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Background: Targeted therapy for lung cancer with epidermal growth factor receptor

(EGFR) mutations with tyrosine kinase inhibitors (TKIs) represents one of the major

breakthroughs in lung cancer management. However, gradually developed resistance

to these drugs prevents sustained clinical benefits and calls for resistant mechanism

research and identification of new therapeutic targets. Acquired T790M mutation

accounts for themajority of resistance cases, yet transcriptome changes in these cells are

less characterized, and it is not known if new treatment targets exist by available drugs.

Methods: Transcriptome profiling was performed for lung cancer cell line PC9 and

its resistant line PC9GR after long-term exposure to gefitinib through RNA sequencing.

Differentially expressed genes and changed pathways were identified along with existing

drugs targeting these upregulated genes. Using 144 lung cancer cell lines with both

gene expression and drug response data from the cancer cell line encyclopedia (CCLE)

and Cancer Therapeutics Response Portal (CTRP), we screened 549 drugs whose

response was correlated with these upregulated genes in PC9GR cells, and top drugs

were evaluated for their response in both PC9 and PC9GR cells.

Results: In addition to the acquired T790M mutation, the resistant PC9GR cells had

very different transcription programs from the sensitive PC9 cells. Multiple pathways

were changed with the top ones including TNFA signaling, androgen/estrogen response,

P53 pathway, MTORC1 signaling, hypoxia, and epithelial mesenchymal transition. Thirty-

two upregulated genes had available drugs that can potentially be effective in treating

the resistant cells. From the response profiles of CCLE, we found 17 drugs whose

responses were associated with at least four of these upregulated genes. Among the

four drugs evaluated (dasatinib, KPT-185, trametinib, and pluripotin), all except trametinib

demonstrated strong inhibitory effects on the resistant PC9GR cells, among which

KPT185 was the most potent. KPT-185 suppressed growth, caused apoptosis, and

inhibited migration of the PC9GR cells at similar (or better) rates as the sensitive PC9

cells in a dose-dependent manner.
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FIGURE 5 | Dose and response curves of PC9 and PC9GR cells to Dasatinib, plurpotin, trametinib, and KPT-185. PC9 and PC9GR cell are treated with Dasatinib (A),

plurpotin (B), trametinib (C), and KPT-185 (D) at doubling dose for 72 h. Cell viability (y-axis) is detected by CCK-8 assay. KPT-185 is the strongest inhibitor for both

PC9 and PC9GR with IC50 0.016 and 0.017, respectively.

induces cell-cycle arrest and apoptosis, such as cancer cells from
acute myeloid leukemia (46), pancreatic cancer (47) and NSCLC,
including EGFR-TKI-resistant cell lines (48). Our data showed
that KPT-185 could inhibit proliferation and induce apoptosis
of both PC9GR and PC9 cells yet had a stronger effect causing
apoptosis of PC9GR cells at lower concentrations of 0.5 and 1µM
(Figure S1), which can be important as a loose dose is less toxic
and desired for human administration.

In addition to KPT-185, there are several other CRM1
inhibitors in various phases of development and applications,
which include KPT-249, KPT-251, KPT-276, KPT-330
(Selinexor), KPT-335 (Verdinexor), and KPT-8602 (Eltanexor)
(https://www.selleckchem.com/crm1.html) (49). These small-
molecule drugs are selective inhibitors of nuclear export (SINEs)
that covalently bind to Cysteine 528 residue of CRM1 in a slowly
reversible fashion for their anticancer activities. Preclinical and
clinical studies have demonstrated their efficacies on a number of
solid and hematologic cancers (50). Although our study focused
on KPT-185 as it is the drug with response profiles in the CRTP
database, the results or conclusions may be applicable to other
drugs in the family considering their similar mechanism of
actions. In fact, for clinical application, a drug such as KPT-330
may be preferable because of its better bioavailability, mild
side effects, and approval for clinical usage (relapsed refractory

multiple myeloma). Studies also demonstrate its synergistic
effect with cisplatin (51). A multicenter phase I/II clinical
trial of selinexor with docetaxel in treating KRAS-mutant
NSCLC is being conducted (https://clinicaltrials.gov/ct2/show/
NCT03095612). A combination of CRM1 inhibitors with
EGFR-TKIs or other drugs as a third- and fourth-line treatment
warrants further investigation for TKI-resistant tumors.

Pluripotin is a small molecule that inhibits ERK1 MAPK3
and RasGAP. It also inhibits RSK1, RSK2, RSK3, and RSK4
with IC50s of 0.5, 2.5, 3.3, and 10.0µM, respectively (52).
MAPK3 was increased more than 1.6-fold in PC9GR cells while
RASA1 had no differential expression. In CCLE lung cell line
data, pluripotin’s response was associated with the expression
of F3, AXL, PDCD1LG2, and CD274, and these genes were
highly expressed in PC9GR cells. Although its inhibitory effect
for PC9GR cells was not as strong as for PC9 cells, it had
a synergistic effect when combined with gefitinib (Figure S2).
Further evaluation of its combination may clarify its potential.

For gene expression, our data recapitulated some previous
reports. AXL was significantly increased, and MAPK1, VIM,
GAS6, NFKB1, and KDM5A were slightly increased in our data.
Interleukin-6 was identified as an important factor in hypoxia-
and aldehyde dehydrogenase-based gefitinib adaptive resistance
in non-small cell lung cancer cells (43). Our data also show that
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FIGURE 6 | The proliferation inhibition, apoptotic induction, and antimigration effect of KPT-185 on PC9 and PC9GR cells. (A) The representative images of colony

formation by PC9 and PC9GR cells after being treated with KPT-185 at 0, 0.125, 0.25, 0.5µM for 9 days. The inhibition is dose dependent and similar between PC9

and PC9GR cells. (B) Quadrant graphs of cell apoptosis analysis for PC9 and PC9GR after being treated with KPT-185 at five concentrations for 48 h using flow

(Continued)
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FIGURE 6 | cytometry. X-axis represents Annexin V-FITC, and y-axis represents PI. Q1, Q2, Q3, and Q4, respectively, represent dead cell fragments, late apoptosis,

early apoptosis, and normal cell community. (C) The ratios of apoptotic cells at different concentrations in PC9 cells. (D) The ratios of apoptotic cells at different

concentrations in PC9GR cells. (E) The representative images of migration inhibition after KPT-185 treatments in PC9 and PC9GR cells by wound-healing assay

(magnification at 100X). (F) The bar plot of migration inhibition rates at 0, 0.25, 0.5, 1, and 2 uM in PC9 cells. (G) The bar plot of migration inhibition rates at 0, 0.25,

0.5, 1, and 2 uM in PC9GR cells. The bar height represents mean ± SEM of three independent experiments (n = 3, **P < 0.01, ***P < 0.001 compared to controls).

the hypoxia pathway was significantly enriched, and IL6 had
about a 2-fold increase in PC9GR cells. On the other hand, some
genes reported no change in PC9GR cells. For example, NFKB1
is reported to be upregulated as an early event of TKI resistance
(42); however, for the cells with long exposure to gefitinib with
stable resistance, this gene was not activated and was significantly
decreased more than 1.5-fold in PC9GR cells. FGF2 was not
significantly changed although FGFR1 was increased about 1.8-
fold (39). The discrepancies could be the results of tumor
heterogeneities and experimental conditions. Literature reports
are from different groups and different sets of tumors or cell lines.
For the same PC9 cell line, our resistance line was established
after long-term (12 months) exposure to gefitinib while other
groups profiled resistant cells established at 1.5 or 6 months (38).

Our study found several interesting genes not reported in TKI-
resistant cells before. BASP1 was one of the most upregulated
genes in PC9GR cells, yet its functions are largely unknown. Some
studies have showed it is a tumor suppressor, and restoration of
its expression in cancer cells inhibits tumor growth andmigration
for thyroid cancer (53). High expression of this gene is associated
with better patient survival in breast cancer (54) and pancreatic
cancer in which better response to adjuvant chemotherapy is
also observed (55). On the other hand, studies found that this
gene promoted cancer growth and was a poor prognostic factor
in cervical cancer (56). The roles and functions of BASP1 are
likely cancer type and context specific. COL6A2 is another gene
significantly upregulated in PC9GR cells, and previous reports
showed that increased expression of multiple collagen genes,
including COL6A2 was associated with drug resistance, tumor
metastasis, and poor patient survival in ovarian cancer (57, 58).

Mechanisms of resistance to TKIs are complicated and
multifold (59). Through gene expression profiling, a previous
study reported the increased activity of autophagy mediated
by ERK and AKT activation in resistant cells (60). Cellular
proliferation, apoptosis, and cell cycle were also involved (61).
Although our study has overlap with these reports, differences
exist, such as some top regulated genes reported had no change
or opposite changes in our study (CDKN2B was found to
be up-expressed, but it was down in resistant cells in our
study). These differences highlight the heterogeneity of cell
lines, and resistant mechanisms may diverge according to
exposure conditions.

Because of these complexities, clinical management for
resistance tumors needs a combination strategy targeting
multiple pathways or genes. Chemo-drug combinations can have
a synergistic effect. For example, we tried the combination of
gefitinib with either dasatinib or pluripotin, and both showed
synergistic effects at certain concentration combinations with
combination index (CI) <1 (Figure S2). We did not evaluate

the synergistic effect of KPT-185 as it already had a very strong
inhibitory effect on PC9GR cells; however, its combination with
other drugs might even be more effective in the treatment
of EGFR-TKI-resistant lung cancer, which is one of our
future plans.

In spite of the interesting findings, our conclusions are
from a single lung cancer cell line, which may or may not be
generalizable to other cell lines. Future studies need to include
more cell lines with different mutation status. Additionally, our
drug response data are limited to in vitro cell lines, and studies
are needed in vivo or clinical trials to translate the findings.

CONCLUSIONS

In conclusion, our study shows that acquired TKI-resistant lung
cancer cells (PC9GR) have significantly altered the transcription
and pathway regulation for new therapeutic targets. Existing
drugs may be reused to treat patients who are resistant to TKIs.
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