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Retinoids increase transglutaminase activity and inhibit ornithine
decarboxylase activity in Chinese hamster ovary cells and in
melanoma cells stimulated to differentiate

(growth/differentiation/transamidation/G1-specific enzyme regulation/polyamine biosynthesis)

KAREN F. F. SCOTT*, FRANK L. MEYSKENS, JR.t, AND DIANE HADDOCK RUSSELL*t
Departments of *Pharmacology and tInternal Medicine, University of Arizona Health Sciences Center, Tucson, Arizona 85724

Communicated by Bernard B. Brodie, April 2, 1982

ABSTRACT Transglutaminase (TGase; R-glutaminyl-pep-
tide:amine -y-glutamyltransferase, EC 2.3.2.13) and ornithine de-
carboxylase (ODCase; L-ornithine carboxy-lyase, EC 4.1.1.17) ac-
tivities were measured after the addition of retinoid analogs to
Chinese hamster ovary (CHO) cells released from quiescence and
Cloudman S91 (CCL 53.1) mouse melanoma cells stimulated to
differentiate with a-melanocyte-stimulating hormone (MSH, mel-
anotropin). In both cell culture lines, we detected a biphasic in-
crease in TGase activity and a single peak of ODCase activity
within 7 hr after release or stimulation. Retinoid analogs altered
the expression of the initial TGase peak in both CHO and mela-
noma cells. Retinol increased the activity of TGase 1 hr after re-
lease in CHO cells, and the activity remained elevated until hr 4.
A broad peak of TGase activity also occurred after the addition
of a-difluoromethylornithine, an irreversible inhibitor of ODC-
ase, and after addition of a-difluoromethylornithine plus retinol.
In mouse melanoma cells, retinoic acid plus MSH markedly en-
hanced the activity of the initial TGase peak compared to MSH
alone. Retinoic acid alone also increased TGase activity biphasi-
cally in these cells without the addition of MSH. These studies
suggest that retinoid effects that increase TGase activity may alter
the ODCase expression in proliferation and differentiation.

Transglutaminases(TGases; R-glutaminyl-peptide:amine y-glu-
tamyltransferase, EC 2.3.2.13) have recently been implicated
as the enzymes that conjugate putrescine and possibly sper-
midine and spermine to glutamine residues of proteins (1-11).
In regenerating rat liver, the most striking change occurred in
putrescine-protein conjugates, which fluctuated in a biphasic
manner with maximal nuclear levels 12- and 25-fold above those
of sham-operated controls at 4 and 42 hr after hepatectomy,
respectively (5). Conjugated spermidine and spermine in-
creased 3- and 2-fold, respectively, within 4 hr and remained
high throughout the 48-hr study. An increase in the specific
activity of nuclear TGase paralleled the increase of putrescine-
protein conjugate(s).

Recent evidence suggests that the putrescine-protein con-
jugate may be putrescine attached to glutamine residues of or-
nithine decarboxylase (ODCase; L-ornithine carboxy-lyase, EC
4.1.1.17), the rate-limiting enzyme in polyamine biosynthesis
and also the enzyme responsible for the formation ofputrescine
(7, 8). Purified ODCase serves as an acceptor protein for pu-
trescine in the presence of TGase purified from guinea pig liver
(7) and, in regenerating rat liver, [14C]putrescine was selectively
conjugated to one detectable protein, ODCase (8). The enzyme
that appeared to be responsible for the conjugation was TGase
because y-glutamyl[14C]putrescine was obtained after proteo-
lytic digestion (8). In vitro, the transamidation of putrescine to

ODCase resulted in a stoichiometric decrease in enzymatic ac-
tivity (8), and in regenerating rat liver the modified protein was
detected in nucleolar fractions (4, 6, 8). In this laboratory we
are attempting to clarify the process by which the modification
of ODCase by its product putrescine may modify the nucleolar
transcriptional processes.

Because ofthe many reports that analogs of vitamin A inhibit
ODCase expression in growth-stimulated systems (12-20), we
wondered whether retinoids were altering the conjugation rate
of ODCase through effects on TGases. In Chinese hamster
ovary (CHO) cells, the most effective retinoid has been shown
to be retinol (14, 15, 18), whereas many cells are more sensitive
to retinoic acid (17, 21, 22). We have found previously that there
are two G1 peaks of TGase activity in CHO cells released from
quiescence (23). In melanoma cells stimulated to differentiate
by the addition of a-melanocyte-stimulating hormone (MSH,
melanotropin), peaks of TGase activity occur at 1 and 5 hr after
the addition ofthe differentiating agent (9). The addition of reti-
nol to CHO cells resulted in a significant increase of TGase
within 1 hr at a time when TGase activity was actually decreas-
ing in control cultures. TGase activity remained elevated
through 3 hr and then declined in a manner similar to control
cultures. Further, retinol administration actually resulted in a
significant decrease in the second peak of TGase at 5 hr. Ad-
dition of a-difluoromethylornithine (CHF2-Orn), an irrevers-
ible inhibitor of ODCase, or retinol plus CHF2-Orn, also re-
sulted in an early and broader peak of TGase activity. In
melanoma cells during logarithmic growth, the addition of
trans-retinoic acid alone resulted in a biphasic increase in TGase
activity with peaks at 2 and 5 hr after addition. The addition of
MSH alone increased TGase at 1 and 5 hr, whereas the addition
of trans-retinoic acid plus MSH resulted in a markedly stimu-
lated TGase activity, at 1 and 2 hr compared to MSH alone or
retinoic acid alone. Therefore, in both-cell lines, retinoids at--
tenuated the induction of ODCase that occurred immediately
after the first peak of TGase activity.

MATERIALS AND METHODS
Materials. [2,3-3H(N)]Putrescine dihydrochloride (21.9 Ci/

mmol; 1 Ci = 3.7 x 10'° becquerels), L-[l-14C]ornithine (60
mCi/mmol), and Omnifluor scintillant were purchased from
New England Nuclear. Putrescine hydrochloride, dithiothrei-
tol, dimethylcasein, pyridoxal phosphate, phenylmethylsul-
fonyl fluoride, L-ornithine, calcium chloride, trans-retinol, and

Abbreviations: CHF2-Orn, a-difluoromethylornithine; CHO cells,
Chinese hamster ovary cells; MSH, a-melanocyte-stimulating hormone
(melanotropin); ODCase, ornithine decarboxylase; TGase, trans-
glutaminase.
T To whom reprint requests should be addressed.

4093

The publication costs ofthis article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise-
ment" in accordance with 18 U. S. C. §1734 solely to indicate this fact.



Proc. NatL Acad. Sci. USA 79 (1982)

all-trans-retinoic acid were purchased from Sigma. These reti-
noids were subjected to gas chromatographic analysis before
their use to ascertain their purity. The silica gel-impregnated
glass fiber sheets (ITLC) were from Gelman Instrument (Ann
Arbor, MI). McCoy's medium 5A, Ham's F-10 mixture, peni-
cillin, and streptomycin were purchased from GIBCO. Fetal
calf serum and horse serum were purchased from KC Biologi-
cals. NCS tissue solubilizer was purchased from Amersham/
Searle. MSH, actinomycin D, and cycloheximide were pur-

chased from Calbiochem. CHF2-Orn was a gift from Merrell-
Dow Research Center (Cincinnati, OH).

Cell Culture Procedures. Cloudman S91 NCTC 3960 (CCL
53.1) mouse melanoma cells were grown in Ham's F-10 mixture
in monolayer cultures at 370C in a humidified 5% C02/95% air
atmosphere. Ham's F-10 mixture was supplemented with 10%
horse serum and 2% fetal calf serum, penicillin at 100 units/
ml, and streptomycin at 100 ,ug/ml. The doubling time of the
mouse melanoma cells was 28-30 hr under these conditions.
Cell numbers were determined by using a hemacytometer.
Mouse melanoma cells were trypsinized and replated at least
12 hr previous to the addition of MSH. The activity of tyrosin-
ase, the rate-limiting enzyme in melanin synthesis, was mea-

sured as an index of differentiation (24, 25). Retinoic acid so-

lutions were prepared in ethanol (0.1%) under red light and
used immediately. Control cell populations received an. equiv-
alent amount of ethanol, which was found to have no effect on
growth parameters.
CHO cells were grown in McCoy's medium 5A in monolayer

cultures at 370C in a humidified 5% C02/95% air atmosphere.
McCoy's medium was supplemented with 10% fetal calf serum,
penicillin at 100 units/ml, and streptomycin at 100 pug/ml. Cell
doubling times were 13' 15 hr under these conditions. Cell
numbers were determined by using a hemacytometer. CHO
cells were synchronized by release of quiescent cultures as de-
scribed (26). In cultures released from quiescence, synchrony
was routinely 60-65%, as assayed by flow microfluorometric
measurements of cellular DNA content (15). Retinol solutions
were prepared in dioxane under red light and used immedi-
ately. Control cell populations received an equivalent amount
ofdioxane (0.5%), which was found to have no effect on growth
parameters, as described (15). All cells were handled under red
light when retinoids were used. Dose responses to retinoid an-

alogs of TGase and ODCase for the two cell lines are shown in
Table 1. Although a high concentration of retinol was required
in CHO cells to increase TGase activity and inhibit ODCase
expression, this concentration was nontoxic as assessed by col-
ony formation (15).

Table 1. Effects of retinoid analogs on the early peaks of TGase
and ODCase activities in mouse-melanoma cells stimulated to
differentiate with MSH and quiescent released CHO cells

Retinoid
analog

trans-
Retinoic
acid

Retinol

Conc.,

Activity, pmol/hr
per 106 cells

AM TGase
Mouse melanoma cells
Control 360

0.01 450
0.10 462
1.0 480
CHO cells

Control 1,560
50 1,690
80 1,700
120 2,060

ODCase

322
354
278
228

100
85
60
50

TGase Assay. TGase activity was assayed as the Ca2"-de-
pendent incorporation of [3H]putrescine into trichloroacetic
acid-precipitable protein. Cells were harvested by scraping,
sedimented, and sonicated (twice for 30 s) in 50 mM Tris HCI,
pH 8.3. The assay mixture contained 50mM Tris HC1 at pH 8.3,
30 mM NaCl, 10 mM dithiothreitol, 5 mM CaC12, 2.5 mg di-
methylcasein per ml, 0.2 mM putrescine, and 0.4 uM
[3H]putrescine in a final volume of 200 Al. The reaction was
initiated by addition of a 10,000 x g supernate of a lysate of 106
cells. Over 90% of TGase was in the cytosolic fraction in the
CHO cells, and the amount in the particulate fraction did not
alter as cells progressed through the cell cycle. In melanoma
cells, supernatant TGase activity was always higher than the
total homogenate, suggesting the presence of an inhibitor in the
particulate fraction. Therefore, this paper reports the cytosolic
fluctuations of the enzyme in response to MSH. The reaction
mixture was incubated for 20 min at 37C. A 50-pu aliquot was
then spotted on silica gel-impregnated glass fiber strips (ITLC)
and chromatographed in 5% trichloroacetic acid/0.2 M KCI as
described (5). Each time point represents duplicate determi-
nations of four separate cell lysates. Radioactivity of the tri-
chloroacetic acid precipitate was assessed by scintillation count-
ing in 6 ml oftoluene/Omnifluor. Activity was linear for 60 min
with respect to enzyme and substrate concentrations. In this
chromatographic system, the reaction product [3H]putrescine
covalently conjugated to protein remains at the origin while free
[3H]putrescine moves with the solvent front. Analysis of 1-cm
segments of chromatographed ITLC strips showed that, in the
presence or absence of added protein, more than 99.8% of the
free diamine moved away from the origin to the upper 2 cm of
the strip. Recovery of radiolabeled protein at the origin was
slightly better than that achieved with the filter paper proce-
dure (27). Background radioactivity was determined in assay
mixtures that did not contain the cell lysate. This was always
200-300 cpm and was subtracted from the assays.
ODCase Assay. ODCase activity was determined by mea-

suring the liberation of 14Co2 from L-[1-14C]ornithine as pre-
viously described with minor modifications (28). At the times
indicated, cells were collected by scraping with a rubber po-
liceman and sonicated in 0.5 ml of 50 mM Na2H/KH2PO4, pH
7.2, containing 0.1 mM EDTA, 1.0 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 5 mM NaF, and 0.03 mM pyr-
idoxal phosphate. Two 200-,ul aliquots ofa 10,000 x g supernate
from each sample were incubated for 60 min at 37VC in the pres-
ence of 0.5 mM L-[14C]ornithine. The pyridoxal phosphate-in-
dependent release of 14Co2 was determined at each sampling
time by incubating an equivalent amount of excess pooled su-
pernatant in the presence of 4-bromo-3-hydroxylbenzyloxy-
amine dihydrogen phosphate (28), and the amount of release
was subtracted from the sample values. The reaction was ter-
minated by addition of 0.25 ml of 1 M citric acid; the incubation
*was continued for another 15 min, and the CO2 evolved was
trapped by 20,u1 of NCS on a filter paper suspended above the
reaction. The filter paper was placed in 6 ml of toluene/Om-
nifluor, and radioactivity was determined in a liquid scintilla-
tion spectrometer.

RESULTS
Effects of Retinol and CHF2-Orn on TGase Activity inCHO

Cells. Fig. 1 illustrates that, in CHO cells released from qui-
escence, there was a biphasic increase in TGase activity as a
function of G1 progression, with maxima occurring at 3 and 5
hr. Also, after release there was a marked drop in TGase activity
within the first 2 hr. The early drop was not seen in cells that
received retinol, CHF2-Orn, or a combination of retinol and
CHF2-Orn. The biphasic expression of TGase was not due to

Xpu-x Cell Biology: Scott et al.
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FIG. 1. TGase activity in CHO cells released from quiescence (9)
and effects of retinol (87 ,uM) (A), retinol plus CHF2-Orn (10 mM)
(n), and CHF2-Orn alone (o) on TGase activity. This is a representative
experiment which was repeated with quadruplicate determinations of
TGase at each time point. Each experiment was within ± 10% of the
mean of the quadruplicate values of the other. The second peak some-
times occurred at 6 hr but was of the same magnitude.

two separate populations of cells progressing through cell cycle
because nearly identical data were obtained for TGase excur-
sions in CHO cells after mitotic shake-off, in which a greater
than 95% synchrony has been documented (23). The TGase in-
creases at 3 and 5 hr were not inhibited by cycloheximide
administration or actinomycin D administration (Table 2). In
fact, actinomycin D appeared to enhance the excursions of en-
zyme activity at certain time points.

Effects of Retinol and CHF2-Orn on ODCase Activity in
CHO Cells. There was a marked induction of ODCase activity

Table 2. Effects of inhibitors of RNA and protein synthesis
on activities of TGase and ODCase in CHO cells released
from quiescence

Time, Activity, pmol/hr per 106 cells
Enzyme hr Control Cycloheximide Actinomycin D
TGase 3 1,060 1,020

5 1,260 780
6 920 1,500

ODCase 4-5 160-180 40
TGase 3 1,080 1,110

6* 1,120 1,260
ODCase 5 140 50

The times shown represent peaks of enzyme activities after release
from quiescence. The second peak of TGase activity detected at 5 hr
after release from quiescence was delayed to 6 hrby the administration
of cycloheximide (5 pLg/ml). Actinomycin D (0.04 /Lg/ml) enhanced the
peak activities of TGase in these cells. Both cycloheximide and acti-
nomycin D inhibited the activity of ODCase.
* In these experiments, the second peak of TGase activity occurred at
6 hr. ODCase activity was low at 4 hr and was maximal at 5 hr.

that was maximal between 4 and 6 hr, expressed after the first
peak of TGase and continuing to increase until the second peak
of TGase activity was detected (Fig. 2). The maximal activity
of ODCase detected at 4-5 hr, 160-180 pmol/hr per 106 cells,
was inhibited approximately 65% by the administration of reti-
nol. The administration of CHF2-Orn resulted in almost total
inhibition ofODCase expression, and the combination ofretinol
and CHF2-OM completely inhibited any detectable increase in
ODCase after release from quiescence. The induction of OD-
Case activity was decreased significantly by cycloheximide and
by low-dose actinomycin D, indicative of transcriptional regu-
lation (Table 2). In some experiments, ODCase activity was low
at 4 hr and maximal at 5 hr, and TGase peaks occurred at 3 and
6 hr after release from quiescence (23). In all cases, the mag-
nitudes of the increases were similar.

Effect of Retinoic Acid on TGase Activity in Melanoma Cells
After MSH. In Cloudman S91 melanoma cells stimulated to
differentiate by the addition ofMSH to logarithmically growing
cultures, there was a greater than 2-fold increase in TGase ac-
tivity within 1 hr; the activity then rapidly declined, with a sec-
ond peak occurring 5 hr after the addition of MSH. When reti-
noic acid was added at the time of MSH addition, there was a
greater than 3-fold increase at 1 hr, and the activity remained
elevated more than 3-fold at 2 hr. again with the second peak
being similar to that for MSH addition alone (Fig. 3). The ad-
dition of retinoic acid alone resulted in a small but significant
increase in TGase activity detectable at 2 hr and a second peak
of TGase at 5 hr, which was again comparable to that detected
after MSH alone or a combination of MSH plus retinoic acid.
The addition ofcycloheximide abolished the first peak of TGase
activity at 1 hr but only shifted the second peak to 1 hr later,
suggesting that the first peak is translational in nature whereas
the second peak may be related to an activation phenomenon,
which has been shown to occur for the circulating TGase, factor
XIII (1). Actinomycin D did not alter the peak excursions but
delayed the first peak 1 hr and enhanced the second peak sig-
nificantly at 5 hr (Table 3). Cells without addition of MSH or

200

'o150

10

4)

50

4)

0 2 4 6 8
Time, hr

FIG. 2. ODCase activity in CHO cells after quiescent release (o)
and effect of retinol (87 uM) (A), CHF2-Orn (10 mM) (o), and retinol
plus CHF2-Orn (n) on ODCase activity in quiescent released CHO
cells. This experiment was conducted twice with quadruplicate deter-
minations at each time point.

Cell Biology: Scott et al.
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FRIG. 3. TGase activity in Cloudman S91 mouse melanoma cells,
logarithmic phase, stimulated to differentiate with MSH (0.1 pM)
(e), retinoic acid (83 ,uM) plusMSH (v), or retinoic acid alone (n). These
experiments were repeated and quadruplicate determinations were
done at each time point.

retinoic acid or both showed no fluctuation of TGase activity
throughout the time studied.

Effect of Retinoic Acid on ODCase Activity in Melanoma
Cells After MSH. Fig. 4 illustrates that, in Cloudman S91
mouse melanoma cells stimulated to differentiate by addition
of MSH to logarithmic phase cells, ODCase activity increased
to a peak 5-fold above the control level. This single peak of ac-
tivity occurred 4 hr after MSH, with maximal ODCase activity
detected prior to the increase of the second peak of TGase ac-
tivity. When the cells were exposed to retinoic acid plus MSH
Table 3. Effects of cycloheximide and actinomycin D on TGase
and ODCase activities in Cloudman S91 mouse melanoma cells
in logarithmic growth phase stimulated to differentiate by
addition of MSH

Activity, pmol/hr per 106 cells
Time, Cycloheximide Actinomycin D

Enzyme hr MSH + MSH + MSH
TGase 1 360 130

2 240 100
5 220 160
6 170 230

ODCase 4 330 50
TGase 1 370 190

2 240 380
5 250 340
6 170 190

ODCase 4 330 150

The times shown represent peaks of enzyme activities after MSH
application. TGase activity at 1 hr was inhibited by cycloheximide (5
pg/ml). The second peak was shifted to 1 hr later by cycloheximide.
Actinomycin D (0.04 pg/ml), on the other hand, delayed the 1-hr peak
by 1 hr and enhanced the second peak of activity. Both cycloheximide
and actinomycin D attenuated ODCase activity.

210-

0
70--

0 2 4 6
Time, hr

FIG. 4. ODCase activity in logarithmic phase Cloudman S91
mouse melanoma cells after stimulation with MSH (0.1 Am (9), MSH
and retinoic acid (83 ,uM) (v&), and retinoic acid alone (v). This exper-
iment was conducted twice with quadruplicate determinations at each
time point.

at zero hour, the increase in ODCase activity was attenuated
by 50%. In cells exposed only to retinoic acid at zero hour,
ODCase increased to an activity approximately one-third ofthe
activity with MSH alone. ODCase activity was abolished by the
addition ofcycloheximide with MSH at zero hour. The addition
of actinomycin D with MSH at zero hour resulted in a 30% in-
hibition at this concentration (Table 3).

DISCUSSION
CHO cells stimulated to proliferate and melanoma cells stim-
ulated to differentiate show rapid increases, in an inverse man-
ner, of two enzymes, TGase and ODCase. That is, the peak of
ODCase activity directly follows the decline of the first peak
of TGase activity. The second peak of TGase activity is coinci-
dent with the decline of ODCase activity at 6 hr in CHO cells
and at 5 hr in melanoma cells. In CHO cells, we found that 8-
bromo-cyclic AMP stimulated a 12-fold increase in ODCase
activity in G, ofthe cell cycle (23) but had no effect on the TGase
excursions. This suggests that control of the two enzymes is
mediated by separate hormonal pathways. Because TGase re-
quires Cae+ for activity, it seems likely that it may be regulated
by hormones that selectively alter calmodulin and other Cae+-
mediated events in the cell cycle (29).

Retinoid analogs altered the expression of the initial TGase
peak in both CHO and melanoma cells. In CHO cells, retinol
resulted in an increase from 1 through 3 hr. compared to a drop
from 1-2 hr and a peak at 3 hr in quiescent released cells. A
broad peak of activity also occurred after administration of
CHF2-Orn and CHF2-Orn plus retinol. This is evidence that
CHF2-Orn may affect events other than the direct irreversible
inhibition of ODCase (30-32). This may be related also to the
enhancement of ODCase inhibition by the combination of
CHF2-Orn and retinoic acid in neuroblastoma cells (12).

4096 Cell Biology: Scott et al.
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The ability of retinoids to enhance the magnitude of the first
peak of TGase in both differentiating tumor cells andCHO cells
and to inhibit ODCase activity in both cell lines is compatible
with the conjugation ofODCase by putrescine via a TGase-cat-
alyzed reaction with a concomitant decrease in activity (7, 8).
Alternatively, retinoids may alter the ability of cyclic AMP-de-
pendent protein kinase to translocate to the nucleus because
we have shown previously that retinol does not alter the acti-
vation of cyclic AMP-dependent protein kinase in CHO cells
in which ODCase expression is inhibited (14, 15, 18).
TGase activity in the two cell lines appears to be regulated

by activation and translational processes. In CHO cells, acti-
nomycin D and cycloheximide do not markedly alter the bi-
phasic expression of TGase during G1 progression, suggesting
activation of the enzyme; actinomycin D actually significantly
enhances the activity at certain times (23). This contrasts to
ODCase activity, which is inhibited to some extent by either
actinomycin D or cycloheximide in both cell lines. In melanoma
cells, the initial peak ofTGase activity is reduced by cyclohex-
imide and shifted to 1 hr later by actinomycin D. The second
peak of TGase activity is not affected by inhibitors of RNA or
protein synthesis.
The ability of retinoids to inhibit proliferation and enhance

differentiation (21, 22, 33-35) may be related to their ability to
inhibit ODCase activity and to rapidly increase the activity of
TGase (9, 23). Transformed cells are known to have lower TGase
activity than normal cells and be less differentiated (36), but the
ability of retinoids to alter TGase activity in cell cycle and in
response to a differentiating hormone has not been reported
previously. In line with other reports, the retinoid alone actually
increases ODCase activity (18). Retinoids alone also result in
a small increment in TGase activity in melanoma cells, sug-
gesting a complex interaction of retinoids with hormones such
as MSH. Isolation and characterization of putrescine-protein
conjugates should be informative.
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