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Equivalent levels of X-linked gene products between males and females are reached by means of X
chromosome inactivation (XCI). In the human and murine embryonic tissues, both the paternally and
maternally derived X chromosomes (XP and XM) may be inactivated. In murine extra-embryonic tissues,
XP is imprinted and always silenced; humans, unlike mice, can inactivate the XM in extra-embryonic lineages
without an adverse outcome. This difference is probably due to the presence of imprinted placental genes
on the murine X chromosome, but not on the human homologue, essential for placental development and
function. An example is the paternally imprinted Esx1 gene; mice with a null maternally derived Esx1 allele
show intrauterine growth restriction (IUGR) because of placental insufficiency. We investigated the
imprinting status of the human orthologous Esx1 gene (ESX1L) in placental samples of four normal full-term
and 13 IUGR female fetuses, in which we determined the XCI pattern. Our findings demonstrated that IUGR
as well as normal placentas display XCI heterogeneity, thus indicating that the IUGR phenotype is not
correlated with a preferential pattern of XCI in placentas. Moreover, ESX1L is equally expressed in IUGR and
normal placentas, and shows the same methylation pattern in the presence of both random and skewed
XCI. These findings provide evidence that ESX1L is not imprinted in human third-trimester placentas and
there is no parent-of-origin effect of chromosome X associated with placental insufficiency.
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Introduction
X chromosome inactivation (XCI) is the mechanism that

ensures equivalent levels of X chromosome gene products

in males and females by silencing most of the genes on the

inactivated X chromosome.1,2 It occurs early, from the late

morula to the blastocyst stage,3 and is generally stable

through subsequent cell divisions.

In the embryonic tissues of murine and human females,

X inactivation is usually random, with an equal probability

of the maternally or paternally derived X chromosome

(XM, XP) being inactivated in a given cell. Preferential

XCI is an infrequent event in humans, which can

be associated with conditions such as extensive X
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chromosome structural rearrangements, X-linked lethal

traits and reduction of the number of embryonic precursor

cells in the inner mass at the time of XCI commitment.4,5

In extra-embryonic tissues of marsupials and mice, the XP

is always inactivated.3 In humans, conflicting data have

been reported; of four recent studies, using the methyla-

tion assay of androgen receptor (AR), one reported XP

preferential inactivation,6 and three showed both random

and preferential XCI.7–9 In particular, Looijenga et al7

demonstrated a heterogeneous (random and preferential)

XCI pattern even in different sites of the placental unit.

In mouse, XM is resistant to inactivation in extra-

embryonic tissues.10,11 For this reason, embryos with an

extra XM chromosome display an almost complete absence

of placental tissue, probably because of an anomalous

expression of the murine X-linked genes involved in

placental development.12–14 Moreover, the embryonic

death of conceptuses that are disomic for XM chromosome

results from a failure to undergo X inactivation in extra-

embryonic tissues.15 In humans, supernumerary X chro-

mosomes of either maternal or paternal origin do not

represent lethal conditions because XM can be inactivated

in extra-embryonic tissues without any adverse outcome

on pregnancy.

Intrauterine growth restriction (IUGR) is a condition of

pregnancy characterized by fetal growth reduction and

placenta insufficiency.16 A number of fetal (chromosomal

abnormalities, confined placental mosaicism, congenital

malformations, infection) and maternal causes (malnutri-

tion, vascular/renal disease, congenital or acquired throm-

bophilic disorder, drugs/lifestyle) have been associated

with IUGR.17 However, in most cases, no specific cause

can be identified and the placenta does not develop

adequately due to an incorrect invasion of maternal

arteries by the trophoblast. Several evidences indicate that

IUGR may be associated with altered levels of autosomal

imprinted gene expression.18–20 Most of the imprinted

genes involved in fetal/placental growth have been

discovered in murine models, including Esx1, an imprinted

X-linked gene that is maternally expressed.21 Li and

Behringer22 reported that mice with Esx1 deletion affecting

the maternally derived allele are 20% smaller with respect

to controls and show placental insufficiency; these authors

and Looijenga et al7 suggested a relationship between Esx1

and human IUGR. No data are available concerning the

role of the human orthologous ESX1L23 and its effect on

human pregnancy but, in the case of a similar ESX1L

imprinting status to that in mouse, preferential XM

inactivation in placental tissue could inactivate the

expressed allele and have an adverse effect on placental

function.

We studied the XCI pattern and the imprinting status of

the ESX1L gene in placental tissues from idiopathic female

IUGR pregnancies to investigate the role of chromosome X

imprinting in human pregnancy.

Material and methods
Patients

Pregnant women were recruited in the Unit of

Obstetrics and Gynecology of the San Paolo Hospital of

Milan. The protocol was approved by the Local Ethics

Committee, and informed consent was obtained from

both parents.

We studied 13 pregnancies carrying an IUGR female fetus

at the time of elective cesarean section performed at 26–37

weeks of gestation. The IUGR fetuses were identified in

utero by means of serial ultrasound examinations: their

abdominal circumference measurements were less than

the 10th percentile of the age-related reference values, and

they showed a decrease of more than 40 percentiles

from the growth standard curve.24 Growth restriction at

birth was confirmed if the neonatal weight was less

than the 10th percentile of the Italian standards for birth

weight and gestational age.25 The exclusion criteria were

any maternal condition known to be associated with

IUGR, such as smoking, alcohol consumption and poor

nutrition, maternal diseases, such as autoimmune diseases,

thrombophilia and diabetes, abnormalities of the placenta

and fetal malformations. The cesarean sections were

performed in the interests of the fetus as part of our

routine clinical protocol.26 The severity of IUGR was

evaluated by means of a Doppler velocimetry assessment

of the fetal umbilical artery (pulsatility index: PI) and fetal

heart rate (FHR) recordings performed immediately before

cesarean section. On the basis of the PI measurements and

FHR patterns, the fetuses were divided into the following

four IUGR subgroups as previously described26: Group 1:

normal FHR and PI; Group 2: normal FHR, abnormal PI;

Group 3: abnormal FHR and PI; Group 4: abnormal FHR

tracing and normal PI.

A control group of four normal full-term (two males and

two females) pregnancies was also studied. These were

noncomplicated pregnancies, with normal intrauterine

growth determined in utero by routine ultrasound and

confirmed at birth according to Italian standards for birth

weight and gestational age.25 The clinical data pertaining

to the studied patients are shown in Table 1.

Tissue collection
At the time of delivery, we collected for each case 2–4

full-thickness placental samples (A–D) taken from

different cotyledons, umbilical cord fragment (UC) and/

or cord blood sample (CB). One-half of each placental

specimen was formalin fixed and paraffin embedded for

the diagnostic histologic evaluation. The degree of ramifi-

cation and maturation of the villous tree was classified

using the method proposed by Benirshke and Kaufmann.27

After washing with PBS to eliminate residual blood,

the placental samples were minced and microscopically

inspected in order to remove any contaminating fragments
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of maternal decidua. The selected amount of chorionic

villi was divided into three aliquots for cell cultures,

DNA and RNA extractions. Parent’s DNAs were obtained

from peripheral blood lymphocytes (PBL). Placental

fragments from the four normal pregnancies were

analyzed for evaluation of ESX1L expression and methyla-

tion status.

Cytogenetic analysis
The chorionic villi were cultured using standard proce-

dures, and chromosome spreads from stromal cells were

obtained within 2 weeks. Chromosome preparations from

CB samples were harvested after 72h of culture in

Chromosome Medium P (EuroClone, Wetherby, West

Yorkshire, UK). Chromosomes were Q-banded and at least

15 metaphases were karyotyped for each sample.

X chromosome inactivation assay
DNAs were extracted from fetal/placental samples and

parental PBL using standard procedures. XCI was assayed

on fetal-placental DNAs of all cases and mother’s PBL of

cases 33 and 35.

The XCI assay is based on the methylation-sensitive

HpaII restriction site located in the polymorphic region

(CAG repeats) of the androgen receptor gene (AR, Xq12),

which is methylated on the inactive and unmethylated on

the active X chromosome. When HpaII is used to digest

genomic DNA before PCR, the AR allele is amplified only

from the inactive X chromosome because the specific

sequence on the active X chromosome is cleaved by the

restriction enzyme. Genomic DNA enzymatic digestion,

PCR conditions and specific primers have been previously

described by Allen et al.28 An undigested DNA and a male

DNA were included in each experiment as controls. For

each case, fluorescent PCR was performed in duplicate

using undigested and digested DNA; the products were

resolved by capillary electrophoresis with an ABI Prism 310

Sequencer and analyzed using GeneScan software. XCI

values were calculated in heterozygotes as reported by

Sharp et al29 Skewing was defined as an XCI ratio of 75:25

or more.29

The segregation analysis of the AR polymorphic locus

from parents to fetus allows to detect the parental origin of

the X chromosomes, and therefore alterations in the

segregation pattern, such as uniparental disomy (UPD)

and X aneuploidy.

ESX1L expression study
After washing and microscopic inspection, the chorionic

villi were immediately submerged and stored in RNAlatert

(Ambion, Austin, USA), a solution that rapidly stabilizes

and protects cellular RNA in unfrozen specimens. After an

overnight incubation at 41C, samples were transferred to

�201C till the time of RNA extraction with Trizol

(Invitrogen, Carlsbad, CA, USA).

A measure of 200ng of DNase-treated total RNA was

amplified using the Superscript One-Step RT-PCR System

(Life Technologies) with ESX1L primers: exon 3 sense

primer 50-CAG CAC GCC TGA ATT TGA CT-30 and exon 4

antisense primer 50-GTA GTT GTG GCA CCA GAT GA-30.

Amplification was carried out for 30 cycles at an annealing

temperature of 531C.

The RNA integrity and the efficiency of the reverse

transcription were monitored by amplification of hypox-

antine phosphoribosyltransferase (HPRT) (sense primer

50-GTT GAG AGA TCA TCT CCA CC-30 and antisense

primer 50-AGC TAT GAT GAA CCA GGT TA-30).

Table 1 Clinical data of IUGR (cases 3–40) and normal pregnancies (cases 52–60)

CASE Gestational age BW (g) Percentile PW (g) BW/PW IUGR severity

3 32.0 1000 10th 156 6.4 2
8 31.0 1220 5th 141 8.7 3
9 35.0 1590 o5th 400 4.0 2
12 32.6 1550 5th 150 10.3 2
13 29.6 451 o5th 310 1.5 3
15 32.0 1100 10th 145 7.6 3
20 37.0 2340 5–10th 318 7.4 2
30 26.2 490 o5th 96 5.1 3
33 37.2 1960 o5th 336 5.8 2
35 36.1 2000 5–10th 328 6.1 4
36 35.5 2000 5–10th 331 6.0 2
37 33.1 1250 5–10th 151 8.3 1
40 37.3 1920 o5th 274 7.0 1
52 39.2 3020 10–50th 495 6.1 /
55 40.5 2990 10–50th 420 7.1 /
56 39.2 2970 10–50th 431.5 6.9 /
60 40.2 3600 50–90th 487 7.4 /

BW¼birth weight; PW¼placental weight.
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ESX1L methylation-specific PCR
Bisulfite modification of genomic DNA was essentially

performed as described by Herman et al.30 Modified DNA

was used immediately or stored in aliquots at –201C.

The PCR mixture contained 1� PCR buffer (10mM Tris-

HCl, 50mM KCl, 0.1% Triton X-100 and 1.5mM MgCl2),

dNTPs (each at 1.25mM), primers (300ng each per

reaction) and bisulfite-modified DNA (100ng). Reactions

were hot started at 951C before the addition of 2.5U of Taq

polymerase (Promega). Amplification was carried out for 30

cycles (1min at 941C, 1min at the annealing temperature

selected for each primer pair (Table 1), and 1min at 721C),

followed by 5min at 721C. In all, 12 ml of the PCR reaction

was electrophoresed onto 2% agarose gels, stained with

ethidium bromide, and visualized under UV. The methyla-

tion-specific PCR (MSP) primers, described in Table 2, were

designed on the human EXS1L CpG island (gi 4938307).

Results
Cytogenetic and XCI studies

Cytogenetic analysis of the placental specimens and CB

lymphocytes revealed a normal karyotype in all except in

case 35, which showed a 47,XXX karyotype.

The XCI values are reported in Table 3. Of 13 IUGR

fetuses, 11 were informative at AR locus. In placental

samples, a heterogeneous XCI pattern varying from

random to preferential XCI (XP or XM) was found in 9/10

euploid cases: the only exception was case 33, in which the

XM was preferentially inactivated in all of the placental and

fetal samples. Considering 33 46,XX cotyledons, 10

(30.3%) showed random XCI, 11 (33.3%) preferential XM

inactivation and 12 (36.4%) preferential XP inactivation.

An example of a heterogeneous XCI pattern (case 37) is

depicted in Figure 1, in which cotyledon A shows random

XCI, B a preferential XP inactivation and C a preferential

XM inactivation. In case 35, AR allele segregation showed

that the trisomy X was of maternal origin (Table 3) and the

XCI pattern of placental cotyledons was heterogeneous

with inactivation of both XM or XM and XP (Figure 1).

The XCI patterns in fetal samples (UC and CB) were

random in all informative cases, except case 33. In cases 33

and 35 (data not shown), the AR assay was also extended to

maternal DNA and showed a random and a preferential

(87:13) XCI pattern, respectively.

XCI analysis was also performed in the two female

controls (cases 52 and 60) and the results are reported in

Table 2 PCR primers used for MSP

Primer set Sense primer, 50-30 Antisense primer, 50-30 Size (bp) Annealing temp. (1C)

ESX1L-WT GGATCGCCGCGGAACCAC GTTGGAGCCCACGGCGCG 302 58
ESX1L-M ATTTCGGGATCGTCGCGGAATTAC AAACGTTAAAACCCACGACGCG 312 55
ESX1L-U ATTTTGGGATTGTTGTGGAATTAT AAAACATTAAAACCCACAACACA 313 50

Sequence differences between modified primers and unmodified DNA are in boldface and differences between methylated/modified and
unmethylated/modified are underlined.
Primers were placed near the ATG sequences, Genbank accession number 4938307.
WT represents unmodified primers, M methylated-specific primers and U unmethylated-specific primers.

Table 3 Cytogenetic and molecular results

CASE/fetal karyotype AR alleles XCI VALUES

Fetal DNAs Placental DNAs

M F P UC CB A B C D

3 (46,XX) 1,2 2,3 3 45:55(R) F 25:75(XP) 30:70(R) 36:64(R) 45:55(R)
8 (46,XX) 2,3 1,3 1 F 50:50(R) 78:22(XP) 99:1(XP) 99:1(XP) 36:64(R)
9 (46,XX) 1,2 1,1 1 F NI NI
12 (46,XX) 2,3 1,2 1 F 37:63(R) 11:89(XM) 43:57(R) 21:79(XM) F
13 (46,XX) 1,2 1,3 3 50:50(R) F 53:47(R) 90:10(XM) 15:85(XP) F
15 (46,XX) 1,1 1,2 2 52:48(R) 70:30(R) 65:35(R) 16:84(XP) 81:19(XM) 13:87(XP)
20 (46,XX) 1,2 1,3 3 48:52(R) 56:44(R) 15:85(XP) 16:84(XP) 23:77(XP) 75:25(XM)
30 (46,XX) 1,3 1,2 2 40:60(R) F 41:59(R) F 25:75(XP) F
33 (46,XX) 1,2 1,3 3 85:15(XM) 83:17(XM) 75:25(XM) 86:14(XM) F 92:8(XM)
35 (47,XXX) 1,2 1,2,3 3 F XM1 XP XM2 XP XM1 XP F XM1 XM2

36 (46,XX) 2,3 1,3 1 F 39:61(R) 12:88(XM) F 25:75(XM) 31:69(R)
37 (46,XX) 2,3 1,2 1 F 56:44(R) 42:58(R) 88:12(XP) 10:90(XM) F
40 (46,XX) 1,2 1,1 1 NI NI
52 (46,XX) 1,3 1,2 2 F 58:42(R) 50:50(R) 35:65(R) 44:56(R) F
60 (46,XX) 1,1 1,2 2 F 50:50(R) 32:68(R) 80:20(XM) 63:37(R) F

AR alleles of: M¼mother; F¼ fetus; P¼ father. UC¼umbilical cord fragment; CB¼ cord blood sample; A–B–C–D¼placental fragments; R¼ random
XCI; XM¼preferential inactivation of maternally derived X; XP¼preferential inactivation of paternally derived X; NI¼ not informative; F¼not
analyzed.
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Table 3; in Figure 1, the X inactivation patterns of case 60

are depicted.

Segregation analysis revealed the biparental origin of the

X chromosomes in all cases, thus excluding UPD of

chromosome X in all euploid cases.

Histological examination of the sampled placental

cotyledons did not reveal any apparent correlation with

the different XCI patterns in terms of the prevailing

ramification pattern or villous maturation (data not

shown).

IUGR severity did not correlate with the XCI patterns,

and the most severe IUGR cases were not associated with

prevalent XM inactivation.

ESX1L RT-PCR analysis

We analyzed RNAs from two male and two female normal

full-term placentas, four placental cotyledons randomly

inactivated (12B, 15A, 30A and 36D), four placental

cotyledons showing preferential XP inactivation (8B, 8C,

15D and 37B) and eight placental cotyledons with

preferential XM inactivation (12A, 12C, 13B, 33A, 33B,

33D, 36A and 37C). Of these latter cases, case 33 showed

complete XM skewing in all placental and fetal samples.

ESX1L was expressed in all placental fragments analyzed

and the band intensity did not differ among samples.

Figure 2 presents the results of one male, one female

normal placentas and one placental sample for each XCI

status (random, XP and XM). Testis and a breast tumor cell

line (MDA-MB-231) RNAs were used as positive23 and

negative controls, respectively.

ESX1L methylation analysis

The samples described for RT-PCR were also analyzed by

means of MSP. The ESX1L promoter methylation status was

different between male and female samples. Female

placentas showed one methylated and one unmethylated

alleles, while male placentas as well as testis was unmethy-

lated, as expected by chromosome X number. Female

placental fragments displayed the same MSP pattern in

cotyledons with XM or XP preferentially inactivated. The

MDA-MB-231 cell line was positive only for the methy-

lated-specific primers. The RT-PCR results were completely

in accordance with the methylation status of the gene.

Figure 2 also reports MSP results of the samples tested for

RT-PCR.

Discussion
The XP in murine placenta is imprinted and always

undergoes inactivation, probably because of the existence

of imprinted genes, such as Esx1, expressed on XM during

placental development. Mutant Esx1 mice are 20% smaller

Figure 1 XCI patterns of placental cotyledons from cases 35, 37 and 60. Case 37 (46,XX) displays random (cotyledon A) and
preferential XCI (cotyledons B and C); in case 35 (47,XXX), two of the three alleles are inactivated in different combinations; in
case 60 (46,XX), two cotyledons (A and C) are randomly inactivated and cotyledon B shows preferential XM inactivation. M,
M1 and M2: maternal alleles; P: paternal alleles.

Figure 2 ESX1L expression and methylation status. Lane
1: normal full-term female placenta; lane 2: normal full-
term male placenta; lane 3: cotyledon 33A (preferential XM

inactivation); lane 4: cotyledon 8C (preferential XP inacti-
vation); lane 5: cotyledon 36D (random inactivation); lane
6: testis; and lane 7: MDA-MB-231 breast cancer cell line.
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because of placental insufficiency; Li and Behringer22 and

Looijenga et al7 have suggested that this gene may be

implicated in the pathogenesis of human IUGR, although

the imprinting status of the human ESX1L has not yet been

demonstrated.23

We studied the XCI pattern and ESX1L placental

expression of placental tissues from 13 female IUGR

pregnancies in order to investigate a possible parent-of-

origin effect of chromosome X in IUGR placentas. A

heterogeneous XCI pattern (varying from random to

preferential) was observed in 10/11 IUGR informative

cases and in the two controls. All the euploid cases

had a normal X chromosome inheritance pattern, thus

excluding UPD in our cohort of IUGR. Similar percen-

tages of random, preferential XP and preferential XM

inactivation were found in the 33 diploid IUGR placental

specimens, although there was a trend toward preferential

XP inactivation. These findings are similar to those

previously reported in normal full-term placentas and

first-trimester chorionic villi,7 –9 and indicate that, in

the studied cases, IUGR was not associated with a specific

XCI pattern.

In case 35 (47,XXX), AR analysis from parents to

daughter showed that a meiotic maternal nondisjunction

error occurred. The three placental samples had a hetero-

geneous XCI pattern, with either XP or XM being

inactivated. To our knowledge, this is the first XCI

evaluation of a placenta with 47,XXX karyotype. In

this case, the AR assay was extended to the mother’s

DNA, which showed XCI skewing. It has been reported

that women with recurrent spontaneous abortions

caused by aneuploidy frequently show skewed inactiva-

tion. These women are probably carriers of a germ-line

occult aneuploid cell line, which means that they

were probably derived from an aneuploid conceptus

‘normalized’ by a chromosome loss at an early postzygotic

stage. After aneuploidy rescue, the residual abnormal

cells are negatively selected, thus leading to a

reduction in the number of early embryonic precursor

cells and germ-line mosaicism.31–34 In mice, but not

in humans, the presence of an additional X chromosome

of maternal origin leads to severe IUGR or early

abnormal development characterized by deficient extra-

embryonic structure.14 We cannot exclude the possibility

that, in our case, there was a relationship between

the trisomy X of maternal origin and IUGR, although

no evidence of such a possibility has been previously

reported.

Case 33 (46,XX) showed preferential XCI of the XM in all

of the analyzed samples; the mother had a random XCI

pattern. We hypothesize that the skewing was due to a

de novo X-linked gene mutation or an undetected chromo-

somal mosaicism.

The histological findings in the sampled placental

cotyledons did not correlate with the different XCI

patterns in terms of the prevailing ramification or villous

maturation.

There was also no correlation between the XCI pattern

and the severity of IUGR, and case 33 did not show very

severe IUGR, despite being characterized by strongly

preferential XM inactivation.

RT-PCR analysis confirmed that ESX1L was expressed

in normal full-term placenta, as previously reported by

Fohn and Behringer,23 as well as in IUGR placental

cotyledons showing different kinds of XCI patterns. No

differences in signal intensities were displayed among

those with prevalent XM, prevalent XP and random

inactivation. These data indicate that the XCI pattern

does not affect the ESX1L expression and the gene is

active also in the presence of a generalized skewing of

chromosome XM.

Due to the lack of SNPs within the coding region, the

allele-specific RT-PCR technique was not performed; to

evaluate ESX1L imprinting status in human placenta,

we studied the methylation pattern of the ESX1L CpG

island. As expected from RT-PCR ESX1L results on

placental RNAs, both methylated and unmethylated

alleles were found in female placentas, with XM or XP

preferentially inactivated. These findings indicate that the

ESX1L gene is not imprinted in third-trimester placentas.

Nevertheless, gene sequencing and protein analysis are

necessary to draw the conclusion that the ESX1L gene

is not involved in IUGR. Discrepancy of the imprinting

status of loci between humans and mice has already

been reported for Igf2R/IGF2R; in an extensive study of

seven placentas, 46 conceptuses and seven Wilm’s tumors,

Killian et al35 found no evidence of imprinting of IGF2R

in humans.

Taken together, our findings, which are strengthened

by the absence of clinical manifestations attributable

to imprinting in females carrying UPD X,32,33 support

the exclusion of the involvement of putative imprinted

X-linked genes related to fetal growth. Other authors36,37

have hypothesized that X imprinting in humans

may contribute to the development of social cognitive

skills, as demonstrated in Turner’s syndrome; otherwise,

in mouse, X imprinting affects early development

and growth.

On the basis of our results, we conclude that there is no

parent-of-origin effect of chromosome X associated with

the IUGR phenotype.
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