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Acid-specific formaldehyde donor is a
potential, dual targeting cancer
chemotherapeutic/chemo preventive drug
for FANC/BRCA-mutant cancer
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Abstract

Background: Development of chemotherapeutic/preventive drugs that selectively kill cancer - the Holy Grail of
cancer research - is a major challenge. A particular difficulty arises when chemotherapeutics and radiation are found
to be rather ineffective against quiescent cancer cells in solid tumors. In the limited oxygen condition within a solid
tumor, glycolysis induces an acidic environment. In such an environment the compound hexamethylenetetramine
(HMTA) will act as a formaldehyde donor. HMTA has been characterized a non-carcinogen in experimental animals
and causes no major adverse side-effects in humans. We previously reported that both a chicken B-lymphocyte cell
line transformed with an avian leucosis virus and human colon cancer cells deficient in the FANC/BRCA pathway
are hypersensitive to formaldehyde. Thus, we assessed the potential usage of HMTA as a chemotherapeutic agent.

Results: The differential cytotoxicity of HMTA was tested using chicken DT40 cells deficient in DNA repair under
neutral and acidic conditions. While HMTA is not efficiently hydrolyzed under neutral conditions, all HR-deficient
DT40 cells tested were hypersensitive to HMTA at pH 7.3. In contrast, HMTA clearly increased cell toxicity in
FANCD2-, BRCA1- and BRCA2- deficient cells under acidic conditions.

Conclusion: Here we show that in vitro experiments showed that at low pH HMTA causes drastic cytotoxicity
specifically in cells deficient in the FANC/BRCA pathway. These results strongly suggest that HMTA may be an
attractive, dual-targeting chemotherapeutic/preventive drug for the selective delivery of formaldehyde to solid
tumors and causes cell death in FANC/BRCA-deficient cells without major adverse effects.
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Introduction
Germ-line mutations in the breast cancer genes BRCA1
and BRCA2 result in predisposition to breast and ovar-
ian cancers (BRCA1) as well as other cancers (BRCA2)
[1]. Five to 10 % of breast cancer cases are associated
with genetic factors, while 90–95% of cases are consid-
ered to be sporadic [2]. In cases where heredity is a con-
tributing factor, BRCA1 has been found to be mutated at
a rate of 40–45%, whereas BRCA2 is mutated 35–40%

[2–4]. Non-mutational deficiencies in BRCA1 can also
exist due to down-regulation caused by promoter hyper-
methylation [5, 6] observed in 30–40% of sporadic breast
cancer cases [2]. The BRCA1/FANCS and BRCA2/
FANCD1 gene products have been found to be involved
in DNA double strand-break (DSB) repair and DNA in-
terstrand cross-links (ICLs) repair by homologous re-
combination (HR) and Fanconi anemia pathway [7–11].
ICLs are extremely deleterious lesions caused by bi-
functional alkylating agents that covalently tether both
duplex DNA strands and pose formidable blocks to
DNA metabolism [12]. Critical to ICL repair is the for-
mation of a single-stranded DNA intermediate; this ex-
plains why HR is necessary in the repair of these lesions
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[12, 13]. It is therefore not surprising that either BRCA1
or BRCA2 deficient cells have been found to be hyper-
sensitive to ICL-inducing agents such as the chemother-
apeutics cisplatin and mitomycin C [14, 15].
Paradoxically, these agents have the potential to induce
secondary cancer. A DNA lesion similar to the ICL is
the DNA-protein cross-link (DPC). Compared to the
ICL, however, the repair mechanism(s) of DPCs have
not been well characterized.
We first discovered that HR-deficient DT40 cells, par-

ticularly those with a deficiency in FANCD2, BRCA1
and BRCA2 were hypersensitive to formaldehyde, a well-
known DPC inducer, at concentrations commonly found
in human plasma [16]. We also found human cancer
cells deficient in FANCC and FANCG to be hypersensi-
tive to formaldehyde at similar concentrations. The
DT40 cells deficient in FANC/BRCA pathways were also
sensitive to very high concentrations of acetaldehyde
[16]. Considering that HR-deficient cells are hypersensi-
tive to formaldehyde, we hypothesized that a formalde-
hyde donor-molecule could be an attractive cancer cell-
specific therapeutic/preventive agent in these cells.
In a limited oxygen environment, such as that within a

solid cancerous tumor, pyruvate generated by glycolysis
in the cytoplasm of the cell is preferentially converted
into lactic acid by lactate dehydrogenase, which induces

a low pH environment. Furthermore, many cancer cells
vigorously consume glucose and preferentially produce
lactic acid even in the presence of adequate oxygen, a
concept known as the Warburg effect [17]. It has been
shown that while intracellular pH levels are neutral or
alkaline [18], the extracellular pH is acidic [19]. Hexa-
methylenetetramine (HMTA) is a tertiary amine that be-
comes hydrolyzed in acidic conditions to generate four
molecules of ammonia and six molecules of formalde-
hyde from one parent molecule (Fig. 1) [20]. Therefore,
due to the extracellular acidic conditions within solid tu-
mors it would be expected that HMTA would dissociate
to release formaldehyde within the tumor mass. HMTA
has been used as an antiseptic for treatment of urinary
tract infections. It has also been used as a prophylactic
agent against recurrent acute cystitis, and as an antibac-
terial preservative in food and cosmetics. It is believed to
have low toxicity and has been characterized as a non-
carcinogen in animal studies [21]. In the oncology stud-
ies, HMTA has been experimentally applied to mice
bearing squamous cell carcinoma. Hypoxic conditions in
tumors induce cell quiescence leading to resistance to
radiation and chemotherapeutic agents. In the limited
oxygen condition existing in a solid tumor, glycolysis in-
duces an acidic environment, a phenomenon termed the
Warburg Effect [22]. Previous studies conducted by

Fig. 1 Hypothetical mechanisms by which HMTA causes dual targeting effects on DNA repair-deficient cells. 1st targeting: Preferential
formaldehyde delivery to cancer cells. Under the acidic conditions of the extracellular environment of cancer cells, HMTA is preferentially
hydrolyzed to 6 molecules of formaldehyde and 4 molecules of ammonium ions. Therefore, formaldehyde preferentially introduces DPCs in
cancer cells. 2nd targeting: Selective cell death for cancer cells. Formaldehyde selectively kills FANC/BRCA- and HR-deficient cells probably due to
a deficiency in DPC repair. In contrast, normal cells are resistant to HMTA because less formaldehyde is formed in a neutral environment and they
are proficient in the repair of formaldehyde induced DNA damage
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Masunaga, et al., demonstrated chemosensitization with
methenamine [23–26] . In the present study, we ad-
dressed the potential usage of HMTA, an acid-specific
formaldehyde donor, to act as a dual-targeting cancer
chemotherapeutic agent without causing major toxicity.

Materials and methods
Materials
Fetal bovine serum, HMTA, lactic acid (LA), 2,3-bis (2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car-
boxanilide (XTT), and 1-methoxy-5-methylphenazinium
methyl sulfate (1-methoxy PMS) were obtained from
Sigma. RPMI-1640 culture medium, chicken serum and
penicillin/streptomycin were obtained from Invitrogen.

Cell lines and cell culture
All DT40 mutants were derived from isogenic parent
DT40 cell lines (Additional file 1: Table S1). The DT40
cells and their mutant cells were cultured as a suspen-
sion in a humidified, 5% CO2 atmosphere at 39.5 °C. The
medium consisted of RPMI-1640 cell culture medium
containing 10% fetal bovine serum (heat inactivated), 1%
chicken serum, 100 μg/ml penicillin and 100 μg/ml
streptomycin. SUM149 (BRCA1-deficient breast cancer
cell line, BRCA1 mutant c.2288delT, p.N723fsX13) [27],
MCF12A (BRCA1-proficient normal breast epithelial cell
line) [28], and isogenic RKO and FANCC−/− colon can-
cer cell lines [16] were kindly provided by Drs. Stephen
P. Ethier, William B. Coleman, and Scott E. Kern, re-
spectively [16, 29, 30]. SUM149 and MCF12A cells were
maintained in Ham’s F-12 medium with 5% fetal bovine
serum, 5 μg/ml insulin, 2 μg/ml hydrocortisone, 5 μg/ml
gentamicin, and 2.5 μg/ml fungizone. RKO and
FANCC−/− cells were cultured as reported previously
[16]. The mammalian cells were cultured in a humidi-
fied, 5% CO2 atmosphere at 37 °C.

Cell survival assay
Suspended cells (approximately 660 cells/250 ml) were
seeded into 24-well plates, exposed to HMTA and
allowed to divide for approximately 10 cell cycles. Cell
proliferation for each plate was monitored under a
microscope until the end of cultivation. When appropri-
ate, LA was added to the culture immediately before ex-
posure to HMTA. After cultivation, the cells were
treated with XTT and the electron mediator 1-methoxy
PMS. XTT, a yellow tetrazolium salt, is cleaved by mito-
chondrial dehydrogenase in metabolically active cells to
form an orange formazan dye. A 96-well plate reader
was used to measure the formazan dye at 450 nm with a
650 nm reference. Absorbance values for the exposed
cells were then compared to those for the controls to
obtain percent survival rates [16].

Measurement of culture medium pH
To determine the effect of LA on culture medium pH,
LA was added to complete RPMI-1640 medium in the
absence of cells with subsequent incubation in a CO2 in-
cubator as described above. A pH meter was then used
to determine culture medium pH at 0, 10, 30 and 60
min after LA addition (Fig. 3a).

Results and discussions
Hypersensitivity of FANC/BRCA-deficient cells to HMTA in
acidic conditions
We addressed the cytotoxicity of HMTA to cells deficient
in DNA repair under neutral and acidic conditions. Re-
markably, although HMTA is not efficiently hydrolyzed
under neutral conditions [20], all HR-deficient cells we
tested were hypersensitive to HMTA in standard culture
medium at pH 7.3 (Fig. 2). It has been reported that can-
cer cells frequently exist in an environment with the pH
ranging from 6.4 to 6.8 [19]. Since HMTA is hydrolyzed
more efficiently at pH 6.8 compared with an environment
at neutral pH [20], we further investigated whether an
acidic environment induced by LA increases toxicity of
HMTA specifically in HR-deficient cells at low concentra-
tions. In the presence of either 8.4 or 12.6mM LA,
HMTA clearly increased cell toxicity in FANCD2, BRCA1
and BRCA2 deficient cells (Fig. 3b-d), while there was no

Fig. 2 Sensitivity of DT40 cells and DT40-derived HR-deficient cells
to HMTA. Survival curves of parental DT40 cells and HR-deficient
DT40 mutant cells exposed to HMTA under neutral conditions. Cell
survival of wild-type (wt) and DT40 mutant cells after exposure to
HMTA at physiological pH
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major sensitivity in parental DT40 cells to HMTA at pH
7.3 (no LA) (Fig. 3b). The cell toxicity induced by HMTA
increased in a LA concentration-dependent manner in
FANC/BRCA deficient cells. Conversely, a concentration
of 12.5 μM or below of HMTA causes no sensitization
in wt DT40 cells even in the presence of LA. These
data indicate that acidic conditions potentiate the cell
toxicity of HMTA specifically in FANC/BRCA deficient
cells. Although FANC/BRCA deficient human cancer
cells utilized in our study were sensitive to mild acidic
conditions, we confirmed that either formaldehyde or
HMTA causes hypersensitivity in BRCA1 deficient hu-
man breast cancer cells (Fig. 4a, b) as well as FANC de-
ficient colon cancer cells (Fig. 4c) under neutral
conditions. The different sensitivity to HMTA observed

between MCF12 (BRCA1-proficient) cells and RKO
(FANCC-proficient) cells could be due to the efficiency
of formaldehyde detoxication by glutathione-dependent
formaldehyde dehydrogenase.

Advantage of HMTA for chemotherapy
Based on the in vivo studies performed by Masunaga’s
group [23–26] and the present study, HMTA appears to
selectively generate formaldehyde within a tumor mass
thereby killing highly proliferating cancer cells as well as
quiescent tumor cells without major adverse effects in
mice. Furthermore, HMTA causes cell death for cells de-
ficient in the FANC/BRCA pathway with higher selectiv-
ity under acidic conditions than under neutral
environments. Taken together, we are currently
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proposing the mode of action of HMTA is to selectively
kill FANC/BRCA deficient tumor cells with a dual tar-
geting process as described below (Fig. 1). Under the
mildly acidic conditions of the tumor environment,
HMTA is hydrolyzed to formaldehyde and preferentially
introduces DNA damage in cancer cells (1st targeting:
preferential delivery of formaldehyde to cancer cells).
Formaldehyde selectively kills BRCA/FANC pathway de-
ficient or HR deficient cells, presumably due to defi-
ciency in the repair of formaldehyde-induced DNA
damage (2nd targeting: selective cancer cell death). In
contrast, normal cells are resistant to HMTA because
less formaldehyde is formed in a neutral environment
and they are proficient in the repair of formaldehyde-
induced DNA damage. We believe HMTA can poten-
tially be a dual-targeting cancer therapeutic.
HMTA may be effective as a dual-targeting chemo-

therapeutic agent in patients with breast and ovarian
cancer with germ line mutations of BRCA1 or BRCA2
gene. HMTA can also be an attractive chemotherapeutic
agent for sporadic cancers with reduced expression of
proteins involved in the FANC/BRCA pathway as well as
HR. It is worthwhile to note that there is a possible
usage of HMTA for Fanconi anemia patients with can-
cer. Fanconi anemia is a rare autosomal or X-linked re-
cessive disease associated with chromosomal instability,
aplastic anemia, congenital abnormalities and a high risk
of cancer, including acute myeloid leukemia and squa-
mous cell carcinomas [8, 9, 12]. Due to defects in the re-
pair of DNA damage, these patients have had poor
tolerance for radiotherapy and chemotherapy, and the
tumors were often aggressive. Therefore, it is essential to
selectively target tumor cells in Fanconi anemia patients

without damaging non-tumor cells. We believe HMTA
could have the potential to cause cell death specifically
for FANC deficient tumor cells in Fanconi anemia pa-
tients through our proposed dual-targeting mechanism.
A covalent linkage of doxorubicin to DNA leads to

DNA interstrand crosslink mediated by formaldehyde
[31]. In fact, several reports have touted the efficacy of
doxazolidine and doxoform (doxorubicin/formaldehyde
prodrugs) as being highly effective [32]. However, drugs
such as doxazolidine/doxoform do not have the advan-
tage of targeting tumors; therefore, doxazolidine/doxo-
form will quite likely have the same side-effects as
doxorubicin, albeit less so. In contrast, the combination
of HMTA and doxorubicin may well have very minimal
such effects. Indeed, it has been reported that HMTA
used in conjunction with the anthracycline antitumor
drugs such as doxorubicin have a more powerful effect
in a mouse tumor model [24]. We believe that the
prophylactic use of HMTA may reduce the likelihood of
cancer development in FANC/BRCA deficient people.
Finally, Patel’s group recently discovered that formate

derived from endogenous formaldehyde with alcohol de-
hydrogenase 3 (ALD3/ALD5) were used as one-carbon
metabolism for synthesizing DNA [33]. Methotrexate is
a chemotherapy drug that blocks the folate-dependent
one-carbon cycle by inhibition of dihydrofolate reductase
leading to inhibition of DNA synthesis [34]. With
methotrexate blocking of the one-carbon cycle, cancer
cells could utilize formaldehyde-derived formate as a
one carbon molecule source. Therefore, a combination
of ALD3/ALD5 inhibitor and methotrexate may further
decrease DNA synthesis in cancer cells. Furthermore, a
combination of methotrexate, a formaldehyde catabolism
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inhibitor and HMTA could decrease DNA synthesis in
cancer cells in addition to formaldehyde-induced toxicity
particularly in cancer cells deficient in FANC/BRCA
pathways.

Conclusions
In the present study, we demonstrated that HMTA
causes drastic cytotoxicity specifically in cultured cells
deficient in the FANC/BRCA pathway at low pH. These
results strongly suggest that HMTA may be an attract-
ive, dual-targeting chemotherapeutic/preventive drug for
the selective delivery of formaldehyde to solid tumors
while causing cell death in FANC/BRCA-deficient cells
without major adverse effects. In addition, a combin-
ation of HMTA and other chemotherapeutic drugs such
as doxorubicin or methotrexate could be promising che-
motherapeutic strategies for solid cancer deficient in
FANC/BRCA pathways.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s41021-019-0136-5.

Additional file 1: Table S1. DNA repair genes mutated in the analyzed
DT40 clones.

Abbreviations
1-methoxy PMS: 1-methoxy-5-methylphenazinium methyl sulfate; ALD3/
ALD5: Alcohol dehydrogenase 3; DPC: DNA-protein cross-link; DSB: DNA
double strand-break; HMTA: Hexamethylenetetramine; HR: Homologous
recombination; ICLs: Interstrand cross-links; LA: Lactic acid; XTT: 2,3-bis (2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide

Acknowledgements
We thank Drs. Scott E. Kern and Stephen P. Ethier for providing isogenic RKO
cells and sum149 cells, respectively. We also thank Drs. Minoru Takata and
Shunichi Takeda for providing DT40 cells and their mutants.

Authors’ contributions
Conceived and designed the experiments: JN. Performed the experiments:
JN, JRR. Analyzed the data: JN, JRR. Wrote the paper: JN, JRR. All authors read
and approved the final manuscript.

Funding
This work was supported by JSPS KAKENHI Grant Numbers 17H07027 and
the Health and Labour Science Research Grants from Ministry of Health,
Labour and Welfare of the Japanese Government.

Availability of data and materials
The analyzed dataset and materials during the current study will be provided
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 20 October 2019 Accepted: 21 November 2019

References
1. Couch FJ, Nathanson KL, Offit K. Two decades after BRCA: setting paradigms

in personalized cancer care and prevention. Science. 2014;343(6178):1466–
70.

2. Quinn JE, Kennedy RD, Harkin DP. In: Ross, JS, Hortobagyi, GN, editor.
Molecular oncology of breast cancer. Sudbury, MA: Jones and Bartlett
Publishers; 2005. p. 395.

3. Rizzolo P, Silvestri V, Falchetti M, Ottini L. Inherited and acquired alterations
in development of breast cancer. Appl Clin Genet. 2011;4:145–15.

4. Lux MP, Fasching PA, Beckmann MW. Hereditary breast and ovarian cancer:
review and future perspectives. J Mol Med (Berl). 2006;84(1):16–28.

5. Risch HA, McLaughlin JR, Cole DE, et al. Population BRCA1 and BRCA2
mutation frequencies and cancer penetrances: a kin-cohort study in Ontario,
Canada. J Natl Cancer Inst. 2006;98:1694–706.

6. Wei M, Grushko TA, Dignam J, et al. BRCA1 promoter methylation in
sporadic breast cancer is associated with reduced BRCA1 copy number and
chromosome 17 aneusomy. Cancer Res. 2005;65:10692–9.

7. McKinnon PJ, Caldecott KW. DNA strand break repair and human genetic
disease. Annu Rev Genomics Hum Genet. 2007;8:37–55.

8. Sawyer SL, Tian L, Kähkönen M, Schwartzentruber J, Kircher M, University of
Washington Centre for Mendelian genomics; FORGE Canada consortium,
Majewski J, Dyment DA, Innes AM, Boycott KM, Moreau LA, Moilanen JS,
Greenberg RA. Biallelic mutations in BRCA1 cause a new Fanconi anemia
subtype. Cancer Discov. 2015;5(2):135–42.

9. Taniguchi T, Tischkowitz M, Ameziane N, Hodgson SV, Mathew CG, Joenje
H, Mok SC, D'Andrea AD. Disruption of the Fanconi anemia-BRCA pathway
in cisplatin-sensitive ovarian tumors. Nat Med. 2003;9(5):568–74.

10. Hashimoto S, Anai H, Hanada K. Mechanisms of interstrand DNA crosslink
repair and human disorders. Genes Environ. 2016;38:9.

11. Sakai W, Sugasawa K. Importance of finding the bona fide target of the
Fanconi anemia pathway. Genes Environ. 2019;41:6.

12. Mirchandani KD, D'Andrea AD. The Fanconi anemia/BRCA pathway: a
coordinator of cross-link repair. Exp Cell Res. 2006;312:2647–53.

13. Johansen ME, Muller JG, Xu X, Burrows CJ. Oxidatively induced DNA-protein
cross-linking between single-stranded binding protein and
oligodeoxynucleotides containing 8-oxo-7,8-dihydro-2′-deoxyguanosine.
Biochemistry. 2005;44:5660–71.

14. Dronkert ML, Kanaar R. Repair of DNA interstrand cross-links. Mutat Res.
2001;486:217–47.

15. Rothfuss A, Grompe M. Repair kinetics of genomic interstrand DNA cross-
links: evidence for DNA double-strand break-dependent activation of the
Fanconi anemia/BRCA pathway. Mol Cell Biol. 2004;24:123–34.

16. Ridpath JR, Nakamura A, Tano K, et al. Cells deficient in the FANC/BRCA
pathway are hypersensitive to plasma levels of formaldehyde. Cancer Res.
2007;67:11117–22.

17. Kim JW, Dang CV. Cancer’s molecular sweet tooth and the Warburg effect.
Cancer Res. 2006;66:8927–30.

18. Griffiths JR. Are cancer cells acidic? Br J Cancer. 1991;64:425–7.
19. McCoy CL, Parkins CS, Chaplin DJ, Griffiths JR, Rodrigues LM, Stubbs M. The

effect of blood flow modification on intra- and extracellular pH measured
by 31P magnetic resonance spectroscopy in murine tumours. Br J Cancer.
1995;72:905–11.

20. Swift LP, Cutts SM, Rephaeli A, Nudelman A, Phillips DR. Activation of
adriamycin by the pH-dependent formaldehyde-releasing prodrug
hexamethylenetetramine. Mol Cancer Ther. 2003;2:189–98.

21. Della Porta G, Colnaghi MI, Parmiani G. Non-carcinogenicity of
hexamethylenetetramine in mice and rats. Food Cosmet Toxicol. 1968;6:
707–15.

22. Liberti MV, Locasale JW. The Warburg effect: how does it benefit Cancer
cells? Trends Biochem Sci. 2016;41(3):211–8.

23. Masunaga S, Tano K, Watanabe M, Kashino G, Suzuki M, Kinashi Y, Ono K,
Nakamura J. Evaluation of the potential of hexamethylenetetramine,
compared with tirapazamine, as a combined agent with {gamma}-
irradiation and cisplatin treatment in vivo. Br J Radiol. 2009;82(977):392–400.

24. Masunaga S, Kono K, Nakamura J, Tano K, Yoshida H, Watanabe M, Kashino
G, Suzuki M, Kinashi Y, Liu Y, Ono K. Usefulness of hexamethylenetetramine
in combination with chemotherapy using free and pegylated liposomal

Ridpath and Nakamura Genes and Environment           (2019) 41:23 Page 6 of 7

https://doi.org/10.1186/s41021-019-0136-5
https://doi.org/10.1186/s41021-019-0136-5


doxorubicin in vivo, referring to the effect on quiescent cells. Oncol Rep.
2009;21(5):1307–12.

25. Masunaga S, Tano K, Nakamura J, Watanabe M, Kashino G, Takahashi A,
Tanaka H, Suzuki M, Ohnishi K, Kinashi Y, Liu Y, Ohnishi T, Ono K. Usefulness
of hexamethylenetetramine as an adjuvant to radiation and cisplatin in the
treatment of solid tumors: its independency of p53 status. J Radiat Res.
2010;51(1):27–35.

26. Masunaga S, Tano K, Nakamura J, Watanabe M, Kashino G, Suzuki M,
Kinashi Y, Ono K. Adverse effect of mild temperature hyperthermia
combined with hexamethylenetetramine compared to its effect
combined with tirapazamine in the treatment of solid tumors. Exp Ther
Med. 2010;1(1):169–74.

27. Elstrodt F, Hollestelle A, Nagel JH, Gorin M, Wasielewski M, van den
Ouweland A, Merajver SD, Ethier SP. Schutte BRCA1 mutation analysis of 41
human breast cancer cell lines reveals three new deleterious mutants.
Cancer Res. 2006;66(1):41–5.

28. Dréan A, Williamson CT, Brough R, Brandsma I, Menon M, Konde A, Garcia-
Murillas I, Pemberton HN, Frankum J, Rafiq R, Badham N, Campbell J, Gulati
A, Turner NC, Pettitt SJ, Ashworth A, Lord CJ. Modeling therapy resistance in
BRCA1/2-mutant cancers. Mol Cancer Ther. 2017;16(9):2022–34.

29. Willmarth NE, Ethier SP. Autocrine and juxtacrine effects of
amphiregulin on the proliferative, invasive, and migratory properties of
normal and neoplastic human mammary epithelial cells. J Biol Chem.
2006;281:37728–37.

30. Rivenbark AG, Jones WD, Coleman WB. DNA methylation-dependent
silencing of CST6 in human breast cancer cell lines. Lab Investig. 2006;86:
1233–42.

31. Taatjes DJ, Gaudiano G, Koch TH. Production of formaldehyde and DNA-
adriamycin or DNA-daunomycin adducts, initiated through redox chemistry
of dithiothreitol/iron, xanthine oxidase/NADH/iron, or glutathione/iron.
Chem Res Toxicol. 1997;10(9):953–61.

32. Post GC, Barthel BL, Burkhart DJ, Hagadorn JR, Koch TH. Doxazolidine, a
proposed active metabolite of doxorubicin that cross-links DNA. J Med
Chem. 2005;48(24):7648–57.

33. Burgos-Barragan G, Wit N, Meiser J, Dingler FA, Pietzke M, Mulderrig L,
Pontel LB, Rosado IV, Brewer TF, Cordell RL, Monks PS, Chang CJ, Vazquez A,
Patel KJ. Mammals divert endogenous genotoxic formaldehyde into one-
carbon metabolism. Nature. 2017;548(7669):549–54.

34. Visentin M, Zhao R, Goldman ID. The antifolates. Hematol Oncol Clin North
Am. 2012;26(3):629–48.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ridpath and Nakamura Genes and Environment           (2019) 41:23 Page 7 of 7


	Abstract
	Background
	Results
	Conclusion

	Introduction
	Materials and methods
	Materials
	Cell lines and cell culture
	Cell survival assay
	Measurement of culture medium pH

	Results and discussions
	Hypersensitivity of FANC/BRCA-deficient cells to HMTA in acidic conditions
	Advantage of HMTA for chemotherapy

	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

