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RAS mutants are major therapeutic targets in oncology with few efficacious direct
inhibitors available. The identification of a shallow pocket near the Switch II region on
RAS has led to the development of small-molecule drugs that target this site and inhibit
KRAS(G12C) and KRAS(G12D). To discover other regions on RAS that may be tar-
geted for inhibition, we have employed small synthetic binding proteins termed mono-
bodies that have a strong propensity to bind to functional sites on a target protein.
Here, we report a pan-RAS monobody, termed JAM?20, that bound to all RAS isoforms
with nanomolar affinity and demonstrated limited nucleotide-state specificity. Upon
intracellular expression, JAM20 potently inhibited signaling mediated by all RAS iso-
forms and reduced oncogenic RAS-mediated tumorigenesis in vivo. NMR and muta-
tion analysis determined that JAM20 bound to a pocket between Switch I and II,
which is similarly targeted by low-affinity, small-molecule inhibitors, such as BI-2852,
whose in vivo efficacy has not been demonstrated. Furthermore, JAM20 directly com-
peted with both the RAF(RBD) and BI-2852. These results provide direct validation of
targeting the Switch I/II pocket for inhibiting RAS-driven tumorigenesis. More gener-
ally, these results demonstrate the utility of tool biologics as probes for discovering and
validating druggable sites on challenging targets.

synthetic binding protein | tool biologic | drug discovery | target validation

Mutated in almost 20% of human cancers, the RAS GTPase is a major drug target in
oncology (1). Its isoforms (K, H, and NRAS) are responsible for regulating cell growth
and other critical cellular processes through their function as GTPases. To regulate sig-
nal activation, wild-type (WT) RAS is converted to the active (GTP-bound) state via a
Guanine Nucleotide Exchange Factor and then converted to the inactive (GDP-bound)
state with the help of a GTPase Accelerating Protein (GAP) (2-5). Active, GTP-bound
RAS interacts with diverse proteins termed effectors to promote signaling (6-10).
Although this activation mechanism is properly regulated under normal circumstances,
oncogenic RAS tends to exhibit reduced sensitivity to GAP-mediated GTP hydrolysis,
leading to extended signal activation (11, 12).

Because of its prevalence in human cancers, there have been many attempts to
inhibit oncogenic RAS-mediated signaling. Whereas attempts to directly inhibit RAS
have been largely unsuccessful, the recent discovery of a pocket near the Switch II
region (SII) and advancements in small-molecule chemistry have led to the successful
development of mutant-specific RAS inhibitors that target this pocket. The SII pocket
was only discovered when the RAS structure was determined with a tethered tool com-
pound (13). Because of its dynamic nature, this pocket had remained undetected until
this approach was used. This and other studies underscore the importance of develop-
ing tool ligands to discover new druggable sites on targets of interest (14).

Since the discovery of the SII pocket, the development of small-molecule inhibitors,
such as sotorasib, adagrasib, and MRTX1133, have demonstrated that it is possible
to engage the Switch region and achieve high selectivity for mutant over WT RAS
(13, 15-17). Although these breakthroughs demonstrate the efficacy of targeting the
RAS SII pocket for inhibition, it is unclear whether these molecules can be further
derivatized for targeting other RAS mutants (18-20). Thus, there remains a substantial
need to identify additional sites on RAS that can be targeted for direct inhibition.

Unlike small-molecule inhibitors, protein-based ligands are less reliant on deep pock-
ets and can target relatively flat surfaces. Therefore, the development of peptides and
synthetic proteins against RAS is generally less challenging than developing small mole-
cules. Such reagents can be used as functional probes to identify sites on a target for
inhibition. For example, synthetic proteins, such as monobodies, have been successfully
developed against a diverse array of targets, including RAS, and tend to bind to under-
appreciated functional sites (21-28). Whereas inhibitors like sotorasib, adagrasib, and
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MRTX1133 bind near the Switch region of RAS, the mono-
body (Mb) NS1 marked the first inhibitor to bind to RAS out-
side of the Switch region (27). NS1 binds to the a4—p6—a5
region and inhibits signaling mediated by both KRAS and
HRAS, demonstrating the feasibility of effectively inhibiting
RAS-mediated signaling without targeting the Switch region.
In addition to Mbs, other synthetic binding proteins, such as
Designed Ankyrin Repeat Proteins (DARPins), have also been
developed to identify regions on RAS for inhibition. KRAS-
selective DARPins K13 and K19 have established the a3-loop
7—0a4 region of KRAS as another site for RAS inhibition (29).
These results demonstrate the utility of synthetic binding pro-
teins to identify new sites on RAS that may be directly targeted
for inhibition, ultimately with small molecules or via intracellu-
lar delivery of proteins.

In this study, we set out to address whether other regions
exist on RAS that may be targeted for inhibition. We report a
pan-RAS Mb termed JAM20 that bound to RAS in both nucle-
otide states. Furthermore, it robustly inhibited RAS-mediated
signaling and cell transformation both in vitro and in vivo.
Despite its low sensitivity to the bound nucleotide, JAM20 tar-
geted an epitope within the Switch I (SI)/SII region of RAS
and inhibited RAS-RAF(RBD) interaction. JAM20 bound to a
similar region as low-affinity, small-molecule inhibitors as well
as other synthetic binding proteins, whose efficacy in vivo has
not been established (30, 31), making intracellularly expressed
JAM20 a surrogate for these molecules. Our findings offer
additional support for targeting the SI/SII pocket and its vicin-
ity for future therapeutic development.

Results

Development of a Pan-RAS monobody, JAM20. To identify
regions on RAS that may be targeted for direct inhibition, we
set out to develop Mbs that bind to a region other than those
targeted by known ligands of RAS, such as RAF(RBD) or NS1.
Natural effectors such as RAF bind to the Switch region and
show strong nucleotide-state specificity, but little isoform spe-
cificity (8). Conversely, proteins that bind outside of the Switch
region demonstrate distinct properties. For example, NS1 binds
to both KRAS and HRAS with no nucleotide-state specificity,
but does not bind to NRAS (27). To identify Mbs with proper-
ties distinct from these RAS-binding molecules—i.e., Mbs that
are minimally dependent on the nucleotide state and cross-react
with all isoforms—we performed library selection by alternating
KRAS and NRAS as the target in either a GDP- or GTPyS-
bound state over the course of successive rounds. We used the
4B isoform for KRAS, KRAS4B, throughout this study, unless
otherwise stated. Additionally, the concentration of RAS was
reduced over the course of the selection process to enrich for
Mbs with high affinity. We identified a Mb termed JAM20
that bound to each RAS isoform in either the GTP- or GDP-
bound state as measured by using JAM20 expressed on the sur-
face of yeast (32, 33) (Fig. 14 and SI Appendix, Table S1).
JAM20 exhibited higher affinity for the GDP-bound over the
GTPyS-bound state of the RAS isoforms (Fig. 1A4). Despite
this preference, all apparent K5 values were below 30 nM, indi-
cating that we had successfully developed a pan-RAS Mb that
exhibited limited nucleotide-state preference.

We next tested whether JAM20 was sufficiently specific to
engage with RAS in cells by evaluating colocalization of fluores-
cent protein-tagged constructs expressed in HEK293T cells.
eGFP-tagged RAS and mCherry-tagged JAM20 colocalized on

the plasma membrane and within intracellular vesicles, whereas
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the negative control Mb, Mb(Neg), did not (Fig. 15). Addition-
ally, we evaluated whether JAM20 captured RAS in a coimmu-
noprecipitation (Co-IP) assay. HEK293 cells were cotransfected
with CFP-FLAG-tagged Mbs and either HA-tagged oncogenic
RAS or RAS-related protein (RRAS2) (Fig. 1 C and D).
JAM20 captured various oncogenic forms of HRAS, KRAS,
and NRAS, but not RRAS2(Q71L). In contrast, NS1 captured
HRAS and KRAS, but not NRAS or RRAS2, as expected from
its binding specificity (27). Although the colocalization experi-
ment cannot exclude the possibility that JAM20 weakly inter-
acts with other cytoplasmic proteins, these results demonstrate
that JAM20 interacted with all RAS isoforms in the cellular

environment.

JAM20 Inhibits RAS-Mediated Signaling. Next, we evaluated
whether JAM20 inhibited RAS-mediated signaling in cells using
a transient cotransfection assay, as described (27). CFP-FLAG-
tagged JAM20 (hereafter referred to as JAM20) inhibited ERK
activation by all oncogenic RAS mutants, whereas CFP-FLAG-
NS1 (referred to as NS1) selectively inhibited only KRAS and
HRAS (Fig. 24). Both JAM20 and NS1 also inhibited EGEF-
induced activation of ERK mediated by endogenous RAS (S7
Appendix, Fig. S1). Additionally, both Mbs did not impact ERK
activation by either oncogenic BRAF(V600E) or MEK(DD),
which are downstream components of the RAS-RAF-MEK-—
ERK pathway (34) (Fig. 2A4). Taken together, these results show
that JAM20 robustly and selectively inhibited the activation of
MAPK signaling driven by all RAS isoforms.

We also evaluated JAM20’s impact on RAS-driven cell trans-
formation using the NIH/3T3 focus formation assay (Fig. 2B)
(35). Both JAM20 and NS1 significantly reduced foci formation
for oncogenic KRAS and HRAS (2 < 0.001). JAM20 also signif-
icantly reduced foci formation for oncogenic NRAS (2 < 0.001).
Furthermore, JAM20 and NSI did not inhibit foci formation
driven by either oncogenic MEK(DD) or BRAF(VG00E). Thus,
JAM20 specifically disrupted RAS-mediated biological transfor-

mation in vitro.

JAM20 Inhibits RAS-Mediated Signaling and Tumorigenesis
In Vivo. Because JAM20 effectively inhibited RAS-mediated sig-
naling and transformation in cells in vitro, we next examined
whether JAM20 also inhibited endogenous RAS-mediated sig-
naling and tumorigenesis in vivo using RAS-mutant human
tumor xenograft models (S Appendix, Table S2 and Figs. S2
and S3). Doxycycline (DOX)-induced expression of JAM20
reduced ERK activation in human tumor cells driven by mutant
KRAS, HRAS, or NRAS and reduced the anchorage-independent
growth of these cell lines (57 Appendix, Figs. S2 and §3). Although
HEC-1A and H1944 cell lines did not show a reduction of
pERK level upon JAM20 induction in two-dimensional (2D) cul-
ture, their colony-formation activity was inhibited by JAM20
expression (S Appendix, Fig. §3), consistent with published stud-
ies (36-38). JAM20 did not impair the MAPK signaling in A375
melanoma cells harboring the BRAF(V600E) mutant, as expected
(SI Appendix, Fig. S4). These results demonstrate JAM20’s selec-
tivity to RAS in cancer cell lines, consistent with its effects
on model cellular systems, such as HEK293 and NIH/3T3 cells
(Fig. 2). Furthermore, DOX-induced JAM20 expression reduced
the tumor growth of PANC-1""M20 " CFPAC-1"AM20 and
H1915*M2° in vivo compared with uninduced (—DOX) cells
(Fig. 3). Western blot analysis of tumor lysates confirmed JAM20
expression upon DOX addition (Fig. 3). JAM20 expression
(+DOX) reduced the levels of pERK compared with —DOX con-
trols for both PANC-1"4M20 and CFPAC-1'AM20 (Fig. 3 A and B).
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Fig. 1. JAM20 binds to all RAS isoforms. (4) Binding measurements evaluated by using flow cytometry of JAM20 in yeast display against WT RAS isoforms
bound to either GDP or GTPyS. The mean and SD of Kp values from three technical replicates are plotted. (B) Colocalization of transiently expressed
mCherry-tagged JAM20 or negative control Mb, Mb(Neg) (pseudocolored in magenta), with transiently expressed K, H, or NRAS(WT) (pseudocolored in green)
in HEK293T cells. (Scale bars: 10 um.) The graphs in B, Right show the fluorescence intensity profiles under the white lines across the microscopy images
after subtracting a background signal. (C and D) JAM20 specifically binds RAS isoforms. Various HA-tagged GTPases were coexpressed along with
CFP-FLAG-JAM20. CFP-NS1 and CFP-FLAG were used as controls. The bottom two panels show expression of HA-tagged GTPases and FLAG-tagged CFP-Mbs

in whole cell lysates (WCL). Arb., arbitrary.

In contrast to the effects on RAS-MAPK signaling, the effects
of JAM20 on AKT varied between 2D tissue culture conditions
vs. three-dimensional tumor growth conditions. Expression of
JAM20 increased pAKT in 2D tissue culture conditions, but
significantly decreased the pAKT in tumor lysates (SI Appendix,
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Figs. S5 and S6). We have seen similar effects on RAS-
mediated PI3K-AKT signaling with NS1 (37). Overall, these
results demonstrated that JAM20 effectively inhibited endoge-
nous oncogenic RAS-mediated signaling and tumorigene-
sis in vivo.

https://doi.org/10.1073/pnas.2204481119 3 of 10


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204481119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204481119/-/DCSupplemental

A

Control  HRAS(Q61L) KRAS(Q61L) BRAF(V600E)

CFP + 5 -+ - -+ - - - -
CFP-NS1 -+ - o - - -+ -
CFP-JAM20 - - + .- _ - L+ - o4

2 -

. - - . -
37— -
50—
e e BE B8 e B WS 0D . . e
37—
a-MYC-IP
37—
- .
25 - - ..
37— o & o - e - e
-

25_- L ] -—

100 —

s SN -wcRAF

= (a-MYC)
(kDa) WCL
1.59 B CFP-NST
@ CFP-JAM20

“HRAS KRAS NRAS HRAS KRAS BRAF MEK
(G12V) (G12D) (G13D) (Q61L) (Q61L) (V60OE) (DD)

B HRAS  KRAS  HRAS KRAS KRAS  NRAS
(G12v)  (G12v) (@6IL) (Q61L) (G12D)  (G13D)

CFP

CFP-NST

CFP-JAM20|

HRAS(G12V)KRAS(G12D) NRAS(G13D) _MEK(DD)
+ - -+ - -+ = - - -
-+ - - + - -+ - -+ -
- - 4+ - -+ - -+ - -4+
50—
37 . - -e S8 =8 8 < pERK
50—
37 - e RS S e e e e . CRK
a-MYC-IP
37- - - .
TR - - - ~- RAS
25— (a-HA)
37— - e - . - an - e = \b
— - — (a-FLAG)
25— —= CFP
60 - e e - VEK
50— (a-HA)
(kDa) WCL
B crP-Nst
MEK O crp-Jam20
(DD) 1.0e==mmacmcmccceesessesssseassesana——————— PRCGRCEEEELE
0.81
T+
g *k
S o6
Q whk dkke Hk KRk
= 041,,.
«
[}
X 0.2

HRAS KRAS HRAS KRAS KRAS NRAS BRAF MEK
(G12V) (G12V) (Q61L) (Q61L) (G12D)(G13D)(V600E) (DD)

Fig. 2. JAM20 selectively inhibits RAS-mediated signaling in cells. (A) Effects of JAM20 on ERK activation mediated by oncogenic RAS mutants and down-
stream kinases. CFP, CFP-Mbs (NS1 or JAM20), and MYC-tagged ERK were coexpressed in HEK cells, and phosphorylation of MYC-tagged ERK was determined
following IP and Western blot with phosphor-specific ERK antibodies. For each oncoprotein, the pERK level normalized to the total ERK level was determined.
The resulting value in the presence of the indicated Mb was divided by the value for CFP alone. The dotted line at 1 represents the normalized pERK level
without inhibition by an Mb. (B) Effects of JAM20 on foci formation of NIH/3T3 cells transfected with the indicated RAS mutants or downstream oncogenic
kinases along with CFP or CFP-Mb. Relative foci numbers, the ratio of foci number in the presence of CFP-Mb to CFP alone, are shown in B, Right. The mean
and SD (n = 3) are shown. P values were established via a Student’s ¢ test between CFP and CFP-Mb for each oncogene. *P < 0.05; **P < 0.01; ***P < 0.001.

Assessment of JAM20’s Mechanism of Inhibition. After deter-
mining that JAM20 inhibited RAS both in vitro and in vivo,
we performed a series of experiments to define its mechanism
of action. First, we tested whether JAM20 indeed binds to a
region outside the epitopes of other RAS-targeting synthetic
binding proteins. Competition by NS1 or DARPin K13 was
evaluated by using JAM20 displayed on the surface of yeast.
Neither NS1 nor DARPin K13 inhibited the binding of
JAM20 to KRAS-GTPyS (Fig. 4 Aand B and SI Appendix, Fig.
S7 A and B). Interestingly, we observed a significant increase in
signal intensity upon binding to KRAS-GTPyS complexed
with NS1 (Fig. 44). We speculate that JAM20 may interact with
NS1 and/or NS1 may allosterically enhance JAM20 binding to
RAS. As a control, we also tested competition between NS1 and
DARPin K13 (S/ Appendix, Fig. S7 A and B). As expected,
yeast-displayed NS1 exhibited no binding to KRAS-GTPyS
complexed with purified NS1. Furthermore, NS1 did not bind

4 0of 10  https://doi.org/10.1073/pnas.2204481119

to RAS when complexed with DARPin K13, indicating that
NS1 competed with the DARPin. The crystal structures of
DARPin K13 and NSI bound to RAS revealed that binding of
these two molecules to RAS is mutually exclusive due to a steric
clash, which we confirmed experimentally (S Appendix, Fig.
S70) (27, 29). These results demonstrated that JAM20 did not
interfere with either NS1 or DARPin K13 binding to RAS and
confirmed that JAM20 bound to a region distinct from either
the NS1 or DARPin K13 epitopes.

To gain structural insights into the interaction between JAM20
and RAS, we employed solution NMR spectroscopy using isotopi-
cally enriched HRAS and performed chemical-shift perturbation
(CSP) analysis upon addition of Mb. We developed a JAM20
mutant with modestly improved solubility, JAM20(Y83S),
that displayed binding characteristics to HRAS(WT)-GDP
that were similar to the original JAM20 (Fig. 14 and
SI Appendix, Fig. S8). 2D "H/"N-heteronuclear single quantum
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Fig. 3. JAM20 inhibits signaling and tumorigenesis mediated by endogenous, oncogenic RAS mutants in vivo. Athymic nude mice were injected s.c. in the
flanks with either PANC-19AM20 (4), CFPAC-1AM20 (B), or H1915M2C (C) cells. Mice were divided into two cohorts treated without (=) or with (+) DOX and mon-

itored for tumor development. (Left) Average tumor volume at the indicated time

point and analysis of average tumor volume at the end point of the experi-

ment. (Center) Tumors harvested at end points (day 26 for PANC-1AM20, day 30 for CFPAC-1AM20, day 40 for H1915*M2° _DOX, and day 57 H1915AM20

+DOX) were used to make lysates, which were probed for pERK. Vinculin was
cohorts for PANC-1M20 represent lysates from parental PANC1/AM20
lysates. P values were calculated via an unpaired Student’s ¢ test. n.s., not signific

coherence (*H/ 15N—HS(QC) spectra were collected on [U-°N]-
HRAS(WT)-GDP in the presence and absence of unlabeled
JAM20(Y83S). Of the 122 assigned cross-peaks, we observed
multiple CSPs for residues mostly near the Switch region and
the p2—P3 strands of HRAS (Fig. 4C and S/ Appendix, Fig. S9).
By contrast, few perturbations were observed in the a3, a4, or
a5 helices of RAS. These results suggest that JAM20 bound to a
region within and/or near the Switch region of RAS.

To validate the epitope inferred from the NMR experiment,
we tested the effects of mutating residues within the epitope
inferred from the CSP data (Fig. 4D). For this purpose, we
mutated select residues to either Arg, Glu, or Lys—i.e., amino
acids with a bulky and charged side chain. Although Ala sub-
stitutions are more commonly used in scanning mutagenesis
studies, we wanted to identify a mutation that disrupted the
JAM20-RAS interaction instead of assessing the contribution
of side chains to the binding energetics (39). These mutant
HRAS proteins eluted from a size-exclusion chromatography
column at the same volume as HRAS(WT) and bound equally
well to NS displayed on the yeast surface, strongly suggesting
that they are properly folded and monomeric (87 Appendix, Fig.
S10 A and B). Of the mutants tested, mutants S39K, R41E,
and D54K resulted in a complete loss of JAM20 binding, and
T74E substantially reduced binding (Fig. 4C). R135K, a muta-
tion that disrupts the HRAS-NS1 interaction and is located
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used as a loading control. The two lanes at the end of —DOX and +DOX

cells grown in culture and treated + DOX. (Right) pERK/ERK ratio for each set of tumor

ant.

outside the predicted epitope for JAM20 (Fig. 4C) (27)
had no effect on JAM20 binding, but eliminated binding
of NS1, as expected (Fig. 4D and SI Appendix, Fig. S10B).
These results further support JAM20’s epitope being in the
SI/SII region, consistent with observations from solution NMR
spectroscopy.

To understand how JAM20 disrupted RAS-mediated signal-
ing, we also tested how the aforementioned HRAS mutants
impacted the binding of the RAF(RBD) to RAS. Although
RAF(RBD) maintained binding to the controls (WT, R135K,
and T74E), its binding was severely reduced with the S39K,
R41E, and D54K mutants (87 Appendix, Fig. S100). In the crys-
tal structure of the RAS:RAF(RBD) complex, S39 and R41 are
located within 4 A of the RAF(RBD) epitope, whereas D54 is
more distal (Fig. 4£) (40). Despite its location, mutating D54
also resulted in reduced RAF(RBD) binding to RAS. Because the
Switch region of RAS has been noted for its flexibility, the
observed changes in RAF(RBD) binding to D54K may be a
result of a local conformational change in the SI/SII region of
RAS. Because both JAM20 and RAF(RBD) binding was dis-
rupted by the same set of mutations and we expected that JAM20
binds to the same epitope in the GDP- and GTP-bound RAS, we
also tested whether JAM20 competed with the RAF(RBD)-RAS
interaction (Fig. 4F). JAM20 indeed inhibited the binding of
RAF(RBD) to HRAS.
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Fig. 4. Characterizing JAM20's mechanism of inhibition. (A and B) Binding of JAM20 displayed on yeast to KRAS-GTPyS (70 nM) in the presence and absence
of 1 uM NS1 or 1 pM DARPin K13. ***P = 0.0002. P values were determined by using a two-tailed unpaired t test. The mean and SD (n = 3) are plotted. Addi-
tional control experiments are shown in S/ Appendix, Fig. S7. (C) Residues of HRAS-GDP exhibiting CSP in the HSQC spectrum upon JAM20(Y83S) binding
mapped on the HRAS crystal structure (Protein Data Bank [PDB] ID code: 5E95). Spheres represent the backbone amides included in the analysis. Residues
with a CSP > 0.3 are shown in red, those with CSP between 0.25 and 0.3 are in orange, those with CSP between 0.15 and 0.24 are in light orange, those with
CSP between 0.045 and 0.14 are in pale yellow, and those with CSP < 0.045 are in gray. (D) Binding measurements of JAM20 in yeast display against HRAS
mutants bound to GDP. The mean and SD (n = 3) of technical replicates are plotted. ND, not detectable. (E) Mutations affecting JAM20 binding mapped on
the crystal structure of HRAS-WT bound to GppNHp (PDB ID code: 4GON). SI and SII are highlighted in light blue and wheat, respectively. The surfaces for
residues whose mutations disrupted JAM20 binding are highlighted in blue and labeled. The atoms within 4 A of RAF(RBD) are outlined in black. (F) Bead-
based binding measurements biotinylated RAF(RBD) immobilized on Dynabeads M280 streptavidin to HRAS-GTPyS (500 nM) in the presence and absence of
JAM20 (1 pM). P values were determined by using a two-tailed unpaired t test. **P = 0.0012. The mean and SD (n = 3) are plotted. (G) Effect of JAM20 on het-
erodimerization of CRAF with RAS and BRAF. HEK cells were cotransfected with the indicated expression constructs. BRAF and RAS coimmunoprecipated
with CRAF were quantified. The ratio of BRAF to CRAF was determined for each condition. The resulting value with an oncoprotein was divided by the value
for CFP alone for each oncoprotein. Dotted line at 1 represents the normalized BRAF level without inhibition by an Mb. (H) The crystal structure of
KRAS-G12D(C118S)-GDP in complex with BI-2852 (PDB ID code: 6ZL5). SI and SlI are highlighted in light blue and wheat, respectively. The surfaces for resi-
dues disrupting JAM20 binding are highlighted blue and labeled. BI-2852 is colored cyan. (/) Binding of JAM20 displayed on yeast to HRAS-GTPyS (25 nM) in
the presence of either 14.6 uM BI-2852 or BI-2853. Binding to RAS was evaluated in the presence of 0.75% DMSO. ***P = 0.0007. The mean and SD (n = 3)
of three technical replicates are plotted. P values were determined by using a two-tailed unpaired t test. (/) The crystal structure of Affimer K6 bound to
KRAS-GDP (PDB ID code: 6YR8). KRAS is presented in the same manner as in H and K6 as cartoon. (K) Binding measurements evaluated by using flow cytom-
etry of both JAM20 and affimer K6 in yeast display against WT HRAS bound to GDP. The mean and SD values from three technical replicates are plotted on
the graph and for Kp values. (L) Crystal structures of two additional RAS-targeting proteins binding to the SI/SIl pocket, presented in the same manner as in
J, without residue labels for simplicity. Arb., arbitrary; n.s., not significant.
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Furthermore, we evaluated whether JAM20 also disrupted
RAF heterodimerization in cells. CFP-tagged Mbs were coex-
pressed with HA-tagged oncogenic RAS in HEK293 cells, and
the amount of BRAF coimmunoprecipitated with CRAF was
evaluated (Fig. 4G). Both CFP-JAM20 and NS1 disrupted
RAF heterodimerization induced by oncogenic KRAS and
HRAS. CFP-JAM20 also disrupted RAF heterodimerization
for NRAS(G13D), whereas CFP-NS1 did not. These results
are consistent with the inhibition of the interaction between an
oncogenic RAS mutant and RAF by JAM20, the prerequisite
for RAF dimerization.

JAM20 Bound to a Binding Hot Spot within the Switch Region
of RAS. Evaluating other reported molecules revealed that JAM20
may share an overlapping epitope with the small-molecule
inhibitor BI-2852, a pan-RAS inhibitor that binds to a shallow
pocket within the Switch region of RAS termed the SI/SII
pocket (30). Further, BI-2852 interacts with several RAS resi-
dues, including S39, D54, and T74, which are three of the
mutants that disrupted the JAM20-RAS interaction (Fig. 4 D
and H) (30). Like JAM20, BI-2852 also binds to RAS in both
nucleotide states, albeit with much weaker affinity with a Kp
value of 750 nM to KRAS(G12D) (30). Because of this close
resemblance, we evaluated whether JAM20 competed with
BI-2852 (Fig. 4)). The addition of BI-2852 resulted in a signif-
icant (P = 0.0007) reduction of binding of JAM20 to RAS. In
contrast, a negative control compound, BI-2853, had no effect.
Thus, these results strongly suggest that JAM20 bound to an
epitope that overlapped with BI-2852.

A synthetic binding protein, termed affimer K6, was recently
reported that appears to bind to a similar region as JAM20 and
BI-2852 (Fig. 4)) (31). Affimer K6 showed no isoform specific-
ity, and it was reported to have 0.6 pM half-maximal inhibitory
concentration (ICsp) for SOS1-mediated nucleotide exchange,
consistent with its small binding interface observed in the crys-
tal structure. Nevertheless, it was also reported to have a single-
nanomolar K value estimated from surface plasmon resonance,
similar to JAM20. To examine whether affimer K6 has similar
affinity toward HRAS as JAM20, we directly compared the two
proteins for HRAS binding in the yeast display format (Fig.
4K). When binding was tested with monomeric HRAS, we
only observed marginal binding of affimer K6 in the concentra-
tion range, in which JAM20 showed a robust binding signal.
However, we were able to detect weak binding of affimer K6
when HRAS was tetramerized by first complexing with streptavi-
din, which dramatically enhances effective affinity due to multi-
valent effects (S Appendix, Fig. S11). These results suggest that
the affinity of affimer K6 is low, consistent with its reported
ICs value of 0.6 pM. More extensive survey identified two addi-
tional synthetic molecules that bind to similar regions of RAS
(Fig. 4L) (41, 42), strongly suggesting that this region is a bind-
ing hot spot within RAS. Of note, none of these RAS ligands,
except for JAM20, have been tested for their efficacy in inhibit-
ing RAS-mediated tumorigenesis.

Finally, in light of a recent publication reporting that binding
of a fluorescent probe based on BI-2852 to KRAS(G12C) was
inhibited by KRAS(G12C)-selective, covalent inhibitors binding
to the SII pocket (43), we examined whether the JAM20-RAS
interaction was inhibited by such an inhibitor. Interestingly, the
treatment of KRAS(G12C)-GDP with AMG-510 (sotorasib) did
not inhibit its binding to JAM20 and, rather, slightly increased
the binding signal (S/ Appendix, Fig. S12). We interpret this dif-
ferent effect of AMG-510 to be indicative of different modes of
binding to RAS between JAM-20 and BI-2852. Notably, binding
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of the BI-2852—derived probe requires the formation of an RAS
dimer, whereas JAM20 does not. The lack of inhibition by
AMG-510 suggests the possibility of making molecules that
occupy both the SII pocket and the SI/II pocket.

Discussion

The Mb reported here, JAM20, joins a growing family of intra-
cellular biologics targeting RAS that can be used as genetically
encoded reagents (SI Appendix, Table S3). This group of
reagents exhibit at least 10 distinct profiles in function and epi-
tope, providing powerful tools for interrogating aspects of RAS
biology and testing effectiveness of targeting different isotypes,
different mutants, and different surfaces of RAS in controlling
RAS-mediated signaling and tumorigenesis.

JAM20 robustly inhibited RAS-driven tumor growth in vivo
for all evaluated cell lines and reduced ERK activation in
dissected tumors for both PANC-1"*M2* and CFPACAM2
(Fig. 3 A and B). In contrast, it did not reduce ERK activation
in H1915"*M*% tumors, despite reducing pERK levels in the
same stable cell line in vitro (Fig. 3C and SI Appendix, Fig. S20).
This apparent discrepancy seems to be due to the low expression
level of JAM20 in the remaining tumor cells following DOX-
induced expression that emerged after a long lag phase following
the initiation of DOX treatment (Fig. 3C). The low expression
level of JAM20 may be caused by a loss of cells expressing
JAM20 at high levels or suppression of JAM20 expression during
tumor development. These results illustrate potential challenges
in controlling the dosing of genetically encoded reagents over a
long-term experiment. Advances in alternative methods of deliv-
ery, such as the delivery of messenger RNA using lipid nanopar-
ticles (44, 45), may overcome these challenges.

We have successfully developed a reagent that validates a pan-
RAS, pan-nucleotide state targeting approach in a mouse xeno-
graft model. Pan-RAS Mb, JAM20, selectively bound to a region
on RAS that was different from either the NSI or DARPin
K13 epitope (Fig. 1). Whereas NS1 and DARPin K13 are RAS
isoform-selective, JAM20 bound to all RAS isoforms, demon-
strating that it is distinct from either of these synthetic proteins.
Additionally, JAM20 has distinct binding characteristics from
natural RAS effectors, such as RAF(RBD), as JAM20 showed lim-
ited nucleotide state sensitivity, despite its epitope’s location within
the SI/SII region (8). We were able to identify JAM20 without
the use of direct competition with NS1 or DARPin K13. Our
results indicate that a carefully designed library-sorting strategy can
enrich for distinct Mbs without using competitors.

Directly inhibiting RAS remains a substantial challenge because
it lacks obvious deep pockets for small-molecule inhibition.
Indeed, BI-2852, which binds to the SI/SII region with low affin-
ity, was reported in 2018 after decades of intense effort by the
drug-discovery community. However, it has not been reported
whether BI-2852 inhibits RAS-driven tumorigenesis in an animal
model. Similarly, no efficacy data on tumorigenesis are available
for other synthetic binding proteins targeting similar regions of
RAS. In this work, we show that JAM20 bound to the SI/SII
region and inhibited tumorigenesis driven by KRAS(G12D),
KRAS(G12V), and HRAS(Q61L). These results provide strong
support for the approach of inhibiting multiple oncogenic RAS
mutants by targeting the SI/SII region, which, in turn, suggests
potential antitumor efficacy of derivatives of BI-2852 with
enhanced affinity. Future studies should also explore whether
mutant-selective inhibitors can be developed that target this
region.
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Unlike small molecules, synthetic binding proteins do not
depend on binding to a deep pocket to achieve high affinity.
Thus, synthetic binding proteins are advantageous for rapidly
identifying sites for inhibition on difficult targets such as RAS.
This work is the second example of Mbs targeting essentially
the identical region as small-molecule inhibitors. We previously
developed a Mb targeting a peptide-binding site of the WDR5
subunit of the epigenetic regulatory complex, MLL (46). In
both studies, we developed “drug-mimicking” Mbs without
deliberately targeting a particular region of the target. As we
reviewed previously (47), Mbs have strong propensity to bind
to a functional site within a protein, presumably because such a
site is predisposed to ligand interaction and offers an “easy” sur-
face for a Mb to bind. Together, these studies demonstrate that
synthetic proteins can be developed to target small-molecule
binding sites and vice versa. We envision the utility of Mbs and
other synthetic binding proteins as tool biologics for identifying
and validating a potential binding site for small molecules and
also for establishing drug-screening assays (25).

Materials and Methods

Protein Expression and Purification. Proteins used for both Mb develop-
ment and binding assays, including RAS constructs residues 1 to 174 [NRAS(WT),
HRAS(WT), and KRAS4B either WT or mutants T74E, R41E, S39K, D54K, or
R135K], Mbs, DARPins, and RAF-1 RBD (residues 51 to 131), were produced in
the pHBT vector and had an N-terminal tag with 6xHis, an Avi-tag, and a TEV
protease recognition site (48). RAS and Mb mutants were made by using Kunkel
Mutagenesis (49). Mb genes were cloned by using sticky-end PCR (50) into the
pHBT vector. For RAS, Mb, and DARPin constructs, the DNA sequences were con-
firmed by using a T7 primer that anneals to the T7 promoter. All proteins were
produced in BL21(DE3) Escherichia coli cells.

For the production of biotinylated proteins, BL21(DE3) £. coli cells containing
a pBirA plasmid were transformed with the pHBT vector for the protein of inter-
est. The cells was grown in medium that contained a final concentration of
50 uM biotin. The expressed proteins were purified via affinity chromatography
using Ni-Sepharose columns (GE Healthcare), and dialyzed in Tris-buffered saline
(TBS; 50 mM Tris-Cl, pH 7.5, with 150 mM NaCl). For RAS proteins, the dialysis
buffer also contained 20 mM MgCI2 and 0.5 mM dithiothreitol (DTT). After dialy-
sis, the samples were further purified by using size-exclusion chromatography
using a Superdex 75 column on an AKTA Pure instrument (GE Healthcare).
Nonbiotinylated proteins were produced by using the same workflow, but were
expressed in medium lacking biotin.

For the production of "N-labeled HRAS, the HRAS(WT) gene (residues 1 to
166) was cloned into the pHBT vector. BL21(DE3) E. coli cells harboring this vec-
tor were grown in minimum medium containing °N-NH,Cl. The protein was
purified as described above.

Both JAM20(WT) and JAM20(Y83S) were expressed in BL21(DE3) E. colli cells.
The E. coli cells were lysed and centrifuged to separate the soluble and insoluble
fractions. JAM20(WT) and JAM20(Y83S) were predominately found in the insolu-
ble fraction. The insoluble fraction was then solubilized in a buffer composed of
20 mM Tris-Cl (pH 8) and 6 M GuHCl. After solubilization, the fraction was fil-
tered through a 0.8-um filter and applied to the Ni-Sepharose column (GE
Healthcare). For refolding on the column, buffers composed of 20 mM Tris-Cl
(pH 8), 500 mM NaCl (termed nickel column buffer), and 0.1% Triton X-100 or
5 mM beta-cyclodextrin were sequentially applied to the column. Last, the col-
umn was washed with the nickel column buffer containing 20 mM imidazole.
Purified proteins were then eluted from the column by using nickel column
buffer containing 500 mM imidazole. The purified protein was cleaved by using
TEV protease and dialyzed in TBS with 20 mM MgCl, and 0.5 mM DTT. The cleav-
age step was important for freezing and storing these proteins because the
uncleaved proteins precipitated during freeze-thaw. The samples were applied
to the Ni-Sepharose column, the column was washed with 20 mM Imidazole,
and the flow-through fractions were collected and combined for dialysis in TBS
with 20 mM MgCl, and 0.5 mM DTT.
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Nucleotide Exchange of RAS. Purified RAS proteins were diluted down to a
final concentration of ~2 pM using a buffer composed of 20 mM Tris-Cl (pH
7.5), 5 mM ethylenediaminetetraacetic acid, 0.1 mM DTT, and either 1 mM GDP
or 1 mM GTPyS. Typically, the dilution factor was ~25-fold. After incubating the
diluted RAS protein at 30 °C for 30 min, MgCl, was added to a final concentra-
tion of 20 mM, and the solution was incubated on ice for 5 min before use.

Monobody Development. Detailed procedures for the development of Mbs
have been described elsewhere (22, 48, 51, 52). Briefly, four rounds of phage
display library sorting were performed by using the loop library (51, 53). In the
first round, 0.2 nmol of KRAS-GTPyS and NRAS-GTPyS was first immobilized on
streptavidin magnetic beads and then mixed with the phage display library in
the total volume of 1 mL. In the subsequent rounds, enriched libraries were
mixed with RAS proteins in solution, and then the RAS proteins with bound
phages were captured with streptavidin magnetic beads. We used 100 nM
KRAS-GDP in round 2, 50 nM NRAS-GTPyS in round 3, and 50 nM KRAS-GDP in
round 4. Following phage display selection, the monobody genes from the
enriched pool were transferred to a yeast display vector. A Bio-Rad S3e
fluorescence-activated cell sorter was used for library sorting. The yeast display
library was sorted via the following strategy: sort 1 enriched for Mbs with 400
nM NRAS-GTPyS, sort 2 with 75 nM KRAS(WT)-GTPyS, and sort 3 with 50 nM
NRAS(WT)-GDP. Individual Mbs were then screened and selected based on
whether they bound to all RAS isoforms in both nucleotide states.

Yeast Display Binding Assay. Yeast cells were incubated with a biotinylated
target and mouse anti-V5 (ThermoFisher, catalog no. MA5-15253; 1:75 for sort-
ing ~107 yeast cells and 1:300 for staining 10° yeast cells for analysis). Next, the
cells were labeled with anti-mouse IgG conjugated to fluorescein isothiocyanate
(Millipore Sigma, catalog no. F0257; 1:100; for detecting surface expression) and
Neutravidin DyLight 650 was used to detect the binding of the biotinylated target.
For streptavidin tetramerization, RAS was mixed in a 4:1 ratio with Streptavidin
DyLight 650 and incubated on ice for 30 min before adding to yeast. For all titra-
tion experiments, both binding and labeling steps were performed at 4 °C, and all
components were on ice prior to use. Samples were processed on an iQue flow
cytometer (Sartorius). For data analysis, the median of the 75th- to 95th-percentile
population in the fluorescence signal intensity from the red channel was used.

For testing effects of AMG-510, 32 nM KRAS(G12C)-GDP in TBS with 20 mM
MgCl, and 0.1% bovine serum albumin was reacted with 10.8 pM AMG510 at
room temperature for 3 h. The residual DTT concentration in the reaction was no
more than 0.8 pM. The AMG-510-reacted KRAS(G12C)-GDP was diluted to a
final concentration of 8 nM for binding measurements with JAM20 displayed on
yeast cells.

Bead Binding Assay. A biotinylated protein, such as RAF-1 RBD, was bound to
Dynabeads M-280 streptavidin (ThermoFisher) and diluted in a buffer containing
biotin to block unoccupied biotin-binding sites. Next, the sample beads were
incubated with a biotinylated protein of interest, such as KRAS(WT). Streptavidin
DyLight650 was then used to detect the biotinylated protein of interest. To
analyze binding, samples were processed by using an iQue flow cytometer
(Sartorius). For data analysis, the median of the 75th- to 95th-percentile popula-
tion in the fluorescence signal intensity from the red channel was used.

Solution NMR Spectroscopy. For solution NMR experiments, proteins were
produced as described above. The ™N-labeled HRAS(WT)-GDP and unlabeled
JAM20(Y83S) were added in a 1:1 ratio with a final concentration of 107 pM.
For "*N-labeled HRAS(WT)-GDP only, 107 uM protein was used. Both spectra
were collected with samples in a buffer made up of TBS (pH 7.5), 20 mM MgCl,,
1 mM DTT, and 5% D,0. All NMR spectra were collected at 298 K on a Bruker
600 MHz (14.1 T) spectrometer, which was equipped with a triple-resonance TCI
cryogenic probe. The 2D "H/™N-HSQC experiments were recorded with a spec-
tral width of 9,615.4 Hz ("H) and 2,189.7 Hz ("°N). The acquisition ("H) and
evolution times ("°N) were set to 62.3 ms and 22.8 ms, respectively. The 2D
"H/">N-HSQC spectra were processed in NMRPipe (54) and analyzed by using
NMRFAM-SPARKY (55). Assignments were based on a deposited assignment
of HRAS(WT)-GDP (Biological Magnetic Resonance Bank [BMRB] ID: 18479)
(56). CSPs were quantified with the equation below:

AS = \/(0.154 Asy)? + A8

pnas.org



Ady and Ay are the "°N and "H chemical-shift changes, respectively,
between HRAS in the absence and presence of JAM20.

Transient Expression of RAS and Mb for Confocal Imaging. One million
HEK293T cells were cultured on a 6-cm glass-bottomed dish (MatTek Corp.,
catalog no. P35G-1.5-14-C). After 24 h, cells that were between 70% and
90% confluent were prepared for transfection by replacing the medium with
antibiotic-free complete medium (Dulbecco’s modified Eagle medium [DMEM]
supplemented with 10% fetal bovine serum [FBS]). The cells were then trans-
fected based on the manufacturer's recommended protocol using Lipofectamine
3000 (Thermo Fisher Scientific). pEGFP vectors containing either RAS(WT) with
an N terminus eGFP tag and either JAM20 or Mb (neg) with an N terminus
mCherry tag were cotransfected in a 2:1 ratio. After 24 h, the transfected cells
were imaged by using a LSM710 confocal microscope (Ziess), and data were ana-
lyzed via FlJI for ImageJ (57).

Cell Culture and Transfections. The effects of ectopic expression of JAM20
were determined by using HEK-293, HEK-293T, or NIH/3T3 cells. HEK293 and
HEK293-T cells were cultured in DMEM with 10% FBS. NIH/3T3 cells were cul-
tured in DMEM with 10% calf serum. RAS or RAF mutant cell lines were grown
in the medium as per ATCC recommendations using 10% tetracycline-negative
FBS. Polyethyleneimine (PEl) was used as a transfection reagent for all transient
expressions. For HEK-293 and HEK-293T, 3 L of 1 mg/mL PEI stock was used
for each microgram of DNA in Opti-MEM reduced serum medium (Life Technolo-
gies). Briefly, Opti-MEM-PEI mixture was incubated for 10 min at room tempera-
ture. Next, DNA was added to the Opti-MEM:PEI mix and incubated for 20 min
at room temperature. The Opti-MEM:PEI-DNA mixture was added to cells in
serum-free medium and incubated not more than 3 h. The medium for transient
transfections in HEK cells was replaced with complete medium after 3 h. Transfec-
tions in NIH/3T3 cells were done with same procedures, using 5 pL of 1 mg/mL
PEI stock for each microgram of DNA, and medium was replenished after 5 h.

Cell-Signaling Assay. Forty-eight hours after transient transfections or DOX
administration, cells were serum-starved overnight (O/N). The following day, cell
lysates were made by washing cells once in cold phosphate-buffered saline fol-
lowed by lysis using PLC buffer [50 mM Hepes, pH 7.5, 150 mM NaCl, 10%
glycerol, 1% Triton X-100, 1T mM ethylene glycol-bis(2-aminoethylether)-
N,N.N' N'+tetraacetic acid, 1.5 mM magnesium chloride, 100 mM sodium fluo-
ride supplemented with 1 mM vanadate, 10 pg/mL leupeptin, and 10 pg/mL
aprotinin). To generate tumor lysates, tumors were harvested, transferred to
microfuge tubes, and snap-frozen by immersing in liquid nitrogen. Then, 40 to
50 mg of tissue was homogenized in ~1 mL of ice-cold PLC buffer. Homogenate
was passed through a 70-pm cell strainer and then centrifuged at 13,000 rpm
for 20 min at 4 °C. Supematant was collected and transferred to fresh tubes. The
lysates were directly used for protein estimation and analysis or stored at
—80°C for later use. The following antibodies were used: monoclonal HA
(clone 16B12; Biolegend catalog no. 90154), polyclonal rabbit HA (Poly9023;
Biolegend catalog no. 923502), monoclonal FLAG (Clone M2; Sigma catalog
no. F1804), polyclonal rabbit FLAG (Sigma catalog no. F7425), phospho-ERK
(Thr202/Tyr204; CST catalog no. 9101), total ERK (CST catalog no. 9102),
phospho-AKT (Serd73; CST catalog no. 9271), total AKT (CST catalog no. 92725),
phospho-AKT (T308; CST catalog no. 9275S), Vinculin (SC catalog no. 73614),
anti-MYC (Clone A46; Millipore-Sigma catalog no. 05-724), CRAF (BD Biosciences
catalog no. 610157), and BRAF (Santa Cruz catalog no. sc-9002).

For the binding assays using Co-IP, FLAG-tagged CFP-JAM20 was cotrans-
fected with the indicated GTPase mutant (RAS and RRAS2) into HEK293 cells.
FLAG-tagged CFP alone and FLAG-tagged CFP-NS1 were used as negative and
positive controls, respectively. At 48 h posttransfection, cells were replenished
with fresh serum containing medium or serum-starved O/N, depending on the
experimental purpose. Lysates were collected and run for determining the
expression of RAS or RRAS2 and Mb. Following this, lysates were immunopreci-
pitated by using FLAG antibody, and immunoprecipitated samples were ana-
lyzed by Westem blot for coprecipitation of the HA-tagged RAS or RRAS2 (TC21).

For transient MAPK cell-signaling assays, HEK293 cells were transfected with
CFP-JAM20 or the indicated HA-tagged RAS mutant or non-RAS oncogenic kin-
ases, MEKDD or BRAF(V60OE), and MYC-tagged ERK. Forty-eight hours after trans-
fection, cells were serum-starved O/N in DMEM alone and stimulated with EGF
(100 ng/mL for 10 min) for WT endogenous RAS activation. Oncogene-transfected
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cells were not stimulated with growth factor. Cells were then lysed in PLC buffer
and immunoprecipitated by using MYC antibody. The immunoprecipitated frac-
tions were used for Western blots and analyzed for effects on MAPK signaling.
Western blots were quantified with the software Image Studio Lite (version
[v].5.2.5, LI-COR Biosciences) using the Analysis function. The ratio of active
(PERK) divided by total ERK was determined for each condition. The resulting
values were divided by value for CFP alone for each protein. The dotted line repre-
sents the level of ERK-MAPK activation by each RAS mutant in the presence of
CFP and was arbitrarily set to one.

The effects of JAM20 on RAS interaction with CRAF and BRAF were evaluated
by Co-IP. HEK293 cells were transfected with the indicated constructs. After
immunoprecipitation (IP) of endogenous CRAF, samples were analyzed by West-
ern blotting for coprecipitation of BRAF and HAtagged RAS. The ratio for BRAF to
CRAF was determined for each condition. The resulting value was divided by the
value for CFP alone for each oncoprotein. The dotted line represents the level of
BRAF/CRAF activation by each RAS mutant in the presence of CFP and was arbi-
trarily set to one. For determining the effects of JAM20 on RAS-RAF association,
the ratio of IP fraction HA-RAS and CRAF was evaluated for each condition. Again,
the values of each oncoprotein for NS1 and JAM20 were divided by CFP alone.
HA-RAS/CRAF for each condition for CFP was arbitrarily set to one.

NIH/3T3 Focus-Formation Assay. NIH/3T3 cells were freshly revived and pas-
saged no more than two times. Cells were seeded in 60-mm? dishes to a density
of 2.5 x 10° cells in complete medium. Cells were cotransfected with the indi-
cated RAS mutant or downstream oncogenic kinases, negative control CFP-alone
vector, positive control CFP-NST vector, and test CFP-JAM20 vector using PEI.
The medium was replenished every 2 d. Usually, the foci for oncogenic RAS
mutant transformation begin to form approximately 10 d posttransfection, and
the assay terminated by 2 wk, depending on the isoform/oncogenic mutant.
However, the foci for downstream oncogenic kinases usually appear after 2 wk,
and the assay was terminated after 3 wk. Foci were stained with 0.1% crystal vio-
let and counted. All assays were performed in triplicate and repeated three times.

Stable Cell Generation of Inducible JAM20. HEK-293T cells were used for the
generation of the viral particles for DOX-inducible JAM20 expression. Briefly, the
packaging HEK-293T cells were transfected with pCW57.1-CFP-JAM20 (transfer plas-
mid) along with a plasmid-encoding packaging plasmid (pCMVdR8.74) and the
viral envelope (pMD2.G) in a 4:3:1 ratio using calcium phosphate. On the following
day, cells were placed in fresh medium, and on day 2 posttransfection, conditioned
medium from the HEK-293T cells were collected and filtered by using 0.45-um
syringe filters. The filtered superatant was used to infect various RAS mutant cell
lines, and cells were selected by using puromycin. The selected colonies were
pooled to generate a polyclonal cell line that expresses JAM20 on DOX induction.

Soft Agar Colony-Formation Assay. Soft agar colony-formation assays were
performed essentially as described elsewhere (35). A base agar layer (0.5%) was
allowed to solidify and topped with cell suspension in 0.33% soft agar. This was
allowed to set at room temperature for 15 to 20 min. Cells were fed one to two
times per week by careful dropwise addition of growth medium to the top layer.
DOX was added to induce expression of Mb. Two to three weeks after platting,
cells were stained by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT); 100 pl of 2 mg/mL solution MTT was used for each well. NIH
ImageJ was used for quantification of colonies.

Xenograft Tumor Assay. The procedures described herein are in compliance
with protocols approved by the Institutional Animal Care and Use Committee at
the Medical University of South Carolina and the Ralph H. Johnson Veterans
Affairs Medical Center. Five-week-old male or female athymic nude mice were
purchased from Charles River Laboratories or Taconic Biosciences. The mice were
acclimatized for 1 wk. About 100-uL suspension of 10 x 10° cells in a 1:1 solu-
tion (volume [vol]/vol) of serum-free RPM1/Matrigel basement membrane matrix
were injected subcutaneously (s.c.) into the flanks of the nude mice. Two days
postinjection, mice were randomly segregated to control or treatment cohorts.
DOX was provided at a concentration of 2 mg/mL with water supplemented with
sucrose. Tumor dimensions were noted thrice a week by using a digital caliper,
and the tumor volume was estimated as Ymm?®) = n/6(length x width?).
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Data, Materials, and Software Availability. All Study data are included in
the article and/or supporting information.
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