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ABSTRACT ' The interference of microtubular disruptors
with the uptake of amino acids and other low molecular weight
substrates Ls been studied in Morris hepatomas, host liver, and
regeneratini liver. Colchicine inhibits amino acid transport
(a-aminoisobutyric acid, L-methionine, and L-leucine) in hep-
atomas by 59-98% whereas transport in host and regenerating
liver is not impeded but increased. In hepatomas, treatment
with colchicine also reduces the uptake of L-fiicose, cytidine,
urea, and carbonate. Vinblastine, but not lumicolchicine or
cytochalasin B, is an effective inhibitor. The inhibition of up-
take is not linked to a decrease of cellular ATP and UTP. The
data suggest that the transport of low molecular weight sub-
strates in hepatomas is related to microtubules or other colchi-
cine-binding structures, e.g., of the plasma membrane. This
colchicine-sensitive uptake system in hepatomas may be due
-to the malignant transformation of hepatocytes.

A variety of cellular functions primarly related to intracellular
translocation of macromolecules or to cell membrane dynamics
and architecture depend on an intact microtubular system.
Evidence is largely based on the interference of colchicine and
vinblastine with the assembly of microtubules (1, 2). Microtu-
bular disruption inhibits secretion of salivary gland mucin (3),
of hepatic very low density lipoproteins (4, 5), and of albumin
and other plasma proteins (6). Microtubule-associated functions
may also regulate lysosomal degranulation during phagocytosis
(7, 8) and influence the conversion of prohormones into their
active forms (9). The colchicine-induced inhibition of the
mobility of membrane components (10) and changes in plasma
membrane microviscosity associated with phagocytosis (11)
may reflect the close relationship between the microtubular
system and the cell membrane.

Little is known, however, about the role of microtubules in
transmembrane transport. Colchicine has been found to prevent
the increased capacity for amino acid transport of concanavalin
A-activated lymphocytes during the prereplicative phase (12)
and of proliferating hepatocytes after partial hepatectomy
without affecting the basic uptake of amino acids (13). This
report describes the influence of microtubule disruptors on the
uptake of various low molecular weight substances by Morris
hepatomas compared to normal liver and regenerating liver.
Our results suggest a colchicine-sensitive uptake system as a
characteristic feature of hepatocellular Morris carcinomas.

MATERIALS AND METHODS

Female Buffalo and ACI rats (150-180 g) were bred in our
laboratories and fed a commercial diet (Altromin R; Altromin
GmbH, Lage-Lippe, West Germany; containing 18-20% pro-
tein) and water ad libitum. The animals were kept in win-
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dowless rooms at 24°C with constant humidity and with light
from 7:30 a.m. to 7:30 p.m.

Morris hepatomas (originally obtained from H. P. Morris,
Howard University, Washington, DC) were inoculated into
both hind legs of ACI rats (9121) and Buffalo rats (7777).

Partial hepatectomy was performed between 8:00 and 9:00
a.m. (14); two-thirds of the liver was removed under slight ether
anesthesia. Drugs (Sigma) were administered intraperitoneally
between 8:00 and 9:00 a.m. at various time intervals prior to
injection of the labeled substrates. Radioactively labeled com-
pounds (Radiochemical Centre, Amersham, England) were
injected into the tail vein. Tissue samples were obtained by
freeze-clamping in situ under slight pentobarbital anesthesia
and kept in liquid nitrogen. The frozen tissue was transferred
to 10 vol of chilled 50 mM Tris-HCI, pH 7.5/25 mM KCl/5 mM
MgClp and was immediately homogenized. An acid-soluble
fraction was obtairied by precipitation of samples of the ho-
mogenate by addition of 3 vol of 10% (wt/vol) trichloroacetic
acid. The precipitate was removed by centrifugation, and ali-
quots of the supernatant were assayed for radioactivity in a
toluene/Triton X-100 scintillation fluid. Acid-insoluble ra-
dioactivity was determined as described (15). For quantitative
analysis of intracellular amino acid concentrations, tissue
samples were homogenized in 10 vol of 0.9 M HCIO,. After
centrifugation, the supernatant was neutralized with KHCOs.
The acidified samples were subjected to automatic amino acid
analysis. Nucleoside phosphate pools were measured enzy-
matically (16, 17). Protein content was measured by the biuret
method (18). Lumicolchicine, prepared according to Wilson
and Friedkin (19), was a gift from L. Stadler and W. W. Franke
from the Krebsforschungszentrum Heidelberg, West Germany.
Chemicals of analytical grade were obtained from Merck
(Darmstadt, West Germany) and Roth (Karlsruhe, West Ger-

many).

RESULTS

Effect of Colchicine on Uptake of Amino Acids and Other
Substrates by Liver and Hepatomas. The uptake of labeled
amino acids into acid-soluble and acid-insoluble cellular ma-
terial was significantly inhibited in hepatomas of rats treated
with colchicine at intervals of 2-8 hr prior to injection of the
isotope. Uptake into the acid-soluble material (Table 1) of
Morris hepatoma 7777 was reduced by 77% for L-[3*S]me-
thionine and by 59% for L-[!“C]leucine. Similarly, colchicine
decreased the incorporation of methionine and leucine into the
acid-insoluble material by 94% and 98%, respectively (Table
1). The same inhibitory effect of colchicine on methionine
uptake wis found in Morris hepatoma 9121.

In host liver, however, amino acid uptake and incorporation
were not inhibited, but colchicine increased L-[3Smethionine

Abbreviation: AIB, a-aminoisobutyric acid.
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Table 1. Effect of colchicine on uptake and incorporation of various substrates into host liver and hepatoma

Hepatoma - B Host liver
Substrate Colchicine-treated (% inhibition) Control Colchicine-treated (% increase) Control
Acid-soluble material
2-Amino[1-14C]isobutyric acid* 0.2+ 0.08(95) 40+ 14 76+ 3.5 (76) 43+ 05
L-[35S]Methionine* 130 +£26 (77) 541 + 72 1878 £422 (204) 616 + 70
L-[3*S]Methionine* 34 +£15 (81) 174 + 29 398 + 13 (73) 230 + 31
L-[1-14C]Leucine! 13 £ 3 (59 33 £ 1 64 £ 5 (52) 42 + 3
L-[6-3H]Fucose! 95 +35 (81) 485 + 50 627 + 262 695 + 65
[5-3H]Cytidine 6.1+ 14 (88) 52 + 8 62 + 4 64 + 8
[14C]Ureat 21+ 14 (62) 54+ 25 62+ 05 58+ 09
Sodium ['4C]carbonatet 17 £ 4 (84) 104 + 14 270 + 62 (73) 156 + 20
Acid-insoluble material
2-Amino[1-14Clisobutyric acid* — — — . —
L-[35S]Methioninet 94 27 (94) 1594 + 801 5815 + 78 (44) 4025 =+ 643
L-[35S]Methionine* 4 +29 (95) 976 + 252 1169 = 13 (<1) 1138 + 192
L-[1-14C]Leucine’ 11 + 6 (98) 725 +119 908 +106 (<1) 1005 + 225
L-[6-3H]Fucose* 111 +12 (69) 349 + 217 644 +311 (11) 578 +116
[5-*H]Cytidinet — — — —
[14C]Ureat — — — —
Sodium [!4C]carbonatet 1.9+ 1.2 (98) 81 + 24 404 +116 (46) 276 +69

Buffalo rats bearing Morris hepatoma 7777 or ACI rats bearing Morris hepatoma 9121 were treated with 0.25 mg of colchicine (1 mg/ml of
0.9% NaCl) per 100 g body weight intraperitoneally (controls received saline). Six hours later the animals were pulse-labeled with one of the
following substrates for 30 min (1 Ci = 3.7 X 1010 becquerels): 160 uCi (Buffalo rats) or 40 uCi (ACI rats) of L-[3*S]methionine (945 Ci/mmol),
5 uCi of L-[1-14C]leucine (59 Ci/mol), 0.5 mCi of Nag[!4C]carbonate (56.5 Ci/mol), 5 uCi of a-amino[1-14C]isobutyric acid (60 Ci/mol), 100 uCi
of L-[6-3H]fucose (16.6 Ci/mmol), 50 uCi of [5-3H]cytidine (23.8 Ci/mmol), and 15 uCi of [14C]urea (59 Ci/mol) per 100 g body weight each. Ra-
dioactivity was then determined. Percent inhibition or increase of uptake into drug-treated rats compared to controls (100%) is given in parentheses.
Data represent mean uptake + SEM in dpm per mg of tissue wet weight from three animals each.

* ACI rats bearing Morris hepatoma 9121.
t Buffalo rats bearing Morris hepatoma 7777.

radioactivity—e.g., 3-fold in the acid-soluble fraction and less
so into liver proteins (Table 1). Regenerating liver 24 and 48
hr after partial hepatectomy behaved like host liver (Table 2).
To distinguish between effects on transport and metabolism of
amino acids, we determined the influence of colchicine on the
uptake of the nonmetabolizable amino acid a-aminoisobutyric
acid (AIB). In hepatoma 7777, the drug decreased the uptake
of AIB by 95%; transport of AIB into host liver was not im-
paired, but increased by 76%. The initial rates of uptake im-
mediately after the injection of the labeled amino acids were
decreased by colchicine, indicating that the inhibitory effect
in hepatomas is related to transport processes (Fig. 1).

The inhibition of uptake by colchicine in hepatoma tissue
was not restricted to amino acids, but also involved the uptake
of other small molecules such as L-fucose, cytidine, urea, and
carbonate, as shown in Morris hepatoma 7777 (Table 1). In host
liver, uptake and incorporation of these substrates (except for
carbonate) were not changed by colchicine. The increase of
acid-soluble and acid-insoluble radioactivity found in host liver
after injection of [!4C]carbonate is possibly a result of its con-
version to arginine.

Control hepatomas (7777 and 9121) had moderately less
uptake and incorporation of substrates than did the control host
livers (Table 1), confirming comparative studies on the uptake
of AIB (20) and nucleic acid precursors (21) in Morris hepato-
mas 9618A, 7777, and 5123C. The diverse effects of colchicine
upon the uptake of amino acids into hepatoma and host liver
were dose dependent, as shown for L-leucine (Fig. 2). In Morris
hepatoma 7777, colchicine inhibited the uptake of L-leucine
into both the acid-soluble and acid-insoluble fractions at doses
as low as 0.75 mg/kg body weight with a maximal effect at
doses of 1.5-2.5 mg/kg body weight. In host liver, colchicine
conversely increased the uptake of L-leucine into the acid-sol-
uble material in a dose-dependent manner; after an initial de-
cline, it moderately increased the uptake into the acid-insoluble
material.

Specificity of Inhibitory Effect of Microtubular Disrup-
tors. Vinblastine sulfate, which binds to tubulin and interferes
with microtubule assembly, is also an effective inhibitor in
Morris hepatomas, whereas lumicolchicine, a structural isomer
of colchicine which does not interact with microtubule protein
(22), was not effective (Table 3). Pretreatment with an equi-

Table 2. Effect of colchicine on uptake and incorporation of L-[3*S]methionine
into regenerating liver

Acid-soluble

Acid-insoluble

Time after partial  Colchicine-treated

Colchicine-treated

hepatectomy, hr (% increase) Control (% increase) Control
24 414 + 87 (36) 304 + 65 1653 + 204 (<1) 1790 + 423
48 404 + 8(70) 238+ 4 1501 £ 76 (19) 1259 + 391

Twenty-four and 48 hr after partial hepatectomy, uptake and incorporation of L-[3S]methionine
(40 uCi/100 g body weight) into the regenerating liver of ACI rats were determined according to the
procedures of Table 1. Data represent mean uptake + SEM in dpm per mg of tissue wet weight from

three animals each.
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Fi1G. 1. Effect of colchicine on initial rates of uptake and incor-
poration of leucine into Morris hepatoma 7777. Buffalo rats bearing
Morris hepatoma 7777 were injected with 5 uCi of L-[1-14C]leucine
(59 Ci/mol) per 100 g body weight intravenously 6 hr after intraperi-
toneal administration of 0.25 mg of colchicine per 100 g body weight.
Organ samples were obtained at various times after injection of the
label and radioactivity was determined. Each point represents the
mean + SEM for three tissues from control (---) and colchicine-
treated (—) rats. ® and O, Total radioactivity; A and A, acid-soluble
radioactivity; ® and 0, acid-insoluble radioactivity. i

molar dose of cytochalasin B did not inhibit uptake of L-[35S]-
methionine. That the specific inhibition of uptake in hepatomas
is caused by a preferential enrichment of the drug was ruled
out by measuring the entry of [ring-C-methoxyl-3H]colchicine
into liver and hepatoma. Only 0.15 nmol was taken up per g wet
weight into Morris hepatoma 7777 as compared to 0.76 nmol

Proc. Natl. Acad. Sci. USA 77 (1980)

Table 3. Specifity of inhibitory effect of microtubular disruptors
on uptake and incorporation of methionine into
host liver and hepatoma

Hepatoma 7777 Host liver
Acid- Acid- Acid- Acid-
Drug soluble insoluble soluble insoluble
Colchicine 23 6 300 144
Vinblastine 40 3 98 84
Lumicolchicine 105 113 84 89
Cytochalasin B 177 150 111 117

Buffalo rats bearing Morris hepatoma 7777 were intraperitoneally
injected with 0.25 mg of colchicine (1 mg/ml of 0.9% NaCl), 0.6 mg of
vinblastine (1 mg/ml of 0.9% NaCl), 0.25 mg of lumicolchicine [0.25
mg/ml of 10% (vol/vol) ethanol], or 0.6 mg of cytochalasin B [1 mg/ml
of 20% dimethyl sulfoxide/H20 (vol/vol)] per 100 g body weight each.
(Controls received an equal amount of the respective solvent.) Six
hours later, 40 uCi of L-[35S]methionine per 100 g body weight was
injected intravenously. Tissue samples were obtained 30 min later
and assayed for radioactivity. The uptake and incorporation into livers
and hepatomas were calculated as dpm/g tissue wet weight and ex-
pressed as percentage of uptake and incorporation into controls. Each
value represents the results from three drug-treated rats as compared
to three controls; the determinations did not diverge more than 20%.

taken up per g wet weight into liver when 12.5 nmol of labeled
colchicine per g body weight was intravenously injected into
tumor-bearing rats.

Influence of Colchicine on Nucleoside Phosphate Levels
and Amino Acid Pools. The effect of colchicine on nucleoside
phosphate levels was investigated to exclude the possibility that
drug action is due to interference with cellular energetics. There
was no significant decrease in the concentration of adenine and
uridine nucleotides, whereas the uptake of L-[3H|fucose was
significantly impeded (Table 4). In order to examine whether
the effect of colchicine on amino acid uptake is related to
changes in amino acid pool size, we determined intracellular
amino acid concentrations in the acid-soluble fraction by
quantitative analysis. In both host liver and hepatoma, the
concentrations of free threonine, valine, isoleucine, leucine,
tyrosine, and phenylalanine increased identically 2- to 3-fold
by colchicine compared to untreated controls. The levels of
other amino acids, including methionine, were not significantly
changed in both tissues.

FIG. 2. Effect of colchicine dose on leucine
uptake and incorporation in hepatoma and host
liver. (A) Acid-insoluble radioactivity; (B)
acid-soluble radioactivity. Buffalo rats bearing
Morris hepatoma 7777 were intraperitoneally
injected with the doses of colchicine indicated 6
hr prior to intravenous administration of 5 uCi
of L-[1-14C]leucine per 100 g body weight. Tissue
samples were obtained 30 min after injection of
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Table 4. Effect of colchicine on concentrations of adenine and uridine nucleotides and on uptake of L-[2H]fucose
Concentration;pmol/g.of tissue wet weight Uptake of L-[3H]fucose,

Tissue ATP ADP AMP UTP + UDP UMP dpm/mg of tissue wet weight
Hepatoma 7777
Colchicine 053+0.14 143+010 1064010 016+005 0.16+0.02 277+ 90
Controls 0.46 + 0.01 199+0.25 117012 0.18+0.02 0.20+0.01 509 + 132
Host liver
Colchicine 209+0.14 190+0.10 0.17+008 029+0.02 0.04+£0.01 738+ 97
Controls 202+£006 164+010 014+001 0.28+003 0.02+0.01 826 + 135

Adenine and uridine nucleotide concentrations were measured in Morris hepatoma 7777 and host liver of Buffalo rats
2.5 hr after intraperitoneal injection of 0.15 mg of colchicine per 100 g body weight. L-[6-3H]Fucose (50 uCi/100 g body weight)
was injected intravenously 10 min before the animals were killed. Data represent means + SEM from three animals each.

DISCUSSION

Colchicine blocks the transport of AIB and naturally occurring
amino acids into Morris hepatomas but not into host liver. In-
hibition is also not observed in regenerating liver, confirming
the reported lack of effect on AIB transport by colchicine given
7 hr after partial hepatectomy (13). Therefore, these data
suggest a colchicine-sensitive uptake system as a characteristic
feature of hepatomas and, possibly, of other malignant cells.
This assumption is supported by a decrease in the uphill
transport of AIB by vinca alkaloids in Ehrlich ascites cells;
however, the decrease was only 30% (23), whereas in Morris
hepatomas we find a 95% inhibition of uptake. It is therefore
advisable to investigate the influence of these drugs on transport
systems in other malignant cells because changes in uptake
appear to be crucial in malignant transformation (24).

The inhibition of uptake in hepatomas described here differs
from the specific inhibition of nucleoside transport by colchi-
cine and lumicolchicine in several cell lines (25). The blockage
of uptake in Morris hepatomas is a general one, involving a
variety of low molecular weight substrates and, unlike the study
described in ref. 25, is restricted to drugs with a binding affinity
for tubulin. Whereas vinblastine is also an effective inhibitor,
neither lumicolchicine nor cytochalasin B interferes with amino
acid uptake in hepatomas. Because the inhibition of uptake does
not depend on a lack of cellular ATP, the effect of microtubule
disruptors is not mediated by energy depletion. A preferential
uptake of colchicine into hepatomas could be excluded. Fur-
thermore, the opposite effects of colchicine on amino acid
uptake in liver and hepatoma cannot be explained by changes
in amino acid pool size; the increase by colchicine in the in-
tracellular level of some amino acids, including L-leucine but
not methionine, in host liver (26, 27) also occurs in hepatomas.
The increased amino acid concentrations (e.g., of leucine) in
colchicine-treated hepatomas despite the blockage of uptake
indicate that the size of a given amino acid pool is presumably
ruled not only by the rate of transport of the amino acid but also
by its metabolism to other products and the overall rates of
protein synthesis and degradation. Moreover, a concomitant
inhibition of protein synthesis by colchicine must be considered
in both tissues because, in drug-treated hepatomas, inhibition
of uptake of naturally occurring amino acids into the acid-sol-
uble material is less than into protein and is less marked than
inhibition of AIB uptake. By contrast, the increase of acid-sol-
uble radioactivity in host liver is followed by a smaller increase
of protein-bound isotope.

Several molecular mechanisms could be invoked for the ef-
fect of colchicine and vinblastine on transport in hepatomas.
One is direct interaction of both drugs with plasma membrane
components. Tubulin or similar colchicine-binding proteins
were detected in the plasma membrane of rat liver (28, 29).
These colchicine-sensitive membrane components may be es-

sential for the coordinated control of basic nutrient uptake. Such

regulatory sites might be altered in transformed cells in view
of changes in uptake in malignant cells (30, 31). Moreover, our
observations might reflect a proximity among uptake systems
newly appearing during malignant transformation of hepato-
cytes. During dedifferentiation and loss of specific cell functions
such as protein secretion (32), the elaborate transport systems
may also dedifferentiate, and uptake of nutrients would possibly
be achieved by simple processes such as micropinocytosis, for
example. These new uptake mechanisms could depend on
variables such as plasma membrane microviscosity or the lateral
mobility of membrane components, both of which are affected
by colchicine (10, 11). The effect of colchicine and vinblastine
could be due to changes in composition (33) and turnover (15,
34) of membrane proteins and glycoproteins in hepatomas.
Finally, colchicine and vinblastine disaggregate the microtu-
bular cytoskeleton in hepatomas. This system is involved in the
flow of secretory vesicles from the endoplasmic reticulum to
the cell surface (85). Conversely, the microtubular system may
be essential for the formation and detachment of endocytotic
vesicles from the plasma membrane or the movement of carrier
proteins within the plasma membrane.
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