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p32/gC1qR/C1QBP/HABP1 is a mitochondrial/cell surface protein overexpressed in certain cancer cells.
Here we show that knocking down p32 expression in human cancer cells strongly shifts their metabolism from
oxidative phosphorylation (OXPHOS) to glycolysis. The p32 knockdown cells exhibited reduced synthesis of
the mitochondrial-DNA-encoded OXPHOS polypeptides and were less tumorigenic in vivo. Expression of
exogenous p32 in the knockdown cells restored the wild-type cellular phenotype and tumorigenicity. Increased
glucose consumption and lactate production, known as the Warburg effect, are almost universal hallmarks of
solid tumors and are thought to favor tumor growth. However, here we show that a protein regularly
overexpressed in some cancers is capable of promoting OXPHOS. Our results indicate that high levels of
glycolysis, in the absence of adequate OXPHOS, may not be as beneficial for tumor growth as generally thought
and suggest that tumor cells use p32 to regulate the balance between OXPHOS and glycolysis.

Tumors can be distinguished from their nonmalignant coun-
terparts by specific molecular signatures expressed in malig-
nant cells and tumor vasculature. We explore such differences
by identifying tumor-homing peptides from phage libraries that
we screen in vivo (60). We recently showed (19) that the cel-
lular receptor for one of our tumor-homing peptides is a pro-
tein variously known as p32, p33, gC1q receptor (gC1qR), or
hyaluronic acid binding protein 1 (HABP1). This protein was
originally isolated based on its copurification with the nuclear
splicing factor SF-2 (37). However, it was subsequently shown
to bind also the globular heads of complement component C1q
(23), hyaluronic acid (10), and numerous other extracellular
and intracellular proteins (24, 28, 33, 42). Most recently it has
been shown that p32 interacts with the long and short forms of
the tumor suppressor ARF (30, 56, 57). Despite the numerous
reports on p32 interaction partners, the role of these binding
activities in the physiological function of the protein is un-
known, and some investigators have proposed that p32 may be
a chaperone protein (58, 65).

The p32 protein is primarily localized in the mitochondrial
matrix (12, 46, 48) but has also been reported to be present in
other subcellular locations (53). Some of the p32 protein can
be at the cell surface, a location that appears to be specific for
tumors (19). In this regard, p32 is similar to some other intra-
cellular proteins that are also partially localized at the cell
surface in tumor cells (8, 49). In addition to the partial cell
surface localization of p32, many human tumors exhibit higher
p32 expression levels than their nonmalignant counterpart tis-

sues (7, 19, 52, 59). Moreover, p32 is differentially expressed
during the progression of epidermal carcinoma, accumulating
in metastatic islands (25).

We set out to modulate p32 expression in tumor cells to gain
information on the role of this protein in cancer. We show here
that p32 knockdown cells shift their metabolism from oxidative
phosphorylation (OXPHOS) toward glycolysis and become
poorly tumorigenic. These changes could be reversed by re-
stored expression of p32. These results show that p32 supports
oxidative phosphorylation in human cancer cells and opposes
the shift of tumor cell metabolism toward glycolysis. The
unique expression pattern of p32 in tumors and its crucial role
in tumor metabolism make p32 a promising target for tumor
therapy. The fact that this protein is upregulated in tumors and
counteracts glycolytic metabolism suggests that the role of the
Warburg effect in tumor growth may not be as straightforward
as is generally thought.

MATERIALS AND METHODS

Reagents and cell lines. Mouse monoclonal anti-p32 (clone 60.11) and anti-

�-actin antibodies were from Millipore (Temecula, CA). Monoclonal antibodies

specific for OXPHOS complex I (30-kDa and 20-kDa subunits; clones 3F9 and

20E9), complex II (70-kDa subunit; clone 2E3), complex III (core I; clone

16D10), complex IV (subunits I and II; clones 1D6 and 12C4), and complex V (�

subunit; clone 7H10) were from Molecular Probes/Invitrogen. Polyclonal anti-

body anti-p32 NH2 terminal was described elsewhere (19). Monoclonal antiporin

was from MitoSciences (Eugene, OR), and antitubulin was from Sigma. Poly-

clonal anti-PKM2 is from Cell Signaling (Danvers, MA).

MDA-MB-435 cancer cells (for updates on their origin refer to http://dtp.nci

.nih.gov/docs/misc/common_files/cell_list.html), MDA-MB-231 breast carcinoma

cells, and MDA-MB-231 D3H2LN and MCF10A-CA1a cancer cells were main-

tained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%

fetal bovine serum (FBS) and 1% glutamine Pen-Strep solution (Omega Scien-

tific) at 37°C and 5% CO2. MDA-MB-231-luc-D3H2LN cells are luciferase

labeled and derived from parental MDA-MB-231 cells which spontaneously

metastasized to the lymph node from an orthotopic tumor (Xenogen, Alameda,

CA). MCF10A-CA1a cells are fully malignant and metastatic cells derived from
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premalignant human breast epithelial MCF10AT cells (61). Normal human

mammary epithelial cells (HMEC) (Lonza, Walkersville, MD) were grown in

MEGM Bulletkit (Lonza, Walkersville, MD).

Generation of stable cell lines. p32-deficient lines were obtained through the

BLOCK-iT lentiviral RNA interference (RNAi) expression system (Invitrogen)

according to the manufacturer’s instructions. The optimal p32 short hairpin

RNA (shRNA) sequence targets nucleotides 5�-GGATGAGGTTGGACAAGA

AGA-3� (Gene-Bank accession no. NM_001212). Control shRNA is a 2-base-

pair mismatched shRNA targeting a different region of p32 cDNA (5�-CCCAA

TaTCGTGGTTGAtGTTATAA-3�; lowercase, underlined nucleotides indicate

the base pair mismatch). Tumor cells were transduced with p32 and control

RNAi lentiviral stocks. Selection of stably transduced clones was done in medium

containing blasticidin (5 �g/ml; Invitrogen). To produce a p32 construct resistant

to the selected shRNA, the QuikChange II site-directed mutagenesis kit (Strat-

agene, Cedar Creek, TX) was used to introduce two silent mutations within the

p32 sequence targeted by the shRNA (5�-GGATGAGGTTGGACAgGAgGA-

3�; lowercase, underlined nucleotides indicate silent mutations). The resulting

construct was transfected into an MDA-MB-435 cell clone stably expressing the

p32 shRNA, and Zeocin (600 �g/ml; Invitrogen) was used to select clones with

restored p32 expression.

MDA-MB-231 D3H2LN cells and human mammary epithelial cells stably

expressing p32 were produced using the lentiviral vector pCDH1-MCS1-EF1

Puro (System Biosciences, Mountain View, CA) and selected with puromycin

(Sigma) (1 �g/ml).

Quantification of growth rates and cell death. MDA-MB-435 clones were

seeded in DMEM (25 mM glucose)–10% dialyzed FBS in triplicate at a density

of 2.5 � 104 cells per well in 12-well plates and allowed to adhere overnight. The

medium was removed by washing and replaced with glucose-free DMEM sup-

plemented with 10% dialyzed FBS and either 25 or 2.5 mM glucose (Mediatech,

Inc., Herndon, VA). The cell number in each well at each time point was

quantified by flow cytometry using CountBright absolute counting beads (Mo-

lecular Probes/Invitrogen). To quantify cell death, cells were grown for 3 days in

either 25, 2.5, or 0.5 mM glucose and the annexin V-fluorescein isothiocyanate

(FITC) kit from BioVision (Mountain View, CA) was used to quantify dead cells

by flow cytometry.

Quantification of lactate, glucose, ATP, and oxygen. Lactate and glucose

concentrations in the cell media were determined using lactate (K607-100) and

glucose (K606-100) assay kits from BioVision. Cellular ATP levels were deter-

mined via the ATP bioluminescence assay kit CLS II (Roche, Indianapolis, IN),

while oxygen consumption by cells in culture was measured using the BD oxygen

biosensor systems (OBS) from BD Bioscience. Glucose consumption/well at time

Tx was calculated as (nmol glucose in media only at T0 � nmol glucose in cell

media at Tx)/cell number at Tx, where T0 is time zero. For oxygen consumption

measurements, triplicate samples of 12,000 cells seeded onto 96-well OBS plates

in a final medium volume of 200 �l were used for the measurement. The number

of cells was determined at each time point by sampling cells seeded into side-

by-side plates. Fluorescence was measured from the bottom of the well every

24 h on a Spectra Max Gemini plate reader (excitation at 485 nm and emission

at 630 nm). Each measurement was normalized by factoring in a blank reading

from the same well prior to the addition of the cells and the number of cells in

the well at the time of the measurement (27).

[U-13C]glucose cell labeling and metabolite analysis by NMR. Metabolic flux

mapping was performed according to published methods (75). In particular, 2 �

108 cells were harvested and cell metabolites were extracted twice with cold

aqueous methanol. Following centrifugation (13,000 � g, 10 min) the superna-

tants were combined and evaporated to dryness. This extract was dissolved in 650

�l of D2O (99.9% enriched; Cambridge Isotope Laboratories) and filtered

through a 0.2-�m-pore-size filter for nuclear magnetic resonance (NMR) mea-

surements. NMR experiments were performed at 30°C and 500 MHz on a

Avance 500 spectrometer (Bruker, Karlsruhe, Germany). Two-dimensional [13C,
1H] heteronuclear single quantum coherence (HSQC) spectra were obtained

using a standard gradient-based sequence. The acquisition parameters were as

follows: t1max � 183 ms, t2max � 157 ms; data sizes were 3,072 points at t1 and

1,024 points at t2. Sweep width was 80 ppm, and the carrier position was 50 ppm

for 13C. The 13C-13C scalar coupling fine structures were extracted from the cross

sections taken along the 13C axis in an HSQC spectrum by using the Bruker

XWINNMR software. After manual baseline correction, the individual multiplet

components of the scalar coupling fine structures were integrated to quantify the

relative contributions of singlet, doublet, and quartet signals. Measurement of

total peak volumes was accomplished using Sparky (T. D. Goddard and D. G.

Kneller, SPARKY 3, University of California, San Francisco).

Isolation of mitochondria and BN-PAGE. Mitochondria were isolated using

differential centrifugation with buffers from a Pierce mitochondrial isolation kit

according to the manufacturer’s instructions. Blue native electrophoresis (BN-

PAGE) of dodecylmaltoside-solubilized mitochondria was performed as de-

scribed by Wittig et al. (74).

Mass spectrometry. Mass spectrometry was performed with methods de-

scribed by Timmer et al. (67). The liquid chromatography/tandem mass spec-

trometry (LC/MS/MS) spectra were searched using Sorcerer SEQUEST (Sage-N

Research) on the target-decoy ipi.HUMAN.v3.22 database. The search results

were filtered and statistically analyzed by using comprehensive proteomics data

analysis software Trans-Proteomic Pipeline (TPP) v4.0 JETSTREAM, revision 2,

from the Institute of System Biology (ISB) and PeptideProphet/ProteinProphet

(ISB), with minimum probability scores for proteins and peptides set to 0.99 and

0.9, respectively, to assure a false-positive rate of 0.02 or less. The relative

abundance of each identified protein in different samples was analyzed as pre-

viously described (3).

Mitochondrial enzyme assays. The activities of respiratory chain complexes I

and IV were assayed with kits (MS-130 and MS-443) from MitoSciences accord-

ing to the manufacturer’s instructions. Pyruvate dehydrogenase (PDH) activity

was quantified with the MitoSciences kit MSP30 according to the manufacturer’s

instructions.
35S in vivo labeling. Prior to labeling, cells were incubated for 1 h at 37°C in

DMEM without L-methionine or L-cysteine–10% dialyzed FBS, in the presence

or absence of 100 �g/ml emetine dihydrochloride hydrate (Sigma) and/or 200

�g/ml chloramphenicol (VWR). Fresh medium, with or without protein synthesis

inhibitors as above, containing 60 �Ci of EasyTag EXPRESS35S protein labeling

mix (PerkinElmer) was added to the cells and incubated for 1 h 30 min at 37°C

prior to cell lysis in radioimmunoprecipitation assay (RIPA) buffer or mitochon-

drial isolation.

Phylogenic profiling. For phylogenic profiling we used the recently identified

MitoCarta, a collection of 1,098 mitochondrial genes, and a MitoCarta phylo-

genic matrix containing homologs of mouse MitoCarta proteins in 500 fully

sequenced species (51). Comparison of the p32 sequence with a complete non-

redundant database of available protein sequences indicated that p32 is eu-

karyote specific. “Eukaryotic only” proteins were extracted from the matrix and

hierarchically clustered several times using different distance measures (Pearson

correlation, Euclidean distance, and Manhattan distance) and two different clus-

tering techniques (McQuitty method or weighted pair group method using arith-

metic averages [WPGMA] and unweighted pair group method using arithmetic

averages [UPGMA] or average distance and complete linkage) (4, 32).

Preparation of micelles encapsulating rotenone. Rotenone (Sigma) dissolved

in chloroform was added to a solution of 1,2-distearoyl-sn-glycero-3-phospho-

ethanolamine (DSPE)–polyethylene glycol 2000 (PEG 2000)-monomethyl ether

(OMe) (Genzyme Pharmaceuticals) in chloroform at a drug/lipid mole ratio of

0.3:3. The solvent was evaporated with a thin film of moisture-free nitrogen gas.

The dried lipid film thus obtained was hydrated with phosphate-buffered saline

(PBS; pH 7.4) for 1 h at 60°C. The vial was then briefly vortexed and occasionally

sonicated in a bath sonicator (Branson 1510) to produce a clear micellar solution

incorporating rotenone. Control micelles were composed of only DSPE-PEG

2000-OMe at the same concentration as in rotenone-containing micelles.

Mice and tumors. To produce tumors, 2 � 106 MDA-MB-435 and MDA-MB-

231-luc-D3H2LN cells in 100 �l of PBS were injected subcutaneously or into the

mammary fat pads of female nude mice. Tumor volume was calculated using the

equation volume (mm3) � d2 � D/2, where d and D are the smallest and biggest

tumor diameters, respectively. For in vivo bromodeoxyuridine (BrdU) labeling,

tumor-bearing mice were intraperitoneally injected with 1 mg of BrdU (Sigma-

Aldrich). Twenty-four hours later the tumors were removed and fixed in Bouin’s

solution (Ricca Chemical Company, Arlington, TX) for 72 h prior to processing

for paraffin embedding.

For experimental metastasis studies 2 � 105 MDA-MB-231-luc-D3H2LN cells

in 100 �l PBS were seeded into the hearts of Harlan BALB/c athymic nude mice

by intracardiac injections. Metastatic bioluminescence signals were imaged every

week for a total of 3 to 4 weeks using an IVIS imaging system (Xenogen,

Alameda, CA) and quantified as photons per second per square centimeter with

Living Image software (Xenogen). All animal experimentation received approval

from the Animal Research Committee of Burnham Institute for Medical Re-

search.

Statistical analysis. Data are expressed as means � standard deviations (SD)

for in vitro experiments and as means � standard errors of the means (SEM) for

in vivo experiments. The two-tailed Student t test was used for all statistical

analysis. GraphPad Prism and Excel were used for statistical calculations.

Significant differences are indicated using the standard Michelin Guide

scale (P 	 0.05, significant; P 	 0.01, highly significant; P 	 0.001, extremely

significant).
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RESULTS

Stable knockdown of p32 alters tumor cell metabolism. To
delineate the role of p32 in tumors, we expressed shRNAs com-
plementary to p32 or a 2-base-pair mismatch control shRNA in
MDA-MB-435 tumor cells. Three p32 shRNA clones, with un-
detectable p32 expression, and three control shRNA clones
were selected for analysis (Fig. 1A). Strikingly, p32 knockdown
induced acidification of the culture medium, as indicated by a
phenol red color change 3 to 4 days after cell seeding (Fig. 1A).
Consistent with a decrease in pH, lactate production was sig-
nificantly increased in p32 knockdown cells compared to con-
trol cells (Fig. 1A).

Lactic acid is a by-product of glycolysis and accumulates
under anaerobic conditions and during mitochondrial dysfunc-
tion. Reliance on glycolysis for ATP production is associated
with a high rate of conversion of glucose to lactate and a high
rate of glucose uptake. We found that p32 knockdown cells
consumed more glucose than the control clones, indicating
increased glycolysis (Fig. 1A). However, the elevated glycolytic
rate and lactate production did not translate into increased cell
growth of the p32 knockdown cells, as these cells grew more
slowly than the control cells (see Fig. 3). Similar results were

found with the breast cancer cell line MDA-MB-231 (Fig. 1,
bottom).

The p32 protein is present in each of the main cellular
compartments, but it is predominantly a mitochondrial pro-
tein. Consistent with a mitochondrial role for p32, a growth
defect in Saccharomyces cerevisiae lacking the p32 homolog has
been linked to an abnormality in maintaining mitochondrial
ATP synthesis (48). The p32 knockdown cells, when grown in
normal media containing high (25 mM) glucose, produced up
to 20% less total ATP than control cells (Fig. 1B). The de-
crease in mitochondrial ATP production could have been
greater than that, as increased ATP production via glycolysis
may have compensated for reduced mitochondrial ATP syn-
thesis. Reducing glucose concentration in the media to 2.5 mM
was more detrimental to cellular ATP production in p32
knockdown cells (50% reduction) than in control clones. These
data suggest that p32 may be required for efficient ATP pro-
duction through oxidative phosphorylation. Consistent with
such a role, p32 knockdown cells consumed less oxygen than
control clones (Fig. 1C). Thus, loss of p32 shifts energy me-
tabolism toward glycolysis, likely via perturbation of mitochon-
drial function. These results parallel the changes observed in

FIG. 1. Knockdown of p32 in MDA-MB-435 tumor cells. (A, top left) Immunoblot analysis on whole-cell lysates from three MDA-MB-435
clones (Cl) stably expressing shRNA for p32 (p32 knockdown [Kd] clones 1, 2, and 3) and three clones expressing a base mismatch control shRNA
(control clones 4, 6, and 7). (Top right) Acidification of the culture media in p32 knockdown clones, as indicated by the color change of the phenol
red indicator in the media to orange/yellow. (Bottom) Lactate production and glucose consumption 4 days after cell seeding, calculated as
described in Materials and Methods and shown relative to control (P 	 0.001). (B) Cellular ATP from lysates of p32 knockdown and control cells
grown for 4 days in media with the indicated glucose concentrations. The ATP present in each lysate was normalized for the ATP production of
control clones grown in 25 mM glucose. The results are the averages (�SD) of three independent experiments performed with three p32 Kd and
three control clones. *, P 	 0.05; ***, P 	 0.001. (C) Oxygen consumption. Shown are the values for p32 knockdown clones relative to control
clones. The results come from three independent experiments (�SD) performed in triplicate. ***, P 	 0.001; *, P 	 0.05. (D) Confocal analysis
of p32 localization in cells. p32 knockdown and control cells were stained for p32 and anti-cytochrome c. The panels on the right are
high-magnification images of the white-framed areas in the merge panels.
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yeast p32 knockout cells. Disrupting the yeast gene homolog of
the p32 gene causes growth retardation in glycerol but not
glucose media, suggesting a role for p32 in the maintenance of
mitochondrial oxidative phosphorylation (48).

Mitochondrial morphology is closely linked to energy me-
tabolism. Enhanced respiration correlates with an intercon-
nected mitochondrial network and enlarged crista compart-
ment, while reduced OXPHOS and enhanced glycolysis
correlate with fragmented mitochondrial and matrix expansion
(1). Confocal analysis of mitochondria in p32 knockdown and

control clones showed that the mitochondrial network was
fragmented rather than fibrillar when p32 was not expressed
(Fig. 1D).

To further examine glucose utilization in control versus p32
knockdown cells, the metabolism of [U-13C]glucose, added in
the culture media, was tracked by two-dimensional (2D) NMR
and mass spectrometry. The metabolic fluxes through which
the label is transferred from glucose into intermediary metab-
olites are shown in the schemes of Fig. 2. By analyzing the
isotopomer populations of alanine C-2, we found that total

FIG. 2. Effect of p32 knockdown (kd) on central carbon metabolism. The relative flux through the Embden-Meyerhof pathway (A, left) and
the pentose phosphate pathway (A, right) and into the TCA cycle (B) was determined by [U-13C]glucose tracking and isotopomer analysis. Results
are reported as the SD of triplicate integrations. (A) The 13C labeling pattern of alanine was used to determine glycolysis and PPP. Examples of
labeling patterns are shown for glucose and pyruvate, where the open circles represent 12C and the filled circles represent 13C. Flux of glucose
through glycolysis produces pyruvate that is either uniformly 12C or 13C labeled, while the rearrangements of the pentose phosphate pathway result
in the loss of label at C-3. (B) Effect of p32 knockdown on TCA cycle entry and flux. Pyruvate can enter the TCA cycle through either pyruvate
dehydrogenase (PDH) or pyruvate carboxylase (PC), which results in different patterns of glutamate labeling (gray circles represent either 12C or
13C). Determining the ratio of 13C at C-4 versus C-3 yields the ratio of PDH activity to PC activity. Knockdown of p32 results in a shift of pyruvate
flux from PDH to PC (right graph). The relative level of succinate in each cell line was determined by integrating the peak volumes of succinate
carbons C-3 and C-4 compared to glutamate carbons C-3 and C-4. Succinate pool size increased sevenfold following p32 knockdown (left graph).
(C) Quantification of PDH enzymatic activity from control and p32 knockdown MDA-MB-435 cell lysates. The results are representative of four
independent experiments and are expressed as percentages of PDH activity (�SD), with PDH activity in control cells as 100%. P was 	0.001.

1306 FOGAL ET AL. MOL. CELL. BIOL.



carbon flux significantly increased through both the Emb-
den-Meyerhof pathway and the pentose phosphate pathway
(PPP). The activity of each of these pathways contributes to
the net increase in glycolytic activity. Intriguingly, although
the flux through the Embden-Meyerhof pathway was con-
sistently greater than the flux through the PPP, compared as
mol/cell/h, the fold increase in PPP flux was greater following
p32 knockdown. This indicates that the metabolic shift ob-
served in this cell line is more complex than a shunting of
glucose to lactate production.

Additionally, through analyzing the isotopomer distribution
of glutamate, we observed a decrease in the relative activity
of pyruvate dehydrogenase (PDH) and the tricarboxylic acid
(TCA) cycle following p32 knockdown (Fig. 2B). This shift
indicates that p32 knockdown reroutes cellular pyruvate away
from oxidative phosphorylation and toward anabolic growth. A
decrease in PDH activity was confirmed also by enzymatic
assay (Fig. 2C). The decrease in respiration and TCA cycle flux
was also marked by an increase in the pool size of succinate
compared to that of glutamate. The labeling patterns of glu-
tamate carbons C-3 and C-4 in both free glutamate and the
glutamate-derived carbons of glutathione were nearly similar,
indicating that the glutamate pool is well mixed. The labeling
patterns for the control and knockdown cell lines were also
identical. As glutamate is interconverted with the TCA cycle
intermediate alpha-ketoglutarate, we compared the signal
strength of succinate carbons C-3 and C-4 to that of glutamate
carbons C-3 and C-4 to determine the relative mass of the TCA
cycle. Knockdown of p32 resulted in a 7-fold increase in the
relative amount of succinate, indicating that the TCA cycle flux
is significantly inhibited. Taken together, these data support
the view that p32 is critical for mitochondrial function and that
its inactivation alters energy metabolism in favor of glycolysis.
These changes are specific to p32 and not the result of a broad
metabolic depression, as other key metabolic indicators were
unchanged (Table 1). In particular, the overall 13C labeling
rates of both pyruvate and acetyl-coenzyme A (CoA) were
similar, indicating that the core glucose metabolic pathways
remained unchanged. The labeling rate of palmitate was also
unchanged, signifying that fatty acid biosynthesis was not af-
fected by p32. Although fatty acid oxidation was not directly
observed in this study, the fact that the acetyl-CoA and fatty

acid labeling rates are very similar suggests either that fatty
oxidation is not present in the two cell lines or that the levels
of oxidation are comparable.

Loss of p32 impairs cell growth and increases cell death.

The p32 knockdown cells grew more slowly than control cells
(Fig. 3A). The difference was particularly striking in medium
containing only 2.5 mM glucose. Under these low-glucose con-
ditions, the medium in the p32 knockdown cells did not be-
come acidic, indicating that the cells were not able to carry out
glycolysis at a level that would support cell growth. Similar
results were obtained also with the breast tumor cell lines
MDA-MB-231 and MCF10A-CA1a (data not shown).

Tumor cells have a tendency to undergo cell death under
low-glucose conditions (62). We next determined whether loss
of p32 would confer this trait on the MDA-MB-435 cells. The
percentages of annexin V-positive cells in the p32 knockdown
and control cells in high glucose media were similar, but the
greater sensitivity of the knockdown cells became evident in
low-glucose media (Fig. 3B).

Therefore, in cells with reduced p32 expression, glycolysis
had become the major source of metabolic energy, as indicated
by the fact that these cells acidify the medium at a high rate
and are very sensitive to glucose concentrations.

p32 knockdown affects OXPHOS enzyme levels and activity.

We next sought to investigate a possible role for p32 in the
oxidative phosphorylation process. The electron transport chain
system consists of 5 multisubunit enzymatic complexes formed
from products of both nuclear and mitochondrial genes. To de-
termine whether the defects in the p32 knockdown cells were in
the electron transport chain, blue native electrophoresis (BN-
PAGE) (74) was used to display and compare the protein
compositions of OXPHOS complexes in control and p32
knockdown mitochondria. As shown in Fig. 4A, left, p32
knockdown resulted in a decrease in the levels of complexes
III, IV, and V but not of complex II. In the particular condi-
tions used we were not able to extract intact complex I. Sec-
ond-dimension resolution of OXPHOS complexes by SDS-
PAGE indicated a clear and reproducible difference in the
intensities of several spots/subunits (Fig. 4A, right). Mass spec-
trometry analysis of some of these spots identified components
of complexes IV, V, and I (Table 2).

In agreement with the BN-PAGE, lysates from three p32
knockdown tumor cell lines showed decreased levels of com-
plex I, III, IV, and V subunits (Fig. 4B). No differences in the
levels of expression of the complex II 70-kDa subunit or in the
levels of the mitochondrial protein porin were observed, indi-
cating that reduced expression of p32 specifically affects the
levels of complexes I, III, IV, and V.

Reduced expression of OXPHOS complexes in p32-defi-
cient cells had a direct effect on their enzymatic activity, as
demonstrated for complexes I and IV, whose ability to oxidize
NADH and cytochrome c, respectively, was significantly re-
duced by p32 knockdown (Fig. 4C).

To show the specificity of the shRNA knockdown, we re-
stored p32 production in knockdown cells. We employed a p32
cDNA in which silent mutations confer resistance to inhibition
by the p32 shRNA to bring p32 expression to the original level.
This treatment normalized lactate accumulation and glucose
consumption (Fig. 5A). It also restored OXPHOS complex

TABLE 1. Metabolic fluxes in MDA-MB-435 cells: control versus
p32 knockdowna

Parameter
Value for:

Control cells p32 kdb cells

Acetyl-CoA labeling rate (%) 15 � 0 15 � 1
Pyruvate labeling rate (%) 21 � 3 24 � 3
Pyruvate from PPP (%) 7 � 2 17 � 2
PC/PDH ratio (carbon entry to the

TCA cycle)
0.35 � 0.03 0.44 � 0.02

Glycine from glucose (%) 20 � 2 17 � 1
Palmitate from glucose (%) 25 � 0 27 � 2

a Flux toward a given metabolite is calculated as a percentage of the total
production of that metabolite from 
13C�glucose through the given pathway.
Fatty acid composition was measured by gas chromatography-mass spectrometry
and is presented as a percentage of the de novo synthesis of each fatty acid from

13C�glucose. Values are means � SD.

b kd, knockdown.
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expression (Fig. 5B) and the proliferation rate of the knock-
down cells (Fig. 5C).

To rule out the possibility that p32 regulates mitochondrial
metabolism indirectly via extramitochondrial functions, we
tried to rescue the knockdown phenotype with a cytoplasmic
form of p32. Human p32 is expressed as a proprotein of 282
amino acids (aa) whose first 73 amino acids, containing a
mitochondrial localization signal, are required for localizing
the protein to the mitochondria and are subsequently cleaved
to generate mature p32 (48). cDNA constructs encoding a
protein either lacking the first 73 aa or containing an N-termi-
nal hemagglutinin (HA) tag produced a cytoplasmic-only p32
(Fig. 6A). However, the expression levels of these constructs
were significantly lower than those of the wild-type p32 con-
struct (Fig. 6B). Selected and isolated stable single-cell clones
expressed no or extremely low levels of cytoplasmic p32, where
the phenotype of p32 knockdown was clearly not rescued (data
not shown). We were able to obtain significantly higher expres-
sion of cytoplasmic p32 constructs only upon inhibition of
proteasomal degradation (Fig. 6C). These data indicate that
p32 protein, unable to localize to the mitochondria, is ex-
tremely unstable.

p32 is involved in the synthesis of mitochondrially encoded

proteins. Mitochondrial DNA contains 37 genes, coding for 13
polypeptides/subunits of the mitochondrial electron respiratory
chain and 22 tRNAs and 2 rRNAs required for the synthesis of
these polypeptides. Among the 5 respiratory chain complexes,
only complex II levels were not affected by p32 knockdown. In-
terestingly, complex II is the only OXPHOS complex encoded
exclusively by nuclear DNA. The other complexes consist of
polypeptides encoded by both nuclear and mitochondrial DNA.
As shown by BN-PAGE and immunoblot analysis, loss of p32
affected the expression of several polypeptides encoded in the
mitochondria and nucleus (Fig. 4). However, among the mito-
chondrial subunits tested, p32 knockdown had a greater effect on
the expression levels of the complex I 20-kDa and 30-kDa sub-
units and subunits I (COX1) and II (COX2) of complex IV (Fig.
4B, graph), which are all polypeptides encoded by mitochondrial
DNA. It is possible that reduced levels of some mitochondrial-
DNA-encoded subunits indirectly affect the amounts of other
subunits. For example, deficiency of mitochondrially encoded
polypeptides likely affects proper assembly of complexes I, III, IV,
and V, with consequent instability/degradation of subunits en-
coded by the nuclear genome.

FIG. 3. Effect of p32 knockdown on growth and survival of tumor cells in vitro. (A) Proliferation of MDA-MB-435 and MDA-MB-231 p32
knockdown (kd) and control cells under high (25 mM)- and low (2.5 mM)-glucose conditions. Average cell number at each time point was
determined by counting cells in triplicate wells of three p32 knockdown and control clones (P 	 0.001) of MDA-MB-435 cells or a pool of clones
of MDA-MB-231 cells. The right panel shows the color of media of three control and p32 kd MDA-MB-435 clones after 6 days in 25 mM or 2.5
mM glucose. (B, left) Microscopic analysis of p32 knockdown and control MDA-MB-435 cells after 3 days in medium containing the indicated
glucose concentrations. (Right) Cell death was quantified by fluorescence-activated cell sorter (FACS) analysis of cells that bind FITC-annexin V
(P 	 0.05).
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Since reduced expression of the 20-kDa and 30-kDa subunits
of complex I and subunits I and II of complex IV due to p32
deficiency did not occur at the transcriptional level (Fig. 7A),
we examined whether p32 plays any role in mitochondrial
protein synthesis. Newly synthesized proteins were tracked by
labeling cells in culture with [35S]methionine. To distinguish
between proteins synthesized in the cytoplasm and mitochon-
dria, cells were pretreated with emetine and chloramphenicol,
which are specific inhibitors of cytoplasmic and mitochondrial
protein synthesis, respectively. Electrophoresis of whole-pro-
tein extracts from emetine-treated cells showed a few faint
radioactive bands in the control but not in the p32-deficient
cells (Fig. 7B). The synthesis of these proteins was completely

inhibited by chloramphenicol, which suggests that they repre-
sent products of mitochondrial protein synthesis. In a second
approach, the cytoplasmic and mitochondrial fractions of cells
labeled in the presence or absence of emetine were analyzed.
As shown in Fig. 7C, no 35S-labeled proteins were found in the
cytoplasm of emetine-treated cells, indicating efficient block-
ade of cytoplasmic protein synthesis, whereas the profile of
mitochondrial proteins closely resembled the profile in whole
lysates of emetine-blocked control cells (Fig. 7B). Clearly this
profile reflects the products of mitochondrial protein synthesis,
which was strikingly reduced in p32-deficient cells (Fig. 7C).

In an attempt to categorize p32 in a specific biological path-
way, we performed phylogenic profiling, a bioinformatics tech-

FIG. 4. p32 knockdown (kd) results in decreased protein levels of mitochondrial respiratory complexes I, III, IV, and V. (A, left) Represen-
tative BN-PAGE of dodecylmaltoside-solubilized mitochondria from control and p32 knockdown MDA-MB-435 cells. (Right) Subunits of the
native complexes resolved by 1D electrophoresis were separated by SDS-PAGE. Arrows mark spots with the highest degree of downregulation
upon p32 knockdown, and they have been identified by mass spectrometry (Table 1). The gel is representative of at least three independent
BN-PAGE experiments. (B) Lysates from control and p32 knockdown MDA-MB-435, MDA-MB-231, and MCF10-CA1a cells were probes for
various respiratory complex subunits. Porin antibody was used to test the effect of p32 knockdown on a non-OXPHOS mitochondrial protein. Actin
was used as loading control. The intensities of the bands from 3 or 4 independent Western blots from MDA-MB-435 lysates were quantified by
Image J software and expressed relative to controls (graph). (C) Assays of complex I and IV activity from MDA-MB-435 control/p32 knockdown
lysates. Complex I activity in p32-deficient cells is expressed as % relative to control cells, and the bars represent the ranges of three independent
experiments. The activity of complex IV was determined by following the oxidation of cytochrome c by control and p32 knockdown cell lysates.
Lysis buffer only was used as the background reference measurement. The graph is representative of three independent assays, each performed
in duplicate and with three different lysate concentrations. OD, optical density.
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nique in which the joint presence or absence of different pro-
teins throughout evolution across large numbers of species is
used to imply a meaningful biological connection (51, 54). p32
phylogenic analysis was performed as described in Materials

and Methods, and relatively small clusters of p32-related pro-
teins are reported in Fig. 7D. The overall results from multiple
clustering approaches indicated that DAP-3 (death-associated
protein 3) was phylogenetically closest to p32. Of interest,

TABLE 2. Mass spectrometry identification of 2D BN-PAGE gel spotsa

Spot Protein identification Accession no.b OXPHOS complex
Spectral
counts

1 ATP synthase subunit gamma (F1 complex) IPI00219567 36
2 ATP synthase subunit B (F0 complex) IPI00029133 49
3 ATP synthase subunit 0 (F1 complex) IPI00007611 68
5 ATP synthase subunit F (F0 complex), isoform 2 IPI00219291 ATP synthase (complex V) 6
6 ATP synthase subunit E (F0 complex) IPI00218848 5
7 ATP synthase subunit alpha (F1 complex) IPI00440493 150
8 ATP synthase subunit beta (F1 complex) IPI00303476 113
4 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 13 IPI00219685 NADH dehydrogenase (ubiquinone)

(complex I)
7

10 NADH dehydrogenase (ubiquinone) 23-kDa subunit IPI00010845 5
9 Cytochrome c oxidase subunit II IPI00017510 42
11 Cytochrome c oxidase subunit IV, isoform 1 IPI00006579 25
12 Cytochrome c oxidase polypeptide Vb IPI00021785 Cytochrome c oxidase (complex IV) 11
13 Cytochrome c oxidase polypeptide VIc IPI00015972 15
14 Malate dehydrogenase IPI00291006 48

a Gel spots indicated in Fig. 4A were processed for mass spectrometry. The spectral counts refer to the number of peptides found for each identified protein.
b International Protein Index (IPI) database, version 3.22.

FIG. 5. Rescue of the p32 knockdown (kd) effect by restored p32 expression. (A, left) Immunoblot analysis of a parental p32 kd clone and single
clones derived from it that express p32 from a cDNA resistant to p32 shRNA silencing (clones [Cl] 3, 8, and 14) or that were transfected with empty
vector (clones 9, 10, and 18). A clone expressing control shRNA (control) was used to detect the endogenous level of p32. (Middle) Restoration
of culture medium pH by reintroduction of p32. (Right) Graphs showing lactate production and glucose consumption in control, p32 kd, and
p32-restored (p32 kd � p32) clones. (B) Western blot analysis was performed on whole-cell lysates prepared from control cells, parental
p32-deficient cells, and single clones with restored (clones 3 and 8) or not restored (clones 9 and 10) p32 expression. Equivalent amounts of proteins
were immunoblotted with several OXPHOS complex subunits and �-actin as the loading control. (C) Growth rate of cells with restored p32
expression versus control and p32 knockdown cells. Three single clones with restored p32 expression were tested.
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DAP-3 has been previously implicated in both mitochondrial
protein synthesis and apoptosis (6). dap3 gene ablation results
in an embryonic-lethal phenotype, associated with aberrant
mitochondrial morphology and reduced production of proteins
encoded by the mitochondrial genome. Similar to p32 knock-
down, loss of DAP-3 expression results in significant impair-
ment of respiration (36), and its overexpression has been re-
ported in some invasive cancers (45).

p32 is involved in tumor maintenance and malignancy. It
appears that p32 is required to sustain tumor cell growth by
maintenance of respiration and oxidative phosphorylation. To
assess whether the mitochondrial effect of p32 is specific to the
transformed state, we investigated the impact of p32 overex-

pression on the energy metabolism of normal cells. As shown
in Fig. 8A, overexpression of p32 in human mammary epithe-
lial cells did not enhance OXPHOS, since levels of complex I
and IV activity and the total amount of cellular ATP were
unchanged. The increased p32 levels and the corresponding
metabolic shift in tumor cells may represent a tumor cell-
specific rewiring of a normal metabolic pathway. Aerobic gly-
colysis even in the presence of oxygen (the Warburg effect) is
an almost universal feature of tumors, and the expression of
the glycolytic enzyme pyruvate kinase isoform 2 (PKM2) is
implicated in this metabolic phenotype and tumorigenesis (9).
Interestingly, all the tumor cell lines used in these studies were
shown to express PKM2 (Fig. 8B). Together with the above

FIG. 6. Cytoplasmic p32 is unstable. (A) Schematic representation and cellular localization (images on the right) of p32 cDNA constructs and their
protein products. The first 73 amino acids (aa) at the N terminus of wild-type (wt) p32 are required for mitochondrial localization of p32. Within cells
p32 is present as the mature form (aa 74 to 282) after cleavage of the mitochondrial localization signal. Constructs encoding aa 74 to 282 produce only
mature p32, which is unable to localize to mitochondria. Addition of an N-terminal HA tag to the full-length cDNA construct also prevents the import
of p32 to mitochondria and the cleavage to the mature form. (B) The indicated p32 cDNA constructs were transiently transfected into 293 cells. At 24
to 48 h posttransfection, cell lysates were collected and the expression of p32 was analyzed by immunoblotting. Constructs encoding p32 protein unable
to localize within the mitochondria are expressed at significantly lower levels than constructs encoding wt p32. Introduction of a Kozak sequence upstream
of the mature p32 (aa 74 to 282) cDNA did not enhance the expression level. A green fluorescent protein-encoding construct was cotransfected to check
transfection efficiency. �, anti. (C) Treatment of the transfected cells with the proteasome inhibitor MG132 (20 �M for 16 h) significantly increased the
levels of cytoplasmic p32, indicating that unprotected cytoplasmic p32 is rapidly degraded.

VOL. 30, 2010 p32/gC1q RECEPTOR IN TUMOR METABOLISM 1311



results, this suggests that both elevated glycolysis and p32-
dependent changes in OXPHOS are required to sustain
tumorigenicity of these tumor cells. To address the role of p32
in tumorigenesis, the tumor growth of control and p32 knock-
down cell clones in nude mice was monitored. The p32 knock-
down cells produced either smaller tumors than controls or
tumors that were swollen and soft, that were purple, and that
released blood upon excision, indicating intratumoral hemor-
rhage (Fig. 8C). Even with the hemorrhage contributing to the
size of the knockdown tumors, the growth rate of these tumors
was significantly lower than that of controls (P 	 0.001). As-
sessment of cell proliferation in the tumors by measuring BrdU
incorporation showed significantly reduced number of BrdU-
positive cells in the p32 knockdown tumors (Fig. 8D), which is
consistent with the slow proliferation rate of the knockdown
cells in vitro. Histopathological analysis of tumor sections
revealed extensive necrosis in the p32 knockdown tumors

compared to control tumors (Fig. 8E). The onset of tumor
appearance and kinetics of tumor growth were rescued by
reintroduction of p32. Tumors that originated from two
p32-complemented single clones grew significantly faster
than parental p32 knockdown tumors (Fig. 8F).

It is likely that impaired growth of p32 knockdown tumors is
due to reduced OXPHOS activity since chemical inhibition of
complex I by rotenone treatment was able to mimic the p32
knockdown phenotype in vitro and to a certain extent also in

vivo (Fig. 9).
The effect of p32 overexpression on MDA-MB-435 tumor

xenografts was not investigated because in this cell line we failed
to obtain stable expression of p32 at levels higher than basal (Fig.
10A). However, stable overexpression of p32 was obtained in cell
lines with endogenous p32 levels lower than those in MDA-MB-
435 cells. In these cell lines overexpression of p32 did not affect
the levels of OXPHOS subunits (Fig. 10B and data not shown).

FIG. 7. p32 is involved in mitochondrial protein synthesis. (A) Quantitative PCR (QPCR) of the indicated gene transcripts from three single clones
of control and p32 knockdown (kd) MDA-MB-435 cells. (B) Control and p32 knockdown MDA-MB-435 cells were labeled with [35S]methionine in the
presence or absence of emetine and/or cloramphenicol (Chloram). Total proteins separated by SDS-PAGE and transferred on nitrocellulose membrane
were visualized by Ponceau staining (top), while newly synthesized, 35S-labeled proteins were visualized by phosphorimager (middle). p32 protein was
detected by Western blotting. �-Actin was used as a loading control. (C) Control and p32 knockdown MDA-MB-435 cells were labeled with
[35S]methionine in the presence or absence of emetine and subsequently fractionated in mitochondrial and cytoplasmic fractions. (Top) Ponceau staining
of cytoplasmic and mitochondrial fractions resolved by SDS-PAGE. The 35S radiograph (middle) shows newly synthesized proteins. The quality of the
fractionation was checked by Western blotting with tubulin and porin, which are cytoplasmic and mitochondrial markers, respectively. (D) Identification
of p32-associated proteins via phylogenic analysis. Phylogenic profiling of p32 and “eukaryote-only” MitoCarta proteins across 42 eukaryotic species is
shown. Red squares indicate homology of a mouse mitochondrial protein (row) with a protein in a eukaryotic species (column). The graphs represent
the mitochondrial proteins most closely related to p32, as obtained by the following clustering techniques: first (top) graph, dissimilarity, Euclidean
distance; linkage rule, McQuitty’s criteria; second graph, dissimilarity, Euclidean distance; linkage rule, average linkage; third graph, dissimilarity,
Euclidean distance; linkage rule, complete linkage; fourth graph, dissimilarity, Manhattan distance; linkage rule, average linkage; fifth graph, dissimilarity,
Manhattan distance; linkage rule, McQuitty’s criteria.
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Silencing of p32 in the highly aggressive MDA-MB-231
D3H2LN breast cancer cells reduced tumor development (Fig.
10C); however, stable overexpression of p32 did not accelerate
tumor growth (Fig. 10C) but did enhance tumor metastatic
potential, as indicated by quantification of metastatic foci
formed upon intracardiac injection (Fig. 10D). Taken together,
these data suggest that p32 is important for tumor mainte-
nance and malignancy.

DISCUSSION

We show here that attenuation of p32 expression increases
glycolysis while reducing cell proliferation and tumorigenesis
and that restored expression of p32 rescues the original phe-
notype of the cells. We also provide evidence that p32 sustains

mitochondrial oxidative phosphorylation by playing a role in
the synthesis of mitochondrial-DNA-encoded genes. These re-
sults show that the mitochondrial p32 protein is a critical reg-
ulator of tumor metabolism and important for tumor mainte-
nance and malignancy. Moreover, that a protein overexpressed
in cancer cells supports oxidative phosphorylation provides a
novel perspective on the generally held belief that increased
glycolysis under aerobic conditions (the Warburg effect) pro-
motes tumor growth.

We provide several lines of evidence to show that p32 sus-
tains OXPHOS and that its absence increases glycolysis, while
impairing cell proliferation in vitro and tumor growth in vivo.
The apparent molecular mechanism that our results provide
for this metabolic effect is that p32 controls the synthesis of the
proteins that the mitochondrial genome contributes to the

FIG. 8. Tumor growth properties and metastatic potential of p32 knockdown and p32-overexpressing cells. (A) Expression levels of the
indicated OXPHOS subunits, complex I and IV activity, and total cellular ATP in normal human mammary cells stably overexpressing p32 or an
empty vector. The graphs indicate averages relative to empty-vector-expressing cells (�SD) of three independent experiments. P was 	0.05.
(B) Immunoblotting from lysates of the indicated tumor cell lines. Mouse muscle lysate was included as a control of adult tissue negative for the
expression of the PKM2 isoform. Total cell lysates were probed with polyclonal anti-p32, polyclonal anti-PKM2, and antiactin as a loading control.
(C) Tumors were grown from three MDA-MB-435 p32 knockdown (kd) and control clones (6 mice per clone) in nude mice. (Left) Control tumors
are homogenous in size, while p32 kd tumors are either significantly smaller than the control cell tumors or swollen and hemorrhagic. The lower
panel shows an example of a knockdown cell tumor with extensive necrosis accompanied by hemorrhage. (Right) Average tumor volume as a
function of time (�SEM; P 	 0.001). (D) BrdU incorporation in tumor cells. Mice were administered a pulse of BrdU 24 h prior to sacrifice. The
graph indicates the number of cells per field that scored positive for BrdU staining. The data were derived by counting via Image J software the
BrdU-positive cells in 4 random fields per tumor (n � 14 tumors per group). P was 	0.01. (E) Hematoxylin and eosin staining of tumors derived
from p32 kd and control cell clones. Pink areas in p32 kd tumors are indicative of extensive necrosis. The upper images were taken with a 10�
magnification, and the lower images correspond to the indicated framed areas at 200� magnification. The percentage of pink/necrotic areas was
calculated via Image J software (P 	 0.001). (F) Tumor growth properties of control cells, p32-deficient MDA-MB-435 cells, and two single clones
derived from p32 knockdown cells by reintroducing p32 shRNA-resistant p32 cDNA.
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oxidative electron transfer chain. This in itself is a novel find-
ing. The way in which p32 specifically accomplishes this trigger
mechanism will be a subject of further investigation; however,
it is possible that a chaperone-like function of p32 is involved.

The expression of p32 has been tied to apoptosis and auto-
phagy via the tumor suppressor ARF (30, 56, 57), and auto-
phagy consumes mitochondria (31, 44). However, as increasing
p32 expression reportedly enhances autophagy by stabilizing
the mitochondrial short form of ARF (56) and as we show that
knocking down p32 increases glycolysis, it is unlikely that the
effect on glycolysis would be secondary to autophagy. Further-
more, the apoptosis-promoting activity of p32 through the long
form of the ARF protein requires p53 activity (30). As p53 is
mutated in two of the cell lines we used, an involvement of
apoptosis-related p32 activity in metabolic regulation is also
unlikely. In fact, our in vitro and in vivo data present a protu-
morigenic function for p32 that is more consistent with the

reported upregulation of p32 in tumors and that is likely linked
to its role in metabolism. In support of this, our findings are
consistent with earlier studies showing that depleting or reduc-
ing mitochondrial DNA levels with ethidium bromide pro-
duces cells with absent OXPHOS and a lower growth rate in

vitro (14, 39, 73). Inhibiting mitochondrial-DNA-encoded pro-
tein synthesis in tumor cells also produces effects similar to our
p32 knockdown (5, 68, 76). In addition, we obtained data
showing that chemical inhibition of at least one OXPHOS
complex (complex I) mimics the effect of p32 knockdown in

vitro and at least partially in vivo. Collectively, we believe
these findings couple p32 loss and the subsequent impaired
OXPHOS with reduced tumorigenicity.

Our results on the metabolic effects of p32 are in agreement
with studies on the role of p32 in yeast metabolism, which show
that the p32 homologue is necessary for the maintenance of a
normal level of OXPHOS (48). As in yeast, p32 has a profound

FIG. 9. Inhibition of complex I activity by rotenone treatment mimics the p32 knockdown phenotype. (A) Control and p32 knockdown (kd)
MDA-MB-435 cells were treated with 100 nM rotenone for 4 days. Complex I activity was significantly reduced in both cell lines. Complex I activity is
significantly lower in the p32 knockdown cells than in control cells and is almost completely eliminated in the rotenone-treated cells. The dose of rotenone
used did not affect cell survival but led to cell medium acidification by enhanced lactate production (middle) accompanied by a reduced cell proliferation
rate (right). (B) To investigate the effect of rotenone on tumor growth, rotenone was incorporated into micelles. Both forms of rotenone were equally
effective in reducing complex I activity, increasing lactate production and reducing cell growth. Bars indicate averages � SD of at least three independent
experiments, each performed in triplicate. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001. (C) Mice bearing MDA-MB-435 tumor xenografts were treated
daily with 1 mg/kg of body weight micellar rotenone or an equal amount of micelles only for 20 days. The growth of p32 knockdown tumors was monitored
in parallel for comparison. *, P 	 0.05 (micelles versus micellar-rotenone-treated control tumors).
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effect on tumor cell metabolism: knocking down p32 expres-
sion in cancer cells shifted the metabolism of the cells from
OXPHOS to glycolysis, which was accompanied by an increase
in lactate production and elevated glucose consumption. The
p32 protein becomes extremely unstable when it is unable to
localize to the mitochondria. This biological limitation thus
rules out the possibility of clearly excluding the extramitochon-
drial functions of p32 from the regulation of tumor metabo-
lism. Also, gene array analysis using control versus p32 knock-
down cell lines did not reveal different gene signatures in the
p32 knockdown cells that could readily explain the metabolic
phenotypes we observed (data not shown). It is thus unlikely
that extramitochondrial functions related to gene expression
might have indirectly affected the mitochondrial metabolism of
p32 knockdown cells.

The mammalian p32 protein may not be a general re-
quirement for mammalian cells, as some normal cells show

very low or undetectable expression of p32 (19, 59). Also,
p32 overexpression is common in breast cancers but rare or
nonexistent in some other malignant tissues, such as pros-
tate carcinomas (19, 59).

The Warburg effect, evidenced by high aerobic glycolysis in
tumors, is an almost universal feature of malignancy and is
thought to provide a growth advantage to tumors (70). Our
results are not easily reconciled with the hypothesis that the
glycolytic phenotype is advantageous to tumor growth. If the
Warburg effect confers a growth advantage, why would tumor
cells upregulate a protein that counteracts this effect and why
do the highly glycolytic cells produced by knocking down p32
grow poorly and show impaired tumorigenicity?

It has been proposed that the change to glycolysis is an
adaptation to hypoxic conditions encountered by premalignant
lesions during their initial growth, which takes the newly added
cells farther away from the blood supply than their normal

FIG. 10. Tumor growth properties and metastatic potential of p32-overexpressing cells. (A) Production of cell lines stably overexpressing p32.
The indicated cell lines were transfected with a p32 cDNA-containing vector or an empty vector. MDA-MB-435 cells, which contain the highest
levels of endogenous p32 among the cell lines tested, yielded no cultures with stable expression of p32 above the endogenous basal level.
(B) Overexpression of p32 does not affect the expression levels of OXPHOS proteins. (C) Macroscopic appearance and volumes as a function of
time of MDA-MB-231-luc-D3H2LN tumors derived from cells which stably express control or p32 shRNA or empty vector or p32 cDNA. P
was 	0.001 (control versus p32 kd tumors). (D) Metastatic potential of MDA-MB-231-luc-D3H2LN vector/p32 cells. (Left) Bioluminescence
imaging of intracardially injected, luciferase-expressing MDA-MB-231 D3H2LN cells. Results were obtained 4 weeks after injection. Data depicted
were derived from 3 independent experiments using at least 5 animals for each cell line injected. P was 	0.05.
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counterpart cells (22). However, cells transformed in vitro also
become glycolytic (2, 55), and some oncogenes, such as the
c-Myc and Akt genes, enhance the expression of enzymes in
the glycolytic pathway, promoting aerobic glycolysis (15, 50,
63). Perhaps the glycolytic phenotype is a side product of
malignant transformation that, depending on circumstances
such as the positioning of a cell within a tumor, can confer a
growth and/or survival advantage or conversely be disadvanta-
geous. In this regard, a recent study suggests that tumors form
a symbiotic environment. This environment consists of cells in
hypoxic regions, which need the glycolytic pathway to produce
ATP, and cells in the well-oxygenated regions, which use the
lactic acid from the hypoxic cells in OXPHOS (64). If this were
the case, one would expect p32 expression to be the strongest
outside the hypoxic regions within tumors. However, our re-
sults show that the opposite is true, i.e., that p32 expression is
strongest in the hypoxic regions (19, 38), suggesting that p32
moderates glycolytic tendencies in these regions. However, we
cannot exclude the possibility of a symbiotic relationship be-
tween cells that favor glycolysis and those that favor OXPHOS
at the local microenvironment level.

The high rate of glycolytic metabolism in tumors was initially
believed to result from impaired ability of cancer cells to carry
out oxidative phosphorylation. However, this view has been
challenged thorough the years and needs to be reappraised. In
fact, defects in oxidative metabolism were not found in several
highly proliferative tumor cell lines (47), and transformation of
mesenchymal stem cells was shown to increase cell dependency
on oxidative phosphorylation (20). Furthermore, that mito-
chondrial OXPHOS function might still be advantageous in
highly glycolytic tumor cells is suggested by the facts that re-
cycling of lactate via oxidative metabolism appears to be crit-
ical for tumorigenesis (64) and that oncogenes known to pro-
mote the use of the glycolytic pathway by tumors can also
upregulate genes important for mitochondrial physiology and
increase mitochondrial metabolism (13, 40, 66). More recently,
it has been shown that mitochondrial STAT3 contributes to
Ras-dependent malignant transformation via augmenting elec-
tron transport chain activity (26). Altogether, these findings
suggest that oncogene-driven glycolytic metabolism should be
balanced at least in part by concomitant changes to mitochon-
dria. In view of this, one could hypothesize that the overex-
pression of proteins such as p32 is required to counteract the
otherwise detrimental activity of an oncogene. It is noteworthy
that c-Myc changes are common in breast cancers (41), which
exhibit high glycolytic activity (29). We and others found that
breast cancers and some other adenocarcinomas upregulate
p32 while others, notably prostate cancer, do not (19, 59).
Interestingly, a majority of prostate cancers, in contrast to
many other malignancies, are not highly glycolytic (43). Thus,
p32 may counteract the proglycolytic functions of c-Myc, while
allowing its tumor-promoting effects to remain intact. In sup-
port of this model, database analysis shows that the p32 gene
is a direct c-Myc target gene (Myc target database [77] at
www.myc-cancer-gene.org).

In addition to increasing the expression of numerous en-
zymes in the glycolytic cascade, c-Myc has recently been shown
to promote the use of glutamine (21, 72). Glutaminolysis is
important not only for energy production but also for replen-
ishing, through a process termed anapleurosis, the TCA cycle

intermediates that are necessary precursors for the anabolic
processes required for cancer cell growth (11, 18). Recently,
coordination between glucose and glutamine utilization path-
ways has been described, and it has been suggested that this
represents a metabolic checkpoint in highly glycolytic tumor
cells (34). In view of this, it is possible to speculate that p32 has
a role in mediating glutamine metabolism downstream of Myc.

Tumor cells depend on the expression of the oncogenes that
contributed to their transformation. This is the case even if
several oncogenes with redundant activities have become mu-
tated in the same tumor cell; eliminating just one of the
oncogenes induces cell death. This phenomenon is referred to
as “oncogene addiction” (71). Perhaps a similar situation exists
in tumor cell energy metabolism. Whether the Warburg effect
is advantageous or not, a tumor cell cannot handle a drastic
change in either direction from the metabolic balance that has
developed during the tumorigenesis process. Existing data sup-
porting this concept by Fantin et al. (16) showed that suppress-
ing one of the glycolytic enzymes, lactate dehydrogenase A,
reduced tumor growth, whereas our results show that enhanc-
ing glycolysis produces the same effect. Moreover, it has been
reported that the expression of the glycolytic enzyme PKM2 is
required for the shift in cellular metabolism to aerobic glyco-
lysis and for tumor growth (9, 17). Tumor maintenance and
malignancy of the cancer cell lines used in this study depend on
mitochondrial oxidative phosphorylation via p32, despite the
fact that these cells express PKM2. Finally, while we were able
to restore p32 expression to the original level in p32 knock-
down cells using forced expression of p32, we had difficulties
deriving MDA-MB-435 cell lines overexpressing p32. Interest-
ingly, in MDA-MB-435 cells the basal level of p32 expression
was the highest among the various tumor cell lines we tested
(19). This result suggests that shifting the balance too far
toward OXPHOS is also detrimental, even under well-oxygen-
ated cell culture conditions.

The expression of p32 is upregulated in tumors, particularly
in breast cancers, and cell surface-expressed p32 is a tumor
marker (19). Peptides and antibodies that bind to p32 specif-
ically home to tumors and have been used to deliver nanopar-
ticles and nanoparticle-embedded drugs to tumors, particularly
to the regions in tumors that are poorly served by blood vessels
(19, 35, 38, 69). Moreover, a p32-binding peptide has an in-
herent antitumor activity (38). The present results show that
reducing p32 expression in tumor cells suppresses tumor
growth. Thus, p32 is not only an important regulator of
tumor metabolism but also a promising molecular target in
tumor diagnosis and therapy.
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