
Targeting all KRAS
oncogenic variants:
a viable path to tangible 
therapeutic impact?



Incidences of non-blood cancers that are 
addressable with precision medicine drugs 
would almost double if drugs were available for 
all KRAS-driven cancers (1). KRAS mutations are 
present in 14% of tumours (2), making KRAS 
one of the most frequently mutated oncogenes 
and a driver of multiple different cancers (3). 
Normally present and expressed in all cell 
types, with a critical role in basic cell signaling 
processes, KRAS has been a historically 
challenging target, and was at one time 
considered impossible to treat with drugs. 

However, persistent research and development 
efforts have led to the recent FDA approval of 
two KRAS allele-selective inhibitors - advancing 
the field of precision oncology and providing 
hope for additional future therapeutic inter-
ventions targeting this important cancer driver. 
Here we review allele-specific and pan-KRAS 
inhibition strategies and consider their 
enormous therapeutic potential.
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The seven major KRAS-driven cancers are colorectal cancer, pancreatic cancer, lung adenocarcinoma, 
undifferentiated endometrial cancer, breast invasive ductal carcinoma, stomach adenocarcinoma 
and esophageal and gastroesophageal junction cancer. Mutation profiles differ between the types of 
cancers, but KRAS alterations fall into three general categories: allele-specific mutations, amplification 
of wild-type KRAS, and multiple KRAS aberrations. Most KRAS-driven cancers fall into the first category, 
with KRASG12D, KRASG12V and KRASG12C being the three most common alleles. 

Of the 1.8 million annual new cancer diagnoses within the United States alone, it has been estimated 
that up to 210,000 cases – or slightly more than 11% – are KRAS-driven cancers, of which 
approximately 109,000 harbour one of these three alleles (1). 
 
This is just slightly less than the estimated percentage of all cancers that are eligible for current FDA- 
approved precision medicine therapies. These include cancers with alterations in BRCA1, BRCA2, BRAF, 
ERBB2, FGFR1, FGFR2, FGFR3 and PIK3CA. While KRAS has been an elusive target, the May 2021 and 
December 2022 approvals of KRASG12C inhibitors sotorasib and adagrasib respectively have shown that 
precision targeting is possible for KRAS-driven cancers, opening the door to better addressing this 
significant patient population.

KRAS oncogenic variants

KRAS is a small, membrane bound GTPase that relays signals received from outside of the cell to the 
nucleus via a number of well characterised signaling pathways, and serves as a node for integration 
of cellular signaling. As a GTPase, KRAS converts GTP to GDP. When bound to GDP, KRAS is in its “OFF” 
state, and no signal is transmitted. When GDP is exchanged for GTP, facilitated by guanine-nucleotide 
exchange factors (GEFs) like SOS1 and SOS2 in response to an outside signal, KRAS acts like a switch 
and changes to its “ON” state, transmitting the signal. As it hydrolyses GTP to GDP, KRAS returns to its 
OFF state. KRASG12C and similar mutant forms exhibit impaired hydrolysis and primarily remain in the 
ON state - although there is evidence that they do not operate completely independently, maintaining 
some requirement for upstream signaling and GEF-facilitated loading of GTP (4,5).

Sotorasib and adagrasib are both small molecule covalent inhibitors that bind GDP-KRASG12C, locking 
it in its OFF state. Because the cysteine residue is not present in the wild-type protein, the likelihood 
of off-target effects is reduced. Both have received approval for treatment of advanced non-small 
cell lung cancer (NSCLC) patients positive for KRASG12C that have previously received at least one other 
systemic therapy.

Targeting KRAS mutation
- driven cancers

KRAS-driven cancers
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KRAS oncogenic variants

The appeal of allele-selective inhibitors is clear. They target very clearly defined patient 
populations. Because they selectively target a form of the KRAS protein that does not exist in 
normal cells, they are less likely to show significant toxicity due to interference with wild-type 
KRAS. They are also likely to work well in combination with other less-targeted therapies. Their 
specificity is also what lies behind their limitation – they are only effective for cancers harbouring 
the specific allele, and can lose their effectiveness if the tumour develops resistance and/or other 
KRAS mutations.
 
Despite the success of sotorasib and adagrasib, and the promise of other potential KRASG12C 

targeted therapeutics, it is unclear whether it will be possible to find therapeutics for other 
alleles. KRASG12D and KRASG13C currently appear to have the greatest potential. MRTX1133 was 
recently described as a selective, non-covalent inhibitor of KRASG12D that inhibits KRAS-mediated 
signaling and results in tumour regression in certain KRASG12D-mutant cell lines (9), while KRASG13C 
promise is based on recent reports from scientific meetings and investor reports (10). Approval 
of a KRASG12D inhibitor would be especially welcome, given its approximately 2.5-fold higher 
incidence than KRASG12C.

Two classes of KRAS medicines
Based on studies performed to date, one can envision two classes of KRAS therapies: those that 
selectively target individual mutant alleles and those that target KRAS more broadly. Each carries 
its own promises as well as limitations.

Allele-selective inhibitors

In clinical trials, both were shown to have significant effects on disease control in both NSCLC and 
colorectal cancer (CRC) patients, although response rates and duration were lower in CRC patients 
(6,7). Ongoing trials are looking at the possibility of improving response in both sets of patients, as 
well as patients with other cancer types, through combining KRASG12C inhibitor treatment with other 
therapies.

The development and subsequent approval of these two compounds has spurred interest in 
creating additional drugs targeting KRAS. Some also target KRASG12C, including RMC-6291 – an 
advanced compound currently in phase I trials that uniquely targets KRASG12C in its ON state as part 
of a tricomplex with the immunophilin cyclophilin A (8). By targeting KRASG12C in its ON state, RMC-
6291 represents a possible second generation of KRASG12C inhibitors that may have a lower risk of 
cancer cells adapting to, and bypassing, the treatment through increased upstream signaling that 
increases the relative levels of GTP-bound KRASG12C. Other drugs have the potential to target other 
KRAS alleles, or KRAS more generally.
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Pan-KRAS, and more broadly pan-RAS, 
therapeutics have the promise of addressing 
a broader patient population. They have the 
potential to work against not just allele-specific 
forms of KRAS for which a targeted therapeutic 
does not yet exist, but to also work against 
cancers driven by amplification of wild-type 
KRAS, or cancers driven by mutations in other 
genes that result in excess KRAS activity. They 
are also likely to have an advantage over 
allele-selective inhibitors in cancers with multiple 
KRAS aberrations, or those that have developed 
resistance through secondary KRAS mutations. 

Their broad applicability is also at the core of the 
expected higher likelihood of toxicity to normal 
tissues that results from their inhibition of 
wild-type KRAS. It is important to note that 
pan-KRAS drugs that specifically target KRAS 
would be expected to have lower levels of 
toxicity than pan-RAS drugs that non-specifically 
inhibit all three isoforms: KRAS, NRAS and HRAS. 
There are two pan-KRAS approaches that are 
the focus of intense efforts: indirect and direct.

There are a number of SHP2 inhibitors currently 
in phase I and II clinical trials. These inhibitors 
work by making the auto-inhibited conformation 
of the enzyme more stable, thereby disrupting 
SOS1-mediated GDP-GTP RAS exchange (11,12). 
Interestingly, SHP2 also plays a role in immune 
signaling. Not only does its inhibition lead to 
disease control in tumours harbouring KRAS- 
related mutations, but it also increases 
immune-related killing of cancer cells (13). The 
only SOS inhibitor in clinical trials is BI 1701963 
(14), which acts by blocking SOS1 from 
interacting with GDP-KRAS, preventing the 
GDP-GTP exchange that activates KRAS. 

As both SHP2 and SOS1 inhibitors result in 
shifting KRAS towards its GDP-bound state, 
there is great interest in potentially combining 
them with allele-selective KRAS inhibitor 
therapies that specifically target the GDP-KRAS 
form. Multiple combinations are currently the 
focus of ongoing KRASG12C clinical trials. 

In addition to their role in KRAS-mutation 
driven cancers, there is preclinical evidence that 
supports the possibility of SHP2 and SOS1 
inhibitors being relevant for cancers with 
amplification of wild-type KRAS (15). One SHP2 
clinical trial is currently assessing its effect on 
patients with such tumours.

While SHP2 and SOS1 are important upstream 
components of the KRAS signaling cascade, 
there are downstream components that can 
also serve as indirect targets and as 
additional candidates for combined therapies. 
These include RAF, MEK and ERK kinases.

These approaches do not target KRAS directly, 
but key upstream components of the signaling 
cascade, such as SHP2 and SOS1. SHP2 is a 
tyrosine phosphatase that responds to external 
cellular signals by amplifying the activation of 
SOS1: the previously described GEF that facilitates 
the GDP-GTP exchange switching KRAS to its ON 
state. Both are important targets, as they continue 
to exert influence on KRASG12C and other KRAS 
oncoproteins and are required for them to realize 
their full oncogenic potential.

KRAS oncogenic variants

Indirect pan-KRAS 
approaches

Pan-KRAS
drugs

5



KRAS oncogenic variants

Illustration created 
with BioRender.com

Instead of being approached indirectly, KRAS can also be targeted directly. Two avenues of pursuit 
are KRAS inhibitors, and a new class of medicines known as proteolysis targeting chimeras 
(PROTACs) which harness the cellular protein degradation machinery to degrade specific proteins. 
Preclinical studies have shown that pan-KRAS inhibitors can act against multiple KRAS-mutant 
cell lines and reduce tumour efficacy in multiple models of KRAS-mutated colorectal cancer (16). 
PROTACs are bifunctional molecules that bring a protein of interest, like KRAS, together with an E3 
ligase which is then able to ubiquitinate the targeted protein and induce degradation (17). In 
theory, by selecting an E3 ligase with a similar tissue profile as KRAS, it should be possible to limit 
the PROTAC’s effect on HRAS and NRAS - thereby reducing the likelihood of high levels of toxicity.

Pan-RAS inhibitors show activity across many different RAS-driven cell lines, and in a number 
of tumour models (18), but it is unclear whether blocking HRAS and NRAS in addition to KRAS will 
result in too many toxic effects.

KRAS precision oncology therapies have great potential to address a broad range of cancers, a 
number of which currently have significant unmet needs. The most attractive patient populations 
include those with NSCLC, colorectal cancer and other gastrointestinal cancers - particularly 
pancreatic cancers. 

KRAS mutations are the most common driver of lung adenocarcinoma. Of the >35% of 
patients who harbour a KRAS mutation, more than half of those mutations are alleles 
other than KRASG12C. Most of these appear amenable to the pan-KRAS approaches described 
above, and rarely overlap with other actionable driver mutations. They are also less likely than 
KRASG12C to overlap with mutations in tumour suppressors like STK11/LKB1 and KEAP1, although 
rates of overlap with TP53 mutation are similar. 
 
Pan-KRAS drugs have the potential to impact difficult-to-treat NSCLC patients receiving 
immunotherapy to counter PD-L1-mediated immune checkpoint activation. 

Direct pan-KRAS approaches

Potential therapeutic 
applications of pan-KRAS drugs

NSCLC
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KRAS oncogenic variants

Potential
therapeutic

applications of 
pan-KRAS

drugs

Immunotherapy is the standard of care for 
NSCLC patients with tumours that express PD-L1 but 
lack EGFR mutations or ALK rearrangements, and for 
which another targeted treatment is not available 
(19,20). Overall response rates to immunotherapy are 
modest, although there is evidence that KRAS 
mutant-driven cancers exhibit a higher tumour 
mutation burden (TMB), and may therefore be more 
responsive to immune checkpoint inhibition. This is 
consistent with the observation that patients with 
tumours expressing high levels of PD-L1 survive longer 
when their tumour also contains KRAS mutations, 
compared to patients whose tumours do not – 
although this effect is not observed when immune 
therapy is administered together with 
chemotherapy (21). 

Further support for the potential of pan-RAS inhibitors 
to augment immune therapy effectiveness comes 
from evidence that, in NSCLC patients with KRAS 
mutation-driven tumours, the tumour micro- 
environment (TME) lacks - or has dysfunctional - 
tumour-infiltrating lymphocytes (TILs). These are not 
as effective at killing tumour cells, especially when 
co-occurring STK11/LKB1 mutations are present 
(22,23). Preclinical studies have suggested that 
sotorasib and adagrasib treatment results in a more 
proinflammatory and TIL-infiltrated TME, which 
produces a more durable response when combined 
with immune checkpoint inhibition therapy (24). Taken 
together, this suggests that pan-KRAS drugs taken in 
combination may be able to improve the effects of 
immune therapy, even when KRAS mutations 
other than KRASG12C are present.

Illustration created 
with BioRender.com
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KRAS mutations occur in approximately 45% of 
colorectal cancers. They have a negative 
prognostic impact in general and are a negative 
predictor for response to anti-EGFR therapy. 
Furthermore, acquisition of secondary KRAS 
mutations or the emergence of KRAS 
amplification is often the mechanism of 
resistance noted in patients who have relapsed 
while on cetuximab or panitumumab anti-EGFR 
therapies (25,26). It is possible that combining a 
pan-KRAS inhibitor with anti-EGFR therapy could 
counter resistance driven by KRAS. 

Similarly, anti-EGFR therapies are good 
candidates for combination with both pan-KRAS 
and allele-selective KRAS inhibitors for greater 
efficacy. 
 
Despite their clear effectiveness, sotorasib and 
adagrasib both show lower response rates in 
patients with KRASG12C-mutated colorectal 
cancers than one might expect. 

This is likely due to KRASG12C remaining sensitive 
to EGFR upstream signaling, which allows 
reactivation of EGFR to limit the efficacy of 
KRASG12C inhibition. This adaptive resistance can 
be overcome by combining inhibition of KRASG12C 
and EGFR, as shown by significantly higher 
response rates in patients receiving adagrasib 
plus cetuximab versus patients receiving only 
adagrasib (27). Combining sotorasib with 
panitumumab appears to show similar effects 
(28). These data support the potential for 
pan-KRAS inhibitors to similarly work in 
combination with anti-EGFR therapies.

Colorectal
cancer

KRAS oncogenic variants

KRAS alterations are found frequently in 
other cancers, including pancreatic ductal 
adenocarcinomas (PDACs), where roughly 90% 
of cases present with a KRAS mutation –  
suggesting great promise for broad impact of 
pan-KRAS and allele-selective inhibition 
approaches in this patient population. Given the 
low occurrence of KRASG12C, little direct evidence 
is available regarding the amenability of targeting 
KRAS mutations in PDACs, but the few available 
case studies of KRASG12C patients suggest that 
allele-selective therapeutics can be successful 
(29). With occurrence in approximately 65% of 
PDAC cases, KRASG12D and KRASG12V are the most 
attractive targets.

Additional unusual variants including KRASG12R 

(the third most frequent alteration in PDACs), 
KRASA146T and KRASQ61H are also attractive targets, 
given their apparent tissue-specific effects that 
could be targeted precisely by allele-selective 
inhibition (30-32).

Promising data on the ability to treat both NRG1 
fusion-positive (33) and NTRK fusion-positive (34) 
PDACs further suggests that targeting KRAS- 
driven PDACs may be effective. A number of 
immune-based approaches that target multiple 
KRAS mutations are under investigation. These 
include early clinical studies of the mRNA 
vaccine, mRNA-5671, which encodes 
neoepitopes that target common KRAS 
mutations G12C, G12D, G12V and G13D (35). 
As well as preclinical studies of antibodies that 
target G12V and Q61H, Q61L and Q61R KRAS 
mutant alleles (36). 

Other gastro-
intestinal cancers



9 KRAS oncogenic variants

Beyond prominent tissue-specific cancers, there 
are a number of other scenarios where pan-KRAS 
drugs have the potential to be particularly 
effective: including cancers with KRAS wild-type 
amplifications, cancers that are driven by co- 
occurring KRAS alterations, and cancers that have 
acquired resistance to KRASG12C-specific inhibitors.

Activation of KRAS through allele-specific mutation 
is the most common mechanism of KRAS-driven 
cancers. However, activation through amplification 
of the wild-type protein is also a frequent 
occurrence, particularly in oesophageal and 
stomach cancers. ERBB2 and FGFR2 
amplification-positive stomach cancers have been 
shown to respond to precision therapies (37,38), 
suggesting a similar potential for KRAS-driven 
cancers. 

Although relatively small in number, there are 
cancers that carry multiple KRAS alterations. These 
include multiple allele-specific mutations as well 
as a combination of an allele-specific alteration in 
conjunction with KRAS amplification. These 
heterogeneous cancers could potentially benefit 
from a combination of allele-selective inhibitors 
and pan-KRAS inhibitors.

Additional 
opportunities
for pan-KRAS 
therapies

Acquired resistance 
to KRASG12C inhibitors

Despite the clear clinical benefits of KRASG12C 
inhibitors, acquired resistance eventually limits their 
impact. A recent study of patients who initially 
responded to adagrasib treatment, but then later 
experienced disease progression, identified 
potential sources of acquired resistance in nearly 
half of the cases (39). The study’s authors identified 
six distinct classes spanning the following:  
additional KRAS mutations that led to blocked 
inhibitor binding or further KRAS activation, cis 
allele conversion of KRASG12C to KRASG12W, KRASG12C 
amplification, bypass mutations in the RAS/MAPK/
PI3K pathway, or histological transformations from 
adenocarcinoma to squamous cell carcinoma cell 
states. Of the patients falling into these classes, 
more than half had at least one additional KRAS 
mutation, and over 40% showed signs of more than 
one mechanism of resistance.

There is evidence that resistance to adagrasib does 
not preclude responsiveness to sotorasib, 
suggesting that sequential use of KRASG12C inhibitors 
may be one viable anti-resistance strategy (39,40). 
Another may be the combined use of KRASG12C 
inhibitors with different mechanisms of action that 
are currently under development (41). However, all 
KRASG12C inhibitors, as well as new inhibitors of other 
allele-specific variants, are likely to face similar 
challenges of acquired resistance. Pan-KRAS 
inhibitors or degraders that target a broad range 
of activating KRAS mutations have the potential to 
counter KRASG12C inhibitor acquired resistance -  
especially those that act against wild-type KRAS, 
and would therefore be expected to have greater 
potential to suppress bypass mutations in the RAS/
MAPK/PI3K pathway.



 
Hofmann MH et al Cancer Discov. 2022 Apr 1;12(4):924-937
Illustrations created with BioRender.com

The RAS / MAPK 
Signalling Pathway
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Future perspec-
tives

FDA approval of sotorasib and adagrasib marked the 
culmination of decades of KRAS research and drug 
development, and have opened the door to additional 
KRAS-targeted therapies. Additional allele-selective 
inhibitors are expected, buoyed by previously discussed 
reports of KRASG12D and KRASG13C inhibitors - as well as 
recent reports of covalent binders of KRASG12R (42) and 
KRASG12S (43). There is also potential to pair allele-selective 
therapies with standard chemotherapy and 
immunotherapy approaches. 

However, there remains a pressing need for development 
of pan-KRAS therapeutic approaches that are able to 
address broader patient populations and circumvent 
mechanisms of acquired resistance to current KRASG12C 
inhibitors. As better understanding of the underlying 
mechanisms grows, these are likely to include both direct 
pan-KRAS inhibitors and degraders as well as indirect 
pan-KRAS approaches. To date, we have only scratched the 
surface of precision oncology therapies for KRAS-driven 
cancers, and are likely to see significant additions to 
therapeutic arsenals in the future.

Future
perspectives
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