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Abstract

RAS proteins represent critical drivers of tumor development and thus are the focus of intense 

efforts to pharmacologically inhibit these proteins in human cancer. Although recent success has 

been attained in developing clinically efficacious inhibitors to KRASG12C, there remains a critical 

need for developing approaches to inhibit additional mutant RAS proteins. A number of anti-

RAS biologics have been developed which reveal novel and potentially therapeutically targetable 

vulnerabilities in oncogenic RAS. This review will discuss the growing field of anti-RAS biologics 

and potential development of these reagents into new anti-RAS therapies.

1. Introduction

The RAS family of proto-oncogenes (HRAS, KRAS, and NRAS) represent the most 

frequently mutated oncogenes in cancer, with KRAS being mutated in nearly 100% of 

pancreatic cancers (Moore, Rosenberg, McCormick, & Malek, 2020; Ryan & Corcoran, 

2018; Waters & Der, 2018). The discovery of RAS as the human homolog of viral-Rat 

sarcoma (v-Ras) in the 1980s led to an explosion of efforts to understand its biology and 

role in tumor development and progression (Karnoub & Weinberg, 2008). Three decades 

of dedicated efforts to therapeutically target RAS passed without clinical success until the 

NCI RAS Initiative was launched in 2013 (Ryan & Corcoran, 2018). Now the fruits of 

those efforts are coming to bear. Several RAS-specific pharmacological inhibitors have 

entered the clinic with sotorasib (LUMAKRAS) gaining FDA accelerated approval for 

treatment of KRASG12C mutant non-small cell lung cancers in May 2021 (Hong et al., 

2020). Unfortunately, these anti-RAS drugs inhibit only a single mutant RAS protein which 

is present in a small fraction of RAS-driven cancers (Zuberi, Khan, & O’Bryan, 2020). Thus, 

continued efforts to drug the “undruggable” RAS remain paramount.

RAS proteins are small molecular weight GTPases that function as regulated molecular 

switches (Fig. 1). RAS cycles between an inactive GDP-loaded state and the active GTP-

loaded state. Although RAS possesses intrinsic GTPase activity, it is a rather poor enzyme 

and cooperates with GTPase activating/accelerating proteins (GAPs) to enhance the cleavage 
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of GTP to GDP. Activation of RAS occurs through the action of guanine nucleotide 

exchange factors (GEFs) which bind to GDP-loaded RAS and destabilize the nucleotide 

binding pocket resulting in release of GDP. Given the high cellular concentration of GTP vs 

GDP, coupled with the high affinity of RAS for nucleotides, RAS reloads with GTP (Traut, 

1994).

GTP-loaded RAS couples to targets containing RAS binding domains (RBDs) or RAS 

association domains (RA). Although these domains share limited sequence homology, they 

all adopt a similar ubiquitin-like topology. This interaction activates pathways such as 

the RAF–MEK–ERK mitogen-activated protein kinase (MAPK) and PI3K–AKT–mTOR 

pathways, resulting in enhanced cell proliferation and survival (Karnoub & Weinberg, 2008). 

In normal cells, RAS is activated upon stimulation of membrane bound receptors such as 

receptor tyrosine kinases (RTKs). However, mutations in RAS, predominantly at codons 12, 

13, and 61, stabilize the GTP-bound state resulting in chronic activation of its downstream 

target pathways leading to uncontrolled cell proliferation and ultimately cancer.

Despite great efforts over the past three decades, pharmacological inhibition of RAS has 

proven difficult. Although pharmacological inhibition of kinases has been achieved through 

design of ATP analogs, pharmacological targeting of the nucleotide pocket of RAS has 

not seen success due to the picomolar affinity of RAS for GTP/GDP and the high cellular 

concentration of guanine nucleotides. Furthermore, structural analysis of RAS revealed a 

lack of deep hydrophobic pockets for binding of small molecules suggesting that RAS may 

be “undruggable”. The discovery of compounds that covalently bind and inhibit RASG12C 

by Kevan Shokat and colleagues has dispelled this premise and ushered in a newfound 

interest in pharmacologically targeting RAS (Ostrem, Peters, Sos, Wells, & Shokat, 2013). 

The success of these inhibitors is due to the unique chemical reactivity of the Cys12 

mutation that allowed for development of chemically reactive warheads that irreversibly bind 

and lock KRASG12C in an inactive GDP-bound state. Based on these results, both Amgen 

and Mirati have developed KRASG12C-specific inhibitors, sotarasib (Fig. 2A) and adagrasib, 

respectively, with both demonstrating promising clinical results (Canon et al., 2019; Fell 

et al., 2020; Hallin et al., 2020; Hong et al., 2020; Skoulidis et al., 2021). Unfortunately, 

these drugs are limited to treating only KRASG12C mutant cancers. Thus, development of 

inhibitors targeting additional oncogenic mutants that lack similar chemical vulnerabilities 

remains a continuing challenge and unmet need.

As an alternative to small molecule pharmacologics, a number of groups have utilized 

biologics as an approach to identify vulnerabilities in RAS that can potentially be exploited 

to inhibit oncogenic RAS. Such biologics often inhibit their target by providing steric 

interference with critical protein–protein interactions (PPIs) (Hurd, Mott, & Owen, 2020; 

Pei, Chen, & Liao, 2018). In this review, we will describe the growing number of anti-

RAS biologics that have been isolated, their mechanisms of action, and their potential for 

development into anti-RAS therapeutics.
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2. Anti-RAS biologics

2.1 Immunoglobulin-based biologics

2.1.1 Antibodies—Antibodies have been harnessed in the therapeutic arena since 1986, 

when muromonab-CD3 became the first monoclonal antibody (mAb) to gain FDA approval 

for treatment of acute transplant rejection (Lu et al., 2020). Since then, there have 

been approximately 80 mAbs to receive FDA-approval, with an increasing number being 

evaluated in clinical trials (Lu et al., 2020). Therapeutic mAbs have several potential 

modes of action, including disruption of protein–protein or protein–ligand interactions 

essential to the function of the antigen (Weiner, 2007), allosteric inhibition, alteration of 

the subcellular localization of target antigens (Koschubs et al., 2012; Marschall & Dubel, 

2016), and initiation of cell signaling cascades via interacting with receptor antigens 

(Weiner, 2007). These characteristics highlight the rationale, and versatility, of utilizing 

mAbs therapeutically.

The first mAbs generated against RAS were discovered in the lab of Edward Scolnick 

(Furth, Davis, Fleurdelys, & Scolnick, 1982). These mAbs were produced in rats bearing 

HRAS-induced tumors and further isolated from eight rat lymphocyte–myeloma hybrid 

cell lines (Furth et al., 1982). Three of these mAbs also recognized KRAS as well other 

mammalian RAS homologs (Furth et al., 1982). This work set the stage for the development 

of therapeutic mAbs against RAS.

Antibody-driven inhibition of KRAS-induced cellular transformation was first observed by 

Mulcahy et al. by microinjecting a KRAS-specific mAb, Y13–259 (Table 1), into KRAS-

transformed NIH 3T3 cells (Mulcahy et al., 1985). Y13–259 decreased cell division whereas 

a control mAb had no effect (Mulcahy et al., 1985). Y13–259 inhibited RAS function 

without altering nucleotide binding suggesting that it recognized a region distinct from 

the nucleotide binding pocket of RAS (Lacal & Aaronson, 1986). Seminal work from 

the lab of Frank McCormick led to the generation of anti-p21ser (Table 1), an inhibitory 

antibody specific for amino acid 12 of the oncogenic mutant KRASG12S (Clark et al., 1985; 

Feramisco et al., 1985). Surprisingly, anti-p21ser competed with GDP or GTP for binding to 

KRASG12S (Clark et al., 1985). These studies provided critical evidence as to the location 

of the nucleotide binding pocket of RAS and supported the notion that GTP-binding was 

required for the oncogenic activity of RAS (Clark et al., 1985; Feramisco et al., 1985). 

In addition, these results suggested that targeting the nucleotide-free state of RAS might 

provide a feasible approach to inhibit oncogenic RAS.

The high target specificity and ease of production make mAbs an enticing therapeutic 

modality; however, certain properties limit their clinical application. First, mAbs are cell 

impermeable and as such are almost exclusively limited to extracellular targets (Lin, Chen, 

Hu, Chen, & Zhang, 2020; Lu et al., 2020; Marschall & Dubel, 2016; Stocks, 2004). 

Second, mAbs rely on disulfide bonds for stability and thus are generally unstable in the 

reducing environment of the cytosol (Cardinale et al., 1998; Lin et al., 2020; Lu et al., 2020; 

Marschall & Dubel, 2016; Stocks, 2004). Therefore, simply employing cell-penetrating 

peptide (CPP) sequences or other methods of cellular entry cannot ensure their efficacy in 

targeting intracellular antigens, such as RAS. However, methods to generate cell-penetrating 
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IgG antibodies have been described (Choi et al., 2014) and used to target RAS (Shin et 

al., 2017). Shin et al. isolated a heavy chain variable fragment specific to activated KRAS 

and then used this to replace the VH region of a cell penetrating antibody, TMab4, to 

generate RT11, a cell-penetrating and PPI-interfering mAb against the GTP-bound state of 

all three RAS isoforms. RT11 bound active RAS isoforms with Kd values ranging from 

4 to 17 nM (Shin et al., 2017). RT11 was further modified to confer tumor specificity 

by the addition of RGD10—a cyclic peptide that recognizes tumor-associated antigens—

to the N-terminus of the light chain (Shin et al., 2017). This modified RT11 (RT11-i) 

preferentially localized to tumors in vivo after tail vein injection into athymic nude mice 

bearing SW480 xenografts (Shin et al., 2017). RT11-i was modified further (to inRas37; 

Table 1) to improve the biophysical and biochemical properties of the anti-RAS VH, increase 

cell penetration, and enhance endosomal escape (Shin et al., 2020). inRas37 exhibited 

1.6–3.5-fold enhanced anti-tumor activity compared to RT11-i and demonstrated favorable 

pharmacokinetic and pharmacodynamic profiles (Shin et al., 2020). These studies provide 

a potential new therapeutic approach to inhibit oncogenic RAS in vivo using a pan-RAS 

inhibitor mAb. However, some caution remains as this antibody targeted both WT and 

mutant forms of GTP-loaded RAS, suggesting the potential for systemic toxicity, although 

no systemic toxicity was noted (Shin et al., 2020).

2.1.2 Intrabodies—Intrabodies are essentially any antibody (e.g., inRas37) or antibody 

fragment capable of acting intracellularly (Stocks, 2004) such as single-chain variable 

fragments (scFvs) consisting of both the heavy (VH) and light (VL) chain variable fragments. 

Huston et al. were the first to describe the generation of scFvs as modified versions of 

mAbs (Huston et al., 1988). By using a peptide linker to connect the VH and VL chains, 

scFvs eliminated the need for disulfide bonds while maintaining specificity and allowing 

for genetic encoding (Huston et al., 1988). Using this methodology, Biocca et al. developed 

the first anti-RAS scFvs using the mAb Y13–259 (Biocca, Pierandrei-Amaldi, Campioni, 

& Cattaneo, 1994; Biocca, Pierandrei-Amaldi, & Cattaneo, 1993). scFv Y13–259 (Table 

1) inhibited insulin-stimulated meiosis of Xenopus laevis, colocalized with RAS at the 

cytosolic face of the plasma membrane (Biocca et al., 1993, 1994), and demonstrated anti-

RAS activity in both mammalian cells (Cardinale et al., 1998; Montano & Jimenez, 1995; 

Werge, Baldari, & Telford, 1994) and tumor xenografts (Cochet et al., 1998). Subsequent 

studies suggested that scFv Y13–259 functioned by sequestering RAS into intracellular 

cytoplasmic aggregates (Cardinale et al., 1998).

Work from the laboratory of Terrence Rabbitts led to the discovery of intracellular single 

variable domains termed iDabs that maintain solubility, stability, and specificity in cells 

(Tanaka et al., 2003). Using antibody capture technology (Tse et al., 2002; Visintin et 

al., 2002), anti-RAS iDabs were identified that inhibited RAS-dependent transformation 

of NIH/3T3 cells (Tanaka & Rabbitts, 2003; Tanaka et al., 2003). Subsequent studies 

identified the iDab#6 VH intrabody which bound and inhibited HRASG12V (Table 1) 

(Tanaka, Williams, & Rabbitts, 2007). X-ray crystal structure analysis revealed that iDab#6 

interacts with the Switch I (SW1) and Switch 2 (SW2) regions of HRASG12V (Tanaka et al., 

2007). This was further corroborated using surface plasmon resonance (SPR), where iDab#6 

bound GST-HRAS(GTPγS) in a concentration-dependent manner, but not with GDP-loaded 
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HRAS (Tanaka et al., 2007). Collectively, iDab#6 inhibited RAS function by disrupting 

effector binding to the SW1 and SW2 regions (Tanaka & Rabbitts, 2010; Tanaka et al., 

2007).

More recently, Pan et al. developed a dual-promotor-regulated recombinant oncolytic 

adenovirus, KGHV300, expressing a pan-RAS scFv (Yang et al., 2016; Pan et al., 2017). 

In this construct, expression of the E1a and E1b viral replication genes were regulated by 

the telomerase promotor and the hypoxia response element, respectively, both of which are 

upregulated in cancer cells, with the pan-RAS scFv gene controlled by the CMV promotor. 

Although KGHV300 only replicated in cancer cells, it infected all cell types and therefore 

required intratumoral administration. To increase cancer cell-specificity of KGHV300, its 

cilia gene was modified to bind cytokine-induced killer (CIK) cells to enhance tumor cell 

homing ability (Wang et al., 2018). Thus, the newly modified recombinant adenovirus (now 

referred to as KGHV500; Table 1) was hypothesized to essentially “hitch a ride” from 

the CIK cells to the tumor microenvironment (Wang et al., 2018). Injection of CIK cells 

carrying KGHV500 into mice bearing SGC7901 (RASWT, human gastric cancer) xenografts 

reduced tumor growth compared to injection of KGHV500 without CIK cells (Wang et 

al., 2018). Furthermore, both the pan-RAS scFv and the adenovirus hexon protein were 

restricted to tumor and spleen in the KGHC500 + CIK injected samples whereas KGHV500 

injection alone resulted in wide expression of both proteins, demonstrating tissue-specificity 

of the treatment (Wang et al., 2018). Thus, this approach may lead to new therapeutic 

approaches to treat RAS-mutant cancers.

2.2 Non-immunoglobulin-based biologics

2.2.1 Monobodies—Monobodies (Mbs) are high affinity engineered proteins derived 

from the fibronectin type III (FN3) domain (Sha, Salzman, Gupta, & Koide, 2017). Mbs 

bind critical sites of their target and often inhibit the function of that target. The isolation of 

Mbs involves selection by phage display and yeast display formats from large combinatorial 

libraries, and this art was pioneered and refined by Shohei Koide and colleagues (Biancucci 

et al., 2018; Koide, Bailey, Huang, & Koide, 1998; Koide, Wojcik, Gilbreth, Hoey, & Koide, 

2012). The smaller size and lack of disulfide bonds provides an advantage for the use of Mbs 

as genetically encoded reagents and facilitates their production in E. coli.

Our laboratory, in collaboration with the Koide laboratory, has applied this technology to 

identify anti-RAS biologics (Spencer-Smith et al., 2017; Teng et al., 2021). Our first success 

came with the isolation of the NS1 Mb which bound the α4-α5 interface on the allosteric 

lobe of RAS, a region implicated in RAS self-association and nanoclustering (Table 1; Fig. 

2B) (Khan, Spencer-Smith, & O’Bryan, 2019). Indeed, ectopic expression of NS1 inhibited 

RAS dimerization and nanoclustering and inhibited activation of ERK and AKT by both 

growth factors and oncogenic RAS. NS1 bound HRAS and KRAS with low nanomolar 

affinity but did not interact with NRAS. This selectivity was due to a single amino acid 

difference in α4 helix of NRAS (K135) vs H- and KRAS (R135) resulting in disruption 

of multiple Mb-RAS contacts. In addition to inhibiting RAS signaling, NS1 inhibited the 

oncogenic activity of H/KRAS mutants but not NRAS or downstream oncogenic kinases 

such as BRAF(V600E) and MEK(DD) (Spencer-Smith et al., 2017).
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Recently, we found that RAS inhibition with NS1 enhanced the anti-tumor immune 

response (Khan et al., 2021). Using PDAC tumor cells derived from the KPC mouse model 

(KrasG12D/+; TP53R172H/+) (Hingorani et al., 2005), we established a subclone (KPCNS1) 

that expressed NS1 in a chemically regulated manner. Injection of KPCNS1 cells into 

the pancreas resulted in rapid tumor development which was dramatically reduced upon 

induction of NS1 expression. Furthermore, we observed an increase in tumor infiltrating 

CD4+ T-cells upon NS1 induction. Surprisingly, there was no change in the number of 

CD8+ cytotoxic T-cells in the NS1-expressing cells versus controls. Numerous pre-clinical 

and clinical studies have demonstrated effective anti-tumor immunity of CD4+ cells without 

engaging CD8+ T-cells (Galaine et al., 2019; Kreiter et al., 2015; Linnemann et al., 

2015; Ott et al., 2017; Sahin et al., 2017; Tay, Richardson, & Toh, 2021; Zhang et 

al., 2018). Interestingly, in a DOX-inducible KRASG12D colorectal cancer mouse model, 

extinguishing KRAS signaling upon DOX withdrawal led to increased CD4+ T cell 

infiltration (Liao et al., 2019). It is possible that different KRAS mutations mount different 

immunological responses in terms of T-cell signatures. This may account for the difference 

in T-cell response to NS1 vs KRASG12C inhibitors (Canon et al., 2019). Indeed, recent 

studies illustrate that different KRAS mutations provoke distinct biochemical, cellular, and 

pathological responses (Hobbs et al., 2020; Poulin et al., 2019).

There are more than 130 different reported missense mutations in the RAS oncogene in 

various cancers (Hobbs, Der, & Rossman, 2016). Thus, a pan-RAS inhibitory agent like 

NS1, rather than a mutant selective inhibitor, may represent a more efficacious approach 

to treat diverse RAS mutant cancer types. The broad-spectrum nature of such an inhibitor 

may be therapeutically important in light of reports describing the presence of multiple RAS 

mutations in a single patient and heterogenous mutations between primary and metastatic 

tumor (Kordiak et al., 2019; Lamy et al., 2011; Oltedal et al., 2011; Richman et al., 2011). 

As with other RAS biologics, specificity to differentiate oncogenic mutants from WT RAS, 

which is essential for cells, raises the question of possible toxicity with NS1. Although 

recent results suggest that NS1 lacks non-specific “off-target” toxicity, it remains possible 

that residual NRAS expression may be sufficient to avoid such toxicity (Khan et al., 2021).

Although the main mode of action of NS1 appears to be inhibition of RAS self-association/

nanoclustering, additional studies reveal added complexity in the inhibitory action of NS1 

(Spencer-Smith et al., 2019). For example, NS1 reduced interaction of oncogenic KRAS, 

but not HRAS, with RAF and reduced KRAS localization to the plasma membrane. The 

isoform specific effects of NS1 on RAS–RAF association were mediated by the distinct 

hypervariable regions of RAS isoforms. Further, NS1 reduced GTP loading on WT but 

not oncogenic RAS in cells suggesting that NS1 binding may alter the orientation of 

the G-domain with the plasma membrane, hence, perturbing RAS interaction with SOS 

(Spencer-Smith et al., 2019).

Following on the success with NS1, Teng et al. recently reported the isolation of a 

mutation selective Mb to RAS (Teng et al., 2021). This Mb, termed 12VC1, selectively 

bound and inhibited KRASG12C and KRASG12V (Table 1; Fig. 2B). Structural analysis 

revealed that 12VC1 directly recognized the mutant residues along with the Switch regions 

to inhibit KRAS–effector interaction. Regulated expression of 12VC1 also reduced the 

Whaby et al. Page 6

Adv Cancer Res. Author manuscript; available in PMC 2022 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



growth of PATU8902 PDAC cells (KRASG12V mutant) tumor cells in athymic nude 

mice. However, they further enhanced the activity of this Mb through fusion to the von 

Hippel Lindau E3 ligase (VHL) to generate a mutant selective degrading biologic (see 

Section 3 for further discussion). Indeed, this modified Mb resulted in proteosome-mediated 

degradation of KRASG12C and KRASG12V but not KRASG12D or WT RAS. Further, this 

RAS degrader resulted in sustained pERK inhibition compared to the isolate 12VC1 Mb, 

further establishing the efficacy of this RAS degrader.

Another genre of RAS-specific Mbs, RasIns, were identified by Cetin et al. (Cetin et al., 

2017) using a Mb mRNA display selection against GTPγS-bound RAS, where the BC loop 

of the Mb was based on mutagenized sequences of the complementary determining region 

of iDab#6 (Tanaka et al., 2007). RasIn1 was GTP-state-selective for HRAS and KRAS and 

bound to the Switch I region of RAS (Cetin et al., 2017). Affinity maturation of RasIn1 

produced RasIn2 (Table 1). While RasIn1 bound GTP-loaded HRASG12V with a KD of 

2.1 μM, RasIn2 bound with a KD of 120 nM (Cetin et al., 2017). RasIn1 and RasIn2 

also co-localized with RAS in COS-7 cells; however, their ability to inhibit RAS-mediated 

signaling was not assessed (Cetin et al., 2017). Together, these studies highlight the power of 

Mbs in both understanding RAS and inhibiting its oncogenic activity in vivo.

2.2.2 DARPins—Designed ankyrin repeat proteins (DARPins) represent an additional 

engineered affinity reagent that has been used to inhibit RAS. DARPins are single domain 

proteins (14 kDa) that are derived from ankyrin repeat binding proteins, which are naturally 

occurring in eukaryotic cells (Stumpp, Binz, & Amstutz, 2008). Like Mbs, they lack 

cysteine residues and hence are suitable as genetically encodable intracellular reagents 

(Kummer et al., 2012; Parizek et al., 2012). The first RAS-specific DARPin, K55, is 

a pan-RAS binder that preferentially binds to the active GTP-loaded state of RAS and 

inhibits RAS effector interactions (Table 1; Fig. 2C) (Guillard et al., 2017). K27 DARPin 

is also a pan-RAS binder but in contrast to K55 prefers the GDP-loaded state and inhibits 

RAS mainly by preventing nucleotide exchange (Table 1; Fig. 2C) (Guillard et al., 2017). 

Building on these results, Bery et al. isolated two KRAS specific DARPins, K13 (Table 1; 

Fig. 2C) and K19 (Table 1), that bind the ⍺3-⍺4 allosteric interface encompassing the region 

around His95, an amino acid unique to KRAS (Bery et al., 2019). K13 and K19 inhibited 

KRAS by impairing effector interactions, preventing nucleotide exchange, and inhibiting 

KRAS dimerization at the plasma membrane (Bery et al., 2019). Though K13 and K19 did 

not discriminate between mutant and WT KRAS, they did not bind to NRAS and HRAS 

owing to the selective interaction with His95. Thus, these DARPins provide a potential 

approach to selectively inhibit KRAS while sparing the function of both N- and HRAS 

thereby reducing the potential for toxicity due to inhibition of all RAS isoforms.

2.2.3 Affibodies—Affibodies are biologically active engineered protein reagents of 

approximately 6 kDa based on a scaffold of the three-α-helix bundle Z-domain (Friedman 

& Stahl, 2009; Nilsson & Tolmachev, 2007; Nygren, 2008). Affibodies typically lack 

cysteine residues and thus are immune to the redox environment of the cell (Nygren, 2008). 

HRAS-specific affibodies have been isolated that bound with high nanomolar affinity and 

inhibited HRAS–RAF interaction in vitro (Grimm et al., 2010). These affibodies inhibited 
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cell proliferation and production of inflammatory mediators in synovial cells by impairing 

RAS activation of the MAPK signaling cascade (Shibasaki et al., 2014). Unlike Mbs and 

DARPins, the efficacy of affibodies in RAS addicted oncogenic lines or tumor models has 

yet to be demonstrated. Thus, further work is needed to demonstrate their utility as RAS 

targeting biologics in vivo.

2.2.4 Sso7d scaffold proteins—Antibodies and intrabodies, as highlighted above, are 

excellent candidates as therapeutic agents. However, the aforementioned hurdles thwart the 

development of effective antibody-based therapeutics against many sought-after intracellular 

targets such as RAS. Ideal binding peptides would exhibit smaller molecular masses, cell-

penetrability, and lack disulfide bonds and glycosylation sites while maintaining stability, 

solubility, and specificity for their intended target (Traxlmayr et al., 2016). An example 

of a peptide binding scaffold displaying many of these qualities is Sso7d from the 

hyperthermophilic archaea Sulfolobus solfataricus (Kauke et al., 2017; Traxlmayr et al., 

2016). In contrast to Mbs where the binding sites are typically located within flexible loops, 

the target binding site of Sso7d lies on the surface of a ridged β-sheet (Traxlmayr et al., 

2016).

Kauke et al. isolated a RAS-specific Sso7d, R11.1 using GppNHp-loaded KRASG12D 

as bait (Traxlmayr et al., 2016). Affinity maturation of R11.1 yielded R11.1.6 (Table 1; 

Fig. 2D) which was eight-fold more selective for KRASG12D than WT KRAS with single-

digit nanomolar affinity. However, this selectivity—but not affinity—was lost in the GDP-

loaded state suggesting that R11.1.6 did not directly contact the mutant residue, but rather 

recognized a specific conformation of KRASG12D in the GppNHp-loaded state (Traxlmayr 

et al., 2016). Accordingly, R11.1.6 bound other GppNHp-loaded KRAS oncogenic mutants 

(G12V and G12C), as well as HRAS and NRAS, with comparable affinity to GppNHp-

loaded KRASG12D. Structural analysis indicated that R11.1.6 bound distal to the nucleotide 

pocket, further supporting the hypothesis R11.1.6 binding is due to the conformation of 

mutant KRAS in the GppNHp-loaded state. The binding interface of R11.1.6/GppNHp–

KRASG12D consisted of Switch II in a conformation that exposes hydrophobic residues that 

interact with aromatic residues of R11.1.6. This interaction at Switch II alters the orientation 

of Tyr32 and Glu61 at the active site of KRASG12D, rendering it catalytically incompetent. 

This was supported by the observation that R11.1.6 reduced the intrinsic hydrolysis of 

KRASG12D. Although the GTP-loaded state of KRASG12D would presumably be stabilized 

by its interaction with R11.1.6, this is compensated for by the ability of R11.1.6 to disrupt 

RAS effector interactions. Additionally, in the R11.1.6/GppNHp–KRASG12D complex, the 

conformation of Switch I of KRASG12D places Glu37 and Glu63 in a position that favors 

interaction with Lys32 and Lys40 of R11.1.6. Switch I of wild-type KRAS, in contrast, 

appears to orient Glu63 away from Lys32, thus making the R11.1.6/wild-type KRAS 

complex less favorable.

2.2.5 Miniproteins—McGee et al. employed a randomized yeast surface display 

screening approach, utilizing a select number of small, conformationally stable 

“miniproteins” based on the avian pancreatic polypeptide (aPP) miniprotein scaffold to 

identify peptides that bound specifically to KRAS (McGee et al., 2018). Three hits were 

Whaby et al. Page 8

Adv Cancer Res. Author manuscript; available in PMC 2022 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



obtained and subjected to directed evolution to optimize the affinity for KRAS resulting 

in two improvements: addition of PRR to the N-terminus and incorporation of a Y7C 

mutation. The former was due to primer slipping during PCR; the latter was discarded 

to avoid unwanted disulfide interactions. Following a third round of directed evolution, 

miniprotein 225–3 was chosen for further optimization. 225–3 bound GppNHp-loaded H, 

K, and NRASG12V with mid-nanomolar affinity, competed with RAF-RBD binding, and 

impaired nucleotide release.

Due to solubility issues, 225–3 was replaced with 225–1. HSQC NMR spectroscopy 

revealed that 225–1 interacted with the effector binding domain of RAS. Alanine scanning 

mutagenesis revealed that nearly every effector domain residue contributed to 225–1 

interaction suggesting a complex binding mechanism. Furthermore, subsequent NMR 

analyses suggested that the miniprotein possibly bound KRAS as a dimer. Re-incorporation 

of Y7C to generate 255–11 resulted in a dimeric miniprotein that bound KRAS more 

strongly in the absence vs presence of reducing agent. However, DTT had no effect on 

255-11-KRAS interaction when the C7 residue was replaced with selenocysteine. Crystal 

structure analysis revealed that 225–11 formed a disulfide-stabilized dimer, of which one 

protomer bound KRAS in an extended, open conformation that distorted the Switch I loop 

and β-strand 2 of the KRAS effector domain. Further optimization of 225–11 by A30R 

mutation led to a twofold selectivity of GppNHp-loaded over GDP-loaded KRAS.

The authors hypothesized that breaking the symmetry between the 255–11 dimer might 

improve RAS binding and therefore, allowed each protomer to evolve independently 

(McGee et al., 2018). The resulting miniprotein 225–15 a/b heterodimer (Table 1; Fig. 2E) 

bound GppNHp-loaded KRAS >10-fold better than 225–11 (Kd of ~60 nM) and interacted 

with all 3 RAS isoforms (H, K, and NRAS) as well as various oncogenic KRAS mutants 

(G12V, G13D, and Q61H) with subnanomolar affinity. However, the ability of these RAS-

targeting miniproteins to interfere with RAS function in cells was not examined. Thus, 

further work will be needed to determine the usefulness as anti-RAS biologics.

2.2.6 Toxin peptidases—The multifunctional-autoprocessing repeats-in-toxin 

(MARTX) is a bacterial toxin capable of penetrating eukaryotic cell membranes and 

inducing cytotoxicity (Antic et al., 2015; Kwak, Jeong, & Satchell, 2011). Kwak et al. 

showed that the most virulent strains of MARTX produced by Vibrio vulnificus contained 

an effector domain, DUF5Vv, consisting of two subdomains: the membrane anchoring C1 

subdomain and the cytotoxic C2 domain (Antic et al., 2015). To identify potential targets 

of DUF5Vv, a genome-wide, non-essential gene deletion library screen was performed on 

yeast strains expressing the cytotoxic C2 subdomain. Many of the hits from the yeast strains 

that survived were connected to the MAPK pathway. Indeed, DUF5Vv decreased ERK1/2 

phosphorylation in HeLa cells. It was therefore postulated that a likely target of DUF5Vv 

was RAS, given the membrane localization of DUF5Vv via its C1 subdomain. It was further 

shown that DUF5Vv cleaves RAS (and RAP1) between Y32 and D33 in the Switch I region 

and was therefore dubbed a RAS/RAP1-specific protease (RRSP) (Table 1). Surprisingly, 

RAS nucleotide binding was not affected by RRSP cleavage; however, effector and GEF 

interactions were disrupted (Biancucci et al., 2018). Lastly, Vidimar et al. engineered a 

cell-penetrating RRSP by linking it to a catalytically inactive diphtheria toxin (RRSP-DTB), 
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which binds the heparin-binding epidermal growth factor-like growth factor (HB-EGF) cell 

surface receptor and promotes cell uptake via endocytosis (Vidimar et al., 2020). When 

injected into athymic nude mice harboring human HB-EGF positive, triple negative breast 

cancer xenografts (WT RAS), RRSP-DTB effectively decreased tumor growth (Vidimar et 

al., 2020). Further studies will be necessary to confer mutant or isoform specificity as RRSP 

cleaves all RAS isoforms as well as RAP1.

2.3 Synthetic peptides

2.3.1 Cyclic peptides—Cyclic peptides, as opposed to traditional biologics, offer 

greater therapeutic potential as they are more amenable to modifications that increase 

bioavailability (Philippe, Craik, & Henriques, 2021). By combining the biophysical 

properties of small molecules and the high affinity of biologics, peptide cyclization may 

yield greater chemical stability and protease resistance, potentially increasing systemic half-

life, as well as increased affinity for target ligand (Philippe et al., 2021). Importantly, cyclic 

peptides still retain the ability to bind and disrupt PPI interfaces (Santini and Zacharias, 

2020). Properties like these increase the likelihood of developing desirable therapeutics such 

as Cyclosporin A, an orally available cyclic peptide used for treatment of immunoregulatory 

disorders (Nielsen et al., 2017; Philippe et al., 2021).

Wu et al. discovered the first cyclic peptide targeting RAS, Compound 12 (Table 1) (Wu et 

al., 2013). Although this molecule blocked RAS interaction with RBDs of various effectors, 

Compound 12 was unable to decrease MEK or ERK phosphorylation, likely due to poor 

membrane permeability (Wu et al., 2013). Upadhyaya et al. utilized a general methodology 

for synthesizing and screening bicyclic peptides to isolated KRASG12V binding compounds, 

termed Cyclorasins (Upadhyaya, Qian, Habir, & Pei, 2014). Although two such compounds 

disrupted the RAS–RAF interaction and competed with Compound 12 for RAS binding 

suggesting similar target sites on RAS, they failed to confer any effects in cells, again 

due to poor membrane permeability (Upadhyaya et al., 2014). Further refinements to this 

approach led to the isolation of Cyclorasin 9A5 (Table 1) with improved cell permeability 

and affinity for KRAS (Upadhyaya et al., 2015). Indeed, fluorescein isothiocyanate (FITC)-

labeled Cyclorasin 9A5 displayed diffuse fluorescence throughout the cytoplasm along 

with weaker, punctate fluorescence indicative of endosomal entrapment (Upadhyaya et al., 

2015). FITC-labeled Cyclorasin 9A5 bound GTP-, GppNHp-, and GDP-loaded KRASG12V 

with Kd values of 0.44, 0.64, and 2.5 μM, respectively, suggesting that Cyclorasin 9A5 

preferentially binds KRAS-GTP (Upadhyaya et al., 2015). 1H—15N heteronuclear single 

quantum correlation (HSQC) NMR spectroscopy revealed that Cyclorasin 9A5 interacted 

with the Switch I loop of KRAS, consistent with the dose-dependent inhibition of RAS–

RAF interaction in H358 lung cancer cells (KRASG12C) as well as MEK, ERK and AKT 

phosphorylation in H1299 cells (NRASQ61K) and H1650 cells (wild-type RAS; mutant 

EGFR) (Upadhyaya et al., 2015). The enhanced membrane permeability of Cyclorasin 9A5 

may be due to its more compact, amphipathic structure in DMSO, with converged aromatic 

amino acids surrounded by arginine residues thereby allowing for more effective membrane 

penetration (Takeuchi et al., 2021).
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KRASG12D represents the most frequent KRAS mutant in human tumors (Vatansever, 

Erman, & Gumus, 2019). Although there are no targeted therapeutics against KRASG12D 

in the clinic, recent research has provided hope for selective inhibition of KRASG12D. 

KRpep-2, a cyclic peptide, was the first reported KRASG12D-selective inhibitor (Sakamoto 

et al., 2017). KRpep-2 was identified by phage display screening against KRASG12D and 

found to compete with SOS1 binding. Affinity optimization of KRpep-2 was achieved by the 

addition of arginine residues to both the N- and C-termini, resulting in KRpep-2d (Sakamoto 

et al., 2017). Both KRpep-2 and KRpep-2d inhibited KRASG12D nucleotide exchange in a 

concentration-dependent manner in vitro and KRpep-2d decreased ERK activation in A427 

cells (KRASG12D) but not in A549 cells (KRASG12C) (Sakamoto et al., 2017). However, 

due to poor membrane permeability and decreased inhibitory activity, KRpep-2d was not 

effective in vivo (Sakamoto et al., 2017). To address this concern, KRpep-2d was modified 

using three approaches: (1) replacing the disulfide bond with an amide bond to increase 

resistance to reductive cleavage, (2) introducing unnatural amino acids to the binding region 

to increase its affinity for KRASG12D, and (3) connecting the N- and C-termini via amide 

bond to introduce protease-resistant, membrane permeable cyclization (Sakamoto et al., 

2020). This optimization led to KS-58 (Table 1), the first reported KRASG12D inhibitory 

peptide displaying in vivo anti-cancer activity (Sakamoto et al., 2020). Further development 

of this lead compound will be needed prior to moving into clinical trials.

Utilizing a different screening approach, Zhang et al. recently reported another KRASG12D-

specific cyclic peptide, KD2 (Table 1). Random non-standard Peptides Integrated Discovery 

(RaPID) (Ong et al., 2017) was used to screen for cyclic peptides that bound GppNHp-

loaded KRASG12D/T35S to minimize the probability of identifying peptides that bound RAS 

but did not disrupt effector binding or peptides that stabilized the effector binding-competent 

state (Zhang et al., 2020). Five total rounds of screening were performed against GppNHp-

bound KRASG12D/T35S and compared to binding of GDP-bound KRASG12D/T35S and empty 

streptavidin beads for quantification (Zhang et al., 2020). KD2 inhibited the RAS–RAF 

interaction and, to a weaker extent, SOS1-mediated nucleotide exchange; however, unlike 

KRpep-2d, KD2 bound KRASG12D-GTP (Zhang et al., 2020). Structural analysis revealed 

that KD2 bound and expanded the Switch II groove by shifting the α2 helix and Switch II 

loop and appeared to make direct contact with Asp12 of KRASG12D via Thr10 (Fig. 2F) 

(Zhang et al., 2020). Structure-guided optimization led to a >10-fold increase in potency 

(IC50 of 0.80 μM) at inhibiting the RAS–RAF interaction in vitro (Zhang et al., 2020). 

While these results remain encouraging, KD2 was cell impermeable, thereby requiring 

further optimization to translate into cell-based and in vivo assays (Zhang et al., 2020).

2.3.2 Stapled peptides—Stapled peptides represent yet another group of 

macromolecules to disrupt RAS function. Stapled peptides usually consist of α-helical 

segments linked or “stapled” by side chains that can be covalently bonded (Ali, Atmaj, 

Van Oosterwijk, Groves, & Domling, 2019). This linkage renders the alpha helical structure 

more rigid, increasing stability and resistance to proteolysis in the cell. Furthermore, the 

incorporation of non-natural amino acids can further enhance both of these properties (Ali et 

al., 2019). In addition, the peptide nature of these compounds allows easier optimization to 

confer affinity and selectivity to the target of interest (Leshchiner et al., 2015).
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Patgiri et al. created a SOS1 αH helix mimic, HBS3, using a hydrogen bond surrogate 

approach. HBS3 bound to nucleotide-free (Kd of ~28 μM) and GDP-loaded RAS (Kd 

of ~158 μM) near the Switch regions and nucleotide pocket where the αH helix of 

SOS1 normally binds (Patgiri, Yadav, Arora, & Bar-Sagi, 2011). HBS treatment of cells 

decreased RAS activation following EGF stimulation of HeLa cells without altering the 

phosphorylation status of EGFR (Patgiri et al., 2011). Leshchiner et al. used the primary 

sequence of the RAS-interacting α-helix of SOS1 to generate stabilized alpha helices of 

SOS1 (SAH-SOS1). Of the stapled peptides screened, one was further optimized by the 

addition of two arginine residues to the N-terminus to decrease its overall charge and 

increase its cell permeability (Leshchiner et al., 2015). The resulting stapled peptide, SAH-

SOS1A (Table 1), bound all RAS mutants (both GDP- and GTP-bound) with nanomolar 

affinity (Kd of 100–175 nM) and competed with RAS–SOS1 binding (Leshchiner et al., 

2015). SAH-SOS1A additionally blocked the association of nucleotide with both WT and 

KRASG12D in vitro. In cell-based assays, SAH-SOS1A dose-dependently impaired the 

viability of various KRAS-mutant cancer cell lines and dose-dependently decreased MEK, 

ERK, and AKT phosphorylation in EGF-stimulated Panc 10.5 cells (Leshchiner et al., 

2015).

3. Targeting RAS using peptide-PROTACs: A new frontier for RAS 

inhibition

An emerging strategy to selectively degrade proteins utilizes the ubiquitin–proteasome 

system (UPS). In contrast to technologies such as RNAi and CRISPR, which knock-

down or eliminate expression of proteins at a genetic level, proteolysis-targeting chimeras 

(PROTACs) result in the specific post-translational degradation of a target protein 

(Chopra, Sadok, & Collins, 2019; Pettersson & Crews, 2019). Traditionally, PROTACs 

are bifunctional small molecules containing two moieties: a ligand for a specific target 

of interest coupled to a ligand for a specific E3 ubiquitin ligase complex (Chopra et 

al., 2019; Pettersson & Crews, 2019). The PROTAC acts to recruit the ubiquitin ligase 

machinery directly to a target protein for polyubiquitination and subsequent proteasomal 

degradation (Chopra et al., 2019; Pettersson & Crews, 2019). Thus, PROTACs “hijack” the 

ubiquitin–proteasome machinery to specifically degrade target proteins. This approach holds 

advantages over genetic knockdown methods, especially when considering the long-lived 

half-life of certain proteins (Pettersson & Crews, 2019). An additional benefit of PROTACs 

is their event-driven mechanism of action (MOA) as opposed to traditional pharmacological 

occupancy-driven MOA (Pettersson & Crews, 2019). This is particularly beneficial for small 

molecule PROTACs: as they are not consumed in the reaction, they can carry out multiple 

rounds proteasomal targeting (Pettersson & Crews, 2019).

Recently, the Crews laboratory developed the first oncogenic RAS-targeting PROTAC, 

termed LC2, by combining the KRASG12C-specific inhibitor, MRTX849, with a VHL 

E3 ligase-recruiting ligand (Bond, Chu, Nalawansha, Li, & Crews, 2020). Although this 

represents an encouraging development in anti-RAS pharmacologics, the current KRASG12C 

inhibitors are already covalent, irreversible inhibitors of KRAS. Furthermore, the problem 

still remains that KRASG12C is present in only ~10% of KRAS-mutant tumors (Khan, 
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Rhett, & O’Bryan, 2020) with a ~2.2% overall prevalence in cancer (Zuberi et al., 2020). 

Furthermore, the lack of high affinity small molecule inhibitors of other KRAS alleles limits 

the translation of these findings to additional KRAS mutants.

Peptide-PROTACs (also referred to as peptide degraders, biodegraders, bioPROTACs, and 

Affinity-Directed Protein Missiles) provide an alternative approach to small molecule 

PROTACs (Fig. 3). Peptide-PROTACs contain three main components: an E3 ubiquitin 

ligase, a high affinity protein binder specific for the target of interest, and a linker joining 

the two protein domains. The most commonly used E3 ligases thus far are VHL and CRBN 

(Jin et al., 2020; Lim et al., 2021). Gly/Ser linkers of varying lengths are most often used 

to connect the E3 ligase and protein-targeting ligands ( Jin et al., 2020). Peptide-PROTACs 

are advantageous as they can be genetically encoded ( Jin et al., 2020), include an E3 ligase 

or an E3 ligase-recruiting motif (i.e., degrons) ( Jin et al., 2020; Qu et al., 2020), and can 

include high-affinity biologics such as Mbs (Lim et al., 2021; Roth et al., 2020) or DARPins 

(Bery, Miller, & Rabbitts, 2020) as protein-targeting ligands when small molecule ligands 

are not an option.

Ma et al. effectively applied the peptide-PROTAC approach to inhibit KRAS (Ma et al., 

2013). They coupled the RBD and cysteine-rich domain (CRD) of c-RAF to the U-Box 

E3 ligase domain of the carboxyl terminus of Hsc70 interacting protein (CHIP) to generate 

the peptide-PROTAC, RC-U (Ma et al., 2013). RC-U co-immunoprecipitated with FLAG-

tagged KRAS in HEK 293T cells and decreased the expression of endogenous KRAS in 

PANC-1 cells in a polyubiquitination-dependent manner (Ma et al., 2013). Treatment with 

the proteasome inhibitor, MG-132, rescued KRAS expression in RC-U-transfected PANC-1 

cells, demonstrating that the decrease in KRAS expression in RC-U-transfected cells was 

proteasome-dependent (Ma et al., 2013). Lastly, expression of RC-U decreased tumor 

volume of PANC-1 xenografts (Ma et al., 2013). Collectively, these results demonstrated 

that proteasomal targeting of KRAS was indeed possible using a peptide-PROTAC approach.

Another KRAS-targeting peptide-PROTAC, VHL-aHRAS, was recently reported by Roth 

et al. (Roth et al., 2020). This approach linked the NS1 Mb discussed in Section 2.2.1 

(termed aHRAS in the study) to VHL. VHL-aHRAS or VHL-aGFP16 (a control specific 

for GFP) were retrovirally transduced in A549 cells bearing a homozygous knock-in of 

GFP-tagged KRAS (Roth et al., 2020). VHL-aHRAS reduced both endogenous KRAS (and 

HRAS) and GFP-KRAS protein levels whereas the VHL-aGFP16 only reduced GFP-KRAS 

protein levels (Roth et al., 2020). Furthermore, MG-132 and bortezomib both induced 

accumulation of polyubiquitinated proteins and rescued RAS protein expression in A549 

cells transduced with VHL-aHRAS (Roth et al., 2020). Proteomic analysis revealed that 

HRAS was decreased >2-fold by VHL-aHRAS compared to VHL alone; however, KRAS 

was not significantly reduced (Roth et al., 2020). This same trend was observed (via Western 

blot analysis) in HT-29 and SW620 cell lines (Roth et al., 2020). This selectivity for HRAS 

is likely due to the higher affinity of NS1 for HRAS vs KRAS (Spencer-Smith et al., 2017). 

Nonetheless, VHL-aHRAS was effective at targeting HRAS, and KRAS to a lesser extent, 

for proteasomal degradation.
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Rabbitts and colleagues also developed anti-RAS peptide-PROTACs using their RAS 

targeting iDabs and DARPins as described in Section 2.1.2 and 2.2.2, respectively (Bery 

et al., 2020). These anti-RAS biologics were genetically fused to either VHL or the 

U-Box domain of CHIP and examined for their ability to degrade endogenous H, K, and 

NRAS in HCT116 cells. Fusion of the U-Box domain to the COOH-terminus of the iDab 

(pan-RAS degrader) was more efficient than N-terminal fusion and was more potent than 

VHL fusions (Bery et al., 2020). Conversely, fusion of VHL to the N-terminus of the 

anti-KRAS DARPin (KRAS degrader) was the most effective peptide-PROTAC (Bery et al., 

2020). These findings emphasize the importance of optimizing the orientation of the specific 

ubiquitin ligase domain relative to the specific targeting domain in the design of a particular 

peptide-PROTAC.

The pan-RAS PROTAC (i.e., iDab) reduced expression of H, K, and NRAS whereas the 

KRAS-specific PROTAC (i.e., DARPin) selectively reduced KRAS levels in a time- and 

dose-dependent manner in H358 cells resulting in a commensurate reduction in AKT, 

MEK, and especially ERK phosphorylation (Bery et al., 2020). RAS expression levels 

were rescued by inhibition of the proteasome suggesting that the mechanism of targeted 

knockdown was indeed proteasome-dependent degradation (Bery et al., 2020). Furthermore, 

the specificities of the pan-RAS and KRAS degraders were consistent in a panel of RAS 

mutant cell lines and recapitulated in vivo using doxycycline-inducible pan-RAS degrader 

and KRAS degrader, both of which reduced KRAS-mutant tumor growth (Bery et al., 

2020). However, only the pan-RAS degrader elicited effects in non-oncogenic KRAS mice 

xenografts (Bery et al., 2020).

Lim et al. have also explored the use of peptide-PROTACs in targeting RAS degradation. 

They examined the effectiveness of 10 different E3 ligases and identified the speckle type 

POZ protein (SPOP) as the most robust E3 ligase for this format. SPOP was then fused to 

various anti-RAS biologics including NS1 Mb, K27 and K55 DARPins, the R11.1.6 Sso7d, 

and the c-RAF RBD-CRD (Lim et al., 2021). All peptide-PROTACs with the exception 

of K55 effectively depleted KRAS levels, with the RBD-CRD-SPOP and K27-SPOP 

promoting the most robust RAS depletion (Lim et al., 2021). In addition, K27-reduced 

endogenous KRAS expression in AsPC-1 PDAC tumor cells (KRASG12D) resulting in 

decreased proliferation and increased apoptosis. Furthermore, these studies provided novel 

insights into the prevalence of the inactive state of KRAS through the use of GDP-state 

specific biologics such as K27 DARPin. Consistent with the relative population of the 

GDP-bound state by each KRAS (Moore et al., 2020), K27-SPOP degraded KRASWT 

>KRASG12C > KRASG12D >KRASG12V. To further confirm the specificity of K27-SPOP 

for the GDP-bound state, treatment of KRASG12C expressing cells with AMG510, which 

traps KRASG12C in the GDP-bound state, enhanced K27-SPOP mediated degradation 

of KRAS but blocked the effects of the RBD-CRD-SPOP degrader. Interestingly the 

KRASQ61H mutant was efficiently degraded by K27-SPOP despite its reported low catalytic 

activity (Hunter et al., 2015). Finally, as discussed in Section 2.2.1, Teng et al. recently 

developed a mutation specific degrader (Mb 12VC1) that selectively binds and degrades 

KRASG12V and KRASG12C (Teng et al., 2021). Together, these studies highlight the 

potential power of using peptide-PROTACs to target oncogenic RAS in cells. Further 
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development of this technology will be needed to allow for effective and efficient delivery of 

such degraders to tumor cells in a patient.

4. Conclusion and future outlook

RAS remains at the forefront of cancer research given its prominent role in driving 

tumorigenesis. Despite the recent success in developing anti-RAS pharmacologics, 

continued efforts are required to expand on this success. RAS biologics have proven 

effective at inhibiting oncogenic RAS function through multiple mechanisms including 

disruption of PPI with effectors or activators of RAS as well as allosteric inhibition. 

However, these biologics require additional optimization to enhance their cellular uptake 

and tumor specificity in order to become useful clinical agents. With the utilization of 

delivery mechanisms such as cell-penetrating peptides, this shift appears ever more realistic. 

Additionally, with the entrance of liposomal-mediated cellular delivery of mRNA in the 

vaccine arena, many of the aforementioned genetically encodable biologics may yet reach 

the clinic setting. Nevertheless, biologics have proven powerful tools to further understand 

the biology of RAS, and these new insights are unveiling additional vulnerabilities of the 

formerly “undruggable” RAS.
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Fig. 1. 
Targeting RAS with biologics. The cycling of RAS between the inactive GDP-bound state 

and active GTP-bound state is regulated by the action of GAPs and GEFs, respectively. 

Once activated, RAS assembles into nanoclusters resulting in recruitment and activation of 

effectors. Various anti-RAS biologics target different aspects of this cycle.
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Fig. 2. 
Binding interfaces of various RAS inhibitors. The crystal structures of RAS in complex 

with various inhibitors. For all RAS structures the effector lobe is highlighted light 
gray and the allosteric lobe, dark gray, Switch 1 is highlighted orange and Switch 2 

highlighted yellow. All inhibitors are shown in cyan. Nucleotide is colored green. Metal 

ions and water molecules have been removed from structures. (A) Structure of KRASG12C 

bound to Sotorasib (AMG-510) (PDB 6OIM). The Cys12 is highlighted in red. (B) 

RAS Monobodies. HRAS:NS1, left (PDB 5E95), and HRAS(G12C):12VC1 (7L0G). (C) 

RAS DARPins. KRASG12V:K55, left (PDB 5MLA); KRASG12V:K27, center (PDB 5O2S); 

KRASG12V:K13, right (PDB 6H46). (D) Sso7d protein R11.1.6. KRASG12D:R11.1.6 (PDB 

RUFQ). (E) Miniprotein 225–15a/b. RASG12V:225–15a/b (PDB 5WLB). (F) KD2 cyclic 

peptide. KRASG12D:KD2 (PDB 6WGN).
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Fig. 3. 
RAS-targeting peptide-PROTACs. Anti-RAS biologics are genetically fused to an E3 

ubiquitin ligase resulting in recruitment of the complex to RAS, polyubiquitination and 

subsequent proteasomal degradation. The peptide-PROTAC, however, can be recycled to 

initiate multiple rounds of RAS degradation.
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