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Abstract

The maintenance of diminished acid ceramidase (ASAH1) gene expression leading to
the accumulation of antiproliferative intracellular ceramides in oral squamous cell car-
cinoma (OSCC) has emerged as a prospective oral cancer therapeutic regimen. Our
published study demonstrated that the key periodontal pathogen Porphyromonas gin-
givalis downregulates the expression patterns of ASAHI mRNA in normal epithelial
cells in vitro. Therefore, P. gingivalis may also beneficially diminish the expression of
ASAH1 in OSCC. Because a uniquely structured P. gingivalis-derived phosphoethanola-
mine dihydroceramide (PEDHC) inhibits the proliferation of normal human fibroblasts,
this study aimed to test the effect of PEDHC on the survival of human oral squamous
OECM-1 cells in vitro. We demonstrated that the P. gingivalis dihydroceramide-null
(APG1780) strain upregulates the expression of ASAH1 mRNA and promotes aggres-
sive proliferation and migration of OECM-1 cells compared to the parent P. gingivalis-
W83 strain. In addition, the intracellular concentration of ceramides was dramatically
elevated in OECM-1 cells exposed to PEDHC in vitro. Furthermore, PEDHC inhibited
expression patterns of ASAH1 mRNA as well as some genes associated with degra-
dation of the basement membranes and extracellular matrix, for example, MMP-2,
ADAM-17 and IL-6, in OECM-1 cells. Altogether, these data indicated that PEDHC
produced by P. gingivalis inhibits acid ceramidase expression, promotes intracellular
ceramide accumulation and suppresses the survival and migration of OSCC cells in
vitro. Further studies are needed to determine molecular mechanisms of PEDHC-

mediated inhibitory effect(s) on OSCC using in vivo models of oral cancer.
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1 | INTRODUCTION

Oral squamous cell carcinoma (OSCC) is one of the most common
malignant cancers of the head and neck and is among the top 10
common cancers worldwide.! Notably, OSCC can alter sphingo-
lipid metabolism towards increasing proliferative species such as
sphingosine-1-phosphate (S1P) while decreasing antiproliferative
species such as ceramide. Furthermore, the ceramide/S1P ratio is
regulated by acid ceramidase (ASAH1).2® Therefore, the mainte-
nance of diminished ASAH1 gene expression leading to the accumu-
lation of intracellular ceramide in OSCC has emerged as a potential
objective for oral cancer therapy.

We previously reported that infection with oral bacteria
Porphyromonas gingivalis downregulates the expression of ASAH1
mRNA in normal epithelial cells, thus promoting inflammation and
cell apoptosis associated with periodontal disease.* Emerging ev-
idence demonstrated that a uniquely structured phosphoetha-
nolamine dihydroceramide (PEDHC), produced by microbes from
Bacteroides spp., including P. gingivalis, contributes to intracellular
ceramide accumulation in normal epithelial tissue.>® While the as-
sociation of P. gingivalis with oral and neck cancer pathology was
intensively studied,”® the effects of P. gingivalis-derived PEDHC on
the OSCC remains unclear.

In this study, we investigated the impact of P. gingivalis-W83,
W83-dihydroceramide null mutant strain (APG1780) and PEDHC on
the proliferation and migration of OSCC in vitro. Here, we also ad-
dressed whether PEDHC affects intracellular ceramide metabolism
in OSCC.

2 | MATERIALS AND METHODS

Detailed materials and methods are provided in the Supplementary
Material and Methods.

3 | RESULTS AND DISCUSSION

Among the known clinically relevant P. gingivalis strains, the W83
strain contributes to severe periodontitis in various experimental
mouse models.”1° Therefore, P. gingivalis-W83 and APG1780 were
used to infect healthy human oral gingival OBA-9 and squamous
cell carcinoma OECM-1 cells in vitro. To our knowledge, exposure
of OBA-9 cells to either P. gingivalis-W83 or APG1780 signifi-
cantly inhibited their proliferation. In contrast, no or little effect
of P. gingivalis-W83 was observed on the proliferation of OECM-1
cells, whereas exposure to APG1780 increased the proliferation of
OECM-1 cells (Figure 1A). We also observed that exposure to live
P. gingivalis-W83 or APG1780 significantly elevated migration of
OECM-1 cells compared to a non-infected controls, with the mu-
tant strain being more effective than the wild-type strain (Figure 1B,
C). Furthermore, APG1780 significantly elevated the expression of
NF-kB, MMP2, ADAM17 and IL.-6 mRNAs in OECM-1 compared to

the parent P. gingivalis-W83 strain (Figure 1D). These results sug-
gest that P. gingivalis-W83 inhibits proliferation and migration of
OECM-1 cells when it can synthesize dihydroceramide sphingolipids.
However, a recently published systemic review highlighted the rela-
tionships between P. gingivalis ATCC33277 and 381 strains in OSCC
development.t!

Because our dataindicated that the incubation with the APG1780
strain promotes the proliferation of OECM-1 oral squamous car-
cinoma cells (Figure 1), we next examined the impact of PEDHC,
purified from P. gingivalis, on the proliferation of OECM-1 cells in
vitro. The viability of OECM-1 cells was significantly reduced in the
presence of PEDHC (Figure 1E). Furthermore, PEDHC also inhibited
migration of OECM-1 cells (Figure 1F, G) and expression patterns of
NF-kB, MMP2, ADAM17 and IL-6 mRNAs in vitro (Figure 1H). In addi-
tion, PEDHC significantly increased concentrations of ceramides in
OECM-1 cells compared to the control group (Figure S1), indicating
that PEDHC elevates the intracellular concentrations of ceramides
in oral squamous carcinoma cells in vitro. It was reported that the
decreased intracellular ceramide species positively correlate with an
elevated proliferation of OSCC 1213

The critically low concentration of intracellular ceramide sphin-
golipids in oral squamous carcinoma could be caused by increased
ceramidases activity which occupies a powerful position in the ca-
tabolism of pro-apoptotic ceramide and generation of pro-survival
S1P bioactive lipid.1*"® Among the known ceramidases, the expres-
sion pattern of acid ceramidase (ASAH1) mRNA was dramatically el-
evated in OECM-1 cells compared to OBA-9 cells (Figure S2). Since
we reported that only ASAH1 was inhibited in normal OBA-9 cells
by P. gingivalis-ATCC3327 strain,* we validated the effect(s) of the
acid ceramidase chemical inhibitor LCL-521 on the proliferation and
migration of oral OECM-1 squamous cells. As expected, LCL-521 sig-
nificantly reduced the expression of ASAH1 mRNA in OECM1 cells
in a concentration-dependent manner (Figure S3A). Furthermore,
expression of NF-kB, MMP2, ADAM17 and IL6 genes were dimin-
ished in OECM-1 cells exposed to LCL-521 (Figure S3B). We also de-
tected that LCL-521 downregulated expression of S1PR1, and S1PR3
mRNAs (Figure S3C). These S1PR1 and S1PR3 congenic receptors
are significant in the S1P-mediated survival and chemotaxis of can-
cer cells.*4Y7 Finally, we also observed that the viability and migra-
tion of OECM-1 were significantly inhibited by LCL-521 compared to
the sham control (Figure S3B-D).

Because our data indicated that acid ceramidase plays an es-
sential role in the regulation of cancer cell viability, we postulated
next that PEDHC affects OECM-1 survival via downregulation of
ASAH1 mRNA. Exposure of OECM-1 cells to the APG1780 strain
significantly elevated the expression of ASAHI mRNA when com-
pared to P. gingivalis-W83. Furthermore, we observed no significant
effect of P. gingivalis-W83 on the ASAH1 expression in OECM-1
cells (Figure S4A). In addition, a concentration-dependent down-
regulation of ASAH1 was observed in OECM-1 cells exposed to the
PEDHC (Figure S4B). These data agree with earlier published obser-
vations indicating that acid ceramidase is critical in the survival of

cancer stem cells in melanoma, glioblastoma and colon cancer.>*®
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FIGURE 1 Effect of live Porphyromonas gingivalis (P.g) dihydroceramide sphingolipids null APG1780 (P.g-SphN""), and P. gingivalis-W83
wild-type (P.g-WT) control strains, and isolated PEDHC on the proliferation and migration of oral squamous OECM-1. (A) Proliferation of
oral squamous cancer OECM-1 cells in the presence of P.g-WT and P.g-Sth”" strains. (B) Representative images of scratched and recovered
wounded areas (marked by black lines) on confluence monolayers of OECM-1 cancer cells at different time points exposed to P.g-WT and
P.g-Sth“” strains. (C) A semi-quantitative analysis of wound closure. (D) Expression of genes associated with degradation of the basement
membrane and extracellular matrix, including NF-kB, MMP2, ADAM17, and IL-6 in OECM-1 cells. (E) Proliferation of oral squamous cancer
OECM-1 cells in the presence of various concentrations of PEDHC solution in PBS or PBS alone. (F) Representative images of scratched and
recovered wounded areas (marked by black lines) on confluence monolayers of OECM-1 cancer cells at different time points exposed to
PEDHC or control (no PEDHC) cells. (G) A semi-quantitative analysis of wound closure. (H) Expression of genes associated with degradation
of the basement membrane and extracellular matrix, including NF-kB, MMP2, ADAM17, and IL-6 in OECM-1 cells. Data are shown from
three independent experiments. *p <0.05, **p <0.01, ***p <0.001.
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Furthermore, it was also demonstrated that genetic and pharmaco-
logical inhibition of acid ceramidase prevents asymmetric cell divi-
sion, which is frequently observed in cancer patients.’ Therefore,
the maintenance of diminished acid ceramidase expression or ac-
tivity leading to the accumulation of intracellular ceramide in OSCC
and other types of cancer has emerged as a potential objective for
cancer therapy.?%2?

Finally, we tested the impact of PEDHC on the S1P-mediated mi-

gration of OECM1 and the expression of SIPR1 and S1PR3 receptors.

To our knowledge, migration of OECM-1 cells significantly elevated
in response to S1P (Figure 2A, B). In contrast, the S1P-mediated
migration of OECM-1 was diminished in the presence of PEDHC in
vitro. In addition, PEDHC downregulated the expression patterns
of NF-kB, and IL6 mRNAs as well as SIPR1 and S1PR3 mRNAs in
OECM-1 cells elicited by S1P (Figure 2C, D; Figure S4B). Besides the
positive pleiotropic impact of S1P on physiological chemoattraction,
several studies also reported that the ligation of S1P to its S1IPR1
and S1PR3 congenic receptors promotes chemotactic migration of
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FIGURE 2 Porphyromonas gingivalis-derived PEDHC inhibits S1P-mediated migration of OECM-1 cells. Representative images (A)

and migration quantification (B) of oral squamous OECM-1 cells at different time points exposed to S1P (1 M) alone or in combination
with PEDHC (1 ug/mL). Expression patterns of S1PR receptors, SIPR1 and S1PR3, (C) and genes associated with degradation of the
basement membrane and extracellular matrix, including NF-kB, MMP2, ADAM17, and IL-6 (D) in OECM-1 cells. Data are shown from three

independent experiments. *p <0.05, **p <0.01, ***p <0.001.
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cancer cells.” More specifically, 51P/S1PR1 axis accelerates tumour
progression by upregulating IL-6.%2 In addition, SIPR1 can also acti-
vate ERK to enhance cell survival and promote cell migration in fi-
brosarcoma and Hodgkin Iymphoma.23 Furthermore, human breast
cancers predominantly express S1PR3.2* Our data also agree with
earlier published observations indicating that the bacterial-derived
lipids induce host immune responses and contribute to the S1P-
mediated signalling.>?°

Collectively, these data indicated that PEDHC downregulates
the expression of ASAH1 mRNA leading to the diminished survival
of OECM-1 cells via the accumulation of intracellular apoptotic ce-
ramides in vitro. In addition, P. gingivalis-derived PEDHC could also
reduce the S1P-mediated migration of OECM-1, supporting our key
finding that PEDHC plays a crucial inhibitory impact on the survival
and migration of oral squamous carcinoma cells. To fully determine
the role of PEDHC in cancer pathophysiology, further experimen-
tal steps should bring us closer to identifying and validating novel
therapeutic targets and regimens for oral cancer. Most certainly, we
will have gained a deeper insight into the relationships among oral
bacterial virulence factors, host acid ceramidase and intracellular

ceramides in the context of OSCC.

AUTHOR CONTRIBUTIONS

Chiaki Yamada: Conceptualization (equal); data curation (equal);
investigation (lead); methodology (equal); project administra-
tion (equal); writing - original draft (lead). Anny Ho: Data curation
(equal); investigation (equal); methodology (equal); project admin-
istration (equal). Amilia Nusbaum: Formal analysis (equal); inves-
tigation (equal); methodology (equal). Ruijuan Xu: Data curation
(equal); formal analysis (equal); methodology (equal). Mary Ellen
Davey: Funding acquisition (equal); investigation (equal); methodol-
ogy (equal); resources (equal); writing - original draft (equal). Frank
Nichols: Data curation (equal); resources (equal); writing - original
draft (equal). Cungui Mao: Data curation (equal); funding acquisi-
tion (equal); methodology (equal); writing - original draft (equal).
Alexandru Movila: Conceptualization (equal); data curation (equal);
formal analysis (lead); funding acquisition (lead); resources (lead);

validation (lead); writing - original draft (equal).

ACKNOWLEDGEMENTS

Research reported in this publication was supported by
the National Institutes of Health under award numbers
RO1AG064003, RO3DE027153 (A.M.), P01CA097132 (MCQC),
RO1DEO19117 (MED), RO1DE027642 (FN). The immortalized
human gingival epithelial cell line, OBA-9, was developed by Dr.
Shinya Murakami (Osaka University) and validated in our previ-
ously published study.*

CONFLICT OF INTEREST STATEMENT

The authors have no conflicts of interest to declare.

DATA AVAILABILITY STATEMENT
Data available on request from the authors.

ORCID

Alexandru Movila "= https://orcid.org/0000-0001-9827-7347

REFERENCES

1. Chamoli A, Gosavi AS, Shirwadkar UP, et al. Overview of oral cavity
squamous cell carcinoma: risk factors, mechanisms, and diagnos-
tics. Oral Oncol. 2021;121:105451.

2. Doan NB, Alhajala H, al-Gizawiy MM, et al. Acid ceramidase and its
inhibitors: a de novo drug target and a new class of drugs for kill-
ing glioblastoma cancer stem cells with high efficiency. Oncotarget.
2017;8(68):112662-112674.

3. Maceyka M, Harikumar KB, Milstien S, Spiegel S. Sphingosine-
1-phosphate signaling and its role in disease. Trends Cell Biol.
2012;22(1):50-60.

4. Azuma MM, Balani P, Boisvert H, et al. Endogenous acid cera-
midase protects epithelial cells from Porphyromonas gingivalis-
induced inflammation in vitro. Biochem Biophys Res Commun.
2018;495(4):2383-2389.

5. Johnson EL, Heaver SL, Waters JL, et al. Sphingolipids produced
by gut bacteria enter host metabolic pathways impacting ceramide
levels. Nat Commun. 2020;11(1):2471.

6. Nichols FC, Yao X, Bajrami B, et al. Phosphorylated dihydrocera-
mides from common human bacteria are recovered in human tis-
sues. PLoS One. 2011;6(2):e16771.

7. Wen L, MuW, Lu H, et al. Porphyromonas gingivalis promotes oral
squamous cell carcinoma progression in an immune microenviron-
ment. J Dent Res. 2020;99(6):666-675.

8. Xiao L, Zhang Q, Peng Y, Wang D, Liu Y. The effect of periodon-
tal bacteria infection on incidence and prognosis of cancer:
a systematic review and meta-analysis. Medicine (Baltimore).
2020;99(15):e19698.

9. Coats SR, Kantrong N, To TT, et al. The distinct immune-stimulatory
capacities of Porphyromonas gingivalis strains 381 and ATCC 33277
are determined by the fimB allele and gingipain activity. Infect
Immun. 2019:87(12):e00319-19.

10. Maekawa T, Takahashi N, Tabeta K, et al. Chronic oral infection with
Porphyromonas gingivalis accelerates atheroma formation by shift-
ing the lipid profile. PLoS One. 2011;6(5):20240.

11. Lafuente lbanez de Mendoza |, Mendia XM, de la Fuente AMG,
Andrés GQ, Urizar JMA. Role of Porphyromonas gingivalis in oral
squamous cell carcinoma development: a systematic review. J
Periodontal Res. 2020;55(1):13-22.

12. Karahatay S, Thomas K, Koybasi S, et al. Clinical relevance of ce-
ramide metabolism in the pathogenesis of human head and neck
squamous cell carcinoma (HNSCC): attenuation of C(18)-ceramide
in HNSCC tumors correlates with lymphovascular invasion and
nodal metastasis. Cancer Lett. 2007;256(1):101-111.

13. Chen W, WuC, Chen, et al. Downregulation of ceramide synthase
1 promotes oral cancer through endoplasmic reticulum stress. Int J
Oral Sci. 2021;13(1):10.

14. Beckham TH, Cheng JC, Lu P, et al. Acid ceramidase induces sphin-
gosine kinase 1/S1P receptor 2-mediated activation of oncogenic
Akt signaling. Oncogenesis. 2013;2:e49.

15. Beckham TH, Lu P, Cheng JC, et al. Acid ceramidase-mediated
production of sphingosine 1-phosphate promotes prostate can-
cer invasion through upregulation of cathepsin B. Int J Cancer.
2012;131(9):2034-2043.

16. Faedo RR, da Silva G, da Silva RM, et al. Sphingolipids signature
in plasma and tissue as diagnostic and prognostic tools in oral
squamous cell carcinoma. Biochim Biophys Acta Mol Cell Biol Lipids.
2022;1867(1):159057.

17. Nema R et al. Emerging role of sphingosine-1-phosphate signal-
ing in head and neck squamous cell carcinoma. Onco Targets Ther.
2016;9:3269-3280.

5U017 SUOLULIOD AR 3|01 ddke aU Ag poueA0B 812 SOPILE YO 95N JO'S3N. 10} ARIGITBUIUO AB|IA UO (SUONIPUOD-PLB-SLLLBILLC" BN A2 1[BU1|UO//:SA1Y) SUOIPUOD PUE SWLLB | 81 39S *[£202/2T/6T ] Uo ARig1 T 8UIUO ABIIM * [IBPO 258r AQ 2224 T WWO/TTTT'0T/I0p/w00™A3 1w AIRIqIRUIUO//SANY WOIJ POPRO|UMOQ ‘6 ‘EZ0Z ‘E6rZ8ST


https://orcid.org/0000-0001-9827-7347
https://orcid.org/0000-0001-9827-7347

YAMADA ET AL. 1295
WI LEYJ—

18. Lai M, Realini N, La Ferla M, et al. Complete acid ceramidase abla- 25. Kunisawa J, Kiyono H. Immunological function of sphingosine
tion prevents cancer-initiating cell formation in melanoma cells. Sci 1-phosphate in the intestine. Nutrients. 2012;4(3):154-166.
Rep. 2017;7(1):7411.

19. White-Gilbertson S, Lu P, Norris JS, Voelkel-Johnson C. Genetic
and pharmacological inhibition of acid ceramidase prevents asym- SUPPORTING INFORMATION
metric cell division by neosis. J Lipid Res. 2019;60(7):1225-1235.

20. Realini N, Palese F, Pizzirani D, et al. Acid ceramidase in melanoma:
expression, localization, and effects of pharmacological inhibition. Supporting Information section at the end of this article.
J Biol Chem. 2016;291(5):2422-2434.

21. Taniai T, Shirai Y, Shimada Y, et al. Inhibition of acid ceramidase
elicits mitochondrial dysfunction and oxidative stress in pancreatic
cancer cells. Cancer Sci. 2021;112(11):4570-4579.

22. Lee H, Deng J, Kujawski M, et al. STAT3-induced S1PR1 expres-
sion is crucial for persistent STAT3 activation in tumors. Nat Med.

Additional supporting information can be found online in the

How to cite this article: Yamada C, Ho A, Nusbaum A, et al.
Inhibitory effect of Porphyromonas gingivalis-derived

2010;16(12):1421-1428. phosphoethanolamine dihydroceramide on acid ceramidase
23. Wang P, Yuan Y, Lin W, Zhong H, Xu K, Qi X. Roles of sphingosine- expression in oral squamous cells. J Cell Mol Med.
1-phosphate signaling in cancer. Cancer Cell Int. 2019;19:295. 2023;27:1290-1295. doi:10.1111/jcmm.17722

24. Dolezalova H, Shankar G, Huang MC, Bikle DD, Goetzl EJ.
Biochemical regulation of breast cancer cell expression of S1P2
(Edg-5) and S1P3 (Edg-3) G protein-coupled receptors for sphin-
gosine 1-phosphate. J Cell Biochem. 2003;88(4):732-743.

5U017 SUOLULIOD AR 3|01 ddke aU Ag poueA0B 812 SOPILE YO 95N JO'S3N. 10} ARIGITBUIUO AB|IA UO (SUONIPUOD-PLB-SLLLBILLC" BN A2 1[BU1|UO//:SA1Y) SUOIPUOD PUE SWLLB | 81 39S *[£202/2T/6T ] Uo ARig1 T 8UIUO ABIIM * [IBPO 258r AQ 2224 T WWO/TTTT'0T/I0p/w00™A3 1w AIRIqIRUIUO//SANY WOIJ POPRO|UMOQ ‘6 ‘EZ0Z ‘E6rZ8ST


https://doi.org/10.1111/jcmm.17722

	Inhibitory effect of Porphyromonas gingivalis-­derived phosphoethanolamine dihydroceramide on acid ceramidase expression in oral squamous cells
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	3|RESULTS AND DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


