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TGFg, IN COLON CARCINOMA DIFFERENTIATION BY HMBA

a human cDNA clone encompassing the entire open reading frame as
well as 0.79 kilobase of flanking sequence (24). 3*P-labeled probe was
prepared by SP6 transcription of Hindlll-linearized template in the
presence of 12 um labeled UTP (1.7 Ci/mmol). The TGFB, probe (R.
Derynck) is a 974-base pair Smal insert of a mouse TGFg, cDNA clone
(25) derived from plasmid pBR322, containing the entire open reading
frame and 440 base pairs of untranslated cDNA and was *?P-labeled by
primer extension. The human TGFg, probe (A. F. Purchio) is a 2.2-
kilobase EcoRI-Hpal insert (26) **P-labeled by primer extension. A 3?P-
riboprobe was prepared from the rat cyclophilin cDNA (p1B15) 680-
base pair insert (27) and was used as a positive control for the amount
of mRNA loaded per lane.

RESULTS

TGF, Induces Inhibition of Carcinoma Cell Line Growth and
Loss of the Cell Surface Malignancy Marker. The earlier studies
on surgically resected carcinomas were performed in a serum-
free primary culture system using a modified DME medium
supplemented with several growth factors (“Materials and
Methods™). For uniformity with the studies on resected carci-
nomas, the effects of TGFpS, were tested on the colon carcinoma
cell line model, HT29, in this serum-free medium. After 6 days
of culture, 5 ng/ml TGFB, caused a 53% inhibition of cell
growth, while HMBA induced a dose-dependent growth inhi-
bition, cells reaching 43 and 36% of control levels in 1.5 and 5
mM HMBA, respectively (Fig. 1). Similar results were observed
when cells were cultured in serum-free DME lacking epidermal
growth factor (data not shown). A dose-response curve showed
that TGFg, inhibited HT29 cell growth in serum-free medium
maximally at 0.2-2.5 ng/ml (data not shown). The growth
inhibition induced by 6-day treatment with either TGFg, or
HMBA did not appear due to toxicity inasmuch as it was
reversible upon removal of the agent (data not shown).

We had previously shown that HMBA induces loss of a cell
surface malignancy marker on the subgroup of colon carcino-
mas induced to growth arrest by HMBA, while leaving a
panepithelial cell surface marker (29-26) unaffected (13).
HMBA also induced loss of the malignancy marker, loss of
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Fig. 1. Effect of TGFB, on HT29 cells cultured in serum-free medium. Cells
exponentially growing in serum-containing DME were plated at 5x10°/cm? in
24-well dishes. One day later the medium was changed to the serum-free, highly
supplemented DME (see “Materials and Methods™), and TGFg, (5 ng/ml), 1.5
mMm HMBA (1.5H), or S mm HMBA (5H) were added. Untreated cells grew in
this serum-free medium and in serum-containing medium at the same rate for 7
days. Six wells were counted per time point. Standard errors are shown only for
day 6 values. The untreated cells did not reach confluency. To increase the
accuracy of counting the small numbers of cells, the tetrazolium assay was used
(39). Phosphate-buffered saline-washed cells were incubated for 4 h at 37°C in
serum-free, glutamine-free DME containing 1 mg/ml dimethylthiazolediphenyl-
tetrazolium bromide. The cells were extracted by dimethyl sulfoxide, and absorb-
ance was assayed at a test wavelength of 570 nm, reference wavelength 630 nm,
using a Dynatech plate reader.

anchorage-independent growth (13), and loss of in vivo tumor-
igenicity in nude mice (28) in the HT29 cell line. Since all of
the previous experiments on malignancy marker expression in
HT29 cells had been performed in serum-containing DME, the
same medium was used for this study. TGFg, at 2.5-10 ng/ml
decreased expression of the malignancy marker from 55% of
cells in control cultures to 12-26% of cells, with an optimal
effect of 2.5 ng/ml (Fig. 2), while leaving the panepithelial cell
surface marker 29-26 unaffected (100% of cells positive, data
not shown). HMBA was more effective as an antigenic modu-
lator than TGFB,. After treatment with 0.5 mm HMBA 20%
of HT29 cells retained marker expression (13), while 2 and 0%
of cells retained marker expression after treatment with 1.5 and
5 mMm HMBA, respectively (data not shown).

HMBA Induces TGF8, mRNA Synthesis. Northern blot
analysis was performed to determine the effect of HMBA on
the level of TGFB, message. Polyadenylated mRNA from cul-
tures 1, 2, 5, 9, and 13 days after addition of HMBA was
examined. The amount of TGF8, mRNA was 10% greater than
control levels after 1 day of HMBA treatment, 240% over
control values by day 2, and increased to 400-550% control
levels after 5-13 days of treatment (Fig. 34). Values were
determined by densitometry scans of the films, using the probe
for cyclophilin, a constitutive gene, as an internal standard (Fig.
3C). A dose-response relationship was also observed inasmuch
as treatment for 5 days with 0.1 and 0.2 mm HMBA induced
no measurable increase over control values, while 1.5 and 5 mm
HMBA induced 290 and 460% increases in TGFS, mRNA
levels, respectively (data not shown). The untreated cells (Lane
1) were cultured for 4 days before RNA extraction to control
for any autoinduction of TGFg, occurring during growth.
TGFB, competing activity was detected in acid-activated,
serum-free crude conditioned media from HMBA-treated and
control HT29 cells (data not shown), by testing for competition
with '*I-labeled TGFB, for binding to AKR-2B (clone 84A)
membrane receptors, as described (14).

Levels of TGFa (Fig. 3B) and TGFS8, mRNA (data not
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Fig. 2. Inhibition of expression of the cell surface malignancy marker 29-15
on HT29 colon carcinoma cells by TGFB,. Cells cultured in serum containing
DME (see “Materials and Methods™) were plated at 10°/cm? on glass coverslips
in a series of 35-mm dishes. One day later, TGFg, was added at 1-10 ng/ml, or
HMBA was added at 1.5 and 5 mm, and culture was continued for 4 days. Then
the MAD 29-15 was applied to the live cells, and the antigen-positive cells were
detected by indirect immunofluorescence, with a panepithelial MADb as positive
control and the identical isotype MAb MOPC-21 as the negative control (see
“Materials and Methods™). The values shown were the average obtained by 2
independent scorers using photomicrographs. Several fields of cells were analyzed
per point, giving a mean of 234 cells scored per point. HMBA data given in the
text.
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Fig. 3. A, Northern blot showing HMBA-enhanced expression of TGFg,
mRNA in HT29 cells. HT29 cells were treated with S mm HMBA in serum-
containing DME for the days indicated above each lane. Cells were initiated at
very low density, S X 10°/cm? in multiple T-75 flasks, so that cells would not
have to be passaged during the study, which might result in loss of differentiated
end stage cells. As a control for loss of such cells, 9S cells were cultured in HMBA
for a total of 9 days but passaged after 5 days. Note samples 9 and 9S gave very
similar results. None of the other cells had been passaged before mRNA prepa-
ration. Three ug polyadenylated RNA were electrophoresed, transferred, and
hybridized with a TGFB, probe as described (35). Three ug of SW480 polyaden-
ylated RNA were used as a control (CTL) (22). B, blot probed for expression of
TGFa mRNA. C, blot probed for expression of cyclophilin, a constitutively
expressed gene (26).

shown) did not change with 1-9 days of HMBA treatment. A
slight increase in TGFa« mRNA level was observed after 13
days of HMBA treatment. However, loss of anchorage-inde-
pendent growth (13), loss of the malignancy marker (13), and
loss of tumorigenicity in nude mice (28) occurred within the
first 7 days of treatment with HMBA. Longer term treatment
of HT29 cells with HMBA, 14-28 days, led to the emergence
of a cell population no longer growth inhibited by HMBA and
also exhibiting tumorigenicity in nude mice greater than that
of the parental line (28). Presumably during long term growth
in HMBA, cells resistant to the growth-inhibiting effects of
HMBA became the majority species, replacing the HMBA-
sensitive cells. The relationship of the emergence of this resist-
ant population to the expression of TGFa is under investiga-
tion.

Parallel Effects of Exogenous TGF8, and HMBA on Resected
Colon Carcinomas in Primary Culture. Some of the growth-

inhibitory effects of HMBA on HT29 colon carcinoma cells
may have occurred because HMBA increased constitutive levels
of TGFB, mRNA synthesis. Unfortunately, too few cells (about
105/tumor) can be primary cultured from a colon tumor to
allow study of the modulation of TGF8, mRNA levels by
HMBA. Therefore, we decided to examine whether exogenously
applied TGFg3, would have any effect on the growth of those
surgically resected carcinomas susceptible to HMBA. Five pri-
mary site colon carcinomas and three colon carcinomas met-
astatic to the liver were placed into primary culture in serum-
free medium in a series of Petri dishes (“*Materials and Meth-
ods™). The selective digestion and plating conditions, following
tumor dissection from normal mucosa and stroma, ensured that
the vast majority of the cells cultured were carcinoma (13). The
digestion techniques leave colonic epithelial cells attached by
their junctional complexes in aggregates of 100-500 cells. The
single cells in the dissected tumor (lymphocytes, plasma cells,
and a few fibroblasts) are digested free from basement mem-
brane attachments and in most cases removed by differential
centrifugation, while any remaining nonepithelial cells usually
fail to attach to the collagen I-bovine serum albumin film in
serum-free medium and are readily removed by washing. In an
earlier study (23), epithelial cell aggregates digested from 10
carcinomas yielded a mean of 28 + 8 “patch” colonies (6832 +
1952 cells)/35-mm dish, with 20 dishes plated. The cultured
cells were judged epithelial by the presence of cytokeratins, an
epithelial epitope identified by the panepithelial MAb 29-26
and by the presence of junctional complexes and a brush border
on their apical surfaces by electron microscopy (23). In this
system carcinoma cells grow as small patches of 100-500 tightly
opposed epithelial cells in serum-free medium, at rather low
cell density because only 20-40 patches are cultured in each
Petri dish. The epithelial cell patch colonies are readily identi-
fied when counterstained for visual autoradiographic scoring;
therefore any possible contaminating single cells are not scored.

After 7 days of exposure to TGFg, (0.2-5 ng/ml) or to
HMBA (5 mM), the optimal concentration for an effect on
resected carcinomas (13), tumor growth fractions of eight sur-
gically resected carcinomas were assayed. Often only 5-30% of
the colon carcinoma cells in primary culture or in vivo (29) are
replicating; therefore mass culture assays of total cell number
or DNA content would not be sensitive enough to measure
modulation of growth in these short-term experiments. TGF3,
at all concentrations tested induced a decrease in the tumor
growth fraction in three primary site colon carcinomas, 1303,
1442, and 1445 (Fig. 44). In each case, 5 mm HMBA also
inhibited tumor cell growth (Fig. 5). In these three tumors,
exogenously applied TGFgB, at 5 ng/ml decreased the tumor
growth fraction to a mean of 45% of control levels, while
parallel treatment with 5 mm HMBA decreased the growth
fractions to a mean 54% of controls (Fig. 5).

Unexpectedly, TGFg, induced the opposite effect in three
other primary cultures of more aggressive colon carcinomas:
liver metastases 1468 and 1343; and primary site colon carci-
noma 1379 (Fig. 4B). Tumor 1379 was a highly invasive colon
carcinoma (Dukes’ C stage) with concurrent liver metastases.
Note that the tumors were number coded upon their accession
into the laboratory and that the tumors containing growth-
arrested cells were studied during the same period of time as
those with stimulated cells, making some trivial explanation
such as a change in media constituents an unlikely reason for
the different responses. Continuous exposure of these invasive
or metastatic colon carcinoma cells to TGF3,, at each concen-
tration tested from 1 to 5 ng/ml, induced an increase in the
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Fig. 4. Parallel effects of TGFS, and HMBA on primary cultured human
colon carcinomas. Parallel primary cultures from each tumor were initiated in a
series of 35-mm dishes (see “Materials and Methods™). One day postplating the
epithelial cell aggregates had formed flat patches, and medium was added con-
taining 0.2, 1, 2.5, or 5 ng/ml TGFg,, or S mm HMBA. After 7 days the medium
was removed and the tumor growth fraction measured (see “Materials and
Methods™). 4, tumors inhibited by TGFg,. The mean standard error for the
growth fraction measurement was 4.3% for tumor 1442, 2.3% for tumor 1445,
and 1.2% for tumor 1303. B, tumors stimulated by TGFg,. The mean standard
error for the growth fraction measurement was 3.1% for tumor 1379, 1.9% for
tumor 1468, and 0.6% for tumor 1343. C, larger colony size observed after TGF8,
or HMBA treatment in tumors 1343, 1379, and 1468 which had responded to
both TGFB, and HMBA by an increase in the growth fraction as shown in B.
The mean colony size was calculated from the autoradiography data, which had
been scored as labeled cells per colony (see “Materials and Methods™). The mean
standard errors for tumor colony sizes were respectively, 32, 17, and 34% of
mean values.

tumor growth fraction (Fig. 4B). HMBA (5 mm) induced a
parallel increase in the tumor growth fraction in each case,
inducing a mean 348% increase in growth fraction compared
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Fig. 5. Tumor growth fractions at 5 ng/ml TGFg, and 5 mm HMBA normal-
ized to control values. Three classes were observed: Both TGFS, and HMBA
induced loss of proliferating cells and an consequent decrease in the tumor growth
fraction in the mucinous or moderately differentiated colon carcinomas 1442,
1445, and 1303. In a second group composed of two liver metastases, 1468 and
1343, and a colon carcinoma with concurrent liver metastases, 1379, both HMBA
and TGFg, induced tumor cell proliferation. Two other carcinomas, liver metas-
tasis 1334 and colon carcinoma 1447, were unaffected by a 7-day treatment with
either TGFB, or HMBA.

to a mean of 508% induced by 5 ng/ml TGFB, (Fig. 5). A recent
study has shown that metastatic H-ras-transformed murine
fibroblasts were stimulated to divide up to 6-fold by TGF3,,
while nonmetastatic tumor cells were growth inhibited (30),
results parallel with the ones presented here. One other liver
metastasis, 1334, and one colon carcinoma, 1447, were unaf-
fected by a 1-week treatment with either compound (Fig. 5).
The nonresponsive tumors had growth fractions of 72.4 and
31.3%, respectively, within the range of those of the HMBA-
responsive tumors.

The apparent growth-stimulatory activity of TGFg, on the
more aggressive colon carcinomas was unexpected; therefore
another measurement was performed. In our previous study,
the tumors which were stimulated to divide by HMBA exhibited
an increase in mean colony size (13). TGFg, from 0.2 to 5 ng/
ml led to an increase in tumor colony size for carcinomas 1343
and 1379. HMBA (5 mm) induced a similar increase in mean
colony size in these two tumors (Fig. 4C). TGFg, at 2.5 and §
ng/ml induced a small increase in colony size in carcinoma
1468, while 5 mm HMBA was more effective in inducing colony
growth. Thus both HMBA and TGF38, increased both the tumor
growth fraction and the mean colony size, thus the mean cell
number, of those carcinomas stimulated to replicate.

DISCUSSION

HMBA induces terminal differentiation with concomitant
growth arrest in erythroleukemia cells by initiating a cascade
of molecular changes (for a review, see Ref. 31). The mechanism
by which HMBA modulates growth in colon carcinoma cells is
expected to be as complex but may include enhanced TGFg,
expression. TGF8, mRNA was more abundant in nondividing,
differentiated small intestinal cells at the tip of villi than in less
differentiated, mitotically active cells at the base of the crypt,
suggesting that it plays some role in colonocyte differentiation
(32). In addition, exogenously added TGFB, mediated growth
inhibition of the rat jejunal cell line, IEC-6 (32). In the studies
reported here, exogenously added TGFB, induced growth arrest
of cells in the same carcinomas susceptible to growth arrest by
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HMBA. Elevation of TGFg, expression may be a necessary
step in inducing growth arrest in normal colonocytes and some
colon carcinoma cells, as part of the differentiation program.
The mechanism for TGFg;-induced differentiation in suscepti-
ble cell types is unknown, although in certain cell types TGFB,
increased synthesis of the extracellular matrix proteins fibro-
nectin and collagen (33), while in other cell types transcription
levels of certain oncogenes were altered (34, 35).

If TGFB, generally inhibits the growth of epithelial cells, why
was a subgroup of tumors growth stimulated and others unaf-
fected? The initial differentiation state of the cell might be a
factor in determining its response. The positive control we have
used for TGFg, expression is the undifferentiated colon carci-
noma line, SW480, which exhibits no feature of enterocytic
differentiation or polarity in culture, while constitutively se-
creting high levels of TGFB, (22). In our earlier study (13), the
carcinomas stimulated to divide included those poorly differ-
entiated, while the carcinomas growth arrested included those
well differentiated by histological criteria. Possibly HMBA
induces growth arrest in only those cells at advanced stages of
differentiation, while less mature carcinoma cells must pass
through intermediate differentiation stages before they cease
cell division. By this hypothesis, only the increased cell division
induced in the less mature carcinomas might be measured in
our 10-day experiment. Burst-forming units in erythrocyte mat-
uration are examples of cells at intermediate differentiation
stages which continue to divide until they reach an end stage.
Alternatively, the growth-modulating effects of TGFB, on a
particular cell type may be profoundly affected by the produc-
tion by that cell of endogenous growth factors, such as TGFq,
insulin-like growth factor 1, platelet-derived growth factor, or
fibroblast growth factor (for reviews see Refs. 36-38).
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