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Abstract
Background. Female carriers of X-linked Alport syndrome
(XLAS) demonstrate variability in clinical phenotype that,
unlike males, cannot be correlated with genotype. X-inacti-
vation, the method bywhich females (XX) silence transcrip-
tion from one X chromosome in order to achieve gene
dosage parity with males (XY), likely modifies the carrier
phenotype, but this hypothesis has not been tested directly.
Methods. Using a genetically defined mouse model of
XLAS, we generated two groups of Alport female
(Col4a5+/−) carriers that differed only in the X-controlling
element (Xce) allele regulating X-inactivation. We followed
the groups as far as 6 months of age comparing survival and
surrogate outcome measures of urine protein and plasma
urea nitrogen.
Results. Preferential inactivation of the mutantCol4a5 gene
improved survival and surrogate outcome measures of urine
protein and plasma urea nitrogen. In studies of surviving

mice, we found that X-inactivation in kidney, measured by
allele-specific mRNA expression assays, correlated with
surrogate outcomes.
Conclusions.Our findings establish X-inactivation as ama-
jor modifier of the carrier phenotype in X-linked Alport
syndrome. Thus, X-inactivation patterns may offer prognos-
tic information and point to possible treatment strategies for
symptomatic carriers.

Keywords: collagen type IV; disease models, animal; female; longevity;
nephritis, hereditary

Introduction

X-linked Alport syndrome (XLAS, OMIM #301050) is a
disorder of basement membranes caused by mutations in
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the COL4A5 gene encoding the α5(IV) chain of type IV
collagen. Affected males demonstrate deafness and pro-
gressive glomerulopathy leading to end-stage kidney dis-
ease (ESKD) in young adulthood [1]. Although early
reports indicated that carrier females had few serious man-
ifestations [2], a natural history study published in 2003
demonstrated disease burden in this population [3]. By
age 40, 12% of female carriers reach ESKD, while 10%
experience deafness. Genotype–phenotype correlations
can be drawn in males, with patients having large deletions
or nonsense mutations demonstrating severe disease as
compared to those with missense or splice site mutations
[4,5]. However, no such genotype–phenotype correlations
have been found in females with variability in disease ev-
ident even among family members [3].

X-inactivation, the process by which early somatic cells
inactivate one of two X chromosomes to achieve dosage
compensation, likely contributes to variability among fe-
male carriers of X-linked disorders including XLAS, but
this hypothesis has not been tested directly. While X-inac-
tivation ratios of 50:50 are expected in a normal population
of cells, X-inactivation ratios can be skewed due to statis-
tical fluctuation, X-inactivation modifier genes or mutation
selection advantages [6].

The influence of X-inactivation on the Alport carrier phe-
notype has been difficult to define. Guo et al. described an
Alport carrier who developed ESKD by age 30 and was
found to have two mutations in COL4A5 expressed in
>90% of kidney cells and lymphocytes [7]. Vetrie et al.
did not find a correlation between X-inactivation measured
in lymphocytes with Alport disease severity in a group of 43
women [8]. Nakanishi et al. found correlations between epi-
dermal basement membrane (EBM) and glomerular base-
ment membrane (GBM) α5(IV) expression and between
EBM α5(IV) expression and urine protein-to-creatinine ra-
tio [9]. Massella et al. did not find a correlation between
EBM α5(IV) expression and disease severity [10]. In a
study of five Alport carriers, Wang et al. found that cultured
skin fibroblast COL4A5 mRNA levels correlated signifi-
cantly with dipstick proteinuria [11]. These findings may
be inconsistent among studies because X-inactivation ratios
vary depending upon patient age and tissue of origin limit-
ing the relevance of blood or skin to kidney.

To elucidate the effects of X-inactivation in female car-
riers of XLAS, we utilized a mouse model that recapitulates
features of human Alport syndrome [12]. Alport female
(Col4a5+/−) mice exhibit mosaic expression of the α5(IV)
chain and develop kidney disease variably and more slowly
than affected males. In mice, the X-controlling element Xce

is the major locus influencing X-inactivation choice. Three
Xce alleles have been identified among inbred strains: Xcea,
Xceb and Xcec [13–15]. Mice homozygous for Xce alleles
demonstrate random X-inactivation. Mice heterozygous
for Xce alleles demonstrate preferential X-inactivation in
rank order Xcea > Xceb > Xcec. By perturbing X-inactivation
experimentally, we demonstrate that X-inactivation influ-
ences clinical outcomes.

Materials and methods

Mice

All studies were carried out under protocols approved by the Institutional
Animal Care Use Committee at the University of Minnesota and adhere to
the NIH Guide for the Care and Use of Laboratory Animals. Col4a5-tar-
geted breeder mice were backcrossed onto a congenic C57BL/6 (Xceb)
background. The 129.Pgk1a line, generated by backcrossing the Xcec allele
onto a congenic 129SvPas background, has been maintained by brother–
sister matings [15]. Group 1 mice were generated by breeding Col4a5+/−

Alport females and 129SvPas (Xcea) males. Group 2 mice were generated
by breeding Alport females and 129.Pgk1a (Xcec) males. Mice were geno-
typed as described previously [12]. Urine samples were collected after
spontaneous voiding at 2, 4 and 6 months of age. At 6 months of age, mice
were anaesthetized by intraperitoneal injection of pentobarbital (50mg/kg).
Blood samples were obtained by puncture of the vena cava and kidneys
harvested thereafter.

Laboratory analysis

Urine protein was measured using the Bio-Rad Protein Assay (Bio-Rad
Laboratories). Urine creatinine was measured by the Jaffé reaction, using
the Creatinine Analyzer-2 (Beckman Coulter, Inc.). Plasma urea nitrogen
was measured using the Liquid Urea Nitrogen Reagent Set (Pointe Scien-
tific, Inc.).

Allele-specific mRNA expression assays

By database search, we identified expressed polymorphisms distinguish-
ing B6 and 129 strains in the X-chromosome genes Srpx, Rpgr and Aff2
(Table 1). We verified these polymorphisms by sequencing PCR products
amplified from genomic DNA. RNA was extracted from kidneys using
Ultraspec RNA (Biotecx Laboratories, Inc.). Samples were reverse tran-
scribed using the Superscript III Kit (Invitrogen). Products were ampli-
f ied in a multiplex polymerase chain reaction using gene-specific
primers (Table 1). After purification through Qiagen spin columns, pro-
ducts were divided and subjected to overnight restriction digestion with
Sau96I (for Srpx), BsaAI (for Rpgr) or BsrDI (for Aff2). Digestion pro-
ducts were analysed using an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies) and Xi for a given gene expressed as the sum of densitometric units
for B6 bands relative to the sum for B6 and 129 bands. In preliminary
experiments, we found that RT–PCR amplification of Rpgr yielded a dou-
blet likely reflecting alternative splicing and that neither product could be
digested to completion as predicted. In addition, correlation between Xi
determined by Srpx and Aff2 allele-specific assays gave evidence for out-
lying behaviour of the Aff2-based assay (data available upon request). We
did not explore the basis for this observation but suspect that heterodu-

Table 1. Single-nucleotide polymorphisms, gene-specific primers and expected band sizes for undigested and digested PCR products used in allele-
specific mRNA expression assays

Gene refSNP ID PCR primer sequences Size (bp) Enzyme Fragments B6 Allele Fragments 129 Allele

Srpx rs30730568 F:5′-TCATCGGCAGGATCAGAGCAAAG-3′ 375 Sau96I 154 221 375
R:5′-GCAAAGAAAGCACATAATAAAATAGAC-3′

Rpgr rs33492631 F:5′-AGTACAATGAAAATCCAAAAGGACAC-3′ 602 BsaAI 602 95 507
R:5′-GCTTCATTCGTCTTTCAAATATAAAAATAG-3′

Aff2 rs13483812 F:5′-AAACAGATTCATCTACATCTGACTCC-3′ 441 BsrDI 166 275 441
R:5′-CAGGGATTTTCTCTGCAGTTTCTG-3′
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plexes resistant to digestion formed under the assay conditions. Therefore,
we opted to use Xi from the Srpx-based assay in our analysis.

Quantitative reverse transcription-polymerase chain reaction

We selected 12 samples of reverse-transcribed kidney RNA randomly from
both Groups 1 and 2, stratifying across Xi and also three samples from
both wild-type females and Alport males. Each sample was amplified in
triplicate for Col4a5 and Gapdh using SYBR Green PCR Master Mix (In-
vitrogen). For Col4a5, we used forward primer 5′-AGAGAAGAATG-
CAAGTGCGTG-3′ recognizing the wild-type sequence but not the
Alport mutation c.13G>T [12] and reverse primer 5′-CTTCTGGACCTG-
GAAATCCT-3′. For Gapdh, we used a commercial primer pair (SA Bios-
ciences). We verified linear behaviour for the primer pairs in preliminary
experiments. Threshold cycles were averaged for each sample and data
transformed and analysed by standard methods [16]. Col4a5 are expressed
relative to Gapdh mRNA levels and scaled to give a mean value of 1 for
wild-type females. Wild-type Col4a5 mRNAwas undetectable in kidneys
from Alport males.

Statistics

Comparison of premature death rate was performed using a chi-square test
for the 2 × 2 table of group by premature death; we estimated the propor-
tion of variation explained by group with maximum-rescaled R2 from lo-
gistic regression. Urine protein excretion and plasma urea nitrogen were
both analysed on the log scale to adjust right skew towards normality, and
presented results are transformed back to the original scale, as geometric
means with 95% confidence intervals (CI) that represent the range of un-
certainty in the presented mean due to random sampling. Similarly,
Col4a5 mRNA levels were analysed on the log2 scale and transformed
back by a scaled power of 2 where the scale factor was estimated based
on the mean of the wild-type females for presenting means, 95% confi-
dence intervals and graphs. Longitudinal urine protein excretion measure-
ments at 2, 4 and 6 months were modelled with a random intercept for
each mouse, accounting for correlation between measurements within the
same mouse and adjusting for unbalanced number of observations across
mice who died prematurely; this model was used to estimate an overall
linear trend across time and the main effect for group, which was also
used to test for a difference in mean urine protein excretion across groups
[17]. Plasma urea nitrogen was only measured in mice surviving to 6
months, and its mean difference across groups was tested using an inde-
pendent two-sample t-test.

Histograms of the Srpx-based Xi distribution for each group were pre-
sented, and a test of mean difference between groups was performed using
a two-sample t-test. Each group’s mean Xi was compared to the value of
0.5 by one-sample t-test. Spearman correlations were used to test associ-
ation between Xi and 6-month urine protein excretion and plasma urea
nitrogen. The association between Xi and trends in urine protein excretion
over time was examined in mice that did not die prematurely. Longitudinal
measurements of urine protein excretion at 2, 4 and 6 months were mod-
elled as a function of age, Xi and an age*Xi interaction. All analyses were
performed using SAS Version 9.1, and graphics were made using R [18].

Results

We generated two groups of Alport females sharing a
[C57BL/6 (B6) × 129SvPas (129)] F1 genetic background
but diverging at the Xce locus (Figure 1). In Group 1
(Xcea/b), inactivation of the X chromosome carrying
the wild-type Col4a5 allele was favoured. In Group 2
(Xceb/c), inactivation of the X chromosome carrying the
mutant Col4a5-null allele was favoured. Hypothesizing
more severe manifestations of Alport kidney disease in
Group 1, we designed our comparison between Groups 1
and 2 with power to detect a significant difference in urine
protein excretion—a marker of kidney disease estimated by
the ratio of protein to creatinine in spot samples—at 6
months of age. Unexpectedly, some mice died before 6

months: 37% (14/38) in Group 1 and 8% (4/52) in Group
2, with a significantly higher rate in Group 1 (chi-square
P = 0.0006). Xce genotype (group) explained 20% of the
variance in survival (maximum-rescaled R2).

Urine protein excretion was measured at 2, 4 and 6
months, and group means were compared by longitudinal
analysis after controlling for trends. Group 1 [mean = 20
mg/mg creatinine, 95% confidence interval (CI): 17–24,
n = 38] was significantly higher than Group 2 (mean = 16
mg/mg creatinine, 95% CI: 14–18, n = 50) (P = 0.045). In a
comparison of plasma urea nitrogen at 6 months—a marker
of kidney function measurable in surviving mice—Group 1
(mean 68 mg/dl, 95% CI: 51–89, n = 23) was significantly
higher than Group 2 (mean 44 mg/dl, 95% CI: 37–52, n =
47) (P = 0.0061). Together, these findings confirmed more
severe Alport kidney disease in Group 1.

Our comparison between Groups 1 and 2 established
firmly and for the first time that Xce resides within a re-
gion modifying X-linked disease. To more closely inves-
tigate the relationships between X-inactivation and disease
manifestations, we determined an X-inactivation index
(Xi) from allele-specific mRNA expression assays of
kidneys from surviving mice and correlated the value to
surrogate markers. Xi was measured as B6 allele-specific
expression of the Srpx gene relative to total Srpx expres-
sion (Figure 2a), with higher values of Xi thereby indicat-
ing preferential activation of the X chromosome bearing
the null allele. As expected, Xi was significantly higher in
Group 1 (0.53 ± 0.06, n = 19) than in Group 2 (0.46 ±
0.09, n = 48) (P = 0.0014) (Figure 2b), with the Group 1
mean higher than 0.5 (P = 0.023) and the Group 2 mean
lower than 0.5 (P = 0.0025). Xi was positively correlated
with both 6-month urine protein excretion (Spearman r =
0.39; P = 0.0013; Figure 2c) and plasma urea nitrogen
(Spearman r = 0.39; P = 0.0013; Figure 2d). In longitudinal
analysis of urine protein excretion, we found a significant
effect of age (P = 0.03) and a significant age-by-Xi interac-
tion (P = 0.031) indicating that the rate of disease progres-
sion in carrier females was positively associated with Xi.
Estimated example trend lines for mice with Xi = 0.4 com-
pared to 0.6 (Figure 3) indicate no significant difference at 2
months but a statistically significant difference by 6 months
(P = 0.039).

Fig. 1. Groups 1 and 2. Representation of paired 129 (white) and B6
(black) X chromosomes illustrating map positions and genotypes.
Strain-specific polymorphisms in the Srpx, Rpgr and Aff2 genes were
used in X-inactivation assays.
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The basis for relationships between X-inactivation and
clinical manifestations in our model is unknown, although
the simplest explanation would be that favourable X-inac-
tivation increases Col4a5 expression. For a randomly cho-
sen subsample, we measured Col4a5 mRNA levels
confirming that they were lower in Alport (mean 0.45,
95% CI: 0.37–0.55, n = 24) than wild-type (mean 1.00,
95% CI: 0.68–1.48, n = 3) females (P = 0.011). While

Fig. 3. Predictedmean level and slope change in urine protein-to-creatinine
ratio based on longitudinal analysis including Xi as a moderator of slope (i.
e. including an Xi-by-age interaction). Specific examples of trajectories are
given for Xi = 0.6 and Xi = 0.4. Vertical bars represent 95% CI of predicted
mean urine protein-to-creatinine ratio at each time point. At 6 months, the
95% CIs do not overlap with the other mean values and this difference is
statistically significant (P = 0.039).

Fig. 4. Correlation between Xi and Col4a5 mRNA levels. Group 1 mice
are indicated by filled grey circles and Group 2 by open circles.

Fig. 2. (a) Representative Srpx-based assays for Xi. Mouse kidneys from the indicated strains were analysed by multiplex RT-PCR and subsequent
digestion as described in Animals and Methods and Table 1. Sau96I digests the B6, but not the 129 Srpx RT-PCR product, generating fragments of 154
and 221 bp from the original 375-bp product. (b) Distribution by group of Xi, measured as allele-specific Srpx expression. (c) Correlation between Xi
and 6-month urine protein-to-creatinine ratio. Group 1 mice are indicated by filled grey circles and Group 2 by open circles. (d) Correlation between Xi
and 6-month plasma urea nitrogen. Group 1 mice are indicated by filled grey circles and Group 2 by open circles.
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there was a negative trend between Xi and Col4a5 mRNA
levels (Figure 4), the relationship was not statistically sig-
nificant (Spearman r = −0.23; P = 0.279, n = 24). Further-
more, Col4a5 mRNA levels did not correlate with urine
protein excretion or plasma urea nitrogen (data not shown)
implicating additional factors in the relationships between
Xi and outcomes.

Discussion

After controlling for disease mutation and genetic back-
ground, we have shown clearly that clinical manifestations
in female carriers of XLAS are modified by X-inactiva-
tion. Our findings establish X-inactivation as a risk factor
for disease progression and shed light on an abiding co-
nundrum in Alport syndrome relevant to other X-linked
disorders, namely, that in large human studies, genotype–
phenotype correlations can be drawn for males but not fe-
males [3,5]. In future attempts at genotype–phenotype cor-
relations, including those relating to risk of hearing loss
[3,19], it may be useful to adjust for X-inactivation. In this
connection, we note that there are differences between me-
chanisms of X-chromosome regulation in mice and hu-
mans including the lack of definitive evidence for an
Xce interval in humans [20,21].

Our most striking finding is that favourable X-inactiva-
tion improves survival. Because we could not measure the
X-inactivation index Xi in mice that died prematurely, we
have no information on whether Xi related directly to pre-
mature death. However, Xi related directly to Xce genotype,
which in turn strongly related to premature death, implying
that Xi related at least indirectly to premature death.

What is the basis for the relationships between X-inac-
tivation and clinical outcomes in our model? Although Xi
trended with Col4a5 mRNA levels, we did not observe
correlations between Col4a5 mRNA levels and clinical
outcomes. Perhaps this is not surprising. We measured
Col4a5 mRNA levels in whole kidneys from animals sur-
viving to 6 months of age, a method that does not account
for detailed patterns of cellular mosaicism or spatial distri-
bution of the α5(IV) chain. Baumal et al. described tem-
poral conversion from mosaic to global α5(IV) GBM
expression in canine XLAS [22], raising—among other
possibilities—those of escape from X-inactivation and/or
selection for cells in which the normal allele is active as
confounding influences over Col4a5 mRNA levels in fe-
males. Moreover, type IV collagen gene expression is sub-
ject to complex coordinate regulation in the wake of Alport
mutations [23–25]. The availability of XLAS mice will al-
low future studies that examine Col4a5 mRNA and GBM
α5(IV) expression in parallel with dynamics of X-inactiva-
tion, starting with younger animals in which X-inactivation
effects on these parameters are most directly evident, and
correlating to clinical outcomes.

It is possible that X-inactivation effects are also mediat-
ed by mechanisms distinct from Col4a5 regulation. Xce is
the major regulator of X-inactivation choice [26]; there-
fore, not just Col4a5 but all X-chromosome alleles on
the (B6 × 129) F1 background will be subject to its effects.
Xcemay also interact with other genetic modifiers including

those previously characterized in murine Alport syndrome
[25,27]. We cannot exclude the possibility, however unlike-
ly, that differences between Groups 1 and 2 are due to pa-
ternal alleles closely linked to Xce but not themselves
involved in X-inactivation choice.

In as much as clinical outcomes are related to X-chro-
mosome dosing, our findings suggest that X-inactivation
choice can be considered a potential therapeutic target in
symptomatic carriers. This group represents a unique
population in that a normal copy of the COL4A5 gene is
present in every cell although not expressed. The ability to
manipulate X-inactivation choice post-natally would pro-
vide clinicians with a powerful tool obviating the need
for gene delivery. Finally, our findings highlight insights
to be gained from clinical studies of female carrier mo-
saics as these may apply to dosing considerations in gene
replacement therapy of genetic diseases arising by loss of
function.
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Abstract
Background. Fabry disease, an X-linked lysosomal stor-
age disorder caused by deficiency of α-galactosidase activ-
ity, is associated with progressive loss of kidney function.
This study was undertaken to characterize Fabry disease
among patients who reached end-stage renal disease.
Methods. Data from 2712 patients in the Fabry Registry
were analysed to identify clinical characteristics of patients
who received renal replacement therapy (RRT) during the
natural history period (i.e. prior to any enzyme replace-
ment therapy).
Results. A total of 213 patients [186 of 1359 males (14%)
and 27 of 1353 females (2%)] received RRT at a median
age of 38 years in both males and females. Males who re-

ceived RRT were diagnosed at a median age of 35 years,
compared to 23 years for non-RRT males. Sixty-one males
and 10 females were not diagnosed with Fabry disease until
after they had received RRT. Compared to other Fabry Reg-
istry patients, a higher percentage of RRT patients also ex-
perienced either a serious cardiovascular event or a stroke.
Ninety-two of 186 males who had RRT (50%) experienced
a cardiac event or stroke, compared to 230 of 1173 non-
RRT males (20%). Ten of 27 RRT females (37%) had ex-
perienced a cardiac event or stroke, compared to 226 of
1326 non-RRT females (17%). Patients who had RRT
experienced cardiovascular events and strokes at earlier
ages than did patients who had not received RRT, and
most received RRT before having a cardiac event or stroke.
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