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Abstract

KRAS mutation is the most common type of mutation in human cancers. However, the
direct pharmacological inhibition of KRAS has not been clinically successful.
Trametinib (GSK 1120212, Tram), anewer MEK inhibitor, inhibits RAS signaling
through mitogen-activated protein kinase (MAPK) cascade suppression. The
effectiveness of Tramin clinical practiceislimited in KRAS mutant tumors compared
to that in BRAF mutant tumors. Here, we found that Tram treatment provoked feedback
activation of upstream RAS, thus causing an induction of phosphorylated MEK (pMEK)
and phosphorylated ERK (pERK) rebound in KRAS mutant tumors. This failure of
persistent ERK inhibition led to drug resistance. Zoledronic acid (ZA), a
nitrogen-containing bisphosphonate, disrupts the biological activity of RAS by
inhibiting itsisoprenylation. Surprisingly, ZA overcame Tram resistance, and
augmented antitumor activity was observed in KRAS mutant tumors both in vitro and
in vivo. Furthermore, ZA enhanced the effect of Tram partially through the meval onate
pathway. In summary, the combination of the two FDA-approved drugs Tram and ZA

may represent anovel therapeutic strategy for the treatment of KRAS mutant cancers.
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Abstract

KRAS mutation is the most common type of mutatimmiman cancers. However, the direct
pharmacological inhibition of KRAS has not beemicially successful. Trametinib (GSK1120212, Tram),
a newer MEK inhibitor, inhibits RAS signaling thigiu mitogen-activated protein kinase (MAPK)
cascade suppression. The effectiveness of Tratminat practice is limited in KRAS mutant tumors
compared to that in BRAF mutant tumors. Here, wanébthat Tram treatment provoked feedback
activation of upstream RAS, thus causing an indaatif phosphorylated MEK (pMEK) and
phosphorylated ERK (pERK) rebound in KRAS mutambdws. This failure of persistent ERK inhibition
led to drug resistance. Zoledronic acid (ZA), aagien-containing bisphosphonate, disrupts the giokd
activity of RAS by inhibiting its isoprenylationu®prisingly, ZA overcame Tram resistance, and
augmented antitumor activity was observed in KRA&ant tumors both in vitro and in vivo.
Furthermore, ZA enhanced the effect of Tram pdyttakough the mevalonate pathway. In summary, the
combination of the two FDA-approved drugs Tram ZAdmay represent a novel therapeutic strategy for

the treatment of KRAS mutant cancers.
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1. Introduction

KRAS is the primary isoform of RAS small guaninelaotide binding proteins. Mutations in
KRAS, which occur in approximately 30% of all hun@ancers, are related to poor prognosis and
resistance to targeted therapies [1-3]. So farmheologically targeting KRAS has failed clinica[l,5].
Alternative approaches to inhibiting KRAS downsineeffectors (e.g., RAF, MEK) have proven
marginally effective or ineffective in KRAS mutatotmors [6-9].

Although both BRAF and KRAS mutant cancer cellsspra persistent activation of MEK-ERK
signaling, MEK inhibitors have a better responsBRAF mutant cancer cells than KRAS mutant cancer
cells [10]. MEK inhibitor monotherapy showed lindtefficacy in preclinical studies and clinical tsign
KRAS mutant cancers [8,11]. Trametinib (Tram) is finst MEK inhibitor approved for the treatment of
advanced BRAF (V600E) mutant melanoma. HowevemTmas modest clinical activity in KRAS
mutant tumors. A phase Il study showed that Trasmdit demonstrate superiority to docetaxel in pigie
with previously treated KRAS mutant stage IV norafimell lung cancer (NSCLC). Moreover, patients
treated with Tram had more clinically significanlvarse events [12]. The mechanisms underlying the
resistance to MEK inhibitors remain elusive anddhiegther investigation [13-20].

In this study, we found that Tram induced phospladeg ERK (pERK) rebound associated with
the induction of phosphorylated MEK (pMEK) in KRAfBt not BRAF mutant tumors. Next, studies
revealed that RAS reactivation might mediate thRIKEebound induced by Tram. Further KRAS
suppression could reverse the Tram-induced signadiactivation and enhance the cytotoxicity of Tram
against KRAS mutant tumors. Notably, we found #t@dédronic acid (ZA), which has been widely used
in the clinical treatment of bone metastasis, cinthibit the activity of RAS and enhance the seavigjt
of Tram to KRAS mutant tumors. Taken together,gtesent data indicate that the combined use of Tram

and ZA presents a promising therapeutic approa&Ri&dS mutant cancers.

2. Materials and methods



2.1 Cell culture and reagents

HCT 116 (KRAS G13D), SW480 (KRAS G12V), A549 (KRARL2S), MDA-MB-231 (KRAS
G13D, BRAF G464V), HT-29 (BRAF V600E), A375 (BRAFBUOE), and COLO320 (KRAS WT) cell
lines were cultured in Dulbecco’s Modified EaglMedium with 10% fetal bovine serum (Gibco, USA)
in 5% CQat 37°C. Tram (GSK1120212), geranylgeranyltransketanhibitor (GGTI)-298,
farnesyltransferase inhibitor (FTI)-277 (all frorelleckchem, USA), geranylgeranyl pyrophosphate
(GGPP; Cayman Chemical, USA) and rigosert®#D0325901(MedChem Express, USA) were dissolved

in dimethyl sulfoxide (DMSO). ZA (Selleckchem) waissolved in 0.1 M sodium hydroxide (NaOH, aq).

2.2 Transfection

CRAF siRNAs (5GGAUGUUGAUGGUAGUACATT-3), BRAF siRNAs (5
GCAUAAUCCACCAUCAAUATT-3"), KRAS siRNAs (5GCCUUGACGAUACAGCUAATT-3) and
negative control siRNAs were designed and genetatgdlenePharma (China). siRNA transfections were
performed by using Lipofectamine 2000 RNAIMAX trégxtion reagents (Invitrogen, USA) according to

the manufacturer’s recommendations.

2.3 Western blotting analysis

Treated cells were lysed in radioimmunoprecipitaggsay (RIPA) buffer (150 mM NaCl, 1%
NP-40, 50 mM Tris-HCI PH 7.4, 1 mM phenylmethylsu§l fluoride, 1ug/ml leupeptin, 1 mM
deoxycholic acid and 1 mM EDTA) with protease intiils and phosphatase inhibitors (Calbiochem,
Germany). Equal amounts of protein sample (3@ghOvere subjected to SDS-PAGE and transferred to
PVDF membranes (Millipore, Bedford, MA, USA) usitite Bio-Rad semidry transfeystem. The
primary antibodies included MEK, ERK1/2, ERK1, pERKR02/Y204), c-Myc, cyclin D1 (all from
Abcam, UK), pMEK1 (S221), pMEK2 (T394) (both fronai®yon Biotech, China), PARP1, Bcl-xL (both

from CST, USA), CRAF, BRAF (both from Zen BioScien€hina), GAPDH (Santa Cruz, USA), KRAS



(Proteintech, USA), and pan-RAS (HuaAn Biotechnyg|dghina).

2.4 Pull-down assay

Expression of the GST-RAF-RAS-binding domain fugiwateins was induced by 0.6 mM IPTG
(isopropyl$-D-thiogalactopyranoside; Transgene, France) for & 30°C inEscherichia coli. Then,
affinity purification of fusion proteins in bactatilysates was performed using glutathione agdvesds
(Thermo Scientific, USA). Equilibrated isolated ifus proteins were incubated with equal amounts of
whole-cell protein sample on an end-over-end rot@to2 hr at 4°C. The fusion protein binding beads
were collected by centrifugation and washed witbgpiate-buffered saline (PBS) three times and then
boiled with SDS buffer. After centrifugation, thepernatants were subjected to western blot. KRAS
antibody (Proteintech, USA) and RAS antibody (Hud@iotechnology, China) were used to detect the
corresponding proteins. Equal amounts of wholeqmeltein sample were immunoblotted with the above

two antibodies as loading controls.

2.5 Céll praliferation and colony formation assays

Cells were seeded in a 96-well plate at 3000-7@llI6/e/ell and cultured overnight at 37°C. After
treatment with indicated reagents or transfectayB hr, cell proliferation was determined usihg t
Cell Counting Kit-8 (CCKS8; Dojindo Molecular Techogies, Japan). For the colony formation assay, a
total of 8x16-80x10F cells were seeded in a 35-mm dish. After overnigtibation, cells were treated
with drugs for 5-7 days. Cell colonies were fixeiwd% paraformaldehyde for 15 min, stained with
0.5% crystal violet for 15 min and then photograph&e used the Annexin V-FITC Apoptosis Detection
Kit (Dojindo Molecular Technologies, Japan) to asseell apoptosis. Cells were seeded at 60%
confluence/well in 6-well plates and cultured ovght Then, the cells were treated with drugs #hg
After trypsin digestion, cells were harvested arched with PBS. Thereafter, cells were stained with
propidium iodide and annexin V-FITC and subjectefldw cytometry using a Navios flow cytometer

(Beckman Coulter, USA).



2.6 In vivo study

Five-week-old female nude mice (Beijing HFK BioSwe, China) were subcutaneously injected
with 5x1¢ HCT 116 cells (10QL in PBS) in the right flank. After the tumor voles exceeded
approximately 100 mfmice were randomized into four groups (n=6 peugy: Tram (2 mg/kg, i.g.)
every other day, ZA (2 mg/kg, i.p.) once every §da combination of Tram (2 mg/kg, i.g.) everyesth
day and ZA (2 mg/kg, i.p.) once every 5 days, aglticle control every other day for 14 days. Tunipe s
was measured every 3 days. After 14 days, mice samndgficed, and tumors were resected and weighed.
The resected tumors were minced and lysed in RiFfeband subjected to western blot to detect the
effects on MEK/ERK signaling and cell proliferatiand apoptosis. The animal experiments were
approved by the institutional review board of Wektna Hospital of Sichuan University (Item number:

2016017A).

2.7 Satistical analysis

The statistical significance of the differencesamsn two groups was calculated by Student'’s t
test using GraphPad Prism version 5.01. Statistigaificance was set at *p<0.05, **p<0.01, or
***pn<0.001. All statistical tests were two-sidednAinpaired t test with Welch’s correction was agxpli

when the homogeneity of variance assumptions wetreatisfied.

3. Results

3.1 pERK rebound induced by Tram occurs in KRAS mutant tumors but not in BRAF mutant tumors
To investigate the association between the seitgitty Tram and the magnitude of ERK

signaling inhibition in different genotypes, we exaed protein expression after Tram treatment in a

number of colorectal cancer (C), lung cancer (g arelanoma (M) cell lines. Among them, HCT 116

(C), SW480 (C) and A549 (L) harbor KRAS mutatiowkijle HT-29 (C) and A375 (M) have BRAF



(V600E) mutations.

As shown in Figure 1A, Tram inhibited ERK phospHatipn both in KRAS and BRAF mutant
cells in a dose-dependent manner. After 24 hr edittnent, 50-60 nM Tram significantly suppressed
pPERK in KRAS mutant tumors. Meanwhile, the levefspEK were increased, especially in SW480
and A549 cells. In contrast, the same dose of Tahmost completely inhibited pERK and produced a
remarkable decrease in pMEK in BRAF mutant celedinWe then examined the influence of Tram
treatment on the durability of ERK signaling intibh. The results showed that there was a rebonnd i
pPERK after 24-48 hr, and pMEK increased gradualyhwme in KRAS mutant tumors. In contrast, this
increase was not observed in BRAF mutant maligmen(figure 1B)Dr. Rosen's lab has reported that in
contrast to the MEK inhibitor PD032590Iram reduced both the induction of MEK phosphorgiatand the
rebound in ERK phosphorylation observed in KRAS antitumors and induced a durable inhibition on
PMEK and pERK However, our results showed thlalam could still induce the rebound of pERK and the
upregulation of pMEK in the KRAS mutant cancer sethough it was not as significant as that with
PD0325901 in the KRAS mutant A549, the cells whials been used in Rosen's resedfajufe $A).

The induction of pMEK in KRAS mutant cells expodedTram might resulted from inhibition of ERK-
dependent inhibitory phosphorylation of the RAFddas, which was partly in agreement with previous
data [20]. Together, these results suggested tigatov susceptibility of KRAS mutant cells to Tram

might be due to the failure of sustained inhibitaffERK signaling.

3.2 KRAS suppression overcomes Tram resistance in KRAS mutant tumors

Previous studies have indicated that the RAF-MEkKhglex formation induced by the MEK
allosteric inhibitors (including PD0325901 and sedinib) mainly mediated the rebound of pERK in the
KRAS mutant cancer cells [20]. Therefore, we iniggged the effect of RAF (mainly focused on BRAF
and CRAF) knockdown on the Tram-induced reboungERK and pMEK in A549 and SW480 cells,

respectively. The results showed that CRAF SiRN#&ratated the rebound in ERK phosphorylation,



whereas knockdown of BRAF had a small effect onrétmund of pERK in the two KRAS mutant cells.
The RAF inhibition caused a slight reduction on phEK in the A549 cells with BRAF knockdown and
SW480 cells with CRAF knockdown, whereas the RAibition had nearly no effect on the pMEK in
the SW480 with BRAF knockdown and A549 cells witRAF knockdown. Our results were consistent
with the published data, indicating that the RAF#1Eomplex, but not pMEK, might mediate the
rebound of pERK in the KRAS mutant cancer celld.[Bbth BRAF and CRAF siRNAs attenuated cell
proliferation, as indicated by the reduced expmassif cyclin D1 and c-Myc (Figure 2A).

The activated RAS-GTP drives the formation of hagtivity homodimers or heterodimers of the
RAF protein kinases (including the ARAF, BRAF anBAF), thus activates the downstream MEK-ERK
signaling [3], so we predicted that the failureso§tained inhibition of ERK signaling was due te th
activation of RAS in the KRAS mutant cells with mrareatment. We then measured the activity of pan-
RAS using a pull-down assay in HCT 116 and SW48Qines. As shown in Figure 2B, the levels of
RAS-GTP were significantly increased upon Tramttresmt in a time-dependent manner. We also
measured the pan-RAS activity in A549 cells. Althbuhere was no obvious increase in RAS-GTP, total

RAS expression decreased remarkably (Figure Sh)licating an increasement of RAS activity.

Because KRAS is the primary isoform of the RAS fgmiembers, we confirmed that KRAS-GTP was
also increased after Tram treatment (Figure 2B)eBothe effect of hyperactivation of KRAS on Tram
resistance, we combined KRAS knockdown with Tragatiment. The combination therapy resulted in a
significant decrease in cell proliferation and ioeld a marked inhibition of cell proliferation-reddt
proteins (Figure 2C and 2D). In addition, KRAS siggsion reversed the reactivation of MEK/ERK
signaling induced by Tram treatment (Figure 2C)d Almese results were consistent with previous tspor
that the MEK inhibitors inhibited the ERK activatiand so relieved its negative feedback, and
consequently induced stronger activation of upstrpathway components, including RAS and RAF
(represented by active the RAS molecules and aBtMe dimers), and the activated RAS promoted the

RAS-RAF-MEK complex formation, thus ultimately inckd the pERK rebound [3, Rigosertib, a



recently reported RAS inhibitor, was used in corabon with Tram, and this approach induced an
augmented lethality in HCT 116 and SW480 cells fégRE). Taken together, the above data indicated
that the dual blockade of MEK and RAS might presenovel therapeutic strategy in KRAS mutant

tumors.

3.3 ZA enhances the cytotoxicities of Tram in KRAS mutant tumors

Next, we determined whether any FDA-approved inbiBiexist that could inhibit RAS activity.
Through literature review, we found two types aigh, statins and bisphosphonates. Further screefiing
the FDA-approved Drug Library also validated thisphosphonates could enhance the cytotoxicities of
Tram in the Tram resistant SW1116 cells (data hotws). Here, we mainly focused on ZA, the most
intensively studied bisphosphonate, because ZAahaady been clinically used in metastatic bone
diseases, while statins are primarily used in casaiicular diseases.

First, we investigated the sensitivity of differg@notypes to ZA and found that there was no
obvious difference between the KRAS- and BRAF- mutzlls, while wild-type COLO320 was the most
sensitive cell line to ZA (Figure S2). CCK8 assmgicated that ZA significantly enhanced the
cytotoxicity of Tram in HCT 116, SW480, A549 and MEMB-231 KRAS mutant cancer cells (Figure
3A). In contrast, ZA reversed the lethal effecfcdm in BRAF mutant and KRAS wild-type cells (Figur
S3). Further clonogenic assays were performedsesashe long-term effects of combined Tram and ZA
on cell survival. The results showed that colonyrfation was significantly inhibited in cells tredteith
the combination for 5-7 days compared to that @nTittam or ZA alone groups (Figure 3B). In addition,
FACS analysis showed that combined therapy signifly induced cell apoptosis compared to that in
each monotherapy group (Figures 3C and S4).

Further western blot analysis demonstrated theragtbanti-proliferative and proapoptotic
effects of combined Tram and ZA in KRAS mutant @meells. The combinatorial treatment dramatically
reduced the expression of proliferative c-Myc aydin D1, whereas Tram or ZA alone produced a

marginal decrease. Downregulation of anti-apopt®tkexL and total PARP1, together with upregulation
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of cleaved PARP1, indicated that apoptosis was auatgd in the combined treatment groups (Figure 3D).

The above data indicated that ZA could enhanceytaoxicities of Tram in KRAS mutant tumors.

3.4 ZA decreases the hyperactivation of RAS and the rebound of pERK induced by Tram in KRAS
mutant tumors

Next, we investigated the underlying mechanismb®fcombination strategy. As shown in
Figure 4A, ZA significantly reduced the rebounth&RK induced by Tram at 48 hr in the 4 cell lines,
while the reversal effects were not remarkabledatr2 In addition, the magnitude of decreased pMEK
varied in the 4 cell lines. We have also compahedetfect of ZA combined with Tram or PD0325901 on
the expression of pMEK and pERK, the results shothetithe combination of ZA and Tram produced
more thorough inhibition of pERK and pMEK than tléithe combination of ZA and PD0325901(Figure
S6B), and the cell morphology assay also indicttatiZA combined with Tram produced more
effective inhibition on the cell survival of A54@its than that of ZA combined with PD0325901(Figure
S6C) . The pull-down results showed that the irsgdeRAS-GTP induced by Tram was reduced by the
combination treatment, while ZA treatment alonetiptly reduced the level of RAS-GTP (Figures 4B and
S5A). A similar phenomenon in KRAS was also obseliveHCT 116 cells (Figure S5B). The above data
illustrated that ZA could enhance the effects @fiiiin KRAS mutant cancer cells through suppressing

RAS activity, thus prolonging the duration of ERigrealing inhibition.

3.5 ZA synergizes with Tram mainly through the mevalonate pathway

Protein isoprenylation, a lipid modification inciagd farnesylation and geranylgeranylation, is
required for RAS biological activity [13]. GivendahZA suppresses RAS prenylation through the
mevalonate pathway, we assumed that the same pattiverolved in mediating the effects of the ZA
and Tram combinatorial treatment [14,15].

FTIs and GGTlIs suppress farnesylation and geraramgtation, respectively. Neither FTIs nor

GGTls alone can completely inhibit the prenylatidiKRAS or NRAS [16-18]. We tested the effect of
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FTI-277 and GGTI-298 on the lethality of Tram in HC16, SW480 and MDA-MB-231 cells. The
results showed that the cytotoxicity of Tram waghdly enhanced with the addition of FTI-277 or G&T
298 (Figure 5A and 5B). Farnesyl pyrophosphate JrEPE GGPP, intermediates of isoprenylation, can
restore the isoprenylation of RAS. Further stugdlesved that the addition of FPP and GGPP could
partially reverse the efficacy of ZA treatment a@nd in combination therapy (Figure 5C and 5D).
Moreover, the western blot results were in linehwtite above functional data (Figure 5E and 5Fuim,
we supposed that the mevalonate pathway may bé/at/in mediating the effects of the ZA and Tram

combinatorial treatment to some extent.

3.6 Combined Tram and ZA suppresses the growth of KRAS mutant tumorsin vivo

We used a mouse xenograft model with HCT 116 telisvestigate the effects of the
combination strategin vivo. The results showed that Tram alone significaintiybited tumor growth,
while there were no obvious differences betweerZihdreated group and the vehicle-treated control
group (Figure 6A). Notably, after treatment wittafr (2 mg/kg, i.g.) every other day and ZA (2 mg/kg,
i.p.) once every 5 days for 14 days, tumors wageificantly reduced both in weight and in size
compared to those in the vehicle-treated contnote@monotherapy groups (Figure 6B).

To further verify our previous vitro studies, western blot was performed to investitjze
expression of proliferative and anti-apoptotic pioes in lysates from the xenografts. In contrash&
monotherapy groups, the combined Tram and ZA treatdownregulated the expressions of c-Myc,
cyclin D1, Bcl-xL and total PARP1 (Figure 6C). Adtigh the combination treatment inhibited the
rebound of pERK induced by Tram, it had little effen the changes in pMEK (Figure 6C). This was in
line with ourin vitro data, which showed that the expression of pMEKigkd minimally in HCT 116
cells compared to that in the other tested cedidifaken together, the above results indicatddhba
combined Tram and ZA treatment could exert a baft@or suppression efficacy in xenograft models.
These effects might be the result of sustaineditibh of ERK signaling and suppression of anti-

apoptosis- and proliferation-related proteins.
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4. Discussion

The failure in directly pharmacologically targetiR@\S has forced an emerging need for
alternative approaches to target other effectotBerRAS-RAF-MEK-ERK pathway. However, the
effectiveness of the available inhibitors is linditwhen a single agent is used. Previous studies hav
revealed many mechanisms of MEK inhibitor monothgnaesistance, including the relieved negative
feedback loops between ERK and RAF, upregulatiaeadptor tyrosine kinases (RTKs), and activation
of compensatory or parallel pathways [19-26]. Basethese mechanisms, researchers have proposed
several combinational regimens to overcome the tesigtance, but the outcomes have varied [27-33].
Further clinical and preclinical studies are stédleded to evaluate the efficacy of these MEK inbibi
based combinatorial strategies.

The mechanisms of resistance to different allostdiEK inhibitors are distinct from each other
[34]. Here, we focused on Tram, the first FDA-ape® MEK inhibitor for the treatment ofnresectable
or metastatianelanomawith a BRAF V600E or V600Knutation We compared the changes in MEK-
ERK signaling after Tram treatment between KRAS BRAF mutant tumors and found that the
inhibition of ERK signaling cannot be sustainedhia former. With the increase in Tram concentration
and treatment duration, the levels of pMEK areificgntly increased in KRAS mutant but not in BRAF
mutant cells. These results suggest that overcomigkj inhibition and reactivating ERK signaling
might be important causes of Tram resistance. i&tgdbint, the current data are in consistent with
previous studies, which have showed that Tram cioaldce more durable inhibition on the expressibn o
pPERK than PD03259010ur data indicate thatrdm treatment could still induce the rebound of KERd
the upregulation of pMEK in the KRAS mutant A549seln RAS-activated cells, activated ERK directly
phosphorylates and inhibits CRAF kinase activitifeAtreatment with a MEK inhibitor, this feedback
inhibition is relieved, and CRAF is reactivatedjshinducing MEK phosphorylation. Conversely, RAF

kinase is active and insensitive to this negatdaxiback in BRAF V600E cells, so the induction ofgyi
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by MEK inhibitors does not appear in this type elix[7,35-37].

The selective induction of pMEK indicates that upatn RAF might be involved in the resistance
of KRAS mutant cells to Tram. Therefore, we knockiestvn CRAF or BRAF in KRAS mutant cells and
then treated cells with Tram. We found that thecaffy of pERK suppression is enhanced with a deerea
in pMEK to some extent. These results are in acoare with a previous report showing that BRAF-
RAF1 dimerization, induced by MEK inhibitors, issponsible for the drug resistance of KRAS mutant
tumors. Combined RAF and MEK suppression presesysthetic, lethal effect on KRAS mutant tumors
[36]. In addition, MEK inhibitors were reportedittduce RAF-MEK complexes, thus leading to MEK
inhibition resistance in KRAS mutant tumors. ThRAF-mediated MEK reactivation can be impaired in
new-generation catalytic MEK inhibitors, such aarir[20]. However, from our experimental results,
Tram can still induce pERK rebound and pMEK indoietin KRAS mutant tumors to a relatively lesser
extent than PD0325901.

Feedback loop reactivation after MEK inhibition ocxat multiple levels of the RTK-RAS-
MAPK pathway, and the precise mechanisms areeftiflive. In addition to RAF proteins, selumetinib,
an allosteric MEK inhibitor, has demonstrated tcaipdional upregulation of RTK ERBB3 and triggers
hyperactivation of KRAS in KRAS mutant cancers. Donlackade of RTKs and MEK or RAF and MEK
could produce a synthetic lethality in KRAS mutamhors [23,36]. Here, we found that Tram induces
RAS hyperactivation in the KRAS mutant cell line€H116, SW480 and A549. KRAS knockdown
combined with Tram has an augmented lethal effigdm. KRAS suppression may overcome the rebound
of pERK and pMEK induction that are induced by Tramaddition, rigosertib, a recently reported RAS
inhibitor [38], enhanced the cytotoxicity of Tramainst KRAS mutant cells. The presented data
suggested that concomitant blockade of RAS and MigKld produce synthetic lethality in KRAS
mutant tumors.

To translate the above theory into a potentiaicdintherapy, we screened the FDA-approved
drugs that have the potential to inhibit RAS atyithrough combined review of the literature anel th

drug bank (unpublished data). Among these drugsnaialy focused on ZA, which had demonstrated
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anti-tumor activity, independent of its effect conle density as a single agent or in combinatioh eutti-
neoplastic drugs [39-41]. As expected, ZA and Tcawperate to inhibit tumor growth bathvitro and
invivo. Functional studies revealed that the combinationA and Tram produced a more significant
inhibition on the survival of KRAS mutant A549 eethan that of the combination of ZA and
PD0325901, the mechanism might be that the conibimaf ZA and Tram induced more thorough
inhibition on the expression of pERK and pMEK, dhelir downstream effectors, including c-Myc,
cyclin D1, Bcl-xL and the pro-PARP1 than that of £émbined with PD0325901(Figure S6B, S6C ). In
addition, inhibition of RAS prenylation might bevimlved in this process to some extent (Figure 6B,
Simvastatin, mainly used in cardiovascular disgasmdd also inhibit the mevalonate pathway through
suppressing a rate-limiting enzyme, HMG-CoA redset®ur recent published work revealed that
simvastatin enhanced the anti-tumor activity ofritiia multiple KRAS mutant cells [42] . This was in
line with a recent report that combined Tram amatirs$ have a synergistic anti-tumor effect in dpisia
lung cancer models [43]. This further demonstraéited ZA synergizes with Tram to inhibit KRAS
mutant tumors, possibly through the mevalonatevpagh However, the precise underlying mechanisms
still need further investigation.

In conclusion, we provided a promising novel sggtior treating KRAS mutant tumors through
combined Tram and ZA. Further preclinical studiessill required to reveal the precise mechanisms,
and clinical studies are warranted to evaluatelinecal application in KRAS mutant colorectal canc

lung cancer, breast cancer and pancreatic cancer.
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Figure captions

Figure 1. Tram induced pERK rebound and pMEK induction in KRAS mutant tumorsbut not in
BRAF mutant tumors

(A) KRAS and BRAF (V600E) mutant cells were treatethvimcreasing doses of Tram for 24 hr.
Whole-cell lysates were evaluated by western biatysis. The phosphorylation levels of MEK and ERK
were detected with the indicated antibodies.

(B) KRAS and BRAF (V600E) mutant cells were treatethwiram (60 or 80 nM) at the indicated time
points. Whole-cell extracts were evaluated by wedbot analysis to determine the phosphorylation
levels of MEK and ERK.

Figure 2. RAS hyperactivation mediated Tram resistance in KRAS mutant tumors

(A) KRAS mutant cell lines A549 and SW480 were tracisfe with SIRNAs targeting BRAF or CRAF
and then treated with 60 and 80 nM Tram, respdgtif@ 48 hr. Whole-cell extracts were assayed by
western blot analysis. The effect on MEK/ERK sigmgland cell proliferation was detected with the
indicated antibodies.

(B) HCT 116 and SW480 cells were treated with Tramaie® 80 nM, respectively) for the indicated
time, and then whole-cell lysates were subjectguutbdown assays. Indicated antibodies were used t
detect the activity of pan-RAS-GTP and KRAS-GTP.

(C) A549 and SW480 cell lines were transfected with¥SRsiRNA and then treated with Tram (60 and
80 nM, respectively) for 48 hr. Whole-cell extraatsre subjected to immunoblotting to detect thecff
on MEK/ERK signaling and cell proliferation.

(D) HCT 116 cells were transfected with KRAS siRNAnegative control siRNA and then treated with
Tram (30 and 60 nM) or DMSO control for 48 hr. CC&ssays were performed to assess cell
proliferation and growth. SW480 cells (80 and 1680 Tram) were treated as described for HCT 116. The

data from a representative example of three ind#g@rexperiments are presented as the meanzSD.
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(E) HCT 116 and SW480 cells were treated with 50 rddsertib and vehicle control, respectively, and
then treated with Tram (0, 30, and 60 nM; and Q,a8@ 160 nM, respectively). CCK8 assays were
performed to assess cell proliferation and growtie data from a representative example of three
independent experiments are presented as the mantS

Figure 3. ZA enhances Tram cytotoxicities against KRAS mutant tumorsin vitro

(A) Four representative KRAS mutant cell lines weeated with increasing concentrations of Tram
combined with the treatment of ZA or vehicle cohfon 48 hr. Cell proliferation and growth were
evaluated by CCK8 assays. The data from a reprsenexample of three independent experiments are
presented as the mean+SD.

(B) Indicated cells were treated with Tram, ZA, Tramd A, or vehicle control for 5-7 days to
determine the long-term effect on cell viability bging colony assays.

(C) HCT 116 cells were treated with 50 nM Tram, 20 ZA, the combination, or vehicle control for 24
hr and then subjected to flow cytometry after ®diwith propidium iodide and annexin V-FITC. SW480
cells (100 nM Tram, 8QM ZA) and A549 cells (60 nM Tram, 48M ZA) were treated as described for
HCT 116 cells. The data from a representative edawipthree independent experiments are presested a
the meanzSD.

(D) HCT 116 cells were treated with 50 nM Tram, 20 ZA, the combination, or vehicle control for 24
and 48 hr, and then whole-cell lysates were sulsjeitt western blot and incubated with the indicated
antibodies. SW480 cells (100 nM Tram, @@ ZA), MDA-MB-231 cells (40 nM Tram, 12.5M ZA),

and A549 cells (60 nM Tram, 4BM ZA) were treated as described for HCT 116 cells.

Figure 4. ZA decreasesthe rebound of pERK induced by Tram

(A) HCT 116 cells were treated with 50 nM Tram, 20 ZA, the combination, or vehicle control for 24
and 48 hr, and then whole-cell lysates were sulsjeitt western blot and incubated with the indicated
antibodies to evaluate the changes in MEK/ERK d4iggaSW480 cells (100 nM Tram, §0 ZA),

MDA-MB-231 cells (40 nM Tram, 12.pM ZA), and A549 cells (60 nM Tram, 48M ZA) were treated
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as described for HCT 116 cells.

(B) HCT 116 and SW480 tumor cells were treated widnTrZA, the combination, or vehicle control
for 48 hr, and then whole-cell lysates were subjktd pull-down assays. Active RAS-GTP was detected
by using the GST-RAF-RAS-binding domain.

Figure5. ZA synergizeswith Tram mainly through the mevalonate pathway

(A) HCT 116 cells were treated with Tram (0, 30, om6@), and then treated with 104 FTI-277/4 uM
GGTI-298 or vehicle control for 48 hr. CCK8 assare performed to assess cell proliferation and
growth. The data from a representative examplérektindependent experiments are presented as the
meanzSD.

(B) SW480 and MDA-MB-231 cells were treated with Tren80, 160 nM), and then treated with 10
uM FTI-277/4 uM GGTI-298 or vehicle control for 48 ILCK8 assays were performed to assess cell
proliferation and growth. The data from a represtive example of three independent experiments are
presented as the mean+SD.

(C)HCT 116 cells were treated with 48 ZA or 40 uM ZA combined with 100 nM Tram in the
presence or absence ofill FPP/4uM GGPP for 48 hr. CCK8 assays were performed tessssell
proliferation and growth. The data from a represtivit example of three independent experiments are
presented as the mean+SD.

(D) Sw480 cells were treated with M ZA, or 80uM ZA combined with 100 nM Tram in the
presence or absence ofildl FPP/4uM GGPP for 48 hr. MDA-MB-231 cells (36M ZA, 80 nM Tram)
were treated as described for SW480 cells. CCK8yassere performed to assess cell proliferation and
growth. The data from a representative examplérektindependent experiments are presented as the
mean+SD.

(E) Western blot was performed to evaluate the efiétiie addition of FPP/GGPP on KRAS mutant cell
lines. HCT 116 cells were treated with @@ ZA, 50 nM Tram, the combination, or vehicle catin the

presence or absence ofil?l FPP/4uM GGPP for 24 hr. Whole-cell lysates were subjettedestern



27

blot and incubated with antibodies for proliferati@and apoptosis-related proteins.

Figure 6. Combined Tram and ZA suppresstumor growth in a nude mouse xenogr aft model

(A) Mice injected with HCT 116 cell line xenograftsregreated with vehicle control every other day, 2
mg/kg Tram every other day, 2 mg/kg ZA once eveda$s, or the combination of Tram and ZA. There
were 6 nude mice in each group. At the end of #peement, the mice were sacrificed, and the tumors
were resected as shown.

(B) The weights and sizes of the resected tumorsinftieitory effects of different treatments on tursor
are shown as the mean+SEM.

(C) Western blot assay of xenografts. Indicated adtdmwere used to detect the corresponding proteins
Figure 7. ZA synergizes with Tram mainly through the mevalonate pathway

(A) The mevalonate pathway causes isoprenylation &,Réhich is required for RAS biological activity.
(B) ZA suppresses RAS prenylation by inhibiting FPRtsgse, thus leading to inhibition of RAS

hyperactivation that is induced by Tram in KRAS amittumors.
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Highlights
1. The combined use of the FDA-approved inhibitors trametinib and zoledronic acid

suppresses the growth of KRAS mutant tumors both in vivo and in vitro.
2. Zoledronic acid decreases the hyperactivation of RAS and the rebound of pERK
induced by trametinib in KRAS mutant tumors

3. Zoledronic acid synergizes with trametinib mainly through the meval onate pathway
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