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ABSTRACT

Fusion of tumorigenic HeLa cells with human skin fibroblasts results
in genetically stable hybrids which are nontumorigenic and no longer
express the HeLa tumor-associated antigen, intestinal alkaline phospha-
tase (IAP). Previous analysis of spontaneous segregants of the nontu
morigenic hybrid have implicated the loss of one copy of human fibroblast
chromosome 11 with reexpression of IAP and tumorigenicity. This ob
servation suggests that a putative HeLa tumor suppressor gene(s) is
located on chromosome 11 and that this gene may be a negative regulator
of the IAP gene. We have isolated several 7-ray-induced mutants (GIMs)
of the nontumorigenic HeLa x skin fibroblast hybrid CGL1 that were
specifically selected for reexpression of IAP to further investigate the
potential linkage between IAP regulation and the putative tumor sup
pressor locus. The GIMs have a wide range of cell morphology and level
of IAP expression (nearly a factor of 40). The tumorigenicity of the
GIMs was examined by s.c. injection into nude mice and all were found
to be tumorigenic. The tumor volume-doubling time is in the range of 4
to 8 days for all the cell lines; however, the lag time to reach 500 mm3

tumor volume was significantly longer when the GIM IAP activity was
low (<20% relative activity), suggesting perhaps that there is a threshold
level of IAP expression required for tumor formation and selection for
high IAP expression in vivo. However, studies with tumor reconstitutes
of the GIMs and transfection studies with an IAP complementary DNA
expression vector indicate that high IAP expression alone is not sufficient
to confer rapid tumor growth. Therefore, while the data lend strong
support to the continued tight correlation between IAP reexpression and
tumorigenicity and to our proposal that the tumor suppressor may
negatively regulate the IAP gene, it suggests that selection for other gene
activities may be responsible for aggressive tumor growth in this cell
hybrid system.

INTRODUCTION

Fusion of tumorigenic HeLa cells with human skin fibroblasts
results in genetically stable hybrid cell lines which have trans
formed properties in culture, but are nontumorigenic when
injected s.c. into nude mice (1-3). Rare spontaneous tumori
genic segregants have arisen after long term culture of the
nontumorigenic hybrid cells (4). These tumorigenic segregants
are morphologically distinct from the nontumorigenic hybrids
and invariably express the cell surface antigen, p75/150 (5).
Expression of p75/150 was demonstrated only in the HeLa
parent and the tumorigenic segregrants, but not in the fibroblast
or nontumorigenic hybrids. Thus, p75/150 expression exclu
sively associates with the tumorigenic rather than the trans
formed phenotype in this experimental system. Karyotyping
and restriction fragment length polymorphism analysis of the
spontaneous tumorigenic segregants of the hybrids correlated
the loss of one copy of the human fibroblast chromosome 11
with reexpression of the HeLa tumor-associated antigen p75/
150 and tumorigenicity (4, 6, 7). RÃ©introduction of a human
fibroblast chromosome 11, by the microcell transfer technique,
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into a spontaneous segregant resulted in both suppression of
tumorigenicity and p75/l 50 expression (8).3 These observations

suggest that it is the loss of a functional tumor suppressor
gene(s), located on chromosome 11, which is responsible for
malignancy in this system (4, 6-8).

Initial biochemical characterization of p75/150 likened it to
those oncogenes related to cell surface receptors (5, 9). More
recently, the p75/150 cDNA4 was cloned and subsequently
identified as IAP (10). Alkaline phosphatases belong to a mul-
tigenic family of membrane bound and circulating isozymes
that hydrolyze a wide variety of monophosphate esters at high
pH (reviewed in Refs. 11 and 12). To date, their physiological
functions are poorly understood. The aberrant expression of
tissue-specific alkaline phosphatases is widely observed in many
human tumors and cell lines, indicating that these genes are
frequently misregulated in cancer cells (reviewed in Refs. 11-
13). The ectopie expression of IAP in the HeLa x skin fibroblast
cell hybrids and its specific association with tumorigenicity and
loss of chromosome 11 suggest that the regulator of IAP in
these cells may be a tumor suppressor locus. Loss of tumor
suppressor activity is now widely thought to play a significant
role in the development of human cancer (14).

The present studies were undertaken to further delineate the
genetic linkage between the IAP regulator and the tumor sup
pressor locus. We have isolated several 7-ray-induced mutants
of the nontumorigenic HeLa x skin fibroblast hybrid, CGL1,
that were specifically selected for the reexpression of IAP. It
was previously demonstrated that p75/150 positive cells can be
induced at a frequency of 3-6 x 10~4 by exposure of the

nontumorigenic HeLa x skin fibroblast hybrid CGL1 to a dose
of 7 Gy of 7-radiation (15,16). Ionizing radiation is an efficient
inducer of chromosomal deletions (17-20) and as such may
generate more discrete genetic alterations than the chromo
somal segregation events previously observed in the rare spon
taneous tumorigenic isolates. Therefore, study of IAP-positive,
radiation-induced mutants may give us the opportunity to refine
our understanding of IAP regulation and tumorigenicity in this
system and perhaps lead to a better understanding of the
association of alkaline phosphatases and malignancy in general.
In this report, we present data from a comprehensive charac
terization of eight 7-ray-induced IAP-expressing cell lines and
five nonexpressing control cell lines. We found that IAP-posi
tive mutants displayed variable levels of IAP expression and, in
every case, exhibited a tumorigenic phenotype.

MATERIALS AND METHODS

Parental Human Hybrid Cell Line and Spontaneous Tumorigenic
Segregants. The derivations of the human hybrid (HeLa x skin fibro
blast) cell lines, GGL1, CGL3, and CGL4 have been described (4, 21).
CGL1 is nontumorigenic when inoculated s.c. into nude mice and is
IAP negative (5). CGL3 is an IAP-expressing, tumorigenic segregant
that arose spontaneously in a mass culture of the original cell hybrid

3E. J. Stanbridge, unpublished observations.
4The abbreviations used are: cDNA, complementary DNA; IAP, intestinal

alkaline phosphatase; GIM, 7-ray-induced mutant; CON, irradiated control cell
line; AP, alkaline phosphatase.
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fusion (ESH5) after more than 200 population doublings (4). CGL4 is
a spontaneous IAP-expressing tumorigenic segregan! which was cloned
out of ESH5 after multiple subclonings in methylcellulose (4).

Culture Conditions, Plating Efficiency, and Growth Curves. Cells were
grown in minimum essential medium-Eagle's modified (Flow Labs,

Inc.) supplemented with 5% calf serum (GIBCO), 2 mivi glutamine
(GIBCO), nonessential amino acids (GIBCO), and 100 IU/ml penicillin
(Irvine Scientific). Sodium bicarbonate (20 HIM) was added to the
medium so that upon 37Â°Cincubation at 4.5% CO2, the pH was

maintained at pH 7.2. In vitro plating efficiencies and population-
doubling times were determined by standard methods as described (22).

Irradiation Protocol and Isolation of IAP-positive Mutants. Confluent
cultures of CGL1 cells were irradiated with 7 Gy of 7-rays. Following
6 h incubation at 37Â°Cthe cells were trypsinized, plated into T-75

flasks, and allowed to incubate for 21 days (15, 16). Several T-75 flasks
were individually enriched for IAP-expressing cells by an antibody-
based panning technique using the BD-6 monoclonal antibody specific
for IAP (23, 24). After one to two rounds of enrichment, colonies were
selected after morphological comparison with IAP-positive colonies in
sister flasks which had been immunoperoxidase stained (23). They were
then subcloned with cloning rings. Five IAP-positive cell lines (1B, 4B,
5C, ISA, and 19E) were independently derived from separate flasks
from several experiments using this methodology. They have been given
the code name GIM. Another three cell lines, GIM12D, 30DE, and
3IDA, were isolated by direct subcloning of a morphologically suspi
cious area in the original T-75 transformation flasks, followed by one
to two rounds of enrichment by panning and subsequent subcloning
based on the colony selection criteria described above.

Isolation of IAP-negative Irradiated Control Cells. Colonies were
isolated from irradiated populations (7 Gy - radi.u ion) after 10 days

of colony growth, which on the basis of morphology appeared to be
similar to the original CGL1 cell population. Subsequent measurement
of AP enzyme activity and flow cytometry analysis of these clones
confirmed them to be IAP negative. They were then expanded and the
cell lines established were used as our irradiated controls. They have
been given the code name CON.

Quantitation of IAP Level with the BD-6 Monoclonal Antibody. Initial
screening of the GIM mutants was done by immunoperoxidase staining
using the BD-6 monoclonal antibody. The distribution of IAP expres
sion in the GIM cell lines was determined by flow cytometric analysis
(Coulter EPICS 741) using BD-6 and a fluorescein isothiocyanate-
labeled goat anti-mouse secondary antibody (Hyclone Laboratories).
After a very brief trypsinization, single cell suspensions of each cell line
were prepared, fixed on ice with 2% paraformaldehyde for 20 min, and
then labeled with the antibodies using standard procedures. The mean
channel number and percentage of positive cells were determined for
each cell line. The flow cytometer was calibrated with Immunobrite-

EPICS Intensity Standard fluorescent beads (Coulter) and a standard
curve was constructed by plotting mean channel number versus fluores
cein equivalents. The relative mean IAP level of the cell population in
terms of fluorescein equivalents was then determined for the cell lines.
We defined a relative mean IAP level of 1.0 to be equal to 3.0 x IO5

fluorescein equivalents.
Quantitation of AP Enzymatic Activity. AP activity of attached mono-

layer cells was quantitated with a standard kit from Sigma Chemical
Company (Sigma No. 245) by determining the rate of hydrolysis of p-
nitrophenyl phosphate to /7-nitrophenol which can be monitored spec-
trophotometrically at 405 nm (25). Our modifications were as follows.
Appropriate cell numbers were seeded into 8 wells of a 24-well plate so
that after 3 days of growth each well contained 2-3 x IO5 attached

cells. Four of the wells were used to determine the average cell number
per well. In the other four wells, the cells were rinsed twice with 2 ml
of resuspension buffer (154 IÃŽIMNaCl, 50 IHMTris, l IHMMgCli, and
20 in \i /nS< ), )and 600 Â»il of reconstituted alkaline phosphatase reagent
(Sigma No. 245) were added. The plate was then gently swirled every
5 min to assure sample uniformity. The assay temperature was 25Â°C.

At 10, 20, 30, and 40 min, 50 /il of reagent were removed from each
well and added to a test tube containing 2500 //I of distilled water. The
absorbance at 405 nm for each time point was then measured. The
slope of the absorbance versus time curve was then calculated for each

cell line. All values were adjusted to 2.8 x IO5cells. We define a relative
AP activity of 1.0 = 4.03 x IO"2absorbance unit/min.

Thermostability of Alkaline Phosphatase Activity. After a very brief
trypsinization, single cell suspensions were prepared for CGL3, GIM
19E, and GIM 30DE. Cells of each cell line (3.5-4 x 10') were pelleted
and rinsed in 2 ml of resuspension buffer, pelleted again, and resus-
pended again in 100 p\ of resuspension buffer. Three tubes of each cell
line were placed in a 37Â°C,56Â°C,and 65Â°Cwater bath for 30 min. They
were then iced for 5 min and placed in a room temperature (25Â°C)

water bath to bring all cell suspensions to the assay temperature. AP
reagent (600 ^1) was added to each 100-/jl cell suspension. The cell
suspensions were incubated at 25Â°Cand gently mixed every 5 min to

maintain sample uniformity. After 20 min, 50 ^1of each cell suspension
were removed and added to 2500 n\ of distilled water. The absorbance
of each sample was measured at 405 nm and the mean Â±SD after each
temperature treatment was calculated as a percentage of the 37Â°C

control value for each cell line.
Tumorigenicity Testing. Cell lines of interest were expanded and

single cell suspensions were prepared so that the final concentration of
cells was 1 x 107/0.2 ml of growth medium. Tumorigenicity of the cell
lines was tested by injecting IO7cells/site s.c. into athymic nu/nu nude

mice on the right and left flanks. Six sites (two/mouse) were injected
per cell line. After 4 days, the mice were checked and the injection sites
were examined twice a week. The length, width, and height of any
emerging tumors were measured and the tumor volumes were calcu
lated. The average volume of all the tumor sites was plotted versus time
after injection and the tumor volume-doubling time and time to reach
500 mm1 tumor volume were determined.

Tumor Reconstitution. Tumors were reconstituted by standard pro
cedures. Approximately one-third of the tumor was placed in 3.7%
formaldehyde/phosphate-buffered saline for preservation and histolog-
ical staining of the tumor cross-sections for IAP expression by an
immunoperoxidase technique. Cell suspensions derived from the rest
of the tumor were plated and after 4-8 days the dishes contained large
areas of attached growing tumor cell colonies which could then be
expanded for fluorescence-activated cell sorter analysis and IAP
activity.

Transfection of GIM IB with the IAP Gene. GIM IB was cotrans-
fected with the IAP cDNA expression vector pHIAP (10) and pRSVneo
(26) at a ratio of 20:1 (20 mg DNA/100-mm dish) using the calcium
phosphate precipitation technique (27). The pl318 plasmid, kindly
provided by Peter Howley (28), which does not contain the IAP cDNA
insert was also cotransfected with pRSVneo as a control. Growth
medium containing the G418 selection agent at 800 mg/ml was added
48 h after transfection. Several clones which arose in the pHIAP
transfection plates were isolated and tested for IAP activity. The G418-
resistant transfectants of pl318/RSVneo were isolated as a mass
population.

RESULTS

We have isolated a series of IAP-positive (GIM) and IAP-
negative (CON) cell lines from irradiated populations of the
nontumorigenic IAP-negative HeLa x skin fibroblast cell line,
CGL1. In the following paragraphs we present the in vitro
characteristics and an extensive study of IAP expression and
tumorigenic potential of these cell lines.

In Vitro Characteristics

Cell Morphology. In Fig. 1 we present photomicrographs of
the parental hybrid cell line, CGL1 [Fig. la], the spontaneous
mutant CGL3 [Fig. 1A],and four of the GIM mutants [GIM4B
(Fig. le); GIM19E (Fig. Id); GIM30DE (Fig. le); and
GIM12D (Fig. If)] to illustrate the types of morphologies seen
in the 7-ray-induced mutants. As described previously, the
nontumorigenic HeLa x human fibroblast hybrid, CGL1, has
morphological characteristics which are intermediate between
the epithelial HeLa and GM00077 fibroblast parents, while
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Fig. 1. Photomicrographs of the parental nontumorigenic hybrid CGL1 (a), the spontaneous tumorigenic segregan! CGL3 (Ã¨),and four -^-ray-induced mutants
GIM4B (c), GIM19E (d), GIM30DE (e), and GIM12D (/). There is a range of morphology associated with p75/150-IAP expression in the GIM mutants, x 100.

spontaneous tumorigenic segregants, such as CGL3 and CGL4,
have more epithelial characteristics (2). The GIMs show a range
of morphologies. GIM4B forms a very flat monolayer with little
cell pile-up (Fig. le). The cells are not highly refractive and
have a larger cytoplasm Â¡nuclearratio more like the nontumo
rigenic parental cell line CGL1. This distinctive appearance of
GIM4B is very stable even after months of continuous culture.
GIM19E (Fig. ID) has an intermediate morphology with char
acteristics of both the nontumorigenic CGL1 parental line and
the spontaneous tumorigenic segregan! CGL3. In the higher
density areas the cells are more refractive and epithelial like
CGL3 but at the edge of the colonies the cells have a more
fibroblastic appearance similar to that of the CGL1 cells.
GIM30DE (Fig. \e) has more pronounced epithelial character
istics with small highly refractive cells and very dense cell
packing. GIM12D is very epithelial in appearance with small
highly refractive cells and very dense cell packing (Fig. If). This
mutant piles up upon itself in monolayer and is morphologically
the most similar to the spontaneous mutant CGL3. The irra
diated control (CON) cell lines are all morphologically similar
to the original CGL1 population (data not shown).

Plating Efficiency and Doubling Time. The in vitro plating
efficiencies and population-doubling times of the spontaneous,
7-ray-induced, and irradiated control cell lines are presented in

Table 1. All fall within the parental CGL1 plating efficiency
value of 0.75 Â±0.10 and population-doubling time of 21 Â±2
h, except GIM12D and GIM ISA which appear to have signif
icantly lower in vitro plating efficiency values of 0.42 Â±0.02
and 0.27 Â±0.03, respectively.

Alkaline Phosphatase Activity: Biochemical and Antigenic
Quantitation and Thermostability

To biochemically quantitate the IAP expression of the various
cell lines, AP activity was determined by measuring the rate of
hydrolysis of the broad spectrum AP substrate, /Â»-nitrophenyl
phosphate, to p-nitrophenol (Fig. 2). The purpose of this was
2-fold: (a) to determine if the we had induced a functional AP
enzyme in the GIMs; and (b) to compare our estimates of
relative IAP determined biochemically with the IAP levels
determined antigenically by flow cytometry analysis (Table 1).
The spontaneous segregant CGL3 has the highest activity with
a slope of 4 x 10~2 absorbance units/min under the assay

conditions used. The 7-ray-induced mutants do indeed express
active enzyme and show a wide range of AP activity which
varies from 2.3 x 10~2absorbance units/min for GIM12D and
GIM31DA down to 1.98 x 10'' and 6.15 x IO"4 absorbance

unit/min for GIM4B and GIM1B-1, respectively, a factor of
37. The AP activity of each mutant appears to be stable. The
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Table 1 In vitro ana in vivogrowth characteristics of the parental nontumorigenic hybrid cell line (CfjLI), the spontaneous cell lines (CGL3, CGL4), the -^-ray-induced
mutants (GIMIB-GIMÃŒIDA), and the irradiated control cell lines (CONI-CON5)

CelllineCGL1CGL3CGL4GIMIB-1GIM1B-2GIM4BGIM5CGIMI2DGIMI8AGIM19EGIM30DEGIM31DACONI

-CONS'Relative

APactivity"0.001

7Â±0.0004*1.00
Â±0.25(1.00)'0.77

Â±0.07(0.70)0.01

6Â±0.0040.12
Â±0.01(0.13)0.05
Â±0.01(0.13)0.17

Â±0.03(0.21)0.56
Â±0.04(0.57)0.24
Â±0.08 (O.I3)0.34
Â±0.09(0.42)0.31
Â±0.01(0.42)0.57
Â±0.10(0.55)0.0031

Â±0.0028Platingefficiency0.75

0.100.85
0.060.98
0.06NDa0.63

0.060.76
0.040.97
0.050.42
0.020.27
0.031
.000.050.93

0.060.98
0.070.57

+ 0.16In

vitroPopulation-doublingtime

(h)21

Â±218Â±
217
Â±2ND17

Â±19
Â±23
Â±21
Â±21
Â±19
Â±18Â±22

+20

Â±4Tumorigenicity0/814/1414/168/86/610/128/86/66/66/66/66/60/30'In

vivoTumor

volume-doublingtime

(days)3Â±

17Â±
25Â±

15Â±
I5Â±
18Â±
14Â±
14Â±
16Â±
14Â±
14Â±

1

" Relative AP enzyme activity/2.8 x 10' cells. A relative AP activity of 1.0 = 4.03 X 10 2absorbance units/min at 405 nm after a 1/50 dilution of reaction buffer

with distilled H;O.
* Mean Â±SD.
c Relative mean LAP level of cell population determined by flow cytometry analysis with fluorescein-isothiocyanate labeled antibodies against IAP with 1.00 = 3.0

x 10'fluorescein equivalents.
d ND. not determined.
' The data for the CON cell lines have been combined. Mean Â±SD.
'Each CON cell line was tested for tumorigenicity individually by injecting 6 sites/cell line. None of the total of 30 sites injected formed tumors in nude mice.

activity of the GIMs was measured 2-3 times over a period of
weeks to several (up to 9) months apart and the mean Â±SD for
each time point were used to construct Fig. 2.

The relative AP activity of the spontaneous, 7-ray-induced,
and irradiated control cell lines are presented in Table 1 along
with the relative mean IAP expression level of the cell popula-

TIMElmin.)
Fig. 2. AP activity of the â€¢>-ray-inducedmutants GIM1B-GIM31DA and two

spontaneous segregants CGL3. and CGL4 determined by measuring the kinetics
of hydrolysis of/Miitrophenyl phosphate to />-nitrophcnol which can be detected
spectrophotometrically at 405 nm. All values were corrected to 2.8 x 10' cells.
Each time point is the mean of 2-3 measurements. Bars, SD. CGL3 has the
highest AP activity with a slope of 4 x I0~! absorbance units/min. The GIM
mutants have a wide range of AP activity from 2.3 x 10~2absorbance units per
minute for GIM12D and GIM3IDA down to 6.15 x 10"* absorbance units/min
forGIMlB-l.Q, CGL3; Â».CGL4; â€¢.GIM IB-1;O. GIM 1B-2; O, GIM 4B; D.
GIM 5C; A. GIM 12D: A, GIM ISA; O, GIM 19E; â€¢GIM 30DE; *, GIM
3 IDA.

lions determined by flow cytometry analysis with the IAP-
specific antibody BD-6. There is good agreement with the
antigenically determined relative IAP expression levels and the
biochemically determined relative AP activity for the sponta
neous and GIM mutants. This indicates that the majority of
the cell surface AP activity is indeed IAP activity as opposed to
the other AP isoenzymes. To further substantiate this, we
studied the temperature stability of the AP activity of the
spontaneous mutant CGL3 and two randomly chosen 7-ray-
induced mutants, GIM19E and GIM30DE (see Table 2). The
thermostability profiles of the tested cell lines, stable activity
after a 30-min preincubation at 56Â°Cbut severe reduction in
activity after a 65Â°Cpreincubation, are indeed characteristic of

the intestinal form of the alkaline phosphatase isoenzymes (for
review see Ref. 11). The AP activity of the irradiated control
(CON) cell lines, which were originally chosen on the basis of
morphology to be nontumorigenic, are indeed within the CGL1
relative AP value of 0.0017 Â±0.0004.

Tumorigenicity and Tumor Growth Characteristics

The tumorigenicity of the parental, spontaneous, 7-ray-in
duced, and irradiated control cell lines are presented in Table
1. As previously reported, the parental hybrid CGL1 is nontu
morigenic, and the two spontaneous hybrid cell lines CGL3
and CGL4 are tumorigenic, when 1 x IO7cells are injected s.c.

into nude mice (5). Interestingly, the tumor volume-doubling
times of CGL3 and CGL4 appear to be different with values of
3 Â±1 and 7 Â±2 days, respectively. The GIM mutants were all
tumorigenic. The tumor volume-doubling times of the GIMs
fall within a range of 4-5 Â±1 days with the exception of
GIM5C the doubling time of which may be somewhat extended
at 8 Â±1 days. All of the irradiated control CON cell lines were
nontumorigenic.

The only tumor growth characteristic which appeared to
correlate with IAP activity was lag time until a specified tumor
volume. In Fig. 3, we present relative IAP activity versus lag
time to reach 500-mm' tumor volume for the GIMs, with the

spontaneous mutant CGL3 as a control. Lag time is 13-18
days when the GIM-relative IAP activity is greater than 20%.
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Table 2 Thermostability of alkaline phosphatase activity of the spontaneous cell
line CGL3 and the y-induced cell lines GIM19E and GIM30DE"

% of activity remaining
after a 30-min pretreatment at

CelllineCGL3

GIM19E
GIM30DE37'C100

Â±6
100 Â±5
100 Â±756"C91

Â±7
90 Â±4

100 Â±765Â°C17Â±4
12Â±2
13Â±2

' Mean Â±SD of three independent determinations for each temperature and

cell line.

has a tight distribution, a mean channel number of 25, and a
78% positive population. After growth in the animal, there was
no apparent change in the IAP population distribution.

Immunoperoxidase Staining of Tumor Cross-Sections

As a control for whether or not the IAP expression of tumor
reconstitutes reflects their in vivo tumor IAP levels, tumor
cross-sections were immunoperoxidase stained after labeling
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Fig. 3. Lag time until 500-mm3 tumor volume versus relative IAP activity for

the GIM mutants with the spontaneous mutant CGL3 as a control. The IAP
values are the means of 2-3 determinations. Bars, SD. The time until 500-mm3
tumor volume is the mean of 6 individual tumors for each cell line. Bars, SD.
When the relative IAP value of the GIM mutants is below 20% activity the lag
time until 500-mm3 tumor volume increases from 13 to 18 days to an average of

35 to 50 days.

Below 20% relative IAP activity the lag time increases dramat
ically to an average value of 35-50 days. This suggested the
possibility of a minimum IAP threshold for tumor growth and
perhaps selection for a higher IAP activity. Therefore, we
investigated the IAP activity of the GIM tumor reconstitutes
and two spontaneous control cell lines. In Fig. 4, the IAP
activity of all the mutant cell lines at the time of injection versus
the average IAP activity of their tumor reconstitutes are shown.
While some selection is evident, e.g., in GIM1B-2 and GIM4B,
it is not observed in every case (i.e., GIM1B-1, GIM5C, and
GIM ISA). Of the mutants just mentioned, all have an extended
lag time to reach 500 mm3 except GIM ISA.

IAP Distributions before and after Tumor Growth

We investigated the IAP population distributions, before and
after tumor growth, using flow cytometry. Some selected dis
tributions of original cell lines and their tumor reconstitutes
are presented in Fig. 5. The spontaneous mutant CGL3 has a
symmetrical IAP distribution with mean channel number of 95.
The population was initially 98% positive after subtracting
nonspecific antibody binding. It maintained a very similar IAP
distribution before and after tumor growth. GIM4B has a more
asymmetrical distribution with a mean channel number of 45
and a 43% IAP-positive population. After growth in the animal,
there was a shift in the population to higher channels with a
mean channel number around 100. The population is now 95%
IAP positive, but the asymmetry of the population is main
tained, with cells still evident in the lower channels. GIM5C

>â€¢

>
p

Edce

CGL3 CGU GIMIB-IGIMIB 2 GIM4B GIM5C CIMI2D GIMI8A GIM19E C1M30D G1M31D

Fig. 4. Relative IAP activity of the GIM cell lines before s.c. injection into
nude mice and the corresponding relative IAP activity of their tumor reconstitutes.
The GIM cell line IAP values are the means of 2-3 measurements. Bars, SD. The
tumor reconstitute relative IAP values are the mean of 3-4 individual tumors for
each cell line. Bars, SD. While GIM1B-2, GIM4B, and GIM19E indicate that
some selection for high IAP activity in the tumor reconstitutes is evident, GIM 1B-
1, GIM5C, GIM18A, GIM30DE, and GIM31D do not show evidence for
selection of high IAP activity.
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Fig. 5. Selected p75/150-IAP population distributions of CGL3. GIM4B, and
GIM5C determined by flow cytometry analysis after labeling with the primary
BD-6 antibody and a fluorescein isothiocyanate-labeled secondary antibody. The
distribution of the cell line and a tumor reconstitute of each are presented. GIM4B
distributions indicate a shift in the tumor reconstitute p75/150-IAP population
distribution to higher channels (increasing fluorescence). The GIM5C and CGL3
distributions, on the other hand, indicate no apparent change in their p75/150-
IAP tumor reconstitutes.
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with the IAP-specific monoclonal antibody BD-6. In Fig. 6 two
representative photomicrographs are shown. The GIM1B-1
tumor cross-section, which has a tumor reconstitute relative
IAP level of <10%, stains lightly. The CGL3 tumor cross-

section, which has a tumor reconstitute relative IAP level of
>100%, stains very dark. These data demonstrate that there is
indeed qualitative agreement of in vivo tumor IAP levels and
the tumor reconstitutes of these cell lines. Our complete analy
sis indicates that the relative IAP levels of the tumor reconsti
tuted cell lines and the relative immunoperoxidase staining
intensities of the corresponding tumor cross-section are in

agreement.

Reinjection of a Low IAP-expressing Tumor Reconstitute

To determine if the relationship between very low IAP expres
sion and increased lag time until a specified tumor size is
maintained after growth in vivo, a very low IAP expressing
tumor reconstitute of the GIM1B-1 cell line was reinjected s.c.

into nude mice. The results are presented in Table 3. Initial
injection of GIM1B-1 with a relative IAP value of less than 2%
(0.016) resulted in a 46-day lag time to reach 500 mm3 tumor

volume and an average tumor reconstituted IAP value of 6%
(0.061) for three tumor reconstitutes. However, when these low
IAP-expressing tumor reconstituted cell lines were reinjected,
the extended lag time to reach 500-mm3 tumor volume was no

longer apparent, even though the initial relative IAP level was
well below the observed 20% threshold observed in Fig. 3. This
suggests that the IAP activity of the GIM mutants, while
initially predictive of tumor lag time, is not the critical factor
which controls tumor growth. To further test this conclusion
we performed the IAP transfection experiments described
below.

Table 3 Relative IAP activity and lag time until 500-mm3 tumor size of the
GIM1B-I cell line and tumor reconstituted cell lines of GIM l B (GIMIB-ITR)

before and after s.c. injection into nude mice

CelllineGIM1B-1

GIMIB-ITRRelative

IAPbefore0.0

16 Â±0.004
0.054 Â±0.024"Lag

until 500
mm3(days)46

Â±5
15 Â±3Relative

IAPafter0.061
Â±0.028Â°

0.1 88 Â±0.090*

Â°Mean Â±SD of 3 independent tumor reconstitutes.
* Mean Â±SD of 12 independent tumor reconstitutes.

Tumor Growth Characteristics after Transfection of GIM IB
with the IAP Gene

To investigate whether introduction of high IAP expression
in a low expressing GIM mutant cell line would reduce lag time
to reach 500-mm3 tumor volume, GIM IB was cotransfected

with the IAP cDNA expression vector, pHIAP, and pRSVneo.
One G418-resistant clone GIM 1B-E2-IAP was found to have

a significantly higher relative IAP activity of 0.38 Â±0.05. As a
transfection vector control, G418-resistant clones which arose

after cotransfection of GIM IB with the pl318 plasmid and
pRSVneo plasmid were combined as a mass population. The
relative IAP activity of the vector-alone transfected mass pop

ulation was 0.10 Â±0.06. The IAP transfected GIM IB line and
the vector control cell line were expanded and injected s.c. into
nude mice. The results are presented in Table 4. The GIM1B-
VC (vector control) lag time of the cell line to reach 500-mm3

tumor volume was 29 Â±3 days. The GIM1B-E2-IAP lag time
of the cell line to reach 500-mm3 tumor volume was 36 Â±5

days. Thus, the higher IAP expression did not reduce the tumor
lag time of the GIM IB mutant.

Fig. 6. Two representative immunoperoxidase-stained cross-sections of a GIM IB tumor (a) and a CGL3 tumor (b) after labeling with p75/150-IAP-specific
antibodies. The relative staining intensities are in qualitative agreement with the p75/150-IAP levels of the tumor reconstituted cell lines established from these
tumors.
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Table 4 Relative IAP activity and lag time to reach 500-mm3 tumor volume of
neo-resistant clones ofGIMlB after transfection with the vector control plasmiti

pl3I8 (GIMÃŒB-VC)orp7S/150-lAP expression vectorpHIAP (GIM1B-E2-IAP)

Clone(s)
Relative

IAP before
Lag until 500
mm3 " (days)

GIM1B-VC*
GIM1B-E2-IAP1'

0.10 Â±0.06"

0.38 Â±0.05
29 Â±3
36 Â±5

" Lag time of six independent tumors which arose after s.c. injection into nude

mice.
* Neo-resistant clones were combined as a mass population, and expanded for

the vector control.
' Mean Â±SD.
d Neo-resistant p75/150-IAP-transfected clone.

DISCUSSION

Previous analyses of rare spontaneous tumorigenic segregants
derived from suppressed nontumorigenic HeLa x skin fibro-
blast cell hybrids demonstrated that expression of the cell
surface antigen p75/150 (i.e., IAP) was exclusively associated
with the tumorigenic phenotype (5, 10). These tumorigenic
segregants were shown to have consistently segregated the
fibroblast chromosome 11 (4, 6, 7), indicating that ÃranÃ-acting
factors involved in the regulation of IAP expression and tu-
morigenicity (i.e., tumor suppressor activity) colocalized to
chromosome 11. Introduction of a fibroblast chromosome 11
into tumorigenic segregants reverted the cells to a transformed,
nontumorigenic phenotype (8) and also suppressed expression
of IAP.3 We sought to further delineate the genetic linkage

between the regulation of IAP expression and tumorigenicity.
We have characterized eight independently isolated IAP-

positive mutants from -y-irradiated CGL1 populations. The in

vitro growth rates and plating efficiencies exhibited by the
majority of the GIMs were similar to those of the original
CGL1 cell line (Table 1), indicating that no gross alterations in
cell growth properties were incurred as a result of 7-irradiation.
The GIMs have a wide range of morphology (Fig. 1) and
alkaline phosphatase activity (Fig. 2; Table 1), and all are
tumorigenic. The good agreement of the relative IAP expression
levels of the GIMs determined antigenically by flow cytometry
and biochemically by direct measurement of AP enzyme activ
ity, in addition to the thermostability profile of the AP activity,
indicate that the GIMs are indeed expressing functional IAP
isoenzyme (Tables 1 and 2). This supports our previous obser
vations of a tight correlation with IAP expression and tumori
genicity in this system (5, 10). Tumorigenicity was not simply
a function of genetic instability in cells which have survived
irradiation since the irradiated p75/150-IAP-negative control
cell lines (CONs) were nontumorigenic (Table 1).

The level of IAP expression in the GIM mutants varied over
a wide range (a factor of 37) yet tumorigenic potential and
tumor volume-doubling times were similar (Table 1). Thus,
there does not appear to be any relationship between IAP
activity level and these end points. Interestingly, lag time before
the onset of exponential tumor growth does appear to increase
significantly when the GIM IAP is below 20% of the activity of
the spontaneous mutant CGL3 (Fig. 3), suggesting perhaps a
critical threshold value for tumor formation and selection for
high IAP expression in vivo. However, analysis of the IAP levels
of the tumor reconstitutes indicates that while some selection
for high IAP expression is evident in some of the cell lines, it
is not observed in every case (Figs. 4 and 5). In addition, even
when selection for high IAP expression occurs in vivo, such as
in the case of GIM4B, low expressors are still present in the
tumor reconstituted population (Fig. 5). Continued analysis
revealed that when low IAP-expressing tumor reconstitutes (3-
7% relative IAP activity) are reinjected into nude mice, the

tumors grew rapidly, without selection for high IAP activity
(Table 3). Since this indicated that selection for some other
factor(s) may have taken place, we decided to directly examine
the influence of absolute IAP activity on tumor growth by
transfecting GIM l B ( 10% IAP) with the IAP cDNA expression
vector, pHIAP. One transfected clone, GIM1B-E2-IAP, had a
significantly higher relative IAP activity of 38%, but when this
clone injected into nude mice its lag time remained extended.
We are, therefore, of the opinion that the lag time associated
with tumor growth of the low expressors is not per se due to
selection of a subpopulation of high expressors, and selection
for or against some other as yet unidentified gene activity may
be involved. Interestingly, the range of cellular morphologies
(Fig. 1) seen in the GIMs may be a reflection of genetic
heterogeneity generated by the 7-irradiation. Studies are in
progress to investigate the molecular basis of these morpholog
ical differences and to determine if any of them consistently
correlate with aggressive tumor growth.

As stated above, we postulate that the putative tumor sup
pressor gene(s) is located on chromosome 11 (4, 6-8). Prelim
inary data from molecular analyses of the GIMs, using various
informative restriction fragment length polymorphism for chro
mosome 11, indicate that damage or loss of human fibroblast
chromosome 11 is involved in 7-radiation-induced transfor
mation of the nontumorigenic CGL1 hybrid.5 Further analysis

should help better define the location of the critical genomic
region(s). The continued tight correlation between IAP
reexpression, damage to or loss of chromosome 11, and tumor
igenicity lends further support to our proposal that the tumor
suppressor gene may be a negative regulator of the IAP gene
(14). However, our observations that (a) reinjection of a low
IAP expressing tumor reconstitute of GIM IB resulted in rapid
tumor formation without selection for high IAP expression,
and (b) that transfection of the IAP gene into GIM IB, with
resulting high IAP expression, did not reduce tumor lag time
have lead us to propose that IAP expression may be a necessary
but not sufficient step to confer the more aggressive tumorigenic
phenotype of the high IAP-expressing GIM mutants and that

some other unidentified genes may be involved. We therefore
hypothesize that the regulator of the IAP gene also regulates
the expression of an as yet unidentified class of gene(s) involved
in tumorigenicity in this system.

Recent studies have also shown that the differential expres
sion of IAP in the nontumorigenic hybrids and spontaneous
tumorigenic segregants is due to transcriptional regulation (10),
potentially by a DNA-binding repressor.6 Our observation of a

wide range of stable IAP expression in the GIM mutants will
allow us to investigate these observations further. The possibil
ity that the putative HeLa suppressor gene(s) may be involved
in direct transcriptional regulation of gene expression has prec
edence in other tumor suppressor genes which have been iden
tified to date. Both the p53 and Rb-1 genes encode phospho-

proteins which are found in the cell nucleus and there are
suggestive data that they are involved in negative control of cell
proliferation (14, 29-35). In addition, recent evidence suggest
that the Wilms tumor locus protein is a DNA-binding protein
(36). However, direct evidence that any of the tumor suppressor
proteins are true transcriptional repressors has yet to be
demonstrated.

Ectopie and eutopic expression of the alkaline phosphatase

5 M. S. Mendonca. E. J. Stanbridge, and J. L. Redpath, unpublished

observations.
6 M. M. Mueller, K. M. Latham, and E. J. Stanbridge, unpublished

observations.
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isozymes is evident in a large number of malignancies (11-13,
37). The expression of IAP in these HeLa x skin fibroblast cell
hybrids is pertinent to the tissue-specific regulation of alkaline
phosphatases and their ectopie expression in human cancer.
Interestingly, the 7-radiation-induced reexpression of IAP in
these cell lines is apparently specific for the intestinal locus.
The absence of expression from the other AP loci was demon
strated by thermostability assays (Table 3) and can also be
inferred from the relative concurrence between the flow cytom-
etry and biochemical data (Table 1). These data suggest that
the negative rra/is-regulator of IAP expression is isozyme spe
cific. Expression from other AP loci may also be dependent
upon isozyme-specific negative fraÂ«s-regulators, but /rani-acti
vators could also be involved. The recent cloning of the IAP
gene (38, 39), the other tissue-specific AP genes (40, 41), and
the tissue-nonspecific AP gene (42), will now allow investiga
tion of the molecular basis of their tissue-specific expression.
One of the proposed mechanisms thought to be involved in the
frequent aberrant expression of AP in malignancy is gene
misregulation (12, 13, 37). It is clear from the studies of the
HeLa x skin fibroblast cell hybrids that true ectopie expression
of AP in tumors may be very closely linked to the inactivation
of tumor suppressor genes. These mutants and others we are
currently studying should prove useful in helping define other
functions of the proposed IAP regulator and its potential role
in controlling tumorigenicity in this system.
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