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To obtain insight into the physiological functions of the Krüppel-like zinc finger protein Gli-similar 2
(Glis2), mice deficient in Glis2 expression were generated. Glis2 mutant (Glis2mut) mice exhibit significantly
shorter life spans than do littermate wild-type (WT) mice due to the development of progressive chronic kidney
disease with features resembling nephronophthisis. Glis2mut mice develop severe renal atrophy involving
increased cell death and basement membrane thickening in the proximal convoluted tubules. This development
is accompanied by infiltration of lymphocytic inflammatory cells and interstitial/glomerular fibrosis. The
severity of the fibrosis, inflammatory infiltrates, and glomerular and tubular changes progresses with age.
Blood urea nitrogen and creatinine increase, and Glis2mut mice develop proteinuria and ultimately die
prematurely of renal failure. A comparison of the gene expression profiles of kidneys from 25-day-old/60-day-
old WT and Glis2mut mice by microarray analysis showed increased expressions of many genes involved in
immune responses/inflammation and fibrosis/tissue remodeling in kidneys of Glis2mut mice, including several
cytokines and adhesion and extracellular matrix proteins. Our data demonstrate that a deficiency in Glis2
expression leads to tubular atrophy and progressive fibrosis, similar to nephronophthisis, that ultimately
results in renal failure. Our study indicates that Glis2 plays a critical role in the maintenance of normal kidney
architecture and functions.

Gli-similar 1 (Glis1) through Glis3 form a subfamily of
Krüppel-like zinc finger proteins that are related to members
of the Gli and Zic subfamilies (1, 20, 21, 23, 24, 28, 35, 46, 47).
Members of these families share a highly conserved tandem
repeat of five C2H2-type zinc finger (ZF1 to ZF5) motifs.
These zinc finger domains recognize specific DNA elements,
referred to as Gli-binding sites (GBS), in the promoter regions
of target genes and can regulate their transcription in a positive
or negative manner (23–25, 33). Gli and Zic proteins are crit-
ical in the regulation of embryonic development and have been
implicated in several disease processes, including various can-
cers (1, 16, 20, 32).

Relatively little is known about the physiological functions of
Glis proteins. Glis1 expression was shown to be elevated in
psoriatic skin (34); however, mice deficient in Glis1 did not
exhibit any apparent phenotype (35). Glis3 was shown to en-
hance osteoblast differentiation that involves increased expres-
sion of FGF18 (3). Mutations in GLIS3 have been linked to a
human syndrome consisting of neonatal diabetes and congen-
ital hypothyroidism, suggesting that GLIS3 might have a crit-
ical role in pancreatic development (2a, 41). The overexpres-
sion of GLIS3 in ependymomas was found to be associated

with a poor prognosis (31). Glis2 is expressed in several adult
tissues, most abundantly in kidney (28, 46, 47). During embry-
onic development, Glis2 mRNA is expressed in a temporal and
spatial manner. At embryonic day 11.5 of mouse embryonic
development, Glis2 is most highly expressed in the ureteric bud
(the inductor of the mesenchymal-epithelial conversion) and,
in adult kidney, in tubules and collecting ducts. A recent study
linked the loss of GLIS2 function to nephronophthisis, an
autosomal recessive kidney disease and the most frequent ge-
netic cause for end-stage renal failure (2). It is characterized by
renal fibrosis and tubular atrophy, resulting in the loss of renal
tissue architecture (14). Glis2 is also expressed in the cranial
and dorsal ganglia, the neural tube, and in the intermediate
zones of the hindbrains of mouse embryos (embryonic day 9.5)
(47). Exogenous expression of Glis2 has been reported to pro-
mote the differentiation of neuronal precursor cells, suggesting
a regulatory role of Glis2 in neuronal differentiation (28). The
precise physiological functions of Glis2 need to be established.

To obtain greater insight into the physiological functions of
Glis2, we generated mice deficient in the expression of Glis2
(Glis2mut). Our data demonstrate that Glis2mut mice develop
progressive kidney disease that is associated with tubular atro-
phy through apoptosis, severe inflammation, and fibrosis that
ultimately results in renal failure. Gene expression profile anal-
ysis showed increased expression of many genes involved in a
variety of proinflammatory and profibrotic responses. Our ob-
servations are in agreement with the results of a recent study
showing that deficiency in GLIS2 expression leads to progres-
sive chronic kidney disease similar to nephronophthisis (2).
These studies indicate that Glis2 is critical for the maintenance
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of the normal renal architecture and functions. The Glis2mut

mice will provide an excellent model to study the molecular
events that play a role in the initiation and progression of
nephronophthisis.

MATERIALS AND METHODS

Generation of Glis2mut mice. The pOSdupdel-Glis2 targeting vector was de-
signed to replace a 1.5-kb region that includes exon 6 by a 1.8-kb neomycin
cassette containing the phosphoglycerate kinase poly(A)� signal and the neo-
mycin phosphotransferase (neo) selectable marker under the control of a phos-
phoglycerate kinase promoter. The genomic flanking regions were generated by
PCR amplification using 129Sv genomic DNA as a template. The 6-kb BclI/ClaI
fragment included exons 1 through 5 and the 2-kb Kpn1/NotI fragment con-
tained the flanking region downstream of the Glis2 gene. pOSdupdel-Glis2 was
linearized by NotI and electroporated into E14Tg2a embryonic stem (ES) cells
that were derived from mouse strain 129HsdOla. G418-resistant ES clones were
isolated and screened by Southern blot analysis for homologous recombination
events by using both 5� and 3� probes. Gene-targeted ES cells were microinjected
into blastocysts from C57BL/6 mice that were then implanted into pseudopreg-
nant CD1 females. Offspring demonstrating agouti coat color were analyzed for
the presence of the disrupted Glis2 gene. The chimeric mice were crossed with
C57BL/6 mice to identify transmitting chimeras and to obtain mice heterozygous
for the mutant allele. Heterozygous mice were intercrossed to obtain animals
homozygous for the mutant allele and to obtain wild-type (WT) littermate
controls. This gene knockout was performed at the University of North Carolina
(UNC) Transgenic Facility headed by Randy Thresher. Routine genotyping was
carried out by PCR. Mice were Helicobacter free. All animal studies followed
guidelines outlined by the NIH (35a), and protocols were approved by the
Institutional Animal Care and Use Committee at the National Institute of
Environmental Health Services (NIEHS) and UNC.

Histopathological evaluation. Tissues were fixed in 10% neutral buffered for-
malin for 24 h and then transferred to 70% ethanol, processed, embedded in
paraffin, sectioned at 5 microns, and stained with hematoxylin and eosin (H&E)
or Masson’s trichrome. Histopathological evaluation was performed on sections
of tissues from male and female WT and Glis2mut mice between the ages of 10
days and 12 months.

Microarray analysis. Total RNA was isolated from kidneys of 25- and 60-day-
old WT and Glis2mut mice by using the Qiagen RNeasy mini kit. Equal amounts
of total RNA from kidneys from three individual mice were pooled. RNA from
two independent experiments was used, and each microarray analysis was per-
formed in duplicate. Gene expression analyses were conducted by the NIEHS
Microarray Group on Agilent whole-mouse genome microarrays (Agilent Tech-
nologies, Palo Alto, CA). The complete listing of all the changes in gene expres-
sion in kidneys of Glis2mut mice as well as the raw data are available in the
supplemental material and are accessible through GEO Series accession number
GSE8454.

Molecular and biochemical analysis. Western and Northern blot analyses
were performed as described previously (19). Subcellular localization by confocal
microscopy and reporter gene assays were carried out as reported previously (21,
24). Blood urea nitrogen (BUN) and creatinine levels and proteinuria were
analyzed by standard methods, as described in the supplemental material.

Real-time QRT-PCR analyses. Total RNA isolated from kidneys was reversed
transcribed using a high-capacity cDNA archive kit according to the manufac-
turer’s instructions (Applied Biosystems). Quantitative reverse transcription-
PCRs (QRT-PCRs) with 50 ng of cDNA were carried out in triplicate in a 7300
real-time PCR system (Applied Biosystems) by using the TaqMan 2� PCR
Master mix and RT2 real-time SYBR green/Rox PCR master mix (SuperArray)
and the following cycles: 2 min at 50°C, 10 min at 95°C and then 40 cycles each
at 95°C for 15 s and 60°C for 60 s (19). All results were normalized to an internal
control, the 18S transcript. QRT-PCR analysis was also carried out using
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as a control. These data
confirmed the results obtained with 18S as a control. Sequences of primers used
are listed in Table S1 in the supplemental material.

RESULTS

Generation of Glis2mut mice. Glis2 regulates transcription by
binding GBS in the regulatory regions of target genes. This
binding is dependent on the 4th and 5th zinc finger motifs. To
investigate the biological role of Glis2 in vivo, we generated

mice in which the Glis2 gene was disrupted. We selected a
strategy that would result in the deletion of the entire exon 6
region, encoding the 4th and 5th zinc fingers and the remaining
carboxyl terminus of Glis2. One could predict that this deletion
would impair this Glis2 function. A schematic representation
of the strategy is shown in Fig. 1A. The targeting vector was
created such that after homologous recombination, the 1.8-kb
neomycin cassette would replace part of intron 5 and the entire
exon 6 region. The disrupted Glis2 allele was ultimately trans-
mitted through the germ line (see Fig. S1 in the supplemental
material). This result was confirmed by Northern blot analysis.
The 3� Glis2 probe hybridized to the 3.5-kb Glis2 transcript of
RNA isolated from kidneys of WT mice, while it did not yield
any signal with RNA from Glis2mut mice, thereby confirming
the disruption of the Glis2 gene; however, the 5� end of the
Glis2 mRNA was still expressed in Glis2mut mice (Fig. 1B).
Because of the lack of a good anti-Glis2 antibody, we were
unable to determine whether a truncated Glis2 protein was
detectable in Glis2mut mice or whether such a protein was
rapidly degraded by the proteasome system.

Analysis of Glis2mut activity in HEK293 cells. Glis and Gli
proteins regulate transcription by binding to specific DNA
binding sites (GBS) in the promoter regions of target genes
(2a, 24, 25, 33, 47). ZF4 and ZF5 are essential for the binding
of Gli and Glis proteins to GBS and important for the nuclear
localization of Glis proteins. Therefore, one could predict that
deletion of exon 6 would affect the transcriptional activity and
nuclear localization of Glis2. To determine the effect of this
deletion on Glis2 activity, the ability of Glis2mut to repress
GLI1-mediated transcriptional activation of a Luc reporter
was examined in HEK293. In contrast to full-length Glis2,
Glis2mut was unable to repress the induction of GBS-depen-
dent transcription of a Luc reporter by GLI1 as it was unable
to compete with GLI1 for GBS binding (Fig. 1C). In addition
to impaired transcriptional activity, this deletion also affected
the nuclear localization of Glis2. In contrast to full-length
Glis2, which is predominantly localized to the nucleus (Fig.
1D), Glis2mut is equally distributed between the nucleus and
cytoplasm, consistent with previous observations (47). These
data indicate that Glis2mut is unable to mediate GBS-depen-
dent transcriptional regulation. Thus, the Glis2mut mice gen-
erated are defective in this Glis2 function.

Glis2mut mice develop progressive chronic kidney disease.
Crossbreeding of Glis2 heterozygous mice produced litters
with all three genotypes with the expected Mendelian distri-
bution. Glis2mut mice had a normal appearance and exhibited
normal body weights and sizes. In addition, no behavioral or
motor coordination abnormalities were observed. The Glis2mut

mice appeared healthy during the early stages of life. However,
Glis2mut mice exhibited significantly shorter life spans than did
WT mice (Fig. 2A). At 10 months after birth, more than 40%
of the Glis2mut mice had died, while over the same time period,
more than 95% of WT mice survived. Heterozygous mice ex-
hibited normal life spans (data not shown).

Histopathological examination of a wide variety of tissues,
including brain, liver, spleen, and lung, did not reveal any
significant morphological/structural abnormalities except for in
the kidney. No differences in kidney weight or size were ob-
served between newborn WT and Glis2mut mice (data not
shown). At postnatal day 10 (PND10), the kidneys of WT and
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Glis2mut mice were histologically indistinguishable, suggesting
that Glis2 deficiency did not significantly affect kidney organo-
genesis during embryonic development. In contrast, the kid-
neys of adult Glis2mut mice were generally smaller and often
paler than those of WT mice (Fig. 2B and C) and, in some
cases, exhibited irregular surfaces. Kidneys became smaller
and progressively atrophic with age (Fig. 3A). To determine

whether this involved increased cell death, kidney sections of
WT and Glis2mut mice were examined by immunohistochem-
istry with an antibody against active caspase 3, a marker of
apoptosis (12). A significant number of caspase 3-positive cells
were detectable throughout the kidney sections from Glis2mut

mice, while only few caspase 3-positive cells were detectable in
sections of WT kidneys (Fig. 3B and C). Increased cell death in
Glis2mut kidneys was supported by increased terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling (TUNEL) staining throughout the kidney (data not
shown). Quantitation of the number of TUNEL-positive cells
revealed that renal tubules of Glis2mut kidneys exhibited a
number of TUNEL-positive cells fivefold higher than that of
WT kidneys (Fig. 3C). Thus, the observed renal atrophy ap-
pears to be at least in part due to increased apoptosis.

Histopathological evaluation indicated that Glis2mut mice
developed progressive chronic kidney disease comprised of a
spectrum of lesions that increased in severity and extent as the
animals aged. Kidneys from heterozygous mice were indistin-
guishable from those of WT mice, suggesting that the Glis2mut

mutation results in a recessive phenotype. A significant feature
of this phenotype was that the progression of the lesions was
variable, and component lesions with various levels of severity
were observed in animals of the same age or age range. No
significant differences were detected between males and fe-
males in the progression or severity of nephropathy, and WT
mice generally did not develop progressive nephropathy. The
earliest lesions became apparent in proximal tubules and glo-
meruli of the outer cortices of Glis2mut mice by PND25. The
lesions were focal, involving few widely scattered, small clus-
ters of cortical tubules and individual glomeruli. In contrast to

FIG. 1. Targeting the Glis2 locus. (A) Schematic view of the mouse
Glis2 locus, the targeting vector pOSdupdel-Glis2, and the recombi-
nation at the Glis2 locus. In the targeted locus, a 1.5-kb region encod-
ing the entire exon 6 is deleted. Gray bars indicate exons E1 to E6. The
Glis2 and Glis2mut proteins are schematically shown below the target
locus. Black bars indicate zinc finger motifs. (B) Expression of Glis2
mRNA. Northern blot analysis was performed with RNA from kidneys
of WT and homozygous mice by using a radiolabeled 3� or 5� Glis2
cDNA probe. (C) Effect of the C-terminal deletion on Glis2 transcrip-
tional activity. The repression by Flag-Glis2 and Flag-Glis2mut on
GBS-dependent transactivation of a luciferase reporter (GBS12-LUC)
by GLI1 was examined in HEK293 cells. Error bars indicate standard
deviations. �, absence of; �, presence of. (D) Flag-Glis2 (WT) and
Flag-Glis2mut (Mut) were expressed in HEK293 cells and their subcel-
lular localization was examined by confocal microscopy with an anti-
Flag and anti-mouse Alexa 595 antibody. Nuclei were stained with
DAPI (4�,6�-diamidino-2-phenylindole).

FIG. 2. Glis2mut mice exhibit reduced life spans and kidney sizes.
(A) The survival of WT (n � 29) and Glis2mut mice (n � 43) was
monitored over an 11-month period. The percentage of surviving mice
was calculated. (B) Glis2mut mice exhibited reduced kidney sizes. Kid-
neys typical for 6-month-old male WT and Glis2mut mice are shown.
(C) The average weight of kidneys from 6-month-old male and female
WT and Glis2mut mice was determined. Error bars indicate standard
deviations.
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normal tubules (Fig. 4A), affected tubules were smaller (atro-
phic) and lined by basophilic epithelial cells (Fig. 4B). Addi-
tionally, there was minimal thickening of the basement mem-
branes of the initial segment of proximal convoluted tubules, as
they originate from the glomeruli and the capsule (Bowman’s
capsule) surrounding glomeruli (Fig. 4C and D).

By 3 to 4 months, the lesions were more frequent in the
cortex and may be associated with mild interstitial mononu-
clear inflammatory (primarily lymphocytic) cell infiltrates with
associated subtle interstitial fibrosis (Fig. 4E and F). With
further progression, the above-mentioned lesions were more
prominent, frequent and consistently present in the cortex and
increasingly involved the inner cortex and outer medulla. By 5
to 8 months of age, mononuclear inflammatory cell infiltrates
were more extensive and especially prominent around the vas-
culature large perivascular infiltrates in the renal cortex of
Glis2mut mice (Fig. 4G and H). In addition, the glomerular
Bowman’s space and some cortical and medullary tubules were
dilated and some tubules contained protein (data not shown).

By 8 to 12 months of age, the changes in the cortex were
moderately to markedly severe and chronic in nature and in-
volved the majority of the cortex (Fig. 4I to L). Tubules were
variably dilated and many contained protein. Chronic glomer-

ular changes included variable atrophy, glomerulosclerosis,
thickening of the basement membrane of Bowman’s capsule,
and more pronounced dilatation of Bowman’s spaces (see Fig.
S2 the supplemental material for a large image). Mononuclear
interstitial infiltrates and fibrosis were consistent and promi-
nent features. Immunohistochemical staining with Pax5, CD3,
and F4/80 antibodies identified these cells as a mixture of
largely T and B lymphocytes and macrophages, respectively
(Fig. 5). Infiltration of inflammatory cells was not observed in
other tissues of Glis2mut mice, and spleens remained normal.
The development of extensive interstitial fibrosis was sup-
ported by an increase in collagen deposits, as indicated by
enhanced staining with an anti-collagen I antibody (Fig. 5E
and F) and Masson’s trichrome (see Fig. S3 in the supplemen-
tal material).

Development of proteinuria in Glis2mut mice. Close obser-
vation of the Glis2mut mice showed increased water consump-
tion and urine output supporting the development of impaired
renal function in these mice (Fig. 6A). The latter was substan-
tiated by the development of significant proteinuria in Glis2mut

mice (Fig. 6B). Only major urinary proteins were detectable in
the urine samples of 10-month-old WT mice. In contrast, the
urine samples of Glis2mut mice contained many additional pro-
teins; several of the major proteins were identified by mass
spectrometry as transferrin, albumin, and the protease inhibi-
tor serpine (Fig. 6B). At 1 year of age, 35% of the Glis2mut

mice had developed proteinuria, while only 10% of the WT
mice had done so (Table 1). These numbers did not take into
account the Glis2mut mice that developed proteinuria and died
of renal failure at an earlier age. The development of progres-
sive renal disease in Glis2mut mice was supported by increased
levels of BUN and creatinine in serum. In most WT mice that
were 10 months old or younger, the levels of blood BUN and
creatinine remained below 30 mg/ml and 0.3 mg/ml, respec-
tively (Fig. 6C and D), whereas Glis2mut mice as young as 3
months old exhibited elevated levels of BUN and creatinine.
These levels increased steadily with age in Glis2mut mice. Mice
with high BUN and creatinine levels frequently died of renal
failure or had to be euthanized shortly after the time the
analysis was performed. No evidence was found indicating that
the renal phenotype of Glis2mut mice involved diabetic or im-
munoglobulin A nephropathy or an autoimmune response,
since no significant differences were observed in blood glucose
levels, immunoglobulin A staining, serum immunoglobulin iso-
typing, or the level of anti-double-stranded DNA autoantibod-
ies between 10-month-old WT and Glis2mut mice (data not
shown).

Changes in gene expression in kidneys from Glis2mut mice.
Because Glis2 functions as a regulator of transcription (21, 47),
we were interested in examining what alterations in gene ex-
pression were associated with the early histopathological
changes in Glis2mut mice. Microarray analysis was performed
to determine the gene expression profiles of kidneys from
PND25 and PND60 WT and Glis2mut mice. A comparison of
the gene expression profiles identified a number of changes in
gene expression in kidneys of Glis2mut mice (see Table S2 in
the supplemental material). An analysis of the gene expression
profiles showed that about 336 genes were induced or re-
pressed by 2.0-fold or more in the kidneys of PND60 Glis2mut

mice compared to those of WT mice. Of these genes, about

FIG. 3. Progressive degeneration and increased cell death in kid-
neys of Glis2mut mice. (A) Representative H&E-stained sections of
whole kidneys from 4-, 7-, and 10-month-old WT and Glis2mut mice
(same magnification). (B) Increased apoptosis in kidneys of Glis2mut

mice. Sections of kidneys from 10-month-old WT and Glis2mut (Mut)
mice were examined by immunohistochemistry with an anti-active-
caspase 3 antibody as described in Materials and Methods. Nuclei were
identified by DAPI (4�,6�-diamidino-2-phenylindole) staining. (C) In-
creased cell death in renal tubules. Kidney sections from 8-month-old
male (M) (n � 4) and female (F) (n � 7) WT, and male (n � 9) and
female (n � 7) Glis2mut mice were stained by TUNEL, and the average
number of TUNEL-positive cells associated with renal tubules in 10
random sections (TUNEL labeling index) was determined. Error bars
indicate standard deviations.
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17% (55 genes) were down-regulated in kidneys of PND60
Glis2mut mice, while 83% (278 genes) were induced. The large
percentage of up-regulated genes fits the concept that Glis2
functions as a transcriptional repressor (21, 47). Microarray
analysis using kidneys from PND25 mice identified many of the
same changes in gene expression as observed with PND60 mice
(see Table S2 in the supplemental material). Interestingly,
many of the genes that were most significantly up-regulated in
the PND60 kidneys of Glis2mut mice encoded proteins involved
in immune/inflammatory responses or in extracellular matrix
(ECM) homeostasis. These included genes encoding the in-
flammatory chemokines Cxcl10 (IP10), Ccl5 (RANTES),
Cx3cl1 (fractalkine), and Ccl2 (monocyte chemoattractant pro-
tein 1), the complement components C3 and C1q, and the
adhesion proteins Vcam1 and Icam1. Up-regulated genes im-
plicated in ECM homeostasis and fibrosis included the matrix
gla protein (Mgp), the protease inhibitor plasminogen activa-

tor inhibitor type 1 (PAI-1), latent transforming growth factor
� (TGF-�) binding protein 2 (Ltbp2), matrix metalloprotein-
ase 14 (MMP14), connective tissue growth factor (Ctgf), vi-
mentin, the calcium binding protein S100A4 (FSP1), and sev-
eral procollagen genes, particularly procollagens 1�2 and 3�1.
The induction of genes with established roles in renal fibrosis
is in agreement with the development of glomerulosclerosis
and interstitial fibrosis observed in kidneys from Glis2mut mice.

Only 17% of the genes that were changed twofold or more
were down-regulated in kidneys of Glis2mut mice. These in-
cluded the bifunctional apoptosis regulator (Bfar), insulin-like
growth factor 2 (Igf2), and disrupted in renal carcinoma 2
(Dirc2) genes (see Table S2 in the supplemental material).
Bfar is an intracellular membrane protein that regulates apop-
tosis by interacting with Bcl-2, Bcl-X(L), and death effector
domain-containing procaspases (48). The Dirc2 gene encodes
a member of the major facilitator superfamily of transporters

FIG. 4. Glis2mut mice develop chronic kidney disease. (A) Kidney cortex from a PND25 WT mouse (WT-25d) showing normal glomeruli (long
arrows) and proximal tubules (short arrows). (B to D) Representative sections of kidney from a PND25 Glis2mut mouse (Mut-25d) illustrating early
lesions in the cortex. (B) Focal cluster of atrophic proximal tubules lined by cuboidal, basophilic epithelial cells (arrows). Minimal thickening of
the basement membrane of Bowman’s capsule (C) and of the initial segment of a proximal tubule as it originates from the glomerulus (arrows)
(D). (E) Kidney cortex from a 4-month-old WT mouse (WT-4m) showing normal glomeruli (arrows) surrounded by normal tubules. (F) Repre-
sentative section of kidney from a 4-month-old Glis2mut mouse (Mut-4m) with minimal to mild mononuclear cell infiltrates (arrows) within the
interstitium. (G) Kidney cortex from a 7-month-old WT mouse (WT-7m) showing normal glomeruli (arrows) surrounded by normal tubules.
(H) Representative section of kidney from a 7-month-old Glis2mut mouse (Mut-7m) with more severe mononuclear cell infiltrates (arrows) within
the interstitium. (I) Kidney cortex from a 12-month-old WT mouse (WT-12m) showing normal glomeruli (arrows) surrounded by normal tubules.
(J to L) Representative sections of kidney from 12-month-old Glis2mut mice (Mut-12m) illustrating advanced cortical lesions with widespread
interstitial fibrosis with lymphocytic infiltrates throughout the interstitium. In the areas of fibrosis, there is also atrophy and loss of the proximal
tubules. Glomerular changes include dilatation of the Bowman’s space with atrophy of the capillary tuft (asterisk), thickening of the basement
membrane of Bowman’s capsule, and glomerular sclerosis (arrow). (K) Advanced lesion in the kidney showing a group of dilated tubules, several
of which contain protein (arrows). Also note the glomeruli with dilated Bowman’s space and atrophic capillary tufts (asterisk) and interstitial
fibrosis with lymphocytic infiltrates. (L) Glomeruli with advanced glomerulosclerosis. All images are H&E-stained sections. Scale bars, 50 �m.
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and a breakpoint targeting Dirc2 at chromosome 3q21 is as-
sociated with a significantly increased predisposition for renal
cell cancer in humans (4). These proteins may potentially have
an important function in the development of the renal pathol-
ogy and apoptosis observed in Glis2mut mice.

Real-time QRT-PCR analyses. Real-time QRT-PCR analy-
sis was performed to validate the differential expression of a
number of genes between kidneys of PND25 WT and Glis2mut

mice. Figure 7A shows that the expression of Ltbp2, Cxcl10,
Ccl2, Col1a1, Mgp, gamma interferon, C3, PAI-1, TGF-�1,
and Sparc were all enhanced severalfold and supports the data
obtained by microarray analysis. To examine the correlation
between the induction of these genes and renal phenotype, the
expression of several genes was analyzed in mice of different
ages. The expression of Ccl2, Ccl10, Mgp, and Ltbp2 increased
with the age of Glis2mut mice (Fig. 7B). For most genes, no
significant change in expression was observed between kidneys
from PND10 WT and Glis2mut mice. This result is consistent
with the observation that no obvious histological differences
were noticed between these kidneys. Increased PAI-1 and
Vcam-1 expression was confirmed by Western blot analysis
(see Fig. S4 in the supplemental material).

DISCUSSION

To obtain greater insight into the physiological role of Glis2
(46, 47), we generated mutant mice deficient in the expression
of Glis2. Histopathological analysis of kidneys from Glis2mut

mice revealed that Glis2mut mice developed progressive
chronic kidney disease that became more severe with age. The

renal phenotype was characterized by tubular atrophy, inter-
stitial fibrosis, glomerulosclerosis, pronounced dilatation of
Bowman’s spaces and tubules, and extensive infiltration of
inflammatory cells. In addition, levels of BUN and creatinine
increased and Glis2mut mice developed proteinuria. These con-
ditions ultimately resulted in renal failure and premature death
of Glis2mut mice. The progressive renal atrophy appears to be

FIG. 5. Massive infiltration of T and B lymphocytes and macro-
phages and fibrosis in kidneys of Glis2mut mice. (A) Infiltration of
inflammatory cells (H&E staining) in kidney of a 10-month-old
Glis2mut mouse. Histochemical staining of sections of kidney from
10-month-old Glis2mut mice for Pax5, a marker for B lymphocytes (B);
CD3, a marker for T lymphocytes (C); and F4/80, a marker for mac-
rophages (D). Immunofluorescence staining of representative sections
of kidneys from WT (E) and Glis2mut mice (F) with an anti-collagen I
antibody and Alexa Fluor 594.

FIG. 6. Glis2mut mice develop proteinuria and impaired renal func-
tions. (A) Glis2mut mice exhibit increased urine output. Urine output
was measured in 12-month-old WT and Glis2mut mice over a 24-h
period. Error bars indicate standard deviations. Asterisks indicate P
	0.01. (B) Urine proteins of WT and Glis2mut mice were analyzed by
polyacrylamide gel electrophoresis. After Coomassie brilliant blue
staining, several proteins were identified by matrix-assisted laser de-
sorption ionization mass spectrometry. T, transferrin; A, albumin; S,
serpine; M, major urinary proteins. (C and D) Levels of creatinine and
BUN in WT and Glis2mut mice were monitored over a period of 3 to
10 months. Glis2mut mice exhibit significantly elevated blood levels of
BUN and creatinine.

TABLE 1. Enhanced development of proteinuria in Glis2 micea

Mouse strain
No. of mice with protein concentration of:

	30 mg/ml 
150 mg/mlb

Glis2�/� 9 1 (10)
Glis2mut 15 8 (35)

a One-year-old mice were tested for proteinuria.
b Numbers in parentheses indicate percentages of the total number of mice

with proteinuria.
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at least in part related to increased apoptosis of tubule epithe-
lial cells and other cells and may explain the reduction in
kidney size during aging. The renal abnormalities observed in
mice defective in Glis2 function resemble those associated with
nephronophthisis, an autosomal recessive chronic kidney dis-
ease that is the most frequent genetic cause of end-stage renal
failure (2, 14; this study). The loss of GLIS2, due to a change
in the first nucleotide of the 5th intron of the GLIS2 gene that
destroys this splice site, has recently been linked to nephron-

ophthisis (2). The result of this mutation is similar to that of
the mutation generated in our Glis2 mutant mice that lack the
entire exon 6 region. Common features between the Glis2mut

phenotype and nephronophthisis include a loss of kidney size,
tubular atrophy, severe chronic fibrosis, and the development
of renal failure during early stages of life. As with nephron-
ophthisis, the Glis2mut mutation is recessive in nature since
heterozygous mice have a normal phenotype. These observa-
tions suggest that Glis2 plays a critical role in maintaining

FIG. 7. Increased expression of genes involved in immune/inflammatory responses and ECM homeostasis in kidneys from Glis2mut mice.
(A) RNA was isolated from kidneys of WT and Glis2mut mice. The level of expression of the genes indicated was analyzed by QRT-PCR in five
individual samples. The increase in mRNA expression in kidneys from Glis2mut mice was calculated and plotted. Error bars indicate standard
deviations. (B) Expression levels of Ccl2, Cxcl10, Mgp, and Ltbp2 mRNA in kidneys from WT and Glis2mut mice in relation the age of the mice.
RNA from five mice in each group were pooled and analyzed by QRT-PCR. IFN-�, gamma interferon.
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normal kidney architecture and functions and are in agreement
with findings showing that a lack of GLIS2 expression results in
the development of nephronophthisis (2).

The histopathological observations showed that fibrosis is a
prominent feature of the renal phenotype in Glis2mut mice.
Progressive fibrosis often leads to organ failure in several tis-
sues, including lung, kidney, liver, and heart. The pathogenic
mechanisms that lead to chronic kidney disease converge on a
common pathway that results in progressive interstitial fibrosis
and dysfunctioning nephrons due to tubular atrophy (9, 26, 30).
This appears to be an important cause of the renal failure and
premature death in Glis2mut mice. Tubulointerstitial fibrosis
involves significant changes in normal renal architecture. It is
characterized by an accumulation of ECM components and a
thickening of the basement membrane and is related to a
disturbance of the delicate balance between ECM degradation
and synthesis (7, 9, 18, 29, 30, 36, 38, 42–45). A comparison of
the gene expression profiles of kidneys from WT and Glis2mut

mice shows that the development of fibrosis in Glis2mut mice is
accompanied by increased synthesis of various ECM compo-
nents, such as various types of collagen, Ltbp2, and vimentin,
and by changes in the synthesis of enzymes that catalyze the
degradation of ECM, including PAI-1. Much of the matrix
deposition is believed to be synthesized by myofibroblasts. The
increase in the number of myofibroblasts during renal fibrosis
may occur by several mechanisms, including myofibroblast
transdifferentiation (MFT), tubular epithelial-mesenchymal
transition (EMT), and the infiltration of fibrocytes (9, 18, 29,
30, 36, 38, 42–45). Fibrosis often involves a combination of
these processes. MFT, in which mesangial cells, fibrocytes, or
fibroblasts transdifferentiate into myofibroblasts, can be in-
volved in glomerulosclerosis and interstitial fibrosis. In EMT,
tubular epithelial cells undergo transdifferentiation into myo-
fibroblasts that then migrate into the interstitium. Each of
these mechanisms might play a role in the renal phenotype
observed in Glis2mut mice. However, staining for Coll�CD45�

fibrocytes did not show much difference between kidney sec-
tions of WT and Glis2mut mice (unpublished observations),
suggesting that the recruitment and infiltration of fibrocytes
may not be a major feature of the renal phenotype observed in
Glis2mut mice.

A large number of cytokines and growth factors play critical
roles in the regulation of ECM homeostasis (9, 30, 36, 39, 42).
TGF-�1 particularly plays a major role in renal fibrosis and has
been reported to promote EMT. The expression levels of
TGF-�1 were increased in the kidneys of Glis2mut mice, as
were those of many TGF-� target genes, including PAI-1,
Col1a, vimentin, S100A4 (FSP1), Ctgf, and Tgfbi (39). In ad-
dition, the expressions of the ECM proteins Ltbp2 and fibrillin
1 are induced in Glis2mut mice. Many of these genes have been
reported to be induced in activated (myo)fibroblasts. More-
over, all of these proteins play an important role in the control
of ECM homeostasis and have been implicated in renal fibro-
sis. Ctgf induces collagen I expression and has been implicated
in both glomerulosclerosis and tubulointerstitial fibrosis (11).
PAI-1, an inhibitor of tissue and urokinase plasminogen acti-
vators, proteins that promote ECM degradation, plays a criti-
cal role in ECM homeostasis (10, 13, 17). Increased production
of PAI-1 causes matrix accumulation and has been implicated
in glomerulosclerosis and interstitial fibrosis. Ltbps and fibril-

lin play an important role in regulating the bioavailability of
TGF-�. Increased expressions of PAI-1, vimentin, S100A4,
and Col1a2 have been reported to be associated with the EMT
(5, 17, 45). Our data are in agreement with the concept that
activation of the EMT is part of the increased tubulointerstitial
fibrosis observed in Glis2mut mice. Loss of Glis2 may promote
EMT. In this context, it is interesting to note that during
metanephric development, Glis2 is most highly expressed in
the ureteric bud, the inductor of mesenchymal-epithelial con-
version during tubule formation (47). However, the loss of
Glis2 function does not appear to affect this conversion, as
the kidneys of PND10 Glis2mut mice appear normal.

Since Glis2 regulates transcription by binding to GBS in the
regulatory regions of target genes, one might predict that the
renal phenotype observed in Glis2mut mice is initiated by ab-
errant expression of specific Glis2 target genes. This aberrant
expression likely induces a cascade of events that results in the
induction of fibrosis, EMT, apoptosis, and renal degeneration.
Many of the changes in gene expression profiles identified in
this study might relate to the progression of this chronic kidney
disease. Future studies have to identify the target genes in-
volved in the initiation of this renal phenotype.

The renal phenotype in Glis2mut mice is associated with a
dramatic infiltration of inflammatory cells, mainly T and B
lymphocytes, and macrophages. Many of the genes up-regu-
lated in kidneys of Glis2mut mice encode proteins with func-
tions in immune responses/inflammation, including Cxcl14,
Cxcl10, Ccl5, Cxcl4, Cxcl12, Ccl2, Ccl7, Ccl8, and Cx3cl1 (frac-
talkine), consistent with the observed inflammatory response
in Glis2mut kidneys. In progressive chronic kidney disease, in-
flammatory and fibrotic responses often converge and rein-
force each other. Tubules, inflammatory cells, and myofibro-
blasts synthesize molecules that activate the fibrogenic and
inflammatory cascades. Although the precise role of inflam-
matory cells in the induction of MFT and EMT has not been
well investigated, it is well established that inflammatory cells
can secrete a number of profibrotic cytokines which in turn can
recruit and activate (myo)fibroblasts and fibrocytes (37, 40).
Increased expression of profibrotic chemokines such as Ccl2
likely participates in the induction of renal fibrosis observed in
Glis2mut mice. Activation of the Cx3cl1/Cx3cr1 system has
been implicated in renal fibrosis and in streptozotocin-induced
diabetic nephropathy (8, 37, 40), while Ccl5 has been impli-
cated in many renal diseases (27). Ccl5, Ccl2, and Cx3cl1 pro-
mote the recruitment of immune cells from the peripheral
blood, and their induction may enhance the infiltration of
inflammatory cells in the kidneys of Glis2mut mice.

Glis2 is highly expressed in the collecting ducts and to a
lower degree in the tubules, where it was found to localize to
the cilium (2, 47). Glis2 is not expressed in the glomeruli,
mesenchymal, or endothelial cells. These results suggest that
the initial effects by Glis2 likely stem from changes in gene
expression in tubule and collecting duct epithelial cells and
that the changes observed in the glomeruli are a consequence
rather than a cause. The association of Glis2 with the cilium
suggests that Glis2 nuclear localization and activity might be
regulated by an external signal. It is interesting to note that the
association with cilia has also been reported for members of
the related Gli subfamily of transcription factors that act down-
stream of the Sonic hedgehog (6). Recent studies have pro-
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vided evidence for a link between Glis2 and the �-catenin and
p120 catenin signaling pathways (15, 22). Future studies have
to establish the exact links between cilium, catenin signaling,
Glis2 activity, and Glis2-regulated gene transcription.

In summary, in this study, we describe the generation and
characterization of Glis2mut mice. We show that Glis2mut mice
have a complex renal phenotype that resembles that of
nephronophthisis. Mutant mice develop progressive tubular
atrophy, severe interstitial fibrosis, glomerulosclerosis, and in-
filtration of inflammatory cells. This progressive chronic kidney
disease ultimately results in renal failure and premature death.
Gene expression profiling analysis supports the dysregulation
of ECM homeostasis and is consistent with the infiltration of
inflammatory cells in Glis2mut kidneys. Our study demon-
strates that Glis2 plays a critical role in maintaining normal
kidney architecture and function. Glis2mut mice provide an
excellent model for the study of the molecular events that play
a role in the initiation and progression of nephronophthisis.
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