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Abstract 

Protein glycosylation plays a fundamental role in a multitude of biological processes, and the as-
sociated aberrant expression of glycoproteins in cancer has made them attractive biomarkers and 
therapeutic targets. In this study, we examined differentially expressed glycoproteins in cell lines 
derived from three different states of lung tumorigenesis: an immortalized bronchial epithelial cell 
(HBE) line, a non-small cell lung cancer (NSCLC) cell line harboring a Kirsten rat sarcoma viral 
oncogene homolog (KRAS) activation mutation and a NSCLC cell line harboring an epidermal 
growth factor receptor (EGFR) activation deletion. Using a Triple SILAC proteomic quantification 
strategy paired with hydrazide chemistry N-linked glycopeptide enrichment, we quantified 118 
glycopeptides in the three cell lines derived from 82 glycoproteins. Proteomic profiling revealed 27 
glycopeptides overexpressed in both NSCLC cell lines, 6 glycopeptides overexpressed only in the 
EGFR mutant cells and 19 glycopeptides overexpressed only in the KRAS mutant cells. Further 
investigation of a panel of NSCLC cell lines found that Cellular repressor of E1A-stimulated genes 
(CREG1) overexpression was closely correlated with KRAS mutation status in NSCLC cells and 
could be down-regulated by inhibition of KRAS expression. Our results indicate that CREG1 is a 
down-stream effector of KRAS in a sub-type of NSCLC cells and a novel candidate biomarker or 
therapeutic target for KRAS mutant NSCLC. 
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Introduction 
Lung cancer is the leading cause of can-

cer-related death in the world, with over 221,000 es-
timated new cases and 158,000 estimated related 
deaths in 2015 in the United States alone [1]. Such a 
poor outcome is largely due to the late diagnosis of 
the disease as the 5-year survival rate for patients with 
advanced disease is less than 10%, compared to 70% 
for those with early stage disease [2]. A recent 
screening trial using low-dose computed-tomography 
(CT) revealed the screening technique reduced lung 

cancer associated mortality by 20% compared to chest 
radiography [3]. However, the screening resulted in a 
high false positive rate (96.4%), leading to unneces-
sary and invasive follow-up procedures. 

Lung cancer is heterogeneous and consists of 
small cell lung cancer (SCLC) and non-small cell lung 
cancer (NSCLC). Most of lung cancer cases (80%) are 
classified as NSCLC and can be further sub-classified 
into adenocarcinoma, squamous cell carcinoma and 
large cell carcinoma, with adenocarcinoma as the 
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most common subtype [4]. In adenocarcinoma, muta-
tions in epidermal growth factor receptor (EGFR) and 
Kirsten rat sarcoma viral oncogene homolog (KRAS) 
are two prominent distinctive and non-overlapping 
events. The Lung Cancer Mutation Consortium ex-
amined approximately 800 lung adenocarcinomas 
and identified KRAS and EGFR mutations in 22% and 
17% of the tumors, respectively [5]. These different 
mutations correlate with distinct prognoses, but more 
importantly with responses to different therapeutic 
agents [6], which was the basis of Bi-
omarker-Integrated Approaches of Targeted Therapy 
for Lung Cancer Elimination (BATTLE) trial, wherein 
biomarker-based analysis of biopsy specimens was 
used to adaptively randomize lung cancer patients to 
treatment arms specific to individual molecular alter-
ations [7].  

Glycosylation is the most common 
post-translational modification of proteins, with an 
estimated 50% of all mammalian proteins being gly-
cosylated [8]. N-linked glycosylation plays a key role 
in several cellular processes, such as cell communica-
tion, signaling and cell adhesion, and altered N-linked 
glycosylation has been considered as a key factor in 
tumorigenesis [9]. Abnormal expression of N-linked 
glycoproteins has been reported in various body flu-
ids of patients with NSCLC [10–13]. However, these 
studies typically used patients’ clinical and patholog-
ical parameters in their analysis without incorporat-
ing genomic information of the tumors. While a study 
examining the effect of KRAS-activation on the gly-
coprotein and global protein expression profiles re-
vealed differentially expressed proteins [14], the po-
tential influence of aberrant EGFR signaling on gly-
cosylation and glycoprotein expression in lung cancer 
has yet to be explored, with most studies focusing on 
glycosylation of EGFR itself [15,16], or the down-
stream phosphorylation events [17,18].  

Although KRAS and EGFR mutations are mutu-
ally exclusive in lung adenocarcinomas, increased 
constitutive EGFR signaling, through either mutation 
or overexpression of the protein, can cause enhanced 
KRAS activity leading to increased Raf/ERK/MAPK 
activation [19], activation of the PI3K/AKT/mTOR 
pathway and an increase in STAT signaling [20]. 
However, it remains unclear what differences mutant 
KRAS can illicit in these signaling pathways compar-
ing to a mutational activation of EGFR, particularly on 
the expression of glycoproteins. In this study, we in-
vestigated the differences in the N-linked glycopro-
teome between a human bronchial epithelial (HBE) 
cell line and two NSCLC cell lines with a mutation in 
either KRAS or EGFR. Our quantitative proteomics 
analysis employed Stable Isotope Labeling by Amino 
Acids in Cell Culture (SILAC) paired with hydrazide 

chemistry to reveal expression levels of N-linked 
glycoproteins between the two NSCLC cell lines 
compared to the HBE line. We then expanded our 
analysis to include a panel of additional NSCLC cell 
lines to assess which glycoprotein’s overexpression 
was common among cell lines with mutations in the 
same signaling molecule. We identified the glycopro-
tein CREG1 to be overexpressed in KRAS-mutant 
NSCLC cell lines and determined its overexpression 
was regulated by KRAS. We validated these results in 
a small panel of lung tumor samples, revealing a 
novel protein regulated by mutant KRAS in NSCLC. 

Materials and Methods 
Materials 

Non-small cell lung cancer cell lines A549, H157, 
H358, H441, H460, H1975, H2279, and HCC827 and 
colon cancer cell lines HT-29, HCT116, CaCo2, SW480, 
and SW620 were purchased from American Type 
Culture Collection (ATCC, Manassas, VA). CDK4 
(cyclin-dependent kinase 4)/hTERT (human te-
lomerase reverse transcriptase)-immortalized human 
bronchial epithelial cells (HBEC4) were a gift from Dr. 
John Minna (University of Southwestern Medical 
Center, Dallas, TX). Keratinocyte-SFM media, 
Keratinocyte-SFM supplements, DMEM media, 
SILAC DMEM media, fetal bovine serum, dialyzed 
fetal bovine serum, 100 U/mL penicil-
lin/streptomycin were from Life Technologies (Grand 
Island, NY). SILAC isotopes: 4,4,5,5-D4-L-lysine (K4) 
and 13C614N4-L-arginine (R6) or 13C615N2-L-lysine (K8) 
and 13C615N4-L-arginine (R10) were from Sigma Al-
drich (St. Louis, MO). Trypsin was obtained from 
Thermo Scientific (Waltham, MA) Hydrazine resin 
was from Bio-Rad (Hercules, CA) and PNGase F was 
from New England Biolabs (Ipswich, MA). Mouse 
anti-CLPTM1 (G-7) and rabbit anti-EGFR (1005) were 
from Santa Cruz Biotechnology (Dallas, TX), rabbit 
anti-TMEM106B (A303-439) was from Bethyl Labora-
tories, Inc (Montgomery, TX), mouse anti-CREG1 
(1B7) and mouse anti-β-actin (AC-15) were from Sig-
ma-Aldrich (St. Louis, MO), rabbit anti-KRAS 
(PA5-27234) was from Thermo Scientific (Waltham, 
MA). BCA assay kit Pierce (Rockford, IL); SAX and 
C18 Solid Phase Extraction Disk were from 3M (St 
Paul, MN), and C18 resin was from Prospereon Life 
Science (Arlington Height, IL). 

Tumor sample characterization 
Primary NSCLC tissues were obtained as de-

scribed previously [21]. In brief, tissues were from 
patients underwent surgical resection were obtained 
from Department of Pathology, the University of 
Texas MD Anderson Cancer Center according to 
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protocols approved by the Institutional Review 
Boards. Clinical and pathological characteristics were 
assigned to each sample used in this study, but pro-
vided de-identified to the investigators. Tumor DNA 
was extracted from tissue samples and subjected to 
Exosome Capture Sequencing. DNA sequencing and 
bioinformatics analysis was performed by BGI 
Americas http://bgiamericas.com/ (Cambridge, MA)  

Cell Culture 
HBE4 cells were grown in K-SFM medium sup-

plemented with 50 µg/mL bovine pituitary extract 
(BPE) and 5 ng/mL recombinant EGF as previously 
described [22]. A549, H157, H358, H441, H460, H1975, 
H2279, and HCC827 lung cancer cell lines were grown 
and maintained in DMEM media with 10% fetal bo-
vine serum and 100 U/mL penicillin/streptomycin. 
Colon cancer cell lines HT-29, HCT116, SW480, and 
SW620 were grown and maintained in DMEM media 
with 10% fetal bovine serum and 100 U/mL penicil-
lin/streptomycin; Caco2 grown and maintained in 
DMEM media with 20% fetal bovine serum and 100 
U/mL penicillin/streptomycin. For SILAC labeling 
A549 and HCC827 cells were grown in SILAC media 
with 10% dialyzed fetal bovine serum and 100 U/mL 
penicillin/streptomycin supplemented with 
4,4,5,5-D4-L-lysine (K4) and 13C614N4-L-arginine (R6) 
(medium) or 13C615N2-L-lysine (K8) and 
13C615N4-L-arginine (R10) (heavy), respectively. After 
ten cell doublings, the incorporation of the stable iso-
topes was >98% as determined by LC-MS/MS analy-
sis of tryptic peptides isolated from medi-
um-Lys4/Arg6- and heavy-Lys8/Arg10-labeled cells. 
All cell lines were maintained at 37 ºC and 5% CO2 in a 
humidified incubator. 

Cell harvest, lysis, and Tryptic Digestion 
To prepare cell lysates for SILAC experiments, 

cell were grown to 90% confluence, washed with a 
volume of PBS twice, scrapped, collected and centri-
fuged at 3,000 x g. The cell pellet was resuspended in 
lysis buffer (8 M urea, 50 mM NH4HCO3, 0.1% SDS) 
and mechanically lysed using Bullet Blender ® Beads 
(Next Advance) to ensure complete sample homoge-
nization. Samples were centrifuged at 14,000 x g for 10 
minutes at 4ºC and the resulting supernatant retained. 
Protein concentration of the cell lysate supernatant 
was measured via BCA Protein Assay. 350 µg of cell 
lysate from HBEC4-K0R0, A549-K4R6, and 
HCC827-K8R10 were mixed in a 1:1:1 ratio, reduced 
with 10 mM tris(2-carboxyethyl)phosphine (TCEP), 
and alkylated with 15 mM iodoacetamide. Excess io-
doacetamide was quenched by adding 30 mM dithi-
othretiol. The urea concentration in the sample was 
reduced to 1 M urea with 50 mM NH4HCO3, and 

proteins were digested with 20 µg of trypsin/mg 
protein overnight at 37ºC. A second aliquot of 20 µg of 
trypsin/mg protein was added, and the samples in-
cubated for 6 additional hours. Protein digestion was 
stopped by adding formic acid at a 3% final concen-
tration. 

Isolation of N-linked glycopeptides 
The glycosylated peptides were enriched and 

isolated from the triple SILAC cell lysate mixture us-
ing solid-phase extraction of N-glycoprotein (SPEG) 
method as previously described, with minor modifi-
cations [23]. Briefly, tryptic peptides were desalted 
using SepPak C18 columns (Waters), oxidized with 10 
mM sodium periodate, and incubated at room tem-
perature for 1 hour. Peptides were desalted using C18 
prior to conjugation to hydrazine resin via overnight 
coupling in 80% acetonitrile, 0.1% TFA (trifluoroacetic 
acid), and 1% aniline. Nonglycosylated peptides were 
removed via washing the resin three times each with 1 
mL of 50% acetonitrile, 1.5 M NaCl, HPLC-H2O, and 
25 mM NH4HCO3. N-linked glycopeptides were re-
leased from the resin by incubation overnight with 3 
µL of PNGase F in 25 mM NH4HCO3. Released pep-
tides were collected after centrifugation at 3,000 x g, 
the resin was then rinsed with 50% acetonitrile twice 
and pooled. The peptide solution was desalted, dried, 
and reconstituted in 0.1% formic acid and subjected to 
MS analysis. 

MS analyses of N-linked glycopeptides 
Peptides were separated by nanoscale re-

versed-phase liquid chromatography using an Xtreme 
Simple nanoLC system (CVC/Micro-Tech). The ana-
lytical column was prepared by packing 1.7 µm 200 Å 
C18 resin into a laser-pulled fused silica capillary (75 
µm inner diameter, 10.5 cm length, 10 µm tip; Sutter 
Instruments) using a pressure injection cell (Next 
Advance). Peptides were injected into the sample loop 
using an Endurance autosampler (Spark Holland) and 
were loaded onto the column with 95% solvent A 
(0.5% acetic acid in water). A 180 min LC gradient 
method from 5 to 35% solvent B (60% acetonitrile, 
0.5% acetic acid) with a postsplit flow of 0.3 µL/min 
was used to elute the peptides into the mass spec-
trometer. The LTQ-Orbitrap XL_mass spectrometer 
(Thermo Electron) was equipped with a nanospray 
ionization source. The spray voltage was 1.7 kV and 
the heated capillary temperature was 180ºC. MS1 data 
were acquired in profile mode in the Orbitrap with a 
resolution of 60,000 at 400 m/z, and the top 10 most 
intense ions in each MS1 scan were selected for colli-
sion induced dissociation in the linear ion trap. Dy-
namic exclusion was enabled with a repeat count 2, 
repeat duration 30 s, and exclusion duration 180 s. 
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Other mass spectrometry data generation parameters 
were as follows: collision energy 35%, ion selection 
threshold for MS/MS 500 counts, isolation width 3 
m/z, default charge state 3, and charge state screening 
enabled. 

Database Searching and Data Processing 
MSConvert (v3.06736) was used to convert the 

acquired RAW files to mzML. Database searches and 
PSM validation were performed in the 
Trans-Proteomic Pipeline (TPP) [24]. Comet (v2014.1) 
was used to perform the database searches against a 
UniProtKB human protein database (version July, 
2014; 40,826 reviewed sequences; 48,167 unreviewed 
sequences) with a concatenated reverse sequence de-
coy database [25]. Search parameters include 50 ppm 
peptide mass tolerance, 1.0 Da fragment tolerance, 
variable modification: Methionine + 15.99492, Lysine 
+ 4.02511 (D4), Lysine + 8.01420 (13C615N2), Arginine 
+ 6.02013 (13C6), Arginine + 10.00827 (13C615N4), 
and Asparagine + 0.984016, and the following fixed 
modifications: Cysteine + 57.02510 (carbamidometh-
ylation); semi-tryptic peptides with up to three missed 
cleavages. PeptideProphet was used to validate the 
peptide search results from Comet and only peptide 
identifications with greater than 0.8 probability, with 
a calculated false positive rate < 4%, were kept for 
quantification. QuantiMORE (formerly IsoQuant) was 
employed to calculate the peptide ratios for the vali-
dated peptides in each replicate [26]. The software is 
available for download at the following web address: 
http://www.proteomeumb.org/MZw.html. Heat 
mapping of QuantiMORE peptide ratios was per-
formed using QCanvas version 1.2 [27]. The mass 
spectrometry proteomics data, including raw MS da-
ta, COMET search results, and QuantiMORE result 
files, have been deposited to the ProteomeXchange 
Consortium [28] via the PRIDE partner repository 
with the data set identifier PXD001999.  

Cell transfection and RNA interference 
A549, H358, H441, and H460 cell lines were cul-

tured in a 6-well format and transfected as previously 
described [29]. In brief, cells were seeded in DMEM 
media with 10% fetal bovine serum. After 24 hours, 
cells were transfected with select siRNA fragment in 
Opti-MEME media (Invitrogen) using Lipofectamine 
RNAiMAX (Invitrogen). The RNA interference target 
site of human KRAS coding sequence was: 
5’-CCUUGACGAUACAGCUAAU-3’ (245-264), of 
human CREG1 coding sequence: 
5’-CCAGCCATAATTGGTTCTTTT-3’ ,and the corre-
sponding scrambled sequence used as a control was 5- 
GAUACCAAGGGACAUACGCUU-3’. Cells were 
harvested 24 and 48 hours post-transfection, respec-

tively, and prepared for western blotting analysis.  
Real-time quantitative PCR – Quantitative reverse 

transcriptase-PCR analysis was performed as de-
scribed previously [29] to measure transcript levels of 
KRAS and CREG1. All PCR reactions were performed 
on 7900 fast real-time detection with TaqMan RT-PCR 
method (Applied Biosystems). Glyceraldehyde 
3-phosphate dehydrogenase was used as a reference 
control for normalization. Primers used were: KRAS: 
fwd 5’-TACAGTGCAATGAGGGACCA-3’, rev 
5’-TCCTGAGCCTGTTTTGTGTCT-3’; CREG1: fwd 
5’-TGGATATTGCAAAGCATTCG-3’, rev 5’-TCTGGT 
GTCACGATTTTTGG-3’; and GAPDH: fwd 
5’TGCACCACCAACTGCTTAGC-3’, rev 5’-GGCAT 
GGACTGTGGTCATGAG-3’. 

Cell Proliferation Assay 
Cell proliferation was measured 

post-transfection using 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay. MTT (5 mg/mL) was added to 
cells and incubated in cell culturing conditions for 2 h, 
media removed, and formazan dissolved in DMSO. 
Assay measured surviving cells and optical density 
(OD) values were measured using an Epoch plate 
reader (Biotek) at 570 nm wavelength. 

Xcelligence Cell Migration Assay – Cell migration 
was measured 24-hour post-transfection using 16-well 
cell invasion and migration (CIM) plates (Acea Bio-
sciences). Cells were grown in reduced FBS (5%) for 
24 hours. 160 µL of complete media was added to the 
lower chamber of the CIM plate. The cells were added 
to the upper chamber of the CIM plate at a density of 5 
x 104/well. The migration of the cells into the bottom 
chamber was monitored for 72 hours using the Xcel-
ligence RTCA SP instrument (Acea Biosciences), and 
the cell index recorded approximately every 15 
minutes. Data was analyzed using RTCA software 
(ver. 1.2.1) and reported values are not CI-normalized. 

Immunoblotting 
For immune detection, cultured cells were lysed 

in Tris-HCl, pH 7.5 and 4% SDS, sonicated at 90% 
amplitude, 0.5 s cycle and boiled at 95 ºC. Tumor tis-
sue samples were lysed in 4 mM HEPES, pH 7.5, 0.32 
M sucrose, 2% SDS and mechanically lysed using 
Bullet Blender ® Beads (Next Advance) to ensure 
complete sample homogenization. Lysates were 
mixed with Lamellie buffer with 50 mM DTT and 
separate using 12% SDS-polyacrylamide gels with 
TGS running buffer. Following electrophoresis, pro-
teins were electrotransferred onto a polyvinylidene 
fluoride (PVDF) membrane. After being blocked in 
5% nonfat milk in TBST for 1 h at RT, the membrane 
was probed with the appropriate primary antibody 
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overnight at 4 ºC. HRP- conjugated secondary anti-
bodies (goat anti-mouse, or goat anti-rabbit) were 
diluted 1:5000 and detected using SuperSignal West 
Pico Chemiluminescent Substrate (Pierce, Rockford, 
IL).  

Statistical Analysis 
The results are reported as mean ± s.d., and are 

indicated in the figure legends. Data sets were ana-
lyzed for statistical significance using Student’s 
paired t-test. Statistical significance was reported as 
p-values < 0.05 (*), < 0.01 (**), and < 0.005 (***). 

 

 
Figure 1. Schematic of our Triple SILAC paired with SPEG quantitative 
analysis strategy. Three cell lines are differentially labeled isotopically and 
mixed prior to enzyme digestion. Glycopeptides are conjugated onto a 
solid support and release with PNGase F prior to LC-MS/MS analysis. 
Glycopeptides are identified at the MS/MS level and quantified at the MS 
level using QuantiMORE. 

 

Results 
Overexpressed N-linked glycoproteins in 
NSCLC cells detected using SILAC  

Two distinct, non-overlapping mutations in ad-
enocarcinomas include genomic alterations in the 
signaling proteins EGFR and KRAS that can result in 
constitutive activation and enhanced downstream 
signaling. Since EGFR is located upstream of KRAS in 
the EGFR-signaling cascade, we aimed to elucidate 
glycoprotein profile patterns that are common and 
unique to the respective mutations of these genes in 
NSCLC cells. To identify and quantify expression 
levels of N-linked glycoproteins in cells with either 

EGFR or KRAS mutation, we designed a Triple 
SILAC-based/N-linked glycopeptide enrichment 
workflow as illustrated in Figure 1. The two NSCLC 
cell lines were differentially isotopically labeled: A549 
cells which harbor a G12S KRAS mutation were la-
beled with “medium” (M - K4R6) isotope whereas 
HCC827 cells which harbor a E745-A750 EGFR dele-
tion were labeled with “heavy” (H - K8R10) isotope. 
The third cell line, an immortalized bronchial epithe-
lial cell line HBE4, was “light” (L - K0R0) containing 
endogenous lysine and arginine. 

The sample was combined in a 1:1:1 ratio and 
subjected to trypsin digestion, with the N-linked gly-
copeptides enriched using solid-phase extraction of 
N-glycoprotein (SPEG) prior to LC-MS/MS analysis. 
The MS/MS spectra were searched and validated 
using the Trans Proteomic Pipeline (TPP) with a Pep-
tide Prophet probability 0.8 filter (FDR < 0.04 for all 
three replicates). We quantified the expression levels 
of glycopeptides using QuantiMORE, which reported 
a median ratio between H/L|M/L|H/M of 
1.00|1.05|0.94 for the three technical replicates. The 
pooled data from three replicates quantified a total of 
one hundred eighteen unique glycopeptides from 
eighty-two glycoproteins. These glycopeptides were 
identified in at least two of the replicates and con-
tained known N-linked glycosylation consensus se-
quence of N-X-S/T (where X is an amino acid except 
for proline) (Additional File 1: Table S1). Twen-
ty-seven (23%) of the glycopeptides were found to be 
overexpressed (peptide ratios > 1.5; H/L and M/L) in 
both NSCLC cell lines, including glycopeptides de-
rived from the glycoproteins, such as CD166, CD276, 
and CD97, as well as Tetraspanin 3 and 6, and 
Desmoglein 2. An example of the identification of a 
CD276 glycopeptide and the mapping of the glycosite 
via LC-MS/MS is presented in Figure 2. The inset 
displays representative MS1 spectra of the identified 
peptide which QuantiMORE used to quantify the 
glycopeptide expression levels among the three cell 
lines. We found six (5%) overexpressed glycopeptides 
in HCC827 cells, including glycopeptides derived 
from epidermal growth factor receptor (EGFR), Mye-
lin protein zero-like protein 2 and 
N-acetylglucosamine-6-sulfatase. In A549 cells, nine-
teen glycopeptides (16%) were overexpressed, in-
cluding glycopeptides derived from glycoproteins 
CD109, Cleft lip palate and transmembrane protein 1 
(CLPTM1), Neuroplastin, Transmembrane protein 
106B (TMEM106B), and Cellular repressor of 
E1A-stimulated genes (CREG1). Identification of the 
respective glycopeptides derived from EGFR and 
CREG1 with the corresponding MS1-level quantifica-
tion can be seen in Additional File 2:  
Figure S1. To visualize differences in the glycopeptide 
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expression between the three cell lines, we generated 
a heat map of overexpressed glycopeptides with the 
corresponding log2 fold change comparing HCC827/ 
HBE4 and A549/HBE4 as seen in Table 1.  

Differences in reported glycopeptide expression 
values can occur in two ways: similar protein expres-
sion levels between the three cell lines with increased 
glycosite occupancy by glycan structures, or similar 
glycosite occupancy between the three cell lines with 
differences in total glycoprotein expression. To de-
termine whether glycopeptide overexpression was 
due to an increased occupancy of the glycosylation 
sites or due to an increase protein levels, we analyzed 
the expression levels of selected proteins using im-

munoblotting. EGFR protein level was found to be 
highest in HCC827 cells, which is consistent with the 
Triple SILAC N-linked glycopeptide data (Fig. 3). The 
expression levels of TMEM106B and CREG1 were 
significantly higher in A549 cells, which is also con-
sistent with the glycopeptide data wherein we ob-
served almost a 4-fold difference in the expression 
levels of these glycoproteins compared with other cell 
lines (Fig. 3). In the glycopeptide analysis, CLPTM1 
was observed to be overexpressed in A549 cells. 
However, the difference of total protein expression 
levels was not as dramatic in the immunoblotting 
with only a modest increase in A549 cells compared to 
HCC827 and HBE4 cells (Fig. 3).  

 

Table 1. Heat map and overexpressed glycopeptides identified. Listed ratios are log2 values of QuantiMORE HCC827/HBE4 (H/L) and 
A549/HBE4 (M/L) reported ratios. Glycopeptides overexpressed in both NSCLC cell lines (top), KRAS mutant A549 only (middle), and 
EGFR mutant HCC827 only (bottom) are listed. 

 
α* denotes location of the identified glycosite in the quantified glycopeptide. 
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Figure 2. MS/MS mass spectrum of the identified glycopeptide VVLNGTYSCLVR derived from CD276. b- (blue) and y- (red) fragments allow for the 
mapping of the site of glycosylation as indicated by asterisk(*). Inset is representative MS1 spectrum of the quantified glycopeptide derived from each cell 
line: HBE4-L (light blue), A549-M (green), and HCC827-H (red). 

 

 
Figure 3. Comparison of total protein expression differences and gly-
copeptide ratios determined by QuantiMORE. Western blotting analysis of 
select glycoproteins (left), with corresponding reported glycopeptide 
ratios from the Triple SILAC proteomic analysis (right). β-actin served as a 
loading control. 

 

Impact of KRAS mutation in glycoprotein lev-
els in A549 cells  

Using the Triple SILAC proteomic analysis, we 
observed nineteen glycopeptides that were overex-
pressed in A549 cells (Additional File 1: Table S1). 
With the larger number of overexpressed glycopro-
teins unique to this cell line that might serve as can-
didate biomarkers of constitutive KRAS activity, we 
chose to focus on elucidating the potential role of 

KRAS regulating these glycoproteins. A siRNA 
knockdown strategy was designed to target KRAS 
expression and assess the expression patterns of se-
lected glycoproteins found to be overexpressed in the 
cell line A549. To evaluate the impact of reduced 
KRAS expression on multiple candidate proteins at 
once, we employed a double SILAC strategy, wherein 
isotopically labeled A549-K4R6 (H) cells were mixed 
with siRNA-KRASA549-K0R0 (L) cells and analyzed via 
LC-MS/MS. In this analysis, we found that the siRNA 
treated cells had a 3-fold decrease in expression of the 
KRAS protein as reported by a QuantiMORE protein 
ratio of siRNA-KRASA549-K0R0/A549-K4R6 (L/H) of 
0.30, whereas expression levels of both NRAS and 
β-actin remained in a close 1:1 ratio (Fig.4). This sug-
gests that our siRNA strategy was successful in re-
ducing the KRAS protein level. We further observed 
reduced expression levels of several overexpressed 
N-linked glycoproteins in the siRNA treated A549 
cells, including CREG1, TMEM106B and CLPTM1 
(Fig. 4 and Additional File 2: Fig. S2). We verified 
these results via Western blotting, with the expression 
levels of KRAS, CLPTM1, TMEM106B and CREG1 
reduced in the siRNA treated cells (KD) compared to 
the cells treated with control siRNA (C) as shown in 
Figure 4. These results together suggest that constitu-
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tive activation of KRAS leads to an overexpression of 
these select glycoproteins, and this identified panel of 
novel glycoproteins regulated by KRAS might serve 
as markers of mutant KRAS in NSCLC. 

 

 
Figure 4. KRAS regulates selected glycoprotein expression in A549. 
siRNA targeted knockdown of KRAS reduced expression of CLPTM1, 
TMEM106B, and CREG1. siRNA-KRASA549-K0R0/A549-K4R6 (L/H) Quan-
tiMORE reported protein ratios (left), and Western blotting analysis 
verifying QuantiMORE data (right). β-actin served as a loading control. 

 

Validation of the role of KRAS mutations in 
regulating expression of the glycoproteins 

Previously it has been shown that mutations in 
the KRAS gene can vary in NSCLC, most commonly 
occurring in codon 12, but additional mutations have 
been observed in codons 13 and 61 [30]. Furthermore, 
distinct amino acid substitutions in these various co-
dons can result in different progression-free survival 
rates and downstream signaling pathway activation. 
To inform the potential clinical biomarker utility of 
CLPTM1, TMEM106B and CREG1 identified in our 
glycoproteomic analysis, we determined the overex-
pression pattern of these glycoproteins in other 
NSCLC cell lines harboring different KRAS muta-
tions. Cell lines H157 (G12R), H358 (G12C), H441 
(G12V), and H460 (Q61H) were included in an im-
munoblot analysis of glycoprotein expression levels. 
Two additional NSCLC cell lines with EGFR muta-
tions were also analyzed, including H1975 that carries 
L858R and T790M mutations and H2279 that contains 
E745-A750 deletion. Table 2 displays the histology 
classification of the cell lines, KRAS mutation status 
and additional mutation statuses of the selected cell 
lines used in the Western blot analysis. CLPTM1 pro-
tein expression was highest in H157 cells, whereas the 
remaining cell lines displayed low CLPTM1 level, 
making it difficult to ascertain whether there was a 
significant difference in expression between the 
KRAS-mutant cell lines and the remaining cell lines 
(Fig. 5A). As expected, TMEM106B displayed a strong 
expression pattern in A549 cells, but also in H157 and 
H1975 cells. CREG1 was overexpressed in four of the 
lung adenocarcinoma cell lines harboring KRAS mu-
tations (A549, H358, H441 and H460) but not in 

NSCLC cell lines with wild-type KRAS or the lung 
squamous cell carcinoma line (H157), suggesting a 
relationship between CREG1 expression and KRAS 
mutations in adenocarcinomas.  

 
 
 

 
Figure 5. CREG1 is overexpressed in cell harboring KRAS mutations. (A) 
Total protein expression profile of CLPTM1, TMEM106B, and CREG1 in 
several NSCLC cell lines with wild-type-KRAS (WT) and varying mutations 
in KRAS. (B) siRNA targeted knockdown of KRAS reduced expression of 
CREG1 in KRAS mutant NSCLC cell lines. β-actin served as a loading 
control. (C) KRAS and CREG1 mRNA levels in H358, H441, and H460 cell 
lines transfected with KRAS siRNA or control siRNA relative to GAPDH 
mRNA expression. Error bars represent mean s.d. and **p<0.01. (D) 
CREG1 expression in lung tumor lysates from patients displaying wild-type 
(WT) or mutant KRAS. 
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Table 2. NSCLC cell lines for expanded glycoprotein expression 
analysis 

 
αAdeno - adenocarcinoma; β BAC - bronchialveolar carcinoma 

 
 
To determine if CREG1 expression was regulat-

ed by KRAS in these additional NSCLC cell lines as 
we observed in A549 cells, we used siRNA strategy to 
abrogate KRAS protein expression levels and assessed 
its impact on CREG1 protein levels. As shown in Fig-
ure 5B, reducing the expression of KRAS by the siR-
NA treatment resulted in a similar decrease of CREG1 
protein levels in cell lines H358, H441, and H460. To 
determine whether KRAS regulates CREG expression 
at either the transcriptional or translational level, we 
performed quantitative reverse transcriptase-PCR to 
measure both KRAS and CREG1 mRNA levels after 
siRNA-mediated KRAS knockdown. In the cell lines 
H358, H441, and H460, KRAS mRNA levels were re-
duced to less than 10% of that of controls, whereas 
CREG1 mRNA levels were not significantly reduced 
(Fig. 5C). Taken together, these findings are indicative 
of KRAS regulation of CREG1 occurring at either the 
translational or post-translational level. 

To determine if the relationship between KRAS 
mutation and CREG1 protein levels is also present in 
vivo, we analyzed the expression of CREG1 in primary 
NSCLC graft tissues (Table 3) with either wild-type 
KRAS or mutant KRAS. These tissues were analyzed 
for mutations in several cancer “driver” genes in-
cluding KRAS, revealing tumors MDA-2131-4 and 
MDA-2131-8 contained no mutations in the KRAS 
gene, whereas tumor samples MDA-2131-5 and 
MDA-513 contained a G12C and G12V missense mu-
tation in the KRAS gene, respectively. As seen in Fig-
ure 5D, tumor samples harboring a mutation in KRAS 
displayed high levels of CREG1 protein, relative to 
tumor samples with wild-type KRAS that displayed 
no CREG1 expression. Taken together these results 
indicate that CREG1 expression is regulated by KRAS 
at the post-transcriptional level and overexpression of 
CREG1 may serve as a unique protein marker of 
KRAS mutations in NSCLC.  

CREG has a functional role in cell proliferation 
and migration in NSCLC cells 

Observing overexpression of CREG1 in NSCLC 
cells with a KRAS mutation prompted us to explore 
the potential role of CREG1 in lung carcinogenesis. 
We examined the impact of CREG1 expression on two 
aspects of lung cancer progression: cell proliferation 
and cell migration. Using a targeted siRNA knock-
down strategy, we transfected our select NSCLC cell 
lines (A549 and H441) with CREG1 siRNA, and ob-
served a significant decrease in CREG1 protein levels 
relative to cells transfected with control siRNA (Fig. 
6A). We then investigated the impact of reduced 
CREG1 expression on cell proliferation in A549 and 
H441 cell lines. Cells were cultured for a total of four 
days post-transfection and a MTT assay was utilized 
to measure differences in cell survival between our 
two experimental conditions. In both cell lines, we 
observed a significant decrease (~20%) in cell num-
bers 72 h post-transfection relative to control as a re-
sult of CREG1 knockdown (Fig. 6B); suggesting 
CREG1 is promoting proliferation of the KRAS mu-
tant NSCLC cells. This significant reduction in cell 
proliferation was also observed 96 h post-transfection 
in both cell lines with H441 displaying a more striking 
reduction of cell numbers (~40%). Next, we deter-
mined the impact of CREG1 expression on cell migra-
tion in NSCLC cells, measuring the electrical imped-
ance of migrating cells in a dual-chamber plate using 
the Xcelligence system. Cells were transfected with 
siRNA targeting CREG1, and seeded 24 h 
post-transfection. We monitored real-time migration 
of A549 and H441 cells over 72 h and found that re-
duced CREG1 expression impaired the cells migration 
capacity relative to the control (Fig. 6C). This obser-
vation was most significant in A549 cells, whereas in 
H441 cells the impairment was more modest. Collec-
tively, these results indicate that CREG1 expression 
can affect proliferation and migration of KRAS mu-
tant NSCLC cells. 

CREG expression in colorectal cancer cell lines 
In addition to lung cancer, KRAS mutations oc-

cur in a significant number of colorectal cancers 
(20-35%) [31], which prompted us to evaluate CREG1 
expression in a panel of colorectal cancer cell lines 
harboring either wild-type KRAS or mutant KRAS. 
For this analysis, we probed cell lines HT29 and Ca-
Co2 which express wild-type KRAS, and cell lines 
with mutations in KRAS including HCT116 (G13D), 
SW480 (G12V), and SW620 (G12V). We found that 
CREG1 to be expressed in all of these colorectal cancer 
cell lines, displaying similar, or even increased, pro-
tein levels of CREG1 relative to A549 (Fig. 7).  
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Table 3. Clinical and pathological characteristics of selected lung tumors 

 
αAdeno - adenocarcinoma 

 
 

 
Figure 6. CREG1 impacts cell proliferation and cell migration. (A) siRNA targeted knockdown of CREG1 reduced expression of CREG1 in select NSCLC 
cell lines. β-actin served as a loading control. (B) MTT assay measurements comparing siRNA targeted knockdown of CREG1 compared to control in cell 
lines A549 and H441, and a bar graph displaying percentage of cell proliferation in CREG knockdown condition relative to control. Error bars represent 
mean s.d. and ***p<0.005. (C) Migration profile obtained using Xcelligence system comparing siRNA targeted knockdown of CREG1 compared to control 
in cell lines A549 and H441. Cell index measurements were recorded every 15 minutes, but to improve clarity data points from every 5 hours were plotted. 
*p<0.05, n/s – non-significant. 

 

Discussion 
Aberrant protein glycosylation has been associ-

ated with cancer and its biological features, with al-
terations in glycoprotein expression, being correlated 
with cancer development and progression [32]. To 

study glycoprotein expression, researchers have de-
veloped a strategy called solid-phase extraction of 
N-linked glycopeptides (SPEG) to isolate N-linked 
glycopeptides from biological samples, wherein di-
gested peptides are conjugated to a hydrazide resin 
and specifically released using peptide-N-glycosidase 
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F [33]. This strategy has been used to identify glyco-
protein expression patterns and alterations in a vari-
ety of cancer types including ovarian [34], prostate 
cancer [35], breast cancer [36], and lung cancer [12,37]. 
A limitation of the SPEG technique we used in this 
study is that it is protein-centric, and information re-
garding the structure and composition of attached 
glycan is lost. However, the strategy can be modified 
[38–40] or paired with lectin-affinity in future exper-
iments to elucidate the associated glycan profile. 

 

 
Figure 7. CREG1 expression does not correlate with KRAS mutation 
status in colorectal cancer. Total protein expression profile of CREG1 in 
several colorectal cancer cell lines with wild-type-KRAS and varying 
mutations in KRAS. 

 
In this study, we examined differences in glyco-

peptide expression that result from two distinct, 
non-overlapping mutations in the signaling proteins 
KRAS and EGFR that occur in NSCLC adenocarci-
nomas using a Triple SILAC approach paired with 
SPEG enrichment in an attempt to identify protein 
markers of these respective mutations. Inherent bene-
fits with this strategy include SPEG glycopeptide 
capture reducing the complexity of our sample anal-
ysis while also enriching for low abundant glycopro-
teins that might not otherwise be identified. In addi-
tion, metabolic labeling of our cell lines and combin-
ing our samples prior to digestion and enrichment 
steps allows for more accurate quantitation, as sample 
variation is reduced. Using this strategy, we identified 
twenty-seven glycopeptides derived from eighteen 
glycoproteins that were overexpressed in both A549 
and HCC827 cells compared to HBE4 cells, six glyco-
peptides derived from three glycoproteins that were 
overexpressed only in HCC827 cells and nineteen 
glycopeptides derived from seventeen glycoproteins 
that were overexpressed only in A549 cells, suggest-
ing the presence of common aberrant expression of 
glycoproteins in lung cancer as well as distinct ex-
pression patterns of glycoproteins impacted by dif-
ferent types of oncogene mutations.  

Considering approximately 22% of lung adeno-
carcinomas harbor a KRAS mutation and the fact that 
we observed more overexpressed glycoproteins in 
KRAS-mutant A549 cells than EGFR-mutant HCC827 
cells, we chose to focus our efforts on elucidating the 
glycoproteins regulated by mutant KRAS. Targeted 
knockdown of KRAS using siRNA strategy revealed 

that three glycoproteins identified in our initial pro-
teomic analysis were indeed regulated by KRAS: 
CLPTM1, TMEM106B, and CREG1. It should be noted 
that the total expression levels of one of these glyco-
proteins, CLPTM1, measured by Western blot were 
inconsistent with the levels of glycopeptides detected 
by the Triple SILAC approach, suggesting an increase 
in glycosylation in CLPTM1 in KRAS mutant cells. It 
is also possible that the antibody used for CLPTM1 
detection was so poor that it prevented accurate 
measurement of the true protein levels. The glyco-
protein TMEM106B was found to be regulated by 
KRAS, however, its overexpression pattern in our 
panel of NSCLC cell lines was not unique to cell lines 
harboring KRAS mutations, suggesting the presence 
of a secondary regulatory pathway. We found only 
one of these glycoproteins, CREG1, to be uniquely 
overexpressed in other KRAS-mutant NSCLC cell 
lines. Interestingly, the overexpression of CREG1 was 
not regulated by KRAS at the transcriptional level, as 
the reduction of overall CREG1 protein levels, in re-
sponse to KRAS abrogation via targeted siRNA, oc-
curred with no significant change in CREG1 mRNA 
levels. This latter observation is indicative of KRAS 
positively regulating CREG1 at either the translational 
or post-translational levels, and constitutively active 
KRAS signaling resulting in an increased protein 
abundance of CREG1 in KRAS-mutant NSCLC. The 
correlation was also validated in a panel of tumor 
tissues from lung cancer patients.  

Although our initial cell line panel screen sug-
gested an association of CREG1 overexpression with 
NSCLC adenocarcinomas, the result of identifying 
increased expression of CREG1 in a tumor classified 
poorly differentiated as squamous appears conflict-
ing. While KRAS mutations in squamous cell carci-
nomas are extremely rare [41], the morphological 
classification is not always accurate, particularly if the 
tumors are poorly differentiation [42]. With the po-
tential of histological diagnoses of adenocarcinomas 
and squamous carcinomas varying between 
pathologist [43], the development of a molecular bi-
omarker unique to sub-types of NSCLC that reflect 
the biology of the tumor are desired, and the results of 
this study suggest CREG1 as a promising candidate 
marker of KRAS mutations in NSCLC. 

CREG1 is a 220 amino acid secreted glycoprotein 
first identified with a functional role in transcriptional 
repression and abrogation of physiological effects of 
the adenovirus E1A oncoprotein [44]. Additional 
studies using embryonal carcinoma cell lines have 
shown CREG1 as having a role in cell differentiation, 
and increased expression of CREG1 was observed in 
differentiated cells [45]. Furthermore, overexpression 
of CREG1 resulted in a decreased cell proliferation, 
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yet this observation was found to be dependent on the 
expression and interaction of the man-
nose-6-phosphate/insulin-like growth factor II re-
ceptor (M6P/IGF2R) with CREG1 [46]. However, 
more recent studies have suggested a paradoxical role 
of CREG1. A number of studies have implicated 
CREG1 as an anti-apoptotic protein in both bone 
marrow-derived mesenchymal stem cells (MSCs) and 
human umbilical vein endothelial cells (HUVEC) via a 
AKT/PI3K mediated pathway [47,48]. The finding 
that TNF-α induced apoptosis can be abrogated by 
overexpressing CREG1 in MSCs further supports this 
notion [49]. Recently, Tao et al showed that overex-
pression of CREG1 could increase proliferation of 
HUVEC cells through activation of the ERK signaling 
pathway [50]. In another study, overexpressing 
CREG1 was found to increase secretion of VEGF and 
promote migration of HUVEC via signaling of the 
ILK/AKT/mTOR pathway [51].  

Although evidence supporting the function of 
CREG1 in vascular tissue and angiogenesis is growing 
[52], little is known regarding the secreted protein’s 
expression pattern and role in cancer. In patients with 
gastric cancer, Xu et al showed overexpression of 
CREG1 in gastric cancer tissues compared to adjacent 
healthy tissues, and CREG1 levels increased in ad-
vanced stages and metastatic tumors [53]. Further-
more, the authors found that by reducing CREG1 ex-
pression level in gastric cancer cells in vitro, they could 
reduce the cells’ capability of proliferation and mi-
gration. In our own analysis, we found CREG1 be 
overexpressed in KRAS-mutant NSCLC cell lines and 
tumors only, and to display significant expression in 
colorectal cancer with the highest expression in the 
metastatic cell line SW620, although this latter obser-
vation is relative to CREG1 expression in NSCLC cell 
line A549. Distinct from NSCLC, the expression of 
CREG1 in colorectal cancer cells was not impacted by 
the KRAS mutation status. KRAS mutations in gastric 
cancer are also rare, and in the Xu et al study [53], the 
cell lines examined: SGC-7901, MKN-28, and 
MKN-45; do not contain KRAS mutations [54,55]. This 
indicates that overexpression of CREG1 is not exclu-
sive to one cancer type or mutation status of one gene 
and other mechanisms may contribute to the overex-
pression of CREG1 in different cancer types. Within a 
sub-type of NSCLC, CREG1 does have a functional 
role, wherein siRNA targeted knockdown of CREG1 
reduced both cell proliferation and cell migration in 
NSCLC cell lines. Additional studies are needed to 
determine the mechanism of CREG1 induced cell 
proliferation and migration, as well as determine the 
potential impact of lung tumor-derived CREG1 has on 
neovascularization, which will enable a better under-
standing of this protein’s role in lung carcinogenesis. 

With the high rate of late-stage diagnosis and the 
heterogeneity that exists in lung cancer, the identifi-
cation of novel markers that allow for both early de-
tection and differentiation of molecular sub-types of 
lung cancer is a high priority in the biomedical re-
search field. In this study we identified CREG1 as a 
novel protein marker of NSCLC cells harboring KRAS 
mutations, showed CREG1 is regulated by KRAS, and 
revealed a functional role of CREG1 in cell prolifera-
tion and migration. On the basis of these results we 
conclude that CREG1 is a KRAS down-stream effector 
that might serve as a biomarker and/or a novel target 
for NSCLC with a KRAS mutation. 
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