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Abstract

Recurrent copy number variations (CNVs) are genetic alterations commonly observed in human
tumors. One of the most frequent CNVs in human tumors involves copy number gains (CNGs) at
chromosome 326, which is estimated to occur in >20% of human tumors. The high prevalence
and frequent occurrence of 326 CNG suggest that it drives the biology of tumors harboring this
genetic alteration. The chromosomal region subject to CNG (the 3g26 amplicon) spans from
chromosome 3q26 to g29, a region containing ~200 protein-encoding genes. The large number of
genes within the amplicon makes it difficult to identify relevant oncogenic target(s). Whereas a
number of genes in this region have been linked to the transformed phenotype, recent studies
indicate a high level of cooperativity among a subset of frequently amplified 3q26 genes. Here we
use a novel bioinformatics approach to identify potential driver genes within the recurrent 3926
amplicon in lung squamous cell carcinoma (LSCC). Our analysis reveals a set of 35 3926
amplicon genes that are coordinately amplified and overexpressed in human LSCC tumors, and
that also map to a major LSCC susceptibility locus identified on mouse chromosome 3 that is
syntenic with human chromosome 3g26. Pathway analysis reveals that 21 of these genes exist
within a single predicted network module. Four 3926 genes, SOX2, ECT2, PRKCI and PISKCA
occupy the hub of this network module and serve as nodal genes around which the network is
organized. Integration of available genetic, genomic, biochemical and functional data
demonstrates that SOX2, ECT2, PRKCI and PIK3CA are cooperating oncogenes that function
within an integrated cell signaling network that drives a highly aggressive, stem-like phenotype in
LSCC tumors harboring 3926 amplification. Based on the high level of genomic, genetic,
biochemical and functional integration amongst these 4 3q26 nodal genes, we propose that they
are the key oncogenic targets of the 3q26 amplicon and together define a “3q26 OncCassette” that
mediates 3q26 CNG-driven tumorigenesis. Genomic analysis indicates that the 3q26 OncCassette
also operates in other major tumor types that exhibit frequent 3q26 CNGs, including head and
neck squamous cell carcinoma (HNSCC), ovarian serous cancer and cervical cancer. Finally, we
discuss how the 3926 OncCassette represents a tractable target for development of novel
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therapeutic intervention strategies that hold promise for improving treatment of 3q26-driven

cancers.
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Introduction

Cancer is a disease of progressive genetic alterations that conspire to drive a cellular
phenotype characterized by uncontrolled growth, aggressive invasive behavior, enhanced
survival, evasion of immune surveillance, and resistance to therapeutic interventions. Recent
analysis of the genetic landscape of human cancers reveals that tumors can be classified into
two main groups based upon the nature of the genetic alterations they harbor (Ciriello et al.,
2013). In M-type tumors, somatic mutations that either activate oncogenes or inactivate
tumor suppressor genes are the predominant genetic alterations. In contrast, in C-type
tumors recurrent gene copy number variations (CNVs) are the predominant genetic
alterations (Ciriello, Miller, 2013). Many of the key oncogenic driver mutations occurring in
M-type tumors have been identified, molecularly characterized, functionally validated, and
in some cases therapeutically targeted; prominent examples include EGFR, BRAF and
PI3KCA mutations that are key drivers of oncogenic phenotypes (Samuels and Velculescu,
2004, Serra et al., 2008, Thomas et al., 2005, Tie and Desai, 2015). Likewise, prevalent
recurring inactivating mutations in tumor suppressor genes, including those in TP53 (Hrstka
et al., 2009), CDKN2A (p16) (Li et al., 2011), PTEN (Hollander et al., 2011) and APC
(Polakis, 1997), have been well-documented and molecularly characterized. However, much
less is known about whether and how tumor-specific CNVs drive C-type cancers.
Comparative Genomic Hybridization (CGH) studies and more recent global genomic
initiatives, such as The Cancer Genome Atlas (TCGA) project, have revealed that C-type
tumors exhibit frequent and recurrent CNVs, both CNGs, or deletions, often encompassing
large chromosomal regions (including, in some cases, entire chromosomal arms). As a
consequence, these CNV events involve genetic loss or gain of large numbers of genes
within the affected region. Recurrent CNVs involving loss of specific chromosomal regions
are in some cases associated with loss of specific tumor suppressor genes; the most
prevalent CNV in human tumors involves loss of chromosome 9p21 containing the
prominent tumor suppressor target CDKN2A (reviewed in (Liggett and Sidransky, 1998)).
However, for many recurrent CNVs involving chromosome loss, the relevant tumor
suppressor(s) remain to be conclusively identified and functionally validated.

Recurrent CNGs suggest the presence of oncogenic driver(s) within these amplified regions.
It is generally assumed that CNGs result in increased expression of one or more genes in the
amplified region, thereby promoting or enhancing their oncogenic potential. Examples of
CNGs driving oncogene activation through increased expression include amplification of
CMYC at chromosome 8q24 (L.ittle et al., 1983), cyclin D1 (CCND1) at chromosome 1123
(Nishida et al., 1994), and EGFR at chromosome 7p11 (Wong et al., 1987). However, unlike
the situation involving specific oncogenic somatic mutations, in which a distinct mutation
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specifically defines the molecular target of the genetic alteration, the relevant target(s) of
many recurrent cancer-associated CNGs are not readily apparent in the context of tumor
biology. Herein, we describe the genomic, genetic and functional characterization of the
most common CNG event in human tumors, 3926 amplification.

Materials and Methods

The prevalence of chromosome 3q26 CNGs across human tumor types was estimated in
TCGA datasets using the cBioPortal for Cancer Genomics (http://www.chioportal.org/).
PRKCI and SOX2 were used as core 326 amplicon genes for this analysis. The cBioPortal
analysis tool was used to interrogate GISTIC scores for these two genes in TCGA datasets
for individual tumor types. A GISTIC score of +1 or +2 was considered to indicate the
presence of significant CNG in that gene. Tumors exhibiting a GISTIC score of +1 or +2 at
both loci were considered positive for CNG at 3926. Prevalence was calculated as the
number of tumors exhibiting CNG at these loci divided by all tumors in the dataset.

All RNA-encoding genes mapping within human chromosome 3g26-g29 (194 genes) were
obtained and annotated using the Ensembl human gene database (GRCh38.p3; http://
useast.ensembl.org/). Mouse homologs for these genes (164 direct mouse homolog genes)
were identified and assigned chromosomal locations using the vertebrate homology tool of
the Mouse Genome Informatics database (http://www.informatics.jax.org/). The subset of
these genes mapping to the identified lung squamous cell carcinoma susceptibility locus on
mouse chromosome 3 (Wang et al., 2004), which is syntenic with human chromosome 3q26,
were identified (50 genes). The cBioPortal analysis tool was used to interrogate the TCGA
lung squamous cell carcinoma dataset containing 178 primary tumors for expression and
CNG (using GISTIC) of each of the 50 genes identified above that have direct mouse
homologs mapping to mouse chromosome 3. Tumors were segregated into two groups;
those exhibiting CNG at the locus for the gene being interrogated and those exhibiting no
CNG at that locus. RNA expression for each gene was analyzed in these two groups and
assessed for differential expression based on CNG of the gene using a two-sided t-test to
assess significance. P-values of <0.05 were considered as statistically significant. 35 of the
50 genes were found to exhibit expression that was significantly higher in tumors harboring
CNG at that gene than in those not exhibiting CNG. These 35 genes, whose expression
correlate positively with CNG in LSCC tumors, were interrogated using the gene set
analysis tool at the ConsensusPathDB maintained by the Max Planck Institute for Molecular
Genetics (http://consensuspathdb.org/). Analysis revealed that this set of genes form a single
induced network module containing 21 of the 35 genes. No other induced network modules
were identified.

Results and Discussion

Copy number gain at 3g26: the most common CNG in human tumors

CNGs involving the long arm of chromosome 3 (3q) were first reported in human cancers
nearly 20 years ago in HNSCC (Speicher et al., 1995). Subsequent CGH and deep
sequencing analyses identified 3g as one of the most common CNG events in human tumors,
being observed in >16% of solid tumors arising from 27 different tissue types (Ciriello,
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Miller, 2013, Rooney et al., 1999). Independent CGH analyses revealed prevalent 3926
CNVs in cervical (77-90%) (Heselmeyer et al., 1997, Heselmeyer et al., 1996), esophageal
(50-69%) (Bandla et al., 2012, Pack et al., 1999, Sakai et al., 2010), HNSCC (50-91%)
(Bockmuhl et al., 1998, Brzoska et al., 1995, Hashimoto et al., 2001, Speicher, Howe,
1995), LSCC (77-85%) (Balsara et al., 1997, Bjorkqvist et al., 1998, Brass et al., 1996,
Massion et al., 2002, Petersen et al., 1997), ovarian serous (36-51%) (Arnold et al., 1996,
Iwabuchi et al., 1995, Sonoda et al., 1997) and endometrial serous cancers (50%)(Pere et al.,
1998). 3g26 CNGs were also observed in 76% of small cell lung cancers (SCLC), though
the estimate of prevalence in SCLC must be considered tentative given the extremely small
sample size of these studies (Ried et al., 1994, Sugita et al., 2000). We therefore assessed the
prevalence of 3q26 CNVs across major human tumor types using TCGA datasets available
through the cBioPortal (http://www.cbioportal.org/index.do) (Figure 1). To estimate 3926
CNGs, we interrogated the TCGA datasets for CNGs in two genes within the core of the
consensus 3926 amplicon (PRKCI and SOX2) using the GISTIC algorithm. These genes
were chosen to represent 3926 CNGs since they: 1) exhibit virtually identical GISTIC scores
across the examined tumor types indicating near perfect co-occurrence of CNGs at these
genes; and 2) routinely exhibit the highest CNG frequency of any 3926 genes in the affected
tumor types, indicating that these genes are essentially invariably part of the recurrent 3q26
amplicon. Analysis revealed extremely prevalent chromosome 3926 CNGs in LSCC (85%),
esophageal (85%), ovarian serous (85%), cervical (78%), HNSCC (75%) and bladder (60%)
cancers. 3926 CNGs were of intermediate prevalence (20-35%) in stomach, lung
adenocarcinoma, breast, uterine and liver cancers, and of lower, but significant, prevalence
(10-18%) in prostate, pancreatic, sarcoma, glioblastoma, kidney and colorectal cancers
(Figure 1). Our analysis confirms earlier CGH studies demonstrating very high frequency
3026 CNGs in many tumors types (i.e. LSCC, esophageal, HNSCC, ovarian and cervical
cancers) (Chujo et al., 2002, Sakai, Kajiyama, 2010, Sonoda, Palazzo, 1997, Speicher,
Howe, 1995, Sugita, Tanaka, 2000) and also revealed somewhat less prevalent, but
significant CNGs in tumor types not previously identified as harboring this alteration. These
data provide a comprehensive snapshot of the sweeping prevalence and distribution of 3926
CNGs across major human cancer types.

3926 amplification is an oncogenic driver of tumorigenesis

A major question with regard to the involvement of CNGs in human cancer is whether these
genetic alterations represent oncogenic “drivers” of tumorigenesis. Several lines of
experimental evidence indicate that 326 CNG is an oncogenic driver in affected tumors.
First, 3q26 CNGs are observed in precancerous lesions, demonstrating that this is an early
event in tumorigenesis. Using fluorescence bronchoscopy, sequential biopsies of a
carcinoma in situ (CIS) lesion, and a LSCC identified at the site of the CIS lesion
approximately 1.5 years after initial identification were analyzed (Foster et al., 2005). Both
the CIS and the subsequent LSCC lesion harbored specific 3q26 CNG, indicating occurrence
of this event prior to progression to malignant LSCC (Foster, Banerjee, 2005). Similarly,
3026 CNGs were found to be present in both early stage pre-invasive lung squamous cell
lesions and in invasive LSCCs, albeit at a higher frequency in the more advanced lesions
(Pelosi et al., 2007). These results demonstrate that 3g26 CNGs occur early during
transformation, in some cases prior to the acquisition of a frank malignant phenotype, and
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that CNGs are enriched in more malignant lesions. Since 3q26 CNGs are detected in pre-
invasive lesions that progress to LSCC, 3926 CNG, and/or increased expression of 3926
target genes, has been proposed as a biomarker of early pre-cancerous lesions with a high
potential for progression to invasive LSCC. Similar findings of 3q26 CNGs in early
malignant or preneoplastic lesions have been observed in cervical cancer (Heselmeyer,
Schrock, 1996) and HNSCC (Singh et al., 2002). CGH analysis of normal cervical
epithelium, dysplasias (subcategorized as mild, moderate and severe), and stage | invasive
carcinomas, revealed that 3q26 CNGs are the most consistent chromosomal aberration
occurring in dysplastic cells that progress to invasive cervical carcinoma (Heselmeyer,
Schrock, 1996). Likewise, a study of HNSCC found 3926 CNGs in 3% of normal mucosa,
25% of premalignant tissue, and 56% of invasive HNSCCs (Singh, Stoffel, 2002), while a
second report found frequent 3q CNGs in low grade HNSCCs (Bockmuhl et al., 1996). The
finding that 3q26 CNGs occur in pre-neoplastic lesions, and at higher frequency in
subsequent malignant lesions, suggests that 326 CNGs play an important functional role in
the transition from the pre-malignant to malignant state, at least in LSCC, HNSCC and
cervical cancer, three tumor types harboring frequent 3926 CNGs.

The second line of evidence that 3g26 CNG is an oncogenic driver is the strong association
of this alteration with poor clinical outcome. In primary HNSCC tumors, 3926 CNG is
associated with significantly higher rates of tumor recurrence and cancer-related death
(Singh, Stoffel, 2002), and with shorter disease-specific survival (Bockmuhl et al., 2000)
when compared to tumors not harboring 3q26 CNG. Consistent with this observation, 3926
CNG is more frequently observed in high grade ovarian serous tumors when compared to
low grade tumors, suggesting an association with disease progression and acquisition of an
aggressive phenotype in ovarian cancer (Balsara, Sonoda, 1997). Similarly, 326 CNGs
were found at significantly higher frequencies in metastatic esophageal squamous cell
carcinomas when compared to those tumors that did not metastasize (Sakai, Kajiyama,
2010). These findings support a role for 3g26 CNG in tumor aggressiveness, progression
and/or clinical outcome in essentially all of the major tumor types that frequently harbor this
alteration.

The third line of evidence that 3q26 CNG is an oncogenic driver comes from a genetic
analysis of strain-specific differences in susceptibility to tobacco smoke carcinogen-induced
LSCC in the mouse (Wang, Zhang, 2004). In this study, an extensive genomic analysis was
conducted to identify strain-specific genomic regions associated with increased
susceptibility to the tobacco smoke carcinogen N-nitroso-tris-chloroethylurea (NNTC)-
induced LSCC. Interestingly, 3 strain-specific LSCC susceptibility loci were identified that
are significantly associated with LSCC tumor development (Wang, Zhang, 2004). One of
these loci localized to a region of mouse chromosome 3 that is syntenic with human
chromosome 3q26; in contrast, the other two susceptibility loci do not map to regions of
frequent CNG in human tumors. These data provide strong genetic evidence that 3q26-
specific CNGs are involved in LSCC initiation in both mice and humans.

Adv Biol Regul. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 6

A majority of 3926 target genes map to a single predicted network module

CGH analyses have demonstrated that tumors with 3q CNGs arising at different anatomic
sites share an overlapping area of chromosomal gain centered around 3q26 (Brass, Ukena,
1996, Heselmeyer, Macville, 1997, Singh, Stoffel, 2002, Speicher, Howe, 1995). Depending
on the study, the amplified region was found to extend from 326 to as far as the telomere at
3029 (Wang et al., 2013a), a region encompassing 194 protein-encoding genes according to
the Ensembl human gene database (Ensembl Genes-Build 37; http://www.ensembl.org)
(Flicek et al., 2014). In order to identify potential driver genes within this large affected
region, we first identified genes within this region that also map to the syntenic mouse
chromosome 3 region previously identified as a major susceptibility locus for carcinogen-
induced LSCC in the mouse (Wang, Zhang, 2004). Interrogation of the Mouse Genome
Informatics database revealed that 146 of the 194 human genes mapping to human
chromosome 3g26-29 have direct mouse homologs. Of these genes, 50 map to mouse
chromosome 3. Interestingly, these genes are restricted to human chromosome 3g26.1-3927,
and span remarkably similar chromosomal expanses in human and mouse chromosome 3
(54.1 Mb in human; 55.9 Mb in mouse) (Figure 2). Interestingly, this region appears to have
undergone several rearrangement/inversion events through evolution but the gene cluster
remains intact (Figure 2). These data are consistent with several reports mapping the core of
the 3926 amplicon to chromosome 3g26.1-3q27 (Hagerstrand et al., 2013, Hussenet et al.,
2010, Sugita, Tanaka, 2000). We reasoned that since these 50 genes are within the recurrent
human 3g26 amplicon and map to a major LSCC susceptibility locus in the mouse, they are
likely to be enriched in relevant targets of the 3q26 amplicon that drive LSCC development
and maintenance. We further reasoned that the most critical target genes within this group
would exhibit expression that is driven by 3g26 CNG in human tumors. Thus, to further
focus our analysis, we interrogated the TCGA gene expression dataset consisting of 178
human LSCC tumor samples for expression of these 50 candidate 3g26 driver genes. For
each gene, the LSCC tumor samples were divided into two sets; those harboring CNG for
that gene as determined using the GISTIC algorithm (CNG defined as a GISTIC score of +1
or +2), and those not harboring CNG (GISTIC score of 0 or —1). We then determined
whether the expression of that gene was significantly different between the groups (p<0.05
by T-test). This analysis yielded 35 genes that satisfied the following criteria: 1) resides
within the recurrent 3926 amplicon; 2) maps within the centenic LSCC susceptibility locus
on mouse chromosome 3; and 3) exhibits expression that is significantly associated with
CNGs of the gene in human LSCC tumors (Figure 2; genes indicated in bold italics).
Remarkably, geneset analysis using the ConsensuPathDB-human (CPDB; http://
cpdb.molgen.mpg.de/CPDB) tool revealed a single induced network module containing 21
of these 35 genes (Figure 3). The network module has at its core major hubs centered on
S0X2, PRKCI, ECT2 and PIK3CA. These data suggest that the 3q26 amplicon serves to
drive expression of a set of genes whose function is integrated around these nodal genes.

The core nodal 3926 genes SOX2, PRKCI, ECT2 and PIK3CA are functionally involved in
3g26-driven cancers

The genomic analysis above indicates that 3g26 CNG drives tumorigenesis by coordinately
overexpressing a set of core genes that functionally interact within a signaling network. A
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survey of the primary literature regarding the involvement of the 21 network genes
identified above indicate that, for at least for some of these genes, there is good evidence for
involvement in 3g26-driven cancers. These data are summarized in Table 1. Perhaps not
surprisingly, of the genes within this group, the most convincing evidence for a functional
role in 3g26-driven cancers applies to the four nodal genes SOX2, PRKCI, ECT2 and
PIK3CA occupying the core of the identified network. Below, we will focus our discussion
on the published literature regarding the role of each of these nodal genes in 3926-driven
cancers.

SOX2 is a major transcriptional regulator of gene expression and is critical for both
embryonic development and maintenance of the “stem” phenotype of pluripotent cells in
adult tissues (Liu et al., 2013). SOX2 also plays a key role in the stem-like TIC phenotype,
particularly in SCC (Bass et al., 2009, Liu, Lin, 2013). SOX2 is the most highly upregulated
transcription factor in skin SCC TICs where it regulates genes associated with stemness
(Boumahdi et al., 2014). Conditional ablation of SOX2 in existing skin SCC tumors leads to
tumor regression and decreased tumor transplantation, supporting a critical role for SOX2 in
TIC cell maintenance (Boumahdi, Driessens, 2014). Likewise, ectopic expression of SOX2
in HNSCC cells promotes “stemness” while SOX2 knockdown (KD) in HNSCC TICs
reduces self-renewal, chemoresistance and tumorigenicity, demonstrating a functional role
for SOX2 in 3926 amplified cancers (Lee et al., 2014).

SOX2 has been identified as a lineage-restricted oncogene in LSCC and HNSCC (Bass,
Watanabe, 2009) that functions to maintain a stem-like phenotype in LSCC and HNSCC
cells (Boumahdi, Driessens, 2014, Hussenet, Dali, 2010, Hussenet and du Manaoir, 2010,
Justilien et al., 2014, Lee, Oh, 2014, Liu, Lin, 2013, Lu et al., 2010, Nakatsugawa et al.,
2011, Yuan et al., 2010). Genetic silencing of SOX2 expression leads to apoptosis, loss of
tumorgienicity and decreased stemness in lung cancer cells (Chen et al., 2014a, Lee, Oh,
2014, Xiang et al., 2011). Gene amplification drives SOX2 expression in lung, esophageal
and other squamous cell cancers (Bass, Watanabe, 2009, Justilien, Walsh, 2014, Maier et al.,
2011). ShRNA-mediated knockdown of SOX2 expression and candidate neighboring genes
in 3926 amplified and non-amplified cancer cell lines revealed that inhibition of SOX2
expression had the largest differential anti-proliferative effect on 3926 amplified SCC cell
lines (Bass, Watanabe, 2009). Meta-analysis of SOX2 expression and clinical/prognostic
features of HNSCC patients revealed that elevated SOX2 predicts poor overall and disease-
free survival, and SOX2 expression significantly correlates with higher tumor grade, and
presence of lymph node and distant metastases (Dong et al., 2014). SOX2 expression is
similarly prognostic of poor outcome in lung adenocarcinoma (LADC) (Sholl et al., 2010)
and small cell lung cancer (Xiang, Liao, 2011). However, somewhat paradoxically, SOX2
expression has been associated with better clinical outcome for NSCLC patients, suggesting
that multigenic factors drive aggressive behavior and poor outcome in 3g26-driven tumors
(Chen et al., 2013, lijima et al., 2015, Toschi et al., 2014, Velcheti et al., 2013, Wang et al.,
2015b). These studies strongly support a driver role for SOX2 in 3g26 amplified tumors and
perhaps other tumor types.

ECT2 is a guanine nucleotide exchange factor for the Rho family of GTPases (Rho, Cdc42
and Rac) that functions primarily in the control of cytokinesis in non-transformed cells
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(Tatsumoto et al., 1999) Ect2 was originally identified as a gene that can transform mouse
fibroblasts (Miki et al., 1993); reviewed in (Fields and Justilien, 2009). Subsequent studies
have demonstrated a role for ECT2 in the transformed phenotype of multiple tumor types
including glioma (Salhia et al., 2008), LSCC (Justilien and Fields, 2009, Justilien et al.,
2011) and ovarian cancers (Huff et al., 2013). Though ECT2 has been demonstrated to play
a functional role in transformed behavior in a number of tumor types, the mechanism by
which ECT?2 participates in transformation is still incompletely understood. Recent
experimental evidence strongly suggests that the oncogenic function of ECT2 is distinct
from its role in regulating cytokinesis (Justilien, Jameison, 2011) and appears to involve as
yet unidentified nuclear function(s) for this protein (Huff, Decristo, 2013, Justilien,
Jameison, 2011).

Ect2 is highly expressed in a variety of human tumors including brain (Salhia, Tran, 2008,
Sano et al., 2006) lung (Fields and Justilien, 2010, Hirata et al., 2009), esophageal (Hirata,
Yamabuki, 2009), pancreatic (Zhang et al., 2008) and ovarian tumors (Haverty et al., 2009).
Ect2 overexpression is associated with poor prognosis in patients with NSCLC and ESCC
(Hirata, Yamabuki, 2009). Specifically, NSCLC and ESCC patients whose tumors exhibit
strong Ect2 staining had a poorer prognosis than patients whose tumors showed weak or no
Ect2 staining. In ESCC patients, high Ect2 expression also positively correlated with tumor
size and tumor metastasis to lymph nodes (Hirata, Yamabuki, 2009), suggesting that Ect2
expression is important for these clinicopathologic features of tumor progression. Ect2
expression may also serve as a prognostic indicator in glioblastoma patients, where high
Ect2 expression was associated with a shorter survival time (Salhia, Tran, 2008, Sano,
Genkai, 2006). Further investigation is required to determine if Ect2 expression is useful as
a prognotic marker in other human cancer types.

ECT2 CNGs frequently occur in LSCC (>70%), but rarely in lung adenocarcinoma (LADC)
(Justilien and Fields, 2009). These findings are consistent with the prevalence of
chromosome 3g26 CNGs in LSCCs and the relatively rare occurrence of 326 CNGs in
LADCs (Balsara, Sonoda, 1997, Brass, Ukena, 1996). Ect2 mRNA expression in LSCCs
correlates with ECT2 CNGs, demonstrating that tumor specific ECT2 CNG is an important
mechanism driving Ect2 overexpression in LSCCs (Justilien and Fields, 2009). In addition
to LSCC, ovarian tumors also show tumor-specific amplification at 3926 (Eder et al., 2005,
Zhang et al., 2006). Ect2 is overexpressed in ovarian tumors harboring ECT2 amplification
compared to whole normal ovary (Haverty, Hon, 2009) indicating that tumor-specific ECT2
amplification also drives Ect2 expression in ovarian tumors. Thus, a major mechanism
driving Ect2 expression is tumor-specific amplification of ECT2 as part of the 3926
amplicon.

PIK3CA encodes p110a, the catalytic subunit of phosphatidylinositol 3-kinase (PI3K). P13-
kinases mediate production of 3-phosphorylated phosphoinositides (PtdIns3P, PtdIns(3,5)P2
and PtdIns(3,4,5)P3) that serve as required second messengers for many physiological
processes, including cell growth and proliferation, cell motility, survival, differentiation, cell
adhesion, invasion, intracellular vesicular traffic, and protein synthesis. PIK3CA is
frequently targeted for oncogenic activation either by somatic mutation or CNG as part of
the 3926 amplicon. PIK3CA is frequently mutated in breast, endometrial, colorectal, urinary
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tract and ovarian cancers (reviewed in (Yuan and Cantley, 2008)). These mutations cluster
in two conserved regions encoding the kinase and helical domains of the protein. These “hot
spot” mutations, H1047R, E545K and E542K, are non-synonymous missense mutations that
confer constitutive kinase activity (Samuels et al., 2004). Amplification of PIK3CA has been
found in primary ovarian tumors and ovarian cancer cell lines (Shayesteh et al., 1999),
primary cervical tumors and cervical cancer cell lines (Ma et al., 2000), HNSCC primary
tumors (Woenckhaus et al., 2002) and LSCC (Brass, Ukena, 1996). PIK3CA gene
amplification was initially observed in ovarian cancer where an increase in PIK3CA copy
number was found to associate with an increased in transcription, p110a protein expression
and PI3K activity (Shayesteh, Lu, 1999). Similarly, in cervical tumors PIK3CA gene copy
drives its overexpression (Ma, Wei, 2000). CNGs in PIK3CA have been shown to correlate
with its mMRNA expression in HNSCC cell primary tumors (Redon et al., 2001, Woenckhaus,
Steger, 2002). CNGs in PIK3CA are prevalent in thyroid cancer, particularly follicular
thyroid carcinoma (FTC) and anaplastic thyroid carcinoma (ATC) sub-types which exhibit
24% and 42% CNG, respectively (Wu et al., 2005). Several studies have shown that
PIK3CA amplification is associated with overexpression of p110a in thyroid tumors (Hou et
al., 2007, Wu, Mambo, 2005). Endometrial tumors with 3q amplification overexpress
PIK3CA when compared with unamplified tumors (Salvesen et al., 2009). In a separate
study, 9 of 15 (60.0%) gastric cancer cell lines and 17 of 55 (30.9%) primary gastric
carcinomas harbored PIK3CA amplification, whereas no normal and benign tumor tissues
showed abnormal amplification (Byun et al., 2003). In addition, amplification of PIK3CA in
gastric tumor cell lines was strongly associated with increased transcript level (Byun, Cho,
2003). LSCC frequently harbor CNGs in PIK3CA (Massion, Kuo, 2002) and NSCLC cell
lines harboring PIK3CA CNGs express higher PIK3CA mRNA levels when compared to
cell lines without an increase in copy number (Yamamoto et al., 2008).

PRKCI encodes a member of the atypical sub-class of the protein kinase C gene family,
protein kinase C iota (PKCv). PKCv is a component of the cell polarity complex that
functions to establish epithelial cell polarity, cell fate and tissue integrity of non-transformed
cells, through regulation and subcellular localization of Racl and cdc42 (reviewed in
(Vorhagen and Niessen, 2014). PRKCI is overexpressed in many tumor types including
breast, brain, cervix, chronic myelogenous leukemia (CML), colorectal, esophageal, gastric,
head and neck, hepatocellular, kidney, lung, melanoma, ovarian, pancreatic, prostate,
rhabdomyosarcoma and uterine (reviewed in (Murray et al., 2011)). The overexpression of
PKCu in tumors is associated with poor prognosis and reduced patient survival. PKCu
expression is predictive of poor outcome in patients with bile duct (Li et al., 2008), lung
(Regala et al., 2005b), ovarian (Eder, Sui, 2005, Weichert et al., 2003), pancreatic (Scotti et
al., 2010) and prostate cancers (Ishiguro et al., 2011). In some tumor types such as bile duct
(Li, Wang, 2008), breast (Kojima et al., 2008), ESCC (Yang et al., 2008), liver (Du et al.,
2009) and ovarian (Zhang, Huang, 2006), PKCv expression is higher in late stage cancers,
suggesting that PKCyv may promote higher grade, and a more aggressive phenotype in these
tumors. In contrast, PKCu expression levels do not correlate with stage in NSCLC in which
PKCu overexpression was frequently observed in early stage (stage I and II) tumors (Regala,
Weems, 2005b). Interestingly, patients with gastric tumors that have higher PKCy
expression are more likely to relapse (Takagawa et al., 2010). Thus PKCu expression may
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serve as an important prognostic marker to identify patients who may be at elevated risk for
tumor progression and relapse, and these patients may benefit from early and more
aggressive adjuvant anti-tumor therapies.

PRKCI is frequently amplified in NSCLC, and amplification drives PKCy expression in
NSCLC primary tumors and established cell lines (Regala, Weems, 2005b). Disruption of
PKCu signaling blocks transformed growth of NSCLC cell lines with PRKCI amplification,
demonstrating that PKCu is a critical target of 3q26 amplification in NSCLC. PRKCI
amplification is associated with lymph node metastases in ESCC, and PKCv promotes
metastasis of ESCC cell lines (Liu et al., 2011b, Yang, Chu, 2008). Likewise, PKCu has
been characterized as an oncogene in ovarian cancer. PRKCI is frequently amplified and
overexpressed in ovarian serous cancer and PRKCI amplification predicts poor patient
survival (Eder, Sui, 2005). In summary, PKCu is highly expressed in 3g26 amplified tumors,
suggesting an oncogenic role for PKCv in these tumors. Interestingly however, PKCu is
overexpressed in a vast majority of tumor types, including many that do not harbor frequent
3026 CNGs, indicating that multiple mechanisms are at play to ensure high oncogenic PKCu
expression in the majority of human cancer types.

The core 3926 nodal genes act as a highly coordinated “OncCassette” that drives
tumorigenesis

As described above, each of the four 3926 nodal genes, SOX2, ECT2, PIK3CA and PRKCI,
have individually been shown to function in the establishment and maintenance of the
transformed phenotype of 3926 driven tumors. It is also quite evident that these genes
operate in a tumor environment in which they are coordinately amplified and overexpressed
in tumors harboring 3926 CNGs, demonstrating that these genes are genetically integrated
with the oncogenic behavior of these tumors. Interestingly however, our genomic analysis
suggests an even higher level of integration among these genes; specifically that these genes
reside within a single network module in the context of 3q26 amplified tumors (Figure 3).
Indeed, accumulating evidence from a number of biochemical, cellular signaling and cell
biological studies provide compelling evidence that these four genes are functionally and
biochemically linked in these tumors. Below we highlight major studies demonstrating this
functional integration among 3g26 nodal genes.

The 3926 genes EVI1 and PIK3CA regulate expression of a third 3926 gene,
SKIL/SNO—SKIL (alias SNO) (ski-related novel gene) is a member of the Ski family of
nuclear oncoproteins that repress transforming growth factor-beta (TGF-beta) signaling
through inhibition of transcriptional activity of Smad proteins (Sarker et al., 2005). SKIL/
SNO, which resides at 326, was found to be consistently over-expressed in ESCC cell lines
and primary tumors that exhibit 3q26 amplification, suggesting that this gene is a potential
target of 3g26 amplification (Imoto et al., 2001). A study to identify candidate target genes
for yet another 3926 gene EVI1, that may play a role in EVI1-dependent transformation
revealed that EVI1 can occupy the SKIL/SNO promoter and regulate SKIL expression
(YYatsula et al., 2005). In ovarian cancer cells, the PI3BK/AKT signaling pathway
transcriptionally up-regulates SKIL expression in response to As203 (a drug exhibiting anti-
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tumor activity), and expression of siRNA targeting PIK3CA abrogated this response in
ovarian cancer cells (Kodigepalli et al., 2013).

PKC;+ and Ect2 cooperate in Racl activation and lung transformation—In
NSCLC cells, the protein product of the 3q26 gene PRKCI, PKCu resides in an oncogenic
complex with the polarity associated protein Par6, an interaction that functions to drive
anchorage-independent growth and invasion through activation of the Rho family GTPase
Racl (Frederick et al., 2008). In an effort to biochemically characterize the mechanism by
which the PKCu-Par6 complex regulates Racl activity in LSCC cells, we performed a
proteomic screen to identify proteins that associate with the PKCy-Par6 complex and
participate in PKCu signaling in NSCLC (Justilien and Fields, 2009). We identified Ect2, a
gene co-localized on the frequently amplified 3926 chromosomal region (Justilien and
Fields, 2009), as a component of the oncogenic PKCi-Par6 complex in LSCC cells. Like
PKCu and Par6, RNAi-mediated knockdown of Ect2 in NSCLC cells inhibits Racl
activation and transformation. We further demonstrated that the oncogenic potential of Ect2
requires its interaction with PKCy-Par6 (Justilien and Fields, 2009). Thus, two 3926 nodal
genes, PRKCI and ECT2 are coordinately amplified and overexpressed in LSCC tumors, and
the protein products of these genes biochemically interaction in an oncogenic complex in
these cells.

The transformed behavior of LSCC cells requires both formation of the PKCw-Par6 complex
and PKCu kinase activity (Frederick, Matthews, 2008). We therefore reasoned that
substrates important for PKCi-mediated transformation might be identified within the
PKCu-Par6 complex. Indeed, in a companion study, we demonstrated that PKCu can directly
phosphorylate Ect2 (Justilien, Jameison, 2011). Mass spectrometry (MS) analysis of
recombinant Ect2 incubated with PKCu in vitro revealed that Ect2 was phosphorylated on
T328, a consensus PKCu phosphorylation site predicted by the kinase phosphorylation site
prediction program Net-PhosK (Justilien and Fields, 2009). Furthermore, we showed that
this phosphorylation event regulates Ect2 activation of Racl and transforming potential to
maintain the transformed phenotype of NSCLC cells (Justilien, Jameison, 2011). Therefore,
Ect2 and PKCu drive tumor cell proliferation through formation of an oncogenic PKCt-
Par6-Ect2 complex.

Studies in primary LSCC tumors demonstrated that PRKCI and ECT2 are coordinately
amplified and overexpressed in LSCC tumors (Justilien and Fields, 2009). Thus, Ect2 and
PKCu are genetically linked through coordinate gene amplification in LSCC, and
biochemically and functionally linked in LSCC through formation of an oncogenic PKCu-
Par6-Ect2 complex that drives NSCLC cell transformation by activating Rac1 (Justilien and
Fields, 2009, Justilien, Jameison, 2011). Finally, PKCv utilizes Ect2 as a direct substrate and
through direct, site-specific phosphorylation, regulates the oncogenic activity of Ect2.

PKC+ and SOX2 cooperate to regulate cancer stem cells—Human tumors contain
a small population of highly tumorigenic cells (alternatively termed cancer stem cells
(CSCs) or tumor initiating cells (T1Cs)) that are thought to be responsible for tumor
initiation, maintenance, metastasis and relapse. We have demonstrated that PKCu is required
for lung tumor formation in a mouse model of oncogenic KRAS-mediated lung
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adenocarcinoma (LADC) (Regala et al., 2009). In this model, PKCv is required for the
transformation and growth of TICs that give rise to LADC (Regala, Davis, 2009). This study
led us to hypothesize that the oncogenic function of PKCu is to establish and maintain a TIC
phenotype in LSCC tumors harboring 3q26 CNG as well. In a subsequent study, we
demonstrated that indeed PKCu functions to maintain a TIC phenotype in human LSCC
(Justilien, Walsh, 2014). Functional analysis demonstrated that PRKCI cooperates with
S0X2, a second 3g26 nodal gene, to drive a TIC phenotype in LSCC cells and primary
LSCC tumors (Justilien, Walsh, 2014). PKCy maintains the TIC phenotype in LSCC through
SOX2-mediated regulation of Hh signaling (Justilien, Walsh, 2014). Mechanistically, PKCu
phosphorylates SOX2 at T118, a phosphorylation event that drives SOX2-mediated
transcriptional activation of Hedgehog acetyl transferase (HHAT), an enzyme that catalyzes
a critical step in the maturation of Hh ligand. Thus PRKCI and SOX2 cooperate to regulate a
cell autonomous Hh signaling axis that maintains the TIC phenotype in LSCC.

Taken together, these biochemical and functional studies provide a compelling picture of the
3026 amplicon as a highly coordinated, functionally integrated 3g26 OncCassette consisting
of 4 core 3926 nodal genes, SOX2, ECT2, PRKCI and PIK3CA. The 3926 OncCassette
drives tumorigenesis through coordinated overexpression of these 4 oncogenic genes that
reside in a single integrated signaling network that functions to establish and maintain a
population of highly aggressive and tumorigenic stem-like cells that drive tumor formation,
survival, proliferation, and progression to a highly metastatic phenotype (Figure 4). In
addition, many the non-3g26 components of the 3926 OncCassette induced signaling
pathways outlined in Figure 4 have been implicated in the establishment and maintenance of
a cancer stem-like phenotype including EGFR, KRAS and PTEN (Ciuffreda et al., 2014,
Fitzgerald et al., 2015, McCubrey et al., 2015).

Implications: Targeting the 3g26 OncCassette

The realization that 326 CNG drives oncogenesis through coordinated overexpression of
biochemically and functionally linked genes presents both challenges and opportunities for
therapeutic intervention. Inspection of the nodal and integrated 326 genes (Figure 3) and
their experimentally validated signaling interactions (Figure 4) reveals multiple avenues for
drug development. Several 3926 nodal genes are direct druggable targets (i.e. PIK3KCA and
PRKCI). Other 3g26 genes belonging to the predicted network module are also potentially
druggable enzymes including PLD1 (Gomez-Cambronero, 2014) and the PTEN signaling
axis (Ciuffreda, Falcone, 2014). Furthermore, the four nodal 3926 OncCassette genes
function within the context of signaling pathways that represent even more druggable targets
for therapeutic exploitation. The most developmentally advanced inhibitors targeting a 326
gene are the PIK3CA inhibitors (reviewed in (Garcia-Echeverria and Sellers, 2008, Rodon et
al., 2013)). Though PI3K inhibitors showed great promise in pre-clinical studies, their
clinical use has been limited by unacceptable toxicity profiles and detrimental off-target
effects. Second generation inhibitors targeting various points in the PI3K signaling axis,
including inhibitors of AKT, specific PI3K isoforms which serve distinct roles in
tumorigenesis (Baer et al., 2015), and dual inhibitors of PI3K and mTOR, and PI3K and
PLK1, have shown promise as anti-tumor agents (Bowles et al., 2014, Roychowdhury et al.,
2010, Serra, Markman, 2008).
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More recently, PKCv inhibitors have been identified and validated in pre-clinical studies
(Butler et al., 2015, Erdogan et al., 2006, Fields et al., 2007, Fields and Murray, 2008, Fields
and Regala, 2007, Kjaer et al., 2013, Parker et al., 2014, Stallings-Mann et al., 2006). We
identified the anti-rheumatoid gold salts aurothiomalate (ATM) and auranofin (ANF) as
potent and selective PKCv inhibitors that function through disruption of the interaction
between oncogenic PKCu and its binding partner Par6 (Erdogan, Lamark, 2006, Stallings-
Mann, Jamieson, 2006). A major advantage of these compounds is that they are FDA-
approved and have favorable toxicity profiles that make them suitable for use in the
oncology setting. Both ATM and ANF exhibit potent anti-tumor activity in vitro and in vivo
in lung, ovarian and pancreatic tumor models (Butler, Scotti Buzhardt, 2015, Erdogan,
Lamark, 2006, Stallings-Mann, Jamieson, 2006, Wang et al., 2013b). Interestingly, response
to ATM and ANF correlates directly with PRKCI CNG and elevated PKCu expression,
indicating that 3q26 CNG-driven tumors may be particularly sensitive to PKCu inhibitor
therapy (Regala et al., 2008). Our initial clinical experience with these agents has
demonstrated proof of principle for PKCv inhibition using ATM or ANF as a viable
therapeutic approach in both LSCC and ovarian serous cancer, tumor types exhibiting
frequent 3q26 CNGs (Jatoi et al., 2014, Mansfield et al., 2013). These agents were well
tolerated in the oncology setting at concentrations that exhibit effective anti-tumor activity,
and these agents have shown promising initial indications of clinical activity in heavily pre-
treated patients with advanced disease. More recently, we have demonstrated synergistic
anti-tumor activity when combining ANF with mTOR inhibition, a combination that
effectively targets both the PKCu and PI3K-AKT-mTOR pathways shown in Figure 4. This
combination has shown good synergistic anti-tumor activity in pre-clinical models of 3926
CNG-driven LSCC in vitro and in vivo (manuscript in preparation). An ongoing phase 1B/Il
clinical trial using ANF combined with the mTOR inhibitor sirolimus is currently accruing
patients with advanced LSCC. Similarly, ANF exhibits synergistic anti-tumor activity in
combination with the Smoothened inhibitor erismodegib (Justilien and Fields, 2015), a drug
combination that effectively targets the recently identified PKC1-SOX2-Hh signaling axis
that maintains a stem-like phenotype in 3q26 CNG LSCC (Justilien, Walsh, 2014). These
findings provide a compelling rationale for therapeutic approaches involving PKCu
inhibition in combination with other targeted agents against signaling pathways that are
activated and driven by the 3926 OncCassette. This functionally rationalized approach to
combined therapy for 3926 driven tumors may be paradigm shifting with regard to the
clinical treatment of the large number of human tumors harboring this common genetic
alteration.

In conclusion, characterization of a functionally integrated, multigenic 3926 OncCassette
reveals a novel network module comprised of a genetically induced and functionally
integrated set of oncogenic drivers. Combination therapies targeting nodal genes within this
network show promise for enhancing clinical outcome of 3926 amplified cancers. Further
functional characterization of the 3q26 OncCassette holds considerable promise of revealing
further opportunities for development of novel combined therapeutic intervention strategies
that target unique vulnerabilities of 3q26 CNG driven tumors.
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%Tumors with 3q26 CNG
[3)]
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Figure 1. Prevalence and distribution of 3q26 CNGs across human tumor types
The prevalence of 3q26 CNGs were assessed by interrogation of TCGA datasets for major

tumor types using the cBioPortal tools as described in Materials and Methods.
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Figure 2. Identification of core 3g26 amplicon genes
50 genes corresponding to the core 3q26 amplicon in human tumors that also map to mouse

chromosome 3 LSCC susceptibility locus are shown (see text for details). The color coded
regions indicate sub-sections of the syntenic human and mouse chromosomes indicating
evolutionary rearrangements and inversions in this region. Genes indicated in bold, italics

correspond to genes within this syntenic region whose expression correlates with the
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presence of CNGs at that locus in human LSCC tumors. These genes were subjected to

pathway analysis as described in the text.
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Figure 3. A proposed 3926 network module
The core 3g26 amplicon genes identified in Figure 2 were subjected to gene set analysis

using the ConsensuPathDB-human (CPDB; http://cpdb.molgen.mpg.de/CPDB) tool. 21 of
the 35 core 3g26 genes reside within a single induced network module consisting of four
nodal hub genes, SOX2, ECT2, PRKCI and PIK3CA, around which the module is organized.
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Figure 4. The 3926 OncCassette
A schematic diagram is shown illustrating the integrated functional and biochemical

relationships between the four 3926 nodal genes SOX2, ECT2, PRKCI and PIK3CA.
Functional studies demonstrate that these four nodal genes constitute a 3g26 OncCassette
that establishes and maintains a highly tumorigenic tumor-initiating cell (TIC) phenotype
that drives LSCC tumorigenesis. Genes in yellow indicate non 3926 oncogenes; Genes in
orange indicate the four 3g26 nodal genes; genes in blue indicate tumor suppressor genes;
genes in gray indicate potential surrogate biomarkers of 3926 OncCassette activity.

Adv Biol Regul. Author manuscript; available in PMC 2017 January 01.




Page 27

Fields et al.

*Jauuew juapuadap-Hd e ul

16109 pue awWoSoOpuUa Usamiaq s8j9Ad FIN1TOD
16109 aup 03

aWOSOPUa 3y} WoJj palodxa suiglold salipow
pue swI0s 1eyr xajdwod 16]09 sy} Jo Jaquuawl

e s1 (0ETdd9 8@ 0ET 40 ursjoidoydsoyd

'pagIasap aUoN "PaqLIdSap sUON 16109 :exe) ‘v utaloid auelquisw [esBaul 16j09 7INITOD
‘salyredolnau
‘syuaied paisayui awos ul Buleubis YO d9o s1oedwi
139URd Jappe|q pUe [219310]09 JO [BAIAINS auab sIy} u1 uoreINW pue (40d9) si01dadal
(8002 “[e 18 uuBWALY) 11paid ygNo Jo sadAojdey o1uonu| pajdnod u18104d-9 JO WessisuMop suonauny
(6002 “[e 18 UUBWALY) ‘sjualied Jaoued 1seaiq "HuNgns e1aq u1aoid-9 daWI101818Y
(600Z “"[e 18 Jewn) 1U81INa1 PaYeall-Usjixoue) Ul [eAIAINS © S9p0aUd 7 apndadAjod elag ‘(uisi0id
(€102 "I 30 BuooS) "PaqIIosap SUON s1o1pald ygND 40 uoissaidxa ybiH 9) uI8j0i1d Bulpuig apnosjoNN suiuens AN
"uoIseAul
(5TOZ “Ie 10 BUdIN) pue uoneiBbiw ‘yimolb sassaiddns
(5T0Z “e 10 BueA) 'SJaoued S[199 19oued o1seb Ul M gvs4dia 'sIsayIuAs u1aloud Jo sassasoid uonehuols
(5102 leabeydosa pue a1 ‘OLsed ‘ueLieAO ‘D TOSN "Adelayrowayd 01 ANARISUSS puUE UOIBINUI U} Ul SUOHIUNY pUe \YNYW Spulq
‘AayslaH pue SMayIeA) ui sisouboud Jood syo1paid uoissaldxa Zws<413 $9SBAIOUI SaUI| 199 DDST Ul Y 2vs4la 2VS 10108} UOIIRIIUI UOIIR|SUR.) O110AIRXNT Zvs413
(0TOZ ‘udNnsNC pue spjatd)
(6002 ‘spatd pue uaijnsnr)
(9002 '1exua9 ‘oues) “yimoJB 1130 ewol|6 's3sed 19
(8007 ‘ueiL ‘elyfes) *00S3 pue ewoise|qollb ‘DOJSNH pue Jadued Bunj 1oy pasinbai pue ‘sadA) | o Ajiwrey oyy aup 1oy J01oe) abueyoxa apnosjonu
(6002 ‘DiNCRWRA ‘BIRlIH) ut sisouboud Jood yym pajerodosse si uoissaldxa z1 D3 Jowny Auew ui passaldxa Ajybiy st z103 auluenb e s1 g Bulwiogsuel 189 Jerjpynd3 2103
‘winijaynds uelieAo ‘AyredoAwoIpaed Ylim parerdosse ale auab siy}
[ewJou 0} pasedwod JowWwN) UBLIBAO Ul Ul SUOIEIN|A "aUBIGUIAW [B1PUOYI0}IW Jauul
(6002 ‘@qeueiepn ‘sseq) pajeAs|a si uoissaldxs WNHW 6TOCYNA | 8y 01 suisioad suodwi Jeyy wialsAs auotadeys-0d
(92702 “'I2 38 UBYD) ‘yimolB Juapuadapul-abeloydsue uo 19848 'S|199 | ay1 Jo Jaqwiswi e i (YTINIIL HUNGNS 8Sed0|suel |
(6002 0ou sey saul| 1189 DDST pue DOST payijdwe gzbg wa)s Jaoued +THQA TV Jaoued 1sealq Ul aueIqUIBIA Jauu| Lodwi| [eLIPUOYION A ‘BXe)-6T
“e 18 Ja.yner-ajeseyD) Ul 6TOCVNG 40 (@) UMOpX20U>| PajeIpaW-IYNY paonpal st uolssaidxa YNHW 6TOCYNA | Jaquidin *D Ajiwreyans ‘BojowoH (0vdsH) (vNA 6TOCVNA
*00S7 payiduwe 62-9zhbe
U1 uoieINW JBALIP ® 8g 0] padipaid st TATNNDA "uolreAIldR puR
*0DS Ul 8W0o2IN0 [eatul]d Jood yum 'S|189 DS ul Jajowold Alquiasse xajdwod sayejnbas pue xajdwod €3 Jo
(egT0Z ‘UR1) ‘Buepn) s8]e[8.102 uoissaldxa pue uoneayijdwe TATNNDA TIT19 SaleAnde pue spulq TATNNDA uonelAppau sajenbas (0YDS ‘ausboauo parejal
(9002 “[e 10 eLRYIeS) ‘sureb Jaquinu 'saul| 1189 Jaoued paiyljdwe -BLIOUIDIRD |90 snowenbs :exe) T Bulureluod
(8002 e 18 W) Adod bg ynm siowny ul passaidxalano st TATNNDA bg Jo [eainns Joy pasinbal st TATNNDA -Urewop ‘T Uore|Appau uljnd ul aAldaeQ TAINNDA
"uonduNy |32 Was
189URd Ul 904 [enualod e sey Y9110V
"sauab uoljenualayIp ‘Buijapowsas urewolyd uapuadap
10 uoissaldxa Juanaid 03 s)189 J0nuaboid -d1V ul ajo. e sAeyd 1eys uiajoud Buipuiq
(€T0Z "2 30 ORQ) 'PaqLIOs3P BUON | Ul x8|dwod 4NS/IMS 84} Spuld V911DV unoe ue st (7ddv ‘€54vd ‘exe) ‘9 a17-unoy V97110V
RIS ETEN] uonesyljdwe/uolssaldxalano Jo 1oedw| 130Ued Ul 8]0y uonouNy pue 1onpoid U

Author Manuscript

Author Manuscript

T alqel

Author Manuscript

YI0MI8N 8us9) 9zbe

Author Manuscript

; available in PMC 2017 January 01.

Adv Biol Regul. Author manuscript



Page 28

Fields et al.

(TT0Z “"[e 10 JBUIRID)
(€70Z “[e 38 J11BMXUIT)
(Z10Z e 18 Joj19MxuIT)

'suref Jaquinu Adod 9zbg yum
Sa1e[91102 UOISSaldxa ulgioid pue WYNYW 2993S YbiH
*Saul| 199 Jaoued payijdwe

'saul] 189 DTSN pue Jaoued ayesoud
Ul ssa11s Y3 0} oURBISISal SaIRIpaW 29D3S

"aueJIqWIaW ¥ 8y} SS0Joe Hodsuel) pue
(43) wnnonaJ orwsedopua ayy ul Buissasoid
pue uorre|suel) utsloid sarejnbas (D011

(eT0Z ‘Buo ‘puensiabeH) 9zbg Jo ymouh paw.oysuel) sanpas @M 2923S | "DT1DSN ul Jaxew ansouboud e s1 g903S ‘T uisrold uoneoo|suel ] exe) BojowoH z923S 2903S
(TTO0Z ‘1eey ‘Reuni)
(9€TO0Z ‘IIMH ‘Buen)
(TT0Z “Ie 18 18S3Q) '0DS pue ueLreAo ul adAlousyd
(#T0Z ‘Usiemn ‘uarsne) 1189 Wa)s 199ued 10} pasinbal st 1DMd
(0T0Z ‘19|Weg ‘1m03S) "siowny paijdwe bg Jaylo se [jam se ‘00s3 "eWOI|f pue S18oUBd UBLIBAO ‘DljeaIoued
(05002 ‘swaapn ‘ejebay) pue DOSNH ‘02S1 ut sisouboud Jood pue uoissaldxa ‘Bun) ur adAjouayd pawojsuely pue "aseuny utajoad auluoaiyy
(eg00Z ‘e 10 elebOY) Pa1eAd|a YIIM Pajel1oosse SI uoiediyijdwe [DMHd uonedlaijold 192 Jaoued sae|nbal 193 d /auLIas e s1 (1D d) elol ‘D aseury uigloid 1DM4d
"UOITeZ1IB|NISEA
Jlowiny pue siselselaw Jowny
saj0wo.d JUsWUOIIAUB0IOIW Ul TATd
‘ABeydoine
10 UOIIQIYUI 0] JAJUED SAZINSUAS pue Xnf}
a16eydoine sajowoud uoniqiyul TA1d ‘auljoyd pue piae dipieydsoyd
(ez10Z “Ie 18 UBYD) 'S|199 J82ued U1 Bureubis w.oy 03 autjoydjApireydsoyd jo sisAjolpAy
(0TOZ “[e 18 1wV, ||eq) Ulua1ed-B13g/AUAN dlowoud 03 dooj sazAe1ed 1eyy asedijoydsoyd o13198ds-(Dd)
(0TOZ "2 10 BUR)y) "PaqIIoSap SUON oeqpasy aAnisod e ur suonduny Ta1d aurjoyajApireydsoyd e si TQ asedijoydsoyd 1a1d
(6667 ‘N1 ‘yaisakeys)
(zT0Z “12 19 1US) 180ued 91sed pue DOSNH
(2102 “'[2 18 BPNS) u1 [eAlAdns Jood syoipald Jaquinu Adod wOEMId 'SISOYIUAS u1a104d pue uoiseAul ‘Aijnow
(egT0Z ““Ie 10 BuRAn) ‘uire|dsio 03 asuodsal Jaoued 1189 ‘BuifeuBis annelayijoid syowold 03 '2d(S'y) suipid
(8002 [e21AJ82 S101pald uoneayljdwe Jo uoneINW WOEMId | SJeoued Auew ui seseuly auisolA) Joydedal pue dysuipid seejAloydsoyd ((MEld) aseuy-g
‘nsyewabiys ‘ojoweweA) ‘(uereAo ‘DS ‘oLsed 10 sel-3f o1usboouo Aq parennde st Meld | 1ousoul-1Apireydsoyd T sse|o Jo 1ungns onAfered
(€00z ‘oyd ‘unAg) ‘[er1awopus) siowny paiytjdwe-bg ui uoissaldxa "WOEM I paudwe pue jueinw 3y} sapoaua eyd]y 1UNgnS anAeIRD ‘aseury|
(6002 ‘191RD ‘Ussanfes) pasealoul Ylm a1ejal109 sureb Jaquinu Adod wOEMId | ynm siaoued ul pajenss si Buljeubis Meld -¢ ayeydsoydsig-g‘y-jonsoul]-Apireydsoyd VO Id
"ed(S'v'e)suIpld
Unm uonoessiul eiA Aemyyed Meld
(y10Z “Ie 10 BURyZ) ayy ur uonduny 0} pasodoud s1 0TADAd *Al]1geIS Je[naseA ul suonouny ‘sisoydode yum
(£T0Z “[e 19 NOA) "Jaoued | paleIoosse si (SNDD ‘€ UOIBWIO[BW SNOUJIBARD
(£00Z “|e 18 48p|IH) "PaqHIISap SUON areysoud ui payejnbaudn s1 0T1QOAd [e408180 “exe) OT yresp |18 pawwrelfold 01aoad
aul] 199
J32ueD a1eIsold e ul yamolb Juspuadapul
-afeioyoue pue uoiseaul ‘uoresBiw
saje|nbal Ajaisod Z1AVIVVYN
‘Awo10a1eIs04d Jayse [eAIAINS
J00d sya1paid uoissaldxe z1aVIVVN
"SsauaNIssalfibe "Ajiwey |1 asepidadAxoqued
(¥T0Z "€ 10 JaxeuyM) 139U a1e1sold yim parerdosse 190) arewreIn|b ay} Jo Jagquiaw e si Z a1
(5T0Z “1e 19 1pUIaq) 'PaqLIosap sUON [8A0U e se palyliuspl seM 2T 1avIvVN -asepndadip o1pioe paxuil-eydie pae|A1ede-N | 21AVIVVYN
"auouinbign 0} HQWN WO} SU0JI3|3 SJajsues)
's|189 Gg4NAN T Xx8]dwod [eLpuoyd01W JO Jaquiaw
2102 Jowny Arewiwew pareiiul-naN/zgqi3 uonejAioydsoyd annrepixo ue si G xajdwoa-gns
S8y J89uB) ‘g BAONRIWIIM 'pagIasap auoN U1 pasealap Si uoissaldxa Gg4NAN elag T (suouinbign) aseuabolpAysd HAVN [St=Elale] V]
‘nungns seg able)
3y} JO Jaquuiaw UI10id [BWOSOqL [BLIPUOYI0HI
'PaqLIossp SUON "PaqLIosap sUON B Sl /{77 UIS101d [BLi0soqiy [eLPUOYI0HA Ly 1ddN
RERIESETEN] uonesyljdwe/uolssaldxalano Jo 1edw| 139Ue Ul 3]0y uopdUNy pue 19nNpold U

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

; available in PMC 2017 January 01.

Adv Biol Regul. Author manuscript



Page 29

dsetal.

0057 ufione
00S7 urtone

(eTTOZ “Ie 38 NIY)
(€102 “"|e 18 Bueyz)

'0TdSN pue Tuldaqg sioyenbas ABeydoine
$9Z1]10®3S pue sisauabliown) ssaiddns 03
180U Jseslq Ul N3 .Ld sazl|iqels €TdSN

'sisauabliown)
pue ymoih ewoueldw sjowold 0} 41 1IN

‘siojeipaw ABeydoine
pue siossaiddns Jowny jo Anjigels Bunenbas Aq
uoissaiddns pue uonowodd Jowny ui pajedtjdui

awAzuas aseuninbignap e si (g-1 asepndadosi

(TT0Z "2 38 ORYZ) "PagLIasap BUON soz1|1qels pue sayeunbign-sp €TdSN ‘ee) €T esepidad oytoads umnbign £1dSN
"leubis onoydode
ue aonpsuel} 03 s103dadas yreap onoydode
-04d spuiq yeus Ajiwey puebi| 4N 3y 0}
(zT02 ‘uonenuasayip | Buibuojag auioifd e si (1wH.L :puebi) Buronpul
“"|e 10 BUBN-zanbzep) ‘uoireoiyijdwe auab andsap parejnbal-umop 9SIOM YIIM PaJRId0SSe SI 180ued -sisoydode pajejal-4N L ee) 0T Jaquiaw
(STOZ “[e 18 0BA) SI Saul| ||99 Ja2URd [BIIAISD Ul UoISSaIdxa OT4SHNL |B21AI9 Ul UOISSadXa OT4SANL 4O S0 Ajweypsadns puebi| 10108} S1S0408U Jown | 0T4SANL
‘sIselselaw
apou ydwA| pue sisausbolbue-ydwA| pue
uoissaldxa D-493 A serowoud pue Jadued
[e21A130 Ul LN salowold THXT19L
*190ued [eabukreydoseu ul aouelsIsal ‘PanjoAul
(sT0Z “le 39 NIY) une|dsio pue gx-4N sareAnde TYXT 191 saxa|dwod Alore|nbal ayy uo Buipuadap
(apTOZ “IB 38 UBYD) 'S192UBd ‘uonresayljosd ‘uoissaldxa auab sareAnde Jo sassaidal
(8002 ‘Buepn pue 17) | DDS3 pue jeabuAreydoseu ‘[edIAlad ‘1Sealq Ul [eAIAINS 1189 1adued 1sealq pue uolssaldxa auah ey} Jossaldalod 101dadal Jeajonu Jo Jaquiau
(#T0Z “1e3917) | Jood Jog onsouboid pue passaidxe Ajybiy st THXTIEL palelpaw-ulusyed-g ssreinbes TYXT 9L © S| T 40)da0a1 payul|-X T &1]-e18g-uronpsuel | X191
ERIETE I
(¥TOZ ‘N1 ‘Buoq) 1189 Wiais pue JuswdojaAsp ul uoissaidxa
(¥T0Z ‘yo ‘991) *DDSNH pue 99s7 ul adAlousyd auab saye|nbal yey Jo1oe) uondiiosuen
(¥T0Z ‘Usiem ‘uarsng) ‘lenindns Jood syo1paid DOSNH Ul uoissaldxa ZX0S 1189 WS 139ued 8y} 404 pasinbai st ZX0S e s1 Z xog-(A uoibay Buluiwiazg xas) AHS ZX0S
‘Alquiasse pue uonebialbas
“JImolb oAIA Jewosowo1yd sare|nfial NS "SIsonw AjJea ui
(#10Z “"1e 38 NOYyZ) ‘uoissalbold yim | ul pue oaA ul $39npas DOH Ul M YOS UOI}EeSUSPUO0D BLIOSOWOIYD Ul PAAJOAUL 8Sed |
(zT0Z “[e 38 Noyz) pare1d0sse s DDJH Ul #DINS 40 uoissaidxa palens|3 ‘Burjeubis 1 v 1S/MVC sarenbal yIINS Ue SI ¢ SBWOSOWO04YD JO dduBUBUIRW [RINJINIS 7OINS
‘ymolb
Jowny YeiBousx sadnpul pue ‘9N TS 40
(8002 “[e 19 16exY) '00S3 | uonenbal-dn eiA uoiseaul sajowold 7IMS
(eT0Z ‘Buo] ‘puensiabeH) u1 sisouboud Jood yym sare|a1iod uoissaldxa IMS 'd491 10 s108)48 Alo)qiyul '80U39S8UaS $3INPUl pue £6d sazi|1gels os[e
(Tooz 'saul| 1182 OSS3 -yimoJb ay} 01 8dUB)SISal 1189 Jown) 0} ey} Buieubis pews-g491 Jo Jorejnbal aniebau
‘weypjoeywid ‘oyow]) ul Jaquinu Adod yym sa1e|a1i09 uoissaldxa IMS 2INQLIIU0I AW TIMS JO UOISsaIdXaIanO e sl (ONS :exe) auaboouo-ojoad axjI]-IMS S
mcewt_u Jood pue siseiselsw apou ydwA| yum sare|aliod Z9O3S 40 uoissaldxa pajens|d
uaJayip Jo6shpae ysrasBimg) apou ydwA| Yim sare|a1lod 9IS JO uoissaldxa parens|3
RERIESETEN] uonesyljdwe/uolssaldxalano Jo 1edw| 139Ue Ul 3]0y uopdUNy pue 19nNpold U

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

; available in PMC 2017 January 01.

Adv Biol Regul. Author manuscript



