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Investigating therapeutic chemotypes by merging functional genomics and drug design 

by 

Kevin Lou 

 

Abstract 

Biologically active compounds exert their effects on living systems by binding to and 

modulating particular nodes among a vast network of macromolecules within the cell. The 

complexity of cellular machinery renders understanding which nodes are affected (i.e. direct 

targets or related pathways) a major challenge in the development of novel therapeutics. 

Furthermore, compounds of therapeutic interest might interact with cellular processes that were 

previously unknown, providing an opportunity for biological discovery in addition to informing 

drug chemical optimization. Here, we combined CRISPR (clustered regularly interspaced short 

palindromic repeats)-based functional genomics technologies with an atomistic approach to drug 

design across two important therapeutic targets, KRASG12C and MTOR. Using covalent switch-II 

pocket (S-IIP) inhibitors of KRASG12C, we nominated multiple genetic targets that could be co-

inhibited to increase KRASG12C target engagement or block residual cancer survival pathways. We 

then applied a similar approach to uncover chemical-genetic interactions with a prototype bitopic 

MTOR inhibitor (molecular weight: 1784 g/mol), leading to the identification of an endogenous 

chemical uptake pathway involving interferon-induced transmembrane (IFITM) proteins. These 

proteins facilitate the cellular entry of diverse linked chemotypes, expanding cell permeable 

chemical space beyond traditional guidelines for drug-like molecules (e.g. Lipinski’s rule of five). 

These findings demonstrate the mutual utility of a combined functional genomics and chemical 

approach toward the development of therapeutics with novel mechanisms of action. 
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KRASG12C inhibition produces a driver-limited state revealing collateral dependencies 
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Abstract 

Inhibitors targeting KRASG12C, a mutant form of the guanosine triphosphatase (GTPase) 

KRAS, are a promising new class of oncogene-specific therapeutics for the treatment of tumors 

driven by the mutant protein. These molecules react with the mutant cysteine residue by binding 

covalently to the switch-II pocket (S-IIP) that is present only in the inactive guanosine diphosphate 

(GDP)-bound state of KRASG12C, sparing the wild-type protein. We used a genome-scale CRISPR 

interference (CRISPRi) functional genomics platform to systematically identify genetic 

interactions with the KRASG12C inhibitor in cellular models of KRASG12C mutant lung and 

pancreatic cancer. Our data revealed genes that were selectively essential in this oncogenic driver-

limited cell state, meaning their loss enhanced cellular susceptibility to direct KRASG12C 

inhibition. We termed such genes “collateral dependencies” (CDs), and identified two classes of 

combination therapies targeting these CDs that increased KRASG12C target engagement or blocked 

residual survival pathways in cells and in vivo. From our findings, we also propose a new 

framework for assessing genetic dependencies with driver oncogenes. 

 

Introduction 

The concept that a cancerous phenotype can be driven by the activity of a single oncogene 

has motivated the search for targeted therapeutics directed against individual oncoproteins (1). 

Although this concept has been successfully implemented in numerous instances (as for the fusion 

protein BCR-ABL, the kinases HER2, EGFR, BRAF, KIT, and others) (2), it has not yet been 

possible in the case of the most frequently mutated human oncogene, the guanosine triphosphatase 

(GTPase) KRAS, due to its “undruggable” nature (3). To circumvent the inability to directly inhibit 

RAS proteins (KRAS, NRAS, and HRAS), other genetic dependencies associated with RAS 
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mutations have been thoroughly investigated (4, 5). These approaches sought to indirectly target 

RAS-driven cancers through synthetic lethal (SL) genetic vulnerabilities that are selectively 

necessary for the maintenance of a RAS-mutated cell state (6, 7). Although these studies have 

nominated numerous promising targets (8–13), identifying broadly applicable, targetable SL 

vulnerabilities remains a challenge. 

The paradigm of KRAS “undruggability” has evolved, as a new class of oncogene-specific 

direct KRASG12C inhibitor (14–17) has entered clinical trials (18, 19). In pre-clinical studies, an 

advanced-stage compound, ARS-1620, has exquisitely specific anti-cancer activity against 

KRASG12C-mutant tumors with no observed dose-limiting toxicity in mice (17). Despite this, and 

as is true for inhibitors of other driver oncogenes, it is likely that upon direct pharmacological 

inhibition of KRASG12C, KRASG12C-dependent cancer cells will engage previously dispensable 

genes and pathways to maintain survival and proliferation. Therefore, inhibiting KRASG12C may 

render previously non-essential genetic dependencies newly vital to support cells suddenly 

deprived of mutant KRASG12C activity. Indeed, non-mutational bypass mechanisms of drug 

resistance are common in cancer (20), thus it is imperative to define such mechanisms to overcome 

pre-existing or de novo resistance to targeted therapeutics. We reasoned that bypass pathways 

capable of sustaining cancer cell survival in the face of acute deprivation of a driver oncogene’s 

activity are likely to be distinct from SL dependencies, which are contingent on the overactivation 

of KRAS signaling. We define this class of genetic interactions that support the driver-limited 

cancer cell state as collateral dependencies (CDs) and hypothesize that targeting CDs will promote 

response to KRASG12C inhibitors (Fig. 1.1A). 

Here, we systematically identified and studied KRASG12C CDs by leveraging the allele-

specific KRASG12C inhibitor, ARS-1620, to pharmacologically induce a driver-limited cell state. 
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Under such conditions, genetic knockdown of individual genes uncovers underlying genetic 

dependencies that are selectively essential in the setting of KRASG12C inhibition. Using a genome-

wide CRISPR interference (CRISPRi) functional genomics platform (21, 22), we identified diverse 

mechanisms by which CDs influence KRASG12C-driven growth upon oncogene inactivation. This 

approach identified specialized roles of known RAS signaling components and highlights CDs 

involved in transcriptional regulation and other cellular processes outside the core RAS pathway. 

Notably, in a large panel of KRASG12C-driven cancer cells the vast majority of CDs identified in 

our experiments are not SL, thus demonstrating that CDs (driver oncogene-inhibited) are 

biologically distinct from SL dependencies (driver oncogene-active). 

After validating our screen results genetically, we utilized pharmacology to further dissect 

the relationship between therapeutically targetable CDs and KRASG12C, revealing that chemical 

inhibition of both new and known RAS pathway genes synergized with KRASG12C inhibition. We 

then investigated the mechanisms of these drug synergies inferred from our RAS pathway CD map 

using a new drug occupancy probe for direct KRASG12C inhibitor target engagement. These 

combination therapies either directly cooperated with S-IIP inhibition to increase KRASG12C target 

engagement or independently blocked residual survival pathways. Both classes of combinations 

tested ultimately resulted in a deepened suppression of common signaling nodes, emphasizing the 

convergent nature of the oncogenic RAS signaling network. 

Our study uncovered diverse mechanisms by which collateral pro-oncogenic signaling 

proteins sustain a mutant KRAS-dependent cancerous phenotype following acute chemical 

inhibition of KRASG12C. We demonstrated both in vitro and in vivo that combination therapies 

targeting KRASG12C and pro-survival CDs have enhanced anti-cancer activity. Our work reveals 

that optimal targeting of KRAS-driven cancers will require co-inhibition of both the driver 
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oncogene as well as upstream, downstream, and parallel CDs. This work also establishes 

generalizable strategies for co-targeting CDs to fully exploit the anti-cancer activity of driver 

oncogene inhibitors, a principle which we expect will apply to any direct inhibitor of an oncogenic 

driver. 

 

Results 

Genome-scale CRISPRi screens nominate KRASG12C collateral dependent genes 

We performed genome-scale screens using our previously described CRISPR interference 

(CRISPRi) functional genomics platform (21, 22) in two cancer cell lines driven by KRASG12C 

mutation arising from distinct tissues to characterize CDs (Fig. 1.1A) whose knockdown could 

potentiate response to KRASG12C inhibition (Fig. 1.1B). Several features motivated the choice of 

the two cell lines used: (i) the H358 non-small cell lung cancer (NSCLC) and MIA PaCa-2 

pancreatic ductal adenocarcinoma (PDAC) cell lines represent two cancers with high KRAS 

mutational prevalence; (ii) H358 is KRASG12C/KRASWT whereas MIA PaCa-2 is KRASG12C/ 

KRASG12C, representing two distinct genotypes associated with KRAS mutational status; (iii) both 

cell lines are highly sensitive to ARS-1620 [half-maximal inhibitory dose (IC50) within ~2-3 fold] 

across both two-dimensional (2D)-adherent and three-dimensional (3D)-spheroid cultures (17), 

suggesting that KRAS dependency is well represented in either condition; and (iv) selection in 

more than one KRASG12C line helps ensure likely generalizability to other cells that share this same 

driver mutation. 

Pooled genome-scale genetic screens were performed by transducing H358 and MIA PaCa-

2 cells stably expressing a CRISPRi construct (dCas9-KRAB) with a genome-scale CRISPRi 

library (21, 22). Transduced cell populations were grown in the presence or absence of ARS-1620 
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in duplicate. We measured quantitative differences in single-guide RNA (sgRNA) frequency for 

each sample by deep sequencing to determine how knockdown of a given gene contributes to cell 

growth and susceptibility to KRASG12C inhibition. Analysis of the H358 (Fig. 1.2, A to D) and 

MIA PaCa-2 (Fig. 1.3, A to D) screens showed high correlation between two biological replicates 

and confirmed depletion of known essential genes, validating our method as a high-confidence 

approach for identification of factors required for cellular survival in these models of KRAS-

mutant NSCLC and PDAC. Growth phenotypes specifically associated with KRASG12C inhibition 

were quantitatively defined by the differences in sgRNA enrichment or depletion between ARS-

1620- and vehicle-treated cells (Δlog2 fold change).  

Analysis of ARS-1620 CD screen hits (Δlog2 fold change < −0.5) revealed a number of 

core RAS pathway components as well as multiple processes not commonly associated with RAS 

signaling (Fig. 1.1C). Multiple genes were overlapping key regulators of response to ARS-1620 

in these two diverse KRASG12C-mutant tumor models, but some KRASG12C CDs were also disease 

or model specific, such as ZNF750, a poorly characterized gene that is strongly sensitizing in the 

H358 screen.  

We then analyzed the relationship between the biology of overlapping CDs identified in 

our work to traditional SL CRISPR screen analysis of KRAS-mutant cancers. We determined 

averaged essentiality scores for our nominated CD genetic hits using CRISPR screening data in all 

KRAS-WT and KRAS-mutant NSCLC cancer cell lines (39 KRAS-WT and 19 KRAS-mutant) 

found in the publicly available datasets, PICKLES (pooled in vitro CRISPR knockout library 

essentiality screens) and DepMap (Cancer Dependency Map) (Fig. 1.1D) (23, 24). By taking the 

differences in essentiality scores between KRAS-mutant and KRAS-WT cell lines, we derived SL 

scores that reflect selective dependency in the presence of KRAS mutation. The only gene that 
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was found to be both strongly SL (selectively essential in KRAS-mutant cells) and CD (selectively 

essential during mutant KRAS inhibition) in this analysis was KRAS itself, confirming in this 

context our hypothesis that the vast majority of CDs are not SLs. 

 

Collateral dependencies are selectively essential in the setting of KRASG12C inhibition 

To validate the CD hits nominated by our CRISPRi screens, we transduced H358 and MIA 

PaCa-2 CRISPRi cells with individual sgRNAs and tracked relative populations of non-sgRNA-

expressing and sgRNA-expressing cells over time (Fig. 1.4, A to C). We determined retest 

phenotypes from this mixed population assay using a metric, resistance index (RI), which reflects 

proportional differences in sgRNA-expressing populations across dimethyl sulfoxide (DMSO) and 

compound-treated conditions (Fig. 1.4, B and C) (25). Screen phenotypes (Δlog2 fold change) were 

correlated with retest phenotypes (RI) (Fig. 1.4, B and C), validating our genetic hits for their 

ability to selectively potentiate the effects of KRASG12C inhibition across multiple independent 

experimental conditions. 

We then sought to characterize the mechanistic role of the transcription factor FOS-like 

antigen 1 (FOSL1), a CD required for survival in a driver-limited signaling state, by testing 

whether FOSL1 function impacts key signaling pathways activated by KRAS. RAS serves as a 

central signaling hub, activating its two primary effector arms, the mitogen-activated protein 

kinase (MAPK) cascade and phosphoinositide 3-kinase (PI3K)/protein kinase B 

(AKT)/mammalian target of rapamycin (mTOR) pathway, as well as others to enable cell growth 

and proliferation. FOSL1 is a transcription factor activated by MAPK signaling that is reported to 

be the single most downregulated mRNA transcript by RNA sequencing (RNA-seq) upon 
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treatment with ARS-1620 (17) and additionally has been implicated to play a role in the 

maintenance of mitotic machinery (26). 

We were able to recapitulate ARS-1620’s ability to downregulate FOSL1 transcript by 

quantitative reverse transcription polymerase chain reaction (RT-qPCR). and found that sgRNAs 

identified in the screen targeting FOSL1 induced a similar extent of knockdown (Fig. 1.4D). 

Combining the effects of ARS-1620 inhibition of FOSL1 with CRISPRi genetic knockdown of 

FOSL1 further deepened suppression of FOSL1 mRNA expression and potently inhibited 

phosphorylated AKT (p-AKT) signaling. p-AKT has been suggested to be a downstream node of 

RAS signaling that is recalcitrant to direct KRASG12C inhibition and important for cell survival and 

proliferation (27, 28). Our findings propose a mechanism that connects the MAPK and PI3K 

effector arms through FOSL1, a downstream output of the MAPK cascade. Genetic knockdown 

of FOSL1 notably led to no clear differences in the ability of KRASG12C inhibition to suppress 

signaling resulting in the phosphorylation of extracellular signal-regulated kinase (ERK) and 

ribosomal protein S6 (S6) (Fig. 1.5), suggesting a highly specific requirement of FOSL1 to cross-

activate AKT in both NSCLC and PDAC cell models. 

 

A collateral dependency map reveals targetable vulnerabilities within critical signaling modules 

of the RAS pathway 

To understand how our findings could be applied to design therapeutic strategies against 

KRASG12C-driven cancers, we constructed a CD map of the RAS pathway to visualize relationships 

between sensitizing and resistance genetic factors in both PDAC and NSCLC cell models, and for 

comparison also included CD hits identified in both screens (Fig. 1.6A and Fig. 1.7A). These data 
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suggest two distinct mechanisms by which CDs can modulate cellular response to direct chemical 

inhibition of KRASG12C. 

First, the KRASG12C protein cycles dynamically between active and inactive GTP/GDP-

bound states (15, 16), and our data provide genetic support for the hypothesis that S-IIP inhibitors 

bind KRASG12C-GDP (14) as genes that can modulate this ratio of KRAS nucleotide occupancy, 

such as those encoding guanine nucleotide exchange factors (GEFs, as in SOS1) and their 

regulators (FGFR1, AXL, EGFR, SHP2, and CRKL), alter cellular sensitivity to ARS-1620. This 

first class of hits likely facilitates drug loading, thereby priming KRASG12C mutant cells with a 

permissive amount of KRASG12C-GDP to promote efficient compound target engagement and anti-

cancer activity. Even among highly overlapping classes of genes, such as receptor tyrosine kinases 

(RTKs) (29), specific genetic knockdowns pinpointed critical functional nodes that were not 

readily apparent by assessment of mRNA expression alone (Fig. 1.6B and Fig. 1.7B) (30). 

A second category of hit genes critically important to diverse cell growth and survival 

pathways, including cell cycle control (such as CCND1 and CDK4), multiple cell adhesion proteins 

(such as ITGA7 and ITGAV), regulators of transcription (such as FOSL1), and the 

PI3K/AKT/mTOR pathway, modulated sensitivity to ARS-1620 suggesting that cell death induced 

by direct inhibition of KRASG12C is influenced by various pathways commonly dysregulated in 

KRAS-mutant cancers (Fig. 1.6A and Fig. 1.7A) (31). This second class of hits is predicted to not 

change ARS-1620 target engagement and thus is mechanistically distinct from those that alter 

KRASG12C-GDP abundance. We also observed that substrates of protein kinase screen hits are 

differentially phosphorylated following ARS-1620 treatment, consistent with dynamic regulation 

of KRASG12C activity (Fig. 1.8, A and B). We note that for other overlapping, sensitizing CD hits 
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(such as ELP3, ELP4, KIF18A, PKN2, VBP1 and VPS29), the direct connection to KRAS remains 

to be uncovered and will motivate future investigations. 

Our results confirm the initial CD hypothesis that previously dispensable or weak genetic 

dependencies can become potentiated when reframed in the context of an oncogenic driver-limited 

state. Numerous compounds directed against targets and pathways identified by our screens have 

failed to demonstrate clinical efficacy as monotherapies in KRAS-mutant cancers (32). Dual 

inhibition of KRASG12C and various co-targets could repurpose these agents by applying them to 

therapeutic scenarios with heightened non-driver genetic dependencies. 

 

Two classes of combination therapies targeting collateral dependencies with KRASG12C promote 

distinct mechanisms of synergy 

These data suggest that despite differences in tissue of origin and genetic background, 

functional interactions with mutant KRAS signaling dependency can be governed by common CDs 

that are druggable using clinically approved and advanced-preclinical compounds. To test the 

mechanistic hypothesis that repression of select CDs promotes increased target engagement by 

ARS-1620 we developed ARS-1323-alkyne, a chemical probe that enables measurement of live-

cell KRASG12C covalent inhibition kinetics (Fig. 1.9A). Following treatment of cells with ARS-

1323-alkyne, covalent labeling was assessed using an electrophoretic mobility shift assay where 

larger protein-small molecule adducts migrate more slowly following click reaction to 

tetramethylrhodamine azide (TAMRA-N3) (Fig. 1.9B) (33). Relative target engagement was 

quantified by the densitometry of upper (KRAS + inhibitor) and lower (KRAS) bands. 

We sought to measure the influence of co-targeting CD vulnerabilities upstream [with an 

epidermal growth factor receptor inhibitor (EGFRi), a fibroblast growth factor receptor inhibitor 
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(FGFRi), an AXL inhibitor (AXLi), and a protein tyrosine phosphatase, non-receptor type 11 

(SHP2i)], downstream [with a cyclin-dependent kinase 4/6 inhibitor (CDK4/6i)], and parallel [with 

a phosphoinositide 3-kinase inhibitor (PI3Ki)] to KRASG12C on inhibitor target engagement in 

NSCLC and PDAC models. The kinetics of KRASG12C inhibition in the H358 NSCLC model with 

ARS-1323-alkyne demonstrated two general classes of combinations (Fig. 1.9, C and D). We 

observed that KRASG12C probe target engagement is perturbed by co-treatment with compounds 

that inhibit GTP-loading to KRASG12C (such as SHP2i) by effectively preventing recruitment and 

activation of the RAS guanine nucleotide exchange factor (GEF) son of sevenless (SOS). 

Conversely, co-inhibition of cognate pro-growth and pro-survival pathways was shown to operate 

outside the direct context of nucleotide cycling (such as with a CDK4/6 inhibitor). These results 

were generalized to the MIA PaCa-2 PDAC model, with pharmacological interactions reflecting 

differences in observed genetic dependencies; for example, EGFR and FGFR1 was found to be 

cell-specific CDs whereas SHP2 was overlapping (Fig. 1.9, E and F). Notably, inhibition of the 

RTK AXL, which has been implicated in promoting mitochondrial activity in KRAS-mutant 

PDAC models (34), does not appear to strongly influence KRASG12C nucleotide state, consistent 

with a model in which different RTKs play specialized roles to support a mutant KRAS-driven 

phenotype. 

Together our experiments nominate two classes of combination therapies that either 

enhance KRASG12C target engagement (namely EGFR, FGFR or SHP2 inhibitors) or 

independently suppress persistent survival pathways (namely AXL, PI3K or CDK4/6 inhibitors). 
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Mechanistically diverse collateral dependencies with KRASG12C converge upon critical 

downstream signaling outputs 

We explored the link between KRASG12C target engagement and inhibition of various 

downstream signaling outputs by treating cells with ARS-1323-alkyne at an intermediate timepoint 

with different second chemical agents. Treating each cell line with its RTK dependency’s cognate 

growth factor (EGF for the NSCLC line H358 and FGF2 for the PDAC line MIA PaCa-2) potently 

obstructed the effects of KRASG12C inhibition at both the target engagement and signaling levels 

(Fig. 1.10A). Overall, combinations that co-target upstream genes (RTKs and SHP2) potentiated 

suppression of p-ERK, whereas those that co-target parallel and downstream factors (PI3K and 

CDK4/6) displayed modest to no differences in p-ERK activation compared to monotreatment. 

Co-targeting PI3K also distinctly inhibited p-AKT signaling. Despite these differences, however, 

all combinations tested resulted in notably deeper suppression of p-S6, which has been shown to 

correlate well with inhibition of cell viability (28, 35). 

Studies have demonstrated that RAS-driven cancer cells are more dependent on RAS 

signaling in 3D than in 2D culture models (15, 17, 36, 37). To evaluate the context specificity of 

our results, we assessed several drug combinations in 2D and 3D assays. Consistent with their 

ability to promote p-S6 inhibition, combinations co-targeting CDs showed enhanced anti-cancer 

activity in both 3D (Fig. 1.10B) and 2D (Fig. 1.10C) assays in H358 and MIA PaCa-2, as well as 

in a third KRASG12C-driven NSCLC cancer cell line, H23. In the 3D assay, we found that multiple 

drug combinations formally have synergistic anti-tumorigenic activity (38). 

These pharmacological experiments validated cell type-specific synergies exemplified by 

specialized RTKs that promote KRASG12C activation and other pathways. Conversely, co-

inhibition of SHP2, a broadly required RTK adaptor, represented a general synergy as did co-
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inhibition of PI3K or CDK4/6. Our data suggest that CDs nominated by our CRISPRi screens 

reveal diverse targetable genetic dependencies in NSCLC and PDAC models that result in the 

enhanced suppression of critical downstream signaling outputs required for cell viability. 

 

Co-inhibition of CDK4/6 potentiates the global effects of KRASG12C inhibition 

CDK4 and its close homologue CDK6 cooperate with D-type cyclins to promote G1-S cell 

cycle progression through direct phosphorylation of retinoblastoma (RB) tumor suppressor family 

members, releasing a transcriptional program mediated by the transcription factor E2F to initiate 

S-phase entry in the cell cycle (39). CDK4 has also previously been suggested to be a SL partner 

with mutant KRAS (40), although inhibition of CDK4/6 proved to be ineffective as a monotherapy 

in KRAS-mutant NSCLC in a phase III trial (41). Notably, neither CDK4 nor cyclin D1 (CCND1) 

displayed strong SL relationships with mutant KRAS in our analysis of the DepMap database (Fig. 

1.1D), but both genes appeared as strong KRASG12C CDs in our CRISPRi screens in both the 

NCSLC and PDAC models (Fig. 1.1C, Fig. 1.6A, and Fig. 1.7A). This may suggest that the 

essentiality of CDK4 is amplified in the setting of mutant KRAS inhibition, reframing the genetic 

interaction as a true CD relationship.  

Intrigued by the ability of palbociclib (CDK4/6i) to decrease p-S6 when combined with a 

KRASG12C inhibitor, we compared by RNA-seq the transcriptome profiles of H358 cells treated 

with vehicle, CDK4/6i, ARS-1620, and the combination. Treatment with the combination of 

CDK4/6i and ARS-1620 resulted in an expression profile that reflected potent inhibition of cell 

proliferation (Fig. 1.11, A and B). The concentration of ARS-1620 used (1 μM) has been 

demonstrated to effect ≥ 95% target engagement in H358 cells at the assayed timepoint (24 hours) 

(17). Unbiased clustering of top significantly altered transcripts by the combination revealed major 
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changes in four primary gene ontologies (Fig. 1.11A) (42). Inhibition of KRASG12C alone appeared 

to modestly suppress cell division genes (such as CCNA2, CCNB1/2, and CDK1) while CDK4/6i 

alone or in combination induced their dramatic downregulation (Fig. 1.11, B and C). Conversely, 

CDK4/6i alone resulted in no significant differences in MAPK inhibition-associated genes (such 

as CCND1 and DUSP4/5/6), whereas the combination displayed significantly decreased 

expression even when compared to ARS-1620 monotherapy. Overall, both additive and synergistic 

(in the case of inhibition of MAPK activity) effects were observed where the transcriptional 

changes induced by KRASG12C inhibition were complemented and strengthened by co-treatment 

with CDK4/6i (Fig. 1.11, C and D). 

To understand the signaling mechanisms from which these transcriptional changes might 

be derived, we probed two primary signaling outputs, p-S6 and p-RB, that reflect the activity of 

KRASG12C and CDK4/6 respectively in NSCLC and PDAC models (Fig. 1.11E). We observed 

that, consistent with RNA-seq experiments, CDK4/6i alone or in combination more strongly 

induced markers of G1 arrest (decreases in p-RB and RB) than ARS-1620 monotherapy (Fig. 

1.11E and Fig. 1.12, A and B). Furthermore, addition of CDK4/6i shifted the dose-response 

relationship between KRASG12C inhibition and p-S6. S6 integrates inputs from both the MAPK 

and PI3K/AKT/mTOR effector arms of the RAS pathway, thus it was unexpected that inhibition 

of CDK4/6 would alter these phosphorylation dynamics. CDK4/6i’s ability to suppress RAS 

pathway signaling appears specific to p-S6 as only subtle changes were observed in p-AKT and p-

ERK (Fig. 1.12, A and B). Our data indicate that KRASG12C inhibition is insufficient to fully 

suppress G1-S progression, that CDK4/6 inhibition is unable to halt signaling through KRASG12C, 

and that the combination maintains both advantages while bolstering the effects of driver oncogene 

inhibition. 
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Co-targeting collateral dependencies promotes response to KRASG12C inhibition in vivo 

 To validate ARS-1620 combination therapies in vivo, we designed two pre-clinical trials 

to model combination therapies co-targeting CDs and KRASG12C. At high doses of ARS-1620 that 

elicit a robust anti-tumor response (50-200 mg/kg), it has been shown that KRASG12C target 

engagement is incomplete (17). Therefore, we rationalized that at this dose range of ARS-1620 it 

is likely that in vivo tumor cell survival is fostered by CDs that limit target engagement as well as 

CDs that promote alternate survival pathways. We designed a pre-clinical trial to test two 

combination therapies that promote ARS-1620 target engagement (ARS-1620 and EGFRi) in 

H358 xenograft tumors (Fig. 1.13A) or inhibit a residual survival pathway (ARS-1620 and 

CDK4/6i) in MIA PaCa-2 xenograft tumors (Fig. 1.13B). In both trials the combination proved 

more effective than either monotherapy, confirming that both mechanisms of combination 

therapies targeting KRAS-mutant cancers can augment ARS-1620 activity in vivo. In support of 

our mechanistic understanding of the ARS-1620/EGFRi combination therapy, we found that the 

ARS-1620/EGFRi combination decreased activity of key downstream KRAS signaling outputs (p-

ERK, p-AKT, p-S6) (Fig. 1.14), suggesting that this combination acts via deepened suppression 

of KRAS signaling, consistent with enhanced target engagement of KRASG12C. These experiments 

nominate combination therapies that combine ARS-1620, an oncogene-specific KRASG12C 

inhibitor, with a second targeted agent such as EGFRi or CDK4/6i to increase anti-cancer activity 

while minimizing synergistic on-target toxicity to the patient. 

 

Discussion 

 Three principles emerge from our analysis of genetic dependencies in a KRAS driver-

limited state. First, we found that KRAS CDs and SLs are largely non-overlapping genetic 
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dependencies. Our screens identified KRAS CDs which support a cancerous phenotype in the 

setting of driver oncogene inhibition. Our work highlights the concept that CDs are complementary 

to traditional SL interactions for understanding driver oncogene biology and anticipate the 

importance of using both over-activated and hypomorphic model systems to study genetic 

dependencies related to any driver oncogene. 

Our work revealed CDs upstream of KRASG12C in NSCLC and PDAC cell models and 

emphasizes a growing perspective that mutant KRAS is dynamically regulated and responsive to 

upstream inputs in cancer cells (43–47). Beyond the requirement of KRASG12C for SOS-catalyzed 

nucleotide exchange to sufficiently maintain its GTP-state, we suggest that the RTKs EGFR, 

FGFR1, and AXL play specialized roles in mutant KRAS signaling and activation. We reveal that 

the relevant receptors in these signaling networks are cell-type specific and highlight the 

modularity of RTKs in the recruitment of a shared set of adaptor proteins (such as SHP2) to 

transduce signal to SOS and RAS proteins. 

We also identified CDs downstream and parallel to KRASG12C that were incompletely 

suppressed by driver oncogene inhibition. Our findings suggest that independent inputs from RTKs 

and/or cell adhesion/cohesion can circumvent KRASG12C to maintain PI3K activity, limiting the 

ability of direct KRASG12C inhibitors to fully disrupt all RAS effector arms. We also suggest that 

mutant KRAS is, on its own, not fully responsible for promoting cell cycle progression and that 

CDK4 can sustain G1-S transition even in the setting of RAS pathway inhibition. This may explain 

in part the finding that genetic alterations in CDK4 and/or CCND1 in BRAF-mutant melanoma 

and EGFR-mutant lung cancer promotes resistance to their respective driver inhibitors (48, 49). 

We anticipate similar mechanisms may also promote resistance to direct KRAS inhibitors and 

propose co-inhibition of CDK4/6 as a strategy to maximize therapeutic efficacy. Additionally, we 
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nominate CDs not commonly associated with RAS function related to transcriptional control and 

other diverse processes that merit further exploration. We anticipate that our results will generalize 

to other KRAS-mutant cancers and propose the possibility of co-targeting multiple CDs to address 

mutant KRAS alleles yet to succumb to direct, allele-specific pharmacology. 

 Second, our genetic analysis suggests a specific mechanistic hypothesis for CDs suspected 

to regulate the ratio of KRAS GTP/GDP. The engagement of a small molecule with its target can 

report on the conformation, oligomerization state, and/or activity of a specific protein in its native 

environment. Classically, type I kinase inhibitors bind to target protein kinases in the active state 

while type II kinase inhibitors bind kinases in an inactive state (50). Resistance to type II kinase 

inhibitors can therefore be achieved through mutations or signaling mechanisms that promote 

kinase activity (51). In analogy to this, we use S-IIP inhibitors (ARS-1620 and ARS-1323-alkyne) 

as conformationally specific chemical reporters of KRASG12C nucleotide state in living cells. Our 

work expands this intellectual framework to GTPases, such as KRAS, by mechanistically 

revealing how upstream signaling pathways that decrease levels of KRAS GDP promote resistance 

to ARS-1620. As the development of direct KRAS inhibitors extends toward GTP-state binders, 

such agents would not benefit from target engagement enhancement through GDP-state priming, 

although they would likely continue to synergize with combinations that co-inhibit other CDs that 

sustain residual survival. 

We anticipate that the two mechanisms of synergy we describe (target engagement 

enhancing or independent inhibition of residual growth signals) are generalizable to other 

chemical-genetic or drug combination interactions. We propose systematic identification of such 

interactions using conformationally biased covalent probes coupled to functional genomics 
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screens, dissecting complex target regulation and enabling the construction of mechanistically 

informed combination therapies. 

Third, we reveal that single-target inhibition of even one of the most well-validated 

oncogenic drivers can be limited by CDs that help sustain an oncogenic phenotype in the driver-

limited state. We addressed these limitations by presenting two distinct classes of in vivo validated 

ARS-1620 combinations, which require further evaluation in genetically engineered mouse 

models (52). We anticipate that allele-specific inhibitors like ARS-1620, which spare the WT 

protein, will be well tolerated in patients and highly amenable to combination with second 

inhibitors to enable synergistic anti-cancer activity without synergistic toxicity to otherwise normal 

cells and tissues. 

The concept that a cancerous phenotype can be driven by the activity of a single oncogene 

is being revised given that, beyond BCR-ABL inhibitors in chronic myelogenous leukemia, 

targeted therapies have fallen short on their promise of promoting durable responses and cures for 

patients. We nominate CDs to be the underlying cellular processes that are engaged upon driver 

oncogene inhibition and limit the efficacy of targeted therapeutics. We anticipate the logic of CDs 

to be generalizable to any driver oncogene through genetic or chemical perturbation, providing an 

opportunity for co-target identification in next-generation combination therapies (53). 

 

Materials and Methods 

Cell culture and reagents 

All cell lines used in this study (H358, MIA PaCa-2, and H23) were obtained from ATCC and 

authenticated by the UC Berkeley DNA Sequencing Facility using short tandem repeat (STR) 

DNA profiling. Cells were maintained in Dulbecco’s modified eagle medium (DMEM) 
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supplemented with 10% (v/v) fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL 

streptomycin. All cells were grown at 37 °C in 5% CO2. All cells were tested for Mycoplasma 

contamination using the MycoAlert Plus Mycoplasma detection kit (Lonza) prior to initiation of 

experiments. ARS-1620 was obtained by custom synthesis from Pharmaron. Erlotinib and 

palbociclib were obtained from LC Laboratories, AZD4547 and buparlisib were obtained from 

MedChem Express, and SHP099 and bemcentinib were obtained from Selleckchem. ARS-1323-

alkyne was synthesized as described below. Recombinant human EGF and FGF2 (FGF-basic) 

were obtained from Thermo Fisher Scientific. TAMRA-N3 and tris(benzyltriazolylmethyl)amine 

(TBTA) were obtained from Click Chemistry Tools. Tris(2-carboxyethyl)phosphine and CuSO4 

were obtained from Sigma-Aldrich. 

 

DNA transfections and lentivirus production 

For lentivirus production, HEK293T cells were transfected with standard packaging vectors using 

TransIT-LT1 Transfection Reagent (Mirus Bio). Viral supernatant was collected 2-3 days after 

transfection, filtered through 0.44 μm PVDF filters, and frozen prior to transduction. 

 

Generation of CRISPRi cell lines 

H358 and MIA PaCa-2 cell lines stably expressing dCas9-KRAB were generated by transducing 

WT cells with a lentiviral vector expressing dCas9-BFP-KRAB from an EF1-α promoter with an 

upstream ubiquitous chromatin opening element (UCOE; UCOE-EF1α-BFP-KRAB) and selected 

for BFP-positive cells through two rounds of fluorescence activated cell sorting (FACS) with a 

BD FACSAria II. 
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Genome-scale CRISPRi screening 

Genome-scale CRISPRi screens were conducted similarly to previously described screens (21, 

22). The 5 sgRNA/gene human CRISPRi v2 (hCRISPRi-v2) library (22) was transduced into H358 

or MIA PaCa-2 CRISPRi cells at an MOI < 1 (percentage of transduced cells 2 days after 

transduction = 20-40%). Cells were selected with puromycin (3 μg/mL) to achieve 80-95% 

transduced cells, at which point T0 samples were harvested with a minimum 500X library coverage 

(100-150 × 106 cells), and the remaining cells were split into two biological replicates of two 

conditions for DMSO and ARS-1620 treated growth. Cells were grown in 150 mm adherent dishes 

maintaining an average minimum 500X library coverage, trypsinized and reseeded every 3-5 days 

over the course of the screen and dosed with respective treatments following each trypsinization 

and reseeding. For ARS-1620 treatment, ARS-1620 was added to H358 CRISPRi cells at 3.3 μM, 

and to MIA PaCa-2 CRISPRi cells at increasing concentrations from 348 nM to 10 μM as the 

screen proceeded. Following 12-16 days of growth and selection, cells were harvested with a 

minimum 500X library coverage (100-150 × 106 cells). Genomic DNA was isolated from frozen 

cell pellets and the sgRNA-encoding region was enriched, amplified, and processed for sequencing 

on the Illumina HiSeq 4000 as described previously (21). 

 

Screen processing 

Sequencing data from the Illumina HiSeq 4000 was aligned to the 5 sgRNA/gene hCRISPRi-v2 

library, counted, and quantified using the Python-based ScreenProcessing pipeline 

(https://github.com/mhorlbeck/ScreenProcessing (22)). sgRNA phenotypes, gene phenotypes, 

negative control gene phenotypes, and Mann-Whitney P values were determined as described 

previously (21, 22). ARS-1620 sensitivity sgRNA phenotypes (Δlog2 fold change) were calculated 
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by subtracting the equivalent median value for all non-targeting sgRNAs from the log2 fold change 

in enrichment of an sgRNA in the ARS-1620 treated and DMSO treated samples. DMSO and 

ARS-1620 sgRNA growth phenotypes were similarly calculated from respective log2 fold changes 

in enrichment of an sgRNA from T0 samples. Gene phenotypes were derived by collapsing 

phenotypes from sgRNAs targeting the same gene using the average of the three top scoring 

sgRNAs (by absolute value) and assigning a P value using the Mann-Whitney test of all sgRNAs 

targeting the same gene compared to the non-targeting sgRNAs. For genes with multiple annotated 

transcription start sites (TSSs) targeted by the sgRNA library, phenotypes and P values were 

calculated independently for each TSS, and the TSS with the lowest Mann-Whitney P value was 

used to represent the gene. Hits were defined as genes with ∣Δlog2 fold change∣ > 0.5. Gene 

ontology analysis was performed using DAVID Bioinformatic Resources using the 

GOTERM_BP_DIRECT database (42). Additional analysis and plotting were performed in Prism 

7 and 8 (GraphPad Software). 

 

Essentiality score and synthetic lethal score determination 

Essentiality and mutational data were drawn from the PICKLES database (23) and DepMap/CCLE 

(24, 30) respectively (2018 Q3 release). The PICKLES database contains essentiality scores for 

all genes and cell lines in DepMap that have been converted to Bayes factors from log-fold changes 

(54). Bayes factors have been quantile normalized for comparison across cell lines. Selected genes 

were queried for essentiality and averaged across all KRAS-WT (39 cell lines) and KRAS-mutant 

(19 cell lines) NSCLC cell lines in the datasets. Synthetic lethal scores were determined by 

subtracting averaged essentiality scores of KRAS-WT cells from KRAS-mutant cells. 
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Individual evaluation of sgRNA phenotypes 

sgRNA protospacers targeting CCND1, CDK4, CRKL, ELP3, ELP4, FOSL1, KAT6A, KIF18A, 

MED24, TLN1, TM2D1, TM2D2, TM2D3, UNC50, and a negative control nontargeting (NT) 

sequence (Table 1.1) were individually cloned into BstXI/BlpI-digested pCRISPRia-v2 (marked 

with a puromycin resistance cassette and GFP or BFP, Addgene #84832) (22) by ligating annealed 

complementary synthetic oligonucleotide pairs (Integrated DNA Technologies) with flanking 

BstXI and BlpI restriction sites. Protospacer sequences used are listed in Table 1.1. The sgRNA 

expression vectors were individually packaged into lentivirus as described above. Internally 

controlled growth assays to evaluate relative sgRNA susceptibility to ARS-1620 were performed 

by transducing H358 and/or MIA PaCa-2 cells with sgRNA expression vectors at an MOI < 1 

(~15-30% transduction rate). 5 days after transduction, cells were treated with DMSO or ARS-

1620 (300 nM or 1 μM for H358 and 300 nM or 3.3 μM for MIA PaCa-2) for 12 days before the 

percentage of sgRNA-expressing cells was determined as the percentage of GFP- or BFP-positive 

cells by flow cytometry on an LSR II (BD Biosciences) or an Attune NxT (Thermo Fisher 

Scientific). RI was calculated as a measurement of the relative level of sensitization (RI < 1) or 

resistance (RI > 1) to ARS-1620 where RI = (F2 − F1 × F2)/(F1 – F1 × F2). RI = Resistance index, 

F1 = endpoint GFP- or BFP-positive percentage of the DMSO treated population, F2 = endpoint 

GFP- or BFP-positive percentage of the ARS-1620 treated population (25). 

 

Quantitative PCR 

CRISPRi cells (500,000 cells/well) stably expressing a negative control sgRNA or sgRNAs 

targeting FOSL1 (see also Table 1.1) were seeded into 6-well ultra-low attachment plates (Corning 

Costsar #3471) and allowed to incubate at 37 °C overnight. Cells were treated with DMSO or 
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ARS-1620 (1 μM) then incubated at 37 °C for 24 h. Cells were lysed and total RNA was 

immediately extracted with the RNeasy Mini Kit (Qiagen) according to manufacturer’s 

recommendations. RT-qPCR was performed using SYBR Select Master Mix (Thermo Fisher 

Scientific) according to manufacturer’s recommendations on a QuantStudio 7 Flex Real-Time 

PCR System (Thermo Fisher Scientific). Fold changes were calculated using ΔΔCt analysis 

normalizing FOSL1 (FOSL1 forward primer GGCCTCTGACCTACCCTCA, FOSL1 reverse 

primer CTTCCTCCGGGCTGATCT) in each sample to actin (ACTIN forward primer 

GCTACGAGCTGCCTGACG, ACTIN reverse primer GGCTGGAAGAGTGCCTCA). 

 

Global phosphoproteomics 

Cells were expanded in conventional 2D culture conditions, adapted to 3D culture in ultra-low 

adherence plates (Corning) over 72 hours, and treated with DMSO or 3.3 μM ARS-1620 for 24 

hours. Cells were then collected, lysed, and subjected to tryptic digest. Phosphoenrichment was 

then performed with immobilized metal affinity chromatography following established protocols 

(55). Samples were then lyophilized, desalted, and acquired using an Orbitrap Fusion Lumos 

Tribrid (Thermo Fisher Scientific). All mass spectrometry was performed at the Thermo Fisher 

Scientific Proteomics Facility for Disease Target Discovery at UCSF and the J. David Gladstone 

Institutes. Peptide identification and label free quantification was then performed using MaxQuant 

(56), and statistical comparison using MSstats (57). Kinase substrate identification was performed 

using two established databases: Phosphonetworks (58) and RegPhos 2.0 (59). 
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ARS-1323-alkyne kinetic labeling assay 

Cells (500,000-1,000,000 cells/well) were seeded into 6-well ultra-low attachment plates (Corning 

Costsar #3471) and allowed to incubate at 37 °C overnight. Cells were treated with the indicated 

concentrations of compound combinations, then incubated at 37 °C for the indicated times. In 

preparation for SDS-PAGE and immunoblotting, cells were pelleted at 4 °C at 500g and washed 

twice with ice-cold phosphate-buffered saline (PBS). Lysis was conducted as described below and 

copper-catalyzed click chemistry was performed by addition of the following to each lysate at the 

following final concentrations: 1% SDS (20% SDS in water stock), 50 µM TAMRA-N3 (5 mM in 

DMSO stock), 1 mM TCEP (50 mM in water stock), 100 µM TBTA (2 mM in 1:4 DMSO:t-butyl 

alcohol stock), and 1 mM CuSO4 (50 mM in water stock). After 1 h at room temperature, the 

reaction was quenched with 6X Laemmli sample buffer prior to SDS-PAGE. 

 

SDS-PAGE and immunoblotting 

Lysis buffer (100 mM HEPES pH 7.5, 150 mM NaCl, 0.1% NP-40) supplemented with protease 

inhibitors (cOmplete Protease Inhibitor Cocktail Tablets, Roche) and phosphatase inhibitors 

(PhosSTOP, Roche) was used for cell lysis, and protein concentration was determined by 

bicinchoninic acid assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific). Proteins were 

separated by SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad) and blocked 

according to standard protocols. Membranes were immunoblotted with antibodies against RAS 

(#ab108602) from Abcam, α-tubulin (#3873), p-AKTS473 (#4060), AKT (#4691), p-ERKT202/Y204 

(#9101), ERK (#4695), HSP90 (#4877), p-RBS807/811 (#8516), RB (#9313), p-S6S235/236 (#4858), 

and S6 (#2217) from Cell Signaling Technology diluted (1:1000) in 5% BSA in TBST blocking 

buffer supplemented with 0.02% NaN3. After primary antibody incubation, membranes were 
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probed with IRDye secondary antibodies (LI-COR Biosciences) according to manufacturer’s 

recommendations and scanned on an Odyssey Imaging System (LI-COR Biosciences). 

Phosphoprotein blots (p-AKTS473, p-ERKT202/Y204, and p-S6S235/236) were stripped (Restore PLUS 

Western Blot Stripping Buffer, Thermo Fisher Scientific) according to manufacturer’s 

recommendations and immunoblotted for total protein (AKT, ERK, and S6). RB and p-RBS807/811 

blotting was performed as above in the reverse order. 

 

Clonogenic assay 

Cells (10,000 cells/well) were seeded into 6-well plates and allowed to adhere overnight. Cells 

were then cultured in the presence of absence of compounds as indicated for 10-14 days. Following 

removal of media, cells were washed twice with PBS then treated with fixing/staining solution 

(0.05% crystal violet, 1% formaldehyde, 1X PBS, 1% methanol) for 20 min before thorough 

washing with water. Plates were then imaged using a digital scanner. 

 

Cell viability assay and quantitative analysis of drug synergy 

Cells were seeded into 96-well ultra-low attachment plates (Corning Costar #3474) and were 

allowed to incubate at 37 °C overnight. Cells were treated with ARS-1620 and the indicated 

compounds as monotherapy or in combination (1:1 concentration ratio) in a 9 point 3-fold dilution 

series from 1.5 nM to 10 μM (100 μL final volume per well). Cell viability was assessed 5 days 

later by a CellTiter-Glo (CTG) luminescence-based assay (Promega). 100 μL of diluted CTG 

reagent (1:4 CTG reagent:PBS) was added to cells and the 96-well plates were placed on a plate 

shaker for 20 min to ensure complete cell lysis prior to assessment of luminescence signal. Drug 

synergism was analyzed using CompuSyn 1.0 (a value of 0.01 was substituted for negative 
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viability measurements). Combination indices (CIs) determined at 370 nM single agent doses 

generated by CompuSyn quantify synergistic effects, where CI < 0.75 reflects synergism, CI = 

0.75–1.25 reflects additivity, and CI > 1.25 reflects antagonism (38). 

 

RNA sequencing 

Cells (500,000 cells/well) were seeded into 6-well ultra-low attachment plates (Corning Costar 

#3471) and allowed to incubate at 37 °C overnight. Cells were treated with DMSO, palbociclib (1 

μM, CDK4/6i), ARS-1620 (1 μM), or the combination in duplicate then incubated at 37 °C for 24 

hours. Cells were lysed and total RNA was immediately extracted with the RNeasy Mini Kit 

(Qiagen) according to manufacturer’s recommendations. RNA-seq libraries were prepared with 

the QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen) and assessed on a 

BioAnalyzer 2100 (Agilent) for quantification and quality control. RNA-seq libraries were 

sequenced on an Illumina HiSeq 4000 using single-end, 50 bp sequencing. The leading 12 bp of 

all sequencing reads were trimmed with Trimmomatic (Galaxy Version 0.36.5) and then aligned 

to the hg19 reference genome with STAR (Galaxy Version 2.6.0b-1). Mapped reads per gene were 

summarized using featureCounts (Galaxy Version 1.6.2). Data normalization and differential 

expression analysis were conducted with the R package DESeq2 (version 1.20.0) (60). Read counts 

were normalized using the estimateSizeFactors() and rlog() functions. Heatmap plots were 

generated using the aheatmap() function from the R package NMF (version 0.17.6).  

 

Animal studies 

6- to 7-week-old female nude mice (Foxn1nu, stock No: 002010) were purchased from Jackson 

Laboratories and housed with ad libitum food and water on a 12 hour light cycle at the UCSF 
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Preclinical Therapeutics Core vivarium.  All animal studies were performed in full accordance 

with UCSF Institutional Animal Care and Use Committee. H358 xenografts were established by 

subcutaneous injection into the right flanks of mice with H358 cells (5 × 106 cells in 100 µl of 

serum free medium mixed 1:1 with Matrigel). Tumor xenografts were allowed to establish until 

they reached approximately 700-900mm3 in donor mice, then re-implanted into receiver mice in 

order to achieve higher engraftment rate. Briefly, established H538 tumor xenografts from donor 

mice were resected, cut into even-size fragments (15mm × 15mm), embedded in Matrigel and re-

implanted via subcutaneous implantation into receiver mice (61). H538 tumor-bearing mice were 

randomized into control and treatment groups when tumors reached a size range of 100-120 mm3 

and single or dual dosing of ARS-1620 (100 mg/kg in Labrasol) and erlotinib (80-100 mg/kg in 

HPMT) or vehicle control (Labrasol) were administered daily by oral gavage. Tumor volume and 

body weight were assessed bi-weekly for the duration of the study. Tumor volume was assessed 

by caliper 2D-measurement and volume was calculated using the following formula to 

approximate the volume of an ellipsoid: 0.52 × (Width)2 × (Length). When tumor volumes of 

vehicle-treated mice reached a size of 400mm3, ARS-1620, erlotinib and dual treatments were 

stopped and tumors were harvested for subsequent analysis. Vehicle-treated mice were re-enrolled 

in a short pharmacodynamic (PD) study (4 groups, 2 mice/group), treated for 3 days with single 

or dual dosing of ARS-1620 (100 mg/kg in Labrasol) and erlotinib (100 mg/kg in HPMT) or 

vehicle (Labrasol). Tumors were harvested 6 hours after last dose and snap-frozen for protein 

extraction and immunoblotting. MIA PaCa-2 xenografts were established by subcutaneous 

injection into the right flanks of mice with MIA PaCa-2 cancer cells (5 × 106 cells in 100 µl of 

serum free medium mixed 1:1 with Matrigel). MIA PaCa-2 tumor-bearing mice were randomized 

into control and treatment groups when tumors reached a size range of 180-200 mm3 and single or 
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dual dosing of ARS-1620 (100 mg/kg in Labrasol) and palbociclib (100 mg/kg in sodium lactate 

buffer, (50 mmol/L, pH 4.0)) or vehicle control (Labrasol) were administered daily by oral gavage. 

Tumor volume and body weight were assessed bi-weekly for the duration of the study. Tumor 

volume was assessed by caliper 2D-measurement. When vehicle-treated mice reached the size 

limit of 2000mm3, all treatments were stopped and tumors were harvested for subsequent analysis. 

 

Quantification and statistical analysis 

Immunoblots were processed using ImageStudioLite 5.2.5 (LI-COR). Densitometry quantification 

was performed by fixing the relative shape, size, and distance between band pairs of each region 

assessed within each experiment. Background was set to the median value around all sides of the 

quantified region with a border width of 1. Negative densitometry values were assessed as 0. 

Relative KRASG12C labeling percentage was calculated as 100 × (top band) / (top band + bottom 

band) densitometry quantifications. Sequencing data from CRISPRi screens were processed using 

the Python-based ScreenProcessing pipeline (https://github.com/mhorlbeck/ScreenProcessing 

(22)). Details of methods to calculate phenotypes and P values have been described previously 

(21, 22). Relative KRASG12C labeling percentage data was fit to pseudo-first order association 

kinetics and additional statistical analysis was conducted using Prism 7 and 8 (GraphPad 

Software). 

 

Chemical Synthesis 

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian spectrometer at 400 MHz 

or on a Bruker spectrometer at 500 MHz. Chemical shifts were reported as parts per million (ppm) 

from solvent references. Liquid chromatography-mass spectrometry (LC-MS) was performed on 
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a Waters Xevo G2-XS QTof (0.6 mL/min) using an ACQUITY UPLC BEH C18 column (Waters) 

and a water/acetonitrile gradient (0.05% formic acid) using Optima LC-MS grade solvents (Fisher 

Scientific). All other solvents were of ACS grade (Fisher Scientific, Millipore Sigma) and used 

without further purification. Commercially available reagents were used without further 

purification. Analytical thin-layer chromatography was performed with silica gel 60 F254 glass 

plates (Millipore Sigma). Silica gel chromatography was performed with RediSep Rf normal-

phase silica flash columns using a CombiFlash Rf+ (Teledyne ISCO). Microwave reactions were 

performed using a Discover SP (CEM). 

 

 

 

Reagents and conditions. (a) 1-Boc-piperazine, DIPEA, EtOH (93%); (b) β-alanine ethyl ester 

hydrochloride, DIPEA, iPrOH, 120 °C (63%); (c) 2-fluoro-6-hydroxyphenylboronic acid, Na2CO3, 

Pd(PPh3)4, 1,4-dioxane, 90 °C, then LiOH·H2O, THF, EtOH, 60 °C (51%); (d) N-

methylpropargylamine, DIPEA, HATU, MeCN, then DMAP, MeOH (96%); (e) TFA, CH2Cl2 

(98%); (f) acryloyl chloride, DIPEA, CH2Cl2, 4 °C then LiOH·H2O, THF, H2O (51%). 
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Compound 1. A reaction vessel was charged with 7-bromo-2,4,6-trichloro-8-fluoro-quinazoline 

(200 mg, 0.606 mmol) and 1-Boc-piperazine (113 mg, 0.605 mmol). Ethanol (3.0 mL) and N,N-

diisopropylethylamine (211 μL, 1.21 mmol) were added and the reaction was allowed to stir at 

room temperature for 30 min. The mixture was partitioned between dichloromethane and water. 

The aqueous layer was extracted with dichloromethane (3X). The combined organics were washed 

with brine, dried over magnesium sulfate, filtered, and concentrated in vacuo. The crude was 

purified by flash chromatography over silica gel eluting with a gradient from 0% ethyl acetate-

hexanes to 50% ethyl acetate-hexanes to afford compound 1 (271 mg, 0.564 mmol, 93%) as a 

white solid. 

 

(Mixture of conformational isomers; major peaks reported) 

1H NMR (400 MHz, DMSO-d6): δ 8.08 (d, J = 1.9 Hz, 1H), 3.92 (br, J = 6.1, 4.2 Hz, 4H), 3.55 

(br, 4H), 1.43 (s, 9H). 

13C NMR (126 MHz, DMSO-d6): δ 162.43 (d, J = 2.8 Hz), 156.56, 153.92 (d, J = 254.6 Hz), 

153.86, 141.83 (d, J = 13.6 Hz), 129.08, 122.18 (d, J = 3.9 Hz), 114.65 (d, J = 3.0 Hz), 114.29 (d, 

J = 21.0 Hz), 79.28, 48.28, 41.85 (br), 28.07. 

HRMS (ESI-TOF): m/z: calculated for C17H19BrCl2FN4O2 [M + H]+ 479.0047, found 479.0050 

TLC: Rf = 0.8 (50% ethyl acetate-hexanes) 
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Compound 2. A microwave reaction vial was charged with compound 1 (200 mg, 0.417 mmol) 

and β-alanine ethyl ester hydrochloride (128 mg, 0.833 mmol). Isopropyl alcohol (2.6 mL) and 

N,N-diisopropylethylamine (145 μL, 0.742 mmol) were added and the reaction was heated in a 

microwave reactor at 120 °C for 3 h. The mixture was partitioned between dichloromethane and 

water. The aqueous layer was extracted with dichloromethane (3X). The combined organics were 

washed with brine, dried over magnesium sulfate, filtered, and concentrated in vacuo. The crude 

was purified by flash chromatography over silica gel eluting with a gradient from 0% ethyl acetate-

hexanes to 50% ethyl acetate-hexanes to afford compound 2 (148 mg, 0.264 mmol, 63%) as an 

off-white solid. 

 

(Mixture of conformational isomers; major peaks reported) 

1H NMR (400 MHz, DMSO-d6): δ 7.71 (s, 1H), 7.32 (br, 1H), 4.05 (q, J = 6.2, 5.7 Hz, 2H), 3.68 

(br, 2H), 3.61 – 3.47 (m, 8H), 2.61 (br, 2H), 1.42 (s, 9H), 1.16 (t, J = 6.4 Hz, 3H). 

13C NMR (126 MHz, DMSO-d6): δ 171.54, 163.59, 158.64, 153.95, 153.39 (d, J = 252.6 Hz), 

143.21 (d, J = 11.5 Hz), 122.84, 121.29, 112.68 (d, J = 3.4 Hz), 112.50 (d, J = 19.9 Hz), 79.14, 

59.90, 48.72, 42.27 (br), 36.92, 33.48, 28.06, 14.08. 

HRMS (ESI-TOF) m/z: calculated for C22H29BrClFN5O4 [M + H]+ 560.1070, found 560.1086 

TLC: Rf = 0.7 (50% ethyl acetate-hexanes) 
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Compound 3. A reaction vessel was charged with compound 2 (50 mg, 0.0892 mmol), 2-fluoro-

6-hydroxyphenylboronic acid (70 mg, 0.446 mmol), sodium carbonate (28 mg, 0.268 mmol), and 

tetrakis(triphenylphosphine)palladium(0) (10 mg, 0.0089 mmol). 1,4-Dioxane (1.2 mL) and water 

(0.315 mL) were added and the mixture was sparged with argon for 5 min. The mixture was then 

stirred at 90 °C under argon for 16 h. The mixture was cooled to room temperature before the 

addition to water (0.925 mL), methanol (1.2 mL), and lithium hydroxide monohydrate (37 mL, 

0.892 mmol). The reaction was stirred at 60 °C for 30 min. The mixture was cooled to room 

temperature and partitioned between ethyl acetate and 5% citric acid. The aqueous layer was 

extracted with ethyl acetate (3X). The combined organics were washed with brine, dried over 

magnesium sulfate, filtered, and concentrated in vacuo. The crude was purified by flash 

chromatography over silica gel eluting with a gradient from 0% methanol-dichloromethane to 20% 

methanol-dichloromethane to afford compound 3 (26 mg, 0.0124 mmol, 51%) as an off-white 

solid. 

 

(Mixture of conformational isomers; major peaks reported) 

1H NMR (400 MHz, DMSO-d6): δ 12.17 (br, 1H), 10.19 (br, 1H), 7.69 (d, J = 0.9 Hz, 1H), 7.36 

– 7.28 (m, 1H), 7.17 (br, 1H), 6.83 (d, J = 8.3 Hz, 1H), 6.80 – 6.73 (m, 1H), 3.93 – 3.44 (m, 10H), 

2.55 (br, 2H), 1.43 (s, 9H). 
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13C NMR (126 MHz, DMSO-d6): δ 173.28, 163.73, 160.98, 159.05, 158.47, 156.60 (d, J = 6.7 

Hz), 153.99, 153.48 (d, J = 250.8 Hz), 142.90 (d, J = 5.8 Hz), 130.94 (d, J = 10.7 Hz), 122.81 (d, 

J = 322.5 Hz), 120.25, 113.40, 111.64, 107.88 (d, J = 18.9 Hz), 105.56 (d, J = 21.7 Hz), 79.15, 

48.88, 42.39 (br), 37.07, 33.56, 28.09. 

HRMS (ESI-TOF) m/z: calculated for C26H29ClF2N5O5 [M + H]+ 564.1820, found 564.1836 

TLC: Rf = 0.6 (20% methanol-dichloromethane) 

 

 

 

Compound 4. A reaction vessel was charged with compound 3 (42 mg, 0.0745 mmol). 

Acetonitrile (3.7 mL), N-methylpropargylamine (9.4 μL, 0.112 mmol), N,N-

diisopropylethylamine (38.9 μL, 0.223 mmol), and HATU (42 mg, 0.112 mmol) were added and 

the reaction was stirred at room temperature for 30 min. The mixture was diluted with methanol 

(3.7 mL) and a catalytic amount of 4-dimethylaminopyridine was added before stirring the reaction 

at room temperature for 16 h. The mixture was concentrated in vacuo and then partitioned between 

ethyl acetate and water. The aqueous layer was extracted with ethyl acetate (3X). The combined 

organics were washed with brine, dried over magnesium sulfate, filtered, and concentrated in 

vacuo. The crude was purified by flash chromatography over silica gel eluting with a gradient from 

0% methanol-dichloromethane to 10% methanol-dichloromethane to afford compound 4 (44 mg, 

0.0715 mmol, 96%) as an off-white solid. 
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(Mixture of conformational isomers; major peaks reported) 

1H NMR (400 MHz, DMSO-d6): δ 10.16 (s, 1H), 7.70 (s, 1H), 7.36 – 7.27 (m, 1H), 7.11 (br, 1H), 

6.83 (d, J = 8.3 Hz, 1H), 6.80 – 6.73 (m, 1H), 4.13 (d, J = 2.3 Hz, 2H), 3.84 – 3.39 (m, 10H), 3.13 

(t, J = 2.3 Hz, 1H), 3.03 (br, 3H), 2.66 (br, 2H), 1.43 (s, 9H). 

13C NMR (126 MHz, DMSO-d6): δ 170.61, 163.80, 160.99, 159.05, 158.43, 156.58 (d, J = 6.6 

Hz), 153.99, 153.55 (d, J = 253.7 Hz), 142.92 (d, J = 10.6 Hz), 131.19 – 130.65 (m), 122.83 (d, J 

= 321.5 Hz), 120.27, 113.41, 111.63, 107.88 (d, J = 18.9 Hz), 105.58 (d, J = 21.7 Hz), 79.75, 

79.14, 73.99, 48.90, 42.39 (br), 37.16, 35.38, 34.11, 32.64, 28.08. 

HRMS (ESI-TOF) m/z: calculated for C30H34ClF2N6O4 [M + H]+ 615.2293, found 615.2303 

TLC: Rf = 0.3 (10% methanol-dichloromethane) 

 

 

 

Compound 5. A reaction vessel was charged with compound 4 (44 mg, 0.0715 mmol). 

Dichloromethane (0.715 mL) and trifluoroacetic acid (0.715 mL) were added and the reaction was 

stirred at room temperature for 1 h. The mixture was concentrated in vacuo to afford compound 5 

(44 mg, 0.0700 mmol, 98%) as a yellow semisolid used in the next step without further 

purification. 
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HRMS (ESI-TOF) m/z: calculated for C25H26ClF2N6O2 [M + H]+ 515.1768, found 515.1799 

TLC: Rf = 0.0 (10% methanol-dichloromethane) 

 

 

 

ARS-1323-alkyne. A reaction vessel was charged with compound 5 (24 mg, 0.0382 mmol). 

Dichloromethane (1.9 mL) and N,N-diisopropylethylamine (13.3 μL, 0.0763 mmol) were added 

and the mixture was cooled to 4 °C before the addition of acryloyl chloride (3.4 μL, 0.0420 mmol). 

The reaction was stirred at 4 °C for 30 min. The mixture was concentrated in vacuo before the 

crude was resuspended in tetrahydrofuran (1.9 mL) and water (0.318 mL). Lithium hydroxide 

monohydrate (8 mg, 0.191 mmol) was added and the reaction was stirred at room temperature for 

1 h. The mixture was partitioned between saturated ammonium chloride and ethyl acetate. The 

aqueous layer was extracted with ethyl acetate (3X). The combined organics were washed with 

brine, dried over magnesium sulfate, filtered, and concentrated in vacuo. The crude was purified 

by flash chromatography over silica gel eluting with a gradient from 0% methanol-ethyl acetate to 

10% methanol-ethyl acetate to afford ARS-1323-alkyne (11 mg, 0.0193 mmol, 51%) as an off-

white solid. 
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(Mixture of conformational isomers, major peaks reported) 

1H NMR (400 MHz, DMSO-d6): δ 10.16 (s, 1H), 7.73 (s, 1H), 7.38 – 7.26 (m, 1H), 7.14 (br, 1H), 

6.92 – 6.69 (m, 3H), 6.16 (dd, J = 16.7, 2.3 Hz, 1H), 5.73 (dd, J = 10.4, 2.3 Hz, 1H), 4.13 (d, J = 

2.4 Hz, 2H), 3.90 – 3.61 (m, 8H), 3.54 (br, 2H), 3.14 (t, J = 2.4 Hz, 1H), 3.03 (br, 3H), 2.67 (br, 

2H). 

13C NMR (126 MHz, DMSO-d6): δ 170.61, 164.45, 163.56, 160.98, 159.04, 158.41, 156.57 (d, J 

= 6.6 Hz), 153.54 (d, J = 249.1 Hz), 143.01, 130.96 (d, J = 10.9 Hz), 128.14, 127.70, 122.78 (d, J 

= 315.0 Hz), 120.32, 113.34, 111.63, 107.87 (d, J = 18.9 Hz), 105.59 (d, J = 21.8 Hz), 79.78, 

74.02, 48.70, 44.44, 37.16, 35.38, 34.12, 32.64. 

HRMS (ESI-TOF) m/z: calculated for C28H28ClF2N6O3 [M + H]+ 569.1874, found 569.1879 

TLC: Rf = 0.5 (10% methanol-ethyl acetate) 
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Figure 1.1 | Genome-scale CRISPRi screens reveal overlapping CDs that govern the 
cellular impact of direct KRASG12C inhibition. (A) Graphic delineating the concepts of SL 
and CD. (B) Schematic of cancer cell line selection criteria and genome-wide CRISPRi-based 
screening strategy for CDs. (C) Gene phenotypes from ARS-1620 CRISPRi screens in H358 
and MIA PaCa-2 cells. Overlapping collateral dependent genes (hits determined by Δlog2 fold 
change < −0.5) that sensitize to KRASG12C inhibition are highlighted and functionally 
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categorized: established RAS pathway (red) and extended processes (teal). Cells were grown 
in 2D adherent culture. Data represent two biological replicates. (D) Average essentiality 
scores (normalized Bayes factors) of hit CDs were determined by combining data from 
publicly available resources (PICKLES database and DepMap) for all available KRAS-WT 
and KRAS-mutant NSCLC cell lines. Color intensities portray higher (yellow) or lower (blue) 
essentiality scores. Grayscale intensities portray higher (black) or lower (white) SL scores, 
calculated by subtracting KRAS-WT from KRAS-mutant average essentiality scores. 
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Figure 1.2 | Genome-wide CRISPRi screening in the cancer cell line H358 identifies genes 
that influence cell growth and survival. (A and B) sgRNA phenotypes from a genome-wide 
CRISPRi screen in H358 cells grown in the presence of DMSO or ARS-1620. (C and D) 
Histograms of sgRNA phenotypes for each replicate of the screen among DMSO treated and ARS-
1620 treated groups. Targeting and nontargeting sgRNAs included in the library are color coded 
black and grey respectively. 
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Figure 1.3 | Genome-wide CRISPRi screening in the cancer cell line MIA PaCa-2 identifies 
genes that influence cell growth and survival. (A and B) sgRNA phenotypes from a genome- 
wide CRISPRi screen in MIA PaCa-2 cells grown in the presence of DMSO or ARS-1620. (C and 
D) Histograms of sgRNA phenotypes for each replicate of the screen among DMSO treated and 
ARS-1620 treated groups. Targeting and nontargeting sgRNAs included in the library are color 
coded black and grey respectively.  
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Figure 1.4 | KRASG12C inhibition selectively potentiates the essentiality of collateral 
dependent genes. (A) H358 CRISPRi cells transduced with a negative control sgRNA or each 
of two sgRNAs targeting the indicated genes were grown in the presence or absence of ARS-
1620 (300 nM) in a mixed population growth assay. Relative populations of sgRNA-expressing 
(fluorescent-positive) or non–sgRNA-expressing (fluorescent-negative) cells were determined 
by flow cytometry for the times shown. Cells were grown in 2D adherent culture. Data 
represent an initial value (day 0) as well as means of two biological replicates (days 6 and 12); 
error bars denote standard deviation (SD). (B) Correlation plot comparing screen phenotypes 
(Δlog2 fold change) to retest phenotypes (RI) in H358 CRISPRi cells. Retest phenotypes were 
determined from the endpoints of experiments as in (A). Points represent individual sgRNAs. 
Cells were treated with 300 nM ARS-1620 in experiment 1 (teal) and 1 μM ARS-1620 in 
experiment 2 (blue). Cells were grown in 2D adherent culture. Δlog2 fold change and RI 
represent means of two biological replicates. (C) As in (B) in MIA PaCa-2 CRISPRi cells 
treated with 300 nM (experiment 1, teal) and 3.3 μM ARS-1620 (experiment 2, blue). (D) RT-
qPCR in H358 CRISPRi and MIA PaCa-2 CRISPRi cells transduced with a negative control 
sgRNA or sgRNAs targeting FOSL1 and then treated with DMSO or ARS-1620 (1 μM) for 24 
hours. Cells were grown in 3D spheroid culture. Data represent means of two biological 
replicates. (E) Immunoblots of H358 and MIA PaCa-2 cells as in (D). Cells were grown in 3D 
spheroid culture. Immunoblots are representative of two biological replicates (see also Fig. 
1.5). 
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Figure 1.5 | FOSL1 minimally modulates p-ERK and p-S6 phosphorylation dynamics. 
Immunoblots of H358 and MIA PaCa-2 cells transduced with a negative control sgRNA or 
sgRNAs targeting FOSL1. Cells were treated with DMSO or ARS-1620 (1 μM) for 24 hours. Cells 
were grown in 3D-spheroid culture. Immunoblots are representative of 2 biological replicates 
(same experiment as in Fig. 1.4E).  
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Figure 1.6 | Critical signaling modules cooperatively sustain a KRASG12C-driven pro-
growth and pro-survival program around KRAS-GTP. (A) Pathway map of CRISPRi 
screen gene phenotypes and Mann-Whitney P values from MIA PaCa-2 ARS-1620 
sensitization (red) and resistance (blue). Color intensities portray phenotype strength, and 
circle diameters represent −log10 Mann-Whitney P values derived from the CRISPRi screen. 
(B) Waterfall plot of expression data from the Cancer Cell Line Encyclopedia (CCLE) and 
phenotype magnitudes of 58 human RTKs from the CRISPRi screen in MIA PaCa-2 
cells. Z score on the x axis represents normalized mRNA expression data from RNA-seq, 
whereas color intensity and circle size represent phenotypes and Mann-Whitney P values from 
the CRISPRi screen, respectively. Cells in (A) and (B) were grown in 2D adherent culture. 
Phenotypes in (A) and (B) represent two biological replicates. 
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Figure 1.7 | Unique genetic dependencies within common signaling modules are revealed by 
evaluating ARS-1620 CRISPRi selection screens from distinct cancer cell lines. (A) Pathway 
map of CRISPRi screen gene phenotypes and Mann-Whitney P values from H358 ARS-1620 
sensitization (red) and resistance (blue). Color intensities portray phenotype strength, and circle 
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diameters represent −log10 Mann-Whitney P values derived from the CRISPRi screen. (B) 
Waterfall plot of expression data from the Cancer Cell Line Encyclopedia (CCLE) and phenotype 
magnitudes of 58 human RTKs from the CRISPRi screen in H358 cells. Z-score on the x-axis 
represents normalized mRNA expression data from RNA-seq, while color intensity and circle size 
represent phenotypes and Mann-Whitney P values from the CRISPRi screen respectively. Cells in 
(A) and (B) were grown in 2D-adherent culture. Phenotypes in (A) and (B) represent 2 biological 
replicates.  
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Figure 1.8 | Cellular response to KRASG12C inhibition is mediated through phosphorylation 
changes in substrates of hit kinases. (A) H358 and (B) MIA PaCa-2 cells were grown in 3D- 
spheroid culture and treated with 3.3 μM ARS-1620 for 24 hours. All phosphopeptides are shown, 
with all significantly altered annotated substrates of EGFR (red) and CDK4 (purple) highlighted 
for H358, as well as significantly altered annotated substrates of FGFR (green) and CDK4 (purple) 
highlighted for MIA PaCa-2. Data represent 2 technical replicates of 3 biological replicates.  
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Figure 1.9 | Combination therapies targeting CDs with KRASG12C differ in their ability to 
promote S-IIP target engagement. (A) Chemical structure of the KRASG12C occupancy probe 
ARS-1323-alkyne. (B) Magnified immunoblots indicating the identities of different bands 
resulting from electromobility shift after treatment of H358 and MIA PaCa-2 cells with ARS-
1323-alkyne (10 μM) and copper-catalyzed click reaction of lysate with TAMRA-N3. 
(C and D) Representative immunoblots (C) and relative densitometry of upper (KRAS + 
inhibitor) and lower (KRAS) bands (D) of H358 cells treated with ARS-1323-alkyne (10 μM) 
simultaneously with DMSO [same as shown in (B) to facilitate comparison], EGF (100 ng/ml), 
erlotinib (10 μM, EGFRi), SHP099 (10 μM, SHP2i), buparlisib (10 μM, PI3Ki), or palbociclib 
(10 μM, CDK4/6i) for the times indicated. Lysates were subjected to copper-catalyzed click 
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reaction with TAMRA-N3. Relative densitometry was quantified using upper (KRAS + 
inhibitor) and lower (KRAS) bands. (E and F) As in (C) and (D), respectively, for MIA PaCa-
2 cells. Instead of EGF and erlotinib, MIA PaCa-2 cells were treated with FGF2 (100 ng/ml), 
AZD4547 (10 μM, FGFRi), and bemcentinib (10 μM, AXLi). Other compounds were 
administered at the same dose as indicated in (C). Cells in (B) to (F) were grown in 3D spheroid 
culture. Immunoblots in (B), (C), and (E) are representative of three biological replicates. Data 
in (D) and (F) represent means of three biological replicates; error bars denote SD. 
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Figure 1.10 | CDs with KRASG12C cooperatively sustain downstream signaling outputs to 
promote survival and proliferation. (A) Immunoblots of H358 and MIA PaCa-2 cells treated 
with ARS-1323-alkyne (10 μM) simultaneously with DMSO, EGF (100 ng/ml), FGF2 (100 
ng/ml), erlotinib (10 μM, EGFRi), AZD4547 (10 μM, FGFRi), bemcentinib (10 μM, AXLi), 
SHP099 (10 μM, SHP2i), buparlisib (10 μM, PI3Ki), or palbociclib (10 μM, CDK4/6i) for 2 
hours. Lysates were subjected to copper-catalyzed click reaction with TAMRA-N3. Cells were 
grown in 3D spheroid culture. Immunoblots represent two biological replicates. (B) 
Combination indices (CIs) derived from drug synergism in three KRASG12C-mutant cell lines 
assessed in 3D spheroid culture. Cell viability was determined after 5-day treatment with ARS-
1620, second compounds, or the combination in a 1:1 ratio (dilution series from 1.5 nM to 10 
μM), and CI values were calculated using CompuSyn 1.0 from three biological replicates. CI 
< 0.75 indicates synergism with ARS-1620 (red), CI = 0.75 to 1.25 indicates additivity, and 
CI > 1.25 indicates antagonism. (C) Clonogenic assays of three KRASG12C-mutant cell lines 
cultured with indicated compounds or combinations thereof in 2D adherent culture. H358 (300 
nM), MIA PaCa-2 (1 μM), and H23 (1 μM) cells were treated using ARS-1620 and second 
compounds at a 1:1 concentration. Data are representative of three biological replicates. 



 51 

 
 
Figure 1.11 | CDK4/6 coinhibition enhances global antiproliferative effects of 
KRASG12C inhibition. (A) Heatmap displaying top significant (adjusted P < 5 × 10−14 by a 
Wald test) differentially expressed genes in H358 cells between DMSO and combination 
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treatments, hierarchically clustered based on Pearson correlation distances. Gene expression 
values were Z score–normalized to the average expression value of each row. Total RNA was 
isolated following 24-hour treatment with DMSO, palbociclib (1 μM, CDK4/6i), ARS-1620 (1 
μM), or their combination in H358 cells. Gene ontology enrichment terms for four major 
clusters are indicated. Data represent two biological replicates. (B) Volcano plot of log2 fold 
changes and P values from the experiment in (A). (C) Statistical analysis of differences in gene 
expression among clusters shown in (A). Data points represent individual genes. Biological 
replicates are shown as black and gray points. ***P < 0.001, ****P < 0.0001 by an 
unpaired t test. n.s., not significant. (D) Pairwise correlation matrix from the experiment in (A) 
between treatment conditions displaying global similarities in expression profiles based on 
Euclidean distances. (E) Immunoblots of H358 or MIA PaCa-2 cells cotreated with a dose 
range of ARS-1620 with DMSO or palbociclib (1 μM, CDK4/6i) for 24 hours. Cells in (A) to 
(E) were grown in 3D spheroid culture. Immunoblots are representative of two biological 
replicates (see also Fig. 1.12). 
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Figure 1.12 | CDK4/6i coinhibition minimally alters p-AKT and p-ERK phosphorylation 
dynamics. Immunoblots of H358 (A) or MIA PaCa-2 (B) cells co-treated with a dose-range of 
ARS-1620 with DMSO or palbociclib (1 μM, CDK4/6i) for 24 hours. Cells were grown in 3D- 
spheroid culture. Immunoblots are representative of 2 biological replicates (same experiment as in 
Fig. 1.11E). 
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Figure 1.13 | Pharmacological targeting of CDs promotes response to KRASG12C inhibition 
in vivo. (A) Tumor volumes in mice bearing H358 xenografts and treated with vehicle, ARS-
1620 (100 mg/kg), erlotinib (80 to 100 mg/kg, EGFRi), or their combination. Treatment was 
stopped 54 days after initial implantation to monitor the durability of observed responses. n ≥ 
4 mice per group; error bars denote SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 
comparing ARS-1620 and combination arms by a Mann-Whitney test. (B) Tumor volumes in 
mice bearing MIA PaCa-2 xenografts and treated with vehicle, ARS-1620 (100 mg/kg), 
palbociclib (100 mg/kg, CDK4/6i), or their combination. n ≥ 8 mice per group; error bars 
denote SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 comparing ARS-1620 and 
combination arms by a Mann-Whitney test. 
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Figure 1.14 | EGFRi cotreatment enhances the suppression of oncogenic RAS signaling by 
ARS-1620 in vivo. Immunoblot analysis of H358 xenograft tumors following 3 consecutive daily 
doses of vehicle, ARS-1620 (100 mg/kg), erlotinib (100 mg/kg, EGFRi), or the combination 6 
hours after last dose. Immunoblots represent 2 biological replicates.  
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Table 1.1 | sgRNAs used for individual retesting. Table of sequences, shown 5’-3’, of the 
sgRNAs used to target the indicated genes. sgRNA1 and sgRNA2 refer to two distinct sgRNAs 
per target gene. 
 

sgRNA Protospacer sequence 
CCND1 sg1 GTGCGCCGACAGCCCTCTGG 
CCND1 sg2 GCAGCAGAGTCCGCACGCTC 
CDK4 sg1 GCATACACCCGAGCTCGGTC 
CDK4 sg2 GGCGGCCTGTGTCTATGGTC 
CRKL sg1 GTGGCTATTGGGAACAAGCT 
CRKL sg2 GCTGGGCAAAAGCACCCCGG 
ELP3 sg1 GATCTCTGGTGGCTCTGCTA 
ELP3 sg2 GCTACGGCGGCGCAGAAATG 
ELP4 sg1 GACTGGAGGCTCTAAGATGG 
ELP4 sg2 GGTAGTGTTGCCGCGAGTAC 

FOSL1 sg1 GAAGTCTCGGAACATGCCCG 
FOSL1 sg2 GGGCGGCTCTGCGGGGTACA 
KAT6A sg1 GGAGCTCACTGTCTCCAAGA 
KAT6A sg2 GCCTGGCGCAGAGCAGCGGG 
KIF18A sg1 GGGCGGACATTAAAGTGAAG 
KIF18A sg2 GTTGAGTCTGAAGCGCTGGG 
MED24 sg1 GCACCTAGAACTGGATTGTG 
MED24 sg2 GGATGCCTACCACCTAGAAC 
TLN1 sg1 GGGCGACCCGAGAAGCGGCG 
TLN1 sg2 GCCGAGGGCGACCCGAGAAG 

TM2D1 sg1 GCACAGGACACCAACGAGTC 
TM2D1 sg2 GCCGGAGCAGACGGACCAGA 
TM2D2 sg1 GCGGCCTCAACCACAACCCC 
TM2D2 sg2 GGCCTGACCACGCAGTTCTT 
TM2D3 sg1 GCAGCACGCGACACAAGGCG 
TM2D3 sg2 GCACGCGACACAAGGCGCGG 
UNC50 sg1 GGCCGGCTCCGTTGAGGGAA 
UNC50 sg2 GAGGGAAGCCCGCCCGGTGG 
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Abstract 

The search for cell permeable drugs has conventionally been focused around low molecular 

weight, non-polar, and rigid chemical space. Emerging therapeutic strategies employing flexibly 

linked chemical entities composed of more than one ligand, however, necessitate exploration of 

new chemical space. The growing number of such “beyond rule of five” compounds in early drug 

discovery and the clinic suggests that mechanisms apart from passive diffusion may facilitate these 

molecules in navigating through cell membranes. Here, using complementary genome-scale 

chemical-genetic approaches, we identified an endogenous chemical uptake pathway involving 

interferon-induced transmembrane (IFITM) proteins that modulates the cell permeability of 

diverse linked chemotypes, exemplified by a bitopic inhibitor of MTOR (molecular weight: 1784 

g/mol). We devised additional linked inhibitors targeting BCR-ABL1 (molecular weight: 1518 

g/mol) and EIF4A1 (molecular weight: 1466 g/mol) whose uptake we predicted would be assisted 

by IFITM proteins and validated this chemical-genetic interaction across various linked inhibitors 

in preclinical development. This uptake pathway should provide a general mechanism by which 

large, flexibly linked chimeric molecules can gain assisted access to the cytoplasm, including 

compounds with novel mechanisms of action not currently explored in drug discovery. 

 

Introduction 

Any therapeutic that binds to an intracellular target must first navigate through the cell 

membrane. Retrospective analyses of compound libraries and their biological activities have 

yielded empirical guidelines (e.g. Lipinski’s rule of five) that define modern drug-like chemical 

space (1–3), enriching for lead-like scaffolds with high passive permeability. While these 

principles have been useful for streamlining the search for novel therapeutics, many important 
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intracellular drug targets are currently refractory to inhibition by these compact, hydrophobic, and 

rigid molecules. An emerging design framework that seeks to address these challenges involves 

increasing pharmacological complexity by linking multiple ligands in a single chemical entity 

(hereafter referred to as a linked chemotype). Doing so can imbue compounds with desirable 

properties such as enhanced potency (4), greater selectivity (4–6), and the capacity to induce the 

association of more than one target (7–10). These advances exemplify how high molecular weight, 

amphiphilicity, and rotational flexibility can enable rapid, modular access to useful chemical 

probes and therapeutic leads, as long as they remain cell permeable. 

Mechanisms to understand and predict the cell permeability of linked chemotypes in the 

context of conventional drug design principles, however, remain limited. These typically nonionic 

molecules can be distinguished from cell penetrating proteins and peptides, which commonly 

require appendage of highly charged moieties to enable productive electrostatic interactions with 

the plasma membrane and subsequent internalization (11–13). Studies involving the most rapidly 

expanding linked chemotype in the literature, proteolysis targeting chimeras (PROTACs) (14), 

provide varying insights into the determinants of cell permeability (15–20), with one report finding 

no correlation between cell permeability and artificial membrane permeability (18). Despite their 

atypical properties, PROTACs and additional large molecules such as the dimeric immunophilin 

ligand rimiducid have entered clinical trials (21) (NCT03888612 and NCT04072952). Given this 

discrepancy with traditional concepts of passive permeability, we inferred that linked chemotypes 

might hijack cellular processes to assist their passage through the cell membrane. We selected as 

an example a bitopic inhibitor of MTOR, RapaLink-1 (4), whose molecular weight (1784 g/mol) 

falls well beyond common guidelines (≤ 500 g/mol) (1) and even typical PROTACs (800-1200 

g/mol) (Table 2.1) (18). RapaLink-1 is highly active in vivo (4, 5, 22), penetrates the blood-brain 
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barrier (5, 22), and serves as a prototype for the clinical candidate RMC-5552 (NCT04774952), 

establishing itself as a drug-like compound that defies most traditional notions of drug-likeness. 

We hypothesized that cellular mechanisms assisting RapaLink-1’s cytoplasmic entry could be 

identified by systematically perturbing genes that modulate the molecule’s ability to reach and 

inhibit its intracellular target. 

 

Results 

Genome-scale CRISPRi/a screens nominate chemotype-specific chemical-genetic interactions 

with MTOR inhibitors 

We probed canonical protein coding genes for cellular factors that determine RapaLink-1 

uptake and sensitivity using a dCas9-based CRISPRi/a functional genomics platform (23, 24). 

Gene expression inhibition and activation, through CRISPRi and CRISPRa respectively, act as 

complementary approaches to map chemical-genetic interactions at genome-scale. In particular, 

genes displaying strong mirrored (i.e. resistance upon knockdown and sensitivity upon 

overexpression) phenotypes are likely to be directly involved in a small molecule’s mechanism of 

action (25). In addition to the bitopic inhibitor, we included assessment of sapaniserib, rapamycin, 

and an unlinked control (a 1:1 mixture of sapanisertib and rapamycin) to distinguish chemical-

genetic interactions specific to the linked chemotype (Fig. 2.1A). 

Patient-derived chronic myeloid leukemia (CML) cells, K562, preinstalled with CRISPRi 

or CRISPRa machinery, were transduced with their respective genome-scale sgRNA libraries, 

selected with puromycin to remove non-transduced cells, and divided amongst the various 

chemical perturbations (DMSO, sapanisertib, rapamycin, sapanisertib + rapamycin, or RapaLink-

1). The experiments were conducted with high replicate reproducibility (Fig. 2.2, A to D), and data 
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from the genome-scale CRISPRi and CRISPRa screens were juxtaposed to highlight genes that 

displayed mirrored phenotypes (Fig. 2.1B). This arrangement distributes genes which functionally 

synergize with the inhibitor in the lower right (e.g. requisite inhibitory complex partner of 

rapamycin FKBP12) and those which antagonize the inhibitor in the upper left (e.g. direct target 

MTOR) (25). Chemical-genetic interactions with MTOR signaling components, particularly the 

Ragulator complex (RRAGA, RRAGC, and LAMTOR1-5) and nodes downstream of PI3K/AKT 

(TSC1, TSC2, and RHEB), were observed across multiple inhibitor conditions (Fig. 2.3, A and B), 

corroborating known pathway relationships (26) and prior functional genomics studies (27, 28).  

Notably, a distinct set of chemical-genetic interactions were identified as top genetic hits 

with RapaLink-1, suggesting the involvement of a biological pathway that uniquely promotes the 

activity of the linked chemotype. The expression of members of a highly homologous gene family, 

interferon-induced transmembrane (IFITM) proteins 1, 2 and 3 (29), synergized with the activity 

of RapaLink-1 and not its closely related non-linked counterparts, sapanisertib and rapamycin (Fig. 

2.1B). To validate this finding, we tested individual sgRNAs targeting various IFITM family 

members for transcriptional repression or activation (Fig. 2.4A and Table 2.2). CRISPRi-mediated 

knockdown of IFITM1-3 was potent and selective as assessed by immunoblotting (Fig. 2.4B). 

CRISPRa-mediated overexpression was also potent although we observed variable cross activation 

between family members (Fig. 2.4C), possibly related to the proposed concerted manner in which 

these genes, which are adjacent to each other on chromosome 11, are transcriptionally regulated 

(Fig. 2.4A) (30). We confirmed that top screen hits including FKBP12 and IFITM1-3 synergize 

with RapaLink-1 in a competitive growth assay and also validated that IFITM1-3 chemical-genetic 

interactions specifically regulate the activity of the linked chemotype but not unlinked parental 

compounds (i.e. RapaLink-1 versus sapanisertib, rapamycin, or sapanisertib + rapamycin) (Fig. 
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2.4, D and E). Seeking to generalize these observations beyond a single cell type, we also employed 

an independent chemical-genetic approach correlating MTOR inhibitor sensitivity data with basal 

gene expression in diverse in vitro models (31–33). High IFITM1-3 expression by RNA 

sequencing was strongly associated with enhanced RapaLink-1 sensitivity across 659 cell lines – 

IFITM2 was the single most associated sensitizing biomarker (i.e. negative correlation) for 

Rapalink-1 in our analysis (Fig. 2.1C). This correlation was absent for sapanisertib and rapamycin 

(Fig. 2.5, A to C), recapitulating the CRISPRi/a screens. 

Furthermore, we ablated IFITM1, IFITM2, and IFITM3 expression simultaneously by co-

expressing three different targeting sgRNAs within a single vector (34) to unmask potentially 

overlapping functions across the gene family (Fig. 2.6A). Triple-knockdown impeded RapaLink-

1’s ability to elicit its intracellular effects (Fig. 2.1D), resulting in robust and specific resistance to 

the large molecule (Fig. 2.1E and Fig. 2.6B). IFITM protein expression perturbation by CRISPRi 

and CRISPRa could account for a combined greater than 10-fold modulation in the cellular 

potency of the molecule (Fig. 2.1, E and F), pointing toward an assistive cellular process behind 

the chemical-genetic interaction. Together, our combined analysis of the CRISPRi/a screens and 

large-scale chemogenomic cell line profiling experiments suggested a general role of IFITM 

proteins in promoting the activity of the linked chemotype across diverse cell types and levels of 

IFITM protein expression. 

 

Fluorescent linked chemotypes reveal an endogenous pharmacological uptake pathway 

involving IFITM proteins 

As neither of the non-linked inhibitors demonstrated chemical-genetic interactions with 

IFITM1-3, we reasoned that IFITM proteins did not directly modulate MTOR signaling, but  
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instead cooperated with the unique physicochemical nature of RapaLink-1. Clade I IFITM family 

members, IFITM1-3, are closely related broad spectrum viral restriction factors that localize to the 

plasma and endolysosomal membranes (29, 35, 36). They enact their antiviral function, in part, by 

rendering local membrane biophysics at the viral-endosomal juncture unfavorable for viral entry 

(35–37), although in some cases viruses can also hijack IFITM proteins to facilitate entry and 

infection (35, 36, 38). In addition to their established immunologic function, clade I IFITM 

proteins are also reported to modulate an oncogenic phenotype (39, 40), affect placenta formation 

(41), and contribute to endosomal homeostasis (42). Considering that IFITM proteins function as 

molecular gatekeepers at the interface of the extracellular and intracellular space, we hypothesized 

that the chemotype-specific chemical-genetic interactions detailed above derived from a cellular 

uptake mechanism specifically engaged by the linked chemotype. 

To further explore this, we applied a fluorescent analog of RapaLink-1 to directly observe 

the effect of IFITM protein expression on uptake of the linked chemotype in live cells. This 

fluorescent molecule, RapaTAMRA, was designed by replacing the adenosine triphosphate 

(ATP)-site binding element in RapaLink-1 with tetramethylrhodamine (TAMRA), resulting in a 

traceable derivative that closely mimicked the physicochemical properties of the original molecule 

(Fig. 2.7A and Table 2.1) (22). Analogs representing partial components of RapaTAMRA, 

TAMRA-N3 and TAMRA-PEG8-N3, were additionally included to assess whether the uptake 

pathway extended to generic compact-hydrophobic or linked-amphiphilic chemotypes 

respectively (Fig. 2.7A). We tested these molecules using a quantitative live cell fluorescence 

uptake assay in which a mixture of transduced (sgRNA+) and non-transduced (sgRNA-) cells were 

equally exposed to compound within the same well. The amount of fluorescent molecule present 

in the cells was quantified using flow cytometry, and the two cell populations could be resolved 
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for internal normalization (Fig. 2.7B and Fig. 2.8A). Changes in cellular uptake resulting from 

CRISPRi/a expression modulation by sgRNAs (Fig. 2.4, A to E) revealed again an IFITM 

dependency pattern that was chemotype-specific (Fig. 2.7, B and C, and Fig. 2.8A). Both linked 

chemotypes, TAMRA-PEG8-N3 and RapaTAMRA, demonstrated decreased uptake upon 

knockdown of IFITM1-3 and increased uptake upon overexpression. The linker-less chemotype, 

TAMRA-N3, in contrast exhibited no such chemical-genetic interactions. Notably, CRISPRi/a-

induced uptake differences observed for RapaTAMRA correlated strongly with resistance and 

sensitivity phenotypes for RapaLink-1 (Fig. 2.8B), drawing a direct association between measured 

uptake and functional target inhibition. The observation that uptake of a generic linked chemotype 

not specifically bound by any cellular protein, TAMRA-PEG8-N3, was also IFITM-assisted 

suggested a broader utilization of this uptake mechanism by other linked molecules. 

Additionally, we assessed the role of IFITM proteins on the subcellular localization of 

RapaTAMRA in a human non-transformed cell line, RPE-1, by confocal microscopy. An 

analogous protocol was used as above in which a mixture of sgRNA+ and sgRNA- cells were 

assessed in the same well following equal exposure to fluorescent compound. IFITM1-3 triple-

knockdown significantly reduced the amount of RapaTAMRA entering the intracellular 

compartment (Fig. 2.7D and Fig. 2.8C). A reduction in signal was also observed within the 

endolysosomal compartment (Fig. 2.7D and Fig. 2.8C), suggesting that IFITM proteins, which 

localize to the plasma membrane as well as endolysosomal membranes (35, 36), may play a role 

in facilitating RapaTAMRA uptake through endocytic vesicles and into the intracellular space. 

These observations were consistent with our functional genomics screens in which we identified 

RapaLink-1-specific chemical-genetic interactions among endosomal (ARF6, VPS26A, VPS29, 

and VPS35) and sterol (OSBP, GRAMD1A, INSIG1, and SCAP) regulatory genes (Fig. 2.9, A and 
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B). This, in part, resembles IFITM proteins’ roles as antiviral effectors in which biophysical 

interactions with incoming viral particles and alterations in local membrane sterol composition 

either hinder or assist infection of target cells (35, 36, 38, 43). Considering the large diversity of 

viruses IFITM proteins are described to interact with, we hypothesized that the uptake assistance 

afforded to RapaLink-1 and RapaTAMRA may also extend to other linked chemotypes with 

similar physicochemical properties. 

 

IFITM proteins facilitate the cellular uptake of a highly specific bitopic BCR-ABL1 inhibitor 

 To further establish the generalizability of this IFITM-promoted cellular uptake 

mechanism, we designed, synthesized, and characterized a bitopic inhibitor that was, aside from 

being linked, compositionally unrelated to RapaLink-1. This inhibitor targeted a different 

intracellular protein, BCR-ABL1, a fusion oncoprotein pathognomonic of CML and other 

leukemias (44). BCR-ABL1 harbors two well-defined small molecule binding sites within its 

kinase domain (Fig. 2.10A): the ATP pocket (45) targeted by five clinical compounds (e.g. 

dasatinib) and the myristoyl pocket (46, 47) targeted by the recently clinically approved first-in-

class inhibitor asciminib (48). These sites can also be bound by the two classes of inhibitors 

simultaneously when used in concert (46, 47, 49). Considering that the two pockets span a similar 

distance as those engaged by RapaLink-1 in MTOR (4), we reasoned that a similar linkage strategy 

could also apply to BCR-ABL1. We devised a bitopic inhibitor of BCR-ABL1, DasatiLink-1, 

based on the merging of dasatinib and asciminib by a flexible tether whose length (41 heavy atoms) 

emulated that of RapaLink-1 (39 heavy atoms) (Fig. 2.10B). 

 To assess whether the bitopic inhibitor functioned as designed, we characterized the 

interaction between DasatiLink-1 and its target using in vitro biochemical assays. In comparison 
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to the bitopic inhibitor, treatment of BCR-ABL1 kinase domain with dasatinib or asciminib 

resulted in marked (> 0.1 ppm) nuclear magnetic resonance (NMR) chemical shift differences in 

residues involved in binding to the monomeric inhibitors (Fig. 2.11, A and B), consistent with 

previous reports (46, 47, 50). However, the NMR spectrum observed with the two inhibitor 

mixture closely matched that of DasatiLink-1 (Fig. 2.11, A and B), suggesting that the linked 

inhibitor simultaneously binds to both sites in a conformation devoid of structural impingements 

imposed by the flexible tether. We then tested the assumption that DasatiLink-1 requires an 

allosteric foothold to achieve high occupancy of BCR-ABL1 kinase domain using a pulldown 

assay for ATP-site availability (51). We validated that the assay recapitulated a biochemical IC50 

of < 1 nM for dasatinib (52), which was unaffected by inclusion of 100-fold excess allosteric 

inhibitor (Fig. 2.11C). Conversely, addition of excess asciminib impaired the ability of DasatiLink-

1 to occupy the ATP-site, likely resulting from a loss of avidity following steric occlusion of the 

allosteric pocket (Fig. 2.11C). This posits an AND logic between the orthosteric and allosteric sites 

for bitopic binding, supporting the enhanced selectively often observed in bitopic inhibitors (4–6, 

53, 54). Together, these biochemical data validate DasatiLink-1 as a new bitopic inhibitor with 

physicochemical properties well beyond standard drug design limits (1–3), which we reasoned 

could render the molecule IFITM-assisted. 

 Returning to our BCR-ABL1-mutant CRISPRi/a cell models, we validated our prediction 

of the IFITM assistance of DasatiLink-1 and characterized its ability to engage intracellular BCR-

ABL1. Similar to RapaLink-1 (Fig. 2.1, E and F), CRISPRi and CRISPRa perturbation of IFITM 

protein expression resulted in a combined 8.9-fold modulation of DasatiLink-1 cellular potency 

(Fig. 2.10, C and D), In addition to characterizing the molecule’s action on cell viability, we probed 

DasatiLink-1’s capacity to engage intracellular BCR-ABL1 using a promiscuous kinase 
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occupancy probe, XO44 (55), by which kinase occupancy can be determined through competitive 

activity-based protein profiling (56). DasatiLink-1, akin to RapaLink-1, was anticipated to be 

uniquely selective for its target on the basis of its multivalent binding mechanism. In contrast to 

an unlinked control (a 1:1 mixture of dasatinib and asciminib) at equimolar concentration, which 

competed with XO44 for labeling of numerous known dasatinib targets (55), pretreatment with 

DasatiLink-1 resulted in observable intracellular occupancy of only ABL1 (Fig. 2.10E). This 

single kinase specificity extended over a 100-fold concentration range up to 1 μM, whereby the 

unlinked control demonstrated dose-responsive occupancy of numerous off-targets (Fig. 2.10F). 

These data suggest that exquisite target selectivity can be conferred by two-site binding, analogous 

to RapaLink-1’s heightened selectivity for MTOR complex 1 over MTOR complex 2 (4, 5, 54, 

57). This transposition of emergent properties from RapaLink-1 to DasatiLink-1 establishes a 

generalizable strategy for the design of highly selective, cell permeable bitopic inhibitors. 

 

IFITM-assisted cellular uptake enables the exploration of non-traditional chemical space in 

drug design 

To further examine of breadth of linked chemotypes assisted by IFITM proteins, we 

designed, synthesized, and characterized a new linked molecular glue inhibitor based on the natural 

product rocaglamide. Rocaglamide clamps EIF4A1 helicase to 5’ untranslated regions (UTRs) of 

target mRNAs to inhibit the translation of downstream sequences (58). The crystal structure of the 

complex of rocaglamide, EIF4A1, and polypurine RNA (59) revealed that its eponymous amide 

points toward free solvent, directly within the vicinity of a nearby symmetry mate (Fig. 2.12A). 

From this, we reasoned that dimerization of rocaglamide through its amide position could be a 

chemically tractable means to simultaneously engage two proximal EIF4A1-RNA complexes 
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within the cell. We designed BisRoc-1 (Fig. 2.12B) with a linker length (35 heavy atoms) 

exceeding the distance separating two rocaglamide binding sites in the crystal structure (Fig. 

2.12A). The linked and non-linked inhibitors displayed similar potencies toward K562 CRISPRi/a 

cell viability but diverged, as in prior examples, in their assistance by IFITM proteins, which could 

account for an overall 6.2-fold modulation in cellular activity of BisRoc-1 (Fig. 2.12, C and D). 

Combined, these data suggest the general feasibility of retaining cell permeability despite 

increased pharmacophore size, polarity, and flexibility in the context of linked chemotypes 

described herein. 

Given the ubiquitous presence of IFITM proteins in cells, we hypothesized that the cellular 

uptake of other linked inhibitors in the literature may also be assisted by IFITM proteins. While 

not as large as the linked chemotypes described above, PROTACs are likewise composed of two 

chemical entities covalently attached by a flexible tether (14). Incidentally, IFITM2 also appeared 

as a statistically significant resistance chemical-genetic interaction with the PROTAC dBET6 in a 

separate CRISPR/Cas9 genome-scale knockout screen in KBM7 cells although this result was not 

validated or pursued (60). Thus, we included several PROTACs and their non-linked targeting 

elements in an expanded survey of inhibitors for chemical-genetic interactions with IFITM 

proteins (Fig. 2.13A, Fig. 2.14, and Table 2.1). We treated our K562 CRISPRi and CRISPRa 

models with these inhibitors and evaluated differences in potency resulting from IFITM protein 

expression modulation, as measured by half-maximal inhibitory concentration (IC50) shift in a cell 

viability assay. Using RapaLink-1 as a chemical benchmark, we observed that IFITM1-3 

overexpression broadly sensitized cells to linked chemotypes (Fig. 2.13B; compounds 9-17). The 

inverse finding, resistance to linked chemotypes, resulted from gene knockdown (Fig. 2.13B). 

Included among these compounds were a systematic linker series of BisRoc-1 analogs (Fig. 
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2.12E). Data from BisRoc-1 (PEG11), BisRoc-2 (PEG4), BisRoc-3 (PEG2), and rocaglamide (no 

linker) revealed a pattern in which longer linker lengths correlated with greater IFITM assistance. 

The same trend was corroborated by the diverse ensemble of all molecules tested (Fig. 2.13B): the 

magnitudes of chemical-genetic interactions correlated with inhibitor size (molecular weight) and 

flexibility (number of rotatable bonds) as linked chemotypes with long linkers were more IFITM-

assisted than linked chemotypes with short linkers, and non-linked chemotypes (Fig. 2.13B; 

compounds 1-8) appeared non-IFITM-assisted (Fig. 2.13B). Despite their cellular activities, the 

physicochemical properties of these linked chemotypes largely violate Lipinski’s (1) and Veber’s 

(2) classic guidelines (Fig. 2.13B and Table 2.1), raising the need for a revised drug design 

framework that considers IFITM-assisted uptake and other cellular import processes. While a full 

characterization of the rules governing IFITM dependency will require further study, we propose 

that this uptake pathway can serve to generally assist the cellular entry of diverse large, flexible 

molecules of suitable amphiphilicity. 

 

Discussion 

Through a combination of functional genomics and chemical methods, we uncovered an 

endogenous chemical uptake pathway involving IFITM proteins harnessed by diverse linked 

chemotypes. With the clinical advancement of a dimeric immunophilin ligand (21), PROTACs 

(NCT03888612 and NCT04072952), and a RapaLink-1 derivative (NCT04774952), the notion of 

‘drug-like’ is continually being revised. As evidence, the chemical space (61, 62) populated by an 

ever-expanding set of linked preclinical compounds in the literature ventures beyond that occupied 

by lead inhibitors developed under traditional guidelines (Fig. 2.13C) (1–3). The linked inhibitors 

RapaLink-1, DasatiLink-1, and BisRoc-1 reach even further past these boundaries (Fig. 2.13C), 
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and the absolute limits to molecular size, polarity, and flexibility among cell permeable compounds 

have likely not yet been fully realized. We nominate IFITM-assisted cellular uptake as one of the 

mechanisms by which linked inhibitors are able to break previously established rules surrounding 

drug-likeness. We anticipate that this uptake pathway will prompt further exploration of novel 

chemical space, and spur the development of compounds with mechanisms of action difficult to 

attain with compact, hydrophobic molecules. 

 

Materials and Methods 

Cell culture and reagents 

K562 CRISPRi and CRISPRa cell lines were generated as described previously (23). K562 cells 

were maintained in RPMI medium (Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS) 

(Avantor Seradigm), penicillin (100 U/mL, Gibco), streptomycin (100 µg/mL, Gibco), and 0.1% 

(v/v) Pluronic F-68 (Gibco) unless otherwise specified. HEK293T cells were maintained in 

DMEM medium (Gibco) supplemented with 10% (v/v) FBS (Avantor Seradigm), penicillin (100 

U/mL, Gibco), and streptomycin (100 g/mL, Gibco). All cells were grown in 37 °C, 5% CO2 

stationary culture unless otherwise specified. Cell counting was performed on an Attune NxT 

(Thermo Fisher Scientific) or Countess II FL Automated Cell Counter (Thermo Fisher Scientific). 

Cells were periodically tested for mycoplasma contamination using the MycoAlert PLUS 

Mycoplasma Detection Kit (Lonza). Dasatinib, rapamycin, and sapanisertib were obtained from 

LC Laboratories. TAMRA-N3 was obtained from BroadPharm. Asciminib, BETd-260, dBET6, 

GMB-475, GNF-2, HJB97, JQ1, MZ1, and rocaglamide were obtained from MedChemExpress. 

RapaLink-1, RapaTAMRA, and TAMRA-PEG8-N3 were synthesized as described previously (4, 

22). DasatiLink-1, BisRoc-1, BisRoc-2, and BisRoc-3 were synthesized as described herein. 



 81 

Compounds were stored at -20 °C as 10 mM stock solutions in dimethyl sulfoxide (DMSO) or 

dilutions thereof. The concentrations indicated for inhibitor combinations (eg. sapanisertib + 

rapamycin) represent the stoichiometric abundance of each solute individually (ie. a 1 nM 

sapanisertib + rapamycin treatment is equivalent to treating cells with 1 nM sapanisertib AND 1 

nM rapamycin). 

 

DNA transfections and lentivirus production 

HEK293T cells were transfected with sgRNA expression vectors and standard packaging vectors 

(pCMV-dR8.91 and pMD2.G) using TransIT-LT1 Transfection Reagent (Mirus Bio). Lentiviral 

supernatant was collected 2-3 days following transfection, filtered through sterile 0.45 µm 

polyvinylidene difluoride filters (Millipore), and stored at -80 °C. 

 

Genome-scale CRISPRi/a screening 

Genome-scale CRISPRi/a screens were modeled after previous examples (23, 24). Over the course 

of the screens, cells were grown in 500 mL Optimum Growth Flasks (Thomson) in 37 °C, 5% CO2 

shaking culture [1300 revolutions per minute in a Multitron Incubator (Infors HT)]. K562 

CRISPRi or CRISPRa cells were transduced with the five-sgRNA/gene human CRISPRi v2 

(hCRISPRi-v2) or five-sgRNA/gene human CRISPRa v2 (hCRISPRa-v2) library respectively in 

the presence of polybrene (8 μg/mL) (24). Viral transduction was tittered to maximize singly 

transduced cells, targeting a multiplicity of infection (MOI) ≤ 1 (percentage of transduced cells 2 

days after transduction = 20-40%). Transduced (sgRNA+) cells were selected with 2 doses of 

puromycin (1 μg/mL) up to 80-95% sgRNA+ in the population over the course of 5 days. Before 

the initiation of compound treatment, T0 samples were harvested with a minimum 1000-fold 
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library coverage (approximately 100 million cells). The remaining cells were then divided into 5 

treatment arms (DMSO, 1 nM sapanisertib, 1 nM rapamycin, 1 nM sapanisertib + rapamycin, and 

1 nM RapaLink-1) with 2 biological replicates each. Cells were monitored for population 

doublings daily, and dilutions were made using complete media supplemented with the indicated 

compounds to maintain continuous selective pressure. Cells were cultured at a minimum 500-fold 

library coverage (approximately 50 million cells) over 10 days, after which T10 samples were 

harvested with a minimum 1000-fold library coverage (approximately 100 million cells). Genomic 

DNA (gDNA) was extracted from T0 and T10 samples using NucleoSpin Blood XL (Macherey-

Nagel). sgRNA protospacers were amplified directly from gDNA and processed for sequencing 

on an Illumina HiSeq 4000 as described previously (63). 

 

Screen processing 

Sequencing data from CRISPRi and CRISPRa screens were aligned to the hCRISPRi-v2 or 

hCRISPRa-v2 library respectively, counted, and quantified using the Python 2.7-based 

ScreenProcessing pipeline [https://github.com/mhorlbeck/ScreenProcessing (24)]. Phenotypes 

and Mann-Whitney P values were determined as described previously (23, 24), although data 

detailed herein are not normalized to total population doublings. Additional analysis and plotting 

were performed in Prism 9 (GraphPad Software). 

 

Large-scale chemogenomic profiling 

High-throughput cell viability determination 

High-throughput drug screening and sensitivity modeling (curve fitting and IC50 estimation) was 

performed essentially as described previously (31). Cells were grown in RPMI or DMEM/F12 
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medium supplemented with 5% FBS and penicillin/streptomycin, and maintained at 37 °C in a 

humidified atmosphere at 5% CO2.  Cell lines were propagated in these two media in order to 

minimize the potential effect of varying the media on sensitivity to therapeutic compounds in our 

assay, and to facilitate high-throughput screening. To exclude cross-contaminated or synonymous 

lines, a panel of 92 SNPs was profiled for each cell line (Sequenom, San Diego, CA) and a pair-

wise comparison score calculated. In addition, short tandem repeat (STR) analysis (AmpFlSTR 

Identifiler, Applied Biosystems, Carlsbad, CA) was performed and matched to an existing STR 

profile generated by the providing repository. Briefly, cells were seeded in 384 well plates at 

variable density to insure optimal proliferation during the assay. Drugs were added to the cells the 

day after seeding for adherent cell lines and the day of seeding for suspension cell lines. For tumor 

subtypes containing both adherent and suspension cells, all lines where drugged the same day 

(small cell lung cancer cell lines for example were all drugged the day after seeding). A series of 

nine doses was used with a 2-fold dilution factor for a total concentration range of 256-fold. 

Viability was determined using resazurin after 5 days of drug exposure, and data from treated wells 

were normalized to that of untreated wells. 

 

Correlation analysis between drug sensitivity and basal gene expression 

Dose-dependent growth inhibition of 935 cancer cell lines by RapaLink-1 and sapanisertib was 

determined as described above. Growth inhibition of 745 cell lines by rapamycin was obtained 

from the Genomics of Drug Sensitivity in Cancer database (GDSC2 release 8.3, accessed Oct. 4, 

2020) (31, 33). Gene expression data, reported as log2 transformed transcripts per million with a 

pseudocount of 1, was obtained from the DepMap (21Q4 release) (64). Spearman correlation 

coefficient between transcript level and area under the dose-response curve was calculated for each 
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transcript using all cell lines present in both datasets (659 for RapaLink-1 and sapanisertib, 555 

for rapamycin). Analysis and calculations were performed in R using tidyverse (65) and DepMap 

(64) packages and plotted in Prism 9 (GraphPad Software). 

 

Cloning of single sgRNA expression vectors 

sgRNA protospacers targeting FKBP12 (also known as FKBP1A), IFITM1, IFITM2, IFITM3, and 

a negative control (NegCtrl) sequence were individually cloned into pCRISPRia-v2 (Addgene 

#84832) as described previously (24). Protospacer sequences are listed in Table 2.2. First, 

complementary synthetic oligonucleotide pairs (Integrated DNA Technologies) were designed 

containing protospacer sequences and flanking BstXI and BlpI restriction sites. Complementary 

oligonucleotides were mixed (2 μM each) in Nuclease-Free Duplex Buffer (Integrated DNA 

Technologies) and annealed by heating at 95 °C for 5 min, followed by gradual cooling to room 

temperature on the benchtop for 30 min. These duplexes were then ligated with BstXI, BlpI (New 

England Biolabs) doubly digested pCRISPRia-v2 (Addgene #84832) using T4 DNA Ligase (New 

England Biolabs). Standard transformation and preparation protocols were used to isolate 

individual vectors, which were sequence verified by Sanger sequencing (Quintara Biosciences). 

 

Cloning of triple sgRNA expression vectors 

sgRNA protospacers targeting IFITM1, IFITM2, and IFITM3 or three negative control 

protospacers were cloned into pCRISPRia-v2 (Addgene #84832) using a two-step procedure as 

described previously (34) to generate a vector expressing three sgRNAs. Protospacer sequences 

and are listed in Table 2.2; TriNegCtrl sg denotes co-expression of three negative control sgRNAs; 

IFITM1-3 i-sg1 denotes co-expression of IFITM1 i-sg1, IFITM2 i-sg1, and IFITM3 i-sg1; IFITM1-
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3 i-sg2 denotes co-expression of IFITM1 i-sg2, IFITM2 i-sg2, and IFITM3 i-sg2. First, 

complementary oligonucleotides were mixed (2 μM each) in Nuclease-Free Duplex Buffer 

(Integrated DNA Technologies) and annealed by heating at 95 °C for 5 min, followed by gradual 

cooling to room temperature on the benchtop for 30 min. These duplexes were then ligated with 

BstXI, BlpI (New England Biolabs) doubly digested intermediate backbones pMJ114 (Addgene 

#85995), pMJ179 (Addgene #85996), or pMJ117 (Addgene #85997) using T4 DNA Ligase (New 

England Biolabs). Standard transformation and preparation protocols were used to isolate 

individual vectors, which were sequence verified by Sanger sequencing (Quintara Biosciences). 

Then, single cassettes from each of the three intermediates vectors were polymerase chain reaction 

(PCR) amplified, gel purified, and inserted into XbaI, XhoI (New England Biolabs) doubly 

digested pCRISPRia-v2 (Addgene #84832) using NEBuilder HiFi DNA Assembly Master Mix 

(New England Biolabs) in a single four-piece Gibson assembly step. Standard transformation and 

preparation protocols were used to isolate individual vectors, which were sequence verified by 

Sanger sequencing (Quintara Biosciences). 

 

Stable cell line generation 

K562 CRISPRi or CRISPRa cells (200,000 cells in 1 mL per well) were seeded into 24-well plates 

and treated with lentivirus containing sgRNA expression vectors [marked with a puromycin 

resistance cassette and blue fluorescent protein (BFP)] in the presence of polybrene (8 μg/mL). 2 

days after transduction, cells were selected for sgRNA+ populations with 3 doses of puromycin (2 

μg/mL) over the course of 6 days. These cells could be stored under cryogenic conditions and were 

used for additional experiments described herein. The stability of cells were monitored by flow 
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cytometry on an Attune NxT (Thermo Fisher Scientific), maintaining fluorescent marker 

expressing populations ≥ 90%. 

 

Individual evaluation of sgRNA phenotypes 

Cells were transduced as described herein. 5 days after transduction, cells were divided into 5 

treatment conditions (DMSO, 1 nM sapanisertib, 1 nM rapamycin, 1 nM sapanisertib + rapamycin, 

and 1 nM RapaLink-1). Cells were monitored for the percentage of sgRNA+ (BFP+) populations 

daily by flow cytometry, and dilutions were made using complete media supplemented with the 

indicated compounds to maintain continuous selective pressure. Increased relative sgRNA+ 

percentage over time corresponded to a resistance chemical-genetic interaction while decreased 

relative sgRNA+ percentage corresponded to a sensitizing chemical-genetic interaction. 

 

Immunoblotting 

Cells (500,000 cells in 2 mL per well) were seeded into 6-well plates and incubated at 37 °C 

overnight. Following treatment with compounds at the concentrations and times indicated, cells 

were placed over ice, transferred to 2 mL microcentrifuge tubes, and pelleted at 500g, 4 °C. The 

pelleted cells were washed twice with ice-cold phosphate-buffered saline (PBS) and stored at -80 

°C. Pellets were disrupted using lysis buffer [100 mM Hepes (pH 7.5), 150 mM NaCl, and 0.1% 

NP-40] supplemented with cOmplete Protease Inhibitor Cocktail Tablets (Roche) and PhosSTOP 

(Roche), and protein concentrations of clarified lysates were determined by protein BCA assay 

(Thermo Fisher Scientific). Proteins were separated by polyacrylamide gel electrophoresis 

(PAGE), transferred to 0.2 µm pore size nitrocellulose membranes (Bio-Rad) and blocked using 

blocking buffer [5% bovine serum albumin (Millipore) in Tris-buffered saline, 0.1% Tween 20 
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(TBST) supplemented with 0.02% NaN3]. Membranes were probed with primary antibodies 

against FKBP12 (#ab58072) from Abcam and p-4EBP1T37/46 (#2855), p-AKTS473 (#4060), p-

S6S235/236 (#4858), IFITM1 (#13126), IFITM2 (#13530), IFITM3 (#59212), and Tubulin (#3873) 

from Cell Signaling Technology diluted (1:1000) in blocking buffer. After primary antibody 

incubation, membranes were treated with IRDye secondary antibodies (LI-COR Biosciences) 

according to manufacturer’s recommendations and scanned on an Odyssey Imaging System (LI-

COR Biosciences). Immunoblot scans were processed using ImageStudioLite 5.2.5 (LI-COR). 

 

Cell viability assay 

K562 CRISPRi or CRISPRa cells stably expressing sgRNAs (1,000 cells in 90 μL per well) were 

seeded into white opaque 96-well plates and incubated at 37 °C overnight. Cells were treated with 

the indicated concentrations of compound in 9-point 3-fold dilution series (100 μL final volume 

per well) and incubated at 37 °C for 72 h. Cell viability was assessed by CellTiter-Glo (CTG) 

Luminescent Cell Viability Assay (Promega). Cells were equilibrated to room temperature before 

the addition of diluted (1:4 CTG reagent:PBS) CTG reagent (100 μL per well). Plates were agitated 

on an orbital shaker and luminescence signal was measured on a SpectraMax M5 (Molecular 

Devices) or Spark (Tecan) plate reader. Repeated measurements of luminescence were performed 

as technical replicates to determine incubation times optimal for signal-to-noise. Luminescence 

measurements were normalized to DMSO-treated values to determine relative cell viability. 

 

Internally normalized cellular fluorescence uptake assay 

K562 CRISPRi or CRISPRa cells stably expressing sgRNAs marked with BFP mixed at a 1:1 ratio 

with non-transduced (sgRNA-) cells (20,000 cells in 180 μL per well) were seeded into 96-well 
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round bottom plates and incubated at 37 °C overnight. Cells were treated with fluorescent 

compounds at the concentrations indicated (200 μL final volume per well) and incubated at 37 °C 

for 24 h. Cells were pelleted at 500g, washed twice with ice-cold PBS supplemented with 1% 

bovine serum albumin (Millipore) and 0.1% NaN3, and resuspended in the same before assessment 

by flow cytometry on an Attune NxT (Thermo Fisher Scientific). TAMRA fluorescence (YL-H: 

561 nm excitation laser, 585/16 emission filter) and BFP fluorescence (VL1-H: 405 nm excitation 

laser, 440/50 emission filter) was measured for cells within each well. Relative cellular uptake was 

determined by dividing the median TAMRA fluorescence intensity of BFP+ populations by that 

of BFP- populations (Fig. 2.7B). Relative cellular uptake < 1 indicates decreased uptake resulting 

from the genetic perturbation and > 1 indicates increased uptake. 

 

Confocal microscopy 

RPE1 CRISPRi (dCas9-KRAB) cells (a generous gift from Ron Vale) stably expressing sgRNAs 

were seeded into 35 mm glass bottom dishes (MatTek #P35G-1.5-14-C) and treated with 100 nM 

RapaTAMRA and 5 µM LysoTracker Green DND-26 (Invitrogen #L7526) for 24 hours. Prior to 

imaging, cells were washed three times with PBS then imaged in HEPES-buffered and phenol red-

free DMEM (Gibco #21063029) supplemented with 10% FBS. Live-cell microscopy was carried 

out on an incubated stage using a Nikon Ti microscope equipped with a Yokogawa CSU-22 

spinning disk confocal and Photometrics Evolve Delta EMCCD camera using an argon laser line 

at 488 nm (used to excite Oregon Green 488 or EGFP), a HeNe laser line at 543 nm (used to excite 

Texas Red or cresyl violet) and a HeNe laser line at 633 nm (used to excite Alexa 647). Band pass 

(505–530 nm) and long pass (560 nm) filters were used to separate emission wavelengths of 

Oregon Green 488 and Texas Red respectively. Laser power was attenuated to 2% of maximum 



 89 

to minimize photobleaching and phototoxicity. The detector pinholes were set to give a 0.7-1.4 

µm optical slice. Pixel dwell times varied from 1 µs to 1.58 µs using multitracking (line switching) 

with a line average of 4. Image acquisition was performed in NIS-elements software using a Plan 

Apo VC 60X/1.4 oil-immersion DIC N2 objective lens. Images were acquired from randomly 

selected fields of view and then exported to Inkscape for display or ImageJ for quantification. For 

quantification, cells were segmented manually and thresholded in the LysoTracker channel to 

generate a endolysosomal mask. Pixel intensity was measured within the cell as a whole, within 

the endolysosomal mask (endolysosomal) or within the cell as whole excluding the mask 

(intracellular). Quantification was performed on > 30 cells per condition from 3 distinct biological 

replicates. 

 

Protein expression and purification 

Human ABL1 kinase domain (KD) encompassing residues 229-512 (isoform IA numbering) was 

cloned, expressed in Escherichia coli (E. coli), and purified as described previously (66). ABL1 

KD containing a tobacco etch virus (TEV) protease-cleavable N-terminal hexahistidine tag 

(MKSSHHHHHHHHHHENLYFQSNA) was transformed into BL21(DE3) E. coli cells carrying 

a plasmid containing YopH phosphatase (pCDRF-Duet, streptomycin resistant) and a plasmid 

expressing GroEL and Trigger factor (pACYC-Duet, chloramphenicol resistant). 15N labeled 

ABL1 KD samples were produced in M9 minimal media containing 1 g/L 15NH4Cl as the sole 

nitrogen source. Cells were grown at 37 °C to OD600 ~0.6–0.8. At OD600 ~0.6–0.8 cells were 

cooled to 16 °C for an hour, then expression was induced with 1 mM isopropyl-β-D-

thiogalactoside (IPTG) and allowed to continue overnight (16-20 h). Proteins were purified with a 

5 mL HisTrap HP (GE Healthcare) Ni affinity column (NiA buffer: 20 mM Tris pH 8.0, 500 mM 
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NaCl, 5% glycerol; NiB buffer: 20 mM Tris pH 8.0, 500 mM NaCl, 5% glycerol, 500 mM 

imidazole), dialyzed overnight with TEV protease in 20 mM Tris pH 8.0, 100 mM NaCl, 1 mM 

DTT, 5% glycerol, and then purified with a 5 mL HiTrap anion exchange column (QA Buffer: 20 

mM Tris pH 8.0, 1 mM TCEP, 5% glycerol; QB Buffer: 20 mM Tris pH 8.0, 1 M NaCl, 1 mM 

TCEP, 5% glycerol). Protein concentration was determined by absorbance measurement using a 

calculated extinction coefficient of 62590 M-1cm-1 (ProtParam) (67). Purified samples were 

concentrated to 300 µM by ultrafiltration (molecular weight cut-off 10 kDa) and buffer exchanged 

into 50 mM sodium potassium phosphate pH 6.5, 50 mM NaCl, 5 mM DTT. Samples were snap 

frozen in liquid nitrogen and stored at -80 °C. 

 

NMR experiments 

Dasatinib, asciminib, and their combination were added in five-fold molar excess to saturate 

binding sites during buffer exchange. For DasatiLink-1, the protein was diluted to ~60 µM in 2500 

µL and 25 µL of 5 mM bitopic ligand was added on ice to minimize solute precipitation. The 

process was repeated until the bitopic ligand reached 3-fold excess of the protein concentration. 

DMSO was maintained at 5% for all NMR samples. Samples were concentrated to a final protein 

concentration of 300 µM. 10% D2O was added to NMR samples for signal locking. All 1H-15N 

heteronuclear NMR experiments were acquired at 30 °C with 64 scans on a Bruker Avance III HD 

spectrometer operating at a 1H frequency of 850 MHz equipped with a cryogenic probe. A standard 

Bruker pulse sequence for 1H-15N TROSY-HSQC (trosyf3gpphsi19.2), was used. Backbone 

assignments for ABL1 KD used to interpret spectra described herein were obtained from the 

Biological Magnetic Resonance Data Bank (Entry ID: 15488) (68). Sample stability prior and post 
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NMR experiments was assessed by acquiring 1-dimensional 1H spectra to assess signal strength, 

sample concentration, and folding status. 

 

ATP-site kinase pulldown 

ATP-site competition binding assay (KdELECT) was performed by Eurofins DiscoverX as 

described previously (51). Compounds were assessed in 11-point 3-fold dilution series and 

compound mixtures were analogously diluted from a DMSO stock containing the 2 compounds at 

the ratio indicated. Pulldown measurements of DNA-tagged kinase by quantitative polymerase 

chain reaction (qPCR) were normalized to DMSO-treated values to determine relative ATP-site 

pulldown. A 4-parameter nonlinear regression model was fit to the data using Prism 9 (GraphPad 

Software) with the top parameter constrained to 100%. An outlier point corresponding to 152% 

pulldown at 15.2 pM Dasa + Asc (1:100) was excluded from analysis. 

 

Live cell kinase occupancy profiling 

Compound treatment and preparation of cell lysates for proteomics analysis 

K562 CRISPRi cells (1 × 106/mL) were maintained in RPMI medium (Gibco) supplemented with 

10% (v/v) fetal bovine serum (FBS) (Axenia BioLogix), penicillin (100 U/mL, Gibco), and 

streptomycin (100 µg/mL, Gibco). Cells were pretreated with DMSO, dasatinib + asciminib (10 

nM, 100 nM, or 1 μM), or DasatiLink-1 (10 nM, 100 nM, or 1 μM) at 37 ℃ for 4 h, followed by 

treatment with XO44 (2 mM) at 37 ℃ for another 30 min. Each sample was prepared in triplicate. 

Cell pellets were collected by centrifugation at 500g, 4 °C and lysed in 100 mM HEPES pH 7.5, 

150 mM NaCl, 0.1% NP-40, 1 mM PMSF, and 1× cOmplete EDTA-free protease inhibitor cocktail 

(Sigma-Aldrich #11873580001). Lysates were cleared by centrifugation (16,000g, 4 °C, 30 min). 
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Protein concentration was determined by protein BCA assay (Thermo Fisher #23225). Cell lysates 

were normalized to 5 mg/mL with lysis buffer for subsequent pulldown-MS analysis. 

 

Pulldown of XO44-modified proteins and on-bead digestion 

Cell lysates (5 mg/mL, 1.2 mL) were incubated with 40 mL of settled streptavidin agarose beads 

(Thermo Fisher Scientific #20353) at 4 oC overnight to remove endogenous biotinylated proteins. 

Beads were removed by filtration (Pall #4650). The filtrate (1 mL) was reacted with 191 mL of 

click chemistry cocktail, resulting in a final concentration of 1% SDS, 100 mM DMTP biotin 

picolyl azide, 1 mM TCEP, 100 mM TBTA (from a 2 mM stock prepared in 1:4 DMSO:t-butyl 

alcohol), and 1 mM CuSO4. After incubation at room temperature for 90 min, proteins were 

precipitated by adding 10 mL of prechilled acetone and incubating overnight at –20 oC. The 

precipitated proteins were pelleted by centrifugation (3500g, 4 oC, 30 min), resuspended in cold 

MeOH and re-pelleted. The pellet was solubilized in 1% SDS in PBS, and then diluted to a final 

detergent concentration of 0.4% SDS, 0.6% NP40 in PBS before desalting on a NAP-10 column 

(Cytiva #17-0854-02). The column eluate was incubated with 40 mL of settled high-capacity 

neutravidin garose beads (Thermo Fisher Scientific #29204) at 4 oC overnight. The beads were 

then washed with 1% NP-40, 0.1% SDS in PBS (3 x 10 min, RT), freshly prepared 6 M urea in 

PBS (3 x 30 min, 4 oC) and PBS (3 x 10 min, RT). Disulfide reduction was performed with 5 mM 

DTT in 6M urea, PBS at 56 oC for 30 min, followed by alkylation with 20 mM iodoacetamide at 

room temperature for 15 min in the dark. On-bead digestion was performed in digestion buffer (2 

M urea, 1 mM CaCl2, PBS) by adding 1 mg sequencing grade trypsin (Promega #V5113) to each 

sample, and incubating overnight at 37 oC. Tryptic digests were collected by filtration. Peptide 
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concentrations were determined by peptide BCA assay (Thermo Fisher Scientific #23275). An 

equal amount of peptides were removed from each sample and dried by Speedvac. 

 

TMT labeling of tryptic peptides 

TMT labeling was performed with the TMT10plex kit (Thermo Fisher Scientific #SK257743) 

according to manufacturer’s recommendations with minor modifications. Briefly, peptides (25 μg) 

were reconstituted in 50 μL of 30% MeCN in 200 mM HEPES buffer pH 8.5. TMT reagents were 

reconstituted in 40 μL of MeCN per vial, and 6 μL of this solution was incubated with each sample 

for 1 h at RT. Reactions were quenched by adding 9 μL of 5% hydroxylamine and incubated at 

RT for 15 min, followed by adding 50 μL of 1% TFA to acidify the solution. TMT-labeled samples 

were pooled and concentrated by Speedvac to remove MeCN, and desalted using C18 OMIX Tips 

(Agilent #A57003100). Peptides were eluted with 50% MeCN, 0.1% TFA, and dried by Speedvac. 

LC-MS/MS analysis 

TMT labeled tryptic peptides were reconstituted in 5% MeCN, 0.1% TFA in water, and analyzed 

on a Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo Fisher Scientific) connected to an 

UltiMate 3000 RSLCnano system with 0.1% FA as buffer A and 95% MeCN, 0.1% FA as buffer 

B. Peptides were separated on an EASY-Spray 3 μm, 75 μm × 15 cm C18 column (Thermo Fisher 

Scientific #ES800) with the following LC settings: 0.3 mL/min flow rate, sample loading at 5% B 

for 20 min, then 5 to 7.4% B over 5 min, 7.4 to 50% B over 115 min, 50% to 95% B over 10 min 

and finally 95% B for 10 min. Data were acquired in a data-dependent mode. MS1 scans were 

acquired at a resolution of 120,000 with an AGC of 4e5, m/z scan range of 400-1600, a maximum 

ion injection time of 50 ms, a charge state of 2-6, and a 60 s dynamic exclusion time. MS2 spectra 

were acquired via collision-induced dissociation (CID) at a collision energy of 35%, in the ion trap 
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with an automatic gain control (AGC) of 1e4, isolation width of 0.7 m/z and an auto maximum ion 

injection time. For real time search, MS2 spectra were searched against human reviewed Swiss-

Prot database (accessed Sept. 16, 2020) with the digestion enzyme set to trypsin. Methionine 

oxidation was set as a variable modification, while carbamidomethylation of cysteine and TMT 

modification were set as constant modifications. For MS3 acquisition, a synchronous precursor 

selection (SPS) of 10 fragments was acquired in the orbitrap for a maximum ion injection time of 

105 ms with an AGC of 2.5e5. MS3 spectra were collected at a resolution of 60,000 with higher-

energy C-trap dissociation (HCD) collision energy of 55%.  

 

Protein identification and TMT quantification.  

Raw files were analyzed with Thermo Scientific Proteome Discoverer (2.4) software against the 

human reviewed Swiss-Prot database (accessed Sept. 16, 2020). Trypsin was selected as the 

digestion enzyme with a maximum of 2 missed cleavages and a minimum peptide length of 6. 

Cysteine carbamidomethylation and TMT-6plex on K and peptide N-terminus were set as fixed 

modifications, while methionine oxidation and acetylation of protein N-terminus were set as 

variable modifications. Precursor tolerance was set to 10 ppm, and fragment tolerance was set to 

0.6 Da. Peptide-spectrum match (PSM) and protein false discovery rate (FDR) were set to 1% and 

5%, respectively. Reporter ion intensities were adjusted to correct for impurities during synthesis 

of different TMT reagents according to the manufacturer’s recommendations. For quantification, 

PSMs with an average reporter signal-to-noise threshold (< 9) and synchronous precursor selection 

(SPS) mass matches threshold (< 75%) were removed from final dataset. Quantified PSMs were 

summarized to their matched proteins. Median TMT intensities at the protein level were 
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normalized to the same across all TMT channels. Mean intensities from each group were log2 

transformed and used for calculation of the log2 fold change between each condition. 

 

Chemical-genetic interaction mapping 

Cells treated with compounds were evaluated for viability as described herein. For K562 CRISPRi 

cells JQ1 (10 μM), asciminib (100 nM), rocaglamide (1 μM), HJB97 (10 μM), dasatinib (100 nM), 

sapanisertib (1 μM), GNF-2 (10 μM), rapamycin (100 nM), GMB-475 (10 μM), BisRoc-3 (1 μM), 

MZ1 (10 μM), BETd-260 (100 nM), BisRoc-2 (1 μM), dBET6 (1 μM), BisRoc-1 (1 μM), 

DasatiLink-1 (100 nM), and RapaLink-1 (100 nM) were evaluated using 9-point 3-fold dilution 

series starting from the highest concentrations indicated. The same top concentrations were used 

in K562 CRISPRa cells with the exception of HJB97 (1 μM), JQ1 (1 μM), MZ1 (1 μM), and 

dBET6 (100 nM). Using Prism 9 (GraphPad Software), a 4-parameter nonlinear regression model 

was fit to the viability data to determine IC50 values. IC50 values of sgRNA+ cells were normalized 

to that of non-sgRNA expressing cells to determine sensitivity/resistance chemical-genetic 

interactions mapped in Fig. 2.13B (see also Fig. 2.1F, Fig. 2.10D, or Fig. 2.12D for example source 

data). 

 

Chemical space plotting 

Data were drawn from the Protein Kinase Inhibitor Database (PKIDB) (69) and the Proteolysis-

Targeting Chimera Database (PROTAC-DB) (70). 301 kinase inhibitors from the PKIDB (January 

21, 2022 release, accessed January 25, 2022) and 2258 PROTACs from the PROTAC-DB (May 

27, 2021 release, accessed June 16, 2021) were depicted in Fig. 2.13C. Molecular weight and 

topological surface area were plotted based on values associated with compounds in their 
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respective databases. For other linked inhibitors, physicochemical properties were computed as 

described herein. 

 

Physicochemical property determination 

Unless otherwise specified, physicochemical properties of compounds were computed using the 

Mcule property calculator (71) and listed in Table 2.1. Simplified molecular-input line-entry 

system (SMILES) strings were inputted to https://mcule.com/apps/property-calculator/. 

 

Chemical Synthesis 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker spectrometer at 400 MHz 

or on a Bruker spectrometer at 600 MHz. Chemical shifts were reported as parts per million (ppm) 

from solvent references. Liquid chromatography-mass spectrometry (LC-MS) was performed on 

a Waters Xevo G2-XS QTof (0.6 mL/min) using an ACQUITY UPLC BEH C18 column (Waters) 

and a water/acetonitrile gradient (0.05% formic acid) using Optima LC-MS grade solvents (Fisher 

Scientific). All other solvents (Fisher Scientific, Millipore Sigma) and commercially available 

reagents were used without further purification. Analytical thin-layer chromatography was 

performed with silica gel 60 F254 glass plates (Millipore Sigma). Flash chromatography was 

performed with RediSep Rf normal-phase silica flash columns using a CombiFlash Rf+ (Teledyne 

ISCO). Preparative high-performance liquid chromatography (HPLC) was performed on an 

AutoPurification System using an XBridge BEH C18 OBD Prep Column (Waters) or a 

CombiFlash EZ Prep using a RediSep C18 Prep HPLC Column (Teledyne ISCO) with a 

water/acetonitrile gradient (0.1% formic acid or 0.1% trifluoroacetic acid). Microwave reactions 

were performed using a Discover SP (CEM). 
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Reagents and conditions. (a) HATU, DIPEA, DMF, rt, 80%. (b) DIPEA, IPA, 140 °C, 91%. (c) 

K3PO4, Pd(PPh3)4, toluene, 110 °C, 40%. (d) LiOH·H2O, H2O, MeOH, 98%. (e) HATU, DIPEA, 

DMF, rt, 87%. (f) TFA, CH2Cl2, rt. (g) HATU, DIPEA, DMF, rt, 71% over two steps. (h) TFA, 

CH2Cl2, rt, 72%. Abbreviations: HATU, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxide hexafluorophosphate; DIPEA, N,N-diisopropylethylamine; DMF, N,N-

dimethylformamide; IPA, isopropyl alcohol; TFA, trifluoroacetic acid. 

 

 

 

Compound 1. To a mixture of 4-(chlorodifluoromethoxy)aniline (683 mg, 3.53 mmol) and 5-

bromo-6-chloropicolinic acid (1001 mg, 4.23 mmol) in N,N-dimethylformamide (17.6 mL) was 
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added N,N-diisopropylethylamine (614 μL, 3.53 mmol). The solution was cooled in an ice-water 

bath before the addition of 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 

3-oxide hexafluorophosphate (1744 mg, 4.59 mmol) and stirred at room temperature overnight. 

The mixture was partitioned between ethyl acetate and water and the organic layer was washed 

with water (4×) and brine (2×), dried over sodium sulfate, filtered, and concentrated in vacuo. The 

crude was purified by flash chromatography over silica gel eluting with a gradient from 0% ethyl 

acetate-hexanes to 20% ethyl acetate-hexanes to afford compound 1 (1162 mg, 2.82 mmol, 80% 

yield) as a beige solid. 

 

1H NMR (400 MHz, DMSO-d6) δ 10.69 (s, 1H), 8.92 (d, J = 2.2 Hz, 1H), 8.73 (d, J = 2.1 Hz, 1H), 

7.87 (d, J = 9.1 Hz, 2H), 7.39 (d, J = 9.2 Hz, 2H). 

13C NMR (100 MHz, DMSO-d6) δ 161.8, 151.9, 147.8, 145.4, 141.8, 137.7, 130.9, 124.9 (t, JC-F 

= 287.1 Hz), 122.0 (2C), 121.7 (2C), 119.3. 

19F NMR (376 MHz, DMSO-d6) δ -24.8. 

HRMS (m/z): calculated for C13H8BrCl2F2N2O2+ [M + H]+ 410.9109, found 410.9123. 

TLC: Rf = 0.4 (20% ethyl acetate-hexanes, UV). 

 

 

 

Compound 2. To a mixture of compound 1 (1157 mg, 2.81 mmol) and ethyl 4-

piperidinecarboxylate (0.563 mL, 3.65 mmol) in isopropanol (2.81 mL) was added N,N-

diisopropylethylamine (2.45 mL, 14.0 mmol) in a microwave reaction vial. The reaction was 
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heated in a microwave reactor at 140 °C for 1 h. The mixture was cooled to room temperature and 

diluted with ethyl acetate. The organic layer was washed with water (4×), 1 N HCl (2×), and brine 

(2×), dried over sodium sulfate, filtered, and concentrated in vacuo. The crude was purified by 

flash chromatography over silica gel eluting with a gradient from 0% ethyl acetate-hexanes to 30% 

ethyl acetate-hexanes to afford compound 2 (1354 mg, 2.54 mmol, 91% yield) as a white solid. 

 

1H NMR (400 MHz, DMSO-d6) δ 10.40 (s, 1H), 8.78 (d, J = 2.1 Hz, 1H), 8.44 (d, J = 2.1 Hz, 1H), 

7.86 (d, J = 9.2 Hz, 2H), 7.35 (d, J = 9.2 Hz, 2H), 4.09 (q, J = 7.1 Hz, 2H), 3.98 – 3.75 (m, 2H), 

3.08 – 2.87 (m, 2H), 2.66 – 2.53 (m, 1H), 2.04 – 1.88 (m, 2H), 1.82 – 1.62 (m, 2H), 1.20 (t, J = 

7.1 Hz, 3H). 

13C NMR (100 MHz, DMSO-d6) δ 174.1, 162.6, 160.5, 146.4, 145.1, 141.5, 138.2, 125.0 (t, JC-F 

= 287.0 Hz), 124.2, 121.9 (2C), 121.5 (2C), 109.5, 59.9, 48.3 (2C), 40.0, 27.7 (2C), 14.1. 

19F NMR (376 MHz, DMSO-d6) δ -24.7. 

HRMS (m/z): calculated for C21H22BrClF2N3O4+ [M + H]+ 532.0445, found 532.0473 

TLC: Rf = 0.4 (30% ethyl acetate-hexanes, UV) 

 

 

 

Compound 3. To a mixture of compound 2 (600 mg, 1.13 mmol), 1-(tetrahydro-2H-pyran-2-yl)-

1H-pyrazole-4-boronic acid pinacol ester (407 mg, 1.46 mmol), and K3PO4 (717 mg, 3.38 mmol) 
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argon for 5 min before stirring at 110 °C for 2 h. The mixture was diluted with ethyl acetate and 

the organic layer was washed with saturated sodium bicarbonate, water (2×), and brine (2×), dried 

over sodium sulfate, filtered, and concentrated in vacuo. The crude was purified by flash 

chromatography over silica gel eluting with a gradient from 0% ethyl acetate-hexanes to 50% ethyl 

acetate-hexanes to afford compound 3 (273 mg, 0.452 mmol, 40% yield) as a white solid. 

 

1H NMR (400 MHz, DMSO-d6) δ 10.34 (s, 1H), 8.84 (d, J = 2.4 Hz, 1H), 8.09 (d, J = 2.5 Hz, 1H), 

7.87 (d, J = 9.2 Hz, 2H), 7.66 (d, J = 1.7 Hz, 1H), 7.35 (d, J = 8.7 Hz, 2H), 6.48 (d, J = 1.8 Hz, 

1H), 5.16 (dd, J = 9.8, 2.4 Hz, 1H), 4.04 (q, J = 7.1 Hz, 2H), 3.90 – 3.74 (m, 1H), 3.73 – 3.51 (m, 

2H), 3.38 – 3.29 (m, 1H), 2.94 – 2.70 (m, 2H), 2.60 – 2.43 (m, 1H), 2.43 – 2.24 (m, 1H), 2.04 – 

1.91 (m, 1H), 1.90 – 1.80 (m, 1H), 1.79 – 1.66 (m, 2H), 1.63 – 1.53 (m, 1H), 1.53 – 1.38 (m, 4H), 

1.16 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, DMSO-d6) δ 174.1, 163.6, 160.2, 148.3, 145.0, 140.7, 140.0, 139.5, 138.4, 

125.0 (t, JC-F = 287.0 Hz), 121.8 (2C), 121.5 (2C), 120.9, 112.5, 106.6, 83.9, 66.7, 59.9, 47.0, 46.8, 

40.0, 29.1, 27.5, 27.3, 24.5, 22.1, 14.1. 

19F NMR (376 MHz, DMSO-d6) δ -24.7. 

HRMS (m/z): calculated for C29H33ClF2N5O5+ [M + H]+ 604.2133, found 604.2150 

TLC: Rf = 0.5 (50% ethyl acetate-hexanes, UV) 
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Compound 4. To a mixture of compound 3 (60 mg, 0.099 mmol) in methanol (2 mL) and water 

(0.2 mL) was added lithium hydroxide monohydrate (12.5 mg, 0.298 mmol). The reaction was 

stirred at room temperature overnight. The mixture was concentrated in vacuo and partitioned 

between ethyl acetate and 5% citric acid. The aqueous layer was extracted with ethyl acetate (3×), 

and the combined organics were washed with water (4×) and brine (2×), dried over sodium sulfate, 

filtered, and concentrated in vacuo. The crude was purified by flash chromatography over silica 

gel eluting with a gradient from 0% methanol-ethyl acetate to 5% methanol-ethyl acetate to afford 

compound 4 (56 mg, 0.097 mmol, 98% yield) as a white solid. 

 

1H NMR (400 MHz, DMSO-d6) δ 12.19 (s, 1H), 10.33 (s, 1H), 8.84 (d, J = 2.4 Hz, 1H), 8.09 (d, 

J = 2.4 Hz, 1H), 7.86 (d, J = 9.1 Hz, 2H), 7.66 (d, J = 1.7 Hz, 1H), 7.35 (d, J = 8.9 Hz, 2H), 6.48 

(d, J = 1.8 Hz, 1H), 5.16 (dd, J = 9.7, 2.4 Hz, 1H), 3.88 – 3.77 (m, 1H), 3.70 – 3.53 (m, 2H), 3.38 

– 3.33 (m, 1H), 2.90 – 2.72 (m, 2H), 2.46 – 2.38 (m, 1H), 2.38 – 2.27 (m, 1H), 2.02 – 1.91 (m, 

1H), 1.91 – 1.80 (m, 1H), 1.78 – 1.65 (m, 2H), 1.64 – 1.52 (m, 1H), 1.52 – 1.39 (m, 4H). 

13C NMR (100 MHz, DMSO-d6) δ 175.8, 163.6, 160.3, 148.3, 145.0, 140.7, 140.0, 139.4, 138.4, 

125.0 (t, JC-F = 286.9 Hz), 121.8 (2C), 121.5 (2C), 120.8, 112.4, 106.6, 83.9, 66.7, 47.1, 46.9, 40.0, 

29.1, 27.6, 27.4, 24.5, 22.1. 

19F NMR (376 MHz, DMSO-d6) δ -24.7. 

HRMS (m/z): calculated for C27H29ClF2N5O5+ [M + H]+ 576.1820, found 576.1816 

TLC: Rf = 0.5 (5% methanol-ethyl acetate, UV) 
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Compound 5. To a mixture of N-deshydroxyethyl dasatinib (100 mg, 0.225 mmol) and t-Boc-N-

amido-PEG12-acid (161.69 mg, 0.225 mmol) in N,N-dimethylformamide (1.13 mL) was added 

N,N-diisopropylethylamine (118 μL, 0.676 mmol). The solution was cooled in an ice-water bath 

before the addition of 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxide hexafluorophosphate (94 mg, 0.248 mmol) and stirred at room temperature overnight. The 

mixture was partitioned between ethyl acetate and water and the organic layer was washed with 

saturated sodium bicarbonate (3×), water (4×) and brine (2×), dried over sodium sulfate, filtered, 

and concentrated in vacuo. The crude was purified by flash chromatography over silica gel eluting 

with a gradient from 0% methanol-dichloromethane to 20% methanol-dichloromethane to afford 

compound 5 (223 mg, 0.195 mmol, 87% yield) as a pale yellow semisolid. 

 

1H NMR (600 MHz, DMSO-d6) δ 11.50 (s, 1H), 9.88 (s, 1H), 8.22 (s, 1H), z7 – 7.34 (m, 1H), 7.34 

– 7.19 (m, 2H), 6.81 – 6.63 (m, 1H), 6.06 (s, 1H), 3.65 (t, J = 6.6 Hz, 2H), 3.63 – 3.52 (m, 8H), 

3.52 – 3.42 (m, 44H), 3.37 (t, J = 6.1 Hz, 2H), 3.12 – 2.97 (m, 2H), 2.62 (t, J = 6.6 Hz, 2H), 2.42 

(s, 3H), 2.24 (s, 3H), 1.37 (s, 9H). 
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13C NMR (151 MHz, DMSO-d6) δ 169.1, 165.2, 162.5, 162.2, 159.9, 157.0, 155.6, 140.8, 138.8, 

133.5, 132.4, 129.0, 128.2, 127.0, 125.8, 82.7, 77.6, 70.1 – 69.3 (m, 22C), 69.2, 66.8, 44.3, 43.5, 

43.2, 40.5, 39.5, 32.9, 28.2 (3C), 25.6, 18.3. 

HRMS (m/z): calculated for C52H84ClN8O16S+ [M + H]+ 1143.5409, found 1143.5419 

TLC: Rf = 0.5 (20% methanol-dichloromethane) 

 

 

 

Compound 6. To a mixture of compound 5 (100 mg, 0.0874 mmol) in dichloromethane (0.874 

mL) was added trifluoroacetic acid (0.874 mL). The solution was stirred at room temperature for 

1 h before concentrating in vacuo to afford a pale yellow semisolid that was used directly in the 

next step. To a mixture of the crude amine, trifluoroacetic acid salt and compound 4 (55 mg, 0.0961 

mmol) in N,N-dimethylformamide (0.874 mL) was added N,N-diisopropylethylamine (46 μL, 

0.262 mmol). The solution was cooled in an ice-water bath before the addition of 1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 

hexafluorophosphate (37 mg, 0.0961 mmol) and stirred at room temperature overnight. The 

mixture was partitioned between ethyl acetate and water and the organic layer was washed with 

water (4×) and brine (2×), dried over sodium sulfate, filtered, and concentrated in vacuo. The crude 

was purified by flash chromatography over silica gel as follows: the crude was dry loaded into 
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N
N

NN

Me

H
N

O

O
O

O
O

O

O

O

O

O

NHBoc

O

O
O

S

NNH

OCl

Me

5 6

N
N

NN

Me

H
N

O

O
O

O
O

O

O

O

O

O

NH

O

O
O

O

NN

NN

H
N

O
OF

F
Cl

S

NNH

OCl

Me

O

1) TFA

2)

N N
H
N

O
OF

F
Cl

NN

O

OH

O

4
HATU, DIPEA

(71% over two steps)



 104 

to a methanol-dichloromethane solvent system, the desired product immediately eluted with 

additional impurities from the column. Fractions containing the desired product were then re-

subjected to flash chromatography over silica gel eluting with a gradient from 0% methanol-

dichloromethane to 20% methanol-dichloromethane to afford compound 6 (99 mg, 0.0618 mmol, 

71% yield over two steps) as a pale yellow solid. 

 

1H NMR (600 MHz, DMSO-d6) δ 11.50 (s, 1H), 10.33 (s, 1H), 9.88 (s, 1H), 8.84 (d, J = 2.4 Hz, 

1H), 8.22 (s, 1H), 8.08 (d, J = 2.4 Hz, 1H), 7.90 – 7.83 (m, 2H), 7.83 – 7.75 (m, 1H), 7.65 (d, J = 

1.7 Hz, 1H), 7.43 – 7.37 (m, 1H), 7.34 (d, J = 9.2 Hz, 2H), 7.31 – 7.19 (m, 2H), 6.47 (d, J = 1.7 

Hz, 1H), 6.06 (s, 1H), 5.16 (dd, J = 9.8, 2.5 Hz, 1H), 3.85 – 3.75 (m, 1H), 3.73 – 3.66 (m, 2H), 

3.65 (t, J = 6.6 Hz, 2H), 3.62 – 3.51 (m, 8H), 3.51 – 3.46 (m, 44H), 3.37 (t, J = 6.0 Hz, 2H), 3.33 

– 3.29 (m, 1H), 3.20 – 3.09 (m, 2H), 2.80 – 2.65 (m, 2H), 2.62 (t, J = 6.6 Hz, 2H), 2.42 (s, 3H), 

2.38 – 2.26 (m, 2H), 2.24 (s, 3H), 1.99 – 1.85 (m, 2H), 1.61 – 1.40 (m, 7H). 

13C NMR (151 MHz, DMSO-d6) δ 174.0, 169.1, 165.2, 163.6, 162.5, 162.2, 160.3, 159.9, 157.0, 

148.3, 145.0, 140.8, 140.8, 140.0, 139.4, 138.8, 138.4, 133.5, 132.4, 129.0, 128.2, 127.0, 125.8, 

125.0 (t, JC-F = 286.9 Hz), 121.9 (2C), 121.5 (2C), 120.8, 112.4, 106.6, 84.0, 82.7, 70.1 – 69.3 (m, 

22C), 69.1, 66.8, 66.7, 47.4, 47.1, 44.3, 43.5, 43.2, 41.5, 40.5, 38.4, 32.9, 29.0, 28.1, 27.9, 25.6, 

24.5, 22.1, 18.3. 

19F NMR (564 MHz, DMSO-d6) δ -24.7. 

HRMS (m/z): calculated for C74H102Cl2F2N13O18S+ [M + H]+ 1600.6526, found 1600.6644. 

TLC: Rf = 0.0 (ethyl acetate), Rf = 0.4 (20% methanol-dichloromethane) 
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DasatiLink-1. To a mixture of compound 9 (47 mg, 0.0293 mmol) in dichloromethane (0.293 mL) 

was added trifluoroacetic acid (0.293 mL). The solution was stirred at room temperature for 6 h 

before concentrating in vacuo. The residue was partitioned between ethyl acetate and saturated 

sodium bicarbonate. The aqueous layer was extracted with ethyl acetate (3×) and the combined 

organics were washed with brine (2×), dried over sodium sulfate, filtered, and concentrated in 

vacuo. The crude was purified by flash chromatography over silica gel eluting with a gradient from 

0% methanol-dichloromethane to 20% methanol-dichloromethane. Fractions containing the 

desired product were combined, concentrated in vacuo, and further purified by HPLC to afford 

DasatiLink-1 (32 mg, 0.0211 mmol, 72% yield) as a white solid. 

 

1H NMR (600 MHz, DMSO-d6) δ 13.02 (s, 1H), 11.50 (s, 1H), 10.39 (s, 1H), 9.88 (s, 1H), 8.74 

(d, J = 2.4 Hz, 1H), 8.34 (s, 1H), 8.22 (s, 1H), 7.97 – 7.52 (m, 4H), 7.43 – 7.37 (m, 1H), 7.34 (d, J 

= 8.7 Hz, 2H), 7.31 – 7.22 (m, 2H), 6.66 (s, 1H), 6.06 (s, 1H), 3.71 – 3.61 (m, 4H), 3.61 – 3.52 (m, 

8H), 3.52 – 3.44 (m, 44H), 3.39 (t, J = 6.0 Hz, 2H), 3.21 – 3.15 (m, 2H), 2.75 – 2.67 (m, 2H), 2.62 

(t, J = 6.6 Hz, 2H), 2.42 (s, 3H), 2.32 – 2.25 (m, 1H), 2.24 (s, 3H), 1.69 – 1.55 (m, 4H). 

13C NMR (151 MHz, DMSO-d6) δ 174.3, 169.1, 165.2, 164.1, 162.5, 162.2, 160.9, 159.9, 157.0, 

148.4, 146.5, 144.9, 140.8, 138.8, 138.5, 137.6, 133.5, 132.4, 129.7, 129.0, 128.2, 127.0, 125.8, 
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125.0 (t, JC-F = 286.9 Hz), 122.1, 121.9 (2C), 121.5 (2C), 118.2, 103.5, 82.8, 70.3 – 69.3 (m, 22C), 

69.1, 66.8, 48.4 (2C), 44.4, 43.5, 43.2, 41.7, 40.5, 38.5, 32.9, 28.1 (2C), 25.6, 18.3. 

19F NMR (564 MHz, DMSO-d6) δ -24.7. 

HRMS (m/z): calculated for C69H94Cl2F2N13O17S+ [M + H]+ 1516.5951, found 1516.6038 

TLC: Rf = 0.5 (20% methanol-dichloromethane) 

 

 

 

Reagents and conditions. (a) Aqueous LiOH, THF, 60 °C, 93%. (b) HATU, DIPEA, DMF, rt, 

63-81%. Abbreviations: HATU, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxide hexafluorophosphate; DIPEA, N,N-diisopropylethylamine; DMF, N,N-

dimethylformamide. 
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dichloromethane and 5% citric acid in water. The aqueous layer was extracted with 

dichloromethane (4×) and the combined organics were washed with brine (2×), dried over sodium 

sulfate, filtered, and concentrated in vacuo. The crude was purified by flash chromatography over 

silica gel eluting with a gradient from 0% methanol-dichloromethane to 20% methanol-

dichloromethane to afford rocagloic acid (66 mg, 0.138 mmol, 93% yield) as a white solid. 

 

1H NMR (400 MHz, DMSO-d6) δ 12.05 (s, 1H), 7.08 – 6.92 (m, 5H), 6.88 (d, J = 7.2 Hz, 2H), 

6.58 (d, J = 9.0 Hz, 2H), 6.27 (d, J = 1.9 Hz, 1H), 6.11 (d, J = 2.0 Hz, 1H), 5.01 (s, 1H), 4.95 (s, 

1H), 4.67 (d, J = 5.7 Hz, 1H), 4.10 (d, J = 14.0 Hz, 1H), 3.79 (dd, J = 14.2, 5.7 Hz, 1H), 3.78 (s, 

3H), 3.74 (s, 3H), 3.60 (s, 3H). 

13C NMR (100 MHz, DMSO-d6) δ 171.2, 162.6, 160.5, 157.8, 157.4, 138.7, 128.7, 128.7 (2C), 

127.7 (2C), 127.3 (2C), 125.7, 111.8 (2C), 108.4, 101.4, 93.3, 91.8, 88.4, 78.8, 55.5, 55.4, 54.7, 

54.7, 50.9. 

TLC: Rf = 0.6 (20% methanol-dichloromethane) 
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hexafluorophosphate (26 mg, 0.0684 mmol) and stirred at room temperature overnight. The 

mixture was partitioned between ethyl acetate and water and the organic layer was washed with 

water (4×) and brine (2×), dried over sodium sulfate, filtered, and concentrated in vacuo. The crude 

was purified by flash chromatography over silica gel eluting with a gradient from 0% methanol-

dichloromethane to 10% methanol-dichloromethane to afford BisRoc-1 (33 mg, 0.0225 mmol, 

72% yield) as a white solid. 

 

1H NMR (400 MHz, DMSO-d6) δ 8.39 – 8.19 (m, 2H), 7.10 – 6.99 (m, 8H), 6.99 – 6.88 (m, 6H), 

6.59 (d, J = 8.9 Hz, 4H), 6.27 (d, J = 1.9 Hz, 2H), 6.10 (d, J = 2.0 Hz, 2H), 4.94 (s, 2H), 4.59 – 

4.50 (m, 4H), 4.17 (d, J = 14.1 Hz, 2H), 3.85 (dd, J = 14.1, 5.0 Hz, 2H), 3.77 (s, 6H), 3.73 (s, 6H), 

3.60 (s, 6H), 3.53 – 3.43 (m, 40H), 3.37 – 3.27 (m, 4H), 3.23 – 3.08 (m, 4H). 

13C NMR (100 MHz, DMSO-d6) δ 170.3 (2C), 162.6 (2C), 160.6 (2C), 157.9 (2C), 157.4 (2C), 

138.5 (2C), 128.9 (2C), 128.7 (4C), 127.9 (4C), 127.3 (4C), 125.7 (2C), 111.7 (4C), 108.5 (2C), 

101.3 (2C), 93.3 (2C), 91.7 (2C), 88.4 (2C), 78.9 (2C), 69.8 (16C), 69.7 (2C), 69.6 (2C), 69.1 (2C), 

55.5 (2C), 55.4 (2C), 55.3 (2C), 54.7 (2C), 50.0 (2C), 38.6 (2C). 

TLC: Rf = 0.2 (10% methanol-dichloromethane) 
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BisRoc-2. The same procedure as for BisRoc-1, using amino-PEG4-amine as starting material 

with scaled reagents, afforded BisRoc-2 (23 mg, 0.0199 mmol, 63% yield) as a white solid. 

 

1H NMR (400 MHz, DMSO-d6) δ 8.40 – 8.19 (m, 2H), 7.11 – 6.99 (m, 8H), 6.99 – 6.88 (m, 6H), 

6.59 (d, J = 9.0 Hz, 4H), 6.27 (d, J = 2.0 Hz, 2H), 6.10 (d, J = 2.0 Hz, 2H), 4.95 (s, 2H), 4.54 (d, 

J = 5.3 Hz, 4H), 4.17 (d, J = 14.1 Hz, 2H), 3.85 (dd, J = 14.2, 5.3 Hz, 2H), 3.77 (s, 6H), 3.73 (s, 

6H), 3.60 (s, 6H), 3.51 (s, 4H), 3.50 – 3.47 (m, 4H), 3.47 – 3.43 (m, 4H), 3.39 – 3.26 (m, 4H), 3.22 

– 3.09 (m, 4H). 

13C NMR (100 MHz, DMSO-d6) δ 170.3 (2C), 162.6 (2C), 160.6 (2C), 157.9 (2C), 157.4 (2C), 

138.5 (2C), 128.9 (2C), 128.7 (4C), 127.9 (4C), 127.3 (4C), 125.7 (2C), 111.7 (4C), 108.5 (2C), 

101.3 (2C), 93.3 (2C), 91.7 (2C), 88.4 (2C), 78.9 (2C), 69.8 (2C), 69.7 (2C), 69.6 (2C), 69.1 (2C), 

55.4 (2C), 55.4 (2C), 55.3 (2C), 54.7 (2C), 50.0 (2C), 38.6 (2C). 

TLC: Rf = 0.3 (10% methanol-dichloromethane) 

 

 

 

BisRoc-3. The same procedure as for BisRoc-1, using amino-PEG2-amine as starting material 

with scaled reagents, afforded BisRoc-3 (27 mg, 0.0253 mmol, 81% yield) as a white solid. 
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1H NMR (400 MHz, DMSO-d6) δ 8.47 – 8.11 (m, 2H), 7.13 – 6.99 (m, 8H), 6.99 – 6.89 (m, 6H), 

6.59 (d, J = 9.0 Hz, 4H), 6.27 (d, J = 2.0 Hz, 2H), 6.10 (d, J = 2.0 Hz, 2H), 4.96 (s, 2H), 4.54 (d, 

J = 5.3 Hz, 4H), 4.18 (d, J = 14.1 Hz, 2H), 3.85 (dd, J = 14.1, 5.2 Hz, 2H), 3.78 (s, 6H), 3.72 (s, 

6H), 3.60 (s, 6H), 3.43 (s, 4H), 3.39 – 3.26 (m, 4H), 3.22 – 3.09 (m, 4H). 

13C NMR (100 MHz, DMSO-d6) δ 170.3 (2C), 162.6 (2C), 160.6 (2C), 157.9 (2C), 157.4 (2C), 

138.4 (2C), 128.8 (2C), 128.7 (4C), 127.9 (4C), 127.3 (4C), 125.7 (2C), 111.7 (4C), 108.5 (2C), 

101.3 (2C), 93.3 (2C), 91.7 (2C), 88.4 (2C), 78.9 (2C), 69.5 (2C), 69.1 (2C), 55.5 (2C), 55.4 (2C), 

55.3 (2C), 54.7 (2C), 50.0 (2C), 38.6 (2C). 

TLC: Rf = 0.3 (10% methanol-dichloromethane) 
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Figure 2.1 | IFITM proteins promote the cellular activity of a bitopic MTOR inhibitor. (A) 
Chemical structures of MTOR inhibitors. (B) Gene phenotypes from genome-scale CRISPRi and 
CRISPRa screens in K562 cells. Genes involved in MTOR complex 1 (MTOR and RPTOR), a 
requisite rapamycin inhibitory complex partner (FKBP12), and clade I IFITM proteins (IFITM1, 
IFITM2, and IFITM3) are highlighted. Data represent two biological replicates. (C) Spearman 
correlation coefficients between RapaLink-1 sensitivity, as measured by dose-response data, and 
transcript abundance, as measured by RNA sequencing (see also Fig. 2.5). Dose-response data are 
expressed as area under the curve (AUC) and RNA sequencing data are expressed as transcripts 
per million (TPM). Genes are highlighted as in (B). (D) Immunoblots of K562 CRISPRi cells 
expressing sgRNAs treated with RapaLink-1 (3 nM) for the times indicated. (E and F) Viability 
of K562 CRISPRi (E) or CRISPRa (F) cells expressing sgRNAs treated with RapaLink-1. Data 
represent means of three biological replicates; error bars denote SD. 
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Figure 2.2 | CRISPRi/a screening in K562 cells identifies genes that determine cellular 
response to MTOR inhibitors. (A) Population doublings of K562 CRISPRi cells over the course 
of functional genomics screens. Arms correspond to continuous inhibitor treatment with the 
indicated concentrations. Data represent means of two biological replicates; error bars denote SD. 
(B) sgRNA phenotypes derived from growth selections in (A). Targeting sgRNAs (black) and non-
targeting sgRNAs (gray) are plotted for two biological replicates. (C) As in (A) for K562 CRISPRa 
cells. (D) As in (B) for K562 CRISPRa cells. 
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Figure 2.3 | Established MTOR regulatory mechanisms modulate sensitivity/resistance to 
MTOR inhibitors. (A) Pathway map of chemical-genetic interactions with a 1:1 mixture of 
sapanisertib and rapamycin in a genome-scale K562 CRISPRi screen. Color intensities portray 
phenotype strength and circle diameters represent -log10 Mann-Whitney P values. Data represent 
two biological replicates. (B) As in (A) for RapaLink-1. 
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Figure 2.4 | IFITM protein expression synergizes specifically with RapaLink-1 inhibitory 
activity in K562 CRISPRi/a cells. (A) Schematic of the human IFITM locus located within 
chromosome 11 annotated with positions targeted by sgRNAs described herein. (B) Immunoblots 
of K562 CRISPRi cells stably expressing sgRNAs. Cells were collected for assessment 30 days 
following selection for sgRNA+ cells. Data representative of three biological replicates. (C) as in 
(B) for K562 CRISPRa cells collected for assessment 15 days following selection for sgRNA+ 
cells. (D and E) K562 CRISPRi (D) or CRISPRa (E) cells transduced with sgRNAs were grown 
in the presence or absence of continuous inhibitor treatment (1 nM) as in the corresponding 
genome-scale screens. Relative populations of transduced (sgRNA+) and non-transduced 
(sgRNA-) cells were determined by flow cytometry at the indicated times. Data represent means 
of three biological replicates; error bars denote SD. 
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Figure 2.5 | Basal IFITM protein expression correlates specifically with RapaLink-1 
inhibitory activity across diverse cancer cell lines. (A and B) Spearman correlation coefficients 
between sapanisertib (A) or rapamycin (B) sensitivity, as measured by dose-response data, and 
transcript abundance, as measured by RNA sequencing (see also Fig. 2.1C). (C) Data used to 
correlate IFITM1, IFITM2, and IFITM3 transcript abundance and inhibitor sensitivity in (A and 
B, and Fig. 2.1C). Points represent individual cell lines with Spearman correlation coefficients (ρ) 
indicated for each transcript. Pearson correlation coefficients (r) and linear regressions provided 
for visualization. 
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Figure 2.6 | Simultaneous knockdown of IFITM1, IFITM2, and IFITM3, by three sgRNAs 
confers resistance specifically to RapaLink-1. (A) Immunoblots of K562 CRISPRi cells stably 
expressing three sgRNAs from a single vector. Cells were collected for assessment 30 days 
following selection for sgRNA+ cells. Data representative of three biological replicates. (B) K562 
CRISPRi cells transduced with three sgRNAs from a single vector were grown in the presence or 
absence of continuous inhibitor treatment (1 nM) as in the corresponding genome-scale screens. 
Relative populations of transduced (sgRNA+) and non-transduced (sgRNA-) cells were 
determined by flow cytometry at the indicated times. Data represent means of three biological 
replicates; error bars denote SD. 
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Figure 2.7 | IFITM proteins promote the cellular uptake of linked chemotypes. (A) Chemical 
structures of fluorescent RapaLink-1 analogs. (B) Measurement of fluorescent molecule uptake in 
K562 CRISPRi cells expressing sgRNAs (sgRNA+). Cells were incubated with TAMRA-N3 (10 
nM), TAMRA-PEG8-N3 (1 μM), or RapaTAMRA (1 nM) for 24 h. Uptake modulation by sgRNAs 
was quantified by internal normalization to non-transduced cells (sgRNA-) present within the 
mixture (i.e. relative cellular uptake). Data representative of three biological replicates. (C) 
Changes in uptake of fluorescent molecules by sgRNAs targeting IFITM1-3 as in (B and Fig. 
2.8A). Relative cellular uptake < 1 indicates decreased uptake and > 1 indicates increased uptake. 
Data represent means of three biological replicates. (D) Confocal microscopy images of RPE-1 
CRISPRi cells expressing indicated sgRNAs (blue) and treated for 24 hours with RapaTAMRA 
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(magenta) and LysoTracker (green). sgRNA+ cells are traced with dotted outlines (yellow) in left 
two columns for clarity. Scale bar denotes 20 µm. 
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Figure 2.8 | IFITM proteins promote the intracellular accumulation of linked chemotypes. 
(A) Measurement of fluorescent molecule uptake in K562 CRISPRa cells expressing sgRNAs 
(sgRNA+). Cells were incubated with TAMRA-N3 (10 nM), TAMRA-PEG8-N3 (1 μM), or 
RapaTAMRA (1 nM) for 24 h. Data representative of three biological replicates. (B) Correlation 
between relative cellular uptake values for RapaTAMRA in (Fig. 2.7C) and sensitivity/resistance 
phenotypes from RapaLink-1 CRISPRi/a screens. (C) Box and whisker plots (center, median; box, 
interquartile range; whiskers, 5-95 percentile; points, outliers) quantifying RapaTAMRA 
subcellular localization in RPE-1 CRISPRi cells expressing sgRNAs as measured by confocal 
microscopy (see also Fig. 2.7D). Median fluorescence data are expressed in arbitrary units (AU). 
Quantification was performed on > 30 cells per condition across 3 biological replicates. ****P < 
0.0001 by an unpaired t test. n.s., not significant. 
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Figure 2.9 | Endosomal and sterol regulatory pathways specifically modulate RapaLink-1 
cellular activity. (A) Pathway map of chemical-genetic interactions with a 1:1 mixture of 
sapanisertib and rapamycin in a genome-scale K562 CRISPRi screen. Color intensities portray 
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phenotype strength and circle diameters represent -log10 Mann-Whitney P values. Data represent 
two biological replicates. (B) As in (A) for RapaLink-1. 
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Figure 2.10 | Design and characterization of an IFITM-assisted bitopic BCR-ABL1 inhibitor. 
(A) Molecular model of ABL1 kinase domain. The model was constructed by aligning two crystal 
structures: one bound to dasatinib (PDB, 2GQG) and one bound to asciminib (PDB, 5MO4). (B) 
Chemical structures of BCR-ABL1 inhibitors. (C and D) Viability of K562 CRISPRi (C) or 
CRISPRa (D) cells expressing sgRNAs treated with DasatiLink-1. Data represent means of three 
biological replicates; error bars denote SD. (E) In-cell kinase occupancy profiling of DasatiLink-
1 and an unlinked control (a 1:1 mixture of dasatinib and asciminib) at equimolar concentration 
(100 nM). Data represent three biological replicates. (F) As in (E) for kinases occupied following 
10 nM, 100 nM, and 1 μM inhibitor treatments. 
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Figure 2.11 | DasatiLink-1 engages ABL1 kinase through a bitopic mechanism. (A) 1H-15N 
heteronuclear single quantum coherence (HSQC) spectra of ABL1 kinase domain in the presence 
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of dasatinib (blue), asciminib (green), dasatinib + asciminib (red), and DasatiLink-1 (black). (B) 
Chemical shift differences for assigned residues in ABL1 kinase domain resulting from 
interactions with different inhibitors as in (A). δ (ppm) > 0.1 indicates a major chemical shift 
difference. (C) ATP-site pulldown of ABL1 kinase domain in the presence of inhibitor with or 
without addition of 100-fold molar excess asciminib (Asc). Data represent two biological 
replicates. 
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Figure 2.12 | Longer linker length correlates with greater IFITM assistance in a series of 
linked rocaglamide analogs. (A) Crystal structure of rocaglamide bound to EIF4A1 and 
polypurine RNA showing adjacent symmetry mates (PDB, 5ZC9). (B) Chemical structures of 
EIF4A1 inhibitors. (C and D) Viability of K562 CRISPRi (C) or CRISPRa (D) cells expressing 
sgRNAs treated with BisRoc-1 or rocaglamide. Data represent means of three biological replicates; 
error bars denote SD. (E) Chemical structures of a BisRoc linker length series (see also Fig. 2.13B). 
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Figure 2.13 | IFITM proteins assist the cellular activity of diverse linked chemotypes. (A) 
Heavy atom skeletons of compounds assessed for IFITM assistance (see also Fig. 2.14 for 
chemical structures). Compounds were categorized as non-linked chemotypes (compounds 1-8, 
black), linked chemotypes with short linkers (compounds 9-14, gray), or linked chemotypes with 
long linkers (compounds 15-17, green). (B) Chemical-genetic interaction map of inhibitors in (A) 
with IFITM1, IFTM2, and IFITM3. Potency, as measured by IC50 in a cell viability assay (see also 
Fig. 2.1F, Fig. 2.10D, or Fig. 2.12D for example source data), was normalized to that of non-
sgRNA-expressing K562 CRISPRi or CRISPRa cells. Physicochemical properties, including 
molecular weight (MW) and number of rotatable bonds, with their respective traditional thresholds 
for drug-likeness are indicated (right). Data represent means of three biological replicates. (C) 
Map of chemical space populated by 301 kinase inhibitors in clinical development (black), 2258 
PROTACs reported in the literature (gray), and 3 linked chemotypes described herein (green). 
Boundaries represent traditional guidelines for drug-likeness. 
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Figure 2.14 | Chemical structures of inhibitors assessed for IFITM assistance. 
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Table 2.1 | Computed physicochemical properties of compounds described herein. 
 

 

              
       

 MWa Rotatable 
bondsb cLogPa HBDsa HBAsa TPSAb 

 ≤ 500 ≤ 10 ≤ 5 ≤ 5 ≤ 10 ≤ 140 Å2 
              

Non-linked chemotypes:     

       

Asciminib 449.84 7 3.60 3 8 103.37 
Dasatinib 488.01 8 3.46 3 9 134.75 
GNF-2 374.32 6 4.66 2 6 90.13 
HJB97 500.55 8 5.05 3 11 135.78 
JQ1 456.99 5 4.97 0 6 97.61 
Rapamycin 914.17 6 6.12 3 14 195.43 
Rocaglamide 505.56 7 3.05 2 8 97.69 
Sapanisertib 309.33 2 3.54 2 8 121.67 
TAMRA-N3 512.56 9 2.94 1 10 138.37 
              
Linked chemotypes:      

       

BETd-260 798.89 15 6.86 4 16 202.26 
BisRoc-1 1465.6 50 6.14 6 27 314.49 
BisRoc-2 1157.3 29 6.02 6 20 249.88 
BisRoc-3 1069.2 23 5.99 6 18 231.42 
DasatiLink-1 1517.5 55 8.35 5 30 354.59 
dBET6 841.37 18 5.73 3 15 222.29 
GMB-475 861.93 21 7.21 4 14 205.37 
MZ1 1002.6 25 6.14 4 17 267.97 
RapaLink-1 1784.1 46 9.74 5 36 448.98 
RapaTAMRA 1847.2 44 8.88 3 33 386.83 
TAMRA-PEG8-N3 850.95 32 2.68 1 18 212.21 
              
aGuideline based on Lipinski et al. Adv. Drug Deliver. Rev. 23, 3–25 (1997). 
bGuideline based on Veber et al. J. Med. Chem. 45, 2615–2623 (2002). 
MW = molecular weight, cLogP = calculated logarithm of octanol-water partition 
coefficienct, HBDs = hydrogen bond donors, HBAs = hydrogen bond acceptors, TPSA = 
topological polar surface area 
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Table 2.2 | Sequences of sgRNA protospacers described herein. 
 

  

    
  

 Protospacer sequence 
    

  

NegCtrl sg GAACGACTAGTTAGGCGTGTA 
TriNegCtrl sg (1/3) GACGACTAGTTAGGCGTGTA 
TriNegCtrl sg (2/3) GGCCAAACGTGCCCTGACGG 
TriNegCtrl sg (3/3) GCCTTGGCTAAACCGCTCCC 
    
CRISPRi:  

  

FKBP12 i-sg1 GACGGCTCTGCCTAGTACCT 
FKBP12 i-sg2 GCCCAGGAGACGGTGAGTAG 
IFITM1 i-sg1 GGTGGAGCGAAGGGCCGCTG 
IFITM1 i-sg2 GGAAGGGCCGCTGTGGTGTC 
IFITM2 i-sg1 GAGAGAAGGTTTGCACAATG 
IFITM2 i-sg2 GTGTGGTTCATGGTGACCAG 
IFITM3 i-sg1 GGGTGGAGCTCCAGGCTCAG 
IFITM3 i-sg2 GGCACCCTCTGAGCATTCCC 
    
CRISPRa:  

  

FKBP12 a-sg1 GTCCCGGAAACCCAGGCCTC 
FKBP12 a-sg2 GGGGCAGGGAGATGCTTAAC 
IFITM1 a-sg1 GGGCCCTGGGGATTTTACCC 
IFITM1 a-sg2 GGAGGAAAGGCTGAAGGCTA 
IFITM2 a-sg1 GAGCTGGCCAGGGCCAGATA 
IFITM2 a-sg2 GTCAAATGCAGAGCTGGCCA 
IFITM3 a-sg1 GATTTGGCCGGGGCCAGATG 
IFITM3 a-sg2 GGAGCCCTGAACCGGGACAG 
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