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MET inhibition downregulates DR4
expression in MET-amplified lung

cancer cells with acquired resistance
to EGFR inhibitors through suppressing
AP-1-mediated transcription ™ =~

Abstract

Death receptor 4 (DR4) is a cell surface protein that is generally thought to mediate apoptosis upon binding to its ligand named TRAIL.
However, its contribution to apoptosis resistance has also been reported. MET (or c-MET) gene amplification represents an important
mechanism for acquired resistance to EGFR tyrosine kinase inhibitors (EGFR-TKIs) against EGFR mutant non-small cell lung cancer
(NSCLQ). This study focuses on demonstrating the impact of MET inhibition on DR4 modulation in MET-amplified EGFR mutant
NSCLC cell lines and the underlying mechanisms. Several MET inhibitors decreased DR4 levels in MET-amplified HCC827 cell
lines resistant to EGFR-TKIs with no or limited effects on modulating DRS5 levels, while increasing DR4 levels in HCC827 parental
cells and other NSCLC cell lines. MET inhibitors did not affect DR4 stability, but decreased DR4 mRNA levels with suppression of
AP-1-dependent DR4 promoter transactivation. Moreover, these inhibitors suppressed ERK and ¢-Jun phosphorylation accompanied
with decreasing c-Jun levels. Hence, it is likely that MET inhibition downregulates DR4 expression in ME7-amplified EGFR mutant
NSCLC cells through suppressing AP-1-mediated DR4 transcription. Osimertinib combined with MET inhibition synergistically
induces apoptosis in the MET-amplified EGFR mutant NSCLC cells accompanied with augmented DR4 reduction both in vitro
and iz vive. Furthermore, MET inhibition combined with TRAIL enhanced killing of MET-amplified EGFR mutant HCC827/AR
cells, but not HCC827 parental cells. These data collectively suggest that DR4 may possess an unrecognized anti-apoptotic function,

contributing to apoptosis resistance under given conditions.
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Introduction

MET (or c-MET) gene amplification, which is detectable in approximately
5%-22% of resistant non-small cell lung cancer (NSCLC) tumors harboring
activating EGFR mutations (e.g., 19del and L858R), represents an important
resistance mechanism to the first generation EGFR tyrosine kinase inhibitors
(EGFR-TKIs) in addition to acquisition of a secondary T790M mutation
that accounts for approximately 60% of resistant cases [1-3]. Moreover,
MET gene amplification was also detected in the clinic from EGFR mutant
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Fig. 1. Osimertinib- and erlotinib-resistant HCC827 cells display elevated levels of MET and p-MET (4) and are more sensitive to MET inhibitors than their
parental and other human NSCLC cell lines (B) including induction of apoptosis (C). A, Whole-cell protein lysates were prepared from different untreated
cell lines as indicated for detection of the indicated proteins with Western blotting. B, The panel of human NSCLC cell lines as indicated was seeded in
96-well plates and then treated with different concentrations of crizotinib or SGX523 as indicated on the second day. After 3 d, cell numbers were estimated
using the SRB assay. The data are means &= SDs of 4 replicate determinations. C, Both HCC827 and HCC827/AR cell lines were exposed to the indicated
treatments. After 48 h, the cells were harvested for detection of apoptosis with annexin V-flow cytometry. Each column represents the mean = SD of duplicate

determination.

(EGFRm) NSCLC patients receiving third generation EGFR-TKIs and from
osimertinib-resistant NSCLC cells in the lab by us [4] and others [5-7]. Our
previous work has clearly demonstrated that MET amplification and protein
hyperactivation confers resistance to third generation EGFR-TKIs as well [4].

Death receptor 4 (DR4), also known as tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) receptor 1 (TRAIL-R1) or tumor
necrosis factor receptor superfamily member 10A (TNFRSF10A), is a cell
surface protein for TRAIL. Similar to its sibling, death receptor 5 (DRS5),
DR4, when ligated with TRAIL, induces apoptosis through the specific
interaction of trimerized DR4 with Fas-associated death domain (FADD) and
the subsequent recruitment of caspase-8 and ultimate caspase-8-dependent
apoptosis [8,9]. It is known that the main effector immune cell types exerting
cytotoxicity against malignant cells are cytotoxic T lymophocytes (CTLs) and
natural killer (NK) cells, which can generate and secrete TRAIL. Thus, the
induction of apoptosis by ligation of endogenous TRAIL with its receptors
on cancer cells has also been recognized as a critical mechanism accounting
for immune surveillance against malignant cells [10-12].

DR4 generally shares a redundant function with DR5 in mediating
TRAIL-induced apoptosis as discussed above. However, DR4 does display
some distinct functions from DR5. For example, while DR5 knockdown
protected cancer cells from undergoing TRAIL-induced apoptosis, DR4
knockdown substantially enhanced TRAIL-induced apoptosis [13].
Interestingly, both DR4 and DR5 expression are positively regulated by

MEK/ERK signaling despite through differential transcriptional mechanisms
[14-16].

Since MET activation activates the MEK/ERK signaling pathway, we
compared the effects of MET inhibitors on the growth of ME7-amplified
EGFR-TKI resistant NSCLC cells, modulation of MEK/ERK signaling
and regulation of the expression of DR4 and DR5 in these cell lines
with their counterpart parental cells. We found that these MET-amplified
EGFR-TKI resistant NSCLC cell lines responded better than their parental
cells to different MET inhibitors with the suppression of MEK/ERK
signaling and downregulation of DR4. Hence, this study focused on studying
the underlying mechanism accounting for DR4 downregulation and the
biological significance of DR4 suppression.

Materials and methods
Reagents

The resources and preparation of osimertinib (AZD9291), crizotinib
(PF02341066), SGX523, ARQ197, MG132, actinomycin D (Act D) and
cycloheximide (CHX) were the same as described previously [4,17]. Human
recombinant TRAIL was purchased from PeproTech, Inc. (Rocky Hill,
NJ). Mouse (B-N28) and rabbit (D9S1R) monoclonal DR4 antibodies
were purchased from Cell Science (Newburyport MA) and Cell Signaling
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Fig. 2. Both pharmacological and genetic inhibition of MET decrease DR4 levels (A-C) including cell surface DR4 (D and £) in EGFR-TKI resistant HCC827
cells. A and B, The given cancer cell lines were treated with different concentrations of crizotinib for 8 h (4) or with 200 nM crizotinib for different times as
indicated (B). C, Both HCC827/AR and HCC827/ER cells in 6-well plates were transfected with the indicated siRNAs for 48 h. After the aforementioned
treatments, the cells were harvested for preparation of whole-cell protein lysates and subsequent Western blotting analysis. D and E, The indicated cell lines
were treated with 0.5 1M crizotinib for 12 h and then harvested for detection of cell surface DR4 with flow cytometry. The representative results are shown in
D and average data (MFIs) from triplicate assays are presented in £ as means &= SDs. The gray dot line open peaks in D represent DMSO-treated cells stained
with a matched control PE-conjugated IgG isotype antibody. The black solid line open peaks show DMSO-treated cells stained with PE-conjugated anti-DR4
antibody. The filled peaks represent crizotinib (Criz)-treated cells stained with PE-conjugated anti-DR4 antibody.

Technology, Inc. (Beverly, MA), respectively. Rabbit monoclonal DR5
antibody (D4E9) was purchased from Cell Signaling Technology, Inc. Other

antibodies were the same as described in our previous studies [4,14,16,17].

Cell lines and cell culture

HCC827, HCCS827/ER (erlotinib-resistant), HCC827/AR (AZD9291-
resistant) and other NSCLC cell lines and their culture conditions were the
same as described previously [4,17].

Cell survival assay

Cells seeded in 96-well plates at the appropriate densities for overnight
were exposed to the tested drugs. After 3 d, cells numbers were measured by
sulforhodamine B (SRB) assay as previously described [18].

Cell surface DR4 detection

Cell surface DR4 expression was detected with flow cytometry as
described previously [19]. The mean fluorescent intensity (MFI) that
represents antigenic density on a per cell basis was used to assess cell surface
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Fig. 3. Comparison of the effects of different MET inhibitors on modulating DR4 levels between MET-amplified EGFR-TKI resistant HCC827 cells and
other NSCLC cell lines. The indicated cell lines were exposed to different concentrations of MET inhibitors as indicated (A) or treated with 1 M of the given
MET inhibitors (B) for 8 h. The cells were then harvested for preparation of whole-cell protein lysates and subsequent Western blot analysis for detection of

the indicated proteins.

DR4 levels. Alexa Fluor® 488-conjugated mouse anti-human DR4 (CD261)
antibody (DR-4-02) was purchased from Bio-Rad Laboratories (Hercules,
CA).

Western blot analysis

Preparation of whole-cell protein lysates and Western blot analysis were

described previously [4,17].

Gene knockdown using small interfering RNA (siRNA)

The control and MET siRNAs and transfections of these siRINAs were the
same as reported previously [4].

RT-PCR detection of DR4 mRNA

DR4 mRNA was detected with RT-PCR as described previously [20].

Reporter plasmids and luciferase assay

All DR4 reporter constructs used in this study and luciferase assay were
the same as described previously [21].

Xenograft tissues

HCC827/AR xenograft tissues receiving vehicle, osimertinib, crizotinib
and osimertinib combined with crizotinib were from the same experiment
conducted previously [4]. DR4 in these tissues was detected with Western
blotting.

Colony formation assay

The procedure for this assay was the same as described previously [4] and
used for evaluating the long-term effects of crizotinib combined with TRAIL
on cell-killing of the tested NSCLC lines.
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Fig. 4. Crizotinib does not alter protein stability (4) and degradation (B) of DR4 in EGFR-TKI resistant HCC827 cells. A, The indicated cells were exposed
to 0.5 uM crizotinib for 4 h followed by the addition of 10 ng/ml of CHX. At the indicated times post CHX, the cells were harvested for preparation of
whole-cell protein lysates and subsequent Western blot analysis. Protein levels were quantified with NIH Image] software, normalized to actin and plotted as
percentages of O time. The data are means +/- SEs of duplecated assays. B, The indicated cell lines were pre-treated with 10 pg/ml MG132 for 30 min and
then co-treated with 0.5 M MET inhibitors as indicated for an additional 5 h. The cells were then harvested for preparation of whole-cell protein lysates and

subsequent Western blot analysis.

Results

MET-amplified EGFERm NSCLC cell lines with acquired resistance to
EGFR-TKIs respond better than their parental cells to MET inhibitors

We first compared the effects of MET inhibitors on the growth of
MET-amplified NSCLC cell lines (HCC827/ER and HCC827/AR) due
to acquired resistance to EGFR-TKIs with its parental HCC827 and other
NSCLC cell lines without MET amplification. As validated with Western
blotting, both HCC827/ER and HCC827/AR have very high levels of MET
and p-MET, whereas other tested cell lines had very low or undetectable
levels of these proteins (Fig. 1A). Consistently, these 2 cell lines were
sensitive to both crizotinib and SGX523 while other NSCLC cell lines
responded poorly to these agents (Fig. 1B). Moreover, HCC827/AR cells
were much more sensitive than HCC827 cells to undergoing apoptosis upon
crizotinib treatment, evidenced by detection of much more apoptotic cells in
HCC827/AR cells than in HCC827 cells (Fig. 1C). As a positive control, we
detected a significant increase of apoptotic cells in HCC827 cells exposed to
osimertinib, but not in HCC827/AR cells treated with osimertinib (Fig. 1C).

Hence the MET-amplified cell lines clearly display increased sensitivity to
MET inhibition.

MET inbibitors suppress MEK/ERK signaling and decrease DR4 levels
with minimal effects on DR5 in MET-amplified EGFRm NSCLC cells

We then compared the effects of crizotinib on the modulation of
MEK/ERK signaling and DR4 and DRS5 expression between HCC827 and
its derived MET-amplified HCC817/ER and HCC827/AR cells. Although
this MET inhibitor suppressed MET phosphorylation across the tested
cell lines, it inhibited ERK phosphorylation only in HCC827/ER and
HCC827/AR cells. Moreover, we detected reduced levels of DR4 in these
2 cell lines. In contrast, we observed that DR4 levels were even increased
in HCC827 cells exposed to crizotinib. Interestingly, crizotinib minimally
modulated DR5 expression in these cell lines (Figs. 2A and 2B). Moreover,
we found that MET inhibition by directly knocking down MET in
both HCC827/ER and HCCB827/AR decreased DR4 levels (Fig. 2C). In
agreement, crizotinib significantly decreased cell surface DR4 levels in both

HCC827/ER and HCC827/AR, but not in HCC827 cells (Fig. 2D).
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The other MET inhibitor, SGX523, functioned in a similar way to
suppress the phosphorylation of MET and ERK and to decrease DR4 levels
without affecting DR5 levels in HCC827/AR cells, while it increased both
DR4 and DR5 levels without suppressing ERK phosphorylation in HCC827
cells. Although ARQ197 is a MET inhibitor, we found that it did not inhibit
phosphorylation of MET and ERK in both HCC827 and HCC827/AR
cells, but increased DR4 levels in these cell lines (Fig. 3A). In other NSCLC
cell lines without mutant EGFR including H1650, H596 and EKVX, we
found that crizotinib increased DR4 levels with limited suppression effects on
ERK phosphorylation. SGX523 slightly increased DR4 levels with limited
effect on inhibiting ERK phosphorylation in H1650 cells, but decreased
DR4 levels in H596 cells with suppression of ERK phosphorylation. Both
inhibitors increased DRS5 levels in H596 and EKVX cells (Fig. 3B). Taking
these findings together, it is clear that MET inhibition, particularly with
crizotinib and SGX523, suppresses MEK/ERK signaling and decreases DR4
levels with minimal effects on DR5 in MET-amplified EGFRm NSCLC cells.

MET inbibitors do not alter DR4 protein stability

To understand the mechanism(s) by which MET inhibitors decrease
DR4 levels in MET-amplified cells, we first determined whether MET
inhibitors enhances DR4 degradation by conducting a CHX chase assay. In

both HCC827/ER and HCC827/AR cells, DR4 degradation rates in cells
exposed to DMSO and to crizotinib were comparable (Fig. 4A), indicating
that crizotinib does not enhance DR4 degradation or reduce stability. In
agreement, the presence of MG132, a widely used proteasome inhibitor, did
not prevent DR4 reduction induced by either crizotinib or SGX523 (Fig. 4B).
Thus, itis clear that these MET inhibitors do not work at the posttranslational
level to decrease DR4 levels in MET-amplified cells.

MET inbibitors suppress AP-1-dependent DR4 transcription

We next determined whether crizotinib decreased DR4 mRNA levels.
Using RT-PCR, we detected reduced levels of DR4 mRNA in both
HCC827/AR and HCCB827/ER cells exposed to crizotinib in comparison
with DMSO-treated cells (Fig. 5A). Moreover, we found that crizotinib
significantly inhibited DR4 promoter activity in the promoter luciferase
assay, but lost this activity when the AP-1 site in DR4 promoter region
was mutated (Fig. 5B), suggesting that crizotinib suppressed AP-1-dependent
DR4 transcription. Furthermore, we examined the effects of crizotinib on c-
Jun in these cell lines and found that crizotinib decreased the levels of both
p-c-Jun and ¢-Jun in both HCC827/ER and HCCB827/AR cells, but not in
HCC827 cells (Fig. 5C). This result is consistent with its effect on suppressing
AP-1-dependent DR4 transcription.
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Fig. 6. The combination of osimertinib and crizotinib augments induction of apoptosis (4) accompanied with enhanced suppression of ERK/c-Jun signaling
and reduction of DR4 (B) in HCC827/AR cells and enhanced DR4 reduction in HCC827/AR xenografts (C). A and B, HCC827/AR cells were exposed to
100 nM osimertinib (Osim), different concentrations of crizotinib (Criz) as indicated and their respective combinations for 10 h (B) or 24 h (4) and then
harvested for preparation of whole-cell protein lysates and subsequent Western blotting for detection of the indicated proteins. CE cleaved from. C, The

indicated proteins in different tissue lysates were detected with Western blotting.

The combination of osimertinib and crizotinib enhances suppression of
ERKJe-Jun signaling and reduction of DR4 expression accompanied
with augmented induction of apoptosis in MET -amplified
osimertinib-resistant NSCLC cells

We previously showed that co-inhibition of MET overcomes acquired
resistance of MET-amplified EGFR-TKI resistant NSCLC cells and tumors
to osimertinib [4]. We then analyzed how the combination of osimertinib
with crizotinib modulates DR4 expression in HCC827/AR cells under the
condition that the combination enhances apoptosis. In this study, we could
reproduce our previous result by detecting augmented cleavage of PARP
and caspase-3, hallmarks of apoptosis, in HCC827/AR cells treated by
the combination of osimertinib and crizotinib in comparison with cells
exposed to each agent alone (Fig. GA). Crizotinib alone suppressed ERK
phosphorylation accompanied with decreased expression of both DR4 and
DR5 in HCC827/AR cells; however, it enhanced the suppression of ERK
phosphorylation and the reduction of DR4, but not DR5 expression, when
combined with osimertinib (Fig. 6B). In addition, the combination also
enhanced reduction of c-Jun levels in compared with each agent alone
(Fig. 6B). Furthermore, we generated similar results with HCC827/AR
xenografts, which showed that the combination of osimertinib and crizotinib

The tumor samples were from the experiment reported previously [4].

was significantly more potent than both osimertinib and crizotinib alone in
decreasing DR4 levels, although crizotinib alone also significantly reduced
DR4 levels (Fig. 6C). Therefore, it is apparent that the combination augments
induction of apoptosis and inhibition of the growth of osimertinib-resistant
HCC827/AR cells and tumors accompanied with augmented suppression of
DR4 expression.

Crizotinib and TRAIL combination enbhances killing of
MET-amplified HCC827/AR cells

Since DR4 is the receptor for TRAIL, we further examined the effects
of crizotinib and TRAIL combination on the growth of HCC827/AR cells
in comparison with HCC827 cells. Considering that HCC827 cells are
insensitive to TRAIL, we conducted a colony formation assay that allows us to
repeatedly treat the cells with the tested agents for their long-term activities.
HCC827 cells were insensitive to TRAIL and even the combination of
crizotinib and TRAIL (Fig. 7A). However, HCC827/AR cells were sensitive
to the combination although they responded in part to either agent (Fig. 7B).
Hence, the combination of crizotinib and TRAIL effectively kills MET-
amplified HCC827/AR cells.
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Discussion

Both HCC827/ER and HCC827/AR cells have hyper-activated MET
evidenced by very high levels of phosphorylated MET protein as
demonstrated in our previous [4,22] and current study. Therefore, it makes
sense that these cell lines were more sensitive to MET inhibitors than their
parental cells and other NSCLC cells with no MET gene amplification. It is
known that MET activates the MEK/ERK signaling pathway. In this study,
both crizotinib and SGX523 effectively suppressed ERK phosphorylation
accompanied with suppression of DR4 expression in HCC827/ER and
HCC827/AR cells, but not in HCC827 cells, indicating the tight association
between MEK/ERK suppression and DR4 downregulation. Moreover,
crizotinib decreased DR4 mRNA levels, suppressed AP-1-dependent DR4
gene transcription and decreased the levels of both c-Jun and phosphorylated
c-Jun. Hence, it is very likely that MET/MEK/ERK positively regulates DR4
expression through c-Jun/AP-1-dependent transcriptional regulation; upon
MET inhibition, DR4 expression is suppressed (Fig. 5D). Our findings in
this study provide additional evidence supporting our previous report that
the MEK/ERK/AP-1 signaling positively regulates DR4 expression [16].

In HCCB827 cells, both crizotininb and SGX523 suppressed basal levels
of p-MET, although its levels were relatively low; however, they were unable
to inhibit ERK phosphorylation. This may suggest that the basal levels of p-
ERK is controlled by other signaling pathways independent of MET in this
cell line. Hence, the poor response of HCC827 cells to MET inhibitors can be
explained by the dispensable role of MET in controlling MEK/ERK signaling
in this cell line. Once they become resistant due to MET amplification
and protein hyperactivation, then MET is indispensable in activating the
MEK/ERK signaling. Accordingly, these cell lines (e.g., HCC827/ER and
HCC827/AR) respond well to MET inhibitors as demonstrated in this study
and to the combination of MET inhibition and osimertinib as demonstrated
previously [4,22].

We noted that crizotinib increased DR4 levels in HCC827 and other
NSCLC cell lines without mutant EGFR. Since crizotinib did not or

minimally suppressed ERK phosphorylation, it is likely that crizotinib
increases DR4 in these cell lines through different and yet-to-be identified
mechanisms. Beyond DR4, it also upregulated DR5 in these cell lines.
Nonetheless, these findings warrant future study to demonstrate the
mechanisms by which crizotinib increases the expression of DR4 and DR5
in these cell lines and its impact on TRAIL-induced apoptosis.

DR5 expression is also positively regulated by the Raf/MEK/ERK
signaling pathway as we demonstrated previously [14,15]. However, the
underlying mechanism involves CHOP/ILK-mediated gene transcription.
Although JNK/c-Jun activation enhances the transcription, MET inhibitors
did not or minimally suppressed DR5 expression in MET-amplified EGFR-
TKI resistant HCC827 cell lines. These findings demonstrate the distinct
mechanisms underlying MEK/ERK-dependent regulation of DR4 and DR5
transcription.

In this study, ARQ197 behaved differently from both crizotinib
and SGX523 in suppressing MET/ERK signaling and modulating DR4
expression in both HCC827 and HCC827/AR cells as it did not suppress
the phosphorylation of MET and ERK and rather enhanced DR4 expression.
In this study, we have validated the findings on MET inhibition by small
molecule MET inhibitors (e.g., crizotinib and SGX523) and suppression
of DR4 expression by genetic knockdown of MET expression in both
HCC827/ER and HCC827/AR cells. Therefore, we suggest that ARQ197
may not be an ideal MET inhibitor.

It was reported that silencing of DRS5, but not DR4, in Huh-7
hepatocellular carcinoma cells attenuates TRAIL-induced apoprosis [23].
We previously reported that knockdown of DR4 enhanced apoptosis
induced by TRAIL or the combination of TRAIL and GGTI-298 (a
geranylgeranyltransferase I inhibitor) in NSCLC cells, whereas DR5 silencing
abolished apoptosis induced by TRAIL or the GGTI-298 and TRAIL
combination [13]. In this study, DR4 downregulation by MET inhibitors
occurred in the sensitive ME7-amplified NSCLC cells. The combination
of crizotinib and osimertinib enhanced suppression of DR4 expression
accompanied with augmented induction of apoptosis in HCC827/AR cells.
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This combination also enhanced DR4 reduction in HCC827/AR xenograft
tumors while effectively inhibiting the growth of these tumors in vivo [4].
Consistently, the combination of crizotinib and TRAIL enhanced the killing
of HCCB827/AR cells, in which DR4 was decreased by crizotinib, but not
of HCC827 cells, in which DR4 expression could not be suppressed by
crizotinib. These results together suggest that DR4 may have an unrecognized
anti-apoptotic function or a positive role in regulation of cancer cell growth
under a given condition although we currently do not know the underlying
mechanisms. However, our findings warrant further investigation in this
direction.

Since DR4 reduction is tightly associated with cell response to MET
inhibitors, the combination of a MET inhibitor with an EGFR-TKI or the
combination of a MET inhibitor with TRAIL in MET-amplified EGFR-
TKI resistant NSCLC cells, we suggest that DR4 reduction may serve as a
predictive marker for these treatments. Moreover, any strategies that cause
DR4 reduction may be effective in overcoming acquired resistance of EGFRm
NSCLC cells or tumors to EGFR-TKIs due to MET amplification or in

sensitizing certain cancer cells to TRAIL-induced apoptosis.
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