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Pioneer factors are transcription factors sharing the fascinating ability to bind to

compact chromatin and thereby alter its transcriptional fate. Most pioneer

factors are known for their importance during embryonic development, for

instance, in inducing zygotic genome activation or cell fate decision. Some

pioneer factors are actively induced or downregulated by viral infection. With

this, viruses are capable to modulate different signaling pathways resulting for

example in MHC-receptor up/downregulation which contributes to viral

immune evasion. In this article, we review the current state of research on

how different viruses (Herpesviruses, Papillomaviruses and Hepatitis B virus) use

pioneer factors for their viral replication and persistence in the host, as well as for

the development of viral cancer.
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1 Introduction

Pioneer transcription factors are a rather heterogeneous group of transcription factors

that share the unique ability to bind to and change the transcriptional fate of compacted

chromatin. In eukaryotic cells, most of the genomic DNA is compacted in nucleosomes to

save space and prevent unneeded genes from expression. Whereas “classical” transcription

factors are only capable to bind to non-compacted DNA, pioneer factors bind in a sequence

specific manner to short DNA stretches exposed at the surface of nucleosomes (1). By

doing so, pioneer factors can reverse the fate of compacted DNA by attracting other

transcription factors, histone modifying enzymes, DNA-methyltransferases and

transcriptional cofactors leading to opening of chromatin (2). Thereby, pioneer factors

can have activating, as well as repressing effects on transcription. Whereas pioneer factors

pave the way for the opening of chromatin by recruitment of other factors, they are usually

not needed for the transcriptional process itself.

Most pioneer transcription factors play important roles in embryonic development (3).

In mammalian oocytes for example, transcription is generally halted and almost all genes

are silenced. However, after fertilization the newly formed zygote has to go through a

process called maternal to zygotic transition (MZT) to activate the diploid genome and
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enable transcription from the genome. During MZT, maternal

mRNAs and proteins stored in the oocyte are gradually degraded

and reprogramming of the zygote into a totipotent state starts with

the so called zygotic genome activation (ZGA). Several pioneer

factors have been shown to be essential for the initiation of

transcription during ZGA. In mammals for example the pioneer

factors mouse double homeobox (Dux)/human double homeobox 4

(DUX4), NANOG, human nuclear transcription factor Y (NFY)

and human Octamer-binding transcription factor 4 (OCT4) have

been demonstrated to be critical for ZGA (4–6). Experimental

abrogation of one of the factors results in abnormalities in further

development of the embryo. Other examples for the potency of

pioneer factors are the roles of PU.1 in deciding the cell fate in the

hematopoietic lineage or Neurod1 and Ascl1 (Mash1) in neural

development (7).

Numerous reviews in the past years focused on the role of

pioneer transcription factors during embryonic development and in

cancer (1, 3, 7–9). In addition, there are several reviews

summarizing the detailed molecular mechanisms of how pioneer

transcription factors are able to bind to nucleosome compacted

DNA (1–3). In this review we want to focus on the role of pioneer

transcription factors during viral infection, a topic that has not been

addressed to date. Whereas some pioneer factors are actively

induced by viruses, others are potently downregulated upon

infection. We hypothesize and provide evidence that viruses use

pioneer factors to alter transcription from the viral genome and

from the host genome to promote viral replication and oncogenesis.

This exploitation of pioneer factor function might have implications

for both lytic viral replication/reactivation as well as for the

development of virus-associated cancer.

Viruses are important pathogens that, by definition, rely on host

cells for their replication and propagation. Upon infection of the

host cell, viruses have evolved numerous mechanisms to promote

viral replication. First, viruses need to prevent activation of the host

innate and adaptive immunity. Second, the virus has to establish

specialized replication compartments that provide an environment

allowing replication of the viral genome. Viral replication

compartments are either located inside the nucleus as it is the

case for most DNA-viruses and some RNA viruses like Influenza

viruses or Bornaviruses. An alternative strategy are viral replication

compartments in the cytoplasm. Examples for cytoplasmic

replication are most RNA-viruses and some DNA-viruses like

Poxviruses. Most DNA-viruses replicate in the nucleus since this

is the place where cellular DNA replication takes place. Therefore,

the nucleus provides most of the infrastructure needed for viral

DNA replication like dNTPs, cellular enzymes for nucleotide

metabolism as well as enzymes for transcription. One notable

exception are large nucleocytoplasmic DNA-viruses like

Poxviruses or Asfarviruses that replicate in the cytoplasm. This

comes with the cost of a big genome size, since the virus has to

encode for most genes that are needed for genome replication. In

addition, it has been shown that poxviruses also recruit cellular

transcription factors like YY1, SP1, and TATA binding protein into

cytoplasmic replication compartments, although the consequences

for viral replication have not been assessed (10).
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DNA-viruses that replicate in the nucleus include families with

important pathogens like Adenoviruses, Herpesviruses,

Papillomaviruses and Polyomaviruses. For DNA-viruses, it is

important to discriminate between lytic viral replication that leads

to production and spread of viruses, and persistent infection that is

characterized by limited viral gene expression and that can

ultimately result in transformation of infected cells. Members of

the Herpesvirus, Papillomavirus and Polyomavirus families are

associated with cancer in humans as the viral infection results in

transformation of cells with uncontrolled cell growth (11–13). Viral

cancer is a consequence of longtime viral persistence and expression

of viral oncoproteins. Herpesviruses are special regarding

persistence compared to other DNA-viruses by establishing

lifelong latency in the infected host. Upon infection, herpesviruses

are disseminated by lytic replication before establishing a life-long

latency in long-lived cells like neurons or memory B-cells. After

years of latency with minimal viral gene expression, the viruses can

reactivate in response to a number of external and intrinsic stimuli

and cause disease (14).

In this paper, we will focus on Herpesviruses, Papillomaviruses

and Hepatitis B virus and how they use pioneer factors to modulate

replication, tumorigenesis and latency. Importantly, pioneer factors

also contribute to viral immune evasion, for example, by up- or

down-regulation of cell surface receptors such as MHC-receptors.
1.1 Pioneer transcription factors

There are about 2000 transcription factors encoded in the

human genome (15). Most eukaryotic transcription factors can

only bind to open chromatin and are not able to initiate

transcription from heterochromatin. However, in some situations,

for example during development or cell differentiation, a large

proportion of the transcriptional fate needs to be changed. This is

where a subset of transcription factors, the so called pioneer factors,

come into play. Pioneer factors have the intriguing ability to bind to

nucleosomes and are therefore able to bind to heterochromatin

(closed chromatin). There are several excellent reviews published

(1–3, 16) focusing on how pioneer factors are able to open

chromatin and alter transcription. An overview of pioneer factor

families including functions is summarized in Table 1. Despite a lot

of progress in the past years in elucidating the exact mechanism of

how individual pioneer factors work, there are still aspects that are

not fully understood. Although pioneer transcription factors are

highly diverse in their structure, all pioneer factors are able to bind

to DNA/nucleosomes. DNA-binding domains of pioneer factors

comprise a number of different domains like winged-helix domains

(e.g. Fox-family factors), homeobox domains (e.g. DUX4) or a high-

mobility group (HMG-) domain (Sox-family factors). The

structural aspects of pioneer transcription factors were recently

summarized in an excellent review by Kagawa and Kurumizaka

(17). The exact binding site on the nucleosome differs between the

individual pioneer factors, being at the edge or around the

nucleosome, close to or directly to the dyad axis. Interestingly,

some pioneer factors, such as Cbf1 in S.cerevisiae are reported not
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just bind the DNA, but also with one domain to histones, which

stabilizes the pioneer factor binding (18, 19). After binding to the

nucleosome, several mechanisms have been reported for the

establishment of open chromatin by pioneer factors as depicted in

Figure 1. These mechanisms range from partial unwinding DNA

from nucleosomes, inhibition of nucleosome interactions,

displacement of histones to recruitment of chromatin modifying

enzymes and are diverse for pioneer factors of different families. In

addition, there are further factors that contribute to the

transcriptional fate of chromatin in the presence of pioneer

factors. For example, there are certain histone modifications that

can act as a barrier or promote pioneer factor binding, for example,

H3K9me3 has been shown to hamper the binding of OCT4, SOX2,

Klf4 and c-Myc (20). This is also reflected by the fact that it is still

the cellular context that determines which binding sites the pioneer

factor will actually bind to in vivo. For example, it has been shown

that cell-type specific chromatin structure determines the binding of

the pioneer factor PU.1 (21) and Zelda (22). Overall, the detailed

mechanisms are yet not fully understood and the current knowledge

is summarized in the excellent reviews by Zaret, Larson et al. and

Balsadore et al. (1–3).

In this review, we focus on pioneer transcription factors that

have been shown to be regulated and play a role in viral infections.

The pioneer transcription factors we took a look at in this review in

the context of viral infection are listed in the following table, with

their DNA binding domain and function.
1.2 Herpesviruses and pioneer factors

Herpesviruses are a family of dsDNA-viruses characterized by

their ability to establish lifelong infections in their hosts. Human

herpesviruses can cause different diseases, including oral and genital

herpes, chickenpox, shingles and infectious mononucleosis. Herpes

simplex virus-1 (HSV-1), herpes simplex virus-2 (HSV-2) and

varicella zoster virus (VZV) are alphaherpesviruses, human
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cytomegalovirus (HCMV) and roseoloviruses (HHV-6A/B, HHV-

7) are betaherpesviruses, and Epstein-Barr virus (EBV) and

Kaposi ’s sarcoma-associated herpesvirus (KSHV) are

gammaherpesviruses. Herpesviruses have a unique life cycle that

includes both lytic and latent phases. During the lytic phase, the

virus actively replicates and causes symptoms in the host. After the

initial infection, herpesviruses are not cleared and enter latency in

the host. During latency, the virus normally does not cause

symptoms and can remain dormant for long periods of time. The

gamma herpesviruses EBV and KSHV are special in their ability to

cause cancer in humans. A summary of the pioneer factors, which

are modulated by herpesviruses for their replication, tumorigenesis,

latency and immune evasion are illustrated in Figure 2.

Infection with EBV usually occurs in early childhood and is

asymptomatic, but if infection occurs later in life, the virus may

cause infectious mononucleosis. EBV establishes latency in long-

lived memory B-cells which results in lifelong persistence in

infected individuals. EBV is associated with a number of human

cancers like Burkitt-lymphoma, nasopharyngeal carcinoma, gastric

cancers and Hodgkins lymphoma (23). EBV has been shown to

modulate many different pioneer factors, namely FoxO1/3, KLF4,

PU.1, RUNX (24) and SOX9 (25). The expression pattern of

latency-associated viral genes may vary. In general, latency is

divided into type I latency, which is found in Burkitt’s lymphoma

and gastric cancer, type II latency in Hodgkin’s lymphoma and

nasopharyngeal carcinoma, and type III latency in lymphoblastoid

cell lines (26) EBNA2, which is expressed during type III latency,

transactivates late membrane protein 1 (LMP1). This activation is

mediated by interaction with the cofactors recombination signal

binding protein Jk (RBPJk) and pioneer factor PU.1 to direct

EBNA2 to the LMP1 promotor (27, 28). LMP1 is known as the

major oncogene of EBV and has been shown to play an important

role in B-cell transformation. In addition, EBV’s non-coding RNA

EBER2 has been shown to associate with UCHL1mRNA, which in a

complex induces the pioneer PU.1. This is thought to help

transform resting B cells into lymphomas (29). PU.1 has also
FIGURE 1

Pioneer transcription factors (TF), in contrast to classical TF, share the ability to bind to closed chromatin. The current model proposes binding of a
pioneer factor, which opens chromatin through various mechanisms to allow classical TF binding and subsequent transcription.
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been implicated in the downregulation of MHCII after EBV

infection by LMP2A (30). Furthermore, the two FoxO proteins

FoxO1 and FoxO3 are downregulated by LMP1 and LMP2A as well

as by the PI3K/Akt and MAPK/ERK pathway. This regulation of

FoxO protein expression promotes tumorigenesis by promoting cell

transformation, suppressing DNA repair and inhibiting apoptosis

(31–36), indicating that EBV needs to downregulate FoxO1/3.

Other pioneer factors that influence B cell growth and are
Frontiers in Immunology 04
modulated by EBV are RUNX1 and RUNX3. Gunnell et al.

showed that the latency proteins EBNA2 and EBNA3B/C

specifically alter RUNX1/3 expression to influence B cell growth.

EBNA2, 3B/C activate RUNX3 by binding to an upstream super-

enhancer. Activation of RUNX3 leads to a feed-forward loop in

which RUNX1 expression is repressed to manipulate B-cell growth.

In addition to the repression by RUNX3, RUNX1 expression is

further regulated though inhibition by EBNA3B/C and activation
FIGURE 2

Overview of the pioneer factors modulated by HSV-1 (green), HCMV (brown), EBV (blue) or KSHV (orange) for viral replication, cancer progression,
immune evasion or in the context of latency.
TABLE 1 Pioneer factor family, DNA binding domain and function of pioneer factors modulated during viral infection.

Pioneer factor
family

DNA binding
domain

Pioneer factor
members

Function

Fox Winged-helix FoxA, FoxO Development, cell and tissue differentiation and homeostasis, cell cycle control,
metabolism, stress response

ETS Winged helix-turn-
helix

PU.1, ELF1-4 Immunity, development, cell differentiation and homeostasis and cancer

SOX High-mobility-group SOX2,9 Induction, Maintainance pluripotency

POU POU binding domain OCT4 Induction Pluripotency

KLF Zinc finger KLF4, KLF13, KLF15 Proliferation, Differentiation, Apoptosis, Tissue development and homeostasis

GATA Two zinc finger motif GATA1-6 Cell differentiation

PAX Paired domain PAX1-9 Tissue and organ development

RUNX Runt RUNX1-3 Embryonic development

DUX4 homeoboxdomain DUX4 Embryonic development
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by EBNA2 (24). Furthermore, EBV is regulating the pioneer factor

KLF4. EBV has been shown to increase KLF4 levels through the

immediate early protein BZLF1. Mechanistically, BZLF1 inhibits

the methyltransferase METTL3, which leads to a decrease of the

mRNAmodification m6A of KLF4. This provides enhanced stability

of the KLF4 mRNA for enhanced KLF4 levels, which promotes lytic

replication (37). Along this line, KLF4 has also been suggested to

contribute to EBV reactivation during epithelial differentiation,

when KLF4 is expressed together with BLIMP1. Van Sciver et al.

have been shown that KLF4 and BLIMP1 activate the promotors of

the genes encoding for the IE proteins BZLF1 and BRLF1, which

results in lytic reactivation of the virus (38).

Primary HSV-1 infection usually occurs early in life, mainly in

the oral mucosa. After entry into the cell, the viral genome is

released into the nucleus where HSV-1 transcription and

replication take place. Transcription of HSV-1 genes occurs in a

cascade of immediate-early, early and late genes. After initial

infection, the virus establishes latency in neurons. During latency,

HSV-1 is maintained in an episomal form and only latency-

associated transcripts (LATs) are expressed. When HSV-1 is

reactivated, it switched back to lytic infection. The entire

mechanism of reactivation is not fully understood, but one of the

stimuli associated with HSV-1 reactivation is cellular stress. The

glucocorticoid receptor and stress-induced transcription factors,

including the pioneer factor KLF4, have been shown to play a role in

the activation of infected cell protein 4 and 0 (ICP4 and ICP0) (39,

40). Glucocoticoid receptor treatment results in KLF4 expression

which binds to the ICP4 promoter and activates its transcription.

ICP4 is an immediate-early protein of HSV-1 which transactivates

viral genes and is needed for productive lytic replication. A similar

mechanism was also reported to play a role in the reactivation of

bovine herpesvirus 1 (BoHV-1), an alphaherpesvirus of cows,

indicating that this is conserved across herpesviruses of different

species (41). Another pioneer factor involved in HSV-1 infection is

RUNX1, which has been reported to play a role in inhibiting the

transcription of several viral genes, thereby limiting infection (42).

RUNX1 is a transcription factor involved in the differentiation of

sensory neurons. The HSV-1 genome is enriched for binding-sites

of RUNX1 and binding of overexpressed RUNX1 prevents HSV-1

gene expression and lytic replication in an in vitro model of HSV-1

in neuroblastoma cells (42). This indicates, that RUNX1 contributes

to the establishment of latency in neuronal cells. Taken together,

both KLF4 and RUNX1 are involved in regulating gene expression

from the EBV and HSV-1 genome, which contributes to different

aspects of latent and lytic replication. Whereas the regulation of

latency is more complicated for EBV with different transcriptional

programs in different types of latency, the data hint at an

involvement of the pioneer factors KLF4 and RUNX1 in the

switch between latent and lytic infection of HSV-1.

HCMV is a beta-herpesvirus that causes a variety of diseases in

immunocompromised individuals. In addition, HCMV is a major

cause of birth defects upon congenital infection of the mother. Like

other herpesviruses, HCMV has two phases, lytic and latent

infection. To maintain latency, the pioneer factor GATA2 (43)

has been described to play an important role in the expression of the
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latency-associated gene LUNA and, in some HCMV isolates,

UL144. LUNA is a deSUMOylase that is involved in dispersion of

PML nuclear bodies and HCMV viruses with LUNA mutations in

the deSUMOylation motif show reduced levels of reactivation of

latent HCMV. In addition, for HCMV reactivation, the pioneer

factors FoxO1 and 3a have been described as critical for the

activation of immediate early genes by binding and activating the

alternative immediate early promotor (44). In addition, FoxO1 has

been described to play an important role in viral transcription and

replication (45, 46). Hale et al. showed that the major immediate –

early promoter of HCMV that is silenced in latenly infected

hematopietic stem cells can be activated by alternative FoxO

binding sites. The activation leads to initiation of the lytic cascade

and reactivation of the virus (44). Another pioneer factor

modulated by HCMV is SOX2. Wu et al. reported that IE1 is

downregulating SOX2 in neural progenitor cells, which might be a

mechanism of HCMV damaging the developing nervous system

(47). Recently it was also shown that in glioma the HCMV gene

expression is modulated by SOX2 and subsequent PML

downregulation (48).

KSHV is an oncovirus that can cause a rare cancer called Kaposi’s

sarcoma (KS), primary effusion lymphoma (PEL) and multicentric

Castleman’s disease (MCD) in immunocompromised patients. In

PEL cells, the pioneer factor PU.1 is downregulated. This

downregulation has been shown to promote cell growth and inhibit

apoptosis, which promotes PEL development (49). Another pioneer

factor that is important for KSHV is FoxO1. But in contrast to

HCMVwhere FoxO1 promotes reactivation, it has been reported that

FoxO1 is important for maintaining latency of KSHV. Inhibition of

FoxO1 increases levels of reactive oxygen species that lead to KSHV

reactivation, and KSHV can directly upregulate FoxO1 through

vFLIP and miRNAs to induce cell proliferation (50, 51).

One pioneer factor is quite special for herpesviruses, as all

subfamilies show conserved induction of this protein. This pioneer

factor, called DUX4, is known for its role during embryonic

development, where it induces zygotic genome activation. In

healthy individuals, DUX4 is exclusively expressed in the 2-8 cell

stage of early embryonic development. Zygotic genome activation is

a crucial event in the maternal to zygotic transition, the switch

between limited gene expression in the resting oocyte and genome

wide activation of transcription in the zygote. After that short

period of expression, the DUX4 locus is epigenetically silenced.

However, rarely DUX4 expression gets activated beyond the 8-cell

stage and then can cause disease. DUX4 expression in skeletal

muscle cells is the cause of facio-scapulo-humeral muscle dystrophy

(FSHD) and aberrant expression of DUX4 after the 2-8 cell stage in

development causes Bosma-Arhinia Microphtalia Syndrome. In

addition there are reports of DUX4 expression in human cancer.

Interestingly, we and other could show, that DUX4 is induced by

herpesviral infection (52–54). DUX4 is expressed upon lytic

replication of herpesviruses by viral proteins, and knockout of

DUX4 blocks replication of HSV-1 and HSV-2 almost

completely. It is possible that the herpesviruses induce DUX4 to

prevent silencing of the viral genome and promote viral replication,

basically mimic an embryonic ZGA-like state in the cell.
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1.3 Papillomaviruses and pioneer factors

Human papillomaviruses (HPV) are non-enveloped dsDNA-

viruses that include over 200 different genotypes. High-risk HPV

genotypes can cause a variety of cancers, including anal, penile, and

head and neck cancers, but the most common type is cervical

cancer. The replication cycle of HPV is linked to the differentiation

of epithelial cells. HPV infects dividing basal epithelial cells. As the

viral genome is passed on to the daughter cells it is carried along to

the upper layer of epithelial cells. This allows a regulated

progression in HPV’s replication cycle, in which infection and

persistence of the viral DNA takes place in basal layer cells, in the

middle layer of spinous layer cells viral genome amplification takes

place and in the upper granular cells virions are assembled. HPV

has an episomal genome that can be divided into three distinct

regions. One region encodes the early (E) proteins, another region

of the HPV genome carries the late (L) genes encoding the two

capsid proteins L1 and L2, and the third region is the long control

region (LCR), which controls viral replication and transcription.

About 5% of all human cancers are caused by HPV, mainly by

HPV16 and HPV18. However, progression to cancer after HPV

infection is actually a rare event, as in most cases the virus is cleared.

The key players in HPV tumorigenesis are the early proteins E6 and

E7. These two proteins act as oncogenes, enabling uncontrolled cell

proliferation, evading apoptosis and inducing chromosomal

instability. These proteins have also been shown to modulate the

pioneer factors KLF4, SOX2 and OCT4 in the context of

tumourigenesis.KLF4 is dysregulated in many different types of

cancer and can act here via tumor suppressing or oncogenic

function (55, 56). However, in HPV-mediated cancers, there is

evidence that KLF4 modulation is mediated by the two HPV

proteins E6 and E7. Gunasekharan et al. reported that KLF4 levels

are increased in HPV+ cells through post-transcriptional modulation

of KLF4 by E7 by suppressing the cellular miRNA miR-145 (57),

which normally targets HPV E1 and E2. In addition, E6 inhibits KLF4

SUMOylation and phosphorylation (58). They also showed that

KLF4 upregulation not only plays an important role in keratinocyte

differentiation and cell cycle progression, but also in the regulation of

viral transcription by binding to the LCR together with Blimp1 (58).

KLF4 has also been reported to play a role in epithelial-mesenchymal

transition (EMT).Other pluripotency and pioneer factors upregulated

by HPV include OCT4 (59–61) and SOX2 (62). Oct4 levels are

generally upregulated in cervical cancer and even more upregulated

in HPV+ compared to HPV-negative cancers (59–61). E7 has been

shown to upregulate and directly bind to Oct4, modulating its

transcriptional pattern. Recently, the mechanism by which E7

upregulates OCT4 was published in a preprint (63). They showed

that E7, by downregulating MBD2 and upregulating TET1, induces

hydroxymethylation and thus reactivation of OCT4.
1.4 Hepatitis B virus and pioneer factors

Hepatitis B virus (HBV) is a partially double-stranded DNA-

virus of the hepadnaviridae family. The target cells of HBV are
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hepatocytes. After infection, the relaxed circular DNA (rcDNA) is

repaired and transformed into stable covalently closed DNA

(cccDNA). HBV is a major cause of hepatocellular carcinoma

(HCC). Many different mechanisms have been reported by which

HBV contributes to tumour progression, including viral integration

into host DNA, genomic instability and modulation of various

cancer-related pathways.

One pioneer factor that has been described to be upregulated in

HBV+ HCC is the stem cell pluripotency factor OCT4 (57).

Different mechanisms have been described how OCT4

upregulation contributes to HCC tumourigenesis. Li et al.

reported that HBV and hepatitis C virus promote liver fibrosis

through induction of TGF-b1. This TGF-b1 production activates

pioneer factor OCT4 and NANOG. These two factors then activate

pro-fibrotic genes such as a-SMA, TIMP-1 and Col1A1 and with

this contributes to liver fibrosis (58). In addition, OCT4 was shown

to mediate, together with STAT3, the re-expression of Sal-like

protein 4 (SALL4), the expression of which is associated with

poor prognosis in HCC (59). This upregulation of SALL4 is

suggested to contribute to T-cell exhaustion. Mechanistically,

SALL4 inhibits the transcription of the miRNA 200c, which, by

upregulation of PD-L1, interferes in a crucial regulatory pathway of

T-cell exhaustion (60).

Another factor that is upregulated in HCC, as in several other

cancers, is Pax8. However, in HBV-associated HCC, the increased

Pax8 levels have been shown to be directly modulated by the virus.

Mechanistically, Pax8 is stabilized by the HBV X protein (HBx).

This prevents its degradation, and the upregulated Pax8 levels have

been shown to contribute to tumour progression in HCC (61).
1.5 Cell surface receptor regulation by
pioneer factors

For a variety of human cancers, the expression of DUX4 in

malignant cells has been reported. It has been demonstrated that

DUX4 expression leads to a downregulation of MHC class I (MHC-

I) expression from the cell surface. Chew et al. showed that DUX4

expression in solid cancers results in reduced expression of MHC-I

in response to IFN-gamma (IFNg) treatment (64). DUX4 protein

interacts with STAT1 and broadly suppresses expression of IFNg
stimulated genes by decreasing bound STAT1 and Pol-II

recruitment (65). Strikingly, DUX4 expression is mostly a feature

of metastatic tumors and correlates with a bad tumor prognosis,

reducing survival rates about a year compared to DUX4-negative

tumors (66). The reason for that difference in tumor prognosis is

most likely that DUX4 expression and MHC-I downregulation

renders tumors less susceptible to treatment with checkpoint

inhibitors. Similar observations have been made for HBV. Upon

HBV infection, OCT4 induces SALL4 which results in upregulation

of PD-L1. Patients with higher PD-L1 levels had worse prognosis

and reduced overall survival, showing that this is critical for tumor

immune evasion in vivo (67, 68). Interestingly, the pioneer factor

PU.1 has also been implicated in the downregulation of MHCII

after EBV infection (30). In EBV infected cells, LMP2 leads to
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downregulation of PU.1. PU.1 is a transcriptional activator of

CIITA, and downregulation of PU.1 results in less CIITA

expression and subsequently also MHC-II and CD47

downregulation. Whether this downregulation of MHC-I/MHC-II

also plays a role during viral infection is currently unknown. One

has to consider that all herpesviruses encode potent inhibitors that

interfere with different aspects of antigen presentation via MHC-I/

MHC-II. However, it is well conceivable that expression of pioneer

factors contribute to herpesviral immune evasion in situations

where viral MHC inhibitors are not able to execute their function,

but this warrants further investigation.
2 Discussion

Viruses like Herpesviruses, Papillomaviruses and Hepatitis B

viruses establish persistent infections in infected individuals. After

primary infection and replication, the virus hides in niches with

limited viral gene expression to prevent recognition by the host

immune system and elimination of the infected cells. Herpesviruses

for example establish life-long latency in long-lived cells of the blood

or neuronal system. During latency the genome is silenced and

subjected to epigenetic mechanism that influence gene expression

from the viral genome. These include DNA-methylation and

repressive histone modifications that prevent expression of genes

that trigger the lytic replication cycle like BZLF1/BRLF1 for EBV and

RTA/ZTA for KSHV. This allows the viruses to hide and persist in

latent cells over years. However, occasionally the viruses have to

initiate lytic replication. Lytic replication is triggered by a number of

external stimuli that initiate the lytic cascade which results in

production of progeny viruses. It seems that persistent viruses

exploit the unique feature of pioneer factors to reverse the fate of

epigenetically silenced viral chromatin in order to facilitate lytic

replication. This has several advantages for the virus. First, it relies

on established mechanisms of cellular proteins that are evolutionary

conserved. Second, pioneer factors play very important roles in

development and cell fate decisions. Therefore, there is limited

room for mutations that might prevent exploitation by viruses. Any

mutation that interferes with pioneer transcription factor function in

the context of viral infection would also interfere with its original

function and therefore be not compatible with development. Third,

instead of regulating multiple cellular enzymes that revert silenced

chromatin, the virus just has to ensure the expression of one cellular

factor that does the job. The induction of a pioneer factor is therefore

a simple way for the virus to induce transcription of epigenetically

silenced viral chromatin. Particularly for persistent viruses like

Herpesviruses, Papillomaviruses and also Hepatitis B viruses this is

critical to exit the persistent state and re-enter the lytic

replication cycle.

Some pioneer factors seem to be involved in transcriptional

regulation of multiple viruses. DUX4 for example is not expressed in

healthy adult tissue, but highly upregulated upon infection with
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human herpesviruses. In addition, we could show upregulation of

DUX4 in single-cell RNA sequencing datasets of HPV-positive heck

and neck cancer, indicating that DUX4 might also play a role in

HPV infection. In addition, KLF4 has been shown to be important

for activating transcription of EBV, HSV-1 and papillomaviruses. In

particular for EBV and HSV-1, KLF4 seems to have similar roles.

KLF4 activates expression of ICP4/ICP0 for HSV-1 and BRLF1/

BZLF1 for EBV. Although the proteins are not homologous, they

have similar functions in activating the lytic replication cascade. It

would be very interesting to see whether DUX4 and KLF4 also play a

role in the replication of other DNA-viruses or if other DNA-viruses

use different pioneer factors as shown for HCMV which can be

reactivated by FoxO1. For papillomaviruses, KLF4 expression is

stabilized by posttranscriptional modification and binds to the

genome. However, whether this activation directly contributes to

HPV-induced cancer or is just a consequence of cell transformation

is not known. As discussed above, DUX4 is also known upregulated

in a variety of human cancers, and more work is needed to dissect

the roles in virus induced cancer regarding viral replication and

cancer development. In this context, it is also necessary to discuss

whether pioneer factors act as pioneer factors under all

circumstances or whether pioneer factors can also act as “normal”

transcription factors. There is an ongoing debate regarding the exact

differences between pioneer factors and conventional transcription

factors. Hansen et al. used K562 lymphoblast cells and transfected

them with FOXA1, a pioneer factor or HNF4A, a conventional

transcription factor (69). Interestingly, only subtle differences in

gene expression could be observed, indicating, that other factors like

the number of transcription factor binding motifs contributes to the

ability of a transcription factor to initiate transcription from silenced

chromatin (69). Another interesting aspect is whether pioneer factor

binding differs between cellular and viral chromatin. For example,

during lytic viral replication, the viral genome is not associated with

histones and therefore it might not be associated with pioneer

factors that only bind to nucleosomal DNA. However, this might

change over the course of viral infection and additional studies are

needed to unravel the dynamic interplay between transcription

factors and viral/cellular chromatin. In addition, it would be

worthwhile to investigate if some viral transactivator proteins also

fulfill the criteria of pioneer factors. By definition, pioneer factors i)

bind nucleosomal DNA in vivo and in vitro ii) induce chromatin

remodeling around DNA binding sites and iii) induce global

epigenetic changes in the cell, but this has not been investigated

in detail. Interestingly, the HSV-1 transactivator ICP4 preferentially

binds to chromatin that is not associated with nucleosomes to

discriminate between viral and cellular chromatin (70).

Overall, there is growing evidence that pioneer factors play

important roles in regulating transcription from the viral genome.

Especially DNA-viruses that have to switch between a dormant,

persistent state and lytic replication rely on pioneer factors like

KLF4, DUX4 and probably others to revert the fate of epigenetically

silenced viral chromatin.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1286617
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Neugebauer et al. 10.3389/fimmu.2023.1286617
Author contributions

EN: Writing – original draft, Writing – review & editing,

Conceptualization. AB: Visualization, Writing – review & editing.

DW: Writing – review & editing, Conceptualization. FF: Writing –

original draft, Writing – review & editing, Conceptualization.

Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study

was supported by the BMBF Junior Research Group “Duxdrugs”

(BMBF 01KI2017, FF).
Frontiers in Immunology 08
Conflict of interest
The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note
All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Zaret KS. Pioneer transcription factors initiating gene network changes. Annu Rev
Genet (2020) 54:367–85. doi: 10.1146/annurev-genet-030220-015007
2. Balsalobre A, Drouin J. Pioneer factors as master regulators of the epigenome and

cell fate. Nat Rev Mol Cell Biol (2022) 23(7):449–64. doi: 10.1038/s41580-022-00464-z

3. Larson ED, Marsh AJ, Harrison MM. Pioneering the developmental frontier.Mol
Cell (2021) 81(8):1640–50. doi: 10.1016/j.molcel.2021.02.020

4. Schulz KN, Harrison MM.Mechanisms regulating zygotic genome activation. Nat
Rev Genet (2019) 20(4):221–34. doi: 10.1038/s41576-018-0087-x

5. Choi SH, Gearhart MD, Cui Z, Bosnakovski D, KimM, Schennum N, et al. DUX4
recruits p300/CBP through its C-terminus and induces global H3K27 acetylation
changes. Nucleic Acids Res (2016) 44(11):5161–73. doi: 10.1093/nar/gkw141

6. Oldfield AJ, Henriques T, Kumar D, Burkholder AB, Cinghu S, Paulet D, et al.
NF-Y controls fidelity of transcription initiation at gene promoters through
maintenance of the nucleosome-depleted region. Nat Commun (2019) 10(1):3072.
doi: 10.1038/s41467-019-10905-7

7. Iwafuchi-Doi M, Zaret KS. Cell fate control by pioneer transcription factors.
Development (2016) 143(11):1833–7. doi: 10.1242/dev.133900

8. Sunkel BD, Stanton BZ. Pioneer factors in development and cancer. iScience
(2021) 24(10):103132. doi: 10.1016/j.isci.2021.103132

9. Jozwik KM, Carroll JS. Pioneer factors in hormone-dependent cancers. Nat Rev
Cancer (2012) 12(6):381–5. doi: 10.1038/nrc3263

10. Oh J, Broyles SS. Host cell nuclear proteins are recruited to cytoplasmic vaccinia
virus replication complexes. J Virol (2005) 79(20):12852–60. doi: 10.1128/
JVI.79.20.12852-12860.2005

11. Klingelhutz AJ, Roman A. Cellular transformation by human papillomaviruses:
lessons learned by comparing high- and low-risk viruses. Virology (2012) 424(2):77–98.
doi: 10.1016/j.virol.2011.12.018

12. Alibek K, Baiken Y, Kakpenova A, Mussabekova A, Zhussupbekova S, Akan M,
et al. Implication of human herpesviruses in oncogenesis through immune evasion and
supression. Infect Agent Cancer (2014) 9(1):3. doi: 10.1186/1750-9378-9-3

13. Prado JCM, Monezi TA, Amorim AT, Lino V, Paladino A, Boccardo E. Human
polyomaviruses and cancer: an overview. Clinics (Sao Paulo) (2018) 73(suppl 1):e558s.
doi: 10.6061/clinics/2018/e558s

14. Cohen JI. Herpesvirus latency. J Clin Invest (2020) 130(7):3361–9. doi: 10.1172/
JCI136225

15. Ehsani R, Bahrami S, Drablos F. Feature-based classification of human
transcription factors into hypothetical sub-classes related to regulatory function.
BMC Bioinf (2016) 17(1):459. doi: 10.1186/s12859-016-1349-2

16. Mayran A, Drouin J. Pioneer transcription factors shape the epigenetic
landscape. J Biol Chem (2018) 293(36):13795–804. doi: 10.1074/jbc.R117.001232

17. Kagawa W, Kurumizaka H. Structural basis for DNA sequence recognition by
pioneer factors in nucleosomes. Curr Opin Struct Biol (2021) 71:59–64. doi: 10.1016/
j.sbi.2021.05.011

18. Donovan BT, Chen H, Jipa C, Bai L, Poirier MG. Dissociation rate compensation
mechanism for budding yeast pioneer transcription factors. Elife (2019) 8. doi: 10.7554/
eLife.43008

19. Donovan BT, Chen H, Eek P, Meng Z, Jipa C, Tan S, et al. Basic helix-loop-helix
pioneer factors interact with the histone octamer to invade nucleosomes and generate
nucleosome-depleted regions. Mol Cell (2023) 83(8):1251–63.e6. doi: 10.1016/
j.molcel.2023.03.006
20. Soufi A, Donahue G, Zaret KS. Facilitators and impediments of the pluripotency
reprogramming factors' initial engagement with the genome. Cell (2012) 151(5):994–
1004. doi: 10.1016/j.cell.2012.09.045

21. Pham TH, Minderjahn J, Schmidl C, Hoffmeister H, Schmidhofer S, Chen W,
et al. Mechanisms of in vivo binding site selection of the hematopoietic master
transcription factor PU. 1 Nucleic Acids Res (2013) 41(13):6391–402. doi: 10.1093/
nar/gkt355

22. Larson ED, Komori H, Gibson TJ, Ostgaard CM, Hamm DC, Schnell JM, et al.
Cell-type-specific chromatin occupancy by the pioneer factor Zelda drives key
developmental transitions in Drosophila. Nat Commun (2021) 12(1):7153. doi:
10.1038/s41467-021-27506-y

23. Shannon-Lowe C, Rickinson A. The global landscape of EBV-associated tumors.
Front Oncol (2019) 9:713. doi: 10.3389/fonc.2019.00713

24. Gunnell A, Webb HM, Wood CD, McClellan MJ, Wichaidit B, Kempkes B, et al.
RUNX super-enhancer control through the Notch pathway by Epstein-Barr virus
transcription factors regulates B cell growth. Nucleic Acids Res (2016) 44(10):4636–50.
doi: 10.1093/nar/gkw085

25. Sun M, Uozaki H, Hino R, Kunita A, Shinozaki A, Ushiku T, et al. SOX9
expression and its methylation status in gastric cancer. Virchows Arch (2012) 460
(3):271–9. doi: 10.1007/s00428-012-1201-7

26. Kang MS, Kieff E. Epstein-Barr virus latent genes. Exp Mol Med (2015) 47(1):
e131. doi: 10.1038/emm.2014.84

27. Johannsen E, Koh E, Mosialos G, Tong X, Kieff E, Grossman SR. Epstein-Barr
virus nuclear protein 2 transactivation of the latent membrane protein 1 promoter is
mediated by J kappa and PU.1. J Virol (1995) 69(1):253–62. doi: 10.1128/jvi.69.1.253-
262.1995

28. Sjoblom A, Nerstedt A, Jansson A, Rymo L. Domains of the Epstein-Barr virus
nuclear antigen 2 (EBNA2) involved in the transactivation of the latent membrane
protein 1 and the EBNA Cp promoters. J Gen Virol (1995) 76(Pt 11):2669–78. doi:
10.1099/0022-1317-76-11-2669

29. Li Z, Baccianti F, Delecluse S, Tsai MH, Shumilov A, Cheng X, et al. The Epstein-
Barr virus noncoding RNA EBER2 transactivates the UCHL1 deubiquitinase to
accelerate cell growth. Proc Natl Acad Sci U.S.A. (2021) 118(43). doi: 10.1073/
pnas.2115508118

30. Lin JH, Lin JY, Chou YC, Chen MR, Yeh TH, Lin CW, et al. Epstein-Barr virus
LMP2A suppresses MHC class II expression by regulating the B-cell transcription
factors E47 and PU.1. Blood (2015) 125(14):2228–38. doi: 10.1182/blood-2014-08-
594689

31. Liu W, Song YY, Wang JY, Xiao H, Zhang Y, Luo B. Dysregulation of FOXO
transcription factors in Epstein-Barr virus-associated gastric carcinoma. Virus Res
(2020) 276:197808. doi: 10.1016/j.virusres.2019.197808

32. Shore AM, White PC, Hui RC, Essafi A, Lam EW, Rowe M, et al. Epstein-Barr
virus represses the FoxO1 transcription factor through latent membrane protein 1 and
latent membrane protein 2A. J Virol (2006) 80(22):11191–9. doi: 10.1128/JVI.00983-06

33. Lo AK, Dawson CW, Lo KW, Yu Y, Young LS. Upregulation of Id1 by Epstein-
Barr virus-encoded LMP1 confers resistance to TGFbeta-mediated growth inhibition.
Mol Cancer (2010) 9:155. doi: 10.1186/1476-4598-9-155

34. Chen YR, Liu MT, Chang YT, Wu CC, Hu CY, Chen JY. Epstein-Barr virus
latent membrane protein 1 represses DNA repair through the PI3K/Akt/FOXO3a
pathway in human epithelial cells. J Virol (2008) 82(16):8124–37. doi: 10.1128/
JVI.00430-08
frontiersin.org

https://doi.org/10.1146/annurev-genet-030220-015007
https://doi.org/10.1038/s41580-022-00464-z
https://doi.org/10.1016/j.molcel.2021.02.020
https://doi.org/10.1038/s41576-018-0087-x
https://doi.org/10.1093/nar/gkw141
https://doi.org/10.1038/s41467-019-10905-7
https://doi.org/10.1242/dev.133900
https://doi.org/10.1016/j.isci.2021.103132
https://doi.org/10.1038/nrc3263
https://doi.org/10.1128/JVI.79.20.12852-12860.2005
https://doi.org/10.1128/JVI.79.20.12852-12860.2005
https://doi.org/10.1016/j.virol.2011.12.018
https://doi.org/10.1186/1750-9378-9-3
https://doi.org/10.6061/clinics/2018/e558s
https://doi.org/10.1172/JCI136225
https://doi.org/10.1172/JCI136225
https://doi.org/10.1186/s12859-016-1349-2
https://doi.org/10.1074/jbc.R117.001232
https://doi.org/10.1016/j.sbi.2021.05.011
https://doi.org/10.1016/j.sbi.2021.05.011
https://doi.org/10.7554/eLife.43008
https://doi.org/10.7554/eLife.43008
https://doi.org/10.1016/j.molcel.2023.03.006
https://doi.org/10.1016/j.molcel.2023.03.006
https://doi.org/10.1016/j.cell.2012.09.045
https://doi.org/10.1093/nar/gkt355
https://doi.org/10.1093/nar/gkt355
https://doi.org/10.1038/s41467-021-27506-y
https://doi.org/10.3389/fonc.2019.00713
https://doi.org/10.1093/nar/gkw085
https://doi.org/10.1007/s00428-012-1201-7
https://doi.org/10.1038/emm.2014.84
https://doi.org/10.1128/jvi.69.1.253-262.1995
https://doi.org/10.1128/jvi.69.1.253-262.1995
https://doi.org/10.1099/0022-1317-76-11-2669
https://doi.org/10.1073/pnas.2115508118
https://doi.org/10.1073/pnas.2115508118
https://doi.org/10.1182/blood-2014-08-594689
https://doi.org/10.1182/blood-2014-08-594689
https://doi.org/10.1016/j.virusres.2019.197808
https://doi.org/10.1128/JVI.00983-06
https://doi.org/10.1186/1476-4598-9-155
https://doi.org/10.1128/JVI.00430-08
https://doi.org/10.1128/JVI.00430-08
https://doi.org/10.3389/fimmu.2023.1286617
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Neugebauer et al. 10.3389/fimmu.2023.1286617
35. Liu W, Zhang Q, Zhang Y, Sun L, Xiao H, Luo B. Epstein-barr virus regulates
endothelin-1 expression through the ERK/FOXO1 pathway in EBV-associated gastric
cancer. Microbiol Spectr (2023) 11(1):e0089822. doi: 10.1128/spectrum.00898-22
36. Yang GD, Huang TJ, Peng LX, Yang CF, Liu RY, Huang HB, et al. Epstein-Barr

Virus_Encoded LMP1 upregulates microRNA-21 to promote the resistance of
nasopharyngeal carcinoma cells to cisplatin-induced Apoptosis by suppressing
PDCD4 and Fas-L. PloS One (2013) 8(10):e78355. doi: 10.1371/journal.pone.0078355
37. Dai DL, Li X, Wang L, Xie C, Jin Y, Zeng MS, et al. Identification of an N6-

methyladenosine-mediated positive feedback loop that promotes Epstein-Barr virus
infection. J Biol Chem (2021) 296:100547. doi: 10.1016/j.jbc.2021.100547
38. Van Sciver N, Ohashi M, Nawandar DM, Pauly NP, Lee D, Makielski KR, et al.

DeltaNp63alpha promotes Epstein-Barr virus latency in undifferentiated epithelial
cells. PloS Pathog (2021) 17(11):e1010045. doi: 10.1371/journal.ppat.1010045

39. Ostler JB, Sawant L, Harrison K, Jones C. Regulation of neurotropic herpesvirus
productive infection and latency-reactivation cycle by glucocorticoid receptor and stress-
induced transcription factors.VitamHorm (2021) 117:101–32. doi: 10.1016/bs.vh.2021.06.005

40. Ostler JB, Thunuguntla P, Hendrickson BY, Jones C. Transactivation of herpes
simplex virus 1 (HSV-1) infected cell protein 4 enhancer by glucocorticoid receptor and
stress-induced transcription factors requires overlapping Kruppel-like transcription
factor 4/sp1 binding sites. J Virol (2021) 95(4). doi: 10.1128/JVI.01776-20

41. Sawant L, Ostler JB, Jones C. A pioneer transcription factor and type I nuclear
hormone receptors synergistically activate the bovine herpesvirus 1 infected cell protein
0 (ICP0) early promoter. J Virol (2021) 95(20):e0076821. doi: 10.1128/JVI.00768-21

42. Kim DJ, Khoury-Hanold W, Jain PC, Klein J, Kong Y, Pope SD, et al. RUNX
binding sites are enriched in herpesvirus genomes, and RUNX1 overexpression leads to
herpes simplex virus 1 suppression. J Virol (2020) 94(22). doi: 10.1128/JVI.00943-20

43. Poole E, Walther A, Raven K, Benedict CA, Mason GM, Sinclair J. The myeloid
transcription factor GATA-2 regulates the viral UL144 gene during human
cytomegalovirus latency in an isolate-specific manner. J Virol (2013) 87(8):4261–71.
doi: 10.1128/JVI.03497-12

44. Hale AE, Collins-McMillen D, Lenarcic EM, Igarashi S, Kamil JP, Goodrum F,
et al. FOXO transcription factors activate alternative major immediate early promoters
to induce human cytomegalovirus reactivation. Proc Natl Acad Sci USA (2020) 117
(31):18764–70. doi: 10.1073/pnas.2002651117

45. Sleman S. Virus-induced FoxO factor facilitates replication of human
cytomegalovirus. Arch Virol (2022) 167(1):109–21. doi: 10.1007/s00705-021-05279-5

46. Zhang H, Domma AJ, Goodrum FD, Moorman NJ, Kamil JP. The Akt forkhead
box O transcription factor axis regulates human cytomegalovirus replication. mBio
(2022) 13(4):e0104222. doi: 10.1128/mbio.01042-22

47. Wu CC, Jiang X, Wang XZ, Liu XJ, Li XJ, Yang B, et al. Human cytomegalovirus
immediate early 1 protein causes loss of SOX2 from neural progenitor cells by trapping
unphosphorylated STAT3 in the nucleus.1. J Virol (2018) 92(17). doi: 10.1128/JVI.00340-18

48. Wen L, Wang XZ, Qiu Y, Zhou YP, Zhang QY, Cheng S, et al. SOX2
downregulation of PML increases HCMV gene expression and growth of glioma
cells. PloS Pathog (2023) 19(4):e1011316. doi: 10.1371/journal.ppat.1011316

49. Goto H, Kariya R, Kudo E, Okuno Y, Ueda K, Katano H, et al. Restoring PU.1
induces apoptosis and modulates viral transactivation via interferon-stimulated genes in
primary effusion lymphoma. Oncogene (2017) 36(37):5252–62. doi: 10.1038/onc.2017.138

50. Gao R, Li T, Tan B, Ramos da Silva S, Jung JU, Feng P, et al. FoxO1 suppresses
Kaposi's sarcoma-associated herpesvirus lytic replication and controls viral latency. J
Virol (2019) 93(3). doi: 10.1128/JVI.01681-18

51. Li T, Gao SJ. KSHV hijacks FoxO1 to promote cell proliferation and cellular
transformation by antagonizing oxidative stress. J Med Virol (2023) 95(3):e28676. doi:
10.1002/jmv.28676

52. Full F, van Gent M, Sparrer KMJ, Chiang C, Zurenski MA, Scherer M, et al.
Centrosomal protein TRIM43 restricts herpesvirus infection by regulating nuclear
lamina integrity. Nat Microbiol (2019) 4(1):164–76. doi: 10.1038/s41564-018-0285-5
Frontiers in Immunology 09
53. Friedel CC, Whisnant AW, Djakovic L, Rutkowski AJ, Friedl MS, Kluge M, et al.
Dissecting herpes simplex virus 1-induced host shutoff at the RNA level. J Virol (2021)
95(3). doi: 10.1128/JVI.01399-20

54. Walter S, Franke V, Drayman N,Wyler E, Tay S, Landthaler M, et al. Herpesviral
induction of germline transcription factor DUX4 is critical for viral gene expression.
bioRxiv (2021) 2021:436599. doi: 10.1101/2021.03.24.436599

55. He Z, He J, Xie K. KLF4 transcription factor in tumorigenesis. Cell Death
Discovery (2023) 9(1):118. doi: 10.1038/s41420-023-01416-y

56. Rowland BD, Peeper DS. KLF4, p21 and context-dependent opposing forces in
cancer. Nat Rev Cancer (2006) 6(1):11–23. doi: 10.1038/nrc1780

57. Gunasekharan V, Laimins LA. Human papillomaviruses modulate microRNA
145 expression to directly control genome amplification. J Virol (2013) 87(10):6037–43.
doi: 10.1128/JVI.00153-13

58. Gunasekharan VK, Li Y, Andrade J, Laimins LA. Post-transcriptional regulation
of KLF4 by high-risk human papillomaviruses is necessary for the differentiation-
dependent viral life cycle. PLoS Pathog (2016) 12(7):e1005747. doi: 10.1371/
journal.ppat.1005747

59. Shu S, Li Z, Liu L, Ying X, Zhang Y, Wang T, et al. HPV16 E6-Activated OCT4
Promotes Cervical Cancer Progression by Suppressing p53 Expression via Co-
Repressor NCOR1. Front Oncol (2022) 12:900856. doi: 10.3389/fonc.2022.900856

60. Liu D, Zhou P, Zhang L, Wu G, Zheng Y, He F. Differential expression of Oct4 in
HPV-positive and HPV-negative cervical cancer cells is not regulated by DNA
methyltransferase 3A. Tumour Biol (2011) 32(5):941–50. doi: 10.1007/s13277-011-
0196-z

61. Panayiotou T, Michael S, Zaravinos A, Demirag E, Achilleos C, Strati K. Human
papillomavirus E7 binds Oct4 and regulates its activity in HPV-associated cervical
cancers. PloS Pathog (2020) 16(4):e1008468. doi: 10.1371/journal.ppat.1008468

62. Gut A, Moch H, Choschzick M. SOX2 gene amplification and overexpression is
linked to HPV-positive vulvar carcinomas. Int J Gynecol Pathol (2018) 37(1):68–73.
doi: 10.1097/PGP.0000000000000388

63. Panayiotou T, Eftychiou M, Patera E, Promponas V, Strati K. A paradigm for
post-embryonic Oct4 re-expression: E7-induced hydroxymethylation regulates Oct4
expression in cervical cancer. bioRxiv (2023) 2023:536212. doi: 10.1101/
2023.04.10.536212

64. Chew GL, Campbell AE, De Neef E, Sutliff NA, Shadle SC, Tapscott SJ, et al.
DUX4 suppresses MHC class I to promote cancer immune evasion and resistance to
checkpoint blockade. Dev Cel l (2019) 50(5):658–71.e7. doi : 10.1016/
j.devcel.2019.06.011

65. Spens AE, Sutliff NA, Bennett SR, Campbell AE, Tapscott SJ. Human DUX4 and
mouse Dux interact with STAT1 and broadly inhibit interferon-stimulated gene
induction. Elife (2023) 12. doi: 10.7554/eLife.82057.sa2

66. Pineda JMB, Bradley RK. DUX4 is a common driver of immune evasion and
immunotherapy failure in metastatic cancers. bioRxiv (2023) 2023:548412. doi:
10.1101/2023.07.10.548412

67. Fan H, Cui Z, Zhang H, Mani SK, Diab A, Lefrancois L, et al. DNA
demethylation induces SALL4 gene re-expression in subgroups of hepatocellular
carcinoma associated with Hepatitis B or C virus infection. Oncogene (2017) 36
(17):2435–45. doi: 10.1038/onc.2016.399

68. Sun C, Lan P, Han Q, Huang M, Zhang Z, Xu G, et al. Oncofetal gene SALL4
reactivation by hepatitis B virus counteracts miR-200c in PD-L1-induced T cell
exhaustion. Nat Commun (2018) 9(1):1241. doi: 10.1038/s41467-018-03584-3

69. Hansen JL, Loell KJ, Cohen BA. A test of the pioneer factor hypothesis using
ectopic liver gene activation. Elife (2022) 11. doi: 10.7554/eLife.73358

70. Dremel SE, DeLuca NA. Herpes simplex viral nucleoprotein creates a
competitive transcriptional environment facilitating robust viral transcription and
host shut off. Elife (2019) 8. doi: 10.7554/eLife.51109
frontiersin.org

https://doi.org/10.1128/spectrum.00898-22
https://doi.org/10.1371/journal.pone.0078355
https://doi.org/10.1016/j.jbc.2021.100547
https://doi.org/10.1371/journal.ppat.1010045
https://doi.org/10.1016/bs.vh.2021.06.005
https://doi.org/10.1128/JVI.01776-20
https://doi.org/10.1128/JVI.00768-21
https://doi.org/10.1128/JVI.00943-20
https://doi.org/10.1128/JVI.03497-12
https://doi.org/10.1073/pnas.2002651117
https://doi.org/10.1007/s00705-021-05279-5
https://doi.org/10.1128/mbio.01042-22
https://doi.org/10.1128/JVI.00340-18
https://doi.org/10.1371/journal.ppat.1011316
https://doi.org/10.1038/onc.2017.138
https://doi.org/10.1128/JVI.01681-18
https://doi.org/10.1002/jmv.28676
https://doi.org/10.1038/s41564-018-0285-5
https://doi.org/10.1128/JVI.01399-20
https://doi.org/10.1101/2021.03.24.436599
https://doi.org/10.1038/s41420-023-01416-y
https://doi.org/10.1038/nrc1780
https://doi.org/10.1128/JVI.00153-13
https://doi.org/10.1371/journal.ppat.1005747
https://doi.org/10.1371/journal.ppat.1005747
https://doi.org/10.3389/fonc.2022.900856
https://doi.org/10.1007/s13277-011-0196-z
https://doi.org/10.1007/s13277-011-0196-z
https://doi.org/10.1371/journal.ppat.1008468
https://doi.org/10.1097/PGP.0000000000000388
https://doi.org/10.1101/2023.04.10.536212
https://doi.org/10.1101/2023.04.10.536212
https://doi.org/10.1016/j.devcel.2019.06.011
https://doi.org/10.1016/j.devcel.2019.06.011
https://doi.org/10.7554/eLife.82057.sa2
https://doi.org/10.1101/2023.07.10.548412
https://doi.org/10.1038/onc.2016.399
https://doi.org/10.1038/s41467-018-03584-3
https://doi.org/10.7554/eLife.73358
https://doi.org/10.7554/eLife.51109
https://doi.org/10.3389/fimmu.2023.1286617
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Pioneer factors in viral infection
	1 Introduction
	1.1 Pioneer transcription factors
	1.2 Herpesviruses and pioneer factors
	1.3 Papillomaviruses and pioneer factors
	1.4 Hepatitis B virus and pioneer factors
	1.5 Cell surface receptor regulation by pioneer factors

	2 Discussion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


