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SRVF, a novel herbal formula 
including Scrophulariae Radix 
and Viticis Fructus, disrupts focal 
adhesion and causes detachment-
induced apoptosis in malignant 
cancer cells
Aeyung Kim, Minju Im & Jin Yeul Ma

When cells lose adhesion, they undergo detachment-induced apoptosis, known as anoikis. In 
contrast, tumor cells acquire resistance to anoikis, enabling them to survive, even after separating 
from neighboring cells or the ECM. Therefore, agents that restore anoikis sensitivity may serve as 
anti-cancer candidates. In this study, we constructed a novel herbal formula, SRVF, which contains 
Scrophulariae Radix (SR) and Viticis Fructus (VF). SRVF rapidly decreased cell adhesion, altered the cell 
morphology to round, and induced cell death; however, SR, VF, or their co-treatment did not. SRVF 
arrested HT1080 cells in G2/M phase, increased the levels of pro-apoptotic proteins, and decreased 
the levels of anti-apoptotic proteins. Furthermore, SRVF efficiently reduced cell-cell and cell-ECM 
interactions by disrupting the F-actin cytoskeleton and down-regulating the levels of focal adhesion-
related proteins, suggesting that SRVF efficiently triggers detachment-induced apoptosis (i.e., anoikis) 
in malignant cancer cells. In xenograft mouse models, daily oral administration of 50 or 100 mg/kg SRVF 
retarded tumor growth in vivo, and repeated administration of SRVF did not cause systemic toxicity in 
normal mice. These data collectively indicate that SRVF induces cancer cell death by restoring anoikis 
sensitivity via disrupting focal adhesion. Therefore, SRVF may be a safe and potent anti-cancer herbal 
decoction.

Cell-extracellular matrix (ECM) adhesion plays an essential role in several cellular functions such as differentia-
tion, proliferation, and motility1. Normal epithelial cells adhere to the ECM through interactions between specific 
integrin receptors and the ECM counterparts2. When cells lose cell-ECM adhesion or relocate to an inappropriate 
environment, they rapidly undergo programmed cell death referred to anoikis, a Greek word meaning “home-
lessness”3. Anoikis inhibits detached cells’ reattachment to a new inadequate ECM and their dysplastic growth, 
thus acting as a self-defense barrier against oncogenic transformation by eliminating misplaced cells3. Anoikis 
is mediated by the interplay of two apoptotic pathways, namely, the intrinsic pathway (due to mitochondrial 
perturbation) and the extrinsic pathway (triggered by the cell surface death receptor). In the intrinsic pathway, 
pro-apoptotic proteins including Bax/Bak are activated, while the anti-apoptotic functions of Bcl-2 are suppressed 
by BH3-only proteins. Thereafter, mitochondrial cytochrome c is released into the cytoplasm and caspases are 
activated. In the extrinsic pathway, engagement of the death receptor induces caspase-8 activation, leading to the 
cleavage and activation of caspases, endonuclease activation, DNA fragmentation and, ultimately, cell death4,5.

The dysregulation of anoikis, known as “anoikis resistance”, is an important hallmark of cancer cells, particu-
larly in the process of tumor metastasis4,6. Cancer cells that are resistant to anoikis can survive even after detach-
ment from the ECM at the primary site, migrate through the systemic circulation, and colonize at a secondary 
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site, leading to metastasis7,8. Anoikis resistance has been characterized in many types of human malignancies, 
including gastric, colon, lung, breast, and ovarian cancers, and is a prerequisite for metastases, the major cause of 
cancer mortality. It has been reported that the epithelial-mesenchymal transition (EMT) accompanied by the loss 
of E-cadherin and the induction of N-cadherin via the expression of Snail, Twist, and Zeb1 is an essential process 
for anoikis resistance9. In addition, overexpression of growth factor receptors, such as hepatocyte growth factor 
(HGF) receptor and epidermal growth factor (EGF) receptor, and oncogenes, such as ErbB family members, sup-
press anoikis by activating pro-survival signaling pathways such as PI3k/Akt, Ras/MAPK, NF-κB, Rho-GTPase, 
and STAT3. Focal adhesions are specialized complexes formed at the connection between cells and the ECM, 
and contribute to various physiological processes, such as proliferation, survival, migration, and differentiation. 
Focal adhesion kinase (FAK) is overexpressed in cancer cells and is critical for anoikis resistance4,10. Therefore, 
overcoming anoikis resistance or restoring anoikis sensitivity may represent potential strategies for the prevention 
of outgrowth and metastasis of cancer cells. Anoikis-sensitizing agents elicit anti-proliferative and anti-invasive 
activities against malignant cancer cells by suppressing the FAK and EMT pathways, as well as caspase activation.

In previous studies, herbal cocktails (multi-herb mixtures extracted in a single formula) have shown a 
much stronger therapeutic efficacy than when used individually as each herbal component or when used in 
co-treatment, while alleviating the toxic side effects11,12. In this study, we formulated a novel herbal cocktail, 
SRVF, which is composed of Scrophulariae Radix (SR) and Viticis Fructus (VF). SR is a perennial plant that grows 
in all parts of Korea, China, and Asia, and has been used as a folk medicine as an anti-phlogistic, anti-pyretic, and 
analgesic. Since SR can remove heat, cool the blood, nourish yin, and relieve toxins, it is commonly used in com-
bination with other herbs as a nutrient and as a health strengthening agent. Moreover, SR was recently demon-
strated to exhibit anti-oxidant, anti-inflammatory, anti-depressant, anti-dementia, anti-diabetic, anti-pruritic, 
anti-hepatotoxic, and anti-neurotoxic activities13–15. VF is a dried ripened fruit of Vitex rotundifolia, which is 
widely distributed along the coast in Asian countries, and has been used to treat headaches, colds, migraines, eye 
pain, asthma, chronic bronchitis, and gastrointestinal infections for many years as a folk medicine16. Casticin, an 
active component of VF, exhibits anti-nociceptive and anti-hyperprolactinemia activities, and is thus effective in 
the treatment of pre-menstrual symptoms17,18. In addition, casticin and vitexicarpin, isolated from VF, induce 
apoptosis of various cancer cells through the generation of reactive oxygen species (ROS), endoplasmic reticulum 
stress, or G2/M cell cycle arrest19–21.

In the present study, we examined the effect of SRVF on the induction of cell death in malignant cancer cells 
and elucidated the detailed mechanisms of its anti-cancer activity. In addition, to demonstrate the superiority 
of the herbal cocktail, the anti-cancer activity of SRVF was compared to that of SR, VF, and their co-treatment. 
Furthermore, in vivo tumor growth inhibition by oral administration of SRVF was examined using a xenograft 
mouse model.

Materials and Methods
Cell culture and mice. Human breast carcinoma MDA-MB-231 cells (ATCC HTB-26), human hepato-
cellular carcinoma HepG2 cells (ATCC HB-8065), human normal fibroblast cells Hs27 (ATCC CRL-1634), and 
human normal mammary epithelial cells MCF-10A (ATCC CRL-10317) were all purchased from American 
Type Culture Conditions (ATCC, Rockville, MD). Human fibrosarcoma HT1080 cells (KCLB No. 10121) was 
purchased from Korean Cell Line Bank (Seoul, Korea). Cells were maintained with Dulbecco’s modified Eagle’s 
medium (DMEM) or Roswell Park Memorial Institute (RPMI) 1640 medium (Lonza, Walkerswille, MD, USA) 
containing 10% fetal bovine serum (FBS; Biotechnics Research, Lake Forest, CA, USA) and 1% penicillin/strep-
tomycin (Cellgro, Manassas, VA, USA) in a humidified incubator with 5% CO2. For xenograft model, female 
Balb/c nude mice (5 to 6 weeks old, weighing approximately 16 to 18 g) were obtained from Orient Bio (Sungnam, 
Korea). The mice (5 mice/cage) were housed in a specific-pathogen-free facility under 12 h light and dark cycle at 
22 ± 1 °C and 55 ± 5% humidity and fed standard chow diet with water ad libitum. Animal experiment (reference 
numbers #D-17-003 and #D-17-003-1) approved by the Animal Care and Use Committee of the Korea Institute 
of Oriental Medicine (KIOM, Daegu, Korea) was performed in accordance with their guidelines.

Reagents and antibodies. Propidium iodide (PI), 4′,6-Diamidino-2-phenylindole dihydrochloride 
(DAPI), and TRITC-labeled phalloidin from Amanita phalloides were purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). Antibodies against p21, p27, cyclin B, cyclin D, cyclin E, CDK2, CDK4, CDK6, Bax, Bcl-
2, caspase-3, poly ADP ribose polymerase (PARP), p38, p-p38 (Thr180/Tyr182), extracellular regulated kinase 
(ERK)1/2, p-ERK1/2 (Thr202/Tyr204), c-Jun N-terminal kinase (JNK), p-JNK (Thr183/Tyr185), STAT3, 
p-STAT3 (Tyr705), p-STAT3 (Ser727), and tubulin were obtained from Cell Signaling Technology (Danvers, 
MA, USA). Focal adhesion protein antibody kit including antibodies against α-Actinin, FAK, Paxillin, Talin-1, 
Tensin-2, and Vinculin was purchased from Cell Signaling Technology.

Preparation of SR, VF, and SRVF. Scrophulariae Radix (SR) and Viticis Fructus (VF) were purchased as 
dried herbs from Yeoncheon Hyundai Herbal Market (Yeoncheon, Korea). After confirmation of the identity by 
Professor Ki Hwan Bae (Chungnam National University, Korea), herbs were stored at 4 °C in the herbal bank of 
the Korean Medicine (KM) Application Center (Daegu, Korea). To prepare water extracts of SR and VF, dried 
SR or VF (50 g) was soaked in distilled water (1 liter) and heat-extracted in a Cosmos-600 Extractor (Gyeonseo 
Co., Incheon, Korea) for 3 h at 115 °C. The extracts were filtered through standard testing sieves (150 μm, Retsch, 
Haan, Germany), freeze-dried, and then stored in a desiccators at 4 °C. Water extract of SRVF, a novel herbal for-
mula containing SR and VF at the ratio of 3:2, were also heat-extracted as detailed above. The amount of collected 
SR, VF, and SRVF powder was 14.79 g, 2.07 g, and 4.735 g, therefore the yield was 29.58%, 4.14%, and 9.47%, 
respectively. For in vitro experiments, stock solutions were prepared by dissolving powder in 10% DMSO to a final 
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concentration of 50 mg/ml. After centrifugation at 14,000 rpm for 15 min, the supernatant was collected, filtered 
using 0.22-µm disk filter, and then stored at −20 °C.

Cell cytotoxicity assay. The cytotoxicity of SR, VF, and SRVF was measured using CCK assay kit (cell 
counting kit-8, Dojindo Laboratories, Kumamoto, Japan). In brief, cells were plated in 96-well culture plates 
(5,000 cells/well/100 µl), incubated for 12 h to allow the cells to attach to the plates, and then treated with indi-
cated concentrations of SR, VF, and SRVF. After incubation for an appropriate length of time, 10 µl of CCK-8 solu-
tion was added to each well of the plate. Following incubation for 1–4 h, the absorbance was measured at 450 nm 
using a SpectraMaxi3 microplate reader (Molecular Devices, Sunnyvale, CA, USA). To generate colonies from 
single cell to several hundred cells, 2 ml of cell suspension was dispensed in 12-well culture plates at a density of 
200 cells/well and incubated for 7–10 days in the complete culture medium. The culture medium was changed 
every two days.

Cell cycle analysis. Cells treated with indicated concentrations of SR, VF, or SRVF for 12 h and 24 h were 
harvested, washed with PBS, and fixed in ice-cold 70% ethanol at −20 °C for overnight. The fixed cells were 
washed two times with PBS and stained with PI solution containing 0.1% Triton X-100, 0.1 mM EDTA, 50 μg/ml 
RNase A and 50 μg/ml PI in PBS at 4 °C for 30 min. Acquisition and analysis of cell cycle distribution data was 
performed on a Gallios flow cytometer and Kaluza software (Beckman Coulter, Inc. Brea, CA, USA), respectively.

Live and dead cell staining. To visualize the live and dead cells, LIVE/DEAD Cell Imaging Kit (Invitrogen, 
Carlsbad, CA, USA) was used. In brief, cells were seeded in 24-well culture plates, incubated for 12 h to allow 
cells to attach, and then replaced with fresh culture medium containing SR, VF, or SRVF at the indicated doses. 
After incubation for 24 h, equal volume of 2× working solution containing Live Green (component A) and Dead 
Red (component B) was added to cells, incubated for 15 min at 20–25 °C, and then imaged under a fluorescence 
microscope (Nikon Eclipse Ti, Nikon instruments, Kanagawa, Japan).

Immunoblot analysis. Whole proteins were extracted with M-PER Mammalian Protein Extraction Reagent 
(Thermo Scientific, Rockford, IL, USA) and clarified by centrifugation at 12,000 rpm for 15 min at 4 °C. Protein 
concentration of lysates was determined using a BCA protein assay kit (Sigma, St. Louis, MO, USA) and lysates 
were denatured with SDS sample buffer followed by boiling. Same amount of protein aliquots were separated on 
SDS-PAGE and immunoblotted using specific antibodies. Proteins were visualized under a ChemiDocTM Touch 
Imaging System (Bio-Rad, Hercules, CA, USA) with Bio-Rad ClarityTM Western ECL Substrate. The expres-
sion profile of 33 human apoptosis-related proteins in SRVF-treated or untreated cells was determined using a 
Proteome Profiler Human Apoptosis Array Kit (ARY009, R&D System, Minneapolis, MN, USA) according to the 
manufacturer’s protocol.

Monitoring cell proliferation and adhesion. Cell proliferation and adhesion were monitored using the 
xCELLigence Real-Time Cell Analyzer (RTCA) system as per manufacturer’s instruction (Roche Applied Science, 
Mannheim, Germany). Cells (10,000 cell/well/100 µl) were seeded on E-Plate 16, allowed to attach onto the elec-
trode surface, and then replaced with fresh medium containing SR, VF, or SRVF either from the beginning or 20 h 
post-seeding. The electrical impedance was automatically recorded every 15 min and expressed as a Cell Index 
(CI) value.

Immunofluorescence staining. Cells grown to about 80% confluence on the coverslips in 24-well culture 
plates were incubated in the serum free medium for 6 h, treated with SR, VF, or SRVF, and further incubated for 
6 h. After fixing with 2% formaldehyde in PBS for 10 min, cells were washed twice with washing buffer (10% FBS, 
0.05% sodium azide in PBS) for 5 min. To visualize the filamentous actin, cells were stained with TRITC-labeled 
phalloidin diluted to 1:1000 in labeling buffer (10% FBS, 0.05% sodium azide, 0.2% saponin in PBS) for 1 h at 
room temperature. Cells were washed three times with washing buffer and the coverslips were mounted with 
VECTASHIELD (mounting medium with DAPI, Vector Laboratories, Burlingame, CA, USA).

In vivo tumor growth inhibition assay. Six-week-age female Balb/c nude mice were subcutaneously 
injected into the abdominal region with HT1080 cells (2 × 106 cell/200 µl PBS). On day 7 post-inoculation of 
tumor cell when tumor volume reached to about 50–100 mm3, mice were randomly divided into 6 groups (n = 6 
per group) and daily administered with saline (control), SR, VF, SRVF, and SR + VF in a volume of 100 µl for 14 
days. During experiments, mice were carefully observed for the appearance, motility, and behavior. In addition, 
tumor volume was measured twice per week. On day 21, tumors were excised and weighed after euthanasia by 
inhalation of isoflurane. To assess the safety of SR, VF, and SRVF, 6-week-old female Balb/c nude mice were 
divided into the 5 groups (n = 3 per group) and fed with vehicle (saline), SR, VF, or SRVF daily during 14 days. At 
the time of sacrifice, weights of major organs and body weight were measured. For the detection of proliferating 
cells in xenograft tumors, immunochemical staining for Ki67 was performed on 20 µm-thick cryosections using 
anti-Ki67 antibody (Abcam, Cambridge, MA, USA) and avidin-biotinylated enzyme complex (ABC) with DAB 
staining (Vectastatin Elite ABC kit, Vector DAB Substrate kit, Vector Laboratories, Burlingame, CA, USA).

Statistics. Data were expressed as means ± standard deviation (SD) and statistical significance of mean 
values in two groups was analyzed by Student’s t-test. All variables were analyzed by GraphPad PRISM soft-
ware (GraphPad PRISM software Inc., Version 5.03, CA, USA) and treatment effect was analyzed using one-way 
ANOVA by Dunnett’s multiple comparison test. A p-value less than 0.05 was considered as statistically significant.
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Results
SRVF dramatically decreased cell viability of malignant cancer cells relative to SR, VF, or their 
co-treatment. To identify a novel herbal decoction with potent anti-cancer activity, we screened several hun-
dreds of herbal mixtures and examined one: SRVF. SRVF is an herbal decoction containing SR and VF at a ratio of 
3:2. We first examined the anti-proliferative effect of SR and VF at concentrations of 50, 100, and 250 µg/ml SRVF. 
As shown in Fig. 1A,B, SR increased the proliferation of HT1080 cells in a dose dependent manner and reached 
the viability to approximately 130% of the untreated control cells at 150 µg/ml, whereas VF at 100 µg/ml slightly 
decreased cell proliferation to approximately 85% of the untreated control cells. Exposure to SRVF caused dramatic 
morphological changes, such as shrinkage and floating, which led to a reduction in cell viability to 84.9%, 67.4%, 
and 32% at 50, 100, and 250 µg/ml (F = 282.4, p < 0.0001, one-way ANOVA), respectively, whereas co-treatment 
with SR and VF at the same concentrations did not. Data obtained from the xCELLigence system, which represents 
the electrical impedance of cells on the basis of cell number, adhesion, and spreading22, also revealed the potent 
anti-proliferative activity of SRVF in HT1080 cells (Fig. 1C), indicating that SR and VF exert greater anti-prolifer-
ative activity when used together as an herbal cocktail rather than in combination. In other malignant cancer cells, 
including MDA-MB231 and HepG2 cells, SRVF efficiently decreased cell viability, surpassing the additive effects 
of SR and VF co-treatment (MDA-MB231 cells; F = 1534, p < 0.0001, HepG2 cells; F = 679.7, p < 0.0001, one-way 
ANOVA) (Fig. 1D,E). In contrast, normal cells (e.g., Hs27 and MCF-10A cells) were not affected by SRVF in terms 
of cell viability, indicating that SRVF is not cytotoxic to normal cells (Supplementary Fig. 1).

SRVF induced G2/M cell cycle arrest and regulated the expression of cell cycle-related pro-
teins. We next analyzed cell cycle distribution in HT1080 cells treated with SR, VF, or SRVF for 12 or 24 h at 
a concentration of 250 µg/ml. As shown in Fig. 2A, propidium iodide (PI) staining for intracellular DNA content 
revealed that SRVF treatment for 12 h increased the proportion of cells in G2/M phase to 65.58%, as compared 
to untreated control cells (45.09%); this was accompanied by a decrease in the proportion of cells in G1 and S 
phase. In addition, apoptotic cells in subG0/G1 phase were considerably increased to 9.45% and 54.88% by SRVF 
treatment for 12 and 24 h, respectively. In contrast, treatment with SR or VF alone or in combination did not sig-
nificantly affect cell cycle progression, while VF treatment for 12 and 24 h slightly increased the proportion of cells 
in G1 phase to 44.71% and 47.34%, respectively, as compared to control cells (40.35% and 40.07%, respectively). 
Western blot analysis revealed that SRVF significantly up-regulated the levels of cyclin-dependent kinase (CDK) 
inhibitors p21 and p27, and down-regulated the levels of cyclin B, cyclin D, cyclin E, CDK2, CDK4, and CDK6 
relative to untreated control cells (Fig. 2B). VF or co-treatment with SR and VF slightly altered the levels of cell 
cycle-related proteins; however the effect was much lower than that of SRVF.

SRVF induced apoptosis more efficiently than SR, VF, or their co-treatment. Upon entering the 
cells, the acetoxymethyl ester group of calcein-AM (Live Green, component A) can be cleaved by intracellular 
esterase, yielding green fluorescence that is proportional to the number of live cells. Conversely, Dead Red (com-
ponent B) enters unhealthy cells with reduced plasma membrane integrity and binds to intracellular DNA, result-
ing in red fluorescence that is proportional to the number of dead cells. As shown in Fig. 3 and Supplementary 
Fig. 3, SRVF-treated HT1080 cells and MDA-MB231 cells showed a significant increase in the number of dead 
cells and a concomitant decrease in the number of live cells in a dose-dependent manner, but not in cells treated 
with SR, VF, or their combination, consistent with the results from the CCK assay as well as cell cycle analysis. 
Western blot analysis revealed that SRVF treatment considerably up-regulated the levels of pro-apoptotic proteins 
Bax, cleaved caspase-3, and cleaved PARP, and down-regulated the level of the anti-apoptotic protein Bcl-2 in a 
dose-dependent manner (Fig. 4A,B). However, changes in the levels of these proteins by SR, VF, or their com-
bination were insignificant compared to those induced by SRVF. In addition, results obtained from the Human 
Apoptosis Array Kit also confirmed that SRVF significantly increased the expression of pro-apoptotic proteins, 
including Bax, cytochrome c, and cleaved caspase-3, and decreased that of anti-apoptotic proteins, including Bcl-
2, cIAP-1, and Claspin-1 (Fig. 4C).

SRVF activated MAPK and inactivated STAT3 signaling in cancer cells. Previous studies have 
demonstrated that MAPK family members, including p38, ERK, and JNK, are crucial for the maintenance of 
cell growth23,24. In addition, constitutive activation of STAT3 in cancer cells induces cell transformation via the 
inhibition of apoptosis and cell cycle activation25,26. Therefore, interfering with the STAT3 pathway may serve as a 
therapeutic regimen for controlling cancer27,28. Western blot analysis showed that treatment with 250 µg/ml SRVF 
increased the levels of phosphorylated p38, ERK, and JNK in HT1080 (Fig. 5A) and MDA-MB231 (Fig. 5B) cells. 
In contrast, SRVF considerably suppressed the phosphorylation of STAT3, indicating that SRVF induced death of 
cancer cells by MAPK activation and STAT3 inactivation. In Hs27 normal human fibroblast cells, SRVF did not 
show greater effects compared with SR, VF, or its combination in terms of morphological changes and increase in 
the cell cycle- and apoptosis-related proteins. In addition, SRVF did not induce MAPK activation and suppress 
STAT3 phosphorylation (Supplementary Fig. 6).

SRVF disrupted focal adhesion and F-actin organization. Anoikis, which is triggered by cell detach-
ment and reorganization of the cytoskeleton, affects cell fate decision and suppresses metastatic spreading from 
the primary site and other organs5. Since SRVF caused the specific mode of cell death termed anoikis, we exam-
ined, in detail, the effects of SRVF on the loss of cell adhesion and disruption of the F-actin cytoskeleton. To 
mimic the colonization of cancer cells, a colony of hundreds of cells was formed from a single cell, which was 
then treated with SR, VF, or SRVF. As shown in Fig. 6A, SRVF-treated cells showed a loosening of interactions 
with neighboring cells and the surrounding ECM and detachment-induced cell death in a dose-dependent man-
ner, whereas SR, VF, or their combination did not weaken intercellular adhesion. In addition, cells grown to 

http://1
http://3
http://6


www.nature.com/scientificreports/

5Scientific RepoRts | 7: 12756  | DOI:10.1038/s41598-017-12934-y

Figure 1. SRVF dramatically alters cell morphology and decreases cell viability in malignant cancer cells.  
(A) HT1080 cells were incubated with the indicated doses of SR, VF, or SRVF at concentrations of 50, 100, 
or 250 µg/ml for 24 h and photographed at a magnification of ×200 under an inverted microscope. (B) Cell 
viability after incubation with SR, VF, or SRVF was determined using the CCK assay and is expressed as the 
mean ± standard deviation (SD). (C) Cells were seeded onto the E-Plate 16, treated with SR, VF, or SRVF at 
a concentration of 250 µg/ml, and cell proliferation was monitored using the xCELLigence system. Data are 
representative of two independent experiments performed in triplicate and are expressed as the mean ± SD. 
(D,E) The effects of SR, VF, or SRVF on cell viability of MDA-MB231 (D) and HepG2 (E) cells were evaluated by 
the CCK assay and are expressed as the mean ± SD. Statistical significance was determined with Student’s t-test. 
*p < 0.05, **p < 0.05 vs. untreated control.
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confluency on the E-Plate 16 were also more efficiently detached by SRVF (Fig. 6B). Since it is widely appreciated 
that the F-actin cytoskeleton is essential for the generation of mechanical force and the regulation of cellular 
morphology29,30, we investigated changes in the F-actin cytoskeleton by staining with TRITC-phalloidin in cells 
treated with SR, VF, or SRVF. As shown in Fig. 6C, F-actin filaments were homogenously distributed throughout 
the cytoplasm in untreated control HT1080 cells. In contrast, the F-actin filaments in SRVF-treated cells were 
reorganized (a decrease in stress fiber formation and an increase in cortical actin formation), which caused the 

Figure 2. SRVF induces cell cycle arrest at G2/M phase in HT1080 cells. (A) Cells were incubated with SR, 
VF, or SRVF at a concentration of 250 µg/ml for 12 or 24 h, and cell cycle distribution was examined by flow 
cytometry after staining intracellular DNA with propidium iodide solution. Cell cycle distribution was analyzed 
using Kaluza software and is expressed as the relative percentage. Data are representative of three independent 
experiments. (B) The expression of cell cycle-related proteins was examined by Western blot analysis in cells 
treated with SR, VF, or SRVF at a concentration of 250 µg/ml for 12 h. Relative band intensities were calculated 
using ImageJ software after normalizing to tubulin expression. The full size blot is shown in Supplementary 
Fig. S2.
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cells to assume a round shape. Similar effects were also observed in MDA-MB231 cells (Fig. 6D), indicating that 
SRVF significantly decreases adhesive activity by affecting F-actin organization.

SRVF down-regulated the expression of focal adhesion-related proteins. FAK is a widely 
expressed cytoplasmic protein tyrosine kinase that plays an essential role in the modulation of cell adhesion, 
migration, proliferation, and survival31,32. FAK is overexpressed in a number of human cancers, and the inhibi-
tion of FAK leads to the loss of adhesion and the induction of apoptosis in cancer cells33–35. During the process of 
cellular adhesion, cytoskeletal proteins, such as FAK, vinculin, tensin, talin, paxillin, and actinin, are recruited to 
the focal adhesion in an ordered and sequential manner, and are involved in actin polymerization36,37. Since SRVF 
disrupted actin organization and reduced adhesion to the ECM or neighboring cells, we next examined the levels 
of focal adhesion proteins by Western blot analysis. As shown in Fig. 7A,B, the levels of tensin-2, talin-1, paxillin, 
and FAK were significantly reduced in a dose-dependent manner following treatment with SRVF, while changes 
in the levels of vinculin and α-actinin were insignificant. In contrast, treatment with SR or VF alone caused only 

Figure 3. SRVF causes severe cytotoxicity in HT1080 cells. After incubating cells with the indicated 
concentrations of SR, VF, or SRVF for 24 h, live and dead cells were examined under a fluorescence microscope 
using the LIVE/DEAD Cell Imaging Kit. Data are expressed as the mean ± SD of five random fields per sample 
and are representative of three independent experiments.
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a slight effect on the expression of focal adhesion proteins. In addition, these inhibitory effects caused by SRVF 
were confirmed in other cancer cells, including MDA-MB231 and HepG2 cells (Fig. 7C,D). These data collectively 
indicate that SRVF causes detachment-induced apoptosis via down-regulating focal adhesion of cancer cells.

Oral administration of SRVF suppressed tumor growth in vivo with no adverse effects. To 
evaluate the inhibitory effect of SRVF on tumor growth in vivo, Balb/c nude mice with a tumor mass were 

Figure 4. SRVF induces apoptosis in HT1080 cells. (A) Cells were treated with SR, VF, or SRVF at the indicated 
concentrations for 24 h and the levels of cell death-related proteins were examined by Western blot analysis. 
(B) Cells treated with increasing concentrations of SRVF for 24 h were analyzed for cell death-related proteins. 
Relative band intensities were calculated using ImageJ software after normalizing to tubulin expression. The 
full size blot is shown in Supplementary Fig. S4. (C) Levels of apoptosis-related proteins in SRVF-treated and –
untreated HT1080 cells were determined using the Human Apoptosis Array Kit. Pixel densities were quantified 
using ImageJ software and the relative ratios compared to untreated control cells are expressed as the mean ± SD 
calculated from duplicate dots after normalizing to those of the positive control (PC) and negative control (NC).

http://S4
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administered saline or SRVF daily for 14 days. As shown in Fig. 8A, treatment with 50 or 100 mg/kg SRVF effi-
ciently suppressed tumor growth, resulting in a decrease in tumor volume by approximately 67.8% and 78.2%, 
respectively, compared with saline treatment on day 20 (F = 44.79, p < 0.0001, one-way ANOVA). The tumor 
weights of saline-treated control mice were 0.93 ± 0.26 g, while those treated with 50 or 100 mg/kg SRVF were 
0.37 ± 0.17 g and 0.25 ± 0.11 g, respectively, reflecting a reduction of 60.2% and 73.1%, respectively (F = 20.40, 
p < 0.0001, one-way ANOVA) (Fig. 8B,C). Immunohistochemical staining of HT1080 xenograft sections showed 
that cell proliferation marker Ki67 in tumors treated with SRVF was significantly decreased in comparison with 
that in saline-treated control tumors (Fig. 8D), indicating that SRVF suppressed in vivo cell proliferation. To 
further confirm the safety of SRVF in vivo, organ weight and body weight were measured at the time of sacrifice 
after daily oral administration of SRVF (50 or 100 mg/kg) or saline to normal mice with no tumors for 21 days. As 
shown in Fig. 8E, SRVF-treated mice showed similar levels in organ weight and body weight compared with those 
of saline-treated control mice, indicating that SRVF retarded tumor growth with no adverse effects.

Discussion
Over the last decade, the single-drug-based chemotherapy paradigm in the treatment of chronic diseases, includ-
ing cancer, diabetes, atherosclerosis, and inflammation, has gradually transitioned to multi-drug chemother-
apy, due to low effectiveness, drug resistance, and adverse effects of the single-drug paradigm. Many diseases, 
including cancer, are not caused by a single gene or a single pathway that has mutated or been altered among 
patients38. Therefore, interest in decoctions of herbal mixtures has increased with the goal of pursuing maximal 
therapeutic efficacy and minimal unwanted side effects, and that of improving patients’ overall status, under the 
assumption that the decoction works synergistically and/or influences several related pathways simultaneously. 
Previous studies on chronic diseases, such as cancer, diabetes mellitus, and hepatic disorders, have demonstrated 
that a decoction from a combination of herbs is more beneficial to patients than treatment from a single herb12,39. 
The antagonistic effect of herbal mixtures has also been reported; therefore, finding optimal herbal combinations 
and determining their optimal composition ratio and/or dose are critical for the development of new drugs using 
herbal medicine40,41.

In this study, we intended to prove the superior anti-cancer efficacy and detailed mechanism of action of 
SRVF, a novel herbal decoction including SR and VF, by means of a comparison with those of SR, VF, or their 
co-treatment. SR derived from Scrophulariae ningpoensis has long been used as a traditional Chinese medi-
cine to treat pyrexia with impairment of yin by eliminating heat and replenishing vital essence. Recent stud-
ies have demonstrated that the ethanolic extract of SR alleviates ventricular remodeling by modulating cardiac 

Figure 5. SRVF increases the phosphorylation of MAPK and decreases that of STAT3 in cancer cells. (A,B) HT1080 
(A) and MDA-MB231 (B) cells were treated with 250 μg/ml SRVF for 0.5, 1, 3, or 6 h, and the levels of total and 
phosphorylated p38, ERK, JNK, and STAT3 were determined by Western blotting. Data are representative of two 
independent experiments and band intensities were calculated using ImageJ software after normalizing to tubulin 
expression. The full size blot is shown in Supplementary Fig. S5.
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hypertrophy-associated factors and may have therapeutic potential to postpone heart failure caused by cardio-
vascular diseases, such as myocardial infarction and hypertension15. It has been also reported that SR inhibits the 
production of inflammatory cytokines in lipopolysaccharide-activated Raw 264.7 cells, decreases the symptoms 
of 2,4-dinitrochlorobenzene-induced allergic contact dermatitis in mice, and suppresses hypoxia-induced neuro-
toxicity by scavenging hypoxia-induced inflammatory cytokines, inhibiting the activation of NF-κB, and reduc-
ing HIF-1α generation in microglial cells14. However, the anti-cancer efficacy of SR has not yet been reported, 
consistent with the fact that there is little cytotoxicity following treatment with SR up to 1,000 µg/ml; indeed, cell 
proliferation was increased in both cancer and normal cells (Fig. 1). However, VF contains a large amount of 
flavonoids, including casticin, apigenin, isoorientin, hesperidin, and isovitexin, which exhibit anti-tumor activi-
ties19,20,42. For example, casticin inhibited the proliferation and induced G2/M cell cycle arrest in human cervical 
cancer HeLa cells and caused caspase-induced apoptosis in human lung and colon cancer cells19,43,44. In this study, 
we also observed cytotoxic effects of VF water extract on human gastric cancer cells (AGS, IC50 = 482.5 µg/ml),  
human ovarian cancer cells (SK-OV-3, IC50 = 527.6 µg/ml), and human fibrosarcoma cells (HT1080, 
IC50 = 610.3 µg/ml) (data not shown), although the cytotoxicity was very low or not observed at concentrations 
lower than 100 µg/ml. The effects of co-treatment with 150 µg/ml SR and 100 µg/ml VF were similar to the sum 
of each one and anti-cancer activity was insignificant. However, SRVF induced dramatic changes in cellular mor-
phology and caused a remarkably stronger cytotoxic effect in malignant cancer cells than did that of SR, VF, or 
their co-treatment (Fig. 1). SRVF increased the cell population in G2/M phase at 12 h and in apoptotic subG0/G1 
phase at 24 h by modulating cell cycle- and apoptosis-related proteins (Figs 2–4). In particular, SRVF significantly 
reduced focal adhesion and F-actin organization by down-regulating focal adhesion-related proteins (Figs 6–7), 
which resulted in detachment-induced apoptosis, indicating that SRVF exhibits anti-cancer efficacy by restor-
ing the anoikis sensitivity of cancer cells. The in vivo xenograft experiment revealed that SRVF administration 
at doses of 50 mg/kg and 100 mg/kg considerably suppressed tumor growth by approximately 70–80% without 
affecting body or organ weight (Fig. 8). Furthermore, daily treatment with 10 mg/kg SRVF efficiently inhibited 
tumor growth by approximately 50% (Supplementary Fig. 9). We also observed that VF administration inhibited 

Figure 6. SRVF reduces cell adhesion and F-actin intensity in cancer cells. (A) Cancer cell colonies were treated 
with the indicated concentrations of SR, VF, or SRVF for 24 h and the morphological changes were observed 
under an inverted microscope. (B) Cells were seeded onto the E-Plate 16 and incubated in culture medium 
for 20 h. After replacing with fresh medium containing SR, VF, or SRVF, cells were monitored for electrical 
impedance for an additional 24 h. Data are expressed as the mean ± SD of triplicate samples. (C,D) HT1080 (C) 
and MDA-MB231 (D) cells were seeded onto the coverslips and treated with the indicated concentrations of SR, 
VF, or SRVF for 6 h and stained with TRITC-conjugated phalloidin. Nuclei were counterstained with DAPI and 
visualized under a fluorescence microscope. Data are representative of three independent experiments.
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tumor growth and decreased tumor weight by approximately 30.12%, compared with saline treatment, whereas 
SR and SR + VF treatment did not suppress tumor growth (Supplementary Fig. 10).

It is believed that normal epithelial cells must attach to the ECM to survive and, when cells lose cell-matrix 
adhesion, they rapidly undergo a form of apoptosis known as anoikis3,5. In contrast, during tumor progression, 

Figure 7. SRVF regulates the expression of focal adhesion-related proteins in cancer cells. (A) HT1080 cells 
were treated with SR, VF, or SRVF for 24 h, and total cell lysates were subjected to Western blotting. (B–D) 
HT1080, MDA-MB231, and HepG2 cells were treated with 50, 100, or 250 µg/ml SRVF for 24 h, and the levels 
of focal adhesion-related proteins were determined by Western blotting. Band intensities were calculated 
using ImageJ software after normalizing to tubulin expression. Data are representative of two independent 
experiments. The full size blot is shown in Supplementary Figs S7 and S8.
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cells acquire resistance to anoikis, which enables tumor cells to survive after separating from the ECM and allows 
them to proliferate and colonize at a distant secondary site, conferring increased dissemination in vivo4,7. In 
suspension, cancer cells survive and form aggregates in which cell-cell contacts are maintained via bypassing 
anoikis. Since SRVF significantly reduced cell adhesion to the ECM and caused detachment-induced apoptosis 
under adherent culture conditions, we next examined whether SRVF affected the survival and/or formation of 
cell aggregates in suspension. As shown in Supplementary Fig. 11, MDA-MB231 cells rapidly proliferated as cell 
aggregates in suspension, while SRVF-treated MDA-MB231 cells did not form cell aggregates. Moreover, the 

Figure 8. SRVF administration suppresses tumor growth in vivo. Balb/c nude mice were subcutaneously 
injected with HT1080 cells. After 7 days, mice were administered an equal volume of saline (control) or 50 or 
100 mg/kg SRVF daily for 14 days (n = 6 per group). (A) Tumor volume was calculated by measuring the tumor 
size on two axes of the tumors according to the following formula: tumor volume = (length) × (width)2 × 0.52. 
Statistical significance was evaluated with Student’s t-test. *p < 0.05, **p < 0.01 vs. No SRVF. (B,C) At the time 
of sacrifice (day 21), tumors were excised, weighed, and photographed. Bars represent the mean value of each 
group (n = 6), and statistical significance was determined using Student’s t-test. Statistical significance was 
evaluated with Student’s t-test. **p < 0.01 vs. No SRVF. (D) Cryosections of HT1080 xenograft tumors obtained 
from saline-treated control group and SRVF-treated group were immunostained for Ki67 expression. (E) Each 
group of normal mice (n = 3) was administered saline or, 50 or 100 mg/kg SRVF for 21 days. After sacrifice, 
body and organ weight were measured and are expressed as the mean ± SD.
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interactions between cells were weak and scattered, confirming that SRVF efficiently overcomes anoikis resist-
ance, which is important for preventing proliferation as well as the metastatic spread of malignant cancer cells. In 
fact, numerous studies have demonstrated that the inhibition of cell aggregate formation leads to anoikis, and cell 
aggregation confers multi-drug resistance in malignant cancer cells45–48. Therefore, targeting anoikis resistance 
and cell aggregation represents a promising strategy for anti-cancer therapy.

In summary, we demonstrated that SRVF efficiently causes detachment-induced apoptosis of malignant cells 
by disrupting cell-cell and cell-ECM interactions, down-regulating focal adhesion-related proteins, and reorgan-
izing the F-actin cytoskeleton. Furthermore, we observed the therapeutic efficacy of SRVF against tumor growth 
in vivo using a xenograft model, suggesting the potential of SRVF as an anti-cancer agent for the treatment of 
malignant cancer cells.

References
 1. Kaminska, K. et al. The role of the cell-cell interactions in cancer progression. J Cell Mol Med 19, 283–296, https://doi.org/10.1111/

jcmm.12408 (2015).
 2. Watt, F. M. & Fujiwara, H. Cell-extracellular matrix interactions in normal and diseased skin. Cold Spring Harb Perspec Biol 3, 

https://doi.org/10.1101/cshperspect.a005124 (2011).
 3. Taddei, M. L., Giannoni, E., Fiaschi, T. & Chiarugi, P. Anoikis: an emerging hallmark in health and diseases. J Pathol 226, 380–393, 

https://doi.org/10.1002/path.3000 (2012).
 4. Paoli, P., Giannoni, E. & Chiarugi, P. Anoikis molecular pathways and its role in cancer progression. Biochim Biophys Acta 1833, 

3481–3498, https://doi.org/10.1016/j.bbamcr.2013.06.026 (2013).
 5. Chiarugi, P. & Giannoni, E. Anoikis: a necessary death program for anchorage-dependent cells. Biochem Pharmacol 76, 1352–1364, 

https://doi.org/10.1016/j.bcp.2008.07.023 (2008).
 6. Bunek, J., Kamarajan, P. & Kapila, Y. L. Anoikis mediators in oral squamous cell carcinoma. Oral Dis 17, 355–361, https://doi.

org/10.1111/j.1601-0825.2010.01763.x (2011).
 7. Kim, Y. N., Koo, K. H., Sung, J. Y., Yun, U. J. & Kim, H. Anoikis resistance: an essential prerequisite for tumor metastasis. Int J Cell 

Biol 2012, 306879, https://doi.org/10.1155/2012/306879 (2012).
 8. Buchheit, C. L., Weigel, K. J. & Schafer, Z. T. Cancer cell survival during detachment from the ECM: multiple barriers to tumour 

progression. Nat Rev Cancer 14, 632–641, https://doi.org/10.1038/nrc3789 (2014).
 9. Frisch, S. M., Schaller, M. & Cieply, B. Mechanisms that link the oncogenic epithelial-mesenchymal transition to suppression of 

anoikis. J Cell Sci 126, 21–29, https://doi.org/10.1242/jcs.120907 (2013).
 10. Tai, Y. L., Chen, L. C. & Shen, T. L. Emerging roles of focal adhesion kinase in cancer. Biomed Res Int 2015, 690690, https://doi.

org/10.1155/2015/690690 (2015).
 11. Gao, J. L., He, T. C., Li, Y. B. & Wang, Y. T. A traditional Chinese medicine formulation consisting of Rhizoma Corydalis and 

Rhizoma Curcumae exerts synergistic anti-tumor activity. Oncol Rep 22, 1077–1083 (2009).
 12. Yang, Y. et al. Synergy effects of herb extracts: pharmacokinetics and pharmacodynamic basis. Fitoterapia 92, 133–147, https://doi.

org/10.1016/j.fitote.2013.10.010 (2014).
 13. Gu, W. L. et al. Effects of Chinese herb medicine Radix Scrophulariae on ventricular remodeling. Pharmazie 65, 770–775 (2010).
 14. Sheu, S. Y. et al. Radix Scrophulariae extracts (harpagoside) suppresses hypoxia-induced microglial activation and neurotoxicity. 

BMC Complement Altern Med 15, 324, https://doi.org/10.1186/s12906-015-0842-x (2015).
 15. Huang, X. Y. et al. Effects of ethanolic extract from Radix Scrophulariae on ventricular remodeling in rats. Phytomedicine 19, 

193–205, https://doi.org/10.1016/j.phymed.2011.09.079 (2012).
 16. Shin, T. Y. et al. Effect of Vitex rotundifolia on immediate-type allergic reaction. J Ethnopharmacol 72, 443–450 (2000).
 17. Hu, Y. et al. Evaluation of the estrogenic activity of the constituents in the fruits of Vitex rotundifolia L. for the potential treatment 

of premenstrual syndrome. J Pharm Pharmacol 59, 1307–1312, https://doi.org/10.1211/jpp.59.9.0016 (2007).
 18. Hu, Y. et al. Anti-nociceptive and anti-hyperprolactinemia activities of Fructus Viticis and its effective fractions and chemical 

constituents. Phytomedicine 14, 668–674, https://doi.org/10.1016/j.phymed.2007.01.008 (2007).
 19. Kobayakawa, J., Sato-Nishimori, F., Moriyasu, M. & Matsukawa, Y. G2-M arrest and antimitotic activity mediated by casticin, a 

flavonoid isolated from Viticis Fructus (Vitex rotundifolia Linne fil.). Cancer Lett 208, 59–64, https://doi.org/10.1016/j.
canlet.2004.01.012 (2004).

 20. You, K. M., Son, K. H., Chang, H. W., Kang, S. S. & Kim, H. P. Vitexicarpin, a flavonoid from the fruits of Vitex rotundifolia, inhibits 
mouse lymphocyte proliferation and growth of cell lines in vitro. Planta Med 64, 546–550, https://doi.org/10.1055/s-2006-957511 
(1998).

 21. Meng, F. M. et al. Vitexicarpin induces apoptosis in human prostate carcinoma PC-3 cells through G2/M phase arrest. Asian Pac J 
Cancer Prev 13, 6369–6374 (2012).

 22. Ke, N., Wang, X., Xu, X. & Abassi, Y. A. The xCELLigence system for real-time and label-free monitoring of cell viability. Methods 
Mol Biol 740, 33–43, https://doi.org/10.1007/978-1-61779-108-6_6 (2011).

 23. Wada, T. & Penninger, J. M. Mitogen-activated protein kinases in apoptosis regulation. Oncogene 23, 2838–2849, https://doi.
org/10.1038/sj.onc.1207556 (2004).

 24. Dhillon, A. S., Hagan, S., Rath, O. & Kolch, W. MAP kinase signalling pathways in cancer. Oncogene 26, 3279–3290, https://doi.
org/10.1038/sj.onc.1210421 (2007).

 25. Corvinus, F. M. et al. Persistent STAT3 activation in colon cancer is associated with enhanced cell proliferation and tumor growth. 
Neoplasia 7, 545–555 (2005).

 26. Fofaria, N. M. & Srivastava, S. K. STAT3 induces anoikis resistance, promotes cell invasion and metastatic potential in pancreatic 
cancer cells. Carcinogenesis 36, 142–150, https://doi.org/10.1093/carcin/bgu233 (2015).

 27. Barton, B. E., Karras, J. G., Murphy, T. F., Barton, A. & Huang, H. F. Signal transducer and activator of transcription 3 (STAT3) 
activation in prostate cancer: Direct STAT3 inhibition induces apoptosis in prostate cancer lines. Mol Cancer Ther 3, 11–20 (2004).

 28. Siveen, K. S. et al. Targeting the STAT3 signaling pathway in cancer: role of synthetic and natural inhibitors. Biochim Biophys Acta 
1845, 136–154, https://doi.org/10.1016/j.bbcan.2013.12.005 (2014).

 29. Fuhrmann, A. & Engler, A. J. The cytoskeleton regulates cell attachment strength. Biophys J 109, 57–65, https://doi.org/10.1016/j.
bpj.2015.06.003 (2015).

 30. Stricker, J., Falzone, T. & Gardel, M. L. Mechanics of the F-actin cytoskeleton. J Biomech 43, 9–14, https://doi.org/10.1016/j.
jbiomech.2009.09.003 (2010).

 31. Frisch, S. M., Vuori, K., Ruoslahti, E. & Chan-Hui, P. Y. Control of adhesion-dependent cell survival by focal adhesion kinase. J Cell 
Biol 134, 793–799 (1996).

 32. Mitra, S. K., Hanson, D. A. & Schlaepfer, D. D. Focal adhesion kinase: in command and control of cell motility. Nat Rev Mol Cell Biol 
6, 56–68, https://doi.org/10.1038/nrm1549 (2005).

 33. Weiner, T. M., Liu, E. T., Craven, R. J. & Cance, W. G. Expression of focal adhesion kinase gene and invasive cancer. Lancet 342, 
1024–1025 (1993).

http://dx.doi.org/10.1111/jcmm.12408
http://dx.doi.org/10.1111/jcmm.12408
http://dx.doi.org/10.1101/cshperspect.a005124
http://dx.doi.org/10.1002/path.3000
http://dx.doi.org/10.1016/j.bbamcr.2013.06.026
http://dx.doi.org/10.1016/j.bcp.2008.07.023
http://dx.doi.org/10.1111/j.1601-0825.2010.01763.x
http://dx.doi.org/10.1111/j.1601-0825.2010.01763.x
http://dx.doi.org/10.1155/2012/306879
http://dx.doi.org/10.1038/nrc3789
http://dx.doi.org/10.1242/jcs.120907
http://dx.doi.org/10.1155/2015/690690
http://dx.doi.org/10.1155/2015/690690
http://dx.doi.org/10.1016/j.fitote.2013.10.010
http://dx.doi.org/10.1016/j.fitote.2013.10.010
http://dx.doi.org/10.1186/s12906-015-0842-x
http://dx.doi.org/10.1016/j.phymed.2011.09.079
http://dx.doi.org/10.1211/jpp.59.9.0016
http://dx.doi.org/10.1016/j.phymed.2007.01.008
http://dx.doi.org/10.1016/j.canlet.2004.01.012
http://dx.doi.org/10.1016/j.canlet.2004.01.012
http://dx.doi.org/10.1055/s-2006-957511
http://dx.doi.org/10.1007/978-1-61779-108-6_6
http://dx.doi.org/10.1038/sj.onc.1207556
http://dx.doi.org/10.1038/sj.onc.1207556
http://dx.doi.org/10.1038/sj.onc.1210421
http://dx.doi.org/10.1038/sj.onc.1210421
http://dx.doi.org/10.1093/carcin/bgu233
http://dx.doi.org/10.1016/j.bbcan.2013.12.005
http://dx.doi.org/10.1016/j.bpj.2015.06.003
http://dx.doi.org/10.1016/j.bpj.2015.06.003
http://dx.doi.org/10.1016/j.jbiomech.2009.09.003
http://dx.doi.org/10.1016/j.jbiomech.2009.09.003
http://dx.doi.org/10.1038/nrm1549


www.nature.com/scientificreports/

1 4Scientific RepoRts | 7: 12756  | DOI:10.1038/s41598-017-12934-y

 34. Liu, G. et al. Inhibitory role of focal adhesion kinase on anoikis in the lung cancer cell A549. Cell Biol Int 32, 663–670, https://doi.
org/10.1016/j.cellbi.2008.01.292 (2008).

 35. Beierle, E. A. et al. Inhibition of focal adhesion kinase and src increases detachment and apoptosis in human neuroblastoma cell 
lines. Mol Carcinog 49, 224–234, https://doi.org/10.1002/mc.20592 (2010).

 36. Yam, J. W., Tse, E. Y. & Ng, I. O. Role and significance of focal adhesion proteins in hepatocellular carcinoma. J Gastroenterol Hepatol 
24, 520–530, https://doi.org/10.1111/j.1440-1746.2009.05813.x (2009).

 37. Gilmore, A. P. & Burridge, K. Molecular mechanisms for focal adhesion assembly through regulation of protein-protein interactions. 
Structure 4, 647–651 (1996).

 38. Che, C. T., Wang, Z. J., Chow, M. S. & Lam, C. W. Herb-herb combination for therapeutic enhancement and advancement: theory, 
practice and future perspectives. Molecules 18, 5125–5141, https://doi.org/10.3390/molecules18055125 (2013).

 39. Atangwho, I. J., Ebong, P. E., Eyong, E. U., Asmawi, M. Z. & Ahmad, M. Synergistic antidiabetic activity of Vernonia amygdalina and 
Azadirachta indica: biochemical effects and possible mechanism. J Ethnopharmacol 141, 878–887, https://doi.org/10.1016/j.
jep.2012.03.041 (2012).

 40. Li, S., Zhang, B., Jiang, D., Wei, Y. & Zhang, N. Herb network construction and co-module analysis for uncovering the combination 
rule of traditional Chinese herbal formulae. BMC Bioinformatics 11(Suppl 11), S6, https://doi.org/10.1186/1471-2105-11-S11-S6 
(2010).

 41. Wang, S. et al. Compatibility art of traditional Chinese medicine: from the perspective of herb pairs. J Ethnopharmacol 143, 412–423, 
https://doi.org/10.1016/j.jep.2012.07.033 (2012).

 42. Ko, W. G. et al. Polymethoxyflavonoids from Vitex rotundifolia inhibit proliferation by inducing apoptosis in human myeloid 
leukemia cells. Food Chem Toxicol 38, 861–865 (2000).

 43. Chen, D., Cao, J., Tian, L., Liu, F. & Sheng, X. Induction of apoptosis by casticin in cervical cancer cells through reactive oxygen 
species-mediated mitochondrial signaling pathways. Oncol Rep 26, 1287–1294, https://doi.org/10.3892/or.2011.1367 (2011).

 44. Zhou, Y. et al. Casticin induces caspase-mediated apoptosis via activation of mitochondrial pathway and upregulation of DR5 in 
human lung cancer cells. Asian Pac J Trop Med 6, 372–378, https://doi.org/10.1016/S1995-7645(13)60041-3 (2013).

 45. Hasnat, M. A., Pervin, M., Lim, J. H. & Lim, B. O. Apigenin Attenuates Melanoma Cell Migration by Inducing Anoikis through 
Integrin and Focal Adhesion Kinase Inhibition. Molecules 20, 21157–21166, https://doi.org/10.3390/molecules201219752 (2015).

 46. Lui, V. W. et al. Cucurbitacin I elicits anoikis sensitization, inhibits cellular invasion and in vivo tumor formation ability of 
nasopharyngeal carcinoma cells. Carcinogenesis 30, 2085–2094, https://doi.org/10.1093/carcin/bgp253 (2009).

 47. Yue, G. G. et al. Andrographis paniculata elicits anti-invasion activities by suppressing TM4SF3 gene expression and by anoikis-
sensitization in esophageal cancer cells. Am J Cancer Res 5, 3570–3587 (2015).

 48. Chen, I. H. et al. HPW-RX40 restores anoikis sensitivity of human breast cancer cells by inhibiting integrin/FAK signaling. Toxicol 
Appl Pharmacol 289, 330–340, https://doi.org/10.1016/j.taap.2015.09.011 (2015).

Acknowledgements
This work has been supported by the Grant K17281 awarded to Korea Institute of Oriental Medicine (KIOM) 
from Ministry of Science, ICT and Future Planning (MSIP), Republic of Korea.

Author Contributions
A.K. and J.Y.M. conceived the research; A.K. and M.J.I. designed the project; A.K. and M.J.I. performed most of 
the experiments; A.K. wrote the manuscripts; all authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12934-y.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1016/j.cellbi.2008.01.292
http://dx.doi.org/10.1016/j.cellbi.2008.01.292
http://dx.doi.org/10.1002/mc.20592
http://dx.doi.org/10.1111/j.1440-1746.2009.05813.x
http://dx.doi.org/10.3390/molecules18055125
http://dx.doi.org/10.1016/j.jep.2012.03.041
http://dx.doi.org/10.1016/j.jep.2012.03.041
http://dx.doi.org/10.1186/1471-2105-11-S11-S6
http://dx.doi.org/10.1016/j.jep.2012.07.033
http://dx.doi.org/10.3892/or.2011.1367
http://dx.doi.org/10.1016/S1995-7645(13)60041-3
http://dx.doi.org/10.3390/molecules201219752
http://dx.doi.org/10.1093/carcin/bgp253
http://dx.doi.org/10.1016/j.taap.2015.09.011
http://dx.doi.org/10.1038/s41598-017-12934-y
http://creativecommons.org/licenses/by/4.0/

	SRVF, a novel herbal formula including Scrophulariae Radix and Viticis Fructus, disrupts focal adhesion and causes detachme ...
	Materials and Methods
	Cell culture and mice. 
	Reagents and antibodies. 
	Preparation of SR, VF, and SRVF. 
	Cell cytotoxicity assay. 
	Cell cycle analysis. 
	Live and dead cell staining. 
	Immunoblot analysis. 
	Monitoring cell proliferation and adhesion. 
	Immunofluorescence staining. 
	In vivo tumor growth inhibition assay. 
	Statistics. 

	Results
	SRVF dramatically decreased cell viability of malignant cancer cells relative to SR, VF, or their co-treatment. 
	SRVF induced G2/M cell cycle arrest and regulated the expression of cell cycle-related proteins. 
	SRVF induced apoptosis more efficiently than SR, VF, or their co-treatment. 
	SRVF activated MAPK and inactivated STAT3 signaling in cancer cells. 
	SRVF disrupted focal adhesion and F-actin organization. 
	SRVF down-regulated the expression of focal adhesion-related proteins. 
	Oral administration of SRVF suppressed tumor growth in vivo with no adverse effects. 

	Discussion
	Acknowledgements
	Figure 1 SRVF dramatically alters cell morphology and decreases cell viability in malignant cancer cells.
	Figure 2 SRVF induces cell cycle arrest at G2/M phase in HT1080 cells.
	Figure 3 SRVF causes severe cytotoxicity in HT1080 cells.
	Figure 4 SRVF induces apoptosis in HT1080 cells.
	Figure 5 SRVF increases the phosphorylation of MAPK and decreases that of STAT3 in cancer cells.
	Figure 6 SRVF reduces cell adhesion and F-actin intensity in cancer cells.
	Figure 7 SRVF regulates the expression of focal adhesion-related proteins in cancer cells.
	Figure 8 SRVF administration suppresses tumor growth in vivo.




