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ABSTRACT A discrete 10-kDa polypeptide (10K) is ex-
pressed from early stages in the embryonic chicken lens. Since
this has potential as a marker for lens cell development, chicken
10K and its homologues from mouse and human lenses were
identified by protein sequencing and cloning. Surprisingly, lens
10K proteins appear to be identical to a lymphokine, macro-
phage migration inhibitory factor (MIF), originally identified
in activated human T cells. Using microdissection and PCR
techniques, we find that expression of 1OK/MIF is strongly
correlated with cell differentiation in the developing chicken
lens. Northern blot analysis shows that lOK/MIF is widely
expressed in mouse tissues. These results suggest that proteins
with MIF activity may have roles beyond the immune system,
perhaps as intercellular messengers or part of the machinery of
differentiation itself. Indeed, partial sequence of other small
lens proteins identifies another MIF-related protein (MRP8) in
calf lens. The relatively abundant expression of MIF in lens
may have clinical significance, with the possibility of involve-
ment in ocular inflammations that may follow damage to the
lens.

Vertebrate lenses are particularly benign environments for
many proteins, allowing the accumulation and retention
without turnover of various soluble proteins that may serve
as crystallins, the principal determinants of lens refractive
index (1-4). Other proteins may also benefit from this envi-
ronment, becoming moderately abundant in the lenses of
some species without achieving the extremely high levels of
crystallins. A distinct abundant 10-kDa polypeptide (10K) is
present in the developing chicken lenses from early stages.
This protein presents interesting possibilities as a marker for
lens development. Chicken lens 10K from 11-day embryos
was isolated and examined by microsequencing (5). Chicken,
mouse, and human lens 10K proteins were then examined by
PCR and cDNA cloning.§ Surprisingly, lens 10K proteins
appear to be identical to a class of lymphokines with mac-
rophage migration inhibitory factor (MIF) activity.

MATERIALS AND METHODS
Protein Sequence. Soluble lens extracts from 11-day em-

bryonic chicken and newborn calf lenses were separated by
SDS/PAGE. Proteins were blotted onto nitrocellulose.
Chicken 10K and calf 14-kDa (14K) fractions were excised
and examined by microsequencing, by using the facilities of
the Harvard Microchemistry Facility. All methods were as
described (5).
cDNA Cloning and Sequencing. Primers [5064, CAGGATC-

CCGATGTTCA(TC)C(GA)TA(AC)ACACCAA; 5065,
TAGTCGACGGT(GATC)GA(GA)TT(GA)TTCCA
(GC)CC; containing BamHI and Sal I sites, respectively]

were designed from N- and C-terminal chicken peptide
sequences, with redundancies suggested by the human T-cell
MIF sequence (6). PCR of chicken lens total RNA (7) yielded
a specific product that was subcloned and sequenced. This
cDNA was then used as a probe to screen 11-day embryonic
chicken and newborn mouse lens cDNA libraries. Human
lens 1OK/MIF sequence was obtained by PCR of total RNA
extracted from a pair of human fetal lenses (13.5-week fetal
lenses from 1984 stored in liquid nitrogen) by using primers
5064/5065, followed by subcloning and sequencing. Over-
lapping and 3' untranslated sequences were obtained by PCR
with primer 5064 and an oligo(dT)-containing primer. This
product was subjected to thermocycle sequencing by using
reagents and protocols from Promega.
Northern Blot Analysis. The mouse lens cDNA clone was

used as a probe. RNA was extracted, blotted, and hybridized
as described (8). The probe was labeled by random-priming
using [32P]dATP (Amersham). Hybridization was overnight
at 420C in a formamide-containing buffer, washing was in
O.1x standard saline citrate/1% SDS at 650C, and exposure
was overnight.
PCR Analysis of mRNA Distribution in Chicken Lens.

Dissections, RNA extraction, and reverse transcription
(RT)-PCR were as described (7). A deleted internal standard
(9) was included that was constructed from the chicken
1OK/MIF cDNA sequence by using four primers: (i) 5986,
ATGCCGATGTTCACCATACACAC;(ii) 5987, CAATGC-
TGTAGAGGCGGACATCTGATCAGG; (iii) 5988, CCT-
GATCAGATGTCCGCCTCTACAGCATTG; (iv) 5989,
GTGGAATTGTTCCAGCCCAC. Primers 5987 and 5988
overlap to produce a 30-base deletion in the final product.
Primers 5986 and 5989 were used to amplify deleted product
and also in the quantitative RT-PCR. Duplicate reactions
were repeated three times.
Computer Methods. GenBank and National Biomedical

Resource Foundation data bases were searched using SEQFP,
SEQF, and SEQFT of the IDEAS package (10). Sequences were
aligned using ALIGN (Scientific and Educational Software,
State Line, PA).

RESULTS
Lens 10K Sequence. In the developing chicken lens, a

distinct polypeptide of -10 kDa (10K) (Fig. 1) was observed
at all stages examined from 6 to 19 days after fertilization.
This polypeptide was isolated by SDS/PAGE separation and

Abbreviations: MIF, migration inhibitory factor; RT, reverse tran-
scription; 10K, 10-kDa protein.
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ing 6, National Institutes of Health, Bethesda, MD 20892.
§The sequences reported in this paper have been deposited in the
GenBank data base [accession nos. M95775 (human), L07607
(mouse), and M95776 (chicken)].
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subjected to microsequencing. Evidently, chicken lens 10K is
unblocked since it yielded N-terminal sequence without the
need for proteolysis. Additional sequences were then obtained
from tryptic peptides (Fig. 2) (5). When compared with the
translated GenBank data base (Release 72), all peptides se-
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quenced from the 10K fraction gave close matches with a
recently identified human lymphokine, macrophage MIF (6).
Interestingly, preliminary analysis of a 14-kDa fraction from
cow lens (Fig. 1) yielded an N-terminal sequence
(MLTELEKALNSIXDVYH) identical to that of another
MIF-related protein, MRP8/cystic fibrosis antigen (11, 12), a
Ca2+-binding protein from human lymphocytes.
By using primers derived from chicken peptide and human

cDNA sequences, chicken lens 10K was amplified from lens
RNA by RT-PCR (13). This PCR fragment was used as a
probe to clone 10K from embryonic chicken and 18-day-old
mouse lens cDNA libraries (Fig. 2). Full-length coding se-
quence for chicken lens 10K was obtained, corresponding to
a predicted unmodified polypeptide size of 115 amino acids
and a molecular mass of 12.4 kDa. Coding and 3' untranslated
regions of human lens 10K mRNA were also obtained by
RT-PCR from fetal human lens RNA (Fig. 2). Multiple copies
of two overlapping human lens lOK/MIF PCR fragments
corresponding to bases 77-517 of the clone from human T
cells (6) were sequenced, showing identity with the published
T-cell sequence except for one base change and the absence
ofPst I linker. The single base change is a G -* A substitution
at position 367, causing a Ser-106 -+ Asn amino acid change.

100
GCCTCTGCGCGGGTCTCCTGGTCCTTCTGCCATCATGCCGATGTTCATCGTAACACCAACGTGCCCCGCGCCTCCGTGCCGGACGGGTTCCTCTCCGAG

CGTGCCCCGCGCCTCCGTGCCGGACGGGTTCCTCTCCGAG
GTGAACACCAATGTTCCCCGCGCCTCCGTGCCAGAGGGGTTTCTGTCGGAG

GCGCCATGCCTATGTTCACCATCCACACCAACGTCTGCAAGGACGCCGTGCCCGACAGCCTGCTGGGCGAG
200

CTCACCCAGCAGCTGGCGCAGGCCACCGGCAAGCCCCCCCAGTACATCGCGGTGCACGTGGTCCCGGACCAGCTCATGGCCTTCGGCGGCTCCAGCGAGC
CTCACCCAGCAGCTGGCGCAGGCCACCGGCAAGCCCCCCCAGTACATCGCGGTGCACGTGGTCCCGGACCAGCTCATGGCCTTCGGCGGCTCCAGCGAGC
CTCACCCAGCAGCTGGCGCAGGCCACCGGCAAGCCCGCACAGTACATCGCAGTGCACGTGGTCCCGGACCAGCTCATGACTTTTAGCGGCACGAACGATC
CTGACCCAGCAGCTGGCCAAGGCCACCGGCAAGCCCGCGCAGTACATAGCCGTGCACATCGTACCTGATCAGATGATGTCCTTCGGGGGCTCCACGGATC

300
CGTGCGCGCTCTGCAGCCTGCACAGCATCGGCAAGATCGGCGGCGCGCAGAACCGCTCCTACAGCAAGCTGCTGTGCGGCCTGCTGGCCGAGCGCCTGCG
CGTGCGCGCTCTGCAGCCTGCACAGCATCGGCAAGATCGGCGGCGCGCAGAACCGCTCCTACAGCAAGCTGCTGTGCGGCCTGCTGGCCGAGCGCCTGCG
CCTGCGCCCTCTGCAGCCTGCACAGCATCGGCAAGATCGGTGGTGCCCAGAACCGCAACTACAGTAAGCTGCTGTGTGGCCTGCTGTCCGATCGCCTGCA
CTTGCGCTCTCTGCAGCCTCTACAGCATTGGCAAGATTGGAGGGCAGCAGAACAGACCTACACCAAGCTCCTGTGCGATATGATTGCGAAGCACTTGCA

! _ 400
CATCAGCCCGGACAGGGTCTACATCAACTATTACGACATGAACGCGGCCAGTGTGGGCTGGAACAACTCCACCTTCGCCTAAGAGC -----CGCAGGGAC
CATCAGCCCGGACAGGGTCTACATCAACTATTACGACATGAACGCGGCCAATGTGGGCTGGAACAACTCCACCTTCGCCTAAGAGC -----CGCAGGGAC
CATCAGCCCGGACCGGGTCTACATCAACTATTACGACATGAACGCTGCCAACGTGGGCTGGAACGGTTCCACCTTCGCTTGAG--------- TCCTGGCC

CCAC- -GCTGT --------CTGCGCTGGCTCCACCCGG- -GAACCCGCCGCAC ------------ GCTGTGTTCTAGGCCCGCCCA -------------

CCAC- - GCTGT --------CTGCGCTGGCTCCACCCGG- -GAACCCGCCGCAC ------------GCTGTGTTCTAGGCCCGCCCA -------------
CCAC --- -TTAC --------CTGCAC-CGCTGTTCTTTG- -AGCCTCGCTCCAC ------------GTAGTGTTCTGTGTTTATCCA -------------
CCAGAGGCTGCTCCCAGACCTCCCCTCGTGCTGCCCGTTAGAGATCACCACACAGACGGCCCTGCGCTATGTTGTGTGCACTCACAGATGGATGGCTCCT

500
-------------- CC----------CCAACCTTC-------------- TGGTGGGGAGAAATAAACGGTTTAGA-GAC
--------------CC---------- CCAACCTTC -------------- TGGTGGGGAGAAATAAACGGTTTAGA-GACT
--------------CCGGTAGCGATGCCCACCTTC--------------CAGCCGGGAGAAATAAATGGTTTATAAGAG
TGTTAGTGTGTTTCAGTACTGCTGCTTCAACATTCCTCTGTTTTCTCCGTGTAGAAAACAAATAAA-GATTTAGAAAT

50
MPMF IVNTNVPRASVPDGFLSELTOQLAQATGKPPQYIAVHWPDQLMAFGGSSEPCA

VPRASVPDGFLSELTQQLAQATGKPPQY IAVHWPDQLMAFGGSSEPCA

VNTNVPRASVPEGFLSELTQQLAQATGKPAQY IAVHVWPDQLMTFSGTNDPCA

MPMFT I HTNVCKDAVPDSLLGELTQQLAKATGKPAQYIAVH IVPDQMMSFGGSTDPCA

100
LCSLHS I GKI GGAONRSYSKLLCGLLAERLRI SPDRVYINYYDMNAASVGWNNSTFA

LCSLHSI GKI GGAQNRSYSKLLCGLLAERLRI SPDRVYI NYYDMNAANVGWNNSTFA

LCSLHS I GKIGGAONRNYSKLLCGLLSDRLHI SPDRVYINYYDNNAANVGWNGSTFA

LCSLYS I GKI GGOQNKTYTKLLCDMIAKHLHVSADRVYI NYFDINAANVGWNGSTFA
************************

FIG. 2. cDNA and deduced protein sequences of 10K proteins from embryonic chicken, newborn mouse, and fetal human lens. (A) cDNA
sequences: T-cell, human T-cell MIF with linker sequences removed; H1OK, human lens 10K; M1OK, mouse lens 10K; C1OK, chicken lens 10K.
Chicken and mouse sequences were derived from cDNA clones. Human sequence was derived from two overlapping PCR-derived clones. For
comparison the complete deduced sequence of human T-cell MIF is shown with sequence numbers. Overline shows beginning and end of open
reading frame. The symbol ! shows single difference between human lens and T-cell sequences. By direct sequencing of PCR fragments, the
group of four guanine residues between residues 489 and 492 of the human sequence are slightly ambiguous. (B) Deduced protein sequences.
Asterisks show peptide sequences obtained for chicken lens 10K protein. Sequence identities shown by the symbol ! indicate difference between
human lens and T-cell sequences.
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FIG. 3. Northern blot of 3-week-old mouse tissues with a mouse
1OK/MIF cDNA probe. RNA samples used were brain, lens, heart,
muscle, kidney, gut, colon, lung, and two lens-derived cell lines,
aTN4-1 (mouse) (14) and N1003A (rabbit) (15).

Chicken and predicted mouse lOK/MIF sequences also have
Asn at this position (Fig. 2). These results suggest that lens
10K and T-cell MIF are products of the same gene.
Localzation of 1OK/MIF mRNA. Examination of RNA

from several tissues of 18-day-old mice shows that lOK/MIF
mRNA is widely expressed (Fig. 3). There is apparently no
correlation between the expression oflOK/MIF and the level
of major histocompatibility complex gene expression in the
tissues (8), suggesting that lOK/MIF may have a function
distinct from any role in the immune system.

In the lens, populations of quiescent, dividing, differentiat-
ing, and terminally differentiated cells are spatially segregated
and can be microdissected (7). By using RT-PCR, RNA
extracted from microdissected embryonic chicken lenses was
examined for the presence of lOK/MIF mRNA (Fig. 4) (9). At
several developmental stages, lenses were dissected into inner
epithelium, enriched for dividing cells; outer epithelium, en-
riched for differentiating cells; and differentiated fiber cells.
An internal standard for each PCR experiment was engineered
by creating a 30-bp deletion (9) in a chicken lens lOK/MIF

A

cDNA clone. Equal amounts of the standard were added to
each PCR mixture and used for normalization of lOK/MIF
levels after amplification ofRNA by RT-PCR with lOK/MIF-
specific primers (Fig. 4).
As early as 6 days after fertilization, lOK/MIF RNA was

detected only in the differentiating outer epithelial cells. The
strength of lOK/MIF signal increased markedly up to a
maximum at 14 days after fertilization, so much so that outer
region RNA needed to be diluted to remain in a linear range.
After this peak, the signal declined again by 19 days. 1OK/
MIF RNA also appeared in the fiber cells at 10 and 14 days
as the total signal increased. These cells may retain mRNA
acquired when they were in the differentiating equatorial
population. Some mRNA was also present in the inner region
at 10 and 14 days, probably representing a minor component
of differentiating cells that becomes more apparent as the
amount of lOK/MIF increases. This spatial pattern of ex-
pression is different from that of various oncogenes that have
been examined in the same system, although it has interesting
parallels with the expression of N-myc (7, 16).

DISCUSSION
MIF has been observed only in activated T cells (6) from
which it is secreted as a lymphokine capable of initiating the
inflammatory response in macrophages (6, 17). Here we show
that this protein is expressed outside the cells of the immune
system and, in particular, in the developing eye lens. The
possible function of lOK/MIF in the lens could lie in two
general areas. (i) It may have the same immune-system-
related role as proposed (6). (ii) It could have a different or
additional role with more general applicability to various cell
types.
Although mammals have an embryonic ocular vasculature

(18) that is dismantled (probably by macrophages) (19) as the
eye matures, embryonic chicken lenses are not vascularized
(18) and by 18 days mice have a completely avascular
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FIG. 4. Expression of1OK/MIF correlates with cellular differentiation in the embryonic chicken lens. (A) Scheme for dissection ofembryonic
chicken lenses. (B) Detection of 1OK/MIF (10K) mRNA in dissected regions of developing embryonic chicken lenses by using RT-PCR and
an internally deleted cDNA standard (IS). Ages shown are days (d) after fertilization. 1, inner equatorial epithelium; 0, outer equatorial
epithelium; F, fibers; C, control with no added RNA. At 14 days, outer region RNA was diluted 1:5 and 1:10 (lanes 0.2 and 0.1, respectively).
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encapsulated lens (18). Indeed, the mouse lens is part of the
immunologically privileged anterior chamber of the eye and
has no class I or class II major histocompatibility complex
gene expression (8). The mature lens thus seems to have no
direct interaction with the immune system. There are, how-
ever, sparse macrophage-related cells called hyalocytes in
the vitreous body of the eye (19). Conceivably, lOK/MIF
secreted from lens could act upon these cells if it is capable
of passing through the lens capsule (which is not yet known).
In this way, or directly, lOK/MIF could be involved in the
communication between lens and retina, which is important
for normal eye development (see ref. 20).
However, lOK/MIF clearly belongs to the class of active

polypeptides with assorted growth and mitogenic effects. -It
has been shown to be secreted and to act remotely on
macrophages (6) like many growth factors and cytokines.
However, many growth factors and cytokines, including the
fibroblast growth factor (21, 22) and interleukin (23) families,
may have additional autocrine roles in various tissues. If this
is also the case for lOK/MIF, there might be an association
between its expression and general processes such as cell
growth and differentiation. The lens has particular advan-
tages for examining the relationship between gene expression
and cellular differentiation since populations of quiescent,
dividing, differentiating, and terminally differentiated cells
are spatially segregated (7).
PCR analysis ofRNA from microdissected populations of

lens cells indicates that lOK/MIF expression in lens is
strongly associated with cellular differentiation. lOK/MIF is
thus a useful marker for the process by which the relatively
undifferentiated epithelial cells of the lens undergo terminal
differentiation into extremely elongated fiber cells. From a
functional perspective, these results also suggest that 1OK/
MIF may have a general involvement in the differentiation
process. Because of the morphology of the lens, expression
in the outer epithelium is not inconsistent with a role in
communication with the vitreous and the retina. However,
this pattern of expression is equally consistent with a direct
role in the differentiation of lens cells themselves. Indeed,
these two possibilities are not mutually exclusive and there
could be real advantages to a mechanism in differentiation
that communicated its activity to surrounding tissues for
coordination of growth or function.
Lens fiber cells will not grow in culture and are apparently

resistant to natural tumorigenesis (24). MRP8 and MRP14 are
proteins that share MIF activity and strongly inhibit cell
growth in culture (25). Partial sequence analysis reveals that
MRP8 or a protein of related sequence is also expressed in
lens, suggesting that MIF activity may reflect a related
complex of functions in lens and in the immune system. The
activity of proteins with such activity may have an important
role in the characteristic properties of lens development and
perhaps in the differentiation of many tissues.
Whatever the normal role of lOK/MIF in the developing

lens, it could have important clinical implications. Certain
eye pathologies have been directly associated with circulat-
ing MIF activity (26). Leakage of proteins from damaged
lenses can trigger uveitis and endophthalmitis, severe ocular
inflammatory conditions with macrophage involvement (27,
28). Clearly, lens MIF activity is a good candidate for
stimulating any macrophages present in the eye. Indeed,
preliminary results suggest that mouse lens extract does have
significant MIF activity (V. Paralkar, F. Noonan, and
G.J.W., unpublished results).
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