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Abstract

Homeobox genes encode transcription factors that have crucial roles in embryogenesis. A recently 

discovered set of homeobox genes - the Rhox genes - are expressed during both embryogenesis 

and in adult reproductive tissues. The 33 known mouse Rhox genes are clustered together in a 

single region on the X chromosome, while likely descendents of the primodial Rhox cluster, Arx 
and Esx1, have moved to other positions on the X chromosome. Here, we summarize what is 

known about the regulation and function of Rhox cluster and Rhox-related genes during 

embryogenesis and gametogenesis. The founding member of the Rhox gene cluster - Rhox5 
(previously known as Pem) - has been studied in the most depth and thus is the focus of this 

review. We also discuss the unusually rapid evolution of the Rhox gene cluster.

Introduction

Homeobox genes encode transcription factors that govern a myriad of processes during 

development. They were first discovered over 25 years ago in Drosophila melanogaster and 

have since been identified in a wide variety of eukaryotic species. There are many 

subfamilies of homeobox transcription factors; all share a structurally conserved 60 amino 

acid DNA-binding homeodomain motif that recognizes specific DNA sequences (McGinnis 

& Krumlauf 1992). Homeobox transcription factors have critical roles in specifying spatial 

positioning of cells, controlling cellular proliferation, and regulating the differentiation of 

cells during embryonic development. Disruption or improper regulation of homeobox genes 

can result in drastic changes in developmental programs and elicit alterations in the identity 

of body segments. A striking example is the discovery that mutations in the fly 

Antennapedia homeobox gene cause transformation of the head segment into an abdominal 

segment that has a fully jointed leg in place of the antenna (Postlethwait & Schneiderman 

1969). Such ‘homeotic transformations’ are a hallmark of many of the first discovered 

homeobox genes - the Hox genes - but they are not a universal feature of all homeobox 

genes. The only unifying feature of all homeobox genes is that they encode a homeodomain, 
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a motif that binds not only to specific DNA sequences, but also to specific proteins, and 

sometimes even to RNA (Shyu & Wilkinson 2000, Svingen & Tonissen 2006).

This review focuses on the Rhox gene family, a recently discovered set of homeobox genes 

(MacLean et al. 2005a) clustered on the X chromosome (Fig. 1). As described in more detail 

in a later section, the mouse Rhox gene cluster harbors at least 33 genes and thus is the 

largest homeobox gene cluster known. Like most homeobox genes, Rhox genes are 

expressed during embryonic development (Fig. 2; Hogeveen & Sassone-Corsi 2005, 

MacLean et al. 2005a, Spitz & Duboule 2005, Zhan et al. 2005, Daggag et al. 2008). 

However, unlike most homeobox genes, Rhox genes typically remain expressed at high 

levels after birth, and thus are candidates to control postnatal and adult developmental 

events, particularly those essential for male and female reproduction (MacLean et al. 2005a). 

Some Rhox genes are expressed in germ cells, while others are expressed in somatic cells in 

the reproductive tract, including granulosa, Sertoli, and probably Leydig cells. Individual 

Rhox genes exhibit different, but sometimes overlapping, expression patterns. This suggests 

that each Rhox family member has the potential to have both unique and redundant roles in 

embryonic, postnatal, and adult development, a notion that is only beginning to be examined 

experimentally.

Here, we review what is known about the regulation, function, and evolution of the Rhox 
gene cluster, with an emphasis on the role and regulation of its family members in 

gametogenesis. We also refer readers to other reviews and commentaries covering Rhox 
genes (Lindsey & Wilkinson 1996a, Hogeveen & Sassone-Corsi 2005, MacLean & 

Wilkinson 2005, Spitz & Duboule 2005, Hu et al. 2007, Svingen & Koopman 2007, Shanker 

et al. 2008, Bettegowda & Wilkinson 2010).

Rhox5

Rhox5 (originally called Pem) was the first member of the Rhox gene cluster to be 

discovered. It was identified in a screen designed to find novel genes functioning in 

development and cancer. In particular, the screen identified Rhox5 as being differentially 

expressed between two T-cell lymphoma clones from a common origin that were frozen at 

different developmental stages and had different malignant properties (Wilkinson et al. 

1990). Subsequent work demonstrated that Rhox5 is not only expressed in a subset of T-cell 

lymphomas, but it is widely expressed in tumors derived from many different cell types and 

tissue origins (Wilkinson et al. 1990, Maiti et al. 1996b, Wayne et al. 2002a). Its ubiquitous 

expression in tumors may derive, in part, from its ability to be induced by the Ras proto-

oncogene (Rao et al. 2002a, MacLean et al. 2005b). RHOX5 may also have a causal role in 

tumor formation, as it induces an immune response in mouse tumors (Ono et al. 2000), and 

it physically interacts with proteins involved in malignancy (Lemmens et al. 2001, Guo et al. 

2005).

Rhox5 expression

While Rhox5 was initially identified as being expressed in a T-lymphoma, it is not normally 

expressed in either the thymus or normal T cells (Wilkinson et al. 1990). Instead, it exhibits 

a highly selective and developmentally regulated expression pattern during embryogenesis, 
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postnatal development, and in adult animals. Rhox5 is initially expressed in the unfertilized 

mouse oocyte, remains expressed at low levels in the blastocyst, and later is mainly confined 

in its expression to male and female primordial germ cells (PGCs) and extra-embryonic 

tissues, where it is expressed at very high levels (Wilkinson et al. 1990, Sasaki et al. 1991, 

Lin et al. 1994, Pitman et al. 1998, Hamatani et al. 2004, Chazaud et al. 2006, Daggag et al. 

2008). After birth, its expression is primarily restricted to specific somatic cells in the 

reproductive tract: i) Sertoli cells in the testes, ii) principal cells in the epididymis, and iii) 

granulosa cells in the ovary (Wilkinson et al. 1990, Lin et al. 1994, Lindsey & Wilkinson 

1996b, Maiti et al. 1996a, Pitman et al. 1998, Rao et al. 2002b). The expression of Rhox5 in 

Sertoli cells is of interest given that these cells provide a structural framework for 

spermatogenesis and direct several androgen-dependent steps of spermatogenesis. Indeed, 

RHOX5 expression in Sertoli cells is induced by androgen and AR and it is specifically 

expressed in Sertoli cells during the androgen-dependent stages (IV–VIII) of the 

spermatogenic epithelial cycle, making it a candidate to drive androgen-dependent steps of 

spermatogenesis (Lindsey & Wilkinson 1996c, Sutton et al. 1998, Rao et al. 2003). In the 

adult epididymis, Rhox5 expression is restricted to the caput region, where sperm derived 

from the testis acquire forward motility (Rao & Wilkinson 2002, Rao et al. 2002b). In the 

adult ovary, RHOX5 protein is exclusively in mural granulosa cells, which line the walls of 

the developing follicle and respond to the ovulatory LH surge (Pitman et al. 1998). Thus, 

RHOX5 is expressed in the nurse cells that translate the key hormone signal that promotes 

final oocyte maturation.

In vivo Rhox5 functions

While analysis of its expression pattern allowed a speculative glimpse into Rhox5’s potential 

functions, it was not until the generation of Rhox5-null mice (Pitman et al. 1998) that its 

actual functions came to light. Rhox5-null males have increased germ cell apoptosis, 

reduced epididymal sperm count, reduced frequency of sperm with normal forward motility, 

and are subfertile (MacLean et al. 2005a). It is likely that the reduced sperm count results 

exclusively from the increased germ cell apoptosis, as cell proliferation (measured by 

bromodeoxyuridine incorporation) is not significantly affected by loss of Rhox5. Apoptosis 

is a normal event during spermatogenesis; it occurs specifically in a subset of spermatogonia 

and spermatocytes during stages I–IVand XII, respectively, of the seminiferous epithelial 

cycle. Rhox5-null males had higher numbers of apoptotic germ cells at these stages of the 

seminiferous epithelial cycle, indicating that RHOX5 is required for establishing the normal 

balance of germ cell survival versus death. In addition, Rhox5-null males have apoptotic 

germ cells in stages of the seminiferous epithelial cycle that normally have none (i.e. stages 

V–XI). This ‘promiscuous apoptosis’ is intriguing because it suggests that RHOX5 has a 

role in specifying the stage-specific death cycle that normally occurs in spermatogenesis. 

RHOX5 is well placed to perform such a role, as it is specifically expressed in Sertoli cells, 

the central hub of the seminiferous epithelial cycle.

How exactly RHOX5 controls germ cell survival is not known, but it is likely to involve 

regulation of Sertoli cell genes encoding cell surface and secreted proteins that communicate 

with germ cells. As described in more detail below, several RHOX5-regulated genes 

encoding cell surface and secreted proteins that control cell survival and apoptosis have been 
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identified (Hu et al. 2007, 2008; J MacLean II, Z Hu, M Rao, C Wayne & MF Wilkinson 

2010, unpublished observations). By regulating such proteins, RHOX5 may be a major 

mediator of androgen action in the testes. Despite the well-established importance of 

androgens and testosterone in spermatogenesis, RHOX5 currently stands alone as an 

androgen-regulated transcription factor whose ablation results in abnormal spermatogenesis 

(MacLean & Wilkinson 2005, MacLean et al. 2005a, Hu et al. 2007, 2008). Because 

androgens act through the Sertoli cells, not germ cells, to promote spermatogenesis (De 

Gendt et al. 2004, Holdcraft & Braun 2004, Chang et al. 2004, MacLean & Wilkinson 

2005), this makes RHOX5 a strong candidate to have a role in one or more of the androgen-

dependent steps of spermatogenesis.

The defect in sperm motility observed in Rhox5-null males could result from either an 

epididymal or a testes defect. The most likely site of the defect is the epididymis, as RHOX5 

is specifically expressed in the caput region (Rao et al. 2002b), where sperm motility is 

acquired (Rao & Wilkinson 2002). However, it is possible that the defect is in the testes; in 

this case, the simplest explanation is that RHOX5 expression in Sertoli cells is necessary for 

the proper programming of the adjacent developing germ cells so that they are competent to 

later acquire motility in the epididymis.

The defects that have been detected in Rhox5-null mice are confined to the male 

reproductive tract. Thus, even though Rhox5 is also expressed in granulosa cells in the 

ovary, Rhox5-null female mice have normal ovulation, litter frequency, and litter size 

(Pitman et al. 1998, MacLean et al. 2005a). Mice lacking Rhox5 also have no obvious 

defects in embryonic development despite Rhox5 normally being expressed in the early 

embryo, PGCs, and placenta (Pitman et al. 1998). One obvious explanation for this is that 

other Rhox family members compensate for the loss of Rhox5. Another non-mutually 

exclusive explanation is that Rhox5-null mice have subtle defects in embryonic development 

and female reproduction that have so far escaped detection. It is also possible that embryonic 

and female reproductive defects depend on context and would only be observed in particular 

environmental or genetic backgrounds. Finally, one cannot rule out that Rhox5 expression in 

some cell types and developmental stages is ‘noise’ that has no functional significance; i.e. it 

has not been selected against because it is not deleterious.

While there is no in vivo evidence for an embryonic role of Rhox5, it is worth noting that 

Fan et al. (1999) showed that overexpression of RHOX5 in embryonic stem (ES) cells 

results in blockade of their differentiation in vitro. The differentiation block requires the 

amino terminus of RHOX5, not the homeodomain, suggesting that it might be the result of 

sequestering RHOX5-interacting factors crucial for ES cell differentiation. It will be 

interesting in the future to identify the RHOX5-interacting factors that have a role in this 

differentiation blockade.

Biochemical functions of RHOX5

When Rhox5 was first identified, it was defined as a novel gene with no obvious motifs in 

common with other genes (Wilkinson et al. 1990). Thus, the biochemical function of its 

encoded protein was initially unclear. However, subsequent bioinformatic studies revealed 

that RHOX5 possesses a divergent homeodomain harboring the key amino acids necessary 
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to form the homeodomain structure, but was otherwise substantially different than other 

homeodomains defined at that time (Rayle 1991, Sasaki et al. 1991). This was an important 

breakthrough for at least two reasons. First, it indicated that RHOX5 is almost certainly a 

transcription factor. Second, it suggested that RHOX5 might regulate sets of genes that are 

different than those regulated by other known homeobox proteins. Indeed, the RHOX5 

homeodomain has unique amino acid residues at positions known to make base-specific 

contacts with DNA (Rayle 1991, Sasaki et al. 1991, MacLean et al. 2005a).

To begin to understand RHOX5’s role as a transcription factor, two main approaches have 

been taken: i) the identification of genes regulated by RHOX5 and ii) the identification of 

proteins that interact with RHOX5. With regard to the first approach, Hu et al. (2010) 

conducted microarray analysis on 15P-1 Sertoli cell clones stably transfected with a Rhox5 
expression vector expressing physiological levels of RHOX5. This study identified many 

genes positively and negatively regulated by RHOX5 in 15P-1 cells; most of these are also 

regulated by RHOX5 in vivo, based on analysis of testes from Rhox5-null mice. Many of the 

RHOX5-regulated genes are expressed in Sertoli cells, indicating that they are candidates to 

be direct targets of RHOX5. A subset of these genes is regulated by androgen receptor (AR), 

suggesting that these are secondary androgen-response (SAR) genes; i.e. genes mediating 

testosterone signaling that are indirectly regulated by AR through the action of AR-regulated 

transcription factors. The best characterized SAR is Unc5c, which RHOX5 negatively 

regulates at the transcriptional level through the 5′ UTR region of Unc5c (Hu et al. 2007, 

2008). Unc5c encodes a netrin receptor that is crucial for axon guidance in the brain and is a 

tumor suppressor that promotes apoptosis (Arakawa 2004). To determine whether UNC5C 

also promotes apoptosis in the testes, Hu et al. examined Unc5c-null mice. They found that 

these UNC5C-deficient mice had reduced germ cell apoptosis (Hu et al. 2010), indicating 

that indeed UNC5C promotes the death of both germ cells and neurons. This discovery, 

coupled with the fact that RHOX5 negatively regulates Unc5c transcription (Hu et al. 2010) 

and promotes germ cell survival (MacLean et al. 2005a), supports a model in which the pro-

survival activity of RHOX5 in the testis is mediated, in part, by its ability to repress the 

expression of the anti-survival gene Unc5c. Other Sertoli cell factors downstream of RHOX5 

that may mediate germ cell survival have been identified by in vivo microarray analysis (Hu 

et al. 2007, J MacLean II, Z Hu, M Rao, C Wayne & MF Wilkinson 2010, unpublished 

observations). These factors include insulin and other secreted metabolic regulators, as well 

as key enzymes and transcription factors that control energy metabolism.

Homeodomain transcription factors do not act alone to regulate their target genes, but rather 

collaborate with other proteins. With this in mind, investigators have identified several 

proteins that interact with RHOX5, including menin (MEN1), prosaposin (PSAP), inhibitor 

of MyoD family (I-MFA; also known as MDFIC), and cell division cycle 37 (CDC37; 

Lemmens et al. 2001, Guo et al. 2005, 2007a, Luo et al. 2006). Interestingly, none of these 

are known transcriptional co-regulators, and thus their role in RHOX5-mediated 

transcriptional regulation is not yet clear. The best characterized of these proteins is menin, 

which is a nuclear protein with tumor suppressor activity that has been shown to interact 

with other transcription factors, including JunD (Lemmens et al. 2001, Poisson et al. 2003, 

and references therein). Two groups, Lemmens et al. and Poisson et al., independently 

demonstrated that menin and RHOX5 directly interact, based on co-immunoprecipitation 
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and GST-pulldown experiments in transfected cells. Lemmens et al. also showed that menin 

and Rhox5 transcripts co-localize in seminiferous tubules, suggesting that the encoded 

proteins are normally co-expressed in the testes. However, it remains to be definitively 

determined whether menin protein is in Sertoli cells, the sole site of RHOX5 expression in 

the testis. Interestingly, menin has also been shown to interact with the homeobox 

transcription factor PDX1 in the pancreas to modulate the expression of insulin and insulin-

like growth factor-binding protein 2 (La et al. 2006, Shen et al. 2009). This brings up the 

possibility that a RHOX5-menin interaction might also influence the expression of insulin-2 

and other metabolism-related genes regulated by RHOX5 (J MacLean II, Z Hu, M Rao, C 

Wayne & MF Wilkinson 2010, unpublished observations).

Another protein that directly binds to RHOX5 is CDC37, a cell-cycle regulator that 

facilitates formation of the CDC28-G1 cyclin complex (Guo et al. 2005). This suggests that 

RHOX5 and CDC37 might co-operate to promote cell proliferation, which is consistent with 

the fact that RHOX5 is expressed in highly proliferative cells, including trophoblasts and 

PGCs. If RHOX5 can only promote proliferation in cells that also contain CDC37, this 

would provide an explanation for why RHOX5 is also expressed in non-proliferative cells, 

such as post-mitotic Sertoli and epididymal cells, as these cells may lack CDC37. As part of 

its role in the cell cycle, RHOX5 may also function as a DNA checkpoint regulator. The 

evidence for this comes from the finding that transgenic mice overexpressing RHOX5 in 

Sertoli cells have increased DNA strand breaks in the adjacent germ cells during their 

maturation into elongated spermatids (Wayne et al. 2002b).

A third protein that has been shown to directly bind to RHOX5 is PSAP, a lysosomal 

enzyme activator that is necessary for the normal development of the testes and male 

accessory organs (Guo et al. 2007a). The notion that PSAP and RHOX5 collaborate is 

consistent with the fact that both have known functions in the testis. However, it remains to 

be determined whether both normally exist in the same milieu, as RHOX5 is predominantly 

a nuclear protein, while PSAP is a cytoplasmic and secreted protein (Pitman et al. 1998, Rao 

et al. 2002b, Guo et al. 2007b). The cytoplasm may be a site where these two proteins 

interact, as RHOX5 has been shown to be present in the cytoplasm of some cells (Pitman et 

al. 1998, Rao et al. 2002b, 2003). By sequestering RHOX5 in the cytoplasm, PSAP may 

serve as a negative regulator of RHOX5’s transcriptional functions in the nucleus.

Rhox5 evolution

As with perhaps the majority of proteins that function in the reproductive system (Swanson 

& Vacquier 2002), RHOX5 is rapidly evolving. Mouse and rat RHOX5 exhibit only 73% 

identity; the RHOX5 homeodomain region is even more divergent than the protein as a 

whole, displaying only 63% identity in mice and rats (Maiti et al. 1996b). This rapid 

evolution is not likely to be due to random drift; instead, evidence suggests that it is the 

result of positive selection pressure for alterations in amino acid sequence. The primary 

evidence for this comes from sequence analysis of a large panel of mouse and rat species, 

which showed that Rhox5 has an extremely high ratio of non-synonymous-to-synonymous 

codon substitutions (Sutton & Wilkinson 1997a). Reinforcing the notion that positive 

selection is the driving force for this divergence was the finding that some Rhox5 exons have 
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undergone more rapid alterations in sequence than some Rhox5 introns. The rate of Rhox5 
evolution is comparable with that occurring in the male-determining gene Sry, which 

encodes another transcription factor important for the male reproductive tract (Swanson & 

Vacquier 2002).

What selective forces have driven the rapid evolution of Rhox5? While the answer to this 

question is not known, it is worth first noting that even though the RHOX5 homeodomain as 

a whole has undergone a very high rate of sequence change, the sequences encoding two 

classes of amino acids within the RHOX5 homeodomain region have remained relatively 

intact. One class is the amino acids that are crucial for homeodomain structure and the other 

is the amino acids in the third helix, the ‘recognition helix’ that makes all the base-specific 

contacts with DNA (Sutton & Wilkinson 1997a). This suggests that purifying selection has 

fixed sequences crucial for maintaining both the RHOX5 homeodomain structure and its 

DNA targets. Why are the other amino acids in the RHOX5 homeodomain undergoing rapid 

change? Analysis of a large number of different homeobox transcription factors from 

different species has revealed that a common feature of their homeodomain region is that 

they bind not only DNA but also specific proteins (Moens & Selleri 2006). This leads to the 

hypothesis that the rapid evolution of the RHOX5 homeodomain has been driven by the 

proteins with which it interacts. If true, it will be important to determine whether these are 

already identified RHOX5-interacting proteins or novel ones. It will also be intriguing to 

know whether the RHOX5 homeodomain has co-evolved with its binding partners over time 

or instead is undergoing selection to bind to new protein partners in different species.

Rhox5 regulation

The Rhox5 gene is regulated by many different stimuli, including differentiation signals, 

oncogenic signals, hormones, and DNA methylation. Sasaki et al. (1991) was the first study 

to demonstrate that Rhox5 is regulated by differentiation signals. These authors discovered 

that Rhox5 mRNA levels are dramatically upregulated when ES cells are induced to 

differentiate into embyroid bodies, peaking 9 days after induction of differentiation. While 

they did not determine which specific cell types in differentiating ES cells express elevated 

levels of Rhox5, examination of the F9 embryocarcinoma cell line provided some insight 

into this issue. F9 cells are malignant but have stem-like qualities and thus they can be 

induced to specifically differentiate into visceral or parietal endoderm. Sasaki et al. (1991) 

found that F9 cells strongly upregulated Rhox5 mRNA when they are induced to 

differentiate into either visceral endoderm or parietal endoderm. This recapitulates what 

occurs in vivo, as Rhox5 is highly and specifically expressed in both the visceral and parietal 

endoderm components of the yolk sac (Wilkinson et al. 1990, Lin et al. 1994).

Rhox5 is regulated by DNA methylation

A regulatory mechanism that mounting evidence suggests is crucial for controlling Rhox5 
expression is DNA methylation. The first evidence for this was the finding by Sasaki et al. 

(1991) that treatment of mouse 10T1/2 mesenchymal stem cells with the DNA 

methyltransferase (DNMT) inhibitor 5-aza-2′-deoxycytidine (5AzaC) led to a dramatic 

(O50-fold) increase in Rhox5 mRNA levels. Rhox5 mRNA was specifically induced in 

10T1/2 derivatives that committed to the muscle cell lineage (myoblasts), not to cells that 
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committed to the cartilage (chondrocyte) or fat cell (adipocyte) lineages. This induction may 

be physio-logically relevant, as Rhox5 transcripts, including a muscle-specific alternatively 

spliced form, are expressed at modest levels in rat skeletal muscle (Maiti et al. 1996a). 

However, Rhox5 mRNA is not detectably expressed in mouse skeletal muscle (MacLean et 

al. 2005a), indicating that if indeed Rhox5 does have a role in muscle differentiation, it is not 

a conserved role.

Another interpretation of the observation that Rhox5 is dramatically induced by chemical 

inhibition of DNA methylation in muscle cells is that this reflects Rhox5 being 

transcriptionally repressed by DNA methylation in inappropriate cell lineages. Two 

subsequent studies - both of which employed genetic manipulation techniques to knockout 

genes encoding DNMTs - obtained evidence that indeed this is the case. Jackson-Grusby et 
al. used microarray analysis to identify genes upregulated in cultured fibroblasts that lack 

DNMT1, the ‘maintenance DNMT’ essential for maintaining heritable DNA methylation 

patterns in dividing cells. Rhox5 was one of the most upregulated genes (by ~14-fold) 

identified in these DNA methylation-deficient cells (Jackson-Grusby et al. 2001). Given that 

Rhox5 is not normally expressed in fibroblasts, this provided evidence that DNA 

methylation is sufficient to prevent its expression in this cell type. However, it did not rule 

out that DNA demethylation triggers other events, such as changes in histone modifications, 

which contributed to the derepression of Rhox5 transcription.

Oda et al. (2006) examined whether DNA methylation is responsible for preventing Rhox5 
expression in mid-gestation embryos. Consistent with this, they observed that the Rhox5 
promoter shifts from being in an unmethylated state in eight-cell embryos and blastocysts - 

both of which express Rhox5 - to a methylated state in mid-gestation (e8.5) embryos, which 

lack detectable Rhox5 expression (Lin et al. 1994, Hamatani et al. 2004). It should be noted, 

however, that Oda et al. examined the methylation status of the Rhox5 alternative promoter 

not appreciably expressed in early embryos (Rao et al. 2003; see next section for a 

description of the alternative Rhox5 promoters). To obtain direct evidence for a role of DNA 

methylation, Oda et al. examined the effect of loss of DNMT3a and DNMT3b, the ‘de novo 
synthesis DNMTs’ that are responsible for new DNA methylation events in ES cells, 

trophoblast tissues, and PGCs (Okano et al. 1999). Mice lacking both of these enzymes fail 

to produce viable offspring, exhibit abnormal growth rate and development, and die prior to 

e11.5 (Okano et al. 1999). They found that Dnmt3a−/−Dnmt3b−/− e8.5–9.5 embryos harbor a 

hypomethylated Rhox5 gene promoter that is dere-pressed, allowing high levels of Rhox5 
transcripts to be expressed. The repression of Rhox5 expression in early embryos can be 

mediated by either of the de novo synthesis DNMTs, as single-mutant (Dnmt3a−/− or 

Dnmt3b−/−) embryos did not exhibit a detectable increase in Rhox5 mRNA expression. 

Surprisingly, single-mutant Dnmt3b−/− embryos did exhibit reduced Rhox5 promoter DNA 

methylation. This suggests that either i) DNA demethylation is not sufficient for Rhox5 
transcription, ii) a threshold of reduced DNA methylation is required to activate Rhox5 
transcription, or iii) DNA demethylation triggers only a modest increase in Rhox5 
transcription that was not detected by the investigators.

In contrast to the embryo proper, extra-embryonic tissues constitutively express high levels 

of Rhox5 (Wilkinson et al. 1990), which was not significantly further increased by loss of 
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DNMT3a and DNMT3b (Oda et al. 2006). Together with an earlier report that found that 

Rhox5 is selectively hypomethylated in placenta (Schutt et al. 2003), these data collectively 

indicate that DNA methylation defines the tissue-specific expression pattern of Rhox5 by 

virtue of its ability to prevent Rhox5 expression in mid-gestation embryos. In the future, it 

will be interesting to determine whether the induction of Rhox5 expression in PGCs in later-

stage embryos (Pitman et al. 1998, Daggag et al. 2008) is the result of cell type-specific 

DNA demethylation.

Rhox5 is an imprinted gene

DNA methylation controls genomic imprinting, an epigenetic process that results in the 

selective repression of one of the two alleles of a given gene. Paternally imprinted genes are 

methylated and transcriptionally silenced on the paternal allele, whereas maternally 

imprinted genes are methylated and transcriptionally silenced on the maternal allele. 

Genomic imprinting acts only on a selected subset of genes (<100 are known in humans and 

mice), and its evolutionary origin and functional importance - while under intense 

investigation - remain unclear (Moore 2001, Laprise 2009). Imprinting would seem to put 

organisms at a disadvantage since it causes genes to be functionally haploid, and thus it 

increases the risk that mutations in them will lead to phenotypic defects. Genomic 

imprinting may have evolved as a result of selection pressure arising from opposing needs of 

the two parental genomes; the paternal genome selects for features that promote placental 

and prenatal growth, while the maternal genome selects for features that conserve resources 

and thereby reduce growth.

Recently, Rhox5 has been demonstrated to be a gene imprinted in the early embryo. This 

was uncovered by Kobayashi et al. (2006) whose initial goal was to identify genes 

differentially expressed in male and female blastocysts. Using offspring from male mice that 

harbored a green fluorescent protein (GFP)-expressing transgene on their X chromosome, 

these authors sorted GFP-expressing female and non-expressing male blastocysts and found 

- using expression profiling - that ~600 genes were differentially expressed by twofold or 

more, with roughly half being expressed at higher levels in female blastocysts and the other 

half being preferentially expressed in male blastocysts. Of those preferentially expressed in 

female blastocysts, only two genes were found to be exclusively in female blastocysts: Xist 
and Rhox5. The finding that Xist was exclusively expressed in female blastocysts was 

expected, as it is a non-coding transcript specifically expressed in female cells that is crucial 

for X-chromosome inactivation and dosage compensation in female cells (Chow & Heard 

2009). The discovery that Rhox5 exhibits a female-specific expression pattern was 

unexpected; subsequent investigation revealed the reason: Rhox5 is exclusively expressed 

from the paternal X chromosome (Kobayashi et al. 2006), which is not present in male 

blastocysts. The authors went on to show that the paternal-specific expression of Rhox5 is 

established by the eight-cell stage and is maintained until e6.5.

It remains for future investigations to understand the mechanism and functional significance 

of Rhox5 imprinting in the early embryo. As described earlier, Rhox5 controls the 

expression of several genes regulating energy metabolism, including those encoding secreted 

proteins and master transcriptional regulators that are likely to influence large batteries of 
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downstream energy metabolism genes (Hu et al. 2007). This suggests the possibility that 

Rhox5 is subject to imprinting because of competition between male and female early 

embryos for limited energy resources. Because Rhox5 is on the X chromosome, it may also 

be subject to another form of imprinting. Most X-linked genes are preferentially expressed 

from the maternal allele in extra-embryonic tissue as a result of a chromosome-wide paternal 

imprinting mechanism (Reik & Lewis 2005). While Kobayashi et al. (2006) did not address 

whether Rhox5 is subject to this mechanism, they did obtain evidence that e7.5 embryos 

express higher levels of Rhox5 from the maternal allele than from the paternal allele, 

consistent with this possibility. Furthermore, two X-linked Rhox5-related genes, Rhox6 and 

Esx1, have been shown to be paternally imprinted in extraembryonic tissue (Li & Behringer 

1998, Oda et al. 2006). To directly address this issue, we examined placental tissue from 

crosses of two related species with recognizably different Rhox5 alleles (Mus musculus 
musculus and Mus musculus molossinus) and found that Rhox5 was preferentially expressed 

from the maternal allele, regardless of its species of origin (J MacLean II, Z Hu, M Rao, C 

Wayne & MF Wilkinson 2010, unpublished observations). Coupled with the work of 

Kobayashi et al. (2006), this demonstrates that Rhox5 is an unusual gene that is paternally 

imprinted in extra-embryonic tissues and maternally imprinted in the early embryo. Few 

other mammalian genes are known to be both paternally and maternally imprinted; it will be 

interesting to know the functional consequences of this unique expression pattern. It will 

also be important to determine whether Rhox5 undergoes a switch in imprinting (from 

paternal to maternal) in some cell types or instead undergoes different kinds of imprinting 

(maternal or paternal) in different cell types.

Because Rhox5 has roles in spermatogenesis (MacLean et al. 2005a), it will also be 

important to know whether Rhox5 imprinting pattern has consequences for male fertility. 

Indeed, abnormalities in both maternal and paternal imprinting have been associated with 

low sperm quality and hypofertility in humans (Kobayashi et al. 2007, Marques et al. 2010). 

Furthermore, human sperm harboring genes that are abnormally imprinted have been shown 

to be less likely to be competent for IVF and ICSI (Kobayashi et al. 2007). Thus, it will be 

interesting to determine whether human RHOX genes are subject to imprinting and, if so, 

whether RHOX imprinting abnormalities have a negative impact on human fertility.

Rhox5 has two promoters

Rhox5 mRNA is transcribed from two promoters that are independently regulated but give 

rise to the same protein. The proximal promoter (Pp) is of interest because it is directly 

regulated by the nuclear hormone receptor AR, which along with other transcription factors 

restricts its expression to specific somatic cell types in the testes and epididymis. The distal 

promoter (Pd) is also expressed in a tissue- and cell type-specific manner, but its primary 

sites of expression are in the early embryo and somatic cells in adult female reproductive 

tissues. The Pd is also expressed in a wide variety of tumors. In this section, we describe the 

expression pattern of these two promoters in more detail, and then review studies that have 

examined the cis elements and trans-acting factors that control their unique expression 

patterns.
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The Pp

The Pp gives rise to full-length mRNA specifically in the testis and epididymis in both mice 

and rats (Maiti et al. 1996a, 1996b, Sutton et al. 1998, Rao et al. 2003). In mice testes, where 

Pp-derived transcripts are dramatically induced between P8 and P9, Pp expression is 

restricted to Sertoli cells (Lindsey & Wilkinson 1996c, Sutton et al. 1998, Rao et al. 2003). 

Pp expression is further restricted to Sertoli cells in stages IV–VII of the seminiferous 

epithelial cycle in adult mouse testes, as Rhox5 mRNA and RHOX5 protein are only 

observable in these stages (Lindsey & Wilkinson 1996c, Sutton et al. 1998, Rao et al. 2003). 

In the mouse epididymis, the Pp is specifically expressed in somatic cells (primarily in 

principal cells) in segments 2–4 of the caput region (Rao et al. 2002b). Together, these data 

indicate that the Pp is an exquisitely regulated promoter that is expressed in a cell type-, 

region-, stage-, and tissue-specific manner.

Pp transcription in both the testes and epididymis depends on AR and testosterone. This 

conclusion comes from several lines of evidence, including: i) Rhox5 mRNA levels 

(measured with either Rhox5 or Pp-specific probes) are dramatically reduced in animals 

deficient in the ability to produce LH (the peptide hormone responsible for inducing 

testosterone production in Leydig cells) as a result of hypophysectomy, chemical treatment, 

or genetic mutations (Lindsey & Wilkinson 1996b, 1996c, Maiti et al. 1996a, Sutton et al. 

1998); ii) testosterone reverses the defect in Rhox5 expression caused by loss of LH 

(Lindsey & Wilkinson 1996b); iii) androgens induce Rhox5 and/or Pp-driven reporter 

expression in primary Sertoli cell cultures and Sertoli cell lines (Rao et al. 2003, Sneddon et 

al. 2005, Zhou et al. 2005); iv) AR-deficient mice have reduced testicular Rhox5 expression 

(De Gendt et al. 2004, Holdcraft & Braun 2004, Tan et al. 2005, O’Shaughnessy et al. 2007, 

Schauwaers et al. 2007); v) Rhox5 expression is drastically reduced in testes lacking AR 

specifically in Sertoli cells (De Gendt et al. 2004, Holdcraft & Braun 2004, Denolet et al. 

2006); vi) Rhox5, as well as some other androgen-dependent genes, exhibits modestly 

reduced expression in mice lacking AR in peritubular myoid cells and smooth muscle cells, 

suggesting that AR can also exert effects on Sertoli cells indirectly; vii) Rhox5 has been 

shown to be positively regulated by AR and/or androgen in several independent expression 

profiling (microarray) studies conducted in different model systems in both mice and cell 

lines (Sadate-Ngatchou et al. 2004, Zhou et al. 2005, Denolet et al. 2006, Eakin & 

Hadjantonakis 2006, Kobayashi et al. 2006, Eacker et al. 2007, O’Shaughnessy et al. 2007, 

Prante et al. 2008, De Gendt et al. 2009); viii) RHOX5 is localized to Sertoli cells 

specifically during the androgen-dependent stages of spermatogenesis (Lindsey & Wilkinson 

1996b, Sutton et al. 1998); and ix) the Pp possesses four androgen-response elements 

(AREs), each of which is required for its AR- and androgen-dependent expression in 

transfected cell lines (Barbulescu et al. 2001, Geserick et al. 2003, Bhardwaj et al. 2008, 

Faus & Haendler 2008). Together, these studies strongly suggest that the Rhox5 Pp is a 

direct target of AR in Sertoli cells.

The highly androgen/AR-dependent expression of Rhox5 has lead to Rhox5 being widely 

used as a marker to examine perturbations disturbing androgen signaling (Sutton et al. 1998, 

Barbulescu et al. 2001, Geserick et al. 2003, De Gendt et al. 2004, MacLean & Wilkinson 

2005, Terada et al. 2005, Bhardwaj et al. 2008, Prante et al. 2008). Because the Rhox5 gene 
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encodes a transcription factor, another implication of its androgen/AR-dependent expression 

is that it is a candidate to regulate the transcription of genes that mediate androgen action 

during spermatogenesis (MacLean & Wilkinson 2005). Indeed, as described earlier, RHOX5 

controls the expression of several AR-regulated genes (Hu et al. 2010). To date, no other 

androgen- and AR-inducible transcription factors have been identified in Sertoli cells.

Analysis of transgenic mice harboring different lengths of Pp 5′ upstream sequences by Rao 

et al. (2002b, 2003) revealed that all of the elements necessary for androgen-dependent and 

cell type-specific expression of Rhox5 are present within the first ~600 nt upstream of the Pp 
transcription start site. This sequence is divided into two ~300 nt regulatory domains: 

regions I and II. Region I contains one or more repressor elements that dictate, at least in 

part, the specificity of Pp expression. In the testis, regionI helpsconfer the stage-specific 

expression of Rhox5 during seminiferous epithelial cycle (Lindsey & Wilkinson 1996b, 

1996c, Sutton et al. 1998) by inhibiting Pp expression in other stages (Rao et al. 2003). In 

the epididymis, region I inhibits inappropriate expression of the Pp in epididymal regions 

other than the caput (Rao et al. 2002b).

Region II confers the other properties of the Pp, including its i) androgen-dependent 

expression, ii) tissue-specific expression in the testis and epididymis, and iii) Sertoli cell-

specific expression in the testes (Rao et al. 2002b, 2003). Androgen-dependent expression is 

conferred by the four AREs in region II (Barbulescu et al. 2001, Geserick et al. 2003, 

Bhardwaj et al. 2008). These AREs also contribute to the tissue- and cell type-specific 

expression pattern of the Pp, as recently shown by Bhardwaj et al. (2008). Consensus AREs 

have also been identified in the Rhox5-related human RHOXF2A gene (Wayne et al. 2002a), 

but to date, AR-dependent expression has only been demonstrated for the RHOXF1 gene 

(Geserick et al. 2002).

Bhardwaj et al. (2008) also identified other cis elements in region II that collaborate with 

AREs to drive cell type-specific expression. Most importantly, they identified several GATA 

transcription factor-binding sites crucial for the expression of the Pp in Sertoli cells, at least 

one of which is crucial for Pp transcription in vivo. This conclusion is based on several lines 

of evidence, including: i) mutation of the GATA consensus sites in region II reduces Pp 
transcription in transiently transfected Sertoli cells, ii) mutation of the GATA site most 

crucial for Pp expression in transfected cells also strongly reduces Pp expression in 

transgenic mice, iii) forced expression of GATA factors, in combination with AR, induces 

Rhox5 expression in Sertoli cell lines that constitutively express low levels of the GATA 

factors, iv) this ability of GATA factors to increase Pp expression is abrogated by mutation 

of the crucial GATA site important in vivo, and v) several GATA factors are recruited to the 

Pp in adult testes and the MSC1 Sertoli cell line, as shown by chromatin 

immunoprecipitation (ChIP) analysis.

The induction of Pp expression by GATA transcription factors is likely to depend on their 

ability to co-operate with AR (Bhardwaj et al. 2008). An indirect line of evidence for this is 

that the GATA site crucial for Pp transcription in vivo is <25 nt from two AREs in region II. 

More compelling evidence is that GATA factors and AR form a complex in vitro. Depletion 

of either GATA-binding site factors or ARE-binding factors ablates the formation of this 
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complex. Furthermore, forced expression of GATA transcription factors rescues expression 

from Pp reporter constructs harboring mutations in any of the four AREs in region II. 

Finally, the level of GATA factors bound to the Pp (as measured by ChIP) in MSC1 cells is 

increased in response to the addition of AR and androgen.

It remains for future studies to determine which of the six known GATA transcription factors 

are responsible for co-operating with AR to induce Pp expression. GATA1 is one candidate, 

as Gata1 mRNA levels increase concomitantly with Ar and Pp mRNA levels during 

postnatal testis development (Bhardwaj et al. 2008). Other candidates are GATA4 and 

GATA6, as they are expressed at high levels in Sertoli cells (Viger et al. 2008). However, 

Gata4 and Gata6 mRNAs are downregulated during postnatal testes development (Bhardwaj 

et al. 2008), suggesting that their role in regulating Pp might primarily be in the early 

portion of the first wave of spermatogenesis. Of the other three GATA factors, only GATA2 

is significantly expressed in Sertoli cells (Bhardwaj et al. 2008), making GATA2 another 

candidate to regulate Pp transcription. This notion is supported by the finding that GATA2 is 

bound to the Pp in both the adult testes and the MSC1 Sertoli cell line (Bhardwaj et al. 

2008).

Restriction of Pp expression to Sertoli cells is conferred not only by transcription-promoting 

factors but also by negative regulatory influences. While not well defined, region II appears 

to have a repressor element that inhibits Rhox5 expression in non-Sertoli cells (Bhardwaj et 

al. 2008). In addition, as described above, a regulatory region resides upstream of this 

element - within region I - that represses Pp expression in Sertoli cells in stages of the 

seminiferous epithelial cycle that normally do not express RHOX5 (Rao et al. 2003). The 

putative inhibitor factors that confer negative regulation by binding to these inhibitory 

elements in regions I and II have not yet been identified.

The Pd

The Pd is expressed in the ovary and placenta, and is also co-expressed with the Pp in the 

testes (Maiti et al. 1996a, 2001, MacLean et al. 2005b). The likely cellular site of Pd 
expression in the ovary is mural granulosa cells, as that is where RHOX5 protein has been 

shown to be specifically expressed (Pitman et al. 1998). The Pd is broadly expressed in the 

placenta, based on the finding that RHOX5 protein is present in spongiotrophoblasts, 

labyrinthine trophoblasts, and trophoblast giant cells (Lin et al. 1994, Pitman et al. 1998). 

The Pd is also responsible for expression of Rhox5 in the embryo proper and ES cells (Rao 

et al. 2003; A Bhardwaj & MF Wilkinson 2009, unpublished observations). In contrast to its 

highly specific expression in normal tissues, the Pd is widely expressed in tumors, regardless 

of cell lineage or tissue of origin (Wilkinson et al. 1990, Rao et al. 2002a).

A minimal element required for Pd transcription has been defined (~100 nt upstream of its 

transcription start site) that is only 22 nt in length (Rao et al. 2002a, MacLean et al. 2005b). 

This 22-nt element is sufficient to activate the transcription of an inactive heterologous 

promoter in primary granulosa cells and tumor cells. It consists of two ETS family-binding 

sites and a single SP1 family-binding site. One ETS family member, GABP, and two SP1 

family members, SP1 and SP3, have been shown to act through these binding sites to 

activate Pd transcription, based on the following lines of evidence: i) overexpression of any 
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of these three transcription factors elicits a dose-dependent increase in Pd expression in 

primary mouse or rat granulosa cells; ii) dominant-negative forms of these transcription 

factors decrease Pd transcriptional activity; iii) all three of these transcription factors bind to 

the Pd, as assessed by EMSA analyses, and iv) mutation of any one of the binding sites for 

these three factors reduces Pd transcription. In the future, it will be important to determine 

whether other members of the large ETS family besides GABP control Pd transcription. The 

ETS family member ELF1 binds to the Pd, but its functional role in Pd transcription is not 

known (Rao et al. 2002a). Interestingly, ELF1 upregulation has been associated with 

gynecological cancers of the cervix, uterus, and breast (Andrews et al. 2008, Nicol et al. 

2008), but whether it has a role in ovarian tumors has not been determined. It will also be 

important to determine whether the Pd minimal element drives Rhox5 expression in cell 

types besides primary granulosa cells and tumor cells.

Because the processes of ovulation and tumorigenesis are both induced and propagated by 

related receptor-mediated signal transduction events via growth factors and inflammatory 

cytokines, it is perhaps not surprising to find that the Pd is transcriptionally activated by such 

signaling events. A key signal transduction event required for Pd transcripion is initiated by 

the G-protein RAS (Rao et al. 2002a, MacLean et al. 2005b). Gain-of-function evidence for 

this is that transient transfection of a constitutive form of RAS induces Pd expression in 

primary granulosa cells, mesenchymal stem cells, and tumor cells. Conversely, a dominant-

negative form of RAS inhibits Pd transcription in both primary granulosa cells and tumor 

cells. The ability of RAS-mediated signaling to induce the Pd in granulosa cells is 

interesting in light of the fact that the LH surge that triggers ovulation activates K-RAS in 

granulosa cells (Fan et al. 2008). K-RAS signaling is also required for the phosphorylation 

and activation of MAPK3/1 (ERK1/2), which, in turn, is required for granulosa cells to 

promote LH-induced resumption of germ cell meiosis, ovulation, and luteinization (Fan et 

al. 2009). Gonadotropin treatment induces peak MAPK3/1 activity in rodent granulosa cells 

at a similar time point as that for maximal Pd mRNA levels (MacLean et al. 2005b, Fan et 

al. 2009), suggesting the possibility that Pd transcription also requires MAPK3/1. While this 

has not been tested, it is known that other components of the MAP kinase pathway - namely 

the stress-activated protein kinase/c-Jun amino-terminal kinases - are required for Pd 
transcription (Rao et al. 2002a, MacLean et al. 2005b).

The finding that RAS signaling activates the Pd strongly suggests that RAS transformation is 

responsible for the expression of Rhox5 in a broad array of tumor cells. Furthermore, 

because RAS is known to stimulate the activity of SP1 and ETS factors (Kivinen et al. 1999, 

Yordy & Muise-Helmericks 2000), this provides an obvious mechanism for how RAS 

induces Pd transcription. While RAS activation typically occurs as a result of mutation in 

tumor cells, it remains unclear what activates RAS in normal cells. The identification of 

upstream factors, including extracellular factors, which activate RAS in granulosa cells and 

other cell types, will be an important future goal for the field.

Further insights into the regulation of Pd transcription have come from a recent study by Li 

et al. (2009) who used ‘epigenetic’ inhibitors to study the role of DNA methylation and 

histone modifications in regulating the Pd. The drugs used by the investigators were the 

DNMT inhibitor 5AzaC, the histone deacetylase inhibitor MS-275, and the 
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chemotherapeutic drug arsenic trioxide (ATO), all of which trigger both DNA demethylation 

and histone modifications favorable for transcription. They found that all three drugs 

induced Pd-derived transcripts in several different cell lines. ATO and MS-275 induced only 

Pd-derived transcripts, not Pp-derived transcripts, consistent with other studies showing that 

these two promoters are independently regulated. Interestingly, even though these two 

inhibitors decreased global DNMT levels, they did not lead to significant demethylation of 

the Pd, suggesting that these inhibitors induced the Pd by a DNA methylation-independent 

mechanism. Indeed, both inhibitors elicited transcription-promoting histone modifications at 

the Pd. 5AzaC was unique in its ability to induce both Pd- and Pp-derived transcripts. It 

probably acted by directly demethylating these promoters, as both the Pd and Pp underwent 

a dramatic decrease in methylation in response to 5AzaC. This is probably also the 

mechanism responsible for the dramatic induction of Rhox5 transcripts in 10T1/2 

mesenchymal stem cells reported earlier (Sasaki et al. 1991). However, 5AzaC treatment 

also increased the levels of transcription-promoting histone modifications at the Pd, 

complicating the interpretation of its mechanism of action (Li et al. 2009). In the future, it 

will be important to untangle the independent contributions of DNA methylation and histone 

modifications, a challenging task given that these two events are intimately linked at many 

levels (Berger 2007).

Rhox5 is not alone on the X chromosome

Rhox5 is not an orphan homeobox gene on the X chromosome, as the original studies on 

Rhox5 had suggested (Lin et al. 1994, Maiti et al. 1996b, Sutton & Wilkinson 1997b), but 

instead rests in the middle of a large homeobox gene cluster (MacLean et al. 2005a; Fig. 1). 

The best-characterized Rhox gene cluster is in mice, but Rhox gene clusters also exist at the 

syntenic position of the X chromosome in other mammals, including rats and humans 

(Lindsey & Wilkinson 1996b, Sutton et al. 1998, Geserick et al. 2002, Wayne et al. 2002a, 

MacLean et al. 2005a, Zhan et al. 2005, Morris et al. 2006). All the genes in this cluster 

were probably derived from a common ancestral homeobox gene that was duplicated 

multiple times by unequal crossing over (Jackson et al. 2006, MacLean et al. 2006, Morris et 

al. 2006, Wang & Zhang 2006, Geyer & Eddy 2008). Evidence suggests that this ancestral 

homeobox gene was also the precursor gene that gave rise to the single-copy aristaless 
homeobox gene in D. melanogaster (Maiti et al. 1996b, Sutton & Wilkinson 1997a, 

MacLean et al. 2005a). The common origin of the Rhox genes is strongly suggested by both 

their close physical proximity and the fact that all Rhox genes have two introns at positions 

within the homeobox region that are unique to this subfamily of homeobox genes (MacLean 

et al. 2005a, 2006). In addition, Rhox genes encode homeodomains more similar to each 

other than those encoded by other homeobox genes (Maiti et al. 1996b, MacLean et al. 

2005a). Finally, some Rhox genes encode related motifs in the amino-terminal region 

(MacLean et al. 2005a, 2006, Jackson et al. 2006).

The Rhox gene cluster

The mouse Rhox gene cluster contains three subclusters: α, β, and γ (Fig. 1). The α 
subcluster was originally defined as having four genes (MacLean et al. 2005a), but following 

the refinement of the X chromosome genomic map and sequence analysis, four groups 

simultaneously reported multiple tandem duplications of three of the α subcluster genes, 
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Rhox2, Rhox3, and Rhox4, making a total of 24 genes in the α subcluster (Jackson et al. 

2006, MacLean et al. 2006, Morris et al. 2006, Wang & Zhang 2006). The duplicated copies 

(paralogs) of each of these three genes are almost identical in sequence (~95–100%). While 

it is not clear what selective forces are responsible for the recent amplification of these three 

genes in mice, it is clear that most of these paralogs are expressed and all but one (Rhox3d) 

encode full-length proteins and thus are presumably functional (Jackson et al. 2006, 

MacLean et al. 2006, Morris et al. 2006, Wang & Zhang 2006). The β subcluster has five 

genes, including the founding Rhox family member - Rhox5 - and three other genes that had 

previously been given other names: Rhox6 (Psx1), Rhox8 (Tox), and Rhox9 (Psx2 and 

Gpbox) (Chun et al. 1999, Takasaki et al. 2000, Kang et al. 2004). The γ subcluster was 

originally defined as having three genes (MacLean et al. 2005a), but recently, a fourth 

member has been identified: Rhox13 (Geyer & Eddy 2008). In total, 33 homeobox genes 

have so far been identified in the mouse Rhox gene cluster.

The Rhox gene cluster is rapidly evolving. One dramatic demonstration of this came from 

the discovery that the rat RHOX gene cluster is smaller than its mouse counterpart (Fig. 1), 

primarily because it has only single copies of the α subcluster paralogs that in mice each 

have seven to eight copies (MacLean et al. 2005a, 2006, Jackson et al. 2006, Morris et al. 

2006). This, coupled with the nearly identical sequence of the members of each paralog 

family, indicates that the expansion of the α subcluster paralogs occurred very recently, after 

the split of mice and rats in the rodent lineage. Also, unlike the mouse Rhox gene cluster, 

which contains two similar genes in the β subcluster (Rhox6 and Rhox9), the rat Rhox gene 

cluster contains only one (MacLean et al. 2005a, 2006, Morris et al. 2006). The order of the 

genes in the mouse and rat Rhox gene clusters also appears to differ to some extent 

(Waterston et al. 2002 (build 37.1), Gibbs et al. 2004 (RGSC v3.4)), indicating the 

likelihood of gene rearrangements since the mouse/rat split (Fig. 1). However, this remains 

uncertain because the precise organization of both mouse and rat clusters has not yet been 

fully refined.

The human RHOX gene cluster is even smaller than the rat Rhox cluster. Only two human 

RHOX genes have been characterized at the syntenic portion of the X chromosomes 

(Geserick et al. 2002, Wayne et al. 2002a). One of them is RHOXF1 (originally called 

OTEX and hPEPP1), which is androgen regulated and selectively expressed in human testes 

and thus is likely to have a role in spermatogenesis (Geserick et al. 2002, Wayne et al. 

2002a). The other human RHOX gene is RHOXF2A (originally called hPEPP2), which, like 

RHOXF1, is selectively expressed in the testis (Geserick et al. 2002, Wayne et al. 2002a). 

Interestingly, RHOXF2A encodes a protein that has been shown to interact with both itself 

and a wide variety of other proteins, including nuclear transcription factors and cytoplasmic 

RNA decay-promoting proteins (Lehner & Sanderson 2004, Lim et al. 2006, Prasad et al. 

2009). RHOXF2A has been classified as a member of the growing ‘cancer/testes’ gene 

family, a large group of genes that are not necessarily similar in sequence, but instead share 

the characteristic of being selectively expressed in the testis and a wide variety of tumors 

(Hofmann et al. 2008). Both human RHOXF1 and RHOXF2A are capable of regulating 

Rhox5 gene targets in mouse Sertoli cells (Hu et al. 2010), but it is not known what human 

genes they might regulate. At least one other RHOX gene exists in the human RHOX cluster 

- RHOXF2B - but neither it nor exonic remnants of other RHOX genes in the RHOX gene 
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cluster have been characterized in terms of expression or function (Lander et al. 2001 (build 

37.1)).

The rapid evolution of the Rhox gene cluster makes it a good candidate to have a role in 

speciation, a process that evidence suggests is largely driven by rapidly evolving X-linked 

genes (Turner & Hoekstra 2008). In addition to alterations in gene number and gene cluster 

organization in different species, rapid alterations in the sequence of individual Rhox genes 

over evolutionary time may have contributed to speciation. As described earlier, the 

founding member of the Rhox family, Rhox5, has probably been subject to strong positive 

selection to undergo amino acid changing alterations (Sutton & Wilkinson 1997a); it 

remains to be determined whether the same is true for other Rhox family members. It would 

not be surprising if this was the case, as positive selection for changes in amino acid identity 

is common in large gene families, particularly those involved in reproduction (Chakrabarty 

et al. 2006, Soares et al. 2007, Rawn & Cross 2008). A definitive assessment of RHOX gene 

cluster evolution will require complete analysis and annotation of X chromosomes from a 

full set of mammals. At this point in time, even the mouse X chromosome remains to be 

fully analyzed; for example, a portion of the mouse Rhox cluster (between Rhox2g and 

Rhox5) has neither been cloned nor sequenced (as determined by manually evaluating BAC 

sequences available from NCBI and Ensembl).

Expression and functional role of Rhox cluster genes

All Rhox genes are selectively expressed in reproductive organs, and thus it is probable that 

they regulate events involved in reproduction (MacLean & Wilkinson 2005, MacLean et al. 

2005b, Morris et al. 2006). In the mouse, analysis of a panel of 18 adult tissues 

demonstrated that all Rhox genes are selectively expressed in the ovary, testis, epididymis, 

and placenta (MacLean et al. 2005a; Fig. 2). Only Rhox4, Rhox7, and Rhox8 were also 

expressed in non-reproductive organs; in thymus, stomach, and intestine respectively. Within 

the placenta, Rhox4 is expressed in the chorionic trophoblast cells in the labyrinth and 

spongiotrophoblast layers of the placenta, suggesting that it may serve several different 

functions in this tissue (Jackson et al. 2003). The selective expression pattern of Rhox genes 

in reproductive organs is conserved, as the rat Rhox genes are also selectively expressed in 

the ovary, testis, epididymis, and placenta (Lindsey & Wilkinson 1996b, Maiti et al. 1996a, 

MacLean et al. 2005b, Morris et al. 2006; JA MacLean, unpublished observations), and the 

two best-characterized human RHOX genes appear to be specifically expressed in the human 

testis (Geserick et al. 2002, Wayne et al. 2002a). While Rhox genes normally exhibit highly 

specific and regulated expression patterns, some Rhox family members are ubiquitously 

expressed in tumors, including mouse Rhox5, Rhox6, and Rhox9, as well as human 

RHOXF1 (Wilkinson et al. 1990, Rao et al. 2002a, Wayne et al. 2002a, Li et al. 2009).

Little is known about which cell types in adult reproductive organs express individual Rhox 
genes. Most progress on this front has been conducted on Rhox5, which, as described 

earlier, is expressed in mural granulosa cells in the ovary, principal cells in the caput 

epididymis, and Sertoli cells in the testis (Lindsey & Wilkinson 1996b, 1996c, Pitman et al. 

1998, Sutton et al. 1998, Rao et al. 2002b). Many other Rhox genes may be expressed in 

Sertoli cells, based on their expression in an enriched mouse Sertoli cell fraction (MacLean 
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et al. 2005a), but confirmation by immunohistochemistry has not been done on most RHOX 

proteins. Rhox4 is expressed in enriched adult interstitial cell fraction, suggesting that 

Rhox4 is expressed in Leydig cells (MacLean et al. 2005a), but this also requires 

confirmation by immunohistochemistry. Recently, a careful analysis performed by Geyer & 

Eddy (2008) has demonstrated that Rhox13 mRNA and RHOX13 protein are expressed in 

differentiating spermatogonia and preleptotene spermatocytes, indicating that Rhox13 is a 

good candidate to regulate early germ cell differentiation events and/or the transition from 

mitosis to meiosis. Rhox3 and Rhox11 are expressed in male germ cells at later stages of 

germ cell development than Rhox13 (A Bettegowda & MF Wilkinson, unpublished 

observations), indicating that these two Rhox genes are candidates to regulate post-meiotic 

events in germ cells. Interestingly, Mueller et al. (2008) recently demonstrated that the 

mouse X chromosome is enriched for multi-copy genes that are expressed in post-meiotic 

male germ cells, suggesting that the Rhox cluster may be part of a large contingent of X-

linked genes devoted to functions in the late stages of spermatogenesis.

While the cell types that express Rhox genes in adult reproductive organs are only beginning 

to be explored, a recent study conducted by Daggag et al. (2008) has given us a detailed 

view of the expression of Rhox genes in specific cell types within mouse embryonic gonads. 

Their study, which used both whole mount in situ hybridization and qPCR analyses, 

demonstrated that most Rhox genes are expressed in mouse embryonic gonads (Fig. 2). All 

but one of the Rhox genes are expressed in PGCs; the one exception, Rhox8, was expressed 

in the somatic cells neighboring the PGCs. Their study not only confirmed previous reports 

that Rhox5 and Rhox9 are expressed in PGCs (Pitman et al. 1998, Takasaki et al. 2001), but 

it also greatly extended the number of genes involved, particularly since they showed that 

PGCs express the Rhox2 and Rhox4 paralogs, which together consist of 15 genes. 

Interestingly, a recent report has found that Rhox8 is dramatically upregulated in embryonic 

gonads from mice that have undergone sex reversal in response to loss of the ‘pro-female’ 

transcription factor FOXL2 (Uhlenhaut et al. 2009). This suggests that Rhox8 might be part 

of the male-promoting program that converts the ‘indifferent’ early gonad into a male gonad. 

While most of the Rhox genes are expressed in both male and female PGCs, Daggag et al. 
found that three exhibit sex-specific expression. Rhox10 is specifically expressed in male 

PGCs, while Rhox6 and Rhox9, which are highly related in sequence, are expressed 

predominantly in female PGCs. Not only did some Rhox genes exhibit sex-specific 

expression, but many of them also exhibited regulated temporal expression in PGCs during 

gonad development. Together, these data indicate that Rhox genes are good candidates to 

have roles in developmentally regulated and sex-specific events that occur in embryonic 

gonads.

In postnatal and adult mice, the expression patterns of the individual genes in the Rhox 
cluster are quite complex; many exhibit tissue-specific and developmentally regulated gene 

expression in both male and female reproductive tissues (Lindsey & Wilkinson 1996c, 

Pitman et al. 1998, MacLean et al. 2005a, 2005b). Their expression patterns suggest that 

Rhox genes may have both specific and broad roles regulating gametogenesis in both 

females and males. To date, the in vivo roles of only Rhox5 and Rhox9 (Pitman et al. 1998, 

Takasaki et al. 2000) have been reported (Fig. 2). As described earlier, Rhox5-null males 

have increased germ cell apoptosis and sperm motility defects, and they are subfertile 
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(MacLean et al. 2005a). By contrast, Rhox9-null mice were not found to have any 

observable defects (Takasaki et al. 2001). One explanation is that the functions of Rhox9 are 

compensated for by Rhox6, as these two genes are highly similar in sequence and expression 

pattern (Chun et al. 1999, Takasaki et al. 2000). But if Rhox6 does compensate for Rhox9, it 

does so without being upregulated, as Rhox6 mRNA is not increased in level in trophoblast 

cells, the testis, or ovary of Rhox9-null mice (Takasaki et al. 2001).

Most of the other genes in the mouse Rhox gene cluster have both unique and overlapping 

developmental expression patterns, so it is reasonable to suppose that they possess both 

unique and partially redundant functions (MacLean et al. 2005a). Circumstantial evidence 

supporting the notion that many RHOX transcription factors have distinct biological 

functions is that most possess homeodomains differing in amino acid residues at one or more 

of the four positions in the third helix known to make base-specific contacts with DNA 

(MacLean et al. 2005a). For example, RHOX5, RHOX6, RHOX9, and RHOX12, all of 

which are co-expressed in the placenta, have different amino acids at two or more of these 

four positions. Thus, it seems likely that these four RHOX transcription factors regulate, at 

least in part, distinct downstream targets (of note, however, is that the two different ‘DNA-

recognition’ amino acids in RHOX6 and RHOX9 are conservative/similar substitutions). To 

ultimately discern the unique and redundant roles of the Rhox cluster genes, it will probably 

require a combination of approaches that inactivate/deplete individual Rhox genes, 

combinations of Rhox genes, and even the entire Rhox gene cluster.

In vitro studies will no doubt also contribute to our understanding of the biological roles of 

Rhox cluster genes (Fig. 2). In this regard, Jackson et al. (2002) showed that Rhox4b (Ehox) 

is expressed in ES cells and that antisense Rhox4b RNA inhibited ES cell differentiation in 
vitro. Conversely, ES cell differentiation was promoted in response to Rhox4b 
overexpression. These experiments, along with assays to measure self-renewal capacity, 

provided evidence that Rhox4b has two functions in ES cells: it promotes their 

differentiation and inhibits their self-renewal. It will be interesting to determine whether 

other Rhox4 paralogs share this property, as the antisense RNA used by Jackson et al. 
probably targeted all of the other six Rhox4 gene paralogs. A role for Rhox4 genes in early 

development is consistent with in situ hybridization analyses showing that Rhox4 transcripts 

exhibit a developmentally regulated pattern of expression in the early embryo; they are 

initially restricted to extraembryonic endoderm (in e6.5 embryos), and later (e8.5–10.5) they 

are expressed in the embryo proper, first in the anterior foregut endoderm and then in the 

pharyngeal pouches (Jackson et al. 2003).

Regulation of Rhox cluster transcription

The field is only just beginning to explore the mechanisms that regulate most of the 

members of the Rhox gene cluster. One notable exception is the founding member, Rhox5, 

whose regulation has been examined in detail, as described earlier in this review. Here, we 

summarize what is known about the regulation of other Rhox genes, including two studies 

that have uncovered putative global regulatory mechanisms controlling several genes in the 

Rhox gene cluster.
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To ensure proper development, the well-known Hox homeobox gene clusters have evolved 

specialized regulatory mechanisms to control the time and place that the transcription factors 

encoded by the genes within these clusters are expressed. Perhaps the most striking 

discovery that has been made regarding Hox gene clusters is that they exhibit a co-linear 

pattern of expression, such that their physical order on a chromosome correlates with their 

expression pattern. In particular, the timing, position, and level of expression of individual 

Hox genes during embryonic development follow their position within a given Hox gene 

cluster (Spitz et al. 2003). Similarly, MacLean et al. (2005a) found that testis-expressed 

Rhox genes exhibit a temporal and quantitative co-linear expression pattern in which the 

order of these genes within each subcluster on the X chromosome correlates with their 

timing and relative strength of expression during postnatal testes development. It will be 

interesting to determine the functional relevance of this co-linear expression pattern, as well 

as the underlying mechanism responsible for it. With regard to the latter, one could envisage 

it being directed by global transcriptional enhancer elements. By analogy, a global enhancer 

has been identified in the Hoxd cluster that drives the co-linear expression pattern of its 

genes during embryonic development (Spitz et al. 2003).

A different line of evidence for a global Rhox cluster-regulatory mechanism was obtained by 

Oda et al. (2006). As described earlier, these authors demonstrated that Rhox5 is selectively 

expressed in extra-embryonic tissues, not the embryo proper, as a result of DNA methylation 

blocking Rhox5 expression in the latter. Extending their analysis to other Rhox genes, they 

found that, like the Rhox5 Pp, the promoter regions of the Rhox2, Rhox6, and Rhox9 genes 

switch from a hypomethylated state in eight-cell embryos and blastocysts to a 

hypermethylated state in mid-gestation (e8.5–e9.5) embryos. They found that methylation of 

these promoters occurs selectively in the embryo proper, not extra-embryonic tissue 

(trophoblasts and yolk sac), consistent with a repression mechanism specifically preventing 

the expression of Rhox genes in the embryo proper. Causal evidence that this is indeed the 

case was the authors’ finding that mouse embryos lacking both de novo DNMTs - DNMT3a 

and DNMT3b - had greatly elevated expression of most Rhox genes. In contrast, most other 

genes on the X chromosome - including the Rhox-related Esx1 gene, which is far distant 

from the Rhox gene cluster - were not upregulated in the double-mutant embryos. 

Repression was mediated specifically in the embryo proper, as trophoblasts from double-

mutant embryos did not exhibit significantly upregulated Rhox cluster gene expression. This 

was consistent with the fact that Rhox gene cluster promoters are normally already 

hypomethylated in extra-embryonic tissues (Schutt et al. 2003, Oda et al. 2006).

DNMTs can regulate transcription either directly or indirectly. Oda et al. addressed which 

might be the case for Rhox cluster genes by comparing the methylation status of their 

promoters in double-mutant embryos versus control mouse embryos. They found that all the 

Rhox gene promoters that they tested were less methylated in double-mutant embryos than 

control embryos, providing evidence that DNA methylation directly regulates their 

transcription. Methylation of the Rhox6 and Rhox9 promoters required both DNMT3b and 

DNMT1, but not DNMT3a, based on analysis of single-mutant mice for these three factors. 

Likewise, the transcriptional repression of Rhox6 and Rhox9 required DNMT3b, not 

DNMT3a (DNMT1 was not tested). In contrast, Rhox2 promoter methylation could be 

mediated by either DNMT3a or DNMT3b, as only double-mutant (Dnmt3a−/− Dnmt3b−/−) 
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embryos, not compound heterozygous (e.g. Dnmt3a−/+Dnmt3b−/−) mouse embryos, had a 

hypomethylated Rhox2 promoter. Together, these data supported the notion that the Rhox 
gene cluster is controlled by a global DNA methylation-mediated mechanism that confines 

the expression of most Rhox genes to extra-embryonic tissues in mid-gestation embryos.

Oda et al. obtained evidence that this global regulatory mechanism regulates not only the 

Rhox gene cluster, but also a short region upstream and a ~0.3 Mb region downstream, 

which together with the Rhox gene cluster form a domain on the X chromosome that is R1 

Mb in length. The evidence that this ‘methylation-targeted domain’ extends a short region 

upstream of the Rhox gene cluster came from their identification of a gene just ~2 kb 

upstream of Rhox1, called Gm9, whose promoter region was demethylated in double-mutant 

mouse embryos lacking DNMT3a and DNMT3b. Accompanying this demethylation event 

was the ectopic expression of Gm9 in double-mutant embryos. In contrast, the genes 

upstream of Gm9 (including one <20 kb upstream) did not exhibit altered methylation or 

expression, implying that the upstream boundary of the methylation-targeted domain is just 

upstream of Gm9. The evidence that the methylation-targeted domain extends downstream 

of the Rhox gene cluster was the finding that two CpG island-containing gene promoters 

downstream of the Rhox gene cluster become demethylated in double-knockout mice 

embryos. However, there is doubt as to the relevance of this demethylation event, as their 

respective genes did not appear to be expressed at higher levels in double-knockout mice 

than in control mice. Furthermore, a Rhox gene at the 3′ end of the Rhox cluster, Rhox12, 

did not exhibit upregulated expression in double-knockout embryos. Given that Rhox12 is in 

the γ subcluster, this suggests the possibility that the downstream boundary of the 

methylation-targeted domain is between the β and γ subclusters. This predicts that all the 

genes in the α and β subclusters should be upregulated in double-knockout mice. Indeed, all 

the α and β subclusters that were tested (Rhox1, Rhox2, Rhox3, Rhox4, Rhox5, Rhox6, and 

Rhox9) exhibited this regulation. In conclusion, the available evidence from Oda et al. 
suggests the existence of a methylation-targeted domain in the X chromosome that is 

comprised of the 5′ end of the Rhox gene cluster (the α and β subclusters) and a short 

region upstream. Whether this domain also includes the 3′ end of the Rhox cluster (the γ 
subcluster) and genes downstream of that remains to be definitively determined.

The role of DNA methylation in regulating Rhox gene cluster transcription has also been 

studied in cultured cell lines. Li et al. (2009) demonstrated that the mouse Rhox5, Rhox6, 

and Rhox9 genes are induced by the DNA methylation inhibitor 5AzaC in mouse cell lines, 

implying that several Rhox genes are repressed in cell lines by DNA methylation. Likewise, 

they showed that two best-characterized human RHOX genes, RHOXF1 and RHOXF2B, are 

induced by 5AzaC in human cell lines. Further evidence that Rhox genes are repressed by 

DNA methylation was obtained by Oda et al. (2006) who found that the Rhox2, Rhox5, 

Rhox6, and Rhox9 gene promoters are hypermethylated in ES cells. Analysis of ES cells 

lacking different combinations of DNMTs demonstrated that the methylation of these Rhox 
promoters can be mediated by either DNMT3a or DNMT3b. In contrast, the requirement for 

DNMT1 depended on the Rhox gene promoter tested; Rhox6 and Rhox9 promoter 

methylation was dramatically inhibited in Dnmt1-mutant ES cells, whereas Rhox2 and 

Rhox5 promoter methylation was little affected. While these findings suggest that Rhox 
genes are transcriptionally repressed by DNA methylation in ES cells, this was not directly 
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tested, as the authors did not examine the expression levels of Rhox genes in control and 

Dnmt-mutant ES cells. However, it seems likely to be the case, as a recent study has 

demonstrated that a surprisingly large number of X-linked genes, including Rhox2, are 

upregulated in DNMT-deficient ES cells (Fouse et al. 2008). Given the utility of using cell 

lines for in-depth molecular studies, it will be important to continue conducting in vitro 
studies in combination with in vivo studies to obtain an ‘integratedview’ of Rhox cluster 

gene regulation.

The only Rhox gene promoter that has been studied in depth besides Rhox5’s alternative 

promoters is the Rhox4b (Ehox) promoter (Lee et al. 2006). Lee et al. (2006) found that the 

Rhox4b promoter contains a critical CCAAT box within the first ~100 bp of 5′ flanking 

sequence that is necessary for Rhox4b transcription (as defined by a transfected reporter) 

and binds to the transcription factor NFY. Downstream of this NFY-binding element is an 

SP1 transcription factor family consensus-binding site that is necessary for maximal Rhox4b 
promoter activity. This is of interest given that SP1 family members have been shown to 

bind and regulate the expression of the Rhox5Pd in primary granulosa cells and cell lines 

(Rao et al. 2002a, MacLean et al. 2005b). Furthermore, preliminary characterization of the 

Rhox8 promoter has also identified a key SP1 consensus site required for Rhox8 
transcription (J A MacLean, unpublished observations). Thus, regulation by SP1 family 

members may be a common feature of Rhox genes. Like most Rhox cluster genes, Rhox4b 
is expressed in ES cells and the placenta, but it also has the unique property of being 

expressed in the thymus (Jackson et al. 2002, 2003). It will be interesting to determine what 

peculiar aspects of the Rhox4b promoter allow it to be expressed in the thymus. Given the 

wealth of knowledge in the field of immunology (and T cells in particular), it may be 

instructive to learn about genes regulated by Rhox4b in the thymus as a means to gain 

insight into Rhox4b’s function in embryonic development and the placenta. Rhox4b is one 

of the seven gene paralogs almost identical in sequence; most encode identical homedomain 

regions, and the entire deduced amino acid sequence of RHOX4B only differs from that of 

RHOX4F and RHOX4G by two amino acids (MacLean et al. 2006). It will be interesting to 

know whether all seven Rhox4 paralogs are regulated in an identical manner and what 

selection pressures might cause them to undergo divergent regulation over future 

evolutionary time.

Rhox cluster-derived genes outside of the Rhox cluster

As described above, the Rhox gene cluster has undergone several relatively recent 

alterations, including its expansion in rodents, particularly in mice, which have tandem 

duplications of most of the α subcluster genes. Conversely, ancient events have probably 

reduced the size of the Rhox gene cluster. In particular, two genes were almost certainly 

relocated from the Rhox gene cluster to distant sites on the X chromosome as a result of 

ancient chromosomal inversion events (Svingen & Koopman 2007). These two ‘vagabond 

genes’ are Esx1 (also called Spx1 in mice; ESX1 in humans) and Arx (ARX in humans; Fig. 

1). The evidence for their close relationship with the Rhox gene family is threefold. First, the 

Esx1 and Arx genes are both on the X chromosome, like the Rhox cluster. Second, the ESX1 

and ARX homeodomains are similar in sequence to homedomains in RHOX family 

members. Third, both the Esx1 and Arx genes have the hallmark exon-intron structure 
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specifically characteristic of Rhox genes (i.e. introns located at two particular sites within 

the homeodomain-encoding region).

Esx1/ESX1

Esx1 is selectively expressed in testes and placenta in both humans and mice (Branford et al. 

1997, Li & Behringer 1998, Fohn & Behringer 2001, Yeh et al. 2005). In the mouse testis, in 
situ hybridization analyses indicated that Esx1 transcripts are specifically expressed in 

spermatogonia, spermatocytes, and round spermatids in stages IV–VII of the seminiferous 

epithelial cycle (Branford et al. 1997). Although Esx1 transcripts are first detectable in pre-

meiotic germ cells, ESX1 protein is only detectable in post-meiotic round spermatids, 

suggesting that ESX1 is subject to translation control (Yeh et al. 2005). However, despite its 

expression in round spermatids, ESX1 does not appear to have a non-redundant role in 

spermatogenesis, as Esx1-null male mice are fertile and do not exhibit obvious testicular 

defects (Li & Behringer 1998). Instead, these mice exhibit defective placental development 

involving the maternal-fetal interface, leading to reduced embryo size and increased 

placental size. Also consistent with a placental-specific defect, Esx1-null mice are ~20% 

smaller than normal at birth, but later reach normal size. The growth defect was only 

observed when the mutant Esx1 gene was inherited from the mother, consistent with the 

maternal-specific (i.e. imprinted) expression of mouse X-chromosomal genes in placenta. 

The growth-promoting ability of Esx1 during embryonic development contrasts with its 

ability to inhibit the growth of tumor cells. One study showed that a naturally produced C-

terminal ESX1 fragment inhibits the degradation of cyclins and thereby causes cell cycle 

arrest (Ozawa et al. 2004), while another study showed that ESX1 slows tumor growth by 

homeodomain-dependent inhibition of Kras transcription and amino-terminal domain-

dependent reduction in tumorgenicity (Nakajima et al. 2008). Another intriguing aspect of 

Esx1 is that, like Rhox5, it has undergone rapid evolution in mammals (Wang & Zhang 

2007). Evidence suggests that positive selection for rapid changes has primarily occurred in 

the C-terminal region, which is the region that regulates cyclin degradation and cell division. 

It will be interesting to discover the selective forces that might be responsible for this, and 

what consequences this has on ESX1’s role in reproduction.

Arx/ARX

The Arx gene exhibits a different expression pattern than Esx1. Arx is specifically in 

developing male gonads as well as several regions of the developing and adult brain 

(Kitamura et al. 2002, Gecz et al. 2006). Most studies on Arx have focused on its role in the 

brain, as it is commonly mutated in mental retardation patients, and studies in Arx-mutant 

mice have shown that ARX is crucial for development of the forebrain (Kitamura et al. 2002, 

Gecz et al. 2006). Indeed, because of the dramatic brain defects that result from its loss, 

Arx-null mice typically undergo epileptic seizures and perinatal death, precluding analysis 

of ARX’s role in fertility (Kitamura et al. 2002, Marsh et al. 2009). However, this has not 

prevented an analysis of the role of ARX in the developing male gonad in embryos. Analysis 

of Arx-mutant male embryos revealed that their testes had a dysplastic interstitium 

accompanied by reduced expression of a Leydig cell marker, which together suggested that 

these mice had a defect in fetal Leydig cell differentiation (Kitamura et al. 2002). This 

defect in Leydig cells is probably not a primary event, as ARX protein is barely detectable in 
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Leydig cells; instead, it is expressed at high levels in fibroblast-like cells adjacent to the 

Leydig cells in the interstitium. A role for ARX in Leydig cell function is likely to be 

conserved, as some humans with mutations in the ARX gene have reduced numbers of 

Leydig cells and reduced testerone levels (Ogata et al. 2000). It will be important in the 

future to clarify the role of ARX in fetal Leydig cell function, including their ability to 

produce androgens.
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Perspective

The discovery of the Rhox gene cluster has opened up a new frontier in reproductive 

biology. The 33 homeobox genes in this cluster are selectively expressed in the male and 

female reproductive tract, suggesting that Rhox genes probably encode transcription 

factors devoted to regulating and promoting male and female fertility. In the future, it will 

be intriguing to dissect the redundant and non-redundant functions of the Rhox genes in 

mice. To understand the molecular networks that drive these biological functions, the 

direct gene targets of RHOX transcription factors in different reproductive cell types will 

need to be identified. Some progress has already been made on this front with regard to 

androgen/AR-regulated gene networks in somatic cells (i.e. via the androgen/AR-

regulated Rhox5 gene), but it will be important to also identify the Rhox gene-regulated 

networks in developing germ cells. While the study of Rhox gene function in mice has 

the potential to illuminate the role of Rhox genes in human fertility, there is clearly also a 

need to directly study the expression and function of human RHOX genes. For example, 

it will be crucial to assess the function of RHOX genes in human ES cells, including how 

their development into gametes is regulated by RHOX genes. There is also a need to 

obtain a deeper understanding of how Rhox genes are transcriptionally regulated. Rhox 
genes are one of the few genes whose cell type-specific expression has been shown to be 

regulated by DNA methylation. This makes them a model system to elucidate the 

underpinings and physiological importance of this key ‘epigenetic’ regulatory 

mechanism. Finally, the unusual evolution of the Rhox gene cluster and its individual 

family members is worth studying in more depth, particularly since the rapid evolution of 

Rhox genes may have contributed to speciation and the development of different 

reproductive strategies in different organisms.
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Figure 1. 
Organization of the Rhox cluster in rodents and humans. The syntenic region of the X 

chromosome containing the Rhox orthologs and conserved flanking genes is shown. The 

rodent Rhox gene subclusters are indicated by red (α), green (β), and blue (γ). Established 

orthologous genes are indicated by dotted lines. The orthologous relationship between 

human RHOX genes and rodent Rhox genes cannot be clearly assigned because of the rapid 

evolution of Rhox genes. The map positions shown are according to builds 37.1 (mouse), 3.4 

(rat), and 37.1 (human).
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Figure 2. 
Summary of mouse Rhox cluster gene expression and function. The relative expression of 

each Rhox gene within the indicated tissue or cell type is shown by the heat map, with 

highly expressed genes shown in bright red and modestly expressed genes in maroon. The 

expression of Rhox genes in ES cells was determined by northern blot analysis (Sasaki et al. 

1991, Fan et al. 1999), qPCR analysis (Jackson et al. 2002, Fouse et al. 2008), and semi-

quantitative PCR analysis (Oda et al. 2006). The expression of Rhox genes in the early 

embryo (blastocyst to E8.5) was determined by semi-quantitative PCR analysis (Takasaki et 

al. 2000, Jackson et al. 2002, Chazaud et al. 2006); while Rhox6 and Rhox9 cannot be 

detected in normal mouse embryos, they can be detected in Dnmt-mutant embryos deficient 

in DNA methylation by RT-PCR (33 cycles; Oda et al. 2006). The expression of Rhox genes 

in fetal gonads was determined by qPCR and in situ hybridization analyses (Daggag et al. 

2008); these analyses demonstrated that all Rhox genes are predominantly expressed in 

primordial germ cells (PGCs), except for Rhox8, which was exclusively expressed in 

gonadal somatic cells (s). ‘m’ and ‘f’ indicate expression specifically in male and female 

PGCs respectively. The expression of Rhox1 to Rhox12 in placenta and adult testes, 

epididymides, and ovaries was determined using qPCR analysis and/or ribonuclease 

protection analysis (MacLean et al. 2005a). The expression of Rhox13 in ovary and testis 

was determined by northern and semi-quantitative RT-PCR analyses (Geyer & Eddy 2008); 

its expression in epididymis and placenta was determined by qPCR analysis (JA MacLean & 

MF Wilkinson 2007, unpublished observations). (*) Rhox9 mRNA was reported as highly 

expressed in epididymis, but is now known to be an alternatively spliced Rhox9 mRNA that 

generates an amino domain-truncated protein (JA MacLean & MF Wilkinson 2005, 

unpublished observations). In vitro and in vivo functional analyses of Rhox5 were 

performed by Fan et al. (1999) and MacLean et al. (2005a), respectively. In vitro and in vivo 
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functional analyses of Rhox4 and Rhox9 were peformed by Takasaki et al. (2001) and 

Jackson et al. (2002), respectively.
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