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Cellular Localization of Somatomedin (Insulin-Like 
Growth Factor) Messenger RNA in the Human Fetus 

The somatomedins or  insulin-like growth factors (IGFs) are synthesized in many 
organs and tissues, but the specific cells that synthesize them in vivo have not been 
defined. By in situ hybridization histochemistry, IGF I (somatomedin C )  and IGF I1 
messenger RNAs were localized to  connective tissues or  cells of mesenchymal origin in 
14 organs and tissues from human fetuses. IGF messenger RNAs were localized t o  
perisinusoidal cells of liver, t o  perichondrium of cartilage, t o  sclera of eye, and to  
connective tissue layers, sheaths, septa, and capsules of each organ and tissue. All of the 
hybridizing regions are comprised predominantly of fibroblasts o r  other cells of 
mesenchymal origin. Because these cells are widely distributed and anatomically 
integrated into tissues and organs, they are ideally located for production of IGFs, 
which may exert paracrine effects on  nearby target cells. 

T HE SOMATOMEDINS OR INSULIN- 

like growth factors (IGFs) are pep- 
tide mitogens that are structurally 

homologous to proinsulin (1 ) . In man, two 
major IGFs, IGF I (somatomedin C) and 
IGF 11, have been characterized by amino 
acid sequence analysis of peptides purified 
from serum (2) and by isolation of comple- 
mentary DNAs (cDNAs) encoding precur- 
sor forms of these peptides (3,4). Tradition- 
ally, the liver has been thought to be the 
primary site of IGF synthesis, but evidence 
from a number of studies now suggests that 
the IGFs are synthesized in many mammali- 
an tissues: (i) immunoreactive IGFs are 
secreted by cultured explants of a number of 
mouse organs (5) and by monolayers of 
fibroblasts derived from several human and 
rat tissues (6); (ii) concentrations of immu- 
noreactive IGF I (7) and abundance of IGF 
I messenger RNA (mRNA) (8) is regulated 
by growth hormone in a variety of adult rat 
tissues; (iii) immunoreactive IGF I can be 
extracted from multiple midgestation hu- 
man fetal tissues (9); and (iv) mRNA encod- 
ing IGF I and IGF I1 can be detected in a 
number of fetal and adult rat tissues and 
human fetal tissues (10). 

The mitogenic actions of the IGFs on 
cultured cells from fetal tissues of several 
mammalian species and the presence of spe- 
cific IGF receptors in many fetal tissues and 

cells (1, 11) point to a role for the IGFs in 
fetal growth. These findings and the evi- 
dence that IGFs are synthesized in many 
fetal tissues (5-10) support the hypothesis 
that IGFs act locally to elicit the biologic 
response (5, 7). Information about the cellu- 
lar sites of synthesis of IGFs in the fetus 
should provide insight into their potential 
role as paracrine fetal growth factors and, 
toward this goal, we have investigated the 
cellular localization of IGF mRNA in hu- 
man fetal tissues. 

Synthetic oligodeoxyribonucleotides (oli- 
gomers) complementary to portions of hu- 
man IGF 1 (3) and IGF I1 (4) mRNA (Fig. 
1, A to C) were used as probes for in situ 
hybridization histochemistqr to localize IGF 
mRNA in sections of human fetal tissues. 
The 31-nucleotide (nt) IGF I1 oligomer and 
cDNAs encoding human IGF I and I1 pre- 
cursors were first tested in Northern blot 
hybridizations with polyadenylated RNA 
from human fetal tissues. The IGF I1 oligo- 
mer hybridized with five distinct mRNAs in 
human fetal liver and muscle that are the 
same size as mRNAs detected with the IGF 
I1 cDNA, but different in size from two 
mRNAs detected in these tissues with the 
IGF I cDNA (Fig. 1D). These data, plus 
observations that the 31-nt IGF I1 oligomer 
and a second 39-nt IGF I1 oligomer that 
corresponds to a different region of human 

IGF I1 mRNA do not hybridize with human 
IGF I cDNA, provide evidence for the 
specificity of the IGF I1 oligomers for hu- 
man IGF I1 mRNA. Similarly, the three 
IGF I oligomers-IGF IA (20 nt), IGF IA 
(36 nt), and IGF IB (Fig. 1, A and B)- 
showed no hybridization with hurnan IGF 
I1 cDNA or IGF I1 mRNA, providing 
evidence that these oligomers are specific for 
human IGF I mRNA. 

Human fetal tissues were collected from 
prostaglandin-induced abortuses of 16 to 20 
weeks gestation with prior approval of the 
Committee for the Protection of Rights of 
Human Subjects at the University of North 
Carolina at Chapel Hill. Sections prepared 
from fixed human fetal tissues (12) were 
hybridized with IGF IA, IGF IB, or IGF I1 
oligomers labeled at the 5' end with 3 2 ~  

(Fig. 1).  All hurnan fetal tissues tested, 
except cerebral cortex, showed hybridization 
with IGF IA, IGF IB, and IGF I1 oligomers. 
With each IGF probe and in all tissues 
showing positive hybridization, the hybrid- 
ization signal was localized to connective 
tissues or to cells of mesenchymal origin 
(Fig. 2 and Table 1). In liver, IGF oligomers 
hybridized to perisinusoidal cells and 
showed no detectable hybridization to hepa- 
tocytes. Although the precise identity of 
these hybridizing cells could not be conclu- 
sively established with the resolution 
achieved, perisinusoidal cells are composed 
of mesenchymal cells, such as endothelial 
and reticuloendothelial cells, and fibroblasts. 
In costal cartilage, hybridization of IGF 
oligomers mias to perichondrium and fibrous 
sheath and not to chondrocytes. In the eye, 
hybridization was to sclera and not to neu- 
roretina, choroid, or lens. In heart, thymus, 
lung, skeletal muscle, skin, spleen, kidney, 
adrenal, stomach, and small intestine, IGF 
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oligomers hybridized to organ capsules and 
to connective tissue layers, sheaths, and sep- 
ta (Fig. 2 and Table 1). Results that support 
the specificity of in situ hybridization of 
probes to IGF mRNA indude: (i) a similar 
localization of hybridization signals when 
oligomers complementary to different re- 
gions of both IGF I or IGF I1 mRNAs (Fig. 
1) were used on selected human fetal tissue 
sections; (ii) elimination of hybridization 
signals by incubation of tissue sections with 
ribonuclease (10 ~glrnl) (Boehringer Mann- 
heim Biochemicals, Indianapolis, Indiana) 
h r  30 minutes at 37°C prior to hybridiza- 
tion with labeled probes, or when hybridiza- 
tion was performed in the presence of excess 
unlabeled IGF I or IGF I1 cDNA inserts; 
(iii) no detectable hybridization signal with 
an oligomer corresponding to the "sensen 
strand of IGF I1 cDNA, of which 20 nt were 
complementary in sequence to the 31-nt 
IGF I1 "antisense" oligomer (Fig. 1); and 
(iv) no detectable hybridization of a 35-nt 
oligomer complementary to tyrosine hy- 
droxylase mRNA (12). In addition, with the 
same fixation and hybridization procedures 
used for localization of IGF mRNA, a 20-nt 

oligomer complementary to human proglu- 
cagon mRNA (12) hybridized with gluca- 
gon-producing A cells in human fetal pan- 
creas, thus demonstrating the integrity of 
mRNA in pancreatic nonmesenchymal cells. 
This suggests that mRNA of nonmesenchy- 
mal cells is not degraded during fixation and 
hybridization procedures even in pancreas, a 
tissue with high ribonudease content. 

Localization of mRNA to the same cells 
or tissue regions that contain immunoreac- 
tive peptide is commonly accepted as evi- 
dence of specificity of mRNA localization 
(12). In liver, our localization of IGF 
mRNA is consistent with a recent report of 
immunocytochemical localization of IGF I 
to rat liver perisinusoidal cells (13) but 
apparently discrepant with reports of IGF 
production by primary hepatocyte cultures 
(14) and established cell lines of presumed 
hepatocyte origin (15). In adult rat tissues 
other than liver (13) and in our studies of 
human fetal tissues (16) IGF irnmunoreac- 
tivity was not always localized to mesenchy- 
mal cells or connective tissues as we found 
for IGF mRNAs, but instead was localized 
to a wide variety of cells that are in dose 

proximity, such as proliferating chondro- 
cytes, renal tubular cells, intestinal epithelial 
cells, and myoblasts. Although our data on 
mRNA localization do not directly address 
these discrepancies, IGF immunoreactive 
cells may represent those that accumulate 
IGFs, possibly by receptor binding and in- 
ternalization. Also, we cannot exdude the 
possibility that IGF mRNA is present in 
nonmesenchymal cells including hepato- 
cytes, but its abundance may be lower than 
in mesenchymal cells and fibroblasts and 
below the detection limit of in situ hybrid- 
ization procedures (1 7). A lower abundance 
of IGF mRNA in nonmesenchymal cells 
could reflect either a low level of IGF gene 
expression or a short half-life of IGF 
mRNA. 

Hybridization signals obtained with IGF 
I oligomers were much weaker than those 
obtained with IGF I1 oligomers (Fig. 2 and 
Table 1). This was particularly evident with 
the IGF IA oligomer where we used five to 
ten times higher probe concentration and 
longer exposure times to detect the hybrid- 
ization signal. IGF I mRNA, thus, appears 
to be less abundant than IGF I1 mRNA in 
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Fig. 2. Localization of IGF IA and IGF I1 
mRNAs in human fetal tissues b in situ hybrid- Y ization histochemistry with P-labeled IGF 
oligomers. Bright-field (left panels) and dark-field 
(middle and right panels) photomicrographs of 
human fetal tissue sections hybridized with 32P- 
labeled IGF IA oligomer (0.5 x lo7 cpdml) 
(middle panels) and 32P-labeled IGF I1 oligomer 
(0.5 x 10' cpdml) (right panels) for 48 hours. 
After washing the sections, they were exposed to 
NTB3 photoemulsion (Kodak) for 21 days (IGF 
I) and 7 days (IGF 11), developed with D l 9  
developer (Kodak), and countersmined with he- 
matoxylin and eosin. (A) Skeletal muscle; ms, 
muscle fibers; s, muscle sheath and septa. (B) 
Lung, the periphery of the lung at the interlobular 
septum is shown; p, visceral pleura; s, interlobular 
septum; a, primitive airway (terminal bronchi- 
ole); v, pulmonary arteriole. (C) Liver; h, hepato- 
cyte; si, sinusoid. (D) Kidney, the pelvicalyceal 
junction is shown; v, blood vessel; c, calyx; g, 
glomerulus; t, tubule. The nephrogenic zone of 
the renal cortex (not shown here) did not hybrid- 
ize with IGF probes. (E) Stomach; m, mucosa; 
sm, submucosa; ms, smooth muscle layers; se, 
serosa. (F) Costal cartilage; cc, hyaline cartilage; 
PC, perichondrium. The growth plate of the costal 
cartilage showed no hybridization. Scale bars, 100 
pm. White arrows indicate regions of strong 
hybridization. Note that the bright-field photo- 
micrographs in the left panels are of the tissue 
sections hybridized with IGF 11 oligorner. Bright- 
field photomicrographs of adjacent tissue sections 
hybridized with IGF IA oligorner (middle panels) 
may not correspond exactly to the ones shown in 
the left panel. Tissues were prepared and pro- 
cessed for in situ hybridization as described (12). 



Table 1. Localization of IGF I and IGF I1 mRNAs in human fetal tissues. +, Weak hybridization, 
where the signal was observed only in thick (15 pm) sections with high probe concentrations (4 x 10' 
cpmiml) and after prolonged exposure (14 to 21 days) to photoemulsion; + +, moderate hybridization; 
++ +, strong hybridization, where the signal was observed in thin (5-pm) sections with low probe 
concentrations (0.5 x lo7 cpdml )  after short exposure (5 to 7 days); -, negative hybridization, 
autoradiographic grain density on the tissues not higher than background. The hybridization signal 
intensity assigned to each tissue and region is based on subjective comparison of 12 sections of each 
tissue obtained from three different fetuses, hybridized with similar probe concentrations, and exposed 
for three different exposure times. 

actions on a wide variety of cell types are 
consistent with their synthesis in widely 
distributed cells that are anatomically inte- 
grated in many organs and are situated near 
potential target cells. Fibroblasts and mesen- 
chymal cells within connective tissues, 
shown here to be the predominant sites of 
localization of IGF I and IGF I1 mRNAs, 
are ideally situated to provide a source of 
IGFs for paracrine actions on multiple cell 
types in human fetal tissues. 

Tissue Region IGF IGF IGF 
IA IB I1 

Skin Epidermis - - + 
Dermis + ++ +++ 

Muscle Perimpsium and epimysium 
Muscle fibers 
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Liver Perisinusoidal cells 
Hepatocytes 

Stomach and intestine Lamina propria, submucosa, serosa + + + +++ 
Mucosa and muscle - - - 

Pancreas Retroperitoneal tissue ++ + + + +++ 
Acinar, ductal, and islet cells - - - 

Lymphoid and ganglionic tissues - - - 

Spleen 

Adrenal 

Capsule and septa 
Pulp 

Capsule 
Cortex 
Medulla 

Kidney Capsule and calyces + ++ +++ 
Interstitiurn of inner cortex and + ++ ++ 

medulla 
Nephrogenic zone, - - - 

glomeruli 
and tubules 

Costal cartilage 

Eye 

Perichondrium + + + + + + s  
Chondrocptes (including growth - - - 

plate) 

Sclera 
Cornea 
Choroid, retina, and lens 

Cerebral cortex - - - 

-- 

*Weak to moderate hybridization was observed in cells of the permanent or defimuve adrenal cortex. Cells of the fetal 
cortex showed no hybridization. 

human fetal tissues, a conclusion that is ing different base composition of oligomer 
probes. 

As stated originally by the "somatomedin 
hypothesis" (I) ,  IGFs have been considered 
to be growth hormone-dependent circulat- 
ing growth factors that are synthesized pri- 
marily in the liver and that mediate, at least 
in part, growth hormone actions on skeletal 
growth (1). Recent evidence (5-11) sug- 
gests that this view may be too restrictive. 
The production of IGFs in multiple tissues 
in addition to the liver and their biologic 

supported by Northern blot hybridization 
studies (10) (Fig. 1). The intensity of hy- 
bridization with each probe also varied 
among tissues (Table 1). This variation may 
reflect tissue-specific differences in the abun- 
dance of IGF I or IGF I1 mRNA, but 
should be interpreted with caution as quan- 
titative in situ hybridization procedures for 
measuring IGF mRNA are not yet validated 
and differinces in hybridization signal inten- 
sity could result from many variables includ- 
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A Chimeric, Ligand-Binding V-erbB/EGF Receptor combined with a 1.7-kb Aha 11-~tu I re- 
striction fragment coding for the complete 

Retains Transforming Potential cytoplasmic portion of (AEV-H)-~Y~B and 
cloned into Sac IISma I double-dlgested 

HEIMO RIEDEL, JOSEPH SCHLESSINGER,* AXEL ULLRICH pUC12 (8). A 3.7-kb Sac I-Xrnn I restric- 
tion fragment from this subclone containing 

Comparison of amino acid sequences from human epidermal growth factor (EGF) the entire coding region of the chimeric 
receptor and avian erythroblastosis virus erbB oncogene product suggests that v-erbB receptor was then introduced into an expres- 
represents a truncated avian EGF receptor gene product. Although both proteins are sion vector downstream of a 640-bp Sma I- 
transmembrane tyrosine kinases, the v-erbB protein lacks most of the extracellular Sac I restriction fragment with Harvey sar- 
ligand-binding domain and a 32-amino acid cytoplasmic sequence present in the coma virus long terminal repeat promoter 
human EGF receptor. To test the validity of the proposed origin of v-erbB and to sequences and upstream of 3'-untranslated 
investigate the functional significance of the deleted extracellular sequences, a chimeric sequences of the gene coding for the hepati- 
gene encoding the extracellular and the transmembrane domain of the human EGF tis B virus surface antigen (9) providing 
receptor joined to sequences coding for the cytoplasmic domain of the avian erbB transcription stop and polyadenylation sig- 
oncogene product was constructed. When expressed in Ratl fibroblasts, this reconsti- nals. The vector also contained a dihydrofo- 
tuted gene product (HER-erbB) was transported to the cell surface and bound EGF. late reductase (DHFR) gene under SV40 
Its autophosphorylation activity was stimulated by interaction with the ligand. early promoter control to permit gene am- 
Expression of the HER-erbB chimera led to anchorage-independent cell growth in soft plification by methotrexate selection (1 0) in 
agar and EGF-induced focus formation in Ratl monolayers. Thus, it appears that v- addition to a neomycin resistance gene (11, 
erbB protein sequences in the chimeric receptor retain their transforming activity 12) for the initial selection of transfectants. 
under the influence of the human extracellular EGF-binding domain. Sequences of the Escherichza coli plasmid 

pBR322 allowed plasmid DNA replication u NTIL RECENTLY, THE NORMAL the signal peptide for membrane transloca- in E. colz. Expression plasmids were purified 
biological role of cellular homologs tion (24 amino acids), most of the extracel- from E. wli HBlOl by the alkaline extrac- 
of transforming genes was poorly lular ligand-binding domain (amino acids tion procedure (13) followed by a gel filtra- 

understood. Some of these genes have now 1-555), and 32 carboxyl-terminal amino tion purification step. Normal Ratl fibro- 
been shown to encode growth factors or acids. We have been interested in character- blasts were transfected by the calcium phos- 
growth-factor receptors, which when consti- izing the structural alteration that led to the phate precipitation method (14) and select- 
tutively expressed or structurally altered may generation of an oncogene from a normal ed for neomycin and methotrexate 
result in loss of normal growth control and growth factor receptor gene. Therefore, we resistance. 
thus oncogenesis. Two members of the tyro- have replaced the EGF binding region miss- The ability of transfected cells to bind 
sine kinase oncogene family, v-erbB and v- ing from the v-erbB protein to determine increased levels of '25~-labeled EGF was 
fks, are highly homologous to receptors for whether the presence of this domain is used to determine whether mutant EGF 
epidermal growth factor (EGF) (1, 2) and sufficient to regenerate a normal, ligand- receptors were properly synthesized and 
macrophage colony-stimulating factor CSF- responsive receptor from a transforming transported to the cell surface of Ratl recipi- 
1 (3), respectively. The chemically activated protein. The polypeptide generated by this ent cells. Two transfected cell lines used for 
neu oncogene product has also been shown gene fusion consists of normal human extra- subsequent experiments displayed dramati- 
to be structurally similar to the epidermal cellular ligand-binding and transmembrane cally, increased '25~-labeled EGF surface 
growth factor (EGF) receptor and to v-erbB domains linked to oncogenic avian cytoplas- binding relative to control Ratl  cells 
(4-6) and probably represents another cell mic sequences. (1 x lo4 receptors per cell). The HER- 
surface receptor for an unknown ligand with Cloned complementary DNA (cDNA) se- erbB1 line expressed about 8 x lo4 and 
unknown biological activity. quences coding for the human EGF receptor HER-erbB2 about 6 x 10' chimeric mole- 

Amino acid sequence comparison sug- (HER) ligand-binding and transmembrane cules per cell, which compares with 
gested that v-erbB was derived from the domains (residues -24 to 646) (2) were 
avian EGF receptor gene by gene truncation fused in vitro without sequence alteration ~ 0 ~ ~ ~ G ~ ~ e ~ e ~ ~ , " c : , D 4 " ~ ~ ~ ~ t ~ ~ D ~ $ ~ ~ ~ ~  
as a consequence of the recombination event with cytoplasmic domain sequences of the v- v ~ d ,  South Sari Francisco, CA 94080. 
that created the avian erythroblastosis virus wbB oncogene (AEV-H strain) (7). A 2-kb ~~~?~~f~~;i~~~~~~~~~ ~~~~~~~6~~~~~ 
(2). Both molecules are transmembrane ty- Sac I-Nar I restriction fragment coding for 
rosine kinases; when aligned with the hu- the complete extracellular and transmem- ;zJst, $:-$;:;: ~ ~ ~ e ~ ~ $ ' ~ ~ ~ ~ ~ ~ ~ ~ ~  
man EGF receptor sequence, v-erbB lacks brane domain of the EGF receptor was zosso. 
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