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Abstract Lung cancer causes more deaths than any other
cancer. Sphingolipids encompass metabolically interconnected species whose balance has pivotal effects on proliferation, migration, and apoptosis. In this study, we paralleled
quantification of sphingolipid species with quantitative (q)
PCR analyses of metabolic enzymes in order to identify dysregulated routes of sphingolipid metabolism in different
subtypes of lung cancers. Lung samples were submitted to
histopathological reexamination in order to confirm cancer
type/subtype, which included adenocarcinoma histological
subtypes and squamous cell and neuroendocrine carcinomas.
Compared with benign lesions and tumor-free parenchyma,
all cancers featured decreased sphingosine-1-phosphate
and SMs. qPCR analyses evidenced differential mechanisms
leading to these alterations between cancer types, with neuroendocrine carcinomas upregulating SGPL1, but CERT1 being downregulated in adenocarcinomas and squamous cell
carcinomas. 2-Hydroxyhexosylceramides (2-hydroxyHexCers)
were specifically increased in adenocarcinomas. While UDPglycosyltransferase 8 (UGT8) transcript levels were increased
in all cancer subtypes, fatty acid 2-hydroxylase (FA2H) levels
were higher in adenocarcinomas than in squamous and neuroendocrine carcinomas. As a whole, we report differing
mechanisms through which all forms of lung cancer achieve
low SM and lysosphingolipids. Our results also demonstrate
that FA2H upregulation is required for the accumulation of
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Lung cancer is the leading cause of cancer-related deaths
worldwide, with an estimated 1.8 million deaths per year
(1). The overall prognosis of lung cancer patients is poor,
with an 18% survival rate after 5 years (1). Given the clinical
advantage of cancer type-specific therapies, it is required to
enhance our understanding of differential mechanisms
underlying lung cancers.
Sphingolipid alterations are increasingly associated with
oncogenesis (2). Sphingolipids encompass a wide array of
bioactive molecules centrally involved in the determination
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of cell fate (3). The balance between the various members
of this family has a decisive impact on proliferation (4),
migration (5), cell death (6), and angiogenesis (7). Several
sphingolipid metabolites/enzymes, including ceramides
(8), glycosphingolipids (9), SMs (10), and sphingosine kinases (11), are dysregulated in malignant neoplastic lesions. The study of isolated actors has provided useful yet
limited cues on the involvement of sphingolipids in oncogenesis. In fact, these bioactive lipids are part of a complex
and dynamic metabolic pathway containing enzymatically
interconnected metabolites with pleiotropic and sometimes opposite effects on cell biology (12). Single target/
single analyte-based approaches have led to a significant,
yet partial, success for this class of agents in clinical trials
(13–15). Considering the dynamic metabolic links between
these bioactive lipids, a more global pathway analysis should
enhance our understanding of their involvement in different types of cancer and potentially lead to the identification of new targets, or combinations of targets, to interfere
with lesion-specific mechanisms of oncogenesis.
Histological types of lung cancer are associated with specific biological processes (16), which could be specifically
targeted if better understood. In the last decade, the development of several targeted lung cancer therapies based on histological characteristics increased progression-free survival
(17), but the need for identifying alterations with therapeutic
potential for specific histological types of lung cancers remains. In this study, we compared sphingolipid species and
the transcript levels of selected sphingolipid-metabolizing
enzymes across adenocarcinoma and squamous and neuroendocrine lung cancers classified using the latest recommendations of the World Health Organization (18). We
found SMs, sphingosine, sphinganine, and sphingosine1-phosphate (S1P) to be decreased in all of the investigated
types of lung cancer, while hexosylceramides (HexCers)
and 2-hydroxyhexosylceramides (2-hydroxyHexCers) were
specifically increased in adenocarcinomas.

MATERIALS AND METHODS
Subjects
The patients included in this study were diagnosed with low
stage lung cancers and underwent surgical resection between the
years 2000 and 2016 at the Institut Universitaire de Cardiologie et
de Pneumologie de Québec (IUCPQ). The patients signed a consent form allowing the utilization of their tissues for research purposes. Samples were collected and stored using methods that
minimize degradation (19). Samples were stored at the IUCPQ
site of the Respiratory Health Network Tissue Bank of the Fonds
de recherche du Québec-Santé (www.tissuebank.ca). Availability
of both tumor and nontumor tissue as well as access to medical
history were required for inclusion. Exclusion criteria included
previous use of chemotherapeutics that might alter sphingolipid
levels (12) and sphingolipid modifiers or sphingolipid-modifying
genetic disease. Using this procedure, we obtained samples from
97 exsmoker patients (Table 1) whose histological types were reclassified by a thoracic pathologist (P.J.) according to the 2015
World Health Organization guidelines (18) (Table 1). Adenocarcinomas were classified as high-grade (micropapillary and solid

predominance) or low-grade (lepidic, acinar, or papillary predominance). Nineteen never-smoker adenocarcinoma patients
were also included. In addition, 22 exsmoker and 14 never-smoker
patients operated for benign lung diseases were analyzed. Chronic
obstructive pulmonary disease (COPD) GOLD stages were determined according to the 2017 recommendations (20). The study
was approved by the IUCPQ Research Ethics Committee (Project
20852) and abided by the Declaration of Helsinki principles.

Lung lipid quantification
Lipid extraction from tissue samples was performed as described (21). Briefly, 15–20 mg of frozen lung was homogenized
in 600 l isopropanol-water-butylated hydroxytoluene (BHT)
(75:25:0.01 v/v/w) using glass tissue grinders. For each sample,
25 l of the homogenate was stored for DNA quantification and
900 l of ethyl acetate was added to the remainder of the sample
for a final concentration of ethyl acetate-isopropanol-water-BHT
(60:30:10:0.01 v/v/v/w). A cocktail of internal standards dissolved in methanol was added to each sample at the start of the
extraction process. Internal standards included 17:1 sphingosine
(Cayman Chemical, Ann Arbor, MI), 17:1 S1P, 18:1/17:0 ceramide, 18:1/12:0 glucosylceramide, 18:1/12:0 lactosylceramide
(LacCer), and 18:1/12:0 SM (Avanti Polar Lipids, Alabaster, AL).
BHT, HPLC-grade isopropanol, ethyl acetate, and methanol
were from Thermo Fisher (Waltham, MA). Lipids were resolved
on a 3 × 150 mm XDB-C8 column (Agilent, Santa Clara, CA) and
detected using a TSQ Altis triple quadrupole mass spectrometer
(Thermo Fisher) as described previously (22). Precursor ions
were the precise [M + H] species for each lipid. The m/z 184.1
product ion was used for SM species; the m/z 264.3 product
ion was used for all other sphingolipids containing a sphingosine backbone; and the m/z 284.3 product ion was used for
sphinganine.
DNA was extracted using Extracta DNA Prep (QuantaBio, Beverly, MA) and quantified using EvaGreen DNA binding dye (Biotium, Fremont, CA) against a standard curve of salmon sperm
DNA (Thermo Fisher). Four samples were excluded from analysis
due to DNA levels below the limit of detection.

Real-time PCR
RNA was extracted from 10–15 mg of frozen lung samples
with an RNeasy extraction kit (Qiagen, Hilden, Germany), and
cDNA was prepared with an iScript kit (Bio-Rad, Hercules, CA)
according to manufacturers’ instructions. Predesigned quantitative (q)PCR primers (IDT, Coralville, IA) (Table 2) were validated for linearity using SsoAdvanced (Bio-Rad) master mix in a
CFX 384 thermocycler (Bio-Rad) and normalized to the geometric mean of three reference genes validated for stability across
tissue types.

Statistical analyses
Continuous and nominal variables are expressed using mean ±
SEM and percentages, respectively. Categorical variables expressed as a percentage were analyzed using chi-square or Fisher’s
exact test. Continuous variables were analyzed using one-way
ANOVA with heterogeneous variances, as the model could not be
reduced to a one-way analysis with the same variance among
groups. The Satterthwaite’s degree of freedom statement was
added for unequal variance structures. For variables for which
normality assumption was not fulfilled, analyses were performed
using log-transformed data. The normality assumption was verified with the Shapiro-Wilk tests after a Cholesky factorization on
residuals from the statistical model. All analyses were conducted
using the statistical package SAS, version 9.4 (SAS Institute Inc.,
Cary, NC.) and R [R Core Team (2016), Foundation for Statistical
Computing, Vienna, Austria].
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TABLE 1. Characteristics of patients
Exsmokers
Benign (n = 22)

Age, years
Sex, male/female
Packs per year
Predominance
(adenocarcinoma)
Lepidic
Acinar
Papillary
Micropapillary
Solid
T Stage
T1
T2
T3
T4
Stage
I
II
III
V
Lymph node
Positive
Negative
FEV1, percent predicted
DLCO, percent
With COPD, percent
GOLD stage (1/2/3/4)
Died

59.2 (43–78)
11/11
31.8

AD high (n = 25)

Never-Smokers

AD low (n = 25)

Squamous (n = 25)

a

a

Benign (n = 14)

AD (n = 19)

55.2 (28–75)
9/13
23.3

58.3 (36–78)
4/10
0

64.6 (26–83)
5/14
0

64 (51–80)
11/14
a
37.2

68.8 (50–80)
11/14
32.7

—
—
—
—
—

0
0
0
6
18

5
17
4
0
0

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—

2
7
1
5
3

—
—
—
—

6 (24%)
16 (64%)
2 (8%)
1 (4%)

12 (48%)
12 (48%)
1 (4%)
0 (0%)

3 (12%)b
19 (76%)
3 (12%)
0 (0%)

12 (60%)
8 (40%)
0 (0%)
0 (0%)

—
—
—
—

4 (22%)
12 (67%)
0 (0%)
2 (11%)

—
—
—
—

13 (57%)
6 (26%)
4 (17%)
0 (0%)

21 (84%)
3 (12%)
1 (4%)
0 (0%)

11 (48%)
8 (35%)
4 (17%)
0 (0%)

17 (94%)
1 (6%)
0 (0%)
0 (0%)

—
—
—

9 (60%)
3 (20%)
3 (20%)
0 (0%)

—
—
94 (45–131)
91 (41–125)a
8 (36.3)
6/1/1/0
4 (16%)

b

7 (28%)
18 (72%)
89.4 (54–140)
91.3 (53–153)a
17 (68)
14/3/0/0
9 (36%)

66.1 (50–78)
11/14
42.43a

Neuro (n = 22)

2 (8%)
23 (92%)
92.1 (47–130)
89.2 (34–135)a
15 (60)
7/7/1/0
5 (20%)

9 (36%)
16 (64%)
80.5 (43–130)
91.9 (42–138)a
12 (48)
5/6/1/0
12 (48%)

3 (15%)
—
5 (28%)
17 (85%)
—
13 (72%)
97.5 (72–129) 100.9 (75–139) 101.4 (61–137)
110.7 (75–144) 103.7 (60–146) 102.3 (71–139)
7 (32)
1 (7)
4 (21)
6/1/0/0
0/1/0/0
2/2/0/0
4 (16%)
0 (0%)
7 (28%)

AD, adenocarcinoma; Neuro, neuroendocrine; DLCO, diffusing capacity of the lung for carbon monoxide.
Significantly different from neuroendocrine patients (P < 0.05).
b
Significantly different from adenocarcinoma low and neuroendocrine patients (P < 0.05).
a

RESULTS
Patient characteristics
Baseline characteristics of patients (Table 1) were not
significantly different between cancer types, with the exception of lower pack-year (23.3 ± 15.7, P = 0.001) and younger
age of patients with neuroendocrine carcinomas, as well as
a higher diffusing capacity of the lung for carbon monoxide (DLCO) in this group (P = 0.007). As expected (23),
high-grade adenocarcinomas and squamous cell carcinoma
groups featured the highest shift toward high pathological

T stages and overall clinical stage. Neuroendocrine lesions featured mostly T1 typical (G1) lesions (24). The
never-smoker adenocarcinoma group featured all adenocarcinoma types with a dominance of the acinar and micropapillary types. As expected, few never-smoker patients
presented with COPD, while the frequency of COPD
ranged from 32% to 68% between the exsmoker cancer
subgroups and mainly featured GOLD 1 and 2 patients.
Thus, our inclusion criteria allowed us to select subgroups
of patients whose clinical features were aligned with previous studies (23–25).

TABLE 2. qPCR primer sequences
Gene

B4GALT6
CERT
FA2H
GNB2L1
HPRT1
SGMS1
SGMS2
SGPL1
SMPD1
SMPD3
SPHK1
SPHK2
RPLP0
UGCG
UGT8

Forward

Reverse

ACA TTA TAC CTC GAG CTT GTA CC
CCT GAG CAC GAA GAT ACC AAA
GTA CTC GAT GAG GCT CCA GA
TGG TCT TCA GCT TGC AGT TAG
GTA TTC ATT ATA GTC AAG GGC ATA TCC
GTA CAG ATA GTC CCC ACA CAT
GTG TGC TAC AAG AAT GCA GAT G
ATA TGA GTT TGT CTT CCA GCC A
GAG AGA GAT GAG GCG GAG A
GGT CCT GAG GTG TGC TTC
TTC ACG CTG ATG CTC ACT G
CCT TCA ACC TCA TCC AGA CAG
TGT CTG CTC CCA CAA TGA AAC
GCA TTG CAA CTT GAG TGG AC
AAG ACA CCA AGA CAA AGC CA

CTT CTC CCT CTC TTC GTC CT
TGA AGA TGA AAC AGA GTA TGG CT
GCA ACG TCC GAC TCT TCA
GCA AAT ACA CTG TCC AGG ATG
AGA TGG TCA AGG TCG CAA
GCA TTT CAA CTG TTC TCC GAA G
CTT CCT CTT CAG CGG TCA C
CTT GGT CTT GTT CAA CTT GTC TTG
CTG GCT CTA TGA AGC GAT GG
TCT TTG CCA GCC GCT AC
CCG TTC ACC ACC TCG TG
CCC GTT CAG CAC CTC AT
TCG TCT TTA AAC CCT GCG TG
GAT GTG TTG GAT CAA GCA GGA
GAA TTC CCA AGA CCC ACT CTG

GNB2L1, G protein subunit beta 2; HPRT1, hypoxanthine phosphoribosyltransferase 1; RPLP0, ribosomal
protein lateral stalk subunit P0; UGCG, UDP-glucose ceramide glucosyltransferase.
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Common and differential sphingolipid alterations
between lung cancers
Given the direct relationship between DNA (as a surrogate indicator of cell number) and phospholipid content
in lung tissue (26), quantified lipids were expressed relative to the DNA content in order to enable comparisons
between samples with differing cellularity (supplemental
Fig. S1). Total levels of each lipid class were compared between groups (Fig. 1), as there were strong correlations
between chain lengths within each lipid class (R of 0.5–0.9;
representative example in supplemental Fig. S2) with the
exception of HexCer that did not correlate with 2-hydroxyHexCer (average R was 3.9 times higher within classes than
between classes, data not shown). In agreement with documented sphingolipid levels in lung tissue (27), we found
that the most prevalent species was SM (Fig. 1A, range 83–
222 nmol·mg1 DNA). These were followed by ceramides
(Fig. 1B, 35–58 nmol·mg1 DNA), glycosylceramides (Fig.
1 C–E, 0.4–11 nmol·mg1 DNA), sphingosine/sphinganine and S1P (0.1–0.8 pmol·mg1 DNA, Fig. 1 F–H).
In our whole population, neither age, sex, COPD status,
functional lung measures, tumor size, nor survival correlated with the total level of each sphingolipid class. We
found no significant modulation of sphingolipid classes
between benign lung disease samples and nontumor parenchyma from cancer patients (Fig. 1 A–H). The amount
of ceramides did not differ between tumor and tumor-free
tissues except for squamous cell carcinoma, where ceramides were decreased (17%) relative to their nontumor tissue
counterpart. In contrast, tumor tissue contained lower levels of S1P (62–83% decrease), sphingosine (45–76% decrease), sphinganine (26–70% decrease), and SMs (35–60%
decrease), when compared with tumor-free counterparts,
regardless of the cancer type.
Sphingolipid modulations that discriminated cancer
types were also noted. Relative to tumor-free tissue, 2-hydroxyHexCers were increased 7.8-fold in adenocarcinoma
tumors (P < 0.0001, Fig. 1E), and this was observed in both
low- and high-grade adenocarcinomas with 72% and 76%
of patients having more 2-hydroxyHexCers in their tumor
than in nontumor tissue (supplemental Fig. S3). This dysregulation was not observed in any of the other cancer
types (Fig. 1E, supplemental Fig. S3). Neuroendocrine lesions showed the lowest levels of HexCers, LacCers, sphingosine, and sphinganine (34, 70, 76, and 62% decreases,
respectively; Fig. 1C, D, F, G) with LacCer levels significantly different from the other cancer types. Thus, sphingolipid levels are modified in tumors when compared with
nontumor tissue; and specific sphingolipidomic alterations
were detected in adenocarcinomas and squamous cell and
neuroendocrine lung cancers.
The effect of cigarette smoke exposure
Up to 25% of adenocarcinomas occur in patients who
have never smoked, and lung cancers in this population
have distinct clinical and biological features (28) that
might translate into different sphingolipidomic alterations.
First, our results suggest that smoking did not have a longlasting impact on lipid levels in lung tissue, as exsmoker

and never-smoker benign patients had similar levels of all
lipid classes (Figs. 1, 2). The lipid alterations detected in
tumor tissues of exsmoker adenocarcinoma patients were
also observed in tumor tissues from adenocarcinoma patients who had never smoked, including the increase in
2-hydroxyHexCer (6.1-fold, P < 0.0001, Fig. 2E). Thus,
smoking status did not have an impact at the sphingolipid
level in adenocarcinoma patients.
Transcript level alterations of sphingolipid-metabolizing
enzymes
Sphingolipids belong to a family of lipids interconverted
by specific enzymes (12). We quantified mRNA of sphingolipid-metabolizing enzymes and transport protein genes
related to the observed cancer-associated lipid modulations (Fig. 3). Relative levels of transcripts for the studied
genes were not significantly different between benign tissue and nontumor tissue from adenocarcinoma patients.
UDP-glycosyltransferase 8 (UGT8), which catalyzes HexCer
synthesis from ceramide, was the only gene significantly increased in all cancer types (4.3- to 10-fold increases, Fig. 3A).
Fatty acid 2-hydroxylase (FA2H) was significantly higher in
both types of adenocarcinomas compared with the other
cancer types (Fig. 3B). Compared with benign lesions and
nontumor tissues, the majority of the investigated genes
featured decreased transcript levels, including ceramide
transporter 1 (CERT1), which was profoundly decreased in
squamous cell carcinoma and high-grade adenocarcinomas (Fig. 3C). We also observed genes with decreased expression specifically in the most severe cancer types, i.e.,
squamous carcinomas and high-grade adenocarcinomas,
including SM synthases (SGMS2, SGMS1), sphingosine
kinase 2 (SPHK2), and SM phosphodiesterase 3 (SMPD3)
(Fig. 3D–G). Neuroendocrine carcinomas featured the
most distinct dysregulations, with unique increases in
SMPD3, S1P lyase 1 (SGPL1), and -1,4-galactosyltransferase
6 (B4GALT6), and a decrease in SPHK1 (Fig. 3I–K). Therefore, although there appears to be consistency between
transcript levels and the general decrease of sphingolipids
in the several cancer types, distinct patterns of sphingolipid-metabolizing gene transcript levels were observed between cancer types.
Combining lipidomic and transcriptomic data identifies
cancer-specific sphingometabolic dysregulated nodes
Cancer to benign tissue ratios were used to study the interplay between sphingometabolic genes and the metabolites (Fig. 4). Neuroendocrine carcinomas featured the
most important decreases in sphinganine, sphingosine,
and S1P, all of which could be related by a large increase in
SGPL1, the enzyme responsible for irreversible degradation of sphingolipids (Fig. 4A). All cancer types were characterized by a decrease in SMs, which could be explained by
a decrease in mRNA level for CERT1 (Fig. 4), necessary to
the transport of ceramide to the Golgi for SM production
(29), and a decrease in SGMSs, especially in squamous and
high-grade adenocarcinomas (Fig. 4B, C). Neuroendocrine carcinomas featured decreased SMs and significantly
increased mRNA expression of the SMPD3 enzyme that
Sphingolipids in lung cancer
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Fig. 1. Sphingolipids are modulated in different types of lung cancer. Tissue lipids were extracted and sphingolipids were quantified by
LC-MS/MS in lung parenchyma of exsmoker patients with benign lung diseases; in tumor and tumor-free lung tissues from patients with
high-grade adenocarcinomas (AD high), low-grade adenocarcinomas (AD low), and squamous and neuroendocrine (Neuro) lung carcinomas. The sums of metabolites per lipid class per milligram of DNA are shown for SMs (A), ceramides (B), HexCers (C), LacCers (D); 2-hydroxyHexCers (E), sphingosine (F), sphinganine (G), and S1P (H). Bars represent the average ± SEM, n = 22–25. *P < 0.05, **P < 0.01, ***P <
0.001 tumor compared with tumor-free tissue. aP < 0.05 versus AD high and squamous, bP < 0.05 versus AD high, low, and squamous, cP < 0.05
versus squamous and neuro, †P < 0.05 versus benign.
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Fig. 2. Never-smoker patients with benign lung disease or adenocarcinoma display lipid alterations similar to exsmoker patients. Lipids were extracted and
sphingolipids were quantified by LC-MS/MS in tumor
and tumor-free lung tissues from never-smoker patients with benign lung disease as well as patients with
adenocarcinoma. The sums of metabolites per lipid
class per milligram of DNA are shown for SMs (A), ceramides (B), HexCers (C), LacCers (D), 2-hydroxyHexCers (E), sphingosine (F), sphinganine (G), and
S1P (H). Bars represent the average ± SEM, n = 14–19.
*P < 0.05, **P < 0.01, ***P < 0.001.

catabolizes SMs (10-fold increase vs. benign, Fig. 3G) that
could participate to reduce SM levels. Lastly, adenocarcinomas were the only cancer types that overexpressed FA2H
(Fig. 4C, D), the enzyme that catalyzes hydroxylation of
FFAs (30), which are precursors of 2-hydroxyHexCer.
FA2H determines 2-hydroxyHexCer levels in
UGT8-expressing lung cancers
In this study, we found weak to null correlation between
2-hydroxyHexCer and the mRNA levels of UGT8 across all
cancer types or for adenocarcinomas specifically (Fig. 5B),
despite high levels of 2-hydroxyHexCer in the latter. Given
that FA2H and UGT8 cooperate in order to produce 2-hydroxyHexCer, we also studied the relationship between
FA2H and 2-hydroxyHexCer levels (Fig. 5A). Multiple regression analyses reveal that the variance of 2-hydroxyHexCer is explained at 53% by the combination of cancer types
and the transcript levels of FA2H and UGT8. When addressing specifically how FA2H impacted on 2-hydroxyHexCer
levels in cancer subtypes, we determined that FA2H alone
had a minimal impact in neuroendocrine (R2 0.02) and
squamous cell carcinoma (R2 0.016). However, the FA2H
transcript level accounted by itself for 43% and 18% of
2-hydroxyHexCer variance, respectively, in high-grade and
low-grade adenocarcinomas. Accordingly, 2-hydroxyHexCers
were on average 4.8-fold higher in adenocarcinomas
with FA2H transcript levels above the median (Fig. 5C),
indicating that FA2H determines the accumulation of
2-hydroxyHexCers in UGT8-expressing cancer tissues independently of UGT8 expression levels. Conversely, there
was no relationship between FA2H and 2-hydroxyHexCer
levels in neuroendocrine carcinomas, which might relate
to their very low overall level of sphingolipids and, more
specifically, HexCer (Fig. 1).

DISCUSSION
Sphingolipids are produced in a biosynthetic pathway of
interconverted species known to regulate numerous processes that are critical for oncogenesis (2). Patients with

lung cancer have a low life expectancy and a better understanding of cancer-associated changes could lead to treatment or diagnostic solutions (1). In the current study, we
uncovered alterations of metabolites that are common to
several types of lung cancers, including a strong decrease
in SMs, S1P, sphingosine, and sphinganine. These findings
could have important clinical implications because low
CERT1 and SM levels were shown to contribute to the progression of breast cancer (31). In addition, we unraveled
the specific increase of HexCer and 2-hydroxyHexCer in
lung adenocarcinomas. This metabolic dysregulation is of
interest given that, in breast cancer, increased UGT8 and
galactosylceramides are associated with tumor aggressiveness and lung metastasis (32) and low galactosylceramide
levels in UGT8-silenced breast cancer cells lead to decreased proliferation and metastasis potential and increased apoptosis (33).
Adenocarcinomas, whether low-grade or high-grade,
from exsmokers or nonsmokers, featured a striking increase in HexCer levels, and especially 2-hydroxyHexCer,
which was not observed in the other investigated cancer
types. The FA2H enzyme hydroxylates the FFAs required
for the generation of 2-hydroxyceramides, the preferred
substrate for UGT8 to generate 2-hydroxygalactosylceramides (34). Because only adenocarcinoma tumors exhibited
both high FA2H and UGT8, this suggests that combined
FA2H and UGT8 expression could drive increased
2-hydroxyHexCer levels in adenocarcinomas. Our results
strongly argue that a combination of FA2H and UGT8 expression drives the synthesis of 2-hydroxyHexCer, the exact
mechanism accounting for the accumulation of these metabolites specifically in adenocarcinomas, which should be
confirmed by ulterior investigations of sulfatides and gangliosides, which were also linked with cancer metastasis
(35, 36) and multi-drug resistance (37). Aligning with the
theory that complex metabolic alterations, rather than single molecule levels, should be taken into account for delineating mechanisms of disease, low FA2H was associated
with tumor growth and patient survival in gastric tumors
(38), but UGT8 is not overexpressed in gastric tumors in
Sphingolipids in lung cancer
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Fig. 3. Sphingolipid-associated gene expression differs between tumor-free tissues and histological cancer types. mRNA was extracted from
lung samples from patients with benign lung diseases, from tumor-free tissues of adenocarcinoma patients, and from the tumors from patients with high-grade adenocarcinomas (AD high), low-grade adenocarcinomas (AD low), and squamous and neuroendocrine (Neuro)
lung carcinomas. Shown is average expression relative to the geometric mean of three reference genes ± SEM for UGT8 (A), FA2H (B),
CERT1 (C), SGMS2 (D), SGMS1 (E), SPHK2 (F), SMPD3 (G), SMPD1 (H), SGPL1 (I), B4GALT6 (J), SPHK1 (K), and UDP-glucose ceramide glucosyltransferase (UGCG) (L). aP < 0.05 versus AD high and squamous, bP < 0.05 all other cancer types, cP < 0.05 versus squamous
and Neuro, dP < 0.05 versus AD high, eP < 0.05 versus squamous; †P < 0.05 versus benign; n = 14–22.

two publicly available gene expression datasets (39, 40),
suggesting that the modulation of FA2H in gastric tumor is
part of a different cancer-associated metabolic change.
Our results thus suggest that, in addition to UGT8, FA2H
could be a target to counteract 2-hydroxyHexCer accumulation and the associated oncogenic processes.
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Our observations that total SMs are decreased in lung
cancer are consistent with a recent study where phospholipid profiling was performed on combined non-small-cell
lung cancer types (27). SMs and their metabolizing enzymes are involved in apoptosis (41), and the mechanism
of action of a chemotherapeutic agent currently in clinical

Fig. 4. Dysregulated metabolite levels are supported by altered gene expression in tumor tissue. The ratio of tumor tissue over tissues from
patients with benign diseases was computed for group averages of lipid classes (ovals) and for mRNA levels (rectangles) for neuroendocrine
carcinomas (A), squamous cell carcinomas (B), high-grade adenocarcinomas (C), and low-grade adenocarcinomas (D). The data ranges
from 4- to +4-fold changes. Red indicates a decrease of the ratio; white indicates a ratio of 1; and green indicates an increased ratio. Dashed
line indicates transport of ceramide. Absence of the data is indicated by the gray color (n = 14–25). Cer, ceramide; DHCer, dihydroceramide;
Sa, sphinganine; Sa1P, sphinganine-1-phosphate; Sph, sphingosine; ST, sulfatide.

trials (42), 2-hydroxyoleic acid (Minerval), involves an increase of SM levels, which in turn triggers cell cycle arrest
and apoptosis (43). Correcting the low sphingolipid levels
in lung cancers could thus be a potentially successful therapeutic approach. For that matter, our results suggest that
the type of cancer could dictate the choice of sphingolipid

modifier to be used. For instance, the decreased SM accumulation appears to relate to a combined defect in
ceramide transfer and SM synthesis in the high-grade
adenocarcinomas, which could mitigate the effect of
SGMS-promoting drugs, compared with low-grade adenocarcinomas where CERT1 is less downregulated, and thus,
Sphingolipids in lung cancer
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Fig. 5. High FA2H expression is associated with increased 2-hydroxyHexCers in lung cancer. Linear regression of the level of 2-hydroxyHexCer
(2-OH HexCer) versus FA2H (A) and UGT8 (B) mRNA relative expression in adenocarcinoma (AD) high (red), AD low (blue), squamous
(black), or neuroendocrine (Neuro) (green) lung cancer tissues. C: mRNA expression rank for FA2H and UGT8 among lung cancer samples
are plotted on the x and y axes. Circle diameter indicates the 2-OH HexCer levels. Average 2-OH HexCer ± SEM for each quadrant is indicated. Black lines are the regression curves for all samples; red line is for AD high only (n = 20–22).

SM precursors are available at the Golgi apparatus. Altogether, our results support a critical role for CERT1 in the
dysregulation of SM levels in squamous cell carcinoma
and high-grade adenocarcinomas.
Neuroendocrine carcinomas featured the most distinctive profile of mRNA alterations, which might relate to the
ontogeny of this type of tumors (24). Cells from grade 1
typical carcinoid, which are the majority of our cohort,
consist generally of neuron-like small cells with low proliferation rates and secretory abilities (24), and this could
have an impact on sphingolipid and enzyme levels. Neuroendocrine carcinomas presented the greatest decreases of
HexCer, sphinganine, sphingosine, and LacCer levels,
when compared with the other lung cancer histological
types. In fact, the global shift toward glycosylceramides appears to be of less importance in this type of cancer when
considering the overall decrease of sphingolipid levels. Indeed, SGPL1, the enzyme responsible for irreversible degradation of sphingolipids, was significantly more expressed
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in neuroendocrine tumors. Our observation of low LacCer
levels in this cancer type, despite increased B4GALT6
mRNA, is also consistent with the theory that this cancer
type features a generalized reduction of sphingolipids and,
thus, of LacCer precursors.
Adenocarcinomas often share histopathological features,
but S1P levels were shown to be decreased in pancreas
(44), unchanged in colon (45), and increased in breast
(46) tumors, when compared with nontumor tissues. For
many types of studies, it appears practical to normalize lipids according to tissue weight (44–46). However, we determined that in lung tissue, the amount of DNA per milligram
of tissue is consistently increased in tumors by approximately 45% (supplemental Fig. S1A), stressing the importance of using a surrogate for cell numbers to resolve the
sphingolipid alterations on a per-cell basis (supplemental
Fig. S1B vs. Fig. 1H). Similar to our study, Marien et al. (27)
observed a profound decrease in SM in tumor nests by 2Dimaging, a method independent of mass or DNA, supporting

that modulations in homogenized tissues normalized by
DNA can adequately represent tumor-associated change in
situ. In addition to the methods of normalization, comorbidities could mitigate the interpretations of lung tissue
sample analyses. As such, COPD was shown to increase
sphingolipid levels in the sputum (47). Yet, COPD status
did not have an impact on sphingolipid levels in our lung
tissues, which might either relate to the average low GOLD
stages of the patients included in the current study or to
the fact that sputum (47) and parenchyma are inherently
different in their composition.
Although SPHK1 levels were previously shown to be increased in adenocarcinoma and squamous lung cancers
(48), we did not observe significant modulations at the
mRNA level in our qPCR results. The possibility exists that
SPHK1 expression is influenced by patient characteristics.
Indeed, the Song et al. (48) study concluded that severe
non-small-cell lung cancer cases had higher SPHK1 levels,
but the patients in their cohort had lung cancers of higher
severity (higher T, N, and clinical stages). Of note, S1P levels were often associated with SPHK1 expression in different
tissues (49, 50) and our finding of no SPHK1 overexpression in tissues featuring low levels of S1P is consistent with
this contention.

CONCLUSIONS
We conclude that lung cancers feature common and distinct sphingolipid dysregulations. While single chained
sphingolipids and SMs are generally decreased, distinct patterns could be observed for HexCers. Although we observed
a generalized upregulation of UGT8 in all cancers, only adenocarcinomas featured high levels of 2-hydroxyHexCer,
which is explained by preferential overexpression of FA2H
in this cancer type. Neuroendocrine carcinoma featured
the most profound decrease in several sphingolipids, including S1P, which was associated with the strongest upregulation of SGPL1 compared with all the other cancer types.
As a whole, our study identifies distinct regulatory nodes
associated with cancer-specific sphingolipid alterations.
The authors thank Serge Simard for the statistical analyses,
Christine Racine and the team at the IUCPQ site of the
Tissue Bank of the Quebec Respiratory Health Network (www.
tissuebank.ca), and Anick Langlois for technical help.
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