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Abstract

Tyrosine kinases are signaling molecules that are common to all metazoans and are involved in the
regulation of many cellular processes such as proliferation and survival. While most attention has been
devoted to tyrosine kinases signaling at the plasma membrane and the cytosol, very little attention has
been dedicated to signaling at endomembranes. In this review, I will discuss recent evidence that we
obtained on signaling of tyrosine kinases at the surface of the endoplasmic reticulum, as well as in the
lumen of this organelle. I will discuss how tyrosine kinase signaling might regulate endoplasmic

reticulum proteostasis and the implication thereof to general cell physiology.



Tyrosine kinases catalyze a very frequently occurring phosphorylation event that is essential for
multicellular organisms. The absence of tyrosine kinases in many unicellular organisms led to the view
that they are specific to metazoan (1). While many unicellular organisms lack tyrosine kinases, evidence
has been obtained that they exist in choanoflagellates (2). Tyrosine kinases occur as two main types:
transmembrane receptor tyrosine kinases (RTKs) and soluble tyrosine kinases. The latter may either be
cytosolic or they can be found in the lumen of organelles from where they are eventually secreted to the
extracellular space. Tyrosine phosphorylation can also be performed by dual-specificity kinases, but the
current review will only focus on tyrosine kinases. Several excellent reviews have already discussed
tyrosine kinases with respect to their structure, function, their roles in diseases and the possibilities to
target them pharmacologically for diseases therapy (3-6). However, the attention has mainly focused on
signaling events triggered by RTKs from the cell surface or by roles of cytosolic tyrosine kinases in
signaling networks. Much less attention has been dedicated to the spatial signaling of tyrosine kinases
on intracellular organelles. Recently, several reports have shown that tyrosine kinases are active in
lumen of organelles and on the surface of the endoplasmic reticulum (ER). The ER is the largest
organelle of the cell and is responsible for folding and trafficking a third of the eukaryotic proteome.
Thus, the ER is a key organelle involved in balancing cellular protein homeostasis (proteostasis) (7). In
this review, I will first provide a concise overview of the ER proteostasis network and then discuss its

modulation by different tyrosine kinases that are active in and on the ER.

1. The ER proteostasis network

A third of the eukaryotic proteome harbors signal sequences that target these proteins to the ER. One of
the main functions of the ER is to fold and quality control these proteins. In addition, a cytosolic
machinery composed of GTPases, coat proteins SNAREs and tethering proteins is involved in
orchestrating trafficking to and from the ER. The balance between protein folding, trafficking and
degradation is referred to as ER-proteostasis. The folding machinery is composed of chaperones and
enzymes for post-translational protein modification such as glycosylating enzymes or oxidoreductases.
After release from the quality control machinery, secretory proteins leave the ER at specialized domains
called ER exit sites (ERES), where COPII vesicles are formed that ferry cargo to distal compartments.
The COPII assembly cascade starts with activation of the small GTPase Sarl by its exchange factor
Sec12 followed by recruitment of the Sec23-Sec24 dimer that captures cargo that is destined for export.
The process is completed by recruitment of the Sec13-Sec31 heterotetramer that then helps deform the
membrane and facilitates budding of the COPII carrier (8). While ER export was considered long to be
a constitutive process, there is mounting evidence that it is subject to regulation by multiple signaling
cascades (9-13). Apart from being the first step of a secretory journey, ER export plays another important
homeostatic role, namely by unloading the ER and thereby preventing overload of this compartment.
The ER can be overloaded either because of a retardation of ER export, or by protein misfolded, which

generates export incompetent and sometimes toxic proteins. Such conditions represent a threat to the



balance of the ER and trigger the unfolded protein response (UPR) that activates three signal transducers
(IRE1, ATF6 and PERK) that initiates transcription of genes encoding chaperones as well as the
machinery for vesicles trafficking (14).

2. Receptor Tyrosine Kinases

Receptor tyrosine kinases (RTKs) are a subclass of tyrosine kinases comprising 58 known members in
humans that fall into 20 subfamilies (3). All RTKSs share a similar protein structure composed of an
extracellular ligand binding domain, a single transmembrane helix, and an intracellular region that
contains the tyrosine kinase domain (TKD) as well as other domains involved in protein-protein
interactions. This principal topology and the mechanism of action is conserved from nematodes to
mammals. In general, RTKSs localize to the cell surface, which is expected as they are supposed to bind
to extracellular ligands. However, mutant versions of RTKs were reported to localize to intracellular
membranes. Internal tandem duplications in the tyrosine kinase receptor FLT3 (FLT3-ITD) are
frequently found in acute myeloid leukemia. FLT3-ITD was reported to localize to the ER and to trigger
aberrant oncogenic signaling (15, 16). Importantly, signaling of FLT3-ITD from the ER was ligand-
independent.

Another example for the role of the ER in RTK signaling comes again from cancer. Overexpression of
the ErbB3 receptor tyrosine kinase contributes to the promotion of a variety of tumors. Fry et al (17)
proposed that nascent ErbB3 is degraded by the ER-localized ubiquitin ligase Nrdp! and that the loss
of the latter in cancer results in ErbB3 overexpression. Thus, spatial regulation of protein degradation
at the ER contributes to regulation of ErbB3 signaling.

The aforementioned examples are cases that support a role of the ER in RTK signaling under pathologic
conditions. However, there is also evidence that the ER contributes top RTK signaling under physiologic
conditions. For instance, ER-localized protein tyrosine phosphatase PTP1B plays an important role in
dephosphorylating and inactivating active RTKs after internalization (18, 19). This takes place on
endosomes carrying RTKSs that make contacts with the ER. Thus, the ER contributes to RTK signaling
by providing a platform for their deactivation. Nevertheless, signaling of normal (i.e. non-mutant or
oncogenic) RTKs from the ER remained elusive and was considered unlikely, because no RTK ligands
are present at this location. Thus, it came as a surprise to find that the receptor tyrosine kinase LTK
(Leukocyte Tyrosine Kinase) localizes to the general ER and in some cases also to ER exit sites (20).
LTK forms a subfamily together with the anaplastic lymphoma kinase (ALK), with which it shares
strong sequence similarity in the kinase domain. However, the luminal/extracellular domains are
different in mammals, as LTK lacks a large portion that is otherwise present in ALK. LTK homologs
from non-mammalian species such as birds of fish do not show this difference between ALK and LTK
(20). This shows that mammalian LTK is different from that in other species. ER localization of LTK
has been suggested previously for overexpressed LTK (21), but this finding always suffered from the

fact that many RTKs localize to intracellular compartments when overexpressed. Our finding that



endogenous LTK localizes to and is active at the ER were therefore unexpected. Moreover, LTK
appeared to be trapped in the ER and showed no signs of ever leaving this location, implying that it
regulates biologic processes at the ER. When mapping the LTK interactome, Sec12 was identified as
one of the binding partners, suggesting a role for regulation of secretory trafficking. Indeed, LTK
phosphorylates Sec12 and thereby regulates export of secretory proteins from the ER by stimulating the
biogenesis of ER exit sites (20). While these findings suggest that LTK might be a regulator of
proteostasis, this is far from being understood as it is unclear for instance what signal triggers the
activation of LTK. Recent findings proposed that LTK is a receptor for secreted ligands FAM150A&B
(also referred to as ALKAL1&2) (22-25). It is hard to reconcile our findings that LTK is resident to the
ER with its activation by an extracellular ligand. However, one key difference is that our work was
carried out in cells that do not have the sister protein ALK, while the others were carried out in cells that
are ALK/LTK double positive. Certainly, more work is needed to elucidate the mechanisms and
regulators of LTK activation. A hallmark of RTKSs is the formation of dimers or larger-order oligomers.
These oligomers are either constitutive as in the case of insulin receptor or are ligand induced as with
the majority of known cases (3, 26). LTK is distantly related to the insulin receptor, and thus it might

form ligand-independent oligomers. Whether this is true remains to be shown.

3. Luminal Tyrosine Kinases

When analyzing the mammalian phosphoproteome, a surprising finding was that a large fraction of
proteins secreted to the extracellular space are phosphorylated, including on tyrosine residues (27). This
pointed to the existence of a secreted tyrosine kinase that performs all the phosphorylation events outside
the cell, or alternatively, to a kinase that localizes to the lumen of the secretory pathway and
phosphorylates secretome components prior to their secretion. Secretome components (such as casein
or osteopontin) were already known for many decades to be phosphorylated on serine residues, but it
was only in 2012 that FAM20C was identified as the kinase responsible for these phosphorylation events
(28). Only two years later, VLK (also known as PKDCC or SGK493) was identified as the secreted
tyrosine kinase (29). VLK contains a signal peptide that mediates its entry into the lumen of the ER.
Besides being active outside the cell, VLK appears to phosphorylate proteins already in the ER.
Strikingly, among the phosphorylated proteins are components of the ER-proteostasis machinery such
as ERP29, ERP44, BiP and PDIA3. It is however possible that these proteins leak out of the ER and are
secreted outside the cell, where they are phosphorylated and more work is needed to identify the site of
phosphorylation. The catalytic activity of VLK was important for its secretion, tempting to speculate
that VLK regulates its own trafficking by phosphorylating a trafficking receptor. It is likely that VLK
relies on a transmembrane cargo receptor for exiting the ER, because is a soluble luminal protein and

has no other possibility to interact with the cytosolic COPII machinery that mediates ER export. Whether



this assumption is true remains to be determined, but because VLK is a glycoprotein, it is possible that
its transport is regulated by an ER lectin.

It is currently unclear what the biologic role of the phosphorylation of ER-resident proteins is.
It is also unknown whether VLK activity in the ER is constitutive or whether it is subject to regulation,
for instance by fluctuation of the ionic or pH balance of the ER. It might be possible that the
phosphorylation of ER chaperones functionally regulates these proteins and thereby has an impact on
the folding capacity of the ER. This opens the possibility to test the role of VLK in the regulation of
ER-proteostasis and represents and exciting future research direction.

The identification of VLK as a luminal tyrosine kinase raises the question of whether other
tyrosine kinases exist in the lumen of the ER (or other organelles). Furthermore, we might speculate
whether VLK itself phosphorylates more proteostasis-relevant substrates that have been missed in the
original study. Support for the existence of other luminal tyrosine kinases comes from inspecting
publicly available databases. Based on the Phosphosite plus website several ER proteins are tyrosine
phosphorylated. In table 1, I have listed a manually extracted collection of phospho-tyrosine residues
on regulators of ER proteostasis (e.g. chaperones or cargo receptors). This illustrates that tyrosine
phosphorylation is not restricted to a handful of ER proteins and that more roles for this post-
translational modification will be identified in the future. In particular, BiP and calreticulin appear to be
heavily tyrosine phosphorylated, implying that these post-translational modifications are likely to be
functionally relevant (table 1). The identification of new luminal tyrosine kinases represents an exciting
area for future investigations. Potential candidates for this are members of the FAM69 subfamily, which
were shown to localize to the ER (30) and that are related (based on sequence) to VLK and are predicted

to act as kinases (31).

4. Cytosolic Tyrosine Kinases

Several cytosolic tyrosine kinases are known to localize to endomembranes, but research has focused
mainly on the Golgi apparatus or the endolysosomal system. Less is known about cytosolic tyrosine
kinases that localize to, and signal at the ER. One of the first examples was the phosphorylation of
IREla by the cytosolic tyrosine kinase ABL. IREla is an ER-resident transmembrane kinase with
endoribonuclease (RNase) activity and is one of the three main transducers of the unfolded protein
response (UPR) and ER stress. Upon accumulation of misfolded proteins in the ER, IRE1a oligomerizes
and undergoes trans-autophosphorylation, leading to activation of the RNase domain and initiating
frame-shift splicing of the mRNA encoding XBP1 transcription factor (32). This triggers adaptive UPR
that ensures that cells remain fit under stressful conditions. In case the ER stressor persists, IREla
organizes into high-order oligomers and RNase activation state rise further, thereby causing degradation
of many ER-localized mRNAs and apoptosis (33-35). This ER-stress induced apoptosis is observed in
several diseases with pre-mature cell loss such as in pancreatic islet p-cells under diabetic conditions

(36, 37). The cytosolic tyrosine kinase ABL was found to localize to the ER membrane, where it



hyperactivates IREla. This increases the RNase activity and thereby potentiates ER stress-induced
apoptosis (38). Because kinases are druggable, this offered the possibility to modulate the apoptosis
associated with ER stress. Accordingly, Imatinib which blocks ABL activity, was shown to prevent loss
of B-cells in diabetic mice (38). How exactly ABL is activated by ER stress is not completely understood,
but nevertheless, inhibition of ABL could be used therapeutically to prevent the loss of B-cells due to
secretory exhaustion. In support of this, it was observed that patients that are treated with imatinib
exhibited lower fasting glucose levels, indicative of an anti-diabetic effect of imatinib (39).

Another tyrosine kinase that was shown to localize to the ER is Src, which acts downstream of
oncogenic Ras to promote cancer cell. Invasion, although it was not clearly shown whether the ER pools
of Src is responsible for this effect (40). While ABL acted upstream of IRE1a, Src family kinases appear
to be downstream (41). Activation of Src by IREla resulted in activation of Arf GTPase at the Golgi
and reduced retrograde trafficking from the Golgi back to the ER. Consequently, retention of ER
chaperones was weaker resulting in their secretion outside cells. Extracellular deposition of ER
chaperones is a widely known observation in many cancers although we still do not fully understand the
pathophysiological relevance of this phenomenon, although this is generally considered a pro-
tumorigenic effect. For instance, localization of BiP/GRP78 to the cell surface leads to an alteration of
the tumor-suppressive effects of TGFf (42). Because Src family kinases play a role in many malignant
diseases, it is tempting to speculate that part of the pro-tumorigenic effect of these kinases is to facilitate
the secretion of ER chaperones.

Another notable tyrosine phosphorylation event at the ER is the phosphorylation of the ER stress
transducer PERK. Upon induction of ER stress, PERK becomes phosphorylated on Y619 within its
kinase domain (43). Although PERK is a Ser/Thr kinase, it was proposed that it also possesses tyrosine
kinase activity (making it a dual specificity kinase) and that Y619 is phosphorylated in trans. This
phosphorylation is important for the regulation of PERK activity, because the Y619F mutant of PERK
failed to induce translation of ATF4. This tyrosine residue is dephosphorylated by the ER-localized
phosphatase PTP1B, and accordingly, inhibition of this phosphatase results in higher ER stress (44).
PTP1B was also earlier shown to dephosphorylate IRE1 and to potentiate its signaling (45).

PERK was also reported to be phosphorylated on Y561 in the juxtamembrane region (46), which
creates a binding site for the adaptor protein Nck1, which reduces PERK activity. Furthermore, Nck1
binding to PERK was demonstrated to modulate the effect of PERK on insulin production and
accordingly, Nck1 depleted cells or mice produced more insulin. How exactly Nck1 negative regulates

PERK is unclear, but one possibility is that it hinders the formation of PERK dimers.

5. Perspectives

1) Tyrosine kinase signaling in and on the ER is an emerging area of research that has strong

potential to expand our understanding of the regulation of ER proteostasis (Figure 1)



(i1) We know at the moment only a handful of tyrosine kinases operating in and on the ER. In
particular, there is strong potential for the discovery of new tyrosine kinases that are active in the ER

lumen

(iii))  Future work will need to focus on one hand on discovering new tyrosine kinases but on the
other hand stronger emphasis must be devoted to uncover upstream signals that trigger these kinases as

for instance neither VLK nor LTK have any known upstream regulators.

(iv) The signaling toolkit for tyrosine phosphorylation is composed of the kinase, the phosphatase
and adaptor molecules recognizing the phosphotyrosine. We do not know the entire signaling toolkit for
any of the signaling events discussed in this review. Thus, future work must focus on identifying all

elements of a tyrosine kinase toolkit.
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Figure 1. Schematic representation of tyrosine kinases signaling in and on the ER as described in the

text.

Table 1. List of ER luminal proteins and known phosphotyrosine residues on them

ER proteostasis regulator Phosphorylated tyrosine residues

BiP (HSPAS) Y39, Y65, Y127, Y160, Y175, Y209, Y313,
Y466, Y568, Y570, Y653

VIP36 Y252, Y251

ERGICS3 Y430

Calnexin Y70, Y185,Y214, Y379, Y393, Y514

Calreticulin Y22,Y57,Y75,Y109,Y150,Y172,Y182,Y271,
Y285, Y299

BAP31 Y73

PDIA3 Y67, Y95, Y100, Y115, Y196, Y222, Y269,
Y278, Y365, Y445, Y454

EROIL Y73,Y248, Y266, Y431




