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Abstract

Gonadotropin-releasing hormone (GnRH) is required for pubertal onset and reproduction, thus the
control of GnRH transcription is tightly regulated during development and adulthood. GnRH
neuron development depends on transcription factors of the homeodomain family. For example,
Ventral anterior homeobox 1 (VaxZ) is necessary to maintain GnRH expression after embryonic
day 13 in the mouse. To further our understanding of the mechanisms by which VAX1 regulates
GnRH gene expression, we asked whether VAX1 interacts with other transcription factors to
modify GnRH expression levels. Using the GnRH cell lines, GN11 and GT1-7, we found that
activation of PKC enhances expression of the immediate early gene cFosin both GN11, and
GT1-7, and represses expression of VaxZin GT1-7. Further, VAX1 interacts with cFOS while
bound to the GnRH promoter. In immature GN11 cells, VAX1 and cFOS enhance GnRH
expression, whereas VAX1 and cFOS have a repressive role in the mature GT1-7 cells.
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1. Introduction

Pubertal onset and fertility both depend on proper developmental migration and maturation
of gonadotropin-releasing hormone (GnRH) neurons, with improper GnRH neuron
development or regulation impairing pubertal onset and fertility (Herbison et al., 2008;
Mason et al., 1986). Despite the critical role of GnRH in reproduction, we still have gaps in
our understanding of the transcriptional program involved in GnRH neuron function
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(Balasubramanian et al., 2010; Stamou et al., 2015). The slow advances in the field are in
great part due to challenges associated with the 7 vivo study of GnRH neurons, including a
long GnRH neuron migration path, the scattered localization of GnRH neurons throughout
the anterior hypothalamic area, the sparsity of this cell population (represented by
approximately 800 GnRH neurons in the mouse), and the long projections GnRH neurons
send from the preoptic area to the median eminence, where they release GnRH in a pulsatile
fashion (Fueshko and Wray, 1994; Messina et al., 2016; Tarozzo et al., 1994).

Most of our current knowledge of GnRH neuron development and control of Gnrhl
expression comes from the use of well-established immortalized mouse GnRH neuron cell
lines, represented by the immature, migratory GN11 cells (Radovick et al., 1990), and the
mature, non-migratory GT1-7 cells (Mellon et al., 1990). Indeed, these cell lines have helped
identify novel transcription factors of the homeodomain binding family that are required for
normal GnRH neuron development and GnRH expression, including Orthodenticle
homeobox 2 (Otx2) (Diaczok et al., 2011; Kelley et al., 2000; Larder et al., 2013), Ventral
anterior homeobox 1 (VaxI) (Hoffmann et al., 2014; Hoffmann et al., 2016), Sine oculis-
related homeobox (Six) 3 (unpublished data) and Six6 (Larder et al., 2011). In addition,
GN11 and GT1-7 cell lines have repeatedly proven to be a valid /7 vitro model
recapitulating many characteristics of immature and mature GnRH neurons respectively,
allowing for advances in our understanding of factors important for GhnRH neuron
maturation, and Grirh1 expression (Cariboni et al., 2007; Givens et al., 2005; Glidewell-
Kenney et al., 2013; Magni et al., 2007; Tang et al., 2005).

Despite the great advances in the field of GnRH neuron development, it is still unclear what
combination of transcription factors and input from the surrounding environment are
required to specify and fine-tune GririiZ expression. The significance of homeodomain
transcription factors in fertility is starting to be appreciated, where knock-out (KO) of Six6
leads to loss of GnRH neurons during late development (Larder et al., 2011), and loss of
Six3, a SIX homeodomain transcription factor related to SIX6, is required for the
development of the olfactory system and proper GnRH neuron migration (unpublished). In
addition, VaxZ, a transcription factor not detected in the immature GN11 cells and highly
expressed in the mature GT1-7 cells, is necessary to maintain GnRH expression after
embryonic day 13 (E13) in the mouse (Hoffmann and Mellon, 2016; Hoffmann et al., 2016).
This suggests that the onset of expression of VaxZ in GnRH neurons during development is
critical in GnRH transcription, and that the transcriptional program of VAXL1 is required for
appropriately adjusting GnRH expression during development.

Interestingly, a physical interaction between developmental homeodomain transcription
factors and immediate early genes (IEG), such as members of the activating protein-1 (AP1)
family, has been found to regulate transcriptional activity by either enhancing or silencing
transcriptional activity of these IEG-homeodomain transcription factor complexes (Jeong et
al., 2004; Kessel et al., 1988; Schaefer et al., 2001). The idea that IEGs and homeodomain
transcription factors interact and form transcriptionally active complexes could be important
from a developmental and cellular maturation standpoint, allowing specific expression of
key genes to unique cell populations (Jeong et al., 2004). Indeed, during development, the
level, duration and timing of transcription factors are imperative for cellular specification
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and embryogenesis (Briscoe and Small, 2015; Kicheva and Briscoe, 2015; Lewis, 2008).
The rapid expression of an IEG, such as FBJ osteosarcoma oncogene (cFOS) or Jun proto-
oncogene (cJUN), could thus regulate transcriptional activity of homeodomain transcription
factors during a very short developmental time-frame. Further, cFOS is strongly induced in
mature GnRH neurons in response to the phorbol esther, phorbol 12-myristate 13-acetate
(TPA), which activates protein kinase C (PKC), leading to recruitment of cFOS to the GnRH
regulatory region, and repression of Gnrh1 expression (Glidewell-Kenney et al., 2013,;
Glidewell-Kenney et al., 2014). The neurokinin 3 receptor, a receptor critical in fertility
(Balasubramanian et al., 2010; Topaloglu et al., 2009; Yang and Seminara, 2012), also
represses Gnrh expression through cFOS. The pathway induced by activation of the
neurokinin 3 receptor leads to induction of PKC, and recruitment of transcription factors,
including serum response factor (SRF), and Elk-1, which in their turn regulate cFos, leading
to a repression of Gnrhl expression. Based on the importance of IEG’s, and particularly
cFOS in the regulation of Gnrhl, we asked whether cFOS could modulate the level of GhnRH
expression during GnRH neuron maturation, through interaction with homeodomain
transcription factors.

2. Material and Methods

2.1 Cell culture

GT1-7 (Mellon et al., 1990), GN11 (kindly provided by Sally Radovick), and aT3-1
(Windle et al., 1990) cell lines were cultured in DMEM (Mediatech Inc., Herndon, VA),
containing, 10 % fetal bovine serum (Gemini Bio, West Sacramento, CA), and 1x penicillin-
streptomycin (Life Technologies, Inc./Invitrogen, Grand Island, NY) in a humidified 5 %
COy, incubator at 37°C. For luciferase assays GN11 and GT1-7 cells were seeded into 24-
well plates (Nunc, Roskilde, Denmark) at 75,000 and 200,000 per well, respectively. Cells
transfected for quantitative real time PCR (qRT-PCR) were plated into 10 cm dishes (Nunc)
at 3 million (GT1-7) and 1 million (GN11, NIH3T3) cells per dish. O/N transfection of cells
was done approximately 21 h after plating. At the time of phorbol 12-myristate13-acetate
100 nM (TPA, Tocris Bioscience, dissolved in dimethylsulfoxide) or DMSO (1/2000;
Sigma) treatment, media was changed to DMEM containing 0.1 % BSA. To determine the
impact of the 21 h TPA 100 nM treatment on cell morphology, live GN11 and GT1-7 cell
were visualized using the Keyence BZ-X700 Microscope (Keyence, Laguna Hills, CA). To
increase the visibility of the cells, adjustments of brightness, contrast, and color balance
were done with Image J (National Institutes of Health, Bethesda) and applied to the entire
image.

2.2 Quantitative real-time PCR

Untreated cells, or cells treated with DMSO or TPA 100 nM were harvested in TRIzol®
(Invitrogen) and total RNA from GT1-7, GN11 and a T3 cells extracted according to
manufacturer’s recommendations. DNA was eliminated by the use of the DNA-free™ kit
(Applied Biosystems, Foster City, CA), whereas cDNA was obtained by reverse
transcription of RNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). cDNA
products were detected using iQ SYBR Green Supermix (BioRad) on the CFX Connect real-
time detection system (Bio-Rad). Primers to the coding sequences for mouse Otx2 (F:
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TCGAAGAGCTAAGTGCCGCC, R: GCAATGGTTGGGACTGAGG), cJun (F:
GTCCCCTATCGACATGGAGTCT, R: GAGTTTTGCGCTTTCAAGGTTT), cFos (F
GGCAAAGTAGAGCAGCTATCTCCT, R: TCAGCTCCCTCCTCCGATTC), Six6 (F:
TCGATGTTCCAGCTGCCCAT, R: TGGAAAGCCACGATGGCTCT), Gnrh (F:
TGCTGACTGTGTGTTTGGAAGGCT, R: TTTGATCCACCTCCTTGCGACTCA), Vaxi
(F: CCGGATCCTAGTCCGAGATGCC, R: TCTCCCGGCCCACCACGTAT), Ppia (F:
AAGTTCCAAAGACAGCAGAAAAC, R: CTCAAATTTCTCTCCGTAGATGG), Hzafz
(F: TCACCGCAGAGGTACTTGAG, R: GATGTGTGGGATGACACCA) synthesized by
Integrated DNA Technologies (San Diego, CA) and D/x1 and D/x5 (Qiagen, Germantown,
MD), permitted amplification of the indicated cDNA products. Data was expressed by the
28 ACT method by normalizing the gene of interest to the housekeeping genes Ppia and
HZafz. Data are expressed as fold change compared to control, or as indicated in the figure
legends. Data represent mean fold change + SEM from a minimum of three independent
RNA samples for each data point.

2.3 Transfection

Transient transfections for luciferase assays and qRT-PCR were performed using PolyJet™
(SignaGen Laboratories, Rockville, MD), according to the manufacturer’s
recommendations. For luciferase assays, cells were co-transfected as indicated in the figure
legends, with 150 ng/well luciferase reporter plasmids and expression plasmids at the
indicated concentration. 100 ng/well thymidine kinase-p-galactosidase reporter plasmid was
added and served as an internal control. Transfection efficiency was evaluated by staining
for the thymidine kinase-p-galactosidase reporter, and showed successful transfection of
15.3 % + 1.6 GN11 cells, and of 9.8 % + 1.7 GT1-7 cells. Plasmids were previously
described (Ely et al., 2011; Glidewell-Kenney et al., 2013; Glidewell-Kenney et al., 2014;
Hoffmann et al., 2016; lyer et al., 2010; Larder et al., 2011; Nelson et al., 2000). Site-
directed mutagenesis of the two homeodomain binding sites were performed using the
Quick Change Mutagenesis Kit (Agilent), following manufacturer’s instructions. The =59 bp
site in the 1 Kb-cFos-luciferase promoter was mutated from ATT to GGC, and the —=313 bp
site was mutated from ATT to CGG. To equalize the amount of DNA transfected into cells,
we systematically equalized plasmid concentrations by adding varying concentrations of the
appropriate empty vector.

2.4 Luciferase assay

Cells were harvested 21 h after transfection in lysis buffer [L00 mM potassium phosphate
(pH 7.8) and 0.2 % Triton X-100]. Luciferase and p-galactosidase assays were performed as
previously described (Givens et al., 2005). Luciferase values are normalized to -
galactosidase values to control for transfection efficiency. Values are normalized to pGL3 or
corresponding backbone of expression plasmid as indicated in the figure legends. Data
represent the mean + SEM of at least three independent experiments done in triplicate.

2.5 Statistical analysis

All experiments were repeated a minimum of 3 independent times. Statistical analyses of
data were done by Student’s t-test, One or Two Way ANOVA in GraphPad Prism 7
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(GraphPad Software, La Jolla, CA) as indicated in figure legends. Statistical significance
was set at 95 %. Data are depicted as mean = SEM.

3.1 TPA treatment of GhRH neuronal cell lines causes transcriptional regulation of both
cFos and homeodomain transcription factors, enhancing Gnrhl expression in GN11 cells,
and reducing Gnrh1 expression in GT1-7 cells

To better understand the molecular events that enhance GnRH expression during GnRH
neuron maturation, we asked whether cFOS might have differential roles in immature and
mature GnRH neurons, represented by the immortalized GnRH neuronal cells GN11 and
GT1-7, respectively. By gRT-PCR, we found that the mature GnRH cell line, GT1-7,
expressed relatively high levels of Gnrhi1, cFosand cJun, whereas the immature GnRH cells,
GN11, and the control cell line, aT3-1, expressed lower levels of these transcripts (Figure
1A). To determine if cFOS plays a role in Gririi1 expression during GnRH neuron
maturation, we transiently transfected GN11 and GT1-7 cells with expression vectors for
cFOS, or a dominant-negative cFOS protein, termed AFOS (Olive et al., 1997), and
evaluated the level of transcription of the GnRH enhancer and promoter (GnRH E/P)
construct driving the expression of luciferase. AFOS overexpression in GN11 reduced
GnRH E/P-luciferase levels at all the studied concentrations (One-way ANOVA, F(3, 40) =
7.374,n =5, p = 0.0005), whereas cFOS overexpression enhanced GnRH E/P-luciferase
levels (One-way ANOVA, F(3, 32) = 11.73, p < 0.0001, n = 5, Figure 1B). AFOS was able
to reduce cFOS enhanced GnRH E/P-luciferase levels (One-way ANOVA, F = (3, 22) =
20.91, p <0.0001, n = 3-5, Figure 1B). In contrast in GT1-7 cells, AFOS enhanced (One-
way ANOVA, F(3, 42) =42.12, p < 0.0001, n = 4), and cFOS repressed GnRH E/P-
luciferase levels (One-way ANOVA, F(3, 24) =17.14, p <0.0001, n = 4-5, Figure 1C). This
effect was specific, as AFOS was able to reverse the effect of cFOS repression on the GnRH
E/P-luciferase promoter (One-way ANOVA, F(3,29) = 16.02, p < 0.0001, n = 3-5, Figure
1C). To determine if the effect of cFOS would be recapitulated on the endogenous Gnrhl
gene, we overexpressed cFOS in GN11 and GT1-7 cells. We were unable to detect an
increase in Gnrh1 expression by gRT-PCR in GN11 cells at the studied time point (Figure
1D), whereas a slight decrease in Grirh expression was seen in GT1-7 cells (Figure 1E).
The minor effect of cFOS overexpression on endogenous gene expression was likely due to
the small proportion of cells transfected (9—15 %). It has previously been shown that TPA, a
phorbol ester strongly activating PKC, induces cFos expression in GT1-7 cells (Bruder et al.,
1992; Bruder and Wierman, 1994; Glidewell-Kenney et al., 2013). The enhanced cFos
expression leads to repression of Gnrhlin GT1-7 cells through binding of cFOS to AP1-half
sites in the Gnirh regulatory region (Figure 1F) (Glidewell-Kenney et al., 2013). To
determine the extent to which regulation of Grirhl expression by TPA was mediated by
cFOS-binding to the identified AP1-half sites (Figure 1F), we treated both GN11 and GT1-7
cells with DMSO or TPA (100 nM, 18-20 h). This treatment was associated with
morphological changes in both GN11 and GT1-7 cells, where GN11 cells appeared more
round after TPA treatment than cells treated with vehicle, whereas prolongations of GT1-7
cells appeared thinner (Figure 1G). We next evaluated the transcription levels in response to
TPA of the GnRH E/P-luciferase plasmid, GnRH LE/P-luciferase (AP1-half site mutated in
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the E), GNRH E/uP-luciferase (AP1-half site mutated in the promoter) or both (GnRH UE/YP,
Figure 1F, sequences underlined). In GN11 cells, TPA slightly increased the expression of
GnRH E/P-luciferase, and mutation of either of the AP1-half sites abolished the TPA-
dependent increase (Two-way ANOVA, promoter constructs: (F3,73) = 4.882, p = 0.0038;
treatment F(1,73) = 7.164, p = 0.0092; interaction F(3,73) = 1.974, n = 5-6, p = 0.1254,
Figure 1H), supporting a previous report on enhanced expression of the human GnRH
promoter-driving luciferase expression in this same cell line in response to TPA (Zakaria et
al., 1996). In GT1-7 cells, TPA-repressed Gnrhl expression through AP1-halfsites in the
promoter (Two-way ANOVA, promoter constructs: F(3,74) = 87.08, p < 0.0001; treatment:
F(3,74) = 376, p < 0.001; interaction F(3,74) = 37.81 p<0.0001, n = 4-6; Figure 11).
Specifically, mutating the GnRH E/uP reduced the repressive effect of TPA by ~50 %.
However, mutation of both AP1-half sites did not abolish the effects of TPA, suggesting
there are either additional sites within the cFOS-binding region, or TPA induces additional
signaling pathways, which repress Gnrhl. To identify additional pathways or transcription
factors which are important for PKC-regulated Gnrh1 expression, we analyzed the GnRH
enhancer and promoter region, and found that the AP1-half sites bound by cFOS were in
close proximity to ATTA sites, which are known binding-sites of homeodomain transcription
factors (Figure 1F).

This was of particular interest to us, as homeodomain transcription factors can regulate
Gnirh1 expression through ATTA sites, and previously have been shown to be critical in
establishing the correct number of GnRH neurons, and maintain GnRH expression (Dateki
et al., 2010; Hoffmann et al., 2016; Kelley et al., 2000; Kim et al., 2007; Larder et al., 2011).
Based on this, we hypothesized that the effects of TPA are two-fold: involving 1) a PKC-
induced increase of cFos, followed by cFOS repression of Gnrh1 expression, and 2) TPA-
modulated expression of homeodomain transcription factors. To determine whether TPA
regulates expression of homeodomain transcription factors, we treated GN11 and GT1-7
cells with TPA (100 nM) for 1, 4, 8, and 20 h, and evaluated transcript levels of the
homeodomain transcription factors DIx1, DIx5, Six6, Vax1, and OtxZ, as well as Gnrhl,
cFosand cJun, by qRT-PCR. We first confirmed the capacity of TPA 100 nM to regulate
cFos, cJun, and Gnrhlin both cell lines. In GN11, TPA enhanced cFosand cJun (One-way
ANOVA, cJun, F =539,4; p < 0.001; cFos = 298.1, p < 0.0001, n = 2—-6; Figure 2), whereas
TPA was unable to increase Gnrhl expression to a detectable level at the studied time points
in GN11 (1, 4, 8, and 20 h). In GT1-7 cells, TPA enhanced cFos and cJun expression,
whereas Gnirhi1 was reduced (One-way ANOVA,; cJurr. F = 135.6, p < 0.0001; cFos. F =
46.38, p < 0.0001; Gnrhl. F =290, p <0.0001, n = 2-8) (Bruder et al., 1996; Wetsel et al.,
1993). Interestingly, TPA repressed D/x1, Vaxl, Otx2and Six6 expression in GT1-7 cells,
whereas these transcripts were below detectable limit in GN11 (One-way ANOVA,; DixI:
GN11: N/A; GT1-7: F=11.7, p = 0.0004; VaxZ: GN11: N/A; GT1-7: F = 18.38, p < 0.0001;
Otx2: GN11: N/A; GT1-7: F =3.523, p = 0.048; Six6. GN11: N/A; GT1-7: F=5.017,p =
0.0166, n = 8). TPA enhanced D/x5 expression in GN11, but repressed this transcript in
GT1-7 cells (One-way ANOVA, DIx5: GN11: F = 8.692, p = 0.0054; GT1-7: F=6.332,p =
0.0051, n=8). Due to the critical role of VAX1 in maintaining Gnirii1 expression after E13.5
(Hoffmann et al., 2016), and the rapid effect of TPA on VaxZ transcript levels, which were
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detectable at 1 h of TPA treatment, we decided to focus on this transcription factor for the
current study.

To further our understanding of the molecular mechanisms regulating the developmental
expression of Gnrhl1, we asked whether the PKC-pathway (and specifically cFOS) is
important for determining the level of VAX1-regulated GnRH expression in GT1-7 and/or
GN11 cells. We first asked what the consequences of high levels of VAX1, with and without
cFOS, would be on Gnrh1 transcription in immature and mature GnRH cell lines. We
transiently transfected GN11 and GT1-7 cells with the GnRH E/P-luciferase, VAX1, with or
without cFOS (100 ng) or AFOS (100 ng) (Figure 3). We confirmed our prior studies
showing that VAX1 increased GnRH E/P-luciferase expression in GN11 (Figure 3A), and
repressed this construct in GT1-7 (Figure 3B) (Hoffmann et al., 2016). This differential
regulation of GnRH E/P-luciferase expression by VAX1 might be linked with the absence of
VAX1 in GN11, and the relatively high expression of VAX1 in GT1-7. It should be noted,
that due to the absence of endogenous VaxZ expression in GN11 cells, it is possible this cell
line more appropriately reflects the role of VAX1 within GnRH neurons. In GT1-7 cells, the
combined overexpression of VAX1, in addition to the high endogenous expression of this
gene, might lead to a negative feedback mechanism due to excessive levels of VAX1 in these
cells. In agreement with what we found before, cFOS enhanced the GnRH E/P-luciferase
promoter in GN11 (Two-way ANOVA, overall effect of cFOS, F(1,49) = 40.94, p < 0.0001)
and AFOS repressed this construct, although no overall effect of AFOS was detected by
Two-way ANOVA, F(1,38) = 0.5458, p = 0.4646 in GN11. A significant interaction between
cFOS and VAX1, but not AFOS and VAX1, was detected by Two-way ANOVA (cFOS-
VAX1 interaction: F(1,49) = 7.129, p = 0.013; AFOS-VAX1 interaction: F(1,38) = 0.5458, p
= 0.4646). As seen before in GT1-7 cells (Figure 3B), cFOS repressed GnRH E/P-luciferase
levels (Two way ANOVA overall effect of cFOS, F(1,54) = 81.31, p < 0.0001), and AFOS
enhanced GnRH E/P-luciferase (Two-way ANOVA, overall effect AFOS, F(1,13) = 17.55, p
=0.0011). The overall effect of VAX1 was abolished in the presence of cFOS (Two-way
ANOVA, F(1,54) = 1.639, p = 0.206), whereas this was not the case in the presence of
AFOS (F(1,13) = 6.191, p = 0.0271).

3.2 VAX1is atranscriptional activator of cFos in immortalized GnRH neurons

As transcription factors, VAX1 and cFOS target numerous transcripts within a cell, and thus
could regulate Gnirh1 expression indirectly. We first asked whether cFOS regulated VaxZ
expression, a transcription factor known to have direct effects on GnRH expression
(Hoffmann et al., 2016). We performed gRT-PCR in GN11 and GT1-7 cells overexpressing
cFOS, and did not detect any changes in endogenous VaxZ expression levels at the studied
time point (Figure 1D, E), suggesting the synergistic effect of VAX1 and cFOS was not due
to cFOS regulation of VaxZ expression. In contrast, VAX1 overexpression in GT1-7 cells
increased cFos expression (Figure 4A) indicating VAX1 can regulate endogenous ¢fFos
expression. To determine if part of the effect of VAX1 regulation of the GnrhiZ promoter was
due to an indirect effect through VAX1-driven cFOS expression, we asked if VAX1 could
regulate the cFospromoter in GN11 and GT1-7 cells. Transient transfections of GN11 and
GT1-7 cells with different lengths of the cFos-regulatory region revealed that depending on
cFos-luciferase promoter length the transcription level of the construct changed (Two-way
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ANOVA, cFos-luciferase promoter length, GN11: F(3,74) = 6.94, p = 0.0004; GT1-7:
F(3,72) = 22.12, p < 0.0001). In additional VAX1 activated this promoter in both GN11 and
GT1-7 cells, and this effect was maintained down to the —200 bp cFos-promoter (Figure 4B,
C). Two-way ANOVA statistical analysis determined an overall effect of VAX1 in GN11:
F(1,74) = 32.73, p < 0.0001 and GT1-7: F(1,72) = 25.53, p < 0.0001, but no interaction
between cFos-promoter length and VAX1 was detected (Two-way ANOVA, GN11: F(3,74)
=0.9166, p = 0.4372; GT1-7: F(3,72) = 0.3465, p = 0.7917). As a homeodomain
transcription factor, VAX1 binds ATTA and related sites. We identified a partial ATTA site
within —200 bp of the cFostranscriptional start site, and a second ATTA site at —313 bp from
the transcriptional start site (Figure 4D). To establish whether VAX1 regulated transcription
through the identified ATTA sites, we created cis-mutations of the two ATTA sites in the
proximal cFos regulator region (Figure 4D). Mutation of the partial VAX1 binding site at
-59 bp, but not at =313 bp, abolished VAX1 regulation of this promoter in both cell lines,
whereas mutations in binding sites for other transcription factors, such as cFOS (AP1), and
serum response factor (SRF), did not affect VAX1 regulation of this promoter (Figure 4D-F,
One-way ANOVA, GN11: F(5, 64) = 6.267, p < 0.0001; GT1-7: F(5,59) = 15.4,p <
0.0001). Thus, VAX1 can directly regulate the GnRH promoter, but also mediates GnRH
expression through cFOS (Figure 4G).

3.3 cFOS binding to the regulatory region of Gnrh1 controls the capacity of VAX1 to
modulate Gnrhl expression in immortalized GnRH neurons

IEGs, such as cFOS and cJUN, regulate transcription by directly interacting with
homeodomain transcription factors. To determine if an interaction occurred between cFOS
and VAX1 on the Gnirh1 promoter, and if this interaction might change during GnRH neuron
development, we asked whether cFOS binding to AP1-half sites in the GnRH E/P-luciferase
reporter was required for the synergistic effect of VAX1 and cFOS in GN11 (Figure 3A,
Two-way ANOVA, interaction cFOS and VAX1, p = 0.013). Mutation of the AP1-half site in
the GnRH promoter (GnRH E/uP) reduced the capacity of VAX1 to regulate this construct in
GN11 (fold change in transcriptional induction by VAX1 on GnRH E/P versus GnRH E/uP
was reduced by 37 %). The effect of cFOS overexpression on transcription of GnRH E/P and
GnRH E/uP (Two-way ANOVA, F(1,48) = 15.75, p = 0.0002) was reduced by 20 % from
cFos+GnRH E/P = 2.4 to cFos+GnRH E/uP = 1.9. Mutation of the AP1-half site in the
enhancer slightly enhanced VAX1 regulation of this plasmid in GN11 (VAX1+GnRH E/P =
2.0 and VAX1+GnRH pE/P = 2.4, Figure 5B, Two-way ANOVA, F(1,48) = 1.7575, p =
0.189; cFOS-VAX1 interaction on GnRH E/pP F(1.48) = 0.2394, p = 0.6269). Interestingly,
the synergistic effect of cFOS and VAX1 observed on GnRH E/P (Figure 3A), was slightly
enhanced on the GnRH PE/P construct (Two-way ANOVA, effect of cFOS: F(1,46) = 11,21,
p = 0.0016; VAX1: F(1,46) = 12.09, p = 0.0011; interaction: F(1,46) = 2.855, p = 0.096),
and changed from 5.3 on GnRH E/P to 5.8 on GnRH PE/P. Further the effect of VAX1-cFOS
on GnRH pE/uP (Two-way ANOVA, effect of cFOS: F(1,67) = 19.81, p < 0.0001; VAX1:
F(1,67) = 11.54, p = 0.0011; interaction: F(1,67) = 0.912, p = 0.3430) reduced their effect to
2.8, which represents a reduction of 52 %, and a loss of interaction. This suggests cFOS
binding to the promoter is involved in the enhanced GnRH expression when cFOS and
VAX1 are overexpressed (Figure 5A). In GT1-7 cells, GnRH E/uP abolished VAX1’s
capacity to repress GnRH expression in the presence of increased levels of cFOS (GhnRH E/
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UP, Two-way ANOVA, cFOS: (F1,47) = 13.03, p = 0.0007; VAX1: F(1,47) =5.894,p =
0.0191; interaction F(1,47) = 0.6418, p = 0.427, Figure 5A), whereas mutation of the AP1-
half site in the enhancer abolished VAX1 regulation of GhnRH pE/P (Figure 5B pcDNA; and
C, CMV, GnRH LE/P, Two way ANOVA cFOS: F(1,68) = 50.71, p < 0.0001; VAX1: F(1,68)
=0.357, p = 0.5518; interaction F(1,47) = 1.795, p = 0.1848), and eliminated the capacity of
VAX1 to repress transcription (Figure 5B, GT1-7). Further, mutations of both AP1-half sites
abolished the capacity of VAX1 to repress this construct (Figure 5C, Two-way ANOVA,
VAX1: F(1,85) = 0.0005, p = 0.9823) without impacting cFOS repression (Two way
ANOVA cFOS: (F1,85) = 28.42, p < 0.0001). Interestingly, a significant interaction between
cFOS and VAX1 was detected (Two-way ANOVA, F(1,85) =5.742, p = 0.00188), where
VAX1 went from slightly repressing the construct in absence of cFOS, to a slight reversal of
cFOS repression (Figure 5B, C). To assess the potential role of endogenous cFOS on VAX1
driven GnRH E/P-luciferase expression, basal cFOS was reduced using the dominant
negative cFOS plasmid, termed AFOS, a plasmid we had found to be efficient in reverting
cFOS regulation of this construct (Figure 1B, C). Surprisingly, the AP1-half site mutations
in the GnRH E/P-luciferase reporter only modestly affected the capacity of AFOS to change
GnRH E/P luciferase transcription levels (transcription level of AFOS on GnRH E/P = 2.1,
GnRH E/pP = 1.7, GnRH PE/P = 1.4, GNRH pPE/pP = 2.2). We confirmed the requirement of
the partial AP1-half site in the enhancer (E) as required for VAX1 repression (Figure 5D),
although the overall effect of VAX1 still reached statistical significance on all constructs
(Two-way ANOVA of VAX1 with or without AFOS on GnRH E/pP: F(1,10) = 1.897,p =
0.0014; GnRH YE/P: F(1,11) = 8.891, p = 0.0125; GnRH pE/pP: F(1,16) =4.59,p =
0.0478). Mutating AP1-half sites in the GnRH E/P did not reveal any interaction between
VAX1 and AFOS in GT1-7 cells, (Two-way ANOVA, GhnRH E/P: F(1,13) = 0.9098, p =
0.3576; GNRH E/uP: F(1,47) = 0.6418, p = 0.4271; GnRH PE/P: F(1,68) = 1.795, p =
0.1848), although this interaction trended towards significance when both AP1-half sites
were mutated (GnRH pE/uP: F(1,16) = 3.418, p = 0.0830), supporting the findings in Figure
5C. Overall, the minor effect of mutating the partial AP1-sites suggests that cFOS might act
in part by interacting with VAX1. These results are summarized in Figure 5D. To determine
if cFOS can regulate transcription through VAX1, we used a promoter construct containing
5XATTA repeats driving expression of luciferase, the DNA sequence recognized by VAX1.
As we have demonstrated previously, VAX1 enhanced expression of the 5XATTA multimer
in both GN11 and GT1-7 cells (Figure 5F, Two-way ANOVA, GN11: F(1,43) =43.1,p <
0.0001; GT1-7: F(1,29) = 30.05, p < 0.0001) (Hoffmann et al., 2016). In GN11, cFOS did
not impact VAX1 driven expression of the ATTA-multimer (Two-way ANOVA, F(1,43) =
0.5568, p = 0.4557), whereas cFOS impaired VAX1-driven ATTA-luciferase expression in
GT1-7 (Figure 5F, Two-way ANOVA, F(1,29) = 9.819, p = 0.0039). To determine if this
effect was specific to VAX1, we repeated the study with SIX6, a homeodomain transcription
factor required for GnRH neuron survival and a strong activator of Gnrh1 acting through
ATTA sites in the Gnrhl regulatory region (Larder et al., 2011). As expected, SIX6 strongly
increased transcription of the ATTA multimer in both GN11 and GT1-7 cells (Figure 5G,
Two-way ANOVA, GN11: F(1,39) = 80.08, p < 0.0001; GT1-7: F(1,43) = 159.8, p <
0.0001), and cFOS overexpression did not significantly affect SIX6 regulation of this
construct in either cell line (Figure 5G, Two-way ANOVA, GN11: F(1,39) = 0.9594; GT1-7:
F(1,43) = 3.694, p = 0.0613).
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4. Discussion

4.1 PKC activation in GN11 and GT1-7 cells leads to rapid transcriptional regulation of
both cFos and homeodomain transcription factors

GnRH neurons receive a myriad of signals coordinating correct GnRH neuron development
and subsequent control of fertility. The requirement of appropriately localized GnRH
neurons, in combination with pulsatile GnRH release controls reproductive function and
places this neuronal population at the apex of the reproductive axis. Because GnRH release
patterns determine reproductive status, and a reduction in GnRH release shuts down the
reproductive axis during periods of stress, malnutrition or seasonal changes in day length in
seasonal breeders (Lehman et al., 1997; Luo et al., 2016; Mintz et al., 2007), it is
unsurprising that the signaling pathways and transcription factors regulating GnRH
expression and release are multifold. It is well established that TPA, a PKC activator,
enhances cFos, and represses Gnrhl in the model GnRH neurons GT1-7 through well-
defined binding sites on the Gnirhi1 regulatory region (Bruder et al., 1992; Bruder et al.,
1996; Bruder and Wierman, 1994; Eraly and Mellon, 1995; Glidewell-Kenney et al., 2013;
Tang et al., 2005; Wetsel et al., 1993), and chromatin closure (lyer et al., 2011). Surprisingly,
when we investigated to what extent the AP1-half sites identified to bind cFOS were
important in TPA-regulation of GnRH expression, we found that mutating these sites only
modestly impacted TPA-repression of these reporters in GT1-7 cells, whereas mutation of
the AP1-half site in the promoter, abolished the moderate increase in GnRH E/P-luciferase
expression by TPA in GN11. This clearly shows that TPA regulates other pathways in order
to regulate GnRH expression in GT1-7 cells, and involves TPA-induced signal-transduction
in the regulation of Gnrh1 expression in GNRH cells. It should be noted that, although we
were able to recapitulate the capacity of TPA to repress Gnrfi1 expression in GT1-7 cells, at
no point did we detected GrirhZ in GN11. We were also unable to induce endogenous Gnrhi1
expression in GN11 cells by TPA, although TPA enhanced GnRH E/P expression in this cell
line. The capacity of TPA to induce GnRH E/P-luciferase in GN11 suggests that, in more
mature GnRH neurons, where the GnRH regulatory region is in a more relaxed
conformation, TPA might be able to increase Gnrh1 expression. However, due to the few,
relatively quick, time points after TPA treatment at which Gnrh1 expression was studied (up
to 20 hrs), TPA was unable to allow enhanced GririiZ expression, or expression of
transcription factors required for GnRH expression, such as VAX1 and SIX6. However, the
maintained capacity of TPA to modulate the GnRH E/P-luciferase construct to a great extent
when AP1-half sites were mutated, clearly indicated TPA allowed recruitment of other
transcription factors than cFOS to the GnRH regulatory region to regulate its expression.
Due to the importance of homeodomain transcription factors in GnRH neuron development
and function, we speculated that TPA could regulate this group of genes. Thus, we analyzed
expression of transcription factors known to be involved in GnRH transcription regulation
such as DLX1/5, SIX3/6, VAX1, and OTX2 (Eraly et al., 1998; Hoffmann et al., 2016; lyer
etal., 2010; Kim et al., 2007; Novaira et al., 2012; Tang et al., 2005). In agreement with
previous reports, we found that TPA strongly induces c¢Fos and only modestly induces cJun
in GT1-7 cells, and represses Gnrhil in GT1-7 cells (Bruder et al., 1992). Interestingly, TPA
rapidly (within 4 h) repressed Dix1, DIx5, Vax1, Otx2and Six6in GT1-7 cells, and
enhanced DIx5in GN11, the only homeodomain transcription factor we were able to detect
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in GN11 of the six studied. We also evaluated Six3expression, but transcript levels were
below the detectable limit in all the studied conditions and therefore Six3was not included.
It is interesting to note that all transcriptional effects observed, aside from the induction of
cFosand cJunby TPA, were regulated oppositely in GN11 and GT1-7 cells, supporting the
major differences in transcription complexes and chromatin status in these cell lines (Huang
et al., 2016; lyer et al., 2011). Although we only detected endogenous VaxIin GT1-7 cells,
the rapid effect by TPA on VaxZ expression, which we were able to detect at 1h of TPA
treatment, made this transcription factor of particular interest to us. As we had observed in
our previous study, VaxZ was not expressed in GN11 cells, and highly expressed in GT1-7
cells (Hoffmann and Mellon, 2016; Hoffmann et al., 2016). This differential expression of
Vaxl, and the loss of Gnrhi1 after E13.5 in mice with VaxZ deleted within GnRH neurons
(Hoffmann et al., 2016), suggest that the transcriptional program regulated by VAX1 allows
for maintenance of GnRH expression after E13.5, and thus VAX1 is turned on in maturing
GnRH neurons on or around E13.5. Based on this, we decided to use the GN11 and GT1-7
cells to further our understanding of VAX1 regulation of the GnRH enhancer and promoter
(GnRH E/P).

As most homeodomain transcription factors VAX1 regulates GnRH expression through
ATTA sites, which are abundant and bound by many other homeodomain transcription
factors in these cell lines (Hoffmann et al., 2016). One unique feature of VAX1 is its dosage
effect on GnRH neuron numbers (Hoffmann et al., 2014; Hoffmann et al., 2016), which
places it in a unique position in GnRH neuron development. We therefore hypothesized that,
in addition to being able to compete for binding with SIX6 on the GnRH regulatory region
(Hoffmann et al., 2016), VAX1 would interact with other transcription factors in these cells.
Indeed, VaxZ overexpression in GT1-7 cells enhanced both endogenous cFos expression in
GT1-7 cells, and cFos-luciferase expression in GN11 and GT1-7 cells, an effect we found to
be mediated by VAX1 action on the ATTA site at —59 bp from the cFos transcriptional start
site. Thus, VAX1 is able to regulate GnRH expression through both a direct action on the
GnRH regulatory region and indirectly by enhancing cFos expression (Figure 4G).

4.2 ldentification of a GnRH neuron maturation-stage dependent interaction between VAX1
and cFOS, a novel mechanism allowing fine-tuning of homeodomain transcription factor
regulation of GnRH expression

The timing and dosage of numerous factors within GnRH neurons, as well as their
environment, are required to obtain mature GnRH neurons that are localized in the anterior
hypothalamic area and express GnRH. Despite the well-established key roles of
homeodomain transcription factors in GnRH neuron development, we were surprised by the
dramatic effect of VaxZ KO on the number of neurons expressing GnRH in the brain
(Hoffmann et al., 2014; Hoffmann et al., 2016). To further our understanding of the role of
VAX1 in GnRH gene regulation, we next asked if VAX1 could regulate GnRH expression by
interacting with other transcription factors. As a homeodomain transcription factor, VAX1
controls a transcriptional network regulating eye and ventral forebrain development
(Bertuzzi et al., 1999; Bharti et al., 2011; Hallonet et al., 1999). There are different strategies
utilized by transcription factors to specifically regulate their respective target genes, such as
binding to unique sequences (ATTA), and interactions with other transcription factors or co-
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factors (Cheatle Jarvela and Hinman, 2015; Kicheva and Briscoe, 2015). Prior work found
that homeodomain transcription factors can directly interact with members of the AP1
family, probably fine-tuning expression of their common gene targets (Andreucci et al.,
2002; Dony and Gruss, 1988; Jeong et al., 2004; Schaefer et al., 2001). Due to the rapid
decline in GnRH-expressing neurons in the VaxZ KO, we focused on the IEG cFOS as its
expression is regulated on a rapid time scale and is important in GnRH expression, but only
plays a minor role in GnRH neuron development (Xie et al., 2015). As VAX1 expression
turns on during GnRH neuron maturation, we hypothesized that transfecting the immature
GN11 cells with VAX1 would reflect a maturing GnRH neuron (Figure 4G and 5D). It
should be noted that one major limitation to the strategy used is the presence of endogenous
Vaxin GT1-7 cells, levels of which we increased further in the transient transfection
studies. However, due to the difficulty in transfecting GT1-7 cells, which only reach about
10 % efficiency, we decided not to attempt to use VaxZ siRNA in the current study to
understand how VAX1-cFOS dosage impacts Gnrfi1 expression levels. However, we have
previously shown that reducing endogenous VaxZ by approximately 70 % allows an increase
in Gnrh1 expression in GT1-7 cells (Hoffmann et al., 2016), confirming its role as a
repressor on the GnRH promoter. In the current study, we found a GnRH neuron maturation-
stage dependent transcriptional interaction between VAX1 and cFOS on the GnRH
regulatory region (Figure 5D). In GN11 cells, endogenous cFOS (as evaluated by the use of
AFOS) had no role on VAX1 regulation of GnRH E/P, but elimination of cFOS was able to
reverse the synergistic effect between cFOS and VAX1, showing that cFOS is required for
the synergy in this cell line. Indeed, this synergy depended upon cFOS binding principally to
the AP1-half site in the GnRH promoter, and did not require direct interaction between
cFOS and VAX1, as the synergy was lost on the ATTA-multimer. We next asked if there
would also be synergy between cFOS and VAX1 in the mature GnRH cells, GT1-7. First, we
confirmed that VAX1 and cFOS reduced GnRH E/P-luciferase levels (Bruder et al., 1996;
Bruder and Wierman, 1994; Ely et al., 2011; Hoffmann and Mellon, 2016; Hoffmann et al.,
2016; Wetsel et al., 1993). Interestingly, simultaneous overexpression of VAX1 and cFOS
leads to GNRH E/P-luciferase transcription levels approximately the same as those observed
by cFOS alone (0.56 + 0.06 versus 0.60 + 0.06, respectively), showing that cFOS and VAX1
transcriptional regulation of the GnRH E/P-luciferase construct in GT1-7 cells is non-
additive, and might involve competition for occupancy of the promoter, due to the close
proximity of VAX1 and cFOS binding sites (Figure 1F). To determine whether VAX1 and
cFOS were competing for occupancy, we asked if cFOS would still impact VAX1-driven
transcription in the absence of AP1-half sites in the GnRH E (GnRH PE/P), the GhRH P
(GnRH E/pP), or both (GnRH PE/YP). Interestingly, in contrast to what we expected, cFOS
binding to the GnRH E was required for VAX1 repression of GnRH transcription (see Figure
5B and C, GT1-7). To determine if cFOS and VAX1 can participate in the same
transcriptional complex, we asked if cFOS overexpression would impact VAX1-driven
expression of the ATTA-multimer. Indeed, cFOS was able to abolish VAX1-enhanced
expression of the ATTA-multimer in GT1-7 cells, whereas this was not the case in GN11.
The fact that cFOS was unable to alter SIX6-enhanced transcription of the ATTA-multimer
in either of the two cell lines, suggests that the VAX1-cFOS interaction on the GnRH
regulatory region is specific. This indicates that in GT1-7 cells, VAX1 and cFOS possibly
form part of the same transcriptional complex on the GnRH promoter. Such large
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transcriptional complexes have been described and are suggested to be important in specific
targeting of particular genes to discrete cell populations (Andreucci et al., 2002; Jeong et al.,
2004; Kicheva and Briscoe, 2015; Schaefer et al., 2001). Thus, in GT1-7 cells, there was no
interaction between endogenous cFOS and VAX1 on the GnRH E/P-luciferase construct
(Figure 5D). AFOS did not impact VAX1 regulation of GnRH E/P-luciferase (no
interaction), whereas cFOS binding to the GnRH enhancer or promoter reduced VAX1
repression (Figure 5D). Overall, these data support the previously suggested functional
importance of the interaction of cFOS with homeodomain transcription factors as a
mechanism to target specific promoters and fine-tune transcriptional regulation (Dony and
Gruss, 1988; Schaefer et al., 2001).

In adulthood, the interaction between cFOS and VAX1 might also be physiologically
relevant at the time of the preovulatory LH surge or during sexual stimulation, both of which
are associated with increased expression of ¢Fosin GnRH neurons (Clarkson et al., 2008;
Hoffman et al., 1990; Lee et al., 1992; Pfaus et al., 1994). During conditions with increased
cFos expression, the interaction between VAX1 and cFOS would reduce the repressive effect
of cFOS on the GnRH promoter, and thus maintain a specific level of GnRH transcription,
which would be advantageous in conditions when fertility maintenance is required.

5. Conclusion

We provide exciting new evidence of a transcriptional interaction of cFOS and VAX1 on the
Gnrrh1 regulatory region, and these interactions dynamically change depending on GnRH
neuron maturation stage. We show that cFOS is involved in enhancing GnRH expression
during GnRH neuron maturation, an effect potentiated in the presence of VAX1. In contrast,
both cFOS and VAX1 repress GnRH expression in the mature GhRH neurons, where
increased levels of cFOS seem to counteract VAX1 regulation of this promoter. Thus, our
data suggest that concomitant expression of cFOS and VAX1 in GnRH neurons allows fine-
tuning of homeodomain transcription factor-regulated GnRH expression in both immature
and mature GnRH cell lines.
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Highlights
. VAX1 induces cFos expression in the model GnRH cell lines, GN11 and
GT1-7
. cFOS and VAX1 enhance GnRH expression in the immature mouse GnRH
cell line, GN11

. TPA has opposite effects on GnRH-luciferase expression in GN11 and GT1-7
cells

. TPA regulates expression of homeodomain protein transcripts in GnRH
neurons

. VAX1 interaction with cFOS on GnRH E/P-luciferase sets the level of GnRH
expression
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Figure 1.

cFOS differentially regulates GnRH expression in immature and mature GnRH cell lines. A)
Endogenous transcript levels of Gnrfi1, cFosand cJun were evaluated by gRT-PCR in
immature (GN11), and mature (GT1-7) GnRH cells, and the pituitary cell line a T3-1. B)
GN11 (white) and C) GT1-7 (grey) cells were transiently transfected with a GnRH
enhancer/promoter (GnRH E/P) luciferase construct, in the presence of a dominant negative
cFOS plasmid called AFOS (vertical bars), cFOS (horizontal bars), or both (square pattern,
AFOS 200 ng and cFOS 100 ng) and the fold change in luciferase levels evaluated. Data is
expressed as fold change as compared to control. Statistical analysis by one-way ANOVA,
followed by Dunnett’s multiple comparison test to for effects of either AFOS and cFOS, and
a Tukey multiple comparison test for the dual treatment with AFOS and cFOS, * p < 0.05,
**p<0.01, *** p<0.001, or as indicated by bracket, n = 3-5. D) GN11, and E) GT1-7 cells
were transiently transfected with an empty vector (pcDNA) or cFOS, and endogenous levels
of Gnrhl, VaxIand cFosevaluated by gRT-PCR. Students t-test; * p > 0.05, n = 4-6. F)
Location of ATTA (italic) and AP1-half sites (grey) in the GnRH E/P-luciferase construct.
AP1-half sites mutated in G and H are underlined. G) Phase contrast image of GN11 and
GT1-7 cells after 20 h DMSO or TPA 100 nM treatment (x20). H) GN11, and 1) GT1-7 cells
were transiently transfected with GnRH E/P-luciferase with or without AP1-half sites
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mutated in the enhancer (LE), the proximal promoter (UP) or both (UE/UP) and the capacity
of TPA 100 nM to regulate its expression evaluated. Data is expressed as fold change
compared to transcript levels in control (DMSO in GnRH E/P-luciferase). Statistical analysis
by Two-way ANOVA followed by Sidak’s multiple comparison. * p > 0.05, *** p > 0.001 as
compared to DMSO on the same construct, n = 4-6.
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PKC activation rapidly changes transcript levels of genes coding several homeodomain
transcription factors in GnRH neurons. The capacity of 100 nM TPA to regulate immediate
early genes (cFos, cJun), Gnrh1 and homeodomain transcription factor expression levels was
evaluated by gRT-PCR in GN11 (white) and GT1-7 (grey) cells. One-Way ANOVA followed
by Dunnett’s multiple comparison test as compared to DMSO (0 h), * p < 0.05 ** p < 0.01,

% ) < 0,001 N=2-8.
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repressors of GnRH E/P-luciferase during GnRH neuron maturation. A) GN11 (white), and

B) GT1-7 (grey) cells, were co-transfected with GnRH E/P-luciferase, with or without

VAX1 (+, =), cFOS (horizontal bars) and AFOS (vertical bars). The fold change in GhRH
E/P-luciferase expression was normalized to control (GnRH E/P-luciferase with empty
vector). Two-way ANOVA followed by Sidak’s multiple comparison test, * p < 0.05, ** p <

0.01; *** p < 0.001, as compared to empty vector, or as indicated by bracket.
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Figure 4.
VAX1 enhances cFos expression in GnRH neurons. A) GT1-7 cells (grey) were transiently

transfected with an empty vector (CMV) or the VAX1 expression vector, and endogenous
levels of cFosevaluated by gRT-PCR. Students t-test, * p > 0.05, n = 4-6. B) GN11 (white),
and C) GT1-7 cells were transiently transfected with different lengths of the cFos promoter
driving luciferase expression. Data was normalized to the 1Kb-cFos luciferase promoter.
Data were analyzed by Two-way ANOVA followed by Sika’s test, * p < 0.05; *** p < 0.001,
as compared to empty vector on the studied promoter length, n = 4-7. D). Schematic of
transcription factor binding sites of the 1 Kb-cFos promoter. E-F) The effect of VAX1-
regulated transcription in GN11 or GT1-7 cells after cis-mutations in transcription factor
binding sites of the 1 Kh-cFos promoter were assessed. Data is expressed as fold change of
VAX1/CMV. Statistical analysis by One-way ANOVA, followed by Dunnett’s multiple
comparison text as compared to control (cFos-luciferase 1Kb), *** p < 0.001. n = 4-6. G)
Schematic recapitulating VAX1 and cFOS control of the GnRH regulatory region in
immature and mature GnRH neurons. + : activator, - : repressor.
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Figure 5.
Complex transcriptional interaction between VAX1 and cFOS on the GnRH E/P-luciferase

promoter. A—C, E) GN11 (white) and GT1-7 (grey) cells were co-transfected with VAX1,
cFOS (horizontal bars), and/or AFOS (vertical bars) and fold change in luciferase expression
evaluated on the indicated luciferase reporters. Mutation sites (black bar on schematic over
histogram), correspond to the sequences underlined in Figure 1F. Two-way ANOVA
followed by Sidak’s post-hoc test * p < 0.05; ** p < 0.01; as compared to control (empty
vector). D) Hypothetical model of the role of increased levels of cFOS on VAX1 regulation
of the GnRH E/P-luciferase construct. F, G) GN11 and GT1-7 cells were co-transfected with
VAX1, SIX6 (200 ng), cFOS (100 ng) or their corresponding empty vectors and fold
induction of an ATTA-multimer TK-promoter luciferase reporter evaluated. Two-way
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ANOVA followed by Sidak’s multiple comparison test, ** < 0.01, *** < 0.001 as compared
to empty vector (o.cDNA, CMV) or as indicated by bracket, n=3-5.
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