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Females (XX) carry twice as many X-linked genes on their sex chromosomes as males 

(XY). How do cells control gene expression to manage this potentially lethal dosage 

problem? 

 
Figure 1: Tortoiseshell cat. 

The patchy distribution of color on tortoiseshell cats results from the random 

inactivation of one X chromosome in females. 

Unlike the gene-poor Y chromosome, the X chromosome contains over 1,000 genes that 

are essential for proper development and cell viability. However, females carry two 

copies of the X chromosome, resulting in a potentially toxic double dose of X-linked 

genes. To correct this imbalance, mammalian females have evolved a unique 

mechanism of dosage compensation distinct from that used by organisms such as flies 

and worms. In particular, by way of the process called X-chromosome inactivation 

(XCI), female mammals transcriptionally silence one of their two Xs in a complex and 

highly coordinated manner (Lyon, 1961). The inactivated X chromosome then 

condenses into a compact structure called a Barr body, and it is stably maintained in a 

silent state (Boumil & Lee, 2001).  

A prime example of X inactivation is in the coat-color patterning of tortoiseshell or 

calico cats (Figure 1). In cats, the fur pigmentation gene is X-linked, and depending on 

which copy of the X chromosome each cell chooses to leave active, either an orange or 

black coat color results. X inactivation only occurs in cells with multiple X 

chromosomes, which explains why almost all calico cats are female.  

X inactivation exists in two different forms: random and imprinted. Although both 

forms utilize the same RNAs and silencing enzymes, they differ in terms of their 

developmental timing and mechanism of action.  



Noncoding RNAs and X Inactivation  

As previously mentioned, RNA plays an important role in X inactivation. Specifically, 

two noncoding, complementary RNAs—XIST and TSIX—initiate and control the 

inactivation process. 

XIST Exists to Silence  

 

 
Figure 2: Expression of the XIST gene in males, females and somatic cell hybrids. 

Slot blot of total cellular RNA isolated from human lymphoblastoid cell lines or mouse-

human somatic cell hybrids retaining either the active or inactive human X 

chromosome, hybridized with the 14A XIST cDNA proble. The probe hybridizes only 

to RNA samples from cell lines which contain an inactive X chromosome. 
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XIST, or X-inactive specific transcript, was discovered due to its specific expression 

from inactive female X chromosomes. This RNA has four unique properties (Borsani et 

al., 1991; Brockdorff et al., 1991, 1992; Brown et al., 1991, 1992; Clemson et al., 

1996):  

1. The XIST gene does not encode a protein but rather produces a 17 kilobase (kb) 

functional RNA molecule. Hence, it is a noncoding RNA (Costa, 2008).  

2. XIST RNA is only expressed in cells containing at least two Xs and is not 

normally expressed in male cells (Figure 2). Higher XIST expression can be seen 

in cells with more X chromosomes, as a counting mechanism dictates that only 

one X per cell can remain active. In such cells, XIST is expressed from all 

supernumerary Xs.  
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3. XIST RNA remains exclusively in the nucleus and is able to "coat" the 

chromosome from which it was produced (Figure 3).  

4. Paradoxically, XIST RNA is expressed from an otherwise inactive X 

chromosome.  

Research has shown that XIST RNA is both necessary and sufficient for inactivation 

(Penny et al., 1996; Wutz & Jaenisch, 2000), and it recruits various silencing protein 

complexes to label the future inactive X chromosome. Increased XIST expression 

represents a key initiation event in X inactivation, indicating the central role of this 

noncoding RNA.  

TSIX Antagonizes XIST  

 

 
Figure 3: RNA fluorescent in situ hybridization on metaphase chromosomes showing 

that Xist (green) coats the X chromosome (arrow). DNA stained in blue. 
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So, how is XIST expressed from one X chromosome while it remains silent on the other 

X? The answer to this question came just several years after the discovery of XIST, 

when XIST's antisense partner—TSIX ("XIST" backwards)—was identified (Lee et al., 

1999). The term "antisense" refers to the fact that TSIX is complementary in sequence to 

XIST. TSIX is also a long (40 kilobase), noncoding RNA, but it is transcribed in the 

opposite direction across the entire XIST gene. Like XIST, TSIX only acts on the 

chromosome that produces it. Moreover, there is an inverse relationship between TSIX 

and XIST expression: When TSIX transcription is reduced on one X, XIST expression 

increases and leads to inactivation of that same X chromosome (Lee & Lu, 1999; Sado 

et al., 2001). In contrast, overexpression of TSIX prevents increases in XIST expression 

and blocks inactivation in cis or on that same X (Luikenhuis et al., 2001; Stavropoulos 

et al., 2001). These observations suggest that expression of TSIX is required to 

antagonize XIST on the future active X (Figure 3). 

Imprinted X Inactivation: Preferential Silencing of the 

Father  

As mentioned earlier in the article, there are two types of X inactivation: imprinted and 

random. During imprinted X inactivation, the paternal (father's) X chromosome is 

preferentially silenced in the placenta (an extraembryonic tissue) of eutherian mammals, 

http://www.nature.com/
http://www.nature.com/


as well as in all cells of earlier marsupial mammals, such as opossums and kangaroos 

(Graves, 2006; Huynh & Lee, 2005). Interestingly, XIST and TSIX are both important 

for imprinted XCI in the mouse (a eutherian), but marsupials do not have an XIST gene 

homologue (Duret et al., 2006; Lee, 2000; Marahrens et al., 1997; Sado et al., 2001). 

This raises the question of how imprinted inactivation is achieved in marsupials without 

using XIST. One possible mechanism involves pre-silencing of the paternal X in the 

male germ line during a process whereby both sex chromosomes are inactivated during 

meiosis; here, the inactive state of the X could be transmitted to the next generation 

(Hornecker et al., 2007; Huynh & Lee, 2005; Namekawa et al., 2007). From an 

evolutionary point of view, such a form of inherited XCI would have easily and 

economically achieved dosage compensation in female embryos, because only females 

inherit an X chromosome from their fathers. 

Interestingly, remnants of this type of mechanism may still exist in eutherian mammals, 

such as the mouse (Huynh & Lee, 2005). While debate remains concerning the details 

of how and when dosage compensation is achieved, it is clear that imprinted XCI first 

occurs in all cells of early eutherian mammalian embryos prior to implantation into the 

uterus (Huynh & Lee, 2005; Okamoto & Heard, 2006). Together with the fact that 

earlier mammals, such as marsupials, also only silence their paternal Xs, imprinted XCI 

may represent an evolutionarily ancestral form of X inactivation. Occurring before the 

appearance of XIST and TSIX, imprinted XCI led to the evolution of random XCI in 

eutherian mammals.  

Random X Inactivation  

Random X inactivation occurs in the early female embryo, where both the maternal and 

the paternal X chromosome have an equal chance of becoming inactivated (Figure 4). 

Each female cell has the difficult task of trying to distinguish between two X 

chromosomes within the same nucleus, then designating one as an active X 

chromosome and the other as an inactive X. This complex process of silencing is 

accomplished independently in each cell, largely by XIST and TSIX. 

Embryonic stem (ES) cells can undergo random X inactivation when differentiated in 

vitro (Martin et al., 1978; Rastan & Robertson, 1985), and they thus serve as a good 

model system with which to study this phenomenon. In fact, the use of ES cells along 

with early mouse embryos has enabled geneticists to dissect the different phases of the 

random XCI pathway. It seems that each cell first counts its number of X chromosomes, 

then randomly chooses one X to remain active, and, finally, silences the future inactive 

X (Bourmil & Lee, 2001). Whole-chromosome silencing involves the recruitment of 

many specialized factors, such as histone variants and chromatin modifiers (Lucchesi et 

al., 2005).  

In addition to silencing one of the two Xs, the cell must also make sure that the other X 

remains active. Thus, there must be a way for the two Xs to communicate with each 

other to designate mutually exclusive fates. Interestingly, recent evidence suggests that 

this communication is mediated by protein- and transcription-dependent pairing 

between the Xs during early development (Bacher et al., 2006; Xu et al., 2006, 2007). 
The random XCI story becomes even more complex with the discovery of various 

enhancers and modifiers that can alter or skew inactivation of one X chromosome over 

the other.  



 

 
Figure 4: The ontogeny of X-chromosome inactivation in the mouse: two current views. 

a) The de novo inactivation model requires many rounds of inactivation and 

reactivation: the paternal germline initiates meiotic sex-chromosome inactivation, but 

the X chromosome is completely reactivated after meiosis. The zygote inherits two fully 

active X chromosomes and begins re-inactivation of the paternal X chromosome (XP) at 

the 4- to 8-cell stage. In the trophectoderm (extra-embryonic cells, shown in blue), XP 

silencing is maintained, therefore accounting for the imprinted form of X-chromosome 

inactivation. By contrast, in the epiblast (green cells), yet another round of reactivation 

takes place in preparation for a final round of inactivation in the form of random X-



chromosome inactivation. b) In the pre-inactivation model, the female zygote inherits a 

partially silent XP and maintains the silent state throughout pre-implantation 

development. Silencing becomes globalized and complete in extra-embryonic tissues. 

This accounts for the imprinted form of X-chromosome inactivation. By contrast, the 

epiblast cells of the inner cell mass (ICM) undergo a single round of reactivation 

followed by a random form of X-chromosome inactivation. 
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Why Evolve Random X Inactivation?  

This comparison of imprinted versus random X inactivation raises an important 

question: If all cells of the early preimplantation embryo already inactivate the paternal 

X, why is there a need to reactivate it, only to randomly inactivate an X chromosome 

again? One hypothesis is that perhaps random X inactivation evolved in placental 

mammals in order to have an additional chance to cope with X-linked mutations. 

Specifically, if the paternal X is always inactivated, this places the burden of all X-

chromosome gene expression on the mother. Placental mammals may have therefore 

evolved random X inactivation to alleviate the burden of maternal X-chromosome 

mutations. In Rett's syndrome, for instance, females that carry a mutated copy of the 

MECP2 gene on the maternal X are able to survive (although with variable symptoms), 

because the paternal X has a normal copy that remains active in some cells (Ham et al., 

2005). Random XCI is also mechanistically more complete than imprinted XCI, which 

tends to be very leaky, or still exhibit some normal phenotype, in marsupials (Graves, 

2006). 

Although random XCI is remarkably complete, a significant minority of eutherian genes 

can escape inactivation and remain active, particularly in humans, despite the fact that 

XIST RNA spreads along the entire X chromosome (Carrel & Willard, 2005; Johnston 

et al., 2008). The fact that certain genes can escape silencing directly impacts certain 

human conditions in which there is an abnormal number of X chromosomes. For 

example, XO females (Turner's syndrome), XXX females, and XXY males 

(Klinefelter's syndrome) all display developmental defects (including infertility and 

congenital heart problems), even though supernumerary Xs are silenced in XXX and 

XXY individuals (Figure 2), while the single X of the Turner's syndrome female 

remains active (Ham et al., 2005). These syndromes may be attributed to the fact that X-

linked genes that normally escape XCI are not expressed at the correct dosage. 

X-Inactivation Research: Future Perspectives  

X inactivation has been studied for over half a century, yet several unresolved questions 

remain. For example, how exactly does the cell correctly count its number of Xs? How 

is silencing achieved and maintained at the molecular level? Why do noncoding RNAs 

play such a large role in XCI? How do some crucial genes manage to escape from the 

pervasive influence of XIST on the inactive X? 

The study of X inactivation may also provide insight into cancer biology, as two active 

Xs have been found in many human breast and ovarian tumors (Liao et al., 2003). 
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Additionally, the X-inactivation process can extend beyond the scope of X-linked genes 

and be applied to many human disorders involving imprinted genes—genes expressed 

from only one of two parental chromosomes that are apparently also regulated by 

noncoding RNAs (Sleutels & Barlow, 2002). Without a doubt, X inactivation represents 

a great model system with which to study a broad range of developmental and 

epigenetic processes—those involving stable gene expression without changes to the 

underlying DNA sequence. 

 


