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Homeostasis in adult somatic tissues requires 
balanced cell proliferation and differentiation. 
This is strikingly evident in mammalian epider-
mis, which is primarily composed of keratino-
cytes lying on a basement membrane made of 
extracellular matrix components. This stratified 
epithelium includes major structures such as 
the interfollicular epidermis (IFE), hair follicles 
(HFs), and sebaceous glands. In adults, HFs un-
dergo cyclic degeneration (catagen), rest (telogen), 
and growth (anagen) which define the so-called 
hair cycle (Alonso and Fuchs, 2006). In addi-
tion, hair growth and wound healing both rely 
on similar processes: keratinocyte proliferation 
and migration (Ito et al., 2005; Levy et al., 
2007; Blanpain and Fuchs, 2009). During ho-
meostasis, IFE is also maintained by actively cy-
cling cells that divide or differentiate (Clayton 
et al., 2007). Homeostatic imbalance is re-
sponsible for the physical changes associated 
with aging. Such alterations include epidermal 
proliferation reduction, extracellular matrix com-
position, and hair loss (Watt and Fujiwara, 2011). 
Skin aging is associated with disturbed cell ad-
hesion receptors, integrins, and ECM signaling. 

Finally, pronounced defects in amino acid 
contents in the skin are observed with aging 
potentially involving impaired amino acid 
transporter activity.

Integrins are heterodimeric transmembrane 
receptors consisting of an  and a  subunit 
that link extracellular matrix components to 
the cytoskeleton. In epidermis, the integrin 1 
subunit pairs with seven  subunits (Margadant  
et al., 2010). Confined 1 deletion to epider-
mis using cytokeratin-driven promoters results 
in progressive hair loss and extensive blister-
ing at the dermal-epidermal junction as a result 
of impaired adhesion of basal keratinocytes to 
the basement membrane (Brakebusch et al., 
2000; Raghavan et al., 2000; Grose et al., 2002). 
Even though much less severe and delayed, the 
1 hypomorphic mice (1 hpm), expressing re-
duced level of 1 integrins on keratinocytes, 
develop similar adhesion defect phenotypes as 
mice with full ablation of the 1 integrin gene 
(K5- 1 mice; Piwko-Czuchra et al., 2009). 
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Skin aging is linked to reduced epidermal proliferation and general extracellular matrix atrophy. 
This involves factors such as the cell adhesion receptors integrins and amino acid transporters. 
CD98hc (SLC3A2), a heterodimeric amino acid transporter, modulates integrin signaling in vitro. 
We unravel CD98hc functions in vivo in skin. We report that CD98hc invalidation has no 
appreciable effect on cell adhesion, clearly showing that CD98hc disruption phenocopies neither 
CD98hc knockdown in cultured keratinocytes nor epidermal 1 integrin loss in vivo. Instead, we 
show that CD98hc deletion in murine epidermis results in improper skin homeostasis and epi-
dermal wound healing. These defects resemble aged skin alterations and correlate with reduc-
tion of CD98hc expression observed in elderly mice. We also demonstrate that CD98hc absence 
in vivo induces defects as early as integrin-dependent Src activation. We decipher the molecular 
mechanisms involved in vivo by revealing a crucial role of the CD98hc/integrins/Rho guanine 
nucleotide exchange factor (GEF) leukemia-associated RhoGEF (LARG)/RhoA pathway in skin 
homeostasis. Finally, we demonstrate that the deregulation of RhoA activation in the absence 
of CD98hc is also a result of impaired CD98hc-dependent amino acid transports.

© 2013 Boulter et al. This article is distributed under the terms of an Attribu-
tion–Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months it 
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Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/
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RESULTS
CD98hc expression is ablated in the epidermis and HFs  
of mice after 4-hydroxy-tamoxifen (4OHT) treatments
CD98hc is expressed in human and mouse skin epidermal ke-
ratinocytes (Fig. 1, A and H). Primarily found in the basal layer 
of the epidermis, its expression drastically decreases in the supra-
basal layers where keratinocytes undergo differentiation. High 
expression is also detected at the base of the HF in a region cru-
cial for hair cycle and defined as the bulb (Fig. 1 H). To exam-
ine the function of CD98hc in epidermal homeostasis and to 
circumvent the embryonic lethality of conventional gene-
targeted mice for CD98hc (Tsumura et al., 2003), mice carry-
ing loxP-flanked CD98hc alleles (CD98hcfl/fl), previously 
generated (Féral et al., 2007), were crossed with transgenic mice 
carrying a tamoxifen-inducible Cre-recombinase under the 
control of the cytokeratin 14 promoter (K14CreERT2; Hong 
et al., 2004; Fig. 1 B). Every other day, a 4OHT or vehicle topical 
treatment was performed on the back of each mouse (six appli-
cations total). Tissue samples were collected 2 wk later (Fig. 1 C). 
Efficiency and specificity of CD98hc floxed deletion was as-
sessed by both PCR on genomic DNA and immunofluores-
cence on isolated treated skin samples. As expected, the CD98hc 
floxed allele was recombined specifically in the epidermis and 
not in the dermis of 4OHT-treated animals (Fig. 1 D). Accord-
ingly, CD98hc protein was not detectable in the epidermis of 
4OHT-treated mice (IFE and HFs), although it was expressed 
at normal levels in control mice (Fig. 1 H).

K14CreERT2-mediated deletion of CD98hc in young adult 
mice results in loss of epidermal homeostasis and impaired 
HF growth, which last for 1 yr
We investigated the effect of epidermal CD98hc deletion in 
young adult mice in vivo. To do so, 4OHT was applied to 
the dorsal skin of 19-d-old mice for six treatments (Fig. 1 C). 
Such an early start treatment was chosen to ensure comple-
tion of 4OHT application before the first synchronous hair 
growth of adult life (Alonso and Fuchs, 2006) and, thus, to 
achieve an optimal CD98hc deletion in the epidermis. As 
described earlier, CD98hc protein deficiency was confirmed 
in vivo. Strikingly, even though CD98hc interacts with 1 
integrins (Brakebusch et al., 2000; Raghavan et al., 2000) and 
was recently shown to regulate human keratinocyte adhesion 
in vitro (Lemaître et al., 2011), its loss in epidermis did not 
phenocopy the skin blistering, a consequence of a defect in 
cell adhesion, induced by 1 integrin epidermal deletion.

At the start of the first synchronous anagen phase, 4OHT-
treated K14-CreERT2; CD98hcfl/fl mice presented a drastic 
delay in HF growth (Fig. 1, B and E), which exceeded a 4-wk 
period (Fig. 1, F and G). To investigate the HF cycle defect in 
CD98hc-deficient mice, hematoxylin and eosin (H&E) stain-
ing of back skin was performed at different time points (Fig. 1 E, 
30 d post partum [dpp30]; Fig. 1 F, dpp51; and Fig. 1 G, dpp65). 
Although vehicle-treated skin appeared to be in full anagen at 
dpp30, 4OHT-treated skin had not yet initiated the anagen 
phase. At dpp51, the phenotype was dramatically aggravated, 
and only aberrant HF growth occurred in mutant mice. Finally, 

Finally, decrease in epidermal 1 integrin expression level 
is associated with aging, a phenomenon which is accentu-
ated in photo-exposed skin (Bosset et al., 2003; Giangreco 
et al., 2010).

The transmembrane protein CD98hc participates in amino 
acid transport and integrin signaling by interacting, in par-
ticular, with 1A integrin (Fenczik et al., 1997; Merlin et al., 
2001; Rintoul et al., 2002; Feral et al., 2005). CD98 is a 
heterodimer, in which a unique common heavy chain (4F2hc, 
CD98hc, SLC3A2) associates with one of several light chains 
composed of multiple membrane-spanning domains (Devés 
and Boyd, 2000). Expression of CD98hc in mammalian cells 
stimulates amino acid transport by promoting cell surface 
expression of the light chain (Mastroberardino et al., 1998). 
In addition to its role in amino acid transport, CD98hc in-
teracts with integrins and regulates their signaling proper-
ties (Fenczik et al., 1997, 2001; Chandrasekaran et al., 1999; 
Zent et al., 2000; Kolesnikova et al., 2001; Merlin et al., 
2001; Feral et al., 2005). Our studies and those of others 
have been instrumental in understanding how CD98hc phys-
ically and functionally interacts with integrins and regu-
lates their functions in vitro (Merlin et al., 2001; Rintoul 
et al., 2002; Henderson et al., 2004; Feral et al., 2005, 2007). 
Knockdown studies in human keratinocytes in vitro concluded 
the importance of CD98hc for cell adhesion and differ-
entiation by regulating 1 integrin trafficking (Lemaître  
et al., 2011).

Based on these in vitro studies, we hypothesized that con-
ditionally knocking out CD98hc specifically in basal kerati-
nocytes of the epidermis would result in similar adhesion 
defect phenotypes (i.e., blistering) as was shown for 1 inte-
grin mutant mouse models (described above). However, we 
now demonstrate that in vivo CD98hc gene ablation does 
not lead to a 1 integrin–mediated adhesion defect, in con-
trast to what has been shown in vitro. Instead, we show that, 
in an age-dependent manner, CD98hc deletion in basal ke-
ratinocytes induces a major hair cycle delay in young adult 
mice and impairs skin wound healing as a result of defects in cell 
proliferation and migration. Its disruption in basal kerati-
nocytes of the epidermis leads, in vivo, to aberrant integrin-
downstream signaling such as Src inhibition and persistent 
RhoA activation. We show that persistent RhoA activation 
is a result of both activation of the RhoA-specific guanine 
nucleotide exchange factor (GEF) AHRGEF12/leukemia-
associated RhoGEF (LARG) and accumulation of reactive 
oxygen species (ROS), as a consequence of an amino acid 
transport defect. Our findings demonstrate that, because of 
its crucial in vivo role in cell proliferation and migration, CD98hc 
provides keratinocytes with a selective advantage when these 
cells need to be efficiently and massively recruited, in par-
ticular with high epidermal renewal (hair growth and wound 
healing). Consistently, its expression is reduced in aged epi-
dermis. In conclusion, we show that the in vivo role of CD98hc 
in keratinocytes is not in cell adhesion but, instead, in cell pro-
liferation and migration through modulating integrin signaling 
by the Src–RhoA pathway.
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delay in anagen induction rather than HF loss (Fig. 1 E). Hair 
growth delay was confirmed by evaluating the expression levels 
of well described full anagen markers (Estrach et al., 2006), 
using qPCR, on 4OHT- and vehicle-treated skin samples 

at dpp65, control skin reached resting phase, whereas 4OHT-
treated skin displayed many aberrant HFs. Comparison of HF 
numbers per surface area at dpp30 versus dpp65, in 4OHT- and 
vehicle-treated mice, indicated that CD98hc deletion results in a 

Figure 1. CD98hc deficiency in the epidermis of young adult mice results in major hair growth delay. (A) Immunohistochemical analysis of 
human foreskin with antibody against CD98hc, showing a strong expression in the basal keratinocyte layer (bar, 125 µm). (B) K14-CreERT2; CD98hcfl/fl 
mice, treated with vehicle or 4OHT, at dpp30. (C) Young adult mice treatment protocol. (D) Genomic DNA PCR reaction on dermis and epidermis isolated 
from 4OHT- and vehicle-treated K14-CreERT2; CD98hcfl/fl mice. (E–G) Histological images of back skin sagittal sections from a mouse at dpp30 (E; n = 15 
per group), dpp51 (F; n = 4 per group), and dpp65 (G; n = 6 per group) with epidermal deletion of the CD98hc gene (4OHT) versus an age-matched con-
trol (Cont; bars: [E] 125 µm; [F and G] 50 µm). (H) Immunofluorescence analysis of mouse skin with epidermal deletion of the CD98hc gene (4OHT) versus 
control (Cont) at dpp30 with antibody against CD98hc (bars, 50 µm).
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K14-CreERT2; CD98hcfl/fl by Ki67 staining (Fig. 2 D), which 
revealed major in vivo cell proliferation impairment in 
CD98hc-deficient epidermis compared with controls. In ad-
dition, as determined by TUNEL assay in skin sections, no 
increase in the apoptosis of HF keratinocytes was observed in 
CD98hc-deficient epidermis (unpublished data). Finally, HFs 

(dpp30; Fig. 2 A). The expression pattern of keratinocyte  
differentiation markers cytokeratin 10 (K10) and involucrin 
(Fig. 2, B and C) was normal in CD98hc-null epidermis.

HF cycle relies on a fine balance between proliferation 
and apoptosis of HF keratinocytes. Thus, we further analyzed 
the defect in HF growth and in anagen entry in 4OHT-treated 

Figure 2. Hair growth defect in CD98hc-deficient epidermis extends beyond 1 yr with major proliferation impairment. (A) Quantitative  
RT-PCR of full-hair growth markers from K14-CreERT2; CD98hcfl/fl mice with epidermal deletion of the CD98hc gene (4OHT) versus control (Cont, treated 
with vehicle), at dpp30. n = 5 per group. Data are shown as mean ± SEM. **, P < 0.01; ***, P < 0.001. GAPDH mRNA level was used as a housekeeping gene 
(not depicted). (B and C) Immunofluorescence analysis of mice skin with epidermal deletion of the CD98hc gene (4OHT) versus control (Cont) at dpp65 
with antibody against cytokeratin 10 (B) or involucrin (C). Bars, 50 µm. (D) Immunofluorescence analysis of mice skin with epidermal deletion of the 
CD98hc gene (4OHT) versus control (Cont) at dpp30 with antibody against proliferation marker Ki67. Visualization of nuclei by DAPI staining. Bars, 50 µm.  
(E) Long-term consequence of early CD98hc deletion in epidermis. Treated area with 4OHT or vehicle (cont) from 1-yr-old K14-CreERT2; CD98hcfl/fl mice.
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CD98hc loss in epidermis of elderly mice induces  
a restricted effect on in vitro self-renewal ability
During aging, epidermal renewal decreases (Levy et al., 2007). 
Because CD98hc plays a major role in epidermal homeostasis 

only partially recovered and supported hair growth 1 yr after 
CD98hc deletion in the epidermis (Fig. 2 E). Thus, HF cycle de-
fects strongly suggest a major role for CD98hc in preserving the 
proliferative function of basal keratinocytes localized in the bulb.

Figure 3. CD98hc deficiency in the epidermis of elderly mice presents a restricted defect in self renewal ability in vitro. (A) Elderly mice 
treatment protocol. (B) CD98hc staining analysis on back skin sections from mice at 18–22 mo of age treated with either 4OHT or vehicle (Cont). Bars,  
50 µm. (C) Histological images of back skin sagittal sections from mice at 18–22 mo of age treated with either 4OHT or vehicle (Cont). (D and E) Immuno-
fluorescence analysis of mice skin with epidermal deletion of the CD98hc gene (4OHT) versus controls (Cont) with antibody against cytokeratin 10 (D)  
or involucrin (E). n = 4 per group (bars, 50 µm). (F) CFE evaluation, by quantification of clone numbers, using primary keratinocytes from the dorsal  
epidermis of vehicle- (Cont) and 4OHT- treated elderly K14-CreERT2; CD98hcfl/fl mice (mean ± SEM, n = 6 per group). ***, P < 0.001. (G) Relative membrane 
expression level of CD98hc protein measured by FACS on primary keratinocytes isolated from WT young (2–3 mo old) and elderly (18–20 mo old) mice 
(mean ± SEM, n = 5 per group). ***, P < 0.001. (H) Immunohistochemical analysis of human epithelial samples at different times, newborn (n = 4), 40 yr 
old (n = 2), and 80 yr old (n = 7) with antibody against CD98hc (bars, 125 µm).
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epidermis mice displayed no visible aberrant phenotype and 
were grossly indistinguishable from WT controls (Fig. 3,  
B and C). Immunofluorescent staining of K10 and involucrin 
on skin sections revealed normal expression pattern in 4OHT-
treated mice (Fig. 3, D and E, respectively). Although collec-
tively these results seem to indicate that CD98hc is dispensable 
for normal epidermal homeostasis in elderly mice, in vitro 
clone formation efficiency of elderly 4OHT-treated keratino-
cytes was 2.5× less than vehicle-treated ones (Fig. 3 F) .

of young adult mice, we sought to investigate the effect  
of CD98hc epidermal deletion in elderly mice. To do so, 
18–22-mo-old mice were treated with either 4OHT or vehicle. 
2 wk after the last treatment, skin was isolated (Fig. 3 A). Effi-
cient and specific CD98hc deletion in basal keratinocytes  
of 4OHT-treated skin was confirmed by immunofluorescence 
staining (Fig. 3 B). Similarly to young mice, no 1 integrin– 
related adhesion defect was observed in vivo in CD98hc-null 
epidermis compared with WT (Fig. 3 C). Elderly CD98hc-null 

Figure 4. CD98hc deletion impairs wound healing in vivo. (A) Wound closure from 5-mm punch on vehicle- (Cont) or 4OHT-treated skin of K14-CreERT2; 
CD98hcfl/fl mice over 5 d. (B) Graph representing the wound area measured at different time points after wounding (days 0, 3, 5, 7, and 10) from back skin of 
vehicle (Cont) or 4OHT-treated K14-CreERT2; CD98hcfl/fl mice (n = 3 minimum per group and per genotype). (C) Long-term effect of CD98hc deficiency in the 
epidermis during wound closure, as described above, of 1-yr-old K14-CreERT2; CD98hcfl/fl mice over 5 d (n = 5 for vehicle and n = 4 for 4OHT). (D) Graph rep-
resenting the wound area measured at different time points after wounding (days 0, 3, 5, 7, and 10) from 1-yr-old back skin of vehicle (Cont) or 4OHT-treated 
K14-CreERT2; CD98hcfl/fl mice to quantify long term effect of CD98hc deficiency in the epidermis during wound closure. (E) Immunofluorescence analysis of 
CD98hc expression on unwounded and wounded (day 5) sections from long-term-treated mice. Bars 50 µm. (F) H&E-stained sections depicting wound clo-
sure at 7 d after wounding in vehicle- (Cont) or 4OHT (4OHT)-treated skin from K14-CreERT2; CD98hcfl/fl mice. Arrowheads indicate the border of the wound, 
and white arrows point to the edges of migrating epidermal tongues (note that WT epidermis is already fully closed). Bars, 200 µm. (G) Measurement of heal-
ing rate (wound closure) at days 2 and 5 after wounding, from histological images of 4OHT- (open bars) versus vehicle (black bars)-treated skin of K14-CreERT2; 
CD98hcfl/fl mice. Depicted are the means ± SEM of six wounds per time point pooled from two experiments. ***, P < 0.001.
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the role of CD98hc during wound closure, the backs of 
young mice (in resting phase, 8 wk old) were treated for 10 d 
with either vehicle or 4OHT, and then 5-mm punch biopsies 
were generated at the end of the treatment (Fig. 4, A and B). 
To avoid any effect of hair growth on healing, skins were in 
resting phase (telogen) at the time of wounding. In control 
mice, efficient closure of open wound area was observed in the 
early phase of healing (sixfold from days 0 to 5). In contrast,  
it was limited to 1.3-fold in CD98hc-deficient epidermis.  
Incomplete wound closure was observed in CD98hc-null 
mice as late as day 10, whereas full healing was achieved in 
controls. These data were consistent with wound closure  
kinetics assessed by measuring the distance between the 
wound edges, which revealed that, at day 5, wound closure in 
CD98hc-null epidermis was twofold less efficient compared 

Importantly, we observed a threefold reduction in CD98hc 
expression levels in WT basal keratinocytes in elderly (18–20 mo 
old) mice compared with young (2–3 mo old) mice (Fig. 3 G), 
which correlated with a 1.5-fold decrease of in vitro self-renewal 
ability of WT keratinocytes (comparison of Cont in Fig. 3 F vs. 
Fig. 7 B). Importantly, we found that CD98hc expression in  
human skin also decreases with aging specifically in keratinocytes 
(Fig. 3 H). These data seem to indicate that CD98hc participates 
in self-renewal capacity in a dose-dependent manner.

CD98hc is required for rapid and efficient repopulation  
of wounded epidermis
In response to wounding, basal keratinocytes from the wound 
edge migrate and proliferate to rapidly repopulate the bed of 
the wounded epidermis (Schäfer and Werner, 2007). To test 

Figure 5. CD98hc deletion does not  
affect the inflammation response, matrix 
deposition, or integrin expression during 
wound healing. (A, B, and C) Immunofluores-
cence analysis of back wound sections at day 
5 with specific antibodies for basal membrane 
protein (laminin 332, lam5; A), 6 (6; B), and 
1 integrins (C). Bars, 50 µm. (D) Quantifica-
tion of the area covered by MAC2-positive 
cells in the granulation tissue. Depicted are 
the means ± SEM (n.s., not significant).  
(E) Immunofluorescence analysis of dendritic 
epidermal T cells (DETCs) on epidermal sheets 
isolated from ear punches from K14-CreERT2; 
CD98hcfl/fl mice (4OHT- or vehicle-treated). 
Insets represent magnified images of the 
stained area. Bars, 50 µm.
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limited long-term effects observed in these 4OHT-treated 
mice, during both wound repair (Fig. 4, C and D) and HF  
regrowth (Fig. 2 E).

In addition to basal keratinocyte proliferation and migra-
tion at the wound site, optimal epidermal healing relies on 
appropriate inflammation and proper synthesis, cross-linking, 
and alignment of extracellular matrix proteins to provide 
strength to the healing tissue (Gosain and DiPietro, 2004;  
Mathieu et al., 2006). Besides, given CD98hc role in regulat-
ing integrins, we also performed immunostaining for inte-
grins. Notably, no difference in deposition of the matrix 
protein laminin332 (Fig. 5 A, lam5), in integrin expression 

with controls (Fig. 4, F and G). Long-term consequences  
of CD98hc deletion on wound healing were determined by 
performing similar punch experiments 1 yr after the 4OHT 
or vehicle treatment on back skin (Fig. 4, C and D). Notably, it 
seems that long-term CD98hc deletion has only a limited 
effect on wound repair, as 4OHT-treated mice healed as ef-
ficiently as vehicle-treated ones. By performing CD98hc  
immunofluorescent analysis on the back skin of these mice  
(1 yr after the 4OHT or vehicle treatment), we noticed the 
presence, in patches, of CD98hc-expressing keratinocytes in 
4OHT-treated skin, in particular during wounding healing 
(Fig. 4 E). The contribution of these cells could explain the 

Figure 6. CD98hc is required for rapid and efficient epidermal proliferation and migration in vivo. (A) Determination of proliferation state of 
the reepithelializing wounds by area measurement of hyperproliferative epithelium of 4OHT- (white bars) versus vehicle (black bars)-treated skin of K14-
CreERT2; CD98hcfl/fl mice at day 5 after wounding. n = 6 per group. Depicted are the means ± SEM. *, P < 0.05. (B) Immunofluorescence analysis with Ki67 
antibody of mice skin treated with either vehicle (Cont) or 4OHT, 5 d after wounding. Cells were costained with DAPI to indicate total number of cells 
present. Bars, 50 µm. (C) Quantification of Ki67-positive cells in wound bed, determined by counting total number of Ki67-positive cells per field (n = 6 
per group, means ± SEM). ***, P < 0.001. (D) Evaluation of epidermal migration by measuring the length covered by the migrating tongues of vehicle- 
(black bars) versus 4OHT (open bars)-treated skin of K14-CreERT2; CD98hcfl/fl mice at day 5 after wounding (n = 6 per group, means ± SEM). *, P < 0.05.
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Keratinocyte proliferation and migration  
during reepithelialization is CD98hc dependent
Wound reepithelialization is a crucial step in healing process 
in which the injured area is lined with a protective neo epi-
thelium (Martin, 1997; Singer and Clark, 1999). Keratinocyte 
proliferation and migration are early events in reepitheli-
alization. Histological examination revealed that CD98hc-null 
keratinocytes are impaired in their capacity to reepithelial-
ize (Fig. 4, F and G), which, according to measurement of 

and epitope localization (Fig. 5, B [6] and C [1]), or  
in inflammation response (Fig. 5, D and E) was observed in 
CD98hc-deficient epidermis with respect to control epi-
dermis, excluding a CD98hc-induced defect in matrix re-
modeling or inflammation during epidermal repair. Altogether, 
these results disclose that epidermis relies on CD98hc ex-
pression for efficient and rapid healing in vivo and suggest 
that it could be via the role of CD98hc in both cell prolifer-
ation and migration.

Figure 7. CD98hc is required for efficient keratinocyte proliferation and migration in vitro. (A) Primary keratinocytes from the dorsal epidermis of 
vehicle- (Cont) and 4OHT (KO)-treated K14-CreERT2; CD98hcfl/fl mice were isolated and plated at clonal density. Dishes were stained with rhodamine blue after 
2 wk of culture. (B) Evaluation of CFE by quantification of clone numbers ± SEM, n = 10 per group. ***, P < 0.001 (left). Analysis of clone types according to 
the size of the colonies is also represented as percentage of total clones. Depicted are the means ± SEM (n.s., not significant). *, P < 0.05; ***, P < 0.001 (right).  
(C) Adhesion capacity of freshly isolated primary basal keratinocytes on type I collagen at different time points. (D) CD98hc and tubulin expression levels, 
evaluated by Western blot, from cells used in migration assay. (E) 1 and 4 integrin expression level by flow cytometric analysis on primary keratinocytes 
isolated from the dorsal epidermis of vehicle- (Cont) and 4OHT (KO)-treated K14-CreERT2; CD98hcfl/fl mice. (F) In vitro migration of 4OHT-treated keratinocytes 
isolated from no cre; CD98hcfl/fl and K14-CreERT2; CD98hcfl/fl mice 24 h after scratching. Insets are magnified images of each field (bars, 100 µm).
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defects as a result of 1 epidermal loss. Because, in the skin, 
Src/FAK signaling acts downstream 1 integrins (Meves et al., 
2011), we investigated whether deletion of CD98hc in the 
epidermis affects 1 integrin downstream signaling and, in par-
ticular, Src activation in vivo during wound healing (Fig. 8 A). 
Tail skin was wounded to obtain sufficient tissue lysate for 
biochemical measurements. After wounding, tail skins were 
freshly isolated at different time points and used to evaluate 
c-Src phosphorylation at tyrosine 416. During wound heal-
ing, an overall decrease in Src phosphorylation was ob-
served in CD98hc-null epidermis compared with control 
skin (Fig. 8 A, pSrcY416). Src activation occurs either by de-
phosphorylation of Y527 or by direct competition to the 
binding of its SH2 domain with Y527. Thus, to investigate 
further how Src might be regulated, we examined Src phos-
phorylation on inhibitory site Y527, which revealed a similar 
signal between control and 4OHT skins (Fig. 8 A, pSrcY527). 
Instead, we found that FAK phosphorylation at Y397 is  
impaired in 4OHT skins compared with controls. This may 
explain how Src is differentially regulated during wound heal-
ing because phosphorylation of FAK on Y397 creates a very 
high affinity binding site for Src SH2 domain that can directly 
trigger Src activation (Schaller et al., 1994, 1999). Alto-
gether, these data strengthen the idea that CD98hc acts as a 
modulator of integrin function in vivo during the early events 
of integrin signaling.

CD98hc deficiency induces a persistent in vivo activation  
of RhoA and its upstream activator AHRGEF12/LARG  
during wound healing and HF growth
Wound reepithelialization is achieved by migration of ke-
ratinocytes over the wound bed, which requires extensive 
remodeling of cell adhesion complexes and cell cytoskele-
ton. Such deep modifications at the cellular level have been 
associated with modulations of the activity of Rho pro-
teins (Tscharntke et al., 2007). This prompted us to monitor 
RhoA activity during epidermal wound healing in 4OHT-  
and vehicle-treated K14-CreERT2; CD98hcfl/fl mice. However, 
although RhoA activity has been routinely measured in vitro 
by GST–Rho binding domain (GST-RBD) pulldown assay 
(Ren and Schwartz, 1998), direct measurement of RhoA 
activity in vivo has rarely been reported. Here, we improved 
the GST-RBD pulldown assay to directly evaluate RhoA 
activity during in vivo wound closure. Whole skin from 
deboned tail was used; thus, contamination of the samples 
by dermis could not be avoided. To limit the extent of mea-
sured RhoA activity as a result of contraction of the dermal 
myofibroblasts, wounds were performed on the dorsum of 
the tail, an anatomical region which is naturally unable to 
contract (Falanga et al., 2004).

Before tail skin injury, RhoA activity was slightly higher 
in vehicle-treated K14-CreERT2; CD98hcfl/fl tails than in 
4OHT-treated counterparts (Fig. 8 B, day 0). After epidermal 
wounding, in control mice, RhoA activity was transiently 
down-regulated at day 3 after injury and then peaked at day 5 
before returning to basal levels at day 7 (Fig. 8 B, control). 

hyperproliferative epithelium areas (Fig. 6 A), is consistent 
with a major defect in cell proliferation. Proliferation defi-
ciency was confirmed in vivo by quantifying Ki67-positive 
cells on day 5 wounds (Fig. 6, B and C). Primary keratino-
cytes were also isolated from the back skin of both 4OHT-
treated K14-CreERT2; CD98hcfl/fl and CD98hcfl/fl mice, and 
identical numbers of cells were plated at clonal density on a 
feeder layer. Cells were grown for 2 wk and then fixed, stained, 
and quantified to determine their colony-forming efficiency 
(CFE; Fig. 7 A). CD98hc-deficient cells formed four times 
fewer clones than WT cells (Fig. 7 B, left); furthermore, a  
majority of them was abortive (Fig. 7 B, right). Abortive 
clones correspond to cells that had divided a maximum of 
approximately five times (i.e., fewer than 32 cells per colony), 
and by 14 d almost all of the cells had initiated terminal dif-
ferentiation (Jones and Watt, 1993). Moreover, we quantified 
the relative number of clones presenting a low level of prolif-
eration (1–2 mm2) and clones with high level of proliferation 
(>2 mm2; Jones and Watt, 1993; Fig. 7 B, right). We showed 
unequivocally that deletion of CD98hc decreases the propor-
tion of highly proliferative clones in favor of abortive clones. 
These results further strengthened the notion that CD98hc is 
crucial during keratinocyte proliferation in vitro and suggest 
that its absence influences keratinocyte differentiation. Con-
sistent with the in vivo phenotype, no adhesion defect was 
observed in CD98hc-null primary keratinocytes compared 
with controls, when plated on type I collagen (Fig. 7 C). 
CD98hc deletion was confirmed by Western blot analysis 
(Fig. 7 D). Given CD98hc’s role in modulating integrin func-
tion, integrin expression profiles were determined and no  
detectable modification could be observed in CD98hc-null 
versus control keratinocytes (Fig. 7 E).

Reepithelialization also relies on epidermal cell migration, 
which can be quantified in vivo by measuring the length of the 
epithelial tongues migrating from the edges of the wound. In 
CD98hc-null epidermis, measurements highlighted an in vivo 
migration defect, evaluated as a 1.7-fold inhibition compared 
with control epidermis (Fig. 6 D). Control and CD98hc-KO 
primary keratinocyte monolayers were also injured in vitro using 
a mechanical scratching device previously used to recapitulate 
aspects of skin wound reepithelialization (Turchi et al., 2002). 
Control keratinocytes started to migrate into the scratched 
cell–free surface of the dish as early as 4 h, which was totally 
filled 24 h later (Fig. 7 F). In contrast, CD98hc-null primary 
keratinocytes displayed a drastically reduced migration, at all 
time points tested, up to 24 h (Fig. 7 F). Thus, altogether these 
results demonstrate that wound reepithelialization delay in vivo 
in mice deficient for CD98hc in basal keratinocytes is a result 
of decreased proliferation and migration.

CD98hc-deficient epidermis displays a strong  
in vivo c-Src activation defect
CD98hc deletion in vitro impairs integrin-dependent func-
tions, in particular as a result of a FAK phosphorylation defect 
(Feral et al., 2005, 2007). We now show that CD98hc ab-
sence in the epidermis in vivo does not phenocopy adhesion 
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Figure 8. CD98hc is necessary for proper activation of Src and regulation of RhoA activation in vivo, during wound closure. (A) Representa-
tive Western blot analysis of pY416, pY527 Src, total Src, and p397 FAK in total skin sample lysates isolated from vehicle (control) versus 4OHT treated 
K14-CreERT2; CD98hcfl/fl mice at indicated time points after wounding. The experiment was repeated twice (two wounds per time point and per group).  
(B) Representative in vivo RBD assay directly measuring RhoA activity (GTP-RhoA) during wound closure from vehicle (control) versus 4OHT-treated skin 
of K14-CreERT2; CD98hcfl/fl mice at indicated time points after wounding. Total RhoA is also presented. The experiment was repeated three times (two 
wounds per time point and per group). (C) Quantification of in vivo AHRGEF12/LARG activity, by GST-RhoA 17A pulldown assay, in total skin sample  
lysates isolated from vehicle (Control) versus 4OHT-treated K14-CreERT2; CD98hcfl/fl mice during wound healing (n = 2 in each group per time point). Control 
only is plotted on the right. (D and E) Quantification of in vivo RhoA and AHRGEF12/LARG activities by GST-RBD and GST-RhoA 17A pulldown assay,  
respectively, in total skin sample lysates isolated from vehicle (control) versus 4OHT-treated K14-CreERT2; CD98hcfl/fl mice at dpp30 (full hair growth; n = 6  
in each group). *, P < 0.05. (F) Determination of intracellular ROS levels using dichlorofluorescein (DCF), measured by flow cytometry. The percentage of 
positive cells is represented. Data show means of two independent experiments ± SEM. (G) Total levels of protein oxidation were measured in vivo using 
Oxyblot. A representative Western blot displays one pair of mice (n = 2 for each group). (H) Representative in vitro RBD assay from WT (control) versus 
CD98hc-deficient (CD98hc/) murine embryonic fibroblasts, pretreated (+) or not () with 10 µM H2O2. Total RhoA is also presented.
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Surprisingly, in 4OHT-treated K14-CreERT2; CD98hcfl/fl 
mice that displayed a major defect in wound healing, RhoA 
activity was persistently higher from days 3 to 7 after wound-
ing, with no apparent regulation (Fig. 8 B, 4OHT).

Mechanistically, Rho proteins cycle between an active 
GTP-bound and an inactive GDP-bound conformation, gen-
erally upon activation or inactivation by RhoGEFs and Rho 
GTPase activating proteins (GAPs), respectively. Because 
RhoA is persistently activated during epidermal wound 
healing in 4OHT-treated K14-CreERT2; CD98hcfl/fl mice, 
we sought to identify its upstream active RhoGEFs during 
wound repair. Therefore, we performed unbiased in vivo 
nucleotide-free GST-RhoA 17A pulldowns on lysates from 
wounded mouse tails to trap and identify active RhoA-specific 
GEFs during wound repair (García-Mata et al., 2006; Dubash 
et al., 2007). In brief, GST-RhoA 17A precipitates were  
resolved by SDS-PAGE and differentially regulated bands 
were excised from the gel and analyzed by trypsin digestion 
coupled to LC-ESI-MS/MS. In summary, a band of an approxi-
mate size of 180 kD was identified as AHRGEF12/LARG by 
sequencing of seven distinct peptides (Table S3) and a band  
of 100 kD was identified as AHRGEF1/p115 RhoGEF by 
sequencing of three peptides, two of which were overlapping. 
To confirm the identity and regulation of those RhoGEFs, 
we performed nucleotide-free GST-RhoA 17A pulldowns 
that were analyzed by SDS-PAGE and Western blotting.  
Although we could not confirm p115 RhoGEF activation, 
we were able to detect and measure LARG activation in vivo 
during mouse tail epidermal wound healing. We observed 
that in 4OHT-treated K14-CreERT2; CD98hcfl/fl mice, 
LARG was activated to a much higher level than in control 
mice, up to 23-fold at day 7 after wounding (Fig. 8 C), sug-
gesting that LARG might be responsible, at least in part, for 
persistent RhoA activation downstream of CD98hc during 
epidermal wound healing. Because p115 RhoGEF activation 
could not be confirmed by Western blotting in repeated  
experiments and was identified by only three peptides by LC-
ESI-MSMS, this would suggest, rather, that detection of p115 
RhoGEF was artifactual by some means and not relevant to 
RhoA regulation by CD98hc during wound repair. Alterna-
tively, we also performed, in a similar fashion, GST-RhoA 
63L pulldowns to detect and identify active RhoGAPs but 
we were unable to detect any differentially regulated bands.

In parallel, we also assessed RhoA and LARG activation 
in vivo during HF growth and found that both RhoA and 
LARG activities were higher in 4OHT- than in vehicle-
treated epidermis (Fig. 8, D and E). In conclusion, by im-
proving the pulldown assays, we manage to reveal a striking 
deregulation in RhoA activity and its upstream regulator, 
LARG, in the absence of CD98hc during wound healing 
and hair growth.

CD98hc deficiency also induces amino acid transport-
dependent RhoA activation via the accumulation of ROS
Besides its role of integrin signaling modulator, CD98hc can 
associate with specific light chains to regulate amino acid 

transport. In particular, system xc is a cystine-glutamate ex-
change transporter composed of the xCT subunit (SLC7A11) 
and CD98hc. Therefore, CD98hc deficiency induces a com-
plete loss of light chain expression at the cell surface. Expres-
sion of the xc system at the cell surface is essential for the 
uptake of cystine required for intracellular glutathione (GSH) 
synthesis, which makes it an important determinant of intra-
cellular redox balance (Lo et al., 2008). Indeed, it turns out 
that ROS are direct regulators of RhoA activity, indepen-
dently of any other regulatory proteins such as RhoGEFs for 
instance (Aghajanian et al., 2009). Therefore, we sought to 
assess whether CD98hc depletion could also regulate RhoA 
via ROS, and we used both in vitro and in vivo assays to eval-
uate ROS intracellular levels in CD98hc-null epidermis and 
relate this to RhoA activity. As a first approach, previously 
generated CD98hc knockout and control murine embryonic 
fibroblasts from CD98hcfl/fl mice were stained using the redox-
sensitive dye DCF-DA, followed by FACS analysis to quan-
tify intracellular ROS levels. Approximately 45% of CD98hc 
KO cells showed high ROS levels, compared with 10.4% in 
WT controls (Fig. 8 F). Accumulation of ROS in null cells was 
efficiently rescued in CD98hc reconstituted null cells (10.6%; 
Fig. 8 F, rescue). In addition, oxidative damage to proteins 
(carbonyl formation) was assessed in vivo by Western blotting 
to measure ROS damage. ROS-mediated carbonylation of 
proteins in 4OHT-treated K14-CreERT2; CD98hcfl/fl skin 
was found to be sensibly higher than in vehicle-treated skin 
(Fig. 8 G, CD98hc/ vs. Cont), strengthening the notion 
that ROS levels are elevated in CD98hc-null tissues and cor-
related with high RhoA activity.

Finally, we assessed whether the increase of intracellular 
ROS had any effect on RhoA activation in WT and CD98hc-
null cells by treating cell cultures with highly ROS such as 
hydrogen peroxide (Fig. 8 H). As expected, treatment with  
10 µM hydrogen peroxide for 10 min triggered RhoA activation 
in control cells. In contrast, in CD98hc-null cells, in which 
basal RhoA activity was already equivalent to that of H2O2-
treated controls, H2O2 treatment was ineffective, suggesting 
that, in these cells, ROS levels were already at their maximal 
level. Collectively, these results demonstrate that the sustained 
in vivo activation of RhoA in CD98hc-null cells is mediated by 
both RhoGEF regulation, most likely via CD98hc-dependent 
integrin signaling, and by intracellular accumulation of ROS 
caused by an amino acid transport defect.

DISCUSSION
CD98hc expression, first reported in both basal keratino-
cytes (Patterson et al., 1984) and HF epithelium (Fernández-
Herrera et al., 1989), was then correlated to cell proliferation in 
epidermis and several other epithelial tissues (Devés and Boyd, 
2000). Although studies of cultured keratinocytes have con-
cluded that CD98hc is an important regulator of keratinocyte 
adhesion and differentiation (Lemaître et al., 2011), its possible 
role in epidermal homeostasis in vivo remains an open ques-
tion. Using young adult mice, we show here that CD98hc 
sustains hair regeneration and efficient wound healing by 
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this notion even further and suggest that CD98hc itself could 
participate in aging via its role as integrin signaling modula-
tor. Thus, CD98hc status in vivo could be an indicator of the 
capacity of the skin to regenerate.

Remodeling of cell adhesion complexes and cytoskeleton 
is essential for migration of keratinocytes during epidermal 
repair. This requires an appropriate regulation of Rho GT-
Pases (Tscharntke et al., 2007). Moreover, Rac1 deletion in 
basal keratinocytes induces defects in HF organization and HF 
cycle, pointing out a general role for small GTPases in the 
regulation of cell behavior during both tissue homeostasis and 
repair (Benitah et al., 2005; Chrostek et al., 2006). In light of 
the phenotype expressed by the selectively deleted CD98hc 
mice, in vivo integrin-dependent signals that support cell mi-
gration during hair growth and wound closure were investi-
gated. Direct assessment of RhoA activity during wound 
healing required improvement of the classical GST-RBD 
pulldown assay and adaptation to in vivo conditions. Indeed, 
in vivo studies on Rho GTPases have usually been performed 
using murine transgenic dominant-negative or full knockout 
models (Tscharntke et al., 2007), which provides physiologi-
cally limited information because these approaches may affect 
intrinsic Rho protein regulation (Boulter et al., 2010). In con-
trast, in our case, RhoA activity was measured in vivo without 
altering the intrinsic physiology of the animal model.

Interestingly, in agreement with mechanisms described for 
collective cell migration (Ilina and Friedl, 2009), we show 
that RhoA is persistently activated in the absence of CD98hc 
during both wound closure and HF growth. We identi-
fied, from biochemical experiments performed on mice,  
AHRGEF12/LARG and AHRGEF1/p115 RhoGEF as the 
RhoGEFs activated in the absence of CD98hc. However, only 
LARG activation could be confirmed by Western blotting. 
LARG and p115 RhoGEF, together with PDZ RhoGEF, are 
members of the RGS-GEF family of RhoGEFs. These GEFs 
have a classical DH-PH tandem domain that regulates nucleo-
tide exchange on Rho proteins as well as an N-terminal RGS 
domain which enables their regulation by GPCRs (Suzuki  
et al., 2003; Rossman et al., 2005). Indeed, LARG has been 
established as one of the GEFs responsible for RhoA activa-
tion downstream of integrin ligation to fibronectin (Dubash  
et al., 2007), and it is therefore not surprising that we find it 
regulated upon loss of CD98hc, a crucial regulator of integrin 
signaling. Nevertheless, at this point, we do not know how 
CD98hc regulates LARG. It was recently shown that Fyn may 
stimulate LARG activity downstream of integrins (Guilluy  
et al., 2011), but we observe, rather, an inhibition of Src family 
kinases upon loss of CD98hc in our experimental model, 
which suggests that LARG has to be activated by other means. 
These may possibly include phosphorylation by kinases such 
as PKC or FAK, for instance (Chikumi et al., 2002; Disatnik 
et al., 2002; Suzuki et al., 2003; Dovas et al., 2006), as well as 
regulation of LARG homodimerization by CD98hc, which 
has long been known to regulate its activity (Chikumi et al., 
2004). Further molecular investigations, in vitro, in cell culture 
should be performed to dissect this regulation. Regarding 

maintaining basal keratinocyte in vivo functions as crucial as 
cell proliferation and migration. These defects evoke age-related 
alterations. Consistently, CD98hc expression level is reduced 
in elderly murine and human skin similarly to epidermal  
1 integrin, strongly suggesting that CD98hc itself could par-
ticipate in changes associated with aging. Although deletion 
of CD98hc in the epidermis in vivo has no effect on cell  
adhesion, its deficiency decreases Src activation (Tyr416) and 
induces a sustained RhoA activation, along with strong acti-
vation of the Rho GEF LARG, during epidermal homeostasis 
and wound repair in young mice. We also show that impaired 
amino acid transport caused by the absence of CD98hc is in-
volved in sustained RhoA activation in vivo. Altogether, our 
results clarify the role of CD98hc in the integument in vivo 
and unveil novel unsuspected functions in basal keratinocyte 
biology during aging.

Although human cultured keratinocytes were reported to 
depend on CD98hc to regulate cell adhesion and differentia-
tion in vitro (Lemaître et al., 2011), our data clearly show that 
CD98hc-deficient keratinocytes preserve their adhesion 
capacity both in vivo in the murine epidermis and in vitro  
in mouse primary keratinocytes. The discrepancy of cell adhesion 
behavior in vitro can be explained by the fact that, although 
we used homologous recombination deletion of CD98hc  
in vivo, followed by primary keratinocyte isolation and culture, 
Lemaître et al. (2011) performed their experiments on cul-
tured human keratinocytes, isolated from neonatal foreskin 
and nucleofected with specific CD98hc shRNA. Both cell 
provenance and gene invalidation techniques used could ex-
plain this apparent divergence. Despite these studies on human 
cultured keratinocytes, our data clearly indicate that CD98hc 
is dispensable for cell adhesion in vivo.

Similarly, and although CD98hc binds 1 integrin, CD98hc 
absence in the epidermis does not phenocopy 1 epidermal 
deletion, in particular skin blistering. Our results suggest that 
in vivo CD98hc is expandable to 1 integrin activation in 
the epidermis, which makes CD98hc unnecessary to cell ad-
hesion in vivo. Expression levels of integrins are also main-
tained in the absence of CD98hc in basal keratinocytes. 
Altogether these results are in good agreement with our pre-
vious in vitro data on embryonic stem cell–derived fibroblasts. 
Thus, our data identify CD98hc as a relevant integrin signal-
ing mediator in the epidermis in vivo, rather than a 1 integrin–
dependent cell adhesion regulator as shown in vitro on 
cultured human keratinocytes (Lemaître et al., 2011). Our data 
also suggest that during wound closure, CD98hc, which is 
involved in integrin outside-in signaling, participates in Src 
activation and regulation of RhoA. These results reinforce 
the concept by which CD98hc is a significant integrin signal-
ing mediator in the epidermis in vivo.

Changes induced by skin aging are associated with reduced 
expression of 1 integrin. Previous studies seem to indicate 
that this progressive expression decrease alters epidermis via 
defects in integrin signaling rather than cell adhesion (Bosset 
et al., 2003; Giangreco et al., 2010). Our data showing a sim-
ilar reduction of CD98hc expression during aging strengthen 
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massive and efficient contribution in skin homeostasis, in par-
ticular in the situation of high epidermal renewal phase (hair 
growth and wound healing). Indeed, in light of our results, 
CD98hc appears to be not a mere marker for epidermal pro-
liferative keratinocytes (Lemaître et al., 2005) but a crucial actor 
in skin homeostasis endowed with defined intrinsic functions. 
Our data, which are in agreement with previous studies 
showing dependence on CD98hc for proliferation of nonepi-
thelial cells (Cantor et al., 2009; Fogelstrand et al., 2009), further 
widen the notion that CD98hc expression provides cells  
with a profound selective advantage.

One implication of our work relates to the self-renewal 
of mammalian epithelia. CD98hc is highly expressed on the 
surface of epithelial cells of most embryonic and adult tissues, 
including epidermis, the choroid plexus in the brain and retina, 
and in intestinal, renal, and thymic epithelium (Nakamura 
et al., 1999; Rossier et al., 1999; Dave et al., 2004). CD98hc 
overexpression in intestinal epithelial cells induces gut ho-
meostatic defects linked to changes in cell proliferation and 
survival consequent to integrin signaling alterations (Nguyen 
et al., 2011). We now clearly demonstrate a crucial role for 
CD98hc in maintaining basal keratinocyte functions through-
out the epidermis, including IFE and HF, via its ability to 
mediate integrin signaling. Because most of the human ma-
lignancies arise in actively self-renovating sites of epithelial 
tissues (Sen et al., 2010), integrin signaling is thought to play 
an important role in formation and maintenance of epithelial 
cancers (White et al., 2004; Kass et al., 2007). Considering 
the physiological role of CD98hc in mammalian epithelial 
tissue formation and homeostasis, and the fact that enhanced 
expression of CD98hc epithelial neoplasias is indicative of 
malignant evolution (Cantor and Ginsberg, 2012), it could 
be hypothesized that novel studies on such a multifunctional 
protein would pave the way to new discoveries.

MATERIALS AND METHODS
Mice. All procedures were approved by the Institutional Animal Care and 
Use Committee at the University of Nice-Sophia Antipolis, Nice, France. 
CD98hc conditional null mice, CD98hcfl/fl (Féral et al., 2007), were crossed 
with K14-CreERT2 transgenic mice (gift of B. Stripp, Duke University Med-
ical Center, Durham, NC; Hong et al., 2004). Mixed background C57BL/ 
6-svJ129 K14CreERT2; CD98hcfl/fl mice have been backcrossed seven times 
onto the C57BL/6 backgrounds. All experiments were performed on both 
backgrounds (mixed and pure C57BL/6). For all in vivo and ex vivo experi-
ments, K14CreERT2;CD98hcfl/fl mice and age-matched CD98hcfl/fl littermate 
controls were used. To induce CD98hc deletion, mice were treated topically 
six times once a day every other day with 1.5 mg 4OHT (Sigma-Aldrich) on 
tails or shaved back skin. Importantly, mice were weaned at dpp19, when 
the first 4OHT treatment occurred. 4OHT was dissolved either in acetone 
or ethanol 100% without any noticeable effect.

Genomic DNA PCR. Genomic DNA was isolated from dermis, epider-
mis, or cultured keratinocytes by 1-h incubation at 100°C in 50 µl NaOH 
solution (25 mM NaOH/2 mM EDTA), followed by neutralization with 
50 µl Tris Solution (40 mM Tris-HCl). 100–500 ng of genomic DNA was 
used for PCR reactions using primers reported in Table S1. Primer pairs A/B 
allowed detection of WT and floxed allele (248 and 304 bp, respectively). 
CD98hc deletion was detected using A/F primers (recombinant allele 386 bp). 
Transgene K14CreER was detected by primers C/D (268 bp).

p115 RhoGEF, we were unable to confirm its activation by 
Western blotting and, therefore, we would restrain from draw-
ing any conclusion on its regulation by CD98hc. More sur-
prising, however, might be the fact that we did not find any 
RhoGAP differentially regulated, especially given RhoA 
overactivation and the regulation of several of them by in-
tegrins and cell adhesion (Arthur et al., 2000; Arthur and 
Burridge, 2001). Nevertheless, GST-RhoA 63L pulldown 
assays are designed to detect and measure active RhoGAPs 
(or increased activity) and, therefore, we cannot exclude the 
possibility that some RhoGAPs might be inactivated to and 
from levels that cannot be detected with that assay. Inciden-
tally, inactivation of RhoGAPs would further strengthen 
RhoA activation.

A recent work on yolk syncytial layer formation in zebra-
fish embryo shows that loss of CD98hc induces inhibition of 
Src and triggers the activation of RhoA (Takesono et al., 2012). 
The authors speculate that this specific regulation of RhoA 
would occur via the regulation of p190 RhoGAP by Src.  
Although our results show a similar effect of loss of CD98hc 
on Src phosphorylation and RhoA activation in the epider-
mis, we did not detect any inhibition of p190 RhoGAP using 
GST-RhoA 63L pulldown assays and were unable to un-
equivocally conclude on p190 RhoGAP regulation down-
stream of CD98hc. Nevertheless, this and the activation of 
RhoA by LARG do not preclude an effect of loss of CD98hc 
on p190 RhoGAP as well. Our data, together with Takenoso’s 
studies (Takesono et al., 2012), support the idea that the 
CD98–integrin–Src–RhoA signaling pathway may play an 
evolutionary well conserved and pivotal role in tissue devel-
opment and homeostasis. In conclusion, similarly to Livshits 
et al. (2012), we now show that not only Rho protein activity 
(RhoA and Rac1, respectively) but also RhoGEF activity can 
be measured biochemically in vivo during both skin homeo-
stasis and repair. Additionally, we show that loss of CD98hc 
induces an aberrant regulation of RhoA activity, most likely 
via its RhoGEF LARG, during wound closure and HF 
growth, two integrin-dependent biological processes.

Loss of CD98hc in the skin also highlights an atypical 
regulation of RhoA by ROS as the result of a defect in amino 
acid transport induced by CD98hc deletion. Besides the acti-
vation of the RhoA-specific GEF LARG during both hair 
growth and wound healing in vivo, we provide data clearly 
indicating that defects in CD98hc/xCT amino acid transport 
also participate in persistent RhoA activation. This RhoGEF-
independent modulation of RhoA does not impede its regu-
lation by LARG at the same time but highlights a role for 
both functions of CD98hc (amino acid transporter and inte-
grin signaling modulator) in epidermal homeostasis in vivo 
via the regulation of the small G protein RhoA.

Young mice epidermis presents an early boost of prolifera-
tion, with rapid tissue renewal cycles, in particular during the 
first synchronous hair growth of adult life. Along with skin 
aging, epidermis renewal slows down (Giangreco et al., 2008). 
The selective effect of CD98hc deletion on young versus old 
epidermis strongly suggests that CD98hc is required for a 
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GST-RBD and GST-RhoA 17A pulldown assays. RhoA activity was 
measured using a modified GST-RBD assay (Ren et al., 1999). In brief, 
mouse tails were harvested at the indicated days after wounding, deboned, 
and snap frozen in liquid nitrogen. For hair growth samples, back skin from 
mice at dpp30 was isolated and snap frozen. All murine samples were crushed 
in liquid nitrogen and thawed for 10 min in 50 mM Hepes, pH 7.4, 250 mM 
NaCl, 5 mM MgCl2, 1% Triton X-100, 0.1% SDS, 5 mM dithiothreitol 
(DTT), and mini EDTA-free protease inhibitors (Roche) at 4°C. Tissues 
were homogenized using a mechanical homogenizer for 10 s. Insoluble ma-
terial was removed by centrifugation for 10 min at 9,500 g and lysates were 
incubated for 40 min with 50 µg of immobilized GST-RBD to measure 
RhoA activity. Alternatively, to measure RhoA activity in cells, cells were 
lysed in the same buffer and cell lysates processed similarly.

Active RhoGEFs were trapped using a modified nucleotide-free GST-
RhoA 17A pulldown assay (García-Mata et al., 2006). In brief, mouse tails 
were harvested at the indicated days after wounding, deboned, and snap 
frozen in liquid nitrogen. Murine samples were crushed in liquid nitrogen 
and thawed for 10 min in 50 mM Hepes, pH 7.4, 250 mM NaCl, 5 mM 
MgCl2, 1% Triton X-100, 0.1% SDS, 5 mM DTT, 10 mM NaF, and mini 
EDTA-free protease inhibitors (Roche) at 4°C. Tissues were homogenized 
using a mechanical homogenizer for 10 s. Insoluble material was removed by 
centrifugation for 10 min at 9,500 g and lysates were incubated for 40 min 
with 50 µg of immobilized GST-RhoA 17A to measure RhoGEF activity. 
Alternatively, cells were lysed in 20 mM Hepes, pH 7.4, 150 mM NaCl,  
5 mM MgCl2, 1% Triton X-100, 1 mM DTT, 10 mM NaF, and mini 
EDTA-free protease inhibitors (Roche) at 4°C. Cell lysates were then pro-
cessed as mentioned previously.

LC-ESI-MSMS protein identification. Protein identification was per-
formed by Eurogentec. In brief, the analysis was performed on an LC (nona 
Ultimate 3000; Dionex)–ESI-ion trap (AMAZONE-Bruker), in positive 
mode. The samples were excised from 1D SDS-PAGE, reduced, alkylated, 
and digested in gel using trypsin. The peptide digests obtained were analyzed 
independently by LC-ESI-MSMS. Spectra were treated using Data analysis 
(version 3.0; Bruker). Databases searches were done on Protein Scape (Bruker) 
using xml, which was generated using the Compass AutomationEngine util-
ities (Bruker). The search was performed using the SwissProt database re-
stricted to the Mus musculus taxonomy.

Western blotting. SDS-PAGE and Western blots were performed as de-
scribed in Boulter et al. (2010). Anti-pSrc Y527, pSrc Y416, Src (36D10), 
and pFAK Y397 antibodies were from Cell Signaling Technology. The anti-
RhoA 26C4 antibody was from Santa Cruz Biotechnology, Inc.

ROS level measurements. ROS intracellular levels were measured using 
DCF-DA (Invitrogen). In brief, cells were plated and cultured in normal 
conditions. 48 h after plating, cells were washed once with HBSS, incu-
bated with 1 µM DCF-DA for 30 min at 37°C, and then harvested, washed 
in HBSS, and levels of intracellular fluorescence analyzed using a FACS-
Calibur (BD). For RhoA activity assessment, cells were plated and treated 
with 10 µM H2O2 for 10 min before performing the GST-RBD assay as 
previously described.

Protein carbonyl assay in vivo. Mouse back skins were harvested and 
snap frozen in liquid nitrogen. Murine samples were crushed in liquid nitro-
gen and thawed for 10 min in 50 mM Hepes, pH 7.4, 250 mM NaCl, 5 mM 
MgCl2, 1% Triton X-100, 0.1% SDS, 5 mM DTT, and mini EDTA-free 
protease inhibitors (Roche) at 4°C. Supernatants were assayed for protein 
content (BCA; Pierce) and 100 µg protein was assayed for protein carbonyls 
as per the manufacturer’s instructions (OxyBlot; Millipore).

Microscope image acquisition. The samples were observed using either 
Axiophot (epifluorescence; Carl Zeiss), or DM 4000B (histology; Leica), 
Axiovert 200M (live imaging; Carl Zeiss), or an LSM 5 EXCITER confocal 
microscope (dendritic epidermal T cell staining; Carl Zeiss). The objectives 

In vivo wound healing. 10 d after the last 4OHT treatment, mice were anes-
thetized by intraperitoneal injection of rodent cocktail (0.015 mg xylazine/ 
0.075 mg ketamine per gram of body weight). A full thickness wound was 
made using a dermal biopsy 5-mm punch on the back of shaved mice. Pic-
tures were taken at days 0, 3, 5, 7, and 10 and used for wound area quantifi-
cation. Mice were sacrificed at various time points during healing (n ≥ 3 per 
time point). Samples for paraffin-embedded and frozen processing were  
collected from the wounded area and the surrounding skin.

For tail wounding experiments, a week after the last 4OHT treatment, 
mice were anesthetized (see above). Mouse tail was partially excised using a 
blood lancet (23G) and four wounds were made at perpendicular angles on 
the entire length of the tail. Mice were sacrificed at various time points and 
tails were harvested.

To examine rounding of skin  T cells at the wound site, full-thickness 
wounds were generated in ears from K14-CreERT2; CD98hcfl/fl mice (4OHT- 
or vehicle-treated) using a 2-mm punch tool, and wounded tissue was harvested 
2 h later. Wounded ears were excised, peeled into halves, digested in 2 U/ml dis-
pase II (Sigma-Aldrich) for 40 min, and fixed in 2% paraformaldehyde. Epider-
mal sheets were stained with PE-conjugated anti- TCR (GL3eBioscience).

Histology and immunohistochemistry. Tissue samples (4-µm frozen 
sections and 7-µm paraffin-embedded sections) were processed and prepared 
for standard histological and immunohistochemical procedures (Estrach 
et al., 2006). Formalin-fixed paraffin sections were used for all histology 
except for CD98, Ki67, 6, and 1 integrins and laminin 332 immunostain-
ing, which were performed on frozen sections. Antibodies were: rabbit anti–
mouse involucrin (Covance), rabbit anti–mouse cytokeratin 10 (Covance), 
goat anti–mouse Ki67 (M-19; Santa Cruz Biotechnology, Inc.), rat anti- 
integrin 1 (MAB1997; Millipore), monoclonal anti-6 (GoH3; R&D Sys-
tems), rabbit anti–laminin 332 (SE144, gift of L. Gagnoux-Palacios, Institut 
National de la Sante et de la Recherche Medicale U634, Nice, France; Vailly 
et al., 1994), rat anti–mouse CD98 (clone RL388; eBioscience), rat anti–
mouse macrophage Mac 2 (clone CL8942 AP; Cedarlane), rat IgG2a isotype 
control (eBioscience), and Alexa Fluor 488– or 546–conjugated anti–rat, 
–mouse, –goat, or –rabbit (Invitrogen).

qPCR/RNA preparation. RNAs were extracted from back skin samples 
using TRIzol reagent (Gibco). Reverse transcription was performed on total 
RNA using Superscript II reverse transcription (Invitrogen) according to the 
manufacturer’s instructions. Sets of specific primers (Table S2) were used for 
amplification using the 7900HT Real Time PCR System (Applied Biosys-
tems). Samples were normalized to GAPDH using the Ct method. Statisti-
cal significance was determined with Student’s t test.

Flow cytometry. Immunolabeled cells were analyzed on a flow cytom-
eter (FACSCalibur; BD) with CellQuest software (BD). Preparation and 
staining of single cell suspension from adult epidermis were performed as 
described elsewhere (Nowak and Fuchs, 2009). Antibodies were anti-1 
(9EG7; BD) and anti-4 (346-11A; BD), both used according to the 
manufacturers’ recommendations.

Cell culture. Primary mouse keratinocytes were isolated from K14CreERT2; 
CD98hcfl/fl young adult skin as previously described (Jensen et al., 2010). 
CFE assays were performed as previously described (Jensen et al., 2010).

Adhesion and migration/wound in vitro. Cell adhesion was measured 
using freshly isolated primary keratinocytes, as previously described, using type I 
collagen as ECM. Primary keratinocytes were plated in complete FAD me-
dium without calcium (Jensen et al., 2010) and in the absence of feeders. The 
adhesion was monitored by live imaging and then scored. Cell scratching was 
performed using a scarificator, which was previously described by Turchi et al. 
(2002). In classical conditions, 40–50% of the cell culture was scratched and the 
width between the wound edges was 300–400 µm. Cells were plated in 
complete FAD medium without calcium, in the absence of feeders and treated 
with 4OHT (200 nM in DMSO) or DMSO only 72 h before scratching.
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