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MOLECULAR BIOLOGY

Transcription factor E4F1 as a regulator of cell life and

disease progression

Silu Sun't, Bing Zhong?t, Xin Zeng'*, Jing Li'¥, Qianming Chen'*

E4F transcription factor 1 (E4F1), a member of the GLI-Kruppel family of zinc finger proteins, is now widely rec-
ognized as a transcription factor. It plays a critical role in regulating various cell processes, including cell growth,
proliferation, differentiation, apoptosis and necrosis, DNA damage response, and cell metabolism. These pro-
cesses involve intricate molecular regulatory networks, making E4F1 an important mediator in cell biology.
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Moreover, E4F1 has also been implicated in the pathogenesis of a range of human diseases. In this review,
we provide an overview of the major advances in E4F1 research, from its first report to the present, including
studies on its protein domains, molecular mechanisms of transcriptional regulation and biological functions,
and implications for human diseases. We also address unresolved questions and potential research directions
in this field. This review provides insights into the essential roles of E4F1 in human health and disease and may
pave the way for facilitating E4F1 from basic research to clinical applications.

INTRODUCTION

The E4F transcription factor 1 (E4F1) gene, located in the 16p13.3
region of the human genome, encodes a GLI-Kruppel family zinc
finger (ZF) protein that is expressed ubiquitously in both humans
and mice (1). E4F1 was initially recognized as a cellular target of the
adenovirus protein E1A and is responsible for regulating the tran-
scription of the adenovirus E4 gene (2-5). The full-length E4F1
protein, p120"*, can generate a 50-kDa N-terminal fragment,
p50"*, in the presence of E1A. Both forms of the E4F1 protein
have transcriptional regulation functions, but p120™*F is the most
abundantly expressed form in humans (3, 5, 6). This review pro-
vides an overview of both forms of the E4F1 protein. Notably,
p50"** is explicitly mentioned in this review, and all other E4F1 pro-
teins are referred to as p120™*.,

E4F1 is a gene essential for embryonic development, as demon-
strated by the death of embryos in the peri-implantation period of
E4fI knockout mice and its crucial role in mitosis during early
embryos (7). To bypass this embryonic lethality, a study using a
mouse model with a conditional knockout of the E4fI gene demon-
strated that E4fI deletion impaired Sertoli cell proliferation, result-
ing in increased apoptosis of germ cells, which, in turn, reduced
testis size and fertility (8). A zebrafish model also revealed that
E4f1 acts as a positive regulator in tail development and coordinates
with Wnt signaling to regulate the expression of cdx4, a key gene in
caudal tissue specification and erythropoiesis (9). In addition, E4F1
plays a role in maintaining the characteristics of human embryonic
stem cells, and its transcripts are properly spliced by the spliceo-
some-associated factor SON (10). Overall, E4F1 is a key regulator
of cell life and embryonic development. This review summarizes
the protein domains, interacting partners, evolution, and
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conservation of E4F1 and discusses the molecular mechanisms of
E4F1 transcriptional regulation, its various biological functions,
and its important role in various human diseases.

E4F1 PROTEIN DOMAINS

The E4FI gene encodes a full-length protein consisting of 784
amino acids, which contains nine ZF motifs (C,H, or C,HC).
The N-terminal region of E4F1, known as p50°*F (amino acids 1
to 357), contains a ubiquitin E3 ligase active (E3) region (amino
acids 41 to 85) that has been found to play a crucial role in promot-
ing the formation of polyubiquitin chains and E4F1-mediated ubiq-
uitination of p53 tumor protein (p53) both in vitro and in vivo.
Although E4F1 has been shown to act as a ubiquitin ligase to regu-
late p53 effector functions, it does not affect its degradation (11).
The p50%*F fragment also contains a DNA binding domain
(amino acids 194 to 253) composed of two C,H, and one C,HC
ZF motifs that are essential for E4F1-DNA binding (12). The re-
maining six ZF motifs of E4F1 are located close to the C-terminal
region of the full-length protein (amino acids 437 to 600)
(13) (Fig. 1A).

Numerous proteins have been reported to interact with E4F1,
and using E4F1 truncations, specific binding regions on E4F1
have been validated (Fig. 1B) (13-25). Figure 1B illustrates that
the binding of E4F1 to these proteins is dependent on multiple
regions within the full-length E4F1, including the C-terminal frag-
ment that excludes p50™*, indicating a different role of p120**" in
controlling diverse biological functions. The proteins whose
binding regions with E4F1 are located at the N-terminal containing
DNA binding domain can affect (inhibit or enhance) the transcrip-
tional activity of E4F1 (14, 18, 20-22). Furthermore, proteins with
overlapping binding regions on E4F1 may influence their ability to
bind to E4F1, but limited research has been conducted on this
aspect. Further exploration is needed to clarify the effects of proteins
with overlapping regions on their ability to bind E4F1 to each other
(Fig. 1B). Subsequent paragraphs will discuss the specific effects and
functions of these proteins after binding to E4F1.
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Fig. 1. Schematic structure of E4F1 protein. (A) Structural motif characteristics of p1 2054F full-length amino acids (1 to 784). The ubiquitin E3 region and the proline-rich
(P) region are located at residues 41 to 85 and 86 to 114, respectively, with the proline residues highlighted in yellow. A potential Helix-turn-Helix (HtH) motif lies at
residues 120 to 154, where hydrophobic residues in the form of “4-3" repeat are highlighted in green. The ZF motifs span residues 194 to 273 and 437 to 600, consisting of
seven C;H, and two C,HC zinc finger motifs. The conserved cysteines (C) and histidines (H) required for zinc coordination are highlighted in blue or purple. (B) Proteins
that interact with E4F1 and their specific binding regions. The regions in (B) correspond to the regions of the same color as in (A). Proteins with unknown E4F1 binding
regions are drawn as the same length as p120%*". TP53, tumor protein p53; CDKN2A, cyclin-dependent kinase inhibitor 2A.
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In addition, the E4F1 protein sequences from six classes of chor-
dates (Mammalia, Reptilia, Aves, Amphibia, Osteichthyes, and
Chondrichthyes) were aligned and analyzed, and a circle tree was
constructed to illustrate the potential evolutionary history and
routes of E4F1 among the 107 species of chordates (Fig. 2A). Sub-
sequently, the amino acid sequences of the E3 region and ZF motifs
on E4F1 protein were compared on the basis of 19 randomly select-
ed species (mostly Mammalia) from the six classes of chordates. The
comparison indicated that the E3 region exhibits high conservation
in Mammalia, but not as much across chordate classes, particularly
for residues whose mutation may be essential for the ubiquitin E3
ligase activity of E4F1 on p53 (Fig. 2B). This suggests that E4F1-me-
diated ubiquitination of p53 may be limited to a few species of chor-
dates, mainly Mammalia. Importantly, the ZF motifs of E4F1 were
found to be highly conserved among chordates, especially in the
region containing the DNA binding domain (amino acids 194 to
253), suggesting that the transcriptional regulatory role of E4F1
may be ubiquitous in chordates (Fig. 2B).

E4F1 IS A TRANSCRIPTIONAL REGULATOR

An initial study on the E4F1 protein as an intracellular transcrip-
tional regulator reported that both the full-length p120**F and the
hydrolysis product p50"*" are regulated by the adenovirus protein
E1A. E1A induces their phosphorylation, which increases the DNA
binding activity of p50™*" but reduces that of p120™** (3). In vitro,
both forms of E4F1 recognize the same DNA motif [RTGACGT(C/
A)AY]. However, in vivo, p120E4F has additional C-terminal resi-
dues compared with p505*" and exhibits different functions and
regulatory characteristics. Specifically, p50*F transactivates the ad-
enovirus E4 gene in the presence of E1A, whereas p120"*" represses
the E4 promoter transcription in the absence of E1A (Fig. 3A)
(5, 26).

On the basis of validation of the transcriptional activation or re-
pression properties of E4F1, further studies have revealed regulators
of its transcriptional activity. p120™*F interacts with the retinoblas-
toma-associated protein (pRb), which negatively controls the cell
cycle and is a crucial modulator connecting growth processes to
the transcriptional regulation of several genes (27-32). This interac-
tion enhances the DNA binding activity of E4F1, resulting in tran-
scriptional repression of its target genes (18). p120™*F also forms a
complex with the leucine-rich acidic nuclear protein (LANP),
which inhibits histone acetylation and transcription and interacts
with ataxin-1 (33-35). This complex results in increased binding
of p120™** to the promoters of target genes. Notably, ataxin-1
protein can compete with p120*** for LANP, reducing the LANP-
p120"*" complex formation and consequently weakening the tran-
scriptional repression mediated by p120®*F (21). In addition,
histone deacetylase 1 (HDAC1) forms a complex with p120°*F, en-
hancing its transcriptional repressive activity. However, the avian
adenoviral chicken embryo lethal orphan (CELO) protein, Gaml,
responsible for viral replication and transcription activation (36—
38), can inactivate HDAC1 by forming Gam1-HDAC1-p120***
complexes, leading to impaired transcriptional repression by
p120%*F (20).

To date, multiple studies have provided strong evidence that
p120"*" functions as a crucial transcriptional regulator during the
mammalian cell cycle, with its binding to the promoter of CCNA2, a
gene responsible for cell cycle progression through the production
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of cyclin A2 protein (39, 40), resulting in the repression of cyclin A2
expression (14, 41, 42). Interestingly, several proteins have been
identified as capable of modulating p120°*"-mediated transcrip-
tional repression of CCNA2. For instance, RASSF1A (ras associa-
tion domain family member 1A), a tumor suppressor and cell
cycle regulator found in many human cancers (43-46), has been
shown to promote the interaction between p120"*" and the
CCNA2 promoter (42). In contrast, the binding of p120*** to the
CCNA2 promoter can be impaired by its interaction with
HMGA?2 (high mobility group AT-hook 2), an architectural tran-
scription factor that promotes cell proliferation and tumorigenesis
(47-49). This impairment of p120°*"'s binding ability leads to a de-
crease in its transcriptional repressive effect on CCNA2, which, in
turn, promotes the transcriptional activation of CCNA2 mediated
by the activating transcription factor/adenosine 3’,5'-monophos-
phate response element-binding protein family members (14, 50,
51). Figure 3B presents the transcriptional regulatory profile of
the p120"*"-dependent CCNA2 gene, which has been fully validated
on the basis of the aforementioned studies.

Chromatin immunoprecipitation sequencing (ChIP-seq) analy-
ses have revealed multiple potential target genes controlled by E4F1,
indicating its extensive involvement in various biological processes.
E4F1 acts as a transcriptional activator of multiple related genes in-
volved in genome integrity, mitochondrial homeostasis, and energy
metabolism, which are discussed in detail in the following sections
on "DNA damage response” (DDR) and “cell metabolism” (23,
52, 53).

Currently, many investigations have focused on the transcrip-
tional repression function of E4F1 on CCNA2. However, advanced
transcription—related technologies such as ChIP, CUT&RUN, and
CUT&Tag should be used to explore other direct targets beyond
CCNA2. Although mainly characterized as a transcriptional repres-
sor, recent studies have demonstrated that E4F1 can also serve as a
transcriptional activator. Furthermore, elucidating the mechanism
by which E4F1 plays these divergent roles remains a critical out-
standing question.

BIOLOGICAL FUNCTIONS OF E4F1

E4F1 has been reported to participate in multiple cellular biological
functions, with the most extensively studied functions being cell
growth and proliferation. Furthermore, E4F1 has been implicated
in cell differentiation, apoptosis and necrosis, DDR, and cell
metabolism.

E4F1 in cell growth and proliferation

Numerous studies have established that E4F1 is a critical regulator
of cell growth and proliferation. Validation experiments have shown
that the ectopic expression of p120°*F, but not p50**¥, inhibits cell
growth by blocking the cell cycle in the G; phase (Fig. 4) (13, 15, 16,
18, 41, 54). Mechanistically, p120"*" can inhibit the transcription of
the cell cycle-regulating gene CCNA2, resulting in lower levels of
cyclin A2, and subsequent cell cycle arrest in G; (41). In addition,
binding of pRb, RASSF1A, or p53 to p120°*" inhibits the progres-
sion from G; to S phase, which eventually leads to cell growth arrest
(13, 15, 18, 42). Notably, a study unexpectedly revealed that p53 is
indispensable for p120°**-mediated growth arrest (13). However,
there are opposing results that suggest p120™*" negatively regulates
cell proliferation through p53-independent pathways (18, 54). It is
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Fig. 2. Evolutionary analysis of E4F1 and protein sequence comparison among different species. (A) Phylogenetic tree of E4F1 for 107 species of chordates. The
corresponding protein sequences searched from the National Center for Biotechnology Information database were aligned by the ClustalW method, and the circle tree
was generated through neighbor-joining analysis with 1000 bootstrap replications. The 107 species of chordates belong to six classes (Mammalia, Reptilia, Aves, Am-
phibia, Osteichthyes, and Chondrichthyes), presented by different colors in the inner circle, and 37 orders are shown by colors in the outer circle. (B) Protein sequence
comparison of the ubiquitin E3 region and the ZF motifs of E4F1 among different species. Residues that may play an essential role in E4F1 ubiquitin E3 ligase activity on
p53 are denoted by t (77). The ZF motifs, including C;H, and C,HC, are denoted by *.
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antigen; CRE, adenosine 3’,5'-monophosphate response element.
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p16™**A CDK inhibitor 2A; p14*FF, tumor suppressor ARF; CDC2, cell division control protein 2 homolog.

also interesting to note that p120™*¥ can induce atypical ubiquityla-
tion of p53, which leads to increased recruitment of p53 to the pro-
moter of p21"**! a gene associated with cell cycle inhibition and
directly controlled by p53 (55), eventually resulting in G; to S cell
cycle arrest (11). Furthermore, the LIM-only protein FHL2 (four
and a half LIM domains 2), which is a coactivator or corepressor
of several transcription factors (56-63), can interact directly with
the full-length protein p120™*" rather than p50*" in the nucleus.
This binding reduces the nuclear p120**F-p53 complexes and inhib-
its the ability of p120™*F to block cell cycle in the G, phase. (19).
p120%*F was also found to interact with the polycomb complex
protein BMI-1 (BMI1), which is a major component of the poly-
comb group complex 1 that is involved in the proliferation and
self-renewal of hematopoietic stem cells (64-67). p120°*F knock-
down can rescue the growth ability of BMI1-deficient hematopoiet-
ic cells. However, the mechanism by which BMI1 regulates p120®*F
in cell proliferation remains incompletely understood. The authors
postulate that BMI1 might inhibit the atypical ubiquitin E3 ligase
activity or impair the interaction of p120**" with microtubule-
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associated proteins such as RASSF1A to ensure normal chromo-
some separation and cell cycle progression (17).

Interestingly, it has been reported that the overexpression of
p120™*F leads to the up-regulation of p21"VA™" levels through post-
transcriptional regulation, independent of p53. This overexpression
also results in the up-regulation of the cyclin-dependent kinase in-
hibitor p27*'*! and reduced activity of cyclin-dependent kinase 2
(CDK2) and CDK4/6 kinases. These kinases play a crucial role in
regulating the G;-S transition (68-70). Consequently, overexpres-
sion of p120"** leads to the suppression of genes promoting G;-S
transition that are regulated by E2F, a family of multiple members
that directly control the transcriptional regulation of several genes
involved in cell cycle progression (54, 71-74).

A role for p120"*" in G,-M arrest has been revealed, similar to its
regulatory function in the G;-S transition (Fig. 4). The tumor sup-
pressor p14**F can interact with Hdm2, a ubiquitin ligase that neg-
atively regulates p53 (75, 76). Through inactivating Hdm2 and
inducing nucleolar import of the p14**F-Hdm2 complexes,
p14°*F facilitates the stabilization of p53 levels (77-80). p120™*F in-
teracts with p14*** and p53, forming ternary complexes with these
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partners, resulting in the enhancement of p14**"-induced G, block
in a p53-dependent manner (16). In addition, CDC2 is a critical
kinase that promotes the G,-M transition of the cell cycle by
forming a complex with cyclin B1. p120™*" can induce G,-M cell
cycle arrest by inhibiting the activity of CDC2 kinase (71, 81, 82).

In conclusion, E4F1 appears to have a role in cell cycle regulation
and cell growth. This section clearly demonstrated its ability to
arrest the cell cycle, particularly in the G;-S transition and also in
the G, phase. However, the E4F1-related pathways depicted in Fig. 4
require further research to better understand how its scattered in-
teracting partners form a precise regulatory network.

E4F1 in cell differentiation

In addition to the key role of E4F1 in cell growth and proliferation,
an interesting report has demonstrated the involvement of p120™**
in cell differentiation, specifically in inducing osteoblastic differen-
tiation through the formation of p120"*"-Smad4 complexes. Smad4
is a crucial downstream protein for bone morphogenetic protein
signaling (83, 84). These findings highlight the need for additional
studies on E4F1, with a focus on its potential significance in muscle
development and regeneration in vivo (Fig. 5A) (25).

E4F1 in cell death

Beyond its role in cell growth and differentiation, E4F1 can act as a
cell death regulator in both p50*F and p120™*F. Cells overexpressing
p50"* and exposed to E1A become sensitive to cell death signals,
but the mechanisms of p50"*"-induced apoptosis and necrosis
require further investigation (85). Interestingly, p120**F expression
is inhibited by miR-33-3p up-regulation induced by selenium defi-
ciency in vein endothelial cells, resulting in apoptosis. This study
provides valuable insight into our understanding of vascular diseas-
es (Fig. 5B) (86).

E4F1 in DDR

The DDR recruits key factors to DNA breaks and involves the intri-
cate interactions of numerous DNA repair proteins. DNA repair
relies on poly[adenosine 5'-diphosphate(ADP)-ribose] polymerase
1 (PARP-1), a member of the PARP protein family that is respon-
sible for sensing DNA lesions and facilitating subsequent DNA
repair (87-91). In addition, checkpoint kinase 1 (Chkl) is a DNA
damage checkpoint protein that plays a crucial role in maintaining
genomic stability and has been widely studied (92-96).

Several studies have shed light on the mechanisms involved in
how E4F1 can orchestrate the DDR process with several proteins.
Through poly(ADP-ribose) (PAR), p120E4F interacts with PARP-1
and is subsequently recruited to DNA breaks, facilitating ATR (ATR
serine/threonine kinase)-CHK1 signaling and DNA repair, includ-
ing DNA-end resection and homologous recombination (97).
Similar to this, p120"*" was found to interact with SMARCAA4,
the catalytic subunit of the chromatin remodeling switch/sucrose
non-fermentable (SWI/SNF) complex, promoting its recruitment,
along with PARP-1, to DNA lesions. This emphasizes the important
role of E4F1 in repairing DNA double-strand breaks, maintaining
genomic integrity, and supporting cell survival (97). Moreover,
p120™*F can also act as a transcriptional activator of CHK1 and sta-
bilize Chk1 protein levels by reducing its degradation in response to
DDR. This leads to increased genomic stability by up-regulating
Chk1 expression (Fig. 5C) (23, 98).

Sun et al., Sci. Adv. 9, eadh1991 (2023) 29 September 2023

E4F1 in cell metabolism

The roles of E4F1 in cell metabolism have also been observed. In-
terestingly, p120"*" was first described as a transcriptional activator
and regulates the expression of genes responsible for encoding mi-
tochondrial proteins such as Taz (tafazzin), Dnajc19 [Dna] heat
shock protein family (Hsp40) member C19], Hax1 (HCLS1-associ-
ated protein X-1), Mrpl15 (mitochondrial ribosomal protein L15),
Ndufs5 [NADH dehydrogenase (ubiquinone) iron-sulfur protein
5], Dlat (dihydrolipoamide S-acetyltransferase), Brp44l (brain
protein 44-like), Kifbp (kinesin family binding protein), and Pdpr
[pyruvate dehydrogenase (PDH) phosphatase regulatory subunit]
in mouse embryonic fibroblasts. This transcriptional regulation di-
rectly controls mitochondrial homeostasis and metabolic functions
(Fig. 5D). Specifically, deficiency of p120**" can result in notable
mitochondrial dysfunction characterized by elevated levels of reac-
tive oxygen species (ROS) and energy stress (23).

Recent progress has shown that E4F1 plays a crucial role in py-
ruvate metabolism. E4F1 exerts its metabolic functions through
transcriptional activation of genes essential for mitochondrial
PDH activity, which is a mediator of pyruvate oxidation that fuels
the tricarboxylic acid cycle (Fig. 5D). E4F1 knockout leads to a
notable decrease in PDH activity and severely disrupts pyruvate me-
tabolism (53). Another study has emphasized the critical role of
E4F1 in maintaining skin homeostasis, which depends on its tran-
scriptional regulation of genes controlling PDH activity (99).

E4F1 IS IMPLICATED IN VARIOUS DISEASES

Abnormal E4F1 expression contributes to various diseases by dis-
rupting cellular functions. Given that E4F1-related cancer is more
extensively reported compared to other specific disease categories,
we divide E4F1-related disorders into cancer and other diseases for
discussion in this section. Table 1 summarizes E4F1-related regula-
tions in these diseases according to major human body systems, pre-
senting the corresponding organs, diseases, regulating axes, and
effects or functions in an orderly manner.

Cancer

E4F1 has been investigated in the context of hepatitis B virus (HBV)
infection and HBV-related liver cancer. Specifically, through its
binding to the HBV enhancer II region, p120™*" exerts transcrip-
tional repression on HBV (22). However, the binding of p120"*"
and HBV X protein (HBx), a multifunctional regulator that modu-
lates viral replication and hepatocyte functions (100-105), can
reduce p120™*"'s transcriptional repressive activity, leading to acti-
vated HBV transcription and thereby ensuring virus DNA replica-
tion and survival (22). Interestingly, another study suggested that
p120"*F may have oncogenic properties in HBV-mediated carcino-
genesis by inhibiting HBx-induced autophagy and maintaining mi-
tochondrial function and proliferation in HBV-positive
hepatocellular carcinoma (HCC) cells (106). Briefly, these studies
suggest that the binding of HBx and p120™*" may impair their re-
spective functions and play a role in HBV infection and HCC pro-
gression. Notably, recent research has demonstrated that p120"*"
promotes invasion, migration, and epithelial-mesenchymal transi-
tion of HCC cells by transcriptionally activating high mobility
group box 1 (HMGB1), an oncoprotein that facilitates HCC pro-
gression (107-110), in response to angiotensin II stimulation (111).
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decarboxylation of pyruvate to acetyl-coenzyme A (CoA), thus fueling the tricarboxylic acid (TCA) cycle. DBD, DNA binding domain; PN, pyrimidine nucleotide.

A recent study found that TOB1-ASI (TOB1 antisense RNA 1), a
long noncoding RNA gene that exerts tumor suppressor activity
(112-115), modulates p120E4F in non-small cell lung cancer
(NSCLC). Patients with NSCLC with high expression of p120**
were found to have a longer overall survival time, suggesting that
p120%*F, which is up-regulated by TOBI-ASI, is an essential regula-
tor in preventing the progression of NSCLC (116). However, high
expression of p120%* was observed in most acute myeloid leukemic
cells. Its inactivation induced mitochondrial dysfunction and in-
creased ROS in this cancer, leading to autophagic cell death, indi-
cating that p120"*" plays a positive role in regulating the progression
of acute myeloid leukemia (117, 118).

A study on triple-negative breast cancer (TNBC) used ChIP-seq
and RNA sequencing analyses to reveal three targets, namely,
CHKI1, protein phosphatase 5 catalytic subunit (PPP5C), and
TELO2-interacting protein 2 (TTI2), that are directly controlled

Sun et al., Sci. Adv. 9, eadh1991 (2023) 29 September 2023

by p120**F and are involved in ATM (ATM serine/threonine
kinase)/ATR—Chk1 signaling, which drives the response to DDR
(119). Previous studies also supported the role of p120**F in DDR
through the regulation of CHKI (97, 98). Depletion of p120"*F leads
to reduced DDR and chemotherapy resistance, providing insight
into the mechanisms of TNBC development, driven in part by
p120**F-mediated  activation ~of the ATM/ATR-Chkl
pathway (119).

As outlined above, studies on E4F1 in human cancers are still
limited. To expand our understanding of this topic, we used large
tumor-related databases to analyze E4FI gene alterations, including
mutation, amplification, deep deletion, and structural variant. The
analysis of E4F1 gene alterations in all cancer types was carried out
using cBioPortal on the The Cancer Genome Atlas (TCGA) and the
International Cancer Genome Consortium (ICGC) databases. Ac-
cording to the findings, invasive breast carcinoma has the highest
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Table 1. Regulatory pathways and roles of E4F1 in human body systems. ALKBH5, AlkB homolog 5 (RNA demethylase); Ang-Il, angiotensin II; EMT, epithelial-
mesenchymal transition; ESC, epidermal stem cell; INK4a/ARF, cyclin-dependent kinase inhibitor 2A; KDM4A, lysine demethylase 4A; OS, overall survival; Ref.,
reference; SCD1, steaoryl-coenzyme A desaturase 1; Tincrease or promote; |decrease.

. p120E4F
System Organ/tissue LD
development Upstream Direct target Regulatory axis Effect/function
p120%4F — HBV enhancer
Binding to the Il region — genes
N/A HBV enhancer encoding the HBx HBV transcription]
Hepatitis B Il region protein and surface
(22, 133) proteins I/1l
Interaction A
Digestive ) with N/A HBX — p120E%F The HBx inhibitory effect on the
system Liver HBx protein transcriptional function of p120%4°
HCCp(()IS(iiéi\)/é;-IBV N/A I-?Iila?(d;?c?t;?n p12054F - HBx — p53 Metabolic and growth arrest/,
HCC (111) Stimulated T;acr:isvcaréipotrl]oggl Ang-Il — HCC cell invasion, migration,
by Ang-lI HMGB1 gene p12054F > HMGB1 and EMT?
The expression of p1205F is
Respiratory ) . E4F positively correlated with TOB1-
i Lung NSCLC (776) TOBI1-AS1 N/A TOB1-AST — p120 AT e A stice] it & sl
OS rate
. . - Pronephros
E:?:;y Kidney Nephgg)enesw N/A Hl\llgllzq(ém?ottc;in N/A abnormality(overexpression
Y. P of p1 2054F)
Atherosclerosis Estrogen — estrogen Estrogen-related
Cireul Blotis (122) Estrogen N/ receptor — p120%*F atheroprotection
ircu atory ...........................................................................................................................................................................................................................
Myeloid
system Bone marrow Ieuykemia N/A N/A p12054F — Cell death (autophagy)|tumor
(117, 118) mitochondria—ROS development?
Transcriptional
. L DNA damage-stress
Reproductive activation of CHK1, p12054F — ATM/
system Breast TNBC (7179) N/A PPP5C, and TTI2 ATR= Chk1 responseTch'emotherapy
genes, etc. sensitivity|
Endocrine Adipose ar?dbiremzlﬁ,in N/A Binding to p12054p — P53 — SCD1 Maintenance of lipid
system tissue R p53 protein metabolisminsulin sensitivity?
resistance (724)
Intervertebral
. . disc KDM4A — ALKBH5— Senescence of nucleus
Locomotor Fibrocartilage degeneration DNMT38 N/A DNMT3B — p120%* pulposus cells|
ssem 020 e
Bony . .
Bone defects (127) N/A N/A N/A Involvement in skeletal regulation
Skin Epidermal N/A N/A p120%F — BMI1—INK4a/ ESC-dependent maintenance of
defects (128) ARF — p53 skin homeostasis
Others . . Transcriptional EaF
Mlt(?chondrlal activation of p1.20 — genes Maintenance of mitochondrial
= disorders N/A DNAJC19. DLAT encoding mitochondria- metabolism
(23, 125) ! 4 related proteins

PDPR, and CHK1

alteration frequency of the E4FI gene (6.62%) among all cancers,
with amplification being the main type of alteration (5.88%). In ad-
dition, mutation and amplification were found to be the main types
of E4F1 gene alterations in all cancers (Fig. 6A). The amino acid
mutations of the full-length E4F1 protein were also analyzed
using cBioPortal based on the same studies. The mutation sites
are widely distributed throughout the full-length E4F1 protein,

Sun et al., Sci. Adv. 9, eadh1991 (2023) 29 September 2023

with missense being the main mutation type and R167 being the
most commonly mutated site (Fig. 6B). Moreover, the somatic mu-
tation frequency in E4F1 is 0.2%. However, studies on E4F1 muta-
tions at these sites have yet to be reported.

In addition to analyzing the genomic alteration of E4F1, we in-
vestigated its potential impact on cancer prognosis (overall survival
time) across 33 cancer types using the TCGA database. Using the
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Fig. 6. Genomic alteration of E4F1. (A) A stacked bar plot of the genomic alteration (mutation, amplification, deep deletion, and structural variant) of E4F1 across various

cancer types. The analysis of data was carried out using cBioPortal and included 172,9

70 patients (182 cancer types) in 351 studies from the TCGA and the ICGC databases.

The plot includes cancer types with total cases of >20 and alteration frequencies of >0.01%. (B) A lollipop plot of the amino acid mutations of the full-length E4F1 protein.
The mutations were analyzed using the same studies as in (A) by cBioPortal. The somatic mutation frequency in E4F1, measured as the percentage of samples with
somatic mutations, is 0.2%. Mutation diagram circles are colored with respect to the corresponding mutation types. NK, natural killer.

online tool TIMER2.0, we observed that E4F1 may affect the prog-
nosis of various cancer types, including head and neck squamous
cell carcinoma, lung squamous cell carcinoma, mesothelioma, ad-
renocortical carcinoma, kidney renal clear cell carcinoma, breast in-
vasive carcinoma, cervical squamous cell carcinoma, and
endocervical adenocarcinoma. Notably, there are no published or
investigated studies on E4F1 in these human cancers (Fig. 7).
These findings highlight the potential for E4F1 to act as either an
inhibitor or a promoter in cancer development. Given the
obvious differences in the impact of E4F1 on prognosis across
certain cancers (Fig. 7), further research is warranted to elucidate
the diverse functions and complex mechanisms of E4F1 in
cancer, particularly within the cancer types shown in Fig. 7, to
obtain a more comprehensive understanding of its opposing roles
in different cancer types.

Sun et al., Sci. Adv. 9, eadh1991 (2023) 29 September 2023

Other diseases

A study investigating proteins that interact with hepatocyte nuclear
factor 1P (HNFI1p), a protein responsible for congenital anomalies
of the kidney and urinary tract (CAKUT) (120, 121), has identified
p120°*F as one of its interaction partners critical for nephrogenesis.
Overexpressing p120%*" in embryos affects the size and morphology
of the pronephros, resulting in kidney malformations. These find-
ings suggest that E4F1 could be considered a CAKUT gene (24).

E4F1 has also been reported to be implicated in vascular disease.
Microarray analysis revealed that p120™*, which is involved in in-
hibiting the proliferation of vascular smooth muscle cells mediated
by estrogen receptor o, may serve as an estrogen-responsive protec-
tor against human atherosclerosis (122).

In addition to the metabolic functions of E4F1 mentioned above,
several studies have investigated its implications in various metabol-
ic diseases. A meta-analysis demonstrated that p120*** may play a
crucial role in the progression of type 2 diabetes mellitus, indicating
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Fig. 7. The impact of E4F 1 on cancer prognosis. These data were obtained from the TCGA database, wherein the relationships between the expression of E4F1 gene and
overall survival time (5, 10, and 15 years) of patients with cancer were analyzed using the online tool TIMER2.0. Among the 33 cancer types examined, the expression of
E4F1 gene affected disease prognosis in seven cancer types [head and neck squamous cell carcinoma (HNSC), lung squamous cell carcinoma (LUSC), mesothelioma
(MESO), adrenocortical carcinoma (ACC), kidney renal clear cell carcinoma (KIRC), breast invasive carcinoma (BRCA), and cervical squamous cell carcinoma and endocer-
vical adenocarcinoma (CESC)]. The table highlights the cancer names marked in blue and red, which suggest negative [hazard ratio (HR) < 1, P < 0.05] and positive (HR> 1,
P < 0.05) correlations, respectively, between E4F1 gene expression and poor prognosis (shorter survival time) in patients with cancer. HPV, human papilloma virus; LumA/

B, luminal A/B; Her2, human epidermal growth factor receptor 2; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; NS, no statistical significance

(P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

p120"*F as a potential therapeutic target for this chronic disease
(123). Another study associated with obesity and insulin resistance
revealed that p120™*" regulates p53-dependent lipid metabolism in
adipocytes, likely indicating an important role of p120*** in the de-
velopment of diabetes (124). Moreover, homozygous mutations in
E4F1 have been found in several patients with mitochondrial
disease, whereas proteins encoded by E4F1 in mitochondria have
not been reported (125). On the basis of previous findings (23)
and quantitative polymerase chain reaction analysis, E4F1 was re-
confirmed to positively regulate the transcriptional expression of
several mitochondrial bioenergetics—related genes such as
DNAJCI19, DLAT, PDPR, and CHK1, which may offer insight into
the mechanisms underlying E4F1 dysfunction—induced mitochon-
drial diseases (125). However, future studies will be needed to iden-
tify additional targets of E4F1 involved in mitochondrial and other
metabolic disorders.

Notably, p120**" was found to be implicated in the regulation of
fibrocartilage and bone. Reduced expression of E4F1, through E4F]I
promoter hypermethylation mediated by the DNA methyltransfer-
ase DNMT3B (DNA methyltransferase 3§), leads to nucleus pulpo-
sus cell senescence and subsequent degeneration of the

Sun et al., Sci. Adv. 9, eadh1991 (2023) 29 September 2023

intervertebral disc (126). A case report was presented regarding a
child with bilateral radial ulnar synostosis and vertebral deformities.
The child had a deletion at the gene region 16p13.3, which includes
E4F1. This suggests that E4F1 may have an important role in skeletal
development; however, the exact mechanism is still unknown (127).

In addition, the function of E4F1 has been observed in the skin,
where inactivation of p120®*F leads to epidermal stem cell-depen-
dent defects in skin homeostasis, including severe skin ulcerations,
through its effect on the BMI1-p14**-p53 axis. These findings
suggest a potentially crucial role of p120™*" in the development of
skin carcinoma and malignant melanoma associated with these
stem cells (128).

CONCLUDING REMARKS

In this review, we summarized the major advances in the regulation
of cell life and disease progression by transcription factor E4F1 from
its first research to the present. First, the E4F1 protein domain, its
interacting partners, and the evolution and conservation of E4F1 are
described. While E4F1 primarily acts as a transcriptional repressor,
as unequivocally demonstrated in the CCNA2 gene, it can also
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function as a transcriptional activator regulating genes involved in
DDR and cellular energy metabolism (23, 53, 98). For its biological
functions, a summary of the literature on the molecular mecha-
nisms by which E4F1 regulates cell growth and proliferation has
led to the formation of an intricate E4F1-associated molecular reg-
ulatory network of the cell cycle, mainly involved in the G;-S phase
transition, along with the block in the G, phase. Interestingly, accu-
mulating evidence suggests that E4F1 is a key regulator of certain
cell differentiation, cell death, DDR, and cell metabolism. These
functions provide valuable insights into its critical roles in cell
life, indicating E4F1 as a powerful potential target for regulating
human health and disease.

To further investigate the regulatory network of E4F1’s molecu-
lar functions and enhance our understanding of its complex orches-
tration in cell survival and death, we have compiled the following
crucial questions. (i) In addition to p53, what other substrates
does the atypical ubiquitin E3 ligase E4F1 target, and what are the
specific rules and preferences governing this ubiquitination? (ii) Do
multiple reported interacting proteins of E4F1 with overlapping
binding regions on E4F1 have competitive, synergistic, or inhibitory
relationships in the same space time? (iii) What are the specific
trigger conditions and molecular pathways for the hydrolysis of
p120"* to p505*"? Because of their distinct functions in transcrip-
tional regulation, the clarification of detailed mechanisms will give
us a deep understanding of its complex orchestration in the balance
of cell survival and death. (iv) What are the specific regulatory
mechanisms of E4F1 as a transcriptional repressor or activator,
and does this correlate with certain decisive cofactors, DNA motif
characteristics of its substrates, or E4F1 conformational alterations
mediated by certain regulators that allow E4F1 to function in tran-
scriptional repression or activation? (v) As a DNA binding factor,
how is E4F1 recruited to chromatin? Additional investigations are
required to elucidate the signaling conditions and factors that
induce E4F1 recruitment. (vi) Is E4F1-mediated cell cycle arrest de-
pendent on p53 or other key proteins in various cells or tissues, and
what are the central regulatory mechanisms? (vii) Further attention
is required to investigate whether alterations in the E4F1 gene, such
as mutations and amplifications, affect the function of E4F1, espe-
cially mutations at the R167 site.

Given the importance of E4F1 in various cell biological process-
es, its implications for diseases have also received attention. As men-
tioned above, E4F1 is involved in the regulation of the onset and
progression of disorders, including cancers, kidney malformations,
vascular diseases, metabolic diseases, fibrocartilage or bone-related
diseases, and possible skin diseases. Notably, E4F1’s “double-edged”
role as a pro- or anticancerous regulator in cancers needs specific
attention. For instance, E4F1 overexpression can promote cancer
progression in HCC and acute myeloid leukemia but may also
play an anticancerous role in NSCLC, as shown in the “Cancer”
section. The heterogeneity of E4F1 on cancer prognosis was also ob-
served between different cancer types based on the TCGA database
and subsequent analyses by TIMER?2.0. This suggests that different
mechanisms of regulation in the balance between cell survival and
death in different cancer types contribute to the heterogeneity of the
biological outcomes of high or low E4F1 expression on cancer pro-
gression. Thus, when trying to develop drugs that modify E4F1 ex-
pression or activity for treating diseases, particularly cancer, we
must focus our attention on the tissue types and developmental
stages of the target diseases. E4F1 is an indispensable key regulator

Sun et al., Sci. Adv. 9, eadh1991 (2023) 29 September 2023

in cell survival. However, complete loss of E4F1-related biological
effects (E4F1 knockout) can result in cell death, and lower E4F1 ex-
pression (E4F1 knockdown) might only contribute to the alteration
in cell status, such as favoring or impairing cell survival, since the
remaining E4F1 maintains basic biological functions. This differ-
ence suggests that the choice of knockdown or knockout techniques
responsible for the downregulation of E4F1 expression in E4F1-
related studies needs to be prudently determined, since it might
cause completely distinct biological outcomes in the same cells or
tissues. In addition, E4F1 has been reported to affect chemotherapy
sensitivity, indicating its potential as a target for chemoresist-
ance (119).

Opverall, the appropriate expression and activity of E4F1 in dif-
ferent cells and tissues are required for health maintenance, and
E4F1 may serve as a potential therapeutic target and prognostic bio-
marker, particularly for cancer. A deep investigation of the roles and
molecular regulatory pathways of E4F1 in various diseases, as well as
the development of drugs that can activate or inhibit E4F1, is likely
to accelerate the progress of E4F1 from basic research into clinical
applications.
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