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Abstract  47 

Approved inhibitors of KRASG12C prevent oncogenic activation by sequestering the 48 

inactive, GDP-bound (OFF) form rather than directly binding and inhibiting the active, 49 

GTP-bound (ON) form. This approach provides no direct target coverage of the active 50 

protein. Expectedly, adaptive resistance to KRASG12C (OFF)-only inhibitors is observed in 51 

association with increased expression and activity of KRASG12C(ON). To provide optimal 52 

KRASG12C target coverage, we have developed BBO-8520, a first-in-class, direct dual 53 

inhibitor of KRASG12C(ON) and (OFF) forms. BBO-8520 binds in the Switch-II/Helix3 54 

pocket, covalently modifies the target cysteine and disables effector binding to 55 

KRASG12C(ON). BBO-8520 exhibits potent signaling inhibition in growth factor activated 56 

states where current (OFF)-only inhibitors demonstrate little measurable activity. In vivo, 57 

BBO-8520 demonstrates rapid target engagement and inhibition of signaling, resulting in 58 

durable tumor regression in multiple models, including those resistant to KRASG12C(OFF)-59 

only inhibitors. BBO-8520 is in Phase 1 clinical trials in patients with KRASG12C non-small 60 

cell lung cancer (NSCLC). 61 

Statement of Significance 62 

BBO-8520 is a first-in-class direct, small molecule covalent dual inhibitor that engages 63 

KRASG12C in both the active (ON) and inactive (OFF) conformations. BBO-8520 64 

represents a novel mechanism of action that allows for optimal target coverage and 65 

delays the emergence of adaptive resistance seen with (OFF)-only inhibitors in the clinic. 66 

Introduction  67 
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RAS is the most frequently mutated oncogene in human cancer.  RAS mutations 68 

occur in approximately 260,000 new cancer cases per year in the United States, and 3.4 69 

million per year worldwide [1]. RAS genes encode small GTPase proteins which cycle 70 

between active GTP-bound (ON) and inactive GDP-bound (OFF) states. In the (ON) 71 

state, RAS activates multiple downstream signaling pathways, including the mitogen-72 

activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) pathway,  73 

promoting proliferation, migration, and survival [2]. KRASG12C is an oncogenic mutation 74 

which leads to insensitivity to GTPase activating protein (GAP)-mediated hydrolysis, 75 

which significantly increases the proportion of KRASG12C in the (ON) state and promotes 76 

tumor cell growth [2]. KRASG12C mutations are found in approximately 14% of non-small 77 

cell lung cancers (NSCLCs), 3% of colorectal cancers (CRCs), and 1% of pancreatic 78 

cancers [3]. 79 

Sotorasib (AMG-510, LUMAKRAS™) and adagrasib (MRTX-849, KRAZATI™) are 80 

allele-specific KRASG12C(OFF) covalent inhibitors, which have been approved for patients 81 

with KRASG12C locally advanced or metastatic NSCLC [4-6]. While these inhibitors have 82 

improved the treatment paradigm for patients with tumors harboring KRASG12C mutations, 83 

they are limited with regards to the depth and duration of response, which are suboptimal 84 

compared to other driver-targeted therapies in NSCLC,  like osimertinib and alectinib [7, 85 

8]. This suboptimal efficacy from (OFF)-only inhibitors is likely driven by cancer cell 86 

adaptation through increasing the amount of drug-insensitive KRASG12C(ON)  [9-11]. 87 

Patient responses may be improved with a compound that can inhibit KRASG12C(ON). In 88 

fact, clinical data from RMC-6291 [12], a KRASG12C(ON)-only inhibitor that depends on a 89 
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tri-complex formation with cyclophilin A, has recently reported an objective response rate 90 

of 50% in NSCLC patients with recent prior KRASG12C(OFF)-only inhibitor treatment [13].  91 

Here we introduce BBO-8520, a potent, selective, orally bioavailable, direct 92 

covalent inhibitor of KRASG12C, with dual activity against both the (OFF) and (ON) states 93 

of KRASG12C. BBO-8520 is predicted to be more efficacious than sotorasib and adagrasib 94 

due to optimal target coverage of both the (ON) and (OFF) states, increased target 95 

engagement, and the potential to overcome sotorasib and adagrasib resistance 96 

mechanisms, including KRASG12C amplification and activation of receptor tyrosine 97 

kinases (RTKs). 98 

 99 

Results 100 

Identification of BBO-8520 101 

While exploring the druggable space in the Switch-II/Helix3 pocket of KRAS, we 102 

identified compound 1, with a quinazoline scaffold, which displayed a dissociation 103 

constant (KD) of 0.009 μM with GDP-bound KRASG12D and sub-micromolar affinity (KD of 104 

0.52 μM) binding to KRASG12D in the active conformation bound to nonhydrolyzable GTP 105 

analogue GppNHp (Fig. 1A).  We hypothesized that binding of compound 1 to 106 

KRASG12D(ON) may cause conformational changes in the protein leading to disruption of 107 

RAS/effector interaction. To evaluate the effectiveness of compound 1 in disrupting 108 

KRASG12D and RAF1 binding, we used a biochemical protein-protein interaction (PPI) 109 

HTRF (Homogeneous Time-Resolved Fluorescence) assay. Compound 1 disrupted 110 

KRASG12D binding to the RAS-binding domain (RBD) of RAF1 with an IC50 of 1.4 μM.  111 
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This measurable noncovalent activity against KRASG12D(ON) inspired the 112 

development of dual inhibitors that could bind covalently to cysteine 12 in both (ON) and 113 

(OFF) states of KRASG12C. Adding an acrylamide warhead to compound 1 gave rise to 114 

compound 2. Using a MALDI-TOF mass spectrometry-based assay, we evaluated target 115 

engagement in KRASG12C proteins in both (ON) and (OFF) conformations.  Compound 2 116 

showed covalent modification of C12 in the (ON) state of KRASG12C although to a lesser 117 

degree than in the (OFF) state (Fig. 1B). Interestingly, the ability to modify KRASG12C 118 

(ON) translated to strong activity in the KRASG12C/RAF1(RBD) PPI disruption assay with 119 

an IC50 of 140 nM (Fig. 1B). Further modification of the quinazoline 2- and 4-positions to 120 

improve cell potency and ADME properties (clearance and oral bioavailability) gave rise 121 

to compound 3. Although compound 3 showed equal potency against the GDP- and 122 

GppNHp-bound proteins in the MALDI-TOF assay (>90% modification), it lost significant 123 

potency when the natural ligand (GTP) was used instead of the non-hydrolysable 124 

analogue GppNHp (38% modified). The loss of potency against the GTP-bound protein 125 

was also observed in the PPI assay where the 120 nM IC50 for GppNHp-bound protein 126 

shifted 30-fold with the GTP-bound protein (Fig. 1B). This discrepancy could be attributed 127 

to an artificial increase in State 1 conformation of KRASG12C protein resulting from the use 128 

of the nucleotide mimetic [14].  129 

Further optimization using structure-based drug design to improve binding to 130 

KRASG12C identified BBO-8520 (Fig. 1A), a potent, selective, and direct dual inhibitor of 131 

KRASG12C in both (ON) and (OFF) states. BBO-8520 engaged the target cysteine (C12) 132 

rapidly, regardless of nucleotide status, including GTP, as evidenced by MALDI-TOF 133 

mass spectrometry measurements (Fig. 1B). BBO-8520 also potently disrupted 134 
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KRASG12C/RAF1(RBD) interaction with an IC50 of less than 100 nM whether KRASG12C 135 

was bound to GppNHp or GTP (Fig. 1B). As expected, both sotorasib and adagrasib 136 

showed no activity in this assay.  137 

To confirm the improved potency of BBO-8520 in comparison to sotorasib and 138 

adagrasib, we determined the Kinact/KI of sotorasib, adagrasib, and BBO-8520 using a 139 

mass spectrometry-based method as well as measuring the inhibition of pERK in NCI-140 

H358 cells.  BBO-8520 had a Kinact/Ki of 20,000 M-1s-1 in GTP-bound (ON) and 2,743,000 141 

M-1s-1 in GDP-bound (OFF) KRASG12C, compared to sotorasib and adagrasib which had 142 

no activity against (ON), and 11,000 and 180,000 M-1s-1 against (OFF) conformations of 143 

the protein, respectively (Fig. 1C and Supplementary Fig. S1A-D). In the heterozygous 144 

KRASG12C cell line, NCI-H358, BBO-8520 had a Kinact/Ki of 43,000 M-1s-1 compared to 145 

1,064 M-1s-1 for adagrasib and 776 M-1s-1 for sotorasib for a 40 and 55-fold increase, 146 

respectively (Supplementary Fig. S1E&Fs). BBO-8520 consistently showed stronger 147 

activity against the KRASG12C(OFF) protein than the KRASG12C (ON) state in all assays. 148 

 149 

BBO-8520 binds to both (ON) and (OFF) KRASG12C as revealed by crystal structures 150 

To gain structural insights into the binding modes of BBO-8520 to KRASG12C, we 151 

tethered the compound to GDP- and GppNHp-bound proteins and solved their crystal 152 

structures at 1.67 Å and 2.10 Å resolution, respectively (Supplementary Table S1). Both 153 

crystal structures showed a high degree of similarity, with BBO-8520 binding in the pocket 154 

between Switch-II and alpha Helix 3 (Fig. 2A). The Switch-I region responsible for binding 155 

effectors adopts the open conformation in both structures. While Switch-I does not 156 

interact with BBO-8520 directly, its C-terminal end is affected by the conformation that 157 
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Switch-II adopts to accommodate the ligand. Importantly, in the GppNHp-bound structure, 158 

Switch-I moves away from the nucleotide, adopting a state 1 conformation that is not 159 

compatible with effector-binding. This conformation, also detected by 31P NMR as 160 

described below, is characterized by the loss of direct coordination between the hydroxyl 161 

group of T35 and the Mg2+ ion.  162 

In the interaction of BBO-8520 with KRASG12C(OFF), the quinazoline core is 163 

sandwiched between E62 and Y96, and the nitrogen at the N1 position makes a H-bond 164 

with the H95 side chain (Fig. 2B). At the C2 position, the pyrrolizidine group rests between 165 

H95 and D92, and its positively charged nitrogen makes a salt bridge with E62. The CF3 166 

at the C6 position and the aminobenzothiophene at the C7 position make extensive van 167 

der Waals contacts with residues in the C-terminal halves of Switch-II and Helix 3. 168 

Furthermore, the amino group of the aminobenzothiophene forms H-bonds with the D69 169 

side chain and the backbone carbonyl of E63. The cyano group substituted at the 3-170 

position of the aminobenzothiophene makes a H-bond with the backbone NH of E63. 171 

Alternatively, it could engage in a water-mediated interaction with R68. At the C4 position, 172 

the dimethylpiperazine adopts a chair conformation with the 2-methyl pointing towards 173 

A59 of Switch-II and the 5-methyl sandwiched between the C12 sulfur and the quinazoline 174 

N3 nitrogen (Fig. 2C). The acrylamide vinyl forms a covalent bond with the sulfur of C12, 175 

and the acrylamide carbonyl makes a H-bond with the K16 side chain.  176 

In the (ON) structure, the interactions between BBO-8520 and KRASG12C remained 177 

largely the same, with the quinazoline core, pyrrolizidine, CF3 and aminobenzothiophene 178 

making the same H-bond and salt bridge contacts with E62, E63, R68, D69 and H95 (Fig. 179 

2D). However, at the C4 position, the dimethylpiperazine rotates by ca. 180°, such that 180 
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 10 

the 5-methyl points towards Switch-II and makes van der Waals contacts with both A59 181 

and G60, while the 2-methyl sits next to the quinazoline N3 nitrogen (Fig. 2E). This 182 

rotation is triggered by the repositioning of the acrylamide, necessary because the 183 

carbonyl is now too close (2 Å) to the gamma-phosphate of the GppNHp (Fig. 2F-G). 184 

Consequently, this rotation results in the loss of the H-bond between the acrylamide 185 

carbonyl and the K16 side chain that is partially compensated by the van der Waals 186 

contact with the G60 backbone (Fig. 2E). Overall, the BBO-8520 binding pose is very 187 

similar in both structures, especially for the aminobenzothiophene component, while the 188 

slight tilt of the core is well accommodated by the protein (Fig. 2F). These properties allow 189 

BBO-8520 to bind tightly to both (ON) and (OFF) states of KRASG12C, although its affinity 190 

for KRASG12C(ON) is lower likely due to the loss of the H-bond to K16. The electron density 191 

maps of BBO-8520 bound to KRASG12C in both (ON) and (OFF) states are shown in 192 

Supplementary Fig. S2A-D. 193 

 194 

BBO-8520 displays a dual (ON/OFF) mechanism of action and differential 195 

selectivity for KRASG12C 196 

In solution, GTP-bound (ON) RAS exists in two interconverting conformational 197 

states, state 1 (signaling incompetent) and state 2 (signaling competent). This can be 198 

observed as two separate γ phosphate (γP) peaks (γ1 and γ2, respectively) in 31P NMR 199 

spectroscopy. When in complex with effector RAF1(RBD), the state 2 conformation of 200 

RAS is stabilized.  201 

We investigated perturbation of the KRASG12C(ON) state 1 - state 2 conformational 202 

equilibrium upon BBO-8520 binding using 31P NMR. As depicted in Fig. 3A, BBO-8520 203 
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binding significantly alters the protein conformational equilibrium resulting in the 204 

emergence of a new predominant γ1Protein-Ligand (γ1PL) peak at ~ -4.5 ppm, and a 205 

reduced γ1 peak (< 10% of peak intensity relative to γ1PL). The γ1PL peak represents a 206 

“state 1 – like” (signaling incompetent) inactive conformation. This perturbation profile 207 

strongly resembles that reported recently for KRASG12C(ON) binding of a close analog of 208 

BBO-8520 [14]. A considerable perturbation is also noted for the β peak (shifted by -1.4 209 

ppm relative to β2), however, to a lesser degree than noted for the γ peak, whereas the α 210 

peak is mostly unaffected. Importantly, the signaling competent conformer (γ2) is not 211 

apparent in the spectrum. The downfield shift of γ1PL from γ1 in the protein-ligand (PL) 212 

complex is largely due to the induced displacement of the Switch-I region away from the 213 

nucleotide and suggests that the strong inhibitory effect of BBO-8520 is due to forcing 214 

KRASG12C into a signaling incompetent (inactive) conformation.  215 

The addition of equimolar RAF1(RBD) to KRASG12C(ON) in the PL binary sample 216 

induces a conformational redistribution by shifting nearly half of the γ1PL peak to γ1 only, 217 

representing effector binding-deficient state 1, and does not shift back to the signaling-218 

competent state 2 (Fig. 3A).  Spoerner et al noted that RAS mutants were non-oncogenic 219 

if the presence of effector protein was unable to shift the state 1 conformation to state 2 220 

[15]. The inability of RAF1(RBD) to induce state 2 in the KRASG12C(ON) – BBO-8520 221 

complex indicates that the compound forces the GTP-bound (ON) protein into the 222 

inactive, effector binding-deficient conformation. This NMR-based mechanistic data, 223 

together with evidence provided on Fig. 3B that BBO-8520 potently inhibits SOS-224 

mediated nucleotide exchange, demonstrate a dual mechanism of action encompassing 225 
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inducing the state 1 (effector binding deficient) conformation in KRASG12C (ON) as well as 226 

locking KRASG12C(OFF) in its inactive state. 227 

Next, we used mouse embryonic fibroblasts (MEFs) expressing unique RAS 228 

isoforms, and KRAS mutants, to test the potency and selectivity of BBO-8520 [16]. 229 

Treatment of MEFs with BBO-8520 showed no activity against HRAS, NRAS and 230 

BRAFV600E (IC50>10 mM) confirming exquisite selectivity for the KRAS protein. As 231 

expected, BBO-8520 displayed the highest activity against KRASG12C with single digit nM 232 

IC50 on pERK inhibition (>10x better than sotorasib and adagrasib) (Fig.3C). Interestingly, 233 

the improved noncovalent interactions within the binding pocket allowed BBO-8520 to 234 

gain potency against other KRAS mutant isoforms or WT protein. This was also observed 235 

in the nucleotide exchange data on Fig 3B. BBO-8520 showed potency against KRASG13D 236 

and WT KRAS4b (albeit at 5-10x lower than KRASG12C).  Activity against other KRAS 237 

mutant isoforms was measurable but right shifted >100-fold from KRASG12C activity and 238 

may not be biologically significant in the in vivo or clinical settings. 239 

 240 

BBO-8520-induced conformational changes within Switch I/II region translate to a 241 

rapid and potent inhibition of oncogenic signaling 242 

BBO-8520 showed rapid (within 30 min) engagement of Cys-12 in the KRASG12C 243 

mutant MIA PaCa-2 and SW1463 cell lines, leading to KRASG12C covalent modification 244 

and strong pERK signal suppression, consistent with its dual (ON/OFF) mechanism of 245 

action (Fig. 4A). This early effect, only achievable by engaging KRASG12C (ON), was 246 

absent from sotorasib and adagrasib even at 5x higher concentrations (100 nM) (Fig. 247 

4A).  Peak downregulation of MAPK signaling pathway was observed within the first 2 248 
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hours (hrs) and lasted for at least 24 hrs in both cell lines. A time course of pERK inhibition 249 

using HTRF, as a complementary method, in both MIA PaCa-2 and SW1463 cells 250 

confirmed the rapid and sustained inhibition of ERK phosphorylation by BBO-8520 (Fig. 251 

4B).  252 

To better understand potency and selectivity of BBO-8520 in malignant cells, we 253 

then profiled the compound in a panel of ~50 cancer cell lines harboring either wild type 254 

or mutant KRAS (G12C, G12D, G12S, G12V and G13D), or a BRAFV600E mutation.  Cells 255 

were assayed for pERK after treatment with compounds for 2 hrs, pAKT after treatment 256 

for 4 hours, or in a 7-day spheroid 3-dimensional (3D) viability assay (Fig. 4C, D, E). 257 

BBO-8520 compared favorably against sotorasib and adagrasib in both the ERK 258 

phosphorylation inhibition, and 3D viability assays displaying better than 10-fold gain in 259 

potency (Supplementary Table 2). Comparison with RMC-6291 in six KRASG12C cell 260 

lines showed similar potency for both compounds. BBO-8520 demonstrated selectivity 261 

for KRASG12C over other KRAS codon 12 mutations (50- to 500- fold selectivity for pERK 262 

and 500- to 30,000-fold for 3D viability), G13D mutations (18-fold for pERK and 390-fold 263 

for 3D viability), wild type KRAS (>1600-fold for pERK and >450-fold for 3D viability) and 264 

had no demonstrable activity in the BRAFV600E mutant cell line A375 (>10,000 nM IC50 for 265 

pERK and 3D viability) (Fig. 4C, E).  BBO-8520 also demonstrated potent inhibition of 266 

pAKT signaling in some KRASG12C cell lines with IC50 below 10 nM (Fig. 4D).  267 

 268 

BBO-8520 is potent against GTP-bound KRASG12C in malignant cells 269 

Evidence supporting the engagement of BBO-8520 with KRASG12C(ON) in 270 

malignant cells was first acquired using a RAS:RAF ELISA assay. This assay measures 271 
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KRASG12C(ON) by capturing it with the RAS-binding domain of RAF1. As shown in Fig. 272 

5A, BBO-8520 started to inhibit the RAF1(RBD):KRASG12C(ON) interaction within the first 273 

2 minutes (mins) of treatment.  In striking contrast to (OFF)-only inhibitors, BBO-8520 274 

achieved complete inhibition of KRASG12C(ON) within 15 mins. At this early time point, 275 

(OFF)-only inhibitors, sotorasib, adagrasib, and GDC-6036 only reached 20% inhibition 276 

while requiring more than 60 mins to achieve maximal activity. Further analysis of the 277 

KRASG12C(ON) inhibitory activity of BBO-8520 was performed by artificially increasing the 278 

amount of cellular GTP-bound KRASG12C through growth factor stimulation. We serum-279 

starved NCI-H358 cells and stimulated them either with epidermal growth factor (EGF) in 280 

the presence or absence of (OFF)-only inhibitors or BBO-8520. Measurement of pERK 281 

inhibition showed that BBO-8520 retained potency in the presence of EGF while (OFF)-282 

only inhibitors displayed a large loss of potency (Fig. 5B). In a parallel experiment, NCI-283 

H358 cells were stimulated with hepatocyte growth factor (HGF) in the presence or 284 

absence of compounds for a viability endpoint. As observed in the EGF stimulation 285 

experiment, (OFF)-only inhibitors lost potency to a much greater extent than BBO-8520 286 

in the presence of HGF (Fig. 5C). Final validation of BBO-8520’s activity against the (ON) 287 

state was gathered using a HeLa cell inducible model, in which doxycycline treatment 288 

was used to express a KRASG12C/A59G double mutant. A59G is a transition state mutant 289 

that abrogates GTPase activity and locks KRAS in the (ON) conformation [4]. In this 290 

system, the inhibitory effect of sotorasib or adagrasib on MAPK signaling was significantly 291 

attenuated.  In contrast, BBO-8520 retained potent activity (Fig. 5D).  292 

We hypothesized that the dual activity of BBO-8520 would be beneficial to address 293 

development of resistance. First, we tested the activity of BBO-8520 on previously 294 
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described acquired resistance mutations. We generated Ba/F3 cells with a series of 295 

KRASG12C mutations that have altered states of GTP hydrolysis [9, 10]. As demonstrated 296 

in Fig. S3A&B, BBO-8520 demonstrated activity on all mutants tested in the Ba/F3 cell 297 

system. Secondly, we analyzed whether BBO-8520’s dual activity could delay the onset 298 

of resistance. Using concentrations equivalent to the IC90 of each compound by a 2 hr 299 

pERK HTRF assay, we treated NCI-H358 cells in a 2D viability clonogenic assay and 300 

observed that BBO-8520 caused complete growth suppression up to 35 days in culture, 301 

as compared to (OFF)-only inhibitors that allowed resistance to emerge between days 302 

18-20 (Fig. 5E).  This demonstrates that the dual activity of BBO-8520 could drive deeper 303 

tumor responses and delay the development of resistance.  304 

 305 

Cysteine-proteome profiling and transcriptional regulation changes confirm 306 

selectivity for KRASG12C 307 

A risk associated with the use of covalent inhibitors is the potential for non-specific, 308 

off-target reactivity with cysteine residues in the proteome. To determine the selectivity of 309 

the BBO-8520 covalent interaction with KRASG12C, and to identify potential off-target 310 

liabilities, cysteine-proteome profiling by mass spectrometry was performed as previously 311 

described [17]. After 2 hr treatment with DMSO or 20 nM BBO-8520, the cysteine 312 

proteome was enriched, and peptides were identified. The Cys12 peptide from KRASG12C 313 

was the most significantly engaged cysteine (p-value=7.1e-5, 98.9% decrease) in the 314 

analyzed proteome (Fig. S4A). DUS4 (p=3.3e-4, 62.9% decrease) also demonstrated 315 

reduction at two separate cysteines upon BBO-8520 treatment, suggesting 316 

downregulation of the protein rather than selective binding with BBO-8520.  317 
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Head-to-head RNA-seq studies with sotorasib (1 µM) and adagrasib (300 nM) 318 

were performed to compare the global transcriptional regulation driven by BBO-8520 in 319 

MIA PaCa-2 cells. Analysis revealed the strongest repression of genes involved in DNA 320 

replication and cell cycle progression (Fig. S4B). A comparison with the gene set 321 

identified using adagrasib in NCI-H1373 and NCI-H358 cells [6] showed similar strong 322 

repression of MAPK signaling (DUSP4/6, ETV4/5, SPRY2/4) but at a 10-fold lower 323 

concentration of BBO-8520 (30 nM compared to 300 nM of adagrasib). Gene set 324 

enrichment analysis (GSEA) of the 50 hallmark signatures was performed on the 325 

differentially regulated genes from the MIA PaCa-2 RNA-seq study. A heatmap of the 326 

GSEA demonstrates a significant overlap in the signatures with all 3 compounds strongly 327 

supporting a common mechanism of action (Fig. S4C). To determine if any kinases were 328 

hit by BBO-8520 leading to potential off-target effects, we performed a kinomescan on 329 

468 kinases (Fig. S4D). We found that 1 μM BBO-8520 had binding activity on only 3 330 

kinases (93% inhibition of CDK8, 87% inhibition of CDK11, and 86% inhibition of HIPK1). 331 

Follow-up biochemical dose response data for these 3 kinases showed Kd (nM) of 150, 332 

4,600 and 10,000 for CDK11, CDK8 and HIPK1, respectively. These studies demonstrate 333 

that BBO-8520 is selective for KRASG12C, induces global transcriptional regulation 334 

changes highly similar to other KRASG12C inhibitors, and carries low likelihood of off-target 335 

activity. 336 

 337 

BBO-8520 exhibits robust in vivo efficacy 338 

 The in vivo potency of BBO-8520 was first measured in a single dose PK/PD 339 

Matrigel plug assay using MIA PaCa-2 cells. Following an oral dose of 3, 10, or 30 mg/kg 340 
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of BBO-8520, a statistically significant reduction in pERK was observed in all groups with 341 

46%, 73%, and 92% pERK inhibition, respectively (Fig. 6A). The pERK IC50 was 85 nM. 342 

Similar potency was observed using MIA PaCa-2 tumors, with a pERK IC50 of 61 nM (Fig. 343 

S5A). The in vivo EC50 was consistent with the free fraction adjusted in vitro IC50 of 55 344 

nM. Evaluation of time-dependent pERK inhibition at 2, 6, 24, 48, and 72 hrs following a 345 

single dose of BBO-8520 (30 mg/kg) resulted in 40%, 92%, 83%, 57%, and 41% pERK 346 

inhibition, respectively (Fig. 6B). In the MIA PaCa-2 PK/PD tumor model, pERK inhibition 347 

correlated well (R2=0.84) with tumor target engagement as assessed by a band shift 348 

assay on KRASG12C by western blot analysis (Fig. S5A, B).  349 

The efficacy of BBO-8520 was first assessed in the MIA PaCa-2 CDX tumor model. 350 

Following daily oral dosing of BBO-8520 for 28 days at 0.1, 0.3, 1, 3, or 10 mg/kg, we 351 

observed statistically significant tumor growth inhibition of 21%, 49%, 69%, 99%, and 352 

90% mean tumor volume regression, respectively (Fig. 6C). The ED50 was 0.3 mg/kg and 353 

ED90 was 1.8 mg/kg. All treatments were well tolerated (Supplementary Fig. S5C). 354 

Efficacy was also studied in the NSCLC, heterozygous KRASG12C model, NCI-H358. 355 

Orally administered BBO-8520, once daily for 28 days at 0.3, 1, 3, or 10 mg/kg resulted 356 

in tumor volume reductions of 20% and 71%, and mean tumor regressions of 19% and 357 

100%, respectively. The ED50 was 0.6 mg/kg and ED90 was 1.6 mg/kg (Fig. 6D). Tumors 358 

from 1/10 and 10/10 mice in the 3 mg/kg and 10 mg/kg BBO-8520 groups, respectively, 359 

had complete regressions (CRs).  360 

The efficacy of BBO-8520 was also tested in two syngeneic, orthotopic and 361 

immunocompetent models to assess the role of the organ microenvironment and the 362 

immune system. Our first model was the KRASG12C; Tp53R270H (KCP) NSCLC genetically 363 
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engineered mouse model (GEMM) [18]. Lung-tumor bearing KCP mice were orally 364 

administered vehicle or 10 mg/kg BBO-8520 once daily for 42 days. Statistically 365 

significant anti-tumor activity was observed following daily oral treatments with BBO-366 

8520, with 56% mean tumor regression and no signs of resistance developing over the 367 

course of the study (Fig. 6E). These results were similar to those reported with the 368 

combination of a KRASG12C (OFF) inhibitor and SHP2 inhibitor in this model [19]. Our 369 

second model was a CT-26-KRASG12C liver tumor model. Liver tumor-bearing mice were 370 

orally administered vehicle or 10 mg/kg BBO-8520 once daily until day 28, 10 mg/kg anti-371 

PD-1 intraperitoneally twice weekly until day 21, or the combination of BBO-8520 and 372 

anti-PD-1. Notably, 40% (4/10) of the mice treated with BBO-8520 survived until the end 373 

of the study and were confirmed to have complete tumor regressions by IVIS imaging and 374 

necropsy. The combination of BBO-8520 and anti-PD-1 was also highly efficacious, with 375 

60% (6/10) of the mice survived confirmed cured. The median survival was 34 days in the 376 

vehicle group. The median survival was significantly increased with BBO-8520 treatment 377 

to 59 days (p=0.0240) and increased to 48 days with anti-PD-1 treatment, but this 378 

increase was not significant (p=0.3952) (Fig. 6F). While there was a statistically 379 

significant survival benefit between the anti-PD-1 and combination groups (p=0.0033), 380 

there was only a trend towards a survival benefit between the BBO-8520 and combination 381 

groups (p=0.1932) because of the strong effect of BBO-8520 monotherapy. All treatments 382 

in syngeneic models were well tolerated alone or in combination with anti PD-1 antibody. 383 

 384 

BBO-8520 retains activity in models resistant to sotorasib 385 
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The efficacy of BBO-8520 was next evaluated in the KRASG12C(OFF)-only inhibitor 386 

treatment-resistant NSCLC LUN055 PDX model. In addition to bearing a KRASG12C 387 

mutation, patient-derived LUN055 cells overexpress the RTK RET. Overexpression of 388 

RET is hypothesized to increase the amount of KRASG12C loaded with GTP, which makes 389 

this model more resistant to KRASG12C (OFF)-only inhibitors [11]. LUN055 tumor-bearing 390 

mice treated daily with 30 mg/kg BBO-8520 for 35 days displayed statistically significant 391 

and robust anti-tumor activity of 23% mean tumor regression (Fig. 7A). Regressions were 392 

achieved with free drug concentration of AUC0-24h of 79 h*ng/mL. The TGI was only 71% 393 

following daily oral treatments with 100 mg/kg sotorasib, showing BBO-8520 has 394 

significantly greater anti-tumor activity in this model (p=0.0007 for 100 mg/kg sotorasib vs 395 

30 mg/kg BBO-8520). In addition, the free drug concentration was 20-fold higher with 396 

sotorasib (free AUC0-24h of 1563 h*ng/mL with 100 mg/kg sotorasib) compared to BBO-397 

8520.  398 

Lastly, the anti-tumor efficacy of BBO-8520 in mice bearing sotorasib-resistant 399 

CDX tumors was evaluated. MIA PaCa-2 tumors which developed resistance to 10 mg/kg 400 

sotorasib starting on day 35 and had tripled their average volume by day 75 of dosing 401 

(Fig. 7B) were analyzed for KRASG12C amplification by ddPCR (Fig. 7C). Six out of 8 402 

sotorasib resistant tumors revealed significant amplification with 6 to 46 copies of 403 

KRASG12C (Fig. 7C). The efficacy of BBO-8520 after sotorasib resistance was assessed 404 

in a group of 8 mice that were started on 30 mg/kg of BBO-8520 on day 35 post sotorasib. 405 

All mice treated daily with 30 mg/kg of BBO-8520 had a statistically significant (p<0.01) 406 

reduction in tumor volume and deep responses (Fig. 7D). Forty percent of these mice 407 

(3/8) had complete tumor regressions within 3 weeks of BBO-8520 dosing and had not 408 
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re-grown by the end of the study on day 92 (Fig 7D). Treatment for >50 days with 30 409 

mg/kg of BBO-8520, even after 35 days of sotorasib was well tolerated (Supplementary 410 

Fig. S5D). A similar experiment in the NCI-H358 model confirmed these results 411 

(Supplementary Fig. S6). The results from this study show that a dual inhibitor like BBO-412 

8520 could achieve efficacy in patients that have progressed on an (OFF)-only inhibitor 413 

like sotorasib or adagrasib. 414 

 415 

Discussion 416 

The evolution of precision oncology therapeutics starts with suboptimal first-417 

generation molecules and ends with exquisitely potent, best-in-class medicines that 418 

provide optimal target coverage and clinical benefit. Second- and third- generation 419 

inhibitors also differentiate themselves from predecessors by not only targeting the native 420 

oncogene but also inhibiting resistant variants that drive tumor progression. In the 421 

KRASG12C landscape, sotorasib and adagrasib represent first-generation medicines that 422 

inhibit KRASG12C by sequestering the GDP-bound (OFF) form while lacking activity 423 

against the GTP-bound (ON) form. The approval of sotorasib and adagrasib has changed 424 

clinical practice for patients with KRASG12C positive NSCLC but their clinical benefit is 425 

suboptimal compared to best-in-class driver-oncogene inhibitors in other oncogene-426 

driven NSCLC disease settings.  Recent data from a new set of potent KRASG12C 427 

inhibitors like divarasib, D3S-001, and RMC-6291 have provided clinical evidence that 428 

better efficacy is possible with better target coverage or by direct inhibition of the (ON) 429 

form of KRASG12C.  A phase 1 trial including 60 NSCLC patients treated with divarasib 430 

reported a confirmed ORR of 53% and PFS of 13 months [20] . This significant gain in 431 
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clinical benefit over sotorasib and adagrasib (ORR: ~35% and PFS ~6 mo) by an (OFF)-432 

only inhibitor with no differentiated mechanism of action highlights the suboptimal nature 433 

of first-generation KRASG12C inhibitors. Similarly, clinical data from RMC-6291, a tri-434 

complex inhibitor of KRASG12C (ON) that requires cyclophilin A, has shown an ORR of 435 

50% in KRASG12C (OFF) inhibitor-experienced patients, highlighting the importance of 436 

inhibiting the (ON) state [13]. Until now, achieving both exquisite potency and coverage 437 

of the (OFF) and (ON) form of KRASG12C with a direct, covalent small molecule targeting 438 

the Switch II/helix3 pocket has been deemed technically unattainable. An inhibitor that 439 

could accommodate GTP-bound state of KRASG12C, drive exquisite potency, and directly 440 

inhibit the (ON) form of KRASG12C would undoubtedly conform to a novel class of 441 

KRASG12C inhibitors with excellent potential to achieve new levels of clinical benefit in 442 

NSCLC patients. In fact, in a recently published study the combination of the (ON) inhibitor 443 

RMC-4998 with the (OFF) inhibitor, sotorasib, exerted superior therapeutic efficacy than 444 

either alone providing pre-clinical evidence supporting the superiority of the “dual” 445 

mechanism hypothesis  [21]. 446 

 447 

We have developed BBO-8520, a direct, covalent small molecule inhibitor that 448 

engages KRASG12C in both the (ON) and (OFF) conformations with sub-nanomolar 449 

potency. This dual mode of action enables rapid, true full-target engagement and 450 

inhibition of KRASG12C. The unique ability to accommodate GTP-bound conformation 451 

results in forcing KRASG12C (ON) into state 1 which is unable to bind effectors, providing 452 

a novel mechanism of action and differentiating from KRASG12C (OFF)-only inhibitors that 453 

are exclusively dependent on GTP-GDP cycling [5, 6, 20].  We show that adding blockade 454 
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of effector binding as a mechanism leads to exquisite potency, optimal target coverage 455 

and delays the emergence of adaptive resistance often seen with (OFF)-only inhibitors in 456 

the clinic. 457 

Increased KRASG12C(ON), through amplification of the mutant allele or by growth 458 

factor activated RTKs, appears to be the prominent mechanism of resistance [20, 22-24]. 459 

Newly synthesized KRAS most likely is GTP-bound due to a 10-fold higher concentration 460 

of GTP than GDP in the cell [25]. Therefore, transcriptional upregulation of the mutant 461 

protein provides an easy escape route for cells to overcome (OFF)-only inhibitors. 462 

Similarly, RTK activation can effectively overcome (OFF)-only inhibitors by maintaining a 463 

high population of KRASG12C(ON) [26]. Our observations show that the presence of EGF 464 

and HGF have a profound negative effect on the potency of (OFF)-only inhibitors in vitro, 465 

while amplification of KRASG12C is also detrimental in vivo. In contrast, BBO-8520 466 

maintains exquisite potency in the presence of growth factors, mutant allele amplification 467 

and even when mutations are engineered to maintain KRASG12C in the (ON) form. This 468 

superior profile should result in clinical benefits that would hopefully better resemble 469 

current best-in-class targeted agents in NSCLC. 470 

 471 

BBO-8520 has entered phase 1 clinical trials in patients with KRASG12C NSCLC 472 

that are either naïve or have experienced first-generation (OFF)-only inhibitors 473 

(NCT06343402). Our data supports the hypothesis that targeting both the (ON) and (OFF) 474 

forms of KRASG12C results in greater potency, deeper responses, and slowed 475 

development of resistance leading to significant benefits over approved, (OFF)-only 476 

KRASG12C inhibitors in NSCLC.    477 
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Materials and Methods 478 

Reagents and Cell Cultures 479 

BBO-8520 was synthesized as described in WO 2023/004102, Example 313 480 

(details provided in Supplementary Methods), and stored at room temperature protected 481 

from light in a powder form. BBO-8520 was dissolved in 100% DMSO and aliquoted for 482 

long-term storage at −20°C.  483 

All cells were purchased from ATCC or JCRB and cultured according to the 484 

protocols provided by the supplier. All cell lines were maintained at 37°C in a humidified 485 

incubator at 5% CO2 and were periodically checked for Mycoplasma. Cell lines used for in 486 

vivo studies were confirmed pathogen and Mycoplasma-free by IMPACT 1 assessment 487 

(IDEXX BioAnalytics) prior to implant. Cell lines were carried for no more than 15 cell 488 

passages in this work. 489 

 490 

Generation of recombinant proteins: cloning, expression, and purification 491 

All protein reagents were produced in-house by Protein Expression Laboratory, FNLCR. 492 

Entry clones containing E. coli optimized DNA sequences (ATUM, Newark, CA) with an 493 

upstream tobacco etch virus (TEV) protease cleavage site were used to generate 494 

expression clones in pDest-566 (Addgene #11517) using the protocols outlined by 495 

Esposito et al., 2009 [27]. E. coli BL21 (DE3) STAR (rne131) containing rare tRNAs (pRar) 496 

was transformed with the expression plasmids as described  [27, 28], and expression and 497 

purification were carried out as described [29, 30]. 498 

 499 
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Nucleotide exchange. KRAS proteins were loaded with GppNHp or GTP as described 500 

previously [31]. 501 

 502 

Mass Spectrometry-Based Covalent Engagement Assay 503 

One µM solution of GTP, GppNHp and GDP-loaded KRAS4bG12C/C118S (amino acids 1-504 

169) protein were prepared and dispensed onto plates and then 30 nL of tested 505 

compounds from 1 mM DMSO stocks were added to the appropriate wells. At 15 mins, 2 506 

µL of each reaction mixture was pipetted into 15 µL MALDI matrix solution deposited onto 507 

plates. The resulting solution was mixed by aspiration, centrifuged at 2,000 g for 1 min, 508 

and then 1.5 µL aliquots were dispensed on pre-treated MALDI target. MALDI-TOF 509 

measurements were performed on Bruker Daltonics rapifleX Tissuetyper TOF-TOF mass 510 

spectrometer using linear mode and mass range from 18.6 to 21.6 kDa. Percent 511 

modification was calculated as a ratio of peak height for protein modified by compound to 512 

sum of peak height of remaining protein plus peak height for protein modified by 513 

compound. For the detailed protocol see [32]. 514 

 515 

Protein-Protein Interaction assay for RAS-RAF disruption 516 

A protein:protein interaction (PPI) Homogeneous Time-Resolved Fluorescence (HTRF) 517 

assay was used to determine the effectiveness of compounds in disrupting KRAS protein 518 

and effector (RAF1) binding.  Avi-KRASG12C (amino acids 2-169) GTP or GppNHp and 519 

RAF1 RBD-3xFLAG (amino acids 51-131) were used. Compounds were dispensed in 520 

assay plate (384-well, Grenier Bio-One) using Echo (model 555) with dose response 521 

settings: 200 nL final volume, titration from 30 µM as a 10-point dilution series. Proteins 522 
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and HTRF reagents were mixed and dispensed onto plates, 20 µL per well, and then 523 

incubated for 1 hr at room temperature, with 700 rpm shaking, and data were collected 524 

and analyzed as described previously [33].  525 

 526 

Crystallization and structure determination 527 

Protein samples for crystallography were prepared by tethering BBO-8520 to KRAS4b(1-528 

169)G12C/C118S bound to GppNHp or GDP.  GDP or GppNHp-loaded protein (20.5 mg) was 529 

diluted to 100 µM in a buffer containing 20 mM HEPES, 150 mM NaCl, and 2 mM MgCl2 530 

at pH 7.3. A three-fold molar excess of a 10 mM solution of BBO-8520 in DMSO was 531 

added, followed by brief mixing at room temperature for 2 mins. Modification completion 532 

was confirmed by MALDI-TOF MS. The reaction mixture was purified on a low-pressure 533 

chromatographic system (NGC, Bio-Rad) using five in-line connected 5 ml Sephadex G-534 

25 HiTrap desalting columns (Cytiva), the same buffer used for the reaction at 4 mL/min 535 

flow rate and monitoring eluent at 280 nm. Protein-containing fractions were collected, 536 

and modified protein quality was confirmed by MALDI-TOF MS.  537 

 538 

Crystallization screenings were set up using the sitting-drop vapor diffusion method, as 539 

described previously [34]. Fifteen mg/mL of the GppNHp-bound tethered KRASG12C or 40 540 

mg/mL of the GDP-bound tethered KRASG12C was mixed with an equal volume (200 nL) 541 

of the reservoir solution. Crystals of GppNHp-bound KRASG12C were obtained from a 542 

reservoir solution consisting of 56 mM NaH2PO4 and 1343 mM K2HPO4. Crystals of GDP-543 

bound KRASG12C were obtained from a reservoir solution consisting of 0.1 M Na3 citrate 544 

pH 5.5, 20% PEG 4000, and 10% isopropanol. Crystals were cryo-protected with 30% 545 
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glycerol and flash-frozen in liquid nitrogen. Diffraction data were collected from Argonne 546 

National Laboratory (ANL) Advanced Photon Source (APS) beamline 24-ID-C at 100 K 547 

and wavelength 0.979 Å. Data were integrated and scaled using XDS [35]. Structure 548 

solution was obtained with molecular replacement using Phaser [36] as implemented in 549 

the Phenix  programs suite, with the MRTX849-bound KRASG12C (PDB: 6UT0) [37] as the 550 

search model. Iterative model building and refinement were performed with COOT  and 551 

Phenix refine [38]. Crystal parameters, data collection and refinement statistics are 552 

summarized in Supplementary Table S1. The GppNHp dataset was affected by lattice-553 

translocation disorder in the crystal, but its impact on chain A was minimal. 554 

Supplementary Fig. S2 shows the omit map around BBO-8520, nucleotide, Mg2+ ion and 555 

C12 in chain A of both structures. Crystallographic and structural analysis software 556 

support is provided by the SBGrid consortium [39]. The atomic coordinates and structure 557 

factors of the GDP-bound and GppNHp-bound KRASG12C tethered with BBO-8520 have 558 

been deposited in the Protein Data Bank and are available under accession numbers 559 

8VCA and 8VC9, respectively. 560 

  561 

31P NMR 562 

All NMR samples included 800 mM of KRASG12C-GTP protein in 93% H2O/7% D2O 563 

solvent composition in a buffer comprised of 20 mM HEPES (pH 7.3), 150 mM NaCl, 2 564 

mM MgCl2, and 500 µM 2,2-dimethyl-2-silapentanesulfonic acid (DSS) as internal 565 

standard, as described previously [14]. Binary and ternary complexes of KRASG12C-566 

GTP-BBO-8520 and KRASG12C-GTP-BBO-8520-RAF1 RBD were prepared in 1:2 and 567 
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1:2:1 stoichiometric ratio, respectively. All data were collected on a Bruker 500 MHz 568 

spectrometer at 278K. See Supplementary Materials and Methods for details.  569 

 570 

Western Blotting 571 

Western blot experiments were performed according to the standard protocols.  Primary 572 

antibodies were obtained from Cell Signaling Technology and were used at a 573 

concentration of 1:1000: p-Akt S473 (#9271), AKT (#9272), p-p44/42 MAPK T202/204 574 

(#9101), ERK1/2 (#9102), Vinculin (#13901) and GAPDH (#2118).  KRAS4b antibody 575 

was purchased from Proteintech (12063-1-AP).  576 

 577 

Homogeneous Time-Resolved Fluorescence (HTRF) assay for pERK 578 

Phospho-ERK levels were analyzed as described previously [40]. 579 

 580 

3D Viability Assay 581 

Cells were seeded at 1,000 cells per well in ultra-low attachment 96-well plates. Two days 582 

after plating, cells were treated with a 9-point dose titration of BBO-8520 starting at 10 583 

μM in 1:3 dilution increments using a Tecan D300e. Cells were incubated with BBO-8520 584 

for a period of 4-7 days. After treatment, viability was assessed using a 3D CTG reagent 585 

(Promega). Luminescence was read on a Clariostar plate reader, and the data was 586 

imported into GraphPad Prism 9, log transformed and normalized to DMSO as 100% and 587 

media only as 0%. Following normalization, nonlinear regression was performed on a log 588 

(inhibitor) versus normalized response curve fit to generate an IC50. 589 

 590 
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Kinact/Ki measurements 591 

Second-order rate constant Kinact/Ki of covalent inhibition of KRASG12C was determined 592 

as described [41] with modifications. Details are provided in Supplementary Materials 593 

and Methods. 594 

 595 

RNA-Seq 596 

Sequence reads were trimmed to remove possible adapter sequences and nucleotides 597 

with poor quality using Trimmomatic v.0.36. The trimmed reads were mapped to the 598 

Homo sapiens GRCh38 reference genome available on ENSEMBL using the STAR 599 

aligner v.2.5.2b to generate BAM files. Unique gene hit counts were calculated using 600 

featureCounts from the Subread package v.1.5.2. The hit counts were summarized and 601 

reported using the gene_id feature in the annotation file. Only unique reads that fell within 602 

exon regions were counted. If a strand-specific library preparation was performed, the 603 

reads were strand-specifically counted. After extraction of gene hit counts, the gene hit 604 

counts table was used for downstream differential expression analysis. Using DESeq2, a 605 

comparison of gene expression between the customer-defined groups of samples was 606 

performed. The Wald test was used to generate p-values and log2 fold changes. Genes 607 

with an adjusted p-value < 0.05 and absolute log2 fold change > 1 were called as 608 

differentially expressed genes for each comparison.  609 

 610 

RAS-Raf ELISA assay 611 

MIA Paca-2 cells were seeded at 280,000 cells/well in 1 mL of DMEM with 10% FBS in a 612 

12-well plate and placed in a 37 ◦C incubator and allowed to adhere overnight. Cells were 613 
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treated with 1 μM of BBO-8520, sotorasib, adagrasib, or GDC-6036 using the Tecan 614 

D300e for 2, 5, 10, 15, 30, and 60 mins. Following treatment, the cells were processed 615 

according to the manufacturer’s protocol (Abcam, Cat# 134640) Luminescence was read 616 

on a BMG Labtech Clariostar plate reader and data was exported to GraphPad Prism 9 617 

where it was normalized to dimethyl sulfoxide treated cells (DMSO) as 100% and blank 618 

as 0%. Following normalization, nonlinear regression was performed on an inhibitor 619 

versus normalized response curve fit to generate a time for 50% inhibition for each cell 620 

line treated with compound.  621 

 622 

KRASG12C/A59G experiments 623 

HeLa cells were engineered to express the KRASG12C/A59G under the control of the 624 

doxycycline-induced promoter. Cells were transduced with lentivirus and selected with 1 625 

µg/mL puromycin for several passages. Cells were plated at 1.25e6 cells in 10 cm dish 626 

into media containing 200 ng/ml doxycycline, allowed to attach for 24 hrs, then treated for 627 

2 hrs with various doses of compound. Following treatment, cell lysates were collected 628 

and processed for Western blot using phospho-ERK (Thr202/204), total ERK, KRAS, and 629 

vinculin according to the Western blotting methods above.  630 

 631 

In vivo studies  632 

All in vivo procedures were reviewed and approved by the Institutional Animal Care and 633 

Use Committee prior to execution and performed in accordance with the regulations and 634 
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guidelines of the Association for Assessment and Accreditation of Laboratory Animal 635 

Care.  636 

In vivo studies were performed at Charles River Accelerator and Development Lab, 637 

Crown Biosciences, Inc., GenenDesign Co., Ltd., and NYU Langone Health in 638 

accordance with protocols and Institutional Animal Care and Use Committee guidelines. 639 

The vehicle used was the BBO-8520 and sotorasib formulation buffer for all studies (10% 640 

v/v N-methyl-pyrrolidone (Sigma-Aldrich, catalog 328634), 20% w/v solutol (Sigma-641 

Aldrich, catalog 42966), 30% v/v polyethylene glycol 300 (Sigma-Aldrich, catalog 642 

8074841000) in 50 mM citrate buffer pH 4-5). Plasma compound concentration levels 643 

were measured following protein precipitation using LC-MS/MS at Cytoscient, LLC or 644 

BioDuro-Sundia, Inc.  645 

For Matrigel plug PK/PD studies, each athymic nude mice was inoculated subcutaneously 646 

with 5x106 MIA PaCa-2 tumor cells suspended in growth factor reduced Matrigel (Sigma 647 

ECM, Sigma-Aldrich, catalog E6909), and treatments were administered the following 648 

day. Plugs were processed into lysates, and pERK tumor levels were measured using 649 

MSD (MSD, catalog N45107B-1) according to the manufacturer’s instructions. pERK 650 

tumor levels normalized to vehicle tumor levels (% pERK (normalized to vehicle) = 651 

(experimental (pERK/ERK))/(vehicle (pERK/ERK)) x 100) were reported. 652 

Standard protocols were followed to establish all subcutaneous CDX and PDX models. 653 

When CDX or PDX tumors reached a mean size of 175 to 210 mm3, mice were 654 

randomized into treatment groups (n=10 per group) and orally dosed daily for 28 to 35 655 

days. For the sotorasib-resistant efficacy study, MIA PaCa-2 tumor-bearing BALB/c 656 
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nude mice were treated orally once daily with vehicle for 54 days or with 10 mg/kg 657 

sotorasib until resistance developed on day 35 (tumor volume reached 188 mm3). 658 

These mice were then randomized (10 animals/group) and treated daily with 10 mg/kg 659 

sotorasib from day 37 to 85 or with 30 mg/kg BBO-8520 from day 37 to 97. Tumor 660 

volumes are shown until one mouse in each group had to be euthanized due to large 661 

tumor volume. Standard methods were used to extract genomic DNA from tumors and 662 

measure levels of KRAS amplification using pre-designed ddPCR copy number assay 663 

probes for human KRAS (Bio-Rad, catalog 10031240) and the reference gene RPP30 664 

(Bio-Rad, catalog 10031241) according to the manufacturer’s instructions. 665 

For the NSCLC GEMM efficacy study, KRASG12C;Tp53R270H mice (mixed 666 

background;[18]) were monitored by MRI for tumor development after intranasal induction 667 

with adeno-Cre (2.5 × 106 PFU). When lung tumors reached a mean size of 84 mm3, mice 668 

were randomized into treatment groups (n=10 per group) and orally dosed daily with 669 

vehicle or 10 mg/kg BBO-8520 for 42 days. Lung tumor volume was monitored by MRI 670 

every 2 weeks.  671 

For the syngeneic liver tumor model efficacy study, the murine CRC KRASG12D CT26-g-672 

GFP/luciferase cell line (Creative Biogene, catalog CSC-RR0238) was engineered to 673 

introduce the KRASG12C mutation. Each anesthetized BALB/c mouse was injected into the 674 

liver with 5 x 105 CT26-KRASG12C-luciferase tumor cells suspended in PBS. Standard 675 

methods were used to measure bioluminescence signal with an IVIS Spectrum (Perkin 676 

Elmer). When liver tumor bioluminescence signal reached a mean of 3.6x106 677 

photons/second, mice were randomized into treatment groups (n=10 per group) and 678 
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dosed orally with vehicle or BBO-8520 until day 28 or intraperitoneally anti-PD-1 (clone 679 

RMP1-14, Bio X Cell, catalog BE0146) biweekly for 3 weeks. Mice were euthanized when 680 

bioluminescence signal was > 8.9 x 108 photons/ seconds or when they showed defined 681 

signs of a large tumor. 682 

Data analyses were performed using Microsoft Excel or GraphPad Prism software 683 

(version 9). For statistical analyses comparing pERK Matrigel plug levels in the vehicle 684 

group to all other groups, one-way ANOVA of all group means followed by post hoc 685 

Dunnett’s multiple comparisons were performed using GraphPad Prism software. For the 686 

statistical analyses comparing the vehicle group to all other groups in the efficacy studies, 687 

two-way repeated measures or mixed-effects ANOVA followed by post hoc Dunnett’s 688 

multiple comparisons test of the means was applied over the indicated number of days 689 

using GraphPad Prism software. 690 

Data Availability 691 

The data generated in these analyses are available within the article and its 692 

supplementary data files. The RNA-Seq data generated in this study are publicly available 693 

in Gene Expression Omnibus (GEO) at (GSE278656). The atomic coordinates and 694 

structure factors of the GDP-bound and GppNHp-bound KRAS-G12C tethered with BBO-695 

8520 have been deposited in the Protein Data Bank and are available under accession 696 

numbers 8VCA and 8VC9, respectively. 697 

 698 

 699 
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 855 

Figure Legends  856 

Figure 1. Discovery of BBO-8520. A, The compound progression chart shows the 857 

development of BBO-8520. Non-covalent KRASG12D inhibitor, Compound 1, showed 858 

binding activity (SPR) to GppNHp-bound KRASG12D, and disruption of 859 

KRASG12D/RAF1(RBD) interaction in PPI assay. Compound 1 was equipped with a 860 

covalent warhead to generate Compound 2. Optimization of cell potency and ADME 861 

properties gave rise to Compound 3. Further improvement of the GTP-bound KRASG12C 862 

activity by replacing the aminobenzothiazole of Compound 3 with a cyano-amino 863 

benzothiophene at quinazoline 7-position gave rise to BBO-8520. BBO-8520 shows 864 

covalent labelling of C12 in the active, GppNHp- or GTP-bound KRASG12C, as well as 865 

disruption of KRASG12C/RAF1(RBD) binding. B, The table summarizes the ability of 866 

compounds to modify C12 of GDP-, GppNHp-, and GTP-bound KRASG12C as measured 867 

by MALDI-TOF mass spectrometry; and their ability to disrupt GppNHp- or GTP-bound 868 

KRASG12C binding to RAF1(RBD) in PPI assay. C, KInact/KI measurements of sotorasib, 869 

adagrasib, and BBO-8520 in the GDP-bound (OFF) and GTP-bound (ON) 870 

conformations of KRASG12C. 871 

 872 

Figure 2. Binding Mode of BBO-8520 to KRASG12C (ON) and (OFF) conformation. A, 873 

GDP-bound (OFF) (top, PDB 8V3A) and GppNHp-bound (ON) (bottom, PDB 8V39) forms 874 

in surface and ribbon representations. The protein is colored light orange (OFF) or light 875 

blue (ON), with Switch-I, Switch-II, and Helix 3 highlighted in pink, cyan, and orange, 876 

respectively. BBO-8520 (light green in top panel, pink in bottom panel), nucleotide, C12 877 
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and T35 are shown as sticks, and Mg2+ (green) and the coordinating waters (red) are 878 

shown as spheres. B, C, Enlarged view of the binding pocket in the GDP-bound form 879 

(PDB 8V3A), focusing on the regions around (B) Switch-II and Helix 3, and (C) C12 and 880 

GDP. The protein and BBO-8520 are colored light orange and light green, respectively. 881 

H-bonds are indicated by dashed lines. D, E, Enlarged view of the binding pocket in the 882 

GppNHp-bound form (PDB 8V39), focusing on the regions around (D) Switch-II and Helix 883 

3, and (E) C12 and GppNHp. The protein and BBO-8520 are colored light blue and light 884 

pink, respectively. F, G, Overlay of the GDP-bound and GppNHp-bound structures, 885 

focusing on the regions around (F) Switch-II and Helix 3, and (G) C12 and the nucleotide.  886 

 887 

Figure 3. Mechanism of action and selectivity of BBO-8520. A, BBO-8520 (ligand (L)) 888 

binding to KRASG12C-GTP (protein (P)) shifts the state 1 - state 2 equilibrium of protein to 889 

the inactive, state 1- like conformation (induced γ1PL peak located most downfield) in the 890 

protein-ligand (PL) binary complex spectrum. Peak β1PL represents L binding induced 891 

inactive conformation of β GTP. Chemical shifts corresponding to peaks α1, β1, and γ1 892 

belong to state 1 (inactive, effector binding- deficient) conformation, whereas α2, β2, and 893 

γ2 to the state 2 (active, effector binding-enabled) conformation. RAF1 RBD loading is 894 

unable to induce γ2 (active conformation) population (see P+L+RBD spectrum). Shown 895 

on top and bottom are the control spectra (in the presence of DMSO) of P+RBD and P, 896 

respectively. The γ1PL peak emergence is only noted in the presence of inhibitor. The 897 

control spectra of KRASG12C-GTP alone or in the presence of RBD do not show this peak. 898 

B, BBO-8520 inhibits SOS-mediated nucleotide exchange of GDP with BODIPY-GDP 899 

KRAS.  Avi-KRAS mutants indicated and Avi-NRAS WT were loaded with BODIPY-GDP, 900 
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then BBO-8520 was added in a 2-fold dilution series starting at 30 nM. The assay was 901 

started by the addition of SOS1 (aa564-1048) and GDP, then analyzed after 4 and 24 hrs 902 

incubation. KRASG12C shows the highest inhibition of nucleotide exchange with BBO-903 

8520.  NRAS WT was used as a control.  C, pERK inhibitory activity of BBO-8520, 904 

sotorasib and adagrasib against a panel of mouse embryonic fibroblasts (MEFs) driven 905 

by KRAS mutants, HRAS, NRAS and BRAFV600E. BBO-8520 demonstrates best pERK 906 

inhibitory activity in KRASG12C-driven MEF cells, compared to MEFs driven by other KRAS 907 

mutants or WT KRAS.  BBO-8520 shows no pERK inhibitory activity in MEFs driven by 908 

HRAS, NRAS or BRAFV600E. 909 

 910 

Figure 4. BBO-8520 Potently Inhibits KRASG12C Signaling in Tumor Cells. A, Target 911 

engagement and ERK phosphorylation time course in the KRASG12C cancer cell lines MIA 912 

PaCa-2 and SW1473. BBO-8520 at 20 nM displays rapid pERK inhibition at 30 min which 913 

is sustained for up to 24 hrs and is compared to 20 or 100 nM sotorasib and adagrasib, 914 

which take longer and show less inhibition of pERK. B, HTRF analysis of phosphorylated 915 

ERK demonstrates time and dose dependent inhibition in response to BBO-8520 in MIA 916 

PaCa-2 and SW1463 cells which is sustained for up 34 hrs post-treatment. C, D, E, Potent 917 

effects of BBO-8520 on 2 hrs pERK inhibition, pAKT inhibition, and 7-day 3D viability 918 

measurements in KRASG12C cell lines as compared to sotorasib, adagrasib and RMC-919 

6291. The activity of BBO-8520 in KRASG12C cell lines is compared against a cell line 920 

panel comprised of KRAS wild type along with G12C/D/V and S, G13D, and 921 

BRAFV600Emutants. IC50 (nM) values for each cell line are captured on Supplementary 922 

Table 2. 923 
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 924 

Figure 5: BBO-8520 Maintains Potency in Active State of KRASG12C. A, RAS:RAF 925 

ELISA assay in MIA PaCa-2 cells shows rapid dissociation of KRASG12C (ON) with RAF1 926 

by BBO-8520 compared to the (OFF)-only KRASG12C inhibitors sotorasib, adagrasib or 927 

GDC-6036. B, C, NCI-H358 cells were serum starved and then treated with 100 ng/ml of 928 

EGF, compound, and assayed for pERK HTRF 20 minutes after compound addition (B) 929 

or treated with 100 ng/ml of HGF and compound and assayed for a 5-day viability assay 930 

(C). Average potency shifts are shown to the right demonstrating the fold changes of IC50 931 

following EGF or HGF stimulation compared to vehicle. D, HeLa cells were engineered 932 

to express a KRASG12C/A59G double mutant known for attenuated GTP hydrolysis, and 933 

assayed for pERK inhibition following treatment with 0.3, 1, 3, and 10 μM of BBO-8520, 934 

sotorasib, or adagrasib. BBO-8520 demonstrated a potent inhibition of the pERK signal 935 

compared to the (OFF)-only inhibitors, which showed no activity. E, A long-term 936 

clonogenic assay using IC90 concentrations (2-hr pERK) of BBO- 8520, sotorasib and 937 

adagrasib, shows that only BBO-8520 can drive complete growth suppression for up to 938 

35 days in culture compared to sotorasib or adagrasib.  939 

 940 

Figure 6. BBO-8520 Demonstrates Dose- and Time-Dependent Inhibition of pERK 941 

and Strong Efficacy in KRASG12C Models. A, BBO-8520 shows dose-responsive 942 

inhibition of pERK at 6 hrs following a dose of 3, 10, and 30 mg/kg in a MIA PaCa-2 943 

Matrigel plug PD assay (*p<0.01, **p<0.0001). B, Suppression of pERK was observed up 944 

to 72 hrs following treatment with 30 mg/kg of BBO-8520 in the MIA PaCa-2 Matrigel plug 945 

PD (*p<0.01, **p<0.0001). C, In the corresponding MIA PaCa-2 CDX model, BBO-8520 946 
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showed significant anti-tumor activity at 0.1, 0.3, 1, 3, and 10 mg/kg following 28 days of 947 

treatment (*p<0.0001). D, In the NCI-H358 CDX model, BBO-8520 demonstrated 948 

significant and robust efficacy at 0.3, 1, 3, and 10 mg/kg following 28 days of treatment 949 

(*p<0.0001). E, In the KCP NSCLC GEMM, BBO- 8520 demonstrated significant and 950 

robust efficacy at 10 mg/kg (*p<0.0001). F, In the CT26-KRASG12C- luciferase syngeneic 951 

liver tumor model, BBO-8520 extended the median survival as a monotherapy or in 952 

combination with anti-PD-1. 953 

 954 

Figure 7. BBO-8520 is More Efficacious Than Sotorasib and Shows Activity in 955 

Sotorasib-Resistant Tumors. A, Efficacy of BBO-8520 and sotorasib in the RET 956 

amplified LUN055 PDX model. Both BBO-8520 and sotorasib demonstrate anti-tumor 957 

activity (*p<0.0001), with BBO-8520 showing significant tumor regressions (23%) vs. 958 

71% TGI for sotorasib. B, MIA PaCa-2 xenografts were grown under the presence of 10 959 

mg/kg of sotorasib until tumors became resistant under treatment (day35). On day 35, a 960 

cohort of 8 mice were switched from sotorasib (10 mg/kg) to 30 mg/kg of BBO-8520. 961 

These mice showed strong responses with tumor volume regression.  C, Analysis of 962 

sotorasib resistant tumors show a high proportion of KRASG12C amplification by ddPCR. 963 

D, Focused view of mice continuing on 10 mg/kg sotorasib or switched to 30 mg/kg 964 

BBO-8520 starting on day 35 (200 mm3). All mice treated with BBO-8520 had a 965 

statistically significant (p<0.01) reduction in tumor volume compared to those continued 966 

on sotorasib. This included three mice with complete tumor regressions. 967 

 968 
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Figure 3
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Figure 5
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Figure 6
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