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Abstract

Mitochondria are critical for proper organ function, and mechanisms to promote mitochondrial
health during regeneration would benefit tissue homeostasis. We report that during liver
regeneration, proliferation is suppressed in electron transport chain (ETC)-dysfunctional
hepatocytes due to an inability to generate acetyl-CoA from peripheral fatty acids via
mitochondrial B-oxidation. Alternative modes for acetyl-CoA production from pyruvate or acetate
are suppressed in the setting of ETC dysfunction. This metabolic inflexibility forces a dependence
on ETC-functional mitochondria, and restoring acetyl-CoA production from pyruvate is sufficient
to allow ETC-dysfunctional hepatocytes to proliferate. We propose that metabolic inflexibility
within hepatocytes can be advantageous by limiting the expansion of ETC-dysfunctional cells.

Introduction

Mitochondrial ETC dysfunction is associated with a number of common diseases,
including liver conditions that affect large portions of the human population. Severe ETC
inhibition and decreased mitochondrial membrane potential have been observed in animal
models of cirrhosis and NAFLD (nonalcoholic fatty liver disease), as well as patient
biopsies with NASH (nonalcoholic steatohepatitis), cirrhosis, and liver failure (1-4). The
precise consequences of ETC dysfunction in the mammalian liver are still under intense
investigation. Recent work from our lab (5) has indicated that acute inhibition of hepatic
complex | is well-tolerated in adult mice, with no measurable functional phenotypes. In
contrast, inhibition of mitochondrial complex IV in hepatocytes results in fatty liver disease
over weeks to months, but without survival deficits. Together, these data call into question an
absolute requirement for the mitochondrial ETC in livers. However, whether ETC-deficient
hepatocytes have a selective deficit relative to wild-type hepatocytes is unknown. In
particular, it is not clear if the mammalian liver contains quality control mechanisms to
promote mitochondrial health.

Here, we report that liver regeneration is impaired in the setting of ETC dysfunction.
Through an assessment of genetic mouse models, we find that parts of the canonical
mitochondrial ETC are required to promote the oxidation of peripheral fatty acids in order
to generate acetyl-CoA during regeneration. In the absence of mitochondrial B-oxidation,
fatty acids accumulate and induce expression of PDK4 (pyruvate dehydrogenase kinase

4), a kinase that negatively regulates the pyruvate dehydrogenase complex and shuts down
acetyl-CoA generation from pyruvate. Fatty acid accumulation also suppresses expression of
ACSS2 (acyl-CoA synthetase short chain family member 2) which limits the production of
acetyl-CoA from acetate. This metabolic inflexibility (the inability to generate acetyl-CoA
from pyruvate or acetate when fatty acid oxidation is inhibited) provides a selective force
that prevents the expansion of hepatocytes with loss of ETC function. Restoring pyruvate
oxidation by inhibiting PDK4 allows hepatocytes to bypass this metabolic inflexibility,
thereby enabling the expansion of ETC-dysfunctional hepatocytes. Together, these data
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indicate that metabolic inflexibility within ETC-dysfunctional hepatocytes can promote
healthy liver regeneration.

Signatures of elevated fatty acid metabolism in proliferative zones of the regenerating

liver.

To investigate mitochondrial changes in vivo in the setting of liver regeneration, we used

the conditional MITO-TAG allele mouse (6), which induces expression of an HA-tagged
mitochondrial outer membrane protein (HA-GFP-omp25). Rapid pulldowns with anti-HA
magnetic beads allow isolation of intact organelles in a highly enriched fraction, enabling
organellar quantitation of mitochondrial metabolites in specific cell populations (6, 7). We
coupled this allele with a number of Cre-drivers, which induced recombination in various
hepatocyte populations (Figure 1A-C). Western blot analysis of purified organelles indicated
high enrichment and specificity for mitochondrial proteins, with limited to no contamination
from other cellular compartments (Figure S1A), consistent with previous results (6). Mice
were subjected to a 70% partial hepatectomy (PHXx) procedure, and plasma samples and
liver mitochondria were collected at day O (pre-PHx) or day 2 following PHx, followed by
LC-MS metabolomics (Figure 1C). We observed changes in several plasma metabolites
following PHx, which were largely conserved between the different Cre lines (Figure
S1B,C, Data S1). These changes included elevations in phosphoethanolamine and amino
acid species, as well as depletion in free fatty acid and acyl-carnitine species (Figure S1C).

To assess changes in hepatic mitochondria during liver regeneration, we first evaluated
mitochondria from all hepatocytes, using an Albumin-Cre driver (Figure 1D,E,F). We
identified mitochondrial specific metabolites by comparison with pulldowns from control
animals, which resulted in quantitation of 173 common metabolites in Day 0 and Day 2
samples (Data S1; Figure 1D). Unsupervised principle component analysis (PCA) reliably
separated the metabolomes of Day 0 and Day 2 post PHx mitochondria, and differential
analysis revealed a number of changing metabolites (Figure 1E, Data S1). An assessment
of the top upregulated mitochondrial metabolites during regeneration suggested changes

in ketone body, lipid, and amino acid metabolism (Figure S2A). We observed significant
elevation in fatty acid oxidation products and ketone bodies [acetoacetate (q=0.0029), p—
hydroxybutyrate (q=0.0074), and acetyl-CoA (q=0.0038)] in day 2 post PHx mitochondria
(Figure 1F). Other CoA species (succinyl-CoA, propionyl-CoA) and ketogenic amino acids
were not elevated, and we did not observe changes in pyruvate or most mitochondrial TCA
cycle metabolites (Figure S2B).

Recent data have indicated that hepatocyte contribution to regeneration post-PHx is varied,
with the largest contributions from periportal (zone 1) and mid-zonal (zone 2) hepatocytes
(8, 9). We therefore made use of animals with zone-specific Cre-drivers (Figure 1A,B) to
evaluate changes in mitochondrial metabolomes in day 0 and day 2 post PHXx livers, using
the MITO-TAG strategy described above. Prior to regeneration (day 0), the mitochondrial
metabolomes were largely similar between zones (Figure S2C). However, at day 2 post
PHx, mitochondrial metabolites had distinct zonal profiles which could be recognized by
unsupervised analysis (Figure S2C). In particular, we observed large alterations in the
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metabolomes of zone 1 and zone 2 mitochondria, with relatively smaller changes in zone

3 mitochondria (Figure 1G, Figure S2D, Data S1). Similar to bulk liver mitochondria, zone
1 and zone 2 mitochondria exhibited elevations in acetoacetate, B—hydroxybutyrate, and
acetyl-CoA, as well as fatty acid oxidation intermediates (Figure 1H), with no elevations
in ketogenic amino acids or TCA cycle metabolites (Figure S2E,F). Zone 3 mitochondria
exhibited similar elevations in a subset of fatty acid metabolites (Figure 1H); in addition,
elevations were noted in a number of mitochondrial TCA cycle metabolites (Figure S2G).

These data indicate differences between the mitochondrial metabolomes of regenerating
hepatocytes compared to homeostatic hepatocytes, particularly with respect to fatty acid
oxidation (FAQ) products. To examine if the liver undergoes fatty acid oxidation post PHX,
we infused animals via their tail vein with BSA-conjugated palmitate uniformly labeled
with 13C ([U-13C]palmitate; Figure S3A), which resulted in ~25% labeling of free palmitate
(FA 16:0) in plasma (Figure S3B, Data S2). During FAO, 2 carbon units are sequentially
removed from acyl-CoA moieties as acetyl-CoA, which can then enter the TCA cycle for
further oxidation or be converted to ketone bodies (Figure S3A). In infused animals, we
observed decreasing labeling in 14:0, 12:0, 10:0, 8:0, 6:0, and 4:0 acyl-carnitine species in
both the plasma, as well as heart and liver tissue, consistent with active FAO (Figure S3C,
Data S2). Here, acyl-carnitines are used as proxy for labeling in acyl-CoAs, as these species
are thought to be in fast exchange. We also observed m+2 labeling in acetyl-carnitine (2:0
carnitine) and acetyl-CoA, consistent with active FAO of fully labeled palmitate (Figure
S3C,D, Data S2). Acetyl-CoA can be converted to p-hydroxybutyrate, or enter the TCA
cycle resulting in m+2 labeled species, as well as m+1 labeled species (after one TCA

cycle turn). We observed substantial labeling in m+2 B-hydroxybutyrate, as well as m+2
and m+1 TCA cycle intermediates (Figure S3D, S4, Data S2). As expected, we did not
observe m+2 or m+3 labeling in pyruvate and lactate (glycolytic intermediates; Figure
S3D, S4). These labeling patterns are all consistent with active FAO both prior to and

after partial hepatectomy. In liver tissue, we observed significant enrichment increases in
m+2 acetyl-CoA (p=0.0044), m+2 B-hydroxybutyrate (p=0.00092), and some m+2 TCA
cycle intermediates (citrate, p=0.00018; succinate, p=0.00030; fumarate, p=0.038) following
partial hepatectomy (Figure S3D). These data suggest that liver FAO capacity may be
increased following PHXx, discussed more below.

Proliferating hepatocytes require a functional mitochondrial ETC during liver regeneration.

To directly investigate a requirement for mitochondrial ETC activity during liver
regeneration, we made use of mice bearing individual conditional knockout alleles for key
components in complex | (Naufa9), Il (Sdha), 1l (Ugcrg), IV (Cox10) or V (Atp5fla).
We verified that knockout of each component impaired protein production and complex
activity and assembly in liver tissue following administration of AAV-Cre (Figure S5A-G),
consistent with previous studies using these alleles (5, 10, 11). We first infected animals
with a low dose of AAV-Cre, which induced recombination in ~5% of hepatocytes (Figure
2A,B). In these experiments, we made use of a conditional reporter allele (mitoDendra20%)
(12) to mark infected cells and follow their fate during regeneration. We observed marked
expansion of wild-type and Nauifa9™~ clones at 2 weeks post PHx, with no significant
differences between groups (Figure 2B,C). In contrast, we did not observe expansion of
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Sdha™", Ugcrg™~, Cox107~ or Atp5fla™~ clones (Figure 2B,C). Quantitative analysis of
the total percentage of DENDRA2*HNF4a* hepatocytes at 2 weeks post PHx revealed

a significant (p<10719) defect in the representation of Saha™~, Ugcrg™-, Cox107~ or
Atp5fla™™ hepatocytes, as compared with wild-type or Naufag™~ hepatocytes (Figure 2C),
indicating that inhibition of complexes I1, 111, 1V, or V, but not complex I, impairs hepatocyte
proliferation during liver regeneration in a cell-autonomous manner.

To examine the effects from complete hepatic loss of mitochondrial ETC function, we

used intravenous administration of AAV8 viral particles expressing GFP or Cre-recombinase
(driven by the liver-specific SERPINA7 promoter) at high doses (Figure 2D), which allows
for complete knockout of target proteins in Cre-infected livers (5) (Figure S5B). Four weeks
post-AAV administration, we subjected control (AAV8-GFP infected; hereafter “#*) and
knockout (AAV8-Cre infected; hereafter “~~") animals to 70% partial hepatectomy. At one
day post PHx, we observed expression of CCND1 (Cyclin D1) in wild-type and Naufag™~
livers, an early marker of hepatocyte proliferation (13, 14) (Figure S5H,1). We did not
observe CCND1 expression in Saha™~, Ugcrg™~, Cox107~, or Atp5f1a™" livers (Figure
S5I1), indicating that complexes Il — V are required for hepatocyte proliferation following
PHXx.

Wild-type, Naufag™~and Cox10~~ animals routinely survived PHx procedures, while
Saha™", Ugcrg™~ and Atp5fla™~ animals died between 24 and 48 hours post PHx. We
evaluated livers from the surviving genotypes (Naufad9™-, Cox10™") to investigate the
longer term consequences of ETC dysfunction during organ regeneration (Figure 2D). At
two days post PHx, we observed a substantial number of BrdU* cells in control and
Ndufag™~ livers, indicating that complex | is dispensable for hepatocyte proliferation
(Figure S6A,B). In contrast, CoxZ0™~ livers exhibited a severe lack of cellular proliferation
at two days post-injury, which did not substantially increase at later timepoints (Figure
2E,F). Cox107" livers were also deficient in mitotic hepatocytes, which were readily
observed by phospho-HISTONES staining in control livers (Figure S6C). Histological
analysis revealed substantial hepatocyte lipid accumulation and increased organ weight in
Cox107~, as compared with control and Naufag™" livers (Figure 2E,G, S6D,E), without
signs of necrosis or apoptosis (Figure S6F). We observed similar results in animals subjected
to the hepatotoxin CCl, (Figure S6G), which induced a substantial number of Brdu*
hepatocytes at 2 days post administration in control but not Cox207~ livers (Figure S6H-J).

Allotopic expression of alternative oxidase (AOX), an ascidian enzyme which can oxidize
ubiquinone and reduce oxygen in the mitochondria (Figure S7A), confers resistance to
complex IV inhibitors and complex 111 deficiency in cancer cells by restoring ubiquinone
oxidation and oxygen consumption (15, 16). We therefore tested if expression of AOX in
Cox10™~ hepatocytes is sufficient to alleviate proliferation defects during liver regeneration.
Cox10"f animals infected with AAV-Cre-IRES-AOX exhibited restored BrdU* cells and
decreased liver weight and fat accumulation, indicating that allotopic expression of

AOX is sufficient to reverse regenerative defects in this genetic model (Figure S7B,C).
Altogether, these results indicate that a functional mitochondrial ETC is required in a
cell-autonomous fashion for hepatocyte proliferation in response to partial hepatectomy, and
that mitochondrial complex | is dispensable for liver regeneration.
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Cholangiocytes compensate and contribute to liver regeneration in the absence of
mitochondrial complex IV function

Mice with hepatocyte-specific depletion of Cox10 (via AAV8-SERPINA 7-Cre infection)
uniformly survive partial hepatectomy procedures (Figure 3A). Histological analysis of
livers at 2 weeks, 4 weeks, and 8 months revealed that the fat-filled hepatocytes readily
observed at early timepoints (2 — 7 days post PHx, Figure 2E) are largely diluted at later
timepoints (Figure 3B), suggesting that an alternative cell type may be contributing to liver
regeneration. Previous reports have indicated that in the absence of hepatocyte proliferation,
cholangiocytes (biliary epithelial cells (BECs)) can transdifferentiate into hepatocytes and
contribute to liver regeneration (17-20). Indeed, an analysis of Cox20™~ livers at early time
points revealed BrdU staining that localized near biliary structures and colocalized with
CK19™ staining for cholangiocytes (Figure 3C; Figure S8A). In addition, immunofluorescent
analysis of Cox107~ regenerating livers at later stages revealed a substantial contribution
from DENDRAZ2" cells, representative of a non-Cre expressing cell type (Figure S8B,C).

We therefore used a Ck19-Cre driver, combined with a td7omato reporter allele to trace

the fate of cholangiocytes in wild-type and CoxZ07~ livers post partial hepatectomy. In
these experiments, we used Cas9-expressing mice, which were infected with AAV8 particles
expressing either control or CoxI0targeted sgRNAs in hepatocytes (Figure 3D,E). In
Cox10targeted livers, we observed substantial expansion of tdTomato* HNF4a* cells,
which was not observed in control livers (Figure 3F). Thus, in the absence of hepatocyte
complex IV function, cholangiocytes transdifferentiate and contribute to liver regeneration.
We also observed contribution of non-hepatocyte populations in CoxZ0™~ animals under
homeostatic (no PHx) conditions at 8 months post CoxZ0deletion (Figure S8D), suggesting
that transdifferentiation of BECs may play a physiological role in the setting of hepatocyte
mitochondrial dysfunction.

We hypothesized that the survival of CoxZ0™~ animals post PHx (Figure 3A) is dependent
on BEC expansion. To investigate this, we made use of an A/bumin-Cre driver allele,
combined with conditional Cox20™°% and mitoDendra2°X alleles, which resulted in Cox10
deletion and reporter expression in both hepatocytes and BECs (21) (Figure S8E). As
before, we observed a large decrease in BrdU incorporation at day 2 post PHx (Figure 3G,
Figure S8F). In contrast with mice modified by hepatocyte-specific deletion of Cox10 via
AAV8-SERPINA 7-Cre infection (Figure 2D-G), these mice (driven by Alb-Cre expression
in hepatocytes and BECs) exhibited a rapid survival deficit (Figure 3H). These results
indicate that transdifferentiation of BECs is required for liver regeneration in the setting of
hepatocyte complex 1V inhibition and critical for survival.

A recent study indicates that transdifferentiation of BECs into hepatocytes occurs by the
sequential procession through TLPC (transitional liver progenitor cell) stage 1 (CK19*,
HNF4a*) and TLPC stage 2 (CK19~, HNF4a*) fates prior to adopting a bona-fide
hepatocyte identity (18). Single-cell analyses of regenerating livers at an early stage have
captured stage 1 TLPCs, which exhibit alterations in Notch signaling to complete the
transdifferentiation process (18). In contrast, little is known about the properties of stage
2 TLPCs. We reasoned that examining single-cell properties of Cox207" livers at a late
stage of regeneration might provide an opportunity to isolate unique cell populations and
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study processes related to transdifferentiation. To this end, we performed single nuclei
RNA-sequencing (SnRNAseq) in wild-type and Cox207" livers at 4 weeks post PHx

(Figure 3I). Wild-type livers were largely represented by hepatocytes, with small populations
representing immune, stellate, Kupffer, and endothelial cells (Figure 3, Figure S9). In
contrast, Cox10™~ livers revealed two distinct hepatocyte populations (termed KO1 and
KO2), as well as enrichment of cholangiocyte and other cellular populations (Figure 31).
While the wild-type hepatocyte population exhibited gene signatures of all three hepatic
zones (Figure 3J), hepatocytes from CoxZ07~ livers exhibited distinct zonal signatures.
Specifically, the KO1 hepatocyte population exhibited expression of all three zonal markers,
while the KO2 hepatocytes were enriched in zone 2 markers (Figure 3K,L).

To interrogate the transdifferentiation process in more detail, we focused our analysis

on hepatocyte and cholangiocyte populations in CoxZ0™ livers, which were closely
spaced in our UMAP analysis (Figure 3M). Clustering analysis revealed two populations
of cholangiocytes, with properties reminiscent of stage 1 TLPCS (dark blue; SppI*,
Hnf1B*, Hnf4a™) and stage 2 TLPCs (cyan; Sppl-, HnflB", Hnf4a™) (Figure 3N).

Here, we used SppI and Hnflg expression as indicators of cholangiocyte identity (22,

23). Our experimental enrichment and identification of these two transdifferentiating
cholangiocyte populations provided an opportunity to compare expression profiles during
the transdifferentiation process. Stage 2 TLPCs also expressed Zone 2 (/gfop2) and Zone 3
(Glul) hepatocyte identity markers, which were absent in stage 1 TPLCs (Figure 3N). We
additionally performed gene ontology analysis comparing stage 1 and 2 TLPCs. The top
five upregulated pathways in stage 2 TLPCs were related to fatty acid / lipid metabolism,
suggesting that stage 2 TLPCs have substantially enriched proteins involved in fatty acid
oxidation on their way to adopting hepatocyte fates (Figure 30, Figure S10A). In addition,
we noted elevated expression of metabolic genes Pdk4 and Ppara in stage 2 versus

stage 1 TLPCs (Figure S10B,C), consistent with elevated fatty acid oxidation during BEC
transdifferentiation.

Oxidation of peripheral fats is stimulated during liver regeneration.

The above results indicate that ETC function is required and selected for during liver
regeneration. In addition, mitochondria-specific metabolic changes during regeneration
largely center on fatty acid metabolism. Transient steatosis in wild-type livers during liver
regeneration has been previously observed and attributed to transit of peripheral fats to

the liver (24-26), based on depletion of peripheral fat stores in animals undergoing partial
hepatectomy. We verified this in wild-type mice, observing lipid accumulation in livers at
2 days post PHx, which was resolved by 4 days post PHx (Figure 4A), accompanied by
specific loss of gonadal fat pad mass (Figure S11A,B,C). In comparison, Cox10™~ livers
exhibited a substantial accumulation of fat which was not rapidly cleared (Figure 4A).
Metabolomic measurements of free fatty acids in liver tissue confirmed that several species
of fatty acids transiently accumulate in control livers, but continually accumulate in Cox10”
~livers (Figure 4B, Figure S11D).

A direct experimental validation of the source and fate of hepatic lipids during liver
regeneration has not been previously performed. To address this, we made use of D,O
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(?H,0) administration in living animals, which efficiently labels hydrogens in fatty acid
species via transfer from NADPH during fatty acid synthesis (27-29) (Figure 4C). Based

on established protocols (27), we first measured lipid synthesis in animals with and

without partial hepatectomy using a single injection of D50, followed by assessment of
incorporation into hepatic lipids 5 hours later (Figure 4D). We observed labeling in hepatic
lipid species between 1 and 10% in wild-type livers at baseline, and labeling was suppressed
at 2 days post partial hepatectomy (Figure 4E, Data S2). In Cox20™" livers, lipid labeling
was suppressed further than in wild-type animals (Figure 4E) based on fractional enrichment
of labeling. Due to the substantial changes in total fatty acid pools, we also examined
isotopologue abundances for labeled species. For most fatty acid species, labeled peak
abundances were suppressed in CoxZ07" livers post PHx (Figure S11E, Data S2). Together,
these data indicate that fatty acid synthesis does not significantly contribute to the increased
steatosis of wild-type or Cox107" livers following partial hepatectomy.

We then performed a long-term D,0O pulse/chase experiment to label lipids in peripheral
fats, based on a previously published protocol (30). Animals were given access to D,O
labeled water ad libitum for 7 weeks, followed by a 2-week washout period, prior to partial
hepatectomy (Figure 4F). During the labeling period, labeled fatty acids accumulate in both
adipose and liver tissue; however, during the washout, fatty acid in the liver is rapidly turned
over, while fatty acids in adipose tissue are relatively stable (30). Indeed, at the end of

the 9-week pulse/chase period, we observed 10-50% labeling in adipose tissue fatty acid
species, with lower levels in livers (1-10%) (Figure 4G, Day 0, Data S2). In mice subjected
to partial hepatectomy, we observed increases in fatty acid species labeling in the liver

at day 1 post PHx (Figure 4G, Figure S12, Data S2). In wild-type livers, labeling was
decreased at day 2, suggesting rapid turnover of the fatty acid species. In contrast, labeled
fatty acid species continued to accumulate in CoxZ0~~ livers at day 2 post PHx (Figure

4G, Figure S12). The mass isotopomer distributions of liver fatty acid species were similar
to mass isotopomer distributions in the fat pads (Figure S13A,B, Data S2), consistent with
peripheral fats as the major source of hepatic lipids. Thus, peripheral fats transit to the liver
in response to partial hepatectomy, and their turnover is regulated by mitochondrial complex
IV function.

The continued accumulation of labeled fats in Cox207" livers during regeneration suggests
that clearance of fats is impaired in these animals. Mitochondrial fatty acid oxidation is a
potential mechanism for fat clearance, which would lead to production of acetyl-CoA and
ketone body species such as p—hydroxybutyrate and acetoacetate (Figure 4H), which we
previously observed to be elevated in zone 1 and zone 2 mitochondria at 2 days post PHx
(Figure 1). We therefore measured deuterium labeling in acetyl-CoA and B-hydroxybutyrate
from control livers of mice subjected to the long term D,O labeling experiment described
above (Figure 4F), which revealed a substantial increase in labeling at 1 and 2 days post
PHx (Figure 41, Figure S14A,B, Data S2). Labeling in acetyl-CoA and p-hydroxybutyrate
was largely inhibited in Cox207~ livers, consistent with a lack of functional beta oxidation
in these tissues (Figure 41, Figure S14A,B). We verified this finding by examining the
ability of primary hepatocytes to oxidize 14C-labeled palmitate ex vivo (Figure S15A). As
compared with wild-type hepatocytes, CoxZ0™~ hepatocytes had decreased FAO activity
that did not increase at 2 days post-partial hepatectomy (Figure S15B). In parallel, we
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observed substantial decreases in acetyl-CoA levels in Cox10™~ regenerating livers, as
opposed to wild-type livers which were able to maintain and increase acetyl-CoA following
PHx (Figure 4J). Acetyl-CoA has multiple fates besides energy generation, and we observed
decreased histone acetylation in regenerating CoxZ0™" livers, as well as decreased H3K27
marks at multiple genomic loci including key cell cycle genes (Figure S15C,D,E). These
data indicate that fatty acid oxidation is a major source of acetyl-CoA for the regenerating
liver, and is impaired in the setting of complex IV inhibition.

Oxidation of peripheral fatty acids promotes hepatocyte regeneration.

The above results indicate that the transit and oxidation of peripheral fatty acids is a key
feature of liver regeneration. To directly test a requirement for mitochondrial fatty acid
oxidation, we used Cas9-expressing mice infected with AAV8 particles expressing either
control or Hadhatargeted sgRNASs in hepatocytes. HADHA is a catalytic component of

the mitochondrial trifunctional protein which regulates the oxidation of acyl-CoA species in
the mitochondria (Figure 5A,B). Knockout of Hadha with two independent sgRNA species
phenocopies CoxZ07~ livers, with fat accumulation and suppressed proliferation following
partial hepatectomy (Figure 5C,D). Thus, mitochondrial fatty acid oxidation is required for
the proliferative hepatocyte response during tissue regeneration.

While previous studies have posited that the mobilization of peripheral fatty acids to the
liver represent a requirement for efficient liver regeneration, their results indicate that
hepatocyte proliferation is only partially impaired in either lipodystrophy models (31)

or adipocyte-specific knockout of lipases (24). We extended these studies by evaluating
the effects of acute treatment of lipase inhibitors (“ATGL.i”, atglistatin and “HSL.i”,
NNCO0076-0079) (32) starting at 8 hours prior to partial hepatectomy (Figure 5E). A serial
evaluation of serum during partial hepatectomy indicates that PHx induces a rapid rise in
plasma free fatty acids (FFAS), and that this is blunted by ATGLi+HSL.i treatment (Figure
5E). We did not observe elevations in serum triglyceride levels during partial hepatectomy
(Figure S16A). However, we did observe that hepatocytes proliferated at ~50% levels as
compared with untreated animals, along with an absence of fat accumulation (Figure 5F,G).
Acetyl-CoA levels were only partially diminished (Figure 5H) at day 2 post PHx. These
results, combined with those of previous studies, indicate that maobilization of fatty acids
from the periphery promotes, but is not absolutely required for liver regeneration.

The incongruence in phenotypes between hepatocyte deletion of Hadha or Cox10 (Figure 2,
Figure 5A-D) and the inhibition of lipid mobilization (Figure 5E-H) suggests that the murine
liver may be able to shift to non-fatty acid sources for acetyl-CoA production under certain
circumstances. Oxidation of pyruvate within the mitochondria is canonically considered

to be a major potential source of acetyl-CoA (33). To investigate this, we made use of
steady-state intravenous infusions of [U-13C]glucose, which can create acetyl-CoA m+2 via
either glycolysis or import and oxidation of lactate and pyruvate (Figure 51). During steady
state infusions performed at 2 days post PHx (Figure 5J), we observed labeling of glucose,
lactate, and pyruvate in liver tissue, as well as a small amount of labeling in acetyl-CoA
(Figure 5K, Figure S16B,C, Data S2). In vehicle-treated animals, acetyl-CoA m+2 labeling
was <10% of pyruvate labeling (Figure 5L, Data S2), indicating that pyruvate is not a major
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source of acetyl-CoA in the regenerating liver. In contrast, ATGLi/HSL.i treated mice exhibit
significantly (p=1.6x10"%) higher levels of acetyl-CoA labeling, including a significantly
(p=3.8x107) elevated acetyl-CoA m+2 / pyruvate m+3 ratio (Figure 5K, L), indicative of
elevated pyruvate dehydrogenase (PDH) contribution to acetyl-CoA. These data suggest that
when peripheral transit of fatty acids is inhibited, increased pyruvate oxidation via PDH can
partially compensate to promote acetyl-CoA production.

Metabolic inflexibility during mitochondrial dysfunction prevents expansion of
dysfunctional clones.

In contrast with ATGL+HSL inhibition, CoxZ0”~ hepatocytes are unable to maintain

acetyl-CoA levels (Figure 4J). We hypothesized that CoxZ0™~ hepatocytes might be
defective in acetyl-CoA production from non-fatty acid sources, including glucose and
acetate. To examine this, we performed [U-13C]glucose infusions at day 2 post PHx in
wild-type and Cox20~~ animals (Figure 6A,B). In contrast to ATGLi/HSLi treated animals,
Cox10™~ livers did not display increases in acetyl-CoA labeling from pyruvate via PDH
(Figure 6B, Figure S17A,B,C, Data S2). We additionally examined the extent to which
plasma acetate might contribute to acetyl-CoA in liver following PHx. Only small changes
in plasma acetate levels were observed in wild-type or CoxZ07~ animals following PHX,
with no significant differences in liver acetate levels between genotypes (Figure S17D,E).
To examine in more depth, we performed steady-state [U-13CJacetate infusions at 2 days
post PHx, which revealed that CoxZ07~ livers suppressed acetate conversion to acetyl-CoA
relative to wild-type livers (Figure 6C,D, Figure S17F,G, Data S2). These data suggest that
in the setting of complex IV dysfunction, hepatocytes are not only deficient in production
of acetyl-CoA from fatty acids (Figure 4), but also suppress acetyl-CoA production from
glucose/pyruvate and acetate.

To understand the mechanism underlying suppression of acetyl-CoA production from
non-fatty acid sources, we evaluated expression of key enzymes in pyruvate and acetate
metabolism. PDH activity (required for conversion of pyruvate to acetate) is regulated by a
set of kinases (34-37) (PDK1,2,3,4), and we observed a striking elevation of PDK4 levels
in Cox107" livers at 2 days post partial hepatectomy, which correlated with increased
phosphorylation of PDH at Serine 300 (Figure 6E). We also observed suppression of ACSS1
and ACSS2 (metabolic enzymes required for synthesis of acetyl-CoA from acetate (38)) in
wild-type livers post PHx. ACSS1 and ACSS2 levels were further suppressed in Cox107~
livers (Figure 6E). We observed a similar pattern of enzyme changes in Saha™~, Ugcrg™
~and Atp5f1a™" livers, as well as sgHadha livers (Figure S17H), indicating that these
changes are potentially due to defects in fatty acid oxidation. We therefore hypothesized
that fatty acid accumulation in CoxZ0™~ livers is responsible for the induction of PDK4
and suppression of ACSS2 following partial hepatectomy. To test this, we examined livers
from animals treated with ATGL and HSL inhibitors, which prevents the mobilization of
peripheral fats (Figure 5). ATGLIi/HSL.i treatment suppressed levels of PDK4 and promoted
ACSS2 expression in both wild-type and CoxZ07" livers (Figure 6F), indicating that fatty
acid transfer to livers post PHx suppresses acetyl-CoA production from non-fatty acid
sources. Consistent with this, we observed increased hepatocyte proliferation in Cox107~
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animals treated with ATGLi and HSL.i (Figure 6G,H), supporting the model that fatty acid
accumulation suppresses liver regeneration by restricting alternative routes for acetyl-CoA
production in the mitochondrial and cytosolic compartments (Figure 6l).

To examine this model, we made use of treatment with dichloroacetate (DCA), a robust and
bioavailable inhibitor of PDK4 (39-41), which was sufficient to ablate PDH phosphorylation
at Ser300 in Cox107~ livers (Figure 7A,B). In [U-13C]glucose infused CoxZ0”~ animals
treated with DCA, we observed significantly increased glucose contribution to acetyl-CoA
as compared with vehicle-treated littermates (p=3.9x1077), as well as substantial increases
in the acetyl-CoA m+2 / pyruvate M+3 ratio and acetyl-CoA steady state levels (Figure
7C,D, Figure S18A,B,C, Data S2). This effect was accompanied by restored proliferative
capacity at 2 days post PHx (Figure 7E,F). We repeated these experiments using an
alternative PDK inhibitor (PS10) with similar findings (Figure S19A-D). As these drugs
inhibit multiple PDK family members, we also examined the hepatocyte response following
Cas9-mediated knockout of Cox10and Pakl, Pdk2, Pdk3or Pdk4 (Figure 7G,H). In these
experiments, control sgRNAs (sgCtrl) did not impair hepatocyte proliferation following
partial hepatectomy, while sgRNAs directed against CoxZ0(sgCox10) inhibited proliferation
(Figure 7G). Simultaneous expression of sgCox10 and sgRNAs targeted against Pakl, Pak2
or Pdk3did not increase hepatocyte proliferation (Figure S19E). However, simultaneous
expression of sgRNAs targeting Pdk4 (sgPdk4#1 or sgPdk4#2) with sgCox10 restored
hepatocyte proliferation (Figure 71,J). These results indicate that removal of PDK4 activity
in Cox107~ livers is sufficient to promote hepatocyte proliferation despite continue
mitochondrial ETC dysfunction.

These results suggest a model whereby inhibited fatty acid oxidation due to ETC
dysfunction in hepatocytes results in suppression of metabolic flexibility. In principle,
suppressed metabolic flexibility may be a mechanism to prevent the expansion of clones
with inhibited mitochondrial function. Specifically, accumulating fatty acids in the setting
of mitochondrial ETC dysfunction cell-autonomously induce PDK4 and repress ACSS2
thereby limiting metabolic flexibility in these cells (Figure 61). To test this, we deleted ETC
components of complexes II, 111, IV or V in ~5% of hepatocytes by low dose administration
of AAV-Cre (similar to Figure 2A-C), and examined the effect of systemic PDK4 inhibition
on clone expansion during liver regeneration (Figure 7K). In vehicle-treated animals, mutant
clones did not expand and were diluted by regenerating hepatocytes as before (Figure S19F).
In DCA or PS10 treated animals, mutant clones were able to expand and contributed to

the regenerating liver (Figure 7L,M, Figure S19G-1). These results indicate that decreased
metabolic flexibility is a mechanism to prevent the expansion of ETC-dysfunctional
hepatocytes.

Discussion

We found that excess hepatic fatty acid in the setting of mitochondrial dysfunction
suppresses acetyl-CoA generation from non-fatty acid sources. These findings mirror

early studies reflective of the Randle cycle whereby fasting or high fat meals inhibit

glucose oxidation in muscle tissues (42). In the liver, metabolic inflexibility from PDK4
expression and ACSS2 suppression effectively prevents hepatocytes with mitochondrial ETC
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dysfunction from shifting to an alternative source of acetyl-CoA generation in either the
mitochondrial or cytosolic compartments. This effect constitutes a mechanism to select for
cells with intact mitochondrial ETCs. Thus, we propose a model whereby regenerating

cells use metabolic inflexibility in order to promote proliferation of healthy cells. In liver
regeneration, this selection is specific to non-complex | components of the ETC, as complex
| activity does not significantly impact fatty acid metabolism (5).

In the setting of hepatocyte ETC dysfunction, BECs can transdifferentiate and compensate
for inhibited hepatocyte proliferation. In the above experiments, BEC contribution is
critical to regeneration and survival, thereby providing evidence for the importance of BEC
transdifferentiation in liver physiology. The role of BEC transdifferentiation has grown in
importance as recent work (18) has found evidence for TLPCs in human samples. Our
analysis of stage 2 TLPCs indicate that they upregulate fatty acid metabolism, as well

as PDK4, suggesting a strong selection for mitochondrial functional cells even during the
transdifferentiation process. We observed that BECs also contribute to the Cox207~ livers
under homeostatic conditions, suggesting that this phenomenon can occur in the absence
of strong regenerative cues. We also found that BEC contribution shifted the zone specific
composition of the liver, and it will therefore be important to address how this process might
impact liver physiology.

Of note, mitochondrial ETC function is not absolutely required for cellular proliferation:
When cultured with pyruvate and uridine, cells without mitochondrial genomes can adapt
to loss of mitochondrial function by upregulating glycolytic processes to maintain ATP
production and redox balance (43, 44). This metabolic flexibility allows cells to survive

in a variety of nutrient sources, and metabolic flexibility in mammals has been attributed

to an ability to survive a number of metabolic challenges, including fasting/feeding,
prolonged starvation, exercise, and altered diets. Conversely, metabolic inflexibility is often
considered a consequence of dysregulated metabolism and is associated with a number of
disease processes (45-47). We found that promoting flexibility via PDK4 inhibition may
have detrimental consequences by allowing ETC dysfunctional cells to proliferate. This
finding suggests that regimens which enhance metabolic flexibility may potentially promote
mitochondrial dysfunction, and thereby impact tissue health.

Materials and methods summary

Partial hepatectomy experiments in mice

Adult mice (8-10 weeks of age) were subjected to 70% partial hepatectomy under anesthesia
by surgical removal of the left lateral and median lobes. For mice with conditional alleles
targeting mitochondrial components, animals were administered AAV8 viruses expressing
Cre recombinase or GFP under control of the hepatocyte-specific SERPINA7 promoter via
retro-orbital vein injection. Animals were euthanized between 0 and 8 months post partial
hepatectomy, and tissue was collected for analysis.
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Mitochondrial metabolome analysis in MITO-TAG mouse livers

Mice with hepatocyte-specific Cre alleles were combined with the conditional LSL-HA-
eGFP-OMP25 to allow restricted expression of the MITO-TAG in hepatocyte populations.
For zone-specific expression, Cre recombinase activity was induced by tamoxifen injection.
To isolate mitochondria, ~50 mg of liver tissue was rapidly homogenized and clarified

by centrifugation, followed by incubation with aHA magnetic beads. Metabolites were
isolated from washed beads by incubation in acetonitrile/water (80:20 v/v), and analyzed
on a Thermo Scientific QExactive HF-X hybrid quadrupole Orbitrap High-resolution mass
spectrometer.

Single nucleus RNA sequencing from mouse liver.

Hepatocytes were isolated by liver perfusion from euthanized mice, followed by single
nuclear isolation. Single-nucleus 3’RNA-seq libraries were prepared using a 10xGenomics
Chromium Controller, and sequenced on an lllumina NextSeg500 Instrument. Downstream
analyses were performed using the R package Seurat VV4.3.0. Automated cell type
identification was performed using the R package ScType.

Isotope tracing analysis in mice

Mice received a number of isotope tracers, including D2O (intraperitoneal injection or 8%
D,0 in drinking water) or [U-13C]acetate, [U-13C]glucose, or [U-13C]palmitate (intravenous
infusions via tail vein). [U-13C]palmitate was conjugated to fatty acid-free BSA prior

to infusion. Tissues were immediately frozen at the end of the infusion. For analysis,
metabolites were extracted from homogenized tissue in acetonitrile/water (80:20 v/v).
Metabolites were analyzed on high-resolution mass spectrometers coupled with HPLC
instruments. Natural isotope abundances were corrected for 13C, 2H and 34S manually or
using the AccuCor algorithm (48, 49).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Zone-specific mitochondrial metabolomicsin murinelivers.
A, Schematic of Cre-expression patterns from Albumin-Cre and Zone-specific Cre driver

alleles. CV: central vein. B, Representative immunofluorescent images of hepatic HA-GFP-
OMP25 expression in the indicated Cre-driver mice. HA (green), DAPI (blue). Scale bar,
100 pm. C, Schematic of rapid liver mitochondrial isolation. 70% PHx was performed 7
days after a single tamoxifen injection (Day 0). Samples were collected at Day 0 and Day

2 post PHx, and HA-labelled mitochondria were rapidly pulled down using anti-HA beads.
D, Heatmap (z-score values) for 173 detected mitochondrial metabolites from Alb-Cre;
LSL-HA-eGFP-OMP25 liver mitochondria at Day 0 (black) and Day 2 (red) post PHx. E,
Principal components analysis of the metabolomes from total hepatocyte mitochondria at
Day 0 and 2 post PHx. The percentages of total variance of principal components 1 and 2
(PC1 and PC2) are indicated on the x and y axes. F, Relative abundance of the indicated
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metabolites from total hepatocyte mitochondria. 7=5 per group. nd, not detected. Same color
scheme as E. G, Principal components analysis of the mitochondrial metabolomes from
Zone 1, 2, or 3 hepatocyte mitochondria at Days 0 and 2 post PHx. The percentages of
total variance of principal components 1 and 2 (PC1 and PC2) are indicated on the x and
y axes. H, Relative abundance of the indicated metabolites from zone 1, 2, or 3 hepatocyte
mitochondria at Day 0 and Day 2 post PHx. /7=5 mice per group. nd, not detected. Same
color scheme as G. Statistical significance was assessed using Welch’s #test (F,H), with
corrections for multiple comparisons. Dot and whisker plots indicate median values and
interquartile ranges. Ovals indicate 95% confidence intervals. The number of biological
replicates in each group and false discovery rates (g value) are indicated in the figure or
above.
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Figure 2. The mitochondrial ETC isrequired for liver regeneration.
A, Schematic of experiment of low-dose AAV tracing protocol. 70% PHx was performed 14

days after AAV-Cre (0.125x101° genome copies (GC) per mouse) administration. Samples
were harvested 14 days later, and assessed for DENDRAZ2 expression. B, Representative
immunofluorescent images of indicated livers at Day 0 and Day 14 post PHx. Scale bar,

100 pm. C, Quantitation of DENDRA2* cells (as a percentage of HNF4a.* cells) in livers

of the indicated mice. p values reflect comparisons with the control (mDendra2”f) group for
each timepoint. D, Schematic of experiment of high-dose AAV protocol. 70% PHx (Day

0) was performed 28 days after AAV-Cre and AAV-GFP (5x101° GC per mouse) injection.
Livers were harvested and analyzed at various time points post PHx. E, Representative BrdU
immunohistochemistry and H&E images of indicated mice at the indicated timepoints post
PHXx. Scale bar, 50 pm. F, Quantitation of BrdU™* cell numbers (normalized to liver area)
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of indicated mice at various timepoints post PHx. G, Liver/body weight ratio of indicated
mice at various time points post PHx. Same color scheme as F. Statistical significance was
assessed using two-way ANOVA with adjustments for multiple comparisons (C,F,G). Dot
and whisker plots indicate median values and interquartile ranges. The number of biological
replicates in each group and p values are indicated in the figure.
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Figure 3. Transdifferentiation of biliary epithelial cellsis stimulated after mitochondrial complex
1V inhibition in hepatocytes.
A, Survival fraction of Cox107fand Cox10™~ mice post PHx. B, Representative H&E liver
images at timepoints post PHx. Scale bar, 50 um. C, Representative immunofluorescent liver
images at 2 days post PHx. Scale bar, 100 um. D, Protocol for cholangiocyte lineage tracing:
AAV-sgControl or AAV-sgCox10 were administered to tamoxifen-treated CK19-CreFR72;
Rosa26-tdTomato, Rosa26-Cas9 mice. A 70% PHx was performed 14 days later, and livers
were analyzed 4 weeks post PHx. E, Western blot analysis of liver lysates 14 days after
AAV injection. ACTB levels are shown as a loading control. Molecular weight markers are
indicated in kilodaltons. F, Representative immunofluorescent images of livers at timepoints
post PHx. Scale bar, 100 um. G, Representative H&E and BrdU immunohistochemistry

of livers at 2 days post PHx. Scale bar, 50 um. H, Survival fraction of A/b-Cre; Cox107*
and A/b-Cre; Cox10%* mice post PHx. |, UMAP visualization from snRNA sequencing in
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Cox10"fand Cox107~ livers at 4 weeks post PHx. J, UMAP plots showing expression of
GIs2, IgfbpZ, and Glulin hepatocyte clusters. K, Dot plot showing relative expression of the
indicated genes in hepatocyte clusters. Dot size indicates the percentage of cells expressing
each gene, and color indicates average mRNA level. L, Violin plots for expression of

the indicated genes in hepatocyte clusters. M, UMAP visualization of hepatocyte and
cholangiocyte clusters from Cox107~ liver. N, Violin plots for expression of the indicated
genes in hepatocyte and cholangiocyte clusters of Cox107~ liver. O, Top 5 upregulated
pathways in GSEA of stage 2 vs. stage 1 TLPCs of CoxZ0™" liver. Statistical significance
was assessed using a log-rank test (A and H). The number of biological replicates in each
group and p values are indicated in the figure.
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Figure 4. Hepatic oxidation of peripheral fatty acidsis stimulated during liver regeneration.
A, Representative immunofluorescent images of liver Nile Red staining at the indicated

timepoints post PHx. Nile Red (red), DAPI (blue). Scale bar, 20 um. B, Heatmap (z-score
values) of the indicated fatty acid species abundances in livers at various time points post
PHx. C, Schematic of expected labeling of fatty acids with 2H,O administration. FAS,

Fatty acid synthase. D, Experimental protocol for short-term 2H,0 labeling: At 5 hours
before liver collection, a single dose of 2H,0 was administered to mice. E, Total labeled
fraction of indicated liver fatty acid species by short-term (5 hours) 2H,0 tracing (from D)
in the indicated genotypes. F, Schematic of long-term (7 weeks) 2H,0 labeling experiment
to evaluate fate of peripheral fatty acids. G, Total labeled fraction of indicated fatty acid
species by long-term 2H,0 tracing in liver and different adipose tissues at the indicated time
points post PHx. p values reflect comparison with the labeling in fat pads for that species
and genotype on Day 0. B, brown fat. I, inguinal fat pad. G, gonadal fat pad. H, Schematic
of mitochondrial fatty acid oxidation to produce acetyl-CoA and B-hydroxybutyrate. |, Total
labeled fraction of liver acetyl-CoA and B-hydroxybutyrate from long-term 2H,0 tracing
(from F) at the indicated time points post PHx. p values reflect comparison with the Day 0
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group for each genotype. J, Relative abundance of acetyl-CoA in livers at the indicated time
points post PHx. p values reflect comparison with the day 0 group for each genotype. The
same color scheme is used throughout. Statistical significance was assessed using two-way
ANOVA (E, 1, J), or Kruskal-Wallis (G) tests with adjustments for multiple comparisons.
Dot and whisker plots indicate median values and interquartile ranges. n=6 mice in each
group were used in B, E, G, I, J. p values are indicated in the figure.
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Figure5. Peripheral fatty acid mobilization promotes hepatocyte proliferation.
A, Schematic of free fatty acid (FFA) mobilization from adipose tissue to liver to produce

acetyl-CoA via mitochondrial fatty acid oxidation. ATGL, HSL inhibitors are indicated
(green). B, Western blots for HADHA levels in livers from sgRNA-treated mice. ACTB
levels are shown as a loading control; molecular weight markers are in kilodaltons. C, Liver
H&E and BrdU immunohistochemistry at 2 days post PHx. Scale bar, 50 um. D, BrdU*
cell numbers (per liver area) and liver/body weight ratios. p values reflect comparison with

sgControl group for each timepoint. E, (Top) Protocol for lipolysis inhibitor administration:

Vehicle or inhibitors were administered to C57BL/6J mice every 8 hours during PHX.
(Bottom) Serum FFA concentrations at the indicated timepoints. F, Liver H&E and BrdU
immunohistochemistry of treated C57BL/6J mice at 2 days post PHX. Scale bar, 50 pm.
G, BrdU* cell numbers (per liver area) and liver/body weight ratio in treated C57BL/6J
mice. H, Relative abundance of liver acetyl-CoA in treated C57BL/6J mice at 2 days post
PHXx. Same color scheme as E. |, Protocol for [U-13C]glucose tracing post PHx. J, Labeled
fraction of plasma glucose m+6 in treated C57BL/6J during [U-13C]glucose infusions. K,
Fractional enrichment of the indicated isotopologues in livers of treated C57BL/6J mice
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following [U-13C]glucose infusion at 2 days post PHx. L, Liver acetyl-CoA m+2/pyruvate
m+3 ratio in treated C57BL/6J mice following [U-13C]glucose infusion at 2 days post
PHXx. Same color scheme as J. Statistical significance was assessed using Brown-Forsythe
ANOVA (BrdU in D), or two-way ANOVA (D, G, E and J), or Student’s t-test for (BrdU
in G, H,K,L) with adjustments for multiple comparisons. Dot and whisker plots indicate
median values and interquartile ranges. The number of biological replicates in each group
and p values are indicated in the figure.
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Figure 6. Fatty acid accumulation inhibits acetyl-CoA production.
A, Schematic of [U-13C]glucose tracing in Cox107" and Cox10™~ mice during liver

regeneration. B, Fractional enrichment of the indicated isotopologues following [U-13C]
glucose infusion at 2 days post PHx. C, Schematic of [U-13CJacetate tracing in Cox107*
and Cox10~~ mice during liver regeneration. D, Fractional enrichment of the indicated
isotopologues following [U-13C]Jacetate infusion at 2 days post PHx. E, Western blot
analysis in Cox10”"and Cox107~ liver protein lysates at the indicated time points post PHXx.
ACTB levels are shown as a loading control. F, Western blot analysis in liver protein lysates
from animals treated with vehicle or ATGL and HSL inhibitors. ACTB levels are shown

as a loading control. G, Representative BrdU immunohistochemistry images of Cox107~
mice treated with vehicle or lipolysis inhibitors at 2 days post PHx. Scale bar, 50 um. H,
BrdU™ cell numbers (normalized to liver area) in the indicated mice. I, Proposed model: In
the setting of ETC dysfunction, fatty acid (FA) buildup in hepatocytes inhibits acetyl-CoA
production via the induction of PDK4 and suppression of ACSS2 expression. Statistical
significance was assessed using Student’s t-test (B,D) or Welch’s t-test (H). Dot and whisker
plots indicate median values and interquartile ranges. The number of biological replicates in
each groups and p values are indicated in the figure. Molecular weight markers are indicated
in kilodaltons.
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Figure 7. PDK4 inhibition promotes expansion of hepatocytes with ETC dysfunction.
A, Schematic of DCA treatment in CoxZ0~~ mice (top), and PDK4-PDH pathway inhibition

by DCA (bottom). B, Western blots from livers of treated CoxZ0~~ mice at 2 days post
PHx. ACTB levels are shown as a loading control. C, Fractional enrichment of the indicated
liver isotopologues in treated CoxZ07~ mice (following [U-13C]glucose infusion at 2 days
post PHx). D, Relative abundance of liver acetyl-CoA from treated CoxZ0™~ mice at 2

days post PHx. Same color scheme as A. E, Liver BrdU immunohistochemistry images at

2 days post PHx. Scale bar, 50 pm. F, BrdU* cell numbers (per liver area) of Cox107/~
livers at 2 days post PHx. Same color scheme as A. G, (Top) Schematic of simultaneous
deletion of Cox10and Pak family members. (Bottom) Liver BrdU immunohistochemistry
from Cas9mice administered the indicated AAVs. Scale bar, 50 um. H, Western blots from
liver of Cas9mice administered the indicated AAVs. ACTB is shown as a loading control.

I, Liver BrdU immunohistochemistry from mice administered the indicated AAVs. Scale
bar, 50 um. J, BrdU™ cell numbers (per liver area) at 2 days post PHx. n=4 mice per

group. K, Schematic for DCA treatment in animals with mosaic livers induced by low titer
AAV. L, Liver immunofluorescent images from DCA-treated mice at the indicate timepoints
post PHX. Scale bar, 100 um. M, Quantitation of DENDRA2* cells (as a percentage of
HNF4a* cells) in livers at Day 0 and 14 post PHXx. Statistical significance was assessed

Science. Author manuscript; available in PMC 2024 July 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al.

Page 30

using Student’s t-test (C), Welch’s t-test (C,F), or Mann-Whitney (D), Brown-Forsythe (J),
or two-way ANOVA (M) tests with adjustments for multiple comparisons. Dot and whisker
plots indicate median values and interquartile ranges. The number of biological replicates in
each groups and p values are indicated above or in the figure. Molecular weight markers are
indicated in kilodaltons.
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