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Dysregulation of integral membrane proteins (IMPs) has been linked to a myriad of diseases, 
making these proteins an attractive target in drug research. Whilst PROTAC technology has had 
a significant impact in scientific research, its application to IMPs is still limited. Limitations of the 
traditional approach of immunoblotting in PROTAC research include the low throughput compared 
to other methods, as well as a lack of spatial information for the target. Here we compare orthogonal 
antibody based approaches, i.e. immunoblotting, flow cytometry and immunofluorescence, to 
measure PROTAC mediated degradation of two established, endogenous targets, epidermal growth 
factor receptor (EGFR) and hepatocyte growth-factor receptor (c-MET). We discuss advantages 
and limitations of each methodology for the assessment of PROTAC efficacy on IMPs. Overall, we 
recommend the use of immunofluorescence and flow cytometry, for an increased accuracy with both 
a qualitative and quantitative insight into degradation efficacy and a critical distinction between cell 
membrane-localized and intracellular IMP protein pools.
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PROteolysis targeting chimeras (PROTACs) are heterobifunctional molecules composed of two connected 
ligands that link an E3 ubiquitin ligase to a target protein of interest (POI). PROTAC binding induces proximity 
of the E3 ligase to the target POI leading to its polyubiquitination and subsequent degradation via the ubiquitin-
proteasome system (UPS)1. As an emerging class of drugs, PROTACs present novel therapeutic advantages: 
they remove the disease-linked protein from the cell, rather than only inhibiting it, thereby also eliminating 
any potential scaffolding function2,3; they act in an iterative manner inducing the degradation of the target in 
substoichiometric quantities, reducing the required administered dose compared to the parent inhibitor (i.e., 
POI-specific warhead) with tremendous impact on side effects and the therapeutic window3,4; they don’t rely 
on binding to an active site of target proteins but rather on availability of any accessible high affinity pocket5; 
they can achieve potent target degradation even with low-affinity ligands, thanks to the positive cooperative 
interaction between the E3 and the target4,6. These characteristics have made PROTACs potent new therapeutic 
agents that also open up the possibility of drugging previously undruggable targets7.

Despite their promising therapeutic potential as protein degraders, integral membrane protein (IMP) 
targeting PROTACs have seen slower progress compared to cytosolic or nuclear protein-targeting PROTACs due 
to the added complexity of location and membrane integration. Mutant and dysregulated IMPs are established 
driving factors for many disease indications, and their targeted degradation still remains a highly sought-after 
therapeutic objective (extensively reviewed in8).

Epidermal growth factor receptor (EGFR) and hepatocyte growth-factor receptor (c-MET) are membrane-
integral receptor tyrosine kinases (RTKs), consisting of an N-terminal extracellular-facing ligand-binding 
domain, a single pass transmembrane helix and a C-terminal cytosolic domain containing a juxtamembrane 
domain and a kinase domain9,10. Ligand binding induces conformational changes and activation of the kinase 
domain, leading to autophosphorylation, effector-protein binding, and ultimately recognition by the E3 ligase 
Casitas B-lineage lymphoma (c-Cbl) followed by ubiquitination, internalization and degradation11–13.
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EGFR and c-MET are implicated in the pathogenesis of various cancer types. Alterations in EGFR and 
aberrant activation of the receptor are commonly seen in Glioblastoma multiforme, squamous cell carcinomas 
in the head and neck (HNSC), lung (LUSC), and esophagus (ESCA), non-small cell lung cancer (NSCLC), 
bladder urothelial carcinoma and brain lower grade glioma14. Exon 19 deletion (Ex19del) is the most common 
activating mutation in advanced NSCLC, with a large number of molecular variants that arise from in-frame 
deletions, substitutions, and insertions15. Patients with Ex19del mutations are treated with EGFR tyrosine kinase 
inhibitors (TKIs) such as gefitinib, which competitively prevents the binding of ATP to the receptor that is 
required for receptor auto-phosphorylation. While gefitinib can bind WT EGFR, the affinity to Ex19del EGFR 
and other mutants is five to thirteen times higher16,17.

c-MET is altered in a variety of lung, kidney, ovary, thyroid, colon, gastric, liver and breast carcinomas. 
Oncogenic mutations can constitutively activate the receptor, prevent c-Cbl binding or generate alternatively 
spliced variants18. Exon skipping of exon 14, frequently ecountered in NSCLC and gastrointestinal malignancies, 
results in the omission of the c-Cbl-binding site within the juxtamembrane domain of c-MET leading to increased 
c-MET protein levels compared to cells expressing the wild type protein19,20. Exon 14 deletion (ex14del) results 
in tumor resistance to some c-MET inhibitors, but does not impact on Foretinib, a pan-kinase inhibitor that 
targets c-MET and the vascular endothelial growth factor receptor.

While PROTACs that achieve substantial degradation of either c-MET (with PROTAC SJF82402) or EGFR 
(e.g. with PROTAC32, or MS3921) have been described, the underlying mechanism for degradation was not 
defined in detail in these publications. SJF8240 (described as PROTAC7 in2) and PROTAC3 are VHL (von 
Hippel-Lindau)-based PROTACs with a respective c-MET inhibitor (foretinib) or EGFR inhibitor (gefitinib) as 
warheads. While SJF8240 induces c-MET degradation of both wildtype and mutant forms, PROTAC3 shows a 
selectivity towards degrading mutant EGFR, both Ex19del and L858R, while sparing wild type EGFR2.

Most of the published reports on PROTAC-mediated degradation of untagged proteins assess degradation 
efficacy through immunoblotting (e.g22–24). , as is also the case for IMP targeted protein degradation (TPD)25–27. 
This technique analyses whole cell protein lysates with no distinction between cell compartments, which requires 
different experimental approaches and time that complicate their use in large scale screens. Furthermore, 
immunoblot data are semiquantitative, and thus do not give a precise estimate of PROTAC efficacy. Here we 
compare different orthogonal methods of quantifying PROTAC mediated degradation of endogenous, untagged 
proteins of interest. Specifically, we investigate PROTAC efficacy of IMP-targeting chimeras, focussing on 
RTKs EGFR and c-MET. Our findings inform on the advantages and limitations of each methodology for the 
assessment of PROTAC efficacy on IMP TPD.

Results
While different methods are available to study target protein degradation, immunoblotting remains the 
primary method of choice when evaluating endogenous protein levels. We wanted to compare immunoblotting, 
immunofluorescence, and flow cytometry as high-throughput methods to study PROTAC-mediated degradation 
of integral membrane proteins c-MET and EGFR, both in their wildtype and mutant forms.

For both proteins, ligand induced endocytosis and degradation of the wildtype receptor is well established28,29. 
Hepatocyte growth factor (HGF) is known as the scatter factor that promotes tumor metastasis, activating c-MET 
and its downstream mitogenic pathways28. Similarly, the epidermal growth factor (EGF) binds and activates 
EGFR, stimulating cell growth and differentiation29. As positive controls of c-MET and EGFR degradation for the 
described experiments, we included samples treated with the aforementioned growth factors only. Their presence 
in the media mimics a physiological environment for the cells, and it is relevant to understand if and how they 
interfere with the PROTAC treatments. Another condition that we evaluated is serum starvation, which mimics 
the nutrient-poor tumoral environment commonly found in solid tumor30. To capture a degradation profile 
to compare between the different methods we treated the cells with different concentrations of PROTACs or 
inhibitors for 24 h. In these experiments we captured degradation profiles in full medium, either with or without 
pre-starvation in serum-free medium for 8 h, or with co-treatment with 100 ng/mL HGF or EGF (Fig. 1).

Degradation of WT c-MET in A549 cells
SJF8240 has previously been published as a potent c-MET degrader2. We decided to test the effect of SJF8240 on 
wild type c-MET in A549 cells which express wild type EGFR and c-MET, but mutant KRAS as their oncogenic 
driver acting downstream of EGFR and c-MET in the MAPK signalling pathway31,32. While serum starvation 
on its own did not have an effect on total c-MET protein levels, as detected by immunoblotting, HGF-induced 
endocytosis for 24  h led to 60–75% reduction in c-MET signal (Fig.  2A–D). When quantifying receptor 
abundance by immunofluorescence, we distinguished between whole cell (Fig. 2E, F) and plasma membrane 
(Fig. 2G, H) c-MET levels. The latter together with data from flow cytometric analysis (Fig. 2I, J) allows to assess 
alterations in the pool of active plasma membrane localized c-MET that is responsible for downstream signal 
transduction. Using immunofluorescence, we observed a ~ 50% reduction in total c-MET signal (Fig. 2E) after 
24 h of HGF treatment, while cell-surface levels of c-MET decreased by ~ 35% (Fig. 2G). The observation that 
membrane occupancy of c-MET decreases less than total immunofluorescent signal in the cell suggests that 
HGF preferentially promotes the endocytosis of c-MET, but that endocytosed c-MET accumulates intracellularly 
before being degraded (Fig.  2K, S1). Flow cytometric analysis of the same treatment yielded a comparable 
reduction in c-MET cell-surface levels by approximately 60% (Fig. 2I, J). We did not see significant differences 
between the three tested methods in the HGF mediated changes of c-MET protein levels, however results for 
immunoblotting showed bigger variability than results for immunofluorescence or flow cytometry (Fig. S2A).

In the presence of serum in the culture medium, treating A549 cells with SJF8240 resulted in a maximal 
reduction of c-MET signal of approximately 45% by immunoblotting, 25% by immunofluorescence (whole 
cell signal), and 62% with flow cytometry (Fig. 2A,C,E,I). Notably, the maximal effect in immunoblotting was 
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observed at 100 nM SJF8240, while the other analysis methods recorded maximal effects at 1 µM. As for HGF 
treatment, we did not see significant differences when comparing the 1 µM treatment condition, however 
immunoblotting, again, yielded bigger variability than the other methods (Fig. S2A). We did not observe any 
synergy in promoting c-MET degradation as assessed by all the methods, when co-treating cells with HGF and 
SJF8240 (Fig. 2A,C,E,I). We did, however, observe a dose-dependent rescue of c-MET protein levels from HGF-
induced degradation with increasing PROTAC concentrations both at the total protein level and the plasma 
membrane pool (Fig. 2K) with a near full rescue at 10 µM SJF8240. Foretinib binds to the c-MET ATP-binding 
site blocking its autophosphorylation and effector protein binding, thereby preventing RTK endocytosis and 
downstream signalling pathway. This indicates that the foretinib warhead in a PROTAC context can still exert its 
inhibitor function on c-MET. However, overall the impact of SJF8240 on c-MET inhibition and internalization 
was a lot less potent than with Foretinib alone (Fig. 2G,H), where full rescue was already observed at 100 nM. 
We observed the same effect on c-MET phosphorylation at Y1234/1235 where efficient block of phosphorylation 
with the PROTAC was only seen at 10 fold higher concentrations at 1 µM than with foretinib (Fig. S3A)2. 
Notably, ERK phosphorylation was only reduced when using Foretinib at high dose at 10 µM, in line with 
mutant KRAS bypassing the upstream MAPK signalling. Finally, serum starvation prior to PROTAC treatment 
did not influence the behaviour or maximal effects observed (Fig. 2A–J).

Degradation of mutant c-MET in Hs746T cells
Hs746T are a gastric carcinoma cell line in which the MET gene has been amplified as well as mutated resulting 
in exon 14 deletion, collectively leading to impaired protein turnover2. In line with the deleted c-Cbl binding site, 
HGF treatment did not lead to reduction of c-MET levels or endocytosis with any of the tested readout methods 
(Fig. 3A–J, S1A, S2B). Serum starvation did not have any effect on c-MET either (Fig. 3A–J).

Analysis of Hs746T cells treated with PROTAC SJF8240 by immunoblotting shows c-MET degradation with 
a dose response and maximal degradation at 100 nM and an apparent hook effect at higher concentrations 
(Fig. 3A,C). More in line with the initial assessment of SJF8240 activity2, maximal c-MET signal reduction was 
recorded at 1 µM when using immunofluorescence and flow cytometry with maximal effects ranging from 60% 
signal reduction in flow cytometry and 35% in immunofluorescence (Fig. 3E,I). Intriguingly, we observed with 
all assays that HGF diminished the ability of SJF8240 to promote reduction of c-MET signal, even though in 
itself it did not do so (Fig. 3A,C,E,G,I). Additionally, serum-starvation did not change the degradation profile 
considerably compared to serum conditions.

The same set of experiments was also conducted using the Foretinib warhead alone. This reduced c-MET 
by approximately 50% by immunoblotting (Fig. 3B,D) or 20% by immunofluorescence (Fig. 3F). This was again 
counteracted by co-treatment with HGF or by serum-starvation. As was the case for measurements on c-MET 

Fig. 1.  Scheme of treatment regime. Cells were either serum-starved or grown in full medium for 8 h before 
replenishing full growth medium. Cells were then treated with PROTAC or inhibitor either alone, or in 
combination with RTK ligand at 100 ng/mL.
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Fig. 2.  Degradation profile of wildtype c-MET in A549 cells. (A–J) Cells were pre-treated as described in 
(Fig. 1) with HGF as RTK ligand and either SJF8240 (A,C,E,G,I) or Foretinib (B,D,F,H,J) for 24 h. Cells were 
then analysed by immunoblotting (A,B) and quantification (C,D), whole cell (E,F) or plasma membrane 
(G,H) immunofluorescence, or by flow cytometry (I,J). Graphs show the mean and SEM of at least 3 biological 
replicates. The dotted line indicates a value of 0.8. Asterisks highlight p values < 0.01. All details regarding 
statistical analyses and p-values are provided in the (Supplementary Table 1).
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Fig. 3.  Degradation profile of ex14del c-MET in HS746T cells. Cells were pre-treated as described in (Fig. 1) 
with HGF as RTK ligand and either SJF8240 (A,C,E,G,I) or Foretinib (B,D,F,H,J) was added for 24 h. Cells 
were then analysed by immunoblotting (A,B) with quantification (C,D), immunofluorescence for the whole 
cell (E,F) or plasma membrane only (G,H) or flow cytometry (I,J). Graphs show the mean SEM of at least 
3 biological replicates. The dotted line indicates a value of 0.8. All details regarding statistical analyses and 
p-values are provided in the (Supplementary Table 2).
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levels in A549 cells, we did not observe any significant differences in the methods used for either HGF treatment, 
or 1 µM SJF8240 treatment, however, again, immunoblotting yielded high variability in both cases (Fig. S2B).

Degradation of WT EGFR in A549 cells
Similarly to c-MET, wildtype EGFR protein levels were not altered under serum-starvation in A549 cells with 
any of the tested methods (Fig.  4A–J). In contrast, EGF treatment on its own reduced EGFR total protein 
levels by approximately 75% in immunoblotting (Fig.  4A–D), 30% (whole cell) and 50% (membrane) in 
immunofluorescence (Fig. 4E–H, Fig. S1B) and 80% in flow cytometry (Fig. 4I,J), with immunofluorescence 
showing a significantly lower reduction of total protein levels (Fig. S2C) compared to immunoblotting and 
flow cytometry, which were not significantly different in direct comparison. Similar to what Burslem et al. 
show in their original publication2, we did not observe degradation of wildtype EGFR with any of the tested 
methods when using PROTAC3 in A549. This is in line with Gefitinib having a significantly lower affinity to 
wildtype EGFR compared to mutant EGFR2,17. However, we did observe very weak gefitinib warhead dependent 

Fig. 4.  Degradation profile of wildtype EGFR in A549 cells. Cells were pre-treated as described in (Fig. 1) 
with EGF as RTK ligand and either PROTAC3 (A,C,E,G,I) or Gefitinib (B,D,F,H,J) was added for 24 h. Cells 
were then analysed by immunoblotting (A,B) with quantification (C,D), immunofluorescence for the whole 
cell (E,F) or plasma membrane only (G,H) or flow cytometry (I,J). Graphs show the mean SEM of at least 
3 biological replicates. The dotted line indicates a value of 0.8. All details regarding statistical analyses and 
p-values are provided in the (Supplementary Table 3).
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inhibition of EGFR mediated endocytosis when using PROTAC3 at 10 µM (Fig.  4G). This is in contrast to 
gefitinib alone, which efficiently blocked EGF-induced degradation (Fig. 4B,D,F) and endocytosis (Fig. 4H,J) in 
a dose dependent manner.

Degradation of mutant EGFR in HCC827 cells
HCC827 cells express exon 19-deleted EGFR which is more resistant to EGF-induced downregulation, but 
responds to gefitinib inhibition21. In line with this, treating HCC827 cells with EGF did not change total protein 
levels or EGFR localization when analysed by immunofluorescence (Fig. 5E–H, Fig. S1B) or flow cytometry 
(Fig. 5I,J) and the two methods did not significantly differ from each other (Fig. S2D). In contrast, we observed 
a significant reduction of EGFR protein levels by 30–60% when treating samples under the same conditions 
and analysing them by immunoblotting (Fig.  5A–D, Fig. S2D). Notably, immunoblotting showed significant 
differences to both, immunofluorescence and flow cytometry (Fig. S2D). Similar to A549 cells, serum-starvation 
had no effect on EGFR protein levels regardless of the method used for analysis (Fig. 5A–J).

Treating HCC827 cells with PROTAC3 elicited the same response across all methods, with maximal 
signal reduction being observed at 1 µM, and signal intensity increasing again at 10 µM, reflecting a typical 
hook effect (Fig.  5A,C,E,G,I). Maximal measured changes in EGFR protein levels were different between 
immunofluorescence (Fig. 5E,G), where signal reduction was approximately 25%, and immunoblotting and flow 
cytometry where the signal was reduced by 70% (Fig.  5A,C,I). The measured difference in signal reduction 
between immunofluorescence and the other two methods was significant, while immunoblotting and flow 
cytometry did not differ significantly from each other (Fig. S2D). When analysing co-treatment of cells with 
EGF and PROTAC3 by immunoblotting or flow cytometry, there seemed to be a synergistic effect in EGFR 
degradation, something we did not observe with immunofluorescence. We analysed immunofluorescence 
images, for these conditions and observed a signal accumulation in intracellular speckles (Fig. 5K, white arrows) 
with an apparent reduction in plasma membrane signal, both for PROTAC3 single or EGF co-treatment. Both, 
treatment with PROTAC3 and Gefitinib, reduced EGFR phosphorylation at tyrosine residue 1068 with the 
lowest tested concentration of 100 nM (Fig. S3B). For both compounds treatment at 10 µM led to the highest 
effect on downstream phosphorylation of ERK.

Discussion
Traditional studies of PROTAC efficacy utilize immunoblotting as a standard method, (e.g22–24). providing 
semiquantitative data of a single time point snapshot of whole cell protein levels, without resolution of spatial 
information. This can be circumvented by expanding lysate preparation to subcellular fractionation that could 
address whether a protein a depleted from endocytic organelles, the cytosol or the nucleus. However, this 
strategy comes with high cost and low throughput. Depending on the protein of interest, sample preparation can 
also affect the result of immunoblotting, with centrifugation steps leading to potential loss of protein associated 
with “cellular debris”33, or heating samples leading to differential resolution upon electrophoresis34. In contrast, 
immunofluorescence provides the additional layer of information, where signal quantification provides the 
readout of target degradation, and the images themselves provide information on whether there are significant 
changes in target localization or aggregation. While we did not see any significant differences between the tested 
methods when analysing c-MET degradation, mostly due to high variability in immunoblot quantification (Fig. 
S2A, B), we found immunoblotting to mimic flow cytometry results far more than immunofluorescence when 
analysing EGFR degradation, either by PROTAC3 or by EGF (Fig. S2C,D). Overall, the trend of whether a 
condition induced protein level reduction was consistent between methods, however, given that flow cytometry 
measures protein internalization rather than degradation, the close mimic of immunoblotting is concerning, 
as this indicates a strong overstatement of perceived maximal degradation. One possibility for the additional 
removal of EGFR from the lysate could be the speckles we observed after PROTAC treatment (Fig. 5K), which 
might pellet during centrifugation rather than stay in the soluble fraction.

Additional downsides to immunoblotting are low and work intensive throughput, compared to other 
methods. This becomes especially problematic with the ever growing size of PROTAC libraries to be tested, due 
to different requirements in warheads and linkerology for different targets in order to achieve efficient target 
degradation (e.g35,36). In contrast to immunoblotting, flow cytometry and immunofluorescence enable a higher 
throughput, with an increased accuracy and scalability36–39. Immunofluorescence provides information about 
the subcellular localization of the target and in the best case allows a clear separation of membrane associated 
proteins from the cytosolic or intracellular protein pool resulting in a clear picture of whether a protein has been 
degraded or simply endocytosed (e.g. Figure 5I vs. Figure 5K at 10 µM PROTAC3 vs. DMSO).

As an example, treatment of EGFR and c-MET mutant cell lines HCC827 and HS746T with 1 µM PROTAC3 
or SJF8240, respectively, showed both total protein reduction by immunoblotting and flow cytometry, indicating 
that the protein was either degraded (immunoblot, Figs. 3A and C and 5A and C) or endocytosed (Figs. 3I and 
5I). Adding immunofluorescence reveals that more EGFR is endocytosed than degraded (Fig. 5E and G, S1), 
while for c-MET more protein is being degraded than endocytosed (Fig. 3E and G, S1). This indicates that EGFR 
degradation occurs on the endo-lysosomal (re)cycling pool, while targeted degradation of c-MET depletes the 
newly synthesized pool of protein. In line with this notion, we observed appearance of cytosolic EGFR speckles 
after PROTAC treatment, whereas c-MET results in a uniform reduction of overall signal (Fig. 5K). However, 
this will need to be confirmed in the future with experiments aimed specifically at answering the question of 
whether EGFR and c-MET are being targeted at different stages in their life cycle. Notably, for c-MET we could 
show that in the PROTAC context, the foretinib warhead still exerted its inhibitor function, as HGF induced 
endocytosis in A549 cells was dose-dependently blocked, albeit with a much lower potency than foretinib on its 
own (Fig. 2G, S3A). Changes of inhibitor binding affinity in a PROTAC context have been described before40. 
ERK phosphorylation remained unchanged, apart from when using high concentration of Foretinib, which is 
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Fig. 5.  Degradation profile of ex19del EGFR in HCC827 cells. Cells were pre-treated as described in (Fig. 1) 
with EGF as RTK ligand and either PROTAC3 (A,C,E,G,I) or Gefitinib (B,D,F,H,J) was added for 24 h. Cells 
were then analysed by immunoblotting (A,B) with quantification (C,D), immunofluorescence for the whole 
cell (E,F) or plasma membrane only (G,H) or flow cytometry (I,J). Graphs show the mean SEM of at least 
3 biological replicates. The dotted line indicates a value of 0.8. All details regarding statistical analyses and 
p-values are provided in the (Supplementary Table 4).
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in line with the activating KRAS mutation in A549 cells bypassing the MAPK signalling pathway41. Similarly, 
PROTAC3 at 10 µM showed trends of inhibiting EGF induced endocytosis of EGFR (Fig. 4G), however given the 
low potency of gefitinib on wildtype EGFR (Fig. 4H)42, the result was not as clear-cut as for foretinib and c-MET. 
Crucially, these observations could not be made in either HS746T or HCC827 cells, as neither mutant c-MET, 
nor mutant EGFR were susceptible to ligand induced endocytosis (Figs. 3I and 4I).

As all the tested methods are antibody based, which can introduce different epitopes recognition and binding 
affinities, it is of interest to note that we observed differences in perceived maximal effects of relative signal 
intensities. Generally, immunoblotting seemed to yield higher differences in relative protein signals compared 
to immunofluorescence. However, we used the same antibody targeting the cytosolic tail of either c-MET or 
EGFR. As an alternative high-throughput method, flow cytometry only provides a measurement of receptor 
internalization from the cell surface, i.e. a smaller target pool compared to the whole cell content of target 
protein, which would explain the consistently increased sensitivity in measuring signal reduction compared to 
immunoblotting and immunofluorescence. While this generally agreed with negative data, i.e. we did not notice 
degradation in flow cytometry when there was no degradation in either immunoblotting or immunofluorescence, 
positive data have to be carefully analysed due to the aforementioned effect mixture of both protein degradation 
and endocytosis. Curiously, flow cytometry seemed to overall agree with immunoblotting data more than with 
immunofluorescence (Fig. S2).

While the PROTAC and targeted protein degradation field has gained a lot of traction in the last decade, 
PROTAC-mediated degradation of integral membrane proteins is still poorly understood. Published PROTACs 
targeting IMPs2,21,43, still leave questions on their mode of action: which pool of integral membrane proteins is 
being targeted by the PROTAC (i.e. newly synthesized vs. mature, membrane localized protein)? Is degradation 
of integral membrane proteins achieved exclusively via the lysosomal degradation pathway, or does it follow a 
traditional proteasomal pathway as well due to more promiscuous and potentially unconventional ubiquitination 
sites? In regards to the latter, it is generally assumed, and has been shown for most cytosolic and nuclear PROTAC 
targets, that degradation is mediated by the proteasome44–46. While proteasomes are generally assumed to 
be localized both in the nucleus and the cytosol, membrane association has been reported at both endo- and 
plasma membranes47–50. In this report we demonstrated how PROTAC-induced integral membrane protein 
degradation can be robustly characterised using immunoblotting, flow cytometry and immunofluorescence, 
and that the combination of these methodologies contributes to a better understanding of IMP degradation. 
Overall, we recommend the use of immunofluorescence rather than immunoblotting, due to the additional 
layer of information extracted with these types of experiments which would not be feasible by immunoblotting. 
Most importantly, both immunofluorescence and flow cytometry provide both a qualitative and quantitative 
insight into degradation efficacy and a critical distinction between cell membrane-localized and intracellular 
IMP protein pools. One way to enhance the resolution of the IMP degradation mechanism with PROTAC would 
be to use pulse-chase experiments with mass spectrometry like SILAC (stable isotope labelling by amino acids 
in cell culture), which delivers comparative data on both protein decay and novel protein synthesis, but such 
technologies are not yet ready to be delivered at scale.

Material & methods
Cell culture
Hs746T (ATCC, HTB-135) are a gastric carcinoma cell line isolated from a 74-year-old white male. A549 
(ATCC, CCL-185) are a lung carcinoma cell line isolated from a 58-year-old white male. HCC-827 (ATCC, 
CRL-2868) are a lung adenocarcinoma cell line isolated from a white 39-year-old female. HS746T and A549 
cells were cultured in DMEM + GlutaMAX (ThermoFisher, 31966-047) medium supplemented with 10% Fetal 
Bovine Serum (FBS; ThermoFisher, 10270-106). HCC-827 cells were cultured in RPMI-1640 (SigmaAldrich, 
R8758) medium supplemented with 10% FBS. For starvation experiments, cells were washed twice in PBS and 
grown in respective growth media without FBS for 6–8 h. Subsequently media were exchanged for full growth 
media and cells were treated with SJF8240 (Tocris, 7266), Foretinib (Stratech, ORB322222), PROTAC3 (Tocris, 
7258) or Gefitinib (AstraZeneca). For HGF (Bio-Techne, 294-HG-025) or EGF (Bio-Techne, 236-EG-200) 
treatment, full growth media containing ligands at 100 ng/mL were added just before PROTAC treatment. For 
serum conditions full growth medium was replenished before PROTAC treatment. PROTAC treatment was 
conducted for 24 h.

Immunoblot
For harvesting, cells were washed in PBS and lysed in RIPA buffer (ThermoFisher, 89901) containing protease 
inhibitors (ThermoFisher, 87786) and phosphatase inhibitors (ThermoFisher, 78420). For efficient cell 
disruption, lysates were kept on ice for 20 min, with occasional vortexing, or frozen at -20⁰C and thawed twice 
while vortexing. Subsequently lysates were cleared by centrifugation at 16,000xg for 10  min at 4  °C. Lysates 
were mixed with reducing agent (ThermoFisher, NP0009) and LDS sample buffer (ThermoFisher, NP0007) 
at appropriate dilutions and heated to 70 °C for 10 min. Proteins were separated on 4 − 12% Bis-Tris Protein 
gels (ThermoFisher, NP0336BOX) in NUPAGE MOPS SDS Running buffer (ThermoFisher, NP0001) and 
transferred onto PVDF membranes using the iBlot2 system (ThermoFisher, IB24001) with default program P0 
(20 V 1 min, 23 V 4 min and 25 V 2 min). Membranes were then blocked in Intercept (TBS) blocking buffer 
(Li-Cor, 927-60001) for 1 h at room temperature, followed by primary antibody incubation overnight at 4 °C. 
Primary antibodies were diluted in Intercept blocking buffer at 1:1,000. Membranes were washed with TBS-T 
buffer before incubation with IRDye secondary antibodies diluted 1:5,000 in Intercept blocking buffer for 1 h 
at room temperature. Membranes were washed with TBST buffer and imaged on an Odyssey DLx. Empiria 
Studio software was used for analysis and quantification. Data were normalised for the DMSO treated samples. 
The following primary and secondary antibodies were used: EGFR (C-terminus, total: CST, #4267; phospho 
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Y1068: CST, #2236), MET (C-terminus total (main figures): CST, #8198; C-terminus total (Fig. S4): CST, #3148; 
phospho Y1234/1235: CST, #3077), ERK (total: CST, #9102; phospho T202/Y204: CST, #9106), IRDye® 800CW 
Donkey anti-Rabbit IgG (Li-Cor, 926-32213), IRDye® 680RD Donkey anti-Mouse IgG Secondary Antibody (Li-
Cor, 926-68072). Immunoblots shown in figures have been cropped for visualization. Original blots can be 
found in supplementary file S6.

Immunofluorescence
Cells were seeded onto poly-D-lysine coated 384 well plates (Corning, 734 − 0260) and treated as described 
above for different treatment regimes. At observation timepoint, cells were washed in PBS and fixed in 4% 
paraformaldehyde (PFA) (diluted in PBS, Sigma P6148) for 10 min at room temperature. Plates were washed 
with PBS and permeabilized and blocked for 1 h at room temperature with 0.1% Triton + 1% BSA (Sigma X100, 
Sigma A7030) in PBS. Primary antibodies were diluted at 1:500 in the same blocking buffer and incubated over 
night at 4⁰C. The next day plates were washed with PBS and incubated with a mix of secondary antibody at 1:5,000, 
Hoechst33342 at 1:5,000 (Invitrogen, H3570) and Cell Mask Orange at 1:50,000–1:100,000 (ThermoFisher, 
C10045) for 1–2 h. Plates were again washed and then left in PBS for imaging.

Plates were imaged with Yokogawa Cell Voyager 7000. Images were analysed on Columbus (PerkinElmer). 
In short cells were identified by nuclear stain and cell membranes and cytosol were identified by subsequent 
cell mask orange stain. Cells on the image border were removed from analysis. Antibody stain intensity was 
quantified either for the whole cell or specifically for the membrane. Data were normalised for the DMSO 
treated samples. Two-tailed t-test was run for each condition with alpha 0.05 to evaluate if the difference with 
the DMSO treated sample is significant (P < 0.05). The following primary and secondary antibodies were used: 
EGFR (C-terminus; CST, #4267), MET (C-terminus; CST, #8198), Donkey anti-Rabbit IgG (H + L) Highly 
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 (ThermoFisher, A-21206).

Flow cytometry
Cells were seeded onto TC-treated 96 well plates (Corning, 3596) and treated as described above for different 
treatment regimes. At observation timepoint, cells were washed in PBS, harvested with TrypLE™ Express 
(ThermoFisher 12604013) and resuspended in cold FACS buffer – 0.5% BSA (Sigma A7030), 2 mM EDTA 
(ThermoFisher 15575020) in PBS. APC-conjugated antibodies were diluted at 1:200 in the same FACS buffer 
and incubated for 1 h at 4 °C. After 30 min, Live/Dead fixable yellow staining (Thermofisher L34967) was added 
at 1:1,000. Cells were washed in FACS buffer and fixed in 4% paraformaldehyde (PFA) (diluted in PBS, Sigma 
P6148) for 10 min at room temperature. They were washed, resuspended in FACS buffer and analysed with 
BD LSRFortessa with a High Throughput Sampler. 10’000 events per condition were acquired. Analysis was 
performed with FlowJo. Single viable cells (FSC-A vs. SSC-A, FSC-H vs. FSC-A) were gated and compensated 
based on the FMOs. APC signal was quantified. Data were normalised for the DMSO treated samples. Two-
tailed t-test was run for each condition with alpha 0.05 to evaluate if the difference with the DMSO treated 
sample is significant (P < 0.05). The following APC-conjugated primary antibodies were used: EGFR (Bio-
Legend 352905), MET (Bioscience 566789).

Statistical analysis
Statistical analysis was done by two-tailed t-test with alpha 0.05 to test for significant difference of treatment 
conditions compared to DMSO. Analysis was done on an N of at least 3. Statistical data are summarized in 
(Supplementary Tables 1–4).

Data availability
Data and statistical analyses are available upon request. Uncropped immunoblot images are supplied in (Sup-
plementary Figure S4).
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