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Messenger RNA sorting in enterocytes

Co-localization with encoded proteins
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This study describes the intracellular compartmentalization of three different mRNAs in the polarized rat felal enterocyte. They encode proteins
that are known 1o be localized within different regions of the epithelial cell namely (i) the apical, membranc-bound glycoprotcin, lactase-phlorizin
hydrolase (factase). (ii) the mitochondrially focalized enzyme, carbamoylphosphate synthetase (CPS), and (iii) the cytoplasmically locatized eazyme,
phosphoerolpyruvate carboxykinase (PEPCK). These mRNAs are found in close proximity to their respective proiein products, i.c. the apicatl
membrane, mitochondria and cytoplasm, respectively. The significance of these observations is twofold; (i) they indicate that mRNAs are sorted
into specific domains of the eytosol of intestinal epithelial cells: and (ii) they imply the presence of two distinct pathways of mRNA targeting one
that allows transport of mRNAs that are translated on ribosomes associated with the rough endoplasmic reticulum (factase mRNA). and the ather
that allows sorting of mRNAs that are transiated on free polysomes (CPS and PEPCK mRNA).

Carbamoylpho:pha. . symhetase; Lactas, phlorizin hydrolase: Phosphoenolpyruvate carboxykinasc

1. INTRODUCTION

Intracellular targeting of mRNAs could provide an
efficient mechanism for the facilitated distribution of
proteins. Evidence for intracellular heterogeneity of
mRNA localization has so far only been recognized for
mRNAs encoding cytoskeletal proteins [1-4]. However,
no information is available about the intracellular lo-
calization of mRNAs encoding proteins with an en-
zymic function. Since the intestinal epithelium consists
of a polarized monolayer of tall columnar cells, it
provides a useful system for studying ihe topographical
aspects of in vivo gene expression in single cells [2].

The plasma membranes of polarized epithelial cells
are divided by junctional complexes into apical and
basolateral domains which differ both biochemically
and morphalogically [5]. This polarization is illustrated
in the enterocyte by the distribution of specific proteins.
Lactase (EC 3.2.1.23 - EC 3.2.1.62)} is exclusively incor-
porated into the apical plasma membrane after synthe-
sis and co-translational translocation into the rough
endor smic reticulum [6]. Nuclear-encoded  mito-
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chondrial proteins such as the urea-<cycle enzyme CPS
(E.C. 6.3.4.16), are gencrally accepted 1o be madc in the
cytoplasm on free polyribosomes and subsequently
transported to the mitochondria [7]. CPS is found in the
mitechondria of both hepatocytes and enterocyies [8].
Proteins of  carbohydrate  metabolism, like
phosphocenolpyruvate carboxykinase (PEPCK) (EC
4.1.1.32), which is also synthesized on freec polyri-
bosomes, are delivered into the cytosol without trans-
location [9). We have studied the intracellular dis'rib::
tion of the ni YNAs of these proteins to ga..t insight into
the mechanisms underlying these distinct forms of pro-
tein segregation,

2. MATERIALS AND METHODS

2.1, Imnaanohistochemistry

tmmunohistochemistry was performed using the indireet uncon-
jugated peroxidase -anti-perovidase (PAP) technique [10). Fisation,
tissue processing. and immunohistochemistry was perfermed accord-
ing 10 a previously published protocol [10). Incubations were donc on
closely adjacent 7 gime-thick sections 1o allow easy comparisen of the
patterns, After deparaffination, reduction of endopenous perosidase
setivity and nonsspecifiv bodino, o lons were incubated with awctie
contaimng thy anti-lctase mosochenal antibody Wiluted Lot in
PHS). or with serum contaim: monospeeific antibodies direcied
apainst CPS (1] (lilutedd 12000 in PRSY or against PEPCK (difuted
100 i PRY ). Monoctonel antibody binding was detected using fbbit
anti-mouse immunoglobulm, goat anti-rabbit immunoglobulin and
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rebiir PAP comphev respectively. Polyclonal anhibodies mere de-
tected weing foat anti-rabbn smmmoglobnim and mbbit PAP com-
plev. respecthely. The immune complex formed was visualized by
ncebation in 0.5 meiml 3.3 -diaminobenzidine, 0.02% hydrogen pe-
roxice i 30 mM midazole. 1 mM EDTA (pH 7.0 Cross-sections of
total fetal rats revealed hiph expression of Bactase. PEPCK and CPS
protein in intestined epathelivmn. znd of CPS In Invor parenchyma (data
not shoun). Negative controls incleded incubations withowt primarny
anuboedies

22 In st fvbridization

Moessenger RNA localization tm rat small intestine was performed
by in sitn hybridization using previoush published protocols [8]. The
7 gm-thick clossdy adiacent sectioas wene hybridized at 44°C 1o onc
of the laheled probes. Probe concentration was approximately Q.5
ngul and contamed 5§ x 10° cpmipl. The emulsion-dipped slides were
developed afier S days.

Laciase mRNA was detected using a 1.8 kb EcoRI- 2571 fragment.
derived from the 2.3 kb mat lactase cDNA {[2]. This probe contains
three Hinfl restriction sites. vielding four fragments of abow 1,000,
450, 250 and 150 bp. cespectively. The three largest fragments were
tndependently used for the detection of lactase mRNA. As probes for
detection of CPS and PEPCK mRNA. several Psirl and EcoR1 fragp-
ments of the 5.6 kb rat CPS ¢DNA [B). and a 1081 bp Pl fragment
of the 1.8 kb rat PEPCK cDNA (13] were used. respectively. The
pBR3X? vector DNA served as a negative control and underwent
equat labeling and hyvbridization conditions. The agarosc-purified
DNA fragments of the different probes were all labeled overnight at
15°C with [2-“SKICTP. according to the multiprime Iabeling method.
resulting in fragments of approximately 100 nucleotides long. which
were analyzed by gel electrophoresis {14]. In situ hybridization was
also performed under more stringent condittons (hybrdization and
washing temperature 2t 50°C). Data is presented from the lower
sinngency hybridizanons

1. RESULTS

3.1. Localization of the respective proteins

Lactase protein (Fig. 1a) was exclusively found on the
apical (microvillus) membrane of the enterocvic. using
a mouse anti-rat lactase monocional antibody [6]. CPS
srotein (Fig. 1b) was detected using a rabbit anti-rat
CPS polyclonal anubody [13]. The immsunostaming
showed a granular disterbution  bath apically and
basally in relation to the nucleus. e, with the same
distribution as mitochondria {5]. The apical membranec.
basglateral membrane and nuclei remainzd free of
coloring. PEPCK protein (Fig. 1¢) was detected all over
the cytosol of the enterocyte. using a rabbit anti-rat
PEPCK polyclonal antibody {16). Nuclei were not
stained.

32 Locdlization of the respective mBN 45

The lactase VDNA probe conly hybridized with the
cpithelium lining the villi. The prains were predo-
minantly visible in the apical domains of these polanized
cells {8 2ay. Ia situ hyvbndization with the CPS cDNA
probe revealed both an apical as well a5 2 basal locaaiza-
ton of mRNA (Fig. 2by. a patiern comparable 10 the
iveatation of CFS protein (Fig. b)Y, Autorsdiographic
graeas were cgually prowent i both domane, and ths
pattern was conssiently found in every enterocyie lin-
i the sotestieal vl Ie ste Bvbndizatior anlh the
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cDNA probe for PEPCK revealed grains throughout
the cytosol of the villus enterocyte, and an equal dis-
tribution of intensity of grains was observed (Fig. 2c).
Different control experiments for the in situ hybridiza-
tion were carried ount: a probe for albumin was hy-
bridized to the samples. Sections examined showed a
strong signal for albumin in the liver, but no signal in
intestinal tissue (data not shown). In c¢ross-sections of
total fetal rat. hybridization with lactase cDNA re-
vealed only reaction in the gut (Fig. 2d). while hy-
bridization with the CPS ¢cDNA revealed also reaction
in liver parenchyma (Fig. 2e). indicating the specificity
of the cDNAs.

Furthermore, mRNAs for lactase, CPS and PEPCK
were detected in the epithelium of all villi examined, as
shown for CPS mRNA (Fig. 2f). In order to exclude
possible non-specific hybridization, the data were
verified by hybridization to smaller probes prepared
from fragments of ecach above-described cDNA.
Patterns obtained were identical to those obtained with
the original probes (data not shown). Hybridization
with the labeled pBR322 vector DNA, which served as
a negative control, did not give any signal under the
described conditions (data not shown). In addition, it
was found that increasing the hybridization tempera-
ture and washing temperaturc up to 50°C did not
change the hybridization pattern or diminish the in-
tensity of the positive signals (data not shown). Haema-
toxylin and azophloxine staining (Fig. 2g) has been per-
formed in order to compare the classical staining
pattern of fetal intestinal epithelium with that after im-
munocytochemistry (Fig. 1) or in situ hybridization
(Fig. 2). At this stage of development the enterocytes are
polarized. and their nucleus is siiwated at the base of the
cell. Microvilli have already been developed at the api-
citl membrane.

4. DISCUSSION

The lactase gene. encoding a mirovi'ous membrane
enzyme, is expressed just before irth {17 ar' s pro-
tein product appears on the apical surface ot the po-
larized enterocyle [6]. As expected. at fetal day 20,
lactase was found 1o be localized at the apical periphery
of the enterocyte (Fig. 1a). In contrast, CPS protein is
known to be expressed beginning at day 14 in the
stratified intestinal epithelium before formation of villi
and a columnar morolaver [15). Fig. Ib shows CPS
protein expression at fetal day 24 focalized 10 the basal
and apical regions around the nucleus [8]. those
domasns of the intestinal epithehal cell where the ma-
tochondrnia are posiuoned [5]. The PEPCK gene. encod-
g the cytosolic isoenzyme. is reported 1o be expressed
in the small mtestine just before birth {18 In agreement,
as shown in Fig. 1o, PEPCK was found 1o be uniformiy
distributed throughout the colt {18}

A strhingly similar pattern of distribution was found
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for the respective mRNAs encoding these proteins: th
mRNASs accumulated predominantly in close proximity
to the location of their final protein products (Fig. 2).
Thus, the cDNA for lactase localized apically, the probe
for CPS was restricted to the mitochondrial region, and
the cDNA for PEPCK was localized cytoplasmically.
The existence of similar mechanisms for mRNAs encod-
ing basolateral proteins is the subicet of further study.

The use of the respective ¢cDNA probes on closely
adjacent paraffin sections allowed the recognition of the
different locations of mRNAs within one relatively
small cell (approximately 25 gm in height). The distinct
spatial hybridization patterns within one cell provide,
in itself. a localization-specific control and dem-
onstrates that specific hybridization s being achieved
{for additional controls see Fig. 2).

Feial enterocytes were studied for the following
reason. Enterocyte function is determined by the loca-
tion of the epithelial cells on the crypt-villus axis. In the
rat, crypts develop between the villi immediately after
birth, and ccll proliferation subsequently becomes con-
fined to the crypts [19]. Anchored stem cells located in
those crypts form the source of this cpithelial monolayer
[20]. Enterocytes migrate within approximately three
days to the top of the villi [2i). where they are extruded
into the mtestinal lumen. This rapid twraover of ente-
rocytes constitutes a otential pitfal! in cstablishing the
e cellulur distribution of mRNAS in mature animals,
“iowever, fetal enterocvies, which have a much stower
turnover, provide a model which avoids this difficuliy
in the study of mMRNA accumutation. By day 19 of fetal
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Fig. 1. Immunohistochemical localization of (a) lactase (b) CPS and (¢) PEPCK within the enterocytes of the intestine of fetal rats of 20 days of
devclopment (2 days before birth). Bar = 25 ym.

rat development the lumen of the small intestine ex-
pands, villi are formed., and the undifferentiated
stratified epithelium is converted into columnar cells
lining the villi {22]. At day 20 ef development the intes-
tinal epithelium is polarized and forms a monolayer of
well-developed enterocytes with slow migration and
minimal turnover. Hence, these fetal enterocytes are
more appropriate for studies of intracellular localiza-
tion of proteins and mRMNAs than adult enterocytes.

Expression of several mRINAs has receatly been de-
scribed in the smail intestine, including cytochrome
P-450,,,, [23]. aminopeptidase N [24], sucrase-isoma:-
tase [25]. a-fetoprotein [26] and fatty acid-binding pro-
tein [27]. The-¢ studics focused mainly oi. 2 expressien
along the crypt-villus axis, no detailed information was
provided reparding a possible heterogencous intracel-
lular localization of these mRNAs, One of the reasons
for the previous lack of recognition of distinct distribu-
tion patierns might be the use of dark-field microscopy.
that makes use of scattered light. Bright-field illumina-
tion, as used in the present study, although less sensi-
tive. provides superior resolving power, which is an
essential prerequisite to visualizing imracellular hetero-
geneity.

Recently, immunocviochemistry and i sita hy-
bridization have shoes that.in response to mechanical
injury, f actin and ies vkt beeamue positioned at the
membrane involved i rege 1 3] This process of asym-
metric placement of MRNA suggests a sorting mecha-
wism o similar 1o the pretiously  observed  non-ho-
mogeneous distribution of actin mRNA in embryonie
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lactasc mR. '\JA (e,f} CPS mRNA in crosc-sections of a total rétal rat at 20 days of devclopmem. (g) Routine hmologml staining, Bars: a-¢.g =
25 g doe = 0.5 mm: € = 50 gm. Abbreviations: A. apical membranc: B. basal membranc; EM. epithelial monolayer: G, gut; K, kidney: L, liver;
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MV, microvilli; N, Nuclei; P, pancreas; S, stroma.

myoblasts and fibroblasts in vitro {1}, or similar to the
localized matzmal mRNA at the vegetal pole of
Xenopus oocytes [28]. Heterogencous mRNA  ac-
cumulation along the myofiber in so<called nuclear
domains has been reported and is unique for this multi-
nucleated cell [29). Furthesmore, mRNAs in myofibers
are locahzed a* the periphery of the oclls, the only arca
where ribosomes are localized. In contrat. the di-

i85

bosomes in enterocytes are spread throughout the cy-

toplasm {5]. while the mRNAs analyzed in this study are
distinctly compartmenialized,

The co-localization of mRNAs and their encoded
proteins strongly suggests that protein synthesis occurs
in closc proximity to the site where the protein even-
tuafly accumulates and functions. Furthermore, the

presence of ER throughout the enterocvie justifies this



Volume 300, number 2

assumption [5]. Co-localization would be an efficient
i process because one mRNA molecule can be translated
repeatedly at a specific site, and would also be an effi-
cient method of delivering proicins to where they are
required in order to minimize protein targeting prob-
lems. It underscores the notion of the presence of a
special ‘class of polyribosomes associated with mito-
chondria to ensure a proper delivery of cytoplasmically
made mitochondrial proteins [30].

Two explanations to achieve a non-homogeneous dis-
tribution of mRNA can be envisionad. Firstly, the sort-
ing of the mRNA can directly depend on its nucleotide
sequence and be mediated by binding of cytosolic or
nuclear ‘addresser’ proteins to the mRNA. Secondly,
the amino terminal end of the growing polypeptide may
include amino acid scquences that target the mRNA
and the adhering translational machinery to its final
position within the cell. This could occur through au-
tonomous signals in the growing peptide itself, resem-
bling the mechanism involved in directing of the poly-
meric immunoglobulin receptor [31], or through the
binding of ‘addresser’ protein factors to the growing
peptide.

One might speculate that asymmetric placement of
mRNAs within one cell might apr' {0 other cell tvpes
as well, as it seems efficient to synthesize proteins near
the site where they eventually accumulate. In order to
localize mRNAs intracellularly in (non-)polarized cells,
detailed examination by in situ hybridization at the ul-
trastructural level will be required [4].
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