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The emerging role of receptor tyrosine kinase

ohase separation in cancer
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Receptor tyrosine kinase (RTK)-mediated signal transduction is fundamental to
cell function and drives important cellular outcomes which, when dysregulated,
can lead to malignant tumour growth and metastasis. The initiation of signals
from plasma membrane-bound RTKs is subjected to multiple regulatory mecha-
nisms that control downstream effector protein recruitment and function. The
high propensity of RTKs to condense via liquid-liquid phase separation (LLPS)
into membraneless organelles with downstream effector proteins provides a fur-
ther fundamental mechanism for signal regulation. Herein we highlight how this
phenomenon contributes to cancer signalling and consider the potential impact
of LLPS on outcomes for cancer patients.

RTK signal transduction in cancer

RTKs are transmembrane proteins that mediate intracellular signals resulting in discrete and
enduring cellular outcomes such as proliferation, cell growth, differentiation, motility, metabolism,
and survival. RTKs typically exist in a dynamic equilibrium between monomers, dimers, and
higher-order oligomers. Activation generally requires self-association which initiates phosphoryla-
tion of one RTK by another. Normally this is promoted by the binding of extracellular stimuli, such
as growth factors, that can sustain RTK dimerization or higher oligomer formation; however, other
mechanisms that drive clustering of RTKs can also produce a signalling response. The transduc-
tion of a signal from an RTK involves the recruitment of effector proteins to phosphorylated
tyrosine residues on the C terminal (CT) region of the receptor. These residues provide docking
sites for downstream effector proteins that possess cognate binding domains. Effector proteins
initiate further activation of downstream enzymes along a prescribed pathway. As might be
expected for such a fundamental signal initiation platform, other regulatory control functions
that affect signalling outputs are present, including; multidomain linkage through concentration-
dependent adaptor protein recruitment [1-3], phosphatase action on RTK phosphorylation
[4,5], clustering of RTKs based on membrane lipid composition and microdomain formation
[6,7], receptor internalisation [8], and generation of receptor or signalling protein splice variants
[9-11]. Importantly, RTK-mediated signal transduction requires that proteins associated with
downstream pathways be localised and available at sufficient concentration to interact with the
appropriate receptor.

Pathological signalling outcomes such as cancer often develop when RTK activation is abnormal.
Overwhelmingly, this oncogenic activation is the result of hyperactivation of the kinase resulting
from genetic amplification, mutation, overexpression, autocrine activation, and/or chromosomal
rearrangements resulting in fusion proteins and truncation of the receptor proteins. This leads
to the uncontrolled transduction of signals and/or the recruitment of aberrant signalling proteins.
Most of the hallmarks of cancer can be correlated at the molecular level with abnormal RTK
activity [12], and hence targeting of RTKs has been a major focus of therapeutic intervention.
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However, promising efficacy observed preclinically and in early clinical trials often disappoints on
patient treatment. Understanding failure of directed RTK therapies is a major challenge, and it is
clear that our knowledge of the underlying mechanisms is only partial.

Recently, LLPS of proteins has been observed intracellularly and is implicated in a multitude of
cellular functions. LLPS represents the state whereby biomolecules condense out of the bulk
cellular milieu to form distinct membraneless phases [13]. Upon phase separation, local protein
concentrations within the condensates are elevated dramatically, which raises the apparent
affinity for a given binding event and serves to exclude competing interactions. The biophysical
basis of phase separation is the topic of many excellent reviews [14—-16]; however, in all cases
it is mediated by multivalent, moderate/weak, transient interactions which are driven by local
fluctuations in protein/biomolecular concentrations. Through spatial compartmentalisation of a
subset of effector proteins, LLPS has been shown to be involved in a range of signal transduction
pathways [17-20].

Accumulating evidence shows that phase separation is implicated in several human diseases,
including cancer [21-28]. However, the connection between phase separation and RTK-driven
tumorigenesis is only now beginning to be appreciated. In this opinion article we focus on recent
studies linking LLPS and RTK signalling. We provide insight into the possibility of LLPS playing a
general role in RTK-driven signalling, especially in cancer, and introduce the prognostic opportu-
nity represented by identification of features of LLPS in patients.

RTK architecture forms a platform for LLPS

The involvement of RTKs in LLPS is a unique example of intracellular protein condensation
because of the particular environment proximal to the plasma membrane. Self-association or
clustering of RTKs provides a platform for recruitment of multiple downstream effector proteins
and hence initiation of LLPS on the inner leaflet of the plasma membrane. Since RTK-mediated
signal transduction is predominantly based on equilibrium interactions described by affinity
constants, the respective concentrations of interacting proteins will dictate the likelihood of one
interaction prevailing over another. In other words, proteins that are within a phase-separated
droplet have a dramatically increased local concentration, which elevates the probability of
molecular interactions with cognate ligands. This amplifies a given signal initiation event and the
transduction mechanism, and ultimately increases the probability of the prescribed cellular out-
come. Therefore, if these interactions are associated with oncogenic pathways, RTK-mediated
LLPS will drive tumorigenesis and/or metastatic outcomes [29].

Even before the recent findings that RTKs can undergo phase separation, an examination of RTK
architecture would strongly suggest that these molecules could be components of biomolecular
condensates [18] (Figure 1). RTK-associated LLPS is highly dependent on three defining features:
(i) multivalent interactions mediated by intrinsically disordered regions (IDRs) of the incorporated
proteins [30,31], (i) post-translational modifications (PTMs) such as tyrosine phosphorylation
[32-35], and {iii) the elevation of protein expression levels of component signalling proteins,
particularly RTKs and their cognate downstream effectors. These molecular determinants control
the assembly or disassembly of condensates, as well as the constituent nature of the condensed
state [32-34]. There are many sites on a given RTK that can be invoked in moderate/weak
interactions associated with sustaining LLPS (typically K4 >0.1 pM). Most RTKs consist of three
distinct regions: an extracellular region, a single-pass transmembrane domain, and a cytoplasmic
region. Extracellular interactions induce clustering of RTKs [36-38] which can include interactions
mediated by ligands such as growth factors or cytokines, as well as inter-RTK association.
Interactions between transmembrane domains can be influential in receptor clustering in lipid
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Figure 1. Schematic diagrams of membrane-bound receptor tyrosine kinases (RTKs) at the liquid—-liquid phase separation (LLPS) state: a schematic of
a condensed droplet (light blue) sustained by RTKs at the plasma membrane. The RTKs are brought together as a cluster via interactions with extracellular
ligands (e.g., growth factors, orange) and/or lipid microdomain formation. These form multiple interactions with downstream signalling molecules (purple, pink, salmon,
and brown) which are at high concentration within the droplet. Signalling molecules are exchanging with the bulk cytoplasm in and out of the droplet. Right-hand side:
expanded view of an RTK showing the juxtamembrane region (red), the kinase domain (green), and the C terminal domain (blue). The C terminal region often consists
of intrinsically disordered regions (IDRs) and can include sequences of hydrophobic or charged/polar residues as well as proline-rich motifs and phosphorylated tyrosines.
These structural features can be used for protein recruitment and hence sustain phase-separated condensates. Schematic diagrams were created with BioRender.

microdomains, which are a common feature in the plasma membrane [39-41]. The cytoplasmic
region includes the catalytically required kinase domain which is sandwiched between
juxtamembrane (JM) and CT regions. Following ligand binding, the kinase domains of RTKs are
activated. This leads to initiation of tyrosine phosphorylation events in the JM, kinase, and CT
regions. These phosphorylated tyrosine residues become docking sites for proteins that possess
cognate binding domains. JM regions have been shown to be capable of self-association, which
can act as a regulatory mechanism for kinase activity [6]. CT regions range considerably in size;
however, they frequently possess the characteristics of IDRs. Sites required for downstream
protein recruitment provide multiple binding regions required for multivalent protein condensation.
For example, phosphorylated tyrosine residues provide cognate sites for moderate-affinity interac-
tions with SH2 and phosphotyrosine-binding (PTB) domains on binding proteins. In addition,
proline-rich motifs (PRMs) on CTs are common (apparent on >40% of RTK CTs), forming
moderate/weak affinity interaction sites for SH3, WW, or EVH1 domain-containing signalling
proteins [42]. Through interactions of these different regions, receptors provide a platform for
condensation of intracellular signalling proteins.

The likelihood of LLPS being mediated by any of the 58 known RTKs and the propensity of their
CT regions to phase separate was analysed using prediction software programs: PSPredictor
[48] and FuzDrop'" [44]. The analysis shows the correlation between the predictive datasets for
the propensity score for phase separation (using two independent predictive algorithms)
(Figure 2 and Table 1). This analysis reveals that more than half of RTKs have at least one feature
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that is conducive to multivalent interactions required for LLPS. Eight RTKs score highly for both
datasets. All but one of the RTKs that have to date been experimentally validated as forming
LLPS condensates with downstream effector proteins, appear with a high score from at least
one of the algorithms (i.e., EGFR, ERBB2, ERBB4, FGFR1, FGFR2, and VEGFR2 [45]), and all
of these are implicated in cancer pathogenic signalling.

Evidence for RTK-mediated LLPS in cancer signalling

Phase separation has been described in several plasma membrane receptor systems such as
TCR/LAT [46], Nephrin [47], WNT [48], and integrin [49]. All these LLPS systems are driven by
the availability of multiple interaction sites on IDRs present on the receptors with a range of
component downstream proteins. Despite the structural properties of RTKs being conducive
to sustaining LLPS, there has been only limited investigation of phase separation based on this
class of receptors.

The physiological importance of RTK-mediated LLPS at the plasma membrane was exemplified
with FGFR2. FGFR2 forms a ternary complex with the phosphatase SHP2 and the phospholipase
PLCy1, maintained by specific binding events with a range of affinities which sustain assembly of
phase separation into droplets both in vitro and in cells [45]. The impact of LLPS on RTK signal
regulation is further underscored in the case of EGFR-mediated LLPS which modulates GRB2
recruitment and RAS signalling outcomes [50]. These two exemplar LLPS-mediating receptors
have independently been shown to be involved in cancer-related signal transduction in numerous
malignancies [51,52]. The insulin receptor also mediates the formation of dynamic protein
clusters, and their physicomechanical features contribute to insulin resistance [53].

Chromosomal rearrangements found in cancers lead various RTKSs to form fusion proteins. These
oncogenic fusions can be found in either the N terminal or the CT of the RTK; in both cases, the
fusion preserves the tyrosine kinase activity. The N terminal fusions lack the extracellular ligand
binding and transmembrane domains, and therefore reside in the cytosol. Reported examples
include anaplastic lymphoma kinase (ALK), C-Ros oncogene 1 (ROS1), neurotrophic tyrosine
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Table 1. Phase separation potential of RTK C terminal tails derived from software programs, PSPredictor and
FuzDrop

RTK PSPredictor FuzDrop RTK PSPredictor FuzDrop
ALK 0.221 0.974 IGF1R 0.533 0.991
AXL 0.593 0.979 INSR 0.023 0.985
CSF1R 0.603 0.992 INSRR 0.660 0.025
DDR1 0.042 0.025 KIT 0.053 0.025
EGFR 0.474 0.787 LMTKA1 0.901 1.000
EPHA1 0.005 0.135 LMTK2 0.963 1.000
EPHA10 0.004 0.163 LTK 0.037 0.995
EPHA2 0.003 0.125 MER 0.068 0.198
EPHA3 0.004 0.104 MET 0.132 0.655
EPHA4 0.041 0.096 MST1R 0.039 0.963
EPHA5 0.003 0.129 MUSK 0.071 0.025
EPHA6 0.014 0.097 PDGFRa 0.035 0.958
EPHA7 0.005 0.106 PDGFRB 0.074 0.985
EPHA8 0.005 0.231 RET 0.015 0.425
EPHB1 0.005 0.132 RON 0.050 0.952
EPHB2 0.146 0.403 ROR1/ROR2 0.967 0.997
EPHB3 0.012 0.093 ROS 0.119 0.634
EPHB4 0.021 0.493 STYK 0.010 0.025
EPHB6 0.011 0.134 TIEA 0.082 0.025
ERBB2 0.984 0.998 TIE2 0.044 0.025
ERBB3 0.579 0.998 TRKA 0.089 0.025
ERBB4 0.377 0.824 TRKB 0.007 0.025
FGFR1 0.087 0.986 TYRO3 0.038 0.987
FGFR2 0.033 0.783 VEGFR1 0.066 0.282
FGFR3 0.977 0.025 VEGFR2 0.496 0.896
FGFR4 0.989 0.025 VEGFR3 0.053 0.913
FLT3 0.026 0.186

kinase (NTRK), and rearranged during transfection (RET) receptors. The fusion partners are often
proteins with coiled-coil oligomerisation domains which promote ligand-independent activation of
the RTK kinase domain. This can lead to constitutive kinase activity of the RTK, which in turn can
result in effector protein recruitment. Despite their cytosolic location several of these fusion pro-
teins have been shown to separate into condensed phases and be involved in oncogenic signal-
ling across multiple cancer subtypes. A good example is EML4-ALK, an oncogenic RTK fusion
involved in human lung adenocarcinoma [19,54,55]. The presence of EML4-ALK condensates
correlates with elevated ERK, PIBK/AKT, and STAT activity which are common downstream
effectors in RTK signalling associated with oncogenic potential. This is underscored in a mouse
xenograft model whereby tumours formed from an EML4-ALK phase-separation-deficient
mutant are significantly smaller than those expressing the wild-type EML4-ALK fusion protein [54].
Condensation of the CCDCB-RET oncogenic fusion has also been identified in lung cancer [19].

While examples of N terminal fusions of RTKs have been shown to form condensates, a high
proportion of structural rearrangement of RTK genes result in CT fusion proteins, whereby the
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CT disordered regions are replaced by partner genes. These CT fusions will still function as
a membrane-bound receptor, but are activated in a ligand-independent manner; CT fused
RTKs can be dimerised/oligomerised through their fusion partners, resulting in constitutive
autophosphorylation of the kinase domain and aberrant oncogenic activation of downstream
signalling pathways. Examples are EGFR-RAD51 fusion protein, and FGFR fusions (e.g., FGFR2-
CCDCe6, FGFR2-CASP7, FGFR3-TACCS3, and FGFR3-BAIAP2L1) where a kinase domain of the
RTK fuses with the dimerised/oligomerised partner. In these proteins the RTKs lack their flexible
CT tail that contains the IDRs and PTM sites for protein recruitment mediated by multivalent interac-
tions. However, further investigation is required to assess how these C-terminally fused RTKs could
also undergo phase separation through their fusion partners as a general mechanism for oncogenic
RTK signalling.

A further cancer-related structural rearrangement of RTK genes results in CT truncation. How this
might impact the ability of RTKs to phase separate remains to be assessed. However, given that
the CT tail of an RTK is predicted to contribute to LLPS due to its capacity for multivalent interac-
tions, its truncation would decrease the LLPS potential of RTKs. This might suggest that, in some
cases, the loss of LLPS can drive cancer outcomes. An important example is the FGFR2
E18 truncation oncogenic mutants [56] which contain a severely truncated CT.
Interestingly, while these types of truncation would predict a lower level of LLPS, and therefore
of LLPS-dependent signalling, it would also, in theory, be more susceptible to small-molecule in-
hibitor binding, suggesting a potential connection between phase separation and small-molecule
inhibitor pharmaceutic intervention.

How might phase separation augment cancer signalling pathways? The number of reported
downstream effector enzymes and adaptor proteins involved in RTK-mediated LLPS is growing
and currently includes a subset of prevalent oncoproteins (Table 2). Incorporation of these
proteins within the LLPS state elevates their apparent concentrations proximal to the RTK and
enhances both their ability to induce downstream signalling and their oncogenic potency.

Within the condensed phase, enzymes and substrates exist at elevated local concentrations which
can enhance substrate turnover and amplify signals [64,65], as demonstrated by upregulation of
FGFR2 transphosphorylation under condensate-forming conditions in vitro [45]. Formation
of phase-separated condensates can also restrict the presence of molecules capable of

Table 2. Accessory proteins: proteins found in RTK condensates or in other transmembrane receptor systems
that are known to have oncogenic potential

Gene symbol Refs Gene symbol Refs
AKTT 57] PDK1 57]
CNKSR1 [19] PIK3CB [19,57]
CNKSR3 [19] PIK3R1 [19,57,60]
GAB1 19 PIK3R2 [55]
GRAP2 [46,58] PLCG1 [19,45,58]
GRB2 [19,46,50,55,58,59,60] PLCG2 [55]

IRS1 [57,60] PTPN11 [19,45,63]
LAT [46,58,59] SHCH [19,45]
LCK [46] SOS1 [19,46,50,55,58,59]
LCP2 [46] WASL [61,62]
NCK1 [46,58,61,62] ZAP70 [46]
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downregulating a signal. For example, GAP proteins, the inactivators of RAS, were not enriched in
the ELM4-ALK condensates [19,54,55]. This mechanism has also been observed with the T cell
receptor whereby the phosphatase CD45 is excluded from the LAT-mediated condensate [46].

Prediction of RTK-LLPS involvement in cancer

RTK-mediated signal transduction is implicated in the majority of cancer pathologies. Analysis
indicated that >50% of RTKSs exhibit features capable of sustaining LLPS (Figure 2). Since current
available studies suggest a role of LLPS in the regulation of RTK-mediated signalling, it could be
hypothesised that phase separation may play an important role in cancer. Based on this assump-
tion, it might be possible to predict the extent of RTK-mediated LLPS in cancer signalling. To do
this we need to address a number of key questions, one of which is: are patients more suscep-
tible to forming LLPS as a result of elevated RTK and oncogenic accessory signalling protein gene
copy number?

The expression level of RTKs and accessory proteins in various cancer types can be obtained
from patient data derived from The Cancer Genome Atlas (TCGA) program (Figure S1 in the sup-
plemental information online). It is proposed that coexpression of high levels of RTKs and down-
stream cytosolic proteins, which can be recruited to condensates and contribute to signalling,
could be potential markers for LLPS-mediated cancer. Comparison of highly expressed RTKs
from patient data with those with predicted high propensity to sustain LLPS (Figure S2 in the sup-
plemental information online) suggests that RTK-mediated protein condensation at the plasma
membrane could be prognostic of a subset of cancer signalling. For example, overexpression
of ERBB2 has been demonstrated as an adverse prognostic factor in human breast cancer
[66,67]. High expression levels of the adaptor proteins SHC1 and GRB2 also play an important
role in breast cancer initiation and invasive progression [68,69], as well as in several other cancer
types (Figure S1). In addition, ERBB2 scores highly on the phase-separation prediction software
(Figure 2) and it has been demonstrated that ERBB2 and SHC form LLPS condensates in vitro
[45]. Therefore, it can be predicted with some confidence that these proteins, which drive cancer
progression, will phase separate in a subset of cancer cells (Figure S2). The resulting elevated
local concentrations of these proteins will enhance cancer-related signal transduction. Another
example is in oesophageal carcinoma, where a relatively high percentage of patients harbour high
expression of EGFR which recruits GRB2 for downstream proliferative signalling. EGFR undergoes
LLPS with GRB2 and can promote RAS/SOS signalling in an in vitro system [50].

The potential role of RTK-mediated LLPS in cancer could have a significant impact on the efficacy
of small-molecule directed therapeutic development. RTKs and their downstream signalling part-
ners represent a major class of targets for numerous tyrosine kinase inhibitors (TKIs). Despite sig-
nificant progress using TKis to target RTKs in cancer, substantial challenges have limited the
development of efficacious therapies. Currently, it is not clear how LLPS might affect drug delivery
and therapeutic response; however, it has been shown that some antineoplastic drugs can be
concentrated in condensates via physicochemical interactions, whereas others can be excluded
entirely [70]. Thus, specific compartmentalisation and small-molecule concentration in LLPS can
influence the pharmacodynamic properties of RTK-mediated cancer treatment. Further examina-
tion of the ability to predict RTK-mediated LLPS in cancer patients might provide valuable input to
future therapeutic intervention.

Concluding remarks

As many RTKs are directly involved in cancer development and progression, it will be essential to
expand research to other RTKs and identify those capable of sustaining LLPS condensates and
examine their impact on cancer progression. We should appreciate that this field of study is stillin
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Outstanding questions

How do RTK oncogenic mutations
(e.g., mutation hotspots that lead
to gain- or loss-of-function mutants,
N-terminal and CT RTK fusions, CT
truncations) affect LLPS?

What features distinguish cancer-
related RTK-mediated LLPS?

Can the intrinsic features of RTK-
mediated LLPS constitute a marker
for specific cancers?

Can knowledge of LLPS propensity
enable better therapeutic targeting in
cancer patients?

Can we use the gene/protein expression
analysis of individual cancer patients
to identify novel prognostic markers
and facilitate the development of
personalised treatment by targeting
LLPS?
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its infancy, and there are many questions that need to be addressed to fill gaps in our knowledge
(see Outstanding questions). For example, is LLPS the cause or the consequence of a given dys-
regulated, cancer-related RTK pathway? Can we correlate the degree of RTK LLPS condensates
with cancer progression? Does the formation of LLPS condensates affect our current cancer
treatment methods? What are the mechanisms of dissolving LLPS to terminate signalling?
What is the efficiency of kinase/phosphatase-mediated RTK phosphotyrosine turnover and
complex dissociation in an LLPS environment? How does LLPS connect to RTK endocytosis
and internalisation of ligand—-RTK complexes to lysosomes for degradation? Would it be possible
to target specific LLPS condensates to treat cancer?
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