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Lineage tracing and single-cell analysis reveal proliferative Prom1+ tumor-propagating cells and

their dynamic cellular transition during liver cancer progression

Zhou L, Yu KHO, Wong TL, et al.

Supplementary M ethods

M ice

The study protocol was approved by and performed in accordance with the Commit tee of the Use of

Live Animals in Teaching and Research at  the University of Hong Kong. Only male mice were used

because of the male predominant nature of HCC. Prom1C-L mice (017743) were generated by Richard

Gilbertson1 and obtained from the Jackson Laboratory. Inducible CreERT2 fusion protein and nuclear

β-galactosidase reporter alleles were knocked into the ATG start codon of the Prom1 locus.

Rosa26tdTomato (007905), Rosa26YFP (006148) and Rosa26DTA (006331) mice were obtained from the

Jackson Laboratory. For lineage t racing, Prom1C-L mice were crossed with reporter mice, and the

heterozygous offspring (Prom1C-L/+; Rosa26tdTomato/+ or Prom1C-L/ +; Rosa26YFP/ +) were used. For t racing

the Prom1-expressing cells in normal adult  livers, the Prom1-tdTomato mice aged 6 weeks were orally

administered five doses of 4mg tamoxifen (Sigma-Aldrich) every other day. For t racing the Prom1-

expressing cells in liver cancers, the Prom1-tdTomato mice w ith tumors were orally administered a

single dose of 4 mg tamoxifen or a low dose of tamoxifen (75μg) for the in vivo clonal expansion assay.

For lineage deplet ion, the Prom1C-L/ + mice were crossed with the Rosa26DTA mice. The control and

Prom1C-L/ +; Rosa26DTA/+ lit termates were administered mult iple doses of 4mg tamoxifen or vehicle

(olive oil) every other day.

Liver cancer and regeneration models

DEN+CCL4: M ice were t reated with N-nitrosodiethylamine (DEN, i.p., 1 mg/ kg) at  the age of 14 days.

When the mice were 8 weeks of age, carbon tetrachloride (CCL4, i.p., 0.2 ml/ kg) was administered twice

weekly for 12-16 weeks.2 Tumors started to grow at the age of 20 weeks (12 weeks of CCL4 t reatment

in total), and the humane endpoint  of this model was at  the age of 24 weeks (16 weeks of CCL4

treatment in total). The liver weight , number and size of tumors were assessed upon sacrifice. The

average volumes of the 3 maximum tumor nodules were calculated with the formula L x W2 x 0.5, with

L and W represent ing the largest  and smallest  diameters measured by calipers.

Hydrodynamic tail vein inject ion: Transposon and transposase plasmids mixed in sterile saline solution

with a volume corresponding to 10% of the body weight were injected through the lateral tail vein in 5

to 7 seconds. For the N-Ras+AKT model, we injected 20 μg of pT3-EF1a-NRasV12, 20 μg of pT3-EF1a-

myr-AKT and 1.6 μg sleeping beauty transposase.3 The tumor init iat ion time point  for this model was

approximately 3 weeks after tail vein injection. Liver weight  was assessed upon sacrifice.
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Splenic t ransplantat ion: For liver t ransplantat ion and in vivo LDA assays, tumor cells were injected

through the spleens of the recipient  w ild-type C57BL6/ N mice.4-5 Briefly, recipient  mice received two

retrorsine inject ions (Sigma-Aldrich, i.p. 70 mg/ kg) at  7-day intervals and were allowed to recover for

10 days before surgery. For t ransplantat ion, the mice were anesthet ized with 80 mg/ kg ketamine and

10 mg/ kg xylazine (i.p.). A left lateral laparotomy was performed on sterile and hair-removed fields.

Cells in 0.2 ml of media were injected into the lower pole of the spleen at  an injection t ime of 2 min.

The lower spleen pole was ligated and resected, and the abdomen was sutured. Transplanted cells

were allowed to migrate and engraft  to the recipient liver. Five days after t ransplantation, CCL4 (i.p. 0.5

ml/ kg) was administered three times at  5-day intervals.

Partial hepatectomy: Surgery was performed as previously described.6 Briefly, traced Prom1-tdTomato

mice were anesthet ized with 80 mg/ kg ketamine and 10 mg/ kg xylazine (i.p.). The left  lobe and the

median lobe were ligated separately and resected to achieve 2/ 3 hepatectomy. Animals were sacrificed

on day 7 after surgery.

DDC diet  t reatment : M ice were fed a DDC diet (0.1% DDC in standard diet , TestDiet ) ad libitum  for 2

weeks or 3 months and sacrificed at  the end of t reatment .7

Acute CCL4 injury: Traced Prom1-tdTomato mice received a single inject ion of CCL4 (i.p., 1 ml/ kg)

dissolved in olive oil and were sacrificed one month thereafter.8

M agnetic resonance imaging (M RI)

M agnetic resonance imaging was used to determine the init iat ion and tumor size of HCC in vivo.9 M ice

were anesthet ized via inhalat ion of a 5% isoflurane/ oxygen gas mixture and maintained at  2% during

scans. M ice were kept  in a prone posit ion, and body temperature was maintained at 37°C. The tail of

each mouse was warmed gently using a warm water bath immediately before inject ion of gadoxetate

acid (100 μL, 10 mM ), and scans were performed 15 min after administ rat ion of contrast  medium. M ice

were imaged on the preclinical nanoScan PET/ MRI 3T system (M ediso M edical Imaging Systems), and

all images were obtained in the axial plane. A T1-weighted gradient -echo sequence was performed

before and after injection of gadoxetate acid, with the follow ing parameters: echo time (TE) = 4 ms,

repet it ion time (TR) = 27 ms, flip angle (FA) = 18°, field of view (FoV) = 60 × 60 mm, number of

excitat ions (NEX) = 2 min, matr ix size = 224 × 184; 31 slices of 0.8 mm per slice, voxel size = 0.3 × 0.3 ×

0.8 mm3. Generated images were analyzed using InterView  Fusion Software (M ediso M edical Imaging

Systems), and 1 mm was chosen as a cutoff of tumor evaluat ion. T1 planes with maximum tumor size

were chosen for quantificat ion and representat ive images.

Cell isolation for flow cytometry, in vitro culture, transplantation and single-cell sequencing

Primary HCC cells are fragile and thus isolated by a modified two-step collagenase perfusion method

adopted from the hepatocyte isolat ion protocol.10 Livers were first  perfused with 200 μM  EDTA buffer

via the inferior vena cava to the portal vein to wash out  blood. Then, the perfusion buffer was changed
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to prewarmed digest ion buffer with 0.03% collagenase IV (Sigma-Aldrich) and 1 mM  CaCl2. After

perfusion, tumor nodules were dissected, briefly minced and t ransferred to gentleM ACS C Tube

(M iltenyi Biotec)-containing enzyme mix for further digest ion. In this step, 0.03% collagenase IV and

0.01% DNase I (Sigma-Aldrich) were used for DEN+CCL4 tumors, while 0.5% Dispase (Thermo Fisher)

and 0.01% DNase I were used for N-Ras+AKT tumors. Dissociated cells were neutralized in cold DM EM

with 1% FBS and filtered with a 70 μm cell st rainer. Single-cell suspensions were analyzed using anti-

Ki67 (Thermo Fisher), or ant i-albumin (Bethyl Labs) ant ibodies. For albumin staining, donkey ant i-goat

ant ibodies w ith Alexa 647 (Thermo Fisher) was used as secondary ant ibodies. For Ki67 staining, a

Transcription Factor Staining Kit  (Thermo Fisher) was used. A LIVE/ DEAD Fixable Near-IR Dead Cell Stain

Kit (Thermo Fisher) was used to exclude dead cells. Samples were measured on a FACSCanto II analyzer

(BD Biosciences) or sorted by an INFLUX cell sorter (BD Biosciences). Flow cytometric data were

analyzed with FlowJo software (BD Biosciences). In the DEN+CCL4 model, to select  tumors representing

progressive stages of varied time points, we excluded tumors with diameters <3 mm for late-stage time

points (30 days post -tamoxifen treatment).

Immunofluorescence, immunohistochemistry, microscopy and fluorescent reporter imaging

Liver t issues were perfused w ith PBS, fixed in 2% paraformaldehyde (PFA) at  4°C overnight and

dehydrated in 30% sucrose. Tissue blocks were frozen in OCT before cryosect ioning (20 μm). For β-gal

staining, t issue sect ions were stained with β-gal subst rate (5 mM  potassium ferricyanide, 5 mM

potassium ferrocyanide, 1 mg/ ml X-gal, 2 mM  M gCl2, 0.01% sodium deoxycholate, 0.02% NP-40 in PBS)

overnight at  37°C. Nuclear fast  red was used as a counterstain when necessary. The percentage of

labeled Prom1+ cells (labeling eff iciency) was calculated as (tdTomato+ β-gal+)/β-gal+ x 100. For

immunofluorescence staining, sect ions were permeabilized in 0.3% Triton X-100 with 5% BSA for 0.5 h

at  RT. For BrdU staining, sect ions were pret reated with 1 M  HCl for 1 h at  37°C and neutralized with

boric acid buffer. Ant ibodies used for immunofluorescence staining included Prom1 (M illipore), Sox9

(M illipore), A6 (DSHB), Krt19 (Abcam), Hnf4a (Abcam), Afp (DAKO), cleaved Caspase-3 (Cell Signaling

Technology), BrdU (Abcam), RFP ant ibody (Rockland), Epcam (BioLegend), Ki67 (Thermo Fisher) and

Krt7 (Abcam). Whole-mount CM -H2DCFDA staining of organoid samples was performed as previously

described.11 Briefly, M atrigel was removed from organoids by recovery solut ion (Corning). Organoids

were treated with CM -H2DCFDA (10 μM ) for 1 hour at  37°C and further incubated in basal medium for

15 min. Organoids were washed and fixed in 2% formaldehyde at  4°C overnight . Fixed organoids were

washed and mounted on glass slides with DAPI-containing mount ing medium (Thermo Fisher). The

TUNEL assay was performed following the manufacturer’s instruct ions (Sigma-Aldrich). Images were

captured on an LSM 710/ 780 confocal microscope (Zeiss) and processed using ImageJ (NIH) or Zen

(Zeiss) software.

For immunohistochemistry, liver t issues were fixed in 4% PFA at 4°C overnight before being processed

and embedded into paraffin blocks. Sect ions were cut  (5 μm) and hydrated before immunostaining and

H&E or M asson’s t richrome staining. For immunostaining, sections were boiled with cit rate (pH 6.0) for
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15 min, quenched with 3% H2O2 and blocked with 5% normal goat serum (Dako) for 30 min at  RT.

Primary antibodies were then incubated at  4°C overnight. Subsequently, after washing with PBS, the

sections were incubated with secondary ant ibodies for 1 h and stained with DAB (Dako). Images were

taken on a Zeiss Axioplan upright  microscope. Ant ibodies used for immunohistochemist ry included

Ki67 (Thermo Fisher), Afp (DAKO), pAkt  (Cell Signaling Technology), pM apk1/ 3 (Cell Signaling

Technology), RFP (Rockland), Hnf4a (Abcam), Krt19 (Abcam) and Viment in (Cell Signaling Technology).

Fluorescent reporter imaging of whole liver t issues was captured on a PE IVIS Spectrum in vivo imaging

system.

RNA extraction and quantitative PCR

RNAiso Plus (TaKaRa) was used to isolate mRNA from frozen tissues. Reverse transcript ion was carried

out  using the PrimeScript  RT Reagent  Kit  (TaKaRa). Each sample was analyzed in duplicate using a Light-

Cycler 480 (Roche). Primers are listed in Supplementary Table S1. The relative amount  of target gene

mRNAs was normalized using Hprt as an internal control.

Organoid culture

The organoid culture protocol was modified from a previous report .12 A total of 5,000 isolated HCC cells

were counted and mixed with 40 μl of medium/ M atrigel mixture (medium to M atrigel rat io 1:3) in a

24-well suspension plates (Greiner). After the M atr igel was solidified, 600 μl of organoid medium,

which consists of AdDMEM /F12 (Thermo Scientific), 10 mM  HEPES (Thermo Scientific), 1x GlutaM ax

(Thermo Scientific), 1x Pen/ Strep (Thermo Scient ific), 15% RSPO1 condit ioned medium (homemade

from the 293t-HA-Rspon1-Fc cell line), B27 (minus vitamin A, Thermo Scientific), 50 ng/ ml EGF

(Peprotech), 1.25 mM  N-acetylcysteine (Sigma-Aldrich), 10 nM  gastrin (Sigma-Aldrich), 9 μM

CHIR99021 (Tocris), 25 ng/ ml HGF (Peprotech), 100 ng/ ml FGF7 (Peprotech), 100 ng/ ml FGF10

(Peprotech), 1 μM  A83-01 (Tocris), 10 mM  nicotinamide (Sigma-Aldrich), and 10 μM  Rho inhibitor Y-

27632 (Abmole), was added and replaced every other day. Fourteen days after seeding, organoids were

released from M atrigel by Recovery Solut ion (Corning) and counted. For subculture, organoids were

re-embedded in M atr igel, with a split  rat io of 1:1.5 in the high-dose ChIR (9 μM ) init iat ion period and

1:3 in the following stable maintenance period with low-dose ChIR (3 μM ). M edium was refreshed

every other day. Organoids were usually passaged every two weeks. For the in vit ro limit ing dilution

assay, 96-well plates were coated with 25 μl of  M atrigel. After the M atrigel was solidified, 100 μl of

organoid culture medium with 0.25% methylcellulose was added. The indicated numbers of HCC cells

were directly dispensed into the wells by a cell sorter. Thirty microliters of  culture medium was

replenished on day 3 and day 6, and positive clones (cell clusters w ith diameters larger than 50 μm)

were counted on day 9. The est imated repopulat ing frequency was calculated using ELDA software.13

For drug t reatment  and ROS staining, 5,000 organoid cells were plated and grown for one week.

Organoid media were replaced with basal medium (AdDM EM / F12 with HEPES, GlutaM ax, Pen/ Strep

and B27) containing ROS-inducing drugs at  the indicated concentrat ions. M edia with drug were
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refreshed on day 2. Cells were collected on day 4 for CM -H2DCFDA staining. For dose-response curve,

organoids were dissociated into single cells and seeded at  3000 cells per well in a M atrigel/ cell mixture

(3:1 v/ v). Organoid media were replaced with basal medium containing H2O2 (0.1-100mM ) or BCNU

(0.1-200µg/ ml) after 24 hours. Organoids were t reated for a total of 4 days with drug-containing media,

which were refreshed on day 2. Cell viability was measured by CellTiter-Glo (Promega) following the

manufacturer’s instruct ions.

Bulk RNA sequencing

Tumor tissues were collected from Ctrl and Prom1-DTA mice 16 or 6 days after the last dose of

tamoxifen treatment in DEN+CCL4 or N-Ras+AKT model, respectively. Tissues were snap frozen and

RNAiso Plus (TaKaRa) was used to isolate mRNA from frozen t issues. All RNA samples passed quality

check with RIN>8. 1µg of total RNA was used for poly-A mRNA library preparat ion using KAPA mRNA

HyperPrep Kit  (KR1352-v3.16) follow ing manufacturer inst ruct ion. The libraries were subjected to

paired end sequencing using Novaseq 6000 (Illumina). All fastq files passed quality check using FastQC

(version 0.11.8). Adaptor sequences were trimmed using Trimmomatic (version 0.39). Raw sequences

were aligned to mouse genome (mm10) using STAR (version 2.7.3) and gene count  was calculated using

RSEM  (version 1.3.1). Raw counts were normalized and different ially expression genes (DEGs) were

ident ified using DEseq2 (version 1.42.0) in R (version 4.0.3). Enriched pathways were ident ified using

Gene Set  Enrichment Analysis (GSEA, version 4.1.0) with Hallmark database (version 7.4).

Single-cell transcriptome sequencing

Tumors from three to five mice at  the indicated t ime points were pooled and FACS sorted into PBS with

0.04% BSA. Single cells were fixed, rehydrated and processed using Single Cell 5’ Reagent Kits and Single

Cell A Chip Kit (Chromium™, 10X Genomics) following the manufacturer’s inst ruct ions. A total of 5,000

cells of each sample were loaded into each lane of the 10X chip. Libraries were sequenced on a NovaSeq

6000. In total, we received 36,006 cells, comprising 4,732 cells for Day3_tdTomato+, 5,962 cells for

Day3_tdTomato-, 8,965 cells for Day10_tdTomato+, 5,067 cells for Day10_tdTomato-, 6,843 cells for

Day30_tdTomato+, and 4,437 cells for Day30_tdTomato-.

Single-cell transcriptome analysis

Data pre-processing

Reads were aligned to the mm10 (Ensembl 84) reference genome and counted as unique molecular

ident ifiers (UM Is) using the Cell Ranger v.3.0.2 (10X Genomics). Cells with fewer than 200 genes or

more than 5000 genes, or mitochondrial gene content  greater than 10% of the total UM I count  were

excluded. With these criteria, 33,473 cells remained in the downstream pipelines (93% recovered).

Seurat  R package v.3.1.5 was used for expression normalization. For dimension reduction, RNA

expression was normalized and log t ransformed.

Dimension reduct ion, clustering and annotation for major cell lineages
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We performed unsupervised clustering by Seurat  R package.14 The first 500 highly variable genes were

used for samples integrat ion, as to remove batch effects. The first  50 stat ist ically significant principal

components were used for two-dimension t-dist r ibuted stochast ic neighbor embedding (t-SNE). The

resolut ion parameter was also tuned accordingly, result ing in 36 clusters. A panel of known marker

genes in the liver cell lineages was displayed to assist lineage annotat ion (Supplementary Figure S5B).

We merged clusters with similarity based on two methods: ‘BuildClusterTree’ function from Seurat

package, and inferCNV. For finding different ially expressed markers, FindAllM arkers function with

Wilcoxon Rank Sum test  was used, and only genes expressed in more than 10% of cells in each cluster,

with more than 0.25 log-t ransformed fold change were retained (Supplementary Table S2). The marker

genes heatmap (Figure 5F) was generated with ComplexHeatmap,15 w ith dist inct genes f iltered by

adjusted p value<0.05 and percentage difference > 0.24. To further verify the successful enrichment  of

malignant cells in HCC cluster and non-malignant  cells in other clusters, CNV levels were calculated as

described below.

InferCNV

Raw gene expression data of all cells were extracted from the Seurat  object . M onocytes/ macrophages

were selected as normal reference cells. Other cells were assigned as the observat ion cells. For the

inferCNV analysis,16 the default parameters were used, with cutoff = 0.1. To visualize the CNV in cell

lineage-specific violin plots, we defined the CNV level of each cell by its mean absolute gain or loss of

copy number. Since the output  unit of InferCNV, “ M odified Expression” , is centered around 1, to give

the same weight ing to gain or loss, absolute gain or loss of copy number is defined as abs(1 – M odified

Expression). To focus on the chromosomal regions with the most  CNV, only genes which over half of

its cells have an absolute gain or loss of copy number >= a minimum threshold, set  at  0.05 based on

the InferCNV heatmap legend density line, were included in this calculat ion. In total, 102 genes passed

this threshold. Finally, for each cell, the mean absolute gain or loss copy number was taken over these

102 genes.

HCC cell clustering and DEGs annotat ion among HCC sub-clusters

We found a cluster of cycling HCC cells (553 cells, less than 3% of the whole populat ion) with high

G2M / S signature genes, mixed with cycling non-HCC cells, and far away from the major HCC cell

population. These cells affect  the clustering of HCC subset  and were removed for downstream analysis.

After removing the out liers, variat ion in UM I counts among samples was regressed according to a

regularized negat ive binomial model, sct ransform.17 The first  10 major principal components were

ut ilized for  clustering with a resolut ion of 0.1. Three different  methods were used to visualize the

clustering of HCC cells: PCA, t -SNE and uniform manifold approximat ion and project ion (UM AP). These

methods displayed similar clustering distribut ion of the six samples. For DEG analysis, logfc.threshold

parameter in FindAllMarkers funct ion was set  to 0.2 (Supplementary Table S3). Gene Ontology (GO),

Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome annotations were performed by

gProfiler2 R package.18

Different ial composition analysis tweaked with similarity in scRNA-seq data (DCATs)
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For the different ial cluster cell number proportions computat ion, a stochastic transition matrix

between clusters was calculated from a KNN connect ion matrix using DCATS::KNN_transition. This

produced an (n_cluster* n_cluster) similarity matrix based on distance between cells. Then, a binomial

regression test  w ith similarity based bootst rapping was performed using DCATS::dcats_fit  to obtain the

p values.

SCENIC and AUCell scoring

SCENIC package19 was used to predict  the different ial regulatory TFs and their regulons in various cell

sub-clusters. Cistarget  informat ion was ext racted from motif  collect ion version 9: 24k motifs (mc9nr)

and annotat ions from all sources (original database, inferred by orthology, or inferred by motif

similarity) were included. Gene-mot ifs 500bp upstream to and 10kb around the TSS were included.

Default  sett ings were used for runCorrelat ion, runGenie3, and runSCENIC funct ions. Score GRN

(regulons) of mature hepatocyte TFs Hnf4a, Cebpa, and Foxa3 was visualized as violin plot  for each of

the HCC sub-clusters (AUCell). The full list  of differential regulons is provided in supplementary

materials (Supplementary Table S4). Gene-set act ivity was also calculated using AUCell and the

detailed lists of gene-sets used in this paper is provided (Supplementary Table S7).

Inferring dynamics of HCC cells by RNA velocity

HCC cells trajectory and its direct ionality were implied by scVelo v0.2.0 Python package, est imating cell

velocities f rom their spliced and unspliced mRNA rat io, using a likelihood-based dynamical model.20

Samples were split into tdTomato+ and tdTomato- datasets. The spliced and unspliced mRNA rat io of

each cell was computed from the Cell Ranger BAM  files by running the velocyto pipeline21; this

generated the velocyto loom file for each dataset , required as input to scVelo. The highly variable

14,293 genes with negative binomial normalization expression matrix, along with our previously

generated PCA, t -SNE, and UM AP representat ion was imported to scVelo as the other required inputs.

We followed default  parameters in all parts of the scVelo pipeline.

Finding modules of co-regulated genes by M onocle3

M onocle3 was used to order the cells along t rajectories and discover co-regulated genes during cell-

state t ransit ions.22 M itochondrial and ribosomal genes were removed from the gene set  for the

purposes of finding DEGs in low expression levels in trajectory analysis. After learning the trajectory

graph, we chose the root  cell of the pseudot ime ordering in a semi-supervised manner on the basis of

the cell clustering and direction in RNA velocity; the resulting pseudot ime values ranged from 0 to 30,

and were mapped onto the UM AP visualizat ions (Supplementary Figure S6E). Differentially expressed

genes over the pseudot ime were ident ified using graph_test  (neighbor_graph=“ principal_graph” ) and

filtered by q-value < 0.05. Gene modules were found using find_gene_modules (resolution = 0.001)

and were clustered by unsupervised hierarchical clustering in pheatmap as per the M onocle3 pipeline.

Similar gene modules with correlated gene expression across pseudot ime were combined (k = 5). The

full list  of module genes is provided in Supplementary Table S5. Smooth curves of average expression

were fitted across the t rajectory path by geom_smooth (method = " loess" ).
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Correlat ion analysis of HCC sub-clusters signatures to clinical data

HCC sub-clusters signatures ident ified by FindAllMarkers funct ion (min.pct = 0.1, logfc.threshold = 0.2,

only.pos = FALSE) was converted to human Ensembl IDs, with unmatched ones excluded. RNA-seq data

of primary tumors and clinical data from pat ients in TCGA-LIHC dataset  was downloaded from GDC

Data Portal. G0 to G4 classification was based on Edmondson–Steiner 4-t ier histological grading. The

signature genes in the four groups, as well as non-tumor, of patient  samples was compared to each

other using DESseq2 with adjusted p value < 0.05. The normalized average expression of signature

genes found in both TDGA-LIHC data and mouse scRNA-seq data were used to perform Pearson

correlation analysis.

Survival analysis using Prom1-lineage signature genes

RNA-seq data of primary tumors and clinical data from pat ients in TCGA-LIHC were downloaded from

GDC Data Portal. The data from pat ients without t reatment  in ICGC-JP dataset  were downloaded from

ICGC portal. The 836 conserved markers upregulated in tdTomato+ HCC cells of Prom1 lineage across

the four subclusters were converted to human homologs. Consensus clustering was performed using

ConsensusClusterPlus package23 w ith k-means clustering algorithm and Pearson correlation distance.

Cluster counts (k) of 2 to 4 were evaluated. The gene-patient heatmaps (Figure S7B) were generated

with rows clustered by Euclidean distance and Ward.D method. After choosing k=2, which showed the

“ cleanest”  cluster partit ion, Kaplan-M eier analysis of pat ients of the two groups was performed using

the “ survival”  and “ survminer”  R packages. Signature expression score was calculated with the mean

of scaled expression of signature genes.

Statistics

All data are presented as the mean ± standard error of the mean (SEM ), unless stated otherwise. Data

among mult iple groups were compared by one-way or two-way ANOVA with post hoc tests. Data

between two groups of mice were compared using unpaired, two-tailed Student’s t -tests. Data

between two types of cells from ident ical mice were compared by paired Student ’s t -tests. p values in

limit ing dilut ion assays were obtained by Pearson’s χ2 test  with a 95% conf idence interval. Analyses

were performed using Prism (GraphPad).

Data deposit

All RNA-seq raw data are deposited to GEO (GSE181515) and the scripts for all the analysis performed

in the paper onto Github (https:/ / github.com/ holab-hku/ HCC_Stem_scRNAseq).
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Antibodies

Target Supplier Catalogue Number

Ki67 (conjugated, AF700) Thermo Fisher 56-5698-82

Ki67 Thermo Fisher 14-5698

Albumin Bethyl Labs A90-134A

Krt19 Abcam ab52625

Krt7 Abcam ab181598

Prom1 M illipore M AB4310

Epcam BioLegend 118201

Vimentin Cell Signaling Technology 5741

Sox9 M illipore AB5535

A6 DSHB BCM

Hnf4a Abcam ab201460

Afp DAKO A0008

Cleaved Caspase-3 Cell Signaling Technology 9661

BrdU Abcam ab6326

RFP Rockland 600-401-379

Phospho-Akt (Ser473) Cell Signaling Technology 4058

Phospho-44/ 42M APK

(Thr202/ Tyr204)

Cell Signaling Technology 9101

Donkey anti-goat alexa-647 Abcam ab150131

Goat  ant i-rabbit  alexa-488 Thermo Fisher A11008

Goat  ant i-rat alexa-488 Thermo Fisher A11006

Goat ant i-rabbit  alexa-647 Thermo Fisher A27040

Goat  ant i-rabbit  alexa-594 Thermo Fisher A11012
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Chemicals and Reagents

Supplier Catalogue Number

Tamoxifen Sigma-Aldrich T5648

N-nitrosodiethylamine (DEN) Sigma-Aldrich N0756

Carbon tetrachloride (CCL4) Sigma-Aldrich 319961

Retrorsine Sigma-Aldrich R0382

Ketamine Alfasan -

Xylazine Alfasan -

3,5-diethoxycarbonyl-1,4-

dihydrocollidine (DDC)

Sigma-Aldrich 137030

DDC diet TestDiet -

Collagenase IV Sigma-Aldrich C5138

DNase I Sigma-Aldrich 11284932001

Dispase Thermo Fisher 17105041

RNAiso Plus Takara 9109

M atrigel Corning 356231

Advanced DM EM / F12 Thermo Fisher 12634-028

Hepes Thermo Fisher 15630-080

GlutaM ax Thermo Fisher 35050061

Pen/ Strep Thermo Fisher 15140-122

B27 (minus vitamin A) Thermo Fisher 12587-101

N-acetylcysteine Sigma-Aldrich A9165

Nicot inamide Sigma-Aldrich N0636

Gastrin Sigma-Aldrich G9145

EGF Peprotech AF-100-15

HGF Peprotech 100-39

FGF7 Peprotech 100-19

FGF10 Peprotech 100-26

CHIR99021 Tocris 4423

A83-01 Tocris 2939

Rho Inhibitor Y-27632 Abmole M 1817

Primocin InvivoGen ant-pm-1

Cell Recovery Solut ion Corning 354253

H2O2 Sigma-Aldrich 216763

Carmust ine (BCNU) Selleckchem S3669

CellTiter-Glo Luminescent Cell

Viability Assay

Promega G7571

In Situ Cell Death Detection Kit

(TUNEL)

Sigma-Aldrich 11684795910

CM -H2DCFDA Thermo Fisher C6827

DAPI Thermo Fisher P36931

Transcript ion Factor Staining Kit Thermo Fisher 00-5523-00

LIVE/ DEAD Fixable Near-IR Dead Cell

Stain Kit

Thermo Fisher L34976
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DAB Staining Kit DAKO S3022, K4001,

K4003, K3468

PrimeScript RT Reagent  Kit Takara RR036A

ChromiumTM  Single Cell 5’ Library &

Gel Bead Kit

10X Genomics PN-1000006

ChromiumTM  Single Cell A Chip Kit 10X Genomics PN-1000151
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Software and Algorithms

Developer Link

Prism 6 Graphpad https:/ / www.graphpad.com

Image J NIH http:/ / imagej.nih.gov/ ij

Zen 2.3 Zeiss https:/ / www.zeiss.com

RStudio RStudio, PBC https:/ / rstudio.com

Python Python Software

Foundat ion

https:/ / python.org

FlowJo BD Biosciences https:/ / www.flow jo.com

Cell Ranger v.3.0.2 10X Genomics https:/ / support .10xgenomics.com/single-cell-gene-

expression/ software/ overview/ welcome

Seurat R package v.3.1.5 Sat ija Lab (Ref 14) https:/ / sat ijalab.org/ seurat

inferCNV v1.2.1 Broad Inst itute (Ref

16)

https:/ / github.com/ broadinstitute/ inferCNV

gProfiler2 (Ref 18) https:/ / biit .cs.ut .ee/ gprofiler/ gost

DCATs Home made https:/ / rdrr.io/ github/ huangyh09/ DCATS

scVelo v0.2.0 (Ref 20) https:/ / scvelo.readthedocs.io

Velocyto v0.17.17 (Ref 21) https:/ / velocyto.org/ velocyto.py

SCENIC v1.1.3

AUCell v1.12.0

Stein Aerts lab (Ref 19) https:/ / github.com/ aertslab/ SCENIC

M onocle3 v0.2.1.9 Cole Trapnell Lab (Ref

22)

https:/ / cole-t rapnell-lab.github.io/ monocle3/

ComplexHeatmap (Ref 15) https:/ / github.com/ jokergoo/ ComplexHeatmap

ConsensusClusterPlus (Ref 23) https:/ / bioconductor.org/ packages/ release/ bioc/ vi

gnet tes/ ConsensusClusterPlus/ inst / doc/ Consensus

ClusterPlus.pdf

Other r packages:

survival, survminer

https:/ / cran.r-

project .org/ web/ packages/ survival/ index.html

https:/ / github.com/ kassambara/ survminer
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Supplementary Figures and Figure Legends

Supplementary Figure S1. (Related to Figure 1) Establishment of DEN+CCL4 and N-Ras+AKT HCC

murine models. (A) The upper panel shows representat ive gross images of normal, fibrotic and HCC

livers. Upon DEN treatment on postnatal day 14, CCL4 was administered to develop advanced liver

fibrosis (at  the age of 16-20 weeks) and HCC (at  the age of 21-24 weeks). The lower panel shows

representat ive images of M asson’s trichrome staining of the normal, fibrotic and HCC livers. Fibrosis of

the liver was indicated by bridging collagen deposit ion (blue). Scale bar = 500 μm. (B) Histological

images showing typical HCC features, including increased Ki67/ Afp staining and a thick t rabecular

pat tern. The left  image shows a typical HCC tumor in the DEN+CCL4 model at  low magnificat ion. Scale

bar = 500 μm. The r ight  panel shows H& E, Ki67 and Afp. Low magnification: scale bar = 100 μm. High

magnification: scale bar = 25 μm. T = tumor; NT = nontumor. (C) HCC tumors in the DEN+CCL4 model

exhibited enriched HCC markers (Afp, Gpc3, Golm1, and Scd2) compared to those of the normal and

fibrot ic HCC livers, as shown by qPCR analysis. * p<0.05, * * p<0.01, * * * * p<0.0001 by one-way ANOVA.

(D) Three weeks after hydrodynamic tail vein delivery of N-Ras+AKT+SB t ransposase plasmids, t umor-

like nodules developed. Arrowheads indicate t umor nodules. Scale bar = 500 μm. The nodules consist

of basophilic hepatocytes with a higher nuclear to cytoplasmic rat io and are surrounded by clear-cell

preneoplast ic lesions. HCC tumors are characterized by decreased lipid accumulat ion (Oil red O

staining), as well as strong immunoreact ivity for  phosphorylated AKT, M apk1/ 3 and Afp. Scale bar = 50

μm. T = tumor; NT = nontumor.
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Supplementary Figure S2. (Related to Figures 2) Characterization of traced Prom1+ tumor cells of

DEN+CCL4 model by immunostaining. (A) Representat ive images and quant ificat ion of labeling

efficiency (β-gal+; tdTomato+/β-gal+ x 100), which was est imated by X-gal staining of tdTomato-

labeled tumor sections 1, 3, 10 and 30 days after a single dose of 4 mg tamoxifen. The efficiency was

approximately 90% on day 3 and reached a plateau thereaf ter. Scale bar  = 100 μm. (B) Representat ive

images of the tdTomato fluorescent proteins co-stained with Prom1 ant ibody in tumors from three

independent  mice. The HCC tumor-bearing Prom1-tdTomato mice were administered a single dose of

4 mg tamoxifen and examined af ter a 3-day washout  period. Around 70% of tdTomato+ tumor cells

showed co-staining with the Prom1 antibody. Low magnificat ion: scale bar = 100 μm. High

magnification: scale bar = 25 μm. (C) The expression of Prom1 and other progenitor/mature epithelial

markers (Hnf4a, Sox9, Epcam, and Krt19) were examined in clonal traced HCC tumors, 3, 10 and 30

days after tamoxifen (75 μg) t reatment. Left  panel: representat ive co-staining images. Scale bar = 25

μm. Right panel: quantitative stat ist ics of  the percentage of marker+ cells in tdTomat o+ cells, based on

nine tumors for each t ime point (three tumors f rom three independent mice). A minimum of  three

fields from each tumor were quantified, and the dot size was representative as the standard deviat ion

(SD) of the three f ields. The black square and error bar showed the mean ± SD of tumors from the

same group. Note that  Sox9, having high expression level in ductular-like cells and low expression

level in hepatic-like cells, was quant ified separately.
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Supplementary Figure S3. (Related to Figure 3) Evaluation of the self-renewal and the differentiation

capacity of the tdTomato+ tumor cells. (A) Flow cytometric gat ing st rategy of lim it ing dilut ion assays

and organoid culture for HCC cells in the DEN+CCL4 model. Tumor cells were isolated from the Prom1-

tdTomato mice 3 days after 4 mg tamoxifen treatment. Post-sort  staining validated that  both viable

tdTomato+ (tdT+) and tdTomato- (tdT-) HCC cells were albumin-posit ive parenchymal cells, whereas

nonparenchymal cells (NPCs) were albumin-negative. M eanwhile, HCC cells formed compact tumor

organoids, while NPCs formed cholangiocyte-derived organoids with  a cyst ic morphology. Red =

ant ibody stain. Blue = isotype control. Scale bar = 250 μm. (B-D) In vit ro limit ing dilut ion assays of the

sorted tdT+ and tdT- cells from DEN+CCL4 and N-Ras+AKT models. (B) Representative bright-field

images of tumoroids formed by the tdT+ and tdT- cells of the indicated models. Scale bar = 250 μm. (C

and D) The tdT+ cells showed significant ly higher stem cell frequencies than the tdT- cells in both

models. Assays were repeated four times on independent mice for both models. p values were

obtained by Pearson’s χ2 test  with a 95% confidence interval. (E) The sorted tdT+ and tdT- HCC cells

were maintained in organoid culture for long-term expansion (> 3 months), during which the tdT- cells

showed reduced growth and lost  their abilit y to expand. Cultured Prom1-derived tdT+ organoids were

dissociated and t ransplanted into the livers of recipient mice. The yielded tumors were stained with

H&E, hepat ic/ HCC markers (Hnf4a, Afp), ductular marker (Krt19) and EM T marker (Vim). CCA-like

tumors were featured by the glandular st ructure and Krt19 staining. EM T-like tumors were feat ured by

the spindle-shaped, mesenchymal-like morphology and Vim st aining. Quant ificat ion was generated

from all examined tumors. Low magnification (tdTomato ant ibody staining): scale bar = 3 mm. High

magnification: scale bar = 20 μm.
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Supplementary Figure S4. (Related to Figure 4) Depletion of the Prom1+ cells in DEN+CCL4 and N-

Ras+AKT HCC models suppressed tumor growth and malignant progression. (A) Quant itat ive data of

liver weight, maximum tumor volume and number of tumors in the DEN+CCL4 model w ithout tamoxifen

intervent ion at the ages of 21 and 24 weeks. There was no significant difference between the Ctr l

(Prom1+/ +; RosaDTA/+) and Prom1-DTA (Prom1C-L/ +; RosaDTA/+) mice, indicating that  heterozygous Prom1

deficiency did not  affect  HCC tumor init iat ion or progression. n = 3 to 5 mice per group. ns = not

significant between the two groups of mice. (B) The Ctrl and Prom1-DTA mice showed no significant

difference in overall survival in the N-Ras+AKT model without tamoxifen intervent ion. n = 6 to 7 mice

per group. ns = not  significant . (C) Schemat ic illust rat ion showing Prom1 lineage depletion in the N-

Ras+AKT model. Five doses of 4 mg tamoxifen or oil vehicle were administered to the Ctrl or  Prom1-

DTA mice with tumor formed. Tissues were collected and examined at  the indicated t ime points. Overall

survival was recorded in an independent  batch of mice wit h the same treatment . (D-I) Compared to the

control mice, t he Prom1-DTA mice t reated with tamoxifen showed a significant ly lower tumor burden

and prolonged survival. Representat ive gross appearance of livers (D) and quantitat ive data of liver

weight  (E) f rom the Ctr l and Prom1-DTA mice after vehicle or tamoxifen treatment . * p<0.05,

* * * p<0.001 by mult iple comparisons with a two-way ANOVA. n = 5 to 6 mice in each group.

Representat ive H&E staining (F) and quant itat ive data of  tumor mult iplicity (G, mean number of tumors

per sect ion) f rom the Ctrl and Prom1-DTA mice after vehicle or tamoxifen t reatment . * p<0.05,

* * p<0.01 by mult iple comparison tests with a two-way ANOVA. Scale bar = 3 mm. (H) The Prom1-DTA

mice after tamoxifen showed prolonged survival compared with the Ctrl mice and the vehicle-t reated

mice. * * p<0.01 by log-rank M antel-Cox test. n = 8 to 11 mice in each group. (I) X-gal staining (blue)

confirmed that  the Prom1-expressing cells were diminished after tamoxifen treatment. Scale bar  = 100

μm. (J) The Prom1-DTA mice t reated with tamoxifen showed less Ki67 staining in the livers. Upper, scale

bar = 500 μm. Lower, high magnificat ion, scale bar = 100 μm. * p<0.05 by mult iple comparisons tests

with a two-way ANOVA. (K) Gene set enrichment analysis (GSEA: hallmark gene sets) within the

different ially expressed genes between the Ctrl and Prom1-depleted N-Ras+AKT HCC tumors (n = 3 in

each group). (L) Heatmap of expression profile of liver cancer marker genes comparing the Ctrl w ith

Prom1-depleted tumors in the two HCC models (n = 3 in each group). Data were z-score normalized

within each model.
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Supplementary Figure S5. (Related to Figure 5) Lineage identification of Prom1-derived cells by single-

cell transcriptome sequencing. (A) t-SNE clustering of cells f rom all samples by the Seurat  package

using 50 principal components and a resolut ion of 2, subsequent ly resulting in 36 clusters. (B) Lineage

marker gene expression across cells from all samples in t-SNE plots. HP = hepatocyte; HCC =

hepatocellular carcinoma; Endo = endothelial cell; M P = macrophage/ monocyte; HSC = hepat ic stellate

cell/ fibroblast; Chol = cholangiocyte; HHP = hybrid hepatocyte; NP = neutrophil. (C) Copy number

variat ions (CNVs) of single cells (rows) from all samples. CNVs were inferred from transcriptomes using

macrophages/ monocytes as reference cells. The observed cells were clustered into numbers and

lineages, as shown in Figure 5B-E. Red color = amplifications; blue color = delet ions.
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Supplementary Figure S6. (Related to Figure 6) HCC cells of the Prom1 lineage are heterogeneous. (A)

Fract ions of subpopulat ions in the Prom1-derived tdTomato+ HCC cells and their  tdTomato-

counterparts over three t ime point s that  are representat ive of HCC init iation (Day 3) to progression (Day

10 and Day 30) in  the DEN+CCL4 model. (B) Violin plot s showing the dist ribut ions of absolute CNV

gain/ loss scores among the tdTomato+ and tdTomato- HCC cells at  Day 3, Day 10 and Day 30. The

tdTomato+ cells consistent ly showed higher CNV levels than the tdTomato- cells, whereas the changes

in CNV over time were inconsistent. * p < 3.4e−4, * * p < 9.1e−6, and * * * p < 2.22e−16 by Wilcoxon rank-

sum test . ns = not  significant . (C) Diverse expression pat terns of representat ive stem/ progenitor

markers  in the tdTomato+ HCC cells, as visualized by UM AP plots. (D) UM AP visualization of the

tdTomato- HCC cells in the same dimensions as in Figure 6E, with black arrows showing the RNA velocity

field. The t rajectory direct ion did not  show a specific pattern. (E) M onocle pseudotemporal t rajector ies

(purple t o yellow) on the tdTomato+ HCC cells. (F) Loess-smoothed expression curves (left ) and Gene

Ontology annotat ions (right ) of the module 4 and 5 along the tdTomato+ HCC cells pseudotemporal

trajectory, with –log10(p value) and number of hits showed. (G) Expression profiles of selected marker

genes in a manner over pseudotime, colored by groups of subclusters. EM T markers: Tgfb1, Tgfb2, M et ,

Zeb1; proliferat ion markers: Ccna1, Cdk1, Ki67, Ube2c; embryonic-like tumor signatures: E2f1, Ect2,

Hells, Top2a.
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Supplementary Figure S7. (Related to Figure 7) Survival analysis and oxidant detoxification

assessment. (A) Consensus matrixes displaying the clustering of HCC pat ients def ined by the Prom1-

lineage gene signature with k=2 to 4. Consensus index values range from 0 to 1, w it h 0 being dissimilar

(white) and 1 being similar (blue). (B) Heatmap showing the consensus clustering result based on

Prom1-lineage signature genes. HCC pat ients were assigned into two distinct groups by k=2, in TCGA-

LIHC and ICGC-JP cohorts. The expression values are colored blue to red to  indicate low to high,

respect ively. (C) Boxplots show the expression of p62/ Sqstm1 and Nfe2l2 target  genes in dif ferent

subclusters of tdTomato+ (tdT+) and tdTomato- (tdT-) HCC cells. Numbers in red ind icates fold changes

(log2) between tdT+ and tdT- cells. (D) Gene set act ivit ies of mTORC1 signaling and act ivat ion of NFE2L2

between tdT+ and tdT- HCC cells among the four subclusters shown by AUCell score. * * * p < 2.22e−16 by

Wilcoxon rank-sum test. (E) CM -H2DCFDA staining in tdTomato-HCC organoids confirmed ROS induct ion

by t reatment  with 10 mM  H2O2 or 20 μg/ ml BCNU. Scale bar = 50 μm.
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Supplementary Figure S8. (Related to Figures 8) Role of normal Prom1+ cells (cholangiocytes) in liver

homeostasis, liver injuries, and HCC tumor growth. (A) Schemat ic illustrat ion of t racing the lineage-

labeled Prom1+ cells in adult  Prom1-tdTomato mice. The mice were administered five doses of 4 mg

tamoxifen, and various groups, including the liver homeostasis group (unt reated for 3 months), the

group with 2/ 3 part ial hepatectomy (PH), the group with acute CCl4 t reatment  (single dose, 1 ml/ kg),

and the groups with 2 weeks (short-term) or 3 months (long-term) of 0.1% DDC diet  t reatment , were

established 3 days (baseline) after the final dose of tamoxifen. (B) Prom1+ cholangiocytes had a

minimal contribut ion to replenishing hepatocytes in common liver injury models. The hepatocyte

marker Hnf4a was costained with tdTomato, and the percentages of double-positive cells were

examined. Note that the percentages were lower than 1% in all models. Arrowheads indicate double-

posit ive cells. Scale bar = 100 μm. n = 3 to 4 mice per group. * * p<0.01 by one-way ANOVA. ns = not

significant. (C) Schematic illust rat ion of deplet ing the normal Prom1+ lineage. Five doses of 4 mg

tamoxifen were administered to the control or Prom1-DTA mice before tumor formed in the DEN+CCL4

model. (D) Deplet ion of normal Prom1+ cells (cholangiocytes) did not  affect  tumor growth. Quant itat ive

data of liver weight  and maximum tumor volume showed no difference between the Ctrl and Prom1-

DTA mice at the ages of 21 and 24 weeks. n = 3 to 6 mice per group. ns = not significant.
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Supplementary Figure S9. Exploring the role of ductular reactive progenitors and hybrid hepatocytes

in DEN+CCL4 HCC model. (A) Schemat ic illust rat ion of t racing the Prom1+ progenitor cells in Prom1C-

L/ +; Rosa26YFP/ + mice of infancy (P7 and P14) and adolescence (P28 and P42). The mice were

administered a single dose of 100mg/ kg tamoxifen at  various t ime points, respectively, and the traced

livers were collected at the age of 8 weeks (W8). (B) Immunofluorescence of liver sect ions taken from

W8 Prom1C-L/ +; Rosa26YFP/ + mouse treated with tamoxifen at P7 (P7->W8, n=3), P14 (P14->W8, n=4),

P28 (P28->W8, n=3) and P42 (P42->W8, n=3), respectively. YFP+ cells could be found in duct  at  all stages

whereas YFP+ hepatocytes could most ly only be found in the P7->W8 and P14->W8 groups. Scale bars

= 100 μm. (C) Quant itat ive distr ibution of YFP+ cells in livers at  W8, after tamoxifen at  indicated stages

as in (A-B). Each bar represents the fraction of cells expressing the indicated markers, Hnf4a (red) or

Krt19 (green), that were YFP+. * * * p<0.001, by post-test  comparison of two-way ANOVA (Tukey’s

mult iple comparisons test). (D) Defining the ductular react ive progenitors (DRPs) population by

proliferat ion marker Ki67 and ductular marker Krt7.24 Cells with negat ive staining of Ki67 were defined

as normal ductular cells (DRs). Cells with absence of Krt7 were defined as non-ductular cells. Scale bar

= 25 μm. (E) Representat ive images showing lineage-labeled Prom1+ cells co-stained with Krt7 in the

DEN+CCL4 HCC tumor. Ductular cells were mainly dist ributed in peripheral borders of tumors (Peri-

tumor), consistent with observation in clinical samples.24  Scale bar = 500 μm. (F) Quant itat ive

dist ribut ion of tdTomato+ non-ductular, DRPs and DRs cells over all tdTomato+ cells, 3, 10 and 30 days

after tamoxifen (4mg) treatment (n=6-9 tumors from 3 mice at each t ime point). The number of

tdTomato+ non-ductular cells increased over t ime (78.3%, 88.2% and 90.4% for Day3, Day10 and Day30

post labelling respect ively) while the number of tdTomato+ DRPs/ ductular cells remained stable. (G)

Heatmap of representat ive Gene Ontology and pathway terms enr iched in HCC, hybr id hepatocytes

(HHP) and cholangiocytes (Chol). Color key from blue to red indicates the adjusted p value. (H) Violin

plots showing the expression levels of representat ive progenitor, hepatocyte and cholangiocyte

markers in HCC, HHP and Chol.
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Supplementary Tables

Supplementary Table S1. PCR/ qPCR primers.

This table provides the list of primers used in this paper.

Supplementary Table S2. M arkers of resident liver cell clusters. (Related to Figure 5F)

This is the list  of marker genes specific to each of the lineage clusters by Wilcox test  of FindAllM arkers

in Seurat  package.

Supplementary Table S3. DEGs of HCC subclusters in tdTomato+ cells. (Related to Figure 6C)

This is the list  of marker genes specific to each subclusters (C0, C1, C2 and C3) of tdTomato+ HCC cells

by Wilcox test of FindAllMarkers in Seurat  package.

Supplementary Table S4. M otif regulons enrichment in the four HCC subclusters of tdTomato+ cells.

(Related to Figure 6D)

This file provides the informat ion of t ranscript ion factor regulons of HCC subcluster in tdTomato+ cells,

ident ified by SCENIC package. The Average AUCell score was generated by AverageExpression and the

Different ial regulons by Wilcox test  of FindAllM arkers of Seurat package.

Supplementary Table S5. Co-regulated genes in each module along the pseudotime. (Related to

Figure 6F and Supplementary Fig S6F)

This is the list of  co-regulated genes in each module over the pseudotemporal t rajectory of tdTomato+

HCC cells, by M onocle3 package.

Supplementary Table S6. Conserved markers of Prom1+ lineage. (Related to Figure 7A)

This is the list of common or unique upregulated genes in the four subclusters (C0, C1, C2 and C3) of

Prom1+ lineage of HCC cells.

Supplementary Table S7. Information of public gene sets for AUCell activity scoring. (Related to Figure

6G and Figure S7E)

This table provides the information of gene set names, their origin and descript ion.
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