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Abstract

Recent studies have indicated a role for a MECOM allele in susceptibility to osteoporotic fractures
in humans. We have generated a mutation in Mecom in mouse (termed ME™) via lacZ knock-in
into the upstream transcription start site for the gene, resulting in disruption of Mdsl and Mds1-
Evi1 transcripts, but not of Evi1 transcripts. We demonstrate that ME™/ML mice have severe
kyphoscoliosis that is reminiscent of human congenital or primary kyphoscoliosis. ME™/M! mice
appear normal at birth, but by 2 weeks, they exhibit a slight lumbar lordosis and narrowed
intervertebral space. This progresses to severe lordosis with disc collapse and synostosis, together
with kyphoscoliosis. Bone formation and strength testing show that ME™/ML mice have normal
bone formation and composition but are osteopenic. While endochondral bone development is
normal, it is markedly dysplastic in its organization. Electron micrographs of the 1week postnatal
intervertebral discs reveals marked disarray of collagen fibers, consistent with an inherent
weakness in the non-osseous connective tissue associated with the spine. These findings indicate
that lack of ME leads to a complex defect in both osseous and non-osseous musculoskeletal
tissues, including a marked vertebral osteopenia, degeneration of the VD, and disarray of
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connective tissues, which is likely due to an inherent inability to establish and/or maintain
components of these tissues.
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INTRODUCTION

Kyphosis, including lordosis and scoliosis, is a common orthopedic problem, which can lead
to destructive changes of intervertebral disc (I'VD), spine deformation, back pain, decreased
physical function and other clinical consequences (1-3). Kyphosis can be classified into
primary and secondary types, with the latter typically being a result of the natural aging
process (4, 5). Primary kyphosis, also called Scheuermann’s disease, is a condition that
occurs in children. This entity, which affects ~1% of the population (6), is characterized by
severe spinal deformity that may lead to pain and spinal cord injury. Patients with
Scheuermann’s disease also have high incidence of osteoporosis (7). Though its cause is
unknown, an autosomal dominant mode of inheritance has been described in some families
(6, 8). Currently, no particular animal model is available to study this disease, and the
pathogenesis of the spinal changes in these patients is unknown.

The combined Mdsl-Evil (ME) complex locus (termed Mecom) is a large locus (>500 kb;
see Zhang et al, (9)) with established roles in myeloid leukemogenesis and hematopoiesis.
The locus harbors two distinct transcription start sites (TSS) located ~450 kb apart (9). Via
the upstream TSS (termed Mdsl), the locus produces MDS1 and MDS1-EVI1 (ME)
transcripts and their encoded proteins; from the downstream TSS, it produces mRNA
transcripts for at least three EVI1 isoforms (see Supplemental Figure 1 in (9)). ME and the
three EVI1 isoforms possess CoH,-type zinc fingers that bind DNA in a sequence-specific
manner (10, 11). Functioning as RNA transcriptional regulatory factors, EVI1 regulates the
expression of several target genes, including Dcn (encoding decorin, a non-collagen
extracellular matrix protein) and Skil (encoding Ski-like, a negative regulator of TGF-§ (12))
(13) ; the role of ME in transcription is largely unknown. Among the gene products of
Mecom, ME is distinct in that it has an N-terminal PR domain that has homology with the
SET domain, which is known in some proteins to have histone methyltransferase activity
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and to play a role in the establishment and maintenance of gene expression patterns during
development (14).

Mecom has been shown to have an important in mammalian development. It has a pattern of
expression suggesting an important role in organogenesis of the limbs, kidney, lung, and
heart (15). Knockout of Mecom via neo gene insertion into exon 7, which is common to both
ME and EVI1, results in embryonic lethality at 9.5 d postcoitum, with abnormalities in
multiple organ systems (16). The homozygous null embryaos are notable for generalized
hypoplasia, suggesting a role for Mecom in cell proliferation at a point after organogenesis
since the inception of organ formation occurs relatively normally. High level expression of
Mecom in the limb bud is paralleled by severely retarded limb growth in the homozygous
knockout embryos. Aside from the generalized hypoplasia, specific abnormalities are seen in
spinal and cranial nerve development, and in the marginal layer of the neuroectoderm, which
appears to be completely absent. Also notable is generalized pallor, and defects in the heart
(hypoplasia, absence of trabeculae, and a looping defect) and vasculature (defective integrity
of vasculature leading to extravasation of blood), accompanied by pericardial effusions and
hemorrhage into body cavities and the amnion (16).

Mecomalso has an essential role in hematopoiesis: it is expressed in HSCs (17-20), and
disruption of the gene results in absence of functional hematopoietic precursors in the
paraaortic splanchnopleural region of mouse embryos (19). Conditional deletion of exon 4
of Evil (also common to both ME and Evil) results in a decreased frequency of HSCs and
colony forming cells (CFCs), while no change in frequency of mature myeloid cells or
lymphocytes. In addition, these mice demonstrated delayed recovery of HSCs and platelets
following a myelosuppressive treatment with 5-FU (21). These results indicate that Evil is
indispensable for the maintenance of hematopoiesis. However, they do not distinguish
between the role of ME and EVI1 mRNAs, since the targeted disruptions result in loss of
both types of RNA transcripts.

In an effort to define the role of ME in development, we created a mutation at ME in mouse
(termed ME™YML: (9Y). To our surprise, the most evident phenotype of MEM/ML mice is
earlyonset lumbar lordosis with kyphoscoliosis, revealing an unexpected role of ME in
regulating the formation and/or maintenance of the spine and its support structures. The
MEMYML moyse provides an instance of mutation in a regulatory protein leading to
kyphoscoliosis. As such, the ME™YML mouse represents a unique genetic model of
congenital kyphosis, the study of which will likely lead to the uncovering of novel
regulatory pathways essential for the establishment and maintenance of the normal spine.

MATERIALS AND METHODS

MEMYM1 mjce

MEMYML mice were generated as previously described (9). Briefly, the knock-in construct
consists of a lacZ marker inserted into the first exon of Mdsl with deletion of the splice
donor, such that the insertion blocks production of both the Mdsl and Mds1-Evi1 transcripts;
this construct was electroporated into TC-1 embryonic stem cells (derived from 129S6/
SvEvTac). Genotyping was done by PCR analysis of DNA from tail biopsies of three week-
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old offspring as described (9). The experiments described were performed on mice having a
mixed 129SvEV/C57BL/6 background. Subsequently, the mice were backcrossed onto a
C57BL/6 background; however, this was accompanied by a dramatic drop in the number of
homozygous mice, and a increase in the severity of the lordosis/kyphosis. All colony
maintenance was done in accordance with university and federal (US) guidelines.

Bone histology

The spine and long bone tissues were fixed 10% phosphate-buffered formalin for 72h and
decalcified in 14% EDTA for 10 days, embedded in paraffin blocks. Sections (5 pm thick)
were stained with hematoxylin and eosin.

Immunostaining

Radiography and Conventional and microcomputed tomography (UCT)
radiology—X-ray analysis of mice was done using LX-60 Faxitron Specimen Radiogrpahy
System (Faxitron X-Ray Corporation, Lincolnshire, IL) while the mice were anaesthetized.
For uCT, individual vertebrae were fixed in 10% neutral buffered formalin and than
transferred to 70% ethanol. The vertebrae thoracic (T) 10 to lumbar (L) vertebra 5 were
used. Vertebrae were scanned at 10.5 pm on a VivaCT40 pCT scanner (Scanco Medical,
Basserdorf, Switzerland) using an integration time of 300 ms, energy of 55 kVp, and
intensity of 145 pA. A region of interest for quantitative analysis of trabecular bone was
defined, extending from the proximal to the distal end of the vertebrae. For each sample,
bone volume fraction (BV/TV), trabecular number (Th.N), trabecular thickness (Tb.Th),
trabecular separation (Th.Sp), connectivity density (Conn.D), and height were measured.

Preparation of cleared skeletons—A dermestid beetle colony at the Peabody Museum
at Yale University was employed to clear skeletons of soft tissue as described (22).

Biomechanical testing of bones—Long bones (femurs) from 3.5-month-old male
ME™UML mice and WT littermates were tested using an Instron DynaMight 8841 servo-
hydraulic materials testing machine (Instron, Norwood, MA) as previously described (23—
26). Maximum compressive load at failure (N), maximum deformation at maximum force
(mm), stiffness (N/mm), and energy to failure (area under the curve; N*mm) were measured
from the recorded load-deformation curves using MATLAB software (The Mathworks,
Natick, Massachusetts). Femurs were cleaned and hydrated before testing in three-point
bending as previously described (25, 26).

In situ hybridization and immunohistochemistry—Whole-mount in situ
hybridization (ISH) was performed as described previously (27). Indirect IHC for collagen
2al and 10al was performed as described on the University of Rochester Medical Center,
Center for Musculoskeletal Research website (http://www.urmc.rochester.edu/
musculoskeletal-research/core-services/histology/protocols.cfm). Briefly, vertebral columns
were fixed in PFA o/n, decalcified for 4 days, paraffin embedded and sectioned coronally at
5 um. Slides were baked for 30, rehydrated, treated with pepsin for antigen retrieval,
incubated o/n with primary antibodies (anti-collagen type 2al, Thermo Scientific #MS235-
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P, 1:200, anti-collagen 10al, Quartett #2031501005, 1:200) and visualized with Vectastain
Elite Universal 1gG kit (PK-6200).

Electron microscopy (EM)—Tissue samples were fixed for 24hrs at 4°C in 4.0 %
paraformaldehyde and 2.5 % glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4) followed
by postfixation for 90 min at room temperature in 1.0 % osmium tetroxide in 0.1 M sodium
cacodylate (pH 7.4). After the postfixation, the specimens were dehydrated in a graded
series of ethanol to 100%, infiltrated and embedded in Epon/Araldite epoxy resin and
polymerized for 2 days at 70C. One micron sections were cut and stained with Toluidine
Blue to determine the appropriate area to thin section with a diamond knife at 70nm on a
Reichert ultramicrotome and placed onto 200 mesh copper grids. The grids were stained
with uranyl acetate and lead citrate. The sections were examined using a Hitachi 7650
transmission electron microscope at an accelerating voltage of 80 kV and photographed
using a Gatan Erlangshen 11 megapixel digital camera.

Detection of allysine residues in skin collagen—Collagen was extracted from skin
of mice as described (28). In brief, the process involved the following steps: 1) Delipidation
with chloroform; 2) Salt/acid extraction of collagen; 3) Digestion with pepsin; 4) Freeze-
dry; 5) Deamination of lysine by the extracellular enzyme lysyl oxidase, which yields 2-
aminoadipic acid, or allysine. This can be detected in proteins by mass spectroscopy: 1)
aldehyde group is reduced with sodium borohydrate to an alcohol; 2) protein is acid
hydrolyzed; 3) alcohol and primary amine moieties are modified with trifluoroacetic
anhydride to yield methyl esters and amides; 4) 6-hydroxynorleucine is quantitated with
mass spectroscopy.

Western analysis of biglycan and decorin—Western blots were performed with
antibodies for decorin and biglycan antibodies from Larry Fisher, NIH. The samples were
digested for 1 h at 37°C with protease-free chondroitinase ABC (cat No.KE01502,
Seikagaku Corp., Tokyo, Japan) at 0.005 U/0.025mL reaction (0.4 U/ml final
concentration).

Statistical analysis—All results are given as mean £SD. Comparisons between two
groups were analyzed using two-tailed unpaired Student’s t-test. One-way ANOVA and
Dunnett’s Post Hoc multiple comparisons were used for comparing three or more groups. *p
< 0.05 were considered statistically significant.

Targeted mutation at the ME locus in the mouse

The Mdsl-Evil complex (Mecom) locus spans over half a megabase on mouse chromosome
3 with two distinct transcription start sites (TSS) located over 450 kb apart (9): an upstream
one termed Mdsl, and a second, downstream one, termed Evil. The Mdsl TSS generates
two classes of transcripts: Mdsl, encoding 30 kDa proteins, and Mdsl-Evil, encoding the
PR domain-containing ME protein. To assess the role of the Mdsl/Mds1-Evil TSS in
development, we created a targeted disruption at this TSS by inserting a promoterless lacZ
gene into the first coding exon in the mouse. The structure of this allele, designated ME™!

Bone. Author manuscript; available in PMC 2015 May 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Juneja et al.

Page 6

(9), is such that it deletes the start methionine and splice donor to preclude production of
both the MDS1 and ME mRNAs and proteins but not that of Evil (9). Founders were
crossed to C57BL/6 mice, and heterozygous offspring were intercrossed to create
homozygotes, which were viable. RNA analysis of adult ME™/M! tissues showed that ME
transcripts are undetectable in all tissues except for a very low level in kidney (9). As
expected, levels of Evil mRNAs are normal (9), as they are driven off their own distinct
promoter (29).

ME™MYM1 mice develop lumbar lordosis followed by thoracic kyphosis accompanied by
spine degenerative changes

By day 10, a postnatal growth delay became apparent in ME™YML mice, which resulted in
significantly smaller size at adulthood for both males and females. Growth curves (Figure 1)
show that homozygous mice are significantly retarded in acquiring body weight both at early
(Figure 1a) and later (Figure 1b) time points of life and their maximum weight at adulthood
falls well below wildtype (WT) littermates (Figure 1b). Both male and female MEMY/mL
mice exhibited reduced fertility. We also examined heterozygotes for growth and found that
they were indistinguishable from WT (data not shown).

Whereas ME™/* mice appear normal, all of the MEMYML mice develop a striking lumbar
lordosis and thoracic kyphoscoliosis phenotype (Figure 2a). Additional abnormalities
include a slight abduction of the hind limbs (not shown) and a dorsally-positioned tail
(Figure 2a, b). The phenotype develops gradually: MEMYM mice are normal at birth, but by
two weeks a slight lumbar lordosis is observable compared to their WT littermates (Figure
2¢); by 3 weeks the phenotype is accompanied by thoracic kyphosis (Figure 2c). This
progressively worsens as the mice age and by eight weeks, the spinal deformity is quite
severe (Figure 2¢). Higher magnification of 2-weeks X-ray pictures show that narrower
inter-vertebral spaces, including both anterior (arrow) and posterior (arrowhead) regions
(Figure 2d), occur in lumbar area at 2 weeks, which is before the appearance of kyphosis.
Higher magnification at ten weeks shows loss of normal vertebral articulation and
obliteration of intervertebral spaces in the homozygote mutant (Figure 2e). In addition to the
kyphosis and lordosis, there is also marked scoliosis (Figure 2f).

Analysis of cleared adult skeletons revealed several additional abnormalities in the spine
(Figure 3). In the lumbar area there is exostosis at the epiphysis/vertebral-disc junction
(Figure 3b and d, green arrows, compare to Figure 3a and c, respectively). The articular
processes of lumbar vertebrae, including the prezygapophysis (pza) are fused over their
dorsolateral regions (Figure 3e). There is also widening of the intervertebral spaces at the
sacrolumbar and sacrococcygeal joints (Figure 3g, white and green arrow respectively,
compare to Figure 3f).

Similar to gross and radiographic findings, the histologic changes in the spine were most
severe in the lumbar region, but are not apparent at birth. In newborns (day 1 post birth), no
histologic differences can be discerned between WT and MEMYML mice (compare Figure 4a
and ¢ with b and d). By day 10, there is mild osteopenia in the knockout mouse, but no
abnormality in the intervertebral disc (compare Figure 4e and g with f and h). At 2 weeks,
there is evident degeneration of the intervertebral disc at the site of the tail kink, between
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CA1 and CA2 (compare 4i with j), with exostosis at the caudal end of CA1. We also
observed focal delay of endochondral ossification of lumbar vertebral growth plates in
MEMUML mice at two weeks; instead of a clearly defined physis, large blocks of unossified
cartilage containing hypertrophic chondrocytes occupied the vertebral body (Figure 41, black
arrows, compare to 4k). These abnormalities affected the caudal growth plate to a greater
extent than the cranial growth plate. Lumbar intervertbral discs appeared locally compressed
in mutant mice, but were qualitatively similar to wildtype (not shown). Thoracic, sacral and
cervical vertebrae were comparable in mutant and wildtype animals (data not shown). At 4
weeks, more marked osteopenia is observed in lumbar vertebrae of MEMYML mice (Figure
4n, compare to 4m), with narrowing and fusion of some lumbar discs (Figure 4n). Histologic
analysis of spine of 6 weeks old ME™/ML show various severities of disc changes in the
lumbar spine. Compared to WT lumbar spine (Figure 40), mutant animals show a
progression of disc abnormalities that range from relatively normal disc morphology (Figure
4p), narrowed intervertebral space, disappearance of the nucleus pulposus and loss of
cartilage (Figure 4q), and fusion of vertebrae (Figure 4r).

Micro-computerized tomography reveals MEMYM1 mice have osteopenia in the lumbar

vertebrae

To examine if changes in the spine affect bone volume of MEMYML mice, pCT analysis was
performed in individual vertebrae from T10 to L5 of day 1, day 6, day 10, and 3-month-old
mice. There is no difference between WT and MEMYML mice at day 1 (Supplemental Figure
1a). Phenotypic differences do become apparent in the upper lumbar vertebrae in METY/ML
specimens at day 6 and day 10, characterized by lower bone volume/total volume ratio,
lower trabecular number, higher trabecular spacing, and lower connectivity. However,
technical limitations, including the small size of each vertebra, limits to the voxel resolution,
and the small numbers of samples, precluded establishment of statistical significance
(Supplemental Figures 1b and c).

At three months, uCT showed that while thoracic vertebrae were essentially normal in
morphology and bone characteristics (not shown), the lumbar vertebrae were dysmorphic
with abnormal bone. Figures 5a—d depict uCT images of L2 and L3 vertebrae of WT and
ME™/ML mice, with evident dysmorphology in the MEM™YML mige: the neural canal is
abnormally large, the bone is less dense and the neural spine is wider and shorter. In
addition, the centrum is abnormally shaped; there is also evident scoliosis. Quantitation of
these images (N=3/genotype) confirmed the presence of osteopenia: the vertebral trabecular
bone volume was markedly diminished with a decrease in vertebral trabecular thickness,
trabecular number, and connectivity density (Figure 5e). The vertebrae in ME™Y/ML ere
also slightly smaller and shorter than WT (Figure 5, compare d to c; Figure 5e). These
changes were particularly pronounced in L2 and L3. In contrast, no differences were
observed in thoracic spine. Thus, the defect appears to be concentrated in the lumbar region,
which parallels the observation that the lumbar lordosis temporally precedes the thoracic
kyphosis, and suggests that the former leads to the latter.
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No obvious abnormality in long bones of MEMYM1 mjce

To determine the effect of ME depletion on appendicular skeleton, we examined
morphology and bone formation rate in long bone (femurs) sections of 2—-3-month-old
MEM™UML mice and WT littermates, as well as bone strength. No difference in bone volume,
bone formation rate and mineral apposition rate was observed (data not shown). Osteoclast
formation from spleen cells in osteoclastogenic assay was normal (data not shown).
Consistent with these observations, serum calcium, phosphorus and osteocalcin levels were
comparable between WT and ME™/™ML mice (data not shown). Interestingly, bio-mechanical
testing of femurs from mutant and WT male mice (3.5 months of age) revealed decrease in
bone strength (Table 1, a and b). These studies suggest that the bone defects in the spine of
ME™UML mice is more predominant than that seen in the long bones.

Endochondral bone formation appears normal in ME™ 1M 1 mice: Analysis of vertebrae for
Ihh, PTHRP-R, Collagen2 and Collagen 10

The gross and histologic morphological appearance of the vertebral column in Mdsl-/-
mice suggested a primary abnormality in the maintenance of the skeletal structure in the
adult, either in the bone itself or in the intervertebral disc. The vertebrae are created through
endochondral bone formation, but unlike the bones of the appendicular skeleton, have only
one ossification center. There is a single epiphyseal center at each end of the bone abutting
the cartilaginous joint surface, which, in the case of the vertebral body, adjoins the
intervertebral disc. We considered it possible that the kyphotic phenotype was due to a
problem in the maintenance of bone in the adult, since at birth the axial skeleton in
homozygotes and wildtypes were indistinguishable.

Endochondral bone formation originates with progenitor cells located beneath the
cartilaginous endplate, which proliferate, migrate, and differentiate into matrix-producing
chondrocytes. This differentiation occurs in a stepwise manner, wherein the cells mature
from prehypertrophic to hypertrophic chondrocytes, which is accompanied by a transition
from mitotic to postmitotic cell type, and a dramatic increase in the production of matrix
components, particularly collagen type Il. This matrix then becomes calcified to produce the
primary bony template that is then invaded by osteoblasts and osteoclasts, and actively
remodeled to make mature trabecular and cortical bone. Key regulators of this process
include Indian Hedgehog (lhh), which is secreted by chondrocytes and stimulates the
secretion of Parathyroid hormone-related protein (PTHRP), which then acts as a mitogen on
the precursor cells to promote their appropriate expansion in the subarticular zone. Mutation
of either PTHrP (30) or its receptor (31) result in premature maturation of chondrocytes and
foreshortened, thickened bones. While PTHrP is expressed at highest levels in the
periarticular perichondrium, PTH/PTHIP-R is expressed at highest levels in the mitotically
active prehypertrophic chondrocytes (32). Ihh is expressed by the postmitotic
prehypertrophic chondrocytes, and regulates the expression of PTHrP in the periarticular
perichondrial cells as part of a feedback loop that delays the premature maturation of
chondrocytes and assuring the proper placement of transit to the postmitotic state (33). This
regulatory network is essential for proper bone development.
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To examine the process of endochondral bone more closely, we performed in situ
hybridization for Ihh and PTHRP, to document the presence of these key factors, but also to
assess the presence and location of the cellular compartment that produces these factors.
Thus, radiolabeled sense and antisense probes were prepared for Ihh and Ppr, and were
hybridized to sections of vertebrae from adult wildtype and ME™/™L mice. Autoradiography
revealed hybridization of the Ppr probe in both mutant and wildtype specimens within the
prehypertrophic chondrocytes as reported previously (32). Figure 6 a—d shows
photomicroscopy under darkfield microscopy of wildtype and mutant sections, with the
latter specimen being at a point of severe deformity, with loss of integrity of the
intervertebral disc and malformation of the physis. Nonetheless, a zone of Ppr-expressing
cells is present, albeit severely perturbed by the disruption of normal structure. Brightfield
illumination shows the same pattern, and allows identification of the zones of chondrocyte
maturation (Figure 6e, f). Similarly, Ihh expression was detected in both wildtype and
mutant specimens, within the postmitotic prehypertrophic chondrocytes (Figure 6, g-I).
Again, while there is clear disruption and distortion of the zone of Ihh expression, the
expression is qualitatively in the proper location.

We also performed immunohistochemical stains for collagen type I, which is secreted by
chondrocytes, including those of the intervertebral disc (34), and collagen type 10al, present
in hypertrophic chondrocytes of the growth plate during mineralization (35). No difference
in expression was seen between WT and ME™/™M! homozygous newborn mice for either Col
I (Figure 6, m, n) or Col X (Figure 6 0, p). These findings are consistent with an essentially
normal developmental process for chondrocytes within mutant mice. They also suggest that
a change in collagen synthesis is probably not the cause of the IVD and vertebral body
defects.

Based on these studies and on examination of histologic H&E-stained sections, it is eviden
that while major abnormalities exist in the structure of the vertebral column, the process of
endochondral bone formation in the adult ME™/™L mice occurs normally: the key cellular
components of the process are present and are producing two of the major regulators in the
appropriate compartment; the two major collagens that mark chondrocyte compartments are
also appropriately expressed.

Abnormality of collagen fibers in intervertebral discs and tendons of MEMYM1 mice

We further determine if the intervertebral disc was abnormal in these mice. A powerful way
of assessing this is through ultrastructural analysis, which allows assessment of collagen
fibril structure. Noting the collapse of the IVD in lumbar spines of MEM/ML mice, we
performed ultrastructural studies on 1VD of mice at one week of age. In WT mice, this
revealed evenly spaced collagen fibers of fairly uniform diameter in parallel orientation,
with the occasional presence of orthogonally-oriented fascicles in some fields (Figure 7a,
top). In contrast, MEM/ML mice displayed fibers of markedly varying diameter, with little
consistency apparent in their orientation (Figure 7a, bottom).

We also examined the ultrastructure of collagen fibril of ligaments and tendons from
different locations including sacrum, tail, and Achilles of ME™YML and WT mice.
Photomicrographs illustrated that the average fibril diameter in all the specimens examined
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was smaller in sacral ligaments and tail tendons from ME™YML mice (Fig 7b-c,
respectively). For both locations, there were a greater number of fibrils per area in MEM/mL
mice; WT sacral ligament had 252 fibrils while MEMYML had 502; WT tail tendon had 90
while MEMYML had 224. Similar findings were observed in the Achilles tendons (avg. dia.
133+149 nm in WT vs 79+95 nm in ME™ML: 267 count in WT vs 398 in MEMYML) These
findings are consistent with a fundamental deficiency in the ability of MEMYML tendon
fibrils to fuse into larger-sized fibrils, or, the larger fibrils are formed but are less stable.

Assessment of connective tissue abnormalities in MEMYM1 mijce

To determine if the abnormalities in mutant mice might be due to abnormal post-
translational processing of collagen, collagen a1(1) and a2(1) chains from bone (and a1(1l)
from cartilage) were gel purified and submitted for mass spectroscopy to screen for changes
in 3-hydroxyproline and lysine hydroxylation. The analyses revealed no effect on these post-
translational modifications by the mutation in ME (data not shown). To further assess the
modification of collagen, skin collagen samples were analyzed for evidence of lysyl
oxidase-mediated lysine deamination, the first step in lysine modification that leads to
collagen crosslinking. The product of lysine deamination is allysine, which can be
quantitated by further oxidation to 2-aminoadipic acid or reduction to norleucine;
crosslinked lysine residues will be resistant to these modifications. A defect in lysyl oxidase
would result in lower levels of allysine, and hence lower levels of 6-OH norleucine and 2-
aminoadipic acid per mol lysine. As shown in Figure 7d, the levels of 6-OH norleucine and
2-aminoadipic acid in skin collagen were no different between wildtype and ME™/ML mice.

Abundance of DCN and BGN in bone is normal

Given the complex phenotype of ME™/M mice, we wished to see if there were any defects
in the expression of Dcn and Bgn was also seen in bone. Instead of assaying cultured
explants of bone cells, we directly assayed bone for levels of DCN and BGN proteins by
Western blot, before and after chondroitinase treatment, which removes the extensive
glycosylation. This analysis, performed on lumbar vertebrae of 2-week old mice, revealed
no apparent difference in DCN or BGN amount or molecular weight in the lumbar vertebrae
(Figure 7e).

Expression of ME in both bone and tendon

Phenotypic analyses of the ME™/™L mouse provided above suggest that the underlying
mechanism is very likely highly complex, with abnormalities seen both in the vertebrae
(osteopenia) and in the tendons (decreased strength and diameter). One critical parameter in
deciphering the mechanism is to determine where ME is expressed. To that end, RNA
analysis was performed of vertebral bone by quantitative rt-PCR, with comparison to kidney
(a known positive control (15)) and to DA-1 cells, which do not express the gene. This
revealed significant expression of the ME gene in both kidney and in spine, but not in DA-1
cells (Figure 8a). Because tendon and ligament are derived from the same precursors (36,
37), we examined the expression levels of ME in mRNA extracted from tenocyte cultures
and compared this with WT kidney, primary bone marrow stromal cells (BMSC) and NIH
3T3 cells (Figure 8b). As previously reported (15), ME was highly expressed in WT kidney.
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Impressively, it also highly expressed in WT tendons; ME mRNA was significantly lower in
bone marrow stromal cells and was not detected in 3T3 fibroblasts.

DISCUSSION

Spinal deformity in MEMYM1 mice is complex

We have generated ME™/M! mice and found that they develop a spontaneous
kyphoscoliosis that begins with lumbar lordosis and sacral instability; this is followed by
thoracic kyphosis and degenerative changes in the vertebral bones. The effect of the
mutation is complex, affecting multiple tissue types including bone, which is osteopenic,
intervertebral disc, which shows degenerative changes and dysmorphic collagen fibrils, and
spinal support structures, which have smaller collagen fibril size and decreased strength.
Thus, both the spine itself and its support structures are affected. Given that ME encodes a
DNA-binding transcription factor, our uncovering of a role for ME in the establishment and
maintenance of a normal spine represents an important discovery that should allow
elucidation of novel regulatory pathways critical for the spine development and homeostasis.

Degenerative discs and kyphoscoliosis with mutation of other trascription factors

We describe abnormal ossification of the endochondral bone formation in the lumbar
vertebrae, associated with degeneration of the intervertebral disc within the lumbar region.
Interestingly, a similar phenotype has been described in strains of mice bearing mutations in
other transcription factors, including NFIX, EGR3, FRA2, KKT, PAX1, and UNC4 (see
Supplemental Table 1). For instance, our phenotype is similar to that seen in a mouse
knockout of the Nfix, which shows a delay in ossification, thoracic kyphosis, lumbar
lordosis, and scoliosis (38). Other transcription factors for which mutation results in
kyphosis include FRA2 (endoded by Fosl2) (39), a member of the Fos family of AP1-
associated transcription factors, of which many play a role in bone formation. The major
AP1 form in bone appears to be Fra2:cJun dimers, and deletion of c-Jun also results in
altered disc development and kyphosis (40). AP1 helps regulate Clec3b, encoding
tetranectin (41) which plays a role in tissue remodeling, and mutation of Clec3b leads to
defects of the intervertebral disc (42). Interestingly, NF1X also regulates Clec3b.

Signaling pathways involving ME

To identify the downstream signaling molecules that mediate the effect of ME on spine, we
are particularly considering TGF-p because 1) it has been reported that EVI1 physically
interacts with SMAD proteins and thereby antagonizes TGF-f signaling (43, 44). ME binds
to SMAD proteins as well, and can also repress TGF-f signaling, though not as effectively
as EVI1 (45). 2) TGF-f plays an important role in tendon/ligament cell development (46). 3)
TGF- regulates ECM gene expression (47). 4) Deletion of TGF-2 in the mouse results in
abnormal vertebral development, with failure of the neural arch closure (48). In addition,
effects of the TGF- family member GDF-5 (also known as myostatin) are to modulate
muscle growth; in KO mice lacking GDF-5, there is increased muscle mass, and,
concomitantly, an increase in the size of bone at muscle attachment sites and increased bone
density (49). It appears thus that changes in muscle strength can result in associated changes
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in bone growth at the points of attachment. In our mice, there is decreased size of the
vertebral spinous process, to which intraspinous muscles attach.

Is the MEMYM1 mouse a model for Scheuermann disease?

Spine deformities, including kyphosis, lordosis and scoliosis, are common orthopedic
problems, which can lead to destructive changes of VD, spine deformation, back pain,
decreased range of motion and other clinical consequences (1-3). Primary kyphosis, or
Scheuermann disease, occurs in childhood or adolescence, and is characterized by severe
spinal deformity with back pain and potential spinal cord injury. The similarities between
our model and Scheuermann’s disease include the following: wedging of affected vertebrae,
normal mineralization of bone, abnormal ossification of endochondral bone, and erosion of
vertebral endplate, with invasion of the disc into the vertebral body (50). Scheuermann’s is
also associated with an abnormal anterior extension of affected vertebrae (50). We see
something similar in our mice, in that the affected vertebrae show exostoses on the centrum
at the margin between the disc and the centrum. In Scheuermann’s, the onset is typically late
childhood to adolescence; in mice, this likely corresponds to the period from 3-5 weeks,
which is when the phenotype becomes evident. We do see changes at earlier time points;
whether this is the case in Scheuermann’s has not been studied. Dissimilarities include more
marked severity in the lumbar spine in our model, as compared with the thoracic spine in
Scheuermann’s; Scheuermann disease is fairly common, affecting about 1% population (6);
while its cause is unknown, it is likely heterogeneous. A study of monozygotic and dizigotic
twins found a substantially higher incidence in monozygotic twins (51), indicating a genetic
component. In addition, an autosomal dominant mode of inheritance has been described in
some families (6, 8), while in others, nongenetic causes are speculated, including a growth
abnormality of the vertebrae as result of trauma, or hormonal and nutritional etiologies.
Others speculate the disease results from impaired spinal stability due to tendon/ligament
weakness and/or laxity. However, these speculations have never been investigated in
experimental models. Defective collagen fibers in tendon and ligament cells have reported in
several genetic diseases; one in particular is EDS, in which abnormalities in collagen fibrils
are observed in all six subtypes (52). One of the EDS subtypes, termed kyphoscoliotic type
(or EDS type VI), exhibits spinal instability and kyphoscoliosis (53, 54). However, these
patients have severe abnormality in other parts of the body, including corneal fragility and
joint hypermobility, muscle hypotonia at birth, and arterial rupture (52). While MEMY/m1
mice do have kyphoscoliosis, they lack hypotonia; whether or not they have corneal or skin
fragility or joint laxity has not been formally addressed. While EDS has abnormalities in
multiple organs, the abnormalities of Scheuermann disease occur only in the spine, with no
recurring or characteristic findings in other organ systems. Whether or not ME is the
pathogenic gene for Scheuermann disease needs to be tested with DNA samples from
Scheuermann’s patients.

A link between a single nucleotide polymorphism (SNP) at MECOM and human bone
disease has recently been demonstrated by genome-wide association study by Hwang and
coworkers (55). They identified human variant of MECOM, associated with SNP rs784288,
as a novel predisposing factor of osteoporotic fractures (OF) in Asian women (p=3.59x1078;
OR 1.39). Interestingly, based on expression levels in Epstein-Barr virus-transformed
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lymphoblastoid cell lines, this OF-associated allele of MECOM shows increased expression
of of the gene relative to other alleles; however, the fold upregulation was not indicated, nor
was RNA expression analysis performed directly in osteoclasts or bone cells derived from
patients bearing OF-susceptible allele versus controls. Further complicating matters is that
targeted resequencing of the MECOM gene in 164 cases of OF and 818 controls revealed
additional OF-associated SNPs at MECOM, and perhaps these result in production of a
hypofunctional ME protein (55). While the findings of Hwang et al clearly show an
association between one specific MECOM allele in human populations and risk of OF, the
mechanism by which this allele predisposes to fractures is not clear. Our ME mouse model
thus provides a valuable tool to further dissect this human disease and its molecular
mechanisms for therapeutic intervention in future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Growth curves for MEMY/ML (n=7) and WT (n=20) mice, an equal mix of both genders. a)
early phase of growth; b) all time points; p<0.01.
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MEm1/m1‘

Figure 2. Severe spine degenerative changes associated with kyphoscoliosis in MEMYML mice
a) Photographs of WT and MEMYM! |ittermates, showing lordosis and kyphosis in MEMY/mL.

note also dorsiflexed tail in MEMYML, b) Lateral radiographic view of adult WT and
MEMYmL jittermates, displaying junction between sacral and caudal vertebrae. c) Lateral
radiographic views of WT and MEM/M! ittermates at 2, 3, and 8 weeks, as indicated. d)
Higher magnification at 2-weeks: note narrowing of joint spaces between L4 and L5, arrow
(anterior) and arrowhead (posterior). e) Higher magnification of lateral view of lumbar spine
at 10 weeks. f) Anterior-posterior (AP) view at 10 weeks. Note in MEMYM mouse, the
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marked scoliosis and the loss of distinct margins (spontaneous fusion) between vertebrae
throughout the lumbar, sacral, and caudal regions.
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lumbar 7 weeks

Figure 3. Analysis of cleared specimens
Cleared skeletal specimens obtained from dermestid beetle treatment. In all figures, rostral is

to the left. Lumbar (a—€) and sacral regions (f, g) are shown in ventral (a—c, f, g), lateral (e),
or oblique (d) views. At 7 weeks, mutants display protruding epiphyses (b, green arrow,
compare to a), narrowed intervertebral spaces (b, yellow arrow) and rostrally-elongated
transverse processes (b, white arrow, compare to a). Panels c, d, and e depict 9 months
lumbar spine, which show similar dysmorphologies as in a and b: (green arrows, protruding
epiphysis, white arrows, dysmorphic transverse processes). In panel e, note that the L3-L6
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segment is fused in lordosis: centra (cen) are fused with prominent epiphyses (ep); the
dorsolateral articulations, comprising the pre- and postzygapophysis (pza) processes are
fused to their adjacent counterpart, and neural processes (ns) are short and also fused. Panels
f and g: The sacrum of mutants is scoliotic, with an unstable and hypertrophic lumbosacral
joint (white arrow, g) and widening of the sacrococcygeal joint (green arrow, g). e,
epiphysis; ¢, centrum; ns, neural spine; pza, prezygapophysis; tp transverse process.
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Figure 4. Histologic analysis of spine in MEMYML mice
Representative H&E-stained sections from one day (a—d), 10 day (e-h), two (i-I), four (m

and n), and 6 week-old (o-r) mice show a range of spinal abnormalities in mutants. Panels
a—d show sacral region at low and high power, with no demonstrable difference between
WT and ME™YML mice at one day of age. At 10 days (panels e-h), there is evident
osteopenia in the lumbar region of ME™YM! mice, though differences are subtle. At 2 weeks,
marked delay of endochondral ossification of lumbar vertebral growth plates is present in
the mutant (I, black arrow). In the wildtype littermate, cartilage is restricted to physeal plates
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(). At 4 weeks, lumbar discs show partial collapse in ME™YML mice (panel n). Panels o-r
illustrate various disc changes in the lumbar spine at six weeks. Compared to WT, MEMY/mL
mice show a progression from relatively normal disc morphology (p), to narrowed
intervertebral space, to disappearance of the nucleus pulposus and loss of cartilage (arrow,
q), and fusion of vertebrae (arrows, r). Note also the exostosis in r. Bar = 50 pum.
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Figure 5. uCT analysis of vertebral bones of MEm1/m1
HCT analysis of vertebral bones of ME™/ML day 1, 6, 10, and 3 month-old mice. a-d. pCT

images of L2 and L3 vertebrae from wildtype and mutant mice. e. Individual vertebral
bodies from T10 to L5 were isolated from 3-month-old animals and were subjected to uCT
analysis. Values are the mean + SD of 3 animals; *p<0.05; BV, bone volume; TV, total
volume; Th.No, trabecular number; Th.Th, trabecular thickness; Th.Sp, trabecular spacing;

Conn.D, connectivity density.
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10x

Figure 6. Analysis of endochondral bone formation. Panels a-I

Page 28

PTH/PTHRP
receptor

In situ hybridization of adult lumbar spine for Prp (PTH/PTHRP receptor) (panels a-f; a-d,
dark field; e, f, bright field) and Ihh (Panels g-I; g-j, dark field; k, I, bright field). Original
magnification is given to the left. Panels m-p. Immunohistochemistry for collagen 2al and
collagen 10al in newborn wildtype and ME™YML mice. Coronal sections of L4 vertebrae in
paraffin. Panels m, n: collagen 2al stain; Panels o and p: collagen 10al stain. Collagen 2 is
expressed throughout the early vertebral body and 1D, while collagen 10al is limited to the

mineralizing core of the vertebral body.
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Figure 7. Analysis of collagen
a. Ultrastructural analysis of collagen fibrils in intervertebral disc at one week. b. sacral

ligament at 3 months; and c. tail tendon at three months of WT and MEMYML mice EMs
show reduced diameter but increased number of collagen fibrils in MEM/ML (b and c).
Below are bar graphs showing the mean + SD of average fibril diameter for genotypes.
Three equal areas were scanned. Fibrils were enumerated within the same area. Data are
from one pair of 3 month-old mice. *p <0.05. d. Analysis of skin collagen samples for
allysine, by conversion to either 6-OH norleucine via reduction or 2-aminoadipic acid via
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oxidation. Samples with the genotypes indicated were analyzed. e. Western blot analysis of
lumbar vertebrae for decorin (lanes 1, 2) and biglycan (lanes 3, 4) as indicated. Bottom
panel shows reanalysis of the same blot for -actin. To the right are molecular weight
markers in kilodaltons.
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Figure 8. Quantitative reverse transcriptase-PCR analysis of RNA for ME in wildtype mice
Panel a: analysis of ME transcripts in DA-1 leukemic cells, kidney, and in spine. Panel b:

analysis of ME transcripts in kidney, primary tenocyte cultures, bone marrow mesenchymal
stem cells (BMSC), and NIH 3T3 cells.
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