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Identification of a Coordinate 
Regulator of lnterleukins 4, 13, 
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Sequence Comparisons 
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served in humans and mice. A comparative 
sequence-based approach was employed to dis- 
cover distant regulatory sequences involved in 
controlling the complex expression patterns of 
the 5q3 1 cytokines. 

Database searches combined with GenScan 
predictions identified 23 putative genes (includ- 
ing IL-4, IL-13, and IL-5) in an -1-Mb human 
5q31 region and determined that the order and 
orientation of all but one of these genes are 
conserved in the murine chromosome 11 or- 
thologous region (Fig. 1) (5-7). Comparative 
analysis of these human and mouse sequences 
(8) focused on discovering distant regulatory 
sequences in the region, based on the observa- 
tion that these elements are typically composed 
of long sequences [>loo base pairs (bp) in 
length] that are highly conserved among mam- 
mals (270% identity) ( I ) .  A total of 245 con- 
served elements fitting these criteria was iden- 
tified, of which 155 overlapped with coding 
sequences (defined as sequences present in ma- 
ture RNA transcripts) (9),and the remaining 90 
were defined as noncoding (Figs. 1 and 2) (10). 
Of the 90 conserved noncoding elements, 46% 
were in introns, 9% were within 1 kb of the 5' 
and 3' ends of an identified transcript, and 45% 
were in intergenic regions >1 kb from any 
known gene. Many of the noncoding elements 
were found in clusters, such as in the intergenic 
region between organic cation transporter I 
(OCnTl) and P4-hj~droxylase alpha (II), sug- 
gesting that they may be worlung cooperatively 
as a functional unit (Fig. 1). One of the con- 
served noncoding sequences (CNSs), CNS-7, 
located in the intergenic region between grun- 
ulocyte-macrophage co1onj~-.~timlrlating ,factor 
(GM-CSF)and IL-3, had previously been iden- 
tified experimentally as an enhancer controlling 
the coregulation of these two cytokines (11). 
This finding supports the choice of the criteria 
used in this sequence-based approach to iden- 
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tify biologically relevant noncoding sequences. Southern blot analysis(19). YAC copy number vitro under conditions that favor development 
Fifteen of the CNSs were assessed for their was the same in the paired CNS-1" and CNS- of either TH1or TH2cells (21, 22). Neither the 

presence in other vertebrates and their copy ldcltransgenic animals as determined by both IL4  nor IL-13 human transgenes were ex-
number in the human genome. Degenerate Southern blot analysis (19) and fluorescent in pressed during TH1differentiation in either the 
primer pairs of the elements were used to am- situ hybridization (FISH) (Fig. 3) (20). These CNS-1" or CNS-ldc'transgenic cells, suggest-
plify genomic DNA of other vertebrates, and findings suggest that the paired CNS-1" and ing that CNS-1 was not required for the repres-
the resulting products were sequenced (12). Ten CNS-ldcltransgenic mice are genetically iden- sion of these cytokines in TH1 cells. When T 
of the elements were highly conserved in at tical in every aspect except for the presence or cells were stimulated to promote TH2differen-
least two mammals in addition to humans and absence of the CNS-1 element. tiation, the CNS-ldc'transgenic cells developed 
mice (Fig. 1 and Table 1). Twelve eleinents To assess whether CNS-1 affectsexpression less than half as many human IL-4-producing 
appeared unique in the human genome, as de- of the human 5q31cytokines, we isolated high- cells and less than a third as many human 
terrnined by low-stringency Southern blot hy- ly purified na'ive CD4+ T cells from the spleen IL-13-producing cells as the CNS-1" trans-
bridizations (13). Of the noncoding sequences and lymph nodes of paired CNS-lWand CNS- genic mice did (Fig. 4, A and B) (22). In the 
examined, -70% are conserved across mam- ldc' transgenic mice and stimulated the cells in TH2cells that expressed human IL-4and IL-13, 
mals and unique in the human genome, features 
commonly noted in experimentally identified 
distant regulatory elements (I). 0 kb - Fig. 1.Physical map of 

The largest conserved noncoding sequence, --
CNS-1 (401 bp), which is located in the inter- 40 --
genic region (- 13kb) between IL4  and IL13, 
was chosen for in-depth functional analysis on 80 --
the basis of several features that suggest it 
might be a distant regulatory element. CNS-1 I2O --
demonstrates a high degree of conservation 

-

the 1-Mb human 5q31 
region. The locations 

-- fj-12:222 bp 84% of the 23 genes in the 
interval (7) (gray box-
es), their direction of-- S-1 I*: 155bp 81% transcription (grayver-

tical arrows), and the 
- locations of all CNSs 

160+across mammals (-80% identity in mice, hu-
mans, cows, dogs, and rabbits) Fable I), con-

200 --trasting sharply with the relatively low conser-
vation observed in the coding regions of the 240
flanking genes, IL4  and IL13 (-50% identity -
between humans and mice) (Fig. 2). This ele- 280 --

-

ment is single copy in the human genome and 
has been conserved during evolution not only 320 --
with regards to sequence but also to genomic 
location [mapped in dogs, baboons, humans, 360 --
and mice to the IL-4 through IL13 intergenic 
region (14)l. Binding sites for transcription fac- 400 --
tors known to regulate the expression of IL4  
and IL-13 were not found in CNS-1 (15); how- 4 0  --
ever, we determined that CNS-1 overlaps with 
two (TH2cell specific) of the eight deoxyribo- 480 --
nuclease (DNase) I hypersensitive sites (HSs) --
previously localized in the IL-4 through IL-13 520 --
region (16) (Fig. 2). 

The biological properties of CNS-1 were 560 --
characterized through the creation and analysis 
of multiple lines of mice bearing a 450-kb 600 --
human YAC transgene (Fig. 1) either contain- -
ing or lacking the CNS-1 element. To reduce 640 

the uncertainties of comparing different founder -

-lines of transgenic mice, we inserted loxP sites 680 

(17) into the YAC transgene flanking the 
CNS-1 element and introduced this modified 720 

YAC into the genome of mice (three separate 
founder lines were created). To delete the 760 

CNS-1 element, we bred the human YAC goo
transgenic mice from each of the founder lines 
with mice expressing a Cre recombinase trans- 840 
gene (18). This resulted in the generation of two -
lines of transgenic mice derived from each 880 
founder line, one with a CNS-1-containing 
YAC transgene (CNS-1") and one with a YAC 920 
transgene in which the CNS-1 element had 
been deleted (CNS-ldC1).The deletion of 960 
CNS-1 was the only rearrangement in the hu-
man IL-4 through IL-13 region detected by 1000 
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Fig. 2. Percent identity plot displaying locations for CNS elements in the defined as coding (blue) (8) and noncoding (2100 bp and 270%) (red) 
11-4 through 11-73 region. Conserved sequences are plotted in relation to are indicated. A horizontal arrow indicates the direction of transcription 
their coordinates in the human genome (horizontal axes), and their for each gene. The two DNase I HSs that overlap with CNS-1 are shown 
percent identities are indicated on the vertical axis (9). Sequences as vertical arrows. k, kilobases. 

CNS- 1 Wt YAC Human IL-4 

+CNS-I 

Human 11-13 Human lL-5 

Fig. 4. Expression of human D M o w  lL4 E Mouse 11-13 
a d  mouse cytokines in paired 
CNS-lW and CNS-~~* '  trans- 
genic~ and control FVB mice. 
NaTve CD4+ T cells were 
stimulated with T,Z condi- 
tions and analyzed on days 2, 
3, 4, and 7 for expression of 
(A) human 11-4, (0) human 
11-13, and (D) mouse 11-4 by 
intracellular cytokine detec- 
tion with flukscent mono- 

e 
3D.y. 7 av. 

clonal antibodies (27,22). (C) 
Human IL-5 and (E) mouse IL-13 protein levels were determined by ELlSA with supernatants of 
activated T cells collected at either 3 or 7 days (following restimulation) after stimulation of naive 
cells (27, 22). Ban represent means and standard erron of the means. 

Fig. 3. YAC copy number determined by FISH. 
lnterphase nuclei of spleen cells isolated from 
paired (top) CNS-IWt and (bottom) c ~ S - 1 ~ ~ ~  
YAC transgenic mice (line 1) hybridized with 
two P I  probes [HZ3 (green) and HZ4 (red)] (Fig. 
1) as described (79) are shown. Similar hybrid- 
ization patterns were obtained for line 3. 

the absence of CNS-1 consistently resulted in a 
decrease in the number of TH2 cells expressing 
human IL-4 and IL- 13. 

Transcript levels of human ZL-4,ZL-13, and 
ZL-5, as well as the two noninterleukin genes 
closest to CNS-1, Icinesin family member 3A 
(KIF3A) and RAD50, were quantified in the 
paired CNS-lw and CNS-ld"' transgenic mice 
(23). The mRNA levels of the three human 
cytokines were reduced in CNS-ld"' TH2 cells, 
reflecting the differences observed in the pro- 
tein levels and indicating that CNS-1 acts 
through its effect on the transcriptional activity 
of these genes. Expression levels of human 
KIF3A and RAD50 were essentially the same in 
the brains, hearts, kidneys, livers, and isolated 
TH2 cells of the paired CNS-lw and CNS-ld"' 
transgenic mice. RAD50 is a large gene (span- 
ning 87 kb) located between CNS-1 and ZL-5 
(Fig. 1). The fact that the CNS-ld"' transgenic 
mice produce substantially less human ZL-5, but 
unaltered amounts of RAD50, suggests that 
CNS-1 acts over a large genomic interval to 
specifically affect the expression of TH2 cell- 
specific cytokines. 

The initial production of murine IL-4 and 
IL-13 was significantly less in CNS-lw trans- 
genic TH2 cells, whereas at later time points, 
CNS-lw and CNS-ldel transgenic TH2 cells 
expressed comparable amounts of these cyto- 
kines (Fig. 4, D and E). Human IL-4 and IL-13 
do not modulate murine TH2 cell development 
in vitro, as determined with CD4+ T cells from 
nontransgenic mice (24). These data indicate 
that the initial reduction in murine IL-4 and 
IL-13 production in the CNS-lw transgenic 
cells is probably not due to the expression of the 
human IL-4 and IL-13 transgenes, suggesting 
that a competitive interaction may exist be- 
tween the human CNS-1 element and a trans- 
acting murine factor(s). The observation that, at 
subsequent time points, the murine cytokines 
are expressed at equivalent levels in CNS-lw 
and CNS-ldel transgenic cells may be due either 
to alterations in the levels of such putative trans 
factor(s) with increasing cell division or to pref- 
erential expansion or survival of murine IL-4- 
and IL-13-producing cells. 
Our study illustrates the utility of compara- 

tive sequence analysis in the identification of 

however, the amounts produced p a  cell, as- 
sessed by the mean fluorescence intensity, were 
the same in the paired human CNS-lw and 
CNS-ldel YAC transgenics. The observation 
that CNS-1 influences the number of TH2 cells 
expressing ZL-4 and ZL-13 but does not influ- 
ence their levels of expression per cell suggests 
that this element does not act as a classical 
enhancer but rather appears to be involved in 
modulating chromatin structure. Production of 
human IL-5 was also significantly reduced in 
the CNS-ld"' transgenic cells as compared with 
the paired CNS-lw transgenic cells (Fig. 4C). 
The lack of suitable antibodies for flow cytom- 
etry detection of human IL-5 precluded us from 
distinguishing whether the reduced expression 
of human.IL-5 was due to a decrease in the 
number of cells producing it or due to a de- 
crease in the amounts produced by individual 
TH2 cells. Ail three paired CNS-lw and CNS- 
lde1 YAC transgenic lines were examined, and 
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Table 1. Cross-species sequence analysis of 15 conserved noncoding ele- Hence, for each CNS, the size of the PCR amplified product(s) is smaller than 
ments. Human and mouse sequence alignments of each element were the size of the element indicated in Fig. 1. Numbers in parentheses are 
inspected, and primer pairs were chosen from the most conserved regions. percent identity. Dashes indicate that PCR did not amplify a product. 

Conserved Product base-pair size 
noncoding 
sequence Human Cow Dog Pig Rabbit 

*Only primer sequences were conserved. 'yAmplified PCR product was not sequenced 

distant regulatory elements. Of the 15 human 
and mouse conserved noncoding elements we 
examined, most are also present in other marn- 
mals. These data, in combination with analysis 
of the orthologous human 5q31 interval in dogs 
revealing a strilungly similar pattern of CNS 
elements (25), suggest that most of the human 
and mouse CNS elements we identified have 
been actively conserved because of a biological 
function. CNS-1appears to be involved in gene 
activation by modulating chromatin structure, a 
function for which there are no standard in vitro 
assays, suggesting that this element would have 
been difficult, if not impossible, to identify with 
traditional experimental methods. The use of a 
450-kb YAC transgene containing eight human 
genes, each potentially serving as "a reporter," 
allowed us to determine that CNS-1regulates 
some, but not all, of the genes in a large genom- 
ic interval (120kb) on human 5q31. These reg- 
ulatory features of CNS-1reveal the complexity 
of long-range regulatory elements and the pow- 
er of comparative biology in discovering and 
deciphering the properties of such elements. 
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TCTCNTCNTNCTCCACCCTCCC-3'; CNS-4 forward, 
5'-CCATCAACNATTCNTCCCCC-3'; CNS-4 reverse, 
5'-CTCTCTCCCNCTCCAACACC3'; CNS-5 forward, 
5'-ACNCTTTTTNCTCTCCAGCACT-3'; CNS-5 re-
verse, 5'-ATTCTTTNAAAACCCCATATC-3'; CNS-6 
forward, 5'-TACNANACTCACCATCTCTC-3'; CNS-6 
reverse, 5'-AAACCCCACCNCTCCCCAAACAG-3'; CNS-8 
forward, 5'-AACTAAACNCTCNAAAANNTC-3'; CNS-8 
reverse, 5'-CNCNNAACTATACTTTCCAATCC-3'; CNS-9 
forward, 5'-TNACTCNCACTCACTCATNTTTG-3'; CNS-9 
reverse, 5'-ATCNCCTCCNNCTNTCTTTCCAAC-3'; CNS-
10 forward, 5'-CANCATCACTCACCCACCACAAC-3'; 
CNS-10 reverse, 5'-CCTNNTCTACCAAATCGCCT-
TCC-3'; CNS-11 forward, 5'-CCCAAANTCTCA-
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CAATCTTC-3'; CNS-11 reverse, 5'-CTCTCANACC-
CACACACAAC3'; CNS-12 forward, 5'-TCCACATTT- 
TCTTNCCTTTC-3'; CNS-12 reverse, 5'-CTNTCNCT- 
CCCCTTTCATC-3'; CNS-13 forward. 5'-CCNTCACA- 
TNCTCCACCCTC-3'; CNS-13 reverse. 5'-CACCAC- 
CTCTCACNNCCCTC-3'; CNS-14 forward, 5'-TTC- 
CCAATTCCCCTCAAA C-3'; CNS-14 reverse. 5'-
AACCTKACYTCTCCCACC-3'; CNS-15 forward, 5 ' -  
AACNNTCTT CCTANCCTCACTCTC-3'; CNS-15 re- 
verse. 5'-CCACNTCTCCTTTTCACANCTTCA T-3': 
CNS-16 forward, 5'-CTCCCACATCCTTCCCACCC-
3'; and CNS-16 reverse, 5'-CCACNACCCACCCACA- 
CACC-3'. Amplified PCR products were analyzed by 
gel electrophoresis on 3% Nusieve CTC agarose gels 
(BioWhittaker Molecular Applications. Rockland, ME), 
extracted wi th QlAquick Gel Extraction Kits (QIA- 
CEN, Valencia. CA), and sequenced wi th Big Dye 
chemistry (PE Applied Biosystems. Foster City, CA). 

13. Human genomic DNA (8 pg) (catalog number 6550-1 
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and 1% bovine serum albumin] with the most stringent 
wash at 58°C [0.04 M NaHPO, (pH 7.2), 1 mM EDTA, 
and 1% SDS]. Probes were generated by PCR amplifi- 
cation of human genomic DNA using primer pairs of 
each CNS element and then gel purified (72). A CNS 
element was defined as single copy if none of the five 
lanes containing DNA (one of each restriction digest) 
had more than one or two bands (assumed t o  be a 
polymorphism). 

14. Cridded high-density dog and baboon libraries (BACPAC 
Resources, Roswell Park Cancer Institute, Buffalo, NY) 
were screened by hybridization with CNS-1 probes gen- 
erated by PCR amplification of dog and human genomic 
DNA (72), respectively. Content mapping of 9 dog BACs 
and 14  baboon BACs for the presence of KIF3A. CNS-2, 
IL-4. CNS-1. IL-73, and RAD50 by PCR defined the 
location of CNS-1 t o  the IL-4 through IL-13 region. 

15. CNS-1 sequences (human, mouse, dog, rat, cow, and 
rabbit) were searched (the Transcription Factor Da- 
tabase is available at http://transfac.gbf-braunschweig. 
de/TRANSFAC/index.html) for consensus binding 
sites of four proteins [NF-AT (nuclear factor of acti- 
vated T cells), c-maf. CATA-3, and STAT6 (signal 
transducer and activator of transcription 6)] known 
t o  regulate IL-4 transcription. No conserved consen- 
sus binding sites were found. 

16. N. Takemoto e t  al., lnt. lmmunol. 	10, 1981 (1998); S. 
Agarwal and A. Rao, Immunity 9, 765 (1998). 

17. YAC 	 A94C6 (450 kb) (6) was retrofitted wi th 
pLys2neo vector (gift from K. Peterson) as described 
[B. C. Lewis, N. P. Shah, B. S. Braun, C. T. Denny. 
Genet. Anal. Tech. Appl. 9, 86 (1992)l. The yeast 
shuttling vector, pRS406.CNS-l.loxP, was construct- 
ed as follows: A 2.4-kb Sac I fragment containing 
human CNS-1 was cloned into pRS406 (Stratagene) 
t o  generate pRS406.CNS-1. Oligonucleotides, LoxP-
PmI I (forward 5'-CTCTAACTTCCTATACCATACAT-
TATACCAACTTATCAC-3'; reverse 5'-CTCATAACT-
TCCTATAATCTATCCTATACGAAGTTACAC) and Lox- 
P-Sph I (forward 5'-CTAACTTCCTATACCATACAT-
TATACCAACTTATCCATC-3'; reverse 5'-CATAACTT- 
CCTATAATCTATCCTATACCAACTTACCATC-3'), con-
taining LoxP sequences wi th sticky ends were syn- 
thetically synthesized, annealed in vitro, and sub- 
cloned into Pml I and Sph I sites of the pRS406.CNS-1 
vector, creating pRS406.CNS-1.loxP. This vector was 
linearized at the PflM I site, and the pop-inlpop-out 
method [K. Duff. A. McCuigan, C. Huxley, F. Schultz, 
J. Hardy, Gene Ther. 1, 1 (1993)l was used t o  modify 
the retrofitted A94C6 YAC. YAC DNA was isolated at 
a final concentration of -1 nglml  and microinjected 
into fertilized FVB mouse eggs using standard proce- 
dures as previously described (6). 
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Specialized Fatty Acid Synthesis 
in African Trypanosomes: 
Myristate for GPI Anchors 
Yasu S. Morita, Kimberly S. Paul, Paul T. Englund* 

African trypanosomes, the cause of sleeping sickness, need massive amounts 
of myristate t o  remodel glycosyl phosphatidylinositol (GPI) anchors on their 
surface glycoproteins. However, it has been believed that the parasite is unable 
t o  synthesize any fatty acids, and myristate is not abundant in  the hosts 
bloodstreams. Thus, it has been unclear how trypanosomes meet their myris- 
tate requirement. Here we found that they could indeed synthesize fatty acids. 
The synthetic pathway was unique in  that the major product, myristate, was 
preferentially incorporated into CPls and not into other lipids. The antibiotic 
thiolactomycin inhibited rnyristate synthesis and killed the parasite, making 
this pathway a potential chemotherapeutic target. 

Typanosoma brucei causes human sleeping 
sickness and livestock disease in Africa. The 
bloodstream form of this parasite covers its 
surface with -lo7 identical molecules of a 
glycosyl phosphatidylinositol (GP1)-anchored 
variant surface glycoprotein (VSG). The VSG 
GPI contains the fatty acid myristate (14:O) as 
its lipid moiety ( I ) ,  and fatty acid remodeling 
reactions incorporate these mynstates into the 
GPI precursor (2). Despite the large require- 
ment for myristate, this fatty acid is not abun- 
dant in host bloodstreams (3),and the trypano- 
some was believed to be unable to either syn- 
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thesize fatty acids de novo or to shorten longer 
fatty acids by P oxidation (4). This dilemma (5) 
provided a rationale for our investigation of 
fatty acid metabolism in trypanosomes. In stud-
ies on the cultured bloodstream form of T. 
brucei ( 6 ) ,  we found that the elongation of 
laurate (12:O) to myristate was highly efficient, 
whereas the elongation of mynstate to palmitate 
(16:O) was inefficient. We wondered why try- 
panosomes have a mechanism for the elonga- 
tion of laurate, as there is little laurate in host 
bloodstreams (3) or in the parasite (7). We 
considered the possibility that trypanosomes 
can actually synthesize fatty acids de novo and 
that the elongation of 1aurate is a step in this 
pathway. 

TO test this hypothesis, we established a 
trypanosome cell-free fatty acid synthesis sys- 
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