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ABSTRACT
Wdr5, a bone morphogenetic protein 2 (BMP-2)–induced protein belonging to the family of the WD repeat proteins, is expressed in

proliferating and hypertrophic chondrocytes of the growth plate and in osteoblasts. Although previous studies have provided insight

into the mechanisms by which Wdr5 affects chondrocyte and osteoblast differentiation, whether Wdr5 is required in vivo for

endochondral bone development has not been addressed. In this study, using an avian replication competent retrovirus (RCAS)

system delivering Wdr5 short hairpin (sh) RNA to silence Wdr5 in the developing limb, we report that reduction of Wdr5 levels delays

endochondral bone development and consequently results in shortening of the skeletal elements. Shortening of the skeletal elements

was due to impaired chondrocyte maturation, evidenced by a significant reduction of Runx2, type X collagen, and osteopontin

expression. A decrease in Runx2, type collagen I, and ostepontin expression in osteoblasts and a subsequent defect in mineralized bone

was observed as well when Wdr5 levels were reduced. Most important, retroviral misexpression of Runx2 rescued the phenotype

induced by Wdr5 shRNA. These findings suggest that during limb development, Wdr5 is required for endochondral bone formation and

that Wdr5 influences this process, at least in part, by regulating Runx2 expression. � 2010 American Society for Bone and Mineral

Research.
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Introduction

Long bones of the appendicular skeleton are formed by

a process known as endochondral bone ossification, in which

mesenchymal cells differentiate into chondrocytes and then

undergo a series of changes that include proliferation,

differentiation into hypertrophic chondrocytes, mineralization

of the cartilage matrix, apoptosis of the hypertrophic chon-

drocytes, vascular invasion, and formation of an ossification

center containing type I collagen–expressing osteoblasts.(1–5)

This complex process is regulated by crosstalk among several

transcription factors and signaling molecules expressed in and

secreted by developing chondrocytes and osteoblasts.(4–11)

The chicken limb bud is a classic model for studying the

mechanisms that regulate skeletal development.(11–14) The limb

buds become visible around Hamilton and Hamburger (HH)

stages 18 to 20 (E3–3.5), and limb patterning takes place in the

following 2 days. At this early stage, the limb bud consists of

mesenchymal condensations surrounded by ectodermal cells.

Cells within the condensations begin to differentiate into

cartilage, and in the following 3.5 days, endochondral ossifica-

tion occurs, leading to the formation of bone tissue within the

cartilage template. By E10, chondrocytes in the growth plate and

osteoblasts become evident.

Investigations using the chick embryos and the Rous sarcoma

virus (RSV)–derived replication-competent avian retroviral

(RCAS) vectors(15) have had a crucial impact on elucidating

the mechanisms regulating the cellular and molecular bases of

skeletal development, such as patterning and outgrowth of the

limb, developmental regulation of endochondral bones, and

cranial skeletal development.(11,16–27) One of the major strengths

of the avian RCAS approach is the ability to misexpress a gene in

vivo in a sustained fashion, followed by analyses of the biologic

consequences of this misexpression on skeletal development.

Wdr5 is a member of a family of structurally conserved

proteins, the WD repeat proteins.(28–31) The common function of

these proteins is to form a scaffold for protein-protein interaction

and to coordinate numerous cellular functions, such as signal

transduction, cell cycle, apoptosis, and transcription regula-

tion.(29,31) In mice, Wdr5 is expressed developmentally in

chondrocytes and osteoblasts, and stable expression of Wdr5

in these cells accelerates the program of chondrocyte and

osteoblast differentiation.(32,33) Targeted expression of Wdr5 to

mature osteoblasts accelerates osteoblast differentiation at least

in part by enhancing the canonical Wnt signaling pathway(34)

and promotes chondrocyte differentiation by modulating the

expression of Twist-1.(35) Consistent with these findings, when

Wdr5 protein is reduced using siRNA technology in MC3T3E-1
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cells, which derived from calvarial osteoblasts, these cells fail to

differentiate into mature osteoblasts expressing osteocalcin and

depositing mineralized matrix,(36) demonstrating that, at least in

vitro, Wdr5 is needed for the differentiation of osteoblasts into

mature osteoblasts.

Although our previous studies have shown that Wdr5 induces

chondrocyte and osteoblast differentiation in vitro and in vivo,

whether Wdr5 is required for endochondral ossification in vivo

has not been addressed. Because the molecular mechanism

underlying skeletal development in chickens is applicable to

other vertebrates and all genes found to regulate skeletal

development in chicks have been described to play the same

function in mice,(16,37–40) investigations using the avian system

will be informative to further explore the role of Wdr5 in skeletal

development in mammals. Here, to investigate the functional

role of Wdr5 during endochondral bone formation, loss-of-

function studies using RCAS-mediated delivery of shRNA

targeting Wdr5 were performed to silence Wdr5 during chicken

limb development.

Material and Methods

siRNA design and construction of retroviral constructs

Three different shRNAs (1 to 3) targeting the chicken Wdr5 cDNA

sequence and one scrambled shRNA control were designed.

These shRNAs were subcloned into the pSilencer 2.0-U6 siRNA

expression vector (Ambion, Austin, TX, USA) downstream from

the U6 RNA polymerase III (U6 Pol III) promoter. PCR analysis was

performed to generate Cla I sites 5’ and 3’ to the cassette

containing the U6 Pol III shRNA for cloning into the pGEM shuttle

vector (Promega, Madison, WI, USA). ClaI digestion of the pGEM

shuttle vectors followed by ligation of the four cassettes

containing the U6 Pol III shRNAs and RCAN vector of subgroup

B [RCAN(B); kindly provided by Dr Tabin, Harvard Medical School,

Boston, MA, USA] were performed to generate three RCAN(B)

vectors containing the selected Wdr5 shRNA sequences

[RCAN(B)-1, -2, and -3] and one RCAN(B) vector containing a

scrambled shRNA [RCAN(B)-S].

Propagation, titration and injection of RCAN(B) virus

High-titer (>1 to 5� 108 IU/mL) RCAN(B)-1, -2, -3, and -S, as well

as RCAS(A)-GFP (provided by Dr Tabin, Harvard Medical School)

and RCAS(A)-chRunx2 viruses (provided by Dr Mundlos, Max

Plank Institute for Molecular Genetics, Berlin, Germany) were

generated by standard procedures.(41,42) Viral infection was

assessed using the 3C2 monoclonal antibody (Developmental

Studies Hybridoma Bank of the University of Iowa, Iowa City, IA,

USA). High-titer viruses were injected into the right wings of HH

stage 18 to 21 (E3.0–3.5) chick embryos. Uninfected left wings

were used as controls. To ensure viral infection throughout the

cartilage elements, limb buds were injected in the anteropos-

terior regions of the distal margin. To assess the effects of Wdr5

downregulation, chick embryos were harvested at multiple

developmental stages [between HH stages 35 (E8.5) and 38

(E12)], and proximal and distal skeletal elements of the wings

were analyzed. For coexpression experiments, high-titer RCAN(B)

viruses expressing shWdr5 and high-titer RCAS(A) viruses

expressing Runx-2 or GFP were used. RCAS viruses belonging

the subgroup A were used in coinjection experiments to avoid

viral interference, a mechanism by which a subgroup of viruses

can block other members of the same subgroup from super-

infecting the same host cell.(26,42) For these experiments,

RCAN(B)-1, -2, -3, and -S and RCAS(A)-GFP of RCAS(A)-chRunx-

2 viruses were used in 1:1 ratio mix.

Alcian blue and alizarin red staining

HH stage 36 (E10) and stage 38 (E12) embryos were incubated in

a solution of 80% ethanol and 20% acetic acid containing 0.015%

alcian blue 8GX (Sigma, St Louis, MO, USA). Embryos were

dehydrated in 100% ethanol and then incubated in 0.5% KOH

containing 0.01% alizarin red (Sigma). After 24 hours, embryos

were cleared in 1% KOH containing 20% glycerol and then

sequentially incubated in 0.5% KOH containing increasing con-

centrations of glycerol (20%, 40%, and 80%).

Histologic evaluation

Infected right wings and uninfected left wings were fixed in 4%

paraformaldehyde (PFA). After 24 hours, specimens were

transferred to a 5% sucrose solution, followed by incubation

in 30% sucrose. Specimens then were embedded for frozen

sections. Tissue blocks were cut into 5-mm sections and stained

with hematoxylin or toluidine blue to permit phenotypic

analyses.

BrdU incorporation

Then 400 mL of 1 mM BrdU was added by opening a window in

the eggshell of the embryos at stage HH 36 (E10). After 3 hours,

the embryos were harvested, and infected right wings and

uninfected left wings were isolated and processed for frozen

sections. BrdU-positive nuclei were detected using a Zymed

Immunostaining Kit (Zymed, San Francisco, CA, USA) according

to the manufacturer’s instructions. BrdU-positive and BrdU-

negative nuclei were counted in nine similarly sized regions

of each of the round and columnar proliferating regions of

uninfected left wings and infected right wings. Data were

expressed as percent positive nuclei in the selected areas.

Whole-mount immunohistochemistry analyses

Embryos were harvested at HH stage 25 (E5) and incubated in 4%

PFA overnight. Immunostaining for RCAN vector was performed

using the 3C2 monoclonal antibody (Developmental Studies

Hybridoma Bank of the University of Iowa). Immunoreactive

proteins were visualized using 0.5 mg/mL of 3-3’-diaminobenzi-

dine (DAB; Sigma) and 0.03% H2O2.

Immunohistochemistry analyses

Immunohistochemistry analyses were performed using a-

Wdr5,(32) anti-CD31 (BD Biosciences, Franklin Lakes, NJ, USA),

or a nonspecific rabbit and mouse IgG (Sigma). Immunoreactive

proteins were visualized using the TSA Biotin System Kit

(PerkinElmer, Boston, MA, USA) or the EnVison G/2 System/AP

Rabbit/Mouse (Permanent Red, DakoCytomation, Carpinteria,

CA, USA) according to the manufacturer’s instructions.
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Immunoreactive proteins were visualized using Streptavidin HRP

& Streptavidin Texas Red (PerkinElmer).

Western blot analyses

To evaluate Wdr5 silencing, infected right wings and uninfected

left wings were isolated at HH stages 35 (E8.5), 36 (E10), and 38

(E12) and dissected free of adjacent tissue under a dissecting

microscope. The distal and proximal skeletal elements of the

wings then were homogenized, and 2 mg of total protein was

subjected to SDS-PAGE under reducing conditions. Membranes

were incubated with a-Wdr5 and a-actin (Santa Cruz Biotech-

nology, Inc., Santa Cruz, CA, USA). Immunoreactive proteins were

visualized using a chemiluminescence detection kit (NEN,

Boston, MA, USA) according to the manufacturer’s instructions.

Histomorphometry

Histomorphometric analyses on ulnas isolated from HH stage

38 (E12) embryos infected with RCAN(B)-1 plus RCAS(A)-chRunx2

or RCAN(B)-1 plus RCAS(A)-GFP were performed with the

Osteomeasure System (Osteometrics, Inc., Atlanta, GA, USA)

using standard procedures. Cortical bone was measured in

uninfected left and infected right ulnas. Data were expressed as

percent of cortical bone per total area of the ulna in the same

sample.

In situ hybridization analyses

Digoxigenin (DIG)– or 35S-UTP-labeled probes specific for the

chicken Sox9, type X collagen, type II collagen, type I collagen,

Runx-2, and osteopontin mRNAs were used for in situ

hybridization, as described previously.(34,35)

Quantitative real-time PCR

Total RNA was prepared from HH stage 36 (E10) and stage 38

(E12) skeletal elements isolated from infected right and

uninfected left wings that had been dissected free of adjacent

tissue under a dissecting microscope using the RNeasy Plus Mini

Kit (Qiagen, Valencia, CA, USA). cDNA was synthesized using

Superscript II reverse transcriptase (Invitrogen). Quantitative real-

time PCR was performed using the Opticon DNA Engine System

(MJ Research, Waltham, MA, USA). mRNA levels encoding each

gene of interest were normalized for GAPDH mRNA in the same

sample using the formula of Livak and Schmittgen.(43)

Von Kossa staining

Sections of infected right wings and uninfected left wings were

incubated in 5% silver nitrate solution and exposed to a 60-W

electric light bulb for 5 to 15 minutes. Slides then were washed

several times in distilled water, followed by incubation in 2.5%

sodium thiosulfate for 30 seconds.

Statistical analyses

All values are expressed as mean� SEM, and a Student’s paired

t test was used to compare differences between the infected

right wings and uninfected control wings. For quantitative real-

time PCR, the expression of selected genes was normalized to

that of GAPDH in the same sample. Values were expressed as

the relative expression of the normalized mRNAs levels of the

infected right wings versus that of uninfected left wings at each

time point. A p value of less than .05 was considered statistically

significant. All experiments were performed using at least four

chicken embryos.

Results

Wdr5 is expressed in proliferating and hypertrophic
chondrocytes and in osteoblasts during endochondral
ossifications

The expression of Wdr5 in the developing cartilage elements was

assessed on sections of wings isolated from HH stage 36 (E10)

and stage 38 (E12) embryos. These time points were chosen

because the proliferative prehypertrophic and hypertrophic

chondrocytes as well as osteoblasts can be well evaluated.

Consistent with the expression pattern of Wdr5 during mouse

endochondral bone development,(33,34) in chicken limbs, Wdr5

is expressed in proliferating and hypertrophic chondrocytes as

well as in the perichondrium and the periosteum (Fig. 1). Wdr5

expression in these cell types was confirmed by in situ analyses

for type I collagen (ColII), type I collagen X (ColX), and osteo-

pontin (OP) (Fig. 1). No signal was detected when nonspecific

rabbit IgG was used, confirming specificity of the signal (Fig. 1).

As shown in Fig. 1, Wdr5 expression is not restricted to

chondrocytes and osteoblasts, but Wdr5 is also expressed in

muscles and skin, confirming previous findings demonstrating

that ubiquitous expression of Wdr5.(32) The findings that the

expression pattern of Wdr5 in chicken limb mirrors that in mice

indicate that studies in the chicken system will be informative to

address whether Wdr5 is required for endochondral ossification

in mammals.

Retroviral expression of Wdr5 shRNAs reduces
endogenous Wdr5 levels in chondrocytes and osteoblasts

The expression of Wdr5 in chondrocytes and osteoblasts is

consistent with a role for Wdr5 in influencing endochondral bone

formation. To address whether Wdr5 is required for endochon-

dral ossification, loss-of-function studies were performed. To

this purpose, an avian replication-competent ASLV LTR, (RCAS)

system delivering a Wdr5 short hairpin RNA (shRNA) sequence

was used to silence Wdr5 levels in the developing chicken limb.

Three RCAN(B) viruses expressing three selected Wdr5 shRNA

sequences [RCAN(B)-1, RCAN(B)-2, and RCAN(B)-3 and one

RCAN(B) vector containing a control scrambled shRNA (RCAN(B)-

S] were used. To visualize the location and extent of viral

infection, HH stage 18 to 20 (E3–3.5) right limb buds were

infected with RCAN(B)-shWdr5 viruses [RCAN(B)-1, -2, and -3].

Embryos thenwere harvested at HH stage 25 (E5), and sections of

infected and uninfected wings were subjected to whole-mount

immunohistochemistry analyses for the RCAN protein. As shown

in Fig. 2A, extensive viral infection was obtained in the injected

wings.

To quantify the silencing efficiency of the shRNAs, HH stage 18

to 20 (E3–3.5) right limb buds were infected with high titers of

either the RCAN(B)-shWdr5 viruses [RCAN(B)-1, -2 and -3] or the
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Fig. 1. Expression ofWdr5 during chick endochondral ossification. Immunohistochemical analyses were performed using ana-Wdr5 (A, E) or a nonspecific

IgG (C, I). (A–D) HH stage 36 (E10) wings. Immunoreactive proteins were visualized using streptavidin Texas red. (B, D) Sections were counterstained with

hematoxylin and eosine (H&E). (E –L) HH stage 38 (E12). Inserts indicate the expression of Wdr5 (in red) in the proliferating ( F) and hypertrophic

chondrocytes (G) and in the periosteum (H). Sections were counterstained with hematoxyline. (M–O) In situ hybridization analyses for ColII (M), ColX (N),

and OP (O). Representative ulnas are shown; n¼ 3.

Fig. 2. RCAN-mediated reduction of Wdr5. (A) Whole-mount immunohistochemistry analyses demonstrating expression of RCAN protein in the forelimb

(FL; in brown). HH stages 18 to 20 (E3) right (R) limb budswere infectedwith RCAN(B)-3 virus and harvested at HH stage 25 (E5). HL¼ hindlimbs. (B) Western

blot analyses and densitometric analyses. Bars represent the ratio of the optical density of Wdr5 normalized to the optical density of actin. Open

bars¼uninfected left wings; black bars¼ infected R wings. The results are the mean� SEM of at least three wings. ap< .05 by Student’s t test.

(C) Immunohistochemical analyses demonstrating downregulation of endogenous Wdr5. Embryo limb buds were infected at HH stages 18 to 20 (E3) with

RCAN(B)-3 virus and harvested at HH stage 38 (E12) (R). Left wings (L) were used as controls. Representative wings are shown, n¼ 12. Arrowheads indicate

osteoblasts in the bone collar expressing (black) or not expressing (open) Wdr5. PC¼proliferating chondrocytes; HC¼hypertrophic chondrocytes.
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RCAN(B)-S virus. Uninfected left wings served as controls.

Embryos then were allowed to develop to HH stages 35 (E8.5),

36 (E10), and 38 (E12). Western blot analyses demonstrate that

endogenous Wdr5 levels were significantly reduced by 50% to

60% in the right skeletal elements infected with all RCAN(B)-

shWdr5 viruses compared with the uninfected left wings at all

time points examined (Fig. 2B). No difference in endogenous

Wdr5 protein levels was observed between the infected right

wings and uninfected left wings when limb buds were injected

with the RCAN(B)-S virus, demonstrating the lack of nonspecific

effects of the RCAN(B) virus (Fig. 2B). The efficiency of Wdr5

downregulation in different cell types in the growth plate then

was examined by immunohistochemical analyses. Wdr5 levels

were markedly decreased in round proliferative chondrocytes

and hypertrophic chondrocytes as well in osteoblasts of the right

wings infected with all RCAN(B)-shWdr5 viruses compared with

the uninfected left wings (Fig. 2C). No difference in endogenous

Wdr5 protein levels was observed when limb buds were injected

with the RCAN(B)-S virus (data not shown).

Retroviral-mediated expression of shWdr5 impairs
endochondral bone development

To explore whether Wdr5 is required for endochondral

ossification, HH stage 18 to 20 (E3–3.5) chicken limb buds were

injected with high-titer retroviral inoculates. Injections were

performed at this time point, prior to chondrogenic condensa-

tion of the mesenchymal cells, in order to reduce Wdr5 protein

levels in skeletal progenitor cells and to achieve widespread

infection of skeletal elements.

Alcian blue and alizarin red staining of whole-mount skeletal

preparations of HH stage 35 (E8.5), stage 36 (E10), and stage 38

(E12) embryos shows that infected skeletal elements displayed

shorter cartilage elements and decreased mineralization relative

to the uninfected left wings (Fig. 3A). This phenotype was

observed in 61% of infected wings (n> 100). The same

phenotype was observed with all viruses used (data not shown).

No differences were observed between right wings infected with

the RCAN(B)-S virus and uninfected left wings at any time points

examined (n¼ 20; Fig. 3A).

Histologic analyses of wings isolated from HH stage 36 (E10)

and stage 38 (E12) chick embryos are shown in Fig. 3B. At all time

points examined, skeletal elements of infected right wings were

shorter than those of the uninfected left wings. Shorter skeletal

elements also were observed in HH stage 35 (E8.5) wings (data

not shown), suggesting that Wdr5 actions on endochondral

bone formation begin at early developmental stages. A delay

in vascular invasion (Fig. 3C) and formation of the primary

ossification center was observed at HH stage 38 (E12), suggesting

delayed endochondral bone formation. Wings infected with the

RCAN(B)-S virus displayed a normal phenotype (Fig. 3), confirm-

ing that the phenotype observed in infected wings is specific

for the RCAN(B)-shWdr5 viruses and is due to reduction of

endogenous Wdr5 protein levels. In addition, because the same

phenotype was observed when using the three different

RCAN(B)-shWdr5 viruses, off-target effects of the shRNAs were

excluded. Measurement of the length of the carpometacarpal

bones, ulnas, and humeruses confirmed a significant decrease in

the overall length of the infected skeletal elements compared

with that of uninfected wings (Fig. 3D).

Retroviral-mediated expression of shWdr5 impairs
chondrocyte maturation and osteoblast differentiation

Histology of the growth plate of infected wings suggests that a

defect in chondrocyte differentiation may account for the overall

decrease in the length of the long bones, pointing to an

important role of Wdr5 in promoting chondrocyte differentia-

tion. Because the size of the hypertrophic chondrocyte layer is

regulated by the rate at which proliferative chondrocytes

differentiate, BrdU incorporation analyses were performed. While

no difference in the percentage of BrdU-positive nuclei was

observed in the BrdU-positive round chondrocytes (11.4%� 2%

SEM in uninfected left wings versus 11.8%� 2.2% SEM in

infected right wings, n¼ 4), reduction of Wdr5 led to 42%

decrease in the percentage of BrdU-positive cells in the columnar

chondrocyte layer of infected wings relative to uninfected left

wings 3 hours after BrdU injection (7.1%� 1.1% SEM in

uninfected left wings versus 4.1%� 0.4% SEM in infected right

wings; p< .05, n¼ 4).

To further characterize this phenotype, the expression of

specific chondrocyte and osteoblast genes was assessed by in

situ hybridization analyses. At HH stages 36 (E10) and 38 (E12),

the distance between the two expression domains of Sox9,

which is expressed in proliferating chondrocytes, was smaller,

and the expression of ColX, a marker of hypertrophic chondro-

cytes, was reduced (Fig. 4). Moreover, the distance between the

two ColX expression domains was significantly smaller in the

infected right wings than in the uninfected left wings, indicating

impaired chondrocyte maturation (Fig. 4A). This phenotype was

confirmed by a decrease in OP expression, which is expressed in

terminally differentiated hypertrophic chondrocytes (Fig. 4A).

Decrease in the expression of these chondrocyte specific genes

was already observed at HH stage 35 (E8.5; data not shown), prior

to bone formation, suggesting that Wdr5 has a direct effect on

chondrocyte differentiation. In the infected right wings, the

expression of ColI in osteoblasts was decreased compared with

the uninfected left wings, indicating that when Wdr5 levels are

reduced during limb development, osteoblasts differentiation is

impaired as well (Fig. 4A). Confirming the decrease in alizarin red

staining, which indicates decreased mineralization (Fig. 3A), the

effect of Wdr5 knockdown on osteoblast differentiation also was

reflected by a decrease in the mineral deposition, indicated by

von Kossa staining, in the bone collar of the infected right wings

compared with the uninfected left wings (Fig. 4A). The decrease

in the expression of these chondrocyte- and osteoblast-specific

genes was quantified by quantitative RT-PCR analyses. In

contrast to wings infected with the RCAN(B)-S virus, the

expression of these genes was significantly decreased in wings

with reduced Wdr5 levels (Fig. 4B).

Retroviral-mediated expression of shWdr5 decreases the
expression of Runx2 and misexpression of Runx2 rescues
the phenotype induced by Wdr5 shRNA

Wdr5 associates with the b-catenin/Tcf1 response element of the

Runx2 promoter and is required for the expression of Runx2 in
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MC3T3-E1 cells.(36) Thus we asked whether downregulation of

Wdr5 in vivo would affect Runx2 expression. When Wdr5 levels

are reduced, the expression of Runx2, a critical regulator of

chondrocyte hypertrophy and osteoblast differentiation, was

decreased significantly in both prehypertrophic chondrocytes

and osteoblasts (Fig. 5A).

Because Runx2 is a critical regulator of endochondral bone

development, we tested whether impaired Runx2 expression

might be responsible for the effects of Wdr5 downregulation

on endochondral ossification. To this purpose, we examined

whether overexpression of Runx2 could rescue the phenotype

observed in the skeletal elements infected with RCAN(B)-shWdr5

viruses. HH stage 18 to 20 (E3–3.5) limb buds were coinfected

with an RCAS(A) virus driving the expression of chicken

(ch)Runx2, RCAS(A)-chRunx2, in addition to RCAN(B)-1 or with

RCAS(A)-GFP plus RCAN(B)-1 (1:1 ratio) and harvested at HH

stages 36 (E10) and 38 (E12).

To confirm the efficiency of these coinfection experiments,

Runx2 mRNA expression andWdr5 protein levels were examined

first. As shown in Fig. 5C, Runx2 was misexpressed in the growth

plate and in the osteoblasts of wings coinfected with RCAS(A)-

chRunx2 plus RCAN(B)-1 viruses compared with uninfected

wings. In the infected wings, Runx2 also was found expressed

in proliferating chondrocytes as well as in adjacent tissues.

Fig. 3. Reduction of Wdr5 protein impairs endochondral bone development. HH stage 18 to 20 (E3) right limb buds (R) were infected with RCAN(B)-1 or

RCAN(B)-S and harvested at stage HH stage 36 (E10) and stage (E12). (A) Skeletal preparations stained with alcian blue and alizarin red. Representative

wings are shown (n¼ 16). Arrows indicate the decrease in mineralization. (B) Toluidine blue staining (n¼ 45). Uninfected left wings (L) were used as

controls. (C) Imunohistochemistry for CD31 showing vascular invasion in the uninfected left HH stage 38 (E12) carpometacarpal bones but not in the

infected wings. Representative wings are shown (n¼ 4). (D) Measurement of the length of the carpometacarpal, ulna, and humerus demonstrates a

significant reduction in the length of infected bones. Values are expressed asmean� SEM. ap< .05 by Student’s t test. hu¼humerus; ul¼ulna; ra¼ radius;

ca¼ carpometacarpal bones; di¼digit.
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However, as reported by other investigators,(44) ectopic bone

formation was never detected in coinfected wings. Wdr5 protein

levels remained significantly downregulated in wings coinfected

with RCAS(A)-chRunx2 plus RCAN(B)-1 viruses compared with

uninfected left wings (Fig. 5D). This reduction in Wdr5 protein

levels was similar to the reduction observed in the RCAN(B)-3-

infected wings (Fig. 2C).

Histology of HH stage 36 (E10) and 38 (E12) wings coinfected

with RCAS(A)-GFP plus RCAN(B)-1 viruses shows that the

infected bones were shorter and displayed delayed chondro-

cyte maturation and bone formation (Fig. 5E). In contrast, despite

Wdr5 downregulation, wings coinfected with RCAS(A)-chRunx2

plus RCAN(B)-1 viruses displayed the same phenotype as the

uninfected left wings (0% abnormal wings, n¼ 24; Fig. 5E).

To strengthen these observations, morphometric analyses

were performed. As shown in Fig. 5F, retroviral expression of

Runx2 rescues the significant decrease in cortical bone

seen in wings coinfected with RCAS(A)-GFP plus RCAN(B)-1

viruses.

Confirming the histologic analyses, chondrocyte maturation

and thus endochondral ossification were normalized when

Runx2 misexpression was accompanied by reduction of Wdr5,

as indicated by normal expression pattern of ColX, ColI, and

OP (Fig. 5G). Confirming the morphometric analyses, rescue of

endochondral bone formation also was evidenced by normal

periosteal mineralization in limbs coinfected with RCAS(A)-

chRunx2 plus RCAN(B)-1 viruses, as assessed by von Kossa

staining (Fig. 5G).

No significant difference in the percentage of BrdU-positive

nuclei in the columnar layer of coinfected right wings relative to

uninfected left wings (3%, n¼ 5) was observed, suggesting that

the effect of Wdr5 reduction on chondrocyte proliferation was

restored.

Discussion

Wdr5 is expressed in proliferating and hypertrophic chondro-

cytes as well as in the perichondrium and the periosteum of the

skeletal elements of chick wings. We have used RCAS vectors

driving interfering RNAs successfully to reduce Wdr5 protein

levels in these cells. This investigations point to a critical role for

Wdr5 in the development of endochondral bones.

RCAS-mediated overexpression of genes in chicken embryos

has been used widely to establish many fundamental mechan-

isms regulating skeletal development.(16–19,45–48) However, in

contrast to other animal models, where loss-of-function studies

have complemented gain-of-function studies, in the avian

model, loss-of-function techniques largely have not been

employed.(46–48) Our investigations showing a significant

Fig. 4. Reduction of Wdr5 protein impairs chondrocyte and osteoblast differentiation during limb development. HH stage 18 to 20 (E3) right limb buds (R)

were infected with RCAN(B)-1 or RCAN(B)-S viruses. (A) In situ hybridization analyses and von Kossa staining. Uninfected left wings (L) were used as

controls. Representative ulnas are shown, n ¼45. (B) Quantitative RT-PCR. Expression of all genes was normalized to that of GAPDH in the same sample.

Values are expressed as the relative expression of the normalizedmRNAs levels of the infected right wings versus that of uninfected left wings. Data are the

mean� SEM of values from three independent experiments. ap< .05 by Student’s t test.
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reduction ofWdr5 protein levels in chondrocytes and osteoblasts

of infected wings demonstrate the efficiency of the RCAS system

in delivering shRNA to reduce the expression of genes and the

feasibility of using this strategy to assess gene function during

skeletal development.

Our studies demonstrate that during limb development, Wdr5

is expressed in proliferating and hypertrophic chondrocytes and

plays a critical role in regulating chondrocyte maturation. While

stable expression of Wdr5 in chondrogenic cells accelerates

the program of chondrocyte differentiation in vitro,(33) and

Fig. 5. Runx2 misexpression rescues the endochondral bones phenotype seen when Wdr5 is reduced. HH stage 18 to 20 (E3) right limb buds (R) were

infected with RCAN(B)-1 and RCAN(B)-S. Uninfected left wings (L) were used as controls. Embryos were harvested at HH stage 36 (E10). (A) In situ

hybridization analyses. Representative ulnas are shown, n¼ 15. Arrow indicates Runx2 expression in the bone collar, and arrowheads indicate Runx2

expression in prehypertrophic and hypertrophic chondrocytes. (B) Quantitative RT-PCR. Expression of Runx2 was normalized to that of GAPDH in the same

sample. Values are expressed as the relative expression of the normalizedmRNA levels of the infected right wings versus that of uninfected left wings. Data

are the mean� SEM of values from three independent experiments. bp< .001 by Student’s t test. (C–G) HH stage 18 to 20 (E3) right limb buds (R) were

infected with RCAN(B)-1 plus RCAS(A)-chRunx2 or RCAN(B)-1 plus RCAS(A)-GFP. Embryos were harvested at HH stages 36 (E10) and 38 (E12), and sections

of the uninfected left (L) and infected right (R) wings were analyzed by in situ hybridization with a Runx2 probe (C), by immunohistochemistry for Wdr5

levels (D), and by toludine blue staining for histologic analyses (E). HC¼hypertrophic chondrocytes. Representative wings are shown, n¼ 24.

(F) Quantification of cortical bone. Data are expressed as percentage of cortical bone over total area of the ulna. Data are the mean� SEM of values

from seven RCAN(B)-1 plus RCAS(A)-chRunx2–coinfected wings and from 4 RCAN(B)-1 plus RCAS(A)-GFP–coinfected wings. cp< .005 by Student’s t test.

Open bars¼ left uninfected ulnas; black bars¼ right infected ulnae (G). In situ hybridization analyses with the indicated probes and von Kossa staining.

Representative wings are shown, n¼ 24.
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overexpression of Wdr5 in the periosteum leads to accelerated

chondrocyte differentiation,(35) whether Wdr5 has in vivo

autocrine effects on chondrocytes and whether it is required

for chondrocyte differentiation during skeletal development

have not been addressed previously. Here we report that when

Wdr5 protein levels are reduced by 50% to 60% during

development of the skeletal elements of the limbs, Sox9-

expressing chondrocytes are formed, but a delay in the

progression to prehypertrophic and hypertrophic chondrocytes

is observed. Therefore, it is plausible to speculate that while Wdr5

is not essential for the differentiation of skeletal progenitors to

proliferative chondrocytes, it is required for the differentiation

of proliferating chondrocytes into terminally differentiated

chondrocytes.

Mice lacking Runx2 have no osteoblasts and exhibit

abnormalities in chondrocyte maturation characterized by

decreased chondrocyte hypertrophy and lack of mineraliza-

tion.(49–53) Overexpression of Runx2 in chondrocytes rescues the

chondrocyte phenotype of Runx2 null mice.(54,55) Wdr5 knock-

down significantly decreases Runx2 expression in prehyper-

trophic and hypertrophic chondrocytes, and misexpression of

Runx2 reverses the chondrocyte phenotype seen in wings

infected with RCAN(B)-shWdr5 viruses. Therefore, it is possible

that Wdr5 expressed in proliferating chondrocytes regulates the

expression of Runx2 in prehypertrophic cells and, in turn, leads to

their differentiation into hypertrophic chondrocytes. However,

our studies do not exclude the idea that Runx2 overexpression

also may act independently of Wdr5 in rescuing the phenotype

caused by Wdr5 knockdown. In addition, the findings that fewer

proliferative columnar chondrocytes were observed with Wdr5

downregulation support the hypothesis that round chondro-

cytes differentiate into columnar chondrocytes and leave the

round proliferative layer at a slower rate when Wdr5 levels

are reduced and suggest that Wdr5 may be required for the

transition of BrdU-positive round chondrocytes to BrdU-positive

columnar chondrocytes.

Because several signaling systems and transcription factors

interact to coordinate development of endochondral bones,

our studies do not exclude the possibility that other signaling

molecules involved in chondrocyte maturation may depend on

the effects of Wdr5 on this process. Interestingly, the expression

of Ihh, a major regulator of chondrocyte maturation known to be

regulated by Runx2,(5,56) was not significantly altered in infected

wings at HH stage 36 (E10; data not shown). Because the delay in

chondrocyte maturation depends on the dosages of Runx2,(56) it

is possible that although Wdr5 downregulation decreases Runx2

below levels that are required for chondrocyte hypertrophy to

occur, the 60% reduction in the expression of this transcription

factor is not sufficient to affect Ihh expression. This hypothesis

suggests that either Wdr5 may affect chondrocyte maturation

independent of Ihh signaling or that other factors involved in

chondrocyte maturation depend on Wdr5 expression. Further

studies will be required to confirm this hypothesis.

We have shown recently that overexpression of Wdr5 in

osteoblasts regulates chondrocyte differentiation by modulating

the expression of Twist-1 in osteoblasts, which, in turn, regulates

the expression of FGF18.(35) Therefore, Wdr5 knockdown in

osteoblasts also may contribute to the impairment in chon-

drocyte maturation. However, the findings that stable expression

of Wdr5 in ATDC5 cells leads to accelerated hypertrophic

differentiation(33) and that impaired chondrocyte differentiation

is observed early during skeletal development, prior to the

formation of bone collar, suggest direct actions of Wdr5 on

chondrocyte maturation. Because a caveat of the RCAS system is

that this approach cannot separate direct from indirect actions,

mouse genetic studies are needed to address whether Wdr5

directly and/or indirectly affects chondrocyte maturation in vivo.

Nonetheless, these studies demonstrate for the first time that

in vivo reduction of Wdr5 during skeletal development leads

to impaired chondrocyte maturation and that it does so by

regulating, at least in part, the expression of Runx2.

Our studies indicate that when Wdr5 levels are reduced,

osteoblast differentiation is affected as well. Given the crosstalk

between chondrocytes and osteoblasts and the limitations of the

RCAS approach in discriminating between Wdr5 requirements

for chondrocytes and osteoblasts, these studies do not exclude

the possibility that the impairment observed in osteoblast

differentiation may be a consequence of impaired hypertrophic

differentiation. However, previous studies are also consistent

with the hypothesis that Wdr5 has an independent effect on

osteoblast differentiation. Stable expression of Wdr5 in MC3T3-

E1 cells, which are derived from murine calvarial bones, and in

type I collagen–expressing osteoblasts accelerates osteoblast

differentiation,(32,34) and silencing of Wdr5 in MC3T3-E1 cells

arrests osteoblast differentiation, an effect that mirrors that seen

in infected wings.(36) In addition, Wdr5 also associates with the

Runx2 promoter in the context of intact chromatin in these cells,

and its recruitment to the Runx2 promoter is significantly

decreased in MC3T3-E1 cells with Wdr5 knockdown, which also

have decreased Runx2 mRNA.(36,57)

Hence, although we do not rule out indirect actions of Wdr5,

our data do not exclude the hypothesis that Wdr5 might directly

affect both chondrocyte and osteoblast differentiation. In

summary, these studies indicate that in vivo Wdr5 is required

for endochondral bone formation and provide evidence that

Wdr5 exerts these effects at least in part by regulating the

expression of Runx2. Most significantly, the findings that

impaired endochondral bone formation is observed with a

50% to 60% decrease in endogenous Wdr5 levels strongly

suggest that Wdr5 plays a critical role in skeletal biology.
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