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ABSTRACT

Human lung cancers are divided into small cell lung cancer (SCLC)
and non-small cell lung cancer (NSCLC) based on established criteria.
SCLC differs from NSCLC by the expression of biomarkers, including
creatine kinase-BB isoenzyme (EC 2.73.2). Subtypes of SCLC are
referred to as classic and variant, both of which have elevated levels of
creatine kinase-BB isoenzyme. We, therefore, applied "I' nuclear mag

netic resonance spectroscopy to cell lines of classic SCLC, variant SCLC,
and NSCLC human rumors, using continuous perfusion to identify any
differences in the detectable levels of intracellular high-energy phosphate
compounds. The spectra indicate that only the variant SCLC cells main
tain high levels of phosphocreatine. Additionally, the classic SCLC cells
express elevated levels of a diphosphodiester. Neither phosphocreatine
nor diphosphodiesters are found in the NSCLC cell spectra.

INTRODUCTION

Among the major histolÃ³gica! subtypes of lung cancer,
SCLC3 is known to be biologically different from the other

types, including adenocarcinoma, squamous cell carcinoma,
and large cell carcinoma (collectively referred to as NSCLC)
(1, 2). SCLC is associated with a more rapid proliferation in
vivo, is widely disseminated at diagnosis, and is highly sensitive
to cytotoxic chemotherapy (1,2). NSCLC is resistant to cyto-
toxic chemotherapy. In vitro cell lines of SCLC, unlike NSCLC,
express amine precursor and uptake decarboxylation cell mark
ers. These include elevated levels of CK-BB (EC 2.7.3.2), DDC
(EC 4.1.1.28), BLI, and NSE (EC 4.2.1.11) (3-6). None of
these biological markers are found in NSCLC.

SCLC cell lines can be divided into two distinct classes:
classic SCLC cell lines which express all the biomarkers (DDC,
BLI, NSE, and CK-BB) and the morphological biochemical
variant SCLC cell lines which lack DDC and BLI, but continue
to express elevated levels of NSE and CK-BB (3-7). The latter
markers distinguish SCLC-V from NSCLC. Many, but not all
variant lines, are amplified for the c-myc or N-m>>concogenes
(7, 8). Variant cell lines also have a shorter doubling time (32
versus 72 h), higher colony-forming efficiency (30-50 versus 1-

10%) than classic SCLC cell lines, and are resistant to radio
therapy (8, 9). Patients who have the SCLC-V in their diagnos
tic biopsy specimens have a poorer prognosis than patients with
histologically pure SCLC (2).

Intracellular levels of detectable PCr in SCLC cell lines are
related to levels of creatine plus the presence of creatine kinase
isoenzyme (CK-MM, CK-BB, CK-MB, mitochondrial CK)
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(10). Surgical specimens and cell lines of human NSCLC con
tain only very low levels of detectable CK-BB (<100 ng/mg)
(6). In contrast, surgical specimens, cell lines, and transplanted
tumors in athymic nude mice derived from human SCLC have
greatly elevated levels of CK-BB (>1000 ng/mg) (6, 11).

Steady state levels of the intracellular phosphorylated com
pounds can be measured with 3IP NMR in human tumor cell
lines when the cells are perfused (12). We now report the 3IP
NMR spectra for a series of NSCLC, SCLC-V, and SCLC-C
human tumor cell lines.

MATERIALS AND METHODS

Human Tumor Cell Lines and Enzyme Determinations. In naming the
National Cancer Institute tissue culture cell lines, the prefix H repre
sents a line grown in tissue culture without passage through a nude
mouse; the prefix N represents a cell line passage from a patient or
tissue culture line into a nude mouse, and from the heterotransplant
into tissue culture. NSCLC and SCLC tumors were obtained from
patients as either surgical resection material (NSCLC) or as a biopsy
of a metastatic site (SCLC) (13). Cell cultures were initiated either
directly or after heterotransplantation in athymic nude mice (11).
Cultures were maintained in RPMI 1640 supplemented with 10% fetal
calf serum. All cultures were continuous, deniable, aneuploid, and
tumorigenic. SCLC cultures consisted of floating cell aggregates (8).
NSCLC cell cultures consisted of adherent epithelial cells. All cultures
were free of fibroblast contamination and were in exponential growth
phase when harvested, 24 h after a medium change. N-417 is a SCLC-
V cell line which developed from N-231, a pure SCLC cell line, after
growth in tissue culture for 6 months (13).

DDC is given in units/mg and immunoreactive CK-BB is given in
ng/mg. DDC represents L-dopa decarboxylase specific activity (ninni
of CO2 released from [l4C]-L-dopa/h/mg protein) assayed as described

elsewhere (3, 14). Iramunoreactive CK-BB and enzymatic creatine
kinase were both determined by methods described elsewhere. Immu
noreactive CK-BB is reported in ng/mg. Adenylate kinase (EC 2.7.4.3)
was inhibited during the CK-BB enzyme assay as described elsewhere
(12).

31P NMR and Cell Perfusion. Cells (1-1.5 x 10s) were Â«suspended
in 1 ml of F-12 medium (GIBCO) supplemented with 10% fetal calf
serum and 20 HIM4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid,
pH 6.85, to which 0.6 ml of low-gelling agarose was added at 37'C (12,

15). Agarose strands were extruded through a capillary tube (0.5 mm
inside diameter) under pressure as previously described (12). The
strands were mounted in a standard 10 mm Wilmad screw-top NMR
tube with a plastic insert to hold the cells stationary and an inlet and
outlet for constant perfusion with medium (9, 10). NMR tubes were
autoclaved and the perfusion apparatus was chemically sterilized prior
to use. The cell strands were perfused at a rate of 2.5 ml/min with F-
12 medium supplemented with 10% fetal calf serum, and 20 m\i 4-(2-
hydroxyethyl)-l-piperazineethanesulfonic acid at pH 6.85. The cell
perfusion apparatus was maintained at a temperature of 37Â°C(9). All
31P NMR spectra were obtained at 109.3 MHz on a Nicolet 295A

spectrometer with a Bruker superconducting magnet and a Nicolet
1180 computer. A spectral window of Â±3000Hz was used with 2K
data points, a 78Â°pulse, a repetition rate of 470 ms, and a line

broadening of 20 Hz. An average of 3800 acquisitions were used. All
31Pchemical shifts in the cell spectra are set relative to fully protonated

PÂ¡as an internal standard by setting the a-ATP signal to -11.3 ppm
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(12, IS, 16). In order to be certain that the spectral intensities observed
reflected the true cellular concentrations of the ATP present, the pulse
repetition rate was varied over a wide range, and it was found that a
recycle time of 470 ms with a 78* pulse provided the best signahnoise

ratio with the shortest period of time. Repetition times as long as 2.17
s gave no difference in the relative height of the detectable PCr peaks.
All the "!' chemical shift values during perfusion remained constant.
All spectra were obtained at 37Â°Cand also at 25Â°C,with no difference

in signal intensities. All experiments were repeated a minimum of 2
times with identical results. The following cell lines were repeated more
than 3 or 5 times with identical results: N417, H446, H510, A427,
AS49, and HS24. Peak areas are obtained by utilizing the NTCAP
analysis program available on the Nicolet 1180 computer. This is
accurate within Â±5%.

RESULTS

Fig. 1 includes a representative spectrum for each of the cell
types analyzed. A total of 16 cell lines were studied: 4 cell lines
of NSCLC origin, 5 of SCLC-V origin, and 7 of SCLC-C
origin. The cell lines studied, the biochemical markers, and the
NMR peaks detected are summarized in Table 1.

31PNMR Spectra of Perfused Human Lung Cancer Cells (Fig.
1). Peak assignments in Fig. 1 are labeled as follows: I", (Peak

1); sugar phosphates (Peak 2); ATP (a, 0, and y) (Peak 3); PCr
(Peak 4); and diphosphodiesters (Peak 5). The PÂ¡signal occurs
at 1.6 ppm. The ATP phosphate signals are observed at -6.2
and -20.1 ppm for the y- and 0-phosphates, respectively, with
the Â«-phosphate signal set to -11.3 ppm. In the SCLC-V cell
lines, the peak at -3.7 ppm is phosphocreatine. In the SCLC-

C cell lines, diphosphodiester peaks were found to be detectable
at â€”11.9 and â€”13.3 ppm. The signals at +3 to -1-4ppm originate

Table 1 Biomarkers and NMR spectral dala from human lung cancer cell lines

SCLC-C

NON-SCLC

10 -10 -20 PPM

Fig. 1. Peak 1, PÂ¡;Peak 2, sugar phosphates; Peak 3, ATP (y, a, ÃŸ);Peak 4,
phosphocreatine; Peak 5, diphosphodiesters. Chemical shifts are relative to ATP
phosphate at -11.3 ppm. All spectra were obtained at 109.3 MHz with a spectral
window of Â±3000Hz, a 78* pulse, and a repetition rate of 470 ms.

Cellline"SCLC-CNCI-H-146NCI-H-345NCI-H-449NCI-H-450NCI-H-510NCI-N-592NCI-N-691SCLC-VNCI-H-372NCI-H-446NCI-H-524NCI-H-526NCI-N-417NSCL-CNCI-H-125NCI-H-23NCI-A-549NCI-A-427CK-BBC
DDC* (ng/

(units/mg) mg) PC/DPDE*'341

1,207 -+198
5,814 -+98

13,207 -+657
8,857 -+214
2,732 -+204

17,555 -+320
5,221 -+<0.<0.<0.<0.<0.<0.<0.<0.<0.4,515

+7,455
+8,631
+9,133
+8,024
+<100<100<100<100Oncogene

amplificationc-mycc-mycc-mycN-mycc-mycc-myc

Â°For National Cancer Institute (NCI) tissue culture cell lines, the prefix H

represents a line grown in tissue culture without passage through a nude mouse.
The prefix N represents a cell line passage from a patient or tissue culture line
into a nude mouse and from the heterotransplant into tissue culture. Cultures
were maintained in RPMI 1640 supplemented with 10% fetal calf serum. N 417
is a SCLC-V cell line which developed from N-231, a pure SCLC cell line, after
growth in tissue culture for 6 months. All NMR experiments were carried out
two times except for N-417, H-446, H-510, A-427, A-549, and H-524, which
were done 3-5 times.

b Represents L-dopa decarboxylase specific activity (nmol of CO2 released from
[14C]L-dopa/h/mg protein.

' Adenylate kinase was inhibited during the CK-BB enzyme assay.
* + or - indicates the presence or absence of PCr or uridine diphosphoglyco-

sides in the NMR spectra.
' DPDE, diphosphodiester.

from sugar phosphates. The peak at -11.9 may also represent
contributions from NADP (16). Perfusing the SCLC-V cells
with 2 mM PCr gave an identical peak at -3.7 ppm.

Biomarkers and NMR Spectral Data from Human Lung Can
cer Cell Lines (Table 1). The presence or absence of signals
arising from detectable PCr or diphosphodiesters in the NMR
spectra is indicated by a + or -, respectively. The intracellular
levels are 40-60% of the steady state ATP levels in the spectra
of the SCLC-C cells. The PCr signals varied from 40-90% of
the steady state ATP signals in the SCLC-V cells, being 80-
90% of the ATP for the N-417 and H-524 cells, and 40-60%
for the H-446 and H-526 cells. Over long periods of time,
approximately 24 h, neither of these signal intensities changed
relative to the ATP signal intensities. No detectable PCr was
observed in the 31P NMR spectra of the NSCLC or SCLC-C

cells during identical conditions of perfusion, pH, and NMR
acquisition. The intracellular concentration of ATP is approx
imately 3 mM (10, 12, 16). The intracellular concentration of
the NMR-detectable PCr in the SCLC-V cells is therefore
approximately 2-3, while the concentration of the detectable
diphosphodiester in the SCLC-C cells may be approximately
1-2 mM. This is based on measurements of peak areas for the
a-, ÃŸ-,and 7-phosphate resonances, with comparisons to the
peak area of the phosphocreatine signals. The + symbol indi
cates the estimated intracellular phosphocreatine concentration
of 2-3 mM for all of the SCLC-V cell lines, and the diphospho
diester intracellular concentration of 1-2 mM for all of the
SCLC-C cell lines. The - symbol indicates the absence of these
NMR-detectable metabolites in the SCLC-C cell and SCLC-V
cell lines. The lower limit of the NMR detectable PCr, or
diphosphodiester concentrations, cannot be quantified from the
spectra; however, a level of mobile phosphorylated compounds
less than 1 mM does not generally give rise to a signal (15, 16).
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DISCUSSION

The 3IP NMR spectra clearly demonstrate a difference in

steady state intracellular levels of mobile phosphorylated com
pounds. Most striking is the presence of detectable PCr at a
level of approximately 60-70% of that of ATP in spectra
obtained from the SCLC-V cells, and the absence of NMR-
detectable PCr in spectra from the SCLC-C cell lines. Both of
these cell lines have greatly increased levels of CK-BB, and the
expectation is that PCr could be detectable in both cell lines (6,
7, 11). The NSCLC cell lines fail to show any NMR-detectable
levels of intracellular PCr. This is consistent with the very low
levels of intracellular CK-BB isoenzyme in NSCLC (6, 7).

The absence of detectable PCr for the SCLC-C cell lines is
not due to a lack of creatine but rather may reflect a more rapid
utilization of PCr in these cells (compared to SCLC-V cells).
While a critical damping of the JfÂ«,for CK-MM occurs at pH
7.10, this has not been found to be the case with CK-BB (17).
The presence of elevated levels of CK-BB and PCr at a pH
range of 6.75-7.2 in the SCLC-V cell line demonstrates this.
Creatine levels are the same in both SCLC-C and SCLC-V cells
(20-44 /imol/mg protein).4 Perfusion of the SCLC-V cells with

10 HIMdinitrophenol at pH 6.9 resulted in an immediate loss
of PCr, a 40-50% decrease in ATP, and no change in the levels
of diphosphodiester. Reperfusion with cell culture medium
resulted in a reappearance of PCr in the SCLC-V spectra. The
perfusion medium is void of creatine and PCr. In the presence
of dinitrophenol, mitochondrial electron transport from NADH
to Ã›2proceeds normally, but the coupling of electron transfer
to oxidative phosphorylation by ATP synthase is blocked. This
effect is due directly to the loss of the normal proton-motive
force across the inner mitochondrial membrane, and should
result in increased oxygen consumption and oxidation of
NADH. Further experiments are being done to verify these
apparent steady state metabolic rate differences.

The creatine phosphate shuttle has been used to account for
the role of creatine, creatine phosphate, and creatine kinase in
facilitating energy distribution and cellular responses to in
creased metabolic demands in muscle (18, 19). Studies analyz
ing the functional role of CK-BB, however, are not well docu
mented, and the same type of "PCr shuttle" cannot be invoked.

Protein synthesis in brain tissue has been demonstrated to be
dependent on maximum CK-BB activity via inhalation studies
(20).

The peaks in the spectra of the SCLC-C cell lines at -11.9
and -13.3 ppm correspond to diphosphodiester resonances
(16). This may represent a marker for SCLC-C cells, since
diphosphodiesters are absent in the SCLC-V cell lines.

These initial 3IP NMR results are useful in that they (a)
suggest that different steady state metabolic rates may be op-

4A. Gazdar, personal communication.

erative in the two subsets of SCLC-C and SCLC-V; (b) provide
an additional method for differentiating SCLC-C from SCLC-
V cells in cases where the SCLC malignancy cannot be clearly
identified; and (c) support the cumulative evidence which con
firms the existence of important biological differences among
SCLC-C, SCLC-V, and NSCLC human tumors (3-9, 11).
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