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Abstract: Congenital anomalies in phalluses caused by endocrine disruptors have gained a great deal
of attention due to its annual increasing rate in males. However, the endocrine-driven molecular
regulatory mechanism of abnormal phallus development is complex and remains largely unknown.
Here, we review the direct effect of androgen and oestrogen on molecular regulation in phalluses using
the marsupial tammar wallaby, whose phallus differentiation occurs after birth. We summarize and
discuss the molecular mechanisms underlying phallus differentiation mediated by sonic hedgehog
(SHH) at day 50 pp and phallus elongation mediated by insulin-like growth factor 1 (IGF1) and
insulin-like growth factor binding protein 3 (IGFBP3), as well as multiple phallus-regulating genes
expressed after day 50 pp. We also identify hormone-responsive long non-coding RNAs (lncRNAs)
that are co-expressed with their neighboring coding genes. We show that the activation of SHH
and IGF1, mediated by balanced androgen receptor (AR) and estrogen receptor 1 (ESR1) signalling,
initiates a complex regulatory network in males to constrain the timing of phallus differentiation and
to activate the downstream genes that maintain urethral closure and phallus elongation at later stages.
Keywords: lncRNA; WGCNA; marsupial; androstanediol; RNAseq; IGF1; SHH; oestrogen;
castration; phallus

1. Introduction
The marsupial tammar wallaby has been used as a molecular research model to study sex
determination and sexual differentiation for decades. It is a unique model to investigate sex-related
molecular regulation due to its extended period of postnatal sexual differentiation. In the tammar,
testicular differentiation occurs from two days after birth, while ovarian differentiation does not begin
until day eight postpartum (pp) (reviewed in [1]). Although the genital tubercle is detected about two
days before birth [2], sexually dimorphic phallus differentiation does not begin until day 50 pp [3]
(Figure 1). After day 50 pp, the anogenital distance in males becomes longer than that in females [2–5].
The male phallus elongates faster and the urethra begins to fuse along the ventral midline, while the
female urethra remains unfused [2–5]. By day 150 pp, the urethral meatus has reached the glan penis
in males, whereas in females, the urethra remains open [3,5].
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goes down, FGF10 increases, presumably to maintain phallus elongation at later stages, as seen in
mice [27–29].
2.4. The SHH Switch
Sonic Hedgehog is negatively regulated by androgen in the tammar, which is unusual as compared
with eutherian mammals. SHH levels transiently increase when testicular testosterone drops at around
day 40 pp [9]. After day 50 pp, there is no significant difference in plasma testosterone, plasma
dihydrotestosterone, and adrenal testosterone between males and females up until day 150 pp [7,8].
However, there are increased levels of the potent androgen androstanediol [5,30] which appears to be
critical to maintain phallus elongation and urethral closure after day 50 pp in the tammar.
Sexually dimorphic structures differentiate post-natally in marsupials and over a long time period.
Prostate differentiation in the tammar begins at day 25 pp in males [31], while the phallus does
not become sexually dimorphic until day 50 to 60 pp. This is in marked contrast to humans, mice
and rats in which phallus differentiation begins synchronously with prostatic, ductal, and testicular
androgen production. During pregnancy in humans, the prostate and penis differentiate at about
10 weeks [32–36], at 16.5 to 17.5 days in mice [37–41], and at 17 to 19 days of gestation in rats [42,43]. The
unique SHH increase might be a regulatory mechanism to constrain the onset of phallus dimorphism
up to day 50 to 60 pp in the tammar and switch it on in the males at this time.
SHH and IGF signalling have a synergistic relationship to induce proliferation in multiple tissues
in mice [44–46]. In addition, SHH-induced proliferation is inhibited by the anti-IGFR1 blocking
antibody, cixutumumab (IMC-A12) [44]. IGF2 binds to the IGFR1 [47], and since hepatic IGF2 in the
tammar is highest in males from day 50 to 70 pp [16], it may have a similar relationship with SHH
signalling at days 50 to 60 pp in tammar phalluses to regulate SHH-induced proliferation.
3. Insulin-Like Growth Factor 1 (IGF1) in Phallus Growth and Urethral Closure
Laron syndrome (OMIM ID #262500), also known as growth hormone (GH) insensitivity syndrome,
affects phallus growth and leads to micro-penis [48]. Without GH, IGF1 is not secreted at sufficiently high
levels, so IGF1 treatment in human patients can reverse the micro-penis seen in Laron syndrome [49,50].
The lifespan of IGF1 and its pathway activity is affected by the insulin-like growth factor binding
proteins (IGFBPs) [51–53]. However, the interplay between IGF1 and IGFBPs in phallus development
has not been thoroughly investigated in eutherian mammals. Here, we review the role of the IGF
network by using RNA-seq analysis and co-expression analysis in phalluses with a tammar as a model.
3.1. IGF1 and Insulin-Like Growth Factor Binding Protein 6 (IGFBP6)
Both IGF1 and IGFBP6 are upregulated by androgen and oestrogen treatment in tammar
phalluses [15] (Figure 3). Such androgenic and oestrogenic dependency of IGF1 is also seen in
eutherian mammals. For instance, testosterone increases IGF1 in bovine muscle satellite cells [54],
rat uterine tissue [55], and human prostate cancer cell lines [56,57]. Oestrogen also increases IGF1
expression in the primate cerebral cortex [58] and in the mouse uterus [59]. Similarly, IGFBP6 decreases
in rat epididymides after blocking dihydrotestosterone (DHT) synthesis [60] and is upregulated in
prostate cancer cells after treatment with diethylstilbestrol (DES), a synthetic oestrogen [61]. However,
the detailed mechanisms remain unknown.
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closure may involve IGF1-mediated cell proliferation specifically in male URS.
urethral closure may involve IGF1-mediated cell proliferation specifically in male URS.
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Figure
4. IGF1
andand
proliferating
cell
(PCNA)distribution
distribution
in phalluses
at 90
day
In both male and female phalluses, IGF1 (top) and PCNA (bottom) are expressed in epithelial cells
In both male and female phalluses, IGF1 (top) and PCNA (bottom) are expressed in epithelial cells
and in the corpora cavernosa. However, IGF1 and nuclear PCNA are found only in the URS of male
and in the corpora cavernosa. However, IGF1 and nuclear PCNA are found only in the URS of male
phalluses (see insets). CC: corpus cavernosum, D: diverticulum, E: epithelium, U: urethra, UE:
phalluses (see insets). CC: corpus cavernosum, D: diverticulum, E: epithelium, U: urethra, UE: urethral
urethral epithelium, UG: urethra groove, URS: urorectal septum, red staining: IGF1 (top) and PCNA
epithelium,
UG:
urethra
groove,DAPI
URS:(4′,6-diamidino-2-fenilindol).
urorectal septum, red staining:
IGF1
and PCNA
(bottom),
and
blue staining:
Scale bar,
1.0(top)
mm. Figures
from (bottom),
[15].
and blue staining: DAPI (40 ,6-diamidino-2-fenilindol). Scale bar, 1.0 mm. Figures from [15].
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3.5. IGF1 Dependent Phallus Growth
A study conducted by Leihy et al., 2004 demonstrated for the first time an androgen sensitive
phase during phallus elongation between days 20 and 40 pp in the tammar [5]. Removing testes
in males before day 120 pp reduced phallus length while applying androgen treatment in females
before day 120 pp enhances phallus elongation, but has no effect on urethral closure [5]. However, as
mentioned before, there is no significant difference in plasma testosterone between male and female
at least up to day 50 pp [7,8]. Thus, there must be another regulatory network that is activated by
the earlier androgen window of sensitivity to maintain the phallus elongation after day 50 pp. SHH
appears to be the key switch that initiates the expression of potential regulatory genes. These may
include IGF1, IGFBP3, FGF10, fibroblast growth factor receptor 2 (FGFR2IIIb), Eph-related receptor tyrosine
kinase ligand 5 (EFNB2), MAFB, and distal-less homeobox 5 (DLX5). The balance between IGF1 and
IGFBP3 could be important in regulating phallus elongation and urethral closure. FGF10, FGFR2IIIb,
EFNB2, MAFB, and DLX5 may also involve phallus elongation, since they are significantly higher in
male phalluses at day 90 pp [15] and have a conserved localization in urethral epithelium, as seen in
mice [28,37,38,76–78]. In addition, these genes appear to be important to maintain cell proliferation
and survival [79–85] during male phallus development in mice [23,29,86,87].
4. Co-Expression Network and Hormonally Responsive Long Non-Coding RNAs
Our RNA-seq dataset consists of five different treatment groups with 5 replicates for each group,
which makes it hard to interpret with differential expression (DE) analysis. We used weighted genome
co-expression network analysis (WGCNA) to find co-expressed genes. It is also a good way to identify
lncRNAs as most of them have extremely low sequence conservation, making them difficult to identify
cross species with alignment. In our previous paper, we set up a pipeline by combining WGCNA, DE
analysis, and the location of lncRNAs and identified the following three coding gene-neighboring
lncRNAs: lnc-RSPO4, lnc-BMP5, and lnc-ZBTB16 [88].
4.1. IGF1, Androgen Receptor (AR), and ESR1 Co-Expression Network
IGF1 is considered as a hub gene in its co-expression network due to its high correlation with a large
number of protein-coding genes and lncRNAs. Within the IGF1 co-expression network, both IGFBP5,
an IGF signalling regulator (reviewed in [89]) that inhibits SHH-induced proliferation in cerebellar
granule cells in mice [44], and FGF10, a phallus regulating gene in mice and the tammar [15,28,29,77,78],
have a high correlation (R ≥ 0.8) with IGF1 [88] (Figure 5). IGF1 is also co-expressed with multiple genes
that may have a role in regulating reproductive development (Figure 5). For instance, it is co-expressed
with other IGF family members, including insulin like growth factor 2 binding protein (IGF2BP) 1–3,
insulin like 5 (INSL5), and IGFBP7. Apart from FGF10, IGF1 is also associated with FGF11, FGF13, and
tyrosine-protein kinase receptor EPH-2 (EPHB1). Two receptors, frizzled class receptor 4 (FZD4) and FZD9,
in the WNT signalling pathway show high association with IGF1. Interestingly, IGF1 is co-expressed
with zinc finger and BTB domain containing 20 (ZBTB20), whose mutation causes micro-penis [90]. We
also find mutations of several kinesin family members (KIF), such as KIF1A, KIF1B and KIF7, that are
associated with IGF1 and can also induce an abnormal phallus phenotype in human [91,92]. These
data further confirm the importance of IGF1 in regulating phallus development in the tammar.
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Figure 5. IGF1, androgen receptor (AR), and ESR1 co-expression network. IGF1 co-expressed coding
Figure 5. IGF1, androgen receptor (AR), and ESR1 co-expression network. IGF1 co-expressed coding
genes (selected based on correlation and reference review) and predicted co-regulatory long non-coding
genes (selected based on correlation and reference review) and predicted co-regulatory long nonRNAs (R > 0.9). Figure redrawn from [88].
coding RNAs (R > 0.9). Figure redrawn from [88].

In mice, oestrogen signalling clearly has a regulatory role in phallus development [93,94], as we
In mice, oestrogen signalling clearly has a regulatory role in phallus development [93,94], as we
have found in the tammar [13,15,88]. In the tammar co-expression network, about 50% of estrogen
have found in the tammar [13,15,88]. In the tammar co-expression network, about 50% of estrogen
receptor 1 (ESR1) co-expressed coding genes and lncRNAs are also associated with AR [88], suggesting
receptor 1 (ESR1) co-expressed coding genes and lncRNAs are also associated with AR [88],
an interaction between androgen receptor (AR) signalling and ESR1 signalling during tammar phallus
suggesting an interaction between androgen receptor (AR) signalling and ESR1 signalling during
development [88]. However, those lncRNAs could have other genetic targets because none of them
tammar phallus development [88]. However, those lncRNAs could have other genetic targets because
were located within 100 kb upstream or downstream of IGF1, AR, and ESR1.
none of them were located within 100 kb upstream or downstream of IGF1, AR, and ESR1.
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5. Conclusions and Future Directions
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