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to improve RAS-targeted cancer therapies.

Introduction

The RAS gene family, comprising HRAS, NRAS, and KRAS, has
been identified as one of the most important oncogene groups
in cancer, among which, KRAS is the most frequently mutated,
accounting for approximately 80% of all RAS mutations (1). The
most common and lethal cancer types, such as colorectal cancer,
pancreatic ductal adenocarcinoma, and non—small cell lung cancer
(NSCLCQ), are frequently associated with KRAS mutations (43%,
85%, and 31%, respectively) (1). The seminal discovery in 2013 of
a druggable pocket within the switch region in the KRAS G12C
mutant and demonstration of selective inhibition of KRAS G12C—
mutant cancer cells with a small molecule compound that could
covalently bind to the pocket by Ostrem et al. (2) suggested the pos-
sibility to target the previously “undruggable” KRAS for therapy
of KRAS-mutant cancer types. Subsequent efforts resulted in FDA
approval of the first covalently binding KRAS G12C inhibitors,
sotorasib and adagrasib, in 2021 and 2022, respectively (1).

Conflict of interest: SSR has received research support directed to his institution
from Amgen, AstraZeneca, BMS, Merck, and Pfizer. TAL is on the consulting/advisory
board for AbbVie, Amgen, AstraZeneca, Black Diamond Therapeutics, Boehringer-
Ingelheim, Catalyst, Genentech/Roche, Gilead, Jazz Pharmaceuticals, Johnson &
Johnson, Molecular Partners, and Novocure and is on the Data Safety Advisory Board
for OncoC4. RZ, PD, and S) are employees of Predicine and own company shares.
Copyright: © 2026, Xu et al. This is an open access article published under the terms
of the Creative Commons Attribution 4.0 International License.

Submitted: June 23, 2025; Accepted: December 18, 2025; Published: February 16, 2026.
Reference information: / Clin Invest. 2026;136(4):€197192.
https://doi.org/10.1172/)CI197192.

The approval of sotorasib and adagrasib as the first KRAS G12C inhibitors has made the RAS oncogene a druggable target.
However, they have modest objective response rates and short response durations. Therefore, strategies for improving RAS-
targeted cancer therapy are urgently needed. Here, we found that both sotorasib and adagrasib promoted topoisomerase

llo. (Topo lla) proteasomal degradation in KRAS G12C-mutant cancer cells and induced DNA damage and apoptosis. In cell
lines with acquired resistance to sotorasib, elevated Topo lla levels were detected. TOP2A overexpression in sensitive KRAS
G12C-mutant cells conferred resistance to sotorasib, whereas TOP2A knockdown in sotorasib-resistant cell lines sensitized
the cells to sotorasib. Moreover, the combination of a KRAS G12C inhibitor such as sotorasib with a Topo Il inhibitor such

as VP-16 synergistically decreased the survival of sotorasib-resistant RAS G12C-mutant cells with augmented induction of
DNA damage and apoptosis, effectively inhibited the growth of sotorasib-resistant tumors, and delayed or prevented the
emergence of acquired resistance to sotorasib in vivo. Collectively, our results reveal an essential role of Topo lla inhibition in
mediating the therapeutic efficacy of RAS-targeted cancer therapy, providing a strong scientific rationale for targeting Topo I

The KRAS G12C mutation accounts for about 30% of KRAS
mutation in NSCLC, making NSCLC a cancer subtype with pre-
dominant G12C mutation (1, 3). Accordingly, both sotorasib and
adagrasib have been approved by the FDA to treat patients with
advanced NSCLC carrying KRAS G12C mutation who have
received at least 1 prior therapy. However, these inhibitors as mono-
therapy in second-line treatment in general have relatively lower
overall objective response rate (ORR) and shorter progression free
survival (PFS) compared with other approved targeted therapies
and failed to demonstrate improvement in overall survival com-
pared with docetaxel in phase III studies (4, 5), largely due to pri-
mary resistance or early emergence of acquired resistance (1, 3).
This is particularly the case in colorectal cancer with KRAS G12C
mutation (1). Therefore, efforts have been made to improve the ther-
apeutic outcome of RAS-targeted cancer therapy through various
approaches, including the development of next-generation KRAS
G12C inhibitors and combination regimens (1, 3). Consequently,
many clinical trials that aim to test these approaches have been con-
ducted or are ongoing, albeit with limited breakthrough outcomes
(1). Hence, the development of efficacious mechanism-driven nov-
el therapeutic strategies for overcoming resistance to RAS-targeted
therapy, including primary and acquired resistance that limit the
therapeutic outcomes of treatment, is urgently needed.

Topoisomerase II (Topo II), an important enzyme that regu-
lates DNA topology and is critical for DNA replication and tran-
scription, has long been recognized as a valid cancer target (6).
Chemotherapeutic agents such as doxorubicin (DXR) and VP-16
(etoposide) act through inhibition of Topo II by trapping Topo II
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onto DNA to increase the levels of Topo II-DNA covalent com-
plexes, leading to prevention of DNA replication and transcription,
as well as subsequent DNA single- and double-strand breaks (or
DNA damage) that in turn cause apoptosis when not adequately
repaired (7, 8). Our recent work has revealed an important con-
nection between Topo Ilo inhibition and cellular response to
EGFR-targeted therapy in NSCLC with mutant EGFR (9). We
demonstrated that the third-generation EGFR-tyrosine kinase
inhibitor osimertinib decreases Topo Ila levels through promoting
GSK3-dependent and FBXW7-mediated proteasomal degrada-
tion, resulting in induction of DNA damage and subsequent apop-
tosis in EGFR-mutant NSCLC cells. Upon acquiring resistance,
EGFR-mutant NSCLC cells possess elevated levels of Topo Ila,
which are resistant to osimertinib modulation. The combination of
osimertinib with a Topo II inhibitor (e.g., VP-16) not only enhances
therapeutic efficacy when used as a first-line therapy by enhancing
the elimination of drug-tolerant persister cells (DTPs) and primari-
ly resistant cell populations and delaying the emergence of acquired
resistance, but also restores the response of osimertinib-resistant
cells/tumors to treatment when used as a second-line therapy fol-
lowing osimertinib monotherapy exposure. These findings provide
a mechanistic insight into EGFR-targeted therapy-induced DNA
damage and strong preclinical support for potential clinical trials
to validate the strategy of cotargeting EGFR and Topo II in the
treatment of patients with EGFR-mutant NSCLC.

RAS protein lies immediately downstream of receptor tyrosine
kinases, including EGFR, to mediate the activation of distinct sig-
naling pathways such as PI3K/Akt/mTOR and RAS/MEK/ERK
that are critical for cell survival and proliferation (1). Hence, we
explored whether Topo Ila inhibition is also an important mech-
anism that mediates the therapeutic efficacy of RAS-targeted can-
cer therapy. Using sotorasib and adagrasib as model reagents, this
study demonstrated a critical role of Topo Ila inhibition in medi-
ating the therapeutic efficacy of RAS-targeted therapy, particularly
in NSCLC with KRAS G12C mutation. Our promising preclinical
findings warrant further investigation in early-phase clinical trials
to validate this therapeutic strategy to improve therapeutic out-
comes of RAS-targeted cancer therapy via coinhibition of Topo II.

Results

KRAS GI12C inhibitors that inhibit the growth of NSCLC cell lines har-
boring KRAS G12C mutation with induction of apoptosis decrease Topo
1o levels and induce DNA damage. We began by validating the effects
of the 2 well-known and FDA-approved KRAS G12C inhibitors,
sotorasib and adagrasib, on the growth of a panel of NSCLC cell
lines, including those with KRAS G12C mutation. While the cell
lines without KRAS G12C mutation, H157, H460, A549 and PC-9,
were insensitive to both drugs, the cell lines harboring KRAS G12C
mutation, including H358, H23, Calu-1, and H1792, were relatively
sensitive to the treatments, although H1792 was the least sensitive
among them (Figure 1A). Using sotorasib as a representative drug,
we detected increased cleavage of caspase-3 and poly(ADP-ribose)
polymerase (PARP) in H358, H23, and Calu-1 cells exposed to
sotorasib at concentrations ranging from 100 to 1,000 nM for 48
hours (Figure 1B), indicating induction of apoptosis in these sen-
sitive cell lines. As expected, both sotorasib and adagrasib effec-
tively decreased the levels of p-ERK1/2 and p-AKT, particularly

The Journal of Clinical Investigation

in H358, H23, and Calu-1 cell lines (Figure 1, C and D), indicat-
ing that they effectively inhibit both MEK/ERK and PI3K/AKT
signaling pathways. Hence, we validated the on-target therapeutic
effects of both sotorasib and adagrasib in NSCLC cell lines with
KRAS G12C mutation.

We then determined whether sotorasib affects the levels of
Topo Ilo in these KRAS G12C-mutant NSCLC cell lines and
found that it decreased them at a concentration as low as 25 or 50
nM in H358, H23, and Calu-1 cell lines, although a high concentra-
tion up to 500 nM was needed to decrease Topo Ila in H1792 cells
(Figure 1C). Adagrasib at 50 or 100 nM also decreased Topo Ila
levels in H358 and Calu-1 cells (Figure 1D). Neither agent affected
Topo IIB or Topo I levels in these cell lines (Figure 1, C and D).
Reduction of Topo Ila in sotorasib-treated cell lines occurred early
at 8 hours posttreatment and was sustained up to 24 hours (Fig-
ure 1E), suggesting an early and sustained event. In other types of
cancer cell lines with KRAS G12C mutation, including SW1463
(colon cancer), SW837 (colon cancer), and MiaPaCa (pancreatic
cancer), we found that sotorasib decreased Topo Ila levels as well
(Supplemental Figure 1A; supplemental material available online
with this article; https://doi.org/10.1172/JCI197192DS1). As
expected, sotorasib did not decrease Topo Ila levels in NSCLC cell
lines without KRAS G12C mutation (Supplemental Figure 1B),
further indicating KRAS G12C mutation—dependent activity.

Given that Topo II inhibition causes DNA damage, we then
determined whether sotorasib induces DNA damage using increase
of y-H2AX as a marker. As shown in Figure 1F, sotorasib clearly
increased the levels of y-H2AX as detected with Western blotting
in these cell lines. Moreover, we detected an increased number of
cells positive for y-H2AX foci formation in these cell lines, whereas
Topo Ila levels were clearly decreased, as detected with immunoflu-
orescence (IF) staining (Figure 1G and Supplemental Figure 1C).
Hence, it is apparent that sotorasib induces DNA damage in these
NSCLC cell lines with KRAS G12 mutation.

KRAS G12C inhibitors induce GSK3-dependent and FBXW 7-medi-
ated Topo Ilo. proteasomal degradation. As determined by RT-qPCR,
neither sotorasib nor adagrasib significantly decreased TOP2A4
mRNA expression in H358 or Calu-1 cells (Supplemental Figure
2), suggesting that sotorasib decreases Topo Ila levels via a tran-
scription-independent mechanism. Hence, we determined whether
KRAS G12C inhibitors decrease Topo Ila levels through facilitat-
ing its degradation, considering that Topo Ila is a protein known
to be degraded by a GSK3-dependent and FBXW7-mediated
mechanism (9, 10). Both sotorasib and adagrasib decreased the lev-
els of Topo Ilo, but not in the presence of MG132, a commonly
used proteasome inhibitor, in H358 and Calu-1 cell lines (Figure
2A). In cycloheximide (CHX) chase assays, Topo Ila was degrad-
ed much faster in both sotorasib- or adagrasib-treated Calu-1 and
H358 cells than in their corresponding DMSO-treated control cells
(Figure 2B). These data demonstrate that these KRAS G12C inhib-
itors induce Topo Ilo proteasomal degradation. Following these
experiments, we then determined whether KRAS G12C inhibi-
tors promote Topo Ila degradation through a GSK3-dependent
and FBXW7-mediated mechanism. Sotorasib decreased Topo Ila
levels in both Calu-1 and H358 cells; however, this effect was res-
cued by the presence of GSK3 inhibitors, including CHIR99021
and SB216763 (Figure 2C), and by GSK3 (Figure 2D) or FBXW?7
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Figure 1. KRAS G12C inhibitors that effectively inhibit the growth and induce apoptosis of NSCLC cell lines harboring KRAS G12C mutation decrease
Topo lla levels with induction of DNA damage. (A) The given cell lines were exposed to different concentrations of sotorasib or adagrasib for 72 hours.

Cell numbers were then measured by the SRB assay. Data are shown as the mean + SD of 4 replicate determinations. (B-F) The cell lines indicated were
treated with varied concentrations of sotorasib (Soto) (B, C, and F) or adagrasib (Adag) (D) for 24 hours or 500 nM sotorasib for the indicated times (E). The
proteins of interest were detected with Western blotting. (G) The indicated cell lines were exposed to 200 nM (H358) or 500 nM (Calu-1) sotorasib for 24
hours and then stained using IF with anti-y-H2AX antibody, anti-Topo lla antibody, and DAPI. The insets are overlay images with DAPI. Scale bars: 25 um

(H358 and Calu-1, bottom left), 5 um (H358 and Calu-1, bottom right).
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(Figure 2E) knockdown. Taking these findings together, we con-
clude that KRAS G12C inhibitors decrease Topo Ila levels through
facilitating GSK3-dependent and FBXW7-mediated proteasomal
degradation (Figure 2F).

Modulation of Topo Ia levels in KRAS G12C—-mutant cell lines alters
cell sensitivity to KRAS G12C inhibitors. To determine whether Topo
IIa reduction is a critical event that mediates therapeutic efficacy
of KRAS G12C inhibitors, we enforced expression of the ectopic
TOP2A4 gene in sensitive Calu-1 and H359 cells and then examined
its impact on sotorasib-induced apoptosis including DNA damage.
As presented in Figure 3, we detected Topo ITa reduction accompa-
nied by increased PARP cleavage (Figure 3A) and annexin V—pos-
itive apoptotic cells (Figure 3B) in vector control cell lines exposed
to sotorasib, but little or no effect in the same cell lines expressing
the ectopic TOP2A gene. Measurement of cell number alterations
also showed that sotorasib had reduced effects on decreasing the
survival of the tested cell lines expressing the ectopic TOP2A4 gene
compared with its effects in vector control cell lines (Supplemental
Figure 3A). In agreement, increased numbers of cells positive for
y-H2AX foci were detected in vector control H358 and Calu-1 cells
exposed to sotorasib, but we observed minimal or no increase in
the corresponding TOP2A-expressing cell lines (Figure 3C). Hence,
it is apparent that enforced overexpression of the ectopic TOP2A4
gene in sensitive KRAS G12C—mutant cancer cells abrogates the
activity of KRAS G12C inhibitors in inducing DNA damage and
apoptosis. Furthermore, we used genetic knockdown to enforce
the reduction of TOP2A4 expression in H1792, a KRAS G12C-
mutant cell line with limited responses to KRAS G12C inhibitors,
to see whether it can sensitize the cells to KRAS G12C inhibitors.
shRNA-mediated TOP24 knockdown (Figure 3D) significantly
enhanced sotorasib’s ability to increase annexin V—positive apop-
totic cells (Figure 3E), decrease cell survival (Supplemental Figure
3B), and increase y-H2AX foci-positive cells in comparison with
the control cells infected with vector control (Figure 3F). Similar
results were also generated in the same cell line with TOP24 siRNA
(Figure 3, G and H). Hence, enforced reduction of Topo Ila using
genetic knockdown sensitized the insensitive KRAS G12C—mutant
cancer cells to sotorasib. These results collectively demonstrate the
critical role of Topo Ilo reduction or suppression in mediating the
therapeutic efficacy of KRAS G12C inhibitors in cancer cell lines
with KRAS G12C mutation.

The presence of Topo II inhibitors enhances therapeutic efficacy of
KRAS GI2C inhibitors against KRAS GI12C-mutant cancer cells/
tumors. Given the limited activity of current KRAS G12C inhib-
itors in cell culture, as demonstrated above and in patients (1, 3),
we then wondered whether inclusion of a Topo II inhibitor such as
VP-16 or DXR in RAS-targeted therapy could boost the therapeu-
tic efficacy of RAS-targeted cancer therapy. To this end, we tested
the effects of sotorasib in combination with VP-16 on the survival
of several NSCLC cell lines with KRAS G12C mutation, partic-
ularly H1792 with low sensitivity to KRAS G12C inhibitors. The
combination of sotorasib and VP-16 was much more potent than
either agent alone in decreasing the survival of the tested cell lines
with combination indexes (CIs) of <1 (Figure 4A), indicating syn-
ergistic effects on decreasing the survival of KRAS G12C-mutant
NSCLC cells. Using H1792 as a representative cell line with pri-
mary resistance to KRAS G12C inhibitors, we also tested the com-
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bination of sotorasib and DXR or the combination of adagrasib
with VP-16 or DXR and generated similar results (Supplemental
Figure 4, A and B). Importantly, these combinations did not show
enhanced effects on decreasing the survival of other NSCLC cell
lines without KRAS G12C mutation (Supplemental Figure 4C).
Topo I inhibitors represent another group of widely used chemo-
therapeutic drugs in the clinic. We were curious to see whether
the combination of a KRAS G12C inhibitor and a Topo I inhibi-
tor exerted enhanced effects on decreasing the survival of KRAS
G12C—mutant cancer cells. The results showed that sotorasib com-
bined with either irinotecan or topotecan did not have augmented
effects on decreasing the survival of either Calu-1 or H358 cells
(Supplemental Figure 4D). Similarly, sotorasib combined with
carboplatin, cisplatin, or paclitaxel, which are commonly used
chemotherapeutic agents in the clinic without Topo II inhibitory
activity, did not show enhanced effects on decreasing the surviv-
al of both Calu-1 and H358 cell lines (Supplemental Figure 4E).
These results together demonstrate the critical role of Topo II inhi-
bition in augmenting therapeutic efficacy of KRAS G12C inhibi-
tors against KRAS G12C—mutant cancer cells.

Consistently, the combination of sotorasib and VP-16 was sig-
nificantly more effective than either single agent in suppressing col-
ony formation/growth of the tested H1792 and H358 cells (Figure
4B). Moreover, the combination was also more active than either
single agent in inducing apoptosis, as evidenced by increased PARP
cleavage (Figure 4C) and annexin V—positive cells (Figure 4D) and
increased y-H2AX foci-positive cells (Figure 4E) in H1792 cells.
Consistent results were also generated in H358 cells (Figure 4, F
and G). Clearly, the combination of a KRAS G12 inhibitor and
a Topo II inhibitor enhances therapeutic efficacy against KRAS
G12C-mutant cancer cells.

Since Bim induction and Mcl-1 reduction are critical events
that mediate the enhanced induction of apoptosis by osimerti-
nib combined with VP-16 in EGFR-mutant NSCLC cell lines, as
demonstrated previously (9), we were next interested in knowing
whether sotorasib and VP-16 enhance apoptosis in KRAS G12C-
mutant cell lines through similar mechanisms. We found that the
combination of sotorasib and VP-16 elevated Bim levels, while
either agent alone did not do so in H1792 cells. This combination
did not further decrease Mcl-1 levels (Supplemental Figure 5A).
In H1792 cells transfected with Bim siRNA, which silences Bim
expression or elevation, the combination of sotorasib and VP-16
lost its ability to enhance PARP cleavage (Supplemental Figure 5B)
and annexin V—positive cells (Supplemental Figure 5C), indicating
the attenuated induction of apoptosis. Hence, it appears that Bim
induction plays a critical role in mediating enhanced induction of
apoptosis by the combination of sotorasib and VP-16 in KRAS
G12C-mutant cancer cells.

‘We then tested the efficacy of the combination on the growth
of H1792 cell-derived xenografts (CDXs) in nude mice. In agree-
ment with the in vitro data presented above, the combination of
sotorasib and VP-16 was significantly more effective than each
drug alone in suppressing the growth of H1792 CDXs, which were
insensitive to sotorasib in vivo as well, as evaluated by measur-
ing tumor sizes and weights (Figure 4, H-J). IHC analysis of the
tumor tissues showed that the combination had the most potent
effects on decreasing Ki67 staining and on increasing the staining

J Clin Invest. 2026;136(4):e197192 https://doi.org/10.1172/JC1197192
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Figure 2. KRAS G12C inhibitors decrease Topo lla levels through inducing GSK3-dependent and FBXW?7-mediated proteasomal degradation. (A) The
tested cell lines were pretreated with 10 uM MG132 for 30 minutes and then cotreated with DMSO, 500 nM sotorasib (Soto), or 250 nM adagrasib (Adag)
for another 6 hours. (B) The indicated cell lines were treated with 500 nM sotorasib or adagrasib for 16 hours followed by the addition of 10 ug/mL CHX and
then harvested at the indicated times. (C) The tested cell lines were pretreated with 10 uM CHIR99021 or SB216763 for 30 minutes and then cotreated with
500 nM sotorasib for an additional 16 hours. (D and E) Both H358 and Calu-1 cells were transfected with scrambled control, GSK3 (D), or FBXW?7 (E) siRNA
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of cleaved PARP (cPARP; an apoptotic marker) and Bim (Sup-
plemental Figure 6A). The combination did not alter mouse body
weights in comparison with other groups (Supplemental Figure
6B), indicating favorable tolerability in vivo. Thus, these results
confirm the efficacy of the combination against KRAS G12C-
mutant tumors in vivo with enhanced induction of apoptosis and
suppression of cell proliferation.

Another interesting observation is that the combination of
sotorasib and VP-16 significantly decreased the levels of Topo Ila in
H1792 CDX tumors, while either single agent had little or no effect
(Supplemental Figure 6, C and D), albeit with unclear mechanisms.

The combination of sotorasib and VP-16 effectively eliminates DTPs
with elevated Topo Ilo. and delays the emergence of acquired resistance to
sotorasib in vivo. It is recognized that DTPs surviving from the initial
treatment with a given targeted therapy is an important mechanism
underlying the development of acquired resistance to targeted ther-
apies (11, 12). We therefore analyzed the effects of the combination
on eliminating DTPs of RAS G12C-mutant NSCLC cell lines, as
depicted in Figure 5A. In a 10-day DTP assay, we detected surviv-
ing DTPs in both Calu-1 and H358 cells exposed to sotorasib alone,
but not in the same cells treated with the combination of sotorasib
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and VP-16 (Figure 5B), demonstrating the potent efficacy of the
combination in eliminating DTPs in vitro. We further determined
whether the effectiveness of the combination against DTPs is due
to the high levels of Topo Ilo in the DTPs. Using Western blotting,
we detected higher levels of Topo Ila in DTPs of H358, Calu-1, and
H23 cells surviving from sotorasib treatment for 12 days than those
in their corresponding control cells (Figure 5C). We also stained
Topo Ila in DTPs surviving from sotorasib treatment with IF and
found that the intensity of Topo Ila staining in the DTPs was much
higher than in the control cells (Figure 5D). These results together
indicate increased Topo Ila levels in DTPs.

Following this study, we further evaluated the effect of the com-
bination on inhibiting tumor growth and on delaying emergence
of acquired resistance to sotorasib using a NSCLC patient—derived
xenograft (PDX) model harboring KRAS G12C mutation given
the augmented effects of the combination on overcoming primary
sotorasib resistance and eliminating DTPs, as demonstrated above.
While VP-16 at the tested low dosage had limited effect on suppress-
ing the growth of PDXs, sotorasib and particularly the combina-
tion of sotorasib and VP-16 effectively repressed the growth of the
PDXs in the initial treatment period (<25 days). As the treatment
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continued, PDXs in mice receiving sotorasib remained the same siz-
es or started to grow larger; however, PDXs in mice treated with the
combination regressed completely after day 25. Except for 2 PDXs
in the sotorasib group that quickly grew to sizes of over 500 mm?
after 32 days, all other PDXs receiving sotorasib treatment began
to grow after 40 days and reached over 500 mm? after 52 days. The
PDXs treated with the combination remained in complete regres-
sion on day 52. On day 52, the combination treatment was stopped
to see whether these undetectable tumors would resume growth. We
observed that 4 of 10 tumors started to resume growth after day 60,
whereas the remaining tumors (6/10 tumors) remained in complete
regression until the end of the study on day 94 (Figure 5E and Sup-
plemental Figure 7A). When the 4 tumors with regrowth reached
sizes of around 300 mm?, they were exposed again to the combina-
tion of sotorasib and VP-16; the tumors regressed partially, although
not to the point of complete regression by the time of study end
(Figure 5E and Supplemental Figure 7A). On day 52, the tumors
receiving sotorasib monotherapy were switched to treatment with
sotorasib plus VP-16. The tumors then responded to the combina-
tion and began to shrink after around 10 days of treatment. On day
82, all tumors had shrunk to sizes of around 100 mm?3. Unfortu-
nately, some tumors started to enlarge as the treatment continued
(Figure 5E and Supplemental Figure 7A), indicating the emergence
of acquired resistance to the combination of sotorasib and VP-16.
Encouragingly, the body weights of mice receiving daily administra-
tion of the combination of sotorasib and VP-16 for a long period of
94 days were not reduced compared with those of mice treated with
sotorasib alone (Supplemental Figure 7B), indicating the favorable
tolerability of the combination in mice.

KRAS GI12C-mutant cell lines with acquired resistance to KRAS
G12C inhibitors have elevated levels of Topo Il due to increased stability
and are sensitive to cotargeting of RAS and Topo II. Acquired resistance
to targeted cancer therapy, including RAS-targeted cancer therapy,
is a challenging issue in the clinic that leads to eventual treatment
failure, limiting its long-term therapeutic benefit to patients. To
determine whether the cotargeting of RAS and Topo II is a valid
strategy for overcoming acquired resistance to RAS-targeted can-
cer therapy, we first established 3 KRAS G12C-mutant NSCLC
cell lines with acquired resistance to sotorasib (named SR) through
gradually increasing the concentration of sotorasib, as presented in
Figure 6A. Analysis of these SR cell lines in comparison with their
corresponding parental cell lines using whole-genome sequencing
(WGS) did not identify any new KRAS mutations except for the
known G12C mutation. Other gene alterations detected did not
show any difference between SR and their parental cell lines (Sup-
plemental Figure 8). However, these SR cell lines possessed ele-
vated basal levels of Topo Ilo. compared with their corresponding
parental cell lines (Figure 6B). Moreover, these resistant cell lines
had lower levels of FBXW?7 and slightly higher levels of p-GSK3
(inactive) in comparison with their corresponding parental cell lines
(Figure 6B), suggesting the possibility that the resistant cell lines
possess stabilized Topo Ila. This is supported by our finding that
TOP24 mRNA expression was not significantly different between
parental and corresponding SR cell lines (Figure 6C). Thus, we fur-
ther checked the stability of Topo Ila in these resistant cell lines
and found that Topo Ila was indeed degraded much more slowly
in the resistant cell lines than in their corresponding parental cell
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lines (Figure 6D), confirming the increased stability of Topo Ila in
sotorasib-resistant cancer cell lines.

‘We next determined the impact of genetic inhibition of Topo
ITo on the responses of the sotorasib-resistant cell lines to sotorasib.
We detected significantly increased PARP cleavage (Figure 7A) and
annexin V—positive cells (Figure 7B) in both H358/SR and Calu-1/
SR cell lines expressing TOP2A shRNA (shTOP2A), but minimal
or no increase in their corresponding control cell lines, indicating
the enhanced induction of apoptosis in the TOP24-knockdown
sotorasib-resistant cell lines. A cell survival assay also showed that
the TOP2A-knockdown sotorasib-resistant cell lines were more sen-
sitive than the control cell lines to sotorasib (Supplemental Figure
9A). We noted that sotorasib treatment further decreased the levels
of Topo Ila in the tested resistant cell lines in which Topo ITa levels
were already reduced (Figure 7A). Similar results were also gener-
ated in the same cell lines transfected with TOP24 siRNA (Figure
7, C and D). Consistently, increased numbers of cells positive for
v-H2AX foci were detected in both sotorasib-treated H358/SR and
Calu-1/SR cell lines expressing shTOP2A or TOP2A siRNA, but
not in their corresponding control cells exposed to sotorasib (Figure
7E and Supplemental Figure 9B). These results clearly indicate that
TOP24 knockdown in sotorasib-resistant cell lines sensitizes the
cells to undergo sotorasib-induced DNA damage.

We further inoculated H358/SR cells expressing shTOP2A
into nude mice and treated them with sotorasib. As observed in
vitro, sotorasib was ineffective in inhibiting the growth of H358/
SR-pLKO.1 tumors but significantly inhibited the growth of H358/
SR-shTOP2A tumors, as evaluated by tumor sizes (Figure 7, F and
G) and weights (Figure 7H). Mouse body weights did not show
apparent differences among the groups (Figure 7I), indicating that
inhibition of TOP2A expression with shTOP2A does not increase
the toxicity of sotorasib.

KRAS GI12C—mutant cell lines and tumors with acquired resistance to
KRAS GI12C inhibitors are sensitive to the combination of a KRAS G12C
inhibitor and a Topo II inhibitor, which is well tolerated in mice. The
above findings clearly demonstrate that genetic inhibition of Topo
ITa in sotorasib-resistant cell lines restores cell sensitivity to sotora-
sib. We thus determined the effect of sotorasib combined with
VP-16 or DXR on the growth of sotorasib-resistant cell lines. In a
similar fashion, the combination of sotorasib and VP-16 was more
active than either agent alone in decreasing cell survival, with CIs
of <1 (Figure 8A), suppressing colony formation and growth (Fig-
ure 8B), enhancing PARP and caspase-3 cleavage (Figure 8C), and
increasing annexin V—positive cells (Figure 8D) in both H358/SR
and Calu-1/SR cell lines. In agreement, the combination increased
the number of cells positive for y-H2AX foci in both Calu-1/SR
and H358/SR cell lines, whereas each drug alone had minimal or
no effect on increasing y-H2AX foci-positive cells (Figure 8E). Sim-
ilar results were also generated in the resistant cell lines exposed
to the combination of sotorasib with DXR (Supplemental Figure
10). Hence, these combinations synergistically inhibit the growth
of sotorasib-resistant KRAS G12C-mutant cells with enhanced
induction of DNA damage and apoptosis.

Following these in vitro studies, we determined the effects of
the combination on the growth of sotorasib-resistant tumors in
mice. While both sotorasib and VP16 alone under the tested con-
ditions had limited effects on suppressing the growth of H358/SR
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Figure 5. The combination of sotorasib and VP-16 effectively eliminates DTPs that possess elevated levels of Topo Il and delays the emergence of
acquired resistance to sotorasib in vivo. (A) Schematic procedure for the DTP assay. (B) H358 and Calu-1 cells seeded in 12-well plates were treated with
80 nM (H358) or 1,000 nM (Calu-1) sotorasib, 500 nM VP-16, or their combination. The same treatments were repeated with fresh medium every 3 days.
After 5 or 10 days, the cells were stained with crystal violet dye, photographed, and counted. (C and D) The indicated cell lines were treated with 100 nM
(H358) or 1,000 nM (Calu-1and H23) sotorasib. The cells were refreshed every 3 days with fresh medium containing the same treatment. After 12 days,
cells were either harvested (C) for Western blotting or reseeded onto slides for IF (D). SE, short exposure. Scale bar: 25 um. (E) PDX tumors harboring KRAS
G12C mutation in nude mice (10 tumors/group from 5 mice) were treated with vehicle, sotorasib alone (50 mg/kg, daily, og), VP-16 alone (1 mg/kg, daily,
i.p.), or their combination. Tumor sizes were measured at the indicated time points. Data are shown as the mean + SEM of 10 tumors.

tumors, the combination of sotorasib and VP-16 effectively inhibit-  tumors, we waited until tumor sizes reached around 300 mm?® and
ed tumor growth and was significantly more potent than each single  then started treatments. Consistently, we observed that the combi-
agent alone, as evaluated by both tumor sizes (Figure 9, A and B)  nation of sotorasib and VP-16 was much more potent than each
and weights (Figure 9C). In the subsequent study with PDX/SR  drug alone in inhibiting the growth of PDX/SR tumors (Figure
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Figure 6. KRAS G12C mutant cell lines with acquired resistance to KRAS G12C inhibitors have elevated levels of Topo lla due to increased stability. (A)
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as the mean + SD of 4 replicate determinations. (B) Western blotting was used to detect the indicated proteins in H358, Calu-1, H23, and their correspond-
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RT-qPCR. Significance was determined by 2-sided unpaired Student’s t test. (D) The tested cell lines were treated with 10 pg/mL CHX and then harvested
at different times as indicated. The proteins of interest were detected with Western blotting. Band intensities were quantified using Image) software and

plotted as a percentage of the 0 time point.

9, D-F). In both studies, the body weights of mice receiving the
combination treatment were not different from those of mice in
other groups (Figure 9G), indicating favorable tolerability in mice.
We performed IHC and detected the highest positive staining for
cPARP in tumor tissues of mice receiving the treatment of sotora-
sib combined with VP-16, in which Topo Ila staining was reduced
in comparison with that in tumor tissues from other treatment
groups (Figure 9H). These results indicate that the combination of
sotorasib and VP-16 enhances the reduction of Topo Ila levels and
induction of apoptosis in vivo.

We conducted the same treatments in immunocompetent mice
to further examine the potential toxicities of the sotorasib and
VP-16 combination. After about 4 weeks of treatment, mouse body
weights in the combination group were comparable with those in
the single-agent treatment groups (Supplemental Figure 11A). His-
tological examination of tissues from the major organs, including
lung, heart, kidney, spleen, and liver, among the different groups
did not show differences (Supplemental Figure 11B). The detec-
tion of various serum protein markers or enzymatic activities that
reflect the functions of organs, the immune/inflammatory system,

the erythrocyte/oxygen transport system, and the platelet/coagula-
tion system among the tested groups did not show significant dif-
ferences either (Supplemental Figure 12). Hence, the combination
of sotorasib and VP-16 is well tolerated without apparent toxicities
in the immunocompetent mice as well.

Baseline and pretreatment levels of Topo Ilo. predict therapeutic out-
comes of KRAS GI12C inhibitors in the treatment of patients with RAS
G12C-mutant NSCLC. Thirty-one male patients with lung adeno-
carcinoma harboring KRAS G12C mutation were included in the
study, and their clinical characteristics are summarized in Supple-
mental Table 1. Among these tissues, there were 9 baseline tissues
(at the time of diagnosis) and 22 pretreatment tissues (before the ini-
tiation of treatment with the KRAS G12C inhibitor fulzerasib). IHC
staining results for Topo Ila protein expression in these tissues were
scored as weighted index (WT; intensity 0-3 X % positive staining).
WI of 10 was then chosen to define the expression levels of Topo
ITo as low (WI < 10) or high (WI = 10). The median follow-up dura-
tion was 13.1 (4.3-22.1) months. By the end of follow-up, 61.3%
(19/31) of patients had disease progression. Interestingly, we found
that patients with low Topo Ila expression in tumors had signifi-

J Clin Invest. 2026;136(4):e197192 https://doi.org/10.1172/JC1197192



The Journal of Clinical Investigation

RESEARCH ARTICLE

A H358/SR Calu-1/SR B Calu-1/SR H385/SR F 1200 H358/SR
—eo— pLKO.1/V
< < = I
- 8 - N 40 , P<0.0001 z pLKO.1/Soto »
— <0.0001 .
g o g o g o % 900 ShTOP2AN T/
2 _ G a _§ @ 30 N —~ ShTOP2A/Soto e
Sotorasib: - + - + - + - + 2 9 5 600 N
PARP ——— [rp— §:. 10 IE -4 .A
CF (p89)— - A ﬂ 300
o L[ (1% oo %9 ‘M
Topo llo, | S v - Sotorasib - + - + -+ -+ O+—T—T"1T"1T"T1T""T1T"T1T"7T
0 3 6 912 15 18 21 24 27
. \(\O'\ 0?")}‘ \(\O'\ Q%P‘ i
Tubulin | "—— - ———— &S & 5‘;\0 Treatment time (days)
C H358/SR Calu-1/SR D Calu-1/SR H385/SR G
: ) 40 P <0.0001 P<0.0001 3 [
SiRNA: Ctril TOP2A Ctrl TOP2A . DLKOAN o 9D H s @
Sotorasib: - + - + - + - + o 30 [
PARP | s o e || e $ % pkotso0 | & @ F & 8
CF (p89)= | R g L 8
< 10 sorav | B B B @ )
Topo lla "'"" H""" | 0 ol o] S o ¢ V'V
) Sotorasib — + - + _ L - shTOP2A/Soto i
Tubulin | "S- | - - Y ~ Y (LP~ i
O ! o
) é\/\o? =) é\«O?
E Calu-1/SR-pLKO.1 Calu-1/SR-shTOP2A H 6 P <001
DMSO Sotorasib DMSO Sotorasib . ‘
2 0.8
5
X ~ = 0.6
33 2
To 5 0.4
= €
=
}_ Ov2_
° 0 SI T T T
=) x¢ N
o © N PP
= F O &
¥ e
H358/SR-pLKO.1 H358/SR-shTOP2A
DMSO Sotorasib DMSO Sotorasib 1
2517
p%Y 8 ! a 20 ‘p——.—; v i
<& 2
a2 =
Twn S 157
= 2 == pLKO.1-Vehicle
2 107 pLKO.1-Sotorasib
& 5 shTOP2A-Vehicle
S = -~ ShTOP2A-Sotorasib
g 0 — T T T T T
0 3 6 9 12 15 18 21 24 2
Treatment time (days)

Figure 7. Genetic knockdown of TOP2A expression in sotorasib-resistant NSCLC cell lines sensitizes the cells to sotorasib. (A-D) Both H358/SR and Calu-1/

SR cells expressing pLKO.1 or shTOP2A (A and B) or transfected with scrambled control or TOP2A siRNA for 48 hours
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10 uM sotorasib for 48 hours. The levels of Topo Il and cleavage of PARP were detected with Western blotting (A and C). Annexin V-positive cells were
determined with flow cytometry (B and D). Data are shown as the mean + SD of triplicate determinations. (E) The indicated cell lines described above were
exposed to DMSO or 10 uM sotorasib for 48 hours and then IF conducted to stain y-H2AX foci. Scale bars: 25 pm, 5 um (zoom). (F-1) Mice with the indicat-
ed tumors derived from H358/SR cells were treated with vehicle (V) or sotorasib (50 mg/kg, daily, og) for 24 days. Tumor sizes (F) and mouse body weights
(1) were measured at the indicated time points, and at the end of the treatment, collected tumors were photographed (G) and weighed (H). Data are shown
as the mean + SEM of 6 tumors from 6 mice. Statistical differences among the treatments were determined by 1-way ANOVA.
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Figure 8. KRAS G12C-mutant cell lines with acquired resistance to KRAS G12C inhibitors are sensitive to the combination of a KRAS G12C inhibitor and
VP-16 in decreasing cell survival and inducing apoptosis and DNA damage. (A) H358/SR and Calu-1/SR cells in 96-well plates were exposed to varying
concentrations of the tested agents either alone or in combination for 3 days. Cell viability was then assessed using the SRB assay, and Cls were calculat-
ed. Data are shown as the mean + SD of 4 independent replicates. (B) Calu-1/SR and H358/SR cells were treated with 500 nM (Calu-1) or 100 nM (H358)
sotorasib, 500 nM VP-16, or their combination. The cells were refed with fresh medium containing the same treatment every 3 days. After 10 days, cells
were stained with crystal violet dye, photographed, and counted. Data are shown as the mean + SD of triplicate determinations. (C-E) Both H358/SR and
Calu-1/SR cells were treated with DMSO, 10 uM sotorasib, 2.5 uM VP-16, or their combination for 48 hours. The proteins of interest were detected with
Western blotting (C). Apoptotic cells were detected with annexin V staining/flow cytometry (D). y-H2AX foci were detected with IF staining (E). Scale bars:
25 um, 5 pm (zoom). Data are shown as the mean + SD of triplicate determinations. Statistical analysis was conducted using 1-way ANOVA.

cantly longer median PFS (mPFS) than those with high Topo Ila
expression (11.2 vs. 3.2 months; P < 0.001; Figure 10A) using all the
samples in the cohort with PFS follow-up information. ORR was
also significantly higher in the low expression group than in the high
expression group (68.4% [13/19] vs. 25.0% [3/12], P=0.029; Figure
10B). Given that RAS G12C inhibitors were approved for a late line
of therapy, we further analyzed Topo Ila levels in the subset of 22
cases with recent pretreatment tissues, in which 68.2% (15/22) had
disease progression. Consistent with the results generated from the
overall cohort samples, patients with KRAS G12C—mutant NSCLC
expressing low levels of Topo Ila had significantly longer mPFS (6.9
vs. 3.0 months, P < 0.001; Figure 10C) and higher ORR (78.6%
[11/14] vs. 25.0% [2/8], P = 0.026; Figure 10D) in comparison with

those with tumors expressing high levels of Topo Ilo. Among the
9 patients with baseline tumor samples, 44.4% (3/9) had disease
progression. Although the difference did not reach statistical signifi-
cance due to the small sample size, low Topo Ila expression trended
toward longer mPFS (not reached vs. 5.3 months, P = 0.291; Fig-
ure 10E) and higher ORR (40.0% [2/5] vs. 25.0% [1/4], P > 0.999;
Figure 10F). Hence, it appears that both baseline and pretreatment
levels of Topo Ila determine therapeutic outcomes of KRAS G12C
inhibitors in the treatment of patients with KRAS G12C mutation.

Discussion
The intriguing findings in this study are the connection between
suppression of Topo Ila and therapeutic efficacies of KRAS
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Figure 9. KRAS G12C mutant tumors with acquired resistance to KRAS G12C inhibitors are sensitive to the combination of a KRAS G12C inhibitor and VP-16 in
vivo. (A-G) H358/SR cells and PDX tumors developing acquired sotorasib resistance, as presented in Figure SE, were injected into nude mice to establish H358/
SR CDXs (A-C) and PDX/SR (D-F) tumor models, respectively. Both tumor models were treated continuously with vehicle, sotorasib alone (50 mg/kg, daily, og),
VP-16 alone (1 mg/kg, daily, i.p.), or their combination. Tumor sizes (A and D) and mouse body weights (G) were measured at the indicated time points. At the
end of the treatment, collected tumors were photographed (B and E) and weighed (C and F). (H) Tumor tissues slides were stained for cPARP and Topo llo. using
IHC. Scale bars: 100 pm. Data are shown as the mean + SEM of 6 tumors from 6 mice. Statistical analysis was conducted using 1-way ANOVA.

G12C inhibitors and the enhanced therapeutic efficacy when
combining a KRAS G12 inhibitor with a Topo II inhibitor such
as VP-16. In this study, all results from cell lines were generat-
ed with clinically achievable concentration ranges (<1 uM) of

sotorasib and adagrasib, which are actually below around 13 uM
(960 mg daily dose) and 1.63 uM (600 mg twice a day) of max-
imum plasma concentrations, respectively, in humans (13-15),

demonstrating clinical relevance.
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Figure 10. Topo llo. protein expression correlates with PFS and ORR in the overall cohort samples and pretreatment samples. (A, C, and E) Kaplan-Meier
curves for PFS by Topo lla expression status in the overall cohort samples including baseline and pretreatment ones (A), in the pretreatment samples (C),
and in baseline samples (E). (B, D, and F) ORRs between Topo lla low and high groups in the overall cohort (A), pretreatment (D), and baseline (F) samples.
Statistical differences were determined by 2-sided unpaired Student's t test (PFS) and Fisher's exact test (ORR).

Beyond KRAS G12C inhibitors, various approaches are cur-
rently being explored to target other KRAS mutations, such as
G12D, with either mutation-selective inhibitors or pan inhibitors,
as potential RAS-targeted therapies. The current study primarily
used KRAS G12C inhibitors and NSCLC cell lines with KRAS
G12C mutation as models to demonstrate our appealing concept
of enhancing RAS-targeted cancer therapy. Given the shared sig-
naling pathways downstream of RAS, this mechanism, i.e., Topo
IIo suppression and DNA damage induction as a critical event that
mediates therapeutic efficacy of KRAS G12C-targeted therapy,
and potential strategy for enhancing KRAS G12C-targeted ther-
apy through targeting Topo II could be logically applied to other
RAS-targeted cancer therapies irrespective of cancer type.

Mechanistic studies have demonstrated that KRAS G12 inhib-
itors induce GSK3-dependent, FBXW7-mediated proteasomal
degradation of Topo Ilo, leading to DNA damage and subsequent
apoptosis in KRAS G12-mutant NSCLC cells. This is in line with
the mechanism by which the third-generation EGFR inhibitor, osim-
ertinib, induces Topo Ila degradation, DNA damage, and apoptosis
in EGFR-mutant NSCLC cells, as we demonstrated previously (9).
This is no surprise because RAS functions immediately downstream
of EGFR to mediate activation of PI3K/Akt and Raf/MEK/ERK
oncogenic signaling pathways. Compared with EGFR mutations that
primarily occur in NSCLC, RAS, and particularly KRAS, mutations
occur frequently across different cancer types, such as lung, pancreat-
ic, and colorectal cancer. Therefore, the finding of cotargeting Topo
II to enhance RAS-targeted therapy should have a broader impact
on clinical treatment of cancer compared with similar strategies for
enhancing EGFR-targeted therapy in lung cancer.

Compared with EGFR-targeted therapy, current KRAS G12C
inhibitors have much shorter ORR and mPFS (1, 4, 5). The find-
ing of Topo Ila expression as a potential biomarker for predicting
responses of patients with KRAS G12C-mutant NSCLC to KRAS
G12C inhibitors is of high translational significance in the clinic.
Combining the detection of KRAS G12C mutation and Topo Ila
expression in either baseline or pretreatment samples allows us in a
more precise way to identify patients who are likely to respond bet-
ter to KRAS G12C inhibitor monotherapy. Thus, further validation
of RAS mutation plus Topo Ila as a predictive strategy for guiding
RAS-targeted cancer therapy is warranted. Due to the limited num-
bers of baseline samples, detection of Topo Ila in these samples
did not reach statistical significance, albeit with similar trends in
both ORR and mPFS in this study. However, the findings warrant
further validation in this direction.

Platinum-based chemotherapy in combination with immuno-
therapy is a standard of care for patients with NSCLC, particu-
larly in the scenario without the option for a targeted therapy or
after failure of immunotherapy, if not used in combination in first-
line therapy. The recently approved regimen of the combination
of osimertinib with platinum-based chemotherapy prolongs PFS
9 months longer than osimertinib monotherapy and has become
standard first-line therapy for patients with NSCLC harboring acti-
vating EGFR mutations (16, 17), indicating the impact of chemo-
therapy on targeted cancer therapy. The Topo II inhibitors VP-16
and DXR are well-known chemotherapeutic drugs that have long
been used for the treatment of cancers, including lung cancer, albe-
it less frequently (6, 18). The current study has demonstrated the
scientific rationale for enhancing RAS-targeted cancer therapy via
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targeting Topo II. Platin drugs such as carboplatin and cisplatin,
Topo I inhibitors such as irinotecan and topotecan, and antimicro-
tubule drugs such as paclitaxel are widely used chemotherapeutic
agents in the treatment of cancer, including NSCLC. However,
these agents failed to show any enhanced effects when combined
with sotorasib against the growth of KRAS G12C-mutant
NSCLC cells, as demonstrated in our study, further highlighting
the importance of Topo II inhibition in this strategy. In our ani-
mal studies, the combination of VP-16 with sotorasib exhibited
promising activity either used as a first-line therapy for the treat-
ment of KRAS G12C-mutant tumors with primary resistance to
KRAS G12C inhibitors (e.g., H1792 CDXs) and for delaying or
even preventing the emergence of acquired resistance to sotorasib
in KRAS G12C-mutant PDXs or used as a second line option for
the treatment of tumors (both CDXs and PDXs) with acquired
resistance to sotorasib. Moreover, the combination was well toler-
ated in mice even after a long period of daily administration over
3 months without apparent body weight reduction. Hence, our
findings reported in this study warrant the clinical validation of
this intriguing therapeutic strategy.

In the resistance delay study, most mice (60%; 6/10) were
tumor-free after treatment withdrawal for over 40 days, reaching
a point of cure in this preclinical model. Given that the current
KRAS G12C inhibitors as a monotherapy in general have rela-
tively lower overall response rates and shorter response durations
or limited impact on patient survival compared with those of oth-
er targeted therapies, primarily due to primary resistance or early
emergence of acquired resistance (1, 3), our findings are thus of
high clinical significance and provide a solid foundation or ratio-
nale in support of early application of RAS-targeted therapy in
combination with a Topo II inhibitor such as VP-16 as a first line
therapy. One advantage is that VP-16 can be administered orally in
comparison with many other chemotherapeutic agents that have
to be administered via injection. This feature is important consid-
ering the need for a long period of combined treatment in some
patients if used as a first-line therapy. The oral dosage of VP-16
at 50 mg is typically used in combination with other chemothera-
peutic agents in humans and is equivalent to a dosage of around
10 mg/kg in mice. The dosage of VP-16 used in our animal stud-
ies was 1 mg/kg (i.p.). It is known that the oral bioavailability of
VP-16 in humans is about 50% of the administered dose by injec-
tion (19). Hence, we can use an even lower dose of VP-16, such as
25 mg, in humans, which is equivalent to about 5 mg/kg in mice,
in the combination to boost the efficacy of RAS-targeted therapy
without increasing potential toxicity.

In our therapeutic studies using models with acquired sotora-
sib resistance, the combination of sotorasib and VP-16 could not
reach the point of eliminating the tumors, albeit with high potency
in shrinking and retarding the growth of tumors. The resistant PDX
tumors in the delay experiment even regrew after switching to the
combinatorial treatment and responding for a while, indicating a
possible development of acquired resistance to the combinatorial
treatment. Thus, these findings suggest that the combination should
be used as an early line of therapy in the KRAS G12C treatment-na-
ive setting to substantially prolong the duration of response and
even prevent the emergence of acquired resistance. The molecular
mechanisms underlying the emergence of resistance to the combi-
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natorial treatment are currently unknown and should be considered
for further investigation in the future. The possible involvement of
enhanced DNA repair function in the resistant cells may be con-
sidered. These mechanistic studies will eventually pave the way for
developing effective therapeutic strategies to overcome the acquired
resistance to the combinations such as sotorasib plus VP-16 and
even for identifying potential biomarkers predicting the resistance.

It has been suggested that the inhibition of Topo IIf is asso-
ciated with cardiotoxicity caused by DXR (20). In our study, the
tested KRAS G12C inhibitors sotorasib and adagrasib selective-
ly decreased Topo Ila, but not Topo IIf, levels. Topo I is also a
well-known cancer target. KRAS G12C inhibitors did not alter
Topo I levels in the tested KRAS G12C—mutant cancer cell lines.
Accordingly, the combination of sotorasib with a Topo I inhibitor
such as irinotecan or topotecan failed to show synergy in decreas-
ing survival of KRAS G12C—mutant cancer cells. These results
all indicate the selectivity of KRAS G12C inhibitors in suppress-
ing Topo Ila and exhibiting synergy when combined with a Topo
IT inhibitor. We noted that the sotorasib and VP-16 combination
synergistically decreased the survival of NSCLC cells with KRAS
G12C mutation, but not those without this specific mutation, sug-
gesting that the inclusion of VP-16 in this combination primar-
ily augments the therapeutic efficacy of KRAS G12C inhibitors
against cancer with KRAS G12 mutation. This also suggests that
the combination may not show enhanced toxicity to normal tissues
that usually do not have KRAS G12C mutation, which is support-
ed by our data that the combination of sotorasib and VP-16 for
about 4 weeks of treatment did not have any enhanced effects on
damaging the tissues of major organs.

VP-16 is a Topo II inhibitor that causes DNA single- and
double-strand breaks through interaction with DNA Topo II that
prevents the religation of transiently breaking DNA (18). An inter-
esting observation is that the combination of sotorasib and VP-16
effectively reduced the levels of Topo Ila in H1792 CDX tumors
with primary resistance to sotorasib, whereas each drug alone had
limited or no effect on decreasing Topo Ila levels under the tested
conditions. This finding was also observed in H358/SR and PDX/
SR tumors with acquired resistance to sotorasib, suggesting that
VP-16 may enhance the ability of sotorasib to reduce Topo Ila lev-
els. Similarly, treatment of sotorasib-resistant cell lines (H358/SR
and Calu-1/SR) in which TOP2A4 expression was knocked down
using both shRNA and siRNA further decreased Topo Ilo levels,
suggesting that targeting Topo Ila may further enhance the ability
to decrease Topo Ila levels. The molecular mechanisms underlying
these interesting observations are unclear, but the findings warrant
further study in this direction.

In this study, we showed elevation of Topo Ila levels in DTPs
but did not study the underlying mechanism largely due to very
low numbers of DTPs surviving from sotorasib treatment. Despite
this limitation, we have demonstrated that elevated Topo Ila levels
in the tested sotorasib-resistant cell lines are due to increased Topo
ITa protein stability because of downregulated FBXW?7 and inacti-
vated GSK3 in these resistant cell lines. Given the fact that DTPs
are the key contributors to the emergence of acquired resistance
to a given targeted therapy (12, 21, 22), it is plausible to assume
that the mechanism accounting for Topo Ila elevation in sotora-
sib-resistant cells may be true in DTPs, warranting further valida-
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tion in this direction. Another related limitation is that we did not
conduct genetic manipulation of TOP2A expression in DTPs to
study the role of Topo Ila in mediating the transient drug-tolerant
state, largely due to technical challenges in manipulating the very
low numbers of DTPs surviving from sotorasib treatment. This is
another future research direction.

The mechanisms underlying acquired resistance to KRAS
G12C inhibition in cancer are heterogeneous and involve target-
dependent secondary mutations in the KRAS gene itself and target-
independent mechanisms, such as MET amplification, activating
mutations in other oncogenes (e.g., NRAS, BRAF) or fusions in
other genes (e.g., ALK, RET), leading to activation of bypass path-
ways (23, 24). In our SR cell lines, we did not identify any new
KRAS mutations or alterations in other key oncogenes, suggest-
ing possible target-independent mechanisms involving alterations
at the epigenetic, transcriptional, or posttranslational level. Find-
ings from this study on Topo Ila elevation as a critical resistance
mechanism to KRAS G12C inhibitors do not exclude or conflict
with other possible target-independent mechanisms accounting for
acquired resistance to KRAS G12C inhibitors, which are not the
focus of this study.

In summary, the current study reveals an important connec-
tion between Topo Ila inhibition and therapeutic efficacy of RAS-
targeted cancer therapy and suggests the value of Topo Ila expres-
sion as a biomarker to predict patient response and prognosis. Ele-
vation of Topo Ilo levels in DTPs and cells with acquired resistance
to sotorasib is likely to be a key mechanism for these cells to survive
or escape from a RAS-targeted therapy. Accordingly, targeting Topo
IIo offers a potentially appealing strategy to enhance RAS-targeted
cancer therapy through overcoming primary and acquired resis-
tance and, particularly, through delaying or even preventing the
development of acquired resistance (Supplemental Figure 13). The
future clinical validation of this therapeutic strategy and of Topo
Ila as a predictive biomarker is warranted.

Methods

Sex as a biological variable. Lung cancer is not a sex-specific cancer.
Both female and male mice were used in the study. Human lung
cancer tissues were collected from male patients.

Reagents. Sotorasib (AMGS510), adagrasib, VP-16, and DXR
were purchased from MedChemExpress. Topo Ila (catalog 12286)
and Bim (catalog 2933) antibodies were purchased from Cell Sig-
naling Technology. Mcl-1 antibody (sc-12756) was purchased from
Santa Cruz Biotechnology. y-H2AX or phospho-H2AX (S139) anti-
body was purchased from MilliporeSigma (catalog 05-636). DAPI
(catalog 62248), Alexa Fluor 488—donkey anti-mouse (A32766),
and Alexa Fluor 568-donkey anti-rabbit (A10042) secondary
antibodies were purchased from Thermo Fisher Scientific. Other
reagents and antibodies were the same as described previously (9).

Cell lines and cell culture. H1792, H358, Calu-1, H23, H157,
HCC827, PC-9, H460, A549, and Miacapa-2 were described pre-
viously (25-28). SW1463 and SW837 were provided by Lin Zhang
(University of Southern California, Los Angeles, California).
H1792, H358, Calu-1, H23, H157, HCC827, and PC-9 were genet-
ically authenticated. The cell lines were cultured in RPMI 1640
medium (Coring) with 5% FBS in 5% CO, humidified air. The
sotorasib-resistant cell lines Calu-1/SR, H358/SR, and H23/SR
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were established by exposing cells to gradually increasing concen-
trations of sotorasib (starting at 100 nM and ending at 40 uM) for
approximately 6 months. These cell lines had maintained resistance
to sotorasib after withdrawal of sotorasib from the culture medium
for up to 3 months, indicating an irreversible phenotype. The cell
lines that stably express the ectopic TOP24 gene were established
by cell infection using lentiviruses carrying a human TOP24 gene
followed by hygromycin selection. pLenti-GIII-CMV-TOP24 (cata-
log 47306061) and matched control vector pLenti-GIII-CMV (cata-
log LV587) were purchased from abm.

Western blot analysis. Whole-cell protein lysates and subsequent
immunoblotting were described previously (27). Protein band
intensities were quantified using ImageJ software (NIH).

Colony formation assay. The indicated cells were seeded in 12-well
plates at a density of 200 cells per well. After 24 hours, the tested
drugs were added. The medium was replaced with fresh drugs every
3 days. Following a 10-day incubation period, the medium was
removed. The cells were then fixed with 2% formalin and stained
with 2% crystal violet in ethanol for colony counting and imaging.

Cell survival assay. Cells seeded in 96-well plates at appropriate
densities for overnight incubation were exposed to the tested drugs
either alone or in combination for 3 days. Cell numbers were esti-
mated using sulforhodamine B (SRB) assay as previously described
(29). CI for drug interaction was calculated using CompuSyn soft-
ware (ComboSyn).

Apoptosis assays. Apoptosis was assessed using the Annexin
V/7-AAD apoptosis detection kit (BD Biosciences) following the
manufacturer’s instructions. Apoptosis was further confirmed by
detecting protein cleavage with Western blotting.

RT-gPCR. The procedures for total cellular RNA extraction and
TOP24 and GAPDH mRNA detection including primers were the
same as described previously (9).

Gene knockdown using siRNA and shRNA. TOP24 siRNA (sc-
36695), TOP2A4 shRNA plasmid (sc-36695-SH), and Bim siRNA (sc-
29803) were purchased from Santa Cruz Biotechnology. Scrambled
control and the procedures used for transfection or infection were
described previously (30).

IF staining. Cell fixation and staining on chamber slides were
the same as described previously (9). The primary antibody against
Topo Ila or y-H2AX was diluted at 1:100. The secondary Alexa
Fluor 488-donkey anti-mouse or Alexa Fluor 568—-donkey anti-rab-
bit antibody was diluted at 1:200. Images were collected using a
confocal microscope (Leica TCS SPS).

Detection of DTPs. Cells were seeded in 12-well plates at approx-
imately 90% confluence and treated with the tested drugs. The cul-
ture medium was replaced with fresh medium containing the same
drugs every 3 days. After 5 or 10 days of incubation, the medium
was removed, and the cells were fixed and stained with 2% crystal
violet in ethanol to visualize DTPs

IHC. Detection of proteins of interest with IHC was basically
the same as described previously (30). The dilutions of prima-
ry antibodies against Topo Ila, Ki-67, and cPARP were 1:100,
1:100, and 1:50, respectively. The IHC staining of Topo Ila in
human KRAS G12C-mutant NSCLC tissues was the same as
described previously (9).

WGS for detection of gene mutations. WGS was performed by
Predicine. Genomic DNA (as low as 30 ng) was used for library
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preparation for each cell line. Genomic DNA processing, library
processing, sequencing, and data analysis were performed similar-
ly as previously described (31). For WGS, libraries were directly
sequenced without enrichment. Each sample was sequenced to
approximately 30X coverage. Sequencing data were analyzed using
the Predicine DeepSea analysis pipeline for variant calling.

Animal xenografts and treatments. In conventional CDX studies,
4-week-old nu/nu nude mice (The Jackson Laboratory) were subcu-
taneously injected in the flank with 3 x 10° cells suspended in ster-
ile PBS. When the average tumor volume reached approximately
80 mm?, mice were randomly assigned into treatment groups with
equal average tumor volumes and body weights. The following
treatments were administered daily: vehicle control, sotorasib (50
mg/kg, oral gavage [og]), VP-16 (1 mg/kg, i.p.), and sotorasib plus
VP-16. Tumor volumes were measured every 2-3 days using cali-
pers and calculated with the formula V = x (length X width?)/6.
Body weights were recorded at the same intervals. At the end of
the experiment, mice were euthanized using CO, asphyxiation.
Tumors were excised, weighed, and fixed in formalin for subse-
quent analysis. The same treatments were also applied to tumor-
free immunocompetent C57BL/6J mice purchased from The Jack-
son Laboratory. Evaluation of major mouse organ tissues with
H&E staining and biochemical tests of serum protein markers and
blood cell counts were the same as described previously (9).

For the PDX study testing the efficacy of combination treat-
ment on delaying the emergence of acquired resistance to sotorasib,
lung cancer PDX (J000096652) harboring KRAS G12C mutation
was purchased from The Jackson Laboratory and inoculated sub-
cutaneously in nude mice. When the average tumor was around
100 mm?, the mice were grouped and treated as described above
for varied periods of time depending on tumor size to observe resis-
tance development.

PDX tumors that initially responded to sotorasib but gradually
resumed growth after 2 months of continuous dosing were con-
sidered to have acquired resistance to sotorasib (PDX/SR). The
tumors were then reimplanted into 4-week-old nu/nu nude mice
for treatment experiments. When the average tumor size reached
approximately 300 mm?, mice were randomized into 4 groups and
treated daily with vehicle, sotorasib (50 mg/kg, og), VP-16 (1 mg/
kg, i.p.), or the combination of sotorasib and VP-16. Tumor volume
was measured using calipers every 2 or 3 days. At the end of the
experiment, mice were sacrificed using CO,. The tumors were then
removed, weighed, and stored in formalin for further analysis.

Detection of Topo Ilo. in human KRAS GI12C-mutant NSCLC
tissues. Tissue samples (n = 31) were collected either at baseline
(i.e., at the time of diagnosis, n = 9) or before initiation of KRAS
G12C inhibitor treatment (n = 22) from 31 patients with lung
adenocarcinoma harboring KRAS G12C mutation and receiving
treatment with KRAS G12C inhibitors between August 2022 and
May 2025 in Tongji Hospital, Tongji Medical College, Huazhong
University of Science and Technology. Topo Ila protein expres-
sion was evaluated by IHC as described previously and reviewed
by 2 experienced pathologists independently. Topo Ila protein
expression was semiquantitatively scored as WI based on calcu-
lation of % positive tumor cells X staining intensity. WI of 10
was used as a cutoff to define low (WI < 10) and high (WI = 10)
Topo Ilo expression.
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Demographic and clinicopathologic data were extracted from
electronic medical records. Tumors were staged according to the
eighth edition of the AJCC Cancer Staging Manual. Next-genera-
tion sequencing was performed on formalin-fixed paraffin-embed-
ded tumor samples to confirm KRAS G12C mutation. Follow-up
was conducted via medical record review and telephone interviews
until September 20, 2025. PFS was defined as the time from KRAS
G12C inhibitor initiation to disease progression, death, or last fol-
low-up. ORR was defined as the proportion of patients with com-
plete or partial response per RECIST v1.1 criteria.

Statistics. Survival curves were generated using the Kaplan-
Meier method, with log-rank tests for subgroup comparisons. Sta-
tistical differences were determined by 2-sided unpaired Student’s
t test, 1-way ANOVA, or Fisher’s exact test. Data are shown as the
mean * SD or SEM. All statistical analyses were conducted using
GraphPad Prism 10 software or IBM SPSS Statistics 26.0. P values
less than 0.05 were considered statistically significant.

Study approval. Animal experiments were approved by the
TACUC of Emory University (PROT0201700718). The human
subject study was approved by the Ethics Committee of Tongji
Hospital, Tongji Medical College, Huazhong University of Science
and Technology (TJ-IRB202406092).

Data availability. All data acquired specifically for this study,
including raw Western blotting data, are available within the article
itself and in the supplemental materials. Values for all data points in
graphs are reported in the Supporting Data Values file.
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