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Four human squamous carcinoma cell (SCC) lines
(SCC-9, SCC-13, SCC-15, and SCC-25) were studied
to characterize their relative ability to control prolif-
eration and differentiation. These experiments were
based on previous data that established that in normal
human keratinocytes three distinct and sequential
steps are involved in the integrated control of prolifer-
ation and differentiation: 1) reversible growth-arrest
at a predifferentiation state, 2) irreversible loss of pro-
liferative potential, and 3) terminal differentiation.
The current results show that SCC can show changes in
the culture conditions required to undergo reversible
growth-arrest and SCC can express partial or complete

defects in their ability to irreversibly growth-arrest or
terminally differentiate. For example, SCC-9 and
SCC-25 cannot irreversibly growth-arrest or termi-
nally differentiate, SCC-13 can irreversibly growth-
arrest but cannot terminally differentiate, and SCC-15
can irreversibly growth-arrest and terminally differ-
entiate to a moderate extent. These results therefore
extend previous data by establishing that the malig-
nant transformation of human epithelial cells does not
simply result from defects in the control of terminal
differentiation but rather from a combination of com-
plex defects in the regulation of proliferation and
differentiation. (Am J Pathol 1988, 133:374-380)

THE PROCESS OF carcinogenesis has been estab-
lished in previous studies to be associated with the de-
velopment of defects in the control of both cellular
proliferation and differentiation. Studies on murine
cells demonstrated that neoplastic transformation
correlates well with loss of the ability of cells to un-
dergo density-dependent growth inhibition and with
a reduced requirement for specific growth factors.'-3
In addition, transformed murine cells commonly ac-
quire the ability to grow in soft agar in an anchorage-
independent manner.® Some of these phenotypic
changes have been implicated to result from an auto-
crine mechanism whereby the transformed cells pro-
duce their own growth factors.> Murine cells that un-
dergo neoplastic transformation also commonly show
a decreased potential to differentiate both nontermi-
nally and terminally. The latter observations are sup-
ported by studies on transformed murine 3T3 T mes-
enchymal stem cells,’ murine leukemia cells,” and
murine embryonal carcinoma cells.?®

More limited studies have been performed on hu-
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man cancer cells. Some reports suggest that human
squamous carcinoma cells (SCC) can differentiate
well both in vitro and in vivo,%'® whereas other studies
suggest that SCC are defective in their ability to termi-
nally differentiate."!

This controversy serves as the basis for the current
experiments. Of most interest for the current studies
is the report of Rheinwald and Beckett'! that SCC
lines that are cultured in an anchorage-independent
microenvironment show a decreased rate of commit-
ment to terminal differentiation compared with nor-
mal cells and therefore possess at least a partial defect
in the mechanisms that trigger terminal differentia-
tion.
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These results raised a series of important questions
that have not been answered; they concern the under-
lying biologic defects that may exist in human squa-
mous carcinoma cells. Why do SCC spontaneously
differentiate poorly compared with normal human
keratinocytes? Why do SCC show a decreased rate of
terminal differentiation? Why do many SCC lose their
potential to proliferate when cultured in suspension?
Can SCC irreversibly arrest their growth whether they
differentiate or not? Do SCC express defects in their
potential to reversibly arrest their proliferation?

The current studies were performed to directly in-
vestigate some of these questions specifically with ref-
erence to recent data'? that establish that three specific
sequential processes are involved in the control of pro-
liferation and differentiation leading to the state of ter-
minal differentiation of normal human keratinocytes.
These are: 1) reversible growth arrest at a predifferen-
tiation state, 2) irreversible loss of proliferative poten-
tial, and 3) expression of the terminally differentiated
phenotype.

The authors now report that human squamous car-
cinoma cell lines can be defective in many of these
regulatory events and not just in their ability to termi-
nally differentiate. SCC-25 specifically show distinct
requirements to undergo reversible growth-arrest
compared with normal keratinocytes and show near
complete defects in their ability to irreversibly growth-
arrest and terminally differentiate. SCC-9 is similar to
SCC-25. In contrast, SCC-13 and SCC-15 both un-
dergo reversible and irreversible growth-arrest but
only SCC-15 are competent to terminally differentiate
to a significant extent.

The authors interpret these results to support the
conclusion that human epithelial carcinogenesis is as-
sociated with the expression of multiple defects in the
integrated control of proliferation and differentiation
and not simply defects in rate of commitment to ter-
minal differentiation.

Materials and Methods
Cells and Cell Culture

Four human squamous carcinoma cell lines were
studied: SCC-9, SCC-13, SCC-15, and SCC-25. Cells
were obtained from the American Type Culture Col-
lection or J. G. Rheinwald and all are reported to be
highly tumorigenic in nude mice.!! SCC-9, SCC-15,
and SCC-25 were originally derived from squamous
cell carcinomas of the tongue whereas SCC-13 was de-
rived from a squamous cell carcinoma of the skin.'!

In the current studies, SCC-25 was grown in com-
plete MCDB 153 medium, which is composed of nu-
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trient medium MCDB 153 supplemented with etha-
nolamine (0.1 mM), phosphoethanolamine (0.1
mM), hydrocortisone (5 X 10”7 M), insulin (5 pg/ml),
epidermal growth factor (10 ng/ml), and bovine pitu-
itary extract (140 ug/ml) in 0.1 mM Ca** unless oth-
erwise stated. This serum-free medium is identical to
that used to grow normal human keratinocytes.'?
SCC-9, SCC-13, and SCC-15 could not be successfully
adapted to grow in this serum-free medium for unde-
termined reasons. Therefore, SCC-15 was grown in
DMEM:MCDB 153 complete (1:1) containing 10%
FBS, and SCC-9 and SCC-13 were grown in a similar
medium containing 2.5% FBS.

Stock cultures of these cell lines were typically pas-
saged and plated at approximately 2 X 103 cells/sq cm.
All stock cultures were grown on standard tissue cul-
ture plastic dishes/flasks unless otherwise stated in a
humidified atmosphere containing 5% CO, and 95%
air at 37 C. All SCC lines were proven to be free of
mycoplasma contamination by the method of Chen. '3

Cell Proliferation Assays

Characterization of cell growth parameters by cell
density analysis was performed as described pre-
viously.!2!4"18 Cell cycle characteristics were deter-
mined by cytofluorometry on a FACS IV apparatus
as described.'>!® The extent of cell proliferation, ie,
traverse of the “S” phase of the cell cycle, was deter-
mined by evaluation of [*H]thymidine incorporation
into DNA by either 1-hour pulse incubation followed
by DNA precipitation with quantitation by scintilla-
tion spectroscopy or 48-hour incubation with [*H]-
thymidine followed by autoradiographic analysis of
nuclear labeling. These procedures have been de-
scribed previously.!>!*!3 Cell proliferation potential
was also determined by clonogenic assay as de-
scribed'>'® wherein cells before and after various
treatments were plated at 500 cells/dish in optimum
growth medium and cultured therein for 10-14 days,
after which time the percentage of cells that formed
colonies was quantitated.

Cell Differentiation

Three different assays were used to evaluate differ-
entiation. First, a polyclonal anti-involucrin antibody
was employed to stain differentiated cells containing
involucrin and such cells were detected using indirect
immunofluorescent techniques. The method used to
detect this antigen was comparable with that de-
scribed previously.'>'*!® Second, microscopic quan-
titation of cell stratification and so-called “crown”
formation was also used in some assays as an indica-
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Table 1—Effect of Ethionine Containing Medium on the Proliferation of Squamous Carcinoma Cells (SCC-25)

Cell cycle states

DNA Labeled Colony forming

Culture Cell density synthesis nuclei G, S Gx/M efficiency*
condition (cells/sqcm X 1073) (cpm) (%) (% cell populations) (% control)
Complete MCDB 153

Day 0 5.7 - - - - -

Day 1 8.3 9200 - - - - -

Day 2 13.5 23,900 86 54 30 16 -
Ethionine containing MCDB 153

Day 1 6.0 400 - - - - -

Day 2 59 115 2 70 8 22 85

* Plating efficiency for untreated, rapidly growing control SCC-25 was =50% and the colony forming efficiency varied from 60-80%. Colony forming
efficiency was calculated on the basis of the actual number of cells that plated in each assay.

tion of whether or not morphologic differentiation oc-
curred. Finally, the Ayoub and Shklar histochemical
stain was employed; this procedure stains undifferen-
tiated keratinocytes blue and differentiated keratino-
cytes red as reported by several other investigators
who have used this stain for similar purposes.'*!%!°

SCC-25 were evaluated for their differentiation re-
sponse following culture in isoleucine-deficient me-
dium, in ethionine (8§ mM) containing medium, or in
growth factor-deficient medium containing 2 mM cal-
cium. Differentiation assays were also performed on
SCC-9, SCC-13, SCC-15, and SCC-25 that had been
cultured in suspension on agar coated dishes. More
specifically, in these assays 60 mm petri dishes were
coated with 1.6% Sea Plaque agarose (FMC Corpora-
tion, Rockland, ME). After the agarose solidified, sus-
pension of cells at approximately 1 X 10°/dish was
plated in appropriate medium and cultured thereon
as described.

Results
SCC-25 in Monolayer Culture Microenvironment

The initial studies sought to determine the biologic
characteristics of SCC-25 that were grown in a serum-
free medium designated complete MCDB 153, which

is the same medium in which normal human kerati-
nocytes are grown.'>!'* In this medium, SCC-25 ex-
press an epithelial morphology and they show a popu-
lation doubling time of 43 = 7 hours with a >95%
labeling index of DNA synthesis and S-phase traverse.
In addition, they grow to a saturation density of =8
X 10* cells/sq cm.

Studies were next performed to determine if SCC-
25 could be induced to growth-arrest and differentiate
in a manner similar to normal human keratinocytes.
To induce growth-arrest, rapidly growing SCC-25
were refed medium containing one of the potential
growth arrest inducing agents described below. The
cells were then evaluated to determine if growth-arrest
occurred and whether it was reversible. The cell cycle
characteristics of the growth-arrested cells were also
assayed. Studies were performed subsequently to eval-
uate the differentiation potential of SCC-25. Because
ethionine treatment or isoleucine deficiency induced
reversible growth-arrest in normal human keratino-
cytes,'2'® the current studies tested the effect of these
agents on SCC-25. Because razoxane treatment or
culture in high calcium-containing medium devoid of
growth factors induced irreversible growth-arrest in
normal human keratinocytes,'2'® the effect of these
agents on SCC-25 also was tested.

Table 2—Effect of Isoleucine-Deficient Medium on the Proliferation of Squamous Carcinoma Cells (SCC-25)

Cell cycle states

DNA Labeled Colony forming

Culture Cell density synthesis nuclei G, S G,/M efficiency*
condition (cells/sqcm X 1073) (cpm) (%) (% cell populations) (% control)
Complete MCDB 153

Day 0 48 - - - - -

Day 1 7.0 13,500 - - - - -

Day 2 1.0 20,600 96 53 31 16
Isoleucine-deficient MCDB 153

Day 1 46 700 - - - - -

Day 2 48 150 4 62 7 31 50

* Plating efficiency for untreated, rapidly growing control SCC-25 was =50% and the colony forming efficiency varied from 60-80%. Colony forming
efficiency was calculated on the basis of the actual number of cells that plated in each assay.
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Table 3—Effect of High Calcium Medium Devoid of Growth Factors (GF-2 Medium) on Squamous Carcinoma Cells (SCC-25)

Cell cycle states

DNA Labeled Colony forming

Culture Cell density synthesis nuclei G, S G, /M efficiency*
condition (cells/sq cm x 1073) (cpm) (%) (% cell populations) (% control)
Complete MCDB 153

Day 0 3.6 - 96 - - - -

Day 2 7.0 - - 55 28 17 -

Day 4 12.7 18,200 - - - -
GF-2 medium

Day0 36 - - - -

Day 2 4.0 100 61 - - - -

Day 4 36 100 6 75 8 17 -

Day 6 3.3 - 2 - - - 95

* Plating efficiency for untreated, rapidly growing control SCC-25 was >=50% and the colony forming efficiency varied from 60-80%. Colony forming
efficiency was calculated on the basis of the actual number of cells that plated in each assay.

Effect of Ethionine Treatment

The data in Table 1 show that SCC-25 growth-ar-
rest in ethionine-containing medium because after
ethionine treatment the cell density does not increase
and DNA synthesis is markedly inhibited. Under
these culture conditions, SCC-25 also accumulate
predominately in the G, phase of the cell cycle al-
though arrest of some cells in G, is also evident.

Analysis of the clonogenic potential of SCC-25 in-
duced to growth arrest by ethionine treatment also
shows that growth arrest in such cells is reversible be-
cause SCC-25 retain their proliferation potential un-
der these culture conditions. Even after 6 days of cul-
ture in ethionine containing medium SCC-25 show a
clonogenic potential of =50% of untreated cells.

Effect of Isoleucine-Deficient Medium

To determine if SCC-25 reversibly arrest their
growth in isoleucine-deficient medium as do normal
keratinocytes,'>' the studies reported in Table 2 were
performed. The results show that SCC-25 stop grow-
ing within 2 days after culture in isoleucine-deficient
medium and that such cells accumulate predomi-
nately in the G, and G, phases of the cell cycle. The
growth-arrest induced under this culture condition is
also reversible because SCC-25 growth-arrested in iso-
leucine-deficient medium show a high clonogenic po-
tential when refed complete MCDB 153. This result
was observed even when clonogenic assays were per-
formed after the cells were maintained in isoleucine-
deficient medium for 6 days (data not shown).

Effect of High Calcium-Low Growth Factor Medium

When rapidly growing SCC-25 are fed high cal-
cium-containing medium devoid of growth factors,
Table 3 shows that they also rapidly arrest their
growth. Evidence that they stop growing is that the
cell density does not increase significantly and DNA

synthesis is markedly inhibited as assayed both by au-
toradiography and scintillation spectroscopy. Growth
arrest that occurs under these culture conditions is as-
sociated with the predominant accumulation of cells
in the G, phase of the cell cycle, although some cells
also accumulate in G,.

In normal keratinocytes, growth arrest induced by
high calcium-growth factor-deficient medium results
in the irreversible loss of proliferative potential.'?!¢
To determine if growth-arrest of SCC-25 induced by
this medium is also irreversible, growth-arrested SCC-
25 were passaged into complete MCDB 153 medium
and their clonogenic potential was assayed. The re-
sults show that their proliferative potential is not lost
because the majority of the SCC-25 retain their clono-
genic potential after 6 days of culture in this medium.
Even if SCC-25 are cultured in high calcium-growth-
factor-deficient medium for 9 days, their clonogenic
potential is 90% of control levels. These results estab-
lish a significant difference between normal keratino-
cytes and SCC-25. In SCC-25, growth-arrest induced
by high calcium-growth-factor-deficient medium
does not result in the irreversible loss of proliferative
potential as it does in normal keratinocytes.

Effect of Razoxane Treatment

In normal keratinocytes, 10 ug/ml razoxane also in-
duces irreversible growth-arrest in the G, phase of the
cell cycle.'>'® Such arrested cells then can be induced
to differentiate if incubated in medium containing 2
mM calcium. SCC-25, in contrast, show a much more
complex and variable response to razoxane. For ex-
ample, 10 ug/ml razoxane is nontoxic to SCC-25, yet
it partially inhibits cytokinesis and increases the per-
centage of cells in G, without completely inhibiting
DNA synthesis.

Razoxane at 75 ug/ml, however, irreversibly
growth-inhibits SCC-25 but 75 ug/ml razoxane is also
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Table 4—Differentiation Potential of Squamous
Carcinoma Cells (SCC-25)

Differentiation assays*
Cell
Cell Ayouband  stratification
viability Shklar and crown  Involucrin

Treatment (%) histochemistry formation expression
Ethioninet 80-95 0 0 0
Isoleucine deficiencyt >75 0 0 0
High calcium-growth-

factor deficiency 95 0 0 0

* Percent positive cells or colonies. The designation of 0% actually signi-
fies a <1% response.

1 Differentiation assays were performed in complete MCDB 153 + ethio-
nine + 2 mM Ca** and in growth-factor-deficient MCDB 153 + ethionine
+2mM Ca**.

1 Differentiation assays were performed in isoleucine deficiency complete
MCDB 153 in 2 mM Ca**. Assays were also performed in isoleucine-defi-
cient and growth-factor-deficient MCDB 153 in 2 mM Ca**.

highly toxic and can cause the death of 50-85% of
treated cells within 2-8 days. Therefore, razoxane was
not studied further to evaluate its effect in the control
of SCC-25 proliferation and differentiation.

Differentiation Potential of Growth Arrested SCC-25

Normal keratinocytes that have been growth-ar-
rested at either reversible or irreversible states possess
the potential to differentiate when cultured for pro-
longed intervals, especially in high (2 mM) calcium-
containing medium, such as growth-factor-deficient
MCDB 153 containing 2 mM Ca**.!? SCC-25 that
had been growth-arrested by the conditions described
above were treated with similar medium or with the
growth-arrest-inducing medium to which 2 mM Ca™*
had been added. Differentiation was then sequentially
assayed over a 9-12-day interval and viability studies
were also performed at the time of assay to determine
the relative health of the cells.

The data in Table 4 show that SCC-25 are markedly
defective in their ability to differentiate. This defect
in cellular differentiation was evident when either of
three differentiation assays were employed. These in-
cluded: 1) morphologic evaluation of cell stratifica-
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tion and so-called “crown” formation, 2) histochemi-
cal analysis using the Ayoub and Shklar stain, and 3)
immunologic evaluation of differentiation using the
anti-involucrin antibody. Representative studies also
were performed using a physicochemical method to
assay differentiation by the formation of cross-linked
envelopes!' and therein SCC-25 also showed minimal
differentiation.

These results establish that SCC-25 differ from nor-
mal human keratinocytes in a significant way as sum-
marized in Table 5. More specifically, SCC-25 cannot
be induced to irreversibly growth-arrest when cul-
tured in high calcium-growth-factor-deficient me-
dium and they fail to differentiate under a variety of
culture conditions. This is true even though SCC-25
can be induced to reversibly growth arrest under cer-
tain culture conditions. To continue these studies, the
authors next employed the culture of SCC in a suspen-
sion microenvironment to evaluate its effect on SCC
proliferation and differentiation characteristics. These
studies used SCC-25 together with three additional
squamous carcinoma cell lines: SCC-9, SCC-13, and
SCC-15. For these experiments, cells were cultured in
tissue culture medium on top of a nonadhesion agar
surface to eliminate the technical difficulty of recover-
ing cells from methylcellulose as reported in previous
studies."!

SCC-9, SCC-13, SCC-15, and SCC-25 in Suspension
Culture Microenvironments

SCC-9, SCC-13, SCC-15, and SCC-25 were studied
after culture in a highly stringent growth inhibiting
microenvironment, ie, culture on a nonadherent sur-
face of agar with or without other growth inhibiting
agents such as ethionine, 2 mM Ca**, or growth factor
deficiency. The results of these studies, summarized
in Table 6, show that all four SCC lines growth-ar-
rested after culture in suspension and all lines except
SCC-13 showed excellent viability. A pronounced
difference was specifically observed in the prolifera-
tive potential of these SCC lines after growth arrest

Table 5—Proliferation and Differentiation Control Defects Expressed by Human Squamous Carcinoma Cells (SCC-25)

Relative to the Characteristics of Normal Human Keratinocytes

Growth-arrest characteristics*

Differentiation characteristics*

Growth-arrest inducing agent/ Normal Normal

condition keratinocytes SCC-25 keratinocytes SCC-25
Ethionine Reversible Reversible + =1
Isoleucine deficiency Reversible Reversible + =1
Growth factor deficiency-high calcium Irreversible + IZI

* The defects evident in SCC-25 are boxed. This summary reviews data presented in this and two previously published papers.'s'”
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Table 6—Growth-Arrest and Differentiation Characteristics of Human Squamous Carcinoma Cell Lines SCC-9, SCC-13,
SCC-15, and SCC-25 When Cultured in a Suspension Microenvironment

Duration Growth-arrest Colony forming Differentiation
Cell Culture of culture (% control Viability efficiency (% involucrin
line condition (days) [*Hlthymidine/cell) (%) (% control) positive cells)
SCC-9* At 3 <10 83 83 [o]
SCC-25 A 3 <10 86 82 [0]
ScC-13 Bt 4 <10 2 |
SCC-15 B 3 <10 70

* SCC-9 appears to contain two or more morphologically distinct cell populations.
1 A: On agar in growth factor-deficient MCDB 153 containing 8 mM ethionine + 2mM Ca**.
$ B: On agar in DMEM:complete MCDB 153 (1:1) containing 2.5 to 10.0% FBS.

The most significant data are enclosed in a box.

on agar. SCC-9 and SCC-25 retained their clonogenic
potential and did not differentiate, whereas SCC-13
and SCC-15 showed a marked decrease in their clono-
genic potential and showed some evidence of differ-
entiation. Similar results were reproducible in re-
peated experiments.

These observations significantly expand on pre-
viously published data'' and support the conclusion
that human squamous carcinoma cells can show a va-
riety of distinct biologic defects in the control of pro-
liferation and differentiation with respect to the three
steps defined in normal human keratinocytes. More
specifically, SCC lines can show changes in the culture
conditions that induce reversible growth-arrest, SCC
lines can fail to undergo irreversible growth-arrest,
and SCC lines can show defects in their ability to ter-
minally differentiate.

Discussion

Rheinwald and Beckett'! have reported that human
squamous carcinoma cell lines show a reduced rate of
terminal differentiation and suggested that such de-
fects may represent a necessary step in the neoplastic
transformation of keratinocytes. In contrast, Fusenig
and coworkers’ reported that murine squamous carci-
noma cell lines differentiate as efficiently as normal
keratinocytes even though malignant keratinocytes
do show significant changes in the environmental
conditions required to induce terminal differentia-
tion.

These two reports typify the conflicting concepts
that exist concerning what specific defects squamous
carcinoma cells express in their ability to regulate
their proliferation and differentiation. Because it has
been established recently that three sequential steps
are involved in the process of terminal differentiation
of normal human keratinocytes, the current studies
were performed to determine if SCC lines show

defects in one or more of these biologic regulatory
processes. These include the ability to: 1) reversibly
growth-arrest, 2) irreversibly growth-arrest, and 3) ter-
minally differentiate.'>'¢!7

This and previous studies'>'” have demonstrated
that the human squamous carcinoma cell line SCC-
25 expresses numerous biologic defects. In contrast to
normal human keratinocytes, SCC-25 show changes
in the culture conditions required to induce reversible
growth-arrest and SCC-25 also nearly completely lack
the ability to irreversibly growth-arrest or terminally
differentiate. The human squamous carcinoma cell
line SCC-9 resembles SCC-25. In contrast, SCC-13
and SCC-15 can both be induced to reversibly and ir-
reversibly arrest their proliferation but only SCC-15
expresses significant evidence of terminal differentia-
tion.

Table 7 summarizes the results of the current exper-
iments and thereby serves as an interface with the pre-
vious studies by other investigators on the characteris-
tics of human squamous carcinoma cells.'%!%-22 The
authors suggest that these observations support the
conclusion that squamous cell carcinogenesis is a
complex biologic process involving the expression of
multiple defects in the control of cellular proliferation
and differentiation and not simply defects in their
ability to terminally differentiate. These conclusions
are compatible with the findings that multiple onco-

Table 7—Summary of the Proliferation and Differentiation
Characteristics of Normal Human Keratinocytes Compared
with Four Human Squamous Carcinoma Cell Lines

Reversible Irreversible Terminal
growth-arrest  growth-arrest  differentiation
Normal
keratinocytes ++++ ++++ ++4++

scc-9 ot - -
SCC-13 ++++ ++ +
SCC-15 ++++ ++ ++
SCC-25 ++++ - -
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genes must be expressed in normal human keratino-
cytes before they undergo complete neoplastic trans-
formation.?*> In summary, the authors propose that
the available data can best be interpreted by suggest-
ing that squamous cell carcinogenesis can result from
a variety of different combinations of biologic and
molecular defects.
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