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Liver progenitor cells (LPCs) contribute to liver regeneration during chronic damage and are implicated as 
cells of origin for liver cancers including hepatocellular carcinoma (HCC). The CDKN2A locus, which encodes 
the tumor suppressors alternate reading frame protein (ARF) and INK4A, was identified as one of the most 
frequently altered genes in HCC. This study demonstrates that inactivation of Cdkn2a enhances tumorigenic 
transformation of LPCs. The level of ARF and INK4A expression was determined in a panel of transformed and 
nontransformed wild-type LPC lines. Moreover, the transforming potential of LPCs with inactivated Cdkn2a 
was shown to be enhanced in LPCs derived from Arf −/− and Cdkn2afl/fl mice and in wild-type LPCs following 
CRISPR-Cas9 suppression of Cdkn2a. ARF and INK4A abundance is consistently reduced or ablated follow-
ing LPC transformation. Arf −/− and Cdkn2a−/− LPCs displayed hallmarks of transformation such as anchorage-
independent and more rapid growth than control LPC lines with unaltered Cdkn2a. Transformation was not 
immediate, suggesting that the loss of Cdkn2a alone is insufficient. Further analysis revealed decreased p21 
expression as well as reduced epithelial markers and increased mesenchymal markers, indicative of epithelial-
to-mesenchymal transition, following inactivation of the Cdkn2a gene were required for tumorigenic transfor-
mation. Loss of ARF and INK4A enhances the propensity of LPCs to undergo a tumorigenic transformation. As 
LPCs represent a cancer stem cell candidate, identifying Cdkn2a as a driver of LPC transformation highlights 
ARF and INK4A as viable prognostic markers and therapeutic targets for HCC.
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INTRODUCTION

Primary liver cancer is the second highest cause of 
cancer-related death worldwide1. Liver cancer often 
develops in the context of chronic liver disease, which 
involves inflammation, fibrosis, and oxidative stress2. 
This disrupted liver microenvironment creates a “pro-
oncogenic” milieu associated with aberrant DNA meth-
ylation and mutations. Dysplastic nodules arise and 
acquire genetic alterations that progress to malignancy2. 
Identifying the underlying genetic mutations that cause 
hepatocellular carcinoma (HCC) will assist development 
of better treatments for this lethal cancer. 

Cyclin-dependent kinase inhibitor 2a (CDKN2A) is 
the most frequently deleted gene in HCC3. CDKN2A 
loss of heterozygosity, mutation, or methylation is also 
commonly observed in HCC3–5. CDKN2A (Cdkn2a in 
rodents) encodes two distinct tumor suppressor proteins, 

INK4A and alternate reading frame protein (ARF). Ink4a 
transcription initiates in Cdkn2a exon 1a, while Arf tran-
scription starts in exon 1b (Fig. 1B). This results in dif-
ferent reading frames of the common exons 2 and 3 to 
produce two proteins that do not share sequence identity. 
ARF acts as a tumor suppressor by inhibiting the E3 ubiq-
uitin ligase MDM2, thereby stabilizing p53, and through 
interactions with c-MYC, E2Fs, FOXM1B, CTBP2, and 
nuclear factor kB (NF-kB) in the nucleolus6. Furthermore, 
ARF contributes to ribosomal RNA precursor process-
ing through its interactions with NPM and TTF-17,8. In 
contrast, INK4A prevents CDK4/6 activation, which 
is required for hypophosphorylation of the RB protein, 
leading to dissociation from E2F allowing for G
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phase cell cycle progression9. INK4A also limits vascular 
endothelial growth factor (VEGF)-mediated angiogenesis 
by inhibiting VEGF transcriptional activator HIF1a10 and 
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modulates cellular reactive oxygen species by disrupting 
the RAS–JNK–c-Jun signaling cascade11. 

Both ARF12 and INK4A13 hypermethylation is 
increased in HCC compared to adjacent normal tissue, 
and INK4A hypermethylation correlates with poor prog-
nosis. Increased methylation of CDKN2A is also observed 
in chronic liver disease, including cirrhotic liver infected 
with hepatitis B or C viruses (HBV or HCV)12,14. 

Rodent studies reflect these clinical observations. In 
a rat thioacetamide/diethylnitrosamine model of car-
cinogenesis, Ink4a mRNA was detected in fibrotic and 
cirrhotic livers, but Cdkn2a became hypermethylated 
in early foci and resulting tumors did not express Ink4a 
mRNA15. Similarly, INK4A protein was not detected in 
precancerous lesions and tumors of the Apohomo b-catenin-
induced liver cancer mouse model16. HCC development 
in a FOXM1b overexpression model was expedited in 
Arf −/− mice17. Collectively, these findings suggest Cdkn2a 
plays a role in HCC development.

To directly address the role of Cdkn2a in liver car-
cinogenesis, we utilized an in vitro liver progenitor cell 
(LPC) model. LPCs are the facultative stem cells of 
the liver capable of differentiation into hepatocytes and 
cholangiocytes18,19. Although found in low abundance 
in healthy livers, LPCs proliferate during chronic liver 
injury and their numbers correlate with disease severity20, 
and tumor expression of LPC markers is often a sign of 
poor prognosis21. The association between chronic liver 
disease, LPC abundance, and HCC development postu-
lates LPCs as a likely HCC cancer stem cell candidate. 
The tumorigenic potential of LPCs has been demonstrated 
in multiple models including p53-deficient (Trp53−/−) 
LPCs, which undergo tumorigenic transformation in 
vitro and form tumors when transplanted into immune-
compromised mice22. 

In this study, we sought to establish a causal role for 
ARF and INK4A in LPC tumorigenicity and hypothesized 
their loss or suppression is a critical, early carcinogenic 
event. We demonstrate that the loss of ARF and INK4A 
expression is a consistent feature of transformed LPC 
lines and showed that a consequence of their loss confers 
a propensity for LPC transformation. Finally, subsequent 
alterations were identified by comparing transformed and 
nontransformed Arf −/− LPCs. These data indicate that loss 
of ARF and INK4A expression initiates LPC transforma-
tion; however, additional changes are required for the 
cells to acquire the fully transformed phenotype exhibited 
by established cell lines.

MATERIALS AND METHODS

Cell Lines and Cell Culture

Adult bipotential murine oval liver 1 (BMOL1), 
BMOL2, and BMOL3 LPC lines were derived from 

wild-type mice, and BMOL-tyrosine amino transferase 
(TAT) LPCs were derived from TAT-GRE-lacZ mice fol-
lowing administration of a choline-deficient ethionine- 
supplemented diet as previously described23,24. 

Immortalized bipotential murine embryonic liver 
(BMEL) were derived from E14 embryos using tech-
niques previously described18. BMEL-Arf−/− LPC lines 
were derived from Arf GFP/GFP mice25,26, and conditional 
Cdkn2a−/− LPCs were derived from Cdkn2afl/f E14 
embryos. Henceforth, these cell lines will be referred 
to as BMEL-Arf−/− and BMEL-Cdkn2afl/f. BMEL-TAT 
cell lines were derived from TAT-GRE-lacZ mice, and 
BMEL A-EGFP were derived from embryonic mice with 
a chicken actin-EGFP construct27. BMEL-AEGFP LPCs 
were used as wild-type controls. 

LPC lines were maintained in supplemented Williams’ 
E medium (WEM; Sigma-Aldrich)24. Cells were passaged 
at 70%–90% confluency and replated at approximately 
10% confluence or 4,000 cells/cm2.

For demethylation experiments, LPCs were treated 
with 4 µm 5-azacytidine (Sigma-Aldrich) or 4 mM 
sodium butyrate (Sigma-Aldrich) in 0.1% dimethyl sul-
foxide (DMSO; Sigma-Aldrich) for 72 h. 

Soft Agar Assay

LPCs (1 × 104 cells/60-mm dish) were suspended in 
0.4% agar (Difco, BD Biociences) and layered over 0.8% 
agar both in WEM. Colony formation was monitored for 
up to 3 weeks. 

Cellavista Proliferation Assay

Cells were plated into 96-well plates (2,000 cells/
well), and the percentage of cell-covered surface area 
was quantified using the Cellavista Analyzer (Innovatis). 
Recordings were taken approximately every 12 h for 5–7 
days. Data were fitted to an exponential growth curve as 
described previously28. 

Nude Mouse Assay

BALB/c-Foxn1nu/nu (nude mice) were supplied by the 
Animal Resource Centre, Australia. Subconfluent LPCs 
were passaged and washed twice in WEM before 1 × 106 
cells were injected subcutaneously into the right flank of 
nude mice using a 20-gauge 3.5-inch Monojet 220 spinal 
needle (Sherwood Medical Industries, MO, USA). Mice 
were observed for tumor formation at least three times 
weekly for 100 days or until tumors reached a maximum 
volume of 1 cm3. PIL 2 and PIL 4 lines22 were used as 
tumorigenic and nontumorigenic controls, respectively. 
All animal procedures were overseen by the Animal 
Ethics Committee of The University of Western Australia 
and complied with National Health and Medical Research 
Council (NHMRC) of Australia. 
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Deletion of Cdkn2a Using CRISPR-Cas9

Guides designed to target Cdkn2a exon 2 (Table 1) 
were annealed and ligated into pX459 CRISPR vectors 
(Addgene) with T4 DNA Ligase (New England Biolabs® 
Inc.). DH10b competent cells were transformed with 
plasmids, which were then isolated using the QIAGEN 
HiSpeed® Plasmid Midi-Kit.

LPCs were transfected using ViaFectTM Transfection 
Reagent (Promega), and puromycin selection began 
48 h after transfection. LPCs were single cell cloned, 
expanded, and screened for loss of ARF/INK4A protein 

by Western blot. Three independent clones for each guide 
RNA (1, 2, and 3) were used for analysis. 

Deletion of Cdkn2a in Cdkn2a fl/fl LPCs

Cdkn2afl/fl LPCs were spin infected with Cre recombi-
nase lentiviral vector pFU-CreR-SV40puro29 for 90 min 
at room temperature and selected with 1–5 µg/ml puro-
mycin (Sigma-Aldrich) the following day. 

Western Blots

Cell lysates were prepared and separated by sodium 
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotted as previously described30. 
Antibodies specific for ARF (1:1,000; ab26696; Abcam), 
INK4A (1:5,000; sc-1207; Santa Cruz), p53 (1:1,000; 2524; 
Cell Signaling Technologies®), p21 (1:1,000; sc-397; Santa 
Cruz), or b-actin (1:50,000; A1978; Sigma) were detected 
using horseradish peroxidase-conjugated secondary 

Table 1.  CRISPR Guide Sequences

Guide Primer Sequence

Cdkn2a 1 Fwd: 5¢-GGG GTC GCC TGC CGC TCG ACT-3¢
Cdkn2a 2 Fwd: 5¢-GGG AAC GTC GCC CAG ACC GAC-3¢
Cdkn2a 3 Fwd: 5¢-GGC GAT ATT TGC GTT CCG C-3¢

Table 2.  List of Primer Sequences

Target Primer Sequence
Annealing Temp/

Conditions Amplicon Length

Genomic PCR primers
Mm Cdkn2a Fwd: 5¢-GAA TCT CCG CGA GGA AAG CGA A-3¢ 61°C 162 bp
Exon 1a Rev: 5¢-CGC GGT ACG ACC GAA AGA GT-3¢
NC_000070.6
Mm Cdkn2a Fwd: 5¢-CAG GTT CTT GGT CAC TGT GAG GA-3¢ 61°C 174 bp
Exon 1b Rev: 5¢-GGA TTC CGG TGC GGC CCT CTT-3¢
NC_000070.6
Mm Cdkn2a Fwd: 5¢-GCA ACG TTC ACG TAG CAG CTC TT-3¢ 61°C 119 bp
Exon 2 Rev: 5¢-GAG CGT GTC CAG GAA GCC TT-3¢
NC_000070.6
Mm Cdkn2a Fwd: 5¢-TCC CCT CTT TTA GTT TGG AA-3¢ 57°C WT: 4897 bp, Cre 

deleted: 543 bp
DExon 2,3 Rev: 5¢-CC CCA CCC TGA GAT CTT GT-3¢
NC_000070.6
Mm Cdkn2a Fwd: 5¢-CTA GCA AAG GGG GTT GGA GG-3¢ 57°C 618 bp
Exon 3 Rev: 5¢-GCC AAC AGG ATC GGG TAG AG-3¢
NC_000070.6
Mm Gapdh Fwd: 5¢-TGT TCC TAC CCC CAA TGT GT-3¢ 57°C 398 bp
NC_000072.6 Rev: 5¢-TGT GAG GGA GAT GCT CAG TG-3¢

RT-PCR or qPCR primers
Mm Arf Fwd: 5¢-GGG TTT TCT TGG TGA AGT TC-3¢ 60°C 146 bp
NM_009877.2 Rev: 5¢-TTG CCC ATC ATC ATC ACC T-3¢
Mm Gapdh Fwd: 5¢-TGT TCC TAC CCC CAA TGT GT-3¢ 57°C 398 bp
NM_001289726.1 Rev: 5¢-TGT GAG GGA GAT RGC TCA GTG-3¢
Mm Ink4a Fwd: 5¢-TCT GGA GCA GCA TGG AGT C-3¢ 60°C 185 bp
NM_001040654.1 Rev: 5¢-TTG CCC ATC ATC ATC ACC T-3¢
Mm Slug (Snai2) Fwd: 5¢-CTT GTG TCT GCA CGA CCT GT-3¢ 58°C 207 bp
NM_011415.2 Rev: 5¢-CTT CAC ATC CCG AGT GGG TTT-3¢
Mm Taf4a Fwd: 5¢-CCA CAG CAG ATC CAA CTG AA-3¢ 60°C 62 bp
NM_001081092.1 Rev: 5¢-GGT AAC ACG GTG GGT TTC AC-3¢
Mm Zeb1 Fwd: 5¢-AGG TGA TCC AGC CAA ACG-3¢ 61°C 100 bp
NM_011546.2 Rev: 5¢-GGT GGC GTG GAG TCA GAG-3¢
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antibodies (1:5,000; GE Life Sciences). Densitometric 
analyses were performed using ImageJ software. 

Genotyping

Genomic DNA was extracted from cells by shaking 
overnight in genomic DNA extraction buffer [100 mM 
tris-HCl (pH 8.5), 5 mM EDTA (pH 8.0), 0.5% SDS, 200 
mM NaCl, 500 µg/ml proteinase K] at 55°C, washed in 
isopropanol, 70% ethanol, and resuspended in 1 M tris-
EDTA (pH 8.0). Polymerase chain reaction (PCR) was 
performed on 50 ng of genomic DNA with BIOTAQTM 
DNA Polymerase (Bioline), and primers are listed in 
Table 2. Amplicons were separated on agarose gels and 
authenticated by sequencing.

Reverse Transcription and Quantitative PCR

RNA was extracted using QIAzol (QIAGEN) and, when 
required, further purified with the Isolate Kit (Bioline). 
cDNA was synthesized from 2 µg of RNA using the 
Tetro cDNA Synthesis Kit (Bioline) with both oligo(dT)s 
and random hexamers. A minus enzyme (no RT) control 
assessed genomic DNA contamination. PCR was per-
formed on the resultant cDNA using BIOTAQTM DNA 
Polymerase, and primers are listed in Table 2. Amplicons 
were separated on agarose gels. qPCR was performed 
with SensiFASTTM SYBR® (BioLine) and cDNA. 

Immunofluorescence

Immunofluorescence using anti-E-cadherin (1:200; 
3195; Cell Signaling Technology), anti-EpCAM (1:200; 
ab71916; Abcam), anti-CK19 (TROMA III, a gift from 
Rolf Kemler at the Max-Planck Institute), and anti- 
vimentin (1:100; MAB2105; R&D Systems) was per-
formed as described previously24. 

RESULTS

ARF and INK4A Expression Is Reduced in Transformed 
LPCs

LPCs generated from adult and embryonic mice were 
tested for their ability to form colonies in semisolid agar 
and were designated nontransformed if they remained as 
single cells or transformed if they formed colonies over 
the 3-week assessment period (Fig. 1A). As both ARF 
and INK4A are encoded by the Cdkn2a locus (Fig. 1B), 
the expression of both ARF and INK4A was assessed in 
the LPCs. All nontransformed LPCs expressed ARF pro-
tein (Fig. 1C). In contrast, ARF protein and mRNA were 
absent in transformed BMOL1 and BMEL-TAT lines and 
decreased in BMOL-TAT (Fig. 1C and D). PCR analysis 
indicated the Arf-specific exon (1b) was deleted in the 
transformed BMOL1 line accounting for the absence of 
ARF protein (Fig. 1E). 

INK4A protein was present in some nontransformed 
LPCs (BMOL1, BMOL2, and BMEL-AEGFP); however, 

it was absent in all transformed LPCs (Fig. 1C). Like Arf, 
Ink4a mRNA could not be amplified from the transformed 
cells (Fig. 1D), and PCR of genomic DNA indicated 
that Ink4a exon 1a was also deleted in the transformed 
BMOL1 and BMEL-TAT lines. These results indicate 
that diminished or depleted ARF/INK4A expression is a 
consistent feature of transformed LPC lines.

Loss of ARF and/or INK4A Enhances LPC 
Transformation

Three approaches were undertaken to address whether 
the loss of ARF/INK4A results in LPC transformation. 
First, LPC lines were generated from Arf −/− mice. Neither 
exon 1a, exon 1b, nor ARF or INK4A protein was detect-
able in these cells (Fig. 2A and B). Treatment with a 
DNA methyltransferase inhibitor (5-azacytidine), but not 
a HDAC inhibitor (sodium butyrate), restored INK4A 
expression (Fig. 2C), suggesting INK4A was silenced by 
CpG methylation in these cells. 

BMEL-Arf −/− LPCs remained single cells in semisolid 
agar (Fig. 2D) until after 20 passages. BMEL-Arf −/− 1 
and 2 formed small colonies and subsequently numerous 
large colonies with further passaging (Fig. 2D). The high-
passage BMEL-Arf −/− 1 (p < 0.05) and BMEL-Arf −/− 2 
cells (p > 0.05) exhibited decreased population doubling 
time (Fig. 2E). BMEL-Arf −/− 3 LPCs only produced large 
colonies after 65 passages (Fig. 2D). Low- (p16) and 
high-passage (p59) nontransformed BMEL-Arf −/− 3 had 
similar growth rates, which significantly differed from 
the transformed Arf −/− 3 (p < 0.01) (Fig. 2E). The trans-
formed status of all lines was confirmed by their ability 
to produce tumors in immune-compromised mice. This 
contrasts with the wild-type embryonic LPC line BMEL-
AEGFP cell line, which expresses ARF and INK4A, and 
did not produce colonies in agar.

Next, we deleted the first common Arf and Ink4a exon 
(exon 2) in wild-type adult LPC BMOL1 using CRISPR-
Cas9. ARF/INK4A abundance was depleted in guide 1 
clones (1A, 1B, and 1C) (Fig. 3A and B) as a result of 
a 200–400 base pair insertion within the open reading 
frame (ORF), resulting in nonsense mutation (Fig. 3C). 
ARF was not detected in guide 2 clones, and INK4A was 
truncated (clone 2A), elongated (clone 2B), or ablated 
(clone 2C). Interestingly, ARF and INK4A were detected 
in guide 3 clones, with an elongated INK4A detected in 
clone 3C. 

Clones 1A, 1C, and 2C had significantly reduced dou-
bling times compared to the parental line (Fig. 3). Clones 
1B and 2B had increased but not significantly different 
growth rates (p = 0.06 and 0.08, respectively). Clones 
that had unaffected ARF and INK4A abundance had 
unchanged proliferation rates. 

All clones that lacked ARF grew in semisolid agar but 
not those that expressed both ARF and INKA (Fig. 3E). 
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Figure 1.  INK4A is frequently downregulated in transformed liver progenitor cells (LPCs). (A) Nontransformed (NT) BMOL1 and 
three transformed cell lines derived from it (T

A
, T

B
, and T

C
), nontransformed (NT) and transformed (T), BMOL-TAT NT and T, 

BMOL3, BMEL-AEGFP, and BMEL-TAT cell lines were cultured in semisolid agar. Digital images were recorded with a dissecting 
microscope after 14 days. Scale bar: 1 mm. (B) Schematic illustration of the Cdkn2a locus encoding two proteins, alternate reading 
frame protein (ARF) (red) and INK4A (blue). Although the proteins share exons 2 and 3, they have distinct first exons, exons 1b and 
1a, and alternate reading frames. (C) Protein lysates were prepared from NT and T BMOL1, BMOL2, BMOL-TAT, BMOL3, BMEL-
AEGFP (BMEL-A), and BMEL-TAT cell lines. Lysates were separated by sodium dodecyl sulphate polyacrylamide gel electrophore-
sis (SDS-PAGE) and immunoblotted for ARF, INK4A, and b-actin. Size markers are shown in kDa. (D) cDNA was synthesized from 
total RNA extracted from the same lines and used as a template for polymerase chain reaction (PCR) to amplify Arf, Ink4a, and Gapdh. 
Amplicons (146, 185, and 437 bp, respectively) were resolved by agarose gel electrophoresis. (E) Genomic DNA was isolated and used 
as a template to amplify exons (Ex) 1b, 1a, and Gapdh. Products (174, 162, and 437 bp) were separated on agarose gels.
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Figure 2.  BMEL-Arf−/− LPCs that do not express ARF or INK4A transform in culture. (A) Genomic DNA was extracted from nontrans-
formed BMEL-AEGFP (BMEL) and BMEL-Arf−/− LPC lines (Arf−/−) 1, 2, and 3 and amplified by PCR using primers specific to exons 
1b, and 1a of Cdkn2a, and Gapdh. (B) Protein lysates were prepared from the BMEL-Arf−/− cells at passage 13 (p13) (low) or p57 or 
higher (high). Cell lysates were separated by SDS-PAGE, transferred to membrane, and immunoblotted for ARF, INK4A, and b-actin. 
(C) BMEL-Arf−/− 1 cells were treated with 4 µM 5-azacytidine (5-aza), 4 mM sodium butyrate (Na But), or 0.1% dimethyl sulfoxide 
(DMSO) vehicle control for 72 h. Protein lysates were prepared and immunoblotted as described in (B). Nontransformed BMEL and 
BMOL1 cells were included as positive controls. Size markers are indicated in kDa. (D) Growth of BMEL-Arf−/− lines were assessed in 
semisolid agar every four to five passages. Digital images were recorded with a dissecting microscope after 14 days. Scale bars: 1 mm. 
Images are shown for passage number (p) as indicated. (E) The cell doubling time of nontransformed (NT), NT low passage (NT

L
), NT 

high passage (NT
H
), and transformed (T) BMEL-Arf−/− LPC lines was determined using a Cellavista Analyzer and plotted as mean ± 

standard error of the mean (SEM) (n = 3). Statistical significance was determined by a Student’s t-test. *p < 0.05, **p < 0.01.
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Figure 3.  CRISPR-Cas9-mediated Cdkn2a deletion enhances LPC transformation. (A) Nontransformed BMOL1 cells were trans-
fected with CRISPR-Cas9 plasmids containing guide sequences specific to Cdkn2a exon 2, selected, and single cell cloned. (B) 
Lysates from three clones for each guide sequence and the parental cells were separated by SDS-PAGE, transferred to membrane, and 
immunoblotted for ARF, INK4A, and b-actin. Size markers are shown in kDa. (C) Clones were sequenced and identified mutations are 
listed. (D) Proliferation rates were determined using a Cellavista Analyzer. Doubling time is plotted as mean ± SEM (n = 3) for each 
cell line. Statistical significance was determined by a Student’s t-test. *p < 0.05, **p < 0.01. (E) Clones and parental cells were grown 
in semisolid agar for 2 weeks and then imaged with a dissecting microscope. Scale bars: 1 mm. 
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Figure 4.  Conditional loss of Cdkn2a enhances LPC transformation. (A) LoxP sites flank Cdkn2a exons 2 and 3 in Cdkn2afl/fl mice, 
resulting in deletion of exons 2 and 3 following Cre recombinase (Cre) induction. Primers were designed to amplify a product follow-
ing exon 2 and 3 deletion (Dexon 2,3, green arrows). (B) Conditional Cdkn2a knockout BMEL-Cdkn2afl/fl LPC lines (Cdkn2afl/fl) were 
infected with lentiviruses bearing either GFP or Cre recombinase constructs. PCR for exons 1b, 1a, 2, and Dexon 2,3 was performed 
on genomic DNA extracted from the parental (P) and infected cell lines. Amplicons were resolved by agarose gel electrophoresis. (C) 
Protein lysates were separated by SDS-PAGE and immunoblotted for ARF, INK4A, and b-actin. Size markers are indicated in kDa. 
Blot and gel images shown are a representative of n = 3 experiments. (D) Cell doubling time of parental (P), GFP-, and Cre-infected 
BMEL-Cdkn2afl/fl LPCs and BMEL-AEGFP cells were determined using a Cellavista Analyzer and are plotted as mean ± SEM (n = 3). 
Statistical significance was determined by a Student’s t-test (***p < 0.001). (E) Infected and parental (P) cell lines were passaged 10, 
10, and 7 times for A, B, and C, respectively, and grown in semisolid agar. Images were recorded after 14 days. Scale bars: 1 mm. 
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Transformed characteristics including increased growth 
rate and anchorage-independent growth were only 
observed in clones with depleted ARF and altered INK4A, 
namely, clones 1A, 1B, 1C, and 2C. 

Finally, LPC lines were generated from conditional 
Cdkn2a knock out (Cdkn2afl/fl) mouse embryos (Fig. 4A 
and B). Deletion of exons 2 and 3 was confirmed in all 
Cre-recombinase-expressing cells (BMEL-Cdkn2a fl/fl 

+Cre) by the DExon2,3 amplicon (Fig. 4B) and the absence 
of ARF and INK4A protein (Fig. 4C). ARF and INK4A 
abundance was not altered in the BMEL-AEGFP control 
line following GFP or Cre induction (Fig. 4C).

The growth rate of the parental cells, GFP-, and Cre-
recombinase-infected LPCs was measured five passages 
after infection. The BMEL-Cdkn2afl/fl 2+Cre proliferated 
more rapidly (~10 h faster/doubling) than the parental 
and GFP-infected cells (Fig. 4D). Similarly, BMEL-
Cdkn2afl/fl 1+Cre grew marginally faster (~2 h faster/
doubling) compared to the parental and GFP-infected 
cells; however, this was not significant (p = 0.16 and p = 
0.06, respectively) (Fig. 4D). No change was observed in 
the BMEL-Cdkn2afl/fl 3+Cre cell line (Fig. 4D). Infection 
with GFP did not alter cell doubling times, suggesting 
differences in proliferation could be attributed to the dele-
tion of Cdkn2a exons 2 and 3 (Fig. 4D). 

Colony growth was only evident after seven pas-
sages in the BMEL-Cdkn2afl/fl 3+Cre line, while the 
BMEL-Cdkn2afl/fl 3 parental or GFP-infected cells did not 

produce colonies at the same passage number (Fig. 4E). 
Colonies were not observed in the BMEL-Cdkn2afl/fl 1 or 
2, or BMEL-AEGFP lines even after 10 passages (Fig. 
4E). Thus, Cdkn2a deletion caused BMEL-Cdkn2afl/fl 

2+Cre to proliferate more quickly and BMEL-Cdkn2afl/fl 

3+Cre to grow in soft agar. 

Transformed Arf−/− LPCs Exhibited Decreased p21 
Abundance and Features of Epithelial-to-Mesenchymal 
Transition (EMT)

Depletion of ARF and INK4A did not immediately 
transform LPCs. The BMEL-Arf −/− LPCs were then 
examined for additional alterations necessary for LPC 
transformation. p53 abundance was decreased in trans-
formed BMEL-Arf −/− 2 but was not significantly reduced 
in BMEL-Arf −/− 1 or 2 (Fig. 5A and B). In contrast, abun-
dance of the p53 effector p21 was significantly decreased 
in all BMEL-Arf −/− lines (Fig. 5C). 

Expression of the mesenchymal marker vimen-
tin was enhanced in all BMEL-Arf −/− LPCs (Fig. 6A). 
Furthermore, transcript abundance of EMT inducers, Zeb1 
and Snail1, was increased in transformed BMEL-Arf −/−  
LPCs (Fig. 6B and C), although not significantly in the 
transformed BMEL-Arf −/− 3. Elevated Snail1 mRNA and 
abundance of SNAIL and SLUG protein were observed 
in the transformed BMEL-Arf −/− 1 and 2 LPCs (Fig. 6D). 
Epithelial markers E-cadherin and EpCAM decreased 
with transformation (Fig. 6D). Nontransformed, high-

Figure 5.  p21 and p53 abundance are decreased in transformed Arf −/− LPCs. (A) Protein lysates prepared from nontransformed (NT) 
and transformed (T) BMEL-Arf −/− LPC lines (Arf −/−) were separated by SDS-PAGE and immunoblotted for p53, p21, and b-actin. Size 
markers are shown in kDa. Mean ± SEM band intensity for p53 (B) and p21 (C) relative to b-actin are shown normalized to BMEL-
Arf −/− 1 NT (n = 3). Statistical significance was determined by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6.  Arf −/− and wild-type BMOL1 LPCs undergo an epithelial-to-mesenchymal-like transition concurrent with transformation. 
(A) Nontransformed (NT) and transformed (T) BMEL-Arf −/− LPC lines (Arf −/−) including low (NT

L
) and high (NT

H
) passage NT 

BMEL-Arf −/− Cs were stained for vimentin (Vim) and counterstained with DAPI. Scale bars: 50 µm. Snail1 (B) and Zeb1 (C) transcript 
abundance relative to housekeeper Taf4a was measured using quantitative PCR (qPCR) and plotted as mean ± SEM (n = 3). Statistical 
significance was determined by Student’s t-test. *p < 0.05. (D) Lysates from BMEL-Arf −/− LPC lines were separated by SDS-PAGE 
and immunoblotted for E-cadherin (E-cad), EpCAM, SNAIL, SLUG, and b-actin. Western blot performed in duplicate. Size markers 
are indicated in kDa. (E) NT and T

A
, T

B
, and T

C
 BMOL1 cells were immunofluorescently stained for vimentin as described in (A). (F) 

Lysates were prepared from NT and T
A
, T

B
, and T

C
 BMOL1 cells and immunoblotted for E-cadherin, EpCAM, SLUG, and b-actin as 

described in (D).
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passage BMEL-Arf −/− 3 retained epithelial markers 
without acquiring mesenchymal features despite being 
passaged over 60 times. Therefore, an EMT-like event 
accompanied transformation of BMEL-Arf −/− LPCs that 
was not a consequence of long-term culture. 

Transformed wild-type BMOL1 cells displayed 
increased vimentin staining (Fig. 6E) along with 
increased SLUG abundance and decreased E-cadherin 
in transformed BMOL1. EpCAM levels were unchanged 
(Fig. 6F). These observations suggest that BMOL1 also 
undergo an EMT-like event upon transformation, although 
not to the same extent as embryonic BMEL-Arf −/− LPCs. 
In summary, both Arf −/− and wild-type BMOL1 lines 
undergo an EMT-like event during transformation.

DISCUSSION

The loss through deletion or the reduction by hyper-
methylation in INK4A and ARF expression from the 
Cdkn2a locus is a common feature of HCCs3–5. A feature 
of chronic liver diseases that predispose patients to HCC 
is the appearance of LPCs20,21. To date, both in vitro and in 
vivo data indicate changes in Cdkn2a and liver cancer are 
correlative. This includes our observations that INK4A 
and ARF are expressed in newly established LPC lines, 
but they are extinguished following their transformation. 
This study demonstrates that loss of Cdkn2a is causal to 
the tumorigenic transformation of LPCs.

Cdkn2a loss accelerated the tumorigenic transforma-
tion of all LPC lines tested in this study. All BMEL-Arf −/− 
LPC lines spontaneously transformed with extended 
passage, demonstrating an increased capacity to form 
tumors than Trp53−/− LPCs; only three out of five Trp53−/− 
LPC lines formed tumors in immune-compromised 
mice22. It should be noted that Ink4a was methylated in 
BMEL-Arf −/− LPCs. The transformed BMEL-Arf −/− 3 
line took longer to progress to tumorigenicity, consis-
tent with the delay in their ability to grow colonies in 
semisolid agar. This correlated with their expression of 
fewer markers of EMT. Variability in cell transformation 
(timing and phenotype) between cell lines was expected 
given the lines were independent and displayed different 
molecular signatures. 

To definitively assess the contribution of both ARF 
and INK4A to LPC tumorigenic transformation, CRISPR-
Cas9 was used to inactivate the Cdkn2a locus. Clones with 
decreased ARF and INK4A abundance showed enhanced 
characteristics of transformation (i.e., increased prolifera-
tion and ability to grow in semisolid agar). Consistency 
irrespective of guide RNA provides confidence that the 
two events are related and not a consequence of clonal 
variation. Similarly, the deletion of Cdkn2a in conditional 
BMEL-Cdkn2afl/fl LPCs resulted in enhanced transformed 
phenotypes that were not observed in the cell lines where 
Cdkn2a remained intact. 

The tumorigenic transformation of the BMEL-Arf −/− 
and BMEL-Cdkn2afl/fl knockout LPCs is noteworthy as 
other laboratories have indicated wild-type embryonic 
LPC lines derived by this method do not transform in 
culture18. In our laboratory, a wild-type embryonic LPC 
line that retained ARF and INK4A expression has been 
passaged more than 33 times without displaying char-
acteristics of transformation. Growth of colonies at pas-
sage 21 in the BMEL-Arf −/− 1 and 2 and at passage 7 
in the BMEL-Cdkn2afl/fl 3+Cre is therefore significant. 
Collectively, these results provide compelling evidence 
that the loss of Cdkn2a enhances tumorigenic transforma-
tion of LPCs.

The absence of ARF and/or INK4A in transformed 
LPCs removes two critical tumor suppressors that prevent 
uncontrolled cell proliferation. Inhibition of Arf and Ink4a 
increased hepatoblast proliferation31, but Cdkn2a−/− hepa-
toblasts did not form tumors in immune-compromised 
mice32. Similarly, the cells used in our experiments did not 
immediately transform, suggesting that additional molec-
ular changes are required. This observation corresponds 
with patient outcome analyses that indicate that altera-
tions of CDKN2A abundance in combination with other 
genes, but not alone, have prognostic significance33–35.

Additional molecular changes that are necessary for 
LPC transformation were identified in the BMEL-Arf −/− 
LPC lines. Decreased p53 was observed in two of the 
three transformed BMEL-Arf −/− LPC lines. Notably, 
p53 effector p21 was significantly decreased in all trans-
formed BMEL-Arf −/− LPC lines and corresponded with 
accelerated proliferation. A similar observation was made 
in a model of HCC36. p21 expression in HCCs has been 
associated with increased survival of patients with HCC 
following resections37. It is therefore plausible that p21 
loss is a critical driver of LPC transformation. 

The most noticeable modification during BMEL-
Arf −/− LPC transformation was EMT. Holczbauer et al. 
noted that LPC-derived tumors had a more pronounced 
mesenchymal phenotype than tumors derived from adult 
hepatocytes in immune-compromised mice38. This indi-
cates that EMT is not specific to Arf −/− LPCs but may 
be part of the LPC transformation process. HCCs with 
a mesenchymal phenotype, including increased expres-
sion of SNAIL, are associated with poorer prognoses and 
increased metastases39. 

In addition to being observed in LPCs, depletion of 
ARF and INK4A has also been associated with EMT. 
HCCs arising in Foxm1b-Tg;Arf −/− mice displayed a 
mesenchymal phenotype including activated AKT–
SNAIL signaling compared with Foxm1b-Tg mice17. 
Furthermore, increased numbers of metastases, associ-
ated with EMT, were observed for HCCs developed in 
Trp53fl/fl;Arf/Ink4afl/fl mice following deletion with Cre 
recombinase40. Investigation into the mechanism found 
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ARF inhibits CTBP2, which can drive EMT and increase 
the cell’s invasive capacity41. INK4A prevents HIF1a 
from activating VEGF transcription10 and may inhibit 
other HIF1a targets such as EMT drivers Snail, SIP1, 
and Twist39; however, evidence suggests that aberrant 
overexpression and cytoplasmic INK4A expression may 
enhance cell migration42. Since EMT is a relatively late 
change in HCC progression43, it is plausible that Cdkn2a 
loss is an important early event in cancer progression that 
promotes subsequent events including EMT. 

Loss of CDKN2A expression by hypermethylation 
or deletion has been observed in HCC across numerous 
studies. Multiple groups have published analyses indicat-
ing that CDKN2A may be related to the prognosis of HCC 
in combination with other genes34,35 or alone3; however, 
aberrant expression of CDKN2A alone did not always 
correlate with patient outcomes33. Interestingly, altera-
tions including deletions and hypermethylation of the 
CDKN2A locus have been observed in HCC at various 
frequencies, which may be related to etiology and region. 
For example, increased methylation of ARF was detected 
in patients with cirrhosis44 and in patients with hepati-
tis infections relative to those not infected12. CDKN2A 
methylation was more common in patients infected with 
HBV and HCV12,14,45–47, so much so that the level of infec-
tion correlated with the degree of INK4A methylation46,48. 
Collectively, these data indicate that further analysis may 
be required to fully understand the prognostic potential of 
the CDKN2A locus in relation to disease background and 
HCC subtype.

The data presented here provide compelling evi-
dence that the loss of Cdkn2a is a key driver of LPC 
transformation. Cdkn2a deletion alone does not imme-
diately transform cells. This observation is consistent 
with those made by Chiba et al., who observed that pri-
mary Cdkn2a−/− LPCs did not form tumors in immune- 
compromised mice, but tumors were observed in conjunc-
tion with overexpression of an oncogene such as BMI132. 
Therefore, the loss of ARF and INK4A may be an early 
event in liver carcinogenesis, priming LPCs to acquire 
additional changes such as p21 loss and EMT, leading to 
their transformation. Identifying the Cdkn2a locus as a 
driver of LPC transformation highlights the role of ARF 
and INK4A in HCC development and advocates for future 
investigations into treatments that target this pathway.
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