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Tumorigenesis is accompanied by the reprogramming of cellular metabolism. The shift from oxidative
phosphorylation to predominantly glycolytic pathways to support rapid growth is well known and is often referred to
as the Warburg effect. However, other metabolic changes and acquired needs that distinguish cancer cells from
normal cells have also been discovered. The dependence of cancer cells on exogenous methionine is one of them
and is known as methionine dependence or the Hoffman effect. This phenomenon describes the inability of cancer
cells to proliferate when methionine is replaced with its metabolic precursor, homocysteine, while proliferation of
non-tumor cells is unaffected by these conditions. Surprisingly, cancer cells can readily synthesize methionine from
homocysteine, so their dependency on exogenous methionine reflects a general need for altered metabolic flux

through pathways linked to methionine.
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| 1. Introduction

In 1959, Sugimura and colleagues reported a study where tumor-bearing rats were fed diets with the restriction of
individual essential amino acids. Tumor growth was significantly affected by a methionine-restricted diet L. The
dependence of cancer cell proliferation on methionine was further highlighted in 1973 by experiments that showed
leukemia cells cannot proliferate in growth media where methionine is substituted with its metabolic precursor,
homocysteine . A flurry of experiments during the 70s and 80s expanded the methionine/homocysteine
substitution experiments to many cell lines derived from various tumor sites. The results unequivocally established
that the vast majority of cancer cells cannot proliferate when methionine is replaced with homocysteine, but non-
cancer cells are indifferent to such replacement BIHIBIEIZ Taple 1 lists cell lines with a known status of methionine
dependence. This metabolic phenomenon that differentiates cancer cells from non-tumor cells is often referred to
as the methionine dependence of cancer, the methionine stress sensitivity of cancer, or the Hoffman effect (Eigure
1). It soon became clear that the addiction of cancer cells to exogenously provided methionine is not due to their
failure to synthesize methionine from homocysteine B, but is likely caused by increased demand for metabolites
derived from methionine BRIEIA, \While mechanisms behind the Hoffman effect are yet to be fully understood,

progress has been made towards this goal.
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Figure 1. The Hoffman Effect. Non-tumorigenic cell lines have the same proliferation rate in media containing
methionine or media where methionine is replaced with the immediate metabolic precursor homocysteine.
However, most cancer cells cannot proliferate in homocysteine medium, and induce cell cycle arrest followed by
apoptosis when cultured under these conditions. Cancer cells readily synthesize methionine from homocysteine,
but appear to depend on exogenously supplied methionine. This cancer-specific metabolic dependence is referred
to as the methionine dependence of cancer, the methionine stress sensitivity of cancer, or simply the Hoffman
effect.

Table 1. Cell lines with known growth properties in homocysteine medium.

Cell Line Methionine Dependence Tumor Site
MDA-MB468 Yes W0 Breast
MCF7 Yes BIEI7LY] Breast
MDA-MB361 Yes [ Breast
HCC1806 Yes 10 Breast
HCC1143 Yes 10 Breast
SKBR3 Yes 10 Breast
BT-549 Yes 19 Breast
ZR-75-1 Yes (19 Breast
SUM-159 Yes 19 Breast
T47D Yes 10 Breast

W-256 Yes 14 Breast (rat)

MDA-MB231 No &, moderate 19 Breast
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Cell Line
HCC70

HCC38

SUM-149

MDA-MB231

BxPC3

PANC1

LoVo

SK-CO-1

PC-3

LNCaP

DU145

SVv80

HEK293T

W18VA2

J111

L1210

A2182

SK-LU-1

A549

A427

J82

T24

8387

HT1080

HOS

Methionine Dependence
No 20

No 2J
No [0
No m, moderate 19
Yes 14
No 4
Yes [12]
Yes [©
Yes [BI61[13]
Moderate 13l

Moderate RIEIL3]

Yes &
Yes 11
Yes
Yes &
Yes &
Yes B8
Yes B8
Moderate &
No ElEl
Yes B8]
No 26l
Yes Bl
Yes Bl

Yes Bl

Tumor Site

Breast

Breast

Breast

Breast
Pancreas
Pancreas

Colon

Colon
Prostate
Prostate
Prostate

Transformed fibroblast
Transformed kidney cell
SV40 transformed human cells
Monocytic leukemia
Lymphatic leukemia (mouse)

Lung

Lung

Lung

Lung
Bladder
Bladder

Fibrosarcoma
Fibrosarcoma

Osteosarcoma
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Cell Line Methionine Dependence Tumor Site
A204 Moderate © Rhabdomyosarcoma
AB73 Yes [l Rhabdomyosarcoma
SK-LMS1 No B Leiomyosarcoma
SK-N-SH Yes [ Neuroblastoma
SK-N-MC No © Neuroblastoma
A375 Moderate € Melanoma
MeWo No © Melanoma
A172 Moderate =l Glioblastoma with
HelLa Yes (@ Cervical e
A498 Yes ] Kidney _
B iyt iy et ey e e e e o tret gyt ot e et oy —om s« IUFINE

leukemia cells in vitro on the presence of hydroxycobalamin and transcobalamin Il. Cancer Res.
1973, 33, 1898-1904.

beMethmnme M&W 1SMates of methionine biosynthesis in transformed human

and malignant rat cells auxotrophic for methionine. Proc. Natl. Acad. Sci. USA 1976, 73, 1523~
Metﬂﬁl}ne is an essential amino acid in mammals. In addition to its role as a component of proteins, methionine

links to a number of important metabolic pathways that play key roles in epigenetics (S-adenosylmethionine),
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complexes in?e:gp"@"'n"s'e' to methionine stress in breast cancir cells CSETI Cycle 2012, 11, 4414—
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Biosynthesis
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8. Borrego, S.L.; Fetﬁm)ann, J.; Datta, R.; Stringari, C.; Grapov, D.; Zeller, M.; Chen, Y.; Wang, P;
Baldi, P.; Grattonigks, et al. Metabolic changes associated with methionine stress sensitivity in
MDA-MB-468 breast cancer cells. Cancer Metab. 2016, 4, 9.

Figure 2. Methionine metabolism. (A)_Metabolic connections between the methionine %/cle, which pr_oduceds
9. Lin, D.-W.; Chung, B.P.; Kaiser, P. S-adenos%/Imethlonlne limitation induces p38 mitogen-activate
methylation potential,” the. methionine salvage pathway, which recycles methignine from byproducts of the
protein kinase and triggers cell cycle arrest in G1. J. Cell Sci. 2014, 127, 50-59. _
polyamine synthesis pathway, and the’ transsulfuration pathway, which generates cysteine and glutathione to
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LN, D=V, Kalser, P.; Iversity of California, lrvine. Unpublisned work. . - .
(ISAM, also rei’erred'S to as AJc])Met), %rough the trans{er o? adet?osme rom Aq'P to tﬁe methionine sulfur. This
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sensitizing the enzyme to product inhibition [4]15/116] 'SAM is used as a cofactor in most methylation reactions and
oot the Khosicd i vl a0y RHQR G dridiat [ BRNACYIR S -aAeneRy relhiopiamaniaRiRR R k¥aH)
renfdiRS WeiNmb iR Bigehimr Bigahysd ACtR d B3RP ed 018, P96 Rine and adenosine by SAH hydrolase.

18omRfsie e BB RS2 kHNAL SKRBBIMIEIERRYFENSIBIS At RinCiRIAYI HRRAGRIR0ftHEgenerate
MeRURRINE AN FIRGIRSANG SIBUARYDIHEl M ERIHEHRA RN & 3B o XIRTAA e 43 Eem ednitrisdaTiec dnsthy!
groBri)éLf(ﬂqéﬁ:@g@gl}%ﬂyﬂg}f@@tgzg@de_methylate homocysteine (Eigure 2B). In the liver and Kkidney,

homocysteine can also be remethylated using betaine, which is derived from choline. However, most other tissues

185 hs@Pedd e FRISLAM AR o RITREI R ANl MeheninA A deRARK ANRISIASR Hna

B Sugqe@rgi en nPI Mitogéan. Stimulated Human T Lymphocytes. J. Biol. Chem. 1997, 272, 16040—
1o-mediated remethylation reaction.

16047.

1MaDRIBINIVNEFARFERSERY, Tl ISR RPRIBURA. LiFRISKYE, CeRKbIR, PANS - AnB8IYY, Rlestdpribimine
melRbaks{fh ffoweveoehsdfeRds AR HIARRIIN. MhatapAtlsiSu BRSBTS the RMBA BldRsSME s ashire
abil'ﬁbfg’cgﬁj,o%by@g substrates is thus not only determined by SAM abundance, but also by SAH levels. The

cellular methylation potential is thus best expressed as the SAM/SAH ratio.
18. The Human Protein Atlas. Available online: (accessed on 8 March 2020).

lp.gi_omgthi\’oﬁmémmbﬁ§ﬁ1leaﬁ;ah€@ﬁ/etg’pe as potential inhibitors of biological

transmethylation. Specificity of the S-adenosylhomocysteine binding site. J. Med. Chem. 1973,
Meth@rd@O+db&bolism has been connected to cancer on several levels. This review focuses on the Hoffman
A R e R T g e e
PO S 3 ISRl O BRSNS PR bl Kol OB 1698V 33612
met?'éomine from homocysteine (Figure 1). In fact, when intracellular methionine levels were measured in breast
cancer cells after they had been shifted to homocysteine medium, methionine levels remained largely constant (£,
Zoteiipan.BIM adaGrBfeRnD b FdPBcEméht RGVeRsiARARNGINCTHBR R BRBIaREE Eh RIMIRRHAR
defHAdEABRIOBNEShEAIBAR AGhEIREISARE GHbIRRIaRtS ImRseE Bedyiimipsrt ity ard alterRder
andiReHiesns trapsiimatipnefioe MathAGaeiaB6ic hebdk wel 343—43dience of several rapidly
R8I SIS IARE YA AN SSIRHRST AP eSRFAIRS AR BRI iR eliarialshTable
1) by SRTRIERREHIREID EBHACREBIRRKE, RIaReWRithiSdeoMuE iBiBrlesteed 1 8etidipng grore direct

approaches have definitely excluded indirect effects from growth rate-related metabolic dependence [l[20](21]22],
2,5. Van amme L. Sztglrer C, Spoogtaneous and 5-azacgt|d|ne-|nducrf=d rgvertants of methionjne-
ost-notably, when’ méthionihe-dependent cancer cells are continucusly cultured 1 homocysteine medium, very
raré:i 8&?89%&% E%WB&Q&IQ&%Q %%g AR fér%%%ﬁ%rmn%qnca%bsén é(r?Cer%k R&S% cgagngg’ellﬁjb’r&%graﬁgﬁ rate [
[Bl20121][22]  Remarkably, most of these cancer cell-derived methionine-independent clones have lost properties

associated with the tumorigenic state 29, The mechanism of reversion is not known, but chromosomal alterations
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aIs%\?gﬁg‘g{%%gﬁqﬁgﬁri@%ﬁggipgdqgig_agi’o_@ggj'reatment strategies exploiting the methionine dependence of

cancer should not be easily overcome by tumors developing resistance to methionine restriction, because these

28. Borrego, S.L.; Kaiser P.'éJnivegﬁit of California, Irvipe. Unplublished work. 20 f8 o
cancer cefl line’ eXperiments ihdicate” that timaorigenic properties are lost wWhen cancer cells’ escape methionine

2&peratiioeks, O.D.K.; Labuschagne, C.F.; Adams, P.D.; Vousden, K.H. Serine Metabolism Supports

the Methionine Cycle and DNA/RNA Methylation through De Novo ATP Synthesis in Cancer Cells.
Evep dhoag canfer gallsyegdbyygynthesize methionine from homocysteine and show similar intracellular steady-

state methionine levels as methionine-independent cells, they cannot proliferate in these conditions. There are

FutaANG K RiamsiléaindRe YaRoeh HEIdeRo Gia NS IRDQURRCR Al HREDISIROLIRM Miifrerent

utili(z:g{?(g:r?% é)%%gn%lgsl'grpcﬂ'gyr%%g'sizzéc?ﬁze%?ibnine has been noted in double-label experiments, where cells

Jrefeapnizdhidgee p@#edvaxndenBsoskihiodie : fadkeyr«@sin; o titslaliffekehte Nadiiooke). e Kssue to
corSigrinés, that Nieadyhptite MSiasptitesn@asuCarbua Metabdiisrm arsdapeolifiratibedOasedoTaisth@eayis
andqan_tﬂ@@&qrﬁ,bpzn'sle_’azﬁ& For example, methionine levels may be kept constant at the expense of flux into

ARUNSIERRFO RAHIMRYFe MG BRI LIRS PGPSR JMRISH IS Ao MiB468 breast cancer cells with labelled homocysteine

revealed a diversion of flux from the methionine cycle to the transsulfuration pathway (Figure 2A) 8. These same

experiments indicated the reduced synthesis of SAM, resulting in a reduced overall methylation potential reflected
in a lower SAM/SAH ratio. These tracing experiments suggested that low SAM or SAM/SAH ratios are key to
understanding the Hoffman effect, and that increased flux through the transsulfuration pathway may induce these
changes in methylation potential. Notably, none of these metabolic effects were observed in revertant, methionine-
independent MDA-MB468-R8 clones. The differential metabolic fates of homocysteine in methionine-dependent
(transsulfuration) and -independent cells (mainly methionine cycle) observed in breast cancer cell systems may be
a general feature of the Hoffman effect. Indeed, similar redirection of homocysteine into the transsulfuration branch
is induced by oncogenic PI3K mutations, which induce a methionine-dependent phenotype when expressed in
methionine-independent cells (Eigure 2A) 19, |t is interesting to note that the transsulfuration pathway is largely
restricted to pancreas, liver, and kidney, but is active in cancer cells BlI23[28127] " \which could contribute to the
differential response of cancer cells to growth in homocysteine medium. One can speculate that higher demand for
antioxidants like glutathione in cancer may require increased flux through the transsulfuration pathway. However, at
least in MDA-MB468 breast cancer cells, supplementation with antioxidants cannot compensate for methionine

dependence 28],

Effects of methionine substitution with homocysteine on cellular methylation potential have been observed
previously Bl but the significance of SAM as an important mediator of the Hoffman effect became clear when SAM

supplementation of homocysteine medium eliminated the growth defect of MDA-MB468 cells . Accordingly,
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reducing SAM synthesis directly by knockdown of MAT2A/B without affecting methionine levels resulted in a similar
cell cycle arrest as observed by methionine replacement [2l. The realization that SAM is one of the key metabolites
related to the methionine dependence of cancer may also connect other metabolic pathways important to cancer
with the Hoffman effect. For example, the serine—glycine biosynthesis pathway is critical to maintaining cellular
methylation potential (Eigure 2B). This pathway maintains flux through the folate cycle. Thereby, serine to glycine
conversion sustains homocysteine remethylation to methionine, but also stimulates nucleotide biosynthesis,
including ATP, which, together with methionine, provides the building blocks for SAM (Figure 3) 22, Several cancer
cell lines and tumors depend on exogenous serine. This is surprising because serine can usually be synthesized
from glucose in sufficient amounts via the glycolysis intermediate 3-phosphoglycerate BYEL  However, the
increased demand of cancer cells on glycolysis for energy production may divert the flux of 3-phosphoglycerate
from serine synthesis to glycolysis. Serine requirement for cancer cell proliferation may thus link the Warburg and

Hoffman effects by connecting glycolytic flux with SAM synthesis.
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Figure 3. Possible connection between the Warburg and Hoffman effects. Glycolysis is connected to the
methionine cycle through the folate cycle, whereby serine derived from 3-phosphoglycerate provides one-carbon
units. This pathway is important in cancer cells because the folate cycle feeds both nucleotide and SAM
biosynthesis. SAM levels are especially impacted by the folate cycle because it is important for re-methylation of
homocysteine to methionine, as well as ATP synthesis. Both methionine and ATP are substrates for formation of
SAM.
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