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Downregulation of Cdc6 and pre-replication
complexes in response to methionine stress
in breast cancer cells

Keith Booher," Da-Wei Lin, Stacey L. Borrego and Peter Kaiser*

Department of Biological Chemistry; College of Medicine; University of California Irvine; Irvine, CA USA

fCurrent affiliation: Zymo Research; Irvine, CA USA
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Abbreviations: SAM, S-adenosylmethionine; Met, Methionine; Hey, homocysteine; MAT, methionine adenosyl transferase;
BrdU, 5-bromo-2'-deoxyuridine; SRB, sulforhodamine B; Cdk, cyclin-dependent kinase; CKI, cyclin-dependent kinase inhibitor

Methionine and homocysteine are metabolites in the transmethylation pathway leading to synthesis of the methyl-
donor S-adenosylmethionine (SAM). Most cancer cells stop proliferating during methionine stress conditions, when
methionine is replaced in the growth media by its immediate metabolic precursor homocysteine (Met-Hcy+). Non-
transformed cells proliferate in Met-Hcy+ media, making the methionine metabolic requirement of cancer cells
an attractive target for therapy, yet there is relatively little known about the molecular mechanisms governing the
methionine stress response in cancer cells. To study this phenomenon in breast cancer cells, we selected methionine-
independent-resistant cell lines derived from MDAMB468 breast cancer cells. Resistant cells grew normally in Met-Hcy+
media, whereas their parental MDAMB468 cells rapidly arrest in the G, phase. Remarkably, supplementing Met-Hcy+
growth media with S-adenosylmethionine suppressed the cell proliferation defects, indicating that methionine stress is
a consequence of SAM limitation rather than low amino acid concentrations. Accordingly, mTORC1 activity, the primary
effector responding to amino acid limitation, remained high. However, we found that levels of the replication factor Cdc6
decreased and pre-replication complexes were destabilized in methionine-stressed MDAMB468 but not resistant cells.
Our study characterizes metabolite requirements and cell cycle responses that occur during methionine stress in breast

cancer cells and helps explain the metabolic uniqueness of cancer cells.

Introduction

Cancer cell metabolism is significantly altered compared with
metabolism of non-transformed cells. For example, the nearly
universal cancer cell characteristic of acrobic glycolysis, known
as the Warburg effect, allows cancer cells to evade apoptosis and
thrive in regions of intratumoral hypoxic stress.! Importantly,
the same peculiarities of cancer cell metabolism that promote
growth and survival also distinguish them from normal cells and
therefore represent a potentially fertile field for therapeutic devel-
opment. Past research focused on the increased glycolysis com-
monly observed in tumors, yet there are numerous other aspects
of altered cancer cell metabolism possessing the potential for
therapeutic development. Indeed, recent attention highlights the
need to expand the knowledge of cancer cell metabolism beyond
the Warburg effect, exploring other metabolic pathways altered
in cancer.>

Cancer cell methionine metabolism is one such area ripe for
investigation. Specifically, cancer cells originating from a variety
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of different tissue types are unable to grow when methionine is
restricted from the culture media. Methionine is an essential
amino acid required by all cells, but in the case of non-trans-
formed cells, providing the immediate metabolic precursor to
methionine, homocysteine, is sufficient for growth. By contrast,
availability of homocysteine does not rescue cancer cells from
their methionine dependence.’® Importantly, remethylation of
homocysteine to generate methionine appears to be unaffected
in cancer cells”

Cancer cell methionine dependency is well-documented.
When a mixture of breast carcinoma cells and normal breast epi-
thelial cells grow in a standard medium (Met+Hcy-), breast can-
cer cells rapidly outgrow normal cells. When the same cells are
cultured in methionine stress conditions, methionine-free media
supplemented with homocysteine (Met-Hcy+), after 1 wk only
normal cells exist in the culture dish.¢ In vitro studies of prostate
cancer cells indicate that they suffer a specific cell cycle arrest
and eventually undergo apoptosis when cultured in Met-Hcy+
media."” Consistent with a specific effect of methionine restriction
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on cell cycle regulation, microarray analysis using central nervous
system tumor cell lines revealed upregulation of defined cell cycle
checkpoints and apoptotic pathways while inhibition of known
survival pathways was observed." Cancer cell methionine depen-
dency is also evident for tumors in vivo. Lowering the plasma
methionine level concomitant with homocysteine supplementa-
tion in animal models causes regression of tumors, inhibition
of metastasis and blocks growth of solid tumors and leukemia,
but has no harmful effects on normal tissues.'*'* The apparent
hunger of cancer for methionine is also exploited by clinicians in
tumor detection using "C-methionine as an alternative tracer for
the glucose analog "F-FDG in positron emission tomography.”

Molecular mechanisms describing how methionine depen-
dency induces cell cycle arrest and apoptosis are unknown;
however, the diverse ways in which a cell uses methionine are
well-understood. Beyond protein synthesis, methionine and
ATP are joined by the enzyme methionine adenosyl transferase
(MAT) to produce S-adenosylmethionine (SAM or AdoMet).
SAM represents the primary methyl donor for the vast major-
ity of cellular methylation reactions, including transfer of methyl
groups to proteins, nucleic acids and phospholipids. In addition,
its propyl amine moiety is used for reactions that synthesize poly-
amines. The remaining methylthioadenosine can be salvaged and
used as an alternative purine source for nucleotide biosynthesis.
Finally, homocysteine and the transsulfuration branch interme-
diates of methionine metabolism are used to synthesize glutathi-
one, the cell’s primary defense against reactive oxygen species.
The methionine-derived SAM is of particular interest, because
cancer cells are especially sensitive to SAM limitation. Targeted
inhibition of the regulatory subunit of MAT reduced SAM levels
and strongly induced apoptosis and growth inhibition of leuke-
mic cells.'*”” Given such high demand for methionine and SAM
by cancer cells, it is conceivable that replacement of methionine
by homocysteine curtails flux through methyl group metabolism
reducing methionine to a level insufficient for the high methio-
nine requirement of cancer cells, thus affecting a cell cycle arrest
and apoptosis.

In order to gain mechanistic understanding of the changes
seen in cancer cells in response to methionine stress, we moni-
tored the cell cycle in breast cancer cell lines during metabolic
shift to homocysteine medium. Methionine stress induced a G,
phase cell cycle arrest, downregulated the replication factor Cdc6
and prevented pre-replication complex formation. Furthermore,
we demonstrate that methionine stress can be suppressed
through addition of SAM suggesting that SAM limitation con-
tributes to the metabolic phenomenon of cancer cell methionine
dependence.

Results

S-adenosylmethionine supplementation suppresses methionine
stress in MDAMB468 breast cancer cells. Methionine depen-
dency of cancer cells refers to the phenomenon that supplemen-
tation of methionine-free growth medium with the junction
metabolite homocysteine (Fig. 1A), the immediate metabolic
precursor of methionine, is sufficient for the proliferation of
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non-transformed cells but leads to cell proliferation block in
many cancer cells.®”!*!" Relatively little was known about methi-
onine dependency of breast cancer cells. We therefore analyzed
growth of various breast cancer cell lines in growth medium with
(Met+) or without (Met-Hcy+) methionine (Fig. 1B). Breast
cancer cell lines showed methionine dependency and, similar to
results obtained with prostate cancer cell lines, the methionine-
dependent phenotype did not correlate with the status of the
tumor suppressors p53, Rb or p16™*4*. We chose to focus further
studies on the breast cancer cell line MDAMBA468.

Knowledge of the phenomenon that cancer cell proliferation
is selectively blocked in medium lacking methionine but supple-
mented with homocysteine dates back more than 30 y.* However,
whether growth arrest is directly attributable to methionine limi-
tation or a limiting metabolite connected to methionine is not
known. It is interesting to note that in transformed cells, the
rate of methionine synthesis from homocysteine is comparable
to that of non-transformed cells,” suggesting that methionine
dependence is a manifestation of limiting availability of methi-
onine-derived metabolites rather than limitation of methionine.
Regardless, there was a clear dose-dependent decrease of cell
proliferation with reduced methionine concentration (Fig. 1C).
In the model system, yeast, a regulatory pathway connecting
sulfur-containing metabolites, most notably methionine, with
cell cycle regulation, has been suggested to respond primarily
to S-adenosylmethionine (SAM) levels.”*2?° Furthermore, earlier
studies showed that reducing SAM synthesis blocks proliferation
of leukemic cells.'™"” Therefore, we hypothesized that methionine
dependence is a reflection of limiting SAM availability caused
by reduced flux through the methionine metabolic pathway in
Met-Hey+ conditions. Consistent with our hypothesis, SAM
supplementation restored proliferation of MDAMB468 cells in
Met-Hey+ medium (Fig. 1D). These results suggest that methio-
nine dependence of MDAMB468 breast cancer cells is caused by
SAM limitation.

Methionine stress-resistant derivatives of MDAMB468
cells. To further explore the mechanism that selectively blocks
cancer cell proliferation in Met-Hey+ medium, it was important
to directly compare methionine-dependent cells with methio-
nine-independent cells. Most studies analyzing methionine stress
in cancer cells have used cell pairs of different origin for this
purpose.®”!*!" Consequently, earlier studies generally compared
cells with very different genetic makeup. In addition, growth
rates of cell lines can differ significantly, and it is thus difficult
to exclude slower proliferation rates and consequently lower
demand for nutrients as cause for methionine independence.
This is particularly evident when methionine-independent non-
transformed cells are compared with methionine-dependent can-
cer cells. We wanted to compare the methionine stress response
of MDAMBA468 cells with a methionine-independent cell line
that had a comparable proliferation rate and similar genetic
background, so we used a strategy described by Hoffman and
colleagues to generate methionine-independent MDAMB468-
derived cells.?** Hereafter, the isolated methionine-independent
cells are referred to as resistant MDAMB468 cells to signify the

fact that they are resistant to methionine stress in contrast to
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Figure 1. MDAMB468 breast cancer cell lines are dependent upon methionine and S-adenosylmethionine (SAM) for proliferation. (A) Schematic rep-
resentation of methionine metabolism. (B) Cells were seeded into 96-well plates and their ability to proliferate in Met+Hcy- or Met-Hcy+ media was
monitored using an SRB assay. (C and D) MDAMB468 cells were incubated in Met-Hcy+ media and supplemented with different concentrations (M)
of either methionine (C) or S-adenosylmethionine (D) as listed, and proliferation was monitored using an SRB assay.

their methionine stress-sensitive MDAMB468 parental cell line.
The proliferation rate of both the MDAMB468 and the isolated
R8 clone of resistant MDAMB468 cells in Met+ medium was
similar, but only the resistant cells maintained the ability to pro-
liferate in Met-Hcy+ medium (Fig. 2A).

One possibility as to how the resistant cells overcame methio-
nine stress is that by limiting flux through the transsulfuration
pathway for cysteine synthesis, cells can maintain sufficient SAM
synthesis (Fig. 1A). We therefore asked whether R8 cells became
methionine-independent by this proposed mechanism and grew
MDAMB468 and R8 cells in cysteine-free medium to test for
possible cysteine dependence. Neither MDAMB468 nor R8 cells
were cysteine-dependent as long as the junction metabolite homo-
cysteine was supplied (Fig. 2B). Furthermore, homocysteine was
sufficient to support proliferation of R8 cells in the absence of
both methionine and cysteine (Fig. 2B).

Methionine stress induces G, phase cell cycle arrest in
MDAMB468 cells. To determine in which cell cycle phase
breast cancer cells arrest in response to methionine stress, we cul-

tured MDAMB468 and R8 cells in Met+ medium, shifted them
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to Met-Hey+ medium and analyzed the DNA content by flow
cytometry. The number of MDAMB468 cells in G, increased
and remained high during the time course. In contrast, the cell
cycle profile of R8 cells was largely unaffected (Fig. 2C). Similar
results were obtained with MCF7 breast cancer cells (data not
shown). Given that the total number of MDAMB468 cells
did not increase after cells were shifted to Met-Hey+ medium
(for example, see Figs. 1B-D and 2A), the increase in the G
population suggests that methionine stress induced a G, arrest
(Fig. 2C). To more directly investigate the possible G, arrest,
we determined the fraction of cells entering S-phase after cells
were shifted to Met-Hcy+ medium using BrdU incorporation
(Fig. 2D). Consistent with our hypothesis that methionine
stress blocks entry into S-phase, only a very small fraction of
MDAMBA468 cells incorporated BrdU after shifting to Met-
Hcy+ medium (Fig. 2D).

Induction of G, cell cycle arrest by methionine depletion or
SAM limitation is analogous to the G, arrest induced by the SAM-
checkpoint in yeast cells.”” By comparison, previous reports using
cells from human prostate cancer cell lines and Yoshida sarcoma
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Figure 2. Methionine stress causes cell cycle arrest of MDAMB468 but not resistant cells. (A) MDAMB468 and the R8 clone of methionine stress-
resistant cells were assessed for their proliferative potential in both Met+Hcy- and Met-Hcy+ growth media using the SRB assay. (B) MDAMB468 and
R8 cells were assessed for their ability to proliferate either without cysteine (Met+Hcy+Cys-), without homocysteine and cysteine (Met+Hcy-Cys-) or
without methionine and cysteine (Met-Hcy+Cys-). Proliferation was measured using the SRB assay. (C) MDAMB468 and R8 cells were grown in Met-
Hcy+ media, labeled with propidium iodide and DNA content was analyzed by flow cytometry at the times indicated. (D) MDAMB468 and R8 cells
were grown in Met-Hcy+ media for 3 d and labeled with BrdU for 24 h. (E) MDAMB468 cells were grown in Met+Hcy- media and pulsed with BrdU for 1
h then immediately shifted to Met-Hcy+ conditions. DNA content and cell cycle distribution of BrdU-labeled cells was measured by flow cytometry.

cells from tumors grown in nude mice showed cell cycle arrests in
all phases, with significant increases in the G,/M population.!®*
To further analyze the cell cycle defect, we used a BrdU pulse-
labeling protocol (Fig. 2E). We added BrdU to cells growing in
Met+ medium for 1 h to label a population of S-phase cells so we
could follow a synchronized population of cells moving through
the cell cycle. Cells were then shifted to Met-Hcy+ medium with-
out BrdU and analyzed by flow cytometry (Fig. 2E). At no point
after the switch to methionine-free medium did the BrdU-labeled
cell population re-enter S-phase, supporting a robust arrest at
the G, o S-phase transition. In addition, a significant popula-
tion of cells did delay passage through G, or M phase. Taken
together, flow cytometric analysis indicated that MDAMB468
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cells initiate a G, arrest and delayed passage through G,/M in
response to methionine stress. Intriguingly, this is reminiscent of
the SAM-checkpoint in budding yeast, which induces a robust
G, arrest and a significant delay of M-phase.”

Methionine stress does not inhibit Akt or mTORCI growth
factor signaling pathways. Methionine is an important nutri-
ent, and nutrient limitation often leads to downregulation of
mTORCI signaling and induction of cell cycle arrest through
repression of G, cyclin production and induction of cyclin-
dependent kinase inhibitors.*** Environmental cues that influ-
ence mMTORCI activity are processed through plasma membrane
receptor tyrosine kinases that transduce signals to secondary mes-
sengers such as the Ser/Thr protein kinase Akt. To test for possible

4417



methionine stress-induced changes in growth factor A
response pathway signaling upstream from mTORCI,
we monitored the phosphorylation status of Akt at Ser?”.
Immunoblot analysis of both MDAMB468 and R8 cells
revealed no noticeable change in the phosphorylation
status of Akt*™#* during methionine stress, nor was there
any change in total Akt protein levels in either cell line B

(Fig. 3A).

We next asked whether mTORCI activity was daysMet- 0 1 2 3 Cyclin D II-.--.:;”--.;:;
affected by methionine stress. MDAMB468 and R8 4EBP1|" & & & ST ————— ittt
cells were shifted to Met-Hey+ medium and mTORC1 p21| - ]
activity was monitored by analyzing phosphorylation P-EBP1 ﬁ p27 | -ee® || =~
of the mTORCI substrate S6K (p70) (Fig. 3A).2 S6K tubulin| C— UDUIN | A || o ————— o |

phosphorylation was not inhibited during methionine
stress. Surprisingly, S6K phosphorylation increased
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as compared with R8 cells, suggesting compensatory
hyperactivation of mTORCI1 (Fig. 3A). These results
argue against a role for the mTORCI pathway in methi-
onine stress-induced cell cycle arrest. Consistent with
these findings, phosphorylation of another mTORCI1
substrate, 4EBP, was also not inhibited during methio-
nine stress (Fig. 3B).

Figure 3. Growth factor pathway and G, cell cycle regulatory protein levels in
methionine-stressed MDAMB468 and R8 cells. (A-C) Extracts prepared from
MDAMBA468 and R8 cells grown in Met+Hcy- media then shifted to Met-Hcy+ me-
dia for the time period indicated were analyzed for potential changes in the levels
of phospho-p70 S6 kinase (Thr389), phospho-Akt (Ser473), total p70 S6 kinase and
total Akt (A), or 4EBP1, phospho-4EBP1 and tubulin (B), or cyclin D, cyclin E, p21,
p27, CDK2 and CDK4 (C).

Methionine stress does not affect levels of G, cell
cycle regulatory proteins. MDAMBA468 cells arrested primarily
in G, in response to methionine stress (Fig. 2C~E). In normal
cells, the Gl—cyclin/Cdk complexes control G,/S transition in
large part through phosphorylation and inhibition of the retino-
blastoma protein Rb, which prevents S-phase.> MDAMB468
cells lack the Rb protein,*® which we confirmed by immunob-
lotting. To evaluate the status of the major G,/S transition
regulators, we cultured MDAMB468 and R8 cells in Met+
medium, shifted them to Met-Hey+ medium and analyzed
samples from various time points as indicated by immunoblot
analysis (Fig. 3C). No changes in the levels of either cyclin D
or E nor their binding partners, Cdk4 or Cdk2, were observed.
Analysis of the Cdk inhibitors (CKI) p21°'"" and p27%¥! showed
an increase in their protein levels beginning after 72 h of methi-
onine stress, which was long after MDAMB468 cells arrested in
G,, indicating that the G, cell cycle arrest was independent of
the increased levels of p21'*' and p27%"! (Fig. 3C). The increase
in CKI levels coincided with the timing of apoptosis induction
rather than cell cycle arrest (manuscript in preparation). The
notion that methionine stress induced expression of the CKls
p21°"*" and p27%*' in MDAMBA468 is not directly related to cell
cycle arrest is further supported by the observation that MCF7
cells did not show any increase in p21°'"" or p27%"®! levels during
methionine stress, yet they showed a robust G,/S arrest (Fig. 1B
and data not shown).

Loss of Cdc6 and Mcm proteins from chromatin during
methionine stress in MDAMB468 cells. Analyses of cell cycle
regulators showed no significant changes that correlated with
the onset of methionine stress-induced G, arrest (Fig. 3C). In
budding yeast, methionine stress triggers the SAM-checkpoint
and destabilizes pre-replication complexes as measured by loss of
Mcm proteins at replication origins."” Therefore, we explored the
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possibility that pre-replication complexes are similarly destabi-
lized in methionine-stressed MDAMB468 cells. We found that
levels of the three Mcm proteins investigated, Mcm2, Mcm3 and
Mcm7, decreased in the chromatin-bound but not in the cyto-
solic fractions or total-cell extracts compared with tubulin and
Orc3 controls during methionine stress conditions (Fig. 4A).
Reduced Mcm levels exclusively in the chromatin-bound frac-
tion suggest either increased disassembly or reduced assembly of
origins as a result of methionine stress.

Cdc6 is an important loading factor for Mcm proteins dur-
ing pre-replication complex assembly.?” Interestingly, Cdc6 levels
decreased in the chromatin fractions over the same time frame,
but unlike the Mcm proteins, Cdc6 levels also decreased in total-
cell extracts (Fig. 4A). Closer analysis revealed that Cdc6 loss
occurred starting just 6 h after the switch to methionine stress
growth conditions (Fig. 4B). By comparison, no such loss was
observed in R8 cells (Fig. 4B), suggesting loss of Cdc6 as a pri-
mary reason for the inability to form pre-replication complexes
and cause cell cycle arrest.

Cdc6 is an unstable protein with low intracellular concentra-
tions during early G,, only increasing as cells approach S-phase.”®
Therefore, it was possible that the observed methionine stress-
induced cell cycle arrest occurred at a point during G, when Cdc6
was not efficiently expressed. To determine whether Cdc6 loss is
coincident with cell cycle arrest or is instead a direct result of the
methionine stress, we synchronized both MDAMB468 and R8
cells in early S-phase with the DNA polymerase inhibitor aphidi-
colin before shifting cells to Met-Hey+ conditions (Fig. 4C). Cells
were kept in aphidicolin during the entire time course to exclude
cell cycle position effects. As expected, Cdc6 levels increased as
cells were synchronized in S-phase and remained high in cells
cultured in Met+ medium. Importantly, Cdc6 levels dropped

Volume 11 Issue 23



3 : &
A 0\\"’ ,5\.\0 C ,\q,“@q’u“
< & S c 3535
{\0 o‘t’ 0‘(\00\} <o=I=T
DaysMet- T 1 23 01230123 Cdc6 | . |Ra
tubulin[=s s = s - - tubulin | s
Ore3 | s s—— ——
Mem2 S e e —————— Cdlcl| m— |MDA-
Mom?3 D s o = | tubulin | = || MB468
Mom7 | == - - = ol
Clt D e ses ceBs=|
20 )
[+-]
Mcm2 Mcm3 Mcm7 Cdcé 109
E‘ 1 R [
o [l chromatin o =
e 08 CWCE S
o 0.6 49 =
gu,«; 2 '
— 02 0 - oo 8
a=To] =2
E 0 v_e}s -y e
daysMet-0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 hrs hirs
Met+ Met-
B hrs Met- © © '\r"'\q”'lrb# D
Cdch | e o ||[MDA- hrs Met- © o g N 1.2,
Orc3 v e w| | MB468 Cdc6| — IM £7 c
Cdco[w e wwa| o tubulin caeme—— || " C S0s
Orc3| == w w = w Cdc6| ==——— [IMDA- § |
is] tubulin| = ——— [IMB361 30,4_
i Re Cdc6| == o
g e ===="Ipu145
3 ubulin days Met- 0123, 0123, 0123, 0123
] ays wet-, 1L 1L , 21 Il
B o5 MDAMEBA468 —
coe Cdctl . lpc-3 Mcf7 MB361 DU145 PC-3
_ tubulin| e |
hrs Met- 0 6 12 18 24 30 36 42 48

Figure 4. Methionine stress downregulates Cdc6 in cancer cells. (A) MDAMB468 cells were grown in Met-Hcy+ for the time period indicated and
separated into fractions containing either whole-cell (WCE), cytosolic or chromatin-bound extracts as described in the methods. Efficient fractionation
was determined by comparing the separation of tubulin, for cytosolic, from Orc3, for chromatin, in the preparations. The levels of pre-replication
complex proteins Mcm2, 3, 7 and Cdcé6 in each fraction were determined by immunoblot. Protein abundance was determined using a Fuji LAS-4000
imaging system and is plotted normalized to Orc3 levels (B) Cdc6 and Orc3 protein levels were analyzed by immunoblot in extracts from MDAMB468
and R8 cells incubated with Met-Hcy+ media for the time period indicated. (C) MDAMB468 and R8 cells were synchronized in S-phase by the addition
of 5 wg/mL aphidicolin for 16 h, and protein levels of Cdc6 and tubulin were determined by immunoblot using extracts prepared from cells incubated
in either Met+Hcy- or Met-Hcy+ for the times indicated. Both media conditions were supplemented with aphidicolin to maintain S-phase synchroniza-

tion. Cell cycle arrest in early S-phase was confirmed by flow cytometry (data not shown). (D) Cdcé6 levels for cell lines incubated under methionine
stress conditions for the time period indicated were determined by immunoblot. Protein levels for all panels were determined on a Fuji LAS-4000

imaging system.

significantly when MDAMBA468 cells were shifted to Met-Hcy+
medium (Fig. 4C). By contrast, levels of Cdc6 remained high in
R8 cells grown in either methionine-rich or methionine stress
conditions. The rate at which the Met-Hcy+-grown R8 cells’
Cdc6 levels increased was slower than that of R8 cells grown in
Met+ conditions, indicating that R8 cells have not completely
lost their response to methionine stress. Nevertheless, Cdc6 levels
remained well above starting levels (time point 0 in Fig. 4C).
These results exclude a cell cycle position effect as the cause of
Cdc6 loss in MDAMBA468 cells in response to methionine stress
and suggest Cdc6 downregulation as a physiological response to
methionine stress.

Given that methionine-sensitive MDAMB468 cells, but
not MDAMB468-derived R8 cells, showed a loss in total lev-
els of Cdc6 protein following methionine stress, we wanted to
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determine if Cdc6 loss is a common response of cancer cells to
methionine stress. We prepared lysates from the breast cancer
cell lines MCF7 and MDAMB361, and prostate cancer cell lines
DU145 and PC-3, grown in Met-Hey+ medium, and then ana-
lyzed Cdc6 levels. Like MDAMBA468 cells, levels of the Cdc6
protein fell markedly in each cell line tested (Fig. 4D), indicating
that Cdc6 levels are directly responsive to methionine stress and
may play an important role in triggering the methionine depen-
dence of cancer cells. Interestingly, DU145 cells, which are only

1029 showed a relatively

moderately sensitive to methionine stress,
small Cdc6 decrease.

Loss of activating phosphoThr160 on Cdk2 in methionine-
sensitive cancer cells. Recent studies show that Cdc6 plays a role
in activating Cdk2/cyclinE complexes. Specifically, chromatin-

associated Cdc6 facilitates the activating phosphorylation at
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Thr160 of Cdk2 and so establishes a tight link between
functional pre-replication complexes and Cdk2 activ-
ity.>® We have shown loss of Cdc6 levels and pre-repli-
cation complex destabilization during methionine stress
in cancer cells (Fig. 4) and, therefore, hypothesized that
the robust block in S-phase entry observed in breast can-
cer cells during methionine stress is reinforced by a cor-
responding loss of phosphorylation at Thr160 of Cdk2.
We probed lysates from MDAMB468 and R8 cells incu-
bated in Met-Hcy+ medium using a phospho-specific
antibody that recognizes phosphoThrl60 on Cdk2.
Phosphorylation of Thrl60 on Cdk2 was significantly
reduced in MDAMB468 cells during methionine stress
(Fig. 5A). Importantly, there was very little change in
the amount of phosphoThrl60 on Cdk2 from R8 cells
(Fig. 5A). In accordance with a loss in the activating
phosphorylation on Thrl60 of Cdk2 in MDAMB468
cells, we found a substantial decline in Cdk2 activity fol-
lowing methionine stress (Fig. 5B). By contrast, methi-
onine-stressed R8 cells showed an initial drop in kinase
activity similar to that seen for MDAMBA468 cells, but
kinase activity did not drop any further after the initial
loss, indicating that Cdk2 remains active in Met-Hcy+
medium. Methionine stress had no or very little effect on
total Cdk2 levels in breast cancer cells or the R8 deriva-
tives (Fig. 5C).

Reduced phosphorylation of Thr160 on Cdk2 appears
to be a general response of breast cancer cells to methi-
onine stress, for the breast cancer cell lines MCF7 and
MDAMB361 also showed a substantial drop in the
amount of phosphoThrl60 on Cdk2 when shifted to
Met-Hey+ medium (Fig. 5D). The loss of activating
Cdk2 phosphorylation in MCF7, MDAMB361 and
MDAMB468 cells coincides with the loss of Cdc6 in
each cell line and suggests that methionine stress blocks
S-phase initiation by destabilization of pre-replication
complexes and, consequently, loss of activating phos-

phorylation of Thr160 on Cdk2.
Discussion

In an update to their seminal paper enumerating the
six shared hallmarks of all cancer cells, Hanahan and
Weinberg now list “reprogramming energy metabolism”
as an emerging hallmark important to the fundamental
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Figure 5. Cdk2 activation is inhibited by methionine stress. (A) Lysates were
prepared from MDAMB468 and R8 cells incubated in Met-Hcy+ media for the
time period indicated, and levels of Cdk2 and phospho-Thr160 on Cdk2 were
measured via immunoblot. Protein levels were determined using a Fuji LAS-400
imaging system. Quantification represents the mean of three experiments

+/- standard error. (B) Cdk2 was immunopurified from MDAMB468 and R8 cells
incubated in Met-Hcy+ conditions for the time period indicated, and kinase
activity was measured in an in vitro kinase activity assay using histone H1 as sub-
strate. Kinase activity was measured by phosphoimaging. (C) Total Cdk2 levels
in MDAMB468, R8, MCF7 and MDAMB361 cells were compared between cells
grown in methionine medium (“+") and after cells were cultured in Met-Hcy+
media for 3 d (“-"). Protein concentrations of duplicate samples were deter-
mined using a Fuji LAS-400 imaging system and the average of the two samples
was plotted. (D) Cdk2 and phospho-Thr160-Cdk2 levels were determined via
immunoblot for extracts taken from MCF7 and MDAMB361 breast cancer cells
incubated in Met-Hcy+ media for the time period indicated. Protein levels were
determined using a Fuji LAS-400 imaging system.

understanding of cancer.? Indeed, others have also noted that
altered metabolism accompanies transformation and have pro-
posed exploiting those peculiarities for therapeutic development.
Cancer cell methionine dependency fits within this paradigm.
The fact that cancer cells possess the ability to metabolize seem-
ingly adequate amounts of methionine during methionine stress
conditions (Met-Hey+) suggests that cancer cell methionine
dependency is the result of a deficiency in a metabolite related
to methionine rather than methionine itself? Our data dem-
onstrate that the methionine-derived and ubiquitous methyl-
donor S-adenosylmethionine (SAM) is likely the key metabolite
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triggering breast cancer cell methionine dependency (Fig. 1D).
Because a cell cycle checkpoint monitoring SAM concentrations

181 it is tempting to speculate that a

has been described in yeast,
similar SAM-checkpoint blocks proliferation of cancer cells.

In yeast, the SAM checkpoint-induced cell cycle arrest cor-
relates with inefficient assembly of the replication factors Mcm4,
Mcm7 and Cdc45 at replication origins. In striking agreement
with the previous findings in the yeast model, our data show
that methionine stress leads to destabilization of pre-replication
complexes in MDAMB468 cells, as evidenced by the loss of

replication factors Mcm2, Mcm3, Mcm?7 and Cdc6 within the
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chromatin-bound cellular fractions (Fig. 4A). Downregulation
of the Mcm loading factor Cdc6 was observed in several breast
cancer cell lines as well as prostate cancer cells (Fig. 4), suggest-
ing that Cdc6 and destabilization of pre-replication complexes
are targets of methionine stress in cancer cells. Collectively, these
results suggest that SAM checkpoint activation is a conserved
mechanism from yeast to humans and provides new insight as to
the mechanism of cancer cell cycle arrest caused by methionine
stress.

The reason why Cdc6 levels dropped in response to methio-
nine stress is yet to be determined. Reduced Cdc6 levels in direct
response to methionine stress could be due to a number of dif-
ferent contributing factors, including targeted destruction of
the Cdc6 protein as a result of increased proteasome-mediated
turnover, downregulation of Cdc6 mRNA expression or down-
regulation of Cdc6 mRNA polypeptide synthesis at the level of
translation. Future studies will have to address the specific mech-
anism of Cdc6 loss.

It has only recently become appreciated that Cdc6 is neces-
sary for the activating T-loop phosphorylation at threoninel60
of Cdk2.>*3' The methionine stress-induced drop in Cdc6 pre-
dicted a corresponding loss in phosphorylation of Thrl60 on
Cdk2, resulting in lowered kinase activity, which we observed.
Our data confirms Cdk2 kinase inactivation during methionine
stress in MDAMBA468 cells, and suggests that loss of Cdk2 activ-
ity might contribute to the observed G,/S cell cycle arrest. Our
study does not definitively determine whether or not Cdk2 inac-
tivation alone is sufficient for cell cycle arrest, but sustained cell
proliferation in Cdk2-knockout mice suggests that additional
effectors need to be regulated to achieve a robust G, arrest as
observed in response to methionine stress.? It is most probable
that G /S cell cycle arrest during methionine stress is due to a
combination of factors, including destabilization of pre-replica-
tion complexes, inactivation of Cdk2 and, perhaps, other as-yet-
unidentified mechanisms of stress-induced growth inhibition.

We used spontaneous mutants derived from MDAMB468
cells that were resistant to methionine stress to compare molecu-
lar differences in the response to methionine stress. R8 cells do
not show any of the cell cycle defects displayed by the methionine
stress-sensitive cancer cells and are able to maintain their prolifer-
ation potential, Cdc6 levels, assemble pre-replication complexes
and activate Cdk2. These methionine stress-resistant cells are
valuable tools for further studies of methionine dependency of
cancer cells, because their proliferation rate is identical to that of
the methionine-dependent parental cancer cells. Interpretation
of cancer-specific metabolic dependencies are frequently compli-
cated by the slow proliferation rate of non-cancer cells, which can
significantly affect metabolic needs. Methionine stress-resistant
cell lines developed in this study eliminate these difficulties, and
altered proliferation rates can be excluded as the cause for the
reported molecular responses to methionine stress. However,
the molecular basis for reversion to methionine independence
is unknown. Generating resistant colonies is a rare event, and
it is unclear whether genetic or epigenetic changes are respon-
sible. It is interesting to note that SAM is the critical co-factor
for chromatin methylation, and it is possible that resistance to
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the methionine-dependent phenotype is caused by epigenetic
changes.

In summary, our study provides insight into the molecular
responses of breast cancer cells following methionine stress and
suggests pre-replication complexes as a likely molecular target
for induction of a checkpoint-like cell cycle arrest at the G,/S
transition. Control of pre-replication complex stability has pre-
viously been suggested as a critical component in regulation of
S-phase initiation during SAM-limitation in budding yeast”” and
in response to UV-irradiation in fission yeast.? Pre-replication
complex assembly might thus represent an underappreciated cell
cycle checkpoint target that could be particularly important to
link cell proliferation with cellular metabolites. Our results sug-
gest that SAM is the critical mediator of cancer cell methionine
dependency, and it is tempting to speculate that the pathway we
describe represents a cell cycle checkpoint that ensures epigen-
etic stability by preventing S-phase during limited SAM avail-
ability. Why cancer cells are hypersensitive to this checkpoint is
unknown, but their greater demand for SAM may be a contribut-
ing factor. Clearly our results bolster the case for further explo-
ration into the causes and eventual development of therapeutic
strategies designed to exploit cancer cell methionine dependency.

Materials and Methods

Cell lines and growth conditions. All cells were passaged in
DMEM (Sigma-Aldrich®), supplemented with 10% dialyzed
FBS (Gemini Bio-Products), 1.5 wM vitamin B12, 4 mM
L-glutamine, 100 pM l-cysteine (Fisher Scientific) and 100 pM
I-methionine (Sigma-Aldrich®). In the case of methionine-free
media, 200 pM DL-homocysteine (Sigma-Aldrich®) was added.
Resistant cell lines were isolated according to the method of
Hoffman et al.?* Cell proliferation was measured as previously
described.** Each assay was run in quadruplicate. Error bars rep-
resent +/— SD of the mean. To arrest cells in S-phase, aphidi-
colin (Fisher Bioreagents) was added to cells at a concentration
of 5 pg/mL. Flow cytometry was performed according to the
method of reference 35.

Protein analysis. Cells were lysed in 8 M urea buffer (8 M
urea, 200 mM NaCl, 100 mM Tris, pH 7.5, 0.2% SDS, 10 mM
Na-pyrophosphate, 5 mM EDTA, 5 mM EGTA, 50 mM NaF,
0.1 mM orthovanadate, 1 mM phenylmethylsulfonyl fluoride
and 1 pg/ml each of aprotenin, leupeptin and pepstatin). For
immunoblot analysis, protein samples were normalized, diluted
to 4 M urea using 2x SDS buffer (4% SDS, 125 mM Tris-Hcl
pH 6.8, 20% glycerol, 0.002% bromophenol blue and 0.4 M
DTT), separated by SDS-PAGE and then transferred to an
Immobilon-P membrane (Millipore). We detected proteins using
antibodies against phospho-p70 S6 kinase™™* (9206), p70 S6
kinase (9202), CDK4 (2906), CDK2 (2546), phospho-Ak¢**#7?
(9271), MCM2 (4007), MCM3 (4012), MCM7 (4018), 4E-BP1
(9452), phospho-4E-BP1 (9459), 4E-BP1 (9452) (Cell Signaling
Technology®), cyclin E (554182 - BD Biosciences), cyclin DI
(ab16663 - Abcam), p21 (sc-397), p27 (sc-1641), Akel (sc-5298),
Cdcb (5¢-9964), Orc3 (sc-23888) (Santa Cruz Biotechnology)
and histone H3 (06755 - Millipore), Cdk2 Phospho-Thr160
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(A7039) (Assay Biotechnology Company). Signals were imaged
using the Fuji LAS-4000 imaging system. Protein quantification

was performed using Multi Gauge Image Analysis software.

min. Following centrifugation at 1,300 x g for 4 min, chromatin-
containing pellets were washed once and then resuspended in a
no-salt buffer for 30 min on ice. Chromatin-enriched fractions
were collected following centrifugation for 4 min at 1,700 x g.
Cdk2 activity. Cdk2 complexes were immunopurified (anti-
body sc-163, Santa Cruz Biotechnology) and kinase activity was
analyzed as described®” and quantified using phosphoimaging

and the Bio Rad Quantity One software.

10.

11.

References

Kroemer G, Pouyssegur J. Tumor cell metabolism:
cancer’s Achilles’ heel. Cancer Cell 2008; 13:472-
82; PMID:18538731; http://dx.doi.org/10.1016/].
¢cr.2008.05.005.

Hanahan D, Weinberg RA. Hallmarks of can-
cer: the next generation. Cell 2011; 144:646-74;
PMID:21376230;  http://dx.doi.org/10.1016/j.
cell.2011.02.013.

Hsu PP, Sabatini DM. Cancer cell metabolism: Warburg
and beyond. Cell 2008; 134:703-7; PMID:18775299;
http://dx.doi.org/10.1016/j.cell.2008.08.021.

Ward PS, Thompson CB. Metabolic reprogramming:
a cancer hallmark even warburg did not anticipate.
Cancer Cell 2012; 21:297-308; PMID:22439925;
http://dx.doi.org/10.1016/j.ccr.2012.02.014.

Cellarier E, Durando X, Vasson MP, Farges MC,
Demiden A, Maurizis JC, et al. Methionine depen-
dency and cancer treatment. Cancer Treat Rev
2003; 29:489-99; PMID:14585259; http://dx.doi.
0rg/10.1016/50305-7372(03)00118-X.

Halpern BC, Clark BR, Hardy DN, Halpern RM,
Smith RA. The effect of replacement of methionine
by homocystine on survival of malignant and normal
adult mammalian cells in culture. Proc Natl Acad Sci
USA 1974; 71:1133-6; PMID:4524624; http://dx.doi.
org/10.1073/pnas.71.4.1133.

Mecham JO, Rowitch D, Wallace CD, Stern PH,
Hoffman RM. The metabolic defect of methionine
dependence occurs frequently in human tumor cell
lines. Biochem Biophys Res Commun 1983; 117:429-
34; PMID:6661235; http://dx.doi.org/10.1016/0006-
291X(83)91218-4.

Stern PH, Wallace CD, Hoffman RM. Altered methio-
nine metabolism occurs in all members of a set
of diverse human tumor cell lines. J Cell Physiol
1984; 119:29-34; PMID:6707100; htep://dx.doi.
0rg/10.1002/jcp.1041190106.

Hoffman RM, Erbe RW. High in vivo rates of methio-
nine biosynthesis in transformed human and malignant
rat cells auxotrophic for methionine. Proc Natl Acad
Sci USA 1976; 73:1523-7; PMID:179090; htep://
dx.doi.org/10.1073/pnas.73.5.1523.

Lu S, Epner DE. Molecular mechanisms of cell
cycle block by methionine restriction in human
prostate cancer cells. Nutr Cancer 2000; 38:123-
30; PMID:11341037; http://dx.doi.org/10.1207/
S15327914NC381_17.

Kokkinakis DM, Liu X, Chada S, Ahmed MM, Shareef
MM, Singha UK, et al. Modulation of gene expres-
sion in human central nervous system tumors under
methionine deprivation-induced stress. Cancer Res
2004; 64:7513-25; PMID:15492278; http://dx.doi.
0rg/10.1158/0008-5472.CAN-04-0592.

4422

18.

20.

21.

22.

Cellular fractionation. Chromatin was isolated from total-
cell extracts according to Mendez and Stillman.* In short, cells
were lysed by resuspending in a non-ionic detergent on ice for 5

T32CA113265.

Breillout F, Hadida F Echinard-Garin P, Lascaux V,
Poupon ME. Decreased rat rhabdomyosarcoma pulmo-
nary metastases in response to a low methionine diet.
Anticancer Res 1987; 7(4B):861-7; PMID:3674775.
Guo H, Lishko VK, Herrera H, Groce A, Kubota T,
Hoffman RM. Therapeutic tumor-specific cell cycle
block induced by methionine starvation in vivo. Cancer
Res 1993; 53:5676-9; PMID:8242623.

Tisdale M]J, Jack GW, Eridani S. Differential sensi-
tivity of normal and leukaemic haemopoietic cells
to methionine deprivation by L-methioninase. Leuk
Res 1983; 7:269-77; PMID:6855269; http://dx.doi.
0rg/10.1016/0145-2126(83)90017-6.

Pirotte B, Goldman S, Massager N, David P, Wikler
D, Vandesteene A, et al. Comparison of 18F-FDG
and 11C-methionine for PET-guided stereotactic brain
biopsy of gliomas. ] Nucl Med 2004; 45:1293-8;
PMID:15299051.

Attia RR, Gardner LA, Mahrous E, Taxman D], Legros
L, Rowe S, et al. Selective targeting of leukemic cell
growth in vivo and in vitro using a gene silencing
approach to diminish S-adenosylmethionine synthesis.
J Biol Chem 2008; 283:30788-95; PMID:18753136;
http://dx.doi.org/10.1074/jbc.M804159200.

Jani TS, Gobejishvili L, Hote PT, Barve AS, Joshi-
Barve S, Kharebava G, et al. Inhibition of methio-
nine adenosyltransferase II induces FasL expression,
Fas-DISC formation and caspase-8-dependent apop-
totic death in T leukemic cells. Cell Res 2009; 19:358-
69; PMID:19048023; http://dx.doi.org/10.1038/
cr.2008.314.

Kaiser P, Su NY, Yen JL, Ouni I, Flick K. The yeast
ubiquitin ligase SCFMet30: connecting environmen-
tal and intracellular conditions to cell division. Cell
Div 2006; 1:16; PMID:16895602; http://dx.doi.
0rg/10.1186/1747-1028-1-16.

Su NY, Flick K, Kaiser P The F-box protein
Met30 is required for multiple steps in the bud-
ding yeast cell cycle. Mol Cell Biol 2005; 25:3875-
85; PMID:15870262; http://dx.doi.org/10.1128/
MCB.25.10.3875-3885.2005.

Thomas D, Surdin-Kerjan Y. Metabolism of sulfur
amino acids in Saccharomyces cerevisiae. Microbiol
Mol Biol Rev 1997; 61:503-32; PMID:9409150.
Hoffman RM, Jacobsen SJ, Erbe RW. Reversion to
methionine independence by malignant rat and SV40-
transformed human fibroblasts. Biochem Biophys Res
Commun 1978; 82:228-34; PMID:208554; http://
dx.doi.org/10.1016/0006-291X(78)90600-9.

Hoffman RM, Jacobsen SJ, Erbe RW. Reversion to
methionine independence in simian virus 40-trans-
formed human and malignant rat fibroblasts is asso-
ciated with altered ploidy and altered properties
of transformation. Proc Natl Acad Sci USA 1979;
76:1313-7; PMID:220612; http://dx.doi.org/10.1073/
pnas.76.3.1313.

Cell Cycle

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

We thank E. Lee, W.H. Lee, P. Donovan and J. Krolewski for
cell lines and helpful discussions. We would also like to thank K.
Yokomori and A. Edinger for access to their lab microscope and
cytometer, respectively. G. Guenther, M. Zhang and J. Chang
provided valuable technical support. Work in the Kaiser labora-
tory is supported by the National Institute of Health (GM66164)
and the University of California Cancer Research Coordinating
Committee. K.R.B. is grateful for support by predoctoral fellow-
ships from the National Institute of Health TISLM07443 and

Sengupta S, Peterson TR, Sabatini DM. Regulation
of the mTOR complex 1 pathway by nutrients,
growth factors, and stress. Mol Cell 2010; 40:310-22;
PMID:20965424; http://dx.doi.org/10.1016/j.mol-
cel.2010.09.026.

Zoncu R, Efeyan A, Sabatini DM. mTOR: from growth
signal integration to cancer, diabetes and ageing. Nat
Rev Mol Cell Biol 2011; 12:21-35; PMID:21157483;
heep://dx.doi.org/10.1038/nrm3025.

Goodrich DW, Wang NP, Qian YW, Lee EY, Lee
WH. The retinoblastoma gene product regulates pro-
gression through the G1 phase of the cell cycle. Cell
1991; 67:293-302; PMID:1655277; htep://dx.doi.
org/10.1016/0092-8674(91)90181-W.

Fry DW, Harvey PJ, Keller PR, Elliott WL, Meade M,
Trachet E, et al. Specific inhibition of cyclin-dependent
kinase 4/6 by PD 0332991 and associated antitumor
activity in human tumor xenografts. Mol Cancer Ther
2004; 3:1427-38; PMID:15542782.

Bell SP, Dutta A. DNA replication in eukaryot-
ic cells. Annu Rev Biochem 2002; 71:333-74;
PMID:12045100; http://dx.doi.org/10.1146/annurev.
biochem.71.110601.135425.

Petersen BO, Wagener C, Marinoni F Kramer ER,
Melixetian M, Lazzerini Denchi E, et al. Cell cycle-
and cell growth-regulated proteolysis of mammalian
CDC6 is dependent on APC-CDHI. Genes Dev
2000; 14:2330-43; PMID:10995389; http://dx.doi.
org/10.1101/gad.832500.

Zhang W, Braun A, Bauman Z, Olteanu H, Madzelan
P, Banerjee R. Expression profiling of homocysteine
junction enzymes in the NCI60 panel of human
cancer cell lines. Cancer Res 2005; 65:1554-60;
PMID:15735045; http://dx.doi.org/10.1158/0008-
5472.CAN-04-1554.

Lunn CL, Chrivia JC, Baldassare JJ. Activation of
Cdk2/Cyclin E complexes is dependent on the origin of
replication licensing factor Cdc6 in mammalian cells.
Cell Cycle 2010; 9:4533-41; PMID:21088490; http://
dx.doi.org/10.4161/cc.9.22.13789.

Sotillo E, Garriga J, Padgaonkar A, Kurimchak A,
Cook JG, Grafia X. Coordinated activation of the
origin licensing factor CDC6 and CDK2 in resting
human fibroblasts expressing SV40 small T anti-
gen and cyclin E. J Biol Chem 2009; 284:14126-
35; PMID:19321444; http://dx.doi.org/10.1074/jbc.
M900687200.

Berthet C, Aleem E, Coppola V, Tessarollo L,
Kaldis . Cdk2 knockout mice are viable. Curr Biol
2003; 13:1775-85; PMID:14561402; htep://dx.doi.
0rg/10.1016/j.cub.2003.09.024.

Tvegard T, Soltani H, Skjelberg HC, Krohn M,
Nilssen EA, Kearsey SE, et al. A novel checkpoint
mechanism regulating the G1/S transition. Genes Dev
2007; 21:649-54; PMID:17369398; http://dx.doi.
org/10.1101/gad.421807.

Volume 11 Issue 23



34. Skehan P, Storeng R, Scudiero D, Monks A, McMahon
], Vistica D, et al. New colorimetric cytotoxicity assay
for anticancer-drug screening. ] Natl Cancer Inst
1990; 82:1107-12; PMID:2359136; http://dx.doi.
0rg/10.1093/jnci/82.13.1107.

35. Keck JM, Summers MK, Tedesco D, Ekholm-Reed
S, Chuang LC, Jackson PK, et al. Cyclin E over-
expression impairs progression through mitosis by
inhibiting APC(Cdh1). J Cell Biol 2007; 178:371-
85; PMID:17664332; http://dx.doi.org/10.1083/
jcb.200703202.

36. Meéndez ], Stillman B. Chromatin association of human
origin recognition complex, cdc6, and minichromo-
some maintenance proteins during the cell cycle: assem-
bly of prereplication complexes in late mitosis. Mol
Cell Biol 2000; 20:8602-12; PMID:11046155; htep://
dx.doi.org/10.1128/MCB.20.22.8602-8612.2000.

37. Pumiglia KM, Decker SJ. Cell cycle arrest medi-
ated by the MEK/mitogen-activated protein kinase
pathway. Proc Natl Acad Sci USA 1997; 94:448-
52; PMID:9012803; http://dx.doi.org/10.1073/
pnas.94.2.448.

www.landesbioscience.com Cell Cycle 4423





