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day 12.5 (E12.5) [83]. However, at birth Hox11 mutant limbs are dramatically shorter 

than controls and chondrocyte differentiation appears to have arrested at an early stage 

[83]. Histological examination of the skeletal elements at E18.5 reveals only small round 

immature chondrocytes with little or no sign of further chondrocyte differentiation [83]. 

On the medial anterior aspect of the radius there is typically a wedge shaped region of 

hypertrophic-like chondrocytes, but markers of mature hypertrophic chondrocyte matrix, 

like collagen X, are lacking [16, 83]. There is also no evidence of osteoblast 

differentiation in these mutants. 

 Several key signaling pathways are involved in establishing the spatially 

organized chondrogenic differentiation program within the developing skeletal element. 

Indian Hedgehog (Ihh), a ligand of the Hedgehog signaling pathway, and Parathyroid 

hormone-related protein (PTHrP) function in a paracrine fashion to regulate chondrocyte 

proliferation and the timing of hypertrophic differentiation [148]. PTHrP is expressed by 

perichondrial cells and early proliferative chondrocytes at the distal ends of the elements 

while the PTH receptor is expressed at low levels in proliferative chondrocytes and 

higher levels in prehypertrophic/hypertrophic chondrocytes [148].  PTHrP signaling 

functions to promote chondrocyte proliferation while inhibiting differentiation [188-191]. 

As chondrocytes become sufficiently distant from the source of PTHrP, proliferation 

stops and Ihh expression is initiated in prehypertrophic chondrocytes. Ligand is secreted 

by prehypertrophic chondrocytes and functions to promote chondrocyte proliferation and 

inhibit chondrocyte hypertrophy [192-195]. The pro-proliferative function of Ihh is 

thought to be through direct signaling to the chondrocytes themselves [196, 197]. Ihh-

mediated inhibition of chondrocyte differentiation is accomplished indirectly through 

PTHrP. Ihh signals through the perichondrium, through an unknown mechanism, to 

promote PTHrP synthesis at the distal ends of the skeletal element [194, 195]. Together, 

the activities of Ihh and PTHrP regulate the timing of chondrocyte proliferation and 

differentiation. 

 Several other genes regulate the transitions between the different stages of 

chondrocyte differentiation. Runx2 regulates hypertrophic differentiation directly within 

chondrocytes themselves and indirectly within the perichondrium. During early skeletal 

development, Runx2 is expressed transiently in proliferating chondrocytes at E12.5 and 
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appears to function in an Ihh-dependent manner to promote hypertrophy [198]. There is 

some evidence that Runx2 participates in the Ihh/PTHrP feedback loop. Runx2 binds to 

the Ihh promoter and directly promotes Ihh expression, while Runx2 expression itself is 

inhibited by PTHrP [198, 199]. As development progresses, Runx2 expression is 

downregulated in proliferative chondrocytes but remains high in 

prehypertrophic/hypertrophic chondrocytes and within the adjacent perichondrium. At 

later stages, Runx2 in the perichondrium appears to inhibit hypertrophy through the 

activity of FGF18 [200]. The Wnt ligands, Wnt5a and Wnt5b, are expressed in 

prehypertrophic chondrocytes and appear to regulate both the round to proliferative and 

the proliferative to hypertrophic transitions [201]. Unlike Runx2, these ligands appear to 

function in an Ihh-independent manner [201]. 

 At first glance, the loss-of-function phenotypes of Hox11, Ihh, Runx2, and Wnt5a 

are remarkably similar characterized by significantly shortened skeletal elements and 

inappropriate chondrocyte differentiation [16, 194, 198, 201]. Closer examination on 

when and how chondrocyte differentiation is disrupted provides insight into a potential 

hierarchy in function of these genes. Wnt5a mutants have the mildest phenotype of all the 

mutants as despite the dramatic reduction in length, the general organization of the 

different zones of chondrogenic differentiation are preserved [201]. The zones of 

chondrogenic differentiation are completely disrupted in Ihh mutants which instead 

display a disorganized core of hypertrophic chondrocytes within the elements [194]. 

Runx2 and the closely related transcription factor Runx3 have redundant functions in 

skeletal development [198]. Runx2/Runx3 double mutants display a complete blockade of 

chondrocyte development with the entire element consisting of small round chondrocytes 

[198]. With respect to all three of these genes, Ihh, Runx2 and Wnt5a, loss of any one 

gene results in significant reduction or complete absence in the expression of the others, 

suggesting the regulation of these genes is intimately associated [194, 198, 201]. The 

similarity of the Hox11 mutant phenotype to these mutants suggests potential interactions 

between Hox and Ihh, Runx2, or Wnt5a. 

We provide data investigating the earliest stages skeletal development in control 

and Hox11 mutant embryos to elucidate the initial defects observed in these mutants. Our 

preliminary studies strongly suggest an interaction between Hox11 and the Hedgehog 
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signaling pathway. These studies aimed to provide a framework for understanding the 

mechanisms for Hox function in early skeletal development. 
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Results 

Ihh, Runx2, and Wnt5a expression are reduced in Hox11 mutants 

 Skeletal preparations were performed on control, Hox11 mutant (Hoxa11-/-

;Hoxd11-/-), Ihh mutant (Ihh-/-), and Wnt5a mutant (Wnt5a-/-) forelimbs of embryos at 

E18.5 to specifically compare the zeugopod phenotype. Forelimbs were used for all of 

these studies to simplify the genetics of the Hox11 mutants used. Hoxa11 and Hoxd11 are 

expressed in both the forelimb and hindlimb while Hoxc11 expression is restricted to the 

hindlimb [16, 21]. Therefore, complete Hox11 loss-of-function in the forelimb only 

requires loss of Hoxa11 and Hoxd11, and these animals can be generated by conventional 

breeding techniques. 

 First, we performed skeletal preparations on the forelimbs of Hox11 mutant 

(Hox11aadd), Ihh mutant, and Wnt5a mutant embryos at E18.5 to compare the 

morphology of the skeletal elements. Comparative analyses were restricted to the 

zeugopod elements, as the Hox11 phenotype is restricted to this region of the limb. 

Compared to control forelimbs, the zeugopod bones in all three mutants are dramatically 

reduced in length, however there are subtle differences between the mutant phenotypes 

[Figure 4.1A]. Hox11 mutant zeugopod bones are composed nearly completely of 

cartilage, indicated by the Alcian Blue staining, with a small calcified region on the 

anterior aspect of the radius, indicated by the Alizarin Red staining [Figure 4.1A]. The 

radius of the Ihh mutant is completely cartilaginous, while the ulna exhibits a 

disorganized core of calcified condensation [Figure 4.1A]. While Wnt5a mutant elements 

are reduced in size, the overall organization of the bones is somewhat preserved. The ulna 

displays cartilaginous regions at the distal ends of the bone with a medial ossified region, 

while the radius is completely composed of cartilage [Figure 4.1A].  

 We next compared the expression pattern of Hox11, using a Hoxa11eGFP knock-

in reporter, to the expression of Ihh, Runx2, and Wnt5a detected by in situ hybridization 

at E12.5. The Hoxa11eGFP allele is a targeted knock-in/knock-out of eGFP to the 

endogenous Hoxa11 locus [81]. Control animals are therefore heterozygous for Hoxa11, 

containing one Hoxa11eGFP allele (Hox11AaG), but wild-type for Hoxd11 (Hox11DD). 

As we have previously reported, Hoxa11eGFP expression is restricted to the stromal  
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Figure 4.1: Hox11, Ihh, and Wnt5a mutants have similar skeletal phenotypes; 
expression of Ihh, Runx2, and Wnt5a is reduced or absent at E12.5 in Hox11 
mutants. (A) Forelimb skeletal preparations from control, Hox11 mutant (Hox11aadd), 
Ihh mutant, and Wnt5a mutant at E18.5. Higher magnification images focus on the 
zeugopod (radius/ulna) elements and highlight striking similarities in the mutant 
phenotypes. (B-C) Adjacent longitudinal sections of E12.5 control (B) and Hox11 mutant 
(C) forelimb zeugopod showing Sox9+ chondrocytes (red) and Hoxa11eGFP expression 
(green) by immunofluorescence and Ihh, Runx2, and Wnt5a expression by in situ 
hybridization (purple). High magnification images focus on the medial ulna. Dashed 
white lines on fluorescent images and dashed black lines on bright field images indicates 
boundary of skeletal elements determined by morphology and/or Sox9 expression.  
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connective tissue surrounding the zeugopod skeletal elements that are marked by Sox9 

expression [Figure 4.1B]. Hoxa11eGFP in the perichondrium does not overlap with Ihh 

or Runx2 expression, which are both expressed within Sox9+ chondrocytes at the medial 

region of the element [Figure 4.1B]. Higher magnification images show overlap of Ihh 

and Runx2 within the chondrocytes [Figure 4.1B] Interestingly, there appears to be a 

layer of Sox9+ chondrocytes at the lateral sides of the element that are Runx2+ but Ihh- 

[Figure 4.1B]. This Ihh negative region may indicate the future osteoblast-forming region 

of the perichondrium at E14.5. In contrast, Wnt5a appears to be excluded from the Sox9+ 

chondrocytes and instead overlaps with Hoxa11eGFP in the perichondrium [Figure 

4.1B]. 

 The expression of all three of these genes is highly reduced or absent in Hox11 

mutants. Hox11 mutant animals contain one Hoxa11 mutant allele and the Hoxa11eGFP 

allele (Hox11aaG) and are null for Hoxd11 (Hox11dd). It is important to note that 

Hoxa11eGFP expression continues to be largely restricted to the stromal tissues 

surrounding the Sox9+ skeletal elements consistent with the wild-type expression pattern 

[Figure 4.1C]. Therefore, GFP expression can be used to identify the cell population 

normally expressing Hox11. Very low levels of Ihh expression can be observed in a 

largely normal pattern in Hox11 mutant anlage [Figure 4.1C]. Runx2 expression is highly 

reduced and Wnt5a expression, specifically within the zeugopod perichondrial region, is 

absent [Figure 4.1C]. 

 By E14.5, the pattern of Ihh, Runx2, and Wnt5a has achieved their stereotypical 

expression domains. Ihh and Runx2 are both expressed within prehypertrophic 

chondrocytes within the growth plate with Runx2 additionally expressed within the 

perichondrium adjacent to the hypertrophic region [Figure 4.2]. Wnt5a is more broadly 

expressed within the growth plate in both the proliferative and prehypertrophic 

chondrocytes and also within the perichondrium, again more broadly than Runx2 [Figure 

4.2]. Hoxa11eGFP continues to be expressed in mesenchymal stromal cells throughout 

the perichondrium surrounding the skeletal elements [Figure 4.2]. Consistent with data 

from E12.5, the expression of Ihh, Runx2, and Wnt5a is severely reduced or absent in 

Hox11 mutants [Figure 4.2]. There is a small region of Ihh expression within the anterior 

aspect of the radius with corresponding low levels of Runx2 in the overlaying 
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Figure 4.2: Expression of Ihh, Runx2, and Wnt5a is reduced in Hox11 mutants at 
E14.5. Adjacent longitudinal sections of E14.5 control (left) and Hox11 mutant (right) 
forelimb zeugopod showing Hoxa11eGFP expression (green) by immunofluorescence, 
and Ihh, Runx2, and Wnt5a expression by in situ hybridization (purple). Sox9+ 
chondrocytes (red) are marked in Hox11 mutant to demarcate mis-patterned skeletal 
elements. Dashed white lines on fluorescent images and dashed black lines on bright field 
images indicates boundary of skeletal elements determined by morphology and/or Sox9 
expression.  
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perichondrium that may correspond to the disorganized node of hypertrophic 

chondrocytes observed in Hox11 mutants at E18.5 [Figure 4.1A, Figure 4.2]. 

Expression of Ihh, Runx2, and Wnt5a initiates concurrently at E12.5 

 To further understand the interaction hierarchy between Hox11, Ihh, Runx2, and 

Wnt5a in early skeletal development, the expression patterns of these genes were 

examined in the forelimbs of carefully staged embryos from E11.5 to E12.75. 

Hoxa11eGFP expression is first observed in the limb bud around E10.5 and becomes 

restricted to the developing zeugopod by E12.5 [Figure 4.3, [80]]. At E11.5, Sox9+ 

zeugopod pre-chondrocytes are beginning to condense in the zeugopod and Hoxa11eGFP 

expression is observed throughout the hand plate with the highest levels at the 

presumptive zeugopod boundary [Figure 4.3]. Zeugopod-specific expression of Ihh, 

Runx2, and Wnt5a is not yet observed [Figure 4.3]. At these stages, Wnt5a is expressed in 

a gradient within the handplate with the highest levels in the distal anterior ectodermal 

ridge and functions to promote limb bud outgrowth [202]. As Hoxa11eGFP expression 

becomes restricted to the zeugopod between E11.5 and E12.0, there continues to be no 

zeugopod specific expression of Ihh, Runx2, and Wnt5a [Figure 4.3]. Visible zeugopod 

specific expression of all of these genes is initiated at E12.5, in the previously described 

pattern, and continues thereafter [Figure 4.3]. These data define the transition between 

E11.5 and E12.5 as a critical time window for the early events that regulate organization 

of the skeletal elements. 

Hox11-expressing cells are Hedgehog responsive 

 Ihh signals to the perichondrium as part of the PTHrP/Ihh feedback loop [194, 

195]. The expression of Hoxa11eGFP within the perichondrial stromal cells suggested 

that Hox11-expressing cells may be responsive to Ihh signaling. LacZ reporter alleles for 

Gli1-3 were used to identify Ihh responsive cells and to make predictions about 

Hedgehog activity within these cells. Gli1 is a transcriptional activator of the Hedgehog 

signaling pathway while also being a target of the pathway. Therefore activation of Gli1-

lacZ expression and detection of β-gal activity by X-Gal staining can be used to identify 

cells within tissues that are actively responding to Hedgehog signaling [203]. At E12.5, 

Gli1-lacZ is observed at very high levels throughout the perichondrium and at lower  
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Figure 4.3: Ihh and Runx2 expression in the skeletal anlagen and perichondrial 
Wnt5a expression is initiated at E12.5. Adjacent longitudinal sections of control 
forelimb zeugopod showing Sox9+ chondrocytes (red) and Hoxa11eGFP expression 
(green) by immunofluorescence and Ihh, Runx2, and Wnt5a expression by in situ 
hybridization (purple). Limb buds were staged based on morphology from E11.5 to 
E12.75. Scale bar = 500µm. 
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levels within the chondrocytes of the skeletal anlage [Figure 4.4A]. By E14.5, high levels 

of Gli1-lacZ continue to be observed throughout the perichondrium but LacZ is no longer 

detected within the element itself [Figure 4.4A]. In contrast, the bulk of Gli2-lacZ and 

Gli3-lacZ positive cells are restricted to the periarticular perichondrium at the distal ends 

of the skeletal elements [Figure 4.4A]. The perichondrial expression of all three Gli 

proteins overlaps with Hoxa11eGFP supporting the possibility that Hox11-expressing 

cells are Hh responsive [Figure 4.4A]. Interestingly, Gli1-lacZ is expressed in cells that 

lack Gli2-lacZ and Gli3-lacZ [Figure 4.4]. We next examined the pattern of Gli1-lacZ in 

Hox11 mutants at E12.5, E14.5, and E16.5. Consistent with the dramatic reduction in Ihh 

message, there is a significant reduction in Gli1-lacZ signal throughout the 

perichondrium in Hox11 mutants [Figure 4.5]. This reduction in Gli1-lacZ is specific to 

the zeugopod region as wild-type levels are observed in the perichondrium of stylopod 

and autopod bones [Figure 4.5]. 

 The location of Ihh expression, prehypertrophic chondrocytes, and the region of 

Hedgehog responsive cells in the perichondrium surrounding the entire element are 

spatially quite distant from one another [compare Figures 4.1B and 2 with Figure 4.4A]. 

It remains unclear if Ihh signal is propagated through the perichondrium or whether Ihh 

ligand functions as a long-range signal that acts directly on the distal perichondrial cells. 

The distribution of Gli1-lacZ signal in the perichondrium surrounding the entire element, 

including the most distal regions, provides evidence for the latter scenario. We 

investigated Ihh ligand distribution at E14.5 by immunohistochemistry using an antibody 

against the Hedgehog ligands. The highest level of ligand staining is observed at the 

boundary of the perichondrium and the underlying chondrocytes of the skeletal element 

[Figure 4.4B]. The levels are highest in the medial region of the element, near the site of 

ligand production, and decrease in a gradient fashion towards the distal ends of the 

elements. However, faint signal can still be observed even in the most distal regions 

[Figure 4.4B]. To validate the fidelity and specificity of the antibody, staining was 

performed in age matched Ihh mutant limbs. No specific staining within the skeletal 

elements was observed in Ihh mutant embryos, supporting the accuracy of our reported 

ligand distribution [Figure 4.4B].  
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Figure 4.4: Hedgehog pathway responsive cells are generally restricted to the 
perichondrium and directly respond to Ihh ligand. (A) Longitudinal sections of E12.5 
(top) and E14.5 (bottom) forelimb zeugopod from Gli1-lacZ, Gli2-lacZ, and Gli3-lacZ 
animals. β-galactosidase (blue) activity was detected by X-gal staining. Dashed black 
lines indicated boundary of skeletal elements determined by morphology. (B) Staining for 
Ihh protein (red) in E14.5 control or Ihh mutant (Ihh-/-) forelimb zeugopod using 5E1 
antibody. Dashed white line indicates region magnified below. Scale bar = 200µm. 
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Figure 4.5: Gli1-lacZ signal is lost in Hox11 mutant perichondrium. Longitudinal 
sections from E12.5, E14.5 and E16.5 control (left) and Hox11 mutant (right) animals 
containing Gli1-lacZ allele. β-galactosidase (blue) activity was detected by X-gal staining 
Dashed black lines indicated boundary of skeletal elements determined by morphology. 
Scale bar = 500µm. 
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Hox11 mutants form cilia 

 The primary cilium is a non-motile, microtubule-based cell structure that projects 

from the cell surface that has reported functions as a signaling node for many pathways 

including Hedgehog signaling [reviewed [204]]. Many Hedgehog signaling components 

are specifically localized to the primary cilium, and disruptions in cilia formation or 

trafficking of intracellular components along the microtubules of the cilium correlates 

with Hedgehog signaling defects. We show that Ihh expression is, at least partially, 

initiated in Hox11 mutant limbs at E12.5 yet there is little to no Gli1-lacZ response in the 

perichondrium suggesting that there is little to no Hedgehog pathway response. We 

hypothesized that Hox11 mutants are unable to respond to Ihh ligand and, thus examined 

our Hox11 mutant tissue for potential defects in the primary cilium.  

 The presence of cilia was examined at E12.5 and E14.5 in Hox11 control and 

mutant forelimbs. At both stages examined, Hoxa11eGFP-positive perichondrial cells 

formed primary cilia that were indistinguishable from controls, although resolution in 

tissue is not high [Figure 4.6A-B]. To examine primary cilia at greater resolution, 

primary mouse embryonic fibroblast cultures were generated from Hox11 control and 

mutant limb buds at E12.5 and the primary cilia was examined in vitro. Cilia formation 

appears normal in Hox11 mutant fibroblast cultures compared to controls in vitro, as well 

[Figure 4.6C]. These data suggest that Hox11 mutant cells form primary cilia and are 

likely to be capable of responding to Ihh ligand. 

 Next, we tested whether Hox11 mutants were capable of responding to Hedgehog 

signaling by pharmacologically activating the pathway using Smoothened Agonist (SAG) 

in an ex vivo limb culture system [205]. This agent activates the Hedgehog signaling 

pathway at the level of the cell surface, bypassing Hedgehog ligand binding to the 

Patched-1 (Ptch1) receptor and directly activating Smoothened (Smo). For these 

experiments, Hox11 control and mutant animals additionally contained Gli1-lacZ as a 

read out of Ihh pathway activation. Forelimb cultures were initiated at E12.5 and were 

treated with SAG or DMSO as a control. After 24 hours in culture, treatment with SAG 

rescued Gli1-lacZ signal in Hox11 mutants to levels comparable to controls [Figure 4.7]. 

These data demonstrate that Hox11 mutant cells are capable of responding to Hedgehog 
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signaling. However, after 72 hours in culture, SAG treatment did not lead to any 

phenotypic rescue of the Hox11 mutant phenotype [data not shown]. It is still unclear 

whether the lack of phenotypic rescue is meaningful or simply due to limitations of the 

experimental conditions. 

  



100	
	

 

 

 
Figure 4.6: Hox11 mutants form primary cilia that are indistinguishable from 
controls. Longitudinal section of zeugopod forelimb from control (left) and Hox11 
mutant (right) embryos containing Hoxa11eGFP allele (green) at E12.5 (A) or E14.5 (B). 
Sections were stained with Sox9 (red) to identify chondrogenic condensations and 
Acetylated Tubulin (white) to identify primary cilia. (A) White box indicates region 
magnified to right. (B) DAPI (blue) identifies all cell nuclei. White boxes (i and ii) 
indicate regions magnified to right of each low magnification image. Insets (iii and iv) 
are even higher magnification images of acetylated tubulin staining. (C) Primary limb 
bud fibroblasts isolated from E12.5 control (top) and Hox11 mutant (bottom) embryos 
containing Hoxa11eGFP allele. Hoxa11eGFP-positive (green) cells were stained with 
Acetylated Tubulin (red) to identify primary cilia and DAPI (blue) to identify cell nuclei. 
Inset (white box) shows high magnification of primary cilia. 
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Figure 4.7: Hox11 mutant perichondrial cells are capable of responding to 
Hedgehog signaling in ex vivo culture when stimulated by Smoothened Agonist. Ex 
vivo forelimb zeugopod cultures were established from control (top) and Hox11 mutant 
(bottom) embryos that additionally contained the Gli1-lacZ allele. Forelimbs were 
cultured for 24 hours on membranes at the liquid-air interface prior to fixation and whole-
mount X-gal staining (blue). The left forelimb culture media was supplemented with 
20nM of Smoothened Agonist (SAG) while the right forelimb culture media contained 
vehicle control (DMSO). Whole-mount images were taken after staining (left panels). 
Limbs were subsequently embedded and sectioned and bright-field images collected 
(right panels). Dashed black lines indicated boundary of skeletal elements determined by 
morphology. Scale bar = 200µm. 
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Discussion 

 This work in progress aimed to characterize the earliest events in skeletal 

development in an effort to elucidate the mechanism of Hox function during these 

processes. Our initial hypothesis was if we could identify the earliest molecular event that 

is disrupted in Hox11 mutant animals this would provide a clue as to the possible 

mechanism(s) of Hox-mediated patterning of the skeleton. We chose to characterize the 

expression profiles of Ihh, Runx2, and Wnt5a due to the striking similarities in the 

skeletal phenotypes of Ihh, Runx/Runx3, and Wnt5a mutants compared to the Hox11 loss-

of-function phenotype [16, 194, 198, 201]. We focused our analyses from E11.5 to E12.5 

as this is when defects in Hox11 mutants are first observed [83]. Our analyses showed 

that, within the level detection by in situ hybridization, expression of all three genes are 

initiated virtually concurrently at E12.5. These data define the E11.5 to E12.5 temporal 

window as a critical window for establishing many critical signaling events in skeletal 

development. Unfortunately, we were unable to determine an order in which these genes 

are expressed with the assays used. It is important to note that Hoxa11eGFP expression is 

observed days prior to the initiation of Ihh, Runx2, and Wnt5a expression suggesting Hox 

functions upstream of these genes and could be involved in initiating their expression. 

 At E12.5, Hoxa11eGFP-positive perichondrial cells are strongly Gli1-lacZ 

positive indicating that these cells actively respond to Ihh ligand. We did not examine 

PTHrP expression in this study, however prior studies indicate that Hox11-expression 

overlaps with PTHrP expression in perichondrial cells at the distal ends of the skeletal 

elements [83]. In addition to significant reduction in Ihh expression in Hox11 mutants, 

PTHrP expression is also lost [83]. We have acquired a PTHrP-lacZ allele and future 

experiments will examine the levels of PTHrP expression in Hox11 control and mutant 

embryos [206]. Perhaps unsurprisingly, with the dramatic reduction in Ihh expression in 

Hox11 mutants there is a corresponding loss of Gli1-lacZ signal in the perichondrium and 

this loss of β-gal signal is specific to the zeugopod skeletal elements. These data strongly 

suggest a role for Hox11 in the negative feedback loop between Ihh and PTHrP. 

Specifically, it suggests that Hox11 may function to promote PTHrP expression in 

perichondrial cells in response to Ihh signaling. Given the significant physical distance 
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between the source of Ihh message and Hedgehog responsive cells, indicated by Gli1-

lacZ, we investigated the distribution of Ihh protein within the skeletal elements. Our data 

indicate that Ihh ligand traverses from the site of production to the perichondrium, where 

it localizes and signals directly to the Hox11-expressing perichondrial cells. 

There is precedence for long-range movement of Hedgehog ligands distant from 

the location of ligand secretion [207, 208]. Diffusion of Hedgehog ligands appears to 

depend significantly on the composition of the extracellular matrix particularly heparan 

sulfate proteoglycans [207, 208]. Changes in the heparan sulfate chains can dramatically 

affect Hedgehog ligand distribution. In the skeleton, mutants of the glycosyltransferase 

Exostosin 1 (Ext1) have reduced heparan sulfate synthesis and exhibit an increased range 

of Ihh ligand distribution, specifically within the growth plate [208]. Koziel and 

colleagues report Ihh ligand distribution in a gradient within the chondrocyte 

extracellular matrix of the growth plate with the highest levels corresponding to pre-

hypertrophic zone and the source of Ihh transcription [208]. Expression within the 

perichondrium was not reported in this study, but levels appear to be low or absent. The 

distribution of Ihh ligand reported in this study is not consistent with the pattern of 

distribution we report. The 5E1 antibody used in our work is a mouse primary antibody 

and results in high background signal within the tissue, overall increasing the technical 

difficulties involved for these experiments. However, we used littermate Ihh-/- controls as 

our negative control for these studies, increasing our confidence in the accuracy of the 

staining pattern we report. It is possible that further optimization of the antibody staining 

protocol could allow us to visualize Ihh ligand within the growth plate as well as the 

perichondrium, potentially resolving the discrepancy in the pattern of ligand distribution.  

 We show that at E12.5 there is a small amount of Ihh message generated in Hox11 

mutant skeletal elements but this is lost by E14.5. These data suggest that initiation of Ihh 

expression in the skeletal anlage is Hox-independent but that maintenance of this 

expression is Hox-dependent. This might be expected as Ihh expression initiates in non-

Hox-expressing cells. Additionally, there is no Gli1-lacZ signal in the perichondrium of 

Hox11 mutants indicating no Hedgehog pathway activation. We hypothesized that Hox11 

mutant perichondrial cells may be unable to respond to Ihh signaling resulting in a failure 

to establish appropriate feedback signaling required to maintain Ihh expression. However, 
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analysis of cilia formation demonstrated that Hox11 mutant perichondrial cells were 

capable of forming normal cilia suggesting that Hox11 mutants should be capable of 

responding to Ihh ligand at the cell surface. A caveat to this conclusion is the current 

level of analyses is not at very high resolution and further study would allow this 

conclusion to be more highly supported. Additionally, pharmacologic activation of 

Hedgehog signaling with SAG in ex vivo limb cultures confirmed that Hox11 mutants 

were able to respond to Hedgehog signaling indicated by a rescue of Gli1-lacZ 

expression in the perichondrium. SAG activates the Hedgehog signaling pathway at the 

level of the cell surface through direct activation of Smoothened. In Hedgehog signaling, 

Ptch1 inhibition of Smo activity is released upon ligand binding initiating downstream 

signaling cascade resulting in expression of Hedgehog target genes, like Gli1 [209]. Gli1 

is both a target and an effecter of Hedgehog signaling. Our ex vivo culture analyses allow 

us to conclude that, from the level of Smo, activation of Hedgehog signaling is capable of 

upregulating, at least some, downstream targets in Hox11 mutants. However, activation 

of Hedgehog signaling was unable to morphologically rescue the Hox11 mutant 

phenotype suggesting activation of a subset of downstream Ihh targets in the 

perichondrium may still be defective even though Gli1 expression is induced. These data 

are consistent with the exciting possibility that Hox11 and Gli1 transcription factors may 

work cooperatively within the perichondrium. 
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Future Directions 

 Short-term experiments 

 This study provides the foundation for future work in understanding the earliest 

events regulated by Hox11 during skeletal development and focuses future analyses to 

the E11.5 to E12.5 temporal window. The earliest phenotypic changes in Hox11 mutants 

occurs beginning at E12.5, the time point when multiple known signaling molecules and 

transcription factors critical for proper skeletal development are first being expressed. 

Given that expression of Ihh, Runx2 and Wnt5a are all reduced or absent at E12.5 in 

Hox11 mutants, these data suggest early functions for Hox11 in regulating these genes. 

However, only Wnt5a expression overlaps with Hoxa11eGFP in the perichondrium 

indicating that Hox11 does not directly regulate the expression of Ihh or Runx2, but may 

regulate Wnt5a expression. Additionally, initiation of Ihh expression appears to be Hox-

independent at E12.5 indicating Hox11 may function within the Ihh/PTHrP feedback 

loop downstream of Ihh signaling, perhaps through direct interactions with Gli 

transcription factors. 

Recent data has provided insight into the mechanisms that control initiation of 

Runx2 and Ihh expression within the skeletal anlagen. Runx2 has previously been shown 

to directly activate Ihh transcription within chondrocytes [198]. New evidence suggests 

redundant functions of perichondrial FGF9 and FGF18 in promoting both Runx2 and Ihh 

expression during early limb development [210]. The authors propose a model whereby 

FGF9 and FGF18 regulate early chondrocyte proliferation through initiating the 

Ihh/PTHrP feedback loop. FGF9 and FGF18 are both expressed within the limb bud 

mesenchyme and the perichondrium at early stages of skeletal developing suggesting that 

these genes could potentially be directly regulated by Hox11. It is important to note, 

however, that the Fgf9;Fgf18 double mutant phenotype most severely affects the 

stylopod bones suggesting redundant functions for other FGFs within the zeugopod 

[210]. Future experiments will examine expression of Fgf9 and Fgf18 in Hox11 control 

and mutant embryos by in situ hybridization between E11.5 and E14.5. Additionally, we 

have recently acquired an Fgf18-lacZ reporter allele that can be used as a secondary 

means of examining FGF18 expression [gift from Dr. Mark Lewandoski]. The 
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relationship between Hox11 and FGF ligands in the limb could provide a mechanism for 

Hox11 regulation of Runx2 and Ihh expression in early skeletal development. However, 

the Hox11 mutant phenotype is significantly more severe than the Fgf9;Fgf18 double 

mutant indicating additional functions beyond potentially regulating FGF ligands. 

 Our preliminary data supports multiple interactions between Hox11 and Ihh 

signaling. First, Ihh expression is lost in Hox11 mutants indicating that Hox11 functions 

early during development to indirectly promote Ihh expression. Second, Gli1-lacZ 

staining indicates that Hox11-expressing cells respond to Ihh signaling throughout 

skeletal development. We present preliminary evidence that primary cilia formation 

occurs normally in Hox11 mutants indicating that these cells should be capable of 

responding to Hedgehog ligands at the cell surface. However, the current data from limb 

tissues is purely qualitative and cilia resolution is not high enough for quantification of 

properties like cilia length. Data from Hox11 control and mutant limb bud fibroblasts 

provides additional qualitative evidence supporting normal cilia formation in mutants. 

However, cilia morphology was assessed in limb bud fibroblasts that had been 

maintained in culture for multiple passages (>5) raising concerns about the effects of in 

vitro culture on cell behavior. Future studies quantifying cilia length using primary limb 

bud fibroblast cultures at early passage numbers (<2) will provide the rigor necessary to 

identify potential cilia defects. If differences in cilia length are observed, ultra-high 

resolution techniques, like electron microcopy, could be used to examine the 

microtubular structure of the cilia. 

 Consistent with our preliminary data indicating normal cilia formation, ex vivo 

limb cultures strongly support that Hox11-mutant perichondrial cells are capable of 

responding to Hedgehog signaling, at least to the extent of activation of the downstream 

Hedgehog target gene, Gli1. Treatment with SAG was unable to affect any phenotypic 

rescue of the Hox11 mutant skeleton at any concentration tested, and at all but the lowest 

concentrations (<10µM), had a negative effect on development of wild-type limb cultures 

[data not shown]. It is still unclear whether the lack of a rescue is a meaningful result or 

simply a consequence of the experimental conditions. However, it is important to note 

that SAG treatment, at the concentrations tested was unable to rescue Ihh mutant limb 

development either indicating critical experimental design problems [data not shown]. 
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SAG is a powerful activator of the Hedgehog pathway and skeletal development may be 

very sensitive to the degree of Hedgehog pathway activation. Future rescue experiment 

using purified Ihh ligand may yield more informative results. Full or partial rescue of the 

Ihh mutant phenotype is a critical control that must be accomplished prior to further ex 

vivo attempts at rescuing Hox11 mutants. Access to Wnt5a mutants provides an 

additional opportunity to attempt to rescue the Hox11 mutant phenotype through 

supplementation of exogenous Wnt5a ligand. Appropriate control experiments to rescue 

the Wnt5a mutant phenotype have not been performed, however exogenous Wnt5a ligand 

resulted in a mild increase in chondrocyte proliferation in Hox11 mutants but no rescue of 

chondrocyte morphology [data not shown]. Defects in FGF signaling in Hox11 mutants 

has yet to be determined, but exogenous FGF9 and/or FGF18 represent additional 

candidates for ex vivo rescue. It is possible that an ex vivo rescue will not be successful 

due to the complex signaling interactions between multiple pathways and more complex 

genetic rescues could be considered. 

 Long-term experiments 

 In general, the proposed experiments still fall short of understanding the direct 

molecular mechanisms of Hox11 function in skeletal development. Hox function appears 

to be critical for initiating multiple signaling pathways involved in the initial stages of 

skeletal development between E11.5 and E12.5, a temporal window that has been 

significantly understudied. There is a clear relationship between Runx2 and Ihh signaling, 

potentially involving FGF9/FGF18, but the function of Hox within these interactions is 

unknown. Additionally, the function of Wnt5a produced in the perichondrium has not 

been explored. Hypothesis generating assays, like chromatin immunoprecipitation 

(ChIP), microarray, or RNA sequencing (RNAseq), will be necessary to identify 

mechanisms of Hox function at these developmental stages. We have previously 

performed microarray analyses at E12.5 comparing the expression profile of 

Hoxa11eGFP-expressing control and mutant limb bud stromal cells. The top Gene 

Ontology (GO) term from these data was genes related the extracellular matrix 

suggesting Hox may function in regulating the extracellular environment during early 

development. Disappointingly, the fold-changes of most of these genes were less than 

two-fold making it difficult to confidently validate potential target genes by qPCR or in 
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situ hybridization. Future experiments may involve comparing expression changes in 

controls and mutants over multiple time points as our prior experiments may not have 

captured the most informative snapshot. 

For some of these data-generating experiments, new mouse models will be 

required to perform in vivo. Efforts are currently underway to generate knock-in FLAG-

tagged versions of Hoxa11 and Hoxd11 to allow us to perform pull down experiments on 

these proteins. Available antibodies are not specific or sensitive enough for individual 

Hox proteins to allow for assays like ChIP or co-immunoprecipitation (Co-IP) on 

endogenous Hox protein. Generation of knock-in tagged alleles will allow us to 

circumvent limitations in anti-Hox antibody quality by isolating Hox proteins by their 

tags, in this case FLAG. Importantly, this targeted knock-in approach maintains Hox 

expression at endogenous levels minimizing concerns about false positives due to over 

expression of your gene of interest. ChIP experiments will allow us to identify genes, at 

the whole genome level, that may be regulated by Hox11 at these stages. Candidate genes 

can then be validated in vivo. We can also use a targeted approach to look for Hox11 

binding near candidate genes from our microarray or other assays. FLAG-tagged alleles 

will also allow us to perform Co-IP experiments to test our hypothesis that Hox11 and 

Gli1 directly interact to promote downstream Hedgehog signaling. A Hox11 binding-

partner screen could even be performed using Co-IP followed by mass-spectrometry of 

isolated proteins. Collectively these experiments have significant potential to increase our 

understanding of the mechanisms of Hox gene function in skeletal development. 

 Other studies presented in this thesis identified Hox11-expressing stromal cells as 

a life-long skeletal stem cell that arises at embryonic stages [Pineault et al. in 

submission]. Prior work established that Hox11 is not required for MSC specification 

during development but that loss of Hox11 function resulted in chondrogenic and 

osteogenic differentiation defects in vivo [110]. These data suggest Hox11 may function 

in early fate decisions in skeletal MSCs. Chondrogenic progenitors for the forelimb 

zeugopod express the transcription factor Sox9 and generate a Collagen II matrix, both 

indications of early chondrocyte lineage specification seemingly inconsistent with our 

hypothesis [83]. However, initiation of Sox9 expression occurs prior to overt regional 

restriction of the posterior Hox genes (Hox9-13) within the limb bud. During these initial 
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skeletal condensation events, there is significant overlap in expression of the posterior 

Hox genes and redundancy between the Hox paralogous groups may be sufficient to 

compensate for loss of Hox11 genes at this stage. As limb development proceeds, 

posterior Hox gene expression and function is regionally restricted, and potential 

compensation is lost. The initial manifestation of Hox11 mutant phenotypes at E12.5 

coincides nicely with the restriction of Hoxa11eGFP expression to the zeugopod 

supporting this hypothesis [80, 83]. Thus, the failure of the zeugopod elements to 

undergo subsequent longitudinal growth following element condensation may result from 

a failure of Hox11 mutant skeletal MSCs to undergo chondrogenic differentiation and 

contribute new skeletal cells. One potential experiment to address the function of Hox11 

in early fate decisions is through careful molecular analyses of directed chondrogenic 

differentiation of Hox11-expressing skeletal progenitors in vitro. RNA sequencing 

(RNAseq) could be performed at multiple points during the early stages of directed 

differentiation to analyze the transcriptome of cells differentiated from Hox11 control and 

Hox11 mutant progenitors. These studies could allow for identification of candidate 

genes involved in the early chondrogenic program that are regulated by Hox11 that could 

subsequently be confirmed in vivo.  
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Materials and Methods 

Mouse models 

 All animals were maintained on mixed backgrounds. Hoxa11eGFP [81], Ihh-

mutant [194], Wnt5a-mutant [202], Gli1-lacZ [203], Gli2-lacZ [211], Gli3-lacZ [212], 

and Hoxa11 and Hoxd11 null alleles [83] have been described elsewhere. Control and 

Hox11 null embryos were generated by crossing double heterozygous parents of the 

following genotypes; Hox11AaGDd x Hox11AaDd. Mating pairs were checked daily for 

the presence of a vaginal plug. Pregnant females were sacrificed by CO2 exposure at the 

indicated ages. All procedures described here were conducted in compliance with the 

University of Michigan Committee of Use and Care of Animals, protocol PRO00006651. 

Skeletal preparations 

 E18.5 embryos were eviscerated and fixed in 95% ethanol overnight. Skeletal 

preparations were performed using standard methods [213]. 

In situ hybridization and immunohistochemistry 

 Embryos were collected in PBS on ice, fixed in 4% parafolmaldehyde for 2 hours 

at 4�C rocking, and equilibrated in 30% sucrose overnight. Tissues were embedded in 

optical cutting temperature (OCT) medium and sectioned at 12µm. Section in situ 

hybridization was performed as previously described [214, 215]. Ihh, Runx2, and Wnt5a 

in situ probes were previously described [192, 216, 217]. Section immunohistochemistry 

was performed using standard methods using primary antibody for rabbit anti-Sox 9 

(1:500, Millipore, AB5535) and conjugated secondary antibodies donkey anti-rabbit 

Alexa Fluor 555 (1:1000, Invitrogen, A31572). Mouse on Mouse detection kit (Vector 

Labs) was used to detect mouse anti-acetylated Tubulin (1:20, Sigma, T7451) and mouse 

anti-Shh/Ihh (Developmental Studies Hybridoma bank, 5E1) using M.O.M. Biotinylated 

Anti-Mouse IgG reagent and Streptavidin Alexa Fluor 647 (1:500, BioLegend, 405237). 

β-Galactosidase staining was performed as described (Mortlock 2003). Nuclei were 

visualized by DAPI (1:10,000, Sigma, D9542). Fluorescent and bright-field images were 

captured on an Olympus BX-51 microscope with an Olympus DP-70 camera.  
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Cell culture 

 Mouse limb bud fibroblasts were harvested from E12.5 forelimbs from control 

and Hox11 mutant Hoxa11eGFP-positive embryos. Embryos were harvested in sterile 

PBS on ice. Using a stereo microscope equipped with a fluorescence adaptor, only the 

Hoxa11eGFP-positive region of the forelimb was harvested. Forelimb tissue was rinsed 

several times in sterile PBS. Tissue was digested with 0.25% Trypsin-EDTA (Gibco) at 

37�C with mild agitation for up to 5 minutes. Digestion reaction was quenched with 

culture media (Dulbecco’s Modefied Eagle’s Media (DMEM) containing 10% FBS, 1% 

L-glutamine, 1% Penicillin and Streptomycin). A single cell suspension was generated by 

repeated, gentle agitation with a p1000 pipette. Tissue-culture dishes were coated with 

0.1% gelatin prior to limb fibroblast culture. Fibroblasts from a single embryo were 

plated onto one well of a 6-well plate and culture media was changed every other day. 

Cells were passaged upon reaching 70-80% confluence using standard Trypsin methods. 

 For imaging, cells were cultured on gelatin coated glass coverslips until reaching 

70-80% confluence. Cells were rinsed with ice-cold PBS and fixed with 4% 

paraformaldehyde on ice for 15 minutes. Immunohistochemistry was performed using 

standard methods. 

Limb bud culture 

 Mouse forelimb zeugopod skeletal anlagen were harvested from E12.5 control 

and Hox11 mutant Hoxa11eGFP-positive embryos. Embryos were harvested in sterile 

PBS on ice. The ectoderm and soft tissues were carefully mechanically dissected and 

removed and the zeugopod condensations were collected for culture. Skeletal 

condensations were rinsed in sterile PBS and transferred to a filter membrane suspended 

on culture media (above) supplemented with 20nM SAG (Millipore, 566660) or DMSO. 

After 24 hours, condensations were fixed with 4% paraformaldehyde on ice and whole-

mount β-Galactosidase staining was performed. Following imaging, tissue was 

equilibrated in 30% sucrose overnight and embedded in OCT. Sections were collected at 

12µm and imaged. 
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CHAPTER V 

Discussion 

Summary of Significant Findings 

 The most significant finding from this work is the demonstration that Hox11-

expressing cells represent a lineage-continuous population of skeletal mesenchymal stem 

cells throughout the life of the animal. Conflicting data in recent years have led to great 

debate over the identity and origin of skeletal MSCs. Numerous genetic models have 

identified populations of cells that enrich, to various extents, for cells with long-term 

progenitor capacity and multi-lineage contribution to the skeleton, yet the dynamics of 

the marked populations differ over time depending on the model employed [121, 132, 

137, 140-142]. The prevailing theory prior to this work postulated that embryonic 

progenitors are replaced by long-lived adult MSCs that arise from postnatal stages [118, 

128]. Our work is not consistent with this model and provides clear data supporting a 

developmental origin for life-long skeletal MSCs. Using a Hoxa11-CreERT2 allele, we 

demonstrate that skeletal MSCs arise from Hox-expressing stromal cells in the 

perichondrium at early stages of embryonic skeletal development and persist throughout 

the lifetime of the animal. These skeletal MSCs contribute to all skeletal mesenchymal 

lineages including chondrocytes, osteoblasts, and adipocytes, and importantly, 

contribution to all of these cell types is continuous even through aged adult stages. 

Finally, using a combination of Hoxa11eGFP to identify ‘real-time’ Hox11-expressing 

cells and Hoxa11-CreERT2 to mark Hox11-lineage cells, we provide in vivo evidence that 

Hox-positive MSCs are capable of self-renewal throughout life. At all stages examined, 

the Hoxa11-CreERT2 marked population behaves as a multi-potent skeletal MSC. 

Collectively these data define Hox11-positive cells as a life-long skeletal stem cell 

population. 



113	
	

 These data highlight several previously unappreciated characteristics of skeletal 

MSCs. With our new Hoxa11-CreERT2 model, we are able to genetically label MSCs in a 

region specific manner, the zeugopod region of the limb. Thus, this model allows for 

investigation of MSC migration through space and time in a manner that was previously 

impossible with existing genetic models. Our data demonstrate that skeletal MSCs arise 

locally during development and are maintained regionally throughout life. Even 

following long-term chasing from embryonic to aged adult stages, contribution of 

Hoxa11 lineage-marked cells to the skeleton is confined to the zeugopod and no 

contribution is observed in the stylopod. Reports of blood-borne stromal cells with 

osteogenic capacity have suggested the existence of a circulating MSC fraction that 

contributes to bone, particularly following injury repair [218-221]. However, the 

contribution of blood-borne isolated progenitors to bone has only been investigated in 

vitro or through transplantation studies leaving doubt as to the relevance of these cells in 

the physiological context. The regional restriction of Hoxa11-CreERT2 lineage-positive 

cells throughout life strongly argues against a circulating MSC fraction derived from 

bone marrow. Additionally, prior work has demonstrated that defects in fracture repair in 

Hox11 compound mutants are exclusive to the Hox11-expressing region consistent with 

no relevant contribution from MSCs from other regions of the skeleton [108, 110]. The 

observation that MSCs do not mobilize through circulation may provide insight into the 

mechanism behind the inability of MSCs to home back to the bone marrow space. Unlike 

HSCs which can re-establish within the bone marrow following injection into circulation, 

there is abundant evidence that MSCs do not possess this capacity [116, 118, 128, 222]. 

Instead, injected MSCs become trapped and accumulate in other organs such as the lungs. 

Given our data demonstrating that MSCs remain local and do not enter the circulation, 

this would be consistent with their lack of homing capacity. 

 The demonstration that Hox11-expressing cells are a population of skeletal stem 

cells throughout the life of the animal may change the way Hox11 mutant and conditional 

mutant phenotypes are interpreted. Hox11 loss-of-function mutation causes severe 

regional defects in skeletal patterning, growth, and injury repair, suggesting that skeletal 

stem cells themselves have important roles in skeletal patterning and growth beyond 

classical functions of adult stem cells such as maintaining tissue homeostasis and 
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participating in injury repair [80, 108, 109]. Interestingly, analysis of complete Hox11 

mutants at E18.5 demonstrates that Hox is not required for the specification of MSCs in 

the zeugopod. Mutant Hoxa11eGFP-positive stromal cells express MSC markers 

PDGFRα/CD51 and equivalent numbers of cells are isolated compared to littermate 

controls [110]. In vitro tri-lineage differentiation demonstrated defective chondrogenic 

and osteogenic differentiation of Hox11 mutant MSCs, consistent with Hox11 mutant 

phenotypes in vivo. These data suggest that Hox11 may function to regulate early lineage 

commitment to the skeletal lineages.  

Future Directions 

Hox function in skeletal MSCs 

 Recent work from the Wellik lab has clearly demonstrated that Hox11 is, not 

only, a marker for skeletal MSCs but is also functional within these cells [80, 108-110]. It 

is important reiterate that Hox genes are transcription factors and are expected to exert 

their function cell autonomously at the level of transcriptional regulation. As mentioned 

above, Hox function does not appear to be required for the specification of MSCs within 

the skeleton rather Hox appears to have a role in chondrogenic and osteogenic 

differentiation [110]. Hox11 is not expressed in differentiated skeletal cell types therefore 

Hox may function during early lineage commitment. Other potential functions for Hox 

include maintenance of MSC quiescence, promoting self-renewal, and regulating 

signaling between MSCs and other cell types. It is curious to note that several other 

genetic models demonstrated to identify progenitor-enriched MSCs, particularly at 

developmental stages, are driven by promoters of genes involved in important signaling 

pathways such as Hedgehog (Gli1-CreER, [141]) or BMP (Gremlin1-CreER, [142]). The 

pattern of Hoxa11eGFP expression strongly suggests overlap between Hox-expressing 

MSCs and the populations marked by Gli1-CreER and Gremlin1-CreER at embryonic 

stages and raises the intriguing possibility that Hox may regulate MSC response to 

Hedgehog and/or BMP signaling within skeletal stem/progenitor cells. New Hox11 

genetic tools will be needed to test the function of Hox in skeletal MSCs in vivo. 
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 Several new Hox11 alleles have or are being generated to interrogate the 

mechanistic function of Hox in MSCs throughout life. A Hoxd11-conditional has been 

generated as part of the body of work described in this thesis and is currently undergoing 

functional validation [Appx Figure 6.2]. With this allele, complete Hox11 loss-of 

function mutants can be induced from any stage and within any cell population using Cre 

and CreER genetic models. To date, the only method available to examine continuing 

functions for Hox11 after birth has been through the use of Hox11 conditional mutants 

where one Hox11 allele, either Hoxa11 or Hoxd11, remains wild-type [108, 109]. While 

these experiments have been informative and indicate continuing functions for Hox11 

throughout life, important caveats have limited the conclusions that can be drawn. 

Perhaps the easiest example to appreciate the drawbacks of this model is the 

analyses of Hox11 function during fracture repair [108, 110]. The use of Hox11 

compound mutants for study of adult Hox function is hampered by the severity of the 

postnatal growth defects observed in these mutants [109]. By adult stages, 8-12 weeks of 

age when fractures are typically performed, Hox11 compound mutant zeugopod bones 

are significantly shorter than control animals and the radius exhibits an abnormal anterior 

bowing morphology [109]. It is impossible to distinguish which defects in fracture repair 

can be attributed to loss of Hox11 function and which are secondary to the abnormal 

bone morphology at these stages [108]. With a Hoxd11-conditional allele, complete 

Hox11 loss of function mutants can be generated from any stage using animals of the 

following genotype; Hoxa11-/-;Hoxd11fl/fl containing a tamoxifen inducible CreER allele, 

for example the ubiquitously expressed ROSA-CreER [Figure 5.1A]. Complete Hox11 

loss of function will be induced through activation of CreER with tamoxifen prior to or at 

stages during fracture injury repair to dissect the functions of Hox throughout this process 

[Figure 5.1A]. It is important to note that Hox11 conditional mutant animals are 

maintained on a Hoxa11 null (Hoxa11-/-) background, however Hoxa11 single mutants 

have a very mild skeletal phenotype [155]. Wild-type and Hoxa11 single-mutant animals 

will be used as controls for all experiments. These experiments will inform our 

understanding of Hox11 function in the skeleton during injury repair, particularly during 

callus remodeling where the effect of Hox11 loss-of-function is less clear. 

  



116	
	

 
 
Figure 5.1: Experimental design to test Hox11 function during fracture repair and 
within skeletal MSCs throughout life. (A) Experimental design to test Hox11 function 
during adult fracture repair. ROSA-CreER;Hoxa11-/-;Hoxd11fl/fl experimental (Exp) 
animals and ROSA-CreER;Hoxa11-/-;Hoxd11+/+ control (Cont) animals will be generated 
by conventional breeding methods. Tamoxifen (Tm) will be administered prior to ulnar 
fracture (Fx) at 8-10 weeks of age to induce Hoxd11-conditional recombination. Mice 
will be collected for analysis 3 days post fracture (3DPF) to examine the initial MSC 
response, 3 weeks post fracture (3WPF) to examine osteoblast and chondrocyte formation 
within the fracture callus, and 12WPF to examine callus remodeling. (B) Experimental 
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design to test Hox function within skeletal MSCs throughout life. Hoxa11-
CreER;Hoxa11-null;Hoxd11fl/fl;ROSA-tdTomato experimental and Hoxa11-
CreER;Hoxa11-null;Hoxd11+/+;ROSA-tdTomato control embryos and mice will be 
generated by conventional breeding methods. Limiting doses of tamoxifen will be 
administered at embryonic day 13.5 (E13.5), postnatal day 3 (P3), or 8 weeks of age to 
induce recombination of Hoxd11-conditional allele and expression of ROSA-tdTomato 
reporter allele. Contribution of control and Hox11 mutant MSCs will be evaluated at 
relevant time points throughout life as depicted. (C) Hox11-expressing MSCs contribute 
to all three skeletal lineages, chondrocytes, osteoblasts, and adipocytes, throughout life 
(left). The predicted outcome for Hox11-conditional mutant MSCs would be a loss of 
chondrogenic and osteogenic differentiation and equivalent or increased adipogenic 
contribution (right).  
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 Conditional Hox11 mutants can also be used to study the function of Hox within 

skeletal MSCs throughout life. Using animals of the following genotype; Hoxa11-

CreER/Hoxa11eGFP;Hoxd11fl/fl;ROSA-tdTomato, conditional Hox11 loss-of-function 

can be induced in Hox11-expressing MSCs, and contribution Hox11 mutant MSCs to the 

skeletal lineages can be measured by tracking tdTomato-positive cells over time [Figure 

5.1B]. The advantage of this model is that Hox11 mutant MSC behavior can be assessed 

in an otherwise wild-type environment by careful control of the levels of recombination. 

By modulating the tamoxifen dose to allow sufficient numbers of control MSCs to 

support normal skeletal function, the impact of Hox11 loss-of-function on MSC 

persistence, self-renewal, and multi-lineage contribution can be assessed without 

disrupting skeletal homeostasis. Given the chondrogenic and osteogenic differentiation 

defects but normal adipogenic differentiation observed in Hox11 mutant MSCs in vitro, 

one could predict a loss of chondrogenic and osteogenic contribution and a bias towards 

adipogenic contribution of conditional mutant MSCs in vivo [Figure 5.1C]. Together, 

these experiments will further define the function of Hox during fracture repair and the 

roles of Hox11-expressing MSCs throughout life. 

 Despite decades of study, there continues to be a dearth of understanding of the 

transcription factor activity of Hox genes particularly with respect to which genes they 

regulate in different developmental and tissue contexts. All Hox genes contain a 

homeodomain motif required for DNA binding. The homeodomain structure is highly 

evolutionarily conserved across species and binds to a core DNA consensus sequence, 

TAAT or TTAT, that is recognized by nearly all homeodomain containing genes [223-

225]. The relatively generic DNA binding properties of the Hox genes is difficult to 

reconcile with the strong genetic evidence for paralog-specific functional domains in 

vivo, referred to as the Hox specificity paradox [226]. Additionally, the conserved 

structural similarity amongst all Hox genes has raised the question of how Hox 

specificity is achieved in a context dependent fashion [227]. The activity of DNA-binding 

Hox co-factors has been demonstrated to modify Hox DNA-binding specificity [228]. For 

example, most of the Hox4-10 paralogs display comparable cooperative binding with 

Pbx3 to a cis-regulatory region of the Foxp1 gene, however only Hoxc9 is specifically 

capable of repressing Foxp1 expression [229]. Additionally, a recent publication 
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demonstrated cooperative DNA-binding activity between the hindlimb specific T-box 

transcription factor, Tbx4, and Hox genes, Hoxc10 and Hoxd13 [230]. Interestingly, 

while Hoxc10 appears to promote Tbx4 transcriptional activation of target genes, Hoxd13 

appears to inhibit Tbx4-mediated transcription. These data demonstrate differential Hox 

gene function even with cooperation of the same co-factor. 

Putative Hox target genes are associated with a diverse array of cellular processes 

including transcriptional regulation, signal transduction, cell morphology, cell adhesion 

and migration, the cell cycle, and apoptosis [13, 231-233]. However, for many of these 

target genes it remains unclear whether Hox proteins directly or indirectly modulate 

expression. In cultured cancer cell lines, there is significant evidence for Hox gene 

function in modulating cell-cell and cell-extracellular matrix adhesion [234]. Over-

expression and knock-down studies have clearly demonstrated Hox-mediated regulation 

of several cell adhesion proteins in vitro including; integrins and cadherins [234]. 

Ongoing work has shown a similar requirement for Hox-mediated regulation of cell-cell 

adhesion in embryogenesis. Hoxa13 mutants display a marked reduction in EphrinA7 

expression in the embryonic limb bud resulting in reduced cell-cell adhesion and 

preventing the formation of chondrogenic condensations both in vivo and in vitro [82]. 

EphrinA7 was later shown to be a direct target of both Hoxa13 and Hoxd13 [235]. 

Preliminary microarray analysis from our laboratory comparing Hox11 control and 

Hox11 mutant limb buds at E12.5 demonstrate enrichment for genes related to 

extracellular matrix and cell adhesion [data not shown]. 

However, apart from a few rare examples, most groups only succeed in 

identifying a single or small handful of potential targets. In general, the field continues to 

suffer from a lack genome wide binding information for specific Hox paralogs in tissue 

relevant contexts inhibiting a global understanding of Hox function. One substantial 

limitation is availability of rigorously validated antibodies specific for individual Hox 

proteins. This has prevented the widespread use of chromatin immunoprecipitation 

(ChIP) assays to identify Hox binding sites within the DNA. Frequently, ChIP data has 

relied upon either transgenic over-expression of Hox constructs, transfection of tagged 

Hox constructs into cultured cells or in vitro binding assays using purified Hox proteins 

[235-237]. There are several drawbacks for the use of in vitro models for studying 
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transcription factor binding; perhaps the most important being the loss of the in vivo 

context. Additionally, over-expression can lead to false positives that are not 

representative of the endogenous state. To this end, ongoing work is being done to 

generate and validate knock-in FLAG-tagged alleles of Hoxa11 and Hoxd11. These new 

genetic tools will allow for ChIP experiments to be performed on endogenously 

expressed Hox constructs. Understanding the gene regulatory functions of Hox on a 

global scale will have a profound impact on our understanding of how Hox functions to 

direct development, growth, homeostasis, injury repair, and disease in the skeleton.  

Establishment of the bone marrow space and the HSC niche 

 Our lineage-tracing data demonstrates that Hox11-expressing MSCs in the bone 

marrow originate from the perichondrial cells in the embryo from at least E13.5. At this 

stage, the skeletal anlage is completely cartilaginous and Hoxa11-CreERT2 marked cells 

will be restricted to the perichondrial tissues surrounding the elements. By adult stages, 

embryonic Hoxa11-lineage cells are found on both the outer surfaces of the bones 

(perichondrium/periosteum) and within the bones (bone marrow space and endosteal 

bone surface) demonstrating that the bone marrow fraction of MSCs are lineage-related 

to cells from the embryonic perichondrium. The mechanism of how the embryonic 

Hox11-expressing perichondrial stem cells enter and establish the bone marrow MSC 

compartment is completely unknown. 

 Formation of the bone marrow space initiates around E15.5 with the invasion of 

vascular endothelial cells into the hypertrophic zone at the middle of the element [238, 

239]. This process occurs about one day after the appearance of Runx2-positive and 

Osterix-positive pre-osteoblasts on the medial lateral surfaces of the skeletal anlage 

[240]. As the element grows, osteo-lineage cells are recruited to the developing marrow 

space, undergo differentiation and mineralize the hypertrophic chondrocyte matrix 

forming the primary spongiosa [170]. The spongy bone is subsequently remodeled by 

chondroclasts and osteoclasts to form a hollow tube of cortical bone surrounding the bone 

marrow cavity [239]. Concurrently, the primary location of hematopoiesis moves from 

the fetal liver into the bone marrow [241-243]. Current understanding suggests that 

mesenchymal stromal cells, encompassing skeletal stem cells and other supportive 
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stromal fibroblasts, are recruited to the bone marrow space by the vasculature [170, 240]. 

Using an Osx-CreER mouse model, Maes et al., demonstrated that only osteoblast 

precursors but not differentiated osteoblasts were capable of invading the bone marrow 

space during the E14.5 to E16.5 time frame [170]. The intimate association of stromal 

progenitors and vascular endothelial cells led authors to postulate that stromal cells 

migrate along the invading endothelial cells to enter the developing bone marrow cavity 

[170]. The signals that regulate the relocalization of progenitor cells from the 

perichondrium to the bone marrow space are still being explored. 

 There are a number of outstanding questions regarding this process. We have 

demonstrated that Hox11-expressing stromal cells at E14.5 do not overlap with Osx-

positive pre-osteoblasts and lineage-tracing data has demonstrated that Hoxa11-marked 

cells more highly enrich for long-term skeletal stem cells than Osx-lineage cells. It is 

unclear whether Hox11-positive MSCs from the outer perichondrial layer will have the 

same transmigration dynamics as Osx-lineage cells. Additionally, how MSC invasion and 

generation of the HSC niche is coordinated with the transition of HSCs to the bone 

marrow space is unclear. HSC establishment within the bone marrow occurs during late 

embryonic and early postnatal stages, however the mechanism of this transition has not 

been determined. The dogma from adult HSC biology is that HSCs can only maintain 

their stem cell identity when residing within the HSC niche [244]. If this is true, then it 

should be impossible for HSCs to travel through the circulation from the liver to the bone 

marrow during embryonic and fetal stages. This paradox clearly demonstrates that the 

requirement of HSCs for niche factors during this transition stage is different from adult 

stages. It is well described that HSC behavior changes during the fetal to adult transition, 

but the role of the niche stromal cells in these processes is unknown [243]. Careful 

examination of Hox11eGFP-expressing cell dynamics during the E14.5 to E16.5 

temporal window will be needed to determine how and when Hox11-expressing MSCs 

enter the bone marrow space. Recent studies have suggested that the process of 

establishing the bone marrow niche during development is similar to the process of 

vascular regeneration following myeloablation [245]. Knowledge of the relationship 

between skeletal vascularization, stromal cell recruitment, and establishment of the HSC 

niche during development of the bone marrow may inform our understanding of bone 
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marrow recovery following irradiation for bone marrow transplantation. This could have 

a substantial impact on improving clinical protocols for patients.  

Perspective: Hox-expression may identify regional mesenchymal stem/progenitor 

populations in all musculoskeletal tissues 

Regional skeletal MSC populations 

 The study of bone marrow MSCs is most frequently performed from long bones 

with analyses of humerus, femur, or tibia bone marrow. Apart from slight differences in 

proportions of progenitor-enriched MSCs in each bone, as far as has been reported, these 

progenitors are functionally equivalent. Through our work, we provide compelling 

evidence that Hox11-expression exclusively defines a regionally restricted MSC 

population in the zeugopod [[110], Pineault et al., in submission]. This observation led us 

to investigate whether MSCs throughout the body express a region specific Hox profile. 

We show that Hox expression is exclusive to the LepR-positive MSC compartment of the 

bone marrow stroma from every bone examined and the regionalized pattern of Hox 

expression established during development is maintained at adult stages [110]. It is thus 

far unclear whether the pattern of Hox expression is simply a byproduct of the domains 

established during development or whether the compliment of Hox genes expressed 

imparts region-specific regulatory information onto spatially distinct MSC populations. It 

is important to reiterate that our data demonstrate that Hox11-expressing MSCs are 

spatially and functionally restricted to the zeugopod at all stages, lending support to the 

latter hypothesis [[110], Pineault et al,. in submission]. 

One of the biggest outstanding questions in skeletal biology is an understanding 

of how regional skeletal morphology is established and maintained throughout life. It is 

remarkable that information regarding regional identity is preserved to adult stages 

allowing bone to regenerate back to its original form following injury. Genetic evidence 

supports that Hox genes contain this patterning information and may impart regional 

specificity to skeletal MSCs. The collective data are consistent with a model whereby 

Hox-expression defines spatially unique MSC populations during early embryonic 

development which function to direct region specific skeletal development, growth, 
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homeostasis and injury repair. Future experiments to define regional Hox function in 

MSCs throughout the body could have profound consequences on the optimal use of 

MSCs in various clinical applications and tissue engineering based therapies. 

Hox-expressing muscle stromal cells 

 One remarkable and surprising result from our Hoxa11-CreERT2 lineage-tracing 

experiments was the significant lineage contribution of marked cells to mature skeletal 

muscle fibers. This result was particularly unexpected as Hoxa11eGFP is never expressed 

in skeletal muscle at any time point examined. Rather, Hoxa11eGFP-expression is 

restricted to the muscle connective tissue during development and continues to be 

excluded from mature muscle fibers through postnatal and adult stages [80, 109, 110]. 

Additionally, Hox11-positive stromal cells and skeletal muscle are derived from two 

different mesenchymal lineages during development; Hox11-positive cells derive from 

the lateral plate mesoderm of the limb bud while skeletal muscle cells arise from the 

somites [46-51, 246]. Myoblasts proliferate and differentiate into mature myofibers 

within the limb, however the entirely of muscle patterning is established by the tendons 

and the muscle connective tissue fibroblasts [57, 61, 62, 65]. Loss of Hox11 function 

results in regional muscle patterning defects during embryonic stages and further 

highlights the critical roles these genes play in muscle development. 

Skeletal muscle has a remarkable capacity for regeneration. Following injury, 

muscle stem cells, termed satellite cells, undergo rapid proliferation and differentiation 

into new myofibers and also self-renew to maintain the stem cell pool [247]. These cells 

were initially identified by their position within adult skeletal muscle located beneath the 

basement membrane and adjacent to the myofibrils [248]. Satellite cells express the 

transcription factor Pax7 and both genetic lineage-tracing studies and transplantation 

models established the ability of these cells to give rise to regenerating myofibers in vivo 

[247, 249-252]. Genetic ablation of Pax7-positive satellite cells using Pax7-CreERT2 and 

a conditional dipthera toxin cassette (R26R-DTA) results in complete failure of muscle 

regeneration confirming that satellite cells are necessary for muscle repair [253-255]. The 

dogma of satellite cells being the muscle stem cell has been challenged recently by the 

demonstration that genetic ablation of satellite cells did not accelerate muscle sarcopenia 
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with age suggesting that while satellite cells are required for muscle regeneration, they 

may not contribute to muscle homeostasis [256-258]. Furthermore, populations of non-

satellite mesenchymal cells have been identified with the capacity to generate 

differentiated myofibers including mesoangioblasts and PW1+/Pax7- interstitial cells 

(PICs) [259, 260]. 

 Muscle connective tissue fibroblasts have been the subject of increased study in 

recent years. In general, two distinct functions have been attributed to these cells. The 

first function is to support muscle function and regeneration in a non-myogenic capacity. 

These supportive muscle interstitial cells can be identified by expression of stromal cell 

markers PDGFRα, CD34, Sca1, and Tcf4 and appear to act as a source of pro-

differentiation signals for myoblasts during regeneration [66, 261, 262]. Due to their 

ability to differentiate into myofibroblasts and adipose cells this population was termed 

fibro-adipogenic progenitors (FAPs) [261, 262]. Following muscle injury, FAPs 

proliferate rapidly and in close proximity to satellite cells and function to promote 

satellite cell differentiation and myofiber formation [66, 261]. Ablation of Tcf4-positive 

fibroblasts significantly impairs muscle repair resulting in premature satellite cell 

depletion and smaller regenerated myofibers [66]. These data show that some muscle 

connective tissue fibroblasts function in an analogous mechanism to muscle connective 

tissue cells during development to promote muscle fiber organization and fiber type 

identity during muscle regeneration. 

 The second general function attributed to muscle connective tissue fibroblasts is 

actual myogenic contribution to new myofibers, challenging the dogma of the satellite 

cell as the only muscle stem cell. PW1-positive interstitial cells (PICs) were initially 

characterized when a muscle-resident, Pax7-negative cell localized to the muscle 

interstitium was identified that was capable of myogenic differentiation in vitro and 

contributed to new myofibers in vivo following injury [260]. PICs and satellite cells 

derive from distinct mesenchymal lineages during development, making the myogenic 

contribution of PICs even more surprising [260]. Twist2 expression has also recently 

been used to identify a non-satellite cell, mesenchymal population with myogenic 

potential in vivo [263]. However, it is still unclear if this population is distinct from PW1 

cells as no enrichment for PW1 was observed by flow cytometry and instead high levels 
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of Sca1 and PDGFRα were observed. Lineage-tracing experiments using an inducible 

Twist2-CreER model provided the first genetic evidence to demonstrate the contribution 

of a non-satellite cell mesenchymal to mature muscle fibers at homeostasis in vivo [263]. 

Interestingly, Twist2-lineage cells are reported to only contribute to type II muscle fibers, 

specifically type IIb and type IIx, suggesting that this population may represent a fiber-

type specific progenitor in muscle. Myogenic contribution by non-satellite cells is an 

active area of investigation with many questions remaining including how the identified 

mesenchymal populations are related and if specific sub-populations have unique 

functional roles at homeostasis and following injury. 

 Our preliminary observations show that Hoxa11eGFP expression in adult muscle 

tissue is strongly expressed in the mesenchymal cells of the muscle interstitium and is 

completely excluded from Pax7-positive satellite cells. In addition, preliminary Hoxa11 

lineage experiments shows a striking contribution to adult skeletal muscle [Figure 5.2] 

The similarities to the recently reported Twist2-lineage cells suggests Hoxa11 expression 

may identify a similar or overlapping non-satellite cell mesenchymal cell with myogenic 

capacity. Future studies are necessary to determine the overlap of Hox11 expressing cells 

with other previously described non-satellite mesenchymal cells using previously 

indentified markers including Twist2, PDGFRα, Sca1, PW1, and CD34 [260-264]. It is 

interesting to note that PDGFRα and Sca1 are also frequently used to identify progenitor-

enriched MSCs within the bone marrow [133]. While Hox11-expression defines skeletal 

MSCs throughout life, it is unclear whether Hoxa11-lineage marked muscle stromal cells 

contain myogenic capacity throughout life or whether this activity is stage dependent. 

Preliminary observations from Hoxa11-CreERT2 lineage-tracing experiments shows that  
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Figure 5.2: Hoxa11-lineage contributes to skeletal muscle robustly from adult 
stages, contribution is minimal from embryonic and postnatal stages by 8 weeks. 
Shown is a low magnification, transverse view of mid-diaphysis adult zeugopod 
forelimb. All images are oriented with dorsal (D) to the top and anterior (A) to the right. 
Tamoxifen was administered to Hoxa11-CreERT2;ROSA-tdTomato embryos or animals 
at E13.5, P3, or 8 weeks of age. Lineage contribution to skeletal muscle was examined at 
the indicated stages. Dotted white line indicates region of high magnification shown 
below. Arrows indicate rare lineage positive myofibers following lineage tracing from 
E13.5 or P3. Hoxa11iTom: red, Dapi: blue, t: tendon, R: radius, U: ulna, V: ventral, P: 
posterior. 
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the most robust contribution to muscle fibers occurs when induced at early adult stages (8 

weeks) and that induction at either embryonic or postnatal stages results in little to no 

labeling of muscle fibers by 8 weeks of age [Figure 5.2]. However, when chased to aged 

adult stages (6 months or more) contribution to mature muscle fibers is observed from 

embryonic, postnatal, and adult stages. More detailed analyses are therefore required to 

determine the timing of the dynamics of contribution to muscle fibers from each of these 

stages. It also remains unclear whether Hoxa11-lineage cells are fiber type specific 

myogenic progenitors, similar to Twist2-marked cells, or whether they contribute to all 

myofibers. 

Finally, the regional contribution of Hox11-lineage cells to the appendicular 

muscles does not match the functional boundaries of regional Hox11 function established 

during embryonic development. Muscle patterning defects in Hox11 mutants are only 

observed in the zeugopod region of the limb while stylopod muscles are pattered 

normally [80]. These data are consistent with the functional boundaries for Hox11 

function in skeletal patterning [16, 83]. Surprisingly, at adult stages, Hoxa11-lineage 

muscle contribution is not restricted to the skeletal muscles of the zeugopod and instead, 

lineage contribution is also observed in a small subset of stylopod muscles. It is unclear 

whether the differences between the boundaries of Hox11 function established during 

development and the boundaries of lineage contribution are meaningful or are simply 

reflective of the fact that lineage-labeled stylopod muscles are marked due to their distal 

insertion sites that reside in the zeugopod region of the limb. Finally, postnatal and adult 

functions of Hox11 in muscle growth and homeostasis are unknown and represent an 

exciting avenue for future investigation. 

Hox11-lineage contribution to tendon 

 Tendon stem/progenitor are the least studied of the musculoskeletal MSCs. 

Tendon is largely considered a non-regenerative tissue; healing occurs very slowly, and 

generally the original structural and functional characteristics of healthy tendon are never 

recovered calling into question whether a tendon stem cell even existed [265]. The 

cellular component of tendon was thought to be exclusively tenocytes and only recently 

have cells with stem/progenitor capacity been isolated from tendon tissues [266]. The 
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identified tendon-derived stem cells (TDSCs) exhibit several general characteristics of 

MSCs including clongenicity, multi-potency, and self-renewal [266]. Similar to the bone 

marrow MSC field, identification of TDSCs is hampered by the fact that even the best 

definitions isolate heterogeneous populations of cells of unknown identity and function. 

Hox11 expression is observed in all Scx-positive tendon progenitors in the 

zeugopod during early limb development [80]. As development proceeds, Hoxa11eGFP 

expression is observed in all progenitor and mature tenocytes and expression in these 

tissues continues throughout life. Hoxa11-CreERT2 lineage-tracing data is consistent with 

these results and shows complete lineage-labeling of all the tendons in the zeugopod at all 

time points examined. It is important to point out that Hox expression and lineage 

contribution is observed at the enthesis site and throughout the perichondrium suggesting 

a common lineage-progenitor for all of these connective tissue compartments. It is highly 

likely that Hox11 is expressed in TDSCs and Hoxa11-CreER may provide a new tool for 

studying the function of these cells. 

Hox-expression as a universal marker of musculoskeletal MSCs 

 Stromal cells have now been isolated from many mesodermal tissues including; 

bone/bone marrow, tendon, muscle, adipose, and others [267-269]. Multi-lineage 

differentiation experiments have coaxed stromal cells from many of these tissues to 

superficially exhibit chondrogenic, adipogenic, and osteogenic capacity in vitro, leading 

to the poorly supported conclusion that cultures of cells from any connective tissue 

represent an MSC [116, 270]. From these data the concept of the universal 

“mesenchymal stem cell” was born [269-272]. This hypothesis postulates that a common 

progenitor exists for all non-hematopoietic, non-epithelial, mesodermally derived tissues 

and that this universal progenitor can be isolated from nearly every tissue in the body 

[118, 129, 267, 269, 273]. Regenerative medicine approaches took this concept further to 

suggest MSCs were capable of regenerating not only mesodermally derived extra-skeletal 

tissues but tissues derived from other germ layers such as liver or neurons [274]. The 

support for this transgerminal plasticity was derived from in vitro studies where cultures 

of neuron-like or liver-like cells were differentiated from poorly defined MSC 

populations [116]. Evidence for this plasticity in vivo has yet to demonstrate clinical 
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feasibility. The logic for a transgerminal stem cell is not supported by the basic principles 

of developmental biology, and the concept of the universal mesenchymal stem cell is 

losing favor as therapeutic success continues to not be realized in clinical trials. 

 The data presented herein argues against abandoning this concept entirely, at least 

with respect to musculoskeletal MSCs. Skeletal stem cells, muscle interstitial stromal 

cells, and tendon-derived stem cells represent developmentally lineage-related stromal 

populations and a sub-population of these cells are Hox-expressing. Lineage-tracing data 

argues that all three of these stromal populations originate at least as early as E13.5 

during development and persist throughout the life of the animal. Rigorous analysis of 

Hox-expressing skeletal MSCs strongly support that this population identifies life-long, 

self-renewing skeletal stem cells. The long-term persistence Hoxa11-lineage positive 

cells within tendon and muscle interstitial cells is consistent with the hypothesis that 

Hoxa11-lineage cells in all musculoskeletal tissues are capable of self-renewal. There is 

ample evidence that at adult stages, skeletal MSCs, muscle interstitial cells, and TDSCs 

are no longer equivalent MSC populations however our data demonstrate that they arose 

from a uniform Hox-expressing mesenchymal population during development. 

With the growing library of Hox11 genetic models, tools now exist to dissect how 

musculoskeletal MSC populations develop and when these populations diverge to 

become tissue specific stem/progenitors. Isolation of lineage-related stromal cell 

populations from each of these tissues can be performed on the basis of Hoxa11eGFP 

expression and exclusion of mature cell types in a way that cannot be accomplished with 

known flow cytometry markers. Omics profiles of Hoxa11eGFP-positive stromal cells 

will provide insight into universal properties of MSCs across tissues as well as tissue 

specific stem/progenitor signatures. These comparisons can also be performed in 

Hoxa11eGFP-positive cells over time to understand how stem cells are defined and 

change with age. This knowledge will have a profound impact across many fields 

deepening our understanding of Hox biology throughout life, improving our 

understanding of how stem cells develop, and potentially changing how MSCs are used 

for regenerative and tissue engineering therapies for the musculoskeletal system. 
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APPENDIX I 

Generation of two new Hox11 alleles via Cas9/CRISPR genetic 

engineering 

Generation of a Hoxa11-CreERT2 targeted knock-in 

Cas9/CRISPR genetic engineering was used to generate a tamoxifen inducible 

CreER knock-in at the Hoxa11 locus. For our approach, we elected to use two guide 

RNAs designed to cut near the boundaries of exon 1 of Hoxa11 and a recombination 

plasmid [Appx Figure 6.1A]. The use of two guides allowed us to use a ‘remove and 

replace’ strategy eliminating all of exon 1 and a small portion of the intron and replacing 

it with CreER sequence. Additionally, the target guide RNA sequence is eliminated in 

this strategy and is not be present in the recombination plasmid preventing unwanted 

targeting of Cas9 to the plasmid or the recombined allele. A recombination plasmid was 

generated containing a tamoxifen-inducible Cre cassette (CreERT2) which includes the 

rabbit β-globin poly-adenylation sequence flanked by 1.3kb of homology upstream and 

downstream of exon 1 of Hoxa11 [172]. This editing strategy results in replacement of 

exon 1 with CreERT2 while maintaining the endogenous Hoxa11 upstream and 

surrounding sequences. 

Founder animals (F0) were initially screened by PCR for insertion of CreERT2 

sequence [Appx Figure 6.1B]. Four animals were positive for CreER sequence. Correct 

targeting to the Hoxa11 locus was validated by Southern Blot analyses using 5’ and 3’ 

flanking probes as well as an internal probe [Appx Figure 6.1C]. Of the four potential 

founders, three animals were correctly targeted to the Hoxa11 locus, and animal number 

27 displayed germline transmission of the allele [Appx Figure 6.1C]. To test for non-

specific CreER activity, Hoxa11-CreERT2 mice were crossed to ROSA26-LSL-tdTomato 



131	
	

reporter mice. At 8 weeks of age, no tdTomato expression was observed in the absence of 

tamoxifen administration [Appx Figure 6.1D]. 

Two step generation of a Hoxd11-conditional allele 

 Cas9/CRISPR genetic engineering was used to generate a Hoxd11-conditional 

allele with LoxP sequence flanking exon 2 of Hoxd11 using a two step generation 

approach. Guide RNAs were targeted to the Hoxd11 intron and the 3’ region downstream 

of exon 2 and replacement oligos containing 60bp of homologous sequence flanking 

LoxP sequence were designed [Appx Figure 6.2A]. We elected to use a two step 

approach for our strategy given prior experience generating a Hoxa5-conditional allele. 

From previous experience generating a Hoxa5-conditional allele, if both LoxP sites are 

targeted simultaneously with the use of two sgRNAs, the most common outcome is 

deletion of the entire sequence between the sgRNA sites instead of two independent 

recombination events [Hrycaj, S.M. and Cebrian, C. unpublished results]. Therefore, we 

elected to use a two-step approach to target the intron LoxP site first and then target the 

3’ LoxP site [Appx Figure 6.2A]. 

 Following targeting of the intron LoxP site, three animals were sequence verified 

to contain a correctly targeted LoxP allele [Appx Figure 6.2B]. Male heterozygous pups 

were used as stud males to generate zygotes for targeting the 3’ LoxP site. Following 

targeting of the 3’ LoxP site, six animals were heterozygous for the intron LoxP site and 

sequence verified to contain a correctly targeted 3’ LoxP allele [Appx Figure 6.2C]. 

Founders were mated to wild-type mice and genotyping of F1 pups was used to 

determine if both LoxP sites were correctly targeted in cis on the same chromosome or 

targeted in trans on two different chromosomes. Animal number 743 was homozygously 

targeted for the 3’ LoxP site and, therefore, most efficiently generated heterozygous pups 

containing the correctly targeted Hoxd11-conditional allele. 

 To test for LoxP site recombination, the Hoxd11-conditional allele was combined 

with the tamoxifen inducible, ubiquitously expressed ROSA-CreER allele. Following 

tamoxifen administration at 8 weeks of age, recombination of the conditional allele was 

determined by PCR. Four months after tamoxifen administration, efficient recombination 

of the allele is observed by the absence of the conditional allele PCR product and 
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presence of the recombined allele PCR product [Appx Figure 6.2A,D]. Non-recombined 

DNA was observed in one Hoxd11-conditional mutant out of five [Appx Figure 2.6D]. 

Confirmation that the recombined Hoxd11-conditional allele truly functions as a null 

allele is ongoing. Tamoxifen will be administered to pregnant females at E9.5 and E10.5 

to induce recombination at the time when Hox11 is first expressed in the developing limb 

bud, and the phenotype of embryos with the genotype Hoxa11-/-;Hoxd11fl/fl;ROSA-CreER 

will be examined at birth. If the recombined Hoxd11-conditional allele functions as a null 

allele, we would expect these embryos to recapitulate the Hox11 mutant (Hoxa11-/-

;Hoxd11-/-) phenotype [83]. 
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Appendix Figure 6.1: Generation of Hoxa11-CreERT2 allele via Cas9/CRISPR 
genetic engineering. (A) Schematic of Cas9/CRISPR targeting of Hoxa11 locus for 
generation of Hoxa11-CreERT2 allele. Top: Hoxa11 locus, positions and sequence of 
sgRNAs (grey box: PAM), Nco1 restriction sites, positions for 5’ and 3’ Southern Blot 
probes and size of wild-type (WT) fragment generated. Middle: Hoxa11-CreERT2 
targeting vector, 5’ and 3’ homology regions (thick black line), CreERT2 and rabbit 
globin poly-adenylation (PA) insertion (red), and location of Cre PCR primers. Bottom: 
Hoxa11-CreERT2 allele, Nco1 restriction sites, positions for 5’, 3’ and Cre Southern Blot 
probes and size of edited fragments generated. (B) PCR analysis for Cre sequence on 29 
live births. (C) Southern Blot on four Cre-positive animals using 5’ probe (top), 3’ probe 
(middle) and Cre probe (bottom). Wild-type and edited bands and sizes as marked. (D) 
CreERT2 recombination in the absence of tamoxifen in Hoxa11-CreERT2;ROSA-tdTomato 
mice at 6 weeks of age. Fluorescent image - red: Hoxa11 lineage-marked cells 
(Hoxa11iTom), grey: DAPI. Repeat of Supplemental Figure 3.2  
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Appendix Figure 6.2: Generation of Hoxd11-conditional allele via Cas9/CRISPR 
genetic engineering. (A) Schematic of Cas9/CRISPR targeting of Hoxd11 locus for 
generation of Hoxd11-conditional allele. Top: Hoxd11 locus, positions and sequence of 
sgRNAs (grey boxL PAM), positions of single strand DNA oligos containing 60bp 
homology sequence flanking LoxP. Middle: targeted Hoxd11-conditional allele, position 
of genotyping primers (red arrows) for the LoxP sites (primers 1-4), position of primers 
to measure recombination (primers 1,4, and 5). Bottom: recombined Hoxd11 allele, 
position of primers to measure recombination (primers 1 and 4). (B) PCR genotyping 
(primers 1 and 2) of F0 animals for recombination at intron LoxP site. Animals 377, 387, 
and 394 were sequence verified to contain correctly targeted allele, male F1 pups used as 
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stud males for targeting 3’ LoxP site. (C) PCR genotyping of F0 animals for intron LoxP 
site (primers 1 and 2, top) and for recombination at 3’ LoxP site (primers 3 and 4, lower). 
Animals 744, 743, 745, 750, 763, 767 were heterozygous for intron LoxP site and 
sequence verified to be correctly targeted at 3’ LoxP site. Animal 743 contained both 
LoxP sites in cis and was used as the founder animal to generate the Hoxd11 conditional 
line. (D) Adult control (ROSA-CreER;Hoxd11+/+) and Hoxd11-conditional (ROSA-
CreER;Hoxd11fl/fl) animals were administered tamoxifen chow for 3 weeks beginning at 
8 weeks of age and recombination of the Hoxd11-conditional allele within the skeletal 
tissues was examined following a four month chase by PCR. Genotyping with primers for 
the control and recombined allele (Primers 1, 4, and 5, left) showed nearly complete 
recombination in Hoxd11-conditional mutant animals. Genotyping with primers for the 
control allele alone (Primers 1 and 5) show low levels of the non-recombined allele only 
in animal 1. 
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Materials and Methods 

Production of sgRNAs and Cas9 mRNA 

 All guide sequences were cloned into the pT7-Guide Vector (Blue Heron Biotech, 

LLC). For generation of the Hoxd11-conditional allele, guide sequences were targeted to 

regions of low conservation in an effort to avoid disrupting DNA regulatory sequences. 

The guide sequence and approximate locations of sgRNAs, including the corresponding 

PAM sequence, are illustrated in Appx Figure 6.1A and Appx Figure 6.2A. 

MEGAshortscript T7 kit (Life Technologies) was used to generate in vitro transcribed 

sgRNA’s from the pT7-Guide Vector and products were subsequently purified using the 

MEGAclear kit (Life Technologies). Using the pT7-Cas9-Nuclease vector (gift from Dr. 

Moises Mallo), Cas9 mRNA was in vitro transcribed using the mMESSAGE 

mMACHINE T7 ULTRA kit (Life Technologies) and purified using the MEGAclear kit 

(Life Technologies). 

Production of Hoxa11-CreERT2 targeting plasmid 

 Homologous sequence flanking exon 1 of Hoxa11 were synthesized by Blue 

Heron Biotech, LLC into the pUCminusMCS vector as a continuous insert separated by 

sequence containing restriction sites for EcoRI, NotI, and HindIII to allow for sub-

cloning of CreERT2 and rabbit β-globin poly-adenylation signal. The 5’ homology arm 

contained 1.3kb immediately upstream of the endogenous Hoxa11 start site and 3’ 

homology arm contained 1.3kb of sequence immediately downstream of sgRNA 2 as 

illustrated in Sup Figure 2A. Sequence for CreERT2 and rabbit β-globin poly(A) signal 

was sub-cloned from pCAG-CreERT2 vector (gift from Connie Cepko, Addgene plasmid 

#14797, [172]). Targeting of CreERT2 to Hoxa11 locus preserves endogenous upstream 

and downstream sequence and creates a null allele; expressing CreERT2 in place of 

Hoxa11. 

Design of LoxP donor oligos for Hoxd11-conditional 

Cas9 protein generates a double strand break four nucleotides upstream of the 

PAM sequence (NGG). LoxP sequence was designed to be inserted at the site of the 

double strand break, splitting the guide target sequence and thus preventing unwanted 

digestion of the donor oligos or re-cutting of the endogenous chromosome after 
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recombination. Donor oligos contained 60bp of flanking homology sequence, the LoxP 

sequence (bold), and a unique restriction site (EcoRI – intron LoxP or NheI – 3’ LoxP, 

uppercase) for optional use in confirming appropriate targeting. Single stranded DNA 

oligos were purchased from Integrated DNA Technologies. 

Intron LoxP donor oligo sequence: 

gttgatgagtgggaacacgagagcctcctgcctttcagggagagggtaagtgatctgccGAATTCataacttcgtataat

gtatgctatacgaagttatgcactggacttaaccccaacctctggctggcgctcagctcggagttgagcagatgctcctg 

3’ LoxP donor oligo sequence: 

tctgattagacttacatcatctctagcatttgaaagcaatttgccaccctgctaaataaGCTAGCataacttcgtataatgtat

gctatacgaagttatacgctggcactttataaaatatagaacaa agtaaaatatagttatattgtttcgtaaac 

Zygote injection 

 Zygote injections were performed as previously described with minor 

modifications [182]. C57BL/6 female mice were superovulated and mated with C57Bl/6 

male mice and one-cell stage embryos were collected for microinjection. CRISPR 

reagents were microinjected at the following concentrations: Cas9 mRNA (100ng/µL), 

each sgRNA (50ng/µL), and targeting plasmid (20ng/µL) or DNA oligo (50ng/µL). 

Freshly injected eggs were transferred into pseudopregnant females and resulting progeny 

were initially screened for potential recombination events via PCR.  

Confirmation of Hoxa11-CreERT2 targeting 

 29 live births were recovered from the microinjections and initial screening for 

CreER targeting was performed by PCR. Approximate location of all primers indicated in 

Appx Figure 6.1A. 

Primers (shown in 5’ to 3’ orientation): 

Cre Fwd (P1): GGACATGTTCAGGGATCGCCAGGC 

Cre Rev (P2): CGACGATGAAGCATGTTTAGCTG  

Cre-positive animals by PCR were analyzed by Southern Blotting to confirm 

targeting using 5’ and 3’ flanking probes and a Cre internal probe with Nco1 digested 

DNA. Southern blot probes were generated by PCR and randomly labeled with 32P-

dCTP. Approximate locations of probes are illustrated in Appx Figure 6.1A. 
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5’ probe (453 bp) 

Forward primer: TTTCGGTTCTCCTAGACGCC 

Reverse primer: CACGGCGTTTGCATGAGATT 

3’ probe (533 bp) 

Forward primer: TCTGTAGTGAGCGCCTTTGG 

Reverse primer: GAGGTTCCCGAGAGACTCCT 

Cre probe (408 bp) 

Forward primer: GCATTACCGGTCGATGCAACGAGTGATGAG 

Reverse primer: GAGTGAACGAACCTGGTCGAAATCAGTGCG 

Two step generation of Hoxd11-conditional allele 

 The Hoxd11-conditional allele was generated in two stages, targeting each LoxP 

site sequentially. The intron LoxP site was targeted first and 20 live births were recovered 

from the first injection. PCR primers D11 Primer 1 and D11 Primer 2 were used to screen 

for LoxP insertion within the Hoxd11 intron. PCR products were cloned for sequencing 

using the TOPO TA cloning kit (Thermo Fisher, 450071). Animals 377, 387, and 394 

were verified to contain correctly targeted LoxP sequence within the intron. F1 LoxP-

heterozygous males from these lines were used as stud males for targeting of the 3’ LoxP 

site. From the second round of injections, 40 live-births were recovered and D11 Primer 3 

and D11 Primer 4 were used to screen for LoxP insertion within the region downstream 

(3’) to Hoxd11 exon 2. Animals that were potentially positive for 3’ LoxP insertion and 

heterozygous for the Hoxd11 intron LoxP site were submitted for sequencing. Animals 

742, 743, 745, 750, 763, and 767 were sequence verified to contain both correctly 

targeted LoxP sites. F0 animals were mated to wild-type animals and genotyping 

analyses of F1 pups using PCR primers for each LoxP site were used to determine 

germline transmission of both LoxP sites in cis along the chromosome. Animal 763 

contained LoxP sites in trans, animals 742 and 745 were chimeric at the 3’ LoxP site, and 

animals 743, 750, and 767 displayed correct cis targeting. Animal 743 was used as the 

founder for this new mouse line. 
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 To test for proper recombination of the Hoxd11-conditional allele, the allele was 

bred to homozygosity and mated with the tamoxifen inducible, ubiquitously expressed 

ROSA-CreER. Adult mice (8 weeks) were fed tamoxifen chow for 3 weeks and 

recombination of the allele was assessed by PCR four months later. A three primer 

genotyping strategy using primers D11 Primer 1, D11 Primer 4, and D11 Primer 5 was 

designed to measure the relative levels of the Hoxd11-conditional allele and the 

recombined allele. The elongation step was programmed such that D11 Primer 1 and D11 

Primer 4 would only generate a product if recombination of the LoxP sites had occurred. 

Primers (shown in 5’ to 3’ orientation): 

D11 Primer 1: ATGAGTGGGAACACGAGAGC 

D11 Primer 2: AGGCTGGCACTGAGATAGGA 

D11 Primer 3: AAAGCAATTTGCCACCCTGC 

D11 Primer 4: ACAGGTAAACCAATGCCCAGA 

D11 Primer 5: GGGGTACATCCTGGAGTTCTCA 
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APPENDIX II 

Publications and Manuscripts 

Chapter I is based on two review articles; the first is published and titled “Hox Genes and 

Limb Musculoskeletal Development” [105] and second is in preparation and currently 

titled “Development, repair, and regeneration of the musculoskeletal system” with 

authors listed Kyriel M. Pineault, Jane Y. Song, and Deneen M. Wellik. 

Chapter II is based on a published manuscript titled “Hox11 genes regulate postnatal 

longitudinal bone growth and growth plate proliferation” [109]. 

Chapter III is based on a manuscript in submission titled “Hox expression defines a 

continuous, self-renewing skeletal mesenchymal stem cell (MSC) population” with 

authors listed Kyriel M. Pineault, Jane Y. Song, Kenneth M. Kozloff, Daniel Lucas, and 

Deneen M. Wellik. 
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