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SUMMARY IQGAP1 is a multifunctional junctionmolecule that is involved in cell migration,
proliferation, differentiation, cell polarity, and cell–cell adhesion. It is highly expressed in the
kidney and has recently been identified in the glomerular basement membrane as a nephrin-
associated protein. However, the distribution of IQGAP1 in renal tubular epithelial cells is
unknown. We performed confocal microscopic studies to localize IQGAP1 in each nephron
segment using dual immunofluorescence staining with various antibodies against segment-
specific markers. We found that IQGAP1 was strongly expressed in the distal convoluted
tubule (DCT), collecting duct, and macula densa and moderately in the thick ascending limb
andproximal tubule. In theDCT, the IQGAP1–F-actin complex forms a comb-like structurewith
multiple parallel spikes sitting on the basal membrane. In the macula densa cells, IQGAP1 is
strongly expressed in the apical membrane, whereas in type A intercalated cells, IQGAP1 is ex-
pressed in the basolateral membrane, where it colocalizes with anion exchanger 1, and in prin-
cipal cells, it is diffusely expressed. In conclusion, we showed the expression and subcellular
localization of IQGAP1 in various nephron segments. The site-specific expression pattern of this
potent modulator of multiple biological pathways in the renal tubules suggests that IQGAP1
may have multiple important roles in various renal functions. ( J Histochem Cytochem 56:659–666, 2008)
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IQGAP1 is a potent modulator involved in cross-talk
among diverse biological pathways. It was first cloned
in 1994 (Weissbach et al. 1994) and named after the
discovery that the N-terminal half of IQGAP1 con-
tains four IQ motifs, a sequence that mediates interac-
tions with calmodulin and calmodulin-related proteins
(Cheney and Mooseker 1992), and that it contains a
sequence similar to the Ras GTPase-activating pro-
teins. IQGAP1 is widely expressed in multiple organs
with the highest levels of expression in kidney, lung,
and placenta (Weissbach et al. 1994). It has been im-
plicated in many pathways including modulation of
the actin cytoskeleton through Rac1 and Cdc42, orga-
nization of microtubules through the Rac1/Cdc42/
CLIP-170 complex, and cell–cell adhesion through
E-cadherin and b-catenin [see Brown and Sacks (2006)
for review]. These data suggest that IQGAP1 func-
tions as a junction molecule by receiving and transmit-

ting signals for diversified cellular functions such as cell
migration, cell–cell adhesion, cell polarity, proliferation,
and differentiation.

In the kidney, IQGAP1 was recently identified as a
nephrin-associated protein by nephrin pull-downs in
glomeruli (Lehtonen et al. 2005; Liu et al. 2005). The
presence of IQGAP1 in slit diaphragms and its associa-
tion with nephrin suggests that IQGAP1 and nephrin
may form a scaffolding protein complex in the podo-
cyte slit diaphragm and contribute to the regulation
of ultrafiltration by binding slit membrane proteins and
establishing their cytosolic connections. The expression
pattern of IQGAP1 in renal tubular epithelial cells has
not been reported.

Because the actin cytoskeleton plays an important
role in regulation of renal transporters and IQGAP1
has been shown to bind actin directly and modulate ac-
tin cytoskeleton dynamics (Bashour et al. 1997; Erickson
et al. 1997; Fukata et al. 1997), it is likely that IQGAP1
may play a major role in regulation of renal transporters
by directing trafficking, directly or indirectly through
downstream signaling. Up to now, the expression and
subcellular location of IQGAP1 and its relationship to
the actin cytoskeleton in renal tubules are unknown.
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In this study, we performed confocal microscopic analy-
sis of dual immunofluorescence staining of IQGAP1
and F-actin to illustrate the relationship between the
two molecules. We were intrigued by the striking differ-
ence in the expression of the two molecules and their
colocalization along different segments of renal tubules.
To identify the different types of tubules, we also per-
formed dual immunofluorescence staining of IQGAP1
with Tamm-Horsfall protein (THP), Calbindin D-28K
(CB28K) (Lee et al. 2004), anion exchanger 1 (AE1)
(Alper et al. 1989), aquaporin 2 (AQ2) (Nielsen et al.
1993); and cyclooxygenase 2 (COX2) (Harris et al.
1994), which are markers for thick ascending limb
(TAL), distal convoluted tubule (DCT), intercalated cells,
principal cells of collecting duct (CD), and macula densa
cells, respectively. Our results characterize site-specific
expression of IQGAP1 and its colocalization with the
actin cytoskeleton in renal tubules.

Materials and Methods

Animals and Procedures

Male National Institutes of Health (NIH) Swiss mice
(20–25 g) were purchased from the National Cancer
Institute and allowed free access to water and standard
mouse chow. All procedures involving animals were ap-
proved by the animal care committee of the University
of Arizona and adhere to the NIH Guide for the Care
and Use of Laboratory Animals.

The mice were anesthetized with an intraperitoneal
injection of ketamine (100 mg/kg body weight) and
xylazine (5 mg/kg body weight). After a midline ab-
dominal incision, the kidneys were excised, decap-
sulated, and embedded in OCT embedding medium
(Tissue-Tek; Sakura Finetechnical Co., Torrance, CA)
under liquid nitrogen.

Immunofluorescent Staining

The sources of primary and secondary antibodies were
anti-IQGAP1, COX2, CB28K, anti-AQ2 (Santa Cruz
Biotechnology; Santa Cruz, CA), anti-THP (Biomedical
Technologies; Stoughton, MA), anti-AE1 (Alpha Diag-
nostic; San Antonio, TX), far-red fluorescence nuclear
counterstain TO-PRO-3 iodide, FITC-labeled phalloidin,
and Alexa Flour-488 or 594 conjugated secondary anti-
bodies (Molecular Probes; Eugene, OR). Immunofluo-
rescent staining was carried out as described previously
(Lien et al. 2006). Briefly, frozen kidney samples were
cut into 5-mm sections in a cryostat, fixed with 4% para-
formaldehyde for 15 min, and incubated with primary
antibodies for 1 hr and then with Alexa Fluor-conjugated
secondary antibodies and nuclear counterstain TO-
PRO-3 iodide for 30 min, all at room temperature.
Negative controls were routinely performed using non-
immunized IgG to exclude any nonspecific cross-reactivity
from the primary antibodies or secondary antibodies.

Images were captured with a confocal laser-scanning mi-
croscopy system (BioRad MRC-500; Hercules, CA) at-
tached to a Nikon TMD-300 microscope (Melville, NY)
with an oil-immersed 3 100 magnified objective lens.

Western Blot Analysis

Western blot analysis was performed as described pre-
viously (Lee et al. 2002) with minor modifications.
Briefly, kidney tissue was homogenized in protein lysis
buffer (1% of SDS, 1.0 mM sodium Orth-Vanadate,
10 mM Tris at pH 7.4, and protease inhibitors cock-
tail including 4-(2-Aminoethyl) benzenesulfonyl fluoride
hydrochloride, aprotinin, bestatin hydrochloride, E-64-
systeine proteases, leupeptin hemisulfate salt, pepstain
A; Sigma, St. Louis, MO). Samples were resolved by
4-12% NuPAGE Bis-Tris gel and transferred to poly-
vinylidene difluoride membranes. After blocking with
5% non-fat milk, the membrane was incubated with
anti-IQGAP1 antibodies (1:1000; Santa Cruz Biotech-
nology) for 1 hr. After washing in 0.5% TBS-T for 5 min
three times, the membrane was incubated with secondary
antibodies conjugated with horseradish peroxidase (1:
50,000; Sigma) for 30 min. Signal emission was detected
by chemiluminescence method using ECL PLUS reagent
(GE Healthcare Bioscience; Piscataway, NJ).

Results
The distribution of IQGAP1 in the mouse renal tubule
is segment specific as depicted in Table 1, shown in
Figures 1–4, and described as follows.

Proximal Tubules

IQGAP1 was expressed moderately in the proximal
convoluted tubule (PCT) and wasmainly colocalized with
F-actin in the apical membrane as shown in Figures 1A
and 1B. The staining pattern of proximal straight tubule
in the outer medulla (Figure 1C, labeled with P) was
similar to the PCT in the cortex (Figures 1A and 1B,
labeled with P).

Distal Convoluted Tubules

In contrast to the PCT, IQGAP1 was highly expressed
in the DCT (Figure 1A, labeled with D) with a distinct

Table 1 Expression of IQGAP1 in mouse renal tubules

Nephron segments Intensity Location

Proximal tubule Moderate Apical
Thick ascending limb Moderate Diffuse, apical . basolateral

and cytosolic
Thin limb Minimal —

Macula densa Strong Apical . basolateral
Distal convoluted tubule Strong Diffuse
Collecting duct Strong Principal cells: diffuse

Intercalated cells:
basolateral . apical
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staining pattern. IQGAP1 was abundant in the apical
and basolateral membrane as well as in the cytosol.
The cytosolic IQGAP1 staining appeared as short par-
allel linear spikes perpendicular to the base of the
cell, and in certain areas, showing a comb-like struc-
ture (Figure 1A, labeled with an arrowhead). To verify
that these tubules are indeed DCT, we performed dual
staining using antibodies against CB28K, a calcium-
binding protein specifically expressed in the mouse
DCT. As shown in Figure 2A, this unique IQGAP1
staining pattern and intensity were only present in

CB28K-positive cells, indicating that they are specific
for DCT cells.

Thick Ascending Limbs

Dual staining using antibodies against IQGAP1 and
THP identified the cortical TAL (cTAL) and showed
that the IQGAP1 pattern staining in the cTAL was
similar to but less intense than that of the DCT and
appeared in the apical and basolateral membrane and
in the cytosol (Figure 2B). The IQGAP1 staining pat-
tern in the medullary TAL (mTAL) was similar to that

Figure 1 Immunolocalization of IQGAP1 in mouse renal tubules. Double staining with antibodies against IQGAP1 (red fluorescence) and
phalloidin, which labels F-actin (green fluorescence). (A) IQGAP1 staining in proximal tubules (labeled with P) and distal convoluted tubules
(DCT; labeled with D). Arrowhead indicates a comblike structure in DCT. (B) Collecting duct (CD; labeled with C) in the cortex (Cx). The inter-
calated cells (asterisks) show basolateral staining, whereas the principal cells (arrows) show diffuse staining. (C) Medullary thick ascending
limb (mTAL; labeled with T) and CD in the outer medulla (OM). Notice the colocalization of IQGAP1 with F-actin. Bar 5 10 mm.
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in the cTAL; however, the intensity decreased as the
TAL moved from cortex to outer medulla (Figure 2C).

Collecting Ducts

IQGAP1 was strongly expressed in both cortical CD
(cCD; Figure 1B, labeled with C) and medullary CD
(mCD; Figure 1C, labeled with C). There were at least
two distinct IQGAP1 staining patterns in the CD: one
with membranous staining, particularly in the basolat-
eral membrane (Figures 1B and 1C, labeled with aster-

isks), and another with weaker staining throughout
the cell (Figure 1B, labeled with an arrow). To deter-
mine cell-specific expression in the CD, we did dual
staining using antibodies against IQGAP1 and AE1,
which is expressed in the type A intercalated cells
(Alper et al. 1989). The AE1-positive cells or type A
intercalated cells showed colocalization of AE1 with
IQGAP1 in the basolateral membrane (Figure 3A,
labeled with asterisks). The diffuse expression pat-
tern of IQGAP1 was found only in AE1-negative cells

Figure 2 Immunolocalization of IQGAP1 in mouse DCT (A), cortical TAL (B), and mTAL (C) using antibodies against specific markers for each
segment: DCT, calbindin D28k (red); TAL, Tamm-Horsfall protein (THP; red). IQGAP1 is green. Bar 5 10 mm.
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(Figure 3A, labeled with arrows). Using dual labeling
with anti-AQ2 and anti-IQGAP1 antibodies, we con-
firmed that these cells with the diffuse expression pat-
tern are indeed principal cells (Figure 3B, labeled with
arrows). SomeAE1-negative cells also showed themem-
branous staining pattern. They are presumably type B
or non-A, non-B intercalated cells (Figure 3A, labeled
with arrowheads) (Teng-umnuay et al. 1996). In the
inner medulla, IQGAP1 staining was seen diffusely
in mCD cells, with the strongest expression in the api-
cal membrane, where IQGAP1 colocalizes with AQ2
(Figure 3C).

Macula Densa

IQGAP1 was strongly expressed in the macula densa,
with staining mainly in the cell membrane and with
the apical membrane staining much stronger than
basolateral membrane (Figure 4A, labeled with aster-
isks). IQGAP1 was detected in glomeruli and was
mostly concentrated in the glomerular basement mem-
brane (Figure 4A, labeled with arrows), consistent with
a previous report (Lehtonen et al. 2005). Mesangial
cells, which had strong F-actin staining, showed weak
to moderate IQGAP1 staining. Bowmanʼs capsule also
showed very weak IQGAP1 staining (Figure 4A, la-
beled with B). Both afferent (Figure 4A, labeled with
A) and efferent (Figure 4A, labeled with E) arterioles
were moderately positive for IQGAP1 with a membra-
nous pattern. The F-actin staining was much stronger
in the efferent than afferent arteriole. The presence of
IQGAP1 in macula densa was confirmed with dual
staining for both COX2 and IQGAP1. Although COX2
was expressed in the perinuclear area, IQGAP1 was
strongly expressed in the apical membrane and lightly
expressed in the basolateral membrane (Figure 4B,
labeled with asterisks).

Topotropical Relationship Between IQGAP1
and F-actin

Because IQGAP1 is closely associated with the actin
cytoskeleton, we further analyzed the relationship be-
tween IQGAP1 and F-actin in various nephron seg-
ments. In PCT cells, IQGAP1 and F-actin colocalized
in the apical microvillar region (Figures 1A–1C, la-
beled with P). In DCT, IQGAP1 was strongly expressed
throughout the cell and also colocalized with F-actin
at pericellular cytoskeleton structures, especially the
lateral cell–cell junctions where F-actin is normally
expressed (Figure 1A, labeled with D). In CDs, F-actin
colocalized with IQGAP1 in both intercalated and prin-
cipal cells (Figure 1B, labeled with C). In the macula
densa, although IQGAP1 was still associated with F-
actin, IQGAP1 staining was mainly in the apical mem-
brane, whereas F-actin staining was stronger in the
basolateral membrane (Figure 4A).

Western Blot Analyses

The anti-IQGAP1 antibodies used in this study recog-
nize the N terminus of human IQGAP1. Because the
predicted cross-reactivity of this antibody to mouse
IQGAP1, IQGAP2, and IQGAP3 is 85%, 36%, and
48%, respectively (data provided from the manufac-
turer), it is highly specific to IQGAP1. To confirm
this, we performed Western blot analyses to determine
whether the anti-IQGAP1 antibodies have any cross-
reactions to other isoforms. As predicted, there is only
one band, with an estimated molecular mass of 190 kDa
(Figure 5), consistent with IQGAP1.

Discussion
We report for the first time the immunolocalization
of IQGAP1 in renal tubules. We have shown that
IQGAP1 is abundantly expressed in normal renal tu-
bules, and its cellular localization is highly segment spe-
cific. In addition, IQGAP1 is strongly expressed in the
macula densa where tubuloglomerular feedback is
regulated. The subcellular location of IQGAP1 is
closely related to the location of F-actin, indicating
that IQGAP1 may play an important role in the reg-
ulation of tubular cytoskeleton.

The expression of IQGAP1 in nephron segments
is site specific in terms of both intensity and location
(Table 1). For intensity, nephron segments can be
divided into three groups: (a) strong expression of
IQGAP1: DCT, cCD, mCD, and macula densa; (b)
moderate intensity: cTAL, mTAL and PCT; and (c)
minimal intensity: thin limbs. As for the location of
IQGAP1, there are three distinct patterns: (a) predomi-
nantly apical staining: PCT and macula densa; (b) pre-
dominantly basolateral staining: intercalated cells of
CDs; and (c) diffuse staining: cTAL, DCT, and principal
cells of CDs. The physiological meanings of the differ-
ential staining of IQGAP1 in each type of renal tubular
epithelial cell are unclear. From IQGAP1 and F-actin
dual staining experiments, it seems that when IQGAP1
is expressed in the renal epithelial cells, it is always
coexpressed with F-actin. This finding is consistent
with other investigatorsʼ finding that IQGAP1 binds
to F-actin and plays an important role in maintaining
cell polarity and cytoskeleton (Bashour et al. 1997;
Fukata et al. 1997; Brown and Sacks 2006). However,
because all renal epithelial cells are polarized cells, the
distinct subcellular distribution of IQGAP1 suggests
that IQGAP1 may have additional functions, prob-
ably related to the specific IQGAP1 functions in re-
spective renal tubular segments.

The most striking finding is the strong diffuse stain-
ing in the DCT. The most unique finding is the cyto-
solic staining pattern that manifested as a comb-like
structure with multiple parallel spikes perpendicular to
the basal membrane. These comb-like cytosolic IQGAP1
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patterns are colocalized with F-actin. The DCT is char-
acterized by extensive invaginations of basal plasma
membrane and interdigitations between adjacent cells.
These structures extend perpendicularly over roughly
two thirds of the epithelial height (Madsen and Tisher
1986), a pattern very similar to our IQGAP1/F-actin
staining. It is possible that IQGAP1 may be important
for stabilization of basolateral membrane expansion,
which is critical for solute reabsorption in the DCT.

The macula densa cells, however, have strong
IQGAP1 staining in the apical membrane. Morpho-
logically, the apical membrane of macula densa cells is
studded with slender microvilli (Kaissling et al. 1977).
These microvilli are rich in furosemide-sensitive Na1,
K1, 2Cl2 cotransporters, which serve as sensors of
luminal NaCl concentration for regulation of tubulo-
glomerular feedback (TGF) (Lapointe et al. 1998;
Bell et al. 2003). The presence of IQGAP1 in this re-
gion suggests that IQGAP1 may participate in the
TGF process. Further studies are needed to examine
this hypothesis.

Nearly all renal epithelial cells with positive
IQGAP1 staining appear to show apical staining of
various intensities. The major function of renal epithe-
lial cells is reabsorption of solutes and water through
the apical membrane. To fulfill this function, the apical
transporters constantly undergo a recycling process
that involves dynamic changes of the cytoskeleton. It
is possible that IQGAP1 may participate in the traf-
ficking of apical transporters in multiple nephron seg-
ments (Noda and Sasaki 2005). The strong expression
of IQGAP1 in the principal cells also suggests that
IQGAP1 may be involved in the trafficking of AQ2,
which is actively placed and removed from the apical
membrane depending on the presence or absence of
vasopressin and other regulators (Noda and Sasaki
2005). As for the colocalization of IQGAP1 and AE1
in type A intercalated cells, the significance is unknown.
Interestingly, IQGAP1 has been located in the basolat-
eral membrane in the chief and mucous neck cells of
the isolated gastric gland. On stimulation by cholinergic
agonists or phobol ester, IQGAP1 is translocated to the
apical membrane. These findings suggest that IQGAP1
may be involved in hormonal regulation of exocytosis
in gastric mucosa (Chew et al. 2005). Whether IQGAP1
has a similar function in renal epithelial cells remains
to be determined.

The IQGAP1 knockout (KO) mice generated by Li
et al. (2000) showed no significant phenotypes other
than gastric mucosa dysplasia, and no apparent ab-
normalities were found in kidney sections stained for
AQP2, megalin, or the H1-ATPase (Li et al. 2000).
The data from IQGAP1 KO mice suggest that IQGAP1
may not play essential non-redundant roles in renal phys-
iology. However, it is possible that the loss of IQGAP1
is compensated by other IQGAP family members. These
are IQGAP2, expressed in the liver and gastric parietal
cells (Brill et al. 1996; Zhou et al. 2003), and a third
putative member, IQGAP3 (Briggs and Sacks 2003).
Because IQGAP1 has unique expression patterns in each
nephron segment, it would be interesting to challenge

'

Figures 3–4

Figure 3 Immunolocalization of IQGAP1 in mouse cortical and medullary CD (cCD, A,B; mCD, C) using antibodies against anion exchanger
1 (AE1, green) for type A intercalated cells and aquaporin 2 (AQ2, red) for principal cells. IQGAP1 is green in A and red in B and C. IQGAP1 in
the AE1-positive cells (type A intercalated cells) shows basolateral staining (asterisks), whereas the principal cells (arrows) show diffuse stain-
ing. Some AE1 negative cells, presumably type B or non-A, non-B intercalated cells, also showed the membranous staining pattern (arrow-
head). IM, inner medula. Bar 5 10 mm.

Figure 4 Immunolocalization of IQGAP1 in macula densa cells (asterisks). (A) Dual staining with antibodies against IQGAP1 (red fluorescence)
and phalloidin (green fluorescence). Macula densa cells (asterisks) show strong apical staining of IQGAP1 and weak basolateral staining,
both colocalized with F-actin. Afferent arteriole (labeled as A), and efferent arteriole (labeled as E) show strong F-actin staining and weak
IQGAP1 staining. Glomerulus (G) also shows strong IQGAP1 and F-actin stain, especially in the glomerular basement membrane (arrows).
Bowmanʼs capsule (labeled with B) showed weak IQGAP1 staining. Proximal (P) and collecting duct (C) are also indicated. (B) Dual staining
with antibodies against IQGAP1 (green fluorescence) and anti-COX2 (red fluorescence). Macula densa cells are identified with perinuclear
staining of COX 2. Bar 5 10 mm.

Figure 5 Western blot of IQGAP1. Molecular mass markers for 210
and 170 kDa are shown in the left lane. A single band of ?190 kDa
is shown in the right lane.
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IQGAP1 KO mice with various stimuli to see whether
renal adaptation is affected.

In conclusion, we report here for the first time the
distribution of IQGAP1 in the renal tubule and dif-
ferential subcellular location of IQGAP1 among neph-
ron segments.
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