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Abstract
GnRH binds its cognate G protein-coupled GnRH receptor (GnRHR) located on pituitary
gonadotropes and drives expression of gonadotropin hormones. There are two gonadotropin
hormones, comprised of a common α- and hormone-specific β-subunit, which are required for
gonadal function. Recently we identified that Fanconi anemia a (Fanca), a DNA damage repair gene,
is differentially expressed within the LβT2 gonadotrope cell line in response to stimulation with
GnRH. FANCA is mutated in more than 60% of cases of Fanconi anemia (FA), a rare genetically
heterogeneous autosomal recessive disorder characterized by bone marrow failure, endocrine tissue
cancer susceptibility, and infertility. Here we show that induction of FANCA protein is mediated by
the GnRHR and that the protein constitutively adopts a nucleocytoplasmic intracellular distribution
pattern. Using inhibitors to block nuclear import and export and a GnRHR antagonist, we
demonstrated that GnRH induces nuclear accumulation of FANCA and green fluorescent protein
(GFP)-FANCA before exporting back to the cytoplasm using the nuclear export receptor CRM1.
Using FANCA point mutations that locate GFP-FANCA to the cytoplasm (H1110P) or functionally
uncouple GFP-FANCA (Q1128E) from the wild-type nucleocytoplasmic distribution pattern, we
demonstrated that wild-type FANCA was required for GnRH-induced activation of gonadotrope cell
markers. Cotransfection of H1110P and Q1128E blocked GnRH activation of the αGsu and GnRHR
but not the β-subunit gene promoters. We conclude that nucleocytoplasmic shuttling of FANCA is
required for GnRH transduction of the αGSU and GnRHR gene promoters and propose that FANCA
functions as a GnRH-induced signal transducer.

BINDING OF GnRH to the GnRH receptor (GnRHR) stimulates the biosynthesis of the
gonadotropin common α-, glycoprotein hormone α-subunit (αGSU), and β-subunits. To form
αβ-gonadotropin hormone heterodimers, biosynthesis of αGSU must exceed that of the LH
and FSH β-subunits. Thus, there are complex regulatory mechanisms that ensure differential
transcriptional regulation of the subunit gene promoters, which rely on variation in GnRH
pulsatility, GnRHR number, and the activation of key intracellular second messenger signaling
pathways (1-3). However, further levels of differential control must exist because there is
considerable overlap in the GnRH-activated MAPK second-messenger signaling pathways that
regulate each subunit gene promoter (4-7). Furthermore, although GnRHR and FSH β-subunit
are regulated by activin A, the time frame and mechanism for each appears to be different (8,
9), so there does appear to be some targeted selectivity in activation of GnRHR gene expression.
This selective signal transduction could be provided by cell compartmentalization of signal

Address all correspondence and requests for reprints to: Pamela Brown, Medical Research Council, Human Reproductive Sciences Unit,
Centre for Reproductive Biology, The Queen’s Medical Research Institute, 47 Little France Crescent, Edinburgh EH16 4JT, Scotland,
United Kingdom. E-mail: p.brown@hrsu.mrc.ac.uk.
Disclosure statement: the authors have nothing to declare.

UKPMC Funders Group
Author Manuscript
Endocrinology. Author manuscript; available in PMC 2007 September 11.

Published in final edited form as:
Endocrinology. 2006 December ; 147(12): 5676–5689.

U
KPM

C
 Funders G

roup Author M
anuscript

U
KPM

C
 Funders G

roup Author M
anuscript



transduction components, which when linked to the conformational state of GnRHR can
activate disparate pathways (10) and by using scaffold proteins to anchor and sequester proteins
that activate specific target promoters. Indeed, we have shown that the scaffold protein proline-
rich protein tyrosine kinase-2 transduces a focal adhesion complex/ERK signal to the LH β-
subunit gene promoter (submitted). Thus, how GnRH disparately activates intracellular
signaling pathways to transduce specific transcriptional activation of αGSU, LH, and FSH β-
subunit and GnRHR is likely to be a key event among the biomolecular processes required for
differential gene activation.

We previously identified that a DNA damage repair gene, Fanconi anemia a (Fanca), was
acutely regulated and differentially expressed in response to GnRH within gonadotropes (11).
FANCA is mutated in more than 60% of cases of Fanconi anemia (FA; OMIM 227650), a
genetically heterogeneous, rare autosomal recessive disorder characterized by progressive
bone marrow failure, endocrine tissue cancer susceptibility, and infertility (12). FANCA is
functionally conserved across mammalian species because murine FANCA can correct
sensitivity to the DNA cross-linker mitomycin C in lymphoblastoid cells derived from FANCA
patients (13). It is a relatively large protein (∼160 kDa) with an N-terminal nuclear localization
signal (NLS) required for interactions with other FA proteins (14-16). Nuclear localization of
FANCA promotes nuclear accumulation of the FA protein complex (17,18). FA proteins are
encoded by several distinct genes [FANCA, FANCB, FANCC, FANCD1(BRCA2), FANCD2,
FANCE, FANCF, FANCG, FANCI, FANCJ, FANCL, and FANCM] and FANCA forms a
nuclear core complex with FANCB, -C, -E, -F, -G, -L, and -M to repair interstrand DNA cross-
links (for review see Ref.19). The nuclear core complex is essential for monoubiquitination of
a further protein named FANCD2, a key event in the FA DNA-damage response pathway, but
it has been reported that FANCA can biochemically associate with non-FA and FA proteins
in different cellular compartments (20,21).

Thus, although FANCA has an established role in DNA repair, a number of questions still
remain unresolved. The genetic heterogeneity observed in FANCA patients could not be
recapitulated in Fanca−/− gene-targeted mice, although the mice were infertile and had limited
anemia (22,23). Further targeted disruption of the first six exons of Fanca did expand this
phenotype because growth, cranial and eye development, and maintenance of primordial germ
cells were all affected (24), but a disparity still remains. Detailed study of FANCA mutant
proteins does not match the location or type of defect with the phenotype (25). For instance,
deletion of exon 43 causes severe but variable pathogenicity (26), whereas other analyses have
attempted to subclassify FANCA point mutations according to their severity (27). The data
suggest that FANCA may be required for a number of disparate molecular processes, so further
work is clearly required to identify what additional role the molecule assumes.

Here we report that GnRH induces a rapid, transient nuclear localization of functional FANCA
protein, which is required for GnRH-induced activation of the αGSU and GnRHR gene
promoters but not the LH or FSH β-subunit gene promoters.

Materials and Methods
Cell culture and reagents

LβT2 cells (obtained from P. Mellon, University of California, San Diego, CA) and HeLa cells
(European Collection of Cell Cultures, Porton Down, UK) were cultured as described (11).
GnRH (Peninsula, St. Helens, UK) was used at the concentrations stated in the figure legends,
and GnRH antagonist Cetrorelix (supplied by Robert Millar, Medical Research Council,
Human Reproductive Sciences Unit, Edinburgh, Scotland, UK) was added before GnRH at a
concentration of 1 μM/ml. Recombinant activin A was used at 25 ng/ml and obtained from R&D
Systems (Abingdon, Oxon, UK). The chemical inhibitors cycloheximide (CHX) and
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actinomycin D (AMD) were used at 15 μg/ml and 5 μg/ml, respectively, and purchased from
Calbiochem (Nottingham, UK). Leptomycin B (LMB; Sigma, Dorset, UK) was added at a final
concentration of 2 ng/ml.

Immunofluorescence and confocal microscopy
Cells were plated on glass chamber slides (Nunc, Hereford, UK) and left untreated or treated
with 1 μM GnRH for 2 h, fixed in methanol (BDH, Poole, UK), and then permeabilized. After
30 min incubation with Avidin, followed by biotin (Vector Laboratories, CA), cells were
incubated overnight at 4 C with Fanca antisera (1:200 dilution, supplied by Fre Arwert,
University of Amsterdam, Amsterdam, The Netherlands). The next day, biotin-conjugated
goat-antirabbit secondary antibody (1:500 dilution; Santa Cruz Biotechnology, Santa Cruz,
CA) was added for 30 min, and excess removed before incubating 1 h, in the dark, with
streptavidin coupled Alexa 488 fluorescent probe (Cambridge Biosciences, Cambridge, UK).
Topro-3 (1:2000 dilution in PBS, Cambridge Biosciences) counterstain identified the nucleus
before addition of Permafluor mounting medium (Immunotech, High Wycombe, UK).
Analysis of indirect immunofluorescence was performed using a Axiovert 100-m confocal
microscope and LSM510 scanning module with an oil immersion ×40 objective (Zeiss,
Welwyn Garden City, UK). To visualize fluorescence, excitation was performed using the
Argon 488 nm (fluorescein isothiocyanate/green) and HeNe 633-nm lasers (Cy5/blue). Single
scans and z-stack analysis, 12-16 optical slices of 0.2-μm increments through the cell, were
performed at 1024 × 1024 pixels resolution.

Western blotting analysis
Whole-cell protein extracts were prepared and Western blotting analysis was performed as
previously described (11). Cytoplasmic and nuclear extracts were isolated as described (28).
The integrity of these extracts was confirmed by stripping off anti-FANCA in 2% sodium
dodecyl sulfate, 50 mM Tris (pH 6.8), 0.7% β-mercaptoethanol at 55 C for 30 min before
washing and reprobing with either antimouse β-tubulin (Santa Cruz) or antirat Sp1 antisera
(Autogen Bioclear, Wiltshire, UK) at a dilution of 1:500. green fluorescent protein (GFP)-
tagged proteins were detected using goat anti-Aequorea victoria GFP (Abcam, Cambridge,
UK) at a dilution of 1:1000.

Generation of FANCA mutant constructs
Mutagenesis was performed using the QuikChange XL site directed mutagenesis kit
(Stratagene, La Jolla, CA) according to the manufacturer’s instructions. The enhanced GFP
(EGFP)-FANCA plasmid was a kind gift from Manuel Buchwald (The Hospital for Sick
Children, Toronto, Canada). Mutagenesis was performed using synthetic oligonucleotide
primers containing patient-derived mutations (see Table 1) and was confirmed by DNA
sequencing.

Transient transfection and visualization of EGFP expression in cultured cells
LβT2 or HeLa cells were plated on two-well glass slides (Nunc) at a density of 100,000 cells/
ml; 16 h later cells were transfected with 1.5 μg plasmid DNA using Fugene 6 transfection
reagent (Roche, Lewes, UK) and incubated for a further 48 h. Before visualizing EGFP
expression, cells were fixed with methanol (BDH) for 10 min at −20 C, washed with PBS, and
nuclei stained by incubating for 2 min, in the dark, with Topro-3 (1:2000 dilution in PBS;
Cambridge Biosciences) before washing in PBS and mounting coverslips using Permafluor
(Immunotech, Beckman Coulter, Fullerton, CA). Fluorescence cells were detected using a
Zeiss Axiovert 100-m microscope as described previously.
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Transient transfection of constructs for reporter gene assays
Reporter constructs were generated by fusing −692 sheep LH β-subunit gene promoter
upstream of a luciferase reporter gene (LHβ-Luc) or were obtained as promoter-luciferase
fusion constructs; −480 mouse α-subunit gene (D. Gordon, University of Colorado, Denver,
CO), −1135/−26 rat GnRH receptor (J.-N. Laverriere, Université Pierre et Marie Curie, Paris,
France) and −4741/+759 sheep FSH β-subunit (W. Miller, North Carolina State University,
Raleigh, NC). LβT2 cells were seeded into six- and 12-well plates and incubated overnight at
37 C before transfecting with a total DNA amount of 2 μg (12 well) or 7.5 μg (six well) with
GFP-FANCA-WT or GFP-FANCA-H1110P or −Q1124E plasmids and Fugene 6 (Roche
Diagnostics). In six-well plates, 250 ng CMV-β-galactosidase expression vector was included
as a measure of transfection efficiency, and in 12-well plates, either 100 or 33 ng of renilla
vector (Promega Biosciences, Southampton, UK) were added. LHβ-Luc and αGSU-Luc
transfections were treated with 100 nM of GnRH for 6 h or 1 nM GnRH for 8 h, respectively,
and then harvested and assayed as described (28) or assayed using a dual-light luciferase assay
kit (Promega) in a FLUOStar Optima luminometer (BMG Lab Technologies, Aylesbury, UK).
Luciferase activity was normalized for either renilla or CMV-β-galactosidase activity to correct
for transfection efficiency. For FSHβ-Luc transfections, we used the procedure described
elsewhere (4). For GnRHR. cells were incubated in DMEM with 2% fetal calf serum with no
antibiotics before transfecting 7.5 μg of control pGL3 (Promega) or GnRHR-Luc. After
transfection cells were incubated for the indicated times followed by a further 4-h exposure to
100 nM GnRH before harvesting. FSHβ-Luc and GnRHR-Luc reporter gene activity was
assayed as described (28), and luciferase levels were adjusted for transfection efficiency by
normalizing for CMV-β-galactosidase activity. Statistical significance was established as P <
0.05 by one-way ANOVA analysis.

Results
FANCA protein exhibits a nucleocytoplasmic localization pattern in LβT2 cells

Previously we had determined that a 2-h time frame was optimal for GnRH induction of
FANCA protein (11). This analysis was extended to include various GnRH concentrations
ranging from 0.1 nM to 1 μM. We found that there was a lower but no upper limit in the range
tested and that a threshold GnRH concentration of 1 nM was required to induce a 2-fold increase
in FANCA protein expression after 2 h (data not shown). This was dependent on GnRH
activation of the GnRHR because a 30-min preincubation with a GnRHR antagonist,
Cetrorelix, blocked induction of FANCA protein (Fig. 1A). We used these optimized
conditions to investigate the localization pattern of endogenous FANCA protein in untreated
and GnRH-treated LβT2 gonadotrope cells (Fig. 1B). Comparing the localization pattern of
FANCA immunofluorescence with nuclear Topro-3 staining suggested that FANCA appeared
to be distributed throughout the cytoplasm and nucleus in both untreated and GnRH-treated
cells (Fig. 1B). This was confirmed by confocal microscope z-stack sectioning through the
middle of a representative cell (Fig. 1B; C and G, nontreated; F and H, treated). Comparison
of the levels of FANCA protein expression in untreated and GnRH-treated cells suggested that
there was an increase in fluorescence intensity, i.e. expression, after addition of hormone.
Western blotting analysis of subcellular fractions was used to confirm this distribution and
increase of FANCA protein across both cytoplasmic and nuclear cellular compartments (Fig.
1C). Further analysis with cytoplasmic and nuclear markers indicated that there was little cross-
contamination of the cytoplasmic and nuclear protein fractions and that FANCA protein levels
increased 2-fold in both the cytoplasmic and nuclear protein fraction after a 2-h treatment with
hormone (Fig. 1C). Thus, we concluded that although FANCA carries a functional NLS,
capable of targeting it to the nucleus, the endogenous protein is actually distributed across the
cytoplasmic and nuclear compartments in gonadotrope cells and that GnRH increases levels
of FANCA in both.
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GnRH-induced, CRM1-dependent nucleocytoplasmic shuttling of FANCA in LβT2 cells
The GnRH-induced increase in FANCA within the cytoplasmic and nuclear compartments of
LβT2 cells could be explained by reduced protein turnover or an increase in de novo translation
followed by intracellular redistribution. To investigate these possibilities further, LβT2 cells
were treated with a translational inhibitor, CHX, 30 min before addition of GnRH, followed
by Western blotting analysis of the isolated cytoplasmic extract (Fig. 2A). Addition of CHX
did not affect basal levels; they were still significantly different from GnRH stimulated, but
addition of CHX and GnRH had a varying effect on cytoplasmic FANCA levels. They were
not significantly different from basal (untreated or CHX treated) or GnRH treated.

This variation may be due to GnRH redistributing the nucleocytoplasmic location of existing
FANCA. To block this, we added inhibitors of nuclear import, AMD, and nuclear export, LMB
(Fig. 2A). AMD acts as a broad range blocker of nuclear import by inhibiting RNA polymerase
II transcription, which inhibits the nucleocytoplasmic shuttling of pre-mRNA proteins
(hnRNP) bound to mRNA (29), whereas LMB blocks a specific nuclear export pathway by
covalently modifying Cys-539 within the docking site of nuclear export receptor CRM1 (30).
Addition of either AMD or LMB in the absence of hormone had no effect on cytoplasmic levels
of FANCA. In comparison, addition of CHX with either AMD or LMB combined with
hormone significantly blocked the GnRH-induced increase (Fig. 2A), but LMB reduced
FANCA levels more than AMD. Dual treatment with AMD and GnRH did not appear to effect
cytoplasmic levels of FANCA, whereas treatment with LMB and GnRH significantly reduced
cytoplasmic FANCA. This suggested that there was movement of FANCA into the nucleus,
so measuring levels of FANCA in nuclear extracts treated with a similar pattern of inhibitors
should confirm this. Nuclear levels of FANCA have a converse pattern from cytoplasmic levels
(Fig. 2B). Taken together this analysis identified that addition of CHX, GnRH, and AMD or
GnRH and AMD treatment may have promoted cytoplasmic accumulation (Fig 2A) because
nuclear extracts were depleted of FANCA (Fig 2B). CHX, GnRH and LMB or GnRH and
LMB both reduced cytoplasmic levels (Fig 2A) but caused an increase in nuclear levels (Fig
2B). This suggested that nucleocytoplasmic shuttling of FANCA did occur and we
hypothesized that it may be dependent on GnRH stimulation. Cells were treated with CHX and
LMB, as before, but were also pretreated with Cetrorelix. Addition of antagonist significantly
blocked nuclear accumulation of FANCA (Fig. 2C). This result demonstrated that CRM1 was
required for nuclear export and suggested that GnRH induced nuclear import of FANCA.

We then investigated what happened to the distribution of a GFP-tagged FANCA protein after
hormone treatment to establish whether GnRH effected a change in nucleocytoplasmic
distribution of FANCA. A control GFP- or GFP-FANCA expressing construct was transfected
into LβT2 cells, which were treated for various time intervals with GnRH, fixed, and then the
distribution patterns of untagged or tagged GFP were visualized and compared. Comparison
of untreated cells with 5 min of GnRH treatment showed that GFP-FANCA redistributed to
become mainly confined within the nucleus (Fig. 3, compare B, C, and D, untreated, with F,
G, and H, treated). After 10 min of GnRH treatment, GFP-FANCA reappeared in the cytoplasm
(Fig. 3, J, K, and L), and by 15 min, cytoplasmic accumulation had progressed even further
(Fig. 3, M, N, and O). We concluded that FANCA protein responds to a GnRH-induced
translocation signal, because control GFP did not redistribute in response to hormone (Fig. 3,
A, E and I), and the shuttling profile of FANCA was blocked by 30 min pretreatment with
Cetrorelix (Fig. 3, P-U). Taken together, these data indicate that the nuclear accumulation of
FANCA within gonadotrope cells is a dynamic, rapid, GnRH-driven event, and recycling of
nuclear protein is dependent on nuclear export receptor CRM1.
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Analysis of the localization pattern of GFP-tagged mutant proteins in HeLa and LβT2 cells
A number of FANCA mutant proteins have been described with aberrant nucleocytoplasmic
distribution profiles that interact poorly with other FA proteins and have varying phenotypic
penetrance (25,27). We chose two of these mutants for further study; the first was a severe
mutant with an amino acid conversion of histidine to proline at position 1110 (H1110P) (14,
27), and the second had replacement of a glutamine with glutamic acid at amino acid 1128
(Q1128E) and has been biochemically classified as a mild mutation (27). First, we used site-
directed mutagenesis to engineer the point mutations into a GFP-tagged FANCA clone,
creating GFP-FANCAH1110P and GFP-FANCAQ1128E. We checked that the wild-type
(WT) and mutated proteins were expressed as GFP-FANCA fusion proteins by transiently
transfecting LβT2 cells for 48 h followed by Western blotting analysis of whole-cell protein
extracts (Fig. 4A). A protein band corresponding to the expected size of GFP-FANCA,
approximately 187 kDa, was detected only in extracts from transfected cells; no band was
visible in mock-transfected cells. Figure 4B shows a schematic presentation of FANCA with
the location of these point mutations and their biochemical properties.

Transient transfection of the tagged constructs into HeLa and LβT2 cells followed by
visualization with a confocal microscope identified that WT and mutant GFP-tagged FANCA
proteins localized to different cellular compartments (Fig. 5, A and B). GFP-FANCA was
located in the cytoplasm and nucleus of both cell types (Fig. 5, A and B, panels B, F, and J).
Confocal z-stack sectioning through a representative cell confirmed that the expression pattern
was predominantly nuclear (Fig. 5, A and B, panels B and N). The GFP-FANCAH1110P
mutant was restricted to the cytoplasm in both HeLa and LβT2 cells (Fig. 5, A and B, panels
C, G, K, and O), confirming the aberrant nucleocytoplasmic localization pattern of this
mutation (27). In contrast, GFP-FANCAQ1128E predominantly located to the nucleus of HeLa
cells with very little cytoplasmic staining (Fig. 5A, panels D, H, L, and P), but in LβT2 cells,
the distribution pattern resembled empty vector GFP (Fig. 5B, panels A, D, E, H, I, L, M, and
P) rather than the biased nuclear localization pattern seen for GFP-FANCA.

We next determined whether the point-mutated fusion proteins could redistribute within the
nucleocytoplasmic compartment in response to GnRH. LβT2 cells were transfected with GFP,
GFP-FANCA, GFP-FANCAH1110P, or GFP-FANCAQ1128E and treated with GnRH (Fig.
6). Addition of GnRH had no effect on the location of either GFP-FANCAH1110P or GFP-
FANCAQ1128E (Fig. 6, panels G, H, K, L, O, and P) or on GFP (Fig. 6, panels E, I, and M).
There was no difference in the cross-sectional analysis of GnRH treated (Fig. 6, panels S and
T) with untreated (Fig. 5B, panels O and P). In contrast, GnRH-induced nuclear accumulation
of GFP-FANCA (Fig. 6, panels F, J, and N), and this was blocked by a 30-min pretreatment
with antagonist, confirming previous results. These differences in localization of mutant
FANCA indicate that the molecule may interact differently with the trafficking apparatus in
disparate cell types and demonstrates that the point mutations block hormone-induced
trafficking.

FANCA has differential effects on basal and GnRH-induced LHβ and FSHβ promoter activity
Given that we had identified a cell type-specific difference in nucleocytoplasmic localization
pattern of mutant FANCA proteins and that GnRH induced a redistribution of both endogenous
and exogenously introduced protein, we hypothesized that FANCA may be important for
gonadotrope cell function, possibly influencing GnRH-driven biosynthesis of gonadotropin
hormones. Therefore, we tested what effect expression of GFP-FANCA and mutant proteins
had on GnRH induction of promoter activity. First, we determined the optimal concentration
and time frame required for GnRH induction of gene expression of the ovine LH β-subunit
gene promoter (−692LHβ-Luc) fused to a luciferase reporter (Fig. 7A). Maximal induction of
−692LHβ-Luc was observed after treatment with either 100 nM or 1 μM GnRH for 6 h (Fig. 7A).
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Cotransfection of GFP-FANCA or mutant constructs with −692LHβ-Luc followed by GnRH
treatment identified that GnRH-induced luciferase expression and that a slight nonsignificant
decrease occurred when WT and mutant GFP-FANCA constructs were cotransfected (Fig. 7B).
Cotransfection of GFP-empty vector did not have any effect on the promoter (data not shown),
suggesting that the differences were due to FANCA. The ovine −4741-bp FSH β-subunit gene
promoter requires stimulation with 25 ng/ml activin A and 100 nM GnRH for 8 h to induce
maximal levels of luciferase (4), so we cotransfected −4741FSHβ-Luc with or without GFP-
FANCA and treated with 25 ng/ml activin A and 100 nM GnRH for 8 h (Fig. 7C). This had no
effect on basal or GnRH-induced activity of the promoter. However, cotransfection of GFP-
FANCAH1110P or GFP-FANCAQ1128E resulted in a small but significant increase in the
basal activity of the promoter, which decreased the fold increase in promoter activity (Fig. 7C).
We concluded that FANCA did not appear to be directly involved in basal or GnRH-induced
LH β-subunit gene transcription but did have a small stimulating effect on basal FSH β-subunit
gene transcription that dampened the GnRH-induced increase in luciferase activity.

FANCA is required for GnRH induction of the αGSU and GnRHR gene promoters
The small differential effect of cotransfecting FANCA with the gonadotropin β-subunits hinted
that perhaps a separate regulatory pathway was being perturbed. GnRH transcriptionally up-
regulates its own receptor (31), and regulation of the levels of GnRHR ultimately drives the
differential regulation of αGSU and β-subunits (32). Thus, we decided to examine the effect
of FANCA on αGSU and the GnRHR gene promoter. First the concentration and duration of
GnRH treatment required to induce maximal levels of αGSU gene promoter activity was
determined. LβT2 cells were transiently transfected with a −480-bp murine αGSU gene
promoter and treated with increasing concentrations of GnRH for various time periods (Fig.
8A). Addition of 100-1000 nM GnRH for 6-8 h induced a reproducible doubling of gene
expression, but maximal levels of luciferase were induced by treatment with 1-10 nM GnRH
for 8-10 h. Indeed, increasing the dose of GnRH actually appeared to down-regulate αGSU
promoter activity over time. Having identified the time frame and concentration of GnRH
crucial for induction of promoter expression, we tested whether FANCA had any effect on
basal or GnRH induction of αGSU gene transcription (Fig. 8B). Cotransfection with GFP-
FANCA had no effect on the GnRH-induced activity of this promoter, but cotransfection with
either GFP-FANCAH1110P or GFP-FANCAQ1128E did significantly reduce GnRH-induced
activity after addition of 1 nM GnRH (Fig. 8B). Cotransfection of mutated FANCA constructs
blocked the levels of GnRH induction of αGSU-Luc by 50% after treatment with 1 nM GnRH.

Given the small but measurable effect on the β-subunit promoters, we investigated whether
FANCA had any effect on GnRHR gene expression. As already established for the other
subunits, we optimized the transfection regime for the GnRHR promoter construct and included
a transfection time course because previous reports indicated that the stimulatory effects of
GnRH on the GnRHR promoter dampen after prolonged transfection (8). We identified that
transfection of −1135GnRHR-Luc for 14 h followed by 4 h stimulation with 100 nM GnRH
efficiently activated the promoter and had no stimulatory effect on the control plasmid (Fig.
9A). Using this regimen, we cotransfected GFP-FANCA WT and the two mutant constructs
with −1135GnRHR-Luc for 14 h then induced the promoter with GnRH (Fig. 9B). No
differences in basal unstimulated levels were measured, but GnRH induction of the GnRHR
promoter was completely silenced by addition of GFP-FANCAH1110P or Q1128E, indicating
that FANCA was required for GnRH induction of GnRHR gene expression. These results
provide evidence for involvement of FANCA in transduction of the GnRH inductive signal in
LβT2 cells and suggest target gene selectivity in this process because only GnRH induction of
the αGSU and GnRHR gene promoters were perturbed.
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Discussion
Reports on the nucleocytoplasmic location of FANCA agree that nuclear accumulation of
FANCA is necessary for function (15,16,33-35). FANCA protein encodes a NLS (15,16) and
CRM1 export motifs, which when perturbed promote cytoplasmic accumulation (36).
However, dynamic hormone regulated nucleocytoplasmic shuttling, with an impact on
transcription, has not been reported. In this study, we observed both nuclear and cytoplasmic
FANCA by indirect immunofluorescence and Western blotting analysis of subcellular
fractions. Rather than the nucleocytoplasmic distribution of FANCA being benign, we found
that hormone induced a rapid nuclear accumulation and that significant levels of FANCA were
exported back to the cytoplasm in LβT2 cells. Indeed, addition of AMD and GnRHR
antagonists blocked nuclear accumulation and LMB blocked CRM1-dependent nuclear export.
This dynamic redistribution of a protein-signaling complex in specialized hormone producing
cells is appealing, especially because FA patients have numerous endocrinopathies (17,37).
Alternatively, FANCA may show rapid nuclear accumulation in response to diverse stimuli,
as a consequence of differential phosphorylation (38), in a variety of cell types.

Hormone-dependent nuclear accumulation of FANCA suggests that the molecule may act as
a signal transducer in gonadotropes, presumably by binding FANC proteins and translocating
them to the nucleus. However, to our knowledge, a signal transduction role has not been
previously proposed for this molecule but fits well with the structural motifs identified by
bioinformatics, including Src-homology domains and leucine zipper motifs (13). FANCA and
other FA proteins are orphan proteins with no homology to each other or to other proteins
(20), except FANCG, which encodes a putative scaffold motif (39). Given that FANCA and
FANCG associate and their nuclear accumulation is required for function (40), then it is
possible that FANCG is the molecular signal transducer in gonadotropes. However, our use of
FANCA mutants that bind FANCG but still have aberrant localization and function suggests
that this is unlikely. Nevertheless, individual targeted disruption of Fanca, Fancc, and
Fancg in mice generates an infertile phenotype, implicating the proteins in a common pathway
(22,23,41,42). We propose that a protein scaffold function would explain why no mutational
hot spot has been identified for FANCA (43) because there are probably numerous protein
attachment sites, that, if disrupted, could impact on different intracellular signaling pathways.
Indeed, a large number of FANCA-interacting proteins have been identified by functional and
biochemical assays (44), but it is more likely that a FANCA protein complex fulfills different
cellular functions by differential recruitment of FANC-proteins. Using RT-PCR, we have so
far identified transcripts for FANCC, -D2, -E, -F, -G, and -L in LβT2 cells and have yet to
screen for -B, D1, -I, -J, and -M (Larder, R., unpublished results).

Due to the rapid nucleocytoplasmic shuttling of FANCA, we chose to investigate the
subcellular distribution and function of two different FANCA mutants. The first mutant,
FANCAH1110P, locates to the cytoplasm in lymphoblastoid and HeLa cells, fails to bind
FANCC and FANCF, is nonphosphorylated, was originally isolated from a FA patient, and
failed to rescue mitomycin C sensitivity of FANCA mutant cells and has been classified as a
biochemically severe group III mutation (14,27). The second FANCA mutant,
FANCAQ1128E (25), was classified in group I, because this protein behaved in some respects
like FANCA WT including the crucial monoubiquitination of FANCD2 (27). First, we
demonstrated cytoplasmic accumulation of GFP-FANCAH1110P in LβT2 cells; second, we
noted that GFP-FANCAQ1128E differed from the predicted nuclear location pattern
demonstrated in HeLa cells and instead distributed evenly across both nuclear and cytoplasmic
compartments in LβT2 cells. Furthermore, addition of GnRH did not promote subcellular
redistribution of either mutant, indicating that the mutations uncoupled FANCA trafficking.
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We then studied these proteins in our assay of gonadotrope cell function, specifically GnRH
activation of transcription. Cotransfection of each mutant with the highly tissue-specific LH
and FSH β-subunit gene promoters into LβT2 cells highlighted only marginal effects on basal
FSH β-subunit gene transcription and GnRH activation of LH β-subunit. Given that Fanca
gene targeted mice are initially fertile but become infertile after repeated ovarian cycles and
that immunohistochemical examination of their pituitaries failed to reveal any obvious
differences in LH and FSH content (23), then we would argue that there does not appear to be
any direct regulatory effect of FANCA on transcriptional regulation of these gene promoters.
Instead, our results suggest that active FANCA is required for GnRH stimulation of the αGSU
and GnRHR gene promoters. Cotransfection of mutant FANCA molecules abrogated αGSU
gene expression. However, the fold stimulation of αGSU gene expression varied in LβT2 cells.
Previously, studies using the less differentiated αGSU-expressing αT3-1 gonadotrope cell line
have shown that 1 nM GnRH induces maximal levels of αGSU expression and that prolonged
stimulation with high concentrations of GnRH desensitizes the transcriptional apparatus (6,
45).

The results from this study indicate that these effects appear to be consistent between the two
cell lines. Induction of αGSU gene expression requires interaction between the basal and
GnRH-induced transcriptional apparatus (46), and a number of transcription factors and signal
transduction pathways are known to be required (5,6,47,48). However, because basal and
induced αGSU in vivo expression levels are always in excess over the β-subunits (49), then we
propose that the likely pituitary gonadotrope component of the observed phenotype in Fanca
gene targeted mice arises from misregulation of the GnRHR gene promoter. Cotransfection of
mutant FANCA with a GnRHR-Luc construct completely blocked GnRH stimulation. Indeed,
the minimal fluctuations that we measured in LH and FSH β-subunit gene activation, from one
pulse of GnRH, likely reflect the upstream perturbation of GnRHR gene activation. Recently
others demonstrated that against a background of differing levels of GnRHR expression
repeated GnRH stimulation of the β-subunit gene promoters produced minimal effects on LH
β-subunit, but induction of FSH β-subunit was reduced (32). The biased disruption of GnRH-
induced αGSU and GnRHR gene activation by FANCA mutants indicates that either a known
signal transduction pathway common to both promoters is being perturbed or that FANCA is
a new novel signal transmission molecule.

It was unexpected that cotransfection of FANCA-Q1128E with the GnRHR or αGSU gene
promoters followed by GnRH stimulation would be as equally effective at blocking stimulation
as cotransfection with FANCAH1110P. Previously, functional assays had failed to identify
any negative impact of the Q1128E mutation on FANC-mediated DNA repair or FANCD2
monoubiquitination (27). However, the Q1128E mutation was isolated from a patient who died
from bone marrow failure (Pasquini, R., personal communication). Indeed, linking the
genotype to the phenotype in FANCA patients is an ongoing problem (50). Our results with
the Q1128E mutant indicate that the FANC pathway can impact on different cellular
mechanisms in addition to DNA repair. Indeed, FANCA interacts with the SWI/SNF chromatin
regulatory complex, which is recruited to specific gene promoters to activate transcription
(51,52).

Others have hypothesized that the gonadal phenotype in Fanca−/− mice may arise due to direct
impact of FANCA on gonadal development, particularly primordial germ cell formation,
evidenced by hypogonadism and an increased incidence of ovarian cysts (24). Rather, we
propose that targeted disruption of Fanca causes a progressive loss of fertility because FANCA
is required for both primordial germ cell function and regulated gonadotropin hormone
production via the GnRHR. Furthermore, evidence for misregulation of gonadotropins has
been obtained from studies of FA patients (53), and children with FA enter puberty late, men
are generally azoospermic, and women have early menopause (54). Testing of the
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hypothalamic-pituitary-gonadal axis revealed a blunted or prolonged LH response indicating
dysregulation (37,54).

In conclusion, we have identified two new, novel functions for FANCA. First, FANCA acts
as a signal transduction component molecule in gonadotrope cells because we observed rapid
nucleocytoplasmic shuttling in response to GnRH stimulation. Second, we have identified that
this signaling function appears to specifically target the αGSU and GnRHR gene promoters in
gonadotrope cells. This suggests FANCA is a signal transducer and is important for differential
regulation of gene transcription in the reproductive system.
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FIG 1.
Endogenous FANCA is located across the nucleocytoplasmic compartment in LβT2 cells. A,
LβT2 cells were pretreated with GnRHR antagonist 1 μM Cetrorelix (ANT) before treatment
for 2 h with 1 μM GnRH. Western blotting analysis of wholecell extracts identified that addition
of ANT blocked the GnRH-induced increase in FANCA. A representative gel, of two
performed, is shown. B, Confocal microscopy analysis of untreated (−G) and GnRH-treated
(+G; 1 μM for 2 h) LβT2 cells. Anti-FANCA antibody immunostaining, followed by biotin-
conjugated goat antirabbit is shown in green in panels A and D, nuclei were stained blue with
1:2000 Topro-3 (panels B and E). FANCA immunostaining merged with Topro-3 is shown in
panels C and F. Panel I shows the pattern if anti-FANCA antibody is omitted. A cross-sectional
line was drawn through a representative cell in panels C and F. The intensity of the pixels that
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fall on the line were plotted against distance (micrometers) and are shown for each channel,
FANCA in green and Topro-3 in blue, in panels G(−G) and H (+G). Zero equals no signal,
whereas 256 is the maximum detectable level. C, Detection of FANCA in nuclear (Nuc) and
cytoplasmic (Cyt) compartments using Western blotting analysis. Cells were either left
untreated (−G) or treated (+G) with 1 μM GnRH for 2 h. Seventy-five micrograms of Nuc or
Cyt protein extract were immunoblotted for FANCA and then reprobed for nuclear marker,
Sp1, and cytoplasmic marker, β-tubulin. A representative blot is shown; the graph represents
the average ± SEM increase in FANCA calculated from three separate experiments. Protein levels
were quantified using a Storm PhosphoImager and untreated extracts were assigned a value of
1. One-way ANOVA established statistical significance of GnRH treated vs. untreated as **,
P < 0.01 and ***, P < 0.001.
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FIG 2.
FANCA undergoes nucleocytoplasmic shuttling in LβT2 cells. Cytoplasmic (A) and nuclear
(B) location of FANCA after treatment with trafficking inhibitors and hormone. The following
were added to LβT2 cells: no GnRH (−); GnRH was added at 1 μM for 2 h (+G); cells had a 30-
min pretreatment of 15 μg/ml CHX, 15 μg/ml AMD, and 2 ng/ml LMB. Cytoplasmic and
nuclear extracts were isolated from the same experiment, Western blotted, and probed with
anti-FANCA antibody. C, Effect of addition of GnRHR inhibitor Cetrorelix on nuclear
accumulation of FANCA. Cells were either left untreated or pretreated with 1 μM Cetrorelix
(ANT) for 30 min before adding CHX and LMB for 30 min and 1 μM GnRH for 2 h. Seventy-
five micrograms of nuclear extract were analyzed for levels of FANCA and a representative
Western blot is shown. The average ± SEM change in FANCA levels from three separate
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experiments is shown graphically, with +G assigned a value of 2. One-way ANOVA identified
that ***, P < 0.001, **, P < 0.01, and *, P < 0.05 were significantly different from +G, unless
indicated otherwise. AU, Arbitrary units.
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FIG 3.
GnRH induces rapid nuclear accumulation of GFP-FANCAWT. Visualization of GFP-tagged
FANCA after GnRH treatment of transfected cells are shown. Cells were either transfected
with GFP-empty vector or GFP-tagged FANCA and then left untreated or treated with 100
nM GnRH for the indicated time periods. Cells were fixed before staining nuclei with Torpro-3.
A, E, and I, Merged GFP-empty vector and Torpro-3-stained nuclei −G (A) and +G (E and I).
B-D, −G GFP-FANCAWT (B), Torpro-3 staining (C), and merged images are shown in the
right-hand panel (D). F-H and J-O after various time intervals +G, the localization of GFP-
FANCAWT was compared with the Torpro-3 nuclear staining pattern (G, K, and N). Images
are shown merged (H, L, and O). P-U, Localization of GFP-FANCAWT after 30 min
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pretreatment with 1 μM of GnRHR antagonist Cetrorelix (ANT) and then +G. Overlay of GFP-
FANCAWT images are shown in the right-hand panels, and numbers refer to length of
exposure +G in minutes. These are representative examples of images taken from at least three
different, separate experiments.
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FIG 4.
Expression analysis and schematic of FANCA point mutations. A, Western blotting analysis
of protein extracts made from untransfected (MOCK) and cells transfected with GFP-tagged
WT and mutant (H1110P and Q1128E) proteins identified a 187-kDa GFP-FANCA fusion
protein. Blots were stripped and reprobed with β-tubulin to control for protein loading. B,
Schematic representation of WT and the two mutant forms of FANCA. WT FANCA is 1455
amino acids with a NLS at the NH2-terminus (15) and five nuclear export signals (NES)
(36). Putative domains include Src-homology domains (SH2, SH3) and a leucine zipper-like
motif (LeuZip-like) and are shown in italics (13). The biochemical properties and phenotype
of the point mutations H1110P and Q1128E are also summarized (14,25,27). The numbers
orientate the domains on the amino acid backbone. MMC refers to ability of FANCA to repair
DNA cross-links generated by mitomycin C.
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FIG 5.
Effect of amino acid substitutions on the nucleocytoplasmic localization pattern of GFP-
FANCA. HeLa (A) and LβT2 (B) cells were transfected with GFP-empty vector (A), GFP-
FANCAWT (B), GFP-FANCAH1110P (C), or GFP-FANCAQ1128E (D) and then examined
using confocal microscopy. Torpro-3 staining was used to visualize the nuclei of fixed cells
(E-H), and the merged images show an overlay of the two (I-L). A representative merged cell
was chosen (I-L), transected, and the intracellular location of GFP (green) and Torpro-3
(blue) fluorescent intensities shown graphically (M-P). The intensity ranges from zero to a
maximum of 256 and measures how many pixels hit the line for each individual channel.
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FIG 6.
Point mutations block GnRH-induced nucleocytoplasmic shuttling of FANCA. Cells were
transfected with either GFP-empty vector (GFP) or GFP-FANCA (WT) or the point-mutated
GFP-FANCA mutants (H1110P or Q1128E) and then left untreated or treated with 100 nM

GnRH for 5 min. Cells were fixed before staining nuclei with Torpro-3. A-D, Merged untreated
(−G). GFP-(E-H) and Torpro-3-stained nuclei (I-L) are merged (M-P) and demonstrate the
differential locations of untagged and tagged GFP after addition of GnRH for 5 min (5′+G). A
line was drawn through the merged cell (M-P), and the intensity of the fluorescence, ranging
from zero to a maximum of 256, was measured by calculating how many pixels hit the line for
each individual channel, GFP in green, Topro-3 in blue, and are shown graphically in Q-T. U-
W, Localization of untagged and GFP-tagged proteins after 30 min pretreatment with 1 μM of
GnRHR antagonist Cetrorelix (30′ANT), then 5′+G. These are representative examples of
images taken from at least three separate experiments.
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FIG 7.
FANCA has minimal effects on GnRH-induced activity of the β-subunit gene promoters. A,
Optimal concentration of GnRH required for stimulation of the −692LHβ-Luc gene promoter
was determined. LβT2 cells were transfected with −692LHβ-Luc 48 h before stimulating with
increasing concentrations of GnRH (nM) for 6 h and then harvested and luciferase levels
measured. B, Effect of FANCA on −692LHβ-Luc. Expression plasmids containing either GFP-
FANCA WT or −H1110P or Q1128E were cotransfected with −692LHβ-Luc at a ratio of
reporter to effector of 6:1; 48 h later they were stimulated with 100 nM GnRH for 6 h and then
assayed for luciferase. C, Effect of FANCA on FSHβ-Luc. Either GFP-FANCA WT or
−H1110P or −Q1128E were cotransfected with −4741FSHβ-Luc at a ratio of reporter to

Larder et al. Page 23

Endocrinology. Author manuscript; available in PMC 2007 September 11.

U
KPM

C
 Funders G

roup Author M
anuscript

U
KPM

C
 Funders G

roup Author M
anuscript



effector of 6:1; 40 h later they were stimulated with 100 nM GnRH and 25 ng/ml activin A for
8 h and then assayed for luciferase. A-C, Fold stimulation above basal is indicated, corrected
against the levels of β-galactosidase, which was used as an internal control, and each
experiment was done in triplicate and repeated at least twice. Results shown are average ±
SEM. One-way ANOVA established that for A ***, P < 0.001 +G vs. −G (not shown), 100 vs.
10 nM, and *, P < 0.05 10 vs. 1 nM. B and C, ***, P < 0.001, **, P < 0.01, and *, P < 0.05 when
comparing +G vs. −G and when comparing −G cotransfected FANCA WT vs. −G cotransfected
FANCA-H1110P and −Q1128E.
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FIG 8.
FANCA suppresses GnRH-induced activity of the αGSU gene promoter. A, Optimal time
course and concentration of GnRH required for stimulation of the −480αGSU-Luc gene
promoter was determined. LβT2 cells were transfected with −480αGSU-Luc 48 h before
stimulating with increasing concentrations of GnRH and then harvested 4, 6, 8, and 10 h later
and luciferase levels measured. B, Effect of FANCA on −480αGSU-Luc after stimulation with
1 nM GnRH. Expression plasmids containing either GFP-FANCA WT or −H1110P or Q1128E
were cotransfected with −480αGSU-Luc at a ratio of reporter to effector of 6:1; 48 h later they
were stimulated with 1 nM GnRH for 8 h and then assayed for luciferase. A and B, Fold
stimulation above basal is indicated and corrected against the levels of renilla (A) or β-
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galactosidase (B), which were used as internal controls, and each experiment was done in
triplicate and repeated at least twice; results shown are average ± SEM. One-way ANOVA
established that ***, P < 0.001, **, P < 0.01, and *, P < 0.05 when comparing treated vs. −G
and when comparing +G cotransfected FANCA WT vs. +G cotransfected FANCA-H1110P
and −Q1128E.
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FIG 9.
FANCA blocks GnRH-induction of the GnRHR gene promoter. A, Optimal transfection time
course required for maximal GnRH stimulation of the −1135GnRHR-Luc gene promoter was
determined. LβT2 cells were either transfected with control pGL3 or −1135Gn-RHR-Luc for
4, 14, 20, and 40 h before stimulating with 100 nM GnRH and then harvested 4 h later and
luciferase levels measured. B, Effect of FANCA on −1135GnRHR-Luc after stimulation with
100 nM GnRH. Expression plasmids containing either GFP-FANCA WT or −H1110P or
−Q1128E were cotransfected with −1135GnRHR-Luc at a ratio of reporter to effector of 24:1;
14 h later they were stimulated with 100 nM GnRH for 4 h and then assayed for luciferase. A
and B, Fold stimulation above basal is indicated and corrected against the levels of β-
galactosidase, with each experiment done in triplicate, and the results are average ± SEM.
Representative experiment of two is shown for A, whereas B is the average of three separate
experiments. One-way ANOVA established that ***, P < 0.001, **, P < 0.01, and *, P < 0.05
when comparing +G vs. −G and when comparing +G cotransfected FANCA WT vs. +G
cotransfected FANCA-H1110P and −Q1128E.
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