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Abstract

Objective—OQvarian cancer has very heterogeneous histological classification, and response to
therapy of the same grade and type varies. We studied genes in the Wnt and hedgehog (Hh)
pathways, which are essential for embryonic development and which play critical roles in
proliferation in a variety of human cancers. Variations in these pathway genes causing
proliferation could play a role in the variation in tumor progression and response to therapy.

Methods/Materials—Using real-time polymerase chain reaction, we studied 16 primary grade 3
International Federation of Gynecology and Obstetrics stage 111 serous ovarian cancer samples for
expression of the Wnt pathway gene AXIN2, fibroblast growth factor 9, and Hh pathway gene
expressions of glioma-associated oncogene 1, glioma-associated oncogene 2, patched homolog 1,
patched homolog 2, Indian Hedgehog (HH), sonic HH, and Smoothened, a G protein—coupled
receptor protein. Normal ovary epithelial cell line was used as control.

Results—We found wide variation of up-regulation of pathway component and target genes in
the primary tumor samples and apparent cross talk between the pathways. AXIN2, a Wnt target
gene, showed increased expression in all serous ovarian cancer samples. Fibroblast growth factor
9 was also overexpressed in all tumors with greater than1000-fold increase in gene expression in 4
tumors. Expression of Hh pathway genes varied greatly. More than half of the tumor samples
showed involvement of Hh signaling or pathway activation either by expression of transcription
factors and Hh ligands or by overexpression of Indian HH/sonic HH and the receptor-encoding
patched homolog 1/patched homolog 2.

Conclusion—We found a wide variation in fold expression of genes involved in the Wnt and Hh
pathway between patient samples.
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Ovarian cancer is the leading cause of death from gynecological cancer in the United States,
with estimated 13,850 deaths in 2010. Most patients are initially diagnosed with stage 111 or
IV disease. Despite good responses to the initial treatment, which includes surgery followed
by che-motherapy, less than 30% of these patients survive 5 years after diagnosis.> The
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origin and pathogenesis of epithelial ovarian cancer, which accounts for 80% to 90% of all
ovarian malignancies is still controversial. The most common histological type of epithelial
ovarian cancer is serous papillary (55% to 60%). Less common subtypes are endometrioid,
clear cell, mucinous, and undifferentiated. There is accumulating evidence that high-grade
serous ovarian cancer does not originate from the ovarian surface epithelium but arises in
the fimbrial epithelium of the fallopian tube, which secondarily implants to the ovary.2:3
Epithelial ovarian tumors exhibit a considerable intratumoral heterogeneity, where the final
pathological classification of the tumor depends on the predominant histological
characteristics of the specimen. Thus, the histological subtypes represent not distinct sub-
groups but rather overlapping entities.

Molecular pathways such as the Wnt or Hedgehog (Hh) signaling pathways participate in
and propagate many phys-iologic developmental events in normal embryogenesis, as
differentiation and proliferation are known to lead to tumor formation when aberrantly
activated. Wnt and Hh signaling is active in many cancers.*

The Wnt pathway has been well studied in a number of cancers, where p-catenin mutations
could be identified, no-tably colorectal cancer.® In ovarian carcinoma, however, the
detection of a high-rate (approximately 40%) of p-catenin mutations was confined to the
endometrioid subtype of epithelial ovarian cancer.5-8 Further studies of this subtype showed
that the fibroblast growth factor 9 (FGF9) was sig-nificantly overexpressed in the
endometrioid ovarian cancer specimens that carried Wnt/B-catenin pathway deregulations.®
Axis inhibition protein 2 (AXIN2) is a negative regulator of the Wnt/B-catenin pathway and
functions by participating in a negative feedback loop to limit the duration and intensity of a
Wht initiated signal. This effect is demonstrated in some solid tumors such as colorectal
carcinoma, colorectal and liver tumors, craniopharyngiomas, hepatoblastoma, and rare
pancreatic tumors. Little is known about the expression level of AXIN2 in ovarian cancer.

Sonic hedgehog (SHH) and Indian HH (IHH) are se-creted proteins in the Hh pathway.
Sonic hedgehog functions by binding and inactivating its receptor proteins, patched
homolog 1 (PTCH-1) and PTCH-2 on target cells. Patched homolog 1 (and, possibly,
PTCH-2), inhibits signaling through a physical interaction with a 7-span transmembrane
protein, Smoothened (SMO), a signal transducer (or oncogene). On Hh ligand binding to
PTCH, repression of SMO is abolished and signals are transduced through several kinases to
the nucleus, which activates the GLI transcription factors.10

Hedgehog signaling pathway was shown to be associated with the tumorigenesis of basal
cell, pancreas, prostate, digestive tract, glioma, and non-small cell lung cancers.!! Recently,
data implicated the Hh pathway in ovarian cancer.12-14 However, the data are inconsistent,
and more research is clearly needed. Yauch et all® described a paracrine requirement for Hh
signaling in the development of Hh-dependent tumor growth. Now there is evidence for an
intrin-sic intratumoral and extrinsic microenvironment Hh signaling.

In this report, we studied the activation of Wnt-related and Hh signaling genes in 16 primary
grade 3 International Federation of Gynecology and Obstetrics (FIGO) stage 111 serous
papillary ovarian tumors. For the Wnt pathway level, we looked at the expression of AXIN2
(negative feedback) and FGF9, which may function as a downstream growth factor in
tumors. The Hh pathway activation was studied by the gene expressions of glioma-
associated oncogene 1 (GLI1), GLI2, SMO, PTCH1, PTCH2, IHH, and SHH.
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MATERIALS AND METHODS

Primary Tumor Samples

Sixteen primary grade 3 FIGO stage |11 serous papillary ovarian tumor samples (solid tumor
samples or tumor cells from ascites) samples were obtained at the time of primary ovarian
cancer surgery at Stanford (Division of Gynecologic Oncology). All tumors were diagnosed
by Stanford Pathology at an advanced stage according to the FIGO cri-teria. The analysis of
tissue from human subjects was ap-proved by the Stanford University Institutional Review
Board (IRB Protocol ID: 13939; IRB Number 6208).

Tumor Sample Processing

Cell Lines

Ascites samples were removed immediately upon entry into the abdomen. Ascites samples
were centrifuged to yield a cell pellet. In samples with significant blood contamination, a red
blood cell lysis step was performed using a solution of 0.14-mol/L ammonium chloride
(Gibco, Invitrogen, Carlsbad, Calif). The remaining cells were washed in Hanks balanced
salt solution supplemented with 2% fetal bovine serum (FBS) and counted. The cells not
used for immediate experimenta-tion were frozen in liquid nitrogen with 90% FBS and 10%
dimethyl sulfoxide. Solid tumor specimens were processed by mechanical and enzymatic
dissociation. Samples were finely minced with a scalpel to produce maximal surface area,
then incubated in dissociating solution (medium 199 with collagenase D; Roche Applied
Science USA), 200 Units/mL; 14-uL/mL liberase 2 (Roche); 14-uL/mL liberase 4 (Roche);
and 200-puL/mL DNase (Roche) at 37°C for 1 to 3 hours. The cells were then filtered
through a 70-um nylon mesh (BD Falcon, Franklin Lakes, NJ), washed with Hanks balanced
salt solution/2% FBS and counted. An aliquot of the cells was stained with antibodies and
analyzed on an LSRII flow cy-tometer (BD Bioscience Rockeville, Md) running Cell Quest
to determine percentage of tumor cells.

IOSE-398 cells (normal human ovarian surface epithelial cells immortalized with SV40 T/t)
were a gift of the Canadian Ovarian Tissue Bank and Dr D Huntsman (University of British
Columbia, Vancouver, British Columbia, Canada). The cells were cultured in 1:1 mixture of
MCDB 105 medium and medium 199 with 5% FBS and 50-g/mL gentamycin.

RNA Isolation and cDNA Synthesis

Total RNA was extracted using RNeasy Mini Kit and RNase-Free DNase Set (Qiagen,
Valencia, Calif). Total RNA concentrations were measured using NanoDrop 1000 (Thermo
Scientific, Waltham, Mass). Complementary DNA was synthesized from 1-ug total RNA
using iScript cDNA Synthesis kit (Bio-Rad, Hercules, Calif).

Quantitative Real-Time Polymerase Chain Reaction

Wnt and Hh pathway gene expression were quantitatively assessed by Tagman quantitative
real-time polymerase chain reaction (QRT-PCR), and transcript levels were normalized to
the housekeeping genes TBP and GUSB, respectively. Results are expressed as normalized
expression values relative to the values of the control cell line IOSE 398. For AXIN2, FGF9,
GLI2, and TATA box-binding protein (TBP), inventoried Tagman assays (Applied
Biosystems, Carlsbad, Calif) were used. TATA box-binding protein was used as the
housekeeping gene. For GLI1, PTCH1, PTCH2, SHH, IHH, and SMO, we used f-
glucuronidase (GUSB) as the housekeeping gene. The same custom-made primer/probes
(Applied Biosystems) were used as deployed in the experiments by Yauch et al.1> Al
experiments were run on Applied Biosystems 7300 Fast Real-Time PCR System using the
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Tagman Universal PCR Master Mix (Applied Biosystems) for the reactions following the
manufacturers’ protocols for the 2-step qRT-PCR.

Gene expression in 16 primary grade 3 FIGO stage |11 serous ovarian cancer tumors were
assayed compared to the gene expression level in the IOSE-398 (normal human ovarian
surface epithelial) cells that were used as normalizing control. IOSE-398 was used as a
baseline control for all assays because of the difficulty of obtaining normal ovarian epithelial
cells. We found a striking up-regulation of the Wnt pathway gene AXIN2 and target gene
FGF9 in all serous papillary ovarian cancer samples (Table 1). AXIN2 and FGF9 were
consistently up-regulated in advanced serous ovarian cancer indicating probable
translocation of B-catenin and transcription of FGF9 RNA. The messenger RNA (MRNA)
level of AXIN2 and FGF9 varied widely but was increased in serous papillary ovarian
cancer samples 55- and more than 1600-fold, respectively, compared to the control values of
IOSE-398 (Fig. 1). There was no correlation between degree of fold increase of FGF9 and
the Wnt suppressor, AXIN2.

Hedgehog pathway gene expression was variable (Table 2; Fig. 2). The Hh pathway was
active in 4 tumors (2 or more genes) with expression of either PTCH1 or PTCH 2 and
activated transcription genes GLI1 or GLI2. Five tumors had up-regulation of IHH/SHH and
PTCH without an increase in the transcription factors. In all samples, there was no increase
in SMO (transducer) mRNA expression. Tumor samples with expression of IHH and/or
SHH genes showed a higher expression of FGF9 mRNA than those without expression,
indicating FGF9 activation may occur through Hh ligand activation, although independent
activation was not ruled out. Interestingly, most samples with expression of the Hh ligand
used IHH, an alternate gene.

DISCUSSION

The published data concerning the Hh signaling pathway in ovarian cancer are
contradictory.12-14 Whereas some authors use immunohistochemistry to define and classify
Hh pathway activation, others use in situ hybridization and/or semiquantitative and gRT-
PCR. One of the main obstacles to compare the results of the published data is that each
group uses arbitrary and often nonreproducible “normal” controls for the experiments as
well as tumor samples with heterogeneous histological type and stage.

One subset of patients (25%) in our study had increased expression of the Hh signaling and
transcription factors GLI12. Five patients showed expression of Hh ligand genes and PTCH
without up-regulating transcription. This lower percentage of expressed Hh ligand genes and
GLI correlates with that described by Yang et al4 using gene expression.

There was no increase in the expression of SMO. Currently, there are 2 promising small
molecule inhibitors of SMO being studied in clinical trials (IP1-926 and GDC-0449), both
including patients with ovarian cancer. However, in the 16 patients with serous ovarian
carcinoma, assayed pathway activation did not involve SMO. Hedgehog pathway can be
deregulated/hyperactivated without overexpression of SMO, as in the case of loss of
function of PTCH mutation or down-regulation of PTCH, and in these cases, SMO
inhibitors can inhibit the Hh signaling.16

This heterogeneity is consistent with the recent pub-lications'®>17 on the paracrine
requirement for Hh signaling in cancer where tumor cells activate the Hh pathway of the
cells of their microenvironment by secreting Hh ligand proteins, thus activating the pathway
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in nonmalignant stromal cells. Our data, however, indicate that besides paracrine Hh
signaling, there is an additional autocrine signaling mechanism involved in certain tumors.

Whnt pathway-associated genes AXIN2 and FGF9 were overexpressed in all tumors
compared to IOSE-398. The research of Wnt signaling pathway in epithelial ovarian cancer
has mostly focused on studying the endometrioid subtype in which consistently high rates of
B-catenin mutations can be detected.”-18 Studies conducted on endometrioid ovarian tumors
comparing those with mutant -catenin to those without mutation described FGF9 as an
indirect downstream target gene of the Wnt pathway in endometrioid ovarian cancer.®
Serous ovarian cancer does not carry significant f-catenin mutations.1® However, our data
show overexpressed AXIN2 and FGF9 genes in serous papillary ovarian cancers. AXIN2 is
established as a direct target gene of the Wnt pathway in an increasing number of solid
tumors.#20 A recent paper from the Ovarian Cancer Association Consortium using
functional suppression of tumorgenicity and microarray analysis identified AXIN2 as one of
9 genes associated with ovarian cancer. Using transcribed single nucleotide polymorphism,
loss of heterozygosity was found for AXIN2 in 64% of samples.2! Dimova et al22 published
potential genomic markers for ovarian cancer, using comparative genomic hybridization
analysis. One of those markers is the locus of the AXIN2 gene on chromosome 17.
Activation of the Wnt pathway may be due to AXIN2 mutations, which abrogate its function
as a Wnt suppressor.

Although identified as a downstream gene of the Wnt pathway, FGF9 is an important
growth factor in morpho-genesis in the embryo and can activate the Hh pathway.2324 The
high expression of this growth factor by various activating mechanisms may be an important
component in all ovarian cancers.

A cross talk between the Hh and Wnt signaling in cancer was reported in gastric and skin
cancer. Liao et al?° recently reported the interaction of GLI1 and B-catenin in endometrial
cancer cell lines, in which overexpression of GLI1 led to increased nuclear B-catenin
expression.

This study shows a wide variation in fold expression of assayed genes as well as
heterogeneity of expression of genes between patient samples of the same histological type
and grade. The heterogeneity of gene expression and interactions of the Wnt and the Hh
pathway activation is possibly one of the reasons for drug resistance in ovarian cancer.
Developing gene screening assays and targeted therapies aiming not only at one, but all,
affected pathways may be pivotal to overcome the so far unsatisfactory long-term results of
conventional therapeutic regimen in advanced ovarian cancer.
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FIGURE 1.
Relative gene expression of AXIN2 and FGF9 normalized to normal ovary epithelial cell

line IOSE 398 for 16 primary grade 3 serous ovarian cancer samples.
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Relative gene expression of Hh pathway genes normalized to normal ovary epithelial cell
line IOSE 398 for 16 primary grade 3 serous ovarian cancer samples.

Int J Gynecol Cancer. Author manuscript; available in PMC 2012 February 23.



Page 9

Schmid et al.

"(0T0Z) uomp3 Yy, ‘fenuely Buibels 1soued DOrY UO paseq sem Buipeso |

'900¢ ‘09I :uopuo

"pa pIE SOOI puB 09| UsaMIag uolreloge||od v 'siaaue) [ea160]033.UAS 10} SauIjapINg a2119B.d [ed1Ul]D pue suolednisse|d Buibels 'siolpa ‘4N JaxoeH ‘SAH UeBN ‘S 111910094 Uo paseq sem Buibels
(6 10108y yIMoJB 1S8]1qOIqLY) 4D SOPOIUS ey}
auab ‘6494 ‘(z utelo4d uonigiyul SIXe) ZUIXY SAPOIUS eyl auab ‘ZNIXY ‘(Areno) Jowny Arewnd ‘4 pardiiosiadns {(ssew Jown [eidaseled ‘wnjuawo) siselselaw ‘N paldiiosiadns (s8)1osy ‘y pardiiosiadng

"86€ ISOI 8UI| |39 [0J1U0D B} JO SBNJEA B} 01 SAIR|S SBNJBA UOISSaIdXa PazI|eWIoU se passaldxe aie s)nsay

€CV9 veeve 980 vecT 69 € oll]] v.8
68'99 91¢le 18'TT 6€°€8 14 € oll]] 8
8L'9T0¢ §6'¢8T0T 6TV r'1S 08 € olll v08
ST'vS 9v'8.L¢ 44 8E'VS 9v € Vil 462
€8'T6 9G°0¢CET 6¢°6E ¢0€eT 19 € oll]] w8L
70'€9T 19'988 [AAVA) 0T'SS €9 € oll]] 492
6T°¢CE €9'86¢ 890 95'vve 29 € oll]] J€L
SE'TS S9'0TT LL'Yy ¢SS 4] € olll| w89
709 yT'TE8T 9T'¢ 08'TT ¥8 € oll]] v99
TO'TITT §G¢'G800T L6V ¥8'SL 99 € oll]] w09
€L'9¢ L6'CEE 620 689 0L € oll]] w8S
€C'SE 1'687 €6'T ¥0'6 €9 € oll]] v9S
97’601 €6'8¢6 e 9971 19 € joll]] vES
€cve 08'vST 680 0¢'9T 09 € oll]] veS
Sy'e ¥'9¢ LET 9y'0T 99 € 11 [44
8L Ly'T0T €70 06'S 89 € 11 0c

QS6494 6494  QSINIXY ZNIXY @by PRIO  aBeISODId  edwes

dg. auab Buidasyasnoy ay) 01 pazijewiou alam s|ana] 1diiosuel) pue ¥Od-14b uewbe| Ag passasse AjaAneliuenb sem uoissaidxa ausb Aemyred JUpn
T3149vl

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Int J Gynecol Cancer. Author manuscript; available in PMC 2012 February 23.



Page 10

Schmid et al.

*(0T0Z) uonip3 Y1, ‘fenuey Buibels 18oueD DOV UO paseq aie sepelo

1

'900¢ :09I4 :uopuoT]
"pa pIE "SDO| pUR 0| USBMIB] UOIRIOIR[|0D W/ "S18duBD [29160]008BUAS) 10} SBUIISPING 8911081 [8dIUI]D PuR SUOIRDIISSe|D BuibelS sioMpa ‘4N Jo3oeH ‘SAH UBBN ‘S 11181008 Uo paseq aJe sabeig
*

‘ura1o.d J01dagas pajdnod Autalold © e ‘pauayloows sapoaus Jeyr auab ‘OINS ‘Boyabpay d1uos sapooua Jeyy aush ‘HHS ‘zpaydled uisoid 101dadal 8y} sapodus eyl auab ‘gHD1d ‘(Tpayored)
T Bojowoy paydred uisloid 103dadas sy} Sapoaus eyl ausb ‘THO1d ‘HH UeIpU| S8p0JUa eyl auab ‘HHI ‘Z119 Sapoaua eyl auab ‘Z1719 (T119) T auahoouo payeroosse-ewol|h sapoaus Jey auab ‘1119

'86€ ASOI aul

180 ]0.J1U0D 38U JO SAN[LA U} O} BAIIR|3] SBNJBA UOISSaIdX® Pazijewiou se passaldxa aie snsay

€9T [ZTT Y90 16T  0€T szl 8e0 €€ ¥20 LL0 TO0 Y00 SO0 950 69 €9 ol vi8
690 S8T 080 2T 20T 897 850 §€'s 020 890 920 ST 610 G0 S €9 o[l 8
T8ET 089 600 €9  TT0 ETT 560 Te9 20 6TT 9T  vEL TL0  8TE 08 €9 o[l v08
000 9T 60ET 96Ty  TZO a1 020 ST Y00 6L0 Y00 680 800 80 97 €9 vill 6L
€60 9.0 LET 2G0T Zv0 8r'1 €00 ZTT 010 pLO0  ¥Z0 LTT 600 STT .9 €9 a1l 8L
000 000 €€0 SY0  TTO 180 ¥1'0 e 00 090 S80 92T LT0 920 €9 €9 o[l 9L
80T €9¢ T L&T 020 652 120 vz  v00 610 S00 OLT ¥00 820 29 €9 olll] oL
000 000 29T 06€ 920 €ee 00 620  T00 Y00 €00 9T0 €00 600 S €9 o[l w89
600 /S0 6T0 EFT 220 01T 050 ere 100 OT0 €70 OyT 92T 9L0T  ¥8 €9 o[l v99
000 €0 197 8T'9  SE0 98’1 980 6T. 600 20T 00 190 00 TZO 99 €9 a1l w09
000 000 220 €0 100 620 100 010 100 $00 €0 €0 T00 G00 0L €9 o[l 84S
210 020 €00  S00 100 910 €00 W0 T00 SO0 200 6T0 TO0 €00 €9 €9 olll] V95
200 200 eT0 620 900 690 €00 €0 T00 900 SO0 ¢€E0 200 E€T0 .9 €9 o[l vES
000 000 €€0 2.0 800 09T 100 0z0 000 900 200 O0T0 TO0 SO0 09 €9 1l vZS
000 000 920 SZT 010 €80 910 87 €00 Tg0 100 O0T0 00  ¥00 99 €9 I e
000 000 €50 060  T90 9Ty 600 9TT  T00 8T0 000 TO0 TO0 200 8§ €9 i 0c
as  HHS dS  HHI QS  ¢HOLd QS  THOLd dS OWS dS  ZI19  as T by epeio  abeis  ejdwes
HHS HHI ZHOLd THOLd OWS Zno iRb) 0914

sauab Buldasyasnoy ayl 01 Pazijewou alam sjans| 1dLiosue) pue ‘4Dd-14b uewbe] Aq passasse AjaAneinuenb sem

NIH-PA Author Manuscript

¢3714avl

NIH-PA Author Manuscript

Alanndadsal ‘gsnNo pue 491
uoissaidxa auah Aemuyred BoysbpsH

NIH-PA Author Manuscript

Int J Gynecol Cancer. Author manuscript; available in PMC 2012 February 23.



