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Abstract
The pattern of X-chromosome inactivation (XCI) can affect the clinical severity of X-linked disorders in females. XCI
pattern analysis has been conducted mainly by HUMARA assay, a polymerase chain reaction-based assay using a
methylation-sensitive restriction enzyme. However, this assay examines the XCI ratio of the androgen receptor gene at the
genomic DNA level and does not reflect the ratio of either targeted gene directly or at the mRNA level. Here, we report four
females with Dent disease, and we clarified the correlation between XCI and female cases of Dent disease using not only
HUMARA assay but also a novel analytical method by RNA sequencing. We constructed genetic analysis for 4 female cases
showing high level of urinary low-molecular-weight proteinuria and their parents. Their XCI pattern was analyzed by both
HUMARA assay and an ultra-deep targeted RNA sequencing of the CLCN5 gene using genomic DNA and mRNA extracted
from both leukocytes and urine sediment. All four cases possessed pathogenic variants of the CLCN5 gene. XCI analysis
revealed skewed XCI in only two cases, while the other two showed random XCI. All assay results of HUMARA and
targeted RNA sequencing in both leukocytes and urinary sediment were clearly identical in all four cases. We developed a
novel XCI analytical assay of ultra-deep targeted RNA sequencing and revealed that skewed XCI explains the mechanism of
onset of female Dent disease in only half of such cases.

Introduction

Dent disease is a rare, X-linked, recessive, renal proximal
tubulopathy. It is divided into Dent-1 caused by CLCN5
variants (MIM #300009), which involves 60% of all cases,
and Dent-2 caused by OCRL variants (MIM #300555),
which involves 15% of all cases [1]. All male patients with
hemizygous pathogenic variants in either CLCN5 or OCRL
show very high levels of low-molecular-weight protein
(LMWP) excretion into urine, and some of them also show
hypercalciuria (with or without nephrocalcinosis) or pro-
gressive kidney disease. Female carriers usually show nor-
mal to very mild elevation of urinary LMWP. Specifically,
it has been reported that 60% of female carriers show such
elevation, with a concentration of urinary LMWP of about
1500 μg/ml, which is 50 times lower than that in male
patients [2]. However, a very small number of female cases
showing severe phenotypes such as pronounced urine
LMWP or chronic kidney disease (CKD) have been
reported [3].
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X-chromosome inactivation (XCI) is a transcriptional
silencing mechanism of either the paternal X chromosome
or the maternal one [4]. Which copy of the X chromosome
that is inactivated is determined at random, and the pro-
portion of XCI in each allele varies between individuals.
However, some females show preferential inactivation of
one of the two X chromosomes (called skewed XCI). This
skewed XCI affects the onset or severity of diseases among
X-linked disease carrier females [4], but no studies have
reported results about the correlation between the pattern of
XCI and the onset of Dent disease in females.

XCI pattern analysis has generally been conducted by
human androgen receptor (HUMARA) assay, a polymerase
chain reaction-based X-chromosome inactivation assay
using a methylation-sensitive restriction enzyme [5]. How-
ever, this assay has some limitations. First, it is an indirect
method based on measuring the ratio of methylated alleles
of human androgen receptor genes, and it does not reflect
the methylation of the pathogenic gene such as CLCN5
gene in Dent disease. Therefore, segregation analysis using
familial samples is needed to know which allele has a
pathogenic variant. Second, the HUMARA assay involves
genomic analysis of DNA methylation, so it does not
evaluate the expression of mRNA, which directly reflects
the protein expression levels, that is, the clinical severity. In
this context, in some reports it has been asserted that the
ratio of DNA methylation between alleles did not reflect the
ratio of RNA expression of each allele, so it did not reflect
the clinical severity [6]. As a potential option to overcome
this issue, a new method that uses a high-throughput RNA
expression assay using whole RNA sequencing by a next-
generation sequencing (NGS) approach has recently been
reported [7]. Although this method can overcome the lim-
itations of the HUMARA assay, the complexity of the

procedure of whole RNA sequencing and analysis is a
major shortcoming.

Here, we report four female patients with pronounced urine
LMWP excretion whose heterozygous CLCN5 variants were
detected by targeted sequencing. We aimed to clarify the
correlation between skewed XCI and the onset of Dent dis-
ease. The XCI pattern was analyzed using both HUMARA
assay and ultra-deep targeted RNA sequencing with genomic
DNA and mRNA extracted from both peripheral leukocytes
and urine sediment. Urine sediment typically detaches from
the kidney glomerulus or tubules and enters the urine. We
targeted CLCN5 transcripts directly by ultra-deep RNA
sequencing, which is a novel method for examining XCI
patterns in female cases of X-linked diseases.

Materials and methods

Ethics and data collection

All procedures were reviewed and approved by the Insti-
tutional Review Board of Kobe University School of
Medicine. Informed consent was obtained from all patients
or their parents.

Genomic DNA and total RNA isolation from
leukocytes and urine sediment

Genomic DNA was extracted from peripheral blood leu-
kocytes and urine sediment of patients using the Quick
Gene Mini 80 system (Wako Pure Chemical Industries,
Ltd., Tokyo, Japan) and Quick-DNA Urine kit (Zymo
Research Corporation, Irvine, CA, USA). A RiboPure
Blood Kit (Invitrogen, Carlsbad, CA, USA) and RNA

Table 1 Clinical characteristics of five cases including an asymptomatic mother

Case 1 Case 2 Mother of Case 2 Case 3 Case 4

Age (years) 1 4 Adult 4 3

Sex Female Female Female Female Female

Trigger of diagnosis Urinary screening test Urinary screening test – Urinary screening test Urinary screening test

Family history LMWP in father No No LMWP in father LMWP in father

β2-MG in urine (μg/l) 199,086 10,051 255 15,644 39,425

Calciuria (UCa/Cr) 0.06 ND ND 0.12 0.27

eGFR (ml/min/1.73 m2) 112 134 ND 139 107

Extrarenal symptoms No No No No No

Renal biopsy MGA Not performed Not performed MGA Not performed

CLCN5 variants c.337+ 5 G> C c.608 C> T c.608 C> T c.2152 C> T c.800 A> T

Amino acid changes 23-bp insertion p.Ser203Leu p.Ser203Leu p.Arg718* p.Glu267Val

MGA minor glomerular abnormality

LMWP low-molecular-weight protein

ND not detected
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stabilization agent (RNAlater; Invitrogen) were used for
total RNA extraction from blood leukocytes, and ZR Urine
RNA Isolation Kit (Zymo Research Corporation) was used
for urine sediment. The obtained genomic DNA was used
for targeted sequencing, Sanger sequencing, and HUMARA
assay. Transcript analysis and ultra-deep targeted RNA
sequencing were performed using the total RNA.

Targeted genomic DNA sequencing

Because our patients were female and they showed non
specific manifestations to Dent disease or Lowe syndrome
except for extreme elevation of urinary LMWP, it was
difficult to guess the pathogenic genes. Therefore, com-
prehensive analysis was conducted on genes (Supplemental
Table 1) associated with Dent disease, Lowe syndrome, and
other renal tubular diseases by NGS using Miseq (Illumina,
San Diego, CA, USA) for all patients. The sample library
for NGS analysis was prepared using HaloPlex Target
Enrichment kit 500 kb for Illumina (Agilent Technologies,
Santa Clara, CA, USA), in accordance with the manu-
facturer’s workflow. Briefly, 225 ng of genomic DNA was
used for a restricted reaction and hybridized at 54 °C for 16

h with NGS probes. All indexed DNA samples were
amplified by polymerase chain reaction and sequenced
using the Miseq platform. The results were analyzed using
SureCall 3.0 (Agilent Technologies).

Sanger sequencing and transcript analysis

The results of mutational analyses of CLCN5 obtained by
targeted sequencing were confirmed using Sanger sequen-
cing. Mutational sites of CLCN5 in each patient were
amplified by PCR. PCR-amplified products were purified
and subjected to direct sequencing using a dye terminator
cycle sequencing kit (Amersham Biosciences, Piscataway,
NJ, USA) and an automatic DNA sequencer (ABI Prism
3130; Perkin-Elmer, Applied Biosystems, Foster City, CA,
USA). For variant descriptions, NM_000084 was used as a
reference sequence. Total RNA was reverse-transcribed to
cDNA using Ecodry Premix (Double Primed; Clontech
Laboratories Inc., Mountain View, CA, USA). cDNA was
amplified by RT-PCR using the following pair of CLCN5
primers to detect abnormal splicing in Case 1:

Forward primer: 5′-CCTGGTGTAGGGACCTATG-3′
Reverse primer: 5′-TGTGAGTGATGCTTTTTCCG-3′.

Pa�ent

Exon 2 Exon 7

Father

Mother

Case 1 Case 2 Case 3 Case 4
Exon 12Exon 6

C A C C G A G A G g t a a g a c a a a a g a t g g c a c a t g g A T T A C C A A T A A A A G
Exon 2 Exon 3Exon 2A (23bp)

Exon 2 Exon 323bp
GAGAGgtaag catgggtaagt ATTACC

B

C

A

c

G A G A G G TA A G A C A C A G T G T C G T C T T TA G G C G AT TG C C T T G A A G A G G T

Fig. 1 Sanger sequencing results of CLCN5. a A novel splicing variant
(c.337+ 5 G>C), a known missense variant (c.608 C> T, p.Ser203-
Leu), a known nonsense variant (c.2152 C> T, p.Arg718*), and a
novel missense variant (c.800 A> T, p.Glu267Val) were detected in
Cases 1–4, respectively. b The chromatogram of the transcript in Case

1. A 23-bp insertion was found between exon 2 and exon 3 in Case 1.
c A schema of the splicing pattern found in Case 1. The splice site
variant (c.337+ 5 G> C) disrupted the original acceptor site (gt in
blue) and resulted in the generation of an aberrant acceptor site (gt in
red) that led to a 23-bp insertion
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After 40 cycles of amplification, PCR products were
separated on 1.5% agarose gel and the purified products
were sequenced using a dye terminator cycle sequencing kit
and an automatic DNA sequencer as mentioned above.

HUMARA method

The HUMARA assay was performed as described by Allen
et al. [5]. Briefly, 200 ng of genomic DNA from blood
leukocytes and urine sediment was digested by a
methylation-sensitive enzyme (Hpa2) and the same volume
of undigested DNA was amplified with FAM-labeled for-
ward primer and reverse primer specific for regions either
side of polymorphic CAG repeats (Supplemental Table 2).
The PCR product was mixed with internal size standard
(GeneScan 500 LIZ dye Size Standard; Perkin Elmer,
Applied Biosystems) in deionized formamide and subjected
to automatic DNA sequencing (ABI Prism 3100; Perkin
Elmer, Applied Biosystems). Quantification of data and
their visualization in graphs were performed using GeneS-
can software. The XCI pattern was defined as random (from
50:50 to 80:20), skewed (from 80:20 to 90:10), or extre-
mely skewed (more than 90:10).

Ultra-deep targeted RNA sequencing using NGS

For RNA expression analysis of alleles of CLCN5 variants,
reverse transcription of total RNA to cDNA was performed
using Ecodry Premix (Double Primed; Clontech Labora-
tories Inc.). cDNA synthesis was amplified by PCR
using the following pair of Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) specific primer to check the
genome DNA contamination. The primer pair was designed
to amplify both genome DNA and cDNA to detect genome
DNA contamination in cDNA: Forward primer:
5′-CCCTTCATTGACCTCAAC-3′, reverse primer:
5′-TTCACACCCATGACGAAC-3′. The PCR products
were subjected to Agilent 2100 bioanalyzer (Agilent
Technologies). After that, 40 cycles of RT-PCR for cDNA
were performed using forward and reverse primers designed
to target the variants (Supplemental Table 3). After 150-bp
PCR products were purified on 1.5% agarose gel, the ends
of these cDNA fragments were repaired and adenyl
nucleotides were added using TruSeq Nano DNA Library
Preparation kit (Illumina), following the TruSeq workflow.
Templates were ligated to adapters and these libraries were
amplified by PCR. After the quantification of template
libraries had been performed using Agilent High Sensitivity
DNA kit (Agilent Technologies), these samples were
sequenced using the Miseq platform. SureCall 3.0 software
was used for reading the data. We analyzed the ratio of
alleles with and without a variant for estimation of the XCI
ratio.

Results

Patient history

In all four cases, urinary proteinuria was found by a urinary
screening test at one or three years old and pronounced
urinary LMWP was detected by detailed examination. None
of these cases had subjective symptoms or hypercalciuria,
calcinosis in the kidney, CKD, or other extrarenal symp-
toms. Pronounced urinary LMWP had been identified in the
fathers of Cases 1, 3, and 4. The mother in Case 2 had never
shown proteinuria and did not have high urinary LMWP.
Renal biopsy was performed in Cases 1 and 3, with minor
glomerular abnormality being found in both of them
(Table 1).

Detection of pathogenic variants of CLCN5

Targeted sequencing by NGS and Sanger sequencing
revealed that all four cases had heterozygous variants of
CLCN5 (Fig. 1, Table 1), but no other pathogenic variants.
Cases 1 and 4 possessed a novel splicing site variant (c.337
+ 5 G >C) and a novel missense variant (c.800 A > T,
p.Glu267Val), respectively. Case 2 and her mother, and
Case 3 had a known missense variant (c.608 C> T, p.
Ser203Leu) and a known nonsense variant (c.2152 C> T, p.
Arg718*), respectively. The variant in Case 4 was estimated
to be pathogenic by in silico analysis using three different
software programs for pathogenicity prediction (SIFT,
PolyPhen-2, Mutation Taster). The splicing site variant
c.337+ 5 G >C resulted in a 23-bp insertion at the tran-
script level and was revealed to be pathogenic (Fig. 1b,c).

X-chromosome inactivation analysis

In all cases and the mother of Case 2, HUMARA assay was
performed using genomic DNA derived from blood leu-
kocytes and urine sediment. This assay revealed that Case 1
had an extremely skewed XCI pattern, with a ratio of 100:0
(i.e., the rate of activation of the X chromosome including
the pathogenic variant to that of the other chromosome) in
both leukocytes and urine sediment. Case 3 also showed
skewed XCI patterns of 87:13 in leukocytes and 94:6 in
urine sediment. Skewed XCI patterns were not observed in
Case 2 and her mother, or in Case 4, in either leukocytes or
urine sediment (Fig. 2 and Table 2).

We conducted targeted RNA sequencing for all cases and
the mother of Case 2 (Supplemental Fig. 1 and Table 2).
The depth of sequencing in the patients ranged from 0.3 to
2.3 million in the NGS analysis, representing ultra-deep
sequencing. RNA sequencing did not recognize any gen-
ome DNA sequences of CLCN5 in all cases (Data not
shown). In addition, PCR amplification of GAPDH showed
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that there was no contamination of genomic DNA in cDNA
in each case (Supplemental Fig. 2). All assay results were
completely identical, indicating the reliability of all methods
(Table 2).

Discussion

We report four females with Dent disease possessing het-
erozygous CLCN5 pathogenic variants. All cases showed
severe urinary LMWP excretion. For these four cases and
an asymptomatic one (the mother of Case 2), we performed
XCI analysis using HUMARA assay and ultra-deep tar-
geted RNA sequencing to clarify the correlation between
skewed XCI and the onset of Dent disease in females. To
the best of our knowledge, this is the first report describing
the XCI patterns in female cases of Dent disease. We
applied DNA methylation and RNA sequencing analysis to
both leukocytes and urine sediment extracted from the
subjects.

Correlations between XCI ratio and clinical manifesta-
tions have been reported in many X-linked diseases, such as
Fabry disease [8] and Duchenne/Becker muscular

dystrophy [9, 10]. For Dent disease, the performance of an
XCI assay has been reported in only a single case [11]. In
this case report, the mother of a boy with severe Dent dis-
ease was described as being asymptomatic and XCI using
HUMARA assay for genomic DNA extracted from leuko-
cytes showed 100% inactivation of the allele with the
pathogenic variant, which led to her being asymptomatic. It
is believed that the XCI pattern differs among tissues, so
genomic DNA extracted from renal tissue may be needed
for XCI analysis of kidney diseases [11]. In addition,
HUMARA assay shows the methylation of the androgen
receptor gene at the genomic DNA level [5]. This means
that, when using the HUMARA assay, neither the targeted
gene nor the mRNA expression that affects phenotypes is
evaluated directly. In addition, this assay needs segregation
analysis at the same time and in cases with de novo variants
or homozygous CAG repeat numbers, we could not deter-
mine the XCI proportion. That is also the limitation of the
HUMARA assay. In view of these limitations, in the current
study, we used genomic DNA and mRNA derived from
leukocytes and urinary sediment originating from the kid-
ney [3, 12], and also conducted not only HUMARA assays
but also RNA expression analyses.

4 esaC3 esaC2 esaC1 esaC
Mother

of case 2

Dy
e 

sig
na

l

Size (bp)
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B

Pa�ent

Father

Mother

Peripheral
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Fig. 2 XCI analysis by HUMARA assay in peripheral leukocytes and
urine sediment. The peaks colored black indicate the alleles with
CLCN5 variants and the other peaks indicate the alleles without such
variants. Section (a) corresponds to PCR products of undigested DNA

in peripheral leukocytes in patients and their parents. Section (b)
shows the PCR products in leukocytes and urine sediment after
digestion with a methylation-sensitive enzyme (Hpa2)
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The results of our study show that two of the four cases
with severe urinary LMWP had skewed XCI. The incidence
of skewed XCI in healthy young females was reported to be
7–34% [13–15], so this finding (of an association in 50% of
cases) may support the association between skewed XCI
and female Dent disease. However, a skewed XCI pattern
was not found in the other two cases. In Case 2, although
this individual and her mother had the same genotype and
XCI pattern, they showed significantly different levels of
urinary LMWP. This indicated that there are other
mechanisms besides skewed XCI that contribute to the
onset of Dent disease in females. One possible mechanism
enhancing female phenotypes is digenic mutations in
modifier genes associated with tubular functions. Although
we did not find any pathogenic variants in genes associated
with renal tubular diseases including OCRL (Supplemental
Table 1), some of the variants with high allele frequency in
healthy controls can affect the severity of the Dent disease.
Furthermore, the variants in other known genes such as
INPP5B or unknown genes can also affect the phenotypes
[16].

The data obtained in this study indicate that the XCI
patterns in blood leukocytes and renal tissue were almost
the same. Some previous reports have described XCI pat-
terns in different tissues and also indicated significant
similarities among different tissues including blood and
kidney [13, 17, 18]. It was also reported that the differences
of XCI patterns between tissues tend to be smaller at
younger ages than at older ones [13]. However, some
individuals showed extreme variation of XCI patterns
between tissues [13]. In our study, the patterns between
leukocytes and urine sediment were almost the same in all
five studied individuals.

We have developed a novel XCI analytical method of
ultra-deep targeted RNA sequencing. With this assay, we
measured the ratio of activation of variant and normal
alleles directly for the CLCN5 gene at the transcript level.
Physiologically, this method much more strongly reflects
the influence of XCI on the clinical manifestations. How-
ever, our findings revealed that the results obtained by the

HUMARA assay and the ultra-deep RNA sequencing assay
were identical in all five individuals. Although the RNA
expression assay overcomes the limitations of the
HUMARA assay as described above, we revealed that both
assays are actually reliable.

The current study has some limitations. First, the number
of cases examined here was very small because female Dent
disease cases are very rare. Second, we applied nested PCR
for the RNA sequencing of cDNA extracted from urinary
sediments because the total amount of mRNA was low.
However, the bias caused by this seemed to be small
because the results from our method were concordant with
those obtained using leukocytes and the HUMARA assay.

In conclusion, we developed a novel XCI analytical
assay of targeted ultra-deep RNA sequencing and revealed
that skewed XCI explains the mechanism of onset of female
Dent disease in only two out of the four studied cases. We
also revealed that the assay results from using genomic
DNA and mRNA, and leukocytes and urinary sediment
matched perfectly. Both genomic DNA and mRNA assays
and leukocytes and urinary sediment were shown to be
useful tools and materials for determining the patterns of
XCI in females.
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Table 2 Comparison between HUMARA assay and targeted RNA expression assay

Method Tissue Case 1 Case 2 Mother of
Case 2

Case 3 Case 4

HUMARA assay Blood
leukocytes

100:0 46:54 60:40 87:13 60:40

Mutant allele activity: WT allele activity Urine
sediment

100:0 52:48 45:55 94:6 61:39

Targeted RNA sequencing Blood
leukocytes

100:0
(2,287,391)

48:52
(462,709)

56:44
(1,905,905)

85:15
(366,284)

65:35
(558,118)

Mutant allele expression: WT allele expression
(sequencing depth)

Urine
sediment

100:0
(519,784)

49:51
(1,380,298)

– 87:13
(526,917)

60:40
(466,493)
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