
cies are unlikely to be related to differences 
in cell synchronization protocols. For exam- 
ple, HiNF-D activity is cell cycle-regulated 
in normal diploid cells, whether synchrony 
is obtained by a variety of drug treatments 
(this report) or by serum stimulation (10). 
Here, we show a direct relationship between 
regulated activity of a nuclear factor-pro- 
moter element interaction (HiNF-D-site 11) 
and maintenance of the diploid, growth- 
regulated phenotype. Hence, cell cycle regu- 
lation of other histone gene promoter bind- 
ing activities (for example, OTF- 1) may, like 
HiNF-D, strongly depend on the persis- 
tence of stringent cell growth regulation. 

In conclusion, our results demonstrate 
that cell cycle-controlled transcription fac- 
tors are potential targets for deregulation in 
the process of cellular transformation. The 
HiNF-D-site I1 interaction provides a mo- 
lecular marker to studv a component of the 
cellular mechanism by which growth control 
is deregulated during neoplastic transforma- 
tion. 

B Time after release (hours) 

Fig. 6. (A) Synchronization of ROS 1712.8 rat 
osteosarcoma cells by mitotic block with 0.1 wg of 
nocodazole per milliliter as monitored by labeling 
with [3H]thymidine for 1 hour and determination 
of TCA-precipitable radioactivity. Cells were plat- 
ed in F12 medium (Gibco) containing 5% NU- 
serum (Collaborative Research, Bedford, Massa- 
chusetts) on dishes coated with 0.1% gelatin and 
0.1 wg of poly-L-lysine per milliliter. Afier 3 days, 
the cells were blocked in mitosis by addition of 
0.1 wg of nocodazole per milliliter (11) and 
released 16 hours later by replacing the medium 
without nocodazole. Mitotic block synchrony of 
SV40-transformed WI-38 cells was performed in 
an identical way in DMEM medium supplement- 
ed with 10% NU-serum and 0.5% fetal calf 
serum. (B) Phase-contrast photo-micrographs of 
ROS 1712.8 cells taken during the initial 2 hours 
after release from mitotic block. 
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Tumor Resistance to Alkylating Agents Conferred by 
Mechanisms Operative Only in Vivo 

EMTd murine mammary tumors were made resistant to cis-diamminedichloropla- 
tinum (11) (CDDP), carboplatin, cyclophosphamide (CTX), or thiotepa in vivo by 
treatment of tumor-bearing animals with the drug during a 6-month period. In spite 
of high levels of in vivo resistance, no significant resistance was observed when the cells 
fiom these tumors were exposed to the drugs in vitro. The pharmacokinetics of  CDDP 
and CTX were altered in animals bearing the respective resistant tumors. The 
resistance of all tumor lines except for the EMT-6fthiotepa decreased during 3 to 6 
months in vivo passage in the absence of  drugs. These results indicate that very high 
levels of resistance to anticancer drugs can develop through mechanisms that are 
expressed only in vivo. 

T HE DEVELOPMENT OF RESISTANCE the treatment of neoplastic disease is a major 
of malignant tumors to the chemo- factor responsible for treatment failure (1- 
therapeutic akylating agents used in 3). To elucidate the mechanisms of drug 

resistance, most investigators have utilized ., 
B. A. Teicher, T.  S. Herman, M. R. Pfeffer, Dana-Farber 

cell lines that have acquired drug resistance 
Cancer Institute and Joint Center for Radiation Therapy, in vitro as a result of repeated or continuous &. 
44 Binney Street, Boston, MA 02115. exposure to increasing concentrations of the 
S. A. Holden, Y. Wang, E. Frei 111, Dana-Farber Cancer 
Institute, 44 Bimey Street, Boston, MA 02115. drug (3). Many fewer investigations have 
J. W. Crawford, Brigham and Women's Hospital, BOS- utilized tumor lines made in viva, 
ton, MA 02115. which may more closely model the clinical 
*To whom correspondence should be addressed. situation (4). 

REPORTS 14.57 



The EMT-6 mouse mammary carcinoma 
grown for these studies as a solid tumor 
subcutaneously in the flanks of BALBlc 
mice (5) has been used widely in radiobio- 
logic and chemotherapeutic studies (1, 6 ) .  
We have established four alkylating agent- 
resistant EMT-6 tumor lines by repeated 
treatment of tumor-bearing animals with ris- 
diamminedichloroplatinum (11) (CDDP) 
(20 mglkg) cyclophosphamide (CTX) (300 
mglkg), N,  N ' ,  W'-triethylenethiophosphor- 
amide (thiotepa) (15 mglkg), or carboplatin 
(100 mglkg) injected intraperitoneally (ip) 
24 hours before passage of each tumor line 
into fresh host animals. The oarent tumor 
line was passaged in the same manner in the 
absence of drug treatment. After ten treat- 
ments and passages of the four tumor lines 
over a 6-month period, the sensitivity of 
each tumor line to the appropriate treatment 
agent was assessed. After treatment of the 
animals with two different doses of each 
drug, tumor cells were removed from the 
mice, and their ability to form colonies in 
vitro was examined (7). The plating efficien- 
cies and cell yields of the EMT-6 parent and 
resistant tumor lines were similar, 8 to 12% 
and 18 x lo6 to 22 x lo6 per tumor, re- 
spectively. Resistance was measured as the 
sLrviving fraction (6 months) relative to the 
untreated parent (time 0). The EMT-61 
CDDP tumor line was 5 4 ~  and 21,000x 
more resistant, respectively, to 20 and 50 
mg of CDDP per kilogram than the EMT-6 
parent tumor line (Fig. 1) .  The EMT-61 
CTX tumor line was 16- and 150-fold resist- 
ant to CTX at 300 and 500 mglkg, respec- 
tively. The EMT-6lthiotepa tumor line was 
5.8- and 38-fold resistant to thiotepa at 15 
and 30 mglkg, respectively. The EMT-6lcar- 
boplatin tumor line was 60- and 800-fold 
resistant to carboplatin at 100 and 500 
mglkg, respectively. Thus, the resistance was 
characterized by a much shallower slope of 
the curve of tumor cell survival versus drug 
dose compared with that of the parent tu- 
mor. 

Cells from the EMT-6 oarent tumor line 
and each of the four alkylating agent-resist- 
ant lines were established as monolayers in 
culture and several characteristics of these 
early passage, heterogeneous cell popula- 
tions were determined (Table 1). The sur- 
vival in culture of each of the four EMT-6 
alkylating agent-resistant tumor lines after 
exposure for 1 hour to the appropriate 
alkylating agent (1  to 500 k M )  was com- 
pared to that of the parent EMT-6 tumor 
line (8). After three independent determina- 
tions, essentially no resistance to the treat- 
ment agent was observed in cells from the 
four resistant lines in vitro at drug concen- 
trations that killed 90 or 99.9% of the cells 
in vivo. Neither the generation times nor 

Table 1 .  Characteristics o f  cells from ELWT-6-resistant tumor lines grown in monolayer culture. The 
resistance ratio equals the drug concentration required to lull 90 or 99.9% o f  the resistant cells divided 
by the drug concentration required to kill the same percentage o f  the parent cells. Exponentially 
growing cells were exposed to the appropriate alkylating agent for 1 hour, then plated for colony 
formation. 4-Hydroperoxycyclophosphamide was used as an activated form o f  cyclophosphamide in 
vitro. Generation times were calculated by the method o f  Rheinwald (9) .  Cellular protein was measured 
by a modified biuret assay ( 9 ) .  Measured by fluorescence emission at 420 nm o f  an OPT derivative (10). 
Measured by the difference between total sulfhydt?rl content and nonprotein su1fhydn:l content with 
Ellman's method. Absorbance was measured at 412 nm (10). Values are means 5 SEM. 

Resistance Gener- Cellular Su1fhydn:l 
ratio ation protein (nmoV107 cells) 

Source time (mgl Non- 
IC90 ICg9 (hours) 10' cells) Drotein Protein 

EMT-6 parent 17 2 2 1.84 + 0.07 57 5 7 230 + 25 
EMT-6ICDDP 1.0 1.2 22 2 3 1.77 2 0.08 34 2 3 336 2 39 
EMT-6ICTX 1.1 1.2 21 2 3 1.88 -t 0.05 73 2 8 3722  47 
EMT-6lthiotepa 1.2 1.1 18 2 2 1.84 5 0.06 35 2 3 243 2 27 
EMT-6lcarboplatin 1.1 1.2 19 2 3 1.59 2 0.05 31 2 2 345 2 45 

protein content of the five lines in cell 
culture differed significantly from each other 
( 9 ) .  

Increased sulfhydryl content is often asso- 
ciated with alkylating agent resistance in cell 
lines. Three of the resistant lines, EMT- 
6ICDDP, EMT-6/thiotepa, and EMT-6lcar- 
boplatin had lower nonprotein sulfhydryl 
(primarily reduced glutathione) content, by 
1.7-fold, than the EMT-6 parent tumor line, 
whereas the EMT-6ICTX line was not sig- 
nificantly different in nonprotein sulfhydryl 
content (10). The protein sulfhydryl content 
of three resistant lines, EMT-6ICDDP, 
EMT-6/CTX, and EMT-6lcarboplatin was 

Fig. 1 .  Survival o f  EMT-6 tumor 
cells from tumors treated in vivo 
with (A) CDDP (a, 20 mglkg; 0, 
50 mglkg), (B) CTX (a, 200 
mglkg; 0, 500 mglkg), ( C )  thiote- 
pa (a, 15 mglkg; 0, 30 mglkg) or 
(D) carboplatin (a, 100 mglkg; 0, 
500 mglkg). From time 0 to 6 
months tumor-bearing animals 
were treated ten times with CDDP 
(20 mglkg), CTX (300 mglkg), 
thiotepa (15 mglkg), or carboplatin 
(100 mglkg) 24 hours before tu- 
mor passage into fresh host animals 
(7). The parent tumor line was pas- 
saged in the same manner without 
drug treatment (shown as time 
zero). No additional drug treat- 
ments were administered before tu- 
mor passage between 6 and 11 
months to determine the stability o f  
the drug resistance o f  each o f  the 
tumors. When the tumors were ao- 

significantly increased compared to the 
EMT-6 parent line by 1.5- to 1.6-fold, 
whereas the protein sulfhydryl content of 
the EMT-6lthiotepa line was not significant- 
ly different. These changes, however, con- 
ferred no significant resistance when tumor 
cells were exposed to the alkylating agents in 
vitro. 

After maintenance in vitro for 4 to 6 
weeks without further exposure to the treat- 
ment drug, 2 x lo6 cells from each of the 
four resistant tumor lines as well as the 
parent tumor line were reimplanted subcuta- 
neously in the flanks of BALBIc mice. The 
tumor cell survival after alkylating agent 

proximately 100 rnm3 in voluAe 
(about 1 week after tumor cell im- 
plantation), the drugs were admin- 
istered by intraperitoneal injection. 
Mice were killed 24 hours after 
treatment, in order to allow for 
expression o f  drug cytotoxicity and 

o::::l;;l , , I;, , ; 1 
0.00001 

repair o f  potentially lethal damage. 0 6 7  9 11 0 6 7  9 11 
The tumors were excised under Time (months) 
sterile conditions and a single-cell 
suspension was prepared (7) .  The results are expressed as the surviving fraction 2 SEM o f  cells from 
treated groups, compared to untreated controls. 
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treatment in animals bearing the tumors 
grown from these postculture cells was then 
compared to survival of cells in the precul- 
ture tumors (Fig. 2). Passage in vitro did 
not affect the in vivo drug resistance of the 
resistant tumor cells. The sensitivity of the 
parent tumor line to the alkylating agents 
was unchanged. 

The morphology of the EMT-6 parent 
and four alkylating agent-resistant tumors 
was examined by light and electron micros- 
copy (11). All of the tumors were poorly 
differentiated. The size distribution of cells 
was the same in all populations. The cells 
were large and multishaped, round to ovoid- 
spindle, and closely adherent with occasion- 
al tight junctions, consistent with an epithe- 
lial origin. Collagen fibers in extracellular 
matrix were seen in all resistant lines (espe- 
cially in EMT-6lthiotepa) but not in the 
parental line. The EMT-6lCTX tumor line 
also had a significantly increased number of 
mitoses per ten high-power fields [parent 
tumor, 9 * 1; CTX tumor, 17.5 * 1 (SD)] 
versus the EMT-6 parental tumor line 
(P < 0.005), whereas the other three alkyl- 
ating agent-resistant EMT-6 tumors 
showed no significant increase in mitoses 
compared with the parental tumor line. 
Consistent with this observation, the tumor 
volume doubling time of the EMT-6 paren- 
tal, EMT-6/CDDP, EMT-6/thiotepa, and 
EMT-6lcarboplatin tumor lines was 2.8 + 
0.3 days, whereas the tumor volume dou- 
bling time of the EMT-6lCTX tumor line 
was 2.2 + 0.3 days (12). 

The distribution of platinum over time 
after ip injection of CDDP (10 mglkg) was 
examined in the tumors and several normal 
tissues of BALBIc mice bearing EMT- 
6lCDDP tumors or EMT-6 parent tumors 
and in the normal tissues of non-tumor 
bearing BALBIc mice (13). Fifteen minutes 
after CDDP administration, serum levels of 
platinum in all of the treatment groups were 
essentially identical. Over a 24-hour period, 
however, several differences in the platinum 
pharmacokinetic parameters in both the tu- 
mors and in normal tissues of animals bear- 
ing the EMT-6 parent tumor, the EMT- 
6lCDDP tumor, or no tumor became evi- 
dent (Table 2) (14). The absorption of 
platinum into the EMT-6 parent tumor was 
1.7-fold more rapid than in the EMT- 
6lCDDP. On the other hand, the t112 distri- 
bution and tl12 elimination of platinum in 
the EMT-6 parent tumor were longer than 
those for platinum in the EMT-6lCDDP 
tumor. The peak level of platinum in EMT- 
6 parent tumor was 2.2-fold higher than 
that in the EMT-6lCDDP tumor. In addi- 
tion, the area under the curve (AUC) of 
concentration versus time, which is a mea- 
sure of total drug exposure, was twofold 

greater for the parent tumor than that of the 
EMT-6lCDDP tumor. Although the tl /z  

absorptions in the kidneys and livers of 
animals bearing either tumor were the same, 
the tl12 eliminations of platinum in both of 
these organs were longer in animals bearing 
the EMT-6 parent tumor compared with 
animals bearing the EMT-6lCDDP tumor. 
The absorption and distribution of plati- 
num in the livers of normal BALBIc mice 
was the same as in the tumor-bearing " 
animals but the elimination was much 
more rapid than in animals bearing either 
tumor. The absor~tion and distribution of 
platinum into the kidneys of the normal 
mice was slower and the elimination of 
platinum was more rapid than in animals 
bearing either the parent or CDDP-resist- 
ant tumor. Overall the renal pharmacoki- 
netics of the animals bearing the CDDP- 
resistant tumor was more like that of nor- 
mal mice (more rapid elimination and low- 
er AUC for the kidneys) than for animals 
bearing the EMT-6 parental tumor. The 
tumor growth delay produced by CDDP 
(10 mglkg) in the EMT-6 parent tumor 
was 5.6 * 0.8 days, whereas there was no 
growth delay in the EMT-6lCDDP tumor 
bv the same treatment. 

We also examined pharmacokinetics for 
[ l4~]CTX (150 mglkg intraperitonedy) in 
EMT-6 parental tumors, EMT-6lCTX tu- 
mors, and normal BALBIc mice (Table 2). 
The I4c content of tissues was assessed 
during 24 hours after drug administration 
(1.5). The serum levels of 14C 15 min after 
&ug administration were the same in all 

groups. The tl12 absorption of I4C into both 
tumors was the same; however, the drug 
was distributed 5 times more rapidly into 
the EMT-6 parent tumor and was eliminat- 
ed twice as fast from the EMT-6lCTX tumor 
resulting in an AUC for the EMT-6 parent 
tumor that was 3.4 times as great as for the 
EMT-61CTX tumor. The drug was absorbed 
and distributed similarly in the livers of 
animals bearing either tumor but was elimi- 
nated 1.4 times as fast from the livers of 
animals bearing the EMT-6 parent tumor. 
The drug was absorbed and distributed 
twice as fast into the kidneys of animals 
bearing the EMT-6lCTX tumor and elimi- 
nated ten times as rapidly from the kidneys 
of these animals compared to those bearing 
the EMT-6 parent tumor. The [I4C]CTX 
was absorbed, distributed, and eliminated 
more rapidly from both the kidneys and 
livers of non-tumor bearing BALBIc mice 
than from the organs of mice bearing either 
the EMT-6 parental or the EMT-6lCTX 
tumor. As was the case for animals bearing 
the CDDP-resistant tumor, the renal phar- 
macokinetics of animals bearing the CTX- 
resistant tumor was more like that of the 
normal mice with more rapid elimination of 
I4C and a lower AUC for the kidneys than 
for animals bearing the EMT-6 parental 
tumor. The tumor growth delay produced 
by CTX (150 mglkg) in the EMT-6 parent 
tumor was 6.3 ? 1.1 days, whereas there 
was no growth delay in the EMT-6lCTX 
tumor by the same treatment. 

The stability of the in vivo resistance 
developed in these tumors was tested by 

Fig. 2. Survival of EMT-6 tumor 
cells from tumors treated in vivo 0.01 

with a dosage range of each alkylat- 
ing agent. (A) CDPP, (8) CTX, 
(C) thiotepa, and (D) carboplatin. 
W, The survival of the parent EMT- 
6 &nor maintained b'y continuous 0.0001 - 
biweekly passage in vivo; 0, surviv- g 
al of the parent EMT-6 tumors " 
established from cells maintained in ! 0.00001 I I 

culture for 4 to 6 weeks then reim- ,$ ,0 10 30 50 100 300 500 
planted in vivo and allowed to .S c I DI 
grow to 100 mm3 tumors; @, sur- 5 
vival of cells from the resistant tu- 
mors maintained bv continuous bi- 

23 MARCH 1990 

weekly passage in 'vivo with drug 
treatment 24 hours before each pas- 
sage; 0, survival of the resistant 
tumors established from cells main- 
tained in culture for 4 to 6 weeks in 
the absence of drug then reimplant- 
ed in vivo and allowed to grow to 
100 mm3 tumors. Tumor cell sur- 

o::: 
0.0001 

vival after in vivo treatment was 
assessed as in Fig. 1. The experi- 0.00001 
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ments were performed three inde- 10 20 30 100 300 500 
pendent times. Bars are SEM. Drug dose (mglkg) 
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Table 2. Pharmacolunetic parameters for CDDP or [14C]CTX administered ip to animals bearing 
parent or resistant EMT-6 tumors. These parameters were derived from curves based on 11 data points 
measured during 24 hours. The data were analyzed with a computer program based on a hvo- 
component model (14). The data are expressed as micrograms of platinum equivalents or micrograms of 
14C-labeled equivalents per gram of tissue (wet weight). 

tl12 t112 tl12 Peak 
absorp- distri- elimi- levels 

AUC 
Group Tissue tion bution nation (pglg [ ( ~ g  hour)/ 

(min) (hour) t~ssue) 

Plntittum j o m  CDDP 
EMT-6 parent Tumor 2.2 5.9 40 4.2 110 

Liver 0.6 2.7 24 4.3 108 
Kidneys 1.0 3.0 3 3 5.5 200 

EMT-6ICDDP Tumor 3.7 5.0 30 1.9 55 
Liver 0.6 2.7 17 5.6 98 

No~ltumor Liver 0.6 2.7 1.2 6.3 14 
Kidneys 5.3 9.4 4.2 10.3 24 

[14c] j o m  [14C]CTX 
EMT-6 parent Tumor 0.33 1.50 2.5 156 581 

Liver 0.30 0.07 1.8 126 3 54 
Kidneys 0.16 0.04 0.90 206 536 

EMT-6ICTX Tumor 0.33 7.50 1.25 124 1 72 
Liver 0.30 0.07 2.6 105 429 
Kidneys 0.08 0.02 0.09 395 32 1 

No~ltumor Liver 0.22 0.05 1.4 185 137 
Kidneys 0.05 0.15 0.08 539 178 

continued biweekly passage of the tumors 
into fresh hosts without fitrther drug treat- 
ment and assessment of drug sensitivity by 
tumor cell survival assay (Fig. 1) (17). 
Resistance to CDDP in the EMT-6lCDDP 
tumor was stable for 3 months (six passages) 
but was lost by 5 months (eight passages) 
after treatment. The resistance of the EMT- 
6ICTX tumor to (STX and the EMT-6lcar- 
boplatin tumor to carboplatin was more 
labile and was largely lost by 3 months 
without further treaunent. On the other 
hand, even after 5 months without further 
treatment, the EMT-6lthiotepa tumor line 
remained stably resistant to thiotepa. 

The emergence of in vivo drug resistance 
in these tumor lines supports the theories 
developed by Goldie and Coldman (4, 
which mathematically described the genetic 
instability of neoplasms and favored survival 
of or genetic variants that are 
resistant to a particular drug. We believe 
that the mechanism of drug resistance that 
developed in each of these tumor lines, 
however, involved an interaction between 
the tumors and the host normal tissues 
rather than resulting from changes in the 
cellular sensitivity of the tumors to the alkyl- 
ating agents. The very high levels of resist- 
ance evident in the four resistant tumor lines 
in vivo were not reflected bv cellular resist- 
ance to the drugs in vitro. Significant 
changes were observed in the distribution of 
drug after CDDP administration and 
[14C]CTX administration in both the tu- 
mors and normal tissues of mice bearing the 
resistant tumors as compared to mice bear- 
ing the parental EMT-6 tumor. These 
changes resulted in lower AUCs in the 

CDDP- and CTX-resistant tumors and 
would seem to provide a partial explanation 
for the induced in vivo tumor resistance to 
these agents. In addition, the presence of 
either the parent or resistant tumors altered 
the pharmacokinetics of CDDP and (STX in 
the livers and kidneys of the host animals as 
compared with non-tumor bearing animals. 
In three of four cases, resistance was lost 3 
to 5 months after drug treatment was 
stopped. Therefore, this type of in vivo 
resistance appears to be due to an inducible 
change in the tumors, which is capable of 
abscopally altering drug disposition in fresh 
host animals. 

It is well recognized that some tumors can 
secrete hormonal substances, many of which 
are peptide hormones, capable of far-reach- 
ing effects on the normal tissues of host 
animals (16). It is possible that such a mech- 
anism is operative in animals bearing these 
EMT-6 tumors and is responsible for the 
altered drug distributions observed. While 
the study of such in vivo mechanisms will 
necessarily be more difficult than the study 
of in vitro effects, an understanding of these 
factors may be critical to the development of 
strategies to overcome or prevent the 
expression of this type of tumor resistance in 
the clinic. 

REFERENCES AND NOTES 

1. E. Frei 111, B. A. Teicher, S. A. Holden, K. N. S. 
Cathcart, Y. Wang, Cancer Rei. 48,6417 (1988); E. 
Frei 111 et al., in Mechanisms of Drug Reiistance in 
Neoplastic Cells, P. V .  Woolley 111 and K. D. Tew, 
Eds. (Academic Press, New York, 1988), pp. 69- 
87. 

2. A. J. Coldman and J. H. Goldie, Cancer Treat. Rep. 
69,1041 (1985); J. H. Goldie and A. J. Coldman, 

Cancer Res. 44, 3643 (1984); Cancer Treat. R q .  67, 
923 (1983). 

3. B. A. Teicher and E. Frei 111, in Drug Reiistance in 
Mammalian Cells, vol. 2, Anticancer a n d o t h e r  Dmgs,  
R. S. Gupta, Ed. (CRC, Boca Raton, FL, 1988), 
pp. 1-31; B. A. Teicher et al. ,  Cancer Rei. 46, 4379 
(1986); B. A. Teicher et al., ibid. 47, 388 (1987). 

4. F. M. Schabel, Jr., M. W. Trader, W. R. Laster, Jr., 
G. P. Wheeler, M. H.  Win, Antibiot. Chemother. 23, 
200 (1978); F. M. Schabel, Jr., D. P. Griswold, Jr., 
T.  H. Corben, W. R. Laster, Jr., Pharmacol. Ther .  
20, 282 (1983); F. M. Schabel, Jr., et al. ,  Cancer 
Treat. Rep. 67, 905 (1983); D. W. DeWys, J .  Natl.  
Cancer Init. 50, 783 (1973); C. G. Frondoza, S. M. 
Trivedi, R. L. Humphrey, Cancer Treat. R q .  66, 
1535 (1982); M. D'Incalci et al., Cancer Res. 43, 
5674 (1983); S. Seeber, R. Osieka, C. G. Schmidt, 
W. Achterrath, S. T. Crooke, ibid. 42, 4719 (1982); 
S. Seeber, K. Dimitriadis, J. Schune, C. G. Schmidt, 
Cancer Treat. Rev .  11 (suppl. A), 55 (1984); T. J. 
McMillan, T. C. Stephens, G. G. Steel, Br. J .  Cancer 
52, 823 (1985); T.  C. Stephens, K. Adams, J. H .  
Peacock, ibid. 50, 77 (1984); R. T. Mulcahy, D. W. 
Siemann, R. M. Sutherland, ibid. 45, 835 (1982). 

5. S. Rockwell, R. F. Kallman, L. F. Fajardo, J. Natl.  
Cancer Inst. 49, 735 (1972); S. Rockwell and R. F. 
Kallman, Radiat. Res. 53, 281 (1973); S. Rockwell, 
Lab. Anim.  Sci. 27, 831 (1977); Br. J. Cancer 37, 
212 (1978). 

6. A. C. Sartorelli. Cancer Res. 48, 775 (1988); S. R. 
Keyes et al., Adv .  Enzyme Regul. 23,291 (1985); B. 
A. Teicher, J. S. Lam, A. C. Sartorelli, Cancer Rei .  
41, 73 (1981). 

7. B. A. Teicher, S. A. Holden, J. L. Jacobs, Cancer Res. 
47, 513 (1987). With this method, cell yields from 
control tumors and drug-treated tumors were the 
same. 

8. In vitro monolayer cultures from each of the five 
tumors were maintained in exponential growth in 
Waymouth's medium (Gibco), supplemented with 
15% newborn calfserum, penicillin (100 Ulml), and 
streptomycin (100 yglml) (Gibco) at 37°C in a 5% 
C0,195% air atmosphere. In vitro plating efficien- 
cies of control cultures for each tumor were 55 to 
80%. 4-Hydroperoxycyclophosphamide was used in 
vitro as an activated form of cyclophosphamide. 
Exponentially growing cells were exposed to varying 
concentrations of each drug for 1 hour at 37°C. 
Non-drug-treated controls were handled identical- 
ly. Drugs were prepared in sterile phosphate-buff- 
ered 0.9% saline immediately before use and added 
to the flasks in media without serum. After treat- 
ment, the medium was removed and the cultures 
were washed twice with ~hosphate-buffered 0.9% 
saline and the cells were suspended by treatment 
with uypsin (0.01% for 2 to 3 min). Known 
numbers of cells were plated into dishes for colony 
growth formation. After 8 to 10 days, colonies were 
stained with crystal violet in methanol containing 
3.7% formaldehyde and were counted manually. 
Each experiment was repeated three times and the 
cycle from tumor to culture and back to tumor was 
repeated thee times. 

9. Cellular protein was measured by a modified biuret 
assay (Sigma). Generation times were determined by 
the method of Rheinwald [J. G. Rheinwald, Methods 
Cell Biol. 21, 229 (1980)l. 

10. Cells (4 x lo6) from the EMT-6 parent and each of 
the resistant lines in exponential growrh were lysed 
in 2 ml of 5% perchloric acid. The protein was 
removed by centrifugation at lOOOg for 3 min at 
5°C. The supernatant was neutralized with 5M 
potassium phosphate, then passed through a 0.2-pm 
filter before derivatization. Glutathione was assayed 
at four dilutions of the supernatants. For the fluores- 
cence assay, 0.1 ml of the sample was added to 3 ml 
of 0.1M potassium phosphate buffer containing 5 
mM EDTA (pH 8), then 0.15 ml of an ortho- 
phthaldialdehyde (OPT; Aldrich) solution (1  ~nglml 
in methanol) was added. The derivatizauon was 
allowed to continue for 15 min at room temperature 
in the dark. Fluorescence was measured with an 
excitation wavelength of 350 nm and an emission 
wavelength of 420 nm. The calibration curve was 
linear from 0.05 to 50 nmol of (reduced) glutathi- 
one per milliliter. The data shown are the mean of 
five determinations. P. C. Jocelyn and A. Kim- 
minga, Anal. Biochem. 37, 417 (1970); V. H.  



Cohen and J. Lyle, ibid. 14, 434 (1986); M. E. 
Varnes and J. E. Biaglow, Cancer Res. 39, 2960 
(1979). Nonprotein and total sulthydryl content 
was determined by a moditication of the Ellman 
method [G. L. Ellman, Arch. Biochem. Biophys. 82, 
70 (1959); J. Sedlak and R. H .  Lindsay, Anal. 
Biochem. 25, 192 (1968); T.  W. Wong and G. F. 
Whitmore, Radiat. Res. 71, 132 (1977); M. E. 
Varnes and J .  E. Biaglow, above]. Cells (10') from 
the EMT-6 parent tumor line and each of the 
resistant lines were lysed in 6 ml of 0.02M EDTA. 
For nonprotein sulthydryl determination, 5 ml of 
the cell lysate was treated with an equal volume of 
10% trichloroacetic acid, then centrifuged at 500g 
for 5 min at 5°C. Four milliliters of the supernatant 
was adjusted to pH 8.9 with 0.2M tris buffer. 
Ehan ' s  reagent [0.01M 5,5'-dithiobis(2-nitroben- 
wic acid)] in methanol (Aldrich) (12.5 p1 of sample 
per milliliter) was added, and color was allowed to 
develop for 30 nun at room temperature. Total 
sulfhydryl content was determined by adding cell 
lysate (0.5 ml) to 0.02Mtris buffer (1.5 ml,pH 8.2), 
followed by 0.1 ml of 0.01M 5,s'-dithiobis(2-nitro- 
benwic acid) in methanol. After bringing the sam- 
ple volume to 3 ml with methanol, the color was 
allowed to develop for 30 min at room temperature. 
AU of the samples were filtered (0.45 pM), and 
absorbance was read at 412 nm. Protein sulthydryl 
content was determined from the difirence between 
the total sulfhydryl content and nonprotein suhhy- 
dry1 content. Each measurement was repeated at 
least three times. 

11. Animals were killed by cervical dislocation, and 
tumors were quickly excised for futation in phos- 
phate-buffered formalin (light nucroscopy) or Ka- 
movsky's lixative (electron microscopy). After tissue 
processing by routine methods, sections were exam- 
ined in a random fashion. 

12. Tumor volume measurements began on day 7 after 
implantation of 2 x lo6 tumor cells subcutaneously 
in the legs of BALBlc mice 8 to 10 weeks of age. We 
made three measurements (length, width, and 
depth) on each tumor using calipers and calculated 
the tumor volume assuming the tumor to be a 
hemiellipsoid. Data from the nunor volume mea- 
surements were analyzed with a computer program 
written for an Apple microcomputer. The program 
first derives the best-fit curve for each individual set 
of tumor volume data, then calculates the median, 
mean, and SEM for each experimental group. Mea- 
surements were made on nine individual tumors of 
each type. 

13. BALBlc mice bearing EMT-6 parental tumors or 
EMT-6ICDDP tumors and non-tumor bearing ani- 
mals were injected ip with CDDP at 10 mgikg. 
Animals were killed at 11 time p i n t s  after drug 
administration. Known wet weights of tumor, liver, 
kidney, skin, skeletal muscle, and b l o d  were dis- 
solved in a tissue solubilizer (Protosol; DuPont 
Biotechnology Systems), then analyzed by flameless 
atomic absorption spectroscopy. Platinum from a 
15-pl sample injection volume was atomized from 
the walls of pyrolytlcally coated graphite tubes. A 
Perkin-Elmer Model 2380 atonuc absorption spec- 
trophotometer was used in conjunction with a Per- 
kin-Elmer Model 400 graphite furnace to measure 
the absolute mass of platinum in the cell samples. 
Each measurement was made in triplicate in three 
independent experiments. [O. H .  Drummer, A. 
Proudfoot, L. Howes, W. J. Louis, Clin. Chim. 
Acta. 136, 65 (1984); T.  S. Herman et al., Canrer 
Res. 48, 5101 (1988); T .  S. Herman et a/., ibid., p. 
2335.1 

14. The data were fitted to a triexponential equation of 
the form C = A ,  e-ka' + Bo + Co e-P', which 
allowed derivauon of the half times (t,,z for absorp- 
tion, distribution, and elimination of the drug as 
well as calculation of the area under the curve of 
concentration versus ume [R. L. Furner, R. K. 
Brown, G. Duncan, Canrer Treat Rep. 61, 1637 
(1977); R. K. Brown, G. Duncan, D. L. Hill, ibid. 
64, 643 (1980)l. 

15. BALBlc nuce bearing EMT-6 parental tumors or 
EMT-6ICTX and non-tumor bearin animals were 
injected ip with 6 pCi of [ring-4-'ClCXX (150 
mgikg; 52.5 mCi1mmol). The animals were killed at 
11 time p l n t s  after drug administration. Known 
wet weights of tumor, liver, kidney, skin, skeletal 

muscle, and blood were dissolved in a tissue solubi- 
lizer (Protosol; DuPont Biotechnology Systems), 
then counted by liquid scintillation in Aquasol (Du- 
Pont Biotechnology Systems). 

16. W. D. Odell, Adv. Intern. Med. 34, 325 (1989); S. 
E. Bates, Semin. Onrol. 14  (2), 102 (1987); B. 
Fisher et al., Cancer Ref. 49, 1996 (1989). 

17. CDDP and carboplatin pure powders were a gift 
from M. Abrams and D. Picker, Johnson-Matthey, 

Malvern, PA, 4-hydroperoxycyclophosphamide, 
used in vitro as an activated form of cyclophospha- 
mide (Sigma), was a gift from 0. M. Colvin; 
thiotepa was a gift from Lederle Laboratories, Pearl 
River, NY. Supported by National Cancer Institute 
grant P01-CA38497 and a grant from Bristol-Myers 
Co., Wallingford, CT. 

20 November 1989; accepted 25 January 1990 

Engineering Human Prolactin to Bind to the 
Human Growth Hormone Receptor 

A strategy of iterative site-directed mutagenesis and binding analysis was used to 
incorporate the receptor-binding determinants from human growth hormone (hGH) 
into the nonbinding homolog, human prolactin (hPRL). The complementary DNA for 
hPRL was cloned, expressed in Escherichia coli, and mutated to introduce sequentially 
those substitutions from hGH that were predicted by alanine-scanning mutagenesis 
and other studies to be most critical for binding to the hGH receptor from human 
liver. After seven rounds of site-specific mutagenesis, a variant of hPRL was obtained 
containing eight mutations with an association constant for the hGH receptor that was 
increased more than 10,000-fold. This hPRL variant binds one-sixth as strongly as 
wild-type hGH, but shares only 26 percent overall sequence identity with hGH. These 
studies show the feasibility of recruiting receptor-binding properties from distantly 
related and functionally divergent hormones and show that a detailed functional 
database can be used to guide the design of a protein-protein interface in the absence of 
direct structural information. 

T HE RECRUITMENT OF FUNCTIONAL 

properties within a family of ho- 
mologous proteins by site-directed 

mutagenesis is a powerful approach for 
identifying determinants that modulate pro- 
tein function. This is a useful design strategy 
because it makes it possible to combine into 
one homolog the most desirable functional 
characteristics (such as specificity, catalysis, 
stability, and immunogenicity) that are con- 
tained in the family. Previous recruitment 
studies (1-4) have relied on high-resolution 
structural data to target specific contact resi- 
dues or entire units of secondary structure in 
order to exchange binding (1, 2) or enzy- 
matic functions (3, 4) between homologs. 
We now show that the identification of 
receptor-binding determinants in hGH by 
high-resolution mutagenic analysis can be 
used in place of a structural model of the 
hormone-receptor complex to engineer 
hPRL, a distantly related and nonbinding 
homolog, so that it will bind to the hGH 
receptor. 

Prolactin is a member of a family of ho- 

B. C. Cunningham and J. A. Wells, Department of 
Protein Engineering, Genentech, Inc., 460 Point San 
Bruno Boulevard, South San Franc~sco, CA 94080. 
D. J. Henner, Department of Cell Genetics, Genentech, 
Inc., 460 Point San Bruno Boulevard, South San Fran- 
cisco, CA 94080. 

*To whom correspondence should be addressed. 

mologous hormones that includes growth 
hormones, placental lactogens, and prolifer- 
ins (5) .  Collectively, this group of hormones 
regulates a vast array of physiological effects 
important in growth, differentiation, and 
electrolyte balance, for example (6 ) .  These 
pharmacological effects are initiated by the 
binding of the hormones to specific cellular 
receptors. For example, hGH binds to both 
the lactogenic and somatogenic receptors 
and stimulates both lactation and bone 
growth. In contrast, hPRL binds only to the 
lactogenic receptor and stimulates lactation 
but not bone growth. The molecular basis 
for these diffirences in receptor-binding 
specificity is not understood. 

Scanning mutagenesis methods (7, 8)  
have identified residues in hGH that strong- 
ly modulate binding to the extracellular frag- 
ment of the hGH receptor (also called the 
hGH-binding protein). The hGH-binding 
 rotei in is more convenient and accurate for 
the assay of binding affinity because it can be 
expressed and purified to homogeneity in 
large amounts from Eschevichia coli (9) and it 
retains binding specificity virtually identical 
to that of the full-length somatogenic recep- 
tor (9, 10). The amino acid side chains that 
modulate binding to the hGH-binding pro- 
tein are located & three discontinuous seg- 
ments of hGH. Together, these residues 
form a patch when mapped onto a crude 
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