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Abstract

The development of resistance to EGFR Tyrosine kinase inhibitors (TKIs) in NSCLC with
activating EGFR mutations is a critical limitation of this therapy. In addition to genetic alterations
such as EGFR secondary mutation causing EGFR-TKI resistance, compensatory activation of
signaling pathways without interruption of genome integrity remains to be defined. In this study,
we identified S6K1/MDMZ2 signaling axis as a novel bypass mechanism for the development of
EGFR-TKI resistance. The observation of S6K1 as a candidate mechanism for resistance to EGFR
TKI therapy was investigated by interrogation of public databases and a clinical cohort to establish
S6K1 expression as a prognostic/predictive biomarker. The role of S6K1 in TKI resistance was
determined in /n vitro gain-and-loss of function studies and confirmed in subcutaneous and
orthotopic mouse lung cancer models. Blockade of S6K1 by a specific inhibitor PF-4708671
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synergistically enhanced the efficacy of TKI without showing toxicity. The mechanistic study
showed the inhibition of EGFR caused nuclear translocation of S6K1 for binding with MDMZ2 in
resistant cells. MDM2 is a downstream effector of S6K1-mediated TKI resistance. Taken together,
we present evidence for the reversal of resistance to EGFR TKI by the addition of small molecule
S6K1/MDM?2 antagonists that could have clinical benefit.
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Introduction

Lung cancer is the leading cause of cancer-related mortality worldwide, which is responsible
for one-third of all cancer death (1). Non-small-cell lung cancer (NSCLC) accounts for 85%
of lung cancer cases in which only 15% of patients survive more than 5 year after the initial
diagnosis (2). In addition to traditional treatments, targeted cancer therapies have emerged as
a promising therapeutic strategy based on the pathogenesis of the disease. The epidermal
growth factor receptor (EGFR) has been recognized as a landmark target of NSCLC therapy
and thus EGFR tyrosine inhibitors (EGFR-TKIs) are widely used for NSCLC treatment.
Patients with tumors bearing activating EGFR mutations benefit from treatment with EGFR-
TKIs (3). However, in spite of this initial response, all responding patients eventually
develop acquired resistance. The mechanisms can be either genetic alterations such as the
acquisition of a second EGFR T790 mutation (4), or non-genetic changes such as small cell
transformation, epithelial-mesenchymal transformation, and activation alternative signaling
pathways etc. (5-9). However, the mechanisms involved in acquired EGFR-TKIs resistance
remain unknown for 30% of clinical cases. In particular, the development of resistance to
TKI for NSCLC with activating EGFR mutations is a critical limitation of this therapy (10,
11). Osimertinib has emerged as a third-generation irreversible TKI originally developed
against the EGFR T790 mutation, and recently was approved as a first-line treatment of
NSCLC patients with EGFR activating mutations (12). It was reported the acquired
resistance to osimertinib as the first line is highly heterogeneous and mechanisms are quite
distinct from those in patients treated with the first or second-generation TKI (13, 14).

Ribosomal protein S6 kinase 1 (S6K1, RPS6KB1, p70S6K1), a serine/threonine kinase, was
initially discovered and cloned as the major kinase for mitogen-induced phosphorylation of
the ribosomal S6 protein to promote global translation and cell growth (15). Several clinical
studies found association between S6K1 overexpression and metastasis and poor prognosis
in lung, colorectal, ovarian, and breast cancer (16-18). Moreover, a few studies indicated that
S6K1 mediates drug resistance in colon cancer (19, 20). However, the role of S6K1 in
EGFR-TKIs resistance had not been previously explored. In the current study, we
demonstrate that persistent S6K1 signaling is engaged as a bypass mechanism for cancer
cells to overcome EGFR inhibition through upregulating MDM2.
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Materials and Methods

Cell culture, reagents, and antibodies

PC-9 cell line was obtained from the Type Culture Collection of the Chinese Academy of
Sciences, Shanghai, China). PC-9/G cells (gefitinib resistant) were provided kindly by the
Department of Oncology, Shanghai Pulmonary Hospital, Tongji University, Shanghai (21).
HCC827 cells were obtained from ATCC (Manassas, VA, USA). All cell lines were
authenticated by STR assay and showed no mycoplasma contamination confirmed by PCR-
based assay. Gefitinib, erlortinib, osimertinib, PF-4708671, nutlin-3a and rapamycin were
purchased from Selleck Chemicals (Houston, TX, USA). SP-141 was purchased from
Cayman Chemical (Ann Arbor, MI, USA). AKT (#4691), p-S6 (#4858), p-AKT (#4060
CST), and S6K1 (#2708) antibodies were from Cell Signaling Technology. IGF-IR (sc463),
p-1GF-IR (5¢81499), TFEB (sc166736) antibodies were from Santa Cruz Biotech. p-TFEB
antibody was obtained from Millpore Sigma (ABE1971). MDM2 antibodies were obtained
from both Abcam (Ab243657) for IP and IHC application and from Cell Signaling
Technology for Western-blots (#86934). Antibodies used for IHC or IF including p-S6K1
(AF3228), p-S6 (AF7331), p-4EBP1 (AF2308) and mTOR (AF6308) were purchased from
Afinity Biosciences.

In vitro TKI resistance

HCCB827-ER (erlotinib-resistant) and HCC827-OR (osimertinib-resistant) cells were
established as described previously (22, 23). See details in Supplementary materials.

In vivo TKI resistance

Animal experimental protocols were in consistent with the Care and Use of Laboratory
Animals Guide and approved by the Institutional Animal Care & Use Committee of Thomas
Jefferson University (No. 01159). HCC827 cells were subcutaneously implanted into flanks
of nude mice. When tumors reached around 100 mm?3 in size, mice were divided into three
groups and were given osimertinib (2mg/kg), erlortinib (100 mg/kg), or solvent control by
oral gavage daily (5 times a week). The treatments were discontinued when tumors in treated
groups were gone after 3 to 4 weeks’ administration. Mice in control group were terminated
and tumors were excised for primary cell cultures. Tumor relapse occurred after a month and
then TKIs were given until the treatments were unable to cause tumor shrinkage. The mice
were then euthanized and tumors were removed for primary cell cultures. Isolation and
maintenance of primary tumor cells were conducted using the Primary Cancer Culture
System (PromocCell, Germany) according to the manufacturer’s instructions.

Orthotopic lung cancer model in nude mice

PC-9/G cells stably expressing GFP were used to generate subcutaneous tumor in nude
mice. Then tumor tissue was trimmed and cut into small pieces of 1 mm in diameter and
stored in RPMI11640 medium. The trimmed tissues were transplanted into lungs by surgical
orthotopic implantation. One week after tumor implantation, the mice were randomly
divided into 5 groups by body weight without investigator blinding and treated with solvent
control, gefitinib (200 mg/kg), osimertinib (2 mg/kg), gefitinib (200 mg/kg) plus

Oncogene. Author manuscript; available in PMC 2021 April 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shen et al.

Page 4

PF-4708671 (75 mg/kg), and osimertinib (2 mg/kg) plus PF-4708671(75 mg/kg). Gefitinib
or osimertinib was given by oral gavage and PF-4708671 was given through intraperitoneal
injection daily for 4 weeks. Tumor growth and metastasis were visualized by fluorescence

imaging using Image-Pro Plus software 6.0 (Media Cybernetics Inc., Bethesda MD, USA).

Combination index

The combined effects of PF-4708671, TKI and SP-141 on resistant lung cancer cells were
evaluated using the combination index (Cl) as described previously (24, 25). In brief, the
inhibitory level of chemicals was determined by MTT assay. The combination index was
conducted using CompuSyn software (CompuSyn, Inc.). The combined effect is classified as
follows: Cl <0.9 indicates synergistic effect; 0.9 < Cl < 1.1 indicated additive effect; Cl >1.1
indicates antagonistic effect.

Immunofluorescence and immunohistochemistry

Cells were seeded on cover slips, and then treated with TKIs for 24 or 48 hours. The cells
were fixed with 4 % formaldehyde in PBS buffer. After incubation with primary antibodies
overnight, the FITC-labeled goat anti-rabbit or TRITC-labeled goat anti-mouse secondary
antibody (Santa Cruz biotech, USA) was used to detect fluorescence. Cell nucleus was
stained by Prolong Gold antifade reagent with DAPI (Invitrogen, CA, USA). IHC score was
semi-quantified according to the percentage of positive cells and intensity of staining as
previously described (26).

Human lung cancer tissue samples

Paraffin-embedded tumor samples of patients with NSCLC (n =51), who were receiving
EGFR-TKI treatment, were collected from the Department of Pathology, First Affiliated
Hospital of Nanjing Medical University, Jiangsu (China). The study protocol was approved
by the Institutional Review Board of the First Affiliated Hospital of Nanjing Medical
University (approval No. 2019-SR-260) with informed consent receiving from all patients.
All samples were histologically classified and graded according to TNM stage by a clinical
pathologist blinded to the outcome results. For survival analysis, the cut-off date was set for
December, 2013.

Statistical Analysis

All results were obtained from at least three independent experiments. For animal
experiments, 5-10 mice per group are typically used and treated for criteria achievement of
statistical significance. Data are presented as mean = SD from 3 independent experiments
and analyzed by a two-tailed Student’s t-test. Differences were considered significant at a P
value of < 0.05. Data from GEO database and TCGA were retrieved and analyzed by R
software. Survival data were analyzed by the Kaplan-Meier method using IBM SPSS
Statistics 25 for Windows. The log-rank test was used to determine significant differences
between overall survival curves.
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Results
p-S6K1 is elevated in a NSCLC patient with acquired resistance to TKls

A 39-year-old male patient was admitted to the hospital because of cough and body pain in
November, 2017. The PET/CT examination showed left lung tumor with multiple metastases
of liver, kidney, and bone metastasis (Fig.1A, left panel). The biopsy obtained by CT-guided
liver puncture showed poorly differentiated adenocarcinoma. Genetic testing identified
EGFR L858R point mutation, ALK wild-type, and no amplification of c-MET. The patient
started treatments in January, 2018 with the following regime: Carboplatin + Bevacizumab +
Erlortinib. Partial initial response was achieved after 2 months (Fig. 1A, middle panel).
However, the patient eventually developed acquired resistance over time as reflected by the
progressive disease (Fig.1A, right panel). The liver biopsy was re-obtained and no known
EGFR secondary mutations such as T790M were detected. Immmuno-histochemistry
staining for p-S6K1 was conducted using the liver puncture specimens. The specificity of p-
S6K1 antibody was tested using kidney tissues from S6K1 knockout mice and wild-type
mice kindly provided by Dr. Paul Fox at Cleveland Clinic (Fig.S1A). The p-S6K1 showed
weak positive before the treatments and became strong positive by the time when tumors
developed resistance (Fig.1B).

S6K1 phosphorylation levels are correlated with EGFR-TKI resistance and poor prognosis
in NSCLC patients

Data retrieved from GEO database showed a significantly higher level of S6K1 in lung
cancer tissues relative to normal lung tissues in a GEO dataset, especially in NSCLCs
(Fig.2A). We conducted a survival analysis using the same dataset and TCGA dataset. Both
results showed that high expression levels of S6K1 were linked with a shorter overall
survival time (Fig.2B). We analyzed lung tumor specimens from NSCLC patients treated
with EGFR-TKIs (gefitinib and erlortinib) (Suppl. Table 1), and retrospectively examined
the clinical response and survival data from these patients. The tumor samples were
collected before the TKI treatment. The criteria of specimen for analysis are: 1) The EGFR
statuses of specimens were either exon 19 deletion or L858R mutation determined at the
time of diagnosis; 2) There were no EGFR T790M detected in patients developed
progressive disease after TKI treatment determined by ctDNA mutation analysis.
Immunohistochemistry (IHC) assays were performed in formalin-fixed paraffin-embedded
(FFPE) sections for p-S6K1 expression. Patients with progressive disease (PD) had higher
expression levels of p-S6K1 compared to patients with partial response (PR) or stable
disease (SD) (Fig.2C, 2D). Follow-up studies showed patients with higher p-S6K1
expression levels had shorter overall survival after EGFR-TKI treatment than those with
lower p-S6K1 expression levels (Fig.2E). We also investigated the expression levels of p-S6,
p-AKT and mTOR in the lung cancer specimens. As expected, p-S6 levels were higher in
patients with progressive diseases; however, no significant difference was found in terms of
p-AKT and mTOR expressions among groups (Fig.S1B). EGFR mutations may coexist with
other gene mutations which have been reported as mechanisms of TKI resistance. We
retrospectively analyzed mutation profiles of 11 ctDNA samples from patients who
developed progress disease after TKI treatment. Next generation sequencing method was
used to detect the common mutations that are related with TKI resistance. We found one
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sample had PIK3CA mutation (p.H1047R Exon21) while another sample harbored Met
amplification. Both tissue samples had strong p-S6K1 staining as shown in Fig.S1C.
Although it is not clear at the current stage which mechanisms act dominantly in TKI
resistance, S6K1 expression plays a role in EGFR mutant NSCLCs that also have other
resistance mechanisms. Collectively, these data suggest that p-S6K1 expression levels are
clinically relevant to the TKI resistance, and may act as a predictive biomarker for EGFR-
TKI therapy.

S6K1 signaling is constitutively activated in resistant cancer cells upon EGFR-TKI

treatments

To determine the role of S6K1 in EGFR-TKI resistance, we used three pairs of TKI sensitive
versus resistant cell lines to explore the underlying molecular mechanism: PC-9 vs. PC-9/G,
HCC827 vs. HCC827-ER, HCC827 vs. HCC827-OR. The PC-9 gefitinib resistant cells
(PC-9/G) (kindly provided by Department of Oncology, Shanghai Pulmonary Hospital,
Tongji University, Shanghai) established as described before (21, 27), were > 100 times
more resistant to gefitinib than their parental PC-9 cells (Fig.S2A). No secondary mutation
T790M or c-Met protein overexpression was found in PC-9/G cells (21). Notably, PC-9/G
was also resistant to osimertinib; resistance was more than 22-fold higher in 1IC50 compared
to PC-9 cells (Fig.S2B). We also used HCC827 cell line to develop erlortinib-resistant
HCCB827-ER and osimertinib-resistant HCC827-OR cells (Fig.S2C, S2D). The newly
established resistant cell lines had the same mutation profile as the parental cell line using a
Pan-cancer profiling analysis (42-gene panel, data not shown). In particular, no secondary
EGFR mutation was detected.

As expected, EGFR signaling was effectively blocked by TKIs treatments as reflected by the
loss or reduction of p-EGFR levels in both sensitive and resistant cells (Fig.3A, B, C, and
D). Notably, we found that TKIs treatment almost diminished the p-S6K1 level in sensitive
cells. In contrast, p-S6K1 signals were retained in resistant PC-9/G, HCC-827-ER, and
HCC827-0OR cells. To further confirm the above findings, we generated primary resistant
cell lines from TKIs-resistant xenograft tumors in mice as detailed in the Methods (Fig.3E).
Consistent with the results conducted in vitro, p-S6K1 disappeared in control tumor cells but
was retained in resistant tumors when treated with osimertinib or erlortinib. (Fig.3F).

We then sought to explore the potential mechanisms underlying gefitinib-induced S6K1
activation in resistant cells. Gene copy number analysis showed no S6K1 gene amplification
in resistant PC-9/G cells (Fig. 3G). As S6K1 is typically regulated by activation of mMTOR
complex 1, we aimed to investigate if mMTORCL is activated, as evidenced by the
phosphorylation of its two canonical downstream targets p-4EBP1 and p-TFEB. Similar as
the result shown before, p-S6K1 signal was almost diminished in sensitive cancer cells upon
TKI but retains in resistant cells, indicating a potential mechanism underlying TKI
resistance. However, p-4EBP1, p-TFEB levels remain the same or slightly upregulated in
sensitive cells upon TKI treatments, a pattern different than that in p-S6K1, suggesting that
S6K1 activation is mTOR-independent (Fig.3H). AKT and IGF-IR pathways were reported
to confer resistance to EGFR-TKIs (10, 28-31). We found that p-AKT was reduced by
gefitinib in both cell lines, whereas p-IGF-IR was moderately increased in both sensitive and
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resistant cells, suggesting a compensatory activation of IGF-IR signaling due to blockade of
EGFR pathway (Fig.3l). Collectively, the results showed that the persistent S6K1 activation
is not regulated through the canonical AKT/mTOR pathway.

S6K1 affects cell responsiveness to TKls treatments in vitro and in vivo

To determine the role of S6K1 activity in gefitinib resistance, we overexpressed S6K1 in
PC-9 cells through transient transfection with a S6K1 plasmid or a vector, or knocked down
S6K1 in PC-9/G cells with a sSiRNA SMARTpool against S6K1. Cell viability assay showed
that constitutive expression of S6K1 rendered PC-9 cells less susceptible to gefitinib,
whereas knockdown of S6K1 made PC-9/G cells more sensitive to the treatment (Fig.4A).
Then, we investigated whether S6K1 knockdown in PC-9/G cells promotes gefitinib-induced
apoptosis. Active caspase-9 initiates apoptosis by cleaving and thus activating executioner
caspases such as caspase-3, 6 and 7 (32). The ratio of cleaved caspase-9 versus total caspase
9 increased in S6K1 knockdown cells compared with the control when treated with gefitinib
at the dose of 0.5 uM (Fig.4B). This result was further supported by the increase of cleaved-
poly (ADP-ribose) polymerase (PARP) that is often associated with activation of caspases
cascade (33). In similarity to the results obtained from western-blotting,
immunofluorescence staining revealed that cleaved-caspase 3 expression level dramatically
increased in knockdown cells in responds to gefitinib (Fig.S3A). We also established a
HCC827 cell line stably expressing S6K1 (Fig.S3B). Overexpression of S6K1 limited the
inhibitory effects of TKI on DNA synthesis as reflected by higher levels of cells in the S-
phase fraction relative to those in the control vector cells (Fig.4C).

To determine whether S6K1 inhibition sensitizes resistant cancer cells to gefitinib treatment
in vivo, PC-9/G cells that stably knocked-down S6K were established using a sShRNA
approach (Fig. S3C). These cells were subcutaneously implanted in nude mice. PC-9/G
control cells displayed gefitinib resistance properties while knockdown of S6KZ resulted in
small tumors in response to gefitinib treatment (Fig.4D, 4E, Fig.S3D). The results indicate
that S6K1 confers acquired resistance to TKI, and that the development of S6K1-targeted
therapeutics would be beneficial for a subset of NSCLCs patients.

S6K1 inhibition with PF-4708671 improves the efficacy of EGFR-TKIs both in vitro and in

Vivo

PF-4708671 was developed as the first S6K1 specific inhibitor and has been shown to
reduce xenograft tumor growth in nude mice. Hence, we investigated whether PF-4708671
would improve the efficacy of TKI in NSCLCs /n vitro and in vivo for the purpose of
potential clinical application in the future. As expected, PF-4708671 effectively inhibited
S6K1 activity in PC-9/G cells using an /n vitro substrate-based kinase assay (Fig.5A). To
address the concern about the potential toxicity, we treated normal immortalized bronchial
epithelial Beas2B cells with PF-4708671 followed by cell viability assay and cell-cycle
analysis. No significant change was observed in terms of cell proliferation and cell-cycle
progression /n vitro (Fig.S4A, B). PF-4708671 alone has been shown to reduce xenograft
tumor growth in nude mice (34). We then investigated the effect of PF-4708671 on tumor
growth /n vivo by establishing subcutaneous xenografts in nude mice using HCC827 cells.
However, administration of PF-4708671 showed limited efficacy to suppress tumor growth
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compared with osimertinib. (Fig.S4C). To determine whether PF-4708671 can
synergistically enhance the cytotoxicity of TKI in resistant cells, a MTT assay was used to
examine the effects of PF and TKI on cell viabilities. More than 60% cells were still viable
when treated with osimertinib or PF alone at the highest doses (Fig.5B, C). Notably, the
combination of osimertinib and PF induced higher cytotoxicity in HCC827-OR cells
(Fig.5D). The combination index (Cl) analyzed by CompuSyn software showed the strong
synergism between osimertinib and PF (Fig. 5E). Similar results were obtained in PC-9/G
cells treated with gefitinib (Fig.S4D, E, F, G), indicating that PF-4708671 was able to re-
sensitize resistant cells to TKI. Next, we examined the cell-cycle distributions of HCC827-
ER cells when treated with erlortinib with or without PF-4708671. Erlortinib alone did not
affect the cell-cycle progression, but the combination with PF-4708671 significantly reduced
the S-phase fraction, and increased Go-G1 phase fraction meaning Go-G cell-cycle arrest
(Fig.5F). We then carried out a flow-based apoptosis assay by Annexin V and PI staining in
PC-9/G cells that are resistant to both gefitinib and osimertinib relative to its parental PC-9
cells. The percentage of early apoptotic cells treated with gefitinib or osimertinib plus
PF-4708671 were about 26% and 23%, respectively, which were much higher than those in
cells treated with TKIs alone (Fig.5G, Fig.S4H). To further investigate whether mTOR
pathway is involved in S6K1-mediated TKI resistance, we treated PC-9/G cells with a
mTOR inhibitor rapamycin, gefitinib, or the combo of rapamycin and gefitinib. The cell
viability assay showed that the co-treatment with rapamycin and gefitinib exhibited an
additive or even antagonistic effects as reflected by the combination index (Fig.S41). We
then investigate if rapamycin improve the efficacy of erlortinib on xenograft tumor growth in
mice using HCC827-ER cells (Fig.S4J). We noticed that erlortinib inhibited tumor growth
compared with the control. We figured the HCC827-ER cells generated /n vitro were
relatively resistant to erlortinib compared with the sensitive parental cells. Similar as the
result show in Fig.S4C, PF alone didn’t shrink the tumor but exhibited significant inhibitory
effects with erlortinib treatment. Rapamycin moderately reduced the tumors but there was no
significant difference in tumor weights between rapamycin alone and the combo with
erlortinib, indicating that rapamycin couldn’t improve the efficacy of TKIs (Fig.S4J).

To further evaluate if PF-4708671 can potentiate antitumor effects of EGFR-TKIs, we
developed an orthotopic lung cancer model in nude mice using PC-9/G-GFP cells (Fig.6A).
After the 4-week treatments, no significant difference regarding mice body weights was
observed between treated groups (Fig. 6B), indicating that the addition of PF-4708671 did
not cause severe side effects on mice. We noticed that tumors decreased moderately in size
when treated with gefitinib or osimertinib alone albeit not significantly (cont vs gefitinib
P=0.07, cont vs osimertinib P= 0.11). We reasoned that PC-9/G cells used in the animal
model were relatively more resistant to TKI compared with the parental control cells.
Tumors drastically reduced in volume and weight when treated with TKI and PF-4708671
compared with TKI treatments alone (Fig. 6C, D, and Fig.S4K). Notably, we found mice
with metastatic tumor sites in the control group (3 out of 6), gefitinib group (2 out of 5),
osimertinib group (2 out of 6), but none in the combination groups. Both results from /n
vitro and in vivo suggest that S6K1 inhibitor PF-4708671 can greatly improve the antitumor
properties of EGFR-TKIs in resistant lung tumors. Immunohistochemistry analysis showed
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p-S6K1 expression levels in mice tumor tissues were drastically lower in groups treated with
PF while p-AKT and p-4EBP1 levels didn’t seem to change among groups (Fig.6E).

MDM2 is a downstream effector of S6K1-mediated TKIs resistance

Our group previously found that S6K1 enhanced MDM2 phosphorylation and stability (35).
Indeed, overexpression of S6K1 elevated both total and phosphor MDM2 protein levels, and
knockdown of S6K1 lowered those expression levels (Fig.S5A). Gefitinib effectively
abrogated both p-MDM2 and total MDM2 protein levels in sensitive PC-9/G cells, but not in
resistant PC-9/G cells (Fig.7A). Similarly, when treated with osimertinib, we observed
robust reduction of p-MDM2 and moderate decrease of total MDM2 levels only in sensitive
HCC827 cells, but not in resistant HCC827-OR cells (Fig.7B). When we silenced S6K1
using a siRNA approach in PC-9/G cells, p-MDM2 decreased in response to Gefitinib
(Fig.7C). Similarly, PF-4708671 suppressed gefinitib-induced p-MDMZ2 in resistant PC-9/G
cells. No significant change was observed when treated with rapamycin. Prior studies
showed that S6K1 shuttled from the cytoplasm to the nucleus upon stimulation, which was
related to drug resistance (15, 16, 37). Indeed, we observed that p-S6K1 in nuclear fraction
was upregulated with gefitinib treatment in PC-9/G cells (Fig.7D). It was previously
reported that MDM2 is not only a substrate but also a binding partner of S6K1, which is
promoted by genotoxic stress (36). We showed that p-S6K1 interacted with MDMZ2 through
co-immunoprecipitation assay (Fig.7E). MDM?2 is largely located in the nucleus where it is
bound to p53 (38). We then examined the subcellular localization of p-S6K1 and MDMZ2 in
response to TKI treatment. Immunofluorescence studies revealed p-S6K1 shuttled from
cytoplasm to nucleus to bind with MDM2 upon gefitinib or osimertinib treatment (Fig.7F,
Fig.S5B). Knock down of MDM2 promoted osimertinib-induced apoptosis and proliferation
inhibition (Fig.7G, H), indicating that MDMZ2 is a functional effector of S6K1 in mediating
EGFR-TKIs resistance.

MDM2 acts as an E3 ubiquitin ligase to promote p53 degradation (39). Blockade of
interaction between p53 and MDM2 by the binding inhibitor nutlin-3a induced p73
expression in p53 mutant PC-9/G cells, and p53 expression in p53 wild-type HCC827-OR
cells, respectively (Fig.S5C). However, there were no changes in p53 or p73 protein levels in
cells treated with gefitinib, suggesting a p53-independent pathway in MDM2-mediated
resistance. SP-141 was designed to induce MDM2 autoubiquitination and proteasomal
degradation regardless of the p53 status in cells (40). We found that SP-141 synergistically
enhanced the effect of osimertinib in HCC827-OR cells (Fig.S5D). Moreover, the
combination of SP-141 and PF-4708671 greatly synergized with osimertinib to augment
cytotoxicity of osimertinib (Fig.71, Fig.S5E). Tissue analysis showed the expression level of
MDM2 was inversely correlated with clinical outcomes (Fig.7J, K). Patients with higher
MDM-2 expression levels had poor prognosis with EGFR-TKIs treatment than those with
lower MDM-2 expression levels (Fig.7L). Moreover, the MDM2 protein levels are positively
correlated with p-S6K1 levels (Fig. 7M). Taken together, MDMZ2 serves as a key effector of
S6K1-mediated TKI resistance.
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Discussion

As abnormal oncogenic activation of EGFR signaling is a key trigger in various cancers,
application of TKIs has been widely used in cancer patients with EGFR mutations especially
in lung cancer as first-line treatments (1, 41). However, these TKIs failed to elicit durable
clinical benefit due to the development of acquired drug resistance in cancer cells after
initial responses. In addition to gained new EGFR mutations, compensatory activation of
signaling pathways without interruption of genome integrity are able to by-pass effects of
EGFR-TKIs and thus cause therapeutic resistance. In this work, we provide the first
evidence that S6K1, in addition to its role in cancer progression by promoting cancer cell
growth as a downstream effector of mMTOR, may contribute to acquired resistance to EGFR-
TKI in NSCLCs.

S6K1 activation upon growth factor stimulation is typically mediated by the
PI3K/AKT/TSC/mTOR pathway (42). A recent study identified that mTOR E2419K
mutation as a novel resistance mechanism to EGFR TKI by analyzing paired EGFR-mutant
lung tumor samples before and after EGFR TKI treatment (43). The downstream signaling
such as p-S6K, pS6 and p-4EBP1 strongly expressed in cells harboring mTOR E2419K
mutation was efficiently inhibited by mTOR antagonists but remained insensitive to
erlortinib. In this study, we found that p-AKT was inhibited in both sensitive and resistant
cells by TKI, suggesting that the persistent S6K1 activation only in resistant cells is
irrelevant to AKT signaling. Moreover, mTOR was not activated as reflected by expression
levels of p-4EBP1 anad p-TFEB. Except for PI3K/mTOR pathway, other mechanisms
especially negative regulators might be involved in S6K1 regulation. For instance, it is
possible that inactivation of phosphatases potentiates in TKIs-mediated S6K1 activation.
One of the most abundant intracellular serine/threonine (Ser/Thr) phosphatases protein
phosphatase 2A (PP2A) has been shown to bind and dephosphorylate S6K1 (44). It is not
known if PP2A contribute to TKIs-induced S6K1 signaling, which are warranted for further
investigation. Since S6K1 could be activated either by a specific mTOR mutation or mTOR-
independent unknown mechanisms as a functional downstream effector, S6K1 antagonists
could have clinical efficacy to overcome TKI resistance in a relatively larger subset of lung
cancer patients.

So far, the cellular effects of S6K1 have been studied largely using a mTOR inhibitor
rapamycin in laboratories. Given the role of mMTORC1/S6K1 signaling in cancer and
metabolic disease, this drug and its analogues have been widely used for clinical trials in
various cancer types (54). However, the efficacy in general is low for two major reasons: one
is that rapamycin induces immune suppression; the other is that it disrupts S6K1-mediated
negative-feedback loop that regulates PI3K signaling (55). Our results showed that
rapamycin could not improve the efficacy of TKI both /n vitroand in vivo, suggesting S6K1
activation upon TKI is mTOR pathway-independent. PF-4708671, the first characterized
small molecular inhibitor, is the most studied S6K1 inhibitor in cells and animal models
(45). Inhibition of S6K1 by PF-4708671 was shown to limit tumorigenesis in breast cancer
and lung cancer cells (34, 46). In this work, PF-4708671 significantly decreased TKI-
mediated cell viability, increased apoptosis of resistant cells, and reduced tumor growth
using an orthotopic lung cancer model. Given the promise of S6K1 as a therapeutic target
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for cancer treatment, a few S6K1 inhibitors have been studied on clinical trials. For instance,
LY 2584702 tosylate was on two phase | trials for patients who had advanced solid tumors
refractory to therapy (47, 48). However, both trials discontinued largely due to the
intolerable toxicity. Since PF-4708671 showed high efficacy for EGFR-TKI resistant lung
cancer without showing toxicity in cells and animal models in our project, it might warrant
future trials in clinical settings.

Although the subcellular localization of S6K1 is predominantly cytoplasmic, S6Ks are
predicted to have a nuclear localization signal (NLS) in the N-terminal, suggesting that these
proteins might be located in the cell nucleus (49). However, mechanisms underlying
regulation and function of the nucleo-cytoplasmic shuttling of S6K1 remain undefined. In
the present work, we found that S6K1 localization has linked to EGFR-TKI resistance.
Inhibition of EGFR caused nuclear translocation of S6K1 for binding with MDMZ2 in
resistant cells. MDM2 is a negative regulator of tumor suppressor p53 through ubiquitin-
mediated degradation (50). In addition to conveying its oncogenic function through
degradation of p53, MDM2 can foster cell transformation and tumorigenesis independent of
the p53 pathway as evidenced by the presence of amplified MDM2 coupled with non-
functional and mutated p53 in cancers (51). In this study, we observed that constitutive
activation of MDMZ2 in resistant cells is p53-independent. A number of MDM2 inhibitors
have been on clinical trials for various diseases. However, most of these antagonists are
designed to block the interphase between MDM2 and p53, and have low or no efficacy
against cancer cells with mutant or deficient p53 (52) (53). A novel MDMZ2 inhibitor SP-141
was able to inhibit MDM2 expression and induce its autoubiquitination and proteasomal
degradation regardless of p53 status (40). We found that the S6K1 inhibitor PF-4708671 and
SP-141 synergistically enhanced TKI-mediated toxicity in resistant cells, providing one
more actionable target to magnify the therapeutic effect of TKI.

Recently, osimertinib was approved as a first-line treatment of NSCLC patients with EGFR
activating mutations (12). So far there is no target therapy for patients who develop
resistance to osimertinib. More importantly, the mechanism of acquired resistance to
osimertinib in patients receiving it as the first line are dramatically distinct from those
receiving the first or second-generation TKI as the first line (13, 14). In this study, we
established osimertinib resistance cell line in the absence of other known resistance
mechanisms, and found that S6K1 inhibition was highly effective in osimertinib-resistant
lung cancer cells, providing a potential strategy to overcome osimertinib resistance. To sum
up, we provide evidence that the S6K1-MDM2 axis is a novel mechanism in acquired
resistance to EGFR-TKI therapy in NSCLC. The demonstrated efficacy of S6K1
pharmacologic antagontists in /n7 vivo model systems raises the possibility that this
resistance pathway may have actionable targets for EGFR-targeted therapies in a subgroup
of NSCLC patients.
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Fig.1. p-S6K liselevated in a NSCL C patient with acquired resistanceto TKls
(A) PET/CT lung tumor images before and after treatments. (B) p-S6K1 staining and HE

staining in tumor specimens from the same patient before and after treatments.
Magnification: x 200
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Fig.2. phosphorylation levels are correlated with EGFR-TKI resistance and poor prognosisin
NSCLC patients

(A) High expression level of S6K1 in NSCLC. Data retrieved from GEO database
(GSE19188). Normal (normal lung tissues), n= 65; LUAD (lung adenocarcinoma), n=45;
Large (large cell carcinoma), n=19; LUSC (lung squamous carcinoma), n=27. (B) S6K1
expression levels are correlated with poor survivals in NSCLC. Left panel: data retrieved
from GEO database (GSE19188). Low (low S6K1), n=41; High (high S6K1 (n=41). The
median was used as a cut-off value. Right panel: data retrieved from TCGA database. Low:
n= 125 High: n=375. Cut-off value=4.08. (C) Total 51 lung tumor specimens from NSCLC
patients treated with EGFR-TKIs (gefitinib and erlortinib) were analyzed. The specimens
were collected before TKI therapy. The EGFR statuses of specimens were either exon 19
deletion or L858R mutation determined at the time of diagnosis. There were no EGFR
T790M detected after TKI treatment determined by ctDNA analysis. Representative images
of p-S6K1 staining (x 200 and x 650 magnifications) were shown based on clinical response
to EGFR-TKIs. PR: partial response; SD: stable disease; PD: progressive disease. (D)
Correlation analysis was performed between p-S6K1 expression levels and clinical
responses. PR (n=16), SD (n=25), PD (n=10). Quantitative results were analyzed by one-
way ANOVA *P<0.05, ** P<0.01. (E) Kaplan-Meier curves were used to show overall
survival of NSCLCs patients stratified based on the expression levels of p-S6K1. The cutoff
of value of subgroups (low, high) of p-S6K1 expression level was the 50% percentile value.
Log rank P<0.01.
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Fig.3. Persistent activation of S6K 1 signaling in acquired resistant non-small lung cancer cells

with EGFR-TK Istreatments

(A, B, C, D) Cells were treated with EGFR-TKIs for 1 hour at indicated doses and then
subject to Western-blots. (E) Established primary resistant cell lines derived from tumors
(n=5/group). Relapsed tumor occurred 2 out of 5 mice in osimertinib group and 1 out of 6
mice in erlortinib group. Tumor growth curves were shown. Tumor volumes are shown as
mean + SD. (F) Primary cell lines derived from control tumors, resistant tumors were treated
with osimertinib (OR tumor), and erlotinib (ER tumor) for 1 hour respectively. The protein
samples were prepared and subject to Western-blots assay. (G) Genomic DNAs were
prepared from PC-9 and PC-9/G cells. S6K1 gene copy number analysis was performed as
described in Methods. (H, I) Cells were treated with EGFR-TKI for 1 hour at indicated
doses and then subject to Western-blots.
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Fig.4. S6K 1 affects cell responsivenessto TKIstreatmentsin NSCLC cells.
(A) PC-9 cells were transiently transfected with S6K1 or a vector control, and PC-9/G cells

were transiently transfected with siS6K1 SMARTPOOL or siRNA scrambled control
respectively. After 24 hours of transfection, the cells were treated with gefitinib at indicated
doses for 72 hours. Cell viability was assessed by CCKS8 assay. (B) PC-9/G cells were
transiently transfected siS6K1 SMARTPOOL or vector control respectively. After 24 hours
transfection, the cells were treated with gefitinib for 48 hours followed by Western blotting.
(C) HCCB827 vector and HCC827 S6K1 overexpressing cells were treated with erlortinib
(0.1 pM) or osimertinib (0.1 pM) for 72 hours, and then were prepared for cell-cycle
analysis. (D) Xenograft tumor growth curves were shown after implantation (n = 10/group).
*P<0.05. (E) Left panel: representative image of tumors for each group; Right panel: Tumor
volume (volume = W2xLx0.52, where W is tumor width and L is tumor length) were
measured and expressed as mean + SEM. Quantitative results were analyzed by Student’s t
test (two groups) or one-way ANOVA (more than two groups) with P < 0.05 considered
significant and are shown as mean + SD. *P<0.05. For cell viability assay, three independent
experiments were performed with 8-10 technical replicates for each treatment.
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Annexin V

Fig.5. S6K 1 inhibitor PF-4708671 enhanced TK|-induced cytotoxicity in vitro
(A) Cell lysates were prepared from PC-9/G cells treated with PF-4708671 (4 uM) for 24 h

for testing S6K1 activities. The kinase activity assay was performed using the assay kit from
Enzo Life Sciences. (B, C, D) HCC827-OR cells were treated with osimertinib,
PF-4708671, or combination of osimertinib and PF at indicated doses for 24 hours. MTT
assay was performed to assess cell viability. All combination groups reduced cell viability
when compared with osimerinib alone. *P<0.05. (E) The combination index was calculated
by CompuSyn software. (F) HCC827-ER cells were treated with erlortinib (0.1 uM) with or
without PF-4708671 (4 pM) for 72 hours followed by cell-cycle analysis. The percentage of
cells in G1, S, and G2 were quantified. *P<0.05. (G) PC-9/G cells were treated with
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gefitinib (0.5 pM) with or without PF 4708671 (4 uM) for 48 hours. Flow-based apoptosis
assay was performed after Annexin V and PI staining. Percentage of early apoptotic cells
were quantified. Data are presented as mean = SE from 3 independent experiments.
*P<0.05.
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Fig.6. PF-4708671 improvesthe efficacy of EGFR-TKIsin vivo
(A) Orthotopic lung cancer model in nude mice was established using PC-9/G-GFP cells.

Representative images of mice for each group were shown. Red arrow: primary tumor sites;
blue arrow: metastatic tumor sites. (B) Mice weight in each group during the treatment was
shown. (C, D) Quantification of tumor weight and volume for each group was shown. n =6
(G1, G3, G4, G5), n =5 (G2). (E) Tumor tissues from mice were stained with HE and
analyzed for p-S6K1, p-AKT, and p-4EBP1 by IHC methods. Representative images are
shown. Magnification: 100x. Scale bar: 100 um. Quantitative results were analyzed by
Student’s t test (two groups) or one-way ANOVA (more than two groups) with P < 0.05
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considered significant and are shown as mean + SD. *P<0.05. For cell viability assay, three
independent experiments were performed with 6-8 technical replicates for each treatment.
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Fig.7. MDM2 isa downstream effector of S6K 1-mediated TK|sresistance
(A, B) Cells were treated with EGFR-TKI for 24 hours at indicated doses and then were

subject to Western-blots. (C) PC-9/G cells were transiently transfected with siS6K1
SMARTPOOL or scrambled control (siCont) respectively. After 24 hours of transfection, the
cells were treated with or without gefitinib (0.5 uM) for 24 hours followed by Western-blots.
PC-9/G cells were treated with PF-4708671 (4 pM) or rapamycin (50 nM) for 24 hours
followed by Western-blots. Densitometry using Image J was used for quantification of
bands. (D) PC-9/G cells were treated with gefitinib (0.5 uM) for 24 hours followed nuclear
and cytoplasmic extraction. S6K1 and p-S6K1 protein levels were determined in cytosol and
nuclear fractions, respectively. (E) Co-IP assay was performed in PC-9/G cells. The protein

Oncogene. Author manuscript; available in PMC 2021 April 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shen et al.

Page 25

complex was pulled down by p-S6K1 antibody or IgG followed by immunoblotting with
MDM2 antibody and p-S6K1 antibody. (F) PC-9/G cells were treated with gefitinib (0.5
uM) followed by immunofluorescence assay. Magnification: 200x. Scale bar: 50 um. (G)
PC-9/G cells were transfected with siMDM2 SMARTpool or siCont respectively. After 24
hours transfection, the cells were treated with gefitinib (0.5 uM) for 48 hours and then were
subject to apoptosis assay. (H) HCC827-OR cells were transfected with siMDM2
SMARTpool or siCont respectively. After 24 hours transfection, cells were reseeded at 1000
cells/well and cultured in the medium with or without osimertinib (0.1 uM) for 7 days.
Colonies were photographed and counted. (1) HCC827-OR cells were treated with
osimertinib alone (0.1 pM, 0.5 uM), PF alone (2 pM, 4 uM), SP-141 (0.1 pM, 1 pM), or
combinations of three drugs for 24 hours. The MTT assay was used to determine cell
viability. The figure of combine effects were generated by CompuSyn software. (J)
Representative images of MDM2 staining (x 200 and x 650 magnifications) were shown
based on clinical response to EGFR-TKIs. PR: partial response; SD: stable disease; PD:
progressive disease. Scale bar: 50 um. (K) Correlation analysis was performed between
MDM2 levels and clinical responses. PR (n=16), SD (n=25), PD (n=10). (L) Kaplan-Meier
curves were used to show overall survival of NSCLCs patients stratified based on the
expression levels of MDM2. The cutoff of value of subgroups (low, high) of MDM2
expression level was the 50% percentile value. (M) The correlation analysis between MDM?2
and p-S6K1 expression levels were shown. n=51. Spearman correlation analysis was
performed. r=0.315, P= 0.0259. Quantitative results were analyzed by Student’s t test (two
groups) or one-way ANOVA (more than three groups) with P < 0.05 considered significant
and are shown as mean + SD. *P<0.05, **P<0.01.
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