead to cell division and eventually prolifera-

tion. To determine the effect of rhein and erlotinib on

the cell cycle in human CRC cells, HCT116 and SW620

cells were treated with rhein (100 μM), erlotinib

(10 μM), and rhein (100 μM) + erlotinib (10 μM) for

24 h, and stained with Annexin V labeled with fluor-

escein isothiocyanate (Annexin V-FITC) and PI for flow

cytometry analysis. Data analysis revealed that treatment

with the combination of the two drugs resulted in

a significant increase in the number of cells arrested at

the G2/M phase (Figure 5A and B).

The combination of rhein and erlotinib

synergistically inhibited cell colony formation
The changes in cells morphology reflect the anticancer

effect of rhein and erlotinib alone or in combination.

The most obvious cellular morphological changes

caused by the treatment with the combination of the

two drugs are shown in Figure 6A. We also evaluated

the effect of rhein and erlotinib on the colony formation

ability of HCT116 CRC cells. The results confirmed that

the colony formation ability of cells in the group treated
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with the combination of rhein and erlotinib was signifi-

cantly inhibited compared with that of the cells in the

group treated with a single drug (Figure 6B). Taken

together, these data clearly demonstrated that the com-

bination of rhein and erlotinib can effectively inhibit the

proliferation of CRC cells.

Combination treatment with rhein and

erlotinib efficiently synergistically

suppresses phosphorylation of STAT3 and

EGFR in human CRC cell lines
To study the mechanism of the synergistic effect of rhein

and erlotinib, we analyzed HCT116 cells treated with

a combination of erlotinib and rhein or with either drug

alone, for 24 h, by Western blot analysis. The results indi-

cated that the combination treatment markedly decreased

P-EGFR and P-STAT3 expression (Figure 6C, S1A and B).

In addition, Western blot analysis further revealed that the

combination treatment with erlotinib and rhein decreased

the expression level of the anti-apoptotic protein BCL2 and

cyclin-related proteins CDC2, Cyclin B1 and Cyclin D1 and

increased the level of anti-apoptotic protein BAX in a dose-

dependent manner (Figure 6D, S1C–G).

Discussion
CRC is a malignancy with high morbidity and mortality,

and is the second most common cause of cancer death in
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human worldwide.2 The development of targeted drugs is

an important breakthrough in the treatment of CRC, espe-

cially for targeting EGFR.5 However, with the popularity

of targeted drugs, the emergence of drug resistance has

become a difficult problem associated with the use of

antitumor drugs.1,7 Further research on the drug resistance

mechanism to find ways to overcome drug resistance, is an

urgent problem to be solved in the field of CRC therapy.

STAT3 is an emerging target for cancer therapy.10 It is

established that STAT3 mediates a variety of cellular func-

tions, including proliferation, cell differentiation, metasta-

sis, angiogenesis, apoptosis and immune response.13,19
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Some reports show that STAT3 itself induces CRC.20 Most

importantly, STAT3 has been formally identified as

a molecular link between chronic inflammatory bowel

disease and CRC.11 Numerous related studies have

reported that the activation status of STAT3 has a great

impact on the therapeutic effect of EGFR-TKIs.13 An

increasing number of studies have shown that abnormal

activation of STAT3 occurs in a variety of drug-resistant

cells, and inhibition of STAT3 can reverse drug

resistance.17 Therefore, STAT3 is deemed as an attractive

target for antitumor drug development.21,22

In this study, we demonstrated that rhein, a new type of

STAT3 inhibitor, sensitizes EGFR inhibitors to antitumor

effect, further showing that STAT3 may be a direct target

of rhein. Although we established that rhein and EGFR

inhibitors have synergistic antitumor effect on CRC, the

mechanism of action of rhein is not known in enough

detail. Clinical trials with a combination of rhein and

EGFR-TKIs are expected as a new therapeutic strategy.

Conclusions
Overall, we identified rhein as a new type of STAT3 small

molecule inhibitors. Furthermore, our results suggested

that rhein sensitizes human CRC cells to EGFR inhibitors

possibly through down-regulating STAT3 signaling.

Rhein, in combination with other EGFR targeting agents,

could be further developed as a potential therapy for CRC.
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Figure S1 Western blot analysis results were calculated. (A) Western blot analysis results from P-EGFR were calculated. (B) Western blot analysis results from P-STAT3

were calculated. (C) Western blot analysis results from CyclinB1 were calculated. (D) Western blot analysis results from CyclinD1 were calculated. (E) Western blot

analysis results from CDC2 were calculated. (F) Western blot analysis results from BCL-2 were calculated. (G) Western blot analysis results from BAX were calculated.

(*P<0.05, **P<0.01, ****P<0.0001).
Abbreviations: EGFR, epidermal growth factor receptor; Rh, rhein; Er, erlotinib.
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