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Prolactin (PRL) is a hormone produced by the pituitary gland and multiple non-pituitary sites, vital in several physiological processes such as lactation, pregnancy, cell growth, and differentiation. However, PRL is nowadays known to have a strong implication in oncogenic processes, making it essential to delve into the mechanisms governing these actions. PRL and its receptor (PRLR) activate a series of effects such as survival, cellular proliferation, migration, invasion, metastasis, and resistance to treatment, being highly relevant in developing certain types of cancer. Because women produce high levels of PRL, its influence in gynecological cancers is herein reviewed. It is interesting that, other than the 23 kDa PRL, whose mechanism of action is endocrine, other variants of PRL have been observed to be produced by tumoral tissue, acting in a paracrine/autocrine manner. Because many components, including PRL, surround the microenvironment, it is interesting to understand the hormone’s modulation in cancer cells. This work aims to review the most important findings regarding the PRL/PRLR axis in cervical, ovarian, and endometrial cancers and its molecular mechanisms to support carcinogenesis.
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Introduction

Prolactin (PRL), belonging to the PRL/growth hormone (GH)/placental lactogen family, is a polypeptide and pleiotropic hormone but mainly recognized as a lactogenic hormone and is primarily synthesized and secreted from the lactotroph cells of the anterior pituitary gland (1–5). Besides, PRL is also synthesized in multiple non-pituitary sites, including the endometrium, myometrium, decidua, immune cells, brain, breast, prostate, skin, and adipose tissue (2–6), acting as a paracrine/autocrine signaling molecule (5), and locally as a growth-promoting factor (2, 3, 7). PRL participates in various physiological events, performs its functions in the beginning and maintenance of implantation, pregnancy, and lactation, as well as proliferation and differentiation of mammary glands cells, immunoregulation, and angiogenesis (2, 4, 6).

In gynecological cancers, the interaction between PRL and the prolactin receptor (PRLR) mainly promotes protumoral events, such as migration, invasion, metastasis, chemoresistance, inhibition of apoptosis, among others, through the activation of different signaling pathways and effector proteins, which will be addressed later. Numerous reports show evidence of the effect of PRL-PRLR promoting cellular malignant characteristics in gynecological cancers, and there are even a few reports suggesting a possible anti-tumor effect generated by this ligand-receptor binding. In this review, we analyze these findings, and we present the current panorama of research on PRL-PRLR and its effects on gynecological cancers and the perspectives on the use of PRL as a therapeutic target.



PRL as a Therapeutic Target, Pro- or Anti-Tumor?

Considering the existing evidence of the critical role played by PRL in gynecological neoplasms, some therapeutical strategies are being investigated, such as the blockade of PRL/PRLR signaling. Wen et al. utilized an antagonist peptide of PRL, G129R, which blocked the tumoral PRL/PRLR axis in orthotopic mouse models of human OCs, causing inhibition of tumor growth; they reported a synergistic effect of G129R with paclitaxel, which resulted in >90% lower tumor weights compared to controls (8). In a preclinical study, the activity of the high affinity anti-PRLR IgG1 antibody REGN2878-DM1 was evaluated, which induced a potent cell-cycle arrest and cytotoxicity in PRLR-expressing tumor cell lines. In vivo tests demonstrated significant antigen-specific anti-tumor activity against BC xenograft models and a synergistic effect when combined with fulvestrant (9).

Although there are numerous studies where the protumor effect of PRL is demonstrated, some reports do not support this idea or show the opposite. In a phase I clinical trial, the monoclonal antibody LFA102, a humanized neutralizing monoclonal antibody directed against the extracellular domain of PRLR, was tested in patients with advanced BC (10), which had previously caused tumor shrinkage in an in vivo model of BC (11). In vitro and in vivo, preclinical reports suggest that the PRL-PRLR union is vital for breast carcinogenesis (9, 12–21). However, in the clinical area, LFA102 had no anti-tumor effect when administered as a single agent in patients with PRLR-positive metastatic BC, questioning the role of PRL in the development of BC and highlighting the need for further studies to fully understand the role of PRLR-driven signaling cascades in tumor growth (10). Additionally, PRL has been shown to have antitumorigenic effects in BC cells that overexpress HER-2 by suppressing the epithelial-mesenchymal transition process; it also decreased the potential for malignancy by promoting cell adhesion and suppressing proliferation, tumor initiation/growth, drug resistance, tumorsphere formation capacity, and invasion of BC cells. Its expression was associated with favorable clinicopathological characteristics and better patient survival outcomes (22–25). This set of studies suggest PRL as a biomarker of good prognosis in BC and propose it as a therapeutic tool due to its demonstrated antitumorigenic role.

Supporting this order of ideas, López-Ozuna et al. showed that PRL induces the arrest of the cell cycle, modulates the expression of essential regulators of the cell cycle, induces heterochromatin formation, differentiation/senescence-associated morphological changes and resistance to growth signals, suppresses tumorigenesis in vivo resulting in the loss of proliferation and stemness in TNBC cells (26). The authors of this work suggest PRL as an adjuvant therapy to treat specific subtypes of TNBC, together with chemotherapy and other new targeted drugs such as cell cycle checkpoints inhibitors (26).

Full-length PRL (23 kDa), which has proangiogenic activity, can be proteolytically cleaved to produce a fragment of 16 kDa. This lower molecular weight isoform product of native PRL impairs functional tumor neovascularization by altering Notch signaling, particularly due to its inhibitory effect on vessel maturation through its binding to fibrinolytic inhibitor plasminogen activator inhibitor-1 (PAI-1). This is the reason why it is proposed as a promising anti-tumor candidate (27, 28). Due to the pro- and anti-tumor evidence of PRL existing in the literature, in this review we delve into this topic to provide an overview and understand the role of PRL in gynecological cancers.



Effect of PRL on Mechanisms That Promote Gynecological Carcinogenesis

PRL promotes the initiation and progress of different gynecological neoplasms through different mechanisms. Furthermore, it is known that they share the cellular effects exerted through the JAK/STAT signaling cascade, such as survival, cell cycle progression, proliferation, migration, high metabolic rates, angiogenesis, and anti-apoptosis (9, 12, 29–36). In addition to this, it has been found that the PRLR is overexpressed in breast (14, 37), cervical (38–40), ovarian (41, 42), and endometrial cancer (EC) (2, 43) in comparison with their respective cancer-free tissues. Those mentioned above strongly propose PRL as a critical factor in promoting different mechanisms that favor carcinogenesis.


PRL-Mediated Proliferation and Its Role in Cancer Cell Survival

Another mechanism important for PRL to support tumorigenesis is by inhibiting apoptosis of cancer cells. A study developed in ovarian cancer (OC) cells showed that apoptosis of cells expressing PRLR was diminished after pretreatment with PRL (44). Other research found that the suppression of apoptosis by PRL reflects its effects on the activation of multiple signaling pathways that lead to the regulation of survival proteins of the Bcl-2 family, particularly by enhancing the expression of Bcl-xL (45). Gadó et al. investigated the effect of PRL on the inhibition of apoptosis on multiple myeloma cells. They found that the effect exerted by PRL depended on the applied dose: higher doses inhibited apoptosis, whereas near-physiological doses exerted a pro-apoptotic effect (46). It has also been reported that PRL can increase the viability and decrease the apoptosis of human luminal-A BC cell lines by activating survival pathways involving enzymes such as metalloproteinase carboxypeptidase-D and EDD E3 ubiquitin ligase and the protein Ki-67 (18–21, 47).

Furthermore, it has been observed that treatment with PRL results in a protective effect conferring inhibition of apoptosis in cervical cancer (CC) cell lines (39). Ramírez de Arellano et al. also demonstrated in CC cell lines that treatment with PRL leads to the activation of STAT3, generating an increase in the level of anti-apoptotic proteins such as Bcl-xL, Bcl-2, and survivin (32). A microarray analysis performed with MCF7 BC cells showed that the binding of PRL with PRLR could induce the 1.2-fold upregulation of approximately 4,700 genes, which are involved in the activation of pathways related to neoplasm proliferation and progression (13).

By using a miRNA array in T47D human breast cancer (BC) cells, it was shown that PRL upregulates 21 miRNAs through MAPK/ERK and PI3K/Akt pathways. one of them, miRNA-106b, was strongly induced, and it promoted the expression of the mesenchymal markers, such as SNAIL-2, TWIST-2, vimentin, and fibronectin. It also favored cell migration and decreased the expression of the cell cycle inhibitor p21, contributing to tumor promotion (48). It has been shown that when immortalized cells are treated with PRL for a long time, it generates alterations in cell morphology, significantly increases the clonogenic capacity, and gives the cells the capacity to generate tumors, thus manifesting the promoter role of PRL in ovarian and endometrial tumorigenesis (49).



PRL and Its Promoting Effect on Cancer Cell Migration

Migration is an essential cellular event that allows cancer cells to move towards new anatomical niches to generate secondary tumors, an action known as metastasis (12, 15). To achieve this, a reorganization of the actin cytoskeleton must be performed by the cell, and it is known that members of the RHO family of small GTPases, such as RAC, RHO, and CDC42 proteins, are essential controllers of cytoskeleton dynamics (50, 51). PRL actively participates in this event, maintaining a close relationship with multiple proteins; the binding of PRL to its receptor PRLR promotes motility, invasion, and metastasis of BC cells through modulation of c-Src, ezrin/radixin/moesin (ERM) family of actin-binding proteins, and FAK expression and phosphorylation. This modulation causes actin relocation toward the plasma membrane, which allows the formation of membrane ruffles and pseudopodia, where adhesion to extracellular proteins favors cell movement (16). Hammer and Diakonova demonstrated that PRL regulates BC cell lines’ migration through the pTyr-PAK1, MEK/ERK, and FAK pathways (17). This evidence highlights the important role that PRL has in cancer processes.




PRL in Cervical Cancer

The first evidence indicating the role of PRL in cervical carcinogenesis came from the 1970 decade, where a study determined that PRL enhanced the proliferation of normal neonatal uterine cervix cultured cells from mice and in 3-methylcholanthrene-induced cervical carcinomas (52–54). A decade later, PRL was found to be present in normal, dysplastic, and malignant (adenocarcinoma and epidermoid carcinoma) human cervix. Strayer et al. identified that the expression of PRL was higher in the malignant and dysplastic cervix compared to normal tissue by immunohistochemistry (55).

In 1990, hyperprolactinemia was proposed as a biomarker of CC, mainly in the advanced stages of the disease (56). Later, in 1992, PRL was shown to increase the proliferation of the CC7-T and SiHa CC-derived cell lines (57), and elevated PRL levels were reported in the early stages of CC, and its level normalized once tumors were surgically removed, besides, it was demonstrated the ectopic PRL production by CC cells (58).

Regarding the expression of PRLRs, Dowsett et al. reported their absence in both normal and malignant uterine cervix (59). However, in 2013, a high expression of different PRLR isoforms (weighing 50, 60, and 110 kDa) and PRL variants (60-80 kDa) were reported in HeLa, SiHa, and C-33A CC cell line (39). PRLR was also increased in patients with low and high squamous intraepithelial lesions and CC, especially in this last group, by immunohistochemistry assays, concluding that high levels of PRLR in the CC patients correlated to the degree malignancy of the cervical tissues. Long and short isoforms were also identified in CC tissues by western blot and only short ones in cervical intraepithelial neoplasia samples. Besides, a 60 kDa PRL-like molecule was reported in cervical intraepithelial neoplasia and CC (38). Furthermore, recombinant PRL showed a protective role against apoptosis in CC-derived cell lines (39), where STAT3 was required to induce Bcl-xl, Bcl-2, survivin, and Mcl-1 anti-apoptotic genes (32).

The 60 kDa PRL-like molecule was observed to be produced by CC cell lines and secreted to the extracellular medium, which allowed to carry out a magnetic bead hybridization protocol for its isolation and purification. The isolated 60 kDa PRL-like molecule was used to evaluate its effect on apoptosis in CC-derived cell lines, and it was found that apoptosis was inhibited when treated along with etoposide through the activation of the STAT3 pathway, suggesting a protective role of PRL to cell death by modulating the expression of Bcl-XL and survivin antiapoptotic proteins (40). Besides, PRLR was co-expressed with estrogen receptors α and β by an automated immunohistochemical study of serial sections, increasing along the different stages of cervical carcinogenesis. As well, the 60 kDa PRL-like molecule modified different cellular responses such as the following: increased the proliferation index of SiHa cell line, whereas in this cell line incubated with cisplatin in combination with E2 increased the apoptosis, and promoted metabolic activity in HeLa cell line, as well as in the non-tumorigenic keratinocytes HaCaT cell line transduced with HPV-18 E6 and HPV-16 E7 oncogenes. The interaction of E2 with the 60 kDa PRL-like molecule significantly affected metabolism but not cell survival. The combination of both hormones increased the metabolic activity of HeLa cells, measured by the MTT assay. However, their proliferation, evaluated by the xCELLigence platform, did not significantly change after the stimulus of both hormones. When analyzing the effect of E2 versus the combination with the 60 kDa PRL-like molecule on the MTT assays, HeLa and SiHa cells show that the 60 kDa PRL-like molecule seems to negatively modulate the estradiol´s effects on the metabolism of HeLa and SiHa cell lines (60).

The 60 kDa PRL-like molecule modulates the effects of E2 and the expression of its receptors in cell lines derived from cervical cancer (60); it would be interesting to know more about the regulation that the 60 kDa PRL-like molecule exerts on the expression of the genes induced by E2. An RNAseq analysis focused on cancer and metabolic pathways in cell lines positive for HPV infection would be helpful to confirm the role of the 60 kDa PRL-like molecule in this context.

While it is true that HPV infection is the main cause of CC, little has it been studied about the relationship between PRL and Human Papillomavirus (HPV). However, it was recently observed that treatment with PRL induces the expression of E6 and E7 oncogenes of HPV16/18 in HeLa and SiHa cell lines by a qRT-PCR assay. Besides, using HaCaT cells transduced with E6 and E7 oncogenes from HPV16 and HPV18, the authors reported that these oncogenes significantly increased the expression of PRLR (8.98–19.08 folds more than the control). Using the same cell lines, it was determined that both HPV18’s E6 and E7 oncogenes induced the relocation of this receptor from the cell membrane and from the cytoplasm to the nucleus, thus generating a loop that contributes to the development of CC, highlighting the existence of a PRL-HPV oncogenic regulation (61).

Even though there are several reports about the role of PRL impact in the CC, mainly by modulating vital processes such as proliferation, apoptosis, and mitochondrial activity, its role in migration and invasion is yet to be evaluated. The recent information proposes that PRL might interact with other hormones, like estradiol, and modify their activity in CC. Further research is required to establish this hormonal interplay.



PRL and Ovarian Cancer

OC is the deadliest among gynecological cancers, partly because of the difficulty of its diagnosis. Because the ovaries are hidden in the peritoneal cavity, 75% of ovarian cancers are not diagnosed until they reach stage III or IV after metastasis has taken place (62). PRL has been proposed as a biomarker to diagnose OC because it is involved in many processes that support carcinogenesis.

Women with OC present high serum PRL (63); however, the question arises: Does this refer to a biomarker or a tumorigenesis factor? (42). Although this is an unanswered question, several findings point out the relevance of PRL in OC development, and several mechanisms have been proposed for PRL to promote tumorigenesis.

A study showed that after T29 ovarian epithelial cells were chronically exposed to PRL, carcinogenesis was induced, and this change resulted in dependence on the activation of Ras (49). PRL could induce carcinogenesis by regulating gene expression, for instance, CD24+, whose overexpression is associated with the tumor development and metastasis of human cancers (64, 65). This overexpression may have a meaningful impact on resistance to treatment. A study showed that ovarian carcinoma cells incubated with cisplatin reduced apoptosis when they were treated with PRL. These observations are hypothesized to be because PRL activates PI3K/Akt and induces the expression of anti-apoptotic genes, such as Bcl-2, which is seen in different types of cancers (44). Besides, CD24+ ovarian cells exhibit high resistance to antitumoral drugs, such as cisplatin and doxorubicin, and seem to be more susceptible to the lysis for NK cells (66).

The primary source of systemic PRL is hypophysis; however, several cells and tissues produce extra-pituitary PRL, which acts mainly in an autocrine and paracrine manner (67). Exogenous PRL has been an essential survival factor for OC by inhibiting apoptosis in these cells (44). The expression of PRL and its receptor in ovarian cancer cells suggests a possible PRL loop to support growth in an autocrine manner. This hypothesis is supported by Tan et al., who reported a decrease in viable cell numbers when incubating them with a PRLR antagonist (G129R-PRL) (41). Adding extra PRL did not increase the viable cell counts; however, when serum was removed, and cells became stressed, PRL increased up to 40% the cell number. This finding shows that exogen and autocrine PRL are important for ovarian cancer cells to grow.

PRL can also support ovarian tumorigenesis by activating signaling pathways associated with proliferation and inhibition of apoptosis. PRL can phosphorylate STAT5, mTOR, and ERK in OC cells leading to proliferation (42). The OVCAR3 ovarian cell line expresses activation of ERK1/2, MEK1, STAT3, and CREB after 30 minutes of a stimulus with PRL (49). Besides, positive feedback might be established because PRL can also activate Insulin-like growth factor (IGF)-1 and IGF-2, which induces PRL expression in a Ras-dependent fashion (68, 69). Interestingly, p53 has some residues (S15, S46, and S392) susceptible to phosphorylation by PRL. It has been proven that this phosphorylation stabilizes p53, leading to lower apoptosis and higher resistance against chemotherapeutic agents (70). The latter shows that PRL in OC is very important for tumorigenesis; thus, a panel for early detection of this pathology, called OVASURE, included PRL among the other five molecules (71). PRL has been retested recently, along with other proteins, and it is concluded to be an efficient diagnostic marker for OC with a BRCA1 mutation (72).

Regarding BRCA1, PRL has been reported to inhibit its activity by interfering with p21 expression, a cell cycle inhibitor, in a STAT5-dependent manner in a BC cell-line model (73). Nevertheless, finding high levels of only PRL in the serum does not explicitly differentiate OC.

In vitro studies show that the PRL/PRLR axis is active in OC cell lines, promoting proliferation, cell migration, and survival (41). According to a microarray study, the PRLR was overexpressed in OC tumors, and over 98% expressed it (49, 74). The role of PRLR in OC seems to be essential for maintaining the tumoral status: PRLR deletion in OVCAR3 cells leads to blockage of tumor formation (42). The Ras protein can stabilize PRLR; thus, PRL-dependent activation of Ras in ovarian cells might provide a feedback to increase its actions (75).

Finally, some infections can also regulate the PRL/PRLR axis, thus regulating cancer promotion. Human cytomegalovirus (HCMV) increases the expression of PRLR and induces PRL at the transcriptional and protein level in OC cells (76). Because PRL acts as a growth factor, HCMV can induce ovarian tumorigenesis through this mechanism. Moreover, HCMV proteins are highly expressed in ovarian tumor tissues, and it has been associated with poor prognosis (77, 78). A possible direct and indirect effect might be performed by HCMV because most of the HCMV-cells in the tumor expressed PRLR. Even though PRL/PRLR axis is important during HCMV infection, the virus would use this pathway to induce cell proliferation; however, other pathways may also be modulated by the virus, such as EGFR, PDGFR, FGF, ETBR, and IGF (76).

PRL and PRLR have an essential role in OC, as documented in several reports. However, more research should be conducted regarding its molecular effects and mechanisms, such as signaling pathways inhibition or the 60-kDa PRL-like molecule assays, to clarify its actions and direct diagnostic and therapeutical strategies.



PRL and Endometrial Cancer

The endometrium is one of the extra-pituitary anatomical sites where PRL is synthesized (2, 4, 6). PRL is vital in the correct physiology of this tissue, and it is a marker of the cellular process called decidualization, which consists of the differentiation of human endometrial stromal cells into specialized, epithelioid decidual cells that govern various aspects of embryo implantation and placenta formation, an integral step in the establishment of pregnancy (79–81). Upon transformation, decidualized cells acquire a secretory epithelioid-like phenotype, with PRL and insulin-like growth factor binding protein 1 (IGFBP1), the main markers of this differentiation process (66, 79, 80, 82–87). Several aspects regarding this hormone´s roles in the endometrium have been studied, such as its expression, the activation of cancer-associated signaling pathways, and its biological effect on decidualization, making PRL a relevant factor in the carcinogenesis and progression of EC.

Worldwide, among the gynecological cancers, EC is in the second position in incidence and 5-year prevalence and occupies the third position in mortality. The estimated number of new cases in 2020 was 417,367, and it was the cause of 97,370 deaths in the same year (88–90). The GLOBOCAN project, considering the incidence, mortality, prevalence, and age group for EC worldwide in 2020, estimates that by 2040 the incidence will increase 30.3%, which is equivalent to 126,343 new cases for a total of 543,710, and even more worryingly, it is estimated that mortality will increase 49.8%, which means that in the next 20 years, there will be 48,473 deaths as a consequence of this neoplasm (90–92).

There is evidence that PRL promotes carcinogenesis and progression from the early stages of EC (4, 43, 93, 94). Ding et al. demonstrated that autocrine PRL expression could stimulate cell proliferation, anchorage-independent growth, migration, invasion of EC cells and tumor growth, local invasion, and metastatic colonization in xenograft models. They also reported that forced expression of PRL decreased the sensitivity of EC cells to chemotherapeutic drugs (i.e., doxorubicin and paclitaxel), both in vitro and in vivo (2). Therefore, they propose that inhibiting the signaling generated by PRL is a potential therapeutic target in late-stage EC (2). Furthermore, it has also been shown that PRL expression, either individually or in combination with GH expression, correlates with the stage of the disease, myometrial invasion, and is associated with worse relapse-free survival and overall survival in patients with EC (95).

PRL-induced cell proliferation occurs in endometrial carcinoma cells due to its binding with PRLR, which generates phosphorylation of ERK1/2, MEK-1, STAT3, CREB, ATF-2, and p53, and activation of various transcription factors (7, 49). Moreover, chronic exposure of human immortalized normal ovarian epithelial cells to PRL causes their malignant transformation and confers them the ability to form tumors in SCID beige mice (49). The PRLR’s expression is increased in endometrial hyperplasia and tumors, showing a vital role of the PRL/PRLR loop in EC. Something to note is that the expression of PRLR depends on several factors, one of them is the presence of proinflammatory cytokines, such as TNF-α, IL-1β, and IFN-γ, so those diseases and conditions that generate a chronic inflammation can also be supporting EC through the induction of PRLR. A report showed that the expression of PRLR was negatively correlated to the grade of EC, meaning that PRLR’s expression is higher in the initial stages and almost null by the late ones; which led the authors to think that PRL is more critical for the early neoplastic transformation than in developing the tumor (49).

In general, the evidence associates PRL with EC progression; however, although few, there are controversial reports that have proposed it as a suppressor of this neoplasia (96, 97). Imai et al. proposed that the protein kinase C in the endometrial fibroblasts must be stimulated by PRLR occupancy and that chronic stimulation by PRL may induce downregulation of protein kinase C in the fibroblast with a consequent decline of mitogenic activity, concluding that PRL could suppress mitogenesis (96). Another controversial report, carried out in rats, proposes that PRL may have an inhibitory effect on uterine carcinogenesis (97).

Classically, a biomarker is defined as an antigen or protein expressed by the tumor itself or the tumor microenvironment in response to the tumor. Thus, biomarkers are cellular or soluble indicators of the physiological state during the development of a disease. The best biomarkers have high sensitivity, high specificity, and can be evaluated in samples that do not require invasive procedures, such as it is serum and other biological samples (98). Serum PRL levels are considerably elevated in patients with EC compared to levels in cancer-free patients (4, 49, 93, 94, 99), as well as PRLR, and PRL mRNA are overexpressed in endometrial tumors (4, 49). Erdenebaatar et al. proposed that elevated serum PRL levels may contribute to the tumorigenesis of organs that express the PRLR (93). Considering the increased levels of PRL in the serum of patients with EC, compared to the serum PRL levels of patients with other types of neoplasms, PRL has been proposed as a strong, sensitive (98.3%) and specific (98.0%) biomarker for the early detection of EC (100), and its combination with other biomarkers could improve the sensitivity and specificity of the EC diagnosis (2, 4, 6, 100–102).

Signaling pathways activation has also been reported to be associated with the development of endometrial malignancies. Ras signaling has also been implied in EC development, and some authors postulate PRL to activate Ras oncogenes potently. The activation of Ras leads to PRLR stabilization (75). PRL induces the expression of IGF-1 and -2, and their signaling leads to the expression of PRL in a Ras-dependent way (68, 69). The PRL/PRLR loop’s activation can originate proliferation, apoptosis resistance, angiogenesis (103), activate signaling pathways related to cell adhesion and motility, and promote endometrial tumorigenesis (104).

Since PRL is recognized as a biomarker (93, 100), poor prognosis marker (95), risk factor (49, 105–107), and has even been proposed as a potential therapeutic target (2, 43) for EC, it would be fascinating to carry out clinical studies in which the interaction of PRL with PRLR is blocked to confirm the evidence shown by the various working groups that propose PRL as a critical factor in the progression of this type of neoplasia.



Conclusions

PRL exerts different biological effects that promote carcinogenesis and the progression of gynecological tumors, and its expression may induce several processes as survival, cellular proliferation, migration, invasion, metastasis, and resistance to treatment (Figure 1). The PRLR has been found widely expressed in the cervix, ovary, and endometrium cancers compared to their healthy tissues. However, little is known regarding the modulation of the signaling pathways activated by the PRLR and their target genes´ expression. Besides, it has been observed that some infections can regulate the PRL/PRLR axis, thus favoring cancer progression (Table 1). For example, the relationship between PRL and HPV; PRL induces the expression of E6 and E7 oncogenes of HPV16/18 in SiHa and HeLa cell lines, respectively, and HPV oncogenes increase the levels of PRLR.




Figure 1 | Protumoral effects generated by PRL-PRLR interaction in gynecological cancers. Image created in BioRender.com.




Table 1 | Relevance of PRL in gynecological cancers.



Nevertheless, it would be essential to elucidate the molecular mechanisms of the PRL/PRLR axis involved in cervical carcinogenesis. Furthermore, PRL is recognized as a biomarker of endometrial cancer development and poor prognosis, thereby it has been proposed as a potential therapeutic target, but clinical studies need to be carried out to understand its modulation. The role of PRL in cervical and ovarian cancer has been less investigated; however, the evidence suggests that this hormone could be strongly involved in promoting carcinogenesis through different mechanisms.



Author Contributions

AP-S conceptualized and drafted the manuscript. JR-d-A, JV-P, CH-S, and AP-S participated in the bibliographic research, writing, design of the figure, and review of the article. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Sectorial Research Fund for Education, SEP-CONACYT (A1-S-51207), and Jalisco Scientific Development Fund (FODECIJAL) to Attend State Problems 2019 (Project #8168). JV-P received a CONACYT fellowship (#769371, 2nd Year of Continuity of Post-Doctoral Stays Linked to Strengthening the Quality of the National Postgraduate 2020(2), CVU: 377666).



References

1. Goffin, V, Binart, N, Touraine, P, and Kelly, PA. Prolactin: The New Biology of an Old Hormone. Annu Rev Physiol (2002) 64:47–67. doi: 10.1146/annurev.physiol.64.081501.131049

2. Ding, K, Yuan, Y, Chong, QY, Yang, Y, Li, R, Li, X, et al. Autocrine Prolactin Stimulates Endometrial Carcinoma Growth and Metastasis and Reduces Sensitivity to Chemotherapy. Endocrinology (2017) 158:1595–611. doi: 10.1210/en.2016-1903

3. Paulson, M, Norstedt, G, Sahlin, L, and Hirschberg, AL. Association Between Prolactin Receptor Expression and Proliferation in the Endometrium of Obese Women With Polycystic Ovary Syndrome. Gynecol Endocrinol (2020) 36:226–32. doi: 10.1080/09513590.2019.1650343

4. Erdenebaatar, C, Yamaguchi, M, Monsur, M, Saito, F, Honda, R, Tashiro, H, et al. Serum Prolactin Contributes to Enhancing Prolactin Receptor and Pjak2 in Type I Endometrial Cancer Cells in Young Women Without Insulin Resistance. Int J Gynecol Pathol (2019) 38:318–25. doi: 10.1097/PGP.0000000000000527

5. Karayazi Atıcı, Ö, Govindrajan, N, Lopetegui-González, I, and Shemanko, CS. Prolactin: A Hormone With Diverse Functions From Mammary Gland Development to Cancer Metastasis. Semin Cell Dev Biol (2020) 114:159–70. doi: 10.1016/j.semcdb.2020.10.005

6. Auriemma, RS, Del Vecchio, G, Scairati, R, Pirchio, R, Liccardi, A, Verde, N, et al. The Interplay Between Prolactin and Reproductive System: Focus on Uterine Pathophysiology. Front Endocrinol (Lausanne) (2020) 11:594370. doi: 10.3389/fendo.2020.594370

7. Bernard, V, Young, J, Chanson, P, and Binart, N. New Insights in Prolactin: Pathological Implications. Nat Rev Endocrinol (2015) 11:265–75. doi: 10.1038/nrendo.2015.36

8. Wen, Y, Zand, B, Ozpolat, B, Szczepanski, MJ, Lu, C, Yuca, E, et al. Antagonism of Tumoral Prolactin Receptor Promotes Autophagy-Related Cell Death. Cell Rep (2014) 7:488–500. doi: 10.1016/j.celrep.2014.03.009

9. Kelly, MP, Hickey, C, Makonnen, S, Coetzee, S, Jalal, S, Wang, Y, et al. Preclinical Activity of the Novel Anti-Prolactin Receptor (PRLR) Antibody-Drug Conjugate REGN2878-DM1 in PRLR-Positive Breast Cancers. Mol Cancer Ther (2017) 16:1299–311. doi: 10.1158/1535-7163.MCT-16-0839

10. Minami, H, Ando, Y, Tamura, K, Tajima, T, and Isaacs, R. Phase I Study of LFA102 in Patients With Advanced Breast Cancer or Castration-Resistant Prostate Cancer. Anticancer Res (2020) 40:5229–35. doi: 10.21873/anticanres.14526

11. Damiano, JS, Rendahl, KG, Karim, C, Embry, MG, Ghoddusi, M, Holash, J, et al. Neutralization of Prolactin Receptor Function by Monoclonal Antibody LFA102, A Novel Potential Therapeutic for the Treatment of Breast Cancer. Mol Cancer Ther (2013) 12:295–305. doi: 10.1158/1535-7163.MCT-12-0886

12. Hakim, S, Craig, JM, Koblinski, JE, and Clevenger, CV. Inhibition of the Activity of Cyclophilin A Impedes Prolactin Receptor-Mediated Signaling, Mammary Tumorigenesis, and Metastases. iScience (2020) 23:101581. doi: 10.1016/j.isci.2020.101581

13. Fiorillo, AA, Medler, TR, Feeney, YB, Wetz, SM, Tommerdahl, KL, and Clevenger, CV. The Prolactin Receptor Transactivation Domain Is Associated With Steroid Hormone Receptor Expression and Malignant Progression of Breast Cancer. Am J Pathol (2013) 182:217–33. doi: 10.1016/j.ajpath.2012.09.021

14. Zhou, Y, Zong, H, Han, L, Xie, Y, Jiang, H, Gilly, J, et al. A Novel Bispecific Antibody Targeting CD3 and Prolactin Receptor (PRLR) Against PRLR-Expression Breast Cancer. J Exp Clin Cancer Res (2020) 39:87. doi: 10.1186/s13046-020-01564-4

15. Harrington, KM, and Clevenger, CV. Identification of NEK3 Kinase Threonine 165 as a Novel Regulatory Phosphorylation Site That Modulates Focal Adhesion Remodeling Necessary for Breast Cancer Cell Migration*. J Biol Chem (2016) 291:21388–406. doi: 10.1074/jbc.M116.726190

16. da Silva, PL, do Amaral, VC, Gabrielli, V, Montt Guevara, MM, Mannella, P, Baracat, EC, et al. Prolactin Promotes Breast Cancer Cell Migration Through Actin Cytoskeleton Remodeling. Front Endocrinol (2015) 6:186. doi: 10.3389/fendo.2015.00186

17. Hammer, A, and Diakonova, M. Prolactin-Induced PAK1 Tyrosyl Phosphorylation Promotes FAK Dephosphorylation, Breast Cancer Cell Motility, Invasion and Metastasis. BMC Cell Biol (2016) 17:31. doi: 10.1186/s12860-016-0109-5

18. Abdelmagid, SA, and Too, CKL. Prolactin and Estrogen Up-Regulate Carboxypeptidase-D to Promote Nitric Oxide Production and Survival of MCF-7 Breast Cancer Cells. Endocrinology (2008) 149:4821–8. doi: 10.1210/en.2008-0145

19. Koirala, S, Thomas, LN, and Too, CKL. Prolactin/Stat5 and Androgen R1881 Coactivate Carboxypeptidase-D Gene in Breast Cancer Cells. Mol Endocrinol (2014) 28:331–43. doi: 10.1210/me.2013-1202

20. Thomas, LN, Chedrawe, ER, Barnes, PJ, and Too, CKL. Prolactin/androgen-Inducible Carboxypeptidase-D Increases With Nitrotyrosine and Ki67 for Breast Cancer Progression In Vivo, and Upregulates Progression Markers VEGF-C and Runx2 In Vitro. Breast Cancer Res Treat (2017) 164:27–40. doi: 10.1007/s10549-017-4223-7

21. MacDonald, TM, Thomas, LN, Gupta, A, Barnes, PJ, and Too, CK. Prolactin and Androgen R1881 Induce Pro-Survival Carboxypeptidase-D and EDD E3 Ligase in Triple-Negative and HER2+ Breast Cancer. Am J Cancer Res (2020) 10:1321–43.

22. Hachim, IY, Hachim, MY, Lopez, VM, Lebrun, J-J, and Ali, S. Prolactin Receptor Expression Is an Independent Favorable Prognostic Marker in Human Breast Cancer. Appl Immunohistochem Mol Morphol AIMM (2016) 24:238–45. doi: 10.1097/PAI.0000000000000178

23. Hachim, IY, Shams, A, Lebrun, J-J, and Ali, S. A Favorable Role of Prolactin in Human Breast Cancer Reveals Novel Pathway-Based Gene Signatures Indicative of Tumor Differentiation and Favorable Patient Outcome. Hum Pathol (2016) 53:142–52. doi: 10.1016/j.humpath.2016.02.010

24. López-Ozuna, VM, Hachim, IY, Hachim, MY, Lebrun, J-J, and Ali, S. Prolactin Pro-Differentiation Pathway in Triple Negative Breast Cancer: Impact on Prognosis and Potential Therapy. Sci Rep (2016) 6:30934. doi: 10.1038/srep30934

25. Hachim, IY, López-Ozuna, VM, Hachim, MY, Lebrun, J-J, and Ali, S. Prolactin Hormone Exerts Anti-Tumorigenic Effects in HER-2 Overexpressing Breast Cancer Cells Through Regulation of Stemness. Stem Cell Res (2019) 40:101538. doi: 10.1016/j.scr.2019.101538

26. López-Ozuna, VM, Hachim, IY, Hachim, MY, Lebrun, J-J, and Ali, S. Prolactin Modulates TNBC Aggressive Phenotype Limiting Tumorigenesis. Endocr Relat Cancer (2019) 26:321–37. doi: 10.1530/ERC-18-0523

27. Nguyen, N-Q-N, Castermans, K, Berndt, S, Herkenne, S, Tabruyn, SP, Blacher, S, et al. The Antiangiogenic 16k Prolactin Impairs Functional Tumor Neovascularization by Inhibiting Vessel Maturation. PloS One (2011) 6:e27318. doi: 10.1371/journal.pone.0027318

28. Bajou, K, Herkenne, S, Thijssen, VL, D’Amico, S, Nguyen, N-Q-N, Bouché, A, et al. PAI-1 Mediates the Antiangiogenic and Profibrinolytic Effects of 16K Prolactin. Nat Med (2014) 20:741–7. doi: 10.1038/nm.3552

29. Sethi, BK, Chanukya, GV, and Nagesh, VS. Prolactin and Cancer: Has the Orphan Finally Found a Home? Indian J Endocrinol Metab (2012) 16:S195–8. doi: 10.4103/2230-8210.104038

30. Liu, Y, Jiang, J, Lepik, B, Zhang, Y, Zinn, KR, and Frank, SJ. Subdomain 2, Not the Transmembrane Domain, Determines the Dimerization Partner of Growth Hormone Receptor and Prolactin Receptor. Endocrinology (2017) 158:3235–48. doi: 10.1210/en.2017-00469

31. Leehy, KA, Truong, TH, Mauro, LJ, and Lange, CA. Progesterone Receptors (PR) Mediate STAT Actions: PR and Prolactin Receptor Signaling Crosstalk in Breast Cancer Models. J Steroid Biochem Mol Biol (2018) 176:88–93. doi: 10.1016/j.jsbmb.2017.04.011

32. Ramirez de Arellano, A, Lopez-Pulido, EI, Martínez-Neri, PA, Chávez, CE, Lucano, RG, Fafutis-Morris, M, et al. STAT3 Activation Is Required for the Antiapoptotic Effects of Prolactin in Cervical Cancer Cells. Cancer Cell Int (2015) 15:1–8. doi: 10.1186/s12935-015-0234-9

33. Sackmann-Sala, L, Chiche, A, Mosquera-Garrote, N, Boutillon, F, Cordier, C, Pourmir, I, et al. Prolactin-Induced Prostate Tumorigenesis Links Sustained Stat5 Signaling With the Amplification of Basal/Stem Cells and Emergence of Putative Luminal Progenitors. Am J Pathol (2014) 184:3105–19. doi: 10.1016/j.ajpath.2014.07.020

34. Asad, AS, Nicola Candia, AJ, Gonzalez, N, Zuccato, CF, Abt, A, Orrillo, SJ, et al. Prolactin and Its Receptor as Therapeutic Targets in Glioblastoma Multiforme. Sci Rep (2019) 9:19578. doi: 10.1038/s41598-019-55860-x

35. Neradugomma, NK, Subramaniam, D, Tawfik, OW, Goffin, V, Kumar, TR, Jensen, RA, et al. Prolactin Signaling Enhances Colon Cancer Stemness by Modulating Notch Signaling in a Jak2-STAT3/ERK Manner. Carcinogenesis (2014) 35:795–806. doi: 10.1093/carcin/bgt379

36. Yang, X, Meyer, K, and Friedl, A. STAT5 and Prolactin Participate in a Positive Autocrine Feedback Loop That Promotes Angiogenesis *. J Biol Chem (2013) 288:21184–96. doi: 10.1074/jbc.M113.481119

37. Motamedi, B, Rafiee-Pour, H-A, Khosravi, M-R, Kefayat, A, Baradaran, A, Amjadi, E, et al. Prolactin Receptor Expression as a Novel Prognostic Biomarker for Triple Negative Breast Cancer Patients. Ann Diagn Pathol (2020) 46:151507. doi: 10.1016/j.anndiagpath.2020.151507

38. Ascencio-Cedillo, R, López-Pulido, EI, Muñoz-Valle, JF, Villegas-Sepúlveda, N, Del Toro-Arreola, S, Estrada-Chávez, C, et al. Prolactin and Prolactin Receptor Expression in Cervical Intraepithelial Neoplasia and Cancer. Pathol Oncol Res (2015) 21:241–6. doi: 10.1007/s12253-014-9814-6

39. Lopez-Pulido, EI, Muñoz-Valle, JF, Del Toro-Arreola, S, Jave-Suárez, LF, Bueno-Topete, MR, Estrada-Chávez, C, et al. High Expression of Prolactin Receptor Is Associated With Cell Survival in Cervical Cancer Cells. Cancer Cell Int (2013) 13:1–9. doi: 10.1186/1475-2867-13-103

40. Ramirez De Arellano, A, Leal, AR, Lopez-Pulido, EI, González-Lucano, LR, Barragan, JM, Del Toro Arreola, S, et al. Pereira-Suárez AL. A 60 kDa Prolactin Variant Secreted by Cervical Cancer Cells Modulates Apoptosis and Cytokine Production. Oncol Rep (2018) 39:1253–60. doi: 10.3892/or.2018.6222

41. Tan, D, Chen, KHE, Khoo, T, and Walker, AM. Prolactin Increases Survival and Migration of Ovarian Cancer Cells: Importance of Prolactin Receptor Type and Therapeutic Potential of S179D and G129R Receptor Antagonists. Cancer Lett (2011) 310:101–8. doi: 10.1016/j.canlet.2011.06.014

42. Karthikeyan, S, Russo, A, Dean, M, Lantvit, DD, Endsley, M, and Burdette, JE. Prolactin Signaling Drives Tumorigenesis in Human High Grade Serous Ovarian Cancer Cells and in a Spontaneous Fallopian Tube Derived Model. Cancer Lett (2018) 433:221–31. doi: 10.1016/j.canlet.2018.07.003

43. Yamaguchi, M, Erdenebaatar, C, Saito, F, Honda, R, Ohba, T, Kyo, S, et al. Prolactin Enhances the Proliferation of Proliferative Endometrial Glandular Cells and Endometrial Cancer Cells. J Endocr Soc (2020) 4:bvz029. doi: 10.1210/jendso/bvz029

44. Asai-Sato, M, Nagashima, Y, Miyagi, E, Sato, K, Ohta, I, Vonderhaar, BK, et al. Prolactin Inhibits Apoptosis of Ovarian Carcinoma Cells Induced by Serum Starvation or Cisplatin Treatment. Int J Cancer (2005) 115:539–44. doi: 10.1002/ijc.20810

45. Kochendoerfer, SK, Krishnan, N, Buckley, DJ, and Buckley, AR. Prolactin Regulation of Bcl-2 Family Members: Increased Expression of bcl-xL But Not Mcl-1 or Bad in Nb2-T Cells. J Endocrinol (2003) 178:265–73. doi: 10.1677/joe.0.1780265

46. Gadó, K, Pállinger, É, Kovács, P, Takács, E, Szilvási, I, Tóth, BE, et al. Prolactin Influences Proliferation and Apoptosis of a Human IgE Secreting Myeloma Cell Line, U266. Immunol Lett (2002) 82:191–6. doi: 10.1016/S0165-2478(02)00008-1

47. MacDonald, TM, Thomas, LN, Daze, E, Marignani, P, Barnes, PJ, and Too, CK. Prolactin-Inducible EDD E3 Ubiquitin Ligase Promotes TORC1 Signalling, Anti-Apoptotic Protein Expression, and Drug Resistance in Breast Cancer Cells. Am J Cancer Res (2019) 9:1484–503.

48. Chen, K-HE, Bustamante, K, Nguyen, V, and Walker, AM. Involvement of miR-106b in Tumorigenic Actions of Both Prolactin and Estradiol. Oncotarget (2017) 8:36368–82. doi: 10.18632/oncotarget.16755

49. Levina, VV, Nolen, B, Su, Y, Godwin, AK, Fishman, D, Liu, J, et al. Biological Significance of Prolactin in Gynecologic Cancers. Cancer Res (2009) 69:5226–33. doi: 10.1158/0008-5472.CAN-08-4652

50. Ridley, AJ, Schwartz, MA, Burridge, K, Firtel, RA, Ginsberg, MH, Borisy, G, et al. Cell Migration: Integrating Signals From Front to Back. Science (80-) (2003) 302:1704–9. doi: 10.1126/science.1092053

51. Etienne-Manneville, S, and Hall, A. Rho GTPases in Cell Biology. Nature (2002) 420:629–35. doi: 10.1038/nature01148

52. Forsberg, JG, Stray-Breistein, L, and Lingaas, E. Prolactin-Stimulating Effect on 3H-Thymidine Incorporation in 3-Methylcholanthrene-Induced Cervical Carcinomas in Normal and Estrogenized Mice. J Natl Cancer Inst (1974) 53:1247–52. doi: 10.1093/jnci/53.5.1247

53. Forsberg, JG, and Breistein, LS. A Synergistic Effect of Oestradiol and Prolactin Influencing the Incidence of 3-Methylcholanthrene Induced Cervical Carcinomas in Mice. Acta Pathol Microbiol Scand A (1976) 84:384–90. doi: 10.1111/j.1699-0463.1976.tb00131.x

54. Forsberg, JG, and Breistein, LS. Prolactin and 3-Methylcholanthrene Induced Cervical Carcinoma. Effect of Bromocriptine. Acta Pathol Microbiol Scand A (1979) 87A:151–6. doi: 10.1111/j.1699-0463.1979.tb00036.x

55. Macfee, MS, McQueen, J, and Strayer, DE. Immunocytochemical Localization of Prolactin in Carcinoma of the Cervix. Gynecol Oncol (1987) 26:314–8. doi: 10.1016/0090-8258(87)90023-0

56. Strukov, EL, Safronnikova, NR, Bobrov, IF, Gamaiunova, VB, Bokhman, IV, and Dil’man, VM. Hyperprolactinemia as a Marker of the Progression of Cervical Cancer. Vopr Onkol (1990) 36:831–5.

57. Chen, KW, Tsai, YL, Chen, WS, Lien, YR, Su, WH, Lee, CY, et al. Binding and Growth-Stimulation of Cervical Cancer Cell Lines by Prolactin. J Formos Med Assoc (1992) 91:804–7.

58. Hsu, CT, Yu, MH, Lee, CYG, Jong, HL, and Yeh, MY. Ectopic Production of Prolactin in Uterine Cervical Carcinoma. Gynecol Oncol (1992) 44:166–71. doi: 10.1016/0090-8258(92)90033-F

59. Dowsett, M, McGarrick, GE, Staffurth, J, Worth, RW, Chapman, MG, and Jeffcoate, SL. Absence of Prolactin Receptors in Normal and Malignant Uterine Cervix. BJOG Int J Obstet Gynaecol (1984) 91:924–6. doi: 10.1111/j.1471-0528.1984.tb03710.x

60. Riera-Leal, A, De Arellano, AR, Ramírez-López, IG, Lopez-Pulido, EI, Rodríguez, JRD, Macías-Barragan, JG, et al. Effects of 60 kDa Prolactin and Estradiol on Metabolism and Cell Survival in Cervical Cancer: Co-Expression of Their Hormonal Receptors During Cancer Progression. Oncol Rep (2018) 40:3781–93. doi: 10.3892/or.2018.6743

61. Ramírez-López, IG, Ramírez De Arellano, A, Jave-Suárez, LF, Hernández-Silva, CD, García-Chagollan, M, Hernández-Bello, J, et al. Interaction Between 17β-Estradiol, Prolactin and Human Papillomavirus Induce E6/E7 Transcript and Modulate the Expression and Localization of Hormonal Receptors. Cancer Cell Int (2019) 19:1–10. doi: 10.1186/s12935-019-0935-6

62. Lengyel, E. Ovarian Cancer Development and Metastasis. Am J Pathol (2010) 177:1053–64. doi: 10.2353/ajpath.2010.100105

63. Mor, G, Visintin, I, Lai, Y, Zhao, H, Schwartz, P, Rutherford, T, et al. Serum Protein Markers for Early Detection of Ovarian Cancer. Proc Natl Acad Sci USA (2005) 102:7677–82. doi: 10.1073/pnas.0502178102

64. Baumann, P, Cremers, N, Kroese, F, Orend, G, Chiquet-Ehrismann, R, Uede, T, et al. CD24 Expression Causes the Acquisition of Multiple Cellular Properties Associated With Tumor Growth and Metastasis. Cancer Res (2005) 65:10783–93. doi: 10.1158/0008-5472.CAN-05-0619

65. Smith, SC, Oxford, G, Wu, Z, Nitz, MD, Conaway, M, Frierson, HF, et al. The Metastasis-Associated Gene CD24 Is Regulated by Ral GTPase and Is a Mediator of Cell Proliferation and Survival in Human Cancer. Cancer Res (2006) 66:1917–22. doi: 10.1158/0008-5472.CAN-05-3855

66. Koh, J, Lee, Sb, Park, H, Lee, HJ, Cho, NH, and Kim, J. Susceptibility of CD24+ Ovarian Cancer Cells to Anti-Cancer Drugs and Natural Killer Cells. Biochem Biophys Res Commun (2012) 427:373–8. doi: 10.1016/j.bbrc.2012.09.067

67. Bernichtein, S, Touraine, P, and Goffin, V. New Concepts in Prolactin Biology. J Endocrinol (2010) 206:1–11. doi: 10.1677/JOE-10-0069

68. Brisken, C, Ayyannan, A, Nguyen, C, Heineman, A, Reinhardt, F, Jan, T, et al. IGF-2 Is a Mediator of Prolactin-Induced Morphogenesis in the Breast. Dev Cell (2002) 3:877–87. doi: 10.1016/S1534-5807(02)00365-9

69. Castillo, AI, Tolon, RM, and Aranda, A. Insulin-Like Growth Factor-1 Stimulates Rat Prolactin Gene Expression by a Ras, ETS and Phosphatidylinositol 3- Kinase Dependent Mechanism. Oncogene (1998) 16:1981–91. doi: 10.1038/sj.onc.1200204

70. Thompson, T, Tovar, C, Yang, H, Carvajal, D, Vu, BT, Xu, Q, et al. Phosphorylation of P53 on Key Serines Is Dispensable for Transcriptional Activation and Apoptosis. J Biol Chem (2004) 279:53015–22. doi: 10.1074/jbc.M410233200

71. Buchen, L. Missing the Mark. Nature (2011) 471:428–32. doi: 10.1038/471428a

72. Gschwantler-Kaulich, D, Weingartshofer, S, Rappaport-Fürhauser, C, Zeilinger, R, Pils, D, Muhr, D, et al. Diagnostic Markers for the Detection of Ovarian Cancer in BRCA1 Mutation Carriers. PloS One (2017) 12:1–12. doi: 10.1371/journal.pone.0189641

73. Chen, KHE, and Walker, AM. Prolactin Inhibits a Major Tumor-Suppressive Function of Wild Type BRCA1. Cancer Lett (2016) 375:293–302. doi: 10.1016/j.canlet.2016.03.007

74. Sundaram, KM, Zhang, Y, Mitra, AK, Kouadio, J-LK, Gwin, K, Kossiakoff, AA, et al. Prolactin Receptor-Mediated Internalization of Imaging Agents Detects Epithelial Ovarian Cancer With Enhanced Sensitivity and Specificity. Cancer Res (2017) 77:1684–96. doi: 10.1158/0008-5472.CAN-16-1454

75. Plotnikov, A, Li, Y, Tran, TH, Tang, W, Palazzo, JP, Rui, H, et al. Oncogene-Mediated Inhibition of Glycogen Synthase Kinase 3β Impairs Degradation of Prolactin Receptor. Cancer Res (2008) 68:1354–61. doi: 10.1158/0008-5472.CAN-07-6094

76. Rahbar, A, Alkharusi, A, Costa, H, Pantalone, MR, Rådestad, AF, Söderberg-naucler, C, et al. Human Cytomegalovirus Infection Induces High Expression of Prolactin and Prolactin Receptors in Ovarian Cancer. Biology (2020) 9:1–15. doi: 10.3390/biology9030044

77. Carlson, JW, Radestad, AF, Söderberg-Naucler, C, and Rahbar, A. Human Cytomegalovirus in High Grade Serous Ovarian Cancer Possible Implications for Patients Survival. Med (United States) (2018) 97:1–5. doi: 10.1097/MD.0000000000009685

78. Rådestad, AF, Estekizadeh, A, Cui, HL, Kostopoulou, ON, Davoudi, B, Hirschberg, AL, et al. Impact of Human Cytomegalovirus Infection and Its Immune Response on Survival of Patients With Ovarian Cancer. Transl Oncol (2018) 11:1292–300. doi: 10.1016/j.tranon.2018.08.003

79. Al-Sabbagh, M, Fusi, L, Higham, J, Lee, Y, Lei, K, Hanyaloglu, AC, et al. NADPH Oxidase-Derived Reactive Oxygen Species Mediate Decidualization of Human Endometrial Stromal Cells in Response to Cyclic AMP Signaling. Endocrinology (2011) 152:730–40. doi: 10.1210/en.2010-0899

80. Adams, NR, Vasquez, YM, Mo, Q, Gibbons, W, Kovanci, E, and DeMayo, FJ. WNK Lysine Deficient Protein Kinase 1 Regulates Human Endometrial Stromal Cell Decidualization, Proliferation, and Migration in Part Through Mitogen-Activated Protein Kinase 7. Biol Reprod (2017) 97:400–12. doi: 10.1093/biolre/iox108

81. Aoyagi, Y, Nasu, K, Kai, K, Hirakawa, T, Okamoto, M, Kawano, Y, et al. Decidualization Differentially Regulates microRNA Expression in Eutopic and Ectopic Endometrial Stromal Cells. Reprod Sci (2017) 24:445–55. doi: 10.1177/1933719116657894

82. Gellersen, B, Brosens, IA, and Brosens, JJ. Decidualization of the Human Endometrium: Mechanisms, Functions, and Clinical Perspectives. Semin Reprod Med (2007) 25:445–53. doi: 10.1055/s-2007-991042

83. Camden, AJ, Szwarc, MM, Chadchan, SB, DeMayo, FJ, O’Malley, BW, Lydon, JP, et al. Growth Regulation by Estrogen in Breast Cancer 1 (GREB1) Is a Novel Progesterone-Responsive Gene Required for Human Endometrial Stromal Decidualization. Mol Hum Reprod (2017) 23:646–53. doi: 10.1093/molehr/gax045

84. Lee, CH, Kim, TH, Lee, JH, Oh, SJ, Yoo, J-Y, Kwon, HS, et al. Extracellular Signal-Regulated Kinase 1/2 Signaling Pathway Is Required for Endometrial Decidualization in Mice and Human. PloS One (2013) 8:e75282. doi: 10.1371/journal.pone.0075282

85. Kajihara, T, Tochigi, H, Prechapanich, J, Uchino, S, Itakura, A, Brosens, JJ, et al. Androgen Signaling in Decidualizing Human Endometrial Stromal Cells Enhances Resistance to Oxidative Stress. Fertil Steril (2012) 97:185–91. doi: 10.1016/j.fertnstert.2011.10.017

86. Zhang, X, Fu, L-J, Liu, X-Q, Hu, Z-Y, Jiang, Y, Gao, R-F, et al. Nm23 Regulates Decidualization Through the PI3K-Akt-mTOR Signaling Pathways in Mice and Humans. Hum Reprod (2016) 31:2339–51. doi: 10.1093/humrep/dew191

87. Vasquez, YM, Mazur, EC, Li, X, Kommagani, R, Jiang, L, Chen, R, et al. FOXO1 Is Required for Binding of PR on IRF4, Novel Transcriptional Regulator of Endometrial Stromal Decidualization. Mol Endocrinol (2015) 29:421–33. doi: 10.1210/me.2014-1292

88. Ferlay, J, Ervik, M, Lam, F, et al. Global Cancer Observatory: Cancer Today. In: Int Agency Res Cancer (2018). Available at: https://gco.iarc.fr/today (Accessed February 15, 2021).

89. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

90. Ferlay, J, Colombet, M, Soerjomataram, I, Mathers, C, Parkin, DM, Piñeros, M, et al. Estimating the Global Cancer Incidence and Mortality in 2018: GLOBOCAN Sources and Methods. Int J Cancer (2019) 144:1941–53. doi: 10.1002/ijc.31937

91. Ferlay, J, Ervik, M, Lam, F, et al. Global Cancer Observatory: Cancer Tomorrow. In: Int Agency Res Cancer (2018). Available at: https://gco.iarc.fr/tomorrow (Accessed February 15, 2021).

92. Bray, F, and Møller, B. Predicting the Future Burden of Cancer. Nat Rev Cancer (2006) 6:63–74. doi: 10.1038/nrc1781

93. Erdenebaatar, C, Yamaguchi, M, Saito, F, Monsur, M, Honda, R, Tashiro, H, et al. Administration of Cabergoline Contributes to Preserving Fertility in Young Hyperprolactinemic Patients With Endometrial Cancer Treated With Medroxyprogesterone Acetate. Int J Gynecol Cancer Off J Int Gynecol Cancer Soc (2018) 28:539–44. doi: 10.1097/IGC.0000000000001196

94. Leiser, AL, Hamid, AM, and Blanchard, R. Recurrence of Prolactin-Producing Endometrial Stromal Sarcoma With Sex-Cord Stromal Component Treated With Progestin and Aromatase Inhibitor. Gynecol Oncol (2004) 94:567–71. doi: 10.1016/j.ygyno.2004.03.025

95. Wu, Z-S, Yang, K, Wan, Y, Qian, P-X, Perry, JK, Chiesa, J, et al. Tumor Expression of Human Growth Hormone and Human Prolactin Predict a Worse Survival Outcome in Patients With Mammary or Endometrial Carcinoma. J Clin Endocrinol Metab (2011) 96:E1619–29. doi: 10.1210/jc.2011-1245

96. Imai, A, Furui, T, Ohno, T, Matsunami, K, Takahashi, K, and Tamaya, T. Prolactin Binds to Human Endometrial Fibroblasts and Inhibits Mitogenicity of an Endometrial Carcinoma Extract. Proc Soc Exp Biol Med Soc Exp Biol Med (New York NY) (1993) 203:117–22. doi: 10.3181/00379727-203-43581a

97. Taketa, Y, Inoue, K, Takahashi, M, Sakamoto, Y, Watanabe, G, Taya, K, et al. Effects of Sulpiride and Ethylene Glycol Monomethyl Ether on Endometrial Carcinogenicity in Donryu Rats. J Appl Toxicol (2016) 36:769–76. doi: 10.1002/jat.3206

98. Linkov, F, Yurkovetsky, Z, Taioli, E, Havrilesky, LJ, Maxwell, GL, and Lokshin, A. Endometrial Cancer: Multiplexed Luminex Approaches for Early Detection. Expert Opin Med Diagn (2008) 2:527–37. doi: 10.1517/17530059.2.5.527

99. Montejo, ÁL, Arango, C, Bernardo, M, Carrasco, JL, Crespo-Facorro, B, Cruz, JJ, et al. Spanish Consensus on the Risks and Detection of Antipsychotic Drug-Related Hyperprolactinaemia. Rev Psiquiatr Salud Ment (2016) 9:158–73. doi: 10.1016/j.rpsm.2015.11.003

100. Yurkovetsky, Z, Ta’asan, S, Skates, S, Rand, A, Lomakin, A, Linkov, F, et al. Development of Multimarker Panel for Early Detection of Endometrial Cancer. High Diagnostic Power of Prolactin. Gynecol Oncol (2007) 107:58–65. doi: 10.1016/j.ygyno.2007.05.041

101. Nithin, KU, Sridhar, MG, Srilatha, K, and Habebullah, S. CA 125 Is a Better Marker to Differentiate Endometrial Cancer and Abnormal Uterine Bleeding. Afr Health Sci (2018) 18:972–8. doi: 10.4314/ahs.v18i4.17

102. Kanat-Pektas, M, Yenicesu, O, Gungor, T, and Bilge, U. Predictive Power of Sexual Hormones and Tumor Markers in Endometrial Cancer. Arch Gynecol Obstet (2010) 281:709–15. doi: 10.1007/s00404-009-1228-4

103. Struman, I, Bentzien, F, Lee, H, Mainfroid, V, D’Angelo, G, Goffin, V, et al. Opposing Actions of Intact and N-Terminal Fragments of the Human Prolactin/Growth Hormone Family Members on Angiogenesis: An Efficient Mechanism for the Regulation of Angiogenesis. Proc Natl Acad Sci USA (1999) 96:1246–51. doi: 10.1073/pnas.96.4.1246

104. Canbay, E, Norman, M, Kilic, E, Goffin, V, and Zachary, I. Prolactin Stimulates the JAK2 and Focal Adhesion Kinase Pathways in Human Breast Carcinoma T47-D Cells. Biochem J (1997) 324:231–6. doi: 10.1042/bj3240231

105. Stanosz, S, von Mach-Szczypiński, J, Sieja, K, and Koœciuszkiewicz, J. Micronized Estradiol and Progesterone Therapy in Primary, Preinvasive Endometrial Cancer (1a/G1) in Young Women With Polycystic Ovarian Syndrome. J Clin Endocrinol Metab (2014) 99:E2472–6. doi: 10.1210/jc.2014-1693

106. Sharma, A, Sharma, MS, De Padua, M, Jha, UP, and Jha, AN. Synchronous Endometrial Carcinoma and a Macroprolactinoma: Exploring a Causal Relationship. Oncology (2007) 72:139–42. doi: 10.1159/000111139

107. Yamazawa, K, Matsui, H, and Seki, K. Sekiya S. A Case-Control Study of Endometrial Cancer After Antipsychotics Exposure in Premenopausal Women. Oncology (2003) 64:116–23. doi: 10.1159/000067769




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.

Copyright © 2021 Ramírez-de-Arellano, Villegas-Pineda, Hernández-Silva and Pereira-Suárez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Relevant Participation of Prolactin in the Genesis and Progression of Gynecological Cancers

      

        		

          Introduction

        



        		

          PRL as a Therapeutic Target, Pro- or Anti-Tumor?

        



        		

          Effect of PRL on Mechanisms That Promote Gynecological Carcinogenesis

        

          		

            PRL-Mediated Proliferation and Its Role in Cancer Cell Survival

          



          		

            PRL and Its Promoting Effect on Cancer Cell Migration

          



        



        



        		

          PRL in Cervical Cancer

        



        		

          PRL and Ovarian Cancer

        



        		

          PRL and Endometrial Cancer

        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2021.747810_Cover.jpg
, frontlers
n Endocrinology

The Relevant Participation
of Prolactin in the Genesis
and Progression of
Gynecological Cancers





OEBPS/Images/fendo-12-747810-g001.jpg
T Carcinogenesis and disease progression
(4, 43, 49, 93, 94)
T Proliferation (2, 43, 49)
Q ENDOMETRIAL | 1 Growth tumor (2)
CANCER T Migration and invasion (2, 95)
T Metastasis (2, 95)
! Sensitivity to treatment (2)
J Overall survival (95)

T PRLR isoforms
expression (39)

T Mitochondrial activity (60)

CERVICAL | T Proliferation (52-54, 57, 60)
O CANCER ¢ ! Apoptosis (32, 39, 40)

* Induction of oncogenes E6
and E7 (61)

* Promotion of the 60 kDa
PRL-like molecule secretion
(38, 40, 60)

T Proliferation (41, 42)

T Migration (41) OVARIAN
T Tumor development (42) " CANCER

! Apoptosis (44)





OEBPS/Images/table1.jpg
Model

Relevance in cancer

References

CERVICAL CANCER

-Mice: uterine cervix cells and CC induced
with 3-methylcholanthrene

-Patients: Biopsies

-CC Patients: Serum

-CC cell lines: CC7-T and SiHa

-CC Patients: Serum

-CC cells explant

-CC Patients: Biopsies

-CC cell lines: Hel a, SiHa and C-33A

-CC cell lines: Hela, SiHa and C-33A

-CC cell lines: Hela, SiHa and C-33A

-CC Patients: Biopsies, CIN and CC
-CC cell lines: Hela and SiHa

-HaCaT cell line transduced with HPV-18
E6 and HPV-16 E7 oncogenes

OVARIAN CANCER

-OC Patients: serum

-OC cell line: T29

-OC cell lines: OVKATE and OVISE
-OC cell lines: TOV21G, OV90, and
TOV112D

-OC cell line: OVCARS and human FT33-
Tag-Myc cells

ENDOMETRIAL CANCER

-EC Patients: serum

-EC Patients: serum

-EC Patients: biopsies
-EC cell lines: Ishikawa and RL95-2
-EC cell line: Ishikawa

-EC cell lines: HEC-1A, AN3 CA, and
RL95-2

-PRL increased cellular proliferation

-High PRL expression in the malignant and dysplastic vs normal tissues
-Hyperprolactinemia was proposed as a biomarker in the advanced stages of cancer
-PRL increased cellular proliferation

-High PRL levels in early stages of CC

-PRL levels normalized in tumor surgically remoting ectopic PRL production
-Absence of PRLRs

-High expression PRLR isoforms (50, 60, and 110 kDa) and PRL variants (60-80 kDa)
-rPRL showed a protective role against apoptosis

-High levels of PRLR in the CC patients

-PRLR isoforms: (Long and short in CC, short in CIN and normal tissues)

-The 60 kDa PRL-like molecule was found in CIN and CC

-rPRL and the 60 kDa PRL-like molecule induce Bcl-xl, Bcl-2, survivin, and Mcl-1 genes
via STAT3

-The 60 kDa PRL-like molecule inhibited apoptosis

-PRLR, ER-o. and - co-expressed in CC.

-PRL increased proliferation and apoptosis of SiHa cell line

-Promoted mitochondrial activity

-PRL induces the expression of E6 and E7 oncogenes of HPV16/18 —

-E6 and E7 HPV oncogenes increased PRLR expression in nuclei

-Higher PRL levels have been proposed as a biomarker

-Appearance of OC after chronic exposition to PRL

-PRL activates PIBK/Akt and induces anti-apoptotic genes expression, e.g. Bcl-2
-Decreased cell viability when treated with a PRLR antagonist

-PRL can phosphorylate STAT5, mTOR, and ERK in OC cells leading to proliferation
-PRLR deletion in OVCARS cells leads to blockage of tumor formation

-Serum biomarker, PRL increased in EC patients

-Serum biomarker, PRL was the strongest biomarker to discriminate EC from other
gynecological cancers, providing 98.3% sensitivity and 98.0% specificity

-PRL expression was associated with FIGO stage, myometrial invasion, and with worse
relapse-free survival and overall survival in EC patients

-PRL signaling inhibition is a potential therapeutic strategy for late-stage EC treatment
-PRL stimulated proliferation, anchorage-independent growth, migration, invasion, and
decreased sensitivity of EC cells to chemotherapeutic drugs

-PRL enhanced the proliferation of EC cells

-PRL may represent a risk factor for EC

-PRL potently induced cell proliferation

-PRL activated Ras oncogene

Forsberg et al. (52), Forsberg
et al. (53), Forsberg et al. (54)
Macfee et al. (55)

Strukov et al. (56)

Chen et al. (57)

Hsu et al. (58)

Dowsett et al. (59)
Lopez-Pulido et al. (39)

Ascencio-Cedillo et al. (38)

Ramirez De Arellano et al. (32)
Ramirez De Arellano et al. (40)

Riera-Leal et al. (60)
Ramirez-Lopez et al. (61)

Mor et al. (63)

Levina et al. (49)
Asai-Sato et al. (44)
Tan et al. (41)
Karthikeyan et al. (42)
Nithin et al. (101)
Yurkovetsky et al. (100)
Wu et al. (95

Ding et al. (2)

Yamaguchi et al. (43)
Levina et al. (49)

PRL, prolactin; rPRL, recombinant prolactin; PRLR, prolactin receptor; ER, estrogen receptor; CIN, cervical intraepithelial neoplasia; CC, cervical cancer; OC, ovarian cancer; EC,
endometrial cancer; HPV, human papillomavirus; FIGO, International Federation of Gynecology and Obstetrics.





