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PF-429242 exhibits anticancer activity in hepatocellular 
carcinoma cells via FOXO1-dependent autophagic cell 
death and IGFBP1-dependent anti-survival signaling
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Abstract: Effective therapies for hepatocellular carcinoma (HCC) are urgently needed, as it is a type of cancer re-
sistant to chemotherapy. Recent evidence showed that PF-429242, a membrane-bound transcription factor site-1 
protease (MBTPS1) inhibitor, exhibited anticancer activities against glioblastomas, renal cell carcinoma, and pan-
creatic cancer. However, its anticancer activity against HCC has yet to be investigated. In this study, we found 
that PF-429242 induced autophagy-dependent cell death in HCC cells. RNA-sequencing analysis indicated that 
the primary effect of PF-429242 was inhibition of the sterol regulatory element-binding protein (SREBP) signaling 
pathway. However, overexpression of SREBP proteins did not efficiently rescue PF-429242-induced autophagy and 
cell death. Mechanistically, PF-429242 induced forkhead box protein O1 (FOXO1)-dependent autophagic cell death. 
Additionally, PF-429242 caused FOXO1-independent upregulation of insulin-like growth factor-binding protein 1 
(IGFBP1), ultimately leading to autophagy-independent cell death. The in vivo anticancer activity of PF-429242 
against HCC cells was demonstrated in a tumor xenograft mouse model. Therefore, PF-429242 is a potential anti-
cancer agent to treat HCC by triggering FOXO1-dependent autophagic cell death and IGFBP1-mediated anti-survival 
signaling in parallel.
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Introduction

Liver cancer is the fifth and seventh leading 
cause of cancer deaths, respectively, in men 
and women worldwide [1]. The most common 
type of primary liver cancer is hepatocellular 
carcinoma (HCC), which accounts for 75%~85% 
of cases [2, 3]. Several treatment options are 
available for HCC, including surgery, liver trans-
plantation, local ablation techniques like etha-
nol injection or radiofrequency thermal abla-
tion, transarterial chemoembolization/radioem- 
bolization, and systemic pharmacological treat-
ments [3-5]. However, advanced or metastatic 

HCC is a chemo-resistant and refractory tumor 
type with no reliable treatment options [6]. 
Although some molecular-targeted agents like 
sorafenib, regorafenib, lenvatinib, and cabozan-
tinib have been approved for treating advanc- 
ed HCC, they only slightly improve median over-
all survival [7-10]. Recently, immunotherapies 
such as immune checkpoint inhibitors, adoptive 
cell therapy, engineered cytokines, and thera-
peutic cancer vaccines have been explored as 
treatment options for advanced HCC [11, 12]. 
Despite these advances, treatment of advanced 
HCC remains challenging, and novel therapeu-
tic strategies are needed.

http://www.ajcr.us
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Autophagy is a process that allows cells to 
break down and recycle their components, 
often in response to nutrient deprivation or 
other stressors. During autophagy, cells form 
double-membraned autophagic vesicles (auto- 
phagosomes) to sequester intracellular materi-
als like damaged organelles, protein aggre-
gates, and pathogens, which are then delivered 
to lysosomes for degradation [13]. Autophagy 
helps maintain cellular homeostasis, provides 
an alternative energy source, and allows cells 
to survive stress by eliminating damaged organ-
elles, misfolded proteins, and pathogens [14]. 
It can also contribute to type II programmed 
cell death or autophagic cell death [15, 16]. 
However, relationships of pro-survival autopha-
gy with autophagic cell death and their shared 
molecular mechanisms are not fully under-
stood [17, 18]. Accordingly, the roles of autoph-
agy in cancer progression and responses to 
treatment are controversial. They may depend 
on the type, stage, and genetic context of  
the cancer and the tumor microenvironment. 
Autophagy can either facilitate drug resistance 
or contribute to the destruction of cancer cells 
through autophagic cell death in response to 
cancer therapies. Therefore, understanding  
the role of autophagy in cancer treatment and 
modulating its activity could improve the effec-
tiveness of cancer therapies [19-21].

Sterol regulatory element-binding proteins 
(SREBPs) are transcription factors that have a 
basic-helix-loop-helix leucine zipper structure. 
Among three SREBP isoforms, SREBP1a and 
SREBP2 are predominantly expressed in cul-
tured cells and respectively activate fatty acid 
and cholesterol synthesis. SREBP1c is mainly 
expressed in the liver and is regulated by  
nutrient and energy statuses. SREBPs sense 
nutrition levels and regulate lipid metabolism 
genes. When sterols are present, SREBPs 
become inactive and are kept in the endoplas-
mic reticulum by associating with SREBP-
cleavage-activating protein (SCAP) and insulin-
induced genes 1 and 2 (INSIG1/2). However, in 
cells with low levels of sterols, SCAP and INSIGs 
separate, allowing the SREBP-SCAP complex to 
move to the Golgi apparatus. Here, it is cleaved 
into a water-soluble N-terminal domain by site-
1 protease (S1P) and site-2 protease (S2P), 
which are respectively encoded by the mem-
brane-bound transcription factor site-1 prote-
ase (MBTPS1) and MBTPS2 genes. Mature 
SREBPs are subsequently taken into nuclei, 

where they bind to specific sterol regulatory  
elements and upregulate sterol biosynthesis 
genes. Sterols then limit additional sterol syn-
thesis by inhibiting SREBP cleavage, forming a 
negative feedback loop [22, 23]. Because of 
their prominent involvement in lipid metabo-
lism, components of the SREBP signaling path-
way have been explored as potential metabolic 
targets for cancer therapy [22].

Class O forkhead box (FOXO) transcription fac-
tors are essential autophagy regulators [24]. 
Among the four family members (FOXO1, 
FOXO3, FOXO4, and FOXO6), FOXO3 was first 
identified as a transcriptional regulator of auto- 
phagy genes [25-27]. Later, FOXO1 was also 
shown to be a transcriptional autophagy regula-
tor [28-30]. FOXO1 can also induce autophagy 
in a transcription-independent manner. Cyto- 
solic acetylated FOXO1 directly binds to autoph-
agy related 7 (ATG7) to stimulate autophagy 
[31]. Transcriptional initiation of autophagy  
by FOXO transcription factors is regulated by 
their post-translational modifications and sub-
sequent nuclear/cytosolic shuttling. For exam-
ple, adenosine monophosphate-activated pro-
tein kinase (AMPK)-mediated phosphorylation 
and protein arginine N-methyltransferase 6 
(PRMT6)-mediated methylation favor their 
nuclear translocation, whereas AKT-mediated 
phosphorylation results in cytoplasmic reten-
tion [24].

Insulin-like growth factor (IGF)-binding protein 
1 (IGFBP1) belongs to the family of IGF-binding 
proteins (IGFBP1~6) that modulate the avail-
ability of unbound IGFs (IGF1 and IGF2) for 
interactions with IGF receptors (IGF1R and 
IGF2R). Physiologically, IGFs mediate the effe- 
cts of growth hormones, promote cell prolifera-
tion and differentiation, and inhibit apoptosis 
by activating multiple intracellular signaling 
pathways, including the phosphoinositide 3- 
kinase (PI3K)/AKT and mitogen-activated pro-
tein kinase (MAPK). Thus, IGFs and IGFRs are 
oncogenic in cancer [32, 33]. By binding with 
IGFs and preventing their interaction with 
receptors, IGFBP1 can suppress IGF-driven 
oncogenic signaling.

PF-429242 is the most commonly used experi-
mental MBTPS1 inhibitor [34]. However, its 
anticancer activity has rarely been investigat-
ed. This study identified that PF-429242 exhib-
its in vitro and in vivo anticancer activities 
against HCC through the parallel induction of 
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FOXO1-dependent autophagic cell death and 
FOXO1-independent IGFBP1-mediated anti-sur-
vival signaling.

Material and methods

Chemicals and reagents

PF-429242 (#A11230) and AS1842856 (#A15- 
871) were purchased from Adooq Bioscience 
(Irvine, CA, USA). Doxorubicin (#D-4000) was 
purchased from LC Laboratories (Woburn, MA, 
USA). Spautin-1 (#SML0440), chloroquine di- 
phosphate salt (#C6628), and carbenoxolone 
disodium salt (#C4790) were purchased from 
Merck (Darmstadt, Germany). ZVAD-FMK (#A1- 
902) was purchased from APExBIO Technology 
(Houston, TX, USA). Minimum essential medi-
um (MEM; #10-010-CM) and Matrigel (#35- 
4248) were purchased from Corning (Corning, 
NY, USA). L-Glutamine (#25030081), Earle’s 
balanced salt solution (EBSS; #14155063), 
sodium bicarbonate (#11360070), non-essen-
tial amino acids (NEAA) solution (#11140050), 
sodium pyruvate (#11360070), fetal bovine 
serum (FBS; #10437028), alamarBlue cell via-
bility reagent (#DAL1100), M-PER mammalian 
protein extraction reagent (#78501), Premo 
autophagy tandem sensor RFP-GFP-LC3B kit 
(#P36239), Hoechst 33342 solution (#62249), 
and Lipofectamine RNAiMAX and 3000 trans-
fection reagents (#13778150 and #L3000015, 
respectively) were purchased from Thermo 
Fisher Scientific (Waltham, MA, USA). Bio-Rad 
protein assay (#5000006) and iScript cDNA 
synthesis kit (#1708891) were purchased from 
Bio-Rad Laboratories (Hercules, CA, USA). We- 
stern Lightning ECL Pro reagent (#PK-NEL122) 
was purchased from PerkinElmer (Boston, MA, 
USA). GENEzol TriRNA Pure kit (#GZX100) was 
purchased from Geneaid (New Taipei City, 
Taiwan). IQ2 SYBR Green Fast qPCR System 
Master Mix (#DBU-006) was purchased from 
Bio-Genesis (Taipei, Taiwan).

Cell culture

PLC/PRF/5 (PLC5; #60223) and HepG2 
(#RM60025) cells were purchased from the 
Bioresource Collection and Research Center 
(Hsinchu City, Taiwan) and authenticated by 
short tandem repeat profiling. Cells were cul-
tured in 90% MEM with 2 mM L-glutamine and 
EBSS adjusted to contain 1.5 g/L sodium bicar-
bonate, 0.1 mM NEAA, 1.0 mM sodium pyru-
vate, and 10% FBS. All cell lines were incubated 

in a 37°C humidified incubator and routinely 
tested to ensure they were free of mycoplasma 
contamination.

Cell viability assay

PLC5 and HepG2 cells were trypsinized into 
single-cell suspension and spread in a 96-well 
plate. After 24 h, cells were treated with drugs 
for indicated time intervals. At the end of the 
experiment, alamarBlue reagent was added to 
each well. After 1~3 h of incubation, fluores-
cence (excitation at 530~560 nm and emis-
sion at 590 nm) was detected using a Varios- 
kan Flash Multimode Reader (ThermoFisher 
Scientific). Cell viability was calculated after 
subtraction of the background intensity and 
normalization with control fluorescence.

Autophagy flux assay

Stages of the autophagic process were detect-
ed using a Premo autophagy tandem sensor 
RFP-GFP-LC3B kit following the manufacturer’s 
instructions. Briefly, cells were spread on a 
µ-Slide 8-well chamber slide (#80826; ibidi 
GmbH; Martinsried, Germany) and allowed to 
adhere overnight and grow to 70% confluency. 
Cells were infected with Premo autophagy tan-
dem sensor RFP-GFP-LC3B for 24 h and then 
exposed to 20 μM PF-429242 for another 24 h. 
The red fluorescent protein (RFP) and green 
fluorescent protein (GFP) fluorescence was 
observed under a fluorescence microscope to 
illustrate the distributions of autophagosomes 
(yellow dots in fusion images) and autolyso-
somes (red dots in fusion images). Cell nuclei 
were stained with Hoechst 33342.

RNA-sequencing (RNA-Seq) and bioinformatics 
analysis

PLC5 and HepG2 cells were treated with or 
without 20 μM PF-429242 for 24 h, and sam-
ples were sent to Biotools (New TaipeiCity, 
Taiwan) for RNA-Seq using the Illumina NovaSeq 
6000 platform (San Diego, CA, USA) to gener-
ate 150-bp paired-end reads. DEGseq was 
used to identify the differentially expressed 
genes (DEGs) with |fold change| > 2 and an 
adjusted p value of < 0.005. Overlapping DEGs 
between PLC5 and HepG2 cells were visualized 
using the VENNY 2.1 online tool (https:// 
bioinfogp.cnb.csic.es/tools/venny/index.html). 
A heatmap was generated using the Heat- 
mapper online tool [35] (http://www.heatmap-
per.ca/). A pathway enrichment analysis was 



Anticancer effect of PF-429242 on HCC

4128	 Am J Cancer Res 2023;13(9):4125-4144

performed using the STRING online database 
[36] (https://string-db.org/) and gene set en- 
richment analysis (GSEA) software [37, 38]. 
RNA-Seq data (GSE228257) were deposited in 
the NCBI GEO database.

Western blotting

Cells were lysed using the M-PER mammalian 
protein extraction reagent. The protein concen-
tration in the lysate was measured with a  
Bio-Rad protein assay, and equal amounts of 
protein were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE). The separated proteins were transferred 
to a nitrocellulose membrane, then incubated 
with a primary antibody overnight at 4°C. After 
washing with Tris-buffered saline with 0.1% 
Tween 20 (TBST), the membrane was incubat-
ed with a horseradish peroxidase-conjugated 
secondary antibody at room temperature for 1 
h. The membrane was exposed to an enhanced 
chemiluminescence (ECL) reagent to produce a 
chemiluminescent signal. The following anti-
bodies were used in this study. SREBP1 
(#557036) and SREBP2 (#557037) antibodies 
were purchased from BD Biosciences (Woburn, 
MA, USA). MAP1LC3B (#2775), PARP (#9542), 
cleaved caspase-3 (#9661), phospho-Ser256-
FOXO1 (#9461), FOXO1 (#2880), and Tubulin 
(#2148) antibodies were purchased from Cell 
Signaling Technology (Beverly, MA, USA). The 
IGFBP1 antibody (#GTX129006) was pur-
chased from GeneTex (HsinchuCity, Taiwan). 
The DEPP1 antibody (#NBP2-38367) was  
purchased from Novus Biologicals (Coralville, 
IA, USA). Acetyl-Lys262/Lys265/Lys274-FOXO1 
(#A17406) and Ki67 (#A11390) antibodies 
were purchased from ABclonal Technology 
(Woburn, MA, USA). MAP1LC3B (#18725-1-AP) 
and GAPDH (#60004-1-Ig) antibodies were pur-
chased from Proteintech (Chicago, IL, USA). The 
anti-Flag antibody (#F3165) was purchased 
from Merck.

Real-time quantitative polymerase chain reac-
tion (qPCR)

Total RNA was extracted using a GENEzol 
TriRNA Pure kit, according to the manufactur-
er’s instructions. First-strand complementary 
(c)DNA was synthesized using an iScript cDNA 
synthesis kit. SYBR Green-based PCR amplifi-
cation was performed on a Roche LightCycler 
480 System (Indianapolis, IN, USA) using the 

following primer pairs: human MBTPS1 (for-
ward 5’-TCCAATTGCTTGGATGACAG-3’ and re- 
verse 5’-TCCAGAACCTTGGAGTACCG-3’), human 
MBTPS2 (forward 5’-ACCCGTCAATCAACTGAC- 
CT-3’ and reverse 5’-TGCCAGATACCTGCACAA- 
AA-3’), human IGFBP1 (forward 5’-CTGCGTG- 
CAGGAGTCTGA-3’ and reverse 5’-CCCAAAG- 
GATGGAATGATCC-3’), human DEPP1 (forward 
5’-ATACGTCCTGTGGTGGCATTG-3’ and reverse 
5’-CCTGATTCCCGTTCCCTGAT-3’), human MAP- 
1LC3B (forward 5’-AACGGGCTGTGTGAGAAA- 
AC-3’ and reverse 5’-AGTGAGGACTTTGGGTG- 
TGG-3’), human SQSTM1 (forward 5’-CATCG- 
GAGGATCCGAGTGTG-3’ and reverse 5’-TTCTT- 
TTCCCTCCGTGCTCC-3’), and human 18S ribo-
somal (r)RNA (forward 5’-CGGCGACGACCCA- 
TTCGAAC-3’ and reverse 5’-GAATCGAACCC- 
TGATTCCCCGTC-3’). Fold changes in gene 
expressions were calculated using the compar-
ative cycle threshold method.

Transient transfection

Lipofectamine RNAiMAX and 3000 transfec-
tion reagents were used to transiently trans- 
fect the following siRNAs and plasmids into 
cells, respectively, according to the manufac-
turer’s instructions. si-MBTPS1 (#sc-36496), 
si-MBTPS2 (#sc-41652), si-IGFBP1 (#sc-
39584), si-DEPP1 (#sc-90781), si-FOXO1 (#sc-
35382), and control siRNA (#sc-37007) were 
purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). pcDNA3.1-2xFLAG-
SREBP-1a (Addgene plasmid #26801; http://
n2t.net/addgene:26801; RRID: Addgene_26- 
801), pcDNA3.1-2xFLAG-SREBP-1c (Addgene 
plasmid #26802; http://n2t.net/addgene:26- 
802; RRID: Addgene_26802), and pcDNA3.1-
2xFLAG-SREBP-2 (Addgene plasmid #26807; 
http://n2t.net/addgene:26807; RRID: Addge- 
ne_26807) were gifts from Timothy Osborne 
[39]. At 24 h after transfection, cells were used 
for further experiments.

Animal xenograft model

Animal studies were approved by the Insti- 
tutional Animal Care and Use Committee at 
Mackay Memorial Hospital (MMS-A-S-110-13 
and MMS-A-S-111-06) and Taipei Medical 
University (LAC-2020-0007 and LAC-2021-
0421). HepG2 (107) cells mixed with Matrigel 
(1:1) were subcutaneously injected into 
6~8-week-old male NPG (NOD-PrkdcscidIL2rgnull) 
mice (BioLASCO, Taipei, Taiwan) on the first 
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experimental day (day 0). After 12 days, mice 
were randomly divided into vehicle (n = 5) and 
PF-429242 (n = 5) groups. PF-429242 (20 mg/
kg) or the vehicle solvent control (8% DMSO in 
sterile PBS) was intravenously administered to 
mice twice weekly for 4 weeks. Tumor length 
and width and mice body weight were mea-
sured twice weekly. The tumor volume was cal-
culated by the formula: 0.5 × length × width2. 
Blinding in group allocation and outcome 
assessment was not performed in this animal 
study due to practical limitations and the nature 
of the interventions used. However, efforts 
were made to minimize bias and ensure that 
data were objectively collected and analyzed.

Immunohistochemistry (IHC) staining

After fixation with 10% formaldehyde at room 
temperature for at least 24 h, HepG2 tumor 
specimens from xenograft assay were subject-
ed to trimming, dehydration, paraffin embed-
ding, and sectioning. Immunohistochemistry 
(IHC) was conducted using the primary antibod-
ies (1:100 dilution) for Ki67, IGFBP1, and LC3B. 
Sections were incubated with 3,3’-diaminoben-
zidine (DAB) and counterstained with hema- 
toxylin.

Statistical analysis

All experiments were performed independently, 
with at least three replicates. Results are 
shown as the mean ± standard error of the 
mean (SEM) or mean ± standard deviation (SD). 
Data were assessed for normality using the 
Kolmogorov-Smirnov test. If the data were nor-
mally distributed, an unpaired two-tailed 
Student’s t-test was used for statistical analy-
sis. If the data were not normally distributed,  
a two-tailed Mann-Whitney test was used. A  
p value of < 0.05 was considered statistically 
significant.

Results

Effect of the MBTPS1 inhibitor, PF-429242, on 
HCC cells

Recently, the MBTPS1 inhibitor, PF-429242, 
was found to exhibit in vitro or in vivo antican-
cer activity against glioblastomas, renal cell 
carcinoma, and pancreatic cancer [40-42].  
Our previous study showed that PF-429242 
enhanced the in vitro anticancer activity of 

GSK343, an enhancer of zeste homolog 2 
(EZH2) inhibitor, in HCC cells [43]. In this study, 
we further explored the anticancer cancer 
activity of PF-429242 against HCC. We found 
that PF-429242 dose-dependently inhibited 
cell viability in two HCC cell lines, PLC5 and 
HepG2 (Figure 1A). To confirm that PF-429242 
indeed inhibited the MBTPS1/SREBP signaling 
pathway, the proteolytic processing of SREBP1 
and SREBP2 was detected by Western blotting. 
As shown in Figure 1B, the pro-forms (precur-
sors) of SREBP1 and SREBP2 were reduced  
by PF-429242. Interestingly, PLC5 and HepG2 
cells tended to have higher levels of mature 
SREBP2, which PF-429242 significantly inhibit-
ed. These results imply that SREBP2 may be 
the primary target of PF-429242 in HCC cells. 
To further characterize the inhibitory effect of 
PF-429242 on the MBTPS1/SREBP signaling 
pathway, an RNA-Seq analysis of PF-429242-
treated PLC5 and HepG2 cells was performed. 
There were 5 and 16 commonly upregulated 
and downregulated genes in the two cell lines 
(Figure 1C), as visualized in a heatmap (Figure 
1D). The pathway enrichment of these genes 
was analyzed using the STRING database 
(https://string-db.org/) [36]. We found that 
PF-429242-downregulated genes were related 
to lipid metabolism (Figure 1E), which con-
firmed inhibition of the MBTPS1/SREBP signal-
ing pathway by PF-429242. In addition, GSEA 
identified that cholesterol homeostasis was the 
most inhibited cancer hallmark in PF-4294242-
treated HCC cells (Figure 1F; Table 1). Con- 
sistent with Figure 1B, SREBF2, which encodes 
the SREBP2 protein, was commonly downregu-
lated by PF-429242 in HCC cells (Figure 1D and 
1E). Therefore, these results confirmed inhibi-
tion of the MBTPS1/SREBP signaling pathway 
and cell viability by PF-429242 in HCC cells.

PF-429242 induced autophagic cell death

To investigate how PF-429242 inhibits cell via-
bility in HCC cells, cell apoptosis was evaluated 
by examining cleavage of poly (ADP ribose)  
polymerase (PARP) and caspase-3. However, 
PF-429242 did not significantly induce PARP or 
caspase-3 cleavage (Figure 2A). To confirm this 
observation, doxorubicin, a chemotherapeutic 
drug, was used as a positive control. The in 
vitro anticancer activities of doxorubicin in 
PLC5 and HepG2 cells were confirmed in Figure 
2B. Unlike PF-429242, doxorubicin at 0.25~1 
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Figure 1. In vitro effect of PF-429242 on hepatocellular carcinoma (HCC) cells. A. PLC5 and HepG2 cells were 
treated with various doses of PF-429242 for 72 h, and then cell viability was determined by Alamar Blue staining. 
Error bars are the mean ± SD (n = 3). ** and *** indicate a significant difference (P < 0.01 and P < 0.001, respec-
tively) between PF-429242-treated and control cells. B. PLC5 and HepG2 cells were treated with 20 μM PF-429242 
for 24 h. Protein expressions were determined by Western blotting. Pro- and m- respectively indicate the pro-forms 
(precursors) and mature forms of SREBP. C-E. PLC5 and HepG2 cells were treated with 20 μM PF-429242 for 24 h, 
and gene expressions were analyzed by RNA-Seq. C. A Venn diagram shows upregulated, downregulated, and over-
lapping gene numbers in the two HCC cell lines. D. A heatmap is used to visualize the overlapping genes and their 
fold changes. E. Pathway enrichments of commonly upregulated and downregulated genes were analyzed using the 
STRING database. MTATP6P1 and MTCO1P12 were excluded because they were pseudogenes. F. A gene set enrich-
ment analysis (GSEA) was performed to visualize the enrichment of “cholesterol homeostasis” cancer hallmark in 
PF-429242-treated HCC cells.
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and 2.5 μM respectively induced the cleavages 
of PARP and caspase-3 in PLC5 and HepG2 
cells (Figure 2A). These results indicated that 
PF-429242 did not induce apoptosis of HCC 
cells. Interestingly, PF-429242 dose- and time-
dependently induced the accumulation of 
LC3B-II, a marker of autophagy [44] (Figure 2A, 
2C). Both increased autophagosome formation 
and impaired autophagosome-lysosome fusion 
can induce LC3B-II accumulation [44]. To dis-
criminate between these two possibilities, 
autophagic flux (LC3B flux) was analyzed by 
treating PLC5 and HepG2 cells with early-
(spautin-1) and late-stage (chloroquine) inhibi-
tors of autophagy. Spautin-1 blocks autophagy 
initiation by inhibiting ubiquitin-specific pepti-
dase 10 (USP10) and USP13, leading to degra-
dation of vacuolar protein sorting 34 (VPS34)-
PI3K complexes [45]. On the other hand, chlo-
roquine reduces the autophagic flux by hinder-
ing the fusion of autophagosomes and lyso-
somes [46]. PF-429242-induced LC3B-II accu-
mulation was reduced by spautin-1 and was 
enhanced by chloroquine (Figure 2D), suggest-
ing that PF-429242 indeed induces autophagy. 
To visualize the maturation of autophagosomes 
in cells, the tandem RFP-GFP-LC3B sensor was 
transduced into PLC5 and HepG2 cells, and 
cells were observed under a fluorescence 
microscope. By using GFP, which is sensitive to 
acid, in combination with RFP, which is not, it 
was possible to observe the transition from an 
autophagosome (which has a neutral pH) to an 
autolysosome (which has an acidic pH) by track-
ing the loss of GFP fluorescence and observing 
only RFP fluorescence [47]. As shown in Figure 

2E, PF-429242 increased numbers of autopha-
gosomes (yellowish-green) and autolysosomes 
(red). To understand the impacts of autophagy 
and apoptosis on the anticancer activity of 
PF-429242, the effects of the drug were stud-
ied in PLC5 and HepG2 cells in the presence 
and absence of inhibitors of autophagy (spau-
tin-1) and apoptosis (ZVAD-FMK). As shown in 
Figure 2F, spautin-1, but not ZVAD-FMK, signifi-
cantly rescued cells from PF-4294242-induced 
cytotoxicity, suggesting that PF-429242 induc-
es autophagic cell death.

Inhibition of the MBTPS1/SREBP pathway 
does not fully contribute to PF-429242-
induced autophagy and cell death

It was reported that inhibition of MBTPS1/2 by 
chemical inhibitors (including PF-429242) and 
siRNAs can increase the autophagic flux [48, 
49]. To determine if suppression of MBTPS1 
was the cause of the autophagy triggered by 
PF-429242 in HCC cells, siRNAs specific for 
MBTPS1 and MBTPS2 (for comparison) were 
used to reduce their messenger (m)RNA expres-
sions (Figure 3A). Knockdown of MBTPS1, but 
not MBTPS2, induced a slight accumulation of 
LC3B-II only when combined with chloroquine, 
which was incomparable with the effect of 
PF-429242 (Figure 3B). In addition, knockdown 
of MBTPS1 or MBTPS2 did not alter cell viability 
in PLC5 or HepG2 cells (Figure 3C). Therefore, 
inhibition of MBTPS1 cannot fully explain the 
PF-429242-induced cell death of HCC cells.

Because PF-429242 inhibits the proteolytic 
processing of SREBPs that enter the nucleus  

Table 1. Gene set enrichment analysis (GSEA) for hallmarks commonly enriched in PF-429242-treat-
ed PLC5 and HepG2 cells

Hallmark No. of Genes 
in Pathway

No. of Pathway Genes Differentially 
Expressed (% of Total) NES p Value FDR

CHOLESTEROL_HOMEOSTASIS 74 30 (41%) -1.95 < 0.001 < 0.001
E2F_TARGETS 200 164 (82%) -1.81 < 0.001 < 0.001
G2M_CHECKPOINT 200 134 (67%) -1.72 < 0.001 < 0.001
MITOTIC_SPINDLE 199 128 (64%) -1.64 < 0.001 0.001
MYC_TARGETS_V1 200 149 (75%) -1.59 < 0.001 0.002
OXIDATIVE_PHOSPHORYLATION 200 161 (81%) -1.56 < 0.001 0.003
PROTEIN_SECRETION 96 76 (79%) -1.53 0.001 0.004
DNA_REPAIR 150 103 (69%) -1.51 < 0.001 0.006
FATTY_ACID_METABOLISM 158 102 (65%) -1.46 0.001 0.015
MTORC1_SIGNALING 200 111 (56%) -1.45 0.002 0.018
Top-10 enriched hallmarks were shown. NES, normalized enrichment score; FDR, false-discovery rate.
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Figure 2. Effects of PF-429242 on apoptosis and autophagy in hepatocellular carcinoma (HCC) cells. A. PLC5 and 
HepG2 cells were treated with indicated doses of PF-429242 (PF) and doxorubicin (DX) for 48 h. Protein expressions 
were determined by Western blotting. B. PLC5 and HepG2 cells were treated with various doses of doxorubicin for 
72 h, and then cell viability was determined by Alamar Blue staining. Error bars are the mean ± SD (n = 3). *** 
indicate a significant difference (P < 0.001) between doxorubicin-treated and control cells. C. PLC5 and HepG2 cells 
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to regulate gene expressions, we investigated 
whether overexpression of SREBPs could res-
cue PF-429242-induced autophagy and cell 
death. PLC5 and HepG2 cells were transfected 
with plasmids encoding Flag-tagged mature 
forms of SREBP1a, SREBP1c, or SREBP2 and 
then were treated with PF-429242. However, 
overexpression of these SREBP proteins did not 
affect PF-429242-induced LC3B-II accumula-
tion (Figure 3D), suggesting that PF-429242-
induced autophagy in HCC cells is not depen-
dent on inhibiting SREBP processing. In addi-
tion, we observed that overexpressions of 
SREBP1a/c, but not SREBP2, only slightly res-
cued PF-429242-induced cytotoxicity (Figure 
3E). Thus, inhibition of the MBTPS1/SREBP sig-
naling pathway is not central to PF-429242-
induced autophagy and cell death in HCC cells.

PF-429242 induces IGFBP1 expression to pro-
mote cell death in an autophagy-independent 
manner

According to the RNA-Seq analysis (Figure 1D), 
PF-429242 upregulated three genes (C10O- 
RF10, IGFBP1, and MTATP8) and two pseudo-
genes (MTATP6P1 and MTCO1P12). After a 
comprehensive literature review, we found that 
C10ORF10 (also known as DEPP1) was recently 
identified as an autophagy regulator [50, 51]. 
We hypothesized that DEPP1 upregulation 
might be responsible for PF-429242-induced 
autophagy in HCC cells. A real-time qPCR and 
Western blotting were performed to confirm the 
induction of DEPP1 and IGFBP1 mRNA and pro-
tein expressions (Figure 4A, 4B). Consistent 
with results of RNA-Seq (Figure 1D), PF-429242 
did not induce autophagy-related gene expres-
sion, such as MAP1LC3B and SQSTM1 (Figure 
4A). To investigate whether DEPP1 and IGFBP1 
were responsible for PF-429242-induced auto- 
phagy in HCC cells, siRNAs specific to DEPP1 
and IGFBP1 were used. However, knockdown  
of DEPP1 and IGFBP1 did not suppress PF- 

429242-induced LC3B-II accumulation (Figure 
4C, 4D). Interestingly, knockdown of IGFBP1, 
but not DEPP1, rescued PF-429242-induced 
cytotoxicity (Figure 4E). Therefore, PF-429242 
may induce IGFBP1 expression to promote cell 
death in an autophagy-independent manner.

PF-429242-induced autophagic cell death is 
mediated by FOXO1

Because both DEPP1 and IGFBP1 were identi-
fied as transcriptional targets of FOXO1 and 
FOXO3 [52-55], we further investigated wheth-
er FOXO1 or FOXO3 participates in PF-429242-
induced autophagy and cell death. As shown in 
Figure 5A, the FOXO1 inhibitor, AS1842856, 
inhibited PF-429242-induced DEPP1, but not 
IGFBP1, expression. Importantly, PF-429242-
induced LC3B-II accumulation was suppressed 
by AS1842856, suggesting that PF-429242 
induces FOXO1-dependent autophagy. In con-
trast, the FOXO3 inhibitor, carbenoxolone, did 
not inhibit PF-429242-induced DEPP1/IGFBP1 
expression or LC3B-II accumulation (Figure 
5B). To further confirm the role of FOXO1 in 
PF-429242-induced autophagy, a siRNA spe-
cific to FOXO1 was used. Consistently, FOXO1-
knockdown efficiently reduced PF-429242-
induced DEPP1 expression and LC3B-II accu-
mulation (Figure 5C). IGFBP1-knockdown did 
not alter the expression of FOXO1 (Figure 5D). 
These observations suggested that there is  
no correlation between FOXO1 and IGFBP1. 
Furthermore, PF-429242-induced cytotoxicity 
was also rescued by FOXO1-knockdown (Figure 
5E). Therefore, PF-429242 induces autophagic 
cell death through a FOXO1-dependent path- 
way.

FOXO1 was shown to promote autophagy in 
either a transcription-dependent or -indepen-
dent manner [28-31]. Because PF-429242 did 
not significantly induce autophagy gene expres-
sion (Figures 1D, 4A), we hypothesized that 

were treated with 20 μM PF-429242 for 24, 48, and 72 h. Protein expressions were determined by Western blot-
ting. D. PLC5 and HepG2 cells were treated with 20 μM PF-429242 in the absence or presence of 5 μM spautin-1 
(SP) or 30 μM chloroquine (CQ; 6 h before cell harvest) for 24 h. Protein expressions were determined by Western 
blotting. E. PLC5 and HepG2 cells were transduced with viral particles carrying the RFP-GFP-LC3B tandem sensor 
for 24 h, followed by treatment with 20 μM PF-429242 for 24 h. RFP and GFP fluorescence was observed under a 
fluorescence microscope. Cell nuclei were stained with Hoechst 33342. Scale bar, 10 μm. F. PLC5 and HepG2 cells 
were treated with various doses of PF-429242 with or without 1 μM spautin-1 or 20 μM ZVAD-FMK for 72 h. Cell 
viability was determined by Alamar Blue staining. Error bars are the mean ± SD (n = 4). *, **, and *** indicate a 
significant difference (P < 0.05, P < 0.01, and P < 0.001, respectively) in PF-429242-treated cells with or without 
spautin-1 or ZVAD-FMK.
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PF-429242 might induce FOXO1-dependent 
autophagy in a transcription-independent man-
ner. Post-translational modifications of FOXO1 
determine its intracellular localization. Phos- 

phorylation at Ser256 suppresses the transac-
tivation of FOXO1 and promotes its nuclear 
exclusion [56]. Acetylation of the cytosolic 
FOXO1 at Lys262, Lys265, and Lys274 stimu-

Figure 3. Role of the MBTPS1 and SREBP signaling pathway in PF-429242-induced autophagy and cell death in 
hepatocellular carcinoma (HCC) cells. A. PLC5 and HepG2 cells were transfected with siRNAs specific for MBTPS1 
and MBTPS2 for 48 h, and then the mRNA levels of MBTPS1 and MBTPS2 were determined by a real-time qPCR. 
Error bars are the mean ± SD (n = 3). *, **, and *** indicate a significant difference (P < 0.05, P < 0.01, and P < 
0.001, respectively) compared to si-Control-transfected cells. B. HepG2 and PLC5 cells were transfected with siR-
NAs specific for MBTPS1 (S1P) and MBTPS2 (S2P) with or without 20 μM chloroquine (CQ; 6 h before cell harvest) 
for 48 h, or treated with 20 μM PF-429242 for 24 h. Protein expressions were determined by Western blotting. C. 
PLC5 and HepG2 cells were transfected with siRNAs specific for MBTPS1 and MBTPS2 for 72 h, and then cell vi-
ability was determined by Alamar Blue staining. Error bars are the mean ± SD (n = 4). D. HepG2 and PLC5 cells were 
transfected with plasmids encoding Flag-tagged SREBP1a, SREBP1c, and SREBP2 for 48 h, and then treated with 
20 μM PF-429242 for 24 h. Protein expressions were determined by Western blotting. E. SREBP1/2- transfected 
PLC5 and HepG2 cells were seeded in a 96-well plate, and then treated with indicated doses of PF-429242 for 72 
h. Cell viability was determined by Alamar Blue staining. Error bars are the mean ± SD (n = 3). * and ** indicate 
a significant difference (P < 0.05 and P < 0.01, respectively) between SREBP1/2- and pcDNA3-transfected cells.
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Figure 4. Roles of IGFBP1 and DEPP1 in PF-429242-induced autophagic cell death in hepatocellular carcinoma 
(HCC) cells. A. PLC5 and HepG2 cells were treated with 20 and 40 μM for PF-429242 for 24 h, and then mRNA lev-
els of the IGFBP1, DEPP1 (C10orf10), MAP1LC3B, and SQSTM1 (p62) genes were determined by a real-time qPCR. 
Error bars are the mean ± SD (n = 3). *, **, and *** indicate a significant difference (P < 0.05, P < 0.01, and P < 
0.001, respectively) compared to untreated control cells. B. PLC5 and HepG2 cells were treated with 10, 20, and 40 
μM PF-429242 for 24 h. Protein expressions were determined by Western blotting. C. PLC5 and HepG2 cells were 
transfected with siRNA specific for DEPP1 for 24 h, then treated with 20 μM PF-429242 for another 24 h. Protein 
expressions were determined by Western blotting. For DEPP1 expression, both short- and long-exposure images are 
shown. An asterisk (*) indicates non-specific bands. D. PLC5 and HepG2 cells were transfected with siRNA specific 
for IGFBP1 for 24 h, then treated with 20 μM PF-429242 for another 24 h. Protein expressions were determined 
by Western blotting. E. si-DEPP1/si-IGFBP1-transfected PLC5 and HepG2 cells were seeded in a 96-well plate and 
treated with the indicated doses of PF-429242 for 72 h. Cell viability was determined by Alamar Blue staining. Error 
bars are the mean ± SD (n = 4). *, **, and *** indicate a significant difference (P < 0.05, P < 0.01, and P < 0.001, 
respectively) between si-DEPP1/si-IGFBP1- and si-Control-transfected cells.
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lates autophagy by directly binding to ATG7 
[31]. Thus, the phosphorylation and acetylation 
of FOXO1 at these residues were examined. As 

shown in Figure 5F, the effect of PF-429242 on 
FOXO1 expression was distinct in PLC5 and 
HepG2 cells. In PLC5 cells, PF-429242 dose-

Figure 5. Role of FOXO1 in PF-429242-induced autophagic cell death in hepatocellular carcinoma (HCC) cells. (A) 
PLC5 and HepG2 cells were treated with 20 μM PF-429242 with or without indicated doses of AS1842856 (AS) for 
24 h. Protein expressions were determined by Western blotting. (B) PLC5 and HepG2 cells were treated with 20 μM 
PF-429242 with or without 120 μM carbenoxolone (CBX) for 24 h. Protein expressions were determined by Western 
blotting. (C, D) PLC5 and HepG2 cells were transfected with siRNAs specific for FOXO1 in (C) or IGFBP1 (BP1) in 
(D) for 24 h, and then treated with 20 μM PF-429242 for 24 h. Protein expressions were determined by Western 
blotting. (E) si-FOXO1-transfected PLC5 and HepG2 cells were seeded in a 96-well plate and then treated with the 
indicated doses of PF-429242 for 72 h. Cell viability was determined by Alamar Blue staining. Error bars are the 
mean ± SD (n = 5). *** indicates a significant difference (P < 0.01) between si-FOXO1- and si-Control-transfected 
cells. (F) PLC5 and HepG2 cells were treated with 10, 20, and 40 μM PF-429242 for 24 h. Protein expressions were 
determined by Western blotting. Ratios between indicated protein expressions are shown.
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dependently downregulated FOXO1 protein 
expression. However, the phospho-Ser256 and 
acetyl-Lys262/265/274 FOXO1 protein levels 
increased. The endogenous FOXO1 protein 
level was much higher in PLC5 cells, and it was 
not downregulated by PF-429242 treatment. 
However, PF-429242 reduced phospho-Ser256 
FOXO1 protein expression. Consistent with that 
in HepG2 cells, PF-429242 also induced the 
acetylation of FOXO1. Therefore, PF-429242 
may promote autophagy by cytosolic FOXO1 
acetylation.

PF-429242 exhibits in vivo anticancer activity 
in a tumor xenograft mice model

To validate the in vivo anticancer activity of PF- 
429242, a subcutaneous HepG2 tumor xeno-
graft mouse model was performed. As shown in 
Figure 6A and 6B, administration of PF-429242 
(at a dose of 20 mg/kg) reduced the growth 
rate of HepG2 tumors in mice without causing 
significant changes in their body weight. Sub- 
sequent IHC staining indicated that PF-429242 
reduced the expression of the proliferation 

Figure 6. In vivo anticancer activity of PF-429242 in a HepG2 tumor xenograft model. HepG2 xenograft mice re-
ceived PF-429242 (20 mg/kg) or the vehicle solvent control. Tumor volumes (A) and mice body weights (B) were 
measured twice weekly. Error bars are the mean ± SEM (n = 5). * and ** indicate a significant difference (P < 0.05 
and P < 0.01, respectively) between the vehicle and PF-429242 group at each time point. The arrow indicates the 
treatment start day. In (C), tumor sections were subjected to IHC staining for the expression of Ki67, IGFBP1, and 
LC3B. Magnification, 200×.
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marker Ki67 and increased the expression of 
both IGFBP1 and LC3B in tumors (Figure 6C). 
These observations supported that PF-429242 
exhibited in vivo anticancer activity against 
HCC cells by inducing autophagic cell death 
and IGFBP1-dependent anti-survival signaling.

Discussion

Although the in vitro anticancer activity of 
PF-429242 was recently demonstrated in glio-
blastomas, renal cell carcinoma, and pancre-
atic cancer cells, its in vivo anticancer activity 
was only validated in renal cell carcinoma [40-
42]. Additionally, the anticancer activity of 
PF-429242 against HCC has not previously 
been determined. In this study, we validated 
the in vitro and in vivo anticancer activities of 
PF-429242 against HCC using a tumor xeno-
graft mouse model. Mechanistically, PF-429- 
242 simultaneously induced FOXO1-dependent 
autophagic cell death and FOXO1-independent 
IGFBP1-mediated anti-survival signaling.

Previous studies found that inhibition of 
MBTPS1/2 by chemical inhibitors (including 
PF-429242) and siRNAs induce autophagy [48, 
49]. However, the underlying molecular mecha-
nism has yet to be elucidated. Our results indi-
cated that the knockdown of MBTPS1/2 also 
induced autophagy in HCC cells, which cannot 
fully contribute to the effect of PF-429242. 
Alternatively, PF-429242 induced autophagic 
cell death in a FOXO1-dependent manner,  
providing a novel mechanism for PF-429242-
induced autophagy.

FOXO1 can regulate autophagy by either pro-
moting the transcription of autophagy regula-
tory genes or by binding to ATG7 to stimulate 
autophagy when FOXO1 is acetylated [28-31]. 
We found that PF-429242 did not significantly 
induce expression of autophagy-related genes 
(MAP1LC3B and SQSTM1) or other FOXO1  
target genes (except DEPP1). Additionally, 
PF-429242 increased the level of the acetylat-
ed FOXO1 protein. Therefore, we propose that 
PF-429242 may induce autophagy through the 
cytosolic FOXO1/ATG7 pathway.

We found that inhibition of autophagy by spau-
tin-1 did not fully rescue PF-429242-induced 
cytotoxicity, suggesting the presence of auto- 
phagy-independent cell death. Additionally, 
IGFBP1-knockdown rescued PF-429242-induc- 
ed cell death, but not autophagy. These find-

ings suggest that PF-429242 induces IGFBP1, 
leading to autophagy-independent cell death. 
Furthermore, FOXO1-knockdown did not rescue 
the upregulation of IGFBP1 induced by PF- 
429242, indicating that FOXO1-dependent 
autophagic cell death and IGFBP1-dependent 
anti-survival signaling are two parallel path-
ways of cell death induced by PF-429242 in 
HCC cells.

PF-429242 induced IGFBP1 expression to pro-
mote cell death in HCC cells, which may have 
resulted from the effect of IGFBP1 to limit IGF 
proliferative and survival signaling. However, 
controversial results exist among cancer types, 
including HCC [33, 57]. IGFBP1 levels in serum 
and tumor tissues are reduced in HCC, which 
was associated with poor prognoses of patients 
[58, 59]. The addition of recombinant IGFBP1 
inhibited cancer cell invasion and reversed the 
IGFs’ anti-apoptotic effects in HCC cell lines 
[58, 60]. In addition, IGFBP1 is also a mediator 
of the anticancer effects of ursolic acid and 
cannabidiol in HCC cells [61, 62]. On the other 
hand, elevated IGFBP levels in HCC patients’ 
serum and tumor tissues were also reported by 
other studies [63, 64]. The exact role of IGFBP1 
in HCC warrants further investigation.

In conclusion, this study demonstrated the  
anticancer efficacy of PF-429242 against HCC. 
We also provide insights into the underlying 
mechanism of MBTPS1/SREBP inhibition for 
PF-429242-induced autophagy and cell death 
in HCC cells. These findings enhance our under-
standing of PF-429242’s mechanism of action, 
expanding its potential applications beyond its 
original target, the MBTPS1/SREBP signaling 
pathway. The achievements presented here 
have the potential to advance future applica-
tion of PF-429242 in cancer therapy.
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