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Abstract

KRAS mutations are the most common oncogenic drivers. Sotorasib (AMG510), a covalent inhibitor of KRASC'2C was
recently approved for the treatment of KRASCS'2“-mutated non-small cell lung cancer (NSCLC). However, the efficacy
of sotorasib and other KRASC'2C inhibitors is limited by intrinsic resistance in colorectal cancer (CRC) and by the rapid
emergence of acquired resistance in all treated tumors. Therefore, there is an urgent need to develop novel combina-
tion therapies to overcome sotorasib resistance and to maximize its efficacy. We assessed the effect of sotorasib alone
or in combination with DT2216 (a clinical-stage BCL-X| proteolysis targeting chimera [PROTAC]) on KRASC'2C-mutated
NSCLC, CRC and pancreatic cancer (PC) cell lines using MTS cell viability, colony formation and Annexin-V/Pl apopto-
sis assays. Furthermore, the therapeutic efficacy of sotorasib alone and in combination with DT2216 was evaluated

in vivo using different tumor xenograft models. We observed heterogeneous responses to sotorasib alone, whereas its
combination with DT2216 strongly inhibited viability of KRASS'2“ tumor cell lines that partially responded to sotorasib
treatment. Mechanistically, sotorasib treatment led to stabilization of BIM and co-treatment with DT2216 inhibited
sotorasib-induced BCL-X,/BIM interaction leading to enhanced apoptosis in KRAS®'2“ tumor cell lines. Furthermore,
DT2216 co-treatment significantly improved the antitumor efficacy of sotorasib in vivo. Collectively, our findings sug-
gest that due to cytostatic activity, the efficacy of sotorasib is limited, and therefore, its combination with a pro-apop-
totic agent, i.e, DT2216, shows synergistic responses and can potentially overcome resistance.
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To the Editor, evaluated in preclinical studies using different combina-
KRAS mutations are the most common drivers in non-  tions [2—4]. These combinations, however, are mostly
small cell lung cancer (NSCLC), colorectal cancer (CRC)  cytostatic, limiting the potential for clinical benefit.

and pancreatic cancer (PC) [1]. While KRASS2€ inhibi- BCL-X, is an anti-apoptotic protein that belongs to
tors including sotorasib have shown tumor responses in  the BCL-2 family and is an important therapeutic tar-
a subset of NSCLC, there was reduced activity in CRC  get in multiple cancers. However, targeting BCL-X; with
patients. To enhance its efficacy, sotorasib has been conventional inhibitors causes severe thrombocytope-
nia, limiting their clinical use [5-7]. Recently, our group
has reported platelet-sparing targeting of BCL-X; by
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single agent therapy and in multiple solid tumors when  as partially sensitive cell lines). Interestingly, a combina-
combined with conventional chemotherapy [8—10]. Here,  tion of sotorasib and DT2216 synergistically reduced via-
we hypothesize that combining sotorasib with DT2216  bility of partially sensitive cell lines, as well as enhanced
could be safer and synergistic, because BCL-X| is overex- inhibition of colony formation and apoptosis induction
pressed in KRAS-mutated tumors [11]. compared to sotorasib monotherapy (Fig. la—d). We

We found that 1 uM of DT2216 can completely further evaluated whether or not the inhibition of other
deplete BCL-X; in different KRASS™*“-mutated can- BCL-2 anti-apoptotic proteins could enhance the efficacy
cer cell lines (Additional file 1: Fig. 1a-d); therefore, we  of sotorasib. We found that the inhibition of BCL-X;, but
used this concentration for in vitro experiments. In our  not BCL-2 or MCL-1, can sensitize all the three partially
study, sotorasib showed heterogeneous effects against sensitive cell lines to sotorasib treatment (Additional
KRASS?“_mutated cancer cell lines (Fig. 1a; Additional ~ file 1: Fig. 2b). Moreover, non-KRASS**-mutated cell
file 1: Fig. 2a). Moreover, sotorasib caused only partial lines did not respond to sotorasib treatment alone as well
reduction in viability in the sensitive cell lines (referred to  as in combination with DT2216 (Additional file 1: Fig. 2c).
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Fig. 1 A combination of sotorasib and DT2216 has synergistic antitumor activity through suppression of BCL-X,/BIM interaction in
KRASC'2“-mutated cancer cell lines. a Viability of KRASS'?“-mutated H358 NSCLC, MIA PaCa-2 PC and SW837 CRC cell lines after they were treated
with increasing concentrations of sotorasib (Sot) in threefold increments with either DMSO or DT2216 (DT, 1 uM) for 72 h. The data are presented
as percentage viability relative to control (mean 4 SD; n=6 replicate cell cultures) as measured by MTS assay. b CDI values were calculated at
different concentrations of Sot used in combination with 1 uM of DT, and their averages are shown in the table for H358, MIA PaCa-2 and SW837
cell lines. CDI< 0.7 indicates significant synergistic effect. CDI < 1 indicates synergistic effect, CDl=1 indicates additive effect, and CDI> 1 indicates
antagonistic effects. EC, half-maximal effective concentration (equivalent to ICs, or half-maximal inhibitory concentration); CDI, coefficient of drug
interaction. c colony formation in indicated cell lines after they were treated with DT (1 uM), Sot (0.1 uM), or a combination of the two (Combo) for
10-14 days followed by crystal violet staining. d Apoptosis in the cell lines after they were treated with indicated concentrations of Sot with either
DMSO or DT (1 uM) for 48 h (H358) or 72 h (MIA PaCa-2 and SW837). The data are presented as percentage Annexin V' (apoptotic) cells in total cell
population (mean £ SEM) as measured by Annexin V/PI staining using flow cytometry. Statistical significance was determined by one-way ANOVA
and Tukey's multiple comparison test. *p <0.05, **p <0.01, ***p <0.001. ns, not significant. e-g Immunoblot analysis of BCL-X, BIM, BMF and PUMA
in H358 (e), MIA PaCa-2 (f) and SW837 (g) cell lines after they were treated with indicated concentrations of Sot with either DMSO or DT (1 uM) for
24 h.Immunoblots detect three isoforms of BIM, i.e,, short isoform (BIMs), long isoform (BIM,) and extra-long isoform (BIMg,). Among them, BIM, is
the major isoform and is shown here. Densitometry graphs of selected immunoblots normalized to equal loading control B-tubulin are shown in
Additional file 1: Fig. 8a-c. h—j Immunoprecipitation analysis of BCL-X in H358 (h), MIA PaCa-2 (i) and SW837 (j) cell lines after they were treated with
Sot (0.1 uM), DT (1 uM) or Combo for 24 h, and the immunoprecipitated as well as input samples were subjected to immunoblot analysis of BIM,
BMF, PUMA and BCL-X,. B-tubulin was used as an equal loading control
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Fig. 2 BCL-X, degradation with DT2216 enhances the antitumor efficacy of sotorasib in KRAS®'?“-mutated xenograft models. a-c Tumor volume
changes in H358 (a), MIA PaCa-2 (b) and SW837 (c) xenografts after they were treated with vehicle, DT2216 (DT, 15 mg/kg, every four days [g4d],
i.p.), sotorasib (Sot, 10 mg/kg, 5 days a week, p.o.) or a combination of the two (Combo). Data are presented as mean £ SEM (n =7-8 mice at the
start of treatment). Statistical significances in a—c were determined by two-sided Student’s t-test at day-41, day-25 and day-25 in H358, MIA PaCa-2
and SW837 xenografts, respectively. *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001. d—f Changes in tumor volumes of individual mice in H358 (d),
MIA PaCa-2 (e) and SW837 (f) xenografts at the end of treatment calculated as: tumor volume at the end of treatment — baseline tumor volume. g—i
Densitometric analysis showing BCL-X, protein levels as determined by immunoblotting in H358 (g), MIA PaCa-2 (h) and SW837 (i) xenograft tumors
at the end of treatments as in a—c (n =4 mice per group). The representative immunoblots are shown in Additional file 1: Fig. 12a

Of note, the synergistic effect of sotorasib+DT2216
combination was significantly abrogated in the pres-
ence of a pan-caspase inhibitor (QVD-OPh), indicating
caspase-mediated apoptosis (Additional file 1: Fig. 3). In
addition, DT2216 could not synergize with a MEK inhibi-
tor (selumetinib) in the KRASS'?“-mutated cancer cell
lines that did not respond to sotorasib+DT2216 com-
bination (Additional file 1: Fig. 4). These results suggest
that DT2216 can potently enhance the efficacy of sotora-
sib in KRASS*“-mutated cancer cells which are partially
sensitive to sotorasib monotherapy.

Next, we elucidated the mechanism involved in the
DT2216 + sotorasib synergistic activity. DT2216 co-
treatment with sotorasib was not able to enhance or pro-
long the inhibition of KRAS signaling (Additional file 1:
Fig. 5a-h; Additional file 1: Fig. 6). Therefore, we hypoth-
esized that sotorasib might induce apoptotic priming
through the stabilization of BH3-only pro-apoptotic
proteins (e.g., BIM, BMF and PUMA). We observed a
concentration-dependent upregulation of BIM and BMF
after sotorasib treatment in all the partially sensitive cell

lines, while PUMA was also upregulated in MIA PaCa-2
and SW837 (Fig. le—g; Additional file 1: Fig. 7a-d and
8a-d). Sotorasib or sotorasib+DT2216 had no consid-
erable effect on other BCL-2 proteins (Additional file 1:
Fig. 7a-d). Further, sotorasib+DT2216 combination
led to a pronounced increase in cleaved caspase-3 and
cleaved PARP levels in partially sensitive cell lines indi-
cating apoptosis induction (Additional file 1: Fig. 7a-c).
We observed a decrease in p-BIM (S69) levels after soto-
rasib treatment (Additional file 1: Fig. 9a, b), which might
be attributed to BIM stabilization as ERK activation is
known to induce BIM (S69) phosphorylation and degra-
dation (12). In addition, sotorasib led to a concentration-
dependent upregulation of BCL2L11 (BIM coding gene)
(Additional file 1: Fig. 9c). Next, we found that sotorasib
selectively induces BCL-X; interaction with BIM, which
was disrupted upon BCL-X; degradation with DT2216
(Fig. 1h-j). These results suggest that sotorasib induces
apoptotic priming that can be exploited by DT2216 to
induce apoptosis in KRASS1?“-mutated cancer cells.
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Finally, we investigated the efficacy of sotora-
sib+DT2216 combination in mouse xenografts. As
expected, DT2216 alone had no significant effect on
tumor growth. The DT2216 + sotorasib combination led
to significant tumor inhibition compared to sotorasib
monotherapy (Fig. 2a—f). The combination treatment was
quite safe as indicated by no significant change in mouse
body weights, as well as no clinically significant decrease
in blood cell counts was seen (Additional file 1: Fig. 10a-
¢; Additional file 1: Fig. 11a, b). We also confirmed BCL-
X, degradation and KRAS engagement with DT2216 and
sotorasib treatments, respectively (Fig. 2g—i; Additional
file 1: Fig. 12a). In addition, sotorasib-mediated inhibi-
tion of ERK was associated with BIM accumulation in
MIA PaCa-2 xenograft tumors leading to an increase in
cleaved caspase-3 and cleaved PARP in combination-
treated tumors (Additional file 1: Fig. 12b, c). Further,
IHC staining showed a considerable decrease in Ki67
and a significant increase in cleaved caspase-3 in combi-
nation-treated H358 tumors (Additional file 1: Fig. 12d),
which was consistent with tumor growth inhibition
(Fig. 2a, d).

In conclusion, our studies show that DT2216 enhances
the therapeutic efficacy of sotorasib which warrants
clinical testing of this combination, particularly in
KRASS?C_mutated CRC patients who otherwise derive
minimal benefit from sotorasib monotherapy.
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