AMERICAN JOURNAL OF PHYSIOLOGY

ENDOCRINOLOGY
AND METABOLISM.

american v
physiological
society”

Am J Physiol Endocrinol Metab 320: E244—-E258, 2021.
First published October 26, 2020; doi:10.1152/ajpendo.00391.2020

RESEARCH ARTICLE

Deconstructing Organs: Single-Cell Analyses, Decellularized Organs, Organoids, and Organ-on-
a-Chip Models

Holistic characterization of single-hepatocyte transcriptome responses
to high-fat diet

Sung Rye Park,"? Chun-Seok Cho," Jingyue Xi,2 Hyun Min Kang,? and Jun Hee Lee’

'Department of Molecular and Integrative Physiology and Institute for Gerontology, University of Michigan Medical School,
Ann Arbor, Michigan and 2Department of Biostatistics and Center for Statistical Genetics, University of Michigan School of
Public Health, Ann Arbor, Michigan

Abstract

During nutritional overload and obesity, hepatocyte function is grossly altered, and a subset of hepatocytes begins to accumu-
late fat droplets, leading to nonalcoholic fatty liver disease (NAFLD). Recent single-cell studies revealed how nonparenchymal
cells, such as macrophages, hepatic stellate cells, and endothelial cells, heterogeneously respond to NAFLD. However, it
remains to be characterized how hepatocytes, the major constituents of the liver, respond to nutritional overload in NAFLD.
Here, using droplet-based, single-cell RNA sequencing (Drop-seq), we characterized how the transcriptomic landscape of individ-
ual hepatocytes is altered in response to high-fat diet (HFD) and NAFLD. We showed that the entire hepatocyte population
undergoes substantial transcriptome changes upon HFD, although the patterns of alteration were highly heterogeneous, with
zonation-dependent and -independent effects. Periportal (zone 1) hepatocytes downregulated many zone 1-specific marker
genes, whereas a small number of genes mediating gluconeogenesis were upregulated. Pericentral (zone 3) hepatocytes also
downregulated many zone 3-specific genes; however, they upregulated several genes that promote HFD-induced fat droplet for-
mation, consistent with findings that zone 3 hepatocytes accumulate more lipid droplets. Zone 3 hepatocytes also upregulated
ketogenic pathways as an adaptive mechanism to HFD. Interestingly, many of the top HFD-induced genes, which encode pro-
teins regulating lipid metabolism, were strongly co-expressed with each other in a subset of hepatocytes, producing a variegated
pattern of spatial co-localization that is independent of metabolic zonation. In conclusion, our data set provides a useful resource

for understanding hepatocellular alteration during NAFLD at single cell level.
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INTRODUCTION

The liver is a vital organ that performs essential diges-
tive and metabolic functions within the body, such as glu-
cose and fat metabolism, serum protein production, bile
secretion, and chemical detoxification. Most of these func-
tions are mediated by hepatocytes, which constitute the
major cell type of the liver, and comprise of 70-85% of the
liver’s mass.

With the prevalence of obesity in the modern society, the
incidence of nonalcoholic fatty liver disease (NAFLD) is
increasing at an alarming rate (1). During obesity, overnutri-
tion and sedentary lifestyle lead to a chronic calorie surplus,
resulting in the storage of excessive nutrients in the form of
fat. In this condition, the liver also accumulates large fat
droplets, which does not typically occur in healthy liver.
NAFLD can precipitate further advanced liver diseases such

as steatohepatitis (NASH), liver cirrhosis, and hepatocellular
carcinoma (HCG; liver cancer) (2).

Recently, pathological NAFLD responses of nonparenchy-
mal cell types, such as inflammatory cells and hepatic stel-
late cells, were characterized at the single-cell level through
SscRNA-seq (3). It was reported that, during NAFLD, some
macrophages and hepatic stellate cells still retain their nor-
mal transcriptome that is almost indistinguishable from
those in healthy liver. However, new cell types, which have
activated inflammatory signaling (NASH-associated macro-
phages) or fibrogenic responses (activated hepatic stellate
cells), emerged from the normal population and occupied a
substantial portion of cells in the diseased liver. Similar
observations were made from fibrotic responses of hepatic
stellate cells to carbon tetrachloride treatment (4, 5) or
human liver cirrhosis (6), indicating the presence of both
resting and activated hepatic stellate cell population in
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fibrotic liver. Another recent study indicated that liver endo-
thelial cells also show similar bipartite response to NASH
with responsive and unresponsive populations (7). These
findings suggested that at least some nonparenchymal liver
cells maintain unaltered transcriptome phenotypes to medi-
ate homeostatic function, whereas other cells alter their tran-
scriptome or migrate from other places to play either
adaptive or maladaptive pathological roles during NASH or
NAFLD.

Although hepatocytes are often considered function-
ally homogeneous, studies actually indicate that individ-
ual hepatocytes are exposed to different physiological
environments, receive different developmental cues,
express different sets of genes, and thereby play special-
ized metabolic functions according to their histological
niche (8-11). Recent single-cell RNA-seq (scRNA-seq)
studies on normal mouse and human liver samples con-
firmed the presence of such heterogeneity in mammalian
liver (12, 13). Furthermore, histological studies revealed
that a subset of hepatocytes in a specific region is more
prone to fat accumulation (NAFLD) (14-16), fibrotic disease
progression (NASH) (17), liver damage, and hepatocarci-
nogenesis (HCC) (18-20). Therefore, although transcrip-
tomic analyses of bulk liver mRNAs have revealed that
lipogenic, glucogenic, and inflammatory gene transcrip-
tion levels substantially change upon the development
of NAFLD and NASH (21), it is unknown how indivi-
dual hepatocytes alter their gene expression during liver
pathogenesis.

Here, we performed droplet-based, single-cell RNA-
sequencing (Drop-seq) (22) on hepatocytes freshly isolated
from lean and high-fat diet (HFD)-fed obese mice and char-
acterized their single-cell transcriptome. Our analyses indi-
cate that, unlike nonparenchymal cell types that have both
nonresponsive and responsive populations, all hepatocytes
altered their transcriptome upon HFD, and each of their sin-
gle-cell transcriptomes were distinct from the ones isolated
from lean mice. However, the patterns of transcriptome
alteration were highly heterogeneous across the metabolic
zones, and there is also HFD response heterogeneity that is
independent of the zonation profile. Some of these interest-
ing single-cell gene expression features were observed at the
protein level through immunohistochemistry of liver sec-
tions. Collectively, our work reveals how HFD alters the tran-
scriptomic landscape of single hepatocytes across the whole
population.

MATERIALS AND METHODS

Data Availability

The scRNA-seq data set generated from this study is
available at the Gene Expression Omnibus database (GEO
accession no. GSE157281). The data can also be accessed
through an interactive online resource (https://lee.lab.
medicine.umich.edu/hfd), which has an intuitive graphi-
cal user interface for exploring our scRNA-seq data set.

Mice and Diets

Eight-week-old C57BL/6J littermate male mice were sepa-
rated into two groups and were fed a regular chow diet [low-
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fat diet (LFD) group; Lab Diet, 5LOD] or high fat diet (HFD
group; Bio-Serv, S3282). After 12wk of dietary modulation,
mice whose body weight reached between 48 and 52g (HFD
group) or between 35 and 38g (LFD group) were euthanized
and subjected to single-hepatocyte isolation and Drop-seq.
We complied with all relevant ethics regulations for animal
testing and research. All experiments were approved by the
University of Michigan Institutional Animal Care and Use
Committee (PRO00007710 and PRO00009630).

Hepatocyte Isolation

For hepatocyte isolations, the liver was first perfused with
calcium-free Hank’s Balanced Salt Solution (HBSS; 14175-
095, Gibco) containing 0.2 mg/mL EDTA (51201, AccuGENE)
and sodium bicarbonates (7.5%; 25080-094; Gibco) and then
sequentially perfused with 0.2% collagenase type II
(LS004196; Worthington) in HBSS (14025-092, Gibco)
with calcium chloride (2.5M; C7902-500G; Sigma). The
collagenase-treated liver was extracted from the body and
further incubated at 37°C for 20min. Liver cells were
diluted in DMEM (11965; Gibco) containing 10% serum and
centrifuged at 50g for 5min to enrich hepatocytes and
passed through a 100-micron nylon cell strainer (10199-
659; VWR) multiple times. To remove nonhepatocytes, the
gradient precipitation using a 30% percoll solution (17-
5445-02; GE Healthcare) was performed, and the resulting
hepatocytes were resuspended in 0.5% BSA (A8806;
Sigma) in PBS (11965-092; Gibco) for the further analysis of
viability and a subsequent Drop-Seq experiment.

Drop-Seq Library Preparation

Drop-seq experiments were performed through a previ-
ously described method (22). Hepatocyte preparations were
diluted in 2 mL of PBS-BSA to a final concentration of
240,000-300,000 cells. Diluted hepatocytes suspension,
barcoded beads (MACOSKO-2011-10; Chemgenes) in lysis
buffer (400 mM Tris, pH 7.5, 40 mM EDTA, 12% Ficoll PM-
400, 0.4% Sarkosyl, and 100 mM DTT; 100,000 beads/mL),
and droplet generation oil (184006; Bio-Rad) were injected
into a microfluidics device (FJISUM-QO0-180221; FlowJEM)
through three separate inlets. The flow rates for the cell and
bead suspensions were set as 2,000 uL/h, and the flow rate
for the droplet oil was set to 7,500 uL/h. Resulting droplets
were sequentially collected in 50-mL falcon tubes, and the
total collection time was between 25 and 30 min. Droplets
were broken by vigorous shaking to release the beads into
the solution, and the beads were collected by centrifugation.
Beads were washed multiple times in 6x SSC (diluted from
20x SSC, 15557044; Invitrogen). Excess bead primers were
removed by the treatment of Exonuclease I (NEBMO0293S;
NEB), cDNA synthesis was performed using Template
Switch Oligo (TSO), and DNA was amplified using PCR
according to the original Drop-seq protocol (22). The result-
ant PCR product was purified by AMPure XP beads (A63881;
Beckman Coulter). The products of the multiple PCR reac-
tions were used for the secondary PCR to construct a full-
length cDNA library, which was processed into the sequenc-
ing library using the Nextera XT DNA Library Preparation
Kit (FC-131-1096; Illumina), with unique barcode sequences
for each set. The quality of the libraries was inspected by
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agarose gel electrophoresis for their average size and concen-
tration before pooling for the sequencing. A total of five sets
of cDNA libraries from Drop-seq runs, two from LFD liver
and three from HFD liver, were analyzed. The pooled libra-
ries were sequenced using Illumina HiSeq-4000 High-
Output at the University of Michigan Sequencing Core and
AdmeraHealth, Inc. after an additional quality control pro-
cess through Agilent BioAnalyzer.

Drop-Seq Data Processing

We processed raw reads, following the instructions
described in the Drop-seq Laboratory Protocol version 3 (27)
using DropSeqTools (version 1.13). Reads were aligned to the
mml0 mouse genome using STAR (version 2.6.0a) (23), fol-
lowing the default DropSeqTools pipeline. The aligned reads
were further processed using a popscle software tool (https://
github.com/statgen/popscle) to produce the digital expres-
sion matrix. We used a unique molecular identifier (UMI)
count 400 as an initial cutoff to filter 44,245 droplets to con-
sider for more stringent filtering. Because hepatocytes are
extremely fragile (24, 25), ambient RNAs (soup) released
from dead hepatocytes could be easily captured by the major-
ity of droplets that do not have actual single cells. Indeed,
preliminary analysis of Drop-seq results revealed several
droplet clusters that were suspected of having been formed
from soup, not from a single cell. To identify these soup drop-
lets from our data set, a shuffled (Shf) data set was generated
by random shuffling of transcriptome information in the
original (Org) data set. We assumed that soup droplets in the
Org data set would exhibit characteristics similar to the drop-
lets in the Shf data set. To test this, Org and Shf data set were
plotted on the t-distributed stochastic neighbor embedding
(t-SNE) manifold. Indeed, the results indicate that many of
the Org droplets from the Drop-seq experiments have a char-
acteristic similar to droplets of the Shf data set, as they
overlap in the t-SNE manifold (Supplemental Fig. S1A;
Supplemental Material is available at https://doi.org/10.1101/
2020.04.16.045260). From the t-SNE manifold, we identified
four small clusters (Supplemental Fig. S14) that are unique to
the Org data set. Among these, one cluster (cluster AA in
Supplemental Fig. S1, A and B) contained higher levels of mi-
tochondrial transcripts, whereas another cluster (cluster BB
in Supplemental Fig. S1, A and C) contained very low levels of
UMI. The other two clusters (clusters CC and DD in
Supplemental Fig. S1, A-D) had relatively higher UMI num-
bers and relatively lower mitochondrial transcript content;
therefore, we focused on isolating these two clusters from the
data set. Therefore, through a series of multidimensional
clustering and subtraction of irrelevant droplets with soup-
like profiles (Shf-enriched clusters), higher mitochondrial
contents (cutoff: 30%), and lower UMI counts (cutoff: 1,000),
we isolated a total of 454 droplets that represent 216 cells
from two LFD liver samples and 238 cells from three HFD
liver samples Supplemental Fig. S1D).

Cell Clustering and Data Visualization

The digital expression matrix was processed to Seurat
version 3 (26), following the “standard processing work-
flow” in the tutorial. Two-dimensional t-SNE (27) and
Uniform Manifold Approximation and Projection (UMAP)
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(28) manifolds were used to visualize gene expression data
across different clusters of single cells. Clustering was per-
formed using the shared nearest neighbor modularity opti-
mization implemented in Seurat’s FindClusters function,
using a resolution parameter as 0.2. We observed that
batch effects are minimal, and all HFD droplets across
three independent batches fell into the cluster corre-
sponding to HFD cells, whereas most of the LFD droplets
(97%) across two independent batches fell into the other
cluster corresponding to LFD cells.

Imputation of Single-Cell Expression

We performed the imputation of the data using the magic
package (29) or the saver package (30). Default parameters
were used for the imputation work. The scatterplots and fea-
ture plots of imputed data were visualized using customized
R scripts with ggplot2.

Construction of Hepatocyte Zonation Profiles

Argl and CypZ2el are established markers for zone 1 and 3
hepatocytes, respectively (12, 31), and expression levels of
these genes were comparable between LFD and HFD livers
in our data set. Accordingly, imputed gene expression levels
for Argl and Cyp2el were used for estimating hepatocyte
zonation. Zonation score was calculated as the difference
between the magic-imputed levels of Argl and CypZel
expression. According to the zonation score, hepatocytes
were divided into five bins of cells, among which the top
three bins were grouped together as zone 1 hepatocytes, and
the bottom two bins were grouped as zone 2 and 3 hepato-
cytes, respectively. The resultant hepatocyte groups appro-
priately reflect the biological characteristics of zone 1-3
hepatocytes, as supported through independent visualiza-
tions using PCA, t-SNE, and UMAP manifolds, as well as
gene expression analyses of the other established zone-spe-
cific markers (see RESULTS and DISCUSSION for details).

Pathway Enrichment Analysis

Differentially expressed genes (based on fold enrichment)
were identified between LFD and HFD hepatocytes and
between zone 1 and zone 3 hepatocytes from the LFD set of
hepatocytes, using FindAllMarkers function in Seurat.
Networks of GO terms were constructed using ShinyGO ver-
sion 0.61 (32), using only the top 20 significant terms. The
pathway enrichment analysis was also performed using
enrichGO and enrichKEGG functions in the clusterProfiler
version 3.6 (33).

Immunohistochemistry

For immunohistochemistry, liver tissues were fixed in
10% buffered formalin and embedded in paraffin and sub-
jected to immunohistochemical staining, as previously
described (34). In brief, paraffin-embedded liver sections
were incubated with primary antibodies obtained from
Santa Cruz Biotechnology (Apoa4, sc-374543; Elovl5, sc-
374138; Fabpl, sc-271591; Cyp2f2, sc-374540; Cypla2, sc-
53241) at 1:100, followed by incubation with biotin-conju-
gated secondary antibodies (BA-9200, 1:200; Vector
Laboratories) and horseradish peroxidase (HRP)-conju-
gated streptavidin (554066, 1:300; BD Biosciences). The
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HRP activity was visualized with diaminobenzidine
staining, and nuclei were visualized by hematoxylin coun-
terstaining. For fluorescence staining of lipid droplets and
Cyp2f2, livers were harvested from 4-mo-old mice, which
had been either LFD or HFD for 2 mo. Frozen liver sections
were fixed with 2% paraformaldehyde, blocked with 1x
Western Blocking Reagent (Roche), and incubated with
anti-Cyp2f2 primary antibody (sc-374540; Santa Cruz
Biotechnology), followed by Alexa 594-conjugated second-
ary antibody, DAPI, and BODIPY 493/503 (Invitrogen).

RESULTS AND DISCUSSION

Drop-Seq Successfully Captures Single-Hepatocyte
Transcriptome Profile

To characterize the effect of HFD on single-cell transcrip-
tome of hepatocytes, we performed Drop-seq in five inde-
pendent experiments, with freshly isolated hepatocytes from
two normal chow (LFD)-fed lean mice and three HFD-fed
obese mice. A total of 216 high-quality hepatocytes were
identified from the livers of LFD mice, whereas 238 were
identified from those of HFD mice (see MATERIALS AND
METHODS for details). All of these droplets expressed robust
levels of Alb (>0.9% of total transcriptome; Supplemental
Fig. S2A), an authentic hepatocyte marker encoding albumin
protein, confirming that these droplets indeed represent he-
patocyte transcriptome.

In contrast, most macrophage markers, such as Emrl,
Itgam, and Cdi4, as well as many inflammatory cytokines,
such as Tnf, 1l6, and Ccl2, were undetectable from our sin-
gle-cell transcriptome data set (Supplemental Fig. S2, B and
C), indicating that our Drop-seq preparations did not have
contaminating fractions of Kupfer cells, the liver-resident
macrophages. Many markers for hepatic stellate cells and
fibroblasts, such as Acta2, Col3al, Pecaml, and Mmp2, were
also not detected (Supplemental Fig. S2). Major adipocyte
markers, such as Fabp4 and Adipoq, were also undetectable
(Supplemental Fig. S2E), indicating that although HFD and
fatty liver can render hepatocytes to accumulate lipid drop-
lets (35), they do not alter the tissue identity of hepatocytes
to exhibit adipocyte characteristics.

HFD Alters Single-Cell Transcriptome Profile of the
Entire Hepatocyte Population in Liver

To explore and understand the single-hepatocyte tran-
scriptome data, we first performed the principal component
(PC) analysis to determine the signatures of the largest var-
iance in our data set. PC1, which represents the largest var-
iance, did not characterize significant differences between
LFD and HFD samples (Fig. 14, left). However, PC2 and PC3,
the orthogonal axes representing the second- and third-larg-
est variance, respectively, were highly effective in separating
LFD and HFD transcriptome profiles (Fig. 1A, middle and
right). Correspondingly, PC2 and PC3 were sufficient to dis-
criminate LFD and HFD hepatocytes without any additional
information (Fig. 1B). The effect of HFD was robust across in-
dependent batches of the experiment (Fig. 1C).

Similar trends were observed from the nonlinear mani-
folds generated by t-SNE and UMAP dimension reduction
methods (27, 28), which segregated LFD and HFD groups of
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hepatocytes (Fig. 1D) but were robust against batch effects
(Fig. 1E). High-dimensional clustering analysis also clearly
differentiated the LFD and HFD groups; all cells from HFD
mice fell into the cluster corresponding to the HFD group
(group 0 in Fig. 1F), whereas 213 out of 216 cells (98%) from
LFD mice fell into the LFD group (group 1 in Fig. 1F). These
results indicate that the entire hepatocyte population in
mouse liver responded to the HFD challenge by altering their
transcriptome profiles.

Metabolic Zonation of Hepatocytes Was Captured in
Both HFD and LFD Livers

We were curious about the nature of the PC1 axis, which
represents the largest variance of transcriptomic profiles
across all hepatocyte populations yet does not strongly rep-
resent the diet effect (Fig. 1A). We observed that the hepato-
cyte marker Alb expression exhibited a substantial negative
correlation with PC1 in both HFD and LFD groups (r = —0.54,
P < 2.2e-16; Supplemental Fig. S2F). Alb expression is known
to be relatively higher in periportal zone 1 hepatocytes and
relatively lower in pericentral zone 3 hepatocytes (36); there-
fore, we suspected that the PCl axis might represent the
metabolic zonation of individual hepatocytes. To further
substantiate this conjecture, we examined the expressions of
the well-characterized periportal marker Argl and the peri-
central marker Cyp2el (12, 31) to understand the zonation
structure of our data set. Both scaled and imputed expres-
sion levels of Argl showed negative correlation with the PC1
(r = —0.26 and —0.84, respectively, P < 2.5e-8; Supplemental
Fig. S3A, top), whereas expression levels of Cyp2el showed
positive correlation with the PC1 (r=0.56 and 0.89; P < 2.2e-
16; Supplemental Fig. S3A, bottom), indicating that PCl
indeed represents the metabolic zonation structure of
hepatocytes.

Interestingly, in single cells, imputed levels of Argl and
Cyp2el expression showed a clear negative correlation (r =
—0.93; Fig. 2A), consistent with their opposed expression
patterns in the liver (12, 31). Based on these levels of Argl and
CypZ2el expression, we partitioned the liver with three zones:
zone 1 with periportal characteristics, zone 2 with intermediate
characteristics, and zone 3 with pericentral characteristics (Fig.
2A, right).

Previous studies isolated a long list of zone 1-specific
markers, such as Alb, Assl, Argl, Cyp2f2, Cpsl, Gls2, Pckl,
and Sult5al, and zone 3-specific markers, such as Glul,
Oat, Slcla2, Lect2, Ldhd, Por, Cypla2, Cyp2el, Ahr, and
Gstm2, -3 and -6, through various methodologies,
including differential isolation, immunohistochemistry,
or RNA in situ hybridization analyses (12, 31, 37). All of
these genes appear to have corresponding patterns of
expression in our data set (Supplemental Fig. S4).
Furthermore, Hamp and Igfbpl, genes whose expression
is elevated in the intermediate region of the liver (12),
showed zone 2-specific expression from our data set (Fig.
2B). These results confirm the validity of our zonation
method.

Diet and zonation effects can also be jointly visualized
in a three-dimensional PC1/PC2/PC3 space, where PC2
and PC3 axes separate LFD and HFD hepatocytes (Fig. 2C,
left), and the PC1 axis visualizes the portal-to-central
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Figure 1. High-fat diet (HFD) alters single-cell transcriptome of the entire hepatocyte population. Eight-week-old C57BL/6J male littermate mice were
separated into 2 groups and fed a regular chow diet (LFD group) or high-fat diet (HFD group). Droplet-based, single-cell RNA sequencing (Drop-seq) of
hepatocytes was performed after 12 wk of dietary modulation. A—F: principal component analysis (PCA; A-C), t-distributed stochastic neighbor embed-
ding (t-SNE), and Uniform Manifold Approximation and Projection (UMAP; D—F) manifolds colored with diet (4, B, and D), sample (C and E), or the result
from multidimensional clustering (F). Individual dots represent single-cell transcriptome. In each manifold, the distance between individual dots repre-
sents the difference between the single-cell transcriptome. Approximate boundaries of the area for LFD and HFD samples are indicated as dotted out-

line (F).

histological zonation structure (Fig. 2, C, right, and D,
and Supplemental Fig. S3B). Indeed, PC1 values were the
highest in zone 3 and the lowest in zone 1 hepatocytes,
according to our hepatocyte zonation groups (Fig. 2E).
Diet and zonation effects were also robustly observed in
UMAP and t-SNE (Fig. 2, F-H) manifolds. These results
indicate that 1) the structure of metabolic zonation is
maintained in HFD liver, 2) HFD produced transcrip-
tome-altering effects on hepatocyte population across
entire zonation niches, and 3) zonation effect and diet
effect are the two major sources of variation in single-he-
patocyte transcriptomes observed from our data set.

HFD Alters the Expression of Genes Controlling Lipid
Metabolism

Using the diet and zonation information of individual he-
patocytes, we identified a list of genes whose expression pat-
terns are modulated by HFD or dependent on their zonation.
Ninety-one genes were significantly upregulated in the HFD
group, whereas 226 genes were significantly upregulated in
the LFD group (FDR < 0.01; Supplemental Table S1, 1st to 3rd
tabs). Partially overlapping with this list (Fig. 3A), 74 genes
were found to be specific to zone 1 hepatocytes, whereas 320
genes were specific to zone 3 hepatocytes (FDR < 0.01;
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Supplemental Table S1, 1st, 4th, and 5th tabs). Heat map
analysis of the diet-specific (Fig. 3B) and zone-specific genes
(Fig. 3C) confirmed that these gene groups show contrasted
gene expression patterns across different populations of
hepatocytes.

Gene ontology analysis of HFD-upregulated and -downre-
gulated (LFD-upregulated) genes showed that, consistent
with previous bulk gene expression studies (38-40), genes
controlling lipid and fatty acid metabolism are upregulated
in HFD, whereas genes controlling amino acid and drug ca-
tabolism are downregulated (FDR < 0.05 for all presented
pathways; Fig. 3, D-G). However, genes mediating inflam-
mation and fibrosis were not included here (Fig. 3, D-G and
Supplemental Table S1), since our data set was exclusive to
hepatocytes and did not include hepatic stellate cells or
inflammatory cells (Supplemental Fig. S1). Pathway enrich-
ment analysis using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database identified the metabolic path-
ways as the top enriched pathway for both HFD-upregulated
and -downregulated gene lists (FDR=1.6e-10 and 2.2e-29,
respectively; Fig. 3E), consistent with the central role of the
liver in metabolism. Interestingly, among various biological
pathways, the PPAR pathway was represented in both HFD-
upregulated and HFD-downregulated gene lists (Fig. 3, E-G),
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Figure 2. Zonation patterns of single-hepatocyte transcriptome is preserved after high-fat diet (HFD). A: inverse correlation between imputed expression
levels of Arg?and Cyp2e1 (magic-imputed expression values). Individual dots represent single-cell transcriptome colored with diet (/eft) and zone assign-
ment (right). B: analysis of single-cell gene expression in hepatocytes of each zone, expressed as means * SE (scaled expression values). Data from low-
fat diet (LFD) and HFD livers were analyzed separately. C and D: 3-dimensional PCA manifolds depicting the effect of diet (C, /left), zonation (C, right), and
expression levels of indicated genes (D). Individual dots represent single-cell transcriptome. The size of the dots represents the number of RNA features
captured in the droplet. PC1is composed of genes showing zone-specific expression patterns. PC2 and PC3 are composed of genes showing diet-regu-
lated expression patterns. LFD and HFD area, as well as the directionality of metabolic zonation (from portal to central), are indicated in each manifold. E:
analysis of single-cell PC1 values in hepatocytes of each zone, expressed as means + SE (raw component scores). Data from LFD and HFD livers were
analyzed separately. F—H: Uniform Manifold Approximation and Projection (UMAP; top) and t-distributed stochastic neighbor embedding (t-SNE; bottom)
manifolds depicting the effect of diet (F, left), zonation (F, right), and scaled (G) and imputed (H) expression levels of indicated genes. LFD and HFD area

(F, right), as well as the directionality of metabolic zonation (from portal to central; F, left), are indicated.

consistent with the former studies indicating that the path-
way is among the major pathways altering hepatocellular
transcriptome during HFD (41, 42).

HFD Alters Expression Patterns of a Subset of
Zone-Specific Genes

Next, we focused on the genes that exhibit both diet- and
zone-specific expression patterns (Fig. 3A and Supplemental
Table S1, 1st tab). We found that many markers for zone 1 he-
patocytes, such as Cyp2f2, Mupl, Gstpl, and Hpx, were
strongly downregulated upon HFD feeding (Fig. 4, A-D).
Only a very small number of zone 1-specific genes, such as
Aldob, Fbpl, and Mup21, were upregulated (Fig. 4, E and F).
Many zone 3 hepatocyte markers, such as Cypla2, Mupl7,
Gstml1, and Cyp2a5, were also downregulated (Fig. 4, A-D).
However, several zone 3-specific genes, including Cyp4ai4,
Aldh3a2, and Csad, were substantially upregulated in
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response to HFD (Fig. 4, E and G). Therefore, the HFD effect
on zone-specific gene expression could be variable across
individual genes.

We assessed whether mRNA expression changes observed
from our Drop-seq analysis could lead to alterations of the
protein level by examining Cyp2f2 and Cypla2 genes, which
are among the genes that show the strongest zonation pat-
terns in our data set and previous data sets (12). In our data
set, the expression of these genes in their corresponding
metabolic zones was strongly reduced after HFD (Fig. 4B).
These observations were reproduced through immunohisto-
chemical staining of Cyp2f2 and Cypla2 proteins in liver
sections; the areas expressing these two proteins were dra-
matically shrunken (Fig. 4H). Correspondingly, although the
regions expressing Cyp2f2 and Cypla2 substantially over-
lapped in LFD liver, they hardly overlapped in HFD, creating
the gap area where none of these proteins were expressed
(Fig. 4H). Similar patterns were also observed in Drop-seq
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Figure 3. Isolation of genes showing diet- and zone-specific expression patterns. A: area-proportional Venn diagram depicting the relationship between
diet-regulated genes and zone-specific genes. B and C: heat map analysis depicting gene expression across single-cell population. Single cells were
clustered into 6 groups (thick columns) according to diet and zone. Diet-regulated genes (B) and zone-specific genes (C) were analyzed. D and E: net-
work analysis of gene ontology-biological pathway (GO-BP; D) and Kyoto Encyclopedia of Genes and Genomes (KEGG; E) pathway enrichment terms,
using ShinyGO (11). Pathways whose enrichment is significant (FDR < 0.05; top 20 terms) were presented as nodes. Two nodes are connected if they
share 20% or more genes. Darker nodes are more significantly enriched gene sets. Bigger nodes represent larger gene sets. Thicker edges represent
more overlapped genes. F and G: enrichment analysis of high-fat diet (HFD)-upregulated (/eft) and downregulated (right) genes, using clusterProfiler (53)
with GO-BP, GO-molecular function (GO-MF), and KEGG databases. Color of bars indicates significance (P values), whereas length of bars indicates
gene count. Color of circles indicate GO terms related to lipid metabolism (yellow), glucose metabolism (green), amino acid metabolism (blue), drug me-

tabolism (purple), and PPAR pathway (black).

data, where many zone 2 hepatocytes reduced expression of
both Cyp2f2 and Cyp1a2 upon HFD (cells in orange circles of
Fig. 4I). These data exemplify the relevance of our Drop-seq
data set for understanding single-cell gene expression of he-
patocytes in LFD and HFD mouse liver.

Zonation-Independent Heterogeneity in Single
Hepatocyte Responses to HFD

Elovl5, Apoa4, and Fabpl are among the genes that show
the strongest upregulation of gene expression after HFD
(Supplemental Table S1, 3rd tab). Although the HFD induc-
tion of these genes was very robust in both the Drop-seq data
set (Fig. 5, A and B) and immunohistochemical staining of
liver sections (Supplemental Fig. S5), they did not show
strong zone-specific expression patterns (Fig. 5, A and B, and
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Supplemental Fig. S5). Interestingly, in liver immunohisto-
chemistry, ElovlS, Apoa4, and Fabpl proteins exhibited varie-
gated expression patterns across the hepatocytes (Supplemental
Fig. S5A), indicating that their induction after HFD is
highly heterogeneous between different hepatocytes inde-
pendent of metabolic zonation.

Given the spatially restricted patterns of Elovl5, Apoa4,
and Fabpl protein expression in liver sections (Supplemental
Fig. S5A), we became curious about whether the patterns
between these genes are correlated with each other. To
assess this, we stained each of these proteins in a serial sec-
tion of the same histological block. Interestingly, it was
found that the regions of high Elovl5, Apoa4, and Fabpl
expression were substantially overlapping with each other,
indicating that protein products of these genes are expressed
in a positive correlation with each other (Fig. 5C).

AJP-Endocrinol Metab « doi:10.1152/ajpendo.00391.2020 - www.ajpendo.org

Downloaded from journals.physiology.org/journal/ajpendo (076.028.041.163) on June 3, 2023.


http://www.ajpendo.org

SINGLE HEPATOCYTE RESPONSES TO HIGH-FAT DIET

Figure 4. Isolation of genes that are substantially influenced by both diet and zonation. A and E: heat map analysis depicting gene expression across sin-
gle-cell population. Cells were clustered into 6 groups according to diet and zone. High-fat diet (HFD)-downregulated (A) and -upregulated (E) genes
that show periportal (zone 1-high; left in each panel) or pericentral (zone 3-high; right in each panel) patterns of expression were analyzed. B-D, F, and G:
analysis of single-cell gene expression in hepatocytes of each zone, expressed as means + SE (scaled expression values). Data from low-fat diet (LFD)
and HFD livers were analyzed separately. *P < 0.05, *P < 0.01, **P < 0.001, and ***P < 0.0001 in Sidak’s multiple-comparison test. H: Cyp2f2 and
Cyp1a2 protein expression was visualized through immunohistochemistry from serial sections of LFD and HFD mouse liver (left). Cyp2f2 and Cypla2
staining signals were artificially colored with red (Ist row) and green (2nd row), respectively, to produce merged images (3rd row) of the serial liver sec-
tions. Cyp2f2- and Cyp1a2-positive areas were quantified (right). Scale bars, 200 pm. I: 3-dimensional PCA manifold depicting the single-cell expression
levels of indicated genes. Individual dots represent single-cell transcriptome. The size of the dots represents the number of RNA features captured in
the droplet. LFD and HFD area, as well as the directionality of metabolic zonation (from portal to central), are indicated in each manifold. Orange circles
indicate the approximate position of zone 2 hepatocytes.

We then examined whether the positive correlation
between Elovl5, Apoa4, and Fabpl expression could be
observed from the Drop-seq data set. A query of the most
significantly correlated gene for Elovi5 expression resulted
in Apoa4, Cyp4al4, and Fabpl as the top three genes,
among which both Apoa4 and Fabpl are included.
Correlation scatterplot between Elovl5 and these two genes
showed the trend of positive correlation in scaled data
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(r=0.22 and 0.21, respectively, P < 1.5e-6; Fig. 5D); how-
ever, due to the sparsity of the specific mRNA observation
and subsequent technical noise, the observed correlation
may not be as strong as the true correlation. After applying
two independent imputation methods correcting for the
technical noise effect, saver (Fig. 5E) (30) and magic (Fig.
5F) (29), we were able to detect more robust correlation
between gene expression profiles of Elovl5 and Apoa4
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[r=0.90 (magic) and 0.50 (saver)] and between Elovl5 and batches (sample panels in Fig. 5F), or mRNA reads
Fabpl [r=0.97 (magic) and 0.41 (saver)] (Fig. 5, E and F). (nCount_RNA/level panels in Fig. 5F). Therefore, these
Importantly, these patterns of correlation were independ- results suggest the presence of zonation-independent het-
ent of the zonation (zonation panels in Fig. 5, D-F), erogeneityin hepatocyte responsesto HFD.
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Elovi5-High and -Low Hepatocytes Accumulate Similar
Levels of Fat Droplets

In HFD mice, hepatocytes expressing high levels of Elovl5,
Apoa4, and Fabpl were not morphologically different from
other hepatocytes in terms of lipid droplet accumulation
(Fig. 5, C and G). Quantification of the lipid droplet size did
not reveal any obvious differences in lipid droplet size (Fig.
5H, top) or area (Fig. 5H, bottom) between Elovl5-high and
-low hepatocyte populations. Therefore, the levels of HFD-
induced Elovl5, Apoa4, and Fabpl do not seem to substan-
tially alter the steady-state level of fat accumulation in the
hepatocytes.

Considering that Fabpl, Elovl5, and Apoa4 are all involved
in fatty acid metabolism, it could be inferred that hepa-
tocytes expressing high levels of these genes might be
more active in lipid processes. Because the histological
analysis indicates that the expression of these genes
does not substantially alter the intracellular amounts of
fat droplets (Fig. 5, G and H), the biological relevance of
this heterogeneous gene expression pattern is unclear in
the context of HFD feeding. It is possible that active
processes in lipid metabolism, mediated by these genes,
alter the flux of lipid metabolites without affecting the
steady-state fat levels. It is also possible that heterogene-
ity in expression of these genes is temporarily generated;
therefore, over time, other hepatocytes might also express
high levels of these proteins, producing similar metabolic
profiles.

HFD Induces Stronger Fat Accumulation in Zone 3
Hepatocytes

It was well documented that obesity and hepatosteatosis
disparately affect individual hepatocytes across their histo-
logical zonation. Some hepatocytes, especially the ones in
zone 3, which are deprived of nutrients and oxygen, are
more prone to accumulate lipid droplets, whereas the ones
in zone 1, a nutrient- and oxygen-rich environment, are
less susceptible to steatotic progression (15, 16). Consistent
with these former studies, we observed from the histology
results that Cypla2-positive zone 3 hepatocytes contain
more and bigger lipid droplets when compared to Cyp2f2-
positive zone 1 hepatocytes (Fig. 6, A and B). The observa-
tion of zone 3-specific fat accumulation was reproduced
when we directly stained lipid droplets in freshly frozen
tissue sections from LFD and HFD livers (Fig. 6C), again
supporting that HFD-induced fat accumulation is more
pronounced in zone 3.

Zone 3 Hepatocytes Robustly Express Genes Mediating
Fat Accumulation during HFD

We then tried to identify the features of single hepato-
cyte transcriptome that may explain the preferential
accumulation of lipid droplets in zone 3 hepatocytes.
For this, we surveyed the function of all genes that show
either HFD- or zone 3-specific expression patterns (Supplemental
Table S1, 3rd and 5th tabs) through literature search. We
found that there are at least four genes, Plin2, GOs2,
Cyp4al4, and Cd36, that are known to play a mechanistic
role in fat accumulation (43-49) and at the same time are
strongly induced by HFD in zone 3 hepatocytes (Fig. 6D).

Plin2 is a protein directly associated with hepatic lipid
droplets (44). Plin2 surrounds the lipid droplet and
assists the storage of neutral lipids within the lipid drop-
lets. Consistent with increased lipid droplet accumula-
tion in zone 3 hepatocytes, Plin2 expression is more
strongly upregulated in zone 3 during HFD (Fig. 6D). The
Plin2 induction could be critical for zone 3-specific accu-
mulation of lipid droplets because hepatic deletion
of Plin2 is known to attenuate hepatic fat accumulation
(44, 45).

GOs2, whose product is a well-established inhibitor of
lipase activity in hepatocytes (47), was also strongly up-
regulated upon HFD, specifically in zone 3 hepatocytes
(Fig. 6D). Considering that GOs2 is important for the accu-
mulation of triglycerides in hepatocytes by inhibiting
lipase activities, it is likely that the pericentral expression
of GOs2 is responsible for lipid droplet accumulation in
zone 3. Indeed, in a recent study, GOs2 knockout mice
and liver-specific knockdown mice did not show hepatos-
teatosis upon HFD, whereas G0Os2 overexpression sufficed
to induce hepatosteatosis (49).

Cyp4ai4 is another gene that is induced upon HFD and
critical for generating HFD-induced hepatosteatosis (48).
HFD-induced Cyp4al4 expression is also much more pro-
nounced in zone 3 compared with the other zones
(Fig. 6D).

Cyp4al4 was suggested to promote hepatosteatosis partly
thorough inducing Cd36/FAT, whose products play a role in
importing fatty acids into hepatocytes (48). Cd36/FAT was
also highly induced in zone 3 hepatocytes of HFD-fed mouse
liver (Fig. 6D). Notably, prior studies showed that hepatic
Cd36 overexpression was sufficient to provoke hepatosteato-
sis even without HFD challenges (43), whereas liver-specific
Cd36 disruption was sufficient to attenuate fatty liver in
HFD mice (46).

Figure 5. Spatial co-expression pattern of high-fat diet (HFD)-induced genes regulating lipid metabolism. A: 3-dimensional PCA manifold depicting the
single-cell expression levels of indicated genes. Individual dots represent single-cell transcriptome. The size of the dots represents the number of RNA
features captured in the droplet. Low-fat diet (LFD) and HFD area, as well as the directionality of metabolic zonation (from portal to central), are indicated
in each manifold. B: analysis of single-cell gene expression in hepatocytes of each zone, expressed as means + SE (scaled expression values). Data
from LFD and HFD livers were analyzed separately. **P < 0.01, **P < 0.001, and ***P < 0.0001 in Sidak’s multiple-comparison test. C, G, and H: ElovI5,
Apoa4, and Fabp1 protein expression was visualized through immunohistochemistry from serial sections of HFD mouse liver (C). Green arrows indicate
areas of positive staining that are congruently observed across all three staining images. Elovi5-high (+) and -low (—) areas (dotted boxes) are magnified
in G. Lipid droplet (LD) size (n > 479; H, top) and area (n=7; H, bottom) in ElovI5-high and -low areas were quantified. Data are expressed as a box plot
[arbitrary unit (AU); top] or means + SE (%area; bottom) with individual data points. Student’s t tests failed to detect a significant difference between the 2
groups (NS). Scale bars, 100 um. D—F: correlation between expression levels of Elovl5, Apoa4, and Fabp1 genes from scaled (D), saver-imputed (E), and
magic-imputed (F) droplet-based, single-cell RNA sequencing (Drop-seq) data set. Individual dots represent single-cell expression levels colored by diet,

zone, sample information, and level of total RNA counts (hCount_RNA).
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Collectively, these observations, combined with former Zone 3 Hepatocytes Upregulate Genes Mediating
genetic studies performed on these genes (43-49), sug- Ketogenic Pathway

gest that zone 3-specific upregulation of Plin2, GOs2,

Cyp4al4, and Cd36 plays an important role for producing In addition to the genes responsible for producing lipid
zone 3-specific steatosis phenotype in response to HFD droplet accumulation, we also observed that HFD-induced
challenges. expression of ketogenic genes, such as Acatl, Hmgcs2, Hmgcl,
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and Bdhl, were relatively higher in zone 3 hepatocytes (Fig.
6E). Sirt3, whose product deacetylates and activates Hmgcs2,
was also more strongly expressed in zone 3 hepatocytes of
HFD liver (Fig. 6F). These results suggest that the HFD-
induced ketogenesis pathway (Fig. 6G) is preferentially acti-
vated in zone 3 hepatocytes of mouse liver. Activation of keto-
genesis in zone 3 hepatocytes might be critical for distributing
the energy to peripheral tissues and generating metabolic ad-
aptation to HFD-induced hypernutrition (50).

Zone 1 Hepatocytes Also Transcriptionally Respond to
HFD

In contrast to zone 3 hepatocytes, zone 1 hepatocytes
strongly downregulated many zone 1-specific transcripts
that mediate various metabolic processes, including drug
and amino acid catabolism and redox metabolism (Fig. 6H).
Reduction of these functions may be critical for HFD adapta-
tion by accommodating an increased need for lipid metabo-
lism. Although many of the zone 1-specific genes were
downregulated (Fig. 4A), Aldob and Fbpl, two genes that are
involved in gluconeogenesis, were strongly upregulated in
zone 1 hepatocytes after HFD (Fig. 4, E and F). This is con-
sistent with the previous findings indicating that gluconeo-
genesis activity is the most active in zone 1 hepatocytes (16).
This zone 1-specific regulation of Aldob and Fbpl might be
contributing to decreased glucose tolerance during HFD-
induced obesity (51). In addition, stress-induced API1 tran-
scription factors Jun and Fos were also specifically upregu-
lated in zone 1 hepatocytes upon HFD stimulation (Fig. 6I).
These results indicate that, although zone 1 hepatocytes are
relatively resistant to fat droplet accumulation, they also
respond transcriptionally to HFD challenges and contribute
to physiological HFD responses in a substantial way.

PPAR Pathway is Implicated in HFD Modulation of
Single-Hepatocyte Transcriptome

It is interesting to note that many of the HFD-induced
genes reviewed above are targets of the PPAR family of tran-
scription factors; genes with a variegated co-expression pat-
tern (Elovi5, Apoa4, and Fabpl), as well as genes that show
zone 3-specific patterns and mediate fat droplet accumula-
tion (GOs2, Plin2, Cyp4al4, and Cd36) and Ketogenesis up-
regulation (Acatl, Hmgcs2, Hmgcl, and Bdhl), are all targets
or PPARu (Fig. 7) (42, 52, 53). As observed above (Fig. 3, E-G),
the PPAR pathway is the only transcription factor-targeted
group that is enriched in both HFD-upregulated and HFD-
downregulated gene lists. Importantly, PPAR is known to be
activated upon stimulation with fatty acids, as they are
direct ligands for transcriptional activation of PPAR (52, 53).

Effect of HFD on
hepatocellular gene expression

Zone 1
Portal p—

Z 2
one Zone 3

Central

Periportal Patterns of Expression
@ Cyp2f2, Gstp1, Hpx
b, Jun, Fos

Fat Droplet
Accumulation
Pericentral Patterns of Expression

@Cym a2, Cyp2ab, Gstm1

1 Aldh3a2, Gstm1, C
( Plin2, G0s2, Cyp4aid, C

Figure 7. Holistic understanding of heterogeneous hepatocyte responses
to high-fat diet (HFD). The schematic diagram depicts the heterogeneous
effect of HFD on single hepatocellular gene expression. Our data set indi-
cates that the entire hepatocyte population undergoes substantial tran-
scriptome changes upon HFD and that the patterns of alteration were
highly heterogeneous across the hepatocyte population with zonation-de-
pendent and -independent effects.

Former bulk analysis of fatty liver transcriptome also
revealed that various targets of PPAR, as represented in our
data set, are strongly upregulated upon HFD challenges (38—
41). Notably, many of these genes did not show such diet-de-
pendent modulations in Ppara-deleted knockout mutant
strains (41, 42). Therefore, many transcriptome features
observed from our data set could be at least partly mediated
by PPAR activation by excessive fatty acids from dietary
sources.

Limitations of the Current Study

Our Drop-seq data set contains a large number of drop-
lets containing ambient RNA (Supplemental Fig. S1; see

Figure 6. High-fat diet (HFD) induces zone 3 hepatocytes to express genes promoting lipid droplet accumulation. A and B: serial sections of HFD mouse
liver were stained with zone 1 marker Cyp2f2 (A, top) and zone 2 marker Cyp1a2 (A, bottom). Boxed areas in A were magnified at right. Lipid droplet (LD)
size (n > 535; B, left) and area (n=7; B, right) in each compartment were quantified. Data are expressed as box plot [arbitrary units (AU); left] or means +
SEM (%area; right) with individual data points. Student’s t tests were used to examine significant differences between the 2 groups (**P < 0.01). Scale
bars, 100 um. C: Fresh frozen sections from low-fat diet (LFD) and HFD mouse liver were immunostained to visualize Cyp2f2 (red), LDs (green, stained by
BODIPY 493/503), and DNA (blue, by DAPI). D—F and I: analysis of single-cell gene expression in hepatocytes of each zone, expressed as means + SE
(scaled expression values). Data from LFD and HFD livers were analyzed separately. *P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001 in Sidak’s mul-
tiple-comparison test. G: Ketogenic genes induced by HFD in zone 3 hepatocytes are presented in a pathway diagram. H: network analysis of gene on-
tology-biological pathway (GO-BP) enrichment terms in the HFD-downregulated zone 1-specific gene list, using ShinyGO (11). Pathways whose
enrichment is significant (FDR < 0.05) are presented as nodes. Two nodes are connected if they share 20% or more genes. Darker nodes are more sig-
nificantly enriched gene sets. Bigger nodes represent larger gene sets. Thicker edges represent more overlapped genes.
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MATERIALS AND METHODS for details), indicating that a con-
siderable number of single hepatocytes were damaged
during isolation and microfluidics. It is possible that the
single-hepatocyte data presented in the current study is
biased toward the hepatocyte population that is resistant
to physical damage. In addition, although our method of
partitioning single-hepatocyte transcriptome profiles into
three zones is robust and consistent with previous studies,
it is possible that this is an oversimplification of the com-
plex histological architecture of the liver. These issues
could be potentially addressed in future studies by utiliz-
ing microfluidics-free methods for sorting single cells (12,
54) or spatial profiling of liver transcriptome through tis-
sue sections (55).

Summary

Recent single-cell transcriptome studies revealed that he-
patocyte gene expression and function are highly heteroge-
neous across their metabolic zonation, revealing global
division of metabolic labor of the liver (12, 13). Building on
these previous findings, our study provides the first snapshot
of how the single-hepatocyte transcriptome landscape is
altered in response to HFD and subsequent development of
NAFLD. Through this data set, we were able to find that HFD
makes an impact on the transcriptome of the entire hepato-
cyte population. We also found that HFD responses of hepa-
tocytes can be heterogeneous with zonation-dependent and
-independent effects. Our observations detailed above sys-
tematically characterize HFD-induced changes in hepatocel-
lular transcriptome and their relationship to NAFLD
pathogenesis. Furthermore, we made our data set available
in an interactive web tool (https://lee.lab.medicine.umich.
edu/hfd), where individual investigators can reproduce our
analyses and test their hypothesis using our publicly avail-
able data set. We believe that this resource will be greatly
useful for future NAFLD studies.
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