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Summary. We have previously demonstrated that uptake 
of the amino acid amide sarcosinamide by the glioma cell 
line SK-MG-1 occurs via the catecholamine carrier that 
accomodates epinephrine (Km = 0.284 raM; Vmax = 0.154 
nmol/106 cells/min). Sarcosinamide chloroethylnitroso- 
urea (SarCNU), a new anticancer agent that exerts in- 
creased in vitro antitumor activity against gliomas as com- 
pared with BCNU (bis-chloroethylnitrosourea), the stan- 
dard agent of choice, competitively inhibits sarcosinamide 
uptake by SK-MG-1 cells [inhibition constant (Ki)= 
3.26 mM]. Using radiolabeled N-[3H]-sarcosinamide, we 
determined the transport of sarcosinamide in HT-29 colon- 
cancer cells, in Calu-1 lung-cancer cells, and in normal 
foreskin DHF fibroblasts. Sarcosinamide transport was lin- 
ear for up to 1 rain at 22 ~ C. In HT-29 cells and DHF 
fibroblasts, the uptake of sarcosinamide followed Michae- 
lis-Menten kinetics of carrier-mediated transport. In HT-29 
cells the Michaelis constant (Km) was 2.76 + 0.1 mM and 
the maximal velocity (Vmax) was 2.03_+0.1 nmol/106 
cells/rain, whereas in DHF fibroblasts the respective values 
were 6.58 + 3.90 mM and 12.08 _+ 8.20 nmol/106 cells/rain. 
In these two cell lines, neither epinephrine nor leucine 
significantly reduced sarcosinamide transport. In Calu-1 
cells there was no evidence of carrier-mediated transport of 
either sarcosinamide or epinephrine. These nonglial cell 
lines lack a high-affinity catecholamine cartier. The in- 
creased cytotoxicity of SarCNU in gliomas may correlate 
with the presence of a high-affinity catecholamine carrier. 

Introduction 

Chloroethylnitrosoureas (CENUs) are an important class 
of antitumor agents that exert activity against a variety of 
human cancers, including certain types of lung cancers and 
gliomas [3]. The mechanism of cytotoxicity of CENUs is 

Correspondence to: L. C. Panasci, Lady Davis Institute for Medical 
Research 

assumed to be secondary to the alkylation of DNA by the 
chloroethyl moiety. The covalent interstrand cross-links 
formed between complementary strands of DNA interfere 
with the replication and transcription of DNA, presumably 
resulting in cell death. It has been shown that CENU-in- 
duced cytotoxicity correlates with the ability to form DNA 
interstrand cross-links, but there are indications that other 
DNA lesions may be implicated in the process [4, 5, 7]. 

CENUs are the most effective clinically available che- 
motherapeutic agents for the treatment of malignant glio- 
mas. However, only 30% of patients with malignant glio- 
mas sustain a partial response to CENU therapy [15]. Thus, 
resistance to CENUs is a common problem that may be due 
to increased DNA repair [2, 12], CENU inactivation via 
metabolism [13], and/or decreased drug accumulation [10]. 

Sarcosinamide chloroethylnitrosourea (SarCNU) is a 
new CENU that contains an amide of methylglycine, sar- 
cosinamide [14]. SarCNU has been shown to be more 
active than bis-chloroethylnitrosourea (BCNU), the stan- 
dard chemotherapeutic agent, against primary and estab- 
lished glioma cells in vitro [6, 9]. In addition, SarCNU is 
less myelotoxic than BCNU in vitro [6]. The presence of 
the sarcosinamide moiety in SarCNU suggests that its 
transport into cells may occur via a carrier-mediated mech- 
anism, in contrast to the clinically available CENUs, which 
enter cells by passive diffusion [1]. 

The transport of sarcosinamide into SK-MG-1 gliomas 
is mediated by the uptake-2, energy-independent, sodium- 
independent catecholamine carrier that accommodates epi- 
nephrine. The Michaelis constant (Km) of sarcosinamide 
uptake by SK-MG-1 cells is 0.284 mM [maximal velocity 
(Vma• = 0.154 nmol/106 cells/rain), which is similar to 
that of epinephrine (Km = 0.270 raM). SarCNU competi- 
tively inhibits sarcosinamide transport, its inhibition con- 
stant (Ki) being 3.26 raM. Therefore, in SK-MG-1 cells, the 
2-fold greater intracellular concentration of SarCNU as 
compared with BCNU may be related to differential uptake 
[11]. The SKI-1 glioma cell line, which exhibits 20-fold 
resistance to SarCNU as compared with the SK-MG-1 
glioma cell line, had altered kinetic constants of sarcosi- 
namide transport (Km= 1.5 raM, Vmax = 0.66 nmol]106 



147 

ce l l s /min ;  S a r C N U  Ki = 17.5 mM) b u t  a s imi lar  t ime  course  
of  s a r cos inamide  up take  in  c o m p a r i s o n  wi th  S K - M G - 1  
cells.  Th i s  was  assoc ia ted  wi th  a decreased  a c c u m u l a t i o n  
of  S a r C N U  in SKI-1  cells  [10]. 

The  speci f ic i ty  of  s a r co s i n ami d e  t ranspor t  and  its rela-  
t ionsh ip  to e p i n e p h r i n e  in  o ther  t issues  was  e x a m i n e d  in  
the  p re sen t  s tudy.  W e  d e t e r m i n e d  the k ine t ic  pa ramete r s  of  
s a r cos inamide  t ranspor t  in to  n o r m a l  h u m a n  f ibroblasts ,  a 
h u m a n  l u n g - c a n c e r  cel l  l ine,  and  a h u m a n  c o l o n - c a n c e r  
cel l  l ine.  

Materials and methods 

Materials. N-[3H]-Sarcosinamide hydrochloride (1.05 Ci/mmol) was 
custom-synthesized by Amersham Laboratories (Buckinghamshire, Eng- 
land) using a catalyzed exchange reaction with high-specific-activity 
tritiated water. The radiochemical purity was 96% as revealed by thin- 
layer chromatography carried out on cellulose in butan- 1-o1: water: acetic 
acid (12 : 5 : 3, by vol.) or ethanol: 0.88 ammonia: water (80 : 4 : 16, by 
vol.), producing Rf values of 0.34 and 0.68, respectively. L-[N-methyl- 
3HI-epinephrine was purchased from New England Nuclear (Dupont 
Canada, Pointe Claire, Quebec). Sarcosinamide He1, (+_)-epinephrine 
HC1, L-ieucine, glycylglycine HC1, and 5-sulfosalicylic acid were pur- 
chased from Sigma Chemical Company (St. Louis, Mo.). Sodium 
acetate, sodium chloride, D-glucose (anhydrous), and chloroform were 
purchased from Fisher Scientific Company. McCoy's modified medium 
5A, RPMI 1640 medium, minimum essential medium (MEM), MEM 
nonessential amino acids (NEAA), MEM sodium pymvate solution, fetal 
calf serum (FCS), Dnlbecco's phosphate-buffered saline (PBS), trypsin- 
ethylenediaminetetraacetic acid (EDTA), and phenol red solution were 
obtained from Grand Island Biological Co. (Grand Island, N.Y.). Bovine 
serum albumin (BSA, fraction V) was purchased from Miles Laborato- 
ries. 

Cells. The HT-29 cells were established from a primary colon adeno- 
carcinoma; the Calu-1 cells, from a single epidermoid lung-carcinoma 
specimen; and the DHF fibroblasts, from the foreskin of a healthy man. 
The human-cancer cell lines HT-29 and Calu-1 were kindly supplied by 
Dr. M. Pollak, and the DHF fibroblasts were a generous gift from Dr. R. 
Germinario (both from Lady Davis Institute for Medical Research, Mon- 
treal, Quebec). All three cell lines were grown and maintained as mono- 
layers of cells in a humidified atmosphere containing 5% CO2 at 37 ~ C. 
The HT-29 cells were maintained in RPMI 1640 medium supplemented 
with 5% FCS and 4 gg gentamycin/ml (Schering, Pointe Claire, Quebec). 
The Calu-1 cells were maintained in McCoy's modified medium 5A 
supplemented with 10% FCS and 4 ~tg gentamycin/ml, and the DHF 
fibroblasts were maintained in MEM supplemented with 10% FCS, 1.0% 
NEAA, 0.9% sodium pyruvate, and 4 gg gentamycin/ml. 

Transport experiments. The transport of N-[3H]-sarcosinamide was con~ 
ducted on confluent monolayers of HT-29 cells (2.5 x 106 cells/35-mm 
plate), Calu-1 cells (1.0 • 106 cells/35-mm plate), and DHF fibroblasts 
(2.5 x 105 cells/35-mm plate) at 22~ using a method described by 
Ronquist et al. [8] and previously applied in this laboratory [11]. The 
media were removed by aspiration, and the cells were washed once with 
2 ml phosphate-buffered saline (pH 7.4) supplemented with 0.1% BSA 
(PBS). The cells were preincubated for 15-30 min in 2 ml PAG 
(phosphate-buffered saline supplemented with 0.7% BSA, 0.25% D-gin- 
cose, and 0.001% phenol red; pH 7.4) at 22~ the PAG was aspirated, 
and Iransport was initiated by the addition of 1 ml N-[3H]-sarcosinamide 
alone or combined with different concentrations of osmotically adjusted 
physiological inhibitors in PAG. At desired time points, the radiolabel 
was rapidly aspirated and the cells were rinsed five times with ice-cold 
PBS supplemented with 48 mM glycylglycine. Glycylglycine was in- 
cluded in the rinsing buffer because it removes radiolabel bound to the 
plastic surface of the pelri dish. This step was completed in about 8 s, and 
the cells remained attached to the plates after this procedure. The cells 
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Fig. 1. Time course of the uptake of 0,05 rn~ N-[3H]-sarcosinamide by 
HT-29 monolayers at 22 ~ C. The uptake is expressed as picomoles of 
tritiated sarcosinamide per 106 cells as described in Materials and 
methods. Points represent mean values for 3 separate experiments, re- 
spectively; bars indicate the SE 

were then solubilized with 2 ml 3% 5-sulfosalicylic acid at 60~ for 
10 min and the cell extracts were transferred to borosilicate tubes and 
heated to 100 ~ C for 5 min. The cellular debris was pelleted by centrifu- 
gation at 300 g for 10 min, and 800 gl of the supernatant was removed 
and counted in 10 nil scintiverse. 

The number of cells per 35-ram plate was determined by detaching 
the cells from the surface of the plate with 1 ml trypsin-EDTA for 5 rain 
and counting the resultant cells using a model FN Coulter counter (Coul- 
ter Electronics Inc., Hialeah, Fla.). Four to six plates were counted, with 
the average corresponding to the cell number per plate. The standard 
error of the mean of the cell counts obtained by this method is less than 
or equal to 5%. Background radioactivity was determined at time zero at 
22~ and the resultant background value was subtracted from each 
determination. The uptake of sarcosinamide was expressed in picomoles 
per 106 cells. Determination of the transport of [3H]-epinephrine was 
conducted in a fashion similar to that outlined above for sarcosinamide. 
The uptake of [3HJ-epinephrine was determined at 22~ in PAG. 

Metabolism of [3H]-sarcosinamide. The possibility of intracellular me- 
tabolism of [3H]-sarcosinamide was examined by thin-layer chromatog- 
raphy as previously described [11]. 

Results 

Time course of uptake of N-[3H]-sarcosinamide 

The  t ime  course  of  the up take  o f  0.05 mM sa rcos inamide  
by  m o n o l a y e r s  of  H T - 2 9  cells  at 22 ~ C is shown  in  Fig.  1. 
In  H T - 2 9  cells ,  the up take  after 1 m i n  was  47.1 + 2.2 
pmol /106  cells.  N o  ev idence  of  m e t a b o l i s m  of  sarcosi-  
n a m i d e  was  obse rved  after 10 ra in  in  the H T - 2 9  cells;  this 
f i nd ing  was  s imi la r  to resul ts  p r ev ious ly  ob t a ined  in  
S K - M G - 1  and  SKI-1  cells  [10, 11]. In  D H F  f ibroblas ts ,  the 
up take  o f  s a r cos inam ide  at 2 2 ~  was  d e t e r m i n e d  at t ime  
points  b e t w e e n  15 s and  30 m i n  as s h o w n  in  Fig.  2. The  
uptake  o f  s a r cos inamide  was  l inear  for up  to 1 min .  In t ra-  
ce l lu lar  levels  o f  s a r cos inamide  were  s imi lar  at 10 and  
30 min ,  i nd ica t ing  that  s teady-sta te  a c c u m u l a t i o n  had  been  
a t ta ined  b y  10 rain.  S ince  the up take  o f  s a r cos inamide  by  
the three cell  l ines  was  l inear  un t i l  1 min ,  s imi la r  to pre-  
v ious  de t e rmina t i ons  in  S K - M G - 1  and  SKI-1  cells  [10, 
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Fig. 2. Time course of the uptake of 0.05 mM N-[3H]-sarcosinamide by 
monolayers of DHF fibroblasts at 22 ~ C. The uptake is expressed as 
picomoles of tritiated sarcosinamide per 106 cells as described in Materi- 
als and methods. Points represent mean values for triplicate time points 
of a representative experiment, respectively; bars indicate the SE 

11], all subsequent experiments were terminated at _< 30 s 
to approximate this initial rate o f  uptake conditions. 

Presence of  a sarcosinamide transporter 

Table 1. Inhibition studies on the uptake of sarcosinamide in DHF 
fibroblasts and HT-29 colon cancer cells 

Inhibitor Uptake a pb 
(% of control) 

A. None (N-[3H]-sarcosinamide) 100 
10 mM sarcosinamide 28 _+ 10 <0.01 

B. None (N-[3H]-sarcosinamide) 100 
10 mM sarcosinamide 75 • 2 <0.001 

The 30-s uptake of 0.05 rnM N-[3H]-sarcosinamide at 22~ was ex- 
amined in the presence or absence of a 200-fold excess of unlabeled 
sarcosinamide as described in Materials and methods. A, DHF fibro- 
blasts; B, HT-29 colon cancer cells 
a Mean values _+ SE for 4 separate experiments 
b Student's two-tailed t-test 

Table 2. Effect of various inhibitors on the uptake of sarcosinamide by 
HT-29 colon cancer cells 

Inhibitor Concentration Uptake a pb 
(raM) (% of control) 

None (N- [3H] -sarcosinamide) 100 
Epinephrine 50 84 _+ 7 NS 
Leucine 50 93 • 7 NS 

The presence o f  a sarcosinamide carrier in HT-29 colon 
cancer cells and in DHF fibroblasts was assessed by testing 
for potential inhibition with excess sarcosinamide 
(Table 1). A 200-fold excess o f  unlabeled sarcosinamide 
significantly decreased the uptake of  tritiated sarcosi- 
namide. A 72% reduction and a 25% decrease in the initial 
rate o f  uptake o f  sarcosinamide was observed in DHF 
fibroblasts and in HT-29 colon-cancer  cells, respectively. 
In contrast, similar experiments using Calu-1 cells demon-  
strated no reduction in the uptake o f  tritiated sarcosinamide 
following the addition of  10 mM unlabeled sarcosinamide 
(data not shown). 

Inhibition of sarcosinamide transport 

The 30-s uptake of 0.05 rnM N-[3H]-sarcosinamide at 22~ was ex- 
amined in the presence or absence of the indicated inhibitors as described 
in Materials and methods. NS, Not significant 

Mean values • SE for 3 independent experiments 
b Student's two-tailed t-test 

nephrine. The uptake of  0 . 0 5 - 1 0  mM [3H]-epinephnne by 
Calu-1 cells at 30 s was investigated. A double reciprocal 
plot o f  the uptake o f  epinephrine at concentrations ranging 
f rom 0.05 to 10 mM shows a straight line going through the 
origin, consistent with passive diffusion. These results sug- 
gest the absence of  an epinephrine carrier in all o f  these cell 
lines. 

Two physiological  compounds  were examined as potential 
inhibitors of  sarcosinamide transport in HT-29 cells 
(Table 2). The catecholamine epinephrine, a potent inhibi- 
tor of  sarcosinamide transport in SK-MG-1 gl ioma cells 
[11], and leucine, an amino acid transported by a neutral 
amino-acid transport system, were tested for sarcosi- 
namide uptake suppression. In HT-29 cells, a 1,000-fold 
excess o f  epinephrine or leucine failed to decrease the 
uptake of  sarcosinamide to any significant degree 
(Table 2). Similarly, neither compound significantly re- 
duced the uptake of  sarcosinamide in D H F  fibroblasts. 

Epinephrine transport 

The next step was to determine the characteristics o f  epi- 
nephrine transport in the three cell lines. In HT-29 cells and 
in DHF fibroblasts, the uptake of  0.05 mN [3H]-epineph- 
rine at 30 s was not reduced by a 200-fold excess o f  epi- 

Kinetics of sarcosinamide uptake 

The 20-s uptake o f  sarcosinamide at concentrations rang- 
ing f rom 0.10 to 5.0 m u  was tested in the HT-29 colon- 
cancer cell line. Figure 3 shows a double reciprocal plot for 
sarcosinamide uptake at 0 . 1 0 - 5 . 0  rnM by HT-29 cells. The 
Km value was found to be 2.76 + 0.1 mM and the Vmax, 
2 . 0 3 + 0 . 1  nmol/106 cells/min. The HT-29 cells showed a 
10-fold reduction in the affinity of  the sarcosinamide car- 
rier and a 13-fold increase in its uptake capacity as com- 
pared with the results obtained in the SK-MG-1 cells. 

The 30-s uptake of  sarcosinamide at concentrations 
ranging f rom 0.05 to 20 mM was also examined in DHF 
fibroblasts. A Lineweaver-Burk plot for sarcosinamide up- 
take at 0 . 0 5 - 2 0  mM yielded a Km value of  6.58 + 3 . 9 0  rrk~ 
and a Vmax value of  12.08 + 8 . 2 0  nmol/106 cells/min. The 
D H F  fibroblasts showed more than a 20-fold decrease in 
the affinity of  the sarcosinamide carrier and an approxi- 
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Fig. 3. Double reciprocal plot of the kinetics of sarcosinamide transport. 
The velocity of sarcosinamide uptake (nmol/106 cells/rain) was deter- 
mined after 20 s drug incubation at various concentrations of [3H]-sar- 
cosinamide (0.1-5.0 mM) in HT-29 colon cancer cells at 22~ as de- 
scribed in Materials and methods. Points represent mean values for 2 
representative experiments. The results were analyzed by linear regres- 
sion analysis (y = 1.36 x + 0.49; r = 0.998) 

mately 80-fold increase in its uptake capacity as compared 
with the results obtained in the SK-MG-1 cells. 

In Calu-1 cells, the 30-s uptake of sarcosinamide was 
examined at concentrations ranging from 0.05 to 40 mM. 
The results show a linear relationship between the velocity 
of  sarcosinamide uptake and the concentration of sarcosi- 
namide, with no evidence of saturation of the transfer of 
sarcosinamide. This finding confirms the initial lack of 
evidence of inhibition of tritiated sarcosinamide uptake by 
excess unlabeled sarcosinamide in these cells. 

D i s c u s s i o n  

amino acids with branched and aromatic side chains, does 
not appear to be the carrier that accommodates sarcosi- 
namide in HT-29 cells and DHF fibroblasts. Therefore, in 
contrast to the situation in SK-MG-1 glioma cells, sarcosi- 
namide is transported into HT-29 cells and DHF fibro- 
blasts by a carrier system that does not involve the epineph- 
rine carrier. 

The kinetic parameters of the sarcosinamide carrier are 
very different from those observed in the SK-MG-1 cell 
line [11]. The cartier present in HT-29 cells and in DHF 
fibroblasts has a lower affinity and a higher capacity for 
sarcosinamide. Also, it is probable that sarcosinamide up- 
take occurs to some extent by passive diffusion in HT-29 
cells, since a 200-fold excess of  unlabeled sarcosinamide 
reduced the uptake of [3H]-sarcosinamide by only 25%. In 
Calu-1 cells, the uptake of sarcosinamide occurs via pas- 
sive diffusion. 

The results of  the present study provide evidence of a 
low-affinity, high-capacity transport system that accom- 
modates sarcosinamide in two of the three cell lines tested. 
Sarcosinamide appears to be transported by a carrier that is 
different from the catecholamine can-ier used in the SK- 
MG-1 glioma cell line. Thus, it may be concluded that 
there is neither a high-affinity sarcosinamide carrier nor an 
epinephrine carrier in the Calu-1 lung-cancer cell line, the 
HT-29 colon-cancer cell line, or in normal foreskin DHF 
fibroblasts. The increased sensitivity of glial tumors to 
SarCNU may be related to the presence of the catechol- 
amine carrier that accommodates sarcosinamide and 
SarCNU, although we have thus far identified only one 
glial cell line, SK-MG-1, with a well-characterized epi- 
nephrine carrier [10, 11]. This carrier was not present in the 
colon-cancer cell line, the lung-cancer cell line, or, most 
importantly, the normal fibroblast cell strain. 

The objective of the present study was to determine the 
mode of transport of sarcosinamide in the three cell lines 
examined, i.e., whether sarcosinamide is taken up by a 
carrier-mediated process whose physiological function 
involves the transport of  the  catecholamine epinephrine, 
as has been shown in the SK-MG-1 human-glioma cell 
line [11]. 

The uptake of sarcosinamide by HT-29 cells and DHF 
fibroblasts was found to be competitively inhibited and 
saturable. These features are consistent with a carrier-me- 
diated transport of  sarcosinamide. Since both sarcosi- 
namide and epinephrine share an N-methyl group and be- 
cause epinephrine is the native substrate for the sarcosi- 
namide carrier in SK-MG-1 cells [11], epinephrine was 
tested as a possible substrate for the sarcosinamide carrier. 
The neurotransmitter epinephrine does not appear to be the 
physiological compound for the carrier that accommodates 
sarcosinamide in these two cell lines. This observation is 
supported by the inability of  epinephrine to inhibit sarcosi- 
namide uptake. Moreover, epinephrine does not appear to 
enter HT-29 cells, Calu-1 cells, or DHF fibroblasts by a 
carrier-mediated mechanism. Due to the structural similar- 
ity of  sarcosinamide to amino acids, leucine was consid- 
ered as a possible physiological substrate for the carrier in 
HT-29 cells and DHF fibroblasts. The L-neutral amino- 
acid transport system, which accommodates leucine and 
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