
5. Peptides were synthesized as the carboxyl-terminal 
amide form by the solid-phase synthesis procedure 
[R. S. Hodges and R. B. Merrifield, And.  Biochem. 
65, 241 (1975)l. Amino acid derivatives protected 
with the t-butyloxycarbonyl group in the a-amino 
position were obtained from the Protein Research 
Foundation (Osaka, Japan). The peptides were as- 
sembled by means of an Applied Biosystems Peptide 
Synthesizer Model 430, with ninhydrin testing at 
each step [V. Sarin et d . ,  And .  Bwchem. 117, 147 
(1981)l. The completed peptides were simulta- 
neously deprotected and cleaved from the resin in 
anhydrous HF containing 10% (viv) anisol [J. M. 
Stewart and J. D. Young, in Solid Phase Peptide 
Synthesis (Freeman, San Francisco, 1966), pp. 44 
and 661. Poor yields (<2%), of synthetic product 
were obtained when tBoc-N-tosyl-im-histidine was 
used, whereas yields of approximately 17% were 
obtained with the use of t-butyloxycarbonyl-N-dini- 
trophenol-im-histidine. Dinitrophenol deprotection 
was done prior to HF cleavage by treating the resin 
with 2-mercaptoethanol 20% (vlv) and diisopropyl 
ethylamine 2% (vlv) in dimethylformamide [S. Kent 
and I. Clark-Lewis, in Synthetic Peptides in Biology 
and Medicine, K. Alitalo, P. Partarmen, A. Vaheri, 
Eds. (Elsevier, Amsterdam, 1985), pp. 29-57]. 
Peptides were extracted from the resin with 60% (vl 
v) acetonitrile and 0.1% (vlv) trifluoroacetic acid 
solvent, subjected to rotary evaporation, and lyo- 
phylized from water. The peptides were purified by 
sequential ion-exchange chromatography (either SP- 
Sephadox or CM-Sephadex) and preparative low- 
pressure reversed-phase chromatography (25 by 400 
nun column, C18, 250 A, 35 to 70 p,m Amicon 
resin) with an acetonitrile gradient in the presence of 
0.1% (viv) trifluoroacetic acid. The synthetic 
PTHrP(1-34) migrated as a major peak coincident 
with PTH-like biological activity. Biologically active 
synthetic PTHrP(1-34) was obtained from three 
independent syntheses. Amino acid analyses of puri- 
fied peptides were in good agreement with theoreti- 
cal values. For example, the average of two analyses 
of 24-hour hydrolysates of PTHrP(1-34) yielded 
the following number of residues: Asx (2.03), Thr 
(0.98), Ser (2.15), Glu (3.46), Gly (1.52), Ala 
(3.29), Val (1.10), Ile (2.86), Leu (4.96), Phe 
(2.06), His (4.63), Lys (2.14), and Arg (2.64). 

6. S. M. Forrest et d . ,  Cdcif: Tirruelnt. 37,51 (1985); 
N .  C. Partridge at al., CancevRes. 43,4308 (1983); 
T. J. Martin et d., Methods Enzymol. 145, 324 
(1987). PTH-like activity was assayed by using the 
CAMP response in intact, clonal osteogenic sarcoma 
cells (UMR 106-01) (2, 6) that were labeled by 
incubation with ['Hladenine and then treated with 
1 mM isobutylmethykanthine. The ['HICAMP gen- 
erated was then measured. Cells were counted in a 
Coulter Model DN Counter. Adenylate cyclase ac- 
tivity was assayed in partially purified chick kidney 
plasma membranes [N. H. Hunt et d . ,  J. Endocrinol. 
69, 401 (1976)l. 

7. H. T. Keuunann et d . ,  Endom'mlogy 117, 1230 
(1985). 

8. J. A. Hamilton at al., Bwchem. Biophyr. Res. Commun. 
122, 230 (1984); J .  A. Hamilton et d . ,  Endom'ml- 
ogy 116, 2186 (1985); E. H .  Allan et d., Bwchim. 
Biqphys. Acta 888, 199 (1986). 

9. L. G. Raisz and I. Niemann, Endocrinology 85, 446 
(1969). 

10. J. H. Dominguez and L. G. Raisz, Cakif: TirrueInt. 
30, 205 (1980); P. J. Bergman, at d . ,  Endocrinology 
116, 1729 (1985). 

11. G. A. Rodan and T. J. Martin, Cdcif: Tissue Int. 33, 
349 (1981); T. J. Martin, Phamurcol. Thev. 21, 209 
(1983). 

12. B. D. Ross e td . ,  Am. J. Plyswl. 225,1165 (1973). 
13. P. S. Chen et al., And .  Chem. 28, 1756 (1956). 
14. Supported by grants from the National Health and 

Medical Research Council of Australia, the Anti- 
Cancer Council of Victoria, and the Australian 
Government Depamnent of Veteran's Affairs. 
Equipment support was provided by the Ian Potter 
Foundation and the Buckland Foundation. C.P.R, is 
a Wenkart Foundation Scholar. We thank W. Adam 
for assistance in setting up the kidney perfusion 
assay and K. Kasperowicz for manuscript typing. 

18 September 1987; accepted 3 November 1987 

Identification of the Iron-Responsive Element for the 
Translational Regulation of ~ u m a n  Ferritin mRNA 

Regulated translation of messenger RNA offers an important mechanism for the 
control of gene expression. The biosynthesis of the intracellular iron storage protein 
ferritin is translationally regulated by iron. A cis-acting element that is both necessary 
and sufficient for this translational regulation is present within the 5' nontranslated 
leader region of the human ferritin H-chain messenger RNA. In this report the iron- 
responsive element (IRE) was identified by deletional analysis. Moreover, a synthetic 
oligodeoxynucleotide was shown to be able to transfer iron regulation to a construct 
that would otherwise not be able to respond to iron. The IRE has been highly 
conserved and predates the evolutionary segregation between amphibians, birds, and 
man. The IRE may prove to be useful for the design of translationally regulated 
expression systems. 

I N THE PAST FEW YEARS, INTENSIVE 

scientific efforts have led to fascinating 
insights into transcriptional regulatory 

mechanisms (1). In contrast, there is only a 
limited list of eukaryotic genes for which 
translational regulation of messenger RNA 
(mRNA) utilization has been reported (2). 
As one of the earliest examples, Munro and 
his colleagues demonstrated that the biosyn- 
thesis of the intracellular iron storage pro- 
tein ferritin is regulated by iron in the 
absence of alterations in mRNA levels and 
proposed that this regulation took place at 
the translational level (3 ) .  It was shown that 
cytoplasmic ferritin mRNA underwent a 
redistribution from an inactive ribonucleo- 
'protein pool to translationally active polyri- 
bosomes after iron induction (4). Ferritin is 
a particularly usehl model to study the 
translational regulation of a eukaryotic gene. 
The protein is highly conserved in all eu- 
karyotic cells (5), and the regulation of its 
biosynthesis by iron is rapid, reversible, and 
covers more than a 100-fold range (6, 7) .  
We have recently shown that the expression 
of the human ferritin H chain is translation- 
ally regulated by iron in transiently trans- 
fected and stably transformed murine fibro- 
blasts (7, 8). The presence of an iron-re- 
sponsive cis-acting element in the translated 
5' leader region of the ferritin mRNA was 
necessary to achieve regulation. Further- 
more, the presence of the complete 5' leader 
sequence proved to be sufficient to regulate 
the expression of a chloramphenicol acetyl 
transferase (CAT) construct that was ex- 
pressed from the ferritin promoter and en- 
coded a ferritin-CAT fusion protein. Quan- 
titative S1 nuclease protection assays dem- 

onstrated that the resulting iron regulation 
of CAT occurred in the absence of any 
changes in the level of specific mRNA (8). 
The purpose of the present study was to 
identify the iron-responsive element (IRE) 
and to begin to characterize its structure and 
function. 

Our initial strategy was to localize the 
IRE by progressive deletional analysis. Fig- 
ure 1A shows the nucleotide sequence of the 
5' leader region of the human ferritin H- 
chain complementary DNA (cDNA). Frag- 
ments containing the ferritin promoter &d 
portions of this 5 ' leader region were gener- 
ated by Bal 31 digestion from a parent 
construct, pFPL CAT (8). The 3' end points 
of these fragments as well as the nature of an 
internal deletion were determined by DNA 
sequencing (Fig. 1A) (9). Expression con- 
structs containing the minimally deleted L1 
(A-11-5) and maximally deleted L5 
(A - 11- 206) ferritin promoter plus 5 ' lead- 
er fragments were generated with either 
CAT (10) or human growth hormone 
(hGH) (11) protein coding regions. Iron 
res~onsiveness of these constructs was deter- 
mined by treating transient transfectants 
with hemin (H) as an iron source or desfer- 
rioxamine (D) as an iron chelator and deter- 
mining the level of CAT activity or the hGH 
level relative to an identical untreated con- 
trol (C) transfectant. The HID ratio for each 
deletion construct indicates the range of 
iron regulation that was observed for that 
construct under the experimental condi- 
tions. This ratio and thus the iron respon- 
siveness observed with construct Ll-CAT 
(Fig. lB, inset) was identical to that seen 
with the parent construct, pFPL CAT (8). 
In the construction of L1-CAT, the ferritin 
ATG Dresent in DFPL CAT was removed. 

Cell Biology and Metabolism Branch, National Institute leavini the CAT iTG as the translation of Child Health and Human Development, National 
Institutes of Health, Bethesda, MD 20892. codon. The observation of identical iron 
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responsiveness of L1-CAT and pFPL CAT 
indicates that the exact nucleotide context 
surrounding the translation start site of the 
ferritin mRNA is not critical for the func- 
tion of the IRE. When almost all of the 
ferritin leader sequence was deleted, the 
resulting construct (L5-CAT) was unre- 
sponsive to iron perturbations (Fig. lC, 
inset). 

Fragments L1 and L5 were also utilized 
to direct the expression of the secretory 
protein hGH (Fig. 1, B and C). The iron- 
dependent range of biosynthetic regulation 
by the IRE in Ll-GH appears greater than 
that suggested by the L1-CAT assay results 
(Fig. lB), even though the identical ferritin 
promoter plus 5' leader fragmene were 
utilized. Indeed, the calculated H/D ratio 
for L1-CAT is 6.4, while that for L1-GH 
over the last 16 hours of sampling is 11.5. 

This difference in ratio is most likely a 
consequence of the fact that the secretory 
rate of hGH more closely reflects the biosyn- 
thetic rate of the indicator protein than does 
the accumulation of cytoplasmic CAT enzy- 
matic activity. The ability to regulate the 
expression of both a cytoplasmic and a 
secreted protein implies that the IRE can 
function in rnRNAs translated on both fiee 
and endoplasrnic reaculumassociated ribo- 
somes. These results with constructs in 
which fragments L l  and L5 direct heterolo- 
gous gene product expression indicate that 
an IRE is localized between -206 and -5 
of the 5' leader sequence of the ferritin H- 
chain mRNA. 

The deletion constructs utilizing the lead- 
er fragments shown in Fig. 1A were tran- 
siently expressed and assayed for CAT activi- 
ty (Table 1). Additional removal of nucleo- 

Fig. 1. Partial nudeotide sequence of the deletion A 
L5 

fragments of the 5' noncoding leader sequence C:GC~TLTI~!G AGACCACAAG C G A C C C C - C ~ G  GGCC>GACGT TCTTCGCCGA 
-210 -223 -210 -2W 

from human ferritin H chain (A), and analysis of ,, L3 iron-dependent regulation of indicator gene prod- G A G - ~ G T C G G  GGTTTCCTGC ~ C ~ ~ ~ ; A G T G  CTGGACGGA A C C C G G C C ~ T  
. .E- - , + -  1->50 

uct expression by means of minimally and maxi- "" ' 
A - 1 5 1 / - 1 8 6  

mally deleted leader (Band C).  (A) The C G ~ C C C ~ + C  ,CCGGCCGGC c G c c c A ~ A G L  c~G,ccTccG T~~~~~~~~~ 

translation start site is numbered + 1;  the nucleo- -"" -110 -32c -110 -100 

tide sequences of the 5' noncoding are 
ACCGCACCCT CGGdCTtCCC CAAGGCCCCt  GCCGCCGCTC CAGtGCCGCG 

counted 3' to 5' from the ATG, starting at - 1; --- -10 -XJ +a -59 

the transcription start site (8, 19) is marked with LI  

an (-212); and the TATAA box is out- .,;AGCCACCK CGCCGCCGCC GCCTCTCCTT AGTCCTCGCC A ~ A C G A C C G  
-10 -20 - t o  

lined. The 3' boundaries of deletion fragments 
(L1 to L5) are marked by arrowheads, and the sL 

region deleted in the single internal deletion - 
fragment is indicated by the open bar 

. 

hGH are depicted for constructs directed by the : . 

(A-1511-186)(9).(BandC)Enzymaticactivity ;;,. 
of CAT e x  ( )  and p u o  of 

minimally deleted L1 fragment (B) or maximay. 
deleted L5 fragment (C)  as a function of iron level I 

' b 

modulation. In the measurements of CAT activi- Z . 
ty, the upper and lower spots represent acetylated 
and unacetylated chloramphenicol, respectively. 0 

C, assay of control nansfectants; H, assay of O l6  24 Is 24 

uansfectants treated with hemin as an iron source; Hours 

D, assay of transf-ts treated with desfenioxarnine as an iron chelator. CAT assays were performed 
with equivalent fractions of a cell lysate of transiently transfeaed murine fibroblasts. Lysates from 
unuansfected cells assayed similarly displayed no detectable CAT activity. The hGH assays were 
performed on CdtLIre supernatant of transiently uansfected cells with a commercially available hGH 
radioimmunoassay kit (20). 

Table 1. Relative iron regulation of CAT activity imparted by deletion fragments of the ferritin 5' 
leader. Deletion leader fragments as indicated in Fig. 1A were used to construct CAT plasmids as 
described (9). Transient tramfections and CAT assays (a) were perbrmed with triplicate transfections 
that were either untreated or treated with lOQM hemin (H) or 100 pA4 desfemoxamine for 20 hours 
prior to preparation of cell lysates for determination of CAT activity (10). Iron responsiveness of L1- 
CAT activity was determined as a positive control in all experiments. Relative iron regulation was 
determined by comparing the range of observed iron regulation as expressed by the HID ratio (see text) 
for each construct to the H/D ratio for L1-CAT, with the relative iron regulation Level of L1-CAT 
defined as 100. Mean levek of iron regulation for each construct + SEM are shown and the number (n) 
of independent triplicate transfections for each construct are indicated in parentheses. 

Plasmid consrmct Deletion Relative iron regulation (n) 

L1-CAT -11 -5 100 
L2-CAT - 11- 132 87.6 2 10.8 (3)  
L3-CAT - 11- 142 85.2 + 4.5 (3)  
IACAT -11-186 0.2 2 1.8 (2)  
L5-CAT -11-206 3.8 + 3.5 (7)  
Ll(A-1511-186)-CAT -1511-186 and -11-5 2.9 + 3.3 (3)  

tides -6 to -142 (constructs L2-CAT and 
L3-CAT) of the f e r r i ~  leader sequence had 
little appreciable effect on the degree of iron 
regulation when compared to the range 
displayed by Ll-CAT. Thus, the absolute 
distance between the IRE and the transla- 
tion initiation codon need not be fixed in 
order to observe the effect of the IRE. In 
contrast, when the deletion extended from 
- 1 to - 186 or -206 (constructs L4CAT 
and L5-CAT, respectively), iron regulation 
was completely abolished. To investigate 
whether the critical region'for iron regula- 
tion is localized between - 142 and - 186, a 
construct was generated that contained an 
internal deletion of bases -151 to -186 
from L1-CAT [see Fig. 1A and (9)].  This 
construct, Ll(A- 1511- 186)-CAT, did not 
respond to iron perturbations (Table 1). 
These results imply that the region - 186 to 
-151 contains an IRE for the translational 
regulation of ferritin biosynthesis. The abso- 
lute amount of CAT activity per milligram 
of cellular protein varied for the same con- 
struct fr& precipitate to precipitate. All 
comparisons of the effect of iron on CAT 
activity were performed by aliquoting the 
DNA from single precipitates. Despite 
changes in the absolute CAT activity with 
different precipitates, the H/D ratio for any 
given construct was independent of the total 
level of CAT expression and was highly 
reproducible from experiment to experiment 
as shown in Table 1. 

Computer modeling of the mRNA sec- 
ondary structure (12) of the core region 
suggested by our deletional analysis predicts 
a stem-and-loop structure (Fig. 2). This 
feature of the IRE mav be of functional 
significance. The prcseke of stable stem- 
and-loop structures in other mRNAs can 
drastically reduce the rate of translation, 
possibly by interfering with "ribosome scan- 
ning" (13). In the case of the ferritin IRE, 
trans-acting factors could conceivably alter 
the stability of the stem-and-loop structure 
through their interaction and thereby regu- 
late translation (7). 

To prove the identity of the IRE suggest- 
ed bv the deletion studies we designed and 

w 

synthesized two complementary synthetic 
oligodeoxynucleotides (26mers). They en- 
compassed the core region of the sequences 
that were implicated by the Bal31 deletion 
analysis and provided bilateral Bam HI link- 
er sites (Fig. 2). These two oligonucleotides 
were annealed and cloned into L5-GH, a 
construct unresponsive to iron, at the 
Bam HI site located between the Dromoter 
plus remaining 5' leader and the indicator 
gene (Fig. 1C). Figure 3 shows the hGH 
assay results obtained from murine fibro- 
bla& that were stably transformed with the 
parent plasmid control (L5-GH) and the 
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newly constructed plasmid L5 ( + 26mer) - 
GH,.which contain; a single insert in the 
physiological 5' to 3' orientation with the 
predicted nucleotide sequence. The inser- 
tion of the olip.onucleotide reconstituted " 
iron responsiveness, demonstrating that the 
oligonucleotide can function as an IRE. 
Northern blot analysis confirmed that iron 
regulation occurred in the absence of iron- " 
induced changes in the level or size of the 
hGH mRNA (14). Analysis of different 
stable cell lines expressing L5 (f26mer) -GH 
showed that the quantitative responsiveness 
to iron is independent of the level of gene 
expression over a more than 10-fold range in 
basal hGH expression (14). 

The identification of an IRE and the 
successful reconstitution of iron regulation 
by insertion of a synthetic oligonucleotide 
offers the chance to investigate the molecu- 
lar mechanisms underlying the translational 
regulation of ferritin bios$xhesis by muta- 
genesis. Two deletion mutants shown in 
Fig. 2 (A- 165 and A- 168) identify a func- 
tionally critical region of the IRE. In both 
cases. cvtidine residues have been omitted 
from' defined positions of two synthetic 

Fig. 2. Sequence and computer-modeled second- 
ary structure of the human ferritin H-chain IRE 
encoded mRNA and synthetic oligonucleotide 
encoded mRNA. Computer-modeled (12) sec- 
ondary structure of the mRNA encoded by bases 
- 186 to - 143 of the ferritin H-chain 5' leader 
was generated as a preferred possible secondary 
structure for this region when analyzing the 
mRNA sequence encoded by nucleotides -212 
to -92. Two complementary oligonucleotides 
were synthesized (Midland Certified Reagent 
Company, Midland, Texas) that were provided 
with bilateral Barn HI linker sites, annealed, phos- 
phorylated, and cloned into the Barn HI sites of 
the pUC 18 polylinker situated betweetl known 
5' leader fragments and the CAT Genblock of 
previously constructed plasmids (see Fig. 1). Re- 
combinants were selected by colony hybridiza- 
tion; copy number, orientation, and nucleotide 
sequence of the inserts were determined directly 
from the double-stranded plasmids by a modifica- 
tion of the dideoxy chain termination method 
(18). The coding synthetic oligonucleotide con- 
tributed 26 additional bases to the plasmid-gener- 
ated mRNA of the parent constructs, and 24 of 
26 bases corresponded to and were 100% identi- 
cal to bases -176 to -153 of the native IRE 

Flg. 3. A synthetic nucleotide homologous to the 
ferritin 5' leader IRE can reconstitbte iron re- 
sponsiveness. The hGH assays were done with 
culture supernatant of stably transformed cells left 
untreated (C) or treated with hemin (H) or 
desferrioxamine (D) as described above (see Fig. 
1 and Table 1). Assays are shown for the non- 
iron-responsive parent plasmid L5-GH and for 
the plasmid containing a single copy, correctly 
oriented synthetic oligonucleotide of the predict- 
ed sequence -L5(+26mer)-GH. Stable cell lines 
were established as described (18). 

oligonucleotides. The A - 165 represents a 
deletion of the most 5' nucleotide of the 
loop of the proposed stem-and-loop struc- 
ture. In contrast, A- 168 lacks the cytidine 
residue in the middle of the stem and there- 
fore may interfere with the ability of the 
mRNA to form such a base-paired structure. 
Both deletions completely abolish the iron 
response (14). We cannot distinguish 
whether the functional loss results from the 
change in the primary nucleotide sequence 
or an alteration of the secondary structure, 
or both. We conclude from this experiment 
that both deletions affect a functionally criti- 
cal region of the IRE. Comparison of the 
core region of the human ferritin H-chain 
cDNA leader sequence (which contains the 
IRE) with the leader sequences of the hu- 
man ferritin L-chain cDNA (15) and the 
cDNA sequences of ferritins from other 
species (16, 17), reveals that the core region 
of the predicted stem-loop structure has 
been highly conserved during evolution. 
This sequence predates the evolutionary seg- 
regation between amphibians, birds, and 
man which occurred more than 300 million 
years ago (17). Shaded bases in Fig. 2 

Human ferritin H-chain IRE Synthetic oligonucleotides 

mRNA, as shown on the left. The one 5'-most 
base and five 3'-most bases shown are generated 
by the Barn HI polylinker site of the parent 
plasmids and provide possible additional stability 
to the secondary structure of the mRNA. Single 
base deletion mutations in the sequence of the 
synthetic oligonucleotide were isolated and are 
indicated (A-165 and A- 168) using numbering 
which corresponds to the native IRE sequence. 
Shaded bases represent those showing 100% 
identity with cDNA sequences of human ferritin 
L chain, rat ferritin H and L chains, and bullfrog 
and chicken ferritin H chains (14-16). 

Hours 

indicate a region that is 100% identical to 
the IRES found in all complete ferritin 
cDNA sequences published thus far. 

We have previously shown that deletion 
of nucleotides - 30 to - 186 of the 5 ' leader 
region of the ferritin mRNA results in a 
complete loss of iron regulation of the ferri- 
tin gene product (8). Although we have 
transferred iron regulation to heterologous 
gene products, the range of iron regulation 
appears to be less (by about fivefold) than 
we observe with the endogenous gene. In 
particular, the effect of added iron (in the 
form of hemin) is less in the hybrid con- 
structs than in the native gene. The basis for 
this apparent difference is unknown. 

In addition to providing insights into the 
molecular mechanisms underlying the regu- 
lation of translation in eukaryotic cells, we 
believe that the IRE can potentially serve to 
develop a new class of regulatable expression 
vectors. We have shown that the IRE can 
regulate the expression of both cytosolic and 
secretory proteins in transfected murine fi- 
broblasts. Insertion of the IRE into the 5' 
leader sequence of a cDNA to be expressed 
should allow accumulation of mRNA with- 
out substantial translation under conditions 
of iron deprivation. Subsequently, the addi- 
tion of iron donors to the culture medium 
should result in a dose-dependent increase in 
translation of the specific- protein. 
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Phagocytosis of Candida albicans Enhances Malignant 
Behavior of Murine Tumor Cells 

Murine tumor cells were induced to phagocytize either Catadidu albicam or group A 
streptococcal cells. The presence of microbial particles within the tumor cell cytoplasm 
had no effect on in vitro tumor cell growth. However, when Catad& albicam-infected 
tumor cells were injected into syngeneic mice, they formed tumors that grew faster, 
invaded the surrounding normal tissue more rapidly and metastasized more rapidly 
than control tumor cells. Tumor cells infected with group A streptococcal particles did 
not grow faster or show increased malignant behavior. These data indicate that the in 
vivo behavior of malignant tumor cells can be modulated by microbial particles, which 
are often present in the microenvironment of the growing tumor. 

P HAGOCYTOSIS OP PARTICLES THE 

size of red blood cells, mammalian 
cell nuclei, and microorganisms can 

be experimentally induced in nonleukocytic 
cells by a variety of manipulations ( 1 4 ) .  
Routine histological and cytological exami- 
nation of tissues and cells taken from human 
tumors also frequently shows the presence 
of intracytoplasmic particles (5-1 l ) ,  sug- 
gesting that this phenomenon is not just an 
in vitro artifact. The presence of intracyto- 
plasmic bacteria in hyperplastic and dysplas- 
tic gut epithelium of several species has been 

observed and viable bacteria have been iso- 
lated from the epithelial cells (12-20). These 
findings suggest that some forms of adeno- 
carcinoma of the ascending colon may have 
an infectious component to their etiologies 
(12, 13). How the presence of intracytoplas- 
mic infectious agents might influence the 
behavior of the host cell is difficult to assess 
because there have been no experimental 
models with which to study this phenome- 
non. In the present study, we have induced 
the intracytoplasmic accumulation of micro- 
organisms by murine tumor cells and have 

examined the effect on the in vivo biological 
~ro~er t ies  of the cells. 
L L 

A line of murine fibrosarcoma cells desig- 
nated as 1.OIL1 was used in our studies. 
These cells were isolated in our laboratory 
from a 3-methylcholanthrene-induced tu- 
mor in a C57B116 mouse (21). They grow 
in monolayer culture on RPMI 1640 culture 
medium supplemented with 10% fetal bo- 
vine serum. When injected subcutaneously 
into syngeneic mice, they form progressively 
growing tumors that invade locally and me- 
tastasize to the lungs. Micrometastases first 
become visible at approximately 30 to 40 
days after subcutaneous tumor injection, at 
which time the primary tumors have reached 
a mean diameter of 10 mm or more. 

Phagocytosis of microorganisms [heat- 
killed group A streptococci (strain C203S, 
M protein-negative) or Candida albicans] 
by the murine tumor cells was induced as 
described (2). This procedure involved pre- 
paring suspensions of heat-killed cells at 
1 x lo7 cells per milliliter of phosphate- 
buffered saline (PBS) and opsonizing the 
microbial cells by the addition of 1 mg of 
histone per milliliter (type 11-A, Sigma 
Chemical Co., St. Louis, Missouri). After 
30 minutes of incubation. the microbial cells 
were washed repeatedly to separate them 
from the unbound histone. The opsonized 
microorganisms were then added to mono- 
layers of tumor cells in serum-free W M I  
1640 medium at a ratio of 10: 1 for the C. 
dbicans and 50: 1 for the streptococci. Al- 
though unopsonized microor~anisms did 
not attach to the tumor cells, the histone- 
treated cells rapidly attached. More than 
95% of the added cells were firrnlv attached 
to the tumor cell monolayer within 15 min- 
utes. It could be seen microscopically that 
the opsonized cells did not attach to the 
plastic dish itself. Morphometric techniques 
were used to determine the kinetics of mi- 
crobial cell uptake by the tumor cells and to 
quantitate the distribution of microbial cells 
within individual tumor cells. Uptake of the 
opsonized microbial particles began within 
6 hours after being added to the tumor cell 
monolayer and was essentially complete by 
36 hours. Approximately 70% of the tumor 
cells contained intracellular particles ranging 
in number from 1 to 10 yeast particles per 
cell and 1 to 25 bacterial particles per cell. 
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