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Background: Cancer cells have altered bioenergetics, which contributes to their ability to
proliferate, survive in unusual microenvironments, and invade other tissues. Changes in glucose
metabolism can have pleomorphic effects on tumor cells.

Methods: To investigate potential mechanisms responsible for the increased malignancy
associated with altered glucose metabolism, we used an unbiased nuclear magnetic resonance
spectroscopy screening method to identify glucose metabolites differentially produced in a
highly malignant human triple-negative breast cancer (TNBC) cell line (BPLER) and a less
malignant isogenic TNBC cell line (HMLER).

Results: N-acetylneuraminic acid (NeuSAc), the predominant sialic acid derivative in mam-
malian cells, which forms the terminal sugar on mucinous cell surface glycoproteins, was the
major glucose metabolite that differed. Neu5Ac was ~7-fold more abundant in BPLER than
HMLER. Loss of Neu5Ac by enzymatic removal or siRNA knockdown of cytidine mono-
phosphate N-acetylneuraminic acid synthetase (CMAS), which activates cellular sialic acids
for glycoprotein conjugation, had no significant effect on cell proliferation, but decreased the
ability of BPLER to invade through a basement membrane. Conversely, overexpressing CMAS in
HMLER increased invasivity. TNBCs in The Cancer Genome Atlas also had significantly more
CMAS copy number variations and higher mRNA expression than non-TNBC, which have a
better prognosis. CMAS knockdown in BPLER ex vivo blocked xenograft formation in mice.
Conclusion: Neu5SAc is selectively highly enriched in aggressive TNBC, and CMAS, the
enzyme required for sialylation, may play an important role in TNBC tumor formation and
invasivity.

Keywords: triple-negative breast cancer, metabolism, invasion, cytidine monophosphate
N-acetylneuraminic acid, sialic acid, NMR spectroscopy, metabolomics

Introduction

To maintain high proliferation rate, cancer cells must efficiently take up and metabolize
nutrients from the environment to produce sufficient ATP to fuel rapid cell growth and
synthesize cellular building blocks. Metabolic reprogramming is essential for many
cancers."? Cancer cells often abandon oxidative phosphorylation, switching to aerobic
glycolysis, a phenomena known as “the Warburg effect.”® Glycolysis generates lactate
from glucose and produces only two molecules of ATP per glucose molecule rather
than the 36 produced in oxidative phosphorylation.* Rather than maximizing ATP
output, cancer cells divert part of their glucose catabolism to biomass production.>?
How glucose usage within cancer cells differs from that of normal cells and why altered
glucose metabolism enhances malignancy are not well understood.
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We used an unbiased nuclear magnetic resonance (NMR)
metabolite-profiling platform to follow the metabolic fate of
glucose, comparing a highly malignant human triple-negative
breast cancer (TNBC) cell line (BPLER) with a less malignant
isogenic TNBC cell line (HMLER) generated from the same
donor. TNBCs, defined by lack of expression of the estrogen,
progesterone, and HER2 receptors, are the subset of breast
cancers with the worst prognosis. BPLER and HMLER cells
were derived from the same normal primary breast tissue,
transformed with identical genetic factors (hnTERT, SV40
LT, and HRAS*'?).* BPLER cells have high tumor initiating
capacity. Only 50 BPLER cells are needed to form tumors
in mice, compared to 1x10° HMLER cells.” BPLER has the
bipotent epithelial progenitor phenotype of many basal-like
TNBCs and forms tumors that resemble basal-like TNBCs
histologically and by gene expression. HMLER gives rise
to squamous tumors, an uncommon form of breast cancer.
Thus, these two genetically well-defined, virtually isogenic
cell lines offer the opportunity to pinpoint selective depen-
dencies associated with a basal-like, poorly differentiated
malignant phenotype. Based on their dramatic differences
in malignancy, we hypothesized that BPLER cells might
utilize glucose differently. We compared glucose metabo-
lites in BPLER cells and HMLER cells as a way to uncover
malignant pathways important for TNBC cells. We found
increased production of N-acetylneuraminic acid (Neu5Ac)
in BPLER cells and that NeuSAc expression is critical for the
invasivity of TNBC cells. Further we observed that inhibition
ofthe Neu5Ac biosynthetic enzyme, cytidine monophosphate
N-acetylneuraminic acid synthetase (CMAS), has anticancer
activity in TNBC xenografts, suggesting that the NeuSAc
biosynthetic pathway could be potential therapeutic target
for TNBC.

Methods

Cell culture

BPLER and HMLER cells were provided by R Weinberg and
T Ince and grown in WIT medium (Stemgent, Cambridge,
MA, USA) and used according to Harvard Medical School
and Boston Children’s Hospital approval. MB468 cells were
obtained from ATCC (Manassas, VA, USA) and grown in
Dulbecco’s Modified Eagle’s Medium supplemented with 10%
fetal bovine serum. For all transfections, BPLER cells were
reverse transfected with 50 nM siRNA using DharmaFECT 1
(Dharmacon, Lafayette, CO, USA) in WIT medium. siGenome
Smartpool siRNAs for human N-acetylneuraminic acid
synthase (NANS; M-013399) and CMAS (M-009780) and

Non-Targeting siRNA #1 (D-001210) were obtained from
Thermo Fisher Scientific (Waltham, MA, USA).

NMR sample preparation

For labeling experiments, 1.5x10” BPLER and HMLER
cells were grown in WIT medium. Cells were washed twice
with warm PBS and then incubated in OPTIMEM medium
without glucose for ~30 minutes. Unlabeled or uniformly
labeled '3C-glucose (Cambridge Isotope Laboratories,
Cambridge, MA, USA) was added directly to the medium
and cells were incubated for an additional ~2 hours. Cells
were washed twice with PBS, trypsinized with Tryple
Express (Invitrogen, Carlsbad, CA, USA), and counted
using Trypan blue staining. Equal numbers of cells were
harvested by centrifugation at 500x g for 5 minutes. Cell
pellets were immediately flash frozen in liquid nitrogen
and stored at —80°C until ready for analysis. Cell pellets
were thawed on ice and lysed by the addition of ice cold
methanol and vortexed vigorously. Equal parts of chlo-
roform and water were added to the extract and vortexed
vigorously. Extracts were incubated overnight at —20°C
for phase separation. The extract mixture was centrifuged
at 10,000x g for 40 minutes to complete phase separation
and separate macromolecules. After centrifugation, three
layers were visible. The bottom phase contained organic
metabolites. The interphase layer (white clumps) contained
proteins and macromolecules. The top 2/3 water:methanol
layer contained water-soluble metabolites. The top layer
was collected and methanol was removed under vacuum.
The water metabolites were flash frozen with liquid nitro-
gen and lyophilized. The completely dried samples were
resuspended in 250 uL D,O containing 1 mM 4,4-dimethyl-
4-silapentane-1-sulfonic acid (DSS) standard (Cambridge
Isotope Laboratories). Samples were run in Shigemi tubes
(Bruker, Billerica, MA, USA).

NMR spectroscopy

The NMR spectra were collected on a Bruker 500 MHz
spectrometer (Bruker) equipped with a cryoprobe. 2D *C-'H
heteronuclear single quantum coherence (HSQC) spectra
were collected with a relaxation delay of 1 second. A total of
2,048 points with a spectral width 0f4,734.9 and 13,834.3 Hz
were collected in the 'H and *C dimensions, respectively, with
128 data points. NMR data were processed using NMRPipe**
and Sparky®® to identify chemical shift resonances. Spectra
were aligned and intensities scaled using resonances from
the 1 mM DSS control.
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Liquid chromatography—mass
spectrometry

Standards of NeuSAc were used to optimize chromatography
and determine retention time using a Waters Acquity UPLC
(Waters, Milford, MA, USA) coupled to an AbSciex-4000
mass spectrometer (AbSciex, Framingham, MA, USA) oper-
ating in the negative mode. Reverse-phase chromatography
was performed using a Waters Acquity HSS T3 2.1x50 mm
column (Waters) with 1.8 um particle size with mobile
phase A of 15 mM acetic acid, 10 mM tributylamine, 5%
methanol and mobile phase B of 100% methanol. Neu5Ac
was detected using multiple reaction monitoring for frag-
ments 307.987 and 307.9170. 2-Ketobutyric acid (1 pg/mL)
was used as an injection standard. About 3x10° BPLER
and HMLER water-soluble metabolites were prepared as
for the NMR samples. Dried metabolites were dissolved in
I mL high-performance liquid chromatography-grade water.
Neu5Ac levels were measured using 10 pL injections.

Fluorescence microscopy

A total of 10,000 BPLER and HMLER cells were grown
on glass cover slips, washed with warm PBS and fixed with
4% paraformaldehyde for 20 minutes at room temperature.
Cells were washed twice and incubated with rhodamine-
labeled wheat germ agglutinin (WGA) (Vector Laboratories,
Burlingame, CA, USA) in PBS at a 1:1,000 dilution for
10 minutes. Cells were washed five times with PBS then
mounted onto slides. Images were acquired using a Zeiss
Axiovert 200M fluorescent microscope (Carl Zeiss AG,
Oberkochen, Germany).

Invasion assays

Cells were trypsinized and added (1.25x10° cells/well) in
WIT medium to three wells of BD BioCoat™ Matrigel
Invasion Chambers (BD Biosciences, Franklin Lakes, NJ,
USA). WIT medium containing 10% fetal calf serum was
added to the lower chamber. The invasion chambers were
processed 24 hours later as per the manufacturer’s protocols.
Invading cells were stained with crystal violet. Five random
fields from each of the triplicate invasion assays were counted
using phase contrast microscopy.

Neuraminidase treatment

Cells were trypsinized and added (1.25x10° cells/well) in
WIT medium to three wells of BD BioCoat™ Matrigel
Invasion Chambers (BD Biosciences) with 2 units of
neuraminidase (New England Biolabs, Ipswich, MA, USA).

The number of invading cells were stained with crystal violet
and processed as for the invasion assays.

Cell viability

Cell viability was assessed using a CellTiterGlo kit (Promega,
Madison, WI, USA) according to the manufacturer’s pro-
tocol. Chemiluminescence was measured using a BioTek
Synergy 2 Multi-Detection Microplate Reader (BioTek
Instruments, Inc., Winooski, VT, USA).

RNA analysis

Total RNA was extracted with Trizol (Invitrogen) and
cDNA prepared from 1 ug total RNA using Thermoscript
RT kit (Invitrogen) as per the manufacturer’s instructions.
About 2.5 uL of diluted cDNA (1:20) was used as template
for quantitative PCR using Power Sybr-Green Master Mix
(Applied Biosystems, Foster City, CA, USA) and BioRad
C1000 Thermal Cycler (BioRad, Hercules, CA, USA). Rela-
tive C, values were normalized to 3-actin and converted to
a linear scale using the ~AC, method.

Western blot

Protein lysates were prepared using RIPA buffer (150 mM
NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris pH 8.0, containing Complete Mini-protease
Inhibitor Cocktail [Roche, Basel, Switzerland]). Protein
concentration was determined using the BioRad DC Protein
Assay Kit (BioRad) and samples were resolved on 10%
SDS-PAGE gels and transferred using a Trans-Blot®* SD
Semi-Dry Transfer Cell (BioRad). Blots were probed with
antibodies to NANS (Abcam mouse pAb ab88899; Abcam,
Cambridge, UK), CMAS (Abcam mouse mAb ab57454;
Abcam), and o-tubulin (Sigma mouse mAb clone B-5-
1-2; Sigma, St Louis, MO, USA). Antibodies were diluted in
5% milk in TBS-T and incubated overnight at 4°C. Secondary
mouse HRP-conjugated antibodies were from Amersham
(Little Chalfont, UK). Protein signal was detected using the
ECL Plus kit (Amersham).

Stably knocked down cell lines

To generate cells with stably knocked down CMAS, we used
amodified pGreenPuro lentiviral vector (System Biosystems,
Mountain View, CA, USA) in which GFP was replaced
with RFP (pRFPpuro) vector. Oligos containing the CMAS
siRNA sequence (5-GTGTATGGGTTTCGACAGA-3")
and the complementary sequence (antisense CMAS) were
synthesized into a short-hairpin RNA as (GATCC-siCMAS-
CTTCCTGTCAGA-anti-sense CMAS-TTTTTG). Oligos
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were annealed and ligated into pRFPpuro. Resulting plasmids
were verified by sequencing and used to transfect HEK293T
packaging cells to generate lentivirus. Expression of RFP was
used to sort cells by flow cytometry (FACSAria, Beckton
Dickinson). After two rounds of sorting, we obtained a nearly
homogenous cell line stably knocked down for CMAS. RNA
and protein expression were reduced by >90% as verified
by qRT-PCR and immunoblot.

Tumor models

All animal procedures are approved by the Animal Care and
Use Committee of Harvard Medical School in compliance
with American Veterinary Medicine Association guidelines.
Exponentially growing cells were trypsinized with Tryple
Express (Invitrogen) and 5x10° cells were resuspended in a
1:1 WIT-Matrigel solution and injected subcutaneously in
the flanks of 4-week old NOD/SCID/IL2RYy”~ mice. Mice
were palpated for tumor formation and tumor size was mea-
sured every 3 days by caliper. Cell injection and monitoring
were in accordance with Harvard Center for Comparative
Medicine Tumor Guidelines and Guidelines for Survival of
Tumor-Bearing Animals. Tumor volumes were calculated
as volume (UL) = L x W2x0.4. Mice were sacrificed when
the tumor size exceeded 15 mm in diameter according to
American Veterinarian Medical Association Guidelines for
Euthanasia.

Results
Highly tumorigenic BPLER cells and less
aggressive HMLER cells differentially

catabolize glucose

To compare glucose metabolites generated in BPLER and
HMLER cells, we cultured both cells in glucose-free media
supplemented with uniformly labeled *C-glucose. Metabo-
lites derived from "*C-glucose were identified by *C-'H
HSQC spectroscopy. The HSQC spectra for both BPLER and
HMLER cells had well-resolved intense peaks, and replicate
samples showed nearly identical resonances. By overlaying the
HSQC spectra from both, cells we found that the intensity and
expression of some metabolite resonances differed between
the two cells (Figure 1A). Although many resonances varied
in intensity, we focused on the resonances that were unique to
BPLER. To identify the metabolite(s) that correspond to the
resonances upregulated in BPLER cells, we queried the Human
Metabolome Database (HMDB), which contains reference
NMR information for more than 7,000 detected metabolites.®’
Most of the BPLER-enriched resonances match resonances
for Neu5SAc (Figure 1C). To verify this assignment, the C-'H
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Figure | Neu5A is increased in BPLER.

Notes: (A) '*C-'H HSQC spectra of metabolite extracts of BPLER (red) and
HMLER (blue) cells. The zoomed in region (B) shows the metabolite resonances
enriched in BPLER compared to HMLER overlayed with chemical shift resonances
of Neu5Ac (C) (green circles). Increased Neu5Ac was also observed by multiple
reaction monitoring LC-MS relative to 2-ketobutyrate (D).

Abbreviations: HSQC, heteronuclear single quantum coherence; LC-MS, liquid
chromatography—mass spectroscopy; Neu5A, N-acetylneuraminic acid.
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HSQC reference spectrum of NeuSAc was downloaded from
the HMDB and compared to the BPLER and HMLER spec-
tra (positions indicated with circles in Figure 1B). Indeed,
all of the Neu5Ac resonances overlapped with resonances
specifically increased in the BPLER spectra, strongly sug-
gesting that they correspond to NeuS5Ac, and that BPLER
cells have increased Neu5SAc compared with HMLER. To
validate this assignment, we used liquid chromatography—mass
spectrometry to compare NeuSAc abundance in water-soluble
metabolite extracts of BPLER and HMLER, using NeuSAc as
a standard to determine retention time. Neu5Ac abundance was
analyzed using multiple reaction monitoring for two NeuSAc
fragments. Neu5Ac was ~7-fold more abundant in BPLER
cells than in HMLER cells (Figure 1D).

N-acetylneuraminic acid expression

correlates with invasiveness
Neu5Ac is the most abundant member of the sialic acid
family of sugars.'® Sialic acids are terminating residues on

glycosylation chains of cell surface glycoproteins.'! Increased
sialic acid levels are associated with metastasis.”>* The
mechanism that leads to increased sialic acid expression
remains unclear.”” Neu5Ac is generated through the hexo-
samine pathway, where multiple enzymes convert glucose
to UDP-N-acetylglucosamine (UDP-GlcNAc)'® (Figure 2A).
UDP-GIcNAc, the common precursor for all amino sugars
of glycoproteins, lipids, and proteoglycans, is converted
to NeuSAc by sequential action of glucosamine (UDP-
N-acetyl)-2-epimerase, NANS, and N-acetylneuraminic
acid phosphatase.'®!” Neu5Ac is then activated by CMAS
to cytidine-5-monophosphate N-acetylneuraminic acid
(CMP-Neu5Ac), which is transported to the Golgi where
Golgi sialyltransferases catalyze the transfer of Neu5Ac onto
terminal residues of glycoproteins and glycolipids.
Increased NeuSAc could suggest increased sialylation of
BPLER cell surface glycoproteins. To probe this, we compared
levels of cell surface sialylation in BPLER and HMLER cells
using a fluorescently labeled WGA that binds to NeuSAc

A
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Figure 2 (Continued)
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Notes: (A) In Neu5Ac biosynthesis glucose is first converted to UDP-GIcNAc by a series of enzymes in the cytosol. In two steps, GNE then converts UDP-GIcNAc to ManNAc
to ManNAc-6-P. NANS adds PEP to ManNAc-6-P to generate N-acetylneuraminic acid-9-phosphate (Neu5Ac-9-P). NANP removes the phosphate to produce Neu5Ac. In
the nucleus, CMAS activates Neu5Ac to CMP-Neu5Ac. In the Golgi, STs utilize CMP-Neu5Ac to attach Neu5Ac onto terminating residues of glycoproteins. (B) BPLER cells
are more heavily sialylated than HMLER cells demonstrated by WGA staining. (C) BPLER cells have increased ability to invade through a Matrigel-coated membrane, which is
abolished by treatment with neuraminidase. (D) Quantification of the average number of invading cells in three replicate experiments. Magnification x10.

Abbreviations: CMAS, cytidine monophosphate N-acetylneuraminic acid synthase; CMP-Neu5Ac, cytidine monophosphate N-acetylneuraminic acid; GNE, glucosamine
(UDP-N-acetyl)-2-epimerase; ManNAc, N-acetyl-D-mannosamine; ManNAc-6-P, N-acetyl-D-mannosamine-6-phosphate; NANP, N-acetylneuraminic acid phosphatase;
NANS, N-acetylneuraminic acid synthase; Neu5A, N-acetylneuraminic acid; PEP, phosphoenolpyruvate; ST, sialyltransferase; UDP-GlcNAc, UDP-N-acetylglucosamine; WGA,

wheat germ agglutinin.

residues on glycoproteins.'® BPLER cells showed more intense
fluorescence, suggesting BPLER cells are more heavily sialy-
lated (Figure 2B). Since increased sialylation has been linked to

12-14

metastasis,'>* invasion assays were used to test if sialylation

contributes to invasiveness of BPLER. Consistent with their
increased malignancy, ~5-fold more BPLER than HMLER
cells invaded through a 0.8 um porous membrane overlaid with
Matrigel (Figure 2C and D). Treating BPLER with 2 units of
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neuraminidase, which specifically removes 02-3, 02—6, and
02-8 linked Neu5 Ac residues from cell surface glycoproteins,'
completely abolished BPLER invasiveness, but had no effect
on HMLER invasivity (Figure 2C and D). Thus, sialylation
contributes to the ability of BPLER cells to invade.

CMAS expression is increased in TNBC
The enzyme CMAS activates NeuSAc to CMP-NeuSAc, which
is the critical common last step in glycoprotein sialylation.
Loss of CMAS decreases sialylation and inhibits the growth
of 231MFP breast xenografts in immunodeficient mice."
To determine whether CMAS expression contributes to the
aggressive phenotype of BPLER, we first compared CMAS
protein levels in BPLER and HMLER by immunoblot.
CMAS was readily detected in BPLER, but not HMLER, cell
extracts (Figure 3A). Levels of NANS, another enzyme in
Neu5Ac biosynthesis, and tubulin were similar in BPLER and
HMLER. CMAS was also readily detected in MDA-MB468,
another aggressive basal-like TNBC cell line, suggesting
that elevated CMAS expression might be a general feature
of highly malignant TNBC cell lines. To determine whether
CMAS overexpression is a common feature of human TNBC,
we used The Cancer Genome Atlas (TCGA) to analyze
CMAS mRNA expression in 1,182 human invasive breast
carcinomas. The tumors were separated into two groups,
TNBC and non-TNBC, based on mRNA expression of the
estrogen receptor (ESRI), progesterone (PGR), and HER2
(ERBB2) (Figure 3B). About 16.7% of the breast cancer
samples in the TCGA were classified as TNBC, consistent
with TNBC occurrence in 10%-20% of breast cancers.?
In the TNBC tumors compared to the non-TNBC tumors,
CMAS copy number variation (CNV) and mRNA were mod-
estly increased by 1.2-fold (P-value <8.7e-5) and 1.54-fold
(P-value <2.2e-16), respectively (Figure 3C). TNBCs, as a
diagnosis of exclusion, are very heterogeneous, and these
results suggest that increased CMAS and sialylation may be
a common feature of some subtypes of TNBC.

CMAS contributes to cell invasiveness

To explore the contribution of CMAS to malignancy, BPLER
cells were transfected with (siCMAS) or a nontargeting
control siRNA. Near complete knockdown was observed
(Figure 3A). Knockdown of CMAS modestly decreased
BPLER proliferation, while knockdown of PLKI, which
encodes a kinase required for cell division, as a positive
control strongly inhibited cell growth (Figure 4A). However,
CMAS knockdown nearly abolished BPLER invasiveness

through Matrigel (Figure 4B and C). Conversely, overex-
pression of CMAS in previously noninvasive HMLER cells
was sufficient to confer invasiveness. CMAS-overexpressing
HMLER invaded 8-fold more than vector-control-transduced
HMLER, surpassing the invasivity of BPLER (Figure 4D
and E). These results suggest that CMAS plays an important
role in invasion of these TNBC cell lines.

CMAS knockdown blocks tumor
initiation in mice

The ability to form xenografted tumors in vivo correlates
with cancer stem cell function and tumor aggressiveness.
To determine whether CMAS affects tumor initiation, we
compared tumor initiation by BPLER cells stably knocked
down for CMAS after infection with lentiviruses encoding
a CMAS shRNA (BPLER-shCMAS) with BPLER cells
infected with control lentiviruses (BPLER-EV) (Figure SA
and B). CMAS mRNA was reduced by >90% in BPLER-
shCMAS compared to BPLER-EV, and CMAS protein was
not detected in BPLER-shCMAS by immunoblot. When
5x10° BPLER-shCMAS or BPLER-EV cells were injected
subcutaneously into the flanks of 4-week old NOD/SCID/
IL2Ry”~ mice (N=4/group), the BPLER-EV tumors grew
and exceeded 15 mm by day 60 when the mice had to be
sacrificed (Figure 5C). By contrast, no tumors were detected
in mice injected with BPLER-shCMAS. These results sug-
gest that CMAS is critical, not only for invasivity, but also
for tumor initiation.

Discussion

The metabolic output of a cell is influenced by functional
genomic, transcriptomic, and proteomic networks. Here we
utilized an unbiased NMR metabolite-screening platform to
follow glucose catabolism in the highly tumorigenic BPLER
cell line and compare it to glucose products in the less aggres-
sive HMLER cell line. Many metabolite resonances were
comparable between cells. A small number of metabolite
resonances were only detected in BPLER. A similar number
was unique to HMLER cells. To gain a complete understand-
ing of the metabolic pathways in these cells, future work
could examine all of these differences. Here we focused on
the metabolite resonances unique to BPLER. We matched
these resonances with reference compounds in the HMDB,
which identified Neu5Ac as a potential metabolite enriched
in BPLER cells. All the resonances in the reference *C-'H
HSQC spectra of Neu5Ac corresponded to resonances
only detected in BPLER cells. Liquid chromatography—
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Notes: (A) CMAS protein was detected in aggressive BPLER and MDA-MB468 TNBC cells, but not in HMLER by immunoblot. NANS, another Neu5Ac biosynthetic enzyme,
was detected in all cell lines. Tubulin was used as a loading control. (B) TNBC patients were identified by identifying breast cancer patients with low levels of ESR/, PGR, and
Her2 mRNA in TCGA. (C) Boxplot analysis confirmed the TNBC tumors have increased CMAS CNV and mRNA levels. Vertical axes display log2-transformed and normalized

data according to mean centering for each gene across all samples.

Abbreviations: CMAS, cytidine monophosphate N-acetylneuraminic acid synthase; CNV, copy number variation; NANS, N-acetylneuraminic acid synthase; TCGA, The

Cancer Genome Atlas.
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Figure 4 CMAS expression controls invasiveness.

Notes: Knockdown of CMAS modestly decreases BPLER cell proliferation (A), but abolishes BPLER invasion (B and D). Reciprocally, CMAS overexpression in HMLER
increases the number of invading cells (C and E). Representative images and the average number of migrating cells and SD of three replicate experiments are shown.
Abbreviation: CMAS, cytidine monophosphate N-acetylneuraminic acid synthase.
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Figure 5 CMAS expression is required for tumor initiation.

Time (days)

Notes: (A) qRT-PCR and (B) immunoblot indicating BPLER-shCMAS cells have decreased CMAS expression. 5x10° BPLER-EV or BPLER-shCMAS cells were injected
subcutaneously into the flanks of 4-week-old NOD/SCID/IL2Ry™" mice (N=4/group) and (C) tumor size was recorded every 3 days. The average tumor volume and SD for
each group of mice are shown. No palpable tumors were detected in mice injected with BPLER-shCMAS cells during this time period.

Abbreviations: BPLER-EV, BPLER cells infected with control lentiviruses; BPLER-shCMAS, BPLER cells stably knocked down for CMAS after infection with lentiviruses
encoding a CMAS shRNA; CMAS, cytidine monophosphate N-acetylneuraminic acid synthase.

mass spectroscopy analysis further confirmed that Neu5Ac
is ~7-fold more abundant in BPLER cells as compared to
HMLER cells.

NeuSAc is the most abundant sialic acid family
sugar that is added as the terminal residue to cell surface
glycoproteins.!®!?122 Expression of Neu5SAc confers muci-
nous properties to epithelial cell surfaces, providing a lubricant
that makes them “slimy” and interferes with adhesion.!4232
Perhaps then it is not surprising that cells with more NeuSAc
have a more sialylated surface and are more invasive. Indeed,
we found that BPLER was much more heavily sialylated
than HMLER by staining with WGA. Sialylation mediates
numerous biological processes including masking antigenic
determinants, 2 altering cell—cell recognition, cell-contact

inhibition,” cellular migration'®?® and new evidence suggests
a role in transcriptional regulation."

Increased NeuS5Ac has also been observed in many
metastatic tumors.'>'4?* Consistent with the literature,
we observed NeuSAc expression correlated with cellular
invasiveness. Using invasion assays, we showed that more
BPLER cells invaded through a 0.8 pum porous membrane
overlaid with Matrigel as compared to HMLER cells. The
ability of highly malignant BPLER cells to invade through
the membrane was lost after neuraminidase treatment.
Neuraminidase treatment only slightly reduced the ability
of HMLER cells to invade. HMLER cells produce much
less NeuSAc and have much less surface sialylation. Iden-
tifying BPLER-specific NeuSAc containing proteins in the
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future may pinpoint specific glycoproteins that are critical
for invasion.

The activation step required to transfer NeuSAc to gly-
coproteins is performed by the enzyme CMAS. CMAS is
expressed in both eukaryotic and prokaryotic organisms.*
In pathogenic bacteria, CMAS is a virulence factor catalyzing
the production of sialylated proteins that mimic host
proteins.**3! In humans, a prominent role of CMAS in cancer
is just beginning to unfold. A report using cancer-specific
high-throughput annotation of somatic mutations, identified
genetic mutations in 18 genes including CMAS as important
for pancreatic cancer.’> CMAS-dependent increased sialyla-
tion has been reported to drive tumorigenicity of transformed
breast cancer cells.!” Knockout of CMAS decreases breast
cancer metastasis to the lung in mouse models.* Further,
high levels of sialic acid genes including CMAS gene are
associated with decreased patient survival.>* Here, we showed
that CMAS protein expression was markedly increased
in two highly tumorigenic TNBC cell lines. In addition,
many TNBC patient tumors also have increased CMAS
expression. Furthermore, siRNA knockdown of CMAS
drastically reduced the number of invading BPLER cells
while overexpressing CMAS in HMLER cells increased
their invasiveness. BPLER cells with stably knocked down
CMAS were unable to form tumors in mice. These results
suggest that CMAS is a critical regulator of invasion and
tumor initiation. Collectively, our results suggest CMAS
could represent a metabolic node commonly heightened in
TNBC and other cancers.

Conclusion

TNBCs are aggressive tumors, with high rates of metastasis
and reoccurrence. Currently, no tailored treatments exist for
this cancer subtype. We found that glucose metabolism in
TNBC cell lines has increased production of Neu5Ac and that
Neu5Ac modification of cell surface proteins is critical for
the invasivity of TNBC cells. Knockdown of CMAS, a key
enzyme in Neu5Ac biosynthesis, inhibits invasivity and has
anticancer activity in TNBC xenografts. Our results identify
the NeuSAc biosynthetic pathway as a potential therapeutic
target for TNBC.
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