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The function of Cyclin D1 (CycD1) has been widely studied in the cell nucleus as a regulatory subunit of the cyclin-
dependent kinases Cdk4/6 involved in the control of proliferation and development in mammals. CycD1 has been also 
localized in the cytoplasm, where its function nevertheless is poorly characterized. In this work we have observed that 
in normal skin as well as in primary cultures of human keratinocytes, cytoplasmic localization of CycD1 correlated with 
the degree of differentiation of the keratinocyte. In these conditions, CycD1 co-localized in cytoplasmic foci with exocyst 
components (Sec6) and regulators (RalA), and with β1 integrin, suggesting a role for CycD1 in the regulation of kerati-
nocyte adhesion during differentiation. Consistent with this hypothesis, CycD1 overexpression increased β1 integrin 
recycling and drastically reduced the ability of keratinocytes to adhere to the extracellular matrix. We propose that local-
ization of CycD1 in the cytoplasm during skin differentiation could be related to the changes in detachment ability of 

keratinocytes committed to differentiation.
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Introduction

Cyclin D1 (CycD1) interacts and promotes the activity of cyclin-
dependent kinases 4 and 6 (Cdk4/6). CycD1-Cdk4/6 complexes 
regulate G

1
-S transition in the cell cycle, a key step to determine 

the rate of cell proliferation. CycD1-Cdk4 acts as a transcrip-
tional regulator inhibiting by phosphorylation the retinoblas-
toma protein, thus releasing the E2F transcription factor activity. 
E2F induces the expression of a number of genes involved in the 
commitment of G

1
-S transition (for a review, see refs. 1 and 2). 

CycD1 is also involved in the regulation of cell adhesion and 
migration. Ablation of CycD1 increases matrix-adhesion and 
reduces migration of macrophages and fibroblasts.3,4 These effects 
have been partly attributed to transcriptional mechanisms and 
post-transcriptional regulation.4,5 CycD1 has also been located in 

the cytoplasm regulating specific processes. In breast cancer cell 
lines for instance, CycD1 is localized in membrane ruffles and 
interacts with cytoskeleton proteins such as filamin A, providing 
a transcriptional-independent mechanism to control cell adhe-
sion and motility.6 Furthermore, we have previously described the 
cytoplasmic interaction of CycD1 with components and regula-
tors of the exocyst in both fibroblasts and epithelial cell lines.7 
In particular, we found that CycD1 colocalizes with RalA and 
Sec6 in cytoplasmic foci, and that CycD1-Cdk4-associated activ-
ity stimulates accumulation of Ral-GTP active forms.7 Active 
Ral-GTP can then bind to different components of the exocyst 
promoting cell motility by integrin recycling or/and by targeting 
the exocyst to focal adhesion complexes.8,9

The epidermis exhibits a classical model of stratified epithelial 
differentiation, where keratinocytes move from the progenitor 
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basal cell layer to higher layers during differentiation.10 The pro-
liferative capacity of these progenitors is progressively lost when 
they leave the basal layer to become a terminally differentiated 
keratinocyte. It is suggested that one of the first steps in kera-
tinocyte differentiation is the detachment of the cell from the 
extracellular matrix/basement membrane, which exerts an inhib-
itory effect on differentiation.11 β1 integrins mediate adhesion 
of keratinocytes to the extracellular matrix, and loss of contact 
of these integrins with extracellular matrix triggers terminal dif-
ferentiation of cultured keratinocytes.12 In accordance with this, 
β1 integrin expression is mainly restricted to the basal layer and 
needs to be downregulated. During differentiation, β1 integrin 
is internalized to the cytoplasm of keratinocytes and degraded.13 
Alternatively, in order to initiate their differentiation, basal epi-
dermal cells can undergo asymmetrical divisions, but also in 
these conditions, interaction of keratinocytes with the extracellu-
lar matrix is needed for the regulation of the commitment to dif-
ferentiation.14 Here, we report that CycD1 showed a cytoplasmic 
localization in suprabasal layers of normal skin. We have con-
firmed this observation by immunofluorescence and subcellular 
fractionation techniques during the in vitro differentiation of pri-
mary cultures of human keratinocytes. Importantly, we have been 
able to show that CycD1 co-localized with exocyst components 
and with β1 integrin during differentiation, and that CycD1 
overexpression induced keratinocyte detachment. Overall, our 
data suggest that re-localization of CycD1 to the cytoplasm dur-
ing keratinocyte differentiation could be an important step for 
the extracellular matrix detachment of the cells committed to 
differentiate.

Results

Cytoplasmic localization of CycD1 during keratinocyte 
differentiation
To study CycD1 localization, primary cultures of human kera-
tinocytes were infected with lentivirus harboring HA-CycD1 
to ensure homogeneous expression and unambiguous detection 
of the protein. Calcium was added to these cultures in order to 
induce keratinocyte differentiation.15 Successful keratinocyte dif-
ferentiation was monitored by cell morphology and by the expres-
sion of the differentiation marker involucrin (Fig.  1A and B). 
By immunofluorescence, calcium-treated keratinocytes showed 
CycD1 mostly in the cytoplasm, whereas most of the untreated 
keratinocytes exhibited nuclear CycD1 staining (Fig. 1A and C). 
Note that in Figure  1A, cells exhibiting Hoescht staining but 
not HA-CycD1 signal are likely noninfected cells, which high-
lights the high specificity of the HA epitope detection. During 
differentiation, the levels of HA-CycD1 expressed from the het-
erologous promoter CMV were maintained, ensuring homoge-
neous staining under the different conditions assayed (Fig. 1D). 
These results suggest that CycD1 localization was regulated dur-
ing keratinocyte differentiation. In order to test whether this 
also takes place in vivo, we analyzed by immunohistochemistry 
the localization of CycD1 in human epidermis (Fig. 2). CycD1 
localization was predominantly nuclear in the proliferative basal 
layer of the epidermis, whereas in suprabasal layers there was a 

significant increase in cytoplasmic staining (Fig.  2D), even 
though many cells still maintain nuclear signal. No expression 
of CycD1 was observed in the upper skin strata of terminally 
differentiated keratinocytes. Hence, our results both in vitro and 
in vivo strongly suggest that CycD1 localization and expression 
could be specifically regulated during the normal differentiation 
of keratinocytes.

To characterize further the cytoplasmic accumulation of 
CycD1 during keratinocyte differentiation, we performed 

Figure 1. CycD1 accumulated in the cytoplasm during keratinocyte dif-
ferentiation. (A) Primary human keratinocytes were infected with lenti-
virus harboring HA-CycD1. Calcium was added to induce keratinocyte 
differentiation. The images were taken 48 h after calcium addition. A cul-
ture without added calcium was used as a control. CycD1 was detected 
with a rat anti-HA 3F10 (red) antibody, and nuclei were stained with 
Hoescht (blue). Images were acquired using a 40× objective (20 mm bar). 
(B) Involucrin levels were analyzed by immunoblot with anti-involucrin 
antibody. Equal amounts of total protein were loaded in each well. (C) 
Percentage of infected cells with nuclear HA-CycD1. Data are expressed 
as mean ± SEM from two independent experiments (P = 0.02; n ≥ 58). 
(D) HA-cycD1 levels were analyzed by immunoblot with anti-HA (12CA5) 
antibody. Equal amounts of total protein were loaded in each well.
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fractionation of cells growing under proliferation and differentia-
tion conditions. Although endogenous CycD1 was detected in 
both cytoplasmic and nuclear fractions of these keratinocytes, 
there was a clear change in CycD1 distribution during the differ-
entiation process. In undifferentiated keratinocytes, CycD1 was 
both nuclear as well as associated with the vesicles-cytoskeleton 
fraction (Fig. 3A and B). After 48 h of calcium addition, most 
CycD1 was in the vesicles-cytoskeleton fraction. In the course 
of these experiments, the total amount of endogenous CycD1 
was slightly downregulated (not shown). These results show that 
CycD1 was located in the cytoplasm, where it was mainly associ-
ated with cytoskeletal and membranous structures. Together our 
results suggest that nuclear-cytoplasmatic location is regulated 
during the early steps of keratinocyte differentiation.

CycD1 co-localized with exocyst components and β1 
integrin
In a previous work, we have observed that CycD1 interacts in 
cytoplasmic foci with exocyst components (Sec6) and regulators 
(RalA) and also regulates cell–matrix adhesion in fibroblasts.7 
We hypothesized that these interactions could also be relevant 
for keratinocytes in regulating cell–matrix adhesion during dif-
ferentiation. By using a low permeabilization protocol for immu-
nofluorescence to detect membranous cell structures adequately 

16 (E Montanez and S Wickström personal communication), we 
have analyzed the co-localization of CycD1 with RalA and Sec6 
in primary human keratinocytes a short time after being seeded 
on collagen plates. Under these low-confluent conditions, cells 
showed co-localization of CycD1 with RalA and Sec6 in cyto-
plasmic foci (Fig.  4) as in fibroblasts,7 suggesting that CycD1 
may be involved in the regulation of keratinocyte adhesion to the 
extracellular cell matrix.

Exocyst regulates β1 integrin recycling, a crucial process for 
keratinocyte detachment from the basal membrane during dif-
ferentiation.12,13 We analyzed the co-localization of CycD1 with 
β1 integrin in cultured keratinocytes a short time (16 h) after 
calcium addition (akin to skin epithelia in the initial steps of dif-
ferentiation). Under these conditions, a significant number of 
keratinocytes showed β1 integrin, forming a punctuate pattern 
in their cytoplasm, whereas cells incubated without calcium did 
not exhibit these foci13 (Fig. 5A and B). Moreover, we observed 
co-localization of CycD1 with β1 integrin and Sec6 in those 
cytoplasmic foci (Fig.  5C). These results are consistent with 
the idea that cytoplasmic CycD1 could collaborate with exocyst 
in β1 integrin recycling during keratinocyte differentiation. In 
order to address this question, we have analyzed whether high 
levels of cyclin D1 enhanced the loss of β1 integrin signal in the 
membrane during keratinocyte differentiation. We transfected 
keratinocytes either with wild-type or k112E CycD1 alleles fused 
to GFP, and GFP alone as a control. Calcium was added 24 h 
later to induce differentiation. After a short time of incubation 
with calcium, which is not sufficient to trigger full keratinocyte 
differentiation, cells were fixed and processed for IF to detect 
β1 integrin, and the percentage of cells that had completely 
lost β1 integrin signal in the membrane was counted. We have 
observed that the number of cells that had lost β1 integrin signal 
in the membrane was higher for cells overexpressing cyclin D1, 

suggesting that this cyclin is involved in the efficient recycling 
of β1 integrin (Fig.  5D). On the contrary, the overexpression 
of k112 allele was unable to raise the number of cells that had 
lost β1 integrin signal in the membrane, indicat ing that cyclin 
D1-associated kinase activity is required for cyclin D1 function 
in β1 integrin recycling (Fig. 5D).

CycD1 expression induced cell detachment in primary 
keratinocytes
In order to test the functional relevance of CycD1 in the control of 
keratinocyte-matrix attachment, we assayed the effect of CycD1 
overexpression in the ability of keratinocytes to spread and adhere 
on collagen and fibronectin plates, respectively. We observed a 
significant reduction in the number of spread cells after 48 h 
overexpressing CycD1 (Fig.  6A). Keratinocytes overexpressing 
CycD1 showed a retracted morphology, indicative of alterations 
in spreading (Fig. 6B). We have also observed delocalization of 
E-cadherin in keratinocytes overexpressing CycD1 (Fig.  6B). 
This suggests that overexpression of CycD1 also modified cell-
to-cell adhesion, even though this effect could be indirect due to 
cell-matrix detachment. We have also tested whether the altera-
tion in the efficiency of keratinocytes adhesion was dependent on 
Cdk activity. For this, we transfected a construct harboring GFP 
fused to cyclin D1-k112 allele, which is unable to produce active 
kinase complexes. In accordance with previous data obtained in 

Figure 2. CycD1 accumulated in the cytoplasm of spinous layer of the 
skin. Consecutive sections of normal human skin were immunostained 
with antihuman cytokeratin5/6 (basal layer marker, (A) and CycD1 
(B  and C) antibodies. Sections were counterstained with hematoxylin 
for nuclear staining. Abbreviations: ed, epidermis; d, dermis; b, basal; s, 
spinous. In (C), white arrows indicate the difference of intensity in the 
border between basal and spinous layers. Scale bar 20 mm. (D) ImageJ 
software was used to quantify staining intensity. Data are expressed in 
mean ± sem (n ≥ 14 cells). The difference in the percentage of cytoplas-
mic cyclin D1 between spinous and basal layers was statistically signifi-
cant (P ≤ 0.001).
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other cell types, the overexpression of this allele did not promote 
either morphological alterations (not shown) or detachment of 
keratinocytes, indicating that these phenotypes are dependent on 
Cdk activity (Fig. 6A). Finally, in order to evaluate the adhesion 
capacity, transfected keratinocytes were seeded on fibronectin 
plates and incubated for 90 min before washing and fixing to 
count the number of attached cells. Keratinocytes overexpress-
ing CycD1 showed a highly reduced adhesion capacity (Fig. 6C). 
Taken together our results demonstrate that high levels of CycD1 
promoted cell-matrix detachment of primary keratinocytes.

Discussion

Here we report that CycD1 localization was largely reduced in 
the cell nucleus and accumulated in the cytoplasm of keratino-
cytes under differentiation conditions in vitro and in vivo. The 
question that immediately arises from our results is which would 

be the function of the change in CycD1 localization regarding 
skin homeostasis? We know that basal keratinocytes progressively 
reduce their adhesiveness to the basement membrane during skin 
differentiation, and that the levels of β1 integrin attachment to 
the extracellular matrix regulate the balance between skin prolif-
eration and differentiation.12,17 β1 integrin is internalized during 
differentiation and can be visualized forming punctuate foci in 
the cytoplasm of keratinocytes.13 Moreover, we and others have 
shown that CycD1 exerts cytoplasmic functions collaborating 
with Ral and Rho GTPases to control cell–matrix adhesion and 
motility.4,7 RalGTPases, in turn, control exocyst formation and 
activity, which increases β1 integrin recycling.9 Based on these 
facts, we hypothesize that the increment of cytoplasmic CycD1 
that we observed in keratinocytes may positively regulate the 
recycling of β1 integrin through exocyst activation and therefore 
stimulate detachment from the basal membrane and differentia-
tion. In support of this idea, we have observed: (1) co-localization 
of CycD1 with RalA and Sec6 in keratinocytes, (2) an increment 
in the co-localization of CycD1 and β1 integrin in cytoplasmic 
foci during keratinocyte differentiation, and (3) that overexpres-
sion of CycD1 in keratinocytes induced β1 integrin recycling and 
loss of cell–matrix adhesion. Overall, our results strongly suggest 
that CycD1 exerts cytoplasmic functions involved in the regula-
tion of keratinocyte adherence during differentiation.

We cannot exclude that the increment of cyclin D1 in the 
cytoplasm (and perhaps total increment) observed in suprabasal 
layer may be associate with other cellular processes. For instance, 

Figure  3. CycD1 localization by cell fractionation during keratinocyte 
differentiation. (A) Calcium was added to a semi-confluent culture of pri-
mary human keratinocytes; cells were recovered 48 h later and submitted 
to subcellular fractionation (see “Materials and Methods”). As a control, 
we used keratinocytes growing under the same conditions, but without 
calcium addition. Fractions were then analyzed by immunoblotting to 
detect CycD1, LDH as a cytosol marker, caveolin as a membrane marker, 
lamin A/C as a nucleoplasm marker, cohesin subunit Scc1 as a chroma-
tin marker, exocyst subunit Sec6 as a vesicle marker, and vimentin as a 
cytoskeleton marker. Nucleoplasm, chromatin and vesicle-cytoskeleton 
fractions are 2-fold concentrated (2×) (B) Quantification of CycD1 levels 
in different subcellular fractions. The values are the mean ± SEM of two 
independent experiments. Statistically significant differences (P ≤ 0.05) 
were observed between -Ca and +Ca in the cytosolic, nucleoplasm and 
vesicles-cytoskeleton fractions.

Figure 4. Co-localization of CycD1 with exocyst in human keratinocytes. 
After trypsinization, keratinocytes were seeded on collagen plates and 
incubated 4 h before fixation. After fixation, we used 0.02% tween20 to 
permeabilize. Co-localization of CycD1 with exocyst regulator RalA and 
exocyst component Sec6 was analyzed by immunofluorescence. Images 
were acquired by confocal microscopy using a 60× objective (10 mm bar).
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senescent keratinocytes appear in basal and suprabasal layers 
of the human epidermis and are more abundant in aged skin.18 
According to this, it is well known that aging induces accumula-
tion of cellular alterations in skin. Interestingly, accumulation of 
cyclin D1 has been observed in senescent cells promoting cellular 
hypertrophy.19 Then, the strong signal of cytoplasmic cyclin D1 
(perhaps also the nuclear signal) observed in suprabasal layers of 
human epidermis could also indicate the presence of senescent 
keratinocytes. Further analyses with more human skin samples 
grouped by age have to be done in order to test whether the cyto-
plasmic accumulation of cyclin D1 would be related to senes-
cence and aged skin. Also it should be tested whether cyclin D1 
is accumulated in the cytoplasm of senescent cells.

CycD1-knockout mice are viable and do not show obvious 
alterations in their skin,20-22 which might be explained by the 
redundant function of other D-type cyclins.23,24 In the reverse 
situation, by means of its overexpression, we have shown the rel-
evance of CycD1 in the control of keratinocyte attachment to 
the cell-matrix. Because loss of keratinocyte adherence to the 
basal lamina is required for differentiation, high levels of CycD1 
may have been expected to promote keratinocyte differentiation. 
However, overexpression of CycD1 actually blocks keratinocyte 
differentiation in vitro because of the role of CycD1 in promoting 
cell proliferation.25 To explain this, we can assume that the fine 
regulation of cyclin D1 localization may be important in differen-
tiation and developmental processes. However, we have observed 
that under overexpression conditions GFP-cyclin D1 is located 
both in the nucleus and cytoplasm (Fig. 6B), probably because 
the high amount of the protein is able to detour the machinery 
that controls CycD1 localization. In this situation, even though 
high levels of cytoplasmic cyclin D1-Cdk4 activity efficiently 
promote cell detachment, nuclear cyclin D1-associated activity 
may be dominant by phosphorylating several transcriptional reg-
ulators to trigger cell proliferation and to block differentiation.

The predominant subcellular localization of CycD1 has been 
largely controversial. For a long time, it was believed that CycD1 
was exclusively nuclear, with the cytoplasm as the site of its deg-
radation (for a review, see ref. 26). More recently, though, CycD1 
has been shown to accumulate in cytoplasmic fractions of cell 
lines and differentiated neurons.27,28 By using soft permeabiliza-
tion conditions, here we have detected CycD1 distributed in cyto-
plasmic foci. Also, by using biochemical methods, we have found 
CycD1 in both nuclear and cytoplasmic fractions. Importantly, 
we have shown that CycD1 is present in the cytosol, in particu-
lar, associated with vesicles and the cytoskeleton, which agrees 
with previous findings showing that CycD1 interacts with the 
cytoskeleton and membrane-associated proteins, such as filamin 
A, translokin, and Sec6.6,7,29 Our study places CycD1 both in the 
nucleus and in the cytoplasm of primary human keratinocytes, 
and strongly suggests that the prevalence of a specific subcellular 
localization likely depends on the function to be performed in a 
given context, either proliferation or differentiation.

Since abnormal alterations of CycD1 localization could be 
critical under pathological conditions, this may be an interest-
ing feature to use diagnostically. The control of cell motility by 
CycD1 might be relevant for the ability of CycD1 to promote 

Figure  5. Co-localization of CycD1 with β1 integrin during keratino-
cyte differentiation. Before fixation, keratinocytes were incubated for 
only 16 h in the presence of 2 mM calcium to look at cells at the initial 
steps of differentiation. (A) β1 integrin was analyzed by immunofluo-
rescence. Images were acquired by using a 40× objective in an Olympus 
IX71 inverted microscope (20 mm bar) (B) Quantification of cells with β1 
integrin in cytoplasmic foci. Data are expressed as mean ± SEM from 
two independent experiments (P = 0.045; n ≥ 122). (C) Co-localization of 
CycD1 with β1 integrin and Sec6 was analyzed by confocal microscopy 
using a 60× objective (10 mm bar). Nuclei were stained with Hoescht. (D) 
Keratinocytes were transfected with either GFP-CycD1, GFP-CycD1k112, 
or GFP and after a short time of incubation with calcium, cells were fixed 
and processed for IF to detect β1 integrin, and the percentage of cells that 
had completely lost β1 integrin signal in the membrane was counted. 
Percentage of cells and confidence limits (α = 0.05; n ≥ 110) are plotted.
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invasiveness and metastases.30 Amplification and overexpression 
of Cyclin D1 is frequently found in nonmelanocitic skin can-
cers.31,32 Based on the heterogeneity of cells within tumors, it 
is conceivable that an abnormal amount of cytoplasmic CycD1 

in one part of the population of tumor cells may promote their 
migration and enhance invasiveness of the surrounding tissue. 
Consistent with this, high levels of cytoplasmic CycD1 seem to 
correlate with augmented invasion and metastasis in several cases 
of cutaneous squamous cell carcinoma.33 Further work will be 
required to address this question.

Materials and Methods

Cell culture and expression vectors
Primary human keratinocytes were obtained from Invitrogen-
Gibco (Cat. No. 12332-011). Cells were maintained at 37 °C in 
5% CO

2
 environment and grown in defined keratinocyte serum-

free medium (Cat. No 10744-019) with 10 mg/ml gentamycin. 
For “in vitro” differentiation, 2 mM calcium chloride was added 
to semi-confluent keratinocyte cultures that were incubated as 
above, except that the medium only contained one-third of the 
growth supplement. Human CycD1 (a gift from N. Agell) was 
used to make pCMV-EGFP-CycD1 in pcDNA3 (Invitrogen), 
or pUBI-3xHA-CycD1 in a lentiviral vector derived from pDSL 
(Invitrogen). CycD1-K112E allele was constructed by site directed 
mutagenesis. pEGFP-N1 was obtained from Clontech. Details of 
all constructs are available upon request. Transient transfection 
of vectors was performed with Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s instructions.

Immunohistochemistry
Normal skin samples were obtained from Hospital Arnau de 
Vilanova Histopathology archive (with explicit informed con-
sent for research use obtained from each patient, according to the 
regulations approved by the hospital ethics committee). Blocks 
were sectioned at a thickness of 3 mm and dried for 1 h at 65 °C 
before being dewaxed in xylene and rehydrated through a graded 
ethanol series, then washed with PBS. Antigen retrieval was per-
formed by heat treatment in a pressure cooker for 2 min in EDTA 
(pH 8.9). Before staining the sections, endogenous peroxidase 
was blocked. The antibodies used were: cytokeratin 5 (rabbit 
monoclonal ERP1600Y, Epitomics) and CycD1 (rabbit mono-
clonal SP4, Dako). After incubation, the reaction was visualized 
with the EnVision Detection Kit (Dako), using diaminoben-
zidine chromogen as a substrate. Sections were counterstained 
with hematoxylin. ImageJ software was used to quantify staining 
intensity. We have converted the color images to 8-bit gray values. 
Using the selection tools the nuclear area and total cell area were 
drawn. We defined a threshold (same for all images), and pixel 
intensity was measured. To determine the percentage of cytoplas-
mic cyclin D1 (C), nuclear intensity (N) was subtracted from 
total cell intensity (T) and calculated as %C = (T-N)*100/T.

Protein fractionation and immunoblot
Protein fractionation was performed with the Subcellular 
Protein Fractionation kit for cultured cells (Thermo Scientific-
Pierce; 78840) following supplier’s instructions. Protein samples 
were resolved by SDS-PAGE, transferred to PVDF membranes 
(Millipore), and analyzed by immunoblotting. Appropriate 
peroxidase-linked secondary antibodies (GE Healthcare UK 
Ltd) were detected using the chemiluminescent HRP substrate 
Immobilon Western (Millipore). Chemiluminescence originated 

Figure  6. Expression of CycD1 reduced adhesion and spreading effi-
ciency of keratinocytes. (A) Cells were transfected with GFP-CycD1, 
GFP-CycD1k112, or GFP alone. Forty-eight hours after transfection, cells 
were fixed, and the proportion of spread green cells was determined. 
Percentages of spread cells are plotted. The mean ± SEM is shown from 
2 or 4 independent experiments depending on the samples. For sam-
ple comparisons, GFP vs. GFP-CycD1 and GFP-CycD1 vs. GFP-CycD1k112 
were both significantly different with P ≤ 0.001; GFP Ca vs. GFP-CycD1 
Ca were also significantly different with P = 0.013. (B) Representative 
image of the morphological changes of keratinocytes overexpressing 
GFP-CycD1 as in (A). Cells were also stained to detect E-cadherin (red). 
(C) Keratinocytes transfected with either GFP-CycD1 or GFP were seeded 
in serum-free medium in 35 mm plates coated with 10 mg/ml fibronec-
tin. After 90 min, plates were washed twice with temperate PBS, fixed, 
and green cells counted. Relative adhesion values and confidence limits  
(α = 0.05; n ≥ 219) are plotted.
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from western blots was recorded with the aid of a CCD-based 
camera (Lumimager, Roche). Intensity of CycD1 bands was 
quantified with the Image Lab software (Biorad). Primary anti-
bodies were LDH (goat polyclonal), Caveolin (mouse monoclo-
nal 2297, BD), Lamin A/C (mouse monoclonal 346, SC), Scc1 
(rabbit polyclonal, kindly provided by N. Colomina), Vimentin 
(mouse monoclonal RV202, BD), CycD1 (monoclonal DCS-6, 
BD PharMingen), and Sec6 (mouse monoclonal 9H5, Abcam).

Total extracts to detect HA-CycD1 and involucrin were 
obtained by scraping the plate surface in lysis buffer (2% SDS 
in 0.125M TRIS-HCl at pH6.8). Primary antibodies were HA 
(monoclonal 12CA5, our own stocks) and Involucrin (mouse 
monoclonal SY5, Sigma).

Immunofluorescence
Keratinocytes were quickly washed in PBS and fixed in 4% 
paraformaldehyde for 15 min at room temperature and were per-
meabilized with either 0.02% (low) or 0.1% (medium) tween20 
for 2 min at room temperature. Cells were blocked with 3% 
BSA for 30 min. Primary antibodies were detected with ade-
quate Alexa488 and/or Alexa594-labeled secondary antibodies 
(Molecular Probes) in PBS with 0.3% BSA. Nuclei were stained 
with Hoechst (Sigma). Images were acquired using a 40× objec-
tive in an Olympus IX71 inverted microscope. Confocal images 
were acquired in an Olympus FV1000 confocal system using a 
60× objective. Antibodies used were HA (rat monoclonal 3F10, 
Roche), Sec6 (monoclonal 9H5, Abcam), RalA (monoclonal 
610221, BD Trans. Lab), CycD1 (polyclonal 06-137, Upstate), 
E-cadherin (mouse monoclonal HECD-1, Calbiochem), GFP 
(rabbit polyclonal 488-conjugate, Invitrogen), and β1 integrin 
(monoclonal P5D2, Abcam).

Cell spreading and adhesion assay
Keratinocytes were seeded in collagen plates and transfected 
with GFP or with GFP-CycD1 expression vectors. Cells were 

incubated in normal conditions and 48 h later fixed. Images were 
taken, and spread green cells were counted. Round and bright 
cells were considered to be unspread. For cell adhesion analy-
sis, keratinocytes were transfected with expression vectors har-
boring GFP or GFP-CycD1. Forty-eight hours later, cells were 
trypsinized, and a total of 20 000 cells were seeded in serum-
free medium in a 35 mm plate coated with 10 mg/ml fibronectin 
(Sigma). After 90 min, plates were washed twice with temperate 
PBS and fixed.

Statistical analyses
Data are expressed as mean ± SEM. Comparisons among groups 
were made using an equal variance t test under 1-tailed hypoth-
esis. In the figures, error bars indicate SEM P ≤ 0.05 was consid-
ered significant. In Figures 5D and 6C, bars indicate confidence 
limits for a proportion.
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