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SUMMARY 

The MIP  (major intrinsic protein) gene, a member of an ancient family of membrane channel genes, encodes the 
predominant fiber cell membrane protein of the ocular lens. Its specific expression in the lens fibers is temporally and 
spatially regulated during development. To study the regulation of expression of M I P  and delineate the regulatory 
elements underlying its tissue specificity and ontogenic profile, we have cloned 2840 bp of the human M I P  5'-flanking 
sequence. The human M I P  5'-flanking sequence contains three complete Alu repetitive elements in tandem at position 
between nt -1699  and -2684  (nt -1699 / -2684) ,  These Alu elements appear to have had a complex evolutionary 
history with insertions at different times. We have fused DNA fragments containing M I P  Y-flanking sequences to the 
bacterial cat reporter gene encoding ch!oramphenicol acetyltransferase and assayed them in primary cultures of chicken 
lens cells. We have mapped two negative regulatory regions in the human M I P  Y-flanking sequences - 1 5 6 4 / - 1 6 9 6  
and - 9 4 8 / -  1000. We demonstrated that the human M I P  Y-flanking sequence - 2 5 3 / + 4 2  contains a functional pro- 
moter in lens cells but is inactive in kidney epithelial cells or mouse fibroblasts, suggesting that this sequence contains 
regulatory elements responsible for the lens-specific expression of MIP. 

INTRODUCTION 

The M I P  gene is specifically expressed in the ocular 
lens and encodes the most abundant protein of the lens 
fiber membrane. M I P  expression exhibits temporal and 
spatial regulation during lens development. Its expression 
is first detectable in the primary lens fibers at the early 
lens vesicle stage and subsequently in secondary lens 
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fibers as they differentiate from epithelial cells (Yancey 
et al., 1988). M I P  belongs to an ancient family of trans- 
membrane channel proteins that arose by gene duplica- 
tion of an ancestral gene. Purified MIP forms large 
channels when incorporated into liposomes and voltage- 
dependent channels in planar lipid bilayers. During cata- 
ractogenesis and aging, MIP undergoes selective proteo- 
lysis which may modify the gating of the MIP channels 

Abbreviations: bp, base pair(s); ~Gal, [3-galactosidase; CAT, chloram- 
rhenicol acetyltransferase; cat, gene encoding CAT; cry, gene(s) encod- 
ing crystallin(s); CPLE, chicken primary lens epithelium; kb, kilobase(s) 
or 1000 bp; MIP, major intrinsic protein of the ocular lens: MIP, gene 
encoding MIP; nt, nucleotide(s); oligo, oligodeoxyribnnucleotide; SINE, 
short interspersed element(s); tsp, transcription start point(s). 
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(see, for review. Ehring et al., 1993; Chepelinsky, 1994). 
The ability of the lens to refract and focus incoming 

light onto the retina depends upon the large concen- 
tration of soluble structural proteins called crystallins, as 
well as the unique cytoarchitecture of the mature fiber 
cells. The intercellular space between fibers is extremely 
narrow, an essential property for maintaining the trans- 
parency and correct refractive index of the lens (see 
Duncan and Jacob, 1984; Harding and Crabbe, 1984). 
The spatial localization of MIP within the ocular lens 
and its properties as a channel suggest its possible role 
in the maintenance of lens transparency by reducing ~,he 
interfiber space (Ehring et al., 1993). While the regulation 
of cry expression in the lens has been extensively studied 
(see, for review, Piatigorsky and Zelenka, 1992), little is 
known about the regulation of expression of genes encod- 
ing lens membrane proteins. Thus, we have been investi- 
gating the expression of MIP in order to determine 
whether any common features are shared with cry expres- 
sion in the lens. We previously isolated a clone containing 
the human MIP and characterized the structural gene 
(Pisano and Chepelinsky, 1991). Here we report the char- 
acterization i:~ the human MIP Y-flanking sequence of a 
functional promoter in lens cells. 

EXPERIMENTAL AND DISCUSSION 

(a) Isolation and characterization of a clone containing the 
5'-flanking sequence of the human MIP 

A genomic clone containing the human MIP and its 
5'-flanking sequence was previously isolated and the 
sequence and characterization of the structural gene has 
been reported (Pisano and Chepelinsky, 1991). The nt 
sequence of the 5'-flanking region of the human MIP has 
now been determined by DNA sequencing of the 

pHMIP1, pHMIP2 and pHMIP3 clones, generated from 
the original MIP genomic clone, pHMIPI6  (Pisano and 
Chepelinsky, 1991 ). 2840 bp of human MIP Y-flanking 
sequence are shown in Fig. 1. 

Primer extension of human lens RNA mapped the tsp 
of the human MIP 26 bp downstream from the TATA 
box (Pisano and Chepelinsky, 1991 ). The tsp allows us 
to define the non-transcribed Y-flanking sequences that 
may contain cis regulatory elements of the human MIP. 

(b)  Alu elements in the human MIP 5'-flanking region 
Computer analysis of the human MIP 5'-flanking 

sequence indicates the presence of four tandemly 
arranged Alu repetitive elements between positions 
- 1699 and -2840.  Three of them are full-length and the 
fourth one, located at the 5' end of the isolated human 
MIP genomic clone (position - 2 7 9 1 / - 2 8 4 0 )  is incom- 
plete; only 51 bp are present. 

The individual characteristics of the three complete Alu 
elements associated with the human MIP 5'-liankinl~ 
sequence are listed in Table I. The Ala elements at nt 
- 2 6 8 4 / - 2 4 0 8  and - 2 3 4 0 / - 2 0 3 6  are in the sense orien- 
tation. The proximal Ala element at nt - 1 9 9 4 / - 1 6 9 9  
and the partial element at nt - 2 7 9 1 / - 2 8 4 0  have anti- 
sense orientations. The three full-length elements contain 
poly(A) tails and are flanked by perfect direct repeats, in 
keeping with the retrotro.nsposon origin of this family of 
inserted sequences (Rogers, 1985). Accord:ng to the clas- 
sification scheme of Jurka and Milosavljevic (1991 I, the 
element at - 2 3 4 0 / - 2 0 3 6  belongs to the most ancient 
group of primate Alu repeats, the J family. The Alu at nt 
- 2684/-- 2408 belongs to the Sx subgroup of the S family 
and has a 15-bp deletion at position -2489/-2490(posi-  
tion 197/211 of the consensus Alu sequence) and a 2-bp 
deletion at position - 2 4 7 0 / - 2 4 7 1  (231/232 of the 
consensus Alu seqnence). The A;u element at nt 

~°vc~°cT~vc~c-~ktAeTccTaaeeTeaaavaavccaccc~-~T*~c©Tccci*A~T¢cv°acATvjc~ae~aA~ceAee'~aeee~deTGe~TcTavcAcvvvvwvccv~©©~aATv¢~vAvcwTaa~caaa~v©-~ 

ca¢a~©vcac©T-----------------------~vvT~cTc~cTaaTGcvvcav~AQa~aA~1TT¢v~Qci~vA~aAcvTGccA~rAv~*G°a~AT~a~a~c~caavaT~vc~c~vv~v~c~*Tc~©cAv~A~aca~aAcc~Ac°~cTj~¢T~c~Aa° -i~, 

¢~aa`~aacAaa~cT~TvTvav©~cAa~T~Ao~oT~eAca~avv©cA~ce~AAa~TAcc~aAwc~A°a~Aa~cTvcvAaTcc~Taaa~AcT~A~a~vvcTcvTvaGvTAv~caa~TTc¢cT¢cTaaac~A~vccvraccac - ~  

cMaooAcccaaacAcvaTaaccavccccccTaccAva~aaa~ac ~ ~i 

Fig. I. Human MIP 5"-flanking sequence. The tsp is indicated by a bent a ~ w  and is numbered as nt + I. Negative and positive numbers to the 
ngnt indicate nt position upstream and downstream from the tsp, respectively. The Alu  repeats and the TATA ~ox are boxed. CG sequences are 
circled. This sequence has been entered into the GenBank database under the accession No U36308. Metho~,~ Human MiP Y-flanking sequence was 
established by ~cquencing subcloned fragments from a 16-kb MIP genomic clone, previously isolated from a human leukocyte genomic libra., in 
MI3 with universal primers as described in Pisano and Cbepelinsky (1991). Sequence analyses were performed using Genetics Computer Group 
(Madison. WI. USA) soRware programs on the Frederick Cancer Research Facility VAX compute~ 
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Alu elements of the human MIP gene 5' flanking ~¢gion 
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Position Orientation" Subfamily t' Identity b Flanking repeats CpG c 
(from nt to nt) (%) 15' to Yl 

-- 2684/- 240g + Sx 87 AGAAATTATGTAATTTG i 
- 2340/- 2036 + J 79 TATCTCAG 3 
- 1994/- 1699 - Spq 90 CTGGTTCT 12 

"+  and - indicate that the repetitive element is located on either tnc coding o[ noacoding strand of ;.he geae, respectively. 
Vl'he Alu repelitive elements within the human MIP locus are compared to the AIu consensus sequence and classified according to the scheme of 
Jnrka and Milosavljevic ( 1991 ). 
eNnmber of CpG dinucleotides per Alu. 

--  1 9 9 4 / -  1699 shares  character is t ics  of  bo th  the Sp a n d  

Sq families, a n d  con ta ins  single b p  insert ions a t  posi t ions  

128/129 a n d  266/267 of  the Alu consensus  sequence, cor -  

r e spond ing  to posi t ions  - 1 8 2 5  a n d  - 1 9 6 3 .  Thus ,  the 

d u s t e r  of  Alu elements  appa ren t l y  a rose  by  sequential  
insert ions of  dist inct  Alu source  genes (Rogers ,  19851. 

The  J-family element a t  n t  - 2 3 4 0 / - 2 0 3 6 ,  which  shows 

the mos t  divergence f rom the consensus  (79% identity),  

appears  to be the earliest insertion. The  element a t  nt  

- 1 9 9 4 / -  1699, with the highest  identi ty to the consensus  

(90%) a n d  highest  C p G  con ten t  (12 C p G  dinudeot ides) ,  

is the mos t  recent  Alu element in this a r ray .  

Alu repetitive elements  m a y  modify  t ranscr ip t ion  of  
nea rby  genes a n d  repress t ranscr ip t ion  when methyla ted  

( H o w a r d  a n d  Sakamoto ,  1990; Englandei- et al., i993).  

C p G  methy la t ion  densi ty  has  been shown  to  be  responsi-  

ble for  t ranscr ip t iona l  repression (Meehan  et al., 1992; 

Hsieh, 19941 a n d  methyla t ion  o f  v-cry genes, a lens- 
specific gene family, m a y  repre.qs p r o m o t e r  act ivi ty (Peek 

et al., 1991 ). Therefore,  wc analyzed the possible role of  

the Alu repeats  present  in the Y-f lanking region of  the 

h u m a n  M I P  in its t ranscr ip t iona l  regulat ion.  

( c )  N e g a t i v e  and posi t ive  regu la tory  d o m a i n s  in the  

5 ' - f lanking  reg ion  o f  the  h u m a n  M I P  

Transient  assays  us ing the cat repor te r  gene were used 

to  assess the t ranscr ip t iona l  activity of  the Y-flanking 

sequences o f  the h u m a n  MIP.  A D N A  fragment  con-  

ta in ing  2840 bp  of  h u m a n  M I P  Y-flanking sequence 

a n d  4 2 b p  of  exon 1 was  fused to cat (plasmid 

pHMIP2840-CAT) .  When  C P L E  cul tures  were 
transfected with this cons t ruc t ion ,  no  significant act iva-  
t ion o f  cat expression was observed (see Fig. 2). 

Therefore,  a shor te r  D N A  fragment  con ta in ing  h u m a n  

M I P  Y-flanking sequence was also tested for  p r o m o t e r  

activity. A D N A  f ragment  con ta in ing  2 5 3 b p  of  
Y-flanking sequence a n d  42 b p  o f  exon one  of  the h u m a n  

M I P  was  fused to  cat. The result ing cons t ruc t ion  (plas-  
mid  p H M I P 2 5 3 - C A T ) ,  act ivates cat expression when  

transfected into C P L E  cul tures  (see Fig. 21, indicat ing the 

~_ 100 

.~ SO 

m i m m 
.2"~o-,ss'% . ,~..%% ..s'% .,~-;,-;3~'-o ,2,s .,ooo . g , 7 . 2 .  p~AT CAT 

Fig. 2. Deletion analysis of human MIP promoter activity in transfected 
chicken lens cells primary cultures (CPLE). Bars indicate CAT activity 
relative to pSVO/~'rC "~T, for each deletion normalized to pOal activity. 
The lengih ol humar, MIP Y-flanking sequence fused to cat is indicated 
under each bar. The results plotted are the mean of at least triplicate 
transfeetions in two or more separate primary culture experiments, and 
the corresponding standard deviation is shown. Methods: Plasmids 
pHMIP253-CAT and pHMIP2840.CAT contain human MIP 
sequences at nt - 253/+ 42 and - 2840/+ 42, respectively, isolated from 
pHMIP3 (Pisano and Chepelinsky, 19911 and inserted upstream from 
cat in the pSVOATCAT expression vector (Meakin et al., 19891. 
Deletions at nt - 1855, - 1563, - 1459 and -947 were constructed by 
deleting sequences -2840/-- 1856, -2840 / -  1564, --2840/-- 1460 and 
-2840/-948. respectively, from pHMIP2840-CAT. Deletion -1696 
was constructed by ligating the PCR product containing human MIP 
sequence -I696/-1564 to the 5" end of sequence -1563/+42 of 
pHMIPI563-CAT. Deletions - 1391, - 1340 and -1218 were con- 
structed by ligating the PCR products containing human MIP sequence 
- 1391/-948, - 1340/-948 or - 1218/-948 to the 5' end of sequence 
-947/+42 of pHMIP947-CAT, respectively. Deletion - 1000 was con- 
structed by ligating a synthetic double-stranded oligo corresponding to 
sequence -1000/-948 to the 5' end of sequence -947/+42 of 
pH MIP947-CAT. The sequences of the resulting constructions, contain- 
ing the MIP sequences in the same orientation as in the endogenous 
gene, were confirmed by DNA sequencing. CPLE cultures and transfec- 
tions were performed as previously ~eported (Borras et al., 19881. CPLE 
cultures were cotransfcctcd with 10 pg cat expression vectors and 1.5 I~g 
pSV-pGal vector (from Promega) for normalization of results. CAT 
enzymatic assay was performed by the biphase method (Nenman et al., 
1987). lSGal enzymatic assay was pe,'formed as described by Nielsen 
et aL (1983). CAT enzymatic activity was normalized to ~Gal activity 
and expressed relative to the activity of pSVOATCAT. 
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presence of a functional promoter in the human MIP 
sequence - 2 5 3 / + 4 2 .  As these results suggest that the 
human MIP sequence - 2 8 4 0 / - 2 5 4  may contain nega- 
tive regulatory elements of the human M~P promoter, 
further deletions in the Y-flanking sequence of the human 
MIP were fused to cat and their ability to activate cat 
expression was assayed in transient assays in lens cells. 
As shown in Fig.2, when --1855 or - 1 6 9 6 b p  of 
Y-flanking sequence are present, a very inefficient pro- 
moter activity is detected. In contrast, when -1563  or 
- 1459 bp are fused to cat the efficiency of the promoter 
increases approx. 10-times. However, when only 1391 bp 
of Y-flanking sequence are present, the efficiency of the 
promoter is drastically decreased again. Similar activities 
are observed with 1340, 1218 or 1000 bp of Y-flanking 
sequence. When only 947 bp of Y-flanking sequence are 
fused to cat the promoter activity increases approx. 
10-times and functions comparably to the 253 bp of 
Y-flanking sequence (see Fig. 2). These results suggest the 
presence of two negative regulatory domains in the MIP 
5'-flanking sequence. One of them comprises the sequence 
- 1696/-  1564; the 5' end of this domain may or may 
not include the Alu repeats. The other comprises the 
sequence - 1000/-948; the precise delineation of the 5' 
border of this domain in the region - 1 4 5 8 / - 1 0 0 0  
requires further studies. These two negative regulatory 
domains may modulate the positive regulatory elements 
present in the - 1 5 6 3 / - 1 4 5 9  and - 2 5 3 / + 4 2  regions of 
the human MIP. 

(d) Regulatory sequence motifs present in the human MIP 
promoter 

The pHMIP253-CAT plasmid activates cat expression 
when transfected into lens cells primary cultures (CPLE) 
but is inactive when transfected into RK.13 (rabbit 
kidney e?ithelial cells) or NIH-3T3 mouse fibroblasts (see 
Fig. 3 ). rherefore, the MIP sequence - 253/+ 42 contains 
regulatory elements that direct cat expression to lens cells 
but are not functional in transfected non-lens cells. As 
numerous regulatory elements have been shown to be 
involved in cry gene expression in the lens, we examined 
the human MIP sequence - 2 5 3 / + 4 2  to determine 
whether any common features are shared between cry 
and non-cry gene expression in the lens. 

The sequence 5'-GGGAAATCCC of the mouse uA-cry 
promoter has been characterized as the binding site for 
uA-CRYBPI, a transcription factor related to the 
NF-KB/Rel family (Nakamura et al., 1990). Two putative 
binding sites for NF-,cB/Rel (Baeuerle, 1991) are located 
in the human MIP sequence containing a functional pro- 
moter ~ lens cells; one at nt positions - 1 5 / - 2 4 ,  3' to 
the TATA box (5'-GGGACTGTCC), and the other at nt 
position - 140 / -  149 (5'-GGGAAAATCC). Whether 

CPLE RK13 NIH 3T3 

CAT CAT CAT CAT CAT CAT CAT CAT eAT 

Fig. 3. Human MIP promoter activity in transfected lens cells and non- 
lens cells. Bars indicate pHMIP253-CAT or pSV2-CAT relative CAT 
activity to pSVOATCAT normalized to l~3al activity cotransfected in 
CPLE cells tier panel), RK13 cells (middle panel) or NIH-3T3 cells 
(fight panel). The results plotted are the mean of at least triplicate 
transfections and the corresponding standard deviation is indicated. 
10 ttg plasmids pHMIP253-CAT, pSV2-CAT (Gorman et al., 1982) or 
pSVOATCAT were cotransfected with 1.5 Itg pSV-[IGal for normaliza- 
tion of results and CAT enzymatic assay was ~rformed as described 
in the legend to Fig. 2. 

uA-CRYBPI or another member of the NF-KB/rel 
transcription factor gene family is involved in regulating 
MIP transcription in the lens requires further study. 

The mouse yF-cry sequence - 4 8 / - 3 5 .  identified as 
the yF-I binding motif and as the y-box motif in the rat 
yD-cry, interacts with lens nuclear factors (Liu et al., 
1991; Peek et al., 1992). This motif is part of the 43 bp 
region conserved in all members of the lens fiber-specific 
y-cry gene family (Lok et al., 1989; Peek et al., 1990). 
The sequence motifs 5 '-CTGCTACCTCAG and 
5'-CTGTCCACCCAG, located at nt - 6 1 / - 7 2  and 
- 9 / - 2 0 ,  respectively, of the human MIP have similari- 
ties to the y-box consensus sequence, suggesting the pos- 
sible involvement of a transcription factor that regulates 
expression of both MIP and 7-:ry genes in the lens. 

Tile presence of positive and negative regulatory ele- 
ments has also been found in other genes expressed in 
lens cells: 7D-cry (Peek et al., 1992), ~,F-cry (Lok et al., 
1989), uA-cry (Sax et al., 1994) and ~l-cry (Borras et al., 
1988; Kamachi and Kondoh, 1993). Further character- 
ization of the cis regulatory elements of the human MIP 
will allow us to understand how their inte"',ction with 
general and lens-specific transcription thctors regulates 
the temporal and spatial expression of MIP in the 
ocular lens. 

(e) Conclusions 
(1) We have cloned 2840 bp of the human MIP 

5'-flanking sequence and found that it contains three 
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comple te  Alu repetitive elements  in t andem,  located 

between n t  - -1699 a n d  - -2684  ( - 1 6 9 9 / - 2 6 8 4 ) .  

(2) We have  m a p p e d  two  negat ive regu la to ry  regions 

in the h u m a n  MIP 5 ' - f lanking sequence a t  n t  

- 1 5 6 4 / -  1696 a n d  - 9 4 8 / -  1000. A l though  the Alu ele- 
ments  present  a t  n t  - -  1699 / - -2684  m a y  con t r ibu te  to  the 

negat ive regula t ion  of  MIP, o the r  sequences immedia te ly  

downs t r eam m a y  also be  essential for  this effect. 

(3) We demons t r a t ed  tha t  the h u m a n  MIP 5 ' - f lanking 

sequence - 2 5 3 / + 4 2  con ta ins  a funct ional  p r o m o t e r  in 

lens cells bu t  is inact ive in cul tured  non- lens  cells, suggest-  

ing tha t  this sequence con ta ins  regu la to ry  elements  

responsible  for  the lens specific expression o f  MIP. 
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