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Abstract

Purpose: Epithelial-to-mesenchymal transition (EMT) is important in cancer progression and 

metastasis. We and others have previously reported that lysyl oxidase (LOX) is overexpressed in 

aggressive cancers, is associated with increased mortality, and regulates EMT. However, the 

mechanism by which LOX mediates EMT is unknown. In this study, we investigated the effect of 

LOX on mediators of EMT.

Experimental Design: We used chromatin immunoprecipitation and promoter luciferase assays 

to determine the target gene of LOX. To determine the effects of SNAI2 in vivo, we used our 

metastatic anaplastic thyroid cancer (ATC) mouse model. To investigate the effects of LOX and 

SNAI2 on MMPs and TIMPs, protein arrays were used. Primary tumors from patients with 

metastatic, breast and colon cancer, and tissue array for thyroid cancer were assessed for SNAI2 

and TIMP4 expression by immunohistochemistry.

Results: We found that LOX knockdown decreases SNAI2 expression in cancer cell lines. 

Furthermore, knockdown of LOX reduced SNAI2 expression in a metastatic mouse model of 

thyroid cancer. We also demonstrated that LOX binds and transactivates the SNAI2 promoter. We 

found a direct correlation in thyroid and breast cancer samples between LOX and SNAI2 

expression. To understand how LOX/SNAI2 axis mediates these effects, we performed a 
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comprehensive analysis of MMPs/TIMPs. LOX and SNAI2 depletion reduced TIMP4 secretion. 

Analysis of SNAI2 and TIMP4 expression showed overexpression of both proteins in aggressive 

thyroid, colon, and breast tumors.

Conclusions: Our findings provide new evidence that LOX regulates SNAI2 expression and that 

SNAI2-mediated TIMP4 secretion plays a role in cancer progression.

Introduction

Locally invasive and metastatic cancer causes significant morbidity and mortality and is 

often resistant to multimodal therapy in many epithelial human solid malignancies. An 

omnipresent feature of such advanced cancers is dedifferentiation and epithelial-to-

mesenchymal transition (EMT). One prototypical cancer is the rare, but uniformly lethal, 

anaplastic (undifferentiated) thyroid cancer (ATC; refs. 1, 2). Activation of EMT is a key 

feature of anaplastic transformation. The initial stage of metastasis progression is dependent 

on EMT. EMT is characterized by cellular, morphologic changes, loss of polarity, in addition 

to loss of cell– adhesion, and gain of migratory and invasive properties which is associated 

with increased cell motility (3, 4).

Transcription factors such as SNAIL1, SNAI2, ZEB1, and TWIST1 have been found to act 

as oncogenic transcription factors and have been implicated in EMT. SNAI2 has five zinc 

finger domains that play a pivotal role during embryo development and mesenchymal 

tumorigenesis (5). Upregulation of SNAI2 has been associated with inhibition of E-cadherin 

expression, lymph node metastasis, and shorter survival time in some cancers (6, 7). 

However, our understanding of the regulation of EMT transcription factors in aggressive 

cancers and cancer progression is incomplete, and a broader understanding could provide 

important insights into new targets for cancer therapy.

Lysyl oxidase (LOX) is an extracellular copper-dependent amine oxidase that catalyzes the 

exchange of an amine to aldehyde group on a peptidyl lysine, producing hydrogen peroxide 

and ammonia as by-products of catalytic activity. One of the well-characterized functions of 

LOX is the covalent cross-linkage of collagens or elastin to increase extracellular matrix 

(ECM) tensile strength. A growing body of evidence indicates that LOX promotes tumor 

progression and metastasis by regulating collagen cross-linking and stiffness in breast 

cancer, colorectal cancer, and lung cancer (8-12). We have previously shown that LOX is 

upregulated in ATC, promotes tumor growth and metastasis in ATC, and is associated with 

higher mortality rate (13). Remodeling of the ECM and changes in cell interactions with the 

ECM are essential in the initiation and progression of EMT and are associated with 

dysregulation of matrix metalloproteinases (MMP) and tissue inhibitors of matrix 

metalloproteinases (TIMP), which can lead to the degradation of the ECM (14). 

Overexpression of MMPs has been shown in several human malignancies and has been 

associated with cancer initiation and progression by directly affecting cellular adhesion and 

by enhancing cancer cell invasion and migration (15). The classic function of TIMPs is to 

regulate the proteolytic activity of MMPs. TIMPs are involved in several processes, 

including cell invasion and migration, cell proliferation and apoptosis, and angiogenesis 

(16).
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In this study, we determined the role of LOX in the regulation of EMT-inducing transcription 

factors. Our in vitro and in vivo data identified SNAI2 as a target of LOX. These results led 

us to investigate the role of the LOX/SNAI2 axis in the regulation of MMPs and TIMPs in 

cancer cells. We found that LOX and SNAI2 regulate TIMP4 secretion, which in turn 

modulates VEGF expression.

Materials and Methods

Cell culture, transfection, and drug treatment

The 8505c ATC cell line (BRAF V600E, TP53, EGFR, PIK3R1, PIK3R2 mutations) was 

obtained from the European Collection of Cell Cultures (17). The THJ-16T ATC cell line 

(TP53, RB, PIKCA) was kindly provided by Dr. John A. Copland (Mayo Clinic; ref. 18). 

The HeLa cell line was purchased from ATCC. The MDA-MB231 [estrogen repceptor (ER)
−, progesterone receptor (PR)−, HER2−] and MCF-7 (ER+, PR+/−, HER2−) breast cancer cell 

line was provided by the cell repository of the National Cancer Institute (NCI, Frederick, 

MD; refs. 19, 20). The BCPAP papillary thyroid cancer cell line (BRAF V600E, TP53 
mutations) was obtained from the Leibniz-Institute DSMZ (21). The cell lines were 

maintained in DMEM with D-glucose (4,500 mg/L), L-glutamine (2 mmol/L), and sodium 

pyruvate (110 mg/L), supplemented with 10% fetal calf serum (FCS), penicillin (10,000 U/

mL), streptomycin (10,000 U/mL), and fungizone (250 mg/mL), all in a standard humidified 

incubator at 37°C, in a 5% CO2 atmosphere. 8505C, THJ-16T, MDA-MB231 were used at 

early passages and we performed the cell line authentication using Short Tandem Repeat 

assay (STR). MCF-7 were used at early passages (less than 6 months after resuscitation of 

the original cells), the cell line authentication was done by NCI Frederick Cell repository 

using Applied Biosystems AmpFISTR Identifier testing with PCR amplification (Applied 

Biosystems, Thermofisher Scientific). BCPAP cells were used at very early passages (less 

than 6 months after resuscitation of the original cells), the cell line authentication was done 

by DSMZ using multiplex PCR of minisatellite markers. HeLa cells obtained from ATCC 

were used at early passages (less than 6 months after resuscitation of the original cells), the 

authentication was performed by the company using the STR method.

Tissue samples and patient information

Thyroid tissue was obtained at the time of surgical resection, snap-frozen, and stored at 

−80°C. Serial tissue sample sections were used for RNA extraction, stained with 

hematoxylin and eosin, and reviewed by a pathologist to confirm the diagnosis and ensure a 

tumor nuclei content of more than 80%. The study was approved by the Office for Human 

Research Protections, at the Department of Health and Human Services. Patient information 

was collected prospectively under an Institutional Review Board–approved protocol at the 

NIH (Bethesda, MD) after obtaining written informed consent.

Chromatin immunoprecipitation assay

A chromatin immunoprecipitation (ChIP) assay was performed using the Chromatin 

Immunoprecipitation Assay Kit (Magna ChIP; Millipore) according to the manufacturer's 

instructions. Briefly, the cells were cross-linked by 1% formaldehyde for 10 minutes. The 

formaldehyde was quenched using 2 ml of 10X glycine for 5 minutes at room temperature 
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before harvesting. Cells were collected by centrifugation in PBS containing protease 

inhibitors and were lysed in SDS lysis buffer. Soluble chromatin was prepared after 

sonication to a DNA length of 200 to 500 base pairs. Fragmented chromatin was 

immunoprecipitated using antibodies against LOX (Abcam) or IgG control overnight at 4°C 

on a rotating platform. The magnetic beads were washed, chromatin extracted, and protein–

DNA complexes reverse cross-linked. DNA was purified and analyzed by PCR using the 

specific primers for SNAI2 promoter. The total input was the supernatant from the no-

antibody control.

Cell transfection

siRNA LOX (siLOX), siRNA SNAI2 (siSNAI2), and siRNA TIMP4 (siTIMP4) and their 

corresponding negative control, siControl (siC; Life technologies, Thermo Fisher Scientific), 

were transiently transfected into 2 × 105 cells in 6-well plates, using the transfection reagent 

RNAiMax (Invitrogen, Thermo Fisher Scientific) according to the manufacturer's protocol.

Cancer cells were seeded into a 96-well plate (15,000 cells per well). After 24 hours, the 

cells were co-transfected with a GoClone reporter vector containing the promoter region of 

SNAI2 (Switch-Gear Genomics, Active Motif) or mutant vector (generated by GENEWIZ 

using the SNAI2 promoter from SwitchGear Genomics) and the siLOX (Applied 

Biosystems, Thermo Fisher Scientific), using the Lipofectamine 2000 reagent (Invitrogen) 

according to the manufacturer's protocol. Luciferase activity was measured 24 hours after 

transfection, using the LightSwitch Luciferase Assay Reagent (SwitchGear Genomics) 

according to the manufacturer's protocol.

RNA extraction

Total RNA was extracted from snap-frozen tissues and cell lines using TRIzol reagent 

(Invitrogen, Thermo Fisher Scientific) according to the manufacturer's protocol. RNA yield 

was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).

Real-time PCR

Gene expression levels were measured using specific primers and probes. Briefly, 500 to 

1,000 ng of total RNA was reverse transcribed using a High Capacity Reverse Transcription 

cDNA kit (Cat #4374967, Applied Biosystems, Thermo Fisher Scientific), and the resulting 

cDNA was diluted and amplified according to the manufacturer's instructions. GAPDH was 

used as an endogenous control. Gene expression levels were calculated using SDS 2.3 

software (Applied Biosystems, Thermo Fisher Scientific).

Cell invasion and migration assays

Cell invasion and migration were assessed using a Transwell chamber assay (Corning), 

according to the manufacturer's protocol, with and without Matrigel, respectively. The 

medium in the lower chamber of the plate was supplemented with 10% FBS as a 

chemoattractant. After 22 hours of incubation at 37°C, the cells attached to the upper side of 

the Transwell were cleaned with cotton swabs, and the cells invading through the bottom 

surface of the inserts were fixed, stained with Diff-Quik (Dade Behring), and photographed 

and counted using ImageJ software (NIH).
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VEGF ELISA test

Four cancer cell lines were transfected with either SiC, siLOX, or siSNAI2 in 6-well plates 

and grown for 48 hours; next, they were washed in PBS and incubated in a low-serum 

medium (DMEM, 0.5% FBS) for 24 hours. The conditioned medium was then centrifuged at 

1,500 rpm for 5 minutes, and the supernatants were collected, whereas the cells were 

harvested in cell lysis buffer. The concentration of VEGF in the supernatants was 

determined by ELISA using a Quantikine Human VEGF Immunoassay kit (R&D Systems), 

according to the manufacturer's protocol. The color intensity was determined by measuring 

the absorbance in a SpectraMax M5 spectrophotometer (Molecular Devices) at a wavelength 

of 450 nm with correction at 540 nm. The VEGF concentration was normalized to the total 

protein. VEGF release was then expressed as μg of VEGF/mg of total protein.

In vitro tubule formation

Cancer cells (30,000 cells) were incubated in 24-well plates coated with Matrigel (Matrigel 

Basement Membrane Matrix, Corning). The tubes made by the epithelial cancer cells on the 

Matrigel were photographed using a Zeiss microscope at a magnification of 10×.

Immunohistochemical analysis

Sections were deparaffinized and rehydrated, and antigen retrieval was performed with 

citrate buffer in a water bath at 120°C. The sections were incubated with the anti-LOX 

antibody (1:100; Abcam), anti-SNAI2 or anti-TIMP4 (1:100, Abcam) overnight at 4°C, 

followed by incubation with a biotinylated secondary antibody for 1 hour at room 

temperature. The slides were developed with diaminobenzidine [DAB; EnVision+ Kit 

system HRP (DAB), Dako] and counterstained with hematoxylin. The slides were scanned 

at a 20× magnification using a ScanScope XT digital slide scanner (Aperio Technologies, 

Leica) to create whole-slide image data files at a resolution of 0.5 μm/pixel, and they were 

viewed using ImageScope software (Aperio Technologies).

Tissue microarrays were purchased from US Biomax (#TH641). These arrays included 

duplicates of six follicular adenomas, six follicular thyroid carcinomas, six papillary thyroid 

carcinomas, six anaplastic thyroid carcinomas, and 16 normal tissues from lung, thyroid, and 

testis.

Protein extraction and Western blot assay

Cells were lysed in a buffer containing 10 mmol/L Tris and 1% SDS, protease inhibitor 

cocktail (Sigma Aldrich), and phosphatase inhibitors (PhosphoSTOP, Roche). The lysates 

were quantified for protein concentrations using a BCA Protein Assay kit (Pierce, Life 

technologies). Cell lysates were analyzed in SDS-PAGE and transferred onto polyvinylidene 

difluoride (PVDF) membranes (Invitrogen, Thermo Fisher Scientific). The membranes were 

blocked with 5% BSA in TBS-Tween buffer and then incubated with primary antibodies 

overnight at 4°C. The membranes were then incubated with the HRP-conjugated secondary 

antibodies. Proteins bands were analyzed using enhanced chemi-luminescence (ECL) 

reagent (Pierce, Thermo Fisher Scientific).
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Antibody arrays

To assess the expression and secretion of MMPs/TIMPs and angiogenesis-related protein in 

supernatant and cell lysates, we used angiogenesis-related protein MMPs/TIMPs array 

(Abcam) and angiogenesis array (R&D systems).

Metastatic mouse models

The animal studies were approved by the Institutional Animal Care and Use Committee of 

the National Cancer Institute. The mice were maintained according to guidelines set forth by 

Animal Research Advisory Committee of the NIH. For the metastatic mouse model, 8505C-

Luc cells (n = 30,000) transfected with SiSNAI2 and its corresponding control were injected 

into the tail veins of Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (22). The mice were injected 

intraperitoneally with 30 mg/mL of luciferin. Following anesthesia, the mice were imaged, 

and the images were analyzed using IVIS Living Image software (Caliper Life).

The surface area and the number of metastatic sites per animal were counted on hematoxylin 

and eosin (H&E) slides using Aperio ImageScope v12.1.0.5029 (Leica).

Results

LOX regulates SNAI2 expression

We previously observed that LOX regulates cancer progression and metastasis but does not 

affect the expression of N-cadherin, E-cadherin, and vimentin in ATC cells. Thus, we asked 

whether LOX mediates its effect by regulating EMT transcription factors. One of the most 

common features associated with EMT is the overexpression of the transcription factors 

SNAIL, SNAI2, ZEB-1, and TWIST-1. These proteins are involved in EMT during 

embryonic development as well as in cancer progression and metastasis. To explore the role 

of LOX in the regulation of these EMT transcription factors, we compared their expression 

level in cells transfected with either siRNA LOX or siRNA control. LOX knockdown did not 

significantly alter the mRNA levels of SNAI1, ZEB-1, or TWIST-1 (Fig. 1A). However, 

LOX knockdown showed a significant decrease in SNAI2 mRNA and protein expression 

levels (Fig. 1A and B). The pretreatment of cancer cells in culture with 100 μmol/L of β-

aminopropionitrile (BAPN), an inhibitor of LOX catalytic activity, for 48 hours did not alter 

the expression of SNAI2 protein (Fig. 1C). These data suggest that LOX regulates SNAI2 

expression and that this effect is not mediated by the catalytic activity of LOX.

We next asked whether LOX directly regulates the transcription of SNAI2. We performed 

ChIP assays of the promoter region of SNAI2 using monoclonal anti-LOX antibody. 

Quantitative PCR showed an enrichment of SNAI2 promoter with anti-LOX antibody as 

compared with IgG control in the cancer cell lines (Fig. 1D). Confirming the specificity of 

the assay and the antibody binding, no enrichment was observed when LOX was depleted 

using siRNA LOX (Fig. 1E). To determine whether SNAI2 promoter activity was regulated 

by LOX, we performed a luciferase reporter assay. The cancer cell lines were transiently co-

transfected with siLOX and a reporter construct in which the human SNAI2 promoter region 

was cloned upstream of the luciferase reporter. Inhibition of LOX expression decreased 

SNAI2 promoter activity, as compared with that of the SiControl (Fig. 1F). To further 
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validate LOX binding the SNAI2 promoter and regulating transcription of SNAI2, an SNAI2 
promoter mutant vector was generated and transfected in MCF-7 cells. Disruption of SNAI2 
promoter sequence significantly reduced luciferase activity (Supplementary Fig. S1). These 

results suggest that LOX binds to the SNAI2 promoter and regulates the transcriptional 

activity of the SNAI2 promoter.

Analysis of LOX–SNAI2 interaction in pre-EMT cell lines MCF7 and BCPAP using a ChIP 

assay showed an enrichment of SNAI2 promoter with anti-LOX antibody (Supplementary 

Fig. S2A). Furthermore, using the SNAI2 reporter assay, we observed a significant decrease 

of luciferase activity in siLOX-transfected cells compared with siControl (Supplementary 

Fig. S2B). The inhibitory effects of LOX depletion on SNAI2 promoter activity was more 

pronounced in MCF-7 than in BCPAP cells. This is consistent with our finding that LOX 

depletion did not impair SNAI2 mRNA expression in BCPAP cell line (Supplementary Fig. 

S2C and S2D). Taken together, these data suggest that the low level of SNAI2 in the pre-

EMT cell lines underlies a modest regulation of SNAI2 by LOX.

SNAI2 is overexpressed in aggressive thyroid cancer and directly correlates with LOX 
expression in thyroid and breast cancers

To determine the expression profile of SNAI2 in cancer, we analyzed SNAI2 mRNA 

expression in a cohort of patients with differentiated thyroid cancer (papillary thyroid 

cancer, PTC), poorly differentiated thyroid cancer (PDTC), and undifferentiated thyroid 

cancer (ATC) by RT-PCR. PTC and ATC exhibited a significantly higher expression of 

SNAI2 mRNA, as compared with normal thyroid tissue samples (Fig. 2A). Furthermore, 

SNAI2 expression was significantly higher in ATC than in PTC (Fig. 2A). We also found a 

significant positive correlation between SNAI2 and LOX expression in our cohort of patients 

with thyroid cancer (Fig. 2B). In addition, we performed the same analysis in a dataset from 

the publicly available Genome Expression Omnibus (GEO) database and found a significant 

positive correlation between SNAI2 and LOX expression in cohorts of patients with thyroid 

cancer and breast cancer (Fig. 2C and D). We also determined, by immunohistochemistry, 

the expression level of SNAI2 and LOX protein in patients with aggressive thyroid cancer 

(tall-cell variant of papillary thyroid carcinoma). Strong LOX and SNAI2 stainings were 

observed in cancer tissue, whereas both proteins were weakly expressed in adjacent normal 

tissue (Fig. 2E). Taken together, these data further support our in vitro findings that LOX 
regulates SNAI2 expression.

The tumor microenvironment is an important factor in cancer progression and EMT (23). 

Stromal cells are involved in the metastatic process and play a major role in promoting 

primary tumor growth. To evaluate whether LOX and SNAI2 are also associated with 

stromal cell infiltration, we used The Cancer Genome Atlas (TCGA) database for thyroid 

cancer and found a significant positive correlation between LOX and SNAI2 mRNA 

expression levels and the percentage of stromal cells in tumor samples (Fig. 2F). To 

determine whether SNAI2 is also associated with other pathologic phenotypic features of 

EMT, we used the same TCGA dataset and found that SNAI2 mRNA expression was 

significantly higher in patients with extrathyroidal invasion, an important prognostic factor 

in patients with thyroid cancer (Fig. 2G). This finding supports our results that suggest that 
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both LOX and SNAI2 are involved in cancer progression and metastasis as they are 

associated with features in the tumor microenvironment that promote EMT.

SNAI2 recapitulates the effects of LOX on cancer metastasis in vitro and in vivo

To determine whether SNAI2 can recapitulate the effects of LOX in cancer metastasis, we 

performed functional knockdown studies of SNAI2. SNAI2 depletion reduced cellular 

invasion and migration in vitro (Fig. 3A and B). To further investigate the role of SNAI2 in a 

mouse model of metastatic thyroid cancer, we injected transiently transfected 8505C ATC 

cell lines (8505C-Luc-SiControl, 8505C-Luc-SiSNAI2, and 8505C-Luc-SiLOX) into the tail 

vein of immunodeficient mice. Mice injected with 8505C-Luc-SiControl had more and 

larger lung and liver metastasis than those injected with 8505C-Luc-siSNAI2 cells (Fig. 3C-

E). Previously, we reported that LOX depletion resulted in decreased lung metastases levels 

in mice. Histologic analysis of lung tissues from each mouse revealed a decline in SNAI2 

expression in the 8505C-Luc-siLOX mice group (Fig. 3F). Collectively, these results 

demonstrate that SNAI2 depletion mimics the effects of LOX on cancer metastasis (13).

LOX and SNAI2 regulate TIMP4 secretion

To gain insight into how LOX and SNAI2 regulate cancer invasion and metastasis, we 

analyzed their effects on MMPs and TIMPs, as these factors are widely known as key 

mediators in cancer invasion and metastasis. Protein analysis in cell culture supernatant 

showed that TIMP4 was reduced in siLOX and siSNAI2 samples, as compared with control, 

whereas other proteins were either undetectable or not significantly changed (Fig. 4A). We 

confirmed by ELISA that TIMP4 secretion was decreased in cancer cells transfected with 

siLOX or siSNAI2 (Fig. 4B). There was no significant difference in TIMP4 protein levels in 

the total lysate from cells transfected with either siLOX or siSNAI2 (Supplementary Fig. 

S3A). Also, no significant difference in TIMP4 intracellular levels was seen by Western blot 

analysis (Supplementary Fig. S3B). In pre-EMT cell lines, a decrease of TIMP4 secretion 

with knockdown of LOX and SNAI2 was only observed in MCF-7 cells (Supplementary 

Fig. S3C). Taken together, these data suggest that SNAI2 and LOX modulate the secretion of 

TIMP4 from cancer cells.

TIMP4 regulates cellular invasion and migration and VEGF expression and secretion in 
cancer cells

Given the previous studies on the role of TIMPs in cancer metastasis, we aimed to 

investigate whether TIMP4 is also important in cancer invasion. Because TIMP4 levels were 

high in the cancer cell lines, we used a knockdown strategy to study the effect of TIMP4 on 

cellular invasion and migration. TIMP4 knockdown resulted in lower cellular invasion and 

migration, as compared with control (Fig. 4C and D, Supplementary Fig. S4A-S4D).

To gain insight into whether TIMP4 regulates angiogenesis, we performed an angiogenesis 

array. Analysis of the effects of TIMP4 inhibition showed altered secretion and expression of 

several proteins including VEGF (Supplementary Fig. S5A and S5B). We further analyzed 

VEGF expression in cancer cells transfected with siTIMP4 or siControl because both the 

secretion and expression in cell lysates were reduced. ELISA and RT-PCR revealed that 

TIMP4 knockdown resulted in lower VEGF-A secretion and expression in cancer cells 
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indicating that TIMP4 regulates the proangiogenic factor VEGF (Fig. 5A). Analysis of the 

regulation of VEGF in nonaggressive cell lines showed that in MCF-7 cells inhibition of 

SNAI2 and TIMP4 decreased the secretion of VEGF (Supplementary Fig. S5C and S5D). 

These data confirm our findings in the more aggressive cancer cell lines. However, in 

BCPAP cells only depletion of TIMP4 decreased the VEGF secretion which is consistent 

with the modest effect of siSNAI2 on TIMP4 secretion (Supplementary Fig. S3C). 

Autocrine production of VEGF-A has been shown to be a major player in the functional 

plasticity of aggressive cancer cells forming vascular networks (24,25). Using a tube 

formation assay, we observed that siTIMP4 cells were not able to form elongated structures 

(Fig. 5B). These data suggest that, by inhibiting VEGF, TIMP4 impairs cancer cell plasticity. 

To validate our in vitro data, we asked whether the knockdown of SNAI2 inhibits TIMP4 

expression in our metastatic mouse model. Immunohistochemical staining showed lower 

TIMP4 and VEGF staining in lung tissue tumor cells from siSNAI2 mice, as compared with 

the control group (Fig. 5C). Taken together, these data demonstrate that SNAI2 inhibits 

VEGF by regulating TIMP4 secretion.

SNAI2 and TIMP4 are highly expressed in thyroid, breast, and colon cancers

Given that we discovered that LOX regulates SNAI2 expression and that SNAI2 reduces 

TIMP4 secretion and VEGF expression and secretion, we next asked whether SNAI2 and 

TIMP4 are co-expressed in cancer samples. We examined the expression and localization of 

TIMP4 and SNAI2 in different histologic types of thyroid cancer and in primary tumors 

from patients with metastatic breast and colon cancer. We found higher SNAI2 staining in 

thyroid cancer than in normal tissue or benign thyroid lesions (Fig. 6A). SNAI2 expression 

was also significantly higher in breast and colon tumors, as compared with adjacent normal 

tissue (Fig. 6B and C). SNAI2 staining was positive in the nucleus and cytoplasm of cancer 

cells. TIMP4 expression showed stronger staining in thyroid, and colon cancer tissue, and in 

a pattern that was similar to that of SNAI2, however no difference in the expression level of 

TIMP4 was seen in breast tumors (Fig. 6A-C).

Discussion

EMT is a complex process through which epithelial cancer cells acquire a reversible change 

in phenotype. Several studies have established a strong link between high levels of EMT 

transcription factors and increased cancer cell metastasis (26, 27). SNAI2 is overexpressed 

in numerous cancers and also promotes invasion in lung adenocarcinoma, glioma, ovarian, 

cervical, and pancreatic cancers and is a prognostic marker in some cancers (7, 28, 29). A 

recent study found overexpression of SNAI2 in aggressive thyroid cancer (30). The role of 

LOX family members, such as LOX and LOX-like protein 2 (LOXL2), in cancer metastasis 

has been shown in several human malignancies; however, the relationship between LOX and 

EMT transcription factors has not been previously reported (8, 31, 32). Here we show a 

novel role of LOX in that it transcriptionally regulates SNAI2 expression. We observed a 

significant positive correlation between SNAI2 and LOX in thyroid and breast cancer 

samples, leading us to investigate the interaction between LOX and SNAI2. We found that 

LOX interacts with the SNAI2 promoter and regulates SNAI2 promoter activity. Knockdown 

of LOX in different cancer cell lines showed a decrease in SNAI2 transcript and protein 
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expression. Furthermore, knockdown of LOX inhibited SNAI2 expression in metastatic 

tumor sites in vivo. Moon and colleagues observed that LOXL2 interacts with SNAIL at the 

protein level to mediate EMT and that it increases the invasive ability of breast cancer cell 

lines (33). Because of the homology between LOX and LOXL2 proteins, these data support 

our finding that the role of LOX in cancer metastasis is due to its interactions with EMT 

transcription factors, such as SNAIL and SNAI2.

Since we have previously shown that the knockdown of LOX does not affect canonical EMT 

markers such as N-cadherin, E-cadherin, and vimentin protein expression in ATC (13), we 

sought to determine the mechanism by which LOX-SNAI2 mediates its effect in cellular 

migration/invasion and cancer progression and metastasis. ECM remodeling is an essential 

process during cancer invasion, angiogenesis, and metastasis. MMPs are a family of zinc-

dependent endopeptidases that degrade all ECM components and play a key role in these 

processes (34,35). The expression of MMPs is highly regulated at many levels. TIMPs 

regulate MMPs after their secretion into the extracellular environment. Thus, we postulated 

that LOX–SNAI2 axis mediates its effect by modulating the MMP/TIMP levels. Using a 

MMPs/TIMPs array, we found reduced TIMP4 secretion with LOX or SNAI2 knockdown in 

multiple cancer cell lines, suggesting that the LOX–SNAI2 axis regulates TIMP4 secretion. 

Cancer cells interact with their microenvironment through MMPs to modify the ECM. 

TIMPs can inhibit the activities of multifunctional MMPs (36). MMPs play an important 

role in tumor progression, and there has been growing evidence that they may be good 

therapeutic targets for cancer therapy (37, 38). Several studies indicate that TIMPs display 

anticancer activities by reducing tumor cell invasion and metastasis (39). TIMP4 expression 

has been associated with longer survival in patients with rectal cancer. In addition, elevated 

levels of TIMP4 have been found in patients with breast, cervical, and prostate cancers, 

whereas low levels have been found in patients with pancreatic cancer (40-42). These 

divergent expression profiles in cancer samples could be due to tissue-specific differences 

and tumor stages. The mechanisms of action of TIMP4 in carcinogenesis are still unknown. 

TIMP4 is an MMP2 and MMP9 inhibitor, and our array data in both culture medium and 

cellular protein lysates did not show differences in MMP-2 and −9 secretion and expression. 

These data support the hypothesis that TIMP4 plays a role in cancer that is likely 

independent of MMPs. In the present study, we showed a strong staining of SNAI2 and 

TIMP4 in thyroid, breast, and colon cancers, as compared with adjacent normal tissue. Since 

we have shown an overexpression of LOX in aggressive thyroid cancer and previous studies 

have reported a significant increase of LOX expression in colorectal and metastatic breast 

cancer, these data support an association between LOX and SNAI2 expression in solid 

malignancies (8, 11). TIMP4 immunoreactivity was observed in the cytoplasm and nuclei of 

cancer cells, and, in some cases, with stronger nuclear staining, which supports our data and 

suggests that TIMP4 functions independently of MMP and plays a protumoral and 

proinvasive role.

The proangiogenic effects of other TIMP family members have been reported. TIMP1 

overexpression was associated with increased VEGF expression and neovascularization in 

an in vivo model of rat breast carcinoma (43). In addition, an antiangiogenic effect of 

TIMP1, that has been described to alter migration of endothelial cells, was reported to be 

both MMP-dependent and -independent (43, 44). Since the signaling pathways leading to 
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the antiapoptotic functions of both TIMP1 and TIMP4 are similar, we propose that, like 

TIMP1, TIMP4 can be a positive regulator of angiogenesis (45). Indeed, the inhibition of 

SNAI2 or TIMP4 in vitro reduced VEGF expression and secretion. Moreover, metastatic 

tumors resulting from cancer cells with depleted SNAI2 exhibited reduced VEGF 

expression. Thus, by regulating TIMP4 secretion, SNAI2 regulates VEGF expression. The 

signaling pathways mediating VEGF expression have been extensively studied; however, the 

mechanisms of regulation of VEGF by TIMPs are still unknown. Further studies are needed 

to investigate the MMP-independent effect of TIMP4 on angiogenesis and VEGF secretion.

Communications between cancer cells and their stromal cells play a central role in 

tumorigenesis and cancer metastasis by creating a microenvironment that supports 

angiogenesis and cancer cell invasion and migration (46, 47). The significant positive 

correlation between LOX–SNAI2 and the percentage of stromal cells in tumor further 

support the role of this axis in cancer invasion and metastasis. Accumulation of cancer-

associated fibroblasts induced by TIMP1 has been shown in colon and prostate cancer; 

therefore, it is possible that TIMP4 secreted by tumors overexpressing LOX and SNAI2 may 

promote stromal cells infiltration in aggressive tumors (48).

We believe that the role of the LOX–SNAI2 axis in cells undergoing EMT is not dependent 

on the cancer type. However, the genetic and or mutation profile of thyroid, breast, and 

colon cancers are different, so it is possible that mutations that have been associated with 

aggressive tumor phenotype such as BRAF V600E mutation, TP53 mutation, or estrogen 

and progesterone receptor status may influence the regulation of the LOX–SNAI2 axis. This 

is consistent with the high levels of LOX we found in the cell lines used in our studies, 

which have driver mutations that are common in the cancer types we studied.

LOX and SNAI2 as a prognostic marker could help predict poor outcome in patients once 

validated in large cohort studies. Furthermore, we believe our findings support that LOX is a 

target for therapy in patients with aggressive cancers as inhibition of LOX may impair or 

reverse the EMT process to improve patient outcome.

In summary, we show for the first time that LOX transcriptionally regulates the expression 

of the EMT transcription factor SNAI2. Moreover, SNAI2 knockdown studies recapitulate 

the phenotypic effects (cellular migration and invasion, and metastasis) of LOX in vitro and 

in vivo, suggesting a role for LOX–SNAI2 axis in cancer progression, which are strongly 

correlated in human cancer samples. The effect of the LOX–SNAI2 axis in cancer 

progression is mediated, at least in part, by regulating TIMP4 secretion.
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Translational Relevance

Epithelial-to-mesenchymal transition (EMT) is a complex process through which 

epithelial cancer cells acquire a reversible change in phenotype. We investigated the role 

of LOX in the regulation of EMT transcription factors. We found that LOX 

transcriptionally regulates SNAI2 expression. Moreover, SNAI2 knockdown studies 

recapitulate the phenotypic effects of LOX in vitro and in vivo, suggesting a LOX-SNAI2 

axis in cancer progression. In addition, our study shows that the effect of the LOX-SNAI2 

axis in cancer progression is mediated by TIMP4 secretion. We also found 

overexpression of SNAI2 and TIMP4 proteins in aggressive thyroid, breast, and colon 

cancer. Our findings provide new evidence that LOX regulates SNAI2 expression and that 

SNAI2-mediated TIMP4 secretion plays a role in cancer progression. The findings have 

important consequences for developing strategies to block this axis and control cancer 

progression.
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Figure 1. 
LOX directly binds to SNAI2 promoter and regulates SNAI2 expression. A, knockdown of 

LOX in four cancer cell lines decreased SNAI2 transcript 72 hours after transfection. There 

was no significant difference in SNAIL1, TWIST-1, and ZEB1 mRNA expression with LOX 

knockdown. B, LOX knockdown inhibits LOX protein and mRNA and SNAI2 protein 

expression in cancer cell lines 72 hours after transfection. Bar graph of SNAI2 expression 

quantified by densitometry and normalized to GAPDH. C, inhibition of LOX catalytic 

activity by 100 μmol/L BAPN for 48 hours does not significantly alter SNAI2 protein 

expression, as shown by Western blotting and by band densitometry of SNAI2 normalized to 

GAPDH. D, top, schematic representation of the promoter region of human SNAI2. Binding 

sites of the primers used for analysis by hIP are indicated relative to the transcription start 

site. Bottom, semiquantitative RT-PCR of ChIP samples. Fragmented chromatin was 

immunoprecipitated using monoclonal antibody anti-LOX or IgG control. Data analysis 

shows DNA binding of LOX to SNAI2 promoter in 8505C, THJ-16T, MDA-MB231, and 

HeLa cells. E, SNAI2 binding was decreased following LOX knockdown in THJ-16T. F, 
LOX knockdown represses SNAI2 promoter activity in cancer cell lines. The three cancer 

cell lines have been transfected with SiLOX or siControl in combination with a human 
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SNAI2 promoter reporter construct, and luciferase activity was measured. All experiments 

have been performed at least three times. Errors bars represent mean ± SD. *, P < 0.05; **, P 
< 0.01; ***, P < 0.001; ****, P < 0.0001.

Boufraqech et al. Page 17

Clin Cancer Res. Author manuscript; available in PMC 2021 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
SNAI2 expression correlates with LOX expression and is higher in aggressive thyroid 

cancers. A, scatter plot of SNAI2 mRNA expression in different histologic types of thyroid 

cancer. Expression level of SNAI2 was normalized to GAPDH. B–D, LOX and SNAI2 
mRNA expression directly correlate in human cancer samples. B, scatter plots showing 

positive correlation between LOX and SNAI2 mRNA expression in a cohort of patients with 

thyroid cancer, by RT-PCR. C, LOX and SNAI2 mRNA expression in thyroid cancer 

samples from publicly available GEO dataset (GSE33630). D, LOX and SNAI2 mRNA 

expression in breast cancer samples from publicly available GEO dataset (GSE65194). E, 
representative immunohistochemical staining in a tall-cell variant of PTC (top) and normal 

thyroid tissue (bottom) for LOX and SNAI2 (magnification, 20×). F, correlative analysis of 

LOX and SNAI2 expression and the percentage of stromal cells in thyroid cancer samples 

from the publicly available TCGA dataset. G, SNAI2 is highly expressed in thyroid tumors 

with extrathyroidal invasion from the publicly available TCGA dataset. *, P < 0.05; **, P < 

0.01. ns, not significant.
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Figure 3. 
SNAI2 knockdown reduces cancer cell invasion and metastasis. A and B, left, invading and 

migrating cells through the inserts were photographed (images) and quantitated (graphs). 

RT-PCR and Western blot analysis of SNAI2 expression in siSNAI2-transfected cells 

compared with siControl (A, right). Experiments were performed at least 3 times and the 

values represent the mean ± SD from triplicate wells. C, representative bioluminescent 

imaging of SiC and SiSNAI2 mice 3 weeks after tail vein injection of 8505C cell line and 

quantitation of the luciferase signal in siC and siSNAI2 mice per groups. n = 4 mice per 

group. The values represent the mean ± SEM. D, surface area of lung tumors and number of 

lung tumor sites per mouse were measured using Aperio ImageScope software from H&E 

slides. E, ex vivo images of lung and liver metastasis from siC and siSNAI2 mouse. F, 
representative immunohistochemistry for SNAI2 protein in lung metastasis tumors of siC 

and siLOX mice. Knockdown of LOX in vivo decreased the expression of SNAI2 in lung 

tissues by immunohistochemistry. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 

0.0001.
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Figure 4. 
Knockdown of LOX and SNAI2 decreases TIMP4 secretion. A, array blots of MMPs and 

TIMPs in cell culture supernatant in THJ-16T cells transfected with either siC, siLOX, or 

siSNAI2. Control medium with 0.5% FBS and with no cells was used as a negative control. 

Duplicates of TIMP4 are indicated (white square). Positive control proteins are in the top 

left and lower right corners of each panel. B, analysis by ELISA of TIMP4 in culture media 

of cells transfected with siLOX and siSNAI2 72 hours posttransfection. Mean ± SD from 

triplicate samples. *, P < 0.05; **, P < 0.01; ***, P < 0.001. TIMP4 regulates cellular 

migration and invasion. C, knockdown of TIMP4 inhibits cellular migration and invasion 72 

hours posttransfection. Experiments were performed at least 3 times and the values represent 

the means ± SD from triplicate wells. D, TIMP4 mRNA and TIMP4 protein expression level 

were evaluated 72 hours posttransfection. All the experiments were performed at least 3 

times. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 5. 
TIMP4 regulates VEGF expression and secretion. A, VEGF mRNA and VEGF secretion 

were determined at 72 hours after transfection using RT-PCR and ELISA test. B, tubule-like 

structure formation in cancer cells is inhibited with the knockdown of TIMP4. C, 
representative immunohistochemical staining for TIMP4 and VEGF with knockdown of 

SNAI2. All experiments were performed at least 3 times. Serial sections of lung metastasis 

from siC and SiSNAI2 mice were subjected to H&E or immunohistochemical staining with 

anti-TIMP4 and anti-VEGF. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 6. 
SNAI2 and TIMP4 are overexpressed in thyroid, breast, and colon cancers. A, SNAI2 and 

TIMP4 are co-expressed in thyroid cancer tissue, as compared with normal tissue and benign 

lesion (magnification, 4.6×). FA, follicular adenoma; N, normal; PTC, papillary thyroid 

cancer. The inset images show magnification at 20×. B and C, nuclear and cytoplasmic 

staining of SNAI2 and TIMP4 in primary tumors from metastatic breast and colon cancer 

(magnification, 40×).
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