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Lazertinib improves the efficacy of chemotherapeutic
drugs in ABCB1 or ABCG2 overexpression cancer
cells in vitro, in vivo, and ex vivo
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Multidrug resistance (MDR) is the major cause of chemo-
therapy failure, which is usually caused by the overexpression
of ATP-binding cassette (ABC) transporters such as ABCB1
and ABCG2. To date, no MDR modulator has been clinically
approved. Here, we found that lazertinib (YH25448; a novel
third-generation tyrosine kinase inhibitor [TKI]) could
enhance the anticancer efficacy of MDR transporter substrate
anticancer drugs in vitro , in vivo, and ex vivo. Mechanistically,
lazertinib was shown to inhibit the drug efflux activities of
ABCBI1 and ABCG2 and thus increase the intracellular accu-
mulation of the transporter substrate anticancer drug. More-
over, lazertinib was found to stimulate the ATPase activity of
ABCB1/ABCG2 and inhibit the photolabeling of the trans-
porters by '*’I-iodoarylazidoprazosin (IAAP). However, lazer-
tinib neither changed the expression or locolization of ABCB1
and ABCG2 nor blocked the signal pathway of Akt or Erk1/2 at
a drug concentration effective for MDR reversal. Overall, our
results demonstrate that lazertinib effectively reverses
ABCBI- or ABCG2-mediated MDR by competitively binding
to the ATP-binding site and inhibiting drug efflux function.
This is the first report demonstrating the novel combined use
of lazertinib and conventional chemotherapeutical drugs to
overcome MDR in ABCB1/ABCG2-overexpressing cancer
cells.

INTRODUCTION

Drug resistance is a major obstacle to cancer chemotherapy. Multi-
drug resistance (MDR) refers to the phenomenon where cancer cells
become unresponsive simultaneously to various structurally and
mechanistically different chemotherapeutic agents during or after a
short period of treatment.” Numerous mechanisms are known to
cause MDR, which include overexpression of ATP-binding cassette
(ABC) drug efflux transporters, elevated metabolism of xenobiotic
drugs, abnormal apoptosis regulation, increased DNA repair, and tu-
mor microenvironment (TME).>* It is noteworthy that overexpres-
sion of the ABC transporter family is the most common mechanism
driving chemoresistance by increasing the efflux of various anticancer
drugs.””” ABC transporter proteins consist of nucleotide-binding do-
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mains (NBDs) and transmembrane domains (TMDs). Upon binding
of substrates to TMDs of ABC transporters, conformation of the
transporter protein is changed, and the NBDs bind with ATP to
trigger its hydrolysis to release energy to mediate efflux of the sub-
strate drug.” Recently, our research team has demonstrated the inter-
cellular transfer of an extensively studied ABC transporter (P-gp/
ABCBI1) via exosome to induce the spread of MDR.>"°

In humans, 49 ABC transporters have been identified, and they are
classified into seven subfamilies (ABCA-ABCG) according to their
amino acid sequence.'”'” Among all ABC transporters, ABCBI,
ABCC1, and ABCG2 have been extensively studied, and they are
associated with MDR in cancer cells."*"
known as P-glycoprotein (P-gp), is highly expressed in many vital or-
gans, including liver, kidney, lung, placenta, and intestine, for protec-
tion and detoxification."” ABCB1 is known to mediate MDR to
numerous anticancer drugs such as vincristine, paclitaxel, doxoru-
bicin, colchicine, vinblastine, and etoposide by pumping them out
of drug-resistant cancer cells.'*'” ABCG2, also known as breast can-

ABCBI, also commonly

cer resistance protein (BCRP), is highly expressed in many tissues,
including the mammary glands, prostate, small intestine, brain, colon,
liver, and kidney.'®'” It acts as an essential component of the cell de-
fense system and is also associated with cell stemness.'>** ABCG2 is
known to mediate MDR to numerous anticancer drugs including top-
otecan, mitoxantrone, irinotecan, and SN-38.

To overcome the drug resistance mediated by ABC transporters, four
generations of ABC transporter modulators have been reported. How-
ever, the clinical applications of these modulators are mostly limited
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Figure 1. Structure and cytotoxicity of lazertinib

(A) The structural formula of lazertinib. Cytotoxicity of laz-
ertinib alone was evaluated using the MTT assay in (B)
HepG2 and HepG2/adr cells, (C) KB and KBv200 cells, (D)
S1 and S1-MI-80 cells, (E) HEK293/Vector and HEK293/
ABCBH1 cells, (F) HEK293/Vector and HEK293/ABCG2
cells. The cells were incubated with a range of different
(] concentrations of lazertinib for 72 h. Means + SD values
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- s 90% of cells (both drug-sensitive and drug-resis-
tant cells) remain viable after lazertinib treatment
at this concentration (Figures 1B-1F). As shown
in Table 1 and Table 2, compared with the drug
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cells (KBv200, HepG2/adr, and HEK293/
ABCBI1) and ABCG2-overexpressing MDR cells
(S1-M1-80 and HEK293/ABCG2) are remark-
ably resistant to substrate drugs. However, and
importantly, in the presence of lazertinib, lower
ICs values of the transporter substrate anticancer
agents were achieved in the drug-resistant cells.
However, lazertinib did not appreciably changed
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due to significant toxicity, lack of specificity, and undesirable drug-drug
interactions.”' >* Therefore, there is an unmet medical need for novel
and potent MDR modulators suitable for clinical use in cancer patients.

Tyrosine kinase inhibitors (TKIs) are small molecular compounds
widely used in the clinic for targeted cancer therapy via interfering
the binding of ATP at the tyrosine kinase domain of important onco-
genic signaling molecules.”* Interestingly, some TKIs were also found
to bind to the ATP-binding site of ABC transporters, thus inhibiting
their drug transport function. Our research team has previously re-
ported the inhibition of ABC transporters and reversal of MDR by
numerous TKIs, including rociletinib,? alectinib,’® afatinib,?” osi-
mertinib,”® lapatinib,”® erk5-in-1,"° and CMO082.>' Lazertinib
(YH25448) is a novel third-generation, irreversible, and wild-type-
sparing EGFR TKI recently approved for advanced non-small-cell
lung cancer patients progressing after first- and second- generation
EGFR TKI therapy and harboring a defined tumor T790M status.”>*
In the present study, the possible reversal of ABC transporter-medi-
ated MDR by lazertinib was investigated.

RESULTS

Lazertinib significantly reversed MDR in cancer cells
overexpressing ABCB1 or ABCG2 in vitro

The cytotoxicity of lazertinib alone was first determined by the MTT
assay. As indicated, 0.25 pM lazertinib was chosen as the highest con-
centration used in the MDR reversal studies because approximately

Lazertinib (uM )

the ICs, values of the same anticancer drugs in
the sensitive parental cells, or the ICs, values for
the non-substrate drug (i.e., cisplatin) in both
drug-resistant and drug-sensitive cells. Collec-
tively, our results suggested that lazertinib specifically potentiated
the efficacy of MDR transporter substrate chemotherapeutic drugs
in ABCB1- or ABCG2-overexpressing cancer cells.

T 1
10 100

Lazertinib reversed ABCB1-mediated MDR in vivo

In order to evaluate the MDR reversal effect of lazertinib in vivo, the
ABCBIl-overexpressing HepG2/adr xenograft model in nude mouse
was used. A photograph of the harvested tumor xenograft at the end
of the 28-day observation period is shown in Figure 2A. The tumor
xenograft was not responsive to doxorubicin (DOX) alone (2 mg/kg)
or lazertinib alone (10 mg/kg), because the tumor size was not appre-
ciably different from that of the saline group (Figure 2B). However, a
remarkable decrease in tumor size (Figure 2B) and tumor weight (Fig-
ure 2C) was observed in the combination of lazertinib and DOX
compared with the saline group or the DOX-alone group. Moreover,
no obvious change in mouse body weight was observed in all treatment
groups (Figure 2D), suggesting that the combination therapy was
generally well tolerated. Taken together, the results indicated that laz-
ertinib effectively reversed ABCBI1-mediated MDR at non-toxic doses
in vivo.

Lazertinib enhanced the efficacy of the substrate drug in
ABCB1-overexpressing human tumor specimens

In order to explore the clinical relevance of combination therapy of
lazertinib and traditional chemotherapeutic drugs, clinical specimens
of hepatocellular carcinoma were used in ex vivo experiment. The
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Table 1. Effect of lazertinib on reversing the MDR mediated by ABCB1 or
ABCG2 in drug selected resistant cancer cells

1Cs0 £ SD (uM) (fold reversal)

Compounds KB (parental) KBv200 (ABCBI1)
Vincristine 0.0059 + 0.0323  (1.00) 0.2263 + 0.0323 (1.00)
+0.0625 uM Lazertinib  0.0053 + 0.0003  (1.12) 0.0782 + 0.0182**  (2.89)
+0.125 uM Lazertinib ~ 0.0041 + 0.0002  (1.43) 0.0195 + 0.0105**  (11.60)
+0.25 uM Lazertinib 0.0050 + 0.0007  (1.54) 0.0090 + 0.0011**  (25.21)
+10 pM Verapamil 0.0042 + 0.0002  (1.47) 0.0100 + 0.0038**  (22.60)
Doxorubicin 0.0218 + 0.0038  (1.00) 1.2091 + 0.4592 (1.00)
+0.0625 uM Lazertinib  0.0216 + 0.0093  (1.01) 0.4347 + 0.0807**  (2.76)
+0.125 uM Lazertinib ~ 0.0190 + 0.0038  (1.13) 0.2066 + 0.0872**  (5.85)
+0.25 uM Lazertinib 0.0203 + 0.0030  (1.07) 0.1535 + 0.0698**  (7.87)
+10 pM Verapamil ~ 0.0209 + 0.0140  (1.03)  0.1457 = 0.0192**  (8.29)
Paclitaxel 0.0039 + 0.00375 (1.00) 0.3045 + 0.0145 (1.00)
+0.0625 pM Lazertinib  0.0021 + 0.0005  (1.90) 0.0640 + 0.0341**  (4.75)
+0.125 uM Lazertinib  0.0044 + 0.0043  (0.89) 0.0474 £ 0.0425 **  (6.41)
+0.25 uM Lazertinib ~ 0.0037 + 0.0036  (1.06)  0.0191  0.0178 ** (15.90)
+10 pM Verapamil 00361 +0.0034  (1.09)  0.0127 £ 0.0028 ** (23.97)
Cisplatin 0.6323 £ 0.0568 (1.00)  1.4709 £ 0.0416  (1.00)
+0.25 uM Lazertinib 1.2064 + 0.1808  (0.5241) 1.7951 + 0.0345 (0.82)
HepG2 (parental) HepG2/adr (ABCB1)
Doxorubicin 0.5820 + 0.1940  (1.00) 29.705 + 12.535 (1.00)
+0.0625 uM Lazertinib  0.5556 + 0.1852  (1.04) 55750 + 0.0340%* (5.32)
+0.125 uM Lazertinib ~ 0.4482 + 0.1492  (1.29) 2.9670 + 0.5621**  (10.01)
+0.25 uM Lazertinib 05571 = 0.1857  (1.04)  2.0042 + 0.0247** (14.82)
+10 pM Verapamil 0.5191 £ 0.1730  (1.21) 0.4089 + 0.0972**  (12.41)
Paclitaxel 0.0203 + 0.0003  (1.00) 3.2675 + 0.1025 (1.00)
+0.0625 UM Lazertinib 0.0174 + 0.0021  (1.17) 2.4580 + 0.0912 (1.32)
+0.125 uM Lazertinib ~ 0.0084 + 0.0021  (2.43) 1.0340 + 0.0550**  (3.15)
+0.25 uM Lazertinib 0.0157 + 0.00032 (1.29) 0.4071 + 0.0241**  (8.02)
+10 pM Verapamil 0.0126 + 0.0002  (1.61) 0.2638 + 0.1260**  (12.38)
Cisplatin 1.1124 + 0.0064  (1.00) 3.5702 + 0.0500 (1.00)
+0.25 uM Lazertinib 1.0625 + 0.0237  (1.04) 4.2824 + 0.3864 (0.83)
S1 (parental) S1-MI-80 (ABCG2)

Mitoxantrone 0.3123 + 0.073 (1.00) 7.6202 + 0.4067 (1.00)
+0.0625 uM Lazertinib  0.2423 + 0.0061  (1.28) 5.7620 + 0.3850 (1.33)
+0.125 uM Lazertinib ~ 0.3209 + 0.0262  (0.97) 2.4506 + 0.1539**  (3.10)
+0.25 uM Lazertinib 0.2469 + 0.0252  (1.26) 1.2175 + 0.0367**  (6.25)
+2.5 uM FTC 0.2533 + 0.0369  (1.23) 1.2791 + 0.3631**  (5.95)
Topotecan 0.8309 + 0.0400 (1.00) 6.0657 + 0.1425 (1.00)
+0.0625 uM Lazertinib  0.7393 + 0. 0651 (1.12) 4.0421 + 0.2348 (1.50)
+0.125 uM Lazertinib ~ 0.7774 + 0.0627  (1.06) 1.4407 + 0.0574**  (4.21)
+0.25 uM Lazertinib 0.6006 + 0.0026  (1.38) 0.9122 + 0.0356**  (6.64)
+2.5 uM FTC 0.9061 + 0.1203  (0.91 0.6388 + 0.4464** (9.49)
Cisplatin 0.9972 + 0.0036  (1.00) 3.1475 + 0.0138 (1.00)
+0.25 uM Lazertinib ~ 1.6369 + 0.013  (0.61)  3.2288 + 00262  (0.97)
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The ICs5, of each drug was calculated by MTT assay, and the value represents means +
SD of three independent results. Setting the ratio of the ICs, for chemotherapeutic agent
alone versus the ICs, for combination with lazertinib as the fold reversal of MDR. VRP
and FTC served as the positive control inhibitor for ABCB1 and ABCG2, respectively.
*p < 0.05, **p < 0.01 versus the control group.

expressions of ABCBI of three specimens were detected by flow cy-
tometry, and their expression rates were 63.7%, 40.6%, and 19.7%,
respectively (Figure 2E). Every specimen was divided into four groups
and were treated with saline, lazertinib, DOX, and combination ther-
apy, respectively. The result of a representative case is shown in Fig-
ure 2F, and the quantifications of three cases are shown in Figure 2G,
which indicated that DOX was resistant in the ABCB1-overexpress-
ing specimens and that lazertinib was able to reverse the resistance
of DOX effectively. The results suggested that lazertinib effectively
enhanced the efficacy of the substrate drug in ABCB1-overexpressing
human tumor specimens.

Lazertinib increased the cellular retention of ABCB1/ABCG2
substrate anticancer drugs in MDR cells by inhibiting drug efflux
The fluorescent compounds DOX and Rho 123, which are known
substrates of ABCB1 and ABCG2, were used to evaluate the effect
of lazertinib on drug accumulation and efflux assays. After a 3-h in-
cubation with DOX or Rho 123, the cellular accumulations of the
fluorescent dyes were evaluated in the presence or absence of lazerti-
nib. Compared with the sensitive parental cells (HepG2 and S1), the
higher expression of ABCB1 and ABCG?2 in the MDR cells (HepG2/
adr and S1-M1-80 cells, respectively) caused low intracellular accu-
mulation of DOX (Figures 3A and 3C) and Rho 123 (Figures 3B
and 3D). Intriguingly, lazertinib was found to significantly increase
the cellular accumulation of DOX and Rho 123 in the resistant
HepG2/adr cells (Figures 3A and 3B) and S1-M1-80 cells (Figures
3C and 3D) in a concentration-dependent manner. However, the
accumulation of DOX or Rho 123 in the parental cells (HepG2 and
S1) was not affected notably by lazertinib.

To further confirm whether the increased cellular accumulation of the
transporter substrate drugs was caused by inhibition of the drug efflux
function of ABCB1 and ABCG2, the intracellular retention of a fluo-
rescent ABCB1/ABCG2 substrate dye Rho 123 was examined and
evaluated at different time points in the presence of lazertinib.
Compared with the lazertinib-incubated cells, the intracellular reten-
tion of Rho 123 in the no-treatment cells was remarkably reduced at
all time-points in MDR cells. However, no significant alteration was
observed in the parental HepG2 cells (Figure 3E) and S1 cells (Fig-
ure 3F). The results indicated that lazertinib increased cellular accu-
mulation of ABCB1/ABCG2 substrate drugs in MDR cells by block-
ing the drug efflux function of the transporters.

Lazertinib stimulated the activity of ABCB1 and ABCG2 ATPase

To examine whether lazertinib affected the ATPase activity of the
ABC transporters, the vanadate-sensitive ATPase activity of
ABCB1/ABCG2 was detected in the presence of various concentra-
tions of lazertinib. Lazertinib was found to stimulate the ATPase ac-
tivity of both ABCB1 and ABCG2 in a concentration-dependent
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Table 2. Effect of lazertinib on reversing the MDR mediated by ABCB1 or
ABCG2 in stable transfected cells

1Cs0 = SD (uM) (fold reversal)

Compounds HEK293/vector HEK293/ABCB1
Doxorubicin 0.06088 + 0.0098 (1.00) 1.2238 + 0.1424 (1.00)
+0.0625 uM Lazertinib  0.05451 + 0.0032  (1.11) 0.3212 + 0.0124**  (3.81)
+0.125 uM Lazertinib ~ 0.0720 + 0.0012  (0.84) 0.2497 + 0.0275**  (4.90)
+0.25 uM Lazertinib 0.0528 + 0.0023  (1.15) 0.1073 = 0.0129**  (11.40)
+10 pM Verapamil 0.06244 + 0.0087 (0.97) 0.0692 + 0.0044**  (17.68)
Paclitaxel 0.0157 £ 0.0033  (1.00) 2.7183 + 0.0296 (1.00)
+0.0625 uM Lazertinib  0.0163 + 0.0006  (0.96) 1.8755 + 0.0109 (1.44)
+0.125 uM Lazertinib ~ 0.0149 + 0.0034  (1.05) 0.8179 + 0.0130**  (3.32)
+0.25 pM Lazertinib 0.0182 £ 0.0025  (0.86) 0.3574 + 0.0590**  (7.62)
+10 pM Verapamil 0.0145 £ 0.0013  (0.85) 0.1451 + 0.0155%* (18.74)
Cisplatin 1.9158 £ 0.1223  (1.00) 3.3022 + 0.6193 (1.00)
+0.25 uM Lazertinib 2.2725 + 0.2337 (0.84) 3.2578 +0.6124 (1.01)
HEK293/Vector HEK293/ABCG2
Mitoxantrone 0.0634 £ 0.0031  (1.00) 0.6514 + 0.0663  (1.00)
+0.0625 UM Lazertinib  0.0567 + 0.0046 (1.11)  0.2229 + 0.0445*  (2.92)
+0.125 pM Lazertinib ~ 0.0354 + 0.0034  (1.79) 0.1258 % 0.0207** (5.17)
+0.25 uM Lazertinib 0.0410 = 0.0061 (1.54) 0.0725 + 0.0269**  (8.97)
+2.5 uM FTC 0.0461 + 0.0035  (1.37) 0.0601 + 0.0451**  (10.84)
Topotecan 0.0948 + 0.0092  (1.00) 1.8948 + 0.0508 (1.00)
+0.0625 uM Lazertinib  0.1133 + 0.0089  (0.83) 1.4401 + 0.0464 (1.31)
+0.125 pM Lazertinib ~ 0.1193 + 0.0071  (0.79)  0.2588 + 0.0308**  (7.32)
+0.25 uM Lazertinib 0.1367 + 0.0061  (0.69) 0.1587 + 0.0154**  (11.94)
+2.5 uM FTC 0.1231 £ 0.0077  (0.77)  0.1052 + 0.0400**  (18.00)
Cisplatin 1.9158 £ 0.1223  (1.00) 2.4612 + 0.0566 (1.00)
(

+0.25 pM Lazertinib 22725+ 02337 (0.84) 2.1443 + 0.0491

The ICs of each drug was calculated by MTT assay, and the value represents means and
SD of three independent results. Setting the ratio of the IC5, for chemotherapeutic agent
alone versus the ICs, for combination with lazertinib as the fold reversal of MDR. VRP
and FTC served as the positive control inhibitor for ABCB1 and ABCG2. *p < 0.05, **p <
0.01 versus the control group.

manner. The ATPase activity reached a plateau near 62 or 70 nmol/
min/mg protein in ABCB1 (Figure 4A) or ABCG2 (Figure 4B),
respectively, which was attained at 0.5/0.2 pM lazertinib. At higher
concentration of lazertinib, the stimulated ABCB1/ABCG2 ATPase
activity remained steady up to the highest concentration tested
(1 pM). The results suggested that lazertinib could significantly
enhance the ATPase activity of ABC transporters.

Lazertinib inhibited the photoaffinity labeling of ABCB1 and
ABCG2

The photoaffinity analog of prazosin, '**I-IAAP, which is a known
substrate of ABCB1 and ABCG2, has been widely used to determine
the binding regions of the ABC transporters that interact with sub-
strates and inhibitors. Previous reports have shown that the substrates
or inhibitors of ABCB1/ABCG2 can compete with '**I-iodoarylazido-

prazosin (‘**I-TAAP) for photolabeling of the transporter.”* It was
noteworthy that lazertinib concentration-dependently inhibited the
photolabeling of ABCBI (Figure 4C) and ABCG2 (Figure 4D), and
their 50% inhibition concentrations of lazertinib were approximately
0.4 and 0.2 pM, respectively. Thus, lazertinib might compete with the
ABCB1/ABCG2 substrates to bind to the substrate-binding sites of
the transporter to mediate the decrease in efflux of the substrate drugs
and the increase of the cellular drugs.

Lazertinib did not alter ABCB1 or ABCG2 expression and
localization in the MDR cells

Since the alteration of ABC transporter expression might also
contribute to the reversal of MDR,>*"® we further evaluated the effect
of lazertinib on the mRNA and protein levels of ABCB1 or ABCG2
using PCR and western blot/flow cytometric analyses,respectively.
After treatment with different concentrations of lazertinib or for
different durations of time, there were no noticeable differences in
ABCBI1 or ABCG2 protein expression (Figure 5A). By quantitative
real-time PCR, the mRNA expression of ABCB1 or ABCG2 was
also not appreciably affected by lazertinib treatment in the MDR cells
(Figures 5B and 5C). Moreover, lazertinb did not alter the plasma
membrane localization of ABCB1 or ABCG2 in cancer cells according
to the flow cytometry and immunofluorescence (Figures 5D-5F). The
results suggested that the reversal of MDR by lazertinib is unrelated to
the alteration of ABCB1 and ABCG2 expression.

ABCB1 or ABCG2 knockdown decreased the chemotherapy-
sensitizing effect of lazertinib

To further determine the reversal efficacy of lazertinib mediated by
ABCBI or ABCG2, the cells with knockdown of mdrl or ABCG2
by shRNA were established. The knockdown efficacy was confirmed
by western blotting (Figure 6A), and the cell growth rate was not
changed by ABCB1 or ABCG2 protein expression level (Figure 6B).
Then the effect of lazertinib on reversal of MDR was examined by
MTT assay. Similarly, 0.25 pM lazertinib was chosen as the highest
concentration used in the MDR reversal studies, because approxi-
mately 90% of cells remain viable after lazertinib treatment (Fig-
ure 6C). The results showed that the fold reversal of lazertinib was
significantly reduced in the cells with knockdown of mdrl or
ABCG2 compared with that in the overexpression of ABCB1 or
ABCG2 parental cells Table 3). These suggest that ABCB1 or
ABCG2 knockdown decreases the efficacy of lazertinib on the reversal
of MDR.

Lazertinib did not affect EGFR downstream signaling pathway at
the MDR reversal drug concentration

As reported previously, the blockade of phosphorylation of kinases
downstream of EGFR could also enhance the chemosensitivity of
MDR cells to anticancer drugs.”” To verify whether the MDR reversal
concentrations of lazertinib could affect the Akt and Erk1/2 signaling
pathway, western blots were performed. After lazertinib treatment at
its MDR reversal concentrations, the expressions of total or phos-
phorylated Akt and Erkl1/2 were not significantly changed in
HepG2 (Figure 6D), HepG2/adr (Figure 6E), KB (Figure 6G),
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(A) Photograph of resected tumor xenograft specimen at the end of the 28-day observation period is shown. The tumor growth curves of each treatment group were plotted.
(B) Mean + SD of tumor volume in each treatment group is presented. (C) The bar chart represents the mean + SD tumor weight of each treatment group (n = 6). (D) Changes
in mouse body weight after tumor xenograft inoculation. Mean +SD of per treatment group is presented. The different treatment groups are as follows: saline (Q3dX6),
doxorubicin (2 mg/kgi.p., g3dX6), lazertinib(10 mg/kg p.o., g3dX6), lazertinib(10 mg/kg p.o., g3dX6, given 1 h before doxorubicin treatment), and doxorubicin (2 mg/kgi.p.,
g3dX6). (E) The expression levels of ABCB1 of three clinical tumor specimens were examined using flow cytometric assay. (F) Representative images of ex -vivo tumor
specimens. Left: the specimens before drug treatment; right: living cells after drug treatment (MTT staining) captured by the system. (G) Inhibition percentages after different
treatments of three specimens. The different treatment groups are as follows: saline; 2.3ug/mL doxorubicin alone, 1.6ug/mL lazertinib alone, combination of 1.6ug/mL
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KBv200 (Figure 6H), S1 (Figure 6]), and S1-MI-80 cells (Figure 6K).
The results suggested that the MDR reversal effect of lazertinib is in-
dependent of the inhibition of the EGFR signaling pathway.

DISCUSSION

The overexpression of ABC transporters in MDR cancer cells is a ma-
jor hindrance to chemotherapy. With an aim to overcome MDR,
numerous transporter inhibitors have been investigated.”® *° These
modulators could be grouped into the following four categories. (1)
First-generation modulators include tamoxifen, verapamil, and cyclo-
sporin A. They are not effective to elicit MDR reversal in vivo due to
unacceptable toxicity."' (2) Second-generation modulators include
$9788 and PSC833. They were found to cause significant pharmaco-
kinetic alterations of concomitantly administered chemotherapeutic
drugs and thus led to unpredictable side effects.” (3) Third-genera-
tion modulators (e.g., tariquidar [XR9576], zosuquidar, and
GF120918) and fourth-generation modulators (e.g., neochamaejas-
min B [NCB] and curcumin) are generally less toxic and cause less
pharmacokinetic interaction with anticancer drugs. However, unsat-
isfactory outcomes from clinical trials have limited the clinical
application of the third- and fourth-generation modulators.*>~**
Therefore, novel and effective strategies for MDR reversal are still
badly needed.

The development of TKIs as molecular targeted agents represents a
breakthrough in cancer therapy. TKIs work by specifically binding
to the ATP-binding site of oncogenic tyrosine kinases and thus selec-
tively inhibit tumor growth. Interestingly, we and others have
reported that numerous TKIs could also be used to reverse ABC
transporter-mediated MDR.** TKIs were found to interact with the
ATP-binding site of ABC transporters and inhibit the drug efflux
function to circumvent MDR.*>**® On the other hand, some TKIs
were also reported to downregulate the expression of ABC trans-
porters to enhance the efficacy of anticancer drug.”

In this study, lazertinib, a novel third-generation, irreversible, and
mutant selective EGFR TKI, was evaluated for its MDR reversal activ-
ity in vitro, in vivo, and ex vivo. Lazertinib was found to specifically
enhance the efficacy of chemotherapeutic drugs in MDR cells overex-
pressing with ABCB1 or ABCG2 because drug sensitivity of parental
cells was not affected by lazertinib. Moreover, lazertinib did not affect
the cytotoxicity of other anticancer drugs that are not ABCB1/
ABCG?2 substrates (such as cisplatin) (Figure 1, Tables 1, 2). Mean-
while, ABCB1 or ABCG2 knockdown decreased the reversal efficacy
of lazertinib, which further indicated that the reversal efficacy of laz-
ertinib was mediated by ABCB1 or ABCG2 (Table 3). More impor-
tantly, the combination of lazertinib and doxorubicin was also found
to exhibit a remarkably higher anticancer effect than doxorubicin or

Molecular Therapy: Oncolytics

lazertinib alone in an ABCBIl-overexpressing HepG2/adr tumor
xenograft nude mouse model in vivo (Figure 2). Meanwhile, the clin-
ical specimens were used to evaluate the clinical relevance of reversal
efficacy, and the results suggested that lazertinib could enhance the
efficacy of traditional chemotherapeutic drugs ex vivo, which could
provide more reference for clinical application (Figure 2).

To investigate the mechanism of the MDR reversal by lazertinib, the
intracellular accumulation of fluorescent ABCB1/ABCG2 substrate
dyes or anticancer drugs was evaluated. Lazertinib was found to in-
crease the intracellular accumulation of ABCB1/ABCG2 substrate
anticancer drugs in MDR cells overexpressing the transporters by in-
hibition of drug efflux, but no effect was observed in drug-sensitive
cells (Figure 3). Further investigations revealed that lazertinib in-
hibited the photolabeling of ABCB1 and ABCG2 by '*’I-TAAP.
Therefore, lazertinib may interact with the substrate-binding sites
of ABCB1/ABCG2 to inhibit the efflux function of the transporters
in a competitive manner (Figure 4). Moreover, the stimulation of
ABCBI1 and ABCG2 ATPases by lazertinib is also consistent with
the interaction of the TKI with the ATP-binding domain of the trans-
porters. Therefore, the inhibition of drug efflux function of the trans-
porters by lazertinib may be responsible for the observed MDR
reversal. Some TKIs have been reported to downregulate the expres-
sion of ABC transporters to modulate MDR. In our study, lazertinib
did not alter the expression of ABCB1 or ABCG2 at both mRNA and
protein levels at concentrations up to 10 uM, and the localization also
did not change after the treatment of lazertinib (Figure 5). In addition,
at the effective MDR reversal concentrations, lazertinib did not affect
the EGFR downstream signaling pathway (Figure 6).

In summary, lazertinib was found to increase the cellular accumulation
of transporters substrate chemotherapeutic drugs to modulate MDR
by inhibiting the efflux function of ABCB1 or ABCG2 (Figure 7).
Lazertinb may be adopted as a novel chemosensitizer to overcome
MDR in ABCBI1 or ABCG2-overexpressing cancer cells.

MATERIALS AND METHODS

Reagents and chemicals

Lazertinib was purchased from MedChemExpress (Princeton, NJ,
USA). Vincristine (VCR), paclitaxel, DOX, mitoxantrone (MX), top-
otecan, G418, fumitremorgin C (FT'C), verapamil (VRP), cisplatin,
rhodamine 123 (Rho 123), and 1-(4,5-dimethylthiazol-2-yl)-3,5-di-
phenylformazan (MTT) were acquired from Sigma-Aldrich (St.
Louis, MO, USA). Antibodies against ABCB1, ABCG2, ERK, and
p-ERK, Akt, p-Akt, and flow cytometry antibodies against ABCG2
were obtained from Santa Cruz Biotechnology Inc. (Paso Robles,
CA, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
antibody was obtained from Kangchen Co. (Shanghai, China).

Figure 3. Effect of lazertinib on cellular accumulation and efflux of fluorescent substrates

The cellular retention of doxorubicin in (A) HepG2 and HepG2/adr; (C) S1 and S1-MI-80 and the cellular accumulation of Rho 123 in (B) HepG2 and HepG2/adr; (D) S1 and
S1-MI-80 cells were measured, respectively. The Rho 123 efflux at different time points was detected in (E) HepG2 and HepG2/adr cells and (F) S1 and S1-MI-80 cells in the
presence or absence of 0.25 uM lazertinib. The relative values were estimated according to the fluorescence intensity in the MDR cells. All assays were repeated three times,
and the data are expressed as means + SD. *p < 0.05, “*p < 0.01, significantly different from the control group.
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Figure 4. Effect of lazertinib on the ATPase activity
and the '?°I-IAAP photolabeling of ABC transporters
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Lazertinib ( pM )

ABCBI and mouse IgG2b/k antibodies used in flow cytometry were
obtained from BD Biosciences (San Jose, CA, USA). RPMI 1640
and DMEM media were purchased from Thermo Fisher Scientific
Inc. (Waltham, MA, USA). SYBR Green qPCR Master Mix was ob-
tained from ExCell Bio (Shanghai, China).

Cell culture

The human hepatoma HepG2 (parental sensitive cells) and HepG2/
adr cells (ABCBI1-overexpressing drug-resistant cells); the colon car-
cinoma S1 (parental sensitive cells) and S1-M1-80 cells (ABCG2-
overexpressing drug-resistant cells) were maintained in DMEM
containing 10% fetal bovine serum (FBS). The RPMI 1640 medium
supplemented with 10% FBS was used to culture the human oral car-
cinoma KB (parental sensitive) and KBv200 cells (ABCB1-overex-
pressing drug-resistant cells). To sustain the drug-resistance pheno-
type, all resistant cells were cultured in the presence of a selected
drug at low concentration. At 2-3 weeks before experiments, resistant
cells were allowed to grow in drug-free medium. HEK293 cells and
their stable-transfected sub-lines (backbone vector, ABCBI1, or
ABCG2) were maintained in DMEM with 10% FBS and 100 pg/mL
G418.

Cell proliferation and cytotoxicity assay

MTT assay was used to evaluate the cell proliferation and drug cyto-
toxicity as previously described.”” The 50% inhibitory concentration
(ICsp) was calculated by the Bliss method from the cell survival
curves.”” The resistance index (RI) of MDR cells and fold reversal
by lazertinib were calculated with the following formula: RI = ICs,
of drugs in drug-resistant cells/ICso of drugs in the drug-sensitive
cells; fold reversal = ICs, of the conventional anticancer drug alone/
ICs of the conventional anticancer drug when used in combination
with lazertinib.

" Lazertinib (pM )

HepG2/adr cells. When average tumor volume
reached 50 mm?>, four groups of six mice each
were randomized to receive the following treat-
ment: (a) saline (q3dX6), (b) DOX alone (2 mg/kg i.p., ¢3dX6), (c)
lazertinib alone (10 mg/kg p.o., g3dX6), or (d) combination of lazer-
tinib (10 mg/kg p.o., ¢3dX6, given 1 h before treatment of DOX) and
DOX (2 mg/kg i.p., 3dX6). The tumor sizes and mouse body weights
were recorded every 3 days. Tumor volume (V) was estimated accord-
ing to the following formula: V= (7t/6) [(A + B)/ 213 (A represents the
maximal diameter, and B represents the perpendicular diameter). At
the termination of the experiment, the mice were euthanized, and the
tumors were stripped and weighed. The tumor inhibition rates (IR)
were then calculated using the following formula:*’

IR(%) = (1

x 100%

Average tumor weight of treatment mouse
Average tumor weight of control mouse

Ethical approval for the animal experiment was granted by the Ani-
mal Ethics Committee of Sun Yat-sen University Cancer Center
(No. L1020420200908S).

Ex-vivo experiment

To evaluate the ex vivo reversal efficacy of lazertinib, an histoculture
drug response assay was carried out according to a previous paper.*’
The tumor specimens were collected from patients that were diag-
nosed with hepatocellular carcinoma, and the specimens were placed
in DMEM after the resection and were processed within 6 h.

First, the specimens were dissected into small pieces (1 x 1 x 1 mm?®)
and placed on filter-papers which were put on the scaffold of 24-well
plates in 2 mL of medium. The sample volumes were calculated by
the Image Analysis System to obtain the A-score. Then, the specimens
were divided into four groups and given the following administrations
for 3 days: (a) saline; (b) 2.3 ng/mL DOX alone; (c) 1.6 pg/mL lazertinib
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alone, or (d) the combination of 1.6 pg/mlLl lazertinib (given 1 h before
treatment of DOX) and 2.3 pg/mL DOX. After adding the MTT into
the medium for 4 h, the stained area and intensity were determined
by using the Image Analysis System to obtain the B-score.
Finally, the inhibition rates (IR) were calculated using the following
formula:

Average of B — Scores of treated samples/Average of A — Scores of treated samples

Molecular Therapy: Oncolytics

The photolabeling assay of ABCB1 and ABCG2 with '2°I-IAAP

Crude membrane from ABCBI1- or ABCG2-overexpressing High Five
insect cells (50pg protein) was put together with 0-2 pM lazertinib for
5 min at normal temperature in 50 mM Tris-HCI (pH 7.5). Cross-
linking was performed under ultraviolet (UV) light with 365-nm
wavelength on ice after incubation with the '**I-TAAP (3 nM, 2,200

IR(%) = (1

Ethical approval for the experiment was granted by the Zhujiang Hos-
pital, Southern Medical University. (N0.2021-KY-162-02)

DOX and Rho 123 accumulation assay

The accumulation of fluorescent ABCB1/ABCG2 probe substrates
(i.e, DOX and Rho 123) in cells was analyzed with flow cytometry
to indicate the inhibitory effect of the transporters by lazertinib, as
previously described.”® First, the cells were incubated with lazertinib
at various concentrations for 3 h. Then, the medium containing 5 pM
Rho 123 or 10 uM DOX was replaced to culture for 0.5 or 3 h, respec-
tively. Afterward, the cells were collected and washed three times with
ice-cold PBS. The drug accumulation was determined by flow cytom-
etry. Verapamil and fumitremorgin C served as positive modulator
control of ABCB1 and ABCG2, respectively.”'

Rho 123 efflux assay

The drug efflux assays were carried out as described previously.””
Briefly, cells were first allowed to incubate in medium containing
5 uM of the fluorescent transporter substrate (Rho 123) for 30 min.
The cells were then washed three times with ice-cold PBS. Afterward,
the cells were maintained in fresh medium with or without 0.25 uM
lazertinib, and the incubation continued. At different time points, the
cells were collected and washed with ice-cold PBS, and the fluores-
cence intensity retained inside the cells was immediately analyzed
by flow cytometric analysis.

ATPase assay of ABCB1 and ABCG2

The ATPase assay was carried out to measure the vanadate-sensitive
ATPase activity of ABCB1 or ABCG2 in cell membrane prepared
from High-Five insect cells (cat. no. 453270) using the BD Gentest
ATPase assay kit (BD Biosciences, San Jose, CA, USA).>* Briefly,
ABCBI- or ABCG2-overexpressing cell membrane (100 pg/mL pro-
tein) was incubated with lazertinib (0. 001-1 pM) in a buffer of
ATPase assay containing, or not, sodium orthovanadate (1. 2 mM)
at 37°C for 5 min. Then, 12 mM Mg-ATP was added into the total
reaction volume to initiate the reaction of ATPase hydrolysis and
adding 30 uL 10% sodium dodecyl sulfate (SDS) solution to terminate
the reactions after 10 min at 37°CFinally, measuring the absorbance
at 800 nm was measured and quantitated using a phosphate standard
curve to determine the inorganic phosphate release.
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Average of B — Scores of Control/ Average of A — Scores of Control

) X 100%

Ci/nmol) under weak light for another 5 min. The photolabeled
ABCBI1 or ABCG2 was immunoprecipitated using the specific anti-
bodies C219 (Enzo Life Sciences, Farmingdale, NY, USA) and
BXP21 (Novus Biologicals, Centennial, CO, USA), respectively.
Tris-acetate NuPAGE gel (7%) served as the loading of the sample
in the SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
then the gel was exposed under Bio-Max MR film for overnight at
—80°C after being dried. The Storm 860 PhosphorImager system
was used to quantify the incorporated radioactivity.

Western blot analysis

Western blot analysis was performed as described previously.**
Briefly, the cells were treated with a range of different concentrations
of lazertinib for different periods of time. Afterward, the cells were
harvested, and the proteins of interest were separated by SDS-
PAGE and detected with specific antibodies.

Quantitative real-time PCR

To evaluate the mRNA levels of ABCB1 and ABCG2, quantitative PCR
analysis was carried out as previously described.” Briefly, the cells were
treated with a range of different concentrations of lazertinib for various
periods of time. Total RNA was then harvested and subjected to real-
time PCR analysis. The PCR primers were 5'-GAGTCAAGG
ATTTGGTCGT-3 (forward) and 5-GATCTCGCT CCTGGAAG
ATG-3(reverse) for GAPDH, 5'-CAGGCTTGCTGTA ATTACCC
A-3' (forward) and 5'-TCAAAGAAACAACGGTTCGG-3' (reverse)
for ABCB1; 5-TGGCTGTCATGGCTTCAGTA-3' (forward) and 5'-
GCCACGTGATTCTTCCACAA-3 (reverse) for ABCG2. SYBR
Green qPCR Master Mix was used to conduct the qPCR assay. ACp
was calculated by subtracting the C; of GAPDH from the Cr of the
transcript under investigation (i.e., ABCBI or ABCG2). Fold difference
in gene expression was calculated by the 27T method.

Flow cytometry

Flow cytometric analysis was carried out to examine the expression of
ABCBI or ABCG2 on cell surface, as described previously.”” Cells
were incubated with various concentrations of lazertinib for 48 h. Af-
ter a washing with PBS, the cells in suspension were incubated in the
dark for 30 min with specific ABCB1/ABCG2 antibodies carrying a
fluorescence tag. Cell samples incubated with an antibody against
mouse IgG2b/k was used as the background control. Detection of
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Figure 5. Effect of lazertinib on ABCB1 or ABCG2 expression of MDR cells

(A and B) The protein and mRNA expressions of ABCB1 and ABCG2 in MDR cells were examined by western blot and semi-quantitative RT-PCR assays, respectively. (C) The
mMRNA expression of ABCB1 and ABCG2 in the MDR cells were evaluated by real-time qPCR assay. (D) Protein expression of ABCB1 and ABCG2 on cell surface of MDR
cells was examined using flow cytometric assay. (E and F) HepG2/adr cells and SI-MI-80 cells were treated with or without lazertinib at 0.25 uM for 48 h. The subcellular
localization pattern of ABCB1 or ABCG2 was evaluated using confocal laser scanning microscopy. ABCB1 or ABCG2 (green) and nuclei (DAPI, blue) were visualized.

Means + SD of three independent experiments are shown.

fluorescence signal on cell surface by flow cytometry indicated the
expression of the expression of the transporters.

Immunofluorescence
Cells were cultured in glass-bottomed confocal culture dishes and were
treated with 0.25uM lazertinib for 48 h, and then the cells were fixed

with paraformaldehyde for 15 min after being washed three times
with PBS. 0.1% Triton X-100 was used to permeabilize the membranes
and 1% BSA was then used to blocked them. The primary antibody was
incubated overnight, and then the secondary antibody was incubated
for 1 h. Finally, the nucleus was stained with DAPI, and a Zeiss LSM
880 confocal microscope was used to acquire the images.
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(A) Western blotting showing ABCB1 and ABCG2 knockdown in HepG2/adr cells and S1-MI-80 cells. (B and C) Cell growth curve and cytotoxicity of lazertinib alone were
evaluated using the MTT assay in knockdown cells. Western blot analysis was used to detect the relative protein levels of Akt and ERK1/2 in HepG2 (D), HepG2/adr (E), KB
(G), KBv200 (H), S1 (J), and S1-MI-80 (K) cells. Lazertinib (10uM) was used as the positive control, which blocked the activation of Akt and ERK1/2 in the cells. (F, |, and L) The
protein levels of p-Akt and p-ERK were quantified. Representative blot images are shown from three independent experiments.

ABCB1 or ABCG2 knockdown assay

ABCBI1- or ABCG2-specific ShRNA were designed according to the
genetic sequence of the National Center for Biotechnology Informa-
tion (NCBI) database. The target sequences are as follows: ABCBI1-

646 Molecular Therapy: Oncolytics Vol. 24 March 17 2022

shl: GAGGAGCAAAGAAGAAGAACT; ABCBI-sh2: GCAGAG
AGGCAAATCTTTAATCTC; ABCG2-shl: GCAGATGCCTTCTT
CGTTATG; ABCG2-sh2: GCTTCAGTACTTCAGCATTCC. The
shRNAs expressing pLKO.1 vector were co-transfected with psPAX2
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Table 3. Effect of lazertinib on reversing the MDR mediated by ABCB1 or ABCG2 in knockdown cells

ICs0 £+ SD (uM) (fold reversal)

Compounds HepG2/adr-ABCB1 shNC HepG2/adr-ABCBI shl HepG2/adr-ABCB1 sh2

Doxorubicin 27.4661 + 0.3836 (1.00) 4.0923 + 0.0212 (1.00) 8.1376 = 0.3808 (1.00)
+0.0625 uM Lazertinib 6.0025 + 0.6877** (4.57) 2.7734 = 0.0282 (1.47) 6.9584 + 1.4490 (1.17)
+0.125 uM Lazertinib 2.1431 + 0.0423** (12.81) 2.8496 = 0.0486 (1.43) 4.4796 = 0.1982 (1.82)
+0.25 uM Lazertinib 1.9838 + 0.0659** (13.84) 2.2005 = 0.0195 (1.85) 3.6996 + 0.0653** (2.19)
+10 pM Verapamil 1.7909 + 0.0757** (15.34) 0.9553 + 0.0224** (4.28) 3.0630 + 0.0742** (2.66)
Paclitaxel 5.3889 + 1.3112 (1.00) 0.6308 + 0.0622 (1.00) 0.8578 + 0.0114 (1.00)
+0.0625 uM Lazertinib 1.8651 + 0.4068 (2.89) 0.6617 + 0.0561 (0.98) 0.6030 = 0.0072 (1.42)
+0.125 uM Lazertinib 0.5911 + 0.0557** (9.12) 0.4907 + 0.0152 (1.35) 0.5427 + 0.0083 (1.58)
+0.25 pM Lazertinib 0.6033 + 0.1084** (8.94) 0.3140 = 0.0161 (2.11) 0.4432 + 0.0067 (1.93)
+10 pM Verapamil 0.4287 + 0.3642** (12.56) 0.2201 + 0.0354** (3.01) 0.1989 + 0.0045** (4.31)
Cisplatin 3.0031 + 0.0559 (1.00) 2.0149 = 0.3111 (1.00) 3.3798 + 0.2410 (1.00)
+0.25 pM Lazertinib 3.4615 = 0.0913 (0.86) 2.2279 + 0.5146 (0.90) 3.7883 + 0.2290 (0.89)

S1-MI-80-ABCG2 shNC $1-MI-80-ABCG2-sh1 S1-MI-80-ABCG2 sh2

Mitoxantrone 6.5865 + 0.0648 (1.00) 0.8174 + 0.0769 (1.00) 0.8344 + 0.0164 (1.00)
+0.0625 uM Lazertinib 3.0584 = 0.0161 (2.15) 0.4375 = 0.0042 (1.86) 0.3831 + 0.0287 (2.17)
+0.125 uM Lazertinib 1.2227 + 0.0035** (5.39) 0.1650 + 0.0025** (4.95) 0.1917 + 0.0078** (4.23)
+0.25 pM Lazertinib 0.6506 + 0.0093** (10.12) 0.1561 + 0.0056** (5.23) 0.1403 + 0.0012** (5.94)
+2.5 uM FTC 0.2994 + 0.0039** (21.98) 0.1059 + 0.0049** (7.71) 0.1073 + 0.0012** (7.77)
Topotecan 5.9804 = 0.4179 (1.00) 0.6302 = 0.0776 (1.00) 0.4415 + 0.0283 (1.00)
+0.0625 uM Lazertinib 1.2441 + 0.1245** (4.81) 0.7606 * 0.0457 (0.83) 0.1148 + 0.0524 (3.84)
+0.125 uM Lazertinib 0.7135 + 0.1281** (8.38) 0.2933 +0.0124 (2.15) 0. 1203 £ 0.0356* (3.67)
+0.25 pM Lazertinib 0.5502 + 0.0864** (10.87) 0.2536 = 0.0049 (2.48) 0.2195 + 0.0362 (2.01)
+2.5 UM FTC 0.4633 + 0.1040** (12.91) 0.3612 = 0.0819 (1.47) 0.1020 + 0.0138* (4.32)
Cisplatin 5.7041 = 0.1271 (1.00) 3.7557 £ 0.0172 (1.00) 4.7405 + 0.2325 (1.00)
+0.25 pM Lazertinib 4.8578 + 0.0689 (1.17) 5.2267 = 0.0334 (0.72) 5.6188 + 0.0539 (0.84)

The ICs of each drug was calculated by MTT assay, and the value represents means and SD of three independent results. Setting the ratio of the IC5, for chemotherapeutic agent alone
versus the ICs, for combination with lazertinib as the fold reversal of MDR. VRP and FTC served as the positive control inhibitor for ABCB1 and ABCG2. *P < 0.05, **P < 0.01 versus

the shNC group.

and pMD.2G into 293 T cells by lentiviral infection. Viral supernatant
was collected after the transfection for 72 h, filtered, and added to the
culture medium of cancer cells for 24 h. Then, the cancer cells were
treated with puromycin (5 pg/mL) after 48 h. Knockdown efficacy
was confirmed by western blotting.

Statistical analysis

All experiments were repeated three times. Statistical significance
was determined by Student’s t test. All results are presented as
means + standard deviations. Significance was set at *p < 0.05,
p < 0.01.
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Figure 7. A schematic diagram illustrating the proposed mechanism contributing to MDR reversal by lazertinib
Left: In the absence of MDR inhibitor, ABCB1/ABCG2 substrate anticancer drugs are effectively pumped out of MDR cells, leading to low intracellular drug concentration and
resistance. Right: Lazertinib inhibits the drug efflux function of ABCB1/ABCG2 to increase drug accumulation in MDR cells and circumvent drug resistance.
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