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Summar y Tissue protein hypercatabolism (TPH) is an important feature in cancer cachexia, particularly with regard to the skeletal muscle.
The Yoshida AH-130 rat ascites hepatoma is a model system for studying the mechanisms involved in the processes that lead to tissue
depletion, since it induces in the host a rapid and progressive muscle wasting, primarily due to TPH. The present study was aimed at
investigating if IL-15, which is known to favour muscle fibre hypertrophy, could antagonize the enhanced muscle protein breakdown in this
cancer cachexia model. Indeed, IL-15 treatment partly inhibited skeletal muscle wasting in AH-130-bearing rats by decreasing (8-fold) protein
degradative rates (as measured by “C-bicarbonate pre-loading of muscle proteins) to values even lower than those observed in non-tumour-
bearing animals. These alterations in protein breakdown rates were associated with an inhibition of the ATP-ubiquitin-dependent proteolytic
pathway (35% and 41% for 2.4 and 1.2 kb ubiquitin mRNA, and 57% for the C8 proteasome subunit, respectively). The cytokine did not
modify the plasma levels of corticosterone and insulin in the tumour hosts. The present data give new insights into the mechanisms by which
IL-15 exerts its preventive effect on muscle protein wasting and seem to warrant the implementation of experimental protocols involving the
use of the cytokine in the treatment of pathological states characterized by TPH, particularly in skeletal muscle, such as in the present model
of cancer cachexia. © 2000 Cancer Research Campaign
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Malignant neoplasms frequently induce a progressive loss of leasf tumour necrosis factax (TNF) and perturbations in hormonal
body mass in the host, associated with marked alterations imomeostasisTessitore et al, 1983 may play an important role in
endocrine and metabolic homeostasis. Skeletal muscle tissurcing metabolic balance towards the catabolic side.
which accounts for almost half of the whole body protein mass, is Interleukin-15 (IL-15) is a novel cytokine first identified in the
severely #ected in cancer cachexia (Lawson et al, 1982;supernatant of the monkey epithelial cell ling-EBNA as a
Morrison, 1989;Tisdale, 1992). Muscle wasting in cachexia is factor capable of stimulatingcell activity (Grabstein et al, 1994),
associated with enhanced protein turnover rates (Kien andnd enhancing their antitumour properties (Munger et al, 1995).
Camitta, 1983; 1987; Beck afiésdale, 1989; Melville et al, 1990; Indeed, IL-15 induced-cell proliferation (Bruton et al, 1994),
Beck et al, 1991). In addition, cachexia tends to develop at rathe@nhances natural killer (NK) cell actiyjtupregulates production
late stages of neoplastic disease. Thus, preventing muscle wastiofy NK-cell-derived cytokines, including-interferon ¢-IFN),
in cancer patients is of great potential clinical interest. Whether thgranulocyte/macrophage-colony stimulating factor (GM-CSF) and
negative protein balance results from altered rates of synthesis ©NF (Carson et al, 1994), and promotes NK cell survival (Carson
breakdown or from changes on both sides of muscle proteiat al, 1997). In addition, it stimulates proliferation arffiedéentia-
turnover remains unclear (Lundholm et al, 1979; Emery et altion of B cells activated by anti-immunoglobulin M antibodies
1982; Pain et al, 198Zessitore et al, 198]. (Armitage et al, 1995) and may protect T cells and neutrophils
The Yoshida AH-130 rat ascites hepatoma is a suitable moddtom apoptosis (Akbar et al, 1996; Girard et al, 1996), being a
system for studying the mechanisms involved in the establishmepbtent inhibitor of apoptosis both in vitro and in vivo (Bulfone-
of cachexia. Its growth in the host causes rapid and progressive loBaus et al, 1997). Despite the lack of significant sequence
of body weight and tissue wasting, particularly in skeletal musclehomolog, IL-15 shares many biological activities with IL-2 since
Acceleration of tissue protein breakdown accounts for most of this function are mediated through tRearnd y chains of the IL-2
wasting in AH-130 bearers (Baccino et al, 1986éssitore et al, receptor (Giri et al, 1994). Howeveunlike IL-2, which is
1986; 1983; 1993). In particula, skeletal muscle hypercatabo- produced almost exclusively by activated T cells, the IL-15 gene is
lism involves hyperactivation of thé\TP-ubiquitin-dependent not expressed in these cells (Grabstein et al, 1994), but rather IL-
proteolytic system (Llovera et al, 1994). Detectable plasma level$5 mRNA has been detected in placenta, skeletal muscleykidne
lung, heart (Grabstein et al, 1994) and intestinal epithelial cells
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contractile proteins (Quinn et al, 1995), suggesting that IL-15 may20 ug) were denatured, subjected to 1.2% agarose gel elec-
play a role in skeletal muscle fibre growth in vivo. Bearing all thistrophoresis and transferred to Hybond N membrane (Amersham).
in mind, it was the aim of the present investigation to assess tHRNA was fixed to the membranes by Genelinker (Biorad).
effects of IL-15 administration on the skeletal muscle protein The RNA in gel and filters was visualized with ethidium
turnover in rats bearing a cachexia-generating, fast-growingpromide and photographed by UV transillumination to ensure the
tumour. integrity of RNA, to check the loading of equivalent amounts of
RNA and to confirm proper transfeRNA was trasferred in(@x
standard saline citrate (SSC: ®NI NaCl and 5 mM sodium
citrate, pH 7.0). Hybridization was done af@%overnight in the
hybridization bdfer (0.5 M Na,HPQ,, 7% SDS,1 mM EDTA,
1% BSA, 10% dextran sulphate), and denatured labelled probes
Male Wistar rats (Interfauna, Barcelona, Spain) weighing approxi{10°—10 cpm mt?) were added.
mately110-13% g were utilized. The animals were maintained on Radiolabelled probes were prepared by the random priming
a regular light—dark cycle (light from 8 am to 8 pm) and had freenethod (BoehringeMannheim). The ubiquitin probe used was a
access to food and wateThe diet (Panlab, Barcelona, Spain) cDNA clone containing 12 base pairs of the second ubiquitin
consisted of 54% carbohydrate, 17% protein and 5% fat (theoding sequence plus a complete third and fourth ubiquitin coding
residue was non-digestible material). Rats were divided into tweequence and 120 base pairs of thandranslated region of the
groups, controls and tumour hosts. The latter received an intrapehicken polyubiquitin gene UB1 (Bond and Schlesind®85).
toneal inoculum of 1AH-130 Yoshida ascites hepatoma cells The C8 proteasome subunit probe used was a cDNA clone
obtained from exponential tumours (for details Sessitore et al, containing 850 base pairs of the rat C8 proteasome ganeka et
1987a). Both groups were further divided into treated andal, 1990). UV light-illuminated ethidium bromide staining of the
untreated, the former being administered a daily s.c. dose of IL-1838S rRNA was used as a control of loading. Filters were exposed
(100 pg kg* b.w. dissolved in physiological saline solution), the to Hyperfilm-MP films (Amersham) at —8C for 2—4 days and
latter a corresponding volume of vehicle. quantified by scanning densitometr

On days 0, 4, and 7 after tumour transplantation, animals were
weighed and anaesthesized with diethyl etfide tumour was
harvested from the peritoneal cgyitts volume and cellularity
evaluated. Blood was collected from the abdominal aorta int&irculating corticosterone was evaluated by a rat radioim-
heparinized tubes and centrifuged (88010 min, £C) to obtain ~ munoassay (IDS, Boldon, England). Insulin was measured by
plasma.Tissues were rapidly excised, weighed, and frozen ifadioimmunoassay by the method of Albano et al (1972), using rat
liquid nitrogen Tessitore et al, 1987 1993). insulin as working standard.

MATERIALS AND METHODS

Animals, tumour inoculation and treatment

Plasma hormones

Protein turnover Data presentation

Protein turnover rates were determined by a method that, as preR&ta are given as meaaSEM Studeris t-test was used to calcu-
ously discussedTéssitore et al, 1987 1993), offers the best late the significance of tierences.

compromise for monitoring protein synthesis and degradation

simultaneously in the same animal (Garlick et al, 1975). Briefl Chemicals

apparent rates of synthesis and degradation for proteins of the SIOVYI

turnover pool were evaluated by measuring the decay in speciﬂ,%‘/I enhzy_mesB andlcoenzsym_e N we;g obtalgedero_m I\IiooehsggAe
and total protein radioactivity in tibialis muscles after labeling in'"a""MeIM (Barcelona, Spain) or Sigma (St. Louis, MO, ),

e . "
vivo, 24 h before tumour transplantation, with a single intraperi-SOdIum ‘C-bicarbonate BmCi_mmof) from New England

toneal dose of sodiuffC-bicarbonate (25uCi kg* bw.). Four Nugllear (B%stgnk,) N:A’ USA).CRecomtpinané huttT;n hl.L'ltS was
days after tumour inoculation, fractional rates of protein degrada%f'n y provided by Immunex Corporation (Seatfiashington,

tion (k), synthesis (§, and accumulation (kwere calculated as USA).

follows and expressed as % per day:
k, = In(total protein radioactivity)/t RESULTS
k, = In(specific protein radioactivity)/t The Yoshida AH-130 rat ascites hepatoma grew exponentially for
k.= In(total protein)/t 4-5 days then shifted into a stationary phase approximately 7 days

Muscle protein extraction was carried out by using aafter transplantation, as previously showassitore et al, 198y.
trichloroacetic acid precipitation method, as previously describedumour growth was not significantlffacted by IL-15 Table 1).
(Costelli et al, 1993)Tissue protein was determined by the As shown inTable 1, the loss of body weight in tumour bearers
method of Bradford (1976), using bovine serum albumin adecame clear by day 7 and was less marked in the IL-15-treated
working standard. tumou-bearing group. A reduction of white adipose tissue mass
was detectable at day 4 in IL-15-treated controls; this tissue was
also diminished in tumour bearers (both at days 4 and 7), yet not
further dfected to a significant degree by the cytokine treatment.
Total RNA from tibialis muscle was extracted using theLiver was hypotrophic 4 days after tumour inoculation and even
acid guanidinium isothiocyanate/phenol/chloroform method asnore so by day 7, when a significant protectiffea exerted by
described by Chomczynski and Sacchi (1987). RNA sampleH_-15 on this tissue was observed.

RNA isolation and Northern blot analysis
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Table 1 Body and tissue weight and tumour growth in AH-130 hosts

Time Tumour Treatment Body weight (g) Liver WAT BAT Total tumour Tumour
(mg) (mg) (mg) cell number volume
initial final ( %109 (ml)
day 4 no none 131+4 166 +5 5850 + 177 749 £ 32 149 £ 16
IL-15 132+5 166 + 7 6031 + 418 510 + 82¢ 111+9
yes none 134+5 150+ 6 5005 + 1867 552 + 34° 122+5 1978 + 178 16+2
IL-15 135+7 143 +8 4945 + 2197 614 + 322 127 +14 2070 £ 178 16+3
day 7 no none 111+3 177 +4 7944 + 123 838 + 54 295+ 10
IL-15 111+3 169+ 4 7196 * 56° 539 + 52¢ 290 + 17
yes none 115+ 4 99 + 4°¢ 4098 + 105¢ 269 + 30° 117 + 6° 4528 + 156 54 +2
IL-15 114+ 3 111 + 1¢d 4769 + 200°¢ 246 + 21° 125 + 14° 4895 + 312 57+3

Data are expressed as means + SEM. Tissue weights are expressed as mg per 100 g of initial body weight. Final body weight excludes tumour weight.
Significance of the differences (Student’s t-test): a = P < 0.05, b = P < 0.01, ¢ = P < 0.001 (vs non-tumour bearers); d = P < 0.05, e = P < 0.01 (vs. non-treated).
n =4 and 6 for non-tumour and tumour bearers, respectively. WAT = white adipose tissue; BAT = brown adipose tissue

Table 2 Muscle weight

Time Tumour Treatment GSN Soleus Tibialis Heart

day O no none 472 +5 37.4+0.2 154 £ 2 382+14

day 4 no none 569 + 15 457+1.1 179+ 1 386+9
no IL-15 598 + 14 44.3+0.8 182+5 386+7
yes none 52372 405+1.3? 167 £ 42 355+ 72
yes IL-15 564 + 9° 439+1.8 170+ 8 358 + 15

day 7 no none 683 £ 13 52.0+£0.3 215+ 3 532+ 14
no IL-15 677 + 13 55.6+1.3 206 +5 524 +5
yes none 442 +13° 37.5+1.0° 140 + 4° 360 + 13°
yes IL-15 489 + 7P 42.1+0.9%d 163 + 304 387 + 6°

Data (means + SEM) are expressed as mg per 100 g body weight. Statistical comparison of the data (Student’s t-test):
a=P<0.05 b=P<0.001 (vs non-tumour bearers); c = P< 0.05, d = P < 0.01 (vs non-treated). n = 4 and 6 for non-tumour
and tumour bearers respectively. GSN = gastrocnemius

Table 3 Tibialis protein content

Time Tumour Treatment mgg “!tissue mg protein per 100 g ibw
day 4 no none 143 +4.4 25.5+0.58
no IL-15 141+£2.0 26.2 £0.35
yes none 144 + 3.6 22.7+2.05
yes IL-15 146 £ 1.5 25.2+£0.97
day 7 no none 126+ 1.4 27.0 £ 0.65
no IL-15 129+25 26.5+0.56
yes none 108 + 6.02 15.3+1.18°
yes IL-15 119+4.6 19.2 £ 0.79%¢

Data are expressed as mean + SEM. Statistical comparison of the data (Student’s t-test): a = P < 0.05,
b = P <0.001 (vs non-tumour bearers); c = P < 0.05 (vs non-treated). n = 4 and 6 for non-tumour and
tumour bearers respectively. ibw = initial body weight.

Quite different was the pattern with regard to skeletal muscle. AL-15 was exerted by changes in muscle protein degradation or
decrease in wet weight (Table 2) and protein content (Table 3) waynthesis, or both (Table 4). As previously reported (Tessitore et
elicited by tumour growth, as previously reported (Tessitore et akl, 19874, 1993), rates of tibialis muscle protein degradation were
1987a). Treatment with IL-15 partially prevented the protein enhanced (48%) as a consequence of tumour growth, while muscle
waste in tibialis muscle (Table 3). This protective effect was als@rotein synthesis remained virtually unchanged, resulting in
noticeable in terms of wet tissue weight for the skeletal muscleprotein accumulation rates lower (27%) than in controls (Table 4).
(Table 2). In agreement with previous observations (Carb6 et aDn treatment with IL-15, the elevation of protein breakdown rates
2000), IL-15 did not exert any trophic action (weight or proteinwas suppressed and protein accumulation rates returned to levels
increase) on muscles in non-tumour bearers (Tables 2 and 3). similar to those in controls (Table 4). No detectable effect was

Protein turnover in tibialis muscle 4 days after tumour inocula-observed with regard to protein synthesis rates. In non-tumour
tion was evaluated to determine if the protein-sparing action olbearers, IL-15 treatment resulted in a decrease in protein digmnada
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Table 4 Tibialis muscle protein turnover C IL-15 T T+IL-15

Time  Tumour Treatment kg kg K, Ub 2.4 kb —

day 4 no none 10.7 +£0.86 2.77+0.27 7.94 +0.63
no IL-15  9.39+1.54 0.82+0.20° 8.22+0.93
yes none 10.6+1.54 4.11+£0.82 5.76 +1.23
yes IL-15 8.80+0.75 0.49 £ 0.492¢ 8.07 £0.98

Ub1.2kb —»

For further details see Materials and methods. Fractional rates of protein
synthesis (k,), degradation (k,) and accumulation (k,) are expressed as %
per day (n =5 for each time-point) and were calculated over the time interval
0-4 days. Significance of the differences (Student’s t-test): a = P < 0.01,

b = P<0.001 (vs controls); c = P < 0.01 (vs AH-130)

(70%) and synthesis (12%) rates, which resulted in no changes
protein accumulation (Table 4).

As previously shown (Llovera et al, 1994), the accelerates
muscle protein breakdown in the AH-130 hosts is associated wi
activation of the ATP-ubiquitin-dependent proteolytic system.
Two polyubiquitin mRNA species (2.4 kb and 1.2 kb) were founc
in tibialis muscle (Figure 1). 7-day tumour-bearing animals
showed an increased expression of the polyubiquitin gen€aoo
compared with the corresponding control animals: over 3-fold fo
both ubiquitin transcripts. The expression of the C8 proteasomn zoo-
subunit was also increased as a result of tumour burden (Figure
Control animals receiving IL-15 also showed significant decrease zoo-
in the expression of these genes, in agreement with the decrea:
protein degradation associated with IL-15 treatment (Table 4). 1001
addition, when the tumour-bearing animals received IL-15, th
activation of this proteolytic system was also suppressed (Figu
1).

Corticosterone was elevated (day 7) and insulin decreased (d‘?ﬁ@ure 1 Northern blots of tibialis muscle extracts from tumour-bearing rats.
4 and 7) in the blood plasma of AH-130 hosts at day 7, as pre\Expression of ubiquitin and C8 proteasome subunit mRNAs in tibialis
ously observed (Tessitore et al, 189aNhen these animals were [USEe o7 S0, (€ N e i LS (L29, Teey o
administered IL-15, neither insulin nor corticosterone levels Weryas detected after hybridization with a cDNA probe containing a region of the
significantly affected, suggesting that the effects of the cytokinchicken polyubiquitin gene UB1 or the C8 gene. Autoradiographs were
were not mediated through these hormones. In r?on-tumol[s(;’tzjleétﬁf\ gougﬁi?a”t'lgﬂ ﬁf’gfgg{‘:ﬁ%rgg‘C:;]”e"}é’srg{g‘s'de (EtBn) was used for
bearers, the treatment did not modify insulin concentrations (Tabic
5).

1 0+
Control IL-15 Tumour Tumour+IL-15 Control IL-15 Tumour Tumour+IL-15

with anti-TNF antibodies (Costelli et al, 1993) or with drugs inter-
DISCUSSION fering with_the development of TPH (Tessitore et gl, 1994) have
been previously reported. The present observations show that
Muscle protein wasting is a prominent feature in cancer cachexiieatment of the AH-130 hosts with IL-15 inhibits some of the
and is primarily ascribed to enhanced tissue protein catabolisprotein loss in the tibialis muscle by reverting the increase in
(Kien and Camitta, 1983; 1987; Beck and Tisdale, 1989; Melvilleprotein degradation. This is consistent with previous reports indi-
et al, 1990; Beck et al, 1991; Tessitore et al, 2p9@ost thera-  cating that IL-15 may act as an anabolic cytokine for skeletal
peutic approaches to cancer cachexia have been designed on ihescle (Quinn et al, 1995). IL-15 activates NK cells (Carson et al,
assumption that tissue wasting merely results from undernutritioh994; 1997), which have anti-tumour properties; however, it has to
or tumour—host competition, yet parenteral nutrition or over-be pointed out that IL-15 had no effect on tumour growth in our
feeding have proven to be only marginally or, at best, temporarilynodel. Thus, the effects of IL-15 on tumour-induced wasting
effective (Moley et al, 1988; Popp et al, 1988; Shaw and Wolfecould not be related to the anti-tumour action of this cytokine.
1988). Moreover, in some cases the tumour itself apparently took The precise mechanisms by which intracellular proteins are
more advantage of such a treatment than the patient (Tayek et dggraded are largely unknown, although it is accepted that proteo-
1986; Popp et al, 1988). lysis may occur inside and outside the lysosomes. Lysosomal
The rat tumour model used in the present study quickly causgeoteases, in particular cathepsins, are not the major mediators of
progressive body weight loss and tissue protein wasting. The lattenyofibrillar protein degradation in rat skeletal muscle (Lowell et
is associated with tissue protein hypercatabolism (TPH) (Tessitor@, 1986; Tessitore et al, 1994). The ATP-ubiquitin-dependent
et al, 198%; 198%; 1993) which is probably mediated by proteolytic system is postulated to account for the turnover of
production of cytokines such as TNF (Garcia-Martinez et al, 1993%hort-lived proteins (Ciechanover et al, 1984) or for abnormal
Llovera et al, 1998 1993) and alterations in hormonal home- proteins formed during stress such as heat-shock (Bond et al,
ostasis (Tessitore et al, 1993a). The beneficial effects of treatmerit988). However, it has been suggested that the activity of this

© 2000 Cancer Research Campaign British Journal of Cancer (2000) 83(4), 526—-531



530 N Carbd et al

Table 5 Plasma levels of insulin and corticosterone could be a convenient therapeutic tool in pathological states where
muscle protein hypercatabolism is a critical feature, such as cancer

Time Tumor Treatment Corticosterone Insulin hexi th ti di
(ng mi-) (ng mi-) cachexia or other wasting diseases.
days 4-7 no none 130+ 15 2.31+0.66
day 4 no IL-15 7770 1.78 £ 0.63 ACKNOWLEDGEMENTS
522 lnLorl‘z igg ; gg égi‘ N g'géz Work supported by grants from the Fondo de Investigaciones
day 7 no IL-15 203 + 22° 2784066 Sanitarias de la Seg.u'ridad Social (97/2059) of the Spgnis'h. Health
yes none 824 + 178" 1.57 +0.05% Ministry, the Direccion General de Investigacion Cientifica y
yes IL-15 557 +107° 1.67+0.17* Técnica (PB94-0938 and HI-1996-0049) from the Spanish
Ministry of Education and Science, the Ministero dell'Universita e
Data are means + S.E.M. Significance of the differences (Student’s t test): della Ricerca Scientifica e Tecnologica (60% and 40% funds),
a=P<0.05,b=P<0.001 (vs control days 4-7); ¢ = P < 0.05 (vs non- Roma, the Consiglio Nazionale delle Ricerche (Special Project

treated). n =4 and 6 for non- tumour and tumour bearers respectively ACRO), Roma, the Associazione ltaliana per la Ricerca sul

Cancro, Milano. The authors would like to thank Immunex

system can also be related to the turnover of long-lived proteingorporation (Seattle, WA, USA), which kindly provided IL-15,
such as those found in skeletal muscle (Hilenski et al, 1992and Dr MJ Schlesinger and Dr K Tanaka for providing the ubig-
Recently, this proteolytic system has been involved in the perturbatitin-specific and proteasome C8 probes, respectively.

tions of protein metabolism in skeletal muscle in many pathological

conditions (see Argilés and Lépez-Soriano, 1996 for review).
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