
blocked maps to an approximately 3.3-kb 
Hind I11 fragment (Fig. 3A). I t  is interest- 
ing that DNase I hypersensitive site IV maps 
to this same region of the first intron. Site 
IV is the location of the major quantitative 
difference in DNase hypersensitivity be- 
tween the 70Zl3B and the A20.2J cell lines, 
and may be functionally associated with the 
block to transcription elongation. Thus, it 
will be of interest to determine whether the 
DNase I hypersensitivity in this region re- 
flects binding of a trans-acting factor that 
can mediate a block to transcription elonga- 
t1on. 
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Expression of an Exogenous Growth Hormone 
Gene by Transplantable Human Epidermal Cells 

Retrovirus-mediated gene transfer was used to introduce a recombinant human 
growth hormone gene into cultured human keratinocytes. The transduced keratino- 
$es secreted biologically active growth hormone into the culture medium. When 
grafted as an epithelial sheet onto athymic mice, these cultured keratinocytes reconsti- 
tuted an epidermis that was similar in appearance to that resulting from normal cells, 
but from which human growth hormone could be extracted. Transduced epidermal 
cells may prove to be a general vehicle for the delivery of gene products by means of 
grafting. 

T HE EPIDERMIS IS A STRATIFIED EPI- +AM that produce ZipneoSV(X) virus 
thelium whose principal cell type, (termed +AM2275) and DOL-hGH virus 
the keratinocyte, can be serially ($AM DOL-hGH) both yielded titers of 

propagated in culture (1). Hulnan keratino- 10' G418-resistant colonies per milliliter 
q t e s  grow rapidly under appropriate culture when assayed on NIH 3T3 cells. To infect 
conditions, and it is ossible to expand a 1- human keratinocytes, we cocultivated them P cm2 biopsy to 1 m of epithelium within with lethally irradiated producer $AM cells, 
about 3 weeks. The cultured epithelium can since direct contact of virus-producing cells 
be detached from the surface of a dish as an with recipient cells is an efficient means of 
intact sheet and grafted onto a suitable bed. transmitting the virus (5). The producer 
Epithelia prepared in this way have been +AM cells also provided fibroblast support 
extensively used to regenerate an epidermis necessary for optimal growth of the human 
on burned humans 12'1. The cultivabilitv of keratinonltes 11'1. Three strains of keratino- 

\ ,  , \ ,  

keratinoqtes makes them suitable taiget q t e s  derived from the foreskins of new- 
cells for genetic manipulation. As a first borns (AY, YF17, and YF19) were coculti- 
step, we have used highly transmissible re- vated with lethally irradiated +AM2275 or 
troviral vectors to transfer DNA sequences +AM DOL-hGH cells for 3 to 4 days. The 
into cultured keratinocytes. We nowr report +AM cells were selectively removed by a 
successful transfer and ex~ression of the brief EDTA treatment. and the adherent 
gene encoding human growth hormone keratinoqtes were then detached with tryp- 
(hGH). sin and inoculated onto a feeder layer of 

Gene transfer into keratinocytes was ac- G418-resistant 3T3-J2 cells in medium con- 
complished with transmissible retroviruses taining G418 at 0.6 mglml. By 6 days, all 
generated from the +AM cell line (3 ) .  drug-sensitive cells were eliminated, and the 
Recombinant viruses produced bv the $AM cultures were then grown in nonselective 
cell are free of detectable re~lication-compe- medium for 2 to 3 davs before transfer. 
tent virus and have an mphotropic host The effectiveness of the gene transfer was 
range and therefore can infect cells of vari- determined by plating freshly infected kera- 
ous mammalian species, including the hu- tinocytes at clonal density in medium with 
man. and without G418. The number of resistant 

The structures of the recombinant ee- colonies was found to be 0.1 to 0.5% of the " 
nomes that we used are shown in Fig. 1A. total number of colonies, for both of the 
The vectors ZipneoSV(X) and DOL have viral constructs and for the three strains of 
been described ( 4 ) .  Cell lines derived from keratinocytes. 
-- - The G418-resistant keratinocvte colonies -- 

J. R. Morgan and R. C. Mulligan, Whitehead Institute were indistinguishable from the uninfected 
for Biomedical Research and l le  artment of Biolog 
Ivlassachusetts Institute of ~echt lokgy,  Cambridge, Nid; their time and mar- 
02139. phological appearance, but their life span in 
Y. Barrandon and H .  Green, Department of Physiology 
and Biophysics, Haward Medical School, Boston, hiti "lture "ariabl~ 
02115. The ZipneoSV(X) and DOL-hGH 
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recombinant retroviral genomes were de- 
tected in the cellular DNA from transduced 
keratinocytes by Southern blot hybridiza- . 

tion (Fig. 1B). High molecular weight 
DNA prepared from the +AM-producer cell 
lines and the G418-resistant keratinocytes 
was cleaved with Xba I and transferred to a 
nitrocellulose filter after fractionation by gel 
electrophoresis. Since Xba I cleaves once in 
the long terminal repeats (LTRs) of both 

the ZipneoSV(X) and DOL-hGH recombi- 
nant genomes, it excises unit-length proviral 
DNAs with expected sizes of 4.0 and 4.5 kb, 
respectively. Hybridization with a 32~-la- 
beled nco gene (neomycin phosphotransfer- 
ase) sequence revealed the presence of the 
ZipneoSV(X) and DOL-hGH proviral ge- 
nomes in the DNAs isolated from the corre- 
sponding +AM-producer lines and strains of 
infected keratinocytes. Moreover, both 

Xba l Xba l 

1 LTR 
SV pBR 

neo on or/ 1 LTR 

I 1  
5 'ss  3' sa 

Genomic 5' 

Spliced 
5 ' ~  

DOL-hGH 
Xba l Xba l 

SV40 1 LTR w hGH or0 neo ori 1 LTR 
PER 

Genomic 5' *n 

Subgenomic 

B 
3T3 qrAM AY YF19 3T3 q'AM 3- v r i a  

C 
I 7 1 -  n r -  
C i I C Z D C Z D  C Z D Z  

ornic D 

ornic Z ~ - 

, ,ma 7 

Flg. 1. Integration and transcription of recombinant retroviruses. (A) Proviral structures of pZip- 
neoSV(X) and pDOL-hGH and the expected RNA transcriyts are diagrammed. (B) Southern blot of 
cellular DNA (10 kg) digested with Xba I was pmbed with *P-labeled nco genes seqbences labeled to 
high specific activity with [~~~P]deoxycytidine 5'-triphosphate by the random primer method (14). 
Each lane is labeled to indicate the cells from which the DNA was isolated. In the second and third 
lanes, 10 pg of plasmid forms of pZipneoSV(X) (Z) and p@L-hGH (D), respectively, were digested 
with 10 pg of DNA from NIH 3T3 cells (3T3). In the remaining lanes, (Z) and (D) refer to the virus 
produced by the cells (+AM) and the virus used to infect the strains of keratinocytes (AY and YF19). 
(C) Northern blot of total RNA (5 kg) was pmbed with 32P-labeled nco gene sequences. Lanes are 
labeled to indicate the cells from which the RNA was isolated. Abbreviations: ss, splice site; A,,, 
polyadenylation site; C, control uninfected cells. 

+AM cell lines transmitted recombinant 
proviruses of cotrea size to keratinocytes. 
+AM DOGhGH has a single praviral-sized 
nw fragment; this producer line was made 
by the infection of the +AM cell line with an 
ecotropic DOL-hGH retrovirus derived 
from the $2 cell line (6). +AM2275 has 
multiple rtto-hybridizing fragments of which 
most are defective copies of the pZip- 
neoSV(X) plasrnid as a result of calcium 
phosphatemediated transkction. 

To determine whether the ZipneoSV(X) 
and DOL-hGH proviruses were transcrip- 
tionally active in transduced keratinocytes, 
we analyzed total RNA prepared from 
(3418-resistant cells by Northern blotting 
(Fig. 1C). Proviral transcripts were detected 
by hybridization with 32~-labeled neo se- 
quences. The expected transcripts from the 
ZipneoSV(X) provirus were detected in 
RNA from +AM2275 cells, infected 3T3 
cells, and from the two strains of infected 
keratinocytes tested (4). Two major neo- 
containing RNAs are also expressed in 
DOL-hGH-infected cells. The larger band 
represcnts the I11-length transcript that en- 
codes hGH. The smaller band represents the 
transcript that is initiated by the SV40 early 
promoter a d  encodes the neo gene product. 
From the intensities of the bands, it is clear 
that the ZipneoSV(X) and DOL-hGH pro- 
viruses are transcriptionally as active in the 
t w ~  strains of human keratinocytes as in the 
NIH 3T3 cells. 

The synthesis and secretion of biological- 
ly active hormone were shown in several 
ways. First, the secretion of hGH into the 
medium w i  detected by immunoprecipita- 
tion (Fig. 2A). Keratinocytes were incu- 
bated for 3 hours in methionine-deficient 
medium containing [3s~]methionine; the 
medium was then collected, floating cells 
were removed by centrifugation, and antise- 
rum to hGH was added. The hormone- 
antibody complex was precipitated with the 
aid of Staplylomm aureus (7). The 35S- 
labeled proteins were visualized by fluorog- 
raphy after SDS gel electrophoresis. Human 
growth hormone with the expected molecu- 
lar weight of about 22,000 was found in the 
medium of cultures of both strains of kera- 
tinocytes transduced with the hGH gene 
(Fig. 2A). The secreted hGH was quantitat- 
ed by specific radioimmune assay (RIA) of 
portions of medium removed from the cul- 
ture. The hGH protein was continuously 
secreted from the transduced keratinocytes 
for up to 4 days (Fig. 2B). The calcu- 
lated daily hGH secretion was 11.6 ng per 
milligram (wet weight); for comparison, 
the human pituitary glarid secretes daily 
1.0 pg per milligram of hGH (wet weight) 
(8). 

We also measured the biological activity 

REPORTS 1477 



Fig. 2. Secretion of hGH A 
by transduced keratino- Y C , ~  AY 

B 
yp. (A) Immunopre- I , 150- - 
clpltates of [35S]methio- E 

\ m 
nine-labeled proteins secret- c - 

/ 
ed into the medium by kera- 6 100- 
tinocytes were subjected to 43 

9 
electrophoresis on a 15% E 
polyauylamide SDS gel, u 
and the gel was analyzed by ; 50- 
fluorography (15). The 
fluorograph is labeled to in- 
&te the cells from which -L 

the labeled medium was har- 4 
vested and the location of D 
'4C-labeled marker proteins. 
(B) A time course of hGH 
secretion by keratinocytes 
transduced with DOL-hGH. Portions (200 4) of the medium (30 ml) from a confluent culture in a 56- 
cm2 dish were removed as indicated over a 4day period, and hGH was measured by RZA (Hybritech). 
Abbreviations as in Fig. 1. 

of the secreted hGH by its ability to specifi- 
cally induce differentiation of preadipose 
3T3 cells to adipose cells. The extent of 
adipose differentiation was measured in du- 
plicate cultures of 3T3-F442A cells by an 
assay for glycerophosphate dehydrogenase 
(GPD) because this enzyme increases greatly 
in activity during adipose differentiation (9). 
Confluent monolayers of the 3T3-F442A 
cells were incubated with purified hGH (2.0 
nglml) or medium conditioned by DOL- 
hGH-transduced keratinocytes or by nor- 
mal keratinocytes. After 12 days, cell ex- 
tracts were assayed for GPD activity. The 
hGH.synthesized by kera~ocytes (2.5 ng/ 
ml, as determined by RIA) was as active in 
inducing GPD activity as recombinant hGH 
at the same concentration (1447 and 1164 
units per milligram of cell protein, respec- 
tively). Medium conditioned by normal ker- 
atinocytes did not induce GPD above the 
background level (102 unittmg). 

Keratinocytes that secreted hGH were 
tested for their ability to form an epidermis 
when tr&splanted to an athymic mouse. 
Normal or transduced kerat inqes were 
grown to confluence in 35-mm dishes. The 
epithelial sheet was detached with Dispase 
(10) and grafted to the subcutaneous tissue 
of the back of the athymic mouse with the 
basal side facing outward and was thus 
completely surrounded by the body fluids of 
the mouse (11). After 1 to 3 weeks, the 
grafts were removed, snap-hzen or fixed in 
Formalin, and processed for histological ex- 
amination. The epidermis resulting from 
keratinocytes transduced with DOL-hGH 
(strains YF17, YF19, and AY) revealed a 
stratitied epidermis several layers thick with 
well-defined stratum granulosum and stra- 
tum comeum (Fig. 3). These layers are 
usually absent from cultured epithelium, 
and their presence in the regenerated epider- 
mis indicates more complete terminal differ- 
entiation. The morphology of grafts formed 

by transduced keratinocytes was indistin- 
guishable from that of grafts formed by 
normal keratinocytes. 

The mowth hormone content of the 
grafted Lpidermis was then compared with 
that of the cultures before grafting. The 
cultured evithelium was washed. and an 
extract was made and found to contain 2.2 
ng of hGH by RIA. This value is 1.4% of 
the daily output of hGH by the epithelium 
while in culture. Seven days after the graft- 
ing, the regenerated epidermis from a simi- 
lar culture contained an average of 4.8 ng of 
hGH (Table 1). Since the epidermis is 
thicker ' than the cultured epi&elium, the 
iralues s h o w  may include trapped extracel- 
lular hormone as well as intracellular hor- 
mone. The fact that the value is not much 
higher than the corresponding value for 
cultured epithelium may indicate that most 
of the synthesized hormone left the site of 
the graft. However, when serum obtained 
from mice 7 days to 3 weeks after they 
received grafts was tested for hGH by RIA, 
none could be detected. This assay is specific 
for hGH with a sensitivity of 0.2 nglml. 

We have shown in these studies that 
murine retroviral vectors can be used to 
transfer exogenous DNA sequences into hu- 
man keratinocytes. Although the efficiency 
of gene transfer was low (approximately 
0.5% of the keratinocytes that formed colo- 
nies), transduced cells could be selectively 
propagated owing to their resistance to the 
drug (3418, conferred by the expression of 
the inserted neo gene. Except for a reduced 
lifetime in culture that seems to have result- 
ed from the exposure to (3418, the trans- 
duced cells were not obviously altered. After 
transplantation as an epithelial sheet onto 
athymic mice, they showed normal ability to 
generate epidermis and to undergo terminal 
differentiation. 

In contrast to ~revious studies that indi- 
cated that retroviral transcriptional signals 

are ineficiently utilized in a variety of devel- 
opmental contexts (12), the DOL-hGH ret- 
&virus was as transcriptionally active in 
cultured keratinocytes as in NIH 3T3 cells 
and resulted in the secretion of biologically 
active hGH. This indicates that human kera- 
tinocytes have a secretory apparatus ade- 
quate for processing and exporting secretory 
proteins characteristic of other cell types. 

Unfomately, it was not possible to de- 
termine the rate of diffusion of hGH from 
the graft site to the bloodstream, because of 
the low sensitivity of the hGH RIA. Never- 
theless, the ability to express foreign DNA 
sequences in human keratinucytes raises the 
question whether genetically engineered 
skin grafts could be used for systemic deliv- 
ery of proteins of medical interest now 
available through the use of recombinant 
DNA. Current methods require the large- 
scale purification of these proteins from 
bacterial or mammalian sources and a suit- 
able method of administration. The use of 
skin grafts to stimultaneously produce and 
deliver such proteins might provide an alter- 
native. 

Fig. 3. Formation of an epidermis by grafting 
uansduced keratinocytes. A confluent stratified 
epithelium formed by keratinocyte strain AY 
transduced with DOL-hGH was detached intact, 
by means of Dispase (2.5 mglml) and grafted 
onto an athymic mouse (strain NIH Swiss Nulnu, 
Taconic Farms) as follows: a surgical flap was 
made of the dorsal skin of the mouse, and the 
detached cultured epithelium was applied to the 
inner surface of the flap with the basal layer facing 
the v d & d  connective tissue (11). The flap 
was then restored to its original position, thus 
completely enclosing the graft, and the wound 
was closed with clips. One week after grafting, the 
epidermis was removed and fixed in Formalin. 
Paratfin-embedded sections (5 pm thick) were 
stained with hematoxylin and eosin, which re- 
vealed well-developed basal and spinous layers. A 
granular layer and stratum corneum are also pre- 
sent (scale bar, 100 pm). 
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Table 1. Detection of hGH in grafted epidermis 
generated from transduced keratinocytes. Epider- 
mis generated by transduced keratinocytes was 
harvested 7 to 8 days after grafting, snap-frozen in 
liquid nitrogen, and powdered. The powder was 
suspended in 300 ~1 of 25 m M  tris buffer (pH 
7.5), containing 1 m M  EDTA, and sonically 
disrupted for 10 seconds at 50 W. The suspension 
was centrifuged for 5 minutes at 15,0008, and the 
supernatant was assayed for hGH by RL4. YF17 
no. 1 and no 2 are control samples of human 
epidermis generated by uninfected keratinocytes. 

Amount of Area of 
Strains hGH per graft graft 

(ng) (mm2) 

Control 
YF17 no. 1 0 240 
YF17 no. 2 0 140 

Experimental 
YF19 DOL-hGH 5.6 160 
YF17 DOL-hGH 4.0 200 

The feasibility of delivering a secreted 
protein by skin grafting will depend not 
only on the rate of its synthesis in the graft, 
but also on the efficiency of its transfer to 
the circulation. Although, it is known that 
even quite large proteins can pass in the 
reverse direction from the dermis into the 
epidermis (13), there is no information on 
the efficiency of transfer. Further research is 
being devoted to improved expression of 
hGH by the use of other retroviral con- 
structs, and to the study of other secreted 
proteins assayable at lower concentration. In 
this way we should be able to definitively 
assess the feasibility of hormone delivery by 
skin grafting. 
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Uromodulin (Tamm-Horsfall Glycoprotein): A Renal 
Ligand for Lymphokines 

The protein portion of the immunosuppressive glycoprotein uromodulin is identical to 
the Tamm-Horsfall urinary glycoprotein and is synthesized in the kidney. Evidence 
that the glycoproteins are the same is based on amino acid sequence identity, 
immunologic cross-reactivity, and tissue localization to the thick ascending limb of 
Henleys loop. Nucleic acid sequencing of clones for uromodulin isolated from a 
complementary DNA bank from human kidney predicts a protein 639 amino acids in 
length, including a 24-amino acid leader sequence and a cysteine-rich mature protein 
with eight potential glycosylation sites. Uromodulin and preparations of Tamm- 
Horsfall glycoprotein bind to recombinant murine interleukin-1 (rIL-1) and human 
rIL- la, rIL- 1 P, and recombinant tumor necrosis factor (rTNF) . Uromodulin isolated 
from urine of pregnant women by lectin adherence is more immunosuppressive than 
material isolated by the original salt-precipitation protocol of Tamm and Horsfall. 
Imrnunohistologic studies demonstrate that rIL-1 and rTNF bind to the same area of 
the human kidney that binds to antiserum specific for uromodulin. Thus, uromodulin 
(Tamm-Horsfall glycoprotein) may function as a unique renal regulatory glycoprotein 
that specifically binds to and regulates the circulating activity of a number of potent 
cytokines, including IL-1 and TNF. 

ROMODULIN IS AN 85-KD IMMU- 

nosuppressive glycoprotein that 
was originally purified to homoge- 

neity from urine of pregnant women on the 
basis of its inhibitory activity in vitro in an 
antigen-specific human T-cell proliferative 
assay (1). Subsequent studies demonstrated 
that uromodulin also inhibits the comito- 
genic effect of interleukin- 1 (IL-1) on both 
C3H-HEJ thymocytes and the IL-l-re- 
sponsive D10-G.4 cell line (2). By means of 
a solid-phase binding assay, it was shown 
that murine IL- l a  is a high-affinity ligand 
for uromodulin with an estimated dissocia- 
tion constant of 3 x 10-'OM (3). Although 
uromodulin is enriched in urine from preg- 
nant women, it has also been isolated from 
urine of normal male donors; however, uro- 
modulin from the latter source exhibits low- 

the carbohydrate portion of uromodulin 
plays a fundamental role in its biologic 
activity ( 5 ) .  Other work showing that oligo- 
saccharides derived from uromodulin or 
even defined monosaccharides can compete 
with uromodulin for binding to IL-1 sug- 
gests that IL-1 is a "mammalian lectin" with 
specificity toward carbohydrate moieties on 
uromodulin (6). We now report further 
characterization of uromodulin, including 
its amino acid sequence and binding speci- 
ficity. 

Amino acid sequence analysis was per- 
formed with homogeneous uromodulin (1 ).  
In addition to the intact uromodulin poly- 
peptide, tryptic fragments of both S-p-(4- 
pyridylethy1)-uromodulin (S-PE-uromodu- 
lin) and N-succinyl, S-PE-uromodulin were 

er levels of immunosuppressive activity in C. Hession, R. 7. Mattaliano, R. Tizard, E. Kawashima, 
U. Schmeissner, S. Heletky, E. P. Chow, C. A. Burne, A. 

vitro (4). Since the immunosuppressive ac- Shaw, Biogen Research Corporation, Cambridge, MA 
tivity of uromodulin (i) is resistant to pron- 02142. 

J. M. Decker, A. P. Sherblom, A. V. Muchmore, Metab- ase digestion, (ii) is destroyed by periodate olism Branch, National Cancer Institute, National Insti- 
treatment, (iii) is resistant to a number of tutes of Health, Bethesda, MD 20892. 

protein denaturation procedures, and (iv) S. Kumar, University of Chicago, Pritzker School of 
Medicine, Chicago, IL 60637. 

can be recovered in the carbohydrate frac- C. C. Yue, Case Western Reserve University, Cleveland, 

tions released after digestion of uromodulin OH 44106. 

with N-glycanase, we have suggested that *To whom reprint requests should be addressed. 
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