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Abstract

Long-chain fatty acids (LCFA) serve as structural components for membrane biogenesis and as
primary energy sources during mitochondrial-oxidation reactions. Hepatic LCFA uptake is
complex, with characteristics suggestive of a dual-kinetic model manifested by rapid (carrier-
assisted/facilitated) and delayed (passive diffusional) phases. Our previous work using mice
deficient of the Iqgap2 gene established a highly novel link between IQGAP2, a putative GTPase-
activating protein, and hepatocarcinogenesis. Now we report that Iqgap2 deficiency also results in
selective loss of the facilitated phase of hepatocyte LCFA uptake with preservation of the
diffusional component. This molecular defect was seen in lqgap2”- hepatocytes of all ages studied
(1-, 4-, 8-months). The loss of facilitated LCFA uptake protected against development of hepatic
triglyceride accumulation in Iggap2-deficient mice fed high-fat diet, consistent with a fundamental
role in physiological fat partitioning. These phenotypic changes could not be explained by genetic
loss of fatty acid processing proteins known to regulate lipid uptake or metabolic processing
pathways. lqgap2-deficient livers also displayed enhanced insulin sensitivity.

Conclusion—These observations identify a novel property of the putative GTPase-activating
protein IQGAP2 in LCFA uptake in vitro and in vivo, and implicate IQGAP2 in an intracellular
signaling pathway necessary for functional fatty acid uptake, lipid processing, and, possibly,
glucose homeostasis.
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1. INTRODUCTION

Three highly homologous members of IQGAP family have been identified in humans and
mice — IQGAP1, IQGAP2, and, most recently, IQGAP3 [1]. All three are large (180 — 190
kDa) multidomain cytoplasmic scaffolding proteins that juxtapose Rho GTPases Racl and
Cdc42, Ca2*/calmodulin signals and cytoskeletal reorganization events [2-4]. The GTPase
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binding domain in IQGAPSs lacks an arginine finger residue essential for the GTP-
hydrolysis, which may explain why none of IQGAPs demonstrated in vitro GAP activity
toward GTPases [5]. To date, IQGAP1 is the most extensively studied member of the
family. While IQGAPL1 is expressed broadly, IQGAP2 expression is primarily limited to the
liver and platelets [6]. To further characterize IQGAP2 physiological functions, we
generated a conventional knockout mouse model and showed that Iqgap2 deficiency leads to
a high incidence of hepatocellular carcinoma (HCC), establishing the first IQGAP2-specific
phenotype [7].

Long-chain fatty acids (LCFAs) are the major components of phospholipids and provide the
primary energy source in the form of triglyceride deposits. LCFA uptake by the liver follows
one of two intracellular pathways: (i) a f-oxidative reaction that occurs within the
mitochondrial matrix for ATP generation, or (ii) esterification that produces triacylglycerols
for subsequent hepatic storage or incorporation into VLDL (very-low density lipoprotein)
particles. Defects in either or both of these pathways can lead to hepatic steatosis, or can
progress to steatohepatitis, a condition associated with development of end-stage liver
disease [8]. Furthermore, hepatic triglyceride accumulation occurring in the setting of
obesity typically is associated with the development of insulin resistance in humans [9].

Molecular control of lipid processing and metabolism occurs at the level of cellular uptake
and transport, in parallel with transcriptional regulation of effector genes mediated by the
family of peroxisome proliferator-activated receptors (PPAR). PPARs (a, B and y) are
ligand-dependent nuclear hormone receptors whose target genes variably participate in the
catabolism, storage, and processing of fatty acids [reviewed in [10]]. Cellular uptake of
unesterified LCFAs occurs through both passive (diffusional) and facilitated transport
mechanisms [11]. At physiological serum to albumin ratios, the majority of LCFAs are
taken up by the saturatable facilitated transport pathway, functional in a broad array of
tissues including adipose tissue [12], cardiac myocytes [13], and hepatocytes [14]. Studies in
both yeast and mammalian cells suggest that facilitated LCFA uptake is likely regulated by a
multiprotein complex composed of fatty acid transport proteins (FATP) [15-17], fatty acid
binding proteins (FABP) [18], long-chain acyl-CoA synthases [19], and the multifunctional
adhesive glycoprotein CD36/FAT (fatty acid translocase) [20]. While CD36/FAT may
concentrate fatty acids at the plasma membrane, FATP family members are primarily
responsible for LCFA transport across the cellular membrane. Upon uptake, rapid
esterification by acyl-CoA synthases presumably prevents cellular efflux, while binding to
FABPs could facilitate cellular unloading [11].

FATP and FABP encompass numerous family members with distinct tissue-specific
expression patterns. Based on the presence of a conserved 311-amino acid signature
sequence [21], six fatp genes (fatp1-6) have been described to date. FATP2 and FATP5 are
the predominant transporter proteins in the liver, demonstrating little to no expression in
skeletal muscle or adipose tissue [11, 22].

FABPs is an extended family of genes (fabp1-10) displaying distinct binding affinities for
long-chain fatty acids, retinols, eicosanoids, bile acids and heme [23]. FABPs enhance free
fatty acid (FFA) uptake by increasing their concentration gradient in the cell, exchanging
fatty acids with membrane structures via collisional transfer [24]. Cellular FABP
concentration correlates with rates of fatty acid metabolism, generally highest in
hepatocytes, cardiomyocytes and adipocytes. L-FABP or FABP1 (fabpl) is the predominant
subtype of FABPs in liver, although recent evidence has suggested that a greater variety of
the FAPBs may be found in hepatocytes [25]. FABP1 binds two fatty acid molecules and
two molecules of their CoA-esters with comparable affinities, leading to an increase in fatty
acid uptake, and rapid incorporation into triacylglycerols and phospholipids [26]. Despite
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the critical roles of FATPs and FABPs in the uptake and fate of intracellular FFAS, the
molecular signals coordinating this process remain unknown.

We now provide evidence that murine IQGAP2 selectively regulates the facilitated phase of
hepatic fatty acid uptake both in vitro and in vivo. Our data suggest a new physiologic
function for IQGAP2, and implicate distinct signaling pathways in the normal regulation of
hepatocyte FFA uptake and/or transport.

2. MATERIALS AND METHODS
2.1. lggap2-deficient mice

lqgap2- mice were generated in this laboratory and described previously [7]. Mice were
maintained on a 129J1 background and handled according to the National Institutes of
Health and institutional guidelines for the humane care and use of experimental animals,
with approval for all studies from the Stony Brook University Animal Care and Use
Committee.

2.2. Quantification of mMRNA expression levels

Total cellular RNA was isolated from livers of Iqgap2”- and wild-type mice by immediate
solubilization in Trizol reagent (Invitrogen, Carlsbad, CA) and serial isopropanol
precipitations. RNA integrity was established using an Agilent 2100 Bioanalyzer, and qRT-
PCR was performed using fluorescence-based real-time PCR technology [27].
Oligonucleotide primer pairs were generated using Primer3 software
(Wwww-genome.wi.mit.edu), designed to amplify ~200-bp PCR products at the same
annealing temperature (71°C). Primer sequences are listed in Table 1. Purified total RNA (5
ug) from murine livers was used for first strand cDNA synthesis (reverse transcription
reaction or RT) using oligo(dT) and SuperScript Il reverse transcriptase (Invitrogen,
Carlsbad, CA). For gRT-PCR analysis, the RT reaction was diluted at 1:15, equally divided
among primer pairs and used in a PCR reaction with the following cycle: 95°C for 15
seconds, then 39 cycles of 94°C for 30 seconds, 55°C for 30 seconds and 72°C for 1 minute.
The mRNA levels were quantified by monitoring real-time fluorimetric intensity of SYBR
green | (Qiagen, Valencia, CA) at a reading temperature of 70°C. Relative mMRNA
abundance was determined from triplicate assays performed in parallel for each primer pair,
calculated using the comparative threshold cycle number (A-Ct method) [28], and
normalized to cellular B-actin mMRNA, all as previously described [29].

2.3. Diet modification and metabolic measurements

Diet studies were completed using 16-week-old male mice that were housed in a full barrier
facility with a 12-hour light/dark cycle, given full access to food and water. Mice were
weaned onto fixed diets over a 1-week period (control chow diet contained 10% calories
from fat, high fat diet contained 45% calories from fat; Research Diets, New Brunswick,
NJ). Chow was provided ad libitum (and intake carefully monitored) for 6 weeks prior to
termination of studies, at which point mice were weighed and sacrificed for blood and organ
collection and processing. Livers were immediately harvested after cervical dislocation,
snap-frozen in liquid nitrogen with a portion embedded in OCT medium (Sakura Finetek,
Torrence, CA), and stored at -80°C until used. Frozen sections in OCT were cut on a Leica
CM1900 cryostat (Leica Microsystems, Weltzar, Germany). For triglyceride detection,
sections were stained with Oil Red O and counterstained with hematoxylin.

For insulin studies, 6-month-old male wild-type and Iqgap2- mice (n=3 each) fed regular
chow were fasted for 4 hours prior to liver collection. Another set of fasted age-matched
mice of both genotypes (n=3 each) were injected intraperitoneally with either 1U/kg or 5U/
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kg insulin (Novolin, Novo Nordisk), and livers were collected 10 minutes after injection.
Total RNA was isolated using Trizol reagent for qRT-PCR. For glucose tolerance test
(GTT), mice were fasted overnight followed by intraperitoneal injection of glucose (2 g/kg).
Blood samples were collected from a tail vein immediately before and 10, 20, 30, 45, 60, 90,
120 and 180 minutes after glucose administration for glucose levels measurement.

For biochemical analyses, blood was collected by retroorbital bleeding and serum was
immediately prepared. For hepatic triglyceride levels, liver lysates were prepared by lysis in
0.1N KOH. Triglyceride levels were measured using a kit from Wako Diagnostics
(Richmond, VA), insulin with an ELISA kit from Mercodia (Uppsala, Sweden) and glucose
using an Accu-Check® Instant Plus blood glucose monitor (Roche). Mouse total body fat
was measured using nuclear magnetic resonance (NMR) at the NMR Facility, Department of
Chemistry, University of Cincinnati, OH, and expressed as a percent of fat weight of a total
body weight.

2.4. Immunoblotting

Protein lysates were isolated as previously described using lysis buffer (50 mM Tris, pH 7.4,
1% Triton X-100, 0.2% sodium deoxycholate, 0.2% sodium dodecylsulfate (SDS), 1 mM
sodium EDTA) supplemented with 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 10 ng/
ml leupeptin and 10 pg/ml aprotinin [3]. Crude lysates were centrifuged at 14,000 g for 10
minutes at 4°C, and protein supernatants were quantified using bicinchoninic acid assay
(BCA, Pierce, Rockford, IL) prior to SDS-PAGE using 4-15% gradient gels (Bio-Rad
Laboratories, Hercules, CA). Immunoblot analysis was completed as previously described
[30] using the following antibodies: anti-FAS, total Akt, total GSK3p, phospho-Akt
(Sera73), phospho-GSK3p (Ser9) monoclonal, Cell Signaling Technology, Danvers, MA),
anti-caveolin-1 (rabbit polyclonal, Cell Signaling Technology), anti-FABP1 (rabbit
polyclonal, abcam Inc., Cambridge, MA), and anti-GAPDH (mouse monoclonal, Millipore,
Billerica, MA), all at 1:1000 dilution.

2.5. Free fatty acid uptake studies

Primary hepatocytes were isolated from mice of various ages using modified in situ
collagenase digestion of livers, as previously described [31]. Viable cells were identified and
counted using trypan blue exclusion, with >80-85% viability observed using both wild-type
and Iqgap2”~ mice, and cultured in DMEM (lInvitrogen), supplemented with 10% fetal
bovine serum (FBS), 1% penicillin/streptomycin, 7 ng/ml glucagon, 7.5 pg/mil
hydrocortisone, 0.5U/ml insulin and 20 ng/ml epidermal growth factor (EGF). MTT cell
proliferation assay (Sigma) and ApoStrand ELISA Apoptosis Detection Kit (Enzo Life
Sciences) were used to evaluate viability of isolated hepatocytes. Fatty acid uptake was
quantified using the long-chain fatty acid analog BODIPY-FA (4,4-difluoro-5-methyl-4-
bora-3a,4a-diaza-S-indacene-3-dodecanoic acid; Molecular Devices, Sunnyvale, CA) in
solution with the quenching agent Q-Red.1 to reduce non-cellular fluorescence [32]. This
formulation allows for real-time monitoring of cellular fatty acid uptake and parallels LCFA
uptake by intracellular fatty acid levels [33]. Serum-starved, freshly isolated hepatocytes
were plated into 96-well microtiter plates (1 X 10%well), and loaded in a fixed concentration
of albumin supplemented with 2 pM BODIPY-FA for 30 min at 37°C (QBT FA Uptake
Assay Kit, Molecular Devices). FFA uptake was analyzed in real time using a Molecular
Devices FLEX station. For some experiments, cells were incubated with various
concentrations of FA to monitor the specificity and kinetics of LCFA uptake and diffusion.
Kinetic data were analyzed using SoftMaxPro software [30], and data reported as the mean
+ SEM from triplicate wells.
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Alternatively, [*H]palmitate uptake was measured in primary mouse hepatocytes as follows.
Palmitate-bovine serum albumin (BSA) complex was prepared by combining 5uM
nonradioactive palmitate (Sigma-Aldrich) in Krebs-Ringer buffer with fatty acid free, low
endotoxin BSA (Sigma-Aldrich) at the molar ratio 1:3. [9,10-3H(N)]palmitate (1.0mCi/mL)
(PerkinElmer) was then added to the palmitate-BSA complex to the final concentration of
0.5uCi/mL and incubated on an orbital rotator at room temperature for 2 hours. Freshly
isolated primary hepatocytes from 3-4 month old male wild-type and lqgap2”- mice were
seeded in 12-well plates at 2 x 10° cells/well and allowed to attach for 18 hours. For uptake
studies, hepatocytes were serum-starved for 2 hours, washed with PBS, and then incubated
in triplicates in the [3H]Palmitate-BSA solution for the specified time points at room
temperature. Uptake was stopped by addition of 200 uM phloretin (Sigma) in 0.1% BSA.
Cells were washed three times with ice-cold PBS and lysed in 0.1N NaOH/0.03% SDS
buffer. [3H] radioactivity of each lysate was counted using a Tri-Carb 3100TR Liquid
Scintillation Analyzer (PerkinElmer) and QuantaSmart software. The uptake was
normalized to lysate protein concentration determined by BCA assay. Primary hepatocyte
isolations and subsequent FFA uptake assays for each genotype were performed side-by-side
to replicate exact conditions and eliminate possible sources of error or discrepancies.

To study an effect of Ca* on LCFA uptake, human hepatocellular carcinoma HepG2 cell
line (ATCC) was propagated in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin. Prior to uptake experiments, the media was replaced with serum-free DMEM
and cells pre-incubated with 125 uM, 500 uM or 1 mM of cell-permeant 1,2-bis(2-
aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (acetoxymethyl) ester (BAPTA-AM,
Molecular Probes, Eugene, OR), a Ca2* chelator, for 30 min at 25°C, and uptake
experiments conducted as described above using BODIPY-FA.

2.6. Statistical analysis

Data are presented as mean + SD. Multiple comparisons between groups were performed
using ANOVA. For two groups’ comparisons, probabilities of chance differences were
calculated using Student's t-test assuming unequal variance with two-tailed analysis. For all
comparisons, values of p < 0.05 were considered statistically significant. For gRT-PCR data
analysis, the relative transcript expression was normalized to actin expression and calculated
using the comparative threshold cycle number (A-Ct method) as described previously [28].
Mean expression levels and standard deviation were logg-transformed and plotted on a
logarithmic scale. For densitometric analysis of immunoblots, the relative optical density of
a protein band was normalized to the integrated optical density of the equal loading control
protein (GAPDH).

3. RESULTS

3.1. Iggap2-deficient mice are protected from diet-induced hepatic steatosis

Generation of lqgap2-deficient mice has been previously described [7]. We have
demonstrated that while healthy in the young age, the majority of Iqgap2”- mice develop
HCC by the age 18 — 24 months [7]. Our initial observations showed an elevated body
weight of adult (12 weeks and older) Iqgap2- mice fed regular chow and an increased fat-
to-body ratio, while plasma analysis revealed lower levels of non-fasted glucose in lqgap2’-
mice and levels of insulin comparable to the wild-type mice (Table 2).

Since mitochondrial B-oxidation is the predominant pathway for disposition of FFAs under
physiological conditions, we completed diet-modification studies in Iqgap2”- and wild-type
mice. When fed a high-fat diet (45% calories from fat), Iqgap2”- mice demonstrated
significantly greater weight gain that was associated with redistribution to the adipose tissue
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compared to wild-type (Figure 1A). Furthermore, there was clear evidence for decreased
hepatic triglyceride accumulation as established using Oil Red O staining of liver sections
and triglyceride measurement in liver extracts (Figure 1B, C). Iqgap2”- mice also had lower
plasma triglyceride levels when fed both control and high-fat diet compared to the wild-type
mice (Figure 1D), suggesting either increased peripheral utilization or a defect in FFA
uptake. When integrated with the Oil Red O staining, however, these data were more
consistent with a requisite role for IQGAP2 in hepatic fatty acid uptake and/or intracellular
transport.

3.2. Selective loss of facilitated free fatty acid uptake in Ilggap2”- hepatocytes

Cellular uptake of unesterified LCFA occurs through both passive (diffusional) and
facilitated transport mechanisms [11]. To further dissect the mechanism for the altered diet-
modified phenotype, hepatocytes were isolated from Iqgap2- and wild-type mice of various
ages, and LCFA uptake studied utilizing a novel Quencher-Based Technology (QBT)
fluorescence assay [32]. This method employs a fluorescently-labeled LCFA (BODIPY-FA)
and a cell-impermeable quenching agent that allows direct measurement of FFA uptake in
real time using a Flexstation plate reader. While in solution outside the cell, the quenching
agent suppresses BODIPY-FA fluorescence. When BODIPY-FA enters the cell, it becomes
unquenched and its fluorescence can be measured on a plate reader. As shown in Figure 2A,
FFA uptake dynamics differ dramatically between wild-type and Iqgap2™- hepatocytes. It
can be empirically divided into three stages. Stage A, which corresponds to the first 250
seconds from the time of LCFA addition to cells, displays an extremely high rate of uptake
by wild-type hepatocytes, while Iqgap2- hepatocytes uptake LCFA significantly slower,
reaching only 1/3 of the total FFA taken-up by wild-type hepatocytes. During Stage B (250
— 1000 seconds), wild-type LCFA uptake arrests, while Iqgap2”- hepatocytes continue
uptaking LCFA at a steady rate. In Stage C (1000 — 1800 seconds), representing the
saturated phase of uptake where LCFA inside the cell reaches the maximum level, results
are indistinguishable between the two genotypes. This uptake trend has been shown in mice
of all age groups and both sexes. These data were confirmed by measuring [3H]palmitate
uptake in isolated hepatocytes (Figure 2B). Thus, Iqgap2”- hepatocytes demonstrate a 2-
fold reduction in palmitate uptake rate over initial period of 2 minutes compared to the age-
matched wild-type control. Both wild-type and Iqgap2- hepatocytes showed comparable
viability and a lack of apoptotic cell death (Figure 2C, D). Collectively, lqgap2-
hepatocytes demonstrate selective loss of the facilitated phase of LCFA uptake, retaining the
intact passive phase of LCFA uptake.

Previous observations have identified complex relations among Ca2*, calmodulin, and
IQGAP 1Q domains. Ca2* can directly associate with IQGAP1 [34], and Ca?*/calmodulin
binding modulates IQGAP1's functional interactions with actin and cdc42 [35-36], which
prompted us to dissect the role of intracytoplasmic calcium [Ca2*]; in the regulation of FFA
uptake. We showed that pretreatment of human hepatocellular carcinoma HepG2 cells with
500 uM of BAPTA-AM, a Ca2* chelator, mimicked all the characteristics of FFA uptake by
lqgap2’~ hepatocytes, while 1 mM BAPTA-AM completely inhibited FFA uptake by
HepG2 cells, suggesting that the facilitated phase of cellular FFA uptake might be Ca2*-
dependent (Figure 3). In every experiment, we used trypan blue staining to ensure that these
relatively high doses of BAPTA-AM did not affect cell viability. The percent of viable cells
was consistently above 90% after each BAPTA-AM pretreatment.

3.3. Lipid catabolism pathway analysis in Iqggap2’ mice

The binding of fatty acids to PPARs is known to transcriptionally regulate gene expression.
PPARGa, primarily expressed in brown adipose tissue and hepatocytes, regulates the
expression of a heterogeneous repertoire of target genes that control phases of lipid
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catabolism, including FFA uptake, intracellular binding, and processing [10]. Membrane-
bound sterol regulatory element-binding proteins (SREBPS) are another family of
transcription factors involved in lipid homeostasis [37].

To exclude the possibility that the observed selective defect in FFA uptake was due to a
more global abnormality of genes regulating the FA processing pathway, we compared RNA
transcript expression profiles of the genes encoding fatty acid transport proteins FATP 1-5,
fatty acid binding proteins FABP 1, 2, 4, 5, caveolin-1, fatty acid translocase FAT/CD36,
acyl-Coenzyme A oxidase 1, carnitine palmitoyltransferase 1a (Cptla), and SREBP-1c and
SREBP-2. As shown in Figure 4, we observed a modest (~ 2-fold or less) increase in
hepatic transcript levels of fabpl, fabp2, caveolin-1 and FAT/CD36 (p < 0.05). Only fatp2
and fatp5 genes were mildly downregulated in lqgap27- liver, although these transcript
changes were statistically significant. The differences in fabpl and caveolin-1 expression
between the genotypes were not apparent at the protein level (Figure 5B). Interestingly,
lqgap27- livers also displayed a 3-fold decrease in SREBP-1c transcript levels (p < 0.05),
while changes in SREBP-2 levels were not statistically significant (Figure 4). SREBP-1c
upregulates transcription of genes involved in fatty acid synthesis, whereas SREBP-2 is
mostly responsible for cholesterol synthesis regulation [37].

[14C]palmitate oxidation rates in isolated liver explants were indistinguishable between
wild-type and lqgap2”- livers, and even more remarkably, a high fat diet did not affect
oxidation rates in Iqgap2’ liver (not shown), suggesting that protection from steatosis is not
explained by an exaggerated hepatic liver metabolism. Based on our SREBPs data, we next
hypothesized that a lack of triglyceride accumulation by lqgap2-/- livers in mice fed a high
fat diet may be due to impaired de novo lipogenesis in hepatocytes, in addition to impaired
FFA uptake. To evaluate this possibility, we measured RNA transcript levels of fatty acid
synthase (FAS), PPARa and phosphoenolpyruvate carboxykinase (PEPCK) in livers from
wild-type and lggap2”- mice by gRT-PCR (Figure 5A). We found that, compared to wild-
type controls, lqgap2”- livers expressed 2-fold lower levels of FAS (p<0.05), while no
statistically significant difference was observed in both PPARa and PEPCK mRNA levels in
lqgap2°’- liver compared to wild-type. Downregulation of FAS expression in lqgap2™- livers
was also evident at the protein level (Figure 5B, C).

3.4. Iggap2™livers display enhanced insulin sensitivity

Apparent hypoglycemia of lqgap2- mice indicates possible involvement of IQGAP2 in
insulin signaling. To test for insulin sensitivity, a glucose tolerance test was conducted using
6-month-old male mice fed a regular diet and fasted overnight. It confirmed a marked
increase in glucose tolerance of both lggap2- and Iqgap1/ Iqgap2”- (Figure 6A). Mice
deficient in both Iggapland lggap2 genes were generated in this laboratory by interbreeding
of Iqgap1”- [38] and our lggap2- mice, and their phenotype was described previously [7].
Similarly to Iqgap2”~ mice, Iqgap1/ lggap2”- mice show hypoglycemia (an average non-
fasted glucose is 98.88 7.97 mg/dl) and levels of insulin comparable to wild-type
(0.603+0.071 pg/l, p = 0.099). Moreover, unlike in wild-type mice, a high fat diet did not
have an effect on glucose clearance rate in lqgap2”~ mice (Figure 6B). To further explore
lqgap2- metabolic phenotype, insulin stimulation experiments were performed with wild-
type, lqgap2”’~ and Iqgap1”/1qgap2”- mice. Recent data [39] report that hepatic Akt2 kinase
is a requisite component in the development of steatosis in insulin resistant mice. We
demonstrate here that both Iqgap2”- and lqgap1”-/Iqgap2- mice had elevated (~3-fold)
hepatic levels of the phosphorylated (at Ser473) form of Akt kinase after insulin stimulation
compared to wild-type (Figure 6C, D). The levels of the phosphorylated (at Ser9) form of
GSK3B, a substrate of Akt, were elevated in these mice as well, and the difference was
especially pronounced in Iqgap1/Iqgap27 livers (2-fold), suggesting that in IQGAP2-
deficiency, GSK3p kinase activity is inhibited.
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4. DISCUSSION

This work establishes a novel, physiologically- relevant function for IQGAP2 in selective
regulation of the facilitated phase of hepatic fatty acid uptake, with implications for the
molecular regulation of fat partitioning. Evidence in support of this conclusion is predicated
both on studies of LCFA uptake in vitro and correlative in vivo studies in diet-modified
mice. Cellular LCFA processing is complex and regulated at multiple levels, but is clearly
dependent on the extracellular composition and concentration of FFAs bound to serum
albumin, coupled with steps controlling uptake, membrane translocation, cytoplasmic
diffusion, and metabolic targeting [40]. Studies in hepatocytes, adipocytes, and cardiac
myocytes have demonstrated that transmembrane FFA diffusion occurs in conjunction with
a saturable phase that exhibits Kinetic properties consistent with facilitated transport [41-42].
At physiologic ranges of albumin and unbound FFAs [< 50 — 500 nM [12]], the Ty, for
saturable uptake (~ 1 second) is less than that for passive uptake (~14 — 100 seconds),
resulting in >90% of hepatocellular FFA uptake occurring through the saturable pathway
[12]. An expanding family of FATPs (fatpl-fatp6) [11] and FABPs (fabpl-fabp10) [23]
regulate the facilitated pathway of FFA uptake, with evidence for tissue-restricted
expression among various members and within species. Although FATP2 and FATP5 are
generally regarded as important for hepatocyte-mediated FFA uptake, recent data would
suggest that liver expresses a wider repertoire of FATPs (FATP1 and FATP4), in addition to
FAT/CD36 [43]. The demonstration that isolated IQGAP2 deficiency selectively affects
hepatic FFA uptake identifies IQGAP2 as an independent target irrespective of the
expression pattern(s) of previously characterized receptors and cytoplasmic proteins known
to be important for FFA uptake and/or transport. Finally, although IQGAP2 is clearly the
predominant homologue found in hepatocytes, our data suggest that IQGAPL is reciprocally
induced in lggap2”- livers [7]. While the IQGAP1 induction may be subtle, ongoing studies
in 1ggap1”-/lqgap2- mice [7] should clarify whether the two homologues have redundant,
cooperative, or exclusive functions in regulating FFA uptake.

To date, targeted deletion of fatpl [9], fatp4 [14], FAT/CD36 [44], and fabpl [18, 43] genes
have been described [9, 14], allowing for initial comparison with the Iggap2”- phenotype.
Neonatal death of fatp4”- mice was accompanied by a lethal restrictive dermopathy with no
defects in adipocyte differentiation or organ lipid composition, although it remains unclear if
the neonatal death obscured the development of an associated defect of fatty acid
metabolism. Interestingly, fatp1”- mice were protected against fat-induced insulin resistance
in skeletal muscle, although there was no evidence for impaired fat partitioning to adipose
tissue when subjected to either regular or high-fat diet; detailed fatty acid uptake studies
were not described [9]. Nonetheless, given the apparent redundancy in hepatic FATP
expression [43], a selective defect in FFA uptake would not be anticipated. FAT/CD367
mice demonstrate increased levels of fasting cholesterol, nonesterified FFAs, and attenuated
[3H]-oleate uptake in adipocytes [44], although the hepatic triglyceride content was
increased [45]. This is distinct from the Iggap2-/- phenotype.

In contrast, the fabp1”- mice share similarities with lqgap2- mice. Comparable to our
murine model, fabp1”- mice demonstrate no changes or alterations in organ and tissue
morphology [18, 43], with similar evidence for limited hepatic triglyceride accumulation in
a model of enhanced lipolysis [43]. Moreover, isolated hepatocytes from fabp1”- mice
displayed defective [3H]oleate uptake, however the difference was more pronounced by 45
seconds than at 15 seconds [43]. We would speculate that both FABP1 and IQGAP2 may
function in a comparable cytoplasmic pathway of hepatic FFA uptake, plasma membrane
desorption, or cytosolic trafficking.
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How does IQGAP2 regulate FFA uptake? Despite clear evidence supporting an active-
transport mechanism of cellular FFA uptake, there is a paucity of evidence (either for or
against) that this process is coupled to a signal transduction mechanism [40]. As
extrapolated from studies focusing on IQGAPL, it is likely that IQGAP2 functions to
integrate intracellular signaling pathways with cell-surface events, although these have been
largely studied within the context of cellular adhesion and motility. IQGAPL's interaction
with CLIP-170 regulates cell polarization via microtubule reorganization, a process that
occurs downstream of [GTP]-charged Racl and/or cdc4?2 [46]. Similarly, IQGAP1's
modulatory function on E-cadherin homopbhilic adhesion may be dually regulated both by
Rho-GTPases [47] and calmodulin/Ca2*-signaling [48]. While less is known about the
function of IQGAP2, recent data would suggest that its downstream effects in human blood
platelets may be [GTP]Rac1-restricted, to the exclusion of [GTP]cdc42 [3]. To date, there is
no evidence that cellular FFA uptake is regulated by Rho-GTPases; furthermore, both
IQGAPs lack the critical arginine finger residue within their RasGAP homology domain
known to be necessary for GAP activity [5, 49-50]. Rather, IQGAP1 and IQGAP2 appear to
uniquely interact with cdc42 and Racl to inhibit their intrinsic and RhoGAP-stimulated
GTPase activities [49, 51-52], a process that may prolong effector functions if IQGAPSs are
subsequently shown to regulate FFA transport and processing to mitochondria.

With relevance to FFA uptake, data using an enteroendocrine cell line (STC-1) have
suggested that LCFA's (=Cy5) can directly stimulate cytosolic calcium release ([Ca?*];)
from intracellular stores, with a more sustained [Ca2*]; response in the presence of
extracellular calcium [53]. Also, the rapid onset of the [Ca2*]; release conforms to the timing
of a signal required for facilitated FFA uptake [54]. Interestingly, the mechanism of [Ca?*];
release in STC-1 cells appeared distinct from G protein coupled-, tyrosine kinase-, or 1P3
(inositol trisphosphate)-dependent pathways, suggesting a unique mechanism of LCFA-
induced [Ca2*]; mobilization. We speculate that conformational change in IQGAP2 may be
induced by such events as Ca* interaction with IQGAP2's calmodulin-binding domains
(1Q) or IQGAP2 phosphorylation, providing the requisite molecular engine for effector
functions, possibly inducing cellular FFA uptake and/or transport (Figure 7). The
phosphorylation scenario may be more likely based on the recent compelling evidence for
both IQGAP1 and IQGAP2. It has been shown that IQGAP1 can undergo signal-induced
conformational changes and the process is regulated by phophorylation at Ser1443 [55-56].
Similarly, the cAMP-dependent protein kinase (PKA) is capable of phosphorylating
IQGAP2 at Thr716, and this in turn enhances IQGAP2' binding ability to the active form of
Racl GTPase [57]. We hypothesize that at the surface of hepatocyte, FFA bind a receptor
(possibly a member of the GPR family) and trigger a signal for conformational change in
IQGAP2, which, in turn, serves as a scaffolding protein binding a FA transporter (yet to be
identified), thereby facilitating FA cellular entry. Based on data in fabp1”- mouse [43],
FABP1 protein seems one of plausible candidates for such transporter.

IQGAP2 may be also involved in transcriptional regulation of lipid metabolism signaling
pathways. We have demonstrated that Iqgap2/ livers have diminished levels of both
SREBP-1c and FAS, suggesting decreased levels of hepatic de novo lipogenesis. In addition
to impaired FA uptake, this might be another factor contributing to the protection of these
mice from hepatic steatosis. While presently it is unclear how IQGAP2 may take part in
transcriptional regulation, evidence for IQGAP1 suggests a possibility of regulating protein
synthesis and membrane traffic through binding to cdc42 and mTOR [58]. Recently, nuclear
localization of IQGAP1 has been confirmed in various cell types where it is reported to
regulate DNA replication and cell cycle progression [59].

Lastly, improved glucose tolerance and enhanced hepatic insulin sensitivity of Iqgap2-
mice suggest IQGAP2' involvement in glucose homeostasis. While there is not enough
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evidence to speculate about the mechanism of such involvement, it will be of interest to
evaluate hepatic glycogenesis, glucose disposal and also insulin sensitivity of other
peripheral tissues in lggap2”- mice. The present study demonstrates that IQGAP2-
deficiency results in a complex metabolic phenotype, affecting hepatic free fatty acid

uptake, glucose metabolism and also possibly de novo fatty acid synthesis and lipogenesis.
While IQGAP2 is expressed predominantly in the liver and the current research presents
hepatic aberrations caused by IQGAP2 disruption, it seems feasible that IQGAP2' role in
other key metabolic tissues should be evaluated. While lqgap2- mice displayed increased
intra-abdominal adiposity when fed high fat diet, their plasma triglyceride levels and glucose
remained low compared to the wild-type controls. We propose that low levels of plasma
triglycerides in these mice can be explained by several factors, including enhanced insulin
sensitivity, impaired hepatic de novo lipogenesis and, as a result, decreased hepatic
triglyceride secretion, combined with an improved ability of the adipose tissue to store fat.
The latter may be due to a possible increase in FFA uptake or decreased FA oxidation in
lqgap2’- adipocytes, a notion which will require further studies. While it is well established
that high intratissue triglycerides can induce states of insulin resistance, it is clearly not the
case in lqgap2~ mice and other, yet unidentified, factors may be at play in compensating for
the effect of the increased adiposity. It is also of interest to further evaluate the metabolic
phenotype of lqgap1”/ Iqgap2~ mice to determine an understudied role of IQGAP1in lipid
and glucose metabolism.

An array of emerging evidence implicates disruptions in lipid metabolism among causative
factors in HCC development and progression. It is estimated that up to 30% of all HCC
cases are associated with obesity and related metabolic diseases [60-61]. There is also
experimental evidence in mouse models showing that a high fat diet alone induces
suseptibility to HCC [62]. We have demonstrated for the first time a link between IQGAP2
and HCC development using Iqgap2”- mice [7]. Here we show that these mice are also
protected from hepatic steatosis. We believe this is the first evidence verifying that not only
hepatic steatosis, but also perturbations in hepatic fatty acid uptake and lipogenesis may lead
to HCC. Although we cannot exclude the possibility that IQGAP2 realizes its functions as a
tumor suppressor and a regulator of lipid metabolism via distinct signaling pathways, there
may be points of convergence. Thus, variable rates of fatty acid uptake have been shown for
different HCC tumors [63], as have fluctuations in FAS expression, an established target for
anti-cancer therapy [64]. Further research is needed to identify signaling pathways
mediating hepatic lipid metabolism in the setting of IQGAP2 deficiency.

5. CONCLUSION

We report that 1qgap2~ mice exhibit impaired facilitated phase of hepatic palmitate uptake
and absence of diet-induced hepatic steatosis. Our findings point toward a novel role of
IQGAP2 in fatty acid transport and, possibly, lipid metabolism. We also demonstrate
enhanced hepatic insulin sensitivity associated with lggap2-deficiency. These findings may
be relevant to both obesity and diabetes research.
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Figure 1.

Defective fatty acid partitioning in diet-modified Iqgap2- mice. (A) Weight change and
alterations in body composition for high-fat diet; asterisk indicates statistically significant
differences (p < 0.05). % Fat was calculated as a percent of total body fat weight measured
by NMR from total body weight. (B) Fresh-frozen liver sections stained with Oil Red O and
counterstained with hematoxylin demonstrate protection against hepatic steatosis in
Iqgap2”’- mice. A size bar denotes 200 micron. Hepatic (C) and serum (D) triglyceride
content is expressed as the mean + SEM (n=6 per genotype), hepatic triglyceride levels are
expressed in mg per mg of total protein. Asterisk indicates statistically significant
differences (p<0.05).
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Figure 2.

Selective loss of facilitated fatty acid uptake in Iqgap2- hepatocytes. (A) LCFA uptake by
isolated hepatocytes from Iqgap2”- and wild-type mice was measured in real time using
BODIPY-FA/Q-Red.1 [32]. Data plots reflect those of a complete set of paired experiments
representative of six identical experiments. All data points are mean relative fluorescence
units (RFU) per 10° cells/well from triplicate wells (SEM not shown to minimize plot
complexity). Three empirical phases of uptake (A, B, C) are shown.

(B) [3H]palmitate uptake by Iqgap2- and wild-type hepatocytes. Uptake is expressed as
mean decay per minute (DPM) per 2 x 10° cells + SEM from triplicate wells. p < 0.05 for 60
and 120 seconds time points. Plot is representative of four independent experiments.

(C) Viability of isolated hepatocytes was assessed by MTT assay. Data are expressed as
mean relative absorbance at 540 nm per 2 x 10° cells + SEM from triplicate wells.
Difference in absorbance between lqgap2”- and wild-type is not statistically significant (p =
0.099).
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(D) Apoptosis in isolated hepatocytes was quantified by ApoStrand ELISA and expressed as

mean relative absorbance at 405 nm per 10% cells + SEM from triplicate wells. Asterisk
indicates p < 0.05 compared with all other groups.
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Figure 3.

Effect of BAPTA-AM on LCFA uptake by HepG2 cells. HepG2 cells were pre-incubated
with 125 M, 500 M and 1 mM BAPTA-AM for 30 minutes at 25°C prior to real time LCFA
uptake quantification using BODIPY-FA/Q-Red.1. All plots represent the mean + SEM
from triplicate wells from one representative set of complete experiments (repeated once).
DMSO treatment was used as a positive control. The results are expressed as relative
fluorescent units (RFU) per 10° cells per second.
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Figure 4.

Hepatic expression of genes involved in FA processing in lggap2”- and wild-type mice.
Quantitative RT-PCR was completed using oligonucleotide primers specific for: fatty acid
transport proteins (fatp1-5), fatty acid binding proteins (fabp 1-5), caveolin-1 (cavel), FAT/
CD36, acyl-Coenzyme A oxidase 1 (Acox1), carnitine palmitoyltransferase 1a (Cptla) and
sterol regulatory element-binding protein SREBP-1c and SREBP-2 genes (see Table 1). The
relative transcript expression was normalized to actin expression, calculated using the
comparative threshold cycle number (A-Ct method) and expressed as relative transcript
abundance in ng mRNA per 1 ng of g-actin mMRNA. Mean expression levels from triplicate
wells and standard deviation were logyg-transformed and plotted on a logarithmic scale.
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Figure 5.

Expression levels of lipogenesis-related genes in IQGAP2-deficient livers. (A) Hepatic FAS,
PPARa and PEPCK RNA transcript levels measured by qRT-PCR. RNA transcript levels of
fatty acid synthase (FAS), peroxisome proliferator-activated receptor a (PPARa) and
phosphoenolpyruvate carboxykinase (PEPCK) were measured in response to a single
intraperitoneal insulin injection (5U/kg) by qRT-PCR. The relative transcript expression was
calculated as described for Figure 4. (B) Immunoblot confirming protein expression of FAS,
FABP1 and caveolin-1 in wild-type, Iqgap2”- and lqgapl1-/Iqgap2”- livers. The blots are
representative of three independent experiments analyzing three different groups of mice.
(C)Densitometric quantification of hepatic FAS protein expression normalized to GAPDH
levels.
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Figure 6.

Enhanced insulin sensitivity of IQGAP2-deficient liver. (A) Glucose tolerance test (GTT)
using 6-month-old male wild-type, lqgap2- and Iqgap1/Iqgap2’- mice fed regular diet
and fasted overnight. Glucose (2 g/kg) was administered as a single intraperitoneal injection
and blood samples were collected from a tail vein at the specified times. Data are presented
as mean SEM, n =5 in each group. The graph is representative of two independent
experiments using different mice. (B) GTT using 6-month-old male wild-type and lqgap2™-
mice fed high fat diet (HFD) for 8 weeks and fasted overnight prior test. Data presented as
mean SEM, n =5 in each group. The graph is representative of three independent
experiments using different mice. (C) Immunoblot analysis of hepatic total levels and the
phosphorylated forms of Akt (Ser473) and GSK3p (Ser9) in response to insulin stimulation
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in 6-month-old male wild-type, lqgap2”- and Iqgap1/Iqgap2”’- mice. The blot is
representative of four independent studies. (D) Densitometric quantification of hepatic levels
of phospho-Akt and phospho- GSK3 in response to insulin stimulation normalized to
GAPDH levels.
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Figure 7.

Schema describing the proposed IQGAP2-mediated mechanism of facilitated FFA uptake by
hepatocytes. Conformational change of the IQGAP2 protein in response to a signaling cue
(possibly Ca2* or phosphorylation) is shown.
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Oligonucleotide primer sequences used for gRT-PCR described in Figures 4 and 5.

Table 1

Gene

Forward primer

Reverse primer

Fatp-1
Fatp-2
Fatp-3
Fatp-4
Fatp-5
Fabp-1
Fabp-2
Fabp-4
Fabp-5
FAT/CD36
Cave-1
Acoxl
Cptla
FAS
PPAR«a
PEPCK
SREBP-1c
SREBP-2

p-actin

5’-AGACGGACGTGGCTGTGTAT-3’
5’-ATGCCGTGTCCGTCTTTTAC-3’
5’-CTACCTCGCACTCCCACTGT-3’
5-TCTGTCCTTCCTGCCTGTCT-3’
5’-CCAAGGTTCGAAAGAACCAA-3’
5’-GCAGAGCCAGGAGAACTTTG-3’
5-TTGCTGTCCGAGAGGTTTCT-3’
5’-ACGACAGGAAGGTGAAGAGC-3’
5’-ACTGAGACGGTCTGCACCTT-3’
5’-TCCCTCACTGGAGGAAACTG-3’
5’-GGCCAGCGTGTCTATTCAGT-3’
5’-GAGGGGAACATCATCACAGG-3’
5’-GCAGCAGGTGGAACTGTTT-3’
5’-ACTGGGTGACCTTCATGGAC-3’
5’-ACGGAGCTCACAGAATTTGC-3’
5’-ATGCTGATCCTGGGCATAAC-3’
5-TACTTCTTGTGGCCCGTACC-3’
5’-GCTGCTGGAGCATAGCCTAC-3’
5’-TACCACAGGCATTGTGATGG-3’

5’-TGGATCTTGAAGGTGCCTGT-3’
5’-GCGATGATGATTGATGGTTG-3’
5’-ATCTGCAGAGGTCCAAATCG-3’
5’-GCTAAGGGCTTATCCCAAGG-3’
5’-AGATACGTTTTCGCCCTTCC-3’
5’-CAGTCATGGTCTCCAGTTCG-3’
5’-TGGAGACCAGTGCTGATAGG-3’
5’-AAATTTCCATCCAGGCCTCT-3’
5’-CTGGCAGCTAACTCCTGTCC-3’
5-TATCTGGCCTTGCTGTAGCC-3’
5’-CTTGGCAGTCTCGGTTTAGC-3’
5’-GTTCAGTGGGGACTTCTTGG-3’
5-GGCTTGTCTCAAGTGCTTCC-3’
5’-ACCACCAGAGACCGTTATGC-3’
5’-AACGGCTTCCTCAGGTTCTT-3’
5-CCGTTTTCTGGGTTGATAGC-3’
5’-GCTGTGGCCTCATGTAGGAA-3’
5’-GGTCACCCACCTTCTCCAG-3’
5-TTTGATGTCACGCACGATTT-3’
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Table 2

Metabolic characteristics of non-fasted male 6-month-old wild-type and lqgap2~ mice (n=10 per group).

Metabolic parameters Wild-type quapZ”’
Body weight, g 26.54+4.71 29.85+4.33
Food intake, g/day 3.92+0.31 3.88+0.33
Body fat, % 11.74+0.72 15.28+0.61*
Plasma TG, mg/dI 100.67+14.05  54.0+7.20*
Glucose, mg/di 120.9+5.08 87.2+4.46*
Insulin, pg/l 0.502+0.041  0.54+0.062
Asterisk denotes p < 0.05.

Regul Pept. Author manuscript; available in PMC 2013 January 10.



