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Abstract

Keratinocyte growth factor (KGF), a member of the fibro-
blast growth factor (FGF) family, was identified as a specific
keratinocyte mitogen after isolation from a lung fibroblast
line. Recently, recombinant (r)KGF was found to influence
proliferation and differentiation patterns of multiple epithe-
lial cell lineages within skin, lung, and the reproductive
tract. In the present study, we designed experiments to iden-
tify additional target tissues, and focused on the rat gastroin-
testinal (GI) system, since a putative receptor, K-sam, was
originally identified in a gastric carcinoma. Expression of
KGF receptor and KGF mRNA was detected within the
entire GI tract, suggesting the gut both synthesized and
responded to KGF. Therefore, rKGF was administered to
adult rats and was found to induce markedly increased pro-
liferation of epithelial cells from the foregut to the colon,
and of hepatocytes, one day after systemic treatment. Daily
treatment resulted in the marked selective induction of mu-
cin-producing cell lineages throughout the GI tract in a
dose-dependent fashion. Other cell lineages were either un-
affected (e.g., Paneth cells), or relatively decreased (e.g., pa-
rietal cells, enterocytes) in rKGF-treated rats. The direct
effect of rKGF was confirmed by demonstrating markedly
increased carcinoembryonic antigen production in a human
colon carcinoma cell line, LIM1899. Serum levels of albumin
were specifically and significantly elevated after daily treat-
ment. These results demonstrate rKIGF can induce epithelial
cell activation throughout the GI tract and liver. Further,
endogenous KGF may be a normal paracrine mediator of
growth within the gut. (J. Clin. Iptvqst. 1994. 94:1764-1777.)
Key words: fibroblast growth 4;tors * carcinoembryonic
antigen * colon carcinoma * gastric * small intestine

Introduction

Keratinocyte growth factor (KGF/FGF-7) was initially purified
and cloned from a lung fibroblast line as a soluble factor which
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could stimulate keratinocyte proliferation by Rubin, Finch, and
co-workers (1, 2). Although other members of the FGF and
epidermal growth factor (EGF) families also stimulate keratino-
cytes, KGF was shown to be a more potent mitogen as well as
a more potent differentiation agent in vitro (3). A direct role
for KGF in keratinocyte proliferation was suggested by Werner
and co-workers (4) in experiments using rodent dermal wounds,
where KGF mRNA expression was observed to increase over
100-fold 1 d after wounding. Studies by Miki et al. (5, 6) re-
vealed that the basis for KGF selectivity was specific binding
to a splice variant of FGF receptor 2 (FGFR2, bek), which is
similar to K-sam, an activated receptor found in a gastric carci-
noma cell line (7). Multiple other cell types examined, including
endothelial cells, smooth muscle cells, and fibroblasts, which
respond to other FGF family members, do not express the KGF
receptor variant of FGFR2, and hence do not bind KGF (2).

Although KGF was thought to be an endogenous paracrine
effector of keratinocyte growth in skin, it was originally isolated
from a human lung fibroblast line and rat lung tissue was found
to contain high levels of KGF and KGF receptor message (1,
2, 8). Expression of the KGF transcript also has been detected
in several stromal fibroblast cell lines derived from epithelial
tissues of embryonic, neonatal, and adult human sources (2).
KGF mRNA has not been detected in glial cells, brain nor in
a variety of epithelial cell lines (2). In vivo, rKGF was found
to induce proliferation of hair follicles, sebaceous glands, and
regenerating keratinocytes within rabbit dermal wounds (9), and
to influence basement membrane maturation in porcine wounds
(10). Recently, rKGF was shown to induce proliferation of type
II pneumocytes in vitro and in vivo (8, 11). In vivo, increased
surfactant was found in the lungs of rats treated with rKGF
(8). rKGF has also been shown to stimulate pancreatic ductal
epithelia, mammary gland ductal epithelia, and to mediate an-
drogen action in androgen-dependent epithelia such as the pros-
tate and seminal vesicles (12-15).

Taken together, these observations imply that KGF is an
endogenous paracrine effector for a variety of epithelial cells
that is synthesized by underlying stromal fibroblasts. However,
little information is available on the potential for KGF to influ-
ence epithelial tissues in the liver and gastrointestinal tract.
The present results indicate that KGF is likely an important
endogenous mediator of cell growth and differentiation in the
gastrointestinal tract and liver, and that administration of phar-
macologic amounts of rKGF has a highly significant inductive
effect on specific epithelial lineages within these organs.

Methods

Recombinant KGF
A full-length cDNA clone of mature human keratinocyte growth factor
was expressed in E. coli and purified to homogeneity using conventional
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Figure 1. Expression of KGFR and KGF mRNAs in rat tissues. (A)
KGF receptor mRNA expression. (B) KGF mRNA expression. RNA
from adult rats was isolated and RNase protection assays performed on

each tissue as described in Methods. The mean±standard deviation of
triplicate samples are presented.

chromatography techniques. Each lot of rKGF was tested for endotoxin
content, and specific activity on Balb/MK keratinocytes (American Type
Culture Collection, Rockville, MD). In our serum-free assay system,
half-maximal proliferation was observed at - 19 ng/ml. E. coli-ex-
pressed KGF has been reported to be up to 10-fold more potent than
natural material (1, 3, 16).

Animal injection paradigms
Male, outbred, specific pathogen-free, Sprague Dawley rats (Charles
River Laboratories, Wilmington, MA) were housed in microisolation
and received potable water and food ad libitum. In a dose-response
study, animals received rKGF or phosphate-buffered saline (PBS) by
intraperitoneal injection daily for 4 days before sacrifice. In a second
experiment, animals received 5 mg/kg rKGF or PBS for 1, 4, or 7 d
before sacrifice. In a washout study, animals received rKGF or PBS for
4 d and cohorts of treatment and control animals were then sacrificed
at zero, 7 and 21 d after treatment. In all experiments, at least five
animals were analyzed per group and experiments were repeated.

Blood and tissue collection and assay

Rats were euthanatized by CO2 asphyxiation and serum was obtained
by cardiac puncture immediately postmortem, then stored frozen until
assayed for analytes (Medical Group Pathology Laboratory, Santa Bar-
bara, CA, or Damon Laboratories, Thousand Oaks, CA). High resolution
hepatic and serum protein electrophoreses, and alkaline phosphatase
isoenzyme electrophoreses were performed following the manufactur-

Table I. Organ Weights of Rats Treated with rKGFfor 1, 4, or 7 d

Glandular
Day Liver Foregut stomach Colon

Control 4.43±0.07* 0.18±0.13 0.52±0.04 0.92±0.03
1 rKGF 5.17±0.19 0.21±0.12 0.57±0.04 1.00±0.05

P valuet 0.006 NS NS NS
Control 4.37±0.13 0.14±0.01 0.51±0.02 0.91±0.04

4 rKGF 5.94±0.42 0.33±0.05 0.70±0.05 1.19±0.04
P value 0.007 0.007 0.0045 0.0009
Control 3.49±0.06 0.13±0.01 0.48±0.02 0.73±0.02

7 rKGF 4.08±0.08 0.53±0.09 0.65±0.01 0.96±0.04
P value 0.0003 0.0019 0.0001 0.0017

* Mean±SE, n = 5 per group, expressed as a percentage of body weight.
Unpaired, two-tailed Student's t test, rKGF 5 mg/kg vs. control; NS,

not significant.

er's protocols (Ciba-Coming, Coming, NY). For alkaline phosphatase
isoenzyme determination, positive controls included homogenates of
liver, bone, and intestine. Carcasses were perfused through the left
ventricle with 4% paraformaldehyde (Sigma Chemical Co., St. Louis,
MO) using a peristaltic pump (Watson-Marlow Inc., Wilmington, MA).
Major organs were weighed in a blinded fashion and weights were
expressed as grams per 100 g body weight (percent body weight). The
gut was divided into the esophagus, nonglandular foregut, glandular
stomach, duodenum, jejunum, ileum, and proximal and distal colon.
Tissue samples were fixed in 10% buffered formalin or 4% paraformal-
dehyde overnight for routine histological processing or in 2-methylbu-
tane cooled by liquid nitrogen following embedding in OCT (Miles Inc.,
Elkhart, IN) for immunohistochemical, fat and carbohydrate staining.
For RNase protection assays, tissues were immediately frozen on dry
ice and stored at -70'C until use.

RNA isolation and RNase protection assay
Total RNA was isolated from 1 g rat tissue as described by Chomczynski
and Sacchi (17). For RNase protection mapping of KGFR and KGF
transcripts, DNA probes were cloned into transcription vectors pGEM4Z
and pSP72 (Promega, Madison, WI), respectively. The rat KGF anti-
sense transcript used corresponds to nucleotides 132 to 336 (18). The
KGFR antisense transcript used corresponds to nucleotides 1270 to 1417
(5). This region of KGFR sequence was determined to be identical in
mouse and rat (Biltz, R., unpublished data). The vectors were linearized
and radiolabeled antisense transcript was synthesized in vitro using SP6
or T7 RNA polymerase and [32P]rUTP (800 Ci/mmole; New England
Nuclear, Boston, MA; 1 Ci = 37 GBq). The full length RNA probe
was purified after electrophoretic separation on an 8% polyacrylamide/
7M urea gel. For the RNase protection assay (Kit #1410; Ambion, Inc.,
Austin, TX), triplicate samples of 50 ,ug of total cellular RNA were
hybridized at 45°C overnight with 105 cpm of appropriate antisense
probe, then digested with RNase. The RNA:RNA hybrids were precipi-
tated, resuspended, and separated on an 8% polyacrylamide/7 M urea
gel. Signal from protected fragments was quantified on a Phos-
phorlmager (Molecular Dynamics Inc., Sunnyvale, CA) and averaged
over the triplicate sample points. In order to quantify the amount of
message in the various tissue samples, unlabeled sense RNA correspond-
ing to the labeled antisense probe was synthesized, purified over a G50
spin column, quantified by OD260 nm, and used as a standard for the
hybridization assay. The equivalent picograms of message per 50 Mg of
total RNA was calculated by comparison of each tissue RNA protected
band signal to one derived from hybridization to the known standard
of 'sense' RNA. The values obtained were then normalized using the
ratio of the probe size to the full-length message. For the KGF RNase
protection assay, triplicates were further normalized to the signal derived
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Table II. Serum Analytes of Rats Treated with rKGFfor 1, 4, or 7 d

Alkaline
Albumin Total protein phosphatase Cholesterol Triglycerides BUN

(gidl) (gidl) (U/L) (mg/dl) (mg/dl) (mg/dl)

Normal values* 3.8-4.8 5.6-7.6 133-405 40-130 26-145 13-18
Day

1 Control 3.92±0.09t 6.00±0.19 510±44 76±2 94±10 15.8±0.4
rKGF 3.78±0.11 5.84±0.17 482±29 122±24 261±72 13.8±1.1
P value1 NS NS NS 0.097 0.05 NS

4 Control 3.76±0.08 6.02±0.08 511±48 71±4 125±17 16.2±1.4
rKGF 4.72±0.14 7.48±0.28 280±42 242±33 505±111 11.8±0.2
P value 0.0003 0.0013 0.007 0.0008 0.0095 NS

7 Control 3.94±0.05 6.20±0.10 491±42 75±7 105±14 17.2±0.3
rKGF 5.0±0.09 8.06±0.17 225±21 247±29 506±63 19.4±1.5
P value 0.0001 0.0001 0.0005 0.0004 0.0002 NS

* Normal values for CD [CRL:CD(SD)BR] outbred rats, from references 55, 56. * Mean±SE, n = 5 per group. 1Unpaired two-tailed Student's
t test, rKGF 5 mg/kg vs. control; NS, not significant.

from a known amount of partial sense transcript (smaller than the pro-
tected fragment size) added into each reaction.

Histochemical and immunohistochemical stains
1 h before sacrifice, rats received 50 mg/kg bromodeoxyuridine (BrdU;
Aldrich Chemical Co., Milwaukee, WI) via intraperitoneal injection. To
visualize BrdU incorporation into DNA of replicating cells, immunohis-
tochemistry using a monoclonal anti-BrdU antibody (Dako, Carpenteria,
CA) was performed using a biotinylated horse anti-mouse IgG second-
ary antibody and avidin-biotin complex (Vector Labs, Burlingame, CA),
followed by 3,3-diaminobenzidine tetrahydrochloride (DAB; Sigma
Chemical Co.) as described (9). Tissues were stained with hematoxylin
and eosin, periodic-acid-schiff (PAS) (neutral mucins), Alcian blue at
pH 2.5 (acid mucins), and Masson-Trichrome (19). Antibodies to villin
(Chemicon, Inc., Temecula, CA), a brush border protein on enterocytes,
were used to assess relative changes in enterocyte and goblet cell num-
bers on the mucosal surface of the small intestine. Antibodies to lyso-
zyme (Dako) and serotonin (Chemicon, Inc.) were used to assess Paneth
cell and enteroendocrine cell changes in the gut, respectively. Staining
was performed using the TechMate 1000 using reagents and an avidin-
biotin detection system supplied by its manufacturer (BioTek Solutions,
Inc., Santa Barbara, CA). Frozen liver sections were stained with oil
red 0 and Sudan IV to detect lipids and with PAS to detect glyco-
gen (19).

Morphometric analyses
Liver. The BrdU labeling index of the liver was determined by an
individual blinded to the treatment groups using a light microscope with
a calibrated eye objective grid. 10 400x fields per liver were counted
and averaged. Total nuclei, and labeled nuclei per unit area were
counted. Each grid field consisted of 0.0625 mm2 (62,500 .m2) hepatic
parenchyma. To standardize the fields counted as representing similar
areas of hepatic parenchyma, all fields counted were adjacent to a portal
triad. Mitotic figures per 400x field also were counted to confirm BrdU
values.

GI tract. A calibrated eye objective micrometer was used to measure
the thickness of the gastric mucosa and the depth of PAS positive cells
within the gastric mucosa. Similarly, duodenal crypt depth, duodenal
villus height, and colonic crypt depth in the proximal colon were mea-
sured. To quantify the changes in goblet cell production the number of
PAS positive goblet cells was counted along 100 Jsm lengths beginning
at the base of the duodenal villi. In addition, the number of colonic
crypts and the number of hyperplastic (bifurcated or trifurcated crypts)
occupying a 100 /um length of colonic mucosa were determined. In all

areas of the gut, measurements were made only on glands or villi that
appeared perpendicular to the underlying muscularis. 5-10 replicate
measurements were made per animal and averaged.

Statistical analyses. All quantifiable data were analyzed using an
unpaired two-tailed Student's t test or one-way analysis of variance
(ANOVA) for multiple group comparisons, followed by Bonferoni-
Dunn post-hoc analyses (Statview IV; Abacus Concepts, Berkeley, CA).
Data are presented as mean±standard error of the mean (SE).

Immunohistochemistry of cultured LIM1899 cells. The LIM1899
colon carcinoma cell line was maintained as previously described (20).
Cells were grown directly on Lab-Tek Chamber Slides (Lab-Tek Prod-
ucts, Inc., Naperville, IL) in RPMI 1640 containing 5% fetal bovine
serum in the presence or absence of 20 ng/ml rKGF for 5 d. Cultures
were washed with PBS, fixed with cold absolute acetone for 15 min
and stained by indirect immunofluorescence using an IgM monoclonal
antibody (mAb) 4E7, which recognizes an epitope on CEA, and fluores-
cein isothiocyanate-conjugated sheep anti-mouse IgG (Cappel, Inc., Ar-
lington Heights, IL). mAb 4E7 was raised against the LS174T colon
carcinoma cell line and shows similar staining on tissues and Western
blots as CEA specific polyclonal antibodies (Devine, P.L., unpublished
observation).

Immunochemical detection of CEA and related proteins. LIM1899
cells were cultured for 6 d in the presence or absence of 50 ng/ml rKGF.
Media was collected for CEA immunoassays and Western blotting. Cells
were harvested, solubilized in 1% sodium dodecyl sulfate (SDS), and
extracts were Western blotted after separation on 3-15% gradient SDS-
PAGE (21). mAb 4E7 was used to probe Western blots of cells and
culture supernatant for the presence of CEA. A multi-determinant en-
zyme-linked immunoassay (ELISA) was performed on supernatants us-
ing 4E7-coated microtiter plates to capture antigen and rabbit polyclonal
anti-human CEA (Dakopatts, Glostrup, Denmark) to detect bound anti-
gen, followed by detection with anti-rabbit Ig-peroxidase (Silenus, Mel-
bourne, Australia) as described (22). The IMx CEA microparticle en-
zyme immunoassay (Abbott Labs, Abbott Park, IL) was also used to
quantify CEA levels in supernatants which had been concentrated four-
fold in a 10,000 molecular weight cutoff centrifugal concentrator (Ami-
con, Beverley, MA).

Results

RNase protection assay. Both KGF receptor mRNA and KGF
mRNA were detected in the gut of normal rats (Fig. 1). In
most tissues examined, KGF receptor mRNA expression was
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severalfold higher than KGF mRNA expression. The liver
showed the most disparity between receptor and ligand expres-
sion; although relatively high levels of receptor mRNA were
present, no KGF mRNA was found. The spleen contained KGF,
but little KGF receptor mRNA, raising the possibility that KGF
may mediate effects in the liver in an endocrine manner, via
the portal circulation. The nonglandular foregut showed the
highest receptor expression of all tissues examined. Mesenchy-
mal tissues such as the heart showed no ligand or receptor
expression. The co-expression of both KGF and KGF receptor
expression suggested that KGF might be important in stimulat-
ing growth in the gut mucosa.

Dose and day response studies with rKGF. To assess poten-
tial effects of rKGF in vivo on the liver and GI tract, a dose
response study was performed to identify a pharmacologically
active dose. rKGF from 0.2 to 5.0 mg/kg was injected daily for
4 d, and tissues were harvested. Foregut, glandular stomach,
colon, and liver weights, expressed as percent body weight were
significantly higher than controls only at the highest dose (data
not shown).

Animals were analyzed after 1, 4, or 7 d daily treatment
with 5 mg/kg rKGF to determine the onset and duration of the
organ weight changes (Table I). On necropsy, all organs ap-
peared normal at 4 and 7 d of treatment except the foregut,
which was grossly thickened.

Effect of rKGF on serum analyses over time. Molecules
synthesized or metabolized by the liver, such as albumin, cho-
lesterol, and triglycerides were significantly elevated in sera
obtained from 1 and 5 mg/kg rKGF-treated animals compared
with controls (data not shown). In rats treated with 5 mg/kg
rKGF, serum albumin and total protein were increased at 4
d and remained elevated through day 7 (Table II). Alkaline
phosphatase was significantly reduced by 4 d treatment with
rKGF. When alkaline phosphatase isoenzymes were fraction-
ated electrophoretically, the decrease could be accounted for
almost entirely by diminished enterocyte-produced intestinal
isoenzyme. No change in serum bilirubin was observed in
rKGF-treated rats. The rapid increase of serum triglycerides and
cholesterol beginning after 1 d rKGF treatment, indicated an
influence on fat metabolism. The increased cholesterol levels
were due to increased HDL and LDL fractions. The HDL/total
cholesterol ratio was 0.6 in both rKGF-treated and control rats.
The serum transaminases, aspartate aminotransferase (AST),

and alanine aminotransferase (ALT) were minimally elevated
(data not shown).

Blood urea nitrogen (BUN) and creatinine (data not shown)
were similar in controls and rKGF-treated rats (Table II). These
observations, coupled with no changes in body weights or hema-
tocrits between groups suggested that hemoconcentration due
to dehydration was not the cause of elevated serum proteins.
The elevated serum proteins were subjected to high resolution
electrophoresis. Sera from rKGF-treated animals showed only
increased levels of albumin compared to controls. The albumin
peak accounted for 60±4% of the total protein on rKGF-treated
animals on day 7, compared with 49±4% in controls. Other
peaks showed no differences in protein content between groups
(data not shown).

Hepatocyte proliferation. Liver weight was increased after
as little as 1 d of rKGF treatment (Table II). A corresponding
marked increase in hepatocyte proliferation was detected to 6-
8-fold above controls, peaking after 1 d of rKGF treatment
(Figs. 2 and 3). While hepatic hyperplasia was observed, hepato-
cyte hypertrophy was not detected in rKGF-treated rats, and
hepatocyte density per unit area remained similar between the
two groups (rKGF 879±11 vs. 821±27), suggesting increased
numbers of hepatocytes were responsible for the increased liver
weight. At day 7, mild biliary duct hyperplasia was present in
treated animals. Taken together, the results in the liver suggest
the burst of proliferation resulted in more protein-secreting dif-
ferentiated hepatocytes.

Esophagus and stomach proliferation and differentiation.
The foregut and glandular stomach, which contain KGF receptor
mRNA, showed significant weight increases after 4 and 7 d
treatment (Table I). Despite detecting KGF receptor mRNA,
the esophagus was histologically normal and proliferation was
not increased after rKGF treatment (Fig. 4, A and B). The oral
cavity was also unresponsive to rKGF. The mucosal surface
epithelium of the esophagus changed abruptly at the cardia to
the proliferative epithelium of the rKGF-treated foregut. At 4
d, the foregut epithelium was mildly thickened with a rete peg-
like appearance of skin, overlaying a normal appearing lamina
propria. At 7 d, the thickened keratinized epithelium covered
polyp-like projections of lamina propria that extended up from
the underlying muscularis into the lumen (Fig. 4, C and D).

At 1, 4, and 7 d of rKGF treatment, the isthmus above the
mucus neck cell layer, which contains progenitor cells, was
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Figure 5. rKGF-induced changes
in gastric mucosa. (A) The length
of the glandular gastric glands at
1, 4, and 7 d after intraperitoneal
injection of 5 mg/kg body weight
rKGF or PBS. (B) The depth of
mucin extending from the lumen
into the glandular gastric mucosa
at 1, 4, and 7 days after intraperi-
toneal injection of 5 mg/kg body
weight rKGF or PBS.

Figure 6. Increased duodenal
crypt depth and numbers of goblet
cells in rKGF-treated rats. (A) Du-
odenal crypt depth. (B) PAS posi-
tive goblet cells were counted at
the base of duodenal villi.

markedly widened with numerous BrdU positive proliferating
cells and displaced toward the serosal surface (Fig. 4, E-H).
By 4 and 7 d ofrKGF treatment, increased numbers of gastric pit
mucin-producing cells were detected throughout the glandular
gastric mucosa (Figs. 4, I-L). A corresponding decrease in the
number of parietal cells also was observed in rKGF-treated rats.
Animals treated with rKGF for 4 and 7 d had mildly elongated
gastric glands (Fig. 5 A). The depth of the mucous layer from
the luminal surface of the gastric mucosa was also markedly
increased after 4 (P = 0.0004) and 7 (P = 0.001) days rKGF
treatment (Fig. 5 B). Mucin appeared qualitatively normal. More
mature mucin-producing gastric pit cells approaching the lumen
no longer proliferated (Fig. 4, E-H).

Small intestinal tract proliferation and differentiation. The
small intestine appeared grossly normal at all study points. The
depth of duodenal crypts was significantly increased beginning
after 1 d of treatment (Fig. 6 A). Markedly increased numbers
of mucus producing goblet cells within crypts and villi were

detected after 4 and 7 d of rKGF treatment (Figs. 6 B and 7).
Villus heights were not increased in rKGF-treated rats, sug-
gesting that the increased numbers of cells contained within
crypts may have accelerated transit times through villi.

Colon proliferation and differentiation. The net weight of
the colon was increased at days 4 and 7 in rKGF-treated rats
(Table I). By 7 d, the proximal colonic mucosa developed rugal-
like folds that greatly increased the overall surface area. Bifur-
cated and trifurcated colonic crypts, which indicate crypt fission,
were most prominent after 1 d rKGF treatment (Figs. 8 A and
9, A and B). There was no difference in the total number of
crypts per unit area at any treatment time point (data not shown).
The depth of colonic crypts increased after 7 d (Fig. 8 B). The
distal colon also demonstrated similar hyperplastic changes.

A dramatic increase in mucus producing goblet cells
throughout the proximal and distal colon was detected in rKGF-
treated rats using Alcian blue stain (Fig. 9, C and D). In controls
the number of goblet cells decreased toward the luminal surface

Figure 4. Histological analysis of the esophagus, foregut and glandular stomach of control and 5 mg/kg rKGF-treated animals. H and E of the
esophagus of (A) control or (B) rKGF-treated after 7 d showing no effect. Trichrome staining of (C) control foregut and (D) rKGF-treated foregut
after 4 d showing proliferation and hyperkeratinization of squamous epithelium (Ep). Glandular stomach containing BrdU positive cells primarily
in the isthmus above the mucus neck cell zone in (E) control and expanded in (G) rKGF-treated rats after 7 d (brackets). At higher magnification,
proliferation in the mucus neck cell zone is considerably less in (F) controls compared with (H) rKGF-treated rats. PAS staining of the glandular
stomach in (I) control and (K) rKGF-treated rats demonstrating increased mucin production and decreased numbers of parietal cells in gastric glands
in rKGF-treated rats. At higher magnification of the mucus neck cell zone (J), controls contain considerably more parietal cells (arrows) than (L)
rKGF-treated animals.
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Figure 7. Increased mucin-producing cells within duodenal villi and crypts in 4-d 5 mg/kg rKGF-treated rats. (A) control; (B) Increased number of
PAS positive goblet cells within villi and crypts in rKGF-treated animal. Higher magnification views of crypts from (C) control animals and (D)
rKGF treated animals containing increased mitotic figures and increased goblet cells.
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of colonic crypts leaving only an occasional positive cell in the
luminal one third of the crypt. In contrast, treatment animals as
early as 4 d showed marked increases in goblet cells in the
upper one-half of the colonic crypts. By 7 d treatment the crypt
lumen was obscured and appeared packed with goblet cells
which extended throughout the entire length of the crypt. Alcian
blue and PAS staining yielded similar results, indicating that
mucins induced by rKGF were qualitatively normal though
markedly increased.

Analysis ofspecific cell lineages. The goblet cell lineage was
clearly increased throughout the gastrointestinal tract. Villin, a
marker of the brush border on enterocytes, was diminished at
the lumenal surface after 7 d rKGF treatment, compared with
control colonic sections (data not shown), consistent with the
observed decrease in intestinal-derived serum alkaline phospha-
tase (Table II). Paneth cells, located at the base of crypts in the
small intestine, did not appear to change in number with rKGF
treatment, using lysozyme as a marker. Enteroendocrine cells,
the fourth major cell type in the gut, were rare in both rKGF-
treated and control animals, using serotonin as a marker. Taken
together, these observations suggest the finding of more goblet
cell-specific lineage stimulation by rKGF.

Immunodetection of carcinoembryonic antigen in the colon
carcinoma cell line LIM1899. Immunofluorescent analysis of
LIM 1899 cells using 4E7 antibody, which identifies CEA, dem-
onstrated markedly increased numbers of positive cells and in-
tensity of fluorescence in rKGF-treated, compared with control
cell cultures (Fig. 10, A and B). Western blotting of LIM1899
cell extracts and conditioned medium using 4E7 and anti-CEA
(data not shown) confirmed the specific induction of CEA syn-
thesis in rKGF-treated cells (Fig. 1 1). Furthermore, the reactiv-
ity of a large panel of anti-mucin monoclonal antibodies (22)
was unaffected by rKGF treatment, confirming the specific in-
duction ofCEA (data not shown). A multi-site ELISA, in which
4E7 was used to capture CEA and polyclonal anti-CEA was
used for detection, demonstrated a fourfold increase in secreted
CEA from rKGF-treated cells (dilution for OD405 nm = 0.5
was 1/8 for the untreated culture and 1/32 for the KGF-treated
culture). These results were further demonstrated using the Ab-
bott CEA immunoassay, where rKGF-treated culture superna-
tant contained 233 ng/ml CEA, compared with 94 ng/ml CEA
in untreated culture supernatant. Although the degree of stimula-
tion varied with the assay and antibodies used for detection of
CEA, rKGF specifically induced markedly increased CEA in
all assays.

Transience ofrKGF-induced changes. A washout study was

Figure & Increased hyperplastic
colonic crypts and crypt depth

PSOC1 in rKGF-treated rats. (A) The av-
erage number of bifurcated and
trifurcated colonic crypts pres-
ent along a 100-pum linear sec-
tion of proximal colon at 1, 4,
and 7 d after intraperitoneal in-
jection of 5 mg/kg body weight
rKGF or PBS. (B) Colonic crypt
depth showing the average depth
of colonic crypts at 1, 4, and 7
d after intraperitoneal injection

7 of 5 mg/kg body weight rKGF
or PBS.

conducted in animals treated daily for 4 d with 5 mg/kg rKGF
to determine the duration of effects on the liver and GI tract.
Most organ weights from rKGF-treated animals were signifi-
cantly different from controls only at day zero post-treatment
(4th treatment day). By day 7 post-rKGF treatment all organ
weights returned to normal except for the liver, which normal-
ized by 21 d after cessation of treatment (data not shown). Liver,
glandular stomach, small intestine and colon were histologically
similar to controls at both 7 and 21 d after treatment. Serum
proteins remained slightly elevated through day 21 post-rKGF,
likely reflecting their long circulating half-lives (data not
shown). Cholesterol and triglyceride levels returned to normal
by 7 d after treatment.

Discussion

KGF and hepatocytes. The present results demonstrate potent
mitogenic and differentiative effects on specific epithelial tis-
sues of the gastrointestinal system after in vivo administration
of pharmacologic doses of rKGF. The rapid increase in liver
weight after 1 d of rKGF treatment is likely due to the transient
burst of hepatocyte proliferation in this largely quiescent epithe-
lial tissue. Since hepatocyte cell size did not change in treated
animals, the increased liver weight was due primarily to a tran-
sient increase in the number of hepatocytes, and resultant he-
patic hyperplasia. Hepatic KGFR mRNA was not downregu-
lated after 4 and 7 d of KGF treatment (Biltz, R., unpublished
observation), thus the reason(s) why hepatocytes stop re-
sponding to proliferative signals from rKGF after the initial
round of proliferation is not clear. The specific cells within the
liver that are the targets of rKGF are not presently defined.
However, since rKGF did not induce all hepatocytes to enter
the cell cycle, the target may be a subpopulation which retains
relatively more proliferative capacity, such as oval cells derived
from a hepatic stem cell compartment (24). Finding bile duct
hyperplasia and pancreatic ductal hyperplasia (12) also in
rKGF-treated rats is consistent with their shared lineage with
hepatocyte precursors.

Other epithelial cell mitogens, including epidermal growth
factor (EGF)/transforming growth factor a (TGF-a), acidic fi-
broblast growth factor (aFGF), and hepatocyte growth factor
(HGF) stimulate hepatocyte proliferation in vitro, and after par-
tial hepatectomy or other forms of liver injury (25-30). Re-
cently, rKGF has been found to be mitogenic for cultured rat

hepatocytes (31, 32). Interestingly, recent work by Webber and
colleagues (30) has found that HGF, EGF, or TGFa adminis-
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Figure 9. Histological analysis of proximal colon crypts in rKGF-treated rats. PAS staining of proximal colon in (A) control and (B) rKGF-treated
rat. Note increased number of bifurcated and trifurcated crypts after 1 d of rKGF treatment. Large arrows show examples of hyperplastic crypts.
Small arrow shows the increased density of mucin the upper one-third of crypts. Alcian blue staining in a (C) control and (D) rKGF-treated rat
after 4 d showing increased density of mucin-producing cells throughout the crypts in rKGF-treated animals.
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Figure 10. rKGF-induced modula-
tion of CEA in colon carcinoma cell
line LIM1899. A, control cells; B,
rKGF treated cells. LIM1899 cells
were cultured in RPMI 1640 con-
taining 5% FBS in the presence or
absence of rKGF as described in
Methods. The number of cells spe-
cifically stained with monoclonal
antibody 4E7 was markedly in-
creased in cultures grown in the
presence of rKGF.

tered to animals had minimal effects on DNA synthesis in intact
livers, in contrast to the marked effects observed with rKGF in
the present study.

KGF and the gastric mucosa. The mechanisms behind the
massive proliferation of the foregut with apparent sparing of
the esophagus are unknown, since KGF receptor message was
detected in both tissues. These two tissues are histologically
similar in appearance and respond similarly to EGF adminis-
tered to mice (33). The present results suggest the nonglandular
foregut, which is not present in humans, is distinct from the
esophagus.

rKGF induced the marked expansion of progenitor cells in
the isthmus above the mucus neck layer of the glandular stom-
ach. Similarly, EGF, TGFa, and HGF stimulate proliferation in

the gastric mucosa in vitro (34-36). After division cells from
this layer migrate upwards, toward the gut lumen to form mucin
surface cells or downward, toward the serosal surface, to gener-
ate other differentiated cell types that occupy the gastric glands.
While rKGF promotes selective proliferation of mucus neck
cells which move toward the lumen, it appears to induce a
depletion of parietal cells, suggesting both cell types arise from
the same multipotential lineage which responds to rKGF selec-
tively. It is not yet clear whether chief cells and G cells, which
are also thought to arise from the same multipotential progeni-
tor, are affected by rKGF.

KGF and the small intestine and colon. The rapidity with
which rKGF increases intestinal crypt cells (by 24 h) as mea-
sured by crypt depth is not surprising since the cell cycle time
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Figure 11. Induction of CEA in
LIM1899 cells after treatment

* w by rKGF. LM1899 cells were
as cultured in the presence (+) or

absence (-) of rKGF, then lysed
in detergent buffer. Lysates were
fractionated by SDS-PAGE,
then transferred to nitrocellulose
membrane and probed with anti-
body to 4E7.

factor in response to injury. KGF would certainly be a leading
paracrine candidate mediator of this response.

Thus, rKGF uniquely is a potent inducer of proliferation
and differentiation in specific lineages throughout the GI tract.
The presence of both receptor and ligand suggests a role for
KGF and its receptor in normal maintenance of the gut. Specific
diseases where mucosal proliferation and mucin production are
limited and states of hepatocyte injury may be future candidates
for pharmacological intervention with rKGF. As has been ob-
served in the lung, skin, pancreas, and male genital tract (8, 9,
12, 14, 15), selective stimulation of cell lineages by rKGF may
yield new insights on stem cells, and differentiation processes
within the gut and liver as well.

in the proliferating zone of the small intestinal crypt is 9 to 13
h (37, 38). Small intestinal crypts contain fixed pluripotent stem
cells that give rise to precursor cells of the four intestinal cell
types, goblet cells, enterocytes, enteroendocrine cells, and Pa-
neth cells (38-40). rKGF induced elongation of crypts and
specifically increased goblet cell differentiation on the villi. The
rKGF targets in the crypts have not yet been identified, and
may be either multipotential progenitors (stem cells) or specific
goblet cell precursors (41).

Enterocytes normally comprise the bulk of the epithelial
cells covering the small intestinal villi (42), yet were eclipsed
by goblet cells in rKGF-treated villi, findings which are directly
supported by finding diminished serum alkaline phosphatase of
intestinal origin. rKGF does not appear to influence Paneth and
enteroendocrine cells. Experiments using chimeric transgenic
mice over-expressing specific markers for the differentiated cell
types within the small intestine (41-43) should be useful in
more precisely identifying rKGF targets.

In the large intestine early crypt hyperplasia was followed
by crypt elongation in rKGF-treated animals. The mechanisms
of new crypt generation are not understood but are thought to
involve budding from pre-existing crypts (fission). rKGF may

be targeting a stem cell population capable of not only elongat-
ing crypts and increasing goblet cell differentiation, but of gen-

erating new crypts as well (44). The relative diminution in
enterocytes detected in the small intestine also was observed in
the colon of rKGF-treated animals.

CEA is a member of the immunoglobulin superfamily which
mediates cell adhesion, and has been identified in normal co-

lonic epithelial cells and in most colon carcinomas (20, 45,
46). Differentiation inducers such as sodium butyrate have been
shown to increase CEA production in colon carcinoma and
adenoma cell lines, largely via increased transcription of CEA
mRNA (47). We observed specific induction of CEA in the
colon carcinoma cell line LIM 1899, after treatment with rKGF.
Since mucus producing goblet cells clearly are increased follow-
ing rKGF treatment, these in vitro findings support the notion
that goblet cell precursors are a KGF target.

Other growth factors also are capable of influencing cells

in the GI tract. TGFa has been detected throughout the mucosa

of the gastrointestinal tract (48, 49) as well as in intestinal
epithelial and crypt derived cell lines (50), and may be involved
in the response to injury (51-53). Although EGF has not been

detected within the intact GI tract (50), Wright and co-workers

(54) have identified a novel cell lineage bordering ulcerated

areas. The lineage appeared to bud from a stem cell population
at the base of intestinal crypts and secreted EGF. The authors
speculated that buds were induced by a mesenchymal derived
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