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Abstract

:

The extracellular signal-regulated kinases 1/2 (ERK) are central signaling components that regulate stimulated cellular processes such as proliferation and differentiation. When dysregulated, these kinases participate in the induction and maintenance of various pathologies, primarily cancer. While ERK is localized in the cytoplasm of resting cells, many of its substrates are nuclear, and indeed, extracellular stimulation induces a rapid and robust nuclear translocation of ERK. Similarly to other signaling components that shuttle to the nucleus upon stimulation, ERK does not use the canonical importinα/β mechanism of nuclear translocation. Rather, it has its own unique nuclear translocation signal (NTS) that interacts with importin7 to allow stimulated shuttling via the nuclear pores. Prevention of the nuclear translocation inhibits proliferation of B-Raf- and N/K-Ras-transformed cancers. This effect is distinct from the one achieved by catalytic Raf and MEK inhibitors used clinically, as cells treated with the translocation inhibitors develop resistance much more slowly. In this review, we describe the mechanism of ERK translocation, present all its nuclear substrates, discuss its role in cancer and compare its translocation to the translocation of other signaling components. We also present proof of principle data for the use of nuclear ERK translocation as an anti-cancer target. It is likely that the prevention of nuclear ERK translocation will eventually serve as a way to combat Ras and Raf transformed cancers with less side-effects than the currently used drugs.
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1. Introduction


Extracellular signal-regulated kinases 1/2 (ERK) belong to the family of mitogen-activated protein kinases (MAPK) that operate within signaling cascades that transmit extracellular signals to their intracellular targets. As such, the MAPK cascades are central signaling components that regulate fundamental cellular processes including proliferation, differentiation, and stress response [1,2,3]. These cascades transmit signals by a sequential activation of protein kinases organized in 3–5 tiers termed MAP4K, MAP3K, MAPKK, MAPK, and MAPKAPK. The three central tiers are considered as the essential core unit, while the other two appear in some of the cascades and may vary among cells and stimuli. Four MAPK cascades have been elucidated thus far, termed according to the component of the MAPK tier. These are: Extracellular Signal-Regulated Kinase (ERK) 1/2, c-Jun N-terminal Kinase (JNK), p38MAPK, and ERK5. In this review, we focus on ERK [4,5,6], whose cascade is composed of several kinases at the MAP3Ks tier (mainly Rafs, but also MOS, TPL2, MEKK1, and MLTKα/β), MEK1/2 at the MAPKK tier, ERK1/2 at the MAPK tier, and several MAPKAPKs at the next tier (RSK, MNK, MSK, MK3, and MK5).



Being responsible for various fundamental cellular processes, the ERK cascade is tightly regulated. Among such regulators are dual specificity phosphatases [7,8,9,10], scaffold proteins [11,12,13,14], duration and intensity of the signals [15], and dynamic subcellular localization that compartmentalize the components of the cascade [5,16,17]. The central importance of the ERK cascade indicates that dysregulation of ERK would be detrimental to the cells, and ultimately to the organism. Indeed, hyperactivation of the various components was shown to induce several diseases, including cancer, inflammation, and developmental and neurological disorders [1,18,19,20,21,22,23,24,25]. Since ERK1 and ERK2 are very similar to each other, we will continue to use the term ERK in its singular form, even though it refers to each one of the two isoforms. In this review, we focus primarily on nuclear ERK. More specifically, we discuss the nuclear translocation of ERK, how this process regulates ERK function, and its effect on nuclear substrates. In addition, we review the role of ERK in cancer, emphasize the role of nuclear ERK in this disease, and show that prevention of the nuclear translocation of ERK serves as a therapeutic tool. Finally, we also compare the nuclear translocation of ERK to that of other signaling molecules, and discuss how this translocation is dysregulated in cancer, and how this dysregulated translocation can provide a novel target to combat cancer.




2. The Role of ERK Cascade in Cancer and as a Therapeutic Target


Dysregulation of the RAS-ERK pathway is a major trigger in the development of most cancer types. Hyperactivation of the ERK cascade is seen in most cancers, and activating mutation of the pathway are the most abundant oncogenes in all cancers. The different components of the cascade are highly mutated in human cancer. Driver mutation of RAS (mainly K-Ras) is the most frequently mutated oncogene as it appears in ~30% of all cancer types [26], or in ~10% of all cancer patients [27]. Mutations in RAFs (particularly B-Raf) have been found in ~8% of all cancers [28] as well as in all cancer patients [27]. MEK mutations are less frequent (~1%), while almost no primary disease-driving mutations of ERK have been reported thus far [27]. The relatively large number of mutations, and the fact that ERK is activated indirectly even by oncogenes that are not upstream of ERK, has led to major efforts towards the development of different inhibitors targeting the various components of the RAS-ERK pathway. Some of these efforts achieved encouraging results, leading to an upsurge in oncology therapy.



Combinations of the approved RAF and MEK inhibitors [29] are routinely used in the clinic and benefit mainly melanoma patients. Recently, ERK inhibitors were also developed, and these drugs are now in different stages of clinical trials (SCH772984 [30], MK-8353 [31], and others [32,33]). However, the main drawback with all these inhibitors is that their effect is limited. Despite the fact that ERK is hyperactive in many cancers, the inhibitors are effective in only a few specific cancer types. More problematic is the fact that even in those sensitive cancers, a resistance to the drugs is developed after a relatively short period of successful treatment [19,34,35]. In most cases, the resistance is induced by reactivation of ERK, while in other cases, it is caused by hyperactivation of alternative survival-related pathways (PI3K, Wnt, etc. [35]). Several molecular mechanisms have been implicated in the development of resistance, and those are extensively described elsewhere [35]. Of note for this chapter is the fact that the inhibitors block ERK activity and therefore also the negative feedback loops that it initiates, causing hyperactivation of upstream signaling. Therefore, designing inhibitors that do not interfere with the negative feedback loops should be of great value. In summary, effective targeting of the RAS-ERK pathway is still of great interest, and blocking the ERK cascade is considered a prime target for the treatment of many cancers that are resistant to the RAF and MEK inhibitors. As a consequence, a large number of next-generation RAF and MEK inhibitors, along with new ERK-specific inhibitors are under investigation. Our recent efforts in using the process of nuclear ERK translocation as a proof of concept for the development of drugs that do not block the negative feedback loop of the pathway and therefore cause less resistance are described below.




3. Translocation of ERK to the Nucleus


Compartmentalization and dynamic changes in cellular localization are important mechanisms that regulate ERK signaling specificity. It was shown that ERK directly phosphorylates hundreds of substrates that are localized either in the cytoplasm, in various organelles, or in the nucleus [36,37]. Indeed, ERK-mediated phosphorylation of substrates in these compartments changes the outcome of the signals [38]. Importantly, it was shown that proliferation is mediated mainly by ERK activity in the nucleus, while other activities such as differentiation are correlated better to ERK activity in the cytoplasm [39,40]. Since ERK is localized in the cytoplasm of resting cells, it is clear that it is the nuclear translocation [41] that is required to activate ERK’s nuclear substrates and regulate the relevant cellular processes [5,42]. Our group has extensively studied the nuclear translocation of MAPKs to the nucleus, focusing initially on the mechanisms that mediate nuclear translocation of ERK upon stimulation. Since ERK does not contain the classical nuclear localization signal (NLS), we revealed that stimulation-induced translocation of ERK does not occur through the canonical NLS and (Imp) α/β nuclear shuttling machinery [43]. Instead, we showed that in resting state, ERK is localized in the cytoplasm due to its interaction with anchoring proteins [12,44].



Upon stimulation, ERK is activated by phosphorylation of its regulatory Tyr and Thr [45] that also induce a conformational change that releases it from the anchoring proteins [46]. This exposes additional Ser residues (SPS motif) within a unique nuclear translocation signal (NTS) located within the kinase insert domain to undergo phosphorylation [47] mainly by protein kinase CKII [48]. Unlike previous interpretations [49], our crystallographic studies [48] suggest that the SPS motif is fully exposed to allow its phosphorylation, and is even more exposed after phosphorylation. The phosphorylation of ERK’s SPS motif facilitates binding to importin7 (Imp7), which then escorts ERK to the nucleus via the nuclear pores. In the nucleus, the small GTPase Ran dissociates ERK from Imp7, leading to an accumulation of the kinase in the nucleus and the export of Imp7 back to the cytoplasm [50]. Interestingly, we have found that this mechanism is specific for ERK and a few other proteins [47,51,52]. It is distinct from the mechanisms used by other signaling proteins [51,53], and unlike previous assumptions [49], it accounts for the translocation of most, if not all, stimulated ERK molecules [54].




4. Nuclear Functions of ERK


The rapid and robust translocation of ERK into the nucleus, where it induces proliferation and other processes, was the impetus for revealing the underlying mechanisms which mediate ERK’s nuclear activities. In order to better understand this process, we followed the subcellular localization of ERK substrates that have been identified thus far [37]. Substrates localization was determined using data from the UniProt and the Human Protein Atlas. Out of more than 600 confirmed substrates, we have identified ~125 proteins that are solely nuclear (Table 1). These substrates include a large number of transcription factors such as chromatin modifying enzyme, nuclear envelope as well as structural proteins and others, which are all dependent on ERK nuclear translocation for their phosphorylation. We also identified 44 proteins that appear mainly in the nucleus, but also in other locations (Table 2). The reason for the distinct localizations of these proteins is not always clear, but may, in some cases, be due to stimulated translocation either in or out of the nucleus. In addition, the site in which these proteins are phosphorylated by ERK has not been fully studied, and is not necessarily dependent on ERK translocation. Many of these proteins are transcription factors or modifiers, and some of them shuttle in or out of the nucleus upon stimulation (e.g., SMADs [55]). It is likely that additional ERK substrates do exist, but those are not listed here.



Nuclear ERK seems to play an important role mainly in inducing and regulating stimulated proliferation or oncogenic transformation [39,54,56]. It does so by activating transcription factors and other regulatory components, mainly by their phosphorylation [57]. These activated proteins, in turn, induce the expression of proteins that further transmit the signals to initiate and regulate ERK-dependent processes. For this reason, we studied the changes in nuclear substrates in cancer. Using the expression databases TCGA Pan-Cancer Dataset, we found that the expression of 62 proteins is significantly changed (above 1.4-fold, Table 1 and Table 2), among them 22 proteins show increased expression and 40 proteins decreased expression. It is likely that the increased expression is linked to signals that initiate or maintain transformation, while the decreased expression is linked to downregulating components (e.g., p21Cip/CDKN1A [58]). Obviously, the phosphorylation that initiates the transcription of the genes encoding these proteins is distinct from the phosphorylation of the synthesized, mature proteins, which regulate their activity. Moreover, the phosphorylation of the expressed proteins by the constitutively active ERK is clearly important to maintain carcinogenesis, and their further study may lead to a better understanding of ERK-related processes in cancer. Below, we provide several examples for the mechanisms by which ERK phosphorylation affects carcinogenesis via cancer-induced nuclear proteins. The selected proteins represent mainly the biggest group of such proteins namely transcription factors (e.g., c-Myc, c-Fos). However, it is important to mention that not all nuclear ERK effectors belong to this group, and as a representative of the other groups we describe transcriptional suppressors and the protein kinase DYRK1B.




5. Nuclear Substrates of ERK in Cancer Development and Maintenance


One of the main cancer-associated ERK substrates is c-Myc [59,60], which is a transcription factor for cell cycle progression, and other fundamental cellular processes [61,62]. The main way by which c-Myc becomes an oncogene is its elevated expression, which occurs by several mechanisms such as retroviral transduction, or gross genetic abnormalities that affect its gene. In addition, c-Myc can be deregulated by cancer-related signaling, including phosphorylation by ERK [60], alterations in c-Myc mRNA, and protein stabilization [63]. Phosphorylation of c-Myc by ERK on Ser62, usually due to RAS activation, is one of the most important mechanisms that keeps the overexpressed c-Myc stabilized and is responsible for its accumulation in various cancers [59,64]. Dephosphorylation of Ser62 of c-Myc by protein phosphatase 2A (PP2A) causes ubiquitination of c-Myc and targets it for degradation [65]. Indeed, mutation of the ERK phosphorylation site that stabilizes c-Myc expression serves as an oncogene in some cancers as well [66]. Importantly, we have shown that nuclear translocation of ERK is indeed essential for the nuclear phosphorylation of c-Myc, which might serve as one of the main ways by which ERK induces cancers [54].



Another target of ERK that plays an important role in carcinogenesis is c-Fos, which is a transcription factor that is a vital component in the induction of proliferation [67]. The induction of c-Fos shortly after mitogenic stimulation is mainly mediated by the ERK cascade via the transcription factor Elk1. Elk1 is expressed in resting cells, and is one of the first transcription factors that is phosphorylated and activated by ERK [68]. After its phosphorylation, Elk1 is engaged in the transcriptional complex that binds to the promotor of c-Fos, and induces the expression of the latter. When the c-Fos protein is expressed, it can be phosphorylated by ERK in the nucleus on Ser374, and this phosphorylation enhances the stability and transforming activity of c-Fos [69,70,71]. Importantly, the accumulation of c-Fos is highly dependent on the duration of ERK activity, and is used as a readout mechanism of the cell fate-determining signaling of ERK [72]. When ERK activation is transient, its activity declines before c-Fos is expressed, and therefore, stabilizating c-Fos phosphorylation and stabilization does not occur, resulting in its limited transcriptional activity. However, when ERK is activated for a longer duration (more than 30 min), the phosphorylation of c-Fos does occur, and this causes c-Fos stabilization and modifies its transcriptional activity. Obviously, ERK activity in cancer is elevated, and therefore, c-Fos is always phosphorylated and stabilized, allowing for its cancer-initiating processes to occur [73]. We have shown that Elk1 and c-Fos phosphorylation, as well as c-Fos expression, are dependent on nuclear ERK translocation [54]. Recently, it was also shown that the protein MTBP interrupts the ERK-Imp7 binding [74]. As a consequence, ERK does not translocate to the nucleus, and this results in reduced Elk1 phosphorylation as well as reduced expression of Elk/c-Fos target genes.



Although c-Myc and c-Fos are bona-fide oncogenic transcription factors, other nuclear transcription factors and suppressors mediate ERK activity in cancer as well. One example is the transcription factor high mobility group-box factor (UBF), which is phosphorylated by ERK on its HMG-box, leading to its activation [75,76]. The rRNA transcription activity of UBF can accelerate cell cycle, and the hyperphosphorylation of UBF may be involved in carcinogenesis [77]. Another way of transmitting ERK-dependent nuclear activity is by inhibition of tumor suppressor proteins, and example for such mechanism is Tob [78]. This transcriptional suppressor demonstrates antiproliferative function by binding to transcription factors in the nucleus and suppressing the expression of cyclin D1 and other regulatory genes [79,80]. Importantly, ERK phosphorylates Tob in the nucleus on Sers 152, 154, and 164 and these phosphorylations inhibit Tob activation and may support carcinogenesis [81]. Another example is Foxo3a, a tumor suppressor transcription factor, which is phosphorylated by active nuclear ERK on Sers 294, 344, and 425 [82,83]. These phosphorylations support the interaction of the Foxo3a with MDM2 that adds ubiquitin and targets Foxo3a for degradation. In contrast, it was shown that a non-phosphorylated Foxo3a mutant displays a strong inhibition of cell proliferation and tumorigenicity [82,83]. The phosphorylation probably occurs in the nucleus, although in similarity to Foxo1 [84], Foxo3a may be exported to the cytoplasm after its phosphorylation, which together with the degradation of the protein lead to its suppression [85]. Finally, an example of ERK target other than transcription factor is the protein Ser/Thr kinase DYRK1B, which plays a role in cell cycle progression and survival [86], as well as in carcinogenesis [87]. Importantly, its phosphorylation by ERK on Ser421 activates it, and can participate in cancer induction downstream of ERK [88]. Thus, nuclear ERK localization is essential for cancer formation by enhancing oncogenic signals or inhibiting tumor suppressors in many cancer types.




6. Nuclear Translocation of Other Signaling Proteins


Although we have extensively described the nuclear translocation of ERK, many other signaling proteins translocate to the nucleus in response to various stimuli in order to exert their function. For example, it is apparent that mitogens induce a rapid and robust translocation of at least 50 distinct proteins, including: RSK1-4 [41], MEK1/2 [89], several isoforms of PKC [90,91,92,93,94], EGFR [95], JNK1/2 and p38α−β [53], and EGR1 [96]. Although many of these proteins are important for the regulation of proliferation and carcinogenesis, their mechanism of translocation is not fully elucidated. Yet, it was reported that some of the proteins have the canonical NLS, which is differentially exposed upon stimulation and likely interacts with Impα/β (e.g., ERK5 [97]). In addition, other proteins were shown to use specific NLSs/NTSs-mediated binding to members of the β-like importin family for their translocation [47,53,96,98]. Our working hypothesis is that this group of importins is particularly important for stimulation-induced translocation, while the canonical mechanism of translocation is mainly involved in the house-keeping, non-stimulated translocation of nuclear proteins. Therefore, it is apparent that there are at least three mechanisms of stimulated nuclear translocation with distinct regulations. The NLS-mediated mechanism typified below by ERK5, the β-like importins-dependent mechanism which is represented below by p38MAPK, and unrelated mechanisms as shown below for β-catenin. These stimulated nuclear translocations have been described in cancer cells. More studies are required to fully reveal the underlying mechanisms in order to potentially use them as targets for combating cancer.



ERK5—A signaling protein that is highly regulated by nuclear translocation is ERK5 (big-MAPK; BMK1). This 105 kDa protein, which belongs to the MAPK family, is ubiquitously expressed and is activated by its only upstream kinase, MEK5, in response to growth factors and stress stimulations. The ERK5 cascade has been associated mainly with stress as well as proliferation [99]. These effects are mediated by nuclear transcription factors such as MEF2C, AP-1, and c-Fos [100], or by ERK5 that can act as a transcription factor by itself [101]. Therefore, translocation/localization of ERK5 to the nucleus is essential in regulating ERK5-mediated gene transcription, and cellular processes. The ERK5 subcellular localization is dynamic and may vary depending on the cell type and its stimulated conditions [102,103,104,105]. In some cells, ERK5 and MEK5 are localized in the nucleus, and are activated by a translocating MEKK2 [102]. However, in other cells, it is kept in the cytoplasm by its exposed nuclear export signal (NES, [106]), and by binding to anchoring proteins, such as Hsp90 and Cdc37 dimer [107]. Upon stimulation, ERK5 detaches from the anchoring proteins, and undergoes a conformational change to hinder its NES and expose its hidden NLS motif that allows its nuclear translocation [106]. In the nucleus, ERK5 activates transcription to induce a set of processes that allow its involvement in proliferation, stress response, and cancer [100,108,109,110]. Thus, inhibitors of ERK5 activity or silencing the protein are antiproliferative and block tumor growth in animal models [100,111], and efforts are being taken to develop more efficient inhibitors for clinical use.



P38MAPK—P38 is a group of four protein kinases α−δ, which are very similar to each-other [2,112]. They are activated mainly by MKK3 or MKK6 and to some extent by MKK4, all of which are able to induce full activation of the different p38 isoforms. As a group member of the MAPK family, p38 participates in the induction and regulation of a large number of cellular processes and is mainly influential in stress responses. Its dysregulation is involved primarily in inflammation [113], autoimmune diseases [114], and also cancer [115]. As other MAPKs, p38 nuclear localization is essential for mediating the full effects of this kinase. Indeed, similarly to ERK5, its subcellular localization is dynamic and may vary depending on the cell type and its stimulated conditions. In some resting cells, p38 is localized in the nucleus and is exported after stimulation [116,117], while in many others it is cytoplasmic and translocates to the nucleus upon stimulation [53,118]. The mechanism of this translocation involves a stimulated binding to a dimer of either Imp7/3 or Imp9/3 that escorts the p38 to the nucleus [53]. Other mechanisms of stimulated translocation might exist as well [49]. We have recently reported that inhibition of this translocation reduces proliferation of triple negative breast cancer and other cancers, reduces inflammation in a colitis model, and significantly blocks colitis-induced colon cancer in an animal model [98]. This indicates that β-like importins-mediated p38 nuclear translocation plays a significant role in several types of cancers, which can be targeted by p38 specific translocation inhibitors.



β-catenin—The β-catenin protein is a critical signaling molecule of the Wnt signaling pathway that plays a role primarily in proliferation and development [119,120,121]. The binding of Wnt to its receptor Frizzled leads to inhibition of a destruction complex composed of APC and Axin. This facilitates the blockage of β-catenin phosphorylation, and therefore, its stabilization and nuclear accumulation. There, β-catenin binds TCF/LEF-1 transcription factors to transactivate genes involved in differentiation, proliferation, and cancer [122]. Indeed, mutations in the components of the Wnt pathway that induce nuclear β-catenin accumulation play a role in several cancers, mainly CRC [27]. Moreover, β-catenin in the nucleus correlates with elevated clinical tumor grade, and nuclear staining of β-catenin was shown in the invasive front of tumors [122]. Regarding its mechanism of nuclear translocation, it was initially thought that β-catenin translocates by direct contact with the nuclear pore complex [120,123]. However, later studies showed that, at least in part, nuclear β-catenin translocation is dependent on SMAD3 [124], or may involve RAPGEF5 [125]. These findings indicate that the pathway does not operate via a diffusion-mediated shuttling, but rather, that the NLS/NTS of β-catenin has not been identified yet. This process of nuclear translocation is well-regulated by signaling pathways including that of JNK [126]. However, more information is needed to understand the regulation of nuclear β-catenin translocation and its potential use for combating cancer.




7. Targeting ERK Nuclear Translocation for Cancer Treatment


As mentioned earlier, the RAS-ERK pathway is highly mutated in cancer, and is considered a prime target in terms of development of inhibitors. A few of these inhibitors are already in therapeutic use, but all of them are problematic as they are effective only in limited cancer types and their usage results in the development of resistance 2–18 months after administration. Since this pathway is a prime target for combating cancer, inhibition of other steps of the cascade should be considered in order to overcome the development of resistance. For this purpose, we targeted ERK nuclear translocation as a means of inhibiting its proliferating outcome, while retaining ERK’s cytosolic functions. This lack of cytoplasmic inhibition should have less side effects, and most importantly, will not inhibit negative feedback loops that are strongly affected by complete inhibition of ERK activity [19,35,127]. Since prevention of the negative feedback loops is one of the main mediators of drug resistance, such inhibitors of nuclear translocation are predicted to dramatically reduce the development of resistance.



Taking into consideration that the nuclear translocation of ERK is specific for this MAPK component, we designed a synthetic myristoylated peptide (EPE peptide, [54]), which specifically blocked ERK interaction with Imp7 and thereby nuclear translocation (Figure 1). In culture, the peptide specifically induced apoptosis of mutated BRAF melanoma cells, inhibited proliferation of RAS transformed as well as other cancer cells, but had no effect on immortalized cells [54]. This important result may hint at the therapeutic potential of the EPE peptide as it affects only the cancerous cells but not the surrounding milieu. Moreover, the peptide even inhibited the growth of PLX4032 (RAF inhibitor)- and U0126 (MEK inhibitor)-resistant melanoma cells. In a later study, we demonstrated that the EPE peptide also inhibited proliferation of several NRAS and NF1 mutant melanomas [128]. Importantly, combining the EPE peptide and the MEK inhibitor trametinib showed synergy in inhibiting proliferation of some NRAS mutant melanomas resistant to each drug alone, due to the partial preservation of negative feedback loops.



Moreover, the peptide was shown to be highly effective in xenograft models, as it inhibited the growth of breast cancer, colon cancer, and melanoma, and completely prevented the growth of BRAF mutated melanoma. Importantly, as excepted from the retained activity of the feedback loops, the peptide was much more effective than PLX4032 in preventing tumor recurrence in melanoma xenografts. There was no recurrence of melanoma in any of the EPE treated mice, whereas 60% of the PLX4032 treated mice exhibited relapse and tumor regrowth [54]. Therefore, our results support the concept of targeting nuclear transport in order to develop anticancer agents. More specifically, inhibition of ERK nuclear translocation is a novel therapeutic approach to combat various RAS, RAF, or ERK related cancers. This approach may be beneficial by affecting mainly nuclear ERK activity in relevant cancers, while retaining cytoplasmic ERK-induced negative feedback loops, therefore reducing resistance mechanisms.




8. Summary


The response of cells to mitogenic or oncogenic stimulation results in the activation of several signaling pathways including primarily that of ERK. One of the hallmarks of these stimulations is the rapid and robust nuclear translocation of the MAPK components of each of the pathways. This is essential for the activation of transcription factors and chromatin modifiers, and consequently for regulated cellular processes. Although it is clear that the nuclear translocation is essential for important processes such as proliferation and stress response, much less is known about the mechanism of this translocation, as many of the proteins do not contain NLS. We have found that ERK translocation is mediated by β-like importins such as Imp7. It is possible that these and other β-like importins participate in the shuttling of other signaling components as well.



Since nuclear translocation is a central regulator of the ERK signaling cascade, dysregulation of translocation and accumulation of active ERK or other signaling components in the nucleus plays a role in pathologies such as carcinogenesis. Kinase inhibitors of this pathway have had an initially good response, but suffer mainly from the development of resistance. To overcome this problem, we targeted ERK nuclear translocation as a means of inhibiting nuclear ERK activity without affecting ERK cytosolic functions. This inhibition resulted in an eradication of tumor growth of serval RAS- and RAF-transformed cancers, without the development of resistance over prolonged treatment. Thus, the nuclear translocation of ERK, and probably of other signaling pathways, can serve as a good target for cancer, and should be further developed for clinical use.







Funding


This study was supported by a grant from ISF (to R.S.). R.S. is an incumbent of the Yale S. Lewine and Ella Miller Lewine professorial chair for cancer research.




Acknowledgments


We thank Ron Rotkopf from the Weizmann Institute of Science, Rehovot Israel, for help with the statistical analysis of the data in Tables 1 and 2, and Arieh Katz from the University of Cape Town, South Africa for critical reading of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Plotnikov, A.; Zehorai, E.; Procaccia, S.; Seger, R. The MAPK cascades: Signaling components, nuclear roles and mechanisms of nuclear translocation. Biochim. Biophys. Acta 2011, 1813, 1619–1633. [Google Scholar] [CrossRef]

	



Keshet, Y.; Seger, R. The MAP kinase signaling cascades: A system of hundreds of components regulates a diverse array of physiological functions. Methods Mol. Biol. 2010, 661, 3–38. [Google Scholar]

	



Sabio, G.; Davis, R.J. TNF and MAP kinase signalling pathways. Semin. Immunol. 2014, 26, 237–245. [Google Scholar] [CrossRef]

	



Eblen, S.T. Extracellular-Regulated Kinases: Signaling from Ras to ERK Substrates to Control Biological Outcomes. Adv. Cancer Res. 2018, 138, 99–142. [Google Scholar]

	



Wortzel, I.; Seger, R. The ERK Cascade: Distinct Functions within Various Subcellular Organelles. Genes Cancer 2011, 2, 195–209. [Google Scholar] [CrossRef]

	



Roskoski, R., Jr. ERK1/2 MAP kinases: Structure, function, and regulation. Pharmacol. Res. 2012, 66, 105–143. [Google Scholar] [CrossRef]

	



Patterson, K.I.; Brummer, T.; O’Brien, P.M.; Daly, R.J. Dual-specificity phosphatases: Critical regulators with diverse cellular targets. Biochem. J. 2009, 418, 475–489. [Google Scholar]

	



Zhou, B.; Wang, Z.X.; Zhao, Y.; Brautigan, D.L.; Zhang, Z.Y. The specificity of extracellular signal-regulated kinase 2 dephosphorylation by protein phosphatases. J. Biol. Chem. 2002, 277, 31818–31825. [Google Scholar] [CrossRef]

	



Yao, Z.; Seger, R. The molecular Mechanism of MAPK/ERK inactivation. Curr. Genom. 2004, 5, 385–393. [Google Scholar] [CrossRef]

	



Seternes, O.M.; Kidger, A.M.; Keyse, S.M. Dual-specificity MAP kinase phosphatases in health and disease. Biochim. Biophys. Acta Mol. Cell Res. 2019, 1866, 124–143. [Google Scholar] [CrossRef]

	



Shaul, Y.D.; Seger, R. The MEK/ERK cascade: From signaling specificity to diverse functions. Biochim. Biophys. Acta 2007, 1773, 1213–1226. [Google Scholar] [CrossRef]

	



Chuderland, D.; Seger, R. Protein-protein interactions in the regulation of the extracellular signal-regulated kinase. Mol. Biotechnol. 2005, 29, 57–74. [Google Scholar] [CrossRef]

	



Kolch, W. Coordinating ERK/MAPK signalling through scaffolds and inhibitors. Nat. Rev. Mol. Cell Biol. 2005, 6, 827–837. [Google Scholar] [CrossRef]

	



Morrison, D.K.; Davis, R.J. Regulation of MAP kinase signaling modules by scaffold proteins in mammals. Annu. Rev. Cell Dev. Biol. 2003, 19, 91–118. [Google Scholar] [CrossRef]

	



Marshall, C.J. Specificity of receptor tyrosine kinase signaling: Transient versus sustained extracellular signal-regulated kinase activation. Cell 1995, 80, 179–185. [Google Scholar] [CrossRef]

	



Wainstein, E.; Seger, R. The dynamic subcellular localization of ERK: Mechanisms of translocation and role in various organelles. Curr. Opin. Cell Biol. 2016, 39, 15–20. [Google Scholar] [CrossRef]

	



Yao, Z.; Seger, R. The ERK signaling cascade—Views from different subcellular compartments. Biofactors 2009, 35, 407–416. [Google Scholar] [CrossRef]

	



Lawrence, M.C.; Jivan, A.; Shao, C.; Duan, L.; Goad, D.; Zaganjor, E.; Osborne, J.; McGlynn, K.; Stippec, S.; Earnest, S.; et al. The roles of MAPKs in disease. Cell Res. 2008, 18, 436–442. [Google Scholar] [CrossRef]

	



Maik-Rachline, G.; Seger, R. The ERK cascade inhibitors: Towards overcoming resistance. Drug Resist. Updates 2016, 25, 1–12. [Google Scholar] [CrossRef]

	



Kim, E.K.; Choi, E.J. Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta 2010, 1802, 396–405. [Google Scholar] [CrossRef]

	



Wagner, E.F.; Nebreda, A.R. Signal integration by JNK and p38 MAPK pathways in cancer development. Nat. Rev. Cancer 2009, 9, 537–549. [Google Scholar] [CrossRef]

	



Gupta, J.; Nebreda, A.R. Roles of p38alpha mitogen-activated protein kinase in mouse models of inflammatory diseases and cancer. FEBS J. 2015, 282, 1841–1857. [Google Scholar] [CrossRef]

	



Bogoyevitch, M.A.; Ngoei, K.R.; Zhao, T.T.; Yeap, Y.Y.; Ng, D.C. c-Jun N-terminal kinase (JNK) signaling: Recent advances and challenges. Biochim. Biophys. Acta 2010, 1804, 463–475. [Google Scholar] [CrossRef]

	



Yoshizumi, M.; Kyotani, Y.; Zhao, J.; Nagayama, K.; Ito, S.; Tsuji, Y.; Ozawa, K. Role of big mitogen-activated protein kinase 1 (BMK1)/extracellular signal-regulated kinase 5 (ERK5) in the pathogenesis and progression of atherosclerosis. J. Pharmacol. Sci. 2012, 120, 259–263. [Google Scholar] [CrossRef]

	



Rauen, K.A. The RASopathies. Annu. Rev. Genom. Hum. Genet. 2013, 14, 355–369. [Google Scholar] [CrossRef]

	



Khan, A.Q.; Kuttikrishnan, S.; Siveen, K.S.; Prabhu, K.S.; Shanmugakonar, M.; Al-Naemi, H.A.; Haris, M.; Dermime, S.; Uddin, S. RAS-mediated oncogenic signaling pathways in human malignancies. In Seminars in Cancer Biology; Academic Press: Cambridge, MA, USA, 2018. [Google Scholar]

	



Sanchez-Vega, F.; Mina, M.; Armenia, J.; Chatila, W.K.; Luna, A.; La, K.C.; Dimitriadoy, S.; Liu, D.L.; Kantheti, H.S.; Saghafinia, S.; et al. Oncogenic Signaling Pathways in the Cancer Genome Atlas. Cell 2018, 173, 321–337.e310. [Google Scholar] [CrossRef]

	



Holderfield, M.; Deuker, M.M.; McCormick, F.; McMahon, M. Targeting RAF kinases for cancer therapy: BRAF-mutated melanoma and beyond. Nat. Rev. Cancer 2014, 14, 455–467. [Google Scholar] [CrossRef]

	



Roskoski, R., Jr. Targeting oncogenic Raf protein-serine/threonine kinases in human cancers. Pharmacol. Res. 2018, 135, 239–258. [Google Scholar] [CrossRef]

	



Wong, D.J.; Robert, L.; Atefi, M.S.; Lassen, A.; Avarappatt, G.; Cerniglia, M.; Avramis, E.; Tsoi, J.; Foulad, D.; Graeber, T.G.; et al. Antitumor activity of the ERK inhibitor SCH772984 against BRAF mutant, NRAS mutant and wild-type melanoma. Mol. Cancer 2014, 13, 194. [Google Scholar] [CrossRef]

	



Moschos, S.J.; Sullivan, R.J.; Hwu, W.J.; Ramanathan, R.K.; Adjei, A.A.; Fong, P.C.; Shapira-Frommer, R.; Tawbi, H.A.; Rubino, J.; Rush, T.S., III; et al. Development of MK-8353, an orally administered ERK1/2 inhibitor, in patients with advanced solid tumors. JCI Insight 2018, 3, 92352. [Google Scholar] [CrossRef]

	



Liu, F.; Yang, X.; Geng, M.; Huang, M. Targeting ERK, an Achilles’ Heel of the MAPK pathway, in cancer therapy. Acta Pharm. Sin. B 2018, 8, 552–562. [Google Scholar] [CrossRef]

	



Kidger, A.M.; Sipthorp, J.; Cook, S.J. ERK1/2 inhibitors: New weapons to inhibit the RAS-regulated RAF-MEK1/2-ERK1/2 pathway. Pharmacol. Ther. 2018, 187, 45–60. [Google Scholar] [CrossRef]

	



Caunt, C.J.; Sale, M.J.; Smith, P.D.; Cook, S.J. MEK1 and MEK2 inhibitors and cancer therapy: The long and winding road. Nat. Rev. Cancer 2015, 15, 577–592. [Google Scholar] [CrossRef]

	



Maik-Rachline, G.; Cohen, I.; Seger, R. RAF, MEK and ERK inhibitors as anti-cancer drugs: Intrinsic and acquired resistance as a major therapeutic challenge. In Resistance to Anti-Cancer Therapeutics Targeting Receptor Tyrosine Kinases and Downstream Pathways; Springer: Cham, Switzerland, 2018. [Google Scholar]

	



Yoon, S.; Seger, R. The extracellular signal-regulated kinase: Multiple substrates regulate diverse cellular functions. Growth Factors 2006, 24, 21–44. [Google Scholar] [CrossRef]

	



Unal, E.B.; Uhlitz, F.; Bluthgen, N. A compendium of ERK targets. FEBS Lett. 2017, 591, 2607–2615. [Google Scholar] [CrossRef]

	



Ajenjo, N.; Canon, E.; Sanchez-Perez, I.; Matallanas, D.; Leon, J.; Perona, R.; Crespo, P. Subcellular localization determines the protective effects of activated ERK2 against distinct apoptogenic stimuli in myeloid leukemia cells. J. Biol. Chem. 2004, 279, 32813–32823. [Google Scholar] [CrossRef]

	



Michailovici, I.; Harrington, H.A.; Azogui, H.H.; Yahalom-Ronen, Y.; Plotnikov, A.; Ching, S.; Stumpf, M.P.; Klein, O.D.; Seger, R.; Tzahor, E. Nuclear to cytoplasmic shuttling of ERK promotes differentiation of muscle stem/progenitor cells. Development 2014, 141, 2611–2620. [Google Scholar] [CrossRef]

	



Formstecher, E.; Ramos, J.W.; Fauquet, M.; Calderwood, D.A.; Hsieh, J.C.; Canton, B.; Nguyen, X.T.; Barnier, J.V.; Camonis, J.; Ginsberg, M.H.; et al. PEA-15 mediates cytoplasmic sequestration of ERK MAP kinase. Dev. Cell 2001, 1, 239–250. [Google Scholar] [CrossRef]

	



Chen, R.H.; Sarnecki, C.; Blenis, J. Nuclear localization and regulation of erk- and rsk-encoded protein kinases. Mol. Cell. Biol. 1992, 12, 915–927. [Google Scholar] [CrossRef]

	



Raman, M.; Chen, W.; Cobb, M.H. Differential regulation and properties of MAPKs. Oncogene 2007, 26, 3100–3112. [Google Scholar] [CrossRef]

	



Marfori, M.; Mynott, A.; Ellis, J.J.; Mehdi, A.M.; Saunders, N.F.; Curmi, P.M.; Forwood, J.K.; Boden, M.; Kobe, B. Molecular basis for specificity of nuclear import and prediction of nuclear localization. Biochim. Biophys. Acta 2011, 1813, 1562–1577. [Google Scholar] [CrossRef] [PubMed]

	



Rubinfeld, H.; Hanoch, T.; Seger, R. Identification of a cytoplasmic-retention sequence in ERK2. J. Biol. Chem. 1999, 274, 30349–30352. [Google Scholar] [CrossRef] [PubMed]

	



Payne, D.M.; Rossomando, A.J.; Martino, P.; Erickson, A.K.; Her, J.-H.; Shabanowitz, J.; Hunt, D.F.; Weber, M.J.; Sturgill, T.W. Identification of the regulatory phosphorylation sites in pp42/mitogen activated protein kinase (MAP kinase). EMBO J. 1991, 10, 885–892. [Google Scholar] [CrossRef] [PubMed]

	



Wolf, I.; Rubinfeld, H.; Yoon, S.; Marmor, G.; Hanoch, T.; Seger, R. Involvement of the activation loop of ERK in the detachment from cytosolic anchoring (withdrawn but found online). J. Biol. Chem. 2001, 276, 24490–24497. [Google Scholar] [CrossRef] [PubMed]

	



Chuderland, D.; Konson, A.; Seger, R. Identification and characterization of a general nuclear translocation signal in signaling proteins. Mol. Cell 2008, 31, 850–861. [Google Scholar] [CrossRef] [PubMed]

	



Plotnikov, A.; Chuderland, D.; Karamansha, Y.; Livnah, O.; Seger, R. Nuclear extracellular signal-regulated kinase 1 and 2 translocation is mediated by casein kinase 2 and accelerated by autophosphorylation. Mol. Cell. Biol. 2011, 31, 3515–3530. [Google Scholar] [CrossRef] [PubMed]

	



Zeke, A.; Misheva, M.; Remenyi, A.; Bogoyevitch, M.A. JNK Signaling: Regulation and Functions Based on Complex Protein-Protein Partnerships. Microbiol. Mol. Biol. Rev. 2016, 80, 793–835. [Google Scholar] [CrossRef]

	



Zehorai, E.; Yao, Z.; Plotnikov, A.; Seger, R. The subcellular localization of MEK and ERK—A novel nuclear translocation signal (NTS) paves a way to the nucleus. Mol. Cell. Endocrinol. 2010, 314, 213–220. [Google Scholar] [CrossRef]

	



Flores, K.; Seger, R. Stimulated nuclear import by β-like importins. F1000Prime Rep. 2013, 5. [Google Scholar] [CrossRef]

	



Flores, K.; Katz, A.A.; Yadav, S.S.; Seger, R. The nuclear translocation of mitogen-activated protein kinases: Molecular mechanisms and use as novel therapeutic target. Neuroendocrinology 2019, 108, 121–131. [Google Scholar] [CrossRef]

	



Zehorai, E.; Seger, R. Beta-like importins mediate the nuclear translocation of mitogen-activated protein kinases. Mol. Cell. Biol. 2014, 34, 259–270. [Google Scholar] [CrossRef] [PubMed]

	



Plotnikov, A.; Flores, K.; Maik-Rachline, G.; Zehorai, E.; Kapri-Pardes, E.; Berti, D.A.; Hanoch, T.; Besser, M.J.; Seger, R. The nuclear translocation of ERK1/2 as an anticancer target. Nat. Commun. 2015, 6, 6685. [Google Scholar] [CrossRef]

	



Hu, X.; Kan, H.; Boye, A.; Jiang, Y.; Wu, C.; Yang, Y. Mitogen-activated protein kinase inhibitors reduce the nuclear accumulation of phosphorylated Smads by inhibiting Imp 7 or Imp 8 in HepG2 cells. Oncol. Lett. 2018, 15, 4867–4872. [Google Scholar] [CrossRef]

	



Whitehurst, A.W.; Robinson, F.L.; Moore, M.S.; Cobb, M.H. The death effector domain protein PEA-15 prevents nuclear entry of ERK2 by inhibiting required interactions. J. Biol. Chem. 2004, 279, 12840–12847. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, J.; Crespo, P. Working without kinase activity: Phosphotransfer-independent functions of extracellular signal-regulated kinases. Sci. Signal. 2011, 4, re3. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, C.Y.; Lee, C.; Kwon, K.S. Extracellular signal-regulated kinase 2-dependent phosphorylation induces cytoplasmic localization and degradation of p21Cip1. Mol. Cell. Biol. 2009, 29, 3379–3389. [Google Scholar] [CrossRef] [PubMed]

	



Pulverer, B.J.; Fisher, C.; Vousden, K.; Littlewood, T.; Evan, G.; Woodgett, J.R. Site-specific modulation of c-Myc cotransformation by residues phosphorylated in vivo. Oncogene 1994, 9, 59–70. [Google Scholar] [PubMed]

	



Chuang, C.F.; Ng, S.Y. Functional divergence of the MAP kinase pathway. ERK1 and ERK2 activate specific transcription factors. FEBS Lett. 1994, 346, 229–234. [Google Scholar]

	



Meyer, N.; Penn, L.Z. Reflecting on 25 years with MYC. Nat. Rev. Cancer 2008, 8, 976–990. [Google Scholar] [CrossRef]

	



Adhikary, S.; Eilers, M. Transcriptional regulation and transformation by Myc proteins. Nat. Rev. Mol. Cell Biol. 2005, 6, 635–645. [Google Scholar] [CrossRef]

	



Junttila, M.R.; Westermarck, J. Mechanisms of MYC stabilization in human malignancies. Cell Cycle 2008, 7, 592–596. [Google Scholar] [CrossRef] [PubMed]

	



Sears, R.; Nuckolls, F.; Haura, E.; Taya, Y.; Tamai, K.; Nevins, J.R. Multiple Ras-dependent phosphorylation pathways regulate Myc protein stability. Genes Dev. 2000, 14, 2501–2514. [Google Scholar] [CrossRef] [PubMed]

	



Yeh, E.; Cunningham, M.; Arnold, H.; Chasse, D.; Monteith, T.; Ivaldi, G.; Hahn, W.C.; Stukenberg, P.T.; Shenolikar, S.; Uchida, T.; et al. A signalling pathway controlling c-Myc degradation that impacts oncogenic transformation of human cells. Nat. Cell Biol. 2004, 6, 308–318. [Google Scholar] [CrossRef] [PubMed]

	



Bhatia, K.; Huppi, K.; Spangler, G.; Siwarski, D.; Iyer, R.; Magrath, I. Point mutations in the c-Myc transactivation domain are common in Burkitt’s lymphoma and mouse plasmacytomas. Nat. Genet. 1993, 5, 56–61. [Google Scholar] [CrossRef] [PubMed]

	



Eferl, R.; Wagner, E.F. AP-1: A double-edged sword in tumorigenesis. Nat. Rev. Cancer 2003, 3, 859–868. [Google Scholar] [CrossRef] [PubMed]

	



Gille, H.; Sharrocks, A.D.; Shaw, P.E. Phosphorylation of transcription factor p62TCF by MAP kinase stimulates ternary complex formation at c-fos promoter. Nature 1992, 358, 414–417. [Google Scholar] [CrossRef]

	



Okazaki, K.; Sagata, N. The Mos/MAP kinase pathway stabilizes c-Fos by phosphorylation and augments its transforming activity in NIH 3T3 cells. EMBO J. 1995, 14, 5048–5059. [Google Scholar] [CrossRef]

	



Chen, R.H.; Abate, C.; Blenis, J. Phosphorylation of the c-Fos transrepression domain by mitogen-activated protein kinase and 90-kDa ribosomal S6 kinase. Proc. Natl. Acad. Sci. USA 1993, 90, 10952–10956. [Google Scholar] [CrossRef]

	



Chen, R.H.; Juo, P.C.; Curran, T.; Blenis, J. Phosphorylation of c-Fos at the C-terminus enhances its transforming activity. Oncogene 1996, 12, 1493–1502. [Google Scholar]

	



Murphy, L.O.; Smith, S.; Chen, R.H.; Fingar, D.C.; Blenis, J. Molecular interpretation of ERK signal duration by immediate early gene products. Nat. Cell Biol. 2002, 4, 556–564. [Google Scholar] [CrossRef]

	



Healy, S.; Khan, P.; Davie, J.R. Immediate early response genes and cell transformation. Pharmacol. Ther. 2013, 137, 64–77. [Google Scholar] [CrossRef] [PubMed]

	



Ranjan, A.; Iyer, S.V.; Ward, C.; Link, T.; Diaz, F.J.; Dhar, A.; Tawfik, O.W.; Weinman, S.A.; Azuma, Y.; Izumi, T.; et al. MTBP inhibits the Erk1/2-Elk-1 signaling in hepatocellular carcinoma. Oncotarget 2018, 9, 21429–21443. [Google Scholar] [CrossRef] [PubMed]

	



Stefanovsky, V.; Langlois, F.; Gagnon-Kugler, T.; Rothblum, L.I.; Moss, T. Growth factor signaling regulates elongation of RNA polymerase I transcription in mammals via UBF phosphorylation and r-chromatin remodeling. Mol. Cell 2006, 21, 629–639. [Google Scholar] [CrossRef] [PubMed]

	



Stefanovsky, V.Y.; Pelletier, G.; Hannan, R.; Gagnon-Kugler, T.; Rothblum, L.I.; Moss, T. An immediate response of ribosomal transcription to growth factor stimulation in mammals is mediated by ERK phosphorylation of UBF. Mol. Cell 2001, 8, 1063–1073. [Google Scholar] [CrossRef]

	



Ayrault, O.; Andrique, L.; Fauvin, D.; Eymin, B.; Gazzeri, S.; Seite, P. Human tumor suppressor p14ARF negatively regulates rRNA transcription and inhibits UBF1 transcription factor phosphorylation. Oncogene 2006, 25, 7577–7586. [Google Scholar] [CrossRef] [PubMed]

	



Iwanaga, K.; Sueoka, N.; Sato, A.; Sakuragi, T.; Sakao, Y.; Tominaga, M.; Suzuki, T.; Yoshida, Y.; Junko, K.; Yamamoto, T.; et al. Alteration of expression or phosphorylation status of tob, a novel tumor suppressor gene product, is an early event in lung cancer. Cancer Lett. 2003, 202, 71–79. [Google Scholar] [CrossRef] [PubMed]

	



Matsuda, S.; Kawamura-Tsuzuku, J.; Ohsugi, M.; Yoshida, M.; Emi, M.; Nakamura, Y.; Onda, M.; Yoshida, Y.; Nishiyama, A.; Yamamoto, T. Tob, a novel protein that interacts with p185erbB2, is associated with anti-proliferative activity. Oncogene 1996, 12, 705–713. [Google Scholar]

	



Guan, R.; Peng, L.; Wang, D.; He, H.; Wang, D.; Zhang, R.; Wang, H.; Hao, H.; Zhang, J.; Song, H.; et al. Decreased TOB1 expression and increased phosphorylation of nuclear TOB1 promotes gastric cancer. Oncotarget 2017, 8, 75243–75253. [Google Scholar] [CrossRef]

	



Suzuki, T.; Junko, K.; Ajima, R.; Nakamura, T.; Yoshida, Y.; Yamamoto, T. Phosphorylation of three regulatory serines of Tob by Erk1 and Erk2 is required for Ras-mediated cell proliferation and transformation. Genes Dev. 2002, 16, 1356–1370. [Google Scholar] [CrossRef]

	



Yang, W.; Dolloff, N.G.; El-Deiry, W.S. ERK and MDM2 prey on FOXO3a. Nat. Cell Biol. 2008, 10, 125–126. [Google Scholar] [CrossRef]

	



Yang, J.Y.; Zong, C.S.; Xia, W.; Yamaguchi, H.; Ding, Q.; Xie, X.; Lang, J.Y.; Lai, C.C.; Chang, C.J.; Huang, W.C.; et al. ERK promotes tumorigenesis by inhibiting FOXO3a via MDM2-mediated degradation. Nat. Cell Biol. 2008, 10, 138–148. [Google Scholar] [CrossRef] [PubMed]

	



Procaccia, S.; Ordan, M.; Cohen, I.; Bendetz-Nezer, S.; Seger, R. Direct binding of MEK1 and MEK2 to AKT induces Foxo1 phosphorylation, cellular migration and metastasis. Sci. Rep. 2017, 7, 43078. [Google Scholar] [CrossRef] [PubMed]

	



Allen, J.E.; Krigsfeld, G.; Mayes, P.A.; Patel, L.; Dicker, D.T.; Patel, A.S.; Dolloff, N.G.; Messaris, E.; Scata, K.A.; Wang, W.; et al. Dual inactivation of Akt and ERK by TIC10 signals Foxo3a nuclear translocation, TRAIL gene induction, and potent antitumor effects. Sci. Transl. Med. 2013, 5, 171ra17. [Google Scholar] [CrossRef] [PubMed]

	



Leder, S.; Weber, Y.; Altafaj, X.; Estivill, X.; Joost, H.G.; Becker, W. Cloning and characterization of DYRK1B, a novel member of the DYRK family of protein kinases. Biochem. Biophys. Res. Commun. 1999, 254, 474–479. [Google Scholar] [CrossRef] [PubMed]

	



Becker, W. A wake-up call to quiescent cancer cells—Potential use of DYRK1B inhibitors in cancer therapy. FEBS J. 2018, 285, 1203–1211. [Google Scholar] [CrossRef] [PubMed]

	



Ashford, A.L.; Dunkley, T.P.; Cockerill, M.; Rowlinson, R.A.; Baak, L.M.; Gallo, R.; Balmanno, K.; Goodwin, L.M.; Ward, R.A.; Lochhead, P.A.; et al. Identification of DYRK1B as a substrate of ERK1/2 and characterisation of the kinase activity of DYRK1B mutants from cancer and metabolic syndrome. Cell. Mol. Life Sci. 2016, 73, 883–900. [Google Scholar] [CrossRef] [PubMed]

	



Jaaro, H.; Rubinfeld, H.; Hanoch, T.; Seger, R. Nuclear translocation of mitogen-activated protein kinase kinase (MEK1) in response to mitogenic stimulation. Proc. Natl. Acad. Sci. USA 1997, 94, 3742–3747. [Google Scholar] [CrossRef] [PubMed]

	



Neri, L.M.; Billi, A.M.; Manzoli, L.; Rubbini, S.; Gilmour, R.S.; Cocco, L.; Martelli, A.M. Selective nuclear translocation of protein kinase C alpha in Swiss 3T3 cells treated with IGF-I, PDGF and EGF. FEBS Lett. 1994, 347, 63–68. [Google Scholar] [CrossRef]

	



Trubiani, O.; Rana, R.A.; Stuppia, L.; Di Primio, R. Nuclear translocation of beta II PKC isoenzyme in phorbol ester-stimulated KM-3 pre-B human leukemic cells. Exp. Cell Res. 1995, 221, 172–178. [Google Scholar] [CrossRef]

	



Haller, H.; Ziegler, W.; Lindschau, C.; Luft, F.C. Endothelial cell tyrosine kinase receptor and G protein-coupled receptor activation involves distinct protein kinase C isoforms. Arterioscler. Thromb. Vasc. Biol. 1996, 16, 678–686. [Google Scholar] [CrossRef]

	



Chen, C.C.; Wang, J.K.; Chen, W.C. TPA induces translocation but not down-regulation of new PKC isoform eta in macrophages, MDCK cells and astrocytes. FEBS Lett. 1997, 412, 30–34. [Google Scholar] [CrossRef]

	



Jones, T.; Courage, C.; Hubbard, A.; Gescher, A. Cellular relocalisation of protein kinase C-theta caused by staurosporine and some of its analogues. Biochem. Pharmacol. 1997, 53, 1413–1418. [Google Scholar] [CrossRef]

	



Holt, S.J.; Alexander, P.; Inman, C.B.; Davies, D.E. Epidermal growth factor induced tyrosine phosphorylation of nuclear proteins associated with translocation of epidermal growth factor receptor into the nucleus. Biochem. Pharmacol. 1994, 47, 117–126. [Google Scholar] [CrossRef]

	



Chen, J.; Liu, M.Y.; Parish, C.R.; Chong, B.H.; Khachigian, L. Nuclear import of early growth response-1 involves importin-7 and the novel nuclear localization signal serine-proline-serine. Int. J. Biochem. Cell Biol. 2011, 43, 905–912. [Google Scholar] [CrossRef] [PubMed]

	



Hayden, M.S.; Ghosh, S. Signaling to NF-kappaB. Genes Dev. 2004, 18, 2195–2224. [Google Scholar] [CrossRef] [PubMed]

	



Maik-Rachline, G.; Zehorai, E.; Hanoch, T.; Blenis, J.; Seger, R. The nuclear translocation of the kinases p38 and JNK promotes inflammation-induced cancer. Sci. Signal. 2018, 11, eaao3428. [Google Scholar] [CrossRef] [PubMed]

	



Nithianandarajah-Jones, G.N.; Wilm, B.; Goldring, C.E.; Muller, J.; Cross, M.J. The role of ERK5 in endothelial cell function. Biochem. Soc. Trans. 2014, 42, 1584–1589. [Google Scholar] [CrossRef]

	



Gomez, N.; Erazo, T.; Lizcano, J.M. ERK5 and Cell Proliferation: Nuclear Localization Is What Matters. Front. Cell Dev. Biol. 2016, 4, 105. [Google Scholar] [CrossRef]

	



Kasler, H.G.; Victoria, J.; Duramad, O.; Winoto, A. ERK5 is a novel type of mitogen-activated protein kinase containing a transcriptional activation domain. Mol. Cell. Biol. 2000, 20, 8382–8389. [Google Scholar] [CrossRef]

	



Raviv, Z.; Kalie, E.; Seger, R. MEK5 and ERK5 are localized in the nuclei of resting as well as stimulated cells, while MEKK2 translocates from the cytosol to the nucleus upon stimulation. J. Cell Sci. 2004, 117, 1773–1784. [Google Scholar] [CrossRef]

	



Yao, Z.; Yoon, S.; Kalie, E.; Raviv, Z.; Seger, R. Calcium regulation of EGF-induced ERK5 activation: Role of Lad1-MEKK2 interaction. PLoS ONE 2010, 5, e12627. [Google Scholar] [CrossRef] [PubMed]

	



Nishimoto, S.; Nishida, E. MAPK signalling: ERK5 versus ERK1/2. EMBO Rep. 2006, 7, 782–786. [Google Scholar] [CrossRef] [PubMed]

	



Barros, J.C.; Marshall, C.J. Activation of either ERK1/2 or ERK5 MAP kinase pathways can lead to disruption of the actin cytoskeleton. J. Cell Sci. 2005, 118, 1663–1671. [Google Scholar] [CrossRef] [PubMed]

	



Kondoh, K.; Terasawa, K.; Morimoto, H.; Nishida, E. Regulation of nuclear translocation of extracellular signal-regulated kinase 5 by active nuclear import and export mechanisms. Mol. Cell. Biol. 2006, 26, 1679–1690. [Google Scholar] [CrossRef] [PubMed]

	



Erazo, T.; Moreno, A.; Ruiz-Babot, G.; Rodriguez-Asiain, A.; Morrice, N.A.; Espadamala, J.; Bayascas, J.R.; Gomez, N.; Lizcano, J.M. Canonical and kinase activity-independent mechanisms for extracellular signal-regulated kinase 5 (ERK5) nuclear translocation require dissociation of Hsp90 from the ERK5-Cdc37 complex. Mol. Cell. Biol. 2013, 33, 1671–1686. [Google Scholar] [CrossRef] [PubMed]

	



Ramsay, A.K.; McCracken, S.R.; Soofi, M.; Fleming, J.; Yu, A.X.; Ahmad, I.; Morland, R.; Machesky, L.; Nixon, C.; Edwards, D.R.; et al. ERK5 signalling in prostate cancer promotes an invasive phenotype. Br. J. Cancer 2011, 104, 664–672. [Google Scholar] [CrossRef] [PubMed]

	



McCracken, S.R.; Ramsay, A.; Heer, R.; Mathers, M.E.; Jenkins, B.L.; Edwards, J.; Robson, C.N.; Marquez, R.; Cohen, P.; Leung, H.Y. Aberrant expression of extracellular signal-regulated kinase 5 in human prostate cancer. Oncogene 2008, 27, 2978–2988. [Google Scholar] [CrossRef]

	



Simoes, A.E.; Pereira, D.M.; Gomes, S.E.; Brito, H.; Carvalho, T.; French, A.; Castro, R.E.; Steer, C.J.; Thibodeau, S.N.; Rodrigues, C.M.; et al. Aberrant MEK5/ERK5 signalling contributes to human colon cancer progression via NF-kappaB activation. Cell Death Dis. 2015, 6, e1718. [Google Scholar] [CrossRef]

	



Yang, Q.; Deng, X.; Lu, B.; Cameron, M.; Fearns, C.; Patricelli, M.P.; Yates, J.R., III; Gray, N.S.; Lee, J.D. Pharmacological inhibition of BMK1 suppresses tumor growth through promyelocytic leukemia protein. Cancer Cell 2010, 18, 258–267. [Google Scholar] [CrossRef]

	



Cargnello, M.; Roux, P.P. Activation and function of the MAPKs and their substrates, the MAPK-activated protein kinases. Microbiol. Mol. Biol. Rev. 2011, 75, 50–83. [Google Scholar] [CrossRef]

	



Yeung, Y.T.; Aziz, F.; Guerrero-Castilla, A.; Arguelles, S. Signaling Pathways in Inflammation and Anti-inflammatory Therapies. Curr. Pharm. Des. 2018, 24, 1449–1484. [Google Scholar] [CrossRef] [PubMed]

	



Arthur, J.S.; Ley, S.C. Mitogen-activated protein kinases in innate immunity. Nat. Rev. Immunol. 2013, 13, 679–692. [Google Scholar] [CrossRef] [PubMed]

	



Igea, A.; Nebreda, A.R. The Stress Kinase p38alpha as a Target for Cancer Therapy. Cancer Res. 2015, 75, 3997–4002. [Google Scholar] [CrossRef] [PubMed]

	



Ben-Levy, R.; Hooper, S.; Wilson, R.; Paterson, H.F.; Marshall, C.J. Nuclear export of the stress-activated protein kinase p38 mediated by its substrate MAPKAP kinase-2. Curr. Biol. 1998, 8, 1049–1057. [Google Scholar] [CrossRef]

	



Posen, Y.; Kalchenko, V.; Seger, R.; Brandis, A.; Scherz, A.; Salomon, Y. Manipulation of redox signaling in mammalian cells enabled by controlled photogeneration of reactive oxygen species. J. Cell Sci. 2005, 118, 1957–1969. [Google Scholar] [CrossRef] [PubMed]

	



Gong, X.; Ming, X.; Deng, P.; Jiang, Y. Mechanisms regulating the nuclear translocation of p38 MAP kinase. J. Cell. Biochem. 2010, 110, 1420–1429. [Google Scholar] [CrossRef]

	



McCrea, P.D.; Gottardi, C.J. Beyond beta-catenin: Prospects for a larger catenin network in the nucleus. Nat. Rev. Mol. Cell Biol. 2016, 17, 55–64. [Google Scholar] [CrossRef]

	



Jamieson, C.; Sharma, M.; Henderson, B.R. Targeting the beta-catenin nuclear transport pathway in cancer. Semin. Cancer Biol. 2014, 27, 20–29. [Google Scholar] [CrossRef]

	



Kim, W.; Kim, M.; Jho, E.H. Wnt/beta-catenin signalling: From plasma membrane to nucleus. Biochem. J. 2013, 450, 9–21. [Google Scholar] [CrossRef]

	



Valenta, T.; Hausmann, G.; Basler, K. The many faces and functions of beta-catenin. EMBO J. 2012, 31, 2714–2736. [Google Scholar] [CrossRef]

	



Fagotto, F.; Gluck, U.; Gumbiner, B.M. Nuclear localization signal-independent and importin/karyopherin-independent nuclear import of beta-catenin. Curr. Biol. 1998, 8, 181–190. [Google Scholar] [CrossRef]

	



Jian, H.; Shen, X.; Liu, I.; Semenov, M.; He, X.; Wang, X.F. Smad3-dependent nuclear translocation of beta-catenin is required for TGF-beta1-induced proliferation of bone marrow-derived adult human mesenchymal stem cells. Genes Dev. 2006, 20, 666–674. [Google Scholar] [CrossRef] [PubMed]

	



Griffin, J.N.; Del Viso, F.; Duncan, A.R.; Robson, A.; Hwang, W.; Kulkarni, S.; Liu, K.J.; Khokha, M.K. RAPGEF5 Regulates Nuclear Translocation of beta-Catenin. Dev. Cell 2018, 44, 248–260.e4. [Google Scholar] [CrossRef] [PubMed]

	



Liao, G.; Tao, Q.; Kofron, M.; Chen, J.S.; Schloemer, A.; Davis, R.J.; Hsieh, J.C.; Wylie, C.; Heasman, J.; Kuan, C.Y. Jun NH2-terminal kinase (JNK) prevents nuclear beta-catenin accumulation and regulates axis formation in Xenopus embryos. Proc. Natl. Acad. Sci. USA 2006, 103, 16313–16318. [Google Scholar] [CrossRef] [PubMed]

	



Solit, D.B.; Rosen, N. Resistance to BRAF inhibition in melanomas. N. Engl. J. Med. 2011, 364, 772–774. [Google Scholar] [CrossRef] [PubMed]

	



Arafeh, R.; Flores, K.; Keren-Paz, A.; Maik-Rachline, G.; Gutkind, N.; Rosenberg, S.; Seger, R.; Samuels, Y. Combined inhibition of MEK and nuclear ERK translocation has synergistic antitumor activity in melanoma cells. Sci. Rep. 2017, 7, 16345. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 20 01194 g001 550]





Figure 1. The nuclear translocation of ERK is blocked by the EPE peptide. Active ERK translocates to the nucleus via its interaction with importin7. Cytosolic ERK is activated initially by phosphorylation on its regulatory Tyr and Thr residues (TEY) followed by phosphorylation on its Ser residues (SPS) located within the nuclear translocation sequence (NTS). This facilitates the binding of the beta-like importin, Imp7, to ERK escorting it to the nucleus via the nuclear pores, where it modulates a large number of targets such as transcription factors (Upper panel). A myristoylated NTS-derived phosphomimetic peptide (EPE peptide) specifically blocks the interaction of Imp7 with ERK thereby inhibits nuclear translocation of ERK (Lower panel). 
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Table 1. Cancer-induced changes in gene expression of solely nuclear ERK substrates. Listed are direct ERK substrates (taken from http://sys-bio.net/erk_targets/targets_all.html) that are constantly localized in the nucleus (as per data from UniProt and the Human Protein Atlas). Gene expression of these proteins is presented in log-transformed normalized counts of tumor vs. normal tissues (taken from TCGA Pan-Cancer Dataset), and compared by t-tests. Significance is presented by p-value. Fold change presents the ratio between the gene expression in tumor vs. normal tissues in regular and not logarithmic scale. Negative values refer to downregulated genes and positive values refer to upregulated genes in tumors. Proteins are assigned in the table from highest to lowest in downregulated genes and lowest to highest in upregulated genes. * The nuclear proteins UBF, NSMF, RBFOX2, and SRSF11 do not exist in TCGA Pan-Cancer Dataset, therefore we did not refer to their expression in tumor and normal tissues.
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Gene

	
Gene Expression

	
p-Value

	
Fold Change




	
Tumor

	
Normal






	
MYOCD

	
3.53

	
6.16

	
1.4 × 10−119

	
−6.19




	
NR0B2

	
2.20

	
4.39

	
9.1 × 10−43

	
−4.55




	
PGR

	
5.45

	
7.59

	
3.6 × 10−94

	
−4.43




	
FOS

	
11.72

	
13.84

	
3.2 × 10−172

	
−4.34




	
EGR1

	
11.63

	
13.67

	
2.2 × 10−16

	
−4.11




	
DUSP1

	
11.58

	
13.56

	
2.2 × 10−230

	
−3.95




	
THRB

	
7.62

	
9.40

	
2.9 × 10−214

	
−3.44




	
IRX2

	
5.20

	
6.81

	
1.3 × 10−31

	
−3.06




	
PPARG

	
7.39

	
8.96

	
5.0 × 10−109

	
−2.96




	
TAL1

	
5.28

	
6.74

	
2.7 × 10−133

	
−2.76




	
NR4A2

	
7.74

	
9.19

	
3.5 × 10−94

	
−2.72




	
ESR1

	
6.84

	
8.16

	
3.6 × 10−41

	
−2.50




	
MITF

	
7.83

	
9.05

	
2.8 × 10−93

	
−2.33




	
ARRB1

	
8.25

	
9.32

	
3.0 × 10−92

	
−2.10




	
RORA

	
8.31

	
9.38

	
1.8 × 10−132

	
−2.09




	
JUN

	
12.03

	
13.09

	
5.0 × 10−106

	
−2.08




	
RPS6KA5

	
6.83

	
7.65

	
8.3 × 10−69

	
−1.77




	
JUNB

	
11.68

	
12.47

	
7.1 × 10−53

	
−1.73




	
NCOA2

	
8.61

	
9.37

	
4.9 × 10−60

	
−1.70




	
TOB1

	
10.46

	
11.11

	
5.3 × 10−77

	
−1.56




	
ETV3

	
7.01

	
7.61

	
8.2 × 10−45

	
−1.53




	
ETS1

	
10.65

	
11.23

	
1.8 × 10−44

	
−1.50




	
GATA1

	
0.88

	
1.46

	
1.7 × 10−31

	
−1.49




	
NFATC1

	
8.07

	
8.62

	
1.9 × 10−44

	
−1.47




	
PDCD4

	
11.09

	
11.60

	
7.2 × 10−32

	
−1.43




	
RXRA

	
10.90

	
11.41

	
3.3 × 10−72

	
−1.43




	
MKL2

	
9.86

	
10.27

	
1.9 × 10−33

	
−1.34




	
CREM

	
8.64

	
9.04

	
2.0 × 10−30

	
−1.32




	
ATF2

	
8.49

	
8.85

	
1.0 × 10−39

	
−1.29




	
DCP1A

	
9.20

	
9.56

	
3.5 × 10−65

	
−1.28




	
SNAI2

	
7.85

	
8.19

	
9.8 × 10−12

	
−1.27




	
ETV1

	
8.04

	
8.37

	
2.0 × 10−8

	
−1.26




	
CEBPA

	
9.19

	
9.50

	
1.2 × 10−5

	
−1.24




	
CDKN1A

	
11.39

	
11.69

	
5.3 × 10−10

	
−1.24




	
ESR2

	
3.71

	
3.98

	
1.8 × 10−7

	
−1.20




	
EP300

	
10.94

	
11.19

	
2.7 × 10−27

	
−1.19




	
CIITA

	
7.74

	
7.95

	
5.8 × 10−5

	
−1.16




	
PHF2

	
10.10

	
10.30

	
1.0 × 10−19

	
−1.15




	
HNRNPH2

	
11.13

	
11.30

	
2.1 × 10−50

	
−1.13




	
SSBP3

	
9.46

	
9.61

	
2.5 × 10−11

	
−1.11




	
FBXW7

	
8.59

	
8.73

	
3.8 × 10−7

	
−1.10




	
HDAC6

	
10.22

	
10.34

	
8.7 × 10−6

	
−1.09




	
RB1

	
10.07

	
10.19

	
5.1 × 10−8

	
−1.08




	
NUP98

	
11.03

	
11.14

	
2.0 × 10−14

	
−1.08




	
ALOX5

	
8.31

	
8.42

	
0.15

	
−1.08




	
GTF2I

	
11.10

	
11.20

	
1.1 × 10−3

	
−1.07




	
THRAP3

	
11.58

	
11.67

	
1.1 × 10−13

	
−1.07




	
SP1

	
11.25

	
11.35

	
1.0 × 10−6

	
−1.07




	
POLR2A

	
12.20

	
12.29

	
2.4 × 10−5

	
−1.07




	
LMNA

	
12.92

	
13.00

	
0.02

	
−1.06




	
CDKN1B

	
10.46

	
10.54

	
2.0 × 10−5

	
−1.06




	
MYC

	
10.60

	
10.67

	
0.23

	
−1.05




	
GLI2

	
6.09

	
6.15

	
0.33

	
−1.04




	
TNKS1BP1

	
11.86

	
11.90

	
0.08

	
−1.03




	
NUMA1

	
12.89

	
12.93

	
0.07

	
−1.03




	
NUP214

	
10.49

	
10.53

	
0.01

	
−1.03




	
NUP153

	
10.21

	
10.24

	
0.08

	
−1.02




	
ELK4

	
7.07

	
7.10

	
0.43

	
−1.02




	
H3F3B

	
13.57

	
13.59

	
0.48

	
−1.01




	
SP3

	
10.69

	
10.70

	
0.45

	
−1.01




	
CEBPB

	
10.07

	
10.08

	
0.81

	
−1.01




	
HMG20A

	
9.64

	
9.65

	
0.46

	
−1.01




	
AEBP1

	
11.97

	
11.95

	
0.76

	
1.01




	
SRRM2

	
13.32

	
13.30

	
0.46

	
1.01




	
NEUROD1

	
0.99

	
0.96

	
0.68

	
1.02




	
MAFA

	
0.68

	
0.65

	
0.44

	
1.02




	
TERF2

	
9.25

	
9.22

	
3.5 × 10−3

	
1.02




	
HIF1A

	
11.66

	
11.62

	
0.17

	
1.03




	
MED1

	
10.17

	
10.12

	
0.02

	
1.03




	
MKNK1

	
9.01

	
8.96

	
0.02

	
1.03




	
RPS6KB1

	
9.48

	
9.41

	
6.2 × 10−5

	
1.05




	
XRN2

	
10.91

	
10.83

	
3.2 × 10−8

	
1.06




	
PAPOLA

	
11.77

	
11.69

	
4.2 × 10−13

	
1.06




	
RRN3

	
10.17

	
10.08

	
4.2 × 10−9

	
1.06




	
HNRNPK

	
13.51

	
13.39

	
2.3 × 10−41

	
1.09




	
MAPKAPK2

	
11.56

	
11.43

	
8.2 × 10−12

	
1.10




	
SAFB2

	
10.57

	
10.43

	
2.4 × 10−11

	
1.10




	
NUP50

	
10.26

	
10.12

	
1.5 × 10−15

	
1.10




	
TPR

	
11.44

	
11.29

	
1.2 × 10−13

	
1.11




	
UBTF

	
11.53

	
11.37

	
2.6 × 10−25

	
1.12




	
MZF1

	
8.35

	
8.18

	
9.1 × 10−10

	
1.13




	
TP53BP1

	
9.98

	
9.79

	
9.4 × 10−10

	
1.14




	
KHDRBS1

	
11.81

	
11.61

	
2.6 × 10−48

	
1.15




	
PHOX2A

	
0.83

	
0.63

	
1.7 × 10−4

	
1.15




	
SF3B2

	
12.30

	
12.08

	
1.2 × 10−70

	
1.16




	
DYRK1B

	
9.02

	
8.79

	
2.7 × 10−17

	
1.17




	
TGIF1

	
10.36

	
10.13

	
1.9 × 10−16

	
1.17




	
EWSR1

	
12.12

	
11.88

	
1.9 × 10−68

	
1.18




	
HIST1H3A

	
0.73

	
0.49

	
2.5 × 10−20

	
1.18




	
DDX47

	
10.13

	
9.88

	
2.5 × 10−82

	
1.19




	
NCOA6

	
10.61

	
10.36

	
2.3 × 10−37

	
1.20




	
NCOR2

	
11.93

	
11.66

	
4.3 × 10−22

	
1.21




	
HNRNPD

	
11.96

	
11.68

	
1.9 × 10−74

	
1.22




	
BAZ1B

	
11.14

	
10.85

	
1.7 × 10−61

	
1.22




	
ERF

	
10.21

	
9.91

	
6.5 × 10−29

	
1.23




	
FAM103A1

	
8.52

	
8.22

	
1.9 × 10−66

	
1.23




	
REXO1

	
9.57

	
9.27

	
3.9 × 10−44

	
1.24




	
SUPT5H

	
11.72

	
11.40

	
1.1 × 10−105

	
1.25




	
CSNK2A1

	
10.37

	
10.05

	
2.1 × 10−89

	
1.25




	
RARG

	
9.55

	
9.23

	
1.7 × 10−10

	
1.25




	
TP53

	
10.34

	
10.00

	
7.2 × 10−37

	
1.26




	
SAFB

	
10.96

	
10.62

	
5.7 × 10−71

	
1.27




	
WIZ

	
10.34

	
9.98

	
2.4 × 10−80

	
1.28




	
ZC3HC1

	
8.66

	
8.29

	
1.6 × 10−102

	
1.29




	
PML

	
10.91

	
10.54

	
4.4 × 10−45

	
1.29




	
ELK1

	
9.77

	
9.35

	
6.8 × 10−109

	
1.35




	
GATA4

	
2.77

	
2.25

	
6.3 × 10−5

	
1.44




	
MYBBP1A

	
10.22

	
9.56

	
1.4 × 10−111

	
1.57




	
RUNX1

	
10.24

	
9.56

	
4.8 × 10−24

	
1.61




	
RUNX2

	
7.40

	
6.70

	
1.9 × 10−39

	
1.62




	
CCDC86

	
9.51

	
8.81

	
3.6 × 10−143

	
1.62




	
NR5A1

	
1.28

	
0.47

	
4.6 × 10−45

	
1.74




	
INCENP

	
8.72

	
7.91

	
1.6 × 10−84

	
1.75




	
TWIST1

	
5.73

	
4.91

	
9.8 × 10−19

	
1.77




	
CAD

	
10.36

	
9.52

	
5.4 × 10−150

	
1.80




	
PDX1

	
2.03

	
1.14

	
5.2 × 10−24

	
1.84




	
MAZ

	
12.19

	
11.31

	
6.7 × 10−173

	
1.85




	
TCF3

	
10.71

	
9.77

	
5.2 × 10−188

	
1.92




	
LMNB1

	
9.62

	
7.90

	
3.2 × 10−153

	
3.28




	
ESPL1

	
7.68

	
5.59

	
4.7 × 10−104

	
4.25




	
TOP2A

	
10.37

	
7.10

	
6.8 × 10−194

	
9.64




	
*UBF

	
NA

	
NA

	
NA

	
NA




	
*NSMF

	
NA

	
NA

	
NA

	
NA




	
*RBFOX2

	
NA

	
NA

	
NA

	
NA




	
*SRSF11

	
NA

	
NA

	
NA

	
NA
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Table 2. Cancer-induced changes in gene expression of nuclear ERK substrates that are localized in the nucleus and other organelles. Listed are direct ERK substrates localized in the nucleus as well as in at least one additional organelle. The data bases and calculations are similar to ones presented in Table 1. The additional localization of each of the substrates as appear in UniProt and the Human Protein Atlas is indicated as well. * The protein PRRC2A that appears in the nucleus, cytosol, and plasma membrane does not exist in TCGA Pan-Cancer Dataset, therefore we did not refer to its expression in tumor and normal tissues.
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Gene

	
Gene Expression

	
p-Value

	
Fold Change

	
Other Localizations




	
Tumor

	
Normal






	
NR4A1

	
10.47

	
12.37

	
3.4 × 10−118

	
−3.73

	
cytosol




	
CBX7

	
9.50

	
10.94

	
1.9 × 10−223

	
−2.72

	
cytosol




	
CRYAA

	
0.99

	
2.24

	
4.1 × 10−17

	
−2.38

	
cytosol




	
ERG

	
7.80

	
8.98

	
1.4 × 10−106

	
−2.27

	
cytosol




	
RBPMS

	
9.75

	
10.88

	
1.3 × 10−124

	
−2.19

	
cytosol




	
FOXO1

	
9.25

	
10.36

	
2.7 × 10−189

	
−2.17

	
cytosol




	
CRY2

	
9.75

	
10.82

	
8.4 × 10−219

	
−2.09

	
cytosol




	
NR3C1

	
9.93

	
10.89

	
3.1 × 10−161

	
−1.95

	
cytosol + mitochondria




	
AIM1

	
9.64

	
10.57

	
2.4 × 10−52

	
−1.91

	
cytosol + microtubules




	
EGFR

	
9.23

	
10.06

	
2.5 × 10−76

	
−1.78

	
plasma membrane




	
ETS2

	
11.23

	
12.01

	
1.6 × 10−69

	
−1.72

	
cytosol + plasma membrane




	
NCOA1

	
10.21

	
10.74

	
3.5 × 10−112

	
−1.44

	
cytosol + plasma membrane




	
FGFR1

	
10.27

	
10.77

	
2.3 × 10−24

	
−1.42

	
plasma membrane




	
RPS6KA3

	
10.33

	
10.82

	
1.2 × 10−85

	
−1.40

	
cytosol




	
SMAD4

	
10.43

	
10.92

	
2.5 × 10−158

	
−1.40

	
cytosol




	
STAT5A

	
9.48

	
9.94

	
5.8 × 10−36

	
−1.38

	
cytosol




	
SORBS3

	
10.76

	
11.22

	
4.4 × 10−72

	
−1.37

	
focal adhesion sites




	
FOXO3

	
10.44

	
10.82

	
1.6 × 10−48

	
−1.30

	
cytosol




	
BCL6

	
9.96

	
10.29

	
1.4 × 10−14

	
−1.25

	
Golgi




	
CRY1

	
8.74

	
9.03

	
1.9 × 10−33

	
−1.22

	
microtubules




	
SREBF2

	
11.72

	
11.98

	
2.6 × 10−24

	
−1.20

	
mitochondria




	
WASL

	
10.75

	
11.00

	
4.9 × 10−43

	
−1.19

	
cytosol




	
SMAD3

	
10.45

	
10.70

	
7.8 × 10−25

	
−1.19

	
cytosol




	
SMAD2

	
10.63

	
10.79

	
3.6 × 10−19

	
−1.12

	
cytosol




	
SMAD1

	
9.25

	
9.40

	
9.9 × 10−12

	
−1.11

	
cytosol + plasma membrane




	
RPS6KA1

	
10.22

	
10.25

	
0.59

	
−1.02

	
cytosol




	
PIP5K1C

	
10.36

	
10.32

	
0.16

	
1.03

	
cytosol




	
MKL1

	
9.98

	
9.90

	
1.2 × 10−4

	
1.06

	
cytosol




	
RAI14

	
10.11

	
10.02

	
1.4 × 10−2

	
1.06

	
cytosol




	
NFATC4

	
8.76

	
8.59

	
1.4 × 10−3

	
1.12

	
cytosol




	
TGS1

	
9.07

	
8.91

	
3.1 × 10−18

	
1.12

	
cytosol




	
HNRNPH1

	
12.00

	
11.83

	
2.4 × 10−21

	
1.13

	
cytosol




	
ETV6

	
9.99

	
9.81

	
5.6 × 10−9

	
1.14

	
cytosol




	
STAT1

	
12.23

	
11.80

	
3.1 × 10−43

	
1.35

	
cytosol




	
PPP1R9B

	
10.73

	
10.29

	
5.6 × 10−72

	
1.36

	
cytoskeleton




	
DAZAP1

	
10.82

	
10.34

	
2.7 × 10−113

	
1.39

	
cytosol




	
POU5F1

	
3.91

	
3.42

	
1.5 × 10−12

	
1.40

	
cytosol




	
HSF1

	
10.98

	
10.48

	
3.3 × 10−148

	
1.41

	
cytosol




	
MYB

	
6.43

	
5.58

	
2.4 × 10−11

	
1.80

	
plasma membrane




	
SMC4

	
10.42

	
9.42

	
5.6 × 10−157

	
2.00

	
cytosol




	
MAGEA11

	
1.33

	
0.27

	
1.0 × 10−159

	
2.08

	
cytosol




	
PTTG1

	
8.68

	
6.19

	
1.2 × 10−140

	
5.63

	
cytosol




	
TPX2

	
9.75

	
6.59

	
5.7 × 10−216

	
8.95

	
microtubules




	
*PRRC2A

	
NA

	
NA

	
NA

	
NA

	
cytosol + plasma membrane
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