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Abstract
Cancer cells undergo a metabolic reprogramming but little is known about metabolic alterations of other cells

within tumors. We use mass spectrometry–based profiling and a metabolic pathway–based systems analysis to
compare 21 primary human lung cancer–associated fibroblast lines (CAF) to "normal" fibroblast lines (NF)
generated from adjacent nonneoplastic lung tissue. CAFs are protumorigenic, although the mechanisms by which
CAFs support tumors have not been elucidated. We have identified several pathways whose metabolite abundance
globally distinguished CAFs from NFs, suggesting that metabolic alterations are not limited to cancer cells. In
addition, we found metabolic differences between CAFs from high and low glycolytic tumors that might reflect
distinct roles of CAFs related to the tumor's glycolytic capacity. One such change was an increase of dipeptides in
CAFs. Dipeptides primarily arise from the breakdown of proteins. We found in CAFs an increase in basal
macroautophagy which likely accounts for the increase in dipeptides. Furthermore, we show a difference between
CAFs andNFs in the induction of autophagy promoted by reduced glucose. In sum, our data suggest that increased
autophagy may account for metabolic differences between CAFs and NFs and may play additional as yet
undetermined roles in lung cancer. Mol Cancer Res; 11(6); 579–92. �2013 AACR.

Introduction
Tumors are composed of malignant cancer cells and

stromal cells that constitute the tumor microenvironment.
Research efforts have predominantly focused on understand-
ing the biology of the epithelial component of tumors,
leading to the identification of genes and signaling pathways
dysregulated in cancer cells. The nonepithelial cellular ele-
ments of the tumor mass, although not by themselves
malignant, have essential roles in carcinogenesis by support-
ing the cancer cells (1, 2). Cancer-associated fibroblasts
(CAF) of the tumor microenvironment are protumorigenic,
although the exact functions of CAFs have yet to be fully
delineated (3, 4). Proposed functions of CAFs include

secretion of growth factors, of proangiogenic VEGF, and/or
of proteases that remodel the extracellular matrix (5–9). The
distinct protumorigenic activities of CAFs identified in the
different studies might reflect tumor type–specific roles for
CAFs.
Proliferation requires growth-promoting signaling and an

appropriate nutrient milieu. Cancer cells frequently have a
predominantly glycolytic metabolism, the "Warburg effect"
(10, 11), that is required for the growth of some tumors (e.g.,
ref. 12). The emerging view is that reliance on a predom-
inantly glycolytic metabolism supports the anabolic needs of
cancer cells at the expense of efficient production of ATP
from glucose (11). Little is known about possible metabolic
alterations in the stroma cells of the tumor microenviron-
ment. Alterations in stromal cell metabolism might be
advantageous to the cancer cells, as would be the case if
stroma cell metabolismwas coupled to that of the cancer cells
(e.g., ref. 13).
Here, we use mass spectrometry–based profiling of the

abundances of 203 biochemicals of 46 metabolic pathways/
groups to compare primary human lung tumor CAFs to
"normal" fibroblasts (NF) isolated from nonneoplastic lung
tissue located at least 5 cm away from the tumor. We found
differences in several metabolic pathways that distinguish
CAFs from NFs, suggesting that alterations in cellular
metabolism are not limited to epithelial cancer cells of the
tumor. Moreover, we found differences between CAFs and
NFs that correlate with the glycolytic capacity of the tumor,
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one of which was a relative increase in CAFs of 17 unrelated
dipeptides. The relative difference in dipeptides was most
significant between CAFs derived from highly glycolytic
tumors and their paired NFs, although dipeptides in CAFs
from less glycolytic tumors were also increased compared
with paired NFs. Unexpectedly, dipeptides were also
increased in NFs isolated from lung tissue of individuals
with highly glycolytic tumors compared with those from less
glycolytic tumors, suggesting either a tumor-specific field
effect extending beyond 5 cm or metabolic alteration in NFs
induced by a widespread inflammatory or other protumori-
genic parenchymal milieu. Dipeptides arise from the break-
down of proteins. In CAFs, we find evidence for increased
autophagy, a lysosome-related catabolic mechanism, which
likely explains the increase in dipeptides. We also find that
reducing the amount of glucose in the medium from 25 to 5
mmol/L causes an increase of dipeptides and autophagy in
NFs but not CAFs, suggesting that CAFs and NFs have
different set points for glucose induction of autophagy.
There is mounting evidence that increased degradative path-
ways (e.g., autophagy) in cancer cells, potentially as stress
response mechanisms, have roles in tumor maintenance and
possibly in resistance to chemotherapy (14–16). Our studies
provide evidence that increased autophagy and lysosomal
capacity are characteristics of human lung CAFs, alterations
that might contribute to the protumorigenic activity of
CAFs.

Materials and Methods
Human subjects
The clinical study (Fig. 3) was an Institutional Review

Board–approved review of a prospectively assembled tho-
racic surgery database of patients with non–small cell lung
cancer (from February 2000 to December 2009). Patient
consent was waived. Patients with surgically resected tumors
(stage I–III) and documented SUVmax values by positron
emission tomography (PET)were considered eligible for this
review (n ¼ 693). Patients were segregated into 2 cohorts
those with SUVmax �8 (n ¼ 231, 33%) and those with
SUVmax�5 (n¼ 350, 50%). Disease-free survival (DFS) for
the cohort (from date of surgery to recurrent or death) was
evaluated by Kaplan–Meier survival analysis. Log-rank test
was used for comparison of DFS between the 2 groups.
Median follow-up was 23 months.

Cells
Cells were derived from resected tumors and adjacent

nonneoplastic tissue in an Institutional Review Board–
approved study. Patients consented to use of cells derived
from their tissue for this study. Tissue, which was processed
within 2 hours of resection, was minced with a razor and
incubated in 1 mg/mL collagenase D for 60 minutes with
agitation at 37�C. Thematerial was passed through a 70-mm
sieve, red blood cells lysed, and extensively washed in
HEPES-buffered Dulbeccos' Modified Eagle's Medium
(DMEM; 25 mmol/L glucose) before plating in DMEM
supplemented with 10% FBS. When the cultures reached
about 80% confluence, cells were passaged and expanded

further by growth. Cell pellets (�2.5 � 106 cells) were
washed with PBS, flash frozen in a dry ice ethanol bath, and
stored at �80�C. In some cases, cells were expanded in 5
mmol/L glucose–DMEM–10% FBS.

Mass spectrometry
Sample accessioning. Each sample received was acces-

sioned into theMetabolon LIMS system andwas assigned by
the LIMS a unique identifier that was associated with the
original source identifier only. This identifier was used to
track all sample handling, tasks, results, etc. The samples
(and all derived aliquots) were tracked by the LIMS system.
All portions of any sample were automatically assigned their
own unique identifiers by the LIMS when a new task is
created; the relationship of these samples is also tracked. All
samples were maintained at �80�C until processed.
Sample preparation. Samples were prepared using the

automated MicroLab STAR system from Hamilton Com-
pany. A recovery standard was added before the first step in
the extraction process for quality control (QC) purposes.
Sample preparation was conducted using aqueous methanol
extraction process to remove the protein fraction while
allowing maximum recovery of small molecules. The result-
ing extract was divided into 4 fractions: one for analysis by
ultrahigh performance liquid chromatography/mass spec-
troscopy (UPLC/MS/MS; positive mode), one for UPLC/
MS/MS (negative mode), one for gas chromatography/mass
spectroscopy (GC/MS), and one for backup. Samples were
placed briefly on a TurboVap (Zymark) to remove the
organic solvent. Each sample was then frozen and dried
under vacuum. Samples were then prepared for the appro-
priate instrument either UPLC/MS/MS or GC/MS.
Ultrahigh performance liquid chromatography/mass

spectroscopy. The liquid chromatography/mass spectrom-
etry (LC/MS) was based on aWaters ACQUITYUPLC and
a Thermo-Finnigan linear trap quadrupole (LTQ) mass
spectrometer, which consisted of an electrospray ionization
(ESI) source and linear ion-trap (LIT) mass analyzer. The
sample extract was dried then reconstituted in acidic or basic
LC-compatible solvents, each of which contained 8 or more
injection standards at fixed concentrations to ensure injec-
tion and chromatographic consistency. One aliquot was
analyzed using acidic positive ion–optimized conditions and
the other using basic negative ion–optimized conditions in 2
independent injections using separate dedicated columns.
Extracts reconstituted in acidic conditions were gradient-
eluted using water and methanol containing 0.1% formic
acid, whereas the basic extracts, which also used water/
methanol, contained 6.5 mmol/L ammonium bicarbonate.
TheMS analysis alternated betweenMS and data-dependent
MS/MS scans using dynamic exclusion. Raw data files were
archived and extracted.
Gas chromatography/mass spectroscopy. The samples

destined for gas chromatography/mass spectroscopy (GC/
MS) analysis were redried under vacuum desiccation for a
minimum of 24 hours before being derivatized under dried
nitrogen using bistrimethyl-silyl-triflouroacetamide. The
GC column was 5% phenyl and the temperature ramp was
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from 40� to 300�C in a 16-minute period. Samples were
analyzed on a Thermo-Finnigan Trace DSQ fast-scanning
single-quadrupole mass spectrometer using electron impact
ionization. The instrument was tuned and calibrated for
mass resolution and mass accuracy on a daily basis. The
information output from the raw data files was automatically
extracted as discussed below.
Quality assurance/QC. For quality assurance (QA)/

QC purposes, additional samples were included with the
analysis of each day. These samples included extracts of a
pool of well-characterized human plasma, extracts of a pool
created from a small aliquot of the experimental samples, and
process blanks. QC samples were spaced evenly among the
injections, and all experimental samples were randomly
distributed throughout the run. A selection of QC com-
pounds was added to every sample for chromatographic
alignment, including those under test. These compounds
were carefully chosen so as not to interfere with the mea-
surement of the endogenous compounds.

Data extraction and compound identification
Raw data were extracted, peak-identified, and QC pro-

cessed using Metabolon's hardware and software. These
systems are built on a web service platform using Micro-
soft's.NET technologies, which run on high-performance
application servers and fiber channel storage arrays in clusters
to provide active failover and load balancing. Compounds
were identified by comparison to library entries of purified
standards or recurrent unknown entities. More than 2,400
commercially available purified standard compounds have
been acquired and registered into LIMS for distribution to
both the LC and GC platforms for determination of their
analytic characteristics.

Data normalization
Missing values (if any) were assumed to be below the level

of detection.However, biochemicals that were detected in all
samples from one or more groups but not in samples from
other groups were assumed to be near the lower limit of
detection in the groups in which they were not detected. In
these cases, the missing values were replaced with the
minimum value obtained for the biochemical within all
groups. Each biochemical value was then normalized to cell
number and scaled to their median value. The data were also
analyzed after normalizing the individual metabolites in each
sample to the median of all metabolites in that sample. This
scaling accounts for any difference between samples due to a
change in the abundance of all metabolites, as would be the
case if there were differences in cell size among groups.
Similar results were obtained in all comparisons regardless of
whether the data for each cell line were scaled to the median
value of that cell line. The data sets without and with scaling
to the median of all metabolites in that sample are presented
in Supplementary Table SI. The results presented are the
significant differences common to the analyses of the data
without and with the scaling.
Heatmaps. Heatmap data were scaled up for zero mean

and unit variance by first subtracting the mean of each row

for the matrix needs to be visualized and then dividing each
row by its SD. This provides a matrix where each metabolite
concentrations have mean 0 and SD 1.

Statistical analysis
An unpaired t test for differential abundance with a

standard 2-tailed and 2-sample t test was done using mattes
function in MATLAB on each metabolite to calculate the
Wilcoxon t statistic for the 2 groups being compared. An
unpaired t test was then used to conduct t test over the t
scores and fold change (log2) of metabolites grouped as
required for the analysis. Resultant P values were then
adjusted for false discovery rate as described by Benja-
mini–Hochberg correction for multiple testing. The same
analysis was repeated with random shuffling (104 times) of
the group labels (permutation testing). Results that had a
probability of less than 0.05 of appearing in this shuffling
exercise were selected as significant. Complete analysis was
done in MATLAB R2011b with Bioinformatics (ver 4.0)
and Statistics (ver 7.6) toolboxes.
To analyze biochemicals grouped into 7 main groups,

we compared the distributions of t scores of the metabo-
lites of that group (obtained from t-test as described
above) to the distribution of the t scores of the rest of
the metabolites. The P values for this comparison for each
group were determined after correcting for multiple test-
ing. To analyze biochemicals grouped into 46 subgroups,
we compared the distributions of t scores (obtained from t
test as described above) and the mean log2 fold change of
the metabolites in each group with those of rest of the
metabolites combined. Significance was calculated by
conducting an unpaired t test assuming normal distribu-
tions of unequal variances. P values corrected for multiple
testing were obtained for each subgroup as described
above. Subgroups having an adjusted P < 0.05 from t
scores comparisons (which captures the variance of data)
and adjusted P < 0.05 from mean fold change comparison
were selected. The data were analyzed in 2 ways, with and
without scaling the metabolites of an individual sample to
the median value of all metabolites in that sample. There
were only minor differences in the results with and
without the scaling. The results presented are the signif-
icant differences between groups that were common to the
2 different methods of analyses.

pH measurements
Lysosomal pHwas measured as described previously (17).

Cells were incubated for 18 hours in growth medium
supplemented with 2.5 mg/mL fluorescein rhodamine–
labeled dextran (Invitrogen, Inc.). Following this incuba-
tion, cells were washed and incubated for an additional 3
hours in growth medium to chase the dextran into late
endosomes and lysosomes. The cells were transferred to a
HEPES-balanced salt solution with 10 mmol/L glucose and
imaged live by epifluorescence in both fluorescein and
rhodamine channels. To construct a pH calibration curve
a set of cells similarly labeled were fixed and incubated in
monensin containing buffers of pH3, 4, 5, 6, 7, and 8. These
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cells were imaged with the same settings as the live cells.
Metamorph software was used to quantify the rhodamine
and fluorescein fluorescence of regions of interest (ROI)
identified in the rhodamine channel. The rhodamine–fluo-
rescein ratios of the ROIs of the fixed cells were used to create
the pH calibration curve that was used to assign pH values to
the ROIs of the live cells.

LC3, Lamp-2A, and Caveolin-1 analyses
Paired CAFs and NFs were grown in culture to 100%

confluence in 6-well plates (DMEM-Hams F12 1:1 blend,
10% FBS). Cells were either treated with 30 mmol/L
chloroquine for 3 or 5 hours or kept in normal growth
media. Protein extracts were prepared in 150 mL of 2�
Laemmli buffer, boiled, sonicated, and run on a 15% SDS-
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Figure1. Primary nonimmortalizedhuman lungCAFs andpairedNFs. A, flowchart of the protocol to create theCAFandNF lines used in the study. B, dispersed
cells from a lung tumor (CEM23) maintained in culture for the times noted. Cells were fixed, permeabilized, and stained for vimentin (red) and keratin
(green). The arrow notes a cluster of keratin-positive cells at 14 days of culture without passage. Images were collected at�20. C, cells from the tumor shown
in (B) and corresponding nonneoplastic tissue after repeated passage in culture. Cells were fixed, permeabilized, and stained as follows. The same
field of cells is shown. In the images on the left, keratin is pseudocolored red, in the middle images vimentin is red, and on the right, vimentin is red and aSMA
green. In all images, DNA staining is pseudocolored blue. In the culture conditions used, the vimentin-positive cells proliferate, whereas the keratin-positive
cells of the original cultures (from both tumor and nonneoplastic tissue) do not. Therefore, only vimentin-positive cells remain after repeated in vitro passages
to expand the cultures. In the example shown, the CEM23 CAFs highly expressed aSMA, a marker characteristic of activated fibroblasts, whereas
the paired CEM23 NFs did not. Images were collected at�40. The intensities of the individual colors were identically scaled across all images. D, cells from 2
differentCAFs andNFspairs, aftermultiple passages in vitro, were stained for vimentin (red),aSMA (green), andDNA (blue). Twodifferent fields for eachpair of
CAFs and NFs are shown. These data illustrate the heterogeneity of aSMA expression among the different CAFs and NFs. In both cases, the CAFs
express more aSMA than their paired NFs. CEM248 CAFs are fairly homogenous for aSMA expression compared with CEM254. Some of the CEM254 NFs
express significant amounts of aSMA, whereas CEM254 NFs have very low levels of aSMA expression. E, the expression of caveolin-1 in 6 different
pairs of CAFs and corresponding NFs was determined by Western blotting. The antibody detected a doublet at about 20,000 Da. The actin blot serves as a
control for the amount of extracts loaded per lane. F, cells from 3 different CAF and NF pairs, after multiple passages in vitro, were stained for caveolin-1
(green) and DNA (blue). There were no consistent differences in caveolin-1 expression between CAFs and NFs, either in subcellular localization or amount per
cell. Images were collected at �40. The intensities within each fluorescence color are scaled the same across all images.
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PAGE gel. Membranes were incubated overnight with
primary antibodies: rabbit anti-LC3B 1:1,000 (Invitrogen,
Inc); rabbit anti-actin 1:5,000 (Cytoskeleton Inc.); rabbit
anti-Caveolin-1 (BD Biosciences); and anti-Lamp-2A
(Abcam, Inc) and for 1 hour with secondary antibodies
(goat anti-rabbit 680 nm, 1:5,000). Membranes were read
on a LiCor imager and quantified using Odyssey software
(version 3.0). Alternatively, LC3 autophagosomes were
detected using indirect immunofluorescence in epifluores-
cence microscopy. Caveolin and LAMP-2A blotting were
conducted on the non-chloroquine–treated extracts only.

Results
Isolation of paired, nonimmortalized lung CAF and NF
cell lines
In an Institutional Review Board–approved study, we

generated by long-term culture 21 CAF lines from surgically
resected primary lung cancers and matched NFs from
nonneoplastic lung tissue obtained at least 5 cm from the
tumor, and we used these samples for mass spectrometry
metabolomic profiling of CAFs (Fig. 1A). Tumor and
nonneoplastic tissues were processed by mechanical and
collagenase disruption, and the resultant heterogeneous
populations of dispersed cells were plated in growthmedium
supplemented with 10% FBS. One day after plating, ker-
atin-expressing and vimentin-expressing cells were detected
by immunofluorescence (Fig. 1B). Overtime in culture
without passage, both keratin- and vimentin-expressing cells
proliferated, with the keratin-expressing cells growing in
clusters characteristic of epithelial cells. However, upon
expansion of the cultures by passage, only the vimentin-
expressing cells proliferated in samples from both tumor and
nonneoplastic tissue (Fig. 1C). These vimentin-expressing
cells were further expanded and prepared for metabolomic
analysis. Numerous previous studies have isolated CAF and
NF lines by culture without specific enrichment steps. To
be consistent with the terminology in the literature, we refer
to the expanded vimentin-expressing cultures as CAFs cell
lines and NFs cell lines, although they are not clonal lines.
There were no consistent differences in growth rates of the
expanded CAF and NF cultures. Pertinent clinical data
associated with the 21 CAFs/NFs paired lines are presented
in Table 1.
Increased expression ofa-smoothmuscle actin (aSMA) is

one commonly reported characteristic of CAFs, presumably
reflecting that CAFs are in an "activated state" (3, 4).
Consistent with those previous observations, expression of
aSMA was generally higher in the CAFs than in matched
NFs; however, there was a considerable variation in aSMA
expression among the different lines (Fig. 1D). This het-
erogeneity was observed in the percentage of cells expressing
aSMA within any given CAF and NF pair as well as in the
amount of aSMA expression per cell. No correlation
between aSMA expression and clinical data was noted.
Heterogeneity in aSMA expression in CAFs has been
previously reported for CAFs (e.g., ref. 9).
One group has proposed that reduced caveolin-1 expres-

sion drives CAF activation and is responsible for a metabolic

reprogramming of CAFs (18).We did not find differences in
total caveolin-1 expression between CAFs and paired NFs
detected by Western blotting (Fig. 1E). In addition, caveo-
lin-1 was homogeneously expressed at the individual cell
level in both CAFs and NFs, labeling both the plasma
membranes and internal membranes (Fig. 1F). Thus,
reduced caveolin-1 expression is not a feature of lung
tumor–derived CAFs.

Metabolite groups distinguish cultured primary lung
CAFs from normal lung fibroblasts
Mass spectrometry was used to profile 203 metabolites in

the 21 pairs of cultured primary lungCAFs and theirmatched
NFs as previously described (19, 20). Metabolite levels were
corrected for cell numbers, and each metabolite was scaled to
its median across all samples (Fig. 2A and Supplementary
Table SI). There was a slight, albeit significant, increase in all
203 metabolites considered as a group inNFs compared with
the CAFs (Fig. 2B). The data are corrected for cell number,
andwe do not know the reason for this difference. To account
for this change, we also analyzed the data after normalizing the
metabolites of each individual sample to the median value of
all metabolites of each individual sample (Supplementary
Table SI). This normalization did not change the results of
the CAF to NF comparison. No single metabolite was
significantly different betweenCAFs andNFs in a comparison
of the means of the individual metabolites (P � 0.05, two-
tailed, unpaired Student t test, Benjamini–Hochberg cor-
rected for multiple testing).

Table 1. Clinical characteristics of tumors

Identifier
(CEM#) SUVmax Histology

Tumor
diameter,
cm Nodes

16W 0.9 Adenocarcinoma 1.5 N
16L 1.1 Adenocarcinoma 1.1 N
15 1.3 Adenocarcinoma 2 N
23 1.6 Adenocarcinoma 1.5 N
248 1.7 Adenocarcinoma 3.2 N
187 3.3 Squamous 5 Y
166 4.7 Adenocarcinoma 1.7 N
51 5.1 Adenocarcinoma 2.5 Y
232 7.5 Adenocarcinoma 2.6 Y
57 7.2 Adenocarcinoma 6.3 Y
196 8.9 Squamous 3.8 N
217 10 Squamous 3.2 N
48 11.1 Adenocarcinoma 0.8 N
21 11.8 Adenosquamous 5 Y
216 13.2 Squamous 4 N
133 14.7 Adenocarcinoma 8 Y
160 14.8 Squamous 4.5 N
7 16.3 Squamous 4.5 N
254 16.4 Squamous 2.5 N
212 19.7 Squamous 6 Y
172 29 Squamous 6.5 N
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To minimize subject-to-subject variations that are inde-
pendent of possible CAF toNF differences, we examined the
ratio of the individual metabolites in each CAF to the
amount of that metabolite in the NF derived from the same
individual (Supplementary Fig. S1B). In this analysis, only
the abundance of glucose was significantly different between
CAFs and NFs at P� 0.05 (2-tailed unpaired Student t test,
Benjamini–Hochberg–corrected). The biologic significance

of this change in glucose without corresponding changes in
glucose metabolites is not clear.
Cellular metabolism is an interconnected network; there-

fore, steady-state analyses can be confounded because changes
in biochemicals of a metabolic pathway will be distributed
across individual intermediates of that pathway as well as
potentially distributed more broadly over connected path-
ways. To capture differences in abundance of metabolites of

Figure 2. Steady-state metabolite profiles in CAFs and paired NFs. A, heat map of the abundances of 203 metabolites in 21 pairs of CAFs and NFs.
The abundances of eachmetabolite are scaled to amedian value of 1. The color scale is noted below. TheCEMnumbers are the cell line identifiers. A list of the
203 metabolites is in Supplementary Table SI. The heatmap is shown in a larger format in Supplementary Fig. S1A. B, distributions of all 203 metabolites in
CAFs and NFs. C, the distributions of "relative" t scores for the 203 metabolites categorized into 7 biochemical groupings (Supplementary Table SI).
The numbers of metabolites in each group are shown (n). For display purposes, the mean t score of the (203� n) metabolites not in the group being analyzed
was subtracted from the t scores of the metabolites of the group being analyzed. Thus, the t score distributions of each of the 7 main pathways are
compared to their own reference set. In this way, the further the shift from a relative t score of 0, the greater the difference from the reference set. The 2-tailed
unpairedP valuesBenjamini–Hochberg–corrected formultiple testing of the comparisons of the distributions of the t scores on themetabolites of the 7groups
to the distributions of the t scores of the rest of the metabolites are shown on the right. D and E, the metabolite subgroups whose t scores distributions
(D) and change of abundance [log2(CAF/NF); E] are both different from their reference data at P � 0.05 (2-tailed unpaired P values Benjamini–Hochberg–
corrected for multiple testing) are shown. The numbers of metabolites in the subgroups (n) are shown. The results for all 46 subgroups are shown in
Supplementary Fig. S2.

Chaudhri et al.

Mol Cancer Res; 11(6) June 2013 Molecular Cancer Research584

D
ow

nloaded from
 http://aacrjournals.org/m

cr/article-pdf/11/6/579/3135112/579.pdf by guest on 19 M
ay 2023



metabolic pathways, and thereby potentially increase the
sensitivity of our analysis to detect differences between CAFs
and NFs, we assigned the 203 metabolites to 7 groups based
on Kyoto Encyclopedia of Genes and Genomes (KEGG;
ref. 21) and compared CAFs with NFs based on these groups
(Supplementary Table SI). To accomplish this, we used the t
test to compare the t scores of the metabolites of each of the 7
groups to the t scores of all the other metabolites excluding
those of the pathway being examined. In this analysis, we
determined whether differences in any of the 7 groupings of
metabolites between CAFs and NFs were more pronounced
than the difference in the abundance of all metabolites
between CAFs and NFs. Two of the 7 groups were signifi-
cantly enriched inCAFs: amino acids and peptides (P� 0.05,
unpaired 2-tailed Student t test, Benjamini–Hochberg–
corrected; Fig. 2C). These data indicate differences in the
cellular metabolisms of CAFs andNFs that were not apparent
at an individual metabolite/biochemical level.
To refine the comparison, we analyzed the data by further

categorizing the metabolites into 46 subgroups based on
KEGG designation (ref. 21; Supplementary Table SI). We
compared both the t scores and the fold changes (log2) in
abundance of the metabolites for each subgroup to the
respective t scores or fold changes of all the other metabolites
excluding those of the subgroup being examined (Supple-
mentary Fig. S2). Thus, in this analysis, we determined
whether differences in any of the 46 subgroupings of
metabolites between CAFs and NFs were more pronounced
than the difference in the abundance of all metabolites
between CAFs and NFs. To consider a subgroup signifi-
cantly different between CAFs and NFs, we imposed the
criteria that the distribution of t scores of the metabolites of
a subgroup and the mean log2 fold differences in abundance
of the metabolites of a subgroup should both be significantly
different (P � 0.05, unpaired 2-tailed Student t test,
Benjamini–Hochberg–corrected).
This analysis revealed that 3 subgroups were significantly

different between CAFs and NFs (Fig. 2D and E). Meta-
bolites of the glycine/serine/threonine subgroup include

these amino acids as well as n-acetlylserine and betaine
(Supplementary Table SI). Creatinine subgroup consists of
creatine and creatinine. The dipeptides subgroup consists of
17 unrelated dipeptides (Supplementary Table SI). The
differences between CAFs and NFs in the glycine/serine/
threonine and the creatinine subgroups, which are both part
of the KEGG designation amino acid group, likely account
for this group distinguishing the CAFs from the NFs (Fig.
2C), whereas the change in the dipeptide subgroup
accounted for the peptide group distinguishing CAFs from
NFs (Fig. 2C). The metabolites of the 3 subgroups that were
different between CAFs and NFs were all enriched in CAFs.
These metabolite profiling data support the hypothesis

that there are steady-state metabolic differences between
CAFs and NFs.

Different metabolite groups distinguish high and low
SUVmax cultured primary lung CAFs from paired NFs
To further interrogate the data, we analyzed the metabo-

lites after subdividing the CAFs and NFs based on the
glycolytic activity of the parent primary tumor measured
by standardized uptake value (SUVmax) on fluorodeoxyglu-
cose PET (Table 1). SUVmax, a measure of intracellular
accumulation of phosphorylated deoxyglucose, is a surrogate
measure of the glycolytic metabolism of tumors (22). To
determine whether there were differences in the metabolite
profiles of CAFs and NFs related to the SUVmax of the
tumor, the CAF/NF pairs were segregated into "low"
SUVmax (�5) and "high" SUVmax (�8) groups. Data col-
lected from our clinic show significant differences inDFS for
patients based on these SUVmax groupings, in accord with
the potential clinical relevance of SUVmax stratification (Fig.
3; refs. 23, 24). On the basis of these criteria, 7 CAF/NF
pairs were categorized as low SUVmax and 11 as high SUVmax
(Table 1). The 3 CAF/NF pairs that fell between SUVmax of
5 and 7 were excluded from this analysis.
No individual metabolites were significantly different

between CAFs derived from high SUVmax tumors and their
corresponding NFs. Three of the 46 KEGG subgroups were
significantly different between high SUVmax CAFs and their
matchedNFs (Fig. 4A). Both the dipeptides and the glycine/
serine/threonine subgroups were significantly enriched in
CAFs. These subgroups were also identified in the compar-
ison of CAFs to NFs independent of SUVmax categorization
(Fig. 2D). In addition, the mean abundance of metabolites
of the lysolipids subgroup (16 different lysolipid species) was
reduced in high SUVmax CAFs relative to their paired NFs
(Fig. 4A).
No individual metabolites were significantly different

between CAFs derived from low SUVmax tumors and their
paired NFs. Two of the 46 KEGG subgroups were signif-
icantly different between low SUVmax CAFs and their
matched NFs (Fig. 4B). As was the case for the comparison
of high SUVmax CAFs to NFs, the dipeptide subgroup was
significantly enriched in the low SUVmax CAFs relative to
their paired NFs, although the relative enrichment in the in
low SUVmax CAFs was smaller than in the high SUVmax
comparison. There was also a significant decrease in the

Figure 3. High tumor SUVmax (SUV �8) correlates with decreased DFS.
DFS of 581 patients with non–small cell lung cancer (NSCLC) from
February 2000 to December 2009 sorted by SUVmax (SUV �8: n ¼ 231;
SUV �5: n ¼ 350; median follow-up, 23 months).
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glycolysis/pyruvate metabolites subgroup in the low SUVmax
CAFs relative to their paired NFs (Fig. 4B). The metabolite
subgroups that distinguish low SUVmax CAFs from their
matched NFs were not the same as those that distinguish
high SUVmax CAFs from their paired NFs, suggesting a link
between themetabolic alterations in CAFs and the glycolytic
activity of the tumor (i.e., SUVmax) from which the CAFs
were derived.

Primary lung CAFs from high SUVmax tumors have
differentmetabolite profiles than those from low SUVmax
tumors
To further explore the possibility of a relationship between

CAF metabolism and tumor SUVmax, we compared CAFs

from low SUVmax tumors to CAFs from high SUVmax
tumors. Two subgroups of metabolites were different
between CAFs from low and high SUVmax tumors: lysolipid
and dipeptides (Fig. 4C). The abundance of lysolipids was
reduced in the CAFs from high SUVmax tumors, whereas the
dipeptides were increased in CAFs from high SUVmax
tumors. These 2 subgroups also distinguished high
SUVmax CAFs from their paired NFs (Fig. 4A). Interesting-
ly, in both the comparisons, the lysolipids were reduced and
dipeptides were increased in the high SUVmax CAFs, sug-
gesting these changes are characteristics of CAFs derived
from high SUVmax tumors, reinforcing the hypothesis that
metabolic changes in CAFs are in some way linked to the
glycolytic capacity of the tumor.

Figure 4. Metabolomic profiling
reveals influence of tumor SUVmax

on CAFs and NFs. A, comparison
of 11CAF/NF pairs associatedwith
tumors of SUVmax �8. The
metabolite subgroups whose t
scores distributions (top) and
change of abundance [log2(CAF/
NF); panel] are both different from
their reference data at P �0.05
(2-tailed unpaired P values
Benjamini–Hochberg–corrected
for multiple testing) are shown. B,
comparison of 7 CAF/NF pairs
associated with tumors of SUVmax

�5. The subgroups whose t scores
distributions (top) and distributions
in change of abundance [log2(CAF/
NF); bottom] are both different from
their reference data at P � 0.05
(2-tailed unpaired P values
Benjamini–Hochberg–corrected
for multiple testing) are shown. The
number of metabolites in the
subgroups (n) is shown to the left.
C, comparison of 11 CAFs from
high SUVmax (�8) to 7 CAFs from
low SUVmax (�5) tumors. The
subgroups whose t scores
distributions (top) and distributions
in change of abundance [log2(CAF/
NF); bottom] are both different from
their reference data at P � 0.05
(2-tailed unpaired P values
Benjamini–Hochberg–corrected
for multiple testing) are shown. The
number of metabolites in the
subgroups (n) is shown to the left.
D, comparison of 11 NFs from
individuals with high SUVmax (�8)
tumors to 7 NFs from individuals
with low SUVmax (�5) tumors. The
subgroups whose t scores
distributions (top) and distributions
in change of abundance [log2(CAF/
NF); bottom] are both different from
their reference data at P � 0.05
(2-tailed unpaired P values
Benjamini–Hochberg–corrected
for multiple testing) are shown. The
number of metabolites in the
subgroups (n) is shown to the left.
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Primary normal lung fibroblasts from individuals with
high SUVmax tumors have different metabolite profiles
than those derived from individuals with low SUVmax
tumors
The above data provide direct support for the hypothesis

that there are differences between CAFs from high and low
SUVmax tumors. We next compared the metabolite profiles
of NFs assigned to either high or low SUVmax groups based
on the SUVmax of the tumor fromwhich their corresponding
CAFs were derived. Two of the KEGG designated sub-
groups of metabolites were different betweenNFs associated
with low and high SUVmax tumors (Fig. 4D). Dipeptides
were enriched in NFs associated with high SUVmax tumors,
whereas the carnitine subgroup (acetylcarnitine, carnitine,
deoxycarnitine, and hexanoylcarnitine) was enriched in NFs
associated with low SUVmax tumors. These data suggest an
unexpected link between the glycolytic activity of the tumor
(i.e., SUVmax) and the metabolic profile of fibroblasts
derived from nonneoplastic tissue of the same lobe as the
tumor.

Increased basal autophagy in primary lung CAFs relative
to normal lung fibroblasts
Dipeptides were increased in each comparison of CAFs to

NFs, suggesting an increase in dipeptides is a characteristic of
CAFs (Figs. 2 and 4). In addition, dipeptides were also
increased in CAFs from high SUVmax tumors relative to
those from low SUVmax tumors, and they were increased in
NFs associated with high SUVmax tumors relative to those
associated with low SUVmax tumors (Fig. 4D). Thus, an
increase in dipeptides is also correlated with the higher
SUVmax tumors.
Proteolysis is a source of dipeptides and therefore the

differences in the dipeptides could reflect differences in
proteolysis among the cell groupings. Alterations in autop-
hagy, a lysosome-related proteolytic-degradative mecha-
nism, have been noted in cancer cells, a change that might
reflect a response to energy balance alterations in the cancer
cells (25). Two autophagic mechanisms, macroautophagy
and chaperone-mediated autophagy, have been linked to
cancer (14–16, 26).
We first determined whether there were differences in

macroautophagy between CAFs and NFs. Upon induction
of macroautophagy (from here on out referred to as autop-
hagy), microtubule-associated protein 1 light chain 3 (LC3I)
is processed by lipidation to form LC3II that associates with
membranes during the elongation phase of autophagosome
formation. An increase in LC3II, evident by altered elec-
trophoretic migration, is a measure of increased autophagy
(Fig. 5A; refs. 27–29). Although there was variability in the
total amount of LC3 (LC3I þ II) among CAF/NF pairs
(reflecting individual-to-individual variation), there were no
consistent differences in total LC3 between CAFs and NFs,
nor was there a correlation in the total LC3 with the tumor
SUVmax (Fig. 5B). There was, however, a significant increase
in the basal steady-state LC3II as a percent of total LC3 in
CAFs, indicating increased autophagy inCAFs (Fig. 5C). To
establish that the basal steady-state increase in LC3II was due

to increased production of LC3II, rather than a decrease in
LC3II turnover, we used chloroquine to inhibit degradation
of LC3II (29). Chloroquine induced an increase of LC3II in
CAFs and NFs lines; however, the relative increase in LC3II
as a percentage of total LC3 in CAFs was maintained,
consistent with the higher basal LC3II in CAFs being due
to increased autophagy (Fig. 5C). When we segregated the
data for the tumor SUVmax, we found that the increase in
LC3II inCAFs relative to their pairedNFswas significant for
pairs associated with high SUVmax tumors but not for those
associated with low SUVmax tumors (Fig. 5C). These results
are consistent with the more robust difference in dipeptides
between high SUVmax CAF/NF pairs (Fig. 4), and the
steady-state LC3II measurement may not be of sufficient
sensitivity to detect the smaller differences between low
SUVmax CAF/NF pairs.
We also investigated whether there were differences

between CAFs and NFs in chaperone-mediated autophagy
(CMA), a process in which cytosolic proteins are transported
into lysosomes for degradation that has been shown to be
increased in some cancer cells (14–16, (25, 26). Upregula-
tion of LAMP-2A is a marker for increased CMA. Although
there was individual-to-individual variation in LAMP-2A
expression, there were no consistent differences between
CAFs and NFs (Supplemental Fig. 3). These data establish
that CMA was not upregulated in CAFs.
The above results established an increase in basal autop-

hagy in CAFs. Nutrient limitation is a primary inducer of
autophagy, prompting us to investigate whether CAFs and
NFs differ in the activation of autophagy in response to
nutrient reductions. We first determined the effect of acute,
stringent nutrient deprivation by incubating cells inmedium
lacking glucose and glutamine for 3 hours. Induction of
autophagy was investigated by measuring the LC3II in
Western blotting and by fluorescent microscopy measure-
ment of LC3-stained puncta. Increased basal autophagy in
CAFs was evident by an increase in the number and intensity
of LC3-positive juxtanuclear structures relative to NFs (Fig.
5D). The LC3 labeling and the concentration in the juxta-
nuclear region of cells are characteristics of autophagosomes.
Acute nutrient deprivation of cells in medium lacking
glucose and glutamine resulted in an increase in autophago-
somes inCAFs andNFs, although there was some cell-to-cell
heterogeneity in both CAFs and NFs (Fig. 5D). Acute
nutrient deprivation induced an increase of LC3II,measured
byWestern blotting, to the same level inCAFs andNFs (Fig.
5E). Thus, despite increased basal autophagy in CAFs, there
was no difference betweenCAFs andNFs in the induction of
autophagy in response to acute nutrient deprivation, show-
ing that CAFs further induce autophagy in response to
nutrient stress.
We next examined differences in autophagy between

CAFs and NFs in response to chronic reduction in glucose
availability rather than acute challenge with no glucose.
Because of the high-glucose demands of cancer cells,
glucose available for metabolism by stroma cells within
the tumormicroenvironment might be chronically limited.
Cells are typically grown in culture in media supplemented

Metabolomic Profiling of Lung CAFs

www.aacrjournals.org Mol Cancer Res; 11(6) June 2013 587

D
ow

nloaded from
 http://aacrjournals.org/m

cr/article-pdf/11/6/579/3135112/579.pdf by guest on 19 M
ay 2023



with 25 mmol/L glucose, and our metabolomic profiling
was conducted in cells expanded in 25 mmol/L glucose. To
determine the effect of reduced glucose, cells were grown in
media with 25 or 5 mmol/L glucose. We used quantitative
fluorescence microscopy of LC3 to detect autophagosomes.
The amount of LC3 (increased staining intensity) associ-
ated with juxtanuclear puncta, characteristic of lysosomes/
autophagosome, was increased in NFs grown in 5 versus

25 mmol/L glucose, although the increase was not as great
as when the cells were incubated in medium lacking
glucose and glutamine (Fig. 6A). These data establish that
reduced glucose in the growth medium–induced autop-
hagy in NFs. However, there was no increase in autopha-
gosomes of CAFs grown in 5 mmol/L glucose relative
to growth in 25 mmol/L glucose (Fig. 6A). These data
suggest that the set point for induction of autophagy by
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chronically reduced glucose is different between CAFs
and NFs.
To determine whether reduced glucose affects dipeptide

production, the abundance of the 17 dipeptides measured in
the metabolomic profiling were determined for 7 CAFs/NFs
grown in 5mmol/L glucose (Fig. 6B). As was the case for the
21 CAF/NFs pairs (Fig. 2), the abundance of dipeptides
was increased in CAFs of this subset of 7 pairs grown in 25
mmol/L glucose. However, there was no difference in the
abundance of dipeptides in CAFs compared to NFs when
the cells were grown in 5 mmol/L glucose (Fig. 6B). The
abundance of dipeptides was significantly increased in NFs
grown in 5 versus 25 mmol/L glucose, whereas the abun-
dance of dipeptides in CAFs was not significantly altered by
growth of cells in 5 mmol/L glucose. Thus, the increase in

autophagosome formation induced in NFs by growth in
reduced glucose was paralleled by an increase of dipeptides.
Growth of CAFs and NFs in media with varying amounts

of glucose (25, 5, or 2 mmol/L) did not reveal a proliferative
advantage of CAFs in response to reduced glucose (Supple-
mentary Fig. S4), although the ability of NFs to upregulate
autophagy upon chronic reduction of glucose might in this
in vitro assay mitigate any advantage of the increased basal
autophagy in CAFs.
Autophagic degradation ultimately depends on an active

lysosomal system. Acidification is essential for the hydrolytic
function of lysosomes and regulation of lysosomal pH is one
mechanism for controlling lysosomal activity (30–32). We
investigated whether there were changes in lysosomal acid-
ification between CAFs and NFs. Cells were incubated with

Figure 6. Impact of glucose on
autophagy. A, the impact of glucose
in the growth media on
autophagosomes detected by LC3
fluorescence. Representative
images of cells grown in 5 and 25
mmol/L glucose or following 3-hour
incubation in medium with no
glucose and glutamine for 3 hours
are shown. Intensity pseudocolored
images are show. The color scale bar
is at the bottom of (A). Images were
collected at 40�. B, quantification of
17 dipeptides bymass spectrometry
from cells grown for at least 7
passages in 25 or 5mmol/L glucose.
�, P < 0.05, paired, 2-tailed Student t
test. C, representative
epifluorescence images of
fluorescent dextran endocytosed
from the medium during an 18-hour
incubation and then chased into
lysosomes by an additional 3-hour
incubation in medium without
dextran. Cells grown in 25 and 5
mmol/L glucose are shown. The
images were collected at �40. 40, 6-
Diamidino-2-phenylindole (DAPI)-
stained nuclei are shown in blue. D,
the pH of lysosomes in 7 NF/CAF
pairs determined by ratiometric
fluorescence microscopy of
endocytosed rhodamine-fluorescein
(R/F)-labeled dextran. The data are
the means of the average lysosomal
pH of 8 CAF/NF pairs (5 mmol/L
glucose) and 2 CAF/NF pairs
(25 mmol/L glucose).
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dual labeledfluorescein rhodamine dextran for 18 hours, and
the endocytosed dextran was chased into lysosomes with a 3-
hour incubation in medium without dextran. In both CAFs
and NFs, the label accumulated in puncta distributed
throughout the cell but with some degree of concentration
in the perinuclear region characteristic of lysosomes (Fig.
6C). The rhodamine–fluorescein fluorescence ratio of the
puncta was measured and converted into a pH values using a
pH standard curve (Supplementary Figs. S5 and S6). There
were no consistent differences in the average lysosomal pH
between CAFs and NFs when grown in 25 or 5 mmol/L
glucose (Fig. 6D). In all conditions, lysosomes had a pH
value of 4.5, in line with previous measurements of lyso-
somal pH.

Discussion
Many tumors are metabolically distinct from nonneoplas-

tic tissue (e.g., 18F-deoxyglucose PET activity), reflecting the
pronounced glycolytic metabolism of cancer cells. It is not
known, however, whether the metabolisms of the none-
pithelial cells of the tumor are also altered. To begin to
explore that question, we used quantitative mass spectrom-
etry profiling of the steady-state abundances of 203 meta-
bolites in primary, nontransformed human lung CAFs and
their paired NFs. Although we found no differences in
individual metabolites distinguishing CAFs from NFs, we
report herein the novel observation of significant differences
between CAFs and NFs in the steady-state abundances of
metabolites of select metabolic pathways.
In this initial study, because of some practical limitations

of working with primary nontransformed cells, we con-
ducted a steady-state metabolite profiling. We analyzed the
data using a systems pathway approach by identifying
changes in KEGG designation groups of metabolites that
differed significantly from the overall differences in the
abundance of metabolites between comparison samples. In
addition to comparing CAFs with NFs, we also analyzed the
data after segregating the samples based on the SUVmax of the
tumor: "high" SUVmax (�8) and "low" SUVmax (�5). The
impetus for this classification was that SUVmax is a measure
of the glycolytic activity of the tumor and therefore it was of
interest to know whether this is related to the metabolite
profile of CAFs. Furthermore, individuals with high SUVmax
tumors have a worse outcome on 5-year disease-free survival,
so this classification is of potential clinical significance. We
detected changes in groups of metabolites that indicate
possible changes in metabolic pathways. We followed up
one of these changes, increased dipeptides in CAFs, with
additional experiments. Additional future studies are
required to investigate other metabolic changes identified
in this study. Nonetheless, our results establish for the first
time metabolic differences between CAFs and their paired
NFs that persist in in vitro culture and that are correlated
with the glycolytic activity of the parent tumor.
The relative abundance of the 17 unrelated dipeptides was

significantly different in the comparisons of the different
fibroblast groups. There was an enrichment of dipeptides,
relative to other metabolites, in CAFs versus NFs, and in

CAFs from high SUVmax tumors compared with CAFs from
low SUVmax tumors. Thus, increase in dipeptide abundance
is a general characteristic of CAFs that is correlated with the
glycolytic activity of the tumor.
The primary source of cellular dipeptides is protein

turnover, suggesting differences in protein degradation
among the different fibroblast groups. In parallel with the
difference in dipepitde abundance, we found an increase in
autophagy in CAFs relative to their paired NFs based on
increases of LC3-labeled phagosomes as well as an increase in
LC3II/I ratio. Autophagy was originally described as a
response to nutrient deprivation in which cellular compo-
nents are degraded to provide substrates for oxidative energy
production. However, autophagy is now recognized to have
roles in normal basal cellular physiology by mediating the
turnover of long-lived proteins, the clearance of damaged
mitochondria and other organelles, and the clearance of
potentially toxic protein aggregates as a protection against
oxidative damage (14, 25). In addition to these prosurvival
activities, autophagy can, under certain conditions, result in
cell death (14).
Studies of autophagy in tumors have focused on cancer

cells (14). Our data support an increase in autophagy in
fibroblasts of the tumor microenvironment, suggesting that
alterations in autophagy within tumors are not restricted to
the cancer cells. We have also discovered a positive corre-
lation between increased dipeptide abundance/increased
basal autophagy in CAFs and the tumor SUVmax, revealing
a possible link between the glycolytic activity of the tumor
and autophagy.
Increased autophagy is believed to promote survival of

cancer cells by providing nutrients (amino acids, lipids, and
nucleic acids) and/or as a protection against oxidative dam-
age. Increased CAF autophagy might also provide a survival
benefit to CAFs in the tumor. Thus, elevated autophagy, by
promoting survival of CAFs, could indirectly contribute to
the protumorigenic effects of CAFs, as CAFs thriving in the
tumor would be able to support cancer cells and tumor
growth by one or more of the previously described mechan-
isms (e.g., paracrine support). An alternative and not mutu-
ally exclusive view is that increased autophagy is not limited
to cell-autonomous benefits for CAF survival but that
increased autophagy in CAFs might be of direct benefit to
cancer cells. Some possibilities include increased CAF autop-
hagy as a means of sparing nutrients in the tumor micro-
environment for use by the cancer cells or the secretion of
nutrients from CAFs generated by autophagy to enrich the
nutrient milieu of the tumor microenvironment. The latter
is of particular interest with regard to dipeptides, as supple-
mentation of media with certain dipeptides enhances in vitro
cell viability (33).
CAFs and NFs similarly induced autophagy when acutely

challenged with the severe nutrient restriction of removing
glucose and glutamine from themedium.However, only the
NFs induced autophagy when challenged with a chronic
reduction of glucose in the medium, which indicates that
NFs have a lower set point for induction of autophagy
controlled by alterations in the nutrient milieu. Because of

Chaudhri et al.

Mol Cancer Res; 11(6) June 2013 Molecular Cancer Research590

D
ow

nloaded from
 http://aacrjournals.org/m

cr/article-pdf/11/6/579/3135112/579.pdf by guest on 19 M
ay 2023



the high glucose consumption of cancer cells, glucose avail-
ability for other cells within the tumor is likely limited. Thus,
it is tempting to speculate that the basal upregulation of
autophagy in CAFs reflects this difference in set point for
induction of autophagy and that it is advantageous for CAF
growth/survival in the tumor environment. Although we did
not observe consistent differences between growth of CAFs
and NFs in normal growth medium (25 mmol/L glucose) or
in conditions of "nutrient stress" induced by reduced glucose
(5 or 2 mmol/L glucose), the in vitro growth assay does not
recapitulate the conditions experienced by cells within the
tumor microenvironment. Thus, future studies are required
to address the functional consequences of increased CAF
autophagy. Regardless, our results establish that autophagy
changes in cells of the tumor microenvironment must be
taken into account when considering the role of autophagy
in solid tumors.
In addition to an increase in the abundance of dipep-

tides in CAFs from high SUVmax tumors relative to those
from low SUVmax tumors, there was an increase, albeit less
robust, in the abundance of dipeptides in NFs isolated
from individuals with high SUVmax tumors relative to
those from individuals with low SUVmax tumors. This link
between the SUVmax of the tumor and an increased
abundance of dipeptides in fibroblasts outside the tumor
microenvironment was unexpected. An explanation for
these results is that the possible tumor effects on CAFs are
far reaching and that the less robust difference in the
fibroblasts from nonneoplastic lung tissue reflects a dim-
inution of the effect due to distance from the tumor. An
alternative possibility is that the increased dipeptide abun-
dance of NFs paired with high SUVmax tumors reflects a
pre-existing difference independent of the tumor, and that
the more robust differences between CAFs from high and
low SUVmax tumors is an effect of the tumor re-enforcing
this pre-existing difference. Another alternative possibility
is that the differences in metabolites between NF derived
from high and low SUVmax tumors may reflect differences
in host epigenetic alterations in response to exposure to
tobacco-related carcinogens.
Here, we have focused on the changes in dipeptides, which

led us to consider differences in autophagy/proteolysis
between CAFs and NFs. However, other groups of meta-
bolites were significantly different in some of the fibroblast
comparisons. In a number of comparisons, there were
changes in metabolites of amino acid pathways, and in each
case, the change in abundance was in the same direction as
that of the dipeptides. These data implicate changes in
protein/amino acid metabolism as important differences
between CAFs and NFs.
It has been previously suggested that CAFsmight undergo

alterations in carbohydratemetabolism to support the "War-
burg" metabolism of cancer cells. We found a reduction in
the steady-state abundance of glycolytic intermediates in
CAFs in the comparison of CAFs to NFs from low SUVmax
tumors, consistent with this hypothesis. However, this
difference was not observed in the comparison between high
SUVmax CAFs and NFs. A possible explanation for these

results is that the cancer cells of the low SUVmax tumors
require alterations in CAF carbohydrate metabolism, where-
as glycolytic metabolism of the cancer cells of the high
SUVmax tumors is sufficiently robust independent of accom-
modation in the metabolism of CAFs within the tumor.
Regardless, our study reveals the importance of considering
the glycolytic nature of the tumor in studies of CAFs.
The profiling was conducted on cells grown in culture. An

advantage of this approach over profiling whole tumor tissue
is that we were able to specifically examine the nonepithelial
cells of the tumor mass. We focused our analysis on vimen-
tin-positive, keratin-negative cells that grew out of dispersed
cells from tumor and adjacent nonneoplastic tissues, which is
the standard method for isolating CAFs (e.g., ref. 9). Con-
sistent with the literature, the CAF lines as a group expressed
more a-smooth muscle actin (a-SMA), a marker for acti-
vated fibroblasts, than did paired NFs, but it is important to
note that there was considerable heterogeneity among the
different lines. However, despite this heterogeneity, our
analyses revealed differences between CAFs and NFs that
were maintained during in vitro culture. Previous studies
have shown that CAFs retain differences from NFs after in
vitro culture, including differences in gene expression as well
as protumorigenic activities measured in vitro and in vivo (e.
g., ref. 9). Thus, our findings of metabolic difference
between CAFs and NFs maintained after in vitro culture
are in agreement with previous studies.
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