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The RAS family GTPases are the most frequently mutated oncogene family in human cancers. Activating mutations in either of the
three RAS isoforms (HRAS, KRAS, or NRAS) are found in nearly 20% of all human tumors with NRAS mutated in ~25% of melanomas.
Despite remarkable advancements in therapies targeted against mutant KRAS, NRAS-specific pharmacologics are lacking. Thus,
development of inhibitors of NRAS would address a critical unmet need to treating primary tumors harboring NRAS mutations as
well as BRAF-mutant melanomas, which frequently develop resistance to clinically approved BRAF inhibitors through NRAS
mutation. Building upon our previous studies with the monobody NS1 that recognizes HRAS and KRAS but not NRAS, here we
report the development of a monobody that specifically binds to both GDP and GTP-bound states of NRAS and inhibits NRAS-
mediated signaling in a mutation-agnostic manner. Further, this monobody can be formatted into a genetically encoded NRAS-
specific degrader. Our study highlights the feasibility of developing NRAS selective inhibitors for therapeutic efforts.

Oncogene (2024) 43:3489-3497; https://doi.org/10.1038/541388-024-03186-y

INTRODUCTION

The RAS GTPases are the most frequently mutated oncogene family
in human cancers with RAS isoforms (HRAS, KRAS, and NRAS)
regulating critical intracellular signaling cascades that control cell
proliferation and survival [1]. Activating mutations in RAS occur in
~20% of all cancers with the majority of these mutations occurring in
KRAS. However, NRAS is mutated in ~25% of melanomas, 20% of
multiple myeloma, and more rarely in colorectal cancer (7.5%) [2, 3. In
contrast to KRAS mutations which are most frequently in codon 12,
the most common NRAS mutations in melanomas occur at codon 61
(Q61R or Q61K). In addition, NRAS mutations frequently arise in BRAF-
mutant melanomas as a mechanism of resistance in response to
pharmacological inhibition of BRAF [4-7]. Although NRAS-mutant
melanomas represent the most aggressive and second most common
melanoma subtype behind BRAF mutant melanomas [4], there
remain no available NRAS-targeted therapies. Thus, there is a critical
need to develop inhibitors of NRAS that ideally target multiple NRAS
mutants.

RAS has been a long sought-after target for cancer therapeutics [8].
Decades of efforts to develop RAS inhibitors passed with little promise
due to the lack of recognizable binding pockets for small molecule
inhibitors outside of the nucleotide-binding pocket [9, 10]. However,
targeting nucleotide binding has not been viewed as feasible due to
the high cellular concentration of guanine nucleotides coupled with
the picomolar affinity of RAS for nucleotides, although recent studies
challenge this notion [9-11]. Recently, the field has seen major

advancements in the development of anti-RAS therapeutics. The FDA
approval of two KRAS®'%C inhibitors, sotorasib and adagrasib, for use
in patients with KRAS®'*“-mutant non-small cell lung cancers has
dispelled the premise that RAS is undruggable [12, 13]. Following on
the success with these targeted compounds, an inhibitor of the most
common KRAS mutant, KRAS®'?®, has recently been reported and is
currently being evaluated in clinical trials [14]. Furthermore, many
additional inhibitors are currently being evaluated for their clinical
efficacy, including a pan-KRAS inhibitor that targets many of the
mutants present in human cancers [15]. Despite this burgeoning
success in targeting KRAS, there remain no available inhibitors that
target NRAS alone.

As an alternative to development of small molecule RAS inhibitors,
we have utilized monobody (Mb) technology to study RAS function
and identify novel therapeutic vulnerabilities. We have developed
several Mbs that specifically interact with and inhibit specific RAS
isoforms and oncogenic mutants [16-18]. For instance, the NS1 Mb
binds the a4-a5 allosteric lobes of HRAS and KRAS, but not NRAS, and
inhibits RAS function by disrupting RAS nanoclustering, becoming the
first experimental reagent capable of perturbing this process [19-21].
Additional RAS inhibitory monobodies have provided unique insights
into therapeutic strategies for inhibiting KRAS [11, 22, 23]. These
studies exemplify the power of Mb technology to inhibit RAS and to
gain new insights into RAS biology.

Selective targeting of NRAS presents challenges in molecular
recognition. The effector-binding region of NRAS is identical to those
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Fig. 1 Mb24 specifically interacts with NRAS. A Biolayer interferometry (BLI) sensorgrams of RAS isotypes loaded with either GTPyS or GDP

to Mb24 immobilized on a sensor tip. The Kp values shown are from global fitting of a 1:1 binding model. N.D. not determined due to weak
binding. B Mb24 and NS1 share an overlapping epitope. BLI sensorgram of immobilized Mb24 binding to NRAS(K135R)*GDP binding followed
by the addition of NS1 (left graph). NS1 did not bind to the NRAS(K135R) precomplexed with Mb24. NS1 does bind to immobilized
NRAS(K135R) in the absence of Mb24 (right graph). C Colocalization of mCherry-tagged Mb24 with EGFP-tagged KRAS4B or NRAS in
cotransfected HEK 293 cells. The graphs show the fluorescence intensity profiles across the microscopy images. D Coimmunoprecipitation of
Mbs from HEK 293 cells cotransfected with FLAG-tagged CFP alone, CPF-NS1, or CFP-Mb24 and HA-tagged HRAS®'?", KRAS®'2Y, or NRASS'?V,
Top panel, aFLAG immunoprecipitates were probed with aFLAG and aHA antibodies. Bottom panels, whole cell lysates (WCL) were probed

with the indicated antibodies.

of HRAS and KRAS. At the same time, this region harbors the most
common oncogenic mutations of NRAS at positions, 12, 13, and 61.
Thus, an ideal inhibitor targeting the effector-binding region would
bind multiple NRAS mutants and discriminate NRAS from HRAS and
KRAS. While KRAS-specific inhibitors have been described that
achieve such selectivity [15], no such NRAS-specific inhibitors have
yet been reported. The isoform specificity of the NST Mb suggested
the feasibility of selective inhibition of NRAS in a mutation-agnostic
manner. NS1 binds HRAS and KRAS but not NRAS with the main
determinant of this specificity being amino acid 135 in the o4 region,
which is Arg in HRAS and KRAS and Lys in NRAS [19]. Thus, we
envisioned the possibility of developing new monobodies with a
specificity profile inverse of NS1, binding only to NRAS, but not HRAS
or KRAS, in a mutation-agnostic manner.

Here, we report the development of a pan NRAS inhibitory Mb,
termed Mb(NRAS_24), abbreviated as Mb24 hereafter for brevity.
Mb24 inhibited both EGF-stimulated NRAS signaling and onco-
genic NRAS signaling and transformation. When tagged with a
truncated version of the VHL E3 ligase subunit [22, 24, 25], Mb24
induced NRAS degradation. This study highlights the feasibility of
selectively targeting NRAS as a potential therapeutic avenue for
NRAS-mutant cancers.

RESULTS

Selective binding and colocalization of Mb24 with NRAS

We developed monobodies selective for NRAS by following
established methods that combine phage and yeast display
technologies [11, 22, 26]. To enrich Mb clones that targeted the
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a4-a5 region of NRAS, the region equivalent to the epitope
of NS1, we incorporated positive selection using NRAS-GDP
and NRAS-GTPYS and negative selection using HRAS-GDP,
HRAS-GTPyS, KRAS-GDP, and KRAS-GTPyS. This campaign led to
the development of Mb24, which selectively bound to wild-type
NRAS in both GDP- and GTPyS-bound states, but showed no
binding to HRAS or KRAS (Fig. 1A). Mb24 binding to NRAS(K135R),
a designed mutant that enabled NS1 to bind to NRAS, prevented
NS1 binding demonstrating that Mb24 and NS1 likely share an
overlapping epitope on NRAS (Fig. 1B).

Next, we tested the binding specificity of Mb24 in cells.
mCherry-tagged Mb24 co-localized with EGFP-NRAS but not EGFP-
KRAS4B (Fig. 1C) in HEK293T cells. Further, Mb24 selectively
co-precipitated with NRAS®'?" (Fig. 1D and Supplementary Fig. 1)
and NRAS®'" (Supplementary Figs. 2 and 3) but not HRAS®'?,
KRAS®'?", and KRAS®'?P, By contrast, NS1 interacted with HRAS
and KRAS but not with NRAS mutants as expected (Fig. 1D and
Supplementary Figs. 1-3). These experiments demonstrate that
Mb24 specifically interacts with NRAS in a mutation-agnostic
manner.

Mb24 inhibits oncogenic NRAS and EGF-stimulated signaling
of wild-type NRAS

We next sought to determine whether Mb24 inhibits NRAS-
mediated activation of mitogen-activated protein kinase (MAPK)
pathway. We utilized the recently developed RASless HEK 293
model cellular system [27], devoid of all three RAS genes to focus
on specific RAS isoforms or mutants selectively introduced into
cells. In contrast to RASless MEFs [28], RASless HEK 293 cells
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**p < 0.005, and *p < 0.05, n.s. not significant). Asterisks under brackets are pERK/ERK values from NS1 or Mb24 compared to Mb(NEG) while
those above brackets are comparisons of NS1 versus Mb24. C lllustration of the workflow to generate RASless HEK 293 cells which stably
express different RAS isoforms/mutants and/or different Mbs. D Western blot of control HEK 293 cells (sgControl 293) and RASless HEK 293
cells, which stably express different RAS isoforms/mutants, stimulated with + EGF (20 ng/mL for 5 min). E Effect on pERK of DOX-induced (0, 1,
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remain viable and proliferative when devoid of RAS. However,
MAPK pathway activation upon growth factor stimulation is lost in
RASless HEK 293 cells. Lastly, these cells were derived from the
Flp-In HEK 293 cell line (Invitrogen), allowing for stable integration
of genes of interest to a genomic FRT site.

Transient expression of HA-tagged HRAS®'?Y, KRAS®'?®, or
NRAS®™ in RASless HEK 293 cells results in MAPK pathway
activation compared to parental cells (Supplementary Figs.
2 and 3). Similar results are seen with the control HEK 293 cells
expressing control guide RNAs (sgControl HEK 293) (Supplemen-
tary Figs. 2 and 3). Co-expression of CFP-FLAG Mb24 inhibited ERK-
MAPK activation only in NRAS?®'"-expressing cells (Fig. 2A, B and
Supplementary Figs. 2 and 3) whereas NS1 inhibited ERK-MAPK
activation only in cells expressing either HRAS®'?" or KRAS®'?P.
Mb(NEG), a negative control Mb that does not bind any RAS
isoforms, did not inhibit any RAS isoform (Fig. 2A, B and
Supplementary Figs. 2-4).

Next, we utilized the Flp-In FRT system to generate cells that
stably express single RAS isoforms (Fig. 2C). Western blot analysis
of these cells confirmed expression of the indicated RAS isoforms/
mutants and restoration of MAPK pathway activity (Fig. 2D and
Supplementary Figs. 5 and 6). Next, we generated stable,
doxycycline (DOX)-inducible Mb expressing variants of these cells
(Fig. 2C). DOX-induced Mb24 expression inhibited EGF-stimulated
wild-type NRAS (Fig. 2E and Supplementary Fig. 7) as well as
oncogenic NRAS signaling but had no effect on oncogenic HRAS
(Fig. 2F, G and Supplementary Fig. 8). Overall, these data
demonstrate that Mb24 specifically inhibits signaling mediated
by both wild type and oncogenic NRAS.

Chemical induction of Mb24 in NRAS-mutant tumor lines
inhibits signaling and biology

Next, we assessed the ability of Mb24 to inhibit NRAS-mutant
human tumor cells. We generated two melanoma cell lines, MeWo
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(NRASYT) and WM-1366 (NRAS?®'™Y), and one lung adenocarci-
noma line, NCI-H1299 (NRAS?®™), that stably express CFP-FLAG-
tagged Mb24 upon DOX treatment. Chemical induction of Mb24
expression in MeWo yielded no detectable decrease in ERK
phosphorylation (Fig. 3A and Supplementary Figs. 9A and 10A). In
contrast, Mb24 expression decreased ERK-MAPK phosphorylation
in NCI-H1299 (Fig. 3B and Supplementary Figs. 9B and 10B) and
WM-1366 (Fig. 3C and Supplementary Figs. 9C and 10C). A similar
trend was observed in NRAS-mutant neuroblastoma cells, SH-EP,
upon induction of Mb24 expression (Supplementary Fig. 11).

To further explore the ability of Mb24 to inhibit oncogenic NRAS
function, we tested the effect of Mb24 on the anchorage-
independent growth and migration of NRAS-mutant tumor cells.
In agreement with the effects on Mb24 on ERK-MAPK activation,
DOX-induced Mb24 expression inhibited anchorage-independent
growth of NRAS-mutant cell lines but did not impact the growth of
wild-type NRAS melanoma cells (Fig. 3D-F). Further, Mb24
reduced the migration of NCI-H1299 cells (Supplementary Fig.
12). These data demonstrate that Mb24 inhibits the biological
activity of oncogenic NRAS mutants.

Mechanism of Mb24-driven NRAS inhibition

We next set out to determine the mechanism of action of Mb24-
driven NRAS inhibition. Mb24 binds to both GDP- and GTP-loaded
NRAS (Fig. 1A) and likely binds in the a4-a5 region of NRAS
(Fig. 1B). We therefore hypothesized that Mb24, like NS1, may
inhibit NRAS by disrupting NRAS nanoclustering and/or impeding
downstream RAF dimerization and activation. One distinction
between the effect of NST on HRAS versus KRAS is that NS1
disrupts KRAS:RAF interaction but not HRAS:RAF association, a
distinction attributed to differences in the hypervariable regions
(HVRs) of these RAS isoforms [21]. We therefore analyzed the
effect of Mb24 on key protein:protein interactions (PPIs) in the
RAS/MAPK signaling pathway, namely RAS:RAF, CRAF:BRAF,
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and RAS:RAS interactions in live cells using NanoBiT technology
(Fig. 4A) [29].

We first tested the effect of Mb24 on KRAS®'? or NRAS®®'R
interaction with CRAF. RASless HEK 293 cells were used to
eliminate competition with endogenous RAS [29]. NS1 decreased
the interaction of LgBiT-KRAS®'?" with SmBIiT-CRAF compared to
Mb24 (Fig. 4B) in agreement with previous reports for NS1 [21]. In
contrast, Mb24 had no effect on NRAS?®'® interaction with CRAF
(Fig. 4B). These data suggest Mb24 does not affect NRAS
interaction with CRAF.

Next, we tested the effect of Mb24 on CRAF:BRAF association,
which was shown to be elevated in melanogenic NRAS mutants
[30]. As expected, NS1, but not Mb24, decreased CRAF:BRAF
association when co-expressed with HA-tagged KRAS®'?" (Fig. 4C).
In contrast, Mb24, but not NS1, decreased CRAF:BRAF interaction
when co-expressed with HA-tagged NRAS?®'®, albeit to a lesser
extent than seen with NS1 and KRAS (Fig. 4C). These results
suggest that Mb24, at least in part, inhibits NRAS-mediated
signaling through disrupting oncogenic NRAS-induced CRAF:BRAF
heterodimerization.

Lastly, we tested the effect of Mb24 on RAS:RAS association.
As shown with reagents like NS1, sterically hindering RAS:RAS
association decreases RAF dimerization and activation [19-21, 31].
As expected, NS1 resulted in approximately a 50% reduction in
KRAS®'?Y  self-association without affecting NRAS2'™®  self-
association (Fig. 4D). In contrast, Mb24 did not affect KRAS®'?
self-association but did result in a modest, but significant,

SPRINGER NATURE

decrease in NRAS?®'R self-association (Fig. 4D). These results are

in agreement with the effect of Mb24 on CRAF:BRAF interactions
and imply that Mb24, like NS1, inhibits NRAS through sterically
interfering with nanoclustering at the plasma membrane, thereby
inhibiting NRAS-stimulated RAF dimerization and activation.

Inducible NRAS degradation by VHL-tagged Mb24

To increase the utility of Mb24 in the study of NRAS biology, we
utilized Mb24 as a warhead for NRAS-targeted proteasomal
degradation [22, 24, 32]. Briefly, Mb24 was genetically fused with
a truncated version of the VHL E3 ligase lacking its natural
substrate binding domain (VHL-Mb24) [22]. In RASless HEK 293
cells with stable expression of wild-type NRAS (Flp-In NRASYT),
DOX-induced expression of CFP-Mb24 resulted in a slight increase
in NRAS levels over time (Fig. 5A, B). In contrast, VHL-Mb24
resulted in a significant decrease in NRAS levels at 48 and 72 h of
DOX treatment compared to no DOX (p=0.046 and 0.025,
respectively) (Fig. 5A, B and Supplementary Figs. 13 and 14).
Furthermore, DOX induction of VHL-Mb24 in WM-1366 decreased
endogenous NRAS levels which was rescued by proteasome
inhibition (Fig. 5C, D and Supplementary Fig. 15). Examination of
ERK phosphorylation levels revealed that VHL-Mb24 lead to a
greater inhibition of ERK aprosphorylation levels compared to CFP-
Mb24 in the Flp-In NRAS™" cells (Fig. 5A). In contrast, we did not
observe a significant inhibition of ERK phosphorylation levels in
NRAS?®™" mutant WM-1366 cells (Supplementary Fig. 16). These
data indicate that VHL-Mb24 induces proteasome-dependent

Oncogene (2024) 43:3489 - 3497
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NRAS degradation whereas CFP-Mb24 stabilizes NRAS levels
in cells.

DISCUSSION

Here, we report the development and characterization of the first
NRAS-specific inhibitory “tool biologic” [33], Mb24, that selectively
interferes with NRAS, but not H- or KRAS, activity in a mutation
and nucleotide agnostic fashion. Mb24 joins an arsenal of
previously developed RAS inhibitory Mbs with distinct specificities
(Supplementary Table 1) [11, 19, 22, 23, 34]. Despite the success in
pharmacologically inhibiting KRAS, NRAS has remained recalci-
trant to inhibition. Mb24 represents the first reported NRAS-
selective inhibitor, targeting both wild-type and oncogenic forms
of NRAS in both nucleotide states to reduce signaling and impair
the biologic activity of oncogenic NRAS (Figs. 1, 2). Although the
effect of Mb24 on oncogenic NRAS-mediated activation of ERK in
melanoma cells is rather modest, these findings are in agreement
with prior published studies [35].

The mechanism by which Mb24 inhibits NRAS appears to mirror
the activity of NS1 in binding the allosteric lobe to disrupt HRAS
and KRAS nanoclustering (Fig. 1B) [18]. Indeed, Mb24 reduces
NRAS self-association albeit to a lesser extent than was seen with
NS1 on KRAS self-association (Fig. 4D). Our previous work
demonstrated that mutations in the a4-a5 region of NRAS were
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not sufficient to inhibit NRAS signaling activity [29]. Our current
work further supports the notion that nontraditional therapeutic
approaches, such as macromolecules (i.e, monobodies) or
molecular glues, would be necessary to inhibit RAS isoforms
when targeting RAS multimerization.

The lack of effect of Mb24 on NRAS:RAF interaction also mirrors
the non-effect of NS1 on HRAS:RAF interaction. This may be due to
the similarity of the HRAS and NRAS HVRs. While all RAS isoforms
undergo obligate prenylation at the C-terminal CAAX site, a
secondary signal in the HVR is needed to target RAS isoforms to
distinct membrane domains. For HRAS, two additional Cys
residues are palmitoylated to serve this purpose while KRAS
utilizes a poly-basic region. The NRAS HVR more closely resembles
that of HRAS but with only a single Cys as a palmitoylation site.
These secondary palmitoyl modifications of the HVRs of NRAS and
HRAS may orient the GTPase domains differently from that of
KRAS resulting in the different effects of NS1 on RAF interaction
with KRAS versus HRAS and NRAS [21].

We also developed an NRAS-specific biomolecular degrader by
linking Mb24 to a truncated version of the VHL E3 ligase that lacks
its natural substrate binding domain as this was previously shown
to be an effective method for other biologics [22, 24, 25, 36]. We
hypothesized that compared to CFP-Mb24, targeted degradation
of NRAS would lead to a more sustained inhibition of ERK-MAPK
activation by NRAS as we previously observed with a VHL-12V/C
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Inducible degradation of NRAS by VHL-Mb24. A Expression of CFP-Mb24 or VHL-Mb24 were chemically induced in RASless HEK 293

(Flp-In NRASYT) cells for the indicated time points and then cells were treated with EGF (20 ng/ml) for 5 min before lysate preparation.
B Quantification of NRAS levels from (A). NRAS levels were normalized to vinculin loading control, and all time points were normalized to 0 h
of DOX treatment. NRAS levels from each time point were compared to 0-h time points to determine statistical significance using Welch's t-
test. Only the 48- and 72-h timepoints for VHL-Mb24 with DOX were statistically different (p = 0.046 and 0.025, respectively). Experiments were
repeated three times (n = 3); error bars represent SEM. C Proteasome inhibition with MG-132 rescues NRAS protein levels in WM-1366 cells
which express CFP-Mb24 or VHL-Mb24 upon DOX induction. D NRAS levels from (C) were normalized to vinculin and all values for either CFP-
Mb24 or VHL-Mb24 were normalized to No DOX (dotted line). Results quantified were using Welch's t-test; error bars represent SEM. (*p < 0.05,
n.s. not significant). Asterisks under brackets represent a significant difference for normalized NRAS values from DOX or DOX + MG-132
compared to No DOX while values above brackets represent comparison of DOX versus DOX -+ MG-132. Experiments were repeated three

times (n=3).

Mb fusion [22]. CFP-Mb24 lead to an increase in NRAS protein level
suggesting a potential stabilizing effect on NRAS. In contrast, VHL-
Mb24 decreased NRAS levels which were rescued by proteasome
inhibition, confirming the efficacy of this biodegrader at targeting
NRAS. Although we anticipated that VHL-Mb24 would result in a
more sustainable inhibition of ERK-MAPK pathway activity
compared to CFP-Mb24, our results were mixed. VHL-Mb24
reduced ERK phosphorylation levels following EGF stimulation of
NRAS expressing RASless HEK cells (Fig. 5A and Supplementary
Fig. 14) but did not affect ERK phosphorylation levels in NRAS?®'--
mutant WM-1366 melanoma cells (Supplementary Fig. 16). This
was a surprising observation as genetic ablation of mutant NRAS
in vivo decreased phosphorylated ERK levels and led to tumor
regression [37]. Nonetheless, many of these tumors recurred and
showed increased RTK signaling as a resistance mechanism [37].
Additionally, previous work by Bond et al. suggest that the effects
between targeted degraders and inhibitors on cell viability and
signaling may be cell-line dependent [38]. Further work will be
necessary to elucidate the differences between inhibition and
degradation of NRAS.

In conclusion, we report here the first NRAS-specific binding
reagent capable of inhibiting and degrading NRAS in a mutation-
agnostic manner. This work indicates that similar to HRAS and
KRAS, NRAS is amenable to inhibition through Mb binding to a
region outside the effector-binding region. Mb24 joins a group of
RAS inhibitory Mbs that have been used in recent years to gain
valuable insights into RAS biology and therapeutic vulnerabilities
in vitro and in vivo (Supplementary Table 1). Thus, Mb24 will be
useful for further addressing RAS biology for translation into novel
therapeutic approaches against oncogenic NRAS mutants.

SPRINGER NATURE

MATERIALS AND METHODS

Development of Mb(NRAS_24)

The expression vectors for RAS were described previously using the pHBT
vector in such a way that His6é and Avi-tags were attached N-terminal to
residues 1-174 of RAS [34]. They were purified using NTA affinity resin
(Cytiva) followed with gel filtration using Superdex S75 (Cytiva).

Mb24 was developed using established methods described previously
[19, 34]. Briefly, after four rounds of phage-display library selection, yeast
display libraries were constructed using the enriched phage-display pool.
After three rounds of library sorting in the yeast display format using
200nM, 200nM, 100nM NRAS for the 1st, 2nd, and 3rd rounds,
respectively, individual clones were examined in the yeast display format
for binding to NRAS, HRAS, and KRAS4B. The expression vector for Mb24
was constructed with the N-terminal tags, and the protein was prepared in
the same manner as the RAS proteins.

Cell culture and cloning

Cells used in each experiment were freshly thawed or generated and
routinely tested for mycoplasma. HEK 293 cells (MUSC Tissue Culture
Facility) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Corning) supplemented with 10% fetal bovine serum (FBS). RASless HEK
293 and sgControl HEK 293 cells were maintained in DMEM supplemented
with 10% FBS and 100 pg/mL Zeocin. Flp-In RAS HEK 293 lines were
maintained in DMEM supplemented with 10% FBS and 200 pg/mL of
Hygromycin B. All HEK 293 cell lines transduced with DOX-inducible Mbs
were maintained in the cell line’s normal media with tetracycline-free FBS
plus 0.5-1.0 ug/mL puromycin. The melanoma cell line MeWo was
maintained in DMEM supplemented with 10% FBS. WM-1366 and WM-
1361A melanoma cell lines were maintained in RPMI media supplemented
with 5% FBS. Lastly, the lung adenocarcinoma line NCI-H1299 was
maintained in RPMI media supplemented with 10% FBS. All cancer cell
lines were maintained in regular base media with tetracycline-free FBS and
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1 pug/mL puromycin when transduced with DOX-inducible Mbs. Tumor cell
lines were intermittently authenticated by STR profiling.

All HA-tagged RAS and CPF-FLAG-tagged Mb expression vectors were
constructed as previously described [17]. Gateway cloning vectors (pEF5-
FRT-V5-DEST and pENTR-RAS constructs) as well as the Flp-Recombinase
expression vector pOG44 were kindly provided by the lab of Frank
McCormick. Expression clones encoding different RAS isoforms and
mutants (pDEST-RAS) were made using Gateway LR Clonase Il (Thermo-
Fisher #11791020) with indicated pENTR-RAS constructs and pEF5-FRT-V5-
DEST per manufacturer protocol. All NanoBiT RAS expression vectors
(SmBIiT/LgBiT-tagged RAS) were kindly donated from Matt Robers and Jim
Vasta (Promega®©). The SmBiT-CRAF-LgBiT-BRAF dual expression vector was
kindly donated by Christin Burd. The SmBIT-CRAF expression vector was
constructed by PCR amplifying SmBiT-CRAF from the SmBiT-CRAF-LgBiT-
BRAF dual expression vector and cloning the PCR fragment into a CMV-
driven expression vector. For this, we restriction digested the CFP-FLAG-
NS1 sequence from pECFP-FLAG-NS1 and cloned the PCR fragment for
SmBIT-CRAF downstream of the CMV promoter. VHL-Mb24 was generated
by PCR amplifying a fragment of VHL and, separately, Mb24, then using
these fragments to clone into the same empty vector which was used for
SmBIT-CRAF cloning. For DOX-regulated expression, all desired sequences
were subcloned into the mammalian expression lentiviral vector pCW57.1
(Addgene # 41393).

Transfections, cell signaling, and NRAS degradation assays
Transfections and cell signaling assays were essentially done as previously
described [17]. We typically use 3 pl of polyethylenimine (PEI) (10 mg/mL
dissolved in 30% ethanol) for every 1 ug of DNA transfected. Appropriate
amounts of PEl and DNA are incubated for 30 min at room temperature in
Opti-MEM Reduced Serum Media (Gibco) that is 1/10 the final volume of
the media that will be added to cells (1 ml Opti-MEM for 10 cm plate that
will contain 10 ml total). This mixture is then added to appropriate cells
with serum-free media making up the rest of the volume. For HEK 293 cells,
the DNA incubates (at 37 °C and 5% CO,) with the cells for 3 h in serum-
free media. This media is then aspirated and replaced with complete
media for the indicated time points.

For cell signaling assays, we analyzed RAS-mediated ERK activation. For
all HEK 293 cell transfections, lysates were collected 48-72h post
transfection of indicated RAS and Mb constructs. For signaling assays in
Mb-transduced tumor cell lines, Mb expression was induced with DOX for
48-72h (unless otherwise indicated) before collecting lysates. ERK and
PERK levels were analyzed via Western Blot using a-ERK (Cell Signaling
Technology) and a-pERK (Cell Signaling Technology) antibodies. ERK and
PERK protein levels were quantified using Image Studio Lite (Ver 5.2)
software. pERK/ERK ratios were determined for each experiment and
normalized to controls where indicated.

For NRAS degradation assays, indicated cells were transduced with
lentivirus to stably express VHL-Mb24 under DOX regulation. DOX was
used to induced Mb expression, as explained above, for indicated time
points. NRAS levels were quantified from Western Blots and normalized to
vinculin loading control using Image Studio Lite (Ver 5.2) software. For
experiments involving proteasome inhibition, MG-132 (2.5-5.0 uM) was
added to the media at the same time as DOX and incubated with the cells
for 24 h before collecting lysates for sample preparation.

Immunoblotting and antibodies

Sample preparation and immunoblotting were performed as previously
described [17, 29]. The following antibodies were used: monoclonal HA
(clone 16B12, Biolegend #90154), monoclonal FLAG (Clone M2, Sigma
#F1804), phospho-ERK (Thr202/Tyr204, CST #9101), total ERK (CST #9102),
Vinculin (SC #73614), CRAF (BD Biosciences #610151), BRAF (Santa Cruz sc-
5284), pan RAS (Santa Cruz sc-32), NRAS (Abcam ab167136), HRAS
(ProteinTech #15531-1-AP), KRAS (Millipore Sigma #WH0003845M1).

Generation of Flp-In RAS HEK 293 cell lines

The RASless and sgControl HEK 293 cells were derived from Invitrogen's
Flp-In HEK 293 cell line (Invitrogen #R75007). These cells have stable
integration of an FRT/ZeoR site at a transcriptionally active locus. Flp-In
vectors, such as pEF5-FRT-V5-DEST, integrate to FRT sites when co-
expressed with pOG44 (Flp-Recombinase) in FRT-containing cells. To
Generate Flp-In RAS cells, pDEST-RAS expression vectors were cotrans-
fected in a 1:1 ratio with pOG44 into RASless or sgControl HEK 293 cells.
Successful Flp-Recombinase-mediated recombination of the pDEST-RAS
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expression cassette with the FRT site will disrupt the ZeoR gene; the cells
will then become sensitive to Zeocin and resistant to Hygromycin B. For
this reason, cells were transfected and maintained in antibiotic-free media
until 48 h post transfection. Media was thereafter supplemented with
200 pg/mL of Hygromycin B and cells remained under selection until
colonies became visible. All Hygromycin B-resistant cells should be
isogenic as there is only a single integration of FRT/ZeoR, therefore
colonies for each indicated Flp-In RAS line were pooled and expanded.
Expression of indicated RAS isoforms and mutants were validated via
Western Blot using isoform-specific antibodies, analyzing signaling in the
absence and presence of EGF, and also by the use of inhibitory Mbs
specific for different RAS isoforms.

Soft agar colony formation assays

Soft agar colony formation assays were performed as previously described
[11, 17]. A solidified base agar layer (0.5%) was topped with cell suspension
in 0.33% soft agar and allowed to set. Cells were treated with DOX 1-2
times per week by drop-wise addition of supplemented media to top layer
to induce Mb expression. Two to four weeks after plating (until colonies are
visible to eye) cells were stained using MTT (100 ml of 2 mg/ml solution of
MTT per well). Colony number and average colony size were quantified
using ImagelJ. Data represent three replicates per condition.

Migration assays

Transwell migration assays were performed using a reusable multi-well
chemotaxis chamber (Neuro Probe #AP48). H1299%°™ and H129926™%-
Mb24 cells were pre-treated for 24 h with 4 ug/ml of DOX prior to the
assay; control groups without treatment were also analyzed. Each well
contained 10,000 cells in RPMI with 2% FBS (with and without DOX) in the
upper chamber, and in RPMI with 20% FBS in the lower chamber. Cells
were allowed to migrate for 24 h, fixed with 4% PFA, stained with crystal
violet, photographed, and counted. Each condition was performed in
duplicate with six counted fields in total per experiment and three
biological replicates.

Live cell NanoBiT protein-protein interactions assays

For all NanoBIT assays, RASless HEK 293 cells were plated in 96-well, white-
wall, clear-bottom tissue culture plates were used (ThermoFisher #165306).
Unlike other experiments involving transfections, we transfected these
cells overnight (reverse transfection) with the indicated DNA vectors the
day that the cells were split and plated in the 96-well plates. Briefly, DNA
was prepared using PEl as previously described. While the DNA incubated,
40x10* cells (in 100 ul of complete media) per well were added to
appropriate number of wells of a 96-well plate. Each transfection was done
in technical triplicates—this was repeated for a total of four biological
replicates. After cells were added to wells and DNA/PEI/Opti-MEM
incubated for the appropriate time, serum-free media was added to the
tubes of DNA to bring the volume to 300 pl total. Then, 100 pl of the
appropriate DNA mix was added to indicated wells in triplicate. The cells
were incubated overnight before carefully aspirating the media the next
day and replacing it with complete media. Twenty-four hours later (~48 h
post transfection), media was aspirated from wells, and luminescence was
measured using NanoGlo® Live-Cell Substrate (Promega; Cat # N2012)
suspended in Opti-MEM® reduced serum media (Gibco; cat # 31985070).
After the live-cell luminescence measurement, cells were lysed with 0.1%
Triton X-100 and incubated with HiBiT peptide (0.1 pM) for 10 min on
orbital shaker at 4 °C. Then, luminescence was measured to quantify LgBiT
peptide levels. Live-cell luminescence was normalized to luminescence
after HiBiT peptide addition. Luminescence from wells transfected with
PECFP-FLAG-NS1 and Mb24 were normalized to Mb(NEG) and then
compared to one another. Assays were performed four times each (n =4).

Statistical analyses

All statistical analyses were performed using GraphPad Prism 9 software.
Experiments with statistical analyses were performed at least three times
and variance was represented by standard error of the mean (SEM) or
standard deviation (SD) and indicated in figure legends. After the
appropriate and indicated normalizations, statistical significance between
two groups was determined using paired t-test or Welch’s t-test. In this
study, p values < 0.05 were considered statistically significant. Asterisks (*)
were used in figures to denote statistical significance unless otherwise
noted in figure legends. Non-significant changes were either indicated by
n.s. or are otherwise not called out in the figures.

SPRINGER NATURE



M. Whaby et al.

3496

DATA AVAILABILITY

Data are available upon request from the authors.

MATERIALS AVAILABILITY

Materials are available upon request from the authors.

REFERENCES

1.

20.

21.

22.

23.

24,

25.

26.

Karnoub AE, Weinberg RA. Ras oncogenes: split personalities. Nat Rev Mol Cell
Biol. 2008;9:517-31.

. Prior IA, Lewis PD, Mattos C. A comprehensive survey of Ras mutations in cancer.

Cancer Res. 2012;72:2457-67.

. Prior IA, Hood FE, Hartley JL. The frequency of ras mutations in cancer. Cancer

Res. 2020;80:2969-74.

. Heppt MV, Siepmann T, Engel J, Schubert-Fritschle G, Eckel R, Mirlach L, et al.

Prognostic significance of BRAF and NRAS mutations in melanoma: a German
study from routine care. BMC Cancer. 2017;17:536.

. Heidorn SJ, Milagre C, Whittaker S, Nourry A, Niculescu-Duvas |, Dhomen N, et al.

Kinase-dead BRAF and oncogenic RAS cooperate to drive tumor progression
through CRAF. Cell. 2010;140:209-21.

. Lokhandwala PM, Tseng LH, Rodriguez E, Zheng G, Pallavajjalla A, Gocke CD, et al.

Clinical mutational profiling and categorization of BRAF mutations in melanomas
using next generation sequencing. BMC Cancer. 2019;19:665.

. Proietti I, Skroza N, Michelini S, Mambrin A, Balduzzi V, Bernardini N, et al. BRAF

inhibitors: molecular targeting and immunomodulatory actions. Cancers. 2020;
12:1823.

. Moore AR, Rosenberg SC, McCormick F, Malek S. RAS-targeted therapies: is the

undruggable drugged? Nat Rev Drug Discov. 2020;19:533-52.

. O'Bryan JP. Pharmacological targeting of RAS: recent success with direct inhibi-

tors. Pharm Res. 2019;139:503-11.

. Khan |, Rhett JM, O'Bryan JP. Therapeutic targeting of RAS: new hope for drug-

ging the “undruggable”. Biochim Biophys Acta Mol Cell Res. 2020;1867:118570.

. Khan |, Koide A, Zuberi M, Ketavarapu G, Denbaum E, Teng KW, et al. Identifi-

cation of the nucleotide-free state as a therapeutic vulnerability for inhibition of
selected oncogenic RAS mutants. Cell Rep. 2022;38:110322.

. Janne PA, Riely GJ, Gadgeel SM, Heist RS, Ou SI, Pacheco JM, et al. Adagrasib in

non-small-cell lung cancer harboring a. N Engl J Med. 2022;387:120-31.

. Skoulidis F, Li BT, Dy GK, Price TJ, Falchook GS, Wolf J, et al. Sotorasib for lung

cancers with KRAS p.G12C mutation. N Engl J Med. 2021;384:2371-238.

. Wang X, Allen S, Blake JF, Bowcut V, Briere DM, Calinisan A, et al. Identification of

MRTX1133, a noncovalent, potent, and selective KRAS. J Med Chem. 2022;65:
3123-33.

. Kim D, Herdeis L, Rudolph D, Zhao Y, Bottcher J, Vides A, et al. Pan-KRAS inhibitor

disables oncogenic signalling and tumour growth. Nature. 2023;619:160-6.

. Hantschel O, Biancalana M, Koide S. Monobodies as enabling tools for structural

and mechanistic biology. Curr Opin Struct Biol. 2020;60:167-74.

. Khan |, O'Bryan JP. Probing RAS function with monobodies. Methods Mol Biol.

2021;2262:281-302.

. Whaby M, Khan I. O'Bryan JP. targeting the “undruggable” RAS with biologics.

Adv Cancer Res. 2022;153:237-66.

. Spencer-Smith R, Koide A, Zhou Y, Eguchi RR, Sha F, Gajwani P, et al. Inhibition of

RAS function through targeting an allosteric regulatory site. Nat Chem Biol.
2017;13:62-8.

Khan |, Spencer-Smith R, O'Bryan JP. Targeting the alpha4-alpha5 dimerization
interface of K-RAS inhibits tumor formation in vivo. Oncogene. 2019;38:2984-93.
Spencer-Smith R, Li L, Prasad S, Koide A, Koide S, O'Bryan JP. Targeting the
alpha4-alpha5 interface of RAS results in multiple levels of inhibition. Small
GTPases. 2019;10:378-87.

Teng KW, Tsai ST, Hattori T, Fedele C, Koide A, Yang C, et al. Selective and
noncovalent targeting of RAS mutants for inhibition and degradation. Nat
Commun. 2021;12:2656.

Akkapeddi P, Hattori T, Khan |, Glasser E, Koide A, Ketavarapu G, et al. Exploring
switch Il pocket conformation of KRAS(G12D) with mutant-selective monobody
inhibitors. Proc Natl Acad Sci USA. 2023;120:€2302485120.

Roth S, Macartney TJ, Konopacka A, Chan KH, Zhou H, Queisser MA, et al. Tar-
geting endogenous K-RAS for degradation through the affinity-directed protein
missile system. Cell Chem Biol. 2020;27:1151-63.e1156.

Lim SM, Khoo R, Juang Y-C, Gopal P, Zhang H, Yeo CJ, et al. Exquisitely specific
anti-KRAS biodegraders inform on the cellular prevalence of nucleotide-loaded
states. ACS Cent Sci. 2020;7:274-91.

Koide A, Wojcik J, Gilbreth RN, Hoey RJ, Koide S. Teaching an old scaffold new
tricks: monobodies constructed using alternative surfaces of the FN3 scaffold. J
Mol Biol. 2012;415:393-405.

SPRINGER NATURE

27. Cuevas-Navarro A, Wagner M, Van R, Swain M, Mo S, Columbus J, et al. RAS-
dependent RAF-MAPK hyperactivation by pathogenic RIT1 is a therapeutic target
in Noonan syndrome-associated cardiac hypertrophy. Sci Adv. 2023;9:eadf4766.

28. Lechuga CG, Salmén M, Paniagua G, Guerra C, Barbacid M, Drosten M. RASless
MEFs as a tool to study RAS-dependent and RAS-independent functions. Meth-
ods Mol Biol. 2021;2262:335-46.

29. Whaby M, Wallon L, Mazzei M, Khan |, Teng KW, Koide S, et al. Mutations in the
a4-a5 allosteric lobe of RAS do not significantly impair RAS signaling or self-
association. J Biol Chem. 2022;298:102661.

30. Murphy BM, Terrell EM, Chirasani VR, Weiss TJ, Lew RE, Holderbaum AM, et al.
Enhanced BRAF engagement by NRAS mutants capable of promoting melanoma
initiation. Nat Commun. 2022;13:3153.

31. Khan |, MarElia-Bennet C, Lefler J, Zuberi M, Denbaum E, Koide, A, et al. Targeting
the KRAS alpha4-alpha5 allosteric interface inhibits pancreatic cancer tumor-
igenesis. Small GTPases. 2021;13:114-27.

32. Lim S, Khoo R, Juang YC, Gopal P, Zhang H, Yeo C, et al. Exquisitely specific anti-
KRAS biodegraders inform on the cellular prevalence of nucleotide-loaded states.
ACS Cent Sci. 2021;7:274-91.

33. Akkapeddi P, Teng KW, Koide S. Monobodies as tool biologics for accelerating
target validation and druggable site discovery. RSC Med Chem. 2021;12:1839-53.

34. Wallon L, Khan I, Teng KW, Koide A, Zuberi M, Li J, et al. Inhibition of RAS-driven
signaling and tumorigenesis with a pan-RAS monobody targeting the Switch I/1l
pocket. Proc Natl Acad Sci USA. 2022;119:e2204481119.

35. Young A, Lou D, McCormick F. Oncogenic and wild-type Ras play divergent roles
in the regulation of mitogen-activated protein kinase signaling. Cancer Discov.
2013;3:112-23.

36. Bery N, Miller A, Rabbitts T. A potent KRAS macromolecule degrader specifically
targeting tumours with mutant KRAS. Nat Commun. 2020;11:3233.

37. Robinson JP, Rebecca VW, Kircher DA, Silvis MR, Smalley I, Gibney GT, et al.
Resistance mechanisms to genetic suppression of mutant NRAS in melanoma.
Melanoma Res. 2017;27:545-57.

38. Bond MJ, Chu L, Nalawansha DA, Li K, Crews CM. Targeted degradation of
oncogenic KRAS(G12C) by VHL-recruiting PROTACs. ACS Cent Sci. 2020;6:
1367-75.

ACKNOWLEDGEMENTS

We thank Dr. Andrew Aplin for providing the MeWo and WM-1366 melanoma cell
lines, Matt Robers and Dr. Jim Vasta from Promega for providing NanoBiT reagents
including RAS NanoBiT constructs and advising on assay design, and Dr. Christin Burd
from the University of Ohio for donating the CRAF-BRAF NanoBiT fusion vector. MW
was supported by an NIH T32 (GM132055). JPO was supported by grants from the
Department of Veterans Affairs Biomedical Laboratory Research and Development
Service MERIT Award (1101BX002095), the NCI (P30 CA138313) and the NIGMS (P20
GM130457). JPO and SK were supported by a grant from the NCI (R01CA212608). SK
was supported by a grant from the NCI (RO1T CA194864). The core facilities of NYU
School of Medicine were partially supported by the Cancer Center Support Grant
P30CA016087. The contents of this article do not represent the views of the US
Department of Veterans Affairs or the United States government.

AUTHOR CONTRIBUTIONS

Conception and design: MW, SK and JPO. Development of methodology: MW, GK, AK,
CN, MS, FM, SK and JPO. Acquisition of data: MW, GK, AK, CN, MM, MJ, EG and UP.
Analysis and interpretation of data: MW, GK, SK and JPO. Writing, review, and/or
revision of the manuscript: MW, FM, SK and JPO. Administrative, technical, or material
support (i.e, reporting or organizing data, constructing databases): SK, JPO. Study
supervision: SK, JPO.

FUNDING

Open access funding provided by the Carolinas Consortium.

COMPETING INTERESTS

JPO, AK and SK are listed as inventors on a patent application on Monobodies
targeting the nucleotide-free state of RAS files by the Medical University of South
Carolina and New York University (No. 62/862,924). KWT, AK, and SK are listed as
inventors on a patent application on mutant RAS targeting Monobodies filed by New
York University (Application No. 63/121,903). AK and SK are listed as inventors on
issued and pending patents on Monobody technology filed by The University of
Chicago (US Patent 9512199 B2 and related pending applications), and on a pending
patent on NRAS-selective monobodies (W02023192915A1). SK is a co-founder and
holds equity in Aethon Therapeutics; is a co-founder and holds equity in Revalia Bio;

Oncogene (2024) 43:3489 - 3497



was an SAB member and received consulting fees from Black Diamond Therapeutics;
has received research funding from Aethon Therapeutics, Argenx BVBA, Black
Diamond Therapeutics, and Puretech Health. The other authors declare no
competing interests. The other authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
This study did not use any human subjects, vertebrate animals or identifiable images
from human research patients.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541388-024-03186-y.

Correspondence and requests for materials should be addressed to Shohei Koide or
John P. O'Bryan.

Reprints and permission information is available at http://www.nature.com/
reprints

Oncogene (2024) 43:3489 - 3497

M. Whaby et al.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign
copyright protection may apply 2024

SPRINGER NATURE


https://doi.org/10.1038/s41388-024-03186-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Inhibition and degradation of NRAS with a pan-NRAS monobody
	Introduction
	Results
	Selective binding and colocalization of Mb24 with NRAS
	Mb24 inhibits oncogenic NRAS and EGF-stimulated signaling of wild-type NRAS
	Chemical induction of Mb24 in NRAS-mutant tumor lines inhibits signaling and biology
	Mechanism of Mb24-driven NRAS inhibition
	Inducible NRAS degradation by VHL-tagged Mb24

	Discussion
	Materials and methods
	Development of Mb(NRAS24)
	Cell culture and cloning
	Transfections, cell signaling, and NRAS degradation assays
	Immunoblotting and antibodies
	Generation of Flp-In RAS HEK 293 cell lines
	Soft agar colony formation assays
	Migration assays
	Live cell NanoBiT protein–protein interactions assays
	Statistical analyses

	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ACKNOWLEDGMENTS
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




