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Editorial

Epigenetic effects of pharmacologic ascorbate

Garett J. Steers, Rory S. Carroll, Brianne R. O’Leary and Joseph J. Cullen

Pancreatic cancer continues to carry a grim prognosis
with a 5-year overall survival of 10% but a dismal 3%
with metastatic disease, numbers that have changed little
over the last decade despite advances in chemotherapy
[1]. This is due to a number of factors including advanced
stage at diagnosis and resistance to radio-chemotherapy.
Recently, pharmacologic ascorbate (ascorbic acid,
ascorbate, P-AscH") given at high intravenous doses has
been investigated as an adjuvant to chemotherapy and
radiation therapy in the treatment of pancreatic cancer.
P-AscH" has been shown to act as an oxidizing agent at
high doses, generating hydrogen peroxide (H,0,) to cancer
cells resulting in selective cytotoxicity while protecting
normal tissue [2—8]. Recent studies have shown P-AscH-
also suppresses cancer cell growth through epigenetic
mechanisms, namely DNA demethylation [9].

DNA hypermethylation and subsequent decreased
gene expression has been observed across multiple
malignancies including acute myeloid leukemia,
hepatocellular carcinoma, lung cancer, colorectal cancer,
and ovarian cancer [10-14]. Decreased expression
of tumor suppressor genes is believed to mediate this
process. In addition to generating reactive oxygen species,
P-AscH: has an epigenetic role as a cofactor for the ten-
elevation translocation (TET) methylcytosine dioxygenase
family of enzymes, responsible for DNA demethylation
primarily at gene promotor regions resulting in increased
downstream gene expression [15, 16]. One such family of
genes that has been identified and characterized in several
malignancies is the dual oxidase (DUOX1 and DUOX2)
enzymes of the NADPH oxidase family.

The NADPH oxidase (NOX) family of enzymes
is defined by their ability to produce reactive oxygen
species (ROS) [17]. Out of the seven members of this
group, DUOX1 and DUOX2 are unique in that they
specifically only produce H,O,, and in fact are activated
by H,O, [18]. The DUOX enzymes have been reported
in epithelial tissues, including the pancreas, and may
play a role in cancer progression and response to therapy
in pancreatic cancer. For example, decreased DUOX
expression has been shown to increase epithelial to
mesenchymal transition (EMT), while DUOX restoration
decreases cancer cells’ ability to grow colonies in vitro
[11]. Although the downregulation of DUOXI1 and
DUOX2 has been implicated in many cancers where their
downregulation correlates with decreased overall survival,
their role in pancreatic cancer was largely unknown [10—
12, 19]. Recently our group demonstrated significant
downregulation of both DUOX1 and DUOX2 across
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multiple pancreatic cell lines [20]. Baseline mRNA levels
of the DUOX enzymes were increased in pancreatic cancer
cells after treatment with P-AscH" in a dose- and time-
dependent manner, but unchanged in normal pancreatic
ductal epithelial cells. In addition, there were sustained
increases in ROS 48 hours after just one hour of treatment
with P-AscH". These increases were reversed with the
addition of catalase, suggesting the sustained effects
were dependent on the initial increase of H,O, induced
by P-AscH". To determine the source of this increased
oxidation, a mitochondrial stress test demonstrated
increases in non-mitochondrial respiration, supporting the
hypothesis that the NOX family enzymes may contribute
to this late, sustained oxidative stress. Inhibiting the
DUOX enzymes partially reversed P-AscH™ -induced
cytotoxicity, suggesting P-AscH-induced increases in
DUOX enzymes contributes to its cytotoxic effects on
pancreatic cancer cells. P-AscH™ may mediate these effects
via two pathways including ascorbate oxidation leading
to generation of H,O, and epigenetic enhancement of
TET, leading to DNA demethylation and increased gene
expression including DUOX1 and DUOX2 resulting in
sustained H,O, production.

An alternative pathway to inducing DNA
demethylation is via inhibition of the DNA
methyltransferase (DNMT) family of enzymes,

responsible for the methylation of CpG base pairs in
DNA promoter regions. DNMT1 and DNMT3 are
overexpressed in multiple cancers including pancreatic
cancer [21]. DNMT inhibitors such as azacytidine and
decitabine, which act as cytidine analogs, are commonly
utilized in the treatment of myelodysplastic syndrome
and acute myeloid leukemia [22-25]. These therapies
have been studied in multiple solid organ malignancies,
and in fact have been shown to increase immunotherapy
effectiveness in pancreatic cancer models [26]. However,
they have not been adopted into standard of care for solid
malignancies. DNMT inhibitors could possibly have
similar effects as P-AscH™ on the expression of DUOX in
pancreatic cancer leading to increased H,O, production
and cytotoxicity. Additionally, P-AscH™ in combination
with a DNMT inhibitor may offer a therapeutic advantage
in the treatment of pancreatic cancer through both direct
cytotoxic mechanisms and epigenetic alterations.

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

Oncotarget




FUNDING

Supported by NIH grants PO1CA217797 and
CA1480062.

Joseph J. Cullen: Department of Surgery, University of
Iowa Hospitals and Clinics, Iowa City, IA 52242, USA
“GS and RC contributed equally to this work

Correspondence to: Joseph J. Cullen,
email joseph-cullen@uiowa.edu

Keywords: pancreatic cancer; pharmacological ascorbate;
dual oxidases; catalase; hydrogen peroxide

Received: February 09, 2021
Published: April 27, 2021

REFERENCES

1. Siegel RL, et al. CA Cancer J Clin. 2021; 71:7-33. https://
doi.org/10.3322/caac.21654. [PubMed]

2. Chen Q, et al. Proc Natl Acad Sci U S A. 2005; 102:13604-9.
https://doi.org/10.1073/pnas.0506390102. [PubMed]

3. Chen Q, et al. Proc Natl Acad Sci U S A. 2007; 104:8749-54.
https://doi.org/10.1073/pnas.0702854104. [PubMed]

4. Dul, et al. Clin Cancer Res. 2010; 16:509-20. https://doi.
org/10.1158/1078-0432.CCR-09-1713. [PubMed]

5. Welsh JL, et al. Cancer Chemother Pharmacol. 2013;
71:765-75. https://doi.org/10.1007/s00280-013-2070-8.
[PubMed]

6. Du J, et al. Cancer Res. 2015; 75:3314-26. https://doi.
org/10.1158/0008-5472.CAN-14-1707. [PubMed]

7. Alexander MS, et al. Cancer Res. 2018; 78:6838-6851.
https://doi.org/10.1158/0008-5472.CAN-18-1680.
[PubMed]

8. Schoenfeld JD, et al. Semin Radiat Oncol. 2019; 29:25-32.
https://doi.org/10.1016/j.semradonc.2018.10.006. [PubMed]

9. Mastrangelo D, et al. Blood Cells Mol Dis. 2018; 69:57-64.
https://doi.org/10.1016/j.becmd.2017.09.005. [PubMed]

10. Ling Q, et al. Am J Cancer Res. 2014; 4:508-17. [PubMed]

11. Little AC, et al. Oncogenesis. 2016; 5:e261. https://doi.
org/10.1038/oncsis.2016.61. [PubMed]

12. Luxen S, et al. Cancer Res. 2008; 68:1037—45. https://doi.
org/10.1158/0008-5472.CAN-07-5782. [PubMed]

www.oncotarget.com

877

13. Losi L, et al. J Ovarian Res. 2019; 12:62. https://doi.
org/10.1186/s13048-019-0536-y. [PubMed]

14. Weisenberger DJ, et al. Oncogene. 2018; 37:566-577.
https://doi.org/10.1038/onc.2017.374. [PubMed]

15. Minor EA, et al. J Biol Chem. 2013; 288:13669—-74. https://
doi.org/10.1074/jbc.C113.464800. [PubMed]

16. Tahiliani M, et al. Science. 2009; 324:930-5. https://doi.
org/10.1126/science.1170116. [PubMed]

17. Panday A, et al. Cell Mol Immunol. 2015; 12:5-23. https:/
doi.org/10.1038/cmi.2014.89. [PubMed]

18. Ameziane-El-Hassani R, et al. Proc Natl Acad Sci U S A.
2015; 112:5051-6. https://doi.org/10.1073/pnas.1420707112.
[PubMed]

19. Chen S, et al. Oncol Rep. 2016; 35:3198-208. https://doi.
org/10.3892/0r.2016.4745. [PubMed]

20. Gibson AR, et al. Cancer Res. 2020; 80:1401-1413. https://
doi.org/10.1158/0008-5472.CAN-19-3094. [PubMed]

21. Miremadi A, et al. Hum Mol Genet. 2007; 16:R28-49.
https://doi.org/10.1093/hmg/ddm021. [PubMed]

22. National Comprehensive Cancer Network. https:/www.

ncen.org/professionals/physician_gls/pdf/aml.pdf.

23. National Comprehensive Cancer Network. https://www.
ncen.org/professionals/physician_gls/pdf/mds.pdf.

24. Kantarjian HM, et al. J Clin Oncol. 2012; 30:2670-7.
https://doi.org/10.1200/JCO.2011.38.9429. [PubMed]

25. Duchmann M, et al. Int J Hematol. 2019; 110:161-169.
https://doi.org/10.1007/s12185-019-02651-9. [PubMed]

26. Gonda TA, et al. Cancer Res. 2020; 80:4754-4767. https://
doi.org/10.1158/0008-5472.CAN-20-0285. [PubMed]

Copyright: © 2021 Steers et al. This is an open access article
distributed under the terms of the Creative Commons Attribution
License (CC BY 3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original author and
source are credited.

Oncotarget



https://doi.org/10.3322/caac.21654
https://doi.org/10.3322/caac.21654
https://www.ncbi.nlm.nih.gov/pubmed/33433946
https://doi.org/10.1073/pnas.0506390102
https://www.ncbi.nlm.nih.gov/pubmed/16157892
https://doi.org/10.1073/pnas.0702854104
https://www.ncbi.nlm.nih.gov/pubmed/17502596
https://doi.org/10.1158/1078-0432.CCR-09-1713
https://doi.org/10.1158/1078-0432.CCR-09-1713
https://www.ncbi.nlm.nih.gov/pubmed/20068072
https://doi.org/10.1007/s00280-013-2070-8
https://www.ncbi.nlm.nih.gov/pubmed/23381814
https://doi.org/10.1158/0008-5472.CAN-14-1707
https://doi.org/10.1158/0008-5472.CAN-14-1707
https://www.ncbi.nlm.nih.gov/pubmed/26081808
https://doi.org/10.1158/0008-5472.CAN-18-1680
https://www.ncbi.nlm.nih.gov/pubmed/30254147
https://doi.org/10.1016/j.semradonc.2018.10.006
https://www.ncbi.nlm.nih.gov/pubmed/30573181
https://doi.org/10.1016/j.bcmd.2017.09.005
https://www.ncbi.nlm.nih.gov/pubmed/28954710
https://www.ncbi.nlm.nih.gov/pubmed/25232492
https://doi.org/10.1038/oncsis.2016.61
https://doi.org/10.1038/oncsis.2016.61
https://www.ncbi.nlm.nih.gov/pubmed/27694834
https://doi.org/10.1158/0008-5472.CAN-07-5782
https://doi.org/10.1158/0008-5472.CAN-07-5782
https://www.ncbi.nlm.nih.gov/pubmed/18281478
https://doi.org/10.1186/s13048-019-0536-y
https://doi.org/10.1186/s13048-019-0536-y
https://www.ncbi.nlm.nih.gov/pubmed/31291979
https://doi.org/10.1038/onc.2017.374
https://www.ncbi.nlm.nih.gov/pubmed/28991233
https://doi.org/10.1074/jbc.C113.464800
https://doi.org/10.1074/jbc.C113.464800
https://www.ncbi.nlm.nih.gov/pubmed/23548903
https://doi.org/10.1126/science.1170116
https://doi.org/10.1126/science.1170116
https://www.ncbi.nlm.nih.gov/pubmed/19372391
https://doi.org/10.1038/cmi.2014.89
https://doi.org/10.1038/cmi.2014.89
https://www.ncbi.nlm.nih.gov/pubmed/25263488
https://doi.org/10.1073/pnas.1420707112
https://www.ncbi.nlm.nih.gov/pubmed/25848056
https://doi.org/10.3892/or.2016.4745
https://doi.org/10.3892/or.2016.4745
https://www.ncbi.nlm.nih.gov/pubmed/27108801
https://doi.org/10.1158/0008-5472.CAN-19-3094
https://doi.org/10.1158/0008-5472.CAN-19-3094
https://www.ncbi.nlm.nih.gov/pubmed/32041838
https://doi.org/10.1093/hmg/ddm021
https://www.ncbi.nlm.nih.gov/pubmed/17613546
https://www.nccn.org/professionals/physician_gls/pdf/aml.pdf
https://www.nccn.org/professionals/physician_gls/pdf/aml.pdf
https://www.nccn.org/professionals/physician_gls/pdf/mds.pdf
https://www.nccn.org/professionals/physician_gls/pdf/mds.pdf
https://doi.org/10.1200/JCO.2011.38.9429
https://www.ncbi.nlm.nih.gov/pubmed/22689805
https://doi.org/10.1007/s12185-019-02651-9
https://www.ncbi.nlm.nih.gov/pubmed/31020568
https://doi.org/10.1158/0008-5472.CAN-20-0285
https://doi.org/10.1158/0008-5472.CAN-20-0285
https://www.ncbi.nlm.nih.gov/pubmed/32816859
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/

