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Identification of 1Q motif-containing
GTPase-activating protein 1 as a regulator
of long-term ketosis
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1Q motif-containing GTPase-activating protein 1 (IQGAP1) is a ubiquitously expressed scaffolding
protein that integrates multiple cellular processes, including motility, adhesion, and proliferation,
but its role in metabolism is unknown. Here, we show that IQGAP1 is induced upon fasting and
regulates B-oxidation of fatty acids and synthesis of ketone bodies in the liver. IQGAP1-null
(Iggap1-) mice exhibit reduced hepatic PPARa transcriptional activity, as evidenced during fasting,
after ketogenic diet, and upon pharmacological activation. Conversely, we found that the activity of
fed-state sensor mTORC1 is enhanced in Iggap1~- livers, but acute inhibition of mTOR in Iqgap1”/-
mice was unable to rescue the defect in ketone body synthesis. However, reexpressing IQGAP1

in the livers of Iggap1/- mice was sufficient to promote ketone body synthesis, increase PPARa
signaling, and suppress mTORC1 activity. Taken together, we uncover what we believe to be a
previously unidentified role for IQGAP1 in regulating PPARa activity and ketogenesis.

Introduction

1Q motif-containing GTPase-activating proteinl (IQGAP1) is a ubiquitously expressed multidomain scaf-
folding protein that interacts with several binding partners to control diverse cellular processes (1, 2), such
as cell-cell adhesion via E-cadherin (3), cell motility via Cdc42 and Racl (4), and cell proliferation via the
Ras/MAP kinase pathway (5, 6). More recently, its roles in scaffolding PI3K/AKT signaling as well as
insulin receptor and its substrate IRS-1 have been reported (7, 8). While all of these cellular processes coor-
dinated by IQGAP1 require energy, the role for IQGAPI in regulating whole-body energy homeostasis is
poorly understood.

To invariably meet cellular energy demands, the mammalian metabolic response has evolved specific
programs to store and utilize energy. The liver plays a central role in coordinating these adaptations, such
that it promotes glycogen and fatty acid synthesis in the fed state but switches to fat breakdown and ketone
body synthesis in the fasted state (9-16). Since IQGAP1 effectively scaffolds to integrate cellular functions,
we investigated a role for it in liver metabolism.

We found that IQGAPI levels were induced upon fasting and that IQGAP1-null (Iggapl~~) mice
exhibited reduced fatty acid oxidation and ketogenesis compared with WT mice. Since nuclear recep-
tor PPARa coordinates these fasting responses (11, 12, 17, 18), we challenged Iggap /=~ mice with keto-
genic diet (KD) and found an exaggerated defect in fatty acid oxidation and ketone body synthesis,
indicating that PPARa signaling may be compromised in Iggapl~~ mice. To investigate this further,
we pharmacologically activated PPARa and observed significantly reduced induction in many of its
targets when IQGAP1 was deleted.

Further, we examined mTOR, a nutrient sensor, which coordinates lipogenesis (14, 19), and found
that Iggapl~~ mice have inherently high hepatic mTORC1 activity. Previously, it was shown that chronic
mTORCI could restrict PPARa signaling (10, 20, 21), which is relieved during fasting (22). To evaluate
this crosstalk, we inhibited mTOR activity with rapamycin and found that short-term mTOR inhibition
did not restore the ketogenic defect in Iggapl~~ mice. However, reintroducing IQGAPI to the livers of
Iqgapl~~ mice was able to increase expression of PPARo target genes involved in fatty acid oxidation,
reduce mTORC1 activity, and increase ketone body synthesis. Overall, these findings demonstrate what
we believe to be a novel role for IQGAPI in maintaining an appropriate ketogenic response in the liver.
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Results

IQGAPI deletion alters the fasting response. IQGAP1 integrates multiple signaling pathways, and its relative
abundance largely determines its function as a scaffold (23). To investigate whether IQGAP1 coordinates
metabolic signaling, we fasted WT and Iggapl~’~ (24) mice for 24 hours and found a 2-fold induction
in IQGAPI levels in the liver (Figure 1, A and B). The liver is primarily composed of hepatocytes, and
we demonstrate that, even though the nonparenchymal cell (NPC) fraction of the liver expressed high-
er amounts of IQGAPI transcripts compared with hepatocytes, the overall liver gene expression pattern
reflects that of hepatocytes (Supplemental Figure 1A; supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.99866DS1). The increase in IQGAP1 expression was specific
to the liver and was not observed in white adipose tissue (WAT) (Supplemental Figure 1B). We next tested
if the decrease in glucose or growth factor is responsible for IQGAP1 induction and found that glucose or
serum starvation of HepG2 cells does not change IQGAP1 expression (Supplemental Figure 1C). Both
WT and Iggapl~- mice lost comparable amounts of body weight and liver weight upon fasting (Table 1).
Serum glucose levels also decreased with fasting as expected, but this decrease was exaggerated in Iggapl~/~
mice since these mice were hyperglycemic in the fed state and hypoglycemic in the fasted state (Table 1).
The observed hyperglycemia in Iggapl~~ mice was consistent with the observed modest insulin resistance
under chow (Supplemental Figure 1D) and recently published data that show that loss of IQGAP]1 results
in poor glucose tolerance (7). Further, we found that the reduction in fasting glucose is not due to lack of
gluconeogenic response in the Iggap!~~ livers (Supplemental Figure 1, E-G).

Normally, serum glucose levels are maintained by switching to an alternate fuel source during prolonged
fasting. For instance, the liver switches to utilizing fat, and lipolysis and release of fatty acids from adipose
tissue result in elevation of serum fatty acids. WT and Iqgap/~~ mice exhibited a similar percentage increase
in serum nonesterified fatty acids (NEFAs), even though the absolute fasting serum NEFA and triglyceride
values were significantly lower in Iggapl~- mice (Table 1). This is because, compared with WT mice, the
average serum NEFA and triglyceride levels were lower in Iggapl~~ mice, even in the fed state. To test if
this was secondary to poor fat mobilization, we examined the gonadal white adipose tissue and found that
Iggap”~ mice lost an average 8% of their visceral adipose by weight upon fasting while the WT mice lost
5% (Table 1). Histological analysis of gonadal adipose depots did not reveal any differences in adipocyte
size (Supplemental Figure 2A). Furthermore, we found comparable expression of lipogenic genes, including
SrebpIc, Fasn, Ppary, and starvation response gene Fgf21 as well as lipases, Hsl, Lpl, and Atgl, in adipose tissue
of both animals (Supplemental Figure 2, B-D). Additionally, gonadal phospho-HSL levels were induced to
a higher extent upon fasting in Iggap/~~ mice compared with WT mice (Supplemental Figure 2F). These
data indicate that the adipose tissue expression profile of fat mobilization genes was unaltered in Iqgapl~'~
mice. Additionally, hepatic fat accumulation after fasting increased to a similar extent in both the WT and
Iqgap1~~ livers (Figure 1C), suggesting that IQGAPI deletion does not affect fat uptake into hepatocytes.

We then examined if the fatty acids taken up by the liver during fasting are oxidized and convert-
ed to ketone bodies, which are essential alternate fuels. Serum levels of B-hydroxybutyrate, the predomi-
nant form of ketone body, were dramatically increased in WT mice upon fasting, but this was blunted in
Iggap1”~ mice (Figure 1D). We also examined serum ketone concentrations after injection with octanoate,
a medium-chain fatty acid substrate that can be rapidly converted to ketones (Figure 1E). The increase in
serum B-hydroxybutyrate concentration was lower in Iggap!~~ mice compared with WT mice (Figure 1F).
This result demonstrates that, despite substrate availability, Iggap/~~ mice exhibit impaired ketogenesis.
Furthermore, induced expression of B-oxidation genes medium-chain acyl-CoA dehydrogenase (Acadm)
and enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase (Ehhadh) as well as FGF21 (Fgf21), a known
endocrine signal during ketosis (25, 26), was significantly dampened in the absence of IQGAP1 (Figure 1,
G-I). These changes corresponded to lower circulating FGF21 levels in Iggapl”~ mice (Figure 1J). These
data uncover a role for IQGAP1 in maintaining appropriate hepatic fatty acid metabolism and ketogenesis.

IQGAPI is crucial to long-term ketogenic adaptation of the liver. Since we localized the metabolic defect in
Iqgap1~’~ mice to decreased hepatic expression of multiple genes involved in the -oxidation pathway, we exam-
ined long-term ketosis in these animals. To do this, WT and Iggapl~~ mice were fed a high-fat, low-carbohy-
drate KD for 4 weeks. Both cohorts displayed similar changes in overall body weight, but liver weight was
reduced in KD-fed WT but not in Iggapl~~ mice (Supplemental Figure 3, A and B), resulting in a significant
difference in the liver-to-body weight ratio between KD-fed WT and Iggap/~~ mice (Figure 2A). Iqgap '~ livers
appeared pale (Figure 2B) and microsteatotic (Figure 2C), which corroborated well with the observed increase
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Figure 1. Hepatic IQGAP1 is induced by fasting and is crucial for the fasting response. Mice were fed ad libitum or fasted for 24 hours. (A) Immunoblots of
WT liver extracts indicate increased IQGAP1 expression with fasting. Each lane is a mixture of liver extracts from 2 mice (n = 6 mice per group). (B) Quanti-
fication of average relative IQGAP1 protein per mouse, measured from 7 Western blots. IQGAP1 levels were normalized to GAPDH using densitometry. Each
dot represents a single mouse. (C) Representative images of H&E staining of liver sections and Oil red O staining of frozen liver sections from Iggap7”- and
WT mice (n = 5-6 mice per group). Scale bar: 50 pm; 10 um (inset). (D) Serum B-hydroxybutyrate levels (n = 3 mice per group). (E) Schematic depicting

the workflow for measuring ketogenic potential. (F) Serum ketone body levels measured before and after sodium octanoate treatment (n = 6-8 mice per
group). (G-1) Hepatic gene expression of (G) Acadm, (H) Ehhadh, and (1) Fgf21 normalized to Gapdh expression in WT and Iggap1~/- mice (n = 6-10 mice per
group). (J) Serum FGF21 levels were measured by ELISA (n = 6-7 mice per group). Values are displayed as mean + SD. Two-tailed unpaired t test was used
to determine significance between 2 groups. Two-way ANOVA with Bonferroni multiple comparisons test was used to determine significance between 2
groups under 2 conditions. *P < 0.05, **P < 0.01, ****P < 0.0001. See complete unedited blots in Supplemental Figure 7.
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in hepatic triglycerides (Figure 2D) compared with that in WT mice. On the other hand, the reduction in
serum NEFA and triglycerides was seen in both groups of mice (Figure 2, E and F). Further, the gonadal white
adipose tissue size, though originally smaller in IggapI~~ mice, increased by a similar proportion in WT and

Igqgap1”~ mice (Supplemental Figure 3C) and had similar expression of lipase (Supplemental Figure 3, D-F)

and lipogenic (Supplemental Figure 3G) genes, indicating a metabolic defect in the liver.
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Table 1. Metabolic characterization of WT and IggapT/- mice

Energy balance

Body weight (g)

Liver weight (g)

Liver-body weight ratio (%)
gWAT weight (g)
gWAT-body weight ratio (%)
Serum parameters

Glucose (mg/dl)
Triglycerides (mg/dl)
NEFAs (mEq)

Cholesterol (mg/dl)
Hepatic parameters
Triglycerides

Fed Fast

WT Iggap1”’- WT Iggap1”-

271+£2.8 251+3.8 247 +4.9 21.0£21
1.03+0.26 0.95+0.4 0.80 +0.35 0.66 + 0.08*
3.75+0.77 3.82+0.48 2.72 +0.56* 314 +0.22%
0.75+0.28 0.50 +0.18" 0.67+0.19 0.38 +0.08"°
2.76 +0.90 1.95+0.53° 2.72+0.56 1.78 £ 0.33°
144.4 +14.2 167.6 £ 14.58 96.2 £ 21.94 78.6 £ 18.3/8
142.2 £32.3 1031+ 26.48 1031+ 25.74 671 + 4.4A8
1.61+0.46 119+ 0.06 2.28 + 0.60% 1.63 + 018"
152.2 + 3311 126.4 £ 26.1 153.1+41.2 94.4 +15.38
19.0 +6.0 16.3+0.9 771+16.8% 68.1+15.6"

AP < 0.05 compared with fed genotype control; 8P < 0.05 compared with WT treatment control.

To understand the basis of increased fat accumulation in KD-fed Iqgapl~'~ livers, we examined the
expression of genes controlling fatty acid breakdown and ketogenesis. We found that induction of carnitine
palmitoyltransferase 1A (Cptla), p-oxidation genes Ehhadh and Acadm (but not Hadha), ketogenic genes
hydroxymethylglutaryl-CoA synthase 2 (Hmgcs2) and 3-hydroxybutyrate dehydrogenase (Bdhl), Fgf21, and
cytochrome P450 4A10 (Cyp4al0), which are all peroxisome proliferator receptor o (Ppara) targets, was
all significantly decreased in the absence of IQGAP1 (Figure 3, A-H, and refs. 27-31). Subsequent to the
reduced B-oxidation and ketogenesis, we found lower levels of circulating ketone bodies in KD-fed Iggapl~/~
animals compared with those in WT animals (Figure 3I). These results indicate that deletion of IQGAP1
impairs long-term hepatic adaptation to nutritional ketosis (Figure 3J).

Loss of IQGAPI deregulates PPARo. signaling and mTORCI activation. The nuclear receptor PPARa is
a critical transcriptional regulator of the fasting and ketogenic response (25, 27). In fact, Ppara”~ mice
are unable to adapt to nutritional challenges and develop fatty liver (27, 32). Therefore, we next exam-
ined PPAR« activation in the presence and absence of IQGAP1 by treating mice with the PPARa agonist
Wy-14,643 (WY) (31, 33). It is interesting to note that Ppara transcript levels were in a higher range upon
corn 0il (CO) treatment in Iggapl~~ mice and were not induced by WY treatment compared with WT mice
(Figure 4A). Several downstream targets of PPARGo, including Acadm, Hadha, Hmgcs2, and Bdhl, were not
significantly induced in WY-treated Iggapl~~ mice while Cptla and Ehhadh displayed similar induction to
that of WY-treated WT mice (Figure 4, B-G). Surprisingly, WY treatment led to higher transcript expres-
sion of Fgf21 and Cyp4al0 in Iqgapl~'~ livers than in WT livers. However, the fold induction compared with
CO-treated mice was similar between the two groups, since the basal levels following CO treatment was
higher for these two genes in Iggap!~/~ livers (Figure 4, H and I). On the other hand, fed-state serum ketone
concentrations did not reveal any increase in response to WY treatment in Iggapl~'~ mice (Figure 47).

Next, we investigated the activity of the fed-state sensor mTORC1 in WT and Iggap~'~ livers. Activa-
tion of mTORC1 was measured by assessing phosphorylation of its two bona fide targets — S6 ribosom-
al protein and 4E-BP1. S6 phosphorylation at S240/244 and S235/236 sites, along with phosphorylation
of 4E-BP1 (34, 35), showed a 2-fold increase in Iggapl~'~ livers compared with WT livers upon refeeding
(RF) (Figure 5A). Additionally, primary hepatocytes from Iggapl~~ mice exhibited higher S6 phosphor-
ylation (Supplemental Figure 4A), indicative of increased mTORCI1 activity when IQGAP]1 is absent.
Conversely, increasing IQGAP1 levels in the HepG2 cell line was able to decrease S6 phosphorylation
(Supplemental Figure 4B). To determine if IQGAP1 could regulate mTORC1 through a direct inter-
action, we expressed FLAG-tagged IQGAP1 in HEK293T cells and pulled down IQGAP1-interacting
proteins using an anti-FLAG antibody. We found higher levels of mTOR pulled down in cells expressing
FLAG-IQGAP1 (Supplemental Figure 4C), implying interaction of IQGAP1 with mTOR. As expected,
we found that P-mTOR (52448) levels decreased in the fasted state and were restored upon RF in WT
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Figure 2. Iggap1’/- mice accumulate excess hepatic fat when challenged with ketogenic diet. WT and /ggap7~- mice were fed ketogenic diet (KD) for 4
weeks and fasted overnight (n = 6 mice per group). Control mice were fed normal chow ad libitum (n = 9-10 mice per group). (A) Liver weight normalized to
total body weight. (B) Gross appearance of livers from KD-fed WT and /ggapT~- mice. Scale bar: 1cm. (C) Representative images of H&E-stained and Oil red
0-stained liver sections from KD-fed mice (n = 6 mice per group). Scale bar: 50 um; 10 um (inset). (D) Hepatic triglyceride was measured in Iggap?/- and WT
mice (n = 6 mice per group). (E and F) Serum NEFA and triglyceride levels (n = 3-8 mice per group). Values are displayed as mean + SD. Two-way ANOVA with
Bonferroni multiple comparisons test was used to determine significance between 2 groups under 2 conditions. *P < 0.05, **P < 0.01, ***P < 0.001.
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mice (Figure 5B). The induction of P-mTOR relative to mTOR was higher in Iggapl~~ mice, validating
increased mTORCI activity in the absence of IQGAP1. To identify the mechanism responsible for high-
er activity of mTORCI1, we examined upstream signals, such as AKT, which can promote mTORC1
activity, and AMPK, which can inhibit activity. Compared with WT livers, Iqgapl~'~ livers in the RF state
exhibited higher P-AKT (S473) levels, whereas the changes in P-AMPK relative to AMPK were similar
(Figure 5B). The increase in AKT signaling is intriguing, since it has been shown that Iggapl~'~ livers
exhibit a blunted increase in P-AKT levels 10-15 minutes after insulin treatment (7, 8). Since RF exper-
iments were performed 120 minutes after feeding and not immediately, WT mice did not show a robust
increase in P-AKT. It is possible that this in turn may exaggerate the P-AKT levels observed in Iggapl~'~
livers. Nonetheless, the increase in P-AKT levels is consistent with higher mTORC1 activity.

To confirm this increase in mMTORC1 activation, we analyzed Srebplc and fatty acid synthase (Fasn)
expression levels, which are suppressed in livers with chronic mTORCI1 activation (14), and found
them significantly downregulated in Iggapl~~ livers (Figure 5, C and D) (36). RF did not alter Srebplc
transcript levels but induced Fasn expression in the WT mice. mTOR inhibition in RF mice dramatical-
ly reduced expression of Srebplc gene in both WT and Iggapl~~ mice, indicating that mTOR activation
is important to maintain this regulator of lipogenesis (Figure 5C). On the other hand, Fasn transcript
levels were reduced with rapamycin treatment in WT mice but not in Iggapl”’~ mice (Figure 5D).
Notably, in Iggap!~~ mice the levels of Fasn gene expression increased upon mTOR inhibition, and
we suggest that this is subsequent to the transient relieving of chronic mTOR activation in these ani-
mals. Taken together, these data indicate that IQGAP1 maybe important to maintain proper hepatic
mTORCI activity and function.
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Figure 3. Ketogenesis is significantly reduced when IQGAP1 is deleted. (A-H) Hepatic gene expression of B-oxidation genes (A) Cptia, (B) Acadm, (C)

Ehhadh, and (D) Hadha

and ketogenesis genes (E) Hmgcs2, (F) Bdh1, and (G) Fgf21 and (H) w-oxidation gene Cyp4a10. All gene expression was normalized

to Gapdh expression. (I) Serum B-hydroxybutyrate levels (n = 6-7 mice per group). (J) Schematic depicting genes with altered expression in Iggap1”/- mice in
blue and their position within the fatty oxidation and ketogenesis pathways. Values are displayed as mean + SD. Two-way ANOVA with Bonferroni multi-
ple comparisons test was used to determine significance between 2 groups under 2 conditions. *P < 0.05, **P < 0.01, ****P < 0.0001.

Short-term mTOR inhibition does not alleviate the ketogenic defect in Iqgapl~~ mice. We next tested if inhibiting
mTOR with rapamycin can reverse any of the B-oxidation defects observed in Iggapl~~ mice. We first ensured
that loss of IQGAP1 did not affect mTORCI inhibition by rapamycin in vivo (Supplemental Figure 5A). Hepat-
ic triglyceride concentration was reduced when mTOR was inhibited in the RF state (Supplemental Figure 5B),
while serum triglycerides remained unaltered in WT mice (Supplemental Figure 5C). No alteration in hepatic
triglyceride levels was observed in IQGAP1-deleted livers. However, serum triglyceride concentrations were low-
er in the fasted state and were modestly elevated in the RF state but significantly lower in the rapamycin-treated
RF condition (Supplemental Figure 5C). Serum NEFA levels on the other hand were high during fasting, which
indicates fat mobilization from adipose tissue, and this was reduced upon RF. This decrease in NEFA levels
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Figure 4. PPARq activation is dysregulated in Iggap1/- livers. WT and Iggap7~- mice were administered vehicle (CO) or
Wy-14,643 (WY) daily for 4 days. (A-E) Hepatic gene expression of (A) Ppara, 3-oxidation genes (B) Acadm and (C) Hadha,
and ketogenesis genes (D) Hmgcs2 and (E) Bdh1 shows decreased induction in Iggap/- animals. (F and G) Hepatic gene
expression of B-oxidation genes (F) Cpt1a and (G) Ehhadh shows similar induction. (H and I) Hepatic gene expression of (H)
Fgf21and (1) w-oxidation gene Cyp4a10. Expression was normalized to Gapdh expression (n = 5-6 mice per group). (J) Serum
B-hydroxybutyrate levels in CO- and WY-treated mice (n = 5-6 mice per group). Values are displayed as mean + SD. Two-way
ANOVA with Bonferroni multiple comparisons test was used to determine significance between 2 groups under 2 conditions.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

upon RF was not dependent on mTORC, as rapamycin treatment did not affect the reduction in either WT or
Iqgapl”~ animals (Supplemental Figure 5D). RF, as expected, reduced Pparo. expression, and rapamycin levels
were not altered in both WT and Iggap!~'~ livers (Supplemental Figure 5E). Expression of PPARa target genes
involved in B-oxidation, such as Cptla, Ehhadh, and Acadm (Supplemental Figure 5, F-H), was reduced upon RF
in WT mice. Iqgapl~~ livers displayed lower levels of PPARa target genes both under fasted and RF conditions,
and rapamycin treatment did not alter their expression pattern. These results suggest that mTOR-independent
mechanisms may contribute toward p-oxidation in the liver and ketogenesis in Iggapl~'~ livers.
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Restoration of hepatic IQGAPI expression reverses PPARo. and mTORCI effects. Finally, we examined if reex-
pressing IQGAPI specifically in the livers of IggapI~~ mice (Supplemental Figure 6A) is sufficient to restore
metabolic gene expression. We confirmed that the adenoviral IQGAP]1 injections did not result in IQGAP1
expression in the gonadal adipose depots (Supplemental Figure 6B). Compared with adenoviral GFP con-
trol, adenoviral IQGAP1 resulted in reduced hepatic mMTORCI activity (Figure 6A) and increased serum
ketone concentrations in fasted state (Figure 6B) in Iggap /=~ mice. Importantly, reintroducing IQGAP1 was
sufficient to induce PPARa target genes (Figure 6, C and D), indicating that IQGAP1 is necessary to main-
tain fatty acid oxidation and ketogenesis. Taken together, these data reveal that IQGAP1 levels are crucial
to maintaining PPARa and mTORCI1 activity and thus modulate ketogenesis (Figure 6E).

Discussion

The liver plays a central role in nutrient metabolism, and several transcriptional, posttranslational, and
allosteric regulators that orchestrate this process have been identified (11, 15-19, 37). Scaffolding proteins
can integrate different signals, but their metabolic roles are yet to be fully elucidated. In this study, we
examined a role for IQGAP1, a multidomain-containing scaffolding protein that interacts with numerous
signaling molecules, including calmodulin (38), MAPK (6), PI3K (11), AKT (3), and forkhead box protein
01 (39), in coordinating the hepatic response to long-term ketosis. While its role in cellular signaling has
been well studied (1, 2), the role for IQGAP1 in hepatic metabolism is poorly understood.

We found increased IQGAP1 expression in the liver upon fasting that was not secondary to the decrease
in serum glucose levels (Supplemental Figure 1C). Instead, we identified that the IQGAP1 increase was asso-
ciated with fatty acid oxidation and ketogenesis, since Iqgapl~’~ mice showed defects in these pathways and
reexpressing hepatic IQGAP1 could reverse the PPARa signaling defect. Despite being slightly more hypogly-
cemic than the WT mice during fasting, Iqgap~'~ mice did not show alterations in the gluconeogenic response
(Supplemental Figure 1, D-G), which could be attributed to intact expression of Pgcla, a key regulator of glu-
coneogenesis (40), in the livers of Iggap!~”~ mice. Rather, this hypoglycemia may be secondary to lower serum
ketone body levels. In particular, we found that IQGAP1 was required to maintain long-term ketogenesis, since
Iqgap!”~ mice displayed a poor ability to break down fat and synthesize ketone bodies when we challenged
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Figure 6. Reexpressing IQGAP1in Iggap1~- livers restores appropriate mTORC1 and PPARGa signaling. Adenoviruses expressing either GFP or IQGAP1
were injected into female Iggap1~- mice via the tail vein. Two weeks later, mice were fed ad libitum or fasted 24 hours. (A) Immunoblot of fed AD.GFP and
AD.IQGAP1 liver extracts. Each lane represents an individual mouse (n = 3 mice per group). P-S6 (5235/236) and P-S6 (5240/244) levels were normalized
to total S6 expression, and p-4E-BP1 levels were normalized to GAPDH expression. The relative ratio of AD.IQGAP1to AD.GFP mice is stated. (B) Serum
B-hydroxybutyrate levels (n = 3 mice per group). (C and D) Hepatic gene expression of (C) Cpt1a and (D) Ehhadh, Cyp4a10, and Acadm. Expression was nor-
malized to Gapdh expression. (E) Schematic depicting how IQGAP1 deletion affects liver physiology. Values are displayed as mean + SD. Two-way ANOVA
with Bonferroni multiple comparisons test was used to determine significance between 2 groups under 2 conditions. *P < 0.05, **P < 0.01, ***P < 0.001.
See complete unedited blots in Supplemental Figure 7.
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them with nutritional ketosis for 4 weeks (41, 42). This defect was not due to mobilization of fatty acids into
the liver since hepatic triglycerides were increased in Iggapl~’~ animals (Figure 2D). But the reason for lower
circulating concentrations of NEFA and triglyceride levels in Iggapl~~ mice is therefore unclear. Overall, these
data indicate downstream defects in hepatic fatty acid metabolism and ketogenesis in Iggapl~~ mice.

We mapped this metabolic defect in Iqgap1~'~ livers to impaired ligand-activated nuclear receptor PPAR«
signaling. PPARa is a primary regulator of the fasting response such that Ppara”~ mice exhibit elevated
hepatic triglycerides, reduced expression of p-oxidation genes, and lower serum FGF21 and ketone body
levels during prolonged ketosis (25, 26). Similarly, Fgf21~~ mice also show lower ketone body levels when fed
KD (43, 44). IqgapI~~ mice exhibit an overlapping phenotype with both Ppara~~and Fgf21~~ mice, indicating
that IQGAPI is crucial for regulating ketogenesis (Table 2). Furthermore, it has been shown that fatty acids,
particularly those synthesized de novo by Fuasn, act as physiological ligands for that PPARa (45). Hepatic
Fasn™~ mice mimic Ppara~'~ mice but are rescued by agonistic activation of PPARo. (46). We treated Iggapl/~
animals with the PPARo synthetic agonist WY (33) and found that PPARa activation did not restore all the
PPARGa gene targets examined in this study; a subset of genes, including Ppara., Acadm, Hmgcs2, and Bdh, did
not respond, whereas Cptla and Ehhadh were induced at levels comparable to those of WT mice. PPARa
agonistic induction of Fgf21 and Cyp4al0 was higher in Iggapl~- animals, and these data suggest that endog-
enous ligand may be a limiting factor for PPAR« activation of these genes in Iggapl~~ mice.

Since we found a defective response to fasting cues in the liver, we examined the levels of the
fed-state sensor mTOR in Iggapl~~ mice and were surprised to find increased mTORCI activity. Fur-
ther examination during fasted and refed states revealed that deletion of IQGAPI1 resulted in higher
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Table 2. Comparison summary between Iqggap1”/-, Ppara™-, and Fgf21/- mice

Parameter

Fed

Body weight

Serum ketones
Serum NEFAs
Serum triglycerides
Hepatic triglycerides
Fast

Serum ketones
Serum NEFAs
Serum triglycerides
Hepatic triglycerides
KD

Serum ketones
Serum NEFAs
Serum triglycerides
Hepatic triglycerides

Iqgapt’- Ppara™’- Fgf21/-
NS NS (54) NS (43, 55, 56)
NS 1 (27,57); NS (25); 1 (54) 1 (56); NS (25, 43, 55, 58)
NS NS (25, 27); 1 (54, 57) NS (25, 43, 55, 56, 58)
! NS (25, 57) NS (25, 43, 55, 56, 58)
NS NS (25, 54, 57) NS (25, 58)
! 1 (25, 27,54); NS (59) NS (43, 56); 1 (55)
! 1 (25, 27, 54); NS (59) 1 (43); 1 (55, 56, 58)
! NS (25, 59) NS (43, 55, 56, 58)
NS 1 (25, 54, 59) NS (55); 1 (58)
I NS (25); | (57) 1 (25,43)
NS 1 (25, 57) NS (43); 1 (25)
NS NS (25); 1 (57) 1 (25, 43)
1 1 (25, 57) 1 (25, 43)

Citations are shown parenthetically.

mTORCI1 downstream kinase signaling. We also observed that transiently increasing IQGAP1 expres-
sion could suppress mTORCI signaling in cells. This result is opposite to a previous study (47), which
showed that the IR-WW domain of IQGAP1 positively regulated mTORCI1 in the absence of growth
factors. We attribute this difference in data to the context and experimental approach utilized. We used
the livers from IQGAP1-knockout animals after nutrient deprivation, whereas the previous study used
either IR-WW or C-terminal domains of IQGAP1 for their analysis. However, in line with multiple
earlier reports, we did observe that IQGAPI can directly bind to mTOR (47, 48).

It was shown that mTORC1 can inhibit PPARo activation by recruiting the corepressor NCoR1 to
PPARa-response elements (21). Our data along with this finding suggest that the dampening in PPARa
activation in Iggapl~~ mice could be secondary to the higher mMTORCI activity. To test this, we inhibited
mTORCI activity with rapamycin and validated the reduction in S6 and 4E-BP1 phosphorylation. Howev-
er, rapamycin treatment was not sufficient to rescue all PPARo targets and promote ketogenesis. Typically,
hepatic mTORCI1 acts as the major regulator of cellular energetics (10, 20), but we have not ruled out the
role for mTORC2 in this study.

Finally, we demonstrate that reintroducing IQGAP1 in Iggapl~~ mice was able to rescue expression of
PPARa and several of its targets. Thus, we conclude that IQGAP1 functions to modulate PPARa activity
and subsequent control of the nutritional response to long-term ketogenesis.

Methods

Animal experiments. WT and Iqgapl~~ mice (generated in A. Bernards’s laboratory, Massachusetts General
Hospital, Boston, Massachusetts, USA, and obtained from Valentina Schmidt, Stony Brook University,
Stony Brook, New York, USA) maintained on a 129/SVJ background were housed in flow cages at 24°C
on a 12/12-hour-light/dark cycle, with lights on starting at 5 AM CST, corresponding to zeitgeber time
(ZT) 0. Genotype was confirmed by PCR analysis of genomic DNA as previously described (24).

Male 16- to 20-week-old mice were used for all experiments, while 11-week-old female mice were used
for adenoviral expression of IQGAP1. We used sample sizes typical for this type of work (7 = 5-6 mice
per group). We randomly assigned mice of the same genotype to different treatments but were not blinded
during experiments and analysis. Mice were allowed ad libitum access to food and water except during fast
when they were transferred to a clean cage with access only to water. Fasting experiments were initiated at
ZT4, which was approximately 9 AM (n = 68 mice per genotype). Control mice were allowed ad libitum
access to food and were sacrificed at ZT4 (n = 8-9 mice per genotype). RF mice were given standard chow
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at ZT4 following a 24-hour fast and were sacrificed 2 hours later at ZT6 (n = 6-9 mice per genotype). An
additional cohort of RF mice was injected with 10 mg/kg rapamycin intraperitoneally 1 hour prior to RF (n
= 6-13 mice per genotype). The standard chow diet was Teklad F6 Rodent Diet (8664, Envigo), consisting
of 31%, 19%, and 50% kcal from protein, fat, and carbohydrate, respectively. In contrast, the KD (TD.96355,
Envigo) consisted of 9.1%, 90.5%, and 0.4% kcal from protein, fat, and carbohydrates, respectively. The KD
was divided into 6-cm dishes and frozen prior to feeding, and fresh diet was provided daily (# = 6 mice per
genotype). For fibrate treatment, WY (Cayman Chemical) was dissolved in 100% ethanol to a final concen-
tration of 16.5 mg/ml. The WY solution or vehicle was further diluted with CO to a final concentration of
5 mg/ml and stirred under vacuum overnight to remove excess ethanol. Mice were oral gavage with either
CO or WY (50 mg/kg) for 4 consecutive days and sacrificed on the fifth day (n = 5-6 mice per genotype).
For hepatic expression of GFP and IQGAP1, female Iggapl~~ mice were administered high-titer adenovirus
expressing either cDNA via tail vein injection. Three days after injection, mice were started on a 0.5 g/kg
doxycycline (dox) diet and sacrificed after 2 weeks (# = 3 mice per group). All mice were sacrificed at ZT4-6.

Blood was collected from each mouse by retro-orbital bleeding just prior to sacrifice. Sera were sepa-
rated by centrifugation and stored at —80°C in opaque tubes. Liver and gonadal white adipose tissues were
collected and flash frozen for analysis. A portion of each tissue was also fixed in 10% formalin for histo-
logical analysis.

Octanoate challenge. Sodium octanoate (500 mM) in sterile H,O was injected intraperitoneally at 6 pl/g
of body weight into WT and Iggap/~~ mice after a 24-hour fast. Serum ketones were measured in tail blood
using a Keto-Mojo Ketone and Glucose Meter immediately before octanoate injection and 2 hours follow-
ing octanoate injection (# = 6-8 mice per group).

Isolation and primary hepatocyte culture. Mouse hepatocytes were isolated using a 2-step collagenase
perfusion technique (49). Briefly, male adult 129/SVJ WT and Iggapl~- mice were perfused with 50 ml
Solution 1 (1 uM EDTA in 1x Hanks Balanced Salt Solution without Ca?* or Mg?*). Livers were then
perfused with 50 ml Solution 2 (3,000 U collagenase type I from Worthington, 0.54 uM CaCl,, 40 pg/ml
trypsin inhibitor, and 15 mM HEPES, pH 7.4, in 1x Hanks Balanced Salt Solution with Ca?* and Mg?*).
The perfused liver was then transferred to a Petri dish containing wash buffer (Williams E media with 1x
penicillin/streptomycin and 1x L-glutamine) and gently massaged to loosen liver cells. The cell suspension
was filtered through a 70-um filter. For isolation of hepatocytes and nonparenchymal cells (NPCs), the
cell suspension was centrifuged twice at 50 g for 10 minutes. The supernatant was transferred to a new
tube and centrifuged at 680 g to isolate NPCs. The pellet contained hepatocytes. The isolated hepatocytes
and NPCs were incubated in red blood cell lysis buffer followed by 3 washes with 1x PBS with 10-minute
spins at 320 g and 680 g, respectively, after each wash. For primary cell culture, the cell suspension was
centrifuged at 600 g for 4 minutes. The pellet was suspended in 25 ml wash buffer and layered onto a Percoll
gradient and immediately centrifuged at 600 g for 10 minutes. The pellet, enriched for live hepatocytes,
was washed 3 times and then cells were suspended in growing medium (wash media supplemented with
1x Insulin-Transferrin-Selenium [ITS] solution from Gibco) and plated at 5 X 10° live cells/ml in 6-well
collagen-coated plates. Media were changed 4-6 hours after plating to remove dead cells. Cells were either
cultured for another 24 hours in growing medium.

Adenovirus production and cell culture. HepG2 cell line was obtained from ATCC (catalog HB-8065) and
cultured according to ATCC specifications. This cell line tested negative for mycoplasma (Biotool, cata-
log B39032). For in vivo infection, adenoviruses expressing full-length Iggap! and Gfp were generated as
previously described (50). For IQGAP1 overexpression in cell culture, HepG2 cells were cultured in tetra-
cycline-free DMEM and transfected with tetracycline-inducible FLAG-tagged Iggapl and rtTA plasmids
using a Mirus TransIT-X2 kit. The next day, the media were replaced with fresh DMEM containing 2 ng/
ml dox, and protein was collected 24 hours later. For glucose and serum starvation experiments, HepG2
cells were cultured with HBSS supplemented with 10% FBS, 2 mM glutamine, and 10 U/ml penicillin and
streptomycin for 12 hours. After this, the HepG2 cells were switched to HBSS media lacking either glucose
or FBS or both for 6 hours before analysis.

Serum chemistry. Sera were thawed on ice prior to each metabolite assay. Assays were run in dupli-
cate for triglycerides (Infinity Triglyceride Stable Reagent, Fisher Scientific), f-hydroxybutyrate (B-Hy-
droxybutyrate (Ketone Body) Colorimetric Assay Kit, Cayman Chemical), and free fatty acids (Free
Fatty Acid Fluorometric Assay Kit, Cayman Chemical). All assays were performed according to the kit
instructions, unless stated otherwise. For the Free Fatty Acid Kit, absorbance was read at 570 nm and
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was adjusted for background reading at 600 nm. Additionally, Mouse/Rat FGF-21 Quantikine ELISA
kit (R&D Systems) was used to measure serum FGF21 levels. Serum glucose was measured using one-
touch glucose strips on fresh tail blood.

Glucose tolerance test. Glucose tolerance test was performed as previously described (51). Briefly, mice
were fasted for 13 hours overnight and administered 2 g/kg D-glucose intraperitoneally. Blood glucose con-
centrations were measured at 0, 15, 30, 60, and 120 minutes after injection using tail blood.

Hepatic triglyceride assay. Frozen liver tissue (<50 mg) was weighed and homogenized in 1 ml isopropanol.
Samples were centrifuged at 4°C and 9,931 g for 15 minutes, and supernatant containing triglycerides was
separated. Triglyceride content was measured using Infinity Triglyceride Liquid Stable Reagent (Fisher Sci-
entific).

Histology. Formalin-fixed liver samples were embedded in paraffin wax. Five-micron sections were cut
and used for H&E staining according to standard methods (52). For Oil red O staining, additional liver
samples were frozen in OCT media upon collection and cut into 8-micron sections. Once dried, the sections
were fixed in 10% formalin, rinsed with running tap water then 60% isopropanol, and stained with fresh Oil
red O working solution (0.15 g Oil red O dye in 50 ml of 60% isopropanol) for 15 minutes. The slides were
then rinsed with 60% isopropanol, stained using Modified Harris Hematoxylin (Richard Allan, 72711) for
3 minutes, rinsed with diH,O, and cover slipped.

Quantitative RT-PCR. Total RNA from frozen whole liver tissue was extracted using TRIzol solution
(Invitrogen) according to the manufacturer’s protocol. RNA quality was determined by A260/280 and
bleach RNA gel as previously described (53). RNA (5 pg) was treated with DNase (Promega) and reverse
transcribed using random hexamer primers (New England Biosciences) and the Maxima Reverse Tran-
scriptase kit (Thermo Fisher Scientific). The cDNA was diluted to 12.5 ng/ul with molecular-grade water
(Corning) and used for qRT-PCR assays. qRT-PCR was performed on an Eco Real-Time PCR system
(Illumina) in triplicate using 50 ng cDNA per reaction and PerfeCTa SYBR Green FastMix (Quanta). All
assays were run with an initial activation step for 10 minutes at 95°C, followed by 40 cycles of 95°C for 10
seconds and 60°C for 30 seconds. Primer sequences are described in Supplemental Table 1. Gapdh, f-actin,
and 36b4 were used as housekeeping genes.

Western blot analysis. Protein was extracted from approximately 50 mg frozen liver tissue. RIPA buf-
fer (25 mM Tris, pH 7, 150 mM NaCl, 0.5% sodium deoxycholate, protease inhibitor [Pierce Protease
Inhibitor Mini Tablets, EDTA Free; Thermo Fisher Scientific], phosphatase inhibitor [Phosphatase
Inhibitor Cocktail 3; MilliporeSigma], and 1% Triton X-100) was added to each liver sample, which
was homogenized by adding eight to ten 1-mm beads and bullet blending for 3 times for 1 minute each
time, with 1 minute on ice in between. Samples were sonicated until nonviscous. Protein concentration
was measured by BCA assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific). For Western
blot, 10-50 pg of total protein was loaded onto 8%—-12% SDS-PAGE gels. After transfer, the mem-
brane was incubated with antibodies described in Supplemental Table 2. See complete unedited blots
in Supplemental Figure 7.

Coimmunoprecipitation. HepG2 cells were transfected with dox-inducible FLAG-IQGAP1 and were
treated with dox or vehicle for 24 hours. After induction, approximately 107 cells were lysed in lysis buffer
(50 mM Tris, pH 7.8, 150 mM NaCl, 30 mM EDTA, 0.5% Triton X-100). The lysate was then split and
equal amounts were immunoprecipitated with a FLAG antibody overnight, washed, and resolved on an
8% SDS-PAGE gel. After transfer, blots were probed with antibodies for mTOR.

Statistics. Data are expressed as mean * SD. All statistical analyses were performed using GraphPad
Prism software version 6. Student’s unpaired 2-tailed ¢ test was used to compare 2 groups. Two-way ANO-
VA with Bonferroni multiple comparisons test was performed to compare two groups with two treatments.
Asterisks indicate a statistically significant difference between the treatment group and its respective gen-
otype control unless the groups are otherwise indicated. Significance is defined as P < 0.05. Outliers were
determined by Grubbs’ test and removed from analysis.

Study approval. All animal studies were approved by the University of Illinois at Urbana-Champaign
Institutional Animal Care and Use Committee and were carried out as outlined in the Guide for the Care and
Use of Laboratory Animals (National Academies Press, 2011).
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