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FIGURE 1. Effects of ectopic expression of TLP on p53 family members.
A, enforced expression of FLAG-TLP results in the up-regulation of TAp63 but
not of p53 and TAp73. Human cervical carcinoma-derived Hela cells were
transiently transfected with or without the increasing amounts of FLAG-TLP
expression plasmid (1.0, 1.5, or 2.0 pg). As a negative control, the empty
plasmid (2.0 ng) was introduced into Hela cells (—). Forty-eight hours after
transfection, total RNA and whole cell lysates were prepared and analyzed by
semi-quantitative RT-PCR using the indicated primers and immunoblotting
with anti-FLAG antibody, respectively. For RT-PCR, B-actin was used as an
internal control. For immunoblotting, actin was used as a loading control.
B, quantitative real-time RT-PCR analysis. HeLa cells were transiently transfected
with the constant amount of the empty plasmid or with the expression plas-
mid encoding FLAG-TLP (2.0 ug). Forty-eight hours after transfection, the
expression levels of TAp63 were examined by quantitative real-time RT-PCR
using B-dactin as an internal control. Data represent -fold induction of TAp63
mRNA levels relative to those of B-actin mRNA. C, siRNA-mediated knock-
down of the endogenous TLP. Human hepatocellular carcinoma-derived
Hep3B cells were transiently transfected with 10 nm of control siRNA, siBNA
against TLP (TLP-1) or with siRNA targeting TAp63 (TAp63-1). Forty-eight
hours after transfection, total RNA was prepared and subjected to semi-quan-
titative RT-PCR. B-actin was used as an internal control. D, a significant corre-
lation between the expression levels of TLP and TAp63. Chicken wild-type
DT40 cells and TLP-deficient DT40 cells were transiently transfected with the
empty plasmid (—) or with the expression plasmid for FLAG-TLP (+). Forty-
eight hours after transfection, total RNA was prepared and processed for
semi-quantitative RT-PCR. B-actin was used as an internal control.
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expression of FLAG-TLP in TLP-deficient DT40 cells caused
an increase in the expression level of p63 (Fig. 1D). Thus; it is
likely that TAp63 is one of direct transcriptional target genes of
TLP. ‘
Identification of the Region within Human TAp63 Promoter
Required for' TLP-mediated Transactivation of TAp63—To
identify the essential region within human TAp63 promoter
required for TLP-dependent transcriptional activation - of
TAp63; we have generated the luciferase reporter plasmid bear-
ing TAp63 genomic fragment spanning from positions —2340
to +26, where +1 represents the transcriptional initiation site,
termed pGL3-TAp63(—2340). HeLa cells were transiently co-
transfected with the constant amount of pGL3-TAp63(—2340),
Renilla luciferase reporter plasmid together with or without the
increasing amounts of the expression plasmid for FLAG-TLP.
Forty-eight hours after transfection, cells were lysed, and their
luciferase activities were measured. As shown in Fig. 24, FLAG-
TLP had an ability to enhance the luciferase activity driven by
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FIGURE 2. NH,-terminal deletion mutant of TLP fails to transactivate
TAp63 promoter. A, pGL3-TAp63(—2340) responds to TLP. Hela cells were
transiently co-transfected with the constant amount of the luciferase reporter
plasmid termed pGL3-TAp63(—2340) (100 ng) and Renilla luciferase reporter
plasmid (pRL-TK, 10 ng) along with or without the increasing amounts of the
expression plasmid encoding FLAG-TLP (100 or 200 ng). Forty-eight hours
after transfection, cells were lysed and their luciferase activities were exam-
ined. Firefly luminescence signal was normalized based on the Renilla lumi-
nescence signal. Results are shown as -fold induction of the firefly luciferase
activity compared with control cells transfected with the empty plasmid.
B, immunobilotting. Hela cells were transiently transfected with the constant
amount of the empty plasmid (lane 1), the expression plasmid for FLAG-TLP
{lane 2), or with the expression plasmid encoding FLAG-TLPA {lane 3). Forty-
eight hours after transfection, whole cell lysates were analyzed by immuno-
blotting with the anti-TLP antibody. Actin was used as a loading control.
G, luciferase reporter assay. Hela cells were transiently co-transfected with
the constant amount of pGL3-TAp63(—2340) and Renilla luciferase reporter
plasmid along with or without the expression plasmid for FLAG-TLP or FLAG-
TLPA. Forty-eight hours after transfection, cells were lysed and their luciferase
activities were determined as in A.

TAp63 promoter in a dose-dependent manner. Similar results
were also obtained in p53-deficient human lung carcinoma-
derived H1299 cells (data not shown). In addition, NH,-termi-
nal deletion mutant of TLP (FLAG-TLPA) (Fig. 2B), which
lacks a transcriptional activation function, failed to transacti-
vate TAp63 promoter as examined by luciferase reporter assay
(Fig. 2C). These observations suggest that the genomic region
of TAp63 gene used in the luciferase reporter assay contains
one or more TLP-responsive elements.

To further extend our study, a series of progressively 5'-trun-
cated TAp63 promoter reporter constructs were generated and
subjected to luciferase reporter assay. As clearly shown in Fig.
3A, deletion up to- —731 and —28 resulted in a significant
decrease in the liciferase activity driven by TAp63 promoter,
indicating that there exist at least two independent genomic
regions of TAp63 gene (—1101 to —732 and —487 to —29)
required for TLP-dependent transactivation of TAp63. To
examine whether TLP could be recruited onto the essential
genomic region of TAp63 promoter, which we have identified,
we performed a ChIP assay. For this purpose, we have designed
four primer sets (#1, #2, #3, and #4) to amplify the indicated
genomic regions of TAp63 promoter (Fig. 3B). HeLa cells were
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FIGURE 3. Identification of region(s) within human TAp63 promoter
required for TLP-dependent.transcriptional activation. A, luciferase
reporter assays. Hela cells were transiently co-transfected with the constant
amount of the indicated luciferase reporter constructs bearing various length
of human: TAp63 promoter: region (100 ng) and Renilla luciferase reporter
plasmid (pRL-TK, 10 ng) together with the empty plasmid (pClneo) or with the
expression plasmid for FLAG-TLP. Forty-eight hours after transfection, cells
were lysed and their luciferase activities were measured as described in the
legend for Fig. 2. Filled and open boxes indicate the putative TLP-responsive
regions within TAp63 promoter. B, schematic drawing of TAp63 promoter
region. Filled and open boxes indicate the putative TLP-responsive regions
within TAp63.promoter. The positions of primer sets (#1, #2, #3, and #4) rela-
tive to the transcriptional initiation site (+ 1) used for ChIP assay are indicated.
C, ChIP assay. Hela cells were transiently transfected with the empty plasmid
or with.the expression plasmid for FLAG-TLP. Expression of FLAG-TLP was
confirmed by semi-quantitative RT-PCR (right panels). Forty-eight hours after
transfection, cells were cross-linked with formaldehyde and cross-linked
chromatin was sonicated followed by immunoprecipitation with anti-FLAG
antibody. Genomic DNA was purified from the immunoprecipitates and sub-
jected to PCR using the indicated primer sets:

transiently transfected with the empty plasmid or with the
expression plasmid for FLAG-TLP. Forty-eight hours after
transfection, chromatin DNA was cross-linked and then pro-
cessed for ChIP assay. The expression of the exogenous FLAG-
TLP was examined by semi-quantitative RT-PCR (Fig. 3C, right
panel). As clearly shown in Fig. 3C, genomic DNA extending
from —506 to —257 was specifically amplified, suggesting that
TLP is efficiently recruited onto the proximal promoter region
of the human TAp63 gene (—487 to —29) and that the upstream
sequences (—1101 to —732) might act to enhance the function
of the TLP-bound downstream sequences.

Identification of the Putative TLP-responsive Element within
the Proximal Region of TAp63 Promoter—During the extensive
search of the proximal region of human TAp63 promoter, we
have found out the sequence element (5’ -AGCTGGAGCA-3),
which was also included within one of the TLP-binding
sequences of NFI gene (5'-AGCTGAGAGCA-3'). Of note, this
sequence element was well conserved among mouse, chicken,
and dog TAp63 promoter regions (over 80% sequence identity).
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To address the functional significance of this sequence element
in the regulation of TLP-dependent transcriptional enhance-
ment of TAp63 gene, we have generated a luciferase reporter
plasmid bearing mutant TAp63 promoter in which the putative
TLP-responsive element (5'-AGCTGGAGCA-3') was substi-
tuted to the mutant sequence (5'-CTAGTGAGCA-3') (pGL3-
TAp63(—2340/M1)). HeLa cells were transiently transfected
with the constant amount of pGL3-TAp63(—2340) or pGL3-
TAp63(—2340/M1) along with the expression plasmid for
FLAG-TLP or with the empty plasmid. As shown in Fig. 44,
introduction of mutations into the putative TLP-responsive
element decreased the luciferase activity mediated by exog-
enously expressed FLAG-TLP, suggesting that this sequence
element might act as a TLP-responsive element for the human
TAp63 gene.

To further confirm this issue, we have inserted four tandem
repeats of the putative TLP-responsive element or mutant form
of the putative TLP-responsive element into just upstream of
TAp63 core promoter region to give pGL3-TAp63-TLP-luc
and pGL3-TAp63-M1-luc, respectively. As shown in Fig. 48,
luciferase reporter assays demonstrated that pGL3-TAp63-
TLP-luc but not pGL3-TAp63-M1-luc responds to the exog-
enously expressed FLAG-TLP, suggesting that the putative
TLP-responsive element found in the present study plays an
essential role in the regulation of TLP-dependent transactiva-
tion of TAp63.

Etoposide-mediated Induction of TLP and TAp63 in p53-de-
ficient Cells—It has been shown that TAp63 is induced in
human hepatocellular carcinoma-derived p53-deficient Hep3B
cells in response to etoposide and also involved in the promo-
tion of apoptosis (25, 26). We therefore investigated the effects
of etoposide on the expression level of TAp63 and TLP in
Hep3B cells. To this end, Hep3B cells were exposed to etopo-
side at a final concentration of 50 um. At the indicated time
points after etoposide treatment, total RNA and whole cell
lysates were prepared and subjected to semi-quantitative RT-
PCR and immunoblotting, respectively. As shown in Fig. 54,
the expression level of the endogenous TLP was induced in
response to etoposide in association with the up-regulation of
TAp63 as well as its transcriptional target genes such as p21*%,
14-3-30, NOXA, PUMA, and BAX. Similarly, etoposide treat-
ment led to a remarkable induction of the endogenous TLP
protein as well as TAp63 protein and its target gene products,
including p21"%* and NOXA (Fig. 5B). Similar results were also
obtained in human hepatocellular carcinoma-derived HepG2
cells (supplemental Fig. S1).

Consistent with our previous observations (27), TLP accu-
mulated in cell nucleus of Hep3B cells in response to etoposide
as examined by immunoblotting (Fig. 5C). Similar results were
also obtained in HepG2 cells (supplemental Fig. S1). Next,
we sought to examine whether the endogenous TLP could be
recruited onto TAp63 promoter in response to etoposide. For
this purpose, Hep3B cells were treated with or without 50 um
etoposide. Forty-eight hours after etoposide treatment, cells
were cross-linked and the immunoprecipitated genomic DNA
was subjected to ChIP assay. As shown in Fig. 5D, the endoge-
nous TLP was induced to be recruited onto TAp63 promoter
region in response to etoposide. Because it has been shown that
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FIGURE 4. TLP-responsive element within human TAp63 promoter.
A, introduction of the mutations into the putative TLP-responsive element.
We have introduced the mutations (5-CTAGTGAGCA-3') into the putative
TLP-responsive element (5'-AGCTGGAGCA-3') within pGL3-TAp63(—2340)
to give pGL3-TAp63(—2340/M1). Hela cells were transiently co-transfected
with the constant amount of Renilla luciferase reporter plasmid together with
pGL3-TAp63(—2340) or with pGL3-TAp63(—2340) in the presence of the
expression plasmid for FLAG-TLP (closed bars) or empty plasmid (open bars).
Forty-eight hours after transfection, cells were lysed and their luciferase activ-
ities were measured. B, functional significance of the putative TLP-responsive
element. We have generated the luciferase reporter construct bearing four
tandem repeats of the putative TLP-responsive element (5/-AGCTGGAGCA-
3') fused to just upstream of TAp63 core promoter termed pGL3-TAp63-TLP-
lucand its mutant carrying four tandem repeats of mutant form of the canon-
ical TLP-responsive element (5'-CTAGTGAGCA-3') fused to just upstream of
TAp63 core promoter termed pGL3-TAp63-M1-luc. Hela cells were transiently
co-transfected with the constant amount of Renilla luciferase reporter plas-
mid along with the constant amotunt of pGL3-TAp63-TLP-luc or with pGL3-
TAp63-M1-lucin the presence of FLAG-TLP expression plasmid or the empty
plasmid. Eighteen hours after transfection, cells were lysed, and their lucifer-
ase activities were determined. Open and closed bars indicate the relative
luciferase activity in cells transfected with the empty plasmid and the expres-
sion plasmid for FLAG-TLP, respectively. N.S., not significant.

TLP has an ability to transactivate its own promoter (28), we
examined the recruitment of TLP onto its promoter reglon asa
positive control (bottom panel of Fig. 5D).

The Effect of Knocking Down of the Endogenous TLP or TAp63
on Etoposide-mediated Apoptosis—To examine the functional
significance of the endogenous TLP and TAp63 in the regula-
tion of etoposide-mediated apoptosis, Hep3B cells were tran-
siently transfected with control siRNA, siRNA against TLP
(TLP-1), or with siRNA targeting TAp63 (TAp63-1). Forty-
eight hours after transfection, cells were exposed to etoposide
for 48 h. As seen in Fig. 64, knocking down of the endogenous
TLP resulted in a significant down-regulation of the endoge-
nous TAp63 as well as its target gene products such as p21*”
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FIGURE 5. TLP and TAp63 are induced in response to DNA damage. A, eto-
poside treatment results in a significant induction of TLP and TAp63. Hep3B
cells were treated with 50 um of etoposide or left untreated. At the indicated
time points after etoposide treatment, total RNA was prepared and subjected
to semi-quantitative RT-PCR. B; immunoblotting. Hep3B cells were exposed
to 50 um of etoposide. At the indicated time points after exposure to etopo-
side, whole cell lysates were prepared and processed for immunoblotting
with the indicated antibodies: G, etoposide-mediated nuclear accumulation
of TLP. Hep3B cells were exposed to 50 um etoposide. At the indicated time
points after etoposide treatment; cells were biochemically fractionated into
nuclear and cytoplasmic fractions followed by immunoblotting with anti-TLP
antibody. Lamin B and tubulin-a were used as nuclear and cytoplasmic mark-
ers, respectively. D, ChiP assay. Hep3B cells were treated with 50 um etopo-
side or left untreated. Forty-eight hours after etoposide treatment, cells were
cross-linked with formaldehyde and cross-linked chromatin was sonicated
followed by immunoprecipitation with normal goat IgG or with polyclonal
anti-TLP antibody. Genomic DNA was purified from the immunoprecipitates
and subjected to PCR using the indicated primer sets as described in the
legend for Fig. 3.

and NOXA.: Similarly, siRNA-mediated knockdown of the
endogenous TAp63 caused a remarkable reduction in the ex-
pression level of p21™¥? and NOXA, suggesting that the TLP/
TAp63 pathway contributes to the promotion of apoptosis
mediated by etoposide. Consistent with this notion, TUNEL
staining experiments demonstrated that knocking down of
the endogenous TLP or TAp63 results in a significant reduc-
tion of number of TUNEL-positive cells as compared with
that of control cells (Fig. 5B). Similar results were obtained in
Hep3B cells transfected with the different set of siRNA (sup-
plemental Fig. S2) and also obtained in HepG2 celis (supple-
mental Fig. S3). Taken together, our present findings
strongly suggest that TLP has an ability to induce etoposide-
mediated apoptosis through up-regulation of TAp63
expression.
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FIGURE 6. Effects of the endogenous TLP and TAp63 in the regulation of
DNA damage response. A, siRNA-mediated knockdown of the endogenous
TLP and TAp63. Hep3B cells were transiently transfected with 10 nm control
SIRNA, siRNA against TLP {TLP-1) or with siRNA targeting TAp63 (TAp63-1).
Forty-eight hours after transfection, cells were exposed to 50 um etoposide.
Forty-eight hours after etoposide treatment, whole cell lysates were prepared
and processed forimmunoblotting with indicated antibodies. 8, TUNEL stain-
ing. Hep3B cells were transiently transfected as in A. Forty-eight hours after
transfection, cells were exposed to 50 um etoposide. Forty-eight hours after
etoposide treatment, cells were fixed in 4% parafolmaldeyde and subjected
to TUNEL staining. Cell nuclei were stained with 4’,6-diamidino-2-phenylin-
dole (DAPI). The percentage of TUNEL-positive cells shown in each column
represents the mean of three independent experiments (right panels).

DISCUSSION

Considering that TBP has an essential role in the regulation
of basal transcription, TBP-related factors, including TLP
might also. participate in the transcriptional regulatory mecha-
nisms. Previously, it has been shown that TBP is directly asso-
ciated with tumor suppressor p53, and their complex formation
contributes to the successful transcription (29). Although we
have described that TLP has an intrinsic ability to prolong the
G, phase and to induce apoptosis in a p53-independent manner
(21), our earlier study did not rule out the possible involvement
of the other p53 family members such as TAp73 and TAp63 in
this process. In the present study, we have found for the first
time that, upon DNA damage mediated by anti-cancer drug
etoposide, TLP is induced to accumulate in cell nucleus in asso-
ciation with a significant up-regulation of TAp63 as well as its
direct target genes, suggesting that TLP acts asa transcriptional
activator for pro-apoptotic TAp63.

According to our present results, ectopic expression of
FLAG-TLP led to a significant induction of TAp63 but not of
the other p53 family members such as p53 and TAp73, indicat-
ing that TLP acts as a specific transcriptional activator for
TAp63. Consistent with these observations, siRNA-mediated
knockdown of the endogenous TLP resulted in a remarkable
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down-regulation of TAp63. In addition, TLP had an undetect-
able effect on SV40 promoter (data not shown). Intriguingly,
TLP-dependent transcriptional up-regulation was also ob-
served in chicken DT40 cells, suggesting that the molecular
mechanisms behind TLP-dependent transcriptional up-regula-
tion of TAp63 are conserved among various species. By using
luciferase reporter assays, we have identified the proximal and
distal regions within human TAp63 promoter required for TLP-
dependent transcriptional activation of TAp63. Among them,
TLP was efficiently recruited onto the proximal region but not
onto the distal region as examined by ChIP assay. Thus, we have
focused our attention on the proximal region for further anal-
ysis. Chong et al. described that TLP has an ability to transac-
tivate NFI gene promoter, and they have identified the small
independent two regions within NFI promoter required for
TLP-dependent transcriptional activation of NFI gene (20).
Based on their results, the above-mentioned two sequences
directly bound to the purified TLP prepared from Hela cells,
During the extensive search of the proximal region of TAp63
promoter, we have found out the sequence element (5'-AGCT-
GGAGCA-3'), which was also included within one of the TLP-
binding sequences of NFI gene (5'-AGCTGAGAGCA-3'). Of
note, this sequence element was well conserved among mouse,
chicken, and dog TAp63 promoter regions {(over 80% sequence
identity). Introduction of mutations into this sequence element
decreased the luciferase activity mediated by exogenously
expressed FLAG-TLP, suggesting that this sequence element
might act as a TLP-responsive element for human TAp63 gene.

As mentioned above, the distal region of TAp63 promoter
had an indirect effect on TLP-dependent transcriptional reg-
ulation of TAp63. Consistent with these results, pGL3-
TAp63(—2340/M1) in which mutations were introduced into
the proximal TLP-responsive element retained an ability to
respond to the exogenously expressed FLAG-TLP but to the
lesser degree. This might be due to the presence of the addi-
tional regulatory sequence(s) within TAp63 promoter, includ-
ing the distal region. When the four putative TLP-responsive
elements were fused to core SV40 promoter, luciferase activity
was undetectable in response to exogenously expressed FLAG-
TLP (data not shown). In contrast, we have detected TLP-de-
pendent luciferase activity driven by pGL3-TAp63-TLP-luc.
Indeed, our luciferase reporter construct termed pGL3-
TAp63(—487/+26) contained the proximal region and core
TAp63 promoter region, suggesting that there could exist a
functional relationship between the proximal and core pro-
moter regions with respect to TLP-dependent transcriptional
regulation of TAp63. In support of this notion, both TLP and
TBP have been shown to be recruited onto NF1 genomic region
containing TLP-responsive element and core promoter
sequence (28). Further experiments should be required to ade-
quately address this issue.

Another finding of our present study was that TLP is induced
to accumulate in cell nucleus in response to etoposide, and
contributes to etoposide-mediated apoptosis through the up-
regulation of TAp63. Based on our present results, etoposide
treatment promoted the efficient recruitment of the endoge-
nous TLP onto TAp63 proximal promoter region and resulted
in a strong induction of TAp63 as well as its direct target genes
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implicated in apoptosis such as PUMA, NOXA, and BAX.
siRNA-mediated knockdown of the endogenous TLP led to a
significant down-regulation of TAp63 as well as pro-apoptotic
NOXA. Additionally, knocking down of the endogenous TLP
resulted in a remarkable inhibition of etoposide-mediated apo-
ptosis as examined by TUNEL assay. Similar results were also
obtained in TAp63-knocked down cells. In a sharp contrast,
Lantner et al. found that CD74 stimulation leads to the activa-
tion of pro-survival NF-«B and then activated form of NF-«B
transactivates TAp63 followed by TAp63-dependent up-regu-
lation of anti-apoptotic Bcl-2 (30). Their observations indicated
that NF-«B is one of transcriptional activators for TAp63; how-
ever, the up-regulation of TAp63 contributes to cell survival in
mature B cells. The differential biological outcomes of the up-
regulation of TAp63 might be due to the cellular contexts
employed in the experiments. To our knowledge, our present
resultis a first finding showing that TLP acts as a transcriptional
activator for pro-apoptotic TAp63 and participates in the reg-
ulation of DNA damage response. Thus, the TLP/TAp63 pro-
apoptotic pathway is a novel one in response to DNA damage.

From the clinical point of view, several lines of evidence indi-
cated that the altered expression of p63 isoforms is observed in
human tumor tissues (4), aithough loss of function mutations in
p63 are rarely detected in various human tumors (6, 7). For
example, the dysregulation of the oncogenic ANp63, which is
expressed from a different promoter than that used for expres-
sion of TAp63, was detectable, especially in squamous cell car-
cinomas (4, 31). In support with this notion, ANp63 contributes
to cell survival through a dominant negative effect toward wild-
type p53, TAp63, and TAp73 (4, 31). In contrast, the possible
involvement of TAp63 in tumor generation might be attributed
to its low expression levels in human primary tumors (32, 33).
In this connection, higher expression levels of TAp63 corre-
lated with better prognoses of patients with bladder carcinoma
(32). Thus, it is likely that TLP-TAp63 pathway might play an
important role in certain tumor suppression. In accordance
with this notion, it has been shown that TLP also induces the
expression of NFI, a representative tumor suppressor gene
(20). Given that etoposide stimulates nuclear accumulation of
TLP and up-regulation of the TAp63, TLP-mediated TAp63
expression followed by induction of apoptosis might help to
suppress tumor generation.
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FGF9 monomer—dimer equilibrium regulates
extracellular matrix affinity and tissue diffusion

Masayo Harada?, Hirotaka Murakami>!!, Akihiko Okawa*!!, Noriaki Okimoto*!!, Shuichi Hiraoka!10:11
Taka Nakahara®1%1!, Ryogo Akasaka®!!, Yo-ichi Shiraishi’!!, Noriyuki Futatsugi?, Yoko Mizutani-Koseki',
Atsushi Kuroiwa’, Mikako Shirouzu®, Shigeyuki Yokoyama®®, Makoto Taiji*, Sachiko Iseki®, David M Ornitz’

& Haruhiko Koseki!

The spontaneous dominant mouse mutant, Elbow knee synostosis (Eks), shows elbow and knee joint synosotsis, and premature
fusion of cranial sutures. Here we identify a missense mutation in the Fgf9 gene that is responsible for the Eks mutation. Through
investigation of the pathogenic mechanisms of joint and suture synostosis in Eks mice, we identify a key molecular mechanism
that regulates FGF9 signaling in developing tissues. We show that the Eks mutation prevents homodimerization of the FGF9
protein and that monomeric FGF9 binds to heparin with a lower affinity than dimeric FGF9. These biochemical defects result in
increased diffusion of the altered FGF9 protein (FGF9t) through developing tissues, leading to ectopic FGF9 signaling and
repression of joint and suture development. We propose a mechanism in which the range of FGF9 signaling in developing tissues
is limited by its ability to homodimerize and its affinity for extracellular matrix heparan sulfate proteoglycans.

The fibroblast growth factors (FGFs) are widely expressed in devel-
oping and adult tissues and have diverse functions in organogenesis,
tissue repair; nervous system control, metabolism- and physiological
homeostasis'. In humans and mice, the 22 FGF ligands are expressed
in a spatiotemporally regulated manner and’ mediate signals through
seven different isoforms of FGF receptors (FGFRs)!, The pharmaco-
logic potential of FGF ligands has been highlighted by identification of
gain-of-function mutations. in genes encoding FGFRs 1-3 in indivi-
duals with chondrodysplasia and craniosynostosis syndromies?>. These
human diseases: identify essential roles of FGF signaling not only in
development but also in homeostasis of bones and joints.

- Given these clinical, genetic and biochemical studies in humans and
mice, the coordinated development of bones and joints seems to rely
on precise FGFR signaling, This suggests that spatiotemporal con-
straints on FGF signaling are a prerequisite for appropriate functions
in vivo and are indeed modulated at several distinct levels. First, the
expression of FGF: ligands is spatiotemporally restricted. Among the
22 FGF ligands, FGF2; FGF4, FGF7, FGF8, FGF9, FGF10, FGF17 and
FGF18 are expressed in the limb bud and developing skeleton*™, Of

these, loss-of-function mutations have demonstrated that FGF2, FGF9
and FGF1$ are involved in chondrogenesis and/or osteogenesis’°.
Induction of chondrodysplastic phenotypes by overexpression of
FGF9 in mice also shows its ability to affect chondrogenesis'!, Other
elements implicated in FGF signaling are the heparan sulfate proteo-
glycans (HSPGs). Genetic studies in mice and Drosophila melanogaster
suggest that HSPGs regulate the distribution and receptor binding of
FGF ligands'>!3, Finally, structural analyses of FGF9 suggest that it
may form homodimers that could affect its ability to signal'*!3,
Because FGF9 homodimerization occludes several critical receptor
binding sites, an autoinhibitory mechanism may function to modulate
FGF9-dependent signal transduction. However, a functional demon-
stration of this proposed mechanism is lacking:

We have previously réported that a dominant mouse mutant, Elbow
kriee synostosis (Eks), shows radiohumeral and tibiofemoral synosto-
sis, craniosynostosis (Supplementary Fig. 1 online) and lung hypo-
plasia’®, In this study, we identify a missense mutation that replaces
Asni43 with threonine in the Fgf9 gene in Eks mutant mice. We

designate this mutant allele as Fgf9%™* and show that this mutation
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prevents homodimerization of FGF9, consequently decreasing the
affinity of FGF9 for heparin. As a result, FGF9E is more diffusible
in developing tissues, leading to ectopic FGF9 signaling in the
prospective joints and sutures where it functions to repress develop-
ment. Molecular-dynamics calculations suggest that the reduction in
FGF9 affinity for heparin is due to the predominance of the mono-
meric form rather than to changes in its intrinsic affinity for heparin.
‘We thus propose a mechanism in which the range of FGF9 signaling in
developing tissues is limited through regulation of its affinity for
HSPGs, which is at least in part controlled by the FGF9 monomer—
dimer equilibrium. These observations could have far-reaching impli-
cations for the pharmacologic manipulation of FGF signaling under a
variety of circumstances and in a wide range of tissues,

RESULTS

Eks is caused by a missense mutation in Fgf9

The Eks. mutation was mapped between the polymorphic markers
DI14Mit62 and DI14Mit5 on mouse chromosome 14 (ref. 16). Among
169 genes located in this interval, Fgf9 seemed a likely candidate for
the Eks mutation because FGF9 is a ligand for FGFR2c and FGFR3c!7
and is expressed in the developing limbs, cranial sutures and

Figure 2 Synostotic phenotypes in FgfoE*<Eks mice, (a-f) Defects in early
specification of prospective elbow joints in FgfoE¥Exs embryos. Hematoxylin
and eosin staining (a,d) and in situ detection of Gdf5 (b,e) and Col2al (c,f)
in the forelimb buds of Fgf9*"* and FgfSE*Eks embryos at £10.5 and
E11.5. In Fgf9** embryos, there was Gdf5 expression at the prospective
elbow joint (e, left), which was demarcated as the gap of Col2al expression
(f, arrow), at E11.5. In FgfoFEks ambryos, there was not Gdf5 expression
at the prospective elbow joint (e, right). Scale bars, 100 pm. (g-n) Ectopic
osteogenesis at the coronal sutures in Fgf9FXSEKs fetuses, Hematoxylin

and eosin staining (g k) and von Kossa staining (h,1) and in situ detection
of Sppl (i,m) and Runx2 (j,n) in the coronal suture of Fgf9** and
FgfoEks/Eks fatyses at £15.5 and E16.5. Note the ectopic ossification

in the suture of Fgf9EkvEks at £16.5, fb, frontal bone; pb, parietal bone.
Scale bars, 100 pm,

Figure 1 Missense mutation in the Fgf9 gene of Eks mice. {a) Nucleotide
sequence of the Fgf9 cDNA derived from +/+ and Eks/Eks mice. Eks
mutants have an A-to-C substitution at position 428, which results in the
replacement of Asn143 with threonine. The Eks missense mutation is
indicated by the asterisk, and the corresponding amino acid is shown in
purple. (b) Structure-based sequence alignment of human FGFs., The amino
acid sequence surrounding the N143T substitution in FGF9E*s and that of
its corresponding domain in other human FGF family proteins are aligned
on the basis of sequence identity, The Asn143 residue in FGF9 is highly
conserved among most FGF proteins (purple box}. The asterisk denotes the
site of Eks mutation.

developing lung®!'319, Sequence analysis of Fgf9 cDNA from homo-
zygous Eks mice revealed an A-to-C substitution at position 428,
which resulted in the replacement of Asn143 with threonine (Fig. 1a).
Notably, the Asn143 residue in FGF9 is highly conserved among most
FGF proteins (Fig. 1b) and is predicted to be a critical amino acid
residue for homodimerization and receptor binding!*1>,

We used a genetic approach to determine whether the N143T
substitution in Fgf9 was responsible for the Eks phenotype. We
observed a mendelian pattern of inheritance of the mutation among
976 offspring of Eks heterozygous (Fgf9E%™) matings, with hetero-
zygous mice showing mild skeletal phenotypes and homozygous
Fgfotlsltks Yittermates showing severe skeletal phenotypes. The Eks
phenotype and the mutation in Fgf9 cosegregated in all cases. The
absence of recombination between Eks and Fgf9 among nearly 2,000
meiotic events provides strong evidence that the Eks mutation is allelic
with Fgf9.
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Figure 3 The Eks mutation affects dimerization of FGF9. (a,b) Sedimentation equilibrium analysis of
FGFOWT and FGFIE®, Ln Aggonm versus radius? during sedimentation equilibrium at 16,000 rpm at 20 °C
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Fgf9Eks/Bs mice phenocopy Fgfr gain-of-function mutants

Eks is a dominant mutation and joint synostosis and premature fusion
of sutures have also been reported in mice expressing gain-of-function
alleles of Fgfrl (ref, 20) and Fgfi2c (Fgfri2C¥2)2l. Furthermore,
homozygous Fgf9 null mutants (Fgfo™/~) show rhizomelia but not
joint or suture synostosis?, Thus, we hypothesized that Fgfo% encodes
a gain-of-function mutation. To test this possibility, we first investi-
gated whether there were phenotypic similarities between Eks mutants
and gain-of-function mutants for Fgfr! and Fgfr2342Y, As initiation of
elbow joint development was primarily impaired in Fgfrl gain-of-
function transgenic mice?", we examined radiohumeral joint develop-
ment in Fgfo™/Bs mice (Fig. 2a—f). Gdf5 (ref. 22) and Col2al
(ref. 23) demarcate the prospective elbow joint and cartilaginous
condensation, respectively. Gdf5 expression in the prospective joint
space was observed as early as embryonic day E11.5 in Fgf9** control
mice, but was completely absent in Fgfo™/E mice (Fig. 2e). Analysis
of the prospective cartilage revealed a gap of Col2al expression at the
prospective elbow joint in E11.5 wild-type embryos (Fig. 2f, left). The
gap of Col2al expression was absent in Fgf9™/E&s mice (Fig, 2f, right).
In summary, ectopic chondrocyte differentiation in the prospective
elbow joint of FgfoBks/Eks mice seems very similar to that seen in
transgenic mice that ectopically express an activated Fgfrl kinase
domain in the presumptive joint field®.

Premature fusion of coronal sutures in Fgfr2%**?Y mice results from
excess osteogenic differentiation within' the coronal suture mesen-
chyme?!; To determine whether FgfoP*/™ mice had similar histolo-
gical features, we examined mineralization and the expression of
the early osteoblast differentiation markers Spp1 (ref, 24) and Runx2
(ref. 25) in the coronal suture (Fig. 2g-n). At E15.5, both wild-
type and FgfoP/Bks mice showed similar ‘coronal suture histology
(Fig. 2g-j). However, at E16.5 von Kossa staining revealed consider-
ably more overlap of the frontal and parietal bones in FgfoF*/= mice
compared to Fgf9*/* mice (Fig. 21). Spp! expression domains, which
demarcate preosteoblasts and osteoblasts;, showed wide separation of
the frontal and parietal bones in Fgf9*'* mice; however, there was
overlap in the Fgfot®/Eks mice (Fig. 2m). Runx2 is highly expressed in
immature osteoblasts at the leading edge of the frontal and parietal
bones in Fgfot'* mice (Fig. 2n, left). In E16.5 FgfoP™/Fks mice, the
intensity of Runx2 expression in the coronal suture was lower than in

Fgf9** mice (Fig. 2n, right), suggesting premature differentiation of
the osteoblasts at the presumptive suture. These phenotypes reflect
abnormal osteogenic differentiation within the coronal suture
mesenchyme and indicate that the defect in suture development
occurs before E16.5. Taken together, these observations suggest
that the FGF9E® altered protein mediates excess FGER signals within
the prospective joints and sutures, preventing joint formation and
promoting the fusion of cranial sutures.

The Fks mutation impairs homodimerization of FGF9

The predicted involvement of the Asnl43 residue in homodimeriza-
tion and receptor activation'®!> suggests that changes in these
processes may account for the apparent gain-of-function activity of
the FGF9Es altered protein, Homodimerization of FGF9 has been
proposed to occlude receptor binding sites and consequently mediate
an autoinhibitory mechanism for FGF9 signaling. We thus hypothe-
sized that the Eks mutation might impair the autoinhibition. To test
this possibility, we compared the degree of homodimerization of wild-
type (FGFOWT) and FGF9® proteins by analytical ultracentrifugation.
FGF9WT and FGF9%% were expressed in Escherichia coli and purified by
column chromatography (Supplementary Methods and Supplemen-
tary Fig. 2 online).

The molecular mass and - association constant of FGFWT and
FGF9EKs were determined by sedimentation equilibrium centrifugation
using the purified recombinant proteins (Fig. 3a,b). The estimated
average molecular masses of FGFOWT and FGF9E% were 39,264 and
32,929 Da; respectively, whereas the calculated monomeric molecular
masses were 20,090 and 20,077 Da, respectively. These data suggest
that FGFOWT primarily exists as a dimer, whereas FGFOF*s exists in a
monomer—dimer equilibrium. The calculated ‘association constants
of FGFOWT and FGF9F were 10.4 pM~"and 0.119 uM™, respectively.
We further measured the sedimentation. coefficient of FGF9Eks
by sedimentation velocity centrifugation. The overlay plots of
(s)-sedimentation coefficient distributions show that FGFOWT has a
unimodal peak at 3.0 S for a single ideal species, whereas FGF9Eks
has bimodal peaks (2.2 S and 3.1 S) for two ideal species (Fig. 3¢,d).
This observation suggests that FGFOWT is present primarily as a
dimer, whereas FGF9EXS exists primarily as a monomer. These inter-
pretations are consistent with the retarded elution of FGF9Eks
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Figure 4 The Eks mutation affects the mitogenic activity of FGF9. (a-g) Dose-dependent changes in mitogenic activity of FGFOWT and FGFOtks, BaF3 celis
expressing exogenous FGFR1b, 1c, 2b, 2¢, 3b, 3¢ or 4 were treated with increasing concentrations of FGFOWT or FGFIE¥s in the presence of 1 pg/ml
heparin. Cell proliferation was determined by [3HIthymidine incorporation after 36 h in culture. (h-n) Heparin-dependent changes in mitogenic activity of
FGFOYT and FGFOEXS, BaF3 cells expressing the respective FGFR were treated with increasing concentrations of heparin in the presence of 0,2 nM FGFOWT
or FGF9EXs, Cell proliferation was determined as above. Data are represented as mean + s.e.m. of triplicate assays. These results are representative of at

least two independent experiments.

relative to FGFOWT on a gel filtration column (Fig. 3e). Therefore,

FGF9EKs is defective in homodimer formation.

FGF9E' ‘mediates less potent signaling via several FGFRs
To examine whether the Eks mutaion altered the binding of FGF9 to

FGFRs by impairing the autoinhibitory mechanisms, we compared the
ability of FGEOWY and FGF9® to activate FGFRs by assaying the

mitogenic activity of both proteins on BaF3 cells expressing individual
FGF receptors'’. FGFR-expressing BaF3 cell lines were treated with
increasing concentrations of purified recombinant FGF9 in the pre-
sence of 1 pg/ml heparin. Compared to FGFOWY, FGF9E' showed less
activity on cells expressing any of the FGFRs except FGFR3c, where

FGF9"% showed equivalent activity (Fig. 4a-g). To test the ability of

heparin to enhance FGF9 activity, we treated the BaF3 cell lines with
increasing concentrations. of heparin in. the presence of 0.2 nM
FGFOWT or FGF9ES, FGF9™S also- showed a decreased  heparin-
dependent mitotic response on all FGFRs except FGFR3c, where
FGF9Y showed higher activity in the presence of high concentrations
of heparin (Fig. 4h-n). Because FGF9E%. does not mediate excess
signaling via FGFRs, other properties of the altered protein must be
responsible for the phenotype of the Eks mice.

Figure 5 The Eks mutation reduces FGF9 affinity for heparin by impairing
its dimerization. (a) Chromatographic analysis of the affinities of FGFWT
and FGFIEXS for heparin, FGFOWT or FGF9EKs were loaded onto a heparin-
conjugated agarose column and eluted with a linear gradient of NaCl from
120 mM to 2.0 M (black line). Elution profiles of FGFO%T and FGFIE*s were
determined by monitoring absorbance at 280 nm. (b,c) Surface plasmon
resonance analysis of the affinities of FGFOYWT and FGFIEs for heparin.
Sensorgrams indicating the interaction of FGFOYT (b) and FGF9EYs (c) with
immaobilized heparin were determined at different concentrations. The
biosensor chip response is indicated on the y axis (RU) as a function of time
(x axis) at room temperature. (d-g) The most probable solution structures of
dimeric FGF9YWT-heparin (d), dimeric FGF9Eks_heparin (e}, monomeric
FGF9%T-heparin (f) and monomeric FGF9E*-heparin (g) complexes deduced
by molecular-dynamics simulations. Heparin and protein residues that form
important hydrogen bonds are drawn in ball and stick and space-filling
modes, The single-letter amino acid code, residue number and chain code
are indicated for each of these residues. Computed binding free energy of
each complex is shown under the respective illustrated structure. Data are
represented as mean = s.d. of energies obtained from 200 molecular-
dynamics snapshots in respective molecular-dynamics trajectory.

The Eks mutation lowers FGF9 affinity for heparin

The decreased heparin-dependent mitogenic activity of FGF9Es
suggested that its affinity for heparin may be reduced. Heparin is
functionally very similar to heparan sulfate, which is present in most
tissues in the form of HSPGs. HSPGs function to modulate FGFR
activation directly, by mediating FGF-FGFR interactions, and indir-
ectly, by binding FGF ligands and regulating their diffusion through
the extracellular matrix and thus their access to distant FGFRs!1213:26,
As the gain-of-function property of FGF9™% may not involve direct
interaction with the FGFRs, we hypothesized that its decreased affinity
for heparin might allow increased diffusion and thus bioavailability in
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tissues. To address this possibility, we first measured FGF9-heparin
affinity by heparin affinity chromatography (Fig. 5a). FGFOWT was
eluted from heparin-conjugated agarose with 1.50 M NaCl as a single
peak, In contrast, most FGF9ES was eluted at 1.38 M NaCl and a small
fraction eluted at 1.10 M NaCl.

We next measured the kinetic constants for the FGF9¥_heparin
interaction using surface plasmon resonance analysis (Fig. 5b,c and
Supplementary Table 1 online). The resulting sensorgrams were used
for kinetic parameter determination by globally fitting the experi-
mental data to a 1:1 interaction model. The association rate constant
(k,) of FGF9EY was slightly greater than that of FGFOYT, whereas the
dissociation rate constant (kq) of FGF9EKs as 18-fold greater than
that of FGF9WY, The dissociation constants (Kp) for FGFOWT and
FGF9ES were 0.71 + 0.02 nM and 524 * 0.03 nM, respectively,
representing an’ 86% decrease: in affinity of the FGF9E protein
for heparin.

Dimerization of FGF9 confers heparin affinity

The above studies indicate the Fgf9% mutation concurrently affects
monomer—dimer equilibrium and affinity for heparin. We thus went
on to address whether- the N143T substitution directly: affects  the
affinity of FGF9 for heparin or whether it directly affects homodimer-
ization and secondarily affects heparin affinity. However, direct
biochemical measurements of “the affinity of the two species: for
heparin are not possible because monomeric and dimeric forms of
FGF9 are in equilibrium. We therefore analyzed the configuration of
heparin-binding domains in monomeric and dimeric FGF9 using
molecular-dynamics . simulations and calculated the binding free
enetgy between FGF9 and heparin using the molecular mechanics
Poisson-Boltzmann/surface area (MM-PBSA) method.. Tt is well
known that the binding free energies calculated by this method
show good qualitative but not quantitative agreement with experi-
mental observations?.

To model the heparin binding affinity of FGF9, we carried out
molecular-dynamics simulations of 2:2 FGF9WT-heparin and 2:2
FGF9Ek_heparin complexes based on a 2:2:2 FGF2-FGFR1-heparin
crystal structure (Protein Data Bank (PDB) ID: 1FQ9)%, The con-
formations of two heparin oligosaccharides in each complex were
influenced by strong electrostatic repulsions, resulting in the exclusion
of one heparin oligosaccharide from the complex (data not shown).
This analysis suggested that 2:2 FGF9-heparin complexes would be
unstable. In contrast, molecular-dynamics simulations of 2:1
FGF9WT-heparin, 2:1 FGF9®™heparin, 1:1 FGF9W!_heparin and
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Figure 6 FGF9EXs can inhibit joint and suture development as well as
FGFSWT, (a—e) Inhibition of knee joint development induced by ectopic
expression of Fgf9"T and FgfeF*s. Hindlimb buds of Hamburger-Hamilton
stage 17 chickens were infected with RCAS-Fgfd¥T, RCAS-FgfSEks or empty
RCAS virus. (a,b) Fgf9 expression was examined by in situ hybridization

2 d after infection. (c~e) Respective knee joints (arrows) were examined by
Alcian blue staining and hematoxylin and eosin staining of sections through
the knee joint (insets in d and e) 5 d after infection. f, femur; t, tibia.

(1) Inhibition of coronal suture development by the ectopic presence of
FGFOYT and FGFOEks, FGFIWT or FGFIEKs beads were implanted onto the
coronal suture in E15 mice, and the Sppl expression was examined by

in situ hybridization 24 h after implantation. On the operated sides with
FGF9WT (f) and FGFQE¥s (h) bead implants, there was overlap of Sppl
expression in the frontal and parietal bones, which was not seen on the
unoperated sides (g,i). fb, frontal bone; pb, parietal bone.

1:1 FGF9Fks_heparin complexes suggested that these complexes are
stable (Fig. 5d-g). Molecular-dynamics simulations of dimeric FGFg—
heparin complexes did not show a big difference in heparin-binding
free energies for 2:1 FGF9WI-heparin (dimeric FGF9W!_heparin)
and 2:1 FGF9™heparin (dimeric FGF9"™-heparin) complexes
(Fig. 5d,e). This is due to the strong interaction between the negatively
charged heparin oligosaccharide chain and the array of basic amino
acid residues located in the heparin binding site near the groove of the
dimer interface in both dimeric complexes. In addition, flexibility of
the heparin oligosaccharide chain would help to maintain electrostatic
interactions. Similarly, there was little difference in the heparin-
binding free energies in 1:1 FGF9WI-heparin (monomeric FGF9WT-
heparin) and 1:1 FGF9®™-heparin . (monomeric. FGF9™ heparin)
complexes: (Fig. 5f,g). This is also.due to heparin. oligosaccharide
chain flexibility, the strong negative charge of the heparin: oligosac-
charide and the presence of several basic'amino acid residues in: the
heparin binding site. Therefore, the Eks mutation does not seem to
influence the heparin binding affinity of either the dimeric or the
monomeric FGF9-heparin complex. Because the heparin-binding free
energies for dimeric FGF9 (Fig. 5d,e) were smaller than those for
monomeric FGF9-heparin for both FGFOWT and FGFoEks (Fig. 5f.g),
the reduced binding affinity to heparin of the FGF9®! protein is most
likely due to the shift in the monomer—dimer equilibrium toward the
monomer. In simmary, the Eks mutation primarily affects: homo-
dimerization of FGF9 and only secondarily affects heparin affinity.

FGF9 is potentially hyperdiffusible in tissues

Heparin-FGF2 interactions have previously been shown to regulate
the diffusibility of FGF2 (refs. 26,29). We hypothesized that the
diffusibility of FGF9E in tissues would be increased because of its
lower affinity for heparin, leading to ectopic localization outside of the
normal signaling domain and, consequently, ectopic activation of
FGFRs. However, this model can only be considered if the following
two prerequisites are met: first, Fgf9 and Fgfrs are expressed in the
proximity of the prospective elbow and knee joints and coronal
sutures and, second, the increased diffusibility of FGE9EKs s dominant
over its decreased ability to activate FGFRs.

We first examined the expression of Fgf9 and Fgfrl, Fgfr2 and Fgfr3
in the forelimb buds in E10.5 and E11.5 mice. Fgf9 was expressed in
migrating myoblasts, both in Fgfo*"* and Fgf9™/® mice (Supple-
mentary Fig. 3a,b,i,j online). At E10.5, Fgfrl, Fgfr2 and Fgfr3 were
expressed diffusely in the limb bud mesenchyme, overlapping the
expression domain of Col2al in both Fgfg*"* and Fgf9Es/ES tigsues
(Supplementary Fig. 3c-h). At E11.5, Fgfr] expression was excluded
from the cartilaginous condensation, whereas Fgfr2 and Fgfr3
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expression was observed mainly in this location (Supplementary
Fig. 3k-p). Therefore, mesenchymal cells in the prospective elbow
joint express FGFRs.

Previous reports showed that Fgf9 is expressed in the developing
frontal and parietal bones, particularly strongly at the rims of the
bones'®, Fgfrl, Fgfr2 and Fgfr3 are expressed within and around the
developing frontal and parietal bone domains®®. Thus, the first
prerequisite was validated.

FGF9E's is able to inhibit joint and suture development

To address the second prerequisite for our model, we examined the
inhibitory effects of FGF9YT and FGF9 on joint development by
ectopically expressing them in the chicken limb bud using a
replication component retroviral vector (RCAS) transduction.
RCAS-FgfoWT, RCAS-Fgf9¥s or empty RCAS virus was used to
infect the prospective hindlimb bud region in the lateral plate
mesoderm, FGFOYWT and FGF9™ were expressed throughout the
hindlimb buds (Fig. 6a,b). Ectopic expression of both FgfoWT and
FgfoEks caused knee joint fusion (Fig. 6c,d), whereas no abnorm-
alities were induced by the empty vector (Fig. 6e). Therefore,
FGF9Fs retains inhibitory effects on joint development as well as
EGF9WT, It is notable that skeletal defects induced by the expression
of FGFOWT were widespread, whereas those mediated by FGF9Lks
were limited to the prospective joint regions. This is consistent with
our finding that FGF9Es preferentially activates FGFR3c (Fig. 4),

which is expressed in the bone anlagen (Supplementary Fig. 3),
whereas FGF9WT is expected to activate all of the mesodermally
expressed FGFRs.

To examine the inhibitory effects of FGF9WT and FGF95% on suture
development, we implanted FGF9-soaked AffiGel-Blue beads in the
coronal suture of normal mouse fetal skulls around the initiation stage
of the suture defect, at E15, by ex utero surgery. We first confirmed
that approximately equal amounts of FGFOWT and FGF™ were
loaded in each AffiGel-Blue bead and that the diffusion rates of
FGF9WT and FGF9EK from the beads were almost identical (Supple-
mentary Fig. 4 online). The expression of Sppl, an early osteoblast
differentiation marker upregulated by FGF9, was examined 24 h after
in utero bead placement. Grafts of FGFOWT and FGF9P beads also
promoted ectopic Sppl expression at the leading edges of the frontal
and parietal bones (Fig. 6f~i). This FGF9-induced ectopic expression
of Sppl resembled that observed in the Fgf9™/®% coronal suture
(Fig. 2m, right). Therefore, ectopic expression of either FGF9™ or
FGFOWT within the suture inhibits suture development.

FGF9E's is more diffusible than FGFWT in developing tissues

To examine whether the diffusibility of FGF9® in mesenchymal tissue
is increased in comparison with FGFOWT, we measured the diffusibility
of FGFOW! and FGF9™ in the skull following bead implantation
(Fig. 7a—e). Because FGF9 upregulates Sppl expression, we could
measure the area of high Sppl expression as an indication of

E10.5 E11.5

P =0.0035
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Figure 7 Ectopic FGF9Es signaling due to its hyperdiffusibility. (a—e) Increased diffusibility of FGFOEX® in'the skull bone anlager. FGF9"T or FGFOE beads
were implanted onto the coronal suture at E15 mice and Sppl expression was examined by whole-mount in'situ hybridization 24 h-after implantation. On
the operated sides with FGFO¥T (a) and FGF9Eks (c) bead implants, we observed well-defined intense signals in the frontal and parietal bone anlagen around
the implants, which were not seen on the unoperated side (b,d). This domain with intense Spp1 signals reflects diffusibility of exogenous FGF9 proteins. We
therefore compared diffusibility of FGFOWT and FGF9E*S.based on the induced expression domain of Sppl (e), The diffusion areas (%) in the frontal and
parietal bone anlagen area were estimated from the area ratio of the intense Sppl expression against the frontal and parietal bone anlagen. Data are
represented as mean = s.e.m. of six operations. FGFOEks js more diffusible than FGFOWT, Significance was determined by two-tailed Student’s t-test.

(f-h) Increased diffusibility of FGFOE¥s in the forelimb bud. FGFOWT or FGFOEXs beads were implanted into forelimb buds of Fgf9~~ embryos of £10.5 mice.
Diffusion of exogenous FGFOWT (f) and FGFOEKs (g) after 2 h was immunodetected using a FGFS antibody. (h) The diffusion area of FGF9ES and FGFO™T was
measured at the level of the equator of the beads. Data are represented as mean (FGFOWT = 100%) + s.e.m. of four (FGFOWT) or five (FGFOEKS) operations.
FGFOEXs is also more diffusible than FGFYT in limb buds. Significance was determined by one-tailed Student's ttest. (i-x) The downstream target genes of
FGF signaling, £tv4 and Eiv5, are expressed ectopically in the prospective elbow joint in FgfoFksEks mice, Counterstaining with Giemsa (i,j,q,r) and in situ
detection of Col2al {k1,5.8), Etvd (mn,u,v) and Etv5 (o,p,w.x) in the forelimb buds of Fgf9*"* and FgfF*SEks embryos at £10.5 and E11.5. There was
ectopic expression of Etv4 {n,v) and Etv5 (p,x), in the cartilaginous condensation including the prospective elbow joint position, which was demarcated as
the gap of Col2al expression (s, arrow), in Fgf9ERERs ‘which were not seen in Fgf9** mice (m,o,u,w). Scale bars, 100 ym. () A madel for the pathogenic
mechanism underlying elbow joint synosotsis in FgfF*/Eks mice. In FgfoFks/Eks mice, ectopic FGFY signaling due to hyperdiffusion of FGFOE at the
prospective elbow joint may inhibit the initiation of joint development. (2) A model for the pathogenic mechanism underlying premature fusion of the coronal
suture in FgfoE*Eks mice. In FafE“’Eks mice, ectopic FGFI signaling due to hyperdiffusion of FGF9E*s at the coronal suture may promote ectopic
osteogenesis and subsequently induce premature fusion of the suture.
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Figure 8 FGFO"T modulates FGFOE*s action by forming FGFOWT-
FGFOE*s heterodimers. (a—¢) Proposed solution structures for FGFOWT
homodimer (a), FGFOWT/EKs heterodimer (b) and FGF9E homodimer
(c). Amino acid residues contributing to hydrogen bond formation
involved in dimerization are drawn in bali-and-stick and space-filling
modes. The single-letter amino acid code, residue number and chain

FGF9&s homodimer
—69.47 £ 10.21 keal/mol
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FLAG-FGFO" + — — + - — -
FLAG-FGF9E ~ + + — + — - -
Myc-FGFgH™ + & = = - & - -~
MycFGRgBs — — + — = = + -
26 kDa b = B - - «FLAG-FGF9
U s kD2 - e, e < MycFGFY
26 KDa p oo it 205 «+—FLAG-FGF9
ANG-Flag IP| 24 kDa b g <+ Myc-FGF9

Fofot- Fg’gEk9+ Fgfgsks" gfksEks

code are indicated for each of these residues. Computed binding free energy of each dimer is shown under the respective illustrated structure. Data are
represented as mean =+ s.d. of energies obtained from 200 molecular-dynamics snapshots in respective molecular-dynamics trajectory. (d) FGF9WT is
capable of forming dimers with FGFIEXs, The expression of FGFSYT homodimers, FGFOWTEs heterodimers and FGF98* homodimers was analyzed using
immunoprecipitation and protein blots. The expression vectors for FLAG- or Myc-tagged FGFIWT and FGFOE* were transfected into COS7 cells and culture
supernatants were subjected to immunoprecipitation and protein blot analysis. {(e~h) Less severe elbow joint synostosis in FafoFks™* than FgfEks”~, Forelimbs
from Fgf9+—, FgfoExs*, FafoF¥s” and FgfoFks/Eks embryos at E17.5 were stained with Alcian blue and Alizarin red. Synostotic change is restricted to

the cartilaginous component in Fgf9E** embryos, whereas it is extended to the bony component in FgfoF*s~ and FgfgF*~Eks embryos. h, humerus;

r, radius; u, ulna.

the distance over which FGF9 exerts its effects. Implantation of
FGF9E% beads resulted in a larger area of Sppl expression (high
Sppl expression area / Frontal and parietal bone anlagen area = 829 +
7.3%) (+ s.e.m.) compared with beads loaded with FGFOWT (50.7 +
4.4%; P = 0.0035), suggesting that the altered protein diffused more
effectively through the developing tissue.

Next, we investigated the diffusibility of FGF9¥ in forelimb buds.
FGFIW™. or FGF9E&S-s0aked AffiGel-Blue beads were grafted into the
dorsal and central forelimb bud region of Fgf9~/~ embryos around the
initiation stage of the joint defect, at E10.5. FGF9 protein released
from the beads into mesenchymal tissue 2 h after implantation
was detected by immunohistochemistry using FGF9 antibodies on
sections (Fig, 7f-h). This analysis showed that FGF9¥% permeated
through the limb bud mesenchyme to a greater extent (relative
disffusion area = 138 + 12%) (% s.e.m.) than FGFOWT (100 + 14%;
P = 0.043), supporting the hypothesis that FGF9E is more diffusible
than EGFOW™,

Ectopic FGF signaling in the prospective joint of Eks mice

To examine whether diffusion of endogenous FGF9E is increased in
comparison to FGF9WT, we determined the degree of activation of
FGFRs in the prospective elbow joint of FgfoE*/E mice. As a readout
for FGFR signaling, we examined the expression of Efv4 and Etv5,
both of which are known to be transcriptionally activated by FGF
signaling, in the forelimb buds®! (Fig. 7i-x). In wild-type E10.5 limbs,
we did not observe the intensive expression of Etv4 or Etv5 within the
region undergoing cartilaginous condensation demarcated: by Col2al
expression (Fig: 7m,0). However, in E10.5 Fgfo™/ES limbs; we found
ectopic expression of both Efv4 and Ewv5 in the cartilaginous con-
densation (Fig. 7n,p). At E11.5, Etvd and Etv5 were expressed in the
myoblasts and cells surrounding the cartilaginous condensation in
wild-type mice (Fig. 7u,w), whereas in Fgfo™/B mice, we observed
clear expression of Etv4 and Etv5 in the cartilaginous condensation
including: the prospective elbow joint position (Fig. 7v,x). These
results demonstrate ectopic FGF signaling in the prospective elbow
joint in FgfoFk/®s mice, Because the ectopic expression domain of
Erv4 and Etv5 in Fgf9™Es mice was not consistent with the Fgf9

expression domain (Supplementary Fig. 3a,b.ij), this outcome is
likely due to increased diffusion of FGF9ES protein over a larger area
than FGFOWT,

From these results, we propose a mechanism of elbow joint
synostosis in Fgf9E*/Eks mice in which FGP9ES produced by myoblasts
diffuses beyond its normal range and ectopically activates FGFRs in
the prospective elbow joint, preventing joint formation (Fig. 7y).
Similarly, FGF9E® produced at the rims of the frontal and parietal
bones diffuses beyond its normal area and ectopically activates FGFRs
in the coronal suture mesenchyme, promoting the fusion of coronal
sutures (Fig, 7z).

Genetic validation of the hyperdiffusible model

A prediction of our model is that the severity of synostotic pheno-
types will correlate with a shift in the equilibrium of FGF9 from
dimer toward monomer. By molecular-dynamics - simulations, we
estimated that FGFYWT homodimer; FGFOWVES heterodimer and
FGF9PS homodimer have ten; eight, six intermonomer hydrogen
bonds, respectively (Fig. 8a—c and Supplementary Table 2 online).
From ' these: results, we calculated the binding free energy of
the FGFOWT/Es heterodimer to be between those of the' FGFOWT
and FGF9E% homodimers (Fig. 8a-c), suggesting that FGF9WT/Eks
heterodimers are more stable than FGF9™ homodirners. If our
model is correct; FGFOWT should interfere with FGF9E% action
by forming FGEOWT/ER heterodimers. In other words, skeletal phe-
notypes due to the Eks mutation should be alleviated by the expression
of FGFWT,

We first sought experimental evidence that the FGFOWT/EKS hetero-
dimer was substantially. more stable than the FGF9P homodimer.
We addressed this issue by immunoprecipitation and protein blot
analysis after tagging FGF9WT and FGF9™- with Flag or Myc
peptides. Flag-FGFOWT or Flag-FGF9® was overexpressed together
with Myc-FGFOWT or Myc-EGF9®S in COS7 cells and the
culture supernatants were subjected to the immunoprecipitation
and protein blot analysis (Fig. 8d). We readily detected Flag-
FGFIWT_Myc-FGFOWT dimers. Flag-FGFO™-Myc-EGFOWT- dimers
were detected at lower level; however, Flag-FGF9ES Myc-FGFgEks
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dimers did not form under these conditions. These data suggest that
FGFOWT and FGF95% can form heterodimers that are more stable than
FGF9%s homodimers.

We finally examined whether the elbow synostosis caused by
FGF9E%s could be alleviated by the expression of FGEOWT. We thus
compared the severity of elbow synostosis in Fgfo¥** and compound
heterozygous mutants (Fgf9¥") relative to that of Fgf9*/~ and
FgfoEks/Eks mice (Fig. 8e-h). Elbow joint formation was not affected
in Fgfo*/~ mice (Fig. 8e), whereas elbow synostosis in FgfoP™/E s mice
involved both cartilaginous and bony components (Fig. 8h). In
contrast, the synostosis in Fgfo"™"* mice was limited to the cartilagi-
nous component (Fig. 8f), whereas the involvement of the bony
componeént in Fgfo™ = mice was similar to that of FgfoP*/E mjce
(Fig. 8g). Therefore, elbow synostosis in Fgf9¥k/~ is more severe than
in FgfoPss'* These findings strongly support our model that the
monomer—dimer status of FGF9 influences its affinity for HSPGs
and, consequently, its distribution in developing tissues.

DISCUSSION

In the present study, we identified a missense mutation in the
Fgf9 gene that is responsible for the Eks mutant phenotype, which
includes elbow and knee joint synostosis and craniosynostosis. We
further demonstrate that the NI43T substitution in FGF9 favors
formation of the monomeric form of FGF9, which binds to heparin
with a lower affinity than dimeric FGF9. The decreased affinity
for heparin leads to increased diffusion of the altered protein in
developing tissues, resulting in ectopic FGF9 signaling. We propose
that regulation of the monomer-dimer equilibrium of FGF9,
and potentially of other FGFs, and its affinity for HSPGs is a
mechanism that functions to shape FGF9 concentration gradients
in developing tissues. We further propose that these biochemical
properties of FGF9 restrict its signaling activity to limited skeletal
domains. Data presented here and in previous studies indicate that
low FGF signaling in the presumptive joint space is necessary for the
formation of the joint space and maintenance of an open suture?®-2!,
Common usage of receptor binding and homodimerization sites of
EGF9 could be at least in part instrumental for local modulation of
FGF9 signaling activity.

Homodimerization is suggested to be a common feature of the
FGF9/16/20 subfamily3? and of FGF2 (refs. 33,34). It is not known to
what extent homodimerization affects the activity of other FGFs: The
discovery that a mutation in Fgf9 can affect homodimerization,
affinity for heparin and biological activity suggests that pharmacolo-
gical agents that affect FGF homodimerization could be useful tools to
modulate its activity.

METHODS

Detection of a mutation in the Fgf9 gene. To identify the mutation responsible
for the Eks mutant phenotype, we surveyed the ¢DNA' sequence of Fgf9
from normal (+/+), heterozygous (Eks/+) and homozygous (Eks/Eks) mice
through ' reversé transcription-PCR (RT-PCR) "and " direct sequencing of
RT-PCR products.

For genotyping of the Eks allele, genomic DNA spanning the Eks mutation
was amplified by PCR using specific primers (Supplementary Table 3 online).
PCR products were digested with the diagnostic Bsrl restriction enzyme. Wild-
type mice show two bands of 147 bp and 42 bp, whereas the Eks allele shows
one band of 189 bp (Supplementary Fig. 5 online).

Skeletal and histological preparations. Bones and cartilage of E17.5 fetuses
were stained with Alizarin red and’ Alcian blue as previously described™. For
histological . preparations, tissues were fixed in 4% paraformaldehyde,
embedded in paraffin, sectioned at 5 pm, and stained with hematoxylin and
eosin and von Kossa,

In situ hybridization. In situ hybridization of paraffin sections was done as
previously described®, using radiolabeled antisense RNA for Gdf5 (MGH:
95688), Col2al (MGI: 88452), Sppl (MGI: 98389), Runx2 (MGI: 99829),
Fgf9 (MGL: 104723), Fgfrl (MGIL: 95522), Fgfr2 (MGL: 95523), Fgfr3 (MG
95524), Etv4 (MGI: 99423) and Etv5 (MGL: 1096867). In situ hybridization after
bead implantation in fetal skulls was done as previously described?*.

FGFOWT and FGF9ES expression and purification, FGFOWY and FGFgtks
expression and purification were done as described in Supplementary Methods.

Analytical ultracentrifugation. All analytical ultracentrifuge experiments were
done on a Beckman Coulter XL-I analytical ultracentrifuge. We diluted the
samples in 25 mM ammonium acetate buffer (pH 5.5) containing 120 mM
NaCl The partial specific volumes were estimated as 0.7317 ml/g (FGFOWT) or
0.7322 ml/g (FGF9™*%) by SEDNTERP software. All experiments were done at
20 °C and the absorbance wavelength was 280 nm. We carried out sedimenta-
tion equilibrium experiments with six channel centerpieces, with loading
concentrations of 0.8, 0.4 and 0.2 mg/ml. Data were obtained at 12, 14 and
16 k rpm for FGFOWT or at 14, 16 and 18 k rpm for FGFOES, A total
equilibration time of 16 h was used for each speed with scans taken at 12, 14
and 16 h. We analyzed the sedimentation equilibrium data using the Beckman
XL-A/XL-I Data Analysis software. All nine datasets (three speeds, three
concentrations) were fitted together by ‘self association model’ calculation.
Sedimentation velocity experiments were carried out with double sector
centerpieces, Protein concentrations were 0.4, 0.3 or 0.2 mg/ml. We scanned
the absorbance data 100 times every 5 min at 40 k rpm. The measurements data
were analyzed by SEDFIT software.

Analytical gel filtration chromatography. Purified FGFOWT and FGF9E:s
(100 pl of 2 mg/ml) were loaded onto a Superdex75 10/300 GL column
(GE Healthcare) equilibrated with a 25 mM amimonium acetate buffer (pH 5.5)
containing 120 mM NaCl. The samples were eluted with the same buffer.

Mitogenic assays. The ability of FGF9WT and FGF9' to transduce signals via
FGFRs was analyzed by a mitogenic assay using BaF3 cells expressing specific
FGFRs as described previously!”. We plated 5,000 cells per well in a 96-well
assay plate in media containing varying concentrations of FGF9 and heparin
(Wako). FGFOWT or FGF9E® wwere added to each well for a total volume of
200 pd per well. The cells were then incubated at 37 °C for 36 h. We added 1 uCi
of [PH]thymidine to each well in 20 jil 'of media. The cells were harvested after

4 h by fltration through glass fiber paper and the incorporated [*H]thymidine
was counted on a Wallac MicroBeta TriLux scintillation counter (PerkinElmer).

Analytical heparin affinity chromatography, We loaded 3 mg of purified
FGF9W! and FGF9¥ onto a | ml HiTrap heparin HP column (GE Healthcare)
equilibrated with 25 mM ammonium acetate buffer (pH 5.5) containing
120 mM NaCl. The bound FGFOWT or FGF9®S were eluted with a linear
gradient of NaCl (120 mM to 2.0 M) in the same buffer.

Surface plasmon resonance analysis of FGF9-heparin interactions. Surface
plasmon  resonaiice analysis’ for measuremeénts of FGF9"V'-heparin ‘and
FGF9P%-heparin interactions were done using a BIAcore 3000 instrumient
(Biacore AB): In order to immobilize heparin (Wako) on the streptavidin-
conjugated sensor chip SA, 100 pg/ml biotinylated heparin in HBS-EP buffer
was injected at'a flow rate of 10 pl/min and was immobilized to 63 response
units (RU). All measurements were carried out at room temperature, and
refractive index errors due to bulk solvent effects were corrected by subtracting
responses_on the noncoated sensor chip for the FGFIWT and FGF9FYs
concentrations used. To obtain kinetic data, we injected different concentra-
tions of analytes (FGF9WT and FGF9*%) in HBS-EP over the heparin sensor
chip at a flow rate of 20 pl/min. At the end of each sample injection (120 s),
HBS-EP buffer was passed over the sénsor surface to monitor the dissociation
phase. Following 120's of dissaciation, the sensor surface was regenerated by
injection-of 5 il of 1 M NaCl in HBS-EP. We used five different analyte
concentrations to determine the kinetic parameters for each interaction. Kinetic
parameters were abtained by global fitting of the sensorgrams to a 1:1 model
using BlAevaluation software.
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Molecular-dynamics  simulation.  Starting  structures of monomeric
FGFOWT, dimeric FGFOWT, monomeric FGF9W'-heparin, dimeric FGF9W'.
heparin and FGF9® for molecular-dynamics simulations were taken from
the PDB (PDB ID: 1THK)4. The structures of monomeric FGF9ES,
dimeric FGF9% and heterodimeric FGF9WTE were constructed based on
FGFOWT using molecular modeling software MOE (Chemical Computing
Group). A hexasasaccharide (UAP-SGN-IDU-SGN-IDU-SGN}) is used as a
heparin oligosaccharide. UAP is 1,4-dideoxy-5-dehydro-O2-sulfo-glucuronic
acid, SGN is O6-disulfo-glucosamin and IDU is 1,4-dideoxy-O2-sulfo-
glucuronic acid. For monomeric FGF9WT-heparin and dimeric FGF9W'-
leparin simulations, heparin oligosaccharide was bound to FGF9WT structures
obtained from molecular-dynamics simulations using the molecular docking
program GOLD (version 3.0)%. In the docking protocol, the standard
default setting of GA parameters was used and GoldScore was used as the
scoring function. The structures of monomeric FGF9™-heparin and dimeric
FGF9F% heparin were built in the same manner as FGF9"T-heparin com-
plexes. All the starting structures for molecular-dynamics simulations were
surrounded by TIP3P water molecules® spherically. After energy minimiza-
tions, all molecular-dynamics simulations were carried out for 10 ns at 300 K
using modified Amber 8.0 (ref. 39) for MDGRAPE3 system*”. The Amber {03
force field*' was adopted, and the simulation time step was set at 1 5. We
calculated the binding free energies by the molecular mechanics Poisson-
Boltzmann/surface area (MM-PBSA) method*? using the last 2 ns molecular-
dynamics trajectories.

Retroviral misexpression. Mouse Fgf9"" and Fgf9t*s cDNAs were cloned into
the RCASBP(A) vector®. The virus solutions were injected into the hind limb
bud of chicken embryos at Hamburger-Hamilton stage 17. We examined the
expression of mouse Fgf9 transcripts and skeletal changes 2 and 5 d after
injection, respectively.

Subcutaneous insertion of FGF9ES beads in mouse fetal skulls. AffiGel-Blue
beads (BioRad) soaked in 100 pg/ml FGFOWT or FGF9™S were implanted onto
E15 mouse skulls by ex utero surgery as previously described?® Operated heads
were collected 24 h later and Sppl transcripts were detected by whole-mount
in situ hybridization. The area of Sppl expression was measured using NIH
image software. )

Implantation of FGF9E% beads in mouse forelimb buds. AffiGel-Blue
beads that had been soaked in 500 pg/mi FGFOWT or FGF9® were implanted
into the dorsal and central region of E10.5 Fgfo~/~ forelimb buds. Limb
buds were subsequently cultured for 2 h on Transwell filters (Costar,
Coaning) in serum-free medium (BGJb, 2 mg/ml BSA, penicillin (50 units/
ml}, streptomycin (50 pg/ml)), in a humid, 37 "C and 5% CO; environment.
Explants were fixed in 4% paraformaldehyde and embedded in paraffin.
Sections through the equator of the bead were analyzed for exogenous
FGF9 using goat antibody to FGF9 (R&D Systems) and a cell and tissue
staining kit HRP-AEC system (R&D Systems). We analyzed the signal area and
intensity using NIH image software.

Immunoprecipitation and protein blot analysis. cDNA fragments encoding
the full length mouse FGFOWT and FGF9E% proteins were cloned into the
p3xFlag-CMV-14 vector (Sigma-Aldrich) and into the pCMV-Tag3B vector
(Stratagene) to allow expression of FGF9 proteins with either C-terminal
Myc or 3xFlag tags. These vectors were transfected into COS7 cells, and 48 h
later, culture supernatants were incubated with anti-Flag M2 affinity beads
(Sigma-Aldrich) for 1 h at RT and washed three times with PBS and then
subjected to protein blots with antibody to Flag M2 (Sigma-Aldrich) or
antibody to Myc (Upstate).
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MAPKAP kinase MK2 maintains self-renewal
capacity of haematopoietic stem cells
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The structurally related MAPK-activated protein kinases
(MAPKAPKs or MKs) MK2, MK3 and MKS5 are involved in
multiple cellular functions, including cell-cycle control
and cellular differentiation. Here, we show that after
deregulation of cell-cycle progression, haematopoietic
stem cells (HSCs) in MK2-deficient mice are reduced in
number and show an impaired ability for competitive
repopulation in vive. To understand the underlying
molecular mechanism, we dissected the role of MK2 in
association with the polycomb group complex (PcG)
and generated a MK2 mutant, which is no longer able to
bind to PcG. The reduced ability for repopulation is res-
cued by re-introduction of MK2, but not by the Edr2-non-
binding mutant of MK2. Thus, MK2 emerges as a regulator
of HSC homeostasis, which could act through chromatin
remodelling by the PcG complex.

The EMBO Journal advance online publication, 16 April 2009;
do0i:10.1038/emboj.2009.100

Subject Categories: signal transduction; differentiation

& death

Keywords: chromatin remodelling; haematopoiesis; mouse
knockout; protein kinase

Introduction

Haematopoietic stem cells (HSCs) represent the best-charac-
terized type of adult stem cells. Profound analysis of surface
antigens -and established protocols to determine the self-
renewal capacity and differentiation make HSCs a favourite
model for stem cell biology. The complex microenvironment
in the bone marrow regulates the fate of HSCs, controlling the
balance between differentiation and self-renewal by provid-
ing cytokine and growth factors. However, intracellular
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signalling pathways involved in HSCs maintenance remain
elusive. Recent studies showed controversial roles of evolu-
tionarily conserved signalling pathways such as Smad-,
Notch- and Wingless/Int{Wnt)-type (Reya et al, 2003;
Duncan et al, 2005; Blank et al, 2006). The p38 mitogen-
activated protein kinase (MAPK) pathway mainly regulates
haematopoiesis by myelosuppressive cytokines that inhibit
the growth of human primitive haematopoietic progenitors
(reviewed in Platanias, 2003). p38 MAPK was also described
to be necessary for erythropoietin expression and erythropoi-
esis (Tamura et al, 2000) and for thrombopoietin-induced
self-renewal and expansion of HSCs through homeobox
protein Hoxb4 (Kirito et al, 2003). More recently, the involve-
ment of p38 MAPK in oxidative stress-elicited HSC depletion
was shown (Ito et al, 2006). However, redundancy in these
signalling pathways as well as the early embryonic lethality
of most knockout mouse models makes the systemic analysis
of the involvement of thése pathways still puzzling.

The three MAPKAP kinases (MKs), MK2, MK3 and MKS,
are involved in the regulation of inflammatory-cytokine
production, in rearrangement of the cytoskeleton and cell
migration, in cell-cycle checkpoint control, in developmental
regulation, as well as in chromatin repression and remodel-
ling (reviewed in Gaestel, 2006). Whereas the regulatory
function of MKs in cytokine production is well known
(Kotlyarov et al, 1999; Winzen et al, 1999), their role in
controlling chromatin repression and remodelling remains
elusive. Recent evidence indicates that polycomb group pro-
teins may be targets for MK2 (Yannoni et al, 2004) and MK3
(Voncken et al, 2005). The polycomb group family, originally
identified in- Drosophila melanogaster as a repressor of
homeotic genes, represents epigenetic chromatin modifiers
with transcriptional silencing function (Zink and Paro, 1989;
Valk-Lingbeek et al, 2004). In Drosophila and mammals, two
cooperating PcG complexes: have been identified (Lund and
van Lohuizen, 2004). The polycomb repressive or initiation
complex (PRC2), which shows histone-modifying activity,
cooperates with . the polycomb . maintenance complex
(PRC1), which interacts with. modified histones to repress
the expression:of genes (Levine et al, 2004), such as the
developmental regulators in murine embryonic stem cells
(Boyer et al, 2006). In humans, PRCl is a multiprotein
complex including the human polycomb proteins HPC1-3,
core proteins such as RING1A, RING1B, BMI1, as well as the
early development regulator/human polyhomeotic EDR1/
HPH1 and EDR2/HPH2. PcG proteins can interact with a
series of additional molecules to exert control on gene
expression in. a highly. regulated and dynamic manner
(reviewed in Lund and van Lohuizen, 2004).

A crucial role of PRC1 and its individual components
has been shown by analysis of mice with targeted deletion
of mouse homologues of BMIl1 (Bmil), EDRI/HPHI
(Edr1/Mph1/Phcl/Rae28) and EDR2/HPH2 (Edr2/Mph2/
Phc2). Bmil-deficient mice are characterized by progressive
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loss of HSCs and cerebellar neurons (van der Lugt et al,
1994). More recently, direct evidence implicated Bmil in the
self-renewal of stem cells (Lessard and Sauvageau, 2003;
Molofsky et al, 2003; Park et al, 2003). Similarly, Mphl/
Rae28-deficient HSCs show decreased proliferative and self-
renewal capacity {(Ohta et al, 2002; Park et al, 2003). In
addition to defects in the homeostasis of HSCs, PRC1 and
PRC2 PcG mutant mice also suffer from lymphoid differentia-
tion defects (reviewed in Valk-Lingbeek et al, 2004) and, in
case of Phc2/Edr2, from changes in skeleton and premature
senescence (Isono et al, 2005). Thus, PcG proteins play a
crucial role in regulating stem cell self-renewal and differ-
entiation (recently reviewed in Rajasekhar and Begemann,
2007).

In vitro evidence indicates that MK2 and MK3 may selec-
tively interact with EDR2/HPH2 and target components of
PRC1 (Yannoni et al, 2004; Voncken et al, 2005}, suggesting a
functional link between MAPKAP kinases and polycomb
proteins. Here, we analyse the interaction between mouse
PRCI and MK2 and unequivocally document a role for the
MK2 complex in maintaining the ‘stemness’ of HSCs in vivo.

Results

Phenotypic characterization of haematopoietic stem
cells of MK2—/— mice

To numerically assess HSCs, we first quantified the Lin-
(CD3e—, CD1lb—, B220—, Gr-1—, TER119—)-Scal + c-Kit +
(LSK) population, classically defined as the HSC compart-
ment. Compared with wild-type mice cells, LSK cells ap-
peared to have increased in relative and absolute numbers
in MK2—/~ mice (Figure 1A and B). As LSK cells contain LT-
HSC, ST-HSC, ELPs and multipotent progenitors, we also
analysed HSCs defined by expression of SLAM family recep-
tors (Kiel et al, 2005). As shown in Figure 1B and C, MK2—/—
mice showed a decrease in CD150 + CD48— cells compared
with wild-type control mice. Furthermore, upon staining total
bone marrow with the Hoechst dye 33342, MK2—/- mice
showed a five-fold reduction in. side population. (SP) cells,
known to contain quiescent HSC: (Goodell: et al, 1996)
(Figure 1D). LSK cells were further analysed for expression
of CD34 and Flt3 to differentiate long-term (LT)
(CD34~Flt3-)-, short-term (ST} (CD34+ Flt3—)-HSCs and
multipotent progenitor- cells: (MPPs}(CD34 +Flt3 +).. The
relative proportion . and - absolute number of LT-HSCs
are decreased in MK2--/~ mice whereas these values: are
increased for MPPs (Figure 1E and F). To assess whether the
lack of MK2 has any effects on the differentiation of HSC, we
analysed erythroid, myeloid, and lymphoid cells in the bone
marrow and spleen. In consistence with the results published
earlier (Kotlyarov et al, 1999}, the proportions of TER119,
CD11b and Grl were not different between MK2—/~ and
control mice; furthermore, no differences: were seen in
phenotypic studies characterizing common lymphoid and
myeloid progenitor cells (Supplementary Figures 1-5). In
addition, by blood cell count we could not detect a haema-
topoietic failure in 4-, 8- and 12-months old mice, thus
confirming data published earlier (Hegen et al, 2006;
Jagavelu et al, 2007). These findings indicate that the HSC
pool is significantly reduced in MK2—/— mice, whereas
differentiation of HSCs and progenitor cells is not affected.

2 The EMBO Journal

326

Functional characterization of MK2-deficient HSC

We hypothesized that inefficient PcG-mediated transcrip-
tional repression may lead to a release of the actively main-
tained state of quiescence in HSC. This, in turn, should be
associated with increased proliferative responses of HSCs to
cytokines. To directly measure the HSC proliferation, we
isolated LSK cells from wild-type and MK2—/~ mice and
cultured them in the presence of a recombinant cytokine
cocktail consisting of SCF, IL3, IL6, FIt3L and TPO. As
expected, MK2~/— LSK cells showed a significantly higher
proliferative response as assessed by *H-thymidine incorpora-
tion (Figure 2A). We were also interested in monitoring the
proliferation of different HSC sub-populations in the absence
of cytokine stress in vivo. MK2—/- and wild-type mice were
fed with BrdU for 48h, and the BrdU incorporation into
LSK cells was determined by FACS analysis. MK2—/~ LTI-,
ST-HSCs and MPPs showed increased staining for BrdU
(Figure 2B), indicating that enhanced proliferation of HSC
is not only associated with cytokine exposure in vitro but also
occurs in the physiological bone marrow environment
in vivo.

To further assess a putative state of promoted cell-cycle
progression in LSK cells, we carried out cell-cycle analysis
using propidium iodide staining of in vitro-cultured LSK cells
as well as LSK cells directly prepared from mice. In compar-
ison with wild-type cells, MK2—/— cells showed fewer cells
in G1/GO phase and more cells in § and G2/M phases
(Figure 2C), thus confirming increased cell-cycle progression
in the absence of MK2. Cyclin-dependent kinase inhibitors
are important mediators of cell quiescence and serve as
checkpoints; restricting cell-cycle transition. P21CiplWafl-
deficient HSCs show impaired self-renewal and increased
proliferation (Cheng et al, 2000). To determine the expression
levels of P21Cip1Wafl, we carried out RT-PCR analysis in
CD150+ CD48— HSCs from MK2—/— and wild-type mice. As
shown in Figure 2D, MK2—/— CD150 + CD48~ HSCs show
decreased abundance of p21Cipl/Wafl mRNA, a finding in
line with accelerated cell cycle progression in MK2-/— cells.
Similar findings of decreased p21 mRNA level and increased
cell-cycle progression were reported in Gfil-deficient HSCs
(Hock et al, 2004). To shed light on the molecular mechanism
of reduced stem-cell quiescence, we determined expression
levels of direct downstream targets of Bmil, pl6lnk4a and
pl9Arf. In the absence of Bmil, repression of the Ink4a locus
is relieved, resulting in expression of pl6Ink4a and p19Arf
(Jacobs et al, 1999). As shown in Figure 2E, MK2-deficient
CD150+ CD48— HSCs show' higher expression levels of
p19Arf, whereas the expression levels of Ink4a and p27
(Kip1) were comparable to those of wildtype control cells
(data not shown).

Cytokine-induced proliferation of HSC in vitro is associated
with loss of ‘stemness’. We hypothesized that the sequence of
events resulting in loss of stemness might occur more rapidly
in unrestricted proliferation of MK2-deficient HSC. As no
phenotypic marker unequivocally reflects HSC function, we
monitored the cell-surface expression of Scal as a surrogate
parameter for early. haematopoietic progenitor activity.
CD150+ /CD48— HSCs from MK2—/— and wild-type mice
were sorted (Figure 3A, upper panel) and cultured in vitro
in the presence of the recombinant cytokines SCF, IL3,
IL6, FIt3L, and TPO. Immediately after cell sorting, both
MK2-/— and wild-type CD150 + /CD48~ HSCs showed an

©2009 European Molecular Biology Organization
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Figure 1 Phenotypic analysis of the haematopoietic stem cell compartment in MK2—/— mice. (A) FACS plots indicating relative increase of
LSK cells in MK2—/— mice. Lineage-marker (CD3g, CD11b; B220, Gr-1, TER119)-negative cells were gated and further analysed for expression
of Scal and c-Kit. Data are representative of three independent experiments. (B) Absolute numbers of LSK, SP and CD150 + CD48- cells
determined from the bone marrow of both hind limbs (N = 6 mice). Data are representative of two independent experiments. Asterisks indicate
statistical significance (P<0.01). (C) FACS plots indicating reduced frequency of CD150+ CD48— cells in MK2—/— mice. Data are
representative of two independent experiments. (D) Side population (SP) analysis upon staining of BM cells with Hoechst 33342 dye. Celis
stained with Hoechst 33342 dye in the presence of verapamil serve as controls for the specificity of the SP population. Data are representative of
two independent experiments. (E) FACS plots indicating relative decrease of long-term (LT)-HSCs (CD34-Flt3-LSK) and short-term (ST)-HSCs
(CD34 + FIt3-LSK), and increase of multipotent progenitor cells (MPPs) (CD34 + Flt3 + LSK) in MK2—/— mice. Total BM cells of MK2 + / +
and MK2-/— were prepared and stained with an antibody cocktail that recognizes lineage markers (CD11b, Gri, B220, CD3e, TER119}, Scal
and c-Kit, and analysed by flow cytometry. LSK cells were pre-gated and further analysed for CD34 and Flt3 expression. (F) Absolute numbers
of LT-HSCs (left), ST-HSCs (middle) and MPPs (right) determined from the bone marrow of both hind limbs (N=5 mice). Asterisks indicate
statistical significance (P<0.05). Data in (E) and (F) are representative of three independent experiments.

equal pattern of expression of c-Kit and Scal (Figure 3A, assay indicates higher proliferation of MK2-deficient cells
middle panel). However, after 3 days in vitro, only between (Figure 3B) similar to LSK cells (Figure 2A-C).

16-21% of MK2—/— progenitor cells- stained positive for The in vitro culture system described above allowed us to
Scal, whereas between 60-75% of wild-type progenitor test whether a direct inhibitor of p38 MAPK signalling
cells maintained Scal expression (Figure 3A, lower panel similarly unleashes HSC quiescence. Wild-type LSK cells
and quantification below), suggesting that MK2 is crucial for were purified and incubated for 48h in the absence or
the maintenance of an early state of differentiation or quies- presence of 5uM SB239063, which does not reduce the
cence. Similar results were obtained for LSK cells (data not overall viability of the cells (Supplementary Figure 8). As
shown). To assess whether cytokine-stimulated HSCs showed shown in Figure 3C, cells exposed to a specific p38 inhibitor
a skewed differentiation, we analysed the expression of line- almost completely lost the expression of Scal, whereas cells
age-specific cell surface markers. In comparison to wildtype stimulated in the absence of SB239063 remained largely
cells, a larger fraction of MK2-deficient cells showed expres- positive for expression of Scal. These findings corroborate
sion of CD11b and Grl (Supplementary Figures 6 and 7). the idea that p38 signalling is crucial for the maintenance of

Analysis of CD150+ /CD48— HSCs using a CFSE dilution HSC quiescence.
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Figure 2 Increased proliferation of LSK in MK2-/= mice. (A) In vitro proliferation assay. Purified LSK cells were cultured in the presence of
recombinant cytokines for 48 h, pulsed with *H-thymidine, and subjected to scintillation counting. The mean values of triplicate samples are
shown. (B) In vivo BrdU incorporation experiment. The in vivo-proliferation potential of CD150 + CD48— cells, LT-HSCs, ST-HSCs and MPPs in
MK2 -+ /4 and MK2—-/-— mice was measured after feeding BrdU through drinking water for 2 days. RBC-depleted BM cells were stained with
monoclonal antibodiés recognizing subsets of HSCs and BrdU (negative controls of cells from mice fed with PBS are shown as insets in light
grey). Indicated HSC subsets were pre-gated and histograms were generated for quantifying the incorporated BrdU (% of BrdU-positive cells is
given). Data are representative of two independent experiments. Cells from three mice from each of the two experiments were measured
separately (N =6). Mean and statistics are in the diagram given below (asterisks indicate significant differences with P<0.05). (C) Cell-cycle
analysis. Purified LSK cells were cultured in vitro in the presence of recombinant cytokines for 48 h. Cells were fixed, stained with propidium
iodide and their DNA content was measured by flow cytometry (left panel). LSK cells isolated from MK2 + / + and MK2— /- mice were sorted,
directly fixed and stained with propidium iodide, and their DNA content was measured by flow cytometry (right panel). (D, E) Real-time PCR
showing p21Cipl/Wafl (D) and p19Arf mRNA levels (E) in purified CD150 + CD48-HSCs. The mean values of duplicate samples are shown.
Asterisks indicate statistical significance (P<0.01). Data are representative of two independent experiments each.
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To directly assess the self-renewal capacity of HSC, we Supplementary Figures 1-5, no defect of differentiation in
carried out competitive repopulation experiments. Various various haematopoietic lineages could be observed in mice
numbers: of wild-type and MK2-/— bone marrow cells transplanted with MK2—/— cells (data not shown), confirm-
(CD45.2) were mixed with 10° wild-type CD45.1 competitor ing that MK2 is not crucially involved in controlling HSC
cells and transplanted into lethally irradiated CD45.1 recipi- differentiation. When 10° HSCs were mixed with 10° compe-
ent mice. Three months later, the mice were killed and the titor cells, MK2-deficient cells contributed to 54% of haema-
specific contribution of CD45.1 and CD45.2 cells to haema- topoiesis, whereas wild-type cells contributed to 75% of
topoiesis was assessed by FACS analysis. In line with earlier haematopoiesis. However, under limiting conditions, when
experiments (Kotlyarov et al, 1999) and the data shown in fewer HSCs were transplanted, the statistically significant
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Figure 3 Compromised haematopoietic stem cell function in MK2~/~ mice. (A) Contour plots indicating an accelerated loss of Scal
expression in MK2—/— SLAM cells in vitro. The upper panel shows sorting of SLAM cells, the middle panel shows expression pattern of Scal
and c-Kit in primary sorted SLAM cells; and the two lower panels show Scal and c-Kit expression-after 3 days of in vitro culture in the presence
of recombinant cytokines, Cell subsets were discriminated on the basis of differential expression of Scal and c-Kit, their percentages were
calculated and plotted. Asterisks indicate statistical significance (P<0.01). Data are representative of two independent experiments. (B) CFSE-
proliferation assay for WT and MK2-deficient SLAM cells. Sorted CD150 + CD48— HSCs of MK2 +/ + and MK2—/— mice were stained with
CFSE and cultured in vitro in the presence of cytokine cocktail for 3 days. On day 4, aliquots of cells were analysed by flow cytometry.
Histograms, documenting increased in vitro proliferation of MK2—/— CD150 + CD48— HSCs, as assessed by the percentage of cells that appear
under gates that measure each cycle of proliferation. (C) FACS plots indicating an accelerated loss of Scal expression in MK2 + /+ cells in the
presence of the MAPK p38 inhibitor SB239063. The upper panel shows the expression pattern of Scal and c-Kit in primary sorted LSK cells,
lower panels show Scal and c-Kit expression after 3 days in vitro culture containing recombinant cytokines in the presence or absence of
$B239063, respectively. Data are representative of two independent experiments. (D) Competitive repopulation experiment. 10° CD45.1
competitor BM cells were mixed with defined numbers of CD45.2 + MK2 + /+ or CD45.2 + MK2—/~ BM cells, and total BM was analysed for
competitive repopulation as described. A characteristic experiment (left) and statistical evaluation (right) (N=5) are shown. Asterisks indicate
statistically significant (P<0.05, single sided t-test) differences between MK2-deficient and wildtype cells. (E) Competitive repopulation assay
as iri (D), but using 10* CD45.1 + competitor LSK cells mixed with defined numbers of CD45.2 + MK2 + /+ or CD45.2 + MK2—/— LSK cells
in lethally irradiated (9.5Gy) CD45.1 + congenic recipients. A characteristic experiment (left) and statistical evaluation {right) (N= 10} are
shown. Asterisks indicate statistically significant (P<0.05, single-sided t-test) differences between MK2-deficient and wildtype cells.
(F) Secondary transplantation of 2'x 10° WT and MK2—/~ bone marrow cells (CD45.2) mixed with 10° competitor cells. Analysis was
performed 16 weeks after transplant. A characteristic experiment (left) and statistical evaluation (right) (N = 5) are shown. Asterisks indicate
statistically significant (P<0.05, single-sided t-test) differences between MK2-deficient and wildtype cells. (G) FACS plots and quantification
indicating reduced frequencies of CD150 +CD48— HSCs in CD45.1 WT congenic recipients that received MK2—/— LSK cells. Sorted LSK
(CD45.2) cells of MK2+/+ and MK2—/— mice were transplanted into lethally irradiated CD45.1 wildtype recipients. At 16 weeks after
transplantation, donor-derived (CD45.2) haematopoietic cells of BM were pre-gated and analysed for CD150 and CD48 expression (left).
Absolute numbers of donor (CD45.2)-derived CD150 + CD48— cells were determined from the bone marrow of both hind limbs (N=S5 mice).
The asterisk indicates statistically significance (P<0.05). Data are representative of two independent experiments.
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