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ABSTRACT In this study, we have characterized the
cDNA clone SQ37 that was isolated previously from a rabbit
squamous cell library. The gene encodes a 14-kDa protein that
appears to function as a component ofthe cross-linked envelope
in squamous differentiating cells. The protein, which has been
named cornifin, has a high content of proline (31%), glutamine
(20%), and cysteine (11%) and contains 13 repeats of an
octapeptide (consensus sequence, EPCQPKVP) at its C termi-
nus. SQ37 mRNA and protein are induced during squamous
differentiation of rabbit tracheal (RbTE) cells and human
epidermal keratinocytes. This induction is repressed by retin-
oids. Immunohistochemical studies reveal SQ37 immunoreac-
tivity in fragmented cross-linked envelopes from squamous-
differentiated RbTE cells and in the suprabasal layers of the
epidermis. In situ hybridization analysis showed that the
presence of SQ37 mRNA is restricted to the suprabasal layers.
Treatment of RbTE cells with a Ca2W ionophore induces
cross-linking of the SQ37 protein into higher molecular weight
complexes. This cross-linking reaction appears to be mediated
by transglutaminase type I. Our observations suggest that the
protein encoded by SQ37 participates in the assembly of the
cross-linked envelope.

Epithelial cells from many different tissues are able to
undergo squamous differentiation. In the tracheobronchial
epithelium this differentiation occurs during vitamin A defi-
ciency and after toxic or mechanical injury (1, 2). In other
tissues, including skin, squamous differentiation constitutes
the normal pathway of differentiation (3). The existence of
histologically distinct layers in squamous epithelia is indic-
ative of a multistage process of differentiation (3, 4). This
view is supported by observations that each of these stages
can be defined by the expression of specific biochemical and
molecular markers (5-8). The formation of the cross-linked
envelope is a characteristic feature during later stages of
differentiation (9-11). The highly insoluble cross-linked en-
velope consists ofa layer of covalently linked protein assem-
bled just beneath the plasma membrane. Transglutaminases
catalyze the formation of E-(y-glutamyl)lysine isopeptide
bonds between cross-linked envelope precursors (11-15).
Several proteins have been implicated in the formation of the
cross-linked envelope, including involucrin and loricrin,
which have been studied in detail (11, 16-22). The genes for
these proteins have been cloned and sequenced (22-24).

Previously, this laboratory has reported (25) the isolation
of several cDNA clones, including SQ37, that encode
mRNAs abundantly expressed in differentiating squamous
RbTE cells. In the present study, the DNA and protein
sequences of cDNA clone SQ37 were analyzed. The pre-
dicted coding region of SQ37 shows high homology with that
of the human gene for the small proline-rich protein 1 (spr-1)

(26, 27). However, no function has been described for either
gene product. Evidence presented in this study is consistent
with the hypothesis that the SQ37 gene product participates
in the formation of the cross-linked envelope. We have
named this cross-linked envelope protein cornifin.

EXPERIMENTAL PROCEDURES
Cell Culture and Materials. RbTE cells and normal human

epidermal keratinocytes (NHEKs) were obtained and cul-
tured as described (15). Retinoic acid and the calcium iono-
phore Ro 2-2985 were obtained from Hoffmann-La Roche.

Cross-Linked Envelope Formation. Squamous comifying
cultures of RbTE cells were washed in phosphate-buffered
saline (PBS) and cells were scraped in 2% (wt/vol) SDS/20
mM dithiothreitol (9). The envelopes were fragmented by
pushing the suspension repeatedly through a 25-gauge nee-
dle. The suspension was then heated at 1000C for 30 min and
cross-linked envelopes were collected by centrifugation and
washed three times in PBS.

Transglutaminase Assay. Assay of transglutaminase type I
activity was performed as described (15). Labeling of puta-
tive substrates of transglutaminase with dansylcadaverine
was carried out as described (11, 18).

Sequencing. Sequencing of SQ37 (25) was carried out in
both directions by the dideoxynucleotide chain-termination
method with a Sequenase kit (United States Biochemi-
cal)(28). The DNA and deduced protein sequences were
analyzed by the GCG sequence analysis software package
(29). Primer extension was carried out as described (30).

Preparation of Antisera and Immunoblot Analysis. The
peptides PKVPEPCQPKVPEPCQPKVPQPCQ (SQ37A)
and KQPCTLPPQLQQHQVK (SQ37B) were synthesized
and purified by the Protein Chemistry Laboratory (Univer-
sity of North Carolina, Chapel Hill). The peptides were
cross-linked to bovine serum albumin with glutaraldehyde
and injected subcutaneously into New Zealand White rabbits
as described (31). Immunization boosts were given at 4-week
intervals. Cellular proteins and conditioned medium from
cultured RbTE cells were examined by immunoblot analysis
as described (32). Immunoprecipitation using protein A-aga-
rose was performed as described (31).
Immunohistochemical Staining. Tissues were fixed for 3 hr

in fresh 4% (wt/vol) paraformaldehyde in PBS. Deparaf-
finized sections were incubated for 60 min with blocking
solution [7.5% (wt/vol) nonfat dry milk powder/1% bovine
serum albumin in PBS] and then for 60 min with a 1:1000
dilution of SQ37A or SQ37B antiserum or preimmune serum
in blocking buffer. Subsequently, tissue sections were incu-
bated for 60 min with biotinylated goat anti-rabbit IgG (The
Jackson Laboratory) and then with streptavidin-horseradish

Abbreviations: NHEK, normal human epidermal keratinocyte;
spr-1, small proline-rich protein 1.
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peroxidase. Immunoreactivity was visualized using diami-
nobenzidine (31).
Northern Blot Analysis. Northern blot analysis was per-

formed as described (33). Northern blots were probed with
the EcoRI-excised 660-base-pair insert of SQ37-1, a sister
clone of SQ37 in pBluescript SK-, or with a 1.12-kilobase
Pst I fragment of the cDNA clone pGAD-28 (34), which
contains an insert encoding chicken glyceraldehyde-3-
phosphate dehydrogenase. Probes were labeled with
[a-32P]dCTP (-3000 Ci/mmol; 1 Ci = 37 GBq; Amersham) by
using a random-priming kit (BRL-Life Science Technolo-
gies). After hybridization (24-72 hr at 420C), blots were
washed as described (33).
In Situ Hybridization. Biopsy specimens of rabbit lip,

tongue, and esophagus were fixed with 4% paraformalde-
hyde, dehydrated, and then embedded in paraffin. Ribonu-
cleotide probes were synthesized with uridine 5'-[a-
[35S~thio]triphosphate (Amersham) from the full-length cod-
ing region of SQ37-1. In situ hybridization was performed
using sense and antisense probes as described (35).

RESULTS
Previously, we reported the isolation of several cDNA
clones, including SQ37, encoding mR.NAs abundantly ex-
pressed in squamous-differentiated RbTE cells (25). In the
present study, the insert ofclone SQ37 was sequenced in both
directions. The cDNA sequence is shown in Fig. 1. A
putative initiation codon was evident 44 bases from the 5' end
of the cDNA. The open reading frame terminates with a stop
codon 378 bases downstream from the initiation codon and is
followed 273 bases further by an ATTAAA polyadenylyla-
tion signal near the 3' end of the sequence. Pnimer extension
revealed that the SQ37 mRNA extends for another 21 bases
at the 5' end. Based on the deduced amino acid sequence,
SQ37 encodes a 14-kDa protein (Fig. 1) that contains 13
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repeats of the consensus octapeptide EPCQPKVP at its C
terminus and has a high content of proline (31%), glutamine
(20%), lysine (13%), and cysteine (11%).
The expression of SQ37 appeared to be limited to squa-

mous-differentiating cells. This was indicated by observa-
tions showing that SQ37 hybridized to a 0.8-kilobase mRNA
in squamous-differentiated RbTE cells and several squa-
mous-differentiated tissues such as rabbit tongue and esoph-
agus and human skin but not to RNA from rabbit brain, liver,
kidney, muscle, and normal trachea (Fig. 2A). In addition,
SQ37 hybridized to a 0.8-kilobase mRNA in cultured squa-
mous-differentiated NHEKs but not in undifferentiated cells
(Fig. 2B). Retinoic acid, which has been shown to down-
regulate the expression of several squamous-cell markers (1,
7, 15), also suppressed the induction of SQ37 mRNA in
NHEKs (Fig. 2B).
To study the cellular distribution and function of this

protein, antisera, SQ37A-Ab and SQ37B-Ab were raised to
the repeated sequence at the C terminus (SQ37A) and a
unique N-terminal peptide (SQ37B) (Fig. 1). Total cellular
proteins from squamous-differentiated RbTE cells were ex-
amined by immunoblot analysis (Fig. 3). Under nonreducing
conditions, these antibodies reacted with a 15-kDa protein
whereas under reducing conditions they recognized a protein
with an apparent molecular mass of -23 kDa. This change in
electrophoretic mobility may relate to alterations in the
conformation of this protein and may be due to the reduction
of intramolecular rather than intermolecular disulfide
bridges. The specificity of the immunoreactivity was shown
by competitive blocking of the protein-antisera interaction
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FIG. 1. Nucleotide and deduced amino acid sequence of cornifin
(SQ37). The putative initiation codon (ATO), termination codon
(TGA), and the polyadenylylation signal (ATTAAA) are indicated in
boldface type. The deduced amino acid sequence is shown in the
single letter code. The shaded amino acid sequence indicates the two
peptides, designated SQ37A (amino acids 51-74) and SQ37B (amino
acids 7-22), used to raise antibodies. A, Termini of the primer
extension reaction; A, predominant terminus; solid and dashed lines,
repeats that are highly (88-100%o identical) and moderately (=50%o
identical) homologous to the consensus sequence EPCQPKVP,
respectively.

C

FIG. 2. Northern blot analysis of cornifin mRNA. Total RNA (30
,tg) prepared from various tissues or cultured cells were fractionated,
blotted to Nytran, and hybridized to 32p-labeled probes for SQ37-1
(A and B) or glyceraldehyde-3-phosphate dehydrogenase (C). (A)
RNA was from the following sources. Lanes: 1, rabbit liver; 2,
tongue; 3, muscle; 4, esophagus; 5, kidney; 6, brain; 7, trachea; 8,
cultured squamous-differentiated RbTE cells; 9, human skin. (B and
C) RNA, from cultured NHEKs were analyzed. Lanes: 1, undiffer-
entiated cells; 2, retinoic acid-treated (100 nM, 48 hr) cells; 3,
confluent squamous-differentiated cells; 4, confluent retinoic acid-
treated (100 nM, 48 hr) cells; 5, confluent Ca2+-treated (1.8 instead
of 0.15 mM for 48 hr) cells.
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FIG. 3. Immunoblot analysis of SQ37 protein expression. (A and
B) Proteins from squamous-differentiated RbTE cells were analyzed
on an immunoblot using SQ37A-Ab (A) or SQ37B-Ab (B). Lanes: 1,
preimmune rabbit serum; 2, immune serum; 3, immune serum plus
peptide SQ37A (1 Ag/ml); 4, immune serum plus peptide SQ37B (1
,tg/ml); 5, medium conditioned (CM) by squamous-differentiated
RbTE cells analyzed with preimmune serum; 6, same medium
analyzed with immune serum. (C) Differential expression of SQ37
protein in RbTE cells and NHEKs. Lanes: 1, exponential-phase
cultures of undifferentiated cells; 2 and 5, confluent cultures of
squamous-differentiated cells; 3, confluent cultures grown in the
presence of (1 tAM) retinoic acid; 4, confluent cultures of cells grown
in the presence of 1.8 mM Ca2+; 1-4, separation of proteins under
reducing conditions; 5, separation under nonreducing conditions.
Molecular masses (in kDa) are shown.

with homologous peptide and the absence of immunoreac-
tivity with preimmune serum (Fig. 3A). The SQ37 antisera did

not react with any protein in medium conditioned by squa-

mous-differentiated RbTE cells, suggesting that the protein
encoded by SQ37 is not secreted.
To examine the presence of this protein in relation to

squamous differentiation, we compared its presence in dif-
ferentiated and undifferentiated RbTE cells and NHEKs
(Fig. 3C). SQ37 protein was detected in squamous-
differentiated cells but not in undifferentiated cells and its
induction was suppressed by the presence of retinoic acid.
The human SQ37 homolog was smaller than that from the
rabbit and migrated under reducing conditions with a molec-
ular mass of 15 kDa (Fig. 3C) and under nonreducing con-
ditions at 10 kDa (data not shown). Previous studies (1, 15)
have shown that RbTE cells undergo irreversible growth
arrest and start to express several squamous-cell markers
after cultures reach confluence. Fig. 4 shows the expression
of SQ37 protein in relation to the onset of squamous differ-
entiation. SQ37 protein was dramatically increased after
cultures reached confluence. The time course of this induc-
tion was very similar to that reported previously for trans-
glutaminase type I (Fig. 4 and ref. 15). Initially, the SQ37
antisera detected only a 23-kDa protein in squamous cells but
at later times the antisera reacted with several proteins of
higher molecular mass and in particular with proteins >300
kDa. These results suggest that cornifin may become cross-

_-2 1.~~215

FIG. 4. Induction of SQ37 protein expression in relation to
squamous cell differentiation. (A) RbTE cells were plated at 4 X 105
cells per 60-mm dish and at the times indicated cells were collected
and total cell number (o), percent cross-linked envelope formation
(o), transglutaminase type I activity [dpm per hr per mg of protein
(x 10-4)] (W) were determined. (B) In the same time course, the level
of SQ37 protein was determined by immunoblot analysis with
SQ37A-Ab. The two lanes on the right in B represent an overexpo-
sure of the lanes containing the samples from days 6 and 11 to show
increased staining of high molecular mass proteins when cells are
maintained at confluence.

linked either with itself or with other proteins. The increased
cross-linking coincided with the induction of cross-linked
envelope formation in the culture (Fig. 4).
The localization of the SQ37 transcripts and protein was

examined by in situ hybridization and immunohistochemical
analysis of sections from various tissues. In the epidermis of
the rabbit lip (Fig. 5 A and B) and in the squamous epithelium
from the rabbit esophagus and tongue (data not shown), SQ37
mRNA was predominantly restricted to the suprabasal lay-
ers. This pattern of expression was comparable to that
observed for transglutaminase type I (data not shown; ref.
36). In agreement with these observations, immunohisto-
chemical studies on sections of human skin (Fig. 5 C-E) and
rabbit esophagus and tongue (data not shown) revealed SQ37
immunoreactivity in the cytoplasm of cells of the spinous
layer and granular layer. No SQ37 immunoreactivity was
observed in cells of the basal and cornified layers. In the
granular layer, the localization of the immunoreactivity
changed from the cytoplasm to the cell periphery. Fragments
of cross-linked envelopes prepared from cultured RbTE cells
were immunoreactive with SQ37A-Ab (Fig. 5F) but not with
preimmune serum (Fig. 5G). These results are in agreement
with the hypothesis that during squamous differentiation
SQ37 becomes assembled into the cross-linked envelope.
Transglutaminases catalyze the formation of interpeptide

bonds between constituents of the cross-linked envelope.
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FIG. 5. Localization of SQ37 mRNA and protein expression by
in situ hybridization (A and B) and immunohistochemical staining
(C-G). In situ hybridization of sections of epidermis from rabbit lip
using 35S-labeled sense (A) or antisense (B) SQ37-1 probes. Sections
of human epidermis were stained with preimmune serum (C) and
SQ37B-Ab (D and E). Cross-linked envelopes isolated from squa-
mous cultures ofRbTE cells were stained with SQ37A-Ab (F) or with
preimmune serum (G). (Bars = 50,um.)

The amino acid composition of SQ37 suggested that it might
be a substrate for transglutaminase. Addition of a Ca2+
ionophore has been used to activate transglutaminase type I
and induce cross-linking of envelope precursors such as
involucrin (11, 17). To study the cross-linking of SQ37, we
treated confluent cultures of RbTE cells with the Ca2+
ionophore Ro 2-2985 (25 ,ug/ml) for 3 hr before cells were
harvested and proteins were examined by immunoblot anal-
ysis. SQ37B-Ab recognized a 23-kDa protein in total cellular
and soluble extracts of squamous-differentiated RbTE cells
but not in particulate extracts (Fig. 6A). In extracts from cells
treated with the Ca2+ ionophore, the immunoreactivity with
the antibody shifted to high molecular mass proteins at the
very top of the gel. The decrease in total immunoreactivity
suggests a loss of epitopes probably due to the cross-linking
of SQ37 into high molecular mass complexes. Transglutam-
inase-catalyzed cross-linking of proteins requires Ca2+ and is
inhibited by the presence of amines that act as competitive
inhibitors. Inclusion of EDTA (5 mM) or putrescine (1 mM)
in the medium prevented the cross-linking of SQ37 (data not
shown). When whole cell extracts were incubated with
dansylcadaverine and proteins were separated by polyacryl-
amide gel electrophoresis, three main fluorescent bands,
migrating at 22, 27, and 33 kDa were observed in RbTE
extracts and three fluorescent bands, migrating at 14, 15, and
110 kDa, were observed in NHEK extracts (Fig. 6B). Im-
munoprecipation with SQ37B-Ab identified the 22-kDa and
the 15-kDa dansylated proteins as rabbit and human cornifin,
respectively. The dansylated protein of 27 kDa also reacted
with SQ37B-Ab and may be cornifin cross-linked with itself
or another protein. The 110-kDa dansylated protein in human
extracts is probably involucrin (17, 23). These findings are in
agreement with the hypothesis that transglutaminase is the
enzyme that catalyzes the cross-linking of SQ37.

FIG. 6. Transglutaminase-induced cross-linking of SQ37 protein.

(A) Confluent cultures of squamous-differentiated RbTE cells were

treated with the calcium ionophore Ro 2-2985 (25 ALg/ml) in dimethyl
sulfoxide (lanes +) or dimethyl sulfoxide alone (lanes -) for 3 hr.

Proteins from total cellular extract (Cells) and soluble (Sol.) and

particulate (Part.) fractions were examined by immunoblot analysis

using antiserum SQ37B-Ab. The two lanes on the right are an

overexposure of the two lanes on the left to show increased staining
of high molecular mass proteins after treatment with Ca2+ ionophore.

(B) Squamous-differentiating RbTE cells and NHEKs were lysed by

freezing-thawing in the presence of 1 mM EDTA. Cellular extracts

were incubated at 370C for 3 hr in a solution of 0.02 M borate buffer

(pH 9.0), 10 mM CaC12, and dansylcadaverine (1 mg/ml). Lanes: 1,

proteins from dansylated RbTE extracts; 2, dansylated RbTE pro-

teins immunoprecipitated by preimmune serum; 3, dansylated RbTE

proteins immunoprecipitated by SQ37B-Ab; 4, dansylated proteins
from NHEK extracts. Proteins were separated by polyacrylamide gel

electrophoresis and dansylated proteins were visualized with UV

radiation (Dansyl-CAD); proteins were then examined by immuno-

blot analysis with SQ37B-Ab and immunoreactive proteins were

identified by autoradiography (SQ37B-Ab).

DISCUSSION

In this study, we have characterized a cDNA (SQ37) encod-

ing a cross-liiiked envelope precursor that we have named

cornifin. The amino acid composition of cornifin, its cellular

localization, its ability to become covalently cross-linked,

and its presence in cross-linked envelopes support our con-

clusion regarding its function.

Comparison of the amino acid sequence of comifin with

that of the human small proline-rich protein spr-1 (26) sug-

gests that SQ37 is either the rabbit homolog of spr-1 or a gene

very closely related to spr-1. The 30 amino acids at its N

terminus are 97% identical with that of spr-1, and each

protein contains the sequence TKQK at its C terminus. Both

proteins contain a tandem repeat that differs by only one

amino acid. Comnifin contains 13 repeats of the consensus

octapeptide EPCQPKVP whereas spr-1 has only 6 repeats of

the consensus sequence EPCHPKVP (26). The difference in

electrophoretic mobility between rabbit and human comifin

(Fig. 3C) is in agreement with the difference in molecular
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mass of SQ37 and spr-1 gene products. No function for what
appears to be a family of proteins (ref. 26, K. W. M. and
A. M. J., unpublished observations) has been previously
described. Whether these genes are related to pancomulins
(19) awaits analysis of the sequence of the latter protein.

Cornifin has a relatively high content of proline (31%),
glutamine (20%), lysine (13%), and cysteine (11%). The high
glutamine and lysine content of cornifin suggested that it may
be a substrate for transglutaminase type I and, therefore,
function as a cross-linked envelope precursor. The relative
content of glutamine and lysine in cornifin is similar to that
reported for the cross-linked envelope precursor involucrin
(-26% and 7.4%, respectively, in human involucrin). On the
other hand, the high proline content (31%) of cornifin is not
shared with involucrin (5.7%) (23). The amino acid compo-
sition of cornifin is also very different from that of the
envelope precursor loricrin (24), which in contrast to corni-
fin, has a high serine and glycine content (23% and 47%,
respectively). Both loricrin and cornifin have a relatively high
cysteine content. This is consistent with evidence indicating
that cross-linked envelopes contain one or more cysteine-rich
components (4, 37). Whether these cysteine residues are

involved in intermolecular cross-linking between different
envelope precursors has to be established. Although involu-
crin and loricrin contain repeated peptide sequences, these
sequences are different from each other and from the re-

peated sequence found in cornifin.
Immunohistochemical studies with antibodies against a

C-terminal peptide and an N-terminal peptide indicate that
the expression of cornifin occurs in the suprabasal layers of
several squamous differentiating tissues including epidermis,
esophagus, tongue, and cultured squamous tracheobronchial
and epidermal cells. Cornifin is initially localized in the
cytoplasm of cells in the upper spinous and lower granular
layers of human skin and then accumulates at the periphery
of cells in the upper granular layer. This pattern of distribu-
tion is similar to that reported for involucrin (38). No SQ37
immunoreactivity was observed in the cornified layer. This
may be due to the loss of antigenicity of cornifin when it is
assembled with other proteins such as loricrin into the mature
cross-linked envelope. A similar loss of immunoreactivity
has been observed with certain anti-loricrin and anti-
involucrin antisera (22, 38). SQ37 antisera also recognized
epitopes in fragmented cross-linked envelopes isolated from
RbTE cultures. This finding is consistent with the hypothesis
that cornifin becomes part of the cross-linked envelope. This
is supported further by experiments showing that cornifin
becomes cross-linked either with itself or with other proteins
at a time at which RbTE cells form cross-linked envelopes
(Figs. 4 and 6). Likewise, transglutaminase type I is ex-

pressed during squamous cell differentiation at a time at
which cornifin mRNA and protein are also induced (14, 15;
Fig. 3). The Ca2+ dependence of the cross-linking and the
inhibition by amines such as putrescine are consistent with a

transglutaminase-catalyzed reaction. Furthermore, like other
envelope precursors, cornifin can be covalently linked to
dansylcadaverine when squamous cell extracts are incubated
with this dansylated amine. These findings are in agreement
with the hypothesis that cornifin is a substrate for transglu-
taminase type I. However, final proof must come from the
identification of e(y-glutamyl)lysine transpeptide bonds in-
volving cornifin protein.
The assembly of the cross-linked envelope is a complex

process and likely to occur in several steps. The observations
showing that involucrin, loricrin, and cornifm are induced at
different times during squamous differentiation support the
hypothesis that the envelope is formed in several stages

involving different precursor proteins and different transglu-
taminases (5, 14-24, 39). Involucrin and cornifin may be early

building blocks of the envelope, forming a scaffold upon
which loricrin and perhaps other envelope precursors are
assembled. The extent to which each cross-linked envelope
precursor protein is integrated into the envelope may be
different for each tissue and may determine the physical
characteristics of the envelope. It would be of interest to
analyze the structure of cornifin and to determine the inter-
molecular interactions between cornifin and other envelope
precursors. This may provide insight into the mechanism by
which the envelope is assembled.

Further understanding of the mechanism(s) by which this
gene is regulated during squamous differentiation awaits the
isolation of the promoter of SQ37 and the identification of its
regulatory elements.
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