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The aim of this study was to survey the expres-
sion of an embryonic cytokine gene, MK in the
normal organs and neoplastic tissues of adults.
Northern analysis showed that MK mRNA was
exclusively expressed in the kidney among
murine organs including thymus, lung heart,
spleen, liver, and kidney. In situ hybridization
analysis revealed that MK expression was local-
ized in the proximal tubules and metaplastic
Bowman's epithelium, but not in other nephron
segments such as glomeruli4 loop ofHenle, distal
tubules, and coUecting ducts. To investigate
whether MK expression is a marker of tubular
ceU lineage, several ceU lines originating from
renal tubules were tested. No expression of MK
was detected in PtKI and LLC-PKI ceUs derived
from marsupial andporcineproximal tubules or
in MDBK andMDCK ceUsfrom bovine and canine
distal/coUecting tubules. Unexpectedly, the MK
gene was expressed in a human renal ceU carci-
noma line, VMRC-RCW, and the expression was
up-regulated in the presence of retinoic acid. To
elucidate the involvement of MK in the develop-
ment oftumors, wefurther examined its expres-
sion in a variety of human neoplastic ceU lines:
YMB-1-C (breast cancer), EBC-1 (lung squamous
ceU carcinoma), RERF-LC-OK (lung adenocarci-
noma), SBC-3 (lung small ceU carcinoma), HSC-2
(mouth squamous ceU carcinoma), NUGC-2 (gas-
tric cancer), COLO201 (colon cancer), HepG2
(hepatoma), MIA PaCa-2 (pancreatic cancer),
MCAS (ovarian cancer), HeLa (cervical cancer),

BeWo (chorionic carcinoma), ITO-II (testicular
tumor), T24 (urinary bladder tumor), and G-401
(Wilms' tumor). Strong signals were detected in
COL0201, HepG2, ITO-II, T24, G-401, and weaker
but distinct signals were detected in YMB-1-C,
HSC-2, and MCAS ceUs. The MK gene was, there-
fore, widely expressed in neoplastic cells origi-
natingfrom genital organs, intestinal tract, liver,
mammary gland, and urinary tract, and the
expression was not restricted to adenocarcino-
mas, but was also observed in other types of
tumor ceUs. Thesefindings suggest that a retinoic
acid responsive gene, MK may play a role in the
pathophysiology of renal proximal tubules and
tumorigenesis in many types ofneoplasms. (AmJ
Pathol 1993, 142:425-431)

The retinoic acid responsive gene MK has been
cloned from embryonal carcinoma cells stimulated
by retinoid.1 During the embryogenesis of mice, MK
is ubiquitously expressed in the mid-gestation
period.2 Thereafter, expression of the the gene local-
izes rapidly in several sites, including brain, pituitary
gland, upper and lower jaw, vertebral column, limbs,
stomach, lung, pancreas, small intestine, and meta-
nephros, which finally becomes specific for the kid-
ney after 15 days in the embryonic stage.2 In adult
mice, MK is exclusively expressed in the kidney but
not in other organs including brain, spleen, testis,
muscle, stomach, and small intestine.1 3 Thus, the
designation of MK stems from the gene's sequence
of expression sites.

Midkine, the product encoded by MK, is a 14-kd
secreting protein whose amino acid composition is
enriched in basic amino acids and cysteine.4 This
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polypeptide possesses heparin-binding activity, indi-
cating that it is a heparin-binding growth factor.4 In
fact, the polypeptide induces the growth of PC-12, a
rat pheochromocytoma cell line, as well as NIH 3T3
cells, and facilitates neurite extension of rat embry-
onic brain cells in vitro.4'5 These lines of evidence
suggest that midkine is a growth and/or differentia-
tion-related cytokine that plays an important role in
embryogenesis. However, the fact that the MK gene
is as well expressed in the adult kidney argues an
additional potential role in lifelong kidney function.
Still unknown, however, is what part of the nephron
expresses this gene and what kinds of pathophysi-
ological functions it carries out in the kidney. In the
first step of this study, we surveyed the expression of
MK in the adult mouse kidney and other organs and
cell lines originating from renal tubules by in situ
hybridization and Northern analysis. During the
study, we found that the expression of MKwas lost in
tubular cell lines, but the gene was retranscribed in a
line of renal cell carcinoma. We then expanded our
survey to various human neoplastic cells. We show
here that the expression of the MK gene was
observed in many types of tumor cells and discuss
the basis of MK expression in neoplasms as an
oncofetal gene or its involvement in tumorigenesis.

Materials and Methods

Organs of adult female ddY mice (10W) purchased
from Nippon Clea (Tokyo, Japan) were used for RNA
preparations. Renal tubule cell lines and human neo-
plastic cell lines were provided by the Japanese
Cancer Research Resources Bank (JCRB, Tokyo);
PtK1 (marsupial proximal tubule), LLC-PK1 (porcine
proximal tubule), MDBK (bovine distal/collecting
tubule), MDCK (canine distal/collecting tubule),
VMRC-RCW (human renal cell carcinoma), YMB-1-C
(human breast cancer), EBC-1 (human lung squa-
mous cell carcinoma), RERF-LC-OK (human lung
adenocarcinoma), SBC-3 (human lung small cell car-
cinoma), HSC-2 (human mouth squamous cell
carcinoma), NUGC-2 (human gastric cancer),
COLO201 (human colon cancer), HepG2 (human
hepatoma), MIA PaCa-2 (human pancreatic cancer),
MCAS (human ovarian cancer), HeLa (human cervi-
cal cancer), BeWo (human chorionic carcinoma),
ITO-Il (human testicular tumor), T24 (human urinary
bladder tumor), and G-401 (human Wilms' tumor).
These cells were cultured in Dulbecco's modified
Eagle's medium (GIBCO, Grand Island, NY) contain-
ing suggested concentrations of fetal calf serum,
with or without 1 x 10-6 mol/L retinoic acid (Sigma

Chemical Co., St. Louis, MO), for 48 hours of expo-
sure and used for Northern analysis.

RNA Extraction and Northern Analysis
Total RNA was extracted from mouse organs or
frozen cell stocks using a single-step method of
acid guanidinium thiocyanate-phenol-chloroform
extraction.6 The RNA samples, 7 to 10 pg/lane, were
electrophoresed on a 1.2% agarose gel containing
10% formaldehyde and transferred onto a nitrocellu-
lose membrane (Schleicher & Schuell, FRG). A
0.27-kb A/u fragment of mouse MK2 complemen-
tary DNA was labeled by the random priming meth-
od7 and used as a hybridization probe. Hybridization
was performed as described previously.8 Filters
were washed at 50 C in 4 x standard saline citrate
containing 0.1% sodium dodecyl sulfate and
exposed to x-ray film with intensifying screens.

In Situ Hybridization
In situ hybridization was performed using the method
described by Nomura.9 Adult mouse kidneys were
fixed in 4% paraformaldehyde in phosphate-buff-
ered saline at 4 C overnight, dehydrated, and
embedded in paraffin wax. Sections of 4 p were
mounted on poly-L-lysine-coated glass slides and
dried at 37 C. After removal of the wax, sections were
postfixed in 4% paraformaldehyde, treated with
0.25% acetic anhydride in 0.1 mol/L triethanolamine,
and dehydrated again. To prepare probes, a 0.27-kb
A/u fragment of mouse MK2 was subcloned into
pBluescript 11 SK+ (Stratagene, La Jolla, CA), and
[a-35S]UTP-labeled single-stranded sense or anti-
sense RNA probes were synthesized by T7 or T3
RNA polymerase using a Riboprobe system (Pro-
mega, Madison, WI) after linearization with Xba or
Xho 1. These probes were added to the hybridization
solution (50% formamide, 10 mmol/L Tris-HCI, pH
7.6, 1 mmol/L ethylenediamine tetraacetic acid, 600
mmol/L NaCI, 10 mmol/L dithiothreitol, 1 x Den-
hardt's solution, 0.25% sodium dodecyl sulfate, 10%
dextran sulfate, 200 pg/mI Escherichia coli transfer
RNA) at a final concentration of 1 x 107 or 108
cpm/ml. After hybridization at 50 C overnight, a
washing procedure including RNAse treatment (25
pg/mI) was performed. Slides containing the dehy-
drated renal tissue were then dipped in photo-
graphic emulsion (Kodak NTB3, Rochester, NY),
diluted 1:1 with 2% glycerol in distilled water, dried,
and exposed at 4 C for 1 or 3 weeks. After exposure,
slides were developed and counterstained with tolu-
idine blue.
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Results

Localization of MK Expression in Renal
Tissue
Kadomatsu and colleagues1 previously reported that
the MK gene was exclusively expressed in the kid-
ney, but not in other organs including brain, spleen,
testis, and muscle in adult mice. In the first of our
experiments, we tested the expression of MK in sev-
eral other organs of adult mice. Total RNAs from
thymus, lung, heart, spleen, liver, and kidney were
investigated by Northern analysis with an MK com-
plementary DNA probe. As a result, an MK message
of 0.85 kb was detected specifically in the kidney but
not in the other examined organs (Figure 1). Next, to
determine the precise localization of MKtranscript in
the renal tissue, we studied the gene expression by
in situ hybridization. Under a low-power field of
microscopic examination, MK expression was
detected in the tubules (Figure 2, A and B) and local-
ized within the renal cortex (Figure 2C), excluding
the possibility that the MK gene was expressed in the
loop of Henle or the collecting tubules. Higher power
microscopy revealed that the MK mRNA was not
detected in the glomeruli or the distal tubules, but
was detected in other tubule segments around the
glomeruli (Figure 2D). The MK gene was transcribed
in the invasive proximal tubules called "metapla-
sia,"10 a condition in which Bowman's epithelium is
replaced by proximal tubules (Figure 2, E and F). The
findings illustrated here suggest that the expression
site of MK is restricted to the proximal tubules,
including the Si portion of convoluted segment of
the adult mouse kidney.
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Figure 1. Total RNAs aere extractedfrom thvymus, ltunig, heart, spleen,
liver, and kidnie of aduilt mnice, atnd MK gene expression u'as exam-
imeC-d by Nlorthern blottinig. Ani MK message of 0.85 kb was detected
specificallly in the kidney, butt niot ini the other examined organts. 285
anid 18S mtiarkers inidicate the position of ribosomal RNVAs, whose
mcolecutlar sizes were identified as 4.7 and 1.9 kb. Exprcssioni oJ the
housekeeping gene, (-3actin. was tested concurrentlv to shou conipar-
ative reactivitv.

Expression of MK in Renal Tubular Cell
Lines

To investigate whether MK expression is a marker of
tubular cell lineage, several cell lines originating from
renal tubules were tested. PtK1 from marsupial prox-
imal tubules, LLC-PK1 from porcine proximal
tubules, MDBK from bovine distal/collecting tubules,
MDCK from canine distal/collecting tubules, and
VMRC-RCW from human renal cell carcinoma of
proximal tubule origin were examined for the expres-
sion of the MK gene. As shown in Figure 3, the tran-
script was detected in the VMRC-RCW cells, but not
in PtK1, LLC-PK1, MDBK, or MDCK cells. These find-
ings suggest that proximal tubule cells may lose the
expression of MKwhen cultured in vitro, but the tran-
scription of the gene may be reactivated when they
are transformed to neoplastic cells. Even in such a
transformed condition, the MK gene was responsive
to retinoic acid (Figure 3), as has been reported in
embryonal cell carcinoma.1

Expression of MK in Human Tumor Cell
Lines

Finally, we investigated whether the expression of
MK is restricted to renal cell carcinoma or is also
observed in other neoplastic cells. Total RNA was
extracted from various types of human tumor cells in
culture, and the expression of MK gene was
examined. MK mRNA was observed not only in
VMRC-RCW, but also in other neoplastic cells (Figure
4). Strong signals were detected in COLO201 (colon
cancer), HepG2 (hepatoma), ITO-Il (testicular
tumor), T24 (urinary bladder tumor), G-401 (Wilms'
tumor), and weaker but distinct signals were
detected in YMB-1-C (breast cancer), HSC-2 (mouth
squamous cell carcinoma), and MCAS (ovarian can-
cer) cells. The MK gene was, therefore, widely
expressed in the neoplastic cells originating from
genital organs, intestinal tract, liver, mammary gland,
and urinary tract, and the expression was not
restricted to adenocarcinoma but was also observed
in other types of tumor cells. These findings imply
that MK may play a role in the tumorigenesis of many
types of neoplasms.

Discussion

In this report we have revealed that a retinoic acid
responsive gene, MK, is selectively expressed in the
proximal tubules of the mouse kidney. Although the
function of MK is unknown, some possibilities hinge
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Figure 2. The expressioni ofMK in the renial tissue of aduilt mice was exwamined after ini situt hybridization. Paraffini scectionis of the kidnley aere
hybridized unith [ciaIS/tITP-labeled senise or antisense RAA probesfor moose MK2. After washing, slides u'ere dipped in emulsion, c.sposed tbr I or 3
weeks, anid deieloped anid coutntcrstainied with toluidinie bluite. A, B, C: MIK expression was dletected in the tubules anid localized within the rental
cortex. D: MK w as n(ot expressed in the glomernli (*) or distal tlubutles (arrous). but wuas inl other tuibiulc segments (arroluheads) arouond thc gloewruli.
E, F: The iniasiveproxinial tlubuiles inlto the Botman s epitheliluni also expressed theb.IK gene (arrowheads). Ontly the data froti the antisense probe
arc presented A, x 10; B, X 40, C, X 40; D, X 100; E, X 200; F, X 200.

on the fact that MK polypeptide, midkine, is a mem-
ber of the group of heparin-binding growth factors. In
the physiological state, midkine may regulate normal
turnover of tubular epithelial cells and maintain the
structure of renal tubules.

Proliferation of renal tubular cells is a common
feature in several pathological states of the kidney.
For example, in the repair process of tubular injury,

compensatory renal growth after nephrectomy, and
polycystic kidney disease, enhanced proliferation of
tubular cells is often observed. Although some
growth factors are thought to contribute to these
pathological processes, 11-14 their molecular mecha-
nisms are still unclear. Several lines of evidence have
suggested the involvement of retinoic acid in some
types of pathological renal growth: 1) cellular retinoic
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Figure 3. PtKI cells derived frotn marsupial proximal tuibiules. LLC-
PAKI frooi porcinie proxinmal tbuleus, AMDBK from bovine distall
collecti ug tubules, IDCK fr-om canine distallcollecting tlbulles, and
1 lIR RCW',fromn huntiiani i-cotal cell carcin.oma of proximal tulbille
origin, uere co/ltir-c-d with (+) or uithout (-) 1 X 10-" izol/L relinoic
acid, and .Vorthern analysis owas performned. MfK geule eyxpression was
c/ctected/ in the VMRC'-RCeW/cll/s, buit niot in PtKI, LLC-PK1, MVIDBK, or
l/DCK cells. MIK expresvsion in IM,IlRC'-RCW was eubauced in the pres-
eice of retiuoic acid. 28S anid 18S miarkers iuidicate the positioui of
ribosomal RAAs. Expression of - actini was also te-stevd to showl com-
pceiatiice reactiivitY.

acid binding protein (CRABP), which is able to bind
retinoic acid and mediate its effect in the nucleus, is
abundant in the kidney15; 2) local expression of
CRABP increases after partial nephrectomy, followed
by compensatory renal growth16; and 3) retinoic acid
induces the growth of rabbit kidney epithelial cells in
vitro.17 Our observation that retinoic acid induced
the gene expression of MK in a renal tubule-derived
cell, VMRC-RCW, implies that retinoic acid could
stimulate the gene transcription of MK in the kidney,
which may contribute to the pathological basis of
renal growth mediated by midkine as a growth factor.
The up-regulation of the MK gene in the regenerating
renal tubules supports this hypothesis (unpublished
observations).

We demonstrated that tubular metaplasia in Bow-
man's capsule was also associated with the expres-
sion of the MK gene. Such an intraglomerular tubular
epithelium is often observed in mice.10 In other spe-
cies, however, this phenomenon is rarely observed in
normal physiological states but is occasionally
detected in some pathological conditions. In
humans, tubular metaplasia may be associated with
the incidence of hematuria and proteinuria,18 and its
association with glomerulosclerosis is reported in
aging rats.19 Although species difference in the
pathophysiology of tubular metaplasia should be
addressed further, the difference in responsiveness
to retinoic acid or the regulation of this gene might
contribute to the frequency of this phenomenon in
each species.

In this study, we failed to detect MK expression in
PtK1 and LLC-PK1 cells, both of which originate from
renal proximal tubules. There are some possible
explanations for the discrepancy between MK
expression in vivo and in vitro. First, established cell
lines often lose their original phenotypes because of
the loss of cell-to-cell or cell-to-matrix interactions or
because of the chromosomal deletion during the
multiple passages. The lack of MK expression in
PtK1 and LLC-PK1 cells may, therefore, be caused
by such a cellular alteration in vitro. Second, the
discrepancy may be derived from the species differ-
ence of MK expression. Although the MK gene is
highly homologous between the human and the
mouse,20 the transcriptional regulation of MK in the
marsupial and porcine kidney might differ from that
in the murine kidney. Further studies are necessary
to examine these possibilities.
We have shown that the MK gene is highly

expressed in the human renal carcinoma cell line
VMRC-RCW. Because this type of cancer cell origi-
nates from the proximal tubules,21"22 their MK
expression may be derived from the character of

MA

i-igure 4. lotial K.As Were extracted from v'ariouis types of huimanl tuimor cells in c/ltore; YMB-1-C (breast canicer), EBC-1 (lung sqluamouis cellccarcinoniia). RERIFLC OK (lung,£, adenocarcinomna), SBC-3 (lug smnall cell carcinioma), HSC 2 (mouth squamoius cell carcinioma), NUhGC-2 (gastric
caIIcer), COL0201 (colonz cancer,), HepG2 (bepatoma), .IA PaCa-2 (pancrecatic cancer), MCAS (ovarian caticer), HeLa (ceri'ical cancer), BeWo(chorionic carc inomia), 11T-II (testicit/ar tumor). 724 (urinary blacdder tlumor), G-401 (Wilms'tlumor), atnd VMIRC-RCW(renal cell carcinionia), and
expression of the ME gene oas e.xanjiiuved by Northern analysis. Stronlg, signals uere detected in COL0201, HepG2, ITO-II, 724, G-401, V1IRC-RCW,and weaker butt distinct signals were detected inl YM11-1-C HSC'2, anid i/CAS cells. 28S atnd 18S markers inidicate the positiont of ribosomal R.As.
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original cell type. Another study has shown that MK
expression was observed not only in renal cell car-
cinoma but also in several other types of human
neoplastic cells originating from the genital organs,
intestinal tract, liver, mammary gland, and urinary
tract. These findings, in addition to the fact that mid-
kine is a member of the group of heparin-binding
growth factors, imply that this cytokine might have
potential for contributing to tumorigenesis as an
autocrine growth factor. Alternatively, various cells
may express the MK gene as a result of dedifferen-
tiation (a recapture of more primitive developmental
stages), because undifferentiated cells commonly
express MK during the mid-gestational stage of
embryogenesis. MK may be regarded as one of the
oncofetal genes, except for its expression in the nor-
mal adult kidney.

In the normal physiological state, renal tubules
show little proliferative activity.13 Because MK is
expressed in normal tubules, this transcript may
have alternative functions in a differentiated state of
tubular epithelium. The proximal tubules, compared
with other nephron segments, specifically participate
in such varied renal functions as transport of elec-
trolytes, reabsorption of glucose and protein/amino
acids, and metabolism of vitamin D. The tubular
localization of MK in the proximal but not distal and
collecting ducts indicates that the MK gene could be
involved in these complex mechanisms specified in
the proximal tubules of the normal kidney. Future
research focusing on the isolation of a midkine
receptor will reveal the pathophysiological functions
of this gene.
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