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Abstract. Two factors from normal rat liver cytoplasm inhibited the prolifera-
tion of cultured L-929 fibroblasts. One was arginase, the other was a small molec-
ular weight inhibitor stable to trypsin and heat treatment. The small molecular
weight inhibitor inhibited the protein and DNA synthesis of L-cells. Inhibition of
DNA synthesis was thought to be secondary to the inhibition of protein synthesis.
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In previous studies of rat liver cytoplasm, we showed the co-existence of
inhibitory and stimulatory factors modulating L-cell proliferation. Ethanol frac-
tionation separated the stimulant and inhibitant from each other; 45% satura-
tion precipitated the inhibitant (N45) and 70% saturation precipitated the stim-
ulant (N70). We also showed that inhibitory activity was stronger in normal
rat liver than in regenerating liver, and that stimulatory activity was enhanced
in regenerating rat liver. We suggested that these factors would be regulators
of cell proliferation (1).

In the next study, another strong inhibitory factor was found in the super-
natant of 709 ethanol saturation (N-sup). The properties of these two inhibi-
tory factors were investigated. The two inhibitory factors were separated by
DEAE-cellulose chromatography into an unbound fraction and a bound one.
The former inhibitant was shown to be arginase. The other inhibitant was
further purified by gel chromatography. In the present paper, we describe the
properties and activities of inhibitants and discuss endogenous regulators of cell
proliferation.

MATERIALS AND METHODS

Preparation of hepatic extract. Wister rats (60-100 g) were partially hepatectomized by the
method of Higgins and Anderson (2). The resected livers were used as normal livers.
Regenerating livers were harvested 24 h after the operation.

Normal and regenerating livers were washed in cold STE solution that contained 0.25
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M sucrose, 10 mM Tris-HCI, pH 7.4, and 1 mM ethylenediaminetetraacetic acid (EDTA),
and stocked at —80C. Stocked normal or regenerating livers were thawed, and homoge-
nized in STE solution. The post-mitochondrial supernatant was centrifuged at 105,000 xg
for 1h, and the supernatant was intensively dialysed against dialysis medium that contained
1 mM Tris-HCI, pH 7.4, and 5 mM 2-mercaptoethanol and lyophilized.

The supernatant fractions from the normal and regenerating livers were named NS,
and RS, respectively.

Ethanol fractionation. The supernatants were slowly saturated with chilled absolute etha-
nol up to 45% and 70% in the presence of 0.5 mM 2-mercaptoethanol under continuous
stirring.

After being left to stand for 1h, the precipitates were centrifuged at 6,000 rpm for 10
min. The precipitates from NS, and RS, after 45% ethanol saturation were named N45
and R45 respectively: the precipitates after 70% ethanol saturation were named N70 and
R70, and the supernatants after 70% saturation were named N-sup and R-sup.

DEAE-cellulose and Sephadex G-150 column chromatography. Samples were dissolved in TM
buffer which contained 10 mM Tris-HCI, pH 7.8, and 5 mM 2-mercaptoethanol.  They
were charged on DEAE-cellulose column or Sephadex G-150 column equilibrated with TM
buffer after homogenization and centrifugation at 10,000 xg, for 10 min. In DEAE-cellulose
column chromatography, fractionation was performed by step-wise elution.

All fractions were intensively dialysed against 1 mM Tris-HCl, pH 7.4, and 5 mM 2-
mercaptoethanol, then lyophilized.

Assay of the biological activity on cell proliferation of hepatic factors. The inhibitory and stim-
ulatory effects of hepatic factors on cell proliferation were assayed in the cultured 1.-929
mouse fibroblast system. All samples were dissolved in phosphate buffered saline (PBS(—))
and sterilized just prior to use. The amount of sample to be added was determined from
the protein concentration of the sample assayed by the method of Lowry et al. (11).

The assay procedure was as follows: L-cells were seeded in plastic dishes (7.55 ¢cm?)
(Toyoshimaseisakusho) with seeding medium (abbreviated as SM) that contained 2% tryptose
phosphate broth (TPB) and minimum essential medium (MEM). The assay was started at
48 h after the medium change with RM by replacing the RM with fresh growing medium
(GM) that contained RM plus 5% calf serum and samples for the assay of inhibitory activ-
ity, or by replacing with fresh RM and samples for the assay of stimulatory activity. The
number of cells was counted by a Coulter counter after 48 h culture at 37°C in a CO, gas
incubator. Three identical dishes were used for each experimental point. The percent of
inhibition was calsulated as:

(Cell count in GM—cell count in (GM +sample)) = Cell count in GM x 100
Percent stimulation was calculated as:

(Cell count in (RM + sample) — Cell count in RM) < Cell count in RM x 100

Assay of inhibitory activity on the synthesis of nucleic acids and proteins in L-cells. The assay of
DNA synthesis was carried out by the method of Rudland (3): Induction of G,-S phase
transition of resting cells was performed by replacing RM with GM (turning-on the resting
cells) (4) and labeling was performed with *H-thymidine (0.5 Ci mmol-!, 2.5 ,Ci ml~!, New
England Nuclear, NEN) for 4 h in the S phase, from 16 h after turning-on to 20 h. Radio-
activity on glass filters was counted in a toluene based scintillator by a Packard scintillation
counter. The assay of protein synthesis was carried out by the method of Rudland (3).

The assay of protein synthesis was performed with “C-leucine (0.63 Ci mmol-!, 0.25
1Ci ml—?, Radiochemical Centre, Amersham) in the G,-S transitional phase.
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The assay of RNA synthesis was carried out as follows: labeling was performed with
*H-uridine (0.6 Ci mmol-!, 2 ;,Ci ml~!, NEN) in the G,-S transitional phase for a certain
period, and after extracting the acid soluble radioactivity by the method of Rozengurt (5),
cells were treated with 0.5 M NaOH. The radioactivity in the acid insoluble fraction was
counted in a scintillator containing Triton X-100 (6).

To assay inhibitory effects on nucleic acid and protein synthesis, hepatic inhibitors were
added to the medium at the time of turning-on in the assay system of DNA synthesis, and
at the same time as the addition of radioactive precursors in the assay system of RNA and
protein synthesis.

Three identical dishes were used to obtain the mean value for radioactivity at each
experimental point. The percent variation from the control system was calculated as the
inhibitory activity by the formula:

(c.p.m. in GM — c.p.m. in (GM + sample)) — c.p.m. in GM X 100.

Arginase activity assay. The arginase activity was examined by the method of Van Slyke

@

RESULTS

Table 1 shows that the cytoplasm of normal rat liver contained at least
two inhibitors of L-cell proliferation (N45 and N-sup). Inhibitory activity of
N45 was found in the unbound fraction of DEAE-cellulose chromatography
(N45-TM fr.). The bound fraction (N45-NaCl fr.) did not show any inhibitory
activity on cell proliferation (Tables 2 and 3). The unbound fraction of DEAE-
cellulose chromatography of N70 also had slight inhibitory activity (N70-TM ft.).

Stimulatory activity was detected in the bound fraction of N70 eluted by
0.5M NaCl from the DEAE-cellulose column (N70-NaCl fr.; Tables 2 and 3).

The unbound fraction of DEAE-cellulose chromatography of rat cytoplasm
(N-A) had inhibitory activity (Fig. 1 and Table 4), which contained N45-TM fr.
and N70-TM fr. The inhibitor in the N-A fraction was shown to be arginase.

Strong arginase activity was detected in the N-A fraction, and its inhibitory
activity for cell proliferation was competitively and quantitatively inhibited by
l-arginine (Figs. 2 and 3). The second inhibitory factor in N-sup was fraction-
ated by Sephadex G-150 column chromatography (Fig. 4). The lower molecular

TasLe 1. EFFECTS OF HEPATIC INHIBITORY FACTORS ON L-CELL PROLIFERATION?

Cell number?

P 12
Sytems in 10-2 ercent contro.
Growing system (GM) 3374 + 81 100
GM + NS, (100 yg/ml) 2902 + 461 86.0
GM + N45 (100 pg/ml) 2172 + 263 64.4
GM + N-sup (100 »g/ml) 2258 + 235 66.9

a The assay procedure and the codes used are described in Materials and Methods.
b Calculation of cell number and percent control was done by the formula described in Mate-

rials and Methods.
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TasLe 2. EFFECTS OF INHIBITORY AND STIMULATORY FACTORS ON L-CELL PROLIFERATION?

Cell number?

Systems in 10-2 Percent control®
Growing system (GM) 1567 + 45 100
GM + N45-TM fr.c (40 yg/ml) 265 + 37 16.9
GM + N70-TM fr.c (40 yg/ml) 1169 + 102 74.6
Resting system (RM) 466 + 38 100
RM + N45-NaCl fr.c (40 4g/ml) 496 + 52 106.4
RM + N70-NaCl fr.¢ (40 yg/ml) 519 + 47 112.8

a The assay procedure is described in Materials and Methods.

b Calculation of cell number and percent control was done by the formula described in Mate-

rials and Methods.

¢ The unbound fractions of N45 and N70 ethanol fractions in DEAE-cellulose chromatography
were named N45-TM fr. and N70-TM fr., respectively. Fractions eluted by the addition of 0.5 M
NaCl were named N45-NaCl fr. and N70-NaCl fr., respectively.

Tasie 3. EFFECTS OF INHIBITORY AND STIMULATORY FACTORS ON DNA syNTHESIS OF L-CELLs®

SH-thymidine

Systems incorporated® Percent control®
(c.pm.)

Growing system (GM) 26,100 + 2430 100

GM + N45TM fr.c (50 yg/ml) 20,400 £ 994 78.2

GM + N45-NaCl fr.c (50 yg/ml) 28,500 + 2070 109
Resting system (RM) 4,320 + 260 100

RM + N70-TM fr.c (50 yg/ml) 4,046 + 503 93.7

RM + N70-NaCl fr.c (50 ng/ml) 6,777 + 252 157

a The assay procedure is described in Materials and Methods.

b SH-thymidine incorporated in acid insoluble fractions was detected in a scintillator by the
Calculation was done by the formula described

procedures described in Materials and Methods.

in the same section.
¢ The codes used are described in Table 3.

N-B

Fig. 1.

Pattern of step-wise elution of NS, from

DEAE-cellulose chromatography.

The unbound fraction was named N-A, fractions
eluted by the addition of 0.5 M NaCl and 1.0 M NaCl
were named N-B and N-C, respectively.

« 0.5 MNacl

0.D. 280

50 100
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TasLe 4. EFFECTS OF INHIBITORY FACTORS IN NS, ON L-CELL PROLIFERATION FRACTIONATED
By DEAE-CELLULOSE CHROMATOGRAPHY ®

Cell number

Systems in 10-2 Percent control
Growing system (GM) 596 + 43 100
GM + NS, (100 4,g/ml) 512 + 55 85.9
GM + N-A (100 ;,g/ml) 216 + 32 36.2
GM + N-B (100 yg/ml) 536 + 50 89.9
GM + N-C (30 ,g/ml) 572 + 44 96.0

a The assay procedure and calculation method are described in Materials and Methods. Sam-
ples were fractionated by DEAE-cellulose chromatography, and were named N-A, unbound fraction;
N-B, eluted by TM buffer plus 0.5 M NaCl; N-C, eluted by TM buffer plus 1.0 M NaCl, respectively.

10

Fig. 2. Arginase activity in N-A.
The arginase activity was examined
3 by the Method of Van Slyke (7).

Curve shows the proportionality be-
tween the amount of arginine hydrolyzed
and the amount of enzyme present in N-A.

J moles Urea formed / min. / ml

0 100 200 300

49 of N-A per ml
100

Fig. 3. Competitive effect of 1-arginine
on the inhibitory effect of N-A on cell
proliferation.

The percent of inhibition was calcu-
lated by the following formula: ((cell num-
ber in GM + l-arg.) — (cell no. in GM +
N-A (50 yg/ml) + l-arg.)] + ((cell no. in
GM)—(cell no. in GM + N-A (50 »g/ml)))

The abscissa indicates concentrations of

50

Percent of Inhibition

l-arg. in GM. Assay procedure for cell
proliferation is described in Materials and
Methods.

0 1 5 10

Conc. of L-arg. (mM )
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weight fraction showed strong inhibitory activity (N-sup-fr. II; Fig. 4 and
Table 5).

The apparent molecular weight of N-sup-fr. I was estimated as being
less than 10,000 dalton by SDS poly-acrylamide gel electrophoresis.

The N-B fraction, step-wisely eluted by the addition of 0.5 M NaCl on the
DEAE-cellulose column chromatography of NS,, was refractionated by Sephadex
G-150 column chromatography (Fig. 5). Strong inhibition of DNA synthesis
was found in the fraction of the lowest molecular weight peak (N-B-5; Fig. 5
and Table 6). The other four fractions did not have any inhibitory effect on
the DNA synthesis of L-cells.

fr.-1 fr.-II

1.0
Fig. 4. Sephadex G-150 chro-
matography pattern of N-sup.
The procedure is described in
0.5 Materials and Methods.
a
S

10 20 50

TaBLE 5. EFFECTS OF INHIBITORY FACTORS IN N.sup ox DNA SYNTHESIS FRACTIONATED
BY SEPHADEX G-150 CHROMATOGRAPHY ¢

SH-thymidine

. Percent
Systems incorporated®
control®
(c.p-m.)
Growing system (GM) 20,900 +2,350 100
GM + N-sup fr.T¢ (200 ,g/ml) 17,100 £ 750 81.8
GM + N-sup fr.[1¢ (100 ng/ml) 12,200 + 871 58.4

a The assay procedure is described in Materials and Methods.
b Calculation was done by the formula described in Materials and Methods.
¢ Fractionation pattern is shown in Fig. 4.
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Ls | B-1 B-2 B-3 B-4 B-5
) —
1.0
Fig. 5. Sephadex G-
150 chromatography pat-
tern of N-B. The proce-
dure is described in Ma-
0.5 terials and Methods.
4
(o]
0
50 100 150
Fr. No.
TasLe 6. INHiBITORY EFFECTS OF N-B-5 oN DNA syNTHESIS OF L-CELLS®
Systems Percent control
Growing system (GM) 100
GM + N-B-5
Exp. 1 (10 4g/ml) 11.6
Exp. 2 (10 4g/ml) 43.1
Exp. 3 (40 yg/ml) 53.7
Exp. 4 (100 y4g/ml) 45.4

a Assay system is described in Materials and Methods. The mean value of the incorporated
*H-thymidine was calculated from 3 identical experimental dishes in each system. The standard

deviations did not exceed 10% of the mean values.

The apparent molecular weight of N-B-5 was estimated to be less than
10,000 dalton by gel chromatography.

These results suggest that the inhibitory factors in N-sup-fr. I and N-B-5
might be the same inhibitant. ~We investigated the action mechanism of the
second inhibitor (N-B-5).

Synchronized L-cells were treated by N-B-5 according to the time schedule
shown in Fig. 6, and the inhibition of DNA synthesis was studied. ~N-B-5
showed much stronger inhibition of DNA synthesis when the cells were treated
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in the G,-S transitional phase than when they were treated in the S phase
(Fig. 6).

We studied the inhibitory effect of N-B-5 on RNA and protein synthesis
in the G,-S transitional phase. The results showed that N-B-5 inhibited protein
synthesis soon after treatment and continued its inhibitory effect (Fig. 7), but
did not inhibit RNA synthesis during 120 min of treatment (not shown). The
sensitivity of the inhibitory factors in N-B-5 to the trypsin and heat treatment
was investigated. The inhibitant was insensitive to both treatments (Table 7).

Treatment Schedule DNA Synthesis

—growing medium + N-B-5 ( percent of control ) Fig. 6. Effect of N-B-5 on
77 fresh growing mediun DNA synthesis in S phase by

the treatment in G,-S transi-

) tional phase.

""""" S, e 55.4, N-B-5 (14 pg/ml) was
.................... . oo 50.4 added to GM at each time in-
______________________________ — .t 460 dicated in the treatment sched-
ule, and after 4 h the medium

"""""""""""""""""""""" — 72.3 was changed with fresh GM.

__________ 1.8 Labeling with *H-thymidine

was performed for 4 h from 16
h after turning-on to 20 h.
The percentage of the con-

100.0

labeling trol was calculated by the for-
with “H-thymidine mula described in Materials

and Methods.

0 4 8 12 16 20 hours after turning-on

100

Fig. 7. Kinetic effect of N-B-5 on
protein synthesis in the G,-S transi-
tional phase.

N-B-5 (30 pg/ml) and “C-leucine
were added to the medium at 8h after
30 turning-on, and incubated for 30, 60

and 120 min. as indicated. The assay

Percent of Control

system of the incorporated "C-leucine
is described in Materials and Meth-
ods.

The percentage of the control was

0 calculated by the formula described
120 in Materials and Methods.

0 30 60

Mitute in Culture
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TasLe 7. EFFECTS OF TRYPSIN- AND HEAT-TREATMENT ON INHIBITORY ACTIVITY OF N-B-5
iN DNA syNTHESIS®

*H-thymidine incorporated

Systems
Y (c.p.m.)
Growing system (GM) 8,270 + 910
GM + N-B-5 (30 »g/ml) 230 + 42
GM + N-B-5 boiled® 240 + 38
GM + N-B-5 trypsin treated? 250 + 61

a The assay procedure is described in Materials and Methods.

b N-B-5 was boiled at 100C for 1 min, and one milligram of N-B-5 was treated with 10 ;g of
trypsin at 37C for 60 min. Trypsinization was terminated by the addition of 10 ;g of trypsin
inhibitor that did not show any effect on DNA synthesis by itself.

DISCUSSION

Two inhibitors of rat liver cytoplasm on cell proliferation were studied.
The first inhibitor, which was found in the N-A fr. of DEAE-cellulose chromat-
ography fractionation and the N45 fr. of ethanol fractionation, was arginase.
The inhibitory activity of rat liver arginase on cultured cells has already been
reported by Sasada ef al. (8). The cytoplasm of regenerating rat liver also had
arginase activity (not shown), therefore R45 probably contained arginase activity
not less than N45. It is still unclear why R45 exhibited less inhibitory activity
than N45.

Arginase was reported to cause no significant inhibition when administered
in vivo (9); therefore, the inhibitory effect of N45 on DNA synthesis in vivo after
partial hepatectomy (1) must be due to other inhibitors.

The second inhibitory factor in N-B-5 has not been reported previously.
The primary action of this N-B-5 inhibitor was thought to be inhibition of
protein synthesis. The inhibition of DNA synthesis would be secondary to inhi-
bition of protein synthesis in the G,-S transitional phase required for DNA syn-
thesis. N-B-5 showed an inhibitory effect on DNA synthesis even in the S phase
treatment (Fig. 6), and must be due to inhibition of some kind of protein syn-
thesis (10).

The data for UV absorption spectra (not shown) and stability against the
trypsin and heat treatment suggest that the N-B-5 inhibitor is a nucleotide deriv-
ative. Peptides in N-B-5 might be contamination. Further investigation and
purification of the inhibitor in N-B-5 and of the stimulator in the N70-NaCl fr.
are to be done.
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