
262	 Experimental	Oncology	29,	262–266,	2007	(December)

Classically,	 the	development	of	cancer	has	been	
viewed	as	a	progressive	multi-step	process	of	 trans-
formation	of	normal	cells	 into	malignant	cells	driven	
by	genetic	alterations	that	include	mutations	in	tumor-
suppressor	genes	and	oncogenes,	and	chromosomal	
abnormalities	 [1].	 However,	 in	 the	 past	 decade	 the	
surge	of	data	 indicating	the	 importance	of	epigenetic	
abnormalities	in	cancer	cells	largely	changed	our	view	of	
cancer	as	genetic	disease	only	[2,	3].	Presently,	cancer	is	
recognized	as	both	a	genetic	and	epigenetic	disease,	and	
genetic	and	epigenetic	components	interact	at	all	stages	
of	cancer	development	[3].	A	change	in	cytosine	DNA	
methylation	was	the	first	identified	epigenetic	alteration	
in	cancer	and	the	best-studied	epigenetic	mechanism	
thus	far	[4].	Two	types	of	changes	in	the	DNA	methylation	
pattern	occur	in	cancer:	regional	DNA	hypermethylation	
and	global	and	regional	DNA	hypomethylation	[3,	4].

Recent	studies	have	provided	evidence	of	 the	as-
sociation	between	a	decrease	in	global	or	regional	DNA	
methylation	and	the	progression	of	advanced	and	meta-
static	cancer	[5,	6];	however,	the	mechanism	of	DNA	hy-
pomethylation	remains	unclear.	It	is	well-known	that	DNA	
methylation	depends	upon	the	function	of	the	integrated	
pathways	of	cellular	one-carbon	metabolism,	particularly	
upon	the	fragile	balance	between	S-adenosylmethionine	
(SAM)	and	S-adenosylhomocysteine	(SAH),	 the	sub-

strate	and	the	product	of	essential	cellular	methyltrans-
ferase	reactions	[7,	8].	We	previously	reported	that	SAH	
and	intimately	associated	with	it	Hcy,	not	SAM,	are	the	
critical	metabolic	determinants	of	the	cellular	methylation	
status	[9].	The	elevation	in	plasma	Hcy	concentrations	
has	been	associated	with	cardiovascular	disease	[10,	11],	
certain	birth	defects	[12],	neurodegenerative	disorders	
[13,	14],	and,	more	recently,	with	several	 types	of	hu-
man	cancer	[14–20].	However,	the	major	unanswered	
question	whether	or	not	hyperhomocysteinemia	is	as-
sociated	with	cancer	pathogenesis	and	is	an	indicator	
of	tumorigenesis,	remains	elusive.

Based	on	these	considerations,	the	goals	of	this	
study	were:	a)	to	determine	the	impact	of	tumor	growth	
on	the	levels	of	plasma	Hcy;	and	b)	to	elucidate	the	
underlying	mechanisms	that	may	lead	to	the	tumor-
associated	hyperhomocysteinemia.

MATERIAL AND METHODS
Animals, treatment, and tissue preparation. Fe-

male	Wistar	rats	were	obtained	from	the	R.E.	Kavetsky	
Institute	 of	 Experimental	 Pathology,	 Oncology	 and	
Radiobiology	of	the	National	Academy	of	Sciences	of	
Ukraine	breeding	facility	(IEPOR,	Kyiv,	Ukraine),	housed	
in	a	temperature–controlled	room	(24	̊ C),	and	given	ad 
libitum	access	to	water	and	laboratory	diet.	At	six	weeks	
of	age,	the	rats	(mean	body	weight	150	g)	were	allocated	
randomly	to	the	tumor-bearing	group	(TBG)	and	con-
trol	group.	Rats	assigned	to	the	TBG	were	inoculated	
subcutaneously	with	2.0	x	106	viable	Walker-256	tumor	
cells	in	0.5	ml	of	sterile	saline	solution	in	the	right	flank.	
Rats	 from	control	group	were	 injected	with	0.5	ml	of	
sterile	saline	solution.	Tumors	were	measured	at	two	day	
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intervals	beginning	after	seven	days	of	implantation.	The	
tumor	volume	was	determined	by	the	equation:	tumor	
volume	=	(length	x	width2)/2	[21].	Five	rats	from	TBG	and	
five	control	rats	were	sacrificed	under	anesthesia	at	7,	9,	
11,	14,	and	17	days	after	tumor	implantation.	Abdominal	
aorta	blood	was	collected	directly	into	EDTA	containing	
tubes,	 immediately	cooled	on	 ice	and	centrifuged	at	
3000	g	at	4	°C	for	10	min.	After	centrifugation,	the	plasma	
layer	was	carefully	removed,	transferred	into	new	tubes	
and	stored	at	–20	°C	until	analysis.	The	livers	and	tumors	
were	excised,	immediately	placed	in	liquid	nitrogen,	and	
stored	at	–80	°C	for	the	subsequent	analysis.

All	animal	experimental	procedures	were	reviewed	
and	approved	by	the	Institutional	Animal	Care	and	Use	
Committee	at	the	IEPOR.

Determination of the plasma Hcy levels. The		
total	plasma	Hcy	levels	were	measured	using	Axis	Ho-
mocysteine	Enzymatic	Immunoassay	Kit	(Axis-Shield,	
Dundee,	United	Kingdom)	according	 to	manufactu-
rer’s	instruction.

Global DNA methylation analysis. The	 extent	
of	 the	global	DNA	methylation	was	evaluated	with	a	
radiolabeled	[3H]dCTP	extension	assay	as	described	
previously	[22].	Briefly,	1	μg	of	genomic	DNA	was	di-
gested	with	20	U	of	methylation-sensitive	HpaII	restric-
tion	endonuclease	(New	England	Biolabs,	Beverly,	MA)	
for	16–18	h	at	37	°C.	A	second	DNA	aliquot	(1	μg)	was	
digested	 with	 methylation-insensitive	 iso-schizomer	
MspI,	 which	 cleaves	 CCGG	 sites	 in	 DNA	 regardless	
of	CpG	methylation	status,	 to	serve	as	a	control	 for	
the	digestion	efficiency.	Undigested	DNA	served	as	a	
background	control.	The	single	nucleotide	extension	
reaction	 was	 performed	 in	 a	 25	 μl	 reaction	 mixture	
containing	1.0	µg	DNA,	1X	PCR	buffer,	1.0	mM	MgCl2,	
0.25	U	AmpliTaq	DNA	polymerase	(Applied	Biosystems,	
Foster	 City,	 CA),	 0.1	 μl	 of	 [3H]dCTP	 (57.4	 Ci/mmol;	
Perkin	Elmer,	Boston,	MA)	and	incubated	at	56	°C	for	
1	 h.	 Samples	 were	 applied	 to	 DE-81	 ion-exchange	
filters	and	washed	three	times	with	0.5	M	sodium	phos-
phate	buffer	(pH	7.0)	at	room	temperature.	The	filters	
were	dried	and	processed	 for	scintillation	counting.		
[3H]dCTP	incorporation	into	DNA	is	expressed	as	mean	
disintegrations	per	minute	(dpm)	per	μg	of	DNA	after	
subtraction	 of	 the	 dpm	 incorporation	 in	 undigested	
samples	(background).

Statistical analysis. Results	 are	 presented	
as	 mean	 ±	 S.E.M.	 and	 were	 assessed	 by	 two-way	
ANOVA,	with	pair-wise	comparisons	being	performed	
by	 Student	 —	 Newman	 —	 Keuls	 test.	 Correlation	
analyses	were	conducted	using	Spearman	method.	
p-values	<	0.05	were	considered	significant.

RESuLTS
Changes in the plasma Hcy levels in Wal

ker256 tumorbearing rats during tumor growth. 
Fig.	1	shows	that	the	plasma	Hcy	levels	in	Walker-256	
tumor-bearing	rats	steadily	increased	along	with	tumor	
progression,	especially	during	the	exponential	phase	
of	tumor	growth.	This	was	evidenced	by	the	associa-
tion	between	progressive	expansion	in	tumor	size	(Fig.	

1, a)	and	a	corresponding	increase	in	the	plasma	Hcy	
levels	 (Fig.	 1,	 b).	 In	 both	 cases,	 there	 was	 a	 linear	
incline	in	the	values	in	tumor-bearing	rats	and	statisti-
cally	significant	correlation	between	the	parameters	to	
be	equal	r	=	0.88	(Fig.	1,	c).

fig. 1. Tumor	volume	(a),	the	plasma	Hcy	concentrations	(b),	
and	plot	of	individual	values	for	plasma	Hcy	and	tumor	volume	
(c)	in	tumor	bearing	rats
*Significantly	different from	control	at	the	same	time	point.

DNA methylation changes in the liver and tumor 
tissues in Walker256 tumorbearing rats. In	our	
previous	 studies	 we	 showed	 that	 hyperhomocyste-
inemia	is	associated	with	the	decreased	methylation	
capacity	in	several	tissues,	including	liver,	brain,	ova-
ries,	and	testes	[24].	In	light	of	this	consideration,	we	
investigated	 whether	 or	 not	 the	 increased	 levels	 of	
Hcy	in	Walker-256	tumor-bearing	rats	are	associated	
with	alterations	in	tissue-specific	DNA	methylation.	A	
cytosine	extension	assay	that	measures	the	proportion	
of	unmethylated	CpG	sites	in	genomic	DNA	was	used	
to	assess	the	status	of	genomic	methylation	in	the	liv-
ers	and	tumors	in	Walker-256	tumor-bearing	rats.	The	
assay	is	based	on	the	ability	of	the	HpaII	methylation-
sensitive	restriction	enzyme	to	cleave	unmethylated	
CCGG	sequences	and	 leave	a	5’	guanine	overhang	
that	can	be	used	for	 the	subsequent	single	nucleo-
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tide	 extension	 with	 labeled	 [3H]dCTP.	 The	 extent	 of	
[3H]dCTP	incorporation	is	directly	proportional	to	the	
number	of	unmethylated	CCGG	sites.

The	expansion	of	Walker-256	tumors	is	accompa-
nied	by	global	DNA	hypomethylation	in	the	tumors	(Fig.	
2,	a)	and	in	the	livers	(Fig.	3,	a)	of	tumor	bearing	rats.	
However,	contrary	to	livers,	genomic	hypomethylation	
in	tumors	was	characterized	by	the	greater	and	more	
pronouced	 alterations	 (Fig.	 2,	 a).	 More	 importantly,	
the	pattern	of	changes	in	tumor-specific	global	DNA	
hypomethylation	was	consistent	with	the	progressive	
hyperhomocysteinemia	in	tumor	bearing	rats	(Fig.	2,	
b;	r	=	0.73,	p	<	0.05).	In	contrast,	we	did	not	detect	
such	association	between	the	status	of	liver-specific	
DNA	hypomethylation	and	the	plasma	Hcy	levels	(Fig.	
3,	b;	r	=	0.25,	p	>	0.05).

DIScuSSION
The	results	of	our	study	demonstrate	that	develop-

ment	and	progression	of	Walker-256	tumors	was	as-
sociated	with	both	progressive	hyperhomocysteinemia	
and	tumor-specific	genomic	hypomethylation.	A	major	
question	addressed	in	the	present	study	concerns	the	
diagnostic	and	prognostic	value	of	hyperhomocyste-
inemia	 in	 cancer.	 Results	 of	 recent	 epidemiological	
case-control	studies	suggest	that	the	elevated	plasma	
Hcy	concentration	is	a	risk	factor	and	a	biomarker	for	
several	types	of	human	cancers,	including	colorectal,	
breast,	and	lung	cancer	[17–19].	More	importantly,	the	
increased	levels	of	plasma	Hcy	did	not	correlate	with	
folate	or	vitamin	B12	deficiency	suggesting	that	the	high	
levels	of	Hcy	may	be	linked	to	tumor	progression	[17,	
20].	Indeed,	our	data	indicate	clearly	that	the	increased	

levels	of	plasma	Hcy	was	related	to	tumor	progression.	
This	was	evidenced	by	significant	correlation	between	
the	increased	levels	of	plasma	Hcy	and	expansion	of	
tumors	(r	=	0.76;	p	<	0.05).

In	order	to	define	the	mechanisms	and	role	of	hy-
perhomocysteinemia	in	cancer,	it	is	important	to	identify	
factors	that	are	determining	the	plasma	Hcy	levels.	It	
is	well	known	that	one	of	the	key	determinants	of	Hcy	
metabolism	is	cellular	methylation	demand	[24].	Hcy	is	
produced	as	a	result	of	cellular	methylation	reactions	
from	SAH	in	a	reversible	reaction	that	favors	SAH	over	
Hcy	production	(Fig.	4).	Because	SAH	and	consequent-
ly	Hcy	are	potent	inhibitors	of	most	cellular	methylation	
reactions,	 Hcy	 must	 be	 constantly	 removed	 via	 two	
major	pathways:	re-methylation	and	trans-sulfuration.	
When	there	is	excess	of	methionine,	Hcy	is	metabolized	
via	trans-sulfuration	pathway,	resulting	in	the	produc-
tion	of	cystathionine	[11].	However,	when	methionine	
levels	are	low,	Hcy	is	mainly	metabolized	via	a	methio-
nine-conserving	 re-methylation	pathway	 resulting	 in	
the	 production	 of	 methionine	 and,	 consequently,	 of	
SAM,	which	is	the	sole	source	of	methyl	groups	for	all	
methylation	reaction	in	cells	[11].	Thus,	high	levels	of	
Hcy	are	associated	with	reduced	methylation	capacity	
and,	 therefore,	 the	re-methylation	reaction	of	Hcy	 to	
methionine	 is	 probably	 the	 most	 important	 reaction	
affecting	plasma	Hcy	concentration.

In	the	present	study,	the	pattern	of	changes	in	the	
plasma	Hcy	concentrations	was	consistent	with	linear	
increase	in	progressive	DNA	hypomethylation	in	tumors	
and	with	expansion	of	Walker-256	tumors.	There	was	
significant	correlation	of	the	concentrations	of	plasma	

fig. 2. Levels	of	global	DNA	methylation	in	the	tumors	(a)	and	
plot	of	individual	values	for	plasma	Hcy	and	tumor-specific	DNA	
methylation	(b)	in	tumor-bearing	rats
*Significantly	different from	control	at	the	same	time	point.

fig. 3. Levels	 of	 global	 DNA	 methylation	 in	 the	 livers	 (a)	 and	
plot	of	individual	values	for	plasma	Hcy	and	liver-specific	DNA	
methylation	(b)	in	tumor-bearing	rats
*Significantly	different	from	control	at	the	same	time	point.
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Hcy	with	both	parameters	(r	=	0.73	and	r	=	0.88,	re-
spectively;	p	<	0.05).	These	findings	allow	us	to	suggest	
that	 an	 underlying	 cause	 of	 hyperhomocysteinemia	
in	tumor-bearing	rats	is	related	to	the	altered	cellular	
methylation	reactions	in	tumor	cells	and	to	tumor	pro-
liferation	rate,	and,	moreover,	may	serve	as	metabolic	
biomarker	of	cancer.	This	suggestion	is	supported	by	
recent	reports	of	Noga	et al.	[25]	and	Hartz	and	Sha-
linske	[26]	showing	the	 importance	of	phospholipids	
methylation	in	the	regulation	of	plasma	Hcy.

fig. 4. Overview	 of	 interactive	 and	 interdependent	 pathways	
involved	in	metabolism	of	homocysteine

In	 conclusion,	 the	 results	 of	 the	 study	 provided	
evidence	 that	 tumor	 growth	 is	 associated	 with	 the	
increased	levels	of	plasma	Hcy,	which	may	be	used	as	
diagnostic	and	prognostic	biomarker.	However,	these	
data	 suggest	 that	 increased	 plasma	 Hcy	 is	 a	 meta-
bolic	biomarker	rather	than	a	cause	of	tumorigenesis.	
Further	studies	are	required	to	delineate	the	possible	
causative	contribution	of	Hcy	in	cancer.	

REfERENcES
1. Hanahan D, Weinberg RA. The hallmarks of cancer. 

Cell 2000; 100: 57–70.
2. Esteller M. Aberrant DNA methylation as a cancer-

inducing mechanism. Ann Rev Pharmacol Toxicol 2005; 45: 
629–56.

3. Jones PA, Baylin SB. The epigenomics of cancer. Cell 
2007; 128: 683–92.

4. Feinberg AP, Tycko B. The history of cancer epigenetics. 
Nature Rev Cancer 2004; 4: 143–5.

5. Wilson AS, Power BE, Molloy PL. DNA hypomethy-
lation and human diseases. Biochim Biophys Acta 2007; 
1775: 138–62.

6. Calvisi DF, Ladu S, Gorden A, et al. Mechanistic and 
prognostic significance of aberrant methylation in the mo-
lecular pathogenesis of human hepatocellar carcinoma. J Clin 
Invest 2007; 117: 2713–22.

7. Chiang PK, Gordon RK, Tal J, et al. S-Adenosylmethio-
nine and methylation. FASEB J 1996; 10: 471–80.

8. Ulrey CL, Liu L, Andrews LG, et al. The impact of 
metabolism on DNA methylation. Hum Mol Genetics 2005; 
14: R139–47.

9. Yi P, Melnyk S, Pogribna M, et al. Increase in plasma 
homocysteine associated with parallel increases in plasma 
S-adenosyl-homocysteine and lymphocyte DNA hypomethy-
lation. J Biol Chem 2000; 275: 29318–23.

10. Castro R, Rivera I, Blom HJ, et al. Homocysteine 
metabolism, hyperhomocysteinaemia and vascular disease: 
an overview. J inherit Metab Dis 2006; 29: 3–20.

11. Wierzbicki AS. Homocysteine and cardiovascular di-
sease: a review of the evidence. Diabetes Vasc Dis Res 2007; 
4: 143–9.

12. van der Put NM, Blom HJ. Neural tube defects and a 
disturbed folate dependent homocysteine metabolism. Eur J 
Obstet Gynecol Reprod Biol 2000; 92: 57–61.

13. Morris MS. Homocysteine and Alzheimer’s disease. 
Lancet Neurol 2003; 2: 425–8.

14. Lucock MD. Synergy of genes and nutrients: the case 
of homocysteine. Curr Opin Clin Nutr Matab Care 2006; 9: 
748–56.

15. Wu LL, Wu JT. Hyperhomocysteinemia is a risk factor 
for cancer and a new potential tumor marker. Clin Chim Acta 
2002; 322: 21–8.

16. Eleftheriadou A, Chalastras T, Ferekidou E, et al. As-
sociation between squamous cell carcinoma of the head and 
neck and serum folate and homocysteine. Anticancer Res 
2006; 26: 2345–8.

17. Battistelli S, Vittoria A, Stefanoni M, et al. Total plasma 
homocysteine and methylenetetrahydrofolate reductase C677T 
polymorphism in patients with colorectal carcinoma. World J 
Gastroenterol 2006; 12: 6128–32.

18. Chou YC, Lee MS, Wu MH, et al. Plasma homocyste-
ine as a metabolic risk factor for breast cancer: findings from a 
case-control study in Taiwan. Breast Cancer Res Treat 2007; 
101: 199–205.

19. Ozkan Y, Yardim-Akaydin S, Firat H, et al. Usefulness 
of homocysteine as a cancer marker: total thiol compounds 
and folate levels in untreated lung cancer patients. Anticancer 
Res 2007; 27: 1185–9.

20. Falvo N, Ghiringhelli F, Berthier S, et al. Case-control 
study of hyperhocysteinemia in cancer-bearing patients in a in-
ternal medicine department. Rev Med Int 2007; 28: 520–5.

21. Shukeir N, Pakneshan P, Chen G, et al. Alteration of 
the methylation status of tumor-promoting genes decreases 
prostate cancer cell invasiveness and tumorigenesis in vitro 
and in vivo. Cancer Res 2006; 66: 9202–10.

22. Pogribny IP, Yi P, James SJ. A sensitive new method 
for rapid detection of abnormal methylation patterns in global 
DNA and within CpG islands. Biochem Biophys Res Com-
mun 1999; 262: 624–8.

23. James SJ, Melnyk S, Pogribna M, et al. Elevation in 
S-adenosylhomocysteine and DNA hypomethylation: poten-
tial epigenetic mechanism for homocysteine-related pathology. 
J Nutr 2002; 132: 2361S–6S.

24. Brosnan JT, Jacobs RL, Stead LM, et al. Methylation 
demand: a key determinant of homocysteine metabolism. Acta 
Biochim Pol 2004; 51: 405–13.

25. Noga AA, Stead LM, Zhao Y, et al. Plasma homocys-
teine is regulated by phospholipid methylation. J Biol Chem 
2003; 278: 5952–5.

26. Hartz CS, Schalinske KL. Phosphatidylethanolamine 
N-methyltransferase and regulation of homocysteine. Nutr 
Rev 2006; 64: 465–7.



266	 Experimental	Oncology	29,	262–266,	2007	(December)

Copyright © Experimental Oncology, 2007

ВЛИЯНИЕ ОПУХОЛЕВОГО РОСТА НА УРОВЕНЬ ГОМОЦИСТЕИНА 
В ПЛАЗМЕ И ТКАНЕСПЕЦИФИЧНОЕ МЕТИЛИРОВАНИЕ ДНК 

У КРЫС С КАРЦИНОСАРКОМОЙ УОКЕРА-256
Обоснование: хотя у людей при некоторых типах злокачественных опухолей были обнаружены повышенные уровни гомоцистеина 
(ГЦ) в плазме крови, основной вопрос о том, действительно ли гипергомоцистеинемия патогенетически связана с онкогенезом 
или является метаболическим индикатором злокачественного роста, остается до сих пор без ответа. Цель: определить влияние 
опухолевого роста на уровень ГЦ в плазме крови и объяснить основные механизмы, которые могут приводить к  гипергомо-
цистеинемии при злокачественных заболеваниях. Материалы и методы: клетки карциносаркомы Уокера-256 (W-256) былиW-256) были-256) были 
подкожно перевиты крысам-самкам линии Вистар. В динамике роста карциносаркомы W-256 у животных-опухоленосителейW-256 у животных-опухоленосителей-256 у животных-опухоленосителей 
были определены концентрация ГЦ в плазме крови и статус метилирования ДНК в тканях печени и опухоли. Результаты: 
было показано, что рост карциносаркомы W-256 сопровождался и гипергомоцистеинемией и опухолеспеци�ичным геномнымW-256 сопровождался и гипергомоцистеинемией и опухолеспеци�ичным геномным-256 сопровождался и гипергомоцистеинемией и опухолеспеци�ичным геномным 
гипометилированием. Отмечена тесная связь характера изменений концентрации ГЦ в плазме с прогрессивным гипометили-
рованием ДНК в опухолях и с увеличением их объема, о чем свидетельствует обнаруженная достоверная корреляция уровня 
ГЦ с этими показателями (r = 0,73 и r = 0,88 соответственно;r = 0,73 и r = 0,88 соответственно; = 0,73 и r = 0,88 соответственно;r = 0,88 соответственно; = 0,88 соответственно; p < 0,05). Выводы: результаты исследования показали связь 
между ростом карциносаркомы W-256 и увеличением уровня ГЦ в плазме. �олее того, полученные данные наглядно проде-W-256 и увеличением уровня ГЦ в плазме. �олее того, полученные данные наглядно проде--256 и увеличением уровня ГЦ в плазме. �олее того, полученные данные наглядно проде-
монстрировали, что гипергомоцистеинемия может служить метаболическим биомаркером рака, поскольку нарушение реакций 
метилирования в опухолевых клетках и высокая скорость их проли�ерации, по-видимому, являются основными причинами 
возникновения гипергомоцистеинемии у животных со злокачественными опухолями. 
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