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SUMMARY

NCOA5 haploinsufficiency in myeloid-lineage cells suffi-
ciently causes NASH and HCC in male mice partially through
up-regulated macrophage PF4. The transcriptome of NCOA5
haploinsufficient intrahepatic macrophages resembles that
of obese and NAFLD humans, and the high PF4 expression
correlated with poor prognosis of HCC patients.

BACKGROUND & AIMS: The nuclear receptor coactivator 5
(NCOA5) is a putative type 2 diabetes susceptibility gene.
NCOA5 haploinsufficiency results in the spontaneous develop-
ment of nonalcoholic fatty liver disease (NAFLD), insulin
resistance, and hepatocellular carcinoma (HCC) in male mice;
however, the cell-specific effect of NCOA5 haploinsufficiency in
various types of cells, including macrophages, on the develop-
ment of NAFLD and HCC remains unknown.

METHODS: Control and myeloid-lineage–specific Ncoa5 dele-
tion (Ncoa5DM/þ) mice fed a normal diet were examined for the
development of NAFLD, nonalcoholic steatohepatitis (NASH),
and HCC. Altered genes and signaling pathways in the intra-
hepatic macrophages of Ncoa5DM/þ male mice were analyzed
and compared with those of obese human individuals. The role
of platelet factor 4 (PF4) in macrophages and the underlying
mechanism by which PF4 affects NAFLD/NASH were explored
in vitro and in vivo. PF4 expression in HCC patient specimens
and prognosis was examined.

RESULTS: Myeloid-lineage–specific Ncoa5 deletion sufficiently
causes spontaneous NASH and HCC development in male mice
fed a normal diet. PF4 overexpression in Ncoa5DM/þ intra-
hepatic macrophages is identified as a potent mediator to
trigger lipid accumulation in hepatocytes by inducing
lipogenesis-promoting gene expression. The transcriptome of
intrahepatic macrophages from Ncoa5DM/þ male mice re-
sembles that of obese human individuals. High PF4 expression
correlated with poor prognosis of HCC patients and increased
infiltrations of M2 macrophages, regulatory T cells, and
myeloid-derived suppressor cells in HCCs.

CONCLUSIONS: Our findings reveal a novel mechanism for the
onset of NAFLD/NASH and HCC initiated by NCOA5-deficient
macrophages, suggesting the NCOA5-PF4 axis in macrophages
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as a potential target for developing preventive and therapeutic
interventions against NAFLD/NASH and HCC. (Cell Mol Gas-
troenterol Hepatol 2024;17:1–27; https://doi.org/10.1016/
j.jcmgh.2023.09.007)
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onalcoholic fatty liver disease (NAFLD), consisting
Abbreviations used in this paper: ALT, alanine transaminase; AMLN,
Amylin liver NASH; CM, conditioned medium; DEG, differently
expressed gene; DMEM, Dulbecco modified Eagle medium; GAGE,
generally applicable gene-set enrichment; GeRP, glucan-encapsulated
siRNA particle; GSEA, gene set enrichment analysis; GTT, glucose
tolerance test; HCC, hepatocellular carcinoma; IHC, immunohistochem-
istry; IL, interleukin; ITT, insulin tolerance test; KEGG, Kyoto encyclopedia
of genes and genomes; LIHC, liver hepatocellular carcinoma; MDSCs,
myeloid-derived suppressor cells; NAFLD, nonalcoholic fatty liver dis-
ease; NASH, nonalcoholic steatohepatitis; NCOA5, nuclear receptor
coactivator 5; PF4, platelet factor 4; RNA-seq, RNA sequencing; RT-
qPCR, real-time quantitative polymerase chain reaction; SEM, standard
error of mean; siRNA, small interfering RNA; ssGSEA, single-sample
gene set enrichment analysis; T2D, type 2 diabetes; TCGA, The Cancer
Genome Atlas; TNF, tumor necrosis factor; TPM, transcripts per million;
Tregs, regulatory T cells.
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Nof nonalcoholic fatty liver, also known as hepatic
steatosis, and nonalcoholic steatohepatitis (NASH), affects
approximately 25% of the world population.1 Patients
commonly develop NAFLD because of susceptible genetic
and environmental factors, a substantial proportion of
which progress to NASH. Some eventually advance to
cirrhosis and hepatocellular carcinoma (HCC).2 Cumulating
evidence suggests that multiple parallel factors, including
dietary factors, hormones, and gut microbiota, act together
on genetically predisposed individuals, promoting the
development of insulin resistance, endoplasmic reticulum
stress, mitochondrial dysfunction, and release of proin-
flammatory cytokines, thereby inducing NAFLD and NASH.3

Human and animal studies have provided convincing data
suggesting that intrahepatic resident macrophages and
recruited macrophages play a crucial role in the pathogen-
esis of NAFLD/NASH and HCC via promoting chronic
inflammation, lipogenesis, and the formation of an immu-
nosuppressive microenvironment.4 In response to extrinsic
signals from the microenvironment, the intrahepatic mac-
rophages were found to polarize toward a proinflammatory
phenotype and release proinflammatory cytokines, nitric
oxide, and reactive oxygen species in the liver, leading to the
recruitment of other immune cells such as B and T cells,
DNA damage, and cell death of hepatocytes. The combina-
tion of these alterations in the liver results in chronic
inflammation, hepatic fibrosis, and immunosuppression,
eventually advancing to HCC. However, how distinct cellular
factors and signal pathways that intrinsically regulate the
polarization and functions of heterogeneous macrophages
contribute to the pathogenesis of these diseases is incom-
pletely understood. Moreover, whether genetic and epige-
netic risk factors in macrophages can sufficiently cause the
development of NAFLD and HCC remains unknown.

Nuclear receptor coactivator 5 (NCOA5) is a unique
coactivator for several known nuclear receptors, including
estrogen receptor a and liver X receptor, having both
transcriptional coactivator and corepressor activities.5–7

Analysis of single nucleotide polymorphisms in chromo-
some 20q12-13.1 region for associations with type 2 dia-
betes (T2D) and body mass index in European American
case-control populations revealed that the NCOA5 is a T2D
susceptibility gene candidate.8 We previously reported that
heterozygous deletion of the Ncoa5 resulted in the devel-
opment of hepatic steatosis, insulin resistance, and HCC in
mice in a male-biased manner. The development of these
diseases was accompanied by increased infiltrating immune
cells, including macrophages, and overexpressed proin-
flammatory cytokines in the liver.9,10 Although these ob-
servations indicate the importance of NCOA5 in suppressing
hepatocarcinogenesis, it remains to be understood how
NCOA5 regulates the development of hepatic steatosis and
HCC, especially in macrophages. Here we demonstrate that
NCOA5 in intrahepatic macrophages plays a crucial role in
regulating the interaction of macrophages with hepatocytes.
Its haploinsufficiency in myeloid-lineage cells sufficiently
induced the development of NAFLD/NASH and HCC in male
mice, at least partially, through overexpression of platelet
factor 4 (PF4) in intrahepatic macrophages.
Results
Myeloid-Lineage–Specific Heterozygous Deletion
of Ncoa5 Results in Spontaneous Metabolic
Syndrome and HCC Development in Male Mice
Fed a Normal Diet

To study the underlying mechanism and cell-specific
impact of Ncoa5 haploinsufficiency on NAFLD and HCC
development, we generated C57BL/6 mice carrying the
Ncoa5 allele with loxP-flanked exons 3 and 4 (Ncoa5fl),
which are the identical targeted exons in Ncoa5þ/- mouse9

(Figure 1A). We were particularly interested in the role of
NCOA5 in regulating macrophage function. Ncoa5DM/þ

(Ncoa5fl/þ/LysMcre/þ) mice were generated by crossing
Ncoa5fl/fl mice with LysMcre mice (Jackson Lab) that allow
for cre-mediated deletion in myeloid-lineage cells, including
mature macrophages, some neutrophils and monocytes, and
few dendritic cells.11 Deletion of the Ncoa5 gene in intra-
hepatic macrophages was confirmed by Western blotting
using Ncoa5DM/þ (Ncoa5fl/þ/LysMcre/þ) and Ncoa5DM/DM

(Ncoa5fl/fl/LysMcre/þ) mice (Figure 1B and C). Mice with
cre-mediated cell type–specific Ncoa5 deletion in hepato-
cytes were also generated by crossing Ncoa5fl/fl mice with
Speer6-ps1Alb-cre/þ mice and confirmed by Western blotting
(Figure 1D). Ncoa5DM/þ, Ncoa5DM/DM, and Ncoa5DH/DH mice
were viable and fertile with normal litter size.

To circumvent the possible cell development defects
associated with Ncoa5 homozygous loss and better compare
with the previous phenotypes in Ncoa5þ/- mice, we focused
on Ncoa5DM/þ mice. We examined the fasting serum
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Figure 1. Validation of cell type–specific Ncoa5 deletion in mice. (A) Schematic representation of the floxed Ncoa5 gene. (B
and C) Western blot analysis of myeloid-lineage–specific Ncoa5 heterozygous deletion or knockout in Ncoa5DM/þ or Ncoa5DM/DM

males. Nonparenchymal cells (NPCs) and parenchymal cells (PCs, hepatocytes) were isolated from the mouse liver using a
2-step perfusion method. F4/80þ cells were isolated using Anti-F4/80 MicroBeads from NPCs. Error bar represents SEM.
(D) Western blot validation of reduced NCOA5 expression in the liver lysate of Ncoa5DH/DH males (n¼ 4) compared with Ncoa5fl/fl

males (n ¼ 5). Data represent mean ± SEM. Two-tailed unpaired t test. ***P < .001.
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glucose, glucose tolerance, and insulin tolerance on 7- to 8-
week-old Ncoa5fl/þ and Ncoa5DM/þ mice fed a normal diet.
Although the fasting blood glucose level was comparable
between the Ncoa5DM/þ and Ncoa5fl/þ male mice, the
glucose tolerance and insulin sensitivity were significantly
decreased in Ncoa5DM/þ male mice compared with Ncoa5fl/þ

male mice (Figure 2A). There was no significant difference
in glucose tolerance and insulin sensitivity between the 2
groups of female mice (Figure 2B). This result is consistent
with the fact that no significant phenotypes were observed
in Ncoa5þ/- female mice9; thus, we focus our studies on
Ncoa5DM/þ male mice. At 5 months of age, Ncoa5DM/þ male
mice had significantly increased body weight compared
with Ncoa5fl/þ male mice (Figure 2C), and some Ncoa5DM/þ

male mice had mild microvesicular steatosis (Figure 2D).
Finally, spontaneous HCC was observed in Ncoa5DM/þ male
mice starting at 10 months of age. Twenty-five percent of
Ncoa5DM/þ male mice developed liver tumors. In contrast,
no liver tumor was found in Ncoa5fl/þ male mice over 18
months (Figure 2E). The liver tumors in Ncoa5DM/þ male
mice were well to moderately differentiated HCCs
associated with hepatic steatosis (Figure 2F). Altogether,
these results suggest that myeloid-lineage–specific hetero-
zygous deletion of Ncoa5 is sufficient to induce the spon-
taneous development of the metabolic syndrome and a
moderate incidence of HCC in mice in a male-biased manner.
Myeloid-Lineage–Specific Heterozygous Deletion
of Ncoa5 Results in the Spontaneous
Development of NASH in Aged Male Mice Fed a
Normal Diet

To evaluate the impact of myeloid-lineage–specific het-
erozygous deletion of Ncoa5 on the liver at the preneoplastic
step of hepatocarcinogenesis, we examined the postmortem
livers of 10-month-oldNcoa5fl/þ andNcoa5DM/þmice. Most of
the livers from Ncoa5DM/þ male mice have a much lighter
color than control livers (Figure 3A). Seventy-three percent of
Ncoa5DM/þmale mice exhibited moderate to severe steatosis
because H&E staining showed moderate to marked cen-
trilobular macrovesicular steatosis and was associated with
mild to moderate inflammatory infiltrates in the liver
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(Figure 3B and C).Ncoa5DM/þmalemice also had significantly
increased body weight (Figure 3D). Markedly increased he-
patic lipid content in these mice was detected by Oil-Red-O
staining and measured with triglyceride colorimetric assay
(Figure 3E and F). The number of macrophages significantly
increased in the livers of Ncoa5DM/þ male mice, as shown in
the immunohistochemistry (IHC) assay. The macrophages
accumulated near ballooned hepatocytes and formed a
crown-like structure12 (Figure 3G). Sirius Red staining indi-
cated that the NASH livers of Ncoa5DM/þ male mice also had
fibrosis (Figure 3H). We then examined the expression of the
transcription factors PPARg, SREBP-1c, and ChREBP, which
are important in regulating hepatic glucose and lipid metab-
olisms and are often dysregulated in patients with NAFLD/
NASH.13–15 Among them, the mRNA level of Pparg2 was
significantly increased in the livers of 10-month-old
Ncoa5DM/þmice compared with age-matched Ncoa5fl/þmale
mice (Figure 4A). The protein level of PPARg was elevated
considerably and translocated to the nuclei in hepatocytes of
Ncoa5DM/þ mice (Figure 4B). Consistent with this observa-
tion, the mRNA levels of the downstream targets of PPARg2,
including G6pc, Fasn, Acaca, Plin2, Cd36, and Cidec,16 were
significantly increased in the livers of Ncoa5DM/þ male mice
compared with Ncoa5fl/þ male mice (Figure 4C). Consistent
with the previous report inNcoa5þ/- malemice,10 p21cip1/waf1

expression was also increased in Ncoa5DM/þ male mice
(Figure 4D). These results suggest that Ncoa5DM/þmale mice
developed NASH at 10 months old.
Ncoa5-Deficient Macrophages Trigger Lipid
Accumulation in Hepatocytes by Inducing the
Expression of Lipogenic Genes, at Least in Part,
Via Releasing PF4

To identify potential NCOA5 downstream targets and
molecular factors in myeloid-lineage cells contributing to the
development of NASH, we systematically examined genes and
pathways altered in Ncoa5-deficient mice by performing RNA
sequencing (RNA-seq) and transcriptome analysis on intra-
hepatic F4/80þ macrophages isolated from the pre-NASH
livers of 6.5-month-old Ncoa5DM/þ and Ncoa5fl/þ male mice
(Figure 5A and B). We found 207 differently expressed genes
(DEGs) (fold change > 2, P adjusted < .1) between these 2
macrophage groups (Figure 5C) and that the genes encoding
secretory proteins, including Pf4, Angptl7, and Mmp13, were
up-regulated in Ncoa5DM/þ intrahepatic macrophages. Pf4,
also known as chemokine CXCL4, was the most significantly
increased among them. Interestingly, RNA-seq did not detect a
significant change in the gene encoding the proinflammatory
cytokine interleukin (IL) 6, which plays a critical role in the
Figure 2. (See previous page). Development of metabolic-re
mice fed a normal diet. (A and B) GTT of 7-week-old (left) and IT
female (B) mice. Number of mice tested is labeled. (C) Body we
male mice. (D) Representative H&E staining photos of 5-mon
vesicular steatosis in some 5-month-old Ncoa5DM/þ male mice.
aged Ncoa5fl/þ (n ¼ 12) and Ncoa5DM/þ (n ¼ 16) male mice mo
photos and H&E-stained liver sections of 18-month-old Ncoa5fl/

HCCs. Scale bar: 1 cm, 100 mm, or 50 mm. Data represent mea
initiation and progression of HCC in several mouse models of
NASH and HCC, including Ncoa5þ/- male mice and diet- or
chemical-induced mice.17,18 Moreover, the mRNA level of Tnf
encoding another proinflammatory cytokine, tumor necrosis
factor (TNF) a, was significantly reduced in the intrahepatic
macrophages of Ncoa5DM/þ male mice, validated by real-time
quantitative polymerase chain reaction (RT-qPCR)
(Figure5D). Theexpressionof Il6orTnfwascomparable in the
livers of Ncoa5DM/þmale mice compared with Ncoa5fl/þ mice
at an earlier age (Figure 5E), indicating that these 2 proin-
flammatory cytokines may not be involved in the initiation of
hepatic steatosis in these mice.

Because of the previous findings that CXCR3, a chemo-
kine receptor for CXCL9, CXCL10, CXCL11, and PF4, was
crucial in developing diet-induced NAFLD/NASH19 and
among these ligands, only PF4 was overexpressed in
Ncoa5DM/þ macrophages in RNA-seq data analysis
(Figure 6A), we next focused on PF4. We confirmed that Pf4
mRNA expression was increased in the intrahepatic mac-
rophages of Ncoa5DM/þ male mice compared with age-
matched Ncoa5fl/þ male mice by RT-qPCR (Figure 6B) and
showed that the protein level of PF4 was also elevated in the
NASH livers of Ncoa5DM/þ male mice compared with age-
matched Ncoa5fl/þ male mice by Western blotting
(Figure 6C). In contrast, PF4 expression was seemingly not
elevated because it is undetectable in the livers of age-
matched Ncoa5DM/þ and Ncoa5fl/þ female mice
(Figure 6D). Interestingly, the expression of Cxcr3 was also
increased in the intrahepatic macrophages of Ncoa5DM/þ

male mice (Figure 6E). Pf4 was previously revealed as a
continuously up-regulated gene in intrahepatic macro-
phages of NAFLD mice induced by a Westernized and
sucrose/fructose-supplemented diet.20 To determine
whether Pf4 is also up-regulated in other mouse models of
NAFLD/NASH, we reanalyzed a published single-cell RNA-
seq data set of nonparenchymal cells from Amylin liver
NASH (AMLN) diet-induced NASH livers and normal diet-fed
mouse livers.21 The t-SNE plots showed a liver cell clus-
tering pattern and increased macrophage proportion in
NASH livers similar to the previous reports (Figure 7A and
B). Indeed, Pf4 expression was significantly up-regulated in
the intrahepatic macrophages from NASH livers compared
with those from normal livers (Figure 7C). The high Pf4
expression was found in Kupffer cells rather than in
monocyte-derived macrophages (Figure 7C).

To determine the role of PF4 secreted from intrahepatic
macrophages in hepatic lipogenesis regulation, we assessed
the effect of macrophage PF4 on hepatocytes in vitro and
in vivo. First, we demonstrated that Ncoa5-null macrophage-
like RAW 264.7 cells displayed an increased PF4 expression
lated phenotypes and spontaneous HCCs in Ncoa5DM/D

T of 8-week-old (right) Ncoa5fl/þ and Ncoa5DM/þ male (A) and
ight of 5-month-old Ncoa5fl/þ (n ¼ 7) and Ncoa5DM/þ (n ¼ 5)
th-old Ncoa5fl/þ and Ncoa5DM/þ males showing mild micro-
Scale bars: 50 mm and 750 mm (insert). (E) Incidence of HCC in
nitored until 18 months old. (F) Representative macroscopic

þ or tumor-bearing Ncoa5DM/þ male mice. Red circles indicate
n ± SEM. Two-tailed unpaired t test. *P < .05.
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glyceride concentration of mice as indicated. Mice, n ¼ 4 for each group. (G) Representative images of Mac-2 IHC liver
sections from 10-month-old Ncoa5fl/þ (n ¼ 4) and Ncoa5DM/þ (n ¼ 3) male mice and quantification of stained area positive for
Mac-2. Arrow indicates hepatocytes with ballooning. 5 HPFs per mouse. Scale bar: 50 mm and 100 mm. (H) Representative
images of Sirius Red-stained sections from 10-month-old Ncoa5fl/þ (n ¼ 4) and Ncoa5DM/þ (n ¼ 4) male mice and quantifi-
cation of stained areas. 5 HPFs per mouse. Scale bar: 50 mm and 100 mm. Data represent mean ± SEM. Two-tailed unpaired t
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compared with control RAW264.7 cells (Figure 8A). Media
conditioned by different RAW264.7 cells that contain
various secreted factors were collected for treating hepa-
tocytes. We showed that cellular lipids were significantly
increased in primary mouse hepatocytes and human HepG2
cells treated with the conditioned medium (CM) of Ncoa5-
null RAW 264.7 cells compared with those treated with the
CM of vector-control RAW 264.7 cells (Figure 8B and C).
Next, we demonstrated that treating HepG2 cells with the
CM of Ncoa5-null RAW 264.7 cells significantly increased
expression of FASN, which encodes the key enzyme fatty
acid synthase in lipogenesis, compared with those treated
with the CM of vector-control RAW 264.7 cells (Figure 9A).
Importantly, treating HepG2 cells with recombinant mouse
PF4 had a similar effect (Figure 9B). To determine whether
the effect of CM treatment on FASN expression was due to
PF4 overexpression, we generated Ncoa5-null RAW 264.7
cells with or without Pf4 knockdown (Figure 9C). Mouse
primary hepatocytes treated with the CM from the Ncoa5-
null RAW 264.7 cells with Pf4 knockdown had significantly
lower Fasn expression than those treated with the CM from
the Ncoa5-null cells transfected with a control small
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interfering RNA (siRNA) (Figure 9D). Moreover, we ectopi-
cally overexpressed human or mouse PF4 in RAW 264.7
cells and used their CM to treat mouse primary hepatocytes
(Figure 9E). The CM from either mouse or human PF4-
overexpressed cells was able to increase lipid content and
the mRNA levels of G6pc and Acaca, encoding key enzymes
in glucose neogenesis and lipogenesis, in primary mouse
hepatocytes (Figure 9F and 9G) and increased the triglyc-
eride concentration in HepG2 cells (Figure 9H) compared
with CM from RAW 264.7 cells that express green fluores-
cent protein control. Mouse primary hepatocytes treated
with recombinant mouse PF4 significantly increased the
mRNA expressions of G6pc, Cyp2e1, Fasn, p21, and Acaca
and trended to increase the triglyceride content (Figure 9I
and J). Finally, we used a glucan-encapsulated siRNA parti-
cle (GeRP) approach22–24 to specifically target intrahepatic
macrophages in mice (Figure 10A and B), using a siRNA that
efficiently knocks down Pf4 expression in vitro (si3 in
Figure 10C). PF4 overexpression was confirmed in the
intrahepatic macrophages of mice fed the aforementioned
Westernized diet20 (Figure 10D). Specific Pf4 knockdown in
intrahepatic macrophages (Figure 10E) reduced the lipid
accumulation, and the mRNA levels of Pparg2 and its
downstream targets in the livers of mice fed the Western-
ized diet (Figure 10F–I). The reduction in the mRNA levels
of Pparg2 and its downstream targets by the Pf4 knockdown
was also observed in the livers of male Ncoa5DM/þ mice
(Figure 10J). Altogether, these results suggest that increased
PF4 from intrahepatic macrophages triggers the onset of
hepatic steatosis via increasing expression of lipogenic
genes in male Ncoa5DM/þ mice and a diet-induced model of
NAFLD with reported Pf4 up-regulation specifically in
intrahepatic macrophages.
Dysregulated Intrahepatic Macrophages From
Ncoa5DM/þ Male Mice Highly Resemble the
Intrahepatic Macrophages From NAFLD Humans

To determine the clinical relevance of our findings, we
compared the dysregulated transcriptomes between intra-
hepatic macrophages from Ncoa5DM/þ mice and humans
with obesity or NAFLD. Generally Applicable Gene-set
Enrichment (GAGE) analysis25 revealed 47 up-regulated
and 41 down-regulated Kyoto encyclopedia of genes and
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genomes (KEGG) pathways (q < 0.1), including up-
regulated fatty acid metabolism and fatty acid elongation
pathways, in Ncoa5DM/þ intrahepatic macrophages
(Figure 11A). When applying the same pathway analysis to
the transcriptome data of human intrahepatic macrophages
from non-obese and obese individuals,24 we found that
60.2% of dysregulated KEGG pathways in Ncoa5DM/þ

intrahepatic macrophages were also dysregulated in the
intrahepatic macrophages of obese humans in the same di-
rection (q < 0.1) (Figure 11A). Unlike mouse cells, the
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human cell also expresses a PF4 variant 1 gene (PF4V1) that
encodes a protein in the mature form 96% identical to mature
PF4. We found that most obese individuals had highly up-
regulated PF4 or PF4V1 mRNA expression in their intra-
hepatic macrophages compared with non-obese individuals
(Figure 11B). Next, we generated the NCOA5-MD signature
using the high-confidential human homologs (156 genes,
Table 1) converted from Ncoa5DM/þ hepatic macrophage
DEGs (171 genes with Entrez Gene ID within the 207 DEGs)
and applied this signature to human NAFLD patient and
healthy control liver transcriptome data using single-sample
gene set enrichment analysis (ssGSEA).26,27 The enrichment
score of this signature was significantly higher in NAFLD
patient livers (Figure 11C). It significantly correlated with
most NAFLD clinical parameters, including alanine trans-
aminase (ALT), steatosis area, liver docosahexaenoic acid of
total lipid, and others (Figure 11D). These data indicated that
dysregulated intrahepatic macrophages from Ncoa5DM/þ male
mice resembled those from obese people or NAFLD patients.
We also found that NAFLD patients, including those with
NASH, did not have apparent hepatic inflammation in this
human liver gene expression data set (Figure 12).
Ncoa5 Deficiency Promotes the Differentiation of
Macrophages Toward M2-Like

We previously reported increased M2 macrophage
infiltration in the preneoplastic liver of Ncoa5þ/- male
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mice.9,10 Consistently, our pathway analysis revealed that
proinflammatory pathways, including TNF signaling, nuclear
factor kappa B signaling, and toll-like receptor signaling,
were down-regulated in Ncoa5DM/þ intrahepatic macro-
phages. In contrast, anti-inflammatory PPAR signaling28 was
up-regulated (Figure 11A). These results agree with the
aforementioned observation that the expression of TNFa, an
M1 macrophage marker, was significantly reduced in the
intrahepatic macrophages of Ncoa5DM/þ male mice
(Figure 5D), indicating a transition to M2-like differentia-
tion. M2-like macrophages have a repertoire of tumor-
promoting capabilities such as inducing an immunosup-
pressive microenvironment and promoting the growth and
metastatic potential of cancer cells. We sought to determine
whether myeloid-lineage–specific heterozygous deletion of
Ncoa5 in mice is sufficient to increase the intrahepatic M2-
like macrophage population observed previously in
Ncoa5þ/- male mice,10 which might contribute to the for-
mation of the hepatic immunosuppressive microenviron-
ment in Ncoa5DM/þ male mice. Transcriptome analysis
indicated that the intrahepatic macrophages of pre-NASH
Ncoa5DM/þ male mice expressed significantly higher levels
of Cd209 family genes, markers for M2 macrophages
(Figure 13A). The increased M2-like macrophages in the
livers of Ncoa5DM/þ male mice were confirmed by IHC using
an antibody against mouse M2 macrophage marker YM1
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(Figure 13B). To verify that the transition to M2-like mac-
rophages was caused by Ncoa5 deficiency intrinsically, we
isolated peritoneal macrophages from 6-week-old Ncoa5fl/þ
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evident in peritoneal macrophages from Ncoa5DM/þ male
mice compared with Ncoa5fl/þ male mice (Figure 13C).
When treated with IL-4 and IL-13 to induce M2 differenti-
ation, the peritoneal macrophages from Ncoa5DM/þ male
mice expressed higher Arg1 and Ym1mRNA than those from
Ncoa5fl/þ male mice (Figure 13D).

Because PF4 treatment could induce monocyte differ-
entiation into macrophages and reduce the M1 activation of
mouse macrophages,29–31 we asked whether Pf4 over-
expression affects M2-like differentiation of macrophages.
RAW 264.7 cells with Pf4 overexpression or ectopic human
PF4 expression had significantly increased expression of
Arg1 and Il10, two M2 markers, whereas treating cells with
M2-inducers resulted in higher Arg1 and Il10 expression in
cells with PF4 overexpression (Figure 13E). Treating RAW
264.7 cells with recombinant mouse PF4 significantly
increased Arg1 expression (Figure 13F). These results sug-
gest a role of PF4 in inducing macrophage M2-like
differentiation.
Macrophages Lacking NCOA5 Affect HCC Cell
Growth and Invasion Potential in Vitro

M2-like macrophages can promote tumor cell prolif-
eration and metastasis potential.32,33 We then examined
the effect of Ncoa5-deficient macrophages on HCC cell
growth and invasion potential in vitro by treating HepG2
cells with CM of RAW 264.7 cells with or without Ncoa5
knockout. HepG2 cells treated with CM of Ncoa5-null
RAW 264.7 cells had increased cell growth compared
with cells treated with CM of control RAW 264.7 cells
(Figure 14A). CM of Ncoa5-null RAW 264.7 cells could
promote HepG2 cell migration compared with CM of
control RAW 264.7 cells (Figure 14B). CM of Ncoa5-null
RAW 264.7 cells increased the AKT phosphorylation in
HepG2 cells compared with CM of control RAW 264.7
cells, suggesting that the increased growth and migration
might be related to AKT activation (Figure 14C).
Together, these results indicate that macrophages with
NCOA5 loss promote HCC cell growth and invasion
in vitro.
Figure 10. (See previous page). Effect of hepatic-macropha
type mice fed a NAFLD diet, and Ncoa5DM/D fed a normal
of Mac-2 in isolated hepatic non-parenchymal cells (A) or pare
TYE563-labeled siRNA. Blue: DAPI. Purple: TYE563. Green: Mac
bar in (B): 50 mm. (C) RT-qPCR analysis of Pf4mRNA expression
Dharmacon siRNAs targeting mouse Pf4 (si1-si4) or a non-targ
tative IHC staining of PF4 in livers of wild-type male mice fed
Representative dual-immunofluorescence staining of PF4 and M
NAFLD diet injected with siNC- or si3-containing GeRPs and t
Purple: PF4. Green: Mac-2. Two-tailed unpaired t test. (F) Repres
NAFLD diet injected with siNC- or si3-containing GeRPs. Scale
from siNC- (n ¼ 6) or si3-containing (n ¼ 5) GeRPs injected wil
Red-O–stained area. Scale bar: 50 mm. Two-tailed unpaired t tes
si3-containing (n ¼ 5) GeRPs injected wild-type male mice fed a
of mRNA expression of Pparg2 and its target genes in livers of w
3) or si3-containing (n ¼ 4) GeRPs. Two-tailed unpaired t test.
target genes in livers of 7.5-month-old Ncoa5DM/þ male mice fed
5) GeRPs. Two-tailed unpaired t test. ****P < .0001, ***P < .001
High PF4 Expression in Human HCC Samples
Correlated With Poor Overall Survival and
Increased M2 Macrophages, Regulatory T Cells,
and Myeloid-Derived Suppressor Cells in HCCs

PF4 was demonstrated to stimulate the proliferation of
regulatory T cells (Tregs) and induce the tumor-infiltrated
populations of myeloid-derived suppressor cells (MDSCs),
which could suppress the activation, proliferation, and
cytokine production of CD4þ and CD8þ T cells and corre-
late negatively with cancer patient survival.34–36 To assess
the clinical relevance of PF4 high expression in HCC, we
analyzed The Cancer Genome Atlas (TCGA) liver hepato-
cellular carcinoma (LIHC) cohort and used the mRNA levels
of PF4 and its non-allelic variant PF4V1 to segregate TCGA
HCC patients. Kaplan-Meier analysis revealed that HCC pa-
tients with high tumoral combined PF4 and PF4V1 mRNA
expression had a significantly worse overall survival than
the rest of the HCC patients (Figure 15A). Next, CIBERSORTx
was used to infer immune cell type proportions in HCCs
from the same HCC patient cohort.37 We found that the HCC
samples with the high expression of combined PF4 and
PF4V1 had significantly higher M2 macrophages fractions
using the default LM22 signature (Figure 15B). Moreover,
the positive correlation of combined PF4 and PF4V1 mRNA
expression with M2 macrophage fractions was shown using
CIBERSORTx (Figure 15C) and the xCell method
(Figure 15D).38 Although having a similar proportion of CD8
T-cell fraction (Figure 15B), HCCs with high PF4 and PF4V1
mRNA expression expressed higher immune checkpoint
molecule TIM3 and MDSC marker CD8439 compared with
the rest tumors (Figure 15E). The signatures of Treg40 and
MDSC39 were enriched in HCCs with high PF4 and PF4V1
expression compared with the rest of the HCC samples41

(Figure 15F and G). In the LCI HCC cohort, an HCC cohort
with a different patient ethnicity and etiology compared
with the TCGA cohort,42 high tumoral PF4 and PF4V1 mRNA
expression also correlated with poor overall survival and
recurrence-free survival (Figure 16A), and tumors with high
PF4 and PF4V1 expression also had increased CD84
expression (Figure 16B). Furthermore, we found that HCC
patients with high tumoral PF4 protein expression had poor
ge–specific Pf4 knockdown on hepatic steatosis in wild-
diet. (A and B) Representative immunofluorescence staining
nchymal cells (B) from mice injected with GeRPs containing
-2. Scale bar in (A) left: 50 mm, middle and right: 10 mm. Scale
in RAW 264.7 Ncoa5 knockout clone 1 treated with 4 different
eting siRNA (siNC). Two-tailed unpaired t test. (D) Represen-
a normal or NAFLD diet for 3 months. Scale bar: 50 mm. (E)
ac-2 in livers of wild-type male mice (n ¼ 3 per group) fed a
he quantification of dual-stained compartments. Blue: DAPI.
entative H&E staining of livers from wild-type male mice fed a
bar: 100 mm. (G) Representative Oil-Red-O staining of livers

d-type male mice fed a NAFLD diet and quantification of Oil-
t. (H) Triglyceride concentration of livers from siNC- (n ¼ 6) or
NAFLD diet. Two-tailed unpaired t test. (I) RT-qPCR analysis
ild-type male mice fed a NAFLD diet injected with siNC- (n ¼
(J) RT-qPCR analysis of mRNA expression of Pparg2 and its
a normal diet injected with siNC- (n¼ 3) or si3-containing (n ¼
, **P < .01, *P < .05.
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Table 1.NCOA5-MD Gene Signature

Up ANGPTL7, BMP7, C20orf173, C8orf34, CACNG7, CCT6B, CD209, CD4, PF4, PF4V1, CIDEA, CLSTN3, DCT, FAM241B, FITM1,
FRS3, GPRC5B, GSTM3, KLHL32, MMP13, MT-ATP6, NAT8, NAT8B, PIANP, POMGNT2, PTPRT, PXDC1, RAB34, RGS11,
RIMKLB, SEMA5B, SGCE, SLC12A5, SLC1A2, SLC22A3, SMIM1, SPTLC3, SYNGAP1, TENM2, THRSP, TLX1, TPPP,
UNC13B, ZNF627

Down ABCB1, AC008012.1, AC010616.1, ACE, ADORA2B, AGPAT4, AL049634.2, AL357075.4, ANKDD1A, AP000781.2, ATP1A3,
BCAS1, BCL2, BCL2A1, C3orf80, CCL18, CCL3, CCL3L3, CCND2, CD177, CD244, CD300E, CD79B, CLEC4E, CNN2,
CORO1A, CYFIP2, DGKG, DNAH12, DUSP2, DUSP5, EGR3, EPHA4, FAM217B, FCGR3A, FCGR3B, FCRL5, FNDC1, FUT7,
GDA, GFI1B, GLIPR1, GPR171, GPR18, GPR31, GRAP2, GRHL1, HCCS, IFIT1B, IGSF9, IKZF3, IL12B, IL21R, IPCEF1, ITGAD,
ITGAX, KCNA3, KCNG3, KCNN4, KLRB1, KLRG2, KRT80, LAT2, LTBP2, MAP3K19, MBP, MCUB, MMP8, MSL3, MYO1E,
NAPSA, NAT8L, NEGR1, NR4A2, NUPR1, NXPE3, NXPE4, PBXIP1, PCDHGA10, PDCD1, PECAM1, PLAUR, PPP1R3D, PRG2,
PRPS2, PSTPIP1, RADX, RNF144A, RUNX2, RYR1, SCD, SCEL, SH2D1B, SH3PXD2B, SIRPA, SIRPB1, SIRPG, SLAMF9,
SLC2A6, SLC4A1, SLC9A7, SOCS3, SORT1, SPN, SYCP2, TLR7, TLR8, TMEM121B, TMSB4Y, TNF, TRAF1, TREML2
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recurrence-free survival compared with other patients by
analyzing a proteomic data set43 (Figure 16C). These results
suggest that PF4 is involved in the formation of the immu-
nosuppressive microenvironment and the progression of HCC.
Discussion
Myeloid-lineage cells, especially intrahepatic macro-

phages, are central to NASH and HCC development.4 The
action of intrahepatic macrophages involved in the patho-
genesis of these diseases has been known to be secondary to
external factors such as excessive nutrition, endotoxin
influx, and hepatocyte damage, which induce macrophage
differentiation and subsequent production of proin-
flammatory cytokines. Indeed, current animal models of
NAFLD/NASH and HCC were generated mainly by applying
nutrient-excessive or nutrient-deficient diet, chemical in-
sults, spontaneous gene mutations, or gene-targeting to the
whole body or liver parenchymal cells.44–46 In this study, we
discovered for the first time that a myeloid-lineage–specific
Ncoa5 heterozygous deletion sufficiently causes insulin
insensitivity, weight gain, NASH, and a moderate incidence
of HCC in male mice fed a normal diet. These unexpected
findings suggest that a genetic predisposition factor in
myeloid-lineage cells can sufficiently induce the develop-
ment of NAFLD, NASH, and HCC and highlight the impor-
tance of dysregulated myeloid cells that can promote the
development of NAFLD, NASH, and HCC.

We focused on the Ncoa5DM/þ mice in this study because
Ncoa5DM/DM mice exhibited less severe hepatic steatosis
Figure 11. (See previous page). Comparison of transcrip
Ncoa5DM/D male mice and obese humans or NAFLD patient
macrophages of Ncoa5DM/þ vs Ncoa5fl/þ male mice (n ¼ 4 each
3) (right) (PRJNA491664) using GAGE. Each dot represents a dy
the same KEGG pathway is shared in both human and mouse an
macrophage. (B) The mRNA expression of PF4 and its non-alleli
(nOB) and obese (OB) individuals. It was assessed by RNA-se
drawn using the Tukey method drawing all data points. (C) s
transcriptomes of health control people (n ¼ 24) and NAFLD
represent mean ± SEM. Two-tailed unpaired t test. (D) Correla
clinical parameters, including ALT level, steatosis area, liver doc
(BMI), triglyceride, waist length, aspartate transferase (AST), h
arachidonic acid (AA) level of total lipid (GSE89632). Each dot
*P < .05, **P < .01, ***P < .001, ****P < .0001.
compared with Ncoa5DM/þ male mice and did not have
increased body weight until 18 months old. The lessened
effect of Ncoa5-null myeloid-lineage cells on the hepatocytes
could be due to the impact of Ncoa5 knockout on the cell
proliferation or development, because Ncoa5-null RAW
264.7 cells were less proliferative than the vector control
cells (Figure 17A and B). Nevertheless, elucidating why
Ncoa5DM/DM mice exhibited less severe hepatic steatosis
requires further experimentation. Moreover, Ncoa5DM/þ

mice allow a more precise comparison with Ncoa5þ/- mice
and better replicate the pathogenesis of humans containing
heterozygous mutation or reduced cellular expression of
NCOA5.

By combining cell-specific genetic and CRISPR/Cas9-
knockout cells with transcriptomic studies, we found that
before the advanced NASH in Ncoa5DM/þ male mice, their
intrahepatic macrophages had already exhibited a more M2-
like phenotype in the intrahepatic macrophages rather than
a proinflammatory phenotype that was often described as
critical to their contribution to insulin resistance, hepatic
steatosis, inflammation, and liver injury.47,48 The dysregu-
lated pathways in these Ncoa5DM/þ macrophages in the pre-
NASH mouse livers were similar to those of obese humans
who did not have a proinflammatory phenotype in their
intrahepatic macrophages.24 Moreover, the NCOA5-MD
signature consisting of DEGs in Ncoa5DM/þ intrahepatic
macrophages can separate the NAFLD livers from the health
control livers in the liver transcriptome data set. These re-
sults indicated that hepatic macrophages might promote the
initiation and progression of hepatic steatosis through an
tome changes in intrahepatic macrophages between
s. (A) KEGG pathway analysis results comparing intrahepatic
) (left) and obese humans (n ¼ 11) vs non-obese humans (n ¼
sregulated KEGG pathway (q < 0.1). A red dot indicates that
alyses with the same direction in regulation. HM, intrahepatic
c variant PF4V1 in intrahepatic macrophages from non-obese
q. P adjusted calculated by DESeq2. Box and whisker were
sGSEA enrichment scores of NCOA5-MD signature in liver
patients (steatosis and NASH, n ¼ 39) (GSE89632). Data
tions between NCOA5-MD enrichment z score and NAFLD
osahexaenoic acid (DHA) level of total lipid, body mass index
emoglobin A1c (HbA1C), ballooning of hepatocyte, and liver
represents 1 patient. Pearson’s r and P values are indicated.
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inflammation-independent pathway, which aligns with
several recent studies.23,24

Our findings raise the question of how NCOA5-deficient
macrophages trigger the onset of hepatic steatosis. We hy-
pothesize that NCOA5-deficient intrahepatic macrophages
initiate hepatic steatosis, at least in part, by releasing
excessive PF4. In support of this hypothesis, we found that
Pf4 was the most significantly up-regulated gene among the
genes encoding secretory proteins in the intrahepatic mac-
rophages of pre-NASH livers of Ncoa5DM/þ male mice and
was continuously increased in the NASH livers of Ncoa5DM/þ

male mice. Moreover, we observed that Ncoa5-null RAW
264.7 cells overexpressed PF4, and the conditional medium
from these cells and recombinant PF4 protein directly
stimulated lipid accumulation and lipogenic gene expression
in hepatocytes. Our data from the experiment of in vivo
knockdown of PF4 expression, specifically in intrahepatic
macrophages, also indicate a critical role of PF4 secreted
from intrahepatic macrophages in up-regulating lipogenic
gene expression in livers of Ncoa5DM/þ male mice
(Figure 10). Increased hepatic PF4 has been reported in the
livers of rats fed a Westernized diet,49 human alcoholic
hepatitis patients,50 and hepatitis C virus–infected patients
with liver fibrosis.51 Although resident macrophages are
known to express PF4,52 increased PF4 expression in mac-
rophages has seldom been reported to be associated with
NASH or NAFLD. Nevertheless, our studies found increased
Pf4 expression in the Kupffer cells of NASH livers in a
published single-cell RNA-seq data set of an AMLN diet-
induced mouse model of NASH.21 In addition, a study us-
ing a Westernized, sucrose/fructose-supplemented diet also
identified Pf4 as a continuously up-regulated gene in
intrahepatic macrophages of NAFLD mice.20 Importantly,
our results demonstrated that PF4 overexpression in
intrahepatic macrophages was required for the up-
regulation of lipogenic genes and lipid accumulation in
this diet-induced mouse model of NAFLD (Figure 10).

PF4 was reported to interact with various receptors that
mediate diverse signaling pathways in several cell types.53

One of the receptors for PF4, CXCR3, is expressed in
various liver cells, including hepatocytes, and has been
shown to play a crucial role in obesity and NASH develop-
ment by inducing actions including fatty acid synthesis.19,54

The functional binding of PF4 to CXCR3 has been well-
established. The published evidence includes results of
binding assay of radiolabeled PF4 to CXCR3 and using
CXCR3 inhibitor (±)-AMG487, CXCR3-specific siRNA, and
anti-CXCR3 antibodies to block the functional binding of PF4
to CXCR3.55,56 CXCR3 mediates multiple signaling pathways
including PI3K/Akt and mTOR signaling, which could, in
turn, alter the expression of lipogenic genes including
Pparg2.16,57 Thus, the newly discovered pro-steatosis action
of PF4 might be exerted by signaling the CXCR3 receptor.
Nevertheless, our data do not rule out other mechanisms
that also contribute to the development of insulin resistance
and hepatic steatosis in Ncoa5DM/þ male mice initially. For
example, another identified up-regulated gene in the intra-
hepatic macrophages of Ncoa5DM/þ male mice, Angptl7
(Figure 17C), encodes a secreted protein that has been
recently reported to promote insulin resistance and T2D.58

Moreover, proinflammatory cytokines might contribute to
the progression of simple hepatic steatosis to NASH and
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Figure 13. Effects of myeloid-lineage–specific Ncoa5 heterozygous deletion on macrophage M2-like polarization.
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(n ¼ 4) and Ncoa5DM/þ (n ¼ 4) male mice. Gene expression was visualized as z scores within each gene comparison using
DESeq2 normalized counts. # represents adjusted P value <.01 reported by DESeq2 DEG analysis. (B) Representative photos of
liver sections from 10-month-old Ncoa5fl/þ (n ¼ 4) and Ncoa5DM/þ (n ¼ 4) male mice and quantification of stained area positive
for YM1 by IHC. 5 HPFs per mouse. (C and D) RT-qPCR analysis of mRNA expression of M2-macrophage markers in mouse
peritoneal macrophages isolated from 6-week-old Ncoa5fl/þ andNcoa5DM/þ male mice treated with vehicle (C) or mouse IL-4 and
IL-13 (D). Pooled RNA from 2 or 3 mice in each group. (E) RT-qPCR analysis of mRNA levels of M2-macrophage markers in RAW
264.7 cells with ectopic PF4 expression treated with vehicle (left) or 20 ng/mL mouse IL-4 and IL-13 (right) for 24 hours.
(F) RT-qPCR showing Arg1 mRNA expression in RAW 264.7 cells treated with vehicle or mouse PF4 for 1 day. Representative
data of 3 repeats. One-way analysis of variance Dunnett’s multiple comparisons test. Data represent mean ± SEM. Two-tailed
unpaired t test was used if not otherwise specified. *P < .05, **P < .01, ***P < .001, ****P < .0001. Scale bar: 50 mm.
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HCC after the onset of fat accumulation in hepatocytes in
Ncoa5DM/þ male mice. Regardless of whether other factors
contributed to the pathogenesis of NAFLD in Ncoa5DM/þ male
mice, the finding that Pf4 overexpression in intrahepatic mac-
rophages can signal to hepatocytes and increase the expres-
sion of lipogenic genes is both significant and innovative.
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The precise mechanism for the spontaneous HCC
development in Ncoa5DM/þ male mice remains unclear.
Although the links between NAFLD and HCC remain to be
fully elucidated, previous data have suggested several un-
derlying mechanisms.59,60 Because the immunosuppressive
hepatic microenvironment is pivotal to the transition from
NAFLD/NASH to HCC,61 it is conceivable that intrahepatic
immunosuppressive immune cells contribute to hep-
atocarcinogenesis in Ncoa5DM/þ male mice having NASH.
Consistent with this model, we found that Ncoa5DM/þ male
mice had increased M2-like intrahepatic macrophages that
transcriptomically differ from M0, M1, or M4 macrophages,62,63

and recombinant PF4 treatment or ectopic Pf4 overexpression
in RAW 264.7 cells could induce an M2-like phenotype. PF4
was reported to induce Treg proliferation while inhibiting
nonregulatory T-cell proliferation35 and promote breast tumor
progression and metastasis by regulating MDSCs and inhibiting
CD8þ T cells.36 Interestingly, when we analyzed the TCGA HCC
cohort for the association of tumor PF4 mRNA expression
(possibly from tumor-associated macrophages) with patient
survival or immunosuppressive cells, we not only found that
high PF4 expression is associated with poor overall survival but
also saw increased inferred M2 macrophage fractions. More-
over, enriched Treg and MDSC signatures in the tumor were
associated with high PF4 expression. In line with our findings,
the up-regulation of PF4 and its impact on cell proliferation and
metastatic potential were also found in other solid tumors
including pancreatic and lung cancers.64 These data support
the role of PF4 in HCC immunosuppression, and therefore,
future work exploring the use of PF4 signaling inhibitors in
HCC immunotherapy is warranted.

The relatively low HCC incidence in the NASH liver of
Ncoa5DM/þ male mice compared with Ncoa5þ/- male mice
suggests the contributions of other NCOA5-deficient cells,
such as hepatocytes and pancreatic islet cells, to the higher
HCC incidence in Ncoa5þ/- male mice. Nevertheless, NASH
patients also have a moderate incidence and prolonged la-
tency of human HCC, which Ncoa5DM/þ mice can model. We
expect that additional genetic modification in the Ncoa5DM/þ

mice or feeding them special diets can accelerate the NASH
establishment and HCC development, enabling us to study
further the mechanisms underlying NASH to HCC transition.

In summary, we established a novel genetic mouse model
of NASH generated by myeloid-lineage–specific heterozygous
deletion of Ncoa5, uncovering a molecular mechanism in
which NACA5 haploinsufficiency in myeloid cells triggers and
propagates NASH development through PF4 overexpression
in intrahepatic macrophages, leading to HCC development.
Ncoa5DM/þ mice may provide a useful preclinical tool for
NASH research. We anticipate that this work will lead to
further insights into the pathogenesis of NASH to advance the
future development of treatments for NASH and HCC.

Methods
Generation of Ncoa5fl/þ, Ncoa5fl/fl, Ncoa5DM/þ,
Ncoa5DM/DM, and Ncoa5DH/DH Mice

The Ncoa5fl/þ mice were generated by Cyagen (Santa
Clara, CA). The targeting vector for LoxP site insertions
contains homology arms flanking exons 3 and 4 of the Ncoa5
gene, LoxP sites, and neo gene flanked Rox sites. The
correctly targeted C57BL/6 embryonic stem cell clones
were confirmed by Southern blotting. Embryonic stem cells
were then transfected with a Dre expression vector to
remove the neomycin cassette. Correct clones were then
subjected to blastocyst microinjection, and chimeras were
produced. Crossbreeding the chimeras with wild-type
C57BL/6 mice obtained founders that were transmitted in
the germline. Genotyping for LoxP sites flanking the Ncoa5
gene was performed using primers: forward: GATTCAGC-
CAGGCAGTCCACAGAT; reverse: AATGGGCAAGAGTA-
GATGAGTTTCC. Ncoa5flox/flox mice were generated by
mating Ncoa5flox/þ mice. LysMcre mice were purchased
from the Jackson Laboratory. Ncoa5DM/þ mice were gener-
ated by crossing Ncoa5flox/flox mice with heterozygote
LysMcre mice. Ncoa5DM/DM mice were first generated by
mating Ncoa5DM/þ mice and then by crossing Ncoa5DM/DM

mice with Ncoa5flox/flox mice. Genotyping for LysMcre was
carried out using primers suggested by Jackson Laboratory.
Speer6-ps1Alb-cre/þ mice were purchased from the Jackson
Laboratory, and Ncoa5DH/DH mice were generated using the
same strategy as the Ncoa5DM/DM mice. All mice except
those wild-type C57BL/6 male mice enrolled for diet-
induced NAFLD were housed in Optimice cages under a
regular 12-hour light/12-hour dark cycle and standard
normal diet at the Michigan State University animal facility.
All experimental procedures on mice were approved by the
Michigan State University Institutional Animal Care and Use
Committee.

Glucose Tolerance Test and Insulin Tolerance
Test

Glucose tolerance test (GTT) and insulin tolerance test
(ITT) were performed as previously described.9 Briefly,
mice were fasted for 12 or 6 hours before the intraperito-
neal injection of 2 g/kg D(þ)-glucose or 1 U/kg insulin
(Sigma-Aldrich) for GTT or ITT. A glucometer and Accu-
Check active test strips (Roche) were used to measure
blood glucose from blood drops from the tail vein.

Western Blotting
Western blotting was performed as previously

described.9 Generally, the protein was isolated using RIPA
buffer (Thermo Fisher) from tissue or cell samples. Total
protein concentration was measured by Biorad Protein
Assay (Biorad), and sodium dodecyl sulfate-polyacrylamide
gel electrophoresis was carried out on Biorad Mini-protein
TGX Gels. LICOR IRDye secondary antibodies were used.

Antibodies and Recombinant Protein
Antibodies used in this study include b-Actin (sc-47778),

p21 (sc-6246), and PPARg (sc-7273) by Santa Cruz
Biotechnology; Mac-2 (Galectin-3, CL8942AP) by Cedarlane
Labs; NCOA5 (A300-790A) by Bethyl Laboratories; YM1
(AF-2446) by R&D Systems; PF4 (500-P05) by PeproTech;
Akt (pan) (C67E7, #4691); and Phospho-Akt (Ser473)
(#9271) by Cell Signaling Technology. Recombinant murine
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Figure 14. Effect of CM of Ncoa5 knockout RAW 264.7 cells on proliferation and migration of HCC cells. (A) CCK8 assay
of proliferation of HepG2 cells cultured with CM from RAW 264.7 cells with or without Ncoa5 knockout with final concentration
of 2% fetal bovine serum. Representative data of 2 repeats. Two-way analysis of variance Dunnett’s multiple comparisons
test. (B) Representative photos and quantification of migrated cells for HepG2 cell Transwell migration assay using CM from
RAW 264.7 cells with or without Ncoa5 knockout. 5 HPFs in each condition, representative result of 2 independent experi-
ments. Two-tailed unpaired t test. (C) Western blotting analysis of AKT ser-473 phosphorylation in starved HepG2 cells treated
with CM from RAW 264.7 cells with or without Ncoa5 knockout. HepG2 cells were serum-starved for 24 hours and then
treated with different CM for 20 minutes. Data in A and B represent mean ± SEM. **P < .01, ***P < .001, ****P < .0001. Scale
bar: 50 mm.
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PF-4 (250-39), murine IL-4 (214-14), and murine IL-13
(210-13) were purchased from PeproTech.
Histologic and Immunohistochemistry Analysis
Mouse tissues were fixed in neutrally buffered 10%

formalin solution (Sigma-Aldrich). Fixed tissues were then
submitted to the Investigative Histopathology Laboratory of
Michigan State University for embedding, sectioning, and H&E
staining. A board-certified pathologist reviewed the histopa-
thology of mouse liver sections. Oil-Red-O staining and Sirius
Red staining were performed according to published pro-
tocols.65,66 Immunohistochemistry analysis was performed
using the VECTASTAIN ABC-HRP system (Vector Laboratories)
according to the protocol supplied by the manufacturer.

Microscopic photos were captured using a Nikon
ECLIPSE E600 microscope with a QImaging MicroPub-
lisher 6 camera (Teledyne Photometrics). Macroscopic
photo images were captured using a Nikon COOLPIX L340
camera.
RNA Preparation, Reverse Transcription, and RT-
qPCR

Total RNA from mouse tissues, isolated cells, or cultured
cells was isolated using TRIzol reagent (Thermo Fisher) or
combined TRIzol and RNeasy Mini Kit (Qiagen) method
according to manufacturers’ instructions. Reverse tran-
scription was performed using SuperScript IV First-Strand
Synthesis System (Thermo Fisher) and PrimeScript RT Re-
agent Kit (TAKARA) according to manufacturers’ in-
structions. RT-qPCR was carried out on a QuantStudio 3
Real-Time PCR machine using the PowerUp SYBR Green
reagent (Thermo Fisher). Oligonucleotide sequences for the
primers are described in Table 2.

Cell Culture, CRISPR, Gene Silencing, and
Lentiviral Gene Expression

Mouse macrophage RAW 264.7 (derived from male) and
human liver cancer cell line HepG2 (derived from male)
were purchased from American Type Culture Collection and
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high (n¼ 180) or low (n¼ 180) combined PF4 and PF4V1 expression in the tumor (referred to as PF4 high or low groups in this and the
next figure). Log-rank test. Combined PF4 and PF4V1 expression was ranked by ssGSEA. PF4 high group includes patients with top
50% of combined expression, and the low group includes the rest. **P< .01. (B) Predicted immune cell fractions in HCCs of combined
PF4 and PF4V1 high or low TCGA patients by CIBERSORTx absolute mode. Samples with P> .05 were filtered. Patients, n¼ 165 and
152. Two-way analysis of variance Sidak’s multiple comparison test was used for statistical analysis. Data represent mean ± SEM.
****P< .0001. (C) Correlation between combined tumoral PF4 and PF4V1 expression and predictedM2macrophage fractions in TCGA
patients. Pearson’s r and P values and patient numbers are indicated. Patient separation was done in (B) and (C) as described in (A),
except 43 patient samples were filtered because of their CIBERSORTx P > .05. (D) Correlation between combined tumoral PF4 and
PF4V1 expression and xCell Macrophages M2 score in TCGA patients. Pearson’s r and P values and patient numbers are indicated.
The same patient cohort as in (A–C) was used, but data for 2 patients were missing in the original xCell analysis performed by the
authors of the tool. (E) Expression of immunosuppression-related genes in HCCs from TCGA patients with high or low combined PF4
and PF4V1 expression. Welch’s t test with the FDRmethod of Benjamini-Hochberg. (F) GSEA analysis result using indicated signatures
comparing HCCs from TCGA patients with high or low combined PF4 and PF4V1 expression. Normalized enrichment scores and
P values are shown. (G) ssGSEA result of published gene sets as indicated in TCGA patients with high or low PF4 and PF4V1 mRNA
expression. Two-tailed unpaired t test was used for statistical analysis. Box and whisker are drawn using the Tukey method.
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Figure 16. Relationships between tumoral PF4 expression and HCC patient prognosis in the LCI and proteomic study
cohorts. (A) Kaplan-Meier plot of overall survival and recurrence-free survival for LCI primary HCC patients with high (n ¼ 121)
or low (n ¼ 121) combined PF4 and PF4V1 expression in the tumor. Log-rank test. *P < .05, **P < .01. (B) Expression of CD84
in HCCs from LCI patients with high or low PF4 expression. P adjusted calculated using limma. Box and whisker are drawn
using the Tukey method. (C) Kaplan-Meier plot of recurrence-free survival for PDC000198 primary HCC patients with PF4
protein expression in the top quartile and the rest of patients. Log-rank test. *P < .05.
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cultured in Dulbecco modified Eagle medium (DMEM)
(Thermo Fisher) supplemented with 10% fetal bovine
serum and 100 U/mL of penicillin and 100 mg/mL of
streptomycin at 37�C in 5% CO2. For the collection of CM,
4 � 106 RAW 264.7 cells were plated in a 100 mm plate and
cultured in serum-free DMEM for 24 hours. The medium
was collected and centrifuged to remove cells and debris.
The CM was centrifuged and mixed with the complete me-
dium in a 1:1 ratio when treating cells with a CM.

CRISPR knockout of Ncoa5 gene was achieved using
pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid purchased from
Addgene,67 and the guide target sequences are the following:
target1 (exon 3): CTGCGGTCCCGCAAATCCCG; target2 (exon
3): and CGTGATCGCTCTCCAATTCG; target3 (exon 4):
ATATGACCGTTATCTGAGGG. The target sequences and PAMs
were cloned into the PX459 V2.0 plasmid according to the
target sequence cloning protocol described on Addgene. RAW
264.7 cells were transiently transfected with vector control
or constructs using Lipofectamine 3000 (Thermo Fisher) and
selected with 5 mg/mL puromycin. Single clones were picked
and cultured. Genomic DNA was extracted with QuickExtract
(Lucigen), and PCR amplification and sequencing validation
was performed. Finally, Western blotting was performed to
validate the loss of NCOA5 protein.

RNA-induced gene silencing was performed using DsiR-
NAs purchased from Integrated DNA Technologies
according to the protocol supplied by the manufacturer. The
siRNA sequences are the following: mm. Ri.Pf4.13.1-SEQ1/2:
rGrGrGrCrArGrGrCrArGrUrGrArArGrArUrArArArArCrGTG/
rCrArCrGrUrUrUrUrArUrCrUrUrCrArCrUrGrCrCrUrGrCrCr
CrArG; mm.Ri.Pf4.13.2-SEQ1/2: rCrCrGrArUrGrUrUrUrAr
UrArUrUrArUrCrCrUrUrCrArAGA/rUrCrUrUrGrArArGrGr
ArUrArArUrArUrArArArCrArUrCrGrGrArA.

The double-stranded DNA fragments of consensus coding
sequences of mouse and human PF4 genes (CCDS 19416.1
and 3562.1) were synthesized by Integrated DNA Technolo-
gies and were cloned into the pSin-EF2-Pur vector (Addgene).
Lentivirus was produced by polyethyleneimine-mediated
transfection of HEK293T (ATCC) cells with pCMV delta R8.2
packaging plasmid (Addgene), pMD2.G envelope plasmid
(Addgene), and pSin-EF2-PF4-Pur expression plasmid.
Mouse Liver Hepatocyte, Nonparenchymal Cell,
F4/80þ Nonparenchymal Cell, and Peritoneal
Macrophage Isolation

Primary hepatocytes were isolated from wild-type male
mice and cultured according to a published protocol68 with
the following modifications: the portal vein was cannulated
instead of the inferior vena cava, and the inferior vena cava
was cut after the initial perfusion; plates/wells were prepared
with 0.01% w/v rat-tail collagen (Sigma-Aldrich). Liver
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Figure 17. Role of NCOA5 in macrophage proliferation and Angptl7 expression. (A) Live cell number of same initial amount
of RAW 264.7 cells with or without Ncoa5 knockout after 48-hour culture. Representative data of 3 repeats. Data represent
mean ± SEM. Two-tailed unpaired t test was used for statistical analysis. (B) CCK8 assay of proliferation of RAW 264.7 cells
with or without Ncoa5 knockout. Representative data of 3 repeats. Data represent mean ± SEM. Two-way analysis of variance
Dunnett’s multiple comparisons test was used for statistical analysis. (C) The mRNA expression of Angptl7 in intrahepatic
macrophages from 6.5-month-old Ncoa5fl/þ and Ncoa5DM/þ male mice tested by RT-qPCR. Two-tailed unpaired t test. Data
represent mean ± SEM. ns: not significant, ***P < .001, ****P < .0001.
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nonparenchymal cells were isolated in a 2-step perfusion
procedure similar to the isolation of mouse hepatocytes. The
F4/80þ cells were isolated from nonparenchymal cells using
Anti-F4/80 MicroBeads (130-110-443, Miltenyi Biotec) ac-
cording to the manufacturer’s instructions. Peritoneal mac-
rophages were isolated using ice-cold phosphate-buffered
saline containing 3% fetal bovine serum from indicated mice.

RNA-Sequencing and Mouse Transcriptome
Analysis

High-quality RNA was prepared from F4/80þ non-
parenchymal cells using a combined TRIzol and RNeasy Mini
Kit (Qiagen) method. RNA quality control was performed
using the Nanodrop Spectrophotometer (Thermo Fisher) and
TapeStation System (Agilent). cDNA library construction from
mRNA, RNA-seq on a NovaSeq 6000 (Illumina), raw data
quality control, and data delivery were carried out by Novo-
gene. Approximately 90 million reads were generated for each
sample. The raw data were filtered and quality-controlled
using fastp.69 The data quantification was performed using
Salmon,70 with the mapping-based mode and a salmon index
built using Gencode mouse release M25 (GRCm38.p6). The
gene expression analysis was performed using DESeq2.71

KEGG pathway analysis was carried out using GAGE.25

Transcriptomic and Proteomic Analyses of
Human Samples

RNA-seq raw data of human liver macrophages were
downloaded from NCBI Sequence Read Archive
PRJNA491664.24 The data analysis procedure was the same as
the mouse F4/80þ cells analysis, except that the reads were
mapped using STAR,72 where higher mapping rates were ach-
ieved in this instance. The STAR index was built using Gencode
human release 35 (GRCh38.p13). Human liver microarray data
of NAFLD patients and healthy controls were downloaded from
NCBI Gene Expression Omnibus (GSE89632).26 Processed
expression and clinical data of patients in the TCGA LIHC cohort
were retrieved from UCSC Xena. Processed microarray
expression and clinical data of the LCI HCC cohort were
downloaded from NCBI Gene Expression Omnibus
(GSE14520).42 Gene expression difference between TCGA LIHC
patient subgroups was determined with cBioportal.73 Differ-
ential expression analysis for microarray data was performed
using limma.74 Gene set enrichment analysis (GSEA) version
4.2.1 and ssGSEA v10 were used,27,41 and the analysis was
carried out on GenePattern. CIBERSORTx was run in absolute
mode according to the published instructions.75,76 xCell cell
types enrichment analysis for TCGA patients was pre-calculated
by the authors of xCell and retrieved from the xCell website.38

Processed protein quantitation and clinical data from a
published HCC proteogenomic study were downloaded from
the NIH Proteomic Data Commons (PDC000198).43

In the TCGA LIHC cohort, 12% of patients had low
NCOA5 mRNA expression (z < –1 relative to diploid sam-
ples), and 3.6% had NCOA5 shallow deletion, missense
mutation, or truncating mutation in their tumors.

Single-Cell Transcriptomic Analysis of Diet-
Induced NASH Mouse Livers

Single-cell sequencing raw data of nonparenchymal cells
from healthy and diet-induced NASH mouse livers were
downloaded from NCBI Sequence Read Archive
PRJNA531644. The data analysis procedure was the same as
in the original publication.21 Our analysis revealed 10 major
cell clusters similar to the original publication (Figure 7A).

Intrahepatic-Macrophage–Specific Gene
Knockdown Mediated By GeRP

GeRPs were prepared according to published proto-
cols,22–24 with the modification of no fluorescein



Table 2.Oligos Used in the Study

Genes Forward Reverse

Polr2a GCGGTTGACCCCATGACGAGTGAT GCCTGATGCGGGTGCTGAGTGAG

Srebp1c GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT

ChREBP/Mlxipl AATGGGATGGTGTCTACCGC GGCGAAGGGAATTCAGGACA

Pparg1 TGAAAGAAGCGGTGAACCACTG TGGCATCTCTGTGTCAACCATG

Pparg2 GCATGGTGCCTTCGCTGA TGGCATCTCTGTGTCAACCATG

G6pc TGGTAGCCCTGTCTTTCTTTG TTCCAGCATTCACACTTTCCT

Fasn CCTCAAGGCCTGCGTAGACAC GCCACATCATGCTGCTGCAGT

Acaca/Acc GTCCCCAGGGATGAACCAATA GCCATGCTCAACCAAAGTAGC

Plin2/Adrp AAGAGAAGCATCGGCTACGA GGCGATAGCCAGAGTACGTG

Cd36 GATGACGTGGCAAAGAACAG TCCTCGGGGTCCTGAGTTAT

Cidec/Fsp27 AGGCCCTGTCGTGTTAGCAC CATGATGCCTTTGCGAACCT

p21/Cdkn1a CAGATCCACAGCGATATCC ACGGGACCGAAGAGACAAC

Pf4 TGCACTTAAGAGCCCTAGACCCAT AGATCTCCATCGCTTTCTTCGGGA

Tnf GCCTATGTCTCAGCCTCTTCT TTGAGATCCATGCCGTTGGCC

Cxcr3 CAGCCTGAACTTTGACAGAACCT GCAGCCCCAGCAAGAAGA

Gas6 TGCTGGCTTCCGAGTCTTC CGGGGTCGTTCTCGAACAC

Arg1 CTTGCGAGACGTAGACCCTG TCCATCACCTTGCCAATCCC

Ym1 GTACCCTGGGTCTCGAGGAA CCTTGGAATGTCTTTCTCCACAG

Il10 CCAGGGAGATCCTTTGATGA AACTGGCCACAGTTTTCAGG
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isothiocyanate labeling steps. Wild-type C57BL/6 male mice
were fed with a Westernized and sucrose/fructose supple-
mented diet (D09061704i, Research Diets, Inc) starting at 6
weeks of age for 3 months to induce NAFLD with a concurrent
Pf4 up-regulation specifically in hepatic macrophages.20 GeRP
administration was carried out according to published articles
with slight modifications.23,24 Mice fed the special diet were
randomized according to body weight and intravenously
injected with a dose of 6.25 mg/kg GeRPs loaded with 247
mg/kg siRNA and 1.135 mg/kg Endo-Porter (EP, Gene Tools,
LLC). Mice were switched to a normal diet 24 hours after
GeRP administration, and samples were collected 1 week after
GeRP administration. Seven-month-old Ncoa5DM/þ male mice
fed a normal diet were randomized according to body weight
and intravenously injected with 7 doses of 3.125 mg/kg
GeRPs loaded with 123.5 mg/kg siRNA and 0.5675 mg/kg EP
over 2 weeks, and samples were collected 24 hours after the
last injection. The siRNAs used in this study are proprietary
Dharmacon D-001810-01-50 ON-TARGETplus Nontargeting
siRNA #1 and J-063518-11-0050 ON-TARGETplus Mouse Pf4
(56744) siRNA (Horizon Discovery). The LQ-063518-01-0002
ON-TARGETplus Mouse Pf4 (56744) siRNA set of 4 was
initially tested, and the siRNA with the highest efficiency was
identified and used in formal experiments.
Cell Proliferation and Colorimetric Assays
The 1 � 105 RAW 264.7 cells were seeded in 12-well

plates and cultured 48 hours in the DMEM complete me-
dium. Cell numbers were then counted using a Countess II
FL hemocytometer with an automated cell counter (Thermo
Fisher). For the colorimetric cell proliferation assay, 1500
RAW 264.7 cells or 4000 HepG2 cells were seeded in
96-well plates, and CCK-8 (Dojindo) was used to determine
the cell number according to the protocol supplied by the
manufacturer. Triglyceride levels in liver homogenates and
cell lysates were measured using Triglyceride Colorimetric
Assay Kit (Cayman Chemical) according to the protocol
provided by the manufacturer. Absorbance was read by a
FLUOstar OPTIMA microplate reader (BMG LABTECH).

Transwell Migration Assay
Transwell permeable support (Ref 3422, Costar) plated

with 1 � 105 HepG2 cells in serum-free DMEM was inserted
into a 24-well plate containing medium conditioned by RAW
264.7 cells mixed with DMEM with 2.5% fetal bovine serum.
After 24 hours, the membranes were stained with Giemsa
stain (Sigma-Aldrich).

Statistical Analyses
All data represent ± standard error of the mean (SEM)

from the mean if not otherwise specified. Statistical differ-
ences were determined with one-way analysis of variance
Dunnett’s multiple comparisons test, two-way analysis of
variance Dunnett’s multiple comparisons test and Sidak’s
multiple comparisons test, two-tailed Student t test, Welch’s
t test, c2 test, Pearson’s correlation two-tailed significance
test, or log-rank test by GraphPad Prism 7, with details
listed in the corresponding figure legends. ****P < .0001,
***P < .001, **P < .01, *P < .05, ns ¼ not significant.
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