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H oxc13  mutant mice lack external hair
Alan R. Godwin and Mario R. Capecchi1

Howard Hughes Medical Insti tute ,  Departm ent  of H um an  Genetics , University  of Utah School of  Medicine, Salt Lake City, 
Utah  84112-5331 USA

H o x  genes are usually expressed temporally and spatially in a colinear manner with respect to their positions 
in the H o x  complex. Consistent with the expected pattern for a paralogous group 13 member, early embryonic 
H o x c 13 expression is found in the nails and tail. H o x c 13 is also expressed in vibrissae, in the filiform papillae 
of the tongue, and in hair follicles throughout the body; a pattern that apparently violates spatial colinearity. 
Mice carrying mutant alleles of H o x c 13 have been generated by gene targeting. Homozygotes have defects in 
every region in which gene expression is seen. The most striking defect is brittle hair resulting in alopecia 
(hairless mice). One explanation for this novel role is that H o x c 13 has been recruited for a function common 
to hair, nail, and filiform papilla development.
[Key Words: Hox genes; hair follicles; filiform papillae; hair kera tins; gene targeting; nails]
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T he Hox genes encode a set of evolu tionarily  conserved 
transcrip tion  factors. In m ice and hum ans, there are 39 
Hox genes arranged in four linkage groups (H oxA -D )on 
separate chrom osom es. The m am m alian  organization of 
these genes appears to be th e  resu lt of quadruplication 
th a t occurred early in vertebrate phylogeny of a single 
ancestra l com plex com m on to both vertebrates and in ­
vertebrates (Pendleton et al. 1993; H olland and Garcia- 
Fernandez 1996). On the basis of sequence sim ilarities 
and location w ith in  the  linkage groups, these genes have 
been placed in to  13 paralogous groups (Scott 1 992). In 
addition to sequence sim ilarities, the tem poral and spa­
tia l expression patterns of paralogous genes are often 
sim ilar (Gaunt et al. 1989; K rum lauf 1994).

In general, the position of a gene w ith in  each com plex 
determ ines the  an terio r lim its  of its expression. The 3 ' 
genes have the m ost an terio r lim its  of expression, and 
th e  an terior expression boundaries of m ore 5 ' genes are 
progressively m ore posterior. This co linearity  of expres­
sion boundaries and the position in the com plex is con­
served betw een m ouse and fly (Akam 1989; D uboule and 
D olle 1989; G raham  et al. 1989). N ot only is the  m ajor 
an teroposterio r axis of the  em bryo patterned  in th is 
m anner by Hox genes, but so are o ther secondary axes in 
specialized regions of the  body includ ing  th e  lim b (Dolle 
et al. 1989), gut (Roberts et al. 1995; Y okouchi et al.
1995), and genitalia (Dolle et al. 1991b). In addition , in 
m ice there is tem poral co linearity  such th a t the  3 ' genes 
are expressed earliest and further 5 ' genes progressively 
la ter during em bryonic developm ent (Duboule 1994). 
C onsisten t w ith the m odel of spatial colinearity , ta r ­
geted m u ta tio n s in m ice have revealed th a t Hox genes
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regionalize the em bryo along its m ajor axes and th a t the 
phenotypes of a given Hox m u ta tio n  are generally con­
fined to the region expected from its position w ith in  a 
com plex.

The goal of th is w ork was to define the sites of Hoxc13 
expression and to generate Hoxc13 m u ta n ts  to exam ine 
the roles of th is gene in developm ent. Surprisingly, in 
addition to gene expression and genetic defects in the 
caudal region of th e  axial skeleton and in the m ost d istal 
regions of the  lim b (the nails), Hoxc13  is expressed, and 
loss of its function has phenotypic consequences, in re ­
gions not predicted from the  published expression p a t­
terns or m u ta tio n a l analysis of paralogous genes (Dolle 
et al. 1991a, 1993; Haack and G russ 1993; From ental- 
Ram ain et al. 1996; Z eltser et al. 1996). The expression of 
Hoxc13 in facial vibrissae and in the filiform papillae of 
the tongue m ay ind icate  th a t spatial co linearity  does not 
accurately  describe Hox gene expression at la ter em bryo- 
logical stages. Previous studies had suggested th a t the 
expression patterns of Hox genes also show spatial and 
tem poral co linearity  in the  skin (Bieberich et al. 1991; 
Kanzler et al. 1994). Hoxc13, how ever, is expressed in 
hair follicles th roughou t th e  body ra the r than being re ­
gionally restric ted . Hoxc13 m u ta n ts  are able to produce 
hair, but it shatters at the skin surface th roughou t the 
body, resu lting  in hairless m ice. O ur resu lts suggest tha t 
Hoxc13 has been recru ited  for un ique functions in hair 
and filiform papilla developm ent.

Results
Generation o f  H oxc13neo and  H oxc13lacZ 
m utant alleles

Two m u ta n t alleles of Hoxc13 w ere generated as de­
scribed in M aterials and M ethods. The first con tains a
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Pol Il-neo cassette inserted into D NA sequence encod­
ing the homeodom ain  and thereby disrupts the  capacity 
of the encoded protein to bind to DNA. The second con­
tains an in-frame insertion of the  lacZ  gene at the  same 
site of the  hom eodom ain .  This m u ta t ion  also disrupts 
D N A  binding capacity of Hoxc13  protein, but at the 
same t im e generates a reporter to allow m onitoring  of 
Hoxc13  expression in heterozygous and homozygous 
m u ta n t  embryos and mice. Figure 1, B and C, show 
Southern transfer analysis of ES cell lines, and m u ta n t  
m ouse offspring carrying the  Hoxc13neo and Hoxc13lacZ 
m u ta n t  alleles.

Figure 1. T argeting vectors and Southern blot analysis. (A) G e­
nom ic stru c tu re  and targeting  vectors. Large solid boxes repre­
sent H oxc13  exons, dark gray boxes th e  Pol Il-neo cassette, th e  
shaded boxes th e  lacZ  MC1 neo  cassette , (B) Bam  HI, (E) EcoRI, 
(H) H in dIII, and (X) XhoI. The position  of th e  5 '-flanking probe 
used for Southern transfer analysis is ind icated  by th e  sm all 
solid box. The first line  shows th e  w ild-type genom ic struc tu re  
and subsequent lines show th e  H oxc13neo and H oxc13lacZ ta r­
geting vectors and th e  genom ic stru c tu re  resu lting  from h o ­
m ologous recom bination . (B) Southern blot analysis of targeted 
cell lines and offspring from ch im era  generated from th e  ta r­
geted ES cell lines. T he first th ree  lanes show B a m H I-X hoI 
digests of th e  paren tal ES cell line CC1.2, a targeted  ES cell line, 
and an offspring from a ch im eric  m ale. T he second set of th ree  
lanes shows a Bam  HI digest of DN A  from th e  paren tal ES cell 
line  R1, a targeted  ES cell line, and an offspring from a chim eric 
m ale. (C) G enotype of a l it te r  from a H oxc-13neo heterozygote 
in tercross. Southern transfer analysis of B a m HI-X hoI-digested 
D N A  was perform ed and shows tw o w ild-type m ice carrying 
only th e  6.5-kb fragm ent, th ree  heterozygous anim als w ith  both 
th e  6.5- and 5.1-kb fragm ents, and one m u tan t hom ozygote w ith 
only th e  5.1-kb fragm ent.

Expression o f  Hoxc13

Hoxc13  expression was m onitored  by p-galactosidase (p- 
gal) staining of heterozygous Hoxc13lacZ embryos and by 
RNA in situ hybridization in wild-type embryos. For e m ­
bryonic day (E) 9.5 through E14.5, the  p-gal expression 
pattern seen in the Hoxc13lacZ embryos was compared 
with RNA expression patterns in wild-type Swiss W eb­
ster embryos, and the  expression patterns m atched  at 
each stage (e.g., Fig. 2C,D for E13.5). Because the  p-gal 
staining is easier to detect and gives a higher signal-to- 
noise ratio, it, alone, is shown for the rem aining em bry­
onic stages. Hoxc13  expression is first detected at E10.5 
in the tail bud (Fig. 2A), and appears the same at E11.5 
(data not shown). Expression continues in the  tail at 
E12.5 but is also noted in the epithelia of the wrist and 
ankle areas (Fig. 2B). By E13.5, expression in the limb has 
become localized to the developing foot pads and nails 
(Fig. 2C), though it is still seen in the tail as reported 
earlier (Peterson et al. 1994). In addition, a striking p a t­
tern of expression is now detected in the vibrissae of the 
head. Expression is not l im ited to the primary and sec­
ondary vibrissae of the snout, but is seen also in the 
supraorbital and ulnarcarpal vibrissae. RNA in situ h y ­
bridization (Fig. 2D) confirms the E13.5 p-gal staining 
pattern, as Hoxc13  m R N A  is detected in the  vibrissae, 
tail, and very faintly in the  developing nails. By E15.5, 
faint Hoxc13  expression can be seen in a few hair fol­
licles (data not shown). At E16.5, limb expression is l im ­
ited to the nails. Furthermore, hair follicle expression is 
seen over the entire skin, and vibrissae expression ap­
pears weakened, possibly due to invagination of these 
follicles (see Fig. 2F). At E17.5, expression is detected in 
a second set of hair follicles arranged in circles surround­
ing the  follicles tha t began expressing at E15.5 (Fig. 2G). 
In addition, the cilia (eyelashes) begin to express Hoxc13  
at this stage. The strongest digit expression becomes re ­
stricted to a single domain, whose shape resembles that 
of the adult nail (Fig. 2H).

The first pelage, or body coat hairs to form are the 
tylotrichs, a type of tactile hair. Their formation is in i­
tiated at E13.25 in the shoulders and is followed by a 
wave of follicle growth, s im ultaneously  extending radi­
ally (i.e., caudally, anteriorly, ventrally, and dorsally) 
with completion of initiation between E15.25 and 
E16.25 (Mann 1962). Similarly, a wave of awl hair in i t ia ­
tion starts in the  shoulders at E16.25 and is completed by 
E18.25. Comparison of this developmental t im ing  with 
Hoxc13  expression data suggests tha t the first hair fol­
licles to express Hoxc13  at E15.5 will form tylotrichs and 
tha t the second set of expressing follicles at E17.5 will 
form awl hairs. This tim etab le  also suggests tha t the first 
Hoxc13  expression in hair follicles occurs ~1 day after 
initiation of the follicles. Similarly, vibrissae follicles are 
in itiated between E12 and E12.5 (Mann 1962), and we 
first detect Hoxc13  expression in vibrissae follicles at 
E13.5.

For each embryonic stage, the  Hoxc13  expression p a t­
tern in heterozygous and homozygous Hoxc13lacZ e m ­
bryos was compared by use of p-gal staining (data not

12 GENES & DEVELOPMENT

http://www.genesdev.org


Downloaded from www.genesdev.org on July 7, 2006

shown). The sites of Hoxc13  expression were identical at 
each stage, although a more in tense expression of P-gal 
was observed in homozygotes. The identical staining 
patterns in homozygotes and heterozygotes suggest that 
Hoxc13  does not regulate its own transcription, contrary 
to w hat has been shown for several other Hox  genes 
(Zappavigna et al. 1991; Popperl et al. 1995).

Hoxc13 pheno types

Animals heterozygous for either Hoxc13  m u ta n t  allele 
appeared outwardly indistinguishable from wild-type 
m ice (Fig. 3A,B)and were intercrossed to generate h o m o ­
zygotes. Both m u ta n t  alleles show a reduction of homo-

Figure 2. H oxc13  gene expression. (A -C ,E -H ) p-Gal sta in ing  of 
heterozygous H oxc13 lacZ em bryos at th e  noted  em bryonic ages. 
D show s RN A in situ hybrid ization  of a Swiss W ebster em bryo 
at E13.5. (A)E10.5 em bryo. Tail expression is ind icated  by ar­
rows. (B)E12.5 em bryo. Black arrows show lim b  expression in 
w rist and ankle regions and w h ite  arrow show s ta il expression. 
(C)E13.5 em bryo. W hite arrow shows vibrissae expression; th e  
black arrow show s tail expression; w h ite  arrow head shows ex­
pression in a th in  layer of th e  digits. (D)E13.5 em bryo. W hite 
arrow shows vibrissae expression; black arrow shows tail ex­
pression; th e  black arrow head show s faint digit expression. (E) 
E15.5 em bryo. W hite arrow shows con tinu ing  vibrissae s ta in ­
ing; black arrow shows beginning ha ir follicle expression. (F) 
E16.5 em bryo. The w h ite  arrow shows lack of surface vibrissae 
expression; th e  black arrow show s ha ir follicle expression. (G) 
E17.5 em bryo. The black arrow h igh ligh ts ha ir follicle expres­
sion first seen at E15.5; th e  w h ite  arrow indicates expression in 
th e  second set of ha ir follicles. T he black arrow head indicates 
expression in th e  cilia. (H)E17.5 em bryo. The w h ite  arrow in ­
dicates strong dorsal nail p-gal stain ing; th e  black arrow points 
to  fa in ter ven tra l staining.

zygous m u ta n t  viability (~10% survive to adulthood). 
Newborn homozygotes of both alleles are easily iden ti­
fied, because they lack vibrissae at birth. Most homozy-

H o x c 1 3  m utant m ice

Figure 3. O vert H oxc13  phenotypes. (A) H oxc13neo w ild-type 
non-A gouti m ouse. (B) H oxc13neo heterozygous Agouti m ouse. 
(C) H oxc13neo hom ozygote. (D) C lose-up of H oxc13neo h om ozy­
gote head. (E) C lose-up of H oxc13neo hom ozygote face. The 
black arrow shows lack of p ro trud ing  vibrissae; th e  black arrow ­
head shows ha ir rem n an ts under skin surface. (F) C lose-up of 
H oxc13neo hom ozygote low er lim b. The black arrow shows rare 
p ro trud ing  hair. (G) W ild-type nails. (H) N ails from a H oxc13neo 
hom ozygote.
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gotes die between postnata l day (P)7 and 14. They show 
progressive weight loss and weakness relative to their 
li t term ates ,  suggesting a nu tr i t ional  or metabolic  prob­
lem .T h e  reason for postnata l le thality  is currently  under 
examination.

Individuals tha t survive >2 weeks are fertile, healthy, 
and after weaning slowly approach the  weight of their 
n o n m u ta n t  siblings. The m ost striking phenotype of 
adult m u ta n t  mice is an absence of all pelage (or coat) 
hair types (see Fig. 3C), peri-anal hairs, cilia (eyelashes), 
and all vibrissae (Fig. 3D,E). Indeed, all hair types de­
scribed to date in the m ouse (Sundberg and Hogan 1994) 
appear to be affected in Hoxc13  m u tan ts .  Whereas the 
tail hairs are missing, the tail scales appear unaffected 
under gross observation. Close examination of the  skin 
of homozygotes reveals tha t the  pelage hair forms, but is 
fractured at the  skin surface (see Fig. 3E). In rare in ­
stances, hair can be found protruding from the epidermis 
in protected regions (especially along the lower limbs, 
Fig. 3F). Occasionally, in-grown hairs are observed 
w ith in  the  epidermis. Finally, the nails of homozygotes 
are malformed, having a flatter appearance, and are often 
twisted (Fig. 3H) when compared with wild-type nails 
(Fig. 3G).

Hair expression

The overt hair phenotype as well as the  whole-m ount 
detection of Hoxc13  expression in hair follicles led us to 
examine the expression of Hoxc13  in this region in 
greater detail. As shown in Figure 4A, Hoxc13  gene ex­
pression in skin continues after birth un ti l  at least P14. 
Higher magnification shows lack of Hoxc13  expression 
in the dermal papillae of the hair follicles (data not 
shown). As a hair follicle cell type marker,  we used an 
antibody against an epidermal type II keratin  in te rm ed i­
ate filament protein [keratin 6 (K2.6)], which specifically 
labels a layer of cells termed the companion cells, but 
doesn’t stain the  inner root sheath or noninduced outer 
root sheath cells (Rothnagel and Roop 1995). By double­
labeling of Hoxc13 lacZ heterozygotes and homozygotes 
for P-gal activity and anti-K2.6 antibody, we were able to 
localize Hoxc13  expression in hair follicles. In both ho- 
m ozygotes and heterozygotes, the  rapidly dividing and 
differentiating keratinocytes directly above the  dermal 
papilla express Hoxc13  (Fig. 4B for homozygotes). In ad­
dition, Hoxc13  expression (blue) is colocalized in the n u ­
clei of a single cell layer tha t also expresses K2.6 (brown 
staining) (Fig. 4C). Thus, Hoxc13  appears to be expressed 
in the companion layer. The only difference noted be­
tween heterozygous (data not shown) and homozygous 
m u ta n t  hair follicles was the  in tensity  of P-gal staining. 
The com panion layer is present in m u ta n t  homozygotes 
and appears morphologically normal.

Hoxc13 in f i l i form papillae

Filiform papillae are structures on the  dorsal surface of 
the  tongue. The spine region of the filiform papillae is 
especially variant in shape between m am m alian  species,

Figure 4. H oxc13  expression in th e  ha ir and histo logy. (A ) P- 
Gal sta in ing  of postna ta l day (P) 7 skin of H oxc13lacZ h e te rozy­
gote. (B) P-Gal sta in ing  (blue) and anti-K2.6 im m u n o h isto ch em - 
istry  (brown) of H oxc13 lacZ hom ozygous skin. T he black arrow 
shows expression in rapidly dividing keratinocy tes; th e  black 
arrow head shows expression in single nuclei in com panion 
layer. (C) P-Gal sta in ing  and anti-K2.6 im m u n o h isto ch em is try  
of H oxc13 lacZ hom ozygous skin. Black arrow heads ind icate  
nuclear sta in ing  in nuclei of th e  com panion layer. Scale bar, 20 
gm (shows m agnification  for B and C ).

reflecting specialized uses of the tongue (Dhouailly et al. 
1989). In mice, the  filiform papilla spines resemble 
sharply curved talons tha t point posteriorly (see Fig. 6A, 
below). Skin, esophageal, and hair keratins are differen­
tially expressed on the  dorsal surface of the  tongue (Dh- 
ouailly et al. 1989). Resemblance to hair follicles is sug­
gested by the presence of a dermal papillae-equivalent in 
filiform papillae and reaction in the spine region of fili­
form papillae of an antibody (AE14) specific for late hair 
cortex differentiation (Dhouailly et al. 1989). The hair 
keratin  in te rm edia te  filament genes mHa3,  mHb3,  and 
m H b 4  are expressed in a posterior com partm en t of the 
filiform papillae extending into the spine (Tobiasch et al. 
1992; W inter et al. 1994).

Hoxc13  is expressed in the  tongue, specifically in the 
filiform papillae, at least as early as E17.5 (data not 
shown; see Fig. 5A for an example at P6). Each filiform 
papilla also expresses Hoxc13  postnatally. The gaps in 
expression (white circles) show tha t the fungiform papil­
lae, a type of taste bud scattered along the  tongue sur­
face, do not express Hoxc13.  P-Gal staining followed by 
histological exam ination revealed tha t Hoxc13  is ex­
pressed primarily in the base of the  filiform papillae, a l­
though low levels of expression are seen in the ke ra t i ­
n ized spin e (see especially th e h om ozygote sections Fig. 
5D,H). The region of Hoxc13  expression appears to cor-
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Figure 5. T ongue expression and histology. (A,E) p-Gal s ta in ­
ing of P6 tongues from a H oxc13 lacZ heterozygote and h om ozy­
gote, respectively . (B-D ) p-Gal sta in ing  (blue) and anti-K2.6 im ­
m u n o h is to ch em istry  (brow n)on P6 tongues, w hereas F-H  show 
P-gal sta in ing  and hem ato x y lin -eo s in  stain ing . H&E stain ing  
was perform ed as described previously (M ansour et al. 1993). 
Scale bar, (H), 50 gm (shows th e  m agnification  for B-D  and 
F -H ). B and F  are of w ild-type sections, C  and G from a 
H oxc13 lacZ heterozygote, and D and H  from a H oxc13 lacZ h o ­
m ozygote. Arrows in C  and G ind ica te  p-gal sta in ing  in th e  base 
of th e  spines. Arrow s in D and H  show p-gal sta in ing  extending 
in to  th e  m alform ed spines.

respond closely to tha t determ ined for hair keratins, es­
pecially m H a3  (Winter et al. 1994). Colocalization of the 
X-gal precipitate (blue) and the  d iaminobenzidine K2.6 
im m unohis tochem ica l  product (brown) shows tha t the 
Hoxc13  expression domain is w ith in  a subset of the K2.6 
expression domain (Fig. 5C). In m u ta n t  homozygotes, 
the  filiform papillae appear m ore rounded than in h e t ­
erozygotes and the P-gal staining is closer to the surface, 
suggesting tha t  the  m u ta n t  phenotype is already m a n i ­
fest at P6 (Fig. 5D,H).

Scanning electron microscopy was used to examine 
the  filiform papillae of adults in greater detail (Fig. 6). 
Although sets of l i t term ates of different ages were used, 
no age-related differences were noted. All wild-type and 
heterozygous Hoxc13  m ice had the characteristic ta lon ­
shaped filiform papillae, whereas in all homozygotes the 
spines appeared to have broken off. Examination of the 
surface of the tongues of homozygotes revealed broken 
pieces of filiform papilla spines lying on the  surface in 
some microscopic views (Fig. 6C). The presence of these 
broken pieces suggests that,  even though the  m u ta n t  
phenotype was seen histologically at P6 (Fig. 5D,H), 
some outgrowth of filiform papillae m us t  eventually  oc­

cur. Broken pieces were seen very infrequently on the 
tongues of heterozygous or wild-type mice. Thus, as for 
the hair phenotype, Hoxc13  m u ta n ts  appear to form 
weakened filiform papillae tha t shatter during usage. 
Fungiform papillae, in which Hoxc13  is not expressed, 
appear norm al in the  homozygous m u ta n ts  and the over­
all shape of the tongue is normal.

Skeletal  pheno type

Adult Hoxc13  homozygotes were examined for axial and 
appendicular skeleton defects. No evident appendicular 
skeleton defects were found, but homozygotes and h e t ­
erozygotes showed an increase in the  num ber  of caudal 
vertebrae with lateral processes. Wild-type mice have 
four sacral vertebrae followed by four or five caudal ver­
tebrae with lateral processes and a variable num ber of 
caudal vertebrae w ithou t lateral processes (see Fig. 7A). 
Most heterozygotes had six or seven caudal vertebrae 
with lateral processes (Fig. 7B), whereas homozygotes 
had 10 to 13 caudal vertebrae with lateral processes (Fig. 
7C). When the  tota l num ber  of caudal vertebrae in m u ­
tant homozygotes were counted, however, the range was 
the same as tha t for wild-type m ice (28-32; Gruneberg 
1955). Because the num ber  of altered vertebrae in m u ­
tant animals is larger than the difference in total num ber 
of caudal vertebrae seen between individuals in both 
wild-type and m u ta n t  mice (four vertebrae), a true 
hom eotic  transformation is suggested.

Discussion

We have shown tha t Hoxc13  has an unexpected expres­
sion pattern relative to published reports of the  expres­
sion patterns of its paralogous genes. Moreover, mice 
tha t carry targeted m u ta tions  of Hoxc13  exhibit defects 
in the body areas in which expression is found. The gene 
expression patterns between E9.5-E14.5 were deter­
m ined  by both a targeted LacZ protein fusion in hetero­
zygotes, as well as an RNA in situ probe on wild-type 
embryos. For each em bryonic stage tha t was compared, 
identical expression patterns were found with the  two 
techniques. Hoxc13  is first expressed in the tail begin­
ning at E10.5, followed by expression in the limb begin-

Figure 6. Scanning electron m icrographs of adult tongues. 
Scale bar in A  is 50 gm (A -C ). (A ) W ild-type tongue. (B) 
H oxc13lacZ heterozygote tongue. (C) H oxc13 lacZ hom ozygote 
tongue. The sm all w h ite  arrow head shows a fungiform  papilla; 
th e  large w h ite  arrow head shows a filiform  papilla rem n an t; the  
w h ite  arrow show s a broken-off filiform  papilla  piece on th e  
tongue surface.
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Figure 7. Axial skeleton  phenotype. (A)W ild-type skeleton . (B) 
H oxc-13neo heterozygote skeleton . (C) H oxc-13neo hom ozygote 
skeleton . (S1)represents sacral vertebra 1, (S4) sacral vertebra 4, 
and (C1) caudal vertebra 1. In addition, th e  last caudal vertebra 
w ith  a latera l projection is labeled for each genotype (i.e., caudal 
vertebra C5 in A ). P reparation of skeletons was as described 
previously  (Davis and C apecchi 1994).

ning at E12.5. The expression in the limb appears to be 
ectodermal. These expression patterns for Hoxc13  were 
predictable from the  expression patterns of group 13 
paralogs as well as from phenotypic analysis of animals 
carrying m u ta tions  in these paralogs. For example, 
Hoxa13  and Hoxd13  are expressed not only in the  spinal 
cord and prevertebrae, but also in the  limb, genital t u ­
bercle, and hindgut (Dolle et al. 1991a; Haack and Gruss 
1993; Roberts et al. 1995; Yokouchi et al. 1995). Targeted 
and spontaneous m u ta t ions  in these Hox  genes severely 
affect autopod development in the limb as well as affect­
ing the urogenital system (Dolle et al. 1993; Kondo et al. 
1996; Mortlock et al. 1996; Goodman et al. 1997; Mort- 
lock and Innis 1997). The recently  discovered Hoxb13  
gene is expressed in the posterior hindgut anterior to the 
anal canal and in the urogenital sinus of the  urogenital 
tract (Zeltser et al. 1996).

T h e ex pression pat t er n s an d m u t an t ph en ot yp es for 
the  paralogs of Hoxc13  suggest tha t limb, hindgut, and 
urogenital expression domains were reasonable expecta­
tions for Hoxc13.  Beginning at E13.5, however, a s tr ik ­
ingly different Hoxc13  expression pattern begins in the 
developing vibrissae. This vibrissal expression en c o m ­
passes all classes of vibrissae: the  primary vibrissae in 
the  snout as well as the secondary vibrissae, including 
the  supraorbital and ulnar-carpal vibrissae. Expression of 
Hoxc13  begins in a few developing hair follicles at E15.5, 
and by E16.5 has spread to follicles th roughout the body. 
A second set of hair follicles, destined to form awl hairs,

begins expressing Hoxc13  at E17.5, and expression in the 
hair continues un ti l  at least 2 weeks after birth. In hair, 
Hoxc13  expression colocalizes with keratin  6 expression 
to a single cell layer, the companion layer, in the root 
sheath. In addition, Hoxc13  is expressed in the  rapidly 
dividing keratinocytes in the hair bulb and expression 
extends into the hair shaft. Hoxc13  is also expressed 
postnatally  in the developing filiform papillae of the 
tongue.

Hoxc13  m u tan ts  have defects corresponding to the 
sites of expression we have described. Hoxc13  heterozy­
gotes and homozygotes both have additional caudal ver­
tebrae with lateral processes as compared with  wild-type 
mice. Up to 7 caudal vertebrae in the  heterozygotes and 
up to 1 3 caudal vertebrae in the m u ta n t  homozygotes 
have lateral processes, compared with a m ax im um  of 5 
caudal vertebrae with lateral processes in wild-type 
mice. Hoxd13  m u ta tions  affect the axial skeleton in a 
similar but m ore anterior region, because in these m u ­
tants  sacral vertebra four is altered to resemble sacral 
vertebra three and caudal vertebra one is transformed to 
resemble sacral vertebra four (Dolle et al. 1993). Thus, a 
phenotype in this region of the axial skeleton was ex­
pected from studies of paralogs. In addition, axial skel­
eton alterations have become one of the m ost com m on 
phenotypes detected in Hox  m u tan ts  (for review, see 
Boulet and Capecchi 1996).

Similar to both Hoxa13  and Hoxd13  m u tan ts ,  Hoxc13  
m u ta n ts  also show an alteration in the  limb. Whereas 
both Hoxa13  and Hoxd13  m u ta n ts  have alterations in 
the phalanges as well as other limb bones, however, the 
limb defects of Hoxc13  m u ta n ts  are restricted to the 
nails, which are derived from ectoderm. In Hoxc13  m u ­
tant homozygotes, the  nails are flatter compared with 
the ta lon-shaped nails of wild-type m ice and often over­
grow, forming long spirals. Because m any  of the proteins 
found in nails are also found in the tongue and hair (e.g., 
Lynch et al. 1986; Heid et al. 1988), it is possible the nail 
phenotype does not correspond to patterning of the limb 
per se, but instead, reflects a role for Hoxc13  discussed 
below.

In addition to the defects discussed thus  far, Hoxc13  
homozygotes have deficiencies in hair, vibrissae, and the 
filiform papillae of the tongue tha t appear to be related to 
one another. Indeed, all the major sites of tr ichocytic (or 
hard) keratin  appear to be affected in Hoxc13  m u tan ts  
(Heid et al. 1988). Close examination of the  skin of m u ­
tant homozygotes reveals subderm al hair tha t  appears to 
have shattered at the surface. In regions of the  body, such 
as the lower limb, which are rubbed less frequently, hair 
tha t protrudes above the body surface is occasionally 
found. In addition, rare in-grown hairs can be detected 
below the  skin surface. Similarly, electron micrographs 
of tongues of homozygotes reveal not only jagged edges 
on the  rem nants  of the filiform papillae, but also sha t­
tered pieces of the  filiform papillae lying on the  tongue 
surface. A plausible explanation for these hair and fili­
form papillae defects is tha t the production of s tructural 
proteins required both for hair and for the spine region of 
filiform papillae is regulated directly or indirectly by
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Hoxc13.  During evolution, Hoxc13  m ay have been re­
cruited into a role specific for hair genes, which has re- 
su lted not on ly in regu lation of a stru ctu ral gen e for h air 
development, but also in regulation of the same gene(s) 
or related genes in vibrissae, nail, and filiform papillae.

An alternative explanation for the  Hoxc13  phenotype 
is tha t the neom ycin gene in our targeted m u ta tions  af­
fects expression of a neighboring keratin  gene. However, 
several lines of evidence suggest tha t this is not the case. 
First, although the keratin  2 complex (Krt-2), which con­
tains both the  epidermal and hair type II keratin  in te r ­
m ediate  filament genes (Compton et al. 1991; Powell and 
Rogers 1997), is linked to the Ho xC  complex on m ouse 
chrom osom e 15, the two complexes are at least 1.3 cM 
apart [Mouse G enom e Database (MGD), Mouse G enom e 
Informatics, The Jackson Laboratory, Bar Harbor, ME. 
World Wide Web URL: h ttp ://w w w.inform atics . jax .org ; 
July, 1997]. In addition, in a Mus  spretus X  Mus  m uscu-  
lus  cross, one recom binant between the Ho xC  and Krt-2 
complexes was observed in 50 meioses tested (Hart et al. 
1992). Thus, the  neo  gene is likely to be too far from the 
Krt-2 control e lem ents  to affect its expression. Most im ­
portantly , Hoxc13  RNA is detected in the  same pattern 
in wild-type embryos as the  P-gal pattern in Hoxc13 lacZ 
embryos. The presence of Hoxc13  transcripts in nails, 
filiform papillae, vibrissae, and hair strongly suggests 
tha t m u ta tion  of Hoxc13  alone could account for the 
observed phenotypes. A simpler explanation is that 
Hoxc13  has adopted a role controlling gene products 
com m on to a differentiated state in each of these body 
regions. This suggests a novel role for Hox  genes in dif­
ferentiated tissues, namely, the  regulation of the produc­
tion of structural proteins specific to a given differenti­
ated state.

The hair keratin in term ediate filament genes and kera ­
tin-associated protein genes are primary candidates for 
being downstream targets of Hoxc13.  Hair phenotypes 
similar to tha t of Hoxc13  m u ta n ts  have been obtained by 
overexpression of individual keratin  in te rm edia te  fila­
m e n t  genes in transgenic mice. Overexpression of a 
m ouse epidermal type II keratin  in te rm edia te  filament 
(K2.6) gene resulted in transgenic mice tha t developed 
alopecia at 6 m on ths  (Rothnagel and Roop 1995). Expres­
sion of a sheep wool in te rm edia te  filament keratin  gene 
in the hair cortex in transgenic mice caused cyclic hair 
loss (Powell and Rogers 1990). In addition, misexpression 
and overexpression of a keratin-associated protein under 
the  promoter of a type II hair keratin  in te rm edia te  fila­
m e n t  gene resulted in transgenic m ice with  brittle hair, 
which broke off giving a naked appearance (Rogers and 
Powell 1993). Finally, the hum an  inherited hair disease 
m onilethrix, which m anifests as hair prone to breakage, 
is caused by m u ta tions  in the  the  hair cortex keratin 
hHb6 (Winter et al. 1997).

Although expression of the epidermal type II keratin 
K2.6 gene was not affected in Hoxc13  homozygotes, it 
has been shown tha t eight major and two m inor  hair 
keratin  in te rm edia te  filament genes exist in m ouse 
(Heid et al. 1986; Lynch et al. 1986; W inter et al. 1997) 
and ~60 hair keratin  associated protein genes m ay exist

(Powell and Rogers 1997), leaving m any  potentia l candi­
date target genes. There are two general schemes by 
which Hoxc13  could be affecting keratin expression. Be­
cause Hoxc13  is expressed in the  developing nail, the 
base of the  spine of filiform papillae, and in the  rapidly 
dividing keratinocytes of the  hair follicles, Hoxc13  could 
directly control the transcription of hair keratin  genes. 
Alternatively, at least for the hair follicle, because the 
keratinocytes rapidly differentiate and proceed into dif­
ferent developmental pathways (Fuchs 1995; Powell and 
Rogers 1997), Hoxc13  could control proliferation of, or 
differentiation into, cell types specific for one or more of 
these pathways and, thus, secondarily affect keratin  ex­
pression. Hox  genes have been proposed previously to 
control proliferation of cells in chondrogenic centers for 
bone formation in limb (Davis and Capecchi 1994; 
Duboule 1994) and cervical vertebrae (Condie and Ca- 
pecchi 1 994).

A hallmark of Hox  gene expression studies has been 
the relationship of position w ith in  a complex and the 
region of expression along the anteroposterior axis of an 
embryo. Spatial colinearity with  respect to the an tero ­
posterior body axis is conserved between flies and m a m ­
mals and in m am m alian  development it is also observed 
w ith in  certain organs or body parts, such as the  genital 
tract,  gut, and limb. It should be stressed tha t the early 
expression pattern of Hoxc13,  E10.5-E12.5, does reflect 
the spatial and temporal characteristic com m on to group 
13 paralogous m embers, and only the  subsequent expres­
sion in the hair follicles and filiform papillae departs 
from the  spatial colinearity model. Newborn and adult 
expression patterns are not know n in detail for m any 
Hox  genes. In addition, m any  Hox  m u ta n ts  die during 
the first crit ical t im e period for which the  Hox  gene is 
required, for example at birth as a result of esophageal 
defects (Boulet and Capecchi 1996). Thus, potentia l adult 
phenotypes of m any  of these m u ta n ts  are impossible to 
ascertain w ithou t the use of conditional m uta tions .  Our 
finding tha t later Hoxc13  expression does not conform to 
spatial colinearity suggests tha t late expression patterns 
for additional Hox  genes need to be examined to deter­
m ine  the generality of spatial colinearity, or lack thereof, 
in late development and in adulthood.

There are other cases where Hox  genes appear to be 
expressed in tissues tha t m ay contradict spatial colinear­
ity. For example, Hox  expression is seen in restricted 
hem atopoietic  lineages (Lawrence et al. 1996; Z im m e r ­
m an and Rich 1997). With respect to the expression of 
Hox  genes in blood cells, however, m u ta tiona l analysis 
has not yet uncovered a clear role for Hox  gene function 
in hematopoiesis .

RN A in situ hybridization has shown regionally-re­
stricted expression of Hoxc8,  Hoxd9,  Hoxd11,  and 
Hoxd13  in skin, suggesting spatial colinearity of Hox  
expression in this tissue. By RNA in situ hybridization, 
as well as by examination of the expression pattern of a 
Hoxc8  enhancer-driven lacZ transgene, Hoxc8  expres­
sion was found to be restricted dorsally to the lum bar 
region, whereas expression was seen from throat to tail 
in m ore ventral regions of the  body (Bieberich et al. 1991;
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Kanzler et al. 1994). N ot only the  mesenchymally-de- 
rived dermis and dermal papillae, but also the epithelial- 
derived portions of the  hair follicle and epidermis ex­
press Hoxc8.  In contrast, Hoxd9,  Hoxd11,  and Hoxd13  
are restricted to the caudal region and are only expressed 
in the epithelial-derived portions of the hair follicle 
(Kanzler et al. 1994). Similarly, expression of Hoxc6  and 
Hoxd9  in chick feather buds shows body surface restr ic­
tions (Choung et al. 1990). Many other Hox  genes have 
been found to be expressed in skin by PCR m ethods, but 
spatial expression information is still lacking. Hoxc13  
does not conform to the apparent spatial colinearity of 
position in a Hox  complex and expression pattern in the 
skin, because it is expressed in hair follicles throughout 
the  body. Expression studies for Hoxc4  and Hoxb 6  sug­
gest they m ay also be globally expressed (Matthews et al. 
1993; Rieger et al. 1994). Hoxc13  is, however, restricted 
to the  epithelial-derived hair follicle regions, similar to 
the  HoxD  genes just discussed above.

In summ ary, we have shown tha t  mice m u ta n t  for 
Hoxc13  have defects in hair, vibrissae, nail, and filiform 
papilla development as well as in caudal vertebrae. The 
Hoxc13  gene is expressed in each of these areas, even 
those well outside the area expected for a paralogous 
group 13 gene, suggesting tha t the  defects seen in each of 
these regions are defects directly attributable to a devel­
opm ental program controlled by Hoxc13.  Although 
other Hox  genes have been shown to be expressed in 
hair, Hoxc13  is the  first Antennapedia-class  homeobox 
gene shown to have overt phenotypic effects on hair de­
velopment. This is also the first Hox  m u ta n t  to suggest 
tha t  Hox  genes can control not only proliferation and 
differentiation but also structural protein synthesis. Fi­
nally, Hoxc13  is unlikely to be the  only m am m alian  Hox  
gene co-opted for additional developmental roles. Thus, 
m any new exciting roles for Hox  genes late in develop­
m e n t  or in adulthood m ay remain to be discovered.

Materials and methods
Targeted m utagenesis o f  Hoxc13

A C C 1.2 ES cell line-derived genom ic phage X library was 
screened for H oxc13  by use of an o ligonucleotide, 5 '-TA C C TG - 
G C G C TC A G A G A G G T T C G T G G T G G C G G A G A T G C G C C G - 
3 ', derived from th e  hum an  Hoxc13  sequence (Acam pora et al. 
1989). A 10-kb H in dill fragm ent was iso lated  from th is phage for 
use in th e  targeting  vector. A rep lacem ent vector was generated 
by insertion  of th e  Pol Il-neo  cassette  (Deng et al. 1993) at a 
u n ique  B stEII site in th e  sequence encoding th e  th ird  helix  of 
th e  hom eodom ain . This fragm ent was then  ligated betw een th e  
TK1 and TK2 genes in a phage vector. The vector was e lectro ­
porated in to  C C 1.2 cells (Bradley et al. 1984) and positive-nega­
tive  selection was applied (M ansour et al. 1988). O ne quarter of 
th e  lines tes ted  (27/108) had undergone hom ologous recom bi­
na tion , w hich was verified w ith a 5 '-flanking probe, a 3 '-flank- 
ing probe, and an in te rn a l neo  probe (data not shown). C ell lines 
th a t had undergone hom ologous recom bination  w ere m ic ro in ­
jected  in to  C 57B l/6 b lastocysts to  generate ch im eric  m ales.

The lacZ  fusion vector was generated by in sertion  of an X hoI  
lin k er in to  th e  sam e B st EII site follow ed by in-fram e insertion  
of lacZ M C 1neo (M ansour et al. 1990). T he lacZ  vector was

electroporated  in to  R1 cells (Nagy et al. 1993) and positive- 
negative selection was applied. Six of 66 cell lines had u n d e r­
gone hom ologous recom bination , w hich was confirm ed by use 
of all th ree  probes as described above.

G enotyp ing

DN A  from new born or adult ta il or skin biopsies as well as 
DN A  from em bryonic yolk sacs was iso lated  as described pre­
viously (Thom as et al. 1992). G enotypic analysis was perform ed 
by Southern b lo tting  w ith  Bam  HI plus XhoI digestion for the  
H oxc13neo allele and Bam  HI digestion for th e  H oxc13 lacZ allele 
and probing w ith  a 500-bp Bam H I-H in dIII probe (see Fig. 1). All 
alleles are d istingu ishab le  by Bam  HI digestion of DN A, because 
th e  H oxc13neo allele, w hen hybridized w ith  th e  probe described 
above, shows a 5.6-kb fragm ent, w hereas th e  H oxc13lacZ allele 
has a 5.1-kb fragm ent, and th e  w ild-type allele has a 6.5-kb 
fragm ent. A represen tative  Southern transfer analysis for a 
H oxc13neo in tercross is show n in Figure 1C.

R N A  in situ  hyb rid iza tio n

W hole m oun t RNA in situ  hybrid ization  was perform ed as de­
scribed previously (C arpenter et al. 1993) w ith  a 362-bp probe 
derived from th e  H oxc13  3 ' u n tran sla ted  region beginning one 
bp 3 ' of th e  UGA stop codon.

P-Gal sta in in g  and kera tin  2.6 im m u n o h is to ch em is try

P-Gal sta in ing  was perform ed overnight as described previously 
(M ansour et al. 1993), except tim es of fixation w ere optim ized 
for each em bryonic stage and tissue , and reactions were carried 
out at 30°C. For th e  keratin  6 detection  postfixation  was per­
form ed as described previously  (Fekete 1938). Specim ens were 
dehydrated, em bedded in Paraplast X-tra (CMS), and sections of 
10 gm  were collected. Sections were dewaxed, rehydrated , 
washed in PBS, b locked w ith  3% goat serum  in PBS, reacted 
w ith  keratin  6 antibody (kindly provided by D. Roop, Baylor 
College of M edicine, H ouston , TX) d ilu ted  1:500 in 3% goat 
serum  in PBS, w ashed w ith  PBS, and reacted  w ith  donkey a n ti­
rabbit H R P-conjugated secondary antibody (Jackson Im m unore- 
search Laboratories) at 1:300 in 3% goat serum  in PBS. After 
w ashing w ith  PBS, th e  sections w ere reacted  w ith  0.5 m g /m l of 
DAB (Sigma) w ith 0.3% H 2O 2 in PBS for 15 m in. C olor reactions 
w ere h a lted  by PBS w ashes, th e  sections were dehydrated, and 
coverslips w ere m o u n ted  by use of D.P.X. (Aldrich).

Scanning  electron m icroscopy

A dult and weaning-age tongues were fixed in th e  dark in a 1% 
aqueous osm ium  tetrox ide  solu tion  (Polysciences, Inc .)fo r 4 hr, 
rinsed, dehydrated in ethanol, critica l poin t dried, and sputter- 
coated w ith  a 60 /40  go ld/palladium  alloy. Specim ens were 
placed on m o u n ts  by use of double-stick  tape and exam ined in 
a H itach i S-450 scanning electron m icroscope at a w orking dis­
tance  of 15 m m  at 15 kV and a m agnification  of 300x. Images 
were recorded on Polaroid 55 P /N  film . M icroscopy was per­
form ed on th ree  w ild-type m ice, tw o  H oxc13neo heterozygotes, 
four H oxc13lacZ heterozygotes, one H oxc13neo hom ozygote, and 
five H oxc13 lacZ hom ozygotes.
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