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Region specific expression of furin mRNA in the rat brain
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The distribution of furin mRNA was examined in the rat central nervous system. Northern blot analysis reveals the presence of a 4.4 kb band in
all brain tissues examined. In situ hybridization analysis of frozen rat brain sections using a radioactively labeled antisense cCRNA probe to rat furin
demonstrated moderate to low levels of expression in both neuronal and non-neuronal tissue in all areas examined. Interestingly, higher levels of furin
were expressed in selective regions which include the ventricles (the choroid plexus and ependymal cells), the islands of Calleja, the hippocampus and
the pineal gland. The ubiquitous localization of furin in the brain is consistent with its postulated role as a vital convertase important in the processing
of proproteins negotiating the constitutive pathway of secretion. However, the higher expression of furin mRNA in distinct brain areas suggests a
more active role in the processing of proproteins synthesized in these tissues.

Substantial evidence has been documented classifying
a family of subtilisin/Kexin-like protéinases as the con-
vertases responsible for the activation of proproteins and
prohormones at pairs of basic amino acids such as Lys-
Arg [14]. These include PC1, PC2 and furin [9, 12, 13,
15]. In mammals, furin was the first convertase to be
identified due to its sequence homology with Kexin [2].
Furin was first suspected to be a receptor protein pro-
duced by the fur gene, so named because of its proximity
to the fes/fps oncogene [9, 15]. The specificity of furin for
cleavage at pairs of basic amino acids was demonstrated
by its efficient cleavage of the pro-von Willebrand factor
[15, 18], pro-B-nerve growth factor [2], proalbumin, and
complement pro-C3 [8]. Furin mRNA has been demon-
strated in all tissues tested and in many cells lines such as
BSC40, COS, HepG2, Rinm5, GH3, and AtT-20, sug-
gesting its ubiquitous expression [9, 11, 15]. The CNS
distribution of furin has not been examined. The present
study examines the expression of furin mRNA in the rat
CNS by in situ hybridization histochemistry to better
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understand its potential role in the processing of propro-
teins in the brain.

Male Sprague-Dawley rats weighing 250-300 g were
used. Rat brains were dissected, extracted for total RNA
and Northern blot analysis or frozen by immersion in
isopentane, sectioned (15 um) on a cryostat and treated
for in situ hybridization histochemistry as previously de-
scribed [4]. Mouse (m) PC1 and mPC2 ¢cDNA clones [12,
13] were used to generate single-stranded antisense
cRNA probes labeled with [**PJUTP (800 Ci/mmol) for
the Northern blot analysis. The mPC1 cRNA was 520
nts (specific activity of 1.05x 10° Ci/mmol) and the
mPC2 cRNA was 342 nts (specific activity of 5.6 x 10
Ci/mmol). The furin cRNA probe was generated from a
1228 nts cDNA clone obtained from a Agtl1 rat (r) liver
library and subcloned into pSP72 (Promega). The clone
corresponds to the previously described rfurin cDNA [7]
from 1111 to 2338 bp. The rfurin cRNA was 320 nts
(spec. act. of 4.9 x 10* Ci/mmol using [**P]JUTP). For in
situ hybridization studies, a 1228 nts rfurin cRNA was
prepared using [**SJUTP (spec. act. of 3.0 x 10° Ci/mmol)
and partially hydrolyzed before use for in situ hybridiza-
tion. Similarly a rPC1 cRNA (492 nts, spec. act. 2.5 x 10°
Ci/ mmol) and rPC2 ¢cRNAs (450 nucleotides spec. act.
of 2.4 x 10° Ci/mmol) were prepared for the in situ hy-
bridization studies [4]. Controls for in situ hybridization
were pretreatment with RNase A prior to hybridization
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Fig. 1. Northern blot analysis of total RNA extracted from various rat
brain regions and pituitary. A: furin; B: PC1; C: PC2. Lane 1, cortex;
lane 2, hippocampus; lane 3, striatum; lane 4, thalamus; lane 5, hypo-
thalamus; lane 6, cerebellum; lane 7, anterior pituitary; lane 8, neuroin-
termediate lobe. In each lane was loaded 5 ug of total RNA (except for
lane 8, 2 ug of total RNA). X-ray exposure times were 48, 8 and 2 h for
(A) furin, (B) PC1 and (C) PC2, respectively. Size markers are in kb.

or probing adjacent sections with the sense strand probes
of the same size and specific activity. Specific labeling
was never encountered in these experiments.

The Northern gel analysis of various rat brain regions
is shown in Fig. 1. A band migrating at 4.4 kb is detected
after blot hybridization with the rfurin cRNA probe in
each of the brain regions examined (Fig. 1A), consistent
with the size reported in peripheral tissues and cell lines
[9]. A comparison is shown with PC1 and PC2 mRNA
expression in these same brain regions (Fig. 1B,C). As
previously described [4, 12, 13], both PC1 and PC2
mRNAs appear as two bands each, migrating mainly at
2.8-3.0 kb and to a lesser extent at 5.0 kb. The expression
of furin mRNA appears to be relatively even in each of
the tissues shown as compared to PC1 and PC2 mRNA
levels. Thus, while PC1 and PC2 exhibit variable levels of
expression, furin mRNA is detected in every region ex-
amined. This expression pattern is consistent with the
reported ubiquitous nature of furin in the periphery and
cell lines examined. Based on the specific activities of
each probe used and exposure times required, we esti-
mate the abundance of the convertases as follows:
PC2 > PCI1 > > furin. We further investigated the pre-
cise brain localization of furin mRNA in the brain using
in situ hybridization histochemistry.

The distribution of furin mRNA is shown in Fig. 2A in
a representative sagital rat brain section. The compari-
son is made with PC1 (Fig. 2B) and PC2 (Fig. 2C)
mRNA distribution. As previously described PC1 and
PC2 mRNAs have a widespread CNS distribution which
is restricted to neuronal elements [3, 10-13). The highest

Fig. 2. Low power dark field photomicrograph of rat brain sagital
sections treated for in situ hybridization histochemistry. A: furin; B:
PCIl; C: PC2. CTX, cortex; CP, choroid plexus; EP, ventricular
ependyma; HC, hippocampus; LH, lateral hypothalamus; SON, su-
praoptic nucleus; CBL, cerebellum, ST, striatum; LS, lateral septum;
SC, superior colliculus; IC, inferior colliculus; TH, thalamus. Note the
higher levels of expression of furin mRNA in the ependyma and cho-
roid plexus, however no expression of either PC1 or PC2 is detected in
these areas. The autoradiography exposure time for each sagital section
was 30 days.

levels of PC1 appear in the hypothalamic (supraoptic nu-
cleus and lateral hypothalamus) and cortical areas, while
PC2 expression is highest in the thalamus and cortex,
consistent with the Northern gel analysis (compare with
Fig. 1). However, furin mRNA is clearly widespread, at
relatively lower levels, but some select brain regions,
which include both neuronal and non-neuronal cells, ex-
press much higher levels of furin. In Fig. 2A, note the
higher ventricular expression of furin (ependyma and
choroid plexus), while PC1 and PC2 are undetectable in
this same area (Fig. 2B,C). The distribution of furin
mRNA in this ventricular region is shown in a coronal
section (Fig. 3A). The choroid plexus expresses very high
levels of furin mRNA (Fig. 3A,D). In Fig. 3A we note the
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Fig. 3. In situ hybridization dark field photomicrographs of rat brain areas expressing highest levels of furin mRNA. A: coronal section showing
ubiquitous (yet not homogeneous) furin mRNA distribution in the cortex (CTX), the lateral ventricle (LV) and the hippocampus (HC). B: horizontal
section demonstrating high expression levels of furin in the olfactory bulb. Gl, glomerular layer; EP], external plexiform layer; M, mitral cell layer;
T, tufted cells; IGI, internal granule layer. C: furin mRNA distribution in the Islands of Calleja (ICj). Higher levels are observed in the ICj as
compared to surrounding brain areas which are also specifically labelled. D: horizontal rat brain section showing the detailed localization of furin
mRNA in the lateral ventricle. Note the high expression levels in the ventricular ependyma (EP) and the choroid plexus (CP). E: example of a control
section treated with a sense strand furin probe of equal length and specific activity to that shown in {D). No specific grains were observed in the
ventricular or surrounding brain areas. F: high expression levels of furin mRNA in the pineal gland (Pi). The autoradiography exposure time
was 30 days.

widespread distribution of furin mRNA in other regions
such as the hippocampus and the cortex. Although the
distribution of furin mRNA in cortical cells is ubiqui-
tous, it is clearly not equal (Fig. 3A). Analysis of these
cortical regions at high magnification reveals furin
mRNA in both neurons and glial cells, with a higher
expression in neurons (data not shown). Other brain re-
gions showing heterogeneous furin expression are the ol-
factory bulbs (Fig. 3B), the pineal gland (Fig. 3F) and the
islands of Calleja (Fig. 3C). Along with the ventricles,
these regions express the highest levels of furin mRNA in
the rat brain.

The overall pattern of furin mRNA expression indi-
cates a vital role in general cellular function. Furin
cleaves a variety of proproteins at pairs of basic residues,
including pro-von Willebrand factor [15, 18], pro-NGF
[2], pro-albumin, and complement pro-C3 [8]. The se-
quence Arg-X-Lys/Arg-Arg is an important motif as a
signal for precusor cleavage by furin [5, 17]. This motif is
found is many proproteins which are secreted via the
constitutive pathway of secretion [1, 6]. Also, the struc-
ture of furin includes a transmembrane domain [16], in-
dicating this enzyme may be membrane anchored along
the pathway of secretion, most probably in the trans-

Golgi network. It was thus hypothesized that furin is a
processing enzyme activating proproteins, negotiating
the constitutive pathway of secretion. Our results sup-
port this notion, since the in situ hybridization analysis
demonstrates furin expression in all areas, in both neu-
rons and non-neuronal cells. However, it is important to
note that the cellular distribution of furin mRNA levels
is not homogeneous. The ventricular ependymal cells,
the choroid plexus, olfactory bulb cells (tufted, mitral,
granule), the pineal cells, and neurons of the Islands of
Calleja are examples where furin mRNA is expressed at
much higher levels than other cells. The function of furin
is most likely the activation of distinct proproteins via
cleavage at pairs of basic residues, and the higher levels
of furin expression may indicate that in these cells furin
has a higher rate of posttranslational activity and hence
of proprotein processing. The importance of furin in
these specific cells requires the knowledge of the nature
of the substrates which are cleaved by this convertase.
The correlation of furin mRNA levels and that of poten-
tial substrates might be a step in that direction.
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