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Background: Studies have shown that extensive genetic or spatial heterogeneity is present within tumors.
The present study explored the influence of heterogeneous cells in the tumor microenvironment (TME)
on the sensitivity of EGFR-mutant lung adenocarcinoma cells to EGFR-TKIs and further investigated
associated molecular mechanisms.

Methods: Tumor heterogeneity was simulated using transwell co-culture technique with H1975, A549
or MRC-5 cells grown in the upper chambers and PC-9 cells cultured in the bottom chamber. Each
co-culture system was grouped based on different proportions of cells in the upper and lower chambers (from
1% to 300%), and each group was subdivided into erlotinib treatment group (erlotinib+) and erlotinib non-
treatment group (erlotinib-). The viability of PC-9 cells was analyzed by CCK-8; HGE, IGF-1 and TGF-o
were determined by ELISA; MET amplification was detected by qRT-PCR, and the relevant proteins were
detected by Western blot.

Results: The viability of PC-9 cells increased with increased proportion of A549/PC-9 or MRC-5/PC-9
cells from 1% to 300%. HGF increased with increased proportion of H1975 cells from 1% to 300%. In all
three co-culture systems, TGF-o production in the erlotinib+ subgroup was significantly lower than that
in erlotinib- subgroup, and phosphorylated AKT protein showed an ascending tendency with the increased
proportion of upper chamber cells relative to PC-9 cells from 1% to 300%. H1975 cells could induce MET
amplification of PC-9 cells. MRCS5 cells inhibited MET amplification.

Conclusions: Tumor heterogeneity partially accounts for the resistance of EGFR-mutant lung adenocarcinoma
cells to EGFR-TKIs. The possible mechanisms may be related to AKT signaling pathways activated by growth
factors, which are secreted by heterogeneous cells in the TME under the pressure of EGFR-TKIs.
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Introduction of patients with NSCLC is only approximately 15% (2).

Previous studies have identified some activating mutations
Lung cancer is the leading cause of cancer-related death (i.e., sensitive mutations) in the epidermal growth factor
worldwide, with non-small cell lung cancer (NSCLC) receptor (EGFR) as biomarkers which predicted a good

being the most common type (1). The 5-year survival rate response to tyrosine kinase inhibitors of EGFR (EGFR-
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TKIs), such as erlotinib and gefitinib (3). Many randomized
controlled trials have shown that patients with EGFR-
sensitive mutations [especially a deletion in exon 19 (E19del)
and a point mutation in exon 21 L858R (E21 L858R)]
who received EGFR-TKI treatment showed a significantly
higher overall response rate of about 70% and longer
median progression-free survival of 9-13 months compared
to those who received chemotherapy alone (4-7). However,
most patients who respond to EGFR-TKIs will eventually
develop secondary resistance after a period of response; in
addition, approximately 20% of patients show initially poor
sensitivity (i.e., primary resistance) to EGFR-TKIs.

There are two critical mechanisms involved in the
secondary resistance of EGFR-TKIs: one is acquisition
of a mutation of the EGFR, most commonly seen in
EGFR exon 20 T790M, another is the activation of a
bypass signaling pathway of EGFR, such as amplification
of the MET or HER2 gene, or epithelial-mesenchymal
transition (8,9). Recent studies have shown that extensive
genetic heterogeneity or so-called spatial heterogeneity is
present within tumors (10). Due to the genetic instability
and evolution during clonal proliferation of tumor cells,
the EGFR-sensitive mutant type of tumor cells may co-
exist with other subclonal tumor cells such as EGFR-TKI-
resistant mutants or wild-type tumor cells within tumors
when the tumor occurs. Tumor heterogeneity may be
associated with primary resistance and secondary resistance
to EGFR-TKIs. Using a highly sensitive detection method,
researchers found that so-called resistant subclonal variations
such as EGFR T790M or MET amplification could co-exist
with EGFR-sensitive mutant type at a low-copy number
in tumors before EGFR-TKI treatment. After EGFR-
TKI treatment, the sensitive mutant lung cancer cells are
suppressed, so the EGFR-TKI-resistant mutant lung cancer
cells become the main clone. This suggests that “clonal
selection” for EGFR-TKI-resistant mutations may lead to
secondary resistance to EGFR-TKIs (11,12). Zhou et 4. found
that patients with a high abundance of EGFR mutations
may benefit more than those with a low abundance (13).
However, the exact mechanism underlying the involvement of
heterogeneity in EGFR-TKI resistance is not yet clear.

Besides the above-mentioned intratumoral heterogeneity,
the tumor microenvironment (TME), which contains
microvessels, immune cells, fibroblasts and other stromal
components surrounding the tumor cells, may interact with
tumor cells by paracrine action to regulate cell proliferation,
invasion, angiogenesis and metastasis (9). Large amounts of

hepatocyte growth factor (HGF) are secreted by fibroblasts
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in the TME and can activate the downstream PI3K-AKT
signal pathway by combining with its receptor MET in
the tumor cell membrane (11). Thus, crosstalk between
stromal cells in the TME and intratumoral EGFR-sensitive
mutant lung cancer cells may be involved in the primary
or secondary resistance of EGFR-TKIs. If so, even though
the EGFR pathway is blocked, activation of a bypass signal
pathway may also promote tumor cell proliferation.

In the present study, we simulated the tumor
heterogeneity using transwell co-culture technology to
explore the influence of heterogeneous tumor cells or
stromal cells in the TME on the sensitivity of EGFR-
sensitive mutant lung cancer cells to EGFR-TKIs and to
investigate relevant molecular mechanisms.

Methods
Cells and reagents

Human lung adenocarcinoma cell lines including the cell
line H1975 with EGFR E20 T790M, the cell line PC-9
with EGFR E19 E746-A750 del, and the A549 cell line
with wild type EGFR, as well as the human lung embryonic
fibroblast cell line MRC-5, were obtained from West China
Hospital of Sichuan University (Chengdu, China). Erlotinib
was purchased from Santa Cruz Biotechnology, Inc.
(CA, USA). ELISA detection kits for HGE, transforming
growth factor-o (T'GF-0), and insulin-like growth factor-1
(IGF-1) were purchased from USCN Life Science Inc.
(Shanghai, China). High-purity total RNA extraction kits
were purchased from Generay Biotech Co., Ltd. (Shanghai,
China), RevertAid First Strand ¢cDNA synthesis kits were
purchased from Fermentas Inc. (Thermo Fisher Scientific,
Waltham, MA, USA), and PCR reagent Super Real Premix
Plus (with SYBR Green I) was purchased from Tiangen
Biotech Co., Ltd. (Beijing, China). Primary antibodies
against Met (c-Met) (EP1454Y), Met (c-Met) (phospho
Y1349) (EP2367Y), ErbB3 (E186), EGFR (EP38Y) and
EGFR (phospho Y1092) (EP774Y) were purchased from
Abcam (Cambridge, UK). Akt (C67E7), phospho-Akt
(Ser473) (D9E), ERK1/2 and phospho-ERK1/2 (Thr202/
Tyr204) were purchased from Cell Signaling Technology
(Danvers, MA, USA); PI3-kinase p110 & alpha (H-201)
were purchased from Santa Cruz Biotechnology.

Cell co-culture

Three co-culture systems-H1975/PC-9, A549/PC-9,
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Table 1 Co-culture systems grouped according to the different proportions of H1975/PC-9, A549/PC-9, and MRC5/PC-9 cells

Chamber Cells Group 1 Group 2 Group 3 Group 4 Group 5
Upper chamber MRC5/H1975/A549 1% 10% 50% 100% 300%
Lower chamber PC-9 1 1 1 1 1
Intervention factor Erlotinib +/— +/- +/- +/— +/—
i - _.'.7_- :erloti;i-b. SNy . Cells pretreated with Upper chamber
or without erlotinib
1975/MRC5/A549 cells +/— erlotinib
H1975/MRC5/A549 cells
48h
L Secrete cytokines
Lower = 'm m - -
Cytokines (HGF, TGFu, IGF-1)  p5_g celis

fLower chamber

PC-9 cells

[ S i A

e

PC-9 co-cultured with H1975,MRC-5 or A549

Figure 1 Co-culture diagram. Three co-culture systems, with different proportions of H1975/PC-9, A549/PC-9, and MRC5/PC-9 cells,

were constructed using the transwell technique.

and MRCS5/PC-9 (Thermo Fisher Scientific)-were
established using the transwell technique, and grouped
according to the different proportions of H1975/PC-9,
A549/PC-9, and MRC5/PC-9 (as shown in Table 1 and
Figure 1). Each co-culture system was then subgrouped to
be treated with erlotinib (erlotinib+) or without erlotinib
(erlotinib-). Specifically, cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM), supplemented with
10% fetal bovine serum (FBS), penicillin (100 U/mL) and
streptomycin (50 U/mL) in a humidified CO, incubator
at 37 °C. In preliminary experiments, we determined that
the IC;, concentration of PC-9 cells to erlotinib at 72 h
was 3 pM/L. Cells of A549, H1975 and MRC-5 during
the exponential growth phase were rinsed in PBS, then
pretreated in complete medium with or without erlotinib
(3 uM/L) for 24 h. PC-9 cells (2x10°/mL) treated with
or without erlotinib (3 pM/L) were placed in DMEM

complete medium, and 1 mL cell suspension was added
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to the bottom chamber. Then A549, H1975 and MRC-
5 cells were suspended in DMEM complete medium
with or without erlotinib (3 pM/L) at cell densities of
2x10°/mL, 2x10*%mL, 1x10°/mL, 2x10°/mL and 6x10°/mL,
and 1 mL of the cell suspension was added to the upper
chamber. The co-cultures were then incubated at 37 °C, in a
5% CO, saturated humidity incubator for 48 h. PC-9 cells
cultured alone were used as the control group and the cell
density, erlotinib concentration, and treatment time were all
in accordance with the co-culture groups.

PC-9 cell viability assay

For the PC-9 cell viability assay, the transwell upper
chamber was removed, growth medium was aspirated
from the lower chamber, and Cell Counting Kit-8
(CCKB) reagents diluted 1:100 in preheated DMEM

complete medium was added at 1 mL per well. The plates
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were then incubated at 37 °C, in a 5% CO, saturation
humidity incubator, for 1h. After incubation, 100 pL
of culture supernatant were transferred into wells of
96-well plates, and the absorbance (OD value) was measured
with a microplate reader at a wavelength of 450 nm. Each
experiment was repeated three times.

Determination of HGF, TGF-o and IGF-1 in co-culture

supernatant

The levels of the cytokines HGE, IGF-1 and TGF-a in the
PC-9 cell supernatants were determined after co-culture
with various numbers of MRC-5, H1975, or A549 cells.
The transwell systems were incubated for 48 h, and then the
supernatant of the PC-9 cells was harvested and centrifuged.
Each ELISA was performed according to the manufacturer’s
recommended procedures (Immunis HGF EIA kit, Institute
of Immunology, Japan). Color intensity was measured at
450 nm with a spectrophotometric plate reader. Growth
factor concentrations were determined by comparison with
standard curves. All samples were run in triplicate.

Detection of MET amplification by quantitative PCR

MET gene amplification of PC-9 cells was examined
by real-time quantitative PCR (qRT-PCR). qRT-
PCR was performed on genomic DNA purified with
a RevertAid First Strand ¢cDNA synthesis Kit. Primer
sequences were as follows: Homo MET forward primer:
5'-TTGTAAGTGCCCGAAGTGTA-3"; reverse primer:
S'-“TTTCTTGCCATCATTGTCC-3'. Homo GAPDH
forward primer: 5'-AGAAGGCTGGGGCTCATTTG-3"
reverse primer: 5'-AGGGGCCATCCACAGTCTT
C-3' (14). PCR reactions were carried out in triplicate with
20 ng genomic DNA, 900 nmol/L primers, and 250 nmol/L
probes under standard thermocycling conditions (50.0 °C
for 3 min, 95.0 °C for 15 min, then 45 cycles of 95.0 °C for
10's, 61.5 °C for 20 s, 72.0 °C for 20 s followed by melting
curve analysis from 70 to 95 °C at 0.5 °C increments).

Western blotting

Exponential phase cells were lysed for 30 min in cell
lysis buffer (150 pL) containing PMSF (1 mM), then
the lysate was centrifuged at 11,000 rpm, 4 °C for 5 min.
The supernatant was stored at -80 °C until analysis. The
protein concentrations were determined by the BCA
method (Bicinchoninic acid), and 30 pg of protein was
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separated by 10% polyacrylamide gel electrophoresis, then
transferred onto a PVDF membrane. The membrane was
blocked with 5% skimmed milk powder or bovine serum
albumin overnight, and then incubated for 2 h at 4 °C with
one of the following primary antibodies: c-Met, phospho-
c-Met, ErbB3, EGFR, phospho-EGFR, Akt, phospho-
Akt, ERK1/2, phospho-ERK1/2, PI3-kinase. After
washing three times, the membranes were incubated for
1 h at room temperature with the appropriate secondary
antibody. Immunoreactive bands were visualized by imaging
with enhanced chemiluminescence reagent (Beyotime
Biotechnology Co., Shanghai, China). Pictures were
exported to Image ] software and used for further analysis
of the optical density of every band.

Statistical analysis

The statistical significance of differences was analyzed by
one-way ANOVA. All statistical analyses were performed
using GraphPad Prism Ver. 6.0 software (GraphPad
Software Company, La Jolla, CA, USA). P<0.05 was

considered statistically significant.

Results
Cell viability of co-cultured PC-9 cells

In the three co-culture systems, the cell activity of PC-9
cells in the erlotinib+ subgroup decreased markedly
compared with that in the erlotinib- subgroup, P;<0.05. In
co-culture systems of A549/PC-9 or MRC-5/PC-9, the cell
viability of the PC-9 cells in the lower chamber gradually
increased to various extents with the increase in the
proportion of upper chamber cells relative to lower chamber
cells from 1% to 300% in both erlotinib+ and erlotinib-
subgroups, with statistical significance of P,;<0.05 compared
with the PC-9 alone group. However, no significant change
in cell viability was observed at any proportion of H1975
cells in the H1975/PC-9 co-culture system (Figure 2).

Production of HGF, IGF-1 and TGF-a in co-culture
supernatant

In the three co-culture systems, whether with or without
erlotinib, HGF levels in co-culture supernatants increased
to different levels with the increasing proportion of cells
in the upper chamber relative to PC-9 cells from 1% to
300% (P<0.05). Of note, HGF levels reached a plateau in
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A549/PC-9

OD value

0.0 - 0.0
PC-9 1% 10% 50% 100% 300% PC-9 1%
Cell rate
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Cell rate

C B Treatment
MRC-5/PC-9 mm Control

50% 100% 300% . PC-9 1% 10% 50% 100% 300%

Cell rate

Figure 2 Cell viability of co-cultured PC-9 cells in the three co-culture systems treated with or without erlotinib.

the 1% A549/PC-9 co-culture system in both the erlotinib+
and erlotinib- subgroups. In the erlotinib- subgroup, the
production of IGF-1 reached a plateau in 1% MRC5/PC-9
or H1975/PC-9 co-culture systems.

In all three co-culture systems, the production of TGF-a
in the erlotinib+ subgroup was significantly lower than that
in the corresponding erlotinib- subgroup, suggesting that
erlotinib significantly inhibits the secretion of TGF-a in co-
culture systems. In the non-erlotinib subgroup, the production
of TGF-a showed a significant increase and quickly reached
a plateau in the 1% A549/PC-9 co-culture system compared
with PC-9 alone. For the other two co-culture systems of
H1975/PC-9 or MRC-5/PC-9, TGF-a increased linearly with
the increasing proportion of upper chamber H1975 or MRC-
5 cells relative to lower chamber PC-9 cells (Figure 3).

MET amplification of co-cultured PC-9 cells

MET amplification exhibited an increasing trend in the
erlotinib+ subgroup of the H1975/PC-9 co-culture system
with the increasing proportion of upper chamber H1975
cells. However, in the erlotinib+ subgroups of A549/PC-9
or MRC-5/PC-9 co-culture systems, MET amplification
showed a decreasing trend. In the non-erlotinib subgroups
of the three co-culture systems, MET amplification showed
no significant changes with the increasing ratio of upper
chamber cells (Figure 4).

Protein expression of EGFR, MET, AKT, and ERK in co-

cultured PC-9 cells
In the H1975/PC9, A549/PC-9 or MRC-5/PC-9 co-

© Translational Cancer Research. All rights reserved.

culture groups, or PC-9 alone, the proteins expressions of
pEGFR, pMET, pAKT, especially pERK in the erlotinib+
subgroup, significantly decreased compared with those in
the erlotinib- subgroup. The protein expression of pAKT
showed a gradually ascending tendency with the increased
proportion of upper chamber cells from 1% to 300% in
all three co-culture systems. However, unlike the A549/
PC-9 or MRC-5/PC-9 co-culture systems which showed
a slow increase in pAKT protein, the H1975/PC-9 co-
culture system showed a high level of pAKT increase at 1%
of H1975/PC-9 compared with PC-9 alone, and rapidly
reached a plateau (Figures 5-7).

Discussion

Intratumor heterogeneity provides the fuel for tumor
evolution and drug resistance (15). It has been demonstrated
that more than 75% of NSCLCs carry a subclonal driver
alteration that occurred later in evolution (16). Soucheray
and colleagues found that heterogeneity within NSCLC cell
lines harboring EGFR kinase domain mutations could result
in divergent resistance mechanisms in response to EGFR-
TKI treatment (17). However, the interactive mechanism
between the pressure imposed by EGFR-TKI treatment
on tumor heterogeneity or TME and subsequent drug
resistance is still poorly understood. Our findings provide
evidence that tumor heterogeneity is an important reason
for the resistance of lung cancer cells with EGFR-sensitive
mutation to EGFR-TKIs, and suggest that the possible
mechanisms may be correlated with MET amplification or
AKT signaling pathways activated by paracrine of HGE,
IGF-1, and TGF-o. We also found that heterogeneous
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the non-erlotinib group and PC-9 cells alone.
with PC-9 cells alone.

EGFR T790M cells could induce MET amplification of
co-cultured EGFR-sensitive mutant cells in a proportion-
dependent manner when treated with erlotinib, which can
explain the co-existence of secondary T790M and MET
amplification in some patients after they have become
resistant to EGFR-TKIs.

The development of high-through put next-generation
sequencing technology has enabled great progress, and
related studies have revealed extensive intratumoral
heterogeneity (18). Recently, more drug-resistance
mechanisms related to EGFR-TKIs have been intensively
studied, but only a few linked the TME and heterogeneity
together (19-21). Tumor spatial-temporal heterogeneity
always changes along with EGFR-TKI treatment. It is
reasonable to speculate that a pre-treatment minor subclone

© Translational Cancer Research. All rights reserved.

represents a statistically significant difference between the erlotinib subgroup compared

might emerge as a dominant resistant clone following
clonal selection upon development of resistance to EGFR-
TKIs. The T790M mutation or MET amplification may
pre-exist in cancer cells with a small amount of cloning
before targeted therapy (10), and the proportion of sensitive
mutant lung cancer cells decrease after EGFR-TKI
treatment, so the relative proportion of drug-resistant cells
will increase; this is called clonal selection under targeted
therapy, and results in the development of resistance
(22,23). Ramirez and colleagues compared persister-derived
erlotinib-resistant colonies derived from EGFR-addicted
lung cancer cells. They then used a combination of large-
scale drug screening of cells and whole-genome sequencing,
and found that erlotinib-resistant colonies acquired diverse
resistance mechanisms. Thus, the drug-tolerant persisted
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Figure 4 MET amplification of co-cultured PC-9 cells treated with or without erlotinib. MET amplification revealed an increasing trend
in the erlotinib subgroup of the H1975/PC-9 co-culture system with the increasing proportion of upper chamber H1975 cells; however, in
the erlotinib subgroups of A549/PC-9 or MRC-5/PC-9 co-cultures, MET amplification showed a decreasing trend. In the non-erlotinib

subgroups of all three co-culture systems, MET amplification showed no significant changes with the increasing proportion of upper

chamber cells.
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Figure 5 Protein expression of EGFR, MET, AKT, and ERK
in PC-9 cells treated with or without erlotinib. The expression
of pEGFR, pMET, pAKT, and especially pERK proteins in the

erlotinib subgroup significantly decreased compared with those in

the non-erlotinib subgroup.

state does not limit the emergence of heterogeneous drug-
resistance mechanisms (24). In our present study that linked
the TME and tumor heterogeneity, tumor heterogeneity

© Translational Cancer Research. All rights reserved.

was simulated by co-culture using transwell technology to
study the crosstalk between cell types with various changes.
We found that the activities of PC-9 cells when treated
with erlotinib increased with the increasing proportion of
co-cultured heterogeneous A549 cells or MRC-5 cells. Of
note, no change in activity of PC-9 cells was observed in
the H1975/PC-9 co-culture system. These findings indicate
that both heterogeneous tumor cells and stromal cells in
the TME could influence the sensitivity of EGFR-sensitive
mutant cells to EGFR-TKIs, suggesting that crosstalk
among heterogeneous tumor cells and stromal cells during
EGFR-TKI treatment may influence tumor sensitivity to
EGFR-TKIs and be correlated with primary resistance.
However, not all heterogeneous tumor types in the TME,
for example preexisting T790M mutant cells, influence the
sensitivity to EGFR-TKIs by a direct crosstalk mechanism.
Hata and colleagues have recently demonstrated, using
patient-derived cell line models, that T790M drug-
resistant NSCLC cells can both preexist and evolve from
drug-tolerant cells (25). This partly explains why some
patients without pre-treatment T790M developed acquired
resistance caused by the T790M mutation. The authors
simultaneously found that those T790M drug-resistant
cells that evolved from drug-tolerant cells had a diminished
apoptotic response to third-generation EGFR-TKI.

The mechanism of EGFR-TKI resistance caused by

tumor heterogeneity was further investigated in our studies.
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Figure 7 Protein expression of pAKT in co-cultured PC-9 cells treated with or without erlotinib.

We found that in cases of heterogeneity, MET amplification
may not be the main mechanism responsible for rendering
PC-9 cells unresponsive to EGFR-TKI, because decreased
MET amplification was observed in PC-9 cells with
increased viability in A549/PC-9 and MRC-5 co-culture
systems, while increased MET amplification was observed
in PC-9 cells without altered viability in the H1975/PC-9
co-culture system. We found that in all three co-culture
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systems, the expression of pAKT tended to increase with
the increasing proportion of upper chamber cells from 1%
to 300%, suggesting that bypass of AKT activation caused
by tumor heterogeneity might be involved in primary
resistance to EGFR-TKIs. Our study results were in accord
with a study conducted by Suda et 4/., who found that
resistant wild-type lung cancer cells induced by erlotinib
treatment could express much more pAKT and pERK1/2
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proteins than those original wild type lung cancer cells
without erlotinib treatment (26).

What drives the activation of the AKT signaling
pathway is a key issue. It has been proven that HGF plays
a very important role in drug resistance. HGF was found
to be overexpressed in 30% of NSCLC patients with an
EGFR-sensitive mutation who had primary resistance
to EGFR-TKIs (27). HGF overexpression has been
found more frequently than T790M mutation or MET
amplification in acquired drug resistance (28). The result
of our current study showed that the HGF secreted in the
three co-culture systems showed a similar increase with the
increase in the proportion of the upper cells regardless of
erlotinib treatment, but no difference was found between
the erlotinib+ and erlotinib- subgroups. There is still
insufficient evidence to conclude that HGF is associated
with primary or secondary drug resistance in tumor
heterogeneity. However, there is more and more evidence
that the IGF-1 receptor pathway could mediate acquired
resistance to EGFR-TKI. IGF-1 is secreted by tumor cells
through autocrine or paracrine mechanisms. After IGF-1
binds to its receptor, the PI3K/AKT and RAS/RAF/MEK/
ERK signal pathways can be activated, thus promoting
tumor cell proliferation, and suppressing apoptosis (29-31).
Our in vitro experiment found that IGF-1 gradually
increased with increasing numbers of A549 cells in both the
erlotinib+ and the erlotinib- groups, indicating that more
wild-type lung cancer cells in the TME may induce more
IGF-1 secretion. A large amount of IGF-1 could thus be
secreted by a small proportion of H1975 or MRC-5 cells
in a PC-9 co-culture system without erlotinib treatment.
However, the opposite trend of change was observed in the
erlotinib treatment subgroup. This may mean the more
obvious the intertumoral heterogeneity, the more complex
the cytokines secreted. It is difficult to explain the reason
for this in the present study, and further studies are needed
to confirm this phenomenon. Of note, a small proportion
of A549 or MRC-9 cells co-cultured with PC-9 produced
large amounts of TGF-a in the erlotinib- subgroups, but
after erlotinib treatment the TGF-a level significantly
decreased. This suggests that TGF-a may be, to some
extent, related to primary drug resistance. Previous studies
have shown that TGF-o, like epidermal growth factor, can
phosphorylate the ATP binding site of tyrosine kinases by
binding with EGFR, activating EGFR downstream signal
transduction, and resulting in drug resistance of EGFR-
sensitive mutant NSCLCs (32). There have been studies
verifying that antibodies against HGEF, TGF-o and IGF-1
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could inhibit the growth of EGFR-sensitive mutant lung
cancer cells (26,32-34). Thus, we believe that the HGE,
IGF-1 and TGF-o produced via paracrine secretion by
heterogeneous cells, even under the influence of EGFR-
TKIs, could activate the downstream signaling pathways
of EGFR, especially PI3K-AKT, thus inducing resistance
to EGFR-TKIs. This may be one of the important
mechanisms linking drug-resistance and TME and tumor
heterogeneity imposed by EGFR-TKI selection pressure.
These findings suggest that receptor ligands of HGEF,
TGF-a and IGF-1 secreted by TME may be additional
targets during treatment.

There are some limitations to this work. The effect of
the microenvironment and tumor heterogeneity on drug
resistance of lung cancer is very important but complicated.
There are many other factors which influence the TME
such as oxygen content, drugs, or glucose levels. The
established co-culture models only simulated crosstalk of
pure cell to cell and do not account for many factors present
in the microenvironment. As shown in many studies, cancer
cells are regulated by much more than one cytokine or one
mesenchymal cell. Of course, there were many cytokines
that we did not detect, such as TGF-B1, platelet derived
growth factoro/f (PDGF-a/B), basic fibroblast growth
factor (b-FGF), or interleukin 6 (IL-6) (35). Therefore,
there are still many unknown factors which need to be
explored. In addition, the TME changes dynamically and
complexly. Researchers used a novel experimental model
derived from the HCC827 erlotinib-sensitive and -resistant
NSCLC cell lines. They found that in contrast to in the
drug-free environment, resistant cells may hold some
advantage compared to parental cells in microenvironments
deficient in oxygen and nutrients (20). TME compounded
by variable cell density, differential forces on cells, effect
of these forces on growth rates, and consumption of
nutrients by cells (20). Furthermore, we did not analyze
and compare the differences at different time-points among
these co-culture systems. Thus a complex and approximate
real microenvironment model will be the topic of future
investigation.

Conclusions

Our in vitro gradient co-culture experiment indicated
that heterogeneous lung cancer cells and fibroblasts could
produce large amounts of HGF, TGF-o and IGF-1,
especially when these cells were present in greater
proportions. Tumor heterogeneity is an important reason
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for the resistance of lung cancer cells with an EGFR-
sensitive mutation to EGFR-TKI, and one possible
mechanism may be related to activation of the downstream
signaling pathways of EGFR-AKT by paracrine secretion
of HGE, TGFa and IGF-1. MET amplification of EGFR-
sensitive mutant cells presented an increasing trend with
the increasing proportion of heterogeneous EGFR T790M
cells, helping to explain the co-existence of secondary
T790M and MET amplification after development of
resistance to EGFR-TKIs.
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