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(alanine or glycine) in the ATP-binding 
pocket (Figure 2). A series of ATP analogs 
(benzyl-ATP) possessing a side group to fit 
into the engineered hole have been generat-
ed. Only the analog-sensitive (as-) mutant, 
not the wild-type kinase, can efficiently use 
these ATP analogs as phosphate donors. 
Therefore, only unique substrates of the 
as-kinase are labeled by the ATP analogs. 
A modification of this approach that gen-
erates a thiophosphate ester at the phos-
phorylation site for detection with an anti-
body has been successfully used to identify 
direct substrates of as-kinases (18). In our 
view, an as-δPKC mutant will be an impor-
tant tool for identifying specific δPKC 
substrates phosphorylated in response to 
ischemia and reperfusion, hypertension, 
and microvascular dysfunction. The δPKC 
signaling pathways revealed during disease 
progression should facilitate the develop-
ment of additional δPKC-based therapeu-
tic strategies.
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Jakub Minks, Wendy P. Robinson, and Carolyn J. Brown

Department of Medical Genetics, University of British Columbia, Vancouver, British Columbia, Canada.

X chromosome inactivation involves a random choice to silence either X 
chromosome early in mammalian female development. Once silenced the 
inactive X is stably inherited through subsequent somatic cell divisions, and 
thus, females are generally mosaics, having a mixture of cells with one or 
the other parental X active. While in most females the number of cells with 
either X being active is roughly equal, skewing of X chromosome inactiva-
tion is observed in a percentage of women. In this issue of the JCI, Bolduc 
and colleagues address whether skewing of X chromosome inactivation in 
humans is influenced by an X-linked locus that can alter this initial random 
inactivation (see the related article beginning on page 333). Their data indi-
cate that most of the skewing observed in humans results from secondary 
events rather than being due to an inherited tendency to inactivate a par-
ticular X chromosome.

What is skewed X chromosome 
inactivation?
X chromosome inactivation (XCI) — a 
process originally hypothesized by Lyon 
in 1961 (1) and by which one of the two 
copies of the X chromosome present in 
females is inactivated — achieves dosage 

equivalency for X-linked genes between 
XY males and XX females. A critical tenet 
of this hypothesis was that the initial 
choice of which X (maternal or paternal) 
to inactivate was random but then this 
choice was stably inherited. An individu-
al cell’s decision to inactivate either the 
paternal or maternal X is made early in 
development, at approximately the time 
of implantation (2). A deviation from 
equal (50%) inactivation of each parental 
allele is known as skewing, with common 
criteria for “skewed” inactivation being 
arbitrarily defined as the observation of 
inactivation of the same allele in 75% or 
80% of cells (and very skewed inactivation 
resulting in 90% or 95% of cells with the 
same allele inactive).

A solid understanding of the causes of 
skewed XCI is needed because skewing is 
often used as a tool in the clinical setting 

Nonstandard abbreviations used: Xce, X chromo-
some controlling element; XCI, X chromosome inacti-
vation; Xist, X (inactive)–specific transcript.
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(see The clinical relevance of skewed XCI). As 
shown in Figure 1A, some individuals will 
undergo skewed XCI by chance, as there 
is a limited pool of cells at the time of 
inactivation and only a limited precursor 
population that contributes to any tissue. 
Selection can also lead to a secondary (or 
acquired) skewed inactivation. In addi-
tion, there may be variants controlling 
the initial choice of which X to inactivate, 
resulting in primary nonrandom inactiva-
tion. For example, in mice there is a locus 
known as the X chromosome controlling 
element (Xce) that differs between strains 
and results in primary skewing of inac-
tivation during animal crosses (3). The 
murine Xce is located downstream of X 
(inactive)–specific transcript (Xist) (4), a 
gene that codes for a non–protein cod-
ing RNA that localizes to the inactive X 
chromosome and has been shown to be 

sufficient for XCI (reviewed in ref. 5). 
Whether there is a similar locus involved 
in XCI skewing in humans remains an 
open question. In this issue of the JCI, the 
study by Bolduc et al. addresses the rela-
tive contribution to XCI skewing of pri-
mary and secondary influences by inves-
tigating skewing in a population of over 
500 pairs of healthy female mothers and 
their neonates (6).

Assays to examine XCI skewing require 
the presence of a polymorphism to distin-
guish the two Xs and a means of deter-
mining which X is active. While exam-
ining RNA or protein is a more direct 
measure of X chromosome activity, DNA 
methylation of the inactive X is often used 
as a surrogate since DNA is more easily 
extracted, stored, and analyzed. Further-
more, coding region polymorphisms are 
generally less informative and can show 

allelic imbalances in expression levels. An 
assay monitoring DNA methylation of 
the highly polymorphic CAG trinucleo-
tide polymorphism at the 5ʹ end of the 
gene encoding the androgen receptor, as 
used in the Bolduc study (6), has become 
the standard for measuring XCI skewing 
(Figure 1B).

The clinical relevance of skewed XCI
Skewing of XCI can reflect or result in bio-
logical consequences for females. Because 
XCI is stable once established, clonal 
expansion of a somatic cell — as occurs in 
cancer — results in a cell population with 
extremely skewed XCI. This is often used 
to assess tumor clonality (7). For some  
X-linked diseases there is strong selection 
in the heterozygous carrier in favor of 
cells bearing the mutation on the silenced 
inactive X, and thus, assessment of XCI 

Figure 1
Skewed XCI in females. (A) Skewed XCI can result from either a primary nonrandom inactivation or a secondary, acquired nonrandom inac-
tivation. There are two active X chromosomes in the female embryo, one from each parent (maternal and paternal; Xm and Xp, respectively). 
Upon inactivation, one X forms the heterochromatic inactive X depicted here as a darkly staining oval. The cells are shaded to reflect the 
different origins of their remaining active X. Subsequent stochastic or selective growth of one cell population leads to skewing of inactiva-
tion. However, if the initial inactivation was influenced by an allele (analogous to the murine Xce allele) then inactivation could be directed 
primarily towards one allele. A reduction in the embryonic precursor pool size at the time of random choice would make skewed XCI more 
likely. (B) The common way to examine XCI skewing makes use of a highly polymorphic CAG repeat (shown here as having allele sizes a 
and b) in the androgen receptor gene and differential methylation (methylation shown as black lollipop while the unmethylated allele has 
open lollipops) of the active (Xa) and inactive (Xi) X. DNA is extracted from the cells to be tested and then digested with a methylation-sen-
sitive restriction enzyme (shown as scissors). The methylated (Xi) DNA will remain intact for subsequent PCR amplification using primers 
(shown as arrows) flanking the cut site. The ratio of the alleles (a and b, distinguished by PCR product length) in the undigested compared 
with the digested DNA reflects the XCI skewing. 
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skewing in female family members can be 
suggestive of carrier status (8). In X-linked  
disorders where XCI skewing is not driv-
en by selection, the extent of stochastic 
skewing can influence the extent of dis-
ease. For example, in the case of Fabry 
disease — an X-linked recessive inherited 
lysosomal storage disease — the possibil-
ity of therapeutic intervention makes the 
assessment of XCI skewing of increasing 
diagnostic value as therapies develop (9). 
More recently, increases in somatic XCI 
skewing have been associated with a vari-
ety of diagnoses, including premature 
ovarian failure and recurrent spontaneous 
abortion, several autoimmune disorders 
including scleroderma, and some cancers, 
notably breast cancer (e.g., refs. 10–12). As 
no causative X-linked locus has yet been 
identified in such associations, causes of 
XCI skewing in addition to selection need 
to be considered (e.g., refs. 10, 13).

Consideration of the sources of 
skewed XCI
If the assessment of XCI skewing is to be 
used as a clinical tool, we need to under-
stand the biological sources of skewing. 
There have now been several large-scale 
analyses of XCI in an effort to define 
the basal level of skewing, the largest of 
which examined skewing in over 1,000 
women (14). This new paper from Bolduc 

and colleagues (6) provides another large 
dataset for the literature. There is vari-
ability among studies (extreme skewing 
in newborns ranging from 0.5% to 2.7% of 
the population examined), some of which 
might be attributable to differences in 
methodology, however, the most striking 
changes in frequency of skewing are seen 
with patient age and cell type studied.

Much of the skewing seen in adult 
hematopoietic cells is not observed in 
newborns. Bolduc et al. observed a dou-
bling of the frequency of extreme skewing 
in mothers relative to their newborns (6). 
This increase in skewing seems to become 
even more pronounced as women age 
(15). The Bolduc study also analyzed both 
blood and buccal (epithelial) tissue for 
skewing (6). They observed a substantial 
correlation between the two tissues, with 
blood showing greater skewing in both 
the neonates and mothers in agreement 
with previous studies (16, 17). This is an 
important finding because it suggests 
that tissues of different germ-lineage ori-
gin show similar inactivation patterns. As 
the tissue(s) affected by an X-linked dis-
order may be inaccessible to study, it will 
be important to determine the extent to 
which accessible tissues (such as blood or 
buccal samples) reflect the XCI pattern in 
other tissues. Age-related, acquired XCI 
skewing can lead to late-onset disease 
in individuals, as has been reported for  
X-linked sideroblastic anemia (18). If age-
related, acquired XCI skewing occurs in 
tissues other than blood then late-onset 
symptoms might be a concern for addi-
tional X-linked disorders. Within blood, 
substantial differences in skewing, partic-
ularly in older adults, have been reported 
for different subpopulations of hemato-
poietic cells (19), which means that any 
differences in an individual’s immune 
health or method of sample acquisition 
that might bias cell representation may 
contribute to variability between individ-
uals and studies.

A critical question addressed by the 
Bolduc study was whether there is a genet-
ic component to skewing of XCI (6). Sev-
eral twin studies have shown a substantial 
genetic component to acquired or second-
ary XCI skewing (20, 21). However, there 
has been limited study of the intriguing 
question of whether there are primary 
influences in humans on the choice of 
which X chromosome to inactivate. To 
address this issue, Bolduc et al. examined 
concordance between mother-daughter 

pairs for XCI skewing. In both buccal 
and hematopoietic cells, the authors saw 
no evidence that neonates with skewed 
XCI are more likely to have had a mother 
with skewed XCI. There are considerable 
challenges to such studies as discussed 
by the authors. First, much of the skew-
ing observed in the mothers could have 
been caused by selective pressures and 
acquired secondarily rather than reflect-
ing an initial bias. Second, the low fre-
quency of skewing in the newborn popu-
lation means that sample sizes need to be 
very large to detect a significant heritable 
effect. Finally, the contribution of the 
paternal allele is difficult to address since 
males do not inactivate their only X chro-
mosome. Therefore, drawing an analogy 
with the murine Xce, the authors exam-
ined polymorphisms in the XIST gene to 
determine whether there was a correla-
tion between a particular allele or hap-
lotype (combination of alleles) and the 
prevalence of XCI skewing. Again, no evi-
dence for a genetic component to skewing 
was observed. Interestingly, however, the 
French-Canadian population examined 
in this study was relatively homogeneous 
for the XIST alleles studied, limiting the 
authors’ power to detect a significant 
effect. There are striking population dif-
ferences between XIST haplotype frequen-
cies (see Table 1; ref. 22), suggesting that 
studies in other populations (or hetero-
geneous populations) might reveal a dif-
ferent story.

There are many case reports in the litera-
ture of families that seem to have substan-
tial heritable skewing of XCI (for example, 
refs. 23, 24). Unlike in mice, in which the 
Xce alleles play a critical role in this skew-
ing, such cases may reflect acquired skew-
ing due to selection or very rare mutations 
related to XIST (25). While the population 
differences for XIST suggest we cannot yet 
close the book on the existence in humans 
of an Xce-like gene, the results from the 
Bolduc study in this issue of the JCI (6) 
support the hypothesis that the major-
ity of XCI skewing observed in the adult 
population is acquired secondarily.
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Table 1
Different haplotype frequencies among 
HapMap populations for XIST

XIST 	 CEU	 YRI	 JPT/CHB
haplotypeA

T-A-C-T	 0.59	 0.17	 0.07
C-C-C-T	 0.16	 0.22	 0.01
C-A-C-C	 0.2	 0.09	 0.92
C-A-T-T	 0.06	 0.22	 0
C-A-C-T	 0	 0.30	 0

AHaplotype designation is from four of the 
five SNPs used in Bolduc et al. study (6) 
(rs1082089 did not have complete popula-
tion data) ordered by location on chromo-
some as rs1620574, rs1794213, rs1009948, 
and rs1894271). The allele information 
provided by Bolduc et al. did not explicitly 
state the order of SNPs; however, an esti-
mated 80% of their subject population was 
homozygous for an XIST haplotype. Data 
retrieved from HapMap (22); release 21a 
(NCBI build 35). CEU, Utah (USA) residents 
with ancestry from northern and western 
Europe; YRI, Yoruba people from Ibadan, 
Nigeria; JPT/CHB, Japanese people from 
Tokyo, Japan, and Han Chinese people 
from Beijing, China.
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Blood is thicker than lymph
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Department of Medicine and University of Pennsylvania Cardiovascular Institute, University of Pennsylvania, Philadelphia, Pennsylvania, USA.

Growth of blood and lymphatic vessels is essential in the developing embryo 
and in the pathogenesis of human diseases such as cancer, but the signaling 
pathways that regulate vessel growth and function are not yet well character-
ized. In this issue of the JCI, studies by Fritz-Six et al. and Ichikawa-Shindo 	
et al. demonstrate that loss of signaling by the adrenomedullin peptide 
results in embryonic edema and death (see the related articles beginning 
on pages 40 and 29, respectively). Remarkably, this phenotype is attributed 
to defects in lymphatic vessels by one group and to defects in blood vessels 
by the other. In addition to defining what I believe to be a novel angiogenic 
signaling pathway, these studies demonstrate the intricate molecular, genet-
ic, and physiologic relationships between blood and lymphatic vessels that 
must be considered by investigators of vascular biology.

Blood and lymphatic vessels: 
embryonic connections
Mammals have 2 distinct vascular systems: a 
blood vascular network essential for the deliv-
ery of oxygen and nutrients, and a lymphatic 
vascular network that returns extracellular 

fluid and proteins to the blood circulation 
and coordinates the immune response. 
These vascular systems form sequentially 
during embryonic life. The blood vascular 
system develops first, coordinately with 
development of the heart and blood to feed 
the growing embryo. The lymphatic vascular 
system develops in midgestation as the blood 
cardiovascular system matures and hemody-
namic forces rise (1). Mouse genetic studies 
have confirmed Florence Sabin’s century-old 
hypothesis that lymphatic vessels arise from 
venous endothelial cells that exit the car-
dinal vein and coalesce to form the lymph 

sacs, the first lymphatic vascular structures 
(2, 3). Angiogenic sprouting from the primi-
tive lymph sacs ultimately gives rise to a new 
vascular network of lymphatic vessels. Blood 
and lymphatic vessels are often considered 
as distinct systems with little overlapping 
function or regulation, but studies of geneti-
cally modified mice, and even the origin of 
human diseases such as Kaposi sarcoma (4, 
5), have begun to reveal the strong molecular 
and physiologic relationships between these 
vascular entities. In this issue of the JCI, 2 
studies of adrenomedullin (AM) signaling 
identify a developmental link between the 
blood and lymphatic vascular systems (6, 7).

AM: a pleiotropic regulator of 
vascular function
AM is a 52-aa peptide, first isolated from a 
human pheochromocytoma, that is a mem-
ber of the family of calcitonin gene–related 
peptides (CGRPs), which is composed of 
calcitonin, AM, CGRP1 and CHRP2, and 
amylin. At the time of its discovery AM 
was noted to be a potent vasodilator (8), 
and it has subsequently been linked to the 
regulation of numerous vascular responses, 

Nonstandard abbreviations used: AM, adrenomedul-
lin; CALCRL, calcitonin receptor–like receptor; CGRP, 
calcitonin gene–related peptide; RAMP, receptor activ-
ity–modifying protein.
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