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Abstract

Purpose—Mutations in Fanconi anemia (FA) genes are common in sporadic squamous cell 

carcinoma of the head and neck (HNSCC) and we have previously demonstrated that FA pathway 

depletion in HNSCC cell lines stimulates invasion. The goal of our studies was to use a systems 

approach in order to define FA pathway-dependent lipid metabolism, and to extract lipid-based 

signatures and effectors of invasion in FA-deficient cells.

Experimental Design—We subjected FA-isogenic HNSCC keratinocyte cell lines to untargeted 

and targeted lipidomics analyses to discover novel biomarkers and candidate therapeutic targets in 

FA-deficient cells. Cellular invasion assays were carried out in the presence and absence of N-

butyldeoxynojirimycin (NB-DNJ), a biosynthetic inhibitor of the newly identified class of 
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gangliosides, to investigate the requirement of ganglioside upregulation in FA-deficient HNSCC 

cells.

Results—The most notable element of the lipid profiling results was a consistent elevation of 

glycosphingolipids, and particularly the accumulation of gangliosides. Conversely, repression of 

this same class of lipids was observed upon genetic correction of FA patient derived HNSCC cells. 

Functional studies demonstrate that ganglioside upregulation is required for HNSCC cell invasion 

driven by FA pathway loss. The motility of non-transformed keratinocytes in response to FA loss 

displayed a similar dependence, thus supporting early and late roles for the FA pathway in 

controlling keratinocyte invasion through lipid regulation.

Conclusions—Elevation of glycosphingolipids including the ganglioside GM3 in response to 

FA loss stimulates invasive characteristics of immortalized and transformed keratinocytes. An 

inhibitor of glycosphingolipid biosynthesis NB-DNJ attenuates invasive characteristics of FA-

deficient HNSCC cells.

Introduction

The Fanconi anemia pathway comprises 22 FA and many more FA-associated genes and 

their respective protein products (1–3). This pathway is essential for the repair of DNA 

interstrand crosslinks (4–7) with additional nuclear functions (8) in the suppression of non-

homologous end joining (9,10), stabilization of DNA replication forks (11), and cell cycle 

progression (8,12). Loss of function of any of the 22 FA genes in the germline causes a 

pediatric disorder FA that is characterized by cellular and organismal sensitivity to inter-

strand crosslinks (ICLs) (13), bone marrow failure with selection for acute myeloid 

leukemia, and the development of HNSCCs early in life with exceedingly poor outcomes 

(14–16). The FA pathway has been intensely studied for its molecular activities in genome 

repair (17–21). In response to crosslinks or stalled replication forks, the protein products of 

8 FA genes, including FANCA, assemble near the lesion, forming the “FA core complex.” 

This complex triggers monoubiquitination and dimerization of 2 central pathway 

components FANCD2 and FANCI. The activated dimer then orchestrates recruitment of 

downstream endonucleases and specialized repair proteins – including the breast cancer 

susceptibility proteins BRCA1/FANCS, BRCA2/FANCD1, and BRIP/FANCJ (22). Whereas 

mechanistic aspects of FA complex formation and function have been well documented, it 

remains unclear why FA pathway loss causes aggressive tumor phenotypes specifically in 

squamous epithelium of the head and neck, anogenital tract and skin (16).

In the general population, HNSCC is the sixth most common human cancer type worldwide, 

and arises from epidermal keratinocytes (23–25). This cancer type alone accounts for 

650,000 new cases diagnosed annually, and approximately 350,000 associated deaths 

(26,27). HNSCC includes tumors of the hypopharynx, oropharynx, nasopharynx and oral 

cavity, and is primarily caused by smoking, alcohol consumption and infection with high 

risk human papillomavirus type 16. Approximately 50% of patients first present with locally 

advanced or metastatic disease, associated with high morbidity and mortality. New 

biomarkers and therapeutic targets for improved detection and new treatments of invasive 

disease are urgently needed. We have recently associated the loss of FA gene function in 

HNSCCs that harbor a functional pathway with the acquisition of invasive characteristics 
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(28). Furthermore, a significant proportion of sporadic HNSCCs harbor transcriptional 

repression and nonsynonymous mutations in FA and FA-related genes (28–30). In order to 

test the biological effects of FA pathway loss in this context, we published FA knockdown 

models of HNSCC using lentiviral shRNA vectors (28,29). FA gene loss stimulated cellular 

conversion of HNSCC cells from an epithelial to mesenchymal morphology, as well 

enhanced cell motility and invasion in transwell assays. These phenotypes were dependent 

on DNA-PK/Rac1 signaling and were reversed by shRNA-resistant FA gene expression. 

Similar data were obtained across a panel of HPV+ and HPV− cell lines, and in response to 

the knockdown of FANCA, FANCD2 and FANCJ. Taken together, FA gene loss stimulates 

HNSCC cell invasion, a major cause of cancer-related mortality in humans. The observed 

invasion in response to FA loss was linked to the formation of unique plasma membrane 

projections (28), and lipid dysregulation in the cellular plasma membrane is key to cancer 

cell invasion (31). Thus, the goal of our studies was to use a systems approach in order to 

define FA pathway-dependent lipid metabolism, and to extract lipid-based signatures and 

effectors of aggressive disease in FA-deficient cells.

Materials and Methods

Cell culture

Near diploid immortalized keratinocytes that form skin (NIKS), VU1365 cells, HPV-

negative UM-SCC1 and HPV16 positive UM-SCC47 cell lines, were maintained as 

previously described (28,32–34). Irradiated J2-3T3 mouse fibroblasts were used as feeder 

cells for NIKS. Lentiviral FANCD2sh and FANCJsh gene knockdown was performed in 

NIKS, NOKS, UM-SCC1 and UM-SCC47 as a model of sporadic FA pathway loss. In each 

case, control cells were transduced in parallel with a non-targeting control vector (NTsh) as 

previously described (34). The VU1365 cell line was originally derived from an FA patient 

and was genetically corrected for the mutant FANCA gene using retroviral transduction, or 

was control transduced (33). J2-3T3, UM-SCC1, UM-SCC47 cells, and NIKS were initially 

obtained from the Lambert laboratory, and VU1365 cells were obtained from the de Winter 

laboratory (VU University Medical Cancer, Amsterdam, The Netherlands). NOKS were 

obtained from the Khan laboratory (University of Pittsburgh Medical Center, Pittsburgh, PA, 

USA). These cell lines were published in collaboration with the laboratories from which 

they were received. NOKS and NIKS are routinely tested for differentiation capacity in 

organotypic epithelial rafts. Routine testing for FA gene expression was performed in all 

isogenic cell pairs. No other testing was performed. The number of passages between 

thawing and use in the described experiments was below 12.

Metabolite standards and drugs

Ganglioside standards from ovine brain (GM1), bovine brain (GD1) and bovine milk (GM3, 

GD3) were purchased from Avanti Polar Lipids (Alabaster, AL) and Sigma-Aldrich (St 

Louis, MO). All solvents were of mass spectrometry grade and deionized water was 

obtained from a Milli-Q water system (Millipore, Milford, MA). The ganglioside 

biosynthesis inhibitor N-Butyldeoxynojirimycin (NB-DNJ), also referred as Miglustat and 

Zavesca®, was purchased from Sigma-Aldrich (St. Louis, MO).
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Sample preparation and untargeted metabolomics analysis

Cells were grown and then plated at equal cell numbers. Cells were then harvested, counted, 

and subjected to two consecutive washes in PBS, followed by centrifugation cycles. Cell 

pellets were extracted by chloroform:methanol:water (1:2:0.7, v/v/v) twice to obtain lipid 

metabolites. The extracts were dried under liquid nitrogen and reconstituted in mobile phase 

solution with normalization by cell number before injection. Untargeted metabolomics 

analysis was performed on a Xevo G2-S quadrupole time-of-flight (Q-TOF) mass 

spectrometer interfaced with ACQUITY ultra-high performance liquid chromatography 

(UPLC) system (Waters, Milford, MA). An Acquity CSH C18 UPLC column (2.1 × 100 

mm, 1.7 μm) was used in separation. Detailed UPLC-ESI-MSe methods are described in the 

Supplementary Methods. Deconvolution, peak alignment, and preliminary normalization 

were conducted on raw metabolomics data with Progenesis QI™. Each compound ion 

feature, i.e. deconvoluted peak in the mass chromatogram, is annotated by elution time with 

m/z ratio. Raw data were normalized by total compound ion intensity and with a global 

scalar derived from the logarithm ratio of each sample to the reference. Accurate molecular 

mass (m/z) was used to search against the Human Metabolome Database (HMDB) for 

putative compound identification. Acquired metabolite ions were also searched against an 

in-house lipid database combined with retention time. Putative marker metabolites were 

confirmed by targeted UPLC-MS/MS methods using authenticated standards.

Targeted metabolite analysis

Separation and quantification of known metabolites were performed on a UPLC coupled 

with Premier triple-quadruple mass spectrometry (Waters, Milford, MA). An Acquity UPLC 

CSH C18 column (2.1×100 mm, 1.7μm, Waters, Milford, MA) was applied and the details 

are described in the Supplementary Methods section. Multiple Reaction Monitoring (MRM) 

analysis based on a theoretical expansion approach was performed for quantification of 

gangliosides GM3, GM1, GD3 and GD1. The precursors of ganglioside GM3, i.e. 

glucosylceramide and lactosylceramide were measured with a similar method but in positive 

ion mode. The precursor and product ion pairs for MRM monitoring were either selected by 

MS/MS spectra of standards, or calculated theoretically when standards for a given ceramide 

length were not available (Supplementary Table 1). The composition of individual species in 

the standards was determined by the ratio of standard infusion ion intensity or provided by 

the supplier. The liquid chromatography system LC-20A (Shimadzu, Kyoto, Japan) coupled 

with 5500 QTrap mass spectrometry (ABI-SCIEX, Toronto, Canada) using multiple reaction 

monitoring (MRM) was used for specific quantification of the ganglioside GD3. A Kinetex 

Phenyl-Hexyl (50×4.6mm, 2.6μm, 100A) HPLC column (Phenomenex, Torres, CA) was 

used for injection of 10 μL sample solution. Additional details are described in the 

Supplementary Methods.

Invasion assays

BioCoat Matrigel transwell invasion assays were performed as per manufacturer’s 

instructions (BD Biosciences, San Jose, CA). Cells were starved 24h before experiment and 

plated into the top chamber in serum-free media, and allowed to invade through Matrigel 

towards serum-containing media in the bottom chamber. For UM-SCC1 and NOKs cells, 1.5 
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× 105 cells were plated, while for UM-SCC47 cells, 2.5 ×105 cells were plated. Invasion was 

allowed to proceed for 23 hours prior to fixation in methanol and staining with Giemsa. 

Total numbers of invaded cells were quantified for each transwell using ImageJ.

Organotypic epithelial raft culture

Three dimensional organotypic rafts were generated as previously described (32). Briefly, a 

total of 1×106 cells were plated on a collagen matrix containing fibroblasts. After 5 days, 

keratinocytes were lifted to the liquid-air phase which proliferate and differentiate into 

stratified epithelium. Rafts were harvested and fixed in 4% paraformaldehyde at 14 days 

after lifting, and embedded in paraffin. Sections were stained with hematoxylin and eosin.

Statistical analysis

For untargeted lipidomics analysis, discovery of lipid features significantly altered between 

different genotypes (i.e. NTsh vs FANCD2sh, NTsh vs FANCJsh) was conducted with 

univariate analysis. Statistical significance was determined using both fold changes and p-

values. Student’s t-test and Mann-Whitney-Wilcoxon test were applied on the the lipidomics 

data. The high dimensional feature space of untargeted data considers the multiple 

hypothesis testing problem. Bonferroni adjusted p-value < 0.05 and false discovery rate 

(FDR) correction were used to control family-wise error rate. For targeted lipidomics 

analysis, statistical significance was determined using a two-tailed Student t-test. All 

statistical analyses were conducted with the R language and environment for statistical 

computing.

Results

Global lipidomics profiling of FA deficient immortalized keratinocytes reveals upregulation 
of the primitive ganglioside GM3

To identify lipids that are differentially regulated in FA-deficient versus FA-proficient cell 

lines (Fig. 1), we used an untargeted mass spectrometry (MS) based lipidomics approach. 

Specifically, UM-SCC1 cells were knocked down for FANCD2 of FANCJ, and normal 

foreskin keratinocytes (NIKS), as well as normal oral keratinocytes (NOKS) were knocked 

down for FANCD2, and knockdown validation was demonstrated by western blot analysis 

(28,32). All knockdown cells were compared to their respective nontargeted (NTsh) control 

cells. Over 300 lipid species were detectable by untargeted MS, and quantified in both 

positive and negative ion modes. Lipidomic profiles visualized by principal component 

analysis (PCA) revealed shared differences for the FANCD2sh and FANCJsh, compared to 

their respective NTsh cell lipidomes. For UM-SCC1 cells, 3 gangliosides of 312 lipid 

species were significantly regulated by FA status. We observed elevated levels of the 

ganglioside GM3 (d34:0), GM3 (d34:1), and GM3 (d34:2) in FANCD2sh cells compared to 

the NTsh control cells (Fig. 1a). The identity of gangliosides was first validated with 

authentic standards by comparing retention times and mass spectral fragmentation patterns, 

in addition to accurate mass measurements. In negative ionization, gangliosides with sialic 

acid (SA) in the glycan chain show a signature fragment ion, i.e. sialic acid at m/z 290. 

Observing the same pattern of SA ion with parent ion and identical retention time, we 

confirmed the identity of GM3 (d34:0), GM3 (d34:1) and GM3 (d34:2) (Fig. 1b, 
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Supplementary Fig. 1a–1b). These ganglioside GM3 species were also significantly 

increased in FANCJsh UM-SCC1 cells compared to their NTsh counterparts (Fig. 1c). In 

NIKS cells, 26 of 312 lipids showed significant differences in FA deficient versus FA 

proficient cells (Supplementary Fig. 2a), and GM3 (d34:0), GM3 (d34:1), and GM3 (d34:2) 

were again significantly increased (Fig. 1d). A similar pattern was also observed in NOKS 

cells (Fig. 1e). Given the broad and consistent upregulation of GM3 in FA-deficient 

immortalized and transformed keratinocytes by untargeted metabolomics, we next carried 

out a targeted approach to quantify precursors and products of GM3, and to extend the 

analyses to FA patient derived HNSCC cells.

Targeted analysis of members of the ganglioside biosynthesis pathway

Although gangliosides only comprise a minor proportion of total cellular lipids in extra-

neural tissues, their nature and composition is characteristic and related to the function of the 

specific cell type. In mammalian cells, Ganglioside biosynthesis is catalyzed by 

glycosyltransferases in the lumen of the Golgi apparatus, followed by ganglioside transport 

to the plasma membrane via exocytotic membrane flow (35). Successive lipid modifications 

occur en route via a number of key enzymes (Fig. 2). First, galactosyltransferase produces 

lactosylceramide from glucosylceramide by the transfer of a galactose residue from UDP. 

Second, GM3 synthase adds a sialic acid molecule to lactosylceramide for the production of 

the parent ganglioside GM3. More complex gangliosides are subsequently generated from 

GM3. For instance, GD3 arises from the linkage of an additional sialic acid moiety, while 

GM1a arises from the linkage of galactosamine and galactose to the glycan chain. The 

ganglioside GD1a is synthesized from GM1a by the addition of a sialic acid moiety. We 

found that total concentrations of lactosylceramide, GM3, and GM1 were significantly 

elevated in HPV-negative UM-SCC1 after FANCD2 knockdown (Fig. 2), NIKS, NOKS and 

HPV-positive UM-SCC47 cells (Supplementary Fig. 3a–c). Interestingly, while GD3 

production was not changed in response to FA loss in UM-SCC1 cells, it was higher in 

NIKS, NOKS and UM-SCC47 cells. Overall these results demonstrate that FANCD2 

knockdown stimulates the ubiquitous accumulation of some gangliosides, and that of others 

in a cell type specific fashion.

FANCD2 loss of function regulates specific ganglioside species

Within the sphingolipid family, each member consists of multiple species characterized by 

different acyl chain lengths and/or saturated versus unsaturated acyl chains. Both can confer 

unique chemical and biological functionalities (36,37). For instance, long and/or saturated 

acyl chains tend to result in diminished lipid fluidity and greater motion constraint when 

compared to their shorter and/or unsaturated counterparts (38). In the targeted UPLC-

MS/MS assay to quantify the FA-dependent regulation of ganglioside precursors and 

products in FANCD2sh versus NTsh cells, 8 GM3 species with various acyl chain lengths 

were increased in FA-deficient compared to FA-proficient UM-SCC1 samples, and 6 GM3 

species were increased in the respective UM-SCC47 samples (Fig. 3a–b). The heatmap 

displays relative levels of GM3 species in FANCD2sh versus NTsh treated UM-SCC1 and 

UM-SCC47 cells. These lipids including ganglioside GM3(d34:1), GM3(d34:0), and/or 

GM3(d34:2), were similarly increased in FANCD2sh versus NTsh treated NIKS and NOKS 

cells (Fig. 3c, Supplementary Fig. 2). In the HNSCC and normal cells, the gangliosides 
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GM3 d34:1 and d42:1 tended to be the majority components accompanied by small amounts 

of d36:1, d38:1, d44:1 and other carbohydrate chain lengths. Finally, FANCA patient 

derived HNSCC VU1365 cells were tested for ganglioside regulation as a function of FA 

status. The cells were previously published, and had either been stably transduced with 

empty vector and were thus FANCA deficient, or had been transduced with a FANCA 

expression vector and were thus FANCA-competent (33). In line with the above FA 

knockdown data, gangliosides GM3 d40:1, d42:1 and d44:1 were detectable in the FANCA-

deficient cells, and were distinctly repressed in FANCA-corrected cells (Fig. 3d). Precursors 

and downstream products of Ganglioside GM3 including glucosylceramides, 

lactosylceramides, ganglioside GM1 and GD3 with different acyl chain lengths were 

measured and perturbation of the glycosphingolipids were observed (Fig. 3 and 

Supplementary Fig. 4). Taken together, these data demonstrate that ganglioside biosynthesis 

is controlled by a functional FA pathway.

Upregulated ganglioside biosynthesis stimulates invasion that is dependent upon FA loss

We have published previously that FA loss of function in HNSCC cells stimulates invasive 

characteristics (28). In order to determine whether ganglioside biosynthesis is required, we 

took advantage of a clinically relevant iminosugar NB-DNJ (miglustat/Zavesca) (39). NB-

DNJ inhibits the enzyme glucosylceramide synthase which catalyzes the first step in the 

synthesis of glycosphingolipids, and is used for the treatment of Gaucher’s disease. To 

ensure that this dose sufficiently blocked ganglioside biosynthesis, cells were harvested for 

MS-based quantification of total GM3 levels after 48 hours. As predicted, levels of GM3 

were dramatically repressed in the presence of NB-DNJ (Fig. 4a, Supplementary Fig. 5). 

This was observed regardless of FA status, in cells transduced with non-targeting vector and 

in cells knocked down for FANCD2 or FANCJ, respectively. UM-SCC1 cells harboring 

NTsh and FANCD2sh were plated at equal cell numbers, exposed to NB-DNJ, or not, for 48 

hours, then photographed to show cellular morphology (Fig. 4b). Cells were harvested to 

quantify viable cell counts (Fig. 4c). Neither cellular morphology, nor viability, was affected 

by NB-DNJ at a dose of 100uM. NIKS and UM-SCC47 cells were also tested and similar 

results were observed (Supplementary Fig. 6a–b). Next, we determined whether NB-DNJ 

affected the growth and differentiation of normal human keratinocytes by culturing NIKS 

that were either control transduced or FANCD2 depleted in organotypic epithelial rafts as 

published (32). NB-DNJ did not affect raft morphology or thickness in these experiments 

(Fig. 4d), regardless of FA status. Our recent data demonstrated that FA loss of function in 

HNSCC cells is sufficient to stimulate tumor cell motility and invasion (28). To measure the 

functional requirement for ganglioside accumulation in the invasive capacity of FA-deficient 

cells, FANCD2- and FANCJ-depleted versus control UM-SCC1 and UM-SCC47 cells were 

exposed to NB-DNJ (or vehicle only), and subjected to transwell assays (Fig. 4e). FANCD2 

and FANCJ loss stimulated invasion in both cell lines as previously published, and this 

phenotype was partly reversed by NB-DNJ. Thus, a block in ganglioside biosynthesis 

attenuates the invasive capacity of transformed HPV-negative and –positive HNSCC cells. In 

order to determine whether ganglioside accumulation was sufficient to stimulate UM-SCC1 

cell invasion, 50uM of GM3 was added to the media of NTsh, FANCD2sh, or FANCJsh 

UM-SCC1 cells, followed by measurements of tumor cell invasion (Fig. 4f). GM3 

stimulated cellular invasion, most notably in the NTsh control cells. The observed increase 
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invasion in control cells was approximately 5-fold above baseline levels, whereas the 

increase in FANCD2sh and FANCJsh knockdown cells was 2- and 3-fold, respectively. 

Taken together, these data demonstrate that ganglioside accumulation in FA-deficient 

keratinocytes promotes FA-deficient HNSCC invasion. Since NB-DNJ/miglustat is already 

in clinical use for substrate reduction therapy in patients with Gaucher syndrome, this drug 

can now be explored for its ability to prevent or halt the progression of FA-deficient 

HNSCC.

Discussion

Advanced HNSCC represents a devastating diagnosis in the general population, with early 

onset and significantly worse outcomes in individuals with FA. Beyond a presumed role for 

FA loss in tumor initiation, our recent data have linked the loss of this important DNA repair 

pathway to cytoskeletal reorganization, adhesion defects and invasion acquisition (29). 

These epithelial-mesenchymal transition-like phenotypes were shown to require 

inappropriate activation of the NHEJ-associated DNA damage sensor kinase DNA-PK and 

downstream stimulation of the Rac1 GTPase activity. They also require, as demonstrated 

here via lipidomic analyses, an abnormal accumulation of glycosphingolipids. Inhibition of 

ganglioside biosynthesis with a repurposed, FDA-approved drug attenuated HNSCC 

invasion cells, and the addition of the simple ganglioside GM3 stimulated invasion. This 

indicates gangliosides are sufficient and required for invasion downstream from FA loss, and 

points to lipid-based avenues for the prevention and treatment of advanced FA-deficient 

HNSCC.

Gangliosides are acidic glycosphingolipids harboring one or more sialic acid residues. These 

are key components of cellular membranes, located at the outer leaflet, in nearly all 

vertebrates. These lipids are often enriched in membrane microdomains which form lipid 

rafts and interact with phospholipids, cholesterol, and transmembrane proteins (40). 

Gangliosides are involved in cell adhesion (41), proliferation (42), migration (43), viral 

infection (44), as well as in regulation of signal transduction pathways (44–46). We found 

consistent upregulation of the monosialodihexosyl ganglioside GM3 and several derivative 

gangliosides in FA-deficient normal immortalized and transformed keratinocytes when 

compared with their isogenic, FA-proficient counterparts. The extent of suppression of GM3 

by genetic correction of VU1365 cells was less pronounced than the extent of GM3 

upregulation in FA knockdown cells. Whether this is due to a lesser effect of FANCA versus 

FANCD2 mutations, the individual’s adaptation to lifelong FA deficiency, or cell line 

variabilities which cannot be ruled out here remains unknown. Relevant mechanisms which 

stimulate ganglioside biosynthesis stimulation downstream from FA loss are unknown, but 

strictly dependent on the FA pathway as accumulation is reversible by FA gene 

complementation. FA proteins have been shown to act in transcriptional regulation (47) and 

a recent study also revealed that FA mesenchymal stromal cells (MSCs) overproduce a 

group of glycerophospholipids and the elevated levels of these lipids impair the 

hematopoietic supporting function of MSCs (48). Our RNA sequencing data and 

immunoblot analyses of ganglioside GM3 synthase (ST3GAL5) do not support a role for 

transcriptional regulation or protein accumulation (data not shown). Enzyme activity is the 

likely target, and thus identification of the responsible enzymes will require future isotope 
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labeling studies of ganglioside biosynthesis. Whether ganglioside regulation depends upon, 

or is independent from, DNA-PK/Rac1 signaling is currently unknown.

Our results establish new links between a key DNA repair pathway and lipid metabolism in 

head and neck cancer cells, and demonstrate a consistent requirement of ganglioside 

accumulation for the aggressive invasion of FA pathway-deficient cells. Similar effects were 

observed in HPV positive or negative SCC cells and in normal keratinocytes. This is an 

important finding since gangliosides can have variable, even opposing effects, on the 

motility of distinct tumor types and cell lines (1,42,43). Furthermore, even within a given 

line, motility stimulation versus repression depends upon the types of signaling pathways 

that are engaged. For instance, in Hepa 1-6 hepatocellular carcinoma cells, GM3 inhibited 

EGF/EGFR-dependent motility but stimulated HGF/HGFR-dependent motility (49). Such 

transmembrane receptor specific mechanisms might be envisioned for the observed 

ganglioside-dependent invasion of FA-deficient HNSCC. Alternatively, since gangliosides 

are essential components of lipid rafts, and since lipid rafts nucleate a multitude of signal 

transduction complexes, ganglioside accumulation may de-regulate global signal 

transduction indirectly, via lipid raft structure and function (50). Finally, it is possible that 

ganglioside upregulation following FA loss may stimulate advanced tumor phenotypes 

directly via control of plasma membrane structure and fluidity. Interestingly, specific 

glycosphingolipids including the ganglioside GM3 are known to promote epithelial-to-

mesenchymal transition (EMT) of human epithelial cell lines (51,52), and FA knockdown in 

UM-SCC1 cells was sufficient for plasma membrane abnormalities and EMT-like 

phenotypes (28). Dissecting direct from indirect effects of ganglioside-dependent invasion in 

HNSCC cells will be important for selective inhibition of downstream effectors towards 

therapy in FA-deficient settings.

Lipidomics is a rapidly growing area of research with major potential to identify clinically 

relevant biomarkers and drug targets for improved therapeutic outcomes, as was shown for 

atherosclerosis, diabetes, and Alzheimer’s disease (53,54). Using MS-based lipidomics 

studies, we demonstrate that FA DNA repair loss is associated with a distict lipid signature 

for potential diagnostic implications, and promotes advanced tumor phenotypes via lipid 

production that can be therapeutically targeted with minimal toxicity. NB-DNJ (Miglustat/

Zavesca®), an FDA-approved imino sugar-based drug for the oral treatment of Gaucher 

disease and inhibitor of glycosphingolipid biosynthesis, diminished levels of the primitive 

ganglioside GM3 and specifically reduced the aggressive invasion of FA-deficient cancer 

cells. NB-DNJ has been investigated as a treatment for infantile and juvenile patients with 

ganglioside related disorders (55) and implicated in cancer treatment (56,57). Repurposing 

NB-DNJ or other glycosphingolipid synthesis inhibitors provides a potential new avenue to 

prevent or treat HNSCC in FA and in sporadic tumors that are FA-deficient. Interestingly, 

there may be clinical overlap between FA and Gaucher disease, including anemia, short 

stature, and cancer susceptibility, although squamous cell carcinoma is not common in the 

Gaucher population (58). Relevant mechanistic determinants that link FA with GD 

phenotypes remain to be defined.
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Translational Relevance

Tumor invasion in patients with squamous cell carcinoma of the head and neck (HNSCC) 

is a major cause of morbidity and mortality. Discovery of biomarkers and effectors of 

HNSCC progression remains imperative. Mutations in Fanconi anemia (FA) genes are 

common in sporadic SCCs. The FA DNA repair pathway suppresses advanced HNSCC 

phenotypes, and loss of this pathway may be common in HNSCC. Furthermore, germline 

loss of function mutations in FA genes causes FA, a genome instability syndrome where 

patients harbor extreme susceptibility to aggressive HNSCC. Here, we demonstrate that 

elevation of glycosphingolipids including the ganglioside GM3 in response to FA loss 

stimulates invasive characteristics of immortalized and transformed keratinocytes. An 

inhibitor of glycosphingolipid biosynthesis NB-DNJ attenuated invasive characteristics of 

FA-deficient HNSCC cells. This highlights new avenues for the diagnosis and treatment 

of advanced HNSCC through the repurposing of FDA-approved glycosphingolipid 

modulators.
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Figure 1. Global lipidomics profiling of FANCD2 and FANCJ knockdown UM-SCC1 cells (a–c), 
and FANCD2 knockdown NIKS (d) and NOKS (e)
Principal component analysis (PCA) of lipids of UM-SCC1 cells (312 lipids identified, 

n=6 per cell population) with NTsh and FANCD2sh knockdown, UM-SCC1 cells (231 lipids 

identified, n=6 per cell population) with NTsh and FANCJsh knockdown, NIKS cells (312 

lipids identified, n=6 per cell population) with NTsh and FANCD2sh knockdown, NOKS 

cells (253 lipids, n=6 per cell population) with NTsh and FANCD2sh knockdown.

Volcano plot indicated several ganglioside GM3 species are significantly altered in the 

FANCD2sh knockdown UM-SCC1 cells. The p-value was calculated with 2-tailed student’s 

t test, thresholds for significance: Bonferroni adjusted p-value < 0.05, fold change > 2.

Identification of ganglioside GM3 (d34:1) by UPLC-MSe. The putative biomarkers 

ganglioside GM3 by database search was confirmed by an authentic standard with retention 

time, fragmentation ions, and standard addition with extracted ion chromatogram (EIC). 

Mass chromatogram was EIC using the molecular ion [M-H]−. Mass spectrum is for 

illustration showing only extracted ions of interest and relative intensity.

Box-and-whisker plots of identified ganglioside metabolites, p-values shown in the figure 

were not adjusted by Bonferroni correction. The p-value and fold change for identified 

gangliosides, i.e. gangliosides GM3 (d34:0), GM3 (d34:1), and GM3 (d34:2), are 3.0×10−7 

and 2.6, 2.7×10−10 and 2.0, 8.5×10−7 and 3.8 in NTsh vs FANCD2sh UM-SCC1 cells (a); 

1.3×10−9 and 2.6, 9.7×10−8 and 1.6, and 0.04 and 1.3 in NTsh vs FANCJsh UM-SCC1 cells 
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(c); 8.0×10−4 and 1.4, 2.4×10−7 and 1.4, 2.2×10−6 and 1.7 in NTsh vs FANCD2sh NIKS 

cells (d); 4.7×10−5 and 1.3, 2.5×10−3 and 1.1, 4.9×10−5 and 1.6 in NTsh vs FANCD2sh 

NOKS cells (e).
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Figure 2. Ganglioside GM3 pathway is perturbed by FANCD2 knockdown
UPLC-MS/MS analysis of UM-SCC1 cell (n=6 per cell population) with NTsh and 

FANCD2sh knockdown calculated with pmol/million cells in sum of all detected individual 

species of that lipid class were overlaid onto a stylized ganglioside pathway

Zhao et al. Page 17

Clin Cancer Res. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Targeted analysis of lipids of ganglioside GM3 metabolic pathway in NTsh and 
FANCD2 deficient SCC cells, UM-SCC1 (n=6 per cell population) (a), UM-SCC47 (n=6 per cell 
population) (b), NOKS cells (n=6 per cell population) (c), and FANCA mutated and 
complementation VU1365 cells (n=6 per cell population) (d)
Heatmap of targeted UPLC-MS/MS analysis of ganglioside GM3 species in NTsh and 

FANCD2 knockdown UM-SCC1, UM-SCC47, NOKS cells, and FANCA mutated and 

complementation VU1365 cells, the estimated false discovery rates (q value) for calling all 

p-values < 0.05 significant were 0.013 for UM-SCC1, 0.023 for UM-SCC47, 0.074 for 

NOKS, and 0.072 for VU1365 cells, i.e. under 10% false discovery rate.

Targeted quantitative analysis of glucosylceramides, lactosylceramides, and ganglioside 

GM3, in NTsh and FANCD2 knockdown UM-SCC1 and UM-SCC47 cells; NOKS and 

FANCA mutated and complementation VU1365 cells. * p-value < 0.05, **p-value < 0.01, 

*** p-value < 0.001, ****p-value < 0.0001 (two-tailed student’s t test)
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Figure 4. Ganglioside GM3 upregulation contributes to invasion downstream from FA loss and 
GM3 inhibition suppresses FA-dependent invasion
a) GM3 repression was measured by liquid chromatography-mass spectrometry using GM3 

inhibitor (i.e. NB-DNJ) on intransduced UM-SCC1 cells (n=6 per cell population) with 

NTsh, FANCD2sh, and FANCJsh knockdown. b) NTsh and FANCD2sh UM-SCC1 cells 

were plated at equal cell numbers, and GM3 inhibitor (NB-DNJ) was added following cell 

attachment, and replenished in fresh media after 24 hrs. c) Cells were stained with trypan 

blue and viable cells counted (n=3 per cell population). d) Organotypic epithelial rafts 

derived from either control transduced or FANCD2 depleted UM-SCC1 cells. e) NTsh-, 

FANCD2sh transduced UM-SCC1 and UM-SCC47 cells, were cultured for 24 hours in 

100uM NB-DNJ, followed by transwell invasion assays in the continued presence of the 

drug. The asterisk denotes the statistically significant difference of invasion (p-value < 0.05) 

between FANCD2sh transduced cells cultured without and with NB-DNJ (n=3 biological 

replicates for each cell population). f) 50uM of GM3 was added to the media of NTsh, 

FANCD2sh and FANCJsh UM-SCC1 cells for 24 hours, followed by transwell invasion 

assays in the continued presence of the GM3. Except for d) and f), all experiments are 

representative data from >2 biological repeats.
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