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FIGURE 2. Flow cytometrical analysis of thymocytes and splenocytes.
The cells from wild-type and Runx3-transgenic mice were stained for CD4
and CD8 and processed for flow cytometry. Numbers given in the indi-
vidual quadrants indicate the percentage of cells of each type.

region under the control of the proximal Lck gene promoter. This
promoter is known to be active in immature as well as mature T
cells and in thymic as well as peripheral T cells (16). Transgenic
mouse lines were established and the expression of Runx3 protein
was examined by immunoblot analysis using an anti-Runx Ab
(Fig. 1A). The 52-kDa Runx3 band was clearly detected in the
extract of both CD4+8™ and CD4~ 8" fractions, which were pre-
pared from transgenic thymi as well as spleens. The endogenous
Runx3 was also detected in the wild-type, CD4~8" thymocytes
and splenocytes but to a much lesser degree compared with the
transgenic cells, Thus, the magnitude of Runx3 overexpression in
the transgenic vs wild-type cells was roughly 5-fold in the case of
thymi and 3-fold in the case of spleens. A very faint band seen in
the CD4*8~ wild-type cells represents the nonspecific reaction of
the Ab, because the band was not abolished by the preabsorption
of the Ab with the Ag peptide. The endogenous Runx1 protein of
56 kDa was detected in all the fractions tested.

We assessed the contribution of overexpressed Runx3 to the
Runx-specific DNA binding activity using EMSA (Fig. 1B). The
endogenous activity detected in a thymocyte extract from wild-
type mice was mainly due to the Runx1 protein. The extract from
transgenic thymocytes gave rise to a band that migrated slightly
faster, reflecting the smaller size of the Runx3 protein compared
Runx1 (52 vs 56 kDa). Addition of an anti-HA Ab supershifted the
band of the transgenic, HA-tagged Runx3 but not that of the en-
dogenous Runx1 protein. Similar results were seen in the extracts
of splenocytes, although the band intensity was much weaker due
to the presence of other than the T cells.

The percentage of CD4~8" cells increases and the percentage
of CD4*8" and CD4*8™ cells simultaneously decreases in the
Runx3-transgenic thymits

After confirming the protein expression of transgenic Runx3, we
evaluated its effect on T cell differentiation. Flow cytometry was
used to analyze CD4 and CD8 in thymocytes and splenocytes (Fig.
2). In the Runx3-transgenic thymi, the percentage of CD478 cells
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FIGURE 3. CD4 and CD8 expression in the wild-type and Runx3-trans-
genic cells. A, Thymocytes stained for CD4 or CD8 were analyzed for their
fluorescence intensity. The shaded peak represents the wild-type cells,
whereas the open peak represents the Runx3-transgenic cells. B, Semiquan-
titative RT-PCR analysis of CD4, CD8a, and G3PDH transcripts. An in-
creasing amount of cDNA synthesized from the wild-type and Runx3-
transgenic thymocytes was used for PCR. The relative amounts of PCR
products were measured and are shown as numbers below the gels. The
G3PDH product obtained for the least amount of wild-type cDNA was
taken to be 1.0. C, Chromatin immunoprecipitation analysis. A chromatin
fraction prepared from the wild-type and Rurnx3-transgenic thymocytes was
immunoprecipitated by an anti-Runx or anti-HA Ab, respectively. DNA
was purified from the precipitates, and an increasing amount of DNA frac-
tion was processed as a template for PCR. The PCR products were detected
by a CDA silencer-specific oligonucleotide. Input means a DNA fraction
that was present in the chromatin fraction before immunoprecipitation.

increased to 80% of the total population, whereas the percentage of
CD4*8* cells decreased to only 9%; the percentage of CD4*8~
cells also decreased substantially. The unusual profile of CD4 and
CD8 expression in the transgenic thymocytes was reflected in the
transgenic splenocytes as well. In the transgenic spleen, the per-
centage of CD4 78" cells was higher than that of CD478™ cells,
whereas the opposite was true in the wild-type spleen.

We counted the number of cells that were recovered from the
thymi and spleens of several individual adult mice (Table 1). The
number of transgenic thymocytes was ~60% of that of wild-type

Table I. The numbers and percentages of SP cells in wild-type and Runx3-transgenic thymi and spleens®

Thymus Spleen
Total cells (x10%)  CD478* (%) CD4*8~ (%) CD478" (%)  Total cells (X108 CD4787 (%) CD47 8% (%)
Wild type (n = 9) 220 *= 0.67 808 =15 873 £ 0.51 5.36%0.63 1.13 +0.52 155 £5.26 7.56 = 2.38
Runx3-transgenic (n = 9) 1.33 £ 0.46 109 =17 2212029 783 L7 0.84 = 0.35 8.73 £3.92 10.55 = 3.85

@ The means and SD are presented. 1, The number of individual mice examined.
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FIGURE 4. Different subpopulations exist in the c«';x
CD478™ fractions from wild-type and Runx3-trans- g
(-]

genic thymus. A, Ontogeny of thymocyte develop-
ment. Thymocytes were prepared from wild-type and
Runx3-transgenic mice at E15.5, E16.5, E17.5, birth
(NB), and 2 days after birth (D2). The cells were
stained for CD4 and CD8 and processed for flow cy-
tometry. The numbers above each panel indicate the
number of cells recovered. B, The wild-type and
Runx3-transgenic thymocytes from adult mice were
processed for four-color flow cytometrical analysis.
The CD4~CD8™ fractions were further analyzed for
their TCR and HSA expression profiles. The level of
TCR expression was classified into three stages (lo,
med, and hi), as indicated. The numbers represent the
percentages of each subpopulation in the CD478"
fraction. C, CD69 and TCR expression profiles in dif-
ferentiating thymocytes. The wild-type and Runx3-
transgenic thymocytes were processed for four-color
flow cytometry. The cells were first screened for their
CD69 and TCR expression profiles. The
TCR™ICD69* (broken boxes) and TCRM#'CD69™*
fractions (solid boxes) were further analyzed for their
CD4 and CD8 expression profiles.
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thymocytes. As a result, the number of cells in the CD478" frac-
tion was higher, and the number in the CD478% and CD4+8~
fractions was lower, in the transgenic thymi compared with the
wild-type thymi. The total number of splenocytes did not differ
significantly between the two genotypes.

Decrease in the CD4 expression in the Runx3-transgenic
thymocytes

The increase in the CD478™ fraction in the Runx3-transgenic thy-
mus could be due either to an increase in CDS8 expression or a
decrease in CD4 expression. To distinguish these two possibilities,
the CD8 and CD4 expression profiles were displayed for the wild-
type and the Runx3-transgenic thymocytes (Fig. 34). The relative
ratios of CD8™ and CD8™ cells were not different between the two
genotypes. In contrast, the number of CD4 ™~ cells was greatly in-
creased and the number of CD4™ cells was decreased in the trans-
genic thymus compared with the wild-type thymus.

We also performed a semiquantitative RT-PCR analysis of CD4
and CD& transcripts (Fig. 3B). RNA was prepared from the thy-
mocytes, and increasing amounts of the cDNAs were processed for
PCR. Although the relative amount of CD8 transcript did not differ
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significantly between the two types of cells, many fewer CD4 tran-
scripts were present in the Runx3-transgenic thymocytes compared
with the wild-type cells.

The CD4 silencer is proposed to be a main target by a Runx3
transcription factor (13, 14). We checked this by chromatin im-
munoprecipitation analysis (Fig. 3C). An increasing amount of
chromatin fraction-derived DNA that was precipitated by the anti-
Runx or anti-HA Ab was processed for PCR and hybridized by a
CD4 silencer-specific oligonucleotide. Both Abs precipitated a sig-
nificantly greater amount of CD4 silencer sequence from the
Runx3-transgenic thymocytes compared with the wild-type cells.
The results in Fig. 3 thus suggest that the phenotypic alteration
seen in the transgenic thymocytes in Fig. 2 can be at least partly
explained by the down-regulation of CD4 expression.

The increased CD4™ 8™ fraction of transgenic thymocytes
includes immature, premature, and mature subpopulations

We next characterized in detail the CD478™ fraction of transgenic
thymocytes. As described below, this fraction was found to contain
three different subpopulations: immature, premature, and mature
cells.
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The first subpopulation in the CD4 78" fraction was recognized
as immature single-positive (1SP) cells, which can be easily seen
by fallowing the ontogeny of thymocyte development (Fig. 44). In
wild-type thymus, only CD47 8~ cells were detecled at embryonic
day (E)15.5. CD4~ 8" ISP cells transiently appeared at E16.5,
CD4"87% cells at E17.5, and CD4 %87 cells at day 2 after birth. In
the Runx3-transgenic thymus, immature CD47 87" cells first ap-
peared at E16.5 and remained as the main population until after
birth. The persistence of ISP cells is probably due to the down-
regulation of CD4 by Runx3. This CD4 repression appeared (o be
parlial, because some CD4¥8" and CD4%87 cells emerged at day
2 after birth in transgenic mice.

Immature CD4~ 8" cells were also prominent in thymi from
adult transgenic mice. To further characterize this population, flow
cytometry was first used to select the CD478™" fraction of the
thymocytes, and then the expression profiles of TCRS (hereafter
TCR) and heat-stable Ag (HSA) were displayed for this fraction
(Fig. 4B). The immature TCR'VHSA™*#" fraction made up 27% of
the wild-type and 57% of the transgenic CD478% thymocytes.
Therefore, overexpression of Runx3 increased the number of ISP
cells.

Another characteristic of the transgenic CD4 ™87 fraction was
the presence of an aberrant. TCR™“HSA™M#" subpopulation that
was not as apparent in the wild-type fraction (33 vs 4%: Fig. 48).
The medium degree of TCR expression indicales that this second
subpopulation should be categorized as representing the premature
DP stage rather than the ISP stage. We further confirmed this point
by staining the thymocytes with CDGY, a marker of positive se-
lection (Fig. 4C). In the case of wild-type cells, the TCR™4CD69™
cells exhibited a CD4™8™ phenotype, whereas the TCR™#"CD69 ™
exhibited both the CD4%8~ and CD4 8" phenotypes. The
TCR™4CDE9™ population could also be detected in the transgenic
thymus, but the apparent phenotype of this population was
CD478%, not CD478%. The CD4~ 8™ fraction persisting in the
developing transgenic thymus (Fig. 44) may contain these TCR™
cells as well. Thus, the second subpopulation can be summarized
as the premature, “CD4-repressed DP” cells.

The transgenic CD478" fraction also conlained a third sub-
population of mature, TCR™"HSA'™ cells (see 10% in Fig. 4B8).
We next evaluated the effect of Runx3 overexpression on these
mature CD4~ 87 cells. To do so, we first obtained a TCR expres-
sion profile for the total thymocyte population (Fig. 5A). Both the
wild-type and Runx3-transgenic thymi contained TCR™Y,
TCR™9, and TCR"#" subpopulations to a comparable degree. Be-
cause the TCR“&" subpopulation corresponds to mature cells,
overexpression of Runx3 did not appear to arrest or block thymo-
cyte differentiation. We gated the TCR™#" subpopulation and then
displayed the CD4/8 profile (Fig. 5B). In the TCR™#" thymocytes
from the wild-type, the percentage of CD4 787 cells was one-third
that of CD478™ cells, whereas in the transgenic TCR™®" thymo-
cytes, the percentage of CD478" cells was three times that of
CD478™ cells. We also counted the cell numbers constituting each
fraction and found that the absolute number of CD4~ 8" TCR"*"
cells in the transgenic thymi was approximately twice that in the
wild-type thymi.

To further verify the differentiation stage of the apparently ma-
ture CD4 8™ cells that were generated in Runx3-transgenic thymi,
we examined the marker expression in the HSA'™ cells by RT-
PCR analysis (Fig. 5C). A transcript of perforinl, a Ch478"
marker (21), was clearly detected in the wild-type as well as
Runx3-transgenic CD478" cells, but detected only in a subtle
amount in the CD4787 cells of both genotypes. In contrast, a
transcript of GATA3, a CD4" 8~ marker (21). was expressed more
abundantly in the CD47 87 cells than in the CD47 87 cells irre-
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FIGURE 5. Effect of the Runx3 transgene on the differentiation of ma-
ture, TCRM2h cells. A, The thymocytes from wild-type and Runx3-trans-
cenic mice were stained for TCR, and their expression profiles were ana-
lyzed. The cells were classified into three subpopulations: TCR™™,
TCR™, and TCR™¢". B, The wild-type and Runx3-transgenic thymocyles
were processed for three-color flow cytometrical analysis. The mature,
TCRY#" subpopulation was selected, and its CD8 and CD4 expression
profile was analyzed. The numbers in the individual quadrants indicate the
percentage of cells of each type. C, Semiquantitative RT-PCR analysis of
perforind, GATA3, and G3PDH (ranscripts. RNA was isolated from the
CD4*8 HSA"™ and CD4 8 HSA™ thymocytes” fractions and con-
verted to cDNA. An increasing amount of cDNA synthesized from the
wild-type and Runx3-transgenic cells, respectively, was processed for PCR.

spective of genotypes of cells. The results in Fig. 5 indicate that the
overexpressed Runx3 in fact promoted the differentiation and mat-
uration of thymocytes toward the CDS8 lineage.

The maiure CD4~ 8% cells are released into periphery of
Runx3-transgenic mice

Promotion of thymocyte differentiation toward the CD8 lineage by
Runx3 was also reflected in the cell composition in the spleen (Fig.
6, A and B). Among the TCR™E"HSA™" mature T cells, the ratio
of CD47 8% cells to CD4" 8™ cells was 0.5 in the spleens from the
wild type, but was 1.4 in the transgenic splenocytes.

We wondered whether the increase in mature CD8™ cells re-
flected the preferential expansion of a specific repertoire of TCR.
We therefore examined the usage of V3 regions by the
TCRME'CD8™ splenocytes using flow cytometry (Fig. 6C). The
pattern of the VB repertoire was essentially similar between the
transgenic and wild-type cells. Therefore, in the Runx3-transgenic
mice, apparently normal, multiclonal, matare CD8™ cells were
eenerated in the thymus and released into periphery as in the
wild-type mice.
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FIGURE 6. Effect of the Runx3-transgene on splenic

33%

T lymphocytes. A, The wild-type and Runx3-transgenic
splenocytes were processed for three-color flow cyto-
metrical analysis. The mature TCRM#" subpopulation
was selected, and its CD8 and CD4 expression profile
was analyzed, The numbers in the individual quadrants
indicate the percentage of cells of each type. B, The cell
number ratios of TCRMBHSAYSCD4-8* cells to
TCRM™S"HSAYYCD478™ cells in the wild-type and
Runx3-transgenic thymus and spleen. C, The V3 reper-
toire used by the TCRs of splenic CD478% cells. Wild-
type (L)) and Runx3-transgenic (B) cells were stained by
an Ab mixture against various V@ segmients and pro-
cessed for flow cytometrical analysis.
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Overexpression of Runx3 can drive originally CD4-oriented
thymocytes toward the CD8 lineage

The resuits shown in Figs. 5 and 6 indicate that the overexpressed
Runx3 can drive thymocytes to select and mature along the CDS§
lineage. We then examined whether this effect of Runx3 is depen-
dent on the TCR signaling elicited from proper MHC interactions.
The TCR transgene, which is restricted to MHC class I, was in-
troduced into Runx3 transgenic mice (Fig. 7A). Thymi from TCR
single-transgenic mice showed a skew of cell differentiation to the
CD4 lineage (33% CD4"8~ compared with 3.6% CD478%). In
contrast, in the TCR and Runx3 double-transgenic thymi, the
CD478™ cells constituted the major population (73%), just as in
the case of Runx3-single-transgenic thymi. When only the mature
cells were selected by gating the HSA'™ fraction (and by gating
the transgene-specific TCR" " fraction as well (data not shown)).
it was clear that the Runx3 transgene switched the differentiation of
class H-restricted cells to the CD8 lineage.

We further confirmed the cell-autonomous activity of Runx3 by
altering the MHC background. The B,m (—/—), class I-deficient
thymus provides an environment unfavorable for the selection of
CD478" cells (Fig. 7B). In the TCR"" fraction, 90% of wild-type
thymocyles were CD4¥ 87 cells. In contrast, the Runx3 transgene
appeared to shift the differentiation of thymocytes toward the CD8
lineage even in the context of class | deficiency. Thus, overex-
pressed Runx3 can push a cell toward the CD$ lineage indepen-
dently of the MHC-elicited TCR signaling.

Overexpression of Runx3 can drive thymocytes toward the CD8
lineage irrespective of the CD4 signaling

In thymocyte differentiation, the TCR signaling exerts its effect in
concert with the signaling elicited from either the CD4 or CD8
molecule. We examined the activity of overexpressed Runx3 on
thymocyte differentiation under the condition of either excess or
deficiency of CD4 signaling. First, the Runx3-transgene was intro-
duced into human CD4-transgenic mice (Fig. 84). As seen, the
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level of human CD4 expression was not so high and therefore
might be limited to compensate the endogenous, murine CD4,
which should be silenced by the overexpressed Runx3. Under this
limitation, a majority of mature TCR"2" cells possessed a
CD478" phenotype in Runx3-transgenic thymi. Second. the
Runx3-transgene was expressed in a CD4-deficient background
(Fig. 8B). When a CD478" fraction was displayed for its TCR
expression, the mature TCR™®" cells corresponded to 27% of
CD4-deficient and Runx3-transgenic thymocytes. In contrast, such
mature cells occupied only 17% of simple CD4-deficient thymo-
cytes. Collectively, neither an excess nor a lack of CD4 signaling
appears o influence the extent of overproduction of mature
CD478" thymocytes, which is caused by the overexpressed
Runx3. Thus, the activity of Runx3 to drive thymocytes toward the
CDS8 lineage is likely to be due to more than a simple silencing of
CD4 gene expression.

Discussion

Whether DP thymocytes select the CD8 or CD4 lineage is deter-
mined by the strength and/or duration of the TCR signal the cells
receive through their interactions with an MHC/peptide complex
(7. 22, 23). The DP cells cease expressing either the CD4 or CD8
gene, and thus eventually become committed to the CD8 SP or
CD4 SP lineage, respectively. A CD4 silencer element and the
Runx binding sites in it play a pivotal role in the cessation of CD4
expression (13, 24), Based on the analysis of thymocytes lacking
Runxl or Runx3, Taniuchi et al. (13) proposed that Runx! func-
tions as an active repressor of CD4 expression al the DN stage,
whereas Runx3 is involved in the epigenetic silencing of the gene
at the CD8 SP stage.

In the present study, we created Runv3-transgenic mice and
found that the number of mature CD478" thymocytes was in-
creased. This result is opposite to that found in the Runx3 (—/—)
thymus, in which the number of mature CD4~87 cells is markedly
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FIGURE 7. Effect of Runx3 over-
expression on the differentiation po-
tential of CD4-oriented thymocytes.
A, The TCR transgene restricted to
class I (left) was introduced into
Runx3-transgenic mice (right). The
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decreased (13, 14). Therefore, the present gain-of-function analy-
sis complements the previous loss-of-function analysis. However,
a close inspection of our results reveals a new aspect of Runx3
function as described below and as summarized in Fig. 9.

In the Runx3-transgenic thymus, the absolute number of mature
CD4~8* thymocytes was increased 2-fold compared with the non-
transgenic thymus. This phenomenon cannot be explained solely
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by the effect of Runx3 on the CD4 silencer. If CDA4 silencing had
been overwhelming in the Runx3-transgenic mice, then the mature
CD4*8~ thymocytes might also lose CD4 expression, and a sig-
nificant number of CD4~8 TCR™#" thymocytes might have been
generated. However, we did not see evidence of such a population
in the transgenic thymus. Mice lacking the CD4 gene itself lose
CD4 expression completely, and the number of mature CDh47 8"
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FIGURE 8. Effects of human CD4 transgene and/or endogenous murine CD4 deficiency on the differentiation of Runx3-transgenic thymocytes. A, The
human CD4 transgene driven by the murine CD4 enhancer/promoter (leff) was introduced into Runx3-transgenic mice (middle). The murine CD4/CD$
expression profiles are shown for the mature, TCR™#" thymocytes (left and middle). In the right panel, the expression profiles of human CD4 are displayed
for the murine CD478" thymocyies. The shaded peak represents the wild-type cells, whereas the open peak represents the human CD4-single- and the
human CD4- and Runx3-double-transgenic cells, respectively. B, A murine CD4 deficiency (leff) and the same deficiency coupled with the Runx3-transgene
(middle). The CD4/€D8 expression profiles are shown for the nongated thymocytes (lefi and middle). In the right panel, the expression profiles of TCR
are displayed for the gated CD4~ 8" fraction. The shaded peak represents CD4 (—/—) mice, whereas the open peak represents CD4 (—/ —):Runx3-transgenic

mice.

thymocytes does not vary from that of wild-type mice (25). In
contrast, we observed that overexpression of Runx3 could more
efficiently convert the CD4 (—/—) thymocytes to the mature CD8*
cells. A similar result was obtained for the Runx3- and class II-
restricted TCR double-transgenic mice as well as Runx3-trans-
genic:B,m (—/—) mice. Taken together, Runx3 likely possesses
the capacity not only to suppress CD4 gene expression but also to
actively drive the thymocytes toward the CD8 lineage.

In the wild-type thymus, the endogenous Runx3 is likely in-
volved in the selection of and commitment to the CD8 lineage in
concert with TCR signaling. A short and/or weak TCR signal is
somehow transduced to Runx3, which in turn regulates the gene

expression necessary for the CD8 lineage determination. CD4 si-
lencing is one target of Runx3 (13) and maintenance of CD8 ex-
pression is probably a target as well. Another possibility is that
Runx3 is involved in the survival and/or maturation of thymocytes
after they have selected the CD8 lineage.

At the DN stage, the CD4 silencer is reported to be “ON.” Tran-
scription of the CD4 gene is initiated when the DN cells move to
the DP stage, and the activity of the CD4 silencer is expected to be
turned “OFF” during the transition from DN to DP (26). The
mechanism of this “OFF” switch cannot be assessed by targeted
deletions of Runx3 or CD4 silencer. In our Runx3-transgenic
thymus, the percentage and number of CD478" cells were
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FIGURE 9. A model of T lymphocyte differentia-
tion in the Runx3-transgenic thymus. Each step of dif-
ferentiation is characterized by the specific expression
patterns of CD4, CD8, TCR, and HSA. The cells usu-
ally start at the DN stage, go through the ISP and DP
stages, and mature at the CD8 SP stage. The “CD4-
repressed DP” stage is characterized by TCR™ ex-
pression; is apparently categorized as a CD4 78" frac-
tion; and is observed only in the Runx3-transgenic,
but not the wild-type, thymus. The majority of mature
TCR""HSA®YCD478" cells are considered to be
derived from the premature “CD4-repressed DP”
cells. A minor pathway for CD8™ maturation in the
transgenic animals would be through the usual “DP”
stage.

remarkably reduced, and an aberrant population of “CD4-
repressed DP” cells with a CD4~8+*TCR™“HSA™#" phenotype
emerged instead. It is likely that exogenous expression of the
transgene-derived Runx3 protein maintained the CD4 silencer in
the “ON" position, thereby giving rise to the “CD4-repressed DP”
thymocytes from the immature CD478"TCR'"" cells. However,
these premature cells do acquire a CD478™ phenotype, probably
due to the strong repression of CD4 expression.

We previously reported the phenotype of Rusnx/-transgenic mice
in which the numbers of both immature ISP and mature CD8 SP
cells were increased (9). Even taking into consideration the dif-
ferences between the Runx3- and RunxI-transgenic thymocytes in
terms of the promoters used and/or the magnitude of transduced
protein expression, it is interesting to note that overexpression of
Runx! did not generate the “CD4-repressed DP” cells as Runx3
did. Furthermore, the endogenous Runx1 protein is easily detected
in the DP cells of wild-type thymus (10, 11), and Runx1 and
Runx3 do not associate with each other in a coimmunoprecipita-
tion experiment (K. Kohu and M. Satake, unpublished data). These
observations suggest both that Runx1 is not involved in the turning
the CD4 silencer “OFF” at the DP stage and that the overexpressed
Runx3 can reactivate the CD4 silencer at this DP stage. It must be
noted, though, that the enforced expression of Runxl1 in a fetal
thymic organ culture could generate similar “CD4-repressed Dp”
cells (27). The mechanism by which the CD4 silencer is turned
“OFF” at the DN-to-DP transition needs further investigation.

The Runx3-transgenic thymus clearly contained mature
CD4"8 cells, and we confirmed that the transduced Runx3 was
indeed expressed in these cells. Perhaps in thymocytes that are
committed to the CD4¥8 lineage, the chromatin structure at the
CD4 silencer .region may be in a “closed” state, denying Runx3
access to the site.

Several transcription factors have been reported to be involved
in the lineage selection of CD4/8 thymocytes. GATA3 is a positive
regulator that boosts thymocytes toward the CD4 lineage (28--30),
whereas TOX (31, 32) and/or activated Notchl (33) move thymo-
cytes toward the CD8 lineage. These factors are thought to func-
tion in response to an adequate signal from TCR when expressed
endogenously, but transgenic overexpression might reveal cell-au-
tonomous aspects of their functions. Thus, the possible interplay
between the TCR signal, TOX, and Runx3 in the CD38 lineage
selection will be a fascinating subject to pursue.
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Although the anti-inflammatory effect of interleukin-1
(IL-1) receptor antagonist (IL-1Ra) has been described,
the contribution of this cytokine to cholesterol metabo-
lism remains unclear. Our aim was to ascertain whether
deficiency of IL-1Ra deteriorates cholesterol metabo-
lism upon consumption of an atherogenic diet. IL-1Ra-
deficient mice (IL-1Ra~'") showed severe fatty liver and
portal fibrosis containing many inflammatory cells fol-
lowing 20 weeks of an atherogenic diet when compared
with wild type (WT) mice. Expectedly, the levels of total
cholesterol in IL-1Ra™/~ mice were significantly in-
creased, and the start of lipid accumulation in liver was
observed earlier when compared with WT mice. Real-
time PCR analysis revealed that IL-1Ra ~/~ mice failed to
induce mRNA expression of cholesterol 7a-hydroxylase,
which is the rate-limiting enzyme in bile acid synthesis,
with concurrent up-regulation of small heterodimer
partner 1 mRNA expression. Indeed, IL-1Ra™~ mice
showed markedly decreased bile acid excretion, which
is elevated in WT mice to maintain cholesterol level
under atherogenic diet feeding. Therefore, we conclude
that the lack of IL-1Ra deteriorates cholesterol homeo-
stasis under atherogenic diet-induced inflammation.

When compared with other organs, the liver has one of the
largest populations of macrophages, which are key components
of the innate immune system. Resident hepatic macrophages,
i.e. Kupffer cells, are derived from circulating monocytes that
arise from bone marrow progenitors. Once localized within the
liver, these cells differentiate to perform specialized functions,
including phagocytosis. Kupffer cells also generate various
products, including cytokines. These factors regulate not only
the phenotypes of the Kupffer cells that produce them but also
the phenotypes of neighboring cells, such as hepatocytes (1).
Many recent studies suggest that several proinflammatory cy-
tokines produced by activated Kupffer cells might be involved
in the onset of liver disease, including alcoholic and nonalco-
holic fatty liver disease (NAFLD)! (2—4). For instance, elevated
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circulating levels of tumor necrosis factor-a, IL-18, and IL-6
have been observed in human patients (5) and animal models of
both NAFLD (4) and alcohol-induced liver injury (6).

In contrast to proinflammatory cytokines, anti-inflammatory
cytokines are considered to have hepato-protective effects (5).
IL-1 receptor antagonist (IL-1Ra) is one of the negative regu-
lators to IL-1 signaling by binding and blocking the functional
receptor (IL-1 receptor type-I) without activation (7). IL-1Ra
plays an anti-inflammatory role in acute and chronic inflam-
mation (8). IL-1Ra is also produced by hepatocytes as well as
macrophages/monocytes as an acute phase protein in vivo (9).
Furthermore, we recently reported that IL-1Ra-deficient (IL-
1Ra~’") mice showed decreased weight gain when consuming
the same amount of food as wild-type mice and that body lipid
accumulation remained impaired even when they were fed a
high fat diet (10). However, the function of IL-1Ra in NAFLD is
still not yet well understood.

Atherogenic diet has been widely used to study atherogene-
sis in animal models. Early atherogenic diets contained high
concentrations of cholesterol (5%) and fat (30%) either supple-
mented with cholic acid (2%) (11) or fed in combination with
irradiation treatments (12). These early diets produced high
mortality and were subsequently modified to reduce the con-
centrations of cholesterol (1.25%), fat (15%), and cholate (0.5%)
(13). Although this modified atherogenic diet produces an
atherogenic lipoprotein profile and fatty streak lesions (14), it
also induces inflammatory gene expression in the liver (15).
Furthermore, it has been reported that a fat-enriched diet
induced NAFLD in animal models (4).

It is now well recognized that inflammation or cytokines
increase serum lipid levels (16, 17). This increase in serum
lipid levels can be considered part of the acute phase response
that results in marked changes in the levels of a large num-
ber of circulating protein primarily due to alterations in the
liver (18). However, the role of IL-1Ra on lipid metabolism
remains poorly understood.

To address the question more directly whether deficiency of
IL-1Ra promotes development of NAFLD and changes lipid
metabolism, we employed IL-1Ra~’~ mice we had recently gen-

ease; ACAT2, Acyl-CoA cholesterol acyltransferase 2; ALT, alanine
aminotransferase; Ct, threshold cycle number; CYP7AL, cholesterol
7a-hydroxylase; CYP27A1L, sterol 27-hydroxylase; IL-1, interleukin-1;
IL-1Ra, IL-1 receptor antagonist; IL-1Ra™'", IL-1Ra-deficient;
LRH-1, liver receptor homolog-1; SHP, small heterodimer partner 1,
SR-BI, scavenger receptor class B type I; WT, wild type; HPLC, high
pressure liquid chromatography; LDL, low density lipoprotein; HDL,
high density lipoprotein; VLDL, very low density lipoprotein; HMG,
human menopausal gonadotropin; JNK, c¢-Jun N-terminal kinase.
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TABLE I
PCR primers
LXRa, nuclear liver X-receptor o; FXR, farnesoid X-receptor (FXR); TGF, transforming growth factor.
Forward Reverse
ACAT2 5'~-GCCCCAGATTCTACAAGCAAGA-3' 5' - TGTGGTAGATGGTTCGGAAATG-3'
HMG-CoA reductase 5'-TTTCTAGAGCGAGTGCATTAGCA-3’ 5'-GATTGCCATTCCACGAGCTATAT-3'
185 rRNA 5'-AGTCGGAGGTTCGAAGACGAT-3’ 5'~-GCGGGTCATGGGAATAACG-3'
CYP7A1 5'-GCTGAGAGCTTGAAGCACAAGA-3’ 5'-TTGAGATGCCCAGAGGATCAC-3’
LXRa 5'-GAGTTCTCCAGAGCCATGAATGA-3' 5'-CATATGTGTGTTGCAGCCTCTCTA-3'
SREBP2 5'-GTTCTGAGGAAGGCCATTGATT-3" 5'-CCACATCACTGTCCACCAGACT -3’
LDL receptor 5'-CCAGTGTGACCGTGAACATGA-3' 5'-TCCCCACTGTGACACTTGAACT -3’
SHP 5'-AGCTGGGTCCCAAGGAGTATG-3’ 5'-ACCAGGGCTCCAAGACTTCA-3'
FXR 5'-ATCTCCGCCGAACGAAGAA-3' 5'-GGACCACGAAGATCAGATTGC-3'
CYP27A1 5'-GCCTTGCACAAGGAAGTGACT -3’ 5’'-CGCAGGGTCTCCTTAATCACA-3'
LRH-1 5' - ACTGAGAAATTCGGACAGCTACTTC-3' 5'-AGGTAGTCTTCTGCCTGCTTGCT-3'
ABCA1 5'-CCCAGAGCAAAAAGCGACTC-3' 5'~-GGTCATCATCACTTTGGTCCTTG-3"
SR-B1 5’ - TTCAGGGCGTCCAGAA-3' 5'-GATCTTGCTGAGTCCGTTCCA-3’
IL-1Ra 5'-CTTTACCTTCATCCGCTCTGAGA-3' 5'-TCTAGTGTTGTGCAGAGGAACCA-3'
IL-18 5' - TGGTGTGTGACGTTCCCATT-3' 5'-CAGCACGAGGCTTTTTTGTTG-3'
CD68 5’ - ATAGCCCAAGGAACAGAGGAAGA-3' 5'~-GGATGTAGGTGTCATCGTGAAG-3’
TGF B 5'~ ACAAGGCTGCCCCGACTAC-3’ 5’ -GTTGACTTTCTCCTGGTATGAGATAGC-3'

erated (19). The present study aimed to definitively test the
hypothesis that deficiency of I[L-1Ra promotes NAFLD and
alters lipid metabolism employing IL-1Ra~/~ and wild type
(WT) mice on atherogenic diet.

EXPERIMENTAL PROCEDURES

Animals and Experimental Procedure—The creation of IL-1Ra™'" mice
used in this study has been described previously (19). In these mutant
mice, the genes for all four isoforms of the IL-1Ra were disrupted. These
mice were backcrossed to C57BL/6J strain mice for eight generations.
IL-1Ra genotyping was performed by a polymerase chain reaction analy-
sis of tail DNA as described previously (19). We used only male mice to
rule out gender differences. IL-1Ra™'~ mice and corresponding WT mice,
derived by intercrossing WT littermates for knock-out, were studied at
different times. Mice were maintained on a 12-h light/12-h dark cycle and
fed a normal rodent diet containing 4.6% crude fat with less than 0.02%
cholesterol (Clea Japan, Inc., Tokyo, Japan). Eight-week-old mice were
switched to a high fat/cholesterol and cholate diet containing 15% total fat
(8% cocoa butter), 1.25% cholestercl, and 0.5% sodium cholate (Clea
Japan), hereafter referred to as the atherogenic diet. IL-1Ra™"~ and WT
mice were characterized immediately before and after consumption of the
atherogenic diet for 1, 4, 8, and 20 weeks. The studies were carried out
according to the protocols approved by the National Defense Medical
College Board for Studies in Experimental Animals.

Chemical Analysis of Serum and Tissue—On the day of analysis, food
was removed from the cages in the morning, and the mice were fasted
for 7 h. Blood was drawn from mice by cardiac puncture under light
methoxyflurane anesthesia. Animals were sacrificed by cervical dislo-
cation, and livers were immediately collected and weighed, and tissue
samples were divided; some were fixed in 4% paraformaldehyde, and
others were frozen in liquid nitrogen and stored at ~80 °C. Blood was
transferred into tubes, and serum was collected by centrifugation. Se-
rum alanine aminotransferase (ALT) determination was performed us-
ing a commercially available assay kit according to the manufacturer’s
instructions (Sigma diagnostic kit; Sigma). Plasma analysis of albumin
and bilirubin levels was performed using a Paramax RX automated
analyzer (Dade International). The plasma total cholesterol, HDL cho-
lesterol, and triglyceride levels were measured by enzymatic assays as
described previously (20). Furthermore, plasma lipoproteins were ana-
lyzed by an on-line dual enzymatic method for simultaneous quantifi-
cation of cholesterol and triglycerides by HPLC at Skylight Biotech Inc.
(Akita, Japan) according to the procedure as described by Usui et al.
(21). 200 gl of 20X saline-diluted sera was injected into two tandem
connected TSK gel LipopropakXL columns (300 X 7.8-mm; Tosoh), and
cholesterol and triglyceride contents in lipoproteins separated by size
were determined by using enzymatic reagents specially prepared by
Kyowa Medex (Tokyo, Japan). Total cholesterol and triglyceride con-
centrations (in mg/dL) were calculated by comparison with total area
under the chromatographic curves of a calibration standard of known
concentration (22). Hepatic lipids were extracted according to the meth-
ods of Folch et al. (23). The extract was dissolved in 2-propanol and
subsequently analyzed for total cholesterol, free cholesterol, and tri-
glycerides using a commercially available reagent (TC kit, FC kit, and
TG kit, Wako, Japan).
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Analysis of Fecal Bile Acids—Stools were collected from each animal
over 72 h immediately prior to study, dried, weighed, and ground in a
mechanical blender. Aliquots were taken for the measurement of total
bile acid content by an enzymatic method as described (24). The daily
stool output (g/day/100 g of body weight) and fecal bile acid content
(umol/g of stool) were used to calculate the rate of bile acid excretion
(umol/day/100 g of body weight). ’

Tissue Preparation and Histology—Livers were harvested, fixed
overnight in 4% paraformaldehyde, embedded in OCT compounds (Tis-
sue-Tek; Sakura Finetechnical Co., Tokyo, Japan), and sectioned
(10-pm thickness). All samples were routinely stained with hematoxy-
lin-eosin, Masson’s trichrome, and oil red O.

Analysis of Gene Expression by Real-time Quantitative PCR—Total
RNA was isolated from each mouse liver using Tri Reagent (Sigma)
according to the manufacturer’s instructions. Purified RNA was re-
verse-transcribed according to the protocols supplied by the manufac-
turer. Quantitative gene expression analysis was performed on an ABI
PRISM 7700 machine (Applied Biosystems) using SYBR Green tech-
nology. PCR primers (Table I) were designed using Primer Express 1.7
software with the manufacturer’s default settings (Applied Biosystems)
and validated for identical efficiencies (slope = —3.3 for a plot of Ct
versus a log of ng of cDNA). In 96-well optical plates, 12.5 ul of SYBR
Green master mix was added to 12.5 ul of cDNA (corresponding to 50 ng
of total RNA input) and 300 nM forward and reverse primers in water.
Plates were heated for 2 min at 50 °C and 10 min at 95 °C. Subse-
quently, 40 PCR cycles consisting of 15 s at 95 °C and 60 s at 60 °C were
applied. At the end of the run, samples were heated to 95 °C with a
ramp time of 20 min to construet dissociation curves to check that single
PCR products were obtained. The absence of genomic DNA contamina-
tion in the RNA preparations was confirmed by using total RNA sam-
ples that had not been reverse-transcribed. 18S was used as the stand-
ard housekeeping gene. The ratio of target gene and 18S expression
levels (relative gene expression numbers) was calculated by subtracting
the threshold cycle number (Ct) of the target gene from the Ct of 185
and raising 2 to the power of this difference. Ct values are defined as the
number of PCR cycles at which the fluorescent signal during the PCR
reaches a fixed threshold. Target gene mRNA expression is thus ex-
pressed relative to 18S expression.

Statistical Analysis—The results are shown as the mean * SE.
except the values of serum ALT, bilirubin, and albumin, which were
determined using plasma pooled from groups of five mice. Two groups
were compared using Student’s ¢ test or Student-Newman Keuls’s test
with the one-way analysis of variance. A value of p < 0.05 was regarded
as a significant difference.

RESULTS

Liver Size and Serum Transaminase—Analysis of livers of
IL-1Ra™’" mice fed a standard laboratory rodent chow indi-
cated that these mice appeared identical to those of WT mice as
determined by morphological and histological studies (data not
shown). We next tested the effect of an atherogenic diet {chow
supplemented with 15% fat, 1.25% cholesterol, and 0.5% so-
dium cholate). In contrast to little changes in WT mice, there
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Fic. 1. Effects of atherogenic diet on liver morphology, liver size, and serum ALT, bilirubin, and albumin. ¢, macroscopic appearance
of livers from IL-1Ra™"" (Ra~"") and WT mice fed an atherogenic diet for 20 weeks. b, liver mass relative to the total body mass of IL-1Ra~'~ and
WT mice fed an atherogenic diet for 0, 1, 4, 8, or 20 weeks. *, p < 0.05;,** p < 0.01 for IL-1Ra™" mice versus WT mice. ¢, the upper panel shows
the serum ALT levels of IL-1Ra~'~ and WT mice fed chow supplemented with the atherogenic diet for 0, 1, 4, 8, or 20 weeks. The middle panel shows
serum bilirubin level, and the lower panel shows serum albumin level. The measurements of all these markers were performed on plasma pooled

from groups of five male mice.

were dramatic morphological changes in the livers of IL-1Ra /"
mice fed the same diet (Fig. 1). Following 20 weeks of athero-
genic diet, there was a prominent color and size change in the
livers of IL-1Ra™'" mice versus WT mice (Fig. 1a). Four weeks
after the start of the atherogenic diet, the liver weight to body
weight ratics in the IL-1Ra™’~ mice tended to become larger
{but not significant) than those of WT (8.6 + 0.9%, n = 5 versus
6.0 £ 0.6%, n = 5; p = NS; Fig. 1b). Following 8 weeks of the
atherogenic diet, this parameter increased by 166% in IL-
1Ra™"" mice when compared with WT mice (15.7 + 2.6%, n =
Sversus 5.9 * 0.5%, n = 5; p < 0.05). Following 20 weeks of the
atherogenic diet, the parameter increased ~3-fold when com-
pared with before atherogenic diet feeding in I1-1Ra™'~ mice;
however, the atherogenic diet caused only a small increase in
liver weight to body weight ratios in WT mice (17.6 * 2.4%, n =
5 versus 6.7 + 0.6%, n = 5; p < 0.01). In conclusion, continued
atherogenic diet caused significantly greater enlargement of
livers in IL-1Ra™/~ mice than in WT mice.

As markers of liver injury, serum ALT, bilirubin, and albu-
min were monitored throughout the study. Before atherogenic
diet, the serum level of ALT in both IL-1Ra~’" and WT mice
was 40 units/liters. Following 20 weeks of atherogenic diet, the
serum levels of ALT and bilirubin increased by 93 and 875%,
respectively, in IL-1Ra~’~ mice when compared with WT mice
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(Fig. 1c). In contrast, the serum level of albumin decreased by
28% when compared with WT mice (Fig. 1¢). We detected
moderate ascites in all IL-1Ra™" mice but not in WT mice 20
weeks after the start of atherogenic diet. These data suggest
that the atherogenic diet induces a more severe liver injury in
IL-1Ra™" mice than in WT mice.

Histopathological Changes—Histological examination of liv-
ers from both mice demonstrated a time-dependent.increase of
the number and size of intracellular vacuoles, characteristics
of lipid deposits (Fig. 2). These changes, however, were prom-
inent in IL-1Ra™"" but not WT livers. Furthermore, following
20 weeks of the atherogenic diet, the morphology of the
IL-1Ra™" livers had been substantially altered, including
extensive portal fibrosis and collagen deposition in a pericel-
lular distribution in the lobule (Fig. 2b). Moreover, both
lobular and portal inflammation was detected in 11-1Ra™~/~
liver (Fig. 2b).

Oil red O staining of livers from both types of mice revealed
that the deposition of neutral lipid increased in a time-depend-
ent manner (Fig. 3). However, the start of lipid deposition in
IL-1Ra™’" livers occurred earlier when compared with the WT
livers. Indeed, we could detect lipid deposits in IL-1Ra™"~ liver
after 1 week of atherogenic diet, with no deposits in WT liver.
Furthermore, as expected from the gross morphology, neutral
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duced steatosis and inflammation. Liver specimens were taken
from wild type (e} and IL-1Ra™’" (b) mice fed an atherogenic diet for 1,
4, or 20 weeks. Portal and lobular inflammation in IL-1Ra~’~ liver was
more prominent at 20 weeks of the atherogenic diet (inset, lobular
inflammation). Liver sections were prepared for histology and stained
with hematoxylin and eosin (HE) or Masson'’s trichrome (EM).

lipid accumulation was markedly more pronounced in the IL-
1Ra™’~ than the WT liver following 20 weeks of atherogenic
diet.

Alteration of Lipid Homeostasis in IL-1Ra™'~ Mice—Follow-
ing 4 weeks of the atherogenic diet, levels of total plasma
cholesterol did not differ between IL-1Ra™~ and WT mice
(224.9 = 12.4 mg/dl versus 207.1 = 20.5 mg/dl; n = 5: p = NS;
Fig. 4a). However, after 8 weeks of the atherogenic diet, the
levels of total cholesterol in IL-1Ra™'~ mice increasecd by 198%
when compared with WT mice (610 * 224 mg/dl, versus 205 +
12 mg/dl; n = 5; p < 0.05). After 20 weeks of atherogenic diet,
moreover, the total cholesterol levels increased significantly in
IL-1Ra™~ mice when compared with WT mice (942 =+ 160
mg/dl versus 240 * 13 mg/dl, n = 5; p < 0.01).

High resolution HPLC analysis of plasma lipoproteins fol-
lowing 4 weeks of the atherogenic diet revealed no significant
differences in the levels of chylomicron-, VLDL-, LDL-, and
HDL-cholesterol between the IL-1Ra™/~ and WT mice (Fig. 4,6
and c¢). However, after 20 weeks of atherogenic diet, HPLC
analysis revealed markedly increased cholesterol levels in the
VLDL and LDL fractions in the IL-1Ra~/~ mice when com-
pared with the WT mice. The cholesterol levels in the VLDL
and LDL fractions were 699 = 126 mg/dl (n = 5, p < 0.01) and
192 .= 36 mg/dl (n = 5, p < 0.01), respectively in IL-1Ra ™~
mice when compared with 136 = 7 mg/dl (n = 5) and 50 + 4
mg/dl (n = 5), respectively, in the WT mice. In contrast, levels
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Fic. 3. Effect of deficiency of IL-1Ra on atherogenic diet-in-
duced lipid accumulation in the liver. Liver specimens were taken
from IL-1Ra™" (Ra™'") and WT mice fed an atherogenic diet for 0, 1, 4,

or 20 weeks. Liver sections were prepared for histology and stained with
oil red O.

of HDL-cholesterol were significantly lower in IL-1Ra™’" mice
(31 * 10 mg/dl, n = 5) when compared with those in WT mice
(54 * 3 mg/dl, n = 5; p < 0.05; Fig. 4,  and ¢).

The hepatic cholesterol levels of both mice showed a time-
dependent increase (Fig. 5). However, these changes were more
prominent in the liver of IL-1Ra™ than in WT mice, and the
difference between these mice increased with prolonged diet. In
agreement with the enlarged liver and distinct color change,
hepatic cholesterol was significantly increased in IL-1Ra '~
mice after 20 weeks of the atherogenic diet regimen. No signif-
icant differences were observed for hepatic triglyceride levels
between the IL-1Ra™'~ and WT mice. The major component of
hepatic cholesterol in both genotypes was cholesterol ester.

Alteration of Bile Acids and Cholesterol Metabolism in IL-
IRa™’~ Mice—The primary route of cholesterol elimination
from the body is via bile, which is based on conversion of
hepatic cholesterol to bile acids. Fecal bile acid excretion of WT
mice increased with the duration of atherogenic diet; however,
in IL-1Ra™’~ mice, bile acid excretion was increasingly im-
paired under continued atherogenic diet (Fig. 6).

Alteration of mRNA Expressions in IL-1Ra™'~ Mice—Anal-
yses of mRNA expression of genes involved in cytokine, mono-
cyte activation, and the regulation of cholesterol, fatty acid,
and bile acid metabolism were performed to identify pathways
potentially responsible for the observed alterations in IL-
1Ra™" mice. Real-time PCR employed mRNA extracted from
livers of both mice (Fig. 7). Prior to the start of the atherogenic
diet (0 week), expression levels of cholesterol 7«-hydroxylase
(CYP7A1) in IL-1Ra ™/~ mice were 30% lower than those in WT
mice (p < 0.05; Fig. 7a). After 1 and 4 weeks of atherogenic diet,
CYP7A1 expression decreased in both mice; however, tran-
script levels in IL-1Ra™'" mice were markedly lower (or ab-
sent). These results suggest that bile acid biosynthesis in IL-
1Ra™"" mice might be attenuated as early as 1 week after the
start of the atherogenic diet regimen. Although a previous
study showed that lipopolysaccharide suppresses both CYP7A1
and sterol 27-hydroxylase (CYP27A1) (25), expression levels of
CYP27A1 in both IL-1Ra™'~ and WT mice decreased after 1
week of the atherogenic diet, and there was no significant
difference between these two groups (Fig. 7¢). Although athero-
genic diet increased small heterodimer partner 1 (SHP) mRNA
in both mice, expression was 1.8-fold higher (p < 0.01) after 1
week and 3-fold higher (p < 0.001) after 4 weeks of the athero-
genic diet in IL-1Ra™'~ when compared with WT mice (Fig. 75).
Furthermore, expression of liver receptor homolog-1 (LRH-1)
increased in both mice after 4 weeks of atherogenic diet; how-
ever, a 1.8-fold higher (p < 0.05) increase was observed in
IL-1Ra™'" mice when compared with WT mice (Fig. 7c). More-
over, after 1 week of the atherogenic diet, nRNA expression of
Acyl-CoA cholesterol acyltransferase 2 (ACAT2) was only mar-

70



7006
4 1200+ E ek
~ 1000~
4 [] Ra-- *
E 8004
g
% 600
2
p=
S 400
b
5
oL EE™ T
b 0 1 4 8 20 weeks
wT
mv L RA-/-
1% v (dweeks) 4 (4 weeks)
170 170
160 150
130 130
110 16
] _H 0
b -
; v &
30 C 30
10 16
-10 -10
14 % 3 14 %4 k]
630 RA-/-
580 - (20 weeks)
480 -
390 -
250 -
180 -
80 -
-10 : Smermiere
14 24 Y
’ min

s cholesterol

BRI mglyceﬁde

IL—]Rd and Cholesterol Metabolism

800

¢ B wr
[ IRa-/-

Serum VLDL (mg/dL)
N » @
o o o
%) <} o
1 i s

-

o
240 -

&k

200

-
N O
o 0
I |

80

Serum LDL {mg/dL)

40 -

o
1

Q
[=]
J

Serum HDL (mg/dL)
3
1

40

30

20+

10+

0 -
25—1

20 -

15+

10

m !

Serum Trigijcerides (mg/dt)
o} (7
1 !
] ;—f

20 weeks

FIG. 4. The duration of atherogenic diet-dependent changes in plasma cholesterol concentrations in mice with different geno-
types. a, plasma levels of total cholesterol of IL-1Ra~’~ (Ra~’") and WT mice fed chow supplemented with the atherogenic diet for 0, 1, 4, 8, or 20
weeks. The levels of total cholesterol were determined enzymatically after 7 h of fasting. All values are expressed as mean = S.E. *, p < 0.05; **,
p < 0.01 for IL-1Ra™"~ mice versus WT mice. b, HPLC analysis of plasma lipoproteins. Plasma samples from mice of each genotype following 4 and
20 weeks of the atherogenic diet were separated by HPLC, and cholesterol (red line) and triglyceride (blue line) contents were determined. The
chylomicron, VLDL, LDL, and HDL fractions are labeled C, V, L, and H, respectively. Free glycerol is indicated by an arrowhead. ¢, plasma levels
of VLDL (upper), LDL (middle upper), HDL (middle lower), and triglycerides (lower) of IL-1Ra™"~ and WT mice. The levels of these lipids were
calculated from HPLC results. All values are expressed as mean = S.E. *, p < 0.05; **, p < 0.01 for IL-1Ra™/" mice versus WT mice.

ginally if at all increased in the 1L-1Ra~’~ mice, whereas a
9-fold increased level was observed after 4 weeks of the
atherogenic diet (p < 0.05;Fig. 7a). In contrast, no differences
were observed in hepatic expression of LDL receptor, HMG-
CoA reductase, SREBP2, nuclear liver X-receptor «, and
farnesoid X-receptor between IL-1Ra™/~ and WT mice. Fur-
thermore, hepatic expression of the HDL-cholesterol regula-
tory genes ATP binding cassette-Al (ABCAI) and scavenger
receptor class B type 1 (SR-BI) did not differ between
IL-1Ra™'~ and WT mice.

IL-1Ra, as expected, was absent in IL- 1Ra™" mice, whereas
the expression level of IL-1B in IL-1Ra™~ mice was signifi-
cantly elevated even before atherogenic diet (p < 0.05) and
more than 10-fold (p < 0.001) up-regulated following 4 weeks of
the atherogenic diet (Fig. 7d). Moreover, 4 weeks of atherogenic
diet increased transforming growth factor-8 (4.5-fold, p < 0.01)
and CD68 (7-fold, p < 0.01) in the IL-1Ra™’" mice when com-
pared with WT mice.

DISCUSSION

The present study demonstrates that IL-1Ra™'~ mice develop
severe NAFLD and portal fibrosis with many inflammatory cells
following 20 weeks of the atherogenic diet when compared with
WT mice. We also found that mRNA levels of IL-18 and trans-
forming growth factor-B were significantly elevated in livers of
IL-1Ra™’" mice. These findings are in accord with several previ-
ous studies implicating cytokine imbalances in murine models of
NAFLD (4) and fibrosis (26, 27). These findings suggest that
cytokines, such as IL-18, may play an important role in the
pathogenesis of NAFLD and hepatic fibrosis. In our iL-1Ra™""
mice, excessive IL-1 signaling may induce inflammation in the
liver and, thus, the IL-1 system might play a role in the devel-
opment of NAFLD and fibrosis. The atherogenic diet we used in
this study appears associated with these dramatic changes in the
livers of IL-1Ra™~ mice, corroborating a recent study showing
that high cholesterol levels induce expression of several genes
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Fic. 5. Total hepatic cholesterol, triglycerides, and cholesterol
ester. Levels of cholesterol (upper panel), triglycerides (middle panel),
and cholesterol ester (botiom panel) content in hepatic lipid extracts of
IL-1Ra™" (Ra™"") and WT mice fed an atherogenic diet for 0,1,4,8,or
20 weeks were measured. Levels were determined enzymatically in
hepatic lipid extracts. All values are expressed as mean * S.E. *p<
0.05; **, p < 0.01 for IL-1Ra~/~ mice versus WT mice.

involved in acute inflammation and that cholate induces expres-
sion of genes involved in extracellular matrix deposition in he-
patic fibrosis (28).

Expectedly, the levels of total cholesterol in IL-1Ra™~ mice
were significantly higher, and the start of lipid deposition in
livers of IL-1Ra™'" mice was observed earlier than in WT mice.
These results suggest that deficiency of IL-1Ra yields abnormal
lipid metabolism upon feeding on atherogenic diet. The pri-
mary route of cholesterol elimination from the body is via bile,
based on both direct canalicular exeretion of biliary cholesterol
as well as conversion of hepatic cholesterol to bile acids (29). In
our study, WT but not I1-1Ra™’~ mice demonstrated increased
bile acid excretion to maintain physiological cholesterol levels,
suggesting that impairment of bile acid excretion yields signif-
icant cholesterol accumulation in response to atherogenic diet
in IL-1Ra™" mice.

In our study, a 2-fold increase in mRNA level of ACAT2 was
observed in the IL-1Ra™'~ mice when compared with WT mice
after 4 weeks. ACAT2 is thought to function in intestinal cho-
lesterol absorption and transport into chylomicrons as well as

in providing cholesteryl esters for VLDL assembly in the liver.

Indeed, ACAT2-deficient mice have reduced cholesterol absorp-
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Fic. 6. Bile acid excretion in IL-1Ra~~ (Ra~'") and wild type
mice. Fecal bile acid excretion in IL-1Ra™~ and WT mice fed an
atherogenic diet for 0, 1, and 4 weeks were measured. Stool samples
were collected from the mice over 72 h after 0, 1, and 4 weeks of
atherogenic diet. All values are expressed as mean * S.E. * p <0.01 for
IL-1Ra™"" mice versus WT mice.

tion and are resistant to diet-induced hypercholesterolemia by
a high fat, high cholesterol diet (30). Thus, the increased
mRNA level of ACAT2 in IL-1Ra ™/~ mice might contribute to
the hypercholesterolemia and the accumulation of lipids in
the liver.

Another interesting finding in this study is that the defi-
ciency of IL-1Ra enhances both SHP and LRH-1 mRNA expres-
sion and decreases CYP7AL1 transcript in mice fed an athero-
genic diet. The flux of bile acids is tightly controlled by nuclear
receptors. When hepatic cholesterol levels are high, oxysterols
accumulate and activate nuclear liver X-receptors, which stim-
ulate transcription of CYP7A1 (31, 32), eventually resulting in
increased bile acid synthesis and subsequent excretion of cho-
lesterol. When bile acid levels are high, bile acid synthesis is
inhibited through a regulatory cascade based on farnesoid X-
receptor, SHP, and LRH-1 (33, 34). Since SHP is a particularly
potent inhibitor of LRH-1 function and LRH-1 is essential for
CYP7Al expression, SHP induction results in decreased
CYP7A1 expression, as confirmed in vivo using SHP null mice
(35, 36). In the present study, levels of LRH-1 in IL-1Ra =/~
mice were lower when compared with WT mice at basal level.
The reduction of LRH-1 might be caused by chronic inflamma-
tion due to the lack of IL-1Ra, in accord with a recent report
showing independently reduced LRH-1 expression during in-
flammation (37). The decrease of LRH-1, in turn, might sup-
press expression of CYP7A1 at the basal level. However, levels
of LRH-1 in IL-1Ra™"" mice significantly increased when com-
pared with WT mice at 4 weeks. This change might be induced
by the cholestasis of IL-1Ra™ mice since Bohan et al. (38)
reported that cytokine-dependent up-regulation of LRH-1 was
detected after bile duct ligation in the rat.

Several previous reports demonstrated that administra-
tion of cholic acid in mice induced SHP gene expression (33,
34) and that SHP reduces CYP7A1I expression (38). Increased
bile acids in the liver could, in turn, induce inflammation,
and the lack of IL-1Ra, an anti-inflammatory cytokine, might
deteriorate inflammation in IL-1Ra '~ liver. Furthermore, a
large amount of cytokines induced by severe inflammation in
IL-1Ra™/~ mice could also play an important role in the
up-regulation of SHP. Cytokine-dependent signaling leads to
the activation of c-Jun N-terminal kinase (JNK) and other
mitogen-activated protein kinases (39, 40). Recently, Gupta
et al. (41) showed that c-Jun activated by cytokines induces
SHP promoter activity and mutations in the AP-1 binding
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mice versus WT mice. LXRa, nuclear liver X-receptor a; FXR, farnesoid X-receptor; TGF, transforming growth factor.

site abolished bile acid responsiveness of the rat SHP pro-
moter. Thus, they suggested that activation of the JNK/c-Jun
pathway is needed for the induction of SHP by bile acids.
Furthermore, Miyake et al. (42) demonstrated that bile acid
induction of cytokine expression (such as tumor necrosis fac-
tor-a and IL-1) by macrophages correlates with repression of
hepatic CYP7A1, further supporting our findings. Thus,
atherogenic diet-induced inflammation under both high IL-1
levels and deficiency of IL-1Ra caused up-regulation of SHP
and, in turn, down-regulation of CYP7A1. The suppression of
CYP7A1 accumulates more cholesterol of IL-1Ra™'" mice. We
conclude that-the significant increase in SHP expression in
IL-1Ra~’/~ liver is an indirect effect of IL-1Ra deletion, but
IL-1Ra plays an important role in maintaining the choles-
terol homeostasis under cholic acid-induced inflammation.
Cholesterol conversion to bile acids occurs via two different
pathways: the classic and the alternative pathway. The classic
pathway begins with the rate-limiting enzyme CYPT7A1 (43, 44).
After 1 and 4 weeks of the atherogenic diet, the expression of
CYP7A1 mRNA decreased in both types of mice. However, the
levels in IL-1Ra "/~ mice were markedly lower than those in the
WT mice, suggesting that the function of bile acid biosynthesis in
I1-1Ra~'" mice was significantly attenuated following only 1
week of atherogenic diet. Our findings are in accord with a
previous study that demonstrated lipopolysaccharide and cyto-
kines resulted in a marked and very rapid decrease in CYP7A1
activity and mRNA levels (45). In contrast, differences in hepatic

expression of LDL receptor and HMG-CoA reductase were not
observed between IL-1Ra™~ and WT mice. All these data sug-
gest that hypercholesterolemia and accumulation of lipids in
IL-1Ra™’" mice is mainly caused by attenuation of cholesterol
excretion from the liver by SHP-induced CYP7Al suppression.
However, neither the suppression of LDL receptor nor the up-
regulation of HMG-CoA reductase implicated phenotype.

The decrease in HDL-cholesterol levels in IL-1Ra™" mice is
also in accord with the changes known to be caused by changes
of ABCA1 and SR-BI in the acute phase response (17). How-
ever, no differences were observed between IL-1Ra~’~ and WT
mice in hepatic expression of ABCA1 and SR-BI, suggesting
that neither ABCA1 nor SR-BI contributes to the decrease of
HDL-cholesterol in IL-1Ra™~ mice. We think other factors,
such as secretary phospholipase A,, endothelial lipase, and
lecithin cholesterol acyltransferase, may affect the decrease of
HDL-cholesterol in IL-1Ra™’~ mice. Indeed, secretory phospho-
lipase A, and endothelial lipase, which hydrolyze phospholip-
ids in HDL-cholesterol, are induced and lecithin cholesterol
acyltransferase, which esterifies HDL-cholesterol, is reduced
during inflammation (46 —48). '

Recently, Devlin et al. (49) showed that IL-1Ra knock-out
C57BL mice fed a cholesterol/cholate diet for 3 months had a
3-fold decrease in non-HDL cholesterol when compared with
WT littermate controls. However, this study did not detect
differences in bilirubin levels between IL-1Ra knock-out and
WT mice, whereas ALT levels were reduced. Their results
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differ from our results, and the study did not demonstrate why
IL-1Ra knock-out mice are protected from cholate-induced in-
flammation. Furthermore, their work did not analyze the
mechanisms responsible for the change of cholesterol metabo-
lism. In our study, cholesterol/cholate diet induced inflamma-
tion in the liver as reported previously (15), and the inflamma-
tion increased serum lipid levels in our mice. We think these
results are in agreement with previous reports that showed
that inflammation could change lipid metabolism (16, 17).
Moreover, we uncovered the mechanisms of why the deficiency
of IL-1Ra deteriorated cholesterol metabolism. Thus, we dem-
onstrated for the first time that IL-1Ra plays an important role
in the prevention of both fatty liver and hypercholesterolemia
under inflammatory conditions.

In conclusion, deficiency of IL-1Ra deteriorated fatty liver
development and cholesterol metabolism under atherogenic
diet. Our results show that high cytokine levels in IL-1Ra /"
mice reduced mRNA expression of CYP7A1 with concurrent
up-regulation of SHP mRNA expression. We conclude that
IL-1Ra plays an important role in maintaining the cholesterol
homeostasis under inflammatory conditions induced by
cholic acid.
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Endotoxin, a bacterial lipopolysaccharide (LPS), causes fatal septic shock via Toll-like receptor
(TLR)4 on effector cells of innate immunity like macrophages, where it activates nuclear
factor kB (NF-xB) and mitogen-activated protein (MAP) kinases to induce proinflammatory
cytokines such as tumor necrosis factor (TNF)-c.. Dok-1 and Dok-2 are adaptor proteins that
negatively regulate Ras—Erk signaling downstream of protein tyrosine kinases (PTKs). Here, we
demonstrate that LPS rapidly induced the tyrosine phosphorylation and adaptor function of
these proteins. The stimulation with LPS of macrophages from mice lacking Dok-1 or Dok~2
induced elevated Erk activation, but not the other MAP kinases or NF-kB, resulting in
hyperproduction of TNF-a and nitric oxide. Furthermore, the mutant mice showed
hyperproduction of TNF-a and hypersensitivity to LPS. However, macrophages from these
mutant mice reacted normally to other pathogenic molecules, CpG oligodeoxynucleotides,
poly(1:C} ribonucleotides, or Pam,CSK, lipopeptide, which activated cognate TLRs but induced
no tyrosine phosphorylation of Dok-1 or Dok-2. Forced expression of either adaptor, but nota
mutant having a Tyr/Phe substitution, in macrophages inhibited LPS-induced Erk activation
and TNF-a production. Thus, Dok-1 and Dok-2 are essential negative regulators downstream
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of TLR4, implying a novel PTK-dependent pathway in innate immunity.

The innate immune response to microbial
pathogens begins when pathogen-associated
molecular patterns (PAMPs) meet their cog-
nate receptors on effector cells. PAMPs are
conserved motifs on pathogens that are usually
not found in higher eukaryotes and include
LPS, a bacterial cell wall component and the
most potent stimulator in innate immunity 1).
Toll-like receptors (TLRs) recognize PAMPs,
and LPS stimulates the TLR 4-MD-2 receptor
complex, which then triggers intracellular sig-
naling cascades (TLR 4 signaling) including the
activation of NF-kB and three types of mitogen-
activated protein (MAP) kinases: Erk, JNK,
and p38 (2, 3). These signaling molecules play
indispensable roles in inducing TNF-«, a key
proinflammatory cytokine for innate immunity
(4). Recent studies have revealed that another
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LPS receptor, CD14, facilitates the binding of
LPS to the TLR4-MD-2 complex and conse-
quent intracellular signaling (5). In addition,
TLR-mediated signaling depends upon adaptor
molecules such as MyD88 and Toll/IL-1 recep-
tor domain—containing adaptor-inducing IFN-3
(TRIF) and is often classified into a MyD88-
or TRIF-dependent pathway. In fact, TLR4
triggers both pathways, and macrophages from
mice lacking these adaptors are defective in
proinflammatory responses to LPS (6).
Although the innate immune response is
essential for controlling the growth of patho-
genic microbes, negative regulation is also crit-
ical because excessive and unleashed responses
can cause inflammatory diseases such as septic
shock or chronic inflammation (4, 7-10). A Toll
IL-1 receptor family protein ST2 was recently
reported as an inducible negative regulator of
the MyD88-dependent pathway (7). Indeed,
mice lacking ST2 failed to develop endotoxin
tolerance a few days after primary administra-
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tion of a sublethal dose of LPS. However, due to the lag pe-
riod for its induction, ST2 appeared irrelevant to primary
endotoxin shock, a septic shock rapidly induced by LPS.
Gene targeting studies further revealed that IL-1 receptor—
associated kinase (IRAK)-M and suppressor of cytokine sig-
naling 1 are inducible negative regulators of LPS responses
(8-10). Despite these findings, very litde is known about
constitutively expressed negative regulator(s) of TLR4 sig-
naling, which could work instantaneously upon LPS treat-
ment of macrophages to conirol the early phase of the sig-
naling and oppose endotoxin shock.

Dok-1 was originally identified as a major substrate of
many protein tyrosine kinases (PTKs; references 11-13).
When tyrosine phosphorylated, Dok-1 and its closest homo-
logue Dok-2 work as adaptor proteins and recruit multiple
SH2-containing molecules such as p120 rasGAP and Nck.
These adaptors are preferentially expressed in hematopoietic
cells and share structural similarities characterized by NH,-ter-
minal PH and PTB domains, followed by COOH-terminal
SH2 rarget motifs (11). Experiments with mice lacking Dok-~1
or Dok-2 demonstrated an indispensable role in the negative
regulation of Erk downstream of PTKs in various hematopoi-
etic cells (14-16). However, mice lacking either adaptor did
not show overt defects in hematopoiesis. Although the bio-
logical significance of PTKs in TLR4 signaling is controver-

A WT Dok-1+ Dok-2+
3 5 B LPS
()
s T .
Z
~
E o i L . (+)
C IP: Dok-1 IP: Dok-2
LPS 0 1 5 30 /min LPS ¢ 1 5

sial, LPS activates cytoplasmic PTKs including Lyn, which is
essential for the phosphorylation of Dok-1 upon B cell recep-
tor signaling (15, 17). Here, we have studied the role of Dok-1
and Dok-2 and demonstrate that these adaptors are constitu-
tively expressed negative regulators of TLR 4 signaling.

RESULTS AND DISCUSSION

Dok-1 and Dok-2 are negative regulators of TNF-«

and nitric oxide (NO) production upon LPS

treatment of macrophages

To understand the role of Dok-1 and Dok-2 in TLR 4 sig-
naling, we first examined the production of two major signal
mediators of innate immunity, TNF-a and NO, upon LPS
treatment of macrophages from mice lacking Dok-1 or
Dok-2. The peritoneal resident and BM-derived macro-
phages from either of the mutant mice showed a larger pop-
ulation of TNF-a—producing cells and greater NO produc-
tion than the wild-type cells, respectively (Fig. 1, A and B).
However, both mutant macrophages expressed normal levels
of LPS receptors, TLR4-MD-2, and CD14, indicating that
loss of Dok-1 or Dok-2 does not cause down-regulation of
these receptors (Fig. S1, available at http://www jem.org/
cgi/content/full/jem.20041817/DC1). Thus, Dok-1 and
Dok-2 are indispensable negative regulators of TNF-a. and
NO production downstream of TLR 4.

LPS 0 1 10 160 0 1 10 100 /ng/m)
+IFN-, (2 Urml)

D IP: Dok-1

30 /min LPS ¢ 1 5 30 /min

SO — Dok-1 sz > wwes @ww  [DOK-1
¢ PY-Dok-1
| rasGAP
WCL WCL
LPS 1 1 5 30 /min LPS ¢ 1 5 30 /min
« Dok-1 o e DOK-2

St dedggririaiay. e, T

Figure 1. Dok-1 and Dok-2 are adaptors essential to the negative
regulation of LPS responses. (A) Peritoneal resident macrophages from
mice were treated with (+) or without (=) LPS, and then intracellular

TNF-a production of CD11b* cells was examined with flow cytometry.

(B) BM-~derived macrophages were cultured in the indicated concentration
of LPS and'IFN-v, and then NO production was evaluated. SD is from sex-
tuplicate experiments. {C) Dok-1 or Dok2 immunoprecipitates (1P} or whole
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cell lysates (WCL) were subjected to immunoblotting for Dok-1, Dok-2,
phosphotyrosine (PY-Dok-1 or PY-Dok-2), or p120 rasGAP upon LPS treat-
ment of peritoneal macrophages for the indicated period. Position of
immunoglobulin heavy chain {HC) is indicated. (D) Dok-1 immunaprecipi-
tates were adjusted to contain the same levels of Dok-1 in quantity and
examined as in C.
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Dok-1 and Dok-2 are essential adaptors in the negative
regulation of Erk upon LPS treatment

To address the molecular mechanisms of the Dok-1- and
Dok-2—mediated negative regulation of LPS-evoked re-
sponses, we examined the tyrosine phosphorylation and
adaptor function in peritoneal macrophages. Antiphosphoty-
rosine immunoblot and coimmunoprecipitation analyses re-
vealed that the Dok family proteins were indeed tyrosine
phosphorylated as early as 1 min after LPS treatment and
coimmunoprecipitated with p120 rasGAP (Fig. 1 C). Inter-
estingly, Dok-1, but not Dok-2, decreased in quantity at
least 30 min after the stimulation, indicating that the bio-
chemical responses of these proteins differ. However, when
immunoprecipitated Dok-1 was adjusted to the same quan-
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R o =z p-Erk
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. — e e e e 2 T Dok

Figure 2. Dok-1 and Dok-2 are negative regulators of Erk upon
TLR4 signaling. (A) Total Erk, activated Erk (p-Erk), INK {p-INK), or p38
MAP kinase (p-p38) was examined with immunablotting upon LPS treat-
ment of BM-derived macrophages from mice. (B) NF-«B activation was
assessed by immunablotting for [kBe or its phospherylation (p-ikBar)
upon LPS treatment of macrophages in A. Control immunoblotting for Erk
was performed. (C) NF-kB activity was examined by gel mobility shift assay
upon LPS treatment of peritoneal macrophages. Pasitions of the NF-xB
complex and the free probes are indicated. The specificity was determined
by adding excess amounts of unlabeled competitor of the probe (LPS + comp)

JEMVOL. 201, February 7, 20056

77

| *Free probe

tity at each time point, its tyrosine phosphorylation and
binding to rasGAP was obvious even 30 min after the stimu-
lation with LIS (Fig. 1 D). These results indicate that Dok-1
and Dok-2 are adaptors involved in LPS-evoked signaling,
which activates PTK(s) to phosphorylate themn, and also sug-
gest that these adaptors negatively regulate Erk upon TLR4
signaling, like in many other signaling situations downstream
of PTKs. Thus, the activation of Erk as well as JNK and p38
MAP kinase was evaluated upon LPS treatment of BM-
derived macrophages from mice lacking Dok-1 or Dok-2. Al-
though JNK and p38 MAP kinase activation was normal in
those macrophages, the activation of Erk was remarkably en-
hanced and sustained (Fig. 2 A). In addition, the phosphory-
lation and degradation of IxkB-a as well as the activation of
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mock Dok-1 Dok-1YF Dok-2

mock

or not {LPS) to nuclear extracts of witd-type macrophages. (D) Activated Erk
(p-Erk), total Erk, Dok-1, or Dok-2 was examined with immunoblotting
upon LPS treatment of RAW 264.7 cells {mock) or those expressing exoge-
nous Dok-1 (top) or Dok-2 (bottom). An arrowhead indicates the position
of endogenous Dok-1 or Dok-2. (E) RAW 264.7 cells (mock) or those ex-
pressing exogenous Dok-1 or a Dok-1 mutant (Dok-1 YF) were examined
as in D. (F) RAW 264.7 celis (mock) or those expressing exogenous Dok-1,
Dok-1 YF, or Dok-2 were cultured in the presence (+) or absence (—) of
LPS, and then the percentage of intracellular TNF-« * cells was determined
with flow cytometry. SD is from triplicate experiments.
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NF-«B were unaffected in macrophages regardless of the
mutations (Fig. 2, B and C). Together, our findings demon-
strate that Dok-1 and Dok-2 are essential adaptors in the
negative regulation of Erk, but not JNK, p38 MAP kinase,
and NF-kB, upon TLR4 signaling. Moreover, that the ex-
pression levels of Dok-1 and Dok-2 were unchanged at least
carly on and the phosphorylation was very rapid upon LPS
treatment indicates that both adaptors are on standby before
the onset of the signaling to be rapidly activated (Fig. | C).

Forced expression of Dok-1 or Dok-2 inhibits LPS-induced
Erk activation and TNF-« production
To confirm that Dok-1 and Dok-2 are negative regulators of
Erk and TNF-« responses to LPS, we examined if forced
expression in macrophages of either adaptor suffices to in-
hibit those responses. The control RAW 264.7 macrophages
displayed an intact Erk activation, TNF-a production, and
Dok-1 down-regulation upon LPS treatment (Fig. 2, D-F).
However, forced expression of flag-tagged Dok-1 or Dok-2
clearly inhibited the Erk and TNF-a responses to LPS, indi-
cating that Dok-1 and Dok-2 are potent negative regulators
of the signaling. Note that the flag-tagged Dok-1, but not
Dok-2, was down-regulated like the endogenous Dok-1.
Recently, we identified Tyr-336 and Tyr-340 as essential
residues for Dok-1 to inhibit the Ras—FErk pathway down-
stream of Lyn (18). Consistently, forced expression of a flag-
tagged Dok-1 mutant having a Tyr/Phe substitution at these
residues (Dok-1 YF) resulted in a loss of inhibitory effects on
the LPS-evoked responses (Fig. 2, E and F). These results
strongly suggest that tyrosine phosphorylation of Dok-1 and
probably Dok-2 is essential for the inhibitory effects down-
stream of TLR 4.

Although litde is known about the regulation of Erk
downstream of LPS, it was reported that a MAP kinase ki-

A WT | Dok-1+ , Dok-2*
CpG ODN ¢ 30 60 B0 0 20 &0 90 0 X €0 20/min
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P Jp— e p-ERK
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p-JNK
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Figure 3. Dok-1 and Dok-2 are irrelevant to TLR9, TLR3, or TLR2
signaling. (A-C} Activation of each MAP kinase was examined as in Fig. 2
A upon CpG ODN, poly(1:C), or PamCSK, treatment of BM-derived mac-
rophages from mice. (D) Dok-1 or Dok-2 immunoprecipitates (iP) were
subjected to immunablotting (IB) for Dok-1, Dok-2, or phosphotyrosine

336

nase kinase, Tpl2/Cot, is required for the LPS-mediated ac-
tivation of Erk in macrophages (19). The authors showed
that loss of Tpl2 specifically blocks the activation of Erk
among MAP kinases and NF-«kB and that inhibition of
MEK, and thereby inhibition of Erk, suppressed TNF-«
production upon LPS signaling. Moreover, it was suggested
that not only LPS but also Tpl2 requires the Ras pathway to
activate Erk (20, 21). Therefore, Ras appears to be an essen-
tial element for the activation of Erk downstream of TLR 4.
Given that the Dok-1 YF mutant lacking residues essential
for the inhibition of Ras had no inhibitory effect upon
TLR4 signaling (Fig. 2, E and F), the negative signaling of
Dok-1 against Erk may intersect the Tpl2-mediated positive
signaling in the Ras pathway downstream of TLR 4. Further
studies are required to understand molecular mechanisms of
the Dok-1 and Dok-2 function in the TLR 4 pathway, in-
cluding the negative regulation of TNF-a production and
interaction with their regulators and effectors.

Dok-1 and Dok-2 are irrelevant to TLR9, TLR3,

or TLR2 signaling

To delineate the Dok-1 and Dok-2 function in TLR -medi-
ated signaling, we examined their role upon the stimulation
of macrophages with CpG oligodeoxynucleotide (ODN) and
poly(I:C), which mimic microbial nucleotides and induce
MyD88-dependent and TRIF-dependent pathways through
TLRY and TLR3, respectively. Interestingly, both nucle-
otides induced normal levels of Erk, JNK, and p38 MAP ki-
nase activation as well as TNF-a production regardless of
Dok-1 or Dok-2 mutation, indicating that botl adaptors are
dispensable to the signaling downstream of these TLRs (Fig.
3, A and B, and Fig. S2, available at http://www jem.org/
(gi/content/full/jem.ZOCMJ817/DC1). Because TLR3 and
TLRY are thought to be intracellular receptors, whereas
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{PY-Dok-1 or PY-Dok-2) upon CpG ODN, poly(I:C), or Pam,CSK, treatment
of wild-type peritaneal macrophages for 30 min. Whole ceit lysates (WCL)
from these macrophages were subjected to immunobiotting for activated
Erk (p-Erk) or total Erk as controls.
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