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Cell proliferation is accompanied by an increase in the utilization of
glucose and glutamine. The proliferative response is dependent
on a decrease in the activity of the ubiquitin ligase anaphase-
promoting complex/cyclosome (APC/C)-Cdh1 which controls G1-
to-S-phase transition by targeting degradation motifs, notably
the KEN box. This occurs not only in cell cycle proteins but also in
the glycolysis-promoting enzyme 6-phosphofructo-2-kinase/fruc-
tose-2,6-bisphosphatase isoform 3 (PFKFB3), as we have recently
demonstrated in cells in culture. We now show that APC/C-Cdh1
controls the proliferative response of human T lymphocytes.
Moreover, we have found that glutaminase 1 is a substrate for this
ubiquitin ligase and appears at the same time as PFKFB3 in pro-
liferating T lymphocytes. Glutaminase 1 is the first enzyme in glu-
taminolysis, which converts glutamine to lactate, yielding inter-
mediates for cell proliferation. Thus APC/C-Cdh1 is responsible for
the provision not only of glucose but also of glutamine and, as such,
accounts for the critical step that links the cell cycle with the
metabolic substrates essential for its progression.

cell cycle | glutaminase | 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase isoform 3 | proliferation

Human blood T lymphocytes have been used for many years
in studies of cell proliferation (1, 2). These cells can be

obtained directly from the circulation and therefore avoid the
pitfalls associated with the use of cells in culture, which acquire
confounding characteristics as a result of their in vitro environ-
ment (3). Interest has recently been rekindled in the metabolic
changes that underpin cell proliferation in cancer to identify
potential targets for chemotherapy (4, 5). This has high-
lighted the need to carry out comparative studies on proliferating
normal and tumor cells to ascertain whether an antimetabolic
approach to cancer is possible without side effects related to the
mechanism of action.
The E3 ubiquitin ligase anaphase-promoting complex/cyclo-

some (APC/C) attached to the activator protein Cdh1 plays
a crucial role in controlling G1- to S-phase transition, and there-
fore proliferation, through the breakdown of cell cycle proteins (6,
7). APC/C-Cdh1 substrates are targeted for degradation through
specific recognition motifs, including one known as the KEN box
(8). Inactivation of APC/C-Cdh1 inG1 of the cell cycle is necessary
for initiation of S phase, in which DNA is replicated and chro-
mosomes are duplicated. We have recently found that APC/C-
Cdh1 links cell cycle activity with that of the enzyme 6-phospho-
fructo-2-kinase/fructose-2,6-bisphosphatase isoform 3 (PFKFB3)
(9, 10). PFKFB3—a key regulator of glycolysis (11)—contains
a KEN box motif and is thus also broken down by APC/C-Cdh1.
Inactivation of APC/C-Cdh1 enables PFKFB3 to up-regulate
glycolysis, thus providing the cell with the glucose essential for the
subsequent biosynthesis of macromolecules. Our previous studies
(9) were carried out in two cell lines; we therefore decided to in-
vestigate whether the same mechanism operates in human pro-
liferating primary cells.

We now show that APC/C-Cdh1 also links the metabolic
supply of glucose with cell cycle progression in human freshly
isolated peripheral T lymphocytes. Furthermore, we show an
additional APC/C-Cdh1–mediated point of control via gluta-
minase; this enzyme metabolizes glutamine to glutamate and is
the first step in its conversion into lactate through the process
called glutaminolysis. By this process, which uses part of the
tricarboxylic acid cycle, glutamine, together with glucose, pro-
vides the raw materials for cell proliferation (12, 13). The pres-
ent results confirm and extend our understanding of the central
role of APC/C-Cdh1 in the coordination of metabolism with
cell proliferation.

Results
Correlation of T-Lymphocyte Proliferation with the Generation of
Lactate. Human freshly isolated peripheral T lymphocytes were
induced to proliferate by ligation of the T-lymphocyte receptor
with anti-CD3 and costimulation with anti-CD28 antibodies. The
percentage of cells in S phase and the generation of lactate were
then monitored for as long as 96 h. Fig. 1A shows the percentage
of cells in S phase at different times after initiation of pro-
liferation. These results are shown together with the increase in
lactate release by the cells at these times in Fig. 1B. Fig. S1A
shows that the proportion of cells in S phase correlated positively
with the rate of generation of lactate (r2 = 0.91). T-lymphocyte
proliferation was accompanied by an increase in the amount of
the most abundant splice variant of PFKFB3 in T lymphocytes
(splice variant 5; Fig. S1B) and of the cell cycle protein geminin
(a known substrate of APC/C-Cdh1); these increases were as-
sociated with a decrease in Cdh1 protein (Fig. 1C). Interestingly,
we did not observe expression of Cdh1 in freshly isolated, non-
activated T lymphocytes (Fig. 1C), probably indicating their
quiescent state.

Effect of Overexpression of Cdh1 on T-Lymphocyte Proliferation and
Generation of Lactate. The percentage of cells in S phase, lactate
production, and the appearance of PFKFB3 were compared in
proliferating T lymphocytes transfected with an empty vector
(EV) and in those in which Cdh1 had been overexpressed (Fig.
2A). The increase in the percentage of cells in S phase and in the
rate of lactate generation previously observed at 72 h after the
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initiation of proliferation was unaffected in EV cells but was
prevented in cells overexpressing Cdh1 (Fig. 2 B and C). These
effects of Cdh1 were associated with a significant reduction in
PFKFB3; the presence of geminin was also greatly reduced in
cells overexpressing Cdh1 (Fig. 2A). The increase in generation
of lactate, but not the proportion of cells in S phase, could be
completely restored in these cells by coexpressing a PFKFB3
form in which the KEN box amino acid sequence was mutated to
AAA (Pfkfb3 mut; Fig. 2 B and C), and was therefore not tar-
geted for destruction by APC/C-Cdh1 (Fig. 2A).

Effect of Silencing Pfkfb3 on T-Lymphocyte Proliferation and Gener-
ation of Lactate. Pfkfb3 was silenced in T lymphocytes using small
hairpin RNA (Pfkfb3 shRNA; Fig. 3A). The percentage of cells
in S phase and lactate production at 72 h after initiation of
proliferation in these cells were compared with those in T lym-
phocytes transfected with scrambled shRNA. The percentage

of cells in S phase was always slightly less in cells containing
scrambled shRNA than in cells transfected with an EV at this
time (Figs. 2B and 3B), although the rate of lactate production
was not significantly different (Figs. 2C and 3C). In contrast,
silencing Pfkfb3 dramatically reduced both proliferation and
generation of lactate (Fig. 3C).
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Fig. 1. Proliferation and generation of lactate in human T lymphocytes. (A)
The proportion of cells in S phase [bromodeoxyuridine (BrdU) incorporation
and DNA content analysis by flow cytometry; details provided in SI Materials
and Methods] at different times after initiation of proliferation. Result rep-
resentative of three independent experiments. (B) Percentage of cells in S
phase and production of lactate per 24 h at different times after initiation of
proliferation; n = 3, mean ± SEM. (C) The appearance of PFKFB3 and geminin,
and the disappearance of Cdh1, at different times after initiation of pro-
liferation. Proteins from a Western blot representative of three independent
experiments were quantified by densitometry. AU, arbitrary units.
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Fig. 2. Effect of overexpression of Cdh1 on PFKFB3, lactate generation, and
T-lymphocyte proliferation. All data shown in this figure were obtained 72 h
after initiation of proliferation. (A) Overexpression of Cdh1 promoted the
degradation of PFKFB3 and geminin, but did not affect the KEN box-mutant
form of PFKFB3. Proteins from a Western blot representative of three in-
dependent experiments were quantified by densitometry. (B) The proportion of
cells in S phase was greatly reduced in cells overexpressing Cdh1 comparedwith
those expressing EV. Coexpression of PFKFB3 mut did not prevent the Cdh1-
induced reduction in proliferation. Result representative of three experiments.
(C) In Cdh1-overexpressing cells, both proliferation and lactate generation were
significantly reduced. In cells cotransfected with Pfkfb3 mut, the generation of
lactate was similar to EV values but proliferationwas still reduced; n = 3,mean±
SEM; *P < 0.05 versus cells containing EV. AU, arbitrary units.
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Pfkfb3 Gene Expression and the Activity of APC/C-Cdh1. Expression
of Pfkfb3 mRNA increased during proliferation so that, by 96 h,
there was approximately four times the control amount (Fig. 4A).
There was dissociation between gene expression, which was ev-
ident after 24 h and continued to increase throughout the ob-
servation period, and the appearance of PFKFB3 (Fig. 1D). The
expression of the protein could be greatly enhanced when T
lymphocytes induced to proliferate for 48 h were treated with the
proteasome inhibitor MG132 (10 μM, 2 h; Fig. 4B), a treatment
that also increased the amount of geminin present, suggesting
that both proteins are actively degraded through the same mech-
anism (Fig. 4B). Addition of MG132 also resulted in accumu-
lation of ubiquitinated PFKFB3, the tagged form recognized by
the proteasome (Fig. 4C). Fig. 4D shows that overexpression of
Cdh1 resulted in a significant reduction in the appearance of
PFKFB3 72 h after initiation of proliferation. Under these
conditions, incubation with MG132 (10 μM, 2 h) significantly
enhanced the appearance of the protein. This effect was not
related to gene expression, as Pfkfb3 mRNA was expressed to
a similar extent in cells transfected with EV, with Cdh1, and with
Cdh1 in the presence of MG132 (Fig. 4E). These results indicate
that, in T lymphocytes, the induction of the gene for PFKFB3
may be necessary but is not sufficient for proliferation, as the
protein is degraded through the ubiquitin–proteasome pathway
as long as APC/C-Cdh1 is active.

Glutaminase: An Additional Control Point. Fig. 5A shows that the
release of ammonia (a coproduct of the conversion of glutamine
to glutamate) from T lymphocytes activated to proliferate fol-
lows a pattern similar to that of lactate (Fig. 1B), with a maxi-
mum increase at 72 h coinciding with the highest entry of cells
into S phase. This was accompanied by an increase in the pres-
ence of glutaminase 1 (GLS1; Fig. 5B), the isoform of the en-
zyme that we established to be the most abundant in these cells
(Fig. S2A). The increase in GLS1 occurred concomitantly with
the increase in geminin and in PFKFB3 (Fig. 1D) and the de-
crease in Cdh1 (Fig. 5B). Expression of the gene for GLS1 also
increased during proliferation and was apparent after 24 h,
reaching a maximum at 72 h (Fig. S2B). When T lymphocytes
induced to proliferate for 48 h were treated with MG132 (10 μM,
2 h), there was also an increased accumulation of GLS1, similar
to that of PFKFB3 (Fig. 5C). Moreover, GLS1 was ubiquitinated
under these conditions, as shown in Fig. 5D. To establish
whether GLS1 is also a substrate for APC/C-Cdh1, we trans-
fected a Gls1-encoding plasmid into HEK 293 cells. Over-
expression of Cdh1 in these transfected cells resulted in the
almost complete disappearance of GLS1 (Fig. 5E). In contrast,
the enzyme β-gal, which does not contain a KEN box, was largely
unaffected by overexpression of Cdh1 (Fig. S2C). Furthermore,
overexpression of Cdh1 had little effect on GLS1 when Gls1 was
mutated to a form in which the KEN box was removed from the
resulting protein (ΔGLS1; Fig. 5 E and F). When GLS1 ex-
pression in T lymphocytes was reduced by silencing Gls1 (Fig.
6A), proliferation was virtually abolished (Fig. 6 B and C) and
the generation of ammonia was dramatically reduced (Fig. 6C).
Similar results were obtained in T lymphocytes that were treated
with 6-diazo-5-oxo-L-norleucine—a well characterized inhibitor
of glutaminase activity (14)—at the time they were activated to
proliferate (Fig. S2 D and E).

Discussion
The present results demonstrate that proliferation of human pe-
ripheral T lymphocytes is dependent on changes in the activity of
the ubiquitin ligaseAPC/C-Cdh1. Following activation of the CD3
and CD28 receptors on these cells (15), there is a response,
characterized by a progressive increase in the number of cells
entering S phase, which reaches a peak at 72 h and correlates
closely with an increased accumulation of lactate in the cell cul-
ture medium. This response is accompanied by an increase in the
expression of PFKFB3 and geminin, coinciding with a decrease in
the activity of APC/C-Cdh1, for which both proteins are substrates
(16, 17). We further show that overexpression of Cdh1 decreases
both the proliferative response and the accumulation of lactate,
and that the concomitant overexpression of a PFKFB3, mutated
in the KEN box so that it is no longer a substrate for APC/C-Cdh1,
restores the production of lactate but not the proliferative re-
sponse. This confirms previous results using cell lines that show
that restoration of glycolysis alone is not enough to initiate pro-
liferation (9), as the overexpressed Cdh1 continues to metabolize
key proteins involved in cell cycle progression, such as geminin.
Thus, as previously shown (9), there is a strict coordination be-
tween cell cycle progression and the metabolic response that un-
derpins it. This is further supported by our experiments in which
silencing Pfkfb3 rendered the activated T lymphocytes unable
to proliferate.
Our results also show that, following activation, there is a pro-

gressive increase in expression of the gene for Pfkfb3. However,
the protein is constantly ubiquitinated by APC/C-Cdh1 until its
activity is permitted by the decrease in activity of the ubiquitin
ligase. This is apparent in the experiments in which, 72 h after
initiation of proliferation, cells overexpressing Cdh1 show up-
regulation of Pfkfb3 mRNA but little protein, unless the protea-
some inhibitor MG132 is added to prevent its destruction.
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Fig. 3. Effect of silencing Pfkfb3 on lactate generation and proliferation. (A)
Pfkfb3 was silenced in T lymphocytes using shRNA (Pfkfb3 shRNA). Cell lysates
were analyzed by Western blotting 72 h after initiation of proliferation. Pro-
teins from a Western blot representative of three independent experiments
were quantified by densitometry. (B) The proportion of T lymphocytes in S
phase 72 h after transfection with Pfkfb3 shRNA was far less than that of T
lymphocytes transfected with scrambled shRNA. Result representative of three
experiments. (C) Both proliferation and lactate generation were significantly
reduced in T lymphocytes 72 h after transfection with Pfkfb3 shRNA compared
with those transfected with scrambled shRNA; n = 3, mean ± SEM; *P < 0.05
versus cells containing scrambled shRNA. AU, arbitrary units.
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It has been known for many years that glutamine is required for
cell proliferation (12, 13). Through its conversion to lactate,
glutamine is an essential partner of glucose in the generation of

energy, of intermediates in the tricarboxylic acid cycle required
for anaplerosis, and of NADPH (13, 18). Moreover, it has been
shown that the rate of utilization of glutamine in proliferating
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T lymphocytes is even higher than that of glucose (19). Gluta-
minase is a critical enzyme in glutaminolysis (13, 20), and its ac-
tivity is known to be increased in proliferating T lymphocytes (13)
and in cancer cells (21, 22). The fact that this enzyme contains
a KEN box and, as our experiments show, is a substrate for APC/
C-Cdh1 indicates that its activity is regulated in a similar manner
to that of PFKFB3. Experiments in which the expression of GLS1
was reduced by silencing Gls1, or its activity inhibited pharma-
cologically using 6-diazo-5-oxo-L-norleucine, confirmed the rele-
vance of this enzyme for the proliferative response of these cells.
We have therefore demonstrated that the activity of APC/C-

Cdh1 directly regulates two of the most important metabolic
enzymes in cell proliferation. The synchronous up-regulation of
glycolysis and glutaminolysis highlights the issue of the relative
contribution of each pathway to the components of the new cell
(23) and to the amount of lactate that is excreted during pro-
liferation. Indeed, the two pathways are known to be functional
and complementary in proliferating lymphocytes (24) and in
cancer cells (25), and are further modulated by regulatory mech-
anisms that might alter their relative contribution in different
circumstances.

Interestingly, bioinformatic analysis of the human proteome
(26) shows that there are other KEN box-containing enzymes in
the metabolic pathways involved in the synthesis of macro-
molecules for cell proliferation. These are further potential
targets of APC/C-Cdh1 and include pyruvate carboxylase, malate
dehydrogenase 1, and acetyl-CoA carboxylase-α. Furthermore,
two mitochondrial proteins, OPA1 and Tfam, involved in mito-
chondrial fusion and transcription, respectively (27, 28), contain
a KEN box. If some or all of these proteins are regulated by the
activity of APC/C-Cdh1, this ubiquitin ligase has a wider role
than the one we have so far uncovered. Whether this system is
substantially changed or simply dysregulated during neoplastic
transformation now requires clarification.

Materials and Methods
Isolation of Peripheral Blood T Lymphocytes. Fresh blood was defibrinated and
centrifuged at 700 × g for 15 min. The cells were diluted in two volumes of
PBS solution. Peripheral blood mononuclear cells (PBMCs) were separated by
Ficoll/Paque gradient centrifugation (GE Healthcare) from diluted fresh
blood cells or from the buffy coat of healthy donors (National Blood
Transfusion Service, Brentwood Centre, Essex, United Kingdom). Platelets in
PBMC from the buffy coat were removed by resuspending cells in PBS so-
lution containing 2 mM EDTA and 0.5% FBS and centrifuging at 300 × g for
10 min. Purification of T lymphocytes from PBMCs was carried out using the
Pan T cell isolation kit II (Miltenyi Biotec). More than 95% of the resulting
eluted cells were CD3+ when analyzed by flow cytometry. T lymphocytes
were then resuspended at 2 × 106 cells/mL in DMEM (Invitrogen) supple-
mented with 10% heat-inactivated FBS (or autologous serum when using
fresh blood) and penicillin (100 U/mL)/streptomycin (100 μg/mL). Cells were
cultured overnight in T-175 flasks at 37 °C in a 5% CO2 humidified incubator.

T-Lymphocyte Proliferation Assay. T lymphocytes were harvested and plated
at 106 cells/mL in six- or 12-well plates that had been coated overnight with
an anti-CD3 monoclonal antibody (anti-human CD3, clone OKT3, 5 μg/106

cells; eBioscience). Soluble anti-CD28 antibody (anti-human CD28, cos-
timulatory clone CD28.2, 5 μg/mL; eBioscience) was added to the culture
medium described earlier and the cells were replaced in the incubator. In
some experiments, proliferating cells were incubated with 250 μM 6-diazo-
5-oxo-L-norleucine (Sigma) for 72 h to inhibit glutaminase.

Lactate and Ammonia Accumulation in the Cell Supernatant. Cell-free super-
natant samples were analyzed in triplicate using a lactate kit (Trinity Biotech)
adapted for a 96-well plate reader. Briefly, 10 μL of sample or standard were
incubated with 100 μL lactate reagent solution for 10 min, after which the
absorbance was measured at 540 nm. The rate of lactate generation was
determined from the increase in lactate production per million cells in the
last 24 h or the last 1 h of each end point. These experiments were carried
out using autologous serum or dialyzed heat-inactivated FBS in the medium
to minimize background readings. For determination of ammonia, cell-free
supernatant was analyzed using an Ammonia Assay Kit (Sigma-Aldrich)
according to the manufacturer’s instructions. In brief, 50 μL supernatant
was mixed with 1 mL ammonia assay reagent and 10 μL L-glutamate de-
hydrogenase solution in a quartz cuvette for 5 min, after which absorbance
at 340 nm was measured (SpectraMax M2; Molecular Devices). The back-
ground concentration of ammonia in the culture medium at the relevant
time points was subtracted, and the results are expressed as the increase in
ammonia released per million cells in the last 24 h or the last 1 h of each
end point.

Protocols for cell transfection, Western blotting, quantitative RT-PCR
(RT-qPCR), and other protocols are described in detail in SI Materials
and Methods.
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Fig. 6. Effect of silencing Gls1 on ammonia generation and proliferation.
(A) Gls1 was silenced in T lymphocytes using shRNA (Gls1 shRNA). Cell lysates
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than that of T lymphocytes transfected with scrambled shRNA. Result rep-
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monia generation were significantly reduced in T lymphocytes 72 h after
transfection with Gls1 shRNA compared with those transfected with scram-
bled shRNA; n = 3, mean ± SEM; *P < 0.05 versus cells containing scrambled
shRNA. AU, arbitrary units.
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