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ABSTRACT

The literature has established glucokinase (GCK) to be the principal hexokinase (HK) in the
liver, operating as a glucose sensor to regulate glucose metabolism and lipid homeostasis. We
have recently proposed Hexokinase Domain Containing-1 (HKDC1) to be a novel 5™ HK with
expression in the liver. Here, we reveal HKDC1 to have low glucose-phosphorylating ability and
demonstrate its association with the mitochondria in hepatocytes. As we have shown previously
that genetic deletion of HKDCI leads to altered hepatic triglyceride levels, we also explored the
influence of overexpression of HKDC1 in hepatocytes on cellular metabolism observing reduced
glycolytic capacity and maximal mitochondrial respiration with concurrent reductions in glucose
oxidation and mitochondrial membrane potential, suggesting a defect in mitochondrial function.
However, acute in vivo overexpression of HKDC1 was not enough to alter energy storage in the
liver, but led to mild improvement in glucose tolerance. We next investigated the conditions
necessary to induce HKDC1 expression, observing HKDC1 expression to be elevated in human
patients whose livers were at more advanced stages of NAFLD and similarly found high liver
expression in mice on diets causing high levels of liver inflammation and fibrosis. Overall, our
data suggests HKDC1 expression in hepatocytes results in defective mitochondrial function and
altered hepatocellular metabolism and speculate that its expression in liver may play a role in the
development of NAFLD. Future studies will explore how defective mitochondrial function from
HKDCI1 expression may contribute to the reprogramming of hepatocellular metabolism seen in

NAFLD.
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DISCOVERY AND SIGNIFICANCE OF HKDC1

Prediction of a Possible 5" Hexokinase, HKDC1

Identification of the hexokinase-like gene, HKDC1, was reported approximately 10 years ago by
Irwin et al. where its conservation was observed among all the mammalian genomes analyzed
(1). Given that all the searches conducted only identified the four well-established hexokinase
isoforms to have enzymatic activity, it was initially hypothesized that HKDC1 did not possess
hexokinase activity. However, their sequence analysis predicted the HKDC1 gene to have an
intact open reading frame of 917 amino acids and found the sequence possessed the amino acids
necessary for glucose and ATP binding. The residues for glucose binding were in both the N-
and C-terminal domains while ATP binding site was found exclusively in the C-terminal domain.
Additionally, the HKDC1 gene lays tandem to the Hexokinase 1 (HK1) gene in a head-to-tail
arrangement, which strongly suggests that it was a product of a gene duplication event.
Furthermore, HKDC1 has 71% sequence homology with HK1, further supporting its potential to

carry out the hexokinase function HK (2).

Hexokinase Domain Containing-1 (HKDC1) Associates with Gestational Glucose

Metabolism

Maternal glucose metabolism undergoes unique metabolic adaptations in order to meet the
energy demands of both the mother and developing fetus (3). Pregnant mothers with pre-existing
gestational diabetes put themselves and their offspring at an increased risk of attaining a
metabolic disorder, such as obesity and type II diabetes, later in their life (4,5). Given these

consequential effects and the differences observed between gestational and non-gravid glucose
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metabolism, a genome wide association study (GWAS) was conducted to examine the

pregnancy-specific genetic variation that associates with glycemic traits. The GWAS was
performed utilizing the Hyperglycemia and Adverse Pregnancy Outcomes (HAPO) cohort, an
international study that collected data regarding maternal metabolism and fetal development
from over 25,000 pregnant women from diverse backgrounds. In this study, it was found that
variants near the Hexokinase Domain Containing 1 (HKDCI) gene were found to associate with
the glycemic trait, 2 hour plasma glucose (2HPG), that was measured in pregnant women during

an oral glucose tolerance test (6).

In a follow-up study, our lab and collaborators found multiple variants that were proximal to
HKDCI1 (in regulatory elements) that alter regulatory element activity. These variants were
coordinated across four enhancer elements where each variant that contained alleles associated
with reduced HKDCI1 expression also correlated with higher plasma glucose in gestational
mothers. Furthermore, we examined how altering HKDCI1 levels affects overall cellular
hexokinase activity in various cell lines via overexpression and knockout studies. siRNA-
mediated knockdown in HepG2 cells reduced HKDC1 mRNA by 35-60% and correspondingly
reduced activity by 25%, whereas, overexpression of HKDC1 mRNA in HepG2 cells and INS-1
cells resulted in a 40-50% increase in hexokinase activity (7). Altogether, these studies provided
the first evidence of HKDCI1 to be associated with glycemic traits and that it contributes
hexokinase activity. This has stimulated interest in its characterization and elucidating its role in

maternal glucose metabolism and beyond.
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INITIAL CHARACTERIZATION OF HKDC1

HKDCI1 Tissue Expression and Mouse Model

HKDCI1 has been found to be widely expressed and predominantly in the brain, small intestine,
colon, kidney, lung, and with lower expression in the liver in humans (6) and recently shown to
have similar expression patterns in mice (2). Given HKDC1’s wide and differential expression
amongst various tissues, similarly seen between humans and mice, these data suggested that

mouse models will be useful to understand its role in vivo.

Therefore, we generated the first mouse models, the HKDCI1 global knockout mice. We have
reported that genetic global ablation of HKDCI1 in mice is embryonic lethal, given no births were
produced from crossing our heterozygous deletion mice (HKDC1" x HKDC1 ") after countless
generations (2). Moreover, we observed that partial loss of Hkdcl expression impairs glucose
clearance (in aged and pregnant mice), and reduces tissue-specific glucose disposal and hepatic
triglycerides levels (2). These data suggest that Hkdcl may play an important role in glucose
homeostasis and hepatic lipid accumulation, and this may be through a role in the liver. From
this initial study, multiple substantial questions remain to be answered about HKDC1’s function

and influence on metabolism.
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OVERVIEW OF HEXOKINASES

Hexokinase Function

Hexokinases function to transfer a phosphate moiety from ATP (or equivalent energy sources) to
the sixth hydroxyl position of glucose to yield the product glucose-6-phosphate (G6P) as glucose
enters the cell through facilitative glucose transporters (GLUTSs) (8,9). This reaction represents
the first rate-limiting step of glycolysis, where its phosphorylation restrains glucose from exiting
the cell and allows G6P to continue through glycolysis, or enter other catabolic and anabolic
pathways such as glycogen synthesis, pentose phosphate, hexosamine pathways, or cellular

respiration (8,10).

Four mammalian HK isozymes have been well characterized and are identified as HKI,
hexokinase 2 (HK2), hexokinase 3 (HK3) and hexokinase 4 [HK4, or more commonly known as
glucokinase (GCK)]. All HK isozymes function to phosphorylate glucose (and less commonly
equivalent sugar substrates); however, each contain distinctive properties that differentiates their
role in mediating cellular metabolism. These properties include their structure, activity/kinetics,
tissue expression, regulatory/catalytic capabilities, and sub-cellular localization (8,10). The

following sections will highlight these differences.

Evolution and Structure of HK Isoforms

Non-vertebrate animals are reported to utilize only 50 kDa-sized hexokinases, whereas, most
vertebrates and all mammalian hexokinases examined use both 50 kDa and 100 kDa hexokinases

(1,10). HKI1-3 are approximately 100 kDa, containing two 50 kDa domains and subject to
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product inhibition, while GCK is 50 kDa with a single domain and is not inhibited by its product.

Extensive amino acid sequence analysis on the HK isozymes was performed (1) and indicated
high sequence homology between HKI1-3 and strongly suggested that each HK domain
descended from an ancestor that contained a single hexokinase domain gene that underwent
duplication and fusion (1,10). Each of the 100kDa HKs have high sequence similarity between
the N- and C- terminal domains and each other, however, HK2 is the only HK that retained
catalytic activity in both domains (11-13), leaving HK1 and HK3 to have catalytic activity only
in the C-terminal domain. Because GCK is not product inhibited, some reports proposed that the
100kDa hexokinases descended from a different HK isoform that is not inhibited by G6P.
Furthermore, it is predicted that the duplicated domain from the original gene evolved to become
a regulatory domain. In support of this, studies have demonstrated that mutations in the

regulatory domain that correspond to the catalytic half does not alter activity (14—16).

Tissue Expression and Glucose Affinity

HK isoforms share the common function of phosphorylating glucose and initiating glucose
metabolism in the cell (14). Each tissue, however, has a distinct isoform dominantly expressed,
but also, the possibility of other isoforms coexisting at varying levels. Importantly, this
selectivity highlights the possible distinguishing roles that each isozyme plays in the regulation
of each cell type where, additionally, the physiological state of the organism are also found to
affect expression levels (8,17). HK1 has been reported to direct G6P primarily towards
catabolism to generate ATP. HK1 has very high affinity for glucose with a very low Km at
(0.04mM) (10). Additionally, this isozyme is ubiquitously expressed in nearly all tissues with

highest expression in the brain, testis, kidney, and thymus (18). HK2, on the other hand, is
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expressed in insulin-sensitive tissues such as adipose tissue, cardiac muscle, and skeletal muscle

(19). The HK2 gene is regulated by many factors, some of which include the hormones insulin,
glucagon, and catecholamines (20), but additionally are also influenced by hypoxic conditions
(21,22). HK2 also has a high affinity for glucose with a Km of 0.13 (10) and is also regulated
post-translationally. Additionally, it plays very important roles in development and in cancer
cells (23). The HK3 isozyme is highly expressed in tissues such as kidney and lung, (24) and
also has a low Km of about 0.02 for glucose (10). Glucokinase is a much more specialized
hexokinase with dominant expression only in the pancreas and liver. It’s affinity for glucose is

much higher with a Km of approximately 4.5 and functions as the ‘glucose sensor’ of the cell

(10).

Hepatic Glucose Metabolism

Glucose enters hepatocytes through the facilitative glucose transporter (glucose transporter-2;
GLUT?2) that allows bidirectional flow of glucose into and out of the cell. Unlike other peripheral
tissues, liver glucose uptake is independent of insulin levels and is regulated primarily by
circulating glucose concentration (25). Within the hepatocyte, GCK phosphorylates glucose to
yield its product glucose-6-phosphate (G6P), and unlike the other HK isoforms, GCK is not
inhibited by its product and has only a single active site (26). Studies in vitro have suggested that
glucokinase is regulated transcriptionally by the hormones insulin and glucagon where insulin is
found to upregulate GCK mRNA and activity while glucagon diminishes both (27). When
glucose concentration is low in the cell, glucokinase regulatory protein (GKRP) acts as a
competitive inhibitor of glucose binding to GCK and inhibits its function. The complex is then

shuttled into the nucleus until intracellular glucose concentration increases and allows GCK to
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return into the cytosol to perform its function (26). Furthermore, allosteric regulators have also

been observed to modulate GCK activity such as fructose-1-phosphate (which activates GCK)

and fructose-6-phosphate (which suppresses GCK activity) (28).

The hepatic G6P product can be directed into various metabolic pathways such as the pentose
phosphate pathway (PPP), hexosamine pathway, glycolysis, and glycogen synthesis. In the
postprandial state, insulin is released by the pancreas and hepatic glucose is predominately
oxidized into carbon dioxide and generates an abundance of ATP. These pathways include
glycolysis (which occurs in the cytosol), followed by the tricarboxylic acid (TCA) cycle (which
occurs in the mitochondria), and then lastly through the electron transport chain (ETC), (which
occurs in the inner mitochondrial membrane and is the site of oxidative phosphorylation) where
most of the ATP is generated. The glycolysis pathway produces pyruvate from glucose, without
the aid of oxygen, and additionally produces a small amount of ATP and NADH. Pyruvate may
then be converted into lactate or enter the mitochondria and be subsequently converted into
acetyl-coA by the enzyme pyruvate dehydrogenase (PDH). Acetyl-CoA may then enter the TCA
cycle to build essential intermediates necessary for lipogenesis, nucleotide metabolism, and the
ETC. In the fasting state, glucagon becomes the predominant hormone that is secreted by the
pancreas and the liver produces glucose to be subsequently released into circulation to maintain
healthy glucose levels. Glucose production is driven by the breakdown of glycogen

(glycogenolysis) and by the synthesis of glucose (gluconeogenesis) (29,30).

HK Subcellular Localization




22
HK isozymes are not only differentially regulated and have distinct tissue expression profiles,

but they also differ in their subcellular localization. Since HKs are glycolytic enzymes and
glycolysis occurs in the cytoplasm, their localization was originally believed to be exclusively in
the cytosol. However, since then, it has been shown that type I isozyme was found in particulate
fractions that were primarily associated with the mitochondria (31-33). Interestingly, type II
isozyme has also been found to be mitochondrial but a substantial amount was also observed in
the cytosol (34-36). The N-terminal sequence forms an alpha helical secondary structure that is
thought to interact with parts of the mitochondrial membrane via electrostatic and hydrophobic
interactions. The N-terminal sequence is necessary for binding to the mitochondria since loss of
binding to the mitochondria could be achieved by a peptide that corresponded to the N-terminal
sequence, while not altering its activity (34,37—41). Specifically, voltage dependent anion
channel (VDAC), an outer mitochondrial membrane protein, was found to interact with
hexokinase where the interaction of isozyme I with a reconstituted VDACI required the N-
terminal sequence domain (8,40,42,43). The other two isoforms, HK3 and GCK do not contain
the mitochondrial N-terminal binding sequence and correspondingly, do not bind directly to the

mitochondria.

Besides binding directly to the mitochondria, evidence suggests that the binding of HK
isozymes can still associate with the mitochondria through additional protein-binding complexes.
For example, it has been demonstrated that GCK association with liver mitochondria is
comprised of a protein complex with BAD, protein kinase A and protein phosphatase 1 (PP1)
catalytic units, and WAVE-1 (44). Additionally, GCK has been found to localize to the nucleus,

where it is sequestered in an inactive state bound to glucokinase regulatory protein (GKRP)
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under low glucose conditions. Furthermore, this effect is substantiated upon the addition of

glucagon, mimicking the conditions that characterize a fasted physiological state. Upon higher
extracellular glucose concentrations, mirroring the absorptive state, or low concentrations of
fructose, GCK translocates back into the cytosol where it has been demonstrated to bind to 6-
phosphofructo 2-kinase/fructose 2,6 bisphosphatase-2 (PFK2/FBPase2) and have increased

capacity for glucose phosphorylation (45,46).

Effects of HK-VDAC Binding

Three VDAC isoforms exist in mammalian cells and are highly expressed on the outer
mitochondrial membrane. VDACs are approximately 30 kDa in size and function to transport
metabolites between the mitochondrial matrix and the cytosol (40,42,43,47,48). Studies have not
confirmed that HK binding to the mitochondria requires VDAC, however, there is evidence
suggesting HK localization to the mitochondria is enhanced via its interaction with VDAC,
where the presence of their N-terminal sequence is required (47,49,50). Additional reports have
observed that HK binding to VDAC occurs in mitochondrial sites where the inner mitochondrial
membrane interacts with the outer mitochondrial membrane (51). VDAC binds with the inner
mitochondrial membrane protein, adenine nucleotide translocase (ANT) to form the
mitochondrial permeability transition pore complex (PTPC). Metabolites, such as the ATP, that
are generated in the mitochondrial matrix, are transported through the PTPC to the cytosol.
Furthermore, it has been shown that mitochondrial-bound hexokinase obtains preferential usage

of mitochondrial-derived ATP for its function in phosphorylating glucose (8,52).
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Localization of HKs to the mitochondria is dynamic, however, and has been reported to be

influenced by many protein kinases (53). For instance, activation of protein kinase B (PKB), has
been demonstrated to enhance HK binding to VDAC, while activation of glycogen synthase 3
beta (GSK3pB) dislodges HK from VDAC. Consequently, the localization changes of HKs
correspondingly alter the cell’s metabolism and ultimately its fate. As an example, localization of
HK2 to the mitochondria served to promote neuronal survival (54) whereas its localization to the
cytosol was not sufficient to protect from cell death. Similarly, HK2 binding to the mitochondria
in isolated hepatocytes prevented Bax-induced mitochondrial dysfunction and cell death,
whereas localization in the cytosol promoted apoptosis (34). Overall, localization of the HK
isoforms to the mitochondria, and in particular association with VDAC, have proven very

important for downstream metabolism that may ultimately determine the fate of the cell.

Mitochondria and Mitochondrial Dynamics

Mitochondria play a vital role in cellular metabolism as it is a site for many metabolic processes
such as the TCA cycle, B-oxidation of fatty acids, and oxidative phosphorylation (55,56) Crucial
for maintaining normal function, mitochondrial health is regulated by many dynamic events that
define its morphology which includes fusion (joining of mitochondria) and fission (division of
the mitochondria). The dynamic regulation of these different events is necessary for normal

physiology and its dysregulation is observed in diseased states (57,58).

Mitochondrial fusion is known to play a role in the regulation of mitochondrial DNA (mtDNA)
levels which, in part, affects oxidative phosphorylation activity. Fusion occurs in a two-step

process. First, the outer mitochondrial membrane proteins mitofusinl (MFN1) and mitofusin2



25
(MFN2) mediate outer-membrane fusion and is then followed by inner-mitochondrial fusion

regulated by optic atrophy 1 (Opal). The genetic ablation of mitochondrial fusion genes causes
increased fission events which results in the inhibition of essential content exchange between
mitochondria and causes a significant decrease in mtDNA, membrane potential, and respiratory

chain function (59-62)

On the other hand, mitochondrial fission is mediated by dynamin-related protein 1 (DRPI1), a
GTPase, that gets recruited by fissionl (FIS) to constrict the outer mitochondrial membrane for
scission in a GTP-dependent manner. Fission events have also been involved with other
mitochondrial events such as transport, mitophagy and apoptosis. There are two commonly
discussed phosphorylation sites of DRP1 that correlate with different downstream events.
Phosphorylation by protein kinase A (PKA) on the serine 637 site has been observed to inhibit
DRPI1 activity whereas the phosphorylation at the serine 616 site by mitogen-activated protein
kinase (ERK) has been observed to promote mitochondrial fission. Overall mitochondrial fission
is necessary for mitochondrial division, and for distributing mitochondria throughout the cell

(63).

Global and Liver-Specific Rodent Models of HKs and Effects on Glucose Homeostasis

In vivo characterization of HKs, through both knockout and overexpression HK models, have
advanced our understanding of the unique contributions each isozyme provides in terms of whole
body glucose metabolism. For instance, global knockout of HK2 was observed to be important
for development as the mice were embryonic lethal 7.5 days post-fertilization (64). Glucokinase

global knockout mice were found to be either neonatally (65) or perinatally lethal (66). Specific
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to the liver, one group found that GCK liver-specific knockout impaired glucose tolerance,

hepatic glycogen stores, and reduced gene expression in genes important for de novo lipogenesis
(DNL) but did not alter insulin secretion (67). Another utilized liver-specific heterozygous
knockdown of GCK as a potential model of diabetes in mice and reported that after 6 weeks of
age, mice had significantly higher glucose levels and impaired glucose tolerance (68).
Overexpression models targeted to the liver have also been created with GCK where one group
revealed adenoviral overexpression of hepatic GCK caused a 38% decrease in blood glucose
with a corresponding 190% increase in circulating triglycerides and 310% increase in free fatty
acids (69). Another study evaluated the effects of long term overexpression of hepatic GCK in
mice and found after about one year, there were significantly increased rates of hepatic
lipogenesis and circulating lipids which resulted in insulin resistance (4). Moreover, studies have
demonstrated that hepatic GCK overexpression promotes hepatic fat accumulation in rodents and

is positively correlated with fatty liver disease in humans (70,71).

HKSs in the Liver

In the liver, GCK contributes a substantial amount of HK activity measured in hepatocytes where
its product, G6P, enters the various anabolic and catabolic pathways such as lipid synthesis and
glucose oxidation, respectively (27,72). However, in altered hepatic metabolic states, such as
those seen in hepatocellular carcinoma, diabetes, and fatty liver diseases, GCK expression and
function are considerably altered (70,73—-76). In liver cancer, one of many reported changes that
promotes the Warburg effect is an isozyme switch that occurs from GCK to HK2 (70,76). The
Warburg effect, characterized by Otto Warburg, identified that unlike normal physiologic tissues,

cancer tissues depend less on the mitochondria for ATP and obtain over 50% of their ATP via
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glycolysis through conversion of pyruvate to lactate in the presence of oxygen. Bustamente and

Pedersen et al. found that the hexokinase 2 isozyme is required for facilitating the highly
glycolytic activity required in liver cancer cells. Moreover, they found that the Warburg effect
was highly dependent on HK2 binding to the outer mitochondrial membrane as it greatly
increased glycolytic flux given its direct coupling with the mitochondrial ATP synthesized on the
inner membrane (77). A recent study also suggested that HKDCI may be involved in
hepatocellular carcinoma (HCC). HKDCI1 expression was observed to be upregulated in HCC
tissues when compared to normal adjacent tissue. Additionally, it was found that silencing of
HKDCI1 in HCC cells inhibited cell proliferation and migration and repressed expression of [3-
catenin and c-Myc (78). Besides liver cancer, however, the role of other HK isozymes in normal

physiological states and in liver pathologies have not been extensively studied.

NON-ALCOHOLIC FATTY LIVER DISEASE (NAFLD)

NAFLD Disease and Significance

Non-alcoholic fatty liver disease (NAFLD) is a global health concern affecting over 1 billion
people worldwide. In the United States alone, one-third of American adults are believed to have
NAFLD and with the rising obesity and diabetes rates, it is projected to continue on the rise (79).
NAFLD is characterized by having an accumulation of liver fat that is not due to excessive
alcohol consumption nor through hepatitis. NAFLD can take the form of a simple fatty liver
(benign fat accumulation) that does not lead to cirrhosis and also a more progressive form,
nonalcoholic steatohepatitis (NASH), which can progress to cirrhosis, hepatocellular carcinoma,

or liver failure (80). Additionally, about 20% of patients with prolonged simple steatosis will
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develop into more severe forms of NAFLD (81). NASH is characterized by hepatocyte

ballooning degeneration, lobular inflammation, and fibrosis, all in addition to the accumulation
of steatosis. It is projected that within the next 20 years, NAFLD will become the major cause of
liver-related morbidity and mortality, which greatly amplifies the need for understanding its

progression (82).

The hallmark feature of NAFLD is the accumulation of hepatic free fatty acids and triglycerides
that in part, may be contributing to the development of insulin resistance and obesity. The
hepatic lipid accumulation is a product of increased dietary fat intake, esterification of free fatty
acids, or due to hepatic de novo lipogenesis (DNL) (83). The components leading to the
pathogenesis of NAFLD, however, are complex and defined in the literature by a few different
theories. The most classic is the two-hit model of NAFLD development. This suggests that the
“first hit” is characterized by the hepatic accumulation of lipids due to a high fat diet and
sedentary lifestyle, and causing insulin resistance. The “second hit” is marked by the appearance
of hepatic inflammation and associated fibrogenesis through the mechanisms of oxidative stress,
lipid peroxidation, and mitochondrial dysfunction (84). Other models have challenged the two-
hit model suggesting its development is much more complex where multiple hits play a role in

the reprogramming of hepatocellular metabolism seen in NAFLD (85).

Multiple Hits Model of NAFLD

Insulin resistance (IR) is one of the multiple hits responsible for the development of NAFLD
(86,87). There are many accumulating factors that may promote IR due to one’s environment,

dietary intake and content, and genetics. IR causes increased hepatic DNL and impairs inhibition
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of adipose tissue lipolysis, resulting in an increased influx of fatty acids into the liver (88).

Moreover, IR leads to dysfunction in adipose tissue that causes altered production and secretion

of inflammatory cytokines and adipokines such as IL-6, TNFa, and IL1f3 (89).

Another hit is the accumulation of fat leading to hepatic lipotoxicity, where mitochondrial
dysfunction, oxidative stress, ROS production, and endoplasmic reticulum (ER) stress can all be
detrimental consequences in the liver (90). Fat accumulation takes the form of triglycerides,
synthesized by the esterification of fatty acids and glycerol. Fatty acids may enter the liver either
through direct absorption from the intestines, lipolysis from adipose tissues, or via hepatic DNL.
Newly synthesized hepatic triglycerides can either be stored or secreted, each having distinct
rates of turnover. Accumulation of fat may be due to impairment of TG secretion via VLDL,
impairment of [-oxidation (commonly seen in insulin-resistant states) or increased rate of
lipogenesis due to increased activation of hepatic DNL transcription factors and enzymes such as
SREBPIc and ChREBP (91). Additionally, an excess of intake of nutrients causes ER stress,
leading to activation of unfolded protein response (UPR), that can ultimately lead to eventual

apoptosis of the cell (92).

Lastly, oxidative stress is another hit contributing to the progression of NAFLD. A decrease in
mitochondrial DNA (mtDNA), morphological changes of the mitochondrial, and alterations in
mitochondrial potential and respiration may all contribute to mitochondrial dysfunction causing
oxidative stress. This stress is caused by an over production of ROS, which activates
inflammasomes to secrete Il-13, as well as, activates caspases signaling the cell for apoptosis

(93).
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POTENTIAL ROLE OF HKDC1 IN NAFLD PROGRESSION

Potential Link Between HKDC1 and Mitochondrial Dysfunction

A recent report indicated a possible role of HKDC1 in response to ER Stress and mitochondrial
dysfunction. Evstafieva et al. observed induction of HKDC1 mRNA expression in HCT116 cells
after incubation with mitochondrial dysfunction inhibitors myxothiazol (an electron transport
chain (ETC) complex III inhibitor) and Piericidin A (an ETC complex I inhibitor). Additionally,
induction of ER stress with incubation of tunicamycin and brefeldin A, both inducers of UPR,

increased HKDC1 dramatically (94).

Overall, the precise mechanisms describing the progression from simple steatosis to
steatohepatitis and beyond remains unclear. Given that HKs are the first enzyme to initiate
glucose metabolism, and that the only HK isozyme that has been explored in the context of
NAFLD has been GCK, we aim to explore how the novel hexokinase, HKDC1, contributes to

the hepatocellular pathophysiology of fatty liver diseases.
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ABSTRACT

Recent publications from our group have suggested Hexokinase Domain Containing-1 (HKDC1)
to be a novel 5™ hexokinase (HK). This was demonstrated in cancer cell lines that overexpressed
and silenced HKDC1 where there was an increased and decreased cellular hexokinase activity,
respectively. However, due to potential compensation by other endogenous HK isoforms, we
developed a more precise method of measuring HKDC1’s hexokinase activity. We first purified
recombinant human HKDC1 alongside with GCK and HK1 and found we could not determine
the Km of HKDCI1 due to its low level of activity. Next, using MI154-CHO cells, a cell-line with
low basal HK activity, we found stable overexpression of HKDCI1 to contribute a modest amount
of activity when compared to empty-vector, but less so than HK2 and GCK at all glucose
concentrations measured. Altogether, we found HKDC1 to have low glucose-phosphorylating

ability.

We then demonstrated HKDC1 subcellular localization to the mitochondria via the ubiquitous
outer mitochondrial membrane protein voltage dependent ion channel (VDAC) in hepatocytes.
After observing its localization to the mitochondria, we hypothesized that overexpression of
HKDC1 would alter downstream metabolism. Surprisingly, we found that its overexpression
results in a reduced glycolytic capacity and maximal mitochondrial respiration with reductions in
both glucose oxidation and mitochondrial membrane potential. Together, this suggests a defect

in mitochondrial function.
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Lastly, to assess the effects of overexpression of hepatic HKDC1 on glucose homeostasis in vivo,

we injected mice with adenovirus containing human HKDCI1 and confirmed liver-specific
overexpression. Anticipating that hepatic overexpression would influence liver energy storage,
we found that it was not sufficient to alter hepatic energy storage, but did lead to a mild
improvement in glucose tolerance. Overall, our data shows a more in depth characterization of

HKDCI1 and a possible link with mitochondrial dysfunction.
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INTRODUCTION
About a decade ago, the hexokinase-like gene, HKDC1, was identified by Irwin et al. through
extensive phylogenetic analyses. They hypothesized that HKDC1 would have hexokinase (HK)
function since the gene possesses an intact open reading frame of 917 amino acids, conservation
among all the mammalian genomes they analyzed, high amino acid sequence homology with

hexokinase 1 (HK1), and contains the amino acids necessary for glucose and ATP binding (1).

HK isoforms differ greatly in their affinity for glucose (Km) and their catalytic efficiency. HK1,
hexokinase 2 (HK2), and hexokinase 3 (HK3) all have high affinity for glucose, whereas
glucokinase’s (GCK) affinity is much lower and is described as the glucose sensor HK in tissues
such as the pancreas and the liver (8). Previously, our group reported the first characterization of
HKDC1’s HK function using cancer cell lines. Overexpression of HKDCI1 significantly
increased the overall cellular HK activity, whereas its knockdown had diminished activity (7).
Our studies, here, further examine its HK function in vitro and in cells that contain low basal HK

activity to bypass any potential HK isozyme compensation (MI54-CHO cells).

In addition to their kinetic differences, HK isoforms are further distinguished by their subcellular
localization. HK1 is primarily associated with the mitochondria, whereas HK2 is dynamic
between the cytosol and the mitochondria. They both require their intact N-terminal sequence in
order to associate with the mitochondria, whereas HK3 and GCK lack this sequence and
consequently do not associate with the mitochondria (31-34,36—41). Specifically, HK1 and HK2

have been reported to bind to the outer mitochondrial membrane protein voltage dependent anion
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channel (VDAC). In conjunction with other mitochondrial membrane proteins, VDAC forms the

mitochondrial permeability transition pore, which is known to regulate metabolites and ions
between the cytosol and mitochondria (8,40,42,43,47,49,50). Studies show that binding of HK to
VDAC promotes changes in downstream metabolism that may ultimately affect the fate of the
cell (8,40,42,43,47,52,95). The present studies investigate HKDC1’s mitochondrial localization,

association with VDAC, and mitochondrial metabolism.
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RESULTS

HKDCT1 has reduced HK activity, but co-localizes with mitochondria as other HKs.

We began by examining HKDC1’s kinetic properties by purifying recombinant human HKDCI1
and performing HK activity assays alongside GCK and HKI. Although we are able to
approximate the Michaelis Menten Constant, Km, for both GCK and HKI1, we could not
determine the Km of HKDCI due to its low level of activity (Fig. 1A). We additionally tested
different experimental conditions that may affect its activity. First, we tested different
nucleotides such as ATP, GTP, CTP, and TTP and found differences in activity, but nothing that
surpassed the highest activity reading measured with ATP. Next, we measured activity after
adding increasing amounts of ATP, but the maximum activity was still very low. Lastly, we
measured activity titrating in increasing amounts of Mg*", but observed similarly low affinity
HK activity for HKDC1 (Fig. 1B-D). Furthermore, given that HK1’s catalytic activity is
confined to the C-terminus and allosteric regulation occurs at the N-terminus (96), we explored if
the inter-domain interaction of HKDC1 was interfering with its overall activity. However, after
purifying the N- and C- terminal domains and running the HK activity assays separately, we

observed similar low affinity HK activity as seen with the intact full-length protein (Fig. 1E).
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Figure 1. HKDC1 is a low activity hexokinase that is modulated by co-factors. (A) Specific
activity of purified HKDCI, as compared to Hexokinase 1 (HK1) and Glucokinase (GCK),
relative to NADPH standard measured from 0.0lmM to 100mM glucose concentrations (circles
= HKI, squares = HKDCI, triangles = GCK (n=3, where each n represents an individually

prepared protein purification).
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Figure 1. HKDC1 is a low activity hexokinase that is modulated by co-factors. (B) Percent
activity of HKDC1 and HK1 supplemented with alternative nucleotides. Nucleotide and glucose
concentrations were SmM and 100mM, respectively (n=3 biological replicates). (C) ATP
concentrations varied from 1-20mM (n=3 biological replicates). (D) Mg2+ concentrations ranged
from 1-20mM (n=3 biological replicates). (E) Individual hexokinase activity of purified N-
(circles) and C-terminal (squares) domains separately with varying glucose concentrations (0.01-

100mM) (n=3 biological replicates). All values are mean + S.E.M.
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We next wanted to examine HKDCI1’s contribution to overall cellular HK activity, as it is
possible HKDC1 requires posttranslational modifications or protein binding partners. We
generated a stable HKDC1 over-expression cell line in MI5-4 CHO cells [an established line
with minimal HK activity (97)] in order for exclusive determination of HKDCI1 activity with
minimal contribution from other HKs in examining HK activity. HKDCI produced a significant
but only modest amount of total HK activity compared to the empty vector (EV) stably over-
expressed line at all concentrations of glucose but less than that of HK2 and GCK over-

expression cell lines (Fig. 2A and B).
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Figure 2. HKDC1 contributes a modest amount of hexokinase activity in cells. (A) HK
activity measured in MI5-4 CHO cells overexpressing empty vector (EV), Hexokinase 2 (HK?2),
GCK, or HKDCI1 at 0.5, 5, 10, and 25mM glucose concentration [n=3 biological replicates
except for SmM glucose (n=2)]. (B) (A) Immunoblot of CHO cells overexpressing Empty Vector
(EV), Hexokinase 2 (HK2), Glucokinase (GCK), and HKDC1 where HK2, GCK, and HKDC1
were probed with HA (left) and HK2, GCK, and HKDCI (right). Beta-actin served as loading
controls for both (n=3 biological replicates). All values are mean + S.E.M. *P<0.05, **P<0.001,

#P<0.0001 (Student’s t-test).
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As previously reported, HKDC1 shares 71% sequence identity with HK1 (1). Given this high
sequence homology, it was surprising to find that HKDC1 did not have similarly high activity.
Therefore, to elucidate any salient structural differences that may account for the low activity
observed, we obtained a predicted structural model of HKDC1 (98% of the residues were
modeled with 100% confidence) using the Phyre2 web portal (98) and superimposed this model
onto human HK1 using PyMol2.0 (Fig. 3A). Interestingly, the HKDC1 model aligned an
appreciable amount with HK1 with similar positioning of the amino acids necessary for allosteric
inter-domain communication and for carrying out catalysis (96). However, we noted a few
deviations between some of the key amino acid residues involved in the allosteric (Fig. 3B and
C) and catalytic (Fig. 3D) sites. For two of the main salt bridges involved in inter-domain
communication in HKI, the distance between the residues for both HK1 and HKDCI1 are the
same, however, there is a shift of 4.4 angstroms (Fig. 3B). In the second site, the distance
between the interaction of the residues is less for HKDCI than that of HK1 and there is an
additional 4.7 angstrom shift (Fig. 3C). Similar patterns were seen in the catalytic active site,
where the distance between the key amino acids involved were about 2.1 angstroms closer for
HKDCI1 and a notable 8.5 angstrom shift from HKI1 at its widest point (Fig. 3D). These
structural differences between HKDC1 and HK1 in key residues involved in the catalytic and

allosteric sites may impact the enzymatic activity of HKDCI.



Figure 3. HKDC1 has deviations in catalytic and allosteric site residues. (A) Homology
model of human HKDC1 (magenta) using the Phyre2 web portal for protein modeling, prediction
and analysis superimposed on human HK1 (PDB:1hkc; cyan) complexed with K* (yellow), PO4*
(blue) and glucose (green) using PyMol2.0. (B) Inter-domain salt bridge site 1: distance between
carboxy-groups of residues D251 (yellow left) and R800 (yellow right) for HKDC1 and D251
(orange left) and R801 (orange right) for HK1 are both 3.6 A apart with a 4.4 A shift between
HKDCI1 and HKI1. (C) Site 2: distance between carboxy-groups of residues R69 (yellow left)
and E813 (yellow right) for HKDC1 is 4.1 A and R69 (orange left) and D814 (orange right) is

6.1 A with a 4.7 A shift between HKDC1 and HK1. (D) Catalytic active site distance between
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D656 (yellow top) and Y620 (yellow bottom) residues for HKDC1 is 5.1 A and D657 (orange

top) and Y621 (orange bottom) for HK1 is 7.2 A and between HKDC1 and HK 1 is 8.5 A.
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In addition to their activity differences, HK isozymes are reported to have particular protein-

binding partners and subcellular localization preferences that define their role in glucose
metabolism (8); therefore, we first determined potential binding partners of HKDCI1 by
overexpressing FLAG-tagged human HKDC1 in HEK293 cells. Interestingly, mass spectrometry
analysis from the Co-IP showed that HKDC1 might be associated with the outer mitochondrial
membrane proteins Voltage Dependent Anion Channel 1 and 2 (VDACI and II), canonical
mitochondrial binding partners of HKI and HKII (Fig. 4A). As the other HKs (HKI and II only)
contain a N-terminal mitochondrial localization sequence region, we observed that human and

mouse HKDCI1 also share sequence similarity in this region of the protein (Fig. 4B).
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A

Protein Abbreviation |Localization Coverage |#Peptides |#PSM |#Amino Acids | MW

HKDC1 Cyto/Nuclear/Mito 39.59 32 107 917] 102.5
RPS3 Cyto/Nuclear 15.64 3 6 243| 26.7
DDx3Y Cyto/Nuclear 6.39 3 6 657| 72.9
FBL Nuclear 18.78 3 6 229| 25.3
DDX17 Cyto/Nuclear 6.13 3 6 652| 72.5
THRAP3 Nuclear 3.46 3 5 955] 108.6
HIST1H3A Nuclear 30.15 2 3 136] 15.4]
RPS6 Cyto/Nuclear 9.64 2 3 249| 28.7
WDR56 Cytoplasm 1.68 1 3 1250] 144.9|
DOCK4 Cyto/Golgi/Membrane 0.46 1 2 1966 225.1
RPL19 Cytoplasm 13.28 1 2 128| 15.0]
RPS2 Cyto/Nuclear 29.55 1 2 44| 51
RPLPO Cyto/Nuclear 8.11 1 2 111] 12.2
FAM98A Nuclear 4.81 1 2 312| 34.4
CDK1 Cyto/Nuclear/Mito 6.73 1 1 297 3441
DEFB119 Extracellular 10.71 1 1 84| 9.8
RPL7 Cyto/Nuclear 5.29 1 1 208| 24 .4
LMNA Cyto/Nuclear 2.65 1 1 491| 55.7]
ATP5B Mitochondria 5.93 1 1 270] 28.4
SRSF10 Cyto/Nuclear 6.40 1 1 172] 20.9
RPS11 Cyto/Nuclear 22.78 1 1 79] 95
HNRNPM Nuclear 7.07 1 1 99| 10.0
FLNA Cytoplasm 2.15 1 1 604| 66.6]
RPS8 Cytoplasm 32.21 5 10 208| 24.2
NONO Nuclear 9.77 3 6 471 54.2
RPL24 Cytoplasm 10.74 1 5 121] 14.4]
HIST2H3A Nuclear 30.15 2 4 136 15.4
TMEM263 Membrane 31.03 2 4 116] 11.7]
RPS27 Cyto/Nuclear 19.70 1 3 66)| 7.4
CHTOP Nuclear 5.24 1 2 248| 26.4
RPL4 Cyto/Nuclear 4.50 2 2 333] 37.6
VDAC2 Mitochondria Outer Membrane 7.84 1 2 255| 27.5
H3F3B Nuclear 31.06 2 2 132] 14.9
PABPC1 Cyto/Nuclear 22.67 1 2 75| 84
HNRNPULA1 Nuclear 2.34 1 2 641] 71.7
ATP5A1 Mitochondria Inner Membrane 19.48 1 2 77] 8.3
SSBP1 Mitochondria 12.40 1 2 121] 1441
RPL13 Multiple locations 6.35 1 2 126 14.7]
G3BP1 Cyto/Nuclear/Membrane 5.99 1 2 284| 31.4
PKM Cyto/Nuclear 6.41 1 2 281] 30.7]
EIF4A1 Cytoplasm 18.82 1 2 85| 9.3
UBAP2L Cytoplasm 3.92 1 2 383| 40.2
G3BP2 Cytoplasm 2.70 1 1 482| 54.1
PRDX1 Cytoplasm 5.03 1 1 199| 221
RPS25 Cyto/Nuclear 8.00 1 1 125| 13.7
FAU Cytoplasm 16.95 1 1 59| 6.6
VDAC1 Mitochondria Outer Membrane 8.13 1 1 283| 30.8
RPL37A Cyto/Nuclear 26.47 1 1 68| 7.6
HSPD1 Mitochondrial Matrix 15.82 1 1 158 1741
RPL11 Nuclear 10.69 1 1 131] 14.9
UBB Cyto/Nuclear 37.21 1 1 43| 4.9
RPL26L1 Other 23.68 1 1 38| 4.5
PHB Mitochondria Quter Membrane 9.68 1 1 124] 13.7]

B

N-terminal Mitochondrial Sequence Alignment

Human HKDC1

. Identity

Mus Hkdc1 Hydrophobic alkyl similarity

Human HKI . Hydrophobic aromatic similarity
Human HKII Hydrophilic similarity

Human HKIII T L 8§ C S E .Negativechargesimilarity

Human GCK Positive charge similarity
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Figure 4. HKDC1 localizes to the mitochondria via its N-terminal localization sequence. (A)
List of co-immunoprecipitated proteins by MS/MS-orbitrap analysis depicted by protein symbol,
localization, coverage, number of peptides, number of peptide spectrum matches, number of
amino acids, and molecular weight. Proteins of interest are highlighted in blue: HKDCI,
VDACI, and VDAC2. (B) N-terminal amino acid alignment and homology of human HKDCI1
with mouse (mus) Hkdc1, human HKI, human HKII, human HKIII and human GCK where dark
blue represents sequence identity with human HKDC1 and other colors represent similar

homology based on the amino acid side groups.
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Moreover, the HK isozymes are reported to interact with VDAC through this region (20-23).

Because of this, we sought to determine whether HKDCI1 localizes to the mitochondria via its N-
terminal sequence in hepatocytes. We, therefore, transfected primary mouse hepatocytes with
plasmid that contains GFP-tagged Full Length HKDC1 and GFP-tagged N-terminal truncated
HKDCI1 (first 20 residues that serve to bind to mitochondria are truncated), and determined its
intracellular localization of HKDC1 under high and low glucose (25mM or SmM, respectively)
conditions. Full length HKDCI1 significantly co-localized with the mitochondria, while the N-
terminal truncated HKDC1 was observed in the cytosolic compartments under both high (Fig.
4C) and low glucose conditions (Fig. 4D). Furthermore, we discovered HKDC1 co-localized
with VDAC in primary hepatocytes by immunofluorescence (Fig. 4E and Fig. S1A-B). Taken
together, HKDCI is a low activity HK that may, in part, be due to the differences noted in its
structure when compared to HK1. Moreover, it appears to co-localize with the mitochondria
through its N-terminal mitochondrial localization sequence, similar to HKI and II. Given its low
HK activity and its interaction with the mitochondria, the next question that arises is whether

hepatic HKDC1 expression alters metabolism in the liver.
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Figure 4. HKDC1 localizes to the mitochondria via its N-terminal localization sequence. (C)

Representative 40X confocal images of transfected primary mouse hepatocytes with GFP-tagged
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empty vector (EV), GFP-tagged HKDCI1 full length (FL), and GFP-tagged HKDC1 truncated

(TR, where HKDCI1 is missing the first 20 amino acids) cultured in 25mM glucose (19-27 GFP+
hepatocytes co-localization coefficients were averaged). Hepatocytes were stained for DAPI and
tetramethylrhodamine, ethyl ester (TMRE) and quantification of co-localization between GFP
and TMRE was depicted via calculation of the co-localization coefficient (n=3 biological
replicates). (D) Representative 40X confocal images of transfected primary mouse hepatocytes
with GFP-tagged empty vector (GFP-EV), HKDCI1 full length (GFP-HKDCI1 FL), and HKDC1
truncated (GFP-HKDC1 TR, where HKDCI1 is missing the first 20 amino acids) cultured at
5.5mM glucose. Hepatocytes were stained for DAPI and TMRE and quantification of co-
localization between GFP and TMRE was depicted via calculation of the co-localization
coefficient (10 individual hepatocytes with fluorescence was analyzed for co-localization
coefficients per condition for each n, where n = 2 independent mouse hepatocyte isolations were

prepared).
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Figure 4. HKDCI1 localizes to the mitochondria via its N-terminal localization sequence. (E)
Representative 40X confocal images of transfected primary mouse hepatocytes with EV, FL, and
TR cultured in 25mM glucose and stained with VDAC antibody (15-21 GFP+ hepatocytes co-
localization coefficients were averaged). Quantification of GFP and VDAC was depicted via
calculation of the co-localization coefficient (n=3 biological replicates). All values are mean =+

S.E.M. *#%p<0.001, *HE*P<0.0001 (One-way ANOVA).
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Human HKDC1 reduces glycolytic capacity and mitochondrial activity in mouse

hepatocytes.

To test how overexpression of HKDC1 affects hepatic metabolism, we isolated primary mouse
hepatocytes and measured changes in extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) after treating with Ad-HKDC1 or Ad-GFP. While we observed no
overt differences in basal glycolysis, we found significantly reduced oligomycin-induced
glycolysis (Fig. 5A), suggesting a defect in glycolytic metabolism. Next, we assessed differences
in respiration and found a significant reduction in OCR after the addition of the un-coupler,
FCCP (maximal mitochondrial respiration) for the cells treated with Ad-HKDCI1, a sign of
mitochondrial dysfunction, relative to Ad-GFP (Fig. 5B). Thus, the expression of this non-
canonical hexokinase impairs both cellular glycolytic capacity and maximal respiration in

primary hepatocytes.
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Figure 5. Overexpression of HKDC1 reduces glycolytic capacity and maximal respiration.
Seahorse extracellular flux analyzer (SEFA) measurement of (A) ECAR or (B) OCR in primary
mouse hepatocytes treated with adenovirus containing Human HKDC1 (Ad-HKDC1) or GFP
(Ad-GFP). Bar graphs representing basal ECAR or oligomycin-induced ECAR (A) or ATP-
coupled OCR and uncoupled OCR (B) (shown on the right). For (A) and (B), 4-6 individually
treated wells were averaged per n, and n represents hepatocytes isolated from 1 mouse (n=2). All

values are mean = S.E.M. *P<0.05, **P<0.005 (Student’s t-test).
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To investigate the reduced OCR phenotype further, we utilized '*C-labeled glucose to directly
measure glucose oxidation after overexpression of HKDCI in primary hepatocytes and observed
a significant decrease, consistent with our OCR finding (Fig. 6A). This finding is in contrast with
what is found after adenoviral-mediated overexpression of GCK in rat hepatocytes, which results
in significantly upregulated glucose oxidation (101). Also, overexpression of GCK in liver of
mice leads to hepatic fat accumulation (69,71,102,103) and it is strongly associated with
progression of NAFLD in mice and humans (75). To examine whether human HKDCI1
contributes to the deposition of hepatic fat, we first measured the incorporation of '*C-labeled
glucose into the lipid phase and found it was significantly increased after overexpression of
HKDCI1 (Fig. 6B). However, studies have found that the amount of glucose incorporation into
the glycerol backbone of triglycerides is approximately only 0.5% of metabolized glucose (83).
Therefore, we examined if the Kennedy pathway (the pathway that converts glycerol-3-
phosphate that is generated by the preparatory phase of glycolysis into the synthesis of
triglycerides) was significantly affected after overexpression of HKDC1 but we found there were
no changes in gene expression of the key enzymes (Fig. S2). To more directly assess the rate of
lipogenesis, we utilized radiolabeled acetate. We again found that the labeled triglycerides were
not altered in hepatocytes that overexpressed HKDCI1 (Fig. 6C). Lastly, we analyzed fatty acid
oxidation by '*C-labeling of palmitic acid and observed a mild but not a significant reduction

(Fig. 6D).
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Figure 6. Overexpression of HKDC1 reveals signs of mitochondrial dysfunction. Isolated
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separately plated and treated hepatocytes isolated from one mouse).
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Figure 6. Overexpression of HKDC1 reveals signs of mitochondrial dysfunction. (C)
Acetate-dependent lipogenesis was determined using '*C-labeled acetate and (D) beta oxidation
was determined using '*C-labeled palmitate (n=4, each n represents separately plated and treated

hepatocytes isolated from one mouse). All values are mean + S.E.M. *P<0.05 (Student’s t-test).



56
Given that we found no direct changes in hepatic triglyceride accumulation but found reduced

OCR and ECAR with overexpression of HKDCI1, we next analyzed changes in mitochondrial
function by measuring TMRE intensity as a marker for mitochondrial membrane potential (104).
We tested the effects of overexpressing full length and truncated HKDC1 to assess if HKDCI1
binding to the mitochondria is inducing changes in mitochondrial potential. We found that full

length HKDCI caused the intensity to significantly decrease (Fig. 7A and Fig. 7B).
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Figure 7. Mitochondrial membrane potential is diminished in hepatocytes overexpressing
full length HKDC1. (A) Representative 40X confocal images after overexpression of GFP-
tagged EV, FL, and TR in hepatocytes where mitochondria were stained with TMRE and the

mitochondrial membrane potential was measured via fluorescence intensity (n=3, where each n



58
represents hepatocytes isolated from 1 mouse and intensity was averaged from a total of 16-32

individual hepatocytes). (B) Representative images of each biological replicate illustrating a
GFP+ hepatocyte and its respective TMRE intensity for GFP-tagged EV, GFP-tagged HKDCI1-
FL and GFP-tagged HKDCI1-TR (n=3). All values are mean = S.E.M. ***P<0.0001 (One-way

ANOVA).
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Given that HKDC1 overexpression caused changes in mitochondrial potential, we investigated if

there were any changes in mitochondrial morphology events such as mitochondria fusion and
fission since fission is thought to correlate with reduced mitochondrial potential and dysfunction.
Interestingly, we also found that overexpression of HKDC1 may play a role in mitochondrial
dynamics as we noted the mitochondrial fusion protein, Mitofusion 2, and a mitochondrial
fission protein, Dynamin-related-protein 1, to be significantly upregulated in mouse livers (Fig.
8A and 8B). These data suggest that the hepatic overexpression of HKDCI1 shows signs of

mitochondrial dysfunction, and does not directly drive lipogenesis under these above conditions.
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Figure 8. Overexpression of HKDC1 alters mitochondrial dynamics. (A) Western blots of
mitochondrial fusion proteins mitofusin 1 (MFN1) and mitofusin2 (MFN2) after in vivo overexpression of
Ad-GFP or Ad-HKDCI1. Densitometry analysis of MFN1 was normalized to GAPDH and MFN2 was
normalized to alpha-tubulin (n=2-3 biological replicates). (B) Western blots of mitochondrial fission
proteins fissionl (FIS1), Dynamin-1-like protein (DRP1) and phosphorylated-DRP1 [P-DRP1(S616)]

after in vivo overexpression of Ad-GFP or Ad-HKDCI1. Densitometry analysis of FIS1 normalized to
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alpha-tubulin and P-DRP1 and DRP1 total normalized to GAPDH (n=2-3 biological replicates). All

values are mean + S.E.M. *P<0.05.
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Acute in vivo overexpression improves glucose tolerance but does not alter hepatic energy

storage

To investigate the in vivo effects of overexpressing human HKDCI in mouse livers, we injected
10° adenoviral particles of adenovirus containing human HKDC1 or GFP in wildtype mice after
which they were sacrificed 7-10 days later. As illustrated, human HKDCI1 was expressed
significantly and exclusively in the liver, validating our approach of liver overexpression (Fig.
9A). In addition, the mouse Hkdcl expression was not altered in the mice overexpressing human

HKDC] (Fig. 9B).
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Figure 9. Verification of a hepatic-specific overexpression of HKDC1 mouse model.

(A) Relative human HKDCI mRNA expression in various tissues seven days post injection of

adenovirus containing human HKDC1 (Ad-HKDC1) or GFP (Ad-GFP, n=2-3 biological

replicates). (B) Relative mouse Hkdcl mRNA expression in various tissues post injection.
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We next performed an intraperitoneal glucose tolerance test (IPGTT) to observe the effects of

hepatic overexpression. We observed a mild but significantly improved glucose tolerance at the
time points 15 and 60 min, with a mild but non significant decrease in the area under the curve.
During the IPGTT, no changes in insulin levels at time points 0 and 15 min were observed (Fig.
10A). These results are in line with what we found previously in our aged Hkdc1™" mice, where
they had significantly impaired glucose tolerance (2). In addition, we performed an insulin
tolerance test and found a mild increase in insulin sensitivity in the mice overexpressing

HKDCI, but it was not significant (Fig. 10B).
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Figure 10. Characterization of hepatic-specific overexpression of HKDC1 mouse model.
(A) Plasma glucose concentrations during an intraperitoneal glucose tolerance test (IPGTT) from
mice 10 days post injection with corresponding area under the curve (AUC; n=5-6) and insulin
values at 15 min (n=2-3 biological replicates). (B) Plasma glucose concentrations during an

insulin tolerance test (ITT; n=3).
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Furthermore, we looked at all the baseline parameters including body weight, liver weight,

fasting plasma glucose, insulin, triglycerides (TGs), and non-esterified fatty acids (NEFAs) and
found no significant changes (Fig. 10C). Similarly, we found no changes in hepatic gene
expression from various metabolic pathways including glycolysis (Gapdh, Ldh, Pklr), citric acid
cycle (Cs), gluconeogenesis (G6pc, Pckl), ppar regulation (Ppar a,f,y), fatty acid synthesis
(Scdl, Fas), fatty acid oxidation and export (Cptla, Cd36, Fabpl, Mtp; Fig. 10D ), and the
Kennedy Pathway genes (Plpp, Agptl, Agpt2, Lpinl, Lpin2, Dgatl, Gpat; Fig. S2), nor changes
in energy storage including triglycerides (illustrated with Oil red O stain and image
quantification on the right) and glycogen (illustrated with PAS/DPAS stain and image
quantification on the right; Fig. 10E). Lastly, to confirm this finding, we extracted triglycerides
(Fig. 10F) and glycogen (Fig. 10G) and found no changes in their content. These data indicate
that acute overexpression of HKDC1 on normal chow fed diet does not substantially alter

glucose homeostasis or energy storage in the liver.
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Figure 10. Characterization of hepatic-specific overexpression of HKDC1 mouse model. (C)
Table with baseline characterization values including fasting body weight, liver to body weight
ratio, fasting plasma glucose, fasting plasma insulin, fasting plasma triglycerides (TGs), and
relative fasting plasma non-esterified fatty acid (NEFA) levels (n=3-9 biological replicates). (D)
Selected gene expression measured from different metabolic pathways in the livers of mice 10
days post injection: lactate dehydrogenase (Ldh), pyruvate kinase (Pklr), glyceraldehyde-3-
phosphate dehydrogenase (Gapdh), citrate synthase (Cs), glucose-6-phosphatase (Go6pc),
phosphoenolpyruvate carboxykinase 1, peroxisome proliferator-activated receptor v,a,3, (PPAR
v,0.,p3), stearoyl-coA desaturase-1 (Scdl), fatty acid synthase (Fas), carnitine palmitoyltransferase
1 (Cptla), fatty acid translocase (Cd36), fatty acid binding protein 1 (Fabpl), microsomal

triglyceride transfer protein (Mtp, n=3-6 biological replicates).
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Figure 10. Characterization of hepatic-specific overexpression of HKDC1 mouse model. (E)
Representative H&E, Oil red O, PAS, and DPAS staining of liver sections of mice injected with
indicated viruses. Images were taken at 40X and scale represents 100um. Image Stain intensity
quantification (right) of Oil red O stain for intracellular triglyceride levels and image stain
intensity quantification of the ratio of anti-stain of DPAS to PAS, as an indicator of glycogen
content (n=3 biological replicates where each n represents 4-5 images from one mouse liver
section). (F) Hepatic triglyceride content and (G) hepatic glycogen content of mouse livers in the
re-fed state, where mice were fasted for 16 hours overnight and then re-fed for 4 hours (n=4-6

biological replicates). All data are represented as mean + SEM. *P<0.05 (Student’s t-test).
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Supplemental Figure 1. HKDC1 localizes to the mitochondria via its N-terminal
localization sequence. (A) Zoomed in representative image of co-localization of GFP-tagged
HKDCI1-FL and the mitochondrial stain TMRE. (B) Zoomed in representative image of co-

localization of GFP-tagged HKDC1-TR and the mitochondrial stain TMRE.
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Supplemental Figure 2. Overexpression of HKDC1 does not affect genes in the Kennedy
Pathway. Relative expression of the Kennedy pathway measured from the livers of mice
overexpressed in vivo with adenovirus containing HKDCI1 relative to adenovirus containing
GFP. Genes include Phospholipid Phosphatase 1 (Plpp), Angiopoietin 1 (Agptl), Angiopoietin 2
(Agpt2), Lipin-1 (Lpinl), Lipin-2 (Lpin2), Glycerol-3-Phosphate Acyltransferasel (Gpatl) and

Diacylglycerol O-Acyltransferase 1 (Dgatl) (n=3-5 biological replicates).



Supplemental Table 1. Primer Sequences Used for qPCR.
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Gene Forward Primer Reverse Primer
Mus Hkdcl 5’ 5’
CAAAATGTTGAGATGGAGA | GCAGTCGGCTACGTAGTCAAAAAG
GCC3 3
Mus 18S 5’ 5" AGACAAATCGCTCCACCAAC ¥
CTCAACACGGGAAACCTCA
c¥®
Human 5’ 5" CCCAAGATCCAGGGCGAGAA 3’
HKDC1 GGTCAGGATGCTGCCCACC
T3
Human Beta | 5’ 5" GGGAAATCGTGCGTGACATTAAG
Actin GTGGCCATCTCTTGCTGCA | 3.
AG3
Cloning 5 5
Primers for | TACCGGACTCAGATCTCGA | CACCATGGTGGCGATGGATCCGTTCT
GFP- GATGGTGGACAGGTTCCTG | CCTTCTGTGCCTGCTGTAACC ¥’
HKDCI1-TR | TATCACATGCGG 3’
Cloning 5 5
Primers for | TACCGGACTCAGATCTCGA | CACCATGGTGGCGATGGATCCGTTCT
GFP- GATGTTTGCGGTCCACTTGA | CCTTCTGTGCCTGCTGTAACC 3’
HKDCI1-FL | TGGCA 3’
Amplificatio | 5’ 5
n of pPEGFP- | GACTCTAGAGGATCCAATG | CACAGAAGGAGAACTACCCATACGA
N3-FL- TTTGCGGTCCACTTGAT 3’ TGTTCCTGACTATGCGTAGCGCGGTT
HKDCI1 CGAAGGTA 3°
Lactate 5
dehydrogena | TGCCTACGAGGTGATCAAG
se (Ldh) CT3 5’GCACCCGCCTAAGGTTCTTC 3°
Carnitine
palmitoyltran | 5’
sferase 1a ACCAACGGGCTCATCTTCT 5
(Cptla) AA 3’ CAAAATGACCTAGCCTTCTATCGA 3°
Peroxisome
proliferator-
activated
receptor 5
alpha CAGGAGAGCAGGGATTTGC
(Ppara) A3 5’ CCTACGCTCAGCCCTCTTCAT 3°
Fatty acid
binding 5
protein 1 TCAAGCTGGAAGGTGACAA | 5 GTCTCCATTGAGTTCAGTCACG
(Fabpl) TAA 3’ 3
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Cluster of 5
differentiatio | TGGCCTTACTTGGGATTGG 5" CCAGTGTATATGTAGGCTCATCCA
n36 (Cd36) |3’ 3
Pyruvate 5
Kinase (Pklr) | AGGAGTCTTCCCCTTGCTCT
AC3 5’GGAGAGGCGTTTCAGGATATG 3°
Microsomal
triglyceride 5
transfer TGGTGAAAGGGCTTATTCT 5’ TTGCAGCTGAATATCCTGAGAA
protein (Mtp) | GTT 3’ 3
Citrate 5’ 5’ TCATCTCCGTCATGCCATAGT 3’
synthase (Cs) | GGAAGGCTAAGAACCCTTG
G3
Glucose-6- 5’ 5" CAATGCCTGACAAGACTCCA 3’
phosphatase | TCGAGGAAAGAAAAAGCC
(Gbpc) AAC 3’
Phosphoenol | 5’ 5" CCAGGTATTTGCCGAAGTTG 3’
pyruvate TGGGGTGTTTGTAGGAGCA
carboxykinas | G 3’
e 1 (Pckl)
Peroxisome | 5’ 5’GGCCAGCATCGTGTAGATGA 3’
proliferator- | GTGCCAGTTTCGATCCGTA
activated GA®
receptor g
(Pparg)
Stearoyl-coA | 5’ 5" GAGCGTGGACTTCGGTTC 3°
desaturase-1 | GTCAGGAGGGCAGGTTTC
(Scdl) 3
Fatty acid 5’ 5" AGAGACGTGTCACTCCTGGACTT
synthase GCTGCGGAAACTTCAGGAA | 3°
(Fas) AT 3’
Phospholipid 5
Phosphatase | AATCAACTGCAGTGATGGC
1 (Plpp) T3 5’ AAGACAACCTGCCCTCCTTG 3’
Angiopoietin 5
1 (Agptl) CACCCAGGATGTGAGAGTC
TG 3 5’ CGTTTGAAGGGCAGCATGGA 3°
Angiopoietin 5
2 (Agpt2) CTTCATCAACCGCCAGCAA | 5 ACACTTTGAGATTCTCCTTGACCA
G3 3
Lipin-1 5
(Lpinl) CCTTCTATGCTGCTTTTGGG
AACCY 5 GTGATCGACCACTTCGCAGAGC ¥’
Lipin-2 5
(Lpin2) AGTTGACCCCATCACCGTA | 5 CCCAAAGCATCAGACTTGGT 3’
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G3

Glycerol-3-
Phosphate
Acyltransfera
sel (Gpatl)

5 2
CAACACCATCCCCGACATC
3 2

5" GTGACCTTCGATTATGCGATCA 3°

Diacylglycer
ol O-
Acyltransfera
se 1 (Dgatl)

5 2
TGGTGTGTGGTGATGCTGA
TC3

5’ GCCAGGCGCTTCTCAA ¥’

Glyceraldehy
de-3-
phosphate
dehydrogena
se (Gapdh)

5 2
TCACCACCATGGAGAAGGC
3 2

5" GCTAAGCAGTTGGTGGTGCA 3°
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MATERIALS AND METHODS

Animals

All mice were 8-12-week-old male mice with a C57Bl1/6 background (unless otherwise noted)
and were obtained from Jackson Laboratory and housed under a 12-hour light, 12-hour dark
cycle with ad libitum access to normal chow (Envigo) unless otherwise noted. All mouse studies
were approved by IACUC and performed in accordance with the Guide for the Care and Use of

Laboratory Animals at both Northwestern University and University of Illinois at Chicago.

Adenovirus Construction and Production

Adenovirus construction was produced as previously described (7,105). Briefly, the plasmid
RC221178 (OriGene) containing the 2,750 bp HKDC1 open reading frame was cloned into the
adenoviral shuttle vector pShuttle-CMV (Agilent) from the BamHI/Notl site. From there, the
HKDCI1 adenoviral shuttles were linearized and transformed into BJ5138-AD1 cells (Agilent).
The recombinant clones were then isolated and digested using Pacl. Next, the digested
recombinant plasmid DNA and FuGene were transfected into HEK293 cells (Clontech) to
generate the recombinant adenovirus. Viral lysate was then collected in 2mL freeze/thaw buffer
(10mM Tris/HCI, pH 8.0, ImM MgCl,) and after two freeze thaws, the virus was purified via
ultracentrifugation on a CsCl gradient. Afterwards, the virus was de-salted with a 7k MWCO
column (Thermo Scientific) and equilibrated with 10% glycerol-supplemented freeze/thaw

buffer. Titer was determined by measured by OD,s and by plaque assay.

Overexpression of Human HKDC1 in mice

In vivo transduction of adenovirus
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Mice were injected 10° viral particles (106) of adenovirus containing either human HKDC1 (Ad-

HKDC1) or GFP (Ad-GFP) via the penile vein at 10-12 weeks of age. Mouse tissues were

harvested 7-10 days post injection for end-point analyses.

Metabolites

Mice were fasted for 16 hours overnight and the following metabolites were measured: glucose,
insulin, NEFA levels, and triglycerides. For glucose, blood was obtained from tail veins and
measured with a One-Touch Ultra Glucometer. Blood was also obtained from tail vein using
heparinized capillary tubes and centrifuged at 8000 rpm for 15 min for serum collection. Insulin
levels were then determined by an ELISA (ALPCO). NEFA levels were measured following the
manufacturers’ instructions (Wako Diagnostics, Richmond, VA). Triglycerides were determined

using Infinity Triglyceride Solution (ThermoFisher Scientific).

Hepatic Triglycerides and Glycogen

Animals were fasted for 16 hours overnight and were either sacrificed or then re-fed for 4 hours
before being sacrificed. Harvested livers were immediately flash frozen in liquid nitrogen and
then stored at -80° until analyses were performed. For triglycerides, livers were homogenized on
ice using a glass douncer and PBS. Homogenates were cleared by centrifugation at 13,000 rpm,
and the supernatant was collected. Hepatic triglycerides were determined using the Infinity
Triglyceride Solution (ThermoFisher Scientific). For glycogen, flash-frozen liver samples were
either determined using the Glycogen Assay Kit (Sigma, MAKO016-1KT) or analyzed by C-

nuclear magnetic resonance for glycogen levels at the Yale Mouse Metabolic Phenotyping
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Center (Yale University, New Haven, CT).

Histology

Sections of liver were either embedded in OCT or paraffin. Briefly, for OCT, a section of the
liver was stored in 4% paraformaldehyde (PFA) for 1 hour at room temperature (RT) and
subsequently washed in PBS. After the washes, the liver sections were subjected to a sucrose
gradient and then stored in 10% sucrose at 4° C O/N. The next day, liver sections were
embedded in OCT and stored in -80° C. For paraffin embedding, liver sections were fixed in 4%
PFA for 24 hours at RT. The next day, sections were washed in 50% ethanol and then stored in
70% ethanol until embedding in paraffin. Embedded sections were sent to the Mouse Histology
and Phenotyping Laboratory (supported by NCI P30-CA060553 awarded to the Robert H Lurie
Comprehensive Cancer Center) for embedding in paraffin and further sectioning of both OCT
and paraffin embedded liver sections and stained with H&E, Oil Red O, PAS, or DPAS. Images
were taken with Olympus BX51 Fluorescence Microscope from Resources Research Center at

the University of Illinois at Chicago.

For image analysis, Fiji (Image J) software was used for analysis of Oil Red O, PAS, and DPAS
stains. For Oil Red O, tiff files were converted into 32 bit images and the threshold was set to
select the Oil Red O intensity of each image. Once threshold was performed, pixel intensity was
measured along with image area. The image intensity divided by the area gave a quantification of
Oil Red O staining intensity per image. An Imagel] macro was created to systematically quantify
multiple images. For PAS, the stain was quantified using the same method as for Oil Red O. For
DPAS, tiff files were converted into 32 bit images and inverted color threshold was used to

quantify the white pixel intensity and area of each image file. The white area represented the
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amount of PAS stain that was removed, which was a quantification of glycogen that was

removed by diastase. DPAS measurement was divided by the PAS stain to obtain the amount of

glycogen per group.

Glucose and Insulin tolerance test

Intraperitoneal glucose tolerance tests (IPGTTs) were performed on mice fasted 16 hours
overnight with glucose given by intraperitoneal injection at a dose of 2g glucose/kg of body
weight. Glucose levels were measured by the tail vein, as mentioned above, and taken at
multiple time points (from 0 - 120 min) during the IPGTT. Area under the curve (AUC) values
were calculated by standard approaches using the trapezoidal rule and represented as
mean + SEM. Additionally, blood was collected at 0 and 15 minutes in heparinized capillary
tubes and centrifuged at 8000 rpm for 15 minutes to collect the serum. Insulin levels in these
samples were determined as mentioned above. Insulin tolerance tests (ITT) were performed on
mice fasted for 6 hours and then IP injected with 0.75 U/kg body weight of Humalog insulin (Eli

Lily & Co). Blood glucose levels were determined similarly as the GTT.

Lentivirus Production in MI5-4 CHO cells

Dr. Nissim Hay (University of Illinois Chicago) kindly provided MI5-4 CHO cells. These CHO
cells were cultured in a-MEM (Cellgro) and supplemented with 10% FBS and 1%
penicillin/streptomycin. Lentivirus production was performed according to Addgene’s protocol

https://www.addgene.org/protocols/lentivirus-production/. Briefly, pLenti6-D-TOPO vector,

containing rat-HK2, human GCK, or human HKDC1 were also provided by Dr. Nissim Hay and
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were co-transfected with both psPAX2 and pMD2.G into 293 T-cells. Transduction was

performed overnight in the presence of polybrene without antibiotics. Blasticidin (10ug/ml) was

then used for selection of successfully transduced cells for one week.

RNA isolation and qPCR

RNA was extracted from 10mg of livers using TRIzol Reagent (Life Technologies) and
chloroform for phase separation. RNA was then purified using the Rneasy minikit (Qiagen) and
treated with RNase-Free DNase (Qiagen). 1ug of purified RNA was then reverse transcribed
using qScript Reverse Transcriptase (Quanta Biosciences) and quantified via qPCR using
PerfeCTa SYBR Green SuperMix (Quanta Biosciences) where final primer concentrations were
0.625uM for each reaction and data were analyzed via the CFX Connect Real-Time PCR

Detection System (BioRad). See list of primers (Supplemental Table 1).

Hexokinase Activity Assay

Hexokinase Microplate Assays for purified hexokinases

To assay hexokinase activity, 2ug of purified full length HK proteins, or C- and N- terminal
domains of HKDC1 separately, were diluted in 20 ul of HK dilution buffer (20mM KH,POy,
100mM KCI, ImM MgCl,, ImM EDTA, ImM DTT, 60g/l1 glycerol, 1g/l bovine serum
albumin). Samples were loaded onto a microplate and mixed with 100 pl of reaction buffer
(50mM HEPES pH 7.4, 100mM KCI, 8mM MgCl,, SmM ATP, 0.5mM NADP", 1 unit/ml
G6PDH (from Leuconostoc mesenteroides), ImM DTT, 1g/l bovine serum albumin, and 0.01 to
100mM D-(+)-glucose). Alternative nucleotides GTP, CTP, and TTP were substituted for ATP at

a concentration of 5mM. ATP and Mg*" concentrations were tested between 0 and 20mM.
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Reactions were incubated at 37°C for 1 hour and stopped with 174 ul of buffer C (0.46mM SDS

and 300mM NaH,PO,, pH 8.0). Fluorescence of NADPH was measured at Excitation/Emission

(Ex/Em) of 340/450nm. Specific activity was determined using an NADPH standard.

Hexokinase Assay Using MI5-4-CHO cells With Stable Overexpression of HK2, GCK and
HKDCI1

Hexokinase activity was determined as previously described (107). Briefly, 8x10° cells were
plated on 6-cm dishes and allowed to attach overnight. The next day, cells were washed once
with PBS and harvested by scraping and pelleted at 4,000 rpm for 5 minutes. Cell were lysed by
sonication, 5 pulses of 1 second, in 100l homogenization buffer: 0.2% Triton X-100, 0.5mM
EGTA, 10mM D-(+)-glucose, 11.1mM monothioglycerol, 45SmM Tris-HCI (pH 8.2), and 50mM
KH,PO,. After sonication, lysates were centrifuged at 8,000 RPM for 5 minutes. HK activity was
determined by whole-cell lysate’s ability to phosphorylate glucose over 2 minutes in an assay
mixture with final concentrations of: 50mM triethanolamine chloride, 7.5mM MgCl2, 0.5mM
EGTA, 11mM monothioglycerol, 0.5mM to 25mM glucose, 6.6mM ATP, 0.5mg/ml NADP, and
0.5U/mL G6PDH, pH 8.5. Glucose-6-phosphate formation was measured indirectly by NADPH
production from G6P dehydrogenase by measuring absorbance at 340nm on a spectrophotometer
and was normalized to protein concentration as determined using Bio-Rad protein Assay Dye

Reagent Concentrate.

Protein Purification

Protein was purified as previously described (7). Briefly, Rosetta 2 (DE3) (EMD Millipore) cells

were transformed with pReceiver-BO1 plasmid (Addgene) containing HKDCI, HKI, or GCK.
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100ml of TPM media (Sigma) containing 50mg/ml ampicillin and 34mg/ml chloramphenicol

were inoculated with a single colony and grown overnight at 37°C. The pre-growth culture was
added to 5S00mL of the same media and grown to an OD of ~0.6. Protein expression was induced
at room temperature by adding IPTG to a final concentration of ImM and grown for an
additional 4 hours. Cultures were centrifuged at 10,000 x g for 30 min and resuspended in lysis
buffer (50mM NaH,PO4, 300mM NaCl, 0.25% Tween-20, 5% sucrose, 5% glycerol, 2mM
imidazole) supplemented with protease inhibitors (ImM PMSF, 2mg/ml aprotinin, 0.5mg/ml
leupeptin, 0.7mg/ml pepstatin A). Cells were sonicated on ice for 5 minutes followed by DNase |
treatment (4 U/ml) for 15 min. Lysates were clarified by centrifugation at 10,000 x g for 30 min
and the supernatant was passed over a HiSTALON column (Clontech). The column was washed
with 25 mL of wash buffer (Lysis buffer pH 7.0, 25mM imidazole). Protein was eluted from the
column in 1 mL fractions using wash buffer with 500mM imidazole. DTT was added to a final

concentration of ImM.

Western blot

Hexokinase Activity Blots

After performing HK-activity assays, whole-cell lysates were saved for western blotting. Equal
amounts of protein were loaded on an 8% SDS-PAGE gel and resolved by electrophoresis.
Protein was transferred to a PVDF (Bio-Rad) membrane. Membranes were blocked in 5%
milk/tris-buffered saline with tween (TBS-T) and both primary and secondary antibody
incubations were performed in 2.5% milk/TBS-T. All primary antibodies were incubated
overnight at 4°C, except HA which was incubated for 45 minutes. Secondary incubations were

done for 90 minutes at room temperature. Antibodies and dilutions were as follows: HK2 (Cell
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Signaling C64G5) 1:3000, GCK (Santa Cruz 7908) 1:1000, HKDC1 (Sigma, HPA011956)

1:500, HA (Convance, MMS101R) 1:5000, Beta-Actin (Sigma, A5441) 1:10,000.

Mitochondrial dynamics blots

Proteins were separated using 10% SDS-polyacrylamide gels and transferred to nitrocellulose
membrane and blocked for 1 hr at RT in Phosphate buffered saline with 0.1% Tween (PBS-T)
containing 5% nonfat dry milk. Membranes were then probed with the appropriate primary
antibody: 1:1000 MFN1 (Abcam, ab57602), 1:1000 MFN2 (Sigma, M6319), 1:1000 (S616) P-
DRP1 (Cell Signaling Technology 2118S), 1:1000 DRP1 (Abcam, ab184247), 1:1000 FISI
(Proteintech, 10956-1-AP), 1:5000 Alpha Tubulin (Proteintech, 66031-1-1g), and 1:5000
GAPDH (Cell Signaling Technology, 2118S). Protein bands were visualized using the

ChemiDoc MP Imaging System (Bio-Rad).

Hepatocyte Isolations and Adenoviral Infection

Mouse hepatocytes were isolated based off a two-step collagenase perfusion protocol as
previously described (108). Briefly, mice were anesthetized with SU of a mixture of ketamine
(90mg/kg) and xylazine (5-10mg/kg). An abdominal incision was made to expose the liver and
portal vein. An IV catheter was inserted into the portal vein and perfused with HBSS buffer
without phenol red (Corning) and then perfused with collagenase from Clostridium histolyticum
(Sigma) diluted in DMEM (Gibco). Livers were then removed and torn gently apart for the
release of hepatocytes. Cells were then washed with DMEM and plated. After 4 hours of

allowing hepatocytes to attach, adenoviruses were added for 4 hours or overnight at a



82
multiplicity of infection (MOI) of 5-10 in serum-free DMEM.

Construction of Plasmids

GFP-tagged plasmids

To generate the full length and truncated GFP-HKDCI1 plasmids, In-Fusion cloning PCR primers
were designed to the first (FL-HKDC1-GFP) or second exon (Tr-HKDC1-GFP) of the 2,754 bp
fragment from pReceiver-B01 containing HKDC1. To perform the InFusion reaction, the PCR
primers also contained overhang regions for Xhol and BamI-HF restriction enzyme sites and a

15bp homology portion to the pEGFP-N3 (Addgene) vector to facilitate recombination.

HA-tagged plasmids

Rat HK2 or human GCK cDNA was subcloned into pcDNA3-HA vector. The HA-tagged
cDNAs were then further subcloned into pLenti6-D-TOPO vector (Invitrogen). HKDC1 was
subcloned by Gibson assembly where briefly, HKDC1 was amplified from pEGFP-N3-FL-

HKDCI (as described above).

FLAG-tagged HKDCI plasmid

Human HKDC1 cDNA was cloned into pCMV6-XL4 containing a Myc-DDK tag (HKDCI1-

FLAG, Origene).

Confocal Imaging

35mm glass bottom confocal dishes (VWR) were coated with 60nM fibronectin (Sigma) diluted

in 0.1% gelatin overnight. Before plating cells, confocal dishes were washed twice with PBS.
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Hepatocytes were plated on collagen coated 6-well plates with coverslips (for

immunofluorescence) or without (for TMRE co-localization) for 2 hours and then transfected
using Targefect-Hepatocyte (Targetingsystems) following the manufacturer’s instructions.
Briefly, 5 puL of either GFP-N3 control, HKDCI1 full-length-GFP, or HKDC1 truncated-GFP
plasmid DNA was added to 600uL OptiMEM and vortexed for 30 seconds, then 8 uL of
Targefect reagent was added to the DNA-OptiMEM mix and vortexed for 30 seconds followed
by addition of 8 uL of Virofect enhancer reagent. After the transfection mix was incubated in a

37°C water bath, 600 pL of the transfection mix was added to each confocal dish and incubated
for 2 hours. After a 2 hour incubation, 1.4 mL of either 25mM or 5.5mM DMEM (supplemented
with 2mM glutamine and 2mM sodium pyruvate) was added to the confocal dishes. 24 hours

after transfection, media was changed to fresh DMEM with either 25mM or 5.5mM glucose.

TMRE Co-localization

Hepatocytes were washed with PBS and changed to either 25mM or 5.5mM glucose confocal
buffer (1.8mM CaCl,, 2.5mM KCI, 140mM NaCl, 2mM Sodium Pyruvate, 2mM Glutamine,
20mM HEPES pH 7.5, ImM MgCl,). Hepatocytes were then stained with SnM TMRE (for
mitochondrial stain) and 2 drops/mL of NucRed Live 647 ReadyProbes (ThermoFisher
Scientific) for 20 min. Hepatocytes were then washed with PBS and fresh 25mM or 5.5mM

glucose confocal buffer was added.

Immunofluorescence.: Co-localization with VDAC
48 hours post transfection, cells were fixed in 4% paraformaldehyde in PBS for 10 min at RT.

Cells were then washed in PBS and stored at 4 degrees overnight. The next day, cells were
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permeabilized in 0.1% Triton-X-100 in PBS for 10 min at RT. Cells were then blocked in 5%

Goat serum in 0.1% Triton-X-100 in PBS for 1 hour after which they were incubated in 1:150
VDAC antibody (Thermofisher Scientific, PA1-954A) at 4 degrees overnight. The next day,
cells were washed 3X in Phosphate Buffered Solution supplemented with 0.1% tween (PBST)
for 10 min at RT after which they were incubated in 1:200 secondary antibody Alexafluor 594
affinipure goat anti-rabbit (H+L) (Jackson Laboratory, 111-585-144) for 2 hours at room
temperature protected from light. Cells were then rinsed with PBST and then incubated with 20
nM Hoechst 33342 Solution (ThermoFisher Scientific, 62249) for 10 min at room

temperature. Coverslips were then mounted on slides and left to dry overnight.

Hepatocytes were imaged using LSM510 META laser scanning confocal microscope (Zeiss
AxioObserver.Z1). Multichannel laser setting was used to image GFP (Ex/Em, 488/510nm),
TMRE (Ex/Em: 549/575nm), NucRed (Ex 638, Em 686 nm) and Alexafluor 594 (Ex/Em:

591/614 nm).

Mitochondrial Membrane Potential Measurement

Confocal images of hepatocytes overexpressed with GFP-tagged empty vector, HKDCI1 full
length, and HKDCI1 truncated in 25mM glucose media were stained with 5nM TMRE in Hank’s
Balanced Salt Solution (HBSS) in a non-CO, 37 degree incubator for 15 min and its fluorescence
intensity was measured using Image J. Pixel intensity was normalized to area for each individual

cell expressing GFP.

Oxvgen Consumption Rate and Extracellular Acidification Rate (OCR and ECAR)
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Hepatocytes were plated onto XF96 plates for 4 hours before media change into DMEM 10%

FBS overnight. The media was then replaced with serum-free DMEM with respective
adenoviruses to an MOI of 5. Media was changed 6 hours later to the baseline Seahorse media.
OCR and ECAR were measured using XFe96 extracellular flux analyzer (Seahorse Bioscience).
Basal mitochondrial respiration was measured by taking the initial OCR readings and subtracting
the OCR values after treatment with 10 uM antimycin A and 10 uM rotenone (Sigma). Maximal
respiration was measured by subtracting the non-mitochondrial respiration by the maximum rate
measurement after 1uM FCCP injection. Glycolysis was determined by subtracting the last rate
measurement before glucose injection by the maximum rate measurement before oligomycin
injection. Glycolytic capacity was measured by subtracting the last rate measurement before
glucose injection by the maximum rate measurement after oligomycin injection. 50mM 2 deoxy-
glucose (2DG, Sigma) was used to return ECAR to baseline. Experiments were performed in

DMEM with no glucose or bicarbonate containing 2mM glutamine (Sigma).

Identification of HKDC1 Binding Partners Through Mass Spectrometry

Co-Immunoprecipitation

HEK293-T cells were transfected with HKDCI-FLAG plasmid using Lipofectamine reagent
(ThermoScientific Fisher) and whole cell lysates were collected after 48 hours. Lysates were
then immunoprecipitated using Anti-FLAG M2 affinity gel (EZview Red Anti-FLAG M2
Affinity gel, Sigma Aldrich). Eluted samples were given to the Northwestern Proteomics Core
where they performed in solution enzymatic digest followed by reversed-phase liquid
chromatography using the MS/MS-orbitrap apparatus, LTQ Orbitrap Velos, at a 100 min

gradient. Protein peaks were analyzed and yielded percent coverage, number of peptides, number
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of peptide spectrum matches, number of amino acids, and the molecular weight of identified

proteins.

Measurement of Beta-Oxidation, Glucose Oxidation, and De Novo Lipogenesis Using

Radioactivity

"C-labeling experiments were carried out as previously described with some modifications
(109). Hepatocytes were plated on collagen-coated 6-well tissue culture plates. The hepatocytes
were either allowed to attach for 4 hours, adenovirus containing human HKDCI or GFP were
then supplemented for an additional 4 hours, after which the media was changed to 25mM

glucose DMEM supplemented with 10% FBS for 16 hours (overnight).

Beta oxidation

Cells were glucose starved for 2 hours and 0.5-1 pCi of radiolabeled 1-'*C palmitic acid (Perkin
Elmer) was added to the growth media at the end of the 2 hours. A Whatman chromatography
paper cut to the size of a 6-well plate was soaked in 3M NaOH and placed on the lid of the plate,
such that each well was properly covered to ensure trapping of any released CO,. The cells were
incubated at 37°C for 2 hours. Following the incubation, 500 pl of 70% perchloric acid was
added to each well and the released CO, was trapped in the Whatman paper for 1 hr. The filter
paper was left for drying overnight and the '*C levels were estimated using a B-counter (Perkin-
Elmer). Cells were then scrapped and pelleted down after a brief centrifugation at 5000 x g for 5
min at 4°C. The pellet was then washed twice with 1 x PBS and lysed using 0.5N NaOH,
vortexed and centrifuged to isolate the cell lysate at 18,000 x g for 10 min at 4 °C. Experiments

were carried out in quadruplicate and normalized to total cellular protein.
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Glucose Oxidation

Cells were glucose starved for 2 hours and 0.5-1 pCi of radiolabeled U-""C Glucose (Perkin

Elmer) was added to the growth media at the end of 2 hours and carried out as described above.

De novo Lipogenesis

Incorporation of radiolabeled acetate or glucose in cells via the lipogenesis pathway was carried
out using *C-labelled acetate or glucose. Cells were glucose starved for 2 hours and 1 pCi of
1,2-"C acetic acid (Perkin Elmer) or 0.5-1 uCi of radiolabeled U-'*C Glucose (Perkin Elmer)
was added to the growth media at the end of 2 hours. At the end of 2 hours, cells were washed
with warm 1 X PBS 3 times and total intracellular lipids was extracted with hexane and 2-
propanol (3:2 (vol/vol)) mixture. Incorporation of carbons from 1,2-'*C acetic acid or U-"*C
glucose into the lipid phase was assayed by scintillation counting and carried out as described

above.

HKDC1 Structure

HKDCI1 structural homology model was created using the Phyre2 web portal for protein
modeling, prediction and analysis and superimposed on Human Hexokinase 1 (PDB 1HKC)

complexed with glucose and phosphate using PyMOL2.0 (pymol.org).

Statistical analysis

Data are presented as mean = SEM. All data were compared by a two-tailed unpaired Student’s ¢
test for statistical significance or One-way ANOV A multiple comparisons (GraphPad Prism), as

specified in the figure legends.
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ABSTRACT

Under normal physiological conditions, glucokinase is the dominant hepatic hexokinase (HK)
isozyme. In pathologic liver states, such as NAFLD, the levels of hepatic GCK changes along
with the metabolism. Whether the other HK isozymes contribute to the transformation of the
metabolism or involvement in the progressiveness of the disease remains unclear. Our initial in
vivo characterization of HKDCI1, using heterozygous Hkdcl knockout mice, shows impaired
glucose tolerance in aged and pregnant mice, reduced hepatic triglycerides, and reduced
peripheral tissue glucose uptake. Altogether, this suggests a possible role of HKDC1 in glucose
sensing tissues such as the liver. Using a publically available gene database by Keller et al., we
performed in silico analysis on extensively profiled mouse gene expression from multiple tissues
(including liver) and found hepatic Hkdcl expression was increased in B6 mice (diabetes
resistant mice) with the ob/ob mutation only after 4 weeks of age and in BTBR mice (diabetes
susceptible mice) after 10 weeks of age. We next examined if HKDC1 was expressed in the liver
under NAFLD conditions, by first analyzing various human liver biopsies with different degrees
of steatosis and fibrosis via mRNA analysis and immunohistochemistry methods. We observed
HKDCI mRNA expression to be elevated in livers with higher fat percentage and with higher
level of fibrosis. Similarly, we observed staining of HKDCI1 in hepatocytes with steatosis and
more intense staining in samples that had marked steatohepatitis compared to normal
hepatocytes. From here, we hypothesized that diets that induce fatty liver and steatohepatitis
would elevate hepatic HKDCI1 expression. We found that after we put 8-week old C57BL/6 mice
on high fat, high fat and high glucose, and high fat and high glucose diets for 20 weeks, there

was increased Hkdcl expression, where there were correspondingly more hepatic triglycerides
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accumulated. Additionally, we observed higher expression of hepatic Hkdcl expression in mice

on diets that induce conditions of NASH such as inflammation. We observed that after feeding
mice methionine- and choline- deficient diet (MCD) for 3 weeks and feeding mice a high fat,
methionine-restricted and choline-deficient diet (CDA-HFD) for 3 and 6 weeks, there were
higher hepatic Hkdcl expression levels when compared to the mice on nutrient-matched control
diets. Together, these results suggest a significant positive association between hepatic

expression of HKDC1 and NAFLD progression in mice and humans.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the predominant cause of liver diseases globally.
The characteristic feature of fatty liver is the predominance of steatosis and its progression to
non-alcoholic steatohepatitis (NASH) is caused by many factors, such as mitochondrial

dysfunction, oxidative stress, ER stress, and activation of the inflammatory pathway (79-92).

The literature has established glucokinase (GCK) as the main hepatic hexokinase that regulates
catabolism and anabolism. Glucokinase, operates as a glucose sensor to regulate normal glucose
metabolism (1,8,46). In pathologic liver conditions such as NAFLD, the expression and activity
of GCK has been extensively studied, while the presence and contribution of other hepatic HK
isozymes have not yet been examined. Reports have shown that hepatic-specific knockout of
GCK worsens glucose mobilization as evidenced by the reduction of glycogen stores,
impairment of glucose tolerance, and reduction of gene expression in pathways pertinent for the
synthesis of triglycerides such as de novo lipogenesis (DNL) (67) . Another group studied liver-
specific heterozygous knockdown of GCK and reported significantly higher glucose levels and
impaired glucose tolerance (68). Overexpression models of hepatic GCK models revealed
significantly increased levels of circulating triglycerides, higher rates of hepatic lipogenesis, and
signs of insulin resistance (69). In addition to these studies, it has been reported that hepatic
GCK expression stimulates hepatic fat accumulation and positively correlates with fatty liver

disease in both mice and humans, respectively (70,71).



92
The only other HK isozyme that has been largely examined in the liver is hexokinase 2 (HK2) in

the context of hepatocellular carcinoma (HCC). Reports have revealed an HK isozyme switch
from GCK to HK2 when hepatocytes undergo a malignant transformation in order to sustain the
increased glycolysis rates described as the Warburg effect (70,76). However, a very recent report
detected HKDC1 expression to be significantly upregulated in liver carcinoma tissues and
suggested involvement in the cell proliferation and migration pathways (78). To date, however,
there have been no studies that have explored the possibility of other HK isozyme involvement

in NAFLD.

Our group recently proposed Hexokinase Domain Containing-1 (HKDC1) to be a novel 5™ HK,
where its expression was observed in the liver in humans and mice (2,6). Through a genome
wide association study (GWAS), we identified variants near the HKDCI gene to significantly
associate with 2-hour plasma glucose levels in women 28 weeks of gestation (6). A subsequent
report from our group determined that regulatory regions that were affiliated with gestational
hyperglycemia reduced levels of HKDCI1 (7). These findings suggested a metabolic role for
HKDCI1 and led us to investigate its function in vivo. We began initial characterization in
HKDCI1 heterozygous global knockout mice (genetic global ablation of HKDCI1 in mice is
embryonic lethal) and observed impairment in glucose clearance in aged and pregnant mice and
reduced peripheral tissue glucose disposal and hepatic triglycerides levels (2). In sum, these
findings lead us to hypothesize a potential role of HKDCI1 in the liver which we have

investigated here.
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RESULTS

HKDCI1 expression is positively associated with the progression of NAFLD in mice and
humans

As HKDCI heterozygous mice have lower hepatic triglycerides, we next investigated the
conditions necessary to induce HKDCI1 expression, specifically looking at conditions related to
fat in the liver. We began by using a publicly available gene database that extensively profiled
mouse liver gene expression as a function of age, strain, and obesity [4 vs 10 weeks, C57B1/6
(B6) vs BTBR, and lean vs mice with ob/ob mutation, respectively] (110). We found increased
hepatic Hkdc1 expression in B6 mice (diabetes resistant mice) after only 4 weeks and in BTBR
mice (diabetes susceptible mice) after 10 weeks of age (Fig. 11A), which suggested that in mice

predisposed to fatty liver, the expression of Hkdcl may be increased.
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Figure 11. HKDC1 expression associates with NAFLD conditions. (A) Hkdcl expression

assessed in lean and ob/ob mice at 4 and 10 weeks in C57B1/6 (B6) and BTBR mouse strains

(n=5 biological replicates).
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To determine if there was a positive relationship between hepatic HKDC1 expression and
hepatic fat content in humans with various stages of non-alcoholic fatty liver disease
(NAFLD), we measured the relative expression of HKDCI from human liver biopsies that
contained varying percentages of fat by qPCR. There was a significant increase in the expression
of hepatic HKDC1 between patients with 10-15% of fat and those with >15% fat content (Fig.
11B). In addition, we found the expression of hepatic HKDCI to be significantly increased with
the progression of liver disease state, where each progressive stage has increased amounts of
fibrosis (Fig.11C). However, it was difficult to differentiate to what degree HKDC1 expression
correlated with steatosis versus inflammation and fibrosis. To gain more insight, we performed
immunohistochemistry (IHC) to detect HKDCI1 protein levels in patients with livers that are
normal, fatty (steatosis), or contain high levels of inflammation and fibrosis [non-alcoholic
steatohepatitis (NASH)]. We observed darker staining in livers with steatosis but the darkest

staining to be in patients with steatohepatitis (Fig. 11D).



96

*
e 129
K] A
7]
(2]
g A
S
g ° .
) _ A
S -
T 4 aAla
)
2 ° A
E AL A A
> [
(14 | E |
C .l‘ 1 1
10-15 15-50 >50
% of Fat in Human Liver
C D Normal Steatosis Steatohepatitis
*k%
10m=
s . A
= ] .
u’j 6 AA
o
Q
4 . T
°
o . 1 [T
22 ey [
® $I - ALt
C .I 1
1 2 3
Liver Stage

Figure 11. HKDC1 expression associates with NAFLD conditions. HKDC/ expression
measured in liver biopsies of human subjects comparing (B) relative percentage of liver fat with
stage 1 fibrosis (n=4-11 biological replicates) and (C) liver stage progression 1-3 with varying
levels of steatosis (n=6-24 biological replicates). (D) Representative human hepatocyte sections
that are normal (I and IV), with steatosis (Il and V), and with steatohepatitis and fibrosis (III and

VI) were stained with H&E (top panel) and anti-HKDC1 antibody (lower panel) (n=3 for each
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condition, pictures taken at 40X). All data are represented as mean + SEM. *P<0.05, **P<0.001,

(One-way ANOVA).
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HKDC1 Expression is Elevated in Mice on High Fat/High Sugar Diets
To determine if these results could be recapitulated in mice, we induced obesity and hepatic
steatosis in mice with high fat, high carbohydrates (glucose or fructose, 25.5% Kcal) diets for
two to six months. Interestingly, Hkdcl expression was not increased between normal low fat fed
mice versus high fat diet (Fig. 12A). However, Hkdcl expression was most significantly elevated
in mice on high fat/high fructose (HF+HFr) diet, where there was subsequently more liver
triglyceride content than those fed only a high-fat diet (HF; 60 Kcal from fat) or high fat/high
glucose diet (HF+HG; Fig. 12B, Fig. 12C). In addition, the increase of Hkdcl expression in the
livers of mice fed HF+HFr was progressively associated with the accumulation of hepatic fat

over time (Fig. 12D, Fig. 12E). Thus, HKDC1 expression is also elevated in fatty liver.
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Figure 12. Hepatic Hkdcl expression does not increase in HF diet but does correlate with
triglyceride content in high fat and sugar diets. (A) Relative hepatic Hkdcl expression in mice
fed low fat (LF) and high fat (HF) diet after 14 weeks on diet (n=5 biological replicates). (B)
Hepatic Hkdcl expression measured in B6 mice after 20 weeks on high fat (HF), high fat and
high glucose (HF+HG), or high fat and high fructose (HF+HFr) diets beginning at 8 weeks of
age (n=6-10 biological replicates). (C) Triglyceride content in mice fed HF diet, high fat, high
glucose (HF + HQG), and high fat, high fructose (HF + HFr) diet after 20 weeks beginning at 8

weeks of age (n=6-10 biological replicates).
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Figure 12. Hepatic Hkdcl expression does not increase in HF diet but does correlate with
triglyceride content in high fat and sugar diets. (D) Hepatic Hkdcl expression measured in
mice on HF+HFr diet after 2, 4, and 6 months of feeding beginning at 8§ weeks of age (n=6-10
biological replicates). (E) Triglyceride content in mice fed HF + HFr diet beginning at 8 weeks
of age after 2, 4, and 6 months (n=6-10 biological replicates). All data are represented as mean =+

SEM. All data are represented as mean = SEM. *P<0.05, **P<0.005 (One way ANOVA).
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HKDC1 Expression is Induced in Diets Modeling NASH
To further gain insight if this expression change is related to the stages of fatty liver disease such
as inflammation and fibrosis, we evaluated mice fed on a few additional diets. First, we
measured Hkdcl expression in B6 mice after 8 weeks on low fat, low cholesterol, and low
fructose (LFCF) diet and compared with high fat, high cholesterol, high fructose (HFCF) diet
(Fig. 13A). Mice on this diet (HFCF) are reported have marked steatosis after 8 weeks with
modest indications of liver injury and fibrosis (111). We then measured Hkdcl expression in
mice fed a methionine- and choline- supplemented diet (MSD) or methionine- and choline-
deficient diet (MCD; a diet known to dramatically increase levels of serum alanine
aminotransferase (ALT) and inflammation (112—114) after just 2 weeks but is coupled with
significant weight loss). We additionally found significantly increased Hkdcl expression in this
model (Fig. 13B). And lastly, we assessed Hkdcl expression in another model of NASH reported
to develop enlarged fatty livers and fibrosis without a significant loss of body weight and more
reflective of the physiology that occurs in humans, the high fat, methionine-restricted (0.1%) and
choline-deficient diet (CDA-HFD) and compared with the control diet, high fat, methionine-
restricted and choline-supplemented diet (MSD-HFD) after 3 and 6 weeks (115). As was seen
with the MCD feeding, we also observed Hkdcl expression to be significantly increased after
just 3 weeks and even more elevated after 6 weeks on the CDA-HFD when compared to MSD-
HFD (Fig. 13C). Altogether, we conclude that HKDC1 expression may be more associated with
NAFLD/NASH where inflammation and fibrosis is apparent, as suggested here in mice and

humans.
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Figure 13. HKDCI1 expression associates with diet-induced inflammation and fibrosis. (A)
Hkdcl1 expression measured in B6 mice after 8 weeks on either low fat, low cholesterol, and low
fructose (LFCF) diet or high fat, high cholesterol, high fructose (HFCF) diet (n=7-9 biological
replicates). (B) Hkdcl expression was measured in B6 mice after 3 weeks on methionine- and
choline- supplemented diet (MSD) or methionine- and choline- deficient diet (MCD) (n=3-6

biological replicates). (C) Hkdcl expression was measured in B6 mice after 3 or 6 weeks on
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either high fat, methionine-restricted and choline-supplemented diet (MSD-HFD) or high fat,

methionine-restricted and choline-deficient diet (CDA-HFD) (n=3-7 biological replicates). All

data are represented as mean += SEM. **P<0.001, ***P<0.0001 (One-way ANOVA).
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Supplemental Table 2: Characteristics of Human Liver Samples Used for
Immunohistochemistry Only.

NASH (N=26) Normal (N=21)
Race

White 20 (59%) 14 (41%)
Black 4 (40% 6 (60%
Euhniy I ——
Hispanic 6 (75%) 2 (25%)
Non-hispanic 20 (51% 19 (49%
Gender
Male 6 (55%) 5 (45%)
Female 20 (56%) 16 (44%)
Cirrhosis _
Yes 6 (100%)
No 19 (48%) 21 (53%
Diabetes -
Yes 10 (83%) 2 (17%)
No 16 (46% 19 (54%
iypertpidens |
Yes 11 (58%) 8 (42%)
No 15 (54%) 13 (46%)
BMI 38.75 (32.89 — 36.02 (26.91 —
44.38) 42.94)
Age at time of biopsy 51.50 (35.75 - 51.00 (33.50 —
56.75) 56.00)
Grade of steatosis 2.00 (1.00 — 3.00) 0.00 (0.00 — 0.00)
Percent steatosis 60.00 (27.50 — 0.00 (0.00 — 1.00)
80.00)
Grade of ballooning (0—1.00) --

Numbers and percentages are reported for categorical variables.
Median and interquartile range are reported for continuous variables.
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MATERIALS AND METHODS

Human Studies

Liver Biopsy Samples

Liver biopsy samples were obtained from Stephen Harrison, Division of Gastroenterology and
Hepatology, Brooke Army Medical Center, San Antonio, Texas. In Fig. 5b and 5Sc, liver samples
for the percentage of steatosis had stage 1 fibrosis only and included 16 male subjects and 4
female subjects (steatosis across group ranged 10-66%). Samples for the stages of fibrosis
included 29 male subjects (72.5% of sample size) and 11 female subjects (27.5% of sample size)
with varying amounts of steatosis. The samples were RNA extracted and purified, and qPCR

was performed as described below.

Immunohistochemistry (IHC)

The liver specimens were obtained from Xianzhong Ding, at Loyola University Chicago,
Department of Pathology, Maywood, IL, and were surgical pathology or autopsy cases from
Department of Pathology, from 2014 to 2016 with IRB approval (#207299) and prepared as
published (116). All cases examined here had no clinical history of alcohol and hepatotoxic
medication intake. Serum ceruloplasmin, alphal-antitrypsin, and ferritin levels were within
normal ranges. All cases had negative serological tests for antinuclear antibody, anti-smooth
muscle actin antibody, anti-mitochondrial antibody, hepatitis B and hepatitis C. The specimens
included normal liver, non-alcoholic fatty liver disease, non-alcoholic steatohepatitis with and
without cirrhosis. Assessment of the degree of steatosis was based on a semi-quantitative scale

by evaluating the percentage involvement of parenchyma, which is expressed as grades (grade 1:
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5% to 33%; grade 2: 33% to 66%; and grade 3: > 66%). Ballooned hepatocytes (an essential

histologic feature of steatohepatitis) are characterized by enlarged hepatocytes with rarefied
reticulated cytoplasm and with or without fat droplets and Mallory-Denk bodies. Hepatocyte
ballooning was scored based on frequency of ballooning cells (grade O if rare and grade 1 if it is
easily identified microscopically). The H&E stains and immunohistochemistry was reviewed and
scored by a histologist (co-author, Ding Ding), and representative images are shown based on his

review (see Supplemental Table 2).

Mouse diets

High fat (HF), high fat high glucose (HF+HG), high fat high sucrose (HF+HFru) diets

A subset of 8 week-old mice were fed for 20 weeks on the various diets as indicated in the
Results section. Additionally, mice on HF+HFr were analyzed for Hkdcl expression and
triglycerides after 2, 4, or 6 months on the diet starting at 2 months of age. High fat diet contents
were 60% Kecal from fat (Research Diets). High Fat High Fructose (HF+HFr, Sucrose) diet
contents were 58% Kecal fat, 25.5% carbohydrate, 16.4% protein (OpenSource Diets; D12331).
High Fat High Glucose (HF+HG) (corn starch) diet contents were 58% Kcal fat, 25.5%
carbohydrate, 16.4% protein. HF+HFr and HF+HG diets were additionally supplemented with

fructose/sucrose or glucose in the water.

Additional diets
10-week-old chow-fed male C57Bl16/J mice were obtained from Jackson Laboratories and bred-
in house. Mice were injected with a single dose of AAV8-TBGp-Null (1.5*%10el1 genome

copies) in the lateral tail vein and used as wildtype mice. Two weeks later, mice were switched
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to different diets. The methinonine- and choline-deficient diet (MCD, Cat # A02082002BR,

Research Diets) and methinonine- and choline-supplemented diet (MSD, Cat # A02082003BY,
Research Diets) were fed to the mice for 3 weeks after which the mice were sacrificed. Both
diets are nutrient- and energy content-matched. MSD and MCD diets have 20% Kcal from fat
(corn oil). The high fat, methinonine-restricted and choline-deficient diet (CDA-HFD, Cat #
A06071302, Research Diets) and the high fat, methinonine-restricted and choline-supplemented
diet (MSDHFD, Cat # A06071306, Research Diets) were fed to the mice for either 3 or 6 weeks
after which the mice were sacrificed. Both diets are nutrient- and energy content-matched.
Source of fat is mostly lard. The high fat (40% Kcal from fat), high cholesterol (2%) and high
fructose (20% Kcal) diet (HFCF) diet, Cat # D16010101, Research Diets) and the low fat, low
cholesterol and low fructose diet (LFCF) diet, Cat # D09100304, Research Diets) were fed to the

mice for 8 weeks after which the mice were sacrificed. Both diets are nutrient-matched.

RNA isolation and qPCR

RNA was extracted from 10mg of livers using TRIzol Reagent (Life Technologies) and
chloroform for phase separation. RNA was then purified using the Rneasy minikit (Qiagen) and
treated with RNase-Free DNase (Qiagen). 1ug of purified RNA was then reverse transcribed
using qScript Reverse Transcriptase (Quanta Biosciences) and quantified via qPCR using
PerfeCTa SYBR Green SuperMix (Quanta Biosciences) where final primer concentrations were
0.625uM for each reaction and data were analyzed via the CFX Connect Real-Time PCR

Detection System (BioRad).
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Chapter 4

Discussion and Future Directions
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DISCUSSION

To date, HKDCI1 has been examined mainly in the context of gestational diabetes, as the gene
was found to be significantly associated with glycemic traits during pregnancy (6). In subsequent
studies, our group has established this enzyme to contribute to overall cellular hexokinase
activity when overexpressed in cancer cells and to be a novel 5th hexokinase (7). Here, we report
a more comprehensive characterization of HKDC1’s hexokinase abilities and its influence on
hepatocyte metabolism and present observational data which suggests a role in NAFLD. We
have shown HKDCI1 to function as a low activity HK that localizes to the mitochondria, at least
in hepatocytes, suggesting a role in mitochondrial function. In support of this, we show that
overexpression of HKDC1 in hepatocytes significantly reduces glycolytic capacity, maximal
respiration, glucose oxidation and diminishes mitochondrial membrane potential. Furthermore,
acute in vivo overexpression of human HKDC1 mildly improves glucose tolerance. And finally,
we report a positive association of HKDC1 expression with NAFLD/NASH, in particular, when

inflammation and fibrosis are apparent.

Given the high sequence and structural similarity with the low Km HK, HKI1, we initially
predicted HKDC1 to have high glucose phosphorylating activity. In our initial findings, we
reported that HKDC1 contributes to overall cellular HK activity as determined by overexpression
and knockdown studies in cancer cell lines (97), however, it is known that cancer cells
upregulate low Km hexokinases (i.e., HK1 & HK2) expression and this may have suggested
greater HK activity contribution from HKDCI. In our report here, we saw minimal HK activity
from HKDC1 when purified and also a mild increase in HK activity in HKDC1-overexpressing
MI54-CHO cells. Moreover, our in silico structural analysis comparing HKDC1 and HK1 show

shifts in key amino acids involved in the allosteric and catalytic active site which may help
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explain the low activity we see for HKDCI1. Future enzymatic structure and function studies will

need to be performed to address these amino acid shifts along with other condition variables.

Although HKDCI1 appears to have low HK activity, subcellular localization of HKs is another
component believed to be important for regulating the metabolic fate of glucose (8). High
activity HK isozymes, HKI and HKII, are reported to regulate metabolism, in part, by their
localization to the mitochondria through their interaction with VDAC (14,117,118). VDAC has
been reported to play a critical role in mitochondrial function (95,119) and interaction with
VDAC may have significant consequences in hepatic metabolism. For instance, even though
HKI and HKII are known to not be expressed at high levels in normal liver physiology, HKII is
known to change hepatocyte metabolism through its interaction with VDAC in liver cancer.
There are high levels of HKII in liver cancer and binding to VDAC are thought to allow
minimized product inhibition of HKII and ultimately acts as a driver of the Warburg effect
[providing ATP by increased glycolysis, while diminishing ATP produced by oxidative
phosphorylation (120)]. Little information is known about the expression, localization, and
contribution of these HK isozymes in the context of NAFLD. Our finding that a low activity HK
localizes to the mitochondria (particularly co-localizing with VDAC), and shows signs of
mitochondrial dysfunction was surprising and will need to be further explored in its role in
hepatic disease. Future studies will evaluate 1) under what conditions HKDC1 localizes to the
mitochondria and 2) if HKDCI1 is directly interacting with VDAC in a similar fashion as HKI

and II and 3) how this binding alters downstream anabolic and catabolic pathways.

The changes noted ex vivo led us to investigate the effects of overexpressing HKDC1 in mouse
livers in vivo. We observed that with in vivo overexpression of HKDC1 in the liver there were
corresponding increases in the mitochondrial fusion protein mitofusion-2 (MFN2), the

mitochondrial fission protein Dynamin related protein 1 (DRP1), and the DRP1 Ser616
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phosphorylation site, which corresponds with increased mitochondrial fission. Because both
MFN2 and DRPI1 represent opposite mitochondrial dynamics events, more investigation is
needed in order to assess precisely how HKDCI1 is regulating these events. However, the
increase in the DRP1 protein and its phosphorylation are more pronounced over MFN2 and the
literature suggests that mitochondrial dysfunction (as observed with reduced cellular respiration
and ATP) result predominately from upregulation of DRP1 (121,122). Furthermore, it has been
noted that excessive fragmentation can generate mitochondria with reduced mtDNA, leading to
impaired cellular respiration (123). Altogether, we note that with overexpression of HKDCI in
hepatocytes, there are signs of mitochondrial dysfunction as we have found a reduction in
maximal respiration, glucose oxidation, and reduced mitochondrial potential that may, in part, be

due to the increased fission protein, DRPI.

Next, given that our heterozygous deletion of Hkdcl mice had reduced tissue-specific glucose
disposal and hepatic triglycerides (2), and that we find signs of mitochondrial dysfunction in
overexpressed hepatocytes ex vivo, we hypothesized that acute overexpression of hepatic
HKDCI1 in vivo would alter glucose homeostasis and possibly hepatic energy storage. Although
not studied in the context of liver disease, there is evidence suggesting that acute in vivo
adenoviral overexpression of HK2 is enough to cause hepatic steatosis after just 7 days (106).
We performed a similar method of overexpression, but observed no changes in energy storage
nor signs of increased DNL, with only mild changes in glucose homeostasis. These data also
contrast with studies reporting that GCK overexpression causes an increase in lipogenic genes in
the DNL pathway (102). Additionally, GCK is strongly associated with hepatic steatosis seen in
NAFLD in mice and humans, which is significant given that DNL is essential for the

development of steatosis as one third of accumulated triglycerides in patients with fatty liver



112
comes from DNL (27,75). Though acute overexpression of HKDC1 may not be sufficient to

induce any consequential changes in fat accumulation in vivo, future work will assess how
chronic overexpression of hepatic HKDCI1 alters hepatic energy metabolism. Moreover, we note
that when glucose was provided as a tracer for lipogenesis, HKDC1 overexpression in
hepatocytes reveals increased lipogenesis. However, since most of the label is not incorporated
in triglycerides as glycerol (83), an enrichment of labeled-glycerol in the triglyceride pool is not
the best method for determining changes in lipogenesis. This observation is further supported as
evidenced by a lack of change in the Kennedy pathway genes. However, even when provided
with labeled acetate, there were no changes in lipogenesis. Future radiolabeled studies are

needed to follow how glucose metabolism is directed in the presence and absence of HKDCI.

Although we did not find overexpression of HKDCI1 to drive DNL like reported for GCK, we
did find evidence of heightened HKDC1 expression in conditions defined in NAFLD. Moreover,
it is clear that HKDC1 expression and protein levels are elevated in livers with steatosis but
much more so in human patients whose livers have progressed to the steatohepatitis stage. We
were additionally able to recapitulate these findings in mouse models of NASH. Interestingly,
the diets that induced Hkdc1 expression were the models in which the diets were not simply ones
that caused hepatic steatosis (like the HFCF diet after 8 weeks of feeding), but rather diets that
induce inflammation and fibrosis (MCD and CDA-HFD diets), which is indicative of a more
advanced stage of NAFLD. Some potential explanations have been proposed to describe the
changes that occur from simple steatosis to more progressive stages such as NASH. For example,
one hypothesis proposes the “two-hit” model where the first “hit” is fat infiltration into the liver

(steatosis) and the second “hit” is from free radicals resulting from oxidative stress, thereby
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causing inflammation (124). The particular mechanisms describing this transition is still under

investigation (83,125-127) but suggests a link with mitochondrial dysfunction. Given that we
observe signs of mitochondrial dysfunction in hepatocytes with HKDC1 overexpression, as well
as, in vivo changes to mitochondrial fusion and fission proteins, with no direct contribution to
triglyceride synthesis, it may be that HKDCI1 plays an important role in the progression of
hepatosteatosis into more advanced stages of NAFLD through these processes. Supporting our
data, two studies that reported whole RNA gene changes in NAFLD illustrate that HKDC] is
indeed more expressed in advanced stages of non-alcoholic steatohepatitis when compared to
liver with simple steatosis (128,129). However, a limitation of our work is that our viral
overexpression model only results in overexpression for a few weeks, and therefore, we could
not directly use it to test the role of HKDCI1 in the development of NAFLD through different
diets (as NAFLD development takes many weeks). Additionally, sex differences need to be
explored due to our previous findings in female mice (2) and that HKDC1 was identified from

genetic studies in pregnancy (6) .

FUTURE DIRECTIONS

The studies from this project have greatly enhanced our knowledge of the novel hexokinase,
HKDCI1, and have opened many doors of exploration for its role in the liver and beyond. As
stated previously in the discussion, we found HKDCI1 to localize to the mitochondria, with
particular association with VDAC. However, we do not know whether this association with
VDAC is through direct binding, such is what is seen for HK1 and HK2, or indirect binding

possibly through a bigger binding complex. Future studies would benefit from assessing if this is
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a direct interaction via a co-immunoprecipitation assay and verification of binding by western

blot and if this interaction is mediated by the same N-terminal sequence amino acid residues of
HK1 and HK2 found to interact with VDAC. Other studies that would confirm if interaction with
VDAC requires the N-terminal sequence is to supplement hepatocytes with N-terminal peptides
mimicking the N-terminal sequence of HKDC1 and observe whether HKDCI is dislodged from

the mitochondria.

Furthermore, it will be imperative to determine how HKDCI1 function and localization to the
mitochondria effects downstream catabolism and anabolism. Thus, in order to depict the precise
metabolic pathways that are influenced by HKDC1, we propose to perform U'*C-labeled glucose
and 1,2"°C-labeled glucose flux experiments in cells lines (some of which include MI54 CHO,
HEPG2, and primary hepatocytes cell lines) overexpressing full length and N-terminal sequence

truncated versions, as well as, silencing of HKDCI.

Additionally, as we have demonstrated through our confocal analysis, overexpression of HKDC1
in primary hepatocytes alters protein levels that are involved in the mitochondrial dynamics
pathways - mitochondrial fusion and fission. Specifically, overexpression of HKDC1 increased
the protein levels of the mitochondrial fusion marker, MFN2, and the mitochondrial fission
marker DRP-1. Future studies are needed to assess through what methods HKDCI1 is affecting
the mitochondrial dynamics processes to help clarify how the alterations in machinery may be

leading to diminished mitochondria function as observed in these studies.
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Along these lines, we propose to perform inhibitor studies in hepatic cell lines to examine under

what cellular conditions HKDC1 expression is induced. Because the progression of NAFLD is
thought to be caused by several different factors including mitochondrial dysfunction, ER stress,
oxidative stress, and activation of inflammatory pathways, inhibitors in these various pathways
will provide a more holistic understanding of HKDC1’s contribution to the development of

NAFLD.

In conjunction with the above in vitro studies, we hope to supplement our work with an in vivo
assessment of hepatic HKDC1. We will use an adenoviral-associated virus serotype 8 (AAVS)-
mediated liver-specific knockout of Hkdcl mouse model put on various NASH diets and
measure the corresponding effects on glucose homeostasis, hepatic fat metabolism, and
inflammation. This will help clarify whether HKDCI1 is playing a protective effect against the
overproduction of hepatic triglyceride accumulation seen in simple steatosis or whether it is
driving the progression to NASH. Overall, this work has taken the first steps in understanding
the potential role of the HK isozyme, HKDCI, in the liver, where more studies are needed to

clarify its role in NAFLD, and other physiological and pathological states.
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