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Purpose: To investigate whether non–small cell lung cancer (NSCLC) 
tumors that express high normalized maximum standardized 
uptake value (SUVmax) are associated with a more epithelial-
mesenchymal transition (EMT)–like phenotype.

Materials and 
Methods:

In this institutional review board–approved study, a public NSCLC 
data set that contained fluorine 18 (18F) fluoro-2-deoxyglucose 
positron emission tomography (PET) and messenger RNA ex-
pression profile data (n = 26) was obtained, and patients were 
categorized on the basis of measured normalized SUVmax values. 
Significance analysis of microarrays was then used to create a 
radiogenomic signature. The prognostic ability of this signature 
was assessed in a second independent data set that consisted of 
clinical and messenger RNA expression data (n = 166). Signature 
concordance with EMT was evaluated by means of validation in a 
publicly available cell line data set. Finally, by establishing an in vi-
tro EMT lung cancer cell line model, an attempt was made to sub-
stantiate the radiogenomic signature with quantitative polymerase 
chain reaction, and functional assays were performed, including 
Western blot, cell migration, glucose transporter, and hexokinase 
assays (paired t test), as well as pharmacologic assays against 
chemotherapeutic agents (half-maximal effective concentration).

Results: Differential expression analysis yielded a 14-gene radiogenomic 
signature (P , .05, false discovery rate [FDR] , 0.20), which was 
confirmed to have differences in disease-specific survival (log-
rank test, P = .01). This signature also significantly overlapped 
with published EMT cell line gene expression data (P , .05, 
FDR , 0.20). Finally, an EMT cell line model was established, 
and cells that had undergone EMT differentially expressed this 
signature and had significantly different EMT protein expres-
sion (P , .05, FDR , 0.20), cell migration, glucose uptake,  
and hexokinase activity (paired t test, P , .05). Cells that had 
undergone EMT also had enhanced chemotherapeutic resis-
tance, with a higher half-maximal effective concentration than 
that of cells that had not undergone EMT (P , .05).

Conclusion: Integrative radiogenomic analysis demonstrates an association 
between increased normalized 18F fluoro-2-deoxyglucose PET 
SUVmax, outcome, and EMT in NSCLC.
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relationships between imaging, mRNA 
expression, and clinical outcome. The 
second phase consisted of in silico 
analysis to evaluate any relationships 
between this radiogenomic signature 
and EMT. This was followed by the fi-
nal phase, consisting of establishment 
of a lung cancer cell line model of EMT 
with subsequent confirmatory and 
functional analysis. The overall study 
design and organization are shown in 
Figure 1.

NSCLC 18F FDG PET SUV Index Imaging 
Biomarker
Since tumor SUVmax estimates can be 
affected by intra- and interinstitutional 
variability, several investigators have 
recommended use of tumor SUVmax 
normalized to the mean liver SUV, re-
ferred to as “SUVindex,” to control for 
variations; SUVindex has been shown 
by multiple investigators to be prog-
nostic, such as in lung, liver, and head 
and neck cancers (30–33). We placed 
a constant circular region of interest 
diameter of 30 mm, averaged across 
three consecutive axial sections in the 

to as “post-EMT” cells) express char-
acteristic genes relative to tumor cells 
that do not undergo EMT (hereafter re-
ferred to as “pre-EMT” cells), including 
downregulation of epithelial-cadherin 
and upregulation of neural-cadherin, 
vimentin, matrix metallopeptidase-9, 
and versican, and ultimately acquire an 
aggressive phenotype functionally char-
acterized by enhanced mobility, inva-
siveness, and chemoresistance (17–20). 
Indeed, a number of drugs are currently 
in development that aim to target and 
modulate this process, highlighting its 
increasingly appreciated role in cancer 
and tumor aggression (11). Given these 
shared phenotypic similarities between 
NSCLC tumors with high SUVmax and 
post-EMT cells, it is plausible that there 
may potentially be a link between these 
two processes. We hypothesized that 
NSCLC tumors expressing high normal-
ized SUVmax are associated with a more 
EMT-like phenotype.

Materials and Methods

In this institutional review board–ap-
proved and Health Insurance Portabil-
ity and Accountability Act–compliant 
study, we performed a multiphase, in-
tegrative radiogenomic analysis to in-
vestigate the relationship between FDG 
PET tumor standardized uptake value 
(SUV), outcomes, and EMT in NSCLC. 
Briefly, radiogenomics is a method for 
associating clinical imaging data with 
cellular and subcellular phenotypic in-
formation (21–29).

In the first phase, two independent 
publicly available NSCLC data sets from 
different institutions were accessed. 
Patient populations contained a combi-
nation of FDG PET images, messenger 
RNA (mRNA) expression data, or clin-
ical outcomes data that could be used 
to construct an FDG PET–associated 
radiogenomic signature that defines 
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EMT = epithelial-mesenchymal transition
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FDR = false discovery rate
mRNA = messenger RNA
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index = SUVmax normalized to the mean liver SUV
SUVmax = maximum SUV
TGF-b = transforming growth factor b
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Advances in Knowledge

 n A normalized fluorine 18 (18F) 
fluoro-2-deoxyglucose (FDG) PET 
standardized uptake value (SUV) 
(maximum SUV [SUVmax] in the 
tumor/mean liver SUV) radioge-
nomic signature was derived in 
non–small cell lung cancer 
(NSCLC), which was prognostic 
in an independent gene expres-
sion data set (P = .01).

 n This radiogenomic signature was 
significantly associated with epi-
thelial-mesenchymal transition 
(EMT) in independent in vitro 
EMT cell line data (P , .05).

 n An NSCLC EMT cell line was 
established that showed signifi-
cant associations with increased 
cell migration, drug resistance, 
glucose uptake, and hexokinase 
activity (P , .05).

Implication for Patient Care

 n NSCLC with high normalized 
SUVmax on 18F-FDG PET images 
may be associated with EMT, 
which is implicated in metastasis 
and chemoresistance.

Numerous studies have shown that 
the rate of fluorine 18 (18F) fluo-
ro-2-deoxyglucose (FDG) uptake,  

measured by using maximum standard-
ized uptake value (SUVmax) in the pri-
mary tumor site, correlates with me-
tastasis, resistance to chemotherapy, 
and poor overall clinical outcomes in 
non–small cell lung cancer (NSCLC) 
and other tumors (1–10). Interestingly, 
these same traits are also hallmarks of 
epithelial tumor cells that have under-
gone a characteristic change in molec-
ular phenotype, known as epithelial-
mesenchymal transition (EMT) (11,12). 
EMT is increasingly being recognized 
as a critical cancer phenotype in major 
tumor types, such as lung, breast, and 
colon cancer, and is associated with ag-
gressive behavior, such as poor prog-
nosis, chemotherapeutic resistance, 
and increased metastasis (11–15). 
Briefly, EMT is believed to be a con-
served cellular developmental program 
associated with tissue morphogenesis 
during embryologic development that 
becomes “hijacked” in certain epithe-
lial cancer cells, whereby the cells lose 
their apical-basal polarity and cell-cell 
contact inhibition and acquire a fibro-
blast-like morphology (16). Tumor cells 
that undergo EMT (hereafter referred 
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in an independent data set of 181 pa-
tients with NSCLC who had clinical 
and gene expression data (data set 
2, gene expression omnibus data set 
GSE50081) (40). To match the patients 
to those in data set 1, only patients 
with a definitive histopathologic diag-
nosis of adenocarcinoma or squamous 
cell carcinoma were included (n = 170). 
Subsequently, after applying these cri-
teria, four patients were excluded be-
cause of absence of clinical outcome 
data, which resulted in a subsequent 
analysis of a total of 166 of 181 patients 
(91.7%). Two-way average-linkage hi-
erarchical clustering was performed 
on the SUVindex mRNA signature, with 
high and low SUVindex mRNA signature 
groups defined by taking the cutoff at 
the top node of the sample dendro-
gram. Both disease-specific survival 
and overall survival were assessed on 
the basis of differential expression of 
the SUVindex mRNA signature by using 
the log-rank test. Patient characteris-
tics and statistical comparisons are de-
scribed in Table 1.

previously, where examples are pro-
vided (data set 1, 26 patients with a 
histopathologic diagnosis of adenocar-
cinoma or squamous cell carcinoma, 
gene expression omnibus data set 
GSE28827) and normalized accord-
ing to the mean SUV of the liver to 
convert the values to the SUVindex, 
which was the sole quantitative score 
used for all subsequent analysis (36). 
Patients were subsequently stratified  
into groups with high and low SUVindex  
scores by using a cutoff value based 
on the distribution of SUVindex scores 
(36,37). Matched mRNA expression 
data extracted from the SUVindex-quan-
tified tumor lesion were filtered as de-
scribed previously (36). Significance 
analysis of microarrays at a cutoff P 
value of less than .05 and a false dis-
covery rate (FDR) of less than 0.20 by 
using 2000 permutations was used to 
generate the SUVindex mRNA radioge-
nomic signature (38,39).

Next, to confirm the prognostic 
power of our SUVindex mRNA signature, 
we applied this radiogenomic signature 

anterior aspect of the right lobe of the 
liver, by using Osirix software (ver-
sion 7.0; http://www.osirix-viewer.
com) (34,35) as shown in Figure 1. All 
measurements and lesion identification 
were performed by a dual-certified nu-
clear medicine and radiology physician 
with 19 years of experience (R.L.K.) 
who was blinded to all clinical, patho-
logic, and genomic data. The 18F FDG 
PET image acquisition parameters and 
protocol for data set 1 have been de-
scribed previously: An 18F FDG dose 
between 10 and 17 mCi (370 and 629 
MBq, respectively; the dose was cal-
culated on the basis of patient weight 
in kilograms) was administered, and 
imaging was performed by using a 
Discovery STE or LS PET/computed 
tomography scanner (GE Healthcare, 
Little Chalfont, United Kingdom) (36).

Phase 1: Radiogenomic Evaluation of 
SUVindex

SUVmax was measured for the same 
metabolically active lung tumor ana-
lyzed in the original study, as described 

Figure 1

Figure 1: Flowcharts of overall study design, detailing (a) construction of the SUV
index

 mRNA radiogenomic signature (phase 1), (b) in silico analysis and assessment 
for biological associations of the SUV

index
 mRNA radiogenomic signature (phase 2), and (c) validation of the radiogenomic signature in an in vitro model (phase 3). 

OSM = oncostatin M.
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vimentin (1:2000), glucose transporter 
1 (1:1000), hexokinase (1:1000), and 
actin (1:5000) (Cell Signaling).

Gene Expression Analysis by Using 
Quantitative Polymerase Chain Reaction
For both pre-EMT and post-EMT H358 
RNA samples, expression analysis was 
performed by using an RNeasy puri-
fication kit (Qiagen, Valencia, Calif). 
Primers for quantitative polymerase 
chain reaction (qPCR) were designed 
and validated according to standard 
protocol (Table E2 [online]). Relative 
quantification values for each gene were 
calculated by using the d threshold cycle 
method (42). Again, the P values were 
adjusted for multiple hypothesis testing 
by calculating the overall FDR across 14 
genes (39). P less than .05 and FDR less 
than 0.20 were considered to indicate 
statistically significant differences. Hy-
pergeometric probability was calculated 
to assess significance of overlap in direc-
tionality to the radiogenomic signature.

Cell Invasion Assay
Briefly, cell invasion was measured by 
using the CytoSelect 24-well cell migra-
tion and invasion assay (Cell Biolabs, 
San Diego, Calif) according to the man-
ufacturer’s instructions. Each sample 
was measured with optical density at 
560 nm (BioTek, Winooski, Vt).

Comparison of Drug Response between 
Pre-EMT and Post-EMT Cells
Pre-EMT and post-EMT H358 cells 
were seeded to create 10-point dose-
response curves for paclitaxel (n = 6) 
and mitoxantrone (n = 9) at increasing 
concentrations (0.0001–0.1 mmol/L). 
Cell viability was measured with the 
CellTiter-Glo Luminescent kit (Pro-
mega, Madison, Wis). Half-maximal ef-
fective concentration was calculated to 
measure differences between pre-EMT 
and post-EMT cells.

Glucose Uptake Assay
Briefly, pre-EMT and post-EMT cells in 
triplicates were incubated and grown 
according to the manufacturer’s pro-
tocol (Cayman Chemical, Ann Arbor, 
Mich). The fluorescence was measured 
at 485 nm and 535 nm (43).

Phase 3: In Vitro Confirmation 
of Associations between SUVindex 
Radiogenomic Signature and EMT
Establishing an in vitro lung EMT 
model in a lung cancer cell line.—De-
tailed description of the cell line exper-
iments performed in phase 3 can be 
found in Appendix E1 (online). Cell line 
induction and comparisons were per-
formed in triplicates. All comparisons 
between pre-EMT and post-EMT cells 
in the subsequent analysis were per-
formed by using a paired t test when 
comparing values obtained from each 
of the respective experiments.

Cell culture and cytokine treat-
ment.—Briefly, the H358 lung cancer 
cell line was obtained from the Ameri-
can Type Culture Collection. Cells were 
grown according to protocol. To induce 
EMT, H358 cells were exposed to both 
transforming growth factor b (TGF-b, 
10 ng/mL) and oncostatin M (50 ng/
mL) (Cell Signaling Technology, Dan-
vers, Mass) for 7 days.

Cells were collected and fraction-
ated according to protocol (Bio-Rad, 
Hercules, Calif). After incubation, the 
membrane was washed and incubated 
with antibodies against human E-cad-
herin (1:1000), n-cadherin (1:1000), 

Phase 2: Assessment of the  
SUVindex mRNA Expression Signature for 
Molecular Concordance and Associations 
with EMT
Gene set enrichment analysis was 
performed to evaluate any relation-
ships between the SUVindex mRNA 
radiogenomic signature and EMT 
by using 20 curated EMT gene sets 
(Table E1 [online]) from the Molec-
ular Signatures Database, with sta-
tistical significance set at P less than 
.05 and FDR less than 0.20. Finally, 
we evaluated the SUVindex mRNA sig-
nature against a publicly available cell 
line data set from a published in vitro 
EMT study (gene expression omnibus 
data set GSE49644) (41). Genes were 
extracted manually from the radioge-
nomic signature to compare the pre-
EMT versus post-EMT cell expression 
values that were available in triplicate, 
in addition to calculation of the hyper-
geometric distribution. The P values 
were adjusted for multiple hypothesis 
testing by calculating the overall FDR 
across 14 genes by using the methods 
of Benjamini and Hochberg (39). P 
less than .05 and FDR less than 0.20 
were considered to indicate statisti-
cally significant differences.

Table 1

Data Sets

Data Set mRNA and PET mRNA and Survival P Value*

Gene expression omnibus data set GSE28827 GSE50081 …
Data set no. 1 2 …
No. of patients 26 166 …
Age (y) Not available 41–88† …
Patient sex .04
 No. of women 18 78
 No. of men 8 88
Histologic finding .81
 Adenocarcinoma 20 124
 Squamous cell carcinoma 6 42
Stage at diagnosis .07
 Stage I 20 51
 Stage II 3 115
 Stage III 2 0
 Stage IV 1 0

* According to the unpaired t test, with unequal variance.
† Median age was 70 years.
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high-SUVindex group (P = .045 according 
to the log-rank test, Fig E2 [online]). 
Comparison of the demographics 
among the two data sets did not show 

P = .01 according to the log-rank test; 
Fig 2). The median survival time was 
not reached by either group. Shorter 
overall survival was also observed in the 

Hexokinase Activity Assay
Pre-EMT and post-EMT cell extracts 
were added to a reaction buffer in trip-
licate (Sigma-Aldrich, St Louis, Mo). 
The activity of hexokinase was deter-
mined by nicotinamide adenine dinu-
cleotide formation after the absorbance 
at 340 nm and compared between two 
time points (0 minutes and 35 minutes).

Statistical Analysis
Expression data and survival analysis 
were performed with R version 3.0.1 
(http://www.R-project.org) and SPSS 
(version 21.0; IBM, Armonk, NY) soft-
ware. Cluster 3.0 and Java TreeView 
(jtreeview.sourceforge.net) were used 
for clustering analysis and visualization 
(44,45). Dose response curves were 
generated by using Prism (version 6.01; 
Graphpad, La Jolla, Calif).

Results

Phase 1: Defining the SUVindex mRNA 
Radiogenomic Signature and Evaluation 
of Its Clinical Concordance
A total of 48 778 measured genes in the 
array were filtered down to 1565 genes 
for subsequent analysis (HumanHT-12 
version 3.0 expression beadchip; Il-
lumina, San Diego, Calif). Optimal  
SUVindex cutoff into groups with high 
and low SUVindex values was set at 
2.0 on the basis of the distribution of  
SUVindex values across all patients (low, n 
= 14; high, n = 12; Fig E1 [online]). Ra-
diogenomic analysis was used to identify 
14 genes differentially expressed in the 
group with high SUVindex scores relative 
to the group with low scores (Table 2);  
notable genes overexpressed in the 
high-SUVindex group included TGF-b–
induced, matrix metallopeptidase-9, 
and versican, all of which have been 
strongly implicated in EMT.

We next verified the clinical signif-
icance of this SUVindex mRNA radioge-
nomic signature in data set 2 by strati-
fying the 166 patients into two discrete 
groups on the basis of their differential 
expression profile. The high-SUVindex 
group (n = 94) was associated with 
shorter disease-specific survival com-
pared with the low-score group (n = 72; 

Table 2

SUVindex mRNA Signature

Gene P Value Fold Change FDR

PLAU ,.001 2.8 0.12
PGC .001 25.1 ,0.01
SPP1 .002 2.9 0.12
TMEM158 .002 2.3 0.12
FASN .002 22.3 ,0.01
VCAN .003 2.4 0.12
PODXL2 .004 22.3 ,0.01
MXRA5 .004 2.4 0.12
MMP9 .005 2.8 0.12
TGFBI .007 2 0.12
ALOX5AP .008 2.3 0.12
CSF1R .01 2.2 0.12
ITGB2 .01 2.3 0.12
RGS1 .01 2.0 0.12

Note.—MMP9 = matrix metallopeptidase-9, TGFBI = TGF-b–induced, VCAN = versican.

Figure 2

Figure 2: Heat map (left) and Kaplan-Meier survival curve (right) show the radiogenomic associations be-
tween SUV

index
, mRNA expression, and clinical outcomes by leveraging independent data sets. The heat map 

shows the 14-gene signature with a relative expression reference below it (green = lower expression, red = 
higher expression); rows represent genes, and columns represent samples. The samples with relatively low 
expression levels for SUV

index
 are highlighted in blue and are denoted as low; samples with high expression 

levels are highlighted in green and are denoted as high. The SUV
index

 mRNA radiogenomic signature confirms 
differences in disease-specific survival (undefined median survival times for both groups) in 166 patients  
(P = .01, log-rank test). MMP9 = matrix metallopeptidase-9, TGFBI = TGF-b–induced, VCAN = versican.
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concordance in expression changes be-
tween our SUVindex mRNA signature and 
the EMT cell line.

To confirm the effect of EMT in-
duction on drug resistance, we treated 
pre-EMT and post-EMT cells with two 
different chemotherapeutic agents 
(paclitaxel and mitoxantrone) at vary-
ing doses, and cell viability was as-
sessed after treatment. Post-EMT cells 
were more resistant to both drugs 
when compared with pre-EMT cells on 
the basis of the half-maximal effective 
concentration values (paclitaxel, 0.005 
mmol/L pre-EMT and 0.01 mmol/L post-
EMT, P , .001; and mitoxantrone, 0.01 
mmol/L pre-EMT and 0.03 mmol/L post-
EMT, P = .028). All results are shown 
in Figure 4.

Finally, to confirm that post-EMT 
cells are also associated with increased 

n-cadherin and vimentin according to 
Western blot analysis, which is consis-
tent with previously reported studies 
(46). Migration assay repeated four 
times, as measured with fluorescence 
at an optical density of 560 nm, showed 
a fold change of 2.07 6 047 (P = .041) 
in migration after EMT induction, con-
firming that post-EMT cells were more 
mobile than pre-EMT cells.

Next, to confirm the link between 
our 14-gene SUVindex mRNA radi-
ogenomic signature and EMT in our 
model, we performed qPCR and differ-
ential expression analysis between the 
pre-EMT and post-EMT cells. qPCR 
confirmed concordant differential ex-
pression changes in 12 of 14 genes  
(85.7% at P , .05, FDR , 0.20; 
P , .0001, according to hypergeo-
metric probability), thus confirming 

significant differences in the patient 
characteristics, except for patient sex 
(Table 1).

Phase 2: Assessment of the SUVindex 
mRNA Expression Signature for Molecular 
Concordance and Associations with EMT
At the mRNA level, gene set enrich-
ment analysis of the SUVindex mRNA 
signature against 20 curated EMT-re-
lated gene sets in the Molecular Signa-
tures Database (Table E1 [online]) was 
used to identify a significant associa-
tion between the high SUVindex mRNA 
signature and “Jechlinger epithelial to 
mesenchymal transition up,” a mesen-
chymal-like signature in a TGF-b–in-
duced epithelial cell model of EMT (P 
, .05, FDR , 0.20). We performed 
additional validation of the association 
of our 14-gene signature with EMT on 
a publicly available data set (Human Ge-
nome U133 Plus 2.0 Array, 19849 tran-
scripts; Affymetrix, Santa Clara, Calif), 
in which EMT induction was performed 
in three different lung cancer cell lines in 
triplicate (HCC827, A549, and H358). 
Overall, nine of 14 (64.3%), nine of 14 
(64.3%), and 11 of 14 (78.6%) of the 
individual genes from the radiogenomic 
signature tested were significantly dif-
ferentially expressed (P , .05, FDR , 
0.20) in the HCC827, A549, and H358 
cell lines, respectively (Fig 3). Of the 
genes significantly expressed, seven of 
nine genes (77.8%), eight of nine genes 
(88.9%), and nine of 11 genes (81.8%), 
respectively, moved in the correct direc-
tion, confirming that the gene expres-
sion signatures were similar (P , .0001, 
hypergeometric probability; Fig 3).

Phase 3: In Vitro Confirmation of 
Radiogenomic Associations between the 
SUVindex Radiogenomic Signature and EMT
We next optimized a TGF-b and on-
costatin M–based EMT induction ap-
proach as a means of inducing EMT 
in the H358 NSCLC cell line. A 7-day 
treatment of TGF-b and oncostatin M 
demonstrated significant changes to-
ward mesenchymal morphology. Also, 
expected changes in in vitro expression 
of key EMT protein markers were seen; 
specifically, we observed downregula-
tion of e-cadherin and upregulation of 

Figure 3

Figure 3: Heat map from in silico analysis confirms an association between 
the SUV

index
 mRNA signature and EMT. The heat map depiction (red is higher 

expression; green is lower expression) shows the concordance in expression 
levels between the SUV

index
 mRNA signature and expression levels from three 

different post-EMT experimental cell lines (n = 3 per cell line). ∗ = genes with 
significantly different expression levels (P , .05, FDR , 0.20), which display 
similar direction in expression changes as the SUV

index
 mRNA signature. MMP9 = 

matrix metallopeptidase-9, TGFBI = TGF-b–induced, VCAN = versican.
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shown to not only be able to demon-
strate lung cancers by depicting differ-
ences in glucose metabolism between 
tumor and nontumor cells but also 
allow differentiation of more aggres-
sive lung tumors from less aggressive 
tumors on the basis of the degree of 
18F FDG uptake. Herein, using a mul-
titiered radiogenomic approach with 
publicly available data sets in combina-
tion with our own in vitro studies, we 
provide evidence for an association in 
NSCLC between tumors that have high 
FDG uptake and EMT. We first identi-
fied and then validated an SUV mRNA 
radiogenomic signature in NSCLC by 

the hexokinase activity assay also 
showed a significant increase of greater 
than 1.5-fold in activity in post-EMT 
cells (absorbance at 340 nm, 17.3 6 
0.10) relative to pre-EMT cells (11.2 6 
0.43) (P = .003, paired t test). All re-
sults are shown in Figure 5.

Discussion

There is a growing body of evidence 
highlighting the key role of EMT in ag-
gressive cancers that include but are not 
limited to the lung, breast, pancreas, 
lymph nodes, and colon (15,47–50). 
Similarly, FDG PET imaging has been 

glucose uptake (as a surrogate for FDG 
uptake and higher SUV levels), we as-
sayed both pre-EMT and post-EMT 
H358 cells for glucose uptake, with 
results presented in intensity values. 
Total fluorescence (435-nm and 535-
nm) intensity values of 1123 6 147 
were observed for the pre-EMT cells, 
whereas post-EMT cells had total inten-
sity values of 3703 6 926 (P = .001, 
paired t test), representing a greater 
than threefold increase. Protein expres-
sion levels of both glucose transporter 
1 and hexokinase also demonstrated 
increased expression in post-EMT cells 
compared with pre-EMT cells. Finally, 

Figure 4

Figure 4: Photomicrographs (upper left), Western blot analysis (upper left center), bar graph (upper right center), heat map depiction (upper right), and plots 
(bottom) show qPCR and in vitro functional characterization to confirm association of the SUV

index
 mRNA signature with EMT and an aggressive cancer phenotype. 

On the photomicrographs (original magnification, 310), characteristic changes in morphology are seen between pre-EMT and post-EMT H358 cells with light 
microscopy, which shows loss of cell-cell contact and appearance of elongated mesenchymal features, as well as confirmation of changes in EMT-associated 
protein markers. Cell migration assays confirm a significant increase in migration in post-EMT cells relative to pre-EMT H358 cells. The heat map (red is higher 
expression; green is lower expression) shows the concordance between the high SUV

index
 mRNA radiogenomic signature and gene expression of the post-EMT 

cells according to qPCR. ∗ = genes with significantly different expression levels (P , .05, FDR , 0.20), which display similar direction in expression changes as 
the SUV

index
 mRNA signature. Nonlinear regression curves depict differences in cell survival (percentages) between the pre-EMT and post-EMT cells treated with 

paclitaxel and mitoxantrone at 10 different concentrations. There was a significant difference between the half-maximal effective concentration in both paclitaxel 
and mitoxantrone (P , .001 and P = .028, respectively). MMP9 = matrix metallopeptidase-9, TGFBI = TGF-b–induced, VCAN = versican.
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increased glucose metabolism as seen 
clinically with increased SUVindex are as-
sociated with EMT. Further studies will 
be necessary to confirm these findings 
and to further elucidate the molecular 
basis of these relationships.

Although EMT provides us with a 
potentially powerful lens with which to 
better understand the link between an 
important metabolic tumor image phe-
notype and its underlying behavior and 
biology, perhaps the real importance 
may derive from potential future clini-
cal applications in guiding cancer ther-
apy. Both de novo and acquired drug 
resistance continue to remain the major 
limitation for all cancer drugs; however, 
recent study findings are increasingly 
implicating EMT as a critical culprit in 
the chemoresistant phenotype. Recent 
studies in NSCLC, breast, and pancre-
atic cancer have shown that EMT serves 
as a critical determinant in eventual che-
moresistance (55–57). In this work, we 
were able to further extend and charac-
terize this relationship by demonstrating 
that post-EMT cells were not only more 
chemoresistant but that this chemoresis-
tant population differentially expressed 
the high SUVindex mRNA radiogenomic 
signature when compared with the more 
chemosensitive tumors that expressed 
the low SUVindex radiogenomic signa-
ture. This is important because it has 
been shown that manipulating epithelial 

for an association between tumor SUV, 
poor outcome, and EMT in NSCLC.

Potential links between SUV and 
EMT have been suggested in several 
studies. One study showed that in-
creased tumor SUV was associated 
with increased expression of several 
EMT-related genes in esophageal can-
cer; additionally, a number of investi-
gators have shown in vitro that upregu-
lation of glucose metabolism may play 
a role in EMT (51–54). One suggested 
mechanism is based on the effect of 
intratumoral upregulation of hypoxia 
inducible factor 1a, which has been 
shown to induce tumor invasion by 
triggering an EMT program by directly 
interacting with the key regulator twist 
family basic helix-loop-helix transcrip-
tion factor 1 (53). In another study, 
EMT in breast cancer cells was shown 
to be activated by a metabolic switch 
to increased glucose metabolism (52). 
Although none of the transcripts in our 
SUVindex radiogenomic signatures are 
direct constituents of canonical glucose 
metabolism pathways, TGF-b is known 
to have powerful regulatory effects on 
glycolysis and gluconeogenesis. Addi-
tionally, our in vitro analysis confirmed 
significantly increased glucose uptake 
and glucose transporter 1 and hexo-
kinase protein expression and activity 
in post-EMT H358 cells. Thus, our re-
sults suggest that NSCLC tumors with 

leveraging mRNA expression profile, 
clinical PET imaging, and clinical out-
comes data. In silico analysis showed 
that this signature was associated with 
EMT both in a publicly available, exper-
imental EMT lung cancer cell line model 
with gene expression data and through 
gene set enrichment analysis. To fur-
ther confirm and characterize this link, 
we next established an inducible EMT 
model in an H358 NSCLC cell line. Hav-
ing confirmed our EMT model, we per-
formed functional characterization of 
pre-EMT versus post-EMT lung cancer 
cells to confirm the well-associated phe-
notypic changes associated with high-
SUV NSCLC tumors, including dem-
onstrating that post-EMT tumors had 
both increased migration and increased 
resistance to chemotherapeutic agents. 
Finally, we indirectly validated the po-
tential relationship between SUV and 
EMT through a series of experiments 
that showed that post-EMT cells had 
significantly enhanced glucose trans-
porter 1 mediated glucose uptake and 
hexokinase activity, as well as protein 
expression relative to that of pre-EMT 
lung cancer cells. Thus, by performing 
an integrative radiogenomic analysis 
by using independent data sets with 
imaging, outcomes, and gene expres-
sion in tandem with both in silico and 
functional in vitro analysis, we are able 
to provide multilevel biological support 

Figure 5

Figure 5: Western blot analysis (left) and bar graphs (rights) represent functional studies to confirm associations in glucose metabolism between EMT and  
SUV. Expression levels of glucose transporter 1 and hexokinase increases after EMT induction are shown. Glucose uptake increased 3.3-fold after EMT induction  
(P , .001). Hexokinase activity increased by nearly 1.5-fold in post-EMT cells (P = .003).
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