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Abstract 

Bac kgr ound: Current knowledge on apolipoprotein A1 ( APOA1 ) in hepatocellular carcinoma ( HCC ) is fragmented and even contradic- 
tor y. Multi-dimensional anal yses ar e r equir ed to compr ehensi v el y elucidate its v alue and underl ying mechanism. 

Methods: We collected 49 RNA-seq datasets, 40 cell line types data and 70 scRNA pan-cancer datasets pub lic av aila b le, including 17 
HCC datasets ( 1754 tumor samples ) , and enrolled 73 pairs of HCC tissue and 516 blood samples independently from our clinics. APOA1 
impacting on the HCC tumor micr oenvir onment ( TME ) w as anal yzed using intensi v e data mining. Methylation sequencing, flo w c y- 
tometr y, quantitati v e PCR, western b lot, imm unohistochemistr y and clinical chemistry assays were conducted for wet experimental 
investigation. 

Results: The APOA1 ontology fingerprint indicated that it played various crucial biological roles in HCC, primarily involved in choles- 
terol efflux. Consistent findings at histolo gy, serolo gy, and clinical follow-up revealed that high APOA1 was a good prognosis indicator 
of HCC. Hypermethylation in the APOA1 pr omoter r egion w as found in clinical samples which is in accordance with the reduction of 
APOA1 in HCC. The cell cycle , DN A r e plication, mismatch r e pair pathw ays, and tumor cell prolifer ation w ere less observed in the HCC 

APOA1 high subgr oup. The fav ora b le imm unor egulator y a bilities of APOA1 showed inter esting findings: a positi v e corr elation between 

APOA1 and anti-tumor immune cells ( NK, CD8 + T cells ) and a negative association with immune cells exerting immunosuppressive 
effects, including M2 macr opha ges. 

Conclusion: This is an inte gr ati v e m ultidimensional exploration of APOA1 using bioinformatics and experiments. Both the prognostic 
value and anti-tumor effects based on APOA1 panoramic exploration in the HCC TME demonstrate a new potential clinical target for 
HCC assessment and intervention in the future. 

Ke yw ords: APOA1, HCC, prognosis, tumor micr oenvir onment, imm une cells, NK cell 
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Introduction 

Hepatocellular carcinoma ( HCC ) is the fourth most common 

cause of cancer mortality in the world, accounting for ∼800 000 
deaths e v ery year.1 , 2 Although curr ent ther a pies suc h as liv er r e- 
section, ablation, and liv er tr ansplantation hav e impr ov ed HCC 

management, the clinical outcomes are not so satisfying, with 

limited long-term surviv al, especiall y in HCC patients with in- 
termediate and advanced stages .3 T he prognostic indicators play 
a pivotal role in monitoring tumor r ecurr ence and impr oving 
the prognosis of patients.4 Although numerous efforts have been 
Recei v ed: J uly 20, 2023. Accepted: August 30, 2023. Published: 2 September 2023 
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work is pr operl y cited. For commercial re-use, please contact journals.permissions
ade to predict HCC prognosis, specific prognostic indicators 
re still lacking.5 , 6 In addition, research for developing additional 
ov el ther a peutic a gents could potentiall y augment the pr esentl y
v ailable tr eatments. Ther efor e, it is imper ativ e to de v elop poten-
ial prognostic and therapeutic targets for improving the progno- 
is and treatment of HCC. 

Apolipoprotein A1 ( APOA1 ) , a protein mainly produced by the
iver, constitutes ∼70% of high-density lipoprotein. It is regarded 

s a k e y li ver function parameter as well as a lipid metabolism
 elated molecule. A serum pr oteomics study of patients with
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 hr onic liv er disease demonstr ated that a lo w er le v el of APOA1
osed a risk for the de v elopment of HCC.7 The serum APOA1

e v el was significantly lower in HCC patients with advanced stages
nd tumor r ecurr ence compar ed to patients with remission.8 , 9 In
ddition, patients with ele v ated concentr ations of pr e-tr eatment
erum APOA1 experienced better survival.8 These findings indi-
ate that APOA1 might hold potential as a novel serum marker
or monitoring the prognosis of HCC. 

Intriguingl y, clinical studies hav e demonstr ated that APOA1
as a pr otectiv e effect a gainst HCC, but the mec hanisms r e-
ain uncertain. Besides, the mechanisms underlying the tran-

criptional suppression of APOA1 in HCC tumor tissue is less
nv estigated. Researc hers hav e attempted to elucidate the pro-
ective function of APOA1 against cancer development. For ex-
mple , in vitro assa ys demonstrated that APOA1 could suppress
he pr olifer ation of HCC cells by arresting the cell cycle and
r omoting a poptosis.8 Ho w e v er, no major dir ect inhibitory ef-
ect of APOA1 on tumor cells has been reported. For instance,
o significant changes were observed in terms of cellular pro-

ifer ation, v arious cell cycle parameters, or a poptosis r ate when
elanoma cells were treated with APO A1. 10 Additionally, an
POA1 mimetic peptide was unable to cause pancreatic cancer
ells apoptosis or directly decrease tumor cell invasion and pro-
iferation.11 These contradictory findings regarding the direct in-
uence of APOA1 on cancer cells indicate that the potential pro-
ectiv e mec hanisms of APOA1 ar e still contr ov ersial and r emain
nr esolv ed. 

In addition to cancer cells, the tumor micr oenvir onment ( TME ) ,
s an intricate cellular ecosystem, plays a pr ominent r ole in
alignant growth and metastasis.12 , 13 Within the TME, numer-

us immune cells are related to the establishment of an im-
 unosuppr essiv e TME to promote tumor progression, including
2 macr opha ges, m yeloid-deri v ed suppr essor cells ( MDSCs ) , and

ancer-associated fibroblasts ( C AFs ) . Meanwhile , cytotoxic CD8 + T
ells, M1 macr opha ges and natur al killer ( NK ) cells can mount
n effective antitumor response.12 , 14 Accordingly, increasing the
nfiltration of cytotoxic CD8 + T and NK cells, as well as r epr o-
r amming imm unosuppr essiv e M2 macr opha ges into M1 with an-
itumor phenotype, would lead to better imm unother a peutic ef-
cacy.12 , 15 Although APOA1, or its mimetic peptide, has no direct
ffect on tumor cells, a pr e vious study indicated that it can medi-
te the r egr ession of established tumors and reduce tumor metas-
asis in animal models.10 Ther efor e, this study hypothesized that
he antineoplastic activity of APOA1 may not only be derived from
ts direct impact on tumor cells but also its influence on the im-

une cells in the TME. 
The current clinical studies on APOA1 pr ovide fr a gmented in-

ormation, and, to the best of our knowledge, a compr ehensiv e
ssessment of APOA1 as a potential prognostic and therapeutic
arget has not been performed. In the current study, we collected
he bulk RNA and single-cell RNA sequencing ( scRNA-seq ) pub-
ic data from HCC samples to investigate the influence of APOA1
n both tumors and TME. Then the gene and pr otein expr ession
f APOA1 in HCC tumor tissues, as well as adjacent normal tis-
ues, wer e car efull y v alidated and e v aluated by a series of bench
xperiments . T he DNA methylation le v els at single-CpG r esolu-
ion were further investigated to explore the possible mechanisms
hat lead to APOA1 reduction in HCC tumor tissue. Additionally,
 pan-cancer analysis of APOA1 expression was performed to
xamine its specificity and the prognostic surveillance value of
POA1 in HCC. Altogether, the present study performed a system-
tic and compr ehensiv e e v aluation of APOA1 as a potential prog-
ostic indicator of HCC as well as investigating its pr otectiv e r ole
gainst tumors based on a landscape analysis of the TME in HCC
atients. 

ethod 

atasets and collection of HCC samples 

ublic data 

n detail, text-mining data were collected from the PubMed
atabase. Omics data were derived from The Cancer Genome
tlas ( TCGA ) , International Cancer Genome Consortium ( ICGC )
nd Gene Expression Omnibus ( GEO ) databases . T he quantifica-
ion analysis of infiltrated immune cells in the TME was based
n 12 datasets from the GEO database, 2 sets of RNA-seq from
CGA-LIHC pr oject ( liv er cancer ) and the ICGC LIRI-JP project
 liver cancer ) , and a set of cancer scRNA-seq data from the GEO
atabase. Detailed descriptions of the included datasets are listed

n supplementary Table S1 , see online supplementary material . 

linical samples collection 

amples for experimental validation were all obtained from the
astern Hepatobiliary Surgery Hospital ( EHBH ) , including 20 pairs
f HCC tissues and adjacent normal tissues for quantitative PCR
 qPCR ) , 8 pairs of HCC tissues and adjacent normal tissues for
estern blot ( WB ) and biSulfite amplicon sequencing ( BSAS ) ,
nd a tissue chip containing 45 pairs of HCC and adjacent
ormal tissues for imm unohistoc hemistry ( IHC ) anal ysis. In
ddition, 516 blood samples ( 332 HCC patients and 184 healthy
onors ) were obtained to detect the le v el of APOA1. Among these,
o w c ytometry w as used to quantify CD3 - CD16 + /CD56 + and
D8 + T cells in 300 HCC samples. Detailed descriptions of the

ncluded datasets are listed in supplementary Table S2 , see
nline supplementary material . 

onstruction of the APOA1 ontology fingerprint 
n pan-cancer 
ased on the collected liter atur e of 33 different tumor types, we
sed the explainable gene ontology fingerprint ( XGOF ) method de-
eloped by our previous study 16 to establish the XGOF of APOA1
n pan-cancer. For each tumor, APOA1-Gene Ontology ( GO ) term
airs were extracted with an adjusted P value < 0.05 as the thresh-
ld and were defined as the gene fingerprint of APOA1. 

nalysis of APOA1 expression and the 

nfiltr a tion fr action of cell subsets in the TME 

e calculated the correlation between APOA1 expression and
he infiltration fraction of cell subsets in HCC, and the tumor
urity was corrected by TIMER2. Cell infiltration fraction scores
ethods include XCELL, CIBERSORT, EPIC, TIMER, MCPCOUNTER,

IBERSOR T_ABS, and Q UANTISEQ. Six immune subtypes ( C1–C6 )
n HCC TME are defined by Thorsson et al .17 This study mainly fo-
used on C1–C4 immune subtypes, in which C1 stands for wound
ealing, C2 r epr esents Interfer on ( IFN ) - γ dominant, C3 indicates

nflammation, and C4 means lymphocyte depleted. 

alida tion a t RN A and protein le vels 

PCR 

PCR was performed using a 7900HT Fast Real-Time PCR System
 Life Technology, USA ) . PCR primers were designed using Primer
r emier 6.0 softwar e . T he forw ar d primer sequence of APOA1 is
 

′ -CTAAA GCTCCTTGA CAA CTGGG-3 ′ and the r e v erse primer se-
uence is 5 ′ -TTTCCAGGTT A TCCCA GAA CTC-3 ′ . 

https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
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WB 

The total protein of tissue was extracted by protein lysis solution 

( Beyotime Biotechnology Co., Ltd., Beijing ) . The protein extraction 

concentration was detected by using a BCA Protein Assay kit 
( Thermo Fisher, USA ) . Total protein ( 40 μg ) w as separated b y 
12% Sodium Dodec yl Sulfate-poly acrylamide Gel Electrophoresis 
( SDS-PAGE ) and then tr ansferr ed to a PVDF membr ane ( Millipor e,
USA ) . After blocking with 5% nonfat milk for 1 h, the mem- 
brane was incubated overnight at 4 ◦C with primary antibodies 
( ab52945, Abcam, UK ) . After incubation with Horseradish Per- 
oxidase ( HRP ) -conjugated secondary antibodies for 1 h at room 

temper atur e, blots wer e de v eloped by using Enhanced Chemilu- 
minescence ( ECL ) luminescence r ea gent ( Thermo Fisher, USA ) .
The r elativ e expr ession le v el of APOA1 w as normalized b y the 
le v el of Gl ycer aldeh yde-3-phosphate Deh ydrogenase ( GAPDH ) .
Quantitativ e anal ysis was performed using Ima ge J. 

IHC analysis 

Primary monoclonal antibodies against APOA1 ( ab52945, Abcam, 
UK, 1:100 ) wer e a pplied to the 45 paired samples of tumor and 

adjacent normal tissues, formalin-fixed and paraffin-embedded 

on a tissue micr oarr ay ( TMA ) ( Shanghai Outdo Biotec h Co ., Ltd. ) .
TMA was automatically scanned using the Tissue FAXS imaging 
system ( TissueGnostics, Vienna, Austria ) , and reconstituted vir- 
tual slides were subjected to quantitative image analysis. Analy- 
sis was performed using StrataQuest ( v. 7.1.1.119; TissueGnostics ) .
Str ataQuest anal ysis softwar e can be used to obtain the grayscale 
ma p of differ ent color c hannels. A nuclear segmentation algo- 
rithm was applied to the nucleus channel to identify individual 
cells . T hen, the expression of APOA1 marker was computed for 
e v ery cell identified. Scatter plots of intensity and ar ea wer e cr e- 
ated to enumerate the number of positive and negative cells for 
APOA1 marker. 

BSAS 

The methylation le v el in the pr omoter r egion of APOA1 was v eri- 
fied by BSAS in 8 HCC patients . T he pr obes wer e designed based 

on the APOA1 gene promoter region from TCGA DNA methylation 

sequencing data of HCC, including sites 26 ( 11: 116 708 224 ) , 55 ( 11: 
116 708 253 ) , 101 ( 11: 116 708 299 ) , 118 ( 11: 116 708 316 ) , 131 ( 11: 
116 708 329 ) and 215 ( 11: 116 708 413 ) ( supplementary Table S3 , see 
online supplementary material ) . The raw data was quality con- 
trolled b y FastQC softw are. Filtered clean reads used Bismark run- 
ning with bowtie2 for alignment with the r efer ence sequence with 

default parameters. Using the meth.call function in the R pac ka ge 
meth ylKit, the meth ylation of each CpG c ytosine w as extracted to 
further calculate the cytosine methylation le v el. The methylation 

ratio of all CpG cytosines was computed in the target fragment of 
each sample. 

Detection of APOA1 level and 

immunophenotyping of immune cells in the 

blood 

The APOA1 le v el ( mg/dl ) was obtained using standard methods 
and matc hed r ea gents on a Roc he Modular P800 Chemistry An- 
al yzer ( Roc he, Basel, Switzerland ) . Monoclonal antibodies anti- 
CD3 + /CD8 + and anti-CD3 - /CD16 + /CD56 + were used to evaluate 
CD8 + T cells and NK cells using flow cytometry, r espectiv el y. 

Cell prolifer a tion experiment 
For the pr olifer ation assay, HCC-LM3 cells wer e aliquoted into a 
96-well plate at 5000/100 μl per well with 100 μl of Dulbecco’s 
odified Eagle Medium ( DMEM ) containing 10% Fetal Bovine 
erum ( FBS ) . After 24 h, cells were treated with different con-
entrations of recombinant APOA1 ( 0, 2.5, 5, 10, or 15 ug/ml ) and
xposed to APOA1 for 48 h. At the indicated time points, cell
ounting kit 8 ( CCK-8 ) solution ( MedChemExpress, China ) was 
dded to determine the number of viable cells in each well. 

ta tistical anal yses 

tudent’s t -test and Mann–Whitney U test were performed with
rism 8.0 ( Gr a phP ad ) . A P -v alue < 0.05 ( ∗P < 0.05, ∗∗P < 0.01,
∗∗P < 0.005, ∗∗∗∗P < 0.001 ) was consider ed statisticall y significant.
urviv al anal ysis was performed ( Gehan–Br eslow test ) to compar e
S among m ultiple gr oups. In descending order ( e.g. APOA1 ex-
r ession le v el ) , the top 50% was defined as the APOA1 high gr oup,
nd the bottom 50% was the APO A1 low group . 

esults 

an-cancer analysis of XGOF of APOA1 

he APOA1 gene fingerprint was constructed in 23 different 
ypes of tumors, according to 2 743 077 published studies.
upplementar y Figur e S1 ( see online supplementary material ) 
r esents APOA1-r elated GO terms enriched in three GO cate-
ories, including 49 biological processes, 9 molecular functions,
nd 14 cellular component terms. Figure 1 A shows the distri-
ution of APOA1-related GO terms in different types of tumors,
emonstrating the crucial biological importance of APOA1 in liver 
ancer. Cholesterol efflux ( GO: 0 033 344 ) is the most important
unction related to APOA1 in most malignancies, especially in 

CC ( Fig. 1 B ) . In addition, Fig. 1 C shows more details regarding
he enrichment of APOA1 in biological process GO terms in liver
ancer. Based on GO hier arc hical r elationships, most biological
rocess GO terms belong to the transport and lipid metabolism 

rocess category. The enrichment scores of APOA1-GO term 

airs in Fig. 1 D, according to the liver cancer literature, indicate
hat APOA1 is mainl y involv ed in tr ansport during tumor de-
elopment, as well as signaling, inflammatory response, lipid 

etabolic process, gene expression, cell cycle, negative regula- 
ion of immune effector process, excretion, growth, cholesterol 
omeostasis, and coa gulation. Ov er all, these r esults show that
POA1 plays various crucial biological roles in liver cancer. 

pecific expression of APOA1 in li v er 
ext, the expression of the APOA1 gene in various cell

ines was e v aluated. The 1457 samples fr om 40 cell line
ypes from the Cancer Cell Line Encyclopedia ( CCLE ) database 
emonstrated that APOA1 gene expression was quite specific 
o liver cells ( Supplementary Figure S2A , see online suppleme
tar y mater ial ) . Furthermor e, the inter activ e body ma p using
CGA and Genotype-Tissue Expression ( GTEx ) datasets sho w ed 

hat the expression distribution of the APOA1 gene was organ-
pecific, with a lo w er median expression in liver tumor tissues
 n = 371, APOA1 value = 6017.3 ) compared to that in normal
issues ( n = 160, APOA1 value = 8495.76 ) ( Figure S2B ) . Datasets
rom the TCGA pan-cancer data ( 34 tumor types, n = 12 557 ) fur-
her validated the liver-specific expression of the APOA1 gene,
uggesting that APOA1 gene expression was significantly lo w er 
n HCC compared with that in normal liver tissues ( Fig. 2 A ) . To
urther validate these findings, 20 pairs of HCC tissues and ad-
acent normal tissues were acquired to measure the mRNA ex- 
ression of APOA1, and it was demonstrated that APOA1 expres-
ion was, indeed, consider abl y r educed in HCC tissues ( P < 0.005,

https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
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(A)

(B)

(C)

(D)

Figure 1. Gene ontology fingerprint of APOA1. ( A ) Number of GO terms reported by APOA1 in different tumor studies; the enrichment significance 
P -value of APOA1-GO term pairs was < 0.05. ( B ) Enrichment of APOA1-GO term pairs in different tumor studies. Size represents the number of 
APOA1-GO term pairs that co-occur in the same sentence, and the y -axis r epr esents the enric hment scor e of these pairs in the published liter atur e for 
each tumor type. ( C ) APOA1 gene fingerprint of biological processes in liver cancer. The biological processes of APOA1 enrichment in HCC were 
classified into three major categories based on GO le v el r esults, including tr ansport, lipid metabolism pr ocesses , and others . ( D ) Enric hment anal ysis of 
the biological process fingerprint of APOA1. GO terms related to transport or lipid metabolism processes shown in ( C ) wer e mer ged into their par ent 
category, r espectiv el y. The x -axis indicates the enrichment score of each biological process GO term–APOA1 pair in liver cancer 
liter atur e. 
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ig. 2 B ) . The APOA1 le v el in blood was also measured based on a
ar ge EHBH cohort, whic h demonstr ated that the le v el of APOA1
n serum was significantly lower in HCC patients compared to
ealthy donors ( Fig. 2 C ) . Additionally, the same notable down-
egulation was observed at the protein level. WB experiments
onfirmed that the le v el of APOA1 protein in tumor tissues was
 uc h lo w er than that in adjacent normal tissues ( P < 0.0005,

ig. 2 D,E ) . Furthermor e, IHC r e v ealed that APOA1 was gr eatl y r e-
uced in HCC. Compared with the mean positive intensity and
ean positiv e ar ea, the APOA1 le v el of adjacent normal tis-

ues was higher than that of cancerous tissue, with P values of
.024 and 0.0004, r espectiv el y ( Fig. 2 F–N ) . Taken together, this
learly suggests that APOA1 is expressed specifically in the liver
nd that tumor tissues express much less APOA1 than healthy
onors. 
w  
igh methylation level of APOA1 promoter 
egion in HCC 

o investigate whether the low expression of APOA1 in HCC is
elated to h ypermeth ylation of its promoter region, APOA1 CpG

ethylation le v els wer e searc hed in 17 differ ent liv er cancer cell
ines from the Depmap database. It was found that the promoter
egion of APOA1 ( e.g. 11:116 708 299, 11: 116 708 316 ) is hyperme-
hylated in most liver cancer cell lines ( Fig. 3 A ) . Of note, APOA1
xpression and methylation levels were significantly negatively
orrelated in tumor samples ( Fig. 3 B, r = −0.61, P < 2.2e-16 ) , but
ot in normal samples ( r = −0.19, P = 0.24 ) . This was further
alidated by BSAS detection based on the probe position infor-
ation of the TCGA-LIHC DNA methylation dataset. The RNA

xpr ession le v el of APOA1 by qPCR was negativ el y corr elated
ith the methylation le v els of six sites in the APOA1 promoter
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(A) (B)

(C)

(D)

(E)(F)

(G) (H) (I)
(J)

(K) (L) (M) (N)

Figure 2. Intrinsic difference of APOA1 expression between HCC tissue and adjacent normal tissue. ( A ) Expression of APOA1 gene among different 
tumors in the TCGA database based on RNA-seq data; light blue bac kgr ound r epr esents the HCC dataset. ( B ) qPCR experiment of APOA1 in HCC 

( n = 20 ) tissues . T he left dots r epr esent contr ol samples and the right dots r epr esent tumor samples. ∗P < 0.05, ∗∗P < 0.005, ∗∗∗P < 0.0005, ∗∗∗∗P < 0.0001 
( Mann–Whitney U test ) . ( C ) Comparison of APOA1 le v els ( mg/dl ) in blood samples collected fr om EHBH. HCC samples are on the left ( blue ) and healthy 
donors are on the right ( orange ) . ( D ) WB experiment of APOA1 in HCC ( n = 8 ) tissues . ( E ) Gra yscale analysis of APOA1 protein for WB bands. ( F ) IHC 

experiment of APOA1 expression in HCC. Left: mean area ( μm2 ) ; the total area from APOA1-positive staining of positive cells divided by the number of 
positive cells. Right: mean intensity ( a.u., arbitrary unit ) ; the total intensity from APOA1 positive staining of positive cells divided by the number of 
positive cells. ( G –N ) IHC staining and Tissue Gnostics ( TG ) scatter dia gr ams of cancer/adjacent normal tissue sections of a r epr esentativ e patient ( No. 
270 ) . ( G,I ) High-po w er lens, ( K,M ) lo w-po w er lens, and ( H,J ) analysis result of the nuclear area and hematoxylin staining intensity. We circled the gate to 
r emov e small cells/cell debris, and the cells analyzed in ( L,N ) were derived from the gate in ( H,J ) diagram. To remove non-specific staining, the cut-off 
value of average intensity is 21. 
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(A) (B)

(C)

(D)

(E)

Figure 3. Methylation le v el of APOA1 pr omoter r egion in HCC. ( A ) APOA1 CpG methylation le v el in liv er cancer cell lines deriv ed fr om the Dema p 
database. ( B ) Corr elation anal ysis of the APOA1 expr ession le v el and methylation le v el based on HCC samples fr om TCGA ( LIHC pr oject ) . R was 
calculated using the Pearson coefficient method. ( C ) Lollipop plot of the correlation between the methylation le v els of six sites in the APOA1 promoter 
region detected by BSAS and the RNA expression level of APOA1 by qPCR. ( D ) Expression differences of methylase-related genes between Apoa1 high 

and Apoa1 low expression groups based on the TCGA-LIHC RNA-seq dataset ( Apoa1 high , top 50%; Apoa1 lo w , bottom 50% ) . ( E ) Expression differences of 
methylase-related genes between tumor and adjacent normal groups based on the TCGA-LIHC RNA-seq dataset. 
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r egion, especiall y p116708316 and p116708413 ( Fig. 3 C, r ← 0.4 ) . In 

addition, the mRNA expression of m6A methylase-related genes 
between APO A1 high /APO A1 low expr ession gr oups and between 

tumor/normal groups based on the TCGA-LIHC dataset was also 
e v aluated, r espectiv el y ( Fig. 3 D,E ) . The expr ession of methylase- 
related genes was lower in the APO A1 high group , which may 
indir ectl y r eflect the antitumor effect of APOA1. For example,
patients with lo w er APOA1 have higher METTL3, which has been 

reported to promote the development of HCC.18 These combined 

results sho w ed a significant negativ e r elationship between APOA1 
expression and methylation level of the APOA1 promoter region 

in HCC tumor tissues. 

Prognostic value of APOA1 gene in HCC 

To explore the value of the APOA1 gene as a prognostic marker for 
HCC, surviv al anal ysis between APO A1 high and APO A1 low patients 
with liver cancer classified by the median of APOA1 mRNA le v el 
was performed. The TCGA-LIHC dataset ( n = 368 tumor samples ) 
sho w ed that the ov er all surviv al ( OS ) of patients in the APOA1 high 

group was significantly longer than that in the APOA1 low group 

( P = 2e-04, Fig. 4 A ) . P atients wer e further divided into four groups 
according to their Tumor Node Metastasis ( TNM ) stage, and it was 
found that patients at the early tumor stage had higher expression 

le v els of APOA1 than those at the advanced stage ( Fig. 4 B ) . These 
discov eries wer e further confirmed based on another two inde- 
pendent patient cohorts ( GSE14520, n = 242; GSE15654, n = 150 ) 
( Fig. 4 C–E ) . Figur e 4 F r e v ealed that expr ession of APOA1 was sig- 
nificantly higher in the survival group than in the death group.
This suggested that the expression of APOA1 is related to favor- 
able survival for liver cancer. 

APOA1 expression correlates with the infiltration 

of immune cells in the liver TME 

The gene fingerprint of APOA1 revealed its association with 

imm une modulation, whic h is understudied. Based on 70 scRNA 

datasets from public databases, the expression of APOA1 in 

different cells at single-cell resolution was assessed here . T he 
scRNA pan-caner data showed that APOA1 in different cell types 
was mainl y expr essed in HCC ( Supplementar y Figur e S3A , see 
online supplementar y mater ial ) . In detail, the scRNA data of 
liver cancer sho w ed that APOA1 w as mainl y expr essed in hepatic 
progenitor cells, malignant cells, and immune cells, including 
monocytes, macr opha ges, NK and T cell pr olifer ation ( Figur e S3B ) .
In particular, APOA1 was mostly expressed in NK cells based on 

the smartseq2 scRNA-seq dataset ( GSE140228, Fig. 5 A,B ) . More- 
ov er, to v alidate this discov ery, a flo w c ytometry experiment w as 
performed based on our EHBH cohort. It demonstrated that the 
proportion of NK cells in the APOA1 high expr ession gr oup was 
higher than that in the APOA1 low group ( Fig. 5 C, n = 300 ) . HCC 

patients who had two consecutive laboratory tests were recruited 

for case exploration. It can be seen that the changing trend of 
APOA1 le v el is consistent with the c hanging pr oportion of NK cells 
( Fig. 5 D ) . Furthermore, based on the GEO dataset ( GSE128726 ) 
detecting the gene expression profile in NK cells, the expression 

of APOA1 in NK cells verified that APOA1 expression was signifi- 
cantl y r educed in HCC gr oups compar ed with that in the healthy 
contr ol gr oup ( Fig. 5 E ) . According to APOA1 expr ession and NK 

cell infiltration scores, HCC patients were divided into three 
categories. Notabl y, the surviv al of patients with APOA1 high NK 

high 

was significantly longer than that in the other groups, and the 
patients in the APOA1 low NK 

low group had the worst OS ( Fig. 5 F ) .
To e v aluate the impact of APOA1 expression on NK cells, APOA1 
as screened through the integrated CRISPR-CAS9 screen 

atabase ( iCSDB ) indicating the main effect on NK cell 
xposure ( Supplementar y Figur e S4A , see online supplement
r y mater ial ) . Furthermor e, we found that APOA1 knoc k out
ainly affects the cancer cell response to NK cells by screening

he BioGRID database ( Figure S4B ) . 
Mor eov er, the r elationship between APOA1 expr ession and

he infiltration of immune cell subsets in the liver TME was
urther explored using published bulk RNA-seq and microar- 
a y datasets . Combining the consistency of se v er al datasets and

ethodologies, the results of TIMER2 demonstrated that APOA1 
xpression in HCC was positively correlated with scores of NK
ells, hematopoietic stem cells, and endothelial cells, but nega- 
iv el y corr elated with Tr egs , T h2 cells and mast cells ( Suppleme
tar y Figur e S5A , see online supplementar y mater ial ) . Bulk RNA-
eq and scRNA-seq data both sho w ed that APOA1 gene expres-
ion was correlated with the infiltration of various immune cells,
lthough the expression of APOA1 in immune cells was not much
igher in the scRNA dataset, except NK cells. Figures 6 A,B sho w ed
hat lymphocyte infiltration fraction and CD8 + T cell score both
ncreased in the APO A1 high group , respecti vely. In ad dition, CD8 + 

 cell marker genes, including CD8A, CD8B, GZMA, GZMB, and
RF1, all sho w ed higher le v els in the APOA1 high group ( Fig. 6 C ) .
CC patients with two consecutive laboratory tests were again 

sed for case exploration. Again, the changing trend of APOA1
e v el is consistent with the proportion of CD8 + T cells ( Fig. 6 D ) .

or e inter estingl y, the TCGA samples wer e divided into APOA1 high 

nd APOA1 low expression subgroups for immune subtype corre- 
ation analysis . T he results suggested that the APOA1 high group
ho w ed a lo w er w ound healing score ( Fig. 6 E ) . In the macrophage
ell subgroups, total macrophage and M2 macrophage cells in the
POA1 high gr oup wer e substantiall y decr eased ( Fig. 6 F ) . Combined
ith Tumor Immune Dysfunction and Exclusion ( TIDE ) analysis,
e found that APOA1 mRNA expression negatively correlates with 

AF cells and MDSCs in HCC ( Figure S5B ) . 
The combined r esults impl y that APOA1 is positiv el y associated

ith immune cells that have antitumor activity while being neg-
tiv el y associated with immune cells that exert ( underlying ) im-
 une suppr ession. In particular, the omics data and experiments

oth support the positiv e corr elation between the expression of
POA1 and the infiltration level of NK cells. 

ifferential pathways and mutation 

har acteristics betw een APO A1 

high and APO A1 

low 

roups 

o study the effect of APOA1 on tumor cells, we screened differ-
ntiall y expr essed genes ( DEGs ) between APO A1 high and APO A1 low 

roups in two corpora of RNA-seq data and analyzed the enrich-
ent pathways of DEGs. Figure 7 A illustrates that DEGs in the
POA1 high expr ession gr oup wer e mainl y enric hed in metabolic
athwa ys , while DEGs in the APOA1 low expression group play a
ole in cell c ycling, DN A re plication, mismatch re pair and other
athwa ys . Consistently, dividing TCGA samples into APOA1 high 

nd APOA1 low expression groups suggested that the APOA1 high 

roup had less tumor pr olifer ation ( P < 0.0001 ) ( Fig. 7 B ) . To ex-
mine whether APOA1 stimulation influences HCC cell prolifer- 
tion, a cell viability assay using CCK-8 was performed. Com-
ared with negative control without APOA1 treatment, tumor 
ell viability treated with APOA1 was significantly suppressed 

n a dose-dependent manner after exposure to 2.5, 5, 10, or 15
g/ml APOA1 for 48 h ( Fig. 7 C ) . The expression of CD274 ( PD-
1 ) was significantly decreased in the APOA1high group than 

https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbad021#supplementary-data
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(A) (B)

(C) (D)

(E) (F)

Figure 4. Diagnosis and prognosis value of APOA1 gene in HCC. ( A ) Survival analysis of patients in APOA1 high and APOA1 low expression groups using the 
TCGA cohort. ( B ) Difference of APOA1 expression in patients with different TNM stages based on TCGA clinical follow-up data. ( C ) Survival analysis of 
patients in APOA1 high and APOA1 low expression groups using the GSE14520 cohort. ( D ) Difference of APOA1 expression in patients with different TNM 

stages based on GSE14520 clinical follow-up data. ( E ) Survival analysis of patients in APOA1 high and APOA1 low expression groups using the GSE15654 
cohort. ( F ) Difference of APOA1 expression based on survival status by the time of follow-up ( alive or dead ) using GSE15654 clinical follow-up data. 
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(A)

(B)

(C) (D)

(E) (F)

Figure 5. Association analysis of APOA1 expression and cell subtypes in HCC microenvironment. ( A ) UMAP plots of seurat cluster ( left-top ) , cell 
annotation ( right-top ) and APOA1 expression ( left-bottom ) in HCC single-cell transcriptome sequencing data GSE140228. ( B ) The av er a ge expr ession 
le v el of APOA1 in different cell types ( left: the analysis results of this study; right: the results of the TISCH database ) . ( C ) Changes in the proportion of 
NK cells between APOA1 high and APOA1 low groups in EHBH HCC blood samples. ( D ) Comparison of APOA1 le v el and proportion of NK cells in blood 
samples in four patients with HCC. The first detection point of cases 1, 3, and 4 is the pr eoper ativ e time, and the second point is the r ecurr ence time; 
the first detection point of case 2 refers to the first recurrence time, and the second point refers to the second recurrence time. ( E ) Comparison of 
APOA1 expression in NK cells between HCC patients and healthy donors using public dataset GSE128726. ( F ) Prognostic analysis of HCC patients based 
on the combination of APOA1 expression and NK cell infiltration score using TCGA-LIHC dataset. NK cell infiltration score was calculated by XCELL. 
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(A)

(B)

(C)

(D)

(E) (F)

F igure 6. Relationship betw een APOA1 expr ession and the fr action of imm une cells. ( A ) Differ ence in l ymphocyte infiltr ation signatur e scor e was 
compared between APOA1 high and APOA1 low expression groups. ( B ) Difference in CD8 + T cells scores was compared between APOA1 high and APOA1 low 

expr ession gr oups. ( C ) Differ ence in expr ession of CD8 + T cell marker genes between APO A1 high and APO A1 low expr ession gr oups. ( D ) Comparison of 
APOA1 le v el and pr oportion of CD8 + T cells in blood samples in four patients with HCC. ( E ) Differ ence of wound healing scor e in C1 subtype was 
compared between APOA1 high and APOA1 low expression groups using the TCGA-LIHC dataset. ( F ) Difference in infiltrating fractions of macrophage 
cells in C2 group between APOA1 high and APOA1 low expression groups. 
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hat in APOA1low gr oup ( Fig. 7 D ) . Mutation fr equency ( especiall y
on-silent mutations, Fig. 7 E ) was decreased in the APOA1 high 

r oup, whic h was consistent with our findings that APOA1 low 

roup genes were enriched in the mismatch repair pathway, as
hown in Fig. 7 A. These results indicate the direct antitumor ef-
ect of APOA1 on HCC. 

iscussion and conclusion 

his study performed a landscape investigation including ge-
omic , epigenetic , and proteomic analysis of APOA1, which pro-
ides clear evidence of the antitumorigenic and immunomodu-
atory activity of APOA1 within the TME in patients with HCC.
long with the direct effect of APOA1 on cancer cells, its influ-
nce on ada ptiv e and innate imm une cells was also explored. Of
ote , the fa vorable effect of APOA1 on NK cells was discov er ed in
his r esearc h. In addition, the r ole of APOA1 as a potential pr og-
ostic indicator of HCC was well studied. Mor eov er, the possible
echanism due to h ypermeth ylation that leads to APOA1 reduc-
ion in HCC tumor tissue was r e v ealed. The functional impact
f APOA1 on the prognosis and TME of HCC is summarized in
ig. 8 . 

First, the biological processes and molecular functions related
o APOA1 were explored based on the large-scale text mining of

illions of studies. It was found that APOA1 is lar gel y involv ed
n the process of transport and lipid metabolism and is associ-
ted with the de v elopment of HCC. It was observed that APOA1
xpression was quite specific to the liver compared with other or-
ans . Besides , the mRNA and protein expression of APOA1 is sig-
ificantly lo w er in HCC tumor tissue compared to that in adja-
ent non-tumor tissue. Clinical samples further confirmed that
CC patients sho w ed a significantly lo w er serum APOA1 le v el

han healthy donors, and a lo w er serum APOA1 le v el was linked
o poorer survival. To summarize, the liver-specific expression of
POA1, the distinction between normal liver and HCC tissues, and

he consistency of serum and liver tissue results, was revealed.
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(A)

(B)

(C)

(D)

(E)

F igure 7. Differential pathw ays and mutation characteristics between APOA1 high and APOA1 low expression groups. ( A ) Hierarchical clustering of 
enriched pathways for differentially expressed genes between APOA1 high and APOA1 low expression groups. ( B ) Association analysis with proliferation 
score was performed between APOA1 high and APOA1 low expression groups ( APOA1 high , top 50%; APOA1 low , bottom 50% ) . ( C ) HCC-LM3 cell pr olifer ation 
assa y. T he x -axis r epr esents the cell viability of HCC-LM3 cells treated with different APOA1 concentrations ( 0, 2.5, 5, 10, 15 μg/ml ) using the CCK-8 
method for 24 and 48 h, and the y- axis r epr esents the optical absorption value at a wavelength of 450 nm ( ∗P < 0.05; ∗∗P < 0.01 ) . ( D ) Differential 
analysis of the expression of immune checkpoint gene CD274 between APOA1 high and APOA1 low expression groups. ( E ) Difference in mutation rates, 
including silent and non-silent mutation rate, was compared between APOA1 high and APOA1 low expression groups ( total: silence + non-silence ) . 
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Figure 8. Top: influence of APOA1 on prognosis and TME of HCC. Bottom: ov ervie w of APOA1 in the prognosis and TME of HCC. 
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onsidering the convenience and accuracy of serum APOA1 assay,
POA1 might be a v ery pr omising indicator for prognosis surveil-

ance of HCC. 
Then, the reason for the reduced expression of APOA1 in

CC w as explored. DN A methylation is one of the most critical
pigenetic signatures that is generally associated with tran-
criptional silencing.19 In the present study, it was r e v ealed that
ethylation le v els of the APOA1 pr omoter r egion wer e signif-

cantl y inv ersel y corr elated with APOA1 expr ession in tumor
issue, which might explain the reduction of APOA1. Further-

ore, N 

6 -methyladenosine ( m6A ) is the most abundant form
f epigenetic modification of mRNAs and can mediate a variety
f mRNA processes including translation, splicing, and mRNA
egradation.20 , 21 It was observed that the expression of m6A
ethylase-related genes was lower in the APO A1 high group , which
ay indicate the tr anscriptional suppr ession of APOA1. It was

lso found that APOA1 expression and methylation levels do not
av e corr elation in normal samples ( r = −0.19, P = 0.24 ) . Fr om
he perspective of data distribution, the distribution of the tumor
nd normal group in the methylation data is r elativ el y consistent,
hile in the expression data, the data distribution of the two is
uite different from that of methylation, which may be one of the
easons for the inconsistent conclusions drawn from the tumor
nd normal samples. Second, the methylation imbalance is one
f the main c har acteristics of tumors, and h ypermeth ylation in
he pr omoter r egion leading to gene inactivation is an important
eature of human tumors. Klutstein et al . pointed out that the
berrant methylation patterns commonly detected in cancer
a y ha v e alr eady been pr esent in the normal cell prior to its

ransformation.22 Some degree of methylation is not sufficient for
arcinogenesis. Similarly, in our study, a certain le v el of methy-
ation in the APOA1 promoter region was observed in the normal
roup . Since APO A1 is mainl y expr essed in hepatoc ytes, w e belie v e
hat the methylation le v el of the pr omoter r egion is not the main

ec hanism r egulating its expr ession under normal conditions. 
The direct influence of APOA1 on cancer cells is still contro-

ersial since all previous results were based on either mouse or
n vitro models. Data derived from HCC patients are needed to
r ovide mor e pr ecise information. Differ ential pathways and m u-
ation c har acteristics of HCC between APO A1 high and APO A1 low 
ubgr oups wer e inv estigated to uncov er the influence of APOA1
n tumorigenesis. It was observed that tumors with a low le v el
f APOA1 sho w ed significantly higher enrichment of cell cycling,
NA r eplication, and mismatc h r epair pathwa ys ( Fig. 7 ) . T his
tudy further screened out those genes expressions negatively
orrelated with APOA1 expression ( R < -0.3 and P < 0.05 ) , of
hich TP53BP1 is found both in two datasets ( TCGA-LIHC and
SE14520 ) . Enrichment of the “TP53 Regulates Transcription of
N A Repair Genes” pathw ay w as identified from the Reactome
atabase. Wang et al . found that the cytotoxic CD8 T cells 4 subset

n HCC scRN A data sho w ed consider able differ ences between the
P53 mutant and non-mutant groups, and 10 central genes were

ound, including APO A1. 23 All these results suggest that there is
n important relationship between APOA1, TP53, and DNA repair
athwa ys , which ma y be a ne w dir ection of tar geted ther a py in
he future. On the other hand, the APOA1 high subgroup sho w ed
ess pr olifer ation of tumor cells . T his served to support APOA1
reatment of human HCC cell lines as an inhibitor of cancer cell
r olifer ation by arr esting the cell cycle. Mor eov er, higher tumor
 utation r ates in the APOA1 low subgr oup further suggested the

r otectiv e mec hanism of APOA1 a gainst carcinoma de v elopment,
ccounting for the worse survival of patients with a low le v el of
POA1. The higher tumor mutational burden has been revealed

o be associated with a worse prognosis in hepatocellular carci-
oma,24 and tumor mutational burden exacts a negative effect
n immune cells within the TME.25 These results support that
POA1 has a direct impact on HCC. While se v er al pr e vious r eports
ho w ed that APOA1 did not exhibit a significant direct inhibitory
ffect on tumor cells, this may be because the tumor cell lines
sed in vitro were not human HCC cells.10 , 11 

The TME is a complicated entity that in addition to tumor cells
lso consists of v arious imm une cells that can either suppress
eoplasm formation or promote tumorigenesis.26 This study dis-
ov er ed that APOA1 expression was positively associated with
mm une infiltr ation of human CD8 + T cells and NK cells in the
ME. This observation aligns with the mouse model study show-

ng that APOA1 promotes tumor infiltration of cytotoxic CD8 + T
ells. 10 APO A1-XGOF indicated that the most recognized function
f APOA1 is c holester ol efflux and T cell c holester ol efflux path-
ays that can suppress T cell apoptosis and senescence.27 It is
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ther efor e plausible that a high APOA1 le v el is beneficial for the 
accumulation of CD8 + T cells. As the most po w erful effector cells 
responsible for the anticancer immune response,28 the increased 

infiltration of CD8 + T cells in HCC is, in general, considered to be 
a sign of good prognosis.29 

Of note, another novel discovery is that APOA1 is mainly ex- 
pressed in NK cells ( Fig. 5 A,B ) . As IFN γ is a k e y cytokine that 
NK cells produce to kill cancer cells, NK cells were further anno- 
tated in se v en subtypes by integr ating the r esults of our anal ysis 
with the TISCH database. It was found that APOA1 expression was 
higher in NK-C3-IFN γ in the normal group than in the tumor and 

blood groups ( Figure S3C ) . The expression of APOA1 was identified 

on NK cells releasing IFN γ , but there is no direct evidence to prove 
that there is a positive expression correlation between them. On 

the other hand, NK cells act as one of the main players in innate 
imm unity a gainst cancer, causing natural cytotoxicity against tu- 
mor cells and metastasis by pr e v enting pr olifer ation, migr ation,
and colonization to distant regions.30 NK cells preferentially uti- 
lize glucose which po w ers their effector functions and r a pid pr o- 
liferation, and limiting glucose can negatively impact NK cells’ 
effector functions.31 , 32 In contr ast, the incr eased uptake of fatty 
acids is associated with NK cell dysfunction.33 Since APOA1 exerts 
a significant influence on the processes of glucose metabolism 

34 

and c holester ol efflux, ther efor e it might inter pr et the positiv e 
relationship between APOA1 and NK cells and the lower APOA1 
le v el in NK cells from tumors. Although the APOA1 fingerprint 
from an early omics analysis study suggested that APOA1 might 
be involved in the negative regulation of the immune effector pro- 
cess,35 the present study refuted this conclusion and revealed that 
a high le v el of APOA1 can promote both ada ptiv e imm unity and 

innate immune response. 
Furthermor e, APOA1 expr ession was inv ersel y corr elated with 

the infiltration of C AFs , MDSCs , and M2 macrophages, further con- 
firming the favorable immunoregulatory ability of APOA1 in HCC 

TME. C AFs , MDSCs , and M2 macr opha ges ar e pr ominent imm uno- 
suppr essiv e cells able to reduce tumor cytotoxic T cell activity and 

secr ete v arious effector molecules, thus contributing to an im- 
m unosuppr essiv e TME and pr omoting tumor imm une esca pe.36–38 

T he abo v e r esults indicate the vital r ole of APOA1 in r egulating the 
antitumor imm une r esponse via dir ect or indir ect wa ys , which all 
contribute to a mor e favor able TME with a stronger antitumor im- 
m une r esponse. 

In conclusion, this multi-dimensional study provides a compre- 
hensive insight into the negative effect of APOA1 on tumor cell 
pr olifer ation and tumor mutation burden, and its positive influ- 
ence on the landscape of immune cells within the TME of HCC.
In addition, it e v aluates the potential of APOA1 as a prognostic 
indicator and elucidates the mechanism underlying APOA1 re- 
duction in HCC. Ther efor e, in addition to its merit as a prognostic 
biomarker, APOA1 might be a viable ther a peutic a gent for cancer 
treatment to inhibit tumorigenicity and increase the antitumor 
imm une r esponse. 
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