
Shedding light on complexity of protein–protein
interactions in cancer
Tae-Young Yoon1,3 and Hong-Won Lee2,3

Available online at www.sciencedirect.com

ScienceDirect
Most cell signaling and surveillance circuits are physically

maintained through a dense network of protein–protein

interactions (PPIs). Genetic mutations, epigenetic changes as

well as alterations in cellular microenvironment can markedly

rewire the patterns of PPIs, which leads to neoplastic growth of

cancer cells. There are accumulating evidences that drugs that

target-specific PPI pairs may provide an opportunity to treat

cancers with a higher specificity and efficacy than those

inhibiting enzymatic activity of oncogenic proteins. Therefore,

identification of driving PPIs in a given cancer not only improves

our understanding for individual cancers, but it also provides

therapeutic opportunities to cure the specific cancer. In this

review, we introduce some examples of aberrant PPI

complexes identified in several major types of cancers, and

recent technical developments that permit assessment of PPI

strength in clinical specimens. Finally, we discuss the potential

use of such PPI profiling for the purpose of precision medicine.
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Introduction
Cancer is an extremely heterogeneous disease, referring

to a collection of vastly different cellular states with

dysregulation in cell signaling and regulation circuits

[1,2]. Recent interests in personalized medicine highlight

the need to analyze these lesions at the molecular level,

which can lead to a tailored, targeted therapy for given

cancer tissues [3,4]. The current efforts for molecular

cancer diagnostics primarily focus on large-scale genome

sequencing, with the prominent examples being The

Cancer Genome Atlas (TCGA) project and International

Cancer Genome Consortium [5,6]. There are, however,
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accumulating evidences that each stage of the informa-

tion flow in biological systems—the genome, transcrip-

tome, proteome, and interactome—is all dynamically and

independently regulated from one another. For example,

it is increasingly clear that there exists a large mismatch

between the transcriptome and the real proteome. A

hypothetical assumption underlying the intensive study

of transcriptomes is that after transcription, the mRNAs

would be almost constitutively translated into corre-

sponding proteins. Various molecular biology mecha-

nisms are shown to widen the gap between the mRNA

level and the quantity of corresponding protein, which

includes regulation in the 5’ and 3’ untranslated regions

and the stochasticity in gene expression [7–9].

In addition, the amount of comprising proteins is not an

absolute measure of the strengths of corresponding

protein–protein interactions (PPIs), indicating a large

discrepancy between the proteome and the resulting

interactome. Cells employ various types of post-transla-

tional modifications to edit and modify the signaling

proteins, which leads to dramatically different patterns

of PPIs out of the same pool of signaling proteins [10]. In

addition, the dysregulations in cell signaling and surveil-

lance systems are, in many cases, physically reflected as

changes in the patterns of PPIs (Figure 1a).

These all highlight the need to examine individual cancer

tissues at the PPI level, which, if achieved, will reveal the

latest rewiring status of the cellular circuits and help

strategic decision on how to remedy a given cancer.

Despite this emerging importance, there is a paucity of

experimental tools that enable analysis of PPI patterns, in

particular, for clinical specimens. In this review, we will

introduce recent examples that demonstrate how PPIs are

differently regulated in cancers for their neoplastic

growth and how these different patterns of PPIs are

therapeutically employed for selective treatment of

cancers. We also discuss the recent development of

experimental tools and outlook for the molecular cancer

diagnostics at the PPI level.

Formation of aberrant PPI complexes in
non-small cell lung cancers
It is recently shown that epidermal growth factor recep-

tors (EGFRs) dramatically alter their PPI patterns in

lung cancers (Figure 1b). Approximately, 20% of lung

adenocarcinomas carries deletion in exon 19 (deletion

from 746 to 750 amino acids) or genetic mutation in

exon 21 (L858R) of the EGFR gene, which leads to
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Figure 1
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(a) Modulation of cell signaling depending on the formation of signaling complex. The formation of aberrant signaling complex enhances the level

of post-translational modifications, rewires PPI networks and finally promotes cancer-specific signaling. Molecular targeted cancer drugs

dissociate the aberrant signaling complex, which turns off cancer signals. (b) EGFR-mediated cell signaling. Mutant EGFR enhances the

interaction with HSP90, which stabilizes mutant EGFR signaling complex. EGFR-TKIs or HSP90-specific inhibitors can dissociate EGFR–HSP90

interaction, promote Cbl-mediated degradation, and finally inhibit EGFR-signaling. (c) Regulation of apoptosis signal by Bcl-2 protein. Sequestered

BIM proteins are released by BH-3 mimetic PPI drugs, which leads to the induction of apoptosis signal. Abbreviations: P, phosphorylation. Ub,

ubiquitination. MOMP, mitochondrial outer membrane permeabilization.
strong oncogenic addiction of the corresponding cancer

tissues to the EGFR signaling pathway [11,12]. When

treated with EGFR-targeting tyrosine kinase inhibitors

(TKIs), these lung cancers with the EGFR mutations

are deprived of the proliferative signals and actively

pushed to apoptosis [13].

EGFRs generate phosphorylated tyrosine (pTyr) resi-

dues in their C-terminal tails to recruit downstream

interactors and initiate their signal transduction [14].

Because the exon 19/21 mutations are mapped to the

tyrosine kinase domain of EGFR, it has been pre-

sumed that the EGFR mutations amplify the signaling

activity of EGFRs and thus generate more pTyr resi-

dues. When tested in in vitro assays, however, the

mutated EGFR kinase domains show catalytic rates

increased by a factor of only three to four compared to

their wild-type counterparts [15,16], raising a question

that this marginal increase in the Tyr kinase activity

can indeed lead to the observed strong oncogenic

addiction.
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It is increasingly clear that the strong proliferative signaling

of the mutant EGFRs should be understood in the frame of

their unique patterns of PPIs, rather than in a mere

difference in the catalytic rate. The EGFR mutants build

unique and large protein complexes around themselves

[17,18�,19��]. These large protein complexes, at least, in

part arise from cellular chaperoning efforts for the mutant

EGFRs and thus include heat shock protein 90 (HSP 90)

[20]. Association of HSP90 to the protein complex hinders

recruitment of E3 ubiquitin ligases (Cbls) to EGFRs,

thereby retarding degradation of the mutant EGFRs

[20,21]. In addition, the large protein complex of the

mutant EGFRs offers increased surfaces for PPIs and

generates aberrant PPIs with downstream interactors in a

largely pTyr-independent manner [19��]. This makes the

signaling of the mutant EGFRs persistent even under

prolonged absence of stimulatory ligands. Indeed, treat-

ment of HSP90-specific inhibitors has been shown to

destabilize the PPI complexes and downregulate the

signaling activity of the mutant EGFRs in both preclinical

studies clinical trials [22–25].
www.sciencedirect.com
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An immediate question is how the EGFR mutants show

strong responses to EGFR-targeting TKIs when their

PPIs become largely independent of the presence of

pTyr residues. These two seemingly contradictory obser-

vations can be reconciled by recent experimental data

that the large, aberrant signaling complex of the mutant

EGFRs dissociates upon treatment of the EGFR-target-

ing TKIs for 24 hours [19��]. Thus, it is highly likely that

initial construction of the protein complex requires the

Tyr kinase activities of the mutant EGFRs. Once built,

the protein complex makes largely pTyr-independent

interactions with downstream signaling proteins, gener-

ating strong and persistent proliferative signaling that is

minimally affected by the molecular actions of cellular

phosphatases.

PPI inhibitors as anticancer drugs
As shown in the above example, inhibition of the cancer-

specific PPIs (i.e. disintegration of the signaling complex

of the mutant EGFRs) can be a therapeutic target

because their inhibition selectively thwarts cancer growth

while having a minimal side effect on normal cells. The

most widely used approach to inhibit a target PPI is use of

the monoclonal antibodies, with the immune checkpoint

blockades being a recent notable example of PPI-inhibit-

ing antibodies [26–28]. In tumors, immune cells are

increasingly exhausted through chronic exposure to

tumor-specific microenvironments [26,29]. In particular,

checkpoint receptors, including cytotoxic T-lymphocyte-

associated antigen 4 (CTLA4), programed death 1 (PD1),

lymphocyte-activation gene 3 (LAG3), T-cell immuno-

globulin and mucin-domain containing 3 (TIM3) and

T-cell immunoreceptor with Ig and ITIM domains

(TIGIT), play key roles in suppressing immune cells,

especially in CD8+ effector T-cells [26]. This suppres-

sion is essentially mediated by PPIs with corresponding

ligands expressed on cancer cells or myeloid cells in the

tumor microenvironment. The immune checkpoint

blockades bind either to the checkpoint receptors on

T-cells or the corresponding ligands to disrupt PPIs of

the checkpoint receptors, which has a net effect of

reinvigorating the suppressed effector T-cells that

leads to therapeutic outcomes in many major cancer types

[30–32].

Despite these remarkable successes, the use of therapeu-

tic antibodies is largely limited to target proteins

expressed on outer cell membrane. Thus, it has been

actively pursued whether small molecule-based drugs

also potently inhibit the target PPIs that occur deep

inside cellular cytoplasm or nucleus. The interfaces for

PPIs have large and featureless structures, thus thought of

as largely ‘undruggable’ with small molecules [33�]. How-

ever, advances in high-throughput PPI screening, struc-

tural biology and bioinformatics lead to identification of

novel small-molecules that inhibit target PPIs with sub-

nM dissociation constants. Most notably, ABT-199, a
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selective inhibitor of the B-cell lymphoma 2 (Bcl-2)

protein, showed a potent anti-tumor effect on chronic

lymphocytic leukemia (CLL) cells [34,35]. Bcl-2, an anti-

apoptotic protein, sequesters BH3 domain-only proteins

such as BIM through specific PPIs, preventing the inter-

action of pro-apoptotic proteins, BAX (Bcl-2 associated X

protein) and BAK (Bcl-2 homologous antagonist killer)

[36] (Figure 1c). In the presence of an increased pro-

apoptotic cue, Bcl-2 begins to release BIM, which in turn

activates BAX and BAK. The activated BAX and BAK

permeabilize the mitochondrial outer membrane, which

constitutes the ‘point-of-no-return’ in the apoptosis pro-

cess. In CLL, Bcl-2 is often overexpressed, which

strengthens the anti-apoptotic PPIs among Bcl-2 and

BH3 domain-only proteins. ABT-199 binds to the binding

interface of Bcl-2 for the BH3 domain-only proteins with

high affinity and selectivity [34]. This mimics an apopto-

tic stimulus, resulting in strong apoptosis for CLL, acute

myeloid leukemia (AML) and multiple myeloma cancer

types. On the basis of the positive clinical outcome, ABT-

199 in combination with other drugs has been approved in

the United States as an option for the first-line treatment

of CLL patients [37–39].

Emerging technologies for analyzing PPIs in
clinical specimens
As it is increasingly clear that PPI patterns can be

markedly distorted in many cancer cells for survival under

the nutritionally and metabolically competing environ-

ment within a tumor, profiling PPIs for an individual

cancer will reveal its latest rewiring status of the cell

signaling and regulation circuits, which in turn provides

crucial information as to how to remedy the given specific

cancer. Here we will review available technologies for

PPI analysis with particular emphasis on those for clinical

specimens (Table 1).

Affinity-purification mass spectrometry (AP–MS) is a

unique platform for discovery of novel PPIs, which can

be extended to a large-scale analysis [40,41] (Figure 2a).

Using affinity tags, AP–MS isolates target proteins with

interacting proteins physically bound to them, and

induces fragmentation of these proteins into peptides

by protease treatment. The resulting peptides are ionized

and then separated with respect to their mass-to-charge

ratios (m/z). Integration of liquid chromatography or tan-

dem MS analysis further enhances the sensitivity of MS-

based proteomics, which permits detection of post-trans-

lational modifications even at single residue resolution

[42–44]. AP–MS is a library-independent analysis and

offers an excellent throughput for identification of PPIs

in a single sample [45�,46,47]. However, interpretation of

the MS data is based on assigning the obtained m/z values

to specific peptides in one-to-one manner, which makes

the MS analysis largely dependent on available databases

and thus researchers carrying out the analysis [48]. The

MS-based approaches are also contamination-prone,
Current Opinion in Chemical Biology 2019, 53:75–81
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Table 1

Comparison of techniques for PPI analysis

Technique Detection Advantages Challenges

AP–MS

m/z ratio

- Proteomewide throughput - Prone to contamination

- High sensitivity by mass analyzer - High expertise with mass analyzer and

bioinformatics toolkits

PLA
Ligated fluorescence

oligos

- FFPE specimen compatible - Low throughput

- In situ detection conserving spatial

information

- Limited to the availability of antibodies for two

proteins from different hosts

Single-molecule

co-IP Single fluorescence

protein

- Quantification at single-molecule

accuracy

- Requirement of fresh snap frozen specimens

- Up to 40 multiplex assay on a single chip

per 1 hour

- Loss of spatial information for PPIs
known to generate false-positive results at a considerable

rate. Thus, the throughput will be limited when the MS

methods are used to compare multiple clinical samples

that usually carry heterogeneous genetic and epigenetic

changes.
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Proximity ligation assay (PLA) is a promising method for

the detection of PPIs in clinical specimens [49��]
(Figure 2b). Typically, fixed samples are infused with

two types of antibodies, with each antibody targeting one

of the two proteins in the PPI pair, respectively. These
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antibodies are either directly labeled with oligonucleo-

tides (referred to as PLA probes) or probed with oligonu-

cleotide-tagged secondary antibodies. Presence of the

target PPIs bring the two PLA probes into a close

proximity (generally, less than 40 nm). Hybridization of

the two PLA probes produces a circular DNA template,

which can be amplified by rolling circle amplification and

then detected by complementary nucleotides with

fluorescent tags.

The PLA method is recently used to visualize PPIs of the

mutant EGFRs in non-small cell lung cancer patient

specimens [49��]. One of the salient aspects of PLA is

detection of PPIs at subcellular locations where the PPI

complexes are assembled in cellular contexts. In addition,

the PLA methods can be directly applied to deparaffi-

nized formalin-fixed paraffin-embedded (FFPE) sam-

ples. Conversely, since PLA is essentially based on

immunolabeling of cellular proteins in the dense cellular

cytoplasm, the efficiency for the proper antibody binding

to target proteins can largely vary depending on detailed

sample conditions. Several factors—efficiency of the

polymerase and ligase for rolling circle amplification,

reaction time, background fluorescence, and density of

resultant PLA spots—can further increase fluctuations in

the PLA signals.

Single-molecule pull-down and co-IP is a novel toolkit

developed for in vitro study of cellular protein complexes

with various single-molecule fluorescence techniques

[19��,50,51] (Figure 2c). Different from PLA that probes

PPIs in fixed cells or tissues, the single-molecule co-IP

includes cell or tissue lysis and immunoprecipitation of

target protein complexes on an imaging surface of the

single-molecule fluorescence microscope. Libraries of

fluorescently labeled prey proteins—typically, tagged

with enhanced green fluorescent protein (eGFP)—are

subsequently added to induce PPIs with the immobilized

target proteins. Formation of PPI complexes on surface

appears as a point-spread function on a total internal

reflection fluorescence microscopy. Because the single-

molecule co-IP employs a dense polymer-coated surface

to minimize non-specific bindings of cellular proteins, the

eGFP-tagged prey proteins can also be directly added in

an unpurified form (thus, in a cell/tissue lysate). This

provides a facile way for assessing PPIs between the full-

length proteins, while obviating the need to purify these

large mammalian proteins.

With miniaturized reaction chambers and an automated

imaging system, it is demonstrated that ~100 different

kinds of PPIs can be assessed within 1 hour [19��].
Because the single-molecule co-IP requires a lysis step,

it loses the original spatial distribution of the PPI com-

plexes in a given tumor, thus not being suitable for

analysis of the cell-to-cell heterogeneity in a single tumor

mass. On the contrary, PPIs in single-molecule co-IP
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occur in a cell or tissue lysate, which is much more diluted

than the original cellular cytoplasm. Thus, the PPI reac-

tions in single-molecule co-IP are mainly governed by the

simple law of mass action, and the resulting PPI counts

show a much-reduced fluctuation when compared with

those probed by immunohistochemistry and PLA that

depend on immunolabeling in a dense cytoplasm. How-

ever, a major drawback of the single-molecule co-IP

profiling is that it requires fresh snap-frozen samples,

typically those preserved in liquid nitrogen.

Recent reports demonstrate the utility of PPI profiling in

predicting the efficacy of targeted cancer drugs for clinical

samples [19��,49��,52]. These studies convincingly show

that the PPI counts of receptor tyrosine kinases (RTKs)

are strongly correlated with the responses of individual

cancer tissues to directed therapies targeting the corre-

sponding RTKs. Remarkably, these PPI-based predic-

tions are able to distinguish EGFR-TKI responders when

there are no actionable mutations in the EGFR genes.

Therefore, PPI profiling can monitor the strength of

oncogenic signals involved in cancer progression, and

may help guide therapeutic decision-making for the

targeted cancer therapy along with genomic analysis.

Concluding remarks
Recent large-scale, genome-wide analysis revealed that

almost half of human tumor lacks any potentially action-

able mutations [53]. In addition, numerous regulations

steps existing between the genome and the interactome

make it extremely difficult to predict how a given genetic

mutation is reflected at the PPI level, where the real

signal transduction physically occurs. As discussed in this

review, cancer actively distort patterns of PPIs for survival

under the nutritionally and metabolically competing

environments, and the PPI profiling provides a more

direct avenue for identification of these dysregulated

molecular lesions in given cancer specimens. In addition,

recent examples of drug development demonstrate that

disruption of these cancer-specific PPIs offers a novel

therapeutic opportunity. Integrating with multi-omics

data, PPI profiling will shed more comprehensive light

to lesions of individual cancer tissues in the era of preci-

sion medicine.
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