Freon dall ALy S by
Vo T pp 45 400 Lanuary 1982
Cell Bulogy

Purification and properties of a rat liver protein that specifically
inhibits the proliferation of nonmalignant epithelial cells

from rat liver

{hepatic proliferation inhibitor/high-performance liquid chromatography/isoelectric focusing)
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ABSTRACT  An inhibitor of cell proliferation was purified
. from ratliver by alcohol precipitation, ultrafiltration, and DEAE-
cellulose chromatography. The hepatic profiferation inhibitor was
shown to be pure by polyacrylamide gel electrophoresis in the
presence of sodium dodecy! sulfate, analytical isoelectric focusing,
and high-performance liguid chromatography. The hepatic pro-
liferation inhibitor was found Lo have a molecular weight of 26,000
and an isoelectric point of 4.65. This protein inhibited the prolif-
eration of nonmalignant rat liver cells in culture, and removal of
the protein reversed the inhibition produced by low doses. It ex-
erted no effect on the proliferation of malignant rat liver cells.

Growth stimulatory factors. nutrients, and ions have been
shown to be important in the control of cell proliferation (1-3).
A number of factors that stimulate cell proliferation have been
purified from various tissues and are well characterized. In-
deed. many of these purified growth factors are commercially
available and are being used extensively to investigate various
aspects of cell biology. In contrast, little is known about the role
of growth inhibitory factors, although they clearly are involved
in the control of cell proliferation which itself is critical in the
carcinogenic process as discussed in depth by Potter (4, 3).
Considerable literature is available on the existence of inhibitors
of cell proliferation in different cells and tissues {6-15". but such
factors from normal tissues have not been purified.

Research in this laboratory has been directed toward under-
standing the mechanism of carcinogenesis, primarily in rat liver
cells in vitro. Recently, we reported the partial purification of
a growth inhibitory factor from rat liver that inhibited cell di-
vision in nonmalignant rat liver cells and activated cell division
in a few malignant rat liver cell lines (9, 10). This preparation
was not homogeneous and the presence of both growth stim-
ulatory and inhibitory factors could not be ruled out. Having
removed the growth stimulatory factor we now report the pu-
rification and properties of the hepatic proliferation inhibitor
{HPI). :

MATERIALS AND METHODS

Purification of HPL Preparation of the partially purified ex-
tract from rat livers was described (9). This extraction procedure
is a modification of that of Verly et al (16) and involves homog-
enization, in distilled water, of livers from 50 adult (200-250
g} male Fischer rats. After centrifugation of this homogenate at
105,000 X g for 2 hr, the supernatant fluid was subjected to
fractional precipitation with ethanol and the 70-87% ethanol
precipitate was collected. After lyophilization, this material was
redissolved in distilled water and filtered through an Amicon

PM-30t ultramembrane filter. The PM-30 filtrate was subjecteq
to Amicon U'M-10filtration and the retained material (retentate:
was then subjected to DEAE-ceilulose chromatography. The
total UM-10 retentate (B0 mg) was applied to a column (1.5 x
90 ¢m - of DEAE-cellulose (DE-23, Whatman) equilibrated wity
5 mM sodium phosphate at pH 6.0. The column was waghed
extensively with the same buffer until the 280-nm absorbanee
of the eluate reached the baseline level. Elution of the materig]
retained on the column was achieved with a linear 0-0.15 \(

NaCl gradient in the same buffer at a flow rate of 42 mi/hr. Tep.

milliliter fractions were collected, the material was concen.
trated by using UM-10 ultrafiltration, and the retentate was
diluted with distilled water; the concentration process was re.

peated three times. The final retentate was then lyophilized and

used for the various analyses. In some cases, aliquots were
treated with 0.1% trypsin {204 units/mg, Worthington) or 0.1%
Pronase (45 units/mg, Calbiochem) for 30 min at 37°C ina .05
M sodium phosphate at pH 8.0 before the analysis.
Electrophoretic Methods. Analvtical polyacrylamide gel
electrophoresis in the presence of NaDodSO, was carried out
by the method of Laemmli and Favre (17) on discontinuous 10%
polvacrylamide gels. Each lane received a minimum of 50 pg
of protein. Molecular weight determinations v:ere made on the
NaDodSO,-containing gels by using sovbean trypsin inhibitor.
chyvmotrypsinogen A, carbonic anhyvdrase, and ovalbumin as
markers. Analvtical isoclectric focusing was performed on poh-
acrvlamide gels (Ampholine PAG plates, pH 4.0-6.5, LKB
with the LKB Multiphor system as described by Winter ef of
{18). For determination of the pH gradient, an unfixed gel was
sliced into 5-mm sections, and each section was equilibrate d
overnight at 4°C in 0.5 ml of distilled water before the pH was
measured. After separation by the above electrophoretic tech
niques the gels were fixed in 15% trichloroacetic acid for 16 h:
They were then stained for protein with Coomassie brilliaz
blue R 250 or for carbohvdrates with periodic acid-Schift re
agent according to the method of Fairbanks et al (19).
High-Performance Liquid Chromatography (HPLC). 5¢p
arations were performed on a 0.46 X 25 cm Altex Ultrasher
ODS column (Alltech Associates, Arlington Heights. IL &
cording to the method of Henderson et al (20). A Walers HI'LL
svstem which included a mode! 450 variable was elength &
tector, a M-660 solvent programmer, a UGK sample inject 7
and two M-6000 solvent delivery pumps was used. One-mi
ter samples consisting of 50-150 ug of protein issolved
0.05% trifluoroacetic acid in water were injected and chres2
tographed by using a linear (0-20%) gradient of 0.05% tnf -
-
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—yetic acid in acetonitrile over 30 min at a flow rate of 1.0 mi/
..a. The absorbance of the column effluent was moni-
—red at 206 nm. Peak fractions were lyophilized prior to further
VSES-
r.:;i'u]mre Methods and Assay Conditions. Nonmalignant liver
«JIs were isolated from a 12-day-old male Fischer rat as de-
«nbed (21). The malignant liver cell line was isolated from a
ftagar colony of spontaneously transformed liver epithelial
<0 (22). Both cell lines were maintained routinely as mono-
ercultures in Ham's F-10 medium supplemented with 10%
w3l bovine serum (K. C. Biologicals, Lenexa, KS) (control
sedium). The cells were grown on plastic Petri dishes (Falcon
Pustics) and incubated at 37°C in humidity cabinets with a gas
__ ghase of 5% CO; in air. Throughout the purification, biological
“xtivity was determined by a quantitative assay based on the
reversible inhibition of cell proliferation as described in detail
ehewhere (9, 10). In brief, this assay involved plating cells at
s low density (20 cells per cm®) in 60-mm plastic Petri dishes
od after a 1-day attachment period, treating them with either
cootro} medium or control medium plus different concentra-
tions of HP1. After a treatment period of 4 days, the medium
was replaced with control medium or, in some dishes, medium
plus HPI was replaced with fresh medium plus HPL. The cells
were maintained for an additional 5 days and then fixed in meth-
mol and stained with Giemsa. The total number and size dis-
tibution of the stained cell colonies were determined by using
= Artek mode] 880 automatic colony counter (Artek Systems,
Famingdale, NY).

RESULTS

The various fractionation steps used in the purification proce-
dure (from 50 rat livers), the yields, and the specific activities
@ the material obtained at each step are summarized in Table
L A large amount of the material was removed by the ethanol
Pecipitation step. The EDy, of the 105,000 X g supernatant
eould not be assessed in the bioassay because the indicator liver
cells were digested by this material. Therefore, the actual en-
ment of the specific activity at this step could not be de-
®rmined unequivocally. The initial EDy, of the ethanol-pre-
;"Pltated material (300 pg/ml) was decreased by a factor of 1/
by the Amicon ultrafiltration. When applied to a DEAE-cel-
column, 6% of this Amicon fraction was retained after the

Miﬁcation of HPI from 50 adult rat livers
Total

Bract protein, EDi, Purification,
Mn step mg  pg/ml* fold*
m“-UUO » g
’:P’Ematant 62,400 $ _
oy % EOH eut 2,750 300 1
Yo, W/PM 30 80 50 6

Material retained

:IDEAE-cellulose

oy 5 2 150
¥e fraction eduted
& DEAE-cellulose

:x..;'gur_gl) 25 005 6000

So18 deﬁned as the effective dose, in pg/ml, giving approximately
w‘;hlbltmn of cell proliferation as determined by cell number
foney Counter) 4 days after treatment with or without different
eg of the materials. This assay is different from the colony assay
3 1 determine the reversible inhibition of HPI shown in Table
'R, .
' Nﬂd Purification of the inhibitory sctivity based on ED,,.

ut‘;‘"ﬂined: crude supernatant fraction was too cytotoxic for
on
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Fig. 1. DEAE-cellulose chromatogram of UM-10 retentate eluted
at pH 6.0 with NaCl gradient. Hatched ares, fracticns that contained
proliferation inhibitory activity.
extensive washing procedure used. The total material retained
on the column (eluted completely by 0.2 M NaCl) showed a
much higher specific activity. When the total retained material
was eluted with the linear NaCl gradient, six peak fractions were
obtained (Fig. 1). When these fractions were bioassaved, all the
growth inhibitory activity was found in the peak indicated by
the hatched area in Fig. 1. This represents 50% of the total
material retained on the DEAE-cellulose column (Table 1). The
active material from the DEAE-cellulose column (HFI, source
1) had the highest specific activity which represented a mini-
mum of a 6000-fold purificstion. Any material that was frac-
tonated away during the purification procedure {starting from
the Amicon filtration) had no proliferation inhibitory activity.

When heat-denatured, reduced samples were subjected to
electrophoresis in the presence of NaDodS0; {19), numerous
protein bands were detectable from the ethanol-precipated
material (Fig. 2, lane a) and the UM-10 retentate {Fig. 2, lane

. b}, only a single protein band was observed from the HPI,

source 1 (Fig. 2, lane c). This band did not stain with periodic
acid-Schiff reagent. Treatment of the purified material with
trypsin or Pronase resulted in the loss of this band as well as the
loss of its biological activity (data not shown). Electrophoresis
of protein markers (Fig. 2, lane €) under these conditions re-
vealed that the molecular weight of the protein was 26.000. Iso-
electric focusing, with its high resolution capahility, separated

M, . pH
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Fi. 2. Electrophoretic profiles of proteins isolated from rat liver
A minimum of 50 ug of protein was electrophoresed in each fane  Left
Polyacrylamide gel electrophoresis in 0 1% NaDedSO, 17 1and pratem
staining by the method of Diezel ¢t al. (231 Lanes a ethanol-prec.pi-
tated material: b. UM-10 retentate; c, HPI. source 1. d. HP1 source 2.
e. M. markers » 10 ' (Right' Isoelectric focusing Lanes  vthano-
precipitated fractiun. g. HPI, source |
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Fic. 3. HPLC of the UM-10 retentate. Solvent A, 0.05% trifluo-
roacelic acid in water; solvent B, 0.05% trifluoroacetic acid in aceton-
itrile; gradient, 0% solvent B to 20% solvent B over 30 min at a flow
rate of 1.0 ml/min.

the ethanol-precipitated material into a great number of com-
ponents but HPI, source 1, still consisted of a single protein
band with an isoelectric point of 4.65 (Fig. 2 Right).

HPLC of the UM-10 retentate {Fig. 3) showed the presence
of a number of components, whereas, under the same condi-
tions, HP1, source 1, was eluted as a sharp single peak at ap-
proximately 8% acetonitrile (Fig. 4). This HPLC peak fraction
(HP1, source 2) was lvophilized and analvzed further. When
subjected to NaDodS0,/polvacrylamide gel electrophoresis,
it migrated as a single band (Fig. 2, lane d) identical in position
to that of HPI, source 1 (Fig. 2, lane c).

The results of the bioassay are given in Table 2. At low con-
ecotrations {1-10 M) the purified material isolated either by
the DEAE-cellulose column alone {HPI, source 1) or by the
additional step using HPLC (HP1, source 2) inhibited the pro-
liferation of nonmalignant liver cell line as evidenced by the
reduced number of large cell colonies (diameter >0.5 mm) but
did not significantly affect the total number of colonies at the
lower doses. At a dose of 0.1 peg/ml or higher. the inhibition
was statistically highly significant. No countable colonies were
formed when nonmalignant liver cells were maintained with
HF1 for the entire duration of the experiment. The inhibitor had
no significant effect (inhibitory or activatory} on the prolifera-
tion of the malignant cell line NRL ST whether HPI was present
for 4 days or 4 + 5 days.

. DISCUSSION

Ever since the introduction of the chalone concept by Bullough
i11), studies involving inhibitors of cell proliferation have been
he subject of both controversy and eriticism. Although some
{this criticism was directed at the assav conditions and the very
‘igh concentrations of the inhibitors used, most dealt with the
«k of purity of the preparations tested. In a recent review (24},
“adal emphasized the need for purified material as well as re-
shle assays. The material that was isolated in this study was
ssidered to be pure because electrophoresis of this prepa-
ion by two different analvtical procedures resulted in a single

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

20
; 15}
g
< Lot
20
05 -]
e
4102
( 2
pd .
Py —— L——K' 0
| 1 4
0 10 20 30
Veolume, ml

Fic. 4. HPLC of HP], source 1. Conditions as in Fig. 8.

protein band. The possibility of a low molecular weight mnat
contaminant having the biological activity without actualh
being bound to the M, 26,000 protein may be ruled out for the
following reasons. {a) The biclogical activity was not lost or m
duced after extensive dialysis (9). (b) The activity was retained
by UM-10 ultrafiltration. (¢} The active material eluted in thr
void volume from a Sephadex G-25 column (9), indicating the
it was associated with a macromolecule larger than M, 25,00
(d) Analysis of the HPI by reverse-phase HPLC was monitorrd
at 206 nm, a condition that i highly sensitive. Undur these coor
ditions minor contaminants were not detected. (¢) Protevhr
digestion of the HPI, source 1, resulted in the total loss of & ™~
tivity as well as the loss of the M, 26,000 protein. If therr s®
a contaminating substance, it could not be separated by a» J 1
the techniques used and would have been tightly boundto S
M, 26,000 protein. Thus, the HPI is a protein (degradabl ¥ |
proteolvtic enzymes and with 8 Apg/A s ratio of 1.85: bt >7
a glycoprotein (not stainable by periodic acid-Schiff naz=’
It consists of a single subunit as revealed by NaDodSO/p+
acrylamide gel electrophoresis and shows no moleculas b
ogeneity by isoelectric focusing. As shown previously ¥
is not a thymidine-catabolizing enzyme or arginase. -
This purified protein {(HPI, source 1 or source 2 ¥ & ]
the proliferation of nonmalignant rat liver epithelial cvlis<" S
low concentrations, but it had no effect on the ﬂ‘l-ﬂ":"‘;: i
line. Many of the “hepatic chalone” preparations ™=
erto(14. 15, 25-29) inhibited DNA sy nthesis in mabr - !
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Table 2. Effect of HPI on proliferation of nonmalignent and malignant rat liver epithelial cells in culture

Fraction
Target HPI COIDD.iEB, no.t of la.rge
cells* Source £g/ml >02mm >0.5 mm j 3 colonies
FNRL 1 0 214 = 5(100) 94+ §(200) - C.44
0.01 201 =10 (84) 84 = 10 (89) NS 0.42
0.1 196+ 2 (82) 56 ¢ (59) <0.005 0.28
1.0f 192 5 (90) 2%z 5 (27 <{.001 0.13
10,0 83+ 8 (8D 11+ 4 1 <0.001 0.06
FNRL 2 0 214 = 5 (100) 84> 5(100) — .44
0.01 205 = 13 (96) 105 + 12 (112) NS 0.51
0.1t 181 = 4 (85) 80 2 (64) <0.005 0.33
108 182+ £ (85) 2= 1 (21 <0.001 0.1t
- . 10.0 680+ 5 (75) 8x 2 (@ <0.001 0.05
T - NRL ST 1 0 194 = 9{100) 166 = 7 (100) -— 0.86
0.5 181+ 3 (93) 161 3 (97 NS 0.89
1.0% 177 3 91 156+ 3 (94) NS 0.88
5.0 182+ & (g4) 158+ 6§ (95) NS 0.87
10.0 183 4 (94) 1564 2 4 (93) NS 0.84

e

* FNRL, nonmalignant: NRL ST, malignant.

*Mean * SEM of the number of colonies per dish, fr;)m six dishes per dose. The values in parentheses are percentages of the

Tespective control values,

*Student’s £ test was used for comparing the means. NS, nonsignificant,

¥ When this concentration of HPI was maintsined throughout the experimental period (4 + 5 days), no countable calonies were
formed in FNRL but there was no reduction in the oumber or size of NRL ST colonies.

atoma) cells; in one case, a liver extract was also reported (15)
b induce differentiation of the hepatoma cell line H-35. Inhib-
itory factors derived either from BSC 1, an epithelial cell line
bolated from kidney of African green mookey (6), or from calf
serum (7} have been shown to inhibit the proliferation of non-
®alignant epithelial cells. The serum factor (7) did show slight
whibition of proliferation in different malignant cells also. We
veshown earlier that partially purified proliferation inhibitors
m liver not only inhihit nonmalignant liver cells but act as
factors in some malignant liver cells (9, 10). HPI is now
to have no growth-promoting activity toward one of the
e malignant liver cell lines. The growth-promoting com-
Ponent(s) was recovered in another DEAE-cellulose chromato-
Baphic fraction and this material stimulated cell division of both
¢ malignant and the nonmalignant liver cell lines. The sep-
iration of the growth-stimulatory factor(s) from the HP] during
alt elytion may account for the fact that there was a 40-fold in-
in specificity activity of the inhibitor with only 50% de-
45¢ In protein (Table 1). The 6000-fold increase in specific
““_ﬂty observed during the purification procedure represents
* Winimal enhancement because the crude liver homogenate
Eytotoxic and could not be evaluated by bioassay.
e Major difficulty in studies with growth-inhibitory factors
.= 9een the problem of differentiating between reversible and
F};’Vﬁrsible inhibition. Short-term assays involving the use of
Ithymidine incorporation into DNA as the sole indicator of
o Proliferation have many apparent drawbacks and have been
Q::REd (30, 31). Recently, we described a simple quantitative
52y which takes into account the actual proliferative ca-
Pucity ‘?fa cell (9, 10). This assay, which is based on the ability
n culture to proliferate and form colonies after treatment
hh;?'}TOVaI of cytostatic inhibitors, distinguishes physiological
Mltmn of proliferation from acute cytotoxicity. When cells
%.j: for 4 days with such & reversible inhibitory factor are
Reg; from a block of cell division by being fed normal culture
b Um and are maintained for an additional 5 days thev would
%""Pected to form more smaller colonies and fewer larger
“les compared with the untreated control cell population
*r treatment with H PI. the fraction of the larger colonjes was

decreased with a concurrent increase in the fraction of the
smaller colonies. We have used a range of doses of HPI covering
4 orders of magnitude and found that, even when a low dose
(0.1 p1g/mi) was used, there was considerable inhibition of the
larger colonies (reversible inhibition) and very little inhibition
of the total colonies. However, when a dose of | or 10 ug/ml
was used, inhibition was observed also in the total of number
of colonies. This could be due to the incomplete removal of the
HP! on day 5, and effective doses may have remained for the
next 5 days, especially in the dishes receiving 10 ug/m!. This

- might explain the “toxicity” seen in such dishes. This is con-
sistent with the fact that no cell colonies were formed when HPI
at low concentrations was purposely left for 4 + 5 days with the
nonmalignant cells but no effect of HPI was observed in the
malignant cell line, NRL ST.

These results demonstrate that an endogenous protein can
exert a differential effect on the proliferation of malignant and
nonmalignant liver epithelial cells. Compared with the majority
of the proliferation-inhibitory factors reported sp far, HPI is
effective at a considerably lower concentration with the excep-
tion of the kidney cell inhibitors purified by Holley er ol (6)
which were tested in.cells cultured in a low-serum medium. The
differences in the dose-response compared with that of Holley
et ol (6) may be because we have tested HPI in nonmalignant
liver epithelial cells cultured with 10% serum, a condition re-
ported (6) to counteract the inhibitory effect or because there
is some minor active substance contaminating the HPI prepa-
ration. We have shown that, even in the presence of 10% serum.
HPl is active at a relatively low concentration. The second pos-
sibility is unlikely as discussed above. However, a physiological
association may exist between the HP] and some minor cofac-
tors. It is also likely that there may be an intrinsic difference
between different inhibitors isolated from: different sources
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