A family of tissue-specific resistin-like molecules
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We have identified a family of resistin-like molecules (RELMs) in
rodents and humans. Resistin is a hormone produced by fat cells.
RELMa is a secreted protein that has a restricted tissue distribution
with highest levels in adipose tissue. Another family member,
RELMB, is a secreted protein expressed only in the gastrointestinal
tract, particularly the colon, in both mouse and human. RELMp
gene expression is highest in proliferative epithelial cells and is
markedly increased in tumors, suggesting a role in intestinal
proliferation. Resistin and the RELMs share a cysteine composition
and other signature features. Thus, the RELMs together with
resistin comprise a class of tissue-specific signaling molecules.

esistin is a newly described circulating protein with no

homology to any known hormone, cytokine, or other inter-
cellular signaling molecule (1). Resistin is secreted specifically by
adipocytes and has actions that antagonize insulin action (1).
Because many polypeptide signaling molecules are members of
multigene families, we used a functional genomic strategy to
discover resistin homologs based on the unique cysteine-rich C
terminus of mouse and human resistin. This analysis led to the
discovery of a family of resistin-like molecules (RELMs) that are
secreted proteins with unique tissue distributions and likely to be
signaling molecules.

Materials and Methods

Northern and Western analyses were performed by standard
methods (2, 3). Human multiple tissue and mouse embryonic
Northern blots were obtained from CLONTECH. In situ hy-
bridization was performed as described (4). Sequences were
analyzed by using the National Center for Biotechnology Infor-
mation BLAST server, DNASTAR (DNAstar, Madison, WI), PSORT,
and SIGNALP algorithms. Flag epitope-tagged RELMpB and
RELMa were generated in the same manner as resistin (1).
Immunoblot analysis was performed by using a mouse mono-
clonal FLAG antibody (Research Diagnostics, Flanders, NJ) at
a dilution of 1:2,000. C57BL/6J-Apc (Min)/+ mice were killed
at 14-20 wk of age. The entire length of the intestine was stained
with 0.25% methylene blue (Sigma) to help visualize polyps.
Tumors were scored blindly by a single observer. The polyps
were at the noninvasive adenomatous stage. The average num-
ber of polyps detected per small intestine was 72 £ 10.

Results and Discussion

RELMa. A search of the National Center for Biotechnology
Information mouse expressed sequence tag (EST) database
uncovered a series of cDNAs in mammary tissue, pancreas,
and tongue libraries that encode a RELM, which we refer to
as RELMua (Fig. 1a). The N terminus of RELMa contains a
sequence that is predicted by the SIGNALP algorithm to be a
signal sequence cleavable between amino acids 23 and 24. Rat
RELMa, identified as ESTs in lung and placental libraries, is
77% identical to the predicted mouse protein (Fig. 1 a and b).
The C terminus of RELMa is highly related to resistin,
particularly in the last 38 aa, where the identity is 63% with no
gaps in the sequence and complete conservation of the cys-
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teine residues (Fig. 1b, and see below). The N terminus of
RELMaua is only distantly related to resistin (Fig. 1b).

The tissue distribution of RELMa gene expression is quite
interesting. RELMa mRNA was most abundant in white adipose
tissue (Fig. 1c). White adipose tissue is where resistin is ex-
pressed (1). Expression of RELMa also was observed in mam-
mary tissue, which contains a significant fat pad. However,
unlike resistin, RELMa was not expressed in 3T3-L1 adipocytes
(Fig. 1d), nor in preadipocytes (data not shown), suggesting that
RELMa might be produced by the stromal vascular constituents
of adipose tissue. Also unlike resistin, RELMa mRNA was
detectable in heart, lung, and tongue (Fig. 1c).

RELMB. An additional RELM cDNA, referred to as RELMp, was
discovered in mouse colon EST databases. The mouse RELM§f
c¢DNA and deduced amino acid sequence are shown in Fig. 2a.
RELMB is highly related to resistin, especially in its conserved
cysteine-containing C terminus (Fig. 2b). The N terminus of
RELMSB is predicted by the PSORT and SIGNALP algorithms to
contain a signal sequence that cleaves after the 20th amino acid.
The predicted molecular mass of the processed form of RELMpB
is 9,003 Da.

To assess the potential biological role of RELMp, we per-
formed Northern analysis of multiple mouse tissues. Remark-
ably, RELMB mRNA was abundant in colon but not in multiple
other tissues, including white adipose tissue, where resistin is
uniquely expressed (Fig. 2c¢). Indeed, the vast majority of
RELMB ESTs derive from colon libraries. We also located
multiple overlapping ESTs in human colon libraries. Human and
mouse RELM§p are highly conserved, especially in the cysteine-
rich C terminus that is most similar to resistin (see Fig. 4b).
Importantly, similar to mouse RELMp, the extreme N terminus
also is predicted to contain a signal sequence that cleaves after
the 20th amino acid. Northern analysis of multiple human tissues
using the human RELMp probe revealed that human RELMpB
is also a small mRNA species detected only in colon and, to a
lesser extent, small intestine (Fig. 2d).

Within the mouse intestine, RELMp gene expression was by far
most abundant in proximal and distal colon (Fig. 3a). RELMp
mRNA was also detected in the cecum, and the ileum, but at much
lower levels (Fig. 3a). During mouse embryogenesis, RELMp gene
expression is not detected until day 17 (Fig. 3b). Interestingly, this
is the approximate stage at which rodent colon undergoes signifi-
cant remodeling with a transition from an undifferentiated strati-
fied epithelium to a simple columnar epithelium (5). As the colon
consists of multiple cell types, including epithelial cells, lamina
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Identification and characterization of RELMa. (a) Predicted amino acid sequences of murine and rat RELMa. Identical amino acids are indicated,

conservative substitutions are indicated by +, and conserved cysteine residues are shaded. (b) Schematic comparison of murine RELMq, rat RELMa, and murine
resistin predicted amino acid sequences. Percent identity is indicated. (c and d) Northern blot analysis of RELMa gene expression in various mouse tissues (c) and
a comparison of 3T3-L1 adipocytes and mouse white adipose tissue (WAT) (d). Ethidium bromide staining of 28S and 185 RNA is shown in each case.
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Fig. 2. RELMg is an intestine-specific resistin-like molecule. (a) Murine

RELMB cDNA and protein sequences. In-frame upstream stop codon and
putative polyadenylation sequence are underlined. Cysteine residues are
indicated in bold, and the downstream stop codon is indicated by *. (b)
Comparison of murine RELMB and murine resistin predicted amino acid se-
quences. Percent identity is indicated. (c) Northern blot analysis of RELMB
gene expression in the mouse. 285 and 185 RNA is shown below to demon-
strate loading of similar amounts of RNA (20 ug per lane). (d) Northern analysis
of human RELMB mRNA in multiple human tissues.

PNAS | January 16,2001 | vol.98 | no.2 | 503

CELL BIOLOGY



Dist. Colon

f e Cecum

Duodenum
® Prox. Jejunum
| o Dist. Jejunum

® lleum

R

K Prox. Colon

RELMB >

Actin »

75
4.4

24

1.35
RELMB —»

0.24

e Prox. Dist.
Duod. Jejun. Jejun.

N T NTNT

Prox. Colon

fleum

Min Mouse

Fig. 3.

RELMg is expressed in proliferative intestinal epithelia. (a) Northern analysis of RELMB mRNA levels in mouse intestine. g-actin hybridization is shown

as control for loading. (b) Northern analysis of RELMB mRNA during mouse embryogenesis. (c and d) In situ hybridization of serial sections of mouse colon probed
with RELMB antisense (c) and sense (d) probes. Positive staining is dark blue. (e) Northern analysis of RELMB in normal appearing small intestine (N) and adjacent
tumors (T) in a min mouse. 28 and 185 RNA is shown as loading control. A representative of three independent experiments is shown.

propria cells, and the muscularis propria, we performed in situ
hybridization to precisely define where RELM} is expressed.
RELMpB mRNA is abundant in proliferative epithelia at the
bases of the crypts and is dramatically extinguished in the
nonproliferating differentiated epithelia that have migrated up
from the crypt base to the luminal surface (Fig. 3c). The
specificity of the in situ hybridization signal was revealed by
lack of signal using a sense probe (Fig. 3d).

The robust expression of RELM in the proliferative com-
partment led us to study min mice, which harbor a mutation of
the APC gene and thus develop intestinal tumors similar to
humans with familial adenomatous polyposis (6). As in wild-
type mice, RELMp expression was modest in normal duode-
num and jejunum. However, in the min mouse, RELMpB
mRNA was markedly increased in tumors immediately adja-
cent to the normal tissue (Fig. 3¢). Thus, RELM}p expression
is greatest in intestinal epithelial cells whose proliferative rate
is increased because of normal as well as pathological mech-
anisms. Specialized intestinal epithelial cells, such as colum-
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nar, goblet, enteroendocrine, and Paneth cells, express se-
creted proteins that have diverse functional roles (7-10). In
particular, transforming growth factor type a expression has
been localized to colonic crypt cells, where it may regulate cell
proliferation. Although the function of RELMp remains to be
established, expression of a secreted protein restricted to the
colonic epithelium is unique.

The RELM Family of Secreted Proteins. To determine whether
RELMa and RELM§ are secreted proteins, their cDNAs as well
as that of resistin were fused in-frame to the flag epitope at the
C-terminal end of the putative ORF and transfected into 293T
human embryonic kidney cells. As predicted by analysis of the
primary amino acid sequences, RELMa and RELMSp, like
resistin, were secreted into the media by these cells (Fig. 4a).
Although various intestinal epithelial cell types secrete proteins
with diverse functional roles (7-10), RELM} is unique both in
its structure and its pattern of expression. In this regard, it will
be critical to determine whether RELMp secretion is directed
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Fig. 4. The RELM family of secreted proteins. (a) RELMs are secreted proteins. RELMB, RELMe, and resistin were fused to Flag epitope at C terminus and
expressed in 293T cells. Media was sampled and analyzed by immunoblot using Flag antibody. — indicates control vector. (b) Consensus sequence of the RELM
family. Blue shading indicates amino acid identity of two or more family members, aligned by DNASTAR MEGALIGN program using the Jotun Hein method. The

signature sequence characteristic of the RELMs is indicated.

apically into the gut lumen or basolaterally into the lamina
propria. Future studies will determine whether RELMu is a
circulating hormone like resistin or a paracrine, autocrine, or
exocrine signaling molecule. The finding of RELMe in addition
to resistin in fat cells raises the possibility of interactions between
these two related molecules.

The consensus RELM is thus a protein of 105-114 aa in length
with three domains: (i) an N-terminal signal sequence, (ii) a
variable middle portion, and (iii) a highly conserved C-terminal
signature sequence that constitutes nearly half of the molecule
(Fig. 4b). The signature region of the RELMSs contains a unique
and invariant spacing of the cysteine residues: C-X;;-C-Xg-C-
X-C-X3-C-X9-C-X-C-X-C-X9-CC-X3_6-END. This is reminis-
cent of but clearly distinct from so-called “EGF repeats” that are
characteristic of a number of signaling molecules (11). Presum-
ably, the unique cysteine pattern contributes to folding and
multimerization of the RELMs. We speculate that the highly
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conserved signature region contributes to binding to a related
family of receptors that are yet to be discovered. Each RELM is
likely to have distinct biological functions consistent with its
unique pattern of expression.

We have not detected RELMs in the nearly completed
genomes of Caenorhabditis elegans or Drosophila melanogaster,
suggesting that RELMs may be specific to higher organisms.
Nevertheless, it is possible that additional RELMs will be
discovered as the sequencing of the human and other genomes
is completed. While this work was in progress, Holcomb et al.
(12) detected RELMa (which they call FIZZ1) in the inflam-
matory zone of mice with allergic pulmonary inflammation.
While those investigators focused on RELMa expression in the
lung, we have found that the levels of RELMa gene expression
in white adipose tissue, as well as mammary tissue and tongue,
are higher than in lung. These independent studies also identi-
fied RELM as FIZZ2 and corroborate our findings that RELMf3
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is highly abundant in colon. Clearly, additional work will be needed
to understand the functions and mechanisms of action of each
member of this family of tissue-specific, secreted proteins.
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