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Summary

Proteolysis Targeting Chimera (PROTAC) technology has emerged over the last two decades as a 

powerful tool for targeted degradation of endogenous proteins. Herein we describe the 

development of PROTACs for receptor tyrosine kinases, a protein family yet to be targeted for 

induced protein degradation. The use of VHL-recruiting PROTACs against this protein family 

reveals several advantages of degradation over inhibition alone: direct comparisons of fully-

functional, target degrading PROTACs with target-inhibiting variants that contain an inactivated 

E3 ligase-recruiting ligand show that degradation leads to more potent inhibition of cell 

proliferation, a more durable and sustained downstream signalling response, and thus addresses 

the kinome re-wiring challenge seen with many RTK inhibitors. Combined, these findings 

demonstrate the ability to target receptor tyrosine kinases for degradation using the PROTAC 

technology and outline the advantages of this degradation-based approach.

eTOC Blurb

Burslem, Smith et al. describe the development of PROTACs capable of degrading transmembrane 

receptor tyrosine kinases and further highlight the advantages of degradation over inhibition in 

terms of potency, duration of effect, and combating compensatory signalling.

*Corresponding Author and Lead Contact - craig.crews@yale.edu.
†These authors contributed equally.

Author Contributions
Investigation, G.M.B., B.E.S., A.C.L. J.H., D.M. and D.B.; Resources and Reagents: S.J.F., M.T., A.P.C., H.D., Y.Q and J.W.; Writing 
- Original Draft, G.M.B, B.E.S. and J.H.; Writing - Review and Editing, all authors; Supervision, C.M.C; Funding Acquisition, 
C.M.C.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Cell Chem Biol. Author manuscript; available in PMC 2019 January 18.

Published in final edited form as:
Cell Chem Biol. 2018 January 18; 25(1): 67–77.e3. doi:10.1016/j.chembiol.2017.09.009.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

PROTAC; Targeted Degradation; Receptor Tyrosine Kinases; EGFR; HER2; c-Met; VHL

Introduction

The discovery of small molecule receptor tyrosine kinase (RTK) inhibitors greatly enabled 

the study of these key proteins in normal and oncogenic signalling (Takeuchi and Ito, 2011). 

Eukaryotic cell proliferation is driven by RTK activation following binding of cognate 

growth factors (Lemmon and Schlessinger, 2010), and many forms of cancer are driven by 

the hyperactivation of specific RTKs due either to overexpression of the protein to super-

physiological levels, or to mutations that confer growth factor-independent activation 

(Gschwind et al., 2004). In order to obtain RTK inhibition over an extended time, exposure 

to small molecule kinase inhibitors at sustained and saturating concentrations is required 

(Pratz et al., 2009). We postulated that small molecule-mediated degradation of the protein 

itself rather than inhibition of the kinase domain could provide advantages, such as reduced 

drug exposure time required to suppress signalling and the ability to target kinase-

independent functions. Studies have shown that cancerous cells can co-opt other existing 

RTK signalling pathways in order to permit the inhibited RTK to continue to exist as a node, 

thereby restoring downstream oncogenic signalling (Engelman et al., 2007; Graves et al., 

2013; Pillay et al., 2009; Thelemann et al., 2005; Xu and Huang, 2010). Degradation of the 

RTK, as opposed to inhibition of the kinase activity, is a strategy with the potential to yield a 

more complete and lasting inactivation of downstream signalling and circumvent the 

problem of “kinome re-wiring”, whereby inhibition of receptor signalling leads to 

compensatory feedback activation via alternate kinases (Graves et al., 2013; Kurimchak et 

al., 2016). Indeed, RTK elimination would prevent the inactive kinase from persisting as a 

scaffolding node for oncogenic signalling. We postulate that this more sustained loss of 

function can be accomplished using Proteolysis Targeting Chimeras (PROTACs)), a 
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technology for post-translational protein degradation that our lab has developed and refined 

for nearly two decades (Bondeson et al., 2015; Lai et al., 2016; Lu et al., 2015; Sakamoto et 

al., 2001; Schneekloth et al., 2008). By chemically tethering ligands for two different 

proteins – an E3 ubiquitin ligase and a protein of interest – a new pharmacological entity is 

created that facilitates the ubiquitination and proteasomal degradation of the protein of 

interest. Its net effect on target protein levels is similar to that achievable using RNAi 

technology; however, the small-molecule approach of PROTACs does not have the inherent 

liabilities of proposed nucleic-based modalities. Indeed, PROTACs are comparable to RTK 

inhibitors, in that both are amenable to adjustable dosing and can offer temporal control to 

achieve the desired level of signal inactivation, nor does it require any genetic 

manipulations/modification of cells in order to work.

To date, our group and others have successfully developed PROTACs that can degrade 

enzymes, steroid receptors, transcription factors, membrane-tethered scaffolding proteins 

and several kinases (Bondeson et al., 2015; Buckley et al., 2015; Gadd et al., 2017; Hines et 

al., 2013; Lai et al., 2016; Lebraud et al., 2016; Lu et al., 2015; Raina et al., 2016; Sakamoto 

et al., 2001; Schiedel et al., 2017; Schneekloth et al., 2008; Zengerle et al., 2015; Zhou et al., 

2017). An outstanding question, however, has been whether the PROTAC methodology is 

able to induce degradation of transmembrane-spanning proteins, given their restricted 

cellular localization and the questionable accessibility of membrane-bound receptors for 

ubiquitination by the cytosolic machinery. The hydrophobic tagging approach, also 

developed in our laboratory (Neklesa and Crews, 2012; Neklesa et al., 2011), has been 

previously used to degrade an inactive RTK (Xie et al., 2014), however PROTACs could 

provide key advantages such as improved physicochemical properties, reduced toxicity, 

facile modular design, and a defined mechanism of degradation. As some of the most 

compelling anti-cancer targets are RTKs, the demonstration of their susceptibility to 

PROTAC-mediated degradation has remained an important question. Given their well-

defined role in human cancers and the broad understanding of their regulation and 

downstream signalling pathways, we focused our efforts on EGFR, HER2 and c-Met as 

potential PROTAC targets of interest. Herein, we show effective PROTAC-mediated 

degradation of these RTKs, including a number of relevant oncogenic mutant isoforms. Our 

results strongly suggest that not only are RTKs viable substrates for post-translational 

degradation, but also that the signalling inactivation and growth inhibition achieved by 

PROTACs is more potent, more sustained, and less susceptible to kinome re-wiring than that 

achieved via RTK inhibition.

Results and Discussion

Epidermal Growth Factor Receptor (EGFR), also known as ErbB1/HER1, is a proto-

oncogene that has been implicated in a range of cancers including glioblastoma multiforme, 

head and neck, and non-small cell lung cancer (Yewale et al., 2013). Overexpression and/or 

activating mutations of EGFR are associated with a poor prognosis, therefore significant 

effort has focused on targeting EGFR with both small molecule and antibody-based 

therapies (Dassonville et al., 2007). Small molecule kinase inhibitors competitively bind to 

the kinase domain, thereby preventing signalling, while antibodies are capable of 

preferentially binding the cognate ligand recognition site, thus preventing kinase activation. 
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Furthermore, degradation of EGFR by FDA-approved antibodies has been implicated in 

their clinical success, suggesting that degradation may be advantageous (Perez-Torres et al., 

2006). With this rationale in mind, we sought to create a small molecule capable of inducing 

EGFR degradation by developing an EGFR-targeting PROTAC.

By conjugating an EGFR binding element -- initially the kinase inhibitor, lapatinib (Tykerb) 

(Konecny et al., 2006) -- to a ligand developed in our laboratory (Buckley et al., 2012a; 

Buckley et al., 2012b) that binds to the E3 ligase, VHL, we were able to synthesize a 

molecule (Compound 1) capable of penetrating the cell membrane and inducing EGFR 

degradation at low nanomolar concentrations (Figure 1A and Figure S1). Crucially, inversion 

of the hydroxyproline stereochemistry on the VHL-recruiting moiety of the PROTAC 

abrogates its ability to degrade EGFR (Figure 1B) by abolishing its ability to bind VHL. 

This diastereomeric version (Compound 2) of the PROTAC provides an excellent control 

compound with nearly identical physicochemical properties (see Figure S1) but capable of 

only inhibiting EGFR (Figure S2C); an ideal tool with which to directly assess the 

advantages of EGFR degradation over kinase inhibition without variations in probe 

solubility, membrane permeability, or chemical stability obscuring a head-to-head 

comparison (as would be the case if comparisons were drawn directly with lapatinib itself).

Having demonstrated that recruitment of VHL to EGFR via a lapatinib-based PROTAC is 

capable of efficiently inducing degradation of a receptor tyrosine kinase, we sought to 

expand on this finding by employing different EGFR-binding elements to degrade different 

clinically relevant forms of EGFR. As shown in Figure 1C, the lapatinib-based PROTAC, 

Compound 1, is also capable of degrading an exon-20 insertion mutant form of EGFR (ASV 

duplication) (Yasuda et al., 2013). Switching to a warhead based on mutant-EGFR selective 

gefitinib (Compound 3) (Iressa) (Anido et al., 2003) enabled the degradation of both 

exon-19 deletion EGFR as well as the mutant isoform containing the L858R activating point 

mutation (Figure 1D/E), while sparing the WT EGFR (see Figure S2). Finally employing the 

second-generation inhibitor afatinib (Gilotrif) (Solca et al., 2012) yielded a PROTAC 

(Compound 4) capable of degrading the gefitinib-resistant double mutant (L858R/T790M) 

EGFR (Figure 1F). We have previously shown that choice of warhead is crucial for 

successful target degradation (Lai et al., 2016); here we demonstrate that careful selection of 

the recruiting element can also allow degradation of proteins in different mutational states. 

For some of the aforementioned PROTACs, we observed a “hook effect” on substrate 

degradation, which has been previously reported and results from the formation of 

unproductive dimers (rather than productive ‘trimers’) at higher concentrations (Douglass et 

al., 2013). We postulate that lack of this ‘hook effect’ in other PROTACs arises from additive 

target:E3 ligase protein-protein interactions that they induce.

Since lapatinib is also a potent binder to other HER family RTKs, we sought to explore the 

potential for HER2 degradation by lapatinib-based PROTACs. Similar to EGFR, HER2 

overexpression is an oncogenic driver of many forms of cancer including ovarian, breast, 

and gastric cancers (Iqbal and Iqbal, 2014). Immunoblotting analysis revealed that 

Compound 1, which utilizes a diethylene glycol linker to tether lapatinib to the VHL 

recruiting element, could concurrently degrade both EGFR and HER2 (Figure 2A). 

However, extension of the linker by an additional ethylene glycol unit to create Compound 5 
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enabled the selective degradation of EGFR while sparing HER2. This observation suggests 

that affinity for both target protein and E3 ligase is not sufficient for the development of a 

successful PROTAC (see accompanying paper Bondeson, Smith et al.), and that a more 

complex dynamic process may be responsible.

The advantages of PROTAC-mediated degradation over kinase inhibition become apparent 

when the effect on cell proliferation is compared (Figure 2B). SKBr3 cells, a HER2-driven 

breast cancer cell line, are more responsive to PROTAC 1 than the cognate diastereomeric 

control 2 that has equivalent cell permeability and kinase inhibitory properties but is 

incapable of inducing HER2 degradation (Figure S2 B/C). PROTAC 1 treatment induces a 

greater response in terms of anti-proliferative efficacy than does diastereomer 2, and at a 

greater potency (PROTAC 1 IC50 = 102 nM, diastereomer 2 IC50 = 171 nM).

Comparison of PROTAC 1 with diastereomer 2 also reveals additional advantages of 

degradation over inhibition following an extended treatment period. Inhibition of EGFR/

HER2 in SKBr3 cells has previously been shown to rapidly induce kinome “re-wiring”, 

whereby alternative, uninhibited kinases are recruited as heterodimerization partners leading 

to the phosphorylation of the same downstream effectors to restore oncogenic signalling via 

RTK crosstalk (Stuhlmiller et al.). To investigate this phenomenon, we treated SKBr3 cells 

with equal, saturating concentrations (Figure S2 B/C) of either PROTAC 1 or diastereomer 

2, which provided a direct and head-to-head comparison of degradation versus inhibition 

given their similar physicochemical properties. Interestingly, degradation appears to have a 

protective effect against kinome re-wiring, particularly in the case of ERK1/2 

phosphorylation and specific HER3 and AKT phosphorylation sites. Cells treated with the 

inhibitor diastereomer 2 led to transient suppression of activation of ERK1/2, 

phosphorylation of Akt (Thr308), c-Met and HER3, the latter being a major node for 

preventing apoptosis and promoting survival (Figure 2C) (Engelman et al., 2007). However, 

within 24 to 48 hours, this suppression was reversed despite continued presence of the 

inhibitor. Quite strikingly, treatment with an equivalent concentration of PROTAC 1 itself 

yielded sustained suppression of downstream signalling, suggesting that removal of the 

target RTKs discourages kinome re-wiring and permits longer sustained growth suppression. 

Inhibition transiently prevents downstream signalling but degradation may also impact the 

scaffolding roles exhibited by RTKs, particularly in instances of kinome re-wiring by 

receptor cross-talk (Jo et al., 2000). For example, heterodimerization of EGFR with c-Met 

and signalling via the c-Met kinase domain has been implicated in resistance to some 

inhibitors/antibodies (Engelman et al., 2007). Analysis of the c-Met phosphorylation status 

after 48 hours of PROTAC 1 or diastereomer 2 treatment revealed a substantial increase in 

signalling via c-Met kinase domain in diastereomer-treated cells compared to the PROTAC 

treated cells, presumably by trans-activation (Figure 2D). These results demonstrate the 

advantages gained from RTK degradation compared to kinase inhibition with regards to 

prevention of downstream signalling and delayed onset of kinome rewiring.

Since PROTACs proved successful in degrading both EGFR and HER2, we sought to exploit 

this technology against a different RTK family. C-Met is the receptor for Hepatocyte Growth 

Factor (HGF), which is also known as the “scatter factor” for its ability to promote tumor 

metastasis (Birchmeier et al., 2003; Gherardi et al., 2012; Tsao et al., 2001). Upon binding 
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of HGF, c-Met dimerizes and trans-phosphorylates on tyrosine residues within its kinase 

domain (Y1234 and Y1235) as well as on its unique c-terminal multifunctional docking 

domain (Y1313, Y1349, Y1356 and Y1365) (Organ and Tsao, 2011). The docking domain 

contains recognition sites for diverse cellular effectors such as Src, Gab1, Crk, Grb2, SHC 

and PI-3 kinase, which potently activate downstream mitogenic pathways. Inhibitors, such as 

foretinib, which competitively displace ATP from the c-Met kinase domain block HGF-

stimulated activation of ERK and Akt, the primary downstream effectors of c-Met 

signalling. Despite this, however, small molecule c-Met inhibitors have performed 

disappointingly in clinical trials, (Scagliotti et al., 2015; Sequist et al., 2011) suggesting the 

possibility of a kinase-independent function driving oncogenesis and highlighting the 

potential advantage of c-Met degradation over inhibition.

Employing the c-Met inhibitor foretinib (Zillhardt et al., 2011) as a recruiting element, we 

developed a PROTAC, Compound 7, capable of recruiting VHL to, and thereby inducing 

degradation of c-Met in a dose- and time-dependent fashion. MDA-MB-231 cells treated 

with increasing concentrations of foretinib-based PROTAC 7 (Figure 3A) or its cognate 

diastereomer 8 (Figure 3B), in the presence or absence of a HGF pulse, demonstrated that 

treatment with approximately 10-fold higher concentration of diastereomer is required to 

completely inhibit agonist-driven AKT phosphorylation. We observed a similar level of 

inhibition of Akt phosphorylation in GTL16 cells, a c-Met-overexpressing cell line, when 

grown and treated in full serum with PROTAC 7 and diastereomer 8 in (Figure S3A/B). The 

reduced potency differential between PROTAC 7 and diastereomer 8 inhibition of Akt 

phosphorylation likely results from the steady-state versus agonist-challenged activation of 

the signalling cascade between the two cell lines (GTL16 and MDA-MB-231, respectively). 

The foretinib-based PROTAC 7 is also greater than two-fold more potent than its 

corresponding diastereomer 8 at inhibiting the proliferation of GTL16 cells (Figure 3C), 

again highlighting the advantages of developing probes capable of protein degradation, 

especially in oncogene-addicted contexts.

Additionally, clearance of WT c-Met from the cell is relatively rapid, requiring only 6 hours 

of treatment to significantly reduce protein levels in MDA-MB-231 cells (Figure 3D), 

providing a temporal advantage over RNA-mediated knockdown techniques as well as 

abrogating the requirement for transfection reagents or exogenous selection pressure that 

may interfere with other normal cellular activities.

We have previously demonstrated the catalytic nature of PROTACs, (Bondeson et al., 2015) 

and as such we sought to explore the duration of their effect upon wash-out. Cells were 

treated for 24 hours with DMSO control, foretinib-based PROTAC 7 or its corresponding 

diastereomer 8 before being dissociated from the culture dishes, rinsed with PBS to wash-

out extracellular treatment compound, and re-plated into fresh media and on new culture 

dishes for additional 24 or 48 hour periods followed by lysis. PROTAC-treated cells 

exhibited a prolonged reduction in c-Met levels out to 48 hours post wash-out (Figure 3E 

and Supplemental Figure 3). Crucially, in cells treated with PROTAC 7, c-Met levels could 

be rescued by treatment with 50-fold excess free VHL ligand (Figure S3E) following the 

wash-out. The free VHL ligand prevents E3 ligase recruitment to the RTK by PROTAC 7, 

indicating that the sustained knockdown in PROTAC treated cells is mediated post-
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translationally by disrupting PROTAC 7:Met:VHL complexes remaining in the cell (catalytic 

mode of action) rather than a response at the translational level, as has been observed with 

other small molecules (Field et al., 2017). Moreover, when MDA-MB-231 cells are co-

treated with PROTAC 7 and increasing doses of free VHL ligand, the ability of the PROTAC 

to degrade c-Met is hindered, further demonstrating the necessity and specificity for VHL-

recruitment (Figure S3F). Additionally, foretinib-based PROTAC 7 is also capable of 

preventing inhibitor-induced compensatory signalling in a similar way as the 

aforementioned lapatinib-based PROTACs. GTL16 cells display profound kinome re-wiring 

after 48 hours, as evidenced by ERK1/2 phosphorylation in diastereomer 8 treated cells, but 

not in PROTAC 7 treated cells (Figure S3C).

Having proven that RTKs could be degraded via the PROTAC technology we sought to 

elucidate the mechanism of degradation. Initially, we performed quantitative real time PCR 

over time to demonstrate that the observed decrease in c-Met protein levels in response to 

PROTAC treatment occurs at the post-transcriptional level (Figure S4A). Additionally, co-

treatment with pharmacological agents which inhibit either the proteasome (epoxomicin) 

(Bo et al., 2005) or the ubiquitination cascade (NEDD8 activating enzyme E1 inhibitor, 

MLN-4924) (Soucy et al., 2009) were able to restore protein levels to untreated levels, 

demonstrating not only that ubiquitination is crucial for c-Met degradation but also that it 

progresses via the proteasome (Figure S4B/C). Furthermore, RTKs are known to rely on the 

HSP90 chaperone for proper folding as well as being cycled between the plasma membrane 

and early endosomes in a HSP90-dependent fashion (Mahalingam et al., 2009). As such we 

sought to explore the effect of the HSP90 inhibitor 17-AAG (17-N-allylamino-17-

demethoxygeldanamycin) on PROTAC-mediated degradation. Co-treatment with PROTAC 7 
and 17-AAG has an additive effect on c-Met protein degradation in the MDA-MB-231 cell 

line (Figure S4D), suggesting that HSP90 may be intercepting c-Met in a separate 

compartment from PROTAC 7, thereby enhancing the degradation of total c-Met within the 

cell. Previous work has shown c-Met to be a client protein of HSP90 and that geldanamycin 

and 17-AAG could promote its ubiquitination and proteasome-dependent degradation (Koga 

et al., 2007; Miyajima et al., 2013; Wang et al., 2009).

Next, we sought to determine whether PROTAC-targeted RTKs were removed directly from 

the cell surface or were intercepted at some point in the secretory pathway to the membrane. 

Employing a cell surface biotinylation degradation assay, we demonstrated that PROTAC 7 
induces the degradation of the c-Met mature form (145 kDa) from the cell surface, 

suggesting that VHL recruitment is capable of – either directly or indirectly – inducing RTK 

internalization (Figure 4A/B). We confirmed PROTAC 7-mediated RTK internalization by 

confocal immunofluorescence microscopy: untreated cells exhibit cell surface c-Met 

immunofluorescence but treatment with PROTAC 7 (Figure 4C) or HGF (Supplemental 

Figure 5) shows internalization and localization to a perinuclear compartment as previously 

described (Kermorgant et al., 2003). This perinuclear compartment also stains positive for 

the early endosome antigen 1 (EEA1) and appears to be distinct from the Golgi apparatus, 

which is c-Met positive in untreated cells (Figure S5C). These large EEA1 positive vesicle-

like structures have previously been reported in MDA-MB-231 cells (Pellinen et al., 2006). 

This provides, to the best of our knowledge, the first evidence of small molecule-induced 
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internalization of an endogenous RTK and further suggests sorting into endosomes prior to 

degradation via the proteasome (Figure S4B). Interestingly, preliminary siRNA experiments 

suggest that this process is clathrin-independent (Figure S5E).

We sought to further make evident the advantages of degradation over inhibition in the 

Hs746T gastric cancer cell line, which expresses an exon 14 splice variant of c-Met (Asaoka 

et al., 2010). Exon 14 skipping results in the expression of c-Met lacking the juxtamembrane 

domain recruitment site (Y1003) for Cbl, the endogenous E3 ligase that promotes HGF-

dependent internalization and subsequent degradation of c-Met (Abella et al., 2005; 

Peschard et al., 2001). This clinically-relevant mutation results in prolonged downstream 

signalling since the naturally occurring “off-switch” for HGF-induced signalling is no longer 

present. The lack of this regulatory domain also increases the intrinsic stability of c-Met 

protein in the absence of any other degradation signal (Drilon, 2016). Cycloheximide chase 

experiments (Figure 5A) revealed that WT c-Met has a basal half-life of 4.4 hours, while the 

basal half-life of the exon 14 mutant c-Met is >8 hours. HGF treatment results in rapid 

degradation of WT c-Met (Figure 5A/C) but not exon 14-deleted c-Met (Figure 5A/B/D); 

this lack of internalization/degradation results in sustained downstream signalling (Figure 

5C/D) enhancing the cell proliferation and tumorigenesis of exon 14 mutant c-Met 

expressing cells (Kong-Beltran et al., 2006). Interestingly, PROTAC 7 treatment can induce 

the degradation of exon 14-deleted c-Met (Figure 5A/E) despite that fact that it is not 

degraded by the major natural mechanism (i.e. HGF). The degradation half-life of PROTAC 

7 treated exon 14-deleted c-Met is only marginally longer than that of PROTAC 7 treated 

WT c-Met (4.2 hr vs. 2.5 hr, respectively), in contrast to the wide differential in their 

respective HGF-induced, native degradation rates (>8 hr vs. 1.66 hr, respectively) (Figure 

5B). The fact that PROTAC 7 is able to degrade exon 14-deleted c-Met suggests that this 

process in Cbl-independent, as well as clathrin-independent.

This provided another instance whereby target degradation by PROTAC might prove 

advantageous over inhibition alone, in that inhibition can temporarily block signalling at the 

level of kinase activity, but only degradation can provide a lasting “off-switch” for the 

receptor itself as demonstrated in Figure 5F/G. Pre-treatment of Hs746T cells, which 

express an exon 14 mutant c-Met, with PROTAC 7 reduces HGF-induced activation of Akt. 

There remains a brief elevation of phospho-Akt in these cells at 0.5 hr following HGF-

treatment; more importantly, however, is that the sustained signalling observed in DMSO 

treated cells (up to 6 hr) is not observed in the PROTAC 7 treated cells (Figure 5G). This 

restoration of a wild-type phenotype to a mutant protein via a PROTAC is intriguing and the 

approach could prove potentially advantageous in cancer patients bearing exon 14 splice 

variants of c-Met (Wislez et al., 2016). As a result of this apparent restoration of a wild-type 

phenotype to a mutant protein via treatment with PROTAC, we sought to investigate the 

PROTAC 7-induced ubiquitination state of c-Met through immunoprecipitation experiments 

in the exon 14 mutant cells. After 4 hours of treatment with PROTAC 7, immunoprecipitated 

c-Met is ubiquitinated to a greater extent than vehicle control samples (Figure 5H). 

Furthermore, Hs746T lysate was subjected to Tandem Ubiquitin Binding Entity 1 (TUBE1) 

immunoprecipitation in an effort to enrich for polyubiquitinated substrates within the cell. 

PROTAC 7 treated Hs746T cells display marked TUBE1 enrichment of c-Met when 
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compared to vehicle control treated cells (Figure 5I) (Hjerpe et al., 2009). These experiments 

provide evidence that PROTAC 7 induces polyubiquitination of c-Met, even in an exon 14 

skipped context lacking the natural phosphodegron.

While the general applicability of PROTAC-mediated degradation to RTKs may be inferred 

beyond the specific examples described in this study, we are continuing to investigate other 

instances of this broad superfamily of proteins as well as the larger considerations of 

harnessing the PROTAC approach to the entire proteome (see accompanying paper 

Bondeson, Smith et al). Additionally, the advantages of inducing degradation over inhibition 

of target proteins gleaned from this “case study” provide a strong foundation for future 

PROTAC-based paradigms.

Significance

We demonstrate for the first time that PROTACs are capable of inducing the degradation of 

active receptor tyrosine kinases and provide examples of successful degradation of three 

separate RTKs – EGFR, HER2, and c-Met, including multiple mutants of EGFR and c-Met. 

Subsequently we show that degradation may provide advantages over inhibition in several 

key ways. In most cases compounds capable of degradation inhibit downstream signalling 

and cell proliferation at lower concentrations than similar compounds that only inhibit. 

Furthermore, degradation provides a more sustained reduction in signalling as evidenced by 

the reduction in kinome re-wiring observed previously with EGFR, HER2 and c-Met 

inhibitors, as well as the sustained duration of response even after washout. We also 

demonstrate that PROTACs are capable of disposing of proteins that are mutated to avoid 

their natural “off-switch”. This work significantly expands upon the potential protein targets 

of PROTACs to include transmembrane proteins and establishes that recruitment of VHL to 

RTKs is capable of efficiently removing this class of protein targets from the membrane in a 

similar fashion to their response to growth factor. We demonstrate through control 

experiments using the inactive diastereomeric compounds with identical physicochemical 

properties that degradation is leveraged over inhibition alone, highlighting the potential 

advantages of this pharmacologic modality.

STAR Methods

Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EGFR SantaCruz 1005

FLAG Sigma F1804

Tubulin Sigma T9026

HER2 Cell Signaling 2165S

p-EGFR (Y1068) Abcam ab40815

p-HER2 (Y1221/1222) Cell Signaling 2243S

p-AKT (T308) Cell Signaling 2965S
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REAGENT or RESOURCE SOURCE IDENTIFIER

p-ERK 1/2 (T202/204) Cell Signaling 4370

HER3 Cell Signaling 12708

pHER3 (Y1197) Cell Signaling 4561

pHER3 (Y1289) Cell Signaling 4791

pGSK-3b (S9) Cell Signaling 9331

c-Met Cell Signaling 8198

c-Met Cell Signaling 3127

p-Met (Y1245/1235) Cell Signaling 3126

p-AKT (S473) Cell Signaling 4060

Ubiquitin (P4D1) Cell Signaling 3936

p230 Trans Golgi BD Biosciences 611281

EEA1 BD Biosciences 610456

Clathrin Heavy Chain SantaCruz sc-12734

Alexa Fluor-546 conjugated anti-mouse ThermoFisher A-21143

Alexa Fluor-488 conjugated anti-rabbit ThermoFisher A-11008

HRP linked Mouse IgG GE Life Sciences NA931

HRP Linked Rabbit IgG GE Life Sciences NA934

Chemicals, Peptides, and Recombinant Proteins

Cycloheximide Sigma C104450

MLN4924 Sigma 5.05477

PR-619 LifeSensors SI9619

EZ-link Sulfo-NHS-SS-Biotin Thermo 21331

Pierce NeutrAvidin Agarose beads Thermo 29200

Agarose-TUBE 1 LifeSensors UM401

Protein A-Sepharose 4B, Fast Flow beads Sigma P9424

Recombinant Human HGF Protein R&D Systems 294-HG-250

Critical Commercial Assays

CellTiter 96® AQueous Non-Radioactive Cell 
Proliferation Assay (MTS)

Promega G5421

Experimental Models: Cell Lines

OVCAR8 Joyce Liu, Dana Farber

MDA-MB-231 ATCC HTB-26

HeLa ATCC CCL-2

HCC827 ATCC CRL-2868

H3255 Katerina Politi, Yale

H1975 ATCC CRL-5908

SKBr3 ATCC HTB-30
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REAGENT or RESOURCE SOURCE IDENTIFIER

GTL16 F. Maina, Developmental Biology 
Institute of Marseille-Luminy

Hs746T ATCC HTB-135

Oligonucleotides

Clathrin Heavy Chain siRNA SantaCruz sc-35067

Software and Algorithms

Image Lab 6.0 Biorad N/A

Graphpad Prism N/A

Contact for Reagent and Resource Sharing

Further information and request for resources and reagents should be directed and will be 

fulfilled by Craig Crews (craig.crews@yale.edu).

Experimental Model and Subject Details

MDA-MB-231, SKBr-3, HCC-827, and H1975 cells were obtained from the American Type 

Culture Collection (ATCC). OVCAR8 cells were a gift from Joyce Liu (Dana Farber). 

H3255 cells were a gift from Katerina Politi (Yale University). All of the aforementioned 

cell lines were cultured in RPMI-1640 (1X) medium containing 10% fetal bovine serum 

(FBS) and 1% penicillin-streptomycin and grown in a humidified incubator at 37°C, 5% 

CO2. GTL-16 cells were a gift from F. Maina (Developmental Biology Institute of 

Marseille-Luminy) and similarly grown in RPMI-1640 medium containing 10% FBS and 

1% penicillin-streptomycin. To generate an Exon 20-insertion EGFR stable cell line, HeLa 

cells (ATCC) were transduced with a lentiviral mammalian expression vector pD2119-

EFs-3xFLAG-EGFR-Exon20ins (purchased from DNA 2.0) and selected with 2 ug/ml 

puromycin in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS. This 

vector contains a 767 ASV duplication of exon 20.

Method Details

Immunoblotting—Cells were treated with the indicated concentrations of PROTAC or 

corresponding inhibiting diastereomer for the specified time and then harvested in lysis 

buffer (25 mM Tris·HCl pH 7.5 with 1% NP-40 and 0.25% deoxycholate, supplemented 

with 10 mM sodium pyrophosphate, 20 mM β-glycerophosphate, 10 mM sodium fluoride, 1 

mM sodium orthovanadate, 0.1 mM phenylarsine oxide, 10 μg/ml leupeptin, 10 μg/ml 

pepstatin A, 30 μg/ml bestatin, 0.3 trypsin inhibitor units/ml aprotinin and 1 mM PMSF). 

Following centrifugation at 16,000 × g for 10 min at 4°C to pellet insoluble materials, the 

protein concentrations of the supernatants were quantitated by BCA assay (Thermo Fisher 

Scientific). Protein samples were resolved by 8% SDS-PAGE, electrophoretically transferred 

to nitrocellulose and probed with the antibodies listed above. Immunoblots were developed 
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using enhanced chemiluminescence and visualized using a Bio-Rad Chemi-Doc MP 

Imaging System and quantitated with Image Lab v.5.2.1 software (Bio-Rad Laboratories).

Cell Proliferation assays—Following PROTAC or diastereomer treatment of cells as 

indicated, culture medium was supplemented with 330 μg/ml MTS (Promega Corp., 

Madison, WI) and 25 μM phenazine methosulfate (Sigma, St. Louis, MO) and incubated at 

37°C. Mitochondrial reduction of MTS to the formazan derivative was monitored by 

measuring the medium’s absorbance at 490 nm using a Wallac Victor2 platereader (Perkin-

Elmer Life Sciences, Waltham, MA). Data analysis and statistics performed using Prism 

v7.0 software (GraphPad Software).

Cell surface biotinylation degradation assay—A protocol was adapted from Joffre 

et. al to measure the removal of c-Met from the cell surface of MDA-MB-231 cells (Joffre et 
al., 2011). Cells were plated in full serum, allowed to adhere, and switched to serum-free 

RPMI-1640 for 16 hr. After this time, cells were placed on ice and rinsed with ice-cold 1X 

PBS-CM (0.1 mM CaCl2, 1 mM MgCl2) twice and incubated with PBS-CM for 5 min at 

4°C. PBS-CM was aspirated, at which point cells were labelled with a cell membrane 

impermeant reagent, EZ-link Sulfo-NHS-SS-biotin at 0.5 mg/ml for 30 min at 4°C with 

gentle rocking. This step enabled covalent labelling of all cell surface proteins. All of the 

following were carried out at 4°C to prevent trafficking of said proteins. Cells were 

subsequently rinsed with ice-cold PBS-CM twice and excess biotin was quenched with Tris-

glycine buffer (100 mM Tris pH 8.0, 150 mM NaCl, 0.1 mM CaCl2, 1 mM MgCl2 10 mM 

glycine, 1% BSA) for 15 min at 4°C with gentle rocking. Cells were then rinsed with ice-

cold PBS-CM three times before being chased with warm serum-free RPMI-1640 medium 

containing either HGF (100 ng/ml) or PROTAC (500 nM) and placed in a humidified 

incubator at 37°C for the indicated amount of time, at which point the cells were lysed with 

lysis buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 10% glycerol, 1% NP-40, 1 mM EDTA) 

supplemented with 1X protease inhibitors (Roche). Lysates were spun down at 14,000 × g at 

4°C for 10 min and protein content was measured by BCA assay. Protein lysate was 

normalized and aliquoted onto pre-equilibrated NeutrAvidin agarose beads for 2 hrs at 4°C, 

with gentle rotation. Beads were washed three times with wash buffer (100 mM Tris, pH 7.5, 

300 mM NaCl, and 1% Triton X-100) and resuspended in 2X elution buffer (62.5 mM Tris, 

pH 6.8, 3% SDS, 10% glycerol, 0.02% bromophenol blue, 160 mM DTT). Protein was 

eluted off of the beads by heating at 95°C for 5 min and the supernatant was run on an SDS-

PAGE gel and evaluated for the presence of cell surface c-Met protein. Whole-cell lysate 

refers to the lysate loaded onto NeutrAvidin beads, thereby representing the total c-Met 

protein.

Cycloheximide chase assay—MDA-MB-231 cells were plated at 3×105 cells per well 

in a 6-well dish, allowed to adhere, and switched to serum-free RPMI-1640 for 16 hr. Cells 

were then pre-treated with cycloheximide (Sigma) at 100 ug/ml for 1 hr prior to addition of 

either HGF (100 ng/ml), PROTAC (500 nM), or vehicle. At the indicated time points, cells 

were immediately placed on ice, rinsed with PBS, lysed, and boiled.

Chemical Syntheses—Details of Chemical Syntheses can be found in Methods S1.
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Immunofluorescence Microscopy—MDA-MB-231 cells were plated at a density of 

1×105 cells/ml onto 12 mm round coverslips, cultured overnight, switched to serum free 

media for >12 hours and then treated with 500 nM PROTAC 7 or 100 ng/ml HGF for the 

indicated times before washing with PBS. Cells were fixed with 4% formaldehyde for 20 

minutes at room temperature, washed with ice-cold PBS, permeabilized and blocked with 

0.25% Triton X-100/1% BSA in PBS for 30 minutes. Fixed cells were incubated with c-Met 

Antibody (1:3000 dilution, Cell Signalling #8198) for 1 hour, washed three times with PBS 

for 5 minutes, incubated with Alexa Fluor-488 conjugated anti-rabbit antibody (1:1000 

dilution, ThermoFisher A-11008) for 1 hour washed three times with PBS for 5 minutes and 

mounted in vectashield containing DAPI. Imaged on Zeiss Axio Observer Z1 inverted 

microscope.

siRNA Experiments—The siRNA (4μL of 10 μM stock solution, 40 pMol) was diluted 

with Opti-MEM media (150 μL) then added to a solution of Lipofectamine RNAiMAX (9 

μL in 150 μL in Opti-MEM) and incubated for 10 minutes before being added to MDA-

MB-231 cells at ~ 80% confluency. The following day, the transfected cells were plated out 

and used for experiments as described above.

Immunoprecipitation Experiments—Hs746T cells (2.5 × 106) were seeded into 10 cm 

dishes, allowed to adhere, switched to serum-free DMEM media for 16hr. After this time, 

cells were pre-treated with 2 uM epoxomicin for 30 minutes at 37°C. After this pre-

treatment, 10 cm plates were treated with either 1 uM Compound 7 or vehicle for 4 hours at 

37 °C, after which they were placed on ice, rinsed twice with ice-cold 1X PBS and lysed 

with 500 uL modified 1X RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 

1% sodium deoxycholate, 0.1% SDS) containing 5 mM 1,10-phenanthroline monohydrate, 

10 mM N-ethylmaleimide, 20 uM PR-619, and 1X cOmplete protease inhibitor cocktail 

(Roche). Lysates were spun down at 14,000 × g at 4°C for 10 min and protein content was 

measured by BCA assay. Protein lysate was normalized and 500 ug of lysate was aliquoted 

onto naked Protein A-Sepharose 4B beads (Sigma), and pre-cleared for 1 hr at 4°C with 

gentle rotation. After this 1 hr incubation, samples were spun down at 3,000 × g at 4°C for 2 

min and the normalized, pre-cleared lysate were subsequently loaded onto Protein A-

Sepharose 4B beads coupled with 5 ug of Met (CST, #8198) antibody. MET was 

immunoprecipitated from Hs746T lysates for 2 hr at 4°C with gentle rotation, after which 

samples were spun down at 3,000 × g at 4°C for 2 min, flow-thru was collected to assess 

pulldown efficiency (see Fig. S6D), and the beads were washed once with ice-cold lysis 

buffer and thrice with ice-cold 1X TBS-T (137 mM NaCl, 2.7 mM KCl, 19 mM Tris-HCl 

pH 7.5, 0.02% Tween-20). The beads were resuspended in 1X LDS sample buffer containing 

5% BME. Immunoprecipitated protein was eluted off of the beads by heating at 95°C for 5 

min and the supernatant was run on an SDS-PAGE gel and evaluated for the presence of 

immunoprecipitated total Met (CST, #3127), as well as ubiquitinated Met (CST, #3936). 

Whole-cell lysate refers to the normalized, input lysate loaded onto Protein A-Sepharose 

beads.

TUBE1 Immunoprecipitation Experiments—TUBE1 immunoprecipitations were 

carried out exactly as described in the previous section (Immunoprecipitation Experiments), 
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except for the fact that 1 mg of Hs746T lysate was used and loaded onto 20 uL TUBE1 

agarose (LifeSensors) resin per sample.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PROTACs are capable of degrading transmembrane receptor tyrosine kinases 

(RTKs)

• PROTACs prove superior to corresponding diastereomeric inhibitors

• Degradation abrogates scaffolding roles of RTKs thus suppressing kinome re-

wiring

Burslem et al. Page 18

Cell Chem Biol. Author manuscript; available in PMC 2019 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Small molecule induced degradation of EGFR and mutants
A–F – Immunoblots of cells expressing different EGFR variants treated with increasing 

doses of the indicated compound for 24 hours. A – OVCAR8 cells treated with lapatinib-

based PROTAC 1. B – OVCAR8 cells treated with compound 2, an inactive diastereomer of 

lapatinib-based PROTAC 1. C – HeLa cells expressing FLAG-tagged exon 20 ins (ASV 

duplication) EGFR treated with lapatinib-based PROTAC 1. D – HCC827 cells expressing 

exon 19 del EGFR treated with gefitinib-based PROTAC 2. E – H3255 cells expressing 

L858R EGFR treated with gefitinib-based PROTAC 3. F – H1975 cells expressing double 

mutant (L858R/T790M) EGFR treated with afatinib-based PROTAC 4. G – Summary table 

of DC50 (the concentration at which half-maximal degradation is achieved) and Dmax (the 

maximum percentage of degradation) values. See also Figure S1 and S2.
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Figure 2. Selective PROTAC-mediated degradation of HER2 and implications for kinome re-
wiring
A – Employing different linker lengths imparts PROTAC selectivity for EGFR over HER2. 

OVCAR8 cells were treated with PROTAC 1 or 5 for 24 hours before being lysed and 

probed for EGFR, HER2 and tubulin (as a loading control). B – Cell proliferation assay in 

SKBr3 cells after 72 hours of treatment with the indicated compound concentrations. C - 

Treatment of SKBr3 cells with sub-lethal concentrations (500 nM) of PROTAC 1 or 

diastereomer 2 over 48 hours shows a gradual increase in downstream signalling consistent 

with kinome re-wiring, previously observed in SKBr3 cells, with diastereomer but not with 

PROTAC. D – Immunoblotting analysis of c-Met phosphorylation after 48 hours with 500 

nM PROTAC 1 or diastereomer 2. See also Figure S2.
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Figure 3. PROTAC mediated degradation of c-Met
A–B – MDA-MB-231 cells treated for 24 hours with increasing concentrations of foretinib-

based PROTAC 7 (A) or diastereomer 8 (B). C – Cell proliferation assay in GTL16 cells 

(PROTAC 7 IC50 = 66.7 nM, diastereomer 8 IC50 = 156 nM) D – Time course of c-Met 

degradation by foretinib-based PROTAC (500 nM) 7. E – PROTAC effects are longer lasting 

in cell culture. Cells were treated for 24 hours with 500 nM PROTAC 7 or diastereomer 8 
before re-plating on new plastic, in fresh media for 24 or 48 hours. Excess VHL (25 μM) 

ligand was added to the indicated wells. See also Figure S3 and S6.
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Figure 4. PROTAC mediated internalization
A/B – Cell surface proteins were labelled with a cell membrane impermeant biotin reagent 

prior to treatment with 500 nM foretinib-based PROTAC 7 (A) or 100 ng/ml HGF (B) for 

the indicated times and lysed. Biotinylated proteins were enriched by streptavidin pulldown 

and immunoblotted for c-Met. Biotinylated proteins represent the cell surface fraction. 

Corresponding whole cell lysates are also shown C - Representative confocal microscopy 

images of c-Met (green) internalization in response to PROTAC 7 (500 nM) treatment for 

the indicated times (DAPI nuclear stain - blue). See also Figure S5.
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Figure 5. Exon 14-deleted c-Met has increased stability and resistance to HGF-mediated 
degradation that can be combated by foretinib-based PROTAC 7
A – Quantitation of WT c-Met or exon 14-deleted c-Met degradation upon treatment with 

HGF, PROTAC 7 or DMSO control in the presence of cycloheximide (CHX). B – Table of 

calculated half-lives. C – Representative CHX time course of WT c-Met degradation and 

signalling in MDA-MB-231 cells treated with HGF. D – Representative CHX time course of 

exon 14 deleted c-Met degradation and signalling in Hs746T cells treated with HGF. E - 

Representative CHX time course of exon 14-deleted c-Met degradation in Hs746T cells 

treated with PROTAC 7. F and G – Both MDA-MB-231 and Hs746T cells were treated with 

either DMSO or PROTAC for 18 hours before the addition of HGF and lysis at the indicated 

time points following stimulation. H – Immunoprecipitation of c-Met from PROTAC 7 
(1μM) or DMSO treated Hs746T cells followed by immunoblotting for Ubiquitin. I – 

Tandem Ubiquitin Binding Entity 1 (TUBE1) pulldown from PROTAC 7 (1μM) or DMSO 

treated Hs746T cells followed by immunoblotting for c-Met See also Figure S6.
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