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Inherited skin blistering conditions collectively named 
epidermolysis bullosa (EB) cause significant morbidity 
and mortality due to the compromise of the skin’s bar-
rier function, the pain of blisters, inflammation, and in 
some cases scaring and cancer. The simplex form of EB 
is usually caused by dominantly inherited mutations in 
KRT5 or KRT14. These mutations result in the production 
of proteins with dominant-negative activity that disrupt 
polymerization of intermediate filaments in the basal 
keratinocyte layer and result in a weak epidermal–dermal 
junction. The genome of adeno-associated virus (AAV) 
vectors can recombine with chromosomal sequence so 
that mutations can be corrected, or production of pro-
teins with dominant-negative activity can be disrupted. 
We demonstrate a clinically feasible strategy for efficient 
targeting of the KRT14 gene in normal and EB-affected 
human keratinocytes. Using a gene-targeting vector 
with promoter trap design, targeted alteration of one 
allele of KRT14 occurred in 100% of transduced cells and 
transduction frequencies ranged from 0.1 to 0.6% of 
total cells. EBS patient keratinocytes with precise modifi-
cations of the mutant allele are preferentially recovered 
from targeted cell populations. Single epidermal stem 
cell clones produced histologically normal skin grafts 
after transplantation to athymic mice and could gener-
ate a sufficient number of cells to transplant the entire 
skin surface of an individual.
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Introduction
Epidermolysis bullosa (EB) is the term used to describe a group 
of inherited skin diseases that exhibit frequent blistering as the 
primary phenotype.1,2 The group is further divided into dystro-
phic, junctional, hemidesmosomal, and simplex subtypes based 
on the cleavage plane of the blister and the affected gene. With 

the exception of the simplex form, most EB is inherited in an 
autosomal recessive pattern. EB simplex (EBS) is caused by 
KRT5 and KRT14 mutations that usually result in proteins with 
dominant-negative activity3,4 and cause abnormal polymeriza-
tion of intermediate filaments within the basal keratinocyte layer.5 
Mutational hotspots exist in both KRT5 and KRT14 such that 70% 
of affected individuals have mutations in one of five locations.6,7 
EBS symptoms usually manifest at birth with erythema, wide-
spread blistering, and areas of denuded skin.8 Secondary com-
plications arise as a result of recurrent blistering and include 
skin infections, sepsis, nail dystrophy, and pigmentary changes. 
Current treatment strategies are limited to the use of shoes and 
clothing that minimize blister formation, lancing of blisters, and 
prompt treatment of cellulitis with antibiotics.8

The EBs are a promising category of disease targets for gene 
therapy strategies because epidermal stem cells reside abundantly 
in the skin, can be cultured ex vivo, and autologous transplants of 
modified cells can be performed. Skin tissue contains two types 
of stem cells: follicular stem cells that reside in the lateral bulge of 
the hair follicle and contribute to the hair follicle cycle and wound 
repair,9 and interfollicular stem cells that are located in the basal 
layer of the epidermis. Interfollicular stem cells contribute mainly 
to homeostasis, renewing the epidermis as layers are continually 
sloughed.10 In the mid 1970s, conditions were established to grow 
interfollicular stem cells in culture allowing them to be studied 
directly, and used therapeutically for the treatment of full thick-
ness burns.11,12 In an elegant set of experiments, the same group 
defined three colony phenotypes that arise from single cells in 
culture, and described them by colony morphology and size.13 
Cells that give rise to colonies with a “holoclone” phenotype 
come from the interfollicular stem cell niche and contain small 
undifferentiated and highly proliferative cells that can be grown 
almost indefinitely.14 In a recent successful gene therapy clinical 
trial for the treatment of recessively inherited junctional EB, cells 
with a holoclone phenotype were found in the palms and a few 
unaffected areas of the 36-year-old patient and used to generate 
skin equivalents for disease treatment.15
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Gene therapy for recessively inherited conditions can be 
accomplished by adding another copy of the mutated gene; how-
ever, genetic disorders such as EBS are resistant to this approach 
because of the dominant-negative activity of proteins produced by 
the mutated gene. Therefore, a gene-targeting approach was used 
to model treatment strategies for EBS. This approach has not been 
applied therapeutically due to limitations of efficiency, and the 
inability to generate large numbers of modified cells for transplan-
tation. Adeno-associated virus (AAV)–mediated gene targeting is 
an efficient method of gene alteration used in primary human cell 
culture, and offers a safe, effective, and permanent treatment for 
individuals with EBS. The observation of mutation hot spots in 
KRT5 and KRT14 suggests that the construction of a few gene-
targeting vectors could treat the cells of multiple individuals from 
different families, simplifying the therapeutic approach in this 
patient group. Techniques for keratinocyte culture, stratification 
on artificial matrices, and successful transplantation of skin equiv-
alents to human recipients have been established.16 Modification 
of cells by AAV-mediated gene targeting before transplantation 
represents the final challenge for affecting a gene therapy strat-
egy to treat this dominantly inherited condition and would allow 
modified cells to be incorporated into existing autologous trans-
plantation protocols.

We demonstrate efficient targeting of KRT14, the ability to 
recover KRT14-targeted stem cells with a holoclone phenotype, 
and transplantation of skin equivalents made from either targeted 
holoclones, or polyclonal populations of modified cells. Using this 
clinically feasible approach, human skin equivalents functioned 
normally after transplantation by providing a barrier to water loss 
and infection and had a histologically normal appearance. This 
is the first report that demonstrates both efficient transduction 
of human keratinocytes by AAV vectors, and efficient purifica-
tion and functional characterization of keratinocyte populations 
containing targeted genetic alterations. The number of keratino-
cytes can be expanded in culture so that clinically significant skin 
grafts can be generated from modified cells. These results form 
the basis of future studies that should allow clinical application of 
this strategy for the treatment of EBS or other EB types where no 
effective treatments have been found.

Results
AAV vectors pseudotyped with capsids from serotype 
6 isolates efficiently transduce normal human 
keratinocytes
Gene-targeting approaches require efficient infection of cells so 
that sufficient numbers of independent transduction events due 
to homologous recombination can be collected for analysis and 
ultimately for therapeutic use. Human keratinocytes are resis-
tant to transduction by AAV vectors pseudotyped with type 2 
capsid serotypes.17,18 We generated AAV vector preparations 
using a plasmid containing the human placental alkaline phos-
phatase reporter and packaging plasmids containing capsid genes 
from serotypes 2 and 6. Transduction efficiencies were compared 
in human keratinocytes, or human HT1080 cells to determine 
whether a type 6 capsid serotype allows efficient transduction of 
normal human keratinocytes. Vectors pseudotyped with capsids 
from serotype 2 isolates transduced human keratinocytes poorly 

when transduction efficiencies in keratinocytes were compared 
with efficiencies in HT1080 cells. However, transduction frequen-
cies increased by 5 logs when the same vector was packaged with 
capsids from a serotype 6 isolate(Figure 1).

Design of vectors for targeted disruption of 
human KRT14 genes
Permanent transduction of replicating cells by AAV vectors 
occurs by integration of vector genomes at sites of double-strand 
break repair,19 or by homologous recombination of vector and 
chromosomal sequences.20 Because vector integration at random 
genomic locations occurs in ~3–10% of cells at high infection 
multiplicities,21 homologous recombination usually represents a 
fraction of total transduction events. A number of strategies have 
been developed to enhance detection of transduction events that 
occur by homologous recombination while ignoring transduction 
that occurs as a result of integration at random genomic loca-
tions. Vector designs that require promoter trapping for expres-
sion of marker genes can shift the balance of detection toward 
recombinants because most integration at random locations does 
not trap the activity of an active promoter.22 A promoterless gene 
expression cassette containing an internal ribosomal entry site 
was designed to result in the disruption of KRT14 transcription by 
insertion into exon 3 of KRT14. GFP expression results from the 
activity of the KRT14 promoter allowing detection of cells con-
taining targeted insertions. GFP expression resulting from inte-
gration at random locations requires the relatively rare event of 
insertion of the cassette into an exon of an actively transcribed 
gene (Figure 2).

Transduction frequencies of keratin gene-targeting 
vectors in normal human keratinocytes
The KRT14 gene-targeting vector (Figure 2) was packaged with 
capsid proteins from a serotype 6 isolate23 and the percentage of 
GFP expressing normal human keratinocytes was determined 
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Figure 1  AAV vector transduction frequencies in normal human 
keratinocytes and HT1080 cells. The titer of an AAV vector containing 
the human placental alkaline phosphatase gene and packaged in capsids 
from either serotype 2 or serotype 6 AAV isolates was determined by 
quantifying probe hybridization signals on alkaline Southern blots. An 
equal number of genome containing particles was added to cultures 
of normal human keratinocytes (NHK) or HT1080 cells in parallel. Cells 
were stained for alkaline phosphatase activity 3 days after infection and 
foci counted to determine vector titers on each cell type. AAV, adeno-
associated virus; ffu, focus-forming unit.
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by flow cytometry 7 days after infection of human keratino-
cytes. Transduction frequencies were typical of other targeting 
vectors with promoter trap design,21 ranged from 0.1 to 0.6% of 
total cells, and increased with increasing multiplicity of infection 
(Figure 3).

Analysis of transduced keratinocyte clones
GFP positive cells transduced with the AAVK14e3IFsA vector 
were collected using fluorescence-activated cell sorting and placed 
in cell culture dishes at limiting dilution. Keratinocyte colonies 
generated from single cells were ring cloned and expanded for 
analysis by genomic Southern, a colony forming efficiency assay, 
and transplantation of skin equivalents to athymic mice. Out of 
30 GFP positive clones, 25 grew sufficiently for DNA analysis and 
all 25 clones contained a targeted insertion of the vector within 
exon 3 of the KRT14 gene as evidenced by a shift in size of the 
BamHI fragment from 10.9 to 5.9 kb on Southern blots hybrid-
ized with the KRT14 probe (Figure 4a,c). Analysis of the KRT14 
target site in three clones revealed a 9.1-kb vector–chromosome 
junction fragment (Figure 4a, clones 7, 16, and 18). The same blot 
was stripped of the KRT14 probe and hybridized with a DNA frag-
ment from the GFP gene. A common size fragment was detected in 
genomic DNA from each of the targeted clones with the exception 
of clones 7, 16, and 18 where two GFP-hybridizing fragments of 
4.6 and 9.1 kb molecular weight were observed (Figure 4b). DNA 
from two additional clones showed hybridization to an additional 
GFP-containing fragment (Figure 4b, clones 8 and 21). To deter-
mine whether the additional signals result from vector integra-
tion at random locations within the genome, genomic DNA from 
clones 7, 8, 16, 18, and 21 was digested with the EcoRV enzyme 
that does not cut within the targeting vector sequence. Vectors 
present at random genomic locations should have unique frag-
ment lengths depending on their proximity to EcoRV sites in the 
genome. Hybridization of the GFP probe to these samples revealed 
a single DNA fragment demonstrating that multiple vector copies 
integrated at the same locus (Figure 4d). These data demonstrate 
the efficiency of the promoter trap strategy, and the accuracy of 
gene targeting in keratinocytes using these vectors.

Clones 8 and 21 contain a tandem head to tail insertion of two 
vectors such that a target site vector:chromosome junction frag-
ment and a unit length vector fragment are generated when DNA 
is digested with an enzyme that cuts once within vector sequence 

(BamHI) and probed with a DNA fragment from GFP. Clones 7, 
16, and 18 also contain two tandem vector insertions at the KRT14 
locus with an additional 3.2 kb of vector sequence added to the 
right junction producing a 9.1 kb vector:chromosome junction 
fragment. Concatomerization of AAV vectors has been previously 
described24,25 and vector genomes in nondividing cells are pres-
ent as large predominantly head to tail concatomers where gene 
expression occurs predominantly from episomal forms.26

The number of clones resulting from independent KRT14-
targeting events in the sorted cell populations is calculated to 
be >1,000 based on the number of cells used to initiate target-
ing experiments and a transduction frequency of 0.5%. However, 
as multiple keratinocyte colonies are being pooled before sort-
ing, the possibility exists that the same clone could be isolated 
more than once. To determine whether similar gene-targeting 
frequencies, and similar frequencies of integration at random 
genomic locations are observed if cells are cloned immediately 
after application of the gene-targeting vector, the GFP expression 
cassette was replaced with a neomycin phosphotransferase gene 
and G418 selection applied 1 day after infection. Southern blot 
analysis of genomic DNA from 14 G418 resistant colonies iso-
lated by ring cloning demonstrated that all clones contained an 
insertion of the gene expression cassette in exon 3 of the KRT14 
locus. None of the 14 clones contained vectors integrated at ran-
dom genomic locations as evidenced by probing the same blot 
with a DNA fragment homologous to the neo gene supporting 
the results obtained by sorting and cloning GFP positive cells 
(Supplementary Figure S1).

Growth characteristics of KRT14-targeted 
keratinocyte clones
Colonies generated from sorted GFP positive cells were similar 
in size, and showed only subtle morphologic differences when 
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Figure 2  Human KRT14 gene-targeting vector. The AAV vector used 
for targeting the human KRT14 gene is shown above a graphic of the 
genomic locus. Exons are depicted as black boxes and numbered, with 
introns indicated by adjoining lines. The IRES-GFP or IRES-neo expression 
cassettes are shown and areas of sequence homology are indicated by 
thin adjoining lines. The insertion site for the expression cassettes within 
exon 3 is also shown. A, synthetic polyadenylation signal; AAV, adeno-
associated virus; GFP, green fluorescent protein; IRES, internal ribosomal 
entry site from encephalomyocarditis virus; TR, terminal repeats.
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Figure 3  KRT14-targeting vector transduction frequencies in normal 
human keratinocytes. Normal human keratinocytes were infected with 
the AAVK14e3IFsA gene-targeting vector and transduction measured 
by determining the percent of GFP positive cells using fluorescence-
activated cell sorting. Because 100% of GFP positive clones contained 
targeted insertions at the KRT14 locus (see Figure 4a), these percent-
ages also reflect the targeting frequency in normal human keratinocytes. 
MOI, multiplicity of infection.
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Figure 4 C lonal analysis of KRT14-targeted normal human keratinocytes. Normal human keratinocytes were transduced with AAVK14e3IFsA and 
GFP positive cells sorted for clonal analysis. Thirty clones were examined for evidence of targeted insertions at the KRT14 locus, and for the growth 
phenotype of colonies on irradiated NIH-3T3-J2 feeders. Four of these clones were subsequently used to construct skin equivalents that were trans-
planted to nude mice for further analysis. (a) Southern blot analysis of BamHI digested genomic DNA from 25 clones that grew sufficiently for DNA 
to be collected. The blot is probed with a DNA fragment from the KRT14 locus (outside of vector homology). (b) The same blot as in a, with KRT14 
probe removed and probed with a GFP gene fragment. (c) Diagram of the KRT14-targeted and native locus. Restriction enzyme sites and relevant 
fragment sizes are indicated as well as the position of both the KRT14 probe and the GFP probe used for Southern in a and b. Transcription start sites 
are indicated by bent arrows. Exons are depicted as black boxes and numbered below with introns shown as a connecting line. 5′ and 3′ untranslated 
regions are shown as narrow boxes. (d) Genomic DNA from clones 7, 16, 18, 8, and 21 was digested with EcoRV and probed with a GFP gene frag-
ment to determine if multiple vector copies present in these clones were composed as tandem integrants at the KRT14 locus, or at multiple different 
integration sites. Genomic DNA from clone 4 is used as a control. (e) Colony forming efficiency (CFE) assay used to define which targeted clones 
are paraclones (100% abortive colonies, outlined in yellow), meroclones (6–99% abortive colonies, outlined in blue), or holoclones (<5% abortive 
colonies, outlined in red). The photographs are of 6-cm diameter culture dishes containing formaldehyde-fixed colonies stained with rhodamine B. 
Numbers in the lower right of each box indicate the percentage of abortive colonies on the dish as determined by colony diameter size of <4 mm 
after 12 days of growth. Colonies from clone 23 were pooled with cells from the other dishes to generate enough DNA for Southern analysis so no 
picture was obtained from this CFE assay for this clone.
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chosen for expansion and characterization. A colony forming effi-
ciency assay based on colony size and morphology has been previ-
ously described13 and colonies having a holoclone phenotype have 
been shown to have an almost unlimited capacity for expansion, 
capability for transplantation and differentiation,14,27,28 and contain 
cell surface antigens also present on stem cells defined by other 
criteria.29 The colony forming efficiency assay was performed on 
cells from all 30 GFP positive clones. One quarter of the cells from 
a single colony were seeded to dishes containing irradiated mouse 
feeders, allowed to proliferate for 12 days, and fixed and stained 
with rhodamine B. Colonies were counted and categorized as 
greater than or less than 4 mm in diameter. Colonies of keratino-
cyte clones that contained cells that generate large (>4 mm diam-
eter) daughter colonies 95% of the time are classified as holoclones 
(Figure 4e, clones 4, 9, 14, and 19 outlined in red). Colonies of 
cells that give rise to a mixture of large daughter colonies and 
small abortive colonies are classified as meroclones (Figure  4e, 
clones outlined in blue), and those with cells that only form abor-
tive daughter colonies (<4 mm in diameter) are classified as para-
clones (Figure 4e, clones 3, 5, 15, 20, and 23 outlined in yellow).13 
Of the 30 clones analyzed, 13% were classified as holoclones, 
70% as meroclones, and 16% as paraclones (Figure  4e). These 

frequencies are similar to those observed in unmodified cells from 
skin biopsies13 and demonstrate the feasibility of a gene-targeting 
approach to skin blistering conditions.

Efficient KRT14 targeting in keratinocytes  
from EBS affected patients
Keratinocytes isolated from the skin of a patient with EBS 
(Dowling-Meara subtype), and containing a common mutation 
that results in a change of amino acids at position 125 of the pro-
tein sequence (R125C) were transduced with the AAVK14e3IFsA 
vector. Ten GFP positive clones and a polyclonal GFP positive cell 
population were collected for Southern blot analysis and sequenc-
ing. Five clones grew sufficiently for DNA analysis performed by 
probing genomic DNA with a KRT14 gene fragment (Figure 5a, 
top) and a GFP gene fragment (Figure 5a, middle). Each clone and 
the polyclonal population showed targeted insertion of the vector 
within exon 3 of the KRT14 gene again demonstrated by a shift in 
the size from 10.9 to 5.9 kb of the KRT14 hybridizing BamHI frag-
ment. However, in contrast to clones obtained by targeting normal 
cells, every clone, and the majority of the polyclonal cell popula-
tion, contained a minimum of two vector copies at the KRT14 locus 
demonstrated by a KRT14–GFP junction fragment (5.9 kb) and an 
additional GFP-hybridizing fragment of 4.6 kb similar to clones 
8 and 21 isolated from transduction of normal cells (Figures 4b 
and 5a, middle). The location of both GFP-hybridizing fragments 
at the KRT14 locus was confirmed by digestion of DNA from the 
same cells with EcoRV and hybridization with a DNA fragment 
from the GFP gene (Figure 5a, bottom). Again hybridization to a 
single DNA fragment with the same size as a concatomer of two 
vector copies within exon 3 of the KRT14 gene was observed. A 
faint GFP-hybridizing fragment of ~13.8 kb size is seen in the 
polyclonal population indicating that a small percentage of cells 
have as many as three vector copies at the KRT14 locus (Figure 5a, 
lanes middle labeled pc).

KRT14-targeted keratinocytes from EBS-affected 
patients are enriched for targeting events  
at the mutant allele
Vector:chromosome junction fragments were amplified from the 
targeted allele of each clone, and from the polyclonal cell popula-
tion to determine whether cells targeted at the mutant allele are 
present more frequently after growth in culture. All five clones 
and the vast majority of cells in the polyclonal population con-
tained targeted insertions of the GFP expression cassette at the 
mutant allele (Figure 5b) suggesting that cells without the mutant 
protein are at a growth advantage in culture, and that a tandem 
insertion of at least two vector copies more effectively eliminated 
transcription of the mutant allele.

KRT14-targeted keratinocyte holoclones and 
polyclonal cell populations stratify and function 
normally when transplanted to athymic mice
To determine whether KRT14-targeted keratinocytes retain 
the ability to form a normally functioning stratified epidermal 
cell layer in vivo, skin equivalents were constructed from each 
KRT14-targeted normal keratinocyte clone having a holoclone 
colony phenotype (Figure  4e, clones 4, 9, 14, 19) and from an 
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Figure 5 S outhern blot and sequence analysis of KRT14-targeted kera-
tinocytes from a patient with epidermolysis bullosa simplex (EBS). 
Ten GFP positive colonies were selected after transduction of patient 
keratinocytes with the AAVK14e3IFsA gene-targeting vector and sorting 
for GFP fluorescence. A polyclonal population of sorted GFP positive cells 
was also analyzed in parallel. Five of the 10 clones grew sufficiently to 
allow isolation of genomic DNA and analysis by Southern blot. (a) Upper 
panel: genomic DNA samples from the unmodified patient cells, five GFP 
positive clones, and the polyclonal KRT14-targeted cells were digested 
with BamHI and probed with a gene fragment from the KRT14 gene 
(top) or the GFP gene fragment (middle) as in Figure 4a,b. The same 
samples were digested with EcoRV and probed with a GFP gene fragment 
(bottom) as in Figure  4d. The migration positions and size of HindIII 
digested λDNA fragments are shown in kb at the left of each panel. (b) 
Sequence tracings of the region immediately surrounding the patient’s 
mutation from vector–chromosome junction fragments of each clone 
and the polyclonal population amplified by PCR using primers located 
within GFP and 5′ of the location of the EBS-causing mutation in exon 1. 
Wild type sequence is ACCGC and the EBS-causing mutation is ACTGC 
producing a R125C substitution of amino acids in the KRT14 protein. pc, 
polyclonal; um, unmodified.
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EBS-affected individual (Figure  5, unmodified, clone 6, and 
polyclonal). Full thickness skin grafts were transplanted to the 
dorsal surface of nude mice and bandaged by suturing devital-
ized full thickness skin from the graft site over the human graft. 
The devitalized mouse skin was sloughed by day 8 in each case, 
and a mature skin appearance was present 8–10 days after surgery 
(Figure 6a). Mice were killed 13–20 weeks later for histological 
analysis of the engrafted tissues.

The gross appearance of the grafts was normal and the 
engrafted human skin functioned effectively by physically pro-
tecting underlying tissues, preventing infection, and limiting 
water loss (Figure 6a,c). Hematoxylin and eosin staining of par-
affin-embedded tissue sections revealed an organized, stratified 

epidermal layer with cornification and keratinization in the upper 
epidermal layers (Figure 6b). The engrafted skin generally con-
tained more cell layers than the adjacent mouse skin and could be 
distinguished microscopically by the lack of dermal structures in 
the engrafted tissue, as well as specific staining for human involu-
crin in the apical layer of keratinocytes with a antibody specific for 
the human protein (Figure 6b,c). Normal skin architecture and 
organization is demonstrated by KRT14 immunostaining in the 
basal layer (Figure 6b,c), and KRT10 immunostaining in the api-
cal layers of the graft (Figure 6b,c). The KRT14-targeted patient 
clone 6 maintained a normal karyotype after expansion to over 
1013 cells demonstrating the proliferative capacity of single clones, 
and the ability to generate grafts that could cover large skin sur-
faces (Supplementary Figure S2).

These data demonstrate that normal and diseased human kera-
tinocytes can be modified by gene targeting at a specific genomic 
locus, expanded in culture, and engrafted to form normal func-
tioning skin surfaces. We also show that clonal (Figure  6a–c) 
and polyclonal populations of KRT14-targeted keratinocytes 
(Figure  6c, polyclonal) form skin grafts that are histologi-
cally indistinguishable from those formed by unmodified cells 
(Figure 6c, unmodified). Finally, we demonstrate for the first time 
a growth advantage of phenotypically corrected human keratino-
cytes from EBS patients.

Discussion
Epidermal stem cells are attractive cell targets for gene modifica-
tion given their growth characteristics, their ability to be studied 
in xenotransplant models,30 and their history of successful use 
for autologous transplantation when life threatening full thick-
ness burns have occurred.11,31 These cells qualify as adult stem 
cells because of their ability to divide almost indefinitely, and the 
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described in Figures 4 and 5 were cultured on dermal equivalents com-
posed of polymerized human fibrin containing normal human dermal 
fibroblasts. Skin equivalents were transplanted to the backs of nude 
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human cell content using an antibody specific for human involucrin. 
Grafts were also characterized for appropriate stratification by hema-
toxylin and eosin (H&E) staining, and the distribution of cells containing 
terminal differentiation markers involucrin, keratin 10, and basal marker 
keratin 14. (a) Upper panels show the skin equivalent of a representative 
holoclone (Figure 4e, clone 19) after growth on a fibrin matrix contain-
ing normal fibroblasts from the same biopsy, and detached from the 
well of a 6-well dish (left), transfer of the skin equivalent to a similar 
sized wound created on the back of nu/nu mouse (center), and replace-
ment of the mouse skin after devitalization by freeze thawing three times 
(right). Middle two panels show the gross appearance of the devitalized 
patch 3 days (left) and the underlying graft 8 days (right) after surgery. 
Bottom panel shows the appearance of the mature graft 4 weeks after 
surgery. (b) Histology of the graft shown in a with H&E staining and the 
distribution of involucrin, keratin 10 and keratin 14 labeled cells within 
the epidermis of the graft. The involucrin antibody is specific for the 
human protein and did not stain mouse epidermis. (c) The same char-
acterization as above using grafts from unmodified (um), clonal (c6) or 
polyclonal (pc) populations of KRT14 gene-targeted keratinocytes from 
a patient with EBS (see Figure 5 for molecular characterization of these 
cells). (i) gross appearance; (ii) H&E stained sections, and immunostained 
sections using (iii) antihuman-specific involucrin antibody, (iv) antibody 
to keratin 10, and (v) antibody to keratin 14. Bar = 20 μm.
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ability to terminally differentiate to specialized cell types when 
environmental or spaciotemporal cues are present.32 More recently 
epidermal stem cells have been shown to reprogram frequently 
to pluripotent embryonic cell states with the overexpression of 
only two transcription factors further demonstrating their unique 
characteristics among adult cell types.33

Clinically feasible gene-targeting strategies in keratinocytes 
have been hindered by the lack of techniques that allow efficient 
delivery of targeting templates to the nucleus of cells without alter-
ing their growth phenotype. Until now this has also included deliv-
ery of templates using AAV vectors because keratinocytes have 
proven to be resistant to transduction.18 Here, we demonstrate, 
the ability to efficiently transduce primary human keratinocytes 
in culture using AAV vectors that allow specific modification of 
genes and demonstrate the utility of this approach in cells where 
ex vivo culture, expansion, and transplantation has been widely 
studied and used therapeutically.

Using the gene knockout strategy demonstrated here, each 
KRT14 allele has a 50% chance of being disrupted resulting in a 
targeted cell population containing mixture of cells modified at 
the mutant or normal KRT14 alleles. Thus, we anticipated that it 
would be necessary to isolate and expand targeted clones contain-
ing insertions on the mutant allele for transplantation. Although 
clonal isolation and transplantation of modified cells was demon-
strated to be a feasible approach, we observed that cells with dis-
ruption of transcription from the mutant allele rapidly dominate 
targeted cell populations after a short growth period in culture. This 
is an important observation for several reasons: first, it suggests 
that after KRT14-targeted cells are collected, they could be trans-
planted without clonal isolation allowing ex vivo expansion and 
associated risks to be minimized. Second, in vivo gene-targeting 
approaches may also be feasible as similar selective pressures may 
be active as keratinocytes naturally proliferate. In vivo application 
of AAV vectors would also have the benefit of allowing prolifera-
tion of targeted cells in vivo and minimize risks associated with 
preparative conditioning and skin transplantation.

We observed similar gene-targeting frequencies, and a low 
frequency of integration at off target sites whether transduction 
events were isolated by sorting for GFP positive cells, or selected 
using G418 resistance (Supplementary Figure S1). Interestingly, 
G418 resistant clones 3 and 10 were homozygous for targeted 
disruption of KRT14 raising the possibility that both alleles were 
targeted independently (an unlikely event that would be pre-
dicted to occur in <1 in 500 targeted clones) or more likely a 
strand crossover occurred centromeric to the KRT14 locus caus-
ing loss of heterozygosity from the targeted region to the telom-
ere of chromosome 17. The latter possibility has been previously 
observed and selection for these events used as a technique to 
generate homozygous knockouts in mouse ES cells.34–36 The appli-
cation of growth selection may have favored the isolation of these 
clones because of a growth advantage due to the presence of two 
neo genes and increased resistance to G418 explaining why such 
events were not observed when GFP fluorescence was used to 
identify targeted cells.

An AAV-mediated gene-targeting approach has several advan-
tages that lend itself to rapid translation to the clinic. First, the high 
frequency of specific modifications at the KRT14 locus allow for 

a clinically relevant number of keratinocytes to be phenotypically 
corrected in a simple ex vivo transduction. Second, the selec-
tive advantage conferred by knockout of the dominant-negative 
form of KRT14 allows for amplification of corrected cells ex vivo 
before transplantation, and allows a competitive advantage for 
transplanted cells during engraftment. Third, keratinocyte culture 
has been demonstrated in synthetic media, free of animal prod-
ucts. Finally, the proliferative potential of keratinocyte holoclones 
allows for significant expansion of corrected cells to produce large, 
clinically relevant skin grafts. This approach can be translated to 
the clinic by simply removing the GFP cassette from targeted cells 
before transplantation, or through the use of a nonimmunogenic 
detection cassette such as CD24 (ref. 37) that would allow puri-
fication of modified cells. Importantly, the molecular analysis of 
KRT14-targeted keratinocytes shows that modifications are highly 
specific, that epidermal stem cells with a holoclone phenotype are 
not depleted from targeted cell populations, and the frequency of 
random integrants will be low (<4% in this study) suggesting the 
approach should also be safe.

Materials and Methods
All experiments performed on mice were approved by the Institutional 
Animal Care and Use Committee, University of Washington, Seattle, 
Washington.

Cell culture. Cells were grown at 37 °C in 5% CO2. NIH-3T3 J2 feeder cells 
were cultured in Dulbecco’s modified Eagle’s medium containing 4 g of 
glucose per liter (Gibco/Invitrogen, Carlsbad, CA), 10% heat-inactivated 
calf serum, penicillin, and streptomycin. Keratinocytes were cocultured with 
irradiated (6,000 rad) feeders of NIH-3T3 J2 variant cells (kindly provided 
by Dr Green), and “FAD” media formulations previously described.38

Human keratinocyte isolation from skin biopsies. Normal human kerati-
nocytes and keratinocytes from patients with EBS were cultured from skin 
biopsies by 15-hour digestion of tissue fragments in a solution of Dulbecco’s 
modified Eagle’s medium and dispase (10 mg/ml) at 4 °C. The epidermis 
was separated from the dermal layer using forceps and floated on a drop of 
trypsin–EDTA–phosphate-buffered saline solution (0.5 mg/ml trypsin) for 
15–20 minutes. Loose cells were collected, washed, and seeded to dishes 
containing irradiated NIH-3T3-J2 feeders (2.5 × 104 cells/cm2).

Human keratinocyte transduction by AAV vectors. Keratinocytes were 
transduced by seeding 5 × 104 cells each to multiple collagen coated wells 
of a 12-well dish in keratinocyte serum-free medium (Gibco/Invitrogen) 
on day −1. AAV vector preparations were added at various multiplicities 
of infection on day 0, and on day 1; cells were detached with trypsin and 
seeded to larger dishes containing irradiated feeders (FAD medium). These 
cells were expanded for 7–10 days and colonies isolated by ring cloning 
when G418 selection (0.15 mg of active compound/ml) was applied, or cells 
from multiple dishes were combined, sorted for GFP fluorescence, and iso-
lated by ring cloning 7 days after colonies formed from sorted cells.

Plasmids and DNA analysis. The KRT14 gene-targeting vector was con-
structed by PCR amplification of a fragment of the gene containing bps 
1,354–4,217 of the gene. An internal ribosomal entry site-GFP expression 
cassette was cloned into the FspI site in exon 3, and the entire sequence 
inserted between the inverted terminal repeat sequences cloned from a 
serotype 2 AAV isolate.39 Packaging plasmids pDG (ref. 40) and pDGM6 
(ref. 23) used for AAV vector production have been previously described. 
Plasmids were purified using a plasmid maxi kit (Qiagen, Valencia, CA) 
Genomic DNAs were isolated and Southern blots were performed by 
standard techniques.
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Vector preparations. Vectors expressing human placental alkaline 
phosphatase and the AAVK14e3IFsA and AAVK14e3INsA vectors were 
made by transfecting HEK293 cells with plasmids, pCMVHPLAP (ref. 
41), pA2K14e3IFsA, or pA2K14e3INSA and helper plasmids pDG (ref. 
40) for pseudotyping with capsids from serotype 2 isolates or pDGM6 
(ref.  23) for pseudotyping with capsids from serotype 6 isolates. Cell 
lysates were treated with, benzonase and vector particles purified using 
an iodixanol step gradient and heparin affinity column chromatography 
(HiTrap; GE Healthcare, Piscataway, NJ),25 and HiTrap desalting column. 
AAV vector titers were based on the amount of full-length single-stranded 
vector genomes detected by alkaline Southern blot analysis. Southern 
blot hybridization signals were quantified by phosphorimager analysis 
(GE Healthcare).

Histology and immunohistochemistry. Hematoxylin and eosin stains, or 
antibody stains for human involucrin (mouse monoclonal SY5; Sigma, 
St Louis, MO) were performed on tissue sections fixed for 7 hours in 2% 
formaldehyde and embedded in paraffin. Five μm thick sections were 
dewaxed following standard protocols and the primary mouse antihuman 
involucrin antibody was added at a 1:200 dilution overnight at 4 °C. The 
next day the specifically bound primary antibody was detected using a 
biotin-conjugated goat anti-mouse secondary antibody (ImmunoCruz 
Staining Kit; Santa Cruz Biotechnology, Santa Cruz, CA). Keratin 10 and 
Keratin 14 immunohistochemistry was performed on skin biopsies pre-
pared by sequential immersion for 2 hours in 10, 15, and 20% sucrose 
solutions of phosphate-buffered saline before embedding in Optimal 
Cutting Temperature compound. Five to ten μm thick sections were cut 
using a cryotome and placed on Superfrost Plus slides (Thermo Fisher 
Scientific, Waltham, MA). Sections were air dried for 20 minutes, fixed 
for 10  minutes in 2% formaldehyde, blocked with normal goat serum 
and stained with primary monoclonal mouse antihuman antibodies. The 
antibodies reactive against keratin 10 (VIK-10) and keratin 14 (RCK107; 
Santa  Cruz Biotechnology) were used at 1:200 and 1:100 dilutions, 
respectively, and were coupled to Alexa 488–labeled Zenon conjugated 
(Invitrogen, Carlsbad, CA) Fab fragments following the manufacturer’s 
protocol.

Formation of human skin equivalents. A human fibrin matrix con-
taining normal human fibroblasts was prepared following procedures 
previously described.42,43 Primary human fibroblasts were resuspended 
in 3.6 ml Dulbecco’s modified Eagle’s medium supplemented with 10% 
fetal bovine serum and penicillin/streptomycin to a final concentration 
of 3.1 × 104 cells/ml and human cryoprecipitate (0.19 ml) and aprotinin 
(3,000 KIU/ml; Calbiochem, San Diego, CA) was added to the cell suspen-
sion. The fibrin–aprotinin solution was mixed with 0.275 ml of 0.025 mol/l 
calcium chloride containing 0.35 units of thrombin (Calbiochem) and 
2 ml of the mixture transferred into a 9.2 cm2 culture well. The fibrin was 
allowed to polymerize at 37 °C for 1–2 hours and then submerged in FAD 
medium without epidermal growth factor and supplemented with aproti-
nin (150 KIU/ml). A volume of 1 × 105 human keratinocytes were seeded 
on the polymerized fibrin gel and allowed to proliferate until confluence 
was reached (typically 5–7 days). The skin equivalent was detached from 
the edge of the well using a sterile spatula and lifted to the prepped area of 
the mouse with forceps.

Transplantation of human dermal equivalents to nude mice. Nude mice 
(nu/nu, stock #2019; Jackson Labs, Sacramento, CA) were anesthetized 
with a ketamine (125 mg/kg) and xylazine (6 mg/kg) mixture and placed 
on a sterile field warmed with a heating pad. The dorsal skin surface was 
cleaned with betadine and isopropyl alcohol and a full thickness circle of 
skin the same diameter as the skin equivalent was removed and devital-
ized by freezing in liquid N2 and thawing three times. The human graft 
was manually detached from the well, transplanted orthotopically on the 
prepared surface, and the devitalized patch was sutured in place using 

5.0  ethicon sutures. The surgical area was bandaged by spraying with 
NewSkin (Irvington, NY) and postoperatively mice were given 1 ml of 
saline subcutaneously and 0.1 mg/kg bupronorphine subcutaneously.

SUPPLEMENTARY MATERIAL
Figure S1.  Southern blot hybridization analysis of G418R Human 
keratinocyte clones.
Figure S2.  KRT14-targeted EBS patient derived keratinocyte clones 
can be expanded in culture and retain a normal karyotype.
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