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Abstract

Transcription factors (TFs) participate in a wide range of cellular processes due to their inherent function as essential regulatory
proteins. Their dysfunction has been linked to numerous human diseases. The forkhead box (FOX) family of TFs belongs to the
“winged helix” superfamily, consisting of proteins sharing a related winged helix-turn-helix DNA-binding motif. FOX genes
have been extensively present during vertebrates and invertebrates’ evolution, participating in numerous molecular cascades and
biological functions, such as embryonic development and organogenesis, cell cycle regulation, metabolism control, stem cell
niche maintenance, signal transduction, and many others. FOXDI1, a forkhead TF, has been related to different key biological
processes such as kidney and retina development and embryo implantation. FOXD1 dysfunction has been linked to different
pathologies, thereby constituting a diagnostic biomarker and a promising target for future therapies. This paper aims to present,
for the first time, a comprehensive review of FOXD1’s role in mouse development and human disease. Molecular, structural, and
functional aspects of FOXD1 are presented in light of physiological and pathogenic conditions, including its role in human
disease aetiology, such as cancer and recurrent pregnancy loss. Taken together, the information given here should enable a better
understanding of FOXD1 function for basic science researchers and clinicians.

Keywords FOXDI - Retina development - Kidney morphogenesis - Recurrent pregnancy loss - Transcription factor - Cancer
aetiology

Introduction

Transcription regulation depends on correct transcription fac-
tors (TFs) functioning and chromatin modulation. Two main
categories (initiation and elongation) of TFs have been de-
fined depending on their role during transcriptional regulation
[1-3]. These proteins do not usually act alone as they bind
cofactors, thereby forming protein complexes to activate or
repress target gene transcription [4, 5]. Epigenetic modifica-
tions orchestrated by histone-modifying enzymes are also nec-
essary to transform nucleosome dynamics and structure for
producing interaction spaces for transcription complexes.
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Specific gene expression programmes are greatly related to
particular sets of TFs’ temporal and spatial activity leading
to cells’ inherent functional properties. Regulation in specific
cells and during developmental stages appears to be particu-
larly intricate in some cases, as different TF combinations can
bind various genome sites to form regulatory networks [6—11].
TFs participate in a wide range of cellular processes due to
their function as essential regulatory proteins. Numerous hu-
man diseases have been linked to their dysfunction (secondary
to encoding or regulatory mutations). Greater than 15% of
reported TFs have been related to Online Mendelian
Inheritance in Man (OMIM-FOXDI1: 601091) links.
However, computational exploration of databases has predict-
ed thousands of disease-associated TFs [12]. The amount of
this kind of proteins has not yet been stated accurately, but it
has been estimated that at least ~ 1400 have high confidence
sequence-specific DNA binding domains (DBD) [13-15].
TFs are classified into families and subfamilies depending
on their DBD sequence/structure and function [12, 16, 17].
The forkhead box (FOX) family of TFs belongs to the
“winged helix” superfamily, consisting of proteins sharing a
related winged helix-turn-helix DNA-binding motif. FOX
genes have been extensively present during vertebrates and
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invertebrates’ evolution, participating in numerous physiolog-
ical processes and biological functions, such as embryonic
development and organogenesis, cell cycle regulation, metab-
olism control, stem cell niche maintenance, signal transduc-
tion, and many others [18, 19]. A wide range of phenotypes
are associated with FOX genes’ dysregulation and mutations
in human species [19-29].

Different key biological processes are related to FOXDI
function (also known as BF-2 such as kidney, retina, facial
growth centres, hypothalamus, cardiomyocytes, and lung
pericyte development, as well as embryo implantation.
FOXD1 dysfunction, secondary to FOXD/ coding mutations
and expression disturbances, has been linked to different dis-
eases, suggesting it as a possible diagnostic biomarker and a
promising target for future therapies.

This paper aims to present, for the first time, a comprehen-
sive review of FOXDI’s role in mouse development (e.g.,
kidney and retina) and human disease. Molecular, structural,
and functional aspects of FOXDI are presented in the light of
physiological and pathogenic conditions, including its role in
human disease aetiology, such as cancer and recurrent preg-
nancy loss (RPL). Taken together, the information given here
should enable a better understanding of FOXD/ function for
basic science researchers and clinicians.

FOXD1 and the forkhead family
of transcription factors

The first Forkhead (FKH) factor was described almost 30 years
ago when a new mutant protein was shown to be involved in
the formation of the spiked head phenotype in D. melanogaster
[30]. This morphological modification resulted from a dysfunc-
tion resembling a “forked head” of animals’ foregut during
their physiological development. Members of this family have
been named forkhead (or fox) proteins since then. Their char-
acteristic DBD (forkhead) is a ~ 100 amino acid long conserved
region, defined because of its similarity with a hepatocyte nu-
clear factor 3 (HNF3) region [31]. Thereafter, Clark et al., used
X-ray crystallography at 2.5 A resolution to describe the HNF-
3/forkhead DNA-recognition motif’s DBD three-dimensional
structure [32]. FOX gene amount varies considerably in each
species, although they are widely distributed amongst verte-
brate and non-vertebrate organisms (> 2000 members through-
out > 100 species) [19, 22]. At least 19 FOX protein subclasses
(A through S) have been defined, depending on their conser-
vation and DBD similarity [18, 33, 34]. FOX proteins’ DBD
recognises and binds to the 5'-(G/A)(T/C)(A/C)AA(C/T)A-3’
core sequence to transactivate selected target gene promoters
[22, 35]. However, the transactivation domain and accurate
mechanisms for regulating target genes have not yet been
completely elucidated for most of them.

@ Springer

Regarding human disease, numerous disorders are related
to FOX gene dysfunction, such as cancer (e.g. FOXAI,
FOXA2, FOXC2, FOXEl, FOXMI, FOX0O1l, FOXO3,
FOXD1), vitiligo, lymphedema-distichiasis syndrome
(FOXC?2), thyroid dysgenesis, spiky hair and cleft palate
(FOXEI, FOXF2, FOXP2, FOXC2 and FOXGI), eye abnor-
malities (FOXE3), Rett syndrome (FOXGI), heart disease
(FOXH]), blepharophimosis, ptosis and epicanthus inversus
syndrome (BPES) and non-syndromic primary ovarian insuf-
ficiency (FOXL2), intellectual disability (FOXPI), speech-
language disorders (FOXP2) and RPL (FOXDI) [19, 36-44]
(and references therein).

FOXD1 was identified and described for the first time within
the forebrain neuroepithelium, and it has been suggested to be
an important factor during retina development [45]; this study
showed that the BF-2 DBD was closely related to those from
other winged helix proteins, which were described thereafter as
forkhead transcription factors (e.g. HFH-2 or FOXD3, FKH2 or
FOXG1). At chromosome level, FOXDI is an autosomal
monoexonic gene located on chromosome 13 in mice and
5q12-q13 in humans. FOXDI protein consists of 465 and 456
amino acids in mouse and human, respectively. They have sim-
ilarity regarding their DBD (Supplementary Fig. S1). FOXDI
has various GC guanine-cytosine (GC)-rich regions encoding
different lengths of homopolymeric polyamino acid stretches
(e.g. Ala, Pro) having unknown function (Supplementary Fig.
S1). These DNA regions are prone to forming hairpin DNA
structures and suffering polymerase slippage, thereby hamper-
ing PCR, cloning and sequencing of coding regions. Apart from
the forkhead domain, FOXDI1 has a 122 amino acid-long
hyperacidic NH,-terminal domain which might have
transactivation properties [46]. Two polyproline runs (positions
241-312) are located within the COOH-terminal domain and
described as potential effector sites. FOXDI is expressed in
different tissues and cells such as testes, kidneys, the central
nervous system (CNS) (e.g. optic chiasm, retina, pituitary
gland), the mesenchyme of facial growth centres,
neuroepithelial cells of the prethalamus and hypothalamus,
cadiomyocytes, lung pericytes and placenta, while overexpres-
sion has been observed in certain types of cancer (see below)
[32, 41-71]. Due to its inherent nature as a transcription factor,
FOXD1’s subtle expression is mandatory in regulating gene
targets belonging to intricate molecular cascades. Several genes
have been described as being direct or indirect targets for
FOXDI, such as DCN, PGF, C3, DAXI, HMXI (GH0),
HMX4 (SOHo), EPHA3, EPHAG6, LHB, PAI-1, PRKARIA
(Ricv), p27, ALDHIA3, NKX2-2, AGT and REN [36, 49, 65,
66, 70, 72-80] (Fig. 1). In mice, Gli2 is an upstream direct
regulator of Foxd! expression during medulloblastoma patho-
genesis [66]. Moreover, Shh transcriptionally regulates Foxd1
during mitogenic activity using G123~/ irradiated mouse
embryonic fibroblast iMEF) cells. In addition, Fgf, Wnt and
TGFf regulate Foxdl expression in developing chick retina
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[60, 80, 81]. FOXDI1 protein-protein interactions have not yet
been validated experimentally.

FOXD1 in kidney development

The kidneys develop during three stages in mammalian em-
bryogenesis: pronephros, mesonephros and metanephros.
Kidney development in mice begins in E8.5 and lasts to
E11.5 whilst it becomes initiated during the 4th week to 35th
week of gestation in humans. The metanephros develops dur-
ing the last stage of renal embryogenesis, giving rise to the
mature kidneys, which consist of the ureteric bud (UB) and
the metanephric mesenchyme (MM) (Fig. 2). MM stroma me-
diates UB development, thereby enhancing its differentiation
into ureters, pelvises, calyces and the collecting system. The
branching UB induces the MM to form the nephrons’ epithelia
and renal stroma [50, 82]. Foxdl expression in mice is
constrained to the MM cortical stroma in the developing kid-
neys (where nephrons differentiate), and it has lower
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Fig. 1 FOXDI direct and indirect regulatory proteins and target genes. a
FOXD1 direct and indirect regulatory proteins. A/ Fgf8 and Wnt
signalling repress FoxD1 expression in optic vesicles. A2 transcription
factors such as Ets-1, Wtl and Wtl1, along with the p53 protein, are
upstream regulators of Foxdl gene expression during kidney
development. A3 TGFf3 and WNTS5B factors involved in Hodgkin
lymphoma have a transcriptional effect on FOXD1 expression. A4 Gli2
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expression in the medulla stroma around the collecting system
(Fig. 2). Osrl is an early marker of kidney development which
acts as an upstream regulator of the expression of Six-2 and
Pax-2 transcription factors. The OsrI" cell population is divid-
ed into various groups of cells in developing kidneys (E11.5):
FoxdI™" cells (which are stromal cell lineage progenitors), Pax-
2" epithelial cell progenitors and Six-2" cell cap mesenchyme
cell progenitors [57, 83-86]. Foxdl" and Six-2" coordinate cell
differentiation into distinct kidney compartments [86].

Stroma cells play a pivotal role in signalling pathway acti-
vation and the expression of molecules enabling ureters and
collecting system development, as well as epithelial and cap-
sule differentiation regulation. Studies using reporter gene ac-
tivity and a knockout murine model (C57B16 Wnt11 ") have
shown that transcription factors such as Ets-1, Wtl and Wtl1,
along with the p53 protein, are upstream regulators of Foxd1
gene expression during kidney development [46, 71, 87]
(Figs. 1 and 2). The WntlI™"~ murine model has revealed
alterations in renal tubule morphology due to downregulation
of Foxdl [87].
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is an upstream direct regulator of Foxdl expression during
medulloblastoma pathogenesis. b FOXD1 direct and indirect target
genes. B/ Retina development. B2 Kidney development. B3 Placenta
and endometrium. B4 Testes and adipocytes. B5 Induced-pluripotent stem
cells (iPSCs) b6 Different types of human cancer. *DEG genes, red: direct
FOXDI1 regulators and target genes
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Fig. 2 WT and mutant forms of mouse Foxdl affecting kidney
development. a Foxdl WT. Foxdl during normal kidney development.
Foxdl expression in mice is constrained to the MM cortical stroma.
Hox10, Tef21, Ecml, Fat4, Alcam and Rarb are implicated in UB
branching. Ets-1, Wtl and Wtl1, along with the p53 protein regulates
Foxdl gene expression. Foxdl" together with Six-2" coordinate cell
differentiation into distinct kidney compartments. Dcn becomes
repressed by Foxdl in cortical cells required for regulation of Bmp/
Smad signalling and CitedI”. Foxdl-expressing population cells
(FoxdI" progenitors) can differentiate into mesangial cells, vascular

Proteins such as Hox10, Tcf21, Ecml, Fat4, Alcam and
Rarb have also been implicated in stroma differentiation and
UB branching [88-90]. Moreover, Hox10 (a homebox tran-
scription factor) enables proper Foxdl" cell location within
the kidneys. Studies using Hox[0-deficient mice models have
shown that Foxdl™ cell expression was restricted to the kidney
periphery, thereby impairing cortical stromal cell integration
during renal embryogenesis (Fig. 2) [85, 89].

Studies of renal development using Foxd! murine genetic
modified models, during E14.5, have shown alterations in UB
epithelium due to a small collecting system and inhibited
nephron development in MM cortical stroma [50, 58, 85]
(Table 1). Hatini et al. used KO mice to determine Foxd1 role
during kidney development; they showed that Foxd! was the
earliest genetic marker of kidney stromal cell lineage and that
its absence produced defects in UB epithelium and the MM
[50]. These authors demonstrated inhibited UB growth and
branching, as well as increased condensation in the mesen-
chyme with a decreased amount of nephrons. The KO mice
had misplaced small kidneys which were separated from the
adrenal glands.
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smooth muscle cells, perivascular fibroblast, renin cell precursors and
pericytes. b Foxdl KO models. The lack of Foxdl causes small
kidneys and alterations in UB epithelium and the MM. Sfip/ and
Raldh2 gene expression is absent, and there is an increase in non-
capsular (Bmp4") and endothelial cells, accompanied by overexpression
of Ret in the UB. Dcn is ectopically overexpressed altering Bmp/Smad
signalling. FoxdI-null kidneys have shown decreased expression of Agz,
Ren, Ace and Atlr. MM: metanephric mesenchyme, UB: ureteric bud,
red: red: direct FOXD1 regulators and target genes

Levinson et al. used in situ hybridisation and immunohis-
tochemistry to show that Foxdl '~ animals’ kidneys were
fused by defects in the renal capsule’s stromal cell population,
thus inhibiting their detachment from the midline; they also
showed that capsule development was impaired. The renal
capsule normally expresses Sfipl and Raldh2 genes.
However, these proteins were absent in Foxd-deficient mice.
Instead, there was expression of non-capsular (Bmp4") and
endothelial cells, accompanied by overexpression of Ref in
the UB, thereby altering its branching. Bmp4 overexpression
contributed to ectopic location of the glomeruli in the kidneys
[58]. All these defects in kidney development might have been
due to alterations in the signalling pathways required for renal
capsule maturation [58, 85].

Other studies, using Foxd murine models (Foxd1"™#* and
FoxdIGFPCre), ChIP and reporter gene assays, have found
that decorin (Dcn) became a repressed direct transcriptional
target of Foxd1 in cortical cells [74] (Table 1; Fig. 1). Dcn in
mice regulates the activation of Bmp/Smad signalling re-
quired for CitedI” nephron progenitor cell differentiation to
epithelial cells. Such mice’s differentiated kidneys retained
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cap mesenchyme cells within the Cited]” compartment, thus
inhibiting nephron progenitor differentiation. Furthermore,
Dcn was ectopically overexpressed, thereby altering nephron
differentiation by abnormal Bmp/Smad signalling (Bmp-4
and Bmp-7) and epithelial transition induction (Fig. 2) [74,
85, 95].

Hum et al. used a Foxd-eGFP/Cre transgenic mouse line,
immunohistochemistry and in situ hybridisation to determine
the role of the renal stroma in patterning developing kidneys

(Table 1). They found that Foxdl played a key role in main-
tenance of renal stroma integrity [90]. Furthermore, they rep-
licated previous studies’ findings regarding disorganised stro-
mal pattern, loss of limits between nephrons, reduced ureteric
branching, differentiation of nephrons from the medulla and
abnormal vasculogenesis patterns [50, 58, 85, 90]. This sug-
gests that Foxdl might be used as an early biomarker of stro-
mal cell lineage during kidney embryogenesis, enabling prop-
er cell differentiation within the renal cortex and capsule.

Table 1

FOXD1 mutant models

Organism

Model/sample

Findings

References

Mice

Chicken

Zebrafish

Human cell lines

Human

Foxdl™"~
FoxdI-eGFP/Cre

Foxd ]lacZ/+

Foxdl-eGFP/Cre
FoxdI-GFP/Cre
FoxdI- Cre knock-in
FoxdI“™*

FoxdllacZ/laA:Z

IRCS

In ovo electroporation of
FoxDI repressor

Microinjection of UAS/foxd1
into optic vesicles

Foxdl siRNA

Patients with RPL

* Alterations in the UB epithelium and development

» Small collecting system

« Inhibition of nephrons development

* Disorganisation of stromal pattern

* Fused, smaller and mislocated kidneys

* Kidneys separated from the adrenal glands

» Downregulation of Sfrpl and Raldh2

« Upregulation of Bmp4

« Ectopically glomeruli differentiation

« Retention of cap mesenchyme cells

* Dcen ectopically overexpressed the induction
of epithelial transition

« Altered nephrons differentiation

» Abnormal Bmp/Smad signalling

* Induction of epithelial transition

+ Endothelium differentiated from the FoxdI"
cells renal stroma

« Diminished number of Ren" cells producing an
alteration in renal perfusion

« Pericytes differentiate into smooth muscle during
fibrogenesis

« Inhibition of Epo when pericytes differentiate into
myofibroblasts during kidney fibrogenesis

» Downregulation of Zic2 and Ephbl

* Alteration of RGCs’ axons growing in the optic chiasma

* Increase RGCs’ axons projecting ipsilaterally

* Abnormalities in the chiasma shape

* Ectopically expression of Foxgl/

 Foxdl p.Thr152Ala — transactivation disturbances
of direct target genes such as Pgf'and C3

* Abnormal projection of RGCs’ axons in the NT retina

» Abnormal routing of retinal axons projections in
the mesencephalon

» Abnormal cell proliferation and clonogenicity, and
poor prognosis in lung cancer

* Increased medulloblastoma progression

* Promotes cell proliferation and resistance to chemotherapy
of breast cancer

» Foxdl ORF mutations producing transactivation

disturbances on PGF and/or C3 promoters in RPL patients:

p-Arg55Pro
p.Gly108_Alal09insGly
p-Ala241Pro

p-Ala336Val

p.Arg352Pro

p-Ala356Gly

p.lle364Met

p-Ala428 Ala429InsAlaAla
p.Val437lle

p-Alad442Ser

Hatini et al. [50]

Levinson [58]
Hum et al. [90]

Fetting et al. [74]

Mukherjee et al. [91]
Sequeira-Lopez et al. [92]
Humphreys et al. [93]
Chang et al. [94]

Herrera et al. [51]

Laissue et al. [36]

Takahashi et al., [80]
Hernandez-Bejarano et al. [126]
Nakayama et al. [61]

Zhang et al. [66]
Zhao et al. [75]

Laissue et al. [36]
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Foxdl-expressing population cells (Foxdl" progenitors)
can differentiate into mesangial cells, vascular smooth muscle
cells, perivascular fibroblast, renin cell precursors (expressing
renin-Ren™) and pericytes once a stromal cell lineage has been
developed (Fig. 2) [57, 96-98]. Foxdl" cells in mice are en-
dothelial (EPC) and mural renal arteriole progenitor cells, lo-
cated in peritubular capillaries. Mukherjee et al. isolated
Foxdl" stroma from the Foxdl-eGFP/Cre transgenic mouse
strain to grow them as organoids, thereby confirming that the
endothelium was differentiated from FoxdI" cell renal stroma
[91, 99]. Moreover, these cells are angiogenic regulators
which can synthesise erythropoietin and also play a key role
during the arterial tree’s suitable expansion and orientation in
the kidneys [90, 92, 94, 97, 100-102].

Foxdl" cell differentiation into mesangial and vascular
cells depends on the recombining binding protein suppressor
(Rbpj) which is the downstream effector in the Notch signal-
ling pathway [103, 104]. Sequeira-Lopez et al. have used
FoxdI-GFP/Cre mice to study whether FoxdI" stromal cells
were renal artery-derived vascular progenitor precursors reg-
ulating kidney vascular morphogenesis and orientation. The
authors showed that these cells differentiated into Ren™ cells,
making cellular networks with capillary epithelium and thus
regulating vascular resistance, blood pressure and fluid-
electrolyte balance [92].

Moreover, studies using FoxdI-null kidneys have shown
that a reduced amount of Ren™ cells can alter renal perfusion
due to these cells’ detachment from the capillary walls, as well
as decreased expression of Agt (angiotensinogen), Ren (renin),
Ace (angiotensin | converting enzyme) and A¢/r (angiotensin
11, type I receptor-associated protein). It is worth noting that
Agt and Ren promoters have putative binding sites for Foxd1.
Foxdl therefore might act as an upstream regulator of the
renin-angiotensin system [76] (Figs. 1 and 2). Renin-
angiotensin system proteins are key molecules during UB
branching morphogenesis. Their dysregulation due to the ab-
sence of Foxdl might thus contribute toward abnormal UB
development [85, 91, 92, 96].

Some studies have found that FoxdI" cells, such as
pericytes and mesangial cells, are involved in myofibroblast
and endothelial cell development, causing kidney fibrotic dis-
eases and a renal pro-inflammatory environment [93, 94, 96,
100, 105-108]. Humphreys et al. (2010) used a FoxD1/Cre
knock-in mouse model for labelling the renal stroma and de-
termining myofibroblast development during fibrosis (Table
1). It was found that FoxdI " -derived pericytes differentiated
into smooth muscle actin-positive myofibroblast during
fibrogenesis [93].

A recent study by Chang et al. used a Foxd1“™* model and
methylation techniques to demonstrate the molecular mecha-
nism regulating Epo expression in fibrotic kidneys. They used
FoxdI* progenitor-derived Collal-GFP*Pdgfr3" pericytes to
differentiate them into myofibroblasts and reported that
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pericytes expressed Epo, though its expression was inhibited
by its promoter’s methylation when differentiating into
myofibroblasts during kidney fibrogenesis (Table 1) [94].
Foxdl" cell homeostatic functions have also been seen to
become lost during kidney fibrinogenesis which involved up-
regulation of Adamts-2 and downregulation of Timp-3 [91,
108].

Foxdl" cells have thus been defined as key players during
proper kidney organogenesis. They contribute toward activat-
ing the signalling pathways necessary for the development,
differentiation and compartmentalisation of renal cells belong-
ing to the stroma, renal capsule, endothelium and vascular
system. FOXD] in humans may be a useful marker for cell
fate maps from kidney embryogenesis to possible kidney dis-
eases. However, how FOXD1 variants affect kidney develop-
ment in humans or its pathogenesis still needs elucidating.

FOXD1 in retina development

The retina is the part of the eye in close contact with the CNS;
its main function is to convert light into electrical signals. This
organ consists of photoreceptors, rods and cones. These cells
send a light signal to the bipolar cells which, in turn, are in
contact with the retinal ganglion cells (RGCs) located in the
inner retina. RGC somata occupy ganglion cell layers; their
dendrites project into the inner plexiform layer and their axons
extend through the optic disk to exit the eye to reach the optic
nerve, which transfers light signals to the brain’s visual centres
(the lateral geniculate nucleus and the superior colliculus)
[109-112].

RGCs are the first cells to develop from the multipotent
progenitor cells in the dorsocentral retina and migrate to the
diencephalon. In mice, these cells develop between E11 and
PO, peaking in E14.5, while in humans, they develop between
the 5th and 18th weeks of gestation [109, 113]. These cells’
development in mice depend on fibroblast growth factors Fgf3
and Ffg8 expression in the neural retina as well as Notch
signalling inhibition by secreted frizzled-related proteins and
the Delta signalling pathway [109, 114-116]. Transcription
factors such as Atoh7, Neurog2, Ascll and downstream genes
such as Brn3b and Isl-1 are expressed to enhance RGCs sur-
vival and differentiation [109, 117-119]. RGC growth
through the optic nerve is achieved by a cAMP-dependent
mechanism and the Eph/Ephrin signalling pathway.

Five per cent of the RGCs’ axons remain ipsilateral while
95% decussate to the contralateral optic tract once they ap-
proach the optic chiasm in mice, around E10 and E11 [109,
113]. Conversely, 50% of nasal retina RGC axons in humans
decussate to the contralateral optic tract, while the remaining
50% of temporal retina RGC axons continue in the ipsilateral
tract. It has been stated that activating Shh signalling and
transcription factor Is/2 expression are needed for proper
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decussation. Transcription factor Zic2 promotes Ephbl ex-
pression for RGC ipsilateral projection.

Foxdl and Foxgl play a key role during binocular
vision development as they participate in regulating RGC
ipsilateral and contralateral projection. Foxd!l is expressed
in the temporal retina and Foxg/ in nasal retina, as well
as in the ventral diencephalon (Fig. 3) [45, 51, 70, 113,
120]. Zic2, a zinc-finger transcription factor, regulates
RGC ipsilateral projection from the ventrotemporal (VT)
retina to the optic chiasm, while EphB1/ephrin-B2 guides
RGC axons ipsilateral projection through the optic tract
[121, 122]. Foxdl is expressed predominantly in the VT
retina, near to the midline of the optic chiasm, where it
regulates Zic2 and EphBl1 expression (Figs. 1 and 3) [51].

Herrera et al. used a FoxdI"#"*** murine model to study
the retinofugal pathway, and this transcription factor’s role
during chiasma development in embryos from E12.5 to PO
(Table 1; Fig. 3). This model showed that RGC axons grew
in the same way as those from wild-type mice when they
exited the retina to enter the optic stalk during E12.5 and
E13.5. However, following this embryonic age, Foxd-defi-
cient mice showed RGC axons growing toward the midline of
the optic chiasma where their development became subse-
quently arrested. These animals had alterations regarding the
crossed/uncrossed ratio of RGC axons projecting ipsi- or

a

3
D

Ephb1/Ephrinb2

» Optic chiasm

nucleus

Visual cortex

Fig. 3 WT and mutant forms of mouse Foxd!/ affecting retina
development. a Foxdl WT. Foxdl is expressed in the temporal retina
and Foxgl in nasal retina. /s/2 expression is needed for proper
decussation. Transcription factor Zic2 promotes Ephbl expression for
RGC ipsilateral projection. Zic2 regulates RGC ipsilateral projection
from the ventrotemporal (VT) retina to the optic chiasm, while EphB1/
ephrin-B2 guides RGC axons through the optic tract. b Foxd! KO model.

Lateral geniculate

Superior colliculus

contralaterally and abnormalities in chiasma shape. These re-
sults demonstrated that Foxd1 is a key regulator of RGC axon
migration through the optic chiasm [51]. Moreover, there was
an increase of ipsilateral projections as well as the ectopic
expression of Foxg/ in areas previously occupied by Foxdl,
thereby affecting cell type organisation and the expression of
guide factors such as S/iz2 (Fig. 3). It was shown that Zic2 and
Ephbl expression was downregulated in the VT retina, indi-
cating that these molecules might be Foxdl targets in the
retina (Fig. 1) [51, 123].

Other genes such as Isletl, Slit2. Boc and EphA/ephrinA
also had altered expression, suggesting that Foxdl is a key
regulator of signalling pathways involved in VT RGC axons’
ipsilateral retinal projection [51, 70, 109, 124, 125].

Takahashi et al. studied genetic FoxD1 mechanisms for es-
tablishing temporal specificity in chick retina using in ovo elec-
troporation and in situ hybridisation (Table 1). They found that
FoxD1 played a crucial role in determining temporal projection
from the retina. Moreover, these authors showed that Fgf8 and
Wnt signalling repressed FoxDI expression in optic vesicles
(Fig. 1). Altered FoxD1 expression resulted in abnormal projec-
tion of RGC axons throughout the nasotemporal retina by dys-
regulation of downstream target proteins such as GH6, SOHol
and EphA3 located in the temporal retina [70, 77, 80]. Foxdl
promotes temporal characteristics in the retina during optic
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Lateral geniculate
nucleus

Superior colliculus

Visual cortex

Foxdl-deficient mice showed RGC axons growing arrested toward the
midline of the optic chiasma. These animals had alterations regarding the
crossed/uncrossed ratio of RGC axons projecting ipsi- or contralaterally
and abnormalities in chiasma shape. Mice also showed ectopic expression
of Foxg!l and downregulation of Zic2 and Ephb1 expression. Other genes
such as Isletl, Slit2. Boc and EphA/ephrinA also had altered expression.
Dashed lines: genes with altered expression due to Foxd! KO
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vesicle protrusion in response to Fgf and Shh activity in the
zebrafish model (Table 1; Fig. 1) [126]. Inhibiting Shh activity
produced Foxdl downregulation and subsequent abnormal
routing of retinal axon projections in the mesencephalon.

Interestingly, FOXD1 (xbf-2) can also act as a transcription-
al repressor participating in the development of neural plate via
Bmp-4 downregulation in the Xenopus model [127]. More re-
cently, Yaklichkin et al., (2007) have predicted the transcrip-
tional repressor nature of Fox TFs in metazoan organisms. The
authors showed that the ehl repressor motif interacts with the
Groucho transcriptional co-repressors at the C-terminal region
of different Fox family members, thus potentially repressing
their transcriptional activity [128]. It is highly probable that
FOXDI1 also functions in mammalian species as a transcrip-
tional repressor of genes related to various processes involved
in embryo development and organogenesis.

All the aforementioned results reported in different species
have supported the fact that Foxdl might be a key player
during retinal development and is crucial for the suitable
routing of ipsilateral RGC axon projections in mammals.
Mutations within FOXD1 in humans might thus alter its func-
tionality, causing alterations in binocular vision due to abnor-
mal ipsilateral projections through the brain’s visual centres.

FOXD1 and the biology of cancer

The biology of cancer is genetically based on the accumula-
tion of mutations and epigenetic modifications leading to cell
metabolism dysfunction and uncontrolled proliferation.
Genetic abnormalities (e.g. point mutations, gene amplifica-
tions, chromosomal translocations) and disturbances in FOX
gene expression have been linked to a variety of cancer types
[18, 33, 129-131]. FOXD1 expression disturbances, rather
than mutations in its open reading frame, have been related
to the biology of different types of cancer, such as prostate,
lung, gastric, hepatocellular carcinoma, glioma, medulloblas-
toma, ovary, breast and Hodgkin lymphoma [47, 48, 52, 55,
60, 61, 63, 606, 69, 72, 75, 132].

FOXD1 expression (and that of 11 further FOX genes) in
prostate cancer has been assessed by qPCR in neoplastic
(malignant) prostate tissue, lymph node metastases, benign
prostatic hyperplasia, xenografts and prostate cell lines [52].
That study showed that FOXD1 was very poorly expressed in
normal prostate tissue but overexpressed in cancer cells and
lymph node metastases, thereby seeming to contribute tumour
biology (Fig. 1; Table 2). However, differential FOXD/ levels
could not be related to the disease’s progression and their
quantification was not defined as a prognostic marker of clin-
ical usefulness. Comparative analysis (i.e. microarray analy-
sis) and knockdown assays concerning lung cancer tran-
scriptome have shown that FOXD1 expression was related
to abnormal cell proliferation [61].
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Microarray analysis has revealed that FOXDI expres-
sion in non-small-cell lung cancer was related to the
PTEN signature. Patients having high FOXDI expres-
sion levels had lower survival rates than those having
normal FOXD] transcription. Indeed, high FOXDI ex-
pression levels were linked to different clinical features,
such as being male, having a history of smoking, the
presence of squamous cell carcinoma and a lack of
EGFR mutations (Fig. 1; Table 2) [61].

FOXD1 has been found to be differentially expressed in
gastric cancer between metastatic and non-metastatic tumours
[47]. These findings led to proposing it as a factor having an
important role in complex regulatory networks, especially
those involved in cell differentiation. A more recent study
using previous gene expression patterns in gastric cancer
and robust computational analysis has shown that FOXD1 is
a key transcription factor, regulating numerous downstream
target genes related to the disease’s progression [63]. A similar
study using 8 hepatocellular carcinoma expression profiles
proposed that at least ten TFs (including FOXD1) were re-
sponsible for most downstream differentially expressed genes
[132] (Fig. 1; Table 2).

FOXD1 downregulation in the ovary was related to
chemoresistant tumours [55]. Three studies have report-
ed an association between FOXDI expression and can-
cer biology in CNS tumours (glioma and medulloblas-
toma) [48, 66, 72]. Cheng et al. reported a key role for
FOXD1-aldehyde dehydrogenase 1A3 (ALDHI1A3) sig-
nalling in the development of the mesenchymal glioma
stem-like cell (MES) population (a malignant glioblasto-
ma subtype) (Fig. 1; Table 2). In vitro and in vivo
assays have shown that FOXDI knockdown led to
MES clonogenic properties. Clinically, high FOXDI ex-
pression levels in high-grade glioma were related to
patients’ poorest prognosis [72]. FOXD1 was found to
be overexpressed in glioma tissue compared to normal
brain samples using primary tumours and gene knock-
down experiments involving cell lines [48].
Furthermore, siRNA transfection against FOXD1 has
led to a decrease in cell proliferation/migration rates
and apoptotic features. A very recent study involving
mice described Foxdl as a relevant regulator of the
Shh/Gl1i2-Nkx2-2 molecular pathway regarding medullo-
blastoma biology (Fig. 1; Table 2) [66]. FOXDI1 has
also been studied in haematopoietic malignancies, being
overexpressed in six Hodgkin lymphoma cell lines and
in primary cancer tissues [60]. Bioinformatics functional
clustering of transcriptomic data has indicated a poten-
tial activator output for the JAK-STAT pathway in
FOXD1 transcription. Specific molecules (i.e. TGFf3,
WNT5B) belonging to signal transduction pathways in-
volved in Hodgkin lymphoma biology have had a tran-
scriptional effect on FOXDI expression [60]. FOXDI
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Table2 FOXDI in cancer
Tissue Tumour type Assay Findings Biological relevance Reference
Prostate * Prostate cancer * gPCR 1 FOXDI * Contribution to tumour van der
(n=36) progression and metastasis Heul-Nieuwenhuijsen
* Lymph node et al. [52]
metastases (n = 10)
Lung * Adenocarcinoma * Microarray analysis 1 FOXDI1 » Abnormal cell proliferation Nakayama et al. [61]
(n=51) and clonogenicity
* Squamous carcinoma * qPCR
(n=24)
« Large-cell neuroendo- e« siRNA transfection | PTEN signature * Significantly associated with
crine carcinoma squamous cell carcinoma
n=4) and lacking of EGFR
* Others (n=11) mutations
* Poor prognosis rate
Gastric * Metastatic stomach * Microarray analysis | FOXD1 * Negative regulation of Feng et al. [47]

cancer (n=2)

» Non-metastatic stom- * Microarray analysis

1 FOXDI in primary

cell differentiation

* Involved in the progression Xu et al. [63]

ach cancer (n=2) gastric of gastric cancer
« Intestinal tumour adenocarcinoma
(n=148)
« Diffuse (n=82) * Potential biomarkers
* Mixed (n=14)
* Unclassified (n=16)
Liver * Hepatocellular * Microarray analysis 1t FOXDI1 * HCC development Chen et al. [132]
carcinoma (n = 8) * Regulation of tumour
Suppressor genes
Ovary * Primary epithelial * Microarray analysis | FOXDI1 * Resistance to chemotherapy ~ Ju et al. [55]
ovarian cancer
(n=13)
Central nervous * High-grade glioma * Glioblastoma stem cell 1t FOXDI1 * Associated with poorer Cheng et al. [72]
system (n=19) culture and shRNA prognosis
(CNS) transfections
* Microarray analysis * Required for clonogenicity
of glioblastoma
sImmunohistochemistry * Regulates ALDHIA3
transcription
* Medulloblastoma * ChIP 1 FOXDI1 * Impair Nkx2—2as expression  Zhang et al. [66]
(cells) * siRNA transfection promoting tumour
progression
Lymph nodes  * Hodgkin lymphoma  + Microarray analysis 1t FOXDI1 * Role in the process of Nagel et al. [60]
cell lines * gPCR malignant transformation
Breast * Human breast cancer ¢ siRNA transfection 1 FOXDI * Promotes cell proliferation Zhao et al. [75]

cell line (n=4)
* Breast cancer
specimens

* gPCR

* Resistance to chemotherapy
* Suppression of p27 expression

has been associated with tumourigenesis and the dis-
ease’s progression in malignant breast neoplasms [75].
It has been found to be upregulated in human breast
cancer samples [75]. Functional in vitro studies shown
that reduced FOXDI expression has led to decreased
proliferation and chemoresistance in breast cancer cell
lines. Interestingly, this study also described an impor-
tant role for FOXDI1 in cell cycle regulation as it in-
duces G1 to S transition via p27 direct regulation (Fig.
1; Table 2) [75].

All the above findings might suggest that FOXD1’s could
have a major role in cancer biology and provide the basis for
proposing it as a coherent target for future therapeutic
approaches.

FOXD1 in mammalian implantation
and recurrent pregnancy loss

Mammalian reproductive success can be considered the
result of several finely regulated physiological and cel-
lular processes in terms of gene expression. Numerous
molecular pathways participate in the steps involved,
from gamete generation/fecundation to birth. Embryo
implantation (a critical stage for fertility and reproduc-
tion) involves hundreds of genes participating in com-
plex regulatory networks [133-135]. Different mouse
models have been used to describe its molecular basis
due to inherent ethical limitations in studying implanta-
tion in human species. The interspecific recombinant
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congenic strains (IRCS) model, enabling quantitative
trait loci (QTL) mapping, has been particularly success-
ful, as it has led to identifying short genomic regions
and genes (e.g. Foxdl and Alpp) as being relevant mo-
lecular actors involved in implantation [36, 136—-141].

Briefly, the IRCS model was created from an initial
cross between two evolutionarily distant parental species
of mice (Mus musculus and Mus spretus), followed by
two backcrosses involving Mus musculus which reduced
the percentage donor (M. spretus) genome introgressed
into the receptor’s genetic background (Mus musculus)
[137, 139, 140]. Consanguineous (brother-sister) crosses
were then performed during >30 generations to estab-
lish 53 IRCS strains, each having an average of 98% M.
musculus and 2% M. spretus genomes (fixed at homo-
zygous state). Complex traits can be studied in this
model and QTL mapped (using genome markers) by
comparing specific phenotypes between strains and pa-
rental Mus. musculus animals.

Laissue et al. studied embryonic death/resorption in 39
IRCS strains and 4 sub-strains via in vivo ultrasonography
of pregnant females and identified 3 QTL potentially re-
lated to the phenotype [138]. One of these (~5 Mb in
length), located on murine chromosome 13 (MMU13),
encompassed 31 genes, three of which were transcription
factors (B#f3, PolK and Foxdl). A more recent study de-
termined that the drastic Foxdl-p.Thr152Ala mutation, lo-
cated in the Foxd1-DBD, became fixed during M. spretus
genome evolution (Table 1) [36]. This finding was related
to transcriptomic disturbances of endometrial/placental tis-
sues in IRCS-MMUI13 females and evoked a potentially
major role for Foxdl in embryonic resorption and litter
size modulation.

Interestingly, the Foxdl-p.Thr152Ala mutation has
led to transactivation disturbances of direct target genes
such as Pgf and C3, two key molecules involved in
embryo implantation physiology (Fig. 1). These
findings led to proposing FOXDI as a coherent RPL-
related candidate gene. FOXDI open reading frame di-
rect sequencing involving a panel of 556 RPL-affected
women revealed 10 non-synonymous heterozygous mu-
tations potentially related to the phenotype [36]. RPL-
related FOXD1-p.Ala356Gly, FOXD1-p.lle364Met and
FOXDI1-p.Ala428 Ala429InsAlaAla mutations have
shown transactivation disturbances in PGF and/or C3
promoters, similarly to the Foxdl-p.Thr152Ala change.
Interestingly, it has been stated that RPL individuals
carrying FOXD1 mutations have 10.3 times higher rel-
ative risk than women having wild-type alleles, while
the FOXD1-p.Ala88Gly variant seems to be related to
a protective effect. Taken together, these results have
demonstrated that FOXD1 might be a key molecule
participating in human implantation and pregnancy
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maintenance and could be used as a molecular marker
in clinical environments.

Concluding remarks and future directions

FOXD1 has demonstrated multi-level roles during normal de-
velopment, adult physiology and several diseases’ pathogen-
esis. It is crucial for kidney and retina organogenesis, facial
growth centers development in normal conditions, as well as
for female fertility. Interestingly, coding mutations in human
species have been uniquely associated with RPL, while differ-
ent kinds of murine models have shown retina, kidney and
fertility dysfunction. These differences might have been due
to inherent interspecific genomic/transcriptomic/proteomic
differences and to the nature of FOXDI mutant forms (e.g.
KO, point mutations, in or out the DBD).

It should be noted that the embryonic resorption phe-
notype was not studied in Foxd/-KO animals, and kid-
ney and optic dysfunctions were not assessed in animals
carrying the Foxdl-p.Thr152Ala mutation [36, 50, 51,
58, 74, 76, 90]. Thus, it cannot be ruled out that these
animals could have dysfunctions affecting multiple or-
gans which have not yet been described. FOXD1 wvari-
ants found in human RPL patients were located exclu-
sively outside the DBD, arguing in favour of drastic
mutations possibly being negatively selected or related
to another phenotype (e.g. renal or visual). It might also
be possible that severe mutations could cause a
syndromic disorder affecting various tissues.
Consequently, FOXDI encoding regions should be di-
rectly sequenced in patients having different combina-
tions of renal, visual and/or implantation dysfunction.

FOXD1 expression disturbances have been associated with
the disease’s pathogenesis in cancer. Specific transcriptome
studies and promoter sequence analysis concerned with en-
larged types of tumours would thus be interesting. Genome-
editing approaches using somatic cells might be considered as
a future therapeutic alternative. For instance, CRISPR tech-
nology might be applied in vitro and in vivo to modifying
FOXD-relevant genomic regions’ underlying functional
characteristics. FOXD1 upstream and downstream regulation
might also be explored using additional experimental tech-
niques, such as yeast one-hybrid (Y 1H) screening for DNA-
protein interactions and chromatin immunoprecipitation se-
quencing (ChIP-Seq). Finally, it is worth stressing that
FOXDI1 structure elucidation and novel protein partner dis-
coveries are needed at proteomic level for a better understand-
ing of its function.
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