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Hox genes maintain critical roles in the adult skeleton
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Hox genes are indispensable for the proper patterning of the skel-
etal morphology of the axial and appendicular skeleton during
embryonic development. Recently, it has been demonstrated that
Hox expression continues from embryonic stages through postna-
tal and adult stages exclusively in a skeletal stem cell population.
However, whether Hox genes continue to function after develop-
ment has not been rigorously investigated. We generated a
Hoxd11 conditional allele and induced genetic deletion at adult
stages to show that Hox711 genes play critical roles in skeletal
homeostasis of the forelimb zeugopod (radius and ulna). Condi-
tional loss of Hox11 function at adult stages leads to replacement
of normal lamellar bone with an abnormal woven bone-like matrix
of highly disorganized collagen fibers. Examining the lineage from
the Hox-expressing mutant cells demonstrates no loss of stem cell
population. Differentiation in the osteoblast lineage initiates with
Runx2 expression, which is observed similarly in mutants and con-
trols. With loss of Hox11 function, however, osteoblasts fail to ma-
ture, with no progression to osteopontin or osteocalcin expression.
Osteocyte-like cells become embedded within the abnormal bony
matrix, but they completely lack dendrites, as well as the character-
istic lacuno-canalicular network, and do not express SOST. Together,
our studies show that Hox71 genes continuously function in the
adult skeleton in a region-specific manner by regulating differenti-
ation of Hox-expressing skeletal stem cells into the osteolineage.

Hox genes | skeletal homeostasis | MSCs | osteolineage differentiation |
bone matrix

Hox genes are important transcription factors responsible for
establishing vertebral axial morphology along the anteroposterior
(AP) axis during embryogenesis (1). Additionally, the Hox9-Hox13
paralogs are indispensable for development of the proximodistal
(PD) axis of the limb (2-5). The Hox11 paralogous group, Hoxall,
Hoxcl11 and Hoxdl11, regulate the patterning of the sacral region of
the vertebral column and the zeugopod skeleton of the forelimb
and hindlimb (radius/ulna, tibia/fibula) (4, 5). Hox paralogous
genes functionally compensate for one another in skeletal pat-
terning, and all paralogs expressed in a region need to be removed
for defects to fully manifest. In the forelimb, only the Hoxall and
Hoxd11 paralogs are expressed; thus, the removal of these two
genes leads to a severe malformation of the zeugopod skeletal
elements (4, 5).

A HoxalleGFP knock-in reporter allele shows that Hox ex-
pression initiates broadly at embryonic day (E) ~9.5 within the
developing limb bud mesenchyme but very quickly becomes re-
stricted to the zeugopod region (6, 7). While previous work has
focused largely on the embryonic role of Hox genes, we observed
that expression is continuous in the skeleton and extends beyond
development into postnatal and adult stages (7-11). Importantly,
Hox expression remains regionally restricted and maintains the
expression pattern that has been established during development
(9, 12, 13). Conditional adult loss-of-function has not been ex-
amined, but Hox!! compound mutants (animals in which three of
the four paralogs are mutated) appear nearly normal at birth but
begin to exhibit significant skeletal growth phenotypes at postnatal
stages and are not able to enact proper fracture repair at adult
stages, consistent with potential continuing functions (8-10). The
interpretation of this phenotype is complicated by the fact that
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three of the four alleles are absent throughout embryonic devel-
opment, making it impossible to separate embryonic defects that
manifest later in life from continued function at adult stages.

We previously demonstrated that HoxII expression in the
skeleton is exclusively restricted to a population of regional,
progenitor-enriched mesenchymal stem/stromal cells (MSCs)
(9, 11). Using a HoxalI-CreER" lineage-tracing system, we re-
cently established that the HoxII lineage contributes to the
development, growth, and homeostasis of the zeugopod skeleton
by giving rise to all of the mesenchymal lineages in the bone—
osteoblasts, osteocytes, chondrocytes, and bone marrow adipocytes.
Notably, this Hox!I1-expressing cell population is also maintained
as self-renewing adult stem cells throughout life, demonstrating
that Hox-expressing cells are bona fide skeletal stem cells (SSCs),
continuously supplying the progenitors for bone maintenance and
repair throughout the life of the animal (11).

While these previous studies have provided rigorous infor-
mation on Hox lineage, they have not addressed whether Hox
function is required at later stages. This study sought to examine
whether Hox genes continue to function in the adult skeleton
within the skeletal stem cell population. In order to interrogate
this potential, we generated a conditional HoxdI1 allele that,
when combined with a Hoxall null allele, allows us to completely
delete Hox11 function at any stage. We find that deleting Hox!1
function at adult stages results in a progressive and dramatic
remodeling of the forelimb zeugopod skeleton. Using our Hoxall-
CreER™ allele to simultaneously delete HoxII function and
lineage-label Hox11 mutant cells, we establish that the phenotype
spatiotemporally correlates with the initiation of Hoxd11 deletion.
Adult conditional mutants accumulate a woven bone-like matrix
with disorganized collagen that progressively replaces normal
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lamellar bone. Further, we find that the HoxI1 conditional mutant
animals generate preosteoblasts, but osteoblasts and osteocytes do
not mature. We establish that Hox genes do not function solely as
embryonic patterning factors in the skeleton but continue to play
an important role throughout life in the skeleton.

Results

Regional Adult Hoxa11-Expressing Skeletal Stem Cells Continuously
Contribute to the Adult Zeugopod Skeleton. During development,
Hox11 expression is restricted to the zeugopod region where it is
observed in the perichondrium region surrounding the de-
veloping cartilage anlage (7). Hox11 expression continues in cells
present in the perichondrium/periosteum as the skeleton de-
velops, also becoming visible on the endosteal bone surface and
trabecular bone surface, as well as in bone marrow stromal cells
as the bone marrow space is created during late embryogenesis
(9, 11). This expression pattern is then maintained throughout
life (9) (Fig. 1 A, Inset). Our previous work demonstrated that
embryonic and postnatal HoxII-expressing cells are regionally
restricted skeletal stem cells and that this lineage provides pro-
genitors for all skeletal mesenchymal lineages, as well as exhibits
continuous self-renewal as stem cells throughout life (11). As
expected, this lineage and behavior are recapitulated when
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Fig. 1. Adult Hox11-expressing skeletal stem cells continuously give rise to
osteoblasts and osteocytes. (A) Hoxa11-eGFP real-time reporter allele dem-
onstrates continuous expression of Hoxa11 (green) at 12 wk of age. The
panel was created by stitching 17 individual 10x images. t, tendon. DAPI,
gray. (Scale bar: 200 pm.) Shown is a higher magnification image of the
boxed area in A showing localization of Hoxa11 expression (green) in the
periosteum, endosteum, and bone marrow compartment. BM, bone marrow;
CB, cortical bone; endo, endosteum; PO, periosteum. DAPI, blue. (Scale bar:
75 pm.) Animals of the indicated genotype were fed on tamoxifen (Tam) chow
at 8 to 10 wk of age for a duration of 3 wk to induce deletion and collected at
8 mo of age. Boxes marked “B” and “C” in A represent the approximate lo-
cations of magnified images shown in B and C. (B) Hoxa11-lineage marked cells
(red) are found in the trabecular bone coexpressing osterix (Osx) (white). The
yellow dashed line outlines the cortical bone, and the white dashed line demar-
cates the growth plate border. gp, growth plate. DAPI, blue. (Scale bar: 75 pm.) (C)
Hoxa11-lineage marked cells (red) are also found as osteocytes embedded within
the cortical bone coexpressing SOST (green). Hoxa11-lineage marked cells and
DAPI (gray) in the far-left, SOST (green) and DAPI (gray) in the middle, and the
merged image is shown in the far-right. (Scale bar: 60 pm.) All images: BM, bone
marrow; CB, cortical bone; endo, endosteum; PO, periosteum.
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lineage labeling is initiated at adult stages. By initiating lineage
labeling at adult stages in Hoxall-CreER"*;ROSA-LSL-tdTomato
animals, we show downstream lineage cells become osteoblasts on
the trabecular as well as endosteal bone surfaces, and sclerostin-
expressing osteocytes embedded within the cortical bone (Fig. 1 B
and C and SI Appendix, Fig. S1 A and B).

Cas9/CRISPR Generation and Functional Validation of a Conditional
Hoxd11 Allele. To induce loss of Hox11 function at adult stages
after the normal development and growth of the zeugopod skel-
eton, we generated a HoxdI1 conditional allele. As all Hox genes
contain two exons with the DNA-binding homeodomain present in
exon 2, we flanked exon 2 with loxP sites using CRISPR/Cas9-
mediated gene editing (14). Cre-mediated removal of exon 2 is
expected to lead to loss of function of Hoxd11 (Fig. 2A4). In brief,
two guide RNAs were targeted to regions of low conservation 5’
and 3’ of Hoxd11 exon 2, and single-stranded oligo donors were
designed containing a loxP sequence and 60 base pairs (bp) of
flanking homology sequence on each side for targeted insertion of
LoxP sites flanking HoxdI1 exon 2. The loxP sites were targeted
sequentially to the locus to generate a HoxdI1 conditional allele
through two rounds of zygote microinjection. Targeted insertion of
each loxP site was confirmed by PCR and subsequent sequencing
(SI Appendix, Fig. S2 A and B).

The Hoxdll conditional allele was first assessed for deletion of
the region flanked by the loxP sites. Females with the genotype
Hoxal1°°™"*:Hoxd 11" were mated to males with the genotype
ROSACERE Hoxal I~ Hoxd1 7" to generate embryos with
the genotype ROSA“ERT2/*:Hoxa11°CFF”; Hoxd11"*""**F . PCR
analyses on embryonic tissue were performed, and the Hoxl1
conditional mutant embryos produced a robust recombined band
and an absence of a detectable control band, indicating efficient
deletion (Fig. 2B).

To functionally validate this allele, we deleted HoxdlI at
embryonic stages in the background of HoxalI-null mutants. It is
important to note that the Hoxal1-eGFP is a knock-in allele that
renders it nonfunctional. Therefore, animals that carry the
genotype HoxalI°“F" are functionally null for Hoxall, but their
forelimbs are indistinguishable from that of wild-type (WT) lit-
termates from embryonic through adult stages, serving as a good
control for the conditional mutants (compare Fig. 2 C and D) (5).
We induced deletion by feeding pregnant dams tamoxifen chow
for 1 wk beginning at E9.5. This stage is approximately when
Hoxl11 expression begins within the limb bud and therefore should
recapitulate the HoxII-null phenotype. Embryos were collected at
E17.5, and skeletal preparations demonstrate that Hox11 con-
ditional mutants phenocopy Hoxall™~; HoxdlI~~ mutants, con-
firming that the HoxdlI conditional allele results in deletion of
Hoxdl11 function (compare Fig. 2 E and F).

Adult Deletion of Hox11 Function Results in a Progressive Replacement
of Lamellar Bone with Abnormal Bony Matrix. To assess the role
of HoxI1 during adult skeletal homeostasis, animals with the
genotype ROSAERT2Hoxal 1" Hoxd 117" (referred to
as Hox IROSACTeERT2 ¢onditional mutants) and corresponding
controls (including animals of identical genotype minus the
ROSA26-CreER™ with tamoxifen administration, and animals with
the ROSA26-CreER"? in the absence of tamoxifen administration)
were examined. Of note, there was minimal recombination in the
absence of tamoxifen administration in animals with the ROSA26-
CreER™ allele; these animals did not produce a phenotype or
show any evidence of recombination at the HoxdlI locus as
assessed by PCR (SI Appendix, Fig. S2 C and D).

Both control and conditional mutant adult animals were fed
tamoxifen chow for 3 wk beginning at 8 to 10 wk of age and
evaluated at 2, 4, or 10 mo after the initiation of deletion. Tail
samples were processed for PCR analysis and confirmed high
levels of recombination, even out to the 1-y time point (Fig. 34).
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Fig. 2. Conditional deletion of Hox11 function recapitulates the germline
null mutation. (A) Schematic illustrating the Hoxd177 locus. Yellow arrow-
heads illustrate the inserted loxP sites. Two guide RNAs with the indicated
sequences (underlined) along with their corresponding PAM (highlighted
blue) were used to flank exon 2 of Hoxd77 in order to insert loxP sites.
Homology sequences used in the donor sequences are highlighted with thick
dark blue line (5’ loxP) and thick light blue line (3’ loxP). Red arrows marked
with P1, P2, and P3 mark the location of the PCR primers used to confirm re-
combination. Corresponding PCR product sizes are indicated as well. The PCR
elongation time was adjusted so that a 300-bp PCR product would appear only if
recombination had occurred between the loxP sites. Pregnant dams were fed on
tamoxifen chow for 1 wk to induce recombination, and the resulting embryos
were collected at E17.5. (B) PCR analysis using the PCR primers produces a robust
600-bp control band only present in the controls and a 300-bp recombined band
only present in the conditional mutants. cKO denotes Hox11 conditional mu-
tants. Skeletal preparations of limbs from (C) WT, (D) littermate control for
Hox11 conditional mutant, () Hox11ROSACERT2 onditional mutant, and (F)
Hox11 germline-null mutant. The red box highlights the zeugopod skeleton.

E17.5
Forelimb

Notably, recombination was measured at the same degree in tail
samples as in the zeugopod skeleton (SI Appendix, Fig. S2E). A
small number of the Hoxl[ROSACERTZ conditional mutants dis-
played a residual WT band, indicating incomplete recombination;
however, QRT-PCR analyses revealed robust loss of HoxdI1 in all
cases (Fig. 3B). Despite robust loss of function, it is critical to note
that the HoxII-expressing skeletal stem cells are maintained in the
conditional mutant bones out to the 1-y-old time points, as supported
by continued Hoxal1eGFP expression (SI Appendix, Fig. S3 A and B).

Microcomputed tomography (microCT) measurements did not re-
veal significant distinctions between the control and Hox] JROSACERT2
conditional mutants at any of the time points examined (S Ap-
pendix, Fig. S4 A and B). However, histological inspection revealed
progressive changes in the appearance of the cortical bone in
Hox]1ROSACRERTZ™ conditional mutants compared to controls.
Conditional mutant bones become notably hypercellular, and
quantification revealed significantly higher cell numbers in the
abnormal bony matrix (Fig. 3 C-/). Presumed osteocytes embedded
within the hypercellular matrix displayed a round morphology
compared to the ellipsoid morphology in controls (compare Fig. 3
D and G, Inset). Comparing the percentage of osteocytes exhibiting
an ellipsoid morphology in the lamellar bone (Fig. 3 F-H, above the
dashed line) to those in the abnormal bony matrix (Fig. 3 F-H,
below the dashed line, green bracket) in the Hox][ROSACERT2
conditional mutants revealed a significant decrease in the pres-
ence of ellipsoid osteocytes in the abnormal bone matrix (Fig. 3
F-H and J). This phenotype resembles the histology of woven
bone, which has a higher density of osteocytes within its matrix
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along with the round shape of the lacunae (15). It is important to
note that these abnormalities remain regionally restricted as the
humerus of HoxlRO34CERT2 ¢onditional mutants was not af-
fected even as late as the 1-y time point (Fig. 3 K and L).

Abnormal Bony Matrix in Adult Hox11 Conditional Mutants Displays
Disorganized Collagen. The shape of osteocyte lacunae is strongly
influenced by the orientation of the collagen fibers within the
bone. Normal adult bone is comprised of lamellar bone, with
collagen fibers arranged in organized parallel sheets or layers,
and this contributes to the ellipsoid shape of the lacunae (16, 17).
Woven bone, in contrast, is characterized by a haphazard orga-
nization of collagen fibers and contains osteocyte lacunae with a
spherical shape, similar to what is observed in the abnormal
matrix of the HoxII conditional mutants. The collagen network
within cortical bone can be visualized by picrosirius red stain.
Picrosirius red increases the birefringence of the collagen fibers,
and subsequent observation under polarized light reveals the
organization of the collagen network (18, 19). The picrosirius red
staining in control bone demonstrates a well-organized, parallel
structure of collagen fibers characteristic of normal, mature la-
mellar bone while the HoxI1ROSACERT2 conditional mutant
bones displayed a striking disorganization of the collagen ma-
trix that correlates with the hypercellular region (Fig. 4 A-F).
Notably, both the region of disorganized collagen matrix and the
hypercellular region increase with increasing time after deletion
(Fig. 3 and SI Appendix, Fig. S5 A-L).

In efforts to further examine collagen organization, a (flpHypGly);
collagen mimetic peptide (CMP) conjugated to a cyanine 5 (Cy5)
dye was used to stain sections of control and Hox] JROSACreERT2
conditional mutant bone. The “>CMP mimics the proline-
hydroxyproline-glycine amino acid triplet motif that is prevalent
in collagen (constituting ~10.5% of the protein sequence) and
selectively anneals to disrupted sites in collagen (20). Control bone
sections were virtually devoid of any staining, as expected for a
highly organized collagen matrix, but conditional mutant bones
displayed strong binding throughout the regions of abnormal
matrix (Fig. 4 G-J). Use of a compositional isomer (<°CI) control
demonstrated no binding to either control or mutant bone sections
(SI Appendix, Fig. S5 M and N) (20).

As osteoclasts have a strong influence on bone integrity, we
examined osteoclast number and localization in the controls and
conditional mutants. Tartrate-resistant acid phosphatase (TRAP) is
a metallophosphoesterase that participates in osteoclast-mediated
bone resorption and is used to visualize osteoclasts (21). In
control bones, TRAP staining is concentrated along the endos-
teal bone surface. In the Hox11ROSAC*ERT2 conditional mutant
bones, TRAP staining is also observed on the endosteal bone
surface; however, there are trails of TRAP stain present within
the abnormal cortex of the conditional mutant bones (Fig. 4 K
and L). A higher magnification of the osteoclasts on the control
bone surface demonstrates that the osteoclasts and TRAP stain
localize at the surface of the bone as expected while conditional
mutant bone additionally shows TRAP enzyme within the abnor-
mal bone matrix (SI Appendix, Fig. S6 A and B). However, there
were no cells associated with the TRAP stain, leading to the
conclusion that the abnormal matrix is allowing diffusion of the
enzyme into the matrix (S Appendix, Fig. S6 C and D). As TRAP
expression by osteoclasts has been shown to influence normal
endochondral bone formation and bone remodeling (22, 23), it is
possible that the diffusion of the TRAP enzyme into the bone
matrix exacerbates the abnormal matrix phenotype observed in the
Hox11 conditional mutants. While TRAP staining is expanded in
the conditional mutant bones, quantification of the bone surface
osteoclasts shows no significant difference in the number of oste-
oclasts in the control and conditional mutants (Fig. 4M). The
disorganized collagen matrix, in conjunction with the diffusion of
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Fig. 3. Deletion of Hox11 function at adult stages results in the regional disruption in cortical bone homeostasis. Hox11 conditional mutants with the ROSA-
CreER' (genotype indicated) allele along with control animals were fed on tamoxifen chow beginning at 8 to 10 wk of age for a total of 3 wk to delete Hox17
function. Animals were evaluated at 4 mo of age, 6 mo of age, and 1 y of age. (A) Tail samples from all animals collected were analyzed via PCR to assess re-
combination. A robust 300-bp band in the conditional mutants demonstrates strong recombination. (B) qRT-PCR of Hoxa11eGFP-expressing zeugopod skeletal cells
from the conditional mutants show robust deletion of Hoxd11 in the conditional mutants. Data are presented relative to mouse GAPDH using the AACt method. ND,
none detected. Error is represented as mean + SEM. (C-H) H&E stains of paraffin bone sections (ulna) of control and Hox11RO*A“eERT2conditional mutant animals. The
dashed line demarcates the border between lamellar (above) and abnormal (below) bone. Green brackets demarcate the abnormal matrix. Boxed areas in D and G
represent high-magnification images of an individual matrix-embedded cell highlighting the morphological differences between control and Hox71 conditional
mutant osteocyte-like cells. (/) Quantification of cells embedded within the abnormal matrix at 4 mo, 6 mo, and 1y of age shows a significant increase in cell number in
Hox11ROSACeERT2 ondiitional mutant bone. Error is represented as mean + SEM. Statistics by Student'’s t test. (J) Percentage of osteocytes or osteocyte-like cells in
Hox11 conditional mutant bones that exhibit an ellipsoid shape within lamellar (above dotted line in F~H) and abnormal (below dotted line, green bracket in F-H)
bony matrix. Error is represented as mean + SEM. Statistics by Student's t test. (K and L) H&E stains of bones from the humerus of control (K) and Hox11 conditional
mutant (L) show no differences in morphology at 1y of age. All images: BM, bone marrow; CB, cortical bone; PO, periosteum. (Scale bar in all images: 100 um.)

control animals for the Hox11Hox311CreERT2 qp ditional mu-
tants was Hoxal1C¢ERT2CIP.ROSALSEdTomi+ ywhere both the

Hoxall-CreER™ and Hoxall-eGFP are knock-in alleles ren-
dering the Hoxall alleles nonfunctional. Conditional mutant

TRAP staining in the cortical matrices, indicates the presence of a
defective matrix in the Hox! 17?34CERT2 conditional mutant bone.

Abnormal Bony Matrix Arises from Hox11-Lineage Cells. We next

used the Hoxall-CreER™ allele to simultaneously delete the
function of Hox1! and lineage-trace the Hox-expressing cells
by including a ROSA26-LSL-tdTomato allele. Females with
the genotype Hoxall®“"P/*;Hoxd11"*""*F were mated to
males with the genotype Hoxall“"“*RT/*;Hoxd] 1",
ROSALSL-dTom/LSL-tdTom v generate embryos with the genotype

Hoxal ]CI‘L’ERT?/BGFP; Hoxd1 ]lwcP/laxP’ ROSALSL-ldTom/+ (referred to as

Hox11H0@HCeERT2 oo ditional mutants). The genotype of the
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animals, along with their corresponding controls, were given
tamoxifen chow for 3 wk, and the contribution of the Hox11
lineage-labeled cells to bone was examined 2 mo following the
initiation of deletion. The extent of lineage contribution ob-
served between the control and Hox] 7o/ ERT2 ¢onditional
mutant bones is similar, with no obvious differences in the
cortical thickness of lineage-marked cells embedded in the bone
matrix (Fig. 5 A and BP. Control bones display a well-organized
bone structure, with lineage-labeled osteocytes embedded in
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Fig. 4. Woven bone-like region in the Hox11 conditional mutant bones has
a disorganized collagen matrix. Hox11 conditional mutants with the ROSA-
CreER™ (genotype indicated) allele along with control animals were fed on
tamoxifen chow for 3 wk beginning at 8 to 10 wk of age to induce deletion,
and animals were examined at 6 mo of age. (A and B) H&E stains of paraffin-
processed bone sections of control and Hox11ROSACeERT2 conditional mutant
animals. (C and D) Brightfield images of picrosirius red stain of consecutive
bone sections from A and B. (E and F) Polarized light images of picrosirius
red stain of bone sections from C and D. (G and H) H&E stains of paraffin-
processed bone sections of control and Hox11ROSAC®ERT2 conditional mutant
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the lamellar bone (Fig. 54). In contrast, the region with Hox11-
lineage mutant cells precisely correlates with the abnormal
matrix region clearly distinguishable in brightfield images
(Fig. 5B, black bracket). These results strongly support that
the abnormal matrix formed in the conditional mutant bones
arises from the descendants of the cells that have lost Hox11
function.

Hox11 Conditional Mutant Osteoblasts Exhibit Deficient Differentiation.
During normal osteoblast differentiation, Runx2 marks cells that
have committed to the osteoblast lineage (preosteoblasts). Matu-
ration of osteoblasts leads to the expression of osteopontin (Opn)
at relatively early stages of osteoblastic differentiation, and
osteocalcin (Ocn) is expressed in fully mature osteoblasts co-
incident with their assuming the characteristic cuboidal shape (24).
To determine whether Hox mutant cells initiate osteoblast differ-
entiation, Runx2 expression was examined. Runx2 expression was
observed in both control and mutant bones on the cell surface of
the endosteal bone, supporting the initiation of osteoblast differ-
entiation in both controls and mutants (Fig. 5 C and D). However,
Hox11Hoxa 1CeERT2 ¢4p ditional mutant bones were almost com-
pletely devoid of both Opn and Ocn staining whereas the ex-
pression of both markers lined the endosteal surface of the control
bones (Fig. 5 E-H). These data provide strong evidence that dif-
ferentiation toward the osteoblast lineages is able to initiate in
HoxI1 mutant skeletal stem cells, but terminal differentiation of
osteoblasts is disrupted.

Morphologically, mature osteoblasts are recognizable as large
cuboidal cells, with a round nucleus located in the cell away from
the bone surface (25). As we have previously established that
Hoxl11 is not expressed in osteoblasts, but only the stem/progenitor
cells, we identified probable bone surface osteoblasts as Hoxal 1eGFP-
negative, Hoxall lineage-positive (red) cells. In control bones, we
observed mature osteoblasts that present the classical, cuboidal
morphology and nuclear localization (Fig. 5 I-I", yellow arrow-
heads). Noticeably, bone surface cells that retained HoxalleGFP
expression displayed a rounder morphology but were not cuboidal
in shape, nor was the localization of the nucleus polarized away
from the bone surface. In notable contrast to controls, all bone
surface cells in conditional mutant bones appeared flatter com-
pared to those in controls with no nuclear migration away from
bone surface, consistent with loss of fully differentiated osteoblasts
(Fig. 5 J=J”, yellow arrowheads).

Osteocyte Differentiation and Morphology Is Disrupted with Loss of
Hox11 Function. Osteocytes are terminally differentiated osteo-
blasts that become embedded within the bone matrix and are the
primary mechanosensory cells of the bone, with important roles
in bone homeostasis (26, 27). Long dendritic processes are
characteristic of osteocytes; these structures connect neighboring
osteocytes to each other, as well as to bone surface, including to
the cell surface osteoblasts and osteoclasts (28, 29). To examine
whether osteocytes were also affected by the loss of Hox1I
function, we used a silver nitrate stain to visualize osteocyte
morphology. After deletion, the Hoxall“™FR™ conditional
mutant matrix-embedded cells form no dendrites and display a

animals. (I and J) Consecutive bone sections from G and H stained with
SY3CMP (red). White dashed line marks border of cortical bone. (K and L)
Control (K) and Hox11ROSACreERT2 conditional mutant (L) bone sections stained
with TRAP. Note the distinct distribution of TRAP stain in conditional mutant.
(M) Quantification of osteoclast number (N. Oc) on bone surface (BS) using the
Bioquant Osteo software. Statistics by Student’s t test. Error is represented as
mean + SEM. All images are from the ulna. BM, bone marrow; CB, cortical
bone; PO, periosteum. The yellow dashed line demarcates border between
lamellar (above) and abnormal (below) bone. ns, not significant. (Scale bar
in all images: 100 pm.)
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Fig. 5. Osteoblast differentiation is perturbed in Hox11 conditional mutant bone. Hox11 conditional mutants with the Hoxa1-CreER'? allele (genotype
indicated) along with control animals were fed on tamoxifen chow for 3 wk starting at 8 to 10 wk of age and collected at 4 mo of age. (A) Brightfield image of
a bone section from a control animal overlaid with Hox11-lineage marked cells (red) shows contribution to osteocytes. (B) Brightfield image of bone section
from a Hox11Ho@11CreERT2 o nditional mutant overlaid with Hox11-lineage—positive cells (red) shows contribution to abnormal bone matrix. (C and D) Control
(C) and Hox111oxa11CreERT2 (o ditional mutant (D) bone stained with RUNX2 (magenta). DAPI, gray. White arrows in C and D mark the endosteal bone
surfaces. (E and F) Control (E) and Hox11"x@11CreERT2 conditional mutant (F) bone stained with osteopontin (Opn, green). (G and H) Control (G) and
Hox11Hoxal1<reERT2 o nditional mutant (H) bone sections stained with osteocalcin (Ocn, green). (I-J”) Hoxa11eGFP (green) and DAPI (blue) in / and J, Hoxa11-
lineage marked cells (red) and DAPI (blue) in /' and J, and merged images in /" and J”. Control (I-I") and Hox11Hx@"1r¢ERT2 conditional mutant (/) bone sections
show Hoxal1-lineage marked (red), non-Hoxa11eGFP endosteal surface osteoblasts (yellow arrowhead). Notice stark difference in morphology. All images are
from the ulna. DAPI, blue (unless noted otherwise); Hox11-lineage marked cells, red. CB, cortical bone; endo, endosteum. The white dashed line demarcates the

endosteal surface. (Scale bars in all images: 50 pm.)

complete absence of the normal lacuno-canalicular network
within abnormal bone matrix regions.

Mature osteocytes produce and secrete the protein sclerostin,
encoded by the SOST gene. Using our Hoxall-CreER™ allele
with deletion enacted at 8 wk and animals evaluated 2 mo later,
HoxI11-lineage marked cells are found embedded in both the
control and Hox] J7#o*11C*ERT2Z ¢4 ditional mutant bones (Fig. 6
E and F). While virtually all of the lineage-marked osteocytes in
the control bone express SOST, most Hox] /7! 1CreERTZ ¢op_
ditional mutant lineage-marked, bone-embedded cells failed to
express SOST (Fig. 6 E-M), demonstrating a requirement for
Hox function in proper osteocyte differentiation.

Discussion

Woven bone is made primarily during the rapid bone growth of
embryogenesis or following bone injury (e.g., fracture) (30, 31).
In both cases, the initial woven bone matrix is remodeled and
replaced by lamellar bone through a process that is not fully
understood. The haphazard organization of collagen in the wo-
ven bone matrix causes the bone to be mechanically weak (32);
therefore, the replacement of the woven bone matrix by lamellar
bone is imperative for proper bone function and homeostasis.
The accumulation of woven bone with no signs of lamellar
remodeling in our Hox!1 conditional mutants demonstrates that
maintaining the integrity of the skeletal matrix requires Hox
function. All of the evidence presented in this study supports
defective differentiation of osteolineage cells with the loss of
Hox11 function. Osteoblasts originate from skeletal stem cells,
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and previous work from our laboratory, as well as results pre-
sented here, unequivocally demonstrates that HoxII-expressing
skeletal stem cells give rise to osteoblasts in the skeleton. As
Hoxl11 expression is restricted to the stem cell population and is
not observed in differentiated skeletal cells, we conclude that
Hox proteins function in the skeletal stem cells at early stages of
differentiation.

The results from our conditional Hox11 loss-of-function model
correlate with earlier investigations into embryonic null mutants.
When Hoxall/HoxdlI-null mutants were examined at E14.5, the
stage at which overt osteoblasts are beginning to differentiate in
the zeugopod skeletal anlage, Runx2 expression was observed in
the perichondrial region (33). However, subsequent zeugopod
skeletal development in the Hoxal1/Hoxd11-null mutants is grossly
stunted, consistent with aberrant osteoblast differentiation. In-
triguingly, these results are consistent with a similar function for
Hox in the skeleton throughout life; however, this idea requires
further investigation.

The abnormal collagen matrix secreted by the adult condi-
tional mutant osteoblasts may have a compounding role in the
skeletal phenotype. Mice that harbor a mutation in Collal that
produces type 1 collagen molecules resistant to cleavage by
collagenase manifest a haphazard endosteal bone growth remi-
niscent of the Hox11 conditional mutant bones (34). The binding
of Y*CMP to collagen strands in our Hox1I conditional mutant
bone supports the presence of abnormal collagen in the matrix.
The similarity in bone phenotypes suggests that the abnormal
collagen matrix is a critical manifestation of the Hox conditional
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Fig. 6. Hox11 conditional mutant osteocytes fail to form dendrites or express SOST. Hox11 conditional mutants with the ROSA-CreER" (genotype indicated)
allele along with control animals were fed on tamoxifen chow beginning at 8 to 10 wk of age for 3 wk to delete Hox11 function, and animals were evaluated
at 4 mo of age, 6 mo of age, and 1y of age for C-E. (A-C) Control (Left) and Hox11ROSAeERT2 conditional mutants (Right) were treated with silver nitrate.
Green dashed lines demarcate the lamellar (above) and abnormal (below) bone. Brackets outline abnormal bone matrix. (D) High magnification of osteocytes
from the white-boxed area in B. Hox11 conditional mutants with the Hoxa1-CreER? allele (genotype indicated) along with control animals were fed on
tamoxifen chow for 3 wk starting at 8 to 10 wk of age and collected at 4 mo of age for E-M. (E and F) Control (E) and Hox11H°x@11<reERT2 conditional mutant
(F) bone sections showing Hox11-lineage marked cells (red) that contributed to osteocytes. (G and H) Control (G) and Hox11Hx@11€reERT2 o nditional mutant
(H) bone sections stained with SOST (green). (/ and J) Merged images of £ and G in / or F and H in J showing overlap or the lack thereof of Hox11-lineage
marked cells (red) and SOST (green). The yellow dashed line in E-J outline the cortical bone. (K and L) Close-up of osteocytes in white-boxed region in / and J.
(M) Quantification of Hox11-lineage marked cells (red) that also express SOST (green). Error is represented as mean + SEM. Statistics by Student'’s t test. All
images are from the ulna. DAPI, gray. BM, bone marrow; CB, cortical bone; PO, periosteum. (Scale bar: 25 pm [A-C], 10 pm [D], 100 um [E-J], 10 um [K and L].)

loss-of-function phenotype. It is possible that collagen helices
produced by Hox mutant osteoblasts are not processed properly
for the normal organization to lamellar bone, or there may be an
absence of enzymes or other molecules necessary for proper
remodeling of the collagen matrix. This abnormal collagen ma-
trix may create a more permissive environment for osteoblast
incorporation, leading to the apparent increase in the number of
osteocyte-like cells.

Our results test a hypothesis recently put forward by Leucht
and coworkers that Hox expression in periosteal stem/progenitor
cells determines the cell fate of those stem/progenitor cells in
adult animals (35). In this report, the authors associated Hox-
expressing periosteal stem/progenitor cells with more primitive,
stem cell-like gene ontology terms that exhibited more accessible
chromatin at transcriptional start sites. This is consistent with
recent work from our laboratory demonstrating that Hox ex-
pression is associated with skeletal stem cells and lineage label
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into downstream skeletal lineages (9, 11). Further, results pre-
sented here provide direct, genetic support for their hypothesis
that Hox genes confer differentiation cues to these stem cells
throughout life. Leucht and coworkers also hypothesize that Hox
function may be required for maintenance of the stem cell
population (35). However, we have previously shown that Hox11-
expressing skeletal stem cells are maintained in HoxII com-
pound mutants at relatively comparable numbers compared to
controls (9). In this study, we precisely test complete loss of
function and find that HoxalleGFP-positive skeletal stem cells
are still present 10 mo after deletion of Hox function. Further-
more, the progressive nature of the phenotype observed in our
Hox11 conditional mutants supports maintenance of the Hox11-
expressing skeletal stem population for continued (abnormal)
contribution to the osteolineage. Cumulatively, these data pro-
vide compelling evidence that proper differentiation of skeletal
stem cells requires Hox function but that maintenance of the
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skeletal stem cell pool is independent of regional Hox function.
Despite the demonstration that regional Hox expression is main-
tained throughout the skeleton, it is important to note our results
cannot rule out more broadly redundant roles for Hox genes that
are not addressed by paralogous deletion.

Herein, we show that Hox gene function in the skeleton is not
restricted to development and that Hox genes play a crucial,
functional role in adult bone homeostasis. Adult HoxII loss of
function leads to a replacement of the lamellar cortical bone with
an abnormal woven bone-like matrix. We have demonstrated
strong evidence that this woven bone matrix is directly produced
by the Hox11 conditional mutant cells and that the woven bone
matrix is associated with the defective differentiation and matu-
ration of osteoblasts resulting from the loss of function of Hox11 in
skeletal stem cells.

Whether other Hox paralogous genes function to maintain the
adult skeleton remains an intriguing question for future studies.
Previous studies from our laboratory showing the preservation of
region-specific Hox expression specifically within progenitor-
enriched stem cell populations at adult stages support this like-
lihood (9). While embryonic loss of function has clearly established
that Hox genes impart region-specific function that differentially
controls skeletal patterning and morphology, results from this
study raise the question of whether differential Hox gene function
continues to be conveyed in a region-specific manner or whether
all Hox function is similar once the skeleton has been established.

Materials and Methods

Mice. All mice were maintained in a C57BL/6 background. Both male and
female mice were used for all experiments. The mouse models Hoxa171-eGFP
(6) and Hoxa11-CreERT2 (8) have been previously described. The ROSA26-
CAG-loxP-stop-loxP-tdTomato (JAX stock no. 007909) and ROSA26-CreERT2
(JAX stock no. 008463) were purchased from The Jackson Laboratory. The
Hoxd11-floxed animals were obtained by breeding founder Hoxd11-floxed
animals to WT C57BL/6 animals for five generations, followed by breeding
Hoxd11-loxP heterozygotes to each other to produce Hoxd17-floxed ani-
mals. These animals were periodically bred to WT C57BL/6 animals to avoid
genetic drift. The Col2.3-GFP mice (36) (kindly provided by Noriaki Ono,
University of Michigan, Ann Arbor, Michigan) were then bred with our
Hoxal1 and Hoxd11 mice to generate animals of appropriate genotype. All
animal experiments described in this article were reviewed and approved by
the University of Michigan's Committee on Use and Care of Animals, pro-
tocol PRO00008674 (to D.M.W.).

Generation of Hoxd11 Conditional Allele. The Hoxd11 conditional allele was
generated in two injection rounds, targeting each loxP site sequentially. Two
guide sequences were targeted to regions of low conservation within the
Hoxd11 intron (5’, upstream) and downstream of the 3’ untranslated region
(UTR) (3/, downstream) flanking exon 2 of the Hoxd11 locus and were cloned
into the pT7-Guide Vector (Blue Heron Biotech, LLC). The guide sequence,
approximate locations and corresponding protospacer adjacent motif (PAM)
sequences are indicated in Fig. 2A. Donor oligos contained 60 bp of flanking
homology sequence, the loxP sequence (bold letters), and a unique restriction
site (EcoRI [5" loxP] or Nhel [3' loxP], capital letters) for optional use in con-
firming accurate targeting. Single-stranded DNA oligos were purchased from
Integrated DNA Technologies. The 5" loxP donor oligo sequence (from 5’ to 3')
is as follows: gttgatgagtgggaacacgagagcctcctgectttcagggagagggtaagtgatctgec
GAATTC ataacttcgtataatgtatgctatacgaagttat gcactggacttaaccccaacctctggctg
gcgctcagcetcggagttgagcagatgctectg. The 3’ loxP donor oligo sequence (from 5
to 3') is as follows: tctgattagacttacatcatctctagcatttgaaagcaatttgccaccctgctaaa-
taa GCTAGC ataacttcgtataatgtatgctatacgaagttat acgctggcactttataaaatatagaa
caaagtaaaatatagttatattgtttcgtaaac.

The guide RNAs were in vitro transcribed from the pT7-Guide Vector using
the MEGAshortscript T7 kit (AM1354; Life Technologies), and products were
subsequently purified using the MEGAclear kit (AM1908; Life Technologies).
Using the pT7-Cas9-Nuclease vector (gift from Moises Mallo, Instituto Gul-
benkian de Ciencia, Oeiras, Portugal), the Cas9 messenger RNA (mMRNA) was
in vitro transcribed using the mMESSAGE mMACHINE T7 ULTRA kit
(AMB13455; Life Technologies) and purified using the MEGAclear kit
(AM1908; Life Technologies).

Zygote injections were performed as previously described with minor
modifications (14). C57BL/6 and SJL mixed background female mice were
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superovulated and mated with C57BL/6 and SJL mixed background male
mice, and one-cell stage embryos were collected for microinjection. CRISPR
reagents were microinjected at the following concentrations: Cas9 mRNA
(100 ng/pL), single guide RNA (sgRNA) (50 ng/uL), and DNA oligo (50 ng/pL).
Injected zygotes were transferred into pseudopregnant females, and
resulting progeny were initially screened for potential recombination events
via PCR.

The intronic loxP site was targeted first. PCR primers 5'-ATGAGTGG-
GAACACGAGAGC-3' and 5-AGGCTGGCACTGAGATAGGA-3’ were used to
screen for loxP insertion. PCR products were cloned for sequencing using the
TOPO TA cloning kit (450071; Thermo Fisher). Male mice validated to contain
correctly targeted loxP sequence from the first round of injection were used
as stud males for targeting of the 3’ region of Hoxd117 exon 2. PCR primers
5-AAAGCAATTTGCCACCCTGC-3' and 5-ACAGGTAAACCAATGCCCAGA-3’
were used to screen for loxP insertion at the 3’ region of the Hoxd11 exon 2.
Targeting was verified by PCR and sequencing as above. Animals (male or
female) confirmed to contain two correctly targeted loxP sites were mated
to WT BI6 animals, and genotyping analyses of the resulting progeny using
the PCR primers indicated above were used to screen for germline trans-
mission and the presence of both loxP sites in cis along the chromosome.

Tamoxifen Treatment. Mice were fed on tamoxifen chow (TD. 130860; Envigo)
at 8 to 10 wk of age for a duration of 3 wk. Based on approximate daily food
intake of 4 g per mouse (37) and body weight of 20 to 25 g, mice consumed a
concentration of 40 mg/kg tamoxifen per day. The chow was replaced
weekly. Both control and conditional mutants were fed on tamoxifen chow.

Bone Tissue Preparations. Mice were killed, and both forelimb zeugopod
skeletons were collected by dissecting off the soft tissue, taking care not to
disturb the periosteum. All bones were then fixed shaking in 4% para-
formaldehyde (PFA) for 2 d at 4 °C and then scanned for microCT if required.
Specimens for frozen sections were decalcified in 14% ethylenediaminetetra-
acetic acid (EDTA) for 7 d and equilibrated in 30% sucrose overnight prior to
embedding in OCT media. Cryosections were collected at 10 to 12 um using the
Kawamoto tape method (38). Specimens for paraffin sections were decalcified
in 14% EDTA for 7 d and dehydrated in 70% ethanol prior to overnight par-
affin processing. Paraffin sections were collected at 5 pm.

Histology, Inmunohistochemistry, and Histomorphometry. For all experiments
presented, four to eight animals from each genotype were examined. Sample
size was determined based on previous literature and our previous experi-
ments. Feasible generation of experimental animals was considered. As
Hox11 expression within the zeugopod skeleton is higher in the ulna compared
to the radius, all detailed analyses were carried out in the ulna. Histological
stains were performed using standard methods (39). Paraffin sections were
deparaffinized and rehydrated by incubating in xylene, followed by a
series of washes in decreasing ethanol content (100%, 95%, 70%, ddH,0).
Hematoxylin/eosin (H&E) stains were processed as previously reported
(39). Tartrate-resistant acidic phosphatase (TRAP) staining (387A-1KT; Sigma-
Aldrich) and picrosirius red stain (ab150681; Abcam) were performed according
to the manufacturer’s protocol. For the visualization of the osteocyte lacuno-
canalicular network, the bone sections were processed as previously reported
with minor modifications (40). All histological images were acquired on an
Eclipse EB00 microscope (Nikon).

For immunostaining, cryosections were blocked with 5% donkey serum
and incubated with primary antibodies overnight at 4 °C against osterix
(ab22552, 1: 300; Abcam), osteopontin (AF808, 1:200; R&D Systems), and
osteocalcin (DS-PB-01521, 1:200, antibody no longer commercially available;
RayBiotech). Secondary antibodies were incubated at room temperature for
1 h: donkey-anti-rabbit-Alexa Fluor 647 (A31573, 1:500; Thermo Fisher) and
donkey-anti-goat-Alexa Fluor 488 (A11055, 1:500; Thermo Fisher). SOST was
visualized using a modified signal amplification protocol. Sections were in-
cubated in SOST (AF1589, 1:100; R&D Systems) overnight at 4 °C followed by
donkey-anti-goat-biotin secondary (705-067-003, 1:400; Jackson Immuno-
Research). The biotinylated secondary was detected using the Vectastain
Elite ABC kit (PK-6100; Vector Laboratories), and the signal was amplified by
Alexa Fluor 488 Tyramide reagent (B40853; Thermo Fisher). Endogenous
Hoxa11eGFP fluorescence was quenched after the decalcification process
and was visualized using chicken-anti-GFP (ab13970, 1:1,000; Abcam) and
donkey-anti-chicken-Alexa Fluor 488 (A11039, 1:500; Invitrogen). All fluo-
rescent images were acquired on a Leica Upright SP5x two-photon confocal
microscope. Confocal z-stacks were captured through entire sections at a
thickness of 1 to 2 um, and images were stacked using Photoshop. Large
images were stitched (when necessary) using Photoshop.
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Fluorophore-labeled CMP and Cl were synthesized as described previously
(20). Briefly, ¥>CMP has the sequence: Cy5-Gly-(SerGly),-(flpHypGly);-OH,
where flp refers to (25,45)-4-fluoroproline and Hyp refers to (25,4R)-4-
hydroxyproline. ¥°Cl has the sequence: Cy5-Gly-(SerGly),-(HypFlpGly);-OH.
Paraffin bone sections were stained in the dark for 1 h at room temperature
and then washed with 1x phosphate-buffered saline (PBS) followed by
imaging.

Data Availability Statement. All data are available in the main text and S/
Appendix.
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