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Abstract

A subtype of non-small cell lung cancer, bronchioalveolar adenocarcinoma (BAC), is more prevalent
in Asian female non-smokers, and is more likely to respond to treatment with tyrosine kinase
inhibitors such as erlotinib and gefitinib. Nuclear magnetic resonance and mass spectrometry-based
metabolomic analysis of extracts from two different lung lesions and surrounding non-cancerous
tissues of a BAC patient showed novel protein and phospholipid-associated metabolic differences
that correlated with tumor development as well as PET and erlotinib sensitivity.
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Introduction

Non-small cell lung cancer (NSCLC) accounts for roughly 85% of all lung cancers, most of
which are tobacco-related. However, 10-15 % of lung cancer occur in nonsmokers and
disproportionately in women (Wakelee et al. 2007). Among these is the slow-growing
bronchioalveolar adenocarcinoma (BAC) subtype of NSCLC. Regardless of the etiology or
subtypes, early stage lung cancer is generally difficult to detect and the median 5-year survival
rate (ca. 15%) has barely changed in the last 20 years (Pirozynski 2006).

Current chemotherapies have not been as successful for NSCLC as for other solid tumors
(Collaboration 2009). Recently, targeted therapies that inhibit tyrosine kinase receptors
(including EGFR) have been developed. These agents block the signaling pathways that are
important in stimulating tumor cell proliferation. Two agents in particular have gone through
phase 11/111 clinical trials, namely gefitinib and erlotinib. Although the overall response rate in
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NSCLC to these agents has been disappointing, there is a sub-population that responds well to
these inhibitors, namely those that carry a gain of function mutation in the EGFR. These
mutations are found more frequently in females of Asian origin with the bronchioalveolar
subtype of NSCLC (Ahmed et al. 2006; Giaccone et al. 2006; Kris et al. 2006; Raz et al.
2006; Riely et al. 2006).

Early and sensitive detection of lung cancer coupled with appropriate treatment may
significantly improve overall survival from the disease. This may be explored through distinct
metabolic activities of lung cancer cells, which are likely to precede any morphological change.
The metabolism of cancer cells is altered to meet the demand for accelerated and uncontrolled
growth. For example, many tumors have greatly enhanced glucose uptake and glycolysis as
observed by PET detection, even under aerobic conditions (i.e. the Warburg effect (Warburg
1956;Lu etal. 2002; Altenberg et al. 2004; Garber 2004), leading to increased lactate secretion.
Further, increased anabolic activity is required for the biosynthesis of macromolecules (protein,
carbohydrate, lipids and nucleic acids) essential to cancer cell growth.

Although there has been extensive genetic analysis of lung tumors (Bhattacharjee et al. 2001;
Brognard et al. 2001; Giaccone et al. 2006; Carretero et al. 2007; Il Na et al. 2007; Sakuma et
al. 2007), the in situ metabolic differences between cancerous and normal lung tissues have
not been systematically characterized. We have addressed this problem by developing NMR
and mass spectrometry (MS)-based technologies to determine the profile of a wide range of
metabolites and their biosynthetic pathways in lung cancer cells and tissues (Fan et al. 2005;
Fan et al. 2006) and in human subjects (Lane et al. 2009) (and T. WM. Fan, A. N Lane, et al.
submitted). Here we report the use of these technologies to compare the metabolic profiles of
a stage | bronchioalveolar, erlotinib-sensitive carcinoma, and an erlotinib-insensitive, slower-
growing (possibly earlier developmental) lesion against normal lung tissue from the same
patient. Many previously unknown, drug-dependent and -independent metabolic distinctions
were thereby discovered.

An 80-year old Asian female, never smoker was found to have two lung lesions. The PET scan
(Figure 1) showed that the mass in the lower lobe (3.5x3.0 x1.8 cm) was very active in glucose
accumulation and a small nodule in the upper lobe (1.8x1.2x1.3 cm) was barely observable
above background. Needle biopsy of the lower lobe lesion revealed bronchioalveolar
adenocarcinoma (BAC) of pulmonary origin. After treatment with a daily dose of 150 mg of
Erlotinib for one month, the lower lobe lesion was reduced by >50% in size, whereas the upper
lobe lesion showed no response to the drug.

Lobectomy of the lower lobe (LL) and a wedge resection of the upper lobe (UL) lesion were
performed and well tolerated by the patient. Pleural effusion and lymph nodes were clear of
detectable cancer cells. A slice of each tumor was immediately flash frozen in liquid nitrogen
(< 2 minutes after excision). A second slice was preserved in formalin for histopathology. A
slice of normal tissue taken from the lobe > 4 cm from the cancerous margins was similarly
treated. Blood samples were also collected pre- and post-operatively, immediately placed on
ice, and centrifuged at 4 °C to separate the red cells from the plasma. Plasma was flash frozen
in liquid nitrogen for storage at —80 °C with a total processing time of < 30 minutes. These
protocols were developed to minimize artifactual metabolic changes during processing (Fan
et al., submitted).

Pathological examination of H&E stained tissue slices indicated both lesions to be well-
differentiated adenocarcinomas with BAC-like features. The PET-positive, erlotinib-
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responsive LL lesion is a grade | BAC, whereas the weakly PET-positive nodule of UL was
also a BAC-like tumor which may be independent of the LL lesion. Sections were also stained
for EGFR using anti EGFR mADb, which showed low EGFR expression for the normal tissue,
high expression in the UL lesion, and near normal expression in the LL lesion (possibly the
result of Erlotinib treatment).

Metabolomics analysis

Polar metabolites from tissues and plasma were extracted according to our established
protocols (Fan et al. 2005; Fan et al. 2008; Fan et al. 2008; Lane et al. 2008). Metabolites were
identified and quantified using high resolution one and two-dimensional NMR spectroscopy
as well as by GC-MS, as described previously (Fan et al. 1986; Fan et al. 2008; Lane et al.
2008). Figure 2 compares the one-dimensional 1H NMR spectra of normal versus lower lobe
(LL) and upper lobe (UL) nodules. The three tissues showed significantly different 1TH NMR
profiles, particularly in terms of lactate, amino acids, phosphocholine, (P-choline), choline,
and glucose. Metabolites profile had the general order of LL tumor > UL lesion > normal tissue
except for glucose and glycogen with a reverse order. Many of these metabolites were
quantified by GC-MS and 'H NMR, as shown in Figure 3. The GC-MS analysis verified the
semi-quantitative trend observed by IH NMR in Figure 2. It is also clear that many of the
metabolites (e.g. P-choline, Ser, OHPro, Asn, a-glycerol-3-phosphate or a-G3P, citrate,
fumarate, malate, succinate) in the UL lesion were closer in concentration to the LL tumor than
the normal lung tissue. However, lactate and glucose levels in the UL lesion exhibited more
of the normal tissue type (Figure 3).

Discussion

Increased accumulation of lactate in the LL lesion is typical of malignant tumors and suggests
the presence of accelerated glycolysis or Warburg effect. The depletion of glucose and
glycogen in this lesion is presumably a result of this enhanced glycolysis, which is again linked
to the much higher lactate content or accumulation of 18F-deoxyglucose-6-phosphate, as
reflected by its brighter PET image density (Figure 1). By similar reasoning, the weak PET
image density of the UL lesion is consistent with its near normal glucose and lactate profile.
Thus, the UL lesion may not have undergone transformations into an enhanced glycolytic state,
which differentiates its development from the LL lesion.

In contrast, some amino acids (e.g. Glu, Asp, Ser, OHPro, Met, Asn), P-choline, a-G3P, citrate,
malate, fumarate, and succinate in the UL lesion accumulated to levels closer to the LL lesion
than normal tissues. Cancer-associated accumulation of these metabolites was also observed
in over 30 other non-BAC NSCLC cancer subjects (Fan et al., submitted), which suggests that
metabolic transformations governing the accumulation have occurred in both UL and LL
lesions. These transformations are likely to be involved in the uptake of amino acids and
choline, choline phosphorylation, a-G3P production, as well as Krebs cycle function, all of
which are essential to the synthesis of proteins and phospholipids. These processes appear to
have preceded enhanced glucose uptake and glycolysis in the process of tumorigenesis, which
is common to the LL lesion and later stage tumors from 20 other NSCLC patients. Thus, this
case study suggests that deregulation of protein and phospholipid-associated metabolism could
be early transforming events in BAC development, and demonstrates that metabolomic
analysis may be valuable for differentiating early stage erlotinib-sensitive and insensitive
NSCLC.
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Figure 1.
PET images of upper and lower lobe lung lesions (indicated by arrows) of an 80-year old Asian

female patient. Red to white colors indicates high to low density.
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Figure 2.

IH NMR spectra of extracts of paired normal and lung lesions.

Flash frozen slices from upper lobe (UL, top panel), lower lobe (LL, middle panel) nodules,
and non-cancerous tissues (bottom panel) were taken from the resected lung of the patient
shown in Figure 1, and extracted with 10% TCA and 1H NMR spectra of extracts were recorded
at 600 MHz. Metabolite assignments were based on our in-house database, 2-D 1H TOCSY
and 1H-13C HSQC NMR spectra (not shown) (Fan et al. 2008). The three spectra were
normalized in terms of tissue weight and NMR spectral parameters for direct comparison.
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Figure 3.

Metabolite concentration in normal, upper and lower lobe lung nodules.

Myo-inositol (Ino), glucose (Glc), phosphocholine (PCh) were quantified from IH NMR
spectra in Fig. 1 while the other metabolites were quantified by GC-MS as described previously
(Fan et al. 1986). Lac: lactate; a-G3P: a-glycerol-3-phosphate; Suc: succinate; Fum: fumarate;
Cit: citrate. UL upper lobe, LL lower lobe
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