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Significance

Kirsten rat sarcoma virus (KRAS) 
remains a difficult-to-drug 
oncogene due to its shallow 
surface, lacking binding grooves 
for small molecule compounds. 
We circumvent this problem by 
targeting aggregation-prone 
sequence segments (APRs) of 
KRAS with synthetic amyloid 
peptides, termed Pept-ins, that 
induce KRAS misfolding and 
aggregation. Oncogenic mutations 
at positions 12 and 13 amplify the 
aggregation propensity of an APR. 
A Pept-in encoding the G12V-
amplified APR induces the 
aggregation of KRAS in vitro and 
in cells. We also find that this 
Pept-in inhibits pAkt signaling in 
endogeneous G12V cancer lines 
and suppresses tumor growth 
after subcutaneous injection in a 
syngenic G12V mouse model. 
The possibility to target primary 
sequence segments to inactivate 
proteins by misfolding opens 
opportunities for difficult-to-drug 
proteins such as KRAS.
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Mutant KRAS is a major driver of oncogenesis in a multitude of cancers but remains a 
challenging target for classical small molecule drugs, motivating the exploration of alter-
native approaches. Here, we show that aggregation-prone regions (APRs) in the primary 
sequence of the oncoprotein constitute intrinsic vulnerabilities that can be exploited 
to misfold KRAS into protein aggregates. Conveniently, this propensity that is present 
in wild-type KRAS is increased in the common oncogenic mutations at positions 12 
and 13. We show that synthetic peptides (Pept-ins™) derived from two distinct KRAS 
APRs could induce the misfolding and subsequent loss of function of oncogenic KRAS, 
both of recombinantly produced protein in solution, during cell-free translation and 
in cancer cells. The Pept-ins exerted antiproliferative activity against a range of mutant 
KRAS cell lines and abrogated tumor growth in a syngeneic lung adenocarcinoma mouse 
model driven by mutant KRAS G12V. These findings provide proof-of-concept that the 
intrinsic misfolding propensity of the KRAS oncoprotein can be exploited to cause its 
functional inactivation.

KRAS | oncogene | protein aggregation | protein folding | peptide

Globular proteins consist of secondary structural elements that are packed through 
hydrophobic interactions that stabilize its tertairy structure. This particular architecture 
imposes constraints on the primary structure of natural proteins resulting in the occurrence 
of hydrophobic segments along the primary structure. While essential for protein stability, 
these segments constitute intrinsic vulnerabilities on the folding landscape of globular 
proteins as they are also prone to protein misfolding and aggregation. Indeed, these 
aggregation-prone regions (APR) (1, 2) also have a high intrinsic structural propensity to 
self-associate by beta-strand stacking (3, 4).

This two-sided nature of APRs can be exploited to inactivate protein function by 
misfolding and aggregation (5). We recently demonstrated that homologous APRs syn-
thetized as peptides can interact with the target protein of interest in mammalian cells, 
bacteria, and viruses (6–8). These APR-derived peptides (termed Pept-ins™)* can bind to 
and trigger the aggregation of proteins containing a homologous APR. This process is 
similar to the so-called seeding of protein aggregation that is well studied in the field of 
amyloid diseases (9). The resulting aggregates consist of a tightly packed cross-beta struc-
ture that is achieved by stacking of interdigitating side chains and requires a high degree 
of sequence specificity (10, 11). It has been well described that those proteins containing 
homologous APRs can coaggregate and that preformed aggregates can seed the aggregation 
of monomeric proteins (12). We coined the Pept-in-mediated aggregation seeding process 
targeted protein aggregation (TPA) and here demonstrate its use to knockdown KRAS, 
a key oncogenic driver with a notorious difficult-to-drug status.

Wild-type (WT) KRAS is a small GTPase that cycles through its guanosine triphosphate 
(GTP)-bound active and guanosine diphosphate (GDP)-bound inactive conformation. 
GTP-bound activated KRAS binds to several downstream effector kinases thereby 
activating a plethora of signaling pathways including the RAF-MEK-ERK and PI3K/Akt 
cascades (13). KRAS is the most commonly mutated oncogene, which is thought to be 
mutated in about one-third of human tumors, with a high prevalence in a wide range of 
cancers and with especially high frequency in pancreatic (~88%), colorectal (~50%) and 
lung cancers (~32%) (14). The mutations are predominantly localized at codons 12, 13, 
and 61 [~81, 14, and 2%, respectively (14)] and interfere with its intrinsic GTPase activity 
keeping KRAS in the GTP-bound state constitutively activating downstream signaling 
pathways and driving oncogenesis (15). We have discovered that codon 12 mutations 

*Pept-in™ is a registered trade mark of Aelin Therapeutics N.V.
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increase the predicted intrinsic aggregation propensity of KRAS 
and explored a TPA approach to exploit this intrinsic vulnerability. 
Here, we report the design and characterization of aggrega-
tion-prone Pept-ins that induce the aggregation of KRAS.

Results

KRAS Has a Pronounced Intrinsic Aggregation Propensity. To 
investigate the intrinsic aggregation propensity of KRAS, we 
used the statistical thermodynamics algorithm TANGO (16) as 
our primary in-house tool to determine the presence of APRs in 
the KRAS polypeptide sequence, but the results were confirmed 
with independently developed algorithms (SI Appendix, Fig. S1 
A and B). All APRs together constitute the intrinsic aggregation 
propensity of the protein (17); the actual aggregation of the protein 
propensity further depends on the structural context of the APRs 
in the natively folded protein, as well as its thermodynamic 
and kinetic stability. The KRAS structure consists of a globular 
G-domain and a flexible C-terminal hypervariable region (18). 
WT KRAS contains four APRs: two APRs in the N-terminal part 
of the G-domain before the functionally important switch I region, 
one central APR flanking the related switch II region and a fourth 
APR close to the C-terminal hypervariable region (Fig. 1 A and D). 
Note that the segment from residue 111 to 115 did not meet the 
criteria to be considered an APR (Materials and Methods). KRAS is 
the most commonly mutated RAS isoform and is predominantly 
mutated at codon 12 and codon 13 with G12D, G12V, G12C, 
and G13D comprising 70% of all KRAS mutations (Fig. 1C) (18). 
In WT KRAS, glycine 12 directly flanks the first APR (sequence: 
6LVVVGA11) and common G12 and G13 mutations significantly 
increase the overall aggregation score and G12V even elongates 
the APR in case of mutating to the hydrophobic residue valine 
(Fig. 1 A and B). To evaluate the intrinsic aggregation propensity 
of the APR region of KRAS, we obtained synthetic peptides 
corresponding to this segment (Res. 1 to 16) for WT and mutant. 
As a soluble control peptide, we mutated valine8 and valine9 in the 
WT APR to aggregation breaking residues proline and aspartic acid 
(Peptide WT_PD). We dissolved the peptides and incubated them 
for 7 d at 37 °C to allow the aggregation reaction to complete and 
measured the endpoint peptide solution (Fig. 1G). This showed a 
higher aggregation propensity of the G12V and G12C mutants, 
compared with WT and the other mutants.

We used the empirical force field FoldX (19) to investigate the 
effect of the mutations on the folding free energy (ΔG, kcal/mol) 
of the native state, as well as on the contribution of the aggregation 
prone regions to the stability of the native state (ΔGContrib). As 
hydrophobic regions, APRs are typically buried in the hydropho-
bic core and have a stabilizing effect on the folding free energy 
(negative values of ΔGContrib). The position of all APRs in WT 
and mutant KRAS are summarized in a so-callled stretch plot 
(20–22) (Fig. 1E), which shows the intrinsic aggregation propen-
sity of each APR, as well as its contribution to protein stability. 
We have previously shown that regions in the top right-hand 
corner, like APR1, are most likely to engage in aggregate interac-
tions under native conditions, since the are in the least stable 
regions of the protein and have the highest propensity to aggregate 
(20–22). On the other hand, in conditions where the unfolded 
state occurs, such as during translation, all APRs may, at least 
transiently, be available for interaction.

The effect of mutation on the aggregation propensity of a 
protein can be shown as a so-called mutant aggregation and sta-
bility spectrum (MASS) plot (Fig. 1F) (20–22). Assuming a typ-
ical error for FoldX calculations in the order of 0.5 kcal/mol, most 
KRAS mutations are not predicted to have a significant impact 

on the global thermodynamic stability of the folded KRAS pro-
tein, nor on the local stability of the APRs (Fig. 1 E and J). The 
exception is the destabilization of the protein by the G13D muta-
tion. These findings are in concordance with the fact that KRAS 
mutations impose their oncogenic properties by interfering with 
GTP hydrolysis, thereby keeping the protein in a constitutively 
activated state (23) (in contrast to a loss of function that would 
result from severe destabilization). FoldX calculations on KRAS 
structures bound to GTP or GDP yielded similar results indicating 
that ligand binding does not affect structural stability predictions 
(Fig. 1F). When looking at the positions of the APRs in the KRAS 
structure, we see that APR2-4 are completely buried, and APR1 
is most accessible in the native fold (Fig. 1D and SI Appendix, 
Fig. S1C).

We recombinantly purified KRAS variants G12C, G12V, 
G12D, and G13D (residues 1 to 179) from overexpression 
in Escherichia coli BL21 based on a previously described protocol 
(24) and prepared samples at a concentration of 1 mg/mL in Tris 
buffer (20 mM Tris, 150 mM NaCl, 5 mM MgCl2, 10% glycerol, 
pH 7.8). To characterize the stability and aggregation of these 
KRAS variants, we determined their melting (Tm) and aggregation 
(Tagg) temperatures by simultaneously measuring the intrinsic 
fluorescence of tyrosine and tryptophan residues and the static 
light scattering (SLS) at 266 nm during a thermal unfolding ramp 
from 15 °C to 95 °C with a rate of 0.3 °C/min (Fig. 1H and 
SI Appendix, Fig. S2A). For a more detailed description regarding 
the Tm and Tagg calculations see Materials and Methods. Of note, 
all variants were verified to be monomeric at the onset using 
size-exclusion chromatography, followed by multiple angle light 
scattering (SEC-MALS) (SI Appendix, Fig. S1D). Both WT and 
mutant KRAS appeared to possess high thermal stability, showing 
melting temperatures above 60 °C, with all mutants showing an 
increase in Tm, except for G13D, which showed a reduced Tm, in 
accordance with the FoldX analysis. When comparing Tm to Tagg, 
it is important to bear in mind that since the vast majority of 
proteins harbor several APRs, most proteins aggregate at the latest 
when the melting temperature is reached and the protein unfolds, 
exposing all its APRs (20). However, all KRAS variants analyzed 
here have in common with the WT an aggregation onset temper-
ature that occurs more than 15 °C before the melting temperature 
(Fig. 1 I and J), i.e., well before the main unfolding transition. 
Moreover, the variation in Tagg as a result of mutation is lower 
than the effect on Tm. These experiments were repeated at slower 
and faster temperature ramp rates (0.1 and 1 °C/min, respectively) 
to account for kinetic effects (SI Appendix, Fig. S2 B and C). This 
showed that although the apparent Tm increases with the scan 
rate, the Tagg is much less dependent on this experimental param-
eter, so that the difference between Tagg and Tm increases with the 
scan rate. Overall, we also observe that Tagg and Tm correlate across 
mutations and conditions, suggesting that both processes are con-
nected (correlation = 0.83, P value = 0.005). To confirm the aggre-
gation propensity of WT and mutant KRAS, we also performed 
an isothermal aggregation assay using SLS at 25 °C (SI Appendix, 
Fig. S2D), which indeed showed aggregation over time for WT 
KRAS, which was more pronounced for the mutants. Together, 
these data show that KRAS aggregates from near-native confor-
mations, making it an excellent candidate for TPA (20). 
Importantly, similar near-native aggregation propensity has been 
proposed in the past for antibodies (20) and membrane proteins 
(25), particularly in high concentrations (26). Aggregation of 
native states was also recently highlighted as a common feature 
that promotes oligomerization of soluble enzymes (27, 28). 
Studies have shown that minimal local unfolding of soluble pro-
teins is enough to promote this, for instance due to thermal 
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fluctuations that occur under native conditions (3) or due to 
PTMs (29). An alternative that fits our derived data, however, has 
proposed that highly flexible exposed APRs can also promote 
intermolecular interactions that support native-like aggregation 
(30), which further supports the notion of targeting APR1 that 
is more exposed in the native KRAS fold.

Synthetic Peptides Derived from KRAS APRs Form Amyloids Over 
Time. Next, we designed synthetic peptides (Pept-ins) derived 
from APR1 of the G12V mutant and one peptide derived from 
APR3 (Fig. 2A), using a previously developed paradigm. Briefly, 

the APR-derived sequences are supercharged with flanking lysine 
residues and placed in tandem, separated by a glycine-serine linker 
(SI Appendix, Fig. S3A). While the tandem design creates a minimal 
seed for aggregation, the charged residues provide kinetic control of 
the process. Keeping in mind that the efficiency of peptide synthesis 
drops markedly after 20 amino acids, especially for hydrophobic 
and aggregation prone peptides, this imposes a length limitation 
on the APR of seven amino acids. For APRs that are longer, like 
APR1 in KRAS G12V, we employ a systematic sliding window 
with stepsize 1, generating a Pept-in for each subwindow of 7 
(SI Appendix, Fig. S3A). As a result, each peptide in the series differs 
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Fig. 1. Aggregation tendency and intrinsic stability of KRAS WT and mutants. (A) Predicted aggregation tendency shown as TANGO score per residue of KRAS4b 
WT (Uniprot P01116-2) and mutants. (B) Zoom on TANGO predicted aggregation tendency of APR1. (C) KRAS missense mutational spectrum from The Cancer 
Genome Atlas (TCGA) (n = 790, Data release 21.0). (D) Structure of KRAS displaying the APRs (green) and Switch I & II regions (yellow). PDB 6GOD (KRAS full length 
WT GPPNHP). (E) Stretch-plot showing aggregation propensity (TANGO) and free energy contribution (ΔGContrib) of each APR in WT and mutant KRAS. (F) Mutant 
Aggregation and Stability Spectrum (MASS) plot displaying changes in free energy (ΔΔG) and aggregation propensity (ΔTANGO) between WT and different KRAS 
mutants for GTP- (PDBs 6GOD and 5VQ2) and GDP-bound structures (PDBs 4OBE and 5W22). (G) Solubility after 7 d at 37 °C in Dulbecco's phosphate-buffered 
saline (DPBS) of peptides covering the N-terminal region (res. 1 to 16) of KRAS WT and mutants. Peptide WT_PD has two aggregation-breaking mutations (Pro 
and Asp) in the WT sequence. Soluble fraction after 7 d normalized to freshly dissolved at day 1. n = 3, mean ± SD, one-way ANOVA with Dunnett’s multiple 
comparisons test. ns, not significant, ***P < 0.001, ****P < 0.0001. (H–J) Protein stability of KRAS WT and G12V. Concentration is 1 mg/mL in Tris buffer (20 mM 
Tris, pH 7.8, 150 mM NaCl, 5 mM MgCl2, 10% glycerol). Ramp rate 0.3 °C/min. (H) Unfolding fluorescence as barycentric mean and static light scattering at 266 
nm for KRAS WT and G12V. Representative plots from one protein batch with six replicates. See SI Appendix, Fig. S2A for other mutants. (I) Melting vs. aggregation 
temperature for KRAS WT and mutants. (J) Detailed overview of TANGO predicted aggregation propensity of APR1 of WT and mutant KRAS and measured protein 
stability of purified KRAS protein. mean ± SD from measurements of two independent protein productions with at least four replicates per batch.
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Fig. 2. Design and characterization of Pept-ins derived from KRAS APRs. (A) Overview of Pept-ins derived from KRAS APRs. The normalized TANGO score is the 
total TANGO devided by peptide length. Pept-ins are given a color to ease comparison in following graphs. (B) Pept-in aggregation over time monitored using 
the amyloid-binding dye Th-T (Ex 440/Em 480, readout every 5 min). Pept-in concentration is 100 μM final concentration in DPBS. Representative plot showing 
two repeats per Pept-in. (C) Maximum Th-T values per Pept-in from (B). n = 6 from three independent experiments, mean ± SD, Repeated measures (RM)  
one-way ANOVA with Dunnett’s multiple comparison test. ns, not significant, **P < 0.01***P < 0.001. (D) TEM images of samples after 24-h incubation at 100 
μM in DPBS. (E) Pept-in solubility measured after 24-h and 48-h incubation at 37 °C in DPBS. n = 3, mean ± SEM. (F) Th-T fluorescence over time of KRAS WT and 
G12V protein mixed with Pept-in seeds from Hepes stocks (9:1 molar ratio of protein to seeds). Unrelated TEM protein mixed with and without Pept-in seeds 
and Pept-in seeds alone are shown as controls. n = 6 from three independent experiments. Plots show mean of one representative experiment with duplicates.  
(G) Th-T fluorescence of KRAS WT and G12V protein and TEM protein mixed with freshly dissolved Pept-in (9:1 molar ratio of protein to Pept-in). Plot shows mean 
of n = 3. (H) FTIR spectra of KRAS WT and G12V protein incubated 5 h at 37 °C with 033 seeds from Hepes stocks (1:1 molar ratio of protein and seeds). (I) Results 
of in vitro translation of KRAS WT and mutants in the presence of biotin-labeled Pept-in (10 μM) for 2 h at 37 °C followed by pull-down using streptavidin-coated 
beads. Input (before pull-down) and streptavidin IP fractions are shown. Results are shown from one experiment of n = 3. SI Appendix, Fig. S4J shows another 
independent repeat.
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slightly in its physicochemical properties, including aggregation 
propensity. From here on Pept-ins are referred to by their full or 
shortened ID shown in Fig. 2A, (e.g. 04-004-N001 or Pept-in 004). 
Pept-in 004 was derived from APR3, and is hence identical in all 
KRAS mutants, whereas Pept-ins 006, 015, 016, and 033 are based 
on subwindows of APR1, and are hence different between the 
mutants (Cfr Fig. 1G, showing the higher intrinsic aggregation 
of G12V and G12C). De novo structure prediction using PEP-
FOLD3 (31) models depicts these Pept-ins as hairpin-separated 
beta-strands (SI  Appendix, Fig.  S3B). These models correspond 
well to the beta-aggregation prediction scores of the TANGO 
algorithm. Pept-ins 004, 006, 015, and 033 have normalized 
TANGO scores >15 and a distinct beta-hairpin-beta structure. In 
contrast, Pept-in 016 was predicted to be predominantly random 
coil and has the lowest TANGO score in the series, falling close to 
the treshold of 5% per residue, which was previously shown to be 
a good cutoff below which little or no aggregation is experimentally 
observed (Fig. 2A) (16). In agreement, Pept-ins 004 and 033 were 
consistently identified as the most aggregation prone by several 
other predictors applied, whereas Pept-in 016 was shown to be the 
weakest and in most cases scored below the threshold of detection 
(SI Appendix, Fig. S3 C and D).

This effect, where not all the peptins derived using the sliding 
window approach retain the aggregation propensity, has been 
observed previously (6–8), and provides us here with a control 
that allows differentiating between mere sequence similarity with 
KRAS to see our effects or the need for actual aggregation. We 
obtained all Pept-ins from solid-state synthesis (followed by HPLC 
purification), and measured their aggregation at 37 °C at pH 7.2 
over time using the amyloid-binding dyes Thioflavin-T (Th-T) 
and penta-formylthiophene acetic acid [p-FTAA (32)] at 100 μM 
total peptide concentration (Fig. 2 B and C and SI Appendix, 
Fig. S4 A and B). Pept-ins 004, 006, 015, and 033 all showed 
dose-dependent sigmoidal Th-T binding over time (SI Appendix, 
Fig. S4 C–G) that is typical of amyloid-like aggregation, in line 
with their design. As expected from the TANGO analysis, Pept-in 
016 showed minimal dye binding over time, with low maximum 
fluorescence intensity values (Fig. 2C). Imaging of start point and 
end point samples using Transmission Electron Microscopy 
(TEM) revealed typical fibrillar protein aggregates for all Pept-ins, 
thereby confirming the dye-binding results (Fig. 2D and 
SI Appendix, Fig. S5). The contrasting behavior of Pept-in 016 
was further highlighted by end-point solubility analysis. 
Specifically, although the soluble fraction for all peptides was 
reduced by 80% or more after 24 h of incubation, only a small 
percentage of Pept-in 016 (15%) was found in the insoluble frac-
tion within the same timeframe, thus verifying its minimal aggre-
gation propensity (Fig. 2E). Circular dichroism showed a 
beta-sheet secondary structure as the primary component of son-
icated and nonsonicated end-point samples for Pept-ins 004, 015, 
and 033, which is characteristic of amyloid fibers, with a stronger 
presence of random coil structures for Pept-ins 006 and 016, 
respectively (SI Appendix, Fig. S4 H and I). These data confirm 
the predicted aggregation potential of the synthetic peptides, a 
prerequisite for TPA (6, 8), and identify Pept-In 016 as a nonag-
gregating control emerging from the same series.

Seeding of Folded Protein and Cotranslational Pept-In-KRAS 
Interaction. A characteristic of protein aggregation is a phe-
nomenon called "seeding", in which the rate of aggregation of 
monomeric protein is increased by adding preformed aggregates, 
typically fragmented mature fibrils of the same protein, to the 
monomer solution (33). This process is sequence specific, mean-
ing that it is most efficient when the preformed aggregates are 

homologous to the monomeric protein (6, 34). Since TPA relies 
on the ability of the Pept-ins to induce the aggregation of the full-
length protein, we evaluated the seeding capacity of the aggregat-
ing Pept-ins on purified KRAS protein under native conditions. 
Seeds were prepared for each Pept-In by fragmenting end-stage 
fibrils via sonication, which was verified using TEM (SI Appendix, 
Fig. S5 for TEM images of seeds, SI Appendix, Fig. S4H for CD 
spectra). Each seed preparation was separately mixed with mon-
omeric KRAS protein, and incubated at 37 °C at pH 7.8, and 
aggregation was monitored over time using Th-T fluorescence. 
Seed preparations of Pept-ins 006, 015, and 033 effectively in-
creased the aggregation of both KRAS WT and G12V, but not the 
unrelated control protein bacterial TEM-1 β-lactamase (Fig. 2F). 
Pept-Ins 016 and 004 did not show seeding in this assay. Also, 
the aggregation effect was greatly reduced when freshly dissolved 
Pept-ins were added (Fig. 2G). These observations suggest that 
that preformed seeds are required to induce KRAS aggregation, 
in line with the seeding literature (35). Addionally, we verified 
the seeding effect of Pept-ins seeds and freshly dissolved Pept-in 
on KRAS G12C, G12D, and G13D and observed increased ag-
gregation of KRAS G12C and G12D when mixed with Pept-in 
seeds of 006, 015, and 033 and again reduced seeding with freshly 
dissolved Pept-in (SI Appendix, Fig. S6 A and B). KRAS G13D 
showed rapid baseline aggregation in accordance with previous 
stability analysis.

As a final confirmation of the aggregation-inducing effect of 
peptides 015, 016, and 033 on KRAS protein in vitro, we per-
formed Fourier-transform infrared spectroscopy (Fig. 2H and 
SI Appendix, Fig. S6C), which allows to characterize the secondary 
structure content of protein samples before and after exposure to 
preformed Pept-in seeds (1:1 molar ratio). Seed concentration in 
this setup was below the detection limit (0.1 mg mL−1), and there-
fore, spectral contributions from the seeds were negligible. Using 
this setup, we observed a clear shift from the alpha helical com-
ponents in the spectrum derived from both the WT and the 
mutant KRAS and toward the formation of intermolecular beta-
sheet structures, independently confirming the formation of beta-
rich aggregates in the mixed samples with Pept-ins 015 and 033. 
The mixed samples with nonaggregating Pept-in 016 did not show 
this spectral shift (SI Appendix, Fig. S6C).

Further, we decided to investigate the ability of our Pept-ins to 
interact with KRAS in a cotranslational manner. When proteins are 
being translated at the ribosome, the APRs are temporarily exposed 
before being incorporated in the native structure by the folding pro-
cess, and may hence allow access to Pept-ins. To investigate this, we 
set up an in vitro translation assay using biotinylated Pept-ins to assess 
Pept-in-KRAS interactions during translation based on the 
PURExpress cell-free translation system and monitored the interac-
tion of the Pept-ins with the nascent chain via streptavidin pull-down 
followed by western blot (Fig. 2I and SI Appendix, Fig. S4J). Pept-In 
004, targeting APR 3 showed interaction with all KRAS constructs 
in this experiment, whereas for most Pept-Ins derived from APR1, 
we observed preferential binding to the G12V and G12C mutants, 
consistent with their increased aggregation propensity (Fig. 1G). 
Given that during the timeframe of this experiment no Th-T signal 
is observed (SI Appendix, Fig. S4 A–G) and that the nonaggregating 
Pept-in 016 also showed this binding pattern, these data suggest that 
the initial interaction between KRAS nascent chain and Pept-in does 
not require preformed seeds, although the formation of soluble oli-
gomeric species that fall below our detection limit cannot be excluded.

Pept-In Interactions with KRAS in Cells. Next, we explored whether 
Pept-in-KRAS interactions could also be observed in a cellular 
context. First, KRAS engagement was explored in RAS-less mouse 
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embryonic fibroblasts (MEFs), that were obtained from the RAS 
initiative (National Cancer Institute, USA). These cell lines have 
been generated and extensively characterized by Drosten et al. (36). 
In short, these are MEFs where endogenous N-, H-, and KRAS 
genes are removed and subsequently transduced with a specific 
KRAS gene (WT or a specific mutant). As a result, the MEF cell 
line is dependent on the expression of the transgene for continuous 
proliferation, and the isogenic background allows the evaluation 
of specificity. Overnight treatment with monomeric biotinylated 
Pept-in followed by streptavidin pull-down from the cell lysates, and 
western blot showed binding of both KRAS G12V and WT for the 
aggregating Pept-ins 006, 015, and 033 and only some WT binding 
for 004 (SI Appendix, Fig. S7A and quantification in SI Appendix, 
Fig. S7B). No interaction was observed for the nonaggregating Pept-
in 016 and the vehicle control.

Next, we turned to cancer cell lines carrying an endogenous 
KRAS G12V mutation (heterozygous), starting with NCI-H441 
cells (lung adenocarcinoma). Flow cytometry analysis of cells 
treated with fluorescein isothiocyanate (FITC)-labeled Pept-ins 
confirmed earlier observations that Pept-ins with this design are 
taken up into cells (6, 8, 37). The data showed that peptides 004, 
006, 015, and 033 showed 80 to almost 100% cell uptake in 3 
h, whereas 016 showed 30% (SI Appendix, Fig. S8 A and B). As 
previously observed this is related to their aggregation property, 
as the nonaggregating control 016 showed only 30% positive cells 
at the same time point. We then treated the cells 16 h with bioti-
nylated derivatives of the Pept-ins and performed a streptavidin 
pull-down of the Pept-in, followed by detection of the associated 
KRAS pulled from these cells. This experiment showed that inter-
actions formed between the Pept-ins and endogenous KRAS in 
these cells (Fig. 3A and quantification in Fig. 3B), in a similar 
fashion as was observed in vitro. Next, we treated NCI-H441 cells 
with unlabeled Pept-ins for 24 h, followed by fractionation of the 
lysate into a soluble and insoluble fraction. Pept-in treatment with 
all aggregating Pept-in variants resulted in an enrichment of KRAS 
in the insoluble fraction suggesting that part of the cellular KRAS 
pool is converted to aggregates (Fig. 3C and quantification in 
SI Appendix, Fig. S7C). We checked if this enrichment of insoluble 
KRAS was accompanied by an enrichment of heat shock protein 
70, a chaperone that is known to bind to protein aggregates (38), 
but we did not detect an enrichment of HSP70 in the pellet 
fraction (Fig. 3C and quantification in SI Appendix, Fig. S7C). 
Subsequently, we detected a mild increase in cleaved PARP in 
these cells treated with 004, 006, and 033, which suggests that 
Pept-in treatment results in apoptotic cell death (39). This is in 
line with previous reports linking KRAS degradation or inhibition 
with PARP cleavage (40, 41). To confirm the link to apoptosis, 
we also performed the Apo-ONE Caspase-3/7 assay (Promega), 
which is based on a quenched fluorescent caspase-3/7 consensus 
substrate peptide. Upon caspase activation, this peptide is cleaved, 
resulting in a fluorescence increase. These results (Fig. 3D) confirm 
the PARP cleavage data and show induction of apoptosis by 
Pept-ins 006, 015, and 033 in the NCI-H441 cells. Next, we also 
assesed the effects of Pept-ins on endogenous WT KRAS. For this, 
we focussed on the lung adenocarcinoma cell line NCI-H1299. 
This cell line showed excellent uptake (>90%) of all FITC-labeled 
Pept-ins after 3 h (SI Appendix, Figs. S8B and S9A). Treatment of 
unlabeled Pept-ins followed by lysate fractionation did not result 
in an enrichment of KRAS or HSP70 in the insoluble fraction or 
PARP cleavage (undetectable) (Fig. 3E, quantifications in 
SI Appendix, Fig. S7D). Pept-in treatment resulted only showed 
some Caspase-3/7 activition for 015 (SI Appendix, Fig. S7G).

However, since the main goal of the Pept-ins is to functionally 
inactivate KRAS in cancer cells, we decided to use a signaling assay 

to select Pept-ins for further studies. Mutant KRAS exerts its 
oncogenic properties via multiple downstream signaling pathways 
including the RAF-MEK-ERK and PI3K-AKT pathways 
(illustrated in SI Appendix, Fig. S7E) (42). A previous study by 
Tang et al. showed that ERK1/2 phosphorylation can be increased 
as a result of proteotoxic stress (43), confounding the inhibitory 
effect from KRAS inhibition. In this light, we examined the levels 
of phosphorylated ERK1/2 (p-ERK1/2, Thr202/Tyr204) and 
AKT (p-AKT, S473) in NCI-H441 cells upon treatment with 
KRAS siRNA and selected Pept-ins and observed a stronger inhi-
bition of p-AKT than p-ERK1/2 (Fig. 3F, quantifications in 
SI Appendix, Fig. S7F). In order to better quantify the effect of 
Pept-in treatment on p-AKT and total AKT, we moved to the 
MSD multiarray sandwich immunoassay coupled to electrochem-
iluminescence for readout (Mesoscale Diagnostics). We compared 
the activity of all Pept-ins at multiple concentrations in NCI-H441 
cells and observed a significant reduction in p-AKT/total AKT 
levels compared with vehicle control after 24-h treatment with 10 
μM, except for the nonaggregating 016 (Fig. 3G). These levels of 
p-AKT inhibition were comparable with those achieved with 
KRAS siRNA transfection in this cell line. Dose–response analysis 
of Pept-in 015 in NCI-H441 cells showed maximum p-AKT inhi-
bition of 54 % after 24 h (Fig. 3G). Pept-in 033 resulted in 45% 
reduction after 24 h in the same cells. The dose–response curves 
of the other peptides indeed were less compelling (Fig. 3G).

We then extended the analysis to a small panel of additional 
cell lines: namely colorectal adenocarcinoma SW620 (homozy-
gous for KRAS G12V), as well as the previously used NCI-H1299 
(KRAS WT) and Hela cells (KRAS WT). We checked p-AKT/
total AKT levels compared with vehicle control in these cell lines 
after 24-h treatment with 10 μM. This showed that the effect of 
Pept-ins 006, 015, and 033 translated to the SW620 lines, but 
although a limited reduction in signal was observed in the WT 
lines, this was not statistically significant (Fig. 3H). Some activi-
tion of Caspase-3/7 could be detected in the SW620 and HeLa 
cells upon treatment (SI Appendix, Fig. S7G).

Since uptake efficiency can vary between cells, we performed 
flow cytometry analysis of cellular uptake using fluorescently 
labeled Pept-ins as before and found similar or higher uptake 
efficiencies in these lines, compared with the NCI-H441 cells, 
suggesting that these experiments are not limited by the peptide 
uptake (SI Appendix, Figs. S8B and S9 A–C). Based on these 
data we selected Pept-ins 015 and 033 as the most promising 
candidate hits from our KRAS series, and the low aggregating 
peptide 016 as a negative control.

Visualization of KRAS Aggregation in Cells. Next, we aimed to 
visualize the interaction between Pept-ins and KRAS in a cellular 
context. In concordance with a previous report from Waters et al. 
(44), we noticed that currently available RAS antibodies are not 
suitable for immunofluorescence. To solve this issue, we created 
two reporter cell lines (HeLa), expressing an mCherry-KRAS 
fusion for WT and G12V, respectively, and taking a cell line 
expressing mCherry along as a basic control. As expected, fusion of 
mCherry to KRAS induced a shift of its intracellular location from 
diffuse cytoplasmic (free mCherry) to the cell membrane (KRAS-
mCherry, SI Appendix, Fig. S10A), but the fusion also resulted in 
a significant accumulation of KRAS inclusions, consistent with 
the aggregation of the fusion construct. Moreover, this effect that 
was more pronounced in the WT fusion than the G12V, making 
it harder to directly compare both lines in terms of induced 
aggregation (SI Appendix, Fig. S11F).

First, we did a treatment of the KRAS reporter lines with a 
FITC-labeled version of Pept-in 015, 016, and 033 and studied 
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Fig. 3. KRAS-Pept-in target engagement and cellular effects. (A) Streptavidin pull-down and detection of KRAS protein in lysate of NCI-H441 cells. Cells were 
treated 16 h with 25 μM biotinylated Pept-in versions or vehicle. Input represents lysate fraction before pull-down. (B) Quantification of KRAS pull-downs in 
(A). Ratio of KRAS signal detected in streptavidin IP over input. n = 3, mean ± SD. (C) KRAS protein levels in soluble (s) and pellet (p) lysate fraction of NCI-H441 
treated with 10 μM Pept-in or vehicle for 24 h. HSP70 detected in pellet. Cleaved PARP and housekeeping GAPDH detected in soluble lysate fraction. DsiRNA 
controls represent cells transfected with 10 nM DsiRNA NC control and three KRAS targeting DsiRNAs at timepoint 0. Quantifications of blots in SI Appendix, 
Fig. S7C. (D) Caspase-3/7 activity in NCI-H441 cells after 24-h treatment with 10 μM Pept-ins or vehicle. 500 nM staurosporine was included as assay control. 
Signal normalized to respective controls; vehicle for Pept-ins, DMSO for Staurosporine. n = 5, mean ± SD, Kruskal–Wallis with Dunn’s multiple comparison test 
to test Pept-in normalized to vehicle. *P < 0.05, **P < 0.01. (E) KRAS protein levels in soluble (s) and pellet (p) lysate fraction of NCI-H1299 treated with 10 μM 
Pept-in or vehicle for 24 h. HSP70 detected in pellet. Cleaved PARP and housekeeping GAPDH detected in soluble lysate fraction. DsiRNA controls represent cells 
transfected with DsiRNA (15 nM NC control and mix of three KRAS targeting, 5 nM each) at timepoint 0. Quantifications of blots in SI Appendix, Fig. S7D. (F) KRAS, 
GAPDH, p-ERK1/2 (Thr202/Tyr204), total ERK1/2, p-AKT (S473) and total AKT protein levels in lysates of NCI-H441 treated with indicated concentrations of Pept-in 
for 24 h. DsiRNA controls are the same as in (C). Quantifications of blots in SI Appendix, Fig. S7F. (G) MSD immunoassay quantification of p-AKT (S473) inhibition 
in NCI-H441 after 24-h treatment with Pept-in or DsiRNA, same as (E). Dose–responses of all Pept-ins. n = 3, mean ± SD, one-way ANOVA with Dunnett’s multiple 
comparison test. ns, not significant, ***P < 0.001, ****P < 0.0001. (H) MSD assay on SW620, HeLa and NCI-H1299 cells after 24-h treatment with 10 μM. n ≥ 3, 
mean ± SD, one-way ANOVA with Dunnett’s multiple comparison test. ns not significant, *P < 0.05, **P < 0.01, ****P < 0.0001.
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the effect after a short period of incubation (2 h). This resulted 
in Pept-in uptake and induction of perinuclear inclusions in a 
dose-dependent manner for Pept-ins 015 and 033, but not 016 
in both KRAS and free mCherry cells (SI Appendix, Figs. S10 B–D 
and S11 D and E). Such perinuclear inclusion bodies are the 
typical subcellular compartments where aggregates of misfolded 
proteins are found. At the highest magnification of our instru-
ment, we observed apparent overlap between FITC (Pept-in) 
and mCherry (KRAS) spots at 10 µM treatment with 015 and 
already at 2.5 µM treatment with 033 in both the KRAS WT 
and the KRAS G12V cell lines (SI Appendix, Fig. S10 B and C), 
but not the free mCherry cell line (SI Appendix, Fig. S10D). 
Next, we setup a high-content screening method using 40x mag-
nification images (SI Appendix, Fig. S11 A–C) to study the colo-
calization between Pept-in and protein spots. No protein spots 
could be detected and quantified in the cell expressing free 
mCherry (SI Appendix, Fig. S11 A–C, F, and G). Therefore, we 
focussed on the KRAS WT and G12V cells to quantify colocal-
ization and found a significant overlap of Pept-in on protein 
spots that was higher for G12V than for WT KRAS (SI Appendix, 
Fig. S11 H and I). However, at this early time point, there is a 
dose-dependent difference between the Pept-ins: 015 shows only 
strong overlap at the highest concentration, whereas 033 shows 
an effect already at the lowest concentration (SI Appendix, 
Fig. S11 H and I). When we quantified the effect of Pept-in on 
KRAS aggregation (number of protein spots) in this setup, we 
observed robust increase in KRAS aggregation only with 033 
and the G12V KRAS construct, although 033 did show a modest 
effect on WT (SI Appendix, Fig. S11 J–M). Pept-in 015 did not 
show increased aggregation at this time point, possibly because 
of its slower aggregation kinetics.

Second, we also investigated the effect of treatment with unlabeled 
Pept-in in the form of seeds as were used in the in vitro seeding assays 
on recombinantly produced KRAS (Fig. 2F), produced by sonicating 
mature aggregates, a process that is very widely adopted in the field. 
Although we observed a similar induction of perinuclear inclusion 
bodies (SI Appendix, Fig. S12 A–D) as with the freshly dissolved 
peptides, the effect of the Pept-ins was reversed: In this configuration, 
015 generated robust increase in aggregation of mainly KRAS G12V 
and to a lesser extent, WT (SI Appendix, Fig. S12 B–E). The seeds 
of 033 peptide, on the other hand, showed only a modest effect. We 
were not able to fully rationalize these differences, but it is well 
known that the efficiency of seed generation by sonication differs 
between peptides.

As an additional control, we turned to extensively studied 
aggregation sensor lines, namely for the yeast prion protein 
Sup35 and the human Tau protein (involved in Alzheimer’s dis-
ease and other tauopathies). We employed previously established 
mammalian biosensor cell lines for Tau and Sup35, respectively 
expressing cyan- and yellow fluorescent protein (CFP/YFP)-
labeled Tau in Hek293 cells (45) or green fluorescent protein 
(GFP)-labeled Sup35NM domain in N2A cells (46). These lines 
show little or no background aggregation and, as described, these 
cell lines selectively show induced aggregation upon transfection 
of amyloid seeds of recombinantly prepared Tau or Sup35NM 
to these cells, respectively. Transfection or simple addition of 
KRAS-targeting Pept-in seeds did not show any induced aggre-
gation in these biosensor cell lines (SI Appendix, Fig. S13 
A and B), and vice versa, addition of Tau or Sup35NM seeds to 
the KRAS biosensor did not induce KRAS aggregation 
(SI Appendix, Fig. S12 A–C). Together these results confirm an 
intracellular Pept-in-KRAS interaction and the induced 
aggregation of target protein.

The Effect of KRAS Pept-Ins on Cancer Cells. To evaluate the 
potential of induced KRAS aggregation as a possible therapeutic 
avenue, we tested the effect of Pept-in treatment on cell viability 
across a panel of cancer cell lines with different KRAS genotypes: 
KRASWT/WT Kras (NCI-H1299 and HeLa), KRASG12C/WT 
(NCI-H358), KRASG12C/G12C (Mia PaCa-2), KRASG12D/WT 
(PANC-1), KRASG12V/WT (NCI-H441, NCI-H727), KRASG12V/

G12V (Capan-1, LCLC-97TM1, SW-620), and KRASG13D/

WT (HCT-116). Each cell line was cultured in a 3D model, 
treated with different doses of Pept-Ins 004, 006, 015, 016, 
and 033, and cell viability was monitored to determine the 50% 
inhibitory concentration (IC50). No effect on viability could be 
observed in any of the tested cell lines for the nonaggregating 
Pept-in 016 (SI  Appendix, Fig.  S14A). Dose-dependent 
inhibition of cell viability could be observed across cell lines 
with best responders being affected in the low micromolar 
concentration range (Fig. 4A). Cell lines carrying heterozygous 
G12V (NCI-H441 & NCI-H727) or G12C (NCI-H358 & Mia 
PaCa-2) mutations were among the best responders to our Pept-
in treatments, with Pept-in 033 showing the lower IC50 values. 
However, WT lines (in particular HeLa), also showed loss of 
viability. To determine to what extent these effects could stem 
from unspecific aggregate-mediated toxicity, we determined the 
IC50 of our Pept-ins on peripheral blood mononuclear cells 
(PBMCs) and generally observed mild toxicity at higher doses 
for Pept-ins 006, 015 and 033. More severe cytotoxicity could 
be observed at the two highest doses for Pept-in 004 (Fig. 4B 
and SI Appendix, Fig. S14B). The nonaggregating Pept-in 016 
did show any effect on PBMC viability.

Finally, we performed an in vivo study in a KRAS-driven pre-
clinical murine lung cancer model (Fig. 4C). Kras+/LSLG12V;Trp53L/L 
mice were infected with low-titer Adeno-Cre virus particles by 
intra-nasal instillation to allow expression of KrasG12V and dele-
tion of Trp53. Deletion of Trp53 in KRAS mutant mice induces 
spontaneous generation of advanced lung adenocarcinoma with 
close resemblance to its human counterpart (47). Endpoint tum-
ors were harvested and tumor pieces were implanted subcutane-
ously in the left dorsal flank of syngeneic and fully 
immunocompetent mice. For clarity, Fig. 4C further illustrates 
the setup of this mouse model. We selected Pept-in 033 for all 
in vivo experiments based on all the in vitro data. Tumor growth 
was monitored in control and Pept-in (04-033-N001)-treated 
mice cohorts during 24 d (of which 21 d of daily subcutaneous 
treatment, as before). Mean animal weights of all study groups 
continuously increased during the study (SI Appendix, Fig. S14C), 
confirming the absence of major adverse events. As measured on 
Day 21, untreated and vehicle groups showed exponential increase 
in tumor size (Fig. 4 D and E). Vehicle treatment did not show 
noticeable tumor inhibition compared with the untreated group, 
whereas treatment with the clinically approved MEK inhibitor 
Trametinib and the KRAS-targeting Pept-in 04-033-N001 
resulted in significant inhibition of primary tumor growth com-
pared with vehicle (Adjusted P = 0.0381 and 0.0356 respectively, 
ANOVA post hoc Dunnett’s) (Fig. 4E).

Three mice in both the untreated and vehicle groups were eutha-
nized earlier because tumor sizes exceeded ethically acceptable limits 
(Fig. 4 F and G). In addition, one animal in both untreated and vehicle 
groups and two animals in the Trametinib group were euthanized 
before end point because of tumor ulceration. Importantly, no ulcer-
ation or ethical excess of tumor size was observed in the 04-033-N001 
treated group (Fig. 4 G–I). In summary, we demonstrated significant 
antitumor efficacy without adverse effects of one Pept-in in a KRAS-
driven mouse allograft tumor model.
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Discussion

KRAS is the most commonly mutated oncogene in cancer and 
has proven to be notoriously difficult to drug with conventional 
small molecules due to its shallow surface lacking easy to target 

binding pockets (48). Here, we show that we can inactivate 
KRAS through protein misfolding by TPA using synthetic amy-
loidogenic peptides called Pept-ins. This approach is orthogonal 
to classical approaches in the sense that it does not require clas-
sical surface binding pockets but depends on the availability of 
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another class of protein interaction sites, i.e., aggregation-prone 
segments or APRs within the primary sequence of the protein. 
APRs normally participate in the folding and stabilization of the 
native state (5, 49). Protein misfolding and aggregation results 
from the self-association of such APRs into beta-sheet structured 
amyloid-like assemblies can be induced by synthetic amyloid 
peptides called Pept-ins another binding mode, which exploits 
the self-interacting properties of aggregating protein sequences 
(6–7, 8, 34, 37–54).

Recent advances in direct targeting of KRAS have yielded the 
discovery of KRAS G12C covalent inhibitors that are currently 
being used in the clinic to treat patients with advanced nonsmall 
cell lung cancer (55–57). Despite being a major breakthrough, 
many patients with different KRAS mutants do not respond to 
this therapy or responding patients acquire resistance over time, 
a recurring issue with many targeted therapies (58, 59). Being a 
high-value target in oncology, many novel direct KRAS-targeting 
therapies and technologies are currently being investigated. These 
include the use of RAS-binding domains (60) and KRAS degrad-
ers (41, 61). Other efforts include indirect approaches such as 
SOS- (62) and SHP2 (63) inhibitors, siRNA (64), vaccines (65) 
and cell-based therapies (65). Here, we present a KRAS-targeting 
moiety derived from APRs in the protein. Rather than targeting 
surface binding we here exploit another binding mode, which 
exploits the self-interacting properties of aggregating protein 
sequences.This approach starts from an in silico analysis of the 
protein’s primary amino acid sequence and subsequent in silico 
design of synthetic peptides that contain the identified (partial) 
APR (Pept-ins™). Our results show that KRAS, like many proteins 
in the cell, is living on the edge of solubility (66). We demonstrate 
that specific Pept-in aggregates can push the oncoprotein over the 
edge into amyloid dye-binding aggregates in vitro. The Pept-ins 
are also readily taken up by cancer cells where they show target 
engagement and subsequent transition of soluble to insoluble cel-
lular KRAS. Interestingly, little effect was observed on downstream 
signaling via ERK in the MAPK pathway. A previous study has 
shown that aggregation can trigger a cellular heat shock response 
and activate MAPK pathway signaling (43). Although we did not 
observe consistent ERK activation, we speculate that temporal 
cellular responses to aggregates (Pept-in and/or endogenous 
KRAS) can induce ERK activation. Importantly, we demonstrate 
that Pept-in treatment of lung cancer cells affects KRAS down-
stream signaling via a downregulation of the PI3K-Akt pathway 
and induction of apoptosis. The PI3K-Akt pathway is commonly 
activated in mutant KRAS-driven tumors, and its inhibition leads 
to tumor regression (67, 68). A wide range of cancer cell lines is 
sensitive to Pept-in-induced KRAS aggregation and can effectively 
be killed in a dose-responsive manner. Although these specific 
Pept-in designs showed preferential binding to mutant KRAS in 
cell-free studies, endogenous KRAS in RAS-dependent MEF cells 
and pI3K-Akt inactivation in cancer cells, this mutant specificity 
did not translate to selective toxicity toward mutant-KRAS cell 
lines in 3D cultures when cell death is measured after 5 d.

Finally, we showed in vivo efficacy in a preclinical murine lung 
cancer model. Daily subcutaneous administration of Pept-in 
resulted in significant abrogation of KRAS-driven tumor growth 
compared with vehicle treatment. Importantly, these fully immu-
nocompetent mice did not show side effects, a risk that is often 
associated with an adverse immune reaction to protein and peptide 
drugs (69). It remains unclear how this result is to be connected 
to the in vitro toxicity study, e.g., Pept-in properties such a their 
cationic nature may favor tumor-specific accumulation in vivo, 
but further studies are needed to fully understand this.

In conclusion, TPA is an unconventional therapeutic approach 
that might open up part of the estimated 85% of proteins that are 
“undruggable” with conventional small molecules (70). Our 
results demonstrated proof-of-concept that the undruggable onco-
protein KRAS is a suitable TPA hit candidate. Although further 
study is required to improve Pept-in efficacy and limit off-target 
effects in cells, these Pept-ins offer an excellent basis for mutant-
specific or pan-KRAS therapeutics and a rationale to expand this 
technology to other undruggable proteins.

Materials and Methods

Detailed description of Materials and Methods can be found in SI Appendix. All 
reagents, antibodies, cell lines, and other materials used are listed in the resources 
sheet. Statistical analyses were performed using Graphpad Prism (v9.3.1) or R 
(v3.6). Sample sizes are indicated in the specific figures. Experiments were repli-
cated in at least three experiments, unless stated otherwise. Representative blots 
and images of one experiment are shown in the manuscript.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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