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Abstract. Integrins of the/31 family play a central role 
in controlling adhesion and terminal differentiation 
within the epidermis. When human epidermal ker- 
atinocytes undergo terminal differentiation, intraceUu- 
lar transport of newly synthesized integrins is in- 
hibited, and mature receptors are lost from the cell 
surface. We have examined the mechanisms underlying 
these processes, using an experimental model in which 
keratinocytes are placed in suspension to induce termi- 
nal differentiation. The block in intracellular transport 
was keratinocyte- and integrin-specific since it was not 
observed when fibroblasts were placed in suspension 
and did not affect E-cadherin synthesis in suspended 
keratinocytes. Newly synthesized/31 integrins as- 
sociated with an endoplasmic reticulum resident pro- 
tein, calnexin; the association was prolonged when 
keratinocytes were placed in suspension, suggesting a 
role for calnexin in the inhibition of transport. After 
24 h, the level of/3t integrin mRNA declines in sus- 

pended keratinocytes, reflecting inhibition of gene 
transcription, but in fibroblasts, the level remained 
constant. Transport of integrins could be blocked in 
both adherent keratinocytes and fibroblasts by inhibit- 
ing total protein synthesis, raising the possibility that 
transport is coupled to de novo integrin synthesis. The 
fate of receptors on the surface of keratinocytes was 
followed by confocal immunofluorescence microscopy, 
immunoelectron microscopy, and biochemical analysis: 
with the onset of terminal differentiation, endocytosed 
receptors were transported to the lysosomes. These 
experiments reveal novel mechanisms by which inte- 
grin levels can be controlled. Together with our earlier 
evidence for transcriptional regulation and affinity 
modulation of integrins, they highlight the complexity 
of the mechanisms which ensure that the onset of ter- 
minal differentiation is linked to detachment of ker- 
atinocytes from the underlying basement membrane. 

PID~RMAL keratinocytes express several extracellular 
matrix receptors of the integrin family, including 
ct2/31, a receptor for collagen and laminin, ~3/3~, a 

receptor for laminin and epiligrin, and ors/31, the keratino- 
cyte fibronectin receptor (reviewed by Watt and Hertle, 
1994). The amount and activation status of/31 integrins on 
the cell surface play an important role in controlling several 
aspects of epidermal differentiation and morphogenesis. 
Thus, the proportion of cell surface receptors with bound 
ligand can regulate the onset of terminal differentiation 
(Adams and Watt, 1989; Watt et al., 1993) and subpopula- 
tions of keratinocytes that differ in proliferative potential 
(stem ceils and transit amplifying cells) can be distinguished 
because of the different levels of/3t integrins they express 
(Jones and Watt, 1993). Furthermore, selective detachment 
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of differentiating keratinocytes from basement membrane 
proteins depends on the loss of ligand binding ability of the 
/3~ integrins (Adams and Watt, 1990; Hotchin et al., 1993). 
In the normal epidermis, integrin expression is confined to 
the basal layer, but in a number of epidermal diseases char- 
acterized by hyperproliferation and perturbed terminal dif- 
ferentiation, the receptors are also found in the suprabasal 
layers, and it is tempting to speculate that aberrant integrin 
expression plays a role in the pathogenesis of some epider- 
mal disorders (reviewed by Watt and Hertle, 1994). There 
is, therefore, considerable interest in understanding the mech- 
anisms that control integrin expression in keratinocytes. 

One experimental model in which integrin expression can 
be examined is suspension-induced terminal differentia- 
tion. Disaggregated human epidermal keratinocytes are sus- 
pended in a viscous medium, preventing cell-cell and cell- 
substrate adhesion: within 5 h, the cells withdraw from 
the cell cycle and become committed to differentiate, and by 
24 h, the majority of cells express the cytoplasmic terminal 
differentiation marker involucrin (Watt et al., 1988; Adams 
and Watt, 1989). At 5 h, the level of/31 integrins on the cell 
surface has not decreased, but transport of newly synthesized 
receptors to the plasma membrane is inhibited, and cell sur- 
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face receptors no longer have the ability to bind ligand 
(Adams and Watt, 1990; Hotchin and Watt, 1992; Hotchin 
et al., 1993). The block in transport occurs before full 
N-linked glycosylation in the Golgi since the integrin sub- 
units remain sensitive to digestion with endoglycosidase H 
(Hotchin and Watt, 1992). By 24 h in suspension,/5~ inte- 
grins have been lost from the cell surface, transcription of 
integrin genes is inhibited, and integrin mRNA levels are 
greatly reduced (Adams and Watt, 1990; Nicholson and 
Watt, 1991; Hotchin and Watt, 1992). 

Of the multiple levels of control of integrin expression in 
keratinocytes, the only one that has been studied in detail is 
the loss of ligand binding ability that occurs on commitment 
to terminal differentiation; this appears to reflect a reversible 
change in Bz integrin conformation (Hotchin et al., 1993). 
The aim of the present experiments was to investigate the two 
other aspects of posttranslational regulation: the inhibition 
of transport of newly synthesized subunits to the cell surface 
and the loss of mature integrins from the cell surface. Our 
results highlight the complex mechanisms by which integrin 
levels are controlled in keratinocytes, and they suggest 
potential mechanisms for the failure of integrin downregula- 
tion in epidermal disorders. 

Materials and Methods 

Cell Culture 
Isolation of human epidermal keratinocytes from newborn foreskin and cul- 
tivation on a feeder layer of mitomycin C-treated 3T3 cells have been de- 
scribed previously (Rheinwald and Green, 1975; Hotchin and Watt, 1992). 
The culture medium consisted of 1 part Ham's FI2 medium and 3 parts Dul- 
becco's modified Eagle's medium, supplemented with 1.8 x 10 -4 M ade- 
nine, 10% fetal calf serum, 0,5 /~g/mi hydrocortisone, 5 #g/mi insulin, 
10 -I° M cholera toxin, and 10 ng/mi epidermal growth factor. For all ex- 
periments, cells (strain z) were used at passage 4 or 5, and feeder cells were 
removed by previous treatment with EDTA. 

Human dermal fibroblasts isolated from neonatal foreskin were cultured 
in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf 
serum and used at passages 11-13. 

Disaggrcgated keratinocytes and fibroblasts were suspended in culture 
medium containing 1.65 % methyl cellulose for <'/2 h. Cells were recovered 
from suspension by diluting the methyl cellulose with PBS as described pre- 
viously (Green, 1977; Hotchin and Watt, 1992). 

Antibodies and Reagents 
The following mouse monoclonal antibodies were used: anti-CD29 (anti- 
body to/~l integrin subunit; unconjngated or FITC-conjngated, purchased 
from Janssen Biochimica, Geel, Belgium), anti-CD3 (antibody to the T cell 
receptor; Janssen Biochimica), HAS6 (antibody to o~2/~1; Tenchini ct al., 
1993), VM-2 (antibody to aj/~l; Kaufmann et al., 1989; American Type 
Culture Collection, Rockville, MD), HECD-I (anti-E-cadherin; Shi- 
moyama et al., 1989; gift from M. Takeichi, Kyoto University, Kyoto, Ja- 
pan), 1135 (antibody recognizes a marker on late endosomes and lysosomes; 
Marsh, M., personal communication), and AF8 (antibody to calnexin; 
Hochstenbach et al., 1992; gift from M. B. Brenner, Harvard Medical 
School, Boston, MA). In addition, a rat monoclonai antibody to Ot5~l 
(BIIG2; Werb et al., 1989; gift from C. Damsky, University of California, 
San Francisco, CA) and rabbit antisera to involucrin (DHI; Dover and Watt, 
1987) and cathepsin D (Henry et al., 1990; gift of B. Wesfley, University 
of Newcastle upon Tyne, UK) were used. VM-2 IgG was conjugated to 
10-nm diameter gold particles (Amersham International, Amersham, UK), 
according to the manufacturer's instructions. Unconjugated, FITC-conju- 
gated, and Texas red-conjugated secondary antibodies of appropriate spe- 
cies were purchased from Sigma Immunochemicals (St. Louis, MO). 

Isotopic Labeling and Immunoprecipitation of Cells 
Cells were pulse labeled for 1 h with 50 #Ci/ml [35S]cysteine and [35S]me- 

thionine (Trans 3SS-label; ICN Biomedicals, Inc., Costa Mesa, CA; spe- 
cific activity >100 Ci/mmol) exactly as described previously (Hotchin and 
Watt, 1992). Lysis and immunoprecipitation were as described, except that 
calnexin immunoprecipitates were washed with lysis buffer. 

In some experiments, 5/zM cycloheximide was added during the chase 
period; this concentration inhibits de novo protein synthesis by >90% 
within 1 h (data not shown). Cycloheximide did not affect cell viability un- 
der our experimental conditions. 

lmmunoblotting 
Unlabeled adherent keratinocytes were lysed and immunoprecipitated with 
antibodies to CD3 (negative control), the ~l integrin subunit, and cal- 
nexin, as described previously (Hotchin and Watt, 1992), with the exception 
that immunoprecipitates were washed in lysis buffer rather than with the 
SDS/high salt washes used previously. Immunoprecipitated material was 
subjected to SDS-PAGE under reducing conditions on 7.5 % gels and trans- 
ferred to an Immobilon polyvinyldifluoride (PVDF) I membrane (Milli- 
pore Corp., Bedford, MA) in 10 mM cycinhexylaminopropane sulfonic 
acid, pH 11.0, containing 10% (vol/vol) methanol for 5 h at 0.32 A. The 
membranes were rinsed in PBS containing 0.05% (vol/vol) Tween 20 
(PBS/T) and incubated for 60 rain in PBS/T containing 5 % skim milk pow- 
der (Marvel, Cadbury, UK). After rinsing briefly in PBS/T, the filter was 
incubated for 60 rain in PBS containing BSA (0.2% wt/vol), sodium azide 
(0.02 % wt/vol), and anticalnexin 0/zg/ml). After four washes in a large vol- 
ume of PBS/T, horseradish peroxidase-conjugated sheep anti-mouse IgG 
(Dako Corp., Carpinteria, CA) diluted 1:1,000 in PBS containing 0.2% 
BSA was added and incubated for 45 rain. After thorough washing of the 
filter with PBS/T, immunoreactive protein was visualized by chemilumines- 
cence (ECL; Amersham). All incubation and washing steps were performed 
at room temperature. 

Integrin Internalization Assay 
Biochemical analysis of El integrin internalization was performed using a 
modification of a previously described method (Vega and Strominger, 1989; 
Sczekan and Juliano, 1990). Briefly, adherent keratinocytes were disag- 
gregated using trypsin/EDTA and neutralized with 0.5 mg/mi soybean tryp- 
sin inhibitor (Sigma). Cell surface proteins were labeled by iodinating cells 
with 1 mCi [125I]iodine (specific activity = 100 mCi/ml; Amersham) per 
107 cells in 1 ml cold PBS on ice for I0 rain using lactoperoxidase (Adams 
and Watt, 1990). Cells were washed twice in cold PBS containing 5 mM 
NaI and once in cold PBS. An aliquot of cells was removed, lysed in lysis 
buffer, and immunoprecipitated with an anti-/~l antibody (Hotchin and 
Watt, 1992) to provide an indication of the amount of labeled ~l integrin 
present at the start of the experiment. The remaining cells were placed in 
suspension in methyl cellulose to induce terminal differentiation as de- 
scfibed above. After 24 h in suspension, cells were recovered in cold PBS 
and placed on ice. To identify labeled ~/i integrin still present on the cell 
surface, 5/~1 anti-~l antibody (0.5 #g) was added to 106 cells. After 20 min 
on ice, the cells were washed three times in a large excess of cold PBS to 
remove unbound antibody. The cells were then lysed, as above, and 25 #1 
protein A-Sepharose was added to immunoprecipitate antibody-integrin 
complexes. To the resultant supernatant anti-/~ antibody and protein 
A-Sepharose were added to immunoprecipitate labeled internalized in- 
tegrin. 

Northern Blotting 
Total RNA was isolated from guanidine isothiocyanate extracts of cells 
using the method of Sambrook et al. (1989). Northern blotting was per- 
formed as described by Church and Gilbert (1984). Probes were pMINT~ 
(a partial eDNA clone of the mouse integrin/31 subunit; Nicbolson and 
'Watt, 1991; gift from R. O. Hynes, Massachusetts Institute of Technology, 
Cambridge, MA) and 100 D9 (a partial eDNA clone of mouse 18S rRNA; 
l~wards et al., 1987; girl from D. Edwards, University of Calgary, 
Canada). 

Immunofluorescence Staining 
For flow cytometry, live cell suspensions were incubated with primary and 
secondary antibodies and analyzed on a FACScan ® (Becton-Dickinson Im- 
munocytometry Systems, Mountain View, CA) as described by Jones and 

1. Abbreviation used in this paper: PVDE polyvinyldifluoride. 
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Watt (1993). Cell viability was checked by staining with propidium iodide. 
For immunofluorescence microscopy, cells were fixed for 5 rain in PBS 

containing 3.7% (vol/vol) formaldehyde, rinsed in PBS, and permeabilized 
for 5 rain in PBS containing 0.1% Triton X-100. After rinsing in PBS, free 
aldehyde groups were quenched in freshly prepared PBS containing 1 
mg/ml sodium borohydride for 5 min. For double-labeling experiments, 
incubation with uneonjugated antibody was carded out first, followed 
by Texas red-labeled antispeeies IgG, and finally, the directly conju- 
gated FITC-labeled anti-Bi monoelonal antibody. Stained coverslips were 
mounted on glass slides using Citifluor mountant (Amersham). Each anti- 
body incubation was for 40 rain, and all antibody dilutions were made in 
PBS containing 0,4% fish skin gelatin (Sigma). All steps in this procedure 
were carried out at room temperature. Cells were examined with a 
Microphot FX microscope (Nikon OK Ltd., Telford, UK) equipped with 
an MRC-600 laser scanning confocal microscope attachment (Bio Pad 
Microscience, Hemel Hempstead, UK). 0.5-/an thick optical sections were 
recorded. 

lmmunoelectron Microscopy 
Keratinocytes were harvested with trypsin and EDTA, washed once in PBS, 
then incubated in PBS containing VM-2 gold for 30 rain on ice. The cells 
were recovered by centrifngation, washed once in PBS, and either fixed im- 
mediately or after incubation in methyl cellulose for 22 h. Fixation was for 
30 min on ice in 2.5 % glutaraidehyde in Sorensen's buffer. After fixation, 
cells were washed in Sorensen's buffer and recovered by centrifugation. Af- 
ter post fixation in 1% osmium tetroxide, cell pellets were embedded in Arai- 
dire resin, sectioned, and examined with an electron microscope from Carl 
Zeiss (Oberkochen) Ltd. (Welwyn Garden City, Herts, UK). 

Results 

Specificity of the Inhibition of #~ lntegrin Transport in 
Differentiating Keratinocytes 
When keratinocytes are placed in suspension, N-glyco- 
sylation and intraceUular transport of newly synthesized/~ 
integrin subunits are inhibited within 5 h (Hotchin and Watt, 
1992). To examine the specificity of this effect, we inves- 
tigated whether it also occurred in suspended fibroblasts and 
whether, in keratinocytes, it extended to another cell surface 
adhesive receptor, E-cadherin. 

When keratinocytes are suspended in methyl cellulose for 
24 h, there is a marked reduction in the level of/~ integrins 
((X2~I, Od3/~t, and txsB,) on the cell surface (Adams and Watt, 
1990; Hotchin and Watt, 1992; Watt and Jones, 1993; Fig. 
1 a). In contrast, when human dermal fibroblasts were 
placed in suspension for 24 h, there was no reduction in the 
level of Bt integrins on the cell surface, as determined by 
flow cytometry with antibodies to txzB~ and txs/3~ (Fig. 1 a). 

N-linked glycosylation of Bl integrins in fibroblasts and 
keratinocytes was examined in pulse chase experiments (Fig. 
1 b). After labeling adherent cultures for 1 h with ['S]cys- 
teine and [35S]methionine, the cells were either lysed im- 
mediately or chased in unlabeled medium while adherent, or 
they were suspended in methyl cellulose. Extracts were 
immunoprecipitated with an antibody to the B1 integrin 
subunit, which coprecipitates associated ct subunits. After 
the 1-h labeling period, two bands were immunoprecipi- 
tated, corresponding to the immature tx and Bt subunits 
(the a subunits comigrate under nonreducing conditions), as 
reported previously for fibroblasts (Akiyama et al., 1989) 
and keratinocytes (Hotchin and Watt, 1992). By 5 h, in ad- 
herent cultures of both cell types, a new band of slower mo- 
bility, corresponding to mature, fully N-glycosylated Bt, 
appeared and the mobility of the c~ subunit band decreased, 
again reflecting N-linked glycosylation (Akiyama et al., 
1989; Hotchin and Watt, 1992). By 24 h, all the/3t integrin 

immunoprecipitated from adherent fibroblasts and keratino- 
cytes was in the mature, fully glycosylated form. As shown 
in Fig. 1 b (upper panel), the 13~ integrins also underwent 
complete maturation by 24 h when fibroblasts were sus- 
pended in methyl cellulose, indicating that N-linked glycosy- 
lation and, hence, transport through the Golgi had occurred. 
In contrast, as reported previously (Hotchin and Watt, 
1992), maturation of the/31 integrins was inhibited when 
keratinocytes were placed in suspension (Fig. 1 b, lower 
panel). 

E-cadberin is a homophilic cell surface adhesive receptor 
that is expressed in all the viable layers of keratinocytes in 
vivo and in vitro (Shimoyama et al., 1989; Nicholson et al., 
1991). To determine whether E-cadherin transport was 
blocked when keratinocytes were placed in suspension, we 
made use of the fact that the extraeellular domain of E-cad- 
herin is cleaved by trypsin in the presence of EDTA (l'akeichi, 
1990), and that the binding site for the anticadherin mono- 
clonal antibody HECD-1 is within that domain. Keratino- 
cytes freshly harvested with trypsirdEDTA showed very little 
HECD-1 labeling when examined by flow cytometry (Fig. 1 
c). However, after 5 h in suspension, HECD-1 binding was 
observed (Fig. 1 c), indicating that newly synthesized E-cad- 
herin molecules had been transported to the cell surface. 
Similar results were obtained when cell surface expression 
of the hyaluronan receptor, CIM4, was examined (data not 
shown). Thus, the block in glycosylation and transport of 
integrins to the keratinocyte surface that occurs within 5 h 
in suspension does not reflect a general inhibition of intracel- 
lular transport of all cell surface glycoproteins. 

BI Integrins Associate with Calnexin 
in the Endoplasmic Reticulum 
Calnexin is a 90-kD protein resident in the ER that has been 
characterized in a number of different species, and it is also 
known as p88 and IP90 (Degen and Williams, 1991; Wada 
et al., 1991; Hochstenhach et al., 1992). Calnexin tran- 
siently associates with many newly synthesized proteins, in- 
eluding components of multimeric receptor complexes, and 
retains incompletely assembled complexes within the ER, 
impeding rapid intracellular degradation (Jackson et al., 
1994; Rajagopalan et al., 1994). We examined whether cal- 
nexin could associate with /~ integrins in keratinocytes. 
Keratinocytes were labeled for 1 h with [35S]cysteine and 
[35S]methionlne, and the lysates were irnmunoprecipitated 
with antibodies to calnexin, the B1 integrin subunit, or a 
control antibody (Fig. 2 a). Calnexin coprecipitated a num- 
ber of proteins, including a band with the same mobility as 
the immature/~ subunit and a band that appeared to cor- 
respond to the immature ot subunits. To examine whether the 
associated bands were indeed integrins, we precleared la- 
beled lysate with an anti-Bt antibody and then immunopre- 
cipitated with anticalnexin (Fig. 2 b); preclearance resulted 
in a marked decrease in the putative ot and/~ bands in the 
calnexin immunoprecipitate. 

The apparent association of ~ with calnexin was con- 
firmed by the experiment shown in Fig. 2 c. Keratinocyte 
lysates were immunoprecipitated with anticainexin, control 
antibody, or antibody to the B~ integrin subunit. The im- 
munoprecipitates were resolved by PAGE, transferred to 
PVDF membrane, and immunoblotted with the anticalnexin 
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Figure 1. Specificity of inhibition of integrin transport. (a) Flow cytometry of human dermal fibroblasts and keratinocytes before (dotted 
line) or after (solid line) suspension in methyl cellulose for 24 h. Cells were labeled with antibodies to CD3 (negative control) or the 
ot2/3~ or a#~l integrins, x axis, fluorescence in arbitrary units; y axis, relative cell number. (b) Pulse-chase immunoprecipitation of lysates 
of fibroblasts (upper panel) and keratinocytes (lower panel) with antibody to/31 integrin subunit. Adherent cells were labeled for 1 h with 
[35S]cysteine and [35S]methionine (t = 0) and then transferred to unlabeled medium for the number of hours indicated while adherent (A) 
or suspended in methyl cellulose (S). Positions of molecular mass standards (kD) are indicated. Gels run under nonreducing conditions. 
(c) Flow cytometry of keratinocytes before (dotted line) or after (solid line) suspension in methyl cellulose for 5 h. Cells were labeled 
with an antibody to E-cadherin. Marker on x axis indicates upper limit of fluorescence of cells labeled with anti CD3 (negative control). 
x axis, fluorescence in arbitrary units; y axis, cell number. 

antibody. Calnexin was detected in the anti-B~ immunopre- 
cipitate, demonstrating the association between calnexin and 
/3t integrins. 

We next examined whether the association of calnexin 
with newly synthesized /~, integrins in the ER was pro- 
longed in keratinocytes undergoing terminal differentia- 
tion (Fig. 2 d). Adherent keratinocytes were metabolically 
labeled for 1 h with [35S]cysteine and [35S]methionine and 
chased in unlabeled medium for 5 or 15 h while adherent or 
suspended in methyl cellulose. Lysates were immunoprecip- 
itated with anticalnexin. The intensity of the calnexin band 
was not reduced during the 15-h chase period, consistent 
with previous observations that it has a half-life of > 30 h 
(David et al., 1993). The Bm integrin subunit was coprecipi- 
tated at time O, but by 5 h of the chase period in adherent 
cells, no/~1 band was detected; this is consistent with our 

earlier report that by 5 h, most of the B, integrins have left 
the endoplasmic reticulum and undergone N-linked glycosy- 
lation in the Golgi apparatus (Hotchin and Watt, 1992). In 
contrast, calnexin-associated oz and B~ subunits were de- 
tected in suspended cells after the 5-h chase period, indicat- 
ing a prolonged association between the proteins. By 15 h 
in suspension, labeled integrin subunits were not coprecipi- 
tated with anticalnexin, even though labeled integrin persists 
intracellularly at that time (Hotchin and Watt, 1992). 

Maturation of  ~z lntegrins Requires De Novo Protein 
Synthesis in Keratinocytes and Fibroblasts 
We next examined potential stimuli for the inhibition of in- 
tracellular transport of the B, integrins in differentiating 
keratinocytes. During terminal differentiation, transcription 
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Figure 2. Association of ~1 integrins and cal- 
nexin. (a) Adherent keratinocytes were labeled for 
1 h with ~sS]cysteine and [3sS]methionine, then 
lysed and immunoprecipitated with anti-CD3 
(negative control; lane 1); antibody to the /51 
integrin subunit (lane 2); anticalnexin (lane 3). (b) 
Adherent keratinocytes were labeled for 1 h with 
pSS]cysteine and [3SS]methionine, then lysed and 
immunoprecipitated with anti-CD3 (lane 1), an- 
ticalnexin (IP90; lane 2) or anti-Bl (lane 3). Ly- 
sate from lane 3 was reprecipitated with anti-Bl 
(lane 4) to ensure that all B~ integrins had been 
immunoprecipitated, and then with anticalnexin 
(IP90; lane 5). (c) Unlabeled keratinocyte lysates 
were immunoprecipitated with anticalnexin (lane 
1 ), anti-CD3 (lane 2) or anti-Bl (lane 3). The im- 
munoprecipitates were transferred to PVDF mem- 
brane and probed with anticalnexin, which detects 
a specific band at 90 kD (arrow). The position of 
the Ig bands is shown. (d) Adherent keratinocytes 
were labeled for 1 h with [35S]cysteine and 
[3~S]methionine and extracted immediately (t = 
0) or after incubation in unlabeled medium for 5 
or 15 h while adherent (A) or suspended in methyl 
cellulose (S). Samples were immunoprecipitated 
with anticalnexin. As a control 1 h labeled lysate 
was also immunoprecipitated with anti-CD3. 
(a-d) Positions of molecular mass standards (kD), 
calnexin (/arge arrow) and integrin subunits (small 
arrows) are indicated. Gels in a-c were run under 
reducing conditions; gel in d was run under non- 
reducing conditions. 

of integrin genes is inhibited (Hotchin and Watt, 1992), and 
there is a corresponding decline in subunit mRNA levels 
(Nicholson and Watt, 1991; Hodivala and Watt, 1994). As 
shown in Fig. 3 a, there was a marked reduction in the level 
of B~ mRNA when keratinocytes were placed in suspension 
for 24 h. In contrast, even after 72 h in suspension, there was 
no decrease in the level of /~ mRNA in fibroblasts. 

To determine whether/3~ integrin transport required de 
novo protein synthesis, adherent keratinocytes (Fig. 3 b) and 
fibroblasts (Fig. 3 c) were labeled for 1 h with [3sS]cysteine 
and psS]methionine, and they were then chased in unla- 
beled medium in the presence or absence of cycloheximide. 
The cells were extracted and immunoprecipitated with an 
antibody to the B~ integrin subunlt. In the absence of cyclo- 
heximide, the /~, integrins underwent maturation as indi- 
cated by the upward shift in mobility of the tx subunlt band, 
the disappearance of the El precursor, and the appearance 
of the mature Bt band. However, in both keratinocytes and 
fibroblasts, maturation of the integrins was completely in- 
hibited by treatment with cycloheximide and immature tx 

and fl~ subunits were still present after a chase period of 
15-20 h. 

Fate o f  Cell Surface ~1 
lntegrins during Suspension-induced 
Terminal Differentiation 

We used three methods to follow the loss of/3~ integrins 
from the cell surface during terminal differentiation. In the 
first method (Fig. 4), cell surface proteins on keratinocytes 
were labeled with F25-iodine. The cells were either ex- 
tracted immediately and immunoprecipitated with an anti- 
Bt antibody (lane 1 ) or incubated in suspension for 24 h. 
After 24 h, cells were incubated with anti-fl~, then lysed 
and immunoprecipitated to reveal iodinated integrin remain- 
ing on the cell surface 0ane 2); the lysate, from which sur- 
face ~ had been immunoprecipitated, was then incubated 
with fresh anti-~t to immunoprecipitate labeled integrin 
that had been internalized (lane 3). By 24 h in suspension, 
the amount of B~ integrin on the cell surface was substan- 
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Figure 3. Association of integrin maturation with de novo integrin synthesis. (a) Northern blot of adherent fibroblasts and keratinocytes 
(t -- 0) or ceils that had been suspended in methyl cellulose for the number of hours indicated. Blots were probed with a eDNA for the 
/~1 integrin subunit, then stripped and reprobed for 18S RNA (as a loading control). (b and c) Effect of cycloheximide on integrin matura- 
tion in adherent keratinocytes (b) and fibroblasts (c). Ceils were labeled for 1 h with laSS]cysteine and [35S]methionine in the absence of 
cycloheximide, and they were either extracted immediately (t = 0) or after incubation in unlabeled medium in the presence (+) or absence 
(-)  of 5 t~M eyeloheximide for the number of hours shown. All samples were immunoprecipitated with an antibody to the/~1 integrin 
subunit. Positions of molecular mass standards (kD) are indicated. Gels were run nonreduced. 

tially reduced; however, mature integrin could be found 
within the cells. There was more mature #1 integrin inside 
the cells than on the cell surface. Analysis of the suspension 
medium revealed no evidence for shedding of integrins from 
the cell surface (data not shown). 

To determine the intracellular comparanents in which inter- 

Figure 4. Internalization of 
cell surface integrins. Freshly 
harvested keratinocytes were 
labeled with [P25]iodine and 
either extracted and immuno- 
precipitated with anti-Bt im- 
mediately (lane 1) or placed 
in suspension (lanes 2 and 3). 
After 24 h in suspension, cells 
were incubated with anti-Bt 
and extracted. Anti-/St with 
bound integrin was collected 
for immunoprecipitation to de- 
tect surface integrins (lane 2), 
and the lysate was reimmuno- 
precipitated with anti B~ to 
detect internalized integrin 
(lane 3). Positions of molecu- 
lar mass standards and integrin 
subunits are indicated. Gel 
was run nonreduced. 

nalized integrins were located, live keratinocytes were incu- 
bated with an antibody to o~3Bt that was conjugated with lO- 
nm gold particles. In freshly harvested cells, label was found 
exclusively on the plasma membrane (Fig. 5 a). However, 
when labeled cells were incubated in suspension for 22 h, 
the majority of gold label was found in membrane-bound ve- 
sicles resembling endosomes (Fig. 5 b) and within electron 
dense structures corresponding to lysosomes (Fig. 5 c). 

Keratinocytes and fibroblasts were also examined by con- 
focal immunofluorescence microscopy (Fig. 6). Freshly har- 
vested keratinocytes (Fig. 6, a, c, and e) were compared with 
cells that had been placed in suspension for 24 h to induce 
terminal differentiation (Fig. 6, b, d, and f ) .  By 24 h in 
suspension, the proportion of keratinocytes expressing the 
cytoplasmic terminal differentiation marker involucrin had 
increased from ,,020% to 70%, as reported previously (Hot- 
chin and Watt, 1992). In both the starting and suspended 
populations, involucrin-negative cells had surface fit inte- 
grins (green fluorescence), while involucrin-positive cells 
(red fluorescence) lacked cell surface receptors (Fig. 6, a and 
b). Double labeling for Bt integrins (green) and a marker of 
late endosomes and lysosomes (red) (Fig. 6, c and d) showed 
colocalization of antibodies in both the starting (Fig. 6 c) and 
suspended (Fig. 6 d) cell populations; the colocalization was 
essentially total at 24 h. Cells labeled with an antibody to 
cathepsin D (a lysosomal marker; red fluorescence) showed 
a clear increase in the size of the lysosomal compartment af- 
ter 24 h in suspension (Fig. 6, e and f ) .  In the starting popu- 
lation, there was very little colocalization of Bt with cathep- 
sin D (Fig. 6 e), but there was pronounced colocalization at 
24 h (Fig. 6 f ) .  In contrast, double labeling of fibroblasts 
with antibodies to 81 integrins (green fluorescence) and 
cathepsin D (red) showed that after 24 h in suspension, ~ 
integrins were still present on the cell surface, and there had 
been no increase either in the size of the lysosomal compart- 
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Figure 5. Immunogold labeling of ker- 
atinocytes with antibody to c~3/~1. (a) 
Freshly harvested cells. (b and c) After 
22 h in suspension. Arrows indicate en- 
dosome (b) and lysosome (c). Bar, 1/~m 
in a, 0.7 tLm in b, and 0.8 #m in c. 
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Figure 7. Model of the different levels of regulation of Bl integrins 
in keratinocytes undergoing terminal differentiation, based on the 
present results and previously published data. (/) Inhibition of tran- 
scription (Hotchin and Watt, 1992). (2) Inhibition of intracellular 
transport. (3) Recycling of active receptor? (4) Inactivation of 
receptor, probably resulting from a change in receptor conforma- 
tion (Hotchin et al., 1993). (5) Endocytosis of inactive receptor 
and degradation in lysosomes. ~,  active form of Bt integrin; a,, 
inactive form of/3~ integrin. Structure of cell redrawn from A1- 
berts et al. (1989). 

ment or in the extent of colocalization of/~ integrins and 
cathepsin D (Fig. 6, g and h). 

Discussion 

Two potential limitations of suspension-induced terminal 
differentiation as a model for regulation of integrins within 
the epidermis are that the profile of integrins expressed in 
culture may differ from that expressed in vivo (Toda et al., 
1987; De Luca et al., 1992), and that differentiation in 
suspension occurs in the absence of cell-cell contacts. 
Nevertheless, the loss of cell surface integrins and decrease 
in integrin mRNA levels that occur in suspension do parallel 
the in vivo situation (see Watt and Herfle, 1994). Experi- 
ments with suspension cultures show that B~ integrin ex- 
pression and function are subject to complex transcriptional 
and posttranslational regulation when human epidermal ker- 
atinocytes initiate terminal differentiation, as illustrated sche- 
matically in Fig. 7. We have obtained some insight into two 
aspects of this regulation: the block in transport of newly 
synthesized subunits to the cell surface and the loss of mature 
receptors from the cell surface. 

The inhibition of transport is, at least tO some extent, both 
keratinocyte- and integrin-specific since it did not occur 
when human dermal fibroblasts were placed in suspension, 
and it did not affect newly synthesized E-cadherin in ker- 
atinocytes. Using nontransformed, fibroblastic cell lines, 
Dalton et al. (1992) reported a decrease in surface expres- 
sion of o~sBJ after 3 d in suspension. We did not examine 
surface integrin levels beyond 24 h, but we saw no decrease 
in BI mRNA levels when fibroblasts were placed in suspen- 
sion for 72 h. Nevertheless, our data do support the conclu- 
sion of Dalton et al. (1992) that posttranslational regulation 
is important in the control of integrin function. 

The trigger for the inhibition of integrin transport in 
differentiating keratinocytes remains to be established, but 
it could be mimicked in adherent keratinocytes and fibro- 
blasts by inhibiting total protein synthesis with cyclohexi- 
mide. This could point to a requirement for an unidentified 
accessory molecule, but it would also be consistent with a 
mechanism that couples transport to integrin gene transcrip- 
tion. Transcription of the B, subunit gene is inhibited when 
keratinocytes are placed in suspension and there is a corre- 
sponding fall in the level of/3~ mRNA (Nicholson and Watt, 
1991; Hotchin and Watt, 1992); in contrast, in fibroblasts~ 
the level of/31 mRNA did not decline by 72 h in suspen- 
sion. A mechanism coupling transcription to transport 
would make biological sense since keratinocytes have a large 
intraceUular pool of newly synthesized integrin subunits 
(Hotchin and Watt, 1992), and if transport continued after 
transcription was inhibited there would be a lag of several 
hours before new receptors stopped reaching the cell ~ sur- 
face; this, in turn, might delay the migration of differentiat- 
ing keratinocytes out of the basal epidermal layer (Adams 
and Watt, 1990; Hotchin et al., 1993). A precedent for sig- 
naling between the ER and the nucleus already exists: ac- 
cumulation of unfolded proteins in the ER leads to increased 
transcription of the gene encoding the chaperone protein, 
BiP, and a putative protein sensor of events in the ER has 
been identified (Mori et al., 1993). We are not, however, 
aware of any situations in which inhibition of transcription 
is known to be coupled to inhibition of transport of the en- 
coded protein, and further investigation of the relationship 
between integrin transcription and transport in keratinocytes 
will, therefore, be worthwhile. 

The mechanism by which integrins are prevented from un- 
dergoing N-linked glycosylation and transport to the cell sur- 
face is not clear, but we have some evidence for a role of cal- 
nexin, an ER integral membrane protein that acts as a 
molecular chaperone (Bergeron et al., 1994). Newly synthe- 
sized integrin heterodimers associated with calnexin, as re- 
cently reported for other cell types (I.enter and Vestweber, 
1994), and the association was prolonged for i>5 h when ker- 
atinocytes were induced to differentiate in suspension. 
Different proteins are known to remain bound to calnexin for 
different lengths of time, but an association extending to 5 h 
is remarkable (of. Ou et al., 1993). The association of cal- 
nexin with integrins is interesting in view of the sequence ho- 
mology between calnexin and calreticulin, a protein found 
in the ER lumen and in other cellular locations (Burns et al., 
1994), which is reported to bind to the cytoplasmic domain 
of integrin cx subunits and to regulate integrin-extracellular 
matrix adhesion (Rojiani et al., 1991; Leung-Hagensteijn et 
al., 1994). Calnexin has been shown to bind to incompletely 
assembled multisubunit protein complexes and retain them 
within the ER (Bergeron et al., 1994); it is also reported to 
bind proteins with partially glucose-trimmed carbohydrate 
side chains (Hammond et al., 1994). In keratinocytes, inte- 
grin heterodimers form in the ER, even when transport is in- 
hibited, and both ~x and Bl subunits were coimmunoprecipi- 

Figure 6. Double-label immunofluorescence confocal microscopy of keratinocytes (a-f) and fibroblasts (g and h). (a, c, e, and g) Starting 
population. (b, d , f  and h) 24 h in suspension. (a-h) B~ integrin subunit, green. (a and b) Involucrin, red. (c and d) Marker of late endo- 
somes and lysosomes, red; (e-h) Cathepsin D, red. Note that where two markers colocalize, fluorescence is yellow. Bars, 10 #m. 
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tated with calnexin; furthermore there is no evidence for 
formation of multisubunit integrin aggregates (Hotchin and 
Watt, 1992; Fig. 2 in this paper). It seems more likely that 
incomplete glycosylation (Hotchin and Watt, 1992) is the ba- 
sis for the prolonged association between calnexin and inte- 
grins in differentiating keratinocytes. 

Whatever the role of calnexin in ER retention of keratino- 
cyte integrins may be, the association between calnexin and 
integrins was no longer seen by 15 h, even though immature 
integrin subunits are still detectable in keratinocytes after 
36 h in suspension (Hotchin and Watt, 1992). It is possible 
that at later times other chaperones bind to the integrins 
(Gething and Sarnbrook, 1992), and that integrin subunits 
trapped in the ER are eventually degraded (Gaut and Hen- 
dershot, 1993). Further experiments are required to test 
these possibilities. 

When keratinocytes initiate overt terminal differentiation 
(i.e., when they have left the basal layer or after 24 h in sus- 
pension), mature/~ integrins are lost from the cell surface 
(Adams and Watt, 1990; Watt et al., 1993; Watt and Hertle, 
1994). The combined evidence from confocal double-label 
immunofluorescence microscopy, immunoelectron micros- 
copy, and internalization studies with surface iodinated 
proteins is that the mature integrins are internalized and 
degraded in the lysosomes. Even in undifferentiated ker- 
atinocytes, a significant amount of intracellular/~ integrin 
was detected in association with the endosomal compart- 
ment; this is consistent with the observation of Le Varlet et 
al. (1991) that c~1 and t~3/~t are found in coated vesicles on 
the surface of keratinocytes, and suggests that there is some 
constitutive integrin endocytosis, and possibly recycling, as 
observed in other cell types (Sczekan and Juliano, 1990; 
Bretscher, 1992). On commitment to differentiation, the ~ 
integrins on the surface of keratinocytes become inactive, 
probably as a result of a change in receptor conformation 
(Adams and Watt, 1990; Hotchin and Watt, 1992; Hotchin et 
al., 1993), and we speculate that this could provide a signal 
for transport to the lysosomes. In support of this idea, the 
half-life of mature cell surface receptor is increased when 
keratinocytes in suspension are incubated with fibronectin, 
which blocks differentiation and presumably maintains 
the integrins in an active state (Watt et al., 1993). The #~ 
cytoplasmic domain contains NPXY and di-leucine-based 
sequences that are potential motifs for endocytosis and tar- 
getting to lysosomes (see Bansal and Gierasch, 1991; Le- 
tourneur and Klansner, 1992), and it is possible that these 
become exposed through changes in integrin conformation 
(see Williams et al,, 1994). 

The importance of changes in integrin affinity state (Wil- 
liams et ai., 1994) and integrin gene transcription (eg. Cer- 
vella et al., 1993) as ways of regulating integrin function is 
now widely appreciated. Our experiments highlight the exis- 
tence of additional forms of regulation within keratinocytes. 
Regulated transport of integrins to and from the cell surface 
has been documented previously in the case of the/32 inte- 
grins in neutrophils (Berger et al., 1985; Chambers et al., 
1993), and it is interesting that both keratinocytes and neu- 
trophils undergo well-orchestrated changes in adhesiveness 
to fulfil their differentiated functions. An important question 
tion that can now be addressed is whether the aberrant ex- 
pression of integrins on the surface of terminally differentiat- 
ing keratinocytes in epidermal disorders such as psoriasis 

(Watt and Hertle, 1994) reflects defects in one or more of the 
regulatory steps we have identified: transcription, ligand 
binding ability, transport to the cell surface, or endocytosis 
and degradation in the lysosomes. 
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