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Despite nearly four decades of effort, broad inhibition of onco-
genic RAS using small-molecule approaches has proven to be a
major challenge. Here we describe the development of a pan-
RAS biologic inhibitor composed of the RAS-RAP1–specific endo-
peptidase fused to the protein delivery machinery of diphtheria
toxin. We show that this engineered chimeric toxin irreversibly
cleaves and inactivates intracellular RAS at low picomolar concen-
trations terminating downstream signaling in receptor-bearing
cells. Furthermore, we demonstrate in vivo target engagement
and reduction of tumor burden in three mouse xenograft models
driven by either wild-type or mutant RAS. Intracellular delivery of
a potent anti-RAS biologic through a receptor-mediated mecha-
nism represents a promising approach to developing RAS thera-
peutics against a broad array of cancers.
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More than one-third of all human cancers harbor activating
mutations in RAS oncogenes. Among the major isoforms,

KRAS is the most frequently mutated oncogene, found in nearly
25% of malignancies and 85% of RAS-driven cancers (1–3).
Notably, three of the four deadliest cancers (pancreatic, co-
lorectal, and lung) exhibit a high frequency of KRAS mutations
(2, 3). Moreover, NRAS and HRAS are also known oncogenic
drivers in other neoplasms (2). Activating point mutations in RAS
genes impair the intrinsic capacity of RAS proteins to hydrolyze
GTP, thus locking them in a constitutively activated GTP-bound
state. This leads to constitutive activation of downstream
transduction-signaling networks, such as the RAF/MEK/ERK
(MAPK) axis, which drives survival and uncontrolled proliferation
(4–6). Even in the absence of gain-of-function mutations, RAS
genes still play a major role in tumorigenesis due to hyper-
activation of RAS-signaling pathways via overexpression of up-
stream receptor tyrosine kinases (RTKs) and/or amplification of
wild-type RAS, such as in head and neck squamous cell carcinoma
(7), esophageal and gastric cancers (8), ovarian adenocarcinoma
(9), and triple-negative breast cancer (TNBC) (10, 11).
Due to their major role in a wide spectrum of cancers, RAS

proteins have become a primary target for drug discovery, and
extensive effort has been directed to the development of selec-
tive RAS inhibitors (12). However, the high affinity for GTP and
the absence of drug-accessible binding pockets have complicated
efforts for decades, earning RAS the moniker “undruggable”
(12–14). Nevertheless, recent success has been achieved by se-
lectively targeting KRAS G12C with small molecules that co-
valently bind to Cys12 in the KRAS Switch-II pocket (15–17),
and clinical trials are underway to validate their effectiveness
(18–20). However, these pharmacophores are specific for KRAS
G12C and cannot be expanded to other mutants. Furthermore,
KRASG12C mutations account for only ∼11% of all KRAS mu-
tations in cancer (21), detected mainly in lung (14%), colorectal
(5%), and pancreatic (1 to 3%) cancers (13, 15). Therefore,
there remains an urgent need for a broadly applicable pan-RAS

inhibitor for use against all RAS-driven tumors, either mutation-
dependent or -independent.
Recently, we discovered a RAS/RAP1 specific endopeptidase

(RRSP) from Vibrio vulnificus that site-specifically cleaves RAS
and its close homolog RAP1 between residues Y32 and D33
within the Switch I, a region crucial to RAS-mediated signal
transduction (22). RRSP is highly specific for RAS and RAP1
and does not cleave other closely related GTPases (23). Im-
portantly, RRSP cleaves all three major RAS isoforms, as well as
oncogenic RAS with mutations at position 12, 13, and 61 (22).
RRSP also targets both active (GTP-bound) and inactive
(GDP-bound) RAS, resulting in destruction of the entire cellular
RAS pool (23). By proteolytically cleaving the Switch I loop,
RRSP prevents RAS from undergoing GDP-GTP exchange and
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binding the downstream effector kinase RAF, ultimately termi-
nating ERK signaling in cells (24).
Assessing the therapeutic potential of RRSP, however, is

precluded by the fact that RRSP is a 56-kDa domain of a larger
protein toxin that alone does not readily diffuse across biological
membranes. Recently, we demonstrated that the translocation
machinery of diphtheria toxin (DT) can be engineered to deliver
a broad diversity of passenger proteins into target cells (25, 26).
In this study, we exploit the receptor-targeting and membrane
translocation properties of DT to deliver RRSP into targeted
cancer cells.
We created an engineered chimeric toxin that uses the DT

translocation system and show that RRSP potently and irre-
versibly destroys RAS. We demonstrate the anticancer proper-
ties of this engineered chimeric toxin both in vitro and in vivo,
providing proof-of-concept for the therapeutic development of
RRSP as a pan-RAS inhibitor.

Results
Engineered Diphtheria Toxin Binding and Translocation Domain DTB
Efficiently Delivers RRSP into Cells. DT consists of a catalytically
active A fragment (DTA) and a B fragment (DTB) that includes
both a receptor-binding domain (DTR) and a translocation do-
main (DTT). DTB alone can bind its surface receptor, the
heparin-binding epidermal growth factor-like growth factor
(HB-EGF), and transfer a wide range of protein cargos to the
cell cytosol via a receptor-mediated endocytic mechanism (25).
The introduction of two amino acid substitutions (K51E and
E148K) into DTA resulted in a nontoxic, catalytically inactive A
fragment, herein referred to as DTa. To examine RRSP in-
tracellular delivery, we expressed RRSP fused at the amino
terminus of DTa with an intervening (G4S)2 linker, a design
previously used to deliver other protein cargos (25, 26). Western
blotting with the RAS10 pan-RAS antibody showed that treat-
ment with RRSP-(G4S)2-DTa-DTB resulted in depletion of RAS
in HCT-116 (KRASG13D) cells at 1 nM (Fig. 1A and SI Appendix,
Fig. S1A).
An intrinsic feature of the first-generation design is that RRSP

is codelivered with the DTa domain. To generate chimeras that
would deliver RRSP alone into cells without DTa, we added the
autoprocessing cysteine protease domain (CPD) from V. vulni-
ficus MARTX toxin that autocleaves and thereby releases its
toxin effectors (i.e., RRSP) upon binding inositol hexaki-
sphosphate in the host cytosol (27). When added to cells,
RRSP-CPD-DTa-DTB improved RAS cleavage (partial in-
activation at 100 pM) (Fig. 1B and SI Appendix, Fig. S1B). In the
third iteration design, we removed DTa entirely and appended
RRSP via a (G4S)2 linker to the native release machinery of DT
that includes DTT and DTR (DTB) and named it RRSP-DTB.
Indeed, cells treated with this much smaller protein showed
complete loss of detectable RAS at concentrations as low as 3
pM (Fig. 1C and SI Appendix, Fig. S1C). Control proteins with
the catalytically inactive mutant RRSPH4030A (RRSP*-DTB) or
with the DTT domain removed (RRSP-DTB[ΔDTT]) failed to
deplete RAS from cells (Fig. 1D). The uptake of RRSP-DTB,
translocation to cytosol, and subsequent RAS cleavage are
summarized in Fig. 1E. Altogether, these results demonstrate
that DTB is highly effective for intracellular translocation of
RRSP across membranes to target RAS within cells. This final
chimeric recombinant toxin was purified on a large scale, en-
abling the experimental investigation of the anticancer potential
of RRSP (SI Appendix, Fig. S2 A–H).

RAS Processing by RRSP Strongly Affects Viability and Proliferation of
TNBC Cancer Cells with Activated Wild-Type RAS. We first in-
vestigated the anticancer potential of RRSP-DTB in TNBC, a
devastating disease and the last frontier in breast cancer research
(28). Although only ∼5% of breast cancers harbor RAS mutations

(10), RAS proteins can be pathologically activated in TNBC via
up-regulation of RTKs and/or amplification of wild-type RAS (10,
29, 30). The basal-like MDA-MB-436 cell line features over-
expression of KRASWT and hyperactivation of ERK signaling (31).
Protein levels of HB-EGF, the DT receptor, were assessed by
Western blotting in MDA-MB-436 cells and additional cell lines
used in this study as a correlation parameter between HB-EGF
expression and cytotoxicity (SI Appendix, Fig. S3A). HB-
EGF–expressing MDA-MB-436 cells were treated with increas-
ing concentrations of RRSP-DTB for 1 and 24 h, and levels of
intracellular RAS and phosphorylated ERK1/2 (pERK) were
measured by Western blot. Treatment with RRSP-DTB resulted in
complete cleavage of RAS at 10 nM after 1 h, while 0.01 nM
RRSP-DTB was sufficient to completely cleave RAS after 24 h. At
all concentrations, levels of pERK were reduced in lockstep with
RAS cleavage (Fig. 2A). While pERK levels were markedly re-
duced after 24 h, effects on cell viability reached a maximum at
72 h (IC50 = 0.005 ± 0.001 nM) (Fig. 2B and SI Appendix, Fig.
S3B). In addition, crystal violet staining showed cell loss starting at
0.01 nM after a 72-h exposure to RRSP-DTB (Fig. 2C and SI
Appendix, Fig. S3C), while a colony formation assay showed that
RRSP-DTB had a significant effect on cell proliferation at
0.01 nM and completely prevented colony formation at 10 nM
over 10 d (Fig. 2D). Phenotypically, RRSP-DTB caused significant
cell rounding in MDA-MB-436 cells at 0.01 nM (Fig. 2E). Overall,
RRSP-DTB causes highly potent cytotoxic effects via the efficient
ablation of RAS signaling in a KRASWT cell line.

RRSP Halts Tumor Growth of a KRASWT TNBC Xenograft. Retaining
the native receptor targeting of DTB to translocate RRSP is
advantageous as a test system for mouse xenografts since DT is
at least 1,000-fold less potent in cells expressing murine HB-EGF
than in cells expressing human HB-EGF (32–34). Indeed, RRSP-
DTB treatment did not affect the viability of mouse embryonic
fibroblasts (MEFs) (SI Appendix, Fig. S4 A and B). A maximum
tolerated dose study determined that 0.1 mg/kg administered
intraperitoneally (i.p.) every day (q.d.) was well tolerated, while
dosage at or above 0.5 mg/kg caused weight loss (SI Appendix,
Fig. S4 C and D). In the MDA-MB-436 xenograft, intraperito-
neal administration of RRSP-DTB at 0.1 mg/kg every other day
(weekends excluded) for 4 wk halted tumor growth (Fig. 3 A and
B). Importantly, three of five mice treated with RRSP-DTB
showed tumor regression by the end of the treatment schedule
(Fig. 3B). Most importantly, catalytically inactive RRSP*-DTB
did not affect tumor growth compared to vehicle (saline) control,
demonstrating that tumor regression was due specifically to
RRSP-mediated RAS-processing activity. Indeed, RRSP-DTB
dramatically reduced total RAS immunoreactivity in residual
tumors, confirming effective RAS cleavage in vivo (Fig. 3 D and
E and SI Appendix, Fig. S5A). Additional experimental groups
using slight variations of the dosing strategy corroborated these
findings (SI Appendix, Fig. S6 A–F). Since ERK phosphorylation
was limited to the outer rim of control MDA-MB-436 tumors
excised from mice at 4 wk (SI Appendix, Figs. S5B and S6G), we
assessed pERK levels at an earlier time point when the smaller
size of large control tumors is more amenable to pERK de-
tection. In tumors harvested at 2 wk, we observed staining
throughout the sections with high basal pERK levels in both
saline and RRSP*-DTB–treated tumors and with significant re-
duction in pERK in the RRSP-DTB treatment group (SI Ap-
pendix, Fig. S5C). These results demonstrate that RRSP-DTB
effectively engages and ablates RAS in vivo, resulting in de-
creased ERK activation and tumor regression.

Assessment of Relative Susceptibility to RRSP-DTB Using the NCI-60
Panel.We next screened RRSP-DTB against the National Cancer
Institute NCI-60 human tumor cell line panel composed of 60
cell lines representing 9 different cancer types with various
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genetic backgrounds, including RAS mutations. Growth in-
hibition caused by RRSP-DTB was measured by sulforhodamine
B assay after 48 h and reported in Fig. 4A for the highest dose
employed (13.5 nM). Fourteen cell lines were classified as
“highly susceptible” to RRSP-DTB as they showed growth in-
hibition greater than or equal to 90%. Thirty-eight cell lines
showed varying degrees of growth inhibition from 25 to 90% and
were designated as “susceptible” to RRSP-DTB (Fig. 4A).
Generally, cell lines that carry KRAS missense mutations were

among the most responsive to RRSP-DTB, while cell lines with
mutations in BRAF (especially BRAFV600E) tended to be less
responsive (Fig. 4B). Mutations in HRAS, NRAS, or EGFR were
not associated with a response pattern to RRSP-DTB treatment
(Fig. 4B). Notably, analysis of copy number alterations from
exome data available for 53 of 60 National Cancer Institute (NCI)
cell lines showed amplification of KRAS and NRAS, as well as
deletions in EGFR, in the cell lines most sensitive to RRSP-DTB
(SI Appendix, Fig. S7 B and C). Furthermore, colon cancer cell
lines as a group were the most sensitive to RRSP-DTB overall,
followed by nonsmall cell lung cancer lines (Fig. 4C).
Eight cell lines in the NCI-60 screen showed <25% growth

inhibition compared to mock-treated and were categorized as
“less susceptible.” In this group, growth of UACC-62 and
MOLT-4 cells was not affected by RRSP-DTB. One requirement
for RRSP-DTB cytotoxicity is expression of the DT receptor HB-
EGF on the cell surface. Available HBEGF gene expression data
(SI Appendix, Fig. S7A) showed that, while the correlation be-
tween RRSP-DTB sensitivity and HBEGF expression is not lin-
ear, many of the cell lines that responded to RRSP-DTB had
higher expression of HBEGF. In addition, the TNBC Hs578T
cell line (HRASG12D), categorized as less sensitive in the NCI-60
screen, was confirmed to have lower expression of HB-EGF

protein and a moderate reduction in cell viability after 72 h,
although RAS cleavage and ERK dephosphorylation were de-
tected at earlier time points (SI Appendix, Figs. S3A and S8
A–D). Overall, results from the NCI-60 screen indicate that most
tumor types were sensitive to RRSP-DTB, and cell lines with
genomic abnormalities in RAS genes were markedly sensitive to
RRSP-DTB treatment.

RRSP Reduces Tumor Burden in a Mutant KRAS TNBC Xenograft
Model. The highly sensitive basal-like MDA-MB-231 TNBC cell
line in the NCI-60 screen (Fig. 4A) has a KRASG13D mutation, is
a KRAS-dependent cell line (31, 35), and was among the first cell
lines characterized as sensitive to RRSP (22) (Fig. 4A). Consis-
tent with these findings, treatment of MDA-MB-231 cells with
the engineered chimeric toxin RRSP-DTB cleaved RAS and
reduced pERK levels to a similar extent as in MDA-MB-436
cells (Fig. 5A). Also similar to MDA-MB-436 cells, cell viability
(IC50 = 0.012 ± 0.001 nM; Fig. 5 B and C and SI Appendix, Fig.
S9 A and B) and cell proliferation (Fig. 5D) were strongly af-
fected, and RRSP-DTB induced significant cell rounding in
MDA-MB-231 cells starting at 0.1 nM (Fig. 5E). As this cell line
has a more rapid doubling time than MDA-MB-436 cells (36),
mice with MDA-MB-231 xenografts were treated daily (5 d ON/
2 d OFF) (Fig. 5F). After 4 wk, the RRSP-DTB treatment group
had markedly smaller tumors than saline and RRSP*-DTB
controls (Fig. 5 G and H). Moreover, the RRSP-DTB–treated
tumors had a more focal/patchier staining pattern for RAS and
pERK than tumors from saline- and RRSP*-DTB–treated mice,
which instead exhibited a more diffuse staining pattern (SI Ap-
pendix, Fig. S9 C and D). Indeed, MDA-MB-231 tumors (Fig.
5G) were pale in color compared to the MDA-MB-436 tumors
(Fig. 3C) consistent with reports that MDA-MB-231 tumors
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exhibit low vascularization (37). This supports that MDA-
MB-231 tumors in our study may be poorly vascularized, and tumor
size reduction may be predominantly due to RRSP-DTB diffusion
from the tumor periphery, resulting in the partial cleavage of RAS
in the center of residual tumors. Even still, RRSP-DTB was highly
effective in targeting TNBC MDA-MB-231 tumors resulting in a
significant inhibition of tumor growth, thus confirming that RRSP-
DTB is effective against TNBC.

RRSP-DTB Inhibits Cell Viability of Colorectal Cancer Cells in
Two-Dimensional Monolayers and Three-Dimensional Spheroids.
KRAS mutations are found in ∼50% of colorectal carcinomas
(CRC), the third leading cause of cancer-related deaths, rep-
resenting a major target population for anti-RAS therapy (38).
Colon cancer cell lines were the most susceptible to RRSP-DTB

in the NCI-60 screen. Here, we examined the anticancer po-
tential of RRSP-DTB in the CRC cell line HCT-116 harboring

a KRASG13D mutation. Treatment of cells with RRSP-DTB at
10 pM led to RAS processing and reduced pERK levels at 10
pM after 24 h (Fig. 6A) and strongly decreased the viability of
HCT-116 cells after 72 h (IC50 = 0.0015 ± 0.002 nM) (Fig. 6B
and SI Appendix, Fig. S10A). Crystal violet staining showed
remarkable cell loss after treatment with RRSP-DTB as low as
10 pM (Fig. 6C and SI Appendix, Fig. S10B). Clonogenic assays
showed a significant reduction in HCT-116 colonies following
treatment with 10 pM of RRSP-DTB and almost no colonies
were found at 10 nM RRSP-DTB (Fig. 6D) demonstrating
complete loss of cell proliferation. These data agree with the
RRSP-DTB–induced cell rounding phenotype observed with
this and other sensitive cell lines (Fig. 6E).
Unlike two-dimensional (2D) cell monolayers, three-dimensional

(3D) spheroids can recapitulate the architectural, microenviron-
mental, and functional features of in vivo tumors, while retaining
reproducibility and easy-to-use properties (39, 40). Effects on cell
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viability of spheroids from HCT-116 cells were observed after 3 d,
with maximum effect observed after 7 d of treatment (IC50 =
0.085 ± 0.015 nM) (Fig. 6F). Bright-field images and quantitative
analysis showed a dose- and time-dependent reduction in spheroid
size following RRSP-DTB treatment (Fig. 6G and SI Appendix, Fig.
S10C). Immunostaining of spheroid sections treated with 0.1 nM
RRSP-DTB for 3 d showed that intracellular RAS was essentially
absent and pERK undetectable (Fig. 6H). Collectively, these results
demonstrate that RRSP-DTB–dependent RAS ablation and sub-
sequent loss of pERK is highly cytotoxic to CRC HCT-116
(KRASG13D) cells in 2D monolayers and 3D spheroids.

RRSP-DTB Exhibits Antitumor Activity in a Colorectal Cancer Xenograft
Model. Since HCT-116 cells are fast-growing cells (doubling
time: ≤20 h) that generate fast-growing tumors in vivo (41), we
administered 0.1 mg/kg of RRSP-DTB to mice on a q.d. (1×/day)
or twice per day (2×/day, b.i.d.) schedule (weekends excluded) for
4 wk. Both dosing schedules resulted in significant tumor size
reduction, and tumor regression was observed in 2/10 mice in both
RRSP-DTB treatment groups (Fig. 7 A and B). The residual tu-
mors showed that RRSP-DTB effectively cleaved RAS, although
only the b.i.d. dosing group achieved statistical significance
(Fig. 7 C and D and SI Appendix, Fig. S11A). Quantitative analysis
of pERK showed that the b.i.d. dosing group had a 2.5-fold re-
duction in pERK levels relative to controls and that some tumors
displayed focal staining patterns (SI Appendix, Fig. S11B). Overall,
these data show that RRSP-DTB exhibited strong antitumor ac-
tivity in a CRC xenograft model via irreversible inactivation
of RAS.

Discussion
Almost four decades ago, the discovery of RAS as the first hu-
man oncogene changed our understanding of cancer. Despite
tremendous effort, the three RAS isoforms (KRAS, NRAS, and

HRAS) have been called “undruggable,” and no direct therapies
are currently in clinical use (1, 12–14). Nevertheless, promising
results for small molecules that irreversibly bind the G12C mu-
tant form of KRAS have led to ongoing phase I clinical trials to
evaluate the efficacy and safety profile of AMG510, MRTX849,
and ARS3248 (18–20, 42, 43). However, the KRASG12C mutation
is found in only a subpopulation of cancers, limiting the appli-
cability of these compounds. Furthermore, while RAS onco-
proteins remain the main oncogenic drivers in RAS-addicted
tumors, several studies have pinpointed the tumorigenic role of
wild-type RAS proteins (44). Indeed, amplification of wild-type
RAS genes or activation of wild-type RAS proteins via acute
growth factor stimulation have been shown to sustain growth of
multiple tumor types (7–10). Moreover, it has been previously
reported that depletion of mutant RAS in heterozygous RAS cells
can lead to overactivation of EGFR/RAS signaling from the
remaining wild-type RAS (45). Therefore, there is an urgent need
for broadly applicable pan-RAS inhibitors that target not only the
most common RAS mutants, but also wild-type RAS proteins
aberrantly overactivated by mutation-independent mechanisms.
Here, we describe an engineered chimeric toxin composed of

an endopeptidase from V. vulnificus that is highly specific for
RAS and RAP1 and the protein translocation machinery of DT.
This fusion protein mediates the endocytosis and cytosolic de-
livery of RRSP exclusively into HB-EGF receptor-bearing cells.
Of note, HB-EGF is highly expressed in several human cancers,
including gastric, ovarian, and TNBC, and the nontoxic diph-
theria toxoid CRM197 showed antitumor effects on TNBC xe-
nografts (46). As such, we predicted that TNBC could be highly
susceptible to RRSP-DTB. We show that picomolar amounts of
RRSP-DTB completely cleaved RAS proteins in these cells,
eliminating RAS-dependent ERK phosphorylation. This resul-
ted in a very potent effect on MDA-MB-436 cell viability (IC50 =
5 pM). Similarly, RRSP-DTB treatment led to a large reduction
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in tumor burden in MDA-MB-436 xenografts, with all mice showing
significantly smaller tumors than control groups and 60% of mice
showing tumor regression. Target engagement was confirmed by

immunohistochemistry analysis of tumor sections showing complete
depletion of RAS in residual tumors. We also observed low pERK
staining in small dissected RRSP-DTB–treated tumors, although
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pERK levels in these specimens were not significantly different
from control tumors that showed limited detection of pERK
after 4 wk. However, assessment of resected tumors from a
shorter 14-d xenograft study revealed that RRSP-DTB signifi-
cantly reduced levels of pERK. This effect was masked at 4 wk
likely due to technical factors. Specifically, a previous study repor-
ted that in large (>1 cm) glioma specimens, immunoreactivity of

pERK was limited to the tumor periphery and was very low in
the tumor core, as we also observed. This study suggested that,
due to time-dependent penetration of the formalin fixative,
pERK state is lost in the deeper tissue cores by the time the
fixative has permeated (47).
The study of TNBC was extended then to demonstrate the

susceptibility of another TNBC cell line, MDA-MB-231. This cell
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line, which harbors the oncogenic mutations KRASG13D and
BRAFG464V, is characterized as KRAS-dependent (35) and is
highly sensitive to RRSP (22). In xenograft studies using MDA-
MB-231, RRSP-DTB induced a significant reduction in tumor size.
Interestingly, the residual tumors did not show significant re-
duction in RAS or pERK, but instead revealed a patchy or focal
distribution. Thus, the true reduction in RAS detection may be
masked by the low vascularization of MDA-MB-231 tumors such
that RRSP-DTB reduces overall tumor size by diffusion from the
tumor periphery rather than infiltrating equally throughout the
tumor center, as occurred with the MDA-MB-436 xenografts.
We finally investigated the effects of RRSP-DTB treatment on

the CRC cell line HCT-116 (KRASG13D). As with the other cell
lines tested, RRSP-DTB treatment resulted in complete RAS
cleavage and pERK reduction in the low-picomolar range with a
corresponding reduction in cell viability. Similar results were
obtained in HCT-116 spheroids, including complete loss of RAS
and pERK immunoreactivity. Notably, depletion of RAS and
reduction in pERK were also observed in spheroids treated with
the catalytically inactive mutant RRSP*-DTB, but at a 10-fold

higher dose. Previous binding studies showed that RRSP* retains
its ability to bind recombinant KRAS, especially at high
KRAS:RRSP* molar ratios (24). Therefore, although RRSP*-
DTB does not cleave RAS, it might impact its activity when used at
high doses and after longer exposure both in vitro and in vivo.
As with the other tumor models, RRSP-DTB treatment resulted

in significant reduction in tumor size in an HCT-116 xenograft
study. Both q.d. and b.i.d. dosing strategies showed similar median
reductions in tumor size; however, the b.i.d. arm showed less
variability represented by a small interquartile range. Effective
target engagement was demonstrated by a reduction in total RAS
levels in residual RRSP-DTB–treated tumors. We did not observe
statistically significant differences between controls and RRSP-
DTB–treated tumors when analyzing pERK immunoreactivity.
However, as noted above, large control tumors also showed poor
immunostaining for pERK, and thus low values for control may
have caused the lack of statistical significance in the small sample
size when data were normalized. Even still, we observed reduced
tumor size in all treatment groups and a decrease in pERK in the
b.i.d. treatment group.
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In order to assess the broader applicability of RRSP-DTB and
have a better understanding of its efficacy as an anticancer agent,
RRSP-DTB was tested against the NCI-60 cell line panel. Results
showed that RRSP-DTB inhibited cell growth in a wide variety of
cell lines. Cell lines with missense mutations or amplifications in
RAS genes were enriched in the highly responsive group.
Moreover, although the expression levels of the DT receptor
HB-EGF play an important role in determining RRSP-DTB
susceptibility, some cancer cell lines that express less HB-EGF
were still sensitive to RRSP-DTB, suggesting differential sus-
ceptibility of tumor cells to RAS/RAP1 inhibition. Thus, RRSP-
DTB has the potential to be broadly applicable against many
types of cancers, including both wild-type and mutant RAS tu-
mors. In addition, cancer cell lines from colon and lung are
particularly sensitive to RRSP-DTB. However, several tumor cell
lines with no genetic defects in RAS or the MAPK pathway re-
main very sensitive to RRSP-DTB.
In total, this study provides solid proof-of-concept that the

effective, receptor-mediated, intracellular delivery of a potent
anti-RAS biologic represents a promising approach for the de-
velopment of RAS-targeted therapeutics. We contend that the
ability of RRSP to directly and irreversibly inactivate both wild-
type and mutant RAS proteins represents an attractive mecha-
nism compared to the current approach of targeting RAS mu-
tants individually. However, a pan-RAS inhibitor is expected to
induce dose-limiting toxicity due to the critical importance of
RAS signaling in noncancerous tissues. The ability of DT to
deliver cargos exclusively to receptor-bearing cells provides a
solution to this toxicity. While HB-EGF is up-regulated in vari-
ous tumor types, it is also widely expressed in humans and may
not represent the ideal receptor for tumor-targeting. In order to
restrict the delivery of RRSP to tumor cells, the DT-based de-
livery platform described here can be retargeted to various cell
types by replacing the receptor-binding domain of DT with other
binding moieties, such as antibody fragments or ligands. For
example, the recombinant immunotoxins Ontak and Tagrax-
ofusp comprise wild-type DTA with DTR replaced by interleukin
2 (IL-2) or interleukin 3 (IL-3), respectively (48, 49). These drugs
specifically target cells expressing the IL-2 receptor (IL-2R) or
IL-3 receptor (IL-3R) and rely on the membrane-translocating
ability of DT to deliver the DTA domain into the cell cytosol,
where it terminates protein synthesis leading to cell death. These

immunotoxins are extremely potent and are indicated for treat-
ment of cutaneous T cell lymphoma (Ontak) and blastic plas-
macytoid dendritic-cell neoplasm (Tagraxofusp) (48, 49). RRSP-
DTB can be retargeted in the same fashion, and RRSP-DTT-IL2
is able to efficiently cleave RAS in both MOLT-4 and Jurkat cell
lines which express IL-2R, but not in CFPAC-I cells, which do
not (SI Appendix, Fig. S12). In fact, MOLT-4 was among the
least responsive cell lines in the NCI-60 screen, suggesting that
even cancers currently in the low-sensitivity group would be
much more sensitive to RRSP-DTB following advanced engi-
neering to target the chimeric toxin to alternative receptors
appropriated for that cell type. Further study into engineered
chimeric toxins, such as RRSP-DTB, could usher in the next
generation of anticancer biologics.

Materials and Methods
Plasmids Design, Protein Purification, and Endotoxin Removal. Detailed
methods for plasmid design, purification of RRSP-DTB and RRSP*-DTB, cell
culture, chemical, cell-based assays, and animal studies can be found in SI
Appendix. All animal studies were approved by the Northwestern University
Institutional Animal Care and Use Committee (IACUC).

Data and Materials Availability. All data are available in this paper or SI
Appendix. Plasmids for expression of RRSP-DT are available with materials
transfer agreement from R.A.M., Hospital for Sick Children.
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