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Abstract: High risk-human papillomaviruses (HPVs) are known carcinogens. Numerous reports have
linked the steroid hormone estrogen, and the expression of estrogen receptors (ERs), to HPV-related
cancers, although the exact nature of the interactions remains to be fully elucidated. Here we will
focus on estrogen signaling and describe both pro and potentially anti-cancer effects of this hormone in
HPV-positive cancers. This review will summarize: (1) cell culture-related evidence, (2) animal model
evidence, and (3) clinical evidence demonstrating an interaction between estrogen and HPV-positive
cancers. This comprehensive review provides insights into the potential relationship between estrogen
and HPV. We suggest that estrogen may provide a potential therapeutic for HPV-related cancers,
however additional studies are necessary.

Keywords: human papillomavirus; cervical cancer; head and neck cancer; oropharyngeal cancer;
estrogen; estrogen receptor

1. Introduction

Human papillomavirus (HPV) is the most common sexually transmitted infection in the
United States. Furthermore, the virus accounts for approximately 5% of all worldwide cancers [1–8].
These cancer-causing types are designated ‘high-risk’; human papillomavirus type 16 (HPV16) is the
most common high-risk genotype, linked to 50% of cervical cancers and around 90% of HPV-related
head and neck squamous cell carcinomas (HPV+HNSCCs) [4,9,10]. Numerous studies over the
years have related estrogen and the expression of its receptors (ERα, ERβ) to HPV infections and
to HPV-associated cancers. There are two schools of thought regarding whether estrogen and ER
expression increases the incidence and severity of HPV and its related cancers, or if estrogen and its
receptors could be exploited therapeutically for the treatment of infections and HPV-related lesions.
There is evidence to support either claim. This timely review seeks to summarize what is currently
known in the field, and to suggest strategies to move forward.

2. The Viral Genome, Proteins, and Lifecycle

Human papillomaviruses (HPVs) are small, double stranded DNA viruses. While there are
numerous types of HPV, this review will focus on alpha-papillomaviruses with the propensity to
infect mucosal epithelial cells, and are further characterized as high-risk by their predisposition to
immortalize human keratinocytes and cause pre- and malignant lesions. Among these high-risk
alpha-papillomaviruses are HPV 16, 18, 31, 33, 45, 52, and 58. These viral strains are estimated to
contribute to at least 90% of all HPV-related cancers and are all included in the newest vaccine, Gardasil
9 [11–13]. While this prophylactic vaccine is instrumental in preventing future infections, there are
currently no HPV-specific antiviral drugs to treat existing HPV infections and HPV+ cancers.
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All HPVs share common genetic structures that consist of approximately 8000 base pairs, encoding
around eight open-reading frames (ORFs) [14–16]. These ORFs are transcribed from a single DNA
strand and can be divided into three functional parts: a largely non-coding region referred to as the
long control region (LCR), the early (E) region, and the late (L) region [16]. The LCR contains cis
elements that are necessary for the control of viral replication and transcription [17–19]. The early
region encodes proteins (E1, E2, E4–E7) that are transcribed from an early promoter, and are responsible
for the replication and transcription of the viral DNA, as well as structural regulation of the virus,
and the principal regulators of viral oncogenesis [16,20]. The late region proteins (L1 and L2),
are transcribed from the late promoter, and are responsible for the structural components that comprise
the non-enveloped icosahedral capsid around the viral genome during the generation of progeny
virions [13,15,21]. L1 is the major capsid protein and current vaccines are based on introducing virus-like
particles (VLPs) of this protein to induce immunity towards the virus. In general, genotyping of the
virus in the clinic is performed via PCR-based screens that probe for L1 consensus sequences [22,23].

The brunt of human cellular changes induced by the virus occur through interactions with the
early proteins. HPV E2 is a DNA-binding protein that acts to recognize the viral origin of replication
contained within the LCR. When E2 binds the origin, it recruits E1, the viral helicase and the only
enzyme encoded for in the viral genome. E1 and E2 work together to recruit various cellular factors
including host polymerases to allow for the replication of the viral genome [24–36]. E2 is also the
main regulator of viral transcription. E4 acts late in the viral life cycle and is detected only in
differentiated tissue [37]. E5 can interact with various cellular cytoskeletal components to facilitate
viral assembly [38]. E5 may function both early and late in the viral lifecycle, and also serves as a minor
viral oncoprotein [38,39]. Finally, E6 and E7 are the major viral oncoproteins that bind p53 and pRb,
respectively, and target these cellular tumor suppressors for degradation [40–44]. These oncoproteins
assist in maintaining viral episomes and stimulate cells to re-enter S-phase. A prolonged S-phase
facilitates viral reproduction, as cellular polymerases are more freely available for the virus to exploit.

The HPV lifecycle is inextricably linked to the differentiation of infected epithelia [35,45]. Initiation
occurs through infection of basal epithelia through micro-abrasions [13,46]. These basal cells provide
the cellular proliferation component necessary for the initiation of viral replication. Early genes
are expressed at a low copy number in the initially infected cell in a viral phase termed ‘initiation’.
Under normal cell division, the daughter cell that loses contact with the basement membrane and
begins migration through the differentiation process, withdraws from the cell cycle [47]. Conversely,
HPV-positive epithelia continue to undergo the cell cycle and support DNA synthesis, even in the
upper layers of the stratified epithelia [48]. However, the differentiation component is not completely
halted. In the upper layers of HPV-positive epithelia, viral amplification occurs, increasing the viral
load to high-copy numbers (1000+ copies per cell) [48]. Eventual terminal differentiation of these cells
initiates the expression of L1 and L2 and the formation of the viral capsid around each copy of the viral
DNA [49]. As with normal epithelia, upper layers are eventually shed. Shedding of these upper layers
allows for the release of mature virions to repeat the viral infection process in a new host.

Circumventing the normal loss of cellular division over time is thought to be how HPV replication
leads to tumorigenesis [50]. Loss of p53 and pRb allows for infected cells to replicate, and also allows
for the accumulation of mutations in the cellular genome [6,7,51–53]. While productive viral infections
rely on the expression of HPV in its episomal form, integration events can occur; these events are
known to confer cellular growth advantages, and are thought to be a hallmark of cervical cancer
progression [54–56]. Integration events are less well characterized in other HPV- cancers such as
HPV+HNSCC. In cervical cancer, the integration of the HPV genome into the host leads to persistent
expression of the viral oncogenes E6 and E7 [53]. Moreover, E2 is known to transcriptionally regulate
and repress E6 and E7; in many integration events, the expression of E2 is interrupted, thus altering
E2s ability to repress these viral oncogenes [53]. In both cervix and HNSCC, integration events do
not seem be specific in regards to where they integrate into the host DNA. It has been shown that
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the integration at fragile sites throughout the human genome are more common than other locations.
Moreover, the Myc locus is frequently associated with cervical cancer integration sites [54,57–59].

3. Estrogen, Estrogen Receptors, and Estrogen-Receptor Signaling

17β-estradiol, the predominant form of circulating estrogen, is a steroid hormone that plays a
vital role in both sexes. It is well known that estrogen is exceptionally important in the regulation
of the menstrual cycle in females and is highly abundant during a female’s reproductive years [60].
The significant decrease in estrogen synthesis, due to lowered function of the ovaries, causes women to
enter menopause and is the reason women experience most menopausal symptoms [60]. Additionally,
bone health, cardiovascular health, fertility, glucose homeostasis, immune function, neuronal function,
and other homeostasis regulations, have all been linked to estrogen signaling [54–67]. Circulating
estrogen can function in an endocrine, paracrine, or intracrine manner and this hormone signals
through binding to its receptors: ERα, ERβ, or GPER1 [68,69].

Estrogen is primarily sourced in the ovaries, however, it can also be synthesized in the adrenal
glands and adipose tissue of both males and females [69–72]. This hormone is synthesized from
low-density lipoprotein (LDL)-cholesterol, which is processed by various enzymes to androstenedione,
which can ultimately be converted to any of the steroid hormones, including estrogen [69,73,74].
Both natural estrogens, various synthetic estrogens, and estrogen mimetic agents are used in the clinic
for a variety of reasons, including post-menopausal estrogen replacement therapy, infertility, sexual
function, contraception, prostate cancer, and more [75–81]. Estrogen (natural or synthetic) can enter
the plasma membrane and interact with the intracellular nuclear receptors ERα or ERβ, or interact
with the membrane-associated protein-coupled estrogen receptor (GPER1) [82]. If unspecified in
this review, ER means both ERα and ERβ, or that receptor type was unspecified in the noted
studies. Estrogen-receptor complexes can bind directly or in-directly to specific DNA sequences
known as estrogen response elements (EREs), and estrogen-mediated effects can be both genomic and
non-genomic in nature [69]. While numerous EREs have been reported, it is estimated that 35% of
human genes regulated by the estrogen-receptor complex, do not contain ERE-like sequences [69].

ERα is encoded for by the gene ESR1, and is found on chromosome 6 [69,83,84]. ERβ is encoded
for by the gene ESR2, and is found on chromosome 14 [69,85,86]. Both of these nuclear receptors have
full-length versions, and several shorter isoforms via alternate start codons and alternative splicing
events [69,84,85]. The gene coding for GPER1 is found on chromosome 7 [69,87,88]. This receptor does
not share similarities with the nuclear receptors and is instead a typical G-protein coupled receptor
(GPCR) which has been linked to rapid responses to estrogen through activation of intercellular
signaling cascades through secondary messengers [69,82]. ERα and ERβ can both interact with several
GPCRs to initiate similar signaling cascades. While these receptors can work in concert, there is
also evidence that they can have competitive interactions, and various isoforms that do not have
transcriptional activity can repress full-length activation [69,89–91]. For example, estrogen activates
AP-1-dependant transcription via ERα, however, ERβ inhibits this mechanism. Moreover, estrogen
bound to ERα induces transcription when linked to Sp1 in GCrich regions, but not when it is bound to
ERβ [69,92–94]. Overall, mechanisms involving estrogen-receptor complex signaling are vast, appear
to be cell type specific, and can interact with various pathways including ras, Src and PI3 kinases,
EGFR, IGF1, AP-1, STATs, ATF-2/c-Jun, Sp1, NF-κB, CREB, Elk-1, and many others [95–110].

4. HPV and Estrogen in Carcinogenesis

4.1. Cell Culture-Related Evidence for Estrogen Involvement in HPV Carcinogenesis

There is a solid foundation of evidence suggesting that estrogen signaling is involved in carcinogenesis.
Estrogen-receptor complexes can regulate cell cycle progression and cell proliferation [111–116].
Historically, evidence has suggested that estrogen signaling in combination with HPV-related disease
escalates disease progression [117,118]. Cell culture data, mostly conducted in breast cancer cell
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lines, has shown that estrogen treatment increases c-Myc and cyclin D1 expression and these effects
are most notable at the G1-to-S transition, promoting entry into S-phase [119–121]. As previously
mentioned, HPV relies on the maintenance of S-phase for its ability to replicate [2,13]. Early studies
in HPV+ cell lines found that sex-hormone treatment can increase colony formation while having
little effect on HPV− cell lines [99,122]. Similarly, early studies indicated that estrogen treatment could
stimulate the production of HPV16 transcripts in SiHa cells [123]. Studies in the cervical cancer cell
lines, CaSki and HeLa, determined that the ERα truncation, ER-α36, mediates estrogen-stimulated
MAPK/ERK, and upregulation of this isoform increased the invasion, migration, and proliferation of
these cell lines [124]. Finally, the 17β-hydroxysteroid dehydrogenase type 1 (HSD17B1), responsible
for converting estrone to estrogen, has been found to be expressed at high levels in the HPV+ cervical
cancer cells HeLa, SiHa and CaSki, suggesting that these cells are freely able to locally convert this
circulating hormone [125]. Overall, the data indicates that estrogen promotes the oncogenic potential
of HPV-positive cervical cell lines.

4.2. Animal Model Evidence for Estrogen Involvement in HPV Carcinogenesis

The Lambert laboratory and collaborators have demonstrated that the expression of the estrogen
receptor α and E7 expression are intrinsically linked to the development and persistence of HPV-related
cervical dysplasia and cervical cancer [117,126–130]. In this transgenic mouse model, estrogen acts as a
co-carcinogen with E7 in the induction of cervical cancer. These studies have linked the expression of
ERα in the cervix and supporting stroma, to estrogen-induced epithelial cell proliferation. They have
also linked classical ERα pathway signaling to carcinogenesis in the cervix of K-14-E7 transgenic mice.
Moreover, additional studies by the Lambert Laboratory have shown that E5 and E6 can also contribute
to E7 and estrogen-induced cervical carcinogenesis, although the mechanism of this remains to be
elucidated fully [131,132].

4.3. Clinical Evidence for Estrogen Involvement in HPV Carcinogenesis

Further evidence linking estrogen signaling to HPV-related carcinogenesis can be found in
the clinic, although this data has confounding factors. The first reports linking sex hormones to
genital cancers were noted in 1971. Since then, a number of additional studies have confirmed that
the use of diethylstilbestrol (DES) by pregnant women, dramatically increased the risk of cervical
cancer development in their daughters that were exposed in utero [122,133,134]. DES is a synthetic
estrogen that was given to women at high risk for spontaneous miscarriage; use of this drug has been
discontinued. However, the cervical cancer developed by the women exposed in utero is actually a rare
form of adenocarcinoma of the vagina, not linked to HPV-related infections. Additional studies have
linked the long-term use of hormonal contraceptives with increased risk of cervical dysplasia [122].
However, these studies do not take into account various confounding factors such as smoking, age,
barrier contraceptive use, or other sexual practices [122,135,136]. Additionally, a previous analysis of
HPV+ and HPV− genital lesions (cervical, vulvar, and penile) indicated that HPV-associated cervical
lesions expressed high levels of hormone receptors, including ER [137]. The authors suggest that
hormone signaling may act indirectly with HPV-infected epithelial cells, and can be implicated as
co-factors in HPV-related cervical neoplasia [137].

5. HPV and Estrogen as a Possible Treatment Paradigm

5.1. Cell Culture-Related Evidence for Estrogen as an Hpv Treatment

There is significant evidence suggesting that estrogen may serve as a treatment modality in
HPV-related lesions and cancers. The HPV18+ cervical cancer cell line, HeLa, is particularly sensitive
to estrogen treatment [138–140]. Moreover, our laboratory confirmed HeLa estrogen sensitivity and
further compared a number of HPV+ and HPV− epithelial cell lines for estrogen sensitivity; it was
found that HPV expression confers specific sensitivity to estrogen, both through the expression of the
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viral LCR, and through expression of the viral oncogenes E6 and E7 [139]. This sensitivity to estrogen
occurred in foreskin, cervical, tonsil, and HNSCC cell lines [139].

5.2. Animal Model Evidence for Estrogen as an HPV Treatment

A recent report demonstrated that high ERα expression in laryngeal squamous cell carcinoma
(LSCC) correlated with improved survival [141]. While the studies were conducted with HPV−
xenografts, it would be of interest to see if these studies showed a similar response in HPV+ xenografts.
Xenografts of HeLa, SCC47, UMSCC104, and other HPV+ human cancer cell lines, as well as HPV+

patient-derived xenografts (PDXs), have been used for a multitude of studies analyzing other treatment
modalities [142–145]. Thus, leaving room for additional avenues to research how estrogen and ER
expression can affect HPV in other mouse models.

5.3. Clinical Evidence for Estrogen as an HPV Treatment

While there is limited evidence in animal models, patient studies provide evidence that the
expression of the ER correlates with improved clinical outcomes, and that estrogen treatment could
potentially enhance these outcomes. Recently, a number of studies have analyzed the expression of
ERα in the TCGA [139,146,147]. These studies have all shown that higher ERα expression correlates
with increased patient survival for HPV+ oropharyngeal cancer patients. Moreover, ERα expression in
cervical cancer predicts favorable prognosis, and that loss of ERα enhances cervical cancer invasion
and cancer progression [95,148]. Estrogen creams have been used vaginally for a number of years in
postmenopausal women to alleviate many symptoms associated with menopause. Moreover, the low
estrogen that women experience with menopause has been linked to problems with colposcopy
reliability, as patients with hypoestrogen can mimic low-grade cervical changes [149,150]. Studies
found that women, already presenting with low grade lesions, when treated with vaginal estrogen
cream short-term, presented with more reliable colposcopy results [150]. Moreover, after long-term
treatment, many patients showed negative colposcopy results in follow up exams [150]. Additionally,
estrogen has been used as a treatment, in conjunction with surgery and other treatment modalities,
of vaginal cancers both with and without HPV infections [151]. High rates of tumor regression and
elimination were found in patients treated with intravaginal estrogen, both alone and in combination
with other treatments [151]. Furthermore, survivors of many gynecological cancers often require
estrogen supplementation. Studies have found that vulvar, vaginal, and cervical cancer survivors can
use estrogen supplementation with no risk of disease recurrence [152]. Clomiphene, a non-steroidal
estrogen analog utilized for fertility treatment, has also been shown that it may be able to treat HPV 16
and 18+ cervical lesions, as well as HPV 6+ and 11+ penile genital warts [153].

Further estrogenic clinical evidence can be observed in sex-related differences comparing both the
frequency and the severity of HPV+HNSCC. Figure 1 presents a compilation of the CDC statistics
from 2008–2012; it is approximated that the yearly total of HPV+ cancers for females are n = 23,000,
whereas for males n = 15,800 [154,155]. Breaking down this data, the overwhelming majority of HPV+

cancers are oropharyngeal (HPV+OPC) in males (n = 12,600). By comparison, females only present
approximately 3100 yearly cases of HPV+OPCs in this data set; suggesting a 4:1 ratio of men:women
for HPV+OPC [154,155]. As of 2016, that ratio has increased to 5:1 [155]. Not only do men have a
higher risk of developing HPV+OPC, men also have a higher risk of death from this disease [156].
Among these cancers, 80% were attributed to HPV types 16 and 18, and 12% were attributed to the 5
additional HPV types covered by the nonavalent Gardasil-9 [154]. This suggests that, over time, high
vaccination rates should be able to almost eliminate these cancers. Unfortunately, as of 2017, only 49%
of adolescents in the US are up to date on this HPV vaccine series [157]. While there could be numerous
reasons why there are such discrepancies in the ratio of men:women affected by HPV+OPC, it is in an
interesting premise that pre-menopausal women have much higher circulating estrogen levels [69].
While further studies are necessary, we propose that the high circulating estrogen in pre-menopausal
women might assist in HPV-related clearance in the head and neck region of women. HPV-related
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cancers typically take years to develop; early assistance in clearing precursor lesions might be why
post-menopausal women still exhibit lower levels of HPV+HNSCC while having similar circulating
estrogen levels as men [158–161]. Men never have high levels, thus limiting estrogen’s advantages.
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Figure 1. Average annual numbers of HPV-associated cancers by anatomical site and sex—United
States, 2008–2012 from the CDC.

Reliable methods to test for HPV are difficult in the clinic due to low protein expression. For this
reason, the surrogate marker, p16, is utilized to test for HPV infections in tissue sections. p16 shares
an inverse relationship with the expression levels of pRb, which is degraded by E7 [13]. Although
not a perfect marker because of false negative and false positive biopsy interpretations, it remains a
routine way to screen for HPV infections in tissue biopsies [13]. Studies analyzing cervical lesions and
cancers have found that ERα expression declined greater than 15-fold from normal tissue to cancer,
and indicated a strong inverse correlation with increasing expression of p16 [162]. Moreover, breast
cancer studies have indicated that p16 can be used as a prognostic indicator and predict how patients
respond to hormonal therapy [163].

6. Estrogen, HPV, and Immune Function

Estrogen and related sex hormones are linked to immunity [61,164]. It has also been suggested,
that due to higher estrogen levels, females have the enhanced ability to produce antibodies and mount
more effective resistance to viral infections [164]. This might also lend to the HPV+HNSCC sex ratio
discrepancies mentioned in the previous section. It is also interesting that a key function of HPV is to
find ways to evade the immune system for persistent infection. HPV is well known to inactivate innate
immune defenses, and the expression of E2, E5, E6, and E7 have all been shown to play roles in this
downregulation of innate immunity [165–167]. Moreover, ER expression and signaling have also been
linked to the regulation of the innate immune response [66]. Taken together, this demonstrates yet
another way that estrogen signaling and HPV may be linked. It is likely that, as in Sections 4 and 5,
there is a complicated give and take relationship between HPV, estrogen, and the innate immune
system. Moreover, ERα and ERβ have been shown to play both collaborative and antagonistic roles in
relation to the innate immune system, adding an additional layer of complexity [168]. Given these
complex interactions, further studies are necessary to elucidate whether HPV and estrogen may
synergize or antagonize innate immunity.
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7. Conclusions and Future Perspectives

Even with the prophylactic vaccine, HPV continues to present a worldwide disease burden. This is
augmented by the lack of reliable tests for many of the areas infected by the virus, and by the lack of
antiviral treatments. One possible antiviral-targeted approach could be related to estrogen signaling.
There is clear evidence that estrogen-ER signaling has a multifaceted relationship with HPV-related
infections and cancer. Figure 2A,B summarize what is currently known and addressed in this review.
Conflicting evidence presents both a pro-carcinogenic and an anti-carcinogenic relationship in relation
to estrogen and HPV. Cervical cancer cell culture studies indicate that estrogen can increase colony
formation in some lines, and upregulated expression of a truncated version of ERα, ER-α36, increased
the invasion, migration, and proliferation of some cell lines [99,122]. Whereas, other studies have
shown, HeLa cells are particularly sensitive to estrogen, and estrogen specifically sensitizes numerous
HPV+ cells when compared to HPV− cells, regardless of tissue of origin [138–140]. The overwhelming
majority of animal studies in this area, have been conducted with the K-14-E7 transgene; these studies
have made it abundantly clear that the expression of ERα is necessary for the formation of tumors in
these models [117,126–132]. Few animal studies have looked at the estrogen and HPV relationship
outside this tumor induction model. Animal studies with alternative models are necessary moving
forward, and present a unique opportunity for additional research. Our lab will be expanding these
animal studies in additional mouse models in the future. Finally, clinical data supporting estrogen’s
role in inducing HPV-related cancers seems to be full of confounding factors, aside from confirming the
K-14-E7 conclusions that the ER is present in these cancers [122,133–137]. Conversely, there have been
a number of clinical studies indicating that the expression of the ERα correlates with patient survival,
and that some HPV+ tumors have responded very well to estrogen treatment [95,146–157,162,163].
It is clear that there are sex-related differences of the number of instances and clinical responses of
HPV+HNSCC [154–156]. This current data is observational, and there is a need to further develop this
area, which presents a promising area of study.
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Figure 2. Estrogen-related signaling in HPV+ cells. Circulating estrogen interacts with its receptors
and multiple interactions can contribute to the growth and death of HPV-infected cells. (A): HPV and
estrogen in carcinogenesis. Interactions between estrogen and GPER1 or ER have shown to activate the
PI3K pathway. This enhances Bcl2 expression and inhibits apoptosis. The PI3K pathway also activates
c-Myc and cyclin D1. This enhances cell cycle progression and the promotion of the G1 to S transition
enhances viral replication. Moreover, mouse studies have shown that the expression of HPV E7 and
ERα are necessary for cervical cancer development. (B): HPV and estrogen as a possible treatment
paradigm. Estrogen activation of phosphodiesterase 3A (PDE3A) stabilizes protein turnover of Schlafen
12 (SLFN12). SLFN12 binds to ribosomes and stops ER protein translation, including blocking Bcl2
and Mcl1. This induces cytochrome C release from the mitochondria and initiates apoptosis. Estrogen
and ERα have also shown to interact with HPV 16 E6 and E7 to enhance HPV+ cell sensitivity to
estrogen. Moreover, estrogen and ERα have been shown to interact with the HPV16 LCR to inhibit
HPV transcription. Finally, HPV has been shown to enhance the expression of ERα and this correlates
with enhanced clinical outcomes.

Given the conflicting evidence, it is difficult to present overall conclusions. Extrapolating from
current animal studies, it is clear that ERα does play a role in the development of cervical cancer.
However, while it must be present for tumors to develop, it does not necessarily mean that estrogen
causes cancer. Our previous cell culture work has indicated that HPV+ epithelia also express ERα;
however, this allows for HPV-specific sensitivity to estrogen, both at the level of transcription via
interactions with the LCR, and at the level of E6 and E7 expression [139]. If there are multiple
mechanisms at the level of cell culture, there are likely to be even more mechanisms at play in
both animal and clinical studies, and these should be investigated. It is our opinion that due to
confounding factors on one side of the data, clinical studies favor estrogen as a useful treatment for
HPV+cancers. These studies also need to be expanded, but present encouraging areas to develop.
While outside the scope of this review, it is likely that other sex-related hormones, such as testosterone,
may also play roles in the development and progression of HPV-related cancers; again, suggesting
additional areas for promising future research. Largely, these findings highlight the complexity of the
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interactions and potential relationships between estrogen and HPV, and suggest numerous areas for
further development.

Author Contributions: Conceptualization, Writing and Original Draft Preparation, M.L.B. Review and Editing,
C.D.J. and I.M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was sponsored by grant P30 CA016059 from the National Cancer Institute.

Acknowledgments: We thank all of our colleagues who have provided numerous years or excellent work in this
area. We apologize to colleagues if we have not cited their important work; this is a large field of research and on
occasion, we have used reviews to provide the reader with an entry into certain fields.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chesson, H.W.; Dunne, E.F.; Hariri, S.; Markowitz, L.E. The estimated lifetime probability of acquiring
human papillomavirus in the United States. Sex. Transm. Dis. 2014, 41, 660–664. [CrossRef] [PubMed]

2. Brianti, P.; De Flammineis, E.; Mercuri, S.R. Review of HPV-related diseases and cancers. New Microbiol.
2017, 40, 80–85. [PubMed]

3. De Martel, C.; Plummer, M.; Vignat, J.; Franceschi, S. Worldwide burden of cancer attributable to HPV by
site, country and HPV type. Int. J. Cancer 2017, 141, 664–670. [CrossRef] [PubMed]

4. Kang, S.D.; Chatterjee, S.; Alam, S.; Salzberg, A.C.; Milici, J.; van der Burg, S.H.; Meyers, C. Effect of
Productive Human Papillomavirus 16 Infection on Global Gene Expression in Cervical Epithelium. J. Virol.
2018, 92. [CrossRef] [PubMed]

5. McLaughlin-Drubin, M.E.; Meyers, C. Evidence for the coexistence of two genital HPV types within the
same host cell in vitro. Virology 2004, 321, 173–180. [CrossRef] [PubMed]

6. McLaughlin-Drubin, M.E.; Münger, K. Oncogenic activities of human papillomaviruses. Virus Res. 2009, 143,
195–208. [CrossRef]

7. McLaughlin-Drubin, M.E.; Meyers, J.; Munger, K. Cancer associated human papillomaviruses. Curr. Opin. Virol.
2012, 2, 459–466. [CrossRef]

8. McBride, A.A.; Münger, K. Expert Views on HPV Infection. Viruses 2018, 10, 94. [CrossRef]
9. Zur Hausen, H. Papillomaviruses in the causation of human cancers—A brief historical account. Virology

2009, 384, 260–265. [CrossRef]
10. Psyrri, A.; DiMaio, D. Human papillomavirus in cervical and head-and-neck cancer. Nat. Clin. Pract. Oncol.

2008, 5, 24–31. [CrossRef]
11. Huh, W.K.; Joura, E.A.; Giuliano, A.R.; Iversen, O.-E.; de Andrade, R.P.; Ault, K.A.; Bartholomew, D.;

Cestero, R.M.; Fedrizzi, E.N.; Hirschberg, A.L.; et al. Final efficacy, immunogenicity, and safety analyses of a
nine-valent human papillomavirus vaccine in women aged 16-26 years: A randomised, double-blind trial.
Lancet 2017, 390, 2143–2159. [CrossRef]

12. Kavanagh, K.; Pollock, K.G.; Cuschieri, K.; Palmer, T.; Cameron, R.L.; Watt, C.; Bhatia, R.; Moore, C.; Cubie, H.;
Cruickshank, M.; et al. Changes in the prevalence of human papillomavirus following a national bivalent
human papillomavirus vaccination programme in Scotland: A 7-year cross-sectional study. Lancet Infect. Dis.
2017, 17, 1293–1302. [CrossRef]

13. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Human Papillomavirus (HPV)
Infection. In IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; International Agency for
Research on Cancer: Lyon, France, 2007.

14. Graham, S.V. The human papillomavirus replication cycle, and its links to cancer progression: A comprehensive
review. Clin. Sci. 2017, 131, 2201–2221. [CrossRef] [PubMed]

15. Graham, S. Human papillomavirus: Gene expression, regulation and prospects for novel diagnostic methods
and antiviral therapies. Future Microbiol. 2010, 5, 1493–1506. [CrossRef]

16. Zheng, Z.-M.; Baker, C.C. Papillomavirus Genome Structure, Expression, and Post-Transcriptional Regulation.
Front. Biosci. 2006, 11, 2286–2302. [CrossRef]

17. Stünkel, W.; Bernard, H.-U. The Chromatin Structure of the Long Control Region of Human Papillomavirus
Type 16 Represses Viral Oncoprotein Expression. J. Virol. 1999, 73, 1918–1930. [CrossRef]

http://dx.doi.org/10.1097/OLQ.0000000000000193
http://www.ncbi.nlm.nih.gov/pubmed/25299412
http://www.ncbi.nlm.nih.gov/pubmed/28368072
http://dx.doi.org/10.1002/ijc.30716
http://www.ncbi.nlm.nih.gov/pubmed/28369882
http://dx.doi.org/10.1128/JVI.01261-18
http://www.ncbi.nlm.nih.gov/pubmed/30045992
http://dx.doi.org/10.1016/j.virol.2003.12.019
http://www.ncbi.nlm.nih.gov/pubmed/15051378
http://dx.doi.org/10.1016/j.virusres.2009.06.008
http://dx.doi.org/10.1016/j.coviro.2012.05.004
http://dx.doi.org/10.3390/v10020094
http://dx.doi.org/10.1016/j.virol.2008.11.046
http://dx.doi.org/10.1038/ncponc0984
http://dx.doi.org/10.1016/S0140-6736(17)31821-4
http://dx.doi.org/10.1016/S1473-3099(17)30468-1
http://dx.doi.org/10.1042/CS20160786
http://www.ncbi.nlm.nih.gov/pubmed/28798073
http://dx.doi.org/10.2217/fmb.10.107
http://dx.doi.org/10.2741/1971
http://dx.doi.org/10.1128/JVI.73.3.1918-1930.1999


Pathogens 2020, 9, 403 10 of 16

18. Kurvinen, K.; Yliskoski, M.; Saarikoski, S.; Syrjänen, K.; Syrjänen, S. Variants of the long control region of
human papillomavirus type 16. Eur. J. Cancer 2000, 36, 1402–1410. [CrossRef]

19. Ribeiro, A.L.; Caodaglio, A.S.; Sichero, L. Regulation of HPV transcription. Clinics 2018, 73. [CrossRef]
20. Woodman, C.B.J.; Collins, S.I.; Young, L.S. The natural history of cervical HPV infection: Unresolved issues.

Nat. Rev. Cancer 2007, 7, 11–22. [CrossRef]
21. Chen, X.S.; Garcea, R.L.; Goldberg, I.; Casini, G.; Harrison, S.C. Structure of Small Virus-like Particles

Assembled from the L1 Protein of Human Papillomavirus 16. Mol. Cell 2000, 5, 557–567. [CrossRef]
22. Gravitt, P.E.; Peyton, C.L.; Apple, R.J.; Wheeler, C.M. Genotyping of 27 Human Papillomavirus Types

by Using L1 Consensus PCR Products by a Single-Hybridization, Reverse Line Blot Detection Method.
J. Clin. Microbiol. 1998, 36, 3020–3027. [CrossRef] [PubMed]

23. Choi, Y.J.; Park, J.S. Clinical significance of human papillomavirus genotyping. J. Gynecol. Oncol. 2016, 27.
[CrossRef]

24. Melendy, T.; Sedman, J.; Stenlund, A. Cellular factors required for papillomavirus DNA replication. J. Virol.
1995, 69, 7857–7867. [CrossRef] [PubMed]

25. Narahari, J.; Fisk, J.C.; Melendy, T.; Roman, A. Interactions of the cellular CCAAT displacement protein and
human papillomavirus E2 protein with the viral origin of replication can regulate DNA replication. Virology
2006, 350, 302–311. [CrossRef] [PubMed]

26. Clower, R.V.; Hu, Y.; Melendy, T. Papillomavirus E2 protein interacts with and stimulates human
topoisomerase I. Virology 2006, 348, 13–18. [CrossRef]

27. Lehoux, M.; Fradet-Turcotte, A.; Archambault, J. Methods to assess the nucleocytoplasmic shuttling of
the HPV E1 helicase and its effects on cellular proliferation and induction of a DNA damage response.
Methods Mol. Biol. 2015, 1249, 67–80. [CrossRef]

28. McBride, A.A. The Papillomavirus E2 proteins. Virology 2013, 445, 57–79. [CrossRef]
29. Weitzman, M.D.; Lilley, C.E.; Chaurushiya, M.S. Genomes in conflict: Maintaining genome integrity during

virus infection. Annu. Rev. Microbiol. 2010, 64, 61–81. [CrossRef]
30. Moody, C.A.; Laimins, L.A. Human papillomaviruses activate the ATM DNA damage pathway for viral

genome amplification upon differentiation. PLoS Pathog. 2009, 5, e1000605. [CrossRef]
31. Kadaja, M.; Isok-Paas, H.; Laos, T.; Ustav, E.; Ustav, M. Mechanism of genomic instability in cells infected

with the high-risk human papillomaviruses. PLoS Pathog. 2009, 5, e1000397. [CrossRef]
32. Kadaja, M.; Sumerina, A.; Verst, T.; Ojarand, M.; Ustav, E.; Ustav, M. Genomic instability of the host cell

induced by the human papillomavirus replication machinery. EMBO J. 2007, 26, 2180–2191. [CrossRef]
[PubMed]

33. Cardenas-Mora, J.; Spindler, J.E.; Jang, M.K.; McBride, A.A. Dimerization of the papillomavirus E2 protein
is required for efficient mitotic chromosome association and Brd4 binding. J. Virol. 2008, 82, 7298–7305.
[CrossRef] [PubMed]

34. McPhillips, M.G.; Oliveira, J.G.; Spindler, J.E.; Mitra, R.; McBride, A.A. Brd4 is required for e2-mediated
transcriptional activation but not genome partitioning of all papillomaviruses. J. Virol. 2006, 80, 9530–9543.
[CrossRef] [PubMed]

35. Hong, S.; Laimins, L.A. Regulation of the life cycle of HPVs by differentiation and the DNA damage response.
Future Microbiol. 2013, 8, 1547–1557. [CrossRef] [PubMed]

36. Gillespie, K.A.; Mehta, K.P.; Laimins, L.A.; Moody, C.A. Human papillomaviruses recruit cellular DNA repair
and homologous recombination factors to viral replication centers. J. Virol. 2012, 86, 9520–9526. [CrossRef]
[PubMed]

37. Doorbar, J. The E4 protein; structure, function and patterns of expression. Virology 2013, 445, 80–98. [CrossRef]
38. Venuti, A.; Paolini, F.; Nasir, L.; Corteggio, A.; Roperto, S.; Campo, M.S.; Borzacchiello, G. Papillomavirus E5:

The smallest oncoprotein with many functions. Mol. Cancer 2011, 10, 140. [CrossRef]
39. Suprynowicz, F.A.; Krawczyk, E.; Hebert, J.D.; Sudarshan, S.R.; Simic, V.; Kamonjoh, C.M.; Schlegel, R. The

Human Papillomavirus Type 16 E5 Oncoprotein Inhibits Epidermal Growth Factor Trafficking Independently
of Endosome Acidification. J. Virol. 2010, 84, 10619–10629. [CrossRef]

40. Roman, A.; Munger, K. The papillomavirus E7 proteins. Virology 2013, 445, 138–168. [CrossRef]
41. Songock, W.K.; Kim, S.-M.; Bodily, J.M. The human papillomavirus E7 oncoprotein as a regulator of

transcription. Virus Res. 2017, 231, 56–75. [CrossRef]

http://dx.doi.org/10.1016/S0959-8049(00)00121-0
http://dx.doi.org/10.6061/clinics/2018/e486s
http://dx.doi.org/10.1038/nrc2050
http://dx.doi.org/10.1016/S1097-2765(00)80449-9
http://dx.doi.org/10.1128/JCM.36.10.3020-3027.1998
http://www.ncbi.nlm.nih.gov/pubmed/9738060
http://dx.doi.org/10.3802/jgo.2016.27.e21
http://dx.doi.org/10.1128/JVI.69.12.7857-7867.1995
http://www.ncbi.nlm.nih.gov/pubmed/7494298
http://dx.doi.org/10.1016/j.virol.2006.01.047
http://www.ncbi.nlm.nih.gov/pubmed/16529788
http://dx.doi.org/10.1016/j.virol.2006.02.018
http://dx.doi.org/10.1007/978-1-4939-2013-6_5
http://dx.doi.org/10.1016/j.virol.2013.06.006
http://dx.doi.org/10.1146/annurev.micro.112408.134016
http://dx.doi.org/10.1371/journal.ppat.1000605
http://dx.doi.org/10.1371/journal.ppat.1000397
http://dx.doi.org/10.1038/sj.emboj.7601665
http://www.ncbi.nlm.nih.gov/pubmed/17396148
http://dx.doi.org/10.1128/JVI.00772-08
http://www.ncbi.nlm.nih.gov/pubmed/18495759
http://dx.doi.org/10.1128/JVI.01105-06
http://www.ncbi.nlm.nih.gov/pubmed/16973557
http://dx.doi.org/10.2217/fmb.13.127
http://www.ncbi.nlm.nih.gov/pubmed/24266355
http://dx.doi.org/10.1128/JVI.00247-12
http://www.ncbi.nlm.nih.gov/pubmed/22740399
http://dx.doi.org/10.1016/j.virol.2013.07.008
http://dx.doi.org/10.1186/1476-4598-10-140
http://dx.doi.org/10.1128/JVI.00831-10
http://dx.doi.org/10.1016/j.virol.2013.04.013
http://dx.doi.org/10.1016/j.virusres.2016.10.017


Pathogens 2020, 9, 403 11 of 16

42. Hoppe-Seyler, K.; Honegger, A.; Bossler, F.; Sponagel, J.; Bulkescher, J.; Lohrey, C.; Hoppe-Seyler, F. Viral
E6/E7 oncogene and cellular hexokinase 2 expression in HPV-positive cancer cell lines. Oncotarget 2017, 8,
106342–106351. [CrossRef] [PubMed]

43. Mittal, S.; Banks, L. Molecular mechanisms underlying human papillomavirus E6 and E7 oncoprotein-induced
cell transformation. Mutat. Res. Rev. Mutat. Res. 2017, 772, 23–35. [CrossRef] [PubMed]

44. White, E.A. Manipulation of Epithelial Differentiation by HPV Oncoproteins. Viruses 2019, 11, 369. [CrossRef]
[PubMed]

45. Kajitani, N.; Satsuka, A.; Kawate, A.; Sakai, H. Productive Lifecycle of Human Papillomaviruses that Depends
Upon Squamous Epithelial Differentiation. Front. Microbiol. 2012, 3. [CrossRef]

46. Stanley, M. Pathology and epidemiology of HPV infection in females. Gynecol. Oncol. 2010, 117, S5–S10.
[CrossRef]

47. Li, V.C.; Kirschner, M.W. Molecular ties between the cell cycle and differentiation in embryonic stem cells.
Proc. Natl. Acad. Sci. USA 2014, 111, 9503–9508. [CrossRef]

48. Reinson, T.; Henno, L.; Toots, M.; Ustav, M.; Ustav, M. The Cell Cycle Timing of Human Papillomavirus
DNA Replication. PLoS ONE 2015, 10. [CrossRef]

49. Pyeon, D.; Lambert, P.F.; Ahlquist, P. Production of infectious human papillomavirus independently of viral
replication and epithelial cell differentiation. Proc. Natl. Acad. Sci. USA 2005, 102, 9311–9316. [CrossRef]

50. Buitrago-Pérez, Á.; Garaulet, G.; Vázquez-Carballo, A.; Paramio, J.M.; García-Escudero, R. Molecular
Signature of HPV-Induced Carcinogenesis: pRb, p53 and Gene Expression Profiling. Curr. Genom. 2009, 10,
26–34. [CrossRef]

51. Yim, E.-K.; Park, J.-S. The Role of HPV E6 and E7 Oncoproteins in HPV-associated Cervical Carcinogenesis.
Cancer Res. Treat. 2005, 37, 319–324. [CrossRef]

52. Yugawa, T.; Kiyono, T. Molecular mechanisms of cervical carcinogenesis by high-risk human papillomaviruses:
Novel functions of E6 and E7 oncoproteins. Rev. Med. Virol. 2009, 19, 97–113. [CrossRef]

53. Yeo-Teh, N.S.L.; Ito, Y.; Jha, S. High-Risk Human Papillomaviral Oncogenes E6 and E7 Target Key Cellular
Pathways to Achieve Oncogenesis. Int. J. Mol. Sci. 2018, 19, 1706. [CrossRef]

54. McBride, A.A.; Warburton, A. The role of integration in oncogenic progression of HPV-associated cancers.
PLoS Pathog. 2017, 13, e1006211. [CrossRef] [PubMed]

55. Pett, M.; Coleman, N. Integration of high-risk human papillomavirus: A key event in cervical carcinogenesis?
J. Pathol. 2007, 212, 356–367. [CrossRef] [PubMed]

56. Arias-Pulido, H.; Peyton, C.L.; Joste, N.E.; Vargas, H.; Wheeler, C.M. Human Papillomavirus Type 16
Integration in Cervical Carcinoma In Situ and in Invasive Cervical Cancer. J. Clin. Microbiol. 2006, 44,
1755–1762. [CrossRef] [PubMed]

57. Smith, P.P.; Friedman, C.L.; Bryant, E.M.; McDougall, J.K. Viral integration and fragile sites in human
papillomavirus-immortalized human keratinocyte cell lines. Genes Chromosomes Cancer 1992, 5, 150–157.
[CrossRef]

58. Ferber, M.J.; Thorland, E.C.; Brink, A.A.; Rapp, A.K.; Phillips, L.A.; McGovern, R.; Gostout, B.S.; Cheung, T.H.;
Chung, T.K.H.; Fu, W.Y.; et al. Preferential integration of human papillomavirus type 18 near the c- myc
locus in cervical carcinoma. Oncogene 2003, 22, 7233–7242. [CrossRef]

59. Peter, M.; Rosty, C.; Couturier, J.; Radvanyi, F.; Teshima, H.; Sastre-Garau, X. MYC activation associated with
the integration of HPV DNA at the MYC locus in genital tumors. Oncogene 2006, 25, 5985–5993. [CrossRef]

60. Patel, S.; Homaei, A.; Raju, A.B.; Meher, B.R. Estrogen: The necessary evil for human health, and ways to
tame it. Biomed. Pharmacother. 2018, 102, 403–411. [CrossRef]

61. Jia, M.; Dahlman-Wright, K.; Gustafsson, J.-Å. Estrogen receptor alpha and beta in health and disease.
Best Pract. Res. Clin. Endocrinol. Metab. 2015, 29, 557–568. [CrossRef]

62. Cauley, J.A. Estrogen and bone health in men and women. Steroids 2015, 99, 11–15. [CrossRef] [PubMed]
63. Knowlton, A.A.; Lee, A.R. Estrogen and the cardiovascular system. Pharmacol. Ther. 2012, 135, 54–70.

[CrossRef] [PubMed]
64. Mauvais-Jarvis, F.; Clegg, D.J.; Hevener, A.L. The role of estrogens in control of energy balance and glucose

homeostasis. Endocr. Rev. 2013, 34, 309–338. [CrossRef] [PubMed]
65. Kovats, S. Estrogen receptors regulate innate immune cells and signaling pathways. Cell. Immunol. 2015, 294,

63–69. [CrossRef] [PubMed]

http://dx.doi.org/10.18632/oncotarget.22463
http://www.ncbi.nlm.nih.gov/pubmed/29290953
http://dx.doi.org/10.1016/j.mrrev.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28528687
http://dx.doi.org/10.3390/v11040369
http://www.ncbi.nlm.nih.gov/pubmed/31013597
http://dx.doi.org/10.3389/fmicb.2012.00152
http://dx.doi.org/10.1016/j.ygyno.2010.01.024
http://dx.doi.org/10.1073/pnas.1408638111
http://dx.doi.org/10.1371/journal.pone.0131675
http://dx.doi.org/10.1073/pnas.0504020102
http://dx.doi.org/10.2174/138920209787581235
http://dx.doi.org/10.4143/crt.2005.37.6.319
http://dx.doi.org/10.1002/rmv.605
http://dx.doi.org/10.3390/ijms19061706
http://dx.doi.org/10.1371/journal.ppat.1006211
http://www.ncbi.nlm.nih.gov/pubmed/28384274
http://dx.doi.org/10.1002/path.2192
http://www.ncbi.nlm.nih.gov/pubmed/17573670
http://dx.doi.org/10.1128/JCM.44.5.1755-1762.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672403
http://dx.doi.org/10.1002/gcc.2870050209
http://dx.doi.org/10.1038/sj.onc.1207006
http://dx.doi.org/10.1038/sj.onc.1209625
http://dx.doi.org/10.1016/j.biopha.2018.03.078
http://dx.doi.org/10.1016/j.beem.2015.04.008
http://dx.doi.org/10.1016/j.steroids.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25555470
http://dx.doi.org/10.1016/j.pharmthera.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22484805
http://dx.doi.org/10.1210/er.2012-1055
http://www.ncbi.nlm.nih.gov/pubmed/23460719
http://dx.doi.org/10.1016/j.cellimm.2015.01.018
http://www.ncbi.nlm.nih.gov/pubmed/25682174


Pathogens 2020, 9, 403 12 of 16

66. Lu, C.-L.; Herndon, C. New roles for neuronal estrogen receptors. Neurogastroenterol. Motil. 2017, 29.
[CrossRef]

67. Simpson, E.R. Sources of estrogen and their importance. J. Steroid Biochem. Mol. Biol. 2003, 86, 225–230.
[CrossRef]

68. Fuentes, N.; Silveyra, P. Estrogen receptor signaling mechanisms. Adv. Protein Chem. Struct. Biol. 2019, 116,
135–170. [CrossRef]

69. Hariri, L.; Rehman, A. Estradiol. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2020.
70. Wasada, T.; Akamine, Y.; Kato, K.; Ibayashi, H.; Nomura, Y. Adrenal contribution to circulating estrogens in

woman. Endocrinol. Jpn. 1978, 25, 123–128. [CrossRef]
71. Caroccia, B.; Seccia, T.; Barton, M.; Rossi, G.P. Estrogen Signaling in the Adrenal Cortex. Hypertension 2016,

68, 840–848. [CrossRef]
72. Nelson, L.R.; Bulun, S.E. Estrogen production and action. J. Am. Acad. Dermatol. 2001, 45, S116–S124.

[CrossRef]
73. Barakat, R.; Oakley, O.; Kim, H.; Jin, J.; Ko, C.J. Extra-gonadal sites of estrogen biosynthesis and function.

BMB Rep. 2016, 49, 488–496. [CrossRef] [PubMed]
74. Cui, J.; Shen, Y.; Li, R. Estrogen synthesis and signaling pathways during ageing: From periphery to brain.

Trends Mol. Med. 2013, 19, 197–209. [CrossRef] [PubMed]
75. Harrison, R.F.; Bonnar, J. Clinical uses of estrogens. Pharmacol. Ther. 1980, 11, 451–467. [CrossRef]
76. Hasegawa, Y.; Itonaga, T.; Ikegawa, K.; Nishigaki, S.; Kawai, M.; Koga, E.; Sakakibara, H.; Ross, J.L.

Ultra-low-dose estrogen therapy for female hypogonadism. Clin. Pediatr. Endocrinol. 2020, 29, 49–53.
[CrossRef]

77. Cannarella, R.; Condorelli, R.A.; Mongioì, L.M.; Barbagallo, F.; Calogero, A.E.; La Vignera, S. Effects of
the selective estrogen receptor modulators for the treatment of male infertility: A systematic review and
meta-analysis. Expert Opin. Pharmacother. 2019, 20, 1517–1525. [CrossRef]

78. Marquardt, R.M.; Kim, T.H.; Shin, J.-H.; Jeong, J.-W. Progesterone and Estrogen Signaling in the Endometrium:
What Goes Wrong in Endometriosis? Int. J. Mol. Sci. 2019, 20, 3800. [CrossRef]

79. Regidor, P.-A. Clinical relevance in present day hormonal contraception. Horm. Mol. Biol. Clin. Investig.
2018, 37. [CrossRef]

80. Dobbs, R.W.; Malhotra, N.R.; Greenwald, D.T.; Wang, A.Y.; Prins, G.S.; Abern, M.R. Estrogens and prostate
cancer. Prostate Cancer Prostatic Dis. 2019, 22, 185–194. [CrossRef]

81. Nakano, T.; Kadono, Y.; Iwamoto, H.; Yaegashi, H.; Iijima, M.; Kawaguchi, S.; Nohara, T.; Shigehara, K.;
Izumi, K.; Mizokami, A. Therapeutic Effect of Ethinylestradiol in Castration-resistant Prostate Cancer.
Anticancer Res. 2020, 40, 2291–2296. [CrossRef] [PubMed]

82. Prossnitz, E.R.; Barton, M. Estrogen Biology: New Insights into GPER Function and Clinical Opportunities.
Mol. Cell. Endocrinol. 2014, 389, 71–83. [CrossRef] [PubMed]

83. Luo, L.; Xia, W.; Nie, M.; Sun, Y.; Jiang, Y.; Zhao, J.; He, S.; Xu, L. Association of ESR1 and C6orf97 gene
polymorphism with osteoporosis in postmenopausal women. Mol. Biol. Rep. 2014, 41, 3235–3243. [CrossRef]
[PubMed]

84. ESR1 Gene—GeneCards|ESR1 Protein|ESR1 Antibody. Available online: https://www.genecards.org/cgi-bin/

carddisp.pl?gene=ESR1 (accessed on 28 April 2020).
85. ESR2 Gene—GeneCards|ESR2 Protein|ESR2 Antibody. Available online: https://www.genecards.org/cgi-bin/

carddisp.pl?gene=ESR2&keywords=esr2 (accessed on 28 April 2020).
86. Pirskanen, M.; Hiltunen, M.; Mannermaa, A.; Helisalmi, S.; Lehtovirta, M.; Hänninen, T.; Soininen, H.

Estrogen receptor beta gene variants are associated with increased risk of Alzheimer’s disease in women.
Eur. J. Hum. Genet. 2005, 13, 1000–1006. [CrossRef] [PubMed]

87. GPER1 Gene—GeneCards|GPER1 Protein|GPER1 Antibody. Available online: https://www.genecards.org/

cgi-bin/carddisp.pl?gene=GPER1 (accessed on 28 April 2020).
88. Vajaria, R.; Vasudevan, N. Is the membrane estrogen receptor, GPER1, a promiscuous receptor that modulates

nuclear estrogen receptor-mediated functions in the brain? Horm. Behav. 2018, 104, 165–172. [CrossRef]
[PubMed]

89. Paterni, I.; Granchi, C.; Katzenellenbogen, J.A.; Minutolo, F. Estrogen Receptors Alpha (ERα) and Beta (ERβ):
Subtype-Selective Ligands and Clinical Potential. Steroids 2014, 90, 13–29. [CrossRef]

http://dx.doi.org/10.1111/nmo.13121
http://dx.doi.org/10.1016/S0960-0760(03)00360-1
http://dx.doi.org/10.1016/bs.apcsb.2019.01.001
http://dx.doi.org/10.1507/endocrj1954.25.123
http://dx.doi.org/10.1161/HYPERTENSIONAHA.116.07660
http://dx.doi.org/10.1067/mjd.2001.117432
http://dx.doi.org/10.5483/BMBRep.2016.49.9.141
http://www.ncbi.nlm.nih.gov/pubmed/27530684
http://dx.doi.org/10.1016/j.molmed.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23348042
http://dx.doi.org/10.1016/0163-7258(80)90037-6
http://dx.doi.org/10.1297/cpe.29.49
http://dx.doi.org/10.1080/14656566.2019.1615057
http://dx.doi.org/10.3390/ijms20153822
http://dx.doi.org/10.1515/hmbci-2018-0030
http://dx.doi.org/10.1038/s41391-018-0081-6
http://dx.doi.org/10.21873/anticanres.14194
http://www.ncbi.nlm.nih.gov/pubmed/32234928
http://dx.doi.org/10.1016/j.mce.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24530924
http://dx.doi.org/10.1007/s11033-014-3186-6
http://www.ncbi.nlm.nih.gov/pubmed/24481879
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ESR1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ESR1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ESR2&keywords=esr2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ESR2&keywords=esr2
http://dx.doi.org/10.1038/sj.ejhg.5201447
http://www.ncbi.nlm.nih.gov/pubmed/15944651
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GPER1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GPER1
http://dx.doi.org/10.1016/j.yhbeh.2018.06.012
http://www.ncbi.nlm.nih.gov/pubmed/29964007
http://dx.doi.org/10.1016/j.steroids.2014.06.012


Pathogens 2020, 9, 403 13 of 16

90. Helguero, L.A.; Faulds, M.H. Estrogen receptors alfa (ERa) and beta (ERb) differentially regulate proliferation
and apoptosis of the normal murine mammary epithelial cell line HC11. Oncogene 2005, 24, 6605–6616.
[CrossRef]

91. Zhao, Z.; Wang, L.; James, T.; Jung, Y.; Kim, I.; Tan, R.; Hoffmann, F.M.; Xu, W. Reciprocal Regulation of ERα
and ERβ Stability and Activity by Diptoindonesin G. Chem. Biol. 2015, 22, 1608–1621. [CrossRef]

92. Marino, M.; Galluzzo, P.; Ascenzi, P. Estrogen Signaling Multiple Pathways to Impact Gene Transcription.
Curr. Genom. 2006, 7, 497–508. [CrossRef]

93. Webb, P.; Nguyen, P.; Valentine, C.; Lopez, G.N.; Kwok, G.R.; McInerney, E.; Katzenellenbogen, B.S.;
Enmark, E.; Gustafsson, J.A.; Nilsson, S.; et al. The estrogen receptor enhances AP-1 activity by two distinct
mechanisms with different requirements for receptor transactivation functions. Mol. Endocrinol. 1999, 13,
1672–1685. [CrossRef]

94. deGraffenried, L.A.; Hilsenbeck, S.G.; Fuqua, S.A.W. Sp1 is essential for estrogen receptor alpha gene
transcription. J. Steroid Biochem. Mol. Biol. 2002, 82, 7–18. [CrossRef]

95. Hong, K.; Choi, Y. Role of estrogen and RAS signaling in repeated implantation failure. BMB Rep. 2018, 51,
225–229. [CrossRef]

96. Zhao, Y.; He, L.; Zhang, Y.; Zhao, J.; Liu, Z.; Xing, F.; Liu, M.; Feng, Z.; Li, W.; Zhang, J. Estrogen receptor
alpha and beta regulate actin polymerization and spatial memory through an SRC-1/mTORC2-dependent
pathway in the hippocampus of female mice. J. Steroid Biochem. Mol. Biol. 2017, 174, 96–113. [CrossRef]
[PubMed]

97. Pollard, K.J.; Daniel, J.M. Nuclear estrogen receptor activation by insulin-like growth factor-1 in Neuro-2A
neuroblastoma cells requires endogenous estrogen synthesis and is mediated by mutually repressive MAPK
and PI3K cascades. Mol. Cell. Endocrinol. 2019, 490, 68–79. [CrossRef] [PubMed]

98. Tanjak, P.; Thiantanawat, A.; Watcharasit, P.; Satayavivad, J. Genistein reduces the activation of AKT and
EGFR, and the production of IL6 in cholangiocarcinoma cells involving estrogen and estrogen receptors.
Int. J. Oncol. 2018, 53, 177–188. [CrossRef] [PubMed]

99. Yuan, F.; Auborn, K.; James, C. Altered growth and viral gene expression in human papillomavirus type
16-containing cancer cell lines treated with progesterone. Cancer Investig. 1999, 17, 19–29. [CrossRef]

100. c-Jun/AP-1 Overexpression Reprograms ERα Signaling Related to Tamoxifen Response in ERα-Positive Breast
Cancer. Available online: https://www.ncbi.nlm.nih.gov/pubmed/29467493 (accessed on 13 April 2020).

101. Fiorillo, A.A.; Heier, C.R.; Huang, Y.-F.; Tully, C.B.; Punga, T.; Punga, A.R. Estrogen Receptor, Inflammatory,
and FOXO Transcription Factors Regulate Expression of Myasthenia Gravis-Associated Circulating
microRNAs. Front. Immunol. 2020, 11, 151. [CrossRef]

102. Shimamoto, K.; Tanimoto, K.; Fukazawa, T.; Nakamura, H.; Kanai, A.; Bono, H.; Ono, H.; Eguchi, H.;
Hirohashi, N. GLIS1, a novel hypoxia-inducible transcription factor, promotes breast cancer cell motility via
activation of WNT5A. Carcinogenesis 2020. [CrossRef]

103. Dai, R.; Phillips, R.A.; Karpuzoglu, E.; Khan, D.; Ahmed, S.A. Estrogen regulates transcription factors STAT-1
and NF-kappaB to promote inducible nitric oxide synthase and inflammatory responses. J. Immunol. 2009,
183, 6998–7005. [CrossRef]

104. Rudraraju, B.; Droog, M.; Abdel-Fatah, T.M.A.; Zwart, W.; Giannoudis, A.; Malki, M.I.; Moore, D.; Patel, H.;
Shaw, J.; Ellis, I.O.; et al. Phosphorylation of activating transcription factor-2 (ATF-2) within the activation
domain is a key determinant of sensitivity to tamoxifen in breast cancer. Breast Cancer Res. Treat. 2014, 147,
295–309. [CrossRef]

105. Li, S.; Xie, L.; Du, M.; Xu, K.; Zhu, L.; Chu, H.; Chen, J.; Wang, M.; Zhang, Z.; Gu, D. Association study of
genetic variants in estrogen metabolic pathway genes and colorectal cancer risk and survival. Arch. Toxicol.
2018, 92, 1991–1999. [CrossRef]

106. Zeng, C.; Xu, J.-N.; Zhou, Y.; Yang, H.-X.; Zhou, Y.-F.; Xue, Q. C-Jun NH2-Terminal Kinase and p38 Inhibition
Suppresses Prostaglandin E2-Stimulated Aromatase and Estrogen Receptor Levels in Human Endometriosis.
J. Clin. Endocrinol. Metab. 2015, 100, E1404–E1414. [CrossRef]

107. Barreto-Andrade, J.N.; de Fátima, L.A.; Campello, R.S.; Guedes, J.A.C.; de Freitas, H.S.; Machado, M.M.O.U.F.
Estrogen Receptor 1 (ESR1) Enhances Slc2a4/GLUT4 Expression by a SP1 Cooperative Mechanism. Int. J.
Med. Sci. 2018, 15, 1320–1328. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.onc.1208807
http://dx.doi.org/10.1016/j.chembiol.2015.10.011
http://dx.doi.org/10.2174/138920206779315737
http://dx.doi.org/10.1210/mend.13.10.0357
http://dx.doi.org/10.1016/S0960-0760(02)00151-6
http://dx.doi.org/10.5483/BMBRep.2018.51.5.045
http://dx.doi.org/10.1016/j.jsbmb.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28789972
http://dx.doi.org/10.1016/j.mce.2019.04.007
http://www.ncbi.nlm.nih.gov/pubmed/30986444
http://dx.doi.org/10.3892/ijo.2018.4375
http://www.ncbi.nlm.nih.gov/pubmed/29693152
http://dx.doi.org/10.1080/07357909909011713
https://www.ncbi.nlm.nih.gov/pubmed/29467493
http://dx.doi.org/10.3389/fimmu.2020.00151
http://dx.doi.org/10.1093/carcin/bgaa010
http://dx.doi.org/10.4049/jimmunol.0901737
http://dx.doi.org/10.1007/s10549-014-3098-0
http://dx.doi.org/10.1007/s00204-018-2195-y
http://dx.doi.org/10.1210/jc.2015-2031
http://dx.doi.org/10.7150/ijms.26774
http://www.ncbi.nlm.nih.gov/pubmed/30275758


Pathogens 2020, 9, 403 14 of 16

108. Lamas, A.Z.; Nascimento, A.M.; Medeiros, A.R.S.; Caliman, I.F.; Dalpiaz, P.L.M.; Firmes, L.B.;
Sousa, G.J.; Oliveira, P.W.C.; Andrade, T.U.; Reis, A.M.; et al. The selective estrogen receptor modulators
(SERMs) raloxifene and tamoxifen improve ANP levels and decrease nuclear translocation of NF-kB in
estrogen-deficient rats. Pharmacol. Rep. 2017, 69, 798–805. [CrossRef] [PubMed]

109. Cavalcanti, F.N.; Lucas, T.F.G.; Lazari, M.F.M.; Porto, C.S. Estrogen receptor ESR1 mediates activation of
ERK1/2, CREB, and ELK1 in the corpus of the epididymis. J. Mol. Endocrinol. 2015, 54, 339–349. [CrossRef]
[PubMed]

110. Bourguignon, L.Y.W.; Gilad, E.; Rothman, K.; Peyrollier, K. Hyaluronan-CD44 interaction with IQGAP1
promotes Cdc42 and ERK signaling, leading to actin binding, Elk-1/estrogen receptor transcriptional
activation, and ovarian cancer progression. J. Biol. Chem. 2005, 280, 11961–11972. [CrossRef] [PubMed]

111. Ciocca, D.R.; Fanelli, M.A. Estrogen receptors and cell proliferation in breast cancer. Trends Endocrinol. Metab.
1997, 8, 313–321. [CrossRef]

112. Chalbos, D.; Vignon, F.; Keydar, I.; Rochefort, H. Estrogens stimulate cell proliferation and induce secretory
proteins in a human breast cancer cell line (T47D). J. Clin. Endocrinol. Metab. 1982, 55, 276–283. [CrossRef]

113. Tan, H.; Zhong, Y.; Pan, Z. Autocrine regulation of cell proliferation by estrogen receptor-alpha in estrogen
receptor-alpha-positive breast cancer cell lines. BMC Cancer 2009, 9, 31. [CrossRef]

114. Katzenellenbogen, B.S.; Kendra, K.L.; Norman, M.J.; Berthois, Y. Proliferation, Hormonal Responsiveness, and
Estrogen Receptor Content of MCF-7 Human Breast Cancer Cells Grown in the Short-Term and Long-Term
Absence of Estrogens. Cancer Res. 1987, 47, 4355–4360.

115. Foster, J.S.; Henley, D.C.; Ahamed, S.; Wimalasena, J. Estrogens and cell-cycle regulation in breast cancer.
Trends Endocrinol. Metab. 2001, 12, 320–327. [CrossRef]

116. Foster, J.S.; Henley, D.C.; Bukovsky, A.; Seth, P.; Wimalasena, J. Multifaceted Regulation of Cell Cycle
Progression by Estrogen: Regulation of Cdk Inhibitors and Cdc25A Independent of Cyclin D1-Cdk4 Function.
Mol. Cell. Biol. 2001, 21, 794–810. [CrossRef]

117. Chung, S.-H.; Franceschi, S.; Lambert, P.F. Estrogen and ERα: Culprits in Cervical Cancer? Trends Endocrinol.
Metab. 2010, 21, 504–511. [CrossRef] [PubMed]

118. Auborn, K.J.; Woodworth, C.; DiPaolo, J.A.; Bradlow, H.L. The interaction between HPV infection and
estrogen metabolism in cervical carcinogenesis. Int. J. Cancer 1991, 49, 867–869. [CrossRef] [PubMed]

119. Caldon, C.E.; Sutherland, R.L.; Musgrove, E.A. Cell cycle proteins in epithelial cell differentiation: Implications
for breast cancer. Cell Cycle 2010, 9, 1918–1928. [CrossRef] [PubMed]

120. Musgrove, E.A.; Caldon, C.E.; Barraclough, J.; Stone, A.; Sutherland, R.L. Cyclin D as a therapeutic target in
cancer. Nat. Rev. Cancer 2011, 11, 558–572. [CrossRef]

121. Liang, J.; Shang, Y. Estrogen and Cancer. Ann. Rev. Physiol. 2013, 75, 225–240. [CrossRef]
122. Hellberg, D. Sex Steroids and Cervical Cancer. Anticancer Res. 2012, 32, 3045–3054.
123. Mitrani-Rosenbaum, S.; Tsvieli, R.; Tur-Kaspa, R. Oestrogen Stimulates Differential Transcription of Human

Papillomavirus Type 16 in SiHa Cervical Carcinoma Cells. J. Gen. Virol. 1989, 70 Pt 8, 2227–2232. [CrossRef]
124. Sun, Q.; Liang, Y.; Zhang, T.; Wang, K.; Yang, X. ER-α36 mediates estrogen-stimulated MAPK/ERK activation

and regulates migration, invasion, proliferation in cervical cancer cells. Biochem. Biophys. Res. Commun. 2017,
487, 625–632. [CrossRef]

125. Tomaszewska, A.; Roszak, A.; Pawlik, P.; Sajdak, S.; Jagodziński, P.P. Increased 17ß-hydroxysteroid
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