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Abstract

Background: Nasopharyngeal carcinoma (NPC) is amalignancy of the head and neck that is
prevalent in Southeast Asiaand southern China. Recent studiesin epigenetics suggest that DNA
methylation plays a pivotal rolein the onset and progression of cancer. Combining the methyl-
DNA binding domain capture technique and cODNA microarray analysis, we identified aunique
hypermethylated gene, RERG (Ras-like estrogen-regulated growth inhibitor), that was down-
regulated in NPC tissues. RERG is a tumor suppressor gene that was first reported in breast
cancer. However, the functions of RERG are largely unknown in other tumor types.

Methods. RERG expression was assessed in human subjects (NPC primary tissues and non-
cancer tissues) and cell lines (NPC cell lines and an immortalized epithelial cell line NP460).
Further, we investigated the methylation rate of RERG in both human subject and cell lines. 5-
Aza-2’-deoxycytidine (Aza) or combined with trichostatin A (TSA) were treated to three NPC
cell lines (HK1, C666-1 and HK1 EBV). In addition, the role of RERG in NPC cells and its
underlying mechanisms were explored by overexpression of RERG in NPC cell lines.
Results: RERG was significantly down-regulated in NPC cancer nests compared to normal
nasopharyngeal epithelium cells. Furthermore, the RERG promoter was frequently methylated
in NPC tissuesand cell lines. The RERG methylation rate yielded an areaunder the curve (AUC)
of receiver operating characteristic (ROC) curve was 0.897 (95%CI: 0.818-0.976). The down-
regulation of RERG was restored in NPC cells treated with Aza and TSA. In addition, ectopic
expression of RERG in NPC cell linesresulted in asignificant suppression of cell proliferation,
clonogenicity, migration and invasion. RERG-overexpressing cells showed significantly slower

growth and less angiogenesis in tumor xenografts in nude mice. RERG suppressed the



ERK/NF-kB signaling pathway and inhibited tumor growth and angiogenesis with down-
regulation of MMPs and IL8 in tumors of nude mouse xenografts.

Conclusions: Our results suggest that RERG is frequently silenced by promoter CpG
methylation in NPC, and acts as a functional tumor suppressor by suppressing the ERK/NF-
KB signaling pathway. These findings support the potential use of RERG as a novel molecular

target in NPC therapy.



Background

Nasopharyngeal carcinoma (NPC) is a common head and neck malignancy and
important health issue in Southeast Asia and southern China although it is rare in Japan and
Western countries.! It is closely associated with Epstein-Barr virus (EBV) 2 and shows highly
invasive and metastatic features.® Evidence in recent years suggests that additional genetic and
epigenetic abnormalities are necessary to drive the tumorigenic process. Epigenetic changes,
which involve DNA methylation and histone modifications, play critical rolesin the onset and
progression of cancer and other diseases.* ® Hypermethylation of CpG islands is a well-
recognized epigenetic event in cancer.® Hypermethylated genomic regions frequently mediate
the silencing of tumor suppressor genes (TSGS).® 7 Recent studies indicate that epigenetic
processes occur very early in cancer development and may contribute to cancer initiation.®
Epigenetic inactivation of potential TSGs by aberrant promoter DNA methylation has been
increasingly recognized to play a key role in the tumorigenesis of NPC by altering gene
functions during cell proliferation, apoptosis, and differentiation.>  ° The discovery of
epigenetic changes may prove to be extremely useful for early detection and prevention of
cancer, including NPC 10 1

Ras-like estrogen-regulated growth inhibitor (RERG) was initialy identified as a
candidate tumor suppressor gene, and is regulated by estrogen in breast tumors.*> ¥ RERG is
located on chromosome 12p12 and encodes a small GTP-binding and hydrolyzing protein
(GTPase) of the Ras superfamily. RERG iswidely expressed in multiple normal tissues, while
RERG expression is lost in breast, kidney, ovary, and colon tumor tissues.!? 4 It has been

reported that RERG is a prognostic marker in breast cancer, and its expression has correlated



inversely with proliferation, patient survival, and the development of distant metastases.'®
Significantly hypermethylated RERG was al so observed in colorectal adenocarcinoma,® 1" and
breast cancer.*® These findings suggest that RERG acts as a putative TSG, but the functions of
RERG in NPC have yet to be identified.

Recent studiesindicated that multiple signaling pathways, including mitogen-activated
protein kinases (MAPKS), NF-kB, Wnt/B-catenin, EGFR signaling are involved in several
human cancers.®? The ERK and NF-kB signaling pathway are known to promote tumor
progression and angiogenesis.®?® It has been reported that RERG was involved in
Ras’MEK/ERK signaling pathway in breast cancer.!? 8 However, the relationship between
RERG and NF-kB in NPC is still unclear.

Our genome-wide analyses using methyl-capture sequencing and cDNA microarrays
have indicated that RERG is acandidate TSG in NPC. In the present study, we investigated the
epigenetic regulation and potential tumor suppressor function of RERG in NPC. RERG was
found to be epigenetically inactivated in NPC, and ectopic expression of RERG reduced cell
proliferation, clonogenicity, migration and invasion. In addition, RERG suppressed
angiogenesis, functioning as a repressor of ERK/NF-kB activation and inhibiting the
expression of matrix metalloproteinases (MMPs), interleukin 8 (IL8) and interleukin 6 (IL6) in
NPC cells. Overal our data demonstrate that RERG acted as a functional TSG by deactivating

ERK/NF-kB signaling effectors, and RERG is frequently silenced in NPC.

Methods

NPC primary tumor biopsies and non-cancer ous hasopharyngeal epithelia (NNE)

This study was performed with ethical review committee approval (2009-07-07) from
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the First Affiliated Hospital of Guangxi Medical University, China, and ethical approva (No.
1116) from Mie University, Japan. As shown in Table 1, primary NPC tumor biopsies were
obtained from 52 newly diagnosed and untreated cases (39 males and 13 females, 44.5 + 13.9
y.0.). The diagnoses were made by experienced pathologists according to the World Health
Organization (WHO) classification, and reveaed that 98.1% of cases were non-keratinizing
carcinoma. A total of 17 NNE samples obtained by tonsillectomy were used as controls (11
males and 6 females, 40.1 + 14.9 y.0.). Biopsy samples were stored in a freezer at -80 °C.
Biopsies of 13 untreated primary NPC tumors (7 males and 6 females, 39.5+ 7.9 y.0.) and 9
from NNE subjects (4 males and 5 femaes, 52.2 + 134 y.0.) were obtained for
immunohistochemistry (IHC) staining, and all NPC cases were non-keratinizing carcinoma.
Cdl lines

A series of NPC cell lines (HK1, C666-1, HK1 EBV) and the immortalized epithelial
cell line NP460 were a kind gift from Professor Sai-Wah Tsao (Hong Kong University).2 2628
Cells were maintained at 37°C in a 5% CO2 incubator. NPC cells were cultured in RPM 11640
medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco), 100 U/mL penicillin, and 0.1 mg/mL streptomycin. Cells from the immortalized
nasopharyngeal epithelial cell line NP460 were maintained in a 1:1 ratio of Defined
Keratinocyte-SFM  (Gibco) supplemented with growth factors and Epilife medium
supplemented with Epilife defined growth supplement (Gibco), 100 U/mL penicillin, and 100
pHg/mL streptomycin.
RNA extraction and quantitative RT-PCR

Total RNA from the biopsy samples and cell lines was isolated with TRIzol reagent



(Invitrogen, Carlsbad, CA, USA). Reverse transcription was performed using the miScript 11
RT kit (Qiagen, Hilden, Germany). Quantitative RT-PCR (gRT-PCR) was performed using the
miScript SYBR Green PCR kit (Qiagen) and QuantiTect Primer Assay (Qiagen) by using
StepOnePlus Real-Time PCR Systems (Applied Biosystems, Waltham, MA, USA). mRNA
expression levels were normalized against the corresponding levels of GAPDH. Relative

expression levels of NPC relative to NNE were cal culated using the AACt method.?
gPCR to quantify DNA methylation rate

Genomic DNA was extracted from cell lines and biopsy tissues using a QlAamp DNA
mini kit (Qiagen). To quantify gene promoter methylation, EpiTect Methyl || PCR Assay (SA
Bioscience, Qiagen, Hilden, Germany) was used according to the manufacturer’s instructions.
In briefly, genomic DNA was exposed to digestion performed by using Epi Tect Methyl 11 DNA
Restriction Kit (SA Bioscience, Qiagen). Four reaction digestions were |abelled as: no-enzyme
(Mo), methylation sensitive enzyme (Ms), methylation dependent enzyme (Md) and
methylation sensitive and dependent enzymes (Msd). The reaction digestions were incubated
at 37°C overnight. After incubation, the reactions were stopped by heating-inactivating the
enzymes at 65°C for 20 min. Methyl gPCR was carried out for each of the four digestions (Mo,
Ms, Md and Msd) using the RT? SY BR Green ROX gPCR Mastermix (SA Bioscience, Qiagen)
and EpiTect Methyl 11 PCR Primer Assay (SA Bioscience, Qiagen).

DNA bisulfite treatment and promoter methylation analysis

One microgram of genomic DNA was modified by sodium bisulfite by the EpiTect
Bisulfit kit (Qiagen). Bisulfite genomic sequencing (BGS) were performed as previously
described.® BGS was carried out for 40 cycles using Platinum Tag DNA Polymerase High

Fidelity (Invitrogen) with BGS primers (RERG-BGS-F. GGAGTTTGGAGGTTTGGAAAT
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and RERG-BGS-R: CAAAAACAAATACCAATAACCC). Amplified BGS products were
subcloned and transformed into JM 109 competent Escherichia coli cells (Promega, Madison,
WI, USA). At least 5 clones for each sample were randomly chosen for sequencing.
5-Aza-2’-deoxycytidine (Aza) and trichostatin A (T SA) treatment

NPC cells (1x10°) were seeded into 100-mm dishes and allowed to grow overnight.
The culture medium was then replaced with fresh medium containing Aza at a final
concentration of 10 pumol/L (Sigma-Aldrich, St. Louis, MO, USA). Cellswere allowed to grow
for 72 h with the Aza-containing medium changed every 24 h, and some were further treated
with the histone deacetylase (HDAC) inhibitor TSA (Sigma-Aldrich) for an additional 24 h.
Cells were then harvested for RNA and DNA extraction.
Vector construction and transfection

The full-length open reading frame (ORF) of RERG (NM _032918) was cloned into
pCMV 6-Entry (Origene, Rockville, MD, USA) with Sgfl and Mlul to generate pPCMV 6-RERG,
which carriesaflag tag in the N-terminal of RERG. Amplified ORF productswith ORF primers
(RERG-CDS-F:  GAGGCGATCGCCATGGCTAAAAGTGCGGAG and RERG-CDSR:
GCGACGCGTACTACTGATTTTGGTGAGCAT) were subcloned and transformed into
JM109 competent Escherichia coli cells (Promega, Madison, WI, USA). Construction of
recombinant pPCMV 6-RERG was validated by sequencing.

Three NPC cell lines (HK1, C666-1 and HK1 EBV), which showed inactivation of

RERG, was transfected with the pPCMV6-RERG plasmid or the empty-vector pCMV 6-Entry
plasmid using Fugene HD (Promega). After 48 h, cells were harvested for further experiments

and selected with G418 (400 pug/mL; Millipore, Darmstadt, Germany) for 2 weeks to obtain



stably transfected cell lines. Transfected cell lines were verified by gRT-PCR and western
blotting. The stable cells were maintained in medium containing 200 pg/mL G418.
Céll proliferation assay

The effect of RERG on NPC cell proliferation was measured using an MTT assay or a
CCK8 assay. NPC cells transfected with empty vector or RERG vector were seeded in 96-wel
plates at a proportionate density and incubated at 37°C. Subsequently, cell proliferation was
assessed every 24 h for the indicated duration. Briefly, 10 yL of MTT (3-(4,5-dimethylthiazol -
2-yl)-2,5-diphenyl tetrazolium bromide, 5.0 mg/mL; Sigma-Aldrich) or CCK8 (cell counting
kit-8, Dojindo Laboratories, Kumamoto, Japan) was added to each well, and the plates were
incubated for 4 h at 37°C. Optical density (OD) was determined at 570 nm (MTT assay) or 450
nm (CCK8 assay) on aBio-Rad model 680 microplate reader (Bio-Rad Laboratories, Hercules,
CA, USA). OD vaues reflect the relative number of viable cells.
Colony formation assay

HK1 cells stably expressing RERG or empty vector and HK1_EBV cells transfected
with RERG or empty vector after 48 h were counted and plated at 500 cells/dish into 60-mm
dishes. Then cells were incubated at 37°C and at an atmosphere of 5% CO- for 2 weeks. Once
the cells formed visible colonies, the colonies were washed twice with phosphate-buffered
saline and fixed with 70% ethanol for 20 min. The cells were appropriately stained with
Giemsa’s solution (Merck, Darmstadt, Germany) and allowed to air dry at room temperature.
The experiments were triplicated and the numbers of colonies were microscopically counted.
In vitro cell migration and invasion assay

Cell migration assays were performed using the CytoSelect Cell Migration Assay kit
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(membrane filter pore size, 8 um; Cell BioLabs, San Diego, CA, USA). Cdl invasion assays
were performed using the CytoSelect 24-Well Cell Invasion Assay (basement membrane,
membrane filter pore size, 8 ym; Cell BioLabs). HK1 cells stably expressing RERG or empty
vector were suspended (0.15 x 10° transfected cellswell) in serum-free medium and placed in
the upper chamber, and media containing 10% FBS was placed in the lower well of the
migration or invasion plate. After incubation for 24 h and removal of non-migratory cells or
non-invasive cells, cellsthat migrated or passed through the filter were stained, photographed,
and counted under a microscope (magnification, X100 and x200) for each filter in 3 areas.
In vivo tumorigenicity assay

Mae BALB/c athymic nu/nu mice (5-week-old) (weight range: 17-19 g; Japan SLC,
Hamamatsu, Japan) were used to examine tumorigenicity in vivo. The animal experiments
were performed according to the Mie University guidelines for laboratory animals (approval
No. 26-19). Nude mice were housed in ventilated caging conditions under a 12-h dark/light
cycleat constant humidity and temperature. Animalswere permitted free accessto sterile water
and standard laboratory chow. HK 1 cells (2 x 10° cells/mouse) stably transfected with RERG
were injected subcutaneously into the left flank near the forelimb or an equal number of empty
vector stable transfected HK1 cells were injected into the right flank. Tumor growth was
measured every 3 days for 3 weeks. Tumor volume (mm?) was cal cul ated with acaliper (model
530-312; range 0-150 mm; Mitutoyo, Kawasaki, Japan) and evaluated using the formula: V=L
x W x H x /6, where L, W, and H represent tumor diameter in 3 mutually perpendicular planes.
Mice were sacrificed by cervical dislocation at the third week after subcutaneous injection.

Tumor grafts were then excised and weighed. The tumors were kept in 4% formamide and
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RNAIlater solution for further analysis of IHC and mRNA expression levels, respectively.
Western blot analysis

Western blot was done according to the standard protocol as described previoudly.3!
Cultured cells were harvested at 70-80% confluence and lysed using RIPA buffer (Cell
Signaling Technology Inc., Dancers, MA, USA) supplemented PM SF (Phenylmethylsulfonyl
fluoride, NACALAI TESQUE, INC., Kyoto, Japan). Thelist of antibodies used in thisstudy is
summarized in Additional file 1: Table S1. Signalswere detected by LA S4000mini (Fujifilm,
Tokyo, Japan), and band intensities of western blots were quantitatively measured integrated
grayscale densities in windows of identical size incorporating for each band using ImageJ
software (ver. 1.48).
IHC staining, immunocytochemistry (ICC) staining, and double immunofluorescence
staining

For IHC and ICC analysis, standard immunoperoxidase methods were performed as
previously described.?® Thelist of antibodies used in this study were summarized in Table S1.
IHC grading based on intensity and frequency of staining was performed by 2 independent
investigators. Staining intensity was scored as negative (0), weak (+1), moderate (+2), or strong
(+3). The frequency of positive cellsin specific areas was scored as negative (0), less than 25%
(+1), 25-50% (+2), 51-75% (+3), or more than 75% (+4), as previously published.>? The
number of cells staining positively for ICC was anayzed using ImageJ software (ver. 1.48).

For immunofluorescence analysis, after deparaffinization and rehydration, antigen

was retrieved in 5% urea buffer by microwave heating for 5 min. Sections of 3-um thickness

were incubated overnight at room temperature with the following antibodies: rabbit polyclonal
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anti-u-SMA (1:200, Abcam, Cambridge, UK) and mouse monoclonal anti-CD34 (1:200,
Monosan, Uden, Netherlands). The sections were next incubated with the following fluorescent
secondary antibodies at 1:400 each for 2 h at room temperature (Molecular Probes, Eugene,
OR, USA: Alexa488-labeled goat anti-rabbit 1gG antibody; Alexa 594-label ed goat anti-mouse
IgG antibody). Finally, the nuclei were stained with 4°,6-diamidino-2-phenylindole (DAPI) and
the sections were examined with a fluorescence microscope (BX53, Olympus, Tokyo, Japan).

For digital microscopy assessment of microvessel density, the intensity and area of
endothelial or periendothelia cell staining were quantitatively measured using ImageJ software
(ver. 1.48). The proportion of blood vessels exhibiting endothelial (CD34-positive) or
periendothelia (t-SMA-positive) cells was defined as the area fraction (%) at a magnification
of x200.
Satistical analysis

All statistical analyses were performed with SPSS v16.0 (SPSS, Chicago, IL, USA).
The unpaired Student’s t-test was used to compare the average of 2 groups, and the paired
Student’s t-test was used to compare the size and weight of tumor xenografts in the left and
right flanks of nude mice. Statistical differences between IHC scores were determined by the
Mann-Whitney U test. Receiver operating characteristic (ROC) curves were generated to
confirm the accuracy of diagnosis by RERG methylation rate, and sensitivity and specificity

were computed. P <0.05 was considered as statistically significant.

Results

RERG isdown-regulated and hyper methylated in NPC primary tumors

We performed the methyl-DNA binding domain capture technique and cDNA
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microarray analysisin seven NPC patients compared to five NNE patients (unpublished data).
In the cDNA microarray, 5 genes of RAS type GTPase family were found to be significantly
altered. Among these, 3 genes decreased under half and 2 genes increased more than two-fold
compared to the NNE group (Additional file 2: Figure. S1A). In the Methylated-DNA capture
sequencing data, 8 genes of RAS type GTPase family that have an increased more than two-
fold level of CpG island methylation relative to NNE group (Additional file2: Figure. S1B).
RERG, RASL11A and RASL11B were marked with DNA promoter methylation and
downregulated in NPC tissues (Additional file 2: Figure. S1C). RERG gene expression was
most significantly decreased in cDNA microarray and highly methylated in NPC, which we
choseit for our further study.
We evauated the expression levels of RERG in NPC primary tumors by gRT-PCR and
IHC staining. RERG expression was significantly lower in NPC primary tumors than NNE
tissues (Fig. 1a). IHC staining was then performed to eval uate the expression of RERG proteins
in NPC patients and NNE subjects. Moderate expression of RERG (Fig. 1b) was observed in
the membrane and cytoplasm of normal nasopharyngeal epithelium cells, while very weak or
no expression of RERG was observed in NPC cancer nests. The IHC score of NPC tissues was
significantly lower than that of NNE tissues (Fig. 1b). These results suggest that RERG is
down-regulated in NPC primary tumors.
A genome database, accessed using the UCSC Genome Browser
(https://genome.ucsc.edu/), revealed that the RERG promoter contains a CpG island (CGl). As
CGI methylation is a well-recognized epigenetic mechanism of TSGs silencing in cancer 3,

we sought to determine the quantitation of methylation at the promoter of RERG. We performed
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methyl gPCR in 46 NPC patients and 13 NNE subjects (Fig. 1¢). The methylation rate of RERG
promoter was significantly higher in the NPC group (Average 32.6 %) than in the no-cancer
group (1.0 %) (Fig. 1d, P<0.001).

In addition, ROC curves was conducted to evaluate whether the methylation of RERG
could be used to be a potential marker for screening NPC. The area under the curve (AUC) of
ROC plotsfor RERG methylation rate in the detection of NPC was 0.897 (95%CI: 0.818-0.976)
(Fig. 1e). At a meth-index cutoff value of 5.2 %, the methylation rate of RERG gave 78.3%
sensitivity and 100% specificity. The current results indicated that DNA methylation rate of
RERG holds some promise for NPC screening.

RERG issilenced in NPC cell lineswith DNA hyper methylation and restored by
phar macologic demethylation

We also investigated the mRNA expression of RERG in cell lines. RERG was found to
be silenced to a greater extent in NPC cell lines HK1, C666-1 and HK1_EBV compared to an
immortalized epithelial cell line (NP460) (Fig. 2a).

We then determined the methylation rate of RERG promoter in cell lines. As expected,
RERG was highly methylated in all 3 NPC cell lines compared to the immortalized normal
epithelial cell line, NP460 (Fig. 2b). To further investigate methylation status, we used BGS to
determine 25 individual CpG sites from -145 to +133 bp from the transcription start site of the
RERG promoter. All 25 CpG sites were obviously methylated in NPC cell lines (HK1 and
C666-1), but were seldom methylated in the normal cell line, NP460 (Fig. 2c). These results
indicate that RERG methylation is a common event in NPC.

To investigate whether CpG methylation directly mediates RERG down-regulation, 3
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NPC cdll lines were treated with the DNA methyltransferase inhibitor Aza either aone or in
combination with the HDAC inhibitor TSA (A + T). We found that RERG expression levels
were significantly restored after the demethylation treatment (Fig. 2d), suggesting that
promoter methylation might contribute to the silencing of RERG in NPC cells. In addition, the
MRNA expression levels of RERG were up-regulated in demethylated HK1 (2.0 and 1.85 fold
with Aza alone and Aza + TSA, respectively) and C666-1 cells (0.57 and 0.62 fold with Aza
aone and Aza + TSA, respectively) closed to the immortalized epithelia cell line NP460.
RERG was highly up-regulated in demethylated HK1 EBV (8.66 and 11.51 fold with Aza
aloneand Aza+ TSA, respectively) than NP460.
Overexpression of RERG suppresses cell proliferation, clonogenicity, migration and
invasion

To assess the biological roles of RERG in NPC cells, we performed transfection of
RERG-expression vector in 3 NPC cell lines (HK1, C666-1 and HK1 EBV). We established
one stable RERG-expressing HK1 cells. The overexpression of RERG was confirmed by
western blot (Fig. 3a, inset). Overexpression of RERG significantly inhibited NPC cell
proliferation (Fig. 3a). Moreover, the proliferative effect of RERG was confirmed via ICC
staining of PCNA, a marker of cell proliferation in HK1 stable cells. The number of PCNA -
positive cells was significantly reduced by 15% in HK1-RERG cells (Fig. 3b). RERG aso
significantly reduced the colony formation (Fig. 3c), migration efficiency (Fig. 3d) and
invasion (Fig. 3e) of NPC cells, when compared with empty-vector cells.
Overexpression of RERG suppresses MM Ps and pro-angiogenic factorsviathe ERK and

NF-kB signaling pathway in NPC cells
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To explore the mechanism of tumor suppression by RERG, we compared the expression
levels of mgjor ERK and NF-kB signaling pathway members, prominent cell migration and
invasion molecules (MMP-2 and MMP-9), and several pro-angiogenesis-related factors, such
as vascular endothelial growth factor (VEGF), IL8 and IL6 in NPC cells. RERG reduced p-
ERK and p-p65, and increased p-IKBa protein levels in NPC cell lines, as typically seen in
HK1 stable cells and C666-1 cells (Fig. 4a). Also, MMPs were suppressed by the
overexpression of RERG (Fig. 4b). The significant downregulation of IL8 and IL6 were
confirmed in HK1 stable cell by western blotting (Fig. 4c). However, RERG showed limited
effects on VEGF when compared to empty-vector cells (Fig. S2A). As expected, RERG
suppressed ERK and NF-kB signaling pathway and its downstream effectors. It has been
reported that both Ras’ERK and NF-kB signaling are significantly associated with cell
proliferation, survival, differentiation, and commonly involved in malignant transformation in
avariety of human cancers.3 Thus, these results suggested that RERG overexpression exerted
atumor suppressor role by attenuating the activation of ERK/NF-kB signaling pathway.
Overexpression of RERG suppresses tumorigenesis and angiogenesisin vivo

We further tested whether RERG is able to suppress the growth of NPC cells in vivo.
Stable transfected HK1-RERG and HK1-Empty cells formed tumors in nude mice. A 100%
tumor formation rate suggested that RERG did not affect tumor incidence in vivo. However,
the subcutaneous tumor growth curve was significantly less steep for RERG-transfected cells
than for controls (Fig. 5a). After 19 days, xenografts were removed from mice (Figs. 5b). The
mean weight of tumors formed by RERG-transfected cells was significantly lower than that of

controls (59.2 + 17.3 mg vs 254.6 + 84.9 mg; Fig. 5¢), indicating that RERG can inhibit NPC
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tumorigenicity in vivo.

RERG expression was confirmed by IHC (Fig. 5d, €) and gRT-PCR (Additional file 3:
Figure. S2B). In a histopathological anaysis, H&E staining showed that angiogenesis was
suppressed in xenografts from the RERG group (Fig. 5d). To study the potentia effect of RERG
on angiogenesis, the development of microvessels in tumor sections of nude mice was
examined by immunofluorescence staining with vascular endothelial cell marker CD34 and
periendothelial cell marker a-SMA (Fig. 5d). Area fraction of CD34 and a-SMA was
significantly lower in the mouse xenografts within the RERG-overexpressed tumors (Fig. 5e).
RERG mediates downregulation of MM Ps and pro-angiogenic cytokines with the
inhibition of NF-kB signaling

The NF-kB signaling pathway is known to promote tumor progression and
angiogenesis.?* 2 To understand how NF-kB signaling pathway is regulated by RERG in vivo,
we focused on the subunit p65 translocation into the cell nuclel. IHC staining indicated that p-
p65 localized exclusively in the nuclel of control mouse xenografts and slightly in the RERG-
overexpressed mouse xenografts tumors (Fig. 6a). Interestingly, a decrease in total p65
expression was also observed in RERG-overexpressed tumors (Fig. 6d). It is indicated that
expression of RERG inhibited p65 nuclear translocation in vivo. We then confirmed pro-
angiogenic cytokines (IL8 and IL6), TIMP-2, and MMPs (MMP-2 and MMP-9) in the isolated
tumor tissues by IHC (Fig. 6d). Pro-angiogenic cytokines IL8 and IL6 were significantly
downregulated in RERG-overexpressed tumors (Fig. 6b). IHC scores (Fig. 6b) indicated that
overexpression of RERG significantly decreased the expression of MMPs (MMP-2 and MMP-

9), and drastically up-regulated TIMP-2, which isan inhibitor of MMPs, including MM P-2 and
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MMP-9. Real-time gRT-PCR validated that the mRNA expression of IL8 and IL1} were
downregulated by RERG in mouse xenografts tumors (Additiona file 3: Figure. S2B). On the
other hand, the expression of TNFa and VEGF showed no significant changes in vivo
(Additional file 3: Figure. S2B, C). These results suggested that RERG efficiently inhibited the
cell proliferation, migration, invasion and angiogenesis of NPC cells by suppressing the cell
migratory and pro-angiogenic molecules (MMP-2, MMP-9, IL8, IL6 and IL1p) via the

ERK/NF-kB signaling pathway (Fig. 6¢), but not VEGF and TNFa.

Discussion

In this study, we found that RERG was frequently silenced in NPC tissuesand cell lines.
AsmRNA expression of RERG was pharmacol ogically reversible, promoter methylation seems
to be the mgor mechanism of inactivating RERG, and histone modification may partly co-
enhance its demethylation effect. Epigenetic gene silencing is associated with the onset and
progression of various cancers.’ The frequent, predominant epigenetic inactivation of RERG in
NPC points to the importance of this gene in tumorigenesis. We also found that RERG exerts
its tumor suppressor functions by inhibiting ERK/NF-kB signaling pathway, resulting in
suppression of tumor cell proliferation, clonogenicity, migration, invasion and angiogenesis
(Fig. 6c). These results suggest that RERG suppresses cellular growth through signaling
pathways in which these molecules participate. Although this and other studies have
demonstrated that RERG is down-regulated in multiple cancers, few studies have reported on
its function and related mechanisms in tumorigenesis. To the best of our knowledge this study
isthe first to reveal the underlying antitumor mechanisms of RERG in NPC.

RERG isamember of RAS GTPase superfamily, which had previously been implicated
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regulating Ras’MEK/ERK signaling pathway activation.*?> The RassMEK//ERK pathway, one
of mitogen-activated protein kinases (MAPKS), function in a variety of cellular regulation
leading to cell growth and development, and is hyperactivated in a variety of human cancers®,
such as gastric adenocarcinoma, hepatocarcinoma, colon cancer® ¥ and NPC.*
Phosphorylation of ERK proteins via the RayM EK/ERK signaling pathway cascade induces
the activation of transcription factors NF-kB, AP-1, and ETS.2° NF-kB is also a well-known
master regulator of host inflammatory responses and NF-kB activation is a common event in
human cancers, including NPC.® Activation of NF-kB influences the proliferation, survival,
invasive, and metastatic properties of cancer cells by regulating the transcription of various
important target genes.* Our resultsindicate that overexpression of RERG inhibited ERK/NF-
KB in several NPC cell lines, and reduced total p65 and activated p65 both in vitro and in vivo.
Severa reports indicated that the inhibition of NF-kB activity in NPC cells resulted in the
down-regulation of downstream target genes such as MMPs and IL8.%> 4! Therefore, it is
conceivable that RERG affects the ERK/NF-kB signaling pathway in NPC cells.

The tumor microenvironment, composed of non-cancer cellsand their stroma, influences
on metastasis as a dynamic process* and angiogenesis response to a tumor.*® Various of pro-
tumorigenic factors, including MMPs and cytokines are produced by tumor cells as well as by
the tumor stroma. MMPs, a family of zinc metallo-endopeptidases capable of digesting the
extracellular matrix and basement membrane, promote tumor invasion and metastasis.*
Decreased MMP expression and activity can inhibit cancer cell adhesion, migration, invasion
and angiogenesis. In this study, we confirmed that ectopic expression of RERG reduced MM P-

2 and MMP-9 expression in vitro and in vivo, athough some differences were observed
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between the results of in vitro and in vivo. In mouse xenografts tumors model, the MMPs can
be secreted by cancer cells as well as cancer-associated fibroblasts (CAF). The crosstalk
between cancer cellsand tumor stromain the tumor microenvironment enhances the production
of pro-angiogenic protein, including MMPs. A possible explanation is that overexpression of
RERG might suppress the crosstalk between cancer cells and tumor stroma in vivo, but not in
vitro. Additionally, IHC showed that TIMP-2, an inhibitor of MMPs, was up-regulated in
mouse xenografts. It was reported that TIMPs exert antiangiogenic activity by suppressing
MMPs or by directly inhibiting endothelial cell proliferation.*® An imbalance between MMPs
and TIMPs might result in the deposition or degradation of the extracellular matrix.*® In the
present study, therefore, we speculated that the overexpression of RERG mediated the
suppression of ERK/NF-kB pathway, reducing the expression of MMP-2 and MMP-9 in NPC.
These results might provide a molecular basis for its ability to inhibit cell proliferation,
migration and invasion.

In addition, we observed that in amouse xenograft model, RERG inhibited microvessel
development as well as tumor growth. CD34 (an endothelia cell marker) and a-SMA (a
pericyte marker) was dramatically decreased in the mouse xenografts within the RERG-
expression. Our previous IHC study suggested that a-SMA-positive stromal cells may recruit
circulating endothelial progenitor cells into NPC stroma for angiogenesis.  As a-SMA is
widely accepted as CAF marker, there is a possibility of the activation and the recruitment of
the stromal cells, and it may be inhibited by the over-expression of the novel tumor suppressor
gene (RERG). As overexpression of RERG reduced the expression of a-SMA in mouse

xenograft model, it is suggested that RERG might involve in the suppressing the crosstalk
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between tumor cells and tumor microenvironment.

Angiogenesis is a highly regulated process involving sprouting from pre-existing
vessels and maturation into new blood vessels.*” It can be triggered and modified by various
factors, including cytokines, growth factors and their receptors, chemokines, and matrix
metalloproteinases.*” However, there are no studies on the relationship between angiogenesis
and RERG. VEGEF is one of the most well-known pro-angiogenic factors, stimulating the
sprouting and proliferation of endotheliacells.*® L8 isapro-angiogenesis cytokine, which may
promote both tumor growth and the formation of new blood vessels.*® %° L6 promotes the
migration and invasion in NPC cell lines and mediated through regulation of the expression of
MMP-2 and MMP-9.% |L-1 a and B were detectable in the majority of primary NPC biopsies
and a fraction of metastatic lesions and its absence in control nasopharyngeal tissues.®® In this
study, RERG decreased IL8, IL6 and IL1[3 expression and angiogenesisin tumor xenograftsin
nude mice. In addition, the protease MMPs were well-known pro-angiogenic factors in the
angiogenesis pathway.*> % % RERG increased the expression of TIMP-2 and inhibited the
expression of MMP-2 and MMP-9, providing support for a mechanistic explanation of the
inhibition of tumor microvessel growth and size by RERG. MMPs, as well as cytokines, IL8
and IL6 were the most down-regulated pro-angiogenic factors, followed re-expression of
RERG in NPC. However, the effect of VEGF and TNFa were not significant, indicating that
they may not play important rolesin suppressing angiogenesisvia RERG regulation. This study
provides the first evidence that RERG expression can reduce angiogenesis. In this study, we
observed that RERG reduced cellular migration and invasion in NPC in vitro and suppressed

tumor growth and angiogenesis in vivo, but the potential ability and the detailed mechanisms
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of RERG-inducing distant metastasis in vivo requires further study.

Conclusions

We demonstrated that RERG functioned as a TSG through suppression of ERK/NF-kB
signaling pathway, and was frequently silenced by promoter CpG methylation in NPC. This
study provides insights into the possible mechanisms underlying the role of RERG in NPC

carcinogenesis, and suggests that RERG might be employed as a target molecule in cancer

therapy.
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Figurelegends

Figure 1. RERG was down-regulated and hypermethylated in NPC primary tumors. a
Expression levels of RERG were measured in NPC primary tumor biopsies (n=16) and NNE
tissues (n=13) by qRT-PCR. GAPDH was used as an internal control. **: P <0.01 analyzed by
Student’s t-test. b RERG was down-regulated in NPC clinica samples (n=13) compared to
NNE epithelium (n=9) by IHC. Left: Representative photographs of IHC analyses of the
expression of RERG. Original magnification is x200, inner enlarged magnification is x400.
Bar represents 50 um and 20 pm, respectively. Right: Graphs represent means + SD of IHC
scores of RERG in tissues of NPC and NNE. *: P < 0.05 by Mann-Whitney U test. ¢ Each
methylation rate (%) of RERG in NPC clinical samples and NNE samples by methyl gPCR. d
Means = SD of methylation rates of RERG in NPC group (n=46) and NNE group (n=13). ***:

P < 0.001 by Student’s t-test. e ROC analysis of DNA methylation index of RERG.

Figure 2. RERG wasdown-regulated and hyper methylated in NPC cell lines, and restored
by phar macologic demethylation. a Gene expression was detected in tumor cell lines (HK1,
C666-1, HK1 _EBV) and an immortalized normal epithelia NP460 cells (n=4) by gRT-PCR.
GAPDH was used as an interna control. b RERG was highly methylated in NPC cell lines
(HK1, C666-1, HK1 EBV) compared to NP460 (n=3) by methyl gPCR. c Bisulfite genomic
sequencing of the 25 CpG sites within the RERG promoter region in 2 NPC cell lines (HK1
and C666-1) and an immortalized epithelial cell line (NP460). Five clones were randomly
selected and sequenced for each sample. Each row represents analysis of an individua

promoter allele. Open circles indicate unmethylated cytosines, and filled circles indicate
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methylated cytosines. d RERG expression of NP460 and NPC cell lines (n=3) treated with 5-
aza-2’-deoxycytidine (Aza) alone or combined with trichostatin A (TSA) (A + T) were
determined by gRT-PCR. GAPDH was used as an internal control. *: P < 0.05, **: P < 0.01,

***: P <0.001 analyzed by Student’s t-test.

Figure 3. Overexpression of RERG inhibited cell proliferation, colony formation,
migration and invasion. a Growth curves of RERG-transfected and empty-vector-
transfected NPC cells(HK 1, C666-1, HK1 EBV). Dataare means+ SD (n=5). Theinsets show
protein levels of RERG in each cell line transfected with empty and RERG vector. b ICC
staining of HK 1 stable cells against PCNA (magnification, x200). PCNA-positive percentages
in cultured HK1-RERG cellsand HK 1-empty cells (control) are presented asmeans = SD (n=4).
¢ Colony formation assays. Cell colonies were stained with Giemsa. Quantitative analyses of
colony formation efficiency show the means + SD (n=3) of at least 2 independent experiments.
d Migration assay. Cells were seeded in amigration chamber and cultured for 24 h. Migratory
cells were stained, photographed under a microscope and quantitatively analyzed. e Invasion
assay. Cellswere seeded in an upper chamber and cultured for 24 h. Invasive cellswere stained,
photographed under a microscope and quantitatively analyzed. Data are shown as means + SD
(n=3) of at least 2 independent experiments. *: P < 0.05, **: P < 0.01, ***: P < 0.001 by

Student’s t-test.

Figure 4. RERG suppressed ERK/NF-kB signaling pathway and expression of MM Ps,

IL8and IL6in NPC cells. Protein levelsof (a) ERK/NF-kB signaling effectorsand (b) MM P2
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and MMP9 in RERG-transfected and empty-vector-transfected NPC cells (HK1, C666-1,
HK1_EBV) were determined by western blotting (n=3). ¢ IL8 and IL6 in RERG-transfected
and empty-vector-transfected NPC cells (HK1) were determined by western blotting (n=3).

Dataare shown asmeans + SD. *: P<0.05, **: P < 0.01, ***: P < 0.001 by Student’s t-test.

Figure5. RERG inhibited the tumorigenesis and angiogenesis of NPC in vivo. Eight male
BALB/c athymic nu/nu mice injected with 2 x 10° cells. a Growth curve of tumors in nude
mice. Tumor volume was measured every 3 days after inoculation. b Image of nude mouse
tumors derived from HK 1 cells stably transfected with RERG or empty vector. Arrows indicate
positions and locations of tumors. ¢ The average weights of tumors in nude mice. d
Representative photographs of H&E staining, IHC analyses of the expression of RERG and
immunofluorescence analyses of the expression of CD34 (red), a-SMA (green) in tumors from
nude mice. Nuclel were counterstained by DAPI (blue) in the merged pictures of
immunofluorescence analyses. Original magnification is x200. Bar represents 50 pum. e Left,
IHC scores of RERG in tumors from nude mice. Middle and right, for immunofluorescence
analyses, graphs represent average area fraction (%) + SD of microvessels/field by CD34 and
a-SMA area fraction (%) in tumors from nude mice analyzed by Image J. Data are shown as

means = SD. **: P < 0.01, ***: P < 0.001 by Mann-Whitney U test or Student’s t-test.

Figure 6. RERG suppressed MM Ps and pro-angiogenic factor s through inhibition of NF-
KB signaling. a IHC analyses or immunofluorescence anayses of the expression of NF-kB

(p65 and p-p65), IL8, IL6, TIMP-2, MMP-2, and MMP-9 in tumors from nude mice. Nuclei
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were counterstained by DAPI (blue) in the merged pictures of immunofluorescence analyses.
Original magnification is x200 inner enlarged magnification is x400. Bar represents 50 um and
20 pm, respectively. b IHC scores of NF-kB (p65 and p-p65), IL8, IL6, TIMP-2, MMP-2, and
MMP-9 in tumors from nude mice. **: P < 0.01, ***: P < 0.001 by Mann-Whitney U test. ¢
Schematic diagram for the molecular basis of RERG as atumor suppressor genein NPC, based
on decreasing cell proliferation and inhibiting migration, invasion and angiogenesis through

the ERK/NF-kB signaling pathway.
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Table 1. Clinicopathological features of patients.

Clinicopathological features NPC (n=52) NNE (n=17)
Age (year) mean = SD 445+ 13.9 40.1+14.9
Male/ Femae No. (%) 39/ 13 (75.0/ 25.0) 11/6 (64.7/35.3)
Histological subtype® No. (%)

Keratinizing squamous cell carcinoma 1(1.9

Non-keratinizing carcinoma 51(98.1)

TNM classification® No. € (%)
Tumor size No. (%)

T1 10 (23.3)

T2 13(30.2)

T3 14 (32.6)

T4 6 (13.9)
Lymph node metastasis No. (%)

NO 12 (27.9)

N1 12 (27.9)

N2 7(16.2)

N3 12 (27.9)
Metastasis No. (%)

MO 43 (100)

M1 0(0)

Cancer stage” No. ¢ (%)
[- 11 13(30.2)
-1V 30 (69.8)

a according to the WHO histological classification of tumors of the nasopharynx.
b: according to the International Union Against Cancer (UICC).

¢: missing of 9 patient data because of no follow-up.



INN

JdN

Aypyroads-|

+'0

N H [<)] [+ §
8 g g S g N
o ) ) o o o
*
*
*
Sensitivity
° ° ° o °
: 2 2 2 S
1 1 1 1
P
(0]
0

90

80

ol

Methylation Rate (%)

1

NPC1
NPC2
NPC3
NPC4
NPC5
NPC6
NPC7
NPC8
NPC9
NPC10
NPC11
NPC12
NPC13
NPC14
NPC15
NPC16
NPC17
NPC18
NPC19
NPC20
NPC21
NPC22
NPC23
NPC24
NPC25
NPC26
NPC27
NPC28
NPC29
NPC30
NPC31
NPC32
NPC33
NPC34
NPC35
NPC36
NPC37
NPC38
NPC39
NPC40
NPC41
NPC42
NPC43
NPC44
NPC45
NPC46
NNE1
NNE2
NNE3
NNE4
NNES
NNE6
NNE7
NNES8
NNE9
NNE10
NNE11
NNE12
NNE13

o L
Q
Relative expression of RERG -
[=} -
o ) - ) N
-
Z — ]
m
-
T —
(@]
4 4 o
U 4
o m
3 PR TN ES
RERG IHC Scor
(=] - N w
Z
=2 —
m

JdN




Fig. 2

*
E3
*
* I
*
£ 3
*
E3
*
X XX xR xR R
(=] (=] [=} o o o
(=} =) © < N
-
(%) @1e4 uonejAuyle
2
*
*
E 3
*
*
*
=
wn - n o
- o

O¥N3Y Jo uoissaidxe aAne|ey

HK1 C666-1 HK1_EBV

NP460

C666-1 HK1_EB

HK1

NP460

TSS
CpG:_49

+133

BGS region

-145

[%2]
%]
-

. : methylation

: unmethylation

k%

e
< K
2elelele

C

12

(=] (-] © < ~N o
-

Y3 Jo Uoissaidxa aApe|ay

Control Aza A+T Control Aza A+T

Control Aza A+T

HK1_EBV

C666-1

HK1

NP460



o

positive rate of PCNA (%)

15

OD570 nm
(=Y

-
(=]
o

50

25

Migratory cells

Invasive cells

0.5
e HK1 Empty
e e = HK1 RERG 0.4
Empty RERG
RERG == * Eoz
s o
GAPDH == = g
8 0.2
0.1
0
Dayl Day2 Day3 Day4
C
xX% 120
3100
L e
> 2 80
o
o
s 60
g 40
£
=
Z 20
0
HK1 Empty HK1 RERG
e
L
i
. (]

1000 I |

=3
(=3
o

2]
(=1
o

'S
o
=]

n
o
o

HK1 Empty HK1 RERG

200 »

-
(3]
o

-
o
o

[42]
o

HK1 Empty HK1 RERG

o

2
e C666-1 Empty e HK1_EBV Empty
e == == C666-1 RERG e «» == HK1_EBV RERG
Empty RERG A= Empty RERG
£
RERG - g RERG -
GAPDH === % g 1 GAPDH esves
'0 o dk
0.5
-
- - ——=
0
Dayl Day2 Day3 Day4 Dayl Day2 Day3 Day4
120 -
*
0100 o
2
c
2 80 4
o]
(]
‘s 60 +
15
3 40
E
L
- Z 20 o
0
HK1 Empty HK1 RERG HK1_EBV HK_EBV
Empty RERG
— = P
gt O
£ /-

HK1 Empty hH K1 RERG

Migration

HK1 Empty HK1 RERG

Invasion




Fig. 4

a
HK1 C666-1 HK1_EBV
Empty RERG Empty RERG Empty RERG
p-ERK12 S8 & SR 2R S e

ERK12 4B - e e IS

Kea GHDess SDED o "

p-IKBa

p-p65 GED GEEp —— ——

P65 HIE S D s S

GAPDH " s D a2 4D e

HK1 C666-1 HK1_EBV
Empty RERG Empty RERG Empty RERG

MMP2 i T S e S
e S s - S -
GAPDH“ D G e S

C
HK1
Empty RERG
TR

GAPDH s S

1.4 v mEmpty BRERG 1.4
% 124 —/— M
c 1+
)
‘é 0.8 o
o
Q 0.6 «
X 0.4 4
4
o2 4
o
0 I
HK1  C666-1 HK1_EBV
1.2
1.6 4 mEmpty BRERG
E 1.4 i E
1.2 K
c c
g ! g
©0.8 o
o o
3 0.6 3
¥ 0.4 4
2.0.2
0 . : 1
HK1  C666-1 HK1_EBV
1.4 4 mEmpty BRERG 1.6
5124 = . 1.4
> @ 1.2 o
2 1 2
= 2
§0.8 e 1
o 0.6 % 0.8 +«
. Ve st
ey 04 3.0.6
B S 0.4 4
2.0.2 0.2
0 — - 0
HK1  C666-1 HK1_EBV
B Empty ORERG
1.2 = 1.4 ~
- % 1.2 4
! N
£0.8 1 £
3 g 0.8
?,_0'6 s 0.6
go.a é 0.4 1
S o0.2 2 0.2
0 + — 0 -
HK1  C666-1 HK1_EBV
[l Empty [] RERG
1.2 *kk 1.2 -
- 14 - 1
g 2
2 0.8 4 2 0.8 4
£ £
2 0.6 4 2 0.6 4
2 2
2 0.4 1 204 4
3 S
= 0.2 1 = 0.2 4
0 0

HK1

mEmpty DRERG

C666-1 HK1_EBV

HK1
mEmpty BRERG

HK1 C666-1 HK1_EBV

w mEmpty @RERG

C666-1 HK1_EBV

HK1

B Empty ORERG

HK1 C666-1 HK1_EBV

[l Empty [ RERG
*k%k

HK1



k%%

400

o
o
@O

o

o
P

o

o
N

o

o
1

(Bw) siown} jo JyBiam aBelany

HK1 Empty
HK1 RERG

o

o
e

(cWww) siownj} Jo sawnjo) abelaay

o

S

} %* %
|
18 Days

o

o
™

o
o
N

o
o

1

2

1

HK1 RERG

*k

HK1 Empty

0 ™~ O Vg < o N . -
A_.N.w uolijoel} eale YIAIS-©O

® °
) )
. g
& » .
+*
® “© .
' »
@ o
AN
0 o Tp) ~N N — Ty o
5 & - wt S
= e
¥ (%) uondeuy ease pead
...".n.q_.. ,:.“. ; r,..;_..in .h. .i.. .., Sy UE . _.._,.‘_:‘._..._ '
,...v.%. R Rt P
R T Al Lol e
_I.Ir“M AT .“.r. - .@ ...u,.ﬂm,./%..”ﬁ#m WV ; “
- o %.a i ;T |
@0
N
-
b 3
¥
(@)
(e
" -
oz G < o (g | — (-
o Q. Y
= LLI 21025 JHI 943y
o LLI Y
- -
yo X - Q
- - - -

HK1 RERG

HK1 Empty

HK1 RERG

HK1 Empty

HK1 RERG

HK1 Empty



Fig. 6
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Table S1. List of primary antibodies used in the study.

Antibody name Source Catalog No. Host Dilution Size(kDa) Note
RERG Proteintech 10687-1-AP Rabbit  1:2000 23 WB
MMP-2 Cdll Signaling Technology Inc. 4022 Rabbit  1:1000 72 WB
MMP-9 Santa Cruz Biotechnology Inc. sc-6840 Goat 1:200 92 WB/IHC
p44/42 MAPK (ERK1/2) Cdll Signaling Technology Inc. 4695 Rabbit  1:1000 42, 44 WB
Phospho-p44/42 MAPK (ERK1/2) Cdll Signaling Technology Inc. 4370 Rabbit  1:1000 44, 42 WB
(Thr202/Tyr204)
p65 Cdll Signaling Technology Inc. 8242 Rabbit  1:1000 65 WB/IHC
Phospho-p65 (Ser536) Cdll Signaling Technology Inc. 3033 Rabbit  1:1000 65 WB/IHC
IkBa Cdll Signaling Technology Inc. 4814 Mouse 1:1000 39 WB
Phospho-1kBa(Ser32/36) Cdll Signaling Technology Inc. 9246 Mouse 1:1000 40 WB
GAPDH Abcam ab9485 Rabbit  1:2500 40 WB
RERG Sigma-Aldrich HPA041387 Rabbit  1:200 IHC
TIMP-2 Santa Cruz Biotechnology Inc. sc-5539 Rabbit  1:200 IHC
MMP-2 Kyowa Pharma Chemical Inc. F-73 Mouse 1:200 IHC
PCNA Novocastra Leica NCL-L-PCNA Mouse 1:100 ICC/IHC
p65 Santa Cruz Biotechnology Inc. sc-8008 Mouse 1:200 IHC
CD34 Monosan MON-RTU1042 Mouse 1:200 IHC
u-SMA Abcam ab5694 Rabbit  1:200 IHC
VEGF Abcam ab46154 Rabbit  1:1000 43 WB/IHC
IL8 Abcam ab7747 Rabbit  1:100 111 WB/IHC
IL6 Abcam ab6672 Rabbit  1:1000 25,50 WB/IF




Supplement method

M ethyl-captur e sequencing

Genomic DNA from 7 NPC biopsies and 5 NNE samples were extracted using a

QIAamp DNA Mini Kit (Qiagen). DNA was fragmented to obtain the desired length of

150 bp by an ultra-sonicator (Covaris, Woburn, MA). We employed the MethylMiner

Methylated DNA Enrichment Kit (Invitrogen) to select methylated DNA from 12.5 ug

DNA fragments. The final two fractions of highly methylated DNA, which corresponded

to gradient elution buffer concentrations of 0.6 M and 2 M NaCl, were collected. The

recovered DNA in the 2 M NaCl eution buffer was purified with a PureLink PCR

Purification Kit (Invitrogen). After purification, DNA samples were prepared, subjected

to PCR and followed by SOLiD sequencing, that were performed by Mie University Life

Science Research Center using a SOLiD System (Applied Biosystems, Foster City, CA)

with mapping to the human reference genome (hg 19). Sequence datawas processed using

Partek Genomics Suite (Partek Incorporated, Saint Louis, MO) for further statistical

analyses.

Geneexpression array analysis

The same tissue samples as for methyl-capture sequencing were used to extract RNA

by using mirVana miRNA Isolation Kit (Ambion, Carlsbad, CA, USA) according to the



manufacturer's instructions. Fifty nanograms of RNA were subjected to Agilent SurePrint

G3 Human GE microarray analysis (8 x 60K, 1 color, Agilent Technologies, Santa Clara,

CA) for gene expression evaluation (Hokkaido System Science, Sapporo, Japan).



Supplement figure legend

Figure S1. Analysisof RAStype GT Pase family genesin nasopharyngeal carcinoma

primary tumors and nasopharyngeal epithelial tissues.

(A, B) Heat map of RAStype GTPase family in NPC (n=7) and NNE (n=5) tissues. (A)

RAS type GTPase family genes expression alerted using cDNA microarray. (B)

Hypermethylated genes of RAS type GTPase family by methylated-DNA capture

sequencing. (C) Genes of RAS type GTPase family which were significantly

downregulated in cDNA microarray and hypermethylated in methylated-DNA capture

sequencing.

Figure S2. Analysis of VEGF and SASP factorsin vitro and in vivo.

(A) VEGF in RERG-transfected and empty-vector-transfected NPC cells (HK 1, C666-

1) were determined by western blotting (n=3). (B) mMRNA expression of RERG, IL8, L1

and TNFa in xenografts of nude mice was determined by gRT-PCR (n=8). GAPDH was

used as an internal control. (C) IHC analyses of the expression of VEGF in tumors from

nude mice. Original magnification is x200. Bar represents 50 um. Data are shown as

means = SD. **: P < 0.01, ***: P < 0.001 by Student’s t-test or Mann-Whitney U test.



Additional file

Fig. S1
A NNE NPC
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symbaol fold change (log2) MNPC/NNE (fold change)
RERG -1.90 420/0.81  (5.22) RAS-like, estrogen-requiated, growth inhibitor
RASL11A -1.44 0.16/0.00 (=) RAS-like, family 11, member A
RASL1T1B -1.78 0.81/0.27 (3.31) RAS-like, family 11, member B




Additional file

Fig. S2
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