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V e ry  l i t t l e  i s  k n o w n  a b o u t  th e  in  v iv o  r e g u la t i o n  o f  
m a m m a l ia n  f a t ty  a c id  c h a in  e lo n g a t io n  e n z y m e s  a s  w e ll 
a s  th e  ro le  o f  s p e c if ic  f a t ty  a c id  c h a in  l e n g th  in  c e l l u la r  
r e s p o n s e s  a n d  d e v e lo p m e n ta l  p ro c e s s e s .  H e re , w e  r e ­
p o r t  t h a t  th e  E lo v l3  g e n e  p r o d u c t ,  w h ic h  b e lo n g s  to  a  
h ig h ly  c o n s e r v e d  fa m ily  o f  m ic ro s o m a l e n z y m e s  i n ­
v o lv e d  in  th e  f o r m a t io n  o f  v e ry  lo n g  c h a in  f a t ty  a c id s ,  
r e v e a le d  a  d i s t i n c t  e x p r e s s io n  in  th e  s k in  t h a t  w a s  r e ­
s t r i c t e d  to  th e  s e b a c e o u s  g la n d s  a n d  th e  e p i th e l i a l  c e lls  
o f  th e  h a i r  fo l l ic le s . B y  d i s r u p t io n  o f  th e  E lo v l3  g e n e  b y  
h o m o lo g o u s  r e c o m b in a t io n  in  m o u s e , w e  s h o w  t h a t  
E L O V L 3 p a r t i c i p a t e s  in  th e  fo r m a t io n  o f  s p e c if ic  n e u ­
t r a l  l ip id s  t h a t  a r e  n e c e s s a r y  f o r  th e  f u n c t io n  o f  th e  sk in . 
T h e  E lo v l3 - a b la te d  m ic e  d is p la y e d  a  s p a r s e  h a i r  c o a t,  
th e  p i lo s e b a c e o u s  s y s te m  w a s  h y p e r p la s t i c ,  a n d  th e  h a i r  
l ip id  c o n te n t  w a s  d i s tu r b e d  w i th  e x c e p t io n a l ly  h ig h  le v ­
e ls  o f  e ic o s e n o ic  a c id  (20:1). T h is  w a s  m o s t  p r o m in e n t  
w i th in  th e  t r ig ly c e r id e  f r a c t i o n  w h e r e  f a t ty  a c id s  lo n g e r  
t h a n  20 c a r b o n  a to m s  w e r e  a lm o s t  u n d e te c ta b le .  A  f u n c ­
t i o n a l  c o n s e q u e n c e  o f  th i s  i s  t h a t  E lo v l3 - a b la te d  m ic e  
e x h ib i te d  a  s e v e r e  d e fe c t  in  w a te r  r e p u l s io n  a n d  i n ­
c r e a s e d  t r a n s - e p id e r m a l  w a t e r  lo ss .

Fatty acids consisting of up to 16 carbons are synthesized by 
the well studied fatty acid synthase complex (1). However, a 
significant amount of the fatty acids produced by fatty acid 
synthase are further elongated into very long chain fatty acids 
(VLCFA).1

VLCFA have been recognized as structural components in a 
variety of fat molecules such as glycerolipids and sphingolipids. 
They are found in virtually all cells and are major constituents 
of the brain, skin, and testis (2-4). Depending on their chain 
length and degree of unsaturation, they contribute to mem­
brane fluidity and other chemical properties of the cell.
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cordance with 18 U.S.C. Section 1734 solely to indicate th is fact.
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Fax: 46-8-156756; E-mail: anders.jacobsson@wgi.su.se.

1 The abbreviations used are: VLCFA, verv long chain fattv  acids; 
TEWL, trans-epiderm al w ater loss; ES, embryonic stem; HPTLC, high 
performance thin-layer chromatography.

Formation of VLCFA is performed in the endoplasmic retic­
ulum, in the early Golgi, and in mitochondria by membrane- 
bound enzymes, the former being more prominent ( 5, 6).

Recently, five mammalian genes, Elovll-5 ,2 whose protein 
products belong to a highly conserved family of microsomal 
enzymes involved in the formation of VLCFA, have been iden­
tified (7-10). All five genes show a diverse tissue-specific ex­
pression pattern indicating a unique role for different VLCFA 
in different cell types.

Although the general functions of the Elovl genes are par­
tially understood (8-14), very little is known about the role of 
specific fatty acid chain length in cellular responses and devel­
opmental processes. The ELOVL3 protein has been suggested 
to be involved in the formation of saturated and monounsat­
urated fatty acyl chains containing up to 24 carbon atoms (9). 
Elovl3 gene expression has only been detected in brown adipose 
tissue, liver, and skin (7, 9). To assess the in vivo role of 
ELOVL3, we disrupted the Elovl3 gene by homologous recom­
bination in mouse. Here we describe the characterization of 
Elovl3 expression in skin and present evidence that ELOVL3 
participates in the formation of certain VLCFA and triglycer­
ides in certain cells of the hair follicles and the sebaceous 
glands and that these lipid compounds are essential for func­
tion of the skin.

MATERIALS AND METHODS
Elovl3 Gene Targeting Construct—A genomic liver DNA library from 

mouse stra in  129/Sv cloned into the Lambda F1X11 vector was used to 
isolate a DNA fragm ent containing the  entire  Elovl3 gene (15). A 
2.75-kb fragm ent between Sacl and Sail upstream  of the  first exon was 
subcloned into the polylinker of the  pBluescript SK plasmid in order to 
become the  left arm  (LA) in the  Elovl3 gene targeting construct (Fig. 
IA). The Sacl site was b lunt ended by T4 DNA polymerase (New 
England Biolab,I and turned into a Notl site by ligation of Notl prim ers 
(BioSource International). A 1.2-kb fragm ent containing a neomycin 
resistance gene (neor) was inserted into the compatible Sail site of the 
plasmid containing the 2.75-kb left arm  fragm ent. The ligation between 
Sail and Xhol ends consequently destroyed the  recognition site for 
respective digestion enzymes. A 5.30-kb Sall/Sall fragm ent down­
stream  of the second exon of the  Elovl3 gene was ligated into the  pBlue­
script SK plasmid and further digested with Sail and Xhol to receive a 
2.77-kb fragm ent corresponding to the right arm  (iM) in the  Elovl3 
gene-targeting construct. This fragm ent was subcloned into the  Xhol 
site of the vector containing the 2.75-kb left arm  fragm ent and the  neor

2 In accordance with the Mouse and H um an Nomenclature Commit­
tees the assigning symbols for the  mouse genes See I, Sse2, and Cig30 
are changed to Elovl I, Elovl2, and Elovl3, respectively, and the  hum an 
H ELO l gene is changed to ELOVL5.

This paper is available on line at http://www.jbc.org 5621

Downloaded 
from 

www.jbc.org 
at UNIV 

OF 
UTAH, on 

N
ovem

ber 2, 2009

mailto:anders.jacobsson@wgi.su.se
http://www.jbc.org
http://www.jbc.org


5622 Elovl3-ablated Mice

|
§
o

"3
E

<u
e

gene. The Notl/Xhol fragm ent from the  resulting plasmid was ligated 
into a vector flanked by the  thymidine k inase (tk) gene a t the  3'-end.

Gene-targeting in E S  Cells and Blastocyst Injection—The Elovl3- 
targeted construct was linearized by Notl and electroporated into the 
R l  embryonic stem  (ES) cells derived from m ale 129/Sv agouti mice 
(16). ES cells were cultured as earlier described and subjected to posi­
tive/negative selection using G418 and FIAU as previously described 
(17, 18). ES cell DNA was prepared according to standard  procedures 
(16). Probes as indicated in  Fig. 1 and for the  neor gene (not shown) were 
used to confirm ES cell clones heterozygous for the  m u tan t ElovlS  allele.

ElovlS-ablated  ES cells were injected into C57BL/6J blastocysts and 
im planted into foster m others (F l, CBAxC57BL6) according to stand­
ard procedures (19). The m ale offspring being th e  m ost chimeric, —80% 
agouti and 20% black in  th e  coat color, were bred w ith C57BL/6J 
females to generate offspring heterozygous for the  m utation. Genomic 
DNA was prepared from mouse tails by th e  simplified m am m alian DNA 
isolation as described earlier (20). Tail biopsies were collected from 
3-week-old mice and used directly for DNA isolation.

The Elovl3-ablated mice were back-crossed w ith C57BL/6 (B&K 
Universal, Stockholm, Sweden) in  the  anim al facility of the  Institute. 
As control mice, we used heterozygote litterm ates or age-matched 
C57BL/6 mice th a t were bred under th e  sam e conditions as the  Elovl3- 
ablated mice. Animals were fed ad lib itum  (ra t and mouse standard  diet 
N o.l, BeeKay Feeds; B&K Universal, Stockholm, Sweden), had free 
access to water, and were kep t on a 12:12-h light:dark cycle in  single 
cages. Wild-type and ElovlS-ablated mice were bred in  room tem pera­
ture. Before exposing th e  anim als to th e  cold, the  mice were housed a t 
30 °C (therm oneutrality) for 10 days. Mice were placed in  the  cold (4 °C) 
for the  tim es indicated.

Southern B lot Analysis o f DNA from E S  Cells and Mouse Tails—The 
DNA for th e  probes were purified according to th e  Jetsorb gel extraction 
k it (Genomed Inc.) and were labeled w ith [a-32P]dCTP using a random  
primed labeling k it (Roche Applied Science). Ten /xg digested DNA from 
m ouse ta ils  and ES cells w as separated  on 0.8% agarose gel and tra n s ­
ferred to Hybond-N m em brane (Amersham Biosciences) in  20x  SSC. 
The m em brane was prehybridized w ith a solution containing 5 x  SSC, 
5 x  D enhardt’s, 0.5% SDS, 50 mM sodium phosphate, 50% formamide, 
and 100 mg/ml degraded DNA from herring  sperm  (Sigma) a t  45 °C. 
After prehybridization, the  m em brane was transferred  to a sim ilar 
solution containing the  denatured probe. The hybridization was carried 
out overnight a t  55 °C. Hybond-N m em brane was washed twice in  2 x  
SSC, 0.2% SDS a t 30 °C for 20 m in each and then  once in  O .lx  SSC, 
0.2% SDS a t 55 °C for 30 min. The filters were analyzed by phospho- 
rim aging (Molecular Dynamics) and quantified w ith the  Im ageQuant 
program.

R N A  Analysis—Total RNA was isolated using U ltraspee (Biotech 
Lab) from 50-100 mg (w/w) of each tissue as described earlier (7). For 
N orthern blot analysis, 20 /xg total RNA was separated on a 1.2% (w/v) 
formaldehyde agarose gel and blotted onto Hybond-N m em brane (Am­
ersham  Biosciences) in  20x  SSC. The hybridization procedure was 
identical to th a t  for Southern blot analysis, except th a t  hybridization 
was carried out overnight a t 45 °C. The m em brane was then  washed 
twice in  2 x  SSC, 0.2% SDS a t 30 °C for 20-30  m in each and then  twice 
in  O .lx  SSC, 0.2% SDS a t 50 °C for 45 min. A corresponding cDNA 
fragm ent of Elovl3 (895-bp open reading frame) was used as a probe as 
previously described (7, 9). The filters were analyzed by phosphorim- 
aging as for Southern analysis.

Histology—Skin biopsies of age- and sex-matched anim als were 
taken  from sim ilar body sites. Skin sam ples were fixed overnight a t 
4 °C in  a phosphate-buffered, pH 7.4, 4% formaldehyde solution. Semi- 
th in  sections were stained w ith hematoxylin and eosin and examined by 
light microscopy.

For electron microscopy analysis, sk in  sam ples w ere tak en  a t  a u ­
topsy of 10-week-old mice and processed for electron microscopy. 
Sam ples w ere fixed overnight in  Karnovsky’s fixative, w ashed two 
tim es w ith  0.1 m cacodylate buffer, and post-fixed in  e ith e r 1% os­
m ium  tetroxide ( 0 s 0 4) in  0.1 m cacodylate buffer, pH 7.3, or in 
ru th en iu m  tetroxide (R u 0 4) as described previously (21, 22). After 
fixation, sam ples were dehydrated  in  graded e thanol solutions and 
embedded in  an  Epon/epoxy m ixture. U ltra th in  sections were exam ­
ined both w ith  and w ithout fu rth er contrasting  w ith lead c itra te  in  an  
electron microscope (Zeiss 1A; C arl Zewiss, Thornwood, NY) operated 
a t  60 kV.

In  S itu  H ybridization—RNA probes were prepared from Elovl3 open 
reading fram e mouse cDNA. In  situ  hybridization was performed as 
described previously (23). Briefly, a 895-bp fragm ent corresponding to 
nucleotides 162—1056 in  the  ElovlS cDNA was cloned into a pCI-neo 
vector (Promega), appropriately linearized, and in vitro transcribed to

obtain antisense and sense probes. Sections were trea ted  w ith protein­
ase K (Sigma) and washed in  0.1 m triethanolam ine buffer containing 
0.25% acetic anhydride. Subsequently, sections were hybridized over­
night w ith 2.5 x  106 cpm of labeled antisense or sense probe a t 55 °C. 
Autography was carried out for 14 days. After development of the 
photographic emulsion, slides were stained w ith hematoxylin and eo­
sin. The labeled sense strand  served as negative control and did not 
show any labeling of cellular localization.

Epiderm al L ip id  Analysis—H air was removed from the  back of the 
mice, and skin was isolated by punching. After subcutaneous tissue was 
removed by scraping on ice, skin pieces were incubated in  phosphate- 
buffered saline a t 60 °C for 30 s, and epidermis was isolated by scraping 
on ice. Lipids were extracted using ehloroform:methanol:water (2:4:1,6) 
overnight, and skin precipitates were stored for fu rther extraction. Four 
m l chloroform:water (1:1) was added to the  supernatan t and incubated 
for 5 m in a t  room tem perature  followed by centrifugation (2000 rpm). 
The w ater phase was discarded, and the  organic phase was washed 
w ith ehloroform:methanol:water (10:10:9). Non-extracted lipids from 
the  original skin precipitates were sequentially extracted using chloro- 
form:methanol (2:1, 1:1, 1:2). E xtracts were pooled and evaporated 
under nitrogen.

TLC analysis was perform ed as described earlier (37). Total epi­
derm al lipids were separated  by HPTLC (Merck) w ith th e  following 
solvent sequence: 1) chloroform to 1.5 cm; 2) ehloroform:methanol: 
acetone 76:16:8 (v/v) to 1 cm; 3) ehloroform :m ethanol:hexyl ace- 
tate:aeetone 86:4:1:10 (v/v) to 7 cm; 4) chloroform :m ethanol:acetone 
76:20:4 (v/v) to 2 cm; 5) ehloroform :m ethanol:diethyl ether:ethyl ae- 
etate:hexyl aeetate:aeetone 72:4:4:1:4:16 (v/v) to 7,5 cm; 6) rc-hexane: 
diethyl e ther:e thyl ace ta te  80:16:4 (v/v), and 7) rc-hexane:diethyl 
ether:aeetie acid 65:35:1 (v/v) to th e  top of th e  p late . Lipids were 
visualized afte r trea tm en t w ith  cupric acetate-phosphoric acid and 
heating  to 160 °C for 15 min.

H air L ip id  Analysis—H air from adult mice was extracted and fil­
tered twice w ith 20 ml acetone for 15 min. The two extracts were 
combined and allowed to evaporate to dryness in  glass vials. The 
am ount o f d ry  lipids w as calculated by sub tracting  th e  w eight of 
em pty vials. Equal am ounts o f lipids (120 /xg) w ere dissolved in  
acetone and applied to each lane on a W hatm an HPTLC silica G p late 
and separated  according to Downing (24). Briefly, th e  p la te  was 
previously ru n  w ith  chloroform, placed in  an  oven a t  105 °C for 30 
m in, and th en  im m ediately cooled down to room tem pera tu re. The 
sam ples were spotted onto th e  p late  and resolved in  hexane. The 
p la tes were removed and a ir  dried for 15 m in. The p lates w ere then  
ru n  in  toluene u n til th e  solvent front reached th e  end of th e  plate. 
After th e  p la tes w ere a ir dried for 15 m in, a th ird  phase  containing 
hexane:ether:aeetie acid (70:30:1) was ru n . The TLC plates were 
sta ined  w ith  sulfuric aeid:ethanol (1:1) and charred  a t  150 °C. Lipids 
w ere analyzed by scanning densitom etry of d igital p ictures tak en  
from th e  TLC p la te  by phosphorim aging (Molecular Dynamics) w ith 
th e  Im ageQ uant program .

Mass Spectrometry Analysis—For th e  fa tty  acid determ inations, 2 ml 
ehloroform:methanol:water (60:30:4.5) extract of h a ir lipids was evap­
orated and dissolved in  2 ml 2.5% sulfuric acid in  m ethanol. Acidic 
m ethanolysis was performed a t 80 °C for 16 h. Formed fatty  acid m ethyl 
esters were purified by preparative TLC in  dichloromethane. Mass 
spectrom etry analysis was performed on Fison MD 800 equipm ent with 
on-column injection. A DB 1 (J&W) capillary column 30 m  x  0.32 mm 
was used for the  separation.

Water Retention Assay and Temperature M easurement—W eight or 
colonic tem perature was m easured (RET-3 rectal therm om eter; Physi- 
tem p Instrum ents Inc.) once for each adult mouse prior to swimming. 
Mice were allowed to swim in  w ater a t  30 °C for 2 m in. Excessive w ater 
was elim inated by allowing the  mice to w alk on paper towels for a few 
seconds. W eight or colonic tem perature was recorded every 5 m in a t
22 °C. Between each m easurem ent the  mice were kep t individually in 
empty plastic cages. The h a ir w ater content was calculated by sub tract­
ing the  preswim weight from th e  postswim weight.

Trans-epidermal Water Loss (TEWL) Analysis—Mice were anesthe­
tized w ith 2.5% avertin  by intraperitoneal injection a t  a concentration 
of 0.014 ml/g body weight. The evaporimeter (EP 1C; Servomed, 
Goteborg, Sweden) was ru n  for a t  least 15 m in prior to use. The 
evaporimeter was placed on 1 cm2 of shaved skin on th e  back of the 
anim al in  an  open chamber. During the  m easurem ent, the  evaporime­
te r  w as allowed to stabilize for 30 s before the  value was recorded. All 
m easurem ents were performed according to the  guidelines from the 
standardization group of contact derm atitis (25).
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Fig. 1. G e n e ra tio n  o f 25/oo/3-ablated m ice. A, schematic drawing of the EIovI3 gene-targeting construct. The targeting  construct for EIovI3 
replaces the transcription s ta r t and exons 1 and 2 of the  genomic DNA. Location of the  probe for Southern analysis is indicated by bars underneath  
the  wild-type and m utated allele. The m utated EIovI3 allele differs from the wild-type allele in the absence of an  in ternal Seal site due to 
homologous recombination. The lines indicate the distances between Seal sites. Black boxes represent exons and are denoted w ith numbers above 
them . The thymidine k inase selection gene is denoted by tk, B, genomic DNA from different genotypes of F l  offspring were digested w ith Seal and 
analyzed with Southern blot to distinguish between mice being wild-type (+ /+). heterozygous (±). or homozygous ( - / - J  for the m utan t EIovI3 
allele. Digestion yielded the 11.6- and 5.6-kb fragm ents, respectively, detected by the probe. C, N orthern analysis of EIovI3 expression in  brown 
adipose tissue (BAT), liver, and skin. Tissues were taken  from mice kept a t room tem perature (22 °C) or exposed to cold (4 °C) for 15 days. 10 /.ig 
total RNA was loaded in each lane. After electrophoresis and transfer, the m em branes were probed with a 900-bp EIovI3 open reading frame 
fragm ent. D, phenotype of i?/oy/3-ablated mice. Heterozygote (right) and homozygote (left) Elovl3-ablated mice a t 9 weeks.
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Fig. 2. H is to lo g ic a l a n a ly s is  o f  th e  sk in  fro m  BZoi’ZS-ablated 
m ice  a n d  ce ll-sp ec ific  e x p re ss io n  o f  E lo v l3  m RNA in  h a i r  fo lli­
c les  a n d  se b a c e o u s  g la n d s  in  w ild -ty p e  sk in . Microscopic overview 
of the  skin from the  back of an Elovl3-ablated mouse (A-E) and wild- 
type mouse (F-J) a tth e  age of 9 weeks showing epidermis, ha ir follicles, 
and dermis. A, in the  Elovl3-ablated mouse, the normal h a ir is missing 
in the  upper p a rt of several h a ir follicles though the  h a ir seems normal 
in the  lower parts. B, in higher magnification, an increased thickness of 
the  epidermis and hypergranulation is seen both in epidermis and in 
the  h a ir follicle. C, transverse section of a h a ir follicle shows abnormal 
epithelial cells. D, the  inner cell layer of the  outer root sheath appears 
abnormal with irregularly shaped nuclei (arrows). E, hyperplastic and 
enlarged sebocytes are seen in the sebaceous glands. G, by in situ 
hybridization very low Elovl3 expression is seen in a cross-section of 
epidermis of wild-type skin. H, horizontal section showing specific ex­
pression of Elovl3 in the  epithelial cells of a h a ir follicle (arrow, black 
grains). I, a higher magnification of the  epithelial cells of the  ha ir 
follicle showing abundant Elovl3 mRNA signal in the  cells of the  inner 
layer of the  outer root sheath (ORS) of the  h a ir follicle (arrows). IRS, 
inner root sheath. J , a strong Elovl3 mRNA signal (black grains) was 
detected in normal sebocytes. A -E , no ElovlS mRNA signal was de­
tected in Elovl3-ablated mice. (All sections are counterstained with 
hematoxylin and eosin).

RESULTS

Generation o f Elovl3-ablated Mice—A Sail fragment, includ­
ing the transcription start site, exon 1 and 2 of the Elovl3 gene, 
was deleted by homologous recombination in R l ES cells due to 
insertion of a neo'' gene (Fig. IA). Targeted ES cells were 
microinjected into blastocysts of C57BL/6J (B6) mice. Two in­
dependent chimeric lines were found to transm it the Elovl3

Fig. 3. A b n o rm a l c o n te n t  o f  n e u tr a l  sk in  l ip id s  o f  E lovl3- 
a b la te d  m ice. Equal am ounts of epidermal lipids (120 /xg) from wild- 
type (+ /+ ) and Elovl3-ablated ( - / - )  mice were separated by H PrLC. 
The arrows and vertical line indicate the  transfer area of triglycerides 
and sterol and wax esters, diacylglycerols and free fa tty  acids, choles­
terol, and ceramides, respectively, according to lipid standards.

disruption through the germline, which was confirmed by 
Southern blot analysis (Fig. IB). The 5.6-kb Seal genomic frag­
ment representing the wild-type Elovl3 allele is absent in 
-E/oii/3-ablated mice and replaced by a 11.6-kb fragment that 
hybridizes to the probe (Fig. 1, A  and B).

To determine the Elovl3 expression, Northern blot analyses 
were performed with total RNA isolated from brown adipose 
tissue, skin, and liver, i.e. organs that have been shown to 
express Elovl3 (7), from wild-type and Elovl3-ab\ated mice (Fig.
IC). The gene disruption was particularly clear upon cold stim­
ulation, where no Elovl3 mRNA was detected in brown adipose 
tissue from Elovl3-ab\ated mice, a site with the highest re­
ported Elovl3 expression (7).

Phenotype Characteristics—Interestingly, the Elovl3-ab\ated 
mice did not show any indications of impaired liver or brown 
adipose tissue function. The striking feature that distinguished 
Elovl3-ablated mice from wild-type or heterozygous littermates 
was a tousled and reduced fur content over the whole body (Fig.
ID) that was noticeable within 2 weeks of age when the hair 
was formed and sustained throughout the life span. In addi­
tion, mice older than approximately six months showed irri­
tated skin and distinctive scratch marks on the chin that re­
sembled eczematous skin. The mice grew normally and were 
fertile. Offspring genotypes obtained from heterozygous F l  in­
tercrosses showed normal Mendelian distribution.

Microscopic Distinctions ofthe Skin in Elovl3-ablatecL Mice— 
Grossly, the epidermis of the Elovl3-ab\ated mice appeared nor­
mal, but parts of the epidermis were thicker with observed hy-
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Fig. 4. A b norm al c o n te n t o f  h a ir  lip id s  o f  ££oo£3-ablated m ice. A,
normal and m utated mice had similar total ha ir lipid production. Lipid 
content in the ha ir was determined in 10 wild-type (+ /+) and 8 Elovl3- 
ablated ( - / - )  mice, respectively, with values expressed as mean ± S.E. B, 
equal amounts of hair lipids (120 /ng) loaded on silica gel 60 TLC plate 
(20 x  20 cm). The vertical lines indicate the transfer area of sterol esters, 
wax and diol esters and triglycerides according to lipid standards.

Fig. 5. M ass sp e c tro sc o p ic  a n a ly s is  o f  h a i r  lip id s . A, gas chro­
matography-mass spectrom etry analysis of the  acyl chain content in 
acetone-extracted lipids from the  h a ir of wild-type (black bars) and 
/?/ou/3-ablated mice (open bars). The 22-24 bars indicate both saturated  
and m onounsaturated fa tty  acids. Each bar represents the  mean 
value ± S.E. of 10 anim als, p  = * <  0.05, ** <  0.01, *** <  0.001. B, 
detailed gas chromatography-mass spectrom etry analysis of the  acyl 
chain content within the  triglyceride fraction of h a ir  lipids from th e  hair 
of wild-type (+ /+ ) and /?/ou/3-ablated mice ( - / - ) .  Each bar represents 
the  relative mean value of two triglyceride fractions pooled from two 
mice of each strain.

pergranulation (Fig. 2, A  and B). The nuclei of the hair follicle 
cells seemed irregularly shaped, especially within the cells in the 
inner layer of the outer root sheath (Fig. 2, C and D), and as in the 
epidermis scattered hypergranulation was seen (Fig. 2, A and C). 
In many of the hair follicles, normal hair was missing in the 
upper part, though the hair seemed normal in the lower parts of 
the follicles. However, the most evident finding was a general 
hyperplasia of the sebaceous glands (Fig. 2E).

Cell-specific Expression ofElovlS in the Skin—Under normal 
conditions, Elovl3 is sparsely expressed in the skin. To delin­
eate this expression, we performed in situ hybridization anal-
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e Fig. 6. D efec ts  in  w a te r  b a r r i e r  o f  E /oii/.'i-ablated m ice . A, 20 min after a 2-niin swim in 30 °C, E/ou/3-ablated mice (left) are still wet 

compared with wild-type mice (right). B, impaired w ater repulsion in E/o«/3-ablated mice. E/o«/3-ablated mice absorb more w ater during the  swim 
than wild-type mice. Error bars indicate mean ± S.E. of seven wild-type and E/o«/3-ablated mice,respectively. C', increased w ater absorption 
induces hypotherm ia in E/o«/3-ablated mice compared with wild-type mice. After exposure to water, rectal tem perature was measured every 5 min 
for one hour. Each point is mean ± S.E. in four experiments. D, impaired skin barrier in E/ou/3-ablated mice because of trans-epiderm al w ater loss 
in healthy wild-type mice (+ /+ ) and E/ou/3-ablated mice (—/ —). The values are expressed as mean ± S.E. of 10 mice in each group, p  = <0.01 in 
comparison with healthy anim als.

ysis. In the wild-type mice, a strong ElovlS mRNA signal was 
seen in the cells of the inner layer of the outer root sheath ( Fig.
2, H  and I) of the hair follicles and in the sebocytes of the 
sebaceous glands (Fig. 2J). In epidermis the ElovlS mRNA 
signal was very low (Fig. 2G), and in fibroblasts no detectable 
signal was seen. In the Elovl3-ablated mouse, there was no 
detectable Elovl3 mRNA signal in any cell type (Fig. 2, A-E). 
No signal was detected in tissues hybridized with the sense 
probe (data not shown).

Disturbed Epidermal Skin Lipid Content o f Elovl3-ablated 
Mice—Regarding the restricted ElovlS expression in the skin 
and the abnormal morphology of the hair follicles and pilose- 
baceous system in the U/oi>/3-ablated mice, we suspected the 
lipid composition of the secreted sebum to be affected. Because 
the sebaceous glands are appendages of the epidermis con­
nected to hair follicles and secrete the sebum onto the skin 
surface, we analyzed the lipid content of the epidermis, includ­
ing the outermost part, stratum corneum, by thin layer chro­
matography. From this it was clear that the major difference 
between wild-type and Elovl3-ablated mice was observed in the 
most mobile fractions, which were a mixture of neutral lipids,

such as triglycerides and wax and sterol esters, which are 
normal constituents of the sebum (Fig. 3). In contrast, there 
was no major difference between the more polar fractions 
where the different sphingolipid-based ceramide moieties mi­
grate. A similar pattern was also seen when total skin was 
analyzed (not shown), suggesting a selective unbalance in the 
neutral lipids of the epidermis and hair.

Disturbed Lipid Content in the Hair o f ElovlS-ablated Mice— 
Although there was a general tendency toward more acetone- 
extractable lipids in the hair of U/oi>/-ablated mice, the total 
amount of hair lipids did not significantly differ from the wild- 
type mice (Fig. 4A). When we analyzed the hair lipids by TLC, 
the fractions containing triglycerides, wax esters, diol esters, 
and sterol esters formed a different TLC pattern between the 
two strains of mice (Fig. 4B). The most obvious difference was 
a shift in the amount of specific lipid components in the area 
where the triglycerides were localized (Fig. 4B). Densitometric 
analysis displayed a 10-fold decrease in a relatively more hy­
drophilic component, which was counteracted by a 10-fold in­
crease in a relatively more hydrophobic component.

Mass Spectrometric Analysis o f Hair Lipids—The ELOVL3
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Fig. 7. M u ta n t e p id e rm is  (—!—) d isp la y s  a b n o rm a l la m e lla r  
b o d y  c o n te n ts . A and B, sm all solid arrows indicate abnormal lam el­
la r  body contents in stra tum  granulosum (SG). B, normal internal 
contents are rarely seen (sm all open arrow). A , secreted lam ellar body 
contents a t stra tum  granulosum  (SG)-stratum corneum (SC) interface 
are loosely organized (asterisk), and contain electron lucent droplets (B , 
larger arrow), m indicates mitochondria. Samples were in osmium 
tetroxide post-fixative; magnification bars = 0.5 fim.

protein has been suggested to be involved in the formation of 
fatty acyl chains containing up to 24 carbon atoms (9). When we 
compared the acyl chain content in acetone-extracted lipids 
from the hair of wild-type and Elovl3-ablated mice by mass 
spectrometry analysis, there was a remarkable increase in 
eicosenoic acid (20:1 (n-9)) in the Elovl3-ablated mice. The 
amount increased from 14 to 43% of total lipids (Fig. 5A). In 
contrast, there was about a 40% decrease in C16:0, C18:0 and 
C18:l (n-9) fatty acids, which suggests that the regulation of 
saturated and monounsaturated (n-9) fatty acid levels, in gen­
eral, is affected in Elovl3-ablated mice. Surprisingly, we did not 
detect a decrease in VLCFA longer than 20 carbon atoms in the 
Elovl3-ablated mice.

Because in the TLC experiment we had observed a dramatic 
mobility shift within the area where the triglycerides migrated, 
we analyzed the fatty acid profile within this fraction of the 
hair lipids. Similar to what was detected in the total hair lipids, 
there was an enormous amount of 20:1 (n-9) in the Elovl3- 
ablated mice (77%) compared with wild-type mice (44%), which 
was associated with a reduced amount of shorter saturated and 
monounsaturated fatty acids (Fig. 5B). However, in contrast to 
the data on total lipids, the amount of saturated and monoun­
saturated fatty acids containing 22^24 carbon atoms within the 
triglyceride fraction was almost undetectable (less than 1%) in 
the Elovl3-ablated mice compared with 10% in the wild-type 
animals. The sterol and wax ester fraction showed a similar 
profile difference for the fatty acids up to 20:1 between the 
wild-type and U/ou/3-ablated mice. However, in contrast to the 
triglyceride fraction, there was no decrease in 22^24 fatty acids 
within this fraction. This implies a specific role of Elovl3 in 
regulating the fatty acid composition within the triglycerides, 
which if disrupted have effects on the neutral lipids of the 
sebum in general.

Defective Water Repulsion and Thermoregulation in Elovl3- 
ablated Mice—To investigate the relevance of Elovl3 for normal 
function of the hair, we performed a water repulsion experi­
ment in which the animals were allowed to swim at 30 °C for 2 
min. From this, it became evident that Elovl3-ablated mice 
showed an impaired ability to repel water because they ab­
sorbed three times as much water as wild-type mice (Fig. 6, A 
and B), about 14% of their body mass compared with 4% for the 
wild-type mice. However, the rate of water evaporation from 
the skin during the following 40 minutes of the test proved to 
be equal for the Elovl3-ablated and wild-type mice (Fig. 6B).

Surprisingly, even though the Elovl3 mRNA level has been 
shown to be increased about 100-fold in the brown adipose 
tissue of cold-exposed wild-type mice (7), the Elovl3-ablated

Fig. 8. E x tra c e l lu la r  d o m a in s  a re  a b n o rm a l in  BZoi’ZS-ablated 
(—/ —) s t r a tu m  c o rn e u m  (SC). A, note again electron-lucent droplets 
a t stra tum  granulosum  (SG)-stratum corneum (SC) interface (solid 
arrows). Extracellular domains above SG-SC interface display a paucity 
of lam ellar bilayers (A, open arrows) and abundant amorphous, non- 
lam ellar m aterial (B). C, norm al-appearing extracellular bilayers (ar­
rows) in wild-type (+ /+ ) SC. m indicates mitochondria. Samples were in 
uthenium  tetroxide post-fixative; magnification bars = 0.25 /Lim.

mice did not show impaired brown fat activity {i.e. loss of body 
temperature) when exposed to the cold for even as long as 
several months.3 To see whether impaired water repulsion of 
the Elovl3-ablated mice also leads to impaired thermoregula­
tion, body temperature was measured in wild-type and Elovl3- 
ablated mice after a 2-min swim in 30 °C. The Elovl3-ablated 
and wild-type animals had the same body temperature at am­
bient temperature (22 °C) before the swim (Fig. 6C). After the 
swim, wild-type mice experienced a drop in core temperature to 
a lowest value of 31 °C after 5 min. The core body temperature 
returned to baseline level after approximately 20 min, which 
also coincided with the return of a completely dry fur (Fig. 6, B 
and O . In contrast, the core temperature of Elovl3-ablated 
mice decreased to 26 °C and remained at that temperature for 
a t least one hour, which also correlated with wet fur (Fig. 6, B 
and O . So, even if the Elovl3-ablated mice can withstand a 4 °C 
cold exposure, they are unable to maintain their body temper­
ature with wet fur even at room temperature.

Increased Trans-epidermal Water Loss in Elovl3-ablated 
Mice—Because a major function of the skin is to provide a 
barrier to water transmission, we hypothesized that the Elovl3- 
ablated mice may have a disturbed water barrier resulting in 
an increased TEWL. To test this, we quantified the diffusion of 
water through the skin by a TEWL test. As shown in Fig. 6D, 
the Elovl3-ablated mice had a 70% higher rate of evaporation 
compared with wild-type mice, indicating a higher water loss 
due to skin barrier impairment.

Abnormal Lamellar Body Content in Epidermis o f Elovl3- 
ablated Mice—To delineate the basis for the cutaneous abnor­
malities induced by the deficiency of Elovl3, electron micro­
graphs from m utant and wild-type epidermis were compared. 
U/ou/3-deficient epidermis displayed lamellar bodies with ab­
normal contents (Figs. 7 and 8, solid arrows), as well as poorly 
organized extracellular membrane domains (Figs. 7, A and B, 
and 8, A and B), compared with the highly ordered membrane 
lipid domains in normal (+/+) epidermis (Fig. 8C). Intra- and 
extracellular domains contained electron-lucent domains con­
sistent with abnormal neutral lipid accumulation (Figs. 7 and 
8). Extracellular domains above stratum  granulosum (SG )- 
stratum  corneum (SC) interface display a paucity of lamellar 
bilayers (Fig. 8, A and B, open arrows) and abundant amor­
phous, non-lamellar material (Fig. 8B). These studies indicate

J A . Jacobsson, unpublished data.
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that the deficiency of ElovlS disrupts normal lamellar body 
formation and subsequent generation of extracellular lamellar 
membranes necessary for normal epidermal permeability bar­
rier function. The presence of both intra- and extracellular lipid 
droplets is consistent with inappropriate accumulation of non­
barrier, neutral lipids in the epidermis of Elovl3-ab\ated ani­
mals. Thus, the abnormal barrier function, i.e. elevated TEWL, 
reflects altered lipid production and/or accumulation within 
the epidermis that results in abnormal membrane domains in 
the stratum  corneum.

DISCUSSION

We report here a novel mechanism involving the ElovlS gene 
product in the protective function of the skin. From TLC ex­
periments, it became evident that the Elovl3-ab\ated mice had 
modified levels of specific ester components in their hair lipids. 
The fact that the sebaceous glands were hyperplastic implied 
the existence of a compensatory mechanism. The fatty acid 
analysis suggested that this was because of an accumulation of 
sebum lipids by reason of a deficiency in further elongation of 
20:1 for production particularly of triglycerides.

The marked increase in TEWL of the Elovl3-ab\ated mice 
indicates that the stratum  corneum in affected animals does 
not provide for normal barrier function. Ultrastructural anal­
ysis, using electron microscopy, revealed that stratum  corneum 
extracellular membrane domains contained areas with a sig­
nificant amount of neutral lipid accumulation. In addition, both 
normal- and abnormal-appearing lamellar bodies and extracel­
lular membrane domains were evident in ElovlS-deficient epi­
dermis. These findings reveal that the barrier abnormality 
induced by ElovlS deficiency is a consequence of membrane 
abnormalities within the stratum  corneum, likely because of 
abnormal lipid ratios within these critical membrane domains. 
This agrees with our inability to detect any major differences 
within the sphingolipid fraction of the epidermis between 
Z?/oii/3-ablated and wild-type mice but rather within the more 
hydrophobic lipid fractions. Because the expression of ElovlS is 
restricted to certain cells within the hair follicles and the se­
baceous glands, the deficiency in barrier integrity of the stra­
tum corneum is probably because of an imbalance in the lipid 
content of the sebum.

In addition to the imbalance in the lipid content of the 
sebum, the hair phenotype could be explained by the absence of 
ElovlS expression in the inner cell layer of the outer root 
sheath; our hypothesis is that these cells have lost their normal 
function. Although an exact function of these cells is still un­
known, our data suggest a role of ElovlS in the synthesis of 
specific saturated and/or monounsaturated VLCFA, essential 
for normal function of the hair. In addition, even though the 
hair of the ElovlS-ablated mice contained as much lipids as the 
wild-type mice, the mechanism behind the impaired synthesis 
of ElovlS-based VLCFA and the inability of the hair to repel 
water is still unknown.

Interestingly, apart from the ElovlS mutation, there are three 
additional gene mutations, asebia, scraggly, and diacylglycerol 
acyltransferase 1 (Dgatl)-ablated mice (26-28) that give rise to 
veiy similar phenotypic effects: hair loss, skin defects, and ab­
normalities in sebaceous lipid composition. The asebia mutation 
suffers from inability to synthesize specific monounsaturated 
fatty acids, preferentially palmitoleoyl- and oleoyl-CoA (16:1 and 
18:1, respectively), because of a mutation in the steroyl-CoA 
desaturase 1 and 3 (SCD1 and SCD3) gene (29-31). However, in 
contrast to the hyperplasia seen in the sebaceous glands of 
.Efoii/3-ablated mice, asebia develop hair loss and abnormal hair 
follicles because of sebaceous gland hypoplasia (29, 32-35). The 
gene product of scraggly is not yet identified. In these mutants, 
the loss of hair phenotype is not an immediate event but develops

with increased age. Despite a higher amount of total hair lipids 
from scraggly than in wild-type mice, the sebaceous glands ap­
peared to be normal in structure. In the Dgatl-ablated mice, 
when the final step of triglyceride synthesis was eliminated, an 
impaired and reduced production of neutral lipids in the sebum 
was detected (28).

Recently, Fluhr et al. (36) demonstrated that in the asebia 
mouse the sebaceous gland-derived glycerol, a major contribu­
tor of stratum  corneum hydration, is impaired, which empha­
sizes the importance of glycerol generation from triglyceride in 
the sebaceous glands. This may be of great importance regard­
ing the phenotype of scraggly, Dgatl-, and ElovlS-ablated mice 
as well, which all have a disturbed triglyceride synthesis 
within their hair lipids.

Although the abnormal fatty acid composition in the hair 
lipids of asebia, scraggly, Dgatl-, and ElovlS-ablated mice re­
sults in an abnormal synthetic or degenerative process that is 
necessary for completion of normal hair and sebum production, 
there are clear histopathological differences in the hair follicles 
and in the sebaceous glands between these mutants. In strong 
contrast to the asebia and the Dgatl-ablated mice, which phe­
notype is associated with dry fur and atrophic sebaceous 
glands, ElovlS-ablated mice showed both hyperthrophic seba­
ceous glands and an overproduction of certain lipids. This sug­
gests that ElovlS-based VLCFA are essential for maintaining a 
balanced lipid metabolism in the sebaceous glands.

In summary, our data show that the length of the carbon 
chain of VLCFA in the skin is of high significance, not only as 
structural components but also as non-membrane-bound lipid 
components such as triglycerides and sterol esters. We also 
show that this is under strict regulatory control in certain cells, 
which in case of irregularity can have detrimental effects on 
lipid metabolism and, consequently, on the development and 
maintenance of hair and skin function.
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