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Summary. PANC02 is a unique experimental animal 
tumor that fails to respond significantly to any known 
clinically active antitumor agent. In this regard, the murine 
ductal adenocarcinoma resembles its human counterpart. 
To study the mechanism for its intrinsic resistance to 
6-thioguanine (TG), we compared the metabolism of  the 
drug in PANC02 and a reference, TG-sensitive adenocarci- 
noma, CA-755. In comparison with CA-755, PANC02 
cells were approximately 6 times less sensitive to TG and 
CHO cells were 80 times less sensitive in tissue culture. 
Nevertheless, the incorporation of TG into the DNA of 
these three cell lines was approximately equal at the lowest 
concentrations capable of reducing cloning efficiency by 
50%, i.e., 3 .0-3 .8  pmol (dthioGMP)/nmol (dGMP). In 
mice bearing bilateral implants of CA-755 and PANC02, 
only CA-755 responded to TG treatment. At various doses 
used on various schedules, the incorporation of TG into 
CA-755 DNA readily achieved that observed to be cyto- 
toxic to the cells in vitro, whereas the incorporation into the 
DNA of PANC02 tumor cells did not. Although the bio- 
chemical basis for the poor incorporation of TG into the 
DNA of PANC02 in vivo is not known, this factor appears 
to explain the refractoriness of PANC02 as compared with 
CA-755 to this antitumor antimetabolite. 

Introduction 

PANC02 is a ductal-cell adenocarcinoma of the pancreas 
that developed in a male C57/BL/6 mouse following treat- 
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ment with 3-methylcholanthrene [2]. It is resistant to drugs 
representing every class of known, clinically active anti- 
cancer agent. The human counterpart of  this and several 
other human solid tumors are also intrinsically resistant to 
anticancer drugs; therefore, it is important that the mecha- 
nisms of  drug resistance in this unique experimental ani- 
mal model be studied. Because of our previous experience 
in studying the mechanism underlying the antitumor activ- 
ity of the antimetabolite 6-thioguanine (TG) [8], we per- 
formed a series of in vivo and in vitro experiments to 
ascertain the basis of the resistance of PANC02 to this 
antimetabolite. In the original report by Corbett et at. [2], 
TG and nine other antimetabolites failed to demonstrate 
activity against PANC02 at their maximal tolerated doses. 
For purposes of comparison, we used a mammary  adeno- 
carcinoma (CA-755) that also grows in C57/BL mice as a 
TG-sensitive solid tumor. The results suggest that one 
basis for the failure of PANC02 as compared with CA-755 
to respond in vivo to TG is biochemical, namely, a reduc- 
tion in TG metabolism to analog nucleotides and in its 
incorporation into nucleic acids, particularly DNA [ I 1]. 

Materials and methods 

Animal experiments: PANC02 and CA-755 tumors (obtained from Dr. J. 
Mayo, Frederick Cancer Research Facility, Frederick, Md.) were main- 
tained by s.c. transplantation into the flank regions of male C57/BL/6 
mice. Animals were treated with TG when the tumors had reached an 
advanced stage, i.e., -->200 mg on days 9-12 following implantation. 
Tumor growth was determined by caliper measurement in two dimen- 
sions, and tumor size was estimated by assuming that the tumor was a 
prolate spberoid exhibiting a density equal to that of water [2, 10~. For 
determinations of TG metabolism in PANC02 and CA-755 tumors im- 
planted on opposite flank regions, tumors were excised and rapidly 
homogenized in cold 0.5 N perchloric acid. After centrifugation, the cold, 
acid-soluble material was neutralized with 10 N KOH. 

Incorporation of TG into RNA was determined in the acid-insoluble 
material after alkaline hydrolysis using high-performance liquid chroma- 
tography (HPLC) with fluorescent detection of the TG-oxidafion product 
[6, t5]. Incorporation of TG into DNA was determined as dthioGMP 
after Pl nuclease digestion of DNA that had been isolated as described 
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Fig. l .  Chemotherapeutic response of CA-755 and PANC02 to TG. The 
tumors were bilaterally implanted s.c. in the flank regions of C57BL/6 
male mice. Drug treatment (2 mg/kg daily •  was begun on day 12 
following tumor implantation. Tumor mass was estimated by caliper 
measurement [10] 

by Davis et al. [3]. DNA samples were denatured by placement in boiling 
water for 5 rain followed by rapid chilling on ice for an additional 5 min. 
P1 nuclease (0.75 IU/100 gg DNA) and 0.1 vol. barbital buffer (300 mr~ 
barbital, 300 mM acetate, and 2 rn~ ZnClz) were then added. The samples 
were adjusted to pH 5.3 with 4 N HC1 and incubated at 53~ for 1 h. 
After digestion, samples were adjusted to alkaline pH with 10 N KOH 
and passed through Ultrafree-MC membrane filters (Millipore Co., Bed- 
ford, MA) to remove the P1 nuclease. The nucleotides were separated 
using a Whatman SAX column as previously described [9]. Deoxyri- 
bonucleotide metabolites of TG were measured following the removal of 
ribonucleotides using periodate oxidation and base cleavage as described 
by Neu and Heppel [12]. 
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Fig. 2 A -  C. Cytotoxicity (open symbols) and incorporation of TG into 
DNA (closed symbols) in cultured cells. A CHO, B PANC02, or C 
CA-755 ceils were treated during exponential growth for 24 h at the 
indicated concentrations of TG. Incorporation of TG into DNA was 
determined immediately after drug treatment. Cell viability was deter- 
mined 7 days there after according to colony formation. The EDs0 value 
(pg )  and TG incorporation into DNA at the EDs0 (pmol dthioGMP/nmol 
dGMP) observed for the 3 cell lines were as follows: CHO, 1.5 and 3.0; 
PANC02, 0.12 and 3.8; and CA-755, 0.019 and 3.1. The basis for the 
reduced cytotoxicity observed at higher doses of TG is unknown, i.e., 
reflects self-limiting toxicity [1] 

penicillin/ml, and 50 gg streptomycin/ml (Gibco BRL Life Technolo- 
gies, Inc.) [4]. The response to TG in the cultured cells was determined 
by their exposure to various concentrations of TG for 24 h during expo- 
nential growth and subsequent determination of their cloning ability after 
7 - 8  days as previously described [4]. The metabolism of TG and its 
incorporation into RNA and DNA were determined as described above. 

Tissue-culture experiments. The culture line of PANC02 [16] was gener- 
ously provided by Dr. L. J. Wilkoff of the Southern Research Institute 
(Birmingham, Ala.). The CA-755 cell line was established according to 
the method described by Freshney [5]. Freshly excised CA-755 tissue 
was chopped into fine pieces and passed through stainless-steel sieves to 
obtain a single-cell suspension. Initially, the suspension of single cells 
was cultured in Dulbecco's modified Eagle's medium (high-glucose) 
supplemented with 15% fetal bovine serum (heat-inactivated at 56 ~ C for 
30 INn), 4 mM I.-glutamine, 0.1 mu sodium pymvate, 0.1 mM MEM 
nonessential amino acid, 1 x MEM essential amino acid, 0.1 mg ox- 
alacetic acid, 8 I-tg crystalline insulin/ml and 10% NCTC 109 medium 
(Gibco BRL Life Technolgies, Inc., Grand Island, N. Y.). All three cell 
lines (CHO, PANC02, and CA-755) were maintained in McCoy's 5A 
medium containing 10% fetal bovine serum, 2 rnM L-glutamine, 50 IU 

Results and discussion 

PANC02 and CA-755 grew at similar rates following their 
implantation on opposite flank regions of C57/BL/6 mice 
(Fig. 1). In mice treated with TG (2 mg/kg daily x 5, i.p.), 
CA-755 regressed, whereas PANC02 grew at essentially 
the rate observed in untreated controls. Thus, the sensitiv- 
ity of CA-755 and the resistance of PANC02 to TG were 
confirmed in this model. In tissue culture, PANC02 cells 
were also more resistant to TG (about 6 times) than was 
CA-755 (Fig. 2). CHO cells were even more resistant to 
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Table 1. TG metabolism and ribonucleotide pools in CA-755 and PANC02 cells obtained from mice following treatment with TG at 2 mg/kg daily x 5 a 

Tumor Mice 
(n) 

Ribonucleotide pools (nmol/100 mg protein) TG (pmol dthioGMP/nmol dGMP) 

ATP+ADP GTP+GDP UDP+UTP CTP thioGMP RNA DNA 

CA-755: 
Control 4 551 • 106• 120-+29 34-+10 - - - 
Days3+5 8 705-+ 69 118• 140• 56_+ 7 8.0_+1.2 1.9 -+0.3 2.7 • 

PANC02: 
Control 4 738-+ 74 108-+15 150• 43• - - - 
Days3+5 8 729• 89 93-+13 120• 32• 6 5.1-+1.0 0.89-+0.19 0.60• 

a Groups of 4 animals each were killed at 2 h following TG treatment on 
days 3 and 5 as illustrated in Fig. 1. Tumors were rapidly excised and 
extracted with 0.5 N cold perchloric acid using a Brink• Polytron 
homogenizer. Endogenous nucleotides and TG incorporation into RNA 
and DNA were determined as previously described [6, 15]. The results 
obtained for days 3 and 5 were quantitatively similar; consequently, the 

results were combined. Data represent mean values • SE 
ADR Adenosine diphosphate; ATP, adenosine triphosphate; GDP, gua- 
nosine diphosphate; GTR guanosine triphosphate; UDR uridine di- 
phosphate; UTP, uridine triphosphate; CTP, cytosine triphosphate; GMP, 
guanosine monophosphate 

Table 2. Incorporation of TG into DNA of PANC02 and CA-755 tumors in vivo a 

Tumor TG dose TG incorporation (pmol dthioGMP/nmol dGMP) 

+ l h  + 2 h  + 4 h  + 8 h  + ~ h  +72h +144h 

PANC02 2 mg/kg q4 hx7  0.52• 0.40• 0.42• 
CA-755 3.4 --+0.9 3.5 • 3.4 -+1.2 

PANC02 5 mg/kg q6 h x4 - 1.9 -+1.1 - 
CA-755 - 7.9 • - 

PANC02 10 mg/kg q24 h • - 1.8 • - 
CA-755 - 15.0 _+ 1.8 - 

PANC02 10 mg/kg q24 h • 2 - - - 
CA-755 - - - 

0.32• 0.46• - 
3.2 •  5.7 • - 

- 0.74• 0.50• 0.12• 
- 6.4 •  2.4 •  0 . 6 9 •  

a Mice beating bilateral implants of CA-755 and PANC02 were treated 
i.p. with various regimens of TG as shown. Animals were killed at 
different times after the last dose of drag, and the incorporation of TG 

into DNA was determined as described in Materials and methods. Data 
represent average values • SE (n = 5) 

T G  as compared  with P A N C 0 2  or CA-755  cells,  the lowest  
concentra t ions  of  T G  required to reduce  c loning eff ic iency 
by  50% (EDs0) be ing  1.5, 0.12, and 0.019 •M, respec-  
t ively.  In spite of  this 80-fold di f ference in sensi t ivi ty  to 
T G  in these 3 cell  l ines,  the incorpora t ion  o f  T G  into D N A  
at the EDso concentra t ions  was essent ia l ly  the same, i .e. ,  
3 . 0 - 3 . 8  p m o l  d th ioGMP/nmol  dGMP.  The mechan i sm 
under ly ing  the pa radoxica l  reversa l  of  cy to toxic i ty  seen in 
the cul tured cells (i. e., r educed  toxici ty  at h igher  T G  con- 
centrat ions)  is not  known;  however ,  in these exper iments ,  
the drug did not  appear  to reverse  its own incorpora t ion  
into D N A  at h igher  drug concentra t ions  as had prev ious ly  
been  noted in C H O  cells [1]. 

Measu remen t  of  TG metabol i tes  in CA-755  and 
P A N C 0 2  tumors  r emoved  f rom mice  bear ing  bi la tera l  im- 
plants  indica ted  that T G  was dis t r ibuted to both tumors  to 
approx imate ly  the same  extent  (Table  1). Speci f ica l ly ,  the 
t h ioGMP content  and T G  incorpora t ion  into R N A  in the 
CA-755 tumor  were  only  about  2-fold  those observed  in 
the P A N C 0 2  tumor.  However ,  the incorpora t ion  of  T G  into 
D N A  was 4.5 t imes lower  in P A N C 0 2  than in CA-755  
tumors  (0.60 vs 2.7 pmol  d th ioGMP/nmol  dGMP;  Table  
1). I t  may  be  re levant  to note that this level  of  incorpora t ion  

into CA-755  D N A  approximates  that associa ted  with cyto-  
toxic i ty  in vitro. In  contras t  to the different  pat terns of  TG 
metabol i sm,  the endogenous  nucleot ide  pools ,  RNA,  pro-  
tein, and D N A  content  of  P A N C 0 2  and CA-755 tumors  
were  r emarkab ly  s imi lar  (Table  1, data  not  shown).  

To de te rmine  whether  the avai labi l i ty  o f  T G  to the 
P A N C 0 2  tumor  l imi ted  its incorpora t ion  into the DNA,  
several  dose  reg imens  were  employed  (Table  2). Fo l low-  
ing the adminis t ra t ion of  2 mg/kg  every 4 h for  six doses,  
incorpora t ion  into P A N C 0 2  D N A  was about  0 . 3 -  0.5 pmol  
d th ioGMP/nmol  d G M P  during a 24-h interval  fo l lowing  
the last dose;  in contrast ,  the level  incorpora ted  into CA-  
755 D N A  was 3 . 2 - 5 . 7  pmol /nmol .  In each case, persis-  
tence o f  T G  in the D N A  over  this 24-h interval  is apparent ,  
i .e. ,  i f  the T G  is r emoved  f rom the D N A  this must  occur  at 
the t ime of  inser t ion rather  than at a subsequent  t ime as has 
been inferred from previous  reports [7, 13]. Even when 
larger  doses  o f  T G  were  given (i. e., 5 mg/kg g 6 h x 4 or 
10 mg/kg g 24 h x 3), the incorporat ion of  TG into 
P A N C 0 2  D N A  did not  achieve the level  associa ted  with 
cy to toxic i ty  in cul tured cells,  namely  1.9 (Table  2) vs 
approx. 3 pmol  d th ioGmP/nmol  d G M P  (Fig. 2). The dose 
reg imens  shown in Table  2 were  lethal  to some of  the 
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Table 3. Metabolism of TG in three tumor cell lines in tissue culture a 

Cell Incubation 
period (h) 

Nucleotides (pmol/mg protein) 

thioGMP thioGDP thioGTP dthioGMP dthioGDP dthioGTP 

CHO 1 1,705 24 
CHO 4 3,309 98 

PANC02 1 603 188 
PANC02 4 307 102 

CA-755 1 125 83 
CA-755 4 151 92 

37 135 <1 2 
64 951 48 33 

862 81 4 l l  
106 192 6 14 

90 3 <1 1 
82 29 <1 16 

a Cells (5 x 107) were incubated with 10 gM TG during exponential 
growth for the periods shown and were then extracted with 0.5 N cold 
perchloric acid. TG metabolites in the acid-soluble, neutralized extracts 
were measured by HPLC using fluorescent detection as described in 

Materials and methods. Chemically synthesized dthioGMP and 
dthioGTP were used as standards for assignment of retention times 
thioGMR thioGDR thioGTR dthioGMR dthioGDR dthioGTP 

animals;  however ,  during the in terval  examined,  T G  fai led 
to reduce s ignif icant ly  the growth  rate o f  PANC02 ,  where-  
as that o f  CA-755  was marked ly  impai red  (data  not  
shown),  s imi lar  to the result  i l lustrated in Fig. 1. The  rate 
of  d i sappearance  (tl/2, - 3 6  h) o f  T G  from the D N A  of  
CA-755 or P A N C 0 2  tumors  was s imi lar  fo l lowing two 
doses o f  10 mg/kg  dai ly  (last column,  Table 2). However ,  
it  cannot  be  de te rmined  whether  this apparent  r emova l  was 
a t t r ibutable  to b iochemica l  mechan i sms  or  to new D N A  
synthesis,  s ince one tumor  (CA-755)  regressed  during this 
interval  whereas  the other  (PANC02)  d id  not. 

As  d iscussed  above,  incorpora t ion  of  T G  into the D N A  
of  P A N C 0 2  cells in vivo did not  at tain the level  associa ted  
with toxic i ty  to the cells in vitro, even when lethal  doses  o f  
T G  were  used (Table  2, Fig.  2). A poss ib le  explanat ion  for 
the refractor iness  o f  C H O  and P A N C 0 2  cells to TG as 
compared  with CA-755  cells (Fig.  2) might  be  that the 
more  res is tant  cells  are more  suscept ible  to inhibi t ion of  
D N A  synthesis  due to TG treatment;  that is, the drug may  
prevent  its own incorpora t ion  into the DNA,  thereby spar- 
i n g  the cells f rom TG- induced  cyto toxic i ty  [1, 17]. The  
mechan i sm whereby  T G  retards ce l l -cyc le  progress ion  and 
inhibits  D N A  synthesis  is not  known.  As  shown in Table  3, 
T G  nucleot ide  pools  within C H O  and P A N C 0 2  cells were  
actual ly  higher  than those  in CA-755  cells fo l lowing expo-  
sure to t 0  ~tM TG. In fact, T G  nucleot ides  d id  not  appear  to 
accumula te  in CA-755 cells,  perhaps  due to the ready  
incorpora t ion  of  T G  into the R N A  and D N A  of  this cell  
line. This exper iment  suggests  that in t racel lular  sequestra-  
t ion o f  T G  nucleot ides  m a y  contr ibute  to the lower  incor-  
pora t ion o f  T G  into the D N A  of  P A N C 0 2  and CHO cells.  

In summary ,  the intr insic res is tance o f  the P A N C 0 2  
tumor  as compared  with the CA-755  tumor  to T G  appears  
to have a b iochemica l  basis ,  namely ,  a reduced  abi l i ty  to 
incorpora te  the drug into DNA.  This  mechan i sm together  
with the f inding that drug dis t r ibut ion within P A N C 0 2  
tumors  is more  he terogeneous  than that in CA-755  cells 
[ 14], p rovides  a p laus ib le  explanat ion  for  the refractor iness  
of  this interest ing exper imenta l  tumor  to TG. Another  pos-  
s ibi l i ty  that should be cons idered  would  be that the incor-  
pora t ion of  T G  into the D N A  of  CA-755 tumors  is exces-  
s ively high as compared  with that in normal  cells and that 
the incorpora t ion  into P A N C 0 2  tumors  is more  "normal -  
l ike".  
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