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 2 

ABSTRACT 25 

PROTACs (Proteolysis-Targeting Chimeras) represent a promising new class of drugs that selectively degrade 26 

proteins of interest from cells.  PROTACs targeting oncogenes are avidly being explored for cancer therapies, 27 

with several currently in clinical trials.  Drug resistance represents a significant challenge in cancer therapies, 28 

and the mechanism by which cancer cells acquire resistance to PROTACs remains poorly understood.  Using 29 

proteomics, we discovered acquired and intrinsic resistance to PROTACs in cancer cells can be mediated by 30 

upregulation of the drug efflux pump MDR1.  PROTAC-resistant cells could be re-sensitized to PROTACs 31 

through co-administering MDR1 inhibitors. Notably, co-treatment of MDR1-overexpressing colorectal cancer 32 

cells with MEK1/2 or KRASG12C degraders and the dual ErbB receptor/MDR1 inhibitor lapatinib exhibited potent 33 

drug synergy due to simultaneous blockade of MDR1 and ErbB receptor activity.  Together, our findings suggest 34 

that concurrent blockade of MDR1 will likely be required in combination with PROTACs to achieve durable protein 35 

degradation and therapeutic response in cancer. 36 
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INTRODUCTION 50 

PROTACs (Proteolysis-Targeting Chimeras) have emerged as a revolutionary new class of drugs that 51 

utilize the cancer cells’ own protein destruction machinery to selectively degrade essential tumor drivers (1).  52 

PROTACs are small molecules with two functional ends, a small-molecule end that binds to the protein of interest 53 

and the other end that binds to an E3 ubiquitin ligase (2, 3). The PROTAC component recruits the ubiquitin ligase 54 

to the target protein, leading to its ubiquitination and subsequent degradation by the proteasome.  Benefits of 55 

PROTACs include development of drugs against previously undruggable drug targets, non-reliance on catalytic 56 

activity for degradation, as well as do not require high affinity for the drug target to achieve protein degradation 57 

(4).  Additionally, low doses of PROTACs can be highly effective at inducing degradation, which can reduce off-58 

target toxicity associated with high-dosing of traditional inhibitors (3).  PROTACs have been developed for a 59 

variety of cancer targets including oncogenic kinases (5), epigenetic targets (6) and recently KRASG12C proteins 60 

(7).    PROTACs targeting the androgen receptor or estrogen receptor are avidly being evaluated in clinical trials 61 

for prostate (NCT03888612) or breast cancers (NCT04072952) respectively.   62 

Drug resistance represents a significant therapeutic challenge for the treatment of cancer (8).  Resistance 63 

to PROTACs has been shown to involve genomic alterations in the core components of the E3 ligase 64 

components, such as downregulation of expression of CRBN, VHL or CUL2 proteins required for protein 65 

degradation (9-11).  Upregulation of drug efflux pump ABCB1 (MDR1), a member of the superfamily of ATP-66 

binding cassette (ABC) transporters has been shown to convey drug resistance to many anti-cancer drugs 67 

including chemotherapy agents, kinase inhibitors, and other targeted agents (12).  Recently, PROTACs have 68 

been shown to be substrates for MDR1 (10, 13), suggesting drug efflux may represent a potential limitation for 69 

degrader therapies.  Here, using BET protein and CDK9 degraders as a proof-of-concept, we applied proteomics 70 

to define acquired resistance mechanisms to PROTAC therapies in cancer cells following chronic exposure. Our 71 

study revealed a role for the drug efflux pump MDR1 in both acquired and intrinsic resistance to protein degraders 72 

in cancer cells and supports combination therapies involving PROTACs and MDR1 inhibitors to achieve durable 73 

protein degradation and therapeutic responses.   74 
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RESULTS 75 

Proteomics characterization of degrader-resistant cells reveals common upregulation of the multidrug 76 

resistance protein MDR1 77 

To explore resistance mechanisms to PROTAC therapies, we chronically exposed the ovarian cancer 78 

cell line A1847 to BET bromodomain (BD) or CDK9 degraders and carried out single-run proteomics using LC-79 

MS/MS (14) comparing parental and degrader-resistant cells (Fig. 1A).  Changes in protein abundance following 80 

chronic degrader-treatment were measured using Label-Free Quantitation (LFQ) (15).  We generated A1847 BD 81 

or CDK9 degrader-resistant cells through chronic exposure to increasing doses of either dBET6 (16), MZ1 (17), 82 

or Thal SNS 032 (18).   The chronically exposed A1847 cells were more resistant to BET bromodomain or CDK9 83 

degraders than treatment-naïve (i.e., parental) cells, whereby they showed a rightward shift in dose-response 84 

cell viability curves (Fig. 1B-C, S1A).  In contrast to parental cells, treatment of chronically exposed cells with 85 

increasing doses of BET protein degraders was insufficient to degrade BRD2, BRD3 or BRD4 and reduce BET 86 

protein target FOSL1 protein levels to extent observed in parental cells (Fig. 1D, S1B).  Similarly, treatment of 87 

A1847 cells with increasing doses of CDK9-degrader Thal SNS 032 did not inhibit cell viability or reduce CDK9 88 

protein levels or CDK9-mediated phosphorylation of RNA polymerase (S2) to the degree observed in parental 89 

cells, demonstrating chronic exposure to degraders reduced PROTAC degradation efficiency (Fig. 1E).  90 

Volcano plot analysis of changes in protein abundance comparing parent and degrader-resistant cells 91 

showed significant remodeling of the proteome upon continuous exposure to BET bromodomain or CDK9 92 

degraders (Fig. 1F-G, S1C, Data File S1).  A comparison of the top 10 upregulated proteins in dBET6, MZ1 and 93 

Thal SNS 032 resistant cells relative to parental cells revealed 2 proteins were commonly induced, the ATP-94 

dependent drug efflux pump, ATP Binding Cassette Subfamily B Member 1 (ABCB1) (19), and the RNA binding 95 

factor Insulin-Like Growth Factor 2 MRNA-Binding Protein 3 (IGF2BP3) (20) (Fig. 1H-I, S1D).  Notably, ABCB1 96 

(MDR1) is a member of the superfamily of ATP-binding cassette (ABC) transporters involved in translocation of 97 

drugs and phospholipids across the membrane and has established functions in drug resistance (12). MDR1 98 

protein levels were upregulated ~3.5 fold in dBET6-R, ~5-5-fold in MZ1-R and ~2.5-fold in Thal-R cells relative 99 

to parental cell lines by LFQ analysis (Fig. 1J-K, S1E).  Similarly, chronic exposure of the breast cancer cell line 100 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 2, 2021. ; https://doi.org/10.1101/2021.12.02.470920doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.02.470920
http://creativecommons.org/licenses/by-nd/4.0/


 5 

SUM159 with MZ1 resulted in degrader resistance (Fig.S1F-G) and proteomics analysis of MZ1- resistant 101 

SUM159 cells revealed MDR1 was amongst the top 10 upregulated proteins, with an increase of ~4.5-fold in 102 

MZ1-R cells compared to parental cells (Fig. S1H-J, Data File S1).   103 

Elevated ABCB1 mRNA and protein levels were confirmed in degrader-resistant A1847 and SUM159 104 

cells by RT-PCR (Fig. 2A, S2A), immunoblot (Fig. 2B, S2B) and immunofluorescence (Fig. 2C-E), where MDR1 105 

protein was detected at the membrane of degrader-resistant cells.  Increased MDR1 drug efflux activity was 106 

detected in BET bromodomain or CDK9 degrader-resistant cells relative to parental cells using the Rhodamine 107 

123 efflux assay (21) (Fig. 2F). Together, these findings demonstrate chronic exposure of cancer cells to BET 108 

protein or CDK9 degraders can result in increased MDR1 protein levels and drug efflux activity.   109 

 110 

Genetic depletion or small molecule inhibition of MDR1 re-sensitizes degrader-resistant cells to 111 

PROTACs 112 

Elevated levels of MDR1 have been shown to promote drug resistance in cancer cells via efflux of large 113 

hydrophobic molecules, such as chemotherapy agents (22).  Notably, BET protein or CDK9 degrader-resistant 114 

cells acquired resistance to paclitaxel (Fig. S3A), a known substrate of MDR1 (22), as well as were cross-115 

resistant to PROTACs targeting other proteins (Fig. S3B-C). Knockdown of ABCB1 reduced cell viability in 116 

dBET6-R or Thal-R A1847 cells (Fig. 3A) or MZ1-R SUM159 cells (Fig. 3B) while exhibiting minimal effects in 117 

parental cells, demonstrating degrader-resistant cells acquired dependency on MDR1 for survival.  Moreover, 118 

genetic depletion of ABCB1 restored degradation of BET proteins or CDK9 in degrader-resistant cells, re-119 

sensitizing cells to the degraders causing apoptosis (Fig. 3C-E).  In contrast, knockdown of ABCB1 in parental 120 

cells showed no effect on BET proteins or CDK9 protein levels nor induced PARP cleavage that was observed 121 

in degrader-resistant cells.   122 

Several small molecule inhibitors of MDR1 have been developed, including tariquidar (23), which is 123 

currently being evaluated in clinical trials for the treatment of MDR1-driven drug resistant disease (24).  124 

Treatment of A1847 dBET6-R, Thal-R or MZ1-R SUM159 cells with tariquidar reduced MDR1 drug efflux pump 125 

activity, indicated by reduced efflux of Rhodamine 123 in degrader-resistant cells compared to parental cells 126 
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(Fig. 3F-H).  Moreover, degrader-resistant cells were more sensitive to tariquidar than parental cells (Fig. 3I-K), 127 

and inhibition of MDR1 function restored degradation of BET proteins or CDK9 (Fig. 3L-N).  Notably, chronic 128 

exposure of A1847 cells to BET inhibitor JQ1 did not cause sensitization to tariquidar, suggesting that acquired 129 

dependency on MDR1 was distinct to degrader-resistance (Fig. S3D).   Combined treatment of A1847 or 130 

SUM159 cells with BET protein degraders and tariquidar blocked the development of BET protein degrader 131 

resistant colonies over a 14-day period (Fig. 3O-P).  Moreover, forced expression of Flag-MDR1 in SUM159 132 

cells rescued colony formation growth in MZ1-treated cells that could be blocked by tariquidar treatment, 133 

signifying overexpression of MDR1 reduces sensitivity towards BET degraders (Fig. 3Q-R).   134 

To further explore MDR1 upregulation in degrader-resistance in cancer cells, we chronically exposed 3 135 

additional cancer cell lines (OVCAR3, HCT116 and MOLT4) to BET protein degraders and assessed MDR1 136 

protein levels.  OVCAR3 and HCT116 cell lines acquired resistance to MZ1 (Fig. S3E-F) that was accompanied 137 

by elevated MDR1 mRNA and protein levels in parental cells (Fig. 3S-T), as well as an increased sensitivity 138 

towards tariquidar-treatments (Fig.S3G-H).  In contrast, we were unable to generate MZ1-resistant MOLT4 cells 139 

(Fig. 3SI) and chronic exposure to BET protein degraders did not result in upregulation of ABCB1 mRNA or 140 

protein levels (Fig. 3S-T). These findings suggest that not all cancer cells will induce MDR1 following continuous 141 

degrader exposure, in our studies, 4 out of 5 cancer cell lines induced MDR1.  142 

Together, our findings demonstrate cancer cells can acquire resistance to degrader therapies through 143 

upregulation of the multidrug resistance pump MDR1 and inhibition of MDR1 restores degrader function 144 

overcoming drug resistance in degrader-resistant cancer cells. 145 

MDR1 overexpressing cells exhibit intrinsic resistance to PROTAC therapies that can be overcome by 146 

MDR1 inhibition 147 

Overexpression of MDR1 frequently occurs in cancers conveying intrinsic resistance to several anti-148 

cancer therapies such as chemotherapies (19).  Analysis of ABCB1 mRNA expression across the cancer cell 149 

line encyclopedia (25, 26) revealed colorectal, neuroblastoma, hepatobiliary and renal cell carcinomas exhibited 150 

frequent overexpression of MDR1 (Fig. S4A).   Moreover, querying the human protein atlas, elevated MDR1 151 

protein levels were observed in >50% of liver and colorectal cancer tumors by immunohistochemistry (IHC) (27) 152 
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(Fig. S4B).  To determine if overexpression of MDR1 in cancer cell lines influences degrader-sensitivity, we 153 

queried a prior study which explored MZ1 or dBET6 resistance across a panel of various cancer cell lines (11) 154 

with publicly available ABCB1 mRNA expression datasets (28).  Notably, cancer cell lines that were resistant to 155 

both MZ1 and dBET6 expressed ABCB1 at higher levels than those sensitive to the degraders (P<0.001), 156 

suggesting ABCB1 expression represents a potential biomarker for BET protein degrader response in cancer 157 

cells (Fig. 4A).   158 

To further explore MDR1 as a candidate biomarker for degrader resistance, we selected 3 cancer cell 159 

lines, HCT-15 (colon), DLD-1 (colon) and CAKI-1 (renal) with established overexpression of MDR1 and 160 

compared the impact of degrader-treatment on cell viability and protein degradation with cell lines that express 161 

low (A1847) or no detectable levels of ABCB1 (SUM159 and MOLT4) by immunoblot (Fig. 4B).  Treatment of 162 

MDR1 overexpressing cells with Thal SNS 032, MZ1, or dBET6 did not reduce cell viability to the extent of cancer 163 

cell lines expressing low or no detectable MDR1 protein (Fig. 4C, S4C-D).  Similarly, treatment of MDR1 164 

overexpressing cell line DLD-1 with dBET6 or Thal SNS 032 did not reduce the intended degrader target to the 165 

extent observed with degrader-sensitive A1847 or MOLT4 cells (Fig. 4D).  Importantly, co-treatment of DLD-1 166 

cells with tariquidar and either dBET6 (Fig. 4E) or Thal SNS 032 (Fig. 4F) improved the degradation efficiency, 167 

resulting in a greater reduction in BET proteins or CDK9 at lower concentrations of the PROTACs.   Additionally, 168 

co-treatment of DLD-1 cells with FAK degrader (FAK-degrader-1) (29) or MEK1/2 degrader (MS432) (30) and 169 

tariquidar improved the protein reduction relative to single agent therapies (Fig. S4E-F), suggesting 170 

overexpression of MDR1 promotes resistance to degrader therapies, independent of protein target.    171 

Combination therapies involving BET protein degraders and tariquidar in DLD-1 cells exhibited high drug 172 

synergy (Bliss synergy score 36.4) in blocking cell viability in 5-day growth assays and inhibited colony formation 173 

over a 14-day period better than single agent therapies (Fig. 4G-H).  Moreover, co-administration of dBET6 and 174 

tariquidar improved protein degradation of BET proteins, reduced the expression of the BRD4 target MYC and 175 

induced apoptosis (Fig. 4I).  Similarly, co-treatment of DLD-1 cells with tariquidar and Thal SNS 032 blocked cell 176 

viability, and colony formation to a greater extent than single agent therapies, as well as reduced CDK9 and 177 

CDK9-substrate Pol II (S2) and induced apoptosis uniquely in the combination therapy (Fig. 4J-L).  The drug 178 
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synergy amongst tariquidar and BET protein or CDK9 degraders was also observed in additional MDR1 179 

overexpressing cell lines HCT-15 (Fig. 4M, S4G) and CAKI-1 (Fig. 4N, S4H).  Together, our findings suggest 180 

specific types of cancers that express high levels of MDR1 such as colorectal or renal cancers will likely exhibit 181 

intrinsic resistance to degraders requiring co-administration of MDR1 inhibitors to achieve protein degradation 182 

and therapeutic efficacy.  183 

Repurposing dual kinase/MDR1 inhibitors to overcome degrader-resistance in cancer cells 184 

Specific inhibitors of MDR1 such as tariquidar have shown limited success in the clinic at re-sensitizing 185 

MDR1 overexpressing patients to chemotherapy due to toxicities, low drug-drug interactions and the inability to 186 

achieve desired concentrations of tariquidar in tumors (31).    Notably, several kinase inhibitors have been shown 187 

to be potent inhibitors of MDR1 drug efflux activity capable of overcoming multidrug resistance in cancer cells 188 

(32).  The ErbB receptor inhibitor lapatinib is an FDA approved drug for the treatment of several HER2 driven 189 

cancers and has been shown to also directly inhibit MDR1 drug efflux activity both in cancer cells and in vivo 190 

tumor models (33).  Additionally, RAD001, an FDA approved mTORC1 inhibitor for treatment of renal cell 191 

carcinomas, has also been shown to inhibit MDR1 function in cancer cells (34).  Based on these findings, we 192 

hypothesized that the combined inhibition of ErbB receptors or mTORC1 and MDR1 drug efflux by lapatinib or 193 

RAD001 could represent a promising strategy to overcome MDR1-mediated resistance to degraders, as well as 194 

improve anti-cancer benefits of PROTACs.   195 

Treatment of degrader-resistant cell lines dBET6-R or Thal-R cell lines with RAD001 or lapatinib reduced 196 

MDR1 drug efflux activity similar to that observed with tariquidar (Fig. 5A-B).  Degrader-resistant cell lines were 197 

more sensitive to RAD001 (Fig. 5C-D, S5A-B) or lapatinib (Fig. 5E-F, S5C-D) than parental cells and 198 

administration of RAD001 or lapatinib resulted in degradation of BET proteins (Fig. 5G, S5E-F) or CDK9 (Fig. 199 

5H) uniquely in degrader-resistant cell lines.  Moreover, treatment of BET protein (Fig. 5I) or CDK9 (Fig. 5J) 200 

degrader-resistant cell lines with RAD001 or lapatinib resulted in apoptosis similar to tariquidar treatment, 201 

demonstrating RAD001 or lapatinib can block MDR1 function overcoming MDR1-driven degrader-resistance.  202 

Next, we explored whether RAD001 or lapatinib treatment could sensitize MDR1-overexpressing cells to 203 

degrader therapies.  Treatment of DLD-1 cells with RAD001 or lapatinib reduced MDR1 drug efflux activity similar 204 
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 9 

to tariquidar treatment (Fig. 5K), and immunoblot analysis showed RAD001 or lapatinib treatment improved 205 

dBET6-mediated degradation of BRD4 lowering the concentration of dBET6 required to achieve maximal protein 206 

degradation (Fig. 5L-M).  Notably, a 100-fold reduction in concentrations of dBET6 were required to degrade 207 

BRD4 when combined with RAD001 or lapatinib.  In contrast, combined treatment of DLD-1 cells with KU-208 

0063794 (MTOR inhibitor) or afatinib (ErbB receptor inhibitor), drugs that do not inhibit MDR1 function (Fig. 209 

S5G), failed to improve degradation of BRD4 (Fig. 5N-O). Moreover, treatment of DLD-1 cells with lapatinib but 210 

not afatinib sensitized DLD-1 cells to dBET6 providing durable inhibition of colony formation over a 14-day period 211 

(Fig. 5P).   Similarly, co-treatment of DLD-1 cells with KU-0063694 and dBET6 did not improve growth inhibition 212 

observed with the RAD001 and dBET6 combination, where single agent KU-0063694 treatment completely 213 

repressed colony formation. RAD001 or lapatinib treatment also sensitized DLD-1 cells to Thal SNS 032, 214 

improving degradation of CDK9 (Fig. 5Q-R), and enhancing growth inhibition of colonies (Fig. 5S). Together, 215 

these findings demonstrate RAD001 or lapatinib can be utilized as MDR1 inhibitors to overcome degrader-216 

resistance mediated by MDR1 drug efflux. 217 

  218 

Lapatinib-treatment enhances MEK1/2 degrader therapies in K-ras mutant colorectal cancer cells by dual 219 

blockade of MDR1 activity and ERBB receptor signaling  220 

K-ras mutations occur in nearly 40% of colorectal cancer (CRC) patients, supporting therapies that target 221 

K-ras effectors such as the MEK-ERK signaling pathway (35).  Recently, MEK1/2 degraders have been 222 

developed that show potent anti-growth properties in RAS-RAF altered cancers (30).  Notably, the majority of K-223 

ras mutant CRC cell lines exhibit elevated ABCB1 expression (28), suggesting concomitant blockade of MDR1 224 

may be required to achieve therapeutic efficacy with MEK1/2 degraders (Fig. 6A-B).  Moreover, resistance to 225 

MEK inhibitors in K-ras mutant colorectal cancer cells is mediated by activation of ErbB receptors and 226 

downstream RAF-MEK-ERK and PI3K/AKT signaling (36). Based on these findings, we hypothesized 227 

combination therapies involving lapatinib and MEK1/2 degrader MS432 could be a unique strategy to 228 

simultaneously block MDR1-mediated resistance, as well as inhibit MEKi-mediated kinome reprogramming 229 

involving activation of ERBB3 signaling.   230 
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As predicted, MDR1 overexpressing K-ras mutant CRC cell lines (LS1034, LS513, SW948 and SW1463) 231 

were more resistant to MEK1/2 degrader MS432 than MDR1 low expressing CRC cell lines (SKCO1, NCIH747, 232 

and SW620) (Fig. 6C-D). Notably, all K-ras mutant cell lines were sensitive to treatment with MEK inhibitor, 233 

trametinib (37) (Fig. S6A). Moreover, treatment of MDR1-overexpressing cell line LS513 with MS432 did not 234 

reduce MEK1 or MEK2 protein levels, inhibit ERK1/2 phosphorylation or induce apoptosis that was observed 235 

with degrader-sensitive MDR1 non-expressing cell line SKCO1 (Fig. 6E).  Treatment of LS513 cells with lapatinib 236 

reduced MDR1 drug efflux activity similar to tariquidar (Fig. 6F), and co-treatment of LS513 cells with MS432 237 

and lapatinib improved the degradation efficiency of MEK1 and MEK2, as well as reduced ERK1/2 238 

phosphorylation at lower concentrations of MS432 (Fig. 6G).  Notably, the addition of lapatinib to MS432 reduced 239 

levels of ERK1/2 activating phosphorylation to a greater extent than the tariquidar/MS432 combined treatment, 240 

suggesting concurrent blockade of ErbB receptors and MDR1 may be more efficacious than inhibiting MDR1 241 

activity alone.  242 

 Next, we explored the impact of blockade of MDR1 alone using tariquidar or MDR1 and ErbB receptors 243 

using lapatinib on K-ras effector signaling in LS513 cells.  As previously reported, treatment of LS513 cells with 244 

MEK inhibitors induced ERBB3 and downstream AKT and RAF signaling, which could be blocked by lapatinib 245 

treatment (Fig. 6H), and combining lapatinib and PD0325901 exhibited drug synergy (Fig. S6B).  Notably, co-246 

treatment of LS513 cells with MS432 and lapatinib but not tariquidar reduced MEKi-induced ERBB3 and 247 

downstream AKT activation, as well as distinctly induced apoptosis (Fig. 6I-J).  Combination therapies involving 248 

MS432 and lapatinib in LS513 cells exhibited robust drug synergy with a Bliss synergy score of 38.9 (Fig. 6K), 249 

as well as provided durable inhibition of colony formation over a 14-day period (Fig. 6L).  Furthermore, the 250 

combination of lapatinib and MS432 provided durable growth inhibition of other MDR1-overexpressing K-ras 251 

mutant CRC cell lines (Fig. 6M).  Next, we explored the efficacy of combining MEK degraders and lapatinib in 252 

vivo using LS513 xenograft models and the recently published MEK degrader MS934, which has optimal 253 

bioavailability for animal studies (30).  Similar to MS432, combining MS934 and lapatinib enhanced MEK1/2 254 

degradation in LS513 cells, exhibited drug synergy, and distinctly induced apoptosis (Fig. 6N, S6C).  Treatment 255 

of mice harboring LS513 xenografts with the MEK degrader MS934 and lapatinib distinctly reduced tumor growth 256 
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with minimal impact on mice body weight, while single agents were ineffective (Fig. 6O-P), suggesting concurrent 257 

blockade of ErbB receptors and MDR1 will likely be required to achieve therapeutic response using MEK 258 

degraders in K-ras mutant CRC. 259 

Combining lapatinib and KRASG12C degrader LC-2 exhibits drug synergy in K-ras G12C mutant CRC cells 260 

PROTACs targeting KRASG12C mutants have recently been developed that induce rapid and sustained 261 

degradation of KRASG12C leading to inhibition of MAPK signaling in KRASG12C cancer cell lines (7).  Notably, 262 

several KRASG12C cancer cell lines have been shown to be resistant to KRASG12C inhibitors but sensitive to K-263 

ras knockdown (38), suggesting degradation of KRASG12C may be an alternative therapeutic strategy for these 264 

K-ras inhibitor-resistant cells.  However, similar to MEK1/2 inhibitors, adaptive resistance to KRASG12C inhibitors 265 

in CRC cells has also been shown to mediated by kinome remodeling involving activation of ErbB receptor 266 

signaling bypassing K-ras inhibition (39).  Here, we explored whether combining lapatinib and the KRASG12C 267 

degrader LC-2 (7), would improve degradation efficiency of KRASG12C and enhance therapeutic efficacy in 268 

MDR1-overexpressing KRASG12C CRC cell lines, SW1463 (homozygous KRASG12C) and SW837 (heterozygous 269 

KRASG12C).   270 

SW1463 or SW837 KRASG12C CRC cells exhibited intrinsic resistance to LC-2 but were sensitive to 271 

KRASG12C inhibitor MRTX849 treatment (Fig. 7A-B).  Treatment of SW1463 cells with 1 µM  LC-2 had no impact 272 

on KRASG12C protein levels, while combining tariquidar or lapatinib with LC-2 improved PROTAC-mediated 273 

degradation of KRASG12C reducing protein levels (Fig. 7C-D).  Of particular interest, combining either tariquidar 274 

or lapatinib with LC-2 reduced phosphorylation of MEK and ERK, but the lapatinib combination uniquely reduced 275 

CRAF and AKT phosphorylation, as well as induced apoptosis.  Similarly, co-treatment of SW837 cells with LC-276 

2 and lapatinib but not single agents reduced KRAS effectors CRAF, AKT, MEK and ERK phosphorylation, as 277 

well as caused apoptosis (Fig. 7E).  Notably, it was difficult to observe enhanced reduction in KRASG12C protein 278 

levels in response to LC-2 and lapatinib treatment in SW837 cells, likely due to SW837 cells expressing KRASWT, 279 

which is not targeted by LC-2.  Combining LC-2 and lapatinib exhibited drug synergy in SW1463 and SW837 280 

with Bliss synergy scores of 26.8 and 25.0 (Fig. 7F-G), while tariquidar showed marginal synergy in either cell 281 

line (Fig. S7A-B).  Furthermore, LC-2 in combination with lapatinib blocked colony formation in SW1463 and 282 
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SW837 cells to a greater extent than LC-2/tariquidar treatments (Fig. 7H-I), demonstrating combined blockade 283 

of ErbB receptors and MDR1 was required to achieve durable growth inhibition using LC-2 in MDR1-284 

overexpressing KRASG12C CRC cells.  285 

Together, our findings suggest the combination of dual MDR1/ErbB receptor inhibitor lapatinb and 286 

PROTACs targeting MEK1/2 or KRASG12C represents a promising combination therapy for MDR1-287 

overexpressing K-ras mutant CRC cells due to simultaneous blockade of both MDR1 and ErbB receptor driven 288 

resistance programs (Fig. 7J).  289 

 290 

DISCUSSION 291 

PROTACs have emerged as a new class of drugs for the treatment of cancer that can hijack the tumor 292 

cells own protein machinery to degrade oncogenic targets, including previously undruggable candidates (4).  293 

PROTACs have many advantages over traditional inhibitors and are avidly being pursued in clinical trials for 294 

several cancers (40).  Here, using proteomics, we identified an acquired resistance mechanism to chronic 295 

PROTAC therapy that involved upregulation of the drug efflux pump MDR1.  Moreover, we showed cancer cells 296 

overexpressing MDR1 exhibited intrinsic resistance to degraders. Importantly, we demonstrated blockade of 297 

MDR1 using selective or dual kinase/MDR1 inhibitors restored degrader sensitivity improving the longevity of 298 

PROTAC therapies.  Notably, we discovered lapatinib may represent a promising drug to improve MEK1/2 or 299 

KRASG12C degrader efficacy in K-ras mutant CRCs due to simultaneous blockade of MDR1 and ErbB receptor 300 

mediated resistance.  301 

Upregulation of MDR1 has been reported as the major resistance mechanism to chemotherapies such 302 

as taxols in cancer therapies (22).  Our findings suggest MDR1 expression could represent a potential biomarker 303 

for efficacy of PROTACs in the treatment of cancer.  Notably, MDR1 expression varies considerably across 304 

cancer types (41), with colon, renal and liver cancers exhibiting elevated MDR1 expression (27, 28).  In contrast, 305 

other cancers such as lymphomas appear to have limited expression of MDR1 in cancer cell lines and patient 306 

tumors (27, 28), representing a potential patient population where PROTAC therapies may be more durable 307 

therapeutic outcomes.  However, we demonstrated cancer cell lines that had non-detectable MDR1 protein levels 308 
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induced MDR1 following chronic PROTAC exposure, acquiring resistance to PROTACs, suggesting the lack of 309 

MDR1 expression alone may not be sufficient to predict PROTACs response.  MDR1 expression has been shown 310 

to be regulated by methylation, where many cancer cells display hypermethylation of the ABCB1 promoter, 311 

maintaining gene suppression (42),  thus, analysis of the methylation state of the ABCB1 promoter in MDR1 312 

non-expressing cells may be warranted to define a cancer patient population that may escape MDR1-mediated 313 

degrader-resistance. Further studies exploring the methylation state of the ABCB1 promoter in cancer cells and 314 

its impact on degrader sensitivity, as well defining the methylation status of ABCB1 in cancer cells that acquired 315 

resistance to degraders through upregulation of MDR1 will be of particular interest.   316 

Small molecule inhibitors of MDR1 have been investigated in clinical trials as sensitizers to 317 

chemotherapies, however, these drugs have shown limited therapeutic benefit, with no MDR1 inhibitors FDA-318 

approved for cancer therapy (31).  MDR1 inhibitors have failed in clinic due to several limitations, such as poor 319 

drug accumulation and drug toxicities, prompting the search for alternative strategies to block MDR1-driven drug 320 

resistance (32).  Several kinase inhibitors have been shown to directly inhibit MDR1 drug efflux activity, including 321 

a number of FDA-approved kinase inhibitors (32, 43).  Here, we showed the FDA-approved MTOR inhibitor, 322 

RAD001, could be used to block MDR1 activity overcoming MDR1-mediated drug resistance in cancer cells.  323 

MTOR activation occurs frequently in cancers and targeting MTOR using RAD001 has been extensively tested 324 

in clinical trials, revealing RAD001 is safe, tolerable and has efficacy at blocking tumor growth in patients (44).  325 

RAD001 is currently used to treat several cancers, including renal cell carcinomas (RCC) (NCT00831480), which 326 

exhibits frequent overexpression of MDR1 (45).  Further studies exploring whether RAD001 in combination with 327 

PROTACs targeting established drivers in RCC improves protein degradation and anti-tumor responses will be 328 

of interest.  Moreover, exploring the impact of other dual MDR1/kinase inhibitors currently approved for cancer 329 

therapies, such as imatinib (46), or dasatinib (47), to improve PROTAC degrader efficiency and therapeutic 330 

responses may represent additional avenues to pursue for the treatment of MDR1 overexpressing cancers.   331 

ErbB receptors are frequently altered in cancers, representing promising anti-cancer targets (48).  332 

Lapatinib is a highly selective EGFR, ERBB2 and ERBB4 inhibitor that is currently FDA-approved for the 333 

treatment of a variety of cancers (49). Notably, lapatinib has previously been shown to be a competitive inhibitor 334 
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of MDR1 both in vitro and in vivo (33), and our findings showed lapatinib could be used interchangeably with 335 

tariquidar to block or overcome MDR1-mediated resistance to PROTACs.  Activation of ErbB receptors has been 336 

shown to promote resistance to KRASG12C or MEK inhibitors in colorectal cancers, where combination therapies 337 

of lapatinib and either KRASG12C or MEK inhibitors provided more durable therapies in tumor models (36, 48).  338 

Here, we demonstrated combining lapatinib with PROTACs targeting KRASG12C or MEK1/2 in MDR1-339 

overexpressing CRC cells improved degradation KRASG12C or MEK1/2 and overall therapeutic responses.  Our 340 

findings establish degradation of KRASG12C or MEK1/2 similarly induces ErbB3 activity and downstream AKT-341 

signaling that is observed with small molecule inhibition, signifying blockade of compensatory ErbB3 signaling 342 

will also be required for KRASG12C or MEK1/2 degraders therapies to achieve durable response in CRC cells.  343 

ErbB receptor signaling has been shown to promote resistance to a variety of target agents including pan-344 

Tyrosine Kinases (TK), AKT, RAF, MEK, and ERK inhibitors (50), and several PROTACs targeting these kinases 345 

have recently emerged. Determining whether lapatinib can globally improve degradation efficiency in 346 

combination with other PROTACs targeting K-ras effector pathways, as well as exploring lapatinib in combination 347 

with and KRASG12C or MEK1/2 degraders in other K-ras driven cancers such as lung and pancreatic cancers, 348 

will be of particular interest.  Our preliminary in vivo studies suggest combining lapatinib and MEK degrader 349 

MS934 could have anti-tumor properties in K-ras mutant CRCs, however, more comprehensive in vivo studies 350 

exploring additional MDR1-overexpressing tumor models, as well as the potential cytotoxic effects of these 351 

combinations will be essential for therapeutic proof-of-concept.  352 

 353 

EXPERIMENTAL PROCEDURES 354 

Cell Lines 355 

Cell lines were verified by IDEXX laboratories and free of mycoplasma. CAKI-1, DLD-1, HCT-15, HCT-116, NCI-356 

H747, SW620, SW837, SW948, SW1116, and SW1463 cell lines were maintained in RPMI-1640 supplemented 357 

with 10% FBS, 100 U/ml Penicillin-Streptomycin and 2mM GlutaMAX. A1847, SUM159, and OVCAR3 cell lines 358 

were maintained in RPMI-1640 supplemented with 10% FBS, 100 U/ml Penicillin-Streptomycin, 2mM GlutaMAX, 359 

and 5 µg/mL insulin. LS513 and LS1034 cells were maintained in RPMI-1640 supplemented with 10% FBS, 100 360 
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U/ml Penicillin-Streptomycin, 2mM GlutaMAX, 1mM Sodium Pyruvate and 10mM HEPES. SKCO1 cells were 361 

maintained in MEM supplemented with 10% FBS, 100 U/ml Penicillin-Streptomycin, 2mM GlutaMAX and 1mM 362 

Sodium Pyruvate. PROTAC-resistant cells were maintained with 500nM PROTAC in the medium.  All cells were 363 

kept at 37oC in a 5% CO2 incubator. 364 

Compounds 365 

MEK1/2 degraders MS432 and MS934 were provided by the Jian Jin laboratory (30).  All other compounds used 366 

are listed in Data File S2.  367 

Western Blotting 368 

Samples were harvested in MIB lysis buffer (50 mM HEPES (pH 7.5), 0.5% Triton X-100, 150 mM NaCl, 1 mM 369 

EDTA, 1 mM EGTA, 10 mM sodium fluoride, 2.5 mM sodium orthovanadate, 1X protease inhibitor cocktail 370 

(Roche), and 1% each of phosphatase inhibitor cocktails 2 and 3 (Sigma)).  Particulate was removed by 371 

centrifugation of lysates at 21,000 rpm for 15 minutes at 4°C. Lysates were subjected to SDS-PAGE 372 

chromatography and transferred to PVDF membranes before western blotting with primary antibodies. For a list 373 

of primary antibodies used, see (Data File S2). Secondary HRP-anti-rabbit and HRP-anti-mouse were obtained 374 

from ThermoFisher Scientific.  SuperSignal West Pico and Femto Chemiluminescent Substrates (Thermo) were 375 

used to visualize blots. 376 

Growth Assays 377 

For short-term growth assays, 3000-5000 cells were plated per well in 96-well plates and allowed to adhere and 378 

equilibrate overnight.  Drug was added the following morning and after 120 h of drug treatment, cell viability was 379 

assessed using the CellTiter-Glo Luminescent cell viability assay according to manufacturer (Promega). 380 

Students t tests were performed for statistical analyses and p values ≤ 0.05 were considered significant. For long 381 

term colony formation assays, cells were plated in 24-well dishes (1000-5000 cells per well) and incubated 382 

overnight before continuous drug treatment for 2 weeks, with drug and medium replenished twice weekly.  383 

Following the final treatment, cells were rinsed with PBS and fixed with chilled methanol for 10 min at -20°C.  384 

Methanol was removed by aspiration, and cells were stained with 0.5% crystal violet in 20% methanol for 1hr at 385 

room temperature. 386 
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qRT-PCR 387 

GeneJET RNA purification kit (Thermo Scientific) was used to isolate RNA from cells according to manufacturer’s 388 

instructions.  qRT-PCR on diluted cDNA was performed with inventoried TaqMan® Gene Expression Assays on 389 

the Applied Biosystems 7500 Fast Real-Time PCR System. The TaqMan Gene Expression Assay probes 390 

(ThermoFisher Scientific) used to assess changes in gene expression include ABCB1 (Assay ID: 391 

Hs00184500_m1 ), and ACTB (control) (Cat # 4326315E ). 392 

RNAi Knockdown Studies 393 

siRNA transfections were performed using 25 nM siRNA duplex and the reverse transfection protocol. 3000-394 

5000 cells per well were added to 96 well plates with media containing the siRNA and transfection reagent 395 

(Lipofectamine RNAiMax) according to the manufacturer’s instructions. Cells were allowed to grow for 120 h 396 

post-transfection prior to CellTiter Glo (Promega) analysis. Two-to-three independent experiments were 397 

performed with each cell line and siRNA.  Students t tests were performed for statistical analyses and p values 398 

≤0.05 were considered significant. For western blot studies, the same procedure was performed with volumes 399 

and cell numbers proportionally scaled to a 60mm or 10 cm dish, and cells were collected 72h post-transfection. 400 

siRNA product numbers and manufacturers are listed in (Data File S2). 401 

Drug synergy analysis 402 

Drug synergy was determined using SynergyFinder using the Bliss model and viability as the readout 403 

(https://doi.org/10.1093/nar/gkaa216). Each drug combination was tested in triplicate.  404 

Immunofluorescence 405 

Cells were plated in a six-well plate with an 18-mm2 glass coverslip inside each well. Cells were fixed with 4% 406 

paraformaldehyde, permeabilized with 0.1% Triton X-100, blocked with 5% goat serum, and incubated with 407 

primary antibody (1:1000, anti-MDR1, Cell Signaling Technology) overnight at 4°C. The slides were washed with 408 

PBS and treated with secondary antibody (1:1000, FITC AffiniPure Donkey Anti-Rabbit IgG, Jackson 409 

Immunoresearch) for 1 hour at room temperature. Following antibody incubation, coverslips were mounted on 410 

slides using ProLong Gold Antifade Reagent with DAPI (4′,6-diamidino-2-phenylindole) (Thermo Fisher 411 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 2, 2021. ; https://doi.org/10.1101/2021.12.02.470920doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.02.470920
http://creativecommons.org/licenses/by-nd/4.0/


 17 

Scientific) and allowed to set overnight. Images were taken with a Nikon NI-U fluorescent microscope at 40x 412 

magnification. 413 

Rhodamine 123 Efflux Assay 414 

Efflux assay was performed according to manufacturer’s protocol (Millipore Sigma #ECM910). Cells were 415 

resuspended in cold efflux buffer and incubated with Rhodamine 123 for 1 hr on ice. Cells were centrifuged and 416 

treated in warm efflux buffer with DMSO or drug for 30-60 min, washed with cold PBS, and effluxed dye was 417 

quantified with a plate reader at an excitation wavelength of 485 nm and an emission wavelength of 530 nm. 418 

Single Run Total Proteomics and Nano LC MS/MS 419 

Parental or PROTAC-resistant cells were lysed in a buffer containing 50 mM HEPES pH 8.0 + 4% SDS, and 100 420 

μg of protein was digested using LysC for 3 hours and trypsin overnight. Digested peptides were isolated using 421 

C-18 and PGC columns, then dried and cleaned with ethyl acetate. Three μg of proteolytic peptides were 422 

resuspended in 0.1% formic acid and separated with a Thermo Scientific RSLCnano Ultimate 3000 LC on a 423 

Thermo Scientific Easy-Spray C-18 PepMap 75µm x 50cm C-18 2 μm column. A 305 min gradient of 2-20% 424 

(180 min) 20%-28% (45 min) 28%-48% (20 min) acetonitrile with 0.1% formic acid was run at 300 nL/min at 50C. 425 

Eluted peptides were analyzed by Thermo Scientific Q Exactive or Q Exactive plus mass spectrometers utilizing 426 

a top 15 methodology in which the 15 most intense peptide precursor ions were subjected to fragmentation. The 427 

AGC for MS1 was set to 3x106 with a max injection time of 120 ms, the AGC for MS2 ions was set to 1x105 with 428 

a max injection time of 150 ms, and the dynamic exclusion was set to 90 s. 429 

Proteomics data processing 430 

Raw data analysis of LFQ experiments was performed using MaxQuant software 1.6.0.1 and searched using 431 

Andromeda 1.5.6.0 against the Swiss-Prot human protein database (downloaded on April 24, 2019, 20402 432 

entries). The search was set up for full tryptic peptides with a maximum of two missed cleavage sites. All settings 433 

were default and searched using acetylation of protein N-terminus and oxidized methionine as variable 434 

modifications. Carbamidomethylation of cysteine was set as fixed modification. The precursor mass tolerance 435 

threshold was set at 10 ppm and maximum fragment mass error was 0.02 Da. LFQ quantitation was performed 436 
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using MaxQuant with the following parameters; LFQ minimum ratio count: Global parameters for protein 437 

quantitation were as follows: label minimum ratio count: 1, peptides used for quantitation: unique, only use 438 

modified proteins selected and with normalized average ratio estimation selected.  Match between runs was 439 

employed for LFQ quantitation and the significance threshold of the ion score was calculated based on a false 440 

discovery rate of < 1%. MaxQuant normalized LFQ values were imported into Perseus software (1.6.2.3) and 441 

filtered in the following manner:  Proteins identified by site only were removed, reverse, or potential contaminant 442 

were removed then filtered for proteins identified by >1 unique peptide. Protein LFQ values were log2 443 

transformed, filtered for a minimum percent in runs (100%), annotated, and subjected to a Student's t-test with 444 

comparing PROTAC-resistant cells vs. parental cells.  Parameters for the Student's t-test were the following: 445 

S0=2, side both using Permutation-based FDR <0.05.  Volcano plots depicting differences in protein abundance 446 

were generated using R studio software and Prism graphics.   447 

Tumor xenograft experiment 448 
 449 
Animal studies were conducted in accordance with the guidelines set forth by the Institutional Animal Care and 450 

Use Committee (Fox Chase Cancer Center IACUC # 16-16). 1 x 106 LS513 cells were prepared in growth factor 451 

reduced Matrigel (Corning) 1:1 and injected into the right flank of 6- to 8- weeks old nude mice. Treatment with 452 

MS934 (50 mg/kg), Lapatinib (100mg/kg) or the combination (using the same dose as monotherapies) were 453 

started when tumors reached approximately 150 mm3 and maintained for two weeks. For in vivo studies, MS934 454 

was resuspended in 5% N-methyl-2-pyrrolidinone (NMP), 5% Kolliphor HS-15 (Sigma) and 90% saline and 455 

delivered by intraperitoneal injection daily. Lapatinib was resuspended in 0.5% hydroxypropyl methylcellulose 456 

(Sigma) and 0.2% Tween-80 in distilled water pH 8.0. and delivered by oral gavage daily. Tumor volumes were 457 

evaluated every two days using a caliper and the volume was calculated applying the following formula: [(width)2 458 

x (length)]/2. 459 

 460 

 461 

 462 
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FIGURES AND FIGURE LEGENDS 488 

Figure 1.  Proteomics Characterization of Degrader-Resistant Cancer Cell Lines 489 
 490 
(A) Workflow for identifying protein targets upregulated in degrader-resistant cancer cells.  Single-run 491 

proteome analysis was performed and changes in protein levels amongst parent and resistant cells 492 
determined by label-free quantitation. 493 

(B-C) A1847 cells acquire resistance to dBET6 or Thal SNS 032.  Parental and dBET6 or Thal SNS 032-494 
resistant cells were treated with escalating doses of dBET6 (B) or Thal SNS 032 (C) for 5 d and cell 495 
viability assessed by CellTiter-Glo. Degrader-R treated cell viabilities normalized to DMSO treated 496 
degrader-R cells.  497 

(D-E) Escalating doses of degraders fails to promote degradation of protein target in degrader-resistant cells.  498 
A1847 parental, dBET6-R (D) or Thal-R (E) were treated with escalating doses of dBET6 (0, 0.123, 0.370, 499 
1.1, 3.3, or 10 µM) or Thal SNS 032 (0, 0.123, 0.370, 1.1, 3.3, or 10 µM) for 24 h and degrader targets 500 
and downstream signaling determined by western blot.  Blots are representative of 3 independent blots. 501 

(F-G) Volcano plot depicts proteins elevated or reduced in dBET6-R (F) or Thal-R (G) relative to parental A1847 502 
cells.  Differences in protein log2 LFQ intensities amongst degrader-resistant and parental cells were 503 
determined by paired t-test Benjamini-Hochberg adjusted P values at FDR of <0.05 using Perseus 504 
software.   505 

(H-I) Top 10 upregulated proteins in dBET6-R (H) or Thal-R (I) relative to parental A1847 cells. 506 
(J-K) Bar graph depicts ABCB1 log2 LFQ values comparing dBET6-R (J) or Thal-R (K) relative to parental 507 

A1847 cells.  Differences in ABCB1 log2 LFQ intensities amongst degrader-resistant and parental cells 508 
were determined by paired t-test Benjamini-Hochberg adjusted P values at FDR of <0.05 using Perseus 509 
software.   510 

 511 
Data present in (B), (C) are triplicate experiments SD. *p ≤0.05 by student’s t-test. Also see Figure S1, and Data 512 
File S1. 513 
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 514 
Figure 2. Chronic Exposure to Degraders Induces MDR1 Expression and Drug Efflux Activity  515 
 516 
(A) ABCB1 mRNA levels are upregulated in degrader-resistant cell lines as determined by qRT-PCR.  517 
(B) MDR1 protein levels are upregulated in degrader-resistant cell lines relative to parental cells as 518 

determined by immunoblot. Blots are representative of 3 independent blots. 519 
(C-E) Confocal fluorescence microscopy of MDR1 protein levels in dBET6-R (C), MZ1-R (D) and Thal-R (E) 520 

relative to parental cell lines. MDR1 was detected by immunofluorescence using anti-MDR1 antibodies 521 
and nuclear staining by DAPI. Images are representative of 3 independent experiments.  522 

(F) Bar graph depicts increased drug efflux activity in dBET6-R, MZ1-R and Thal-R cells relative to parental 523 
cells.  MDR1 drug efflux activity was measured using Rhodamine 123 efflux assays.  524 

 525 
Data present in (A), (F), are triplicate experiments SD. *p ≤0.05 by student’s t-test. Also see Figure S2. 526 
 527 
 528 
 529 
 530 
 531 
 532 
 533 
 534 
 535 
 536 
 537 
 538 
 539 
 540 
 541 
 542 
 543 
 544 
 545 
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 547 

 548 
Figure 3.  Blockade of MDR1 Activity Re-Sensitizes Degrader-Resistant Cells to PROTACs  549 
  550 
(A-B) Degrader-resistant cells acquire dependency on MDR1 for survival.  Cell-Titer Glo assay for cell viability 551 

of parental, dBET6-R or Thal-R A1847 cells (A) or parental or MZ1-R SUM159 cells (B) transfected with 552 
siRNAs targeting ABCB1 or with control siRNA and cultured for 120 hours.  553 

(C-E) Knockdown of ABCB1 in dBET6-R (C) or Thal-R (D) A1847 cells or in MZ1-R SUM159 cells (E) promotes 554 
degradation of PROTAC-targets. A1847 parental, dBET6-R or Thal-R cells were transfected with siRNAs 555 
targeting ABCB1 or with control siRNA and proteins measured by western blot.  Blots are representative 556 
of 3 independent blots. 557 
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(F-H) Treatment of degrader-resistant cells with tariquidar reduces MDR1 activity.  Bar graph depicts 558 
decreased drug efflux activity in dBET6-R (F) or Thal-R (G) A1847 cells or MZ1-R SUM159 cells (H) 559 
relative to parental cells.  Cells were treated with 0.1 µM tariquidar and MDR1 drug efflux activity was 560 
measured using Rhodamine 123 efflux assays.  561 

(I-K) Degrader-resistant cells exhibit increased sensitivity to MDR1 inhibitors.  Cell-Titer Glo assay for cell 562 
viability of parental, dBET6-R (I) or Thal-R (J) A1847 cells or parental or MZ1-R SUM159 cells (K) with 563 
increasing concentrations of MDR1 inhibitor tariquidar.   564 

(L-N) Treatment of parental, dBET6-R (L) or Thal-R (M) A1847 cells or parental or MZ1-R SUM159 cells (N) 565 
promotes degradation of PROTAC-targets. A1847 parental, dBET6-R or Thal-R cells or SUM159 parental 566 
or MZ1-R cells were treated with tariquidar (0.1 µM) for 24 hours and proteins measured by western blot. 567 
Blots are representative of 3 independent blots. 568 

(O-P) MDR1 inhibition blocks development of degrader-resistance.  A1847 cells were treated with DMSO, 569 
tariquidar (0.1 µM), dBET6 (0.1 µM) or the combination and colony formation assessed following 14-days 570 
of treatment (O).  SUM159 cells were treated with DMSO, tariquidar (0.1 µM), MZ1 (0.1 µM) or the 571 
combination and colony formation assessed following 14-days of treatment (P).   Colony formation image 572 
representative of 3 independent assays.   573 

(Q) Forced expression of Flag-MDR1 in SUM159 cells.  SUM159 cells were transfected with Flag-MDR1 and 574 
selected with hygromycin. MDR1 protein expression was verified by western blot. 575 

(R) Forced expression of Flag-MDR1 promotes resistance to dBET6.  SUM159 cells expressing Flag-MDR1 576 
were treated with DMSO, MZ1 (0.1 µM), or MZ1 (0.1 µM) and tariquidar (0.1 µM) and colony formation 577 
assessed following 14 days of treatment by crystal violet staining. Colony formation image representative 578 
of 3 independent assays.   579 

(S-T) MOLT4 cells do not induce ABCB1 expression following chronic exposure to MZ1 that is observed with 580 
OVCAR3 and HCT116.  ABCB1 expression and protein levels were assessed in parental or MZ1-R cells 581 
using qRT-PCR (S) or immunoblot (T).  Blots are representative of 3 independent blots. 582 

 583 
Data present in (A), (B), (F-H), (I-K), and (S) are triplicate experiments SD. *p ≤0.05 by student’s t-test. Also see 584 
Figure S3. 585 
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 608 
 609 

 610 
Figure 4.  Overexpression of MDR1 Conveys Intrinsic Resistance to Degrader Therapies in Cancer Cells 611 
 612 
(A) Cancer cells resistant to BET protein degraders harbor elevated ABCB1 expression.  Expression of 613 

ABCB1 in cancer cell lines exhibiting sensitivity or resistance to MZ1/dBET6 was queried from (25) and 614 
sensitivity or resistance to degraders obtained from (9).  Difference in ABCB1 expression amongst 615 
degrader-resistant or sensitive was determined by students t-test.  616 

(B) MDR1 protein levels in a panel of cancer cell lines as determined by western blot. Blots are representative 617 
of 3 independent blots. 618 

(C) Cancer cells overexpressing MDR1 exhibit reduced sensitivity towards Thal SNS 032. Cancer cells were 619 
treated with escalating doses of Thal SNS 032 for 5 d and cell viability assessed by CellTiter-Glo.  620 

(D) Overexpression of MDR1 reduces PROTAC-mediated degradation efficiency in cancer cells.  Cancer 621 
cells exhibiting different levels of MDR1 were treated with escalating doses of dBET6 or Thal SNS 032 622 
(Thal) for 4 hours and BRD4 or CDK9 protein levels assessed by western blot. Blots are representative 623 
of 3 independent blots. 624 

(E-F) Combined inhibition of MDR1 improves PROTAC-mediated degradation in MDR1 overexpressing cells. 625 
DLD-1 cells were treated with increasing doses of dBET6 alone or in combination with tariquidar (0.1 µM) 626 
(E) or increasing doses of Thal SNS 032 alone or in combination with tariquidar (0.1 µM) (F) for 4 hours 627 
and BRD4 or CDK9 protein levels assessed by western blot. Blots are representative of 3 independent 628 
blots. 629 

(G-I) Combining tariquidar and dBET6 exhibits drug synergy in MDR1-overexpressing cells. Cell-Titer Glo 630 
assay for cell viability of DLD-1 cells treated with increasing concentrations of dBET6, tariquidar or the 631 
combination and bliss synergy scores determined (G).  DLD-1 cells were treated with DMSO, tariquidar 632 
(0.1 µM), dBET6 (0.1 µM) or the combination and colony formation assessed following 14 days of 633 
treatment (H).  Colony formation image representative of 3 independent assays.  Western blot analysis 634 
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was performed on DLD-1 cells treated with DMSO, tariquidar (0.1 µM), dBET6 (0.1 µM) or the 635 
combination for 24 hours (I).   Blots are representative of 3 independent blots. 636 

(J-L) Combining tariquidar and Thal SNS 032 exhibits drug synergy in MDR1-overexpressing cells. Cell-Titer 637 
Glo assay for cell viability of DLD-1 cells treated with increasing concentrations of Thal SNS 032, 638 
tariquidar or the combination and Bliss synergy scores determined (J).  DLD-1 cells were treated with 639 
DMSO, tariquidar (0.1 µM), Thal SNS 032 (0.5 µM) or the combination and colony formation assessed 640 
following 14 days of treatment (K).  Colony formation image representative of 3 independent assays.   641 
Western blot analysis was performed on DLD-1 cells treated with DMSO, tariquidar (0.1 µM), Thal SNS 642 
(0.5 µM) or the combination for 24 hours (L). Blots are representative of 3 independent blots. 643 

(M-N) Combining tariquidar with BET degraders enhances growth inhibition of MDR1-overexpressing cell lines 644 
HCT-15 and CAKI-1.  Cell-Titer Glo assay for cell viability of cells treated with increasing concentrations 645 
of dBET6 (M) or MZ1 (N), tariquidar or the combination and bliss synergy scores determined.  Cells were 646 
treated with DMSO, tariquidar (0.1 µM), dBET6 (0.05 µM) (M), MZ1 (0.1 µM) (N) or the combination and 647 
colony formation assessed following 14-days of treatment.  Colony formation image representative of 3 648 
independent assays.   649 

 650 
Data present in (C), (G), (J), (M-N) are triplicate experiments SD. *p ≤0.05 by student’s t-test. Also see Figure 651 
S4. 652 
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 685 
Figure 5. Re-Purposing Dual Kinase/MDR1 Inhibitors to Overcome Degrader Resistance in Cancer Cells 686 
 687 
(A-B) Treatment of degrader-resistant cells with RAD001 or lapatinib reduces MDR1 drug efflux activity.  A1847 688 

parental, dBET6-R (A) or Thal-R (B) cells were treated with DMSO, 2 µM tariquidar, 2 µM RAD001, or 2 689 
µM lapatinib and Rhodamine 123 efflux assessed.  690 

(C-D) Degrader-resistant cells exhibit increased sensitivity towards RAD001.  Cell-Titer Glo assay for cell 691 
viability of A1847 parental, dBET6-R (C) or Thal-R (D) cells treated with increasing concentrations of 692 
RAD001. 693 

(E-F) Degrader-resistant cells exhibit increased sensitivity towards lapatinib.  Cell-Titer Glo assay for cell 694 
viability of A1847 parental, dBET6-R (C) or Thal-R (D) cells treated with increasing concentrations of 695 
lapatinib. 696 

(G-H) Treatment of degrader-resistant cells with RAD001 or lapatinib promotes degradation of PROTAC-697 
targets. A1847 parental, dBET6-R (G) or Thal-R (H) cells treated with DMSO, RAD001 (2 µM) or lapatinib 698 
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(2 µM) for 4 hours and proteins measured by western blot.  Blots are representative of 3 independent 699 
blots. 700 

(I-J) Treatment of degrader-resistant cells with RAD001 or lapatinib induces apoptosis.  A1847 parental, 701 
dBET6-R (I) or Thal-R (J) cells treated with DMSO, RAD001 (2 µM), lapatinib (2 µM) or tariquidar (2 µM) 702 
for 24 hours and proteins measured by western blot.  Blots are representative of 3 independent blots. 703 

(K) Treatment of MDR1-overexpressing cells with RAD001 or lapatinib reduces MDR1 drug efflux.  DLD-1 704 
cells were treated with DMSO, 2 µM tariquidar, 2 µM RAD001, or 2 µM lapatinib and Rhodamine 123 705 
efflux assessed.  706 

(L-M) Combined RAD001 or lapatinib-treatment improves PROTAC-mediated degradation of BRD4 in MDR1 707 
overexpressing cells. DLD-1 cells were treated with increasing doses of dBET6 alone or in combination 708 
with RAD001 (2 µM) (L) or lapatinib (2 µM) (M) for 4 hours and BRD4 protein levels assessed by western 709 
blot. Blots are representative of 3 independent blots. 710 

(N-O) KU-0063794 or Afatinib do not improve PROTAC-mediated degradation of BRD4 in MDR1 711 
overexpressing cells. DLD-1 cells were treated with increasing doses of dBET6 alone or in combination 712 
with KU-0063794 (2 µM) (N) or afatinib (2 µM) (O) for 4 hours and BRD4 protein levels assessed by 713 
western blot. Blots are representative of 3 independent blots. 714 

 (P) Combining RAD001 or lapatinib but not KU-0063794 or Afatinib with BET degraders exhibits drug 715 
synergy in MDR1-overexpressing cells. DLD-1 cells were treated with DMSO, dBET6 (0.1 µM), lapatinib 716 
(2 µM), afatinib (2 µM), RAD001 (2 µM), KU-0063794 (2 µM) or in combination with dBET6 and colony 717 
formation assessed following 14 days of treatment. Colony formation image representative of 3 718 
independent assays.   719 

(Q-R) Combined RAD001 or lapatinib-treatment improves PROTAC-mediated degradation of CDK9 in MDR1 720 
overexpressing cells. DLD-1 cells were treated with increasing doses of Thal SNS 032 alone or in 721 
combination with RAD001 (2 µM) (L) or lapatinib (2 µM) (M) for 4 hours and CDK9 protein levels assessed 722 
by western blot. Blots are representative of 3 independent blots. 723 

(S) Combining RAD001 or lapatinib with CDK9 degraders exhibits drug synergy in MDR1-overexpressing 724 
cells. DLD-1 cells were treated with DMSO, dBET6 (0.1 µM), lapatinib (2 µM), RAD001 (2 µM) or in 725 
combination with Thal SNS 032 and colony formation assessed following 14 days of treatment.  Colony 726 
formation image representative of 3 independent assays.   727 

 728 
Data present in (C-F), and (K) are triplicate experiments SD. *p ≤0.05 by student’s t-test. Also see Figure S5. 729 
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 749 
Figure 6.  Combining MEK1/2 Degraders with Lapatinib Synergize to Kill MDR1-Overexpressing K-ras 750 

Mutant CRC Cells and Tumors 751 
(A-B) MDR1 is overexpressed in the majority of K-ras mutant CRC cell lines.  (A) ABCB1 expression data was 752 

obtained from c-Bioportal.  (B) MDR1 protein levels across selected CRC cell lines was determined by 753 
western blot. Blots are representative of 3 independent blots. 754 

(C-D) K-ras mutant CRC cells overexpressing MDR1 exhibit reduced sensitivity towards MEK1/2 degrader 755 
MS432. (C) CRC cells were treated with escalating doses of MS432 for 5 d and cell viability assessed by 756 
CellTiter-Glo. GI50 values were determined in Prism software. (D) CRC cells were treated with 1 µM of 757 
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MS432 and colony formation assessed following 14 days of treatment.  Colony formation image 758 
representative of 3 independent assays.   759 

(E) Overexpression of MDR1 reduces PROTAC-mediated degradation efficiency in K-ras mutant CRC cells.  760 
CRC cells exhibiting different levels of MDR1 were treated with escalating doses of MS432 for 4 hours 761 
and MEK1/2 protein levels assessed by western blot. Blots are representative of 3 independent blots. 762 

(F) Treatment of MDR1-overexpressing cells with tariquidar or lapatinib reduces MDR1 drug efflux.  DLD-1 763 
cells were treated with DMSO, 2 µM tariquidar, or 2 µM lapatinib and Rhodamine 123 efflux assessed. 764 

(G) Combined inhibition of MDR1 improves PROTAC-mediated degradation in MDR1 overexpressing cells. 765 
LS513 cells were treated with increasing doses of MS432 alone or in combination with tariquidar (0.1 766 
µM) or increasing doses of MS432 alone or in combination with lapatinib (5 µM) for 24 hours and 767 
protein/phosphoprotein levels assessed by western blot. Blots are representative of 3 independent blots. 768 

(H) MEK inhibition upregulates ErbB receptor signaling and downstream AKT signaling in LS513 cells that 769 
can be blocked by lapatinib. LS513 cells were treated with DMSO, PD0325901 (0.01 µM), lapatinib (5 770 
µM), or the combination for 48 hours and signaling assessed by western blot. Blots are representative of 771 
3 independent blots. 772 

(I-J) Lapatinib but not tariquidar treatment blocks MEKi-induced ERBB3 reprogramming.  LS513 cells were 773 
treated with DMSO, MS432 (1 µM), tariquidar (0.1 µM) or the combination (I) or DMSO, MS432 (1 µM), 774 
lapatinib (5 µM) or the combination (J) and protein/phosphoproteins assessed by western blot. Blots are 775 
representative of 3 independent blots. 776 

(K-L) Combining lapatinib and MS432 exhibits drug synergy in MDR1-overexpressing K-ras mutant CRC cells. 777 
Cell-Titer Glo assay for cell viability of LS513 cells treated with increasing concentrations of MS432, 778 
lapatinib or the combination of lapatinib and MS432 (H).  Bliss synergy scores determined. LS513 cells 779 
were treated with DMSO, lapatinib (2 µM), MS432 (1 µM) or the combination and colony formation 780 
assessed following 14 days of treatment (I). Colony formation image representative of 3 independent 781 
assays.   782 

(M) Lapatinib in combination with MS432 enhances growth inhibition in MDR1-overexpressing K-ras mutant 783 
CRC cell lines.    CRC cell lines were treated with DMSO, lapatinib (2 µM), MS432 (1 µM), or the 784 
combination and colony formation assessed following 14 days of treatment.  Colony formation image 785 
representative of 3 independent assays.   786 

(N) Co-treatment with MS934 and lapatinib MDR1 improves PROTAC-mediated degradation in MDR1 787 
overexpressing cells. LS513 cells were treated with increasing doses of MS934 alone or in combination 788 
with lapatinib (5 µM) for 24 hours and protein/phosphoprotein levels assessed by western blot. Blots are 789 
representative of 3 independent blots. 790 

(O-P) MEK degraders in combination with lapatinib reduce tumor growth in vivo.  LS513 cells were grown as 791 
xenografts in nude mice and treated with vehicle, 50 mg/kg MS934, 100 mg/kg lapatinib, or the 792 
combination of MS934 and lapatinib and tumor volume determined (O).  Body weight of animals was 793 
determined to evaluate potential toxicities of drug treatments (P). N=5 per treatment group, Error bar + 794 
SEM. 795 

  796 
Data present in (C), (F), (K) and (L) are triplicate experiments SD. *p ≤0.05 by student’s t-test. Also see Figure 797 
S6. 798 
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Figure 7.  Lapatinib-treatment improves KRASG12C degrader therapies in MDR1-overexpressing CRC cell 804 

lines 805 

(A-B) MDR1-overexpressing KRASG12C mutant CRC cell lines are resistant to LC-2 but sensitive to K-ras 806 
inhibitors.  SW1463 or SW837 cell lines were treated with DMSO, LC-2 (1 µM) or MRTX849 (1 µM) and 807 
colony formation assessed following 14 days of treatment. Colony formation image representative of 3 808 
independent assays.   809 

(C-D) Lapatinib in combination with LC-2 but not tariquidar inhibits KRASG12C effector signaling.  SW1463 cells 810 
were treated with DMSO, MS432 (1 µM), lapatinib (5 µM), tariquidar (0.1 µM) or the combination of 811 
MS432/lapatinib or MS432/tariquidar for 48 hours and protein/phosphoprotein levels assessed by 812 
western blot. Blots are representative of 3 independent blots. 813 

(E) Combination therapies involving LC-2 and lapatinib block KRASG12C effector signaling.  SW837 cells were 814 
treated with DMSO, MS432 (1 µM), lapatinib (5 µM) or the combination of MS432/lapatinib for 48 hours 815 
and protein/phosphoprotein levels assessed by western blot. 816 

(F-G) Combining lapatinib and LC-2 exhibits drug synergy in MDR1-overexpressing KRASG12C CRC cells. Cell-817 
Titer Glo assay for cell viability of SW1463 (G) or SW837 (H) cells treated with increasing concentrations 818 
of LC-2, lapatinib or the combination and bliss synergy scores determined.  819 

(H-I) Combining lapatinib with LC-2 exhibits durable growth inhibition in MDR1-overexpressing KRASG12C CRC 820 
cells. SW1463 (I) or SW837 (J) cells were treated with DMSO, LC-2 (1 µM), lapatinib (2 µM), tariquidar 821 
(0.1 µM) or the combination of MS432/lapatinib or MS432/tariquidar and colony formation assessed 822 
following 14 days of treatment.  Colony formation image representative of 3 independent assays.   823 
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(J) Rationale for combining lapatinib with MEK1/2 or KRASG12C degraders in MDR1-overexpressing CRC 824 
cell lines. Simultaneous blockade of MDR1 and ErbB receptor signaling overcomes degrader resistance 825 
as well as ErbB receptor kinome reprogramming resulting in sustained inhibition of Kras effector 826 
signaling. 827 

 828 
Data present in (F-G), are triplicate experiments SD. *p ≤0.05 by student’s t-test. Also see Figure S7. 829 
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