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Homeodomain Proteins SIX3 and SIX6 Regulate
Gonadotrope-specific Genes During Pituitary
Development
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Sine oculis-related homeobox 3 (SIX3) and SIX6, 2 closely related homeodomain transcription
factors, are involved in development of the mammalian neuroendocrine system and mutations of
Six6 adversely affect fertility in mice. We show that both small interfering RNA knockdown in
gonadotrope cell lines and knockout of Six6 in both embryonic and adult male mice (Six6 knock-
out) support roles for SIX3 and SIX6 in transcriptional regulation in gonadotrope gene expression
and that SIX3 and SIX6 can functionally compensate for each other. Six3 and Six6 expression
patterns in gonadotrope cell lines reflect the timing of the expression of pituitary markers they
regulate. Six3 is expressed in an immature gonadotrope cell line and represses transcription of the
early lineage-specific pituitary genes, GnRH receptor (GnRHR) and the common a-subunit (Cga),
whereas Six6 is expressed in a mature gonadotrope cell line and represses the specific B-subunits
of LH and FSH (LHb and FSHb) that are expressed later in development. We show that SIX6
repression requires interaction with transducin-like enhancer of split corepressor proteins and
competition for DNA-binding sites with the transcriptional activator pituitary homeobox 1. Our
studies also suggest that estradiol and circadian rhythm regulate pituitary expression of Six6 and
Six3 in adult females but not in males. In summary, SIX3 and SIX6 play distinct but compensatory
rolesin regulating transcription of gonadotrope-specific genes as gonadotrope cells differentiate.
(Molecular Endocrinology 29: 842-855, 2015)

nfertility can be caused at the neuroendocrine level by

defects in pituitary gonadotropes, GnRH neurons, or
circadian pacemaker neurons (1, 2). An early step in com-
mitment of the developing pituitary is expression of the
common a-subunit (Cga, «GSU) in presumptive gonado-
tropes and thyrotropes on embryonic day (e) 11.5 in the
mouse (3). LH, FSH, and TSH are heterodimeric glyco-
protein hormones containing the common a-subunit of
the glycoprotein hormones (CGA), in combination with a
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B-subunit specific to LH, FSH, or TSH. The individual
B-subunits are transcribed from separate genes that are
initially expressed in the mouse at e16.5 for LHb and
el7.5 for ESHb (3).

Molecular investigation of the regulation of gonado-
trope gene expression is greatly facilitated by the use of
validated, cultured cell lines that represent differentiated
cell types (4-7). The aT1-1 cell line represents a precursor
to the gonadotrope-thyrotrope lineages (5) and expresses

* H.M.H. and J.D.M. contributed equally to this work.

Abbreviations: CGA, a-subunit of the glycoprotein hormones; CMV, cytomegalovirus;
CX, castrated; DHT, dihydrotestosterone; e, embryonic day; E,, estradiol; u-eh1, mutation
of the eh1 domain of Six6; GnRHR, GnRH receptor; GSU, glycoprotein hormones, a-sub-
unit; HD, homeodomain; HDBE, HD-binding element; ISL1, ISL1 transcription factor; KO,
knockout; OVX, ovariectomy; PITX1, pituitary homeobox 1; qPCR, quantitative polymer-
ase chain reaction; siRNA, small interfering RNA; SIX, sine oculis-related homeobox; Sry,
sex determining region of Chr Y; TLE, transducin-like enhancer of split; WT, wild-type.
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only one glycoprotein hormone subunit gene, Cga (8).
The immature gonadotrope aT3-1 cell line expresses both
Cga and GnRH receptor (GnRHR), and the mature go-
nadotrope LBT2 cell line expresses the 4 gonadotrope-
specific genes Cga, GnRHR, LHb, and FSHb (5, 9, 10),
whereas the TaT1 cell line represents a thyrotrope and
expresses Cga and TSHb (5).

Mammalian sine oculis-related homeobox (SIX) 6 and
SIX3 are a closely related subfamily of the SIX proteins
that are vertebrate homologues of Drosophila Optix (11)
with 2 highly conserved domains: a homeodomain (HD)
for DNA-binding and a “Six” domain for protein-protein
interaction. Although other SIX proteins, such as SIX1,
SIX2, SIX4, and SIXS, all show broad expression during
embryogenesis, SIX3 and SIX6 are restricted to the devel-
oping eye, brain, and pituitary (11-14). When compared
with Six6, the expression pattern of Six3 is highly similar,
but with a generally broader transcript distribution in both
the brain and visual system during development (11). Dur-
ing formation of Rathke’s pouch, Six3 and Six6 expression
becomes detectable at e11.5, with Six3 appearing to be ex-
pressed at a higher level early in development, including at
e13.5 (Allen Brain Atlas [www.brain-map.org] and Refs.
15, 16). Expression of both SIX proteins emerges in the
pituitary precursors around the lumen and is found in a
subset of pituitary precursors by e15.5. As development pro-
gresses, both Six3 and Six6 are expressed in some, but not
all, of the differentiating anterior lobe cells.

Six3 knockout (KO) mice die at birth, lacking most head
structures anterior to the midbrain, although the rest of the
body appears normal (17). In contrast, Six6-KO mice have
hypoplastic pituitaries (15) and are infertile but appear oth-
erwise healthy (1), although some might be blind (15). In
previous studies, we found that female Six6-KO mice fail to
progress through the estrous cycle, show any signs of suc-
cessful ovulation, or produce litters, although their serum
LH and FSH levels are normal. Male Six6-KO mice are
subfertile, produce substantially fewer litters than wild-type
(WT) mice, and have lower levels of FSH (1). Analysis of
GnRH (GnRH) expression in adult mice reveals a dramatic
decrease (90%) in total GuRH mRNA and GnRH neuron
numbers in the hypothalamus (1). Finally, Six6-KO mice
lack normal morphology and gene expression in the supra-
chiasmatic nucleus, the main pacemaker for circadian
rhythms, which is also required for normal fertility (2).

Using well-characterized animal and cell culture mod-
els, we have investigated the molecular mechanisms of
Six3 and Six6 action in pituitary during development and
adulthood. Here, we show that both Six3 and Six6 are
specifically expressed in a differentiated pituitary go-
nadotrope cell line and regulate transcription of gonado-
trope-specific genes. SIX3 and SIX6 play distinct roles in
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pituitary lineage specification during development and
compensation by increased Six3 expression within the
gonadotrope may contribute to the normal/undisrupted
gonadotropin hormone expression seen in Six6-KO mice.

Materials and Methods

Materials

Mouse Six6 and Six3 expression vectors (1), mouse FSHb (18)
and GnRHR (19), human Cga (20), and rat LHb (21) luciferase
reporter constructs, the HD-binding element (HDBE) multimer
(22) and ATTA multimer (1) have been previously described. The
Six6 eh1 mutant and the Ptx1 promoter element mutations were
previously described or constructed by QuikChange Site-Directed
Mutagenesis kit from Agilent Technologies (20). Oligonucleotides
were obtained from IDT. DNA-modifying enzymes were obtained
from New England Biolabs. Small interfering RNAs (siRNA) and
transfection reagents were obtained from Dharmacon.

Animals

All animal procedures were performed in accordance with
the University of California, San Diego Institutional Animal
Care and Use Committee regulations. All mice were group
housed on a 12-hour light, 12-hour dark cycle with ad libitum
chow (11% of calories fat, 17% of calories protein) and water.

Analysis of developing and adult pituitaries

Adult Six6 heterozygous mice were set up in timed matings.
On e18.5, the pregnant females were euthanized by carbon di-
oxide inhalation and the embryos were extracted. Pituitaries
were collected and placed individually in tubes on dry ice. The
embryos were genotyped for Six6 (1) and sex determining re-
gion of Chr Y (Sry) (SRY forward 5’AGAGATCAGCAAGCA
GCTGG3/, SRY reverse S'TCTTGCCTGTATGTGATGGC3')
from tail biopsies. Single pituitaries of €18.5 male WT and
Six6-KO mice were dissected and used individually. The pitu-
itaries of 4- to 6-month-old adult male mice were collected in a
similar manner and each sample represents a single pituitary and
n was always more than or equal to 3.

Steroid feedback paradigms were as previously described (see
reference 30 below). Briefly, C57BL/6] mice of 2-3 months of
age were anesthetized by isoflurane inhalation, then females
were ovariectomized (OVX) and males were castrated (CX). At
the time of surgery, animals were sc implanted with capsules
containing either vehicle (blank) or corresponding steroids. One
week after surgery, animals were killed in the morning (aMm,
before 11:30) or evening (PM, 30 minutes after lights out) by
CO, inhalation followed by exsanguination.

RNA was isolated from adult pituitaries using a QIAshred-
der and RNeasy mini kit (QIAGEN Sciences), or TRIzol (Invit-
rogen) as directed by the manufacturers. For embryonic individ-
ual pituitaries, total RNA was isolated by RNaqueos-Micro kit
(Ambion), according to manufacturer’s protocol. A total of 100
ng of total RNA was reverse transcribed using an iScript cDNA
Synthesis kit (Bio-Rad). Samples without reverse transcriptase
served as a negative control. For quantitative polymerase chain
reaction (qQPCR), cDNA was diluted 1:10 in water. gPCR was
performed using SYBR Green supermix and an iQ35 real-time
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PCR machine (Bio-Rad). GAPDH, PPIA, and/or H2AFZ was
used as internal controls (as indicated in the legends) for analysis
of Six3, Six6, LHb, FSHb, GnRHR, and Cga. Intron-spanning
primer sequences have previously been described (1, 23).

RiboTag/aGSU-iCre mice

RiboTag mice were bred to the aGSU-iCre recombinase-
expressing mouse and genotyped for the presence of the iCre
recombinase gene and the RiboTag allele (24, 25). Both genes
were heterozygous. As described previously in detail (23), homog-
enates were prepared as follows: 4-5 pituitary samples per group
were rapidly removed from 3- to 4-month-old Cre™ male mice and
weighed before Dounce homogenization (2%-3% wt/vol) in poly-
some buffer (23). Pituitaries from Cre™ mice were also collected
and used as negative controls. For immunoprecipitations, 100-uL
protein G magnetic beads (Dynabeads; Invitrogen) were coupled
directly to 2-uL. mouse monoclonal anti-human influenza hemag-
glutinin (HA) antibody (HA.11; Covance) for 4 hours in homoge-
nization buffer. Supernatants were then added directly to the anti-
body-coupled protein G magnetic beads and rotated overnight at
4°C. The next day, samples were placed in a magnet on ice and
supernatants were recovered. RNA was isolated using an RNeasy
Mini plus kit (QIAGEN) and reverse transcribed with iScript kit
(Bio-Rad) to generate cDNA. Samples without reverse transcrip-
tase served as a negative control. Resulting cDNA was subjected to
qPCR using specific primers (1, 23).

Cell culture, transient transfections, and luciferase

assays

Cell lines were maintained in a humidified atmosphere of 5%
CO, in air at 37°C. aT1-1, T3-1, LBT2, TaT1, NIH 3T3,
CV1, and COS cells were maintained in high-glucose DMEM
containing 10% fetal bovine serum and 100-U/mL penicillin/
streptomycin as previously described (26). Transient transfec-
tion overexpression assays were performed according to the
FuGENE 6 protocol (Promega). TK-B-galactosidase expression
vector (100 ng) was used as the internal control for transfection
efficiency. Forty-eight hours after transfection, cells were harvested
in lysis buffer (100mM potassium phosphate [pH 7.8] and 0.2%
Triton X-100). Luciferase assays were performed as previously
described (27), and B-galactosidase assays were performed using
the Galacto-Light Plus assay system as directed by the manufac-
turer (Applied Biosystems). All transfections were repeated at least
4 times, and values are presented as the mean = SEM.

RNA isolation and RT-PCR from cultured cell lines

Total RNA was harvested and isolated from oT1-1, «T3-1,
LBT2, TaT1, and NIH 3T3 cells using TRIzol reagent (Sigma-
Aldrich). RNA was quantified and treated to remove DNA with
Turbo DNA-free from Ambion according to manufacturer’s
protocol. Purified RNA was then reverse transcribed with
iScript (Bio-Rad), or mock reverse transcribed as a negative
control, to generate cDNA. Resulting cDNA was subject to 35
cycles of qPCR using specific primers previously described (1),
and the coding sequence of GAPDH was used as control.

Six6 and Six3 siRNA knockdown

oT3-1 and LBT2 cells were transfected for 48 or 72 hours
with 100nM ON-TARGET SMARTpool scrambled control,
ON-TARGET plus SMARTpool Six6 or Six3 siRNA, or ON-
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TARGET SMARTYpool cyclophilin B purchased from Dharma-
con. DharmaFECT 1 transfection reagent was used according to
manufacturer’s protocol.

Total RNA was harvested with RNeasy plus mini kit (QIA-
GEN) according to manufacturer’s protocol. Two nanograms of
purified RNA was reverse transcribed with iScript kit (Bio-Rad)
to generate cDNA, and samples without reverse transcriptase
served as negative controls. Resulting cDNA was subjected to
qPCR using intron-spanning primers for Six6, Six3, LHb,
FSHb, GnRHR, Cga, Cyclophilin B, and GAPDH (1). Values
represent the average of 4 independent experiments, and all
samples are normalized to GAPDH levels. Cyclophlin B siRNA
did not affect expression of any mRNA other than Cyclophilin
B (data not shown). All values are normalized to scrambled
siRNA control and are expressed as mean = SEM.

Nuclear extracts and EMSA

COS cells were transfected with cytomegalovirus (CMV)-
flag or Six6-flag expression vectors for 48 hours. Nuclear pro-
tein was extracted and prepared from COS cells as previously
described (28). Protein concentration was determined using the
Bio-Rad Protein Assay (Bio-Rad). Oligonucleotide probes are
shown in the figures. Oligonucleotide probes were annealed,
end labeled using T4 Polynucleotide Kinase (New England Bio-
labs) and [y**P]ATP (7000 Ci/mmol; MP Biomedicals), and
then purified using G25 Probe Quant columns (Amersham).
Binding reactions were carried out using 2 ug of nuclear protein
and 4 fmol of labeled oligonucleotide in a 10-uL reaction con-
taining 1mM Dithiothreitol, 0.0125-pg/uL Poly dIdC, and
binding buffer (50mM HEPES [pH 7.8], 250 mM KCl, 5 mM
EDTA, and 30% glycerol). For competition assays, 1000-fold
excess of double-stranded unlabeled oligonucleotides were an-
nealed and used in binding reactions. After the addition of probe
and nuclear protein, binding reactions were incubated 5 minutes
before electrophoresis on a 5% nondenaturing polyacrylamide
gel in 0.25X Tris/Borate/EDTA buffer. For supershift EMSA
assays, 2 L of mouse anti-FLAG (F3165; Sigma-Aldrich) or
normal mouse IgG (sc-2025; Santa Cruz Biotechnology, Inc)
were added to reactions before the addition of nuclear protein
and incubated for 10 minutes. Gels were run at 250 V for ap-
proximately 2 hours, dried under vacuum, and exposed to au-
toradiographic film overnight.

Statistical analysis

Quantitative RT-PCR and transient transfection experi-
ments were performed in triplicate and each experiment was
repeated at least 3 times. Data were analyzed by Student’s ¢ test,
one-way ANOVA, followed by Tukey honestly significant dif-
ference or two-way ANOVA, followed by a post hoc analysis as
indicated in figure legends. Statistical analysis was performed
using GraphPad Prism 5. For all analyses, the result was con-
sidered significant if P =< .0S5.

Results

SIX6 regulation of mRNA expression in developing
and adult male pituitary

To determine the transcriptional roles of SIX6 in go-
nadotrope development in vivo, we examined the expres-
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sion of Cga, GunRHR, LHb, FSHb, and Six3, in both
developing (e18.5) and adult Six6-KO male mouse pitu-
itary. Expression of Six6 was absent at both developmen-
tal stages from Six6-KO pituitary as expected (data not
shown).

In the developing male pituitary (e18.5), mRNA ex-
pression of GnRHR, FSHb, and Six3 was significantly
increased in Six6-KO embryonic pituitaries at e18.5 com-
pared with WT (Figure 1A). However, Six6-KO pituitar-
ies did not have a statistically significant difference in
LHb or Cga expression from WT. We next analyzed the
expression of pituitary mRNAs from 4- to 6-month-old
male mice. Increased Six3 expression was also found in
adult male mice (Figure 1B), consistent with the results
observed in the developing pituitary (Figure 1A). The only
difference between adult WT and KO pituitaries was the
decreased expression of Cga mRNA in the adult male
Six6-KO pituitary. No changes in GzRHR and FSHb
expression were identified.

Expression of Six3 and Six6 in pituitary

To further address the roles of SIX3 and SIX6 on go-
nadotropes during pituitary development, we determined
the levels of mMRNA expression in vivo. Using quantitative
PCR relative to a standard curve of plasmid DNA, we
found that the levels of Six6 are at least 4-fold higher than
those of Six3 in both adult and e18.5 pituitary (Figure
1C). This is in contrast to earlier in development when
Six3 is predominant (Allen Brain Atlas). Furthermore,
both Six3 and Six6 expression are decreased in adult pi-
tuitaries compared with e€18.5 pituitary (Figure 1C).

The anterior pituitary has 5 different endocrine cell
types. The gonadotropes emerge late in development at
approximately e16.5 and comprise approximately 5%-—
10% of pituitary cells in adulthood. Until now, no effi-
cient method has been established to isolate gonadotropes
from the pituitary. The RiboTag technique has been es-
tablished to tag ribosome-associated mRNAs of specific
cell types, then mRNAs can be isolated and purified for
further analyses (24). Because all gonadotropes express
Cga, we crossed RiboTag mice with aGSU-iCre mice to
isolate ribosome-associated transcripts in Cga™ pituitary
cell types, which include both gonadotropes and thyro-
tropes. Cga, GnRHR, FSHb, and LHb were used as spe-
cific markers for gonadotropes and TSHb for thyro-
tropes. GAPDH and Actin were used as controls as they
should be pulled down in all cell types. GH and prolactin
(PRL) were used as negative controls as they are produced
by somatotropes and lactotropes in the pituitary, which
do not express Cga. We have previously described in de-
tail the specificity of this approach and validated the an-
tibody used in this experiment (23). Both Six3 and Six6
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mRNA were enriched in «GSU-iCre™ cells, indicating
their specific expression in gonadotropes and thyrotropes
in adult male mice (Figure 1D). Based on this study, we
cannot rule out the possibility that Six3 and Six6 are also
expressed in other pituitary cell types, but these data show
that they are enriched in a sample containing a mixture of
gonadotropes and thyrotropes.

Six3 and Six6 are expressed in immortalized
mouse gonadotrope cell lines

Based on their expression pattern and structural simi-
larity, we hypothesized that both STX3 and SIX6 are re-
quired for pituitary development. We therefore tested im-
mortalized gonadotrope cell lines in vitro as potential
model systems. Using validated Six3- and Six6-specific
primers (1), qQPCR analysis was performed on 3 mouse
gonadotrope-derived cell lines that represent different de-
velopmental stages, including progenitor «T1-1, imma-
ture «T3-1, and mature LBT2 cells. A mature thyrotrope
cell line TaT1 and fibroblast NIH 3T3 cells were used as
controls. The data show that Six6 is highly expressed in
gonadotropes LBT2, whereas Six3 is highly expressed in
aT3-1 (Figure 2). For gonadotropes, Six6 was approxi-
mately 200-fold higher in mature LBT2 cells compared
with immature and progenitor cells (Figure 2A). Con-
versely, Six3 was highly expressed in immature oT3-1
cells, then dramatically reduced by approximately 500-
fold in mature LBT2 cells (Figure 2B), which strongly
suggests that STX3 functions in immature early gonado-
tropes rather than mature gonadotropes. Mature thyro-
tropes, TaT1 cells, only expressed very low levels of Six3
and Six6 mRNAs, at a similar level to the progenitor
aT1-1 cells (Figure 2, A and B). The expression of Six3
and Six6 in gonadotrope cell lines but not in the thyro-
trope cell line (TaT1) suggests that gonadotropes likely
express Six3 and Six6 in vivo. Our data also suggest that
the expression of HD proteins SIX3 and SIX6 is stage-
specific during gonadotrope development with SIX3 ex-
pressed earlier than SIX6, as appears to be the case in vivo
(Figure 1C and Allen Brain Atlas). In addition, this shows
that gonadotrope-derived cell lines can be used to study
the role of SIX3 and SIX6 in vitro. The expression levels
of Six3 and Six6 in these cell lines indicate that they may
play overlapping, but distinct, roles at different stages of
pituitary development.

siRNA-mediated knockdown of Six3 and Six6 in
«T3-1 and LBT2 cells

To investigate the actions of endogenous SIX3 and
SIX6, siRNA-mediated knockdown was used to attenu-
ate their function in either immature oT3-1 cells that ex-
press Six3 (Figure 2B) or mature LBT2 cells that express
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Figure 1. The role of SIX6 in pituitary development. A, Individual embryonic e18.5 developing
pituitaries from WT and Six6-KO (KO) male mice were analyzed (n = 3). All target genes were
analyzed using the 274" method by normalizing the GOI to the housekeeping gene GAPDH. B,
Four- to 6-month-old male pituitaries from WT and Six6-KO mice. Data were analyzed by the

2~ 22T method by normalizing the GOI to the average of housekeeping genes PPIA and H2AFZ.
A and B, Data are expressed as fold change compared with WT. *, P < .05; ***, P < .001
different from WT (Student’s t test). C, Six3 and Six6 mRNA quantitation. Quantitation of Six6
and Six3 mRNA from both embryonic e18.5 and adult mice was normalized to the mRNA of the
housekeeping gene GAPDH using comparison with a standard curve of plasmid DNA. Different
letters represent significant differences by two-way ANOVA followed by Bonferroni post hoc
(GraphPad Prism 5). D, Enrichment of mRNAs isolated from RiboTag/aGSU-iCre pituitaries. gPCR
analysis of mRNAs from aGSU-iCre™ pituitary cells immunoprecipitated with HA antibody. The
immunoprecipitated RNA samples were compared with the input sample in each case. All cell-
specific marker genes and control genes in the target cells were analyzed using the 2 ~24¢T
method.

Six6 (Figure 2A). Nontargeting siRNA and Cyclophilin B
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3A). Of the 4 target genes, only
FSHb mRNA expression showed a
modest, although significant, in-
crease (Figure 3A). Thus, SIX6 acts
to suppress expression of FSHb in
the LBT2 gonadotrope lineage cells.

Transfection of Six3 siRNA into
aT3-1 cells results in an approxi-
mately 85%
mRNA. Interestingly, a dramatic re-
duction of Six3 mRNA induces Six6
mRNA expression to approximately
8-fold higher than in the nontarget-
ing control, which indicates that
SIX6 may compensate for the dra-
matic loss of SIX3 expression and
this may account for the lack of ef-
fect on mRNA expression of Gn-
RHR. There was also a significant
decrease in endogenous Cga mRNA
expression. Both changes of Six6
and Cga are temporary, and lost af-
ter 72 hours of siRNA knockdown
(Figure 3B).

reduction of Six3

Overexpression of Six3 and Six6
regulates transcription of
gonadotrope-specific genes

SIX family members are HD pro-
teins that function as transcription
factors. We have shown that SIX6
activates and SIX3 represses the
GnRH enhancer and promoter in
GT1-7 hypothalamic cells and that
SIX6 relieves repression by SIX3 (1).
Based on the studies from Six6-KO
mice and siRNA knockdown, we
next determined transcriptional reg-
ulation by SIX3 and SIX6 of 4 go-
nadotrope-specific genes, Cga, Gn-
RHR, LHb, and FSHb in the mature
LBT2 (Figure 4, A-C) and immature
aT3-1 (Figure 4, D and E) cell lines.
Our results show that both SIX3 and

siRNA were used as negative and positive controls respec-
tively. No changes were observed with the Cyclophilin B
siRNA other than to Cyclophilin B mRNA, which was
reduced by approximately 75%—-80% (data not shown).
Transfection of Six6 siRNA into LBT2 cells reduces Six6
mRNA approximately 50%-60% due to the low trans-
fection efficiency of this cell line and has no effect on Six3
mRNA, after either 48 or 72 hours of knockdown (Figure

SIX6 repress LHb and FSHb transcription in LBT2 cells,
which is consistent with the increased FSHb expression by
Six6 knockdown (Figure 3A). For the Cga and GnRHR
promoters, although SIX6 activated transcription of the
Cga and GnRHR promoters, SIX3 repressed GnRHR and
had no effect on Cga transcription (Figure 4, A and B).
SIX proteins recruit transducin-like enhancer of split
(TLE)/Grg corepressors through the ehl domain for
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Figure 2. Six6 and Six3 mRNA expression in the gonadotrope-derived
cell lines. Six6 (A) and Six3 (B) mRNA expressions in the gonadotrope-
derived cell lines are shown relative to the level of GAPDH. Total RNAs
were harvested from gonadotrope-derived cell lines: progenitor aT1-1,
immature «T3-1, and mature LBT2. Fibroblast NIH 3T3 cells and
thyrotrope TaT1 cells served as controls. Values are the mean + SEM
of at least 4 independent experiments. Different letters represent
significant differences by one-way ANOVA (GraphPad Prism 5).
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transcriptional repression (29, 30). Mutation of the ehl
domain of Six6 (u-eh1) disrupted transcriptional regula-
tion of LHb and FSHb (Figure 4C). Therefore, the ehl
domain is required for SIX6-mediated repression of go-
nadotrope target genes LHb and FSHb.

Because Six3 is highly expressed in immature oT3-1
cells, we also tested the role of SIX3 and SIX6 in this
developmentally earlier gonadotrope cell line. SIX3 plays
the same roles during gonadotrope maturation: it had no
effect on the Cga promoter and repressed GnRHR (Figure
4, A and D), which is consistent with specific expression
of Cga in the «T3-1 cell line. In contrast, overexpressed
Six6 plays distinct roles in regulation of Cga and GnRHR
at different developmental stages: although SIX6 acti-
vated Cga and GnRHR promoters in LBT2 cells, it re-
pressed both promoters in «T3-1 cells (Figure 4E). There-
fore, SIX3 and SIX6 exhibit different effects in the
transcriptional regulation of gonadotrope-specific genes
in different developmental and promoter contexts.

SIX3 and SIX6 regulate transcription by
interference with PITX1 transcriptional activation
To map the Six regulatory elements in the promoters of
the 4 gonadotrope-specific genes, promoter truncation
analysis was used to define the regions of importance (20,
28). We found that in LBT2 cells, Cga activation by SIX6
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Figure 3. Knockdown of endogenous Six6 and Six3 mRNAs in
gonadotrope cell lines affects gonadotrope-specific mMRNA expression.
A, LBT2 cells were transfected with SMARTpools of nontargeting or
Six6 siRNA for either 48 or 72 hours. B, aT3-1 cells were transfected
with SMARTpools of nontargeting or Six3 siRNA for either 48 or 72
hours. All values represent the SQ = means from 4 independent
experiments with all means adjusted to corresponding GAPDH values
within experiment, using relative standard curve for analysis. Statistical
analysis by one-way ANOVA (GraphPad Prism 5). *, P < .05; ***, P <
.001 as compared with nontargeting siRNA.
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Figure 4. Transcriptional regulation of gonadotrope-specific genes by Six3 and Six6 in
gonadotrope-derived cell lines. The WT luciferase reporters driven by the promoters from the
human Cga, mouse GnRHR, mouse FSHb, or rat LHb were cotransfected with either Six6 (A) or
Six3 (B) expression vectors or equal mass of empty expression vector (control) into LBT2 cells. C,
The transcriptional regulation of promoters mediated by u-eh1 in LBT2 cells. The transcriptional
regulation by SIX6 (D) and SIX3 (E) in the aT3-1 cell line. The fold change is shown relative to
pGL3 empty vector control. Values are the mean + SEM of at least 3 independent experiments.

Statistical analysis by one-way ANOVA (GraphPad Prism 5). *, P < .05; ***, P < .001 represents

significant difference from empty vector.

is mediated by elements downstream of —391 bp, with a
trend towards induction on the —224 bp as well, although
SIX3 had no effect even on the full-length promoter (Fig-
ure 5A). Activation of the GnRHR reporter by SIX6
reached significance only for the full-length promoter,
whereas repression by SIX3 mapped to the proximal pro-
moter inside of —475 bp (Figure 5B). Repression of the
LHb promoter mapped in between —300 and —87 bp

Mol Endocrinol, June 2015, 29(6):842-855

(Figure 5C) and the FSHb promoter
to inside of —95 bp (Figure 5D).
Within the most proximal re-
sponsive regions of these 4 promot-
ers, HDBEs known to bind pituitary
homeobox 1 (PITX1)/2 and/or ISL1
transcription factor (ISL1) tissue-
specific HD activators are found
(31-35), and these binding elements
are also consistent with the Six6
consensus (Figure 6A) (31). To in-
vestigate whether SIX6 can directly
bind to the known Pitx sites on the
promoters of the 4 gonadotrope-
specific genes, we transfected heter-
ologous COS cells, which are fibro-
blasts from monkey kidney that do
not express Six3 or Six6 (data not
shown), with a Flag-tagged Six6 ex-
pression vector. The nuclear extract
was then incubated with excess oli-
gonucleotide probes representing
WT human Cga (Figure 6B, lanes
6-11), mouse GnRHR (Figure 6B,
lanes 12-17), LHb (Figure 6B, lanes
18-23), and FSHb (Figure 6B, lanes
24-29)
PITX-binding sites in these genes.
The GnRH promoter Six-binding el-
ement (—1635 bp) was used as pos-
itive control (Figure 6A, 6B, lanes
1-5) (1). A CMV-flag empty vector
was also transfected into COS-1
cells as negative control (Figure 6B,
lanes 1, 6, 12, 18, and 24). The WT
competitor for each Pitx-binding el-
ement (Figure 6, A and B, lanes 3, 8,
14, 20, and 26) dramatically
blocked binding to the oligo. How-
ever, mutation of the Pitx site (mu-
tations are indicated by lowercase
letters in Figure 6A) in each of the 4
probes almost totally blocked this
competition (Figure 6B, lanes 9, 135,

containing the known

21, and 27). Inclusion of an antibody directed against the
Flag tag (FLAG Ab) resulted in decreases in the level of
the bands due to SIX6 (indicated by *) on all of the
probes and the formation of a new supershift complex
of markedly reduced mobility on all probes except for
FSHb, demonstrating the highly specific binding of
SIX6 to the individual probes (Figure 6B, lanes 5, 11,
17,23, and 29).
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thalamus (2) and circadian regula-
tion might affect the pituitary re-
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Figure 5. Mapping Six3- and Six6-responsive regions in 4 gonadotrope-specific promoters. A,
The full-length —1.8-kb human Cga promoter and its truncations. B, The —1.1-kb GnRHR

-300 -9 whether the Six mRNAs were regu-
lated by circadian rhythms or ste-

roid hormones in the adult mouse

promoter and its truncations. C, The —1.8-kb rat LHb promoter and its truncations. D, The —1-

kb mouse FSHb promoter and its truncations. Luciferase reporter genes were cotransfected with
either Six6 or Six3 expression vector or an equal mass of empty expression vector (control) into
LBT2 cells. The fold change is relative to pGL3 empty vector control. Values are the mean = SEM
of at least 3 independent experiments. Statistical analysis by one-way ANOVA (GraphPad Prism
5). *, P<.05; ***, P < .001 represents significant difference from empty vector.

To test the hypothesis that SIX proteins repress via
interference or displacement of PITX1 or other HD acti-
vators, CV-1 cells were used due to their lack of endoge-
nous Pitx1, Six3 and Six6 expression (data not shown).
Mutation of the proximal Pitx-binding elements (Figure
6A) within all 4 promoters disrupted transcriptional reg-
ulation by both SIX3 and SIX6 for all 4 promoters, but
also abolished most basal transcriptional activity for all
studied promoters, except FSHb, which may be due to its
low basal transcription (Figure 7, A-D). Therefore, a

pituitary. It is unknown whether ex-
pression of Six3 and Six6 are influ-
enced by a combination of either cir-
cadian factors or high steroid levels
that are present during the LH surge
in the pituitary. Young C57Bl/6
males were CX and implanted with blank (oil), dihy-
drotestosterone (DHT), or testosterone (T) capsules. Pi-
tuitaries were collected and qPCR was performed for Six3
and Six6. No significant differences were observed with
either T or DHT replacement in CX mice (Figure 8A).
Young C57Bl/6 females were OVX and implanted with
blank or estradiol (E,) capsules. Pituitaries were collected
in the morning (aMm, representing low LH levels due to
negative feedback) or evening (pM, representing the LH
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A GnRH:  -1635
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ARARTTGTGACRATTATAARAGCCCA

Cga: -85 GGATGGAATTTCCTGTTGATCC
aca
GnRHR: -281 GATATTATGAGTCACTTTCG
aa a
LHb: -106 CAAAGAGATTAGTGTCTTAGG
aa
FSHb: -62 CACCCAGTAAATCCACAAGGTG
g g
B COS cells
GnRH Cga GnRHR LHb FSHb
+CMV-flag + + + + +
+Six6-flag + + + + + + ++ + + ++ + + F
+self comp + + +
+mut comp + +
+lgG + +
+FLAG Ab + +

1213141516 17

1819 20 21 22 23

2425262728 29

Figure 6. The binding of FLAG-tagged SIX6 protein to Pitx elements from the LHb, FSHb, GnRHR, and Cga promoters. A, The oligonucleotides
containing the Pitx sites from the proximal GnRH, Cga, GnRHR, LHb, and FSHb promoters and their corresponding competition mutants are listed.
The sequences of Pitx-binding elements on positive control (GnRH) and 4 gonadotrope-specific promoters are underlined and the competition
mutants are marked as lowercase letters underneath the sequence. B, Competition EMSA and supershift assays. COS-1 cells were transfected with
either CMV-flag empty and CMV-Six6-flag expression plasmids and their nuclear extracts were isolated for EMSA. The GnRH enhancer 1 SIX6-
binding element (= 1635 bp) was used as positive control (1). Specific protein/DNA complexes were identified by competition with 250-fold excess
unlabeled WT (self comp) or mutant Pitx-site oligonucleotides (mut comp). Confirmation of the presence of SIX6 in specific complexes was shown
by inclusion of an antibody against FLAG or mouse IgG as a control. Asterisks represent the DNA/protein complexes, and the arrow marks the SIX6

supershifted complex (SS) after binding with FLAG antibody.

surge due to positive feedback). Six6 transcript levels
were higher overall in the am than pMm in female pituitary,
and E, was able to significantly reduce Six6 transcript
levels in both the aM and pm groups (Figure 8B). Six3
transcript levels were higher overall in the AM than pMm in
female pituitary as well, but no significant effect was ob-
served with E, (Figure 8B). These results indicate that
both Six3 and Six6 have a circadian expression in the
pituitary, but only Six6 is responsive to estrogen.

Discussion

Elucidation of the molecular and cellular mechanisms un-
derlying pituitary development and specification of the 5

individual hormone-secreting cell types is critical to our
understanding of reproduction and infertility. Proper ex-
pression of Cga, GnRHR, LHb, and FSHb subunits is
critical for mammalian reproductive function and the ma-
ture gonadotropes respond to hypothalamic GnRH input
via GnRHR to modulate expression and release of LH
and FSH. A particularly important set of transcription
factors for gonadotrope development is the homeobox
proteins, which can be either stimulatory, such as LHX3,
PIT1, ISL1, and PITX1, or inhibitory, such as Msx ho-
meobox 1 (MSX1) (28, 36-39).

In this study, we dissect the functions of the closely
related HD proteins SIX3 and SIX6 in the development
and function of the pituitary gonadotrope in vivo and in
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Figure 7. The transcriptional regulation by SIX proteins of Cga, GnRHR, LHb, and FSHb
promoters requires Pitx7 HDBEs. Reporters, including the WT or Pitx cis-mutation of the Cga
(=391 bp) (A), GnRHR (=1.1 kb) (B), LHb (=300 bp) (C), and FSHb (—1 kb) (D) promoters, were
cotransfected with either Six6 or Six3 expression vectors or an equal mass of empty expression
vector (control) into LBT2 cells. E, The HDBE multimer and GnRH ATTA multimer were
cotransfected with 2 different amounts of the Six6 expression vector (50 or 200 ng), and/or with
the PitxT expression vector (50 ng) or the appropriate empty vectors into CV-1 cells as indicated
below the graph. The fold change is relative to pGL3 empty vector control. Values are the

mean = SEM of at least 3 independent experiments. Different letters represents significant

differences by two-way ANOVA (GraphPad Prism 5).

vitro with a focus on direct regulation of gene expression
during gonadotrope development. SIX3 and SIX6 belong
to the same subfamily of SIX proteins and have highly con-
served Six elements and HDs. Their expression patterns are
overlapping in the hypothalamus, pituitary, and eye (11-13,
40). Here, we have shown that Six3 is preferentially ex-
pressed in immature gonadotrope cells (aT3-1), whereas
Six6 is specifically expressed in differentiated pituitary
gonadotrope cells (LBT2) (Figure 2). Our RiboTag data
confirmed this restricted expression in gonadotropes and
thyrotropes in vivo in adult male mice (Figure 1C). Be-
cause the gonadotrope/thyrotrope progenitor cell line,

pression. These differential effects
might be explained by the approxi-
mately 200-fold higher Six6 expres-
+ sion as compared with Six3 in LBT2
cells (Figure 2A), and, thus, knock-
down of only 50% of endogenous
Six6 would not necessarily lead to a
compensatory expression of Six3
mRNA. Indeed, a compensatory in-
crease of Six3 was observed in
Six6-KO pituitary, where Six3
mRNA expression is 50% higher in
both developing (e18.5) and adult
male pituitaries (Figure 1) in the
complete absence of Six6. Despite the fertility defects in
Six6-KO mice, we found that adult Six6-KO mice have
normal LH expression in their hypoplastic pituitaries and
that LH secretion responds to GnRH (1). Only male
Six6-KO mice had a significant reduction in serum FSH
(1), suggesting that pituitary function in Six6-KO mice is
relatively normal, but that the hypothalamic signal to the
pituitary is diminished. Based on our observations in this
paper, we suspect that the accompanying increase of Six3
may be compensating for the loss of Six6 in Six6-KO
pituitary and might allow the relatively normal gonado-
tropin transcription in the adult.
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Figure 8. Regulation of Six6 and Six3 expression by steroids in the
pituitary. A, Pituitaries were collected from 2- to 3-month-old CX
males that had been implanted with vehicle (blank), DHT, or T (n =
4-6). B, Pituitaries were collected from 2- to 3-month-old OVX
females that had been implanted with vehicle (blank) or E,, for both
AM (11) and pm (6:30) groups (n = 7-16). Six6 and Six3 genes were
normalized using 224t method and values represent the SQ +
means adjusted to corresponding average of housekeeping genes PPIA
and H2AFZ. Statistical analysis by two-way ANOVA followed by
Bonferroni post hoc (GraphPad Prism 5). *, P < .05; ***, P < .001
represents significant difference from corresponding am control or as
indicated by bar.

We then addressed the overlapping but distinct roles of
SIX3 and SIX6 in gonadotrope development. We hypoth-
esized that the sequential expression of Six3 then Six6
would prevent premature differentiation of the gonadotrope
by transcriptional activation/repression of specific genes
early in development, including Cga, GnRHR, LHb, and
FSHb. Based on their expression levels and the results of
siRNA knockdown in the oT3-1 vs LBT2 cell lines, our data
suggest that SIX proteins are required for regulation of the
gonadotrope-specific genes. Consistent with the distinct ex-
pression patterns of Six3 and Six6 during different stages of
gonadotrope development in vitro (Figure 2), our data indi-
cate that SIX3 functions during an early developmental
stage by repressing both Cga and GnRHR transcription.
Then, SIX6 replaces STX3 during differentiation eliminating

Mol Endocrinol, June 2015, 29(6):842—855

the repression of Cga and GnRHR and instead represses
LHb and ESHb (Figures 1 and 4).

TLE/Groucho homologues control many embryonic
and postembryonic processes such as differentiation, cell
specification, embryonic patterning, and apoptosis (41—
44). The TLE family of corepressors down-regulate tran-
scription by inhibiting the basal transcriptional machin-
ery (45) and recruiting HDACs. TLE corepressors lack a
DNA-binding domain but are tethered to cis-acting reg-
ulatory elements via protein-protein interactions to tran-
scription factors such as Homeobox gene expressed in ES
cells, TCF: T-cell factor/lymphoid enhancer-binding fac-
tor, and SIX family members. TLEs also act as corepres-
sors for other transcription factors during early pituitary
development (46-48). Groucho-related genes (GRG4
and GRGS) interact with mouse SIX3 and SIX6 (30).
SIX3-mediated autorepression in eye development requires
its interaction with members of the Groucho-related family
of corepressors (30). Investigation of TLE mRNA expres-
sion using qPCR and quantitative RNA-sequencing analysis
in the gonadotrope cell lines revealed the expression patterns
of six TLE mRNAs (28). Therefore, we tested the function of
SIX6 and its corepressor by cis-mutation of the Six6 ehl
domain. The abolishment of transcriptional regulation by
the p-eh1l demonstrates that the recruitment of TLEs by
SIX6 is required for transcriptional regulation of Cga, Gn-
RHR, LHb, and FSHb (Figure 4C).

The pituitary-specific homeobox protein, PITX1, is ex-
pressed throughout the pituitary during development and
plays a critical role in activation of a number of pituitary
genes (31, 32,49, 50). The Pitx1 and Pitx2 genes start to
be expressed at approximately €9.5 and participate in the
differentiation of the central nervous system and pituitary
organogenesis (49). PITX1 transactivates Cga, FSHb,
and LHb (31). PITX1 and PITX2 also collaborate in thy-
rotrope differentiation by acting synergistically with Cga
and TSHb transactivation (34). Synergistic interactions
between steroidogenic factor 1 (SF-1), early growth re-
sponse 1 (EGR1), and PITX1 are essential for GnRH
induction of LHb gene expression (33, 51). PITX1 is also
necessary for maintaining corticotrope-specific transcrip-
tion (31). PITX1 deletion in mice affects anterior pituitary
development, leading to a reduction in the number of
gonadotropes (among other cells). All 4 gonadotrope spe-
cific genes, Cga, GunRHR, FSHb, and LHb, have Pitx1-
response elements within their promoters. We find that
Six3- and Six6-responsive elements are located in similar
regions of these promoters. Mutations within the Pitx-
response elements and EMSA studies indicate that SIX6
may compete with the binding of the activator PITX1 and
thus repress transcription of GuRHR, LHb, and FSHb.
These results, combined with overexpression and siRNA
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knockdown experiments, lead to the conclusion that tran-
scription of the gonadotrope-specific genes is negatively
regulated by SIX6 and that this repression may occur by
displacing or competing with PITX1 or other HD activa-
tors in the promoters of the Cga, GnRHR, LHb, and
FSHb genes. PITX1 may not be the only transcription
factor that can be interfered with by SIX6. Other HD
transcription factors, such as ISL1, that also share similar
consensus ATTA-binding elements, may also compete for
binding to these sites by SIX6. Therefore, the molecular
mechanism involved in SIX-mediated transcriptional re-
pression may reflect competition with other HD activa-
tors. One intriguing question is why mature gonadotrope
cells might retain a transcriptional repressor for LH and
FSH. Based on the competition between SIX6 and other
HD proteins, and with consideration of the stimulatory
effect of SIX6 on Cga and GnRHR, we propose that SIX6
transcriptional regulation focuses on balancing and mod-
ulating, rather than only repressing gene expression.

Interestingly, in LBT2 cells, overexpression of Six6 in-
hibits the mRNA expression of FSHb (Figure 4), knock-
down of Six6 induces FSHb (Figure 6), whereas FSHb
mRNA increases in Six6-KO embryonic pituitary, but not
in adult (Figure 1). However, Six6-KO males have re-
duced serum FSH levels, although females have normal
levels. In contrast, we observe no changes in LHb gene
expression in vivo or after siRNA knockdown, whereas
overexpression of either SIX3 or SIX6 represses the LHb
promoter in LBT2 cells. For GnRHR, absence of SIX6 in
embryonic pituitary causes increased expression, whereas
overexpression of SIX6 or SIX3 in aT3-1 cells or SIX3 in
LBT2 cells causes repression. However, we could not ob-
serve changes to GnRHR in the siRNA knockdown ex-
periments and in LBT2 cells, SIX6 overexpression in-
duced GunRHR. Possible explanations for these
differences may include induction of Six3 in vivo due to
absence of Six6 allowing compensation, or that manipu-
lation of gene expression in the transfection studies by
overexpression or knockdown may interrupt the balanc-
ing role of SIX proteins with other HD proteins and em-
phasize the role of SIX6 itself. Furthermore, differences
between the overexpression data in LBT2 cells vs the
aT3-1 cells could be due to the enormous difference in
endogenous expression of Six6 between these 2 cell lines.
Therefore, these contradictory findings may further sup-
port our hypothesis that SIX6 functions as a balancing
transcription factor instead of simply a repressor.

To further understand the physiologic context of SIX3
and SIX6 in adult pituitary, we investigated whether pi-
tuitary SIX3 and SIX6 respond to feedback by steroid
hormones. Our findings show that pituitary Six6 was de-
creased during the LH surge in OVX+E, females,
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whereas neither Six3 nor Six6 were affected in CX+T
males. This suggests that specifically Six6 is regulated by
sex hormones in the female. Interestingly, we determined
that both Six3 and Six6 were expressed in a circadian
manner in the pituitary with higher levels in the morning
than in the evening. These results are comparable with
those we previously described for Six3 and Six6 in the
hypothalamus (2), indicating these homeoproteins are
circadian regulated. These data identify a circadian ex-
pression of Six3 and Six6 in the pituitary, and that Six6 is
strongly regulated by estrogen. Surprisingly, T and DHT
were both unable to modulate Six3 or Six6 transcript in
CX males, identifying a sexually dimorphic regulation by
sex hormones in the pituitary.

The studies presented herein further support the role of
SIX3 and SIX6 as critical transcriptional regulators nec-
essary for anterior pituitary development, specifically for
gonadotrope-specific gene programming. The molecular
mechanism involved in this regulation may be due to com-
petition with the HD transcription factor PITX1. In vitro
siRNA knockdown and Six6-KO mice have been used to
confirm regulation by SIX3 and SIX6 of gonadotrope-
specific genes, including Cga, GnRHR, LHb, and FSHb.
More importantly, our studies have also shown that, al-
though Six3 and Six6 are expressed during gonadotrope
development and play distinct roles, their functions are
overlapping and each can compensate the loss of its
closely related subfamily protein.
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