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In patients with hepatocellular carcinoma (HCC) meeting the Milan criteria,

liver transplantation (LT) is an effective therapy. This study aims to define the
survival-related molecular biological features helping precisely identifying the
patients with HCC beyond the Milan criteria who have acceptable outcomes. In
the derivation cohort, integrated analyses of tumor tissues are conducted
using RNA sequencing (RNA-seq), proteomic landscape, and transposase-
accessible chromatin sequencing (ATAC-seq). Based on transcriptomics, three
subgroups that significantly differ in overall survival were identified in the
derivation cohort, and these findings are validated in an independent cohort.
In-depth bioinformatics analysis using RNA-seq and proteomics reveals that
the promotion of cancer stemness by cancer-associated fibroblasts (CAFs) can
be responsible for the negative biological characteristics observed in high-risk
HCC patients. The ATAC-seq identifies key factors regulating transcription,
which may bridge CAF infiltration and stemness. Finally, we demonstrate that

the CAF-derived CXCL12 sustains the stemness of HCC cells by promoting
XRCCS5 through CXCR4.

Liver transplantation (LT) is a radical method for treating hepatocel-
lular carcinoma (HCC), especially for candidates within the Milan cri-
teria (single tumor with a diameter of <5cm, or up to 3 tumors each
with a diameter of <3cm; no extra-hepatic metastases; no extra-
hepatic metastases; no major vessel involvement)* LT in patients with
HCC within the Milan criteria generally yields a 5-year overall survival
(0S) of 70%. Expansion of the criteria for LT has been proposed for
several years. In the last two decades, modified and expanded selection

criteria have been developed*’. Tumor morphology, including tumor
size and number, was mainly increased in the expanded criteria. A high
alpha fetal protein (AFP) value before LT has also been associated with
a higher risk of HCC recurrence*®.

Recent advances in systems biology techniques, such as genomic,
transcriptomic, and proteomic analysis, have led to the discovery of
molecular mechanisms that participate in the initiation and evolution
of HCC’. Integrative multi-omic analyses have revealed several
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molecular subtypes of HCC associated with specific molecular char-
acteristics and clinical outcomes® ™. For recipients with HCC beyond
the Milan criteria, a gene set of progenitor cell markers can be used to
predict poorer survival after LT". The tumor immune microenviron-
ment (TIME), characterized by various immune and stromal cells, is a
driving factor facilitating tumor metastasis™. Specific cellular compo-
nents, such as neutrophils® and cancer-associated fibroblasts (CAFs)",
are closely associated with an immunosuppressive TIME, which may
promote the metastasis of HCC into the bloodstream before LT.

In China, HCC accounts for more than 40% of all adult LT reci-
pients, and most HCC cases are hepatitis B virus (HBV)-related”” 2.
However, few studies have explored the survival-related molecular
biological features in liver transplant recipients with HBV-related HCC.
In the present study, we conducted a multi-omic analysis of HBV-
related HCC beyond the Milan criteria in a Chinese LT cohort. Inte-
grated analyses of tumor tissues involved the assay for RNA sequen-
cing (RNA-seq), proteomic landscapes and transposase-accessible
chromatin sequencing (ATAC-seq) of patients at more advanced
states. A transcriptomic subgroup model was established for LT can-
didate selection and was validated in an independent cohort. In addi-
tion, deconvolution analysis was performed to track the composition
of cell types, and we identified CAF-stemness features associated with
poor survival of patients after LT. The ATAC-seq revealed key factors
bridging CAF infiltration and cancer stemness.

Results

Patient characteristics

To obtain a comprehensive molecular profile of HCC patients with LT,
tumor samples from 122 HCC patients were obtained from liver
explants for RNA-seq, ATAC-seq, and proteomic analyses based on
stringent criteria (Supplementary Fig. 1). The samples from 100 HCC
patients were suitable for RNA-seq (Supplementary Fig. 2), those from
92 patients were suitable for ATAC-seq, and those from 94 patients
were suitable for proteomics (Supplementary Fig. 3A).

The clinicopathological data and outcomes of the patients are
presented in Supplementary Table 1. Ninety-one percent of patients
were male, and all patients had HBV infection. The median tumor size
was 6.05 cm (range 0.6-10 cm). Tumors exceeded the Milan criteria
due to a single tumor larger than 5cm (18.0%), 2 to 3 tumors with the
largest tumor larger than 3 cm (44.0%), or more than three tumors
within the liver (38.0%). The median AFP level was 134.7 mg/dL (range
12.1-1207.5 mg/dL). The median model for end-stage liver disease
score was 19 (range 10-34). The Child-Pugh grade was Class A in 26.0%
of patients, Class B in 37.0% of patients, and Class C in 37.0% of
patients. At the end of follow-up, 45 patients had died, and the 5-year
OS rate was 45.0%. 52 patients had HCC recurrence, and the 5-year
recurrence rate was 52.0% (Supplementary Fig. 3B).

Transcriptome analysis defines clusters of HCC associated with
survival after LT
To realize the goal of precisely identifying appropriate LT patients with
HCC beyond the Milan criteria, we used transcriptomic information to
establish models and cluster HCC patients into subgroups. Tran-
scriptomic data can reflect the expression of genes and are the most
mature and stable among various omics methods under current con-
ditions. Through transcriptomic data analysis, 57 positive regulatory
pathways and 1 negative regulatory pathway were screened (Supple-
mentary Fig. 4). We then performed unsupervised clustering based on
the transcriptomic activity of these pathways and identified three
subgroups, namely, the low-risk group (n=39), medium-risk group
(n=30) and high-risk group (n=31), among the 100 HCC patients
(Supplementary Fig. 5).

The significantly enriched pathways of the transcriptomic sub-
groups were shown in Fig. 1A (high-risk vs. low-risk, likelihood ratio
test, p<0.01) and the subgroups significantly differed in OS

(p=0.0003, Fig. 2B) and recurrence (p=0.0012, Fig. 1C) and were
determined to be independent prognostic indicators of LT for HCC
beyond the Milan criteria based on multivariate analysis (medium-risk
vs. low-risk, hazard ratio (HR): 2.780, p = 0.016; high-risk vs. low-risk,
HR: 4.527, p<0.001, Supplementary Table 2). The low-risk group
achieved a 5-year OS rate of 69.5% (Fig. 1B). In addition, tumor size,
tumor number and AFP level were not independent prognostic indi-
cators (p > 0.05, Fig. 1D), demonstrating that traditional morphological
parameters and tumor biomarkers cannot be used to accurately select
suitable patients with HCC beyond the Milan criteria for LT. The cohort
mentioned above was considered the derivation cohort in the cur-
rent study.

To validate the transcriptomic stratification, according to the
same enrolling rules (Supplementary Fig. 1), we further collected fresh-
frozen tissue samples of 80 HCC patients who received LT fromtwo LT
centers of China (Supplementary Table 3). Feature genes of subtypes
were detected based on transcriptome profiling by limma moderated
t-statistics. The Nearest Template Prediction (NTP) method was used
to divide the validation cohort samples into three subtypes. The fea-
ture gene expression profiles in the validation cohort shown a sig-
nificant association with the predicted subtypes (NTP, false discovery
rate (FDR)<0.01) (Fig. 1E, Supplementary Data 1). Similar OS and
recurrence rate was found in low-risk group and high-risk group
(Fig. 1F, G), and multivariate analysis also demonstrated the tran-
scriptomic subgroups were the independent prognostic indicators
(high-risk vs. low-risk, HR: 2.963, p < 0.05, Supplementary Table 4). We
also applied our transcriptomic stratification to The Cancer Genome
Atlas (TCGA) database. However, no differences were observed in OS
and HCC recurrence (p> 0.5, Supplementary Fig. 6A, B) in patients
receiving surgical resection, supporting the specificity and significance
of our stratification system in patient selection and prognosis predic-
tion of LT for HCC.

Comparison of our transcriptomic subgroup model with Uni-
versity of California San Francisco (UCSF) criteria and Up-to-7
criteria in the present cohort

We further chose two classical expanded criteria, UCSF* and Up-to-7%,
and compared the efficiency of both criteria with our transcriptomic
subgroup model in LT selection for HCC patients. A total of 180
patients from the derivation cohort and the validation cohort were
included. No significant differences were found in the log-rank test for
OS when UCSF and Up-to-7 criteria were used for grouping in our
present cohort (p > 0.05, Supplementary Fig. 7A, B). The area under the
curve value of the transcriptomic subgroup model at each time point
was higher than those of the UCSF criteria and Up-to-7 criteria (Sup-
plementary Fig. 7C, Supplementary Table 5). The value of the C-index
of the transcriptomic subgroup model (0.667; 95% Cl: 0.637-0.697)
was superior to that of the UCSF criteria (0.509; 95% CI: 0.481-0.536;
P<0.01) and Up-to-7 criteria (0.516; 95% CI: 0.489-0.543; P<0.01)
(Supplementary Table 6). Thus, the transcriptomic subgroup model
classified OS more appropriately than the other two classical expanded
criteria in the present cohort.

A cancer stemness signature dominates poor survival of
patients with HCC after LT

Comparing with the low-risk group, 952 differentially expressed genes
were identified in the high-risk group of the derivation cohort, namely,
721 upregulated genes (fold change > 2) and 231 downregulated genes
(fold change <0.5) (Fig. 2A). Pathway enrichment analysis revealed
several significantly changed pathways (Fig. 2B). Among these, nota-
bly, the cancer stem cell (CSC) pathway was significantly upregulated
in the high-risk group (high-risk vs. low-risk, Fisher’s exact test,
p <0.001), which may account for the poor survival of these patients.
CSC is widely believed to drive cancer cell spread. Therefore, accord-
ing to a commercial applicated CSC gene panel (QIAGEN, PAHS-
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criteria undergoing LT and their clinical correlations. A Heatmap representing
significantly enriched pathways (KEGG and WikiPathway databases) in three RNA-
seq subgroups. B, C Kaplan-Meier curves for OS or HCC recurrence based on RNA-
seq subgroups (log-rank test). D Boxplots of AFP levels and tumor size, and column
plot of tumor nodules in three RNA-seq subgroups (Low-risk n =39, Medium-risk
n =30, High-risk n = 31). P values are derived from the Kruskal-Wallis rank sum test,
ANOVA F test and Pearson’s chi-squared test. P values are shown on the graphs.
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E The NTP method was used to divide the validation cohort (from the Second
Affiliated Hospital of Dalian Medical University and the Affiliated Hospital of
Qingdao University) samples into three subtypes. The heatmap illustrates the RNA-
seq expression profiles of characteristic genes in samples with subtype prediction
(FDR <0.01). F, G Kaplan-Meier curves for OS or HCC recurrence based on RNA-seq
subgroups (log-rank test) in the validation cohort. HCC hepatocellular carcinoma,
LT liver transplantation, OS overall survival, AFP alpha fetal protein, NES normal-
ized enrichment score, HR hazard rate, IQR interquartile range, NTP Nearest
Template Prediction, FDR false discovery rate; In OS status, 1 dead, O alive.

176ZA), we analyzed the expression of 27 cancer stemness-related
genes that were significantly changed in the three subgroups (Fig. 2C)
and also part of cancer stemness-related genes in the validation cohort
(Supplementary Fig. 8). The heatmap clearly shows that these genes
were upregulated (high-risk vs. low-risk, fold change > 2, T-test p-
value < 0.01) in the high-risk group.

From the protein expression level, Isobaric tandem mass tag-
based global proteomics identified an average of 4022 proteins per
sample. We then performed unsupervised clustering based on pro-
teins. The low-risk group was characterized by metabolism-related
pathways, such as fatty acid degradation and pyruvate metabolism.
In the high-risk group, pathways related to stemness, such as cancer
stem cells and hematopoietic cell lineages, were enriched and

effectively validated the transcriptomic subgroup model (Fig. 2D).
The proteomic subgroups were significantly positive correlated with
transcriptomic subgroups (Pearson chi-square test, p<0.001,
Fig. 2D) and also differed in survival (p < 0.001, Fig. 2E). To further
explore the relationship between stemness-associated proteins and
the prognosis of LT recipients with HCC, we performed clustering
analysis of stem-associated proteins among patients with different
survival risks (Fig. 2F). Several stemness biomarkers, such as CD44,
ENG, MCAM and THY]1, were selected as grouping proteins, whose
higher expression predicted poor OS in the present cohort (p < 0.05,
Fig. 2G). On the whole, the results of proteomics and RNA-seq
revealed a cancer stemness signature dominates poor survival of
patients with HCC after LT.
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Accumulated CAFs are associated with high stemness in HCC

To determine the differences in the composition and proportion of cell
subpopulations among the three subgroups, we performed deconvo-
lution analysis based on transcriptomic data of the derivation cohort
and the validation cohort (Fig. 3A; Supplementary Fig. 9). In all cell
subpopulations with differences, we found that the different features
of hematopoietic stem cells and CAFs (high-risk vs. low-risk, Kruskal-

Wallis Rank Sum test, p<0.01) among the three subgroups were
consistent with their corresponding prognoses. In the derivation
cohort, the scores of cell subpopulations with differences are pre-
sented, and among them, CAFs, the major components of the tumor
microenvironment, were significantly enriched in the high-risk group
(high-risk vs. low-risk, Kruskal-Wallis Rank Sum test, p < 0.01 Supple-
mentary Fig. 9).
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Fig. 2 | Critical gene and protein signatures governing poor survival of HCC
patients undergoing LT. The volcano map (A) and enriched pathways (B) of sig-
nificantly differentially expressed genes (FDR < 0.01, Two-tailed limma moderated
t-test) between high-risk and low-risk RNA-seq subgroups. log2(fc) means log, fold
change between high-risk and low-risk groups. C Heatmap and quantitative analysis
of differentially expressed genes in the CSC pathway (Two-tailed limma moderated
t-test). The color of each cell represents the relative abundance of the gene. The
length and color of the bar plot on the right side represents -log;o (adj.P. Val) of
differentially expressed genes. Dashed line represented Benjamini-Hochberg

method p value = 0.01. D Heatmap of differentially expressed proteins in three
proteomic subgroups. E Kaplan-Meier curves for OS based on proteomic sub-
groups (log-rank test) in the present HCC LT cohort. F Heatmap of CSC-related
proteins in three proteomic subgroups. G OS Kaplan-Meier curves (log-rank test) of
certain CSC markers in the present cohort, depending on the 50% cut-off value of
mass spectrometry-based protein quantification. OS overall survival, AFP alpha
fetal protein, FDR false discovery rate, LT liver transplantation; HCC hepatocellular
carcinoma, CSC cancer stemness cell, In OS status, 1 dead, O alive.

We next analyzed the infiltration of CAFs in HCC samples using
multiplex immunofluorescence (mlF) staining (Fig. 3B) and found that
the CAFs-high group has a 4.5 fold higher CAF score according to
XCELL compared to the CAFs-low group. (Wilcoxon Rank Sum test,
p<0.001, Fig. 3C). To further explore the relationship between CAFs
and HCC stemness, we analyzed the expression of stemness-related
genes in the two groups with high and low CAF infiltration, and the
results showed that the expression level of stemness-related genes was
higher (fold change > 2, T-test p-value < 0.01) in the high CAF infiltra-
tion group (Fig. 3D). In addition, we analyzed the effect of CAF infil-
tration on prognosis, which showed that HCC patients with high CAF
infiltration had a worse prognosis after LT (p<0.05, Fig. 3E, F).
Moreover, by analyzing a set of single-cell RNA sequencing (ScRNA-
seq) data from 10 HCC tissues in another published study®, we found
that cancer stemness-related genes were highly expressed in HCC
tissues with higher CAF infiltration compared to those with lower CAF
infiltration (fold change > 2, T-test p-value < 0.01, Fig. 3G). The above
results revealed that accumulated CAFs are associated with high
stemness in HCC in the present cohort.

ATAC-seq reveals the transcription factors associated with
stemness-related genes

CAFs can promote cancer cell survival by secreting cytokines and sti-
mulating certain signaling pathways and transcription factors (TFs)***,
We performed ATAC-seq to determine the key TFs driving stemness in
HCC in the high-risk group. According to prognostic groupings based
on RNA-seq data, the results of hierarchical clustering analysis of all
peaks for each replicate are shown in Fig. 4A. Next, we analyzed the TFs
with the greatest difference in transcription activity between the high-
risk and low-risk groups (Fisher’s exact test, p <0.05). Several DNA-
binding proteins or TFs, such as X-ray repair cross-complementing
group 5 (XRCCS5), MYCN, TFAP2C, TFAP2A, NFYA, and NANOG, were
identified as being activated in HCC of the high-risk group (adjusted p-
value < 0.05, Fig. 4B). Among them, MYCN** and NANOG” were TFs
widely believed closed with stemness in HCC. To further verify the
significant role of cancer stem cells in LT patients with HCC, the net-
work relationship of downstream stemness-related genes regulated by
six TFs was analyzed by using the Transcription Regulatory Relation-
ships Unraveled Sentence-based Text mining database® (Fig. 4C). In
addition, we analyzed the correlation between the activity of TFAP2C
and XRCC5 and stemness-related gene expression in tumor tissues
(Fig. 4D). The expression levels of CSC genes were determined
according to the RNA-seq results. In summary, the results of ATAC-seq
primarily revealed the positive correlation between several TFs and
CSC gene expression in HCC in the present cohort.

XRCCS, upregulated by CAFs, promotes cancer stemness
features in HCC

In order to ascertain the link between CAFs and cancer stemness in the
current study, we chose XRCC5, a DNA repair protein, which is rarely
reported to be involved in fostering cancer stemness. XRCCS levels
were increased in HCC cells cultured in medium conditioned by CAFs
(Fig. 5A) or when co-inoculated with CAFs into nude mice. The xeno-
grafts of HuH-7 cells co-inoculated with CAFs grew significantly faster
than simple HuH-7 cell xenografts (on day 20, average tumor volume,

HuH-7 cells + CAFs vs HuH-7 cells, 257 mm?® vs 27 mm?, p<0.05
Fig. 5B, C). We then used a lentiviral-based approach to establish stable
XRCCS knockdown in HCC cells (Fig. 5A). XRCC5 knockdown resulted
in nearly 70% less hepatosphere formation (Fig. 5D) and led to about an
80% reduction in migration ability, or a restoration to the migration
ability induced by CAFs (p <0.05, Fig. 5E, F). A reduction in XRCC5
suppressed mRNA expression of the CSC markers or abolished the
CAF-induced upregulation of the CSC markers, such as CD24, CD44,
CD133, and EPCAM (p < 0.05, Fig. 5G, H). Moreover, we also examined
the tumorigenicity of HCC cells with XRCC5 knockdown in vivo by
injecting shNC or shXRCC5 HuH-7 cells subcutaneously into NOD/SCID
mice at three dilutions (2 x 10, 2 x 10° and 2 x 10*) and allowing them to
grow for four weeks (Fig. 5I). The confidence intervals (Cls) for 1/(stem
cell frequency) using extreme limiting dilution were calculated®. The
stem cell frequency (1/Cl) in XRCC5 knockdown group was 1/1868283,
compared with 1/184087 in NC HuH-7 cells (p =0.00184). Similarly,
overexpression of XRCCS also significantly promoted the phenotypes
of cancer stemness in HCC cells (p < 0.05, Fig. 5), K, L and M). Finally, to
preliminarily confirm the clinical roles of XRCCS, we performed IHC
staining of XRCC5 in 82 HCC samples from the derivation cohort
(Fig. 5N). The heatmap of certain CSC-related genes is shown (high-risk
vs. low-risk, T-test, p<0.05, Fig. 50), and high XRCC5 expression
predicted much poorer OS in the cohort (p<0.001, Fig. 5P). High
XRCCS expression was determined to be an independent prognostic
indicator of LT for HCC beyond the Milan criteria based on multi-
variate analysis (HR: 4.082, p=0.002, Supplementary Table 7).

CAF-derived CXCL12 sustains the stemness of HCC cells by
promoting XRCCS5 through CXCR4
Ultimately, we were delving into the mechanisms that connect CAFs and
XRCCS in driving stemness. The chemokine receptor CXCR4 was high
expressed in HCC tissues of the high-risk group (Fig. 2C), and its ligand,
cytokine CXCL12, could be secreted by CAFs*. We confirmed a con-
centration of CXCL12 in the medium conditioned by the CAFs we used
that was more than 3 times higher than that in the human hepatic stellate
cell lines, LX-2 (Fig. 6A). Treatment using exogenously supplied CXCL12
resulted in the elevation of XRCCS levels in HCC cells (Fig. 6B, C), which
could be abrogated by knockdown of CXCR4 (Fig. 6D-F). In accordance
with the XRCCS variation, the phenotypes of cancer stemness could also
be abrogated by CXCR4 knockdown (Figs. 6G-I) or CXCR4 inhibitor
AMD?3100 (Fig. 6)). Co-cultures of HCC cells and CAFs with direct con-
tact(GFP+ HuH-7 cells, Supplementary Fig. 10, Supplementary Fig. 11A) or
in direct contact (Fig. 6K) were conducted, showing similar trends in CSC
gene expressions compared to the conditioned medium of CAFs
(Fig. 6L, M, Supplementary Fig. 11B, C). This suggests that the direct
interaction between HCC cells and CAFs may not impact the cancer
stemness driven by CXCL12/CXCR4. We also performed IHC staining for
CXCL12 and CXCR4 on the same HCC samples used for XRCCS5 staining
(Fig. 5N), revealing positive associations between XRCC5 and CXCL12,
and XRCCS5 and CXCR4 (Fig. 6N, O). In summary, our Integrated multi-
omic analysis reveals that CAF-derived CXCLI12 sustains the stemness of
HCC cells by promoting XRCCS5 through CXCR4 (Fig. 6P).

Overall, using integrated multi-omic data, we revealed the key role
of CAF-stemness in governing the poor outcomes of HCC patients
undergoing LT (Fig. 7).
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Fig. 3 | CAF infiltration is related to cancer stemness and poor survival in HCC
patients undergoing LT. A Heatmap of xCell-derived immune, microenvironment,
neutrophil and stroma scores across three RNA-seq subgroups. The dashed line
represented the Kruskal-Wallis Rank Sum test FDR = 0.01. B Detection of CAFs by
mlF, which were determined by «-SMA and FAP-« staining. C Boxplots of xCell-
derived CAF scores in patients with high or low CAF scores from mIF (CAFs High
n =28, CAFs Low n =49) by two-tailed Wilcoxon Rank Sum Tests. Boxplot shows the
median (center line), 25th, and 75th percentile (lower and upper boundary). The
upper whisker extends from the upper boundary to the maxima value no further
than 1.5 x IQR from the boundary. The lower whisker extends from the lower
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boundary to the minima value at most 1.5xIQR of the boundary. Data beyond the
end of the whiskers are outlying points and are plotted individually. D Heatmap of
DEGs in the cancer stem cells pathway in patients with high or low CAF scores from
mlF. Kaplan-Meier curves for OS (E) and HCC recurrence (F) in patients with high or
low CAF scores from mIF. G Heatmap of DEGs in the CSC pathway in patients with
high or low CAF infiltration from an scRNA-seq data set of 10 independent HCC
cohorts. HCC hepatocellular carcinoma, LT liver transplantation, CAF cancer-
associated fibroblast, FDR false discovery rate, sScRNA-seq single-cell RNA sequen-
cing, OS overall survival, mIF multiplex immunofluorescence, IQR interquartile
range, DEGs differentially expressed genes.

Discussion

For selecting patients with HCC for LT, the Milan criteria are still the
most acceptable criteria worldwide. Extended LT criteria have
achieved significant progress and are mostly based on tumor size,
tumor number and AFP value®**2, With the increasing understanding
of tumor biological mechanisms, multiple studies have reported the
correlation between genetic profiles and outcomes after hepatic
resection in HCC patients’. A previous study based on a cohort of LT
patients with HCC beyond the Milan criteria from the United States
found that patients without gene signatures of progenitor markers had

survival rates similar to those within the Milan criteria®®. Another study
analyzed several biomarkers at the RNA level and revealed a 4-gene
signature for helping select HCC patients for LT in a cohort from
Europe®. For HBV-related HCC, previous studies mainly included
early-stage patients undergoing hepatic resection'®". However, thus
far, in HBV-related HCC, the use of biological markers for predicting
the outcome of patients undergoing LT has been limited. Importantly,
molecular signaling can be used to mechanistically determine the
metastasis or recurrence of HCC and may help precisely extend LT
criteria.
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Fig. 4 | Key transcription factors (TFs) identified by ATAC-seq. A Heatmap of
differentially expressed open chromatin regions detected by ATAC-seq and
grouped by RNA-seq-based subgroups. B Bubble plots represent TFs significantly
enriched for genes with differentially expressed ATAC-seq peaks (Fisher’s exact
test). C Network of significantly enriched TFs with target genes, whose expression
levels were determined according to RNA-seq results. D Boxplots presenting gene
expression in patients with transcriptional activity of TFPA2C (Positive n =20,
Negative n=48) and XRCCS (Positive n =34, Negative n =34) by two-tailed Stu-
dent’s t-test. Pearson correlations between gene expression and transcriptional

Transcription factor activity

activity greater than 0.3 were present. Transcriptional activity was represented by
the normalized enrichment score from the single-sample gene set enrichment
analysis method. Boxplot shows the median (center line), 25th, and 75th percentiles
(lower and upper boundaries). The upper whisker extends from the upper
boundary to the maxima value no further than 1.5 x IQR from the boundary. The
lower whisker extends from the lower boundary to the minima value at most
1.5xIQR of the boundary. Data beyond the end of the whiskers are outlying points
and are plotted individually. ATAC-seq, assay for transposase-accessible chromatin
sequencing, OS overall survival; AFP alpha fetal protein, IQR interquartile range.

In our current study, we first explored tumor gene expression in
100 patients with HCC beyond the Milan criteria undergoing LT. All the
cases were HBV-related. A transcriptome-based molecular classifica-
tion, also called transcriptomic subgroup model, was established, in
which the low-risk group accounted for 39% of cases and was asso-
ciated with an acceptable 5-year survival of nearly 70%. For patients
with HCC beyond the Milan criteria, the median risk and poor risk
groups had a 5-year survival of less than 31%, which was associated with
the cancer stemness gene signature. Given that the diseased liver is
removed intact after LT, it is speculated that extrahepatic residual
tumor cells result in HCC recurrence. Cancer stemness, reflecting the
capacity for tumorigenicity, self-renewal, metastasis, and chemother-
apeutic drug resistance®*, is widely believed to drive HCC spread*®”.
Thus, it is reasonable that the cancer stemness signature dominates
the poor survival of patients with HCC after LT. Importantly, we vali-
dated our transcriptomic stratification in an independent HCC LT
cohort, in which 91.25% of the patients were HBV-related, supporting
the efficiency of our transcriptomic stratification in HBV-related HCC

patients undergoing LT. Moreover, to support the transcriptomic
subgroup model and the cancer stemness feature, we performed
proteomics in the same cohort. The proteomic clustering was sig-
nificantly correlated with transcriptomic subgroups, in which the
molecular features in the high-risk group were also included, cancer
stem cells and hematopoietic cell lineages, supporting the reliable
transcriptomic subgrouping procedure in our study. Interestingly, the
low-risk group was characterized by metabolism-related pathways,
which was consistent with a previous work with larger HCC samples'®.

Moreover, depending on bulk RNA data, cellular component
analysis further highlighted the hematopoietic stem cell enrichment in
tumors of poor survival groups, which further supported stemness as
the main adverse biological features in HCC patients undergoing LT
beyond the Milan criteria. Interestingly, accumulated CAFs were found
in tumors of the poor-survival group. CAFs are the main cellular
components in the TIME. An increasing number of studies have
reported the induction of cancer stemness by CAFs**™*°, In HCC, CAFs
play an important role in the induction of drug resistance", immune
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Fig. 5 | CAF induced XRCCS5 sustains stemness of HCC cells. A HuH-7 cells and
Hep 3B cells with XRCC5 knockdown (shXRCC5-1 and shXRCC5-2) or not were
cultured CAF-conditioned medium (CAF+) or not and the expression of XRCC5 was
detected using western blotting. Band intensities were semi-quantified using
IMAGE LAB software and normalized with B-actin. Values were presented as the
means under the bands. B The volume curves of the tumor nodules in groups of
HuH-7 cells and HuH-7 cells co-inoculated with CAF in nude mice (n =7 per group).
C Tumor nodules were resected after 20 days and XRCCS5 expression were detected
by IHC staining. The effect of XRCC5 knockdown or not on stemness of HCC cells
were shown by in vitro self-renewal capacity (D), cell migration (E and F), mRNA
expression levels of stemness-related genes (G, H) and limiting dilution xenograft
formation in NOD/SCID mice (I, shXRCCS represents XRCC5 knockdown, n =5 per
group), and stem cell frequency was calculated. J In HuH-7 cells and Hep 3B cells

Samples

with XRCCS5 overexpression (OE) or not (vector), XRCC5 was detected using wes-
tern blotting. The stemness of above cells were shown according to the in vitro self-
renewal capacity (K), mRNA expression levels of stemness-related genes (L) and
cell migration (M). N IHC staining of XRCCS in patients with HCC undergoing LT.
0 Heatmap of differentially expressed genes in the CSC pathway in patients with
high or low XRCCS expression from IHC. P Kaplan-Meier curves for OS in patients
with high or low XRCCS5 expression from IHC. The data of cell functional assays and
RT-qPCR analysis were presented as mean + SD of three individual experiments,
and the data from animal experiments were presented as mean + SEM. Two-tailed
Student’s t-test was used for comparisons, and P values are shown on the graphs.
CAFs cancer-associated fibroblasts, HCC hepatocellular carcinoma; LT liver trans-
plantation, IHC immunohistochemistry, OS overall survival, NC negative control, Cl
confidence interval. Source data are provided in the Source Data file.

evasion'®, and stemness**. We further demonstrated the close positive
association between CAF infiltration and the stemness gene signature.
Thus, in the transcriptomic subgroup model, CAF-induced stemness
may dominate the adverse biological features.

To support the transcriptomic subgroup model and preliminary
explore the mechanism of CAFs induced stemness in HCC, we per-
formed ATAC-seq in the same cohort. The ATAC-seq analysis revealed 6
TFs or DNA-binding proteins in the high-stemness group. Among these

proteins, MYCN* and NANOG* are commonly believed to promote the
stemness of HCC. Significantly, the ATAC-seq data emphasize the role
of cancer stemness in our classification. XRCC5, a DNA repair protein,
ranked as the first protein with high transcriptional regulatory capacity
in our high-risk HCC samples. In HCC, XRCCS5 could interact with the
TF, NRF2, to regulate target gene expression and drives tumor
progression*?, while rare studies reported the relationship between
XRCCS and cancer stemness. Our primary analysis, incorporating ATAC-
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Fig. 6 | Effect of CAF-derived CXCL12 on CXCR4/XRCCS axis and stemness of
HCC cells. A CXCL12 concentration in CAF conditioned medium (CAF-CM) and LX-
2 conditioned medium (LX-2-CM) was detected using ELISA. B, C XRCCS5 expression
was detected by western blotting in HCC cells treated with 0 nM, 10 nM, 100 nM,
and 1 uM recombinant human CXCLI12 protein for 48 h. Band intensities were semi-
quantified using IMAGE LAB software and normalized with B-actin. Values were
presented as the means under the bands. D Effect of siCXCR4 was detected by
western blotting. E, F XRCCS and CXCR4 expression was detected by western
blotting in HCC cells treated with recombinant human CXCLI12 protein (1 pM) and
siCXCR4 or not. The effect of CXCL12 stimulation (1 pM) with CXCR4 knockdown or
not, as well as CXCR4 inhibitor administration, AMD3100 (1 uM), or not on the
stemness of HCC cells were shown by mRNA expression levels of stemness-related
genes (G, H), cell migration (I), in vitro self-renewal capacity (J). K Schematic of the
transwell co-culture model of HCC cells and CAFs. Created with BioRender.com.

L, M The effect of co-culture with CXCR4 knockdown or not as well as AMD3100
(1 M) administration or not on stemness of HCC cells were shown by mRNA
expression levels of stemness-related genes. N IHC staining of CXCR4 and CXCL12
in patients with HCC undergoing liver transplantation. O Positive correlation
between XRCCS5 with CXCR4 and CXCL12 in 79 HCC samples. P Graphical summary
of the mechanisms based on the combination of integrated multi-omics and
experimental evidence. The data of ELISA (four individual experiments), cell
functional assays and RT-qPCR analysis (three individual experiments) were pre-
sented as mean + SD. Two-tailed Student’s ¢-test was used for comparisons, P values
are shown on the graphs. ELISA, enzyme linked immunosorbent assay; HCC,
hepatocellular carcinoma; IHC immunohistochemistry, TFs transcriptional factors,
NC negative control, CAF cancer-associated fibroblast, ATAC-seq assay for
transposase-accessible chromatin sequencing, CSC cancer stem cell. Source data
are provided in the Source Data file.
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seq and transcriptome data revealed that high transcriptional activity of
XRCC5 may trigger cancer stemness gene expression. We further
demonstrated that CAFs could trigger XRCC5 upregulation, which
potently promotes HCC stemness. In the high-risk group, CXCR4, the
receptor of CXCL12, exhibited a notable increasedin expression. The
CXCL12/CXCR4 axis could potentially facilitate the communication
between CAFs and tumor cells*. Thus, to deeply link the CAFs and
XRCCS5, we demonstrated that the CAF-derived CXCLI12 sustains the
stemness of HCC cells by promoting XRCC5 through CXCR4. The
activation of CXCL12/CXCR4/XRCCS axis partially explained the CAF
accumulation and high stemness in the high-risk group. The precise
regulation of XRCC5 and other TFs we found are worthy to be deeply
explored in in HCC patients undergoing LT. Clinically, XRCC5 was a
potent biomarker for predicting poor survival in HCC patients after LT.
The CXCL12/CXCR4/XRCCS axis might serve as a significant indicator in
predicting the outcome of HCC patients undergoing LT and could
present as potential targets for pre-transplant downstaging therapy.

For clinical application, our molecular classification is not
applicable to HCC patients undergoing tumor resection, which further
supports the novelty and specificity of the classification in HCC
patients undergoing LT. We also primarily demonstrated that the
transcriptomic subgroup model was better than UCSF and Up-to-7
criteria in selecting candidates of LT, which may further extend its
clinical application. However, the shortcomings are clear. The genomic
heterogeneity of HCC and limited tissues may hinder accurate analysis
of the genomic landscape.

In summary, our observations provide the first multi-omic land-
scape of patients with HBV-related HCC beyond the Milan criteria
undergoing LT. According to our molecular classification, patients
with low risk had a 5-year survival of nearly 70%. Our study provides a
novel genetic tool to expand the selection criteria for LT. It may act as
an effective supplement for previously reported extended criteria.
Importantly, we reveal the key role of CAF-stemness in governing the
poor outcomes of HCC patients undergoing LT. More laboratory study
is needed to deeply explore the CAF-stemness-related molecular
mechanisms in HCC.

Methods

Patient cohorts and tumor tissue samples

This study is approved by Institutional Review Board of The First
Affiliated Hospital, School of Medicine, Zhejiang University
(Reference number: 20191421), Shulan (Hangzhou) Hospital
(Reference number: KY2021014), the Second Affiliated Hospital of
Dalian Medical University (Reference number: 2022166), and the
Affiliated Hospital of Qingdao University (Reference number: QYFY
WZLL 29314). Informed written consent was obtained from all
participants. A total of 699 HCC patients received LT between 2015
and 2019 at the First Affiliated Hospital, School of Medicine, Zhe-
jiang University, and Shulan (Hangzhou) Hospital. We selected 100
of these patients (n =39 and 61, respectively) with HCC beyond the
Milan criteria based on pathological assessment. Liver explants
were used for sample collection. Fresh-frozen tissue samples were
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used for RNA-seq and ATAC-seq. Formalin-fixed paraffin-embed-
ded (FFPE) tumor tissue samples were used for proteomics. 82 FFPE
tissue samples were used for immunohistochemistry (IHC) detec-
tion. RNA-seq data from fresh-frozen tissue samples of 80 HCC
patients who received LT between 2015 and 2020 at two LT centers,
the Second Affiliated Hospital of Dalian Medical University and the
Affiliated Hospital of Qingdao University, were utilized as the
validation cohort in this study. Sex and/or gender were determined
based on self-reporting.

RNA-seq, ATAC-seq and proteomics by mass spectrometry
Details are provided in the Supplementary Methods.

Real-time quantitative polymerase chain reaction (RT-qPCR)
analysis, western blot analysis, IHC, and mIF detection
Details are provided in the Supplementary Methods.

Cell culture, plasmids, lentivirus infection, transfection, and
Isolation of CAFs

Human HCC cell line, HuH-,7 and CAFs were cultured in Dulbecco’s
modified Eagle medium (Pricella) or Dulbecco’s Modified Eagle Med-
ium/Nutrient Mixture F-12 (Pricella) with 10% fetal bovine serum
(Wisent), 100 mg/ mL penicillin G and 100 ug /mL streptomycin
(Gibco) at 37 °C in a humidified atmosphere containing 5% CO,. The
details about HCC cell line, lentivirus vectors for shRNA, XRCC5
delivery, transfection, and isolation of CAFs are provided in the Sup-
plementary Methods.

Cancer cell stemness detection

Cell migration, self-renewal ability (cell sphere formation and extreme
limiting dilution in non-obese diabetic/severe combined immunode-
ficiency (NOD/SCID) mice), stemness gene expression detection was
established to detect the stemness of HCC cells. The details are con-
tained in the Supplementary Methods.

Bioinformatics analysis
Details are provided in the Supplementary Methods.

Statistics and reproducibility

Prism 8 (GraphPad Software, CA, USA) and R (version 4.1) software
were used for statistical analysis. Significance of differences between
groups was performed using Student’s t-test. Values of p<0.05 were
considered significantly different. Correlation analyses were per-
formed using x? test for quantitative data. For survival analysis, sur-
vival was estimated using the Kaplan-Meier method. Details are
provided in the Supplementary Methods. All experiments were repe-
ated independently at least three times with similar results. The
number of experiments was stated in the corresponding Supplemen-
tary Methods.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data generated in this study have been deposited in
the Genome Sequence Archive (GSA) database under accession
code HRA010539 and HRA010528. The proteomics data generated
in this study have been deposited in the iProX database under
accession code PXDO061119 (https://www.iprox.cn/page/project.
html?id=IPX0011178000). The ATAC-seq data generated in this
study have been deposited in the GSA database under accession
code HRA010529. Clinical data for the patients included in this
study are not publicly available per policy to protect patient priv-
acy. Clinical data access can be made available from the

corresponding authors for qualified researchers. Queries for data
access will be answered within a time frame required to ensure high
quality assessment and coordination of the proposed collaborative
work, and a first response can be provided within 8 weeks. The
remaining data generated in this study are provided in the Sup-
plementary Information and Source Data file. The RNA-seq data
from TCGA for HCC used in this study are available in the TCGA data
portal (https://portal.gdc.cancer.gov/). The previously published
scRNA-seq data of 10 HCC tissues used in this study are available in
the Gene Expression Omnibus database under accession code
GSE149614%*, Source data are provided with this paper.
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