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Introduction 

The protein tyrosine phosphatase interacting protein 51 (PTPIP51) was initially 

described as an interaction partner of two non-receptor tyrosine phosphatases, viz. 

protein tyrosine phosphatase 1B (PTP1B) and T-cell protein tyrosine phosphatase 

(Stenzinger et al. 2005; Stenzinger et al. 2009). The identification was performed using 

a yeast two-hybrid screen of a cDNA library constructed from Jurkat cell mRNA 

(Porsche 2002). As a result of this, a 396-amino acids sequence encoding a novel 

protein was identified and named protein tyrosine phosphatase interacting protein 51 

(PTPIP51; SwissProt accession code Q96SD6). Subsequently, the interaction was 

proved by the ability of immobilized PTPIP51 to pull down overexpressed PTP1B and 

the nuclear 45-kDa isoform of TCPTP. At the same time, Ota and coworkers published 

a more complete cDNA encoding PTPIP51 (Ota et al. 2004). The corresponding protein 

has a calculated molecular weight of 52,118 Da and consists of 470 amino acids (aa). 

The gene is located on human chromosome 15 (15q15.1). The gene name of PTPIP51 is 

summarized as “family with sequence similarity 82 (FAM82)”. This family is 

composed of three members. The PTPIP51 specific suffix is FAM82A2. 

PTPIP51 mRNA and transcription 

The mRNA sequence of PTPIP51 is formed by 2251 base pairs (bp) allocated over 13 

exons (National Center for Biotechnology Information [NCBI] Reference Sequence 

database accession code NM_018145). 5′ untranslated region (5′-UTR) of the PTPIP51 

mRNA is formed by the Exon 1. The triplet on Exon 13 at position 1596 resembles a 

stop-codon and terminates protein translation. Protein synthesis is started at an AUG 

triplet with a specific surrounding sequence. The following consensus sequence has 

been identified as optimal: GCCRCCAUGG (R represents a purine base). 

Interestingly, the first AUG triplet is located on Exon 1, which, as aforementioned, does 

not encode the PTPIP51 protein. The analysis of the full mRNA sequence of PTPIP51 

by an open reading frame (ORF) finder by Brobeil and coworkers identified five ORFs 

by using AUG as the exclusive start codon (Brobeil et al. 2011b). One ORF was located 

at position 45 to 47 of the PTPIP51 mRNA. The coding mRNA sequence ends at a stop 

codon at position 72 to 74. The second ORF from base 186 to base 1598 encodes the 

coding sequence for the PTPIP51 full-length protein. Brobeil and coworkers postulated 

that the upstream ORF (upORF) might serve as a regulator for the translation of the 
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PTPIP51 protein (Brobeil et al. 2011b). The upORF regulation of mRNA translation is 

usually observed for growth factors and other proto-oncogenes, indicating a crucial 

function of PTPIP51 in these signaling structures. 

PTPIP51 protein, isoforms and structural domains 

The complete translation of PTPIP51 mRNA results in a 52kDa protein. Nethertheless, 

immunoblotting of various tissues revealed several isoforms of PTPIP51 with multiple 

molecular weights. The precise mechanisms of the synthesis of PTPIP51 isoforms is up 

to now unknown. Two possible mechanisms were postulated by Brobeil and coworkers 

(Brobeil et al. 2011b). One possible mechanism is the start of translation at different 

translation initiation sites (TIS) on PTPIP51 mRNA. Analysis of the coding ORF 

showed six additional AUG triplets located at exon 3, 4, 5, 6, 9 and 12, respectively. In 

silico experiments resulted in expected molecular weights of 45 kDa, 38 kDa and 30 

kDa. This mode of isoform synthesis is called leaky scanning. Here, a subset of 

ribosomes does not recognize the start codon and continues scanning downstream until 

an alternative AUG triplet is detected. The postulated second mechanism of isoform 

synthesis is alternative splicing. PTPIP51 mRNA consists of 13 exons and is therefore 

likely to be alternatively spliced. Up to now only in silico experiments regarding the 

alternative splicing of PTPIP51 mRNA have been performed. Here, theoretical 

calculations showed 24 alternative splicing variants of the PTPIP51 mRNA, which 

could contribute to the several isoforms of the PTPIP51 protein (Brobeil et al. 2011b). 

To further support this hypothesis additional experiments would be needed. 

The full length protein form of PTPIP51 encompasses several structural domains. 

PTPIP51 contains two conserved region spanning from aa 43-48 and aa 146-154. These 

regions are essential for protein-protein-interaction, e.g. with the 14-3-3 protein family. 

Interestingly, both of these conserved regions are accompanied by serine and tyrosine 

residues. Here, Brobeil and coworkers postulated a potential regulatory function of 

these residues via phosphorylation and dephosphorylation and thus a regulation of 

protein-protein interactions (Brobeil et al. 2011b; Brobeil et al. 2012a). Up to now, only 

a regulatory influence of the tyrosine 176 residue on protein-protein interactions was 

shown (Brobeil et al. 2010; Brobeil et al. 2011a; Brobeil et al. 2013; Brobeil et al. 

2017). A transmembrane domain is located at the N-terminus (aa 13-35) (Stenzinger et 

al. 2009; Lv et al. 2006). This domain is lacking in the 38kDa isoform of PTPIP51. 
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Thus, implying differing allocations of the several isoforms of PTPIP51. As a member 

of the regulators of microtubule dynamics, PTPIP51 protein also contains a coiled-coil 

domain, which mediates the interaction of PTPIP51 with the spindle apparatus and other 

kinetochore forming proteins, like hNUF2, CGI-99, mitosin, centromere protein F or 

centromere/kinetochore protein ZW10 (Brobeil et al. 2012b; Brobeil et al. 2011b). 

Regulation of PTPIP51 protein expression 

The expression of PTPIP51 protein underlies various modulators and exhibits a tissue-

specific pattern. Stenzinger and co-workers showed, that the cellular expression of 

PTPIP51 is regulated by retinoic acid, the epidermal growth factor (EGF), 1,25-

dihydroxycholecalciferol and the transforming growth factor β in the HaCaT 

keratinocyte cell line (Stenzinger et al. 2006). The regulation of PTPIP51 expression by 

these molecules supports the hypothesis of the involvement of PTPIP51 in cellular 

differentiation processes. Multiple studies further showed, that especially end-

differentiated tissues exhibit high amounts of PTPIP51 protein, as in nervous tissue, 

photoreceptors of the retina, skeletal muscles and blood cells of the myeloid lineage 

(Stenzinger et al. 2005; Petri et al. 2015; Koch et al. 2008; Koch et al. 2009a; Koch et 

al. 2009b; Brobeil et al. 2010; Barop et al. 2009; Bobrich et al. 2011; Maerker et al. 

2008; Orieux et al. 2015; Petri et al. 2011). Interestingly, Koch and coworkers found a 

significant upregulation of the PTPIP51 protein in prostate cancer compared to benign 

prostate hyperplasia. Here, the analysis of methylation of CpG-rich regions in the 

PTPIP51 promotor revealed a hypomethylation in prostate cancer. Thus, leading to a 

less dense chromatin structure, which may causes activation of retrotransposon elements 

leading to an aberrant overexpression of the PTPIP51 gene (Koch et al. 2009b). 

PTPIP51 in signal transduction 

PTPIP51 is involved in many different cellular functions ranging from cell growth over 

differentiation, proliferation to apoptosis. The interaction partners include the Mitogen 

activated protein kinase (MAPK)-associated proteins (EGFR, Raf1), scaffolding 

proteins (14.3.3), NFkB signaling proteins (RelA, IkB) and mitosis-associated proteins 

(CGI-99, Nuf2) (Yu et al. 2008; Brobeil et al. 2015; Brobeil et al. 2012b). PTPIP51 

plays a crucial role in the genesis of several cancer types. For example, malignant blasts 

of acute myeloid leukemia (AML) exhibit PTPIP51 expression, whereas healthy bone 

marrow cells do not express PTPIP51 protein. Here, the interaction of PTPIP51 with the 
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MAPK pathway via Raf1 and 14-3-3 proteins is inhibited as a result of its highly 

phosphorylated Tyr176 residue (Brobeil et al. 2010; Brobeil et al. 2011a). Also, the 

expression of PTPIP51 correlates with the malignancy of glioblastoma (Petri et al. 

2011; Petri et al. 2015). In basal cell and squamous cell carcinoma, the expression 

pattern of PTPIP51 is altered (Koch et al. 2008). 

First, Yu and coworkers linked PTPIP51 to the MAPK pathway via the interaction on 

the Raf-1 level mediated by the 14-3-3 proteins (Yu et al. 2008). As aforementioned, the 

interaction of PTPIP51 and 14-3-3 is mediated by two conserved regions. The formation 

of the PTPIP51/14-3-3/Raf1 complex leads to an activation of the MAPK pathway (Yu 

et al. 2008; Brobeil et al. 2012a). A well-titrated signal is essential for an optimal 

cellular function. Therefore, the formation of this complex is tightly regulated by 

kinases and phosphatases. Here, the tyrosine residue 176 of PTPIP51 depicts an 

essential regulating site of these interactions. Its phosphorylation leads to a break-up of 

the PTPIP51/14.3.3/Raf1 complex and thus an inhibition of the PTPIP51 induced 

MAPK signaling stimulation. The phosphorylation of the Tyr176 residue is controlled 

by the EGFR and other non-receptor kinases, e.g. the c-Src kinase. Dephosphorylation 

is performed by PTP1B (Bobrich et al. 2011; Brobeil et al. 2010). 

Besides the titration of MAPK signaling, PTPIP51 is an essential part of the 

communication site between mitochondria and endoplasmic reticulum (ER) (Stoica et 

al. 2014; Stoica et al. 2016; Vos et al. 2012). These sites are named mitochondrial-

associated ER membranes (MAM). Here, the interaction of PTPIP51 and VAPB acts as 

a mechanical stabilizer of these contact sites. The communication is essential for the 

calcium homeostasis, apoptosis, and autophagy, which are crucial for the regulation of 

cell survival and cell death (Dietel et al. 2018a; Galmes et al. 2016; Gomez-Suaga et al. 

2017a; Herrera-Cruz und Simmen 2017). The MAMs also represent signaling hubs for 

mammalian target of rapamycin (mTOR) and Akt signaling (Moore et al. 2011; Rao et 

al. 2012; Shimobayashi und Hall 2014). 

Additionally, Lv and coworkers revealed another connection between PTPIP51 and the 

mitochondrial apoptotic machinery (Lv et al. 2006). They showed, that an 

overexpression of PTPIP51 led to cleavage of Caspase-3 and poly(ADP-ribose) 

polymerase (PARP) as well as the release of cytochrome C from the mitochondria, 

which represent the hallmarks of apoptosis. 
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More recent studies of Brobeil and coworkers linked PTPIP51 to the NFκB signaling 

(Brobeil et al. 2015). The activation of the NFκB signaling is performed via two distinct 

ways: the canonical and the non-canonical pathway. The canonical pathway is activated 

by many cellular receptors, which are connected to inflammation, e.g., the T-cell 

receptor, the B-cell receptor, the toll-like receptors and the tumor necrosis factor (TNF) 

receptor (Li und Verma 2002; Liu et al. 2012). All of these signaling are subsequently 

channeled to the IkB kinases (IKKs), which in turn phosphorylate IkBα. This 

phosphorylation marks IkBα for ubiquitinilation and proteasomal degradation. The 

degradation of IκB results in a break-up of the RelA/IκB complex. Thus, the nuclear 

localization sequence of RelA is revealed and RelA can exert its transcription inducing 

effect after translocation to the nucleus. Recently, Brobeil and coworkers established a 

link of PTPIP51 to the NF-kB pathway (Brobeil et al. 2015). PTPIP51 is part of the 

aforementioned complex of RelA and IkB. In the human keratinocyte cell line HaCat, 

the application of TNFα decreases PTPIP51 mRNA and protein expression. 

Interestingly, the PTPIP51 gene encompasses a RelA-binding site at its promoter 

region. Thus, indicating a potential feed-back loop. PTPIP51 interacts with RelA and 

IkBα as determined by Duolink proximity ligation assay. The interaction of PTPIP51 

with either RelA or IkBα is reduced after application of tumor necrosis factor α (TNFα). 

Brobeil and coworkers hypothesized that PTPIP51 displays a new component of the 

inhibiting RelA complex. PTPIP51 might cover additional sites of RelA, which inhibit 

the translocation of RelA and ultimately its transcriptional activity. 

PTPIP51 and breast cancer 

Breast cancer is the most common cancerous disease in women (Slamon et al. 1987; 

Tao et al. 2015). Tumors of the breast glands account for about one quarter of all 

diagnosed tumors. Although early diagnosis and targeted therapies of breast tumors 

greatly improved the prognosis and overall survival time, breast cancer is still the third 

most cause of cancer related deaths in the United States. About one third of the breast 

carcinomas display an amplification of the Her2/ErbB2 receptor, leading to a more 

aggressive and invasive growth of the cancer cells (Slamon et al. 2011). The 

overexpression of the Her2/ErbB2 receptor activates mainly two different signaling 

pathways, the MAPK pathway and the Akt signaling (Moasser 2007b). The activation 

of these signaling pathways is mediated by the increased formation of homodimers and 

heterodimers of the Her2 receptor and other members of the Her family, viz. the EGFR, 
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the Her2, and the Her4 receptor (Moasser 2007a). Subsequently, the signaling is 

channeled into the ERK signaling, resulting in an enhanced proliferation and growth of 

the tumor cells. The findings about the overexpression and functions of the Her2 

receptor prompted the development of several Her2 targeted therapies including small 

molecule tyrosine kinase inhibitors and monoclonal antibodies. The introduction of 

these novel therapies resulted in an enhanced clinical management of Her2 amplified 

breast cancer (Marty et al. 2005; Geyer et al. 2006; Canonici et al. 2013; Blay et al. 

2005; Baselga et al. 1999; Azambuja et al. 2014). Targeting the HER2 receptor with the 

monoclonal antibody trastuzumab improved the disease-free survival rates at 5 years 

from 75% to 81–84% in HER2-positive early stage breast cancer (Marty et al. 2005). 

Despite the improved clinical results of the targeted therapies, the treatment of the 

upcoming anti Her2 therapy resistances are still challenging. The resistance signaling is 

mediated by several signaling pathways, e.g., the PI3K-Akt-mTOR signaling, c-MET 

signaling pathway or an impaired immune response. Another crucial mediator of 

resistances is depicted by the non-receptor tyrosine kinase c-Src (Mueller et al. 2008; 

Peiró et al. 2014). c-Src is part of many cellular processes including cell proliferation 

and cell survival. The functions are exerted via the c-Src mediated phosphorylation of 

diverse receptor tyrosine kinases and other signaling structures, e.g. Akt signaling and 

the MAPK pathway (Martin 2001). The activation of c-Src alone can result in 

trastuzumab resistance. Furthermore, the interaction of c-Src and Her family members is 

pivotal in Her2 amplified breast cancer cells for the exertion of mitogenesis upon EGF 

stimulation and the correct transduction of growth promoting effects of heregulin 

(Zhang et al. 2011). 

The activation and deactivation of receptor tyrosine kinases (RTKs) and signaling 

kinases depends on the phosphorylation levels, which are also under control of 

phosphatases. The protein tyrosine phosphatase 1B (PTP1B) represents one the best 

described phosphatases and was crucially involved in the discovery of PTPIP51 

(Bobrich et al. 2011). PTP1B exerts a modulating effect on several RTK, e.g., EGFR 

and Her2 (Tonks und Muthuswamy 2007). The importance of PTP1B in Her 2 

amplified breast cancer is depicted in its interaction with the Her2 receptor. Usually, 

dephosphorylation of RTKs induces a deactivation. On the contrary, the Her2 receptor 

is activated by PTP1B (Tonks und Muthuswamy 2007). The precise mode of action is 

up to now unknown. These finding are corroborated by a delayed tumor development of 
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about 85 days after PTP1B knockdown in a Her2 amplified mouse model (Julien et al. 

2007). Moreover, inhibition of PTP1B in breast gland cells resulted in a reduced 

proliferation. Additionally, it also affects the epithelial-mesenchymal-transition, which 

depicts a hallmark in the formation of metastasis (Hilmarsdottir et al. 2017; Dietel et al. 

2018a). 

As mentioned above, PTPIP51 depicts a crucial crossing point of these tumor promoting 

and resistances inducing signaling structures. While, the function of PTPIP51 in MAPK 

pathway, Akt signaling and the NFκB signaling is already well described in the human 

keratinocyte cell line HaCat, up to now no data regarding the expression, distribution, 

interactions and functional consequences of PTPIP51 in Her2 amplified breast cancer 

exist. This is the subject of these studies. 
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Summary of Publications 

Dietel E, Brobeil A, Tag C, Gattenloehner S, Wimmer M. Effectiveness of EGFR/HER2-

targeted drugs is influenced by the downstream interaction shifts of PTPIP51 in HER2-

amplified breast cancer cells. Oncogenesis. 2018;7(8):64. Published 2018 Aug 24. 

doi:10.1038/s41389-018-0075-1 

Summary: 

This study elucidates the functional relevance of PTPIP51 in the downstream signaling of the 

Her2 receptor in the Her2 amplified breast cancer cell lines SKBR3 and BT474. The 

interaction of PTPIP51 with the MAPK pathway and the Akt signaling is differentially 

regulated upon treatment with EGFR/Her2 targeted small molecule tyrosine kinase inhibitors. 

We showed, that the knockdown of PTPIP51 via shRNA transfection reduced the activation 

of Akt signaling under selective Her2 inhibition.  

Contribution: 

Eric Dietel designed the study, performed the experiments and wrote the manuscript. 

 

Dietel E, Brobeil A, Delventhal L, Tag C, Gattenlöhner S, Wimmer M. Crosstalks of the 

PTPIP51 interactome revealed in Her2 amplified breast cancer cells by the novel small 

molecule LDC3/Dynarrestin. PLoS One. 2019;14(5):e0216642. Published 2019 May 10. 

doi:10.1371/journal.pone.0216642 

Summary: 

This study reveals the PTPIP51 interaction shifts induced by the novel small molecule 

modulator LDC3/Dynarrestin. LDC3/Dynarrestin stabilizes the interaction of PTPIP51 with 

14-3-3 and Raf1 and thereby activates the MAPK pathway. Moreover, LDC3/Dynarrestin 

abolishes the TNFα induced NFκB signaling activation and inhibits the Akt signaling in Her2 

amplified breast cancer cells. 

Contribution: 

Eric Dietel designed the study, performed the experiments and wrote the manuscript. 
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Dietel E, Brobeil A, Tag C, Gattenloehner S, Wimmer M. PTPIP51 crosslinks the NFκB 

signaling and the MAPK pathway in SKBR3 cells. Future Sci OA. Published online: 4 Mar 

2020. https://doi.org/10.2144/fsoa-2019-0136 

Summary: 

NFκB signaling plays a crucial role in the metastasis and growth of Her2 amplified breast 

cancer. This study reveals the interaction shifts of PTPIP51 in NFκB signaling upon PDTC 

and IKK-16 treatment. Furthermore, the results implicate a potential crosstalk of NFκB 

signaling and the MAPK pathway via PTPIP51.  

Contribution: 

Eric Dietel designed the study, performed the experiments and wrote the manuscript.
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Discussion 

The aim of these studies was to describe the expression, distribution, interactions and 

functional implications of PTPIP51 in Her2 amplified breast cancer cell lines. This is to our 

best knowledge the first work, which detected PTPIP51 in Her2 amplified breast cancer cells 

and described the multiple interactions of PTPIP51 with several other signaling and 

scaffolding proteins under diverse conditions. The basis for this study was laid by previous 

works from the laboratory of Prof. Wimmer. Stenzinger and coworkers first described a 

tissue- and cell-specific expression of PTPIP51 in the epidermis, seminiferous epithelium, 

muscle fibers of the fast-twitching subtype, neurons of the hippocampal region, ganglion cells 

of the autonomic nervous system, and axons of the peripheral nervous system (Stenzinger et 

al. 2005). Basing on these findings, Maerker and coworkers also detected PTPIP51 expression 

during the mouse eye development (Maerker et al. 2008). Koch and coworkers firstly 

described an expression of PTPIP51 in tumorous tissue, viz. keratinocyte carcinoma (Koch et 

al. 2008). Shortly after, PTPIP51 was also detected in benign prostate hyperplasia, prostate 

carcinoma, acute myeloid leukemia blasts, and glioblastoma (Koch et al. 2009b; Brobeil et al. 

2011a; Petri et al. 2011). Here, not only the expression of PTPIP51 was evaluated, but also 

the regulation of PTPIP51 expression and the relevance and regulations of PTPIP51 in the 

MAPK signaling. As mentioned above, Her2 amplified breast cancer cells are known to 

display an overactivation of the MAPK pathway, thus the evaluation of PTPIP51 in this 

context was on hand. 

PTPIP51 and the receptor tyrosine kinases EGFR and Her2 

Amplification of the Her2 receptor is present in about 30% of all breast tumors (Tao et al. 

2015). This overexpression results in an enhanced formation of homo- and heterodimers with 

other member of the Erb receptor family which is subsequently channeled in an activation of 

several growth and proliferation signaling pathways, viz. MAPK pathway and Akt signaling, 

to name some of them (Moasser 2007a, 2007b). We firstly described PTPIP51 as an 

interaction partner of the EGFR and Her2 receptor in SK-BR3 and BT474 cells (Dietel et al. 

2018b). The treatment of these cell lines with EGFR/Her2 targeted small molecule tyrosine 

kinase inhibitors resulted in target dependent interaction shifts. The sole inhibition of the 

EGFR or the combined inhibition of EGFR and Her2 receptor led to an enhanced interaction 

of PTPIP51 with the EGFR and Her2. Interestingly, the sole inhibition of the Her2 receptor 

using Mubritinib exclusively promote the interaction of PTPIP51 and the Her2 receptor. 
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These findings stress a target dependent recruitment of PTPIP51 towards the Erb family 

receptors (Dietel et al. 2018b). Interestingly, inhibition of EGFR resulted in an enhanced 

interaction of PTPIP51 with c-Src in SK-BR3 cells. The non-receptor tyrosine kinase c-Src 

plays a crucial compensatory role in the loss of EGFR kinase and depicts a pivotal structure 

the resistance mechanism against Erb receptor targeting TKIs. Noteworthy, the treatment of 

BT474 cells with EGFR/HER2-targeted TKI did not enhance the PTPIP51/c-Src interaction. 

This opposes the known regulations of PTPIP51, since the inhibition of EGFR is normally 

followed by an enhancement of PTPIP51/c-Src interaction. Moreover, these findings correlate 

with a higher sensitivity of BT474 cells to EGFR-targeted TKIs. This stresses a connection 

between the sensitivity of HER2-positive cell lines to EGFR-targeted TKIs and the 

downstream regulation of the interaction of PTPIP51 and c-Src. The relevance of the 

interaction of PTPIP51, c-Src, and the Her2 receptor is further mirrored in the interaction 

shifts induced by Mubritinib. Here, selective inhibition of the Her2 receptor resulted in an 

augmentation of PTPIP51/c-Src interaction in SK-BR3 cells. Interestingly, the interaction of 

PTPIP51 and c-Src rose in the same stoichiometric proportion as the PTPIP51/HER2 

interaction. This indicates a potential formation of a ternary complex consisting of the Her2 

receptor, PTPIP51, and c-Src. Noteworthy, application of the selective c-Src inhibitor 

Dasatinib induced the same shift of PTPIP51 toward the HER2 receptor as seen for the 

EGFR/Her2-targeted TKIs. Moreover, the selective inhibition of c-Src led to an enhancement 

of the Her2 receptor/c-Src interaction (Dietel et al. 2018b). Interestingly, not only the 

inhibition of tyrosine kinases influences the interaction of PTPIP51 and the Her2 receptor, but 

also the application of the novel small molecule modulator Dynarrestin/LDC. Here, we were 

able to show an increase of PTPIP51/Her2 receptor interaction after 24h incubation time. If 

this mechanism is due to secondary alterations induced by LDC3/Dynarrestin or depicts a 

direct modulation of the interaction is up to now not clear. Nevertheless, all these findings 

indicate a pivotal role of PTPIP51 in the regulations of the EGFR and Her2 signaling (Dietel 

et al. 2020). 

MAPK pathway interaction of PTPIP51 

The MAPK pathway is one of the best described growth and signaling pathways, consisting of 

a multilevel structured kinase cascade. Basically, the function of the MAPK pathway is to 

transduce extracellular signals towards the transcriptional level, to regulate cell growth, 

differentiation, migration and apoptosis. Due to the multitude of these regulations, the MAPK 

pathway consist of three distinctive signaling pathways, viz. the extracellular signal-regulated 
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kinase (ERK) pathway, the p38 kinase pathway and the C-Jun N-terminal kinase/stress-

activated protein kinase (JNK/SAPK) pathway (Zhang und Liu 2002). To achieve a sufficient 

signal strength, all of these pathways are structured in a strictly hierarchically system, defined 

by a MAPK kinase kinase (MAPKKK), which is superior to a MAPK kinase (MAPKK), 

which controls a MAPK (Meister et al. 2013). One example for a classical activation of the 

ERK pathway is represented by the epidermal growth factor receptor (EGFR). Its homo- or 

heterodimerization with other members of the ERB family results in an autophosphorylation 

of the receptor (Wee und Wang 2017). Subsequently, a signaling cascade of multiple 

signaling molecules is activated, namely GRB2 and SOS. Following, Raf kinases, which 

represent the MAPKKK, are recruited to the cell membrane for activation. Subsequently, Raf 

kinases activate MEK1/2 (MAPKK) and ERK1/2 (MAPK), which ultimately trigger 

transcription of target genes (Zhang und Liu 2002). PTPIP51 interferes on the level of Raf1 

with the ERK signaling (Yu et al. 2008). PTPIP51 stimulates the MAPK signaling via the 

complex formation with Raf1 and 14-3-3. A crucial regulating site for this complex formation 

is represented by the Tyr176 residue of PTPIP51. Here, phosphorylation induces a break-up 

of the Raf1/14-3-3/PTPIP51 complex und thus an abrogation of the MAPK pathway 

stimulating effect (Brobeil et al. 2012a; Brobeil et al. 2011b). The inhibition of the EGFR and 

the Her2 receptor led to a formation of the PTPIP51/14-3-3/Raf1 complex accompanied by a 

reduced phosphorylation of Tyr176 of PTPIP51 (Dietel et al. 2018b). These findings are in 

accordance with the previously described mechanisms of MAPK related interactions of 

PTPIP51. Upon inhibition of the EGFR, the receptor is not able to phosphorylate the Tyr176 

residue of PTPIP51, thereby PTPIP51 can shift into MAPK signaling and ensure a minimal 

MAPK pathway signaling activity. This mechanisms seems intact in the SK-BR3 and BT474 

cell line. Interestingly, selective inhibition of the Her2 receptor left the interaction of PTPIP51 

and Raf1 unattended in SKBR3 cells. Also, the phosphorylation levels of Tyr176 of PTPIP51 

even increased under selective Her2 inhibition. Here, again the aforementioned ternary 

complex formation of PTPIP51/c-Src/Her2 could be a reason, since c-Src is able to 

phosphorylate the Tyr176 residue of PTPIP51 (Dietel et al. 2018b; Brobeil et al. 2012a). 

Nevertheless, the regulation mechanisms of the MAPK pathway related interactions of 

PTPIP51 are applicable in the Her2 amplified breast cancer cell system. On the contrary, 

LDC3/Dynarrestin complete abrogates these known mechanisms. Here, the phosphorylation 

of Tyr176 of PTPIP51 is enhanced and in the same manner the interaction of PTPIP51, 14-3-3 

and Raf1 is enhanced. Furthermore, we were also able to show an increase of MAPK pathway 

activity as measured by the phosphorylation of ERK1/2 upon LDC3/Dynarrestin treatment. 



 

60 

 

These regulations completely oppose the known mechanisms. How LDC3/Dynarrestin is able 

to translocate PTPIP51 into MAPK signaling despite its high Tyr176 phosphorylation is up to 

now not clear. Two potential mechanisms could be the reason. First, LDC3/Dynarrestin 

induces a conformational change in the protein structure of PTPIP51. Thereby, the Tyr176 

residue cannot exert is regulatory effect or second, LDC3/Dynarrestin covers the Tyr176 

residue and thus resulting in the same outcome (Dietel et al. 2019). 

PTPIP51 in the context of mitochondria associated ER-membranes and Akt signaling 

The regulation of growth, migration apoptosis and proliferation is not only dependent on 

signaling cascades, but also on the precise communication of diverse organelles. One of these 

crucial sites is represented by the mitochondrial-associated ER membranes, which are defined 

by the close apposition (10-30 nm) of ER and mitochondrial surfaces (Rowland und Voeltz 

2012). Here, calcium homeostasis, lipid trafficking, intracellular trafficking, autophagy, 

apoptosis and many more functions are regulated (Vos et al. 2012). Dysfunction of these 

structures can contribute to many neurodegenerative diseases, viz. amyotrophic lateral 

sclerosis (ALS), Alzheimers disease, Parkinsons disease and fronto-temporal dementia (FTD) 

(Gomez-Suaga et al. 2017b; Paillusson et al. 2017; Stoica et al. 2014). These sites are not 

solely for communication between the ER and the mitochondrion, but also harbor signaling 

hubs for mTor and Akt signaling (Betz et al. 2013). In addition, MAMs also regulate 

autophagy and calcium-induced apoptosis. Interestingly, many proto-oncogenes and tumor 

suppressors are located at MAMs, viz. promyelocytic leukemia protein (PML), PTEN and p53 

(Patergnani et al. 2015). In summary, only light alteration of these communication sites could 

contribute to tumorigenesis. Since most of the pathological processes are defined by a 

disruption of the MAM, the physical tethering of the organelles is of great interest. Up to now, 

several proteins have been discovered, which tether the ER and the mitochondrion. One of 

them is PTPIP51. As shown by De Vos and coworkers, the interaction of PTPIP51 and 

vesicle-associated membrane protein-associated protein B (VAPB) is essential for the 

physical stability of MAM (Vos et al. 2012). Recent studies also revealed an interaction of 

PTPIP51 and the oxysterol-binding protein-related proteins 5 and 8 (ORP5/ORP8), which are 

located at the ER (Galmes et al. 2016). In order to control the diverse functions, the tethering 

protein tethers have to underlie various types of regulation. Stoica and coworkers showed that 

the ALS / FTD-associated proteins FUS and TAR DNA-binding protein 43 (TDP-43) induce 

an activation of GSK-3β, which subsequently hinders the binding of PTPIP51 and VAPB. 
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Vice versa, inhibition of GSK-3β induces an enhanced interaction and a stabilization of the 

MAMs, mirrored by a normalized mitochondrial calcium level (Stoica et al. 2014).  

The novel small molecule LDC3/Dynarrestin represents another possible way to modulate the 

interaction of PTPIP51 and VAPB. For long incubation times, LDC3/Dynarrestin led to an 

enhanced interaction of PTPIP51 with VAPB, indicating a stabilization of MAM in Her2 

amplified breast cancer cells. Furthermore, LDC3/Dynarrestin induced a reduction of Akt 

signaling, which is located at the MAM. But, these regulations are only seen for longer 

incubation times, hinting that the increased interaction of PTPIP51 and VAPB might be 

caused by secondary mechanisms and not directly by LDC3/Dynarrestin (Dietel et al. 2019). 

The enhanced interaction of PTPIP51 and VAPB could depict a counterregulation to the 

mitochondrial metabolic stress induced by high concentrations of LDC3/Dynarrestin, but 

further studies would be needed to proof this thesis. 

PTPIP51 and the NFkB signaling 

Besides the MAPK pathway, the NFκB signaling represents another crucial signaling 

pathway, which can be activate by the Her2 receptor (Merkhofer et al. 2010). The activation 

of the NFκB signaling is essential for tumor initiation, progression and the formation of 

metastasis. Brobeil and coworkers firstly showed the involvement of PTPIP51 in the NFκB 

signaling via interaction with RelA and IκB. If deactivated, a complex of PTPIP51, RelA and 

IκB is formed, thereby a translocation of RelA into the nucleus is omitted (Brobeil et al. 

2015). Upon activation of the canonical pathway, IκB is phosphorylated by IKKs. 

Subsequently, IκB is ubiquitinated and degradated, and the interaction of PTPIP51 and RelA 

is loosened. Thereby, RelA can exert its transcriptional activity after nuclear translocation (Li 

und Verma 2002; Liu et al. 2012). This interaction is influenceable by the novel small 

molecule LDC3/Dynarrestin (Dietel et al. 2019). We were able to show, that the application 

of LDC3/Dynarrestin to SKBR3 cells enhances the interaction of PTPIP51 with RelA and IκB 

in a concentration dependent manner. Furthermore, the contemporaneous treatment with 

TNFα and LDC3/Dynarrestin did completely revert the TNFα induced break-up of the 

PTPIP51/RelA/IκB complex. Noteworthy, these effects are not due to a direct interaction of 

LDC3/Dynarrestin with the PTPIP51/RelA/IκB complex, since the complex stabilizing 

properties are completely omitted if PDTC is applied. PDTC represents an NFκB inhibitor, 

which at least partially exerts its effect via an inhibition of the IκB ubiquitin ligase. Thus, the 

LDC3/Dynarrestin induced stabilization of the PTPIP51/RelA/IκB complex is highly likely 

due to up to now unknown secondary mechanisms. One potential mechanisms could be the 
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LDC3/Dynarrestin induced inhibition of the Akt signaling. Akt is able to activate the NFκB 

signaling on the level of the IKK kinases. Therefore, the inhibition of Akt signaling results in 

a reduced IKK activity, which subsequently allows the PTPIP51/RelA/IκB complex to 

stabilize (Dietel et al. 2019). To further evaluate the relevance of PTPIP51 in the NFκB 

signaling of Her2 amplified breast cancer cells and the keratinocyte cell line HaCat, we 

applied two different-level inhibitors of the NFκB signaling, viz. PDTC and IKK-16. The 

evaluation of cell viability displayed a selective impairment of SKBR3 cells, when treated 

with 5µM IKK-16. For further evaluation we monitored the PTPIP51/RelA/IκB complex 

under the two applied agents using the Duolink proximity ligation assay. Here, we were able 

to prove the known regulatory mechanisms of PTPIP51 in NFκB signaling for PDTC and 

IKK-16 in HaCat cells and for PDTC in SKBR3 cells, corroborating the theory of a 

RelA/IκB/PTPIP51 complex formation under inhibition and a disintegration when NFκB 

signaling is stimulated. Noteworthy, the treatment of SKBR3 cells with IKK-16 entirely 

opposes the known regulations of PTPIP51 in NFκB signaling. Here, the interaction of 

PTPIP51 with RelA and IκB, is reduced, hinting at an activation of the NFκB signaling. These 

observations imply an overshooting counter-regulation against the IKK inhibition. Up to now, 

the underlying mechanisms are unknown (Dietel et al. 2020). 

Of note, as mentioned above PTPIP51 is also a crucial regulator of the MAPK signaling. As 

we showed the inhibition of the EGFR and the Her2 receptor led to several alterations of the 

MAPK related interactome of PTPIP51 and the MAPK pathway activity. To further evaluate 

the mechanistic background of the severe impairment of SKBR3 cell viability under IKK-16 

treatment, we monitored the MAPK pathway related PTPIP51 interactions. Interestingly, the 

regulation of the MAPK-related PTPIP51 interactome upon NFκB inhibition significantly 

differs between SKBR3 and HaCat cells. The treatment of SKBR3 cells with PDTC shifted 

PTPIP51 into the Raf1/14-3-3/PTPIP51 complex, indicating an activation of MAPK 

signaling. This interaction shift was not induced by IKK-16 treatment. Thus, the non-

activation of MAPK signaling could be the reason of the severe reduction of cell viability in 

SKBR3 cells under IKK-16 treatment. Noteworthy, a significant change of the MAPK-related 

PTPIP51 interactome was not observed in the HaCat cell line for neither of the applied agents 

(Dietel et al. 2020).  

A potential mechanism for these regulations can be found in the targeted molecules of the 

applied agents. PDTC reduces the NFκB signaling via the inhibition of the IκB ubiquitin 

ligase (Hayakawa et al. 2003). IKK-16 represents a small molecule inhibitor of the IKK-1, 
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IKK-2 and IKK complex (Waelchli et al. 2006). As mentioned above the IKK kinases are 

responsible for the phosphorylation of IκB. If this function is inhibited the ubiquitination of 

IκB cannot be performed. Subsequently, IκB cannot be degraded and RelA cannot exert its 

transcriptional activity. Interestingly, in silico experiments revealed, that the Ser212 residue 

of PTPIP51 can be phosphorylated by IKK2. The Ser212 residue can shift PTPIP51 into the 

MAPK pathway if phosphorylated and thus exerting its MAPK pathway stimulating effect 

(Brobeil et al. 2013; Brobeil et al. 2017; Brobeil et al. 2011b). Since IKK activity is not 

inhibited under PDTC treatment, IKK2 is capable of phosphorylating the serine 212 of 

PTPIP51. Thus, PTPIP51 can shift into the Raf1/14-3-3/PTPIP51 complex and subsequently 

stimulate the MAPK signaling. Thereby, SKBR3 cells potentially evade the PDTC induced 

NFκB inhibition via the crosstalk with the MAPK signaling mediated by PTPIP51. This shift 

is not possible under IKK-16 treatment, thus explaining the severe cell viability impairment of 

SKBR3 cells (Dietel et al. 2020). 
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Conclusion 

In summary, protein-protein interactions are the foundation of all signaling events in normal 

cells as well as in tumor cells. The condensation of the studies displays PTPIP51 as a 

conductor in the cellular orchestra. We were able to show, that PTPIP51 plays a crucial role in 

the downstream signaling of the EGFR and the Her2 receptor in Her2 amplified breast cancer 

cells. Here, PTPIP51 interactions are differentially regulated upon EGFR or Her2 inhibition, 

providing potential bypass mechanisms. PTPIP51 plays a pivotal role in the Her2 inhibition 

induced activation of Akt signaling. Furthermore, we highlighted the role of PTPIP51 in the 

MAPK signaling of Her2 amplified breast cancer cells and found evidence for cross talks 

towards the NFκB signaling. We also firstly described the protein-protein interaction shifts of 

PTPIP51 induced by the novel small molecule LDC3/Dynarrestin.  

Nevertheless, the precise mechanisms of several interaction shift and pathway cross talks are 

still unknown and need extensive further investigation. This study represents a starting point 

of the functional relevance of PTPIP51 in Her2 amplified breast cancer. 
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Zusammenfassung 

Protein-Protein-Interaktionen sind die Grundlage aller Signaltransduktionen in gesunden 

Zellen sowie in Tumorzellen. Eine Vielzahl von Studien zeigt eine zentrale Rolle von 

PTPIP51 innerhalb dieser Strukturen. PTPIP51 ist ein Gerüstprotein, welches als 

Reaktionsmatrix in verschiedenen Signalwegen dient. Wir konnten zeigen, dass PTPIP51 eine 

entscheidende Funktion bei der Signalübertragung des EGFR- sowie des Her2-Rezeptors in 

Her2 amplifizierten Brustkrebszellen einnimmt. In diesem Kontext werden die Interaktionen 

von PTPIP51 durch die Hemmung von EGFR oder Her2 unterschiedlich reguliert, womit sich 

verschiedene potentielle Bypass-Mechanismen eröffnen. PTPIP51 spielt eine zentrale Rolle 

bei der durch die Inhibition von Her2 induzierten Akt-Aktivierung. Darüber hinaus nimmt 

PTPIP51 eine essentielle Funktion im MAPK-Signalweg in Her2 amplifizierten 

Brustkrebszellen ein. PTPIP51 fungiert als potentieller Mediator im Crosstalk vom MAPK-

Signalweg mit dem NFκB-Signalweg. Zudem konnten wir erstmals die durch den small 

molecule modulator LDC3/Dynarrestin hervorgerufenen Verschiebungen der PTPIP51 

abhängigen Protein-Protein-Interaktionen beschreiben. Diese Studien zeigen die funktionelle 

Relevanz von PTPIP51 in Her2 amplifizierten Brustkrebszellen. 
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