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Abstract: Purpose: The EGFR tyrosine kinase inhibitors (TKIs) demonstrate efficacy in NSCLC patients whose tumors 
harbor activating EGFR mutations. However, patients who initially respond to EGFR TKI treatment invariably develop 
resistance to the drugs. Known mechanisms account for approximately 70% of native and acquired EGFR TKI re-
sistance. In the current study we investigated a novel mechanism of NSCLC resistance to erlotinib. Experimental 
Design: The mechanisms of acquired erlotinib resistance were evaluated by microarray analysis in thirteen NSCLC 
cell lines and in vivo in mice. Correlations between plasma neutrophil gelatinase associated lipocalin (NGAL) levels, 
erlotinib response and the EGFR mutational status were assessed in advanced stage NSCLC patients treated with 
erlotinib. Results: In 5 of 13 NSCLC cell lines NGAL was significantly upregulated. NGAL knockdown in erlotinib-
resistant cells increased erlotinib sensitivity in vitro and in vivo. NGAL overexpression in erlotinib-sensitive cells 
augmented apoptosis resistance. This was mediated by NGAL-dependent modulation of the pro-apoptotic protein 
Bim levels. Evaluation of the plasma NGAL levels in NSCLC patients that received erlotinib revealed that patients 
with lower baseline NGAL demonstrated a better erlotinib response. Compared to patients with wild type EGFR, 
patients with activating EGFR mutations had lower plasma NGAL at baseline and weeks 4 and 8. Conclusions: Our 
studies uncover a novel mechanism of NGAL-mediated modulation of Bim levels in NSCLC that might contribute to 
TKI resistance in lung cancer patients. These findings provide the rationale for the further investigations of the utility 
of NGAL as a potential therapeutic target or diagnostic biomarker.
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Introduction

The epidermal growth factor receptor (EGFR) 
tyrosine kinase inhibitors (TKIs), such as gefi-
tinib and erlotinib, are therapeutic agents for 
management of non-small cell lung cancer 
(NSCLC) [1-5]. Activating mutations in the TK 
domain of the EGFR gene serve as major deter-
minants of response to EGFR TKI therapy [6-9], 
however, clinical benefit of EGFR TKIs is also 
reported in patients without EGFR mutations 
[10]. Unfortunately, patients who initially 
respond to EGFR TKI treatment, invariably 
develop secondary resistance to these agents. 
Specifically, a somatic T790M mutation in exon 

20 of EGFR accounts for approximately 50% of 
acquired erlotinib resistance in patients with 
activating EGFR mutations [11, 12]. Other 
mechanisms of acquired TKI resistance include 
amplification of the MET proto-oncogene [13], 
overexpression of HER2 [14] or CXCR4 [15], 
increased HGF production [16], activation of 
IGFR1 [17], amplification of MAPK1 [18], loss of 
PTEN [19] and development of an EMT pheno-
type [20, 21] that altogether are found in 
approximately 20% of lung cancer patients. 
Finally, in as many as 30% of EGFR TKI resistant 
lung cancers the mechanisms of resistance 
remain unknown [21]. Thus, a more complete 
understanding of mechanisms of native and 
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acquired TKI resistance would allow for 
improved outcomes for NSCLC patients.

Establishment of drug-resistant lung cancer 
cell lines and comparative investigations with 
their parental cells is a useful approach to elu-
cidate the mechanisms of acquired drug resis-
tance [22]. We developed NSCLC cell lines with 
acquired erlotinib resistance by culturing the 
cells in the presence of increasing concentra-
tions of erlotinib. We analyzed these cells by 
microarray gene expression profiling and found 
that LCN2 (lipocalin-2) gene that encodes the 
protein neutrophil gelatinase-associated lipo-
calin (NGAL), was highly upregulated in NSCLC 
cells with acquired erlotinib resistance. This 
gene was selected for investigation because of 
the known capacity of NGAL to bind gelatinase/
matrix metalloproteinase-9 (MMP-9) [23] and 
mediate apoptosis resistance [24]. NGAL, origi-
nally identified in human neutrophils as a 
25-kDa protein associated with MMP-9, 
belongs to the family of lipocalin proteins. This 
family shares a common tertiary structure that 
confers the ability to bind and transport a wide 
variety of lipophilic substances, such as reti-
noids, fatty acids, cholesterol and prostaglan-
dins [25]. NGAL expression is detected in nor-
mal lung tissues [26, 27] and has been found 
to be altered in several malignancies, where its 
elevation is associated with increased invasive-
ness and metastasis, as well as poor prognosis 
[28-32]. In this study, we investigated the role 
of NGAL in native and acquired resistance to 
erlotinib in NSCLC.

Materials and methods

Cell lines and cell culture

The cell lines were obtained from American 
Type Culture Collection (Rockville, MD). Cells 
were cultured at 37°C in an atmosphere of 5% 
CO2 in RPMI-1640 medium (Mediatech, 
Herndon, VA) supplemented with 10% fetal 
bovine serum (FBS) (Gemini Bio-Products, 
Woodland, CA), 100 units/mL penicillin/strep-
tomycin and 2 mM glutamine (Invitrogen, 
Carlsbad, CA). The cells were genotyped regu-
larly (every three months) utilizing Promega Cell 
ID System (Promega, Madison, WI), and the 
number of post-genotyping passages was lim-
ited to eight. All cell lines were tested and found 
negative for mycoplasma contamination 
(MycoAlert Mycoplasma Detection Kit; Lonza, 
Walkersville, MD).

Generation of NSCLC cells with acquired resis-
tance to erlotinib

To study the mechanisms of acquired erlotinib 
resistance, thirteen NSCLC cell lines were cul-
tured in the culture medium described above 
supplemented with increasing concentrations 
of erlotinib to develop acquired resistance. The 
starting concentration of erlotinib was 1.5 μM 
and as soon as the cells demonstrated no 
growth disadvantage in erlotinib-containing 
medium, the concentration of the drug was 
increased by 1 μM to a final concentration of 
20 μM. At this point the cells were tested for 
erlotinib IC50 (H441 - 18.3 μM, up from 3.3 μM 
for the parental cells and H358 - 10.8 μM, up 
from 2.8 μM) and used in subsequent 
experiments.

Microarray expression profiling

5 x 105 parental and erlotinib-resistant H441 
cells were plated in 192 cm2 flasks in dupli-
cates and incubated for 72 h. Cells were 
washed twice with PBS and RNA was isolated 
using RNeasy Mini kit (Qiagen, Valencia, CA) 
with the on-column DNase digestion according 
to Qiagen protocol. RNA quantity and quality 
were assessed utilizing Agilent 2100 
Bioanalyzer prior to microarray experiments. 
Microarray analysis was performed using 
Affymetrix U133 Plus 2 chips. Microarray data 
was analyzed using dChip and R software 
packages.

Analysis of erlotinib-resistant cells for second-
ary somatic EGFR mutations

Cells with acquired erlotinib resistance were 
tested for the presence of secondary somatic 
T790M mutation in exon 20 of EGFR. Exon 20 
of EGFR was amplified by PCR utilizing 10 ng of 
genomic DNA isolated from cells with acquired 
erlotinib resistance. The PCR fragment was iso-
lated and sequenced. The sequence analysis 
demonstrated the absence of T790M mutation 
in these cells. PCR primer sequences: forward 
5’-ATCGCATTCATGCGTCTTCA-3’, reverse 5’-ATC- 
CCCATGGCAAACTCTTG-3’.

Antibodies and reagents: Erlotinib was provid-
ed by OSI Pharmaceuticals (Farmingdale, NY). 
Antibodies against Bim, phospho-Bim (Ser69), 
PARP, p44/42 MAPK, phospho-p44/42 MAPK, 
Akt, phospho-Akt and apoptotic proteins (Bcl-2, 
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Bcl-xL, Mcl-1, Puma, Bad, Bax) were purchased 
from Cell Signaling (Danvers, MA). NGAL anti-
body utilized for Western blotting was pur-
chased from Santa Cruz Biotechnology (Santa 
Cruz, CA, catalog number sc-57517, dilution 
1:250). GAPDH antibody was from Advanced 
ImmunoChemical (Long Beach, CA). U0126 
was purchased from Calbiochem (Gibbstown, 
NJ). PD98059, MG132 and emetine were pur-
chased from Sigma (Saint Louis, MO). 
Recombinant human NGAL and the NGAL anti-
body utilized for immunohistochemical staining 
were purchased from R & D Systems 
(Minneapolis, MN).

Plasmids and stable cell lines: Human full-
length cDNA clone of NGAL (in pCMV-XL4 vec-
tor) and NGAL shRNA constructs (in pRS vector, 
catalog # TR311777) were purchased from 
OriGene Technologies (Rockville, MD). NGAL 
cDNA was subsequently cloned into the pLXSN 
retroviral vector (Clontech Laboratories, 
Mountain View, CA). To generate NGAL overex-
pressing or NGAL shRNA stable cell lines, pLX-
SN-NGAL or pRS-shRNA and packaging virus 
were co-transfected into HEK 293T cells to gen-
erate viruses that were subsequently utilized to 
infect NSCLC cells. The cells were selected with 
G418 (for pLXSN) or puromycin (for pRS), and 
the expression of NGAL was assessed by 
Western blot. One of the four NGAL shRNA con-
structs utilized, construct # T1347102, signifi-
cantly suppressed NGAL expression. The 
shRNA sequence of this construct is: 
5’-GAGAACCAAGGAGCUGACUUCGGAACUAA-3’.

Western blotting

Cells were washed with PBS and lysed with 
RIPA buffer 50 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 1% NP-40, 0.25% sodium deoxycholic 
acid, 1 mM EDTA, 1 mM PMSF, 1X Complete 
protease inhibitor cocktail (Roche, Penzberg, 
Germany). Twenty μg of protein were loaded per 
lane. Cell lysates were separated by SDS-PAGE 
and transferred to the Immobilon-P Transfer 
Membrane (Millipore, Billerica, MA). Membranes 
were blocked with 5% milk and then incubated 
with primary antibodies diluted in blocking solu-
tion. Horseradish peroxidase-conjugated sec-
ondary antibodies (Santa Cruz Biotechnology) 
and enhanced chemiluminescence (ECL) 
reagent (Amersham Biosciences, Piscataway, 
NJ) were used for protein detection.

NGAL ELISA

A human lipocalin-2/NGAL ELISA kit was pur-
chased from R & D Systems (catalog # DLCN20). 
The assays were performed according to the 
manufacturer’s protocol. Typically, 50 μL of cell 
culture medium or diluted plasma was used for 
each assay. NGAL protein concentration was 
compared between cell lines using two-sample 
t-tests.

Flow cytometry

Cells were plated in T25 flasks, cultured over-
night and then treated with erlotinib for the indi-
cated times. Following treatment, both the 
floating cells and the adherent cells were col-
lected, stained with Annexin V and PI using FITC 
Annexin V Apoptosis Detection Kit (BD 
Biosciences, San Jose, CA) according to the 
manufacturer’s protocol and analyzed using 
FACScan instrument (BD Biosciences).

Real-time PCR

Cells were cultured under standard conditions, 
and total RNA was isolated utilizing the RNeasy 
Mini Kit (Qiagen, Valencia, CA). RNA (1 µg) was 
then reverse-transcribed using the iScript cDNA 
Synthesis Kit (Bio-Rad, Hercules, CA). The 
resulting cDNA samples were used in real-time 
PCR analysis of Bim (forward primer: 5’-agtggg-
tatttctcttttgacacag-3’, reverse primer: 5’-tcaat-
gccttctccataccagacg-3’) and β-actin (forward 
primer: 5’-gatgagattggcatggcttt-3’, reverse 
primer: 5’-caccttcaccgttccagttt-3’) utilizing IQ 
SYBRGreen Supermix (Bio-Rad). Expression of 
Bim was normalized to β-actin expression for 
each sample, and then fold changes were 
determined by comparing vector control and 
NGAL cells. Each assay was performed in tripli-
cate, and the results of one representative 
experiment are shown.

Transfection of siRNA

Cells were plated in 12-well plates and cultured 
overnight. Cells were then transfected with Bim 
siRNA (catalog # 6461, Cell Signaling 
Technology) or negative control siRNA (Silencer 
Negative Control # 1 siRNA, Ambion Austin, TX) 
at 3.2 µg/well utilizing TransMessenger 
Transfection Reagent (Qiagen). Cells were har-
vested 48 hours later and analyzed by Western 
blot.
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Murine studies: Mice were maintained in the 
West Los Angeles Veterans Affairs Animal 
Research vivarium. The animal studies institu-
tional review board (IRB) approved all studies. 
In brief, 8 x 106 tumor cells (Vector control and 
NGAL overexpressing) were injected subcuta-
neously into the right suprascapular area of 8- 
to 10-week-old SCID mice. Ten days post-tumor 
inoculation, mice were treated with erlotinib 
(0.5 mg/kg or 1 mg/kg) or normal saline dilu-
ent daily by gavage for the duration of the 
experiment. Tumor volumes were monitored by 
measuring two bisecting diameters of each 
tumor with calipers. Tumor volumes were calcu-
lated using the formula: V = 0.4ab2, with a as 
the larger diameter and b as the smaller diam-
eter. We utilized a mixed effects model to exam-
ine the effects of cell type and erlotinib dose on 
tumor growth over time. This model included 
fixed effects of cell type, dose, time and the 
interactions of the main effects.

Immunohistochemistry

Immunohistochemical staining for NGAL was 
performed utilizing formalin-fixed, paraffin-
embedded tissues from the UCLA Specialized 
Programs of Research Excellence (SPORE) in 
Lung Cancer tissue bank and pathology depart-
ment archives. Tissue sections (4 μM thick) 
were cut, deparaffinized in xylene, rehydrated 
in alcohol, and washed twice with de-ionized 
H2O (dH2O). The tissues were then steamed in 
EDTA buffer (10 mM, pH 8.0) for 30 minutes to 
unmask antigens. Following cooling to room 
temperature and rinsing with dH2O, specimens 
were treated for 30 minutes with 3% H2O2 in 
PBS containing 1% NaN3. They were then 
washed with PBS containing 0.05% Tween 20 
and blocked with 10% normal horse serum 
(NHS) (Vector Laboratories, catalog # S-2000) 
for 30 minutes. After blocking, the tissues were 
incubated with anti-NGAL antibody (catalog # 
AF1757, R & D Systems) diluted 1:100 in 3% 
NHS overnight at 4°C. They were then washed 
with PBS and incubated with biotinylated horse 
anti-goat IgG antibody (catalog # BA-9500, 
Vector Laboratories) diluted 1:200 in 3% NHS 
for 40 minutes at room temperature. After the 
incubation, specimens were washed with PBS 
and incubated with horseradish peroxidase avi-
din D (Vector Laboratories, catalog # A-2400)
diluted 1:1000 in PBS for 30 minutes at room 
temperature. The tissues were then washed 
with PBS and incubated with DAB peroxidase 

substrate (Vector Laboratories, catalog # 
SK-4100) for 10 minutes. Next, the reaction 
was stopped by washing with dH2O and coun-
terstained with dilute hematoxylin for 6 sec-
onds, followed by dehydration with alcohol and 
xylene and mounting with coverslips.

Human plasma samples

Human plasma samples were collected from 
107 patients in a Phase II trial designed to eval-
uate the efficacy of the combination of erlotinib 
plus celecoxib compared to erlotinib alone in 
patients with stage IIIB or IV NSCLC [33]. 
Samples were collected at City of Hope (COH) in 
accordance with the COH IRB requirements, 
and all patients provided written informed con-
sent. Plasma samples were collected in green 
top Vacutainer tubes, centrifuged at 3,000 rpm 
for 15 minutes within one hour of collection, 
and supernatants were collected, aliquoted 
and stored at -80°C. Samples collected at 
baseline and during 4- and 8-week visits were 
utilized to measure NGAL levels by ELISA.

Statistical analysis

The Wilcoxon rank sum test was used to com-
pare subject’s NGAL levels, as well as changes 
in NGAL levels between response groups. For 
the samples from the Phase II study, we con-
structed receiver operating characteristic (ROC) 
curves for baseline and 4-week visit NGAL val-
ues versus 8-week treatment response catego-
ries PR versus SD+PD. The area under the ROC 
curve (ROC AUC) was computed via numerical 
integration. Statistical analyses were per-
formed using R version 2.13.1.

Results

NGAL is elevated in NSCLC cell lines with ac-
quired erlotinib resistance

Analysis of gene expression of parental and 
erlotinib-resistant NSCLC cells by microarray 
revealed that among the genes potentially rel-
evant in TKI resistance, the LCN2 (lipocalin-2) 
gene was upregulated 2-200-fold in 5 out of 13 
cell lines (Figure 1A). To confirm this result, we 
performed Western blotting and found that the 
levels of the LCN2 protein product, NGAL, were 
also significantly increased in NSCLC cells with 
acquired resistance to erlotinib (Figure 1B). 
Because NGAL is as a secreted protein, we 
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measured its levels in cell culture supernatants 
by ELISA and found that they were also elevat-
ed in erlotinib-resistant cell supernatants 
(Figure 1C).

NGAL overexpressing NSCLC cell lines dem-
onstrate heightened resistance to erlotinib-
induced apoptosis

To study the role of NGAL in erlotinib resistance 
in both EGFR mutant and wild type cell lines, 
NGAL overexpressing H3255 (L858R activating 
EGFR mutation) and H441 (wild type EGFR) 
NSCLC cell lines were generated. NGAL overex-
pression was confirmed by Western blot and 
ELISA (Figure 2A and 2B respectively). 
Interestingly, H3255 cells bearing an activating 
EGFR mutation, consistently expressed lower 
levels of NGAL than the wild-type EGFR H441 
cells (Figure 2C). To determine if NGAL medi-

ates erlotinib resistance, cells were treated 
with erlotinib, and PARP cleavage was evaluat-
ed as an indicator of apoptosis. Erlotinib treat-
ment resulted in prominent PARP cleavage in 
parental and vector control cells, but in con-
trast the apoptotic response was decreased or 
abolished in NGAL overexpressing cells (Figure 
2D), suggesting that increased NGAL confers 
resistance to erlotinib-induced apoptosis in 
NSCLC cells. To further confirm this result, we 
also assessed apoptosis in erlotinib-treated 
cells by Annexin V and PI staining and flow 
cytometry. Compared to vehicle control-treated 
cells, the apoptosis levels in response to erlo-
tinib treatment were significantly lower in NGAL 
overexpressing cells (Figure 2E). These data 
suggest that an NGAL-dependent erlotinib 
resistance mechanism may be operative in 
NSCLC cells with either wild type or mutated 
EGFR.

Figure 1. NGAL is increased in erlotinib-resistant cell lines. A: LCN2 gene expression analysis by microarray in H441 
cells: P-parental cells, E-cells with acquired erlotinib resistance. B: NGAL protein levels are elevated in H358 and 
H441 cells with acquired resistance to erlotinib (E) compared to the respective parental cells (P) by Western blot. C: 
The same cells were cultured for 48 hours and secreted NGAL protein levels were assessed by ELISA. NGAL protein 
levels were significantly higher in erlotinib-resistant cells than in the parental cells (*p = 0.03, **p = 0.02). Error bars 
indicate standard deviation (SD). NGAL concentration was normalized by total protein concentration.
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NGAL mediates apoptosis resistance by de-
creasing Bim protein levels

Bcl-2 interacting mediator of cell death (Bim) is 
a pro-apoptotic protein that contains the BH3 
domain and belongs to Bcl-2 family of proteins 
[34]. Bim activates apoptosis by binding to and 
antagonizing the activity of anti-apoptotic mem-
bers of the Bcl-2 family and is known to have 
three major isoforms generated by alternative 
splicing and designated EL (extra-long), L (long) 
and S (short); ectopic expression of Bim iso-
forms leads to cell death via a caspase-depen-
dent mechanism [34]. Recent studies identified 
Bim as one of the most important effectors of 
apoptosis induced by TKIs, including erlotinib 
[35-38], and BIM silencing can reverse gefi-
tinib-induced apoptosis [39]. To determine 
whether Bim is involved in NGAL-dependent 
resistance to erlotinib, we first assessed Bim 

protein levels in H3255 and H441 NGAL over-
expressing cells by Western blotting. In both 
NGAL overexpressing cell lines the total Bim 
protein levels were decreased compared to the 
vector control cells (Figure 3A), indicating that 
NGAL overexpression potently reduces Bim 
protein levels. To further clarify the role of Bim 
in NGAL-mediated erlotinib resistance, Bim 
expression was knocked down with siRNA in 
H3255 and H441 cells, and apoptosis sensitiv-
ity to erlotinib was evaluated by measuring 
PARP cleavage. We found that Bim knockdown 
resulted in significant reduction of erlotinib-
induced apoptosis (Figure 3B), suggesting that 
Bim is an essential mediator of erlotinib-
induced apoptosis and that its downregulation 
by NGAL might confer NSCLC cells resistant to 
erlotinib. Furthermore, to assess the potential 
role of Bcl2 family proteins in NGAL-mediated 
erlotinib-induced apoptosis resistance, we 

Figure 2. Ectopic expression of NGAL leads to increased apoptosis resistance in NSCLC cells. A: NGAL levels are 
elevated in in cell lysates from H441 and H3255 cells with ectopic NGAL expression (NG) compared to parental (P) 
and vector control (V) cells. B: Supernatants from the same cells were tested for NGAL levels by ELISA and demon-
strated elevated secreted NGAL levels; *p ≤ 10-8, **p ≤ 10-5. C: Supernatants from H3255 cells that bear activating 
EGFR mutation and are highly sensitive to erlotinib, have significantly lower NGAL levels compared to H441 cells 
that have the wild-type EGFR (***p < 0.0001). D: Parental (P), vector control (V) and NGAL overexpressing (NG) cells 
were treated with the vehicle control (Control) or erlotinib (E) at indicated concentrations for 24 (H3255) or 48 hours 
(H441) and analyzed for cleaved PARP as an indicator of apoptosis by Western blot. Reduced PARP cleavage in 
response to erlotinib treatment was observed in NGAL-overexpressing cells. E: The same cells treated as described 
above were then stained with PI and Annexin V and assessed for apoptosis by flow cytometry. Apoptosis resistance 
was significantly heightened in NGAL-overexpressing cells.
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evaluated the expression of anti-apoptotic pro-
teins Puma, Bad and Bax as well as Bim binding 
partners Bcl-2, Bcl-xL and Mcl-1, in NGAL over-
expressing cells, and found that none of these 
proteins were modulated by NGAL over-expres-
sion (Figure 3C).

Down-regulation of NGAL expression decreas-
es resistance to erlotinib-induced apoptosis

To further confirm the role of NGAL in conferring 
apoptosis resistance to cells with acquired 
resistance to erlotinib, we knocked down NGAL 
expression in erlotinib-resistant H358 cells by 
shRNA. Decreased NGAL levels were observed 
in the cell lysates of NGAL shRNA cells com-

pared to negative control shRNA-transduced 
and non-transduced erlotinib-resistant H358 
cells. Similarly, Bim protein levels were 
increased in NGAL shRNA cells (Figure 3D). 
When these cells were treated with erlotinib, 
apoptosis resistance was decreased in NGAL 
shRNA cells compared to negative control 
shRNA cells as measured by PARP cleavage 
(Figure 3E).

NGAL-dependent decrease of Bim protein in 
NSCLC cells is mediated by the ERK pathway

The MAPK/Erk pathway is one of the major sig-
naling cascades activated following EGFR stim-
ulation. In addition, this pathway has been 

Figure 3. NGAL-mediated decrease of Bim protein is responsible for apoptosis resistance. A: Bim expression is 
downregulated in NGAL overexpressing H3255 and H441 cells (NG) compared to vector control cells (V). Bim EL: 
Bim extra-long isoform; Bim L: Bim long isoform. B: H3255 and H441 cells were either untreated or transfected with 
negative control siRNA (Neg) or Bim siRNA (Bim). After 48 hours, cells were treated with erlotinib (8 μM for H441 and 
0.05 μM for H3255) or vehicle control (DMSO) for 24 hours. Cell lysates were analyzed for Bim and PARP cleavage 
by Western blot. C: Expression of apoptosis effector proteins Bcl-xL, Bax, Mcl-1, Bad, Puma and Bcl-2 NGAL is not 
altered in NGAL overexpressing (NG) H3255 and H441 cells compared to vector control (V). D: NGAL knockdown by 
shRNA leads to an increase in Bim levels in H358 erlotinib-resistant cells. Neg - negative control shRNA; NG-NGAL 
shRNA; Ctrl - non-transduced cells. E: NGAL knockdown increases the apoptosis sensitivity of cells with acquired 
resistance to erlotinib. H358 erlotinib-resistant cells were transduced with NGAL shRNA (NG) or negative control 
shRNA (Neg) and treated with erlotinib (10 μM) for 72 hours. Cell lysates were analyzed for cleaved PARP protein 
by Western blot.
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reported to regulate Bim protein levels, pre-
dominantly by regulating Bim protein stability 
and apoptotic activity [40-42]. These studies 
have demonstrated that phosphorylation of 
Bim serine 69 (Ser69) by Erk targets the pro-
tein for proteasomal degradation. To determine 
whether the MAPK/Erk pathway is involved in 
NGAL-mediated reduction of Bim protein levels, 
the phosphorylation status of Bim Ser69 was 
determined in NGAL overexpressing and vector 

control H3255 and H441 cells. Whether cul-
tured under serum-containing or serum-free 
conditions, Erk phosphorylation was increased 
in NGAL overexpressing cells compared to vec-
tor control cells (Figure 4A). Erlotinib treatment 
led to a notable decrease in Erk phosphoryla-
tion and an increase in Bim protein levels. The 
increase of Bim occurred at earlier time points 
and to a greater extent in control cells com-
pared to NGAL overexpressing cells (Figure 4A). 

Figure 4. NGAL confers erlotinib resistance by enhancing ERK pathway activity and decreasing Bim protein levels. 
A: H3255 and H441 cells ectopically expressing NGAL (NGAL) and vector controls (V) were treated with erlotinib 
(0.1 μM for H3255 and 10 μM for H441) or vehicle control (DMSO) for 1-24 hours, as indicated. Cell lysates were 
analyzed for Erk pathway activation and Bim protein levels by Western blot. C - untreated cells in medium supple-
mented with 10% FBS. Cn - untreated cells in serum-free medium. B: NGAL overexpressing H3255 and H441 cells 
were treated with the MEK inhibitors U0126 (U, 10 μM) or PD98059 (PD, 40 μM) or the diluent (DMSO) for 24 hours. 
Cell lysates were analyzed for Erk pathway activation and Bim protein levels by Western blot. Ctrl-untreated cells. 
C: The same cells were treated with MEK inhibitor U0126 (U, 10 μM) or diluent (DMSO) for 4 hours, and the cell 
lysates were analyzed for phospho-Bim (pBim) and Bim extra-long isoform (Bim EL) levels by Western blot. D: NGAL 
overexpressing (NGAL) and vector control (Vector) H3255 and H441 cells were treated with emetine (E, 10 μM) or 
emetine plus MG132 (E+M, 100 μM) for 5 hours in serum-free medium. Cell lysates were analyzed for Bim isoform 
levels by Western blot. C - diluent (DMSO) treated control cells. E: H3255 and H441 cells were serum-depleted for 2 
hours and treated with recombinant NGAL (105 ng/mL) in serum-free medium for 0.5 and 1 hour. Cell lysates were 
analyzed for Erk activation by Western blot. F: The cells were treated with recombinant NGAL (105 ng/mL) for 1-24 
hours as indicated, and cell lysates were analyzed for Bim isoform levels by Western blot. Ctrl - IgG control.
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To further confirm that the MAPK/Erk pathway 
is involved in NGAL-dependent Bim downregu-
lation, NGAL overexpressing H3255 and H441 
cells were treated with the MEK inhibitors 
U0126 or PD98056. Inhibition of the MAPK/
Erk pathway increased the total Bim protein 
and concomitantly reduced the phosphorylated 
Bim levels (Figure 4B and 4C). Taken together, 
these results suggest that NGAL promotes 
downregulation of Bim by enhancing Erk activa-
tion. To confirm that Bim was degraded via the 
ubiquitin-proteasome pathway, H3255 and 
H441 NGAL overexpressing and vector control 
cells were treated with the proteasome inhibi-
tor, MG132, together with the protein synthesis 
inhibitor, emetine. Emetine treatment alone 
caused a reduction in Bim protein levels. 
However, with the addition of MG132, Bim pro-
tein levels were increased, and the extent of 
the increase was greater in NGAL overexpress-
ing cells compared to vector control cells 
(Figure 4D), suggesting that NGAL-dependent 
reduction of Bim protein levels was mediated 
by Bim phosphorylation by Erk and subsequent 
degradation via the ubiquitin-proteasome path-
way. Furthermore, we investigated the effect of 
exogenous NGAL on Bim levels and Erk activa-
tion in NSCLC. Our results indicate that addition 
of recombinant NGAL to the culture medium 
induces Erk phosphorylation and concomitant-
ly decreases Bim protein levels in H3255 and 
H441 cells (Figure 4E and 4F), consistent with 
our results in NGAL overexpressing cell lines.

NGAL confers resistance to erlotinib in vivo: To 
determine the effect of NGAL on erlotinib resis-
tance in vivo, H3255 vector control or NGAL 
overexpressing cells were injected subcutane-
ously into SCID mice. Ten days post tumor inoc-
ulation the mice were treated with erlotinib or 
diluent. Tumors derived from vector control and 
NGAL overexpressing cells had similar growth 
curves when mice were treated with diluent. 
Administration of erlotinib led to a significant 
reduction in tumor volume in vector control 
cells-derived tumors, whereas no reduction in 
tumor volume was observed in tumors derived 
from NGAL overexpressing cells (Figure 5A). 
After mice were euthanized, the expression lev-
els of NGAL, Bim, phospho-Erk and phospho-
Akt were measured in tumors. We found that 
consistent with our in vitro results, Bim was 
decreased and Erk phosphorylation was 
increased in tumors derived from NGAL overex-
pressing cells (Figure 5B). Additionally, in con-
trast to our in vitro results (data not shown), Akt 
phosphorylation was increased, indicating that 
Akt pathway activation may be an additional 
mediator of erlotinib resistance in vivo (Figure 
5B).

NGAL is expressed in human NSCLC in situ

To confirm that NGAL is expressed in human 
lung cancer, we performed immunohistochemi-
cal analysis of NGAL expression in lung cancer 
tissues. We found that NGAL is expressed in 

Figure 5. NGAL confers resistance to erlotinib-induced tumor growth inhibition in SCID mice. A: H3255 Vector con-
trol and NGAL overexpressing cells were injected subcutaneously into SCID mice (5 mice per group). Ten days 
post-tumor inoculation, mice were treated with erlotinib at 0.5 mg/kg or 1 mg/kg daily, and tumor volumes were 
measured. Tumors derived from NGAL overexpressing cells were significantly more resistant to erlotinib treatment 
than vector control-derived tumors (**p < 0.001). Error bars represent the standard deviation. B: After mice were 
sacrificed, the diluent-treated tumors were homogenized, and tumor lysates were analyzed for Erk and Akt pathway 
activation and NGAL and Bim protein by Western blot.
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Figure 6. NGAL is detected in lung cancer specimens and is elevated in patients who do not respond to erlotinib. 
NGAL expression is detected by immunohistochemistry in the in situ component of adenocarcinoma (A) and the 
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both adenocarcinomas (Figure 6A-D) and squa-
mous cell carcinomas (Figure 6E-F). NGAL 
staining was also detected in the regions sur-
rounding lung cancer cells in mucinous invasive 
adenocarcinoma. This pattern is consistent 
with our studies of NGAL overexpressing cell 
lines in which we found increased NGAL levels, 
both intracellularly and secreted into the cul-
ture medium.

Lung cancer patients who fail to respond to 
erlotinib demonstrate elevated NGAL plasma 
levels

To further investigate the ability of NGAL to 
function as a marker for resistance to TKI ther-
apy, we evaluated plasma samples collected 
from a randomized phase II trial that evaluated 
treatment with erlotinib in advanced stage 
NSCLC [33]. We measured NGAL levels by 
ELISA in plasma collected prior to therapy and 
following 4 and 8 weeks of erlotinib treatment 
in 107 patients (Table 1). After 4 weeks of 
treatment the partial response (PR) group dem-
onstrated a significant reduction of NGAL com-
pared to the pre-treatment levels, whereas in 
the progressive disease (PD) group NGAL was 
significantly elevated (Figure 6G). Furthermore, 
the absolute NGAL levels after 4 weeks were 
significantly elevated in the plasma of patients 
who did not have a PR (Figure 6H). These data 
suggest that NGAL may have a role in regulat-
ing the response to erlotinib in NSCLC patients.

NGAL plasma level correlates with EGFR muta-
tion status

It has been reported that NGAL expression is 
down-regulated by EGFR activation in pancre-
atic and ovarian cancer [43, 44]. We found that 
plasma collected from NSCLC patients with 
activating EGFR mutations from the Phase II 
trial (n = 26) described above had lower NGAL 
levels at baseline and weeks 4 and 8 compared 
to patients with wild type EGFR (Figure 6I).

Discussion

Our studies of gene expression in NSCLC cells 
with acquired resistance to erlotinib revealed a 
strong upregulation of LCN2 gene encoding the 
protein NGAL in erlotinib-resistant cells, which 
was also confirmed by Western blotting. These 
cells did not bear secondary EGFR mutations 
that might confer acquired resistance to TKIs 
including erlotinib [6, 11]. Similarly, our analysis 
of the microarray data did not reveal upregula-
tion of c-Met, HER2 or CXCR4 that has been 
associated with the acquired resistance to TKIs 
[13-15]. Our subsequent experiments utilizing 
NSCLC cell lines with ectopic expression or 
shRNA knockdown of NGAL, indicated that ele-
vated NGAL expression leads to increased 
resistance to erlotinib induced apoptosis, while 
downregulation of NGAL augments erlotinib 
sensitivity in NSCLC. Ectopic expression of 
NGAL in H3255 cells that bear an activating 
L858R EGFR mutation and are sensitive to 
EGFR TKIs led to a significant reduction of their 
sensitivity to erlotinib.

We investigated the mechanism of this effect 
and found that it was mediated by NGAL-
dependent modulation of the pro-apoptotic 
protein Bim. The levels of Bim were decreased 
in NGAL overexpressing cells and increased 
when NGAL expression was suppressed. 
Similarly, treatment of the cells with exogenous 
NGAL led to a decline of Bim levels and con-
comitantly induced Erk phosphorylation. 
Expression of several other important apopto-
sis effector proteins was not altered in response 
to NGAL. Bim phosphorylation by Erk has been 
reported to target it for ubiquitination and sub-
sequent proteasomal degradation [42]. In 
accord with these studies, we observed 
increased Erk1/2 phosphorylation with resul-
tant decreased total Bim protein both in NGAL 
overexpressing cells and in the cells treated 
with exogenous NGAL. Treatment with MEK 
inhibitors led to a decrease in pErk and pBim 

invasive component of adenocarcinoma (B). C: NGAL is present in the cytoplasm of mucin-producing cells, as well 
as in the surrounding regions, in a mucinous invasive adenocarcinoma. D: Strong cytoplasmic NGAL staining in non-
mucinous invasive adenocarcinoma. E: Invasive squamous cell carcinoma. F: Greater expression in the keratinizing 
portion of an invasive squamous cell carcinoma. The magnification is 200X in A, C, D and F and 100X in B and E. 
G. Change in serum NGAL levels after erlotinib treatment. Following 4 weeks of treatment NGAL levels were signifi-
cantly decreased in the PR group and increased in the PD group. H: In patients that had a PR, the 4 week plasma 
NGAL level is significantly lower than that in SD+PD patients (p = 0.002). I: Plasma NGAL levels are lower in patients 
with mutant EGFR at baseline (**p = 0.001), week 4 (**p = 0.001) and week 8 (***p = 0.002) compared to patients 
with wild type EGFR.
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levels and an increase in total Bim protein. In 
addition, treatment of the cells with protea-
some inhibitors increased total Bim protein lev-
els, and this effect was more pronounced in 

NGAL overexpressing cells. Taken together, 
these data strongly support the observation 
that NGAL decreases Bim levels by promoting 
Erk phosphorylation and protein turnover. 
Previous reports also implicated the PI3K/Akt 
pathway in Bim regulation at the level of tran-
scription via phosphorylation-dependent inacti-
vation of the transcription factor FOXO3a, which 
is required for BIM gene expression [45, 46]. 
However, we did not observe similar Akt activa-
tion by NGAL in vitro.

Consistent with the studies describing Bim as a 
major effector of TKI-induced apoptosis [35-
38], our experiments demonstrated a signifi-
cant attenuation of erlotinib-induced apoptosis 
in NSCLC cells by Bim knockdown. In accord 
with our in vitro data, we found the NGAL-
mediated decrease of Bim protein levels and 
increase of Erk phosphorylation in lysates of 
NGAL overexpressing xenograft tumors, sug-
gesting that similar mechanisms accounted for 
erlotinib resistance in vivo. Interestingly, in con-
trast to our in vitro results, Akt phosphorylation 
was increased in vivo in tumors derived from 
NGAL overexpressing cells, which could be due 
to contributions from the tumor microen- 
vironment.

Together, the in vitro and in vivo studies sug-
gest that the NGAL-mediated suppression of 
Bim protein may contribute to failure to respond 
to erlotinib treatment. This notion is supported 
by previous reports indicating that secondary 
EGFR mutations [35] or deletion polymorphism 
of the BIM gene [47] attenuated Bim expres-
sion, which correlated with inferior response to 
TKIs. Given the fact that aberrant Erk and Akt 
signaling have been identified as major deter-
minants of EGFR TKI sensitivity [48], and we did 
not find Bim RNA upregulation in our microarray 
studies, our results suggest that the predomi-
nant mechanism of Bim regulation in NSCLC is 
via NGAL/Erk-dependent modulation of Bim 
protein turnover. Thus, our studies document 
an inverse relationship between Bim and NGAL 
levels in NSCLC and define the mechanisms of 
this relationship. Because the cause of EGFR 
TKI acquired resistance is unknown in approxi-
mately one third of cases, we posit that NGAL 
upregulation may represent one of these as yet 
undefined mechanisms of resistance.

Previous reports indicate that mucin-producing 
in situ adenocarcinoma of the lung show the 

Table 1. Patient characteristics
Total (%)

Gender
    Female 57 (53.3)
    Male 50 (46.7)
Age at randomization
    Mean ± SD 63.3 ± 10.1
    Median 65
    Min-Max 30-81
Race
    White 72 (67.3)
    Asian 26 (24.3)
    Black 5 (4.7)
    American Indian 1 (0.9)
    UK/Not reported 3 (2.8)
Ethnicity 
    Hispanic 7 (6.5)
    Non-Hispanic 100 (93.5)
Smoking status 
    Never 40 (37.4)
    Currently 6 (5.6)
    Previously 61 (57.0)
ECOG
    0 52 (48.6)
    1 55 (51.4)
Stage
    IIIb 10 (9.3)
    IV 97 (90.7)
Previous Treatment
    Surgery 89 (84.0)
    Chemo 94 (87.8)
    Radiation 45 (42.1)
Clinic 
    01 97 (90.6)
    05 10 (9.4)
Histology
    Adenocarcinoma 64
    NSCLC, NOS 31
    Squamous 11
    Unknown 1
EGFR mutation status
    Mutation positive 26
    Wild type 58
    Unknown 23
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strongest NGAL staining by immunohistochem-
istry, with other adenocarcinomas showing 
moderate to strong staining. Squamous cell 
and large cell carcinomas were either negative 
or weakly positive [27]. NGAL expression can 
also be detected in other cells or tissues includ-
ing neutrophils and lymph nodes [27]. To fur-
ther investigate the pattern of NGAL expression 
in NSCLC we performed immunohistochemical 
staining of NSCLC specimens for NGAL and 
found that it was significantly upregulated in 
adenocarcinomas and, to a lesser extent, in 
squamous cell carcinomas, as well as in direct-
ly adjacent non-neoplastic tissues. Importantly, 
the highest levels of NGAL were detected in 
aggressive invasive carcinomas.

By evaluation of the NGAL levels in plasma of 
lung cancer patients that were treated with 
erlotinib we found correlation of these levels 
with the response to the drug and other clinical 
parameters. Utilizing the specimens from a 
Phase II trial, we found that patients that had 
lower NGAL levels at baseline, demonstrated a 
better overall response to erlotinib treatment. 
Furthermore, the patients whose NGAL levels 
increased at weeks 4 and 8 of erlotinib therapy, 
were found to have a poorer tumor response 
than those whose NGAL levels decreased or did 
not change. These findings were corroborated 
by the analysis of NGAL levels in additional 22 
patients with advanced NSCLC who were treat-
ed with erlotinib [49] (data not shown). We also 
evaluated NGAL levels in patient samples col-
lected in the ECOG 3503 trial designed to iden-
tify downstream markers of EGFR linked signal-
ing pathways that are predictive of response to 
erlotinib [50]. Analysis of this latter sample set 
did not show any correlation between NGAL lev-
els and erlotinib response, possibly because 
only 3 patients out of 61 had a complete or par-
tial response. Our findings indicate that NGAL 
levels in patients correlate with the EGFR muta-
tional status. In addition, if NGAL in the circula-
tion is produced by the tumor cells, the reduc-
tion of NGAL levels following treatment could 
reflect a reduction in tumor burden. Similarly, 
plasma might not adequately reflect the fluctu-
ations of intratumoral NGAL levels and there-
fore might not constitute the best means to 
assess this parameter. Also, although our initial 
results are significant, the changes of plasma 
NGAL levels were modest as well as the num-
ber of patients analyzed were insufficient to 

firmly establish the clinical significance of NGAL 
testing. Thus, additional studies analyzing larg-
er cohorts of patients are needed to determine 
the clinical significance of NGAL as an early bio-
marker of response to erlotinib in NSCLC.

We next assessed if the EGFR mutational sta-
tus of the tumors correlated with the patient’s 
NGAL levels. We found that patients whose 
tumors bore activating EGFR mutations, had 
lower plasma NGAL levels at baseline as well as 
weeks 4 and 8 compared to patients with wild 
type EGFR. Concomitantly, the former patients 
demonstrated a better clinical response to erlo-
tinib treatment, however, we were unable to 
separately assess the inputs of reduced NGAL 
levels and the activating mutations in enhanced 
sensitivity to erlotinib.

In summary, we investigated NGAL-mediated 
erlotinib resistance in NSCLC. We found that 
both NGAL overexpression and treatment with 
exogenous NGAL activated Erk phosphorylation 
and led to a reduction of Bim protein levels in 
NSCLC cells, resulting in diminished sensitivity 
to erlotinib-induced apoptosis. These findings 
were further confirmed in a murine xenograft 
tumor model, in which we observed enhanced 
erlotinib resistance in tumors with ectopic 
expression of NGAL. Thus, our results highlight 
a potential NGAL/Bim-dependent mechanism 
of TKI resistance that is operative in a subset of 
patients with advanced NSCLC. These findings 
suggest that interference with NGAL-mediated 
Bim downregulation may be beneficial in over-
coming TKI resistance. The possibilities of such 
interference will require further investigation.
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