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Abstract

Emerging experimental data increasingly show that despite the enhanced glycolytic flux, many types of cancer cells
exhibit intensified oxygen consumption or mitochondrial respiration. Even under hypoxia, cancer cells can maintain
oxidative phosphorylation at a substantial rate. Heme is a central factor in oxygen utilization and oxidative phosphorylation.
It serves as a prosthetic group in many proteins and enzymes involved in mitochondrial respiration. Notably, our recent
work showed that non-small-cell lung cancer (NSCLC) cells and xenograft tumors exhibit substantially increased levels
of an array of proteins promoting heme synthesis, uptake and function. These proteins include the rate-limiting heme
biosynthetic enzyme ALAS, transporter proteins, and various types of oxygen-utilizing hemoproteins such as cytoglobin
and cytochromes. In contrast, lowering heme biosynthesis and uptake, like lowering mitochondrial respiration, effectively
reduced oxygen consumption, cancer cell proliferation, migration and colony formation. Therefore, elevated heme
function and flux are likely key features of NSCLC cells and tumors. Based on this observation, we decided to further
ascertain the relationship between heme and lung cancer. We extracted heme and its metabolites from various NSCLC
cancer cells and measured the levels of heme in these cells. We also measured the rates of oxygen consumption in
various cancer cells and compared them to the levels of heme in these cells. We expect that these experimental results
will enable us to determine the extent to which heme and heme metabolites impact cancer cell bioenergetics and

progression.
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Introduction

Heme, iron protoporphyrin IX, is a well known essential molecule
forliving organisms, particularly for humans [1]. In humans, heme plays
animportant role in diverse processes, such as erythroid cell biogenesis,
pancreatic development, circadian rhythm, and neurogenesis [1,2]. It
serves as a prosthetic group in various enzymes and proteins involved
in oxygen utilization and metabolism, such as hemoglobin, myoglobin,
cytochromes, peroxidases and catalases [1,3]. Furthermore, heme is
involved in the regulation of transcription, translation and micro-RNA
biogenesis [1]. Given the important role of heme in various processes, it
is conceivable that alterations in heme metabolism are associated with
various diseases and disorders in humans. A decrease in heme levels is
associated with porphyrias, anemia, and neurological disorders such as
Alzheimer’s disease [1]. Conversely, high consumption of heme in red
meat is associated with increased risk of various diseases; such as Type-
2 diabetes, coronary heart disease, and cancers including colorectal
cancer, pancreatic cancer and lung cancer [4]. An independent study
which used the whole genome expression analysis has established a
link between high heme intake and lung carcinogenesis. They found
that ~ 28% of the annotated genes were involved in heme transport,
absorption, binding, biosynthesis and heme signaling pathway [5].

Lung cancer is the leading cause of mortality among all cancers, in the

US and worldwide [6]. It accounts for about 1.2 million deaths every
year [6]. Despite the progress in lung cancer treatment and diagnosis,
the prognosis is still very poor, with a 5-year survival rate of around
15% [7]. Therefore, understanding the molecular link between heme
function and lung cancer progression may identify novel strategies
for cancer diagnosis and treatment. Work in our lab has revealed
the association between heme function and lung cancer progression
by using a matched pair of lung cell lines: non-malignant normal
(HBEC30KT) cells and non-small-cell lung cancer cells (HCC4017).
The proteomic analysis in our lab has shown that the levels of a number

of hemoproteins are increased in cancer vs. normal cells (Table 1) [8].
We found that the levels of proteins involved in both heme biosynthesis
(ALAS1) and heme uptake (HCP1 and HRG-1), and the levels of
oxygen-utilizing hemoproteins, such as cytochromes and cytoglobins,
are upregulated in NSCLC cells compared to normal cells [10]. We
also found that the rates of oxygen consumption are elevated in cancer
cells compared to normal cells. Additionally, we examined the effect
of glucose and glutamine, the two major nutrients for cancer cells, on
oxygen consumption. Overall, our data reveal a key role of heme in
the progression of lung cancer. This may lead to new strategies in the
diagnosis and treatment of lung cancer.

Materials and Methods

Lung cell lines, cell count and reagents

HBEC30KT and HCC4017 cell lines representing normal non-
malignant and NSCLC cells were provided by Dr. John Minna's lab
(UTSW) as a gift [9,22]. They were developed from the same patient
and were maintained in ACL4 supplemented with 2% FBS under 5%
CO, at 37°C [9]. All other NSCLC cell lines including H1395, H1299,
Calu-3, A549, H2009 and H460 were purchased from ATCC, and were
maintained in RPMI1640 with 5% FBS. All tissue culture medium,
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A List of Mitochondrial Proteins Upregulated in NSCLC Cells
Protein ID Gene Symbol Description Fold p-value
NP_001203 C1QBP complement 1Q subcomponent-binding proteins 1.5 3.27E-02
NP_001907 CcYc1 cytochrome c1, heme protein 43 3.61E-02
NP_002147 HSPD1 60 kDa heat shock protein 3.3 5.19E-16
NP_573566 LRPPRC leucine-rich PPR motif-containing protein 3.9 4.71E-14
NP_006285 UQCRB cytochrome b-c1 complex subunit 7 6.1 1.68E-02

Table 1: A list of mitochondrial proteins upregulates in NSCLC cells [8].

including those lacking glucose or glutamine, were purchased from
Invitrogen Life Technologies. Heme - deficient medium was prepared
as described before [2]. 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. Every 24 h post treatment, the number of live cells was counted
by using trypan blue staining and a hemocytometer.

Measurement of oxygen consumption rates and heme
synthesis

NSCLC cells (~70% confluence) were maintained in respective
medium or in medium lacking glucose or glutamine for 24 h. Then,
oxygen consumption was measured, as described previously [10].
Briefly, cells with about 70% confluency were trypsinized and re-
suspended 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 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.
Each measurement was replicated at least three times. Heme synthesis
rate was measured as described previously [2,11]. Briefly, cells were
treated with 0.5 mM succinyl acetone for 48 h, and were incubated
with 0.5 pCi/ml of [4-"*C] 5-aminolevulinic acid (PerkinElmer Life
and analytical Sciences) for 15 h. Heme was extracted from these cells
with acetone-hydrochloric acid and diethyl ether, and the amount of
radiolabeled heme was measured using scintillation counter. Standard
deviations were calculated, and p values were calculated by using
Welch 2-sample t-test.

Preparation of protein extracts and western blotting

NSCLC cells were treated, collected, and lysed by using the
RIPA buffer (Cell Signaling Technology) containing the protease
inhibitor cocktail. Human tumor xenografts were collected,
and lysates from human tumor xenografts were prepared as
described [12]. Protein concentrations were determined by
using the BCA assay kit (Thermo Scientific). Fifty micrograms
of protein 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
signals were detected by using a Carestream image station 4000
MM Pro, and quantitation was performed by using the Carestream
molecular imaging software version 5.0.5.30 (Carestream Health,
Inc.). Polyclonal anti-ALAS1 (sc-50531), anti-cytoglobin (sc-
66855), and anti-HCP1 (sc-134997) were purchased from Santa
Cruz Biotechnology. Monoclonal anti-B-actin (4967) antibody was
purchased from Cell Signaling Technology.

Colony formation assay

Colony formation assay was performed by counting HCC4017
cells and seeding in 6-well plates at a density of 1000 cells per well.
Cells were treated without or with 0.5 mM succinyl acetone, succinyl
acetone + heme (10 pM), 10 uM Tin protoporphyrin IX (SnPP) or 10
uM carbonyl cyanide m-chlorophenyl hydrazone (CCCP). Medium
was changed every three to four days. After a period of 10-12 days,
cells were fixed in 70% ethanol and stained with 0.5% crystal violet. The
images were acquired by using the HP Scanjet 8270 [10].

Results

NSCLC cells have intensified levels of heme biosynthesis and
heme biosynthetic enzymes

We measured the levels of heme synthesis rate in normal
and NSCLC cells. Interestingly, the levels of heme synthesis were
increased in NSCLC cells compared to normal cells (Figure 1A).
In the presence of succinyl acetone (SA), a potent inhibitor of
heme synthesis which targets the second enzyme in the heme
synthesis pathway ALAD (8- aminolevulinic acid dehydratase),
the levels of heme synthesis decreased in both normal and cancer
cells as expected (Figure 1A) [10]. Reasoning that the increased
levels of heme synthesis could be associated with the increased
levels of heme biosynthetic enzymes, we measured the levels of
ALAS1 (5-aminolevulinic acid synthase 1), a rate limiting enzyme
in heme synthesis pathway in non-erythroid cells including lung
cells. ALASI is the housekeeping gene, and the expression levels
are controlled by the levels of heme [13]. We found that the levels
of ALAS1 were intensified in cancer cell compared to normal cells
(Figure 1B), and as expected, the levels of ALAS]1 enzyme were
further enhanced in the presence of SA in both normal and cancer
cells (Figure 1B). Further, we measured the levels of ALASI enzyme
in various human tumor xenografts. Consistent with the cell line
data, the levels of ALASI enzyme were found to be intensified in
xenograft samples (Figure 1C). These results have, for the first
time, identified increased levels of heme biosynthesis and heme
biosynthetic enzymes in lung cancer cells with direct comparison
to lung normal cells.

NSCLC cells have increased levels of heme uptake proteins
and oxygen-utilizing hemoproteins

High demand for heme in cancer cells can be met either by
increased levels of heme synthesis as shown in Figure 1, or by increased
levels of heme uptake. Therefore, we measured the levels of two known
heme uptake proteins, proton-coupled folate transporter/heme carrier
protein 1 (PCFT/HCP1) and heme-resposive gene 1 (HRG-1). HCP1 is
a low affinity heme transporter. It is highly expressed in the duodenal
mucosa, and plays a key role in the intestinal absorption of heme and
folate from diet [4,14]. We found that the levels of HCP1 protein were
intensified in NSCLC cells (HCC4017) (Figure 2A). Similarly, the
levels of HRG-1 protein were intensified in NSCLC cell compared to

Metabolomics
ISSN: 2153-0769 JOM an open access journal

Volume 5 ¢ Issue 3 * 1000150



Citation: Hooda J, Alam MM, Zhang L (2015) Evaluating the Association of Heme and Heme Metabolites with Lung Cancer Bioenergetics and
Progression. Metabolomics 5: 150. doi:10.4172/2153-0769.1000150

Page 3 of 6

-
z

37 BHBEC: Normal Cells
OHCC: Cancer Cells

Hem e Synthesis
Rate

0 - o E——
Control SA
1B)
None SA - 15 CUHBEC ®HCC
2 o 2 © g"
= (S} M ) =
= = = = g°
ALASI1 _— e < Z°
3 3
<l . mm

B-ACHin s—

None

10)
HCC H2073 H1993 A549 Calu 6 Hl39§

ALASL -—-—-——— - D . . —-—d—t
B-Actin - e -GS GD w— D D — D ———

H2073  H1993 A549 Calu-6  H1395

2

ALAS1/Actin Ratio
o

Figure 1: Rate of heme synthesis and the levels of heme biosynthetic enzymes
are elevated in NSCLC cells. (A) Rate of heme synthesis in cancer (HCC4017)
vs. normal (HBEC30KT) cells, in absence or presence of 0.5 mM succinyl
acetone (SA). (B) Protein levels of ALAS1 in HBEC30KT and HCC4017 cell
lines in absence or presence of 0.5 mM succinyl acetone (SA). (C). Increased
levels of ALAS1 enzyme in HCC4017 (HCC) cell line and various human tumor
xenograft samples [10].

normal cells (Data not shown) [10]. Interestingly, inhibiting the heme
synthesis in cancer cells with SA further increased the levels of HCP1
(Figure 2A). HCP1 levels were similarly intensified in various human
tumor xenograft samples (Figure 2B).

Heme serves as a prosthetic group in various hemoproteins
including cytochromes and cytoglobins; increased heme synthesis
and uptake can provide additional heme for the production of
hemoproteins. Cytoglobin is a hemoprotein facilitating oxygen
transport. We found that the levels of cytoglobin were highly intensified
in NSCLC cells, while it was not detected in normal cells (Figure 2C).
Further, inhibiting heme synthesis using SA decreased the levels of
cytoglobin, and an addition of heme in the medium reversed the levels
of cytoglobin (Figure 2C). Likewise, the levels of cytoglobin were highly
intensified in the tumor xenograft samples (Figure 2D). Similarly, the
levels of other hemoproteins including cytochrome ¢, CYP1B1 and
Cox-2, were enhanced in NSCLC cells compared to normal cells (Data
not shown) [10].

Oxygen consumption is intensified in NSCLC cells, and it is
suppressed in heme-deficient cells

Heme plays a vital role in oxygen utilization and sensing in virtually
all organisms [2,15]. We showed that the levels of oxygen-utilizing
hemoproteins are intensified in NSCLC cells. Therefore, we measured
the oxygen consumption rate of NSCLC cells, and the effect of heme
depletion on the rate of oxygen consumption. We found that cancer

cells (HCC4017) have elevated levels of oxygen consumption compared
to normal cells (HBECK30KT) (Figure 3). Further, inhibiting heme
synthesis using SA or depletion of heme in the medium significantly
decreased the oxygen consumption in cancer cells. Interestingly, heme
depletion affects the oxygen consumption in NSCLC cells more severely
than in HBEC30KT cells (Figure 3). We also measured the oxygen
consumption rates in the presence of CCCP, which is a mitochondrial
uncoupler. As expected, the presence of CCCP decreases the levels of
oxygen consumption in both normal and cancer cells.

Reduction of intracellular heme levels inhibits NSCLC cell
proliferation and colony formation

We further evaluated the effect of heme synthesis and mitochondrial
function on cancer cell proliferation and colony formation. Figure
4A shows that inhibition of heme synthesis reduces the proliferation
of HCC4017 cells. The effect of heme inhibition was more severe on
NSCLC cells proliferation than HBEC30KT cells (Figure 4A). Likewise,
heme inhibition stopped the colony formation of cancer cells, and

2A)

SA 12 OHBEC ®HCC

T+
None SA Heme 1
08

0.6
0.
0 ==

None §A+Hemc

HBEC:
HCC
HBEC.

| HCC
HBEC.

o

9

=
HCP1 — —

HCP1/Actin Ratio

®

B-Actin

2B) HCC__H2073 H1993 A549 Calu-6 H1395
10 d Rt ittt ———

B-Acti
[

15

) ' - i i I I

H2073  HI1993 A549  Calu-6  HI395

HCP1/Actin Ratio

2C)

CHBEC ®mHCC

Nong

Cytoglobin

HBEC
| e
HBEC
| H
HBE!
‘ HCC
by
oW s 0
Il
]
B
|
N
B
i

B-Actin 0

2D)
A549 H1395

HCC__H2073 _
e —

Cymglohm—-—. —

H1993 Calu-6

B-Actin e w——— i - ——— - G - ———

0.7

Zo06
&
8103
204
< U .
<
£03
2
E“O'Z
5' 0.1
0

HCC H2073 H1993 A549 Calu-6 H1395

Figure 2: Levels of heme transporter and hemoproteins are enhanced in cancer
cells and tumor xenografts. (A) Protein levels of heme transporter HCP1 in
normal and cancer cells. (B) Protein levels of HCP1 in HCC4017 (HCC) cell line
and various human tumor xenograft samples. (C) Protein levels of cytoglobin
in normal and cancer cells. (D) Protein levels of cytoglobin in HCC4017 (HCC)
cell line and various human tumor xenograft samples [10].
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Figure 3: Increased rates of oxygen consumption in cancer cells (HCC)
compared to normal (HBEC) cells. Heme depletion (heme deficient) in
medium and/or inhibition of heme synthesis (SA) reduces the rates of oxygen
consumption in cancer cells [10].
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Figure 4: (A) Inhibition of heme synthesis (SA) more severely affects the rates
of proliferation of cancer cells (HCC) than normal cells (HBEC). (B) Colony
formation assay. Inhibition of heme synthesis stops the colony formation in

cancer cells [10].

addition of heme in the medium recovered colony formation (Figure
4B). As expected, CCCP also stopped colony formation by cancer cells.
In contrast, inhibition of heme degradation by SnPP did not have an
effect on colony formation.

Various NSCLC cell lines exhibit intensified levels of oxygen
consumption and heme synthesis

Figure 5A shows that the levels of oxygen consumption
are elevated in all NSCLC cells, compared to nontumorigenic
HBEC30KT cells. Similarly, we found that the levels of heme
synthesis were intensified in the NSCLC cells (Figure 5B). The
increase in heme biosynthesis and oxygen consumption promotes
the progression of NSCLC cells.

Glucose and Glutamine deprivation strongly impacts the rate
of oxygen consumption in NSCLC cells
We measured the rate of oxygen consumption under glucose and

glutamine starvation in four NSCLC cell lines including HCC4017,
A549,H1299 and H1395. Cells were subjected to glucose and glutamine

starvation by maintaining them in glucose- or glutamine-free medium
for 24 h. In all the four NSCLC cell lines, glucose and glutamine
deprivation had opposite effects on oxygen consumption rates. In
glucose-deprived medium, oxygen consumption is significantly
increased, while in glutamine-deprived medium, it is substantially
decreased (Figure 6).

Discussion

Cell proliferation and metabolism are intimately connected. The
potential difference between the metabolism of normal and cancer
cells has recently gained intense interest in the discovery of new targets
for cancer treatment [16]. Altered metabolism is indeed a hallmark of
cancer, and a tremendous effort has been put to understand cancer cell
metabolism. Despite the extensive research in cancer metabolism, the
role of heme metabolism in cancer progression is poorly understood.
Here we have shown that heme metabolism is altered in NSCLC cells,
and heme plays a critical role in the progression of lung cancer. To meet
the high demand for heme, cancer cells and human tumor xenografts
show intensified levels of heme biosynthetic enzyme (ALAS1) and
heme uptake proteins (HCP1 and HRG-1), as shown in Figures 1B and
1C and Figures 2A and 2B respectively [10]. This leads to increased
levels of heme synthesis in cancer cells compared to normal cells
(Figure 1A). Our study has focused on an individual metabolite, heme.
Recent metabolomic techniques have provided a platform to identify
and compare the metabolites on a global scale, instead focusing on a
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Figure 5: The rates of oxygen consumption and heme synthesis are increased
in NSCLC cells. Differential levels of rates of oxygen consumption (A), and
heme synthesis (B) in various NSCLC cell lines. For statistical analysis, the
levels in cancer cells were compared to the levels in normal cells (HBEC), by
using Welch 2-sample t-test. * p value 0.05; ** p value 0.005.
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single metabolite [17]. These techniques could be applied to compare
the levels of heme biosynthetic intermediumtes to provide further
details between the heme metabolism of normal and cancer cells.
Measuring the levels of heme biosynthetic intermediates is challenging,
because they are rapidly delivered to the next enzyme in the pathway
due to the toxicity of these intermediates to the cell [18]. We also
attempted to measure the levels of heme biosynthetic intermediates
using metabolomic techniques; however, the results were inconclusive.
Heme plays diverse roles in cells. It is a prosthetic group in oxygen-
utilizing hemoproteins including cytoglobins and cytochrome ¢, and
it acts as a regulator, modulating transcription, translation and micro-
RNA biogenesis [1]. In cancer cells and tumor xenografts, an increase in
heme synthesis and uptake occurs concomitantly with increased levels
of hemoproteins such as cytoglobin (Figure 2C), cytochrome ¢, Cox-2
and CYPIBI. Cytoglobin is able to bind oxygen, and it is known to
regulate oxygen levels in cancer cells during hypoxia [19]. Cytoglobin
is a stress-related gene, and its expression level is upregulated during
oxidative stress in tumors [19]. Our data has shown that the level
of cytoglobin is increased many folds in NSCLC cells and tumor
xenografts (Figure 2 C and 2D). Furthermore, our data indicate that
the levels of cytoglobin are controlled directly or indirectly by the levels
of heme in the cancer cells (Figure 2) [10].

Recent research suggests that mitochondrial respiration is a
major source of energy supply in various human cancer cells [20].
Furthermore, it has been shown that cancer cells can maintain
substantial levels of oxidative phosphorylation even under hypoxia [21].
Given that the levels of heme and hemoproteins are highly elevated in
NSCLC cells and that K_ for O, of various heme biosynthetic enzymes
and mitochondrial respiratory hemoproteins is very low (micromolar
range). It is likely that even under hypoxia, cancer cells generates high
levels of heme and hemoproteins, maintaining high levels of oxidative
phosphorylation, thereby sustaining cancer cell proliferation and
progression. Furthermore, our results show that glutamine is the main
fuel for generating cellular energy supply in cancer cells, as shown
previously. Our results show that in absence of glucose, glutamine
supports intensified oxygen consumption in cancer cells. In the absence
of glutamine, even in the presence of glucose, oxygen consumption is
substantially reduced (Figure 6).

Conclusions

Our study has revealed key bioenergetics alterations in cancer cells
compared to normal cells. We have shown that the rate of heme synthesis,
levels of heme biosynthetic enzyme (ALAS1) and heme uptake proteins
are elevated in cancer cells (Figure 7). Increased availability of heme in
NSCLC cells enhances the levels of key hemoproteins in mitochondria,
which are involved in oxidative phosphorylation, and the levels of
oxygen-utilizing hemoproteins in other cellular compartments. Such
elevated levels of heme and hemoproteins enable cancer cells to increase
the mitochondrial respiration, which provides ample energy to fuel the
progression of NSCLC cells (Figure 7). Interestingly, limiting the cancer
cells’ access to heme decreases their proliferation, colony formation
and oxygen consumption rate. Our data strongly suggests that heme is
a key stimulator in cancer cell progression, and this can provide a new
strategy in cancer diagnosis and treatment. Furthermore, glucose and
glutamine are two key nutrients for cancer cells, and glucose starvation
in the presence of glutamine elevates the levels of oxygen consumption,
whereas glutamine starvation in the presence of glucose decreases the
levels of oxygen consumption in NSCLC cells [22,23].
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