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The analysis of molecular states of individual cells, as defined by their mMRNA expression profiles and protein
composition, has gained widespread interest in studying biological phenomena ranging from embryonic devel-
opment to homeostatic tissue function and genesis and evolution of cancers. Although the molecular content of
individual cells in a tissue can vary widely, their molecular states tend to be constrained within a transcriptional
landscape partly described by the canonical archetypes of a population of cells. In this study, we sought to
characterize the effects of an acute (partial hepatectomy) and chronic (alcohol consumption) perturbation on
the molecular states of individual hepatocytes during the onset and progression of liver regeneration. We ana-
lyzed the expression of 84 genes across 233 individual hepatocytes acquired using laser capture microdissec-
tion. Analysis of the single-cell data revealed that hepatocyte molecular states can be considered as distributed
across a set of four states irrespective of perturbation, with the proportions of hepatocytes in these states being
dependent on the perturbation. In addition to the quiescent, primed, and replicating hepatocytes, we identified a
fourth molecular state lying between the primed and replicating subpopulations. Comparison of the proportions
of hepatocytes from each experimental condition in these four molecular states suggested that, in addition to
aberrant priming, a slower transition from primed to replication state could contribute toward ethanol-mediated
suppression of liver regenerative response to partial hepatectomy.
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INTRODUCTION

Recent developments in high-throughput single-cell
technologies have enabled the measurement of gene
expression and proteomic profiles at an unprecedented
resolution. Single-cell-level studies on a wide array of
cell types from diverse organ systems, disease contexts,
and perturbations have revealed a high degree of vari-
ability in mRNA and protein expression of individual
cells'™. Despite this large variability, it has been argued
that mMRNA expression and protein profiles of individ-
ual cells, termed as their molecular state, are not ran-
domly distributed but are likely tuned along a gradient
between gene expression patterns observed in canonical
archetypes™®. An emerging view is that molecular states
of cells are dynamic and arise due to their interactions
with their microenvironments within developing as well
as differentiated tissue. Several factors can contribute

toward shaping the extracellular microenvironment, such
as inputs®, spatial location’, developmental stage®, injury?®,
and other intrinsic and extrinsic factors. Owing to exten-
sive interactions between cells and their microenviron-
ments, analyzing the molecular states of a population of
cells could reveal valuable information about the func-
tional state and history of not just the specific cells under
investigation but the tissue as a whole. For instance, a
recent single hepatocyte RNA-seq study in mouse liver'
identified zonal heterogeneity patterns and possible regu-
lators of in vivo spatial mMRNA expression heterogeneity
in mouse liver lobules.

The underlying molecular heterogeneity structure of
single-cell populations in a tissue can change due to acute
or chronic perturbations. Molecular state heterogeneity
of individual cells under homeostatic conditions could
be a crucial determinant of tissue fate after perturbations.
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For example, inherently heterogeneous neural stem cell
populations residing in adult subventricular zone get
activated due to ischemia, potentially contributing to the
diversity of neural and glial fates®’. Here we consider a
chronic perturbation (adaptation to ethanol intake) and
an acute challenge (partial hepatectomy) to examine the
effects on the distribution of single-cell gene expression
in the liver. Adaptation to chronic ethanol intake is known
to activate various stress response programs and lead to
dysregulation of liver repair mechanisms™'2. Previous
studies have shown that liver gene expression shows an
adaptive response to chronic ethanol feeding with only
moderate changes in steady state gene expression in rats".
However, these observations are based on data collected
from whole tissue samples and hence cannot provide
insights on the changes in the single-cell gene expres-
sion in the liver tissue. We address this gap in the present
study by developing and analyzing high-throughput data
on hepatoctye gene expression profiles at the single-cell
scale.

In addition to adaptation to a chronic perturbation
(alcohol intake), we also considered an acute challenge
of partial hepatectomy, to evaluate the changes in gene
expression heterogeneity and the corresponding hepato-
cyte molecular states. After partial hepatectomy (PHXx),
a complex interplay between the different liver cell types
and extracellular matrix leads to a coordinated regenera-
tive response’’. Liver regeneration response to PHX is
suppressed during the initial stages in a rat model of adapta-
tion to chronic ethanol intake'®. We evaluated the changes
in the single-cell gene expression profiles induced by
adaptation to ethanol intake, as well as the impact of PHx
on the distribution of hepatocyte molecular states. We uti-
lized a combination of clustering and template-matching
approach to partition the single hepatocytes into distinct
molecular states based on gene expression profiles. Our
analysis identified distinct hepatocyte molecular states
that were present in the ethanol-adapted and acute PHx
response groups, at different proportions across the exper-
imental conditions. Our results showed expected differ-
ences in the proportion of proliferative cell states after
PHx between ethanol and control groups. In addition, our
analysis revealed that adaptation to ethanol intake pro-
motes the primed and transitional hepatocyte molecular
states at the expense of the quiescent and proliferative
states. These results suggest a stimulated-but-stalled sce-
nario as underlying the ethanol-mediated deficit in the
liver regenerative response to partial hepatectomy.

MATERIALSAND METHODS
Sngle Hepatocyte Sample Acquisition
In this study, we used four male, adult (8-10 weeks
old) Sprague—Dawley rats (Rattus norvegicus) (see Fig. 1
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for the experimental design). The rats were subjected
to the Lieber—DeCarli pair feeding protocol to induce
adaptation to chronic ethanol intake™, with two animals
receiving alcohol-containing liquid diet and two animals
receiving carbohydrate control liquid diet. The alcohol
diet contained 36% of total calories derived from ethanol
(6.2% v/v). Littermate control rats were pair fed with lig-
uid diet in which ethanol was replaced isocalorically by
carbohydrate (maltose—dextran). The animals were held
in single occupancy cages in a climate-controlled, 12-h
day/night cycle in accordance with acceptable animal
handling practices.

Following 5 weeks of pair feeding, rats were anesthe-
tized and subjected to 70% PHx following the protocol
described in Crumm et al.°. The left lateral and medial
lobes (LLM) were removed and quickly frozen in OCT
blocks (Sakura Finetek USA, Torrance, CA, USA) over
dry ice. Twenty-four hours after PHx, the rats were anes-
thetized again. The original incision was reopened, and
the remnant liver was harvested as before. Following this
surgery, the animals were sacrificed by exsanguination.
The harvested tissue was frozen on dry ice and stored at
—80°C. All surgeries were performed between 8 AM and
11 AM in order to minimize circadian rhythm effects. All
animal handling and surgical procedures were approved
by the Institutional Animal Care and Use Committee
(IACUC) at Thomas Jefferson University.

Tissue Staining

Frozen liver tissue in OCT blocks was sectioned into
10-pm-thick slices using a clean, RNase inhibitor-treated
cryostat at —20°C. Sliced tissue was stored up to a maxi-
mum of 2 weeks. Tissue staining was performed using
a rapid staining protocol, taking approximately 30 min,
to preserve RNA integrity. In this approach, slides were
first fixed in cold acetone and hydrogen peroxide (50 ml:
50 ul; Sigma-Aldrich, St. Louis, MO, USA) for 30 s. The
slides were washed and then incubated for 4 min at room
temperature in the dark with DAPI 1:10,000, phalloidin
2.5:100, and PBS containing 2% BSA. The slides were
then rinsed with PBS and dehydrated in graduated etha-
nol concentrations (70-100%) and in xylene for 5 min.

Laser Capture Microdissection

The laser capture microdissection (LCM) process was
performed using the PixCell system and CapSure Macro
LCM caps (Arcturus Engineering, Mountain View, CA,
USA). Single hepatocytes showing positive nuclear stain
(DAPI) surrounded by cell membrane (phalloidin) 7-10
cell layers away from the central vein and the portal
triad were identified by their size and morphology and
lifted individually on caps. The annulus for the laser was
adjusted to the size of hepatocytes (approximately 20 um).
During single-cell sample collection the tissue section
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Figure 1. Gene expression in single hepatocytes. (A) Workflow schematic of our experimental approach to obtain single hepatocyte
gene expression data. (B) Single hepatocyte lifting using laser capture microdissection (LCM) from 10-um-thick liver sections stained
with DAPI and phalloidin. Sections of the tissue are shown before and after cell lifting. Fluorescence from the single lifted hepatocytes
can be visualized on caps. (C) Despite large variability, gene expression across groups of single hepatocytes exhibits significant dif-
ferences as seen in the heat map of gene expression data in this study highlighting two-way ANOVA results. Diet-significant, time-
significant (0 h and 24 h postregeneration), and interaction-significant genes across all the four conditions highlighted. Consistent
with expectation, a large number of genes show significant differences after partial hepatectomy (PHx). (D) Shifts in distributions
of gene expression in groups of single hepatocytes are consistent with expectation. Ccndl1 expression increases after PHx in control
as well as ethanol samples. Alcohol and aldehyde metabolism genes Cy2el, Aldh7al, and Cyp2al show lower expression in control

LLM samples.
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as well as the corresponding cap were inspected for the
removed cell body to ensure that the fluorescent hepa-
tocyte of interest was collected. Lysis buffer was added
onto the single cell on the cap (5.5 pl; Life Technologies,
Grand Island, NY, USA) and cooled on ice before storage
at -80°C.

High-Throughput gPCR

Single hepatocytes in lysis buffer were directly pro-
cessed for reverse transcriptase reaction using SuperScript
VILO Master Mix (Thermo Fisher Scientific, Waltham,
MA), followed by real-time PCR for targeted amplifica-
tion and detection using the Evagreen intercalated dye-
based approach to detect the PCR-amplified product.

Intron-spanning PCR primers were designed for
every assay using Primer3## and BLAST?. Genes were
selected from across a wide array of liver functions rel-
evant to chronic ethanol exposure and PHx. The raw and
normalized dataset has been made available online as a
Gene Expression Omnibus dataset (GEO reference ID:
GSE111448). The standard BioMark protocol was used
to preamplify cDNA samples for 22 cycles using TagMan
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PreAmp Master Mix as per the manufacturer’s protocol®
(Applied Biosystems, Foster City, CA, USA). gPCR reac-
tions were performed using 96.96 BioMark Dynamic
Arrays (Fluidigm, South San Francisco, CA, USA)
enabling quantitative measurement of multiple mMRNAs
and samples under identical reaction conditions. Each
run consisted of 30 amplification cycles (15 s at 95°C,
5sat 70°C, 60 s at 60°C). Ct values were calculated by
the Real-Time PCR Analysis Software (Fluidigm). Four
96x96 BioMark Arrays were used to measure gene
expression across the 318 single-cell samples. The same
serial dilution sample set was included in each chip to
verify reproducibility and test for technical variability
on each Biomark array. A chip-to-chip comparison of the
serial dilution samples demonstrates that the BioMark
Dynamic Arrays are capable of high reproducibility with
minimal technical variability (Fig. 2).

Immunofluorescence Saining

Frozen liver tissues sectioned at 20-pum thickness
were used for immunofluorescence. Liver tissue stored at
—-80°C was sliced into 20-pum-thick sections. The tissue
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Figure 2. Technical reproducibility and normalization in single-cell gPCR experiments. Ct values for repeated reactions across dif-
ferent BioMark chips (A) as well as within a chip (B) suggest a high degree of reproducibility. (C) Comparison of gene stability for
three candidate reference genes and the median sample expression obtained using 55 high-performing genes. Reference gene selection

procedure described in Vandesompele et al.?°

suited for within-sample normalization.

suggested that the median sample expression across 55 high-performing genes is the most
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sections were fixed in 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA, USA) and washed
with 1x PBS (Fisher Bioreagents), three washes for
5 min each. The tissue sections were permeabilized using
Triton X-100 (LabChem, Zelienople, PA, USA) at a con-
centration of 0.02% for 15 min, followed by two washes
of 5 min each with 1x PBS. The permeabilized sections
were then blocked using 5% normal goat serum (ab7481;
Abcam, Cambridge, MA, USA) for 1 h. All steps includ-
ing fixation and blocking were done at room tempera-
ture. Slides with liver tissue sections were incubated
overnight at 4°C followed by three washes of 1x PBS
at 5-min interval each. The primary antibody comprised
pStat3 (9145; 1:100; Cell Signaling, Danvers, MA, USA)
and anti-Socs3 antibody (ab16030; 1:100; Abcam). The
secondary antibodies used for staining purposes at 1:500
dilutions included goat anti-rabbit IgG Alexa Fluor 555
(ab150086; Abcam). The tissue sections on slides were
incubated with secondary antibody for 1 h 45 min at room
temperature followed by three washes of 5 min each with
1x PBS. After secondary antibody incubation, DAPI
(D9542; Sigma-Aldrich) and Alexa Fluor-488-conjugated
phalloidin (A12379; Life Technologies, Carlsbad, CA,
USA) were applied together and allowed to incubate for
15 min followed by three washes of 5 min each. ProLong
Diamond Antifade (Life Technologies) solution was
applied, and the slides were mounted with coverslips.
Prior to microscopic imaging, slides were cured at room
temperature overnight. Negative controls in the absence of
the primary antibody showed negligible signal intensity.

Confocal Imaging

Images were acquired using a Zeiss LSM 780 mounted
on a Zeiss Axio Observer inverted microscope. Zeiss
ZEN 2011 software package associated with the LSM
780 was used to capture images. The lasers 405 nm, 488
nm, and 555 nm were used for image acquisition, having
been set with a unique and high-contrast color for each
channel. The detectors in Zeiss ZEN 2011 were set at a
specific standard available for a specific dye. Two tracks
were created with the best signal in a manner that there
would be no interference between laser channels.

The 405-nm laser was used to capture DAPI, the
488-nm was used to illuminate the Alexa Fluor 488 phal-
loidin, and the 555-nm was aimed at exciting the A555
conjugated anti-rabbit/mouse secondary. Images were
acquired at a pixel resolution of 1024 x 1024, at 8-bit color
depth with a line scan and averaging intensities from four
scans of the same area. Prior to acquisitions, saturation
and zeros were set using the range indicator.

Digital Image Analysis
The image analysis was performed using a custom
analysis pipeline developed in CellProfiler®. All channels
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in each multiplexed immunostained image were converted
into an 8-bit grayscale image. Automated thresholding
was performed on the DAPI grayscale image to segment
hepatocyte nuclei and subsequently develop a mask cor-
responding to hepatocyte nuclei. The nuclear mask was
then applied to the pSTAT3 (or SOCS3) grayscale image
to measure nuclear protein intensities. Similarly, cytosolic/
cell masks for hepatocytes were developed using a combi-
nation of the DAPI and phalloidin grayscale images, and
subsequently applied to pSTAT3 (or SOCS3) channel gray-
scale images to measure cytosolic/whole cell intensities.

Western Blotting

The baseline and 24-h PHXx liver tissue samples were
freeze clamped and stored at —80°C prior to use. The
tissue homogenization was carried out in cold condi-
tions using RIPA lysis buffer (89900; Life Technologies)
supplemented with Halt Phosphatase Inhibitor Cocktail
(7842; Life Technologies) and Halt™ Protease Inhibitor
Cocktail (87785; Life Technologies). Protein estima-
tion from tissue lysate was performed using Pierce BCA
Protein Assay Kit (23227; Life Technologies), and an
equal amount of protein run on 8% or 12% SDS-PAGE
(Mini-Protean; Bio-Rad, Richmond, CA, USA). Resolved
proteins were blotted to Immun-Blot PVDF membrane
(Bio-Rad), blocked with 5% Blotting-Grade Blocker
(1706404; Bio-Rad), and incubated with primary Ab at
4°C overnight.

The antibodies used for primary overnight incuba-
tion were pStat3 (9145; 1:500; Cell Signaling, Danvers,
MA, USA), STAT3 (9139; ;1:1,000; Cell Signaling),
anti-Socs3 antibody (ab16030; ; 1:1,000; Abcam), and
GAPDH (MAB374; 1:1,000; Millipore). The membrane
was washed with TBST [25 mM Tris (pH 7.60), 137
mM NacCl, and 0.1% Tween 20] and probed with HRP-
conjugated secondary Ab. Immunoreactive bands were
visualized on Kodak Image Station 440CF by chemilu-
minescent Clarity™ Western ECL Substrate (1705060;
Bio-Rad).

Sngle-Cell gRT-PCR Data Normalization

Individual qRT-PCR results were examined to deter-
mine the quality of the gRT-PCR. An initial pass-fail-no
call assessment was made for each reaction based on the
qualitative nature of the reaction curves obtained from
the PCR. Following this initial review, both samples and
gene assays with >40% failed reactions (84 single cell
samples and 12 genes) were excluded from the present
analysis. Upon filtering based on these criteria, a total of
233 single-cell samples (69 baseline control samples, 55
control PHx samples, 55 baseline ethanol samples, and
54 ethanol PHx samples) and 84 different gene assays
were carried forward in the present analysis. Raw Ct
values for individual samples were normalized against a
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median expression level of subset of 55 high-expressing
genes to obtain —DCt values. All genes with high-qual-
ity data in >60% of the samples in each condition were
included in the pool of high-expressing genes to obtain
—-DCt values. The following equation was used to calcu-
late -DCt values for each gene: —DCt, .. = (median sample
expression) — Ct,,.

The vector of median sample expression value was
chosen over potential reference genes based on previously
developed microarray data normalization methods® .
Based on our analysis, the median sample expression
exhibited the highest stability measure and was therefore
picked for normalization.

The —DCt data were then rescaled using the median
across all samples within a gene for all chips using the
following equation: —DDCt DCt,,,.. (across-sample
—-DCt median).

gene

gene sample

Imputation of Gene Expression Data

Our data consisted of 26.5% missing values after qual-
ity control and normalization. We imputed the missing
values in the normalized dataset using a k-nearest neigh-
bor imputation approach?”.

Template Matching gRT-PCR Data

Hepatocytes were separated into different subpopula-
tions based on their molecular profiles using an imple-
mentation of the template matching method® in Multi
Experiment Viewer®. Briefly, template matching estimates
the correlation between a rescaled expression profile used
as the template and a test expression profile. Control base-
line samples were hierarchically clustered to obtain the
canonical subpopulations. The canonical subpopulations
were identified in control baseline samples using hierar-
chical clustering (Pearson correlation, complete linkage)
with a dissimilarity threshold of 1.089, yielding seven
sample clusters. The average silhouette width for all clus-
ters (estimated using the cluster package in R) was 0.11,
significantly higher than 1,000 randomized trials (Fig. 3).
These sample clusters were divided into four different sub-
populations. Gene medians of these subpopulations were
used as templates to classify the hepatocytes from other
conditions (control PHx, ethanol LLM, and ethanol PHx)
into one of the canonical subpopulations. We used a p val-
ue-based cutoff for our template match analysis (threshold
p value=0.05). Hepatocytes that did not pass the p value
threshold for any of the canonical templates were divided
into new clusters using hierarchical clustering. Functional
identification of the subpopulations was performed based
on expression levels of key gene markers (see Results).

Satistical Comparison of Cell State Proportions

Proportions of samples from each condition lying in
the molecular states identified in the single-cell gRT-PCR
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Figure 3. Comparison of silhouette widths of the original clus-
ters in our data with 10,000 randomized clusters of the same
sizes (p<2.2e-16). The original clusters were obtained using
Pearson correlation-based hierarchical clustering (complete
linkage) on control LLM samples yielding a silhouette score
of 0.11. The samples were then randomly assigned to differ-
ent clusters of the same sizes as those obtained in the original
clustering, and silhouette coefficients were estimated for the
randomized clusters (N=10,000).

data were compared using Pearson’s chi-squared test in R
(packages stats and NCStats).

Dimensionality Reduction and Transcriptional
Landscape Visualization

Dimensionality reduction of the dataset to embed the
samples in a two-dimensional landscape was performed
using the principle component analysis (PCA) estimation
routine in the package pcaMethods in R. Gene expression
values from all control LLM and control PHx samples
were subjected to PCA. The first four principle compo-
nents, capturing nearly 46% of the variability in the data,
were selected as an orthonormal basis on to which the
expression values ethanol LLM and ethanol PHx samples
were projected yielding a four-dimensional dataset for
all samples. The dimensionality of the dataset was fur-
ther reduced using the t-SNE method® implemented in
R (package tsne). Application of the t-SNE method on
sample scores and projections on the four-dimensional
orthonormal basis retained after PCA yielded a two-
dimensional embedding of all samples in the data.

RESULTS

We obtained a novel single-cell data set on the expres-
sion of 84 genes, each measured in 233 individual hepa-
tocytes obtained using laser capture microdissection
(LCM) from four rat livers (two chronic ethanol diet and
two pair-fed control diet) at two time points: LLM (0 h,
baseline) and PHx (24 h). We collected single hepato-
cytes from the midlobular region in order to focus on the
variability of gene expression that is not dominated by
the known large differences between the pericentral and
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periportal regions (Fig. 1A workflow schematic). Images
demonstrating single-cell lifts from liver sections using
LCM are shown in Figure 1B. Single-cell gene expres-
sion was assayed via high-throughput real-time PCR to
yield a large-scale data set containing 19,572 individual
gRT-PCR measurements. We measured the expression of
a panel of genes corresponding to metabolic functions,
growth factor signaling, transcriptional regulation, cell
proliferation, apoptosis, and xenobiotic clearance (see
Table 1 for relevant GO Slim ontologies). Quality con-
trol analysis demonstrated that our workflow has mini-
mal cross-cellular contamination (Fig. 2) and is sensitive
enough to detect gene expression over six orders of mag-
nitude with minimal technical variability in repeated
measures (Fig. 2). This is consistent with our previous
results that the typical biological variation at single-cell
scale is significantly larger than well-controlled technical
noise>*. The raw data were subjected to multiple quality
control tests to filter for high-quality data for the subse-
quent analysis (see Materials and Methods). Twenty-nine
percent of the data were discarded by quality control
analysis for failed reactions, improper sample loading,
or poor signal quality. The missing values in the data
set were imputed using a k-nearest neighbor approach”.
Analysis of gene expression stability using GeNorm?%
suggested the median gene expression as the most robust
factor for normalizing the data (Fig. 2C). Accordingly,
we normalized the data to the median expression within

Table 1. Ontological Classification of Genes Included in This Study
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each cell, followed by median subtraction across single
cells. The quality control, imputation, and normalization
steps yielded a data matrix of 84 genes and 233 single-
cell samples that was considered in subsequent analysis
(Fig. 1C). We did not see evidence for substantial animal-
to-animal differences in our dataset (see Table 2).

Gene Expression Variability and Modularity
in Single Hepatocytes In Vivo

Gene expression varied widely across individual hepa-
tocytes. A subset of the data comprising 90% of single
cells and all the genes showed expression over an 84-fold
range, consistent with typical single-cell gene expres-
sion results in other tissues®*'. Although the overall gene
expression was highly variable, a subset of genes showed
statistically significant differences due to chronic etha-
nol intake, PHx, and a combination of the two perturba-
tions (see the two-factor ANOVA results highlighted in
Fig. 1C). For instance, the number of single hepatocytes
that expressed Ccnd1 was higher after PHx, and this was
also reflected as an increase in the mean Ccnd1 expres-
sion between PHx and baseline groups (Fig. 1D). We
observed an elevated expression of one of the aldehyde
dehydrogenase isoforms (Aldh7al) as well as one of the
cytochrome p450 genes (Cyp2al) in the ethanol LLM
samples. Notably, the mean expression differences of the
statistically significant genes were in the one- to twofold
range, much lower than the overall range of single-cell

GOSlim GOA Accession GOSIlim GOA Description Genes

G0:0000988 Transcription factor activity, protein binding Sirtl

G0:0001071 Nucleic acid-binding transcription factor activity ~Cebpg, Hnf4a, Nrdal, Ppara, Srebp2, Statba

G0:0005975 Carbohydrate metabolic process Dlat, G6pd, Gapdh, Gusb, Pck1, Pfkfbl, Pkir

G0:0006091 Generation of precursor metabolites and energy ~ 1dh3a, Idh3b

G0:0006520 Cellular amino acid metabolic process Asl, Glul, Gotl, Oat

G0:0006629 lipid metabolic process Acly, Acox1, Acox3, Apoad, Cptl, Fabpl, Fasn,
Fatp5, Hmgcsl

G0:0006950 Response to stress Fos, Hifla, I11r1, ll6r, Irakl, Jun, Ldha, Nfkb2,
p38Mapk, Pdk1, Socs3, Stat3, Tnfa, Tnfrl

G0:0007049 Cell cycle Ccndl

G0:0007165 Signal transduction Vegfa

G0:0008219 Cell death Bax, Caspl2, Casp3, Casp8, Fadd, Igflr

G0:0008283 Cell proliferation Angl, Pdgfa, Smadl, Smad2, Tgfbrl, Tgfbr2, Tgif

G0:0008289 Lipid binding Alb, Rxra

G0:0016491 Oxidoreductase activity Adhl, Aldhlal, Aldhlbl, Aldh2, Aldh7al, Ch25h,
Cyplal, Cypla2, Cyp2al, Cyp2el, Cyp3al, Cypdal

G0:0016746 Transferase activity, transferring acyl groups Cpt2, Lrat

G0:0030154 Cell differentiation Bcl211, cMet, Smad3, Smad7

G0:0030198 Extracellular matrix organization Gfap

G0:0032182 Ubiquitin-like protein binding Ubginl

G0:0044281 Small molecule metabolic process Erlin2

G0:0065003 Macromolecular complex assembly Thp

G0:0071941 Nitrogen cycle metabolic process Argl, Assl




104 ACHANTAETAL.
Table 2. Gene Expression Differences Between Animals Identified Using Two-Factor ANOVA (Time point: LLM or PHX)
LLM

Tukey HSD p Value Tukey HSD p Value
Gene (Animal 5-Animal 1) (BH Corrected) (Animal 5-Animal 1) (BH Corrected)
Acly -1.432 0.098 -0.586 1
Acox1 -0.809 0.892 -0.692 1
Acox3 0.024 1 -0.815 0.562
Adhl 0.908 0.762 1.918 0.068
Alb -2.013 0.009 -0.727 0.954
Aldhlal 2.477 0.039 1.536 0.562
Aldhibl 0.9 0.95 -0.263 1
Aldh2 -0.727 0.599 -0.152 1
Aldh7al -0.285 1 0.004 1
Angl -0.305 1 0.399 1
Apoad -0.645 0.338 -0.337 1
Argl -0.3 1 -0.972 0.437
Asl 1.21 0.727 -0.049 1
Assl -1.953 0.039 0.006 1
Bax 0.725 0.727 1.399 0.098
Bcl2l1 0.373 1 0.055 1
Caspl2 1.032 0.436 -1.144 0.44
Casp3 -0.405 1 -0.354 1
Casp8 -0.307 1 -0.879 0.608
Ccndl -0.318 1 -0.976 1
Cebpg 1.118 0.106 -0.446 1
Ch25h -0.153 1 -0.454 1
cMet 1.708 0.159 2.018 0.112
Cptl 0.218 1 -0.404 1
Cpt2 0.551 1 -0.377 1
Cyplal -1.303 0.616 0.872 1
Cypla2 -1.947 0.027 -0.452 1
Cyp2al 0.089 1 0.433 1
Cyp2el 0.573 1 -0.298 1
Cyp3al 0.38 1 0.063 1
Cyp4al 1.089 0.322 15 0.106
Dlat 0.149 1 0.087 1
Erlin2 1.911 0.159 0.437 1
Fabpl -1.247 0.172 1.01 0.599
Fadd 0.429 1 -0.713 0.902
Fasn -0.673 0.503 -0.519 0.954
Fatp5 0.212 1 0.42 1
Fos 0.142 1 0.934 1
G6pd -0.098 1 0.064 1
Gapdh 0.104 1 -1.132 0.056
Gfap -0.341 1 -0.078 1
Glul 0.408 1 -0.57 0.95
Gotl 0 1 0.16 1
Gush 0.421 1 0.319 1
Hifla 0.825 0.608 -0.995 0.514
Hmgcsl 1.345 0.406 1.24 0.637
Hnf4a -0.297 1 -0.515 0.902
1dh3a -1.245 0.068 -0.3 1
1dh3b -0.367 1 -0.691 0.892
Igflr -0.134 1 -0.194 1

(continued)
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Table 2. (Continued)

Control
LLM PHx
Tukey HSD p Value Tukey HSD p Value
Gene (Animal 5-Animal 1) (BH Corrected) (Animal 5-Animal 1) (BH Corrected)
111r1 1.872 0.095 0.672 1
16r -0.147 1 -0.683 0.727
Irakl 1.344 0.436 1.495 0.436
Jun -0.072 1 -0.889 0.95
Ldha 0.386 1 -0.609 0.822
Lrat 0.247 1 -0.332 1
Nfkb2 1.314 0.011 -0.546 0.902
Nrdal 0.702 1 0.058 1
Oat 1.129 0.382 0.656 1
p38Mapk 0.895 0.166 -0.209 1
Pckl 0.006 1 -0.089 1
Pdgfa 2.038 0.128 0.113 1
Pdk1 1.451 0.159 2.009 0.048
Pfkfbl -0.482 1 0.039 1
Pklr -1.684 0.016 -0.553 1
Ppara 1.805 0.095 1.801 0.159
Rxra -0.855 0.338 0.03 1
Sirtl 2.359 0.039 1.444 0.599
Smad1l 0.547 0.95 -0.604 0.954
Smad2 1.267 0.608 1.45 0.599
Smad3 0.658 0.436 0.251 1
Smad7 0.429 1 -0.718 0.892
Socs3 0.087 1 -0.797 0.382
Srebp2 -0.405 1 0.58 1
Stat3 0.981 0.166 0.946 0.368
Stat5a 1.254 0.159 0.573 1
Tbp 1.551 0.214 1.062 0.892
Tgfbrl 0.66 0.724 -0.451 1
Tgfbr2 -0.594 1 -0.129 1
Tyif 0.207 1 -0.681 1
Tnfa 1.866 0.011 1.757 0.044
Tnfrl 0.491 1 -0.012 1
Ubginl -0.325 1 -0.713 0.503
Vegfa -1.781 0.044 -0.708 1
Ethanol
LLM PHx
Gene Tukey HSD (Animal 6 -Animal 2) p Value (BH Corrected) Tukey HSD (Animal 6 —Animal 2) p Value (BH Corrected)
Acly 0.009 1 0.332 1
Acox1 0.307 1 -0.645 1
Acox3 1.079 0.76 0.31 1
Adhl 2.246 0.003 0.584 1
Alb 1.376 0.356 0.41 1
Aldhlal 1.042 1 2.018 0.278
Aldhlbl 1.152 1 -0.435 1
Aldh2 -0.121 1 1.271 0.327
Aldh7al -0.761 1 0.445 1
Angl -0.335 1 0.053 1

(continued)
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Table 2. (Continued)

Ethanol

LLM PHx
Gene Tukey HSD (Animal 6 -Animal 2) p Value (BH Corrected) Tukey HSD (Animal 6 -Animal 2) p Value (BH Corrected)
Apoas 0.152 1 -0.322 1
Argl -0.145 1 1.118 0.561
Asl -1.19 1 1.525 0.76
Assl 1.141 0.327 0.294 1
Bax 0.933 1 0.371 1
Bcl2l1 -1.022 0.233 -1.394 0.02
Caspl2 -0.199 1 0.724 1
Casp3 —-0.761 1 0.11 1
Casp8 -0.637 1 -1.268 0.114
Ccndl 1.41 0.76 -0.185 1
Cebpg 0.626 1 -0.266 1
Ch25h -0.753 0.993 -0.659 1
cMet 1.85 0.233 1.418 0.641
Cptl -0.266 1 -0.253 1
Cpt2 -0.836 1 -0.319 1
Cyplal 2.045 0.327 1.125 1
Cypla2 -0.09 1 -1.294 0.327
Cyp2al 151 0.093 -0.372 1
Cyp2el -0.828 1 -1.15 0.897
Cyp3al -0.039 1 -1.091 0.803
Cyp4al 0.379 1 0.551 1
Dlat -0.883 0.561 -0.577 1
Erlin2 1.84 0.327 1.388 0.803
Fabpl 1.657 0.22 -1.407 0.35
Fadd -0.471 1 -1.573 0.006
Fasn 0.057 1 0.504 1
Fatp5 0.442 1 0.111 1
Fos 0.923 1 0.833 1
G6pd -1.546 0.233 -0.303 1
Gapdh -0.105 1 -0.974 0.249
Gfap -0.761 1 -1.07 0.631
Glul -1.056 0.327 0.297 1
Gotl -0.224 1 2.047 0.01
Gusb -0.905 0.645 -0.152 1
Hifla -0.347 1 -0.317 1
Hmgcs1 2.823 0.004 3.059 0.003
Hnf4a 0.3 1 -0.729 1
Idh3a -0.325 1 0.221 1
1dh3b -0.844 0.76 -0.032 1
Igflr -1.158 0.124 -1.039 0.233
lirl 1.544 0.806 0.591 1
16r -0.588 1 0.004 1
Irakl 0.184 1 2.287 0.114
Jun -0.318 1 -0.423 1
Ldha -0.593 1 0.231 1
Lrat -1.018 0.561 -1.119 0.377
Nfkb2 0.483 1 0.817 0.993
Nr4al 0.59 1 0.292 1
Oat -0.7 1 0.904 1
p38Mapk -0.535 1 0.324 1
Pckl 1.548 0.22 1.495 0.233

(continued)
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Table 2. (Continued)
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Ethanol

PHx

Gene Tukey HSD (Animal 6 -Animal 2) p Value (BH Corrected) Tukey HSD (Animal 6 -Animal 2) p Value (BH Corrected)

LLM
Pdgfa 0.57 1
Pdk1 0.355 1
Pfkfbl 0.221 1
Pklr -0.977 0.981
Ppara 2.845 0.005
Rxra 0.767 0.993
Sirtl 1.484 0.803
Smad1 -0.581 1
Smad?2 0.632 1
Smad3 0.036 1
Smas7 -1.15 0.312
Socs3 -0.508 1
Srebp2 0.168 1
Stat3 -0.438 1
Stat5a 0.54 1
Tbp 0.854 1
Tgfbrl -0.683 0.981
Tgfbr2 -0.183 1
Tgif -0.292 1
Tnfa 0.719 1
Tnfrl -0.035 1
Ubginl 0.076 1
Vegfa 0.3 1

-0.058 1
1.002 0.897
0.036 1

-0.75
0.994
0.041
0.551

-0.551
3.272
0.326

-1.28

-0.663
0.992

-0.018

-0.302
1.518
0.014
0.151
0.185
0.733
0.962
0.185
0.573

PR PRPPRPPORRPRPRPORORERERER

[ERN

Normalized expression values from the two animals (animals 1 and 5) subjected to the control diet as well as the two animals subjected to the ethanol
diet (animals 2 and 6). Post hoc analysis was performed using the Tukey HSD test with a=0.05. Only a small subset of genes showed differences
between animals within diets. LLM, left lateral and medial lobes; PHX, partial hepatectomy.

gene expression. Hierarchical clustering yielded several
modules of correlated gene expression that separated
hepatocytes into distinct transcriptional states. We ana-
lyzed the change in proportion and composition of these
transcriptional states across multiple experimental condi-
tions, as described in the following sections.

Hepatocytes Are Distributed Along Multiple Gene
Expression Sates In Vivo at Baseline. We performed
hierarchical clustering analysis to separate the control
LLM samples into seven clusters exhibiting distinct gene
expression profiles (Fig. 4A). These clusters were charac-
terized by correlated expression patterns of three distinct
subgroups of genes. Whereas gene group 3 (Fig. 4A) com-
prised primarily of metabolism-related genes, gene groups
1 and 2 consisted of a mixture of genes corresponding to
a range of cellular functions such as cytokine reception,
metabolic regulation, immediate early response, etc.

We analyzed the molecular states of hepatocyte clusters
as represented by the combinatorial expression profile of
select functionally relevant genes. The set of classifying
genes was selected based on the experimental perturbations
of chronic ethanol consumption and PHx. The mitogenic

and angiogenic response of hepatocytes was captured by
the expression of Ccnd1, Vegfa, and Ang1%*. Additionally,
we included immediate early response genes (Fos, Jun) as
well as primed state markers (116r, Stat3, Socs3, Tnfrl,
Nfkb2, and c-Met). Using the chosen set of classifying
genes, we were able to identify four different hepatocyte
subpopulations as follows. Two of the seven hepatocyte
clusters (Fig. 4A, State 1) showed low-to-moderate expres-
sion of metabolic genes, immediate early genes, priming
phase markers, as well as mitogenic response markers.
These clusters, which comprise 36% of the control LLM
samples, are likely characterized as representing a baseline
quiescent state. Sample clusters in State 2 (51% of the con-
trol LLM samples) exhibited elevated expression of prim-
ing phase markers and immediate early genes compared
to State 1, but low expression of mitogenic/angiogenic
response and metabolic genes. State 3 (10% of the control
LLM samples) showed high expression of primed phase
markers as well as mitogenic/angiogenic response genes
(Ccndl and Angl). A small proportion of cells (State 4, 3%
of the control LLM samples) showed low levels of primed
state markers but higher levels of mitogenic/angiogenic
response genes Ccndl, Vegfa, and Angl.
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Figure4. Control LLM hepatocytes reside across four different molecular states. (A) Pearson’s correlation-based hierarchical clusters
of samples and genes. Seven-sample and three-gene clusters are shown. The seven-sample clusters are used as templates for template
matching throughout the rest of the analysis. One of the four hepatocyte states could likely be the quiescent state owing to low expres-
sion of primed phase and replication/angiogenesis marker genes. (B) State 1 likely contains hepatocytes in the quiescent state. Samples
residing in State 1 exhibit low expression of Ccnd1 (replication phase marker), cMet (HGF receptor), and Stat3 and Nfkb2 (primed

phase markers).

PHx Shifts Hepatocyte Molecular States Toward the
Replicating Phenotype. Although the systemic and local
signals that lead to liver regeneration are activated within
seconds of PHx and last up to a week, the 24-h mark
is a key time point in the case of rat liver regeneration
characterized by the strongest peak in DNA synthesis,
coinciding with a peak in hepatocyte replication™. Our
previous transcriptomic analysis of whole tissue revealed

significant differences in gene expression between etha-
nol and control groups at the 24-h time point™. We there-
fore sought to characterize the hepatocyte states 24 h after
PHXx to enable comparison across the ethanol and isoca-
loric control groups. We used a similar template match-
based approach to evaluate the molecular signatures of
the hepatocyte subpopulations 24 h after liver resection
in control animals (Fig. 5A). Expression profiles of 60%
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of the control PHx hepatocytes directly matched the con-
trol LLM clusters. The unmatched control PHx samples
(Fig. 5A) were clustered separately and reclassified into
the four subpopulations identified in control LLM sam-
ples based on hierarchical clustering of gene medians of
all clusters.

Hepatocytes from control PHx samples reside in the
four subpopulations identified in control LLM samples.
The distribution of control PHx samples between the four
subpopulations revealed significant shifts in sample pro-
portions compared to control LLM (chi-square p<0.001)
(Fig. 5A and B; see Tables 3 and 4). Only 3% of con-
trol PHx samples show expression profiles similar to the
quiescent subpopulation, a drastic decrease in propor-
tions from 36% in control LLM samples. The fraction of
control PHx hepatocytes also decreased substantially in
State 2 (from 50% to 25%) but only slightly in State 3
(from 9% to 7%) compared to control LLM. The majority
(62%) of the control PHx hepatocytes were classified in
State 4, while the control baseline had only 3% of hepa-
tocytes in this subpopulation.

State 4 control PHx samples showed elevated mitogenic/
angiogenic response gene expression (Ccndl, Angl, and
\egfa), similar to control LLM samples. In the context
of regenerating liver, this subpopulation could repre-
sent the hepatocyte replication state. This observation
was consistent with previously published results, where
liver regeneration peaks at 24 h after PHx in rats'®¥%,
Furthermore, the fraction of replicating hepatocytes at
24 h after resection was consistent with previous find-
ings on BrdU incorporation or Ki-67 protein expression®’.
Similar to control LLM, the control PHx hepatocytes
lying in State 2 showed elevated expression of priming
markers. We could now identify State 2 as a priming
subpopulation in response to the regenerative stimulus
generated due to partial hepatectomy. State 3 hepato-
cytes from control LLM and control PHx groups showed
a combinatorial expression of priming and replication
genes. In the context of hepatic regeneration, we could
now define this state as a transition between priming
and replicating hepatocyte subpopulations.

The metabolic gene expression of control PHX hepa-
tocytes was consistent with that observed in whole tis-
sue liver regeneration studies. \We observed an increase in
expression of gluconeogenesis and fatty acid b-oxidation
genes (Pckl, Acoxl, Ppara, and Rxr) and a decrease in
glycolytic gene (PKIr) in control PHx samples (Fig. 5C),
as reported previously®. Furthermore, our data indicated
an increase in fatty acid trafficking (elevated levels of
Fatp5 and Fabp1l), a phenomenon previously observed in
regenerating livers®.

In addition to a high proportion of samples residing
in the replicating subpopulation, control PHx samples
showed elevated expression of mitogenic/angiogenic
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markers Ccndl, Angl, and Vegfa compared to control
baseline samples in all subpopulations except quiescent
(Fig. 5D). Expression of Pklr, a glycolytic gene, was
suppressed in all subpopulations in control PHx hepato-
cytes suggesting a shift from glycolytic to gluconeogenic
carbohydrate metabolism. Furthermore, we observed
increased expression of Ppara and Fabpl in control PHx
samples compared to control LLM samples in the primed
state. These observations could indicate induction of
downstream fatty acid b-oxidation targets of Ppara and
higher activity of fatty acid trafficking by Fabpl before
the hepatocytes enter the cell cycle.

Consistent with expectation, our analysis pointed
toward a large dissimilarity between hepatocytes in the
proportion of hepatocytes existing in the four subpopu-
lations before and after PHx. Control PHx hepatocytes
preferentially occupy primed or replicating subpopula-
tions. Furthermore, gene expression signatures of liver
regeneration were readily recognizable at the single hepa-
tocyte level in our data.

Chronic Ethanol Intake Alters the Distribution of
Sngle Hepatocyte Subpopulation Distributions. We further
employed our template matching approach to identify
distribution of ethanol LLM samples between the four
hepatocyte subpopulations (Fig. 6). Our analysis revealed
that a large fraction of ethanol-adapted hepatocytes (77%)
exhibit gene expression patterns similar to the subpopula-
tions identified in control baseline samples, suggesting
a high degree of adaptation to chronic ethanol feeding.
The remaining 23% samples were separated into three
new clusters (Fig. 6A). Hierarchical clustering of cluster
medians post-template matching revealed that the gene
expression profiles in the three new clusters held higher
similarity with the primed-to-replicating transition sub-
population and the replicating subpopulation.

Although all control LLM subpopulations were
observed in ethanol LLM hepatocytes as well, the propor-
tions of ethanol-adapted hepatocytes belonging to these
subpopulations vary significantly from the control base-
line samples (chi-square p=0.003) (see Tables 3 and 4).
For instance, the proportion of ethanol LLM hepatocytes
belonging to the quiescent subpopulation decreased com-
pared to control baseline hepatocytes (from 36% in con-
trol LLM to 22% in ethanol LLM) (Fig. 6B). Similarly,
the fraction of primed hepatocytes decreased from 51%
to 36% in the ethanol LLM group compared to control
LLM. By contrast, an increase was observed in the frac-
tion of hepatocytes belonging to the primed-to-replicating
transition state (22% in ethanol LLM vs. 10% in con-
trol LLM). The remaining ethanol LLM samples (20%)
showed a high degree of similarity in gene expression
to the replication subpopulation, a noticeable increase
compared to only 3% of hepatocytes in the control LLM
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Table3. Contingency Table Listing the Number of Hepatocytes
From Each Condition in Every Subpopulation
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Table 4. Post Hoc p Values for Differences in Proportions of
Hepatocytes Residing in Each Subpopulation Between Conditions

Quiescent Primed Transition Replication Comparison Raw p Value Adj. p Value
Control LLM 25 35 7 2 Control LLM versus control PHx 0 0
Control PHx 2 14 5 35 Control LLM versus ethanol LLM 0.002 0.003
Ethanol LLM 12 20 12 11 Control LLM versus ethanol PHx 0 0
Ethanol PHx 6 11 13 24 Control PHx versus ethanol LLM 0 1E-04
Control PHx versus ethanol PHx 0.0474 0.047
Ethanol LLM versus ethanol PHx 0.0236 0.028

samples. Overall we observed a lower proportion of etha-
nol LLM samples in the earlier subpopulations (quiescent
and primed) compared to the control LLM hepatocytes.

We further examined the effect of chronic ethanol
adaptation by comparing the expression of alcohol clear-
ance genes within each subpopulation compared to the
controls. Alcohol clearance in the liver occurs through
two major transcriptional modules: alcohol and aldehyde
dehydrogenases, and cytochrome P450 (CYP) family
genes. Alcohol dehydrogenase (ADH) is responsible for
oxidizing most of the ethanol passing through the liver in
the circulation with cytochrome P40 2E1 (Cyp2el) con-
tributing a variable proportion of ethanol metabolism, par-
ticularly at higher blood alcohol levels®. Both metabolic
pathways result in the formation of acetaldehyde, which
is cleared predominantly through the mitochondrial alde-
hyde dehydrogenase isoform 2 (Aldh2). We observed an
increase in Adhl gene expression in ethanol LLM hepa-
tocytes in all the subpopulations when compared to the
control LLM. Our data suggested moderately increased
expression of Aldh2 compared to control samples in the
quiescent, primed, and replicating subpopulations but not
the transition subpopulation (Fig. 6C). Cyp2el is expected
to exhibit higher activity under chronic ethanol adapta-
tion in part due to protein stabilization by ethanol*. We
observed higher expression of Cyp2el in ethanol LLM
samples compared to control LLM in the quiescent and
primed subpopulations but not in the transition and repli-
cating subpopulations.

We compared the expression of lipid metabolism and
transport-related genes between control and ethanol base-
line hepatocytes across all subpopulations. Our data indi-
cated increased expression levels of Fasn as well as Fatp5

in ethanol LLM samples (Fig. 6D). In addition, expres-
sion of Fabpl, which has been reported to suppress intra-
cellular lipotoxicity in humans®, was increased.

Chronic Ethanol Alters PHx-Induced Shifts Between
Hepatocyte Subpopulations Toward an Overall Lower
Regenerative Sate. Chronic alcohol-adapted livers exhibit
delayed or insufficient liver regeneration after injury?.
We sought to determine whether gene signatures for the
suppressed regenerative response can be observed at the
level of single hepatocyte population distributions in
ethanol-adapted livers postresection. We employed our
template match analysis to identify the shifts in molecu-
lar expression observed in chronic ethanol-adapted single
hepatocytes 24-h postresection. As in previous sections,
we used the control LLM sample cluster medians as tem-
plates for matching.

The results of our template match analysis are shown
in Figure 7. Similar to the control PHx samples, only 40%
of the ethanol PHx samples matched the control LLM
templates. The unmatched samples were separated into
three different clusters. Although similar fractions of con-
trol and ethanol PHx samples matched with the control
LLM templates, the distribution of hepatocytes across
the four subpopulations was different between these sam-
ple groups (chi-square p=0.047) (Fig. 7B; see Tables 3
and 4). While control PHx samples exhibited a drastic
increase in the fraction of hepatocytes in the replicating
subpopulation, the increase in replicating ethanol PHx
samples was much less pronounced. A higher fraction of
ethanol PHx samples were in the quiescent and transi-
tion subpopulations compared to control PHx samples.

FACING PAGE

Figure 5. Control PHx samples reside primarily in the primed and replicating subpopulations. The primed state is characterized
by high expression of priming phase markers, whereas the replication state is characterized by high expression of Ccndl and genes
participating in angiogenesis (Angl, Vegfa). (A) Distribution of control PHx samples (blue) across the molecular states identified in
control LLM samples. The new states identified in control PHx samples exhibit gene expression profiles closest to the replicating state.
(B) Control PHx hepatocytes (62.5%) reside in the replication state. In contrast, 2.9% control LLM samples reside in the replication
state. (C) Elevated fatty acid/lipid metabolism and transport gene expression (Acox1, Rxra, Ppara, Fatp5, Fabpl) and decreased gly-
colytic gene expression (Pklr) compared to control LLM samples (green). (D) Subpopulation-specific comparisons suggest elevation
in replication markers (Ccnd1, Angl, and Vegfa) in control PHx sample in all subpopulations except quiescent. PkIr expression is sup-
pressed in all subpopulations. Ppara and Fabpl expression increases in control PHx samples in the primed state.
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Figure 6. Distribution of ethanol LLM hepatocytes across molecular states is similar to control LLM samples. (A) Three new clus-
ters identified in the ethanol LLM samples show gene expression profiles similar to the primed-to-replication transition state and the
replication state. (B) Higher proportions of ethanol LLM samples reside in the transition and replication subpopulations compared
to control LLM samples. (C) Elevated expression of alcohol and aldehyde metabolism genes in all molecular states in ethanol LLM
samples compared to control LLM samples. (D) Dysregulated lipid metabolism and transport gene expression in ethanol LLM hepa-
tocytes compared to control LLM hepatocytes.
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Figure 7. Distribution of hepatocytes from all conditions among the subpopulations identified in control LLM samples. (A) Samples
from all conditions are distributed among all subpopulations, however, in different proportions. (B) PHx samples show increased
fractions in the primed and replicating subpopulations in both diets. However, there is a higher fraction of control PHx samples in the
replicating state compared to ethanol PHx. (C) Elevated Socs3 expression and unchanged cMet expression after PHx in ethanol PHx
samples (red) compared to control PHx samples (blue) likely contribute to aberrant liver regeneration of rat livers adapted to chronic

ethanol intake.

However, a similar fraction of control PHx and ethanol
PHx hepatocytes occupied the primed state.

The higher fraction of ethanol PHx samples in the
quiescent state suggested a suppressed priming response
in alcohol-adapted livers, observable at the level of sin-
gle hepatocytes. Sensitization of hepatocytes to ethanol-
induced sustained cytokine signals has been reported

previously, which could lead to their aberrant priming
response after partial hepatectomy®. Studies in mice
have reported that Socs3 deficiency improves liver
regeneration by enhancing STAT3 and ERK activation*
Our data showed a decrease in Socs3 gene expression
24 h after PHx in the control case. However, we observed
increased Socs3 gene expression 24 h after PHx in the
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case of chronic ethanol-adapted livers. In addition, cMet
expression increased after PHx in the case of control sam-
ples but not in ethanol samples. These observations point
toward an underlying temporal dysregulation in expres-
sion of critical genes involved in hepatocyte priming
in the case of chronic ethanol-adapted livers and could
underlie the observed suppression of liver regeneration.

A Animal pair 1

LLM PHx

ACHANTAETAL.

We further tested pSTAT3 and SOCS3 protein expres-
sion levels using Western blots and immunofluorescence
to identify the differences in priming induced by PHx
in control and chronic ethanol-adapted livers. Western
blot results showed increased pSTAT3 and SOCS3 pro-
tein expression in control as well as ethanol groups 24 h
post-PHx (Fig. 8A). Although the PHx-induced trends in
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Figure 8. pSTAT3 protein exhibits higher nuclear localization in ethanol PHx hepatocytes. (A) Western blots for two animal pairs
show increased pSTAT3 in both control and ethanol-adapted rat livers 24 h after PHx. PHx resulted in a blunted increase in SOCS3 lev-
els for animal pair 2, compared to animal pair 1. (B) Examples of liver sections stained with DAPI, phalloidin and SOCS3 or pSTAT3
antibodies. The sections in the shown images were from a chronic ethanol-adapted animal 24 h after PHx. While pSTAT3 shows a high
degree of colocalization with the nuclear DAPI signal, SOCS3 is more diffused throughout the cell. (C) Nuclear pSTAT3 localization
is higher for ethanol PHx hepatocytes suggesting continued activity of priming signals. Distributions of cytosolic SOCS3 levels do
not exhibit substantial differences between control and ethanol PHx. Fluorescent intensities in negative controls that lack the primary
antibody are substantially lower than the true signal suggesting minimal nonspecific binding.



HEPATOCYTE MOLECULAR STATES DURING REGENERATION

protein expression were similar at the whole tissue level
in control and ethanol groups, the localization of pSTAT3
within hepatocytes was different at the 24-h time point
(Fig. 8B and C). Quantitative analysis of protein immuno-
fluorescence at the single-cell level revealed no changes
in nuclear pSTAT3 protein in control PHx compared to
that in control LLM. In contrast, the ethanol PHx group
exhibited higher pSTAT3 localization in hepatocyte nuclei
24 h after resection compared to that in ethanol LLM. Our
results showed a larger increase in cytosolic SOCS3 pro-
tein expression 24 h after PHx in the control group com-
pared to ethanol. Increased pSTAT3 nuclear localization is
consistent with higher Socs3 mRNA expression observed
in our data (Fig. 7C). In conjunction, these results point
toward a priming response in ethanol-adapted rat livers
that is present even after 24 h post-PHX.

The effects of PHx on transcriptional states of hepa-
tocytes at the 24-h time point in the control and ethanol
groups can be visualized in a reduced dimensional space
as shown in Figure 9. The transcriptional landscape con-
sists of the four molecular states—quiescent, primed,
transition, and replicating—as the “attractor” regions, the
regions where hepatocytes tend to reside. A majority of
control LLM samples occupy the quiescent and primed
regions in the transcription landscape. PHx induces an
overwhelming transition away from the quiescent attrac-
tor with a majority of control PHx hepatocytes residing
in the replicating region of the transcriptional landscape.
The regions of the transcriptional landscape occupied by
the ethanol LLM samples overlap with the control LLM
samples suggesting adaptation to chronic ethanol feeding.
However, in the case of ethanol diet, hepatocytes seem
to be distributed throughout the transcriptional landscape

Control

P-R Transition State

Quiescent State

Primed State

© Baseline
© Partial Hepatectomy

Replication
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and continue to occupy similar regions after PHx. Existing
evidence points toward sensitization of hepatocytes to
high levels of cytokine signaling induced by chronic alco-
hol intake as one of the reasons for aberrant liver regenera-
tion®. Although the difference in control and ethanol PHx
sample proportions identified as quiescent was small, the
higher proportion of ethanol PHx hepatocytes in the qui-
escent subpopulations compared to control PHx suggested
a higher barrier for individual hepatocytes to transition
away from quiescence. Notably, this effect was observable
at the single-cell scale. The existence of small fractions of
control and ethanol LLM samples in the regions of the
transcriptional landscape occupied predominantly by rep-
licating subpopulation in these sample groups could point
toward tissue renewal rather than a regenerative response.
Consistent with expectation, we observed higher tissue
renewal response in ethanol baseline samples possibly
caused due to alcohol metabolism intermediates and/or
elevated cytokine levels mediating cell injury™.

Ethanol Shifts Priming Response During
Early Sages After PHx

Previous studies have demonstrated that suppressed
liver regeneration due to adaptation to chronic ethanol
intake in rats may be driven by events within the first
few hours after PHx, before the 24-h peak of DNA syn-
thesis. For instance, the expression of immediate early
response genes at 1 h and 6 h after PHx is significantly
different between control and ethanol-adapted rat liver®,
In addition, binding profiles of NF-kB also showed sig-
nificant changes between control and ethanol-adapted rat
liver at 1 h and 6 h after PHx. In this work, we observed
increased Socs3 gene expression (Fig. 7C) consistent

Ethanol

g

Sam ©)
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Figure 9. Adaptation to chronic ethanol intake causes suppressed shifts in molecular states of single hepatocytes after PHx. Control
LLM and PHx hepatocytes occupy distinct regions within the transcriptional landscape with LLM samples residing predominantly in
the quiescent and primed states, whereas the PHx samples reside predominantly in the primed-to-replication transition and replication
states. In contrast, regions within the transcriptional landscape occupied by ethanol PHx samples show a higher overlap with those that
contain ethanol LLM samples.
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with increased nuclear pSTAT3 localization (Fig. 8C) at
24 h after PHx in the ethanol-adapted rat liver. Based on
these results, we asked the question whether the pSTAT3
protein localization and Socs3 gene expression profiles at
24 h represent an overall temporal delay or a decoupling
of the priming response and downstream cell cycle events
in ethanol-adapted rat hepatocytes. We compared nuclear
localization of pSTAT3 in control and ethanol groups at
baseline and 6 h after PHx using immunofluorescence
(Fig. 10). Our results showed that at 6 h after PHXx, there
is an increased nuclear localization of pSTAT3 in control
samples. However, at 6 h post-PHX, the ethanol group did
not show a substantial increase in nuclear pSTAT3 local-
ization compared to the baseline, suggesting a reduction
in hepatocyte priming in the early stages of regeneration
in the ethanol-adapted rat liver, consistent with previous
studies on whole tissue transcriptomic and genome-wide
transcription factor binding™“. Our results indicate that
these trends are reversed 24 h after PHx, where there is
increased nuclear pSTAT3 protein localization in etha-
nol PHx samples compared to baseline, but no change
between control baseline and PHx samples (Fig. 8C).
Such a delayed but sustained priming likely contributes
toward the observed increase in the proportions of hepa-
tocytes in quiescent and transition subpopulations at 24 h
in the ethanol group compared to control.

DISCUSSION

In this study, we acquired a novel data set contain-
ing expression profiles of 84 genes from 233 individual
hepatocytes residing in the midlobular region. Our results
indicated that the effects of chronic ethanol exposure on
liver regeneration are manifested in changes in the propor-
tion of hepatocytes residing in baseline molecular states.

ACHANTAETAL.

These shifts in cell state proportions likely extrapolate to
altered regenerative capacity of the liver.

Gene expression variability at the single-cell scale,
as observed in our data, is now a widely recognized fea-
ture of tissues under homeostatic conditions. However,
mounting a robust repair response to acute stimuli such
as tissue injury requires a transient and potentially syn-
chronized convergence of molecular states of individual
cells toward a trajectory of molecular states leading to
functional repair. Intercellular interactions mediated by
local microenvironment modulation and/or direct molec-
ular exchange are thought to play an important role in
generating a concerted cellular response. Although inter-
cellular communication can possibly override cellular
variability at short time scales®, effects on intracellular
gene expression would require more precise regulation
over longer time frames. Despite the intrinsic variability
and microenvironmental effects, we observed modules of
coexpressed genes within the focused gene set examined
in this study, suggesting the existence of a set of “attrac-
tor cell states” in the liver following injury. Such attractor
states are commonly observed across biological systems,
particularly in the developmental context of lineage-spe-
cific differentiation, as well as in the immune system and
highly organized tissue such as thebrain®““°,

The current study was aimed at characterizing the
distribution of the transcriptional states of hepatocytes in
the liver during response to PHx. Our experimental design
prioritized obtaining several single cells in order to have a
reliable estimate of the transcriptional states. Considering
the limited throughput of the laser capture microdissection-
based approach to obtain single-cell samples, it was imprac-
tical to extend the design beyond two animals per condition
(four conditions). We note that emerging technologies
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Figure 10. Six-hour versus 24-h nuclear pSTAT3 localization suggests dysregulated priming in chronic ethanol-fed rat livers after
PHx. Nuclear pSTATS3 localization increases 6 h after PHx in control livers, but not in the ethanol-adapted livers. In contrast, nuclear
pSTAT3 localization is elevated in ethanol livers 24 h after PHx, which is absent in control livers. The intensities were scale normal-

ized for comparison between time points.
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based on dissociated cells provide a fruitful path forward
to obtain transcriptomic data from hundreds to low thou-
sands of single cells, and could be extended to consider
a larger set of individual animals for replicability. Such a
data set would enable animal-to-animal comparisons in
addition to diet and time point differences during liver
regeneration. Additionally, we focused on a subset of 84
functionally relevant genes. Nevertheless, we note that
even when considering the whole transcriptome, only a
small fraction of transcripts (in the low hundreds) con-
tributes to the classification of single-cell states, as not
all transcripts are distinct in expression between the cell
states™ (i.e., the functional characterization of molecular
states is determined by the subset of the transcriptome
that is relevant to a specific biological context). Our study
follows successful adaptation of focused gene expression
studies in context-specific characterization of single-cell
molecular states reported previously, for example, in the
developmental context, brain, and colon®**%,

In addition to the three canonical hepatocyte sub-
populations—quiescent, primed, and replicating—we
observed a fourth subpopulation that we classified as a
primed-to-replicating transition state. Hepatocytes in this
subpopulation are characterized by expression of primed
state markers as well as mitogen response markers. The
higher proportion of ethanol PHx samples (24%) com-
pared to control PHx samples (8%) in the primed-to-
replicating transition subpopulation suggested that in
addition to hepatocyte sensitization and a slower prim-
ing response, progression of hepatocytes through the cell
cycle itself is slower, contributing toward a suppression
of liver regeneration. The recent emergence of advanced
imaging techniques can provide further insight into tran-
sition rates of hepatocytes through the cell cycle in con-
trol and chronic ethanol-adapted cases®. Interestingly,
a generalized prolongation or arrest of cell cycle pro-
gression has previously been observed in vitro due to
chronic acetaldehyde treatment but not chronic ethanol
treatment>*°.

The results of our study indicate that an increase in
tissue cytokine levels, subsequent hepatocyte sensitization
and possibly slower cell replication contribute toward the
delayed or suppressed renewal of the liver parenchyma.
Since liver regeneration is a highly organized and tempo-
rally regulated process, even slight deviations from the
normal progression can substantially affect liver regen-
eration outcome®. In our hepatocyte-centric transcrip-
tional study, these effects are reflected in changes in the
proportion of control or ethanol LLM or PHx samples
residing in different subpopulations. However, hepatic
nonparenchymal cells, such as Kupffer cells and hepatic
stellate cells, also play a significant role in the regulation
of liver regeneration®. Sustained activation of nonparen-
chymal cells into pro- and antiregenerative phenotypes
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could determine the balance between normal and aberrant
liver regeneration through microenvironmental changes
and proportion shifts as seen in this study. An investiga-
tion involving identification of chronic ethanol-induced
phenotype shifts in colocalized hepatocytes and non-
parenchymal cells may shed light on the relative contribu-
tions of hepatocyte-intrinsic defects and external factors
toward suppression of liver regeneration. As suggested in
this study, hepatocyte transition propensities between the
canonical molecular states in response to PHx could at least
partly affect the liver regeneration outcome. Identifying
marker genes that can predict adaptability of hepatocytes
after chronic perturbations, although beyond the scope of
this study, could likely prove to be an important first step
toward resetting chronic perturbation-induced hepatocyte
state transition propensities and point a way for improv-
ing surgical outcomes after liver resection.
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