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Impact of Mutational Status on Intracellular Effects of
Cell-Permeable CaaX Peptides in Pancreatic Cancer Cells

Merlin KluBmann, Martin Matijass, and Ines Neundorf*

Prenyltransferases add a lipid group to the cysteine of a CaaX
motif of proteins. This posttranslational modification enables
proteins to attach to membranes where they are essential hubs
for signaling, trafficking, and apoptosis. Recently, cell-permeable
CaaX-peptides are developed as possible tools to interfere
with the prenylation machinery. These peptides cause cytotoxic
effects, particularly in KRas mutant pancreatic cancer cells (PANC-1)
in which they also alter downstream signaling of Ras proteins.
Herein, the aim is to get more clues about the relevance of the
mutational status of KRas. Therefore, the activity of CaaX-peptides
in KRas wildtype BxPC-3 and KRas mutated PANC-1 cells is

1. Introduction

Protein prenylation is a posttranslational modification present
in all eukaryotes, in which either a farnesyl group (C;s) or a
geranylgeranyl group (C,) is irreversibly attached to the cysteine
of a C-terminal CaaX motif."~® This thioether linkage is catalyzed
by farnesyltransferase (FTase) or geranylgeranyltransferase type
1 (GGTase 1), respectively, which are soluble enzymes within the
cytosol.“7) After cleavage of the C-terminal tripeptide ‘aaX’ by
Ras Converting CAAX Endopeptidase 1 (RCE-1)®*' and C-terminal
methylation by Isoprenylcysteine Carboxyl Methyltransferase
(ICMT),"%™ the prenylated proteins are transported to mem-
branes, particularly the membrane of the Golgi apparatus, the
ER, and the plasma membrane (PM), to enable their specific
localization and activity by membrane anchoring.®'"="* The
most studied members of prenylated proteins comprise the
small GTPases Ras, from which two isoforms (H-Ras, N-Ras)
and two splice variants (K-Ras-4 A and K-Ras-4B) exist.”'6'”!
Often located at the PM, these proteins act as molecular switches
in key signaling pathways regulating cell proliferation, differen-
tiation, and apoptosis.”'”! However, due to their important role,
mutations in Ras proteins usually lead to dysfunctions, causing
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compared. CaaX-peptides differently influence these two cell lines,
although they internalize pretty much to the same extent. Indeed,
an altered KRas plasma membrane localization in PANC-1 cells is
observed, probably induced by disturbed KRas prenylation based
on the presence of CaaX-peptides. The impact of CaaX-peptides on
KRas signaling is likely dependent on the KRas mutation in PANC-1
cells in which they further trigger effects on KRas-dependent
regulators, e.g., Neurofibromin —1 (NF1) and son of sevenless
homolog 1 (SOS1). All in all, CaaX peptides are identified as
promising tools for studying and manipulating the function of
therapeutically important prenylated proteins.

severe diseases. Indeed, about 20%-30% of all cancer and
even 90% of all pancreatic cancer types show gain-of-function
mutations in Ras proteins.’18-22

Treatment of Ras-mediated cancers proved challenging as
Ras proteins are poorly addressable by small molecules.?3*¥
Recently, there has been progress in this field as several
KRas G12C specific inhibitors have been approved by the Food
and Drug Administration (FDA), or are in clinical studies includ-
ing Adagrasib (MRTX-849, Mirati),!*>?® Sotorasib (AMG-510,
Amgen),”?”? and JNJ-74 699 157 (ARS-3248, J&J).*°3" These
inhibitors bind covalently to the mutated cysteine of this
KRas variant and force conformational changes of the switch
regions resulting in increased affinity to guanosine diphos-
phate (GDP) over guanosine triphosphate (GTP) and tumor
growth inhibition.**3? Despite this progress, treatment of KRas
mutants remains a major challenge, as statistics from the
COSMIC database show that only =12% of all KRas-mediated
cancers have a KRas G12C mutation.?® However, these KRas
G12Cinhibitors might serve as a template, and indeed, inhibitors
targeting KRas G125,1339 G12R,****! and G12D mutants®*3® are
currently in development.

In addition to the direct targeting of Ras proteins indirect
ways have also come into focus that affect upstream regulators,
downstream effectors, membrane association, or posttransla-
tional modifications. In this context, farnesyltransferase inhibitors
have been developed to inhibit farnesylation of Ras, thereby
preventing its association with the PM. Although the results
were highly promising for HRas, the outcome for NRas and
KRas was disappointing. While HRas is exclusively prenylated
by FTase, NRas and KRas can undergo cross-prenylation by
GGTase | that rescues the lipidation of Ras and thus its
activity.[33'37‘42]

To address this issue and to better understand the preny-
lation process, we recently designed chimeric cell-permeable
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CaaX-peptides (CaaX-1-3) containing the cell-penetrating peptide
(CPPs)C18* and sequences derived from Ras proteins.”**! These
peptides accumulated to a high extent in various cell lines,
dependent on the presence of an intact CaaX-motif as well as
on the accessibility of isoprenoids. For instance, several control
peptides having no CaaX motif, a SaaX motif in which Cys was
substituted for Ser, or also scrambled variants, were all signifi-
cantly less or even not taken up by cells. Moreover, inhibition
of the mevalonate pathway by statins leads to a decreased cellular
uptake of CaaX-peptides. Also, in silico interaction of CaaX-1
(GLRKRLRKFRNKSKTKCVIM-OH) with FTase was studied by our
group in recent work.*¥ Here, we found out that CaaX-1 has a
high affinity for FTase and even outcompetes shorter control
peptides. However, in our preliminary work, we recognized spe-
cific cytotoxicity toward cancer cells, particularly in KRas-mutated
pancreatic cancer cell lines. Notably, CaaX-1 was particularly able
to alter Ras-related signaling pathways in KRas-mutant pancreatic
cancer cells (PANC-1).

In this work, we set out to test the influence of CaaX-peptides
on KRas mutated and wildtype cells to get a deeper understand-
ing of the involved mutational status of KRas. For this, we chose
the pancreatic cancerous cell lines PANC-1 and BxPC-3, respec-
tively, and performed comparative studies in cytotoxicity and
internalization activity. Moreover, we examined if CaaX-peptides,
particularly CaaX-1, would differentially influence Ras localization
and Ras signaling pathways in both tested cell lines.

2. Results and Discussion

2.1. Cytotoxicity and Cellular Uptake Profiles of
CaaX-Peptides

Our previous findings revealed significant cytotoxic activities
of CaaX peptides (namely CaaX-1, CaaX-2 and CaaX-3; see
Table S1, Supporting Information) when they came in contact
with several different cancer cell lines, including KRas G12D
mutated PANC-1 cells.*®! Pancreatic ductal adenocarcinoma
(PDACQ) is one of the most lethal malignancies with a very poor
outcome. Nearly 90% of all PDACs are KRas mutated, and the
G12D mutation is the most prevalent.'® Therefore, it is of
high interest to identify substances that specifically affect
KRas signaling cascades. Finding a specific biological effect
of our CaaX-peptides may potentially lead to new agents in this
direction. However, in our former study, we did not involve
pancreatic KRas wildtype cells (e.g., BxPC3) as a further control.
The BxPC3 cell line complements the PANC-1 experimentally,
and differences between both cell lines would provide insights
into the biological function of the peptides and if their activity is
related to the KRas mutation. Our hypothesis was that CaaX-1
peptides would differentially affect both cell lines due to the
different genetic abnormalities of KRas and, thus, the activation
state of KRas. We also included HFF-1 cells in our studies, which
represent a healthy control cell line. In addition, we tested
serine control peptides, namely SaaX-1 and SaaX-2, that were
not prenylated.”*
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First, we incubated the cells for 24 h with CaaX-peptides but
no cytotoxic effects in HFF-1 cells were detected for CaaX-1 and
CaaX-3, while CaaX-2 caused some minor effects at 100 um
peptide concentration (Figure 1A). We observed increasing
cytotoxic effects in BXPC-3 cells starting at peptide concentrations
of 50 um (Figure 1B). In fact, when treating BxPC-3 cells with
100 um peptide concentration, cell viability was dramatically
reduced (to =40% for CaaX-1, =15% for CaaX-2 and =60% for
CaaX-3, respectively). Compared to our previous results, the
cytotoxic effects of all tested peptides on BxPC3 cells were
considerably lower compared to the recently tested PANC-1 cells.
Here, cells were dramatically affected at 50 um and at 100 pm,
almost all cells were dead.” Interestingly, this effect was some-
how more pronounced to CaaX-1 as it was less toxic in BxPC-3
and HFF-1 cells than CaaX-2 but similarly toxic to CaaX-2 in
PANC-1 cells, which could potentially be related to its KRas origin.
Moreover, these finding likely hints to a more specific cytotoxic
activity in KRas-mutated cells since both BxPC3 as well as HFF-1
are KRas wildtype cells.

To exclude that the observed higher cytotoxicity in PANC-1
cells was related to membrane-disturbing effects of the peptides,
we performed a membrane integrity assay and analyzed the cells
after 30 min of peptide treatment. No or only minor LDH release
was detected when cells were treated with a peptide concentra-
tion of up to 50 um (Figure 1C), concluding that the high cytotox-
icity of the CaaX-peptides is not due to membrane disruption but
more likely caused by other intracellular effects.

Next, we tested the hemolytic activity of CaaX-peptides using
human red blood cells to see if membrane perturbation would
also be neglectable for this cell model. Thus, erythrocytes were
incubated with the peptides for 24 h and after centrifugation,
the supernatant was screened for heme groups indicating
hemolytic activity. The results revealed no such influence of
the CaaX-peptides and their controls up to 100 um concentra-
tion, indicating a high tolerance to the peptides (Figure 1D).
In contrast, the control peptide LL37, which is known to be
highly membrane-active,”*” showed high hemolytic effects
since already at 50 pm, almost all red blood cells were disrupted.

Then, we asked if cytotoxicity would be related to the cellular
uptake of CaaX-peptides. Thus, we performed flow cytometry
analysis in BxPC-3 and HFF-1 cells, showing that carboxyfluores-
cein (CF)-labeled CaaX-peptides indeed translocated to a lesser
extent in HFF-1 cells, while the uptake was higher in BxPC3 cells
(Figure 2A). This was in agreement to our former results, where
we also measured a higher uptake in cancerous PANC-1 cells
compared to non-cancerous cells.*¥ We assumed that this obser-
vation is due to a different PM composition of cancerous cells
compared to healthy cells. Indeed, cancerous cells are character-
ized by a more negatively charged outer PM supporting interaction
with cationic cell-penetrating peptides.“®™? In addition, the
cellular uptake of CaaX-peptides was obviously higher than that
of the SaaX control peptides in all tested cell lines, emphasizing
the relevance of a functional CaaX motif.*3!

We also performed fluorescence microscopy in the three
cell lines to get a better impression of the intracellular distribution
of CaaX-peptides. The results supported the findings of the flow
cytometry measurement showing higher uptake of CaaX-peptides
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Figure 1. Cytotoxicity profiles of CaaX-peptides in A) HFF-1 and B) BxPC-3 cells after 24 h of peptide treatment. Viability of untreated cells was set to

100%; significances were determined by student’s t-test. (*P < 0.05, **P < 0.005, ***P < 0.0005). C) Effects of CaaX-peptides on the membrane integrity of
PANC-1 cells. Cells treated with lysis solution (100% lactate dehydrogenase (LDH) release) was used as positive control. D) Hemolytic activity of peptides
analyzed in human red blood cells. Cells treated with 10% Triton-X100 served as a positive control and was set to 100% hemolytic activity. Assays were

performed in triplicate and n=3 in AB,D) or n=2in Q).

in BxPC-3 and PANC-1 cells compared to HFF-1 cells (Figure 2B).
Again, internalization of CaaX-peptides was increased compared
to the SaaX control peptides. Furthermore, a mainly punctate
distribution pattern of the peptides within the cells was visible
in the three cell lines, suggesting a vesicular uptake or probably
aggregation of the peptides. However, there was also a diffuse
distribution of green fluorescence visible, particularly in BxPC-3
cells indicating a possible direct uptake and cytosolic spread of
the internalized CaaX-peptides.

2.2. Intracellular Fate of CaaX-1

CaaX-1 includes parts of the secondary signal of KRas4B, there-
fore, we assumed a more selective intracellular effect of CaaX-1
on KRas-mutated cells compared to the other two peptides.
Therefore, we performed the next experiments only with CaaX-1
to investigate in more detail the intracellular fate when in the
presence of either BxPC-3 or PANC-1 cells. First, we analyzed if
the cellular uptake of CaaX-1 would be time-dependent and
observed that CaaX-1 seemed to translocate somewhat faster
in BxPC-3 cells compared to PANC-1 cells (Figure 2C and
movies 1-2). Furthermore, CaaX-1 treatment led to high peptide
accumulation at the plasma membrane. Interestingly, this peptide
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accumulation increased over time in PANC-1 cells, assuming that
peptides might also be present at the cytosolic site of the lipid
bilayer. Additionally, aggregate-like structures were visible at the
plasma membrane, particularly in PANC-1 cells, which we assigned
to so-called nucleation zones. Recently, the relevance of nucleation
zones for the cellular uptake of arginine-rich CPPs was postu-
lated."® Additionally, peptides have been shown to form liquid
microdroplets through temperature or pH-dependent phase
separation, involving interactions between hydration water
and specific amino acid residues.”'*? We cannot exclude that
such microdroplets were also potentially present when the cells
were treated with CaaX-1. Indeed, such aggregate-like structures
have recently been identified when cells were incubated with
a mixture of the lytic peptide L17E trimer [FcB(L17E);] and
Alexa488-1gG, and might also play a role in CaaX-1 cellular
uptake.”? Furthermore, both cell lines also displayed a few cells
that showed an extremely intense and diffuse green signal of
CaaX-1, suggesting a very high cytosolic location. Also, many cells
released peptide-containing vesicular structures, representing
potentially extracellular vesicles. This was again more frequently
observed for PANC-1 cells.

We were then interested to know which subcellular com-
partments would be relevant for intracellular CaaX-1 peptide
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Figure 2. A) Cellular uptake of 10 um CF-labeled CaaX-peptides in HFF-1 and BxPC-3 cells after 30 min measured by flow cytometry. The fluorescence inten-
sity of CF-sC18* were set to 1. (n = 3) B) Microscopic analysis of 10 um of the CF-labeled peptides in HFF-1 and BxPC-3 cells after 30 min. Blue: nuclear
Hoechst 33 342 stain, green: CF-labeled peptide; scale bars are 20 um. (n = 2). C) Time lapse imaging of 10 um CF-CaaX-1 using BxPC-3 and PANC-1 cells
over 30 min period. Scale bars are 10 um. Images were processed with Fiji. White filled arrows indicate peptide aggregations at the PM potentially referring
to nucleation zones or liquid droplets. Black filled arrows: Cells releasing fluorescent vesicles presumably containing CF-labeled CaaX-1. Movies are included

in the SI.

accumulation and used several markers for co-staining experi-
ments. To study colocalization with the ER, PANC-1 or BxPC-3 cells
were transfected with an red fluorescent protein (ER-RFP) fusion
protein that stains the ER with red fluorescence, since a live stain
did not lead to conclusive results. After 48 h, cells were treated
with 10 um CF-labeled CaaX-1 for 30 min and imaged by confocal
fluorescence microscopy. In all samples, yellow spots were visible,
indicating that CaaX-1 colocalized with the ER in both cell lines
tested (Figure 3A). We also quantified this overlapping fluorescence
by using two different methods, namely Pearson’s correlation and
the determination of Mander's overlap coefficients (Figure 3E).
Normally, Pearson’s correlation coefficient ranges from —1 to 1,
where —1 stands for no colocalization, 0 for random colocalization,
and 1 for perfect colocalization. We determined Pearson’s
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correlation coefficients of 0.18 £0.10 in BxPC-3 cells and
0.26 £ 0.09 in PANC-1 cells, assuming that colocalization with
the ER is more relevant for CaaX-1 peptides in PANC-1 cells.
This hypothesis was corroborated after calculating Mander’s
overlap coefficient, too. The values typically range between
0 to 1, where 0 indicates no overlap and 1 corresponds to
perfect overlap. Here, we measured 0.52 £0.12 for BxPC-3
and 0.71 £ 0.11 for PANC-1 cells, again showing higher values
when CaaX-1 peptides were taken up in PANC-1 cells. Overall,
the detected colocalization might hint at a further peptide
modification at the membrane of the ER, for instance by RCE-1
and ICMT.

Since we also observed aggregate-like structures, we were
interested if these could be allocated to peptide accumulation
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Figure 3. A) Colocalization studies of CaaX-1 with the ER in BxPC-3 and PANC-1 cells after cells were treated with 10 um of CF-labeled CaaX-1 for 30 min.
(n = 2) B) Colocalization studies of CaaX-1 with lipid droplets in BxPC-3 and PANC-1 cells after 30 min incubation with 10 um of CF-labeled CaaX-1.
Colocalization is indicated by white arrows. (n = 2) C) Colocalization studies of CaaX-1 with the Golgi apparatus after treating BxPC-3 and PANC-1 with

10 um of CF-CaaX-1 for 30 min. (n = 2) Blue: nuclear Hoechst 33 342 stain, green: CF-labeled CaaX-1, red: the respective organelle stain. Scale bars are

10 um. D) Line profiles of regions of interest (gray lines) of the green and red channels of the merged images of B,C). E) Pearson correlation and Mander’s
overlap coefficients from the merged images from A,B) determined with Fiji. Significances were determined by student’s t-test. (*P < 0.05, **P < 0.005,

**¥P < 0.0005, ****P < 0.00005).

within lipid droplets, which are highly hydrophobic lipid-rich
cellular organelles. CaaX-1 peptides are possibly equipped
with a farnesyl anchor after internalization and are then able
to interact with such lipid bodies. Indeed, when incubating
both cell lines for 30 min with 10 um of CF-labeled CaaX-1
and a lipid droplet stain,°® several spots appeared that
suggested peptides present at lipid droplets (Figure 3B).
Notably, line profiles of regions of interest demonstrated an
almost perfect overlay of the green (peptide) and red (lipid
droplets) signals (Figure 3D). As already mentioned, potential
prenylation of CaaX-1 by prenyltransferases, such as FTase,
would increase the lipophilicity of the peptide and enable its
association to lipid droplets. Interestingly, the determined
Pearson (BxPC-3: 0.1540.06; PANC-1: 0.38+0.12) and
Mander’s (BxPC-3: 0.06 £ 0.06; PANC-1: 0.17 £ 0.0.13) coefficients
were both higher in PANC-1 cells (Figure 3E). However, only a
subset of the CF-labeled CaaX-1 peptides seemed to colocalize
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with lipid droplets suggesting a more unspecific binding of
the peptide to these compartments.

Lastly, we studied colocalization of CaaX-1 with the Golgi
apparatus since the yellow spots around the nucleus observed
in Figure 2B might indicate localization of CaaX-1 in this organelle.
Noteworthy, the phenotype of the Golgi apparatus of BxPC-3
and PANC-1 differed, as the Golgi stain was more punctate
and distributed around the nucleus in BxPC-3 cells, while it was
more concentrated at one side of the nucleus in PANC-1 cells
(Figure 3C). However, this phenomenon was also recently
described by others.**** Indeed, colocalization of CaaX-1 with
the Golgi apparatus was observed in both cell lines and proven
by yellow spots in the merged images. Again, line profiles of
regions of interest in both cell lines supported this observation
(Figure 3D). Maybe this partial enrichment of CaaX-1 was caused
by two different effects such as its prenylation as well as its high
positive charge, as the Golgi apparatus has one of the most
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negatively charged membranes.”® This might have led to golgi
membrane association of CaaX-1 by hydrophobic interactions
via the prenyl tail and electrostatic interaction between the pep-
tide and the phospholipid head groups.

2.3. Intracellular Effects of CaaX-1 on KRas Signaling

Our recent studies suggested that CaaX-1 is able to influence
downstream signaling cascades of Ras proteins in PANC-1 cells,
including members of the extracellular signal-regulated kinase
(ERK)/mitogen-activated protein kinase (MAPK)- and phosphati-
dylinositol 3-kinase (PI3K)/protein kinase B (AKT)-pathways.”*
Indeed, there is an increasing body of evidence that AKT is
amplified in pancreatic cancer, contributing significantly to
tumor cell growth and proliferation.®” Moreover, this effect is
more pronounced in cells with KRas mutation compared to
wildtype KRas. Therefore, we were eager to know if our recently
obtained results would also be consistent with these findings
and tested the influence of CaaX-1 of the phosphorylation state
in PANC-1 and BxPC-3 cells. Indeed, we observed higher expres-
sion levels of AKT/pAKT in PANC-1 compared to BxPC-3 cells
(Figure 4B). More of interest was that treatment with CaaX-1
peptides lead to a switch to the Raf-MEK1/2-ERK1/2 pathway
in PANC-1 cells (Figure 4A). Thereby, CaaX-1 seemed to act rela-
tively fast since the expression level of pAKT was reduced already
after 6 h. The change to the MEK/ERK pathway was somehow
complete after 24 h and agreed to our former studies.*® This
finding is still interesting since substances inhibiting the PI3K/
AKT pathway may have potential as novel treatments against
adenocarcinoma of the pancreas. On the other side, the influ-
ence of CaaX-1 on BxPC-3 cells was presumably more unspecific.
It has already been shown that the PI3K/AKT pathway is only
moderately activated in BxPC3 cells compared to the MEK1/2-
ERK1/2 pathway, although both pathways are normally constitu-
tively active.®”*® Also, in our studies, we observed a moderate
activation of the PI3K/AKT cascade after 24 h only. However, after
24 h both pathways seemed to be activated. Collectively, the
results presented in Figure 4A,B conclude a more specific activity
of CaaX-1 toward KRas-mutated cells.

In the next panel of experiments, we examined how other
Ras-dependent regulators were altered by CaaX-1. For instance,
the tumor suppressor Neurofibromin-1 (NF1) functions as a
general negative regulator of Ras oncoproteins.” It belongs
to the family of GTPase-activating proteins that trigger the hydro-
lysis of Ras-bound GTP to GDP, which in turn leads to an inactive
state of Ras. It has been noted that in NF1-deficient tumors,
Ras-signaling is constitutively activated.®® Moreover, for KRas
G12D mutated PDAGC, it has been demonstrated that NF1 inacti-
vation can substitute for oncogenic KRas®" and facilitate PDAC
progression. Therefore, we tested the CaaX-1 influence on NF1
expression after 6 h incubation using either BxPC-3 and PANC-1
cells (Figure 4C). We found that NF1 is highly abundant in
BxPC-3 cells but is less expressed after CaaX-1 treatment, pointing
to activation of the PI3K/AKT pathway in BxPC-3, what we already
demonstrated in the former experiment (Figure 4B). In addition,
our observations were consistent with the recent finding that
knockout of NF1 in PDAC activates AKT signaling.’*” More of inter-
est was that in PANC-1 cells, which are known to be NF1 inacti-
vated, CaaX-1 treatment led to high expression of NF1. This
corroborated our results of a less significant role of AKT-signaling
for these experimental conditions (Figure 4B) and implied that an
increased expression level of NF1 decreases activation of AKT in
KRas G12D mutant cells. Recent studies also showed that NF1
inhibits wildtype KRas activity in heterozygous KRas mutant cells,’?!
which is also true for PANC-1 cells and could further explain our
results.

Besides NF1, we identified SOS1 as an interesting candidate
for our studies, a positive Ras regulator that stimulates the
exchange of Ras-bound GDP to GTP.¥ It was recently shown that
the genetic ablation of SOS1 in a mouse model of KRas G12D-
driven lung adenocarcinoma induced tumor shrinking and
regression.’®™ Moreover, intravenous tail injection of SOS1-less,
KRas G12D tumor cells into wildtype mice, or of KRas G12D tumor
cells into SOS1¥/KRAS"™ mice, further underscored the impor-
tance of SOS1 for the tumor progression of KRas G12D-driven
lung adenocarcinoma.® To see if similar effects would also count
for CaaX-1 treatments, we investigated SOS1 expression levels in
PANC-1 and BxPC-3 cells. Strikingly, when cells were inspected

A BxPC3  PANC-1 B Bwec3 _panca c 6h
BxPC-3 PANC-1
N O NS N O NS
¥ S < & SN 2 N N
& &L 05*“ S C‘;S\. & (;b's*‘ & 6\‘:\’0 & 5\_,'\/0 &L
¢ P <
it s s | pERK1/2 — - = pAKT C
— p wrw ~ - s NF1
6h — — acld & PMEK1/2 — — W w— B-actin y — —— B-actin
— e e s [-actin a
- e o pAKT s - S . SOS1
24h ; i
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Figure 4. Influence of CaaX-1 on the expression and phosphorylation levels of members of the A) RAF-MEK1/2-ERK1/2 and B) PI3K-AKT-mTOR pathways
after treating BxPC-3 and PANC-1 cells for 6 h (left) and 24 h with the peptide. C) Influence of the CaaX-1 peptide on the expression levels of NF1 and
SOS1 after treatment of BxPC-3 and PANC-1 cells with 30 um of CaaX-1 peptide for 24 h. (n =3) A) and C) The same loading control is shown for pERK1/2,
PMEK1/2 and NF1 (PANC-1, 6 h incubation) since the results were obtained from the same cell lysate samples.
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after 6 h of CaaX-1 addition, the level of SOS1 was considerably
decreased in KRas-mutated PANC-1 cells, while there was no
significant effect on the SOS1 level in BxPC-3 cells. This would
again be consistent with the observed reduction in AKT activation
by CaaX-1, as SOS1 downregulation would lead to reduced KRas
activity. Moreover, less activated KRas would further diminish
SOS1 activity as only activated Ras has the ability to allosterically
stimulate SOS1.1%¢

2.4. Analysis of KRas Expression and Localization

Based on the findings thus far, we wondered if CaaX-1 would also
directly impact KRas expression and localization in PANC-1 and
BxPC-3 cells. Notably, Western blot studies revealed that KRas
levels were significantly decreased after treating PANC-1 cells
for 24h with CaaX-1, while in BxPC-3 cells KRas expression
seemed to be unaffected or even somewhat increased. From this
we assumed again a more specific impact of CaaX-1 in the KRas
mutant cell line (Figure 5AB). Interestingly, HRas levels were
unaffected by CaaX-1 in both BxPC-3 and PANC-1 cells. This
was somehow in line with the influence of CaaX-1 on the NF1
levels, as Ramakrishnan et al. have shown that NF1 deletion
increased the levels of KRas-GTP, but did not increase the levels
of HRas-GTP or NRas-GTP.®® Furthermore, this likely supports a
selective effect of CaaX-1 toward KRas.

We also investigated whether CaaX-1 would influence KRas
localization to the PM in PANC-1 cells, as Ras proteins require
PM localization in order to activate signaling cascades and to

PANC-1 cells
extracellular

PM

%

cytosol a*

SH wNﬂmﬂaax
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Figure 6. Possible influence of CaaX-1 on KRas-mutated PANC-1 cells.
CaaX-peptides interfere with the intracellular posttranslational machinery of
S-prenylation, e.g., the prenyltransferases. Thereby, they will then probably
be prenylated, which we did not show here for the sake of clarity. However,
they likely alter KRas membrane localization to the PM. Also, the interaction
with further regulators of KRas, such as NF1 and SOST, is affected, leading
to disturbed downstream signaling.

KRas

a,, 5

promote oncogenic cell proliferation. After 3 h CaaX-1 treatment,
a reduced intensity of the KRas signal at the PM was present
(Figure 5A,B). This presumably explains the observed effects
on downstream signaling pathways, e.g., the PI3K-AKT pathway,
in PANC-1 (Figure 4B). We further supported the findings by
Western blot analysis. In fact, the fractions of membrane and
cytosol of PANC-1 cells revealed decreased KRas levels at the
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Figure 5. Effects toward KRas expression and localization after CaaX-1 treatment. A) Influence on the expression level of HRas and KRas in BxPC-3 and
PANC-1 cells after 24 h treatment with CaaX-1. (n =5) B) Band intensity of KRas (top row) and HRas (bottom row) upon CaaX-1 treatment relative to the
control. C) Immunostaining of KRas in CaaX-1 treated and untreated cells. Blue: nuclear Hoechst 33 342 stain, red: anti-KRas-Alexa 555 conjugate. Scale bar:
20 um. (n = 3) D) Quantification of KRas signal intensity at the PM in CaaX-1 treated and control cells. One spot represents the intensity of KRas at the PM
of one cell. Error bars correspond to the standard deviation. E) KRas levels at the PM and the cytosol in CaaX-1-treated (3 h) and untreated control cells.
(n =3) F) Quantification of the blot intensities of E). Error bars represent standard deviations. Significance was determined by student t-test (*P < 0.05,

**P < 0.005, ***P < 0.0005).
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PM while there was no signal detected for KRas within the cytosol
(Figure 5C,D), probably due to degradation processes of KRas.
Taken together, the results underscore that CaaX-1 not only
specifically affects downstream signaling or regulators of KRas
in KRas mutated PANC-1 cells but also has a direct effect on intra-
cellular KRas expression and localization (Figure 6).

3. Conclusion

Previously, we developed cell-permeable CaaX-peptides compris-
ing a cell-penetrating peptide and the C-terminal region of Ras
proteins, including a CaaX motif and further amino acids of
the secondary signal. We demonstrated that these peptides
had substantial effects on cytotoxicity and Ras signaling of
KRas-mutated PANC-1 cells.

Within this present work, we aimed to investigate whether
these effects were related to the mutational status of KRas
and therefore compared KRas wild type (BxPC-3) and G12D
mutated PANC-1. While the cellular uptake into the two cell lines
was more or less similar, cytotoxicity was obviously higher in the
KRas-mutated cells, and this cytotoxicity was presumed to be the
result of other intracellular events. Colocalization studies revealed
partial localization of the CaaX-1 peptide to the Golgi, the ER,
and lipid droplets, and that these latter two organelles are more
relevant for the localization of CaaX-1 in PANC-1 cells. By receiv-
ing a potential prenylation modification, the hydrophobicity of
the peptide is considerably increased, which allows association
to these organelle membranes. However, the phenotype was
somehow similar for the two tested cell lines, so we investigated
in more detail how CaaX-1 affected KRas.

We found that CaaX-1 has a different impact on KRas signal-
ing and KRas regulators in the two pancreatic cancer cell lines
tested, suggesting specificity with respect to the KRas-mutated
PANC-1 cells. Moreover, immunofluorescence and Western blot
studies highlighted that both the PM localization and the overall
expression levels of KRas in PANC-1 cells appeared to be impaired
by CaaX-1, most likely by affecting the prenylation process or the
transport to the PM. This is particularly interesting and might
pave the way to the development of alternative new therapeutic
peptides for KRas-mutated cancer types.

In the future, we will further investigate how exactly CaaX-pep-
tides influence KRas signaling cascades and which mechanisms are
behind it. In this context, we will also focus on the interaction
between CaaX-peptides and prenyltransferases, in particular FTase.

All'in all, we are convinced that these peptides display inter-
esting tools to study and likely manipulate proteins, other than
KRas, that are dependent on posttranslational S-prenylation.

4. Experimental Section

Peptide Synthesis and Purification

All studied peptides were synthesized by solid phase peptide synthesis
(SPPS) according to the Fmoc/tBu strategy with an automated Syro |
peptide synthesizer (MultiSynTech). Sequences are depicted in Table
S1, Supporting Information. Preloaded Wang resins or Rink amide resin

ChemBioChem 2025, 26, €202401076 (8 of 11)

were used as solid support. CaaX- and SaaX-peptides were synthesized
as previously described by us.*® For cellular uptake and intracellular
localization studies, peptides were N-terminally labeled on the resin
with 5(6)-carboxyfluorescein (CF). For this, 5 equivalents (eq.) each
of CF, Oxyma, and N,N'-diisopropylcarbodiimide (DIC) were incubated
with the resin at room temperature overnight. Peptide cleavage
from the resin was performed by trifluoroacetic acid (TFA)/thioani-
sol/1,2-ethanedithiol (90/7/3, v/v/v) treatment at room temperature
for 3h. Ice-cold diethyl ether was used for peptide precipitation.
Lyophilized peptides were purified by preparative reversed phase
(RP)-high pressure liquid chromatography (HPLC) (Elite LaChrom,
Hitachi, Chiyoda, Japan) on a VP 250/16 Nucleodur 100-5 C18ec column
(Macherey-Nagel, Diiren, Germany). Analytical data were obtained by
RP-HPLC (Hewlett Packard Series 1100, Agilent; column: EC 125/4.6
NUCLEODUR 100-5 C18ec, Macherey-Nagel, Diiren, Germany) using
a linear gradient of 10%-60% Acetonitrile in water with 0.1% formic
acid for 15 min and subsequent electrospray-ionization mass spectrom-
etry analysis (LTQ-XL, Thermo Scientific (Waltham, Massachusetts,
USA)). UV-spectra were generated by analytical RP-HPLC using a linear
gradient of 10%-60% ACN in water with 0.1% TFA in 15 min.

Cell Culture

Cells were cultured as subconfluent monolayers in petri dishes (BxPC-3
and PANC-1) or T-75 flasks (HFF-1) at 37 °C and 5% CO, with humidified
atmosphere. BxPC-3 and PANC-1 cells were cultured in RPMI 1640 with
10% FBS and 4 mm L-glutamine. HFF-1 cells were grown in Dulbecco’s
Modified Eagle’s Medium (high glucose level) supplemented with
15% Fetal Bovine Serum (FBS) and 4 mm L-glutamine. Cells were split
when they reached 70%-80% subconfluency by detaching cells with
0.5 mgml™" trypsin-ethylenediaminetetraacetic acid (EDTA).

Cell Viability Assay

Cells were seeded in a 96-well plate (HFF-1: 1.6 x 10* cells, BxPC-3:
2.2 x 10* cells) and grown to about 90% subconfluency. Cells were
incubated with various peptide concentrations (100, 50, 20, and
10 um) in a serum-free medium at 37 °C for 24 h. On the next day,
cells were washed with phosphate-buffered saline (PBS) and incu-
bated with a 10% resazurin solution in serum-free medium at
37 °C for 1-2 h. Cells treated with 70% EtOH for 10 min served as pos-
itive control and untreated cells at negative control. The plate then
was measured at 595 nm after excitation at 550 nm using a Tecan
infinite M200 plate reader.

Membrane Integrity Assay

2.3 x 10 PANC-1 cells were seeded in a 96-well plate and grown to
80%-90% subconfluency. On the next day, cells were incubated
with different peptide concentrations in serum-free medium at
37°C for 30 min followed by equilibration to room temperature
for 20 min. Cells treated with lysis solution from the kit (CytoTox-
ONE™ Homogeneous Membrane Integrity Assay, Promega), which
contains Triton-X100, served as positive control and untreated cells
as negative control. After adding a volume CytoTox-ONE reagent
(contains resazurin) equal to the volume of medium present in
the well, the plate is gently shaken for 30 s and subsequently incu-
bated at 22 °C for 10 min. Finally, a stop solution was added, and the
emission at 595 nm was measured after excitation at 550 nm using
a Tecan infinite M200 plate reader.

Hemolysis Assay
Purified human red blood cells (SER-10MLRBC, Zenbio) were washed

three times with PBS and subsequently centrifuged at 2000 x g,
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5 min, and 4 °C. A 1:20 dilution of the red blood cells in PBS was incu-
bated with various concentrations of the peptides in a 96-well plate
at 37 °C for 24 h. Untreated red blood cells were used as a negative
control, and red blood cells treated with 3.3% Triton-X100 as a posi-
tive control. After centrifugation at 1500 x g for 3 min, the superna-
tant was transferred into a new 96-well plate and the absorption was
measured at 540 nm using a Tecan infinite M200 plate reader.

Flow Cytometry Analysis

To quantify the cellular uptake of the peptides, flow cytometry
measurements were performed. For this, 1.3 x 10° HFF-1 cells and
1.7 x 10° BxPC-3 cell were seeded in a 24-well plate and grown to
80%-90% subconfluency. On the next day, cells were incubated with
10 um CF-labeled peptide in a serum-free medium at 37 °C for 30 min.
Untreated cells served as negative controls. Afterward, cells were
washed with PBS and detached by 0.5 mg mI™" trypsin-EDTA lacking
phenol red. Cells were resuspended in Dulbecco’s Modified Eagle’s
Medium with high glucose levels, 10% FBS, and 4 mm glutamine,
but without phenol red. The internalization was measured with a
Guava easyCyte instrument (Merck). 10* cells were analyzed per well
using GRN-B (525/30) laser.

Live Cell Imaging by Fluorescence Microscopy

For live cell fluorescence microscopy, 2.7 x 10* HFF-1 or 3.5 x 10*
BxPC-3 and PANC-1 cells were seeded in a p-slide eight-well plate
(ibidi) and grown to 70%-80% subconfluency. Cells were incubated
with 10 um of the CF-labeled peptides at 37 °C for 30 min. For the last
10 min of incubation time, Hoechst 33 342 nuclear dye was added to
stain the nuclei. After quenching background fluorescence by trypan
blue (150 um in 0.1m acetate buffer, pH 4.1) for 105, cells were
washed three times with PBS, and complete medium was added.
Fluorescence was imaged using the Keyence BZ-X810 with a 60x
immersion oil objective and images were processed with Fiji.

For colocalization studies with the ER, 1.5 x 10* PANC-1 cells were
seeded in a p-slide eight-well plate (ibidi) and grown overnight. On
the next day, CellLight-red fluorescent protein (ER-RFP), BacMam
2.0 reagent (ThermoFisher) was added and incubated for 48h.
Afterward, cells were treated with 10 um CF-labeled peptide at
37°C for 30 min and the nuclei were stained with Hoechst 33 342
for the last 10 min. Cells were washed five times with PBS and com-
plete medium was added. Finally, the fluorescence was imaged using
an UltraView VoX spinning disk confocal microscope (Perkin Elmer,
Waltham Massachusetts, USA) with a Plan-Apo Tirf 60x/1,49 Oil DIC
objective, and the resulting images were processed with Fiji.

For colocalization studies with lipid droplets, 3 x 10* BxPC-3 and
PANC-1 cells were seeded in a p-slide eight-well plate (ibidi) and
grown overnight at 37 °C. On the next day, cells were co-incubated
with a 1:1000 dilution of a distyryl Bodopy lipid droplet stain, which
was synthesized and kindly provided by Engelhardt et al.*® and
10um of CF-CaaX-1 in serum-free medium for 30 min at 37°C.
Cells were washed three times with serum-free medium and finally
kept in complete medium. Imaging was performed using an
UltraView VoX spinning disk confocal microscope (Perkin Elmer,
Waltham Massachusetts, USA) with a Plan-Apo Tirf 60x/1,49 Oil
DIC objective, and the resulting images were processed with Fiji.

For colocalization studies with the Golgi apparatus, 3 x 10* BxPC-3
and PANC-1 cells were seeded in a p-slide eight-well plate (ibidi)
and grown overnight at 37 °C. Cells were incubated with a 1:100 dilu-
tion of BODIPY TR ceramide complexed to BSA (Thermo Scientific) in
serum-free medium for 30 min at 37 °C. Cells were then treated with
10 um CF-CaaX-1 for 30 min and then with Hoechst 33 342 for 10 min
at 37 °C. Cells were washed 4 times with serum-free medium. Imaging
was performed using an UltraView VoX spinning disk confocal
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microscope (Perkin Elmer, Waltham Massachusetts, USA) with a
Plan-Apo Tirf 60x/1,49 Oil DIC objective, and the resulting images
were processed with Fiji.

Cell Lysates and Western Blotting

10° BxPC-3 or PANC-1 cells were cultured in 6-well plates to ~90%
subconfluency. For the experiment, in which the phosphorylation
states and expression levels were investigated, cells were incubated
with 30 um CaaX-1 in a serum-free medium at 37 °C for 6 h or 24 h.
Cells were washed twice with PBS and detached using trypsin-EDTA.
After resuspending cells in full medium, they were centrifuged at
1250 rpm and 4 °C for 5min. Then, the supernatant was removed,
and cells were resuspended in PBS and again centrifuged under
the same conditions. The arising pellet was lysed in lysis buffer
(25 mm Tris, 150 mm NaCl, T mm TCEP, 2 mm EDTA, 1% Triton-X100,
and pH 7.4) supplemented with Halt Protease and phosphatase inhib-
itor cocktail (Thermo Fisher) at 4°C for 35min under rotation.
Alternatively, cells were washed two times with PBS, treated with lysis
buffer and scraped with a cell scraper. The cell lysate was then
rotated at 4°C for 35min. Cell lysates were centrifuged at
20187 x g and 4°C for 30 min to remove cell debris and Laemmli
buffer was added to the supernatant. After denaturation at 95 °C
for 5min, proteins of the cell lysates were separated by Tricine-
SDS-PAGE using a 6% or 10% polyacrylamide gel. Proteins were trans-
ferred from the gel onto a PVDF membrane by semi-dry (100 mV,
1.5 h) or wet (350 mA, 2.5 h) blotting methods, and blocked in 5%
milk powder in PBS-T or 5% BSA in PBS-T at room temperature
for 1 h. Afterward, the membrane was incubated with the primary
antibody at 4 °C overnight. After washing three times with PBS-T,
the membrane was incubated with the secondary antibody at room
temperature for 1.5 h, and after further three washing steps with PBS-
T, the membrane was developed using SignalFire ECL Reagent (CST).
To get a loading control, the membrane was washed twice in PBS and
subsequently shaken two times in stripping buffer (0.2 m glycine 0.1%
sodium dodecyl sulfate (SDS), 1% Tween 20, pH 2.2) at room temper-
ature for 10 min. After further two washing steps with each of PBS
and PBS-T, the membrane was again blocked and incubated with
an anti-B-actin antibody horseradish peroxidase (HRP) conjugate
(Santa Cruz, sc-47 778 HRP, 1:1000) at room temperature for 1.5 h.
Development of the membrane was performed as described above.

The following primary antibodies were used: anti-pAKT (CST Cat#4060,
1:1000); anti-pMEK1/2 (CST Cat#9154, 1:1000); anti-pERK1/2 (CST
Cat#4370, 1:1000); anti-NF1 (proteintech Cat#27249-1-AP, 1:500);
anti-SOS1 (SCB Cat#sC-17 793, 1:500); anti-HRas (proteintech
Cat#18 295-1-AP, 1:500); anti-KRas (SCB Cat#sc-517 599, 1:1000);
anti-caveolin-1 (SCB Cat#sc-53 564, 1:1000); anti-GAPDH (SCB
Cat#sc-32 233, 1:1000) anti-B-actin HRP conjugate (SCB Cat#sc-
47 778 HRP, 1:1000). The following secondary antibodies were used:
anti-rabbit-HRP conjugate (CST Cat#7074S, 1:1000); anti-mouse-
HRP conjugate (CST Cat#7076S, 1:1000).

Membrane Fractionation

PANC-1 cells were grown in complete medium in a 10 cm petri dish
until =90% confluency. Cells were incubated with 30 um CaaX-1in a
serum-free medium for 3 h at 37 °C. Cells incubated with serum-free
medium served as a negative control. Cells were washed with PBS,
detached using trypsin-EDTA, and resuspended in a complete
medium. The cell suspension was centrifuged at 300 x g and 4°C
for 5 min. After removing the supernatant, cells were washed two
times in PBS and the cell pellet was resuspended in membrane per-
meabilization buffer (10 mm piperazine-N,N'-bis(2-ethanesulfonic
acid (PIPES), 300 mm sucrose, 100 mm sodium chloride, 5 mm EDTA,
0.015% digitonin w/v, 1:100 diluted protease inhibitor cocktail, pH
6) as described by'®” and incubated for 15 min on ice. Then, the cell
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suspension was centrifuged at 1000 x g and 4°C for 10 min, the
supernatant comprising the cytosolic fraction was transferred into
a new reaction vessel and the pellet was resuspended in lysis buffer
(10 mm PIPES, 300 mm sucrose, 100 mm sodium chloride, 5 mm EDTA,
0.2% triton X-100 w/v PANC-1 cells were grown in complete medium
in a 10cm petri dish until =90% confluency. Cells were incubated
with 30 um CaaX-1 in serum-free medium for 3 h at 37 °C. Cells incu-
bated with serum-free medium served as negative control. Cells were
washed with PBS, detached using trypsin-EDTA, and resuspended in
complete medium. The cell suspension was centrifuged at 300 x g
and 4 °C for 5 min. After removing the supernatant, cells were washed
two times in PBS and the cell pellet was resuspended in membrane
permeabilization buffer (10 mm PIPES, 300 mm sucrose, 100 mm
sodium chloride, 5mm EDTA, 0.015% digitonin w/v, 1:100 diluted
protease inhibitor cocktail, pH 6) as described by™®” and incubated
for 15min on ice. Then, the cell suspension was centrifuged
at 1000 x g and 4°C for 10 min, the supernatant comprising the
cytosolic fraction was transferred into a new reaction vessel
and the pellet was resuspended in lysis buffer (10 mm PIPES,
300 mm sucrose, 100 mm sodium chloride, 5 mm EDTA, 0.2% triton
X-100 w, 1:100 diluted protease inhibitor cocktail, pH 7.4) as
described by R. Rampado et al.*”’ After 30 min incubation on ice,
the suspension was centrifuged at 5000 x g and 4 °C for 15 min,
and the supernatant, including the membrane protein fraction
was transferred into a new reaction vessel. Both fractions were
diluted in Laemmli buffer, heated at 95°C for 10 min, and used
for western blot analysis.

Immunofluorescence Staining

Heat sterilized coverslips were placed in a sterile 12-well plate
and coated with poly-L-lysine by incubating the coverslips with a
poly-L-lysine solution for 1 h at 37 °C. Afterward, the coverslips were
washed three times with PBS. 2.25 x 10° PANC-1 cells were seeded
onto the coverslips and grown at 37 °C o/n. Cells were incubated
with 30 um CaaX-1 in serum-free medium at 37°C for 3 h. After
washing with PBS, fixation was performed by incubating cells with
4% paraformaldehyde at 20 °C for 15 min. Cells were washed with
PBS and blocked with 3% bovine serum albumin (BSA) in PBS for
30 min. Then, cells were incubated with a KRas-Alexa555 antibody
conjugate (CST Cat#64 520, 1:100) in 0.1% Tween-20% and 3% BSA
in PBS at 4°C o/n. Cells were washed with PBS and incubated
with Hoechst 33 342 (1:1000) in PBS at 20 °C for 15 min. Cells were
washed three times with PBS and subsequently mounted using
ProLong diamond mounting medium (Thermo Scientific) and sealed
with nail polish. Finally, cells were imaged using a Keyence BZ-X810
with a 60x immersion oil objective and images were processed
with Fiji.

Acknowledgements

The authors gratefully acknowledge financial support by
the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) (grant no. 411422114-GRK 2550) (RELOC). Author
also acknowledge the imaging facility of the Cluster of

Excellence-Cellular Stress Responses in Aging-Associated Diseases
(CECAD) for providing access to confocal microscopes.

Conflict of Interest

The authors declare no conflict of interest.

ChemBioChem 2025, 26, €202401076 (10 of 11)

Data Availability Statement

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

Keywords: cancer - (cell-penetrating) peptides - posttranslational
modification - prenylation - Ras proteins

[1] J. Gao, J. Liao, G. Y. Yang, Am. J. Transl. Res. 2009, 1, 312.

[2] F. L. Zhang, P. J. Casey, Annu. Rev. Biochem. 1996, 65, 241.

[3] H. Jiang, X. Zhang, X. Chen, P. Aramsangtienchai, Z. Tong, H. Lin, Chem.
Rev. 2018, 118, 919.

[4] S. L. Moores, M. D. Schaber, S. D. Mosser, E. Rands, M. B. O’'Hara,
V. M. Garsky, M. S. Marshall, D. L. Pompliano, J. B. Gibbs, J. Biol. Chem.
1991, 266, 14603.

[5] R. Baron, E. Fourcade, I. Lajoie-Mazenc, C. Allal, B. Couderc, R. Barbaras,
G. Favre, J. C. Faye, A. Pradines, Proc. Natl. Acad. Sci. U. S. A. 2000, 97,
11626.

[6] K. Yokoyama, G. W. Goodwin, F. Ghomashchi, J. A. Glomset, M. H. Gelb,
Proc. Natl. Acad. Sci. U. S. A. 1991, 88, 5302.

[7] 1. M. Ahearn, K. Haigis, D. Bar-Sagi, M. R. Philips, Nat. Rev. Mol. Cell Biol.
2012, 13, 39.

8] V. L. Boyartchuk, M. N. Ashby, J. Rine, Science 1997, 275, 1796.

9] S. E. Hampton, T. M. Dore, W. K. Schmidt, Crit. Rev. Biochem. Mol. Biol.

2018, 53, 157.

J. Yang, K. Kulkarni, I. Manolaridis, Z. Zhang, R. B. Dodd, C. Mas-Droux,

D. Barford, Mol. Cell 2011, 44, 997.

Q. Dai, E. Choy, V. Chiu, J. Romano, S. R. Slivka, S. A. Steitz, S. Michaelis,

M. R. Philips, J. Biol. Chem. 1998, 273, 15030.

C. C. Palsuledesai, M. D. Distefano, ACS Chem. Biol. 2014, 10, 51.

M. Wang, P. J. Casey, Nat. Rev. Mol. Cell Biol. 2016, 17, 110.

E. Choy, V. K. Chiu, J. Silletti, M. Feoktistov, T. Morimoto, D. Michaelson,

I. E. Ivanov, M. R. Philips, Cell 1999, 98, 69.

“Characterization of a plasma membrane-associated prenylcysteine-

directed alpha carboxyl methyltransferase in human neutrophils.” can

be found under https://www.jbc.org/content/269/2/1486.short, n.d.

[10

m

[12
[13
[14

[15

[16] I. A. Prior, J. F. Hancock, Semin. Cell Dev. Biol. 2012, 23, 145.

[17]1 M. C. Seabra, Cell. Signal. 1998, 10, 167.

[18] A. Fernandez-Medarde, E. Santos, Gens Cancer 2011, 2, 344.

[19] G. A. Hobbs, C. J. Der, K. L. Rossman, J. Cell Sci. 2016, 129, 1287.

[20] M. Malumbres, M. Barbacid, Nat. Rev. Cancer 2003, 3, 459.

[21] A. D. Cox, C. J. Der, Small GTPases 2010, 1, 2.

[22] J. L. Bos, Cancer Res. 1989, 49, 4682.

[23] S.B. Long, P. J. Hancock, A. M. Kral, H. W. Hellinga, L. S. Beese, Proc. Natl.

Acad. Sci. U. S. A. 2001, 98, 12948.

J. P. O'Bryan, Pharmacol. Res. 2019, 139, 503.

D. Hanahan, Cancer Discov. 2022, 12, 31.

P. A. Jénne, G. J. Riely, S. M. Gadgeel, R. S. Heist, S.-H. I. Ou, J. M. Pacheco,
M. L. Johnson, J. K. Sabari, K. Leventakos, E. Yau, L. Bazhenova, M. V. Negrao,
N. A. Pennell, J. Zhang, K. Anderes, H. Der-Torossian, T. Kheoh, K. Velastegui,
X.Yan, J. G. Christensen, R. C. Chao, A. . Spira, N. Engl. J. Med. 2022, 387, 120.
[27] H. A. Blair, Drugs 2021, 81, 1573.

[28] N. Rosen, N. Engl. J. Med. 2021, 384, 2447.

[29] M. R. Janes, J. Zhang, L. S. Li, R. Hansen, U. Peters, X. Guo, Y. Chen,
A. Babbar, S. J. Firdaus, L. Darjania, J. Feng, J. H. Chen, S. Li, S. Li,
Y. O. Long, C. Thach, Y. Liu, A. Zarieh, T. Ely, J. M. Kucharski,
L. V. Kessler, T. Wu, K. Yu, Y. Wang, Y. Yao, X. Deng, P. P. Zarrinkar,
D. Brehmer, D. Dhanak, M. V. Lorenzi, et al., Cell 2018, 172, 578.

J. Wang, P. Martin-Romano, P. Cassier, M. Johnson, E. Haura, L. Lenox,
Y. Guo, N. Bandyopadhyay, M. Russell, E. Shearin, J. Lauring, L. Dahan,
Oncologist 2022, 27, 536.

A. K. Kwan, G. A. Piazza, A. B. Keeton, C. A. Leite, J. Exp. Clin. Cancer Res.
2022, 41, 27.

J. M. L. Ostrem, K. M. Shokat, Nat. Rev. Drug Discov. 2016, 15, 771.

G. Yin, J. Huang, J. Petela, H. Jiang, Y. Zhang, S. Gong, J. Wu, B. Liu, J. Shi,
Y. Gao, Signal Transduct. Target. Ther. 2023, 8, 212.

Z. Zhang, K. Z. Guiley, K. M. Shokat, Nat. Chem. Biol. 2022, 18, 1177.

Z. Zhang, J. Morstein, A. K. Ecker, K. Z. Guiley, K. M. Shokat, J. Am. Chem.
Soc. 2022, 144, 15916.

X. Wang, S. Allen, J. F. Blake, V. Bowcut, D. M. Briere, A. Calinisan,
J. R. Dahlke, J. B. Fell, J. P. Fischer, R. J. Gunn, J. Hallin, J. Laguer,

[24
[25
[26

[30

[31

[32
[33

[34
[35

[36

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH

85U80|7 SUOWIWOD aA1e81D 3|cedldde aup Aq peusenob ae e YO 88N Jo se|ni 10y ArIqiT8UIIUO /8|1 UO (SUOTPUCD-pUR-SLLIB)L0D A8 | 1M ATeIq 1 BUI UO//:SANY) SUORIPUOD pue Swie | 84 885 *[920z/70/.T] Uo Akeiqiaulluo AB[IM ‘Ul NZ EIseAIuN P *(q!g Aq 9.0T0VZ0Z 2100/200T 0T/I0p/Wiod" A8 M Az puljuo ado.ne-Ansiwayo//sdny Wwo.j pepeojumod ‘0T ‘sloz ‘EE9L6EVT


https://www.jbc.org/content/269/2/1486.short
http://doi.org/10.1002/cbic.202401076

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemBioChem doi.org/10.1002/cbic.202401076

371

[38]
[39]

[40]
[41]

[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]

[52]
[53]

J. D. Lawson, J. Medwid, B. Newhouse, P. Nguyen, J. M. O'Leary, P. Olson,
S. Pajk, L. Rahbaek, M. Rodriguez, C. R. Smith, T. P. Tang, N. C. Thomas,
D. Vanderpool, G. P. Vigers, J. G. Christensen, M. A. Marx, J. Med. Chem.
2022, 65, 3123.

A. L. Ho, I. Brana, R. Haddad, J. Bauman, K. Bible, S. Oosting, D. J. Wong,
M. J. Ahn, V. Boni, C. Even, J. Fayette, M. J. Flor, K. Harrington, S. B. Kim,
L. Licitra, I. Nixon, N. F. Saba, S. Hackenberg, P. Specenier, F. Worden,
B. Balsara, M. Leoni, B. Martell, C. Scholz, A. Gualberto, J. Clin. Oncol.
2021, 39, 1856.

C. A. Rowell, J. J. Kowalczyk, M. D. Lewis, A. M. Garcia, J. Biol. Chem. 1997,
272, 14093.

J. J. Fiordalisi, R. L. Johnson, C. A. Weinbaum, K. Sakabe, Z. Chen,
P. J. Casey, A. D. Cox, J. Biol. Chem. 2003, 278, 41718.

G. L. James, J. L. Goldstein, M. S. Brown, J. Biol. Chem. 1995, 270, 6221.
G. L. James, M. S. Brown, M. H. Cobb, J. L. Goldstein, J. Biol. Chem. 1994,
269, 27705.

D. B. Whyte, P. Kirschmeier, T. N. Hockenberry, I. Nunez-Oliva, L. James,
J. J. Catino, W. R. Bishop, J. K. Pai, J. Biol. Chem. 1997, 272, 14459.

A. Klimpel, K. Stillger, J. L. Wiederstein, M. Kriiger, I. Neundorf, FEBS
J. 2021, 288, 2911.

M. KluBmann, J. Reuter, C. Werner, I. Neundorf, J. Pep. Sci. 2025, 31,
€70009.

C. D. Ciornei, T. Sigurdardéttir, A. Schmidtchen, M. Bodelsson, Antimicrob.
Agents Chemother. 2005, 49, 2845.

S. Riedl, B. Rinner, M. Asslaber, H. Schaider, S. Walzer, A. Novak, K. Lohner,
D. Zweytick, Biochim. Biophys. Acta Biomembr. 2011, 1808, 2638.

T. J. Desai, J. E. Toombs, J. D. Minna, R. A. Brekken, D. G. Udugamasooriya,
Oncotarget 2016, 7, 30678.

M. K. Shin, B. Y. Jang, K. B. Bu, S. H. Lee, D. H. Han, J. W. Oh, J. S. Sung, Int.
J. Mol. Sci. 2022, 23, 15594.

S. Ran, P. E. Thorpe, Int. J. Radiat. Oncol. 2002, 54, 1479.

R. Wallbrecher, T. Ackels, R. A. Olea, M. J. Klein, L. Caillon, J. Schiller,
P. H. Bovée-Geurts, T. H. van Kuppevelt, A. S. Ulrich, M. Spehr,
M. J. W. Adjobo-Hermans, R. Brock, J. Control. Release 2017, 256, 68.
M. Abbas, W. Lipinski, K. K. Nakashima, W. T. S. Huck, E. Spruijt, Nat. Chem.
2021, 13, 1046.

J. Liu, E. Spruijt, A. Miserez, R. Langer, Nat. Rev. Mater. 2023, 8, 139.

P. M. Engelhardt, M. Veronese, A. A. Eryigit, A. Das, A. T. Kaczmarek,
E. I. Rugarli, H. G. Schmalz, Chem. Eur. J. 2024, 30, e202400808.

[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]

[62]

[63

[64

[65

[66

[67

J. Ohana, U. Sandler, G. Kass, S. Stemmer, Y. Devary, Mol. Clin. Oncol. 2017,
991. https://doi.org/10.3892/mco0.2017.1453.

S. G. Weller, M. Capitani, H. Cao, M. Micaroni, A. Luini, M. Sallese,
M. A. McNiven, Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 5863.

S. Eisenberg, E. Haimov, G. F. W. Walpole, J. Plumb, M. M. Kozlov,
S. Grinstein, Mol. Biol. Cell 2021, 32, 301.

C. M. Parsons, D. Muilenburg, T. L. Bowles, S. Virudachalam, R. J. Bold,
Anticancer Res. 2010, 30, 3279.

R. A. Perugini, T. P. McDade, F. J. Vittimberga, M. P. Callery, J. Surg. Res.
2000, 90, 39.

G. A. Martin, D. Viskoohil, G. Bollag, P. C. McCabe, W. J. Crosier,
H. Haubruck, L. Conroy, R. Clark, P. O’Connell, R. M. Cawthon,
M. A. Innis, F. McCormick, Cell 1990, 63, 843.

N. Ratner, S. J. Miller, Nat. Rev. Cancer 2015, 15, 290.

G. Ramakrishnan, P. Parajuli, P. Singh, C. Friend, E. Hurwitz, C. Prunier,
M. S. Razzaque, K. Xu, A. Atfi, Cell Rep. 2022, 41, 111623.

D. K. Cheng, T. E. Oni, J. S. Thalappillil, Y. Park, H. C. Ting,
B. Alagesan, N. V. Prasad, K. Addison, K. D. Rivera, D. J. Pappin, L. van
Aelst, D. A. Tuveson, Proc. Natl. Acad. Sci. U. S. A. 2021, 118, €20
16904118.

“Cellosaurus cell line PANC-1 (CVCL_0480),” can be found under https://
www.cellosaurus.org/CVCL_0480, n.d.

E. Filvaroff, Z. Werb, K. Yamamoto, P. Chardin, J. H. Camonis, N. W. Gale,
L. Van Aelst, J. Schlessinger, M. H. Wigler, H. Y. Lin, X. Wang, E. Ng-Eaton,
R. A. Wein-berg, H. F. Lodish, A. G. Geiser, J. K. Burmeister, R. Webbink,
Science 1993, 260, 1338.

F. C. Baltanas, R. Garcia-Navas, P. Rodriguez-Ramos, N. Calzada, C. Cuesta,
J. Borrajo, R. Fuentes-Mateos, A. Olarte-San Juan, N. Vidana, E. Castellano,
E. Santos, Nat. Commun. 2023, 14, 1.

S. M. Margarit, H. Sondermann, B. E. Hall, B. Nagar, A. Hoelz, M. Pirruccello,
D. Bar-Sagi, J. Kuriyan, Cell 2003, 112, 685.

R. Rampado, F. Giordano, L. Moracci, S. Crotti, P. Caliceti, M. Agostini,
F. Taraballi, J. Pharm. Biomed. Anal. 2022, 219, 114926.

Manuscript received: December 29, 2024
Revised manuscript received: March 31, 2025
Version of record online: April 24, 2025

ChemBioChem 2025, 26, €202401076 (11 of 11)

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH

85U80|7 SUOWIWOD aA1e81D 3|cedldde aup Aq peusenob ae e YO 88N Jo se|ni 10y ArIqiT8UIIUO /8|1 UO (SUOTPUCD-pUR-SLLIB)L0D A8 | 1M ATeIq 1 BUI UO//:SANY) SUORIPUOD pue Swie | 84 885 *[920z/70/.T] Uo Akeiqiaulluo AB[IM ‘Ul NZ EIseAIuN P *(q!g Aq 9.0T0VZ0Z 2100/200T 0T/I0p/Wiod" A8 M Az puljuo ado.ne-Ansiwayo//sdny Wwo.j pepeojumod ‘0T ‘sloz ‘EE9L6EVT


https://doi.org/10.3892/mco.2017.1453
https://www.cellosaurus.org/CVCL_0480
https://www.cellosaurus.org/CVCL_0480
http://doi.org/10.1002/cbic.202401076

	Impact of Mutational Status on Intracellular Effects of Cell-Permeable CaaX Peptides in Pancreatic Cancer Cells
	1. Introduction
	2. Results and Discussion
	2.1. Cytotoxicity and Cellular Uptake Profiles of CaaX-Peptides
	2.2. Intracellular Fate of CaaX-1
	2.3. Intracellular Effects of CaaX-1 on KRas Signaling
	2.4. Analysis of KRas Expression and Localization

	3. Conclusion
	4. Experimental Section
	Outline placeholder
	Peptide Synthesis and Purification
	Cell Culture
	Cell Viability Assay
	Membrane Integrity Assay
	Hemolysis Assay
	Flow Cytometry Analysis
	Live Cell Imaging by Fluorescence Microscopy
	Cell Lysates and Western Blotting
	Membrane Fractionation
	Immunofluorescence Staining




