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Abstract

Molecular targeted compounds are emerging as a strategy to improve classical chemotherapy. 

Herein, we describe that using low dose of the multikinase inhibitor sorafenib improves 

cyclophosphamide antitumor activity by inhibiting angiogenesis, metastasis and promoting tumor 

healing in MDA-MB231 xenografts and the 4T1-12B syngeneic breast cancer metastasis model. 

Mechanistic studies in MDA-MB231 cells revealed that alkylation upregulates inflammatory 

genes/proteins such as COX-2, IL8, CXCL2 and MMP1 in a MEK1/2-ERK1/2-dependent manner. 

These proteins enrich the secretome of cancer cells, stimulating cell invasion and angiogenesis via 

autocrine and paracrine mechanisms. Sorafenib inhibits MEK1/2-ERK1/2 pathway thereby 

decreasing inflammatory genes and mitigating cell invasion and angiogenesis at basal and 
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alkylation-induced conditions whereas NRF2 and ER stress pathways involved in alkylation 

survival are not affected. In non-invasive/non-angiogenic breast cancer cells (SKBR3 and MCF7), 

alkylation did not elicit inflammatory responses with the only sorafenib effect being ERK1/2-

independent ROS-dependent cytotoxicity when using higher drug concentrations. In summary, our 

data show that alkylating agents may elicit inflammatory responses that seems to contribute to 

malignant progression in specific breast cancer cells. Identifying and targeting drivers of this 

phenotype may offer opportunities to optimize combined drug regimens between classical 

chemotherapeutics and targeted agents.
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1. Introduction

Alkylating agents are a mature class of cytotoxic chemotherapeutics that includes 

cyclophosphamide, ifosphamide, temozolomide, melphalan and busulfan among others. 

Their canonical mechanism of action involves alkylation of DNA bases leading to modified 

bases, strand breaks, cell cycle arrest and apoptosis in cancer cells as well as normal 

proliferating cells (1,2). In addition to the classical DNA damage response pathway, we 

previously demonstrated that alkylation mediates a significant proportion of its cytotoxicity 

by alkylating proteins and activation of the unfolded protein response, though this response 

is tempered by alkylation-induced activation of the NRF2/glutathione pathway (3,4).

Tumor associated inflammation has been recently recognized as an emerging hallmark of 

cancer. The inflammatory microenvironment within a tumor includes a variety of factors 

secreted by cancer cells, stroma and infiltrating immune cells, including cytokines, 

prostaglandins, metalloproteases and angiogenic factors that can either promote self 

sustained tumor growth in an autocrine fashion and/or modulates stromal and immune cells 

in a paracrine and intrincate mechanism (5). This is not simply a consequence of the 

immune system’s battle against tumor cells, but also an orchestrated process elicited by 

cancer cells themselves, that contributes to disease invasion, angiogenesis and metastasis 

(5,6). Classical chemotherapeutics have been described to promote both systemic and tissue 

specific inflammation via induction of COX2, TNF-α, IL6, MCP-1/CCL2 and/or MMPs 

(matrix metaloproteases) in different models; eg. Cyclophosphamide (7,8), cisplatin (9) and 

doxorubicin (10). However, whether and how chemotherapy impacts inflammatory pathways 

in the tumor microenvironment as well as its potential effect on therapy efficacy or 

associated adverse outcomes are not well understood (11,12).

Sorafenib (Srfn; Nevaxar) is a broad-spectrum oral multikinase small-molecule inhibitor that 

effectively inhibits multiple kinases in vitro, including B-RAF (including the oncogenic 

V600E variant), CRAF, VEGFR2, VEGFR3, PDGFR-b, FLT-3 and c-KIT to varying 

degrees in a dose dependent manner (13–15). Sorafenib disrupts Ras-MAPK and VEGFR 

signaling in cell-based assays and has been used to treat colon, kidney, lung and breast 

tumors in xenograft models by inhibiting proliferation and angiogenesis (13–15). In breast 
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cancer clinical trials, sorafenib monotherapy and combinations with taxanes and 

bevacizumab showed low efficacy, while efficacy from combinations with gemcitabine 

and/or capecitabine in locally advanced or metastatic disease were promising. With regard to 

toxicity, sorafenib was generally well tolerated, though for some trials its dosage had to be 

reduced and discontinuation rates were high (14). While RAS and RAF activating mutations 

occur in only ~ 5% of breast cancers, RAS is active in a majority of breast cancer cell lines 

(16,17) and correlates with overexpression of RAS-RAF-MAPK upstream activators EGF 

and HER-2 receptors in breast tumors (16). Downstream of RAS, increased constitutive 

phosphorylation of ERK1/2 was reported in invasive (MDA-MB231, MDA-MB436 and 

BT549) compared to non-invasive (ZR-75-1, T47D and MCF7) breast cancer cells (18). 

Inhibiting MEK1/2 has been shown to decrease breast cancer cell invasion (18). Because 

sorafenib has shown clinical benefits in advanced breast cancer when used in combination 

with chemotherapy, we hypothesize that mechanism of action of sorafenib upon 

angiogenesis and ERK1/2 pathways could be useful to improve the efficacy of alkylating 

agents in treating breast cancer.

Herein, we investigated the antitumoral effect of combining sorafenib with the alkylating 

agent cyclophosphamide in a model of locally aggressive (MDA-MB231 xenografts) and 

metastatic breast cancer (orthotopic 4T1-12B cells model (19)). We found that low dose 

sorafenib improved cyclophosphamide efficacy leading to formation of smaller and well-

localized fibrotic tumors in MDA-MB231 xenografts as well as inhibited metastasis and 

improved survival in the 4T1 model. Alkylating agent (methyl methanesulfonate (MMS) and 

cyclophosphamide) exposure induced expression of various inflammation-related genes, 

including IL8, MMP1, CXCL2 and COX-2, thereby affecting cancer cell secretome and 

tumor microenvironment in vitro and in xenografts. In vitro cell culture work demonstrated 

that these genes exert pro-invasive and angiogenic activities in response to alkylation, and 

this response can be blocked by sorafenib or MEK1/2 inhibitor with only minor impact on 

cell viability. This sorafenib-mediated inhibition of inflammation-related genes, as well as 

their induction by alkylating agents (and the resulting invasive/angiogenic phenotypes), were 

only detectable in cells with a triple-negative phenotype. Overall, this study shows that low 

dose sorafenib improves therapeutic response to alkylating agents by blocking both 

angiogenesis and invasion/metastasis associated with the inflammatory secretome of breast 

cancer.

2. Materials and Methods

2.1. Cell cultures and treatments

MDA-MB231, Hs578T, SKBR3 and MCF7 breast cancer cells lines were obtained from 

ATCC while 4T1-12B was obtained from TUFTS University. Cell lines were grown in 

DMEM supplemented with 10% inactivated FBS plus antibiotics. Cells were treated at a 50–

60% confluence in the presence of 10% FBS. Sorafenib (from Santa Cruz Biotechnology), 

UO126 and celecoxib (from Sigma-Aldrich) stock solutions were prepared at 50–100 mM in 

DMSO and stored at −20°C; MMS was from Sigma-Aldrich and 4-HC (4-

hydroperoxycyclophosphamide) from US Biologicals. When used in combination assays, 

pharmacological inhibitors were pre-incubated for 3–6 h before MMS treatments. Unless 
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otherwise specified, MMS treatments were performed at ~IC50 in MDA-MB231 (40 μg/mL), 

HS578t (29 μg/mL), SKBR3 (26 μg/mL) and MCF7 (52 μg/mL) as determined by Celltiter-

Glo assay.

2.2. Cell viability and caspase-3/7 activity

CellTiter-Glo® Luminescent Viability Assay and Caspase-Glo®-3/7 Assay kits from 

Promega were used to assess cell viability and caspase-3/7 activity following manufacturer’s 

instructions.

2.3. DCF assay

Intracellular ROS production was detected using the cell-permeant 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma) as previously described (4).

2.4. Western blot

Protein lysates were prepared using RIPA buffer containing protease and phosphatase 

inhibitors (1 mM PMSF, 1 mM sodium orthovanadate, 1 mM NaF, and 30 μL/mL aprotinin), 

clarified by centrifugation, and quantified by Bradford Protein Assay (Biorad, Hercules, 

CA). Proteins (20–30 μg) were resolved using 10% SDS-PAGE, transferred onto 

nitrocellulose membranes (Hybond-ECL, GE Healthcare Lifesciences, Piscataway, NJ). 

Blots were stained with Ponceu S for loading control. Primary antibodies included p-

ERK1/2Thr202/Tyr204 (D13.14.4E) XP® (#4370), ERK1/2 (#9102), p-MEK1/2 Ser217/Ser221 

(#9121), MEK1/2 (#9122), p-p38Thr180/Tyr182 (28B10) (#9216), p38 (#9212), COX-2 

(#4842), p-JNK1/2Thr183/Tyr185 (98F2) and JNK1/2 (#9252) from Cell Signaling Technology 

and beta-actin (ab8227) from Abcam. Primary antibodies were used at 1:1000 dilutions 

(overnight at 4 °C) and secondary at 1:3000 (2 h at room temperature) in TBS-T with 5% 

BSA. Protein bands were developed using LumiGlo (Cell Signaling Technology) and X-Ray 

films.

2.5. siRNA-mediated knockdown

Small-interference RNA (siRNA) transfections were performed using Lipofectamine RNAi 

MAX Reagent following manufacturer instructions (Invitrogen). siRNA duplexes targeting 

human IL8 (sc-39631), CXCL2 (sc-43934), MMP1 (sc-41552), VEGFA (sc-29520) PTGS2/

COX-2 (sc-29279) and scrambled siRNA-A (sc-37007) were purchased from Santa Cruz 

Biotechnology, and incubated at 20 to 50 nM siRNA range for 24 h prior to treatments. 

Knockdown efficiency was confirmed by ELISA.

2.6. ELISA

ELISA quantification of MMP1 and MMP3 content in culture medium was assessed using 

RayBio-MMP3 and RayBio-MMP1 Elisa Kit (RayBiotech, Inc); IL8 protein was analyzed 

by Human IL8 Elisa kit (Pierce Biotechnology). Levels of prostaglandin E2 (PGE2) and 

CXCL2 were determined using the Prostaglandin E2 EIA Kit Monoclonal (Cayman 

Chemical Company) and the CXCL2 human ELISA kit (Abnova), respectively. Culture 

media were diluted up to 50 times as appropriate for each target and concentration values 

were normalized by 106 cells.
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2.7. Conditioned media (CM) preparation

For invasion and in vitro angiogenesis experiments, conditioned media (CM) from breast 

cancer cells was prepared as follows. Twelve-well plated cells were treated with IC50 levels 

of MMS (40 μg/mL) or 4-HC (25 μM) in the presence or absence of sorafenib or UO126 (3–

6 h pre-treated; 10 μM) or siRNA (24 h pre-incubated) for 12 h, washed with HBSS and then 

incubated with 700 μL fresh DMEM for an additional 12 h. Thereafter, CM was collected 

and immediately used for invasion and angiogenesis assays in order to reduce freezing-

associated loss of activity. Importantly, if alkylation was used, cell viability assays were 

carried out in parallel to ensure that alkylating agents were not causing cytotoxicity at 24 h 

(12 h treatment + 12 h CM preparation), which could mask the secretome composition as 

well as ELISA quantification of inflammatory mediators. In some assays, CM was prepared 

from siRNA-incubated cells. Cells were transfected for 24 h, and the medium was replaced 

by drug-free DMEM which was conditioned for additional 24 h and then used for 

angiogenesis assays.

2.8. Invasion assay

Extracellular matrix (ECM) invasion potential of breast cancer cells was estimated using the 

QCMTM 24-Well Cell Invasion Assay Fluorimetric (Millipore). Serum starved cells were 

trypsinized, centrifuged, resuspended to 5000 cells/μL, and 50 μL of this suspension 

(250,000 cells) was seeded onto 8μm pore size inserts coated with ECM in serum-free 

conditions. Afterwards, 200 μL of serum-free conditioned or fresh medium (with/out 

pharmacological inhibitors) was added to the top chambers. Bottom chambers consisted of 

250 μL of CM/fresh medium plus 250 μL of DMEM supplemented with 20% FBS as a 

chemoattractant. Cells were allowed to migrate for 24–48 h at 37°C before assaying. 

Invaded cells were detached from the bottom side of the insert, lysed and incubated with 

CyQuant GR fluorescent Dye for 15 min. Fluorescence was read at Ex/Em = 480/520 nm. 

Percentage of invading cells was compared to cell number standard curves.

2.9. In vitro angiogenesis

Angiophase kit (MBL Inc.) was used to assess the angiogenic potential of conditioned media 

(CM) from breast cancer cells or the direct effect of sorafenib/UO126 on vessel-like 

formation in vitro. Kit-provided human endothelial cells co-cultures were expanded, plated 

in 24-well plates and kept for 96 h without treatments. Cells were then incubated with either 

CM from breast cancer cells or fresh-DMEM controls for a total of 14 days to form 

threadlike structures of anastomosing tubules, which resemble the capillary bed. Medium 

was changed/re-treated each 3 days. At the end of treatments, cells were fixed and immune-

stained for CD31 following by incubation with secondary antibody conjugate. ELISA was 

developed using the soluble substrate p-nitrophenyl-phosphate (p-NPP) whose product was 

colorimetrically read at 405 nm. In some experiments, the wells were washed with dH2O, 

and CD31 positive tubules were stained with BCIP/NBT substrate, which form insoluble 

precipitates.
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2.10. Reporter gene assays

Prior to transfection, cells were plated in 96-well plates an allowed to grow up to 80% 

confluence. Then the cells were transfected with a mixture of 40:1 of AP1- or NFκB-

responsive firefly luciferase constructs (from Stratagene) and constitutive CMV-Renilla 

luciferase construct (Qiagen) for 24 h. Mixtures of non-inducible firefly luciferase construct 

and constitutively expressing Renilla luciferase construct (40:1) were used as negative 

controls. After 24 h transfection, the cells were pre-treated with sorafenib or UO126 for 6 h 

and then treated with 40 μg/mL MMS for 8 h followed by drug withdrawal for 16 h to 

minimize the interference of chemotherapy cytotoxicity. Afterwards, firefly and renilla 

luciferase activities were determined by Dual-Luciferase® Reporter Assay System protocol 

(Promega). Firefly luciferase activity was normalized to the levels of renilla luciferase, and 

expressed as fold-change compared to controls.

2.11. RNA sequencing

Gene expression profiling of MDA-MB231 cells was analyzed by RNA-sequencing using 

Illumina HiSeq 2000 system (Illumina, San Diego, CA). Briefly, MDA-MB231 cells were 

pre-incubated with 1 μM sorafenib for 12 h prior to 40 μg/mL MMS in two independent 

experiments. RNA was harvested 8 and 24 h post MMS treatment using the RNeasy protocol 

(Qiagen). RNA purity was determined using Agilent 2100 BioAnalyzer. Total RNA samples 

about 1–2 μg were used for sequencing library preparation according to Illumina TruSeq 

Total RNA Sample Preparation Guide (Illumina Cat. #: RS-122-2201). Each library was bar-

coded and then pooled for cluster generation and sequencing run with 100 bp single-end 

(SE) sequencing protocol. Short read sequences from RNAseq were first aligned to UCSC 

hg19 genome build using TopHat2 algorithm and then quantified for gene expression by 

HTSeq to obtain raw read counts per gene, and then converted to RPKM (Read Per Kilobase 

of gene length per Million reads of the library) according to gene length and total mapped 

read count per sample (GEO repository number: GSE99536). Genes with low-read counts 

(RPKM<5) with all samples as determined by examining read counts in non-exonic regions 

were excluded from analysis. Gene expressions greater or lower than 1.75 Fold-change 

(treated vs untreated control; and consistent between the two experiments) were selected as 

differentially expressed genes (DEG). In MMS/sorafenib combination, a greater than 33.3% 

inhibition/potentiation of MMS-induced gene expression was considered significant.

2.12. Pathway Enrichment Analysis (PEA)

Canonical pathways associated with gene expressions changes by MMS and sorafenib were 

assessed using the Pathway Annotation Tool available in the Enrichr database (http://

amp.pharm.mssm.edu/Enrichr/) (20). MMS/sorafenib DEG (8 and 24 h pooled together) 

were used as an input, and KEGG, Reactome, NCI-Nature, Panther and Wikipathway 

databases were selected as a default for PEA. Non-informative pathway terms such as 

disease-related pathways were excluded from the output.

2.13. Transcription Factor Enrichment (TFE)

TFE was performed using the ChIP Enrichment Analysis (ChEA, 2015 release) available 

with the Enrichr bioinformatics tool (http://amp.pharm.mssm.edu/Enrichr/enrich) (20). From 
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an input gene list of MMS/sorafenib DEG, the ChEA program computes over-representation 

of transcription factor targets based on shared overlapping targets and binding site proximity 

from the ChIP-x (CheA) database.

2.14. Breast cancer patient survival analysis

Correlations of sorafenib-inhibited gene expressions with survival of breast cancer patients 

was estimated using the BreastMark tool (http://glados.ucd.ie/BreastMark/) (21). The 

algorithm integrates data from various published breast cancer microarray datasets (n= ~539 

samples; accessed in 10/2016), split samples into two groups according to median 

expression of the gene of interest, and then Kaplan-Meier survival plots are drawn. In the 

initial set of analysis, the genes associated with sorafenib-inhibited pathways (identified 

from PEA) were evaluated as single-gene inputs in univariate analysis. Then the top-3 genes 

associated with patient survival were analyzed in combined signatures. Overall survival (OS) 

was selected as a clinical endpoint, Log-Rank test p-value and Hazard ratios (HR) were 

calculated for single and combined gene analysis as detailed in (21).

2.15. Animal studies

MDA-MB231 xenografts—The study was approved by the University of Texas Health at 

San Antonio Institutional Animal Care and Use Committee (IACUC) as outlined in our 

protocol number 11024. The facility is operated in compliance with the Public Law 89-544 

(Animal Welfare Act) and its amendments, and Public Health Services Policy on Humane 

Care and Use of Laboratory Animals (PHS Policy) using The Guide for the Care and Use of 

Laboratory Animals (Guide) as the basis of operation. Selection of cyclophosphamide and 

sorafenib doses was based on previously published reports (15,22,23). MDA-MB-231 cells 

were harvested by trypsinization, washed and re-suspended in serum-free medium. 

Thereafter, cells were mixed with matrigel (1:1), and approximately 5×106 cells were 

subcutaneously injected in the right flank of athymic nude mice. When the average tumor 

volume reached about 100 mm3, mice were randomized into groups of 8 animals each, and 

the following treatment protocol was implemented: Group 1 (Vehicle control): 100 μL of 

saline (i.p.); Group 2: sorafenib (0.02 mg/kg; i.p., daily) for 9 days; Group 3: 

cyclophosphamide 0.1 g/kg on days 2, 4, 6 and 8; Group 4: Sorafenib+cyclophosphamide 

(combination of same above described regimens). All animals were sacrificed 5 days after 

the end of treatments (15th day of treatment protocol). Body weight of mice was recorded 

weekly, and tumor size was measured three times a week in two dimensions using a digital 

caliper. Tumor volume was calculated by the formula 0.5236 L1(L2)2, where L1 is the long 

axis, and L2 is the short axis of the tumor. At the termination of the study, mice were 

euthanized; tumors were excised and a part was fixed in 10% phosphate-buffered formalin 

for H&E and part was sent to UTHSCSA pathology core to H&E, Masson’s staining and 

IHC analysis.

Syngenic 4T1.12B cell model of breast cancer metastasis—For metastastatic 

model, 4T1.12B-luc (5 × 105) (kindly provided by Dr. Sahagian) cells were mixed with an 

equal volume of Matrigel and implanted in a mammary fat pad of 6-week-old female 

BALB/c mice as described (19). After a week, animals were imaged using Xenogen Small-

Animal Imaging System for cellular imaging in live mice. Animals were then randomized 
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into four groups and received following treatment protocol. Group 1 (Vehicle control): 100 

μL of saline (i.p.); Group 2: sorafenib (0.02 mg/kg; i.p., daily) for 9 days; Group 3: 

cyclophosphamide 0.1 g/kg on days 2, 4, 6 and 8; Group 4: Sorafenib+cyclophosphamide 

(combination of same above described regimens). On Day 10 and Day 32 the animals were 

imaged for primary tumor and metastatic sites assessement, and thereafter monitored for 

determination of overall survival in accordance with human endpoint criteria detailed in the 

IACUC protocol 11024.

2.16. Pharmacokinetics

Sorafenib plasma concentrations were measured using a validated liquid chromatography-

tandem mass spectrometry method as previously described (24). The lower limit of detection 

was 1 ng/mL. The analytical standard for sorafenib was obtained from Toronto Research 

Chemicals, Inc. (Ontario, Canada) and the internal standard, tolnaflate, from Sigma-Aldrich 

(St. Louis, MO). Three athymic nude mice per treatment timepoint were injected with 

sorafenib (0.02 mg/kg, i.p), and plasma was collected at 0, 15, 30, 60, 120 min and 24 h post 

treatment.

2.17. Histological procedures (H&E, Massom’s staining and IHC)

H&E and Massom’s trichrome staining were performed using routine protocols with 

UTHSCSA Histology & Immunohistochemistry Laboratory. For IHC, anti-CD31 (cat. # 

ab28364; Abcam) and anti-PCNA (cat. # NA03; EMD Millipore) antibodies were used to 

determine microvessel density and tumor cell proliferation, respectively. Anti-IL8 (cat. #LS-

C104558; LSbio), MMP1 (Abcam, cat# ab52631), CXCL2 (cat. #LS-C415005; LSbio), 

COX-2/PTGS2 (Sigma, SAB-4502491) and IL6 (Abcam, cat# ab6672) antibodies were used 

for assessment of inflammatory proteins in tumor sections (1:100-1:500 dilution range). 

Immunohistochemical staining was performed on 5 μm formalin-fixed, paraffin-embedded 

mouse xenograft tissue sections. Sections were deparaffinized and hydrated, and endogenous 

peroxidase activity was blocked with 3% H2O2. Antigen retrieval was performed using 

Dako Target Retrieval Solution (S1699, DakoCytomation). Sections were blocked with an 

avidin/biotin block (Vector Laboratories) and rabbit serum. The sections were incubated 

overnight at 4°C with primary antibodies, followed by a 30 min incubation with peroxidase-

conjugated secondary antibody (Vector Impress kit; Vector Laboratories, CA). Negative 

controls had the primary antibody replaced by Dako Antibody Diluent or IgG isotype 

control. The 3,3-diaminobenzidine was used as the chromagen. Sections were counterstained 

with Mayer’s hematoxylin for 1 minute and washed with water.

2.18. IHC data analysis

For quantification of microvessels, collagen and keratin, tissue sections were viewed at x100 

magnification (x10 objective lens and x10 ocular lens). Six fields per tumor section were 

randomly analyzed. The average number of vessels (and keratin/collagen deposits) was 

counted and expressed as “number/field”. Proliferation index was estimated as average 

percentage of PCNA positive cells from microscopy analysis of 6 fields per slide. Average 

staining of IL8, IL6, CXCL2, MMP1 and PTGS2 proteins were quantified by deconvolution 

of IHC microphotographs using the IHC profiler plug-in of Image J(25) applied in 5 fields/

tumor; the most frequent score was selected; IHC score: 3+ (highly positive); 2+ (positive); 
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1+ low-positive; 0+ negative. With IHC analysis, peripheral surrounding connective and 

central necrotic areas were excluded. Histologic slides were blind-coded during the 

assessment.

3. Results

3.1. Low-dose sorafenib improves tumor response to cyclophosphamide

We first determined the antitumor benefit of combining a low dose sorafenib with the 

alkylating agent cyclophosphamide in MDA-MB231 xenografts. Pharmacokinetic studies 

showed plasma peak levels of ~47 nM (22 ng/mL) at 30 min after a single i.p. injection of 

0.02 mg/kg sorafenib (Fig. 1A), which are similar to plasma peak levels observed after 1 

mg/kg oral sorafenib (26). Noteworthy, the doses and plasma levels achieved in our model 

are much lower than those used in mouse studies (15,22,27) or current clinical settings 

(28,29). Low dose sorafenib and cyclophosphamide alone each attenuated tumor growth 

while sorafenib/cyclophosphamide combination led to even smaller tumors compared to 

either drug monotherapy (Fig. 1B). Tumor growth inhibition was not accompanied by any 

overt inhibition of proliferation based on H&E (Fig. 1C) and PCNA staining scores (Fig. 

1D–E). On the other hand, sorafenib exerted a significant antiangiogenic response either 

alone or combined with cyclophosphamide as observed by H&E (Fig. 1C) and CD31 

immunostaining (Fig. 1D–E). Analysis of tumor borders follow H&E staining indicated that 

sorafenib/cyclophosphamide treated tumors were well-encapsulated and presented well-

defined pushing borders between the tumor and capsule. This observation indicating 

decreased tumor infiltration (Fig. 1C). In the combination treatment this improved 

encapsulation was accompanied by an increased amount of fibrosis within the tumor 

compared to either drug alone (Fig. 1C). The fibrotic phenotype was confirmed by Masson’s 

trichrome staining, which revealed a “marked fibrosis” characterized by accumulation of 

both collagen (blue stained) and keratin (red stained) within the tumors of combined 

sorafenib/cyclophosphamide treated mice when compared to cyclophosphamide or sorafenib 

alone, which showed “mild fibrosis” (Fig. 1D–E).

3.2. Sorafenib/cyclophosphamide combination reduces metastasis in orthotopic breast 
cancer

Angiogenesis and tumor infiltration are key steps that facilitate metastasis. Results from 

MDA-MB231 xenografts suggest that sorafenib is promoting tumor healing phenotypes via 

anti-angiogenic and, possibly, anti-invasion mechanisms. Based on this evidence, we used 

orthotopic implants of luciferase-expressing 4T1 cells in the mammary fat pad of 

immunocompetent BALB-c mice in order to assess the impact of sorafenib in metastatic 

progression. Primary tumors were implanted and, after a week to allow establishment, they 

were treated for 10 days (Fig. 2A). Bioluminescence analysis of tumors showed no evidence 

of metastasis until 10 days. Although tumor burden decreased in combined 

cyclophosphamide/sorafenib, the reduction observed with the monotherapies did not reach 

statistical significance (Fig. 2B–C). Twenty two days after the last day of treatment (Day 32 

of the experiment), the antitumor effect of drug combination persisted (Fig. 2C), and the 

frequency of animals with at least one metastatic site decreased in either drug alone and even 

more significantly in combined treatment (Fig. 2B). It is worthy to note that the number of 
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metastatic sites per mouse is clearly higher in the 4 remaining vehicle-treated animals while 

monotherapy-treated animals showed only 1–2 metastatic sites; which were even less 

frequent in combined cyclophosphamide/sorafenib at day 32 (Fig. 2B). Overall survival 

monitoring demonstrated that the 10-day regimen used cumulated in a median survival of 35 

days in vehicle, 45 days in cyclophosphamide alone (Log-rank p=0.015), 40 days in 

sorafenib alone (log-rank p=0.082), and a more significant 50 days (log-rank p<0.001) in 

combined therapy group (Fig. 2D). The benefit of combined treatment is well-evidenced 

when comparing subjects at risk between day-35 and day-50 (Fig. 2D, bottom).

3.3. Differential effects of sorafenib on MEK1/2-ERK1/2 inhibition and ROS production are 
concentration dependent

Following our in vivo observations, we worked to recapitulate the tumor inhibition and 

wound-healing phenotypes using in vitro tissue culture systems experiments. To facilitate 

this, we used methylmethanesulfonate (MMS), a prototypical alkylating agent that does not 

require the metabolic bioactivation that cyclophosphamide does as well as 4-HC (4-

hydroperoxycyclophosphamide), an active metabolite of cyclophosphamide. We first 

evaluated whether sorafenib potentiates alkylation toxicity in four breast cancer cell lines of 

differing molecular phenotypes; MDA-MB231 and Hs578t (triple–negative), SKBR3 

(HER2+, ER−) and MCF7 (HER2−, ER+) (Fig. 3A). From 1 to 10 μM, sorafenib alone 

caused 0–25% decreases in cell numbers depending on the cell line (Fig. 3A). Sorafenib 

levels below 10 μM induce neither caspase-3 activation nor caused cell morphology changes 

nor LDH leakage (data not shown), indicating a cytostatic effect (Fig. 3B). At ≥20 μM, 

sorafenib appeared to more significantly reduce cell numbers (Fig. 3A) and stimulated 

caspase-3 activation (Fig. 3B). However, in combination with MMS and 4-HC (at IC50 

levels), sorafenib effects upon cell number and caspase-3 were additive (Fig. 3A–B). 

Although we expected the B-RAF (G464V) mutations with MDA-MB231 (30) would render 

them more sensitive to sorafenib, we found no difference in sorafenib toxicity across the cell 

lines tested; agreeing with prior reports (22,30,31).

While sorafenib-induced cell death occurred at higher concentration, sorafenib inhibition of 

MEK1/2 and ERK1/2 phosphorylations was detectable from 1 μM in MDA-MB231, while 

basal phospho-ERK1/2 levels in MCF7 and SKBR3 were not altered (Fig. 3C). These results 

indicate that MEK-ERK1/2 inhibition is not the basis for sorafenib toxicity in MCF7 and 

SKBR3. MMS and 4-HC increased ERK1/2 phosphorylation in both MDA-MB231 and 

SKBR3 (Fig. 3D), though, intringuingly, sorafenib only inhibited alkylation-induced 

ERK1/2 in MDA-MB231 (Fig. 3E) but not SKBR3 (data not shown). Moreover, sorafenib 

altered neither basal nor MMS-induced p38 and JNK1/2 phosphorylations in MDA-MB231, 

indicating selectivity to MEK-ERK1/2 pathway at low concentrations (Fig. 3E). To further 

demonstrate the specificity of sorafenib effects associated with ERK1/2 inhibition from 

potential inhibition of other kinases, we performed a parallel set of experiments with the 

MEK1/2 selective inhibitor UO126 (UO). In keeping with the sorafenib results, UO alone 

only had a minor impact on cell growth and no apparent synergy with MMS in the three cell 

lines evaluated (Fig. S1).
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Sorafenib, at 200–400 mg b.i.d., has previously been reported to exert a cytotoxic effect via 

production of reactive oxygen species (ROS) in hepatocellular carcinoma (32). Given this 

observation and the additive nature of combining higher doses of sorafenib and alkylating 

agent, we considered whether higher concentrations of sorafenib might be causing cytoxicity 

via ROS production. In fact, sorafenib ≥ 20 μM increased ROS (Fig. 3F) and depleted thiol 

groups (Fig. S1); an effect potentiated in the presence of MMS and inhibited by the 

antioxidant N-acetyl-cysteine (NAC; Fig. 3F). NAC abrogated cytotoxicity associated with 

20 μM sorafenib (Fig. 3G). Thus, we concluded that cytostatic effects of lower 

concentrations of sorafenib (1–10 μM) are associated with MEK1/2-ERK1/2 inhibition, 

while cytotoxicity at higher concentrations of sorafenib is dependent upon ROS/oxidative 

stress. Therefore, we hereafter sought to delineate sorafenib mechanisms at MEK1/2-

ERK1/2 selective concentrations (1–10 μM). Importantly, these concentrations of sorafenib 

are below the plasma levels obtained in clinical trials at therapeutic doses (10–20 μM with 

400 mg b.i.d.; (28,29)). This lower dosing also better mimicked what we achieved with our 

in vivo studies, but was high enough to produce measurable phenotypes for our in vitro 
assays.

3.4. Low concentration sorafenib inhibits invasion and angiogenic response to alkylation 
by modulating MDA-MB231 secretome

While 1–10 μM sorafenib only caused minor effects on cell viability, we considered the 

other phenotypes impacted by low-dose sorafenib in our xenograft model. In particular, we 

were struck by the impact on angiogenesis and invasion. First we established the invasive 

phenotype of MDA-MB231 and Hs578T was inhibited by sorafenib (1–10 μM) using 

transwell assays (Fig. 3H). Then, because it was reported that the secretome of cancer cells 

may promote angiogenesis and invasion (33), we prepared conditioned medium (CM) from 

untreated and short-pulse MMS-treated cells (with/out sorafenib) to determine its invasive 

and angiogenic inducing capability. CM from MMS and 4-HC-treated MDA-MB231 cells 

accelerated cell invasion compared to CM from untreated MDA-MB231 in a 24 h transwell 

assay (Fig. 3I and S2). Interestingly, CM prepared from sorafenib alone, or MMS/sorafenib 

treated cells, was less efficient in promoting cell invasion (Fig. 3I). It also should be noted 

that we did not find differences for an extended in vitro invasion assay (>48 h, data not 
shown) likely because the pro-invasive secretome of MDA-MB231 in the transwell 

apparatus overrides the effect of CM.

We then went on to evaluate angiogenesis. Sorafenib (1 μM) inhibited new vessel formation 

induced by recombinant VEGFA in human endothelial cells (Fig. 3J, black columns). 

Further, CM from untreated MDA-MB231 cells stimulated the formation of CD31-positive 

vessel-like structures and this effect was greater when using CM from cells exposed to MMS 

or 4-HC (Fig. 3J and S2). CM prepared from sorafenib treated cells showed decreased 

angiogenic potential compared to their respective untreated and MMS-treated counterparts 

(Fig. 3J). Using the MEK1/2 selective inhibitor UO emulated the inhibitory effects of 

sorafenib on invasion and angiogenesis, indicating ERK1/2 signaling as the likely target of 

these effects (Fig. 3H–J). As controls we also examined MCF7 and SKBR3 cells, neither of 

which displayed invasive (Fig. 3H, left bars) or angiogenic ability (data not shown), so it was 

not possible to determine the impact of sorafenib in these cells. Also, direct exposure of 
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endothelial cells to MMS/4-HC impeded vessel-like formation due to alkylation toxicity, as 

expected (data not shown).

3.5. Sorafenib inhibits an inflammatory gene set without affecting alkylation survival 
pathways

To better delineate the mechanisms involved in sorafenib-mediated inhibition of breast 

cancer cell invasion and CM-induced angiogenesis, we performed RNA sequencing of 

MDA-MB231 cells treated with 1 μM sorafenib in the presence and absence of MMS (Fig. 

4). MMS induced 536 genes (Fig. 4A; heatmap parts A+B) of which 61 (11.4% of altered 

genes; heatmap part B) were inhibited by sorafenib. Sorafenib alone inhibited an additional 

134 genes (Fig. 4A; heatmap part C), totaling 195 sorafenib-inhibited genes in all 

conditions. In addition, MMS downregulated ~600 genes not affected by sorafenib (Fig. 4A; 

heatmap part D). Based on pathway enrichment analysis (PEA), sorafenib did not alter 

MMS-induced expression of NRF2 signaling/GSH synthesis and Endoplasmic Reticulum 

(ER) stress pathway genes (Fig. 4B–C; see pathway terms in Table S1), which we previously 

described as modulating breast and lung cancer cell survival of MMS (3,4). In keeping with 

gene expression data, sorafenib failed to inihibit MMS-induced NRF2 and ER stress markers 

(CHOP and ATF3) at a protein level in MDA-MB231 cells (Fig. S3). Interestingly, PEA 

indicated various MMS up-regulated genes that are associated with inflammatory pathways 

such as “cytokine”, “interleukin”, “TNF”, “Plasminogen” and “NFκB” (Fig. 4B, Table S1). 

These genes included cytokines (IL8, IL24, CXCL2, CXCL3), cycloxigenase COX-2 

(PTGS2) and matrix metaloproteases (MMP1, MMP3, MMP10), amongst others (TNFSF9, 
GAL, ESM1, SERPINB2, RELN, HAS2 and EREG) (Fig. 4A–C; heatmap region B). RNA 

sequencing data showed that MMS gene expression inductions occurred with 8 h exposure 

and returned to basal/suppressed levels by the 24 h timepoint (Fig. S3). This shutdown of 

gene expression response is likely a consequence of a shift towards cell death mechanisms at 

later time points of alkylation exposure or activation of negative feedback loops. While not 

affecting NRF2 and ER stress responses, sorafenib either alone, or combined with MMS, 

inhibited several inflammation-related genes such as cytokines (IL8, IL11, IL1A, IL1B, 
IL24, CXCL2, CXCL3 and CSF3), metaloproteases and ECM proteins (MMP1, MMP3, 
MMP10, MMP9, ESM1, TNC), angiogenesis (VEGFA, PECAM1, ANGPTL4, CXCR4), 

plasminogen cascades (PLAU, PLAT, PLAUR and SERPINB2), PTGS2/COX2, EREG 
(epiregulin) and TNFSF15, amongst others (Fig. 4C).

To validate our results, we selected genes that were i) alkylation-induced/sorafenib-inhibited 

(see Fig. 3B for MMS/Srfn log2 fold-changes); ii) expressed at high mRNA RPKM/reading 

counts (from RNAseq); and iii) being a soluble/extracelullar mediator. These included 

MMP1, CXCL2, IL8, PTGS2/COX2 and MMP3. ELISA quantification of IL8, CXCL2, 

MMP1, MMP3 and PGE2 in the culture medium (and COX-2 immunoblot in cell extracts) 

of MDA-MB231 cells confirmed MMS inductions and sorafenib inhibitions identified from 

the RNA sequencing (Fig. 5A). The UO MEK1/2 inhibitor (10 μM) emulated sorafenib 

effects by blocking both constitutive and MMS-induced inflammatory protein expression 

(Fig. 5A). We then asked if alkylation effects upon IL8, CXCL2, MMP1, MMP3 and PGE2 

induction could be a general response of breast cancer cells. Similar to our observations with 

MDA-MB231, Hs578T also showed readily detectable IL8, CXCL2 and PGE2 in the culture 
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medium, which increased following MMS exposure and were blocked by sorafenib (Fig. 

S2); MMP1 was not detectable by ELISA in this cell line (data not shown). IL8, CXCL2, 

MMP1 and MMP3 were undetectable by ELISA in MCF7 and SKBR3 and no further 

induction by MMS was observed (Fig. 5A). Corroborating our PEA of sorafenib inhibited 

genes (Fig. 4B; Table S1), Transcription Factor Enrichment Analysis (TFE) indicated that 

JUN and RELA, two members of AP-1 and NFκB family, respectively, are putative 

regulators of sorafenib-inhibited genes (Table S1; TFE panel). These transcription factors 

are master transcriptional activators of MMP1 (34), IL8 (35), CXCL2 (36) and PTGS2/

COX2 (37,38). In our model, sorafenib attenuated both basal and MMS-induced activity of 

AP-1- and NFκB-luciferase reporter genes. Again, this effect was reproduced by UO 

supporting that this is a MEK1/2-ERK1/2 dependent activity (Fig. 5B).

3.6. Sorafenib inhibits basal and alkylation-induced inflammation in MDA-MB231 
xenografts

Based on our data of MMS-induced inflammation in vitro, we surmised that pro-

inflammatory responses to alkylation could be occurring with cyclophosphamide in vitro 
and in the tumor microenvironment as well. In vitro, 12 h incubation with 4-HC resulted in 

an increased content of the IL8, CXCL2, MMP1 and PGE2 in the culture medium of MDA-

MB231 cells (Fig. 6A). Experiments with MDA-MB231 implanted xenografts confirmed the 

detection of IL8, CXCL2, MMP1 and COX2 (Fig. 6B) recapitulating our in vitro tissue 

culture results. Tumors treated with cyclophosphamide displayed a stronger immunostaining 

for these proteins when compared to vehicle-treated mice (Fig. 6B). Importantly, low dose 

sorafenib alone, or in combination with cyclophosphamide, decreased this immunoreactivity, 

thereby confirming in vitro findings by RNA sequencing and ELISA. Of note, IL6 is known 

to be constitutively expressed in MDA-MB231 cells and has been reported to promote cell 

invasion (39,40). Even though IL6 did not meet our stasticial threshold for MMS and 

sorafenib gene expression changes in RNA sequencing, we observed an increased IL6 

immunocontent in response to cyclophosphamide in vivo, and, similar to other inflammatory 

responses, its expression was attenuated by sorafenib (Fig. 6B).

3.7. Role of alkylating agent-induced and sorafenib-inhibited genes in cell survival, 
invasion and angiogenesis and correlation with breast cancer patient survival

Since sorafenib can inhibit invasion and angiogenesis to improve alkylation therapy, we 

went on to examine whether inflammatory secretome genes targeted by sorafenib may, in 

fact, influence cell viability/proliferation, invasion or angiogenesis. To test this concept we 

used siRNA knockdown experiments and pharmacological blockage of sorafenib targets. 

Firstly, IL8, CXCL2 and MMP1 knockdown, COX-2 inhibition (10 μM celecoxib) or 

antagonism of CXCR2 receptor for IL8 and CXCL2 with SB225002 impacted neither basal 

cell proliferation nor MMS survival response after 72 h treatment (Fig. 7A). The efficacy of 

each siRNA and celecoxib upon their respective targets was verified by ELISA (Fig. S3). 

Transwell assays demonstrated that cell invasion was mostly dependent upon MMP1, 

whereas depletion/inhibition of IL8, CXCL2, COX-2 or VEGFA only resulted in a partial or 

no effect (Fig. 7B). Given that IL8 and CXCL2 share the CXCR2 receptor (which is 

expressed in MDA-MB231 (41,42)), it is possible that their individual depletions might not 

be sufficient to deplete CXCR2 agonists. In fact, CXCR2 antagonist SB225002 led to a 
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more significant inhibition of cell invasion compared to either IL8 or CXCL2 siRNA alone 

(Fig. 7B). With regard to angiogenic potential, IL8 depletion and COX2 inhibition made the 

CM from MDA-MB231 cells less angiogenic; MMP1 depletion had no impact (Fig. 7C). 

SB225002 added to MDA-MB231 CM resulted in a more pronounced anti-angiogenesis 

(Fig. 7C). As expected, CM obtained from MDA-MB231 cells with VEGFA knockdown 

displayed an attenuated angiogenic potential, while combined VEGFA depletion with 

CXCR2 antagonism displayed an even stronger blockade of angiogenesis (Fig. 7C). 

Altogether, these results suggest that the breast cancer secretome proteins that can be 

induced by alkylation exert differential as well as cooperative roles upon invasion and 

angiogenesis.

Based on these results we set out to investigate whether any of the 58 sorafenib-inhibited 

inflammation-related genes previously identified by PEA were related to patient survival 

outcome. Examining the relationship between increased expression of these various genes 

and breast cancer patient survival (Breast Mark tool), three have significant effect; VEGFA, 

IL8 and MMP1 had Hazard ratios (HR) of 1.5 (CI: 1.25–1.79), 1.6 (CI: 1.30–1.85) and 1.7 

(CI: 1.44–2.04), respectively (Fig. 7D–E). Combinations of these gene signatures was 

associated with reduced patient survival compared to each individual gene, with a HR of 

1.95 (CI: 1.61–2.37) for those patients displaying co-upregulation of VEGFA/MMP1/IL8 

(Fig. 7D–E). In contrast, if either low MMP1, low IL8 or low VEGFA is present, the poor 

survival associated with the other 2-genes signature is lost (HR~1; Fig. 7D–E). Altogether, 

our in vitro/in vivo experiments and bioinformatics analyses of patient cohorts indicate that 

alkylation stimulates an inflammatory response that promotes malignant phenotypes and 

correlates with poor patient survival.

4. Discussion

Sorafenib has shown limited efficacy as single agent in breast cancer therapy with dose 

limiting toxicity in many instances (reviewed in (14)). Most of these clinical protocols used 

the maximum patient tolerated doses of sorafenib; antitumor effects in these studies was 

correlated with induced oxidative damage (32). On the other hand, combined regimens of 

sorafenib and classical chemotherapeutics have been promising in breast cancer clinical 

trials. In this study, we tested whether sorafenib could improve alkylating agent efficacy. 

Sorafenib combined with cyclophosphamide led to smaller tumors compared to either drug 

alone in MDA-MB231 xenografts. Tumors from combined treatment were noted to be well-

encapsulated, fibrotic, with a pushing border phenotype and decreased angiogenesis, 

therefore suggesting a “healed” phenotype (43). Our results also suggest that alkylation, 

aside from directly killing cancer cells, also induces a secretome capable of stimulating 

invasion and angiogenesis, which can be blocked with low dose sorafenib treatment. This 

interpretation was corroborated with decreased metastatic progression and prolonged 

survival in the 4T1 orthotopic model. Sorafenib and UO block of this invasion and 

angiogenic promoting secretome indicates an ERK1/2-dependent effect, though it is possible 

that other targets of sorafenib inhibition could also play a role in mediating this phenotype. 

Based on tumor histology and in vitro data, induction of cell death is not likely the main 

mechanism associated with low dose sorafenib benefit in tumor treatment. However, we 

cannot exclude that the small decreases in proliferation – such as observed in MDA-MB231 
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(at 10 μM) and Hs578t (at 5 and 10 μM) cells - could play a role in vivo. In addition, 

sorafenib effects upon VEGFR2-mediated angiogenesis could also be involved by indirectly 

impacting tumor cell proliferation via decreased availability of nutrients and oxygen in vivo.

It has been stated that “tumors are wounds that do not heal” (43). This concept is supported 

by growing evidence of constitutive inflammation associated with tumors and seems to 

involve production of cytokines by both cancer and stromal cells present in the tumor 

microenvironment (43–45). In our model, MDA-MB231 cells, and its derived tumors, 

constitutively express a repertoire of inflammation-related genes that we validated as 

cooperating to promote cell invasion and angiogenesis, including MMP1, CXCL2, IL8, 

COX-2 and VEGFA. This pro-tumoral inflammatory secretome was further induced by 

alkylation. We went on to note that higher expression of IL8, MMP1 and VEGFA were 

associated with poor survival in patients. Constitutive expression of IL8 (35,41,42), COX-2 

(17), MMP1 (46,47) and IL6 (39,40) has been associated with the aggressive basal-like/

triple-negative phenotype of breast cancer, which is in keeping with our data in MDA-

MB231/Hs578T versus MCF-7/SKBR3. IL8 (48,49), MMP1 (50,51), COX2 (51,52), 

CXCL2 (53) and IL6 (54) are described as contributors to breast cancer invasiveness, 

angiogenesis and/or metastasis. These results are in consonance with the current paradigm 

that the tumor secretome is part of a major integrated network that may regulate autocrine 

and paracrine crosstalk between tumor and tumor-infiltrated counterparts (5,6). In fact, by 

depleting different inflammatory mediators (Fig. 7) we noted that different genes play 

differential, as well as cooperative, roles in controlling invasion and angiogenesis. This 

indicates a situation where cancer cells use a repertoire of different input signals to promote 

a given phenotype. This functional cooperation suggests that blockage of individual 

inflammatory gene/pathway may be easily circumvented by other inflammatory factors. 

That said, our results indicated this network of inflammatory genes is regulated, at least in 

part, via MEK1/2-ERK1/2 in a concerted manner, and that inhibiting this pathway by, for 

example, sorafenib (or a MEK1/2 selective inhibitor), is a more effective strategy to inhibit 

expression of multiple genes involved in the inflammatory phenotype.

Due to its capability of blocking multiple protein kinases, with differing efficacy in a 

concentration dependent manner (13,15), sorafenib has been reported to elicit a variety of 

responses in vitro. This includes inhibition of proliferation, cytotoxicity, mitochondrial 

dysfunction, ROS production and ER stress-dependent cell death, which all appear to be cell 

line and concentration dependent (32,55,56). In our model, sorafenib effects were selective 

to the MEK1/2-ERK1/2 arm of alkylation response. In contrast, the NRF2 and ER stress 

signature which we have reported as being involved in alkylation survival (3,4) was not 

affected at either a gene or protein level (summarized in Fig. 8). Sorafenib-induced 

cytotoxicity/apoptosis occured only at higher concentrations (> 10 μM) and this was ROS-

mediated. This cytotoxicity did not correlate with ERK1/2 inhibition or the hormone 

receptor/triple-negative status of the cell lines tested. Prior studies also demonstrated that 

sorafenib toxicity is neither correlated with inhibition of ERK1/2, nor dependent on the ER 

(estrogen receptor) status of breast cancer cell lines (22,31,57). The original study describing 

sorafenib showed ERK1/2 inhibition from ~0.1 μM in MDA-MB231 cells in vitro (15). 

Others reported required 7.5 μM sorafenib to reduce RAF1 activity by ~70% and at least 5 

μM to inhibit ERK1/2, VEGFR2 and PDGFR phosphorylations in MDA-MB231 (30) or to 
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cause cytotoxicity in other breast cancer cell lines (22,57). Our data showed decreased 

ERK1/2 phosphorylation and inhibition of inflammatory genes, invasion and angiogenesis 

from 1 μM sorafenib. Although plasma sorafenib levels range from ~6 to 14 μM in clinical 

used doses (100 to 400 mg bid) (28,29), the translational potential of the micromolar levels 

used in most reported scientific studies have been subject of concern (58). However, 

sorafenib is not capable of inhibiting ERK1/2 phosphorylation in all breast cancer cell lines, 

and there is a no clear correlation between ERK1/2 inhibition by sorafenib and ER status of 

the cells (31,59). The effectiveness of sorafenib and other RAF inhibitors is further 

complicated by both the presence of signaling feedback loops and mutations that may alter 

response to these inhibitors (reviewed in (60)). Triple negative cells such as MDA-MB231, 

BT549 and Hs578T display higher levels of phosphorylated ERK1/2, as well as more active 

KRAS/RAF1 (61–63) compared to other types of breast cancer cells such as MCF7 and 

T47D (18). In our model, hyperactive ERK1/2 is likely the consequence of mutant 

KRASG13D and B-RAFG464V in MDA-MB231 and mutant HRAS gene in Hs578T (64). 

Interestingly, phosphorylated ERK1/2 is a prognostic marker for sorafenib response in 

hepatocarcinoma models (65). Thus, blocking alkylating agent stimulated RAS-RAF-

MEK1/2-ERK1/2 pathway activity in triple-negative breast cancer cells by low dose, more 

on-target, sorafenib may be of benefit in chemotherapy regimes. However, further work will 

be necessary to determine best treatment protocols to improve the initial efficacy observed 

with our 10 day regime.

Various lines of evidence report that different classes of chemotherapeutics, including 

cyclophosphamide, may promote inflammatory gene expression in both peripheral and 

tumor associated cells (7–12). Based on our results it would appear that alkylating agent-

induced inflammation is not merely a correlative response as these same genes have been 

identified in studies of patient survival and metastatic signature (MMP1, IL8, VEGFA herein 

and in (37,50,66), EREG (37,66) and PTGS2/COX-2 (66)). Interestingly, these genes have 

also been associated with cancer cell resistance to cispatin and paclitaxel (IL6 and IL8) (67–

69). Our data with xenograft and 4T1 metastatic models, as well as the above-mentioned 

studies, suggest inflammatory responses to cyclophosphamide may negatively affect chemo-

efficacy. However, whether chemotherapy-induced inflammation in vivo is caused by active 

secretion from cancer cells (as we found in vitro), or by inflammation related to tumor cell 

necrosis, or senescence associated secretory phenotype (SASP) (11), or both, is difficult to 

determine. In vitro, we were unable to detect SASP as most cells underwent apoptosis. As 

such, additional studies are necessary to determine which chemotherapeutics and tumor cell 

phenotypes are prone to produce an inflammatory response, and the therapeutic impact of 

the latter in immunocompetent mice.

Taken together, our data suggest that inflammatory microenvironments produced by some 

cancers may contribute to malignant phenotypes (i.e., invasion and angiogenesis) as well as 

appear to negatively impact therapeutic response to cyclophosphamide (and possibly other 

drugs). Identifiying genetic alterations that confer inflammatory phenotypes may be useful 

to develop combined drug regimens that involve classical chemotherapeutics and molecular 

targeted compounds in order to improve efficacy, such as herein reported, with low dose 

sorafenib in aggressive breast cancer.
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Highlights

• Inflammatory secretome from cancer cells augments cell invasion and 

angiogenesis

• Inflammatory gene expression is dependent upon MEK1/2-ERK1/2 pathway 

activation

• Alkylating agent induces inflammatory gene expression in vitro and in 

xenografts.

• Sorafenib blocks MEK1/2-ERK1/2, inhibits inflammation, invasion and 

angiogenesis

• Sorafenib inhibits tumor inflammation and improves alkylation therapy in 

mice models.
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Figure 1. Tumor growth kinetics and histological characteristics of cyclophosphamide/sorafenib 
treated MDA-MB231 xenografts
(A) Sorafenib plasma concentration-time curves in nude mice after single intraperitoneal 

injection (0.02 mg/Kg; n=3/group). (B) Effect of sorafenib and cyclophosphamide on the 

growth kinetics of MDA-MB231 tumors in xenografts. Data are presented as mean±SD. 

*different from vehicle-treated; #different from sorafenib and from cyclophosphamide alone 

(Kruskal-Wallis/Dunns; p<0.05 as compared at the same time point). (C) Histopathological 

characteristics of MDA-MB231 tumors at the end of treatments as determined by H&E 

staining. (D) Representative microphotographs (10x magnification) showing the effect of 

cyclophosphamide/sorafenib on tumor vessels formation (CD31-IHC), proliferation (PCNA-

IHC), and collagen and keratin deposition (Massom’s trichrome) in MDA-MB231 tumors. 

Blue and red areas represent collagen and keratin, respectively. The insert in the 4th panel of 

the Massom’s staining represents a collagen-rich area in cyclophosphamide/sorafenib treated 

tumors. (E) Quantification of relative microvessel, PCNA positivity, and collagen and 

keratin deposition in MDA-MB231 xenografts at the end of treatments. Asterisks denote 

differences from vehicle-treated controls (p<0.05; ***p<0.001); #different from sorafenib 

and from cyclophosphamide alone treatments at p<0.05 (Kruskal-Wallis/Dunns). Legends: 

Cyclo (Cyclophosphamide); Srfn (sorafenib).
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Figure 2. Effects of sorafenib and cyclophosphamide in 4T1 model of breast cancer metastasis
(A) Schematic of experimental design used for treatments and assessment of tumor growth, 

metastasis and survival in the 4T1 model. (B) Representative animal images showing 

primary (mammary fat pad) and metastatic breast tumors at different time points (0, 10 and 

32 days). The bottom table represent the proportion of animals displaying at least one 

metastatic site per group. *different from vehicle-treated at a p<0.05; **different from 

vehicle-treated at a p<0.005 (Z-test for proportions; One-tailed) (C) Quantification of tumor 

burden at different time points using luciferase-dependent bioluminescence. Total ROI 

luminescence (primary site+metastatic site) was measured. Asterisks denote differences at 

the indicated comparisons (2-way ANOVA, p<0.05). (D) Kaplan-Meier survival curves 

showing the impact of cyclophosphamide/sorafenib on overall survival. Log-rank test for 

curve comparisons and number of subjects at risk are also presented. Legends: Cyclo 

(Cyclophosphamide); Srfn (sorafenib).
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Figure 3. Effects of differing levels of sorafenib upon proliferation, invasion and angiogenesis of 
breast cancer cell lines
(A) Effect of differing concentrations of sorafenib alone or combined with IC50 levels of 

MMS (see Methods) and 4-HC (25 μM) in MDA-MB231, SKBR3, MCF7 and Hs578T after 

48 h treatment as determined by Celltiter-Glo assay. (B) Effect of differing concentrations of 

sorafenib upon Caspase-3/7 activity in MDA-MB231 cells treated for 48 h. (C) Immunoblots 

showing the effect of sorafenib alone, (D) MMS and 4-HC alone and (E) sorafenib/MMS 

combination on the phosphorylation of MAPKs in breast cancer cells after 8 h treatment. (F) 

ROS production in MDA-MB231 cells as assessed by DCF assay after 24h treatment. 

Relative fluorescence values are expressed as fold-change compared to control. (G) Celltiter-

Glo assays showing the effect of NAC upon sorafenib and MMS toxicity in MDA-MB231 

cells after 48 h treatment. (H) Transwell assays showing the impact of sorafenib treatment 

upon cell invasion in MDA-MB231 and Hs578T cells. The left columns show comparative 

invasiveness of untreated/basal SKBR3, MCF7, MDA-MB231 and Hs578T cells. (I) CM 
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prepared from sorafenib-treated cells attenuate basal and alkylation-induced cell invasion of 

MDA-MB231 cells (24 h invasion protocol). “fresh DMEM” column denotes cells incubated 

with non-conditioned DMEM. (J) Sorafenib inhibits recombinant VEGF-induced 

angiogenesis and decreases angiogenic effect of CM prepared from untreated (control) and 

MMS-treated cells. CM was prepared from MDA-MB231 treated with sorafenib +/− MMS. 

The “control” column denotes non-conditioned fresh DMEM incubated with endothelial 

cells. Data are presented as mean±SD. Unless otherwise specified, sorafenib was used at 1 

μM; UO126 at 10 μM; and alkylating agent at IC50 concentration. Legends: Srfn 

(Sorafenib); VEGF (recombinant VEGFA); NAC (N-acetyl-cysteine, 7.5 mM) * different 

from untreated/control or at indicated comparisons. & different from MMS and sorafenib 

alone at same concentration (1-way-ANOVA-Tukey; p<0.05, n=3 in quadruplicate for “A”; 

n=3 in duplicate for “C” and “D”). See Figure S1 for supplementary data.
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Figure 4. MMS and sorafenib-induced changes in gene expression of MDA-MB231 cells
(A) Heatmap and Venn diagram representation, (B) Pathway Enrichment Analysis and (C) 

Graphical representation of the most significant mRNA changes associated with MMS, 

Sorafenib (Srfn) and MMS+Srfn in 8 h treated MDA-MB231 cells as assessed by RNA 

sequencing. Heatmap and bar-charts represent the average mRNA log2 fold-change obtained 

from two independent experiments calculated as compared to control samples. Heatmap 

Region A: MMS-induced not altered by Srfn; Region B: MMS-induced Srfn-inhibited 

genes; Region C: Srfn-inhibited genes (alone); Region D: MMS-inhibited not altered by 

Srfn. See figure S3 for supplementary data.

Zanotto-Filho et al. Page 27

Cancer Lett. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Sorafenib inhibits expression of secretome genes involved in invasive and angiogenic 
activity
(A) ELISA assays showing sorafenib inhibition of basal and MMS-induced IL8, MMP1, 

MMP3, CXCL2 and PGE2 levels as determined in the culture medium of MDA-MB231 

after 12 h treatment. Inflammatory protein levels in MCF-7 and SKBR3 cells are also 

shown. COX2 immunocontent was determined by western blot. (B) AP-1- and NFκB-

luciferase reporter gene assays showing the effect of sorafenib and UO126 upon basal and 

MMS-induced NFkB and AP-1 transcription factor activity in MDA-MB231 cell line. 

Unless otherwise specified, sorafenib was used at 1 μM; UO126 at 10 μM; and alkylating 

agent at IC50 concentration. Legends: Srfn (sorafenib); ND (not detected); UO126 (10 μM). 

Data are presented as mean±SD. * different from untreated controls; &different from control 

and from MMS-treated cells (1-way-ANOVA-Tukey; p<0.05, n=3 in duplicate).
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Figure 6. Sorafenib inhibits cyclophosphamide-induced inflammatory gene expression in vitro 
and MDA-MB231 xenografts
(A) 4-HC induces inflammatory proteins production in MDA-MB231 cells. The cells were 

treated for 12 h with 25 μM 4-HC for 12 h, and afterwards the culture medium was collected 

for ELISA analysis. (B) Representative IHC microphotographs showing protein content of 

MMP1, IL8, CXCL2, COX2 and IL6 in MDA-MB231 tumor xenografts treated with 

cyclophosphamide, sorafenib or combination of both. IHC score (0 to 3+) for each mice/

tumor (n=8) is represented as a heatmap in the bottom of each microphotograph. IL8 IHC 

microphotographs also show peritumoral regions weakly stained.
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Figure 7. Impact of alkylation-induced and sorafenib-inhibited genes on malignance parameters 
of breast cancer cells and correlation with patient survival
(A) Celltiter-Glo cell viability assays showing the impact of inflammatory genes knockdown 

and celecoxib treatment upon MMS cytotoxicity in MDA-MB231 cells after 72 h treatment. 

(B) Effect of inflammatory gene depletion on invasiveness of MDA-MB231 cells. siRNA 

transfections were performed directly in the cell seeding step on top-chambers of transwell 

plates and cell invasion was assessed after 48 h. Celecoxib and SB225002 were incubated 

directly in the top chamber of transwell plates. (C) The effect of inflammatory gene 

knockdown (by siRNA), COX-2 inhibition (celecoxib, 10 μM) and CXCR2 antagonist 

(SB225002, 15 μM) on the angiogenic potential of MDA-MB231 conditioned medium in 
vitro. (D) Log-rank test p-value (antilog) and Hazard ratio (HR) for the univariate analysis of 

correlation between sorafenib-inhibited inflammation-related genes expression and breast 

cancer patient overall survival (OS) as assessed by BreastMark tool. The most significant 

HR are annotated with the graph. (E) Kaplan-Meier plots of the top-3 survival related genes 

(IL8, MMP1 and VEGFA; obtained from “D”) as a single or combined predictor signatures 

of breast cancer patients survival. Legends: si (siRNA); rec (recombinant). Data are 

presented as mean±SD. * different from untreated/scrambled siRNA controls or at indicated 
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comparisons. &different from control and from alkylation/MMS-treated cells (1way-

ANOVA-Tukey; p<0.05, n=3 in duplicate). See S3 for supplementary data.
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Figure 8. 
Schematic representation of the different alkyation responses identified in MDA-MB231 

cells. MMS induces NRF2 and ER stress pathways involved in cell survival control whereas 

the BRAF-MEK1/2-ERK1/2 branch promotes inflammatory gene expression, angiogenesis 

and invasion in a sorafenib-inhibited manner.
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