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Abstract

Lung cancer is the leading cause of cancer-related mortality, and about 85% of the cases are non-small-cell lung cancer
(NSCLCQ). Importantly, recent advance in cancer research suggests that altering cancer cell bioenergetics can provide an
effective way to target such advanced cancer cells that have acquired mutations in multiple cellular regulators. This study
aims to identify bioenergetic alterations in lung cancer cells by directly measuring and comparing key metabolic activities in
a pair of cell lines representing normal and NSCLC cells developed from the same patient. We found that the rates of oxygen
consumption and heme biosynthesis were intensified in NSCLC cells. Additionally, the NSCLC cells exhibited substantially
increased levels in an array of proteins promoting heme synthesis, uptake and function. These proteins include the rate-
limiting heme biosynthetic enzyme ALAS, transporter proteins HRG1 and HCP1 that are involved in heme uptake, and
various types of oxygen-utilizing hemoproteins such as cytoglobin and cytochromes. Several types of human tumor
xenografts also displayed increased levels of such proteins. Furthermore, we found that lowering heme biosynthesis and
uptake, like lowering mitochondrial respiration, effectively reduced oxygen consumption, cancer cell proliferation, migration
and colony formation. In contrast, lowering heme degradation does not have an effect on lung cancer cells. These results
show that increased heme flux and function are a key feature of NSCLC cells. Further, increased generation and supply of
heme and oxygen-utilizing hemoproteins in cancer cells will lead to intensified oxygen consumption and cellular energy
production by mitochondrial respiration, which would fuel cancer cell proliferation and progression. The results show that
inhibiting heme and respiratory function can effectively arrest the progression of lung cancer cells. Hence, understanding
heme function can positively impact on research in lung cancer biology and therapeutics.

Citation: Hooda J, Cadinu D, Alam MM, Shah A, Cao TM, et al. (2013) Enhanced Heme Function and Mitochondrial Respiration Promote the Progression of Lung
Cancer Cells. PLoS ONE 8(5): e63402. doi:10.1371/journal.pone.0063402

Editor: Shree Ram Singh, National Cancer Institute, United States of America
Received February 2, 2013; Accepted March 31, 2013; Published May 21, 2013

Copyright: © 2013 Hooda et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the Cecil H. and Ida Green funds (LZ) and the NCI SPORE P50CA70907 grant (RB). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: lizhang@utdallas.edu
n Current address: Max-Planck-Institute for Neurological Research, c/o DESY, Notkestrasse, Hamburg, Germany

@ These authors contributed equally to this work.

indeed a hallmark of cancer, and suggested that the changes in
metabolism in cancer cells are much more complex than that was
suggested initially.

Recent studies illustrated that enhanced glycolytic flux in cancer
cells 1s not dependent on diminished oxygen consumption or
mitochondrial respiration [9-11]. For example, two separate
studies [12,13] showed that mitochondrial respiration is amplified
in human breast cancer cells. Another study showed that cancer
cells can maintain oxidative phosphorylation at a diminished, but
still substantial rate even at 1% oxygen level [14]. These results
highlight that mitochondrial respiration and function are crucial to
cancer cell metabolism and bioenergetics. Particularly, heme is a
central factor in mitochondrial function and oxygen metabolism
[15,16]. Heme plays critical roles in virtually every process
mvolved in oxygen metabolism. Heme serves as a prosthetic group
in hemoglobin, myoglobin and other globins that transport or

Introduction

Tumor cells have an increased demand for nutrients, which
provide cellular energy and metabolic building blocks. Increased
metabolic demand in tumor cells often accompanies altered
metabolism. In the 1920s, Otto Warburg demonstrated that tumor
cells metabolize glucose and generate lactate at higher levels
despite the presence of ample oxygen, a phenomenon called the
Warburg effect [1,2]. More recent studies have uncovered the
molecular events underlying many metabolic alterations in cancer
cells [3-5]. For example, Anastasiou et al. [5] showed recently that
the enzyme pyruvate kinase M2 (PKM2), which is the predom-
mant pyruvate kinase found in cancer cells, is crucial for
maintaining cellular redox homeostasis. Furthermore, recent
studies suggest that metabolic enzymes can act as tumor
suppressors (e.g., fumarate hydratase and succinate dehydroge-

nase), or oncogenes (e.g., mutant isocitrate dehydrogenase 1 and 2)
[6-8]. These recent studies confirmed that altered metabolism is
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store oxygen, in mitochondrial respiratory chain complexes, in
cytochrome P450s and other oxygenases that use oxygen for
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biosynthetic and degradation reactions, and in other enzymes that
use or detoxify oxygen such as peroxidases and catalases [15,17].
Likewise, heme biosynthesis requires oxygen as a substrate,
although the Km of heme biosynthetic enzymes for oxygen is
very low [18]. Hence, heme and oxygen are tightly linked and
interdependent.

Here we investigate the function of heme and mitochondria in
lung cancer development. Lung cancer is the leading cause of
cancer-related mortality in the US and worldwide, and about 85%
of the cases are non-small-cell lung cancer (NSCLC) [19,20]. Most
patients have locally advanced stage III/IV tumors at the time of
presentation [21]. Exploitation of metabolic vulnerabilities may
provide effective alternative strategies to combat lung cancer
progression. We therefore characterized and compared oxygen
metabolism and heme function in HBEC30KT and HCC4017
cells [22,23]. This pair of cell lines represent normal nonmalignant
HBEC (HBEC30KT) and NSCLC (HCC4017) cells developed
from the same patient. We compared the metabolic and molecular
profiles of this matched pair of cell lines grown under identical
conditions. We were interested in determining if and to what
extent oxygen metabolism and heme levels are altered and if such
alterations contribute to the maintenance and proliferation of lung
cancer cells. Our data indicate that oxygen consumption and
heme synthesis are intensified significantly in lung cancer cells,
compared to the normal cells. Additionally, the levels of proteins
involved in intracellular heme synthesis and uptake are substan-
tially increased in lung cancer cells. Further, the levels of oxygen-
utilizing hemoproteins, such as cytoglobin, were dramatically
increased in cancer cells. Inhibition of heme or mitochondrial
function preferentially suppressed oxygen consumption, cancer
cell proliferation, colony formation and migration. These results
show that enhanced synthesis of heme and hemoproteins in lung
cancer cells results in intensified oxygen consumption and
mitochondrial respiration that fuel cancer cell development.

Materials and Methods

Lung Cell Maintenance, Treatment and Cell Count

HBEC30KT and HCC4017 cell lines representing normal and
NSCLC cells [22,23] were provided by Dr. John Minna’s lab
(UTSW) as a gift. They were developed from the same patient and
were maintained in ACL4 supplemented with 2% FBS under 5%
CO, at 37°C [23]. For treatment with the inhibitor of heme
synthesis, succinyl acetone, cells were cultured in medium
containing heme-depleted serum. Heme depleted serum was
prepared as described previously [24]. For measuring the effect of
reagents on lung cell proliferation, cells were seeded in 48-well
plate at a density of 10 cells/well. After culturing for 24 h, cells
were treated with 0.5 mM succinyl acetone or with 10 uM
carbonyl cyanide 3-chlorophenylhydrazone (CCCP). Every 24 h
post treatment, the number of live cells was counted by using
trypan blue staining and a hemocytometer.

Measurement of Glucose Consumption, Oxygen
Consumption and Heme Synthesis

For measuring glucose consumption, cells (~90% confluence)
were incubated for 24 hours with fresh medium. Glucose level in
the culture medium was measured using the Glucose (GO) Assay
kit (Sigma). Oxygen consumption was measured, as described
previously [25]. Briefly, cells with about 80% confluency were
trypsinized and resuspended in fresh, air-saturated medium. For
each measurement, 10° cells (in 350 pl) were introduced in the
chamber of an Oxygraph system (Hansatech Instruments), with a
Clark-type electrode placed at the bottom of the respiratory
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chamber. During measurements, the chamber was thermostated at
37°C by a circulating water bath. An electromagnetic stirrer bar
was used to mix the contents of the chamber. Heme synthesis rate
was measured as described [24]. Briefly, cells were treated with
0.5 mM succinyl acetone, or 10 uM CCCP for 48 h, and were
incubated with 0.3 uCi of [4-'*C] 5-aminolevulinic acid (Perki-
nElmer Life and analytical Sciences) for 24 h. Heme was extracted
from these cells by using acetone-hydrochloric acid and diethyl
ether, and the amount of radiolabeled heme was measured, as
described [26]. The incorporation of radioactivity into the
extracted heme allows the measurement of heme biosynthesis.
The amount of radiolabeled heme was measured by scintillation
counting.

Real-time PCR Quantitation and Detection of
Mitochondrial DNA

Oligonucleotide primers for measuring the transcript levels of
genes were designed by using the Primer3 program (http://frodo.
wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). B-actin was used
as a control for the relative quantification of transcripts. Total
RNA was extracted from untreated cells or treated with 0.5 mM
succinyl acetone in heme-depleted medium by using TRIzol
reagent (Invitrogen). RNA was purified by using RNeasy kit
(Qiagen). Reverse transcription and PCR were performed in a
single step using the LightCycler RNA Master SYBR Green I Kit
(Roche Applied Science), according to the manufacture’s protocol.
PCR was performed by using a Roche LightCycler. Calculations
were done by using the Roche LightCycler software. Primer
sequences used for real-time PCR were as follows: B-actin: forward
5'- CACAGGGGAGGTGATAGCAT -3', reverse 5- CAC-
GAAGGCTCATCATTCAA -3'. ALASI: forward 5'-CACA-
CACCCCAGATGATGAA -3', reverse 5'- CCTGCA-
GAAGTTGCACTCAG  -3". ALAS2: forward ~ 5'-
TGTCACCACCTATGCCTGAG -3', reverse 5'- GGCACA-
CAACAAAGCAGAAG -3'".

The mtDNA content was measured and compared by
quantifying the levels of the mitochondrial 16S rRNA gene and
the nuclear GAPDH gene, by using real-time PCR, as described
previously [27]. Primer sequences used were as follows (5'-3"):
GAPDH: forward TTCAACAGCGACACCCACT, reverse
CCAGCCACTACCAGGAAAT. 16S rRNA: forward CCAAA
CCCACTCCACCTTAC, reverse TCATCTTTCCCTTGCG
GTA. Real-time PCR amplification was performed using the
LightCycler FastStart DNA Master™™"® SYBR Green I kit (Roche
Applied Science), according to the manufacture’s protocol. Real-
time PCR amplification for each sample was performed in triplets.
Data were collected and analyzed by using the LightCycler
Software. The ratio of mitochondrial (16 rRNA) vs. nuclear DNA
(GAPDH) was calculated.

Preparation of Protein Extracts, Western Blotting and
Immunofluorescence Microscopy

HBEC30KT and HCC4017 cells were treated, collected, and
lysed by using the RIPA buffer (Cell Signaling Technology)
containing the protease inhibitor cocktail. Human tumor xeno-
grafts were maintained, and lysates from human tumor xenografts
were prepared as described [28]. Protein concentrations were
determined by using the BCA assay kit (Thermo Scientific). 50 ug
proteins from each treatment condition were electrophoresed on
9% SDS-Polyacrylamide gels, and then transferred onto the
Immuno-Blot PVDF Membrane (Bio-Rad). The membranes were
probed with polyclonal antibodies, followed by detection with a
chemiluminescence Western blotting kit (Roche Diagnostics). The

May 2013 | Volume 8 | Issue 5 | 63402



signals were detected by using a Carestream image station
4000MM Pro, and quantitation was performed by using the
Carestream molecular imaging software version 5.0.5.30 (Care-
stream Health, Inc.). Immunofluorescence staining was performed
by following the procedures provided by the antibody manufac-
turer. FITC and DAPI fluorescent images were captured by using
a multi-channel Zeiss Axio Observer.Z1 fluorescent microscope.
Polyclonal anti-ALAS1, anti-HRGI, anti-cytochrome c, anti-
cytoglobin, anti-CYP1BI1, anti-Cox-2 and anti-HCP1 were
purchased from Santa Cruz Biotechnology. Monoclonal anti-B-
actin antibody was purchased from Cell Signaling Technology.

Colony Formation and Cell Migration Assays

For colony formation assay, HCC4017 cells were counted and
seeded at a density of 1000 cells per well on 6-well plates. Cells
were treated without or with 0.5 mM succinyl acetone, succinyl
acetone+heme (10 uM), 10 uM carbonyl cyanide m-chlorophenyl
hydrazone (CCCP), or 10 uM Tin protoporphyrin IX (SnPP).
Medium was refreshed every four days. After 10-12 days, cells
were fixed in 70% ethanol, stained with 0.5% crystal violet. The
images were acquired by using the HP Scanjet 8270.

An in vitro scratch assay was used to examine the effect of heme
and heme deficiency on HCC4017 cell migration, as described
[29]. Briefly, HCC4017 cells were treated without or with 0.5 mM
succinyl acetone, succinyl acetonet+heme (10 uM), or 10 uM Tin
protoporphyrin IX (SnPP) for 6 days. Then, cells were trypsinized
and seeded on culture plates at 95% confluency. The monolayers
were scratched with a 200 pl sterile pipette tip and then washed
for several times with PBS to remove cell debris. Cells were then
maintained in the corresponding media, and migration of the cells
was monitored using a microscope. Representative images were
captured along the scratch at various time points. Every treatment
was performed in triplicates.

Results

NSCLC Cells Display Intensified Rates of Oxygen
Consumption

We measured and compared the rates of glucose and oxygen
consumption in a matched pair of the normal, nonmalignant
bronchial epithelial (HBEC30KT) and NSCLC (HCC4017) cells
[22,23]. Table 1 shows that the rates of both glucose and oxygen
consumption in HCC4017 cells were elevated, with the elevation
of oxygen consumption approaching 2.5-fold (Table 1). However,
the ratio of mitochondrial DNA to nuclear DNA, measured as
described [30], was not different between the cell lines. These data
suggest that while mitochondrial function is not disrupted,
mitochondrial respiration is substantially enhanced in NSCLC
cells.

Table 1. Cancer Cells Substantially Increase the Rates of
Glucose and Oxygen Consumption*.

Cell Line Glu 0, mtDNA
HBEC30KT 10.9£0.6 1.07£0.18 0.63+0.02
HCC4017 15.1*+1.0 247%*0.15 0.61*0.02

*The rates of glucose uptake and oxygen consumption are shown in nmol/min/
10° cells, while the mitochondrial DNA level (mtDNA) is shown as the ratio of
threshold cycle number of mitochondrial DNA vs. nuclear DNA, measured by

real-time PCR.

doi:10.1371/journal.pone.0063402.t001
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The Rate of Heme Biosynthesis and the Expression Levels
of Heme Biosynthetic Enzymes are Significantly Increased
in Lung Cancer Cells

Heme serves as a prosthetic group in many proteins and
enzymes that transport, store and use oxygen and can directly
regulate many processes involved in oxygen metabolism [15,16].
Therefore, we reasoned that the enhanced oxygen consumption in
NSCLC cells may be attributable to increased levels of heme and
hemoproteins. To test this possibility, we first measured and
compared the levels of heme synthesis in NSCLC and normal
cells. We found that the rate of heme synthesis was increased
significantly in the NSCLC HCC4017 cells, compared to the
normal HBEC30K'T cells (Figure 1A). The potent inhibitor of
heme synthesis, succinyl acetone (SA) [24,31], inhibited heme
synthesis in NSCLC and normal cells, as expected. Succinyl
acetone has previously shown to be a specific and potent inhibitor
of heme synthesis in diverse cells ranging from HeLa cells, PC12
cells to primary mouse neuronal cells [32-37]. Interestingly, the
mitochondria uncoupler CCCP (carbonyl cyanide meta-chloro-
phenylhydrazone) also reduced the rate of heme synthesis, albeit to
a lesser extent (Figure 1A). CCCP uncouples oxidative phosphor-
ylation with ATP generation in mitochondria [38]. Because the
rate of oxygen consumption is very high, compared to what is
needed for heme biosynthesis (Table 1), the amount of oxygen
used for heme biosynthesis is negligible [18].

Next, we measured the expression level of ALASI (5-
aminolevulinic acid synthase 1), which is the rate-limiting enzyme
for heme synthesis in nonerythorid cells, including lung cells [39].
We initially measured the ALAS]1 transcript levels in NSCLC and
normal cells using real time RT-PCR. Figure 1B shows that the
transcript level of the nonerythroid ALAS1 gene was indeed
increased in the cancer cells. As expected from previous studies
[[40,41] and references therein], inhibition of ALAS activity by
succinyl acetone caused induction of ALAS] in both cancer and
normal cells, although the extent of induction appeared to be
greater in cancer cells. The erythroid-specific ALAS2 gene is not
thought to be expressed in normal lung cells; however, data
provided by the Human Protein Atlas (www.proteinatlas.org)
suggested that ALAS2 is expressed in 16% of lung cancer tissues.
Hence, we also measured the ALAS2 transcript level in lung cells
(Figure 1C). Indeed, the ALAS2 transcript level was increased in
HCCA4017 cells by nearly five-fold. Succinyl acetone did not have
a measurable effect on ALAS2 level, as expected, because the
expression of ALAS2, unlike ALASI, is not regulated by heme
level [40]. We further confirmed the increase of ALAS protein
level in cancer vs. normal cells. Figure 1D shows that ALASI
protein level was significantly enhanced in the cancer cells, and it
was further increased by succinyl acetone. This is consistent with
previous studies showing that heme can negatively regulate
ALASI transcriptionally and posttranscriptionally [40,41]. We
were not able to detect the ALAS2 protein, perhaps due to its low
level in lung cells. Although its transcript level is detected in lung
cancer cells, its level appears to be significantly lower compared to

that of ALASI.

The Levels of Heme Uptake Proteins HCP1 and HRG1 and
Oxygen-utilizing Hemoproteins are Increased in Lung
Cancer Cells

To further ascertain the function of heme in NSCLC cells, we
compared the levels of two heme transporters HCP1 (heme carrier
protein 1) and HRG1 (heme responsive gene 1) [42,43]. They are

expressed and involved in heme uptake in various non-polarized
cells [43-46]. We found that the levels of HCP1 and HRG1 were
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Figure 1. The levels of heme biosynthesis and heme biosynthetic enzymes are enhanced in lung cancer cells. The normal HBEC30KT
lung epithelial (HBEC) and NSCLC HCC4017 (HCC) cells were cultured, RNA and proteins were extracted. Transcript levels were detected by using
quantitative real-time RT-PCR, and protein levels were detected by using Western blotting. (A) The levels of heme biosynthesis in normal and NSCLC
cells. (B) The transcript level of heme biosynthetic enzyme ALAS1 in normal and NSCLC cells. (C) The transcript level of heme biosynthetic enzyme
ALAS2 in normal and NSCLC cells. (D) The protein level of heme biosynthetic enzyme ALAS1 in normal and NSCLC cells. The protein level of B-actin in
the samples was used for normalization. For statistical analysis, the levels in cancer cells were compared to the levels in normal cells, by using Welch
2-sample t-test. *, p value <0.05; **, p value <0.005.

doi:10.1371/journal.pone.0063402.g001
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Figure 2. The levels of heme transporters involved in heme uptake are enhanced in lung cancer cells. The normal HBEC30KT lung
epithelial (HBEC) and NSCLC HCC4017 (HCC) cells were cultured and treated as indicated. Protein extracts were prepared and the levels of HCP1 and
HRG1 were detected by Western blotting. The protein level of B-actin in the samples was used for normalization. (A) The protein level of heme
transporter HCP1 in normal and NSCLC cells. (B) The protein level of heme transporter HRG1 in normal and NSCLC cells. For statistical analysis, the
levels in cancer cells were compared to the levels in normal cells, by using Welch 2-sample t-test. **, p value <0.005.

doi:10.1371/journal.pone.0063402.g002

dramatically increased in HCC4017 cells, compared to the normal
cells (Figure 2A & 2B). Inhibition of heme synthesis by succinyl
acetone did not significantly affect HCP1 and HRGI levels,
consistent with previous results in mammalian cells [44].

The increase in heme uptake proteins HCP1 and HRGI1 can
provide additional heme for the production of hemoproteins. We
therefore detected the levels of several hemoproteins involved in
the transport and utilization of oxygen. Cytoglobin is a hemopro-
tein expressed in fibroblasts and likely facilitates oxygen transport
and utilization [47,48]. In normal lung epithelial cells, cytoglobin
was not detected, but was expressed robustly in HCC4017 cells
(Figure 3A). Likewise, the levels of three other hemoproteins
involved in oxygen utilization, cytochrome ¢, CYP1B1 and Cox-2,
were also significantly enhanced (Figure 3B-3D). Evidently, while
the levels of cytoglobin and cytochrome ¢ were reduced when
intracellular heme supply was lowered by culturing cells in heme-
depleted medium and by treating with the heme synthesis inhibitor
succinyl acetone, affected by heme levels, the levels of CYP1B1
and Cox-2 were not. This may be attributable to the different
mechanisms governing the regulation of these proteins. Perhaps
heme directly regulates the expression of cytoglobin and
cytochrome ¢, while a heme-independent mechanism contributes
to the increased levels of CYP1BI and Cox-2 in cancer cells.
Alternatively, heme may regulate the expression of CYP1B1 and
Cox-2, but the heme regulatory concentration may be much lower
than that for the expression of cytoglobin and cytochrome c.
Hence, the lower heme level in succinyl acetone-treated cells may
reduce the levels of cytoglobin and cytochrome ¢, but not CYP1B1
and Cox-2.

PLOS ONE | www.plosone.org

The effect of lowering intracellular heme supply on these
proteins can also be observed by using immunofluorescence
staining. For example, Figure 4A shows that ALASI exhibited a
mitochondrial localization pattern, particularly when its level was
enhanced in cells treated with succinyl acetone. When the
background fluorescence was low in panel SA (Figure 4A), FITC
fluorescence clearly colocalized with the fluorescence from
MitoTracker, and the mitochondrial pattern was much clearer.
The pattern in the panel None is less clear, likely because of the
background fluorescence caused by lower level of ALASI and
background antibody staining. Figure 4B shows that cytochrome ¢
exhibited a mitochondrial localization pattern, but its level was
reduced 1in cells treated with succinyl acetone, and its mitochon-
drial localization was also weakened. The results from indirect
immunofluorescence staining are consistent with the results from
Western blotting. Together, these results show that enhanced
heme synthesis and uptake are associated with increased
production of various oxygen-utilizing hemoproteins in cancer
cells.

The Levels of the Heme Biosynthetic Enzyme ALAS,
Heme Uptake Proteins HCP1 and HRG1, and Oxygen-
utilizing Hemoproteins are Increased in Various Human
Tumor Xenografts

To determine whether the increase in the rate-limiting heme
biosynthetic enzyme ALAS, heme uptake proteins, and various
oxygen-utilizing hemoproteins occurs in lung tumors, we evalu-
ated the levels of these proteins in five different human tumor
xenografts (Figure 5). Figure 5A shows that in all xenograft tumors,
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Figure 3. The levels of oxygen utilizing hemoproteins are enhanced in lung cancer cells. The normal HBEC30KT lung epithelial (HBEC) and
NSCLC HCC4017 (HCC) cells were cultured and treated as indicated. Protein extracts were prepared and the levels of hemoproteins were detected by
Western blotting. The protein level of B-actin was used for normalization. (A) The protein level of cytoglobin in normal and NSCLC cells. (B) The
protein level of cytochrome c in normal and NSCLC cells. (C) The protein level of CYP1B1 in normal and NSCLC cells. (D) The protein level of Cox-2 in
normal and NSCLC cells. For statistical analysis, the levels in cancer cells were compared to the levels in normal cells, by using Welch 2-sample t-test. *,
p value <0.05; **, p value <0.005.

doi:10.1371/journal.pone.0063402.g003
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Figure 4. The effect of lowering heme availability on the mitochondrial ALAS1 (A) and cytochrome c (B) proteins. NSCLC HCC4017
(HCQ) cells were cultured in regular medium (none) or in heme-depleted medium containing 0.5 mM succinyl acetone (SA). Cells were stained first
with anti-ALAS1 or anti-cytochrome c antibodies, and then with FITC-conjugated goat anti-rabbit secondary antibody, MitoTracker, as well as DAPI.
FITC, MitoTracker and DAPI fluorescent images were captured and are shown here. The scale bar indicates 10 um.
doi:10.1371/journal.pone.0063402.9g004

the ALASI protein was expressed at levels comparable to that in transporters HCP1 (Figure 5B) and HRGI1 (Figure 5C) were

HCCA4017 cells, but significantly higher than that in the normal elevated in the xenograft tumors. The levels of heme-containing,
HBEC30KT cells (see Figure 1D). Likewise, the levels of heme oxygen-binding proteins cytoglobin (Figure 5D) and cytochrome
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Figure 5. The levels of heme biosynthetic enzymes, heme transporters, and oxygen-utilizing hemoproteins are elevated in various
human tumor xenografts. Lysates from the indicated human tumor xenografts were prepared, and the levels of the indicated proteins were
detected by Western blotting. The protein level of B-actin was used for normalization. (A) The protein level of ALAS1 in HCC4017 cells and in various
human tumor xenografts. (B) The protein level of HCP1 in HCC4017 cells and in various human tumor xenografts. (C) The protein level of HRG1 in
HCC4017 cells and in various human tumor xenografts. (D) The protein level of cytoglobin in HCC4017 cells and in various human tumor xenografts.
(E) The protein level of CYP1B1 in HCC4017 cells and in various human tumor xenografts. For statistical analysis, the levels in HCC4017 cells and
tumors were compared to the levels in normal cells, by using Welch 2-sample t-test. ¥, p value <0.05; **, p value <0.005.
doi:10.1371/journal.pone.0063402.g005

PLOS ONE | www.plosone.org 8 May 2013 | Volume 8 | Issue 5 | 63402



P450 CYPIBI1 (Figure 5E) were also enhanced in the tumors.
These results show that enhanced heme synthesis, uptake and the
synthesis of oxygen-utilizing hemoproteins occur in diverse lung
cells and tumors.

Reducing Heme Availability to NSCLC Cells Preferentially
Suppresses Oxygen Consumption

Increased synthesis of oxygen-utilizing hemoproteins likely can
contribute to intensified oxygen consumption in cancer cells. To
test this idea, we examined the effect of depleting heme on the
oxygen consumption rate in cancer and normal lung cells. We
found that oxygen consumption in the NSCLC cells was selectively
reduced when cells were cultured in heme-depleted medium (see
Figure 6, HD). In contrast, heme depletion in the medium did not
affect oxygen consumption in normal cells. Inhibition of endog-
enous heme synthesis by succinyl acetone (HD+SA, Figure 6)
further reduced oxygen consumption in cancer cells to a level
similar to the level in cells treated with the mitochondrial
uncoupler CGCCP. Succinyl acetone had a lesser effect in the
normal cells as well (Figure 6). Evidently, inhibition of heme
oxygenase, the enzyme involved in heme degradation, by Tin
protoporphyrin (SnPP, Figure 6) did not preferentially affect
cancer cells. Notably, these treatments have the same effects on the
lung carcinoma A549 cells (not shown). These results show that
ample supply of heme 1is crucial for maintaining oxygen
consumption in NSCLC cells at a higher rate than in normal
cells. They strongly suggest that enhanced heme synthesis and
uptake are required for increased oxygen consumption in NSCLC
cells.

Inhibition of Heme Synthesis and Mitochondrial Function
Strongly Suppresses NSCLC Cell Proliferation, Colony
Formation and Migration

To evaluate the effect of inhibiting heme synthesis and
mitochondrial function on cancer cell proliferation and function,
we examined lung cancer growth rate, colony formation and
migration. Figure 7A shows that inhibition of heme synthesis
interrupted the growth of the cancer HCC4017 cells more severely

Heme Function in Lung Cancer Progression

than the normal HBEC30KT cells. Likewise, the mitochondrial
uncoupler CCCP interrupted HCC4017 cell growth more severely
than HBEC30KT cells (Figure 7A). In contrast, inhibition of heme
degradation by SnPP did not selectively affect HCC4017 cell
proliferation. The same effects were observed when we measured
HCC4017 colony formation. As shown in Figure 7B, both succinyl
acetone and CCCP completely stopped cancer cell colony
formation. Addition of heme largely reversed the effect of
inhibition of heme synthesis. As expected, inhibition of heme
degradation by Tin protoporphyrin IX (SnPP) did not consider-
ably affect cancer cell colony formation. Further, we examined the
effect of inhibiting heme biosynthesis and uptake on HCC4017
cell migration. HCC4017 cell migration was substantially inhib-
ited in medium with heme depleted and with succinyl acetone
(Figure 7C). Addition of heme reverses the inhibition on
migration. We also attempted to examine the effect of knocking
down heme biosynthetic enzymes in the lung cancer cells by using
shRINAs that were used to knock down heme biosynthesis in HeLa
cells [33]. However, we were not able to obtain clones which
exhibit lower levels of heme biosynthesis, likely because the
HCCA4017 cells have an increased demand for higher levels of
heme, lowering heme biosynthesis would diminish their survival.
These results show that inhibition of heme availability and
function significantly diminishes cancer cell proliferation, colony
formation, and migration.

Discussion

Although many cancer cells exhibit increased glycolysis for
energy production in the presence of oxygen [2,49], emerging
experimental data show that mitochondrial respiration is crucial in
the bioenergetics of an array of cancer cells [9]. For example,
breast cancer cells can generate 80% of their ATP by mitochon-
drial respiration [50]. Several glioma cell lines were found to be
highly dependent on mitochondrial respiration for ATP genera-
tion [51]. Likewise, an array of human and mouse cancer cell
lines, including HL60, Hela, 143B and U937, utilize oxygen
metabolism and respiration to support their growth [52]. Even
under hypoxia, mitochondrial respiration can generate about 40%
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Figure 6. Reducing heme availability suppresses the intensified rate of oxygen consumption in lung cancer cells. The normal
HBEC30KT lung epithelial (HBEC) and NSCLC HCC4017 (HCC) cells were cultured and treated in normal medium (None), in medium with heme
depleted (HD), in medium with heme depleted and succinyl acetone (HD+SA), and in medium with CCCP. Cells were collected and oxygen
consumption rates were detected and plotted here. The values plotted were averages from at least three experiments. For statistical analysis, the
levels in cancer cells were compared to the levels in normal cells, by using Welch 2-sample t-test. *, p value <0.05; **, p value <0.005.

doi:10.1371/journal.pone.0063402.g006
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migration. For statistical analysis, the levels in cancer cells were compared to the levels in normal cells, by using Welch 2-sample t-test. **, p value
<0.005.
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of the cellular energy in cancer cells [14]. In this report, by using a respiration are intensified in cancer cells. This strengthens the idea
pair of cell lines representing normal, nonmalignant HBEC and that mitochondrial respiration can be crucial for cancer cell
NSCLC cells developed from the same patient, we directly bioenergetics.

compared the rates of oxygen consumption in normal and cancer Importantly, our data show that cancer cells exhibit elevated
cells. Our data show that oxygen consumption and mitochondrial heme synthesis, uptake, and incorporation into oxygen-utilizing
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Figure 8. Cartoon illustrating key bioenergetics changes in NSCLC cells. Cancer cells exhibit enhanced expression levels of the rate-limiting
heme biosynthetic enzyme, 5-aminolevulinic acid synthase (ALAS) and the heme uptake proteins HCP1 and HRG1. As such, heme availability in
cancer cells is substantially increased, leading to increased production and levels of various oxygen-utilizing hemoproteins, such as cytochrome c,
cytoglobin, Cox-2 and cytochrome P450. The increase in these hemoproteins ultimately leads to intensified oxygen consumption and the generation
of cellular energy by respiration. This in turn causes increased cellular energy production, cell proliferation, migration and colony formation.

doi:10.1371/journal.pone.0063402.g008

hemoproteins. The increased heme flux and the synthesis of
hemoproteins are likely required for the intensified oxygen
consumption, because limiting heme synthesis and uptake reduced
oxygen consumption to the same level as inhibition of mitochon-
drial function (Figure 6). Our data also show that the levels of rate-
limiting heme biosynthetic enzyme ALAS and the heme trans-
porters HCP1 and HRGI1, which are likely involved in heme
uptake [43-46], were strongly increased in NSCLC cells (Figures 1
and 2). Further, we show that several representative hemoproteins
involved in oxygen transport and utilization were upregulated in
NSCLC cells (Figures 3 and 5). These include cytoglobin [47,48],
which may transport oxygen; cytochrome c¢, which represents
hemoproteins in the mitochondrial respiratory chain complexes;
CYP1B1, which is a cytochrome P450 enzyme; and Cox-2, a
cyclooxygenase. Heme is known to stimulate the synthesis of many
hemoproteins [15,53], although to varying degrees, as shown in
Figure 3. The increased heme synthesis and uptake in cancer cells
would presumably increase the synthesis of hemoproteins, as we
show here.

It is logically expected that the increased levels of oxygen-
utilizing hemoproteins would cause intensified oxygen consump-
tion in cancer cells. Conversely, inhibition of heme synthesis and
uptake would suppress oxygen consumption. The suppression of
oxygen consumption and mitochondrial respiration would result in
diminished cellular energy supply, inhibiting cancer cell prolifer-
ation, migration and colony formation. This line of reasoning is
supported by the data showing that oxygen consumption is
increased in cancer cells and is suppressed to the level similar or
lower than in normal cells by reducing heme uptake and synthesis
(Figure 6). Further, our data also show that reducing intracellular
heme also inhibited cell proliferation, colony formation and cell
migration (Figure 7). Although heme synthesis requires oxygen,
the intracellular level of heme and heme synthesis is very low (less
than 0.1 micromolar) [54,55] compared to oxygen consumption
(see also Table 1). Hence, the enhanced synthesis of heme per se
cannot account for any increase in oxygen consumption in
NSCLC cells. In summary, our data show that enhanced heme
synthesis and uptake in NSCLC cells lead to enhanced levels of
oxygen-utilizing hemoproteins, which causes enhanced oxygen
consumption, cellular energy production and biosynthesis, thereby
driving cancer cell proliferation, migration and colony formation.
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Additionally, we found that inhibition of heme oxygenase did not
selectively affect oxygen consumption, proliferation or colony
formation by NSCLC cells (Figures 6 and 7). Although a previous
study [56] showed that heme oxygenase is involved in the
development of hereditary leiomyomatosis and renal-cell cancer
(HLRCC), our data here show that it does not play an important
role in lung cancer. Hence, it is likely that for NSCLC cell
progression, a higher heme level per se and enhanced heme
function, not heme degradation products, are key promoting
factors.

The increase in heme biosynthetic and uptake proteins and
other oxygen-utilizing hemoproteins is observed in an array of
human tumor xenografts (Figure 4), with different phenotypes and
drug sensitivities. This shows that the increase in heme and
hemoproteins is a general feature of lung cancer cells. This can
have important implications in the treatment of lung cancers.
Interestingly, the Km of heme biosynthetic enzymes and
mitochondria for oxygen is very low (less than 1 uM, about
0.1% oxygen saturation) [18,57,58]. This is below the oxygen
levels experienced by human cells under hypoxia. Thus, both
heme synthesis and mitochondrial respiration can be maintained
at significant levels under hypoxia. Indeed, this is what was
observed in cancer cells [14]. Very likely, the enhanced expression
of hemoproteins in cancer cells further promotes the binding and
metabolizing of oxygen by various enzymes. Our data show that
enhanced heme function and oxygen consumption are likely an
important mechanism contributing to the progression of lung
cancer cells. This mechanism may not limit to only NSCLC cells.
Different cancer cells have acquired different ways to obtain
cellular energy. For example, glioma cells are highly dependent on
glycolysis, while breast cancer cells generate up to 80% of ATP
from oxidative  phosphorylation/mitochondrial  respiration
[9,50,51]. Enhanced heme function and oxygen consumption
are likely a mechanism contributing to the progression of these
breast cancer cells. For such cancer cells, heme can provide a
potential target applicable to both hypoxic and nonhypoxic
regions of tumors.

Targeting heme function can diminish mitochondrial respira-
tion and energy generation, as well as other cellular processes
controlling cancer cell function. Experimental studies in the past
decade have demonstrated that heme can directly bind to and

May 2013 | Volume 8 | Issue 5 | 63402



control the activities of a wide array of cellular regulators, such as
the transcriptional factor Bachl [59], the heme-regulated elF2a
kinase [60,61], the ras-ERK signaling pathway [24], and the
essential miRNA processing factor DGCR8 [62]. Diminishing
intracellular heme levels therefore can suppress both energy
generation and other cellular processes crucial for cancer cell
progression. Thus, targeting heme function can provide an
effective way to combat lung cancers, for which the currently
available chemotherapeutic agents are mainly palliative [63,64].

Conclusions

Our comparative study of normal and NSCLC cells and
analysis of human xenograft tumors uncovers a key bioenergetic
alteration in lung cancer cells. Evidently, in cancer cells, the levels
of the rate-limiting heme biosynthetic enzyme ALAS and heme
uptake proteins HCP1 and HRGI1 are strongly enhanced
(Figure 8). Increasing the availability of a key component, heme,
can lead to enhanced levels of an array of oxygen-utilizing
hemoproteins in mitochondria, as well as in other cellular
compartments (Figure 8). The increase in these proteins and
enzymes enable cancer cells to intensify mitochondrial respiration
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and oxygen consumption, thereby generating ample cellular
energy to fuel cancer cell progression. Suppressing heme
availability, like inhibiting mitochondrial respiration, arrest cancer
cell progression. These results suggest that heme function and
mitochondrial respiration are key factors in lung cancer cell
progression. They provide a basis for further studies to understand
bioenergetics in advanced cancer cells and to design novel cancer
therapeutics by targeting heme and mitochondrial function.
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