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ABSTRACT

Objective: The liver is the primary internal metabolic organ that coordinates whole body energy homeostasis in response to feeding and fasting.
Genetic ablation or pharmacological inhibition of calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2) has been shown to signifi-
cantly improve hepatic health and peripheral insulin sensitivity upon overnutrition with high fat diet. However, the precise molecular un-
derpinnings that explain this metabolic protection have remained largely undefined.

Methods: To characterize the role of CaMKK2 in hepatic metabolism, we developed and challenged liver-specific CaMKK2 knockout
(CaMKK2 LKO) mice with high fat diet and performed glucose and insulin tolerance tests to evaluate peripheral insulin sensitivity. We used a
combination of RNA-Sequencing, glucose and fatty acid istotopic tracer studies, a newly developed Seahorse assay for measuring the oxidative
capacity of purified peroxisomes, and a degenerate peptide libarary to identify putative CaMKK2 substrates that mechanistically explain the
protective effects of hepatic CalMKK2 ablation.

Results: Consistent with previous findings, we show that hepatic CaMKK2 ablation significantly improves indices of peripheral insulin sensitivity.
Mechanistically, we found that CaMKK2 phosphorylates and regulates GAPDH to promote glucose metabolism and PEX3 to blunt peroxisomal fatty
acid catabolism in the liver.

Conclusion: CaMKK2 is a central metabolic fuel sensor in the liver that significantly contributes to whole body systems metabolism.
© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION metabolic function, promotes peripheral insulin resistance and the onset

of Type 2 Diabetes Mellitus (T2DM) [5]. While NAFLD responds to

The balance of circulating glucose, controlled by peripheral sensitivity to
insulin, is influenced by a variety of factors including environment,
genetics, and diet. Chronic glucose intolerance promotes the onset of
metabolic disease that often includes dyslipidemia, hyperglycemia, and
peripheral adiposity [1]. Acutely, the body is well-equipped to store
surplus calories in subcutaneous fat depots [2]. However, chronic
overnutrition promotes aberrant accumulation of lipid in the liver,
leading to the onset of non-alcoholic fatty liver disease (NAFLD) [2—4].

changes in diet and caloric expenditure, unresolved inflammation
brought on by excess lipid progresses to steatohepatitis (NASH) and
ultimately hepatocellular carcinoma (HCC) [6—8]. Steatohepatitis
currently represents the leading cause of liver transplants and is ex-
pected to worsen as cases of NAFLD continue to rise [9,10]. Thus, there
is a critical need to define causal relationships between dietary caloric
stress and disruption of peripheral glucose homeostasis to identify
therapeutic targets to improve metabolic liver disease outcomes.

Prolonged exposure to excess hepatic lipid compromises normal liver
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The liver serves as the central metabolic hub for the body, functioning
in concert with other metabolic tissues to maintain glucose levels in
accordance with caloric intake [11]. Under homeostatic conditions, the
liver primarily utilizes fatty acids for energy production and supplies
glucose to other peripheral tissues, most notably the brain [11,12]. In
response to prolonged fasting, the liver is unique in its ability to
manufacture glucose de novo from non-carbohydrate precursors [11].
These vital hepatic metabolic functions are compromised during
chronic overnutrition, blunting fatty acid catabolism as result of
increased lipid burden in the liver [13,14]. Our laboratories have
identified calcium/calmodulin-dependent protein kinase kinase 2
(CaMKK2) as a critical rheostat for the regulation of hepatic glucose
and lipid metabolism [15—17]. Congenic ablation of CaMKK2 in the
context of high-carbohydrate diet feeding compromises insulin action
and increases hepatic steatosis [16]. Conversely, loss of CaMKK2
promotes insulin sensitivity and reduces hepatic steatosis in mice
challenged with high-fat diet (HFD) [15]. In line with these findings,
pharmacological inhibition of CaMKK2 reversed major hallmarks of
NAFLD in wild-type mice fed HFD [17]. Taken together, these findings
support CaMKK2 as an important molecular regulator that balances
hepatic lipid and glucose metabolism in response to dietary challenge.
Within hepatocytes, energy production from glucose and lipids requires
the coordinated action of multiple organelle systems [13]. To meet the
energetic demands of the cell, mitochondria rely on communication
with the endoplasmic reticulum, nucleus, and peroxisomes [18,19].
Glycolytic byproducts are imported into mitochondria along with lipids
for B-oxidation to fund ATP production [20]. While mitochondria ac-
count for the majority of fatty acid B-oxidation, peroxisomes also
contribute to lipid metabolism [21]. Although peroxisomes primarily
degrade damaging reactive oxygen species (R0S), they also perform
essential functions for processing very long chain fatty acids for
transport into the mitochondria [22]. Also, peroxisomes can sustain
mitochondrial B-oxidation in the context of genetic or structural
damage [23—25]. In such instances, peroxisomes oxidize fatty acids to
shorter chain lengths that freely diffuse across the mitochondrial
membrane by circumventing the carnitine transport system [26,27].
Furthermore, peroxisomes have been reported to be the only organelle
that directly interacts with lipid droplets, highlighting their importance
to fatty acid metabolism [28,29]. Given the phenotypic improvements
to liver health observed upon genetic loss or pharmacological inhibition
of CaMKK2 [15—17], we sought to mechanistically evaluate how this
central metabolic kinase functions as a fuel source selector to regulate
the hepatic and peripheral responses to overnutrition.

2. RESULTS

2.1. Hepatic CaMKK2 regulates glucose tolerance and peripheral
insulin sensitivity

As acute loss of hepatic CaMKK2 has been shown to improve insulin
sensitivity [15], we sought to validate these findings and explore its
mechanism of action. To investigate the function of CaMKK2 in he-
patic metabolism, we generated liver-specific knockout mice
(CaMKK2K9) using a breeding scheme that yielded CaMKk2C and
wild-type (CaMKK2”y littermates (Figure 1A). CaMKK2”" and
CaMKK2"K0 male mice were placed on HFD for 13 weeks and sub-
jected to metabolic profiling prior to euthanasia. As expected,
immunoblot analysis confirmed CaMKK2 protein expression was lost
in the livers of CaMKK2"*C mice, but retained at normal expression
levels in the brain and spleen (Figure 1B and Figs. S1A). CaMKk2-0
mice showed no protection from obesity on HFD, which is anticipated
given that the protection observed in whole-body CaMKK2 knockout

mice primarily results from reduced signaling through neuropeptide Y
(NPY) (Fig. S1Bi) [30]. Furthermore, we found no differences in fat or
lean mass in the absence of hepatic CaMKK2 (Figs. S1Bii-iii). Ad
libitum blood glucose levels remained comparable between WT and
CaMKK2"O mice throughout the experiment, a phenotype that is
distinct from that of the CaMKK2 whole body knockout (Fig S1C).
However, under fasting/refed conditions, CaMKK2“° mice showed
improvements in glucose homeostasis, suggesting that loss of he-
patic CaMKK2 may influence glycolytic metabolism (Fig. S1D).
When subjected to a glucose tolerance test (GTT), CaMKK: K0 mice
displayed lower blood glucose accompanied by decreased insulin
(Figure 1Ci-ii), indicating improved glucose tolerance and peripheral
insulin sensitivity. Similarly, CaMKK2"X0 mice maintained lower blood
glucose during an insulin tolerance test (ITT) and had a lower HOMA-IR,
indicating improved peripheral insulin sensitivity (Figure 1Giii-iv).
Consistent with previously published data, CaMKK2*C mice showed a
trend toward decreased blood glucose when subjected to a pyruvate
tolerance test (PTT) (Fig. S1Ei), suggesting a potential defect in
gluconeogenesis (Fig. S1Eii) [15]. Collectively, these findings are
consistent with acute loss of hepatic CaMKK2 [15] and further support
the notion that hepatic ablation of CaMKK2 improves whole-body in-
sulin sensitivity. Histological analysis revealed no differences in gross
morphological changes (H & E), neutral lipid staining (Oil Red 0) or
macrophage infiltration (F4/80) between WT and CaMKK2*® mice
(Figure 1D). Furthermore, assessment of whole-body energy expen-
diture using the Comprehensive Lab Animal Monitoring System
(CLAMS) revealed no differences in VCOg, V0o, or the respiratory ex-
change ratio (RER) (Figs. STF). Serum ALT and AST were quantified as
indicators of hepatic health and found to be similar between the two
genotypes (Figs. S1Gi-ii). Finally, serum triglycerides, glycerol, and free
fatty acids were also similar in both genotypes (Figs. S1Giii-vi).

As acute or stable deletion of hepatic CaMKK2 was sufficient to
markedly improve peripheral insulin sensitivity, we next evaluated the
impact of re-expression of hepatic CaMKK2 on glycemic control.
CaMKK2~'~ mice were acclimated to HFD for four weeks. This
acclimation period was selected based on the opposing phenotypes
observed in CaMKK2 '~ mice fed HFD [16]. Following four weeks of
HFD feeding, CaMKK2”" and CaMKK2"C mice were administered
AAV9-GFP or AAV9-CaMKK2 via retroorbital injection and were
maintained on HFD for an additional 14-weeks post-injection
(Figure 1E). Immunoblot analysis confirmed successful rescue of he-
patic CaMKK2 expression in mice injected with AAV9-CaVIKK2,
although at slightly lower levels than wild-type (Figure 1F). This
observed reduction in CaMKK2 expression in AAV9-CaMKK2 injected
mice was expected given that exogenous gene expression is maximal
approximately five weeks post-adenoviral injection [31].

In response to rescue of hepatic CaMKK2 expression, we observed no
changes in body weight or ad libitum blood glucose levels (data not
shown). Leveraging the exact GTT conditions used in our CaMKK: Ko
experiment (Figure 1Ci), mice with re-expressed hepatic CaMKK2
maintained similar blood glucose levels compared with control mice
(Figure 1Gi). Quantitation of insulin levels following the GTT revealed
that AAV9-CaMKK?2 treated mice maintained nearly identical glycemia
when compared to control treated mice but with significantly higher
insulin, suggesting a decrease in insulin sensitivity (Figure 1Gii).
Consistent with these findings, AAV9-CalMKK2 injected mice displayed
higher blood glucose during an ITT, again indicative of decreased in-
sulin sensitivity (Figure 1Giii). Aithough HOMA-IR showed no significant
difference, AAV9-CaMKK2 injected mice showed a decrease in insulin
action (Figure 1Giv). Consistent with results from CaMKK2C mice
(Figure 1D), histological analyses to examine hepatic fat content and
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Figure 1: CaMKK2 regulates peripheral glucose tolerance and insulin sensitivity. (A) Schematic overview of the breeding strategy and experimental approach for metabolic profiling
in response to HFD feeding. Briefly, C57BL/6J CaMKKZ" and CaMKk2© male mice were aged to 6 months and placed on HFD for 13 weeks. Mice were then subjected to CLAMS, GTT,
ITT, and PTT. Following metabolic profiling, mice were euthanized, and livers isolated for downstream phenotypic and molecular analysis. (B) Immunoblot of CaMKK2 and B-actin (loading
control) from livers of CaMKKZ" and CaMKK2*C mice. (C) CaMKK2-® mice show protection against markers of insulin resistance. (i) Measurement of blood glucose levels in response to
a glucose challenge (glucose tolerance test, GTT) in CalKKZ" (WT) (black line; n = 5) and CaMKK2™ mice (red line; n = 7). (ii) Insulin levels during GTT of CaMKKZ" (black line; n = 5)
and CaMKK2-© mice (red line; n = 7). (ii) Blood glucose levels during an insulin tolerance test (ITT) in CaMKKZ" (black line; n = 5) and CaMKK2™ mice (red ling; n = 7). (iv) HOMA-IR
of CaMKk2" (black line; n = 5) and CaMKK2-° mice (red line; n = 6) calculated as: fasting insulin (microU/l) x fasting glucose (nmol/1)/22.5. (D) Histology of liver sections from CaMkk2"
and CaMKK2“© mice stained for Oil Red 0, H & E, and F4/80. (E) Schematic overview of the in vivo approach for assessing glycemia upon hepatic rescue of CaMKK2 expression. Briefly,
5-month-old C57BL/6J male CaMKK2 '~ mice were acclimated to HFD for 4 weeks. Mice were retro-orbitally injected with 1 x 10" particles of AAV9-GFP (n = 6 mice) or AAVO-
CaMKK2 (n = 7 mice) and maintained on HFD for 14 weeks. Mice were subjected to a GTT and ITT prior to euthanasia. (F) Immunoblot of CaMKK2 and a.-thiolase (loading control)
in livers from CaMKK2”, AAV-CaMKK2, and AAV-GFP injected mice. (G) AAV-CaMKK2 injected mice show susceptibility to markers of insulin resistance. (i) Measurement of blood glucose
levels by GTT in AAV9-GFP (black line; n = 6) and AAV-CaMKK2 injected mice (green line; n = 7) and. (ii) Insulin levels during GTT of AAV9-GFP (black line; n = 6) and AAV-CaMKK2
injected mice (green line; n = 7). (iii) Blood glucose levels during ITT of AAV9-GFP (black line; n = 6) and AAV-CaMKK2 injected mice (green line; n = 7). (iv) HOMA-IR of AAV9-GFP (black
line; n = 6) and AAV-CaMKK2 injected mice (green line; n = 7). (H) Histology of liver sections from AAV9-GFP and AAV9-CaMKK2 injected mice for Oil Red O, H & E, and F4/80. Data are
represented as the mean + s.e.m. *P < 0.05.
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Brief Communication

macrophage infiltration revealed minimal differences between AAV9-
CaMKK2 and control treated mice (Figure 1H). Taken together, these
data collectively support the conclusion that hepatic CaMKK2 is a
major determinant in the development of insulin resistance in response
to overnutrition with HFD.

2.2. CaMKK2 reprograms hepatic metabolism

To interrogate the underlying mechanism by which CaMKK2 facilitates
metabolic reprogramming of the liver, we performed a comprehensive
RNA-Seq analysis from livers of CaMKk2™® and control mice in
response to HFD feeding (Figure 2A). Ontological pathway analysis
revealed that hepatic CaMKK2 ablation upregulated several pathways
associated with lipid metabolism, including fatty acid and bile acid
metabolism, peroxisomes, and oxidative phosphorylation, with a con-
current decrease in glycolysis and inflammatory pathways (Figure 2B).
Next, we validated candidate gene expression from the RNA-Seq using
gPCR to confirm the increased expression of lipid metabolism and
peroxisomal gene programs, and a concomitant decrease in
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inflammatory targets (Figure 2C). Supporting these findings, Scd7 was
the most upregulated gene associated with lipid metabolism, as it is
required for long-chain fatty acid synthesis. Interestingly, while our
ontological analysis highlighted a decrease in genes associated with
glycolytic metabolism, validation of these targets showed a surprising
increase that may be due to compensatory effects. Further analysis of
the RNA-Seq data revealed that the metabolic reprogramming conferred
by loss of hepatic CaMKK2 results in a healthier gene expression profile
(Figure 2D). We compared our CaMKK. KO RNA-Seq data with gene
expression datasets from human patients with healthy obesity, NAFLD,
NASH and HCC using Gene Set Enrichment Analysis (GSEA). We found a
positive correlation between gene signatures from our CaMKK2*<0 mice
and those from patients with healthy obesity (Figure 2Di). Moreover,
loss of hepatic CaMKK2 increased the expression of genes normally
downregulated in NAFLD, along with a decrease in genes associated
with NASH and HCC (Figure 2Dii-iv). Normalized enrichment scores
support these conclusions, as we found positive enrichment only with
the healthy obese gene set, but negative enrichment for the NAFLD,

CaMKK2%°: Genes Up in Healthy Obese

Di)

T

LOG 2 Fold Change

i i) CaMKK22: Genes Down in NAFLD

e

—
==

R
& o ‘9"‘}‘00‘}?

.
<
Lipid

ﬁ\a«lif%o&ﬁ*?‘v'&&%é'
*’”3“\«" P<,° ?"2@0 &« Q"* C < ‘¢\°°:+°¢\¢° s |V)

1
[
|

J

o

BN AL

CaMKK2X0: Genes Up in HCC

Gjufofe Inflammation

Color key

-2 o 2

) 0,

80

p=0.00385 P=0.00178

@
o
I

Disease-free survival
H
<

n
=]
I

— Low CaMKK2 — Low CaMKK2
0 -|—High CaMKK2 — High CaMKK2
e B e L A —

0 10 20 30 40 50 60 70 0O 10 20 30 40 50 60 70
Time (Months) Time (Months)

o
L

s /
£om
ons

Normalize Enrichment Score
(NES)

Figure 2: CaMKK2 reprograms hepatic metabolism. (A) Livers isolated from CaMKK2" and CaMKKZ-C mice from Figure 1A were used to assess changes in gene expression by
RNA-Seq. Heatmap representation of statistically significant genes changed relative to CaMKKZ" at > 1.5X cutoff. (B) Significant gene signatures from (A) were used to identify
ontological gene programs impacted by hepatic loss of CaMKK2. (C) Quantitative real-time PCR analysis of genes involved in lipid metabolism, glucose metabolism, and inflammation
on RNA isolated from livers of CaMKKZ" (black bars; n = 3) and CaMKK2* mice (red bars; n = 6). (D) Gene Set Enrichment Analysis (GSEA) comparing the CaMKKZ© gene
signature with gene expression datasets from (i) healthy obese patients, (ii) NAFLD patients, (iii) NASH patients and (iv) HCC patients, which are stratified from high (red) to low (blue)
expression. (v) Bar graph representation of normalized enrichment scores of GSEA calculated from (i-iv), respectively. (E) Kaplan—Meier (i) survival and (ii) disease-free survival plots
of HCC patients (n = 242) comparing a positive correlation with the CaMKK2-° gene signature (red lines) or negative correlation (blue lines) with the CaMKK2- gene signature. Data
are represented as the mean = s.e.m. Unpaired Student’s #test was used to determine statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001.
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NASH, and HCC gene sets (Figure 2Dv). Consistent with previous reports
from our laboratory, the gene signature produced by hepatic CaMKK2
ablation correlated with better overall and disease-free survival in HCC
patients (Figure 2Ei-ii) [32]. Taken together, these data highlight that
although the CaMKK2*C mice show no protection from obesity, the
hepatic transcriptional landscape resulting from loss of hepatic CaMKK2
suggests protection from the full spectrum of metabolic liver disease,
likely due to improvements in lipid metabolism (Figure 2B—C).

To evaluate the transcriptional effects in response to rescue of hepatic
CaMMK2 expression, we performed an RNA-Seq analysis from livers of
mice injected with either AAV-GFP or AAV-CaMKK2 (Fig S2A). While
rescue of hepatic CaMKK2 differentially impacted the transcriptional
landscape, we found a reduction in the number of statistically altered
genes compared to the RNA-Seq performed in CaMKK2-® mice and, as
such, fewer pathways showed significant enrichment during analysis.
Interestingly, the top upregulated ontological pathway in response to
AAV9-CaMKK2 treatment was glycolysis/gluconeogenesis, com-
plementing the results obtained from our CaMKKZ*KC RNA-Seq
(Fig. S2B). Due largely to the lower number of altered genes, GSEA
failed to reach statistical significance, but we noted a trend toward
negative enrichment for genes associated with oxidative phosphoryla-
tion in the AAV9-CaMKK?2 treated group, further supporting the obser-
vation that loss of hepatic CaMKK2 appears to sponsor an increase in
lipid metabolism, consistent with our previous report [15] (Fig. S2C).

2.3. Hepatic CaMKKZ2 ablation negatively impacts cell autonomous
glucose metabolism

Acute loss of hepatic CaMKK2 is sufficient to improve glycemic control,
at least in part through the activation of fatty acid metabolic programs
[15]. Consistent with these findings, ontological pathway analysis of
our RNA-Seq data indicate that stable genetic ablation of hepatic
CaMKK2 confers a metabolic shift towards lipid utilization, perhaps at
the expense of glycolysis (Figure 2B). Leveraging the current gold
standard for cell autonomous metabolic activity, the Seahorse assay
was used to determine the effect of CaMKK2 on mitochondrial respi-
ration. Primary hepatocytes isolated from CaMKkZ"" and CamKk2*©
mice were plated overnight and subjected to the MitoStress assay the
following day (Figure 3A). Hepatocytes isolated from CaMKK. it (WT)
mice showed higher oxygen consumption rates (OCR), indicative of
improved aerobic activity (basal OCR levels) and capacity (OCR levels
after FCCP) (Figure 3Bi-ii). Similarly, we found that CaMKKZ"" hepa-
tocytes displayed higher extracellular acidification rates (ECAR), which
is an index of improved glycolytic metabolism (Figure 3Biii-iv). This
conclusion is further supported by the OCR/ECAR ratio, which is an
indicator of the preferred metabolic fuel source (Fig. S3Ai-ii). Higher
OCR/ECAR ratios often reflect elevated lipid utilization, while a lower
ratio suggests a propensity towards glucose metabolism. The OCR/
ECAR ratio was extremely low in the CaMKk2"" hepatocytes, providing
additional evidence for their reliance on glucose. Conversely, the OCR/
ECAR ratio in CaMKK2*K0 hepatocytes remained high, suggesting that
genetic loss of hepatic CaMKK2 alters the ability of these cells to
metabolize lipids at the expense of glucose.

We considered two plausible explanations that could account for the
significantly lower OCR values observed in CaMKK. Ko hepatocytes: 1)
glucose may not be effectively transported into the cell; or 2) there is a
defect in glucose metabolism. To resolve these two possibilities, we
performed stable isotope tracing with 13Cg-glucose in hepatocytes
isolated from CaMKK2"" and CaMKK2*C mice (Figure 3C). Importantly,
we identified that hepatocytes from both genotypes readily uptake
labeled glucose at the same rate, as indicated by the equivalent
amounts of 13Cs-glucose incorporation (Figure 4Di). These tracer
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studies also revealed similar glycolytic rates between both genotypes
through the formation of the first three metabolic intermediates of
glucose metabolism (Figure 4Dii-iv). We found a significant difference
in the conversion of G3P to 3PG/2 PG in the absence of hepatic
CaMKK2 that was maintained through the formation of PEP
(Figure 3Dv-vi). Although labeled glycolytic intermediates constituted a
much smaller percent of the total pool, this deficit was maintained
throughout the TCA cycle (Figs. S3Bi-iv). Next, we repeated a second
stable isotope tracer experiment with '3Cg-glucose at 72-hours to
determine the fate of the glycolytic carbon and found that CaMKK. ko
hepatocytes produced significantly more labeled long-chain fatty
acids, notably oleic and palmitic acid (Figs. S3Ci-ii).

Our 13C-glucose tracer experiment not only highlighted a defect in
glycolysis, but also exposed putative points of regulatory control by
CaMKK2. Conversion of glyceraldehyde 3-phosphate (G3P) to 3-
phosphogylcerate (3-PG) is a two-step process. First, glyceraldehyde
phosphate dehydrogenase (GAPDH) catalyzes the production of 1,3-
bisphosphoglycerate (1,3-BPG) from 3-PG. Next, phosphoglycerate
kinase (PGK) converts 1,3-BPG to 3-PG [33]. To determine whether
GAPDH or PGK are phospho-targets of CaMKK2, we performed an
in vitro kinase assay (Figure 3E), and found only GAPDH to be directly
phosphorylated by CaMKK2 (Figure 3Fi). Additionally, we found a time-
dependent increase in GAPDH phosphorylation in the presence of
activated CaMKK2 (Figure 3Fii). We further evaluated GAPDH as an
effector of CaMKK2 action by assessing the functional impact of
phosphorylation by CaMKK2 on GAPDH activity. Using purified proteins,
we found that GAPDH activity is significantly enhanced in the presence
of fully activated CaMKK2 (Figure 3G). Consistent with these findings,
in vivo GAPDH activity is markedly attenuated in liver extracts of
CaMKK2*© mice (Figure 3Hi). Importantly, the activity of PGK
remained unaffected by loss of hepatic CaMKK2 as expected since it
could not be directly phosphorylated by CaMKK2 (Figure 3Hii). Taken
together, these data demonstrate that CaMKK2 phosphorylation of
GAPDH functions as an activation mark that bolsters GAPDH activity
and subsequently promotes glucose catabolism.

Since hepatic ablation of CaMKK2 conferred defects in glycolytic
metabolism by blunting the enzymatic activity of GAPDH, we hy-
pothesized that this blockade could be rescued with pyruvate to
bypass the apparent defect in glycolysis. We isolated mitochondria
from livers of CaMKK2” and CaMKK2"C mice for analysis in the
Seahorse assay (Figure 3l) and assessed their oxidative potential
when administered pyruvate. While loss of CaMKK2 significantly
reduced basal OCR levels, the magnitude of this effect was less than
when glucose was used as the sole fuel source (Figure 3Ji-ii).
Interestingly, mitochondria isolated from CaMKK2 livers failed to
show an increase in OCR following the addition of the proton un-
coupler, FCCP (Figure 3B). This lack of response to FCCP suggests
that CaMKK2-© hepatocytes are functioning at near maximum ca-
pacity for ATP production. While much of the oxidative advantage of
CaMkk2” hepatocytes is abrogated when pyruvate is used instead of
glucose as the primary fuel source, these findings suggest that
CaMKK2 function likely intersects with additional downstream
metabolic steps that have yet to be fully characterized.

2.4. Hepatic CalMKK2 ablation increases cell autonomous fatty acid
metabolism

Since loss of hepatic CaMKK2 sponsors an increase in the expression of
fatty acid gene programs (Figure 2B), combined with the observation
that long-term 13'Ce-glucose tracing revealed an increase in long-chain
fatty acids (Figs. S3Ci-ii), we next examined the effect of lipid substrates
on the oxidative capacity of hepatocytes in the absence of CaMKK2. To
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Figure 3: Hepatic CaMKK2 ablation negatively impacts cell autonomous glucose
metabolism. (A) Schematic for Seahorse assay using primary hepatocytes. Primary
hepatocytes were isolated from CaMKK2™ and CaMKK2-“C male mice fed normal chow.
Hepatocytes were plated for 16 h, and mitochondrial respiration assessed with the
Seahorse Mito Stress Assay. (B) Mito Stress Seahorse assay results: (i) Oxygen con-
sumption rate (OCR) of primary hepatocytes isolated from CaMKK. "t (black line) and
CaMKK2"© (red line) mice. (ii) Extracellular acidification rate (ECAR) of primary hepa-
tocytes isolated from CaMKKZ (black line) and CaMKK2-® (red line) mice. () Schematic
for stable isotope tracing using '*Ce-glucose. Primary hepatocytes from CaMkK2” and
CaMKK2 mice were isolated and plated in normal growth media. Hepatocytes were
starved overnight (~ 16 h) in glucose-free DMEM, after which 10% FBS and 12 mM "3C¢-
glucose or '2Cg-glucose (control) was added to the media and incubated for 72 h. (D)
Incorporation of '3C into glycolytic intermediates. Location of 3G incorporation and
measurement as percent of total pool in: (i) glucose/fructose, (ii) glucose-6-phosphate/
fructose-6-phosphate, (iii) glucose-(1,6)-bisphosphate/fructose-(1,6)-bisphosphate, (iv)
glyceraldehype-3-phosphate, (v) 3-phophoglycerate/2-phosphoglycerate, and (vi)
phosphoenolpyruvate. (E) Schematic of the in vitro kinase assay for validation of putative
kinase targets. Recombinantly purified human CaMKK2 protein and potential targets were
incubated in the presence of ATP-y-32P at 30 °C for 1 h. (F) (i) /n vitro kinase assay of
CaMKK2 with AMPK-3'2 (positive control, lane 2) or putative targets (GAPDH (lane 4) and
PGK (lane 6)). Presence of a band indicates incorporation of 32P by CaMKK2. (ii) Time-
course in vitro kinase assay comparing phosphorylation levels of GAPDH at different
timepoints in the absence (lanes 1—4) or presence (lanes 5—8) of CaMKK2. (G) Mea-
surement of GAPDH activity in CaMKKZ" (black bars) and CaMKK2-C (red bars) livers
isolated from (1A) after 10 min and 30 min, respectively. (H) Schematic for measurement
of mitochondrial respiration in isolated mitochondria. Mitochondria were isolated from
livers of CaMKK2" and CaMkK2® mice and assayed according to Sakamuri etal. [78]. (1)

this end, we performed a [-oxidation Seahorse assay wherein the
primary fuel source was a 2:1 mixture of oleic:palmitic acids to mimic
the ratio of these long chain fatty acids in our in vivo HFD studies
(Figure 1A,E). Although basal respiration was nearly identical across all
treatment groups, a noticeable difference was found upon addition of
FCCP. Hepatocytes isolated from CaMKK2C mice showed significant
improvements in OCR (Figure 4Ai-ii). These results are indicative of not
only their proclivity to utilize lipids but suggest that cells devoid of
CaMKK2 may be more dependent on fat metabolism as their primary
fuel source. Hepatocytes from the [-oxidation Seahorse assay
(Figure 4A) were subjected to Oil Red O (ORO) staining to visualize
neutral lipids. The lipid content of hepatocytes from both genotypes was
similar when treated with BSA as a control (Figure 4Bi-ii), consistent
with our histological findings from whole liver (Figure 1D). However,
upon treatment with oleic and palmitic acid, CaMKK2“ hepatocytes
showed a significant reduction in ORO staining compared to WT cells.
These findings are highly consistent with our phenotypic data and
provide a plausible cell autonomous explanation for why mice devoid of
hepatic CaMKK2 show whole body metabolic improvements when
challenged with excess dietary fat.

As CaMKK2-K0 hepatocytes metabolize lipid more effectively than
glucose, we next performed stable isotope experiments using 13¢.
palmitate to monitor the oxidative fate of fatty acid carbon
(Figure 3C). We found that CaMKK2“C hepatocytes contained
significantly higher levels of 'C-labeled TCA intermediates
(Figure 4C), which differs from our findings using 1305-glucose
(Fig. S3B) and provides further support that CalKK2 ablation confers
an increased reliance on lipid metabolism. Moreover, we identified an
increase in L-carnitine while long-chain free fatty acids were
decreased in serum from CaMKK2™® mice fed HFD (Figure 4Di-ii).
These results are both positive indices of increased lipid metabolism.
To evaluate the impact of hepatic CaMKK2 on the broader lipid
landscape at the organ level, lipidomic analysis of whole liver extracts
revealed that loss of CaMKK2 induced significant changes in lipid
content and composition (Figure 4Ei). Our lipidomic analysis was
focused primarily on phospholipid species and we found a marked
reduction of these lipids in CaMKK2*C livers compared to WT
(Figure 4Eii & Figs. S4A). Next, we analyzed the impact of hepatic
CaMKK?2 ablation on individual lipid species (Figure 4Eiii), exposing
decreased levels of phosphatidylethanolamines (PE) and phosphati-
dylcholines (PC) that have been implicated as biomarkers of meta-
bolic and inflammatory disease [34—36]. We also found that loss of
hepatic CaMKK2 significantly increased levels of unsaturated lipid
species in the liver (Fig. S4B). Furthermore, there was an increase in
carnitine-associated metabolites in the livers of CaMKk2"C mice,
pointing toward increased lipid metabolism (Fig. S4C).

Considering that loss of hepatic CaMKK2 significantly impacts fuel
source selection, metabolism and the overarching lipid landscape of
the liver, we next sought to identify the subcellular localization of
CaMKK2. We employed differential centrifugation techniques aimed at
isolating and purifying cellular organelles to homogeneity. Initially, liver
lysates were fractionated to isolate the cytoplasm, nucleus, and
plasma membrane. In line with previous findings, we confirmed
CaMKK2 expression in the cytoplasm and identified its association with
the plasma membrane fraction (Figure 4F). Conversely, no CaMKK2

(i) Oxygen consumption rate of isolated mitochondria from CaMKK: U (red line) and
CaMKK2O (black line) mouse livers. (ii) Oxygen consumption from (i) graphed as average
of averages. Data are represented as the mean + s.e.m. Unpaired Student’s test was
used to determine statistical significance. One-way ANOVA was used to analyze mito-
chondrial respiration. *P < 0.05, **P < 0.01, ***P < 0.001.
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oxisomes isolated from CaMKK2" and CaMKK2*? livers were assayed by Seahorse: (i) OCR of peroxisomes isolated from CaMKK2” (black lines) and CaMKK2"? (red lines) mice
in the presence of BSA (solid lines) or fatty acids (dotted lines). (ii) Average of averages of OCR readings from (i). (J) Schematic of degenerate peptide library analysis used to
identify putative CaMKK2 phospho-targets and the actual residues identified. (K) (i) /n vitro kinase assay with recombinantly purified CaMKK2 and Pex3. AMPK'-32: positive
control. (i) Time-course in vitro kinase assay comparing phosphorylation levels of Pex3 at different timepoints in the absence (lanes 1—4) or presence (lanes 5—8) of CaMKK2. (L)
(i) Immunoblot analysis following pull-down of GST-CaMKK2 in the presence of Pex3 or Pex19 under control conditions (NT), activated conditions (Ca®*/CaM), and inhibited
conditions (Ca®*/CaM + ST0-609). (ii) Immunoblot analysis of CaMKK2, Pex3 and Pex19 following immunoprecipitation of Pex3. Data are represented as the mean + s.e.m.
Unpaired Student’s t-test was used to determine statistical significance. One-way ANOVA was used to analyze peroxisomal respiration *P < 0.05, **P < 0.01, ***P < 0.001.
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was found in the hepatic nuclear fraction (Fig. S4D). Next, we isolated
individual organelles from whole liver to further evaluate the subcel-
lular localization of CaMKK2. Perhaps unexpectedly, the mitochondrial
fraction was devoid of CaMKK2 (Figure 4F). Similarly, the lysosomal,
Golgi, and endoplasmic reticulum fractions contained no detectable
CaMKK2 (Fig. S4D). However, CaMKK2 was clearly present in the
peroxisomal fraction (Figure 4F), which is consistent with the onto-
logical analysis of our RNA-Seq data (Figure 2B). Peroxisomes
generally function as detox centers for the cell, as they breakdown and
dispose of reactive oxygen species (ROS) [21,37]. Peroxisomes also
play a vital role in lipid pre-processing of very long chain fatty acids to
shorter chain species that more readily traverse the mitochondrial
membrane for -oxidation and ATP production [18,27,38]. This latter
function is vital to human health as peroxisomal disorders, such as
Zellweger Syndrome, result from the accumulation of aberrant fatty
acids rather than ROS damage [39]. To facilitate this lipid processing
function, peroxisomes express a unique set of [3-oxidation enzymes
that metabolize fatty acids into simpler substrates, including succinate
[38,40,41]. For this reason, peroxisomal engagement can compensate
for reduced mitochondrial output, as often occurs in the context of
diabetes and metabolic syndrome [24,39,42,43].

Since CaMKK2 localizes to peroxisomes, we evaluated the contribution
of peroxisomal engagement to B-oxidation of fatty acids by using the
conventional B-oxidation assay with 14C-palmitate as the primary fuel
source and captured 14002 is a proxy for lipid metabolism (Figure 4G).
CaMKK2-O hepatocytes showed a 50% increase in [3-oxidation under
basal conditions (Figure 4H). Treatment of CaMKKZ' (WT) hepatocytes
with ST0-609, a CaMKK2 inhibitor, increased [-oxidation levels but
not in hepatocytes isolated from CaMKKZ™ "~ mice (Figure 4H).
Furthermore, CaMKK2 '~ hepatocytes showed reduced levels of [3-
oxidation when treated with etomoxir and enoximone, selective in-
hibitors of mitochondrial and peroxisomal [-oxidation, respectively
[44]. This decrease in lipid oxidation was not observed in WT
(CaMKkZ™) hepatocytes, suggesting a lower dependency on lipid
metabolism. Given that the reduction in B-oxidation following enox-
imone treatment mirrored the reductive effects of etomoxir, we
reasoned that the increase in oxidative capacity likely reflects higher
peroxisomal engagement that, in turn, leads to improved mitochondrial
respiration. Using newly developed methodology from our laboratory
[45], we isolated viable peroxisomes for use in the Seahorse assay. In
the absence of any fuel source, peroxisomes isolated from WT and
CaMKK2 ™'~ livers displayed similar OCR outputs (Figure 4li-ii). Addi-
tion of palmitic acid stimulated OCR output in both genotypes but
peroxisomes isolated from CaMKK2*© showed nearly a two-fold in-
crease in OCR relative to WT (Figure 4li-ii). These findings clearly
highlight the metabolic contributions of peroxisomes to fatty acid
oxidation and emphasize their functional importance to the develop-
ment of metabolic disease.

To identify putative peroxisomal effectors of CaMKK2 action, we con-
ducted a degenerate peptide library screen to define the optimal
consensus motif for CaMKK2 phosphorylation (Figure 4J). The resulting
consensus motif was queried against the human proteome to identify
putative CaMKK2 phospho-targets. Our bioinformatic search identified
over 500 unique proteins and an ontological analysis of these proteins
showed enrichment of pathways associated with lipid metabolism and
transport (Fig. S4E). More specifically, this screen highlighted peroxi-
somal biogenesis factor 3 (Pex3) as a putative target of CaMKK2 and an
in vitro kinase assay validated that Pex3 is directly phosphorylated by
activated CaMKK2 (Figures 3E and 4Ki). Consistent with an enzyme—
substrate mode of action, CaMKK2-dependent phosphorylation of
Pex3 increased in a time-dependent manner (Figure 4Kii). Pex3 is a

peroxisomal membrane protein essential for peroxisomal maturation
[46—49]. Metabolically, Pex3 is associated with regulation of lipid
droplet size via its interaction with Pex19 [49,50]. Given that lipid
droplets are a source of fat within the cell, we reasoned that CaMKK2
phosphorylation of Pex3 might alter its interaction with Pex19 by pre-
venting their association, thus resulting in production of larger lipid
droplets. Importantly, we found no differences in Pex3/Pex19 protein
expression in the absence of hepatic CaMKK2 (Fig. S4F). Using a pull-
down of CaMKK2, we demonstrate that CaMKK2 selectively and directly
interacts with Pex3 but not Pex19 (Figure 4Li). Additionally, we show
that Pex3 and Pex19 directly interact and that CaMKK2 enhances this
interaction, indicating that CaMKK2 perhaps functions to sequester this
protein complex, thereby suppressing peroxisomal engagement and
blunting fatty acid oxidation (Figure 4Lii). Immunofluorescence staining
for Pex3/Pex19 revealed a modest increase in their co-localization in
CaMKK2-? livers compared to WT, suggesting that phosphorylation of
Pex3 by CaMKK2 may indeed function to prevent its interaction with
Pex19 as a means of regulating fatty acid metabolism (Figure S4G).
In conclusion, our findings support that CaMKK2 acts as a fuel source
selector in hepatocytes. Our data demonstrate that CaMKK2 phos-
phorylates GAPDH to promote glycolysis, and Pex3 to inhibit lipid
metabolism via decreased peroxisomal engagement. These results not
only support CaMKK2 as a viable therapeutic target in the context of
metabolic disease, but also highlight the importance of peroxisomal
lipid oxidation in the context of obesity and demonstrate how their
increased recruitment may encourage or restore normal hepatic
metabolic function.

3. METHODS

3.1. Primary hepatocyte isolation

Mouse primary hepatocytes were isolated from CaMKk2" and
CaMKK2X? male littermate mice, pooled and plated in triplicate as
previously described [15]. Briefly, mice were anesthetized with iso-
flurane until under a surgical plane and maintained on isoflurane for the
entire isolation procedure. The liver was perfused with PBS (w/o Mngr
or Ca2+) containing 1% HEPES (v/v) and 0.019% EGTA (w/v) at 37 °C
via cannulation of the inferior vena cava (IVC) and egress through the
portal vein at a rate of 5.5 ml/min. Following PBS perfusion, the liver
was perfused with PBS (with Mg®" and Ca®") containing 0.052%
collagenase (w/v) at a rate of 5.5 ml/min for approximately 4 min.
Following collagenase digestion, the liver was surgically excised, placed
in a sterile petri dish, minced with scissors, and incubated with Wil-
liam’s E media containing 10% FBS (v/v), 1% glutamine/gentamycin (v/
v), 0.55% pen/strep (v/v), 0.0009% insulin-transferrin-sodium selenite
(ITS) (w/v), 0.00036% glucagon (v/v) for approximately 3 min. The
resulting mixture was first passed through a sterile 40 mesh stainless
steel filter, followed by a 60-mesh filter, and washed with an additional
20 ml of plating media. The resulting suspension was centrifuged at
50x g for 2 min at 4 °C with no brake. The supernate was decanted,
and the resulting pellet resuspended in 25 ml of plating media followed
by the addition of 12 ml of Percoll (GE) and centrifuged again at 50x g
for 10 min at 4 °C with no brake. The supernate was discarded and the
resulting cell pellet containing purified primary hepatocytes was
resuspended in 10 ml of plating media and cells were counted on a
Countess 2 cell counter per the manufacturer’s recommendations.

3.2. AAV generation

The AAV9-CalMKK2 plasmid was created using a previously gener-
ated CaMKK2 plasmid [51]. Restriction enzyme sites were added to
the 5" and 3’ ends of the full-length gene for insertion into the AAV9
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vector backbone. The 5 primer (Ndel GGTACATATGATGGATTA-
CAAAGACGATGACGATAAGGGAGGCTCATCATGTGTCTCTAGC) and 3
primer (Sal1 - CGTCGTCGACTTACTCGGGCTCCATGGCCTCCTCC) were
engineered to PCR clone the human full-length CalMKK2 cDNA using
Eco-Plus Polymerase per manufacturer’s instructions, with annealing
temperature set to 74 °C and an annealing time of 2 min. Max
Efficiency™ DH5a. competent E. coli (Thermo, 18258012) were
transformed with the AAV-CAG-GFP vector (AddGene #37825) per
the manufacturer’s instructions. A single colony was isolated, and
the plasmid DNA was purified using the PureLink™ HiPure Plasmid
Maxiprep Kit (Invitrogen, K210006) per the manufacturer’s in-
structions. An aliquot of the vector was diluted to a final concen-
tration of 1 pg/pl. The vector and purified PCR product were
subjected to double restriction enzyme digestion (Ndel and Sall, New
England Biosciences) in 3.1buffer per the manufacturer’s protocol.
Reactions were separated on a 1% agarose gel and products were
gel purified using GeneClean Il Kit (MP Bio, 111001-600). A T4
ligation reaction was carried out using 50 pg of vector and 37.5 ng
of insert (3:1 vector:insert size). Products were separated on a 1%
agarose gel to evaluate successful ligation. Positive clones were
excised, gel purified, and confirmed by DNA sequencing. The final
product was submitted to the gene vector core at Baylor College of
Medicine, along with the AAV-CAG-GFP vector (negative control) for
AAV9 generation.

3.3. Mice (breeding, genotyping, general phenotyping)

All mouse experiments were performed in accordance with the Animal
Care Research Committee at Baylor College of Medicine. We confirmed
that a single copy of Cre was required to delete CaMKK2 from the liver
via immunoblotting, and thus the described breeding scheme was
used. Alb-Cre™; CaMKK2"" mice were generated by crossing
CaMKkZ" mice with Alb-Cre*’* mice to generate Alb-Cre”*;
CaMKKZ'™*. The Alb-Cre”*; CaMKKZ'* mice were crossed with
CaMKK2”" mice. Genotyping with gene- and Cre-specific primers were
used to identify progeny that were AIb-Cre”‘; CaMKK?’f, or
CaMKK2"C_ and these mice were used as breeders to establish the
colony. All mice were bred and maintained on a pure C57BL6/J
background. Mice were maintained in a temperature controlled (23°C)
facility with a 12-hr light/dark cycle. Mice were fed High Fat (Bioserve
#F3282) mouse diet ad flibitum with free access to food and water.

3.4. Histology (ORO, H&E)

Fresh liver tissue was fixed in 4% paraformaldehyde for 48 h and
embedded in paraffin. Hematoxylin and eosin (H&E) staining was used
to evaluate gross morphology, and Sirius Red was used to examine
fibrosis. An antibody specific to F4/80 (murine macrophage marker,
Thermo Fisher Scientific, Cat#MF48000, 1:100) was used to visualize
macrophage infiltration. Frozen-block preparation was performed by
embedding liver tissues in OCT compound. Qil Red O staining was used
to visualize neutral lipid accumulation as previously described [17]. All
staining was carried out by the pathology core at Baylor College of
Medicine.

3.5. Immunofluorescence

Tissue sections of whole liver isolated from CaMKk2"" (n = 3) and
CaMKK2*© (n = 6) mice from Figure 1A were deparaffinized and
rehydrated using the standard protocol of immersion in xylene
(2 x 5 min, transfer to 100% EtOH (2 x 1 min), transfer to 95% EtOH
(1 min), transfer to 70% EtOH (1 min), transfer to 50% EtOH (1 min),
transfer to dH,0 (2 x 1 min), blot excess water and draw a hydro-
phobic barrier. A solution of 3% H»0, in methanol was applied to the
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sections for 15 min at RT, followed by washing with dH0 (2 x 5 min).
Sections were permeabilized with 1% normal donkey serum in PBS-T
(2 x 10 min) and blocked with 5% normal donkey serum in PBS-T for
1 h at RT. A solution of 5% donkey serum in PBS-T was prepared by
addition of 500 p of normal donkey serum and 40 pu of Triton X-100 to
9.46 ml of PBS (no Ca®* or Mg?™). A solution of 1% donkey serum in
PBS-T was prepared by addition of 100 pul of normal donkey serum and
40 pl of Triton X-100 to 9.86 ml of PBS (no Ca®* or Mg®™).

Primary antibodies (Pex3, rabbit, Novus NBP1-52960; Pex19, mouse,
Invitrogen MA5-17266) were diluted at 1:250 in 1% normal donkey
serum PBS-T, applied to sections, and incubated O/N at 4°C. The
following morning, secondary antibodies, AlexaFluor 594 goat o-rabbit
(Pex3) and AlexaFluor488 goat o.—mouse (Pex19) were diluted at 1:1000
in 1% normal donkey serum PBS-T for 1 h in the dark at RT. Sections
were washed with 1% normal donkey serum PBS-T (2 x 10 min). Finally,
nuclear labeling was carried out by diluting DAPI (Hoechst 33342) at
1:1000 in PBS and incubation in the dark at RT for 10 min. Slides were
washed twice with PBS (5 min, 20 min) and imaged. Imaging was carried
out on a EVOS™ M5000 Cell Imaging System (Invitrogen). Three images
per slide/mouse were taken and representative images were selected.
Quantification was carried out using ImageJ.

3.6. gPCR

Total mRNA was isolated from liver with EZ-10 Spin Column Total RNA
Minipreps Super Kit (Bio Z), per the manufacturer’s instructions.
Reverse transcription was carried out using 2 pug of RNA with Vilo®
Superscript Master Mix (Thermo Fisher), per the manufacturer’s in-
structions. For gene expression analyses, cDNA samples were diluted
5-fold. Exactly 2 pl of diluted cDNA was combined with 18 pl of
TagMan master mix containing the appropriate probe and primer pair
as indicated by Roche Assay Design Center. B-actin was used as the
internal control. All gPCR assays were run on a One Step-Plus
(Thermo-Fisher). All gPCR primer sequences and probe combina-
tions are available upon request.

3.7. Immunoblot

Immunoblot analyses were performed using total liver extracts. In brief,
20 pg of protein was loaded onto a 4—20% gradient SDS-PAGE page
gel, separated at 200V for 45 min, transferred using the iBlot system
for 4:30 min to nitrocellulose membranes, and blocked in 5% milk in
Tris-buffered saline with 0.1% Tween-20 (TSBT). Primary antibodies
(Pex3, rabbit, Novus NBP1-52960; Pex19, mouse, Invitrogen MA5-
17266; [B-actin, HRP conjugated, Cell Signaling 5125S, and
CaMKK2, mouse, BD Biosciences 610545) were diluted in 1% milk in
TBST at 1:1000, except for CaMKK2, which was used at a dilution of
1:400. Nitrocellulose membranes were incubated with primary anti-
bodies overnight with rotation at 4°C. Immunoblots were incubated
with appropriate secondary antibodies coupled to horseradish perox-
idase (Digital anti-Rabbit-HRP, R1006, 1:1000, Kindle Biosciences and
Digital anti-Mouse-HRP, R1005, 1:1000, Kindle Biosciences), reacted
with ECL reagents per the manufacturer’s instructions (Thermo), and
detected by autoradiography or KwikQuant® Imager (Kindle
Biosciences).

3.8. In vitro kinase assay

HDMTC buffer was prepared by combining HEPES (25 mM), DDT
(0.5 mM), Tween-20 (0.1%), MgCl, (10 mM), and CaCl, (1 mM) in
nuclease free water. An appropriate amount of HDMTC (45 pul/reaction)
was used to make HDMTCC by adding calmodulin (bovine, 1 pM).
Another aliquot of HDMTC was reserved for generation of the ATP
solution (2 pl/reaction), which was composed of ATP (50 uM) and p32.
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¥-ATP (0.05 pCi/ml). CaMKK2 (0.5 pg), GAPDH (1 pg), AMPK'-3'2
(1 pg), CaMKI (1 ng), Pex3 (1 ng), and/or PGK (1 pg), and GST (1 pg)
were added to 1.5 ml Eppendorf tubes according to the specific re-
action. Exactly 45 pl of HDMTCC was added to each tube and nuclease
free water was added to bring the total volume to 50 pl. Tubes were
mixed and centrifuged briefly before spiking in the ATP and incubating
at 30 °C for 60 min, unless otherwise indicated. For kinetic time course
experiments, 10 pl of each reaction was removed from the appropriate
tube and added to a tube containing 4 pl of 4X Lamelli buffer to stop
the reaction. Samples were denatured at 95 °C for 6 min prior to
separation by SDS-PAGE.

Samples were centrifuged and 10 pl were loaded on a 4—20%
gradient SDS-PAGE gel and run at 200V until the dye front was no
longer visible (approximately 45 min). The gel was removed and fixed
in rapid fixing solution (25% 2-propanol, 10% acetic Acid) at RT for 1 h
on a rocker. The gel was transferred to rapid Coomassie stain solution
(10% acetic Acid, 0.006% Coomassie R250) for 1 h at room tem-
perature on a rocker to visualize bands and transferred to destaining
solution (10% Acetic Acid) at room temperature overnight on a rocker
to remove background staining. The gel was transferred to Gel Drying
Solution (10% Acetic Acid, 30% Methanol, 5% Glycerol) for 1.5 h on a
rocker at RT. The gel was then placed on a piece of filter paper,
wrapped in plastic wrap, and dried at 50°C for 2 h. The dried gel was
placed in a developing cassette, along with film, and placed in
the —80°C freezer for 24 h.

3.9. GTT, ITT, PTT

For glucose tolerance tests (GTT) with insulin measurement, mice were
fasted for 16 h and administered a 50% glucose solution via IP in-
jection at 2.0 g/kg. Blood samples were collected prior to and after
glucose injection at times 0, 15, 30, 60, and 120 min, respectively via
tail vein bleeding using a lancet. Blood glucose was measured based
on the glucose hexokinase assay and plasma levels of insulin were
determined by ELISA (Millipore). Mice were restrained repeatedly for
less than a minute each time blood samples were collected.

For insulin tolerance tests (ITT), mice were fasted for 4 h and
administered a defined dose of insulin, 1.0 U/kg body weight (Humulin
R), via IP injection. Blood glucose was measured at 0 (before) and after
15, 30, 60 and 120 min of insulin injection using a glucometer (Life
Scan).

For pyruvate tolerance tests (PTT), mice were fasted for 16 h and
administered a defined dose of sodium pyruvate, 2.0 g/kg body weight,
via IP injection. Blood glucose was measured at 0 (before) and after 15,
30, 60 and 120 min of insulin injection using a glucometer (Life Scan).

3.10. Combinatorial peptide library screen

The peptide library contained 182 peptide mixtures with the general
sequence Y-A-X-X-X-X-X-S/T-X-X-X-Xx-A-G-K-K(biotin), where x in-
dicates an equimolar mixture of 17 amino acids excluding Cys, Ser and
Thr and S/T is a 1:1 mixture of Ser and Thr. Each individual mixture
included a single one of the 20 amino acids fixed at one of the x
positions. Peptides (50 1LM) were arrayed in 1,536-well plates in 2 pl
reactions containing 50 mM HEPES, pH 7.4, 10 mM MgCl,, 1 mM
CaCly, 2.5 mM DTT, 0.1% Tween 20, 10 pg/ml human CaMKK2
catalytic domain, 10 pg/ml calmodulin, and 50 puM [y-32P]-ATP
(0.05 pCi/pl). Plates were incubated 2 h at 30 °C, and 200 nl aliquots
were transferred to streptavidin membrane (Promega), which was
washed, dried, and exposed to a phosphor imaging screen as
described [52]. The screen was analyzed by phosphoimager, spot
intensities were quantified (BioRad QuantityOne software), and data

normalized to the average signal at a given position. Heat maps
(Microsoft Excel) show averaged log, transformed data from two in-
dependent experiments.

3.11. Plasma profiling

Whole blood was collected and transferred into a prechilled micro-
centrifuge tube containing 10 pl of 0.5 M EDTA (pH 8.0) for isolation of
EDTA-plasma, which was transferred to a clean microcentrifuge tube and
stored at —80 °C until used. Mouse plasma TG, glycerol, FFA, adipo-
nectin, and liver function (i.e., AST/ALT) parameters were measured by
the mouse Metabolism Core Services at Baylor College of Medicine.

3.12. Measurement of plasma glucose
Plasma glucose level was measured by a handheld glucometer.

3.13. Liver profiling

Approximately 20 mg pieces of liver were used to measure L-Carnitine
(Biovision, #K412-100), long chain free fatty acids (Biovision, #K612-
100), PGK activity (AbCam, ab252890) and GAPDH activity (AbCam,
ab204732) according to the manufacturer’s protocol. Data were
normalized to total protein concentration.

3.14. Lipidomics

The extraction of lipids from liver samples and analysis by mass
spectrometry were described previously [53—55]. Data acquisition
was performed in both positive and negative ionization modes using a
TripleTOF 5600 equipped with a Turbo VTM ion source (AB Sciex,
Concord, Canada), and earlier detailed methods were described [53—
55]. Relative abundance was quantified as the log» transform of peak
areas, and each compound normalized using a spiked internal stan-
dard. Quality control samples were used to monitor the overall integrity
of the lipid extraction and mass spectrometry analyses. The distribu-
tions of detected lipid species across the quality control samples
indicated high reproducibility.

3.15. RNA-seq (gene ontology, GSEA, Kaplan—Meier plots)

RNA samples were isolated from CaMKKZ", CaMKk2O,
CaMKK2 ™'~ + AAVO-GFP, and CaMKKZ2 ™'~ + AAV9-CaMKK2 liver
tissues using the miRNeasy Mini Kit (Qiagen) per the manufac-
turer’s instructions. RNA samples (at least 2000 ng of total RNA for
each sample) were processed by NovoGene® for library prep,
quality assurance, and sequenced with an average of 20 million
paired end reads/sample.

Gene Set Enrichment Analysis (GSEA) was carried out using the GSEA
software package [56] to assess the degree of similarity among the
studied gene signatures [57,58]. For the CaMKK2-¥ transcriptome
response, all genes were ranked by the fold-change between the
CaMKK2" and the CaMKk2"" sample groups. Normalized Enrichment
Score (NES) and adjusted g-values were computed utilizing the GSEA
method, based on 1000 random permutations of the ranked genes as
previously described [32,59,60]. Enriched pathways were determined
using the gene set collections at the Molecular Signature Database
(MSigDB, http://www.broadinstitute.org/gsea/msigdb/) using a hy-
pergeometric distribution (p < 0.05).

Survival analysis correlating CaMKK2™® gene signatures was per-
formed by sorting all the patient samples [61,62] based on the indi-
vidual expression or signature scores. The survival or disease-free
survival Kaplan—Meier plots were generated using “survival” package
in the R statistical system. Significance was determined by log-rank
test (weights 0 or 4, respectively).
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3.16. CLAMs (indirect calorimetry)

Calorimetry (Columbus Instruments) was used for real-time mea-
surement of Respiratory Exchange Ratio (RER). Mice fed ad libitum
were acclimated to the chambers for at least one week and food intake
was monitored for 5 days under a 12-hour light/dark cycle. CalR
(version 1.2, hitps://calrapp.org) [63] was used for the analysis of
experiments using indirect calorimetry to measure physiological en-
ergy balance. Data were collected for VO, consumed and VCO,
released, and RER was calculated as VCO,/VOo.

3.17. Seahorse extracellular flux analysis

Primary hepatocytes isolated from CaMKk2"" and CaMKk2*® whole
liver were plated on XF96 well cell culture microplates (Agilent) pre-
coated with 1:60 dilution of a 3 mg/ml rat tail collagen:HBSS solu-
tion. Hepatocytes were plated at a density of 80,000 cells/well to form
a consistent and confluent monolayer at the time of experimental
measurements. Extracellular flux analysis was performed using the
Seahorse XF cell mitochondrial stress test kit (Seahorse Bioscience P/N
103015-100). Experimental medium was XF DMEM supplemented
with glucose (10 mM), pyruvate (1 mM) and glutamine (2 mM), unless
noted otherwise. The final concentration of oligomycin used in the
experiment was 2 uM, FCCP was 2 puM and rotenone/antimycin was
0.5 puM. Extracellular flux experiments were performed on a Seahorse
XF96 Analyzer (Agilent).

3.18. P-oxidation assay

[-oxidation assays were performed according to Akie & Cooper [64]. In
short, 12-well plates were coated the day prior to primary hepatocyte
isolation by adding 300 pl of a 1:60 dilution of a 3 mg/ml rat tail
collagen:HBSS solution and incubated at room temperature for 2 h.
Collagen was removed by aspiration and plates air dried overnight.
Plates were washed with HBSS prior to plating of primary hepatocytes.
Primary hepatocytes were plated in William’s E media at a density of
400,000 cells/well and allowed to adhere for 6 h. Media was then
changed to serum starvation medium (DMEM no glucose, 0.2% BSA
Fraction V, 2 mM sodium pyruvate, 2% Pen/Strep, and 20 nM
glucagon) and cells were incubated at 37°C for 16 h. Serum Starvation
Medium was removed and 1 ml of Pre-Incubation Medium (DMEM no
glucose, 25 mM HEPES, 1% BSA Fraction V, 250 mM of sodium
palmitate, and 20 nM glucagon) was added and incubated at 37°C for
2 h. DMSO, ST0-609 (20 mM), etomoxir (20 mM), enoximone
(150 mM), or oligomycin (10 mM) were added to the appropriate wells
at this time.

During the incubation period, the appropriate amount of 0.1 pCi/mi
14C-palmitate (0.5 pCi/well) was dried under air. Dried palmitate was
resuspended in 0.1 N NaOH to a final concentration of 12.5 ml/uCi and
incubated at 70°C for 10 min followed by the addition of 3 volumes of
Pre-Incubation Media to the palmitate and mixed via pipetting. At the
end of the incubation period, 25 pul of diluted '#C-palmitate was spiked
into each well and cells incubated for 90 min. During this incubation,
filter paper was added to the bottom of a new 12-well plate such that it
completely covered the bottom surface of each well. Parafilm was used
to cover the plate and a pipette tip was used to cut out the well
openings. Next, 10 min before the incubation period ended, 100 pl of
3N NaOH was added to each well of the filter paper plate, ensuring
complete absorption of liquid. The cell plate was snap frozen in liquid
nitrogen and each well was checked for complete freezing. Next,
200 pul of 70% perchloric acid was added to each well and the filter
plate was immediately placed on top. Plates were wrapped together
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with parafilm and rocked at room temperature for 16 h. The following
day, the filter paper was removed and added to 4 ml of liquid scin-
tillation fluid in a scintillation vial and "*C counts were measured on a
Beckmann LS6500 scintillation counter.

3.19. GST-CaMKK2 pull-down

A cold in vitro kinase reaction was performed as previously described.
All reactions contained GST-CaMKK2, except for the GST control re-
action. Exactly 20 pu of the kinase reaction was added to a new 1.5 ml
Eppendorf tube. To immoabilize GST-CaMKK2 or GST alone, 20 pl of a
50/50 slurry of glutathione-sepharose beads (50% bead, 50% IP af-
finity precipitation buffer) was added to each tube and brought to a
final volume of 500 pl using IP affinity precipitation buffer (50 mM
Tris—HCI 7.5, 150 mM NaCl, 10% glycerol, and 1% IGEPAL), followed
by overnight rotation at 4°C. Reactions were then centrifuged at 1,000
rcf for 30 s to pellet the beads and the supernate was removed and
discarded. Beads were washed three times with 500 pl of affinity
precipitation buffer per wash, followed by centrifugation at 1,000 rcf
for 30 s. Exactly 40 p of loading buffer was added to the beads after
the final wash and denatured at 95°C for 6 min. A total of 20 pl from
each reaction was separated by SDS-PAGE and immunoblotting was
performed as previously described.

3.20. Immunoprecipitation of Pex3

A cold in vitro kinase was performed as previously described. Inter-
action of Pex3 and Pex19 was interrogated in the presence and
absence of CaMKK2 in various activation states. Exactly 20 pl of the
total kinase reaction was added to a new 1.5 ml Eppendorf tube. The
total volume was brought to 1 ml with IP affinity precipitation buffer.
Next, 2 pg of Pex3 antibody was added, except for the bead only
control. Reactions were incubated at 4°C with rotation for 2 h, after
which 25 pl of Protein A/G PLUS-Agarose (Santa Cruz, sc-2003) was
added followed by overnight rotation at 4°C. Reactions were then
centrifuged at 1,000 rcf for 30 s to pellet the beads and the supernate
was removed and discarded. Beads were washed three times with
500 pl of IP affinity precipitation buffer per wash, followed by centri-
fugation at 1,000 rcf for 30 s. Exactly 40 pl of loading buffer was added
to the beads after the final wash and denatured at 95°C for 6 min. A
total of 20 pl from each reaction was separated by SDS-PAGE and
immunoblotting was performed as previously described. The following
antibodies were used for IP: Pex3 (Novus, NBP1-52960; Pex19,
mouse, Invitrogen MA5-17266).

3.21. Peroxisomal isolation and purification

Isolation of functional peroxisomes was carried out using a published
protocol from Sigma (Perox1) [65] with minor modification as previ-
ously described [45]. Briefly, CaMKK2"" (n = 4) and 4 CaMKK2“C
(n = 4) male mice were euthanized with isofluorane and livers were
harvested such that 4 g of liver tissue were collected from each ge-
notype (1 g/mouse) and combined for isolation of peroxisomes. All
reagents were ice cold unless otherwise noted, and all steps were
performed on ice. The crude peroxisome fraction (CPF) was obtained
by cutting the liver tissue using a razor blade in a petri dish into small
pieces. Liver pieces were transferred to a prechilled glass Dounce®
homogenizer and homogenized with 15 strokes of the glass pestle.
The Sigma protocol was followed as outlined until the last centrifu-
gation step, which was carried out at 14,000 g for 35 min due to
speed restrictions of the rotor. The conversion was carried out using
the formula:
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S
n=5(3)
n

where Tj is the new spin time, T, is the protocol spin time, S, is the
protocol spin speed, and S, is the new spin speed. Purification of the
CPF was carried out according to the Sigma protocol. Per the pro-
tocol, the bottom layer was collected (~1 ml), which represents the
purified peroxisomal fraction (PPF). Due to the presence of mito-
chondrial contamination, we utilized the magnetic-activated cell
sorting (MACS) column purification system. The PPF was incubated
with 2 pl of biotinylated carnitine palmitoyl transferase 1B (Cpt1B,
BiossUSA.com, bs-5045R-biotin) antibody for 10 min at a 1:500
dilution. Next, anti-biotin microbeads (MiltenyiBiotec 130-090-485)
were added to the PPF. The resulting suspension was applied to
prepped LD columns (MiltenyiBiotec 130-042-901) and the flow-
through was collected and saved.

3.22. Peroxisomal Seahorse assay

The peroxisomal Seahorse assay was carried out as previously
described [45]. Briefly, Seahorse Base Assay Media was supplemented
with 100 uM ATP. A total of 3% BSA was added to the control media
and 3% of long chain fatty acids (i.e., palmitate, oleate, and linolate)
were added to the experimental media at a concentration of 1% each.
The calibration plate was set up the night before according to the
Seahorse protocol. The run included 6 measurement cycles, 4 min
each, with no mixing or injections. Four blank wells were programmed
as internal negative controls. During the calibration step, 50 pg of
peroxisomes was plated on ice in the Seahorse cell plate and then
centrifuged at 12,000 x g for 15 min at 4 °C. The appropriate media
was added to each well to a final volume of 125 pl and the plate kept
on ice until the start of the assay.

3.23. In-vitro GAPDH activity assay

A cold kinase assay was performed as previously described, except
5 ng of GAPDH was added to the indicated reaction tubes and reactions
were allowed to incubate for 1.5 h. Following incubation, the total
reaction volume was added to the GAPDH activity assay (AbCam,
ab204732) according to the manufacturer’s protocol.

3.24. Stable isotope tracer experiments

Primary hepatocytes were isolated from CaMKK2'" and CaMKk2*©
mice and plated in William’s E media on Primaria 15-cm tissue culture
dishes (Corning) at a density of 5 million/plate and allowed to adhere at
37°C for 6 h. Media was changed to starvation media (DMEM, no
glucose) and cells were incubated for 16 h at 37°C. Dialyzed BSA
(10%) and Pen/Strep (1%) were added to all plates. For the '3C-
glucose experiments, 12 mM of 13C-glucose (Cambridge Isotope
Laboratories CLM-1396, n = 4/genotype) or 12C-glucose (Thermo
A2494001, n = 1/genotype) was added to the cells and incubated at
37°C for 6 h (short) or 72 h (long). For the '3C-paimitate experiments,
1% BSA Fraction V was added to all plates, along with either 150 uM of
13C-palmitate (CLM3943, n = 4/genotype) or 150 M of '2C-palmitate
(Sigma P9767, n = 4/genotype). Metabolic extraction from cell pellets
was performed as described previously [66]. Fatty acid 3¢ incorpo-
ration was measured using a Luna 3 pm Phenyl-Hexyl column
(150 x 2 mm; (Phenomenex, Torrance, CA). The mobile phases A and
B were 10 mM ammonium acetate (pH 8) and methanol. Gradient
Flow: 0—8 min 40% B, 8—13 min 50% B, 13—23 min 67%, 23—
30 min 100%, and 30 min 40%, followed by re-equilibration until the
end of the gradient, approximately 37 min prior to the initial starting
condition of 40% B. Flow rate of the solvents used for analysis was

0.2 ml/min. The injection volume was 20 pL. The above mentioned
sample volumes were injected and acquired the data via multiple re-
action monitoring (MRM) in negative mode using a 6495 Triple
Quadrupole mass spectrometry coupled to an Agilent UHPLC system
(Agilent Technologies, Santa Clara, CA) through Agilent Mass Hunter
Software [67]. The acquired data were analyzed, and integration of
each peak was performed using Agilent Mass Hunter Quantitative
Analysis software. Percentage of fatty acid 13¢ incorporation was
calculated using Microsoft excel from peak area and represented as
bar graphs.

3.25. Statistical analyses

Statistical testing was performed using a two-tailed Student’s t-test
unless indicated otherwise. Area under the curve and repeated mea-
sures ANOVA were performed to compare two genotype groups
analyzed with time (GTT, ITT, PTT, Seahorse). Data were tested for
normality and equal variance assumptions and log transformed prior to
analysis when necessary. This approach reduced the total number of
mice required per IACUC standards and all experiments adhered to
ARRIVE guidelines.

4. DISCUSSION

The current study was designed to evaluate the mechanistic role of
hepatic CaMKK2 in the development of peripheral insulin resistance
and to determine its function in the regulation of hepatic metabolism.
Consistent with previously published work [15,16], our findings
demonstrate that liver-specific ablation of CaMKK2 confers protection
against insulin resistance when challenged with HFD and this effect is
reversed upon re-expression of hepatic CaMKK2. Earlier studies from
our laboratories demonstrated that either genetic or acute loss of
CaMKK2 improves insulin sensitivity when mice are challenged with
HFD [15,16], but failed to provide a definitive mechanism to explain
this phenotype. Furthermore, our previous work established CaMKK2
as a potential fuel source selector given the robust phenotypic switch
in hepatic steatosis observed in whole-body CaMKK2 knockouts when
challenged with either HFD or HCD diets [16]. Mirroring these
phenotypic observations, we found that hepatocytes devoid of CaMKK2
are unable to metabolize glucose but show improvements in fatty acid
oxidation compared to wildtype. We identified GAPDH and PEX3 as two
novel phospho-targets of CaMKK2 that contribute to the mechanisms
responsible for this metabolic shift. We propose that CaMKK2 pro-
motes peripheral insulin resistance by metabolically reprogramming
the liver to favor glucose over lipid metabolism, an alteration that has
gained recent attention for its contributions to the development of
systemic metabolic disease [14,68,69]

CaMKK2 is a well-established molecular activator and regulator of
AMP-dependent protein kinase (AMPK) [70]. CaMKK2 directly phos-
phorylates AMPK at T172, a mark that has been implicated in
inflammation, neuronal ischemic injury, and satiety [71—73]. Although
CaMKK2 activity is certainly a determinant of AMPK action, the over-
arching metabolic phenotypes of our CalKK. K0 mice fail to pheno-
copy the hepatic loss of AMPK [74,75]. In contrast with our findings in
CaMKK2-C mice fed HFD, AMPKa1/a2*® mice challenged with HFD
failed to show significant differences in steady state blood glucose,
response to glucose challenge (GTT), plasma insulin and dyslipidemia.
While these observations suggest that hepatic CaMKK2 function is not
entirely contingent upon AMPK activity, our findings highlight a more
elegant mechanism by which CaMKK2 may intersect with the pleio-
tropic metabolic functions of AMPK. In short, the role of AMPK in the
context of metabolic homeostasis is to actively interpret the balance of
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ATP catabolism by regulating programs that replenish the energy-
depleted state while simultaneously attenuating energy-consuming
processes [76,77]. Our discovery that CaMKK2 functions to balance
glycolytic and fatty acid metabolism for ATP production exposes an
overarching regulatory mechanism that links the molecular activation
of CaMKK2 to provide the obligate energetic requirements that feed
downstream AMPK-dependent pathways to maintain metabolic ho-
meostasis. Such a molecular hierarchy ensures direct coordination and
integration between energy producing pathways controlled by CaMKK2
that sponsor and fuel the metabolic actions of AMPK.

Given that none of the established targets of CaMKK2 fully explain its
complex phenotypic and cellular metabolic functions, we set out to
identify additional molecular effectors that better clarify its roles for
balancing glycolytic and fatty acid metabolism. We found that CaMKK2
directly phosphorylates and stimulates GAPDH activity to promote
glycolytic metabolism (Figure 3F—H). This newly defined mechanism
provides a plausible explanation for why CaMKK2~ '~ mice develop
hepatic steatosis when challenged with a high carbohydrate diet [16].
In the context of fatty acid metabolism, CaMKK2C nhepatocytes
metabolize lipid more efficiently through engagement of peroxisomal
B-oxidation. We found that CaMKK2 directly interacts with and phos-
phorylates the peroxisomal biogenesis factor, Pex3 (Figure 4K). Pex3
functions in partnership with its cytosolic partner Pex19 to form new
peroxisomal membranes as well as lipid droplets [29,49]. Interestingly,
Pex3 association with Pex19 regulates the trafficking of dual-targeted
proteins that reside in the membranes of peroxisomes and mito-
chondria [49]. Taken together, our discovery of a new CaMKK2-Pex3
signaling axis establishes a molecular pathway for the regulation of
peroxisomal lipid metabolism for pre-processing long and very-long
chain fatty acids to more readily available forms that bypass the
mitochondrial CPT1 transport system. We contend this mechanism is
partially responsible for the increased fatty acid oxidation observed in
CaMKK2"O nepatocytes (Figure 4A) and the improved metabolic
phenotypes of CaMKK2-¥C mice challenged with HFD (Figure 1).

In summary, our current study exposes two alternative mechanisms by
which CaMKK2 influences the balance of hepatic metabolism: 7) via
GAPDH to promote glycolysis and 2) via PEX3 to suppress fatty acid
oxidation. While our study identified a functional interplay between
CaMKK2 and these putative substrates, additional research is needed to
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