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Abstract

The purpose of this study was to test the hypothesis that specific macrophage-secreted cytokines
cause gene expression changes in endometrial stromal cells that reproduce the effects of macro-
phages in the development of endometriosis. Telomerase-immortalized human endometrial
stromal cells (T-HESC) were treated with tumor necrosis factor a (TNFa, 5 ng/ml) and interleukin
14 (IL1B, 1 ng/ml). Differential expression of 249 genes was identified by DNA microarray. Ontol-
ogies such as peptidases, cell adhesion, cell death/cell cycle, growth factors, cytoskeletal organiza-
tion, defense/immune system, signal transduction, and transcriptional regulation which are re-
lated to the development of endometriosis were represented by these genes. The up-regulation of
interleukin 8 (IL8), interleukin 6 (IL6), IL18 and matrix metalloproteinase 3 (MMP3) in response
to TNFa + ILIB in T-HESC cells was confirmed by real time RT-PCR. TNFa * ILIS did not affect the
migration or invasion of T-HESC cells. This study reinforces our previous investigations on com-
munication between cells of the immune system and endometrial stromal cells and their potential
role in the development of endometriosis.
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1. Introduction

Endometriosis is an inflammatory disease in which endometrial tissue implants and grows outside the uterus [1].
The inflammatory nature of the disease, and the large number of genes related to the immune system/inflamma-
tion that are up-regulated in endometriosis [2] have led to the concept that factors from the immune system ex-
acerbate the development of endometriosis instead of destroying ectopic endometrial tissue [3]-[8].

Factors secreted by macrophages and other immune system cells that are implicated in the development of in-
flammatory diseases such as endometriosis include the cytokines. It has been proposed that cytokines may pro-
mote neovascularization and attachment of endometrial cells to the peritoneum in the process of development of
endometriosis [1] [4] [7]-[11].

Previous studies from our laboratory have demonstrated that reciprocal communication occurs between ma-
crophages/monocytes and endometrial stromal cells in cell culture [5] [6]. These studies demonstrated that fac-
tors secreted by macrophages/monocytes caused differential gene expression in telomerase-immortalized human
endometrial stromal cells (T-HESC) and vice-versa. In the current project we tested the hypothesis that specific
cytokines and growth factors secreted by macrophages (tumor necrosis factor a (TNFa), interleukin 15 (IL15),
interleukin 6 (IL6), and interleukin 8 (IL8), and the growth factor, transforming growth factor  (TGFp)) cause
gene expression changes in T-HESC cells that reproduce the effects of macrophage conditioned medium. We
also tested whether TNFa and IL1£ increased the migratory and invasive properties of T-HESC cells.

This study used human telomerase-immortalized endometrial stromal cells [5] [6] [12] as a model of the early
stages of endometriosis. Endometrial stromal cells are considered to be a critical cell type in the establishment of
endometriosis lesions [13]. Simplifying our model to include only this single cell type allowed us to more clear-
ly analyze the effects of cytokines and their potential role in endometriosis in a carefully controlled environ-
ment.

2. Materials and Methods
2.1. Experimental Design

Concentration-response curves were carried out to identify the concentrations of TNFa, IL13, TGFg, IL8, and
IL6 that achieved the best response from cultured endometrial stromal cells. DNA microarrays were then used to
analyze differential gene expression in endometrial stromal cells in response to TNFa + IL1S. The ability of
TNFa = IL1S to modify migration and invasion of endometrial stromal cells was also assessed using Boyden
chambers.

2.2. Cell Culture

The T-HESC cell line [12] was used for all experiments. T-HESC were obtained from American Type Cell Cul-
ture (ATCC, Manassas, VA) (CRL-4003). No ethical permissions were required for this study since the study
was carried out in a commercially available cell line. The cells were routinely maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Sigma, St. Louis, MO) as described [6]. When the cells reached 80% confluence
they were starved for 24 hours in starvation medium (DMEM+ ITS+ puromycin+ penicillin/streptomycin) be-
fore treatment with cytokines or growth factors.

2.3. Concentration-Response Curves for Cytokines

Three concentrations were tested for each cytokine and growth factor: TNFa (0.05, 0.5, and 5 ng/ml), 1L1/ (0.01,
0.1, and 1 ng/ml), IL8 (25, 150, and 500 ng/ml), IL6 (1, 5, and 10 ng/ml) and TGFS (0.6, 1.2 and 10 ng/ml). All
cytokines and TGFp were obtained from Cell Sciences (Canton, MA). T-HESC cells were treated with individu-
al cytokines and combinations of cytokines for 48 hours or 70 hours in the absence of FBS. After treatment,
RNA was isolated from T-HESC and utilized for real time RT-PCR and DNA microarray analysis.

2.4. RNA Isolation and Quantification

For RNA isolation, T-HESC cells were washed twice with 2 ml phosphate buffered saline (PBS), and 1 ml Tri
reagent (Molecular Research Center, Cincinnati, OH) was added to each culture flask. RNA was purified using
RNeasy mini kit columns (Qiagen, Valencia, CA) and quantified using the RNA 6000 Nano LabChip in an Agi-
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lent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) as described [14].

2.5. Microarray Analysis

Codelink Whole Human Genome Bioarrays (Applied Microarrays, Tempe, AZ) were used to perform microar-
ray analysis of gene expression as described [14]. Statistical analysis of the microarray data was carried out us-
ing Gene Spring 7.0 software (Agilent, Santa Clara, CA).

2.6. Real Time Reverse Transcription-Polymerase Chain Reaction (Real Time RT-PCR)

Real time RT-PCR was used to measure the expression levels of 1L8, MMP3, IL1B, and IL6 for the analyses of
concentration-response curves when T-HESC cells were treated with TNFa + IL1S. These genes were chosen
based on their fold expression in the microarray analysis. Primers and TagMan probes were obtained as Assays
on Demand from Applied Biosystems/Life Technologies (Foster City, CA) (Hs00174097_m1 for IL1B,
Hs01567913 g1 for IL8, Hs00174131 m1l for IL6, and Hs00968308_m1 for MMP3). The expression of target
genes was normalized to the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
results were analyzed using qBase software by the delta CT relative quantification method [15].

2.7.Invasion and Migration in Response to Cytokines

Boyden chambers (BD Biosciences, Bedford, MA) were used to analyze the migratory and invasive activities of
T-HESC in response to TNFa £ IL1S in two sets of experiments. The first experiment consisted of treating
T-HESC cells with TNFa (5 ng/ml) £ IL15 (1 ng/ml) for 48 hours before plating on the Boyden chambers. The
treated cells were dyed using a fluorescent CellTracker Probe (Molecular Probes, Eugene, OR) for cell counting
after migration/invasion. The treated and dyed cells were placed on the control (migration) and invasion inserts
of the Boyden chambers in medium containing cytokines. Each chamber was seeded with 2.5 x 10 cells.
Treatment of the cells with TNFa (5 ng/ml) £ IL14 (1 ng/ml) continued throughout the incubation of the cells in
the Boyden chamber. The cells were incubated in the chambers for 22 hours; they migrated or invaded in re-
sponse to the chemoattractant, fibronectin (25 pg/ml, BD Biosciences, Bedford, MA) in the bottom chamber.
After 22 hours of incubation the membranes were dissected free from the chambers, fixed in 4% paraformalde-
hyde for 2 minutes at room temperature and mounted on microscopy slides using immersion oil. The migration
and invasion of T-HESC cells treated with TNFa + IL1S was compared to vehicle-treated control cells. This
experiment was repeated 5 times with different passages of T-HESC cells. In the second experiment, TNFa *
IL1p were used as chemoattractants; that is, TNFa £ 1L13 were placed at the bottom of the Boyden chambers in
place of fibronectin. The untreated cells were dyed with CellTracker dye, then seeded in the Boyden chambers at
2.5 x 10" cells/chamber. The chambers were incubated and processed as in the first experiment. In both experi-
ments fluorescent cells that migrated/invaded were counted using ImageJ software (National Institutes of Health,
Bethesda, MD).

2.8. Statistical Analyses

Data from the real-time RT-PCR experiments were analyzed using qBase software [15], and Graph Pad Prism
4.0 (San Diego, CA) software was used to perform analysis of variance (ANOVA) on real time RT-PCR data.
Newman Keuls was used as the post hoc test. Gene Spring 7.0 software (Agilent) was used to perform ANOVA
on the microarray data. ANOVA was also used to analyze on the data from cell invasion and migration experi-
ments using the GraphPad Prism 4.0 software (San Diego, CA).

3. Results

Concentration-response curves identified 5 ng/ml TNFa and 1 ng/ml IL1p as the optimal concentrations of these
cytokines for response in T-HESC cells after 48 hours of treatment (data not shown). In contrast, T-HESC cells
did not respond to TGFg, IL8, or IL6, either singly or in combination (data not shown).

DNA microarray identified 249 genes to be differentially expressed in the analysis of T-HESC cells treated
with TNFa £ IL1S (Table 1). The gene ontologies that featured in this microarray data were peptidases, cell ad-
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hesion, cell death/apoptosis, cell cycle, growth factors, cytoskeletal organization, channels/carriers, enzymes/
metabolism, defense/immune system, receptors and ligands, signal transduction, transcriptional regulation, can-
cer related, vesicle trafficking, chaperonins and other. The genes with a two-fold or greater change in expression
and p value of 0.05 or less when compared to control were considered significant. As recommended by mini-
mum information about microarray experiment (MIAME) standards [16], the entire data set for these microar-
rays has been deposited in National Center for Biotechnology Information (NCBI) Gene Expression Omnibus
(GEO; www.ncbi.nlm.nih.gov/geo). The data can be accessed through GEO Series accession number GSE40007.
Four of the differentially expressed genes were chosen for confirmation by real time RT-PCR. IL1B was sig-
nificantly up-regulated in response to TNFa + IL1S (Figure 1(a), Figure 1(b)). The expression of 1L8 showed
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Figure 1. Differential expression of interleukin 15 (a, b), IL8 (c, d), IL6 (e, f), and matrix metalloproteinase 3 (g, h) in
human telomerase-immortalized endometrial stromal cells (T-HESC) in response to treatment with TNFo (TNF) £ IL15 (IL1)
for 48 hours. Data are shown from DNA microarray analysis (a, ¢, €, and g), and from real time RT-PCR analysis (b, d, f,
and h). Data are the mean = S.E., experimental n = 3. Bars with different letter superscripts denote that the data for those
groups are significantly different from each other (ANOVA, Newman Keuls post hoc test, p < 0.05).


http://www.ncbi.nlm.nih.gov/geo

A.]. Chalpe et al

Table 1. Differentially expressed genes in human telomerase-immortalized endometrial stromal cells (T-HESC) treated with
the cytokines TNFa £ 1L14."

ACCN#? Gene symbol Con TNF IL1p TNF + 1L18

Peptidases/related

NM_003817 ADAM7 1.17 1.58 1.33 2.45
NM_004390 CTSH 351 7.22 2.62 5.86
NM_004079 CTSS 2.53 27.38 11.63 27.64
NM_002422 MMP3 10.00 22.59 93.66 81.07
NM_007289 MME 1.80 3.29 2.96 6.78
NM_006587 CORIN 212 0.77 0.95 0.65
NM_002575 SERPINB2 1.40 18.72 9.97 17.18
NM_002974 SERPINB4 0.13 0.07 0.49 1.65
NM_005025 SERPINI1 1.76 1.02 1.30 0.89
NM_001899 CST4 0.64 1.34 0.86 0.89
NM_002801 PSMB10 13.72 32.52 21.99 27.56
NM_020903 USP29 0.56 1.02 0.92 114
NM_002771 PRSS3 2.78 231 249 1.16
Cell adhesion
NM_181847 AMIGO2 11.28 15.73 15.01 27.73
AB002377 ANKRD28 19.84 11.82 10.64 9.65
NM_001332 CTNND2 4.47 3.30 2.33 2.23
NM_138455 CTHRC1 163.71 302.87 205.68 222.93
NM_080680 COL11A2 0.79 1.62 0.87 1.87
NM_001856 COL16A1 1.99 1.90 3.44 7.51
NM_019035 PCDH18 14.10 6.30 6.41 4.56
NM_000885 ITGA4 12.98 7.09 8.80 2.86
NM_004791 ITGBL1 2.16 1.10 1.68 1.16
NM_000873 ICAM2 0.46 1.63 0.64 151
BG032839 PCOTH 6.12 5.05 4.76 3.09
NM_015429 ABI3BP 117 341 1.02 4.29
NM_012198 GCA 0.35 1.10 0.49 0.92
NM_004148 NINJ1 7.08 17.86 12.91 18.19
NM_004196 CDKL1 2.04 1.28 1.39 1.00
Cell cycle
NM_022909 CENPH 11.95 8.06 10.15 3.83
NM_001240 CCNT1 3.89 2.62 2.81 1.79
NM_174942 GAS2L3 8.18 4.94 5.25 3.52
NM_144658 DOCK11 3.92 2.46 2.35 1.61
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Continued
NM_015714 G0S2 3.35 56.22 26.31 71.78
NM_007069 HRASLS3 8.35 22.60 11.22 15.94
NM_178428 LCE2A 12.49 5.85 7.09 1.43
NM_030915 LBH 66.32 35.75 35.43 17.75
NM_002358 MAD2L1 10.76 8.01 8.35 3.84
NM_032793 MFSD2 0.34 0.42 0.61 1.14
NM_015946 PELO 17.36 16.53 12.80 7.36
NM_001165 BIRC3 0.36 3.74 1.08 2.46
NM_001225 CASP4 14.64 32.62 21.14 26.54
Growth factors
NM_001953 ECGF1 1.37 7.04 245 4.63
NM_002006 FGF2 20.82 39.09 28.51 53.87
NM_000618 IGF1 0.66 0.80 0.80 1.58
NM_000618 IGF-1B 0.86 1.14 1.06 1.63
NM_030968 C1QTNF1 2.74 10.70 5.58 17.75
Cytoskeletal
NM_005159 ACTC 93.67 25.60 45.09 12.87
NM_001069 TUBB2 21.37 20.63 16.15 9.36
NM_003380 VIM 681.53 478.57 440.76 328.93
NM_002276 KRT19 76.84 59.23 36.94 30.65
NM_002273 KRT8 331 1.69 1.67 1.18
NM_031957 KRTAP1-5 22.18 7.82 9.75 3.33
AK128036 KRT18 17.73 15.22 8.71 6.09
NM_001747 CAPG 10.17 5.69 6.60 2.84
NM_002381 MATN3 4.25 1.83 2.70 1.45
NM_005379 MYO1A 1.06 1.98 161 4.26
NM_031956 NYD-SP14 1.54 6.17 3.93 6.73
NM_153267 MAMDC2 17.89 20.61 15.54 8.96
Immune system
NM_001710 BF 0.50 2.34 1.95 7.73
NM_004335 BST2 0.63 5.49 1.50 10.51
NM_031890 CECR6 2.63 4.58 3.16 7.51
NM_001250 CD40 0.34 1.23 0.64 1.03
NM_001779 CD58 491 13.38 5.74 8.17
NM_004355 CD74 0.21 1.40 0.22 1.09
NM_002231 CD82 7.35 21.47 17.49 22.45
NM_004233 CD83 0.38 1.07 0.39 0.77




A.]. Chalpe et al

Continued
NM_002985 CCL5 1.23 98.81 2.54 52.84
NM_006273 CCL7 2.17 14.34 15.83 56.62
NM_016557 CCRL1 251 5.98 2.74 4.44
NM_001565 CXCL10 0.31 3.68 241 4.22
NM_002089 CXCL2 1.28 4.64 47.90 103.75
NM_002090 CXCL3 5.05 9.62 15.48 31.98
NM_000063 C2 2.55 4.57 3.36 6.88
NM_000064 C3 0.15 0.60 0.84 5.66
NM_001312 CRIP2 251 1.68 215 1.26
NM_031476 CRISPLD2 0.78 0.69 0.90 4.30
NM_018659 CYTL1 0.40 2.48 1.61 2.83
NM_033255 EPSTIL 3.21 11.00 5.63 18.67
NM_005755 EBI3 1.62 11.10 232 9.26
NM_024503 HIVEP3 0.50 0.65 0.88 1.93
NM_207585 IFNAR2 4.20 10.06 5.39 9.26
AA463818 IFITM5 1.44 224 2.89 413
NM_022168 IFIH1 2.56 7.03 2.88 7.36
NM_004031 IRF7 435 10.81 6.03 14.29
NM_002201 1SG20 1.25 3.00 2.90 4.70
NM_005101 G1P2 22.54 46.03 30.04 55.91
NM_022873 G1P3 2.59 4,64 2.54 5.88
NM_005532 IFI27 8.08 67.13 17.37 82.11
NM_006332 IFI30 8.81 36.07 17.09 29.23
NM_005533 IFI35 15.02 35.59 20.08 33.11
NM_006417 IFI144 2.79 6.99 357 9.81
NM_006820 IF144L 0.79 3.96 1.18 8.68
NM_000576 IL1B 0.45 11.85 37.22 61.25
NM_004221 1L32 11.52 193.11 38.77 115.47
NM_000600 IL6 743 11.84 15.26 57.08
NM_000880 IL7 0.31 0.83 0.95 153
NM_000584 IL8 23.31 472.44 550.94 670.07
NM_002189 IL15RA 4.43 10.04 8.12 15.60
NM_181079 IL21R 0.50 0.91 0.57 1.99
NM_002462 MX1 5.53 17.16 5.53 23.43
NM_002463 MX2 1.80 271 1.93 4.20
NM_005746 PBEF1 4.75 7.95 13.02 24.14
NM_014059 RGC32 21.18 32.92 19.81 6.53
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Continued
NM_030754 SAA2 2.30 4.05 3.48 5.15
AK023341 NAMPT 1.02 1.90 3.61 6.39
NM_012449 STEAP1 0.97 211 231 3.77
NM_145006 SUSD3 5.36 9.93 6.54 5.28
NM_006307 SRPX 27.45 14.69 19.06 13.67
NM_006573 TNFSF13B 0.74 3.93 0.99 3.71
NM_002546 TNFRSF11B 4.30 14.52 8.98 18.19
NM_006291 TNFAIP2 191 3.05 6.21 13.26
NM_006290 TNFAIP3 1.18 5.37 3.02 10.03
NM_007115 TNFAIP6 47.67 62.33 69.42 157.64
Receptors/ligands
NM_000675 ADORA2A 1.07 151 2.57 7.14
NM_001146 ANGPT1 10.93 4.20 481 8.33
NM_020350 AGTRAP 13.86 28.25 17.23 29.54
NM_001621 AHR 1.48 3.82 4.05 5.43
NM_001878 CRABP2 35.59 6.20 16.08 4.08
NM_000739 CHRM2 2.86 1.57 1.27 112
NM_001957 EDNRA 11.15 451 8.84 10.56
NM_198569 GPR126 0.70 1.58 0.54 1.83
NM_001505 GPR30 1.86 1.25 1.66 0.80
NM_000815 GABRD 194 4.40 2.64 4.79
NM_005264 GFRA1 481 15.75 4.25 10.28
NM_152430 OR51E1 1.08 2.30 2.82 2.75
NM_005037 PPARG 7.59 3.96 3.46 3.16
NM_000955 PTGER1 1.88 0.77 0.82 0.47
NM_005854 RAMP2 192 1.49 111 0.93
NM_206963 RARRES1 131 2.01 1.96 4.02
BX648828 ROBO2 117 6.74 2.38 7.88
NM_003268 TLR5 0.49 0.85 0.93 1.03
Signaling

AKO055561 ERN1 1.59 3.15 2.02 3.28
NM_017729 EPS8L1 1.57 5.05 1.95 2.90
BC040073 H19 2.82 1.80 1.57 1.41
NM_006558 KHDRBS3 15.22 13.64 10.60 7.06
NM_005949 MT1F 041 0.58 0.64 2.55
NM_005204 MAP3K8 1.15 213 4.20 6.50
NM_198270 NHS 7.07 10.27 8.96 18.16
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Continued
NM_013956 NRG1 1.70 5.07 5.29 8.27
NM_002502 NFKB2 1.34 2.12 1.90 4.18
NM_003738 PTCH2 151 2.49 1.99 521
NM_018492 PBK 181 0.95 1.22 0.49
NM_002667 PLN 2.70 15.38 6.40 8.46
NM_002668 PLP2 76.69 52.09 54.19 27.74
BX647593 RABL3 18.94 14.52 12.39 9.19
NM_002928 RGS16 0.46 3.83 6.18 1.83
NM_003702 RGS20 13.19 14.61 9.23 5.72
NM_005613 RGS4 4.22 1.95 2.65 1.34
NM_002924 RGS7 3.40 3.24 1.49 0.97
NM_031286 SH3BGRL3 27.48 21.54 19.37 12.19
NM_017720 STAP2 1.78 6.79 2.04 3.24
NM_031244 SIRTS 2.39 1.78 1.32 1.14
NM_005905 SMAD9 1.47 0.43 0.60 0.41
NM_021967 SERF1A 6.09 11.14 8.27 9.34
U81001 SNRPN 7.40 4.43 6.43 3.18
NM_198538 SBSN 1.61 2.55 3.14 6.50
NM_006528 TFPI2 59.73 196.06 114.78 270.54
NM_024873 TNIP3 0.39 2.32 0.97 3.26
NM_052864 TIFA 1.53 3.52 2.01 3.05
NM_006398 UBD 0.22 1.73 0.27 1.85
NM_021116 ADCY1 1.00 1.01 1.62 2.95
Transcription
NM_004024 ATF3 6.45 8.28 14.12 16.94
NM_024812 BAALC 3.13 5.66 3.64 3.61
NM_005195 CEBPD 4.79 8.43 14.27 26.51
NM_001822 CHN1 91.85 70.70 81.88 41.69
NM_012242 DKK1 76.96 77.46 39.54 43.95
NM_016323 HERCS 1.49 5.11 2.18 6.65
NM_017912 HERCG6 7.24 19.79 9.99 3231
NM_021063 HIST1H2BD 1.99 351 2.07 4.07
NM_003516 HIST2H2AA 7.32 24.50 12.07 30.15
NM_003528 HIST2H2BE 5.77 16.37 8.30 22.28
NM_002165 ID1 1.68 0.34 1.05 0.21
NM_014583 LMCD1 2.62 5.57 2.64 5.61
NM_001290 LDB2 3.71 2.55 221 1.84
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Continued
NM_002402 MEST 10.88 1.49 491 0.95
NM_002449 MSX2 0.71 1.38 1.14 1.50
NM_006167 NKX3-1 2.36 5.11 6.71 12.12
NM_002824 PTMS 65.65 47.54 37.46 30.93
AK095843 ZNF883 1.09 0.70 0.43 0.52
NM_003222 TFAP2C 7.27 7.80 13.62 22.43
NM_025079 ZC3H12A 5.76 9.67 14.77 22.79
NM_002583 PAWR 2.35 2.02 1.46 117
Cancer related
NM_002350 LYN 1.73 2.50 1.95 3.59
NM_014751 MTSS1 5.12 9.45 5.68 7.91
NM_152858 WTAP 19.85 47.39 38.36 69.56
NM_012258 HEY1 1.29 0.90 1.35 2.74
NM_002129 HMGB2 132.06 85.51 81.03 61.72
NM_198389 PDPN 0.44 1.35 152 248
NM_203401 STMN1 8.08 8.28 7.18 3.66
T92525 TMA4SF1 1.94 3.83 1.77 3.02
Vesicle traffic
NM_004209 SYNGR3 0.70 1.60 1.09 1.67
NM_003764 STX11 1.29 3.95 2.20 5.03
NM_001233 CAV2 37.41 24.89 28.18 17.15
NM_177478 FTMT 13.60 37.36 23.54 43.41
N47412 FTH1 96.62 185.95 122.52 180.14
NM_005723 TSPAN5 29.76 24.58 23.11 14.73
Channels/carriers
NM_002977 SCN9A 34.40 19.34 17.66 12.17
NM_017585 SLC2A6 0.88 1.64 1.14 2.28
NM_199329 SLC43A3 2.35 4.54 6.64 14.16
NM_182936 SLC8A3 19.70 41.98 23.74 43.99
NM_005630 SLCO2A1 0.18 111 0.38 248
NM_007332 TRPA1 0.55 5.45 354 15.81
NM_017680 ASPN 2.04 0.16 0.76 0.30
NM_005603 ATP8B1 3.99 4.03 2.63 191
NM_130463 ATP6V1G2 2.55 1.52 1.83 1.19
NM_018672 ABCA5 2.32 471 2.28 5.70
Enzymes/Metab
NM_016816 OAS1 1.97 4.33 2.22 6.06
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Continued
NM_003733 OASL 0.21 0.91 0.27 1.65
NM_033068 ACPT 1.86 3.02 2.84 3.72
NM_000693 ALDH1A3 1.59 9.74 6.50 25.74
NM_001628 AKR1B1 21.52 103.85 46.04 137.31
NM_001732 BTN1Al 21.64 15.49 13.32 9.76
BC052289 CPA4 1.94 0.59 0.90 0.42
NM_003851 CREG1 7.58 11.64 7.89 14.67
NM_018371 CSGALNACHT1 0.55 0.36 0.91 2.28
NM_016246 DHRS10 6.88 12.81 7.58 8.38
NM_013989 DIO2 2.38 351 4.94 8.04
NM_001935 DPP4 1.24 1.62 2.53 4.60
NM_005803 FLOT1 45.35 19.03 23.97 15.37
NM_000167 GK 2.93 3.70 2.93 5.69
NM_031302 GLT8D2 15.55 7.90 10.25 10.28
NM_025193 HSD3B7 1.56 1.18 1.04 0.70
NM_005525 HSD11B1 0.75 39.11 22.01 97.54
NM_016048 1ISOC1 2.82 6.06 4.14 5.38
NM_003937 KYNU 0.48 3.73 1.45 4.40
NM_032857 LACTB 31.98 57.66 40.03 40.52
NM_194436 LDHD 219 3.47 3.36 4.44
NM_015907 LAP3 9.60 29.99 14.72 33.31
NM_002543 OLR1 3.23 10.12 3.24 5.65
NM_175886 PRPS1L1 9.75 5.67 5.78 3.98
NM_002573 PAFAH1B3 20.92 19.58 16.95 10.21
NM_017554 PARP14 341 5.16 3.72 6.56
NM_004878 PTGES 1.66 3.87 4.24 13.26
NM_016147 PME-1 84.44 79.05 57.95 42.37
NM_032957 RTEL1 5.59 23.26 15.09 10.62
NM_014509 SERHL2 1.96 1.56 1.25 0.87
W01427 NR2F2 10.63 7.36 7.78 456
NM_003896 ST3GALS5 3.70 2.90 3.38 141
NM_006645 STARD10 7.31 13.29 721 12.01
NM_021199 SQRDL 7.49 20.23 10.97 16.50
NM_000636 SOD2 443 69.46 49.27 118.66
NM_013251 TAC3 0.34 6.33 1.02 4.26
NM_016381 TREX1 12.84 25.77 13.25 19.95
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Continued
NM_001071 TYMS 5.72 439 4.28 2.49
Other

NM_025004 CCDC15 3.02 2.68 2.25 1.16
NM_004764 PIWIL1 161 2.57 261 3.43
NM_138419 FAM54A 1.32 0.87 0.89 0.47
NM_144617 HSPB6 9.70 3.07 4.10 2.67

W60905 PPIA-like 0.83 0.98 1.15 1.65

%Values were determined by DNA microarray and are the mean of an experimental n of 3 passages of cells. GeneSpring 7.0 software was used to per-
form ANOVA on microarray data. 2Abbreviations used: Genbank accession number (ACCN#), control (Con), tumor necrosis factor a (TNF), inter-
leukin 1 (IL1p), transcriptional regulation (transcription), enzymes/metabolism (enzymes/metab).

a robust up-regulation in response to TNFa and IL1S (Figure 1(c), Figure 1(d)). IL6 was significantly up-re-
gulated in response to TNFa + IL1 compared to TNF« or IL1A alone (Figure 1(e), Figure 1(f)). The expres-
sion of MMP3 was significantly increased in T-HESC cells treated with TNFa + IL18 (Figure 1(g), Figure 1(h))
as demonstrated by microarray analysis and real time RT-PCR.

Since T-HESC cells are under the influence of TNFa + IL1S for a total of 70 hours in the Boyden chambers
during migration and invasion experiments, gene expression was measured in T-HESC cells at 70 hours. Figure
2 shows the significant up-regulation of IL8, IL6 and IL1B in T-HESC cells in response to IL14 alone and to
TNFa + 1L1 compared to control and TNFa alone at 70 hours as measured by real time RT-PCR.

The migration and invasion of T-HESC cells as measured with Boyden chambers were not significantly
changed in response to treatment with TNFa or IL1p alone or in combination (Figure 3(a)-(b)) (n = 5). Similar-
ly, TNFa and IL1S did not act as chemoattractants to stimulate the migration or invasion of T-HESC cells
(Figure 3(c)-(d)).

4. Discussion

In this project we investigated the effects of five macrophage-secreted factors on gene expression in a human
endometrial stromal cell line (T-HESC). TNFa and IL1S stimulated differential gene expression in T-HESC
cells as shown by DNA microarray and real time RT-PCR. Thus, the most important finding of this study is that
TNFa + I1L1J partially reproduced the effect of factors secreted by macrophages (macrophage conditioned me-
dium) on T-HESC cells. In contrast, T-HESC cells did not respond to TGFp, IL6, or IL8. This finding suggests
that endometrial stromal cells may not be the primary target for these macrophage-secreted factors.

Cellular processes involved in the development of endometriosis include cell migration, invasion, survival,
adhesion, proliferation, and angiogenesis [9]. Many of the gene ontologies identified in this study are clearly
associated with cellular functions that are necessary for the establishment of endometriosis. For example, pepti-
dases and their regulators are important to cellular invasion through the extracellular matrix, and cytoskeletal
organization is associated with the ability of cells to migrate and invade. Genes in the ontology of cell cycle are
involved in proliferation, and the ontology of cell adhesion is important to the ability of endometrial cells to ad-
here to the peritoneal organs or the peritoneal wall. The ontologies of growth factors, receptors and ligands, sig-
nal transduction, and transcriptional regulation are all related to the regulation of cellular functions involved in
the development of endometriosis. Moreover, the ontology of defense/immune system is relevant to the inflam-
matory response that has been implicated in endometriosis [3] [8] [17].

The four genes chosen for confirmation by real time RT-PCR following microarray analysis, IL8, IL6, MMP3
and IL1B, can be designated inflammatory markers as they are all implicated in inflammation and are up-regu-
lated in endometriosis [6], as well as in T-HESC treated with TNFa + IL1f. These genes have been extensively
studied in endometriosis [3] [17]-[21]. Increased numbers of macrophages are found in the peritoneal fluid of
women with endometriosis compared to that of women without endometriosis [17]. Macrophages secrete L8
which has been shown to be increased in women with endometriosis [22]. These data associate 1L8 with the pa-
thogenesis of endometriosis. IL14 is known to induce the expression of IL6 and IL8 in T-HESC cells [23]-[25].
This study confirms the literature reports. Ponce and coworkers [26] have demonstrated that the expression of
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Figure 2. Differential gene expression of IL1A (a); IL6 (b); and IL8 (c) in human telomerase-immortalized endometrial
stromal cells in response to treatment with TNFa (TNF) + IL1A (IL1) for 70 hours as measured by real time RT-PCR. This
time period corresponds to the time at which the cell invasion and migration assays were carried out. Data are the mean +
S.E., experimental n = 3. Bars with different letter superscripts denote that the data for those groups are significantly
different from each other (ANOVA, Newman Keuls post hoc test, p < 0.05).
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Figure 3. Migration and invasion of human telomerase-immortalized endometrial stromal cells (T-HESC) under control
conditions or treated with TNFa, IL18, or TNFa + IL1S in Boyden chambers. Groups a and b illustrate migration (mig) and
invasion (inv) in response to treatment (tmt) with cytokines during the migration or invasion process. Groups ¢ and d show
migration and invasion when cytokines were placed in the bottom chamber as chemoattractants. Data are the mean + S.E.,
experimental n = 5. No significant differences were identified among the groups (ANOVA, p < 0.05).

IL6 mRNA is down-regulated in endometriosis tissue compared to normal endometrium during the late-secre-
tory phase of the menstrual cycle. On the other hand, Fassbender and coworkers [27] identified increased ex-
pression of IL6 in macroscopically normal endometrium from patients with endometriosis. The reports in the li-
terature and our study demonstrate the dynamic expression of IL6 in endometrial stromal cells and endometri-
osis. MMP3 was up-regulated in ectopic endometrial tissue compared to eutopic endometrium in women with
endometriosis [5] [28]. The up-regulation of MMP3 in our study indicates that MMP3 expression is regulated by
TNFa and IL1S in endometrial stromal cells. These cytokines may also be responsible for the up-regulation of
MMP3 in endometriosis.

The treatment of T-HESC cells with the combination of TNFa + IL1p for 48 hours substantially increased the
expression of IL1B, IL8, IL6 and MMP3. The effect of the combined cytokines on the expression of IL1B, ILS6,
and MMP3 appeared to be synergistic, whereas the effect on L8 expression appeared to be additive. In contrast,
treatment of the cells with the combination of TNFa + IL14 for 70 hours did not result in a further increase in
expression of the genes tested. Rather the combination of cytokines showed a small, albeit statistically insignifi-
cant, decline in expression levels compared to IL14 alone. It is unclear whether the change in response between
48 hours and 70 hours was due to loss of activity of TNFa or due to the attenuation of the response of the cells
to the treatment.

The expression of the IL8 and IL6 genes was up-regulated in response to TNFa + IL1S in T-HESC cells, but
the cells did not respond to treatment with IL8 or IL6. We tested higher concentrations of IL8 (25, 150, 500
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ng/ml) compared to the concentrations reported in the literature [29] and still did not observe a response by
T-HESC cells. It is possible that cultured T-HESC cells do not have receptors for IL8 or IL6. It is also possible
that a different set of genes is affected in T-HESC cells in response to IL8 and IL6 than the ones tested in this
study (IL8 and MMP3).

We had hypothesized that factors secreted by macrophages would increase the migratory and invasive proper-
ties of T-HESC cells [1]. Two separate experiments were designed to examine the effects of TNFa and IL15 on
migration and invasion when endometrial stromal cells are bathed in the pool of cytokines (as the treatment of
T-HESC cells) or when endometrial stromal cells are attracted towards a source of cytokines (TNFa + IL1S as
chemoattractants) in endometriosis. However, TNFo and IL14 did not affect the migration or invasion of
T-HESC cells in this study in either experimental paradigm. TNFa and IL1/ are not specifically known as che-
mokines so their inability to act as chemoattractants was not surprising. The lack of an effect of these two cyto-
kines on migration and invasion of cultured T-HESC cells does not negate their effect on other cellular functions
needed for the establishment of endometriosis.

5. Conclusion

In conclusion, TNFa and IL1p partially reproduced the effect of macrophage conditioned medium on gene ex-
pression in T-HESC cells. However, TNFa and IL1 failed to demonstrate an effect on the migration and inva-
sion of T-HESC cells. Thus other cytokines, in combination with TNFa and IL14, chemokines, and other growth
factors, are expected to fully duplicate the effect of factors secreted by macrophages on endometrial stromal
cells.

Acknowledgements

This work was supported by the Wesley R. Parke award to Abha J. Chalpe and by internal funds from the Divi-
sion of Basic Biomedical Sciences, the Sanford School of Medicine Research Funds, and the Department of Ob-
stetrics & Gynecology, Sanford School of Medicine of The University of South Dakota. The Genomics Core
was funded by NIH P20GM103443.

References

[1] Kyama, C.M., Mihalyi, A., Simsa, P., Falconer, H., Fulop, V., Mwenda, J.M., Peeraer, K., Tomassetti, C., Meuleman,
C. and D’Hooghe, T.M. (2009) Role of Cytokines in the Endometrial-Peritoneal Cross-Talk and Development of En-
dometriosis. Front Biosci (Elite Ed), 1, 444-454.

[2] Eyster, K.M., Klinkova, O., Kennedy, V. and Hansen, K.A. (2007) Whole Genome Deoxyribonucleic Acid Microarray
Analysis of Gene Expression in Ectopic versus Eutopic Endometrium. Fertility and Sterility, 88, 1505-1533.
http://dx.doi.org/10.1016/j.fertnstert.2007.01.056

[3] Siristatidis, C., Nissotakis, C., Chrelias, C., lacovidou, H. and Salamalekis, E. (2006) Immunological Factors and Their
Role in the Genesis and Development of Endometriosis. Journal of Obstetrics and Gynaecology Research, 32, 162-170.

http://dx.doi.org/10.1111/j.1447-0756.2006.00373.x
[4] Banu, S.K., Lee, J., Starzinski-Powitz, A. and Arosh, J.A. (2008) Gene Expression Profiles and Functional Characteri-

zation of Human Immortalized Endometriotic Epithelial and Stromal Cells. Fertility and Sterility, 90, 972-987.
http://dx.doi.org/10.1016/j.fertnstert.2007.07.1358

[5]1 Eyster, K.M., Hansen, K.A., Winterton, E., Klinkova, O., Drappeau, D. and Mark-Kappeler, C.J. (2010) Reciprocal
Communication between Endometrial Stromal Cells and Macrophages. Reproductive Sciences, 17, 809-822.
http://dx.doi.org/10.1177/1933719110371854

[6] Klinkova, O., Hansen, K.A., Winterton, E., Mark, C.J. and Eyster, K.M. (2010) Two-Way Communication between
Endometrial Stromal Cells and Monocytes. Reproductive Sciences, 17, 125-136.
http://dx.doi.org/10.1177/1933719109348922

[7]1 Bersinger, N.A., Giinthert, A.R., McKinnon, B., Johann, S. and Mueller, M.D. (2011) Dose-Response Effect of Inter-
leukin (IL)-1/, Tumour Necrosis Factor (TNF)-a, and Interferon-y on the in Vitro Production of Epithelial Neutrophil
Activating Peptide-78 (ENA-78), IL-8, and IL-6 by Human Endometrial Stromal Cells. Archives of Gynecology and
Obstetrics, 283, 1291-1296. http://dx.doi.org/10.1007/s00404-010-1520-3

[8] Maybin, J.A., Critchley, H.O.D. and Jabbour, H.N. (2011) Inflammatory Pathways in Endometrial Disorders. Molecu-
lar and Cellular Endocrinology, 335, 42-51. http://dx.doi.org/10.1016/j.mce.2010.08.006



http://dx.doi.org/10.1016/j.fertnstert.2007.01.056
http://dx.doi.org/10.1111/j.1447-0756.2006.00373.x
http://dx.doi.org/10.1016/j.fertnstert.2007.07.1358
http://dx.doi.org/10.1177/1933719110371854
http://dx.doi.org/10.1177/1933719109348922
http://dx.doi.org/10.1007/s00404-010-1520-3
http://dx.doi.org/10.1016/j.mce.2010.08.006

A.]. Chalpe et al

(9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Giudice, L.C. and Kao, L.C. (2004) Endometriosis. Lancet, 364, 1789-1799.
http://dx.doi.org/10.1016/S0140-6736(04)17403-5

Jones, C.J.P., Nardo, L.G., Littam P. and Fazleabas, A.T. (2009) Ultrastructure of Ectopic Peritoneal Lesions from
Women with Endometriosis, Including Observations on the Contribution of Coelomic Mesothelium. Reproductive
Sciences, 16, 43-55. http://dx.doi.org/10.1177/1933719108324891

Jovanovi¢, M. and Vicovac, L. (2009) Interleukin-6 Stimulates Cell Migration, Invasion and Integrin Expression in
HTR-8/SVneo Cell Line. Placenta, 30, 320-328. http://dx.doi.org/10.1016/j.placenta.2009.01.013

Krikun, G., Nor, G., Alvero, A, Guller, S., Schatz, F., Sapi, E., Rahman, M., Caze, R., Qumsiyeh, M. and Lockwood,
C.J. (2004) A Novel Immortalized Human Endometrial Stromal Cell Line with Normal Progestational Response. En-
docrinology, 145, 2291-2296. http://dx.doi.org/10.1210/en.2003-1606

Mai, K.T., Yazdi, H.M., Perkins, D.G. and Parks, W. (1997) Pathogenetic Role of the Stromal Cells in Endometriosis
and Adenomyosis. Histopathology, 30, 430-442. http://dx.doi.org/10.1046/j.1365-2559.1997.4910725.x

Eyster, K.M. and Brannian, J.D. (2009) Gene Expression Profiling in the Aging Ovary. Methods in Molecular Biology,
590, 71-89. http://dx.doi.org/10.1007/978-1-60327-378-7_5

Hellemans, J., Mortier, G., De Paepe, A., Speleman, F. and Vandesompele, J. (2007) gBase Relative Quantification
Framework and Software for Management and Automated Analysis of Real-Time Quantitative PCR Data. Genome Bi-
ology, 8, R19. http://dx.doi.org/10.1186/gh-2007-8-2-r19

Brazma, A., Hingamp, P., Quackenbush, J., Sherlock, G., Spellman, P., Stoeckert, C., Aach, J., Ansorge, W., Ball, C.A.,
Causton, H.C., et al. (2001) Minimum Information about a Microarray Experiment (MIAME)—Toward Standards for
Microarray Data. Nature Genetics, 29, 365-371. http://dx.doi.org/10.1038/ng1201-365

Bondza, P.K., Maheux, R. and Akoum, A. (2009) Insights into Endometriosis-Associated Endometrial Dysfunctions: A
Review. Frontiers in Bioscience, 1, 415-428.

Osteen, K.G., Keller, N.R., Feltus, F.A. and Melner, M.H. (1999) Paracrine Regulation of Matrix Metalloproteinase
Expression in the Normal Human Endometrium. Gynecologic and Obstetric Investigation, 48, 2-13.
http://dx.doi.org/10.1159/000052863

Braundmeier, A.G. and Nowak, R.A. (2006) Cytokines Regulate Matrix Metalloproteinases in Human Uterine Endo-
metrial Fibroblast Cells through a Mechanism that Does Not Involve Increases in Extracellular Matrix Metalloprotei-
nase Inducer. American Journal of Reproductive Immunology, 56, 201-214.
http://dx.doi.org/10.1111/j.1600-0897.2006.00418.x

Guay, S. and Akoum, A. (2007) Stable Inhibition of Interleukin 1 Receptor Type Il in Ishikawa Cells Augments Secre-
tion of Matrix Metalloproteinases: Possible Role in Endometriosis Pathophysiology. Reproduction, 134, 525-534.
http://dx.doi.org/10.1530/REP-06-0377

Yang, J.H., Wu, M.Y., Chen, M.J., Chen, S.U,, Yang, Y.S. and Ho, H.N. (2009) Increased Matrix Metalloproteinase-2
and Tissue Inhibitor of Metalloproteinase-1 Secretion but Unaffected Invasiveness of Endometrial Stromal Cells in
Adenomyosis. Fertility and Sterility, 91, 2193-2198. http://dx.doi.org/10.1016/j.fertnstert.2008.05.090

Milewski, L., Dziunycz, P., Barcz, E., Radomski, D., Roszkowski, P.I., Korczak-Kowalska, G., Kaminski, P. and Ma-
lejczyk, J. (2011) Increased Levels of Human Neutrophil Peptides 1, 2, and 3 in Peritoneal Fluid of Patients with En-
dometriosis: Association with Neutrophils, T Cells and IL-8. Journal of Reproductive Immunology, 91, 64-70.
http://dx.doi.org/10.1016/j.jri.2011.05.008

Akoum, A., Lawson, C., McColl, S. and Villeneuve, M. (2001) Ectopic Endometrial Cells Express High Concentra-
tions of Interleukin (IL)-8 in Vivo Regardless of the Menstrual Cycle Phase and Respond to Oestradiol by
Up-Regulating IL-1-Induced IL-8 Expression in Vitro. Molecular Human Reproduction, 7, 859-866.
http://dx.doi.org/10.1093/molehr/7.9.859

Lebovic, D.1., Bentzien, F., Chao, V.A., Garrett, E.N., Meng, Y.G. and Taylor, R.N. (2000) Induction of an Angiogenic
Phenotype in Endometriotic Stromal Cell Cultures by Interleukin-15. Molecular Human Reproduction, 6, 269-275.
http://dx.doi.org/10.1093/molehr/6.3.269

Hou, Z., Zhou, J., Ma, X., Fan, L., Liao, L. and Liu, J. (2008) Role of Interleukin-1 Receptor Type Il in the Pathogene-
sis of Endometriosis. Fertility and Sterility, 89, 42-51. http://dx.doi.org/10.1016/j.fertnstert.2007.01.044

Ponce, C., Torres, M., Galleguillos, C., Sovino, H., Boric, M.A., Fuentes, A. and Johnson, M.C. (2009) Nuclear Factor
kB Pathway and Interleukin-6 Are Affected in Eutopic Endometrium of Women with Endometriosis. Reproduction,
137, 727-737. http://dx.doi.org/10.1530/REP-08-0407

Fassbender, A., Overbergh, L., Verdrengh, E., Kyama, C.M., Vodolazakaia, A., Bokor, A., Mueleman, C., Peeraer, K.,
Tomassetti, C., Waelkens, E., et al. (2011) How Can Macroscopically Normal Peritoneum Contribute to the Pathoge-
nesis of Endometriosis? Fertility and Sterility, 96, 697-699. http://dx.doi.org/10.1016/j.fertnstert.2011.06.034

Shan, K., Wang, Y., Zhang, J.H., Guo, W., Wang, N. and Li, Y. (2005) The Function of the SNP in the MMP1 and



http://dx.doi.org/10.1016/S0140-6736(04)17403-5
http://dx.doi.org/10.1177/1933719108324891
http://dx.doi.org/10.1016/j.placenta.2009.01.013
http://dx.doi.org/10.1210/en.2003-1606
http://dx.doi.org/10.1046/j.1365-2559.1997.4910725.x
http://dx.doi.org/10.1007/978-1-60327-378-7_5
http://dx.doi.org/10.1186/gb-2007-8-2-r19
http://dx.doi.org/10.1038/ng1201-365
http://dx.doi.org/10.1159/000052863
http://dx.doi.org/10.1111/j.1600-0897.2006.00418.x
http://dx.doi.org/10.1530/REP-06-0377
http://dx.doi.org/10.1016/j.fertnstert.2008.05.090
http://dx.doi.org/10.1016/j.jri.2011.05.008
http://dx.doi.org/10.1093/molehr/7.9.859
http://dx.doi.org/10.1093/molehr/6.3.269
http://dx.doi.org/10.1016/j.fertnstert.2007.01.044
http://dx.doi.org/10.1530/REP-08-0407
http://dx.doi.org/10.1016/j.fertnstert.2011.06.034

A.]. Chalpe et al

MMP3 Promoter in Susceptibility to Endometriosis in China. Molecular Human Reproduction, 11, 423-427.
http://dx.doi.org/10.1093/molehr/gah177

[29] Sharpe-Timms, K.L., Nabli, H., Zimmer, R.L., Birt, J.A. and Davis, J.W. (2010) Inflammatory Cytokines Differential-
ly Up-Regulate Human Endometrial Haptoglobin Production in Women with Endometriosis. Human Reproduction, 25,
1241-1250. http://dx.doi.org/10.1093/humrep/deq032



http://dx.doi.org/10.1093/molehr/gah177
http://dx.doi.org/10.1093/humrep/deq032

	TNFα and IL1β Stimulate Differential Gene Expression in Endometrial Stromal Cells
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Design 
	2.2. Cell Culture 
	2.3. Concentration-Response Curves for Cytokines
	2.4. RNA Isolation and Quantification 
	2.5. Microarray Analysis 
	2.6. Real Time Reverse Transcription-Polymerase Chain Reaction (Real Time RT-PCR) 
	2.7. Invasion and Migration in Response to Cytokines
	2.8. Statistical Analyses

	3. Results
	4. Discussion 
	5. Conclusion
	Acknowledgements 
	References

